Action , valence, dopamine i1 Drosophila as a study case

Thesis
for the degree of

doctor rerum naturalium  (Dr. rer. nat.)

approved by the Faculty of Natural Sciences of Otto von Guericke University Magdeburg

by M.Sc. Fatima Amin
born on 06.09.1991 in Cumilla, Bangladesh

Examiner:  Prof. Dr. Bertram Gerber
Prof. Dr. Ansgar Buschges

submitted on: 17.02.2025
defended on: 26.09.2025



Summary

I n this thesis, my focus wil!/ be aomt ivdhrne,eanmed hani s
dopamine in ®dobbophiruat mélagmmo gahset ebri omedi c al i mp |
uncovered relationships might have. Here | inves

1) How action canfmy smaiah eRlb@ppresj dct (

2) How timing &hfapd)tes Ral ence? (

Il €hapt,ermyl wor k was inspired by Wi lliam Jamesb6s th
Common sense says, we | ose our fortune, are sorry
and run; we are insulted by a rival, are angry anc
that this order of sequence is in(cobames,t .1890, p .
This theory, strikingly, guestioned the acdnwenti o
Rat her, he proposed it ocrmaimebley tahnei noatl hse rt avkaey aacrtoi uol

action that causes the emoti on!

Therefore, I devel oped an unconvie@eropaledxpmot me
experience (valence) causation by asking a simple

flies O0feeHdolkaxdpberabeoncted during this action?

Hereby, I established a neurobiologiaatlivegn gneédin
and dopamine processing are related andstiatnsdibnigol o
secall ed avoidance parado-Drfosro pehidiampied aamoigraesdtmgmmlo el .

I Chapt,erl 2investigated a fundament al aspect of v
dependence on the timing of its occurrence and |
di ssociating dopadmipnaemign ecr gfi rco mercdthenp esmrmde nitn  vtail neinn

processing.

Regarding both chapters, I owi || di scuss plausi bl e



Zusammenfassung

I n dieser Arbeit konzentriere ich michHauanufll,dihg me
Val eunnzd Dopamin in der erwachsenen Fruchtfliege I
bi omedi zini schen Auswirkungen, die aufgedeckten B

Hauptaspekte untersucht:
1) Wie wird Val enz du+adhs Hreen ébloukimagn pvaenrdreintptreoljtek t ( K

2) Wie beeinflusst das Timing die Valenz? (Kapite|

I n Kapitel 1 wurde meine Arbeit von William James
Common sense says, we | ose our fortune, are sorry
and run; we are insulted by a rival, are angry anc
that this order of sequence is in(cobames,t .1890, p.
Diese Theorie stellte die herk°mmliche Denkwei se
verur sachen. Stattdessen schlug er v-onrd mldiacshs deass sa

Tiere handeln und die Handlung die Emotion verurs

Daher habe ich eine unkonventionelle experimentel

zwi schen Handlung und wahrgenommener emotional er

indem ich eine einfache Frage stellte: sKaFnln eegienne

die Gerg¢sgche, die sie w2hrend dieser Aktion wahrne
Damit habe ich einen neurobiologisch ergiebigen S
einfachen TDeomog@gbai |l a melua nvoegrasstt eehaennd,l VW ib eunnzd

Dopaminverarbeitung zusammenh?2ngen und welche Dbio

des |l angj@hrigen sogenannten Vermeidungsparadoxon
I n Kapitel 2 habe ich einen grundlegenden Aspekt
ngmlich ihre Abh2ngigkeit vom Zeitpunkt i hres Auf

Schwerpunkt auf der Unter schei-daumagmerognie il oeaari anreir gr

I'n beiden Kapiteln werde ich plausible biomedizin
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Genetdnatlr oducti on

Background

Ovelr20 yepWs!l | i amMIlamh&&sy oposed the idea ofofsubjec
emotions mar ked by fAdi(sRriinecdtmabnd d n2E0gl0e)x.p he o sy 0 Wwa s
influeDaedvi dp SThel& &Py ession of e @utnilamp,i M HBRH 1DOr6i7
similaratmadel similar era was also indekdp&n/dENLI2)Y
which hence was ofdangeablie@ m®s i ®@hames

This tfreeerdy a | ot of ¢ h alpdseyncghecssp hfynsai moeftoygeya,f n-eend d o f
Bar(dl 929 8ckdt*irnger (l196eéna|jotrudyh.altl elhge odeaggn t o t e
iexperinmént &bkyex pllainteist IMy ntglt aatt eldi d§ nt heoroyt | ampe! itddat
have a distinctobldialifseerxepnrte ssseinosrory f eedbialcé& woul
di fferentiating information odvecerltilgnftihesdt{ bast b
tmmore hurdl esNé¢webteheless@ndumbern nefpi ewld e pmemte se ar ¢
with mixedrr eesxunlimpd .Baci al f e e(dDtarcakc kh yepichtialst éhslid $169B 8 )
whet her and how subjective ffleial afefxeao teixwao geths pnagraine
to D&gwi8nan emotion that by foue avlay desprgeass evd | | I
whereas an eneoxtproens swhoonsei s repressed wilslmibda ngof t
(e. g. pen in moutmakseas&eglbdadr kf i®B8Bi)ng makes one
Despsome di sagr etehmesntisy pot hseusp psorhseadv dbgeghrer i ment all
paradiagmscehya yl ar ge adyvecrosnadruicali ntge aam mul t e l ab t
hypothesis ,20QI12gs ye tr eanle.mti Icye sewp pdoerntcievehas been ol
wheracreasing Headaruts pragh e atphitntggeamessul t in fearf ul
Hsueh ,202BHang ,2024) .

However, enoeg re a fhtaenr iat creennmtaui rngpu easnh immne hi on and val e
are mutelkat gd, whaytsi bbeohgiyinhd s  r e laantdiionnashhbiyp i s t he
bi ol ogi cal eignificanc

As pPar wBlrhe expression of the EmofitB@d&s in Man and

Wemay conclude that our s uhbajse cwte | (It hdeeosreyr voefd et xhper east s
haal ready received from several excellent observe

especfiradrhyany abl e physiologist. (Darwin, 1872)

And wi th this 1 nsapltlmagbtoirwoenn tfirgonne s@ a lowvmiad dr essed i n ¢t
with a simple maod-eklosgparmti | at ey anogaster



WhyDr oso@hi | a

Under standi ngi ttyh dodc ommp lweowsanrs al ways been afhe cen
neur oscliodrnaccek dbwepur al wnderliywiame@gnange mor vy, adapti v
behavi dwrcgmosteinssmr y aamdla gtoaitdinda utdlreent t o use a rel a:
modd&dll ong thamaosbdopmiel as earscuhc d sKyfolédO@di) oneethed by
Nobel Prize winning work of Thomas Hunt Mor gan
i nheritanceDr Gshmilass t e ane | yNats eflathgeasy breedi ng, s
|l ife cycle, continuows!| yodtevefl bogtd tndglv soe leficeg eimee tti oco |
pertur watsipan e mpor al | yv-l@mhedil $ esdC lederltkh 2edt2 29 1,. ,we have
nowrofound (albeit i ncompl et e) understanding of
properbi @esophi | a mleol gaenfohgears toefrf er s a veombhi nhked pods
compr ehemehawi anodalneur oagneanteytsbats socime morsyy st e ms
(Hei senberg, 200 3; Gerber and Aso, 2017; Cognigni
Mo d i et al ., 2020; Davi s, 2023) .

I'n ftdll cwitngnilsgwv é | an osemefi elwhgoefn ettaoalss t hey have

been used t owanr dshitsh isst uednyd

TheAlB-UAS system

Among the vatbolus, géheitd athpoanfsbionnaer y) system namel y
UAS sy(sBrrand and Per rMihmen,syk%®3) bt poeowsarigcet ed gene
expr esisni oennsbr yos, |DRrrowsaoepWeatith adudnymegdoe ,0ofevet er e
aletbaéc,an be exPphiesskbdnary system H3s, athwoe@id 4
transcripticompose#tomntli DBAdomai n (DBD) anwhiaccht i vat
can be aexprféessadl wnder t ksepecoit ctp lpR ménpdaterrceaaln
activatingUaSyjaaeasgene. ThdEAL@r o ddieeicn des odwhamnmedd t o
bi ntde t he othA$8 ne dé whigtehdea of diomwhesrt e e@mes e { wo parts
mai ntained i matrveamtsadpasrtatad ns: the driver ®8wyd at he
simple crossing of abdA&AUf4 comiev €ra gf It yh uweixtoh misp wled tye
the gene afn itrhtaesrgeestteidn ctehhé s oBY s p hii 59 &AeLtBBIDd ,
recogni AS ahdeADuhtéersabnscr i pti onadt imaathd ntelmeg ttroan:
process to express ctehlel gsepneec {oH i dDubmp.eenrneesrt i n



a GAL4 driver line UAS effector line
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FigureTie 1@PAS sy staBarental (P) GAL4 driver fly

composed-ADX (mbBange) under the control of a spe
with effector f 1 yiupP)tr rwiatnh tWA S (tpaurrgpelten)gtemee @ffif
GAL4 prot-ADph pPDB®Hs to the UAS and enables the |
(b) Split-GAL4 driver line (P) consists of two functional domains DBD and AD of the GAL4 protein under

two enhancers 1 (lavender) and 2 (cyan) respectively. It is crossed with another fly (P) with UAS i

upstream to a target gene of interest. In the offspring (F1), only when both domains DBD-AD binds with

the UAS, enables the transcription process at tissue specific manner (inspired from Luan et al., 2020,

Wikipedia).
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Ast ep fcuerltlhesrpeci filtdd ybascehmp reeedi avnetl o pimeent def t he
GALA4/ thRA®% h(olduan et al ., 2006 ;n Rfheisft fimert Gedtld4algene2 0 BC
i ntdwswo domaitmsati on udhadmai o nefamdh &HMNAe bi ndi ng domai
another enhlheserdomai nspraagmotneotg eanbed ee xtpoQeyas it e al |

i nt er seccet|ivdse bett h damei ,expressed, a f unpcrtd downcadd GA
and upon bindiemgiswidtobag¥@pmi®e ¢ §i gOulb).eT huth e devel opment

of the GAAU4YASPIlWBtem has given us t hea omegpdrtnendi ty
popul amieamnomf&esni ngeasbyn expressi ngermefyairnterye otf (
ChR: l i ght gated cation channel to depolarize ne
monitor neuyrosaed talted iwpegmi ng sgcttioomaonimpmifabret he
t sessi ngl esorugooupss.ofiealklbeoni on o f-GAIAL 4d raimdle rssp | i
UASRT f elcitroess st i | | devel opiarge awmai Inmeanlye oifn tBleosocemi n
Stock CenterVi(Bhsa&)Dramdophi |l a Resource Center (VDEF

Si mi lhaerileynotther binamegl gy s teexmoepx slyasit eand .OTade, 200E¢
maj or advantage of havi ngt hart ii rsd eapirelinbdaesn to ns yosft eom e
neurbnwsfor example thangBatdfr JABgsybeemther set of
t he samesitngnmetlhex Aepx Asy st em(Owaarl dv.i2zddelBdensaedt et a
201mel senbekgl2en8al

Optogenetics: tool to manipul ate neuronal act
Among etfHect or ,torpa mygeamadssad iendme npsoep ul amiatny ptubat e

neur arca liwi itthy Qpitgohgte net i cs i s axpolkeisghb gnemeiotbic ad | vy
opsiengon channel s, i oni mptuanrpget asepueceminfgincks ei t her a
i nhibé&@t physi olbygiusalngs tliantgdat | p g lese@d@Deiosnser ot h, 20
Kl apoet ke et al ., 2014 ; . SRiicghmt a 5 peelrlgoawtse ewusn der st a o d
the relationasbdumpelrdmwalenacti vit ybeshradv itohuernagided s equer
fiedfd opt ogseoaertignc sl at e 200i5ntwiotdhu cttthteeen a loga e prot

Channelrhodop€hR22i § CaRB)wet il d g haMageatleelet al ., 200
Boyden et al ., 2005 ;t akkl eanpgofest ekne Gabligaaaely d o md2@ a4 ) r ei nh
whilcdhs a seven tcanemambietainght i somerisabl e chr om

retinallfh{ ATuURdRr goersf @ar mat i awmpaln ddHareg d ilgeha diarbg otrpt
opening of Nawi titmdinn| d lea@romeendgldar z and Hegemann, 199
al ., 2002Dr 02s00Q3H)iRI2a has been successfauddpyl aamerdt avti it d
of ATR fReecinmdg §dv avnecresd on ,oft eCmRAXKaARKR2been devel op

N N



wi hhgh expressieased photocurrendompnpd me utdien @ nfdo avd
ATR Dawydow et HaweyerXXahm2as!| ismimeat i otnfse swicshi baisl i t
t he

blue | ightncoompadduireiisi,g tiymagi hguduepht @or & hien
l eading to intrnnaimmaa dd quea taeb stoirspst u eo (pSeanl ecterdaot i eotn
199.9)

But t hese webei aclueaswintthedt he devreelsdhp m@heRl md mel y

Chri msomet( Ké 2¢tlalvi ng f asyteetr ekfifneecttiicvsal eleipgehrt

penet rmitnionuins ual i nt &l oemgernchee mi ni mal i-pteed er en
excitation/ emi ssi onhesspeeat makens ©OH r iGridgdvdPf er r e d

combiniogaheacticat c oo mwwvhrcggh nlg wi | | di scu

segment .

Anot her exteapt ugemeasteitcosf i nhi bit neut omal afnii roinng
channel mhaddodpsitcoveresdi | | ar di a tnhhaaned yalGdlaAdGRACR 2

This provides al gragreinon i(ghlnh d glad aaddiceefgf it i ent

hyperpolamd zmbta®mtur onal (LGiolveomainoya et .lal fhias2 @15,

ki newiitchs hi gh comrdaeitawviiory (SmildeRride vity

ChR GtACR1
Outer membrane : / A |° /
NAAAA NAAAA NANAN NAAAA
Innermembrane\/\/\/\/\/f \/\/\/\/\/ \/\/\/V\/ \/\/\/\/\/
| .\I/. Na+ | V. \l/. Cl-
Figure 0.2 b Optogenetics allows to manipulate neuronal activity. (Left) ChR is a light gated cation

channel. Blue light (465 nm) induces a conformational change and opens the cation (Na+) channel. This
depolarizes the cell and activates the neuron by causing an action potential. Another variant of ChR
(Chrimson) performs a similar function with red light (630 nm). (Right) The green light (532 nm) gated
anion (CI-) channel hyperpolarizes the cell and inhibit neuronal activity (figure is inspired from Wikipedia).
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Cal cimangiingt ool t o uo lmsegitviev intey

The central goal of neuroscienterocodswesway ocamd
whinobBuroosmuni cate witberarcht ot djer bt iacmn s oar me r
Continuous devel opmeaga dd igte npdd n ¢ loed rtsd liavt e t yhred
milliseconds range f arweae kdu ramifgteenof nmi mwigesy i n
ani mdnhe tdhfe popul ar opndcalel harbd @dr chictg v e gghan icq wen
i magCalgci um i magt mg frcel g ieasfmbd nich itrhcei spensabl e det el

i n intrsicegndtiud aegt maj or functions ( Gmi eanblertgyepe sa|
Konnert hThe&rmdf2gr e, vgquesartibBeingmgabhodomnéwvnoces of i ni
all owso usnvéds bl gat € al Inye umeamil & wadcnblei hna vainn gna |l s

Calcium ismabbaemcakpgriament al tebkenichwergeo ol eti ema tr

calcium conc®hyrasiong {Caor esce(nGr iceanlbceirugne ri nedti caalt
Sof he idea woul d be st hfei rmonmemtti ome upwinent @ ank & t he
intracel |l ulleawvelkmnd ch daimge of cal ci ubme | cderted c tweid | byt h
flaphddriendi ng tTohec arlecvioulmu.t i on i n calcium i maging he
green fluorescenltsi @pmqgT la9rOc8d)el-iPy aftli wanr eofceérhdes pr ot e
calcium binding pdevel oapinbensfbleuwd re@ehhdreed cal ly encoc
calcium i ndi avtamrks a(n@E Grsi)es beck, 2008; TTlhhe et a
exempl ary meamb@ECIlod ith t h(ewaG@a MR faami,l y2003; Chal a:
Fl etcher et al ., 200F%F robom@héekbetr ggt .2:0BIEQRHONS® hner t |
consi st of a circulgrkegnpéelmot edc ermtoamaekeatiexiinun{ EGF
binding protéeCaMraamdodaobal modul i n( Noaiknad i negt. Tpael pst,i d2e0 C
CaMilompuerder goalscdaiprendent conf oramadixiean asl cchhaanmggee
in the fémosemamemtBi gOBr eNak ai et al ., 208ilnicdd an e
oriadi ndeve,lGCmmelPntflaasdden conti nuaMiltyh dewaliappead ot 0t ¢
noirsatdiyonami ¢ range and rReaspto@BE€@dbRsi nheatsiCclstatf tf ¢ mi t vy
andl uorescenltet iint emas tyl ower kdQaeMRA6¢cfs wint hc ornappairdi s
all owhegdet esdtnigdre a@afctd(oGhepnoteetnt&mBden20Dii Mperovead
GCaMP semsvieeen devel opeds.,e,fmg.wijt®CaMDE arve dwikti meud ti c
compromi sing( dhramgohteatesBdri,ngl 0idrB)cal ci um i maging e
GCaMPwds used in this study.
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QOuter membrane

AAAAA NAAA
VY VY Y
Inner membrane )|
| »
. ¢. Ca“
o D
Calcium
Fluorescent binding
protein complex
(EGFP) (CaM-M13)
Figure 0.3 b Calcium indicator to monitor neuronal activity . GCaMP consists of a circularly permuted

EGFP (light green) linked to calcium binding complex, CaM-M13 (cyan). Upon increased intracellular

calcium (Ca2+) level, CaM-M13 complex obtains a conformational change and its proximity to EGFP
induces increased fluorescence emission (adapted from Grienberger et al., 2022).

Ot her GEdaMmPs t her eoher atabci umhiemdci@acd dcti aurns :i nld)i cat or
|l ndgq Fur aHl)u® ) -bFaRsEeTd GECI-XXEkeTJog.oblsNer ve namothemct i
way al bei tvehrayvilnogw asi gnawo utlodt oboemeas uma¢ i bhe voltag
t hr oughc | paanipc hel ect oobpyh yge rod toigyavV olyt egnec oidedi cat or s
(Perron et al., 2009; Akemann et al ., 2012)

Connectroemeources to understand brainYbehaviour
A connectome is a |ist of neurons and the chemica
easy, in practical this is a challenging task to
neurons but albsoitddeobhpfyPlogm and transmitters of

what extend they are connected to fbdeaitre,u posntlrye atnnr

organi sms of having only sever al hundred brain n
availGaenor habdi;t ilsarmedagoinrst asPBi atyner ei(sWVi cdmerrgi | i
et al .., A20v2e3r)y recent addition ohhehidnssttiassr tlhae vfau
Dr os opFhoirl aa.he adult fly brain, connectome anal ysi ¢

el ectron microscopic(MekEM)er tebagermseatithe®® Neiflf,or 1L €

continued and massively expanded since then and r
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resources and coll aborative tools to involve a | ar
to produce different complete connectome datasets
mal e andf lfidmsgloe remaining cshaktlcbgpgdhernblrade and
nervedabasdgertesl ati ng tbheehiary iacawaddyes é yy ithag. mRegandb eis s,
already at thisceonaege tinmheooanvaatiiloanblper ovi des a hi ghl
to contextualize current stuldéebavi dBBted otwheé sneawnr @y e

of the Bwasbpbhbkact omei allae ed .sl

TabO0O¥: Over Dr ewopchoinlnae ct o me

Connectome dataset Sour ce
Whol e brain connect ome
( CODEX, FlyWire, N e Dor kenwal d et al ., 2024
Mal e adult ventral nerve Cheong et al ., 202 4; T4
Femal e adult ventral ner v Azevedo et al ., 20
1st instar | arva Wi ndi ng20e23 al .
After this general overviewDalhswiphiidat heasdcrcesasur
I owi | di scuss, as the gener al backdrop of the cu

and with a focus on ol factory associati vceenteraer ni n
of fly brain, its dopaminergic system, and the ¢

behavicoourtarlo |

Learning andhDmemsompy:i | a
iPresent is the memory of the pprsdasemae semd prse st enre

expectation of the futurebo
Augustine, Conf €hsaipedes, 2Boo

Learning andi mexmtonind alfleywitnbesd aalsmost i nopnoes swibtl heo uto

the ot herl.i KTehetywoarsei d e sa o fstudcds gprsey cnheodcahle mappakenes hanc

during |l earning | as tWhtahsne snee nmtorreyc et srdarceesss etdh ea g aeiam n e
behaviimacal | ed againdasi mgmohyg. chiutasles od e ganfitepe a
t hdiethavikowrp updating their | eaconomdi @ stea meac ene SNIC

memories are not anbgygl prescsomdern hteo praspl dwtton ag
et 2a00”d4at herymemom process of <coding, abouitnguand
experiencehbdeashhbalpd wlkeaber2@dr0,

NP



Soconti mpadas es are going on by varioudhlksewki add
of prodcdecdaaessoci ati veasasocwedtli vesllug&nlne) ng Non

associatiecemmeiahgl nm@esi ti zati on and habituation. )\
isl ear ni ng caabuosuall athieonshi p bet weleund @ svoc leavsesitcsa l co
and operianpbncmlgalssi cal conditioning, oafnitnwad ss tlienaul
whil e operant conditioning is |learning between a
Such associative |l earning has been observed acr o:
compbeganbsimsal sor gampislBrsosophil a mel anogaster

In this thesi®] fadactcooonyfdulheédovcah condDriosoiphg!| ai

mel anomasstaert oolt e ainm wefwhmyc hp rlo jwicltlf od il spoaurstsy .i n t

Classical conditioning

l vaPret rovich{ 1Pawi)tohv hi al ctasdéxpenicmegenatved!| dwi de
excitelmenhti s edpgsi went trainedi ng@i mg soadenida tt kb eoltnlre al(
sti mudwi t h t he presenmntnatoinan t iod n eldS.pHhtei (maud luisv,at i o
(unconditioned response, ndRprevsehtddibdm (WBETuandp
response upon isoHaet ddsc bDuwuagfiteegr bah acboenidi.t i oni ng pr o
CS waspeatedly foll doegd Iy ut ld(ecaddrSdoi tsiad n evch &red epons e
only ringiThge tfhwen doaemelnd cafl spuKidrociivedtrdeb o ughtt hteo be

foll owing:

i) cont i:tglué tgyssoandmeored bet ween events that oc:
ii) frequbpowymany times those events occurred

iii)ntegnsidetermined the strength of that associ

Unt i | 1966t utbdeof c | aswsaisc ad o hceornednitt i @md hagbadat-vies f y i n.
menti boaddat isolnh est bRnret Resmwirtlha t he concept Hef col
showedcdrhtaitgui ty is not suffheienggktetedontdibti onibd!
contingency sbteitmuelmant ttBheesA smopear. hicont heigeypEmpl e

mat hemat i calarseunamailboyrt sehtie;m t wo events, atr enMhaitcihv ed e
t o andthheergr edtienrk awee of rence together, tTthe s gr eat
contingency refers to the probability that a US wi

of aLIiC&bér man, B2ox2nh0 contiguity and contingencies d;
respopSebul tz, .2006, 2015)
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Ol f acammdyi t i oDrionsgo pihni | a
Quinn et showadi@ad74art ooriyvsuahd associative |l earning

Drosophil a m#Hialnesguaadt drear ni ng owaf sa al besspsyg ileaxtd irevnésn g/ e ,
wasophisticated wietaht uaoheasr aechtfeer itsaptcglew ext i ngui sh
reversed bWHowetvreai,nithgr e wer esuscasndesword 0 opinee s

enter the twiatimitnlheihra bfesseutsiiddc Gui r e, 1984hil Rud |y, ]
Tully and Quo ninnt@alogd®Echea v ipoaurraadling maa ZTe a p ptaor att eusst

classical chbmas a mewmi agt ilinm geelnitd fyer e catrrei feilaebl e tr a
tubwiserf éi es expeordioammder ®nectric shocaknoashepuni s hmi
without shockanThéprpvaherecompardment wd ot ddty ttules
approached fromTal thoibaod veroiionh ,r eldOBBes t heShawcel i n
t heintt has been wi daevley s ved ectad ftTadgtd §y et al ., 1994
Pascual and ARro®aet2,0 B40.0Als;g2 @1 4Hd) . ol fammptedri t i ve | ear
instead of el edbing cashockhlt mdewdsthubpbraisntmodlafi ed

Tmaze apphaarsatadusso been usatl bwso uwsunl adb ewbphecrdil mheen t, s
asxaltlhbee havieoxurearli ment s Alnsiadnhitdhitshesgiteguepnet i ¢ mani p
neurons can aldy os hiarkieng llaicechbe biowemxm mphe pPulesirEe

useldnaz e appaghritautde.

a b
Figurée (8rdaining apparatus containing (1) one trai
optogenetics (2) odour container, (3) sliding wheel
(4) attached tubing to(b)dc2ymreppmepsktot saithefltewt tu
and -O8uor s The whole set wup is surrounded by a box
for presenting electric shock and aodditttieadn ehle rteh rfeoe
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Howloes mefmomrmat abe Pl ace

Thexisting kfn o @Ke dpgeet hionavyosl vaeldf aicrt or y associative
Drosophsl| ammatdean excell ent mordetl aawpgwanidaincdtealesit udy
but @aymsapse Alseoveelt al ., 2014 a, 2014b; Aso and Rubi
Menzel ,ARd®d22he dbdfarmmoweyurscenal activation vha-pyeaanpt
requi site of mempt gmehamdsn gahalhdao nb rnagi.n r egi ons pa
pl ay theikeyheobé&factor y-tahses oaxn tadrri nvaet hléeamfr mn ¢htfiLg n &
anal ogue of the ol factodw Ipwlritteopn pimemena lagrdd @ ehses ih @ (
mushroom b-othy (MBdaiersad i nttd@erU8S8Se i mulodd afcdror y me mo |
f ormati onbriannditnhsee cstubsequentt lseedgimene st wod wp ot sbay s

descriibetdai |

Thel facCD rpat hwmay he fly brain

Proper rec@gmicteisen ngnodf o lcfraecattcer yani nfndremantailom epr e
external mesenl da n(\woasissh al | et al ., 2000; .Vaosshalll
represenesasteinotm a@lismpl erDaosmpbistdai &et food, predato
The rel atibvrediyn smanbd et he ol fDarcotsooryluiiptrao ctersad thagb li en,
begiwnd he per ceduwri on of

Flies pri nadroiulrya osdrfsaet ory (OSMNs)c gt edliepgmbpdt
anteand the mawrnl t he(yhtpoacdkpe r , 1994; Strausfeld et
al ., 1999, 2001; Vosshall et al ., 2000 ;ThHesiesenbe
ol fact orcy naxibsdlnassr ge number of sencCapyr bair410cianl &
and 60 in maxi hlbasey fahepP@Nsepithelium ofoneheofOSNs
the 61 olfactorwawndeaaptodroa cghPtRaEr)d VORs8s3hba | | et al .,
Larsson etwhHcare0W@dder the assumpGpont eehongupd e
recep&GPCRsThe axonal rpamjtecdad aarsdss of OSNs express
bil atgoas | y 50 hel omeraht enmalt hleomble s @ltcd di ng t o
chemosen¥h@gl omecyounlsoifatt | east 3 cl asmaersg ovihincehur @M<
synapse with the excitBN®)Tyheprootjheecrt itowno nteyupreosn sar e
neur OnENs) and choliner gi cTolgeeaydes hnagouerdo nctoarfpe kehks )a n
| obe f i ribryg i pmag the @ n adgi pzreada d idavnidt yt hus meduleastpenPh
(Kenne an®O0Waddel
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body (MB) |~

Projection
neurons (PNs)

Olfactory sensory

neurons (OSNs)
ﬂxdﬂl

Olfactory sensory organ
(Antenna or maxillarv pbalp)

&ctory C$% aPprdwiway t he main neuropils
pted from Heisenberg 200M3i mEeehkeedndch
at hways starting from ol factory senso
r sensory neurons (OSNs) (focusing onl
Fromtibereeprops (PNs) (red, green) conyv
f mushroom bodyoni ncterlilnssi (cKQse)ur (©ml uKee)n. K
m boldyb,|l aothde/sfig@® . PNs also carry ol factor
) Mushroom body ( MB) and | ater albetharvn
e respectively. I'n all figures, open tr
out put r egmemt.i dnegd tdeepiiccst si motnhi s study

Figu
Dr os
sens
ol f a
pink
cl aw
mu s h
(yel
resp
axon

There are about 150 BNesnenvatdel £a.tAhipobamdedd @eBus
th®Ng espond sebtectchieveslalyriek eondiosuer t hei rvealidlelr;e 200 ®SI
200After that PNs carryimnhtehelfmceonrgnd nmhedimalt i amt
(i ACT and mACT) to (tMBendhusdr bloe( bétheeruarlr ehnotr nnot i on
thahe expiendepemdlemnt response®PNamevidHacdadiegarbaybl e
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toahe piriform cortex and théSocsuktskinl eamupbdal 201

201.But this needs further invesangandepermdentecent
dependentf oemarydZhiaon kEH .@Mhd .t he& 0dtthlree nrmusildr,oom b oc
(MBi)s consider embrgsentorheet me i naredct ofbtrean ntcoo mphae ed
mammal i an hippoebeplusm or t(hFearpriirsi,f o2rOml 1c;o rHoenxe gger

I n r ecentt hdeercea cheasvxet ebneseinv e r eisnesagBcth p o @ n €hboeneedy bbeye
an®rosogMelnazel, HdAi9einbertgei sle9mB0er ide i s2e0M0b3egr g and Ge
208)showi nghée hb® sareehti igdhlerc ebortadeni nt egr-B$ es ttiltreu ICBs
associl @aairmeng and méheir gehbeMmdd GWBIANS eKldahe, aRd01)
Waddel )(6 &Y gWKeCl assi c genatnidc |telsd wki negxk p ehrei ment s

necesosfi ttyhel eéMBr iinng andr oneanpb(@E RBDER et al . |, 1980; I
et al ., 1985; Dubnau et al ., 2001; T™ceQu iales cetp lady.
rol sl eep, | ocomoti on, deehavDawiask,i nlg9 3F; shacritailn

Tang and Guo, 2001; Hei senber g, 200 3; Joiner et a
et al ., 2020)

Tot he mushroom body

Kenyon cells (KCs): mushr oom bpadyc eisnstirnignsi ¢ n
The mushroom bodieedsy mmet t woalmipeaduncul us centr al

mi dbrain (B®€08¢nbdhgy are covered by glial sheath
rostroventrally. The MBs are formed by densely pa
Kenyon cells (1KO@BHso( Eachanay 2009; aBar masteedt vetdeadl
three parts: the calyx, t he. 20edunc ullhues nmean dn tchad ylxo
primary sensory input region where the KCs have t

i nput from PNs. On the other handédol ftahcet oarcyc e snspourty s

temperatur e, h Wmil d iktey ,y wiuss(t &tt oa ke ra se twed Il . |, 1997,
Masek and Scott, 2010; Aso et al ., 2014 a, 2014b;
Vogt et al., 2016; Eichler et al., 2017; Marin et

The KEC® sensor ycadmveygmdagairoen r e p r3etsrechd ra t-p gvea mif d a |

neurionn mammal ( 8hebt hen afddhehAre@rOoe2kbdBsayahdul t fly br e
hemi s pahretfreom tthlree CaAx on al fibers oft dtohraag IKiCasl rsuhne aitnh
covededse bnuamiededunc(uQruistt enden. Tehte aplr.o,x i ImMA9I 8 )part
pedunduwlikely to be the actio@s pdbhenpéefduntcimémsaplio
invertical |l obe extending to the doesakendobpgofoth
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mi dd.i nBased ewre | totpenent al n e urnoabjloars tksG Uct |biskdaseedlsa:r e 3
Among t hekKnCs are eaadtyr iebucthiunsgi vely to thellmbdi al I
Ubkladally contribute to (Hei smed0afihaydamerdt iadalerl
their distintche pvBllltehabahbpd st deldeirs deibleby, 1980;
et al ., 2007; TAs®mkat edl .a,l .20 245M8Krs owiettle atlh e MB 1lrdd
i appetand vaever si ve mamary dfi & ugedt)ie o n

Mushroom body
lobes and compartments
(one hemisphere)

y lobe

FigurM@Ostroom body com@aBDmantserior view fly
body ( MB) and ot her ol factory neuropi(lbsyyB( d dadpe!
compartments i n [BomajlemiKp odyrden.s & ubdopt,t(l e g b o
with their axonal projections form respectivdil
3, -1 -Vp1dadmMod 5 FGgure is inspired fromlAso20R02al
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Li ke all sensory ney wbfeakcsep mpll € agcdtnoerydftoa ppr opri at e
detectsboonri ng fand s$rinegchahllyh.eb rkaCisn ,arte we |l (I T ucrhnaerra cette rail
2008; Honegger f et aheisren8mailyser epHes eiretldlta cotnor y

i nfor maticamrried awapyeciinf ian ma&dhergtl @ me munleir vat ed by
PN f sameKCasy@eei ve ildmraltosmr y~ 1f0r oPBN6s~per gl omer ul u:
multiple gTomere20@0B)alhoughek@dbt edepoandwtde variet
ofodobut KC popul at isqppmrmei mtcaiin i t yo dpoautrt eirdne nttoi trye ph
me ¢ han.i sArisrrsd il wi, dsutadr tKGCsspi kismgnuonlayweopeshiyng signal
~25 PHNf mugltomére@Grwusnt man and.TThuimsmaens eiHlPY)eb KCs

response upon a(nPe f@eidveen @tdoal . |, 2002; lto et al .,
Honegger etSealo.n,dbym0 1KX0e e & lc i tcahbeicl&iptdy biadlbafneceed b a c k

i nhi bi tGABnAefrrgoint n(eTua nank aA Pd_t al ., 200 8; Liu and Da
et al ., 2011; Aso et a.lT.h,us2 @ & fobel o-silpiec i £t c at es p RO
spar seneswer lnaompi ngs srewes tofe KrCxsl € PeffOe@Sv e oentv eaylo.r, 2
lto et al ., 200 8; Turner et al ., 2(0s0dBé; g HOWm.egger e

Mushroomcbomggart ment s

The paralfiebho@&pdnatveehe MB out puédMBr ¢ glbleess| obes ar e
devoid of exteanmdalarienineegirtdedadmpanr twileindals are for med |
axonal i beradd@KiCSdt,h@x on t er @illtnjages of dopaminergi c
( DANesnd t he den34 ittmpewrfodmebody output S@jeaunrom® € tV

al ., 2011; Cassenaer and Laurent, 2012, Pai et al
2015a; Hi ge et al ., 2015; Owal d et al ., 20.15; Per
Based odii stcheete innervation patternfoftDdAMNsdamali Il
subsequent PMB abobhepse)ler ml conphet mbat x.onsi sts o0

compartamesetxs endi ng f r dpre d threcoleB r dnei edt/hienrel z oGt al |y
the othd&mankbdobleave 3 compart me ttisanetho®andameal ¥nd
upwawest ifaoalm yt hehibheealdlbobes have 2 compartments
hori zofnrteamh | yhe héé&dd andaderleyspectAvel.g20ladl@hese
anatomical complacvame iciowm varugnanassfoci ati feorimaan minng
whetbBe sensoC§yarmrdeippnsiént €éd by t he samar 4 eaateii niftoy ca
signal carried by (¢(boplandergad oeur bgsthe mushro
neurons (MBON) 1Hdilge .20 2Taalkemur a ejtLiale2p02a8d17



Dopaminergi ¢ DA&dNsnonseinforc@egmencessiggal

Dopami®#eone of the widely distributed bi obgeetni ¢ am
vertebr atnevse rd reldsreartveess. ver sati | endweallaatgioamost | g h sd g
regul ation, motivation, Frea@anidnwni ssmemagny s §ioog Mmat |
(extindctir gratntdi nsgaT@&niymot o et al ., 2004, Gerber et
Sitaraman et al., 2015; Aso and Rubin, 2016; Fel s
Dag et al ., 20109; Handl er et .aMo.s,t 2s0 1g9%;tr galilasaatitolra/ n
conveying reindgaolriceewsemdlisnicd mflityog afdrj wistt t he causal
of wdrdli cki nson, 2001; Yamamoto and Vernier, 2011;
and Aso,AsBOmm@ph and ot her ver tseybnrtahteessi,a edionpbarnme mmied i
tyrosine with thei migltiphpef bwe wathethe enzymatic
hydroxylase (TH) and the otdeaarbbyo xtyhleaBarpdmeAmder) .ar
cannot cCrosisr aihne , bbatrowoidersy nt he sdiozpeadni wietr lgyii @ tleer on

packed i nstotoerseglcda@®se by exocyt.osksomnher d hlei rsd/an
dopami reetoes on post s,y niapt fdopimemmhegnmneceptnor s ir
Drosophiel adopaminergic nemososnsp( ®dddmi manote utl mé or i 1

MBand known tthoe croenivnefyor € egne neé | & ¢ tgnriade tstharcgke, t ssupgeac i f
MB compaandiemadul ate t he KE€oe¥x pMBesNs isnge dl @esegriai iand

et al ., 2007; Aso et al ., 2010a, 2012 a, 2014b; Bur
Huetteroth et al ., 210nl 5p;r i Qwcail pdl ee,t tahle. dveapl 6ettnBcyse oonf
DAN speci fi c accanipvaan tdnoeondto ur sgeetcii fdiwci ion@G t i me of
dopamine (rseleedadiendéebhai Foll dwWieng esndelugrole2)0elt3 ;al . |, 2
Lieu et al ., 201.2;t Hiage bete na lh.e,asvizddwli5nigic ¢t éhselft § ane d
DANsubpopudartvidaeangUS conveyorl eéar rmisrs@ d pSathércdoidd m et a
2006 ; CClhangget al ., 2009; Aso et al ., 2010a, 201
Liu et al ., 2012)

DANenat omy

Traditi beamae¢ltygyprpe X oifnrDArNwsat i ng 15 MB cotp adtdenent s

det aildslDd Based on the anatomical | ocation of the
popul apaiomed pdoudteagrailorl (afRIL 1paiDANs ant eri or medi a
There ar e PP Ltly pDEASNRBL -PPL 1 06 Ja bsieé@and each 12y pcee lhlas

bodi eBIPIDAINsner vat evmo slicehpa |t he junhbei,desbhnéapedunc]
and | ater al part .loh ¢ & @AM DiteM eenttyapl @ sl do beeaacvhe2 63

cell ,botdareget i nnge dioaslt | pyo rhthired rz onft atihiedBnelncslpees gler et
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200Ma@and DavilBur Red 09t; al . , 2012; Aso et W4l .et 2a0l1.4,a
202 Mn cl asendial i awrpiomg O5ffdreherent DANdtypresey esipd
i nformdtiloSh t o specs$ fi SNMBWBMD atrpreent eb ddap @minn e

release icomp@ae caneincmbd s KCMBON sy napdeal Ihaatheavi our al

out fsee the subsequenmorpeardaefthaaiplass)s@dbryx (CA) i nner\
DANs, namely PPL2ab cl| ystsenrowann d oR &L § ha|8alt dogeteetre a |
201.%)x iDIAINarfeul | of sarpoitses grd to explore and ul

out putt seTohfewirde range ofi heglen®igenent ywintihdbmarmmal i

dopaminer gi c (hleanmremeolgeenteialy. , 2 Qls4e;e dAitgauret al ., 2C

PPL1 DANs PAM DANs

Figure 0.7 b Dopaminergic neurons (DANs). Two clusters of DANs: paired posterior lateral 1 (PPL1)
and paired anterior medial (PAM) DANSs innervate 15 compartments of the MB. PPL1 DANSs (red) convey
the punishment reinforcement in compartments drawn in red and PAM DANs (green) convey the reward
reinforcement to the compartments in green. Despite all shown 6 types of PPL1 and 15 types of PAM
DANSs cell bodies, only one cluster of PPL1 (PPL1-01, 1 cell body) innervating the punishment processing
21 compar d filedh and dne €uster of PAM (PAM-15, 3 cell body) innervating the reward
processing 25 compartment (green filled) have
2017).
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PPL-DANSoaver dJiSgeocessing

The observation of HeisenbeHgiaadbeonygl)emadabedMB( 168
a model for aversive ol.f aletddsrayp |l dlsdhesi V8Bl acsonh dhiet ic @
of CS (odWGSunkelacdHowevsbqoukshé on remained thet how
the assocPHowonome twhhesamsoCBated wntoardoifffeerant

sorts of memory namely aversive or appetitive?

Theecesasfit BANDN os o pHif laaatveryciona i t i ohfimgt waerscri be
(Schwaer zel .lett vads t, b RoOOWBA)we ks nge reinforcemgnt sig
PPL1 DiAMpaiavedstieaeminnghis tdhtewdy arget ed bal lustimeg PF
THGal(4Fr g @il in et.This, oB8®OBYyYati on has bfeuennc tfiuorntahl e r
i magiamg i mmunohi stochemistr y20 ®RlIae measnpde,r Playd se t a
Eventaoaaht ymwpaduws develDANmP B td rbiflvdiemendpt ogepedvvicded
more eviadearcei oé¢ r diynfPPrLdemddedmtxiioall Acyo mp ar tameonnt gs

the hori zonhkoéall, |dodRev e3di cal | o bRP lgdopnepdacrle iedtls by
UbRPLUIGRPLIM6a2n d RIBE Bs pec(tAsvoe.ley @DIALs o and2BA@bi n
Besides PPlah,otthleer € oind r ovea meM8yV3 PAMAN BNsner vating
bandXompart{menter edGabyl) Télhg armvaevyer sevaf or(Beameatt
al201Wadde&l0t1Yamagata et. Falr.t,hel 6}, bl oclkkyy ng th
optogenetics anand htempma igped si «e memory f otrhmeat i on
role of the PPL-iandDPMebdvacentt veer girmnfvdCdomarmedngt e
Chang.20089] As200 10t 121) .

PAMDANS cappeti tgrveec edsSsi ng

Semi nal shamné edsre@rnosophidi a atoecp amivagt ¢ ne@Mandg he
invertebrate anal oigs etnruosée cnto raepppienteipthirvien & ela mmer ¢ e me
and Menzel, 1998; Schwaerzel .Eowaver, 200 8d d Sgtha to |
appetei tsii gnaldt ssogelnuotuusr!ns oountlwyptrhkast tOAaNErH ewnitd ey an
the taste Aswedt raga® AMDABEEI gy aidtsl ilmogr e downstream
and provide nmai mfddridinmgaét i @iota | a prpd tuiet i ve memory
(Burke et.Adlsioi, s @00 12@anl y t hoea sseurgvaer atshragewear chf or cer
depending on the state of the fly sari nmuher wao ndcieaster :
pur pose. Fora(ax awmll @la ed miana ,@Ti6ds® ) na and Tani mur e
Schleyer efA wnét ,t @0&SPedweaimaftukibheefaf ni ngerug@omt i on
of painful stimulusnetdgcadhgygclh-dAiNeaff iP®@GaPrPiLhot o et
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al2004; Yara0l0i8set eA0 BKC ni g. 2201Mami n ,2t02pl1 Al't hough,
termination of (aepaierdf umle motriymui i 89 NPPAMDYANIs o v eyl ear
t hei gmgl r ecent Ghtaupdtye n(cs@eveer edmpodleex of dopamine for
toget heunwshment and trace ,2d8dSot ifRd&xNpMiEAMAINMI N et
PAMboGi2nner vdt angodéoczompart ments along the medi al port
have eviofdeovciedipreg i ti ve segmBubkEem@biBuylet t erot h et
2015; Car®1é6t dbmchi k )and Davis 2009

Mushroom body output the uMB nsfrarmM8iCebbsrhnaevd o ur

The KCs comdveeiym ftohrema ttioo nt h(eC SNBmp arbtemetnhtes raenidn f or ¢ e me
signal espowesy e AN t hlese converhgeernet issi taenso,t her key cl
that receives BECaapseéedbibraemnalpltic st rDeANggthesei s mod
areal l ed mbedyoomt put nefHeomse nDHDEBHNsand t B8y read
US assoandtgonde bbbavVtecmuamaepdheoach or awoabddua stin
shedsohi gbhbeompMBfxunct(iAems,2014b; Hi2ded 5et ©awlazh(dl 5) .

Typi MBRBOBN

Until i20%@s kMBONst hane a 3metcelitky poefs ofp erre ubrroaisn

hemi spAesoeel0h4a; Takemdi@d) serve aBBtbet gpotr epat hwe
Altlhese 21 types ofhawBONL eoxrc el tc eolnles Ipavwe hdkeen drpihteir
arboriizmt it hre MB | obe C o mpeaurrtome trGAMBEAS t ggd Ut amat e
acetyl amdl itnheey ar e ad cor decilnagsssdiidgnreedde ot r ambeni tter.
dendritic clusteri ngDANsriikn meyrl waitmilddsne nglrd gedgdtinreen t s

with reverse p.o2d0alrBietlys e(nhsea2delt@harlgplh ol otghiec,ad @ AN

axon terminaldenadnrd t MBOBMMRaiimpirnoaxlismmi ttyhe MB compartr
(Takemur.a20edttHoawe vRAN>KC synapses are far f ewer t
synapses. I n offackKtC> MBNGNy phsad/®é DAN tarpri covaifl mBhy nm

whi cmplvicelsumetric dopami n€kCygMBONnogdwhn apgs o0 bBBYye et
Withing MB | abes, r IB®N& eD AN(LIii upatind Davi s, 20009; Wi
200®nda breakwlsouwgtbiyrdedtt hdendritic arborizatio
receive eholiatogyc synapses [f220In6)KCs (Barnstedt

Al mosMB@NHhen target their axormexcewptsitdaveri dBONsM
send their axonal pr onmaencnte ro ntso itnh ead M 8eeeVdef boar bw aortdh e r ¢
al so sta&mgdto specific DAN2O0ddadr.il2i0e2s)B.08Niso neats tally

send their axtomatltherdgresdali olmrain regi onsSMmdanadane
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make direct c ofnamehcatpieadn btoad yt lod t W eb rcaeinnt raarl e ac,0 mpH ie

knowmr goal directed | dndmantdiionrg it icrome/cetr gher ainn )c o

I n gener al ,anpearrtti coafl hl oovbBe® N aad d wtbh et he aivrerlsiinve |
with the MB compartments which.Whid lkeien meas tat efl bl e
horizont al |l obe MHMPOPNS it éadn detanrenhiveig h t he compartr
by PABM DANMNSAxbO2f or Mdet ail

Atypical MB ONs

Recent study. 2020 elnit iefti eadl 14 additi onal types of
MBOBdue to their additional denidnrpiutti cwiatrhbionr itzhaet i M
spreaprionxgi mi t y pbrreadionmianraenatsl y i n blab.® ORE, wl 821 NP,
neurons receive input from at |.eaSdme altsherr € geii
sensory eigputMB®N2>Bh)a bk i mportant i nput s from SE
mechanosensor yi nofrorgruasttitan®eOy2 0gl Zhed2@l.&Eherade i s onl
one MBO®MBON®HAO) ch receives direct ceontaryal acompleex ni
t he
horizont allntleorbeest i ngl & atnydpiexall udBONY yhavei signif

ventral neawhrigophit! & hleAlL br i ddjiirnggc tploys i dd mme daéot WMI8r k o t h

se two majlbraltegkiomg otf tfHepeirbtsheowtatofonl pairnner

whi cdirtiisoal my, tdtdhea p saerd 1Gener al) Thhiesrceusissi al so an e
net womMBOMMBONONNecdutonisde of MRE alno tbees i whibceht we e n

atypical MBONs or byx-dathypi d aalxmoddBOKSm®necti on resp
Mostly atypical MBONs form a niul tpdraffermdc dmeldd

i nt egrTat isaurm up, atypveal pdBONs m compl ex input i n
numersesansonputmodal i ty npteh &t¢ nit et dkap amihockul at ed

l earni ngi mawictwimbbyotot her MBONs conveying Barned i
i npgsteeTabl @2 fooverview of mushroom-DANMBONsompar:t

neurotrahnsmitters
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Tab02: Overview of mushr oo ADAbNMBYO Nescenupr aorttrnaennstnsi t t er

MB ON s MB ON

Compartm DANS Typi cal At ypical NT
GABA

21 PPLA1l ( PPpeldc| MBON 1 ( MBGNdcl MBONO ( MB@IL) Gl ut

PPLA2 (PPID1| MBONI1 (MBGMdY MBONS5 ( MBIAN 2| *predi

MBOMNO ( MBIQN 29 3

MBOMN 2 ( MBIQN 1{ GABA
32 PPLA3 (PPLUG] MBON 2 (MBONOG]| MBONSI3 ( MBRQN 3) Gl ut
MBOMN 4 ( MBQN, Ac h
MBOMS5 ( MBQAN )| *predi
GABA
] MBOMO ( MBRIAN 25 Gl ut
73 PAM 2 (PN MBOM 9 (MBONOT "\ s oy 3) e
*predi
Gl ut
PAM7 (BAMMold MBONOS5 (-MBONIL
04 PAM S (BAY MBONBMIBOMN 45 5) MBOR9 (MBANS) *ff:m
MBOR 4 ( MBIGNS ) Gl ut
25 PAMS5 (PMAMaY2l MBON 1 ( MBGMaG] MBON 7 ( MBRIEN * Ach
MBON 9 ( MBI@N o 5| *predi
U1 PAM 1 (-RAN MBON 7 ( MBIQN Gl ut

j j MBON 3 ( MBION )
Uz PPLA5 (POIPOL2107 MBON 8 ( MBON, Ach
MBONO9 (MB@ID)

U3 PPLA6 ( POP3L)1 MBON 4 ( MBON Ach
PAM S (B®AMd)| MBOMNSG MBan U
b1 PAMO (BAM ( Gl ut
PAM3 (BARMO2 Glut
b 2 PAN A (DAY MBON 2 (MBQMO62 MBOR4 ( MBANG) | Ach
predi
. . GABA
uo il PPLA3 (PPALUO6] MBON2 (MBONOG] MBOMI ( MEG Ach
*predi
Uuo 2 PPLAS5S ( PPBL210] MBON 2 ( MBJGN ) Ac h
<A ) - MBOMN 6 ( MB &Gk ) -
Uuo 3 PPL@4 (PIROL3L)| o ( M oy MBON 8 ( MHEGY *ff:m
" PAM 3 ( FbAAD ) | 5
boél PAM 4 ( FoAdH) MBOMNMO9 (MBONOG] MBONO ( MBION) GABA
PAM2 (oemu) 2001 (1ECO]
PAM 3 (BRMO6?2 Gl ut

b o2 PAMG5 (BAD MB@?gméwfﬁé%k MBOR 6 ( MRIGID Ach

PAM 6 (BANK bao bilate *predi
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Mol ecul ar und@$%®WpI nansisnogcfioaft ioodnMaasbaoilpdarvrei ng
ThMBhas a-ltalyreeed-coxpamndg encteuraer,c hihteecch ungdament al be
t he most liendrluiemng imdt-wdrek -Mhlbguosr i(mdldmed, 1969;. Al bus,
Here the -egpaaspgence very-~-R2006| KChki oosnrntvme t3hf elge nt
types of TMBONBs al sorehaferi temevintbryse i yANasl st oe nd reirv e
synapticwpliaétiocityhe pr omi mredeaty elrcedtNwiwe .t tife tqluies t i ¢
woul d beonmeowfrom this straightforaolafrac tamrayt oans c@d i

l earning takes place at all ?

Associlaetairhd mgt and foremost needs a preci.2ae rel at

described in pbevEpasseeati ownbitsye npsactrtye rsnt ioniu lIKiCs ,h e
(CS)s repramentddnf orcement signal (either positi)
conveyed iby DANempart ment( FS m®@Baief i ¢ manner
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What haippeindde the KCs in response KE@VBDONNSS yinnapputti ca r
stregeafhf ected by conditioning?

Monoaminergic neur ot c anmsconiotstsert, h ed olplaomd ch ethnias n  bar
synt heasnidz epda cvkiatgheidn t he eDANS$ adreckocyt osi s with the
monoanirneens por taenrd (b¥immadisshe dopamine recepymapt i(dDA)
neuwsonKlChser e are two types DEF i kep-boimk aDed rneacnenpat!osr sD ]
l i ke reoeapt ets of D1, D5l rkeepétoceptuddbd D@ EDPBct D

of doprmaos tnley depends on the type osymagkeiptonsuraip!

| DrosophdDl ke receptorbPopiRlkhakwa abl or DHKB) and
DAMB), whike DackRpp 2Rs(akdopPMRne med apllgorrest ei n
coupled recepformanf@@PEC®sH ami-i rya nosf mesgnebir @aimediprosn

bi ndiangvaorfi ety of | igands, they underl o adref iimrhatrin
by initiating intrackét et at rpsrimogtmea ¢ni Gogdhmip® &coiaddse s
receptor s, Dop laRrle acmau pboepdl BB tr@Geismp e ct Hviekley ,r ex2e pt o
Dop2R is coMBlugé moo iGet al ., 1995; Hearn .&toral ., =~
Gprotein gneghnadtiedigwnstream second fnoers sseynrgeept iics pclra
and mefmonr paldbd@wycddenosi ne monfacpMirBphme eand Kandel ,
Lechner and Byrne, 1998; Hei senblehrigg, cAMRI;t | Yah veae |
adengylyglamdk degraded by phospfiiteds ,e sttlee akemd IPDdgEI u s
adenylyl cwobaPBEggereaes are called rut alblagwi n reaitt )

al ., LWk ) alkeamgaddes matnynpael i1d nald efpc)l aisss L u da nedd
conseadsert he mol emwmlveerr gseintcee wff t he US and CS pat hw,
(Levin et al., 1992; Davis, 1993, 2005; Keene and

Thirsuitexcl usi vel y ne X@iresagtrapses t os .DthreiamfgBONI at i ve
conditobhaogory stiemul prse (yCiSap teidko kic & thriopmwmg h¢ al t ag
sendive calcium chaaotl sa@masCtNMpaeanddemyl| yl. Ayc!| ase
the same time, dopaminergis cenn&PEREAMsabecbsagedl b
subni as)i vat eenadareydl yI ( lciywilragget one et al ., 1984,
Ri emenspergerFet ah.ef R2&OBi)H)ve stimulation of cAMP
of both pathways iTkmb,ndIlsaagedn sianbclreeaMR pmododti on

i ncreaseidnicthpMiRiteesi n (kPiKMdagspee nAMdast age ovpechiossmphoryl ati o
whi mkbdi ahe dRomt mol ecul ar clsaam@ped i o nagnddralsitei ncartyy

f or ma(tTiaogyd or et al . | 1990; Schwaer zel et al ., 200 2
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2010, Boto .€unatipnabDld4dmagi ng f r onms hTowsuhpi pko ratnidv eD a
evi detnhcaet prrauti des a synergistic i ncrdecapsaemiinre @aAhAMP
acetylcholimeustoinmulrliadtespdd ®a& p, gpirroevd ng the rut i's a
coincidenchkow eitfectt lmrts accotiinwcawlieohi wcaugsveonf ctohmepar t
MBt he dymrapbfenfgpteh KCs t o t hegerness mdauwearhedd aMBONWadde
2015; Hi g@1lancadck etlamVv:agEsxthhbaz2z622q2@fi gOB8I) e

FroHn ge, unaGtly8p)dc &F eolehactmadbry associ aftliivees | eexapenriingn
an odour toget her( awietrhs ieviee clteraircnisnhgojc korwisiulgar aif o te kw
odour without anAWfternt dactedneadiedse aeteWwéo@r ctedot @dour
As we saw, distinct DANs <cioqm@®ly, tdyhpset ionfc tmerneoirnyf ofracve
or reaaedfyet ertnyipneedofbyacti vated DIAN gdpat ingl Icyonse grn
MB compartUmemt soi nci dehmtppaati iant iaongi vkeGMBON mMp ar t n
synapwreder goes | ong term depr2dsldHihaenr e( LalrDe atiwd giempel
factors two keepdoev aorkisapdh:iapl) cdg thrnipaitt! yi st empor al C
dependent ,t hser dehlme n st iondwluati on and thedeDAW aftt il
Tomchi k and Daevads t20008 ) rphbasti dintdw.ceBut iwh,en t h
otwerse, thereThe pDbOspHTasegd22)ity i s also spatially
i DAN and correspomad MB)i cMBrdiNar t me nn ai, g hnboobunreismey

Thereé¢aclkecdBpart mepreseattednathndeplkeihgyent unit of

Nextiegti on woubdaberaelardnwoeut blyn MBdANpga®inplddé,r ect act.i
ofeach M8O&Nwtlkei r own propertvyoidfaneiet loabre hdarpir wiarcdh
rather stereoty@ed m@OddAdbpaOweiOdl. Bt nelnt i oned bef
each independent rkEBeobtmpatomgni nf or mati onarwvd a spa
i nnervatednidyeDANpped with deonndgr itthees voefr tMBc@GaNs .| oAb e
part of the horizont alabl8)heh ec campea rsti iveen trse i énsfeoer ¢ e me
convelyyPd LDANSF.or exampiod, DRRk1 convey avogpresdicve si
compar tSmentk.i ngl yinhbev  MBONg t he issanoep pcoosrptaeltymesnitg
t hBIBONSs bel ongharmgr diovet bmenpary mémgmned t o positive
Therefodepami ne -i edarceédp K€moeltls pgaM8B8®ONgoes to LTD
after associdetcirwe sleesairtutednrgetwtarr add th g armud pfawrem §i M8 ON

me mo i ¥ eFei g WMP)e( Dubnau et al ., 2001; Mc Guire et al
CervaSaedoval et al . | 2013; | Bee&ha ainfeo re@myadi.l,ed2 01

wor k wi 0L BPRIN1
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Figure 0.9b Schematic of PPL1 -01 (left) and MBON -11 (right) with outline of mushroom body

c omp ar t mePRaiting of Aan odour with activation of PPL1-01 (either optogenetic or electric shock)
causes KC-approach promoting MBON-11 synaptic depression. This results in reduced MBON-11 activity
when flies experience the odour again and leads to avoidance of that odour (also see Figure 0.8).

Si mi laarolnyg, t he medi al part of the horizont sl | obe
conveyed-DbDANSPAMr eR/AaNPpl ¢ BAMORBNervheéebori zont al I
andarrrieewsar d/ appetid5 fv@@ nspiag navend di ft ihes-MBMOMN 1

(MBOM5b &Y )Namwher e MBONbOTILt lzeeisr dendritic innervat
compar tOmweanead 2015, shqoweidert hoadtf act ofroyr croenwdairtd olnd anrg
this HBEPON s demamaels deeccr eases thandvehgss veEoomt pppet
reward mMmemdrhy.r [ eatoifgdbhmegimrecti onméamihmagpgreot enti at
aversive coadli$a@ppkeyn gi-cnanepart ment | at(ePreali scse@n reec tai
201,6)whi ch need.s Alutrdpduati hsertmeddy s iog n aroMiaum ght or y neur c
(DANs) changes the dDyenapteinc tiei glethsory cue repres
out put neur amsh WisMiBIGEBON a s rtited ememémofy f or mati on

O
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Ti midnoge st mar

I n the previous section, I-USieassobiedt iioon dedaurls h
associati v®rlbs arbhoiflg aitnhe val enceasfpwamirsddvaugdi ng

when previously it was adsa@lalme eaef owiet,h neelixatct trii me
encounters thdatsavndalpopdiootalcadh odoterestingly, the f
property of reinforcers i-Badedadd dfrhaeciieddaore(dKeocntosr s &r
all948o0l omon and Corbit,; 1WadndS®§ b motah e 1OBOUTr r enc
of puni shment c atnercmiursat ipoan no f wotuhtlat gipweri sédlmeaft f r
Si mi Itéhrel yooccaf r epcosaursgelseasant feelings and ter minat
frust(rt@aliomon and .Soarmiimagl L9 v@8t) only | earn the as:
whighedi ct the onset (oUd)punalsdhmenhérewas drel ated v
othatAmW&.t he precise tilhHcmag beotrweene momeé e€Sof oppo
phenomenon called timing (dFeipg@un@ge.nt valence revers

Relief

Figure 0.10b Principle of timing
dependent valence reversal . The
occurrence of electric shock (yellow)
causes pain (red), while its termination
gives relief (green) affect (Modified
from Solomon and Corbit, 1974).
Stimuli associated with pain and relief
acquire aversive and appetitive
memory, respectively.

Affect

Electric shock

Time

This is an acr osasnds preiccihe sn upnmrbienrc iopfl ei nvestigati on t
ompuni shment and bruwetwamuwc H elagsns nigs known aboout the
relief and fr uefiibertfo soonp el aa mip2 @0 4e;t Yaa,2®d0Beebeanl

et al .Vog20 124D0;1 8t . Aso &,2RUIBi; n Hatn,?d0e©Q ; eti nalr.at s: Mo h
et ,a015; and Andheatnzas0ledt aand 2012;Drforswgtan dvtaiean i
Saumwebeyr20€et8;aland i n begls99 8He |Hesltseerhridleltly eaele.f at e

i @hapt,erl 2nvestigated this fundamental aspect of

omi ssociating dopdmpaei gecgfcomenbani sms.
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Extinction | earning

Onctehe rel ati onsWb%ip ebaectrvpecerni e i ng CS+ wli ehdsttany
a drastic ofmpmaemomeynt perf or mance 00 ZIghhiwsa eamoz enler et a
di scoowferRavl ovds termed as the AineefPavl amnhibI27

revibeum:s moor e}x. al ., 2015

The prlbogxewbBich this | earned avoidance or approach
wi t hroauitnf or cement is calllredt mempagythedacadd®sonence
l earning, me mo I & vseereehx te enretxiit\den c t iTohniess erad g h hianst er est
not been confined only i n t he basriact hme ¢ hi &t Misam ¢
signi faiscarece basi s off ocerx ptohseu rtgrseyalot tmieanpty iod di sorder s
di sorder, adauvumbi anddstsoesdser sa baatateedghhti e hudy exti nc
(Milad and Quirk, 20ARCcoNdrmbitbd sPexhbwnct2O0@h3pr oce
by some inhibitory cells IiCR titbe omdryt edxi samuugptieyd é&:
destrayeédceburn over ti me, what he ter mMddsasnofisp
suggeshtasr i gi nalt rmeecneo rif D masCsSoci ati on and €&€%8tinctio
without reienf esparéalTwealnconsmajuoi vetudies from Fels
(2017,sBOow&Yight on the underl yohigaaeer gi veneahdni sw
exti nlcetaironDmgs o.dhi lex pl avihreend fibtlkgtsr r eondcoau raomtei ¢ h
wagpreviagsbygiated witki puaicdmert snevkm@mexti ncti on
triggers. This &ear ing@ geswtairmdctedoonpdimhger gi ¢ neur
downstream of avoidawbéecpromdicatgebBBONssdifommr mfap
newositiveFore moxgmpdilef,aavergi ve cPRIAAD e doinvey s
negati ve v alegpmrees s an dotdhoruar ICi5r+o a ¢ h prowrdpedd/>bMBON
synapegkewbthea vti o uav widbb.utriewever, during aversive
t heyevrad uat e tnmeemoerxyiesagagge PAM neur orbso mmaretrmertti n g
whi chf ameti onal Ityo ctohnen eax v ®iddance apnrdo mblou ang a MB @ Ms
positiveCmemeqyemtelwy y formed positive memory con
aversive nehmosr yt Beukk ®iiivoti idaemkcavT outswo ditiyfpexent
of memories are formed and stored whitkwoi gi §tippen

by uncti onal i maging.

Despsurrging exti ntcheroey edrecaedrochWhamddestbeeamagntrib
factors to determineewhéemschhawl nd ot avkhen trpddaatminetsvh e n |
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it idd fsoextlitngtuvomemory during BhearetypdeBeeredeany
ot her compagnenstesnsory/ perceptpuatpneceprtti@ineatdi,e ntge mpa

me mor y e XtBirmmtdiomn et al ., 22A00; nDe | gruaanetraslt 2e@lyd? ) Wo c
2013; Del amat er and uWgetshreaok,ha20 lfde)ar extinction
emoti onal component (fear) whil e }JeSa vaisnsgo cti haet | @tnh e
sensory input intact. Thiabbastacbanatdemamtnggt honi a

be a matter fodr cthloe caeniamhaslo ki ngdom!
As the story of, my wadetsries$ sgmtehss spreqruierna @ hoanp t. e/r i I

Beyond the mustheosoenndiomly:neurons ( DNs)

| Mmo st bil aterian ani mal s,cotnhsed §cd enwor arha jnoerr vooainsp osnye
anterior brain andr ae mMmogemdeerostte mbwmprndentr, exampl e
goitmgwaodsawawnf nadmure x eciurtreatteda aomeeldayv i dudri ¢ need
controldyt mevieoenat coor di .nfFaotre dt hmasn ntehre cbmamumi naéeds

wi t h t hcee matstoereyan f ol l ow the commandiheomvodfufrom
t he nesrysotuesm domi natfieepbpnl pbhacwioeat eri or gaongl i a
foram i nf or mat icoenndirhbereagirmhiisngcephal communuwiatulese t h
t he ncoetnotitrhersoargher satil e pop,ulcaaliloend od e snceeunrdoinnsg n e |

DNs prtohjeeixrans ta$ pobisaer i owi tghainmg | ti lmea nnderrivneg ccoormima n d
|l i ke i nf opora@iudnd ock and 1HNGaSMIi kdigeet.labr.o,s odtiid )a

nerve koowmnieanst r al 1t & NEd¢ ed¢ dcamdat omi cal vantdrabs posnt
postmbryonihealddubht e VCgani zed i nt & mdsjeagranennet usr:o pli)l
prothoracic, 2) mesothacaessor ) mmebttbhmohacCd RNp ¥)
5) abdominal (OCaurotpidt|(@AINmieRf@®2roent segmerftlsu,enkMN a
l ocal <circuits including teadialg pat sbpadyi fseemgenteanthd |
movemeBouvier et al ., 2015; Capel Li et al . 2017 ;

Thaeumber afeDNsmvarmmals magnitude shbmadilnerort hpaos ttehrei or
neurand BSluase a ddroudilameegikng the sensory and cont
to motor dSypstemmpl efinesects it0s20-H0Q hlei Iratngrealof
(Gronenberg and Strausfeld, 1991; Staudacher and
Cardona et~12a00,,0®00991 1 s from brain to s@giondl).cord
Fobr oso,ptleiclesmt review frmentSimpBds (R&L24¢gonnect fI
totventr al nerve cowdi (é€MN@BrsadBd, D@0 énU ryog\iNCn d

ha22, 000 If e e ognst
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~130,000

T1

T2 Ventral nerve cord

T3

Figure 0.11b Diagrammatic representation of descending neurons (DNs) organization in adult
Drosophila . DNs (slinged area, ascending neurons are not shown) extend from brain to ventral nerve cord
in highly distributed as well as localized manner (long and short black projection respectively) in three
thoracic segments (T1-3). The approximate numbers and proportion of brain neurons, DNs and ventral
nerve cord neurons have been depicted in green, yellow and blue respectively (see text for detail).
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Chapter 1

Avoi dance engages dopamibreasgapchipluani s h me

Text and figures are part of a manuscript planned for publication with the following author list:
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Materials and met hods

FI'y strains
Drosophila melanogaster were raised under standard conditions, in constant darkness to avoid

any intended optogenetic effects. For behavioural experiments, mixed-sex cohorts of 2-5 day old
flies were used. In vivo calcium imaging and immunohistochemistry used female flies only due to
genetic constraints. Strains to establish experimental genotypes and their driver and effector
controls (Dri Ctrl and Eff Ctrl) have been described previously, unless otherwise mentioned. For
further genotype details, see Supplemental Table S1.

Conditioning and choice experiments

Male flies of the driver strains were crossed to females of the effector strains and cohorts of ~60-
100 flies of their F1 progeny used in a T-maze setup described previously (Schwaerzel et al.,
2002, 2003) (CON-ELEKTRONIK, Greussenheim, Germany) allowing for electric shock,
optogenetic manipulation and odour delivery, operated at 23-25 °C, 60-80 % relative humidity,
and red l i ght i nvisible to flies, unl ess
benzal dehyde ( BAYctaaoh(@CTR((EAS 160t52-73 589-98-0; Fluka, Steinheim,

Germany) were applied to Teflon containers of 5 mm and 14 mm diameter, respectively.

Conditioning with optogenetic activation
Olfactory conditioning with optogenetic activation as reinforcement was conducted as described
previously (Konig et al., 2018) (Figure 1.1-1.5, Figure 1.12, Extended Data Figure 1.4c-d). Flies

were loaded to the training tubes and 2 min later one odour (CS+) was presented for 1 min. Unless
mentioned otherwise, 15 s later (inter-stimulus-interval (ISI) of -15 s) pulsed light for optogenetic
activation was turned on for 1 min (training tubes featured 24 LEDs, either blue: 46510 nm or
red: 627+10 nm, 69.25uW/mm? and 53.04 pW/mm?sgiks measured with an STS-VIS Spectrometer,
Ocean Optics) at 4.99 s/ 0.01 s ON / OFF pulses. Another 4 min later the control odour (CS-)
was presented. In total, flies underwent three such training trials until given a choice test between
the two odours loaded to the arms of the T-maze. After 2 min, the arms of the maze were closed

and relative odour preference calculated from the number of flies (#) in each arm:

BA Preference = ([#BA - #OCT] / #Total) x 100 [Equation 1]
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Across repetitions of the experiment, cohorts of flies were trained with contingencies of odour and
light (*) swapped to calculate the memory score:

Memory score = (BA Preference BA* - BA Preference OCT*) / 2 [Equation 2]

Positive memory scores thus indicate appetitive and negative memory scores aversive

associative memory. In Figure 1.2¢ and Figure 1.3, the CS+ was presented for backward pairing

(ISls: +120s; +60, +120s, +240s and +120s respectively). The experiment in Extended Data

Figure 1.9b was performed the same, except that green light (530+10 nm, 37.71 pW/mm?) was

used for optogenetic silencing.

Behaviour al phar macol ogy

Pharmacological manipulations were performed as described previously (Amin et al., 2025). For
36-40 h before behavioural experiments flies were offered as their sole food a tissue paper (Fripa,
Duren, Germany) soaked with 1.8 ml of either (i) a plain 5 % sucrose solution (CAS: 57-50-1,
Hartenstein, Wirzburg, Germany), or that solution added with either (ii) 5 mg/ml 3-iodo-L-tyrosine
(31Y), an inhibitor of dopamine synthesis (CAS: 70-78-0, Sigma, Steinheim, Germany), or (iii)
5mg/ml 3IY plus the dopamine precursor 10 mg/ml 3,4-dihydroxy-L-phenylalanine (L-DOPA)
(CAS: 59-92-7, Sigma, Steinheim, Germany). In all cases, flies were trained and tested as
described above for optogenetic activation as reinforcement, at I1SIs of either -15 s or 120 s (Eigure
1.4a, Supplement Figure 9).

Conditioning with shock or sugar reinforcemen
the test

Olfactory conditioning with electric shock or sugar as reinforcement was conducted as described
above for optogenetic activation as reinforcement with the following differences. Flies went
through only one training trial either with electric shock (12 pulses of 100 V, 1.2 s/ 3.8 s ON/
OFF) or 2 M sucrose solution presented on filter paper. During the 2 min of choice test, green

light was turned on for optogenetic silencing (Eigure 1.7, Supplement Figure 5-6). Innate olfactory

choice behaviour was assessed the same, save the training (Extended Data Figure 1.3).

Restraining movement (trapping) during traini
For the Control case, olfactory training and testing was performed with optogenetic activation as
reinforcement as described above. For the Trapped case, flies were gently pushed down to the

bottom of the training tubes using a piece of cotton wool and released from this restraint before
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the choice test (Figure 1.12a). The experiment in Figure 1.12c used only one training trial to avoid
overtraining (Konig et al 2018). The experiment in Extended Data Figure 1.9a used one training

trial of olfactory conditioning with trapping as reinforcer.

Extinction | earning

Extinction learning experiments were modified from a previously published procedure
(Schwaerzel et al., 2002; Felsenberg et al., 2018) (Figure 1.15a). Training with odour and electric
shock was conducted as described above. Subsequently flies were removed from the T-maze
setup and kept on a standard food vial for 30 min until returned to the setup and released at the
choice point. For the flies of the baseline condition, only air was presented on both sides of the
T-maze for 1 min, while independent sets of flies received extinction protocols such that the CS+
was presented either in one arm or in both arms of the T-maze. These extinction protocols were
run without green light or with pulsed green light for optogenetic silencing as mentioned before
(MDN feedback, and No MDN feedback, respectively). After collecting the flies from both arms of

the maze, there followed a 2-min choice test between CS+ and CS- as described above.

l n wvtiwpohot on calcium i maging

A custom-made two-photon microscope with a maodified protocol from Barnstedt et al., 2016 was
used throughout. 2-7 days old female flies of the indicated genotypes were transferred on freshly
prepared standard food mixed with 1mM all trans retinal for 2-3 days in darkness. They were
briefly (~20 s) anaesthetized on ice and tethered in a custom chamber (chamber design courtesy:
Clifford Talbot, CNCB Oxford, kindly provided by Oliver Barnstedt, manufactured at Sculpteo,
France) to open the head capsule under room temperature in carbogenated (95% 02, 5% CO2)
buffer solution (103 mM NacCl, 3 mM KCI, 5 mM N-Tris,10 mM trehalose, 10 mM glucose, 7 mM
sucrose, 26 mM NaHCO3, 1 mM NaH2PO4, 1.5 mM CaCl2, 4 mM MgCI2, osmolarity 275 mOsm,
pH 7.3-4). Flies were fixated to the chamber using wax attached to eyes, wings and parts of the
thoracic body wall, but were able to move their legs. After confirming genetic markers and
expression under a tabletop fluorescence microscope of both GCaMP and tdtomato in
experimental genotype and only GCaMP expression in control flies, they were transferred to a
two-photon microscope (see Extended Data Figure 1.5a).

For optogenetic activation, a high-power LED (LEDD1B T-Cube LED Driver, 1200 mA Max Drive

Current) was relayed through the imaging objective onto the specimen, triggered manually. The

power at the specimen was measured to be 10.5 mW/mm?2. After preparation and transfer to the
two-photon microscope, flies were left to rest for 3-5 min. 10 s after recording baseline

fluorescence, five 200 ms (Figure 1.9, Figqure 1.10, Extended Data Figure 1.6c, Figure 1.11) or 20

3
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ms (Extended data Figure 1.5, Extended Data Figure 1.6d) light pulses were delivered at 40 Hz

while recording calcium transients for a total of 60 s. Fluorescence was excited using 75 fs pulses,
80 MHz repetition rate, centred on 920 nm generated by a Ti-Sapphire laser (Chameleon Vision
S, Coherent) and images of 550 X 550 pixels were acquired at 40 Hz, controlled by custom-written

software in LabView (National Instruments). Dopaminergic neurons were imaged at the level of

the horizontal mushroom,bddyY Icaobnp afrd anesnit eROI)dRe goi 10 n

were manually drawn in the relevant areas using ImageJ and further analysed using Microsoft
Excel, Statistica and custom-written Python scripts. Baseline fluorescence Fo was defined as the

mean F from the first 2 s of recording. Calcium responses were quantified by comparing the

av er ag efromEdbEfore until lightonset( pr e) and t h gfromthedighboffset toseF / F

2 s thereafter ( p o st ) ¢ wasakefihédRas the post-stimulus average fluorescence minus the
pre-stimulus average fluorescence.

In Fig.1.11a-e, the experiments were performed as mentioned above, in addition with a leg
movement restraining protocol, similar to the one used in behavioural experiments before. Leg
movements were monitored using a monochrome CCD camera (Basler acA 780-75gm)
positioned approximately 5-10 cm from the fly. Camera position was aligned for each fly before
the start of recordings and i mages agpylaniCaneeth
Software Suite (Basler). Videos were synchronised to two-photon imaging recordings by the two-

phot on | as e-raddoffset.iFites viete saver im compressed MP4 format before further
processing.
Expl anphotwon calcium i maging

For Extended data Figure 1.7, flies of the indicated genotypes were anesthetized on ice for 5 mins

and dissected with forceps in carbogenated saline (103 mM NacCl, 3 mM KCI, 5 mM N-Tris, 10
mM trehalose, 10 mM glucose, 7 mM sucrose, 26 mM NaHCO3, 1 mM NaH2PO4, 1.5 mM CacCl2,
4 mM MgCI2, 295 mOsm, pH 7.3). Either the brain was isolated without the ventral nerve cord, or

the brain was extracted with the ventral nerve cord attached (Extended Data Figure 1.7a,

Extended Data Figure 1.7b). Samples were put into a transparent imaging chamber and kept in

place by a nylon grid. The chamber was then filled with carbogenated saline. After 5 min
recordings started under a Femtonics two photon microscope using 920 nm pulsed laser light with
a 30 Hz imaging rate. Optogenetic activation was performed with a Thorlabs red light LED of 625
nm (1.41 mW/cm2) controlled by a HEKA patch master EPC9 v12x9. Due to the orientation of
the sampl es, t he o1, b2, and b6 2 ocalplamp than therothert

2 compartments. Therefore, using 200-ms pulses of red light for optogenetic activation, two z-

at

S

100

ar e

pl anes were recorded st #rd6t2i,ngpreitthteero2wi tol8,2 b,4,b Za,n

no



with the respectively second plane, we repeated this for 1000 ms of red light. Raw imaging files

were downsampled to 15 Hz and converted into TIFF files using a custom-written Python script.

Using NOSA (Oltmanns et al., 2020), changes in the fluorescence signal of the respective
compartments were determined and exported as Excel files. Data were further analysed and

visualised using custom-written Python scripts. Baseline fluorescence Fo was defined as the mean

F from the first 2 s of recording. Calcium responses were quantified by comparing the average
eFpfFrom 2 s before until lighfromsketghprejfsetthe
or 0.5 s thereafterow@aa ddhedrith)ed( mes tt)h.e -sdpmekg HFor t |

average fluorescence minus the pre-stimulus average fluorescence.

| mmunohi stochemistry
Moonwalker®, MDN1A (Figure 1.1a, Figure 1.5, Extended Data Figure 1.1a, Extended data Figure

1.1c), were crossed to Chrimson”®, whereas Moonwalker® and MDN1B was crossed ChrimsonP

(Extended Data Figure 1.4a, b). Brains and ventral nerve cords from adult progeny (5-7 days old)

were  dissected and immunostained as  described (Wu et al, 2016)
(https://www.janelia.org/project-team/flylight/protocols). Tissues were dissected in PBS on ice,
fixed in 4 % PFA (20-30 min at room temperature), and washed in 0.5 % PBST (3 x 10-15 min at
room temperature). After being left overnight in blocking solution (10 % NGS in PBST) at 4 °C,
tissues were incubated with the primary antibody for 24 h at 4 °C and washed in 0.5 % PBST (3
x 10-15 min, at room temperature, and overnight at 4 °C). Tissues were incubated with the
secondary antibody for 24 h at 4 °C and washed in 0.5 % PBST (3 x 10-15 min at room
temperature, and overnight at 4 °C). After a final washing step (1x 5-10 min in PBS), tissues were
mounted on a slide using the DPX mounting protocol (https://www.janelia.org/project-
team/flylight/protocols) before imaging. Image z stacks were acquired with a LSM780 confocal
microscope (Zeiss, NY, USA) at 1024 x 1024-pixel resolution. Image processing was performed
using ImageJ (Fiji ImageJ).

For Moonwalker® and MDN1# crossed to Chrimson”, polyclonal chicken anti-GFP was used as
primary antibody (Thermo Fisher Scientific, AB_2534023) diluted 1:1000 in 0.5 % PBST for
neuronal labelling and a monoclonal mouse anti-Bruchpilot (nc82) antibody (Developmental
Studies Hybridoma Bank, AB_2314866) diluted 1:500 in 0.5 % PBST to label neuropil. A
polyclonal goat anti-chicken Alexa488 (Thermo Fisher Scientific, AB_2576217) and a polyclonal
goat anti-mouse Alex568 (Thermo Fisher Scientific, AB_2534072) were used as secondary
antibodies, both diluted 1:500 in 0.5 % PBST.

For Moonwalker®, MDN1B crossed to Chrimson®, a polyclonal rabbit anti-dsRed was used as
primary antibody (CloneTech, AB_10013483) diluted 1:500 in 0.5 % PBST for neuronal labelling
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and a monoclonal mouse anti-Bruchpilot (nc82) antibody (Developmental Studies Hybridoma
Bank, AB_2314866) diluted 1:500 in 0.5 % PBST for neuropil labelling. A polyclonal goat anti-
rabbit Alex568 (Thermo Fisher Scientific, AB_10563566) and a polyclonal goat anti-mouse
Alex647 (Thermo Fisher Scientific, AB_141725) were used as secondary antibody diluted 1:500
in 0.5% PBST.

EM reconstruction

Renderings of the MDN neurons in the brain and all their pre- and postsynaptic sites (Figure 1.5
(EM), Figure 1.6a, Extended Data Figure 1.1b) were displayed using Codex.ai from FAFB/FlyWire
(v783) (Zheng et al., 2018; Buhmann et al., 2021; Dorkenwald et al., 2024; Eckstein et al., 2024;
Schlegel et al., 2024). LAL-MDN synapses (Figure 1.6e) and MBON-LAL synapses were
displayed using a custom Python script to interact with the FlyWire dataset through the
CAVEclient Python package (Dorkenwald et al., 2024).

Rendering of MDN descending arbours in the ventral nerve cord and all their pre- and post-

synaptic sites (Figure 1.6a) were displayed using a custom Python script to interact with the FANC
dataset through the FANC Python package (Phelps et al., 2021; Azevedo et al., 2024). Code will
be made available upon request.

Vi deo r ec 6 tlgocnogmootfi o n

Experimental procedures followed (Bidaye et al., 2020). Newly hatched 1i 3-day-old flies of the
indicated genotypes and drug treatment (following Behavioural pharmacology protocol as
mentioned earlier) were individually placed on a circular arena and given five 10-s light
stimulations for optogenetic activation, each pulsed at 50 Hz and 5 ms pulse width, at 50 s
intervals. A single trial was considered as 10 s periods with stimulation-light off followed by the 10
s light stimulation (Extended Data Figure 1.2a, Extended Data Figure 1.2c). For the experiments

shown in Figure 1.4b and Extended Data Figure 1.2a, light of 530 nm and 0.65 mW/mm? was

used for optogenetic stimulation, whereas for the experiments shown in Extended Data Figure

1.2b and Extended Data Figure 1.2c light of 630 nm and 0.80 mW/mm? was used. Continuous

low-intensity light at 530 nm and 0.1 mW/mm?, in itself insufficient for optogenetic activation, was
used throughout to avoid jumping responses upon stimulation-light onset; in addition, low-intensity
infrared light of 850 nm and 0.05 mW/mm? was used for video recording at 1280 x 1024 pixel
resolution and 30 fps. Stimulation-light was controlled and synchronized to the camera (FLIR
BlackFly-S Camera, FL3-U3-13Y3M-C, Richmond, BC, Canada) using a customized Arduino

board. Individual fly locomotion was tracked using FlyTracker software (Eyjolfsdottir et al., 2014)

npe



and data was analysed and plotted in Matlab for translational velocity (mms/s). Code will be made
available upon request.

Connectome anal yses

Analysis of the connectivity from MBONSs to MDNSs in Figure 1.6 b-d were produced using FlyWire
v783 (Dorkenwald et al., 2024; Schlegel et al. 2024). Let 6 be the number of synapses onto
postsynaptic neuron “CGfrom presynaptic neuron 'Qthresholded at 10 synapses per entry. Define

the normalised weight matrix W =A /EA; |, so that each row of & sums to 1 and the 2-step
influence from neuron "Qo neuron Qas \(WZ\)i .jFigure 1.6c shows as a percentage for the 6 MBON

types with the most influence on the MDNSs, averaged across MDNs and within MBON type. Figure
1.6d shows the percent input from an MBON to MDN via the indicated LAL type which is
calculated as the ratio between the 2-step influence from MBON to MDN without that LAL and the
2-step influence with all intermediaries. The same MBONSs, LALs and averaging as in Figure 1.6¢
are used. Connections via the intermediaries that have a large MBON to MDN influence are

shown. Code will be made available upon request.

Model |l i ng
In the model, drigure 1.14a-d, Figure 1.15b, c) KCs synapse onto MBONSs with activities m? P and

m? Vthat promote approach and avoidance, respectively. In the following, we suppress time
indices unless they are required for clarity. MBON activities are determined by m? p—-Eiwf" .hand
similarly for m@ Y where k; is the activity of KC ih and w2 Pand 0 are its weights onto MBONSs.
Odours activate random non-overlapping subsets of N, 4 o KCs. The firing rate of active KCs is

1 N, 4 0., 2Nd the firing rate of inactive KCs is 0.

The activities of punishment- and reward-responsive DANs d " and d " on time step 0 are given
by:
P_ 1. av-ap
di=@- 1-c rt+§ £ 1+ MDN;

1 .ap-
di= & 1cprg (¥ EVAMDN,
wherec = 0,an8 p Oéndr Or@present external punishment and reward. The - $ .terms model

MDN feedback and influence both DANs, but with a larger magnitude for the punishment-

responsive DAN, as in experiments (Figure 1.10). The prediction components ~ 2 Pand “ @ Vare

calculated as * { BFow] k| (Bw; % , and similarly for * 2 where o = 0 .(Fg@re 1.14c, Figure

1.14d) oro = O (Ei@ure 1.15Db, Figure 1.15c) is the temporal discount factor.
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KC-to-MBON weights are updated as w;' © zwi; ®qd’k; apd wi ¥ zw;,2 Yddk; , where d = Qs the
learning rate. After this update, on each time step the weights are also normalised such that
w Bw2 ¥ 2 asymptotically: w? & w? B 0 . 02205 Pw2 ¥ and w2 Y w2 % 0. 02205 Pw? Y (not
shown). The difference V =m? Pm@ Vrepresentsthe modeld s est i mat e of the curre

and controls its approach and avoidance behaviour. At each timepoint, the model fly approaches

the odour source, stays in place, or avoids the odour source with probabilities
Pappr ofsanPayor WhenV >0 . these probabilitesare 0 . 8, 0 .VWherQV.<Q . (tHey are

0. 1, O0.Qthervise8theyare 0. 4, 0. 2, 0. 4

For models with MDN feedback, MDN= 0 .i ¥ , on the previous timestep,
selected and V <0 . 0.0'He latter condition improves model performance by not reinforcing
random A av onotdkshliowr, althaughow quélitative results do not depend on this choice.

For models without MDN feedback, M D N =dhd the model is equivalent to temporal difference

learning (Sutton and Barto, 2018).

Extinction experiments (Figure 1.15a-c) consist of three phases 1 one training phase and one

extinction phases i each with 35 timesteps, followed by a test phase. During the training phase,
an odour is presented and an external punishment of magnitude -0.4 is delivered every three
timesteps, starting on the second timestep. During the extinction phase, odour is either present
or absent on each side of the arena according to each protocol (Eigure 1.15a), with no external
reinforcement. During the test phase, each modelé s probabil ity of cchoosi ng¢

exp(Vv/io, 3

predicting odour is given by a softmax function P =Tsoxpl W

éﬁ? V is the final estimated

value of the punished odour following timestep 108. In between phases, a timestep in which no

odour is presentoccurs.ltode wi |l Il be madeqaesitl abl e upon

Statistical analyses
Non-parametric statistical tests were used throughout (Statistica 11.0; StatSoft Hamburg,

Germany, and R 2.15.1, www.r-project.org). To analyse the behavioural experiments, the Kruskal-

Wallis test (KW) was applied for comparisons between more than two groups. For subsequent
pairwise comparisons between groups, Mann-Whitney U-tests (MW-U) were performed. To test
whether the values of a given group differed from chance levels, i.e., from zero, one-sample sign
tests (OSS) were used. Within-animal comparisons used the Wilcoxon signed-rank test.

Significance levels of multiple tests were adjusted by a Bonferroni-Holm correction to keep the
experiment-wide type 1 error limited to 0.05 (Holm, 1979). Data are presented as box plots with

the median shown as the middle line and the 25% / 75% and 10% / 90% quantiles as box
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boundaries and whiskers, respectively. In cases of within-animal comparisons, data of individual
flies are also displayed and connected across repeated measurements. For conditioning and
choice experiments, a sample size of N= 1 included ~60-100 flies; video recordings of fly
locomotion were done on the indicated number of individual flies. For model fly extinction
experiments, a sample size of N= 1 included 20 individual model flies.

Fortwo-phot on cal ci um i maoyaluegwerd aseddar all stétigticabaeabyseson
the indicated number of individual flies. Th e s @&WefeFeompared between experimental and
control groups across compartments by using Mann-Whitney U-test and significance levels were

adjusted by a Bonferroni-Holm correction (Figure 1.9, Figure 1.10, Extended Data Figure 1.5,

Extended Data Figure 1.7). In Figure 1.11, & aeWwdreFcompared within animal among before,

during and after trapping by Wilcoxon signed-rank tests with Bonferroni-Holm correction.
Throughout, boxplots show the 25th-75th or 10th-90th percentiles (box), the median (line) and

the minimum and maximum (whiskers). INExt ended Dat a FHrigdmandestivas6é c 6 6 ,

used. Additional information and sample sizes are mentioned in corresponding figure legends. Ll
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Resul ts

Moonwal ker neuron activation engages a dopami
To investigate action-valence relationships, | first tested whether backward locomotion induced
by moonwalker neuron activation can confer negative valence. Flies were trained in a differential
conditioning task such that one odour was followed by pulsed optogenetic activation of the
moonwalker neurons (Figure 1.1a), triggering backward locomotion (Bidaye et al., 2014). A
second, control odour was presented alone, followed by a choice test between both odours
(Figure 1.1b). This revealed an aversive memory for the odour that had been associated with

moonwalker neuron activation in the experimental genotype, but not in genetic controls treated

the same (Figure 1.1c).
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Figure 1.1 b Moonwalker neuron activation con fers negative valence .

a, Proposed action-valence relationship and expression of the transgenic driver to induce backward

locomotion. MoonwalkerA>ChrimsonA; magenta: neuropil labelling (anti-Bruchpilot), green: moonwalker
neuron labelling (anti-GFP). VNC: ventral nerve cord. Higher resolution version is in Extended Data Figure
l.1a.

b, Rational of learning experiments. Clouds: odours. Light bulb: optogenetic activation of all moonwalker

neurons (MoonwalkerA)

¢, Aversive memory by pairing odour with moonwalker neuron activation (blue: MoonwalkerA>ChR2XXLA,
grey: Driver control: MoonwalkerA>+, Effector control: +>ChR2XXLA, +: absence of driver or effector
construct) (N= 20,18,18). Data were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed
by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction) (ns: P> 0.05).
Scale bars in (a): 50e mand stippled lines in (a) indicate stitching of images of brain and VNC from the
same animal, processed separately.
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Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Underlying
BA preference score and memory scores separated by sex are shown in Extended Data Figure 1.11.
Additional genotype information is in Supplemental Table S1 and statistical results in Supplemental Data
Table S1.

Next, | tested the st atbbiyl iutsyi noggft ditalFihcesnwicda s dé vie a Ime m
wasubsi ded8 ohvoduFisgurndalls®afitrimesd aver sive moonwal k
by usanogher optogéengtuirgadi@®®epel ehent-4fFdrgufrer tlher

parametric analysis)
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Figure 1.2b Parametri c reuwanrgnficsenmemd.f moonwal ker

a, Stability of moonwalker neuron activation conveying negative valence. As in Figure 1.1, for the
indicated training-test intervals (blue: MoonwalkerA>ChR2XXLA) (N=19,20,20,20,20,19).

b, Asin (Figure 1.1), using Chrimson” as effector (orange: Moonwalker”> ChrimsonA, grey: Driver control:
Moonwalker*>+, Effector control: +>ChrimsonA) (N=17,17,18).

¢, As in (Figure 1.1), for a training procedure in which the odour followed moonwalker neuron activation

(blue: MoonwalkerA>ChR2XXLA, grey: Driver control: MoonwalkerA>+, Effector control: +>ChR2XXLA, +:
absence of driver or effector construct) (N=18,15,15).

Data were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed by pairwise comparisons
(Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction) (ns: P> 0.05). Box-whisker plots show
median, interquartile range (box) and 10th/90th percentiles (whiskers). Underlying BA preference and
memory scores separated by sex are shown in Extended Data Figure 1.12. Supplementary information
for parametric analysis is shown in Supplement Figure 1-4. Additional genotype information is in
Supplemental Table S1 and statistical results in Supplemental Data Table S1.
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I nterestingly, the punishing effect of moonwal ke

6fingerprinté as electric shock punishment. That
el ectric shock induces strong awngr anvedmemorlay tfor
at the moment of relief, i nduces a cCearbaecrt eeti sdli.

201.9)Such-deipmndgnt valence revepealesepltentbsplaa @
al ., 2019) that al so appl i e(sFitgourneo oln.wlacl ,k eFi gnueruer oln.

Figure 1.3b Mapping out the

100; temporal profile of moonwalker
neuron reinforcement .

75 Results for the experimental

genotypes arranged according to

‘ the indicated intervals between

odour and optogenetic activation

251 [ (N=23,23,23,18; 24; 24; 24,24, 24)
l (includes data re-plotted from

0 1 — Figure 1.1-1.4; for the -15 s and

120s intervals). Also see Extended

-25; Data Figure 1.12d for underlying

BA preference and memory scores

-50- separated by sex for 60s, 120s,
240s intervals).

-75 Light bulb: optogenetic activation

of all  moonwalker neurons

-100- (Moonwalker?). Box-whisker plots

et Namyr! show median, interquartile range

-15 60 120 240 (box) and 10th/90th percentiles
N (whiskers). Additional genotype
OdOUF-‘,!: interval [s] information is in Supplemental

Table S1 and statistical results in
Supplemental Data Table S1.

As punishment is conveyed to the mushroom body KCs by dopaminergic neurons
(Riemensperger et al., 2005; Claridge-Chang et al., 2009; Aso et al., 2010; Aso et al., 2012), next
I hypothesized that learning from moonwalker activation is dopamine dependent. After acutely
supplementing fly food with the drug 3IY, an inhibitor of the TH enzyme required for dopamine
biosynthesis (but without effect on odour preference (Thoener et al., 2021), impaired punishment
and abolished relief learning by moonwalker neurons (Figure 1.4a). Both these effects were fully
rescued by additional supply of L-DOPA (Figure 1.4a). Critically, high-resolution video recording
showed that moonwalker-induced backward locomotion itself was unaffected by 31Y (Figure 1.4b,

PN



Extended Data Figure 1.2). These results show that moonwalker neuron activation both elicits

backward locomotion and engages a dopaminergic punishment signal for associative learning.
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Figure 1.4 b Moonwalker neuron activation engages a dopaminergic punishment signal

a, Inhibition of dopamine biosynthesis by 3-iodo-L-tyrosine (31Y), and effects of 3IY on learning from

moonwalker activation (MoonwalkerA>ChR2XXLA, intervals -15s or 120s; blue: control, brown: 3lY, light
brown: additional supply of 3,4-dihydroxy-L-phenylalanine (L-DOPA)) (N= 23,24,23; 20,19,20). DDC:
dopamine decarboxylase. TH: tyrosine hydroxylase. Clouds and light bulbs represent odours and
optogenetic activation in all experiments. Data were analysed across groups by Kruskal-Wallis tests (P<
0.05), followed by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm
correction) (ns: P> 0.05). Box-whisker plots show median, interquartile range (box) and 10th/90th
percentiles (whiskers). Underlying BA preference and memory scores separated by sex are shown in
Extended Data Figure 1.13. Additional genotype information is in Supplemental Table S1 and statistical
results in Supplemental Data Table S1.

b, Analysis of locomotion upon the treatments in (a). Shown is translational velocity (mm/s), colour coded
from magenta/backward to green/forward walking in relation to moonwalker activation (blue bars). Rows
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correspond to individual flies; the top three sets of rows show Moonwalker">ChR2XXL" flies, genetic
controls, as in (Figure 1.1c), are shown below (N= 12,8,12,16,12,12,12,12,12). Corresponding average
translational velocity is shown in Extended data figure 1.2a. Analysis of locomotion upon treatments as
translational velocity (mm/s) and average translational velocity by using other effector Chrimson* are
shown in Extended data Figure 1.2b, c. Data will be made available upon request.

The fly strain used for moonwalker neuron activation drives expression in a relatively large

number of neuronal subpopulations (Bidaye et al., 2014) (Figure 1.1a, Extended Data Figure

1.1a). These neurons can be assigned to seven cell types, of which moonwalker descending
neurons (MDNSs) have been previously demonstrated as sufficient to induce backward locomotion
(Bidaye et al., 2014). | found that activation of the only four MDNSs also produced a punishment

memory when paired with odour (Figure 1.5, Extended Data Figure 1.1b, Extended Data Figure

1.1c), thus allows to focus on the subsequent analysis on these neurons. These analyses will
uncover a reciprocal interaction between the MDNs and the flies” olfactory memory centre, the

mushroom body.

) MDN1A
’ 100

*x
*
Dri Eff
Ctrl Ctrl

Figure 1.5b Selective MDNSs activation co nfer negative valence .

(Left top) EM reconstruction of the moonwalker descending neurons (MDNs, magenta) (grey mesh: brain
and VNC; higher resolution versions are in Extended Data Figure 1.1b, c). and (Left bottom) expression
of the transgenic driver covering them (MDN1A>ChrimsonA, details as in Figure 1.1a-b). Learning
experiments as in (Figure 1.1), showing aversive memory through MDNs activation (blue:

MDN1A>ChR2XXLA, grey: Driver control: MDN1A>+, Effector control: +>ChR2XXLA) (N=21,17,17). Data

PO



were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed by pairwise comparisons
(Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction) (ns: P> 0.05).

Scale bars in (left bottom): 50e m and stippled lines in (b) indicate stitching of images of brain and VNC
from the same animal, processed separately.

Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Memory
scores separated by sex and odour choices are shown in Extended Data Figure 1.14. Additional
genotype information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1.
S e ea | sSapplement Figure 8 and Supplement Figure 9 for parametric analysis of MDN1A. Also
Supplement Figure 12-14 shows additional work with other moonwalker drivers.

To understand this reciprocal interaction, | decided to first focus on how the mushroom body is

connected to the MDNSs (Figure 1.6 and Figure 1.7) and then investigate how the MDNs in turn

affect mushroom body processing (Eigure 1.9, Figure 1.10, Figure 1.11, Figure 1.12, Figure 1.14
and Figure 1.15).

MDNs are part of aversive memory output

What is the behavioural relevance of associating backward locomotion with a punishment signal?
Here the hypothesis was that aversive memory expression pathways may engage backward
locomotor control to avoid negatively associated odours. To understand if and how t
memory centre, the MB, may engage MDNs, we turned to the recently published Drosophila
whole-brain connectome (Li et al., 2020). These data show that MDN dendrites innervate the
lateral accessory lobe (LAL), where most of their inputs are received, whereas most of their axonal
output terminals are in the ventral nerve cord (VNC) (Figure 1.6a). The analysis of the fly
connectome suggests that the MDNs are mainly influenced by only 6 of the 35 types of MB output
neurons (MBONSs) (Figure 1.6b), all of which are of the atypical kind (Li et al., 2020) (see General
Introduction for more details). For the most part, their influence is exerted by MBON26 and
MBON35 and is mediated via 8 types of local neuron of the LAL, of which LAL160,161 as well as
LAL171,172 and LALO51 are the main hubs (Figure 1.6c-€). A substantial share of the synaptic

pathways from the MB to the MDNSs involve MBONSs of the punishment memory compartments
21, 22 and 9293 ( MBONS3O (alsoM&Jabk 9.2). MoR@ &, 345 )of these 6
MBONSs, as well as LAL171,172 and LALO51 were previously suggested as circuit elements by
which associative memories are behaviourally expressed (MBON26, MBON27, MBON31,
MBONS32 and likely MBON35: Li et al., 2020).
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Therefore, | next tested whether the MDNSs are part of memory-efferent pathways.

For this, flies underwent differential conditioning with odours as conditioned stimuli and
electric shock as unconditioned stimulus i an established Pavlovian association paradigm to
induce aversive olfactory short-term memory local to the punishment compartments of the MB
(Heisenberg, 2003; Gerber and Aso, 2017; Cognigni et al., 2018; Boto et al., 2020; Modi et al.,
2020; Davis, 2023). When MDNs were optogenetically silenced during the choice test, the
behavioural expression of odour-shock memory was impaired, whereas no such effect was seen
in genetic controls (Figure 1.7a). Likewise, the behavioural expression of appetitive odour-sugar

memory was unaffected (Figure 1.7b), as was innate olfactory choice behaviour (Extended Data

Figure 1.3). These results show that MDNs contribute to the behavioural expression of aversive
odour-shock memory (Figure 1.7).
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Figure 1.7 b MDNSs are part of memory -efferent circuits for learned avoidance memory expression.

a, Rationale and outcome of odour-shock learning experiments. Clouds: odours. Lightning bolt: electric
shock. Light bulb: optogenetic silencing of MDNs. Relative to the Control condition (black), silencing

MDNs during the test reduced odour-shock memory scores (MDNlA silenced, green) (genotype in both

cases: MDN1A>GtACR1) to levels less than in genetic controls (grey: Driver control: MDN1A>+, Effector
control: +>GtACR1) (N= 13,22,21,21).

b, Asin (a), but for pairings of odours with sugar reward (orange cubes), showing that appetitive memory
scores remained unaffected (N= 8,9,8,10).

Data were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed by pairwise comparisons
(Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction) (ns: P> 0.05). Box-whisker plots show
median, interquartile range (box) and 10th/90th percentiles (whiskers). Underlying preference and
memory scores separated by sex are shown in Extended Data Figure 1.15. Additional genotype
information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1.

Also see Supplement Figure 5,6 for additional work with MoonwalkerA.
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Next, | focused on how, in turn, MDNs affect MB processing. Given that activation of MDNS in the
presence of an odour produces an aversive memory for that odour (Figure 1.5), | asked whether
activating MDNs drives feedback to punishing dopaminergic neurons (DANSs) (Figure 1.8).

Y 4
l l DANs

Mushroom
body KCs

j, MBONSs
l LALs

Feedback to DANs?

| MDNs

——

Learned
avoidance

Figure 1.8 b Activating MDNs drives feedback to DANs ?

Activating MDNs favours activity in punishing
To test for MDN-to-DAN feedback, | combined optogenetic activation of MDNs with in vivo two-

photon calcium imaging of DANs in the mushroom bodyés 91 and 02 compartmendi
mediate punishing effects (Claridge-Chang et al., 2009; Aso et al., 2010; Aso et al., 2012.

Therefore, | generated transgenic flies that allowed me to both optogenetically activate MDNSs via

the red light-activated channelrhodopsin Chrimson and simultaneously image specific DANs via

the calcium indicator GCaMP6f through a small window cut into the dorsal head capsule. After

mounting the flies underneath a two-photon microscope with their heads, thorax and wings fixed

but their legs free to move (Figure 1.9a-b), | observed that activating MDNs resulted in strong

calcium responses in both 0 (PPL1-01: Figure 1.9¢c) and 9 2DAN (PPL1-03: Figure 1.9d). Neither

in these nor in any of the following experiments did | observe calcium responses in control flies

without the optogenetic effector.
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Fi gurkeAclt.i9vati ng MDNs increases calcium respons

a-b, Combined optogenetics and in vivo imaging setup (a). Red light pulses of 200 ms were used to
activate Chrimson-expressing MDNs, while calcium signals were measured in GCaMP6f-expressing
mushroom body DANs (b; compartments colour coded) using continuous two-photon excitation
scanning.

c-d, Average intensity projections of sample recordings 2 s before (Pre) and 2 s after the first MDN
activation (Post) in flies expressing Chrimson in 2 1(c) or 2 Ad) DANSs, and in Control flies not expressing
Chrimson (grey); dashed lines indicate compartment boundaries (top panels). Calcium transients (eeF b) F
upon optogenetic MDN activation (red vertical bars) in flies expressing Chrimson (colored traces) and in
Controls (grey traces) (middle panels). Activation of MDNs results in significant calcium responses
(e Fo) iFDANSs of the 9 1(c; N= 6 flies each) and 2 Zompartments (d; N= 8,7 in Chrimson and Control

flies) compared to those in Controls (bottom panels). Experimental genotypes: MDN1®>Chrimson";
5 $GCaMP(c) and MDN1°>Chrimson"; 5 2GCaMP (d). Control genotypes: MDN1%>+: 5 1>GCaMP (c)
and MDN1%>+; 5 2>GCaMP (d).

Bowhi sker plots show median, interquartile ranct
transients ar e -BIEdMDdtaavdre analysad byavtann-whitney U-tests (*P< 0.05) (c-d).
Quantification at bottom panels in (c-d) is based on the first optogenetic activation trials. Additional
genotype information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1.

To confirm these observations regarding the o land the 9 2DAN, and to extend the focus beyond
these two DANS, next | used a fly strain that expresses the GCaMP6f calcium reporter more
broadly across the DANs and thus permits signals to be monitored in all five compartments of the
2 lobe and the b 6 @ompartment (Figure 1.10b). Upon activation of MDNs, | observed the
strongest responses in the DANs of the 0 19 2and lateral regions of the 2 3compartment, all of
which were previously shown to mediate punishing effects (Claridge-Chang et al., 2009; Aso et
al., 2010; Aso et al., 2012; Li et al., 2020), whereas signals in rewarding DANs (medial 2 3 ,

2 5and b 6 @mpartments: (Burke et al., 2012; Liu et al., 2012; Li et al., 2020) were considerably
weaker (Figure 1.10, Extended Data Figure 1.5, Extended Data Figure 1.6).
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Figure 1.10 b Activating MDNs favours activity in punishing DANs

a-b, Combined optogenetics and in vivo imaging setup. Red light pulses of 200 ms were used to activate
Chrimson-expressing MDNs, while calcium signals were measured in GCaMP6f-expressing mushroom
body DANs (b); compartments highlighted in colour) using continuous two-photon excitation scanning.

¢, Average intensity projections of sample recordings 2 s before (Pre) and 2 s after the first MDN
activation (Post) in flies expressing Chrimson in DANs, and in Control flies not expressing Chrimson
(grey); dashed white lines indicate compartment boundaries.

d, Sample traces of raw calcium transients (ad~/Fo) across the DANs of the compartments colour coded
as in (b) upon five times MDN activation (red bars).

e, Calcium transients (a#~/Fo) upon optogenetic MDN activation (red vertical bars) in flies expressing
Chrimson (colored traces) and in Controls (grey traces).

f, Activation of MDNs revealing strong calcium responses (e @/Fo) in DANs of the 9 19 2and 2 3(N=
10,8 in Chrimson and Control flies). Experimental genotype: MDNlB>ChrimsonC; DANs>GCaMP.
Control genotype: MDNlB>+; DANs>GCaMP.

Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles (whiskers). Calcium
transients are plotted as mean +/- SEM (except d). Data were analysed by Kruskal-Wallis tests (P< 0.05),
followed by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction).
Quantification is based on the first optogenetic activation trials.
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Additional information is in Extended Data Figure 1.4, Extended Data Figure 1.5, Extended Data Figure
1.6, Extended Data Figure 1.8. Additional genotype information is in Supplemental Table S1 and
statistical results in Supplemental Data Table S1.

Here | found that activating MDNs favours activity in punishing over rewarding DANSs, suggesting
a mechanism for how MDN activation produces aversive memories for concomitantly presented

odours.

Next, | asked whether such DAN activation is mediated by internal, recurrent feedback from MDNs
to DANs, or whether the execution of MDN-evoked movement generates external sensory

feedback that, in turn, activates DANS.

No evidence for internal, recurrent feedback
The initial hypothesis was that there is internal, recurrent feedback from MDNs to DANSs, but
systematic queries of the brain connectome of the fly (Scheffer et al., 2020; Dorkenwald et al.,
2024; Schlegel 2024) did not reveal any credible connection to support such a notion (see
Methods section for inclusion criteria). Current knowledge (See General Introduction and General
Discussion) of ascending input from the ventral nerve cord (VNC) to the brain also does not offer
evidence for a connection from the MDNs to the DANSs; however, a systematic assessment of
VNC-to-brain connectivity remains out of reach. We therefore tested whether any yet to be
identified internal MDN-to-DAN connection might be functionally relevant. When we
optogenetically activated MDNs and imaged from DANSs in an explant isolated brain preparation
or in an explant isolated brain-plus-VNC preparation, no significant calcium responses were

observed in any DAN, however (Extended Data Figure 1.7). Therefore, next consideration was

external, reafferent feedback from the execution of MDN-evoked movement.

MDNevokeadvement is required for DAN activation
As a next step, | returned to combined optogenetic activation of MDNs with in vivo calcium imaging
of DANs while transiently restraining leg movements (Figure 1.11). Under conditions of
unrestrained leg movements, | confirmed reliable and strong activation of DANs inthe 9 12 2and

9 3compartments (Before trapping: Figure 1.11a, Figure 1.11d, Figure 1.11e). These responses

were abolished when leg movements were transiently restrained by a piece of cotton wool gently

applied to the flies (Trapped: Figure 1.11b, Figure 1.11d, Figure 1.11e) and largely recovered

after removing the restraint (After trapping: Figure 1.11c, Figure 1.11d, Figure 1.11e). These

results show that the execution of MDN-evoked leg movements is required for activating the DANs

of the 0 10 2and o 3compartments. Indeed, the onset of leg movements precedes the rise in
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calcium responses of these DANs by as much as 500 ms (Extended Data Figure 1.8), consistent

with reafferent, sensory feedback from executed leg movements as the cause of these signals,
but longer than plausible for an internal, recurrent MDN-to-DAN feedback (Figure 1.11).
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of the indicated compartmbot s o mmwddDNh sajundti ivarn i er
red vertical bar s

d, Calcium transiEM)t si n( nbeAaNs +o/f t he i nditchaet eNtD M
activation (red vertical bars) before (coloured
restraining |l eg movement.

e, MDN-evoked calcium responses (aeeeFo) iR DANs of the indicated compartments recorded across
trapping conditions. Data points from individual flies are connected by lines (N= 10 flies).

Genotype (a-e): MDNlB>ChrimsonC; DANs>GCaMP.

Bowhi sker plots show median, interquartile rancg
dot repr esent s Dasaverk analysed py Wilcokoh signed-rank tests with Bonferroni-Holm
correction (*P< 0.05) (ns: P> 0.05).

Additional information in Extended Data Figure 1.4, Extended Data Figure 1.7, Extended Data Figure
1.8. Additional genotype information is in Supplemental Table S1 and statistical results in Supplemental
Data Table S1.

Movement is required for punishment by MDNs
Next, | asked whether the execution of MDN-induced movement is also required for the punishing
effect of MDN activation, using a procedure to transiently restrain movement during training
(Eigure 1.12a-b). Flies were trained such that one but not the other odour was paired with

optogenetic activation of MDNs, followed by a choice test between both odours. This confirmed
the previously observed punishing effect of activating the MDNs (Figure 1.5, Extended Data

Figure 1.4c-d) i but only when training took place under control conditions such that flies could

freely move in the training apparatus (Control; Figure 1.12b). In contrast, no memories were

formed when fliesd movement naikirg pegiad (Ttappgd@tranng;r ai ne d

Figure 1.12b). No adverse effects of restraint were observed when activating known punishment
DANSs directly (Figure 1.12c), suggesting that, in principle, aversive olfactory memory formation
is still possible under these conditions. To our initial surprise (but consistent with the lack of
spontaneous DAN activity under restraint (Figure 1.11b)), restraint is not punishing in itself
(Extended Data Figure 1.9a).
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Fi gur e Mbvenedtls required for punishment by MDNs

a, Procedure to transiently restrain movement in the behavioural setup (top, Trapped) and rational of
learning experiments (bottom). Clouds: odours. Light bulb: optogenetic activation of neurons indicated in
(b, €).

b-c, Pairing odour with optogenetic activation of MDNs establishes aversive memory under Control
conditions but not when movement was restrained during the training period (b). No effect of such
restraint was observed for activati n(g). Qetowpes:C

MDN1">ChR2XXL" (N=29,29) (p) and 9 1 > Ch (R224,24) (c).

Data were analysed by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm
correction) (ns: P> 0.05). Box-whisker plots show median, interquartile range (box) and 10th/90th
percentiles (whiskers). Underlying preference and memory scores separated by sex are shown in
Extended Data Figure 1.16. Additional genotype information is in Supplemental Table S1 and statistical
results in Supplemental Data Table S1.

These results show that the execution of MDN-evoked movements is required both for MDN
activation t o e SdANseandpfar MDNsdetivatian tochdve a punishing effect.
Together with my earlier findings, this uncovers a reafferent positive feedback from learned
avoidance to the teaching signals inducing aversive memory (Figure 1.13) i raising the question

of the adaptive significance of such feedback.
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Figure 1.13 b Re-afferent feedback from learned avoidance to dopaminergic teaching signals.

MDNmedi ated feedback maintains | earned avoidar

We hypothesized that positive feedback from learned avoidance to aversive teaching signals may
counterbalance extinction learning. That is; after pairing a conditioned stimulus (CS) and a
punishing unconditioned stimulus (US), animals typically retreat from the CS in order to avoid the
US. Such avoidance breaks the initially learned CS-US contingency and should initiate extinction
learning. However, despite a broken CS-US contingency, learned avoidance of the CS is often

maintained across multiple encounters , referred to as the Aavoi

Doux et al., 2017). We hypothesized that MDN feedback facilitates maintained avoidance and
developed a reinforcement learning model to probe its performance with or without such
feedback, as well as an experimental test of this notion.

In the model, connections from odour-responsive KCs onto two representative MBONSs that
promote approach or avoidance are modulated by two representative DANs (Figure 1.14a). DANs
receive signals encoding external reinforcement as well as predicted reinforcement calculated
from MBON activity. One DAN is activated by punishment, whereas the other is activated by
reward. Collectively, these DANSs represent the prediction error of standard reinforcement learning

models. In addition, in our model the DANs receive reafferent positive feedback from MDN-
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mediated learned avoidance, that is, when the learned value of the odour is negative, and
avoidance behaviour is executed.

We tested this model in a one-dimensional virtual environment with two odours (Figure 1.14b,
Figure 1.14c). Reward or punishment was paired with either of these odours and was received
only when the model fly reached the edge of the environment. At each time point, the model fly
chooses to either stay in its current location, approach, or avoid the odour it senses. For the case
of odour-reward pairings, the behaviour of model flies is not altered when MDN feedback is

disabled (Figure 1.14d, left). Disabling MDN feedback has drastic consequences in the aversive

domain, however. Without MDN feedback and thus with extinction learning operating in isolation,
updates to KC-MBON connection weights, odour value and learned avoidance quickly return to

pretraining level (Figure 1.14d, right). As a result, the model fly lacking MDN feedback much

sooner receives additional punishment.llh model flies with MDN feedback, maintained avoidance
is driven by dopamine transients reinforcing the negative value of the punished odour each time

an avoidance action is taken (Figure 1.14d, right).
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Figur @& MDNbedi aft eeald bfaactadtiensai nediwoi dance.
a, Model schematic. Punish_ment anq reward activate DANs with firing rates P and ‘P respectively.
MBONSs with firing rates &”®and & * ®promote approach and avoidance, respectively. KC-to-MBON

weights (L'JA? OA? are depressed by co-activation of DANS and odour-responsive KCs. Approach or
avoidance behaviour is determined probabilistically by the value () derived from MBON activity. Dice by
Steaphan Greene, CC-BY-SA-3.0.

b, Schematic of one-dimensional model environment. Reinforcement (punishment -1, reward 1) is
received at either end. Different odours (green, magenta) activate different KCs. Arrowheads show
possible action choices.

¢, Example trials of single model flies navigating the arena. Trials end upon first reinforcement (left and
right: reward, middle: punishment). Left and middle are before learning, right is after learning.

d, Evolution of model parameters over multiple trials of the paradigm shown in (b). Circles denote ends
of trials when the model fly received reward (top, odour 1) or punishment (bottom, odour 2). The value
() of the rewarded odour 1 is learned through changes in KC-to-MBON weights (0 ®and 04 ©, averaged
across odour-responsive KCs) regardless of MDN feedback. Without MDN feedback, avoidance of the

punished odour 2 is less persistent and the model fly receives a second punishment earlier (~time step
200). Code will be made available upon request.

The above results thus suggest that MDN feedback counterbalances extinction learning.

Therefore, next we tested this by modelling approach and behavioural experiments.

MDNmedi at ed feedback counterbal ances ext
Here, we simulated model flies undergoing aversive conditioning followed by extinction protocols,
either with MDN feedback intact or without it (Figure 1.15a). After an extinction protocol with MDN
feedback intact, intermediate memory scores were observed. Without such feedback, memory

scores were further reduced, uncovering the full effects of extinction learning (Eigure 1.15b, Figure

1.15c¢).mhese results hold both in situations when, during the extinction protocol, an opportunity
is given to avoid the punishment-predicting odour, and when the model flies are forced to choose
between two equally punishment-predicting options (the latter protocol eliminates differences in
odour exposure with or without MDN feedback).

| next proceeded with behavioural experiments following the same protocol (Figure 1.15a). The
outcomes of corresponding behavioural experiments with MDNs intact or with optogenetic
silencing of the MDNs during the extinction protocol matched these model predictions (Figure

1.15d). Of note, silencing the MDNs does not in itself confer valence (Extended Data Figure 1.9b).

Together, this concludes that the adaptive significance of reafferent, positive feedback
from learned avoidance to punishing teaching signals is to counterbalance extinction learning and

to maintain successful learned avoidance.
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(after time step 36), MDtNh ef ereedtbuarcnk ocfo ubndt eeur rbiavi gal r
Line thicknessCedkeae ewridlsl NRe smade available upon

d, Behaviour al ex,pler iume mtg a@aptiogefNet i c, usng bpeogenetion
silencing of the MDNs. Genotype: MDN1">GtACR1 (N= 34,34,31,18,16). Bo-whi sk er pl
medi an, I nterquartile range ( boxDptawerednalysed bhy/Keugkal-h
Wallis tests (P< 0.05), followed by pairwise comparisons (Mann-Whitney U-tests, *P< 0.05 with
Bonferroni-Holm correction). Additional information in Extended Data Figure 1.9, additional genotype
information is in Supplemental Table S1 and statistical results in Supplemental Data Table S1.
Underlying BA preference and memory scores separated by sex and odour choices are shown in
Extended Data Figure 1.17.
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Di scussi on

Error types and avoidance paradoxX
Inspired by the hypothesis of mutual causation between action and valence (Darwin 1872, James

1884), in this study, | discovered that backward locomotion and avoidance engages punishing
dopaminergic teaching signals (Figures 1.9, Figure 1.10, Figure 1.11, Extended Data Figure 1.5,

Extended Data Figure 1.6). These teaching signals can support aversive memories even if no

external punishment is received (Figures 1.1-1.5, Figure 1.11, Figure 1.12, Extended Data Figure
1.4) and can support continued avoidance to save the animal from receiving another, potentially

lethal, punishment (Figure 1.14-1.15). However, continued avoidance in a situation that is in fact

benign would be maladaptive. The types of errors from these policies, i.e. not avoiding although
it is warranted or avoiding unnecessarily, cannot both be simultaneously minimized, a notion
reff ected in the fAavoi danMe sugges thahtdosgparaté sgsteind redace
t hese er r 0-8@mpartments dvaddaneelengages aversive teaching signals to maintain
aversive odour memory and promote future avoidance (this study), thus reducing the former error.
In the 9295 compartment, extinction memories
established (Felsenberg et al., 2018), reducing the latter error. This allows these policies to be
selected according to situational, motivational, and mnemonic variables.

This study reveals that, during extinction, aversive memories are not unaffected or left to
decay but instead are actively maintained: Enacted avoidance engages punishing teaching
signals that support memory for the cues that had triggered the avoidance. This is compatible but
gualitatively extends notions of the parallel neuronal organization of aversive memory and
extinction learning (Tovote et al., 2015; Felsenberg et al., 2018). It is likewise compatible with the
proposal that successful avoidance establishes a state of relief/ safety that reinforces avoidance
as the action that brought about the relief/ safety state (LeDoux et al., 2017; Bouton et al., 2021,
(Laing et al., 2024) in flies avoidance-promoting MBONSs of the reward compartments seem
poised to receive such reinforcement): In concert, these processes ensure that when the cue is

encountered again, avoidance is repeated.

Memo+y ferent pat hways

A selective set of MBONs and LALs with acetylcholine, GABA or glutamate as predicted
transmitters establishes 2-step connections from the MBONSs to the MDNSs (Figure 1.6). With the
assumption that acetylcholine has the excitatory and GABA the inhibitory effects typical of insect

central brain synapses; for glutamate, inhibitory effects are assumed (Liu and Wilson, 2013; Shiu

1972) .

t hat
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et al., 2024). Accordingly, all but one of the pathways originating in MBONSs of the punishment
c o mp ar t mafaature eithel an excitatory MBON upstream of an inhibitory LAL, or vice versa
(Eigure 1.6¢). Through such sign-inversion, a learning-induced depression of KC-MBON
synapses will promote MDN activity and backward locomotion as an early component of
avoidance before turning around and assuming a new forward walking direction (Extended Data

Figure 1.10).

Silencing MDNs during the choice test impaired but did not abolish the behavioural

expression of odour-shock memory (Figure 1.7a). This suggests that learned avoidance can be
expressed by pathways parallel to the MBON-LAL-MDN pathways (Figure 1.6b-c). This has
indeed been shown for the typical MBON of the 21 compartment (MBON-11) (Aso et al., 2014)
and its target MBONSs of the 95 and b Hcompartments (MBON-01, MBON-03) (Owald et al., 2015;
Perisse et al., 2016). Such a parallel organization highlights the complexity and importance of the

decision of whether to avoid.

Reafferent pathways and DAN signalling
In this study, | demonstrated reafferent, positive feedback from MDN-induced movement to
aversive dopaminergic teaching signals (Figure 1.11, Figure 1.12). Which sensory pathways

register these movements? Visual input from movement-over-ground is likely irrelevant because
functional imaging experiments did not allow for such movement. Of the leg proprioceptive organs
(Buschges and Ache, 2024), the campaniform sensilla are also unlikely to be involved, as they
sense load that likewise was absent during imaging. Rather, leg hair plates and chordotonal
organs seem likely candidates because they monitor joint and leg movements, respectively.
Indeed, optogenetic activation of the chordotonal organs selectively activates punishing DANSs in
larval Drosophila (Eschbach et al., 2020).

The feedback from MDN-induced movement to punishing DANs (Figures 1.11, Figure

1.12, Figure 1.14, Figure 1.15) adds complexity to the picture of mushroom body DAN function
(Riemensperger et al., 2005; Cohn et al., 2015; Felsenberg et al., 2017; Hattori et al., 2017; Li et
al., 2020; Otto et al., 2020; Driscoll et al., 2021; Jiang and Litwin-Kumar, 2021; Siju et al., 2021,
Zolin et al., 2021; Meschi et al., 2024). As a heterogeneous population, the mushroom body DANs

establish a nuanced, combinatorial coding space for salient features of the animal’s present and
predicted environment, its current state and needs, as well as its situationally relevant past
experiences. Collectively, these influences shape present and future action selection. Similar
heterogeneity is observed in dopamine neurons in the ventral tegmental area of mammals

(Stuber, 2023). Given this complexity, and the circuit position of the mushroom body DANSs far

TM



removed from the sensory and motor periphery, the relationship between movement and DAN
activity can be expected to be heavily modulated by situational, behavioural and motivational
variables (Siju et al., 2021; Zolin et al., 2021).

| mplications

Extinction is a central component of exposure therapies, effective first-line treatments of anxiety
disorders. However, resilience to post-therapy adverse experiences and the generalization
beyond the therapeutic context are not yet satisfactory (Craske and Mystkowski, 2006; Vervliet et
al., 2013; Carpenter et al., 2018; Craske et al., 2018; Levy et al., 2022). Correspondingly, in
rodents, extinguished aversive behaviours often return upon re-exposure to punishment
(reinstatement) or upon contextual change (renewal) (Bouton et al., 2021; Laing et al., 2024). The
engagement of punishment signals through avoidance behaviour as reported in the present study
seems poised to maintain aversive memories in a state susceptible to such reinstatement and
renewal. Extrapolated to the human condition, the clinical implication is that preventing avoidance
during exposure therapy can reduce relapse rates because it prevents the engagement of
avoidance-induced punishment signalling. Conceptually, my findings call for an integrated view

of behaviour organization, memory function and emotion regulation.
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Extended Data Figure 1.2 bMoonwalker -induced locomotion is unaffected by 3IY.

a, Averaged translational velocity (mm/s) (solid lines) 10 s before and during 10-s optogenetic activation
(blue bar). For the experimental genotype (MoonwalkerA>ChR2XXL#, coloured traces) optogenetic
activation leads to negative translational velocity, i.e. backward walking, regardless of the indicated drug
treatment (brown: 3lY, light brown: additional supply of L-DOPA). In genetic controls (Moonwalker?/+,
+/>ChR2XXLA) no backward walking is observed, likewise regardless of drug treatment (black traces)
(N=12,8,12,16,12,12,12,12,12). For each fly, data are averaged across the 5 trials shown in Figure 1.4b
and plotted as mean +/- SEM.

b, Translational velocity (mm/s), colour coded from magenta/backward to green/forward walking in
relation to optogenetic activation (orange bars). Rows correspond to individual flies. The top three sets
of rows show the experimental genotype (Moonwalker*>Chrimson?) upon the drug treatment colour
coded as in (a); bottom rows likewise show genetic controls (Dri Ctrl: Moonwalker#/+, Eff Ctrl:
+/>Chrimson®) (N=16,16,12,16,16,12,16,16,12).

c, as in (a), but for the data shown in (b).
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Extended Dat a F i g innate olfactoBytzhoice behaviour is unaffected by MDN s silencing .

a-b, Rationale (a) and outcome (b) of innate odour choice preference assay. Clouds: odours. Light bulb:
optogenetic silencing of MDNs. Relative odour preferences in experimentally naive flies do not differ for
the experimental genotype (MDN1A>GtACR1) under Control conditions without light stimulation (black)
versus the MDN1* silenced condition (green), or from genetic controls under light stimulation (grey) (Dri
Ctrl: MDN14/+, Eff Ctrl: +/>GtACR1) (N= 18,19,23,22). Box-whisker plots show median, interquartile
range (box) and 10th/90th percentiles (whiskers). Data were analysed across groups by a Kruskal-Wallis
test (ns: P> 0.05).

¢, Odour choice are separated by sex. Box plots represent the median as the middle line, 25%/75%
gquantiles as box boundaries, and 10%/90% quantiles as whiskers. Red fill of the box plots shows data
from females; blue fill indicates data from male. Additional genotype information is in Supplemental Table
S1 and statistical results in Supplemental Data Table S1.
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Extended Dat a Fi g Chaeacterizadob of lexA drivers for moonwalker neuron activation
and MDN activation .

a-b, Anti-GFP expression driven by MDN1B (a) and Moonwalker® (b) (green) along with neuropil labelled
with anti-Bruchpilot (magenta). Other details as for Figure 1.1a, Figure 1.5.

c-d, Outcome of pairing odour with MDN1B activation using either ChR2XXL (blue: MDN1B>ChR2XXLE)
(c), or Chrimson (orange: MDN1B>Chrimson®) (d) and resulting in aversive memory in the experimental
genotype but not in genetic controls (Dri Ctrl: MDN18/+, Eff Ctrl: +/>ChR2XXLE (c) or Chrimsong (d)) (N=
12,12,10; 12,10,11). Box-whisker plots show median, interquartile range (box) and 10th/90th percentiles
(whiskers). Data were analysed across groups by Kruskal-Wallis tests (P< 0.05), followed by pairwise
comparisons (Mann-Whitney U-tests, *P< 0.05 with Bonferroni-Holm correction). Other details as for
Figure 1.5.

BA preference and memory scores from Extended Data Figure 1.4c and Extended Data Figure 1.4d,
respectively, separated by sex. Box plots represent the median as the middle line, 25%/75% quantiles
as box boundaries, and 10%/90% quantiles as whiskers. Black fill of the box plots shows BA preference
when BA (Benzaldehyde) was associated with optogenetic, and white fill of the box indicates BA
preference when OCT (3-octanol) was associated with optogenetic. Red fill of the box plots shows data
from females; blue fill indicates data from males. The blue/orange glow fly indicates when blue/red light
was used for moonwalker activation. Additional genotype information is in Supplemental Table S1 and
statistical results in Supplemental Data Table S1.
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