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Abstract*

Animals"navigate"complex"natural"environments"to"find"food,"mates"or"shelter."Depending"on"

the"animal’s"goal"and"the"environmental"context,"animals"may"employ"a"range"of"different"

naviga0onal"strategies."Studies"of"naviga0onal"behaviours"in"tethered"walking"animals"

naviga0ng"0ghtly"controlled,"simplified"sensory"environments"combined"with"

neurophysiological"techniques"have"generated"some"understanding"of"the"neuronal"processing"

underlying"naviga0on."However,"in"its"natural"habitat"an"animal"will"likely"face"complex"sensory"

environments,"which"it"can"ac0vely"sample"and"interact"with."Such"environments"pose"complex"

naviga0onal"challenges"and"support"sophis0cated"naviga0onal"strategies."We"know"li;le"about"

the"neural"mechanisms"underlying"coordina0on"and"control"of"different"behaviours"under"such"

condi0ons."The"goal"of"this"thesis"is"to"extend"exis0ng"spherical"treadmill"systems"for"crickets"

and"flies,"which"permit"the"study"of"naviga0on"in"tethered"walking"animals,"to"capture"some"of"

the"complexity"of"natural"environments."I"developed"new"virtual"reality"(VR)"paradigms"for"

studying"different"aspects"of"mul0sensory"naviga0on"in"the"context"of"phonotaxis"in"crickets"

and"visually"guided"naviga0on"in"fruit"flies."

First"I"explored"how"female"crickets"tracking"a"male’s"calling"song"during"phonotaxis"respond"to"

antennal"mechanosensory"s0muli,"which"occur"during"naviga0on"in"a"natural"terrain."I"found"

that"in"the"presence"of"antennal"s0mula0on,"which"is"achieved"by"presen0ng"an"object"within"

antennal"reach,"phonotac0c"steering"manoeuvres"were"suppressed"while"crickets"slowed"down"

and"oriented"toward"the"object"to"explore"it"with"their"antennae."This"suggests"that"responses"

to"antennal"s0muli,"at"least"transiently,"are"given"higher"priority"than"phonotac0c"steering."

Consequently,"mechanosensory"antennal"s0mula0on"can"explain"differences"in"phonotac0c"

behaviour"in"field"and"laboratory"studies."

In"my"second"project"I"worked"on"landmarkcguided"naviga0on"in"walking"fruit"flies."Studies"in"

tethered"walking"flies"in"a"simple,"onecdimensional"environment"showed"that"flies"have"an"

internal"compass,"which"they"update"using"visual"and"selfcmo0on"cues."My"goal"was"to"develop"

a"paradigm"to"study"how"the"fly"uses"its"internal"compass"in"a"naturalis0c"naviga0onal"

behaviour."As"a"first"step"toward"this"goal"I"developed"a"VR"setup"for"studying"landmarkcguided"

naviga0on"in"twocdimensional"virtual"visual"environments."Using"this"VR"system"I"inves0gated"

how"flies"use"visual"landmarks"in"a"variety"of"contexts."First,"I"validated"that"naïve"headcfixed"

flies"track"prominent"visual"landmarks"and"interact"with"them"in"my"VR"system"in"much"the"
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same"way"that"freely"walking"flies"interact"with"real"objects."I"then"paired"sensory"s0muli"of"

other"modali0es"with"the"visual"environment"to"imbue"specific"objects"with"nega0ve"valence."

By"coupling,"for"example,"the"spa0ally"restricted"optogene0c"ac0va0on"of"heat"sensing"neurons"

to"the"visual"environment,"I"found"that"flies"avoid"virtually"hot"areas"in"the"VR."Furthermore,"

flies"are"able"to"exploit"visual"landmark"cues"to"more"effec0vely"avoid"aversive"areas"in"the"VR."

In"the"future"this"system"can"be"used"to"examine,"both"behaviourally"and"neurophysiologically,"

whether"and"how"flies"use"visual"landmarks"for"naviga0on"and"how"experience"can"shape"the"

control"and"coordina0on"of"different"behaviours"into"naviga0onal"strategies."
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Introduc?on

1. Introduc'on*

1.1. Naviga'on*poses*complex*computa'onal*challenges*

Animals"across"phyla"move"through"space"to"find"food,"mates"and"shelter."The"specific"

strategies"they"use"vary"depending"on"their"mo0va0ons"and"sensory"environments."Foraging"

trips,"for"example,"can"be"exploratory,"e.g."when"desert"ants"search"for"scarcely"distributed"

individual"food"items"(Buehlmann"et"al.,"2014),"or"highly"targeted"when"ants"collect"food"from"a"

familiar"feeder"or"bats"exploit"a"known"fruit"tree"rich"with"ripe"fruits"(Graham"and"Cheng,"2009;"

Tsoar"et"al.,"2011)."Furthermore,"an"animal’s"movements"can"cover"vastly"different"spa0al"

scales,"ranging"from"movements"that"span"only"a"few"dozen"cen0metres,"such"as"homing"in"

field"crickets"(Beugnon"and"Campan,"1989),"to"the"seasonal"longcdistance"migra0on"of"birds"

and"many"insects"(Chapman"et"al.,"2015;"Guerra"and"Reppert,"2015;"Shaffer"et"al.,"2006;"

Weimerskirch"et"al.,"2015)."

While"there"is"a"long"tradi0on"of"studying"animal"movements,"rela0vely"li;le"is"known"about"

the"neural"computa0ons"that"give"rise"to"them"(Huston"and"Jayaraman,"2011;"Webb,"2004a;"

Wehner,"2003)."We"do,"however,"know"a"lot"about"the"diversity"of"dis0nct"behavioural"

strategies"that"different"animals"employ"for"naviga0on,"which"provides"us"with"important"clues"

towards"iden0fying"the"computa0ons"that"brains"must"carry"out"for"successful"naviga0on"

(Trullier"et"al.,"1997)."I"will"begin"by"providing"a"few"important"defini0ons."Then"I"will"describe"

how"iden0fying"the"strategy"that"an"animal"uses"to"solve"a"certain"naviga0onal"problem"can"

guide"research"on"the"underlying"neural"computa0ons"with"path"integra0on"as"an"example."

Finally,"I"will"review"a"few"behavioural"strategies"and"highlight"examples"of"complex"naviga0on"

in"animals"that"have"neither"a"large"brain"nor"a"cortex"—namely,"insects."I"will"then"jus0fy"this"

focus"on"smallercbrained"animals"by"discussing"why"studying"neural"circuits"controlling"

naviga0onal"behaviours"is"challenging,"especially"in"organisms"with"large,"complex"brains,"but"

may"be"more"tractable"in"insects."

1.1.1. Which*movements*qualify*as*naviga'on?*

Ordered"movement"of"an"animal"through"space"is"olen"referred"to"as"naviga6on."According"to"

the"Oxford"English"Dic0onary,"naviga0on"is"“the"process"or"ac0vity"of"accurately"ascertaining"

one's"posi0on"and"planning"and"following"a"route”."Specifically"in"the"context"of"describing"
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animal"behaviour,"Gallistel"(1990)"provides"the"following"defini0on"of"naviga0on:"“Naviga0on"is"

the"process"of"determining"and"maintaining"a"course"or"trajectory"from"one"place"to"another."

Processes"for"es0ma0ng"one’s"posi0on"with"respect"to"the"known"world"are"fundamental"to"it."

The"known"world"is"composed"of"the"surfaces"whose"loca0ons"rela0ve"to"one"another"are"

represented"on"a"map.”"Thus,"strictly"speaking"naviga0on"only"covers"directed"movements"from"

one"place"to"another."Furthermore,"these"defini0ons"assert"that"for"a"movement"to"qualify"as"

naviga0on,"the"animal"needs"to"have"explicit"knowledge"of"its"loca0on"and"heading"in"the"world"

and"needs"to"plan"its"route"based"on"knowledge"about"its"environment."However,"it"appears"

that"many"animals"do"not"necessarily"form"and"use"‘mental"maps’"and"we"will"therefore"use"the"

term"‘naviga0on’"in"a"more"general"sense"to"refer"to"goalcdirected"movement"of"an"animal"in"

general."

An"other"term"that"olen"comes"up"when"describing"goalcdirected"movements"of"animals"is"

guidance."In"the"context"of"naviga0on,"‘guidance’"refers"to"the"process"of"“direc0ng"the"mo0on"

or"posi0on"of"something”"(Oxford"English"Dic0onary)."In"other"words,"guidance"mechanisms"

are"what"an"animal"might"use"for"es0ma0ng"its"posi0on"in"space"and"to"direct"movement"along"

a"planed"or"spontaneously"chosen"trajectory."Gallistel"(1990)"refers"to"these"processes"

(guidance"mechanisms)"as"essen0al"for"naviga0on"in"his"defini0on."Hence,"naviga0on"refers"to"

solving"the"general"problem"of"gevng"from"one"point"in"space"to"an"other,"the"‘goal’,"while"

guidance"refers"to"the"mechanism"by"which"informa0on"from"the"environment"is"turned"into"

direc0ons"on"where"to"move"next."

Olen"for"a"given"naviga0on"problem"there"are"mul0ple"strategies"for"finding"or"moving"along"a"

path"to"the"goal."In"the"literature—"and"in"this"thesis"—"the"terms"‘naviga0onal"strategy’"and"

‘guidance"strategy’"are"used"interchangeably"to"describe"the"different"mechanisms"animals"use"

to"solve"a"given"naviga0onal"problem"(GevacSagiv"et"al.,"2015;"Trullier"et"al.,"1997)."A"certain"

strategy"is"based"on"a"specific"set"of"computa0ons."Therefore,"establishing"the"use"of"a"certain"

naviga0onal"strategy"during"a"naviga0onal"behaviour"of"interest"can"help"to"iden0fy"the"

underlying"neural"circuitry"that"needs"to"implement"the"necessary"computa0ons."
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1.1.2. Linking*a*behaviour*to*a*naviga'onal*strategy*and*to*underlying*neural*

processing*

I"would"like"to"illustrate"with"an"example"how"determining"the"naviga0onal"strategy"behind"a"

certain"naviga0onal"behaviour"can"be"helpful"for"iden0fying"the"underlying"neural"circuitry."

Animals"with"a"fixed"home"or"nest"olen"encounter"the"following"naviga0onal"problem:"Suppose"

the"animal"lel"its"home"and"explored"its"environment,"leading"it"away"from"its"home"to"an"

arbitrary"posi0on"in"space."Now"the"animal"faces"the"naviga0onal"problem"of"finding"its"way"

back"home."Foraging"desert"ants"face"this"problem"when"they"need"to"return"to"their"nest"aler"

having"found"food."Since"these"0ny"organisms"are"at"risk"of"dehydra0ng"in"the"hot"dry"desert"

climate,"it"is"essen0al"for"them"to"return"back"to"the"nest"on"the"shortest"path."Indeed,"

behavioural"studies"of"desert"ants"have"shown"that,"upon"finding"food,"rather"than"backtracking"

their"outbound"route"these"ants"take"a"straight"path"back"to"their"nest"(Müller"and"Wehner,"

1988)."This"suggests"that"a"foraging"ant"is"able"to"keep"track"of"where"its"nest"is"located"rela0ve"

to"its"own"posi0on."While"desert"ants"exemplify"this"behaviour,"which"they"perform"with"

remarkable"precision,"similar"homing"behaviours"have"been"described"in"mammals,"too"(Gevac

Sagiv"et"al.,"2015;"McNaughton"et"al.,"2006)."

A"naviga0onal"strategy"that"would"allow"an"ant"to"perform"this"behaviour"is"path*integra6on*

(also"called"‘dead"reckoning’)."This"strategy"allows"an"animal"to"keep"track"of"where"it"came"

from"by"integra0ng"its"own"movements."By"integra0ng"changes"in"movement"direc0on"and"the"

distance"moved"along"a"given"direc0on,"the"animal"could"construct"and"maintain"direc0ons"

toward"its"nest."This"abstract"internal"representa0on"which"directs"pathcintegra0ng"animals"

back"to"their"nest"is"olen"referred"to"as"the"‘homing"vector’"(Wehner,"2003)."A"number"of"

elegant"behavioural"experiments"have"provided"overwhelming"evidence"that"foraging"desert"

ants"indeed"perform"path"integra0on"(Wehner,"2003)."Path"integra0on"has"the"advantage"of"

being"independent"of"guidance"cues,"but"it"quickly"accumulates"errors"(E0enne"et"al.,"1998;"

Müller"and"Wehner,"1988)"and"is"therefore"olen"only"used"on"a"small"spa0al"scale"or"in"

combina0on"with"other"external"guidance"cues."I"will"discuss"this"topic"further"in"chapter"3."

So"how"could"an"animal"execute"this"strategy?"In"other"words,"which"informa0on"does"the"

animal"need"to"collect"from"its"environment"and"what"does"it"need"to"compute"from"this"

informa0on?"Path"integra0on"requires"measurement"and"integra0on"of"heading"angle"changes"

as"well"as"distance"moved"in"a"given"direc0on."This"suggests"that"an"animal"capable"of"path"

integra0on"possesses"some"form"of"compass."Indeed,"behavioural"studies"have"demonstrated"

that"desert"ants"can"see"the"polarisa0on"pa;ern"that"sunlight"creates"across"the"sky"and"can"

use"this"visual"cue"as"a"compass"signal,"providing"the"animal"with"an"absolute"sense"of"angular"
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orienta0on"(Wehner,"2003)."Many"other"insects"are"also"able"to"see"polarised"light"and"appear"

to"use"the"sky’s"polarisa0on"pa;ern"as"a"guidance"cue"(Heinze"and"Homberg,"2007;"Labhart"et"

al.,"2001;"Mappes"and"Homberg,"2004b;"Philipsborn"and"Labhart,"1990)."Especially"work"in"

locusts,"crickets"and"monarch"bu;erflies"has"since"contributed"to"our"understanding"of"how"the"

sky’s"polarisa0on"pa;ern"is"transferred"into"an"‘internal"compass’"(Labhart"and"Meyer,"2002;"

Sakura"et"al.,"2008)."To"perform"full"path"integra0on"in"addi0on"to"a"compass"the"ant"would"also"

need"to"have"a"mechanism"for"measuring"how"much"distance"it"moved,"a"soccalled"odometer."

Again,"behavioural"studies"show"that"ants"can"count"their"steps"and"somehow"transform"this"

into"a"distance"measurement"(Wi;linger"et"al.,"2007)."Other"animals"may"use"other"

mechanisms"for"measuring"distance."Studies"in"bees,"for"example,"suggested"that"these"insects"

use"the"op0c"flow"they"experience"during"flight"(Esch"et"al.,"2001)."Ants"also"appear"to"be"

capable"of"op0c"flowcbased"odometry"(Pfeffer"and"Wi;linger,"2016)."To"date"li;le"is"known"

about"the"neural"the"neural"correlate"of"extrac0ng"and"integra0ng"distance"measurements"

from"step"counts"or"op0c"flow."

Summing"up,"connec0ng"the"foraging"behaviour"of"desert"ants"to"a"naviga0onal"strategy,"path"

integra0on,"was"helpful"in"direc0ng"further"research"on"iden0fying"sensory"inputs"and"abstract"

computa0ons"required"for"this"behaviour,"which"are"likely"to"apply"to"many"other"animals"as"

well."

1.1.3. Classifying*behaviours*according*to*the*use*of*a*certain*naviga'onal*strategies*

Different"frameworks"for"classifying"orienta0on"and"guidance"strategies"have"been"proposed."

This"has"lead"to"ambiguous"nomenclature,"which"can"be"confusing."In"the"following"I"will"review"

two"proposed"frameworks,"a"classic"one"by"Kühn"(1919)"and"a"more"recent"one"by"Trullier"and"

colleagues"(1997),"which"has"a"strong"focus"on"the"computa0onal"complexity"of"the"different"

strategies."I"will"try"to"merge"the"la;er"framework"with"less"systema0c"classifica0on"schemes"

(Colle;"and"Colle;,"2002;"Colle;"and"Graham,"2004;"GevacSagiv"et"al.,"2015)."

An"early"classifica0on"of"different"forms"of"orienta0on"behaviours"was"proposed"by"Kühn"

(1919)."Kühn’s"classifica0on"is"based"on"analysing"an"animal’s"orienta0on"and"movement"

rela0ve"to"a"guiding"s0mulus."He"dis0nguishes"between"four"forms"of"taxis:"

• Tropotaxis:"Orienta0on"responses"based"on"posi0oning"relevant"sensors"symmetrically"with"

respect"to"a"guiding"s0mulus."The"example"Kühn"provides"is"nega0ve"phototaxis"of"a"
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planarian"moving"in"a"straight"line"away"from"a"light"source"by"adjus0ng"its"body"orienta0on"

such"that"it"senses"the"same"light"intensity"with"both"eyespots"(Kühn,"1919)."

• Menotaxis:"Keeping"a"fixed,"but"arbitrary"(not"necessarily"symmetric)"rela0ve"posi0on"to"a"

guiding"s0mulus."As"an"example"for"menotaxis"Kühn"cites"a"study"of"a"caterpillar"moving"in"

fixed"angle"rela0ve"to"a"single"light"source."Here,"when"the"light"source"is"moved"the"

caterpillar"changes"its"direc0on"of"movement"in"such"a"way"that"it"resumes"the"same"

angular"posi0on"as"before"the"manipula0on"of"the"light."Also"fixa0on"behaviours"in"fruit"

flies,"which"I"will"inves0gate"in"detail"in"chapter"3"of"this"thesis,"shows"characteris0cs"of"

menotaxis."

• Telotaxis:"Orienta0on"toward"a"goal,"which"is"specified"by"a"sensory"s0mulus."The"

reorienta0on"movements"during"telotaxis"olen"result"in"posi0oning"the"relevant"s0mulus"at"

specific"point"on"a"sensory"organ."A"dragonfly,"for"example,"fixates"a"poten0al"prey"in"its"

fovea"by"making"precisely"directed"head"movements"(Mischia0"et"al.,"2014).""

• Mnemotaxis:"Orienta0on"based"on"experience,"i.e."following"a"memory."During"mnemotaxis"

an"animal"takes"a"previously"performed"trajectory."Here"Kühn"refers"to"flight"trajectories"of"

homing"bumble"bees"and"bees,"i.e."animals"finding"their"way"back"to"their"next"aler"a"

foraging"trip."

More"recently"a"hierarchical"categorisa0on"of"naviga0onal"strategies"according"to"the"

computa0onal"complexity"of"the"strategy"that"is"executed"has"been"proposed"(Franz"and"

Mallot,"2000;"Trullier"et"al.,"1997)."For"this"classifica0on"scheme"three"criteria"are"considered:"

(a)"the"necessary"spa0al"informa0on"and"how"it"needs"to"be"structured,"(b)"the"movement"

selec0on"procedure"and"(c)"the"behavioural"repertoire"that"this"strategy"supports."More"

complex"naviga0onal"strategies"require"increasingly"more"complex"computa0onal"skills"but"also"

provide"the"animal"with"more"and"more"naviga0onal"competence"(Table&1.1)."In"this"framework"

a"basic"dis0nc0on"is"made"between"local!naviga?on"and"way!finding"based"on"the"sufficiency"of"

guidance"cues"from"the"immediate"sensory"environment"(Presco;,"1994)."A"detailed"

descrip0on"of"each"of"these"strategies"goes"beyond"the"scope"of"this"thesis,"but"can"be"found"in"

(Franz"and"Mallot,"2000;"Trullier"et"al.,"1997)."Here"I"can"only"give"a"brief"overview."

Local"naviga0on"strategies"rely"only"on"informa0on"from"within"the"animal’s"range"of"

percep0on."Four"types"of"local"naviga0on"strategies,"in"order"of"increasing"complexity,"are"

search,"direc0oncfollowing,"aiming"and"guidance"(Table&1.1):"
• During"search"an"animal"does"not"show"any"ac0ve"orienta0on"toward"the"goal."The"animal"

only"needs"to"be"able"to"recognise"the"goal"once"it"has"arrived."
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• During"direc6onYfollowing"an"animal"uses"locally"available"direc0onal"cue,"could"be"from"

odour"trail"or"following"sky"compass"or"homing"vector"generated"during"path"integra0on"

(see"sec+on&1.1.2."and"Franz"and"Mallot,"2000)."Keeping"a"fixed"heading"based"on"distant"

visual"cues"is"the"naviga0onal"strategy"used"during"compass*orienta6on."Monarch"

bu;erflies"use"a"sun"and"magne0c"compass"to"guide"their"longcdistance"migra0on"to"

distant"but"valued"food"sources"(Guerra"and"Reppert,"2015)."Compass"naviga0on"is"a"

naviga0onal"strategy"that"is"olen"used"by"animals"to"move"in"a"straight"path,"even"in"the"

absence"of"a"precisely"defined"goal."Dung"beetles,"for"instance,"use"the"sun"or"the"moon"as"

guidance"cues"to"roll"their"dung"balls"in"a"straight"path"away"from"poten0al"compe0tors"

who"might"hijack"their"cargo"(el"Jundi"et"al.,"2015)."Many"insects"use"the"polarisa0on"

pa;ern"on"the"sky"as"a"compass"cue"(Mappes"and"Homberg,"2004a;"Philipsborn"and"

Labhart,"1990;"Wehner,"2003),"the"underlying"neural"circuitry"has"been"extensively"studied"

in"the"locusts"(Bech"et"al.,"2014;"Heinze"and"Homberg,"2007)."

• Aiming"requires"a"salient"cue"at"the"loca0on"of"the"goal,"which"can"be"sensed"from"a"far"

distance."To"approach"the"goal"the"animal"fixates"this"cue"in"its"frontal"field"of"view"and"

moves"forward"(Franz"and"Mallot,"2000)."The"sensory"cue,"which"can"be"visual"landmark,"

the"source"of"an"odour"or"an"acous0c"signal,"is"also"referred"to"as"beacon"and"the"

naviga0onal"strategy"as"taxis"or"beaconing."The"advantage"of"aiming"over"direc0onc

following"is"that"the"goal"can"be"approached"from"any"direc0on."Female"crickets"in"search"of"

a"ma0ng"partner,"for"example,"follow"the"calling"song"of"a"conspecific"male,"a"behaviour"

known"as"phonotaxis"(Regen,"1913)."I"will"explore"course"control"during"cricket"phonotaxis"

in"more"detail"in"chapter"2"of"this"thesis."Interes0ngly,"foraging"geckos"and"parasi0c"flies"

take"advantage"of"such"broadcasted"calling"songs"to"localise"their"prey"(Cade,"1975;"Sakaluk"

and"Belwood,"1984)."Auditory"beaconing"has"also"been"reported"in"foraging"mammals,"for"

example"in"bats"(Buchler"and"Childs,"1981)."

• Guidance"allows"an"animal"to"navigate"toward"a"goal"that"is"not"marked"by"any"salient"cue."

Rather,"the"animal"memorises"the"spa0al"configura0on"of"other"sensory"landmarks"and"

their"rela0on"to"the"goal."It"then"uses"this"informa0on"to"guide"its"path"by"making"

movements"that"minimise"the"mismatch"between"the"currently"perceived"landmark"

configura0on"and"the"memorised"configura0on"that"marks"the"goal"loca0on"(Trullier"et"al.,"

1997)."In"the"insect"naviga0on"literature"on"landmark*guidance"the"memory"of"the"

landmark"configura0on"is"also"olen"referred"to"as"snapshot*memory."The"existence"of"

snapshot"memories"has"been"postulated"based"on"behavioural"experiments"in"bees"and"

ants"(Cartwright"and"Colle;,"1987;"Judd"and"Colle;,"1998;"Wystrach"et"al.,"2013),"but"so"far"

no"neural"correlate"has"been"found."
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Note"that"local"naviga0on"is"not"necessarily"limited"to"small"spa0al"scales:"monarch"bu;erflies,"

for"instance,"use"a"local"naviga0on"strategy"based"on"a"sun"compass"(locally"available"

informa0on)"to"migrate"hundreds"of"kilometres"(Guerra"and"Reppert,"2015)."

Way"finding"strategies"are"necessary"for"naviga0on"when"some"relevant"guidance"cues,"

especially"the"final"goal,"are"out"of"an"animals"sensory"range."

• The"simplest"form"of"way"finding"is"a"recogni6onYtriggered*response"strategy,"where"an"

animal"moves"sequen0ally"from"one"familiar"place"to"the"next"(Trullier"et"al.,"1997)."It"is"also"

some0mes"referred"to"as"route*following,"as"the"sequence"of"naviga0onal"decisions"is"aided"

by"environmental"cues"posi0oned"along"a"familiar"route."It"has"been"suggested"that"this"

strategy"is"used"by"ants"and"bees"when"they"navigate"on"idiosyncra0c"routes"(Cartwright"

and"Colle;,"1987;"Judd"and"Colle;,"1998;"Narendra,"2007;"Zhang"et"al.,"1999)."The"idea"is"

that"a"sequence"of"snapshots"is"stored"during"learning"of"the"route"and"the"animal"later"

follows"the"guidance"of"one"snapshot"to"the"next"to"find"their"way"to"a"known"food"source"

or"their"nest."Similarly,"flying"pigeons"follow"the"pa;erns"of"highways"during"homing"(Lipp"et"

al.,"2004),"a"strategy"that"bats"may"also"employ"during"some"of"their"foraging"runs"(Tsoar"et"

al.,"2011)."

• Topological*and*metric*naviga6on"is"possible"if"an"animal"is"able"to"build"up"internal"

representa0ons"of"its"environment,"i.e."some"sort"of"map"(Trullier"et"al.,"1997)."Such"an"

internal"representa0on"of"space"stores"informa0on"about"known"places"in"the"environment"

as"well"as"informa0on"on"their"rela0ve"spa0al"rela0onship."The"map"used"during"topological"

naviga0on"is"essen0ally"a"graph"composed"of"a"set"of"known"routes"along"which"the"animal"

can"move"using"the"route"following"strategy."In"contrast,"metric"naviga0on"requires"a"full"

map"of"the"environment,"which"allows"the"animal"to"plan"and"navigate"new"trajectories"to"

the"goal."These"internal"representa0ons"of"space"have"also"been"termed"‘cogni6ve*

maps’"(Tolman,"1948)."Since"cogni0ve"maps"are"not"strictly"taskcbound"they"can"form"a"

substrate"that"can"be"flexibly"used"for"course"control,"planning,"spa0al"learning"and"memory"

(Menzel"et"al.,"2005;"Moser"et"al.,"2008)."The"idea"of"cogni0ve"maps"has"become"

increasingly"popular"with"the"discovery"of"poten0al"neural"correlates"thereof,"which"I"will"

briefly"discuss"later"(Moser"et"al.,"2008)."

Thus,"to"support"more"flexible"forms"of"naviga0on,"i.e."way"finding"strategies,"the"animal"needs"

to"build"up"some"sort"of"internal"representa0on"of"space"or"routes,"which"form"a"substrate"for"

route"planning"through"known"or"even"novel"terrain."If"an"animal"has"no"knowledge"about"its"

environment"it"may"use"search"strategies"to"explore"the"space"(Wehner"and"Srinivasan,"1981)."
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Once"a"naviga0ng"animal"has"acquired"knowledge"about"its"environment,"it"may"use"more"

complex"and"versa0le"strategies"(Trullier"et"al.,"1997)."

Table& 1.1:" Naviga0on" hierarchy" proposed" by" Trullier" and" colleagues" (1997)" and"
extended"by"Franz"and"Mallot"(2000)."Table"modified"from"Franz"and"Mallot"(2000)."LM,"
landmark."

Of"course,"extrapola0ng"directly"from"complex"behaviour"to"complex"internal"representa0ons"

can"be"misleading"(Braitenberg,"1986)"and"in"some"cases"it"is"difficult"to"dis0nguish"between"

different"naviga0onal"strategies"and"related"computa0ons"based"on"behavioural"studies"alone."

Foraging"desert"ants,"for"example,"display"impressive"naviga0onal"skills,"including"memorising"

long,"stereotypic"foraging"routes,"path"integra0on"and"the"ability"to"flexibly"combine"routec

guiding"cues"across"different"sensory"modali0es"(Bregy"et"al.,"2008;"Colle;,"2012;"Colle;"et"al.,"

2002;"Wehner,"2003)."However,"this"complex"behaviour"may"rely"on"simpler"internal"

representa0ons"of"spa0al"informa0on"than"those"employed"by"many"mammals."Naviga0ng"
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desert"ants"may"not"form"an"explicit"representa0on"of"their"environment"in"the"form"of"a"

cogni0ve"map,"but"may"instead"rely"on"implicit"knowledge."This"could"be"in"the"form"of"

direc0ons,"such"as"a"homing"vector"(Müller"and"Wehner,"1988),"or"in"form"of"templates"of"

visual"scenes"along"the"path"that"can"be"used"to"compute"and"maximise"familiarity"metrics"

(Baddeley"et"al.,"2012;"Judd"and"Colle;,"1998)."Generally,"proving"that"an"animal"uses"a"

complex"search"strategy"or"even"a"cogni0ve"map,"rather"than"relying"on"a"combina0on"of"the"

other"strategies"has"proved"challenging"(Benne;,"1996;"Capaldi"and"Dyer,"1999)."The"strongest"

evidence"for"abstract"internal"representa0ons"in"insects"come"from"studies"in"honey"bees."

Honey"bees"can"learn"the"loca0on"of"their"nest"and"foraging"sites"(Menzel"et"al.,"2005)"and"are"

able"to"communicate"this"knowledge"to"conspecifics"(Esch"et"al.,"2001;"von"Frisch,"1967)."Bees"

can"also"be"trained"in"a"delayedcmatchctocsample"task"to"learn"abstract"associa0on"rules"such"

as"‘sameness’"or"‘difference’"of"the"cue"and"sample"pa;ern"to"predict"the"loca0on"of"food"

(AvarguèscWeber"and"Giurfa,"2013;"Giurfa"et"al.,"2001)."This"capacity"for"flexibility,"abstrac0on"

and"generalisa0on"in"learning"honey"bees"suggests"the"use"of"sophis0cated"internal"

representa0ons"rather"than"just"the"modifica0on"of"reflexes"or"genera0on"of"new"reflex"pairs"

(Webb,"2004b;"Webb,"2012)."

To"solve"a"given"naviga0onal"task,"many"of"the"strategies"described"above"are"used"in"

combina0on,"with"animals"flexibly"switching"between"different"guidance"mechanisms"

depending"on"their"suitability"in"a"given"context."This"has"been"extensively"studied"on"a"

behavioural"level"in"foraging"ants"(Bregy"et"al.,"2008;"Graham"and"Cheng,"2009;"Narendra,"

2007;"Wystrach"et"al.,"2013)."Besides"being"able"to"switch"between"different"naviga0onal"

strategies,"an"animal"that"is"engaged"in"a"given"naviga0onal"strategy"needs"to"remain"

responsive"to"sudden"changes"in"its"environment."For"example,"an"animal"following"a"sunc

compass"or"an"auditory"beacon"s0ll"needs"to"avoid"predators"or"collision"with"objects"in"its"

path."Recent"studies"in"the"locust"have"demonstrated"a"neural"mechanism"by"which"insects"may"

be"able"to"switch"between"compasscguided"naviga0on"and"escape"from"approaching"predators"

(Bockhorst"and"Homberg,"2017)."Neurons"in"the"locust"skyccompass"network"not"only"respond"

to"polarised"light,"but"also"to"certain"visual"cues:"novel"small"visual"objects"moving"through"their"

field"of"view"and"expanding"disks"crea0ng"soccalled"looming"s0muli"characteris0c"of"an"

approaching"predator"(Bockhorst"and"Homberg,"2015;"Rosner"and"Homberg,"2013)."Responses"

of"these"neurons"to"polarised"light"adapted"over"0me"when"the"polarisa0on"direc0on"remained"

constant."When"the"locust"was"simultaneously"presented"with"small"moving"objects"and"

sta0onary"polarised"light,"some"of"the"bimodal"neurons"showed"discadapta0on"to"the"

sta0onary"polarised"light"(Bockhorst"and"Homberg,"2017)."The"authors"suggest"that"this"may"
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represent"a"mechanism"for"how"a"locust"can"realign"itself"with"its"previous"direc0on"of"travel"

aler"an"escape"manoeuvre."In"chapter"2"of"this"thesis"we"will"discuss"a"similar"problem,"namely"

obstacle"nego0a0on"during"cricket"phonotaxis"behaviour."

Execu0ng"any"one"of"the"behavioural"strategies"detailed"above"requires"that"an"animal’s"brain"

performs"an"associated"set"of"underlying"cellular"and"circuitclevel"computa0ons."Typically,"

several"kinds"of"computa0ons"need"to"be"carried"out"to"support"any"one"of"the"abovec

men0oned"naviga0onal"strategies."In"case"of"path"integra0on,"for"example,"the"animal"needs"to"

be"able"to"extract"a"compass"signal,"integrate"a"measure"of"how"far"it"moved,"and"it"needs"to"

store"and"combine"this"informa0on."In"prac0ce"each"of"these"abstract"computa0ons"can"be"

implemented"in"mul0ple"ways."For"example,"from"behavioural"experiments"we"know"that"ants"

can"use"both"op0c"flow"and"step"count"to"measure"how"far"they"moved"(Pfeffer"and"Wi;linger,"

2016;"Wi;linger"et"al.,"2007)."Similarly,"the"compass"signal"can"be"updated"based"on"external"

cues"such"as"the"polarisa0on"pa;ern"of"the"sky"or"by"precisely"integra0ng"ones"own"

movements"(Colle;"and"Colle;,"2000)."Recent"work"in"the"fruit"fly"has"shed"light"on"the"neural"

correlate"of"such"a"flexible"angular"path"integrator,"which"receives"mul0modal"informa0on"and"

is"able"to"update"an"internal"representa0on"of"the"animals"heading"based"on"both"visual"and"

selfcmo0on"cues"(Seelig"and"Jayaraman,"2015)."

1.1.4. Naviga'onal*behaviours*studied*in*this*thesis*

This"thesis"will"focus"on"naviga0onal"behaviours"in"two"species,"auditory"beaconing"in"female"

field"crickets"during"phonotaxis,"and"landmarkcguided"naviga0on"in"walking"flies."I"will"now"

briefly"introduce"the"naviga0onal"challenges"associated"with"these"two"behaviours."

Chapter"2"of"this"thesis"describes"how"crickets"integrate"course"correc0ons"in"response"to"

mechanosensory"antennal"signals"with"phonotac0c"steering."During"phonotaxis"a"female"cricket"

selec0vely"responds"to"the"song"of"a"conspecific"male,"which"requires"the"animal"to"perform"

auditory"pa;ern"recogni0on"(Kostarakos"and"Hedwig,"2012)."At"the"same"0me"the"animal"has"

to"extract"direc0onal"informa0on"from"the"s0mulus,"i.e."localise"the"direc0on"of"the"call"(von"

Helversen"and"von"Helversen,"1995)."Finally,"the"cricket"has"to"convert"this"direc0onal"

informa0on"from"the"guidance"cue"into"adequate"course"adjustments,"a"sensorimotor"

integra0on"problem,"which"female"crickets"have"solved"by"integra0ng"minute"steering"

responses"directly"into"their"regular"walking"pa;ern"(Hedwig"and"Poulet,"2005;"Witney"and"

Hedwig,"2011)."In"a"natural"environment,"crickets"engaged"in"phonotaxis"s0ll"need"to"be"ready"
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to"respond"to"other"s0muli"of"importance"to"avoid,"say,"obstacles"and"predators."This"issue"will"

be"discussed"in"more"detail"in"chapter"2."

Chapters"3"and"4"of"the"thesis"focus"on"landmarkcguided"naviga0on"in"walking"fruit"flies."As"

described"earlier,"visual"landmarks"are"used"as"guidance"cues"in"a"number"of"naviga0onal"

strategies"—"beaconing,"compasscguided"naviga0on"and"routecfollowing"—"where"they"can"

either"directly"mark"the"loca0on"of"a"goal"or"serve"as"a"more"general"orienta0on"aid"(Trullier"et"

al.,"1997),"Visual"landmarks"are"olen"used"in"conjunc0on"with"other"sensory"guidance"systems"

(Colle;"et"al.,"2002;"Taube,"2007;"von"Helversen"and"Wendler,"2000)."Beaconing"and"compassc

guided"naviga0on"require"the"animal"to"keep"a"fixed"heading"angle"rela0ve"to"a"visual"landmark,"

a"behaviour"known"as"tracking"or"fixa0on."I"will"inves0gate"landmark"fixa0on"in"naïve"walking"

flies"and"discuss"the"use"of"visual"landmarks"as"a"calibra0on"tool"during"path"integra0oncbased"

naviga0on"in"chapter"3."In"chapter"4"I"will"test"whether"flies"are"able"to"exploit"visual"landmark"

cues"to"more"effec0vely"avoid"spa0ally"localised"aversive"s0muli,"a"behaviour"which"I"will"refer"

to"as"landmarkcassisted"avoidance."

1.1.5. Challenges*when*studying*the*neural*circuitry*underlying*naviga'onal*

behaviours*

A"number"of"characteris0cs"of"animal"naviga0on"render"the"study"of"neural"processing"

underlying"naviga0onal"behaviours"challenging."One"such"characteris0c"is"the"0ght"interac0on"

between"naviga0on"and"sensory"experience."An"animal’s"sensory"experience"strongly"depends"

on"its"own"ac0ons,"as"they"govern"how"it"moves"around"in"space"and"samples"its"environment."

Those"experiences,"in"turn,"can"shape"an"animals"future"percep0on,"responses"and"ac0ons."To"

gain"a"complete"understanding"of"neural"mechanisms"underlying"naviga0onal"behaviours"we"

therefore"likely"need"to"study"neural"circuitry"in"moving"animals."Indeed,"early"

electrophysiological"studies"in"freely"moving"rats"led"to"the"discovery"of"internal"

representa0ons"of"space"in"mammals"such"as"place"and"headcdirec0on"cells"(O’Keefe"and"

Dostrovsky,"1971;"Taube"et"al.,"1990),"which"had"a"las0ng"effect"on"naviga0on"research."Where"

recordings"in"freely"moving"animals"are"not"feasible,"virtual"reality"(VR)"techniques,"allowing"a"

restrained"and"headcfixed"animal"to"interact"with"a"virtual"sensory"environment,"are"an"

alterna0ve."I"will"discuss"this"approach"in"more"detail"in"sec+on&1.2."Besides"being"technically"

challenging,"the"par0al"loss"of"control"over"the"s0mula0on"protocol"when"allowing"an"animal"to"

interact"with"its"sensory"environment"olen"entails"challenges"when"it"comes"to"data"analysis."""
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Furthermore,"neural"processing"during"naviga0onal"behaviours"frequently"involves"recurrent"

computa0ons"with"mul0ple"internal"feedback"loops,"which"pose"challenges"when"trying"to"

dissect"the"func0on"of"the"underlying"neural"circuitry"(Knierim"and"Zhang,"2012;"Moser"et"al.,"

2008)."Olen,"targeted"perturba0ons"of"specific"circuit"components"are"necessary"to"test"

hypotheses"about"the"neural"circuit"architecture."Finding"suitable"targets"for"perturba0ons"and"

interpre0ng"the"effect"of"a"perturba0on"olen"requires"detailed"knowledge"of"the"circuit"

connec0vity."

Some"parameter"of"interest"of"the"external"environment"or"of"an"animals"rela0on"to"the"

environment,"such"as"head"direc0on,"are"encoded"by"a"popula0on"of"cells"(Taube,"2007)."

Detec0ng"such"popula0on"codes"can"be"challenging,"when"ac0vity"is"only"recorded"from"a"

subset"of"the"respec0ve"popula0on"or"when"a"mixed"popula0on"of"cells"is"monitored."Calcium"

imaging"permits"the"recording"of"a"large"number"of"neurons,"but"selec0vely"recording"from"a"

defined"popula0on"of"cells"requires"targe0ng"of"the"calcium"sensor."A"specific"type"of"cell"may"

be"targeted"by"localised"injec0ons,"by"using"gene0c"techniques"or"a"combina0on"of"both."

The"above"men0oned"headcdirec0on"cells"generate"an"internal"representa0on"of"the"animals"

heading"based"on"both"visual"and"selfcmo0on"cues"(Taube,"2007;"Taube"et"al.,"1990)."

Integra0on"of"informa0on"from"several"sensory"modali0es"—"and"thus"typically"from"various"

brain"regions"—"is"common"to"many"naviga0onal"tasks."In"addi0on"to"integra0on"of"external"

s0muli,"animals"must"olen"take"into"account"their"internal"metabolic"state"and"the"physical"

constraints"of"their"bodies"(BischcKnaden"and"Wehner,"2003;"Dus"et"al.,"2013;"Mischia0"et"al.,"

2014)."Understanding"such"distributed"computa0ons"without"knowing"the"ac0vity"of"all"

involved"neural"popula0ons"is"difficult."

Internal"representa0ons"underlying"mammalian"naviga0on"have"been"amongst"the"most"

evoca0ve"phenomena"described"in"neuroscience"(Moser"et"al.,"2008;"Moser"et"al.,"2014;"Taube,"

2007)."However,"the"challenges"outlined"above"have"limited"the"progress"that"has"been"made"

toward"dissec0ng"the"mechanisms"involved"in"genera0ng"such"representa0ons"and"

understanding"how"they"are"used"during"naviga0onal"tasks."
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1.1.6. Studying*the*neural*basis*of*complex*computa'ons*is*tractable*in*insects*

Gaining"a"mechanis0c"understanding"of"dynamic,"recurrent"neural"computa0ons"distributed"

across"popula0ons"of"neurons"in"mul0ple"brain"regions"far"from"the"periphery"requires"not"only"

monitoring"and"manipula0ng"specific"neural"popula0ons"during"behaviour,"but"also"knowing"

the"connec0vity"of"the"underlying"circuitry."This"is"s0ll"experimentally"challenging"in"mammals,"

but"is"feasible"in"numerically"simpler"and"smaller"insect"brains."Their"physically"small"brains"

render"electron"microscopycbased"reconstruc0on"of"circuits"more"tractable"and"allow"

simultaneous"imaging"of"mul0ple"brain"regions"(Cardona"et"al.,"2010;"Lemon"et"al.,"2015;"

Takemura"et"al.,"2015)."The"calcium"ac0vity"of"single"neurons"or"of"large"popula0ons"of"cells"can"

be"imaged"either"by"injec0ng"dyes"or"expressing"gene0cally"encoded"fluorescent"sensors"(Sobel"

and"Tank,"1994;"Tian"et"al.,"2009)."In"the"fruit"fly"Drosophila!melanogaster,"gene0c"tools"enable"

targeted"physiology"and"optogene0c"perturba0on"of"neural"ac0vity"in"ac0vely"behaving"animals"

with"high"temporal"and"spa0al"control"(Bath"et"al.,"2014;"Chiappe"et"al.,"2010;"ClaridgecChang"

et"al.,"2009)."

It"is"plausible"that"some"neural"computa0ons"carried"out"during"naviga0onal"behaviours"are"

shared"between"insects"and"mammals."Many"insects"use"behavioural"strategies"that"share"

similari0es"with"those"employed"by"vertebrates,"and"recent"work"on"the"underlying"neural"

computa0ons"suggests"that"insects"may"rely"on"similar"neural"processing"and"internal"

representa0ons."I"would"like"to"illustrate"this"point"with"two"examples:"Computa0ons"

underlying"efference"copy"mechanisms"and"the"use"of"an"internal"compass"in"fruit"flies.""

Internal"models"underlying"efference"copy"mechanisms"that"allow"the"animal"to"predict"effects"

of"its"own"ac0ons"and"dis0nguish"selfcgenerated"from"externally"generated"sensory"signals"have"

been"studied"in"the"context"of"eye"saccades"and"head"movements"in"primates"(Duhamel"et"al.,"

1992;"Wurtz"and"Goldberg,"1971)."Flies"carry"out"similar"computa0ons"when"suppressing"flight"

stabilisa0on"reflexes"during"voluntary"turns"(von"Holst"and"Mi;elstaedt,"1950)."A"recent"study"

inves0gated"the"cellular"basis"of"this"suppression"and"found"that"op0ccflow"processing"neurons"

in"the"fly"visual"system"receive"turncdirec0oncspecific"feedback"with"the"appropriate"sign"and"

latency"to"suppress"selfcgenerated"sensory"input"(Kim"et"al.,"2015)."The"amplitude"of"the"

feedback"signal"scales"with"the"visual"drive,"which"depends"not"only"on"the"turn"speed"but"also"

on"the"structure"of"the"visual"environment."Inves0ga0ons"into"how"the"flexible"scaling"of"the"

motorcrelated"feedback"signal"is"achieved"should"clarify"the"level"of"sophis0ca0on"of"the"

underlying"internal"model."
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Mammals"possess"abstract"neural"representa0ons"of"space"that"support"a"variety"of"

naviga0onal"strategies"(E0enne"and"Jeffery,"2004;"Moser"et"al.,"2014)."Behavioural"studies"in"

dragonflies,"ants"and"bees,"amongst"others,"suggest"that"also"insects"use"internal"

representa0ons"to"encode"the"direc0on"and"distance"of"a"goal,"let"it"be"prey,"the"nest"or"food"

(Esch"et"al.,"2001;"Mischia0"et"al.,"2014;"Müller"and"Wehner,"1988;"von"Frisch,"1967).""Direct"

evidence"for"neural"circuitry"implemen0ng"such"an"abstract"representa0on"comes"from"flies"

(Seelig"and"Jayaraman,"2015)."Calcium"imaging"in"walking"fruit"flies"revealed"the"existence"of"a"

neural"compass,"which"can"be"flexibly"updated"based"on"visual"or"selfcmo0on"cues,"depending"

on"availability"of"sensory"informa0on."I"will"discuss"this"finding"in"more"detail"in"the"context"of"

landmark"guidance"and"path"integra0on"in"chapter"3."

Thus,"there"is"moun0ng"evidence"that"mammalian"and"insect"brains"carry"out"similar"

computa0ons"and"that"essen0al"features"of"the"implementa0on"of"specific"neural"computa0ons"

can"generalise"well"beyond"a"single"system"(Seelig"and"Jayaraman,"2015;"Taube,"2007)."Studies"

in"the"olfactory"and"visual"systems"have"already"highlighted"similari0es"between"insect"and"

mammalian"sensory"circuit"func0on"(Borst"and"Helmstaedter,"2015;"Wilson,"2013)."Although"

studies"of"cogni0ve"computa0ons"in"insect"brains"are"s0ll"in"their"early"stages,"these"simpler"

systems"may"provide"a"more"navigable"path"toward"understanding"some"of"the"fundamental"

synap0c,"cellular"and"circuit"mechanisms"underlying"cogni0on"(Chi;ka"et"al.,"2012)."
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1.2. Approaches*to*studying*neural*computa'ons*involved*in*naviga'on*

While"there"is"increasing"evidence"that"insect"brains"rely"on"similar"computa0ons"and"internal"

representa0ons"that"are"thought"to"underlie"naviga0on"in"mammals"(Knierim"and"Zhang,"2012;"

Seelig"and"Jayaraman,"2015),"challenges"remain"in"causally"linking"physiological"data"to"

behaviour."

Physiological"recordings"in"immobilised,"i.e."noncbehaving"animals,"have"provided"many"

examples"of"highclevel"sensory"representa0ons"in"insects"(Heinze"and"Homberg,"2007;"Hige"et"

al.,"2015a;"PerezcOrive"et"al.,"2002)"and"revealed"the"existence"of"synap0c"plas0city"that"is"likely"

used"to"associate"these"sensory"representa0ons"with"appe00ve"or"aversive"experiences"

(Cassenaer"and"Laurent,"2012;"Hige"et"al.,"2015a;"Hige"et"al.,"2015b;"Owald"et"al.,"2015)."

However,"a"comprehensive"assessment"of"the"nature"of"internal"representa0ons"and"their"

poten0al"role"in"goalcdirected"naviga0on"requires"that"such"recordings"be"performed"in"ac0vely"

behaving"animals."Understanding"the"neural"basis"of"the"remarkable"naviga0onal"behaviour"of"

bees"and"ants,"for"example,"may"require"monitoring"the"ac0vity"of"specific"neural"circuits"in"

foraging"animals."

Two"closely"related"obstacles"have"limited"progress"so"far:"Recording"neural"ac0vity"during"

naviga0on"behaviour"and"designing"suitable"behavioural"paradigms"that"can"be"used"under"

such"condi0ons."I"will"begin"with"addressing"the"first"issue"before"discussing"solu0ons"for"

overcoming"the"la;er."

1.2.1. Techniques*for*recording*neural*ac'vity*in*behaving*animals*

Owing"to"the"development"of"a"miniaturised"twocphoton"microscope,"which"can"be"mounted"

on"an"animal’s"head,"neural"ac0vity"of"large"neuron"popula0ons"can"be"monitored"in"freely"

moving"rats"with"subcellular"resolu0on"(Helmchen"et"al.,"2001)."Due"to"their"smaller"size"and"

more"fragile"exoskeleton,"this"approach,"however,"is"hard"to"transfer"to"insects."An"alterna0ve"

method"for"recording"neural"ac0vity"in"freely"moving"animals"is"implanted"electrodes"(Taube"et"

al.,"1990)."Further"development"of"extracellular"recording"techniques"in"freely"behaving"large"

insects"(Chan"and"Gabbiani,"2013;"Duer"et"al.,"2015;"Mar0n"et"al.,"2015;"Thomas"et"al.,"2012)"

may"eventually"enable"study"of"neural"dynamics"in"naviga0ng"insects,"although"iden0fying"and"

targe0ng"the"relevant"neurons"with"these"techniques"remains"a"challenge."A"different"

physiological"strategy,"which"has"been"the"mainstay"of"primate"research"for"decades,"is"to"

record"neural"ac0vity"during"headcfixed"behaviour."Headcfixa0on"constrains"behavioural"output,"
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but"allows"for"the"sensory"environment"to"be"carefully"controlled"and"enables"high"quality"

neural"recordings."This"strategy"has"been"employed"in"bees"to"study"how"olfactory"

representa0ons"are"affected"by"learning"(Carcaud"et"al.,"2009)"and"how"visual"s0muluscevoked"

local"field"poten0als"are"modulated"by"behavioural"choices"(Paulk"et"al.,"2014)."It"has"also"been"

applied"in"many"other"insects"to"examine"sensory"representa0ons"and"sensorimotor"integra0on"

in"the"context"of"orien0ng"(Bender"et"al.,"2016;"Mason"et"al.,"2001;"Poulet"and"Hedwig,"2005)."

In"adult"Drosophila,"the"development"of"headcfixed"behavioural"paradigms"has"allowed"the"

combina0on"of"powerful"gene0c"tools"with"wholeccell"patch"clamp"recordings"and"twocphoton"

imaging"of"gene0cally"encoded"calcium"indicators"(Maimon"et"al.,"2010;"Seelig"et"al.,"2010)."The"

fly’s"small"brain"size"allows"physiological"access"to"the"en0re"central"brain"with"a"minimally"

invasive"prepara0on."Comprehensive"anatomical"and"behavioural"gene0cs"studies"(Aso"et"al.,"

2014;"Wolff"et"al.,"2015)"help"to"guide"the"search"for"cellular"correlates"of"specific"internal"

representa0ons."Repeatable"access"to"these"gene0cally"iden0fied"cell"types"permits"precisely"

targeted"monitoring"and"perturba0on"of"neural"ac0vity"during"behaviour."Overall,"the"ability"to"

reliably"access"the"same"sets"of"iden0fied"neurons"across"trials"and"animals"enables"rigorous"

and"mechanis0c"circuit"analysis."In"Drosophila"it"may"also"be"possible"to"exploit"gene0c"

targe0ng"of"small"popula0ons"of"neurons"for"lowcresolu0on"fluorescence"imaging"in"free"

walking"flies"with"‘chronically’"implanted"windows"(Grover"et"al.,"2016).""

1.2.2. Development*of*paradigms*to*study*naviga'onal*behaviours*in*headHfixed*

animals*

A"challenge"when"studying"naviga0onal"behaviours"in"headcfixed"animals"has"been"the"

development"of"behavioural"paradigms"that"capture"the"complexity"of"a"naviga0onal"task"while"

being"compa0ble"with"the"restrained"prepara0on."Mammals"are"usually"trained"for"several"

weeks"before"they"perform"cogni0vely"demanding"tasks"in"physiological"sevngs."Insects"have"

shorter"memories,"a"shorter"lifespan,"and"only"a"few"species"can"be"chronically"implanted"with"

recording"devices."Thus,"insect"physiologists"seldom"have"the"opportunity"of"using"training"

protocols"that"last"more"than"a"few"hours."Instead,"they"typically"rely"on"tasks"that"exploit"or"

extend"an"animal’s"natural"behaviour."

Simple"course"control"mechanisms"have"been"studied"in"the"context"of"stabilisa0on"reflexes"

such"as"optomotor"responses"and"stripe"fixa0on"(Bahl"et"al.,"2013;"Götz,"1975;"Maimon"et"al.,"

2008)."Foraging"and"courtship"behaviours"have"been"a"fruijul"source"of"more"complex"naïve"
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behaviours."Examples"of"naviga0onal"courtshipcrelated"behaviours"are"cricket"phonotaxis"(see"

chapter"2,"Hedwig,"2000;"Zorović"and"Hedwig,"2011)"and"pheromone"tracking"in"moth"(Gray"et"

al.,"2002)."Despite"numerous"descrip0ons"of"sophis0cated"naviga0on"in"the"context"of"foraging"

in"freely"moving"animals"(Colle;"and"Colle;,"2002),"to"my"knowledge"no"foraging"assays"have"

been"developed"for"headcfixed"insects"yet."

An"alterna0ve"to"studying"innate"naviga0on"behaviours"is"to"extend"an"animal’s"behavioural"

repertoire"through"operant"condi0oning."Condi0oned"behaviours"can"be"targeted"to"answer"a"

specific"research"ques0on."This"has"been"used"extensively"in"vertebrate"neuroscience,"for"

example"in"odour"or"visual"discrimina0on"tasks"(Abraham"et"al.,"2004;"Fetsch"et"al.,"2012)."In"

insects,"condi0oning"of"naviga0onal"behaviours"has"been"most"successful"with"paradigms"

building"on"natural"predisposi0ons"to"learn"certain"associa0ons."For"example"visual"sucrosec

reward"learning"in"honey"bees"(Giurfa"et"al.,"2001)"and"heatcavoidance"in"a"visual"place"learning"

assay"for"walking"fruit"flies"(Ofstad"et"al.,"2011)."However,"none"of"the"available"operant"

condi0oning"paradigms"for"headcfixed"insects"captures"the"complex"naviga0onal"behaviours"

observed"in"the"wild."Instead,"the"animals"behavioural"output"is"typically"restricted"to"lel/right"

turn"decisions"such"as"in"a"commonly"used"visual"operant"condi0oning"task"for"tethered"flying"

flies"(Brembs"and"Heisenberg,"2000;"Liu"et"al.,"2006)."

Some"of"the"previously"described"complex"naviga0on"behaviours"may"be"elicited"in"headcfixed"

animals"by"providing"the"relevant"sensory"environment"and"a"broad"interface"for"the"animal"to"

interact"with"it."In"the"next"sec0on"I"will"present"approaches"of"how"such"a"sensory"

environment"can"be"built"with"a"focus"on"using"virtual"reality"(VR)"techniques."

1.2.3. Studying*naviga'onal*behaviours*using*virtual*reality*techniques*

There"are"two"basic"approaches"to"building"a"sensory"environment"for"behavioural"studies"in"

headcfixed"animals."One"is"to"provide"sensory"s0muli"in"a"soccalled"‘opencloop’"manner,"where"

the"animal’s"ac0ons"do"not"serve"as"an"input"to"the"sensory"s0mulus"provided"by"the"

experimenter."An"advantage"of"this"approach"is"the"high"degree"of"control"over"the"s0mulus,"

which"allows"experimenters"to"average"the"animal’s"responses"over"the"course"of"many"short"

trials."This"approach"has"been"used"successfully"to"study"early"sensory"processing"but"also"to"

dissect"basic"courseccontrol"mechanisms"based"on"stereotyped"steering"responses,"for"example"

to"visual"s0muli"in"flies"(Götz,"1964;"Tuthill"et"al.,"2014)"and"auditory"s0muli"in"crickets"(Hedwig"

and"Poulet,"2005;"Kostarakos"and"Hedwig,"2012)."However,"the"unnatural"temporal"pa;ern"of"
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the"sensory"s0mulus"and"the"lack"of"interac0ons"between"the"animal"and"its"environment"

render"this"approach"illcsuited"to"study"more"complex"naviga0onal"behaviours."

An"alterna0ve"approach"is"the"use"of"a"VR"environment"based"on"‘closedcloop’"feedback"of"the"

animal’s"behaviour"onto"the"presented"s0mulus,"which"allows"the"animal"to"interact"with"its"

sensory"environment."This"approach"has"a"number"of"advantages."Firstly,"it"makes"highcquality"

neurophysiological"recordings"compa0ble"with"the"study"of"complex"naviga0onal"behaviours"

(sec+on&1.2.1)."Secondly,"the"experimenter"has"full"control"over"the"environmental"s0muli"and"

is"not"limited"to"recrea0ng"a"faithful"virtual"replica"of"the"real"world."This"means"that"the"virtual"

environment"and"behavioural"tasks"therein"can"be"shaped"to"test"specific"hypothesis"about"the"

computa0ons"underlying"a"naviga0onal"behaviour."For"example,"one"can"limit"the"sensory"

environment"to"a"small"set"of"s0muli"and"inves0gate"how"this"defined"set"of"s0muli"affects"a"

behaviour"of"interest"(Schuster"et"al.,"2002)."Furthermore,"the"experimenter"can"provide"

reduced"versions"of"rich"natural"s0muli"to"probe"which"s0mulus"features"are"used"by"the"animal"

during"naviga0on."This"is"much"harder"or"even"impossible"to"do"in"field"studies"(Legge"et"al.,"

2014)."Thirdly,"the"experimenter"can"change"the"rules"that"govern"the"interac0on"between"an"

animal’s"ac0ons"and"the"virtual"environment"(Schuster"et"al.,"2002)."By"introducing"short"delays"

or"temporarily"switching"to"opencloop"condi0ons,"for"instance,"it"is"possible"to"disentangle"

sensory"from"motorcrelated"neural"processing"(Minderer"et"al.,"2016)."Finally,"behavioural"

experiments"can"rela0vely"easily"be"combined"with"closedcloop"perturba0ons"of"neural"ac0vity."

Amongst"others,"this"can"be"used"to"flexibly"add"new"virtual"sensory"s0muli"to"the"virtual"

environment"by"optogene0cally"ac0va0ng"sensory"neurons,"as"we"will"see"in"chapter"4."

Alterna0vely,"closedcloop"optogene0c"ac0va0on"or"inhibi0on"of"neurons,"which"are"thought"to"

be"involved"in"the"execu0on"of"a"naviga0onal"behaviour,"offers"a"sensi0ve"method"for"tes0ng"

hypotheses"regarding"underlying"neural"computa0ons."Tools"are"available"that"allow"

perturba0ons"triggered"on"behavioural"events"in"free"walking"flies"(Bath"et"al.,"2014),"but"to"

understand"complex,"recurrent"neural"circuits,"one"might"occasionally"need"to"perform"

perturba0ons"triggered"on"neural"events"and"simultaneously"observe"behaviour,"which"is"only"

possible"in"VRcbased"paradigms."Overall,"experimental"paradigms"in"VR"may"be"able"to"bridge"

the"gap"between"naturalis0c"studies"during"free"movement"and"reduc0onist"approaches"in"

restrained"animals. 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1.3. Aims*of*this*thesis*

As"described"in"previous"sec0ons,"a"major"obstacle"in"understanding"neural"processing"

underlying"naviga0onal"behaviours"has"been"to"find"ways"to"combine"behavioural"with"

neurophysiological"studies."Currently"available"neural"recording"techniques"require"the"animal"

to"be"tethered"or"headcfixed,"which"constrains"the"animals"behavioural"output"and"interac0on"

with"its"sensory"environment."The"aim"of"this"thesis"was"to"develop"new"behavioural"assays"for"

studying"naviga0on"in"tethered"insects."I"extended"exis0ng"spherical"treadmill"systems"for"

tethered"walking"crickets"(Hedwig"and"Poulet,"2004)"and"flies"(Seelig"et"al.,"2010)"by"providing"

the"animals"with"a"more"complex"sensory"environment."Specifically"I"developed"assays"for"

studying"mul0sensory"integra0on"in"field"crickets"and"visually"guided"naviga0on"in"fruit"flies."

In"chapter"2"of"this"thesis"I"present"a"paradigm"for"studying"bimodal"integra0on"in"tethered"

walking"crickets"and"I"inves0gate"how"responses"to"antennal"mechanosensory"s0muli"are"

integrated"with"phonotac0c"steering"manoeuvres."To"do"this"I"characterise"walking"responses"to"

antennal"s0mula0on"during"spontaneous"walking"and"compare"them"to"responses"during"goalc

directed"phonotaxis.""

In"the"following"chapter"I"transi0on"to"work"with"Drosophila,"where"I"first"present"a"novel"twoc

dimensional"VR"system"for"studying"landmarkcguided"naviga0on"in"headcfixed"walking"flies."This"

new"system"was"carefully"validated"to"ensure"its"technical"func0onality."Then"I"show"that"

tethered"walking"flies"in"this"VR"behave"similar"to"free"walking"flies."Furthermore,"I"characterise"

sexc"and"genotype"specific"differences"in"innate"landmark"interac0on"behaviour"in"free"and"

tethered"walking"flies."In"chapter"4"I"extend"this"visual"VR"environment"by"adding"aversive"

optogene0cally"delivered"virtual"sensory"s0muli."This"allows"me"to"I"inves0gate"whether"flies"

exploring"a"bimodal"VR"are"able"to"use"visual"landmark"cues"to"more"effec0vely"avoid"aversive"

areas.""

While"the"scope"of"this"thesis"is"limited"to"behavioural"studies,"it"opens"up"new"possibili0es"for"

studying"neural"processing"in"tethered"insects"during"naviga0on"in"complex,"mul0modal"and"

virtual"environments. 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Chapter*2*

Behavioural*integra'on*of*auditory*and*antennal*

s'mula'on*during*phonotaxis*in*the*field*cricket*

Gryllus'bimaculatus*(DeGeer)*
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2. Behavioural*integra'on*of*auditory*and*antennal*

s'mula'on*during*phonotaxis*in*the*field*cricket*Gryllus'
bimaculatus*(DeGeer)*

2.1. Introduc'on*

Ma0ng"success"reflects"an"animal’s"fitness"(RodríguezcMuñoz"et"al.,"2010;"Simmons,"1988)."This"

renders"ma0ng"behaviour"a"convenient"system"for"behavioural"studies"as"it"combines"

behavioural"robustness"and"low"variability"with"a"range"of"interes0ng"computa0onal"problems"

such"as"mul0cmodal"sensory"integra0on,"the"control"of"complex"behavioural"sequences"and"

ac0on"selec0on."We"present"a"novel"behavioural"paradigm"that"allows"studying"bimodal"

integra0on"in"the"context"of"cricket"ma0ng"behaviour."

The"ma0ng"behaviour"of"female"field"crickets"consists"of"several"stages:"acous0cally"guided"

approach"of"a"mate,"closecrange"courtship,"and"finally"copula0on"(Adamo"and"Hoy,"1994)."We"

focus"on"the"first"stage,"during"which"female"crickets"orient"and"walk"toward"a"male’s"calling"

song"while"searching"for"a"ma0ng"partner,"a"wellcstudied"behaviour"known"as"phonotaxis"

(Adamo"and"Hoy,"1994;"Murphey"and"Zaretsky,"1972;"Regen,"1913)."

Most"studies"of"phonotaxis"have"been"performed"under"0ghtly"controlled"laboratory"condi0ons"

as"a"purely"auditory"orienta0on"task"(Gerhardt"and"Huber,"2002;"Schmitz"et"al.,"1982;"Weber"

and"Thorson,"1989)."However,"in"its"natural"habitat"a"female"cricket"has"to"navigate"through"

poten0ally"dense"grassland"while"tracking"the"male’s"calling"song."Under"these"condi0ons"its"

phonotac0c"behaviour"will"be"affected"by"other"environmental"s0muli,"which"could"influence"

course"control."Indeed,"tracking"speed"and"tracking"accuracy"of"female"crickets"performing"

phonotaxis"are"lower"when"measured"in"the"field"compared"to"results"obtained"under"

controlled"laboratory"condi0ons"(Hirtenlehner"and"Römer,"2014;"Hirtenlehner"et"al.,"2014)."

Besides"auditory"cues,"mechanosensory"s0muli"perceived"via"the"antennae"may"play"an"

important"role"in"course"control."Antennal"detec0on"and"explora0on"of"objects"during"

naviga0on"has"been"described"in"cockroaches"(Harley"et"al.,"2009;"Okada"and"Toh,"2006;"

Ritzmann"et"al.,"2012)."Walking"crickets"also"constantly"move"their"long"antennae,"sampling"the"

near"space"ahead"(Horseman"et"al.,"1997)."

We"characterise"responses"to"mechanosensory"antennal"s0mula0on"in"walking"crickets"and"

inves0gate"how"they"affect"phonotaxis"and"whether"they"are"modulated"during"phonotaxis."To"
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do"this,"we"have"developed"a"behavioural"paradigm"in"tethered"crickets"that"combines"a"wellc

established"experimental"approach"for"studying"steering"manoeuvres"during"phonotaxis"

(Hedwig"and"Poulet,"2005)"with"antennal"mechanosensory"s0mula0on."While"previous"studies"

of"antennal"sensing"in"walking"insects"have"used"solid"objects"such"as"a"plate"or"a"rod"(Okada"

and"Toh,"2006;"Ritzmann"et"al.,"2012;"Schütz"and"Dürr,"2011),"we"chose"a"soundctransparent"

metal"wire"mesh,"which"allowed"us"to"deliver"antennal"and"acous0c"s0mula0on"independently."

We"s0mulated"the"antennae"by"moving"the"wire"mesh"into"antennal"reach"of"tethered"female"

crickets"walking"in"darkness"on"a"trackball."To"inves0gate"how"poten0ally"conflic0ng"steering"

manoeuvres"are"integrated"during"phonotaxis,"we"measured"responses"to"antennal"s0mula0on"

both"in"the"absence"and"in"the"presence"of"acous0c"s0mula0on."

2.2. Materials*and*Methods*

2.2.1. Experimental*protocol*

Animals"

All"experiments"were"performed"with"virgin"female"crickets"(Gryllus!bimaculatus"DeGeer)."

Animals"were"isolated"before"their"final"moult,"and"tested"at"least"ten"days"aler,"to"ensure"

phonotac0c"responsiveness."At"least"one"day"before"the"first"behavioural"experiments"an"insect"

pin,"which"served"as"a"tether,"was"waxed"onto"the"first"abdominal"tergite."

Experimental*setup*

Females"were"posi0oned"in"normal"walking"posture"and"tethered"above"a"freely"rota0ng"

trackball."The"trackball"system"(details"in"Hedwig"and"Poulet,"2005)"was"used"to"record"each"

cricket’s"forward"walking"and"steering"velocity."Briefly,"a"2D"op0cal"mouse"sensor"posi0oned"

underneath"the"trackball"records"any"ball"rota0ons"along"the"forwardcbackwards"(pitch)"and"

lelcright"(roll)"axis."Ball"movement"increments"of"127"µm"along"these"two"axes"are"encoded"as"

a"single"150"µs"long"analogue"voltage"pulse"in"two"electrical"channels."For"the"pitch"axis"channel"

posi0ve"pulses"encode"forward"movement"increments"and"nega0ve"pulses"backwards"

movement."Similarly,"posi0ve"and"nega0ve"pulses"in"the"roll"axis"channel"encode"lel"and"right"

movements."The"trackball"system"was"placed"in"a"chamber"lined"with"sound"damping"foam,"

which"was"closed"during"experiments"to"exclude"environmental"light"and"noise."Two"speakers"

were"installed"at"a"distance"of"57"cm"from"the"trackball"at"45"degrees"off"the"longitudinal"axis"of"

the"cricket,"to"provide"acous0c"s0muli"from"the"lel"and"right"side"(Figure&2.1&A)."An"acous0cally"

transparent"metal"mesh"(60"x"65"mm,"0.7"mm"wire"thickness,"5.0"x"3.0"mm"openings)"was"used"
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to"generate"a"mechanosensory"s0mulus."It"was"a;ached"to"a"linear"motor"(LM1247c060c01"

Quickshal"Linear"Motor,"Faulhaber"GmbH,"Schoeneich,"Germany)"allowing"controlled"

movement"toward"and"away"from"the"cricket’s"right"antenna"along"the"radial"axis"at"45"degrees"

(Figure&2.1&A)."Video"recordings"(Common"Vision"Blox,"Stemmer"Imaging,"Puchheim,"Germany)"

were"conducted"at"60"Hz"frame"rate"with"a"camera"(DALSA"GeniecHM640,"Stemmer"Imaging"

Ltd.,"Surrey,"United"Kingdom)"placed"above"the"cricket"under"illumina0on"with"red"light"(690"

nm,"LED,"ELJc690c629,"Roithner"Lasertechnik,"Vienna,"Austria),"to"which"cricket"eyes"are"

insensi0ve"(Labhart"et"al.,"1984)."The"two"pulse"trains"recorded"by"the"trackball"system,"the"

envelope"of"the"sound"signals"sent"to"the"lel"and"right"speakers,"and"a"copy"of"the"signal"that"

was"sent"to"the"linear"motor"to"control"the"mesh"posi0on"were"all"recorded"at"10"kHz"using"an"

A/D"board"(PCIcMio"16cEc4;"Na0onal"Instruments,"Newbury,"UK)"controlled"by"solware"

programmed"in"LabView"(Na0onal"Instruments,"5.01)."In"trials"with"simultaneous"video"

recordings"an"addi0onal"channel"with"a"pulse"indica0ng"the"start"of"each"video"frame"was"saved"

with"the"data."

Behavioural*paradigm*

To"elicit"phonotac0c"walking,"the"calling"song"of"G.!bimaculatus"was"played"alterna0ngly"from"

the"lel"and"the"right"speaker"in"40csecond"blocks."The"parameters"of"the"ar0ficial"calling"song"

were"chosen"based"on"previous"studies"to"elicit"maximal"phonotac0c"steering"(Hedwig"and"

Poulet,"2005)."

To"achieve"antennal"s0mula0on,"the"metal"mesh"was"presented"at"a"‘far’"posi0on"where"the"

mesh"could"only"be"touched"by"the"very"0p"(2c5"mm)"of"the"antenna"or"at"a"‘close’"posi0on,"

which"was"1"cm"nearer."Because"body"size"and"antennal"length"vary"across"animals,"we"

determined"for"each"animal"individually"the"far"and"close"distance."Presenta0on"of"the"metal"

mesh"will"be"referred"to"as"far"and"close"antennal"s0mula0on,"respec0vely"(Figure&2.1&A)."

Whenever"no"antennal"s0mula0on"was"intended,"the"object"was"moved"into"a"res0ng"posi0on"

out"of"antennal"reach."The"movement"of"the"mesh"between"the"res0ng"posi0on"and"the"

presenta0on"posi0on"took"1.25"s"and"2.5"s"for"the"far"and"close"posi0on,"respec0vely."The"

beginning"of"the"antennal"s0mula0on"period"is"referred"to"as"0me"0;"it"is"defined"as"the"

moment"at"which"the"object"reached"its"trialcspecific,"i.e."far"or"close,"posi0on."

The"cricket’s"response"to"10"s"long"presenta0on"of"the"object"was"tested"under"three"s0mulus"

configura0ons:"(a)"antennal"s0mulus"presented"alone,"(b)"simultaneously"with"acous0c"

s0mula0on"from"the"same"side,"i.e."ipsilateral,"or"(c)"from"the"opposite"side,"i.e."contralateral"

(Figure&2.1&B)."Within"one"trial"the"object"was"presented"once"at"the"far"and"once"at"the"close"

posi0on."Each"experimental"condi0on"was"tested"twice,"presen0ng"the"mesh"at"the"two"
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distances"in"both"possible"orders."This"resulted"in"a"total"of"6"trials"per"animal,"which"were"

tested"in"random"order."Responses"to"30"s"long"antennal"s0mula0on"were"not"measured"in"

spontaneously"walking"crickets,"but"only"in"crickets"engaging"in"phonotaxis,"and"only"one"trial"

per"animal"was"recorded"measuring"first"responses"to"far,"then"to"close"antennal"s0mula0on."

� "

Figure&2.1:*Setup*and*experimental*protocol.*
A:"Arrangement"of"the"antennal"s0mula0on"setup."The"cricket"is"placed"on"a"trackball."A"
metal"mesh" can" be"moved" into" and" out" of" reach" of" the" cricket’s" right" antenna." Two"
loudspeakers"are"placed"57"cm"away"from"the"animal"at"45"degree"to"the"lel"and"right."
B:" Building" blocks" of" the" experimental" protocols." Three" protocols" for" acous0c"
s0mula0on" are" combined" with" two" presenta0on" orders" of" the" antennal" s0mulus"
resul0ng"in"a"total"of"six"test"condi0ons."
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2.2.2. Data*analysis*

Analysis*of*walking*veloci6es*

The"trackball,"sound"and"mesh"movement"data"were"all"recorded"simultaneously"(sec+on&

2.2.1),"stored"to"file"using"custom"LabView"solware"(Na0onal"Instruments"5.01)"and"

subsequently"processed"with"Matlab"(MathWorks,"Inc.,"Na0ck,"MA,"USA)."All"five"data"channels"

(pitch"and"roll"axis"channels"from"the"trackball,"the"sound"signals"for"the"lel"and"right"speaker"

and"the"mesh"posi0on)"were"downsampled"to"100"Hz."Forward"and"lateral"walking"veloci0es"

were"computed"from"the"downsampled"pitch"and"roll"trackball"recordings"by"scaling"each"pulse"

event"by"the"known"displacement"length"(127"µm,"see"descrip0on"of"experimental"setup"in"

sec+on&2.2.1)"and"dividing"by"the"length"of"the"0me"bin"(0.01"s)."The"recorded"sound"and"mesh"

movement"signals"were"parsed"to"iden0fy"the"0me"periods"of"specific"s0mula0on"blocks"within"

a"trial."Trials"were"excluded"from"analysis"if"a"cricket"did"not"walk"for"most"of"the"trial"or"did"not"

show"clear"phonotac0c"steering."This"selec0on"procedure"led"to"different"sample"sizes"among"

experimental"groups"ranging"from"14c19"out"of"the"31"tested"animals"(see"Table&2.1"for"details)."

All"sta0s0cal"analysis"was"performed"using"R"(version"3.0.0)"on"data"that"was"binned"into"5"s"

0me"intervals."In"trials"with"10"s"long"antennal"s0mula0on"we"focused"the"sta0s0cal"analysis"on"

three"0me"intervals,"‘pre’,"‘s0m’"and"‘post’,"chosen"to"cover"the"0me"before,"during"and"directly"

aler"antennal"s0mula0on."For"the"‘pre’"interval"we"chose"seconds"[c10,"c5),"i.e."all"data"points"

between"c10"s"and"c5s,"including"c10"s"but"excluding"c5"s."The"first"half"of"the"antennal"

s0mula0on"period"with"seconds"[0,"5)"was"chosen"for"the"‘s0m’"interval,"and"seconds"[10,"15)"

for"the"‘post’"interval."Thus,"the"‘post’"interval"covers"a"0me"period"during"which"crickets"might"

s0ll"interact"with"the"retrac0ng"mesh."In"trials"with"30"s"of"antennal"s0mula0on"we"performed"

sta0s0cal"tests"on"a"‘pre’"0me"interval"and"a"‘s0m’"interval"defined"as"above."In"a"KruskalcWallis"

test"we"further"compared"all"six"5"s"intervals"covering"the"full"antennal"s0mula0on"period."The"

placement"of"the"0me"intervals"is"also"indicated"above"the"0me"axis"in"Figures&2.2&C,&2.3&B,&2.4&

B"and"2.8&B."Generally,"the"data"were"not"normally"distributed"during"and,"in"some"cases,"aler"

antennal"s0mula0on"(Shaipiro"tests"on"per"fly"averages"computed"over"5"s"long"0me"intervals)"

and"are"therefore"described"using"median"and"interquar0le"range"(IQR)."For"comparisons"

between"two"groups"we"used"the"Wilcoxon"signed"rank"test"for"matched"samples"and"for"

comparisons"between"more"than"two"groups"we"used"the"KruskalcWallis"test."The"exact"

condi0ons,"such"as"whether"a"onec"or"twocsided"test"was"performed,"are"listed"in"the"results"

sec0on."We"found"that"the"order"of"the"10"s"long"mesh"presenta0on"at"the"two"mesh"distances"

had"no"significant"effect"on"the"response"during"the"‘s0m’"interval,"neither"for"lateral"velocity"

(Wilcoxon"text,"p"="0.201)"nor"forward"velocity"(Wilcoxon"test,"p"="0.471)."Therefore"data"were"

pooled"over"the"presenta0on"order"for"subsequent"analysis."
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Table* 2.1:* Sample* sizes.* Number" of" animals" that" have" contributed" to" the" different"
experimental"groups"before"(in"brackets)"and"aler"filtering"out"trials"that"did"not"fulfil"
the"criteria"listed"in"the"materials"and"methods"sec0on."Overall"31"animals"were"tested,"
of"which"different" subsets"have"contributed" to" the"different"experimental"groups."For"
the"10"s"long"antennal"s0mula0on"23"animals"were"tested"in"total,"all"but"one"under"all"
6"condi0ons."We"measured"responses"to"30"s"long"contralateral"or"ipsilateral"antennal"
s0mula0on"in"a"subset"of"these"23"and"8"addi0onal"animals."

Video*analysis*of*antennal*contacts*

Video"frames"and"trackball"recordings"were"temporally"aligned"using"a"TTL"frame"indicator"

pulse,"generated"by"the"camera."Video"frames"during"which"an"antennal"contact"occurred"were"

iden0fied"manually"using"a"customcwri;en"Python"(2.7)"script."Subsequently"the"data"were"

imported"into"Microsol"Excel"and"Matlab"for"further"processing."

2.3. Results*

2.3.1. Antennal*s'mula'on*evokes*steering*responses*in*spontaneously*walking*

crickets*

A"comprehensive"descrip0on"of"the"walking"and"steering"responses"to"antennal"s0mula0on"in"

walking"crickets"is"required"to"understand"how"these"responses"are"integrated"with"phonotaxis."

Walking"crickets"scan"the"space"ahead"by"swinging"their"2.0"–"2.75"cm"long"antennae"in"

circula0ng"movements."We"simulated"an"obstacle"in"the"cricket’s"walking"path"by"posi0oning"a"

metal"mesh"within"reach"of"the"right"antenna"at"either"a"far"or"a"close"posi0on."The"cricket"itself"

generated"the"mechanosensory"s0mulus"during"ac0ve"explora0on"of"the"mesh."Because"the"

mesh"approached"the"animal"in"a"linear"movement,"it"came"within"antennal"reach"before"it"

reached"its"final"posi0on."Video"recordings"showed"that"once"the"mesh"came"within"antennal"
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reach,"the"cricket"repeatedly"made"contact,"gliding"over"the"mesh’s"surface"with"the"0p"of"its"

right"antenna."Upon"ini0al"antennal"contact,"crickets"typically"turned"their"head"toward"the"

detected"object"and"explored"it"with"one"or"both"antennae"(Figure&2.2&A"b,"c,"h)."

� "

Figure&2.2:&Responses*to*antennal*s6mula6on*in*spontaneously*walking*crickets.*
A:*Video"s0lls"recorded"during"a"far"(top,"blue"frame)"and"a"close"(bo;om,"ochre"frame)"
antennal" s0mula0on" trial." The" corresponding" forward" and" lateral" walking" veloci0es,"
which" were" recorded" from" the" trackball," are" shown" in" the" upper" panel" of" B" and" C."
Posi0ve" and" nega0ve" forward" veloci0es" indicate" forward" and" backward" movement."
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Lateral" walking" veloci0es" of" 0" cm/s" indicate" straight" walking;" posi0ve" and" nega0ve"
lateral"veloci0es"indicate"steering"toward"the"lel"and"right"side,"respec0vely."B:"Timec
course"of"the"forward"velocity"over"a"50"s"0me"window"averaged"over"onecsecond"0me"
intervals." Responses" to" far" (blue" line)" and" close" (ochre" line)" antennal" s0mula0on" are"
superimposed."We"show"a"10"s"interval"before"the"object"presenta0on"as"a"reference,"
then" 10" s" of" antennal" s0mula0on" (highlighted" by" grey" shading)" beginning" at" 0me" 0,"
followed"by"30"s"succeeding"the"antennal"s0mula0on."The"upper"panel"shows"a"single"
trial"and"the"lower"panel"the"median"and"IQR"of"n"="37"trials"from"20"animals"with"1c2"
trials"per"animal."Ver0cal" lines"mark" the"0me"points"of" the"video"s0lls" shown" in"A."C:*
The"0meccourse"of"the"lateral"steering"velocity"over"the"same"50"s"0me"window"as"the"
forward"velocity."The"plot" layout" is"analogous" to"B."The"5"s"0me" intervals"used" in" the"
sta0s0cal"analysis"(‘pre’,"‘s0m’"and"‘post’)"are"marked"above"the"0me"axis."

To"quan0fy"the"response"to"antennal"s0mula0on,"we"measured"the"cricket’s"forward"walking"

(Figure&2.2&B)"and"lateral"steering"velocity"(Figure&2.2&C)."For"both"velocity"measurements"we"

present"single"trials"(top)"and"the"median"over"all"measurements"(bo;om)."Walking"veloci0es"

are"illustrated"over"a"50"s"period"covering"the"10"s"of"antennal"s0mula0on."The"walking"

veloci0es"of"spontaneously"walking"crickets"showed"transient"fluctua0ons"(Figure&2.2&B&top,"C*

top)."The"lowcamplitude"forward"velocity"and"the"simultaneously"occurring"short"right"turn"

before"far"antennal"s0mula0on"(see"asterisks"in"Figure&2.2&B,&C)"are"examples"of"these"animalc

specific"fluctua0ons."Averaging"across"trials"and"individuals,"revealed"systema0c"walking"

velocity"changes"in"response"to"antennal"s0mula0on"(Figure&2.2&B,"C"bo;om)."

Preceding"antennal"s0mula0on"the"median"forward"velocity"was"2.89"cm/s"with"an"IQR"of"2.44"

cm/s"(close"and"far"trials"pooled,"‘pre’"interval)."In"response"to"antennal"s0mula0on"we"

observed"an"abrupt"reduc0on"in"forward"speed."The"decelera0on"occurred"within"the"first"

second"of"far"antennal"s0mula0on,"whereas"crickets"slowed"down"already"before"the"start"of"

close"antennal"s0mula0on,"likely"due"to"early"antennal"contacts"with"the"approaching"mesh."

With"a"median"walking"speed"of"0.91"cm/s"during"close"and"1.68"cm/s"during"far"antennal"

s0mula0on,"crickets"slowed"down"more"in"close"trials"(p"<"0.05,"paired"twocsided"Wilcoxon"test,"

‘s0m’"interval)."The"cricket’s"forward"velocity"remained"low"throughout"the"antennal"

s0mula0on"period"independent"of"presenta0on"distance."In"close"trials,"crickets"reduced"their"

walking"speed"further"aler"the"mesh"moved"out"of"reach"(see"ochre"star"in"Figure&2.2&B,"

bo;om)."

The"median"steering"velocity"of"spontaneously"walking"crickets"was"close"to"zero"(i.e."c0.05"cm/

s)"indica0ng"that"there"was"no"systema0c"turning"bias"before"the"antennal"s0mula0on"(IQR"was"

0.43"cm/s,"centred"on"the"median,"‘pre’"interval"in"Figure&2.2&C&bo;om)."Within"2"s"of"antennal"

s0mula0on"crickets"on"average"turned"toward"the"mesh."Steering"towards"the"mesh"was"more"
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pronounced"during"far"presenta0on"as"compared"to"close"presenta0on;"steering"velocity"

changed"significantly"in"far"but"not"in"close"trials"(far:"p"<"0.001,"close:"p"="0.370,"paired"twoc

sided"paired"Wilcoxon"test"comparing"‘pre’"and"‘s0m’"interval)."Crickets"kept"turning"toward"the"

sta0c"mesh"with"a"constant"median"velocity,"i.e."the"response"was"plateaucshaped"for"the"

dura0on"of"the"s0mulus"presenta0on."Aler"far"antennal"s0mula0on,"turning"toward"the"mesh"

abated"within"2"s"and"was"followed"by"a"weak"turn"toward"the"contralateral"side"during"the"

‘post’"interval"(Figure&2.2&C&bo;om)."

In"some"antennal"s0mula0on"trials,"for"example"in"the"close"trial"presented"in"Figure&2.2&C"top,"

crickets"ini0ally"made"a"fast"turn"away"from"the"approaching"mesh"before"orien0ng"towards"the"

sta0onary"mesh"(compare"Figure&2.2&A&g,"h)."We"observed"those"sharp"ini0al"turns"away"from"

the"mesh"in"6"close"trials"and"one"far"trial"(Figure&2.3)."In"the"median"response"this"observa0on"

manifested"itself"as"a"peak"in"the"IQR"of"the"steering"velocity"but"not"in"the"median"(see"ochre"

star"in"Figure&2.2&C)."

� "

Figure&2.3:*Fast*‘escapeYlike’*turns*away*from*the*approaching*objects.*
Lateral"velocity"(A)"and"forward"velocity"(B)"traces"of"the"six"close" (ochre)"and"one"far!
(blue)" pure" antennal" s0mula0on" trials" where" animals" ini0ally" performed" sharp" turns"
away"from"the"approaching"object"are"shown"as"thin"lines."As"a"reference,"the"median"
walking"veloci0es"computed"from"all"close"and"far"trials"is"plo;ed"with"thick"lines."Aler"
the"ini0al"avoidance"response,"animals"turned"towards"the"object"and"explored"it"with"
their"antenna."Grey"shading"marks"the"antennal"s0mula0on"period."
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These"data"demonstrate"that"in"walking"female"crickets"tac0le"antennal"s0mula0on"evoked"a"

robust"decelera0on"and"a"turning"response"directed"toward"the"mesh"in"68%"of"the"close"and"

97%"of"the"far"trials."At"the"beginning"of"antennal"s0mula0on,"we"observed"ini0al"rapid"turns"

away"from"the"approaching"mesh"in"16%"of"close"trials"and"in"one"far"trial"(Figure&2.3)."

Next"we"inves0gated"whether"female"crickets"performing"phonotaxis"are"responsive"to"

antennal"s0mula0on"and"if"so,"how"antennalcevoked"and"auditorycevoked"responses"presented"

from"the"same"or"different"sides"are"integrated"at"the"level"of"behaviour."

2.3.2. Crickets*respond*to*antennal*s'mula'on*during*phonotaxis*with*a*

pronounced*reduc'on*of*walking*speed*

Phonotac0c"steering"can"be"elicited"in"female"crickets"walking"on"a"trackball"by"playing"an"

acous0c"model"of"a"conspecific"male’s"calling"song"(Hedwig"and"Poulet,"2005)."We"paired"10"s"

of"antennal"s0mula0on"with"an"ongoing"presenta0on"of"the"calling"song."The"antennal"s0mulus"

was"always"presented"from"the"right"side,"while"the"acous0c"s0mulus"was"presented"from"

either"the"right,"corresponding"to"ipsilateral"s0mula0on"(Figure&2.4&A),"or"the"lel,"resul0ng"in"

contralateral"s0mula0on"(Figure&2.4&B)."

Crickets"showed"generally"higher"forward"velocity"and"lower"variance"during"phonotaxis"

compared"to"spontaneous"walking:"the"median"forward"velocity"was"4.05"cm/s"in"ipsilateral"

trials"and"3.24"cm/s"in!contralateral"trials"(Figure&2.4&A,"B,"‘pre’"interval,"close"and"far"trials"

pooled),"which"was"considerably"faster"than"the"median"spontaneous"walking"velocity,"2.89"cm/

s"(see"Figure&2.2&B).*Like"spontaneously"walking"crickets,"animals"engaging"in"phonotaxis"

abruptly"slowed"down"at"the"onset"of"antennal"s0mula0on"(Figure&2.4&A,&B)"and"significantly"

reduced"their"forward"speed"compared"to"precs0mula0on"levels"in"ipsilateral"as"well"as"

contralateral"trials"(onecsided"paired"Wilcoxon"test"comparing"‘pre’"and"‘s0m’"intervals:"p"<"

0.001"for"both"ipsilateral"and"contralateral"s0mula0on"trials)."This"reduc0on"in"forward"walking"

velocity"was"dependent"on"the"presenta0on"distance"of"the"mesh:"crickets"slowed"down"more"

during"close!as"opposed"to"far"presenta0on!(Figure&2.4&C)."

Phonotaxis"did"not"substan0ally"alter"the"responsiveness"to"the"antennal"s0mulus."The"0mec

course"of"the"responses"to"antennal"s0mula0on"differed"between"contrac"and"ipsilateral"trials."

During"ipsilateral"s0mula0on"crickets"maintained"a"low"constant"forward"speed"(greycshaded"

box"in"Figure&2.4&A)"resembling"the"plateaucshaped"response"of"spontaneously"walking"crickets"

(greycshaded"box"in"Figure&2.2&B)."Curiously,"following"close"ipsilateral"antennal"s0mula0on,"
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crickets"reduced"their"forward"speed"further"(star"in"Figure&2.4&A)"similar"to"close"antennal"

s0mula0on"in"spontaneously"walking"crickets"(star"in"Figure&2.2&B)"before"slowly"accelera0ng"to"

precs0mulus"condi0ons."In"contralateral"trials"the"decelera0on"was"more"transient"and"the"

forward"speed"significantly"increased"already"during"ongoing"antennal"s0mula0on"(p"<"0.001,"

twocsided"paired"Wilcoxon"test"comparing"the"‘s0m’"and"‘late"s0m’"intervals,"i.e."the"first"and"

second"half"of"the"antennal"s0mula0on"period,"close"and"far"trials"pooled)."

� "

Figure&2.4:*Decelera6on*response*to*antennal*s6mula6on.*
A,* B:! Temporal" dynamics" of" the"median" forward"walking" velocity" during" a" 50" s" 0me"
window"centred"around"a"40"s"long"presenta0on"of"a"male’s"calling"song"with"antennal"
s0mula0on" from"either" the" right/ipsilateral" side" (A)" or" lel/contralateral" side" (B)." The"
acous0c" s0mulus" is" represented" by" the" speaker" traces" above" and" below" each" plot."
Antennal"s0mula0on,"indicated"by"the"mesh"posi0on"trace"and"grey"shading,"occurred"
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during" seconds" 0" to" 10." Responses" to" close" and" far" antennal" s0mula0on" trials" are"
colourccoded" in" ochre" and" blue," respec0vely."A:!Median" and" IQR" of" forward" velocity"
calculated" from"28" ipsilateral" antennal" s0mula0on" trials" (15" animals)."B:"Median" and"
IQR"of"forward"velocity"calculated"from"35"contralateral"antennal"s0mula0on"trials"(20"
animals)."The"boxes"on"the"0me"axis"in"B"mark"the"‘pre’,"‘s0m’"and"‘post’"intervals"used"
in" the" sta0s0cal" analysis." In" ipsilateral" trials" crickets" reduced" their" forward" speed" by"
3.09"cm/s" in"close"and"1.34"cm/s" in" far" trials,"while" in"contralateral" trials" they"slowed"
down" by" 2.51" cm/s" in" close" and" 1.08" cm/s" in" far" trials" (comparing" ‘pre’" and" ‘s0m’"
interval).!C,*D:!Boxplots"of"forward"velocity"during"the"‘s0m’"(C)"and"‘post’"(D)"interval."
Grey"filling"marks"data"from"the"antennal"s0mula0on"period."For"each"period"data"from!
far"antennal"s0mula0on"trials" is"shown"on"the"lel,"data"from"close" trials"on"the"right."
The"average"veloci0es"of"individual"trials"are"overlaid"on"the"corresponding"boxplot"to"
visualise" the" spread" of" the" individual" data" points." Data" from" contralateral" antennal"
s0mula0on"trials"are"plo;ed"in"red"(n"="35,"20"animals),"ipsilateral"antennal"s0mula0on"
trials" in"blue"(n"="28,"15"animals)"and"trials"without"acous0c"s0mula0on"in"green"(n"="
37,"20"animals). 

While"the"forward"speed"during"antennal"s0mula0on"with"a"given"presenta0on"distance"did"not"

differ"between"the"three"experimental"condi0ons"(contralateral,"ipsilateral"and"antennal"only,"

Figure&2.4&C),"systema0c"differences"were"observed"during"the"‘post’"interval"following"antennal"

s0mula0on"(Figure&2.4&D)."During"and"aler"retrac0on"of"the"mesh,"forward"veloci0es"generally"

remained"lower"than"before"antennal"s0mula0on."This"alerceffect"was"significantly"stronger"

aler"close"antennal"s0mula0on"and"seemed"more"pronounced"in"ipsilateral"compared"to"

contralateral"s0mula0on"(Figure&2.4&D,"Wilcoxon"test"comparing"forward"velocity"during"‘pre’"

and"‘post’"intervals:"far"contralateral"trial:"p"="0.452;"far"ipsilateral"trial:"p"<"0.05,"close"

contralateral"and"ipsilateral"trials"both:"p"<"0.001)."

2.3.3. Phonotaxis*is*impaired*during*antennal*s'mula'on*

Following"the"observa0on"that"antennal"s0muli"had"a"strong"effect"on"the"crickets"forward"

velocity"even"during"phonotaxis,"we"inves0gated"how"antennalcevoked"and"auditorycevoked"

steering"is"integrated"at"the"level"of"behaviour."

During"unperturbed"acous0c"s0mula0on"preceding"far"or"close"antennal"s0mula0on,"crickets"

responded"with"phonotac0c"steering"toward"the"sound"with"similar"turn"amplitude:"crickets"

turned"right"with"0.39"cm/s"in"contralateral"trials,"while"they"turned"lel"with"0.56"cm/s"in"

ipsilateral"trials"(Figure&2.5&A,&B,"‘pre’"interval,"close"and"far"trials"pooled)."When"presented"with"

the"mesh"to"their"right"side,"walking"crickets"engaged"in"phonotaxis"slowed"down"and"

orientated"toward"the"antennal"s0mulus,"similar"to"spontaneously"walking"crickets."During"

ipsilateral"acous0c"s0mula0on,"crickets"were"already"steering"toward"the"side"of"the"object"and"
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weakly"reduced"their"steering"velocity"by"0.25"cm/s"in"close"and"0.13"cm/s"in"far"trials"(p"<"

0.001,"twocsided"Wilcoxon"test"comparing"‘pre’"and"‘s0m’"intervals)."In"contralateral"trials,"

antennal"s0mula0on"induced"a"strong"shil"in"steering"velocity"away"from"the"sound"and"toward"

the"object"(close:"0.35"cm/s,"far:"0.41"cm/s;"p"<"0.001"twocsided"Wilcoxon"test"comparing"‘pre’"

and"‘s0m’"intervals)."As"a"consequence,"phonotac0c"steering"was"abolished"during"contralateral"

antennal"s0mula0on"(Figure&2.5&B,"‘s0m’"interval)."

� "

Figure&2.5:*Turning*responses*to*antennal*s6mula6on*during*phonotaxis.!
A,* B:" Median" lateral" steering" velocity" during" phonotaxis" combined" with" antennal"
s0mula0on."The"data"is"based"on"the"same"set"of"trials"as"in"Figure!2.4!and"is"presented"
analogously." The"median" and" IQR" of" 35" ipsilateral" trials" from" 15" animals" (A)" and" 28"
contralateral"trials"from"20"animals"(B)"are"shown."The"boxes"above"the"0me"axis" in"B"
mark"the"‘pre’,"‘s0m’"and"‘post’"intervals"used"in"the"sta0s0cal"analysis. 

We"found"that"in"ipsilateral"trials"crickets"turned"slightly"more"to"the"side"of"antennal"and"

acous0c"s0mula0on"when"the"mesh"was"presented"further"away"with"a"response"of"0.41"cm/s"

in"far"trials"and"0.31"cm/s"in"close"(p"<"0.1,"paired"twocsided"Wilcoxon"test,"comparing"the"‘s0m’"

interval"of"close"and"far"antennal"s0mula0on)."Thus,"the"orienta0on"response"was"distancec

dependent"as"observed"in"pure"antennal"s0mula0on"trials."No"distancecdependence"was"

observed"in"contralateral"trials"(p"="0.226,"paired"twocsided"Wilcoxon"test"comparing"close"and"

Speaker R

Speaker L

La
te

ra
l v

el
oc

ity
  [

cm
/s

]

Time [s]

Mesh pos.

-0.5

0

0.5

1

1.5

-10 0 10 20 30-20

Speaker R

Speaker L

La
te

ra
l v

el
oc

ity
  [

cm
/s

]

-1.5

-1

-0.5

0

0.5

A

B

Mesh pos.

Mesh ipsilateral to sound

Mesh contralateral to sound

n = 35

n = 28

pre stim post

far 
close 

�37



Bimodal!integra?on!in!the!field!cricket

far"trials"during"‘s0m’"interval)."During"close"s0mula0on,"some"animals"i.e."21"%"in"ipsilateral"

and"3"%"in"contralateral"trials"ini0ally"displayed"fast"turns"away"from"the"approaching"mesh"—"

similar"to"what"we"had"observed"in"spontaneously"walking"crickets"—"before"they"started"

exploring"the"object."

During"the"5"s"following"antennal"s0mula0on,"phonotac0c"steering"remained"reduced"

compared"to"precantennal"s0mula0on"levels"possibly"due"to"con0nuing"antennal"contacts"with"

the"retrac0ng"mesh"(Figure&2.5,"‘post’"interval)."In"crickets"exposed"to"ipsilateral"acous0c"

s0mula0on"the"steering"velocity"aler"antennal"s0mula0on"was"significantly"reduced"compared"

to"precs0mula0on"levels"(singlecsided"paired"Wilcoxon"test"comparing"‘pre’"and"‘post’"intervals,"

p"<0.001)."This"reduc0on"of"phonotac0c"steering"aler"antennal"s0mula0on"was"more"

pronounced"aler"close"antennal"s0mula0on"(singlecsided"paired"Wilcoxon"test"comparing"far"

and"close"trials"in"‘pre’:"p"="0.455;"in"‘post’:""p"<"0.001),"i.e."it"was"distancecdependent"

consistent"with"the"hypothesis"that"it"results"from"interac0ons"with"the"retrac0ng"mesh."Also"

aler"contralateral"s0mula0on"there"is"a"distancecdependent"alerceffect"(singlecsided"paired"

Wilcoxon"test"comparing"far"and"close"trials"in"‘post’:"p"<"0.001)."

This"data"demonstrate"that"the"amplitude"of"the"phonotac0c"steering"velocity"is"generally"

smaller"during"antennal"s0mula0on."The"response"to"antennal"s0mula0on"depends"on"the"

presenta0on"side"and"distance"and"results"in"transiently"reduced"phonotaxis."

2.3.4. Phonotac'c*steering*manoeuvres*are*reduced*during*antennal*s'mula'on*

Reduced"phonotac0c"steering"could"be"the"effect"of"linear"superposi0on"of"conflic0ng"steering"

manoeuvres"and"does"not"necessarily"imply"that"during"antennal"s0mula0on"the"cricket"is"

unresponsive"to"the"male’s"calling"song."Goalcdirected"phonotaxis"is"accomplished"by"reac0ve"

steering"manoeuvres"in"response"to"single"chirps"(Hedwig"and"Poulet,"2004)."Hence,"chirpc

triggered"lateral"steering"bouts"indicate"the"cricket’s"engagement"in"phonotaxis"and"a"reduc0on"

of"those"steering"bouts"may"suggest"that"it"no"longer"responds"to"the"acous0c"s0mulus."To"

es0mate"the"magnitude"of"auditory"steering"over"0me,"we"averaged"the"chirpctriggered"

steering"velocity"to"10"consecu0ve"chirps"over"5"s"long"intervals"covering"the"0me"before,"

during"and"aler"antennal"s0mula0on"(Figure&2.6)."In"addi0on"to"the"previously"introduced"‘pre’,"

‘s0m’"and"‘post’"intervals,"we"analysed"a"‘late"s0m’"interval"covering"the"second"half"of"antennal"

s0mula0on"and"a"‘late"post’"interval"covering"the"5"s"following"the"‘post’"interval."
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� "

Figure& 2.6:* Reduc6on* of* chirpYtriggered* acous6c* steering* bouts* during* antennal*
s6mula6on.*
A,*B:"Median"and"IQR"of"the"lateral"steering"velocity"per"chirp"period"averaged"over"10"
consecu0ve" chirps"within" 5" s" long" 0me" intervals" spanning" the" trial" period." Five" 0me"
intervals" were" chosen" to" cover" the" acous0c" s0mula0on" before," during" and" aler"
antennal"s0mula0on."These"five"intervals"include"the"previously"introduced"‘pre’,"‘s0m’"
and" ‘post’" intervals." Two" addi0onal" intervals," ‘late" s0m’"with" seconds" [5" s," 10" s)" and"
‘late"post’"with"seconds"[15"s,"20"s),"were" introduced."Steering"bouts"to"close"and" far"
s0mula0on" are" overlaid" for" ipsilateral" trials" (A," n" =" 28," 15" animals)" and" contralateral"
trials" (B," n" =" 35," 20" animals)." Acous0c" and" antennal" s0mula0on" during" the" analysed"
0me" period" are" schema0sed" by" speaker" traces" and" mesh" posi0on." Grey" shading"
highlights"intervals"during"which"the"crickets"were"exposed"to"antennal"s0mula0on."

During"unperturbed"phonotaxis,"crickets"showed"characteris0c"lateral"steering"bouts"toward"

the"sound"source"that"were"coupled"to"individual"chirps."We"quan0fied"the"modula0on"

amplitude"of"chirpccoupled"steering"bouts"as"the"difference"between"the"minimum"and"the"

maximum"steering"amplitude"within"one"chirp"period."During"unperturbed"phonotaxis"the"

median"modula0on"amplitude"of"the"steering"bouts"was"0.57"cm/s"in"contralateral"and"0.67"

cm/s"in"ipsilateral"trials"(Figure&2.6&A,&B,"‘pre’"interval,"mean"of"close"and"far"trials)."In"all"

experimental"condi0ons,"the"sound"induced"steering"bouts"were"reduced"during"antennal"

s0mula0on"compared"to"unperturbed"phonotaxis"(Figure&2.6,"greycshaded"‘s0m’"and"‘late"s0m’"

intervals)."The"decrease"between"the"‘pre’"and"‘s0m’"interval"was"more"pronounced"in"close"
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(reduc0on"by"0.51"cm/s"in"contralateral"and"0.25"cm/s"in"ipsilateral"trials)"as"compared"to"far"

trials"(decrease"by"0.25"cm/s"in"contralateral"and"0.19"cm/s"in"ipsilateral"trials)"and"stronger"

during"ipsilateral"compared"to"contralateral"s0mula0on."Acous0c"steering"bouts"con0nued"to"

be"reduced"in"the"5"s"following"close"ipsilateral"antennal"s0mula0on,"possibly"due"to"con0nuing"

contacts"with"the"retrac0ng"mesh"(Figure&2.6&A,"‘post’"interval)."Impairment"of"phonotac0c"

steering"bouts"during"antennal"s0mula0on"suggests"that"motor"responses"triggered"by"antennal"

s0mula0on"at"least"partly"override"phonotac0c"steering."

� "

Figure& 2.7:* Disrup6on* of* the* cricket’s* regular* walking* paCern* during* antennal*
s6mula6on.*
A:!Regular" oscilla0ons" in" the" raw" steering" velocity" signal" of" a" spontaneously"walking"
cricket"during"a" far"antennal"s0mula0on"trial" (same"measurement"as"shown" in"Figure!
2.2! C,! top)." Grey" shading" marks" the" antennal" s0mula0on" period." Similar" oscilla0ons"
were"observed"in"the"steering"velocity"signal"during"phonotaxis"(not"shown)."B:!Power"
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spectrograms"of"the"lateral"velocity"during"far"antennal"s0mula0on"trials."The"velocity"
signal"can"be"understood"as"a"linear"combina0on"of"oscilla0ons"and"the"contribu0on"of"
oscilla0ons" of" different" frequencies" to" a" measured" signal" can" be" visualised" in" a"
frequency"power"spectrogram."We"computed"spectrograms"of"the"lateral"velocity"signal"
during" pure" antennal" s0mula0on" (a," n" =" 37," 20" animals)" and" during" antennal"
s0mula0on"with"ipsilateral"(b,"n"="28,"15"animals)"or"contralateral"(c,"n"="35,"20"animals)"
acous0c" s0mula0on." Spectrograms"were" computed" for" each" trial" and" then" averaged."
During" spontaneous" walking" and" unperturbed" phonotaxis," there" is" high" power" in" a"
frequency"band"around"3c5"Hz."In"all"three"experimental"groups"the"power"of"this"3c5"
Hz" frequency" band" is" reduced" during," and" to" varying" degrees" aler," antennal"
s0mula0on." Dashed" lines" mark" the" beginning" and" end" of" the" antennal" s0mula0on"
period" and" speaker" traces" indicate" acous0c" s0mula0on." Only" spectrograms" from" far"
trials"are"shown,"as"they"closely"resemble"those"from"close"trials."

2.3.5. No*reduc'on*of*the*response*to*extended*antennal*s'mula'on*

The"persistent"impairment"of"phonotaxis"during"antennal"s0mula0on"raised"the"ques0on"if"

crickets"might"adapt"to"a"longclas0ng"antennal"s0mulus,"for"example"by"reducing"antennal"

explora0on"of"the"mesh,"and"if"they"eventually"return"to"phonotaxis."We"therefore"measured"

behavioural"responses"to"ipsilateral"and"contralateral"presenta0on"of"antennal"and"acous0c"

s0muli"over"a"30"s"0me"period."The"acous0c"s0mulus"was"presented"alone"for"10"s"before"the"

object"was"moved"into"antennal"reach"and"kept"there"for"the"remaining"30"s.""

Prior"to"antennal"s0mula0on"crickets"turned"to"the"direc0on"of"the"phonotac0c"s0mulus"with"a"

similar"median"steering"velocity"across"experimental"condi0ons"(contralateral:"0.52"cm/s,"

ipsilateral:"c0.78"cm/s,"close"and"far"trials"pooled,"Figure&2.8&A,"B,"‘pre’"interval)."With"the"onset"

of"antennal"s0mula0on,"crickets"reduced"their"steering"velocity"toward"the"sound"significantly"

by"0.63"cm/s"in"contralateral"trials"and"by"0.54"cm/s"in"ipsilateral"trials"(both:"p"<"0.001,"paired"

twocsided"Wilcoxon"test"comparing"the"‘pre’"and"‘s0m’"interval,"close"and"far"trials"pooled)."The"

orienta0on"response"was"accompanied"by"a"significant"reduc0on"in"median"forward"speed"by"

1.16"cm/s"in"contralateral"and"by"1.35"cm/s"in"ipsilateral"trials"(both:"p"<"0.001,"twocsided"

Wilcoxon"test,"comparing"the"‘pre’"and"‘s0m’"interval,"close"and"far"trials"pooled)."

Phonotac0c"steering"remained"impaired"throughout"the"30"s"antennal"s0mula0on"period"

(Figure&2.8&A,&B,"grey"shaded"box)."To"determine"whether"the"steering"or"forward"velocity"

varied"with"the"presenta0on"0me"we"performed"a"KruskalcWallis"test"over"the"en0re"

s0mula0on"period"(six"5"s"intervals"marked"above"0me"axis"in"Figure&2.8&D)."
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Figure&2.8:*Impairment*of*phonotaxis*during*long*las6ng*antennal*s6mula6on.*
A,*B:*Temporal"dynamics"of"the"lateral"velocity"during"phonotaxis"combined"with"a"30"s"
long" antennal" s0mula0on" period." Layout" of" A" and" B" is" analogous" to" Figure! 2.5! A,! B."
Median"and"IQR"of"lateral"steering"velocity"calculated"from"19"ipsilateral"trials"(A)"and"
19"contralateral"trials"(B)"are"shown."Data"from"far"and"close"trials"is"shown"in"blue"and"
ochre," respec0vely." In" both" experimental" groups" the" same" 19" animals" were" tested,"
each"contribu0ng"one" trial."The"boxes"on" the"0me"axis" in"B"mark" the" ‘pre’"and" ‘s0m’"
intervals"used"in"the"sta0s0cal"comparisons"as"well"as"the"intervals"that"were"compared"
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in"the"KruskalcWallis"test."C:!Antennal"contacts"extracted"from"video"data"overlaid"onto"
the" corresponding" forward" velocity" trace" of" 6" crickets" during" contralateral" antennal"
s0mula0on"(seconds"0"to"30)."The"forward"velocity"and"the"cumulated"antennal"contact"
0me"were"computed"over"1"s"0me"intervals."Data"from"far"and"close"trials"are"shown"in"
the"top"and"bo;om"plot,"respec0vely."Cumulated"antennal"contact"0me"is"visualised"as"
disks," whose" size" encodes" the" frac0on" of" each" second" during" which" the" respec0ve"
cricket" held" antennal" contact" with" the" mesh." D:" Correla0ons" between" the" forward"
velocity"and"the"cumulated"antennal"contact"0me."The"Pearson"correla0on"coefficients"
are" c0.44" (p" <" 0.001)" for" far" contralateral" and" c0.46" (p" <" 0.001)" for" far" ipsilateral"
s0mula0on." For" close" contralateral" and" ipsilateral" s0mula0on" the" correla0on"
coefficients"are"0.05"and"c0.03,"respec0vely"(both"n."s.). 

The"orienta0on"responses"did"not"vary"significantly"with"presenta0on"0me"in"neither"

contralateral"(p"="0.760)"nor"ipsilateral"trials"(p"="0.868)."Also"the"forward"speed"did"not"change"

significantly"over"the"30"s"s0mula0on"period"(contralateral:"p"="0.500,"ipsilateral:"p"="0.433)."

Crickets"generally"slowed"down"more"in"response"to"close"compared"to"far"antennal"s0mula0on"

(paired,"onecsided"Wilcoxon"test,"contralateral"and"ipsilateral:"p"<"0.001)."Also"the"presenta0on"

distance"affected"the"orienta0on"response,"where"females"made"larger"turns"toward"the"mesh"

when"presented"at"the"far"posi0on"(paired,"twocsided"Wilcoxon"test,"contralateral:"p"<"0.01;"

ipsilateral:"p"<"0.001)."

We"evaluated"video"recordings"of"6"animals"to"quan0fy"when"crickets"made"contacts"with"the"

mesh"and"plo;ed"the"contact"0mes"combined"with"the"forward"velocity."This"revealed"that"

crickets"made"repeated"antennal"contact"with"the"mesh"throughout"the"30"s"simula0on"period"

(Figure&2.8&C)."The"first"antennal"contact"occurred"on"average"1.25"s"(+/c"0.25"s)"earlier"in"close"

compared"to"far"antennal"s0mula0on"trials,"as"the"approaching"mesh"came"within"antennal"

reach"before"moving"to"its"final"posi0on."For"the"same"reason,"antennal"contact"could"be"

maintained"for"up"to"2"s"aler"close"antennal"s0mula0on."In"far"trials,"contacts"were"primarily"

made"with"the"right"antenna,"while"addi0onal"contacts"with"the"lel"antenna"occurred"in"close"

trials."We"found"a"nega0ve"correla0on"between"the"amount"of"antennal"contacts"a"cricket"

made"with"the"mesh"and"its"forward"velocity"during"far,"but"not"during"close"presenta0on"

(Figure&2.8&D)."Thus,"in"far"trials"the"cricket"slowed"down"more"the"longer"antennal"contacts"

were"(Figure&2.8&C)."

Under"our"experimental"condi0ons"phonotac0c"steering"was"impaired"and"forward"walking"

reduced"for"the"en0re"30"s"of"antennal"s0mula0on."Responses"to"antennal"s0mula0on"did"not"

vary"significantly"over"the"s0mula0on"period"and"crickets"persistently"made"antennal"contact"

with"the"mesh"indica0ng"no"behavioural"adapta0on"to"antennal"s0mula0on."
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2.4. Discussion*

The"natural"habitat"of"G.!bimaculatus!is"grassland"(Van"Wyk"and"Ferguson,"1995)."Female"

crickets"performing"phonotaxis"when"approaching"a"singing"male"thus"have"to"navigate"a"

clu;ered"terrain,"where"they"encounter"obstacles"and"predators."Walking"crickets"use"their"

antennae"to"scan"the"space"ahead,"allowing"them"to"detect"objects"along"their"path"(Horseman"

et"al.,"1997)."Further,"antennal"sensing"plays"an"important"role"in"the"ini0a0on"of"courtship"

following"phonotaxis"in"two"cricket"species,"G.!bimaculatus"and"Teleogryllus!oceanicus"(Adamo"

and"Hoy,"1994;"Balakrishnan"and"Pollack,"1997)."Therefore,"sensory"signals"generated"by"

antennal"contact"with"objects"in"the"cricket’s"path"are"likely"of"interest"for"a"female"cricket"

during"phonotaxis."We"provide"a"quan0ta0ve"descrip0on"of"the"responses"to"mechanosensory"

antennal"s0mula0on"generated"by"presen0ng"an"object"to"tethered"walking"female"crickets."

During"antennal"s0mula0on"crickets"reduced"their"forward"speed"and"turned"toward"the"side"of"

the"object."Crickets"engaged"in"phonotaxis"responded"to"antennal"s0mula0on"in"a"similar"

manner"with"phonotac0c"steering"manoeuvres"being"impaired"for"up"to"30"s"with"no"evidence"

for"behavioural"adapta0on"to"the"antennal"s0mulus."We"found"a"nega0ve"correla0on"between"

the"0me"crickets"spent"making"contacts"with"the"presented"object"and"their"forward"walking"

speed."In"short,"crickets"show"immediate"and"persistent"responses"to"antennal"

mechanosensory"s0muli,"which"affect"course"control"and"impair"phonotaxis."

Methods*considera6ons*

Before"discussing"the"implica0ons"of"our"findings,"we"would"like"to"draw"a;en0on"to"a"few"

poten0al"concerns"regarding"the"experimental"methods"used"in"this"study."Firstly,"in"our"setup"

the"crickets"walking"behaviour"does"not"affect"the"presenta0on"of"the"acous0c"nor"the"antennal"

s0mulus,"i.e."both"s0muli"are"presented"in"open"loop."Opencloop"s0mula0on"offers"a"high"level"

of"experimental"control"and"is"commonly"used"in"studies"of"phonotaxis"(Hedwig"and"Poulet,"

2005;"Schildberger"and"Hörner,"1988)"and"antennal"sensing"(Nishiyama"et"al.,"2007;"Okada"and"

Toh,"2006)."However,"in"a"natural"sevng"the"animal’s"behaviour"affects"its"sensory"experience."

For"example,"when"a"cricket"turns"away"from"an"obstacle"in"its"path,"the"antennal"s0mulus"

ceases."It"would"be"rela0vely"easy"to"add"par0al"closedcloop"control"for"the"antennal"s0mulus"

by"coupling"the"angular"mesh"posi0on"to"the"cricket’s"lateral"steering"velocity."It"would"be"

interes0ng"to"see"how"adding"such"par0al"feedback"of"the"cricket’s"behaviour"onto"the"sensory"

s0mulus"presenta0on"would"change"the"animal’s"response"to"antennal"s0mula0on,"both"when"

presented"alone"and"during"phonotaxis."A"second"concern"was"the"surface"structure"of"the"

mesh."Previous"studies"of"antennal"sensing"in"walking"insects"have"used"solid"objects"such"as"a"
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plate"or"a"rod"(Okada"and"Toh,"2006;"Ritzmann"et"al.,"2012;"Schütz"and"Dürr,"2011)."Here"we"

chose"a"sound"transparent"metal"mesh,"which"allowed"us"to"deliver"antennal"and"acous0c"

s0mula0on"independently."As"a"side"effect"the"object"had"a"rough"surface"texture,"which"might"

have"prevented"fast"adapta0on"of"the"antennal"mechanosensors"as"the"antennae"were"

touching"the"mesh’s"corrugated"surface."It"is"also"possible"that"this"kind"of"surface"had"a"high"

saliency"for"the"crickets"used"in"our"experiments,"poten0ally"because"they"rarely"encounter"

such"rough"surfaces,"and"the"animals"therefore"examined"the"mesh"for"extended"periods"of"

0me."Thirdly,"we"did"not"control"for"any"possible"effects"by"pheromones,"for"example"by"

cleaning"the"mesh"and"trackball"between"trials."However,"in"this"study"only"female"crickets"were"

used"and"to"our"knowledge"crickets"do"not"ac0vely"deposit"pheromones"on"surfaces."Finally,"we"

did"not"quan0fy"head"and"antennal"movements."Crickets"posses"a"joint"between"the"head"and"

the"pronotum,"which"was"not"fixed"during"the"tethering"procedure."Video"recordings"showed"

that"crickets"turned"their"heads"to"the"object"and"adjusted"their"antennal"movements"as"part"of"

their"orienta0on"response"(Witney"and"Hedwig,"2011)."

Antennal*s6mula6on*can*elicit*both*exploratory*and*avoidance*behaviour*

Mechanosensory"antennal"sensing"is"involved"in"a"variety"of"behaviours,"ranging"from"flightc

control"over"wallcfollowing"behaviour"to"escape"responses"(Comer"et"al.,"1994;"Hinterwirth"and"

Daniel,"2010;"Okada"and"Toh,"2006)."Within"those"behaviours"it"olen"leads"to"turning"

responses"toward"or"away"from"the"s0mulus"source.""

Female"G.!bimaculatus!in"the"field"walk"less"straight"and"take"longer"to"reach"the"sound"source"

than"crickets"walking"on"a"treadmill"under"laboratory"condi0ons,"a"discrepancy"that"may"result"

from"rough"terrain"and"obstacle"nego0a0on"during"phonotaxis"in"the"field"(Hirtenlehner"et"al.,"

2014);"similar"observa0ons"were"made"in"bushcrickets"(von"Helversen"et"al.,"2001)."Based"on"

these"findings"we"expected"that"crickets"perform"transient"turns"away"from"an"object"in"an"

a;empt"to"bypass"the"obstacle."Surprisingly,"in"our"paradigm"crickets"primarily"slowed"down"

and"turned"toward"the"object."These"changes"in"walking"behaviour,"which"could"last"for"tens"of"

seconds,"were"accompanied"by"an"orienta0on"of"the"cricket’s"head"toward"the"object"and"

antennal"palpa0on."These"observa0ons"suggest"that"the"mechanosensory"s0mulus"induced"

exploratory"behaviour."However,"some"crickets"responded"to"the"approaching"mesh"with"

avoidance"behaviour."It"was"more"frequently"observed"in"spontaneously"walking"females"and"in"

ipsilateral"trials,"where"females"already"turned"toward"the"approaching"mesh."We"hypothesise"

that"these"animals"detected"the"movement"of"the"approaching"object"and"that"this"s0mulus"

elicited"avoidance"behaviour."In"G.!bimaculatus!weak"antennal"contact"with"spider"legs"elicits"
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primarily"antennal"search,"whereas"strong"contact"elicits"avoidance"behaviour"(Okada"and"

Akamine,"2012)."These"findings"together"with"observa0ons"of"antennal"use"in"cockroaches"

(Comer"et"al.,"1994;"Okada,"2004;"Okada"and"Toh,"2006;"S0erle"et"al.,"1994)"indicate"that"

behavioural"responses"to"antennal"s0mula0on"depend"on"fine"characteris0cs"of"the"perceived"

s0mulus."Both"exploratory"and"avoidance"behaviour"in"response"to"mechanosensory"antennal"

s0mula0on"may"be"mediated"by"iden0fied"descending"neurons,"some"of"which"have"been"

shown"to"elicit"turning"upon"current"injec0on"(Schöneich"et"al.,"2011;"Zorović"and"Hedwig,"

2013)."

Interac6on*of*phonotaxis*and*antennal*s6mula6on*

The"decelera0on"and"orienta0on"response"to"antennal"s0mula0on"impaired"calling"song"

tracking,"temporarily"overriding"a"robust"behaviour"such"as"phonotaxis."Behavioural"studies"in"

tethered"crickets"have"shown"that"phonotaxis"emerges"from"small"reac0ve"steering"

manoeuvres"in"response"to"single"pulses"and"chirps"(Hedwig"and"Poulet,"2004,"2005)."Thus,"a"

characteris0c"feature"of"phonotac0c"steering"is"that"the"temporal"pa;ern"of"the"acous0c"

s0mulus"is"preserved"in"the"motor"output."We"found"that"during"antennal"s0mula0on,"

phonotac0c"steering"bouts"were"abolished"and"that"the"regular"stepping"pa;ern"was"disrupted."

This"suggests"that"turns"towards"the"antennal"s0mulus,"in"contrast"to"phonotac0c"steering,"are"

not"integrated"into"the"regular"walking"pa;ern"but"rather"ini0ate"a"different"motor"program:"

the"animal"stops"and"explores"the"object."In"accordance"with"this,"we"found"that"when"the"

mesh"was"presented"alone,"crickets"slowed"down"and"turned"towards"the"mesh."Characteris0c"

features"of"the"response,"such"as"the"persistent"reduc0on"in"forward"speed"and"an"addi0onal"

decelera0on"aler"the"retrac0on"of"the"mesh,"are"preserved"during"ipsilateral"acous0c"

s0mula0on."In"contrast,"during"contralateral"acous0c"s0mula0on"the"forward"speed"recovers"

already"during"antennal"s0mula0on."This"suggests"that"the"behaviour"during"antennal"

s0mula0on"is"primarily"governed"by"the"sequence"of"antennal"contacts,"which"in"turn"may"be"

influenced"by"the"recent"mechanosensory"experience"of"the"animal"but"also"by"simultaneous"

acous0c"s0mula0on."In"trials"with"contralateral"acous0c"s0mula0on,"crickets"occasionally"may"

be"‘pulled’"away"from"the"antennal"s0mulus,"make"fewer"antennal"contacts"with"the"object"and"

as"a"consequence"the"temporal"dynamics"of"the"forward"velocity"differ"from"those"in"

spontaneously"walking"crickets"and"in"trials"with"ipsilateral"acous0c"s0mula0on."By"comparison,"

integra0on"of"phonotaxis"with"responses"to"visual"s0muli"shows"different"characteris0cs."In"G.!

bimaculatus,"orienta0on"responses"to"a"male’s"calling"song"and"to"a"simultaneously"presented"

black"ver0cal"stripe,"an"a;rac0ve"visual"s0mulus,"are"addi0ve"(Böhm"et"al.,"1991;"Payne"et"al.,"

2010)"and"in"bush"crickets"phonotac0c"tracking"improves"in"the"presence"of"sta0onary"visual"
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cues"(von"Helversen"and"Wendler,"2000)."The"apparently"different"mechanism"of"integra0on"of"

phonotaxis"with"responses"to"antennal"s0mula0on"may"be"explained"by"the"qualita0vely"

different"requirements"of"responses"to"mechanosensory"and"visual"s0muli."Visual,"like"acous0c"

signals,"act"on"a"longcrange"and"do"not"necessarily"require"immediate"ac0on."In"contrast,"

antennae"are"contactcsensors,"providing"informa0on"about"the"animal’s"closecrange"

environment."Consequently,"antennal"s0muli"may"olen"require"an"immediate"response,"for"

example"during"obstacle"nego0a0on,"mate"recogni0on"or"predator"avoidance."Our"data"shows"

that"mechanosensory"antennal"s0muli"are"important"to"female"crickets"during"phonotaxis."This"

has"implica0ons"for"the"design"of"phonotaxis"experiments"and"may"lead"to"differences"in"

phonotac0c"behaviour"across"laboratory"paradigms."

In"future"studies"the"behavioural"paradigm"presented"in"here"could"also"be"used"to"further"

probe"the"rules"governing"integra0on"of"antennal"mechanosensory"s0muli"with"phonotaxis."

One"could,"for"example,"inves0gate"whether"crickets"integrate"the"two"s0muli"approximately"

linearly"(Frye"and"Dickinson,"2004)"by"systema0cally"varying"the"saliency"of"one"of"the"two"

s0muli."Given"the"limited"knowledge"we"have"about"antennal"s0mula0on,"it"may"not"be"

straighjorward"to"systema0cally"vary"the"saliency"of"the"mechanosensory"s0mulus,"however,"

more"is"known"about"how"varying"the"calling"song"pa;ern"affects"phonotaxis"(Hedwig,"2006)."

Here"we"used"a"highly"a;rac0ve"ar0ficial"calling"song"pa;ern,"which"induces"in"robust"

phonotaxis"in"mature"female"crickets."We"could"reduce"the"a;rac0veness"of"the"calling"song"by"

either"increasing"or"decreasing"the"syllable"period."If"mechanosensory"and"acous0c"s0muli"were"

integrated"linearly,"we"would"expect"to"see"that"responses"to"antennal"s0mula0on"during"

acous0c"s0mula0on"with"a"less"a;rac0ve"song"resemble"more"closely"the"responses"to"

antennal"s0mula0on"in"the"absence"of"acous0c"s0mula0on."

Why*do*we*not*see*adapta6on*to*the*antennal*s6mulus?*

We"were"surprised"to"find"sustained"impairment"of"phonotaxis"even"over"a"30"s"long"antennal"

s0mula0on"period."Okada"&"Toh"(2004a)"demonstrated"in"free"walking,"blinded"cockroaches"

that"antennal"contact"marks"the"beginning"of"a"motor"sequence,"where"detec0on"of"an"object"

induces"changes"in"antennal"movement,"followed"by"head"turning,"approach"and"climbing"

a;empts."Under"natural"condi0ons,"walking"manoeuvres,"head"movements"and"antennal"

movements"jointly"control"the"distance"and"orienta0on"of"the"antennae"rela0ve"to"an"object."

Changes"in"any"of"these"movement"pa;erns"have"an"impact"on"antennal"sensing."When"

feedback"of"the"animal’s"behaviour"onto"its"own"sensory"experience"is"largely"removed,"as"is"

the"case"in"our"quasi"opencloop"antennal"s0mula0on"paradigm,"we"may"only"see"the"beginning"
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of"this"behavioural"sequence."Instead"of"a"transient"turn"ini0ated"by"antennal"contact,"aler"

which"the"animal"reaches"the"object"and"terminates"the"approach"manoeuvre,"the"behavioural"

sequence"stalls"as"the"animal"persistently"aims"to"reach"the"object."Under"opencloop"condi0ons"

also"cockroaches"walking"on"a"trackball"turn"toward"a"rod"brought"into"reach"of"one"antennae"

for"up"to"30"s"(Okada"and"Toh,"2006)."Interpre0ng"the"antennal"s0mula0oncevoked"orienta0on"

toward"the"object"as"an"a;empt"to"approach"the"object"would"also"explain"why"turn"responses"

were"more"pronounced"when"the"object"was"far"away"from"the"cricket:"the"animal"might"

a;empt"to"approach"the"more"distant"object"in"order"to"further"explore"it."Consistent"with"the"

hypothesis"that"turns"toward"the"mesh"were"aimed"at"exploring"the"object,"we"observed"

repeated"contacts"with"both"antennae"during"close"antennal"s0mula0on."

Where*do*antennal*and*phonotac6c*pathways*converge?*

Female"crickets"sense"the"male’s"calling"song"via"ears"on"their"front"legs,"from"where"auditory"

afferents"project"to"the"thoracic"ganglion"(Eibl"and"Huber,"1979;"Esch"et"al.,"1980)."Ascending"

interneurons"convey"the"signal"to"the"brain,"where"the"pa;ern"is"processed"by"a"series"of"

interneurons"in"a"frontal"auditory"neuropil"of"the"protocerebrum"and"in"the"lateral"accessory"

lobe"(Kostarakos"and"Hedwig,"2012;"Schöneich"et"al.,"2015;"Zorović"and"Hedwig,"2011)."From"

the"lateral"accessory"lobe"descending"interneurons,"whose"ac0vity"weakly"reflects"the"calling"

song’s"pa;ern"as"well"as"walking"veloci0es,"project"to"thoracic"ganglia"(Zorović"and"Hedwig,"

2013)."

The"pathway"for"mechanical"informa0on"is"very"different."Mechanosensory"afferents"coming"

from"the"cricket’s"antennae"enter"the"brain"via"the"antennal"nerve"and"project"to"the"

deutocerebrum"and"the"subesophageal"ganglion"(Rospars,"1988;"Staudacher"and"Schildberger,"

1999;"Yoritsune"and"Aonuma,"2012)."From"the"deutocerebrum"giant"descending"interneurons"

convey"informa0on"to"the"ventral"nerve"cord"(Gebhardt"and"Honegger,"2001;"Schöneich"et"al.,"

2011)."Three"of"these"interneurons"respond"to"both"visual"and"mechanosensory"s0muli"and"

one"has"been"shown"to"elicit"walking"bouts"and"contralateral"steering"upon"current"injec0on"

(Zorović"and"Hedwig,"2013)."These"findings"are"consistent"with"a"fast"descending"escape"circuit"

that"receives,"amongst"others,"mechanosensory"input"from"the"antennae."Antennal"contact"

with"an"approaching,"but"not"a"sta0onary,"object"might"ac0vate"this"circuit"to"elicit"the"

stereotypic"avoidance"manoeuvre"observed"in"a"subset"of"animals."A"descending"neuron,"which"

responds"to"antennocmechanosensory"and"visual"s0muli,"may"par0cipate"in"the"detec0on"of"

objects"in"the"cricket’s"walking"path"(Gebhardt"and"Honegger,"2001),"sugges0ng"involvement"in"

explora0on"or"obstacle"nego0a0on."Notably,"antennal"interneurons"so"far"described,"do"not"
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receive"strong"auditory"inputs"(Zorović"and"Hedwig,"2013)."Therefore,"antennal"

mechanosensory"and"auditory"s0muli"are"processed"in"different"brain"areas,"sugges0ng"that"

early"sensorimotor"processing"of"these"signals"is"performed"by"separate"pathways"and"

convergence"might"only"occur"in"the"thoracic"ganglia."Alterna0vely,"acous0c"s0mula0on"may"

influence"antennal"sensing"by"changing"the"antennal"search"pa;erns."In"cockroaches"a;rac0ve"

and"aversive"odours"have"been"shown"to"have"differen0al"effects"on"both"locomo0on"and"

antennal"search"pa;erns"(Nishiyama"et"al.,"2007)."To"further"probe"the"neural"computa0ons"

underlying"the"processing"of"antennal"s0muli"and"how"responses"to"antennal"and"acous0c"

s0muli"are"integrated,"our"behavioural"paradigm"may"be"combined"with"neurophysiological"

techniques"as"well"as"video"tracking"of"antennal"movements.""

Impairment*of*phonotaxis*by*antennal*s6mula6on*as*a*model*system*for*studying*ac6on*

selec6on*and*ac6ve*sensing*

Studies"on"mul0modal"integra0on"have"focused"on"understanding"the"mechanisms"underlying"

integra0on"of"crosscmodal"s0muli"(Stein"and"Stanford,"2008)."Integra0ng"crosscmodal"s0muli"

increases"reliability"of"the"extracted"informa0on"about"the"object"or"event."We"looked"at"

bimodal"integra0on"in"a"different"context:"an"animal"is"confronted"with"two"independent"s0muli"

that"affect"the"same"behaviour,"i.e."course"control."In"this"case,"processing"of"two"sensory"inputs"

needs"to"select"the"appropriate"behavioural"response"and"to"ensure"a"coordinated"motor"

output.""

We"found"that"antennal"mechanosensory"s0muli"strongly"reduce"phonotac0c"steering."

Suppression"or"interrup0on"of"an"ongoing"behaviour"by"a"novel"s0mulus"is"a"common"

phenomenon."For"example,"s0mula0on"of"the"cerci,"another"mechanosensory"organ,"interrupts"

singing"in"male"crickets"(Hedwig,"2000;"Jacob"and"Hedwig,"2015)."In"feeding"crayfish"the"escape"

response"is"suppressed"by"a"mechanism"called"‘tonic"inhibi0on’,"which"has"been"suggested"as"a"

mechanism"for"ac0on"selec0on"(Krasne"and"Lee,"1988;"Vu"and"Krasne,"1992;"Vu"et"al.,"1993)."

Hierarchical"suppression"has"also"been"proposed"as"a"mechanism"for"genera0ng"behavioural"

sequences"(Seeds"et"al.,"2014)."

While"crickets"responded"to"a"conspecific"male’s"calling"song"reliably"with"phonotaxis,"both"

explora0on"or"avoidance"behaviour"was"observed"during"antennal"s0mula0on."This"was"likely"a"

consequence"of"levng"the"animal"generate"the"mechanosensory"s0mulus"rather"than"imposing"

controlled"antennal"movements"and"contacts."A"situa0on"like"this,"in"which"an"animal"controls"

s0mulus"intensity"and"frequency,"has"been"classified"as"ac0ve"sensing"(Presco;"et"al.,"2011;"
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Staudacher"et"al.,"2005)."Examples"of"ac0ve"touch"sensing"in"mammals"are"whisking"in"rodents"

(Grant"et"al.,"2009)"and"palpa0on"with"the"hand"in"capuchin"monkeys"(Visalberghi"et"al.,"2009)."

Ac0ve"touch"sensing"is"also"found"in"many"insects"(Comer"and"Baba,"2011),"especially"in"the"

context"of"naviga0on"(Harley"et"al.,"2009;"Okada"and"Toh,"2004;"Okada"and"Toh,"2006;"Schütz"

and"Dürr,"2011)."The"interac0on"of"the"crickets’"ac0ve"antennal"movements"and"the"

experimentally"controlled"posi0oning"of"the"mesh"resulted"in"slightly"different"tac0le"s0muli"

possibly"ac0va0ng"different"motor"programs."This"variability"observed"in"our"paradigm"could"be"

exploited"to"study"selec0on"and"coordina0on"of"different"motor"programs"in"the"context"of"

ac0ve"sensing."

Data"presented"in"this"chapter"has"been"accepted"for"publica0on:"

Haberkern,*H.,*and*Hedwig,*B.*Behavioural*integra6on*of*auditory*and*antennal*s6mula6on*

during*phonotaxis*in*the*field*cricket*Gryllus&bimaculatus*(DeGeer).&J.&Exp.&Biol.&

(Accepted,*August*2016)  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3. A*2D*visual*virtual*reality*system*for*studying*landmarkH

guided*naviga'on*in*tethered*walking*flies*

3.1. Introduc'on*

Many"naviga0onal"behaviours"rely"on"salient"visual"features,"soccalled"landmarks,"as"orienta0on"

aid."How"landmarks"are"used"during"visually"guided"naviga0on"depends"on"the"naviga0onal"

strategy"that"the"animal"employs."Direc0onal"informa0on"extracted"from"visual"landmarks"can"

either"directly"serve"as"a"guidance"cue"in"form"of"a"beacon,"or"it"can"be"integrated"with"other"

guidance"systems."

Landmark*cues*and*the*‘internal*compass’*

Having"a"sense"of"direc0on"or"orienta0on"is"cri0cal"for"many"naviga0onal"tasks."While"moving"

around"in"space"it"is"theore0cally"possible"to"maintain"an"absolute"sense"of"direc0on,"an"

‘internal"compass’"so"to"say,"by"precisely"integra0ng"all"changes"in"body"orienta0on,"a"process"

known"as"angular"path"integra0on."Many"animals"rely"on"path"integra0on"to"orient"themselves"

in"the"absence"of"external"guidance"cues"(E0enne"and"Jeffery,"2004)."Female"rodents"searching"

for"their"displaced"pup"in"darkness,"for"example,"return"to"their"nest"on"a"straight"path"aler"

finding"the"pup"(McNaughton"et"al.,"2006)."A"very"similar"naviga0onal"pa;ern"has"been"

observed"in"foraging"desert"ants,"which"leave"the"nest"on"a"meandering"search"path"but"take"

the"shortest"path"back"once"they"find"food"(Müller"and"Wehner,"1988;"Wehner,"2003)."As"in"

these"two"examples,"animals"olen"perform"path"integra0on"on"an"outbound"route"to"update"a"

stored"direc0on"toward"their"home"and"use"this"informa0on"on"the"homebound"route."

However,"during"pathcintegra0on"errors"accumulate"(Müller"and"Wehner,"1988)"and"it"is"

therefore"desirable"to"occasionally"recalibrate"this"internally"maintained"sense"of"direc0on,"

using"salient"visual"features,"so"called"landmarks."Indeed,"many"animals"appear"to"use"

landmarks"as"a"guidance"cue"jointly"with"selfcmo0on"derived"informa0on."Foraging"desert"ants"

flexibly"use"a"combina0on"of"path"integra0on"and"landmark"cues"(Bregy"et"al.,"2008;"Legge"et"

al.,"2014;"Wehner"et"al.,"1996)."Even"when"naviga0onal"behaviours"are"primarily"driven"by"

external"cues,"internal"representa0ons"that"outlast"the"sensory"cues"and"that"can"be"updated"

based"on"idiothe0c,"i.e."selfcmo0on"cues,"allow"animals"to"orient"towards"landmarks"when"they"

are"temporarily"obscured."Such"shortcterm"orienta0on"memory"can"be"seen"in"walking"flies"

tracking"visual"landmarks:"flies"appear"to"store"the"angular"posi0on"of"a"targeted"landmark"aler"

extended"exposure"to"it"and"retrieve"this"informa0on"when"the"landmark"disappears"(Neuser"et"
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al.,"2008)."While"the"use"of"landmarks"during"naviga0on"has"been"extensively"studied"on"a"

behavioural"level"in"a"variety"of"animals,"we"s0ll"know"very"li;le"about"the"neural"processing"

underlying"visually"guided"goalcdirected"naviga0on."

What*is*known*about*the*cellular*basis*of*landmarkYguided*orienta6on?*

Monitoring"neural"ac0vity"in"behaving"animals"has"shed"some"light"on"the"cellular"basis"of"

internal"representa0ons"of"direc0on."Recordings"of"cells"in"the"hippocampus"of"freely"moving"

rats,"for"instance,"led"to"the"discovery"of"head"direc0on"(HD)"cells"(Taube"et"al.,"1990a;"Taube"et"

al.,"1990b)."HD"cells"are"tuned"to"a"specific,"preferred"heading"direc0on"and"are"thought"to"

encode"heading"informa0on"as"a"popula0on:"as"the"animal"moves"around,"the"firing"pa;ern"

across"the"HD"cell"popula0on"shils,"leading"to"an"update"of"the"encoded"heading"direc0on."

Interes0ngly,"the"preferred"direc0ons"of"HD"cells"can"be"updated"—"for"example"by"visual"

landmark"cues"(Goodridge"and"Taube,"1995;"Yoder"et"al.,"2015;"Zugaro"et"al.,"2003)."When"

idiothe0c"informa0on"and"heading"direc0on"informa0on"based"on"visual"cues"are"in"conflict,"

HD"cells"olen"follow"the"visual"landmark"cue"sugges0ng"a"visioncbased"recalibra0on"of"this"

‘internal"compass’"(Taube,"2007)."

Compelling"evidence"for"an"HDclike"system"in"insects"comes"from"a"recent"study"in"walking"flies"

inves0ga0ng"the"computa0onal"role"of"neurons"in"a"conserved"midline"brain"neuropil,"the"

central"complex"(CX),"during"spa0al"orienta0on"behaviour."Imaging"of"a"popula0on"of"

gene0cally"defined"CX"neurons"in"flies"walking"in"either"darkness"or"in"a"simple"visual"virtual"

reality"(VR)"environment"revealed"that"flies"also"possess"an"internal"representa0on"of"their"

angular"orienta0on"(Seelig"and"Jayaraman,"2015)."The"CX"has"been"previously"implicated"in"

motor"control,"orienta0on"and"naviga0on"behaviour"in"various"insect"species"(el"Jundi"et"al.,"

2015;"Heinze"and"Homberg,"2007;"Mar0n"et"al.,"2015;"Strauss,"2002)"and"recently"cells"with"

similar"proper0es"to"HD"cells"in"rodents"were"also"found"in"the"cockroach"CX"(Varga"and"

Ritzmann,"2016)."In"flies,"the"central"complex"is"also"required"for"shortcterm"orienta0on"

memory"(Neuser"et"al.,"2008)"and"visual"learning"(Liu"et"al.,"2006;"Ofstad"et"al.,"2011).""

In"the"CX"angular"orienta0on"is"encoded"as"a"single"‘bump’"of"increased"ac0vity"that"rotates"

around"a"ringcshaped"CX"subunit,"called"the"ellipsoid"body,"as"the"animal"changes"it's"heading"

direc0on"(Seelig"and"Jayaraman,"2015)."This"‘internal"compass’"can"be"updated"based"on"selfc

mo0on"signals,"but"preferen0ally"follows"visual"cues."Interes0ngly,"the"representa0on"of"the"

fly’s"orienta0on"persists"even"when"the"fly"is"standing"in"place"in"darkness,"that"is,"in"the"

absence"of"visual"or"motor"informa0on."The"mapping"between"a"loca0on"in"the"ringcshaped"

ellipsoid"body"and"the"fly’s"heading"direc0on"is"not"fixed"and"the"ac0vity"‘bump’"occasionally"
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jumps"to"a"new"loca0on"within"the"neuropil."The"significance"of"the"changes"in"mapping"

between"ac0vity"in"individual"cells"and"the"fly’s"heading"is"s0ll"unclear."

The"neural"computa0ons"involved"in"genera0on"and"use"of"the"HD"cell"system"and"the"fly’s"

‘internal"compass’"likely"involve"mul0ple"brain"regions"and"are"probably"highly"recurrent."

Studying"such"complex,"distributed"circuits"is"challenging,"especially"in"large"mammal"brains."

The"task"might"be"more"tractable,"though,"in"the"compara0vely"smaller"insect"brain."

Further"studies"of"the"circuit"components"are"required"to"establish"whether"the"HD"system"

found"in"the"insect"CX"implements"computa0onal"mechanisms"similar"to"the"theore0cal"models"

that"have"been"proposed"in"the"context"of"vertebrate"HD"cells"(Knierim"and"Zhang,"2012)."The"

work"presented"here,"however,"aims"to"provide"tools"and"behavioural"paradigms"that"allow"us"

to"address"ques0ons"regarding"a"different"aspect"of"the"observed"HDclike"system"in"flies:"how"it"

is"used"during"naviga0onal"behaviours."

Open*ques6ons*we*would*like*to*address*in*walking*flies*

Ul0mately,"we"would"like"to"understand"how"the"internal"representa0on"of"heading"found"in"

walking"flies"is"used"during"visually"guided"naviga0on."Many"open"ques0ons"arise"around"this"

general"theme."How"are"visual"landmarks"u0lised"for"courseccontrol?"What"happens"if"mul0ple"

visual"landmarks"are"present?"How"are"visual"features"in"an"environment"selected"as"

naviga0onal"guidance?"We"would"also"like"to"gain"a"be;er"understanding"of"what"is"encoded"by"

the"fly’s"internal"heading"signal."Is"the"heading"signal"tethered"to"points"of"interest"for"the"

animal?"Or"does"it"just"represent"a"general"reference?"By"monitoring"neural"ac0vity"in"behaving"

animals"engaging"in"visually"guided"goalcdirected"naviga0on"we"can"approach"these"ques0ons"

and"we"believe"that"they"can"be"effec0vely"addressed"in"fruit"flies,"where"we"can"profit"from"a"

numerically"simple"brain"and"powerful"gene0c"tools."However,"exis0ng"paradigms"for"headc

fixed"walking"flies"need"to"be"extended"to"support"more"complex"naviga0onal"behaviours."

Furthermore,"some"ques0ons"require"a"goalcdirected"naviga0onal"task"that"headcfixed"flies"

could"perform"during"calcium"imaging."As"a"first"step"toward"addressing"the"above"and"related"

ques0ons,"we"decided"to"build"an"experimental"setup"that"would"allow"headcfixed"flies"to"

explore"a"twocdimensional"(2D)"VR"environment"and"interact"with"visual"landmarks."

Using*virtual*reality*systems*to*study*neural*dynamics*during*naviga6on*behaviour*

In"neuroscience"VR"systems"have"been"successfully"used"to"study"spa0al"orienta0on"behaviour"

in"a"range"of"headcfixed"animals."The"neural"correlates"of"internal"representa0ons"of"space"have"

been"studied"in"naviga0ng"headcfixed"mice"using"a"spherical"treadmill"and"a"visual"VR"(Dombeck"
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et"al.,"2010;"Harvey"et"al.,"2012;"Hölscher"et"al.,"2005)."Very"similar"setups"have"been"developed"

for"a"range"of"insect"species"(cockroach:"Takalo"et"al.,"2012,"moth:"Gray"et"al.,"2002,fly:"Seelig"et"

al.,"2010;"Stowers"et"al.,"2014)."Besides"enabling"neurophysiological"studies"in"naviga0ng"

animals,"there"are"a"number"of"other"advantages"of"studying"visually"guided"naviga0on"in"VR."

VR"systems"permit"highly"flexible"yet"controlled"visual"environments,"and"the"visual"

environment"as"well"as"the"rules"that"govern"the"interac0ons"between"the"animal"and"the"VR"

can"be"adjusted"to"ask"specific"ques0ons"about"visual"processing"during"naviga0on."VR"systems"

have"therefore"also"been"used"in"freely"walking"(Schuster"et"al.,"2002;"Strauss"et"al.,"1997)"and"

flying"(Stowers"et"al.,"2014)"flies."Finally,"giving"the"animal"par0al"control"over"the"sensory"

s0mula0on"it"receives"helps"to"generate"s0mula0on"pa;erns"with"temporal"profiles"that"match"

sta0s0cs"of"natural"s0muli,"which"is"what"the"nervous"system"evolved"to"process."It"also"

preserves"certain"rela0onships"between"the"animal’s"movements"and"changes"in"the"sensory"

environment,"which"—"if"violated"—"can"cause"error"signals"that"can"interfere"with"the"

behaviour."

Mo6va6ons*and*guiding*design*principles*behind*the*2D*virtual*reality*for*walking*flies*

While"VR"systems"have"been"used"extensively"to"study"visual"behaviours"in"tethered"fruit"flies"

(Borst,"2014;"Götz,"1994),"the"exis0ng"VR"systems"and"behavioural"paradigms"have"a"number"of"

shortcomings"that"rendered"them"unsuitable"for"addressing"the"ques0ons"outlined"above."

For"decades,"studies"of"visual"orienta0on"behaviour"of"fruit"flies"used"tethered"flight"(Götz,"

1987;"Maimon"et"al.,"2008)."One"limita0on"of"this"approach"is"that"it"is"difficult"to"accurately"

deduce"a"flight"path"in"3D"space"from"the"wing"stroke"pa;ern."Freely"flying"flies"flap"their"wings"

with"200c300"Hz"and"minute"changes"in"their"wingbeat"amplitude"and"wing"angle"result"in"quick"

changes"in"flight"direc0on,"saccades,"during"which"the"fly"simultaneously"rotates"around"

mul0ple"axes"(Fry"et"al.,"2003)."In"addi0on"the"reduced"or"ar0ficial"mechanosensory"feedback"

of"flight"manoeuvres"in"tethered"flight"may"cause"observed"differences"in"the"wing"stroke"

pa;ern"of"tethered"compared"to"freely"flying"flies"(Fry"et"al.,"2005)."As"a"consequence,"studies"

of"visual"behaviours"in"tethered"flying"flies"have"been"limited"to"rela0vely"simple,"onec

dimensional"(1D)"environments"consis0ng"of"a"circular"visual"panorama."In"this"sevng"the"fly"

can"only"control"its"angular"orienta0on"rela0ve"to"the"panorama"by"ini0a0ng"turns,"which"are"

typically"deduced"from"a"difference"in"wingbeat"amplitude."

A"visual"VR"system"for"headcfixed"walking"flies"has"been"developed"more"recently"(Seelig"et"al.,"

2010)."Here"the"fly"walks"on"a"spherical"treadmill,"a"small"aircsupported"ball."The"ball"movement"

induced"by"the"walking"fly"is"recorded,"processed"online"and"used"to"update"a"visual"LED"
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display."While"this"setup"permits"accurate"readout"of"the"full"rota0onal"and"transla0onal"

walking"manoeuvres,"to"date"this"system"too"has"only"been"used"together"with"1D"visual"

environments"(Bahl"et"al.,"2013;"Seelig"and"Jayaraman,"2015)."

Thus,"exis0ng"behavioural"paradigms"for"headcfixed"flies"use"a"highly"reduced"sensory"

environment,"in"which"only"a"small"subset"of"the"fly’s"naviga0onal"manoeuvres"feed"back"onto"

the"sensory"s0mulus."Since"it"is"not"well"known"which"aspects"of"the"sensory"environment"

affect"the"fly’s"internal"representa0on"of"orienta0on"and"visual"guidance"in"general,"we"thought"

that"it"was"be;er"to"study"its"func0onality"and"use"in"a"more"realis0c"virtual"environment."We"

therefore"decided"to"extend"the"exis0ng"VR"for"walking"flies"to"allow"flies"to"navigate"a"2D"

space."This"increase"of"dimension"brings"about"a"number"of"changes"in"how"the"animal"can"

interact"with"its"visual"surroundings:"in"addi0on"to"rota0onal,"now"also"transla0onal"

movements"affect"the"rela0ve"orienta0on"of"the"fly"to"visual"landmarks."Addi0onally,"

transla0onal"movements"introduce"expansion"and"contrac0on"mo0on"s0muli."In"a"2D"

environment"it"is"also"possible"to"disambiguate"to"which"landmark"the"fly’s"internal"heading"

representa0on"is"tethered"when"there"are"mul0ple"visual"landmarks."Finally,"increasing"the"

complexity"of"the"virtual"environment"and"the"number"of"ways"in"which"the"animal"can"interact"

with"it"ul0mately"extends"the"types"of"behaviours"we"can"study"in"headcfixed"animals.""

Experimental*approach*

In"this"chapter"we"present"a"new"visual"VR"system"for"tethered"walking"flies"based"on"the"

exis0ng"spherical"treadmill"setup"(Seelig"et"al.,"2010)."We"use"a"projectorcbased"visual"display"

rather"than"an"LED"arena"to"gain"spa0al"resolu0on"and"more"flexibility"in"the"presenta0on"of"

visual"s0muli."We"will"begin"by"describing"in"detail"the"hardware"composi0on"of"the"newly"

developed"VR"system"before"explaining"the"customcwri;en"program"that"generates"the"visual"

s0mulus"for"the"VR."In"a"first"set"of"behavioural"experiments,"using"a"simple"stripe"tracking"

paradigm,"we"test"whether"the"quality"of"visual"s0mula0on"and"the"feedback"loop"are"sufficient"

for"flies"to"interact"with"the"visual"s0mulus."We"then"conducted"a"series"of"experiments"aimed"

at"characterising"how"walking"flies"interact"with"visual"landmarks"in"the"2D"VR."When"analysing"

walking"behaviour"in"the"VR,"we"were"concerned"about"poten0al"artefacts"induced"by"the"

tethering"procedure."Moreover,"the"more"complex"virtual"environment"and"the"larger"number"

of"degrees"of"freedom"in"the"interac0on"of"the"fly"with"its"environment"made"it"difficult"to"

define"and"detect"landmark"interac0on"behaviour."We"addressed"these"issues"by"genera0ng"

groundctruth"datasets"in"freely"walking"flies."We"characterised"how"naïve"freely"walking"flies"

exploring"a"2D"plane"interact"with"a"landmark"and"how"this"behaviour"is"affected"by"genotype"
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and"sex"in"a"free"walking"assay."We"then"compared"the"landmark"interac0on"behaviour"of"freely"

walking"and"tethered"walking"flies"to"get"a"sense"of"how"behaviours"were"affected"by"the"headc

fixed"prepara0on."Finally,"we"evaluated"how"walking"and"landmark"interac0on"behaviour"in"

tethered"flies"changed"with"extended"exposure"to"the"VR"environment."

3.2. Material*and*Methods*

3.2.1. Prepara'on*of*flies*for*tethered*and*free*walking*experiments*

Flies"were"reared"at"23"˚C"in"60"%"rela0ve"humidity"with"a"16:8"light:dark"cycle"on"fly"food"that"

was"prepared"according"to"a"recipe"from"the"University"of"Würzburg,"Germany."To"prepare"10"l"

of"standard"Würzburg"food,"180"g"yeast"(inac0ve"dry"yeast,"Genesee"Scien0fic,!San"Diego,"CA,"
USA),"1600"g"corn"meal"(Quaker"Yellow"Corn"Meal,"Quaker"Oats"Company,"Chicago,"IL,"USA),"

100"g"soy"flour"(Genesee"Scien0fic,"San"Diego,"CA,"USA)"and"400"g"malt"extract"(Genesee"

Scien0fic,"San"Diego,"CA,"USA)"were"mixed"in"10"l"of"water."The"75"g"agar"(fly"agar,"Tic"Gums"Inc,"

Belcamp,"MD,"USA)"is"dissolved"in"1"l"of"water"before"being"added"to"the"mixture."Finally,"400"g"

corn"syrup"and"an"an0fungal"agent,"Tegosept"(20%,"125"ml,"Genesee"Scien0fic,"San"Diego,"CA,"

USA),"are"added."For"all"experiments,"3c5"day"old"flies"were"cold"anesthe0sed,"sorted"by"sex"and"

the"distal"two"thirds"of"their"wings"were"clipped."Aler"wing"clipping,"male"and"female"flies"were"

transferred"into"fresh"food"vials"and"kept"separately."A"small"piece"of"filter"paper"was"stuck"into"

the"food"to"provide"flies"with"an"addi0onal,"dry"surface"to"walk"or"groom"on."Wingcclipped"flies"

were"given"2c3"days"to"recover"before"experiments."All"experiments"were"performed"with"5c10"

day"old"wingcclipped"flies,"unless"noted"otherwise."

The"decision"to"use"wingcclipped"flies"was"mo0vated"by"two"observa0ons."Firstly,"clipping"the"

wings"1c2"days"prior"to"experiments"strongly"reduced"the"rate"of"a;empted"takecoffs"or"jumps"

of"tethered"flies"on"the"ball."Secondly,"many"previous"studies"on"visual"naviga0on"in"flies"used"

wingcclipped"flies,"thus"comparing"our"data"to"published"results"would"be"more"direct"if"we"also"

used"wingcclipped"flies."In"some"experiments"we"used"an"alterna0ve"technique"to"render"flies"

flightless:"gluing"the"wings"together"in"a"relaxed"posi0on"with"a"small"drop"of"glue"right"behind"

the"thorax."Wingcglued"flies"were"given"at"least"a"day"of"recovery"before"using"them"in"

experiments."

�58



A!2D!visual!virtual!reality!system!for!walking!flies

Tethering*of*flies*for*VR*experiments*

For"experiments"in"the"VR,"wing"cut"flies"were"coldcanesthe0sed"and"glued"to"a"thin"tungsten"

wire"pin"with"UVccurable"glue"(KOA"300,"KEMXERT,"York,"PA,"USA)."With"an"addi0onal"small"

droplet"of"glue,"deposited"above"the"neck"connec0ve"close"to"the"ocelli,"the"head"was"fixed"to"

the"thorax"keeping"it"in"relaxed"natural"posi0on."We"decided"to"fix"the"head"in"tethered"

experiments"to"keep"condi0ons"similar"to"those"in"imaging"experiments"and"to"minimise"

movements"of"the"fly"that"would"break"the"closedclook"visual"s0mula0on."Aler"being"tethered"

to"the"pin,"flies"were"transferred"to"VR"rig,"posi0oned"on"the"ball"and"tested"within"3c6"h."Thus,"

flies"were"effec0vely"drycstarved"for"up"to"6"h"prior"to"experiments."Aler"posi0oning"a"fly"on"

the"ball"it"was"given"15c30"min"to"adjust"before"star0ng"an"experiment."

Gene6c*backgrounds*used*behavioural*experiments*

To"assess"the"effect"of"different"gene0c"backgrounds"on"landmark"interac0on,"we"tested"the"

behaviour"of"three"fly"strains:"Wild"type"Berlin"(WTB),"Dickinson"lab"(DL)"and"WTB"x"pBDPcGAL4"

hybrid"flies."Hybrid"flies"were"generated"by"crossing"WTB"virgins"with"males"from"a"soccalled"

‘empty"GAL4’"line."As"‘empty"GAL4’"we"used"pBDPGAL4U"in"a;P2,"an"enhancerless"GAL4"

construct"(Pfeiffer"et"al.,"2010)."WTB"x"pBDP"hybrid"flies"were"included"to"more"closely"match"

the"gene0c"background"of"flies"used"in"optogene0c"ac0va0on"experiments"presented"in"

chapter"4."The"WTB"stain"is"an"isogenic"wild"type"strain"and"the"DL"strain"was"founded"in"M."

Dickinson’s"laboratory"by"200"wildccaught"females."

3.2.2. Spherical*treadmill*system*

For"the"spherical"treadmill"we"used"a"handcmilled"ball"made"from"polyurethane"foam"(LastcAc

Foam,"General"Plas0cs"Manufacturing"Company,"Tacoma,"WA,"USA)"with"a"diameter"of"9.93"mm"

and"a"weight"of"37.4"mg."The"ball"was"freely"floa0ng"on"an"aircushion"in"a"customcmade"holder."

The"airflow"to"the"ball"was"maintained"at"0.45"l/min"using"a"mass"flow"controller"(Alicat"

Scien0fic,"Tucson,"AZ,"USA)"and"humidified"by"passing"it"through"a"bo;le"humidifier"(Salter"

Labs,"Lake"Forest,"IL,"USA)."The"ball"mo0on"was"captured"by"a"previously"described"ball"tracker"

system"(Seelig"et"al.,"2010)."Briefly,"two"op0c"flow"tracking"cameras"posi0oned"at"the"equator"of"

the"ball"at"135˚"azimuth"to"the"lel"and"the"right"side"(Figure&3.1&E)"were"used"to"capture"the"

ball"rota0on"around"all"three"axes"of"movement"—"pitch,"roll"and"yaw"—"at"20"kHz."The"op0c"

flow"measurements"from"the"two"tracking"cameras"were"sent"to"a"customcprogrammed"

microcontroller"(MCU,"Figure&3.1&E)"via"a"serial"interface."The"microcontroller"downsampled"

and"converted"this"input"to"a"digital"data"stream"at"4"kHz,"which"was"sent"to"a"computer"
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running"the"VR"solware"via"a"serial"port"interface."In"this"output"stream"the"ball"rota0on"is"

captured"by"four"values,"x1,"y1,"x2"and"y2,"corresponding"to"the"measured"movement"of"the"ball"

along"the"x"and"y"axis"in"the"field"of"view"of"the"two"tracking"cameras."The"ball"surface"was"

illuminated"from"below"and"the"side"with"a"set"of"four"IR"LEDs"emphasising"the"texture"of"the"

ball"surface"for"high"tracking"performance"(Figure&3.1&A,&B)."

The"treadmill"readout"has"arbitrary"spa0al"units"per"0me"(a.u./s)."To"obtain"a"ball"rota0on"

velocity"measurement"in"mm/s"the"treadmill"output"was"calibrated"using"a"third"(calibra0on)"

camera"posi0oned"at"the"ball"equator"at"180˚"behind"the"ball."With"this"camera"a"video"of"the"

balls"movement"sampled"at"500"Hz"could"be"obtained"simultaneously"to"measuring"the"ball’s"

rota0on"with"the"tracking"cameras."This"video"was"analysed"offline"to"generate"an"independent"

measurement"of"the"ball"movement"in"pixel/s."By"comparing"the"measurement"of"ball"rota0on"

from"the"calibra0on"camera"to"the"one"from"the"two"tracking"cameras,"we"obtained"a"scaling"

factor"to"convert"the"treadmill"velocity"measurements"from"a.u./s"to"pixel/s"(see"details"in"

Seelig"et"al.,"2010)."A"second"scaling"factor,"to"convert"the"measurement"from"pixel/s"to"mm/s,"

was"obtained"by"taking"an"image"on"a"calibra0on"cube"of"known"physical"dimensions"with"the"

calibra0on"camera."The"two"calibra0on"factors"as"well"as"the"ball"radius"are"provided"to"the"VR"

solware."The"VR"solware"used"these"scaling"factors"to"compute"the"fly’s"walking"veloci0es"

from"the"treadmill’s"ball"rota0on"measurements"as"described"in"(Seelig"et"al.,"2010)."Briefly,"the"

forward,"lateral"and"rota0onal"veloci0es"are"computed"from"the"four"treadmill"measurements"

(x1, y1, x2 and"y2)"as"
""

� "

with"γ ="45˚,"corresponding"to"the"azimuthal"angle"between"the"tracking"camera"and"the"pitch"

axis."The"nega0ve"sign"accounts"for"the"conversion"from"ball"rota0on"to"the"corresponding"

movement"of"the"fly"in"virtual"space."

3.2.3. ProjectorHbased*visual*display*

The"visual"display"consisted"of"a"triangular"screen"onto"which"a"panoramic"image"was"backc

projected"by"two"DLP"(Digital"Light"Processing)"projectors"(DepthQ"WXGA"360"HD"3D"Projector,"

developed"by"Anthony"Leonardo,"Janelia,"and"Lightspeed"Design,"Bellevue,"WA,"USA)."DLP"

projectors"are"also"some0mes"referred"to"as"DMD"because"they"u0lise"a"soccalled"digital"mirror"

device"(DMD)"to"generate"a"greycscale"image."Each"microscopically"small"mirror"in"the"DMD"

⌫

fwd

= �(y1 + y2) cos(�)

⌫

lat

= �(y1 � y2) sin(�)

⌫

rot

= � 1
2 (x1 + x2)
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corresponds"to"a"pixel"in"the"projected"image."An"image"is"generated"by"controlling"the"light"

intensity"of"each"pixel,"which"depends"on"the"amount"of"input"light"and"the"percentage"of"light"

that"each"oscilla0ng"mirror"lets"pass"to"the"screen."The"two"projectors"each"generated"an"image"

with"720"x"1280"pixel"resolu0on."The"two"projec0ons"were"aligned"to"generate"a"con0nuous"

image"(1440"x"1280"pixel)."At"the"closest"point"(90"˚"to"either"side),"where"the"screen"is"only"

21.9"mm"away"from"the"fly,"a"pixel"subtended"a"visual"angle"of"about"0.743˚."The"furthest"pixels"

on"the"screen,"located"in"the"upper"back"corners"of"the"screen,"had"a"distance"of"106.5"mm"

from"the"fly"and"subtended"an"angle"of"0.153˚."The"maximum"angular"pixel"size"in"our"setup"is"

well"below"5˚,"the"approximate"interomma0dial"angle"of"Drosophila!melanogaster"(Land,"1997),"

ensuring"that"the"movement"of"images"across"the"screen"appears"smooth"to"the"fly.""

� "

Figure&3.1:*A*2D*virtual*reality*system*for*headYfixed*walking*fruit*flies.*
A:*Schema0c"of"the"primary"hardware"components"of"the"VR"setcup."The"inset"shows"a"
s0ll" from" a" video" of" a" tethered" fly" on" the" ball" taken" with" the" IR" camera" used" for"
calibra0on" and" fly" posi0oning." Bright" areas" on" the" ball" surface" show" where" the" IR"
illumina0on"of"the"trackball"is"targeted.!B:!Photograph"of"a"fly"on"the"ball"viewed"from"
the"side"taken"with"a"regular"camera."The"IR"LEDs"are"visible" in"the" lower"right" image"
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corner."C,*D:!Schema0c"of" the"screen"geometry"and"rela0ve"posi0oning"of" the"fly," for"
top"view"(C)"and"side"view"(D)."The"range"of"the"horizontal"field"of"view"indicated"in"(D)"
corresponds" to" the" closest" screen" distance" rela0ve" to" the" fly," which" occurs" at" 90"
degrees" on" both" sides." E:" Diagram" of" the" hardware" control" loops." DLP," digital" light"
processing;"RDS,"remote"data"server;"MCU,"microcontroller"unit."

We"measured"the"irradiance"of"the"projected"image"on"the"panoramic"screen"with"a"power"

meter"(PM100D"with"S130C"Sensor,"Thorlabs"Inc,"Newton,"NJ,"USA,"sensor"facing"toward"the"

projector)"for"a"wavelength"of"459"nm"(peak"wavelength"in"previously"measured"spectrogram)."

When"a"bright"scene"with"one"dark"landmark"(similar"to"Figure"3.4"D)"was"projected"onto"the"

screen,"we"measured"a"light"intensity"of"0.52"mW/cm2"in"the"centre"of"the"right"screen"and"0.54"

mW/cm2"on"the"lel"screen."The"light"intensity"within"the"dark"area"of"an"image"of"a"black"

landmark"projected"onto"the"centre"of"the"right"screen"was"0.02"mW/cm2."Thus,"the"projected"

image"has"a"Michelson"contrast"of"about"0.926"with"a"minimum"and"maximum"intensity"of"0.02"

mW/cm2"and"0.54"mW/cm2,"respec0vely."

3.2.4. FreeHwalking*arena*design*

The"design"of"our"freecwalking"arena"(Figure&3.2&A,&B)"was"inspired"by"(Robie"et"al.,"2010)."The"

arena"consisted"of"a"large"circular"walking"plajorm"(radius"11.4"cm)"made"from"textured"ma;"

acrylic"(TAP"Plas0cs"Inc,"San"Leandro,"CA,"USA)"surrounded"by"an"acrylic"cylinder"(inner"

diameter"22.8"cm,"height"17.8"cm)"mounted"on"a"laser"cut"acrylic"base."The"walking"plajorm"

could"be"taken"out"for"cleaning."Wingcclipped"flies"were"maintained"within"the"arena"by"coa0ng"

the"arena"wall"with"a"siliconising"fluid"(Sigmacote"from"SigmacAldrich,"St."Louis,"MO,"USA),"

which"makes"it"hard"for"flies"to"walk"up"the"arena"wall."The"arena"wall"was"mantled"with"a"white"

diffusor"sheet"(VcHHDEcPM06cS01cD01"sample,"BrightView"Technologies,"Durham,"NC,"USA)"

and"backlit"with"blue"LEDs"(470"nm,"Super"Bright"LEDs"Inc."St."Louis,"MO,"USA)"mounted"on"a"

wire"meshcbased"scaffold"that"was"fixed"onto"the"arena"base."Blueccoloured"backlight"was"

chosen"to"match"condi0ons"in"the"VR"setup"as"well"as"condi0ons"in"the"twocphoton"calcium"

imaging"rigs"used"in"our"lab."We"measured"the"light"intensity"inside"the"free"walking"arena"with"

a"power"meter"(PM100D"with"S130C"Sensor,"Thorlabs"Inc,"Newton,"NJ,"USA)"for"an"expected"

wavelength"of"461"nm"(peak"wavelength"in"previously"measured"spectrogram)"by"placing"the"

sensor"either"at"the"border"of"the"arena"or"in"the"arena"centre,"facing"toward"the"arena"wall."At"

the"border"we"measured"a"light"intensity"of"0.115"mW/cm2"and"in"the"centre"0.105"mW/cm2.""

These"measured"light"intensi0es"are"slightly"lower"than"the"intensi0es"measured"at"the"screen"

in"the"VR,"but"differ"less"than"an"order"of"magnitude."Furthermore,"it"is"not"straighjorward"to"

compute"quan0ta0vely"from"the"measured"light"intensi0es"presented"above"(given"how"they"
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were"obtained),"in"how"far"the"perceived"luminance"that"a"fly"experiences"in"the"VR"rig"and"the"

free"walking"arena"are"different."

� "

Figure&3.2:*Arena*for*studying*landmark*interac6on*in*freely*walking*flies.*
A:*Schema0c"of"the"complete"free"walking"rig."B:"Schema0c"of"the"free"walking"arena"
with"a"landmark."C:"Single"video"frame"from"a"trial"with"a"male"fly"exploring"the"arena"
with"a"single"landmark."The"fly"is"visible"above"the"cone."The"image"was"taken"with"an"
IR"camera"and"does"not"reflect"the"ligh0ng"condi0ons"visible"to"the"fly."

The"fly’s"walking"behaviour"was"recorded"with"BIAS"(Basic"Image"Acquisi0on"Solware,"version"

v0p49,"IO"Rodeo,"Pasadena,"CA,"USA)"using"a"video"camera"(Flea3"1.3"MP"Mono"USB3"Vision,"

Point"Grey,"Richmond,"Canada)"placed"120"cm"above"the"walking"plajorm."A"lens"with"16"mm"
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focal"length,"low"distor0on"(Edmund"Op0cs"Inc,"Barrington,"NJ,"USA,"stock"#63245)"and"a"760"

nm"infrared"filter"(52"mm,"Neewer"Technology"Ltd.,"Guangdong,"China)"were"mounted"to"the"

camera."Highccontrast"illumina0on"of"the"flies"for"video"recording"was"achieved"by"using"an"

infrared"backlight"mounted"on"a"waterccooled"breadboard"(breadboard"from"Thorlabs"Inc,"

Newton,"NJ,"USA,"liquid"cooling"system"from"Koolance,"Auburn,"WA,"USA)"below"the"arena"floor."

The"en0re"rig"was"placed"inside"a"lightc0ght"black"enclosure."Videos"were"recorded"at"12.3"Hz"

with"1008"x"1008"pixel"large"images"covering"an"area"slightly"larger"than"the"diameter"of"the"

arena."This"resulted"in"a"spa0al"resolu0on"of"about"40"pixel/cm"with"the"image"of"a"fly"being"

roughly"8c10"pixels"long"and"3c4"pixels"wide."Temperature"and"rela0ve"humidity"within"the"

arena"were"passively"kept"at"approximately"28c30"˚C"and"28c32"%"by"controlling"the"

temperature"and"humidity"in"the"room."

3.3. Results*

We"will"begin"by"presen0ng"the"newly"developed"VR"system,"first"the"hardware"components"

and"then"the"solware,"before"presen0ng"data"on"the"valida0on"of"our"system."Finally"we"will"

present"results"from"behavioural"experiments"aimed"at"characterising"landmark"interac0on"of"

flies"exploring"virtual"2D"worlds."

3.3.1. A*2D*visual*virtual*reality*system*for*tethered*walking*flies*

Virtual*reality*rig*

The"layout"of"the"VR"rig"is"illustrated"in"Figure&3.1&A."A"fly"glued"to"a"thin"wire"tether"was"fixated"

above"a"spherical"treadmill"(see"sec+on&3.2.2"for"details,"Seelig"et"al.,"2010)"and"its"posi0on"

manually"adjusted"with"a"set"of"micromanipulators."The"fly"posi0oned"on"the"ball"was"

surrounded"by"a"triangular"screen"formed"by"two"18.2"cm"high"and"10.2"cm"wide"display"faces"

(Figure&3.1&BID)."The"fly"was"located"symmetrically"between"the"two"faces,"3.1"cm"behind"the"

0p"of"the"triangle"and"at"one"third"of"the"screen"height."The"distance"between"the"fly"and"the"

screen"varied"along"the"azimuthal"direc0on"and"was"smallest"at"90˚"to"either"side"with"2.19"cm."

The"screen"spanned"119˚"of"the"fly’s"azimuthal"field"of"view"(FOV)"on"both"sides."The"coverage"

along"the"ver0cal"FOV"was"limited"by"the"ball"at"the"lower"edge"to"40˚"below"the"horizon"line."

The"ver0cal"coverage"above"the"horizon"line"varied"with"the"distance"of"the"fly"from"the"screen"

being"highest"where"the"fly"was"closest"to"the"screen"with"80˚"and"lowest"at"the"two"0ps"of"the"

screen"with"57˚."The"screen"was"made"from"a"single"white"diffuser"sheet"(VcHHDEcPM06cS01c
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D01"sample,"BrightView"Technologies,"Durham,"NC,"USA)"that"was"enforced"around"the"edges,"

folded"along"the"middle"and"mounted"onto"a"customcmade"metal"frame.*The"visual"s0mulus"

was"backcprojected"onto"the"screen"by"two"DLP"(Digital"Light"Processing)"projectors"(DepthQ"

WXGA"360"HD"3D"Projector,"details"in"sec+on&3.2.3),"each"covering"one"face"of"the"triangular"

screen."The"full"projected"image"had"a"size"of"1440"x"1280"pixel"with"a"maximum"angular"pixel"

size"of"about"0.7˚."A"number"of"modifica0ons"were"made"to"the"projectors"to"op0mise"the"

visual"s0mulus"delivery"for"the"fly"(all"developed"by"A."Leonardo"and"ID&F"Janelia)."The"colourc

wheel"was"removed"allowing"the"display"of"8cbit"greycscale"images"at"360"Hz"frame"rate"instead"

of"coloured"images"at"120"Hz."This"ensured"that"subsequent"frames"of"the"visual"s0mulus"could"

be"projected"at"a"rate"above"the"animal’s"flicker"fusion"frequency,"making"the"projected"

movements"look"con0nuous"to"a"fly."Furthermore,"the"op0cs"were"op0mised"for"closecrange"

projec0on."We"also"replaced"the"lamp"by"a"light"guide"to"a"blue"LED"light"source"(458"nm"

wavelength,"SugarCUBE"LED"Illuminator,"Edmund"Op0cs"Inc,"Barrington,"NJ,"USA)."While"blue"

light"may"not"be"the"ideal"choice"for"behavioural"assays,"dim"blue"light"is"compa0ble"with"

calcium"imaging"and"we"wanted"to"develop"a"behavioural"paradigm"that"would"be"transferable"

to"an"imaging"rig."The"projectors"were"connected"to"a"computer"via"two"display"ports"on"a"

graphics"card"(GeForce"GTX"770,"Nvidia,"Santa"Clara,"CA,"USA)"with"three"independent"outputs."

We"used"a"custom"programmable"microcontroller"to"allow"communica0on"between"the"VR"

solware"and"various"hardware"components"(Arduino"Mega"2000,"Figure&3.1&E)."The"humidity"

and"temperature"in"the"VR"rig"were"controlled"by"adjus0ng"the"room"temperature"and"

humidity."We"aimed"at"a"room"temperature"of"around"28c30"˚C"and"a"rela0ve"humidity"of"28c32"

%,"which"in"our"experience"promoted"flies"to"walk"on"the"ball."

Sohware*for*closedYloop*visual*virtual*reality*

An"overview"of"the"solware"architecture"and"how"it"0es"in"with"the"hardware"components"of"

the"VR"rig"is"given"in"Figure&3.1&E."The"central"component"of"the"VR"system"was"a"feedback"loop"

formed"by"the"spherical"treadmill"that"captured"a"fly’s"walking"movements"and"a"customc

wri;en"program,"FlyOver,"which"used"those"measurements"to"simulate"the"fly’s"posi0on"in"a"

virtual"world"and"generated"a"corresponding"visual"s0mulus,"which"was"presented"to"the"fly,"

closing"the"loop."The"treadmill"system"tracked"the"fly’s"movements"at"4"kHz"and"sent"this"data"

to"the"rig"computer"via"serial"communica0on."A"customcwri;en"C++"program"(Remote"Data"

Server,"RDS)"read"the"ball"tracking"data,"downsampled"it"to"400"Hz"and"passed"it"on"to"a"second"

customcwri;en"C++"program,"‘FlyOver'."FlyOver"formed"the"core"solware"of"our"VR"system."

The"program"was"developed"in"collabora0on"with"Scien0fic"compu0ng"(C."Bruns,"M."Bolstad)"

based"on"the"OpenSceneGraph"framework"and"can"be"downloaded"from"Github"(h;ps://
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github.com/JaneliaSciComp/FlyOverJovian)."The"user"could"load"a"custom"3D"scene"into"

FlyOver"(see"also"sec+on&3.3.3)."The"scene"file"specified"the"virtual"world,"its"geometry"as"well"

as"the"posi0on"and"appearance"of"arbitrarily"placed"and"shaped"objects"inside"it."It"also"

specified"the"ini0al"placement"of"the"fly"inside"the"virtual"world."Aler"loading"the"scene"file,"the"

FlyOver"graphical"user"interface"(GUI)"could"be"used"to"set"a"few"other"parameters"affec0ng"the"

final"display"of"the"virtual"world"to"the"fly."FlyOver"could,"for"example,"correct"for"distor0ons"of"

the"visual"panorama"introduced"by"the"screen"geometry"using"the"rigcspecific"dimensions"of"the"

screen"and"parameters"describing"the"placement"of"the"fly"rela0ve"to"the"screen."This"means"

that"FlyOver"can"be"flexibly"adjusted"for"the"use"with"different"screen"geometries."In"addi0on,"

the"GUI"was"used"to"introduce"virtual"‘fog’"to"hide"distant"objects."

During"a"trial,"FlyOver"con0nuously"updated"the"fly’s"virtual"posi0on"based"on"the"treadmill"

tracking"data"and"rendered"the"virtual"scene"from"the"fly’s"point"of"view."Sets"of"three"frames"

were"generated"at"a"0me"and"sent"as"one"package"to"the"graphics"card"at"120"Hz."Those"

packages"were"passed"on"to"the"projectors,"which"projected"a"new"frame"onto"the"screen"at"

360"Hz."To"monitor"the"actual"frame"rate,"each"rendered"frame"included"a"frame"rate"indicator"

in"the"form"of"a"small"square"at"the"edge"of"the"image,"whose"colour"was"toggled"between"

white"and"black"with"each"newly"drawn"frame"(lower"lel"corner"in"Figure&3.2&AID)."The"changes"

in"light"intensity"of"this"frame"rate"indicator"were"measured"with"a"photodiode."

For"each"frame,"i.e."at"360"Hz,"the"following"parameter"were"logged"to"file:"

• Time"that"had"passed"since"start"of"trial"[s]"

• Posi0on"of"the"fly"in"the"virtual"world"in"x"[mm],"y"[mm]"and"z"[mm]"

• Transla0onal"velocity"[mm/s]"

• Global"heading"in"the"virtual"world"[degrees]"

• Treadmill"readout"integrated"over"the"0me"period"of"the"current"frame"[arbitrary"units]"

• Collision"distance"[mm]"indica0ng"the"distance"to"the"closest"virtual"object"

In"addi0on,"each"log"file"contained"a"header"with"informa0on"about"the"loaded"scene"file,"

various"usercdefined"FlyOver"sevngs"such"as"the"parameter"specifying"the"virtual"fog,"the"

FlyOver"version"as"well"as"the"0me"and"date"of"the"measurement."For"each"trial"FlyOver"also"

generated"a"*.coord"file,"which"contained"the"loca0ons"of"the"centres"of"all"objects"within"the"

scene"in"virtual"world"coordinates."

FlyOver"also"sent"a"second,"reduced"output"stream"(at"60"Hz)"via"a"serial"port"to"a"

microprocessor"(Arduino"Mega"2000)."This"second"output"stream"only"contained"the"trial"0me"
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[s]"and"the"fly’s"virtual"posi0on"in"x"[mm]"and"y"[mm],"and"was"read"and"parsed"by"a"custom"

script"running"on"the"microprocessor."The"microprocessor"controlled"for"example"the"light"

source"of"the"projectors"and"could"be"used"to"trigger"video"recordings"of"the"fly"or"ini0ate"e.g."

optogene0c"s0mula0on"(Figure&3.1&E,"right"side)."

Building*3D*scenes*for*our*virtual*reality*system"

We"used"Blender"(version"2.73),"an"open"source"solware"tool,"to"create"virtual"3D"scenes"for"

our"experiments."Each"object"within"the"3D"scene"had"a"unique"name"and"a"set"of"proper0es."

Proper0es"such"as"the"colour"and"texture"were"specified"in"Blender"as"‘materials’"that"were"

then"assigned"to"the"respec0ve"object."Three"other"proper0es"were"communicated"to"FlyOver"

as"part"of"the"object’s"name"string:"

• Visibility:"An"object"could"be"marked"as"invisible"by"placing"underscores"at"the"beginning"

and"end"of"an"object"name,"e.g."‘_Cone_’."

• Penetrability:"An"underscore"followed"by"‘p’"as"in"‘Cone01_p’"marked"an"object"as"‘physical’,"

i.e."not"penetrable"by"the"fly."

• Concavity:"An"underscore"followed"by"‘c’"as"in"‘Cone01_c’"marked"an"object"as"‘concave’."

This"property"was"only"relevant"for"objects"that"were"hollow"and"impenetrable,"as"it"defined"

whether"the"fly"was"excluded"from"the"inside"or"the"outside."For"example,"the"fly"should"not"

be"able"to"enter"a"small"hollow"cylinder"used"as"a"virtual"landmark,"while"it"should"not"be"

able"to"exit"a"large"hollow"cylinder"that"marked"the"arena"wall."Consequently,"the"landmark"

model"had"to"be"marked"as"‘convex’,"while"the"arena"model"had"to"be"marked"as"‘concave’."

The"flags"for"visibility,"penetrability"and"concavity"could"be"combined"in"the"name"of"a"single"

object."By"default"objects"were"‘visible’,"‘penetrable’"and"‘convex’."The"3D"scenes"were"exported"

from"Blender"to"the"Collada"format,"a"standardised"XML"format"used"to"describe"3D"graphics."

When"loading"a"new"scene"file,"FlyOver"parsed"the"names"of"each"object"and"assigned"

corresponding"proper0es"to"the"objects"composing"the"virtual"scene."Invisible"objects"could"be"

used"to"mark"special"areas"within"the"scene,"such"as"the"star0ng"point"of"each"trial,"and"control"

the"delivery"of"other"s0muli"based"on"the"fly’s"posi0on"inside"the"VR."

3.3.2. Valida'on*of*the*visual*closedHloop*system*using*stripe*fixa'on*

As"a"first"step"toward"valida0ng"our"VR"system,"we"wanted"to"confirm"that"it"could"support"

known"visual"behaviours,"specifically"that"the"closedcloop"feedback"was"sufficiently"fast"and"

reliable"to"let"flies"engage"with"the"visual"s0mulus."
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To"do"this,"we"tested"whether"in"our"setup"tethered"flies"reliably"performed"a"wellcstudied"naïve"

behaviour:"‘stripe"tracking’."In"the"stripe"tracking"paradigm,"a"circular"panorama"with"a"single"

ver0cal"20˚"wide"bar"was"presented"to"a"tethered"fly"walking"on"the"ball."The"angular"

orienta0on"of"the"panorama"was"coupled"to"the"fly’s"steering"manoeuvres"on"the"ball"allowing"

the"fly"to"ac0vely"control"the"angular"posi0on"of"the"stripe"rela0ve"to"its"own"heading"direc0on."

Only"rota0ons"around"the"yaw"axis,"i.e."on"the"spot"rota0ons"to"the"lel"or"right"were"coupled"to"

the"visual"panorama."The"fly’s"posi0on"rela0ve"to"the"panorama"was"fixed,"i.e."the"fly"cannot"

change"its"distance"to"the"stripe."It"has"been"reported"that"under"these"condi0ons,"tethered"

walking"flies"ac0vely"keep"the"stripe"in"their"frontal"field"of"view"(Bahl"et"al.,"2013)."Thus,"the"

stripe"tracking"paradigm"forms"a"simple"1D"test"case"for"the"quality"of"the"visual"closed"loop"

system."

When"we"tested"flies"under"these"condi0ons"in"our"VR"system,"some"flies"indeed"showed"

robust"stripe"fixa0on"over"a"10"min"trial,"indica0ng"that"both"the"s0mulus"presenta0on"as"well"

as"the"speed"of"the"feedback"loop"were"sufficient"to"sustain"ac0ve"interac0on"with"the"visual"

s0mulus"(see"Figure&3.3&A"for"a"representa0ve"example"of"good"fixa0on)."We"tested"stripe"

fixa0on"in"male"and"female"flies"of"two"wild"type"strains:"Dickinson"lab"(DL)"and"wildctype"Berlin"

(WTB)."Since"stripe"tracking"can"only"be"evaluated"if"the"fly"is"walking,"we"increased"the"

probability"of"walking"by"performing"the"stripe"tracking"experiments"at"high"room"temperature"

(30˚"C,"see"also"Bahl"et"al.,"2013)."To"prevent"flies"from"flying"we"glued"their"wings"behind"the"

thorax"one"day"prior"to"experiments"on"the"ball"following"instruc0ons"in"(Bahl"et"al.,"2013)."

Under"these"condi0ons"most"flies"walk"well"on"the"ball."However,"we"found"that"the"extent"to"

which"flies"track"the"s0pe"varied"extensively"both"between"sex"and"genotype"(Figure&3.3&B,&C)."

Female"DL"flies"showed"pronounced"and"reliable"stripe"fixa0on"in"their"frontal"FOV"(peaks"

around"0"in"Figure&3.3&B,"lel),"whereas"female"WTB"flies"only"had"a"mild"preference"for"rela0ve"

heading"angles"in"the"front"(Figure&3.3&C)."In"male"flies"only"a"subset"showed"clear"fixa0on"and"

the"differences"between"genotypes"were"less"pronounced"(right"panels"in"Figure&3.3&B,&C)."

We"conclude"from"the"clear"and"reliable"fixa0on"behaviour"in"female"DL"flies"that"the"visual"

s0mula0on"in"our"VR"system"is"able"support"visual"behaviours."Robust"fixa0on"of"a"black"stripe"

in"the"frontal"FOV"may"be"observed"in"other"genotypes"too,"for"example"with"Canton"S"flies"as"

reported"in"(Bahl"et"al.,"2013)."
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Figure&3.3:*Stripe*fixa6on*(‘dark*on*bright’,*20*˚*wide*stripe)*in*female*and*male*flies*of*
two*genotypes.*
A:"Example"traces"of"transla0onal"velocity"(top)"and"rela0ve"heading"angle"(bo;om)"of"
a" male" wingccut" WTB" fly" measured" at" high" temperature." A" rela0ve" heading" angle"
around"0"rad"corresponds"to"the"frontal"field"of"view"(grey"dashed"line)."The"0me"series"
was"recorded"at"360"Hz"and"downsampled"to"20"Hz."B,*C:"Rela0ve"heading"distribu0ons"
measured" in"wingcglued"flies"at"high"(30"˚C)"room"temperature."Heading"distribu0ons"
of"single"flies"are"shown"as"coloured"lines"and"the"median"response"as"black"line."The"
grey"shaded"region"indicates"the"interquar0le"range"(IQR)."A"rela0ve"heading"angle"of"0"
corresponds" to" a" posi0on" of" the" stripe" or" landmark" in" front" of" the" fly," +/cπ" to"
posi0oning"behind"the"fly."Note"the"different"scales"on"the"ycaxis."Flies"that"walked"for"
less"than"20"%"of"the"0me"were"excluded"from"the"analysis.!B:!Female"(lel,"n=8"(10))"
and"male"(right,"n=8"(10))"flies"from"the"Dickinson"lab"strain.!C:!Female"(lel,"n=18"(18))"
and"male" (right,"n=16" (19))"flies" from"the"Wild" type"Berlin" (WTB)"strain."Sample"sizes"
aler"exclusion,"ini0al"sample"sizes"are"given"in"brackets."
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3.3.3. Design*of*2D*virtual*worlds*for*studying*landmark*interac'on*in*tethered*flies*

We"developed"this"VR"system"to"study"naviga0on"in"2D"rather"than"1D."Thus,"the"next"step,"

aler"valida0ng"the"basic"func0onality"of"our"VR"system,"was"the"design"of"a"suitable"virtual"

visual"environment"in"which"flies"could"explore"space"and"interact"with"landmarks."The"design"

of"3D"scenes"used"in"our"experiments"was"guided"by"the"following"principles:"

• Minimise"the"poten0al"for"the"fly"to"collide"with"impenetrable"virtual"objects,"as"the"VR"

cannot"provide"adequate"feedback"in"these"situa0ons"and"flies"some0mes"‘get"stuck’"at"

virtual"walls"as"they"keep"running"into"them."

• Keep"the"visual"panorama"simple,"with"just"a"few"salient"landmarks"to"simplify"the"analysis"

of"trajectories"of"flies"exploring"the"virtual"world."

The"second"principle"was"also"mo0vated"by"the"specific"ques0on"we"wanted"to"address"with"

our"behavioural"paradigm."We"were"primarily"interested"in"understanding"how"flies"use"visual"

landmarks"for"goalcdirected"naviga0on."Specifically,"we"wanted"to"connect"the"visual"s0mulus"to"

the"fly’s"walking"manoeuvres"and"ul0mately"also"dynamics"of"neural"circuits"involved"in"

controlling"the"behaviour."Simplifying"the"visual"panorama"not"only"eases"the"analysis"of"

behavioural"data"but"might"also"simplify"the"task"of"connec0ng"the"behaviour"to"imaging."

Following"these"two"principles"led"us"to"design"large"periodic"worlds,"in"which"a"freely"exploring"

fly"would"repeatedly"encounter"equivalent"condi0ons."The"virtual"worlds"consisted"of"a"

textured"ground"plane"with"black"landmarks"sparsely"placed"on"the"nodes"of"a"hexagonal"grid"

(Figure&3.4&E,&F)."We"used"virtual"fog"to"visually"separate"the"landmarks"by"hiding"far"objects"to"

reduce"visual"clu;er:"objects"that"were"far"from"the"fly’s"current"loca0on"in"the"virtual"world"

appeared"at"increasingly"lower"contrast"and"eventually"blended"into"the"background"(Figure&3.4&

AID)."The"fog"started"at"a"usercdefined"distance"and"increased"linearly"in"density"to"reach"full"

coverage"at"a"second,"larger"usercdefined"distance."Both"distances"were"specified"though"the"

FlyOver"GUI."

As"landmarks"we"used"1"cm"wide,"4"cm"high"cones."The"dimensions"of"the"virtual"landmarks"

were"chosen"to"match"landmarks"that"induced"frequent"object"interac0ons"in"flies"exploring"a"

realcworld"free"walking"arena"(data"from"a"pilot"study"with"freely"walking"flies"not"presented"

here)."The"angular"width"and"height"of"a"cone"with"these"dimensions,"viewed"from"the"fly’s"

virtual"posi0on"close"to"the"ground"plane,"varied"with"the"fly’s"distance"from"the"landmark"as"

visualised"in"Figure&3.4.&G."At"a"distance"of"about"28"mm"from"the"landmark"centre,"the"base"of"

the"cone"has"an"angular"width"of"20˚,"which"corresponds"to"the"width"of"the"stripe"used"in"the"

fixa0on"experiments"presented"in"Figure&3.3."The"image"of"the"cone"on"the"panoramic"screen"is"

only"clipped"at"distances"smaller"than"10"mm."
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Figure&3.4:*Design*of*virtual*worlds*for*studying*landmarkYguided*naviga6on.*
AYD:! Frames" from" different" 0me" points" during" the" approach" of" a" landmark." Two"
landmarks"are"visible"in"A,"both"par0ally"hidden"in"the"virtual"fog."BYD"show"the"view"on"
one" landmark" from" decreasing" distances." Over" the" course" of" the" approach," the"
landmark"increases"in"size"and"comes"into"full"contrast."E:*Three"landmarks"arranged"on"
the"nodes"of"an"equilateral"triangle"form"the"unit"cell"of"the"hexagonal"grid"(F)."Based"
on"pilot"experiments"the"distance"between"landmarks"was"chosen"to"be"120"mm."Blue"
shading" around" each" landmark" indicates" where" the" respec0ve" objects" begins" to" be"
visible" (outer" circle," 70"mm" away" from" object)" and" where" it" starts" to" appear" in" full"
contrast" (inner" circle," 55" mm" away" from" object)." F:! The" complete" virtual" world"
consisted" of" a" lightly" textured" ground" plane," a" spherical" while" backdrop," an" invisible"
cylindrical"arena"wall"and"the"2D"array"of"landmarks."The"orange"star"marks"the"star0ng"
posi0on"of"each"fly"at"the"beginning"of"a"trial."An"example"trajectory"from"one"10"min"
trial"(see"H)"is"overlaid"for"reference."G:"Schema0c"illustra0ng"the"angular"width"(black"
line)"and"height"(grey"line)"of"a"1"cm"wide"and"4"cm"high"cone"as"seen"from"a"point"of"
view"close"to"the"ground"plane"as"a"func0on"of"distance"from"the"centre"of"the"cone."
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The" blue" line" indicates" visibility" of" the" cone" through" virtual" fog" with" 100" %"
corresponding" to" full" visibility" and" 0" %" corresponding" to" no" visibility." The" dashed"
salmon" line" indicates" the" distance" at"which" the" cone"has" an" angular"width" of" 20˚"H:"
Example"trajectory"in"a"world"with"landmarks"(dark"grey"circles)"placed"on"the"nodes"of"
a" hexagonal" grid." An" orange" star"marks" the" fly’s" star0ng" posi0on." The" colour" of" the"
trajectory"indicates"the"progression"of"0me"over"the"course"of"a"10"min"trial."The"grey"
dashed" circles"mark" the" circular" area" around"each" landmark,"which"were" included" in"
the"analysis."I:"Trajectory"shown"in"H"aler"‘collapsing’"the"trajectory"fragments"within"a"
60"mm"radius"circle"around"any"landmark"onto"the"120"mm"wide"circular"arena"around"
the"landmark"posi0oned"on"the"origin."

The"virtual"fog"was"set"to"fully"hide"any"landmarks"that"were"further"than"70"mm"away"from"the"

fly’s"point"of"view."Landmarks"gradually"emerged"from"the"virtual"fog"at"distances"of"less"than"

70"mm"and"came"into"full"contrast"at"distances"smaller"than"55"mm,"at"which"point"the"cones"

had"an"angular"width"of"10.39˚"at"the"base"and"an"angular"height"of"36.03˚"(Figure&3.4.&G)."Thus"

landmarks"emerging"from"the"fog"should"be"detectable"by"the"fly,"as"the"angular"width"and"

height"of"a"landmark"are"well"above"the"interomma0dial"angle"of"Drosophila!melanogaster,"

which"is"about"5˚"(Land,"1997)."

Free"walking"experiments"also"informed"the"spacing"of"the"virtual"landmarks"rela0ve"to"each"

other"(see"Figure&3.4&E"for"details)."The"overall"size"of"the"virtual"world"was"chosen"based"on"

pilot"experiments"in"the"VR"to"ensure"that"most"flies"did"not"reach"the"arena"border"within"a"10"

min"trial"(Figure&3.4&F)."For"most"of"our"experiments"we"chose"black"landmarks"on"a"bright"

background"and"a"light"grey,"textured"ground"plane,"matching"condi0ons"used"in"our"free"

walking"arena"experiments."For"the"ground"plane"texture,"we"chose"white"noise"grey"scale"

pa;ern"with"pixels"varying"between"0"%"and"50"%"black"level"(low"contrast"condi0on)"or"

between"0"%"and"100"%"(high"contrast"condi0on)."The"images"in"Figure&3.4&AID"show"a"virtual"

world"with"the"low"contrast"ground"plane."

For"the"analysis"of"walking"trajectories"we"exploited"the"periodic"nature"of"the"virtual"worlds"we"

used"in"the"experiments."We"largely"restricted"the"analysis"of"trajectories"to"the"trajectory"

fragments"that"were"within"60"mm"radial"distance"from"any"landmark"(area"within"grey"dashed"

circles"in"Figure&3.4&H)."As"the"virtual"world"within"each"of"these"‘mini"arenas’"was"iden0cal,"we"

then"collapsed"these"trajectory"fragments"onto"the"‘mini"arena’"centred"around"the"landmark"

placed"on"the"origin."We"will"refer"to"this"as"the"‘collapsed’"trajectory"(Figure&3.4&I)."For"the"

projec0on,"the"trajectory"fragments"were"only"shiled"and"thus"only"the"fly’s"posi0on"but"not"its"

absolute"heading"angle"was"changed."
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3.3.4. Dimensionality*increase:*From*stripe*tracking*in*a*1D*world*to*tracking*visual*

landmarks*in*2D*

We"showed"that"flies"readily"track"stripes"in"our"VR"system."By"comparing"tracking"performance"

of"a"stripe"in"a"1D"panorama"to"tracking"of"a"landmark"in"a"2D"plane,"we"would"like"to"illustrate"

how"adding"degrees"of"freedom"influences"visual"orienta0on"behaviour"in"walking"flies."The"

primary"effect"of"increasing"the"number"of"spa0al"dimensions"is"the"addi0on"of"transla0onal"

movements."During"transla0onal"movements"visual"landmarks"expand"or"contract"depending"

on"their"posi0on"rela0ve"to"the"fly."In"our"highccontrast"worlds,"expansion"of"the"dark"

landmarks"brings"about"an"overall"change"in"luminance."This"connec0on"between"landmark"

fixa0on"and"brightness"change"does"not"occur"in"1D"worlds."This"means"that"object"fixa0on,"but"

not"necessarily"stripe"fixa0on,"could"be"influenced"by"a"fly’s"photopreference."It"is"easy"to"

change"specific"parameters"of"the"visual"environment"in"VR"and"we"therefore"decided"to"test"

the"effect"of"contrast"polarity"on"fixa0on"behaviour."We"tested"both"stripe"tracking"and"object"

tracking"under"two"contrast"condi0ons,"‘dark"on"bright’"and"‘bright"on"dark’."For"the"‘dark"on"

bright’"condi0on,"we"used"a"black"stripe"(20˚"wide)"on"a"bright"background"or"a"black"landmark"

(1"cm"wide"and"4"cm"tall"cone)"in"front"of"a"bright"background"on"a"lightly"textured"plane"

(Figure&3.5&A)."The"‘bright"on"dark’"condi0on"was"generated"by"inver0ng"the"brightness"in"the"

‘dark"on"bright’"worlds"(Figure&3.5&B)."

By"measuring"walking"behaviour"of"individual"tethered"flies"in"all"four"virtual"worlds,"we"were"

able"to"compare"how"stripe"fixa0on"in"1D"relates"to"object"tracking"in"2D"under"varying"contrast"

polarity"condi0ons."We"computed"the"rela0ve"heading"distribu0on"over"the"course"of"a"10"min"

trial"as"a"measure"of"the"fly’s"heading"preference."In"case"of"perfect"stripe"fixa0on"the"rela0ve"

heading"distribu0on"should"have"a"single"peak"at"the"angle"at"which"the"fly"fixated"the"stripe."

We"defined"the"heading"angle"such"that"0"corresponds"to"fixa0on"in"the"front"and"+/cπ"to"

fixa0on"behind"the"fly."For"trials"in"the"plane,"we"computed"the"heading"rela0ve"to"the"closest"

landmark"but"otherwise"disregarded"the"distance"to"the"landmark."An"example"for"stripe"and"

landmark"fixa0on"in"the"same"fly"in"a"‘dark"on"bright’"world"is"shown"in"Figure&3.5&C"and"an"

example"for"fixa0on"in"the"inverted"case"is"shown"in"Figure&3.5&D."

We"would"like"to"point"out"a"few"important"differences"between"fixa0on"in"1D"and"2D."As"

men0oned"before,"in"the"stripe"fixa0on"task"in"a"1D"world"only"the"fly’s"rota0onal"movements"

affect"the"stripe’s"posi0on."This"means"that"if"a"fly"moved"the"stripe"to"its"side"and"then"kept"

walking"perfectly"straight,"the"stripe"would"remain"at"the"fly’s"side."In"contrast,"if"a"fly"was"

posi0oned"next"to"a"landmark"in"a"2D"plane"and"started"walking"straight,"the"landmark"would"
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slowly"move"behind"the"fly"due"to"the"transla0onal"movement."A"second"difference"between"

1D"and"2D"worlds"is,"that"if"a"fly"fixates"a"stripe"in"its"frontal"FOV"in"a"1D"world"and"runs"toward"

it,"the"stripe"does"not"change"its"size."This"is"not"the"case"for"fixa0on"of"a"landmark"in"the"

frontal"FOV"in"a"2D"world,"where"the"landmark"expands"as"the"fly"approaches"it,"resul0ng"in"a"

looming"s0mulus."

We"can"improve"our"intui0on"for"how"fixa0on"relates"to"course"control"by"comparing"the"

rela0ve"heading"distribu0ons"with"the"trajectory"of"a"fly"through"the"2D"plane."Firstly,"fixa0on"of"

a"landmark"in"the"frontal"FOV"(around"0"rad)"leads"to"approach"as"long"as"the"fly"is"moving"

forward."Thus,"a"fly"would"eventually"reach"the"landmark"in"which"case"it"can"either"stop"there"

or"move"on"(Figure&3.5&E)."This"means"that"fixa0on"in"the"front"will"necessarily"lead"to"sampling"

of"other"rela0ve"heading"angles"when"the"fly"moves"on"from"the"previously"fixated"landmark."

This"necessary"alterna0on"between"fixa0on"and"an0fixa0on"has"previously"been"discussed"in"

the"context"efficient"search"in"freely"walking"flies"(Bülthoff"et"al.,"1982;"Götz,"1994)."Secondly,"

ac0vely"fixa0ng"a"landmark"in"2D"at"one"side,"i.e."at"a"rela0ve"angle"around"cπ/2"or"+π/2,"leads"

to"circling"around"that"landmark"as"illustrated"in"Figure&3.5&F."

� "

Figure&3.5:*Fixa6on*behaviour*in*one*and*two*dimensions.*
A,* B:" The" four" tested" trial" types." Two" contrast" condi0ons" were" tested:" ’Dark" on"
bright’" (A)"with"a"black"stripe"on"a"bright"background"and"black" landmarks" in"a"bright"
plane"as"well" as" ‘bright"on"dark’"with" a"bright" stripe"on"black"background"and"bright"
landmarks" in"a"dark"plane"(B)."C,*D:!Examples"for"rela0ve"heading"distribu0ons"during"
stripe"fixa0on"and"explora0on"of"a"2D"plane."A"rela0ve"heading"of"zero"means"that"the"
fly"kept"the"stripe"or"the"landmark"straight"in"front,"π"and"cπ/2"correspond"to"the"object"
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being" the" side"of" the"fly" and"+/cπ" corresponds" to" the"object" being"behind" the"fly.* C:"
Heading"distribu0on" in" ‘dark"on"bright’" scenes"of"a"male,"wingcglued"fly"measured"at"
high" room" temperature."D:*Heading"distribu0on" in" ‘bright"on"dark’" scenes"of" a"male,"
wingccut"fly"measured"at"high"room"temperature."E,*F:"Traces"of"two"flies"exploring"the"
2D" plane"with" landmarks" (black" circles)." The" posi0on" and" the" heading" of" the" fly" are"
indicated"with"a"dot"and"a"small"bar"poin0ng"into"the"direc0on"that"the"fly"was"looking"
at."The"traces"are"colourccoded"to"mark"the"temporal"progression"of"the"10"min"trial."
The"black"size"marker"indicates"10"cm"distance"in"x"and"y"direc0on."E:"Same"fly"as"in"D,"
exploring"a"bright"plane"with"black"landmarks."F:!Same"fly"as"in"E,"exploring"a"dark"plane"
with"bright"landmarks."

To"systema0cally"validate"our"setup"and"to"analyse"the"rela0onship"between"stripe"and"

landmark"fixa0on"more"quan0ta0vely,"we"measured"fixa0on"behaviour"of"60"male"and"59"

female"wild"type"(WTB)"flies"in"the"four"virtual"worlds"condi0ons"introduced"Figure&3.5."Within"

this"group"of"flies"we"tested"the"effect"of"different"wingcprepara0on"techniques,"i.e."cut"or"glued"

wings,"and"of"the"room"temperature"(low"with"25˚"C"and"high"with"30˚"C)."This"data"is"

summarised"in"Figure&3.6"and"Figure&3.7."We"will"begin"with"a"coarse"popula0onclevel"

descrip0on"of"preferred"rela0ve"heading"angles"under"the"four"different"condi0ons"before"

taking"a"closer"look"at"the"fixa0on"behaviour"across"individual"flies."In"our"analysis"we"only"

included"trials,"in"which"flies"were"walking"for"more"than"20"%"of"the"0me."This"led"to"exclusion"

of"up"to"17"%"of"trials"in"high"temperature"condi0on"and"up"to"42"%"of"trials"in"the"low"

temperature"condi0on."In"the"low"temperature"condi0ons,"flies"generally"walked"less"in"the"

‘bright"on"dark’"trials"resul0ng"in"a"larger"number"of"exclusions"(Figure&3.7&J,"see"also"legend"of"

Figure&3.6)."

Scene*contrast*polarity*and*dimensionality*have*systema6c*effects*on*rela6ve*heading*

preferences*

As"a"fist"step"toward"assessing"the"effect"of"scene"contrast"polarity"and"dimensionality"on"

fixa0on"behaviour,"we"compared"the"frequency"distribu0ons"of"rela0ve"heading"angles"across"

the"four"condi0ons."Despite"large"intercfly"variability"we"found"several"trialcspecific"features"in"

the"heading"distribu0on"that"were"consistent"across"individual"flies"within"a"single"experimental"

group,"for"example"male"wingccut"flies"measured"at"high"temperature"(Figure&3.6&BIE)."These"

characteris0cs"of"fixa0on"behaviour"seemed"to"be"primarily"related"to"the"contrast"condi0on."In"

‘bright"on"dark’"trials,"the"heading"distribu0on"of"many"flies"shows"a"pronounced"peak."This"

fixa0on"peak"was"olen"at"angles"around"cπ/2"or"π/2,"corresponding"to"fixa0on"at"the"side"

(Figure&3.6&D,&E)."This"trend"in"heading"preference"was"consistent"enough"across"flies"to"show"

up"in"the"median"response."In"contrast,"only"few"flies"had"a"clearly"preferred"fixa0on"direc0on"in"

‘dark"on"bright’"trials"(Figure&3.6&B,&C)!and"correspondingly"the"median"response"showed"only"a"
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very"small"modula0on."These"subtle"but"systema0c"varia0ons"in"preferred"rela0ve"heading"

were"consistent"across"sexes"and"prepara0ons"(Figure&3.6&FII)."Curiously,"flies"on"average"

showed"a"bias"toward"fixa0ng"the"bright"stripe"on"one"side"(toward"cπ),"whereas"no"such"

asymmetries"were"detected"in"the"other"three"condi0ons."At"this"point"we"do"not"have"a"

definite"explana0on"for"this"asymmetry"in"the"heading"distribu0ons."It"is"possible"that"there"are"

asymmetries"in"the"s0mulus"delivery"such"as"minor"brightness"differences"of"the"two"projected"

images"or"systema0c"asymmetries"in"the"tethering"and"posi0oning"of"flies"on"the"ball."

Poten0ally"a"fly’s"fixa0on"behaviour"is"more"easily"biased"by"these"asymmetries"during"‘bright"

on"dark’"stripe"fixa0on"compared"to"the"other"three"condi0ons."

� "

Figure&3.6:*Preferred*rela6ve*heading*direc6ons* in*stripe*and*landmark*fixa6on*trials*
under*two*different*contrast*condi6ons.*
A:" Schema0cs" of" the" four" trial" types." Each" fly" was" tested" in" all" four" condi0ons."BYE:*
Rela0ve" heading" distribu0ons" measured" in" male" wingccut" flies" at" high" (30" ˚C)" room"
temperature."Heading"distribu0ons"of"single"flies"are"shown"as"coloured"lines"and"the"
median"response"as"black"line."The"grey"shaded"region"indicates"the"interquar0le"range"
(IQR)."A"rela0ve"heading"angle"of"0"corresponds"to"posi0on"of"the"stripe"or"landmark"in"
front"of"the"fly,"+/cπ"to"posi0oning"behind"the"fly."Note"the"different"scales"on"the"ycaxis."
In"total"15"flies"were"measured,"but"some"flies"were"excluded"from"the"analysis,"if"they"
walked"for"less"than"20"%"of"the"trial"0me."This"lead"to"varying"sample"sizes"in"the"four"
condi0ons:"n=15"(dark"stripe"(DS),"B),"n=14"(dark"landmark"(DL),"C),"n=15"(bright"stripe"
(BS),"D)" and" n=13" (bright" landmark" (BL)," E)." FYI:*Average" response" of" flies" in" the" six"
tested" condi0ons."Median" is" shown" as" a" think" line" and" the" IQR" as" coloured" shading."
Again,"the"sample"size"varied"between"groups"due"to"the"selec0on"of"trials"where"flies"
walked"for"at" least"20"%"of"0me."18"male"wingcglued"flies"tested"at"high"temperature"
(dark"violet):"n=15"(DS),"n=17"(DL),"n=15"(BS)"and"n=15"(BL)."18"female"wingcglued"flies"
tested"at"high" temperature" (pink):"n=17" (DS),"n=16" (DL),"n=16" (BS)"and"n=16" (BL)."15"
male" wingccut" flies" tested" at" high" temperature" (dark," see" exact" sample" sizes" listed"
above)." 15" female" wingccut" flies" tested" at" high" temperature" (grey):" n=15" (DS)," n=15"
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(DL),"n=15"(BS)"and"n=14"(BL)."27"male,"wingccut"flies"tested"at"low"temperature"(dark"
blue):"n=17"(DS),"n=17"(DL),"n=10"(BS)"and"n=12"(BL)."26"female"wingccut"flies"tested"at"
low"temperature"(light"blue):"n=18"(DS),"n=18"(DL),"n=11"(BS)"and"n=11"(BL)."

How*much*flies*fixate*is*influenced*by*scene*contrast,*while*dimensionality*affects*where*flies*

fixate*

Next,"we"sought"to"quan0fy"in"more"detail"differences"in"the"rela0ve"heading"distribu0ons"of"

individual"flies"across"the"four"condi0ons."Specifically,"we"wanted"to"classify"whether"a"fly"was"

fixa0ng"the"stripe"or"landmark"in"a"given"trial"and"if"it"did,"how"pronounced"this"fixa0on"was"and"

at"which"azimuthal"angle"the"fly"kept"the"stripe"or"landmark."To"do"this,"we"se;led"on"the"

following"strategy:"We"first"tried"to"fit"a"von"Mises"distribu0on,"a"con0nuous"circular"

distribu0on"approxima0ng"the"circular"analogue"of"the"normal"distribu0on."The"von"Mises"

distribu0on"can"be"mathema0cally"described"as"

� "

It"is"a"unimodal"distribu0on,"i.e."it"has"a"single"peak"whose"loca0on"is"set"by"the"loca0on"

parameter"µ,"which"can"take"any"value"between"cπ"and"π."The"height"of"the"peak"is"a"func0on"of"
κ,"the"soccalled"shape"parameter."The"larger"κ,"the"more"mass"is"centred"on"the"peak"at µ."If"κ 
="0,"the"von"Mises"becomes"a"uniform"circular"distribu0on."Figure&3.7&A"shows"the"rela0ve"

heading"trace"(lel)"and"the"frequency"distribu0on"(right)"of"a"representa0ve"trial"in"grey."The"

fi;ed"von"Mises"with"loca0on"parameter"µ"="c1.28"and"shape"parameter"κ"="0.53"is"overlaid"in"
black."We"classified"a"fly’s"behaviour"as"‘unimodal"fixa0on’,"if"a"good"fit"with"a"von"Mises"

distribu0on"could"be"achieved"(p">"0.1"with"a"KolmogorovcSmirnov"test"for"the"null"hypothesis"

that"the"measured"and"the"fi;ed"frequency"distribu0ons"are"the"same)"and"the"fit"had"a"shape"

parameter"κ">"0.5."Thus,"the"example"trial"in"Figure&3.7&A"would"be"classified"as"‘unimodal"

fixa0on’."In"some"cases"flies"showed"a"very"narrow"fixa0on"peak"on"top"of"a"baseline,"which"

generally"could"not"be"well"fi;ed"by"a"von"Mises."We"therefore"allowed"trials"to"be"classified"as"

‘unimodal"fixa0on’"even"if"not"got"fit"was"achieved,"if"the"length"of"the"mean"angular"vector,"i.e."

the"inverse"of"the"circular"variance,"was"larger"than"0.5."We"no0ced"that"amongst"the"heading"

distribu0ons"that"did"not"match"the"criteria"for"‘unimodal"fixa0on’"were"several"that"showed"

two"defined"peaks."We"therefore"added"a"second"step"in"which"we"tried"to"fit"heading"

distribu0ons"that"failed"to"meet"the"criteria"for"‘unimodal"fixa0on’"with"a"bimodal"distribu0on"

generated"by"adding"two"von"Mises"that"share"the"same"shape"parameter:"

� "

f(x|µ,) = e

cos(x�µ)

2⇡I0()

f(x|µ
1

, µ

2

,) =
1

2

✓
e

 cos(x�µ1)

2⇡I
0

()
+

e

 cos(x�µ2)

2⇡I
0

()

◆

�77



A!2D!visual!virtual!reality!system!for!walking!flies

If"a"good"fit"with"a"shape"parameter"κ">"0.5"could"be"achieved"with"this"bimodal"distribu0on,"

the"respec0ve"trial"was"classified"as"‘bimodal"fixa0on’."Any"trials"that"met"neither"the"condi0ons"

for"‘unimodal"fixa0on’"nor"‘bimodal"fixa0on’"were"classified"as"‘unclassified’."

We"then"used"the"fi;ed"parameter"loca0on"and"shape"parameter"to"generate"a"rela0vely"

compact"yet"comprehensive"visual"summary"of"the"observed"fixa0on"behaviour"across"

condi0ons"and"experimental"groups"(Figure&3.7&CIJ)."The"unimodal"fit"of"the"heading"

distribu0on"of"a"single"fly"in"a"given"trial"corresponds"to"a"point"in"a"polar"coordinate"system"

defined"by"the"shape"parameter κ"(radial"coordinate)"and"the"loca0on"parameter"µ"(angular"
coordinate,"see"also"Figure&3.7&B)."The"results"from"the"unimodal"and"bimodal"fits"for"the"four"

condi0ons"and"three"experimental"groups"are"shown"in"Figure&3.7&CIJ"with"males"on"the"lel"

and"females"on"the"right."The"propor0on"of"walking"flies"that"fixate"in"one"or"in"two"angular"

loca0ons"varies"dras0cally"between"the"four"trials,"however,"it"rela0vely"conserved"across"sexes"

and"the"three"tested"experimental"condi0ons."In"‘bright"on"dark’"condi0ons"flies"did"not"only"

show"more"pronounced"unimodal"fixa0on"peaks"(larger"shape"parameter"κ,"Figure&3.7&G,&I),"but"
‘unimodal"fixa0on’"was"also"much"more"frequent"compared"to"‘dark"on"bright’"condi0ons"

(Figure&3.7&L)."In"the"trials"with"a"bright"stripe"fixa0on"‘unimodal"fixa0on’"was"the"most"

commonly"observed"behaviour"(>="50"%"of"walking"flies"in"all"groups)."Also"the"frequency"with"

which"flies"fixate"in"two"angular"loca0ons"varies"between"the"four"trials,"but"the"pa;ern"

appears"to"be"less"consistent"across"experimental"groups."Generally,"fixa0on"in"two"loca0ons"is"

rela0vely"rare"and"was"observed"more"frequently"in"2D"worlds"(Figure&3.7&F,&J)"compared"to"1D"

worlds"(Figure&3.7&D,&H)."In"males,"throughout"experimental"groups,"two"fixa0on"peaks"were"

most"commonly"observed"in"the"bright"2D"scene,"but"only"in"males"with"glued"wings"measured"

at"high"room"temperature"‘bimodal"fixa0on’"was"also"somewhat"frequent"in"the"dark"2D"scene"

(Figure&3.7&M)."In"contrast,"in"female"flies"‘bimodal"fixa0on’"was"observed"with"similar"

frequency"in"the"bright"1D"and"2D"scene"as"well"as"in"the"dark"2D"scene"(Figure&3.7&L)."

We"also"found"some"consistent"pa;erns"in"the"distribu0on"of"angular"fixa0on"loca0ons."Male,"

but"not"necessarily"female,"flies"that"showed"‘unimodal"fixa0on’"preferen0ally"fixated"the"dark"

stripe"in"1D"trials"in"the"frontal"FOV"(Figure&3.7&C)."In"contrast,"flies"did"not"preferen0ally"fixate"

the"bright"stripe"in"any"par0cular"angular"loca0on"(Figure&3.7&G)."Interes0ngly,"flies"tended"to"

fixate"landmarks"in"2D"trials"to"either"side,"rather"than"fixa0ng"it"in"the"frontal"or"rear"FOV"

(Figure&3.7&E,&I)."This"was"par0cularly"pronounced"in"‘bright"on"dark’"trials,"where"many"flies"

showed"pronounced"fixa0on"at"+/c"π/2"(Figure&3.7&I)."Fixa0on"at"the"side"results"in"virtual"

walking"trajectories"that"circle"around"the"landmark"(see"Figure&3.5&D,&F)."In"case"of"‘bimodal"
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fixa0on’,"we"found"that"the"two"peaks"of"the"fi;ed"bimodal"distribu0on"(loca0on"parameter µ1"

and"µ2)"were"frequently"separated"by"an"angle"of"π,"i.e."they"lay"on"opposite"points"within"the"

fly’s"FOV"(Figure&3.7&D,&F,&H,&J, µ1"and"µ2"from"the"same"fly"are"connected"by"a"line)."Notably,"the"

fivng"procedure"did"not"enforce"an"angle"of"π"between"the"two"peak"loca0ons."Beyond"that,"

the"angular"loca0ons"of"the"fixa0on"peaks"in"‘bimodal"fixa0on’"trials"did"not"show"any"clear"

pa;erns"across"experimental"groups"and"trial"condi0ons"—"with"one"excep0on."Male"flies"

across"experimental"groups"fixated"the"dark"landmark"either"in"the"front"and"back"or"to"the"two"

sides."

Summing"up,"we"found"that"‘contrast"polarity’"of"the"scene"can"affect"walking"frequency"(Figure&

3.7&K)"as"well"as"the"frequency"of"fixa0on"(Figure&3.7&LIN)."While"fixa0on"frequency"does"not"

vary"much"between"trials"in"1D"and"2D"worlds,"flies"show"characteris0c"differences"in"the"

frequency"of"different"fixa0on"loca0ons,"with"a"preference"for"fixa0on"at"the"sides"for"landmark"

tracking"in"2D"trials."
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� "

Figure&3.7:*Classifica6on*of*fixa6on*behaviour*on*single*trial*level.*
A:*Time"series"(lel)"and"frequency"distribu0on"(right)"of"the"rela0ve"heading"angle"from"
a"single"fly"in"a"‘dark"on"bright’"stripe"fixa0on"trial"(grey"line)."A"von"Mises"fit"is"overlaid"
onto" the" frequency" distribu0on" (black).* B:! Lel:" illustra0on" of" the" polar" plot" of" the"
parameter" from"the"von"Mises"fit."Centre"and" right:" Legend" for" the"plots" in"CYJ.!Data"
points"from"trials"for"which"the"unimodal"or"bimodal"von"Mises"was"not"a"good"fit"are"
plo;ed" with" a" small" dots," data" from" wellcfi;ed" distribu0ons" that" did" not" qualify" as"
fixa0on"with"an"empty"circle"and"fixa0on"trials"with"a"solid"large"dot."C,*E,*G,*I:"Loca0on"
and"shape"parameter"from"fits"to"a"unimodal"von"Mises"distribu0on"for"male"(lel)"and"
female"(right)"flies"across"four"trial"condi0ons."Data"from"the"three"experimental"groups"
are"colourccoded"according"to"the"legend"in"B.*D,*F,*H,*J:"Loca0on"and"shape"parameter"
from"fits"to"a"bimodal"von"Mises"distribu0on."A"thin"line"connects"the"two"points"that"
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indicate" the" loca0on" parameters" from" each" fit." KYN:" Frequency" of" trials" classified" as"
walking" (K)," ‘unimodal" fixa0on’" (L)," ‘bimodal" fixa0on’" (M)" and" ‘unclassified’" (N)."Note"
that"only"‘unimodal"fixa0on’,"‘bimodal"fixa0on’"and"‘unclassified’"trials"sum"up"to"one."

Within*a*fly*fixa6on*strength*and*angular*loca6on*in*1D*and*2D*appear*to*be*uncorrelated*

Finally,"for"‘unimodal"fixa0on’"we"looked"for"a"correla0on"of"fixa0on"strength,"as"measured"by"

the"shape"parameter"κ"(Figure&3.8&A),"or"peak"posi0on"quan0fied"by"the"loca0on"parameter"µ"

(Figure&3.8&B,&C)"between"stripe"fixa0on"in"1D"and"landmark"fixa0on"in"2D."For"this"analysis"we"

only"took"into"account"trials"where"a"good"fit"with"a"unimodal"von"Mises"was"achieved"in"both"

the"1D"and"2D"trial"of"a"given"contrast"polarity"condi0on."We"found"no"evidence"for"a"

correla0on"of"fixa0on"strength"in"1D"and"2D"trials"(Figure&3.8&A),"neither"for"‘dark"on"bright’"nor"

‘bright"on"dark’"trials."Also"the"angular"loca0on"of"fixa0on"in"1D"and"2D"appears"to"be"

uncorrelated"(Figure&3.8&B)."When"we"loot"at"the"absolute"angular"loca0on,"i.e."pooling"fixa0on"

loca0ons"across"the"lel"and"right"FOV,"we"found"a"weak"posi0ve"correla0on"in"‘dark"on"bright’"

trials"(Figure&3.8&C,"Pearson"correla0on"coefficient"r"="0.176)."

� "

Figure&3.8:*Correla6on*of*fixa6on*strength*and*loca6on*between*1D*and*2D*trials.!
A:*Correla0on"of"fixa0on" strength"and"fixa0on" loca0on" in"1D" stripe"and"2D" landmark"
tracking" trials." Sca;er" plot" of" the" shape" parameter" in" 1D" and" 2D" trials," obtained" by"
fivng"a"unimodal"von"Mises"distribu0on."Each"point"corresponds"to"a"measurement"in"
a"single"fly."Only"trials"for"which"the"von"Mises"was"a"good"fit"in"both"the"1D"and"2D"trial"
were" considered."Measurements" from" ‘bright" on" dark’" trials" are" displayed" in" orange,"
measurements"from"‘dark"on"bright’"in"turquoise."Data"points"from"the"3"experimental"
groups" are" shown" with" different" shapes," but" data" has" been" pooled" across" sexes." A"
linear" regression" for" both" contrast" condi0ons" suggested" that" there" is" no" correla0on"
between"the"peak"size" in"stripe"and" landmark"fixa0on"trials." ‘Dark"on"bright’:"Pearson"
correla0on"coefficient"r=0.040."‘Bright"on"dark’:"r=0.078.!B:!Correla0on"of"fixa0on"peak"
posi0on" in" stripe" and" landmark" tracking" trials." Sca;er" plot" of" the" fi;ed" loca0on"
parameter,"analogous"to"panel"A."Linear"regression"showed"no"correla0on"between"the"
peak"posi0on" in"stripe"and" landmark"fixa0on"trials" for"both"contrast"condi0ons." ‘Dark"
on" bright’:" Adjusted" r=0.061." ‘Bright" on" dark’:" Adjusted" r=c0.099." C:! Correla0on" of"
absolute" fixa0on" posi0on." We" found" a" weak" correla0on" in" ‘dark" on" bright’" trials"
(r=0.176)"and"no"correla0on"in"‘bright"on"dark’"trials"(r=0.000)."
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Summing"up,"we"found"that"some"flies"do"show"strong"stripe"fixa0on"behaviour"in"our"visual"VR"

system,"valida0ng"its"basic"func0onality."Flies"tended"to"walk"less"but"showed"clearer"fixa0on"

with"bright"objects"on"dark"background"than"with"dark"objects"on"bright"background."In"1D"

‘dark"on"bright’"trials"flies"showed"a"weak"tendency"for"fixa0on"in"the"frontal"field"of"view,"

whereas"flies"did"show"any"preferred"fixa0on"angles"in"‘bright"on"dark’"1D"trials."Further,"flies"

preferen0ally"kept"landmarks"in"2D"trials"at"the"sides,"but"no"such"trend"was"found"in"1D"stripe"

tracking"trials."Finally,"we"did"not"find"a"clear"rela0onship"between"fixa0on"strength"and"

preferred"angular"fixa0on"loca0on"for"a"given"fly"in"1D"and"2D"trials."These"observa0ons"were"

consistent"across"sex,"the"two"tested"room"temperatures"and"wing"modifica0on"techniques."It"

is"possible,"however,"that"observa0ons"regarding"stripe"and"landmark"fixa0on"in"the"two"tested"

contrast"condi0ons"are"specific"to"the"tested"genotype,"WTB."

3.3.5. Comparison*of*landmark*interac'on*in*tethered*and*freely*walking*flies*

These"first"experiments"of"our"VR"suggested"that"interac0ons"with"the"more"naturalis0c"dark"

landmarks"were"more"variable"than"stripe"fixa0on"and"behavioural"correlates"of"landmark"

interac0on"therefore"harder"to"detect."Addi0onally,"we"suspected"that"the"landmark"interac0on"

behaviour"could"be"affected"by"the"tethering"procedure"and"the"lack"of"mechanosensory"

feedback"from"virtual"objects."To"judge"the"degree"to"which"these"limita0ons"of"our"VR"system"

distorted"the"behaviour"and"to"get"a"be;er"idea"of"what"would"be"quan0fiable"behavioural"

correlates"of"landmark"interac0on,"we"decided"to"compare"the"behaviour"of"flies"naviga0ng"in"

VR"to"that"of"freely"walking"flies."Walking"trajectories"obtained"from"freely"walking"flies"could"be"

used"as"a"‘ground"truth’"for"what"to"expect"and"we"could"deduce"which"aspects"of"walking"

behaviour"in"VR"may"be"confounded"by"tethering"or"imperfect"sensory"feedback."A"requirement"

for"this"approach"is"to"closely"match"the"tethered"and"the"free"walking"group"and"the"

experimental"condi0ons"across"the"two"assays."

To"achieve"this,"we"built"a"free"walking"arena"according"to"the"following"guiding"principles:""

• Give"flies"a"large"open"space"to"walk"without"interac0ng"much"with"walls,"as"walls"are"

largely"absent"in"the"virtual"worlds"we"used."

• Match"the"ligh0ng"condi0ons"in"the"free"walking"arena"to"those"in"the"VR"setup.""

• Introduce"small"objects"into"the"arena"to"inves0gate"interac0on"with"visual"landmarks."

• Make"landmarks"‘noncclimbable’,"as"flies"are"not"able"to"walk"on"landmarks"in"the"VR."

A"full"descrip0on"of"the"free"walking"arena"can"be"found"in"sec+on&3.2.4."We"will"now"briefly"

describe"the"behavioural"paradigm"before"comparing"landmark"interac0on"in"tethered"and"

freely"walking"flies."
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Landmark*interac6on*assay*with*freely*walking*flies*

We"used"the"free"walking"arena"to"characterise"how"walking"flies"interact"with"a"single"salient"

dark"landmark,"which"could"be"approached"from"any"direc0on."Small"3Dcprinted"black"objects"

served"as"landmarks."The"surface"of"the"object"was"polished"to"reduce"surface"texture.""A"

variety"of"object"shapes"were"produced,"but"all"experiments"shown"in"this"chapter"were"

performed"with"a"4"cm"high"cone"that"was"1"cm"wide"at"the"base,"matching"the"size"of"

landmarks"used"in"VR"experiments."The"cone"was"placed"in"the"centre"of"the"arena"(Figure&3.2&

B)."To"prevent"flies"from"climbing"and"res0ng"on"the"cone,"a"coated"(SurfaSil,"Fisher"Scien0fic,"

Thermo"Fisher"Scien0fic,"Waltham,"MA,"USA)"glass"cylinder"(ø"="1.5"cm)"was"placed"around"the"

cone."Flies"were"unable"to"walk"on"the"coated"horizontal"glass"surface."Before"experiments,"flies"

were"dry"starved"for"4c6"h."A"single"wingcclipped"fly"was"introduced"to"the"arena"and"it"was"

given"1c2"min"to"explore"the"space"before"star0ng"the"video"recording"for"a"10"min"trial"(Figure&

3.2&C)."Aler"each"measurement"the"fly"was"removed"from"the"arena"and"the"arena"floor"was"

wiped"with"humidified"0ssue"paper."

Differences*in*landmark*fixa6on*behaviour*in*freely*walking*flies*across*genotypes*and*sexes*

As"we"have"seen,"stripe"fixa0on"behaviour"can"vary"with"genotype"and"sex."We"therefore"

decided"to"also"inves0gate"landmark"interac0on"behaviour"in"both"male"and"female"freely"

walking"flies"of"two"genotypes:"Wildctype"Berlin"(WTB)"and"WTB"x"pBDPcGAL4"hybrid"flies."The"

pBDPcGAL4"line"is"a"frequently"used"‘emptycGAL4’"control"line."We"chose"WTB"flies,"because"

this"genotype"has"been"used"in"many"previous"publica0ons"on"various"walking"behaviours."The"

second"tested"genotype,"WTB"x"pBDPcGAL4"hybrid"flies,"was"chosen"to"approximate"the"

genotypes"used"in"many"ac0va0on"experiments"presented"in"chapter"4,"where"an"effector"line"

with"WTB"background"is"crossed"to"GAL4"driver"lines"with"variable"gene0c"backgrounds."Also,"

there"was"anecdotal"evidence"that"hybrid"flies"showed"be;er"fixa0on"behaviour."

For"each"of"the"four"groups,"we"tested"20"flies"and"analysed"their"general"locomo0on"and"

landmark"fixa0on"behaviour"(Figure&3.9)."We"restricted"our"analysis"to"trajectories"within"the"

central"area"of"the"arena"(less"than"60"mm"distance"from"landmark)"excluding"also"the"area"

immediately"around"the"landmark"(more"than"15"mm"distance)"to"reduce"edge"effects"(Figure&

3.9&A)."Furthermore,"we"only"included"0me"periods"during"which"a"fly"was"moving,"using"a"

simple"empirical"threshold"criterion"(transla0onal"velocity"larger"than"5"mm/s)."Due"to"this"

filtering"procedure"a"variable"number"of"0me"points"contributed"to"the"es0mates"for"

locomo0on"parameters"and"heading"in"each"fly"(Figure&3.9&B)."The"median"transla0onal"velocity"

varied"widely"both"within"and"across"groups"(Figure&3.9&C)"with"the"largest"variance"in"male"
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WTB"flies."The"median"absolute"rota0onal"velocity"seemed"to"be"higher"in"WTB"compared"to"

WTB"x"pBDPcGAL4"hybrid"flies"(Figure&3.9&D),"and"female"flies"tended"to"walk"with"lower"

transla0onal"and"rota0onal"veloci0es"than"male"flies"of"the"respec0ve"genotype."

� "

Figure&3.9:*Landmark*fixa6on*in*freely*walking*flies.*
Comparison"of"locomo0on"and"landmark"fixa0on"behaviour"in"freely"walking"male"and"
female" homozygous" wildctype" Berlin" (WTB)" and" WTB" x" pBDPcGAL4" hybrid" flies." A:*
Schema0c"of"the"spa0al"dimensions"of"the"free"walking"arena."All"data"presented"in"this"
figure"is"based"on"walking"trajectories"within"the"area"between"the"two"dashed"circles,"
corresponding" to" landmark" distances" between" 15" mm" and" 60" mm." The" black" dot"
indicates"the"approximate" landmark"posi0on"and"the"grey"oval"symbolises"a"fly" in"the"
arena" (fly" not" to" scale)." The" rela0ve" heading," defined" as" the" angle" between" the" fly’s"
heading" direc0on" and" the" direc0on" of" the" landmark" rela0ve" to" the" fly’s" posi0on," is"
indicated" in"blue."BYD:"Percfly"quan0fica0on"of"different" locomo0on"parameters."Data"
from"four"experimental"groups"is"shown:"male"and"female"WTB"flies"as"well"as"male"and"
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female"WTB"x"pBDPcGAL4"hybrid"flies."For"each"of"the"four"groups"a"boxplot"as"well"as"
the"individual"data"points"are"presented."The"individual"data"points,"shown"as"coloured"
dots," correspond" to" different" flies" and" the" colourccode" is"maintained" throughout" the"
three" panels." B:" Percentage" of" the" 10" min" trial" that" a" fly" spent" moving" (movement"
criterion:" transla0onal" velocity" above" 5"mm/s)" within" the" area" around" the" landmark"
described" by" the" dashed" circles" in" A." This" gives" an" indica0on" of" the" number" of" 0me"
points"that"contributed"to"the"percfly"averages"presented"in"C"and"D"and"to"the"rela0ve"
heading" distribu0ons" presented" in" EcH." C,* D:" Median" transla0onal" velocity" (C)" and"
rota0onal" velocity" (D)" of" a" moving" fly." EYH:" Rela0ve" heading" distribu0on" based" on"
trajectories" within" arena" area" between" the" two" dashed" circles" marked" in" A." The"
frequency"distribu0ons"were"computed"as"the"density"of"heading"angles"normalised"to"
an"area"of"1." The" rela0ve"heading"distribu0on"of" individual"flies"and" the"median"and"
interquar0le"range"are"shown"for"the"four"experimental"groups:"male"(E)"and"female"(F)"
WTB"flies"as"well"as"male"(G)"and"female"(H)"WTB"x"pBDPcGAL4"hybrid"flies"

As"a"behavioural"readcout"of"interac0on"with"the"landmark,"we"computed"for"each"fly"the"

distribu0on"of"rela0ve"heading"angles,"which"we"defined"as"the"angle"between"the"fly’s"heading"

direc0on"and"the"direc0on"of"the"landmark"seen"from"the"fly’s"current"posi0on."As"in"our"stripe"

fixa0on"experiments,"we"expected"a"noncuniform"distribu0on"of"rela0ve"heading"angles"in"

cases"where"a"fly"would"interact"with"the"landmark."For"example,"we"would"expect"a"peak"

around"zero"rela0ve"heading"in"flies"that"repeatedly"approached"the"landmark."To"ensure"a"

reasonable"sampling,"heading"distribu0ons"were"only"computed"for"flies"that"moved"within"the"

analysed"arena"area"for"more"than"20"%"of"the"10"min"trial."While"the"rela0ve"heading"

distribu0ons"varied"widely"across"flies,"we"found"some"genotypecspecific"tendencies."The"

average"headingcdistribu0on"of"male"and"female"WTB"flies"showed"no"clear"peaks"(thick"black"

lines"in"Figure&3.9&E,&F),"whereas"the"heading"distribu0on"in"female,"and"to"a"lesser"degree"in"

male,"WTB"x"pBDPcGAL4"hybrid"flies"on"average"showed"a"small"fixa0on"peak"around"zero"

rela0ve"heading"(Figure&3.9&G,&H)."The"average"absolute"rota0onal"velocity"seemed"to"be"

inversely"correlated"with"the"magnitude"of"the"modula0on"in"the"average"rela0ve"heading"

distribu0on."The"fixa0on"peak"was"most"pronounced"in"female"WTB"x"pBDPcGAL4"hybrid"flies"

(Figure&3.9&H),"sugges0ng"that"out"of"the"four"tested"groups,"these"flies"showed"the"clearest"

landmark"interac0on"behaviour."We"therefore"decided"to"use"female"WTB"x"pBDPcGAL4"hybrid"

flies"for"the"comparison"of"landmark"interac0on"in"freely"and"tethered"walking"flies."

Flies*in*VR*walk*and*explore*landmarks*in*much*the*same*way*as*freely*walking*flies*

To"compare"landmark"tracking"behaviour"in"freely"walking"and"tethered"walking"flies,"we"tested"

flies"taken"from"the"same"vials"and"measured"them"in"parallel"on"the"two"setups,"which"were"

located"in"the"same"room."In"free"walking"experiments"each"fly’s"behaviour"was"only"recorded"

for"one"10"min"trial,"while"we"performed"several"10"min"long"trials"with"tethered"flies"in"the"VR."
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For"the"comparison"of"tethered"with"free"walking"behaviour,"we"restricted"our"analysis"of"

trajectories"in"VR"to"the"first"trial"with"a"visual"landmark."

When"we"compared"the"walking"veloci0es"of"20"freely"and"20"tethered"walking"female"WTB"x"

pBDPcGAL4"hybrid"flies,"we"found"generally"higher"transla0onal"and"rota0onal"veloci0es"in"free"

walking"compared"to"tethered"walking"(compare"Figure&3.10&A,&B"to"G,&H)."The"lower"walking"

veloci0es"in"VR"might"have"been"an"artefact"due"to"a"too"small"gain"factor"used"to"translate"ball"

rota0ons"to"movement"in"the"VR"or"it"could"have"been"a"bias"induced"by"how"flies"were"

posi0oned"on"the"ball."In"addi0on"to"this"shil"in"mean"transla0onal"velocity,"the"variability"in"

transla0onal"velocity"distribu0ons"was"higher"in"VR"compared"to"free"walking"(Figure&3.10&A,&G)."

Next,"we"inves0gated"how,"on"the"level"of"individual"flies,"the"observed"rela0ve"heading"

distribu0on"and"the"walking"veloci0es"related"to"walking"trajectories."For"convenience,"the"

rela0ve"heading"distribu0ons"of"freely"walking"female"hybrid"flies"from"Figure&3.9&H"are"

reproduced"here"(Figure&3.10&C)."To"illustrate"extreme"cases"of"landmark"interac0on"behaviour,"

we"picked"out"trajectories"from"three"example"flies."Their"trajectories"in"the"full"free"walking"

arena"are"shown"in"Figure&3.10&DIF"and"the"corresponding"walking"velocity"and"rela0ve"heading"

distribu0ons"are"highlighted"with"thicker"lines"in"Figure&3.10&A,&B."Two"of"the"three"flies"were"

circling"around"the"object"resul0ng"in"a"single"peak"in"the"rela0ve"heading"distribu0on."One"fly"

showed"countercclockwise"rota0ons"around"the"landmark"(Figure&3.10&D)"with"a"fixa0on"peak"

around"cπ/2"and"the"other"clockwise"rota0ons"(Figure&3.10&F)"with"a"fixa0on"peak"around"π/2."A"

third"fly"made"repeated"straight,"headcon"approaches"to"the"landmark"followed"by"similarly"

straight"departures"(Figure&3.10&E)"resul0ng"in"a"heading"distribu0on"with"two"fixa0on"peaks,"

one"around"zero"and"one"around"+/c"π."The"trace"in"Figure&3.10&E"also"exemplifies"that"some"

flies"repeatedly"approached"the"landmark"even"though"it"was"not"possible"to"climb"it."The"two"

circling"flies"had"a"small"bias"in"their"rota0onal"velocity"distribu0on"and"were"walking"on"

average"with"a"higher"transla0onal"velocity"than"the"landmarkcapproaching"fly."

Tethered"walking"flies"of"the"same"genotype"on"average"showed"less"pronounced"modula0on"of"

their"rela0ve"heading"distribu0ons"(Figure&3.10&I)."Especially"flies"moving"at"high"transla0onal"

velocity"could"visit"the"landmark"many"0mes"over"the"course"of"the"10"min"trial"without"

showing"a"clear"peak"around"zero"in"the"rela0ve"heading"distribu0on"(Figure&3.10&J)."In"

contrast,"clear"peaks"around"zero"and"+/c"π"were"visible"in"slower"moving"flies"that"repeatedly"

approached"to"the"landmark"(Figure&3.10&K)."Trajectories"of"those"slower"moving,"landmarkc

tracking"tethered"walking"flies"resembled"those"from"landmarkctracking"freely"walking"flies."

Occasionally"we"also"saw"circling"around"the"landmark"in"VR"(clockwise"rota0ons"and"a"
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corresponding"rela0ve"heading"distribu0on"peak"around"π/2"Figure&3.10&I,&L)."Thus,"several"

characteris0cs"of"locomo0on"and"landmarkcinterac0on"behaviour"observed"in"freely"walking"

flies"were"preserved"in"tethered"walking"flies"exploring"a"visual"VR.""

� "

Figure& 3.10:* Walking* veloci6es* and* landmark* interac6on* in* freely* and* tethered*
walking*flies.*
Data"from"female"WTB"x"pBDPcGAL4"hybrid"flies" is"shown."Panels!AYF!show"data"from"
free"walking"and"panels"GYL*from"tethered"walking"in"VR"(only"first"out"of"three"VR"trials"
with" visible" landmarks" included)." In" both" groups"n=20"flies"were"measured" and"each"
trial"lasted"10"min."The"free"walking"data"was"sampled"at"12.27"Hz,"the"VR"data"at"360"
Hz" and" subsequently" downsampled" to" 20" Hz." To" compute" the" histograms" of"
transla0onal"and"rota0onal"velocity"as"well"as"the"rela0ve"heading"distribu0ons"we"only"
included"0me"points"within"60"mm"radial"distance"from"a"landmark,"at"which"a"fly"was"
moving" (movement" threshold" of" 5" mm/s" in" free" walking" and" 2" mm/s" in" tethered"
walking)."We"also"excluded"0me"points"very"close"to"the"landmark"(closer"than"15"mm"
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in"free"walking"and"10"mm"in"VR)."Panels"AYC"and!GYI!show"data"from"all"20"flies"with"
different" colours" indica0ng" flies" of" different" iden0ty." Panels" DYF! and" JYL" each" show"
example" trajectories" from" single"flies.!A,*G:"Histogram"of" the" transla0onal" velocity"of"
freely" walking" (A)" and" tethered" walking" (G)" flies." B,* H:" Histogram" of" the" rota0onal"
velocity" of" freely" walking" (B)" and" tethered" walking" (H)" flies." C,* I:! Rela0ve" heading"
distribu0ons" of" freely" walking" (C)" and" tethered" walking" (I)" flies." Visualisa0on" is"
analogous" to" Figure" 3.9" EcH." C" shows" the" same" data" as" Figure" 3.9" H."DYF:" Example"
trajectories" of" individual" flies" in" the" full" free" walking" arena." The" fly’s" posi0on" and"
heading"are"visualised"with"a"dot"and"a"line"poin0ng"in"the"fly’s"heading"direc0on."The"
trajectories" are" colourccoded" according" to" trial" 0me" (see" colour" bar" in" the" bo;om"
right)."Only"the"area"of"the"arena"between"the"two"dashed"circles"was"considered"in"the"
above" analysis." The" transla0onal" and" rota0onal" velocity" histograms" and" the" rela0ve"
heading" distribu0ons" corresponding" to" the" depicted" traces" are" marked" with" thicker"
lines" and" lines" of" the" corresponding" colour" frame" the" panels" with" the" traces." JYL:!
‘Collapsed’"example"trajectories"of"individual"flies"in"VR."Trajectories"are"visualised"as"in"
DYF."

Freely*and*tethered*walking*flies*preferen6ally*reside*close*to*the*landmark*

We"next"inves0gated"whether"the"observed"landmarkcfixa0on"behaviour"affects"residency"

within"the"arena"and"whether"there"is"spa0al"structure"to"loca0on"and"heading"preferences."We"

again"compared"freely"walking"and"tethered"walking"female"WTB"x"pBDPcGAL4"hybrid"flies"to"

see"whether"any"observed"residency"preferences"would"be"conserved"across"the"two"assays."

We"took"differences"in"residency"as"an"es0mate"for"preferences"between"different"spa0al"

loca0ons."This"type"of"analysis"requires"a"good"coverage"of"samples"across"the"inves0gated"

space"and"was"therefore"conducted"on"pooled"data"from"all"20"measured"flies"rather"than"on"

single"fly"level."The"analysis"of"freely"walking"flies"included"data"from"one"10"min"trial"per"fly,"

whereas"we"pooled"data"from"three"10"min"trials"for"the"analysis"of"tethered"walking"data."

We"compared"the"residency"of"freely"and"tethered"walking"flies"within"a"60"mm"radius"around"

the"landmark"(Figure&3.11&A,&B)."Under"both"condi0ons"we"found"that"flies"preferen0ally"reside"

close"to"the"landmark."Residency"was"only"increased"within"a"small"radius"around"landmark,"in"

par0cular"in"the"tethered"walking"trials."Thus,"we"did"not"find"any"indica0on"for"longcrange"

interac0on"with"the"visual"s0mulus"for"example"in"form"of"a"gradual"increase"in"residency"with"

decreasing"landmark"distance."The"visualisa0on"in"Figure&3.11&A,&B"only"takes"into"account"the"

posi0on"of"the"fly."To"test"for"spa0al"modula0on"of"the"fly’s"rela0ve"heading"angle,"we"visualised"

preferred"residency"in"landmarkccentric"polar"coordinates"instead"of"Cartesian"coordinates"by"

parameterising"the"fly’s"posi0on"inside"the"arena"with"the"distance"to"the"(closest)"landmark"

and"the"rela0ve"heading"angle"to"that"landmark"(Figure&3.11&C,&D)."In"freely"walking"flies,"the"

polar"2D"residency"showed"three"peaks"along"the"rela0ve"heading"angle"dimension"at"small"

radial"distances"from"the"landmark:"One"around"zero"and"two"around"+"¾"π"and"c"¾"π"(Figure&
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3.11&C)."Thus,"when"flies"were"close"to"the"landmark,"they"either"kept"it"in"their"frontal"or"in"

their"lateral"rear"FOV."The"fixa0on"peak"in"the"frontal"FOV"corresponded"to"landmark"

approaches,"while"the"peaks"toward"the"back"corresponded"to"departures"from"the"landmark"

(corresponding"analysis"not"shown"here)."With"increasing"distance"the"lateral"peaks"quickly"

fla;ened"and"seemed"to"shil"further"toward"the"back"of"the"fly,"indica0ng"that"departure"

trajectories"on"average"had"a"curved"shape"and"were"not"stereotyped"at"larger"landmark"

distances."In"contrast,"the"peak"around"zero"rela0ve"heading"was"visible"at"distances"up"to"40"or"

50"mm,"although"this"peak"too"fla;ened"with"increasing"distance"from"the"landmark."This"

suggests"that"the"approaches"were"rela0vely"stereotyped"across"flies"and"that"flies"

preferen0ally"approached"the"object"by"fixa0ng"the"landmark"in"their"frontal"FOV."

� "

Figure&3.11:*Residency*around*the*landmark*in*freely*and*tethered*walking*flies.*
Pooled"data"from"n=20"freely"walking"and"n=20"tethered"walking"female"WTB"x"pBDPc
GAL4"hybrid"flies" is"shown."Preferred"residency" is"visualised"using"2D"histograms"with"
grey" shades" encoding" the" count." Bright" shades" indicate" low" and" dark" shades" high"
count." The" scale" of" the" colourccode" was" adjusted" within" each" plot" to" match" the"
respec0ve"range"of"counts."For"the"analysis"in"freely"walking"flies"we"evaluated"one"trial"
à"10"min"and"for"the"analysis"of"tethered"walking"in"VR"we"pooled"data"from"3"trials"à"
10"min." The" free"walking" data"was" sampled" at" 12.27"Hz," the" VR" data" at" 360"Hz" and"
subsequently"downsampled"to"20"Hz."We"only" included"data"points"from"moving"flies"
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using"a"movement"threshold"of"5"mm/s"in"free"and"2"mm/s"in"tethered"walking." "The"
different" threshold" levels" reflect" the" difference" in" transla0onal" velocity" observed" in"
freely"and"tethered"walking"flies."We"chose"2"mm/s"in"tethered"walking"as"movement"
corresponding" to"approximately"one"fly"body" length." In" free"walking"experiments" the"
threshold"was"scaled"according"to"the"rela0ve"difference"in"transla0onal"velocity."A,*B:!
2D" residency" histograms" in" Cartesian" coordinates" showing" the" area"within" a" 60"mm"
radius"around"the"landmark."The"loca0on"of"the"landmark"is"marked"with"a"red"dot."The"
dashed" red" circle" in" A" marks" the" diameter" of" the" glass" cylinder" surrounding" the"
landmark."C,*D:!2D"residency"histograms" in" landmarkccentric"polar"coordinates:" radial"
distance" from"the" landmark"and" rela0ve"heading"angle."For"a" subset"of"distances" the"
approximate"angular"width"of"the"landmark"is"indicated"with"a"red"bar."

The"pa;ern"of"residency"preferences"in"tethered"walking"flies"was"less"pronounced,"but"overall"

resembled"the"one"observed"in"freely"walking"flies"(Figure&3.11&D)."At"distances"very"close"to"

the"landmark,"tethered"walking"flies"fixated"the"landmark"either"in"their"frontal"FOV"or"kept"it"in"

their"rear,"similar"to"freely"walking"flies."However,"at"larger"distances,"two"fixa0on"peaks"

emerged"in"the"frontal"FOV,"sugges0ng"that"tethered"walking"flies"did"not"approach"the"

landmark"on"a"straight,"headcon"trajectory."This"observa0on"is"consistent"with"the"bimodal"

rela0ve"heading"frequency"distribu0on,"which"we"measured"in"WTB"flies"(Figure&3.6&C,&G,&

Figure&3.7&E,&F,&M)."These"two"fixa0on"peaks"also"fla;ened"with"increasing"radial"distance"from"

the"landmark."We"do"not"have"a"good"explana0on"for"the"occurrence"of"two"rather"than"just"

one"fixa0on"peak"in"the"frontal"FOV."It"might"be"an"artefact"from"the"display"geometry"of"the"

projec0on"of"the"visual"s0mulus."However,"we"also"found"that"under"certain"condi0ons"flies"

readily"fixated"a"stripe"in"the"frontal"FOV"(Figure&3.3)."

Taken"together,"the"spa0al"structure"in"the"objectccentric"2Dcresidency"histogram"suggests"that"

both"freely"and"tethered"walking"flies"show"somewhat"stereotyped"interac0ons"with"the"visual"

landmarks"even"at"landmark"distances"up"to"40"mm"(Figure&3.11&C,&D)."

3.3.6. A*closer*look*at*landmark*interac'on*in*virtual*reality*

Generally"two"aspects"of"a"landmark"can"influence"a"fly’s"walking"trajectory:"The"visual"signal,"

which"can"act"on"a"long"range,"and"its"physical"dimensions,"which"block"the"fly’s"path"through"a"

small"area"of"the"plane."We"were"wondering"how"much"of"the"residency"preference"for"the"

landmark"could"be"explained"by"noncvisual"proper0es"of"the"landmark,"e.g."flies"‘gevng"stuck’"

at"the"landmark"upon"random"collisions."Establishing"longcrange"effects"of"the"visual"landmark"

on"a"fly’s"walking"trajectory"would"implicate"ac0ve"steering"manoeuvres"in"response"to"the"

visual"cue,"whereas"the"mechanicallycinduced"‘preference’"due"to"gevng"stuck"would"not"

necessarily"require"any"longcrange,"ac0ve"(visual)"interac0on"with"the"landmark."As"there"are"
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many"ways"in"which"the"visible"cue"could"influence"a"fly’s"walking"trajectory,"it"can"be"difficult"to"

dis0nguish"landmarkcinduced"steering"manoeuvres"from"spontaneous"course"adjustments."

We"can"exploit"VR"to"generate"a"control"condi0on"for"the"noncvisual"influence"of"a"landmark"on"

a"fly’s"trajectory."To"do"so,"we"generated"a"virtual"scene"just"like"the"one"used"for"probing"

landmark"interac0on"behaviour,"but"with"invisible"landmarks."Invisible"landmarks"were"placed"

and"shaped"like"their"visible"counterparts"and"equally"(virtually)"impenetrable."To"inves0gate"to"

which"degree"the"visual"landmark"cue"induces"changes"in"the"trajectories,"we"tested"20"flies"

(female"WTB"x"pBDPcGAL4)"in"three"trials"with"visible"and"one"trial"with"invisible"landmarks."

� "

Figure& 3.12:* The* presence* of* a* visual* landmark* has* longYrange* effects* on* walking*
behaviour.*
Comparison" of" behaviour" in" a" VR" with" visible" and" invisible" impenetrable" landmarks."
Data"from"n=20"tethered"walking"female"WTB"x"pBDPcGAL4"hybrid"flies"is"shown."Each"
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fly"was"tested"in"three"trials"with"visible"and"one"trial"with"invisible"landmarks."A,*B:!2D"
residency" histograms" from" the" first" trial"with" a" visible" landmarks" (A)" and" a" trial"with"
invisible"but"equally"impenetrable"landmarks"(B)."Residency"of"collapsed"traces"within"a"
60"mm"radius"around"the"landmark"is"shown."Residency"is"visualised"as"in"Figure"3.11"B."
The"solid"red"dot"marks"the"loca0on"of"a"visible"landmark"(A),"the"empty"dot"that"of"an"
invisible" landmark" (B)." The" red" dashed" circle" marks" the" area" around" each" landmark"
used"for"quan0fying"visits"(F,*G)."CYE:!Comparison"of"the"locomotor"behaviour"in"trials"
with"visible"and"invisible"landmarks"on"a"percfly"basis."For"this"analysis"data"from"three"
trials"with" visible" landmarks"was"pooled." The" coloured"dots" represent" average" values"
computed"per"fly"and"a"thin" line"connects"the"corresponding"values" in"the"visible"and"
invisible" landmark" condi0on." For" each" group" the"median" and" the" interquar0le" range"
between" the" 25th" and" 75th" quar0le" are" shown" in" black" and" the" medians" of"
corresponding"groups"are"connected"with"a"black" line."C:"The"percentage"of"trial"0me"
that"the"fly"moved"with"a"transla0onal"velocity">"2"mm/s.!D:*The"median"transla0onal"
velocity."E:"The"median"absolute"rota0onal"velocity.*F,*G:!Percfly"comparison"of"number"
of" landmark"visits"(F)"and"median"visit" length"(G)" in"the"first"visible" landmark"trial"and"
the" invisible" landmark" trial." A" visit" was" defined" as" the" event" of" a" fly" approaching" a"
landmark"within" a" 15"mm" radius" (red" dashed" circles" in"A,! B)." The" visit" dura0on"was"
defined" as" the" 0me"period" between" entering" and" exi0ng" this" 15"mm" zone" around" a"
landmark."H,* I:"Maps" in" landmarkccentric" polar" coordinates," radial" distance" from" the"
landmark"and"rela0ve"heading"angle,"of"two"trajectorycdeprived"locomotor"parameter:"
a"map"of"the"median"transla0onal"velocity"(top)"and"rota0onal"velocity"(bo;om)."Each"
one"was"computed"based"on"pooled"data"from"the"first"trial"with"a"visible"landmark"(H)"
or"with"data"from"the"trial"with"an"invisible"landmark"(I)."

Comparison*of*trials*with*visible*and*invisible*virtual*landmarks*shows*longYrange*effects*of*

the*visual*cue*on*walking*trajectories*

We"first"compared"residency"within"a"60"mm"radius"around"the"landmarks"(Figure&3.12&A,&B)."

The"previously"described"increase"in"residency"directly"around"the"landmark"was"only"observed"

in"trials"with"visible,"but"not"with"invisible"virtual"landmarks,"even"though"flies"spent"a"similar"

amount"of"0me"moving"and"sampling"the"virtual"plane"(Figure&3.12&C)."This"suggests"that"

collisions"with"the"impenetrable"objects"upon"random"encounters"are"not"sufficient"to"explain"

the"increased"residency"in"trials"with"visible"landmarks,"but"that"flies"ac0vely"steer"toward"

them."We"therefore"compared"a"number"of"trajectory"derived"behavioural"parameters"in"trials"

with"visible"and"invisible"landmarks."Surprisingly,"flies"moved"with"comparable"transla0onal"and"

rota0onal"walking"veloci0es"in"both"condi0ons"(Figure&3.12&D,&E)."However,"when"we"analysed"

‘visits’"to"a"landmark,"defined"as"a"landmark"approach"of"15"mm"radial"distance"or"less,"we"

found"that"flies"systema0cally"made"more"and"longer"visits"to"the"visible"compared"to"the"

invisible"landmark"(Figure&3.12&F,&G)"resul0ng"in"the"observed"increased"residency."This"made"us"

wonder"about"the"range"at"which"the"visible"landmark"was"affec0ng"the"flies’"walking"

behaviour."Was"it"possible"that"flies"only"ac0vely"responded"to"the"visible"landmark"when"they"

were"already"very"close"to"it?"Or"could"flies"use"the"landmark"at"further"distances"as"a"visual"cue"

for"orienta0on?"
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To"assess"at"what"distance"flies"responded"to"a"visual"landmark,"we"computed"2D"maps"of"the"

median"transla0onal"and"rota0onal"velocity"in"landmarkccentric"polar"coordinates"(Figure&3.12&

H,&I)."We"decided"to"compute"2D"maps"rather"than"separa0ng"values"solely"by"landmark"

distance,"because"we"expected"the"trajectory"to"be"modulated"in"different"ways"dependent"on"

the"angular"posi0on"of"the"landmark"rela0ve"to"the"fly."The"median"transla0onal"velocity"

measured"at"a"given"combina0on"of"landmark"distance"and"angular"posi0on"is"colourccoded"

with"darker"values"indica0ng"higher"veloci0es."In"the"presence"of"visible"landmarks"flies"walked"

faster"when"they"face"the"landmark"in"their"frontal"FOV"or"when"the"landmark"was"directly"

behind"the"fly"(Figure&3.12&H,!top)."The"modula0on"of"transla0onal"velocity"was"a"func0on"of"

landmark"distance"and"absolute"heading"angle,"but"did"not"depend"on"whether"the"landmark"

was"to"the"lel"or"the"right"of"the"fly."This"spa0al"modula0on"pa;ern"of"transla0onal"velocity,"

reflec0ng"the"residency"pa;ern"described"earlier"(Figure&3.11&D)"was"absent"in"trials"with"

invisible"landmarks"(Figure&3.12&I,!top)."Also"the"rela0ve"rota0onal"velocity"showed"spa0al"

modula0on"in"the"presence"of"visual"landmarks."Close"to"the"landmark"flies"on"average"turned"

right,"when"the"landmark"was"located"on"their"right"(rela0ve"heading"angles"<"0)"and"lel,"when"

it"was"in"the"lel"FOV"(Figure&3.12&H,!top)."This"turn"bias"shrank"with"increasing"distance"from"

the"landmark"and"completely"subsided"at"distance"larger"than"40"mm.""In"trials"with"invisible"

landmarks"we"also"observed"a"turn"bias"depending"on"the"loca0on"of"the"object,"but"with"the"

opposite"polarity"(Figure&3.12&I,!top)."This"pa;ern"was"likely"the"effect"of"transforming"walking"

trajectories"from"Cartesian"to"landmarkccentric"coordinates:"A"fly"exploring"the"virtual"plane"on"

a"random"trajectory"would"more"likely"pass"on"the"right"side"of"the"invisible"landmark"(rela0ve"

heading"angles"<"0)"if"it"was"turning"toward"the"lel"and"vice"versa."Together"these"results"

suggest"that"flies"ac0vely"steer"toward"the"visible"landmarks"resul0ng"in"an"increased"frequency"

of"visits"and"that"these"steering"manoeuvre"are"ini0alised"at"distances"of"up"to"40"mm."

Landmark*interac6on*behaviour*in*VR*can*change*over*6me*

When"flies"exploring"our"visual"VR"encounter"landmarks"they"neither"get"the"mechanosensory"

feedback"they"might"expect"nor"can"they"climb"the"object."We"were"therefore"wondering,"if"

flies"adapt"to"the"presence"of"a"landmark,"for"example"by"reducing"the"visit"frequency."

Addi0onally,"flies"might"adapt"more"and"more"to"walking"on"the"ball,"which"could"affect"walking"

veloci0es."Many"poten0al"future"experiments"require"comparison"of"landmarkcinterac0on"

behaviour"over"mul0ple"trials"to"tease"out"effects"of"a"given"experimental"manipula0on"on"the"

virtual"environment."For"such"comparisons"to"be"sensi0ve,"the"behaviour"should"ideally"not"

change"over"the"course"of"mul0ple"trials"within"the"same"virtual"environment."

�93



A!2D!visual!virtual!reality!system!for!walking!flies

We"compared"the"three"trials"with"visible"landmarks"to"see"whether"and"how"landmark"

interac0on"behaviour"in"VR"changed"over"0me."In"female"WTB"x"pBDPcGAL4"hybrid"flies"the"

ini0ally"strong"preference"for"residing"close"around"the"landmark"receded"over"the"course"of"

three"10"min"trials"(Figure&3.13&A)."This"reduc0on"in"preference"was"correlated"with"a"gradual"

reduc0on"of"ac0vity"as"the"percentage"of"0me"spent"moving"decreased"(Figure&3.13&D)"over"

0me."However,"when"moving,"flies"did"so"with"comparable"walking"speeds"across"trials"(Figure&

3.13&B,&C)."As"flies"moved"less"and"less,"they"also"made"fewer"visits"to"the"landmarks"(Figure&

3.13&H),"resul0ng"in"the"observed"decrease"of"landmark"preference."

� "

Figure&3.13:*In*virtual*reality*landmark*interac6on*behaviour*can*change*over*6me.*
AYC:*Data" from" n=20" female"WTB" x" pBDPcGAL4" flies" in" three" consecu0ve" trials" with"
visible" landmarks."A:"Residency"histograms"of"collapsed"traces."Residency" is"visualised"
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as" in" Figure" 3.11" B." The" landmark" loca0on" is" marked" with" a" red" dot." B,* C:" Percfly"
comparison"of"the"median"walking"veloci0es"over"the"three"trials."Median"transla0onal"
velocity" (B)" and"median" absolute" rota0onal" velocity" (C)" were" computed" for" each" fly"
over" all" 0me"points" during"which" the" fly"was"moving"with" >" 2"mm/s." Visualisa0on" is"
analogous" to" Figure" 3.12" F," E."DYK:" Comparison" of" four" experimental" groups:" female"
WTB"x"pBDPcGAL4"flies"(D,*H),"male"WTB"x"pBDPcGAL4"flies"(E,*I),"female"WTB"flies"(F,*J)"
and" male" WTB" flies" (G,* K)." In" each" experimental" group" n=20" flies" were" tested."
Visualisa0on" is"analogous" to"Figure"3.12"C,"F."DYG:"The"percentage"of"0me"flies"spent"
moving"in"each"of"the"three"trials"computed"per"fly."HYK:!Number"of"0mes"a"fly"visited"a"
landmark."A"visit"is"defined"an"approach"to"the"landmark"within"15"mm"distance."

Landmark*interac6on*behaviour*in*VR*varied*with*sex*and*genotype"

Comparison"of"sta0onarity"of"ac0vity"over"the"three"trials"varied"with"sex"and"genotype"(Figure&

3.13&DIG)"and"was"generally"correlated"with"the"number"of"landmark"visits"(Figure&3.13&HIK)."

While"the"most"dras0c"reduc0on"in"ac0vity"was"observed"in"female"WTB"x"pBDPcGAL4"hybrid"

flies"(with"only"a"few"excep0ons),"male"hybrid"flies"showed"consistent"behaviour"across"the"

three"trials."WTB"flies"were"generally"less"ac0ve"and"made"fewer"visits"to"the"landmarks"than"

hybrid"flies."Furthermore,"sexcdifferences"were"less"pronounced"in"WTB"compared"to"hybrid"

flies."Thus,"landmark"interac0on"behaviour"was"overall"more"pronounced"in"WTB"x"pBDPcGAL4"

hybrid"flies"than"in"homozygous"WTB"flies."Due"to"the"large"changes"in"landmark"interac0on"

behaviour"across"trials"observed"in"female"hybrid"flies,"however,"comparisons"across"trials"with"

different"experimental"condi0ons"may"be"insensi0ve"as"condi0oncinduced"differences"in"

behaviour"could"be"masked"by"the"changes"in"behaviour"over"0me."

3.4. Discussion*

Here"we"present"a"new"VR"system"that"enables"the"study"of"visually"guided"naviga0on"in"headc

fixed"walking"flies"in"a"2D"virtual"environment."We"carefully"validated"this"new"setup."The"basic"

func0onality"of"the"visual"display"and"the"feedback"system"was"tested"using"a"simple"stripec

fixa0on"paradigm."We"compared"fixa0on"behaviour"of"tethered"walking"flies"in"1D"and"2D"

virtual"environments"and"showed"that"tethered"walking"flies"interact"with"virtual"landmarks"in"

our"2D"VR"in"much"the"same"way"as"freely"walking"flies"behaviour"with"real"landmarks.""

In"the"process"of"valida0ng"our"system,"we"discovered"striking"behavioural"differences"between"

male"and"female"flies"and"between"wildctype"flies"of"different"genotypes,"both"in"general"

locomotor"and"tracking"behaviour."These"differences"as"well"as"the"noncsta0onarity"of"the"

landmarkcinterac0on"behaviour"over"0me"needs"to"be"taken"into"account"when"designing"

experiments"in"the"VR."
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3.4.1. Limita'ons*and*applica'ons*of*our*virtual*reality*system*

How*real*is*virtual*reality?*

A"prominent"cri0cism"of"VRcbased"approaches"to"studying"neural"computa0ons"has"been"the"

possible"distor0on"of"behaviour"and"neural"ac0vity"in"an"ar0ficial"and"reduced"sensory"

environment"(Minderer"et"al.,"2016)."However,"due"to"limita0ons"of"neural"recordings"in"freely"

moving"animals"there"are"many"ques0ons"that"can"only"be"addressed"in"headcfixed"

prepara0ons."Careful"design"of"the"virtual"environment"and"the"behavioural"paradigm"targeted"

at"the"specific"research"ques0on"can"make"VR"techniques"a"useful"tool"complemen0ng"studies"

in"freely"walking"animals."In"addi0on,"thorough"valida0on"can"create"the"necessary"awareness"

of"ar0factual"behaviour"or"neural"ac0vity"in"VR"environments."

We"did"not"expect"flies"in"our"VR"to"behave"iden0cally"to"freely"walking"flies,"for"instance,"due"

to"the"lack"of"mechanosensory"feedback"during"collisions"and"experimental"biases"introduced"

by"tethering."To"get"a"sense"of"how"these"and"other"issues"influenced"a"fly’s"landmark"

interac0on"behaviour"in"our"VR,"we"compared"the"behaviour"of"freely"and"tethered"walking"flies"

under"closely"matched"experimental"condi0ons."We"found"that"many"characteris0cs"of"

landmark"interac0on"behaviour"were"conserved"between"the"two"groups,"sugges0ng"that"visual"

landmarkcguided"naviga0on"may"well"be"studied"in"VR."The"extend"of"artefacts"due"to"reduced"

and"contradictory"sensory"feedback"in"VR"systems"for"studying"neural"representa0ons"of"space"

in"rodents"has"been"addressed"by"comparing"those"neural"representa0ons"such"as"hippocampal"

place"fields"in"freely"moving"and"headcfixed"animals"(Acharya"et"al.,"2016;"Aghajan"et"al.,"2015;"

Ravassard"et"al.,"2013)."These"studies"have"found"systema0c"differences"in"neural"ac0vity"

between"naviga0on"in"the"real"and"the"virtual"world,"but"the"effect"on"behaviour"has"not"been"

analysed"in"detail."How"much"differences"in"neural"ac0vity"and"behaviour"influence"the"

conclusions"we"can"draw"from"VR"experiments,"will"depend"on"the"scien0fic"ques0on"that"is"

being"addressed."Certainly"it"is"possible"that"if"an"animal"is"capable"to"perform"a"certain"

naviga0onal"task"successfully"when"it"is"freely"moving,"but"fails"to"do"so"in"VR."Thus,"we"should"

be"careful"to"conclude"from"the"absence"of"evidence"for"a"certain"naviga0onal"skill"in"VR,"that"

the"animal"lacks"this"skill"in"general."This"might"also"apply"to"evidence"for"neural"

representa0ons"of"space."

Applica6ons*of*our*system*

We"extended"exis0ng"techniques"for"studying"visually"guided"naviga0on"from"one"to"two"spa0al"

dimensions."Allowing"more"degrees"of"freedom"in"the"behaviour"and"the"interac0on"with"the"

sensory"environment"opens"up"the"possibility"to"study"‘highercorder’"motor"pa;erns"and"

naviga0onal"strategies"and"their"neurophysiological"basis."The"system"we"developed"is"flexible"
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and"easy"to"use"and"could"be"applied"to"study"a"range"of"naviga0onal"behaviours"beyond"

landmarkcguided"orienta0on"in"walking"flies."It"can"also"be"adopted"to"study"visually"guided"

naviga0on"in"other"insects"by"combining"it"with"exis0ng"paradigms"for"tethered"walking"insects"

(Hedwig"and"Poulet,"2004;"Lo;"et"al.,"2007;"Nishiyama"et"al.,"2007)."

3.4.2. Fixa'on*of*visual*landmarks*in*1D*and*2D*

In"this"chapter"we"characterised"naïve"landmark"interac0on"behaviour"as"a"first"step"toward"

studying"landmarkcguided"naviga0on"in"tethered"walking"flies"in"VR."In"the"following"we"will"first"

explore"the"differences"between"fixa0on"in"1D"and"2D"worlds,"before"connec0ng"fixa0on"

behaviour"to"course"control"during"naviga0onal"tasks."

What*dis6nguishes*fixa6on*in*2D*from*fixa6on*in*1D?*

In"1D"stripe"fixa0on"paradigm"the"tethered"walking"fly"can"only"control"its"angular"orienta0on"

rela0ve"to"a"single"prominent"stripe"on"an"otherwise"blank"background."The"transla0onal"

movements"of"the"animal"are"not"incorporated"in"upda0ng"the"visual"s0mulus,"which"means"

that"the"fly"can"never"approach"and"reach"the"stripe."We"translated"this"paradigm"to"2D"by"

presen0ng"the"fly"with"landmarks"that"were"sparsely"distributed"in"a"large"plane"and"visually"

separated"by"virtual"fog."In"this"paradigm"all"walking"manoeuvres"of"the"fly"have"an"effect"on"

the"visual"s0mulus."Most"prominently,"the"fly"can"now"move"towards"or"away"from"landmarks."

Thus,"both"in"the"1D"and"2D"fixa0on"paradigm"the"only"ever"sees"one"visual"landmark"at"a"0me"

and"it"can"orient"itself"rela0ve"to"the"landmark"such"that"the"la;er"may"be"visible"at"any"

azimuthal"posi0on"within"the"fly’s"FOV."However,"only"in"the"2D"paradigm"the"appearance"of"

the"landmark"also"changes"as"a"func0on"of"the"fly’s"distance"from"it,"which"in"turn"depends"on"

the"fly’s"walking"manoeuvres."

In"the"1D"fixa0on"paradigm"many"flies"showed"a"tendency"to"keep"the"stripe"in"a"specific"

angular"loca0on"as"they"walk,"i.e."they"fixated"the"stripe."In"the"2D"fixa0on"paradigm"a"fly"

fixa0ng"the"landmark"in"its"frontal"FOV"will"eventually"reach"the"landmark,"which"means"that"

periods"of"fixa0on"are"limited"to"rela0vely"short"intervals."If"a"fly"walked"straight"at"a"landmark"

with"an"average"speed"of"15"mm/s"in"our"paradigm"it"would"be"less"than"4.5"s"between"the"

landmark"becoming"visible"(distance"of"70"mm)"and"collision"(distance"of"5"mm"from"the"

centre)."During"the"approach"of"a"landmark"in"2D,"the"landmark"con0nuously"increases"in"size."

Importantly,"this"increase"is"not"linear"but"rather"slow"when"the"landmark"is"distant"and"

increases"as"the"fly"approaches"(Figure&3.4&G)."Hence,"the"stripe"in"the"1D"fixa0on"paradigm"

behaves"similarly"to"a"very"large,"distant"landmark."By"comparison,"when"seen"from"a"large"
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distance"(>"40"mm)"the"landmark"in"our"2D"paradigm"is"rela0vely"small"(<"20˚"wide"and"<"50˚"

high)"and"perhaps"not"very"salient"to"the"fly."Indeed"in"both"free"and"tethered"walking"

experiments"we"found"no"evidence"for"fixa0on"at"distances">"40"mm"from"the"landmark,"but"

flies"became"more"likely"to"fixate"the"landmark"in"the"frontal"FOV"as"they"came"closer"(Figure&

3.11)."This"observa0on"is"consistent"with"experiments"in"freely"flying"flies"(van"Breugel"and"

Dickinson,"2012)."The"authors"were"able"to"show"that"if"flies"approached"a"sta0onary"pole"up"to"

a"certain"distance,"they"made"directed"steering"manoeuvres"toward"the"targeted"landmark."

Curiously,"most"saccades"were"made"within"a"radial"distance"from"the"post"of"less"than"40"mm,"

which"coincides"with"the"range"in"which"we"detected"an"effect"of"the"visual"landmark"on"the"

flies’"heading"distribu0on."Systema0c"varia0ons"in"fixa0on"behaviour"with"simulated"object"

distance"have"also"been"described"in"tethered"flying"blow"flies"(Kimmerle"et"al.,"2000)."

For"our"2D"fixa0on"paradigm"we"chose"conecshaped"landmarks"to"be"able"to"be;er"compare"

landmark"interac0on"in"VR"to"an"exis0ng"study"on"landmark"preferences"in"freely"walking"flies"

(Robie"et"al.,"2010)."A"virtual"plane"with"very"tall,"cylindrical"landmarks"would"have"been"a"

closer"match"to"the"1D"stripe"fixa0on"paradigm."Another"difference"between"the"visual"scenes"

in"the"1D"and"the"2D"fixa0on"paradigms"is"the"presence"of"a"ground"plane"and"correspondingly"

a"horizon"line"in"the"2D"scene."In"tethered"flying"flies"fixa0on"of"a"small"bar"is"improved"if"a"

textured"background"is"added"to"the"upper"half"of"the"FOV"(Reichardt"and"Poggio,"1976)."

Further"experiments"are"necessary"to"establish"whether"this"also"applies"to"fixa0on"in"walking"

flies"and"whether"the"textured"ground"plane"in"our"2D"fixa0on"paradigm"helped"flies"to"fixate"

on"landmarks."

Visual"s0muli"generated"by"approaching"objects"are"called"looms."Looms"can"be"either"selfc"or"

externally"generated"(Chan"and"Gabbiani,"2013)."Externally"generated"looming"s0muli"are"for"

example"generated"when"an"animal"is"targeted"by"an"approaching"predator"and"consequently"

these"s0muli"are"very"effec0ve"in"elici0ng"fast"escape"responses"in"a"variety"of"insects"(Card,"

2012;"Card"and"Dickinson,"2008;"Chan"and"Gabbiani,"2013)."In"contrast,"animals"show"different"

responses"to"selfcgenerated"looms"during"ac0ve"approach"of"objects."Freely"flying"flies,"for"

example,"decelerate"and"extend"their"legs"in"a"coordinated"landing"response"as"they"approach"a"

pole"(van"Breugel"and"Dickinson,"2012)."Similarly"a"walking"fly"in"our"paradigm"aiming"to"visit"a"

landmark"needs"to"suppress"collision"avoidance"or"escape"responses."This"suggests"that"flies"are"

able"to"dis0nguish"between"selfc"and"externally"generated"looms."To"achieve"this,"flies"might"

employ"a"similar"mechanism"to"the"one"used"to"suppress"flight"stabilisa0on"reflexes"triggered"

by"op0c"flow"s0muli"during"voluntary"turns"(Kim"et"al.,"2015)."Behavioural"state,"i.e."whether"
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the"animal"is"ac0vely"moving"or"quiescent,"is"known"to"modulate"neural"processing"in"the"fly"

visual"system"via"octopamine"signalling"(Chiappe"et"al.,"2010;"Longden"and"Krapp,"2009;"

Maimon"et"al.,"2010;"Suver"et"al.,"2012)."However,"how"the"modula0on"of"visual"processing"

contributes"to"the"dis0nct"behavioural"responses"to"looming"s0muli"in"quiescent"compared"to"

ac0vely"moving"flies"is"not"well"understood."The"2D"VR"system"presented"here"offers"a"new"

approach"for"studying"neural"computa0ons"underlying"the"statecdependent"behavioural"

responses"to"looming"s0muli."

Summing"up,"there"are"two"primary"aspects"that"may"result"in"different"behaviours"in"the"1D"

and"2D"fixa0on"paradigm:"(a)"the"rules"that"govern"interac0on"between"the"fly’s"movements"

and"the"visual"s0mulus,"and"(b)"the"types"of"visual"s0muli"that"are"being"generated"during"the"

experiment."Next,"we"will"a;empt"to"connect"the"different"fixa0on"behaviours"described"above"

to"course"control"during"naviga0on."

How*does*fixa6on*behaviour*relate*to*course*control?*

We"already"covered"that"in"a"2D"world"fixa0on"of"a"landmark"in"the"frontal"FOV"leads"to"

approach,"which"can"only"take"a"limited"0me"period,"as"they"are"naturally"terminated"when"the"

landmark"is"reached."Thus,"in"a"2D"world"approaches"may"alternate"with"departures"

corresponding"to"alterna0ons"of"landmark"fixa0on"in"the"frontal"and"rear"FOV."Indeed"we"found"

evidence"for"such"an"alterna0on"between"periods"of"fixa0on"and"an0fixa0on"(Bülthoff"et"al.,"

1982)"in"some"flies,"most"prominently"in"male"WTB"flies"exploring"‘dark"on"bright’"2D"worlds"

(Figure&3.7&F)."

If"flies"were"generally"a;emp0ng"to"approach"the"stripe"presented"in"1D"fixa0on"trials,"we"

would"expect"to"see"a"strong"tendency"across"flies"to"fixate"the"stripe"in"the"frontal"FOV."

However,"this"is"not"what"we"found."Rather,"fixa0on"in"WTB"flies"was"heavily"modulated"by"the"

contrast"polarity"of"the"screen."Flies"only"had"a"weak"tendency"to"fixate"a"dark"stripe,"but"did"so"

olen"in"the"frontal"FOV."In"contrast,"flies"showed"no"posi0onal"preference"when"fixa0ng"a"

bright"stripe"but"fixa0on"of"the"bright"stripe"was"frequent"and"rela0vely"strong"(Figure&3.7&G,&L)."

One"possible"reason"for"the"strong"fixa0on"of"the"bright"stripe"at"arbitrary"angles"in"the"FOV"

may"be"the"poten0al"role"of"landmarks"as"a"guidance"cue"for"maintaining"a"straight"path:"

Keeping"a"distant"object"at"fixed"angle"allows"maintenance"of"straight"course."Examples"include"

the"sunccompass"based"naviga0on"of"migra0ng"monarch"bu;erflies"(Guerra"and"Reppert,"2015)"

or"orienta0on"of"dung"beetles"according"to"the"milky"way"or"the"moon"(el"Jundi"et"al.,"2015).""If"

object"is"close,"however,"fixed"angle"other"than"0"or"+/cπ"will"lead"to"spiralling"movement"
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trajectory."Flies"might"use"a"basic"heuris0c"that"bright"on"dark"objects"are"likely"bright"celes0al"

bodies"on"the"dark"night"sky"and"thus"‘assume’"that"they"are"far"away"and"fixa0on"at"any"point"

in"their"FOV"would"allow"for"straight"movement."

When"we"compared"fixa0on"in"1D"and"2D,"we"made"a"second"curious"observa0on."In"2D"but"

not"1D"trials,"landmarks"were"preferen0ally"fixated"at"the"side"at"+/c"π/2."This"fixa0on"angle"

preference"was"observed"irrespec0ve"of"the"contrast"polarity,"but"it"was"par0cularly"

pronounced"in"dark"scenes."We"do"not"have"a"definite"explana0on"for"this"behaviour."A"possible"

reason"may"be"that"mo0on"parallax"is"strongest"when"an"object"is"located"perpendicular"to"the"

animal’s"direc0on"of"movement"(Schuster"et"al.,"2002)."Moving"rela0ve"to"a"landmark"located"to"

the"fly’s"side"would"therefore"provide"the"fly"with"the"most"informa0on"about"its"distance"to"

the"respec0ve"landmark."To"inves0gate"further"what"induces"fixa0on"to"the"side"and"how"this"

relates"to"ini0a0on"of"fixa0on"of"the"respec0ve"landmark,"we"could"test"flies"of"a"genotype"that"

shows"strong"naïve"fixa0on"behaviour"in"a"virtual"world"with"large"landmarks"far"apart"from"

each"other,"but"where"flies"can"always"see"a"few"landmarks"at"the"same"0me."This"would,"for"

example,"allow"us"to"test"whether"flies"systema0cally"chose"the"closes"landmark"and"whether"

the"‘selec0on’"occurs"aler"an"episode"of"fixa0on"to"the"side."

The"observa0on"that"flies"are"able"to"fixate"at"any"angular"posi0on"implies"that"fixa0on"is"not"

simply"based"on"a"hardcwired"algorithm"based"on"maintaining"an"‘optomotor"

balance’"(Heisenberg"and"Wolf,"1979)."Fixa0on"at"arbitrary"angles,"or"—"if"viewed"from"the"

perspec0ve"of"the"fixated"object"—"ac0ve"orienta0on"of"an"animal"with"a"fixed"angular"

rela0onship"to"that"object,"has"been"termed"‘menotaxis’"(Kühn,"1919)."Kühn"(1919)"

dis0nguishes"between"‘real’"orienta0on"reac0ons"and"various"forms"of"‘tropotaxis’,"the"la;er"

being"limited"to"symmetric"orienta0on"of"the"animal’s"sensors"rela0ve"to"the"source"of"the"

guidance"s0mulus."

Many"insects"appear"to"have"a"naïve"tendency"to"track"stripes"rota0ng"around"the"animal"and"

to"ac0vely"keep"a"visual"landmark"in"a"fixed"azimuthal"posi0on"in"their"FOV"(Bahl"et"al.,"2013;"

Böhm"et"al.,"1991;"Götz,"1975;"Kennedy,"1940;"Kimmerle"et"al.,"2000;"Paulk"et"al.,"2014)."

Besides"helping"animals"to"maintain"a"straight"path,"fixa0on"may"also"aid"movement"through"a"

complex"environment"in"a"repeatable"manner."Being"able"to"return"to"specific"points"in"space"

can"be"helpful"when"naviga0ng"visually"defined"learned"routes"(Colle;"and"Colle;,"2002;"

Trullier"et"al.,"1997)."It"could"be,"that"fixa0ng"visual"landmarks"is"such"an"important"module"in"

insect"naviga0onal"behaviour"—"as"a"guidance"cue"during"beaconing,"during"route"following"
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and"path"integra0on"(Chi;ka"and"Kunze,"1995;"Colle;"and"Colle;,"2002)"—"that"it"is"frequently"

observed"in"exploratory"naviga0on"as"well."

3.4.3. What*causes*the*large*behavioural*variability*of*fixa'on*behaviour?*

While"flies"generally"showed"a"tendency"to"fixate"stripes"and"to"visit"landmarks,"only"some"

aspects"of"landmark"interac0on"were"stereotyped"while"other"features"showed"large"variability"

across"individual"flies."For"example,"during"approaches"flies"generally"fixated"the"landmark"in"

their"frontal"FOV,"but"walking"veloci0es"and"walking"pa;erns,"such"as"the"number"of"sharp"

turns,"turn"biases"and"curviness"of"the"trajectory,"varied."Intercindividual"variability"within"the"

same"genotype"has"been"previously"described"for"handedness"and"phototac0c"preferences"

(Ayroles"et"al.,"2015;"Buchanan"et"al.,"2015;"Kain"et"al.,"2012)."Addi0onally,"we"saw"clear"sexc

specific"and"genotypecspecific"differences"between"flies,"consistent"with"previous"reports"of"

genotypic"and"sexcspecific"differences"in"locomo0on"pa;erns"(Ayroles"et"al.,"2015;"Mar0n,"

2004;"Mar0n"et"al.,"1999)."Differences"in"approach"angles"between"sexes"have"been"described"

in"the"context"of"intercfly"interac0ons"(Branson"et"al.,"2009)."The"large"degree"of"genotypic"and"

sexcspecific"variability"may"be"disconcer0ng"for"some"experiments"and"poses"a"challenge"for"the"

design"of"rigorous"controls"for"gene0cs"studies"of"these"behaviours,"but"it"is"also"intriguing"and"

emphasises"the"complexity"of"the"control"of"movement"pa;erns."One"source"of"the"variability"

may"be"differences"in"the"animals’"mo0va0onal"state"in"our"experiments."Because"it"is"unclear"

what"factors"drive"innate"stripe"tracking"and"landmark"interac0on"behaviour,"we"could"not"

guarantee"that"all"animals"were"mo0vated"to"track"stripes"or"landmarks."

Phototac6c*preferences*and*absolute*light*intensi6es*likely*affect*fixa6on*behaviour*

In"highccontrast"2D"environments"landmark"tracking"and"phototaxis"are"0ghtly"linked,"as"

landmark"approaches"are"coupled"to"changes"in"overall"luminance."Phototac0c"preferences"do"

not"only"vary"between"individual"animals"and"with"genotype"(Kain"et"al.,"2012;"Strauss"and"

Heisenberg,"1993),"but"can"also"be"modulated"by"the"environmental"temperature"(Markow,"

1979)."The"suspicion"that"phototaxis"could"at"least"play"a"role"in"landmark"interac0on"behaviour"

was"substan0ated"by"the"observa0on"that"stripe"and"landmark"tracking"was"markedly"different"

under"opposite"contrast"polarity"condi0ons,"i.e."in"‘dark"on"bright’"compared"to"‘bright"on"dark’"

scenes."Fixa0on"was"more"frequently"observed"in"‘bright"on"dark’"compared"to"‘dark"on"bright’"

scenes."An"effect"of"contrast"polarity"on"fixa0on"behaviour"has"also"been"reported"in"tethered"

flying"flies"(Heisenberg"and"Wolf,"1979;"Reiser"and"Dickinson,"2008)."Unfortunately"it"is"

challenging"to"quan0ta0vely"compare"fixa0on"behaviour"across"different"studies"due"to"
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differences"in"the"setup,"the"behavioural"paradigm"and"the"quan0fica0on"of"the"behaviour."For"

example,"(Heisenberg"and"Wolf,"1979)"present"the"visual"s0mulus"in"opencloop,"slowly"rota0ng"

a"dark"or"bright"stripe"around"the"tethered"flying"fly."Condi0ons"in"the"experiments"of"Reiser"

and"Dickinson"(2008)"are"more"similar"to"those"in"our"experiments,"yet"there"are"a"few"

important"differences."Reiser"and"Dickinson"(2008)"tested"stripe"fixa0on"with"a"wider"stripe"(30˚"

compared"to"20˚"in"our"experiments)"and"only"over"very"short"trials"(40"s"compared"to"10"min"

in"our"experiments)."A"wider"stripe"may"be"more"salient"than"a"thinner"one"and"during"shorter"

trials"flies"are"less"likely"to"fixate"at"mul0ple"angular"loca0ons."Further,"for"quan0fying"fixa0on"

strength"Reiser"and"Dickinson"(2008)"chose"a"metric"different"from"ours,"which"is"insensi0ve"to"

fixa0on"at"more"than"one"angular"posi0on."Under"natural"condi0ons,"landmarks"such"as"grass"

tuls,"bushes"and"trees"form"dark"features"against"a"bright"sky."Many"early"experiments"on"

visual"guidance"of"walking"in"flies"were"performed"in"a"bright"arena"with"dark"visual"landmarks,"

while"‘bright"on"dark’"condi0ons"are"generally"preferred"when"behavioural"studies"are"

combined"with"imaging"studies"to"reduce"imaging"noise."A"more"systema0c"evalua0on"of"the"

influence"of"contrast"polarity"on"a"given"behaviour"may"help"reduce"discrepancies"across"setups"

and"paradigms."Besides"contrast"polarity,"the"overall"light"intensity"in"an"environment"may"also"

affect"landmark"interac0on"behaviour."In"early"free"walking"experiments"with"bright,"white"

background"light"following"condi0ons"described"in"(Colomb"et"al.,"2012)"as"opposed"to"dim"blue"

background"light"(0.115"c"0.105"mW/cm2"at"461"nm),"flies"generally"showed"stronger"

preference"for"residing"close"to"the"dark"landmark."This"is"consistent"with"the"finding"that"

fixa0on"of"a"black"5˚"wide"stripe"by"tethered"flying"flies"degrades"with"decreasing"background"

brightness"(Reichardt"and"Poggio,"1976)."Also"the"ambient"temperature"could"affect"fixa0on"

behaviour,"either"directly"or"by"altering"the"fly’s"phonotac0c"preference"and"general"locomo0on"

pa;ern."Most"of"our"experiments"were"conducted"at"a"room"temperature"of"28c30˚"C,"which"is"

comparable"to"previous"studies"(Bahl"et"al.,"2013;"Colomb"et"al.,"2012)."We"did"see"an"increase"

in"walking"frequency"at"higher"temperature"in"WTB"flies,"but"no"significant"effect"on"fixa0on"

frequency"(Figure&3.7)."

Taken"together,"this"suggests"that"the"primary"factor"that"contributed"to"the"rare"occurrence"of"

strong"stripe"fixa0on"in"our"VR"setup"was"the"rela0vely"low"light"intensity:"0.52"mW/cm2"at"459"

nm"or"approximately"213"lux,"compared"to"7500c8000"lux"reported"in"(Colomb"et"al.,"2012)."

While"higher"light"levels"might"be"able"to"elicit"more"robust"behaviour,"they"are,"unfortunately,"

incompa0ble"with"twocphoton"imaging."
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Mul6ple*possible*landmark*tracking*strategies*

In"our"2D"fixa0on"paradigm"the"fly"is"exposed"to"a"rela0vely"complex"visual"environment"and"

has"three"degrees"of"freedom"of"movement."Thus,"in"addi0on"to"the"limited"control"of"the"flies’"

mo0va0onal"state"also"the"increased"number"of"possibili0es"in"which"the"fly"can"interact"with"

its"environment"may"have"contributed"to"the"observed"variability"and"may"reflect"the"use"of"

different"naviga0onal"strategies."

A"walking"fly"approaching"a"sta0c"landmark"may"choose"between"two"basic"tracking"strategies:"

Smooth"or"saccadic"pursuit."In"smooth"pursuit"the"animal"con0nuously"adjusts"its"rela0ve"

heading"angle"to"fixate"the"target"in"its"frontal"FOV,"whereas"the"animal"keeps"a"constant"

rela0ve"heading"interrupted"by"discrete"course"correc0ons"in"form"of"sharp"turns,"so"called"

saccades."The"use"of"both"strategies"has"been"described"in"wild"hover"flies"tracking"flowers"and"

conspecifics"in"the"field"(Colle;"and"Land,"1975)."Examina0on"of"walking"trajectories"of"both"

freely"and"tethered"walking"flies"in"our"landmarkcinterac0on"experiments"suggests"the"

occurrence"of"both"smooth"and"saccadic"tracking."Saccadic"tracking"of"a"single"sta0c"pole"in"

freely"flying"fruit"flies"has"been"described"in"the"context"of"landing"(van"Breugel"and"Dickinson,"

2012)."In"the"future,"we"hope"to"use"our"setup"to"study"of"neural"computa0ons"underlying"the"

choice"and"execu0on"of"both"naviga0onal"strategies."

In"addi0on"to"inves0ga0ng"neural"computa0ons"underlying"the"execu0on"of"different"

naviga0onal"strategies,"we"could"exploit"the"flexibility"in"designing"the"sensory"environment"to"

test"what"influences"the"selec0on"of"a"specific"strategy."Under"some"condi0ons"the"smooth"and"

saccadic"tracking,"for"example,"may"be"equivalent,"while"under"other"condi0ons"one"strategy"is"

favourable."Colle;"and"Land"(1975)"observed"variability"in"how"hoverflies"tracked"sta0c"targets"

—"similarly"to"our"observa0ons"in"walking"flies"tracking"visual"landmarks"—"but"they"found"that"

systema0c"pa;erns"emerged"during"pursuits"of"other"hover"flies,"i.e."moving"targets."Hover"flies"

preferen0ally"used"saccadic"tracking"to"follow"very"fast"moving"targets,"while"slower"moving"

targets"were"followed"by"smooth"pursuit."Saccadic"turns"reduce"the"amount"of"0me"that"visual"

percep0on"is"impaired"due"to"mo0on"blur"(Colle;"and"Land,"1975;"Tammero"and"Dickinson,"

2002)."In"accordance,"during"pursuit"of"a"fast"moving"target,"hoverflies"preferen0ally"use"

saccadic"tracking"(Colle;"and"Land,"1975)."In"freely"flying"flies"the"frequency"of"saccades"

depends"on"the"degree"of"visual"contrast"and"the"corresponding"strength"of"op0c"flow"s0muli"

perceived"during"movement"manoeuvres:"Flies"perform"more"frequently"saccades"in"a"high"

contrast"compared"to"a"low"contrast"visual"environment"(Tammero"and"Dickinson,"2002)."

Varying"the"visual"background"in"our"experiments"would"allow"us"to"explore"whether"the"visual"
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environment"shapes"walking"behaviour"in"similar"ways."We"could"also"assess"to"which"degree"

findings"from"flight"generalise"to"course"control"during"walking."Another"possibility"is"that"in"a"

given"visual"environment"intrinsic"differences"in"walking"velocity"resul0ng"in"different"sensory"

experiences"drove"animals"to"prefer"certain"modes"of"tracking."This"can"be"addressed"by"further"

analysis"of"the"data"presented"in"this"thesis,"for"example"by"correla0ng"saccade"frequency"with"

walking"velocity."

3.4.4. Towards*goalHdirected*landmarkHguided*naviga'on*in*a*mul'sensory*VR*

Because"flies"tracking"landmarks"use"the"same"steering"manoeuvres"as"during"spontaneous"

roaming,"it"is"hard"to"judge"when"tracking"begins"and"when"it"is"aborted"(see"also"Colle;"and"

Land,"1975)."The"analysis"and"interpreta0on"of"behaviour,"but"also"neurophysiological"data"is"

dis0nctly"easier"when"behavioural"mo0va0on"is"well"controlled,"for"example"during"goalc

directed"naviga0on."Furthermore,"we"would"like"to"study"how"internal"representa0ons"of"space,"

such"as"the"fly’s"HD"cellclike"system,"are"used"during"landmarkcguided,"goalcdirected"naviga0on."

The"naïve"landmark"interac0on"paradigm"presented"here"could"be"extended"to"elicit"goalc

directed"naviga0on"in"headcfixed"walking"flies"in"a"mul0modal"virtual"environment."Our"visual"

VR"system"can"readily"be"modified"to"allow"spa0ally"restricted"delivery"of"noncvisual"s0muli"

such"as"heat,"using"closedcloop"s0mula0on"with"an"IR"laser."Alterna0vely,"one"could"use"

optogene0c"ac0va0on"of"sensory"neurons"to"deliver"virtual"s0muli"(Klapoetke"et"al.,"2014)."

Visual"landmarks"could"then"be"paired"with"aversive"or"appe00ve"s0muli"and"flies"might"learn"

to"use"those"visual"cues"to"navigate"to"the"reward"or"avoid"the"aversive"s0mulus."

In"the"context"of"condi0oning"protocols,"where"landmark"interac0on"would"be"compared"over"

extended"0me"periods"and"between"trials"before"and"aler"training,"temporal"sta0onarity"of"the"

fly’s"walking"behaviour"may"become"more"important"than"robustness"of"naïve"tracking"

behaviour."We"may"be"able"to"exploit"sexc"and"genotypecspecific"differences"in"landmark"

interac0on"behaviour"and"let"our"choice"be"guided"by"the"behavioural"characterisa0on"

presented"in"this"study. 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4. LandmarkHassisted*avoidance*of*optogene'cally*induced*

virtual*aversive*s'muli*in*a*visual*virtual*reality*

4.1. Introduc'on*

Complex"naviga0onal"behaviours"can"emerge"from"connec0ng"behavioural"modules"such"as"

different"generic"steering"manoeuvres"into"long"behavioural"sequences."One"example"of"such"a"

module"in"flying"insects"is"the"sharp"turn,"or"‘saccade’,"which"is"commonly"observed"during"

cruising"flight,"but"is"also"an"important"courseccorrec0on"manoeuvre"during"tracking"of"sta0c"

and"moving"targets"(Colle;"and"Land,"1975;"van"Breugel"and"Dickinson,"2012)."Fixa0on,"which"

we"have"focused"on"in"chapter"3,"is"another"example."Numerous"studies"in"flies"have"

contributed"to"an"increasing"understanding"of"the"control"of"such"behavioural"modules,"both"in"

terms"of"sensory"triggers"and"neural"mechanisms"(Bahl"et"al.,"2013;"Götz,"1994;"Kim"et"al.,"

2015;"Maimon"et"al.,"2008;"Reichardt"and"Poggio,"1976;"Srinivasan"et"al.,"1993)."Yet,"we"s0ll"

know"very"li;le"about"how"different"modules"are"coordinated"to"generate"more"complex"

naviga0onal"strategies"and"how"such"strategies"are"ini0ated."

Our"aim"is"to"understand"how"individual"steering"manoeuvres"are"chained"together"and"

coordinated"to"reach"a"naviga0onal"goal."Because"we"ul0mately"want"to"link"behavioural"

strategies"to"neural"computa0ons,"we"choose"an"assay"that"is"compa0ble"with"

neurophysiological"recording"techniques:"Visually"guided"naviga0on"in"headcfixed"walking"fruit"

flies"in"a"2D"virtual"reality"(VR)"environment"(see"chapter"3"for"details)."Naviga0on"in"visual"VR"

environments"has"been"successfully"used"in"rodents"and"primates"to"inves0gate"neural"

mechanisms"underlying"orienta0on"behaviours"(Aronov"and"Tank,"2014;"Dombeck"et"al.,"2010;"

Hölscher"et"al.,"2005;"Hori"et"al.,"2005)."Here"we"inves0gate"whether"and"how"flies"placed"in"a"

simple"2D"VR"environment"with"sparsely"distributed"visual"landmarks"use"these"cues"during"a"

simple"naviga0onal"task:"avoiding"spa0ally"restricted"aversive"areas"in"the"virtual"space.""

In"a"behavioural"study"of"visually"guided"naviga0on,"the"experimenter"can"try"to"deduce"the"use"

of"a"certain"strategy"from"the"task"the"animal"is"a;emp0ng"to"solve."However,"it"can"be"

challenging"to"detect"when"an"animal"is"engaged"in"a"naviga0onal"task."In"the"simple"case"of"

landmark"tracking,"for"example,"periods"of"successful"landmark"fixa0on"and"visits"are"easy"to"

detect,"but"the"ini0a0on"and"poten0al"termina0on"of"such"epochs"are"harder"to"define"(Colle;"

and"Land,"1975;"van"Breugel"and"Dickinson,"2012)."Performing"quan0ta0ve"and"sta0s0cal"
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analysis"on"behavioural"measurements"when"studying"the"mechanisms"underlying"the"control"

and"execu0on"of"naviga0onal"strategies"requires"the"comparison"of"mul0ple"occurrences"of"the"

respec0ve"behaviour."If"effects"are"subtle,"the"sensi0vity"of"the"analysis"is"cri0cally"dependent"

on"accurate"categorisa0on"of"the"behaviour."One"way"around"this"obstacle"is"to"increase"the"

frequency"with"which"the"behaviour"of"interest"is"performed,"for"example"by"increasing"the"

animal’s"mo0va0on"to"perform"it."This"can"be"achieved"either"by"exploi0ng"innate"preferences"

or"by"operant"condi0oning."

We"decided"to"exploit"the"fly’s"innate"aversion"to"certain"s0muli"to"design"a"landmarkcguided"

avoidance"task."To"do"this,"we"paired"visual"landmarks"with"an"innately"aversive"s0mulus."This"

allowed"us"to"study"not"only"innate"avoidance"manoeuvres,"but"also"to"probe"whether"flies"are"

able"to"use"visual"cues"to"more"effec0vely"avoid"the"aversive"s0muli."We"also"wanted"to"test"

whether"the"flies’"naïve"behaviour"would"be"altered"aler"the"landmarks"were"imbued"with"

nega0ve"valence."In"this"sevng,"flies"could"poten0ally"associate"a"specific"visual"landmark"cue"

with"the"aversive"s0mulus"and"avoid"approaching"such"landmarks"in"the"future."During"both"

acute"and"condi0oned"avoidance,"we"can"make"strong"assump0ons"about"what"the"animal"is"

trying"to"do"—"escape"from"the"aversive"s0mulus"—"which"greatly"eases"the"analysis"and"

interpreta0on"of"the"observed"behaviour."Successful"visual"condi0oning"of"flies"may"allow"the"

design"of"behavioural"paradigms"to"study"more"complex"naviga0onal"strategies"in"the"

gene0cally"tractable"fruit"fly."

A"commonly"used"paradigm"for"visual"condi0oning"in"flying"flies"uses"a"soccalled"‘flight"

simulator’,"in"which"a"fly"can"control"its"angular"orienta0on"rela0ve"to"a"visual"panorama"(Götz,"

1994;"Heisenberg"and"Wolf,"1979)."Visual"condi0oning"in"the"flight"simulator"has"been"used"to"

inves0gate"visual"feature"discrimina0on"(Liu"et"al.,"2006)"and"generalisa0on"of"learned"visual"

features"(Liu"et"al.,"1999)"in"flies,"but"this"paradigm"is"not"well"suited"for"studying"spa0al"

naviga0on"strategies"as"the"sensory"environment"and"the"fly’s"interac0ons"with"it"are"very"

limited."More"recently,"a"visual"place"learning"paradigm"analogous"to"the"Morris"water"maze"

(Morris,"1981)"has"been"developed"for"freely"walking"flies"(Foucaud"et"al.,"2010;"Ofstad"et"al.,"

2011)."In"this"paradigm,"flies"learn"to"use"a"visual"panorama"to"more"effec0vely"find"a"cool"spot"

in"an"otherwise"aversively"hot"environment."The"visual"place"learning"assay"could"poten0ally"be"

used"to"further"inves0gate"naviga0onal"strategies"underlying"condi0oned,"visually"guided"heat"

avoidance."However,"it"has"not"yet"been"successfully"adapted"to"a"tethered"walking"prepara0on,"

which"limits"the"tools"available"for"inves0ga0on"of"the"underlying"neural"computa0ons."
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Both"condi0oning"paradigms"described"above"use"high"temperature"as"an"aversive"‘teaching’"

signal."Aversive"s0muli"have"the"advantage"that"the"mo0va0on"for"avoiding"them"is"reliably"

high,"whereas"the"mo0va0on"to"seek"out"a"reward"in"form"of"an"appe00ve"s0mulus"may"

depend"on"the"animal’s"internal"state"and"vary"over"0me."On"the"other"hand,"commonly"used"

aversive"s0muli"—"high"temperature"or"electric"shock"—"can"damage"the"fly,"which"limits"the"

dura0on"of"an"experiment"and"poten0ally"the"quality"of"neurophysiological"recordings"

(personal"communica0on"Michael"Reiser,"Armin"Bahl)."We"therefore"decided"to"a;empt"

elici0ng"avoidance"behaviours"with"‘virtual"aversive’"s0muli"generated"by"optogene0cally"

ac0va0ng"neurons"that"signal"the"presence"of"aversive"s0muli"to"the"animal."

Our"search"for"suitable"neurons"that"could"be"used"to"elicit"virtual"aversive"s0muli"was"aided"by"

recent"advances"in"the"understanding"of"temperature"sensing"in"fruit"flies."The"body"

temperature"of"small"organisms"like"fruit"flies"is"0ghtly"coupled"to"the"external"temperature"and"

flies"therefore"have"exquisite"temperature"sensing"and"exhibit"strong"temperature"preferences"

(Barbagallo"and"Garrity,"2015)."Flies"sense"innocuous"warming"with"thermal"sensors"in"their"

antennae"through"peripheral"neurons,"Hot"cells"(HCs),"which"mediate"rapid"warmth"avoidance"

in"steep"temperature"gradients"(Gallio"et"al.,"2011;"Ni"et"al.,"2013)."Preferences"in"shallow"

temperature"gradients"unfolding"over"tens"of"minutes"are"mediated"by"a"second"class"of"

temperature"sensors,"the"anterior"cells"(ACs)"located"in"the"head"capsule"(Hamada"et"al.,"2008)."

AC,"but"not"HC,"ac0va0on"has"been"associated"with"aversive"olfactory"condi0oning"(Galili"et"al.,"

2014)."The"neural"mechanisms"for"sensing"noxious"heat,"which"elicits"rapid"avoidance"and"

escape"jumps,"have"been"characterised"in"the"larval"fruit"fly"(Barbagallo"and"Garrity,"2015;"

Tracey"et"al.,"2003),"but"much"less"is"known"in"the"adult."Responses"to"noxious"heat"seem"to"be"

mediated"by"a"number"of"redundant"sensory"systems"involving"several"nociceptors,"and"the"

integra0on"and"processing"of"these"signals"in"the"brain"is"s0ll"largely"unknown"(Barbagallo"and"

Garrity,"2015;"Tang"et"al.,"2013)."

In"our"experiments"we"will"exploit"aversive"responses"akin"to"those"observed"in"flies"exposed"to"

moderate"and"high"heat,"but"we"will"remain"agnos0c"about"the"exact"nature"of"virtual,"

optogene0cally"induced"s0muli"as"it"is"not"essen0al"for"the"ques0ons"we"are"asking."That"is,"

whether"visual"landmark"cues"can,"in"general,"be"integrated"with"aversive"s0muli"to"generate"a"

directed"and"thereby"more"effec0ve"avoidance"response,"and"whether"flies"can"learn"to"

associate"those"aversive"s0muli"with"visual"landmarks."
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4.2. Methods*

4.2.1. Fly*rearing,*handling*and*reagents*

Reagents*and*confirma6on*of*expression*paCerns*

Flies"used"in"virtual"avoidance"experiments"were"generated"by"crossing"a"sparse"driver"line,"

targe0ng"neurons"that"when"ac0vated"induce"avoidance"behaviour,"to"an"effector"line"encoding"

the"redcshiled"optogene0c"ac0vator"CsChrimson"(Klapoetke"et"al.,"2014)."Specifically,"we"used"

Hot"cell"(HC)cGAL4"(Gallio"et"al.,"2011)"and"SS01159"as"driver"lines"and"20xUAScCsChrimsonc

mVenus"inserted"in"a;P18"in"a"wildctype"Berlin"(WTB)"background"as"effector"line."SS01159"is"a"

splitcGAL4"line"constructed"by"the"Rubin"lab"at"Janelia"from"R41C05cp65ADZp"in"a;P40"and"

VT026019cZpGAL4DBD"in"a;P2."SS01159"was"kindly"provided"by"Yoshinori"Aso"and"TJ"Florence"

shared"the"HCcGAL4"(Gallio"et"al.,"2011)"line"with"us."The"expression"pa;ern"of"SS01159"was"

confirmed"using"the"mVenus"tag"of"CsChrimson."To"confirm"the"expression"pa;ern"of"HCcGAL4,"

we"drove"expression"of"GFP"either"tagged"to"mCD8"or"myr."Janelia"FlyLight"and"members"of"the"

Rubin"and"Dickinson"laboratories"at"Janelia"performed"dissec0ons,"immunolabelling"and"

imaging"as"described"in"(Aso"et"al.,"2014a)."Briefly,"brains"and"ventral"nerve"cords"(VNCs)"of"3c8"

days"old"female"and"male"flies"were"immunolabelled"using"an0cGFP"and"the"nc82"an0body."We"

looked"at"the"expression"pa;ern"of"HCcGal4"in"7"brains"and"5"VNCs"in"female"and"5"brains"and"4"

VNCs"in"male"HCcGAL4;"pJFRC2c10XUAScIVScmCD8::GFP"flies"(4c6"days)."In"addi0on,"we"looked"

at"4"brains"and"4"VNCs"of"female"and"5"brains"and"4"VNCs"of"male"HCcGAL4;"pJFRC12c10XUASc

IVScmyr::GFP"flies"(6c7"days).""

Fly*rearing*

Flies"were"reared"at"23"˚C"in"60"%"rela0ve"humidity"with"a"16:8"light:dark"cycle."All"flies"were"

kept"on"fly"food"prepared"according"to"a"recipe"from"the"University"of"Würzburg,"Germany"(see"

chapter"3"for"exact"recipe)."Cornmeal"and"molasses"contain"re0nol"and"are"thus"a"poten0al"

source"for"allctranscre0nal"(Isono"et"al.,"1988;"Wang"et"al.,"2012)."Due"to"the"use"of"natural"

components"in"the"prepara0on"of"fly"food,"the"exact"re0nol"content"of"the"fly"food"may"vary,"

but"we"expect"it"to"be"well"below"0.001"mM."

For"our"experiments"we"used"flies"expressing"the"optogene0c"ac0vator"CsChrimson"(Klapoetke"

et"al.,"2014)."To"produce"func0onal"CsChrimson,"flies"need"to"have"sufficient"access"to"re0nal,"

which"was"provided"through"the"food."Crosses"were"set"on"Würzburg"food"with"allctranscre0nal"

added"(0.2"mM"concentra0on)"and"the"offspring"was"transferred"onto"food"with"a"higher"re0nal"

concentra0on"(0.4"mM"concentra0on)."Flies"expressing"CsChrimson"need"to"be"reared"in"

darkness"or"lowclight"condi0ons"to"prevent"(a)"ac0va0on"of"CsChrimsoncexpressing"neurons"
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and"(b)"degrada0on"of"re0nal"in"the"food."We"decided"to"rear"flies"under"lowclight"condi0ons"

rather"than"complete"darkness"to"give"flies"exposure"to"visual"s0muli"prior"to"behavioural"

experiments"and"ensure"a"normal"circadian"rhythm."To"reduce"exposure"to"red"light,"which"

most"effec0vely"ac0vates"CsChrimson,"flies"were"kept"inside"a"blue"acrylic"case"inside"the"

incubator."The"spectrum"of"light"entering"the"blue"case,"measured"with"a"spectrometer,"showed"

a"transmission"peak"between"420c500nm."Assuming"a"wavelength"of"450"nm,"the"light"intensity"

inside"the"case"was"approximately"60"µW/cm2."Flies"reared"under"such"condi0ons"showed"

normal"levels"of"optogene0c"ac0va0on"when"s0mulated"during"experiments"while"maintaining"

a"circadian"rhythm"with"two"daily"ac0vity"peaks"(personal"communica0on,"Stern"lab)."Control"

flies"for"optogene0c"ac0va0on"experiments"were"also"reared"inside"the"blue"case,"but"on"

standard"Würzburg"food"without"the"addi0onal"re0nal.*

Prepara6on*of*flies*for*experiments*

Prior"to"experiments"flies"used"in"freely"walking"and"in"tethered"experiments"were"treated"

iden0cally."3c5"day"old"flies"were"cold"anesthe0sed,"sorted"according"to"sex"and"the"distal"two"

thirds"of"their"wings"were"clipped."Aler"wing"clipping,"male"and"female"flies"were"kept"

separately"and"transferred"into"fresh"food"vials"with"a"small"piece"of"filter"paper,"where"they"

were"allowed"to"recover"for"2c3"days"before"experiments."All"experiments"were"performed"with"

5c10"day"old"wingcclipped"flies."For"tethered"walking"experiments,"flies"were"tethered"to"a"pin"

as"described"in"the"previous"chapter"in"sec+on&3.2.1."

4.2.2. Optogene'c*quadrant*assay*for*freely*walking*flies"

Optogene6c*free*walking*arena*

We"used"a"free"walking"quadrant"assay"inspired"by"a"design"presented"in"(Klapoetke"et"al.,"

2014)"to"screen"different"sets"of"neurons"and"different"s0mula0on"paradigms"for"their"capacity"

to"induce"avoidance"behaviour."We"extended"the"setup"described"in"the"previous"chapter!in"

sec+on&3.2.4&(Freecwalking"arena"design)"with"an"op0on"to"deliver"red"s0mula0on"light"(627"

nm)"independently"in"four"quadrants"of"the"free"walking"arena"(Figure&4.1)."The"infrared"(IR)"

backlight"and"the"red"s0mula0on"light"were"delivered"from"below"the"arena"using"four"LED"

panels."Each"panel"contained"spa0ally"intercalated"IR"and"red"(LXM2cPD01c0050,!LUXEON"Rebel"
Color,"Philips"Lumileds"Ligh0ng"Company,"San"Jose,"CA,"USA)"LEDs."The"four"panels"were"

connected"to"a"microcontroller"board"built"around"a"Teensy"2.0"processor"(PJRC.com,"LLC"

Sherwood,"OR,"USA)."The"user"could"set"the"light"intensi0es"for"the"IR"and"the"s0mula0on"LEDs"

from"a"computer"using"serial"communica0on"with"the"microcontroller."The"LEDs"could"be"
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switched"on"and"off"with"arbitrary"temporal"profiles"and"the"red"LEDs"could"be"targeted"to"

control"illumina0on"independently"in"16"sectors."For"behavioural"experiments"serial"commands"

to"the"LED"board"were"sent"through"a"customcwri;en"python"(python"version"2.7)"program,"to"

ensure"temporally"precise"and"repeatable"delivery"of"a"light"s0mula0on"protocol."Four"IR"LEDs"

placed"at"the"corners"of"the"arena"base"plate"were"coupled"to"red"illumina0on"in"the"respec0ve"

quadrant."These"four"IR"LEDs"served"as"indicators"for"the"red"light"s0mula0on"in"videos"of"the"

free"walking"arena"recorded"with"an"IR"camera"from"above"(Figure&4.1&C)."

Prior"to"optogene0c"ac0va0on"experiments"we"measured"the"rela0onship"between"LED"

controller"input"(in"%)"to"the"red"LEDs"and"light"intensity"at"627"nm"(Figure&4.1&E)."These"

measurements"were"performed"in"a"dark"room"with"two"out"of"four"quadrants,"i.e."two"out"of"

four"LED"panels,"switched"on."The"1"%"level"resulted"in"0.27"mW/cm2"in"the"illuminated"and"

0.01"mW/cm2"in"the"noncilluminated"quadrants."The"5"%"level"produces"1.13"mW/cm2"in"the"

illuminated"and"0.05"mW/cm2"in"the"noncilluminated"quadrants."The"10"%"level"corresponds"to"

2.25"mW/cm2"in"the"illuminated"quadrants"and"0.11"mW/cm2"in"the"noncilluminated"quadrants.""

Quadrant*assay*

To"test"avoidance"in"an"optogene0c"quadrant"assay,"flies"expressing"CsChrimson"(Klapoetke"et"

al.,"2014)"under"the"control"of"a"sparse"GAL4"driver"line"were"exposed"to"a"4"min"long"

s0mula0on"protocol"forming"one"trial."The"trial"consisted"of"a"10"s"long"precs0mula0on"period"

followed"by"6"blocks"of"30"s"of"red"light"s0mula0on"separated"by"10"s"with"no"s0mula0on."

During"the"30"s"s0mula0on"blocks"red"light"illumina0on"was"restricted"to"two"opposing"

quadrants"and"the"illuminated"quadrants"were"alternated"in"consecu0ve"blocks"(Figure&4.1&D)."

In"each"trial,"12c18"wingcclipped"flies"were"introduced"into"the"arena"(Figure&4.1&C)."Only"allc

male"or"allcfemale"groups"were"tested."The"walking"behaviour"was"video"recorded"at"30"Hz"

frame"rate"with"a"resolu0on"of"40"pixel/mm"corresponding"to"roughly"8c10"pixels"long"and"3c4"

pixels"wide"images"of"a"fly."

Analysis*of*walking*trajectories*

Walking"trajectories"were"extracted"from"video"recordings"using"Ctrax"(Ctrax:"The"Caltech"

Mul0ple"Walking"Fly"Tracker"presented"in"Branson"et"al.,"2009)."The"video"frame"corresponding"

to"the"beginning"of"the"optogene0c"s0mula0on"protocol"was"determined"for"each"movie"using"

custom"macros"in"Fiji"(version"2.0.0crcc43),"by"monitoring"the"brightness"of"one"of"the"indicator"

IR"LEDs."The"tracking"data"was"imported"into"Python"(version"2.7)"and"further"analysed"with"

custom"scripts."Some"of"the"sta0s0cal"analysis"on"processed"data"was"performed"in"R"(version"

3.0.0)."
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Figure&4.1:*Optogene6c*quadrant*assay*for*screening*fly*lines*and*s6mulus*condi6ons*
for*optogene6c*virtual*aversive*s6mulus*delivery.*
A:!Schema0c"of"the"free"walking"arena"for"optogene0c"s0mula0on"experiments."IR"light"
and"red"s0mula0on"light"is"delivered"from"an"LED"array"below"the"walking"plajorm."B:!
Photograph" of" the" free" walking" area" showing" the" ligh0ng" condi0ons" during"
experiments."Blue"LEDs"around"the"arena"wall"provide"ambient"light"visible"to"flies."The"
red" light" illumina0ng" two" quadrants" is" invisible" to" flies." C:*One" frame" from" a" video"
recorded"during"a"trial"with"male"HCcGAL4"x"20xUAScCsChrimson"flies."Two"IR"lights"at"
the" corners" of" the" image" (orange" arrow" heads)" indicate" which" quadrants" are"
illuminated." In" this" frame" all" flies" have" moved" out" of" the" illuminated" quadrants." D:!
Schema0c" of" the" quadrant" assay" trial" structure." E:" Measured" light" intensi0es" as" a"
func0on" of" %" LED" driver" current" in" the" illuminated" ‘ON’" (red" points)" and" the" not"
illuminated" ‘OFF’" quadrants" (grey" points)." Measurements" were" performed" during"
con0nuous" light" illumina0on"with" a" power"meter" (PM100D"with" S130C" Sensor)." The"
solid" lines" are" the" linear" regressions" for" the" five" measurements." ON" quadrants:" y" ="
0.2125x"+"0.074,"R2"="0.9996."OFF"quadrants:"y"="0.0114x"c"0.0039,"R2"="0.9993."
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4.2.3. Visual*virtual*reality*with*closedHloop*optogene'c*s'mula'on"

VR*system*for*tethered*walking*flies*

The"design"of"the"visual"VR"system,"consis0ng"of"a"spherical"treadmill,"a"panoramic"screen"and"a"

customcwri;en"VR"solware,"has"been"described"in"detail"in"chapter"3."For"virtual"avoidance"

experiments"we"extended"the"basic"visual"VR"by"adding"closedcloop"optogene0c"s0mula0on"

using"a"red"LED"(625"nm,"M625F1,"Thorlabs"Inc,"Newton,"NJ,"USA)"focused"on"the"treadmill"ball"

surface"(Figure&4.2&AIC).""

As"described"in"chapter"3,"a"customcmade"scene"file"defined"the"dimension"and"appearance"of"

the"visual"virtual"environment."We"used"virtual"scenes"similar"to"those"described"in"chapter"3"

with"periodically"placed"landmarks"in"a"large"plane."In"some"experiments"we"added"spa0ally"

restricted"optogene0c"s0mula0on."The"s0mula0on"zones,"in"which"the"fly"received"optogene0c"

s0mula0on,"were"radially"symmetric"and"defined"by"(a)"the"loca0on"of"their"centre,"(b)"the"zone"

radius"rZ"and"(c)"the"optogene0c"s0mula0on"intensi0es"at"the"centre"and"the"outer"edge"(Figure&

4.2&E)."To"mark"the"centre"loca0on"of"these"zones"we"used"invisible"objects"with"a"special"

nametag"(‘_objectName_r_’)."The"spa0al"profile"of"s0mula0on"intensi0es"within"the"zone"was"

controlled"using"FlyOver’s"graphical"user"interface."The"baseline"s0mula0on"intensity"at"the"

outer"edge"of"the"zone"was"delivered"everywhere"else"in"the"virtual"plane"and"was"set"to"0"in"all"

experiments"presented"here."Inside"each"reinforcement"zone,"the"s0mula0on"intensity"

increased"linearly"toward"the"centre"of"the"zone"up"to"the"set"maximum"intensity."The"

reinforcement"zone"radius"and"the"maximum"s0mula0on"intensity"varied"between"experiments.""

The"VR"solware,"FlyOver,"computed"the"reinforcement"level"as"a"func0on"of"the"fly’s"posi0on"in"

the"VR,"ranging"from"0"to"100,"and"logged"it"to"file"together"with"informa0on"on"the"fly’s"

loca0on"and"velocity"in"the"VR."During"an"experiment,"the"program"also"sent"the"current"

reinforcement"level"via"serial"communica0on"to"a"microprocessor"(Arduino"Mega"2000)"running"

a"custom"script."The"microprocessor"then"set"the"red"s0mula0on"LED"to"the"light"intensity"

specified"by"the"reinforcement"level"variable."We"measured"the"rela0onship"between"current"

input"(characterised"in"%"of"maximum"current)"and"light"intensity"for"the"red"s0mula0on"light,"

which"was,"with"the"excep0on"of"very"low"input"currents,"approximately"linear"(Figure&4.2&F)."

We"used"this"empirical"calibra0on"curve"to"translate"light"intensi0es"that"we"knew"worked"well"

for"virtual"avoidance"behaviour"in"the"free"walking"arena"to"reinforcement"levels"to"be"used"in"

VR."
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Virtual*avoidance*paradigm*for*tethered*walking*flies*in*VR*

In"virtual"avoidance"experiments"in"VR,"each"fly"was"tested"under"three"condi0ons"defined"by"

the"presence"of"visual"landmarks"and"optogene0c"s0mula0on"(Figure&4.2&D)."In"all"trials"the"fly"

was"placed"in"the"centre"of"a"large"virtual"plane"and"was"free"to"explore"the"space"over"the"

course"of"10"min."In"two"of"the"three"condi0ons,"the"virtual"plane"contained"visible"landmarks"

arranged"in"a"periodic"grid"(see"chapter"3"for"details)."We"used"black"cones"that"were"1"cm"wide"

at"the"base"and"4"cm"high"as"landmarks"(same"as"in"chapter"3)."The"virtual"landmarks"were"

impenetrable,"thus,"when"a"fly"walked"into"one"of"them,"it"slid"along"the"surface"rather"than"

passing"through"the"virtual"object."In"the"first"condi0on,"the"virtual"environment"consisted"only"

of"the"plane"with"sparsely"distributed"visible"landmarks."In"a"second"condi0on,"radially"

symmetric"reinforcement"zones"in"which"the"fly"received"optogene0c"s0mula0on"were"added"

around"each"visible"landmark."The"third"condi0on"was"iden0cal"to"the"second,"but"with"invisible"

landmarks."Invisible"landmarks"were"impenetrable"and"had"the"same"dimensions"as"the"visible"

landmarks"used"in"the"first"two"condi0ons."We"will"refer"to"these"three"condi0ons"as""

• ‘Landmark!alone’"for"trials"with"visible"landmarks"but"no"optogene0c"s0mula0on"

• ‘Landmark!with!optogene?c!s?mula?on’"for"trials"with"optogene0c"s0mula0on"surrounding"

visible"landmarks,"and"

• ‘Optogene?c!s?mula?on!alone’"for"trials"with"optogene0c"s0mula0on"around"invisible"

landmarks."

Each"fly"was"tested"twice"in"the"‘Landmark"alone’"condi0on"and"once"in"the"other"two"

condi0ons."The"two"‘Landmark"alone’"trials"were"always"separated"by"one"‘Landmark"with"

optogene0c"s0mula0on’"trial"and"this"block"of"three"trials"was"either"followed"or"preceded"by"

one"‘Optogene0c"s0mula0on"alone’"trial."In"all"trials,"the"ground"plane"was"textured"with"a"low"

contrast"white"noise"greycscale"pa;ern"as"described"in"chapter"3."

Analysis*of*walking*trajectories*in*VR*

Data"processing"and"visualisa0on"was"performed"in"Python"(version"2.7)"using"custom"scripts."

For"each"trial"the"log"file"was"parsed"to"extract"trialcspecific"informa0on"from"the"header"and"

the"0me"series"data."The"loca0ons"of"objects"in"the"3D"scene"used"in"the"respec0ve"trial"were"

read"from"the"corresponding"coordinate"file."For"analyses"on"the"level"of"mul0ple"trials"the"data"

was"downsampled"to"20"Hz"using"linear"interpola0on."Most"of"the"analysis"of"walking"traces"

was"performed"on"‘collapsed’"trajectories,"i.e."aler"projec0ng"trajectory"fragments"around"each"

of"the"periodically"placed"landmarks"onto"a"circular"area"(‘mini"arena’,"r"="60"mm)"around"the"

central"landmark"(see"Figure&4.2&D,&E"and"chapter"3)."Sta0s0cal"analyses"were"performed"using"

Python"(version"2.7)"and"R"(version"3.0.0)."
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Figure&4.2:*Experimental*approach*for*studying*avoidance*of*optogene6cally* induced*
virtual*aversive*s6muli*in*a*2D*visual*virtual*reality.*
A:"Schema0c"of"the"experimental"apparatus.!B,*C:!Photographs"of"a"tethered"walking"fly"
exploring" a" 2D" virtual" world" with" sparsely" placed" landmarks" (similar" viewpoint" as" in"
schema0c" in"A)."One" can" see" the" screen"with" a"backcprojected" image"behind" the"fly."
The" IR"LEDs"used" to" illuminate" the" trackball"are"visible" in" the" lower" right"corner."B:!A"
landmark" is" displayed" on" the" screen" in" front" of" the" fly." C:* The" red" optogene0c"
s0mula0on" light" is" on," illumina0ng" the" whole" fly" from" above." D:" Schema0c" of" trial"
condi0ons"in"our"behavioural"paradigm."The"condi0ons"are"illustrated"with"respect"to"a"
circular" unit" (‘mini" arena’),"which" is" repeated"within" a" large"periodic"world." The" grey"
line"marks"the"outer"radius"of"the"‘mini"arena’."The"black"circle"indicates"the"posi0on"of"
a" visible" landmark" and" the" empty" circle" the" posi0on" of" an" invisible" landmark." The"
dashed"red"line"illustrates"the"outer"radius"of"a"circular"reinforcement"zone."E:*Profile"of"
the"optogene0c"s0mula0on"light"intensi0es"within"‘mini"arenas’."rZ"is"the"radius"of"the"
reinforcement"zone,"rA"the"radius"of"the"‘mini"arena’"in"which"the"behaviour"is"analysed."
F:* S0mula0on" light" intensity" measured" on" the" ball" surface" at" 625" nm"with" a" power"
meter"(PM100D"with"S130C"Sensor)"as"a"func0on"of"LED"driver"current"(in"%)."A"linear"
regression"over"the"data"points"is"superimposed:"y"="0.0386x"+"0.1766,"R2"="0.9724.*

Trial 1 Trial 2 Trial 3 Trial 0/4

Operant 
Conditioning Landmark-assisted avoidance

rZ

rA

D E

DLP projector

Humidified air stream

Screen

Ball 
holder

A B

C

Red LED
focused 
on ball

5% 15% 25% 35% 45% 55% 65% 75% 85% 95%

0.27
1% ON quadrant0.2

0.0

0.8

1.0

0.4

0.6

Li
gh

t i
nt

en
sit

y 
[m

W
/c

m
2 ]

LED drive

F

�116



Avoidance!of!virtual!aversive!s?muli!in!VR

4.3. Results*

4.3.1. Iden'fica'on*of*suitable*gene'c*driver*lines*for*the*delivery*of*

optogene'cally*induced*aversive*s'muli*

As"a"first"step"toward"inves0ga0ng"whether"flies"take"into"account"landmark"cues"when"avoiding"

aversive"s0muli"in"a"2D"environment,"we"set"out"to"iden0fy"suitable"GAL4"lines"to"

optogene0cally"deliver"virtual"aversive"s0muli."

Screen*for*candidate*lines*for*the*delivery*of*optogene6cally*induced*virtual*aversive*s6muli*

We"conducted"a"small"behavioural"screen"using"an"optogene0c"quadrant"assay"inspired"by"

(Klapoetke"et"al.,"2014)"to"iden0fy"candidate"GAL4"lines"that,"when"ac0vated,"induced"robust"

avoidance"behaviour."Wingcclipped"flies"expressing"CsChrimson"under"the"control"of"a"sparse"

GAL4"driver"line"in"a"small"subset"of"neurons"were"introduced"into"a"large"walking"arena,"where"

they"could"move"around"freely"(Figure&4.1)."In"the"arena,"flies"could"choose"to"reside"either"in"

quadrants"where"they"were"exposed"to"red"s0mula0on"light,"which"ac0vates"neurons"

expressing"CsChrimson,"or"in"quadrants"without"red"light"illumina0on."We"quan0fied"avoidance"

behaviour"as"the"frac0on"of"flies"residing"in"the"red"illuminated"quadrants"compared"to"the"

noncilluminated"quadrants."Two"GAL4"lines"showed"par0cularly"strong"aversion"to"red"light"

s0mula0on"and"were"selected"for"followcup"experiments:"Hot"cell"(HC)cGAL4"and"SS01150.""

HCcGAL4"labels"hot"cells"(HCs),"temperature"sensors"in"the"fly’s"antennae"(Gallio"et"al.,"2011)."

HC"ac0vity"is"0ghtly"coupled"to"the"environmental"temperature"and"changes"thereof,"and"we"

will"refer"to"the"s0mulus"generated"by"optogene0cally"ac0va0ng"these"neurons"as"‘virtual"heat’.""

The"second"line"that"caused"a"strong"aversion"phenotype"when"ac0vated"was"SS01159,"a"split"

Gal4"line"generated"by"Yoshinori"Aso,"targe0ng"a"small"popula0on"of"ascending"neurons."

Optogene0c"s0mula0on"of"SS01159"can"subs0tute"for"the"uncondi0oned"s0mulus"in"an"

aversive"olfactory"condi0oning"assay"(personal"communica0on"with"Yoshinori"Aso)."

Furthermore,"ac0va0on"in"larvae"induces"rollcresponses,"a"behaviour"specific"to"nocicep0ve"

s0muli"(data"not"shown,"personal"communica0on"with"Tihana"Jovanic)."Based"on"these"

observa0ons"we"hypothesise"that"neurons"labelled"by"SS01159"carry"nocicep0ve"signals"from"

the"thorax"to"the"brain,"although"a"more"incdepth"inves0ga0on"is"necessary"to"test"this"

hypothesis."For"simplicity"and"in"lack"of"a"be;er"term"we"will"refer"to"the"s0mulus"generated"by"

optogene0cally"ac0va0ng"these"neurons"as"an"ascending"aversive"s0mulus.""
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Confirma6on*of*expression*paCerns*of*lines*that*induce*‘virtual*heat’*and*an*ascending*

aversive*s6mulus*

In"our"paradigm,"specificity"of"the"optogene0c"s0mula0on"is"primarily"controlled"by"the"sparsity"

of"the"GAL4"driver"line."Before"presen0ng"behavioural"data"from"optogene0c"ac0va0on"

experiments,"we"therefore"show"the"expression"pa;ern"of"the"two"GAL4"lines"we"used"to"

deliver"virtual"aversive"s0muli."

We"used"HCcGAL4"to"drive"expression"of"two"GFPcbased"reporters"and"we"examined"the"brain"

and"the"ventral"nerve"chord"(VNC)"of"several"male"and"female"flies."Examples"are"shown"in"

Figure&4.3."Previous"studies"have"reported"that"HCcGAL4"only"drives"expression"in"HC"neurons,"

whose"cell"bodies"are"located"in"the"antennae"and"which"project"to"the"proximal"antennal"

protocerebrum"(PAP)"in"the"brain"(Gallio"et"al.,"2011)."Indeed,"we"found"that"arborisa0ons"in"

the"PAP"were"labelled"(filled"arrow"head"in"Figure&4.3&AID)."However,"in"addi0on"we"found"GFP"

expression"in"ascending"neurons"with"extensive"arborisa0ons"in"the"VNC"(asterisk"and"star"in"

Figure&4.3&AID)"and,"in"some"flies,"in"a"fancshaped"body"neuron"(empty"arrow"head"in"Figure&4.3&

BID)."These"findings"were"consistent"across"sexes"and"reporters."

The"expression"pa;ern"of"SS01159"contains"only"ascending"neurons"(Figure&4.3&E)."It"may"label"

several"cell"types,"as"there"are"about"15c20"cell"bodies"of"labelled"neurons"distributed"across"

the"VNC"(filled"arrow"heads"in"Figure&4.3&E)."Future"studies"will"show"whether"different"

subpopula0ons"of"these"neurons"convey"different"informa0on."

Knowing"the"exact"expression"pa;ern"is"helpful"for"the"design"and"interpreta0on"of"ac0va0on"

experiments,"since"the"optogene0c"s0mula0on"light"has"to"penetrate"the"0ssue"to"varying"

degrees"to"reach"neurons"arborising"at"different"depths."For"example,"we"expect"superficial"

neurons"such"as"HC"to"be"ac0vated"at"lower"light"intensi0es"than"central"neurons"in"the"brain"or"

VNC."

To"explore"whether"flies"can"use"visual"landmark"cues"to"avoid"aversive"s0muli,"we"decided"to"

test"both"HC"and"SS01159"ac0va0on"in"a"virtual"avoidance"assay."We"will"begin"by"presen0ng"

behavioural"experiments"with"‘virtual"heat’"before"we"move"on"to"experiments"with"the"

ascending"aversive"s0mulus."As"a"first"step"toward"the"development"of"a"behavioural"paradigm"

for"studying"landmark"assisted"avoidance"of"‘virtual"heat’,"we"analysed"virtual"avoidance"in"

freely"walking"flies"to"iden0fy"effec0ve"s0mula0on"condi0ons."These"condi0ons"were"then"

transferred"to"a"VR"paradigm."
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Figure&4.3:*Expression*paCerns*of*driver*lines*used*to*optogene6cally*generate*virtual*
aversive*s6muli.!
AYD:*Confirma0on"of"the"Hot"cell" (HC)cGAL4"expression"pa;ern."A,*B:"HCcGAL4"drives"
mCD8::GFP" expression" in" several" cell" types" in" the" central" nervous" system" (CNS)" of" a"
4c6d"old"female"(A)"and"male"(B)"are"shown."The"cell"bodies"of"HC"neurons"are"located"
in" the" antennae" and" have" been" removed" during" the" dissec0on," but" the" dendri0c"
arborisa0ons"are"visible"in"the"proximal"antennal"protocerebrum"(PAP,"lel"cell"marked"
with"white"filled"arrowhead)."Addi0onally"HCcGAL4" labels"puta0ve"ascending"neurons"
in" the"male" and" female"fly" (asterisk," a" few"cell" bodies"marked"with" star)."Only" in" the"
male"fly"a"brain"neuron"arborising" in"the"FB" is" labelled"(empty"arrow"head)."The"nc82"
an0body"against"Bruchpilot"(Brp)"is"used"as"background"staining."C,*D:*Also"in"HCcGAL4"
>" myr::GFP" flies" HC" are" labelled" (filled" arrow)" together" with" ascending" neurons"
(asterisk)"and"a"fancshaped"body"neuron"(empty"arrow)."A"female"(C)"and"a"male"(D)"6c7"
day"old"fly"brain"are"shown."E:"The"splitcGAL4"line"SS01159"drives"CsChrimsoncmVenus"
expression"exclusively" in"a"popula0on"of"ascending"neurons"(red),"which"arborise" in"a"
number"of"regions"in"the"brain."A"few"of"the"labelled"cell"bodies"are"marked"with"white"
arrowheads."Background" staining"of"Brp" in" grey." The"brain"of" a" 3c8"day"old" female" is"
shown." All" images" shown" are" overlays" generated" from" the" merging" the" maximum"
intensity" projec0ons" of" the" two" colour" channels." Each" subpanel" is" a"montage"of" two"
separate"images"of"the"brain"and"the"ventral"nerve"chord."Dissec0on,"immunolabelling"
and" imaging" of" brains" were" performed" by" Janelia’s" Fly" Light" facility" (HC" line)" and"
members"of"the"Dickson"and"Rubin"labs"(SS01159"line)."
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4.3.2. Avoidance*of*‘virtual*heat’*

‘Virtual*heat’*avoidance*in*freely*walking*flies*in*an*optogene6c*quadrant*assay*

We"used"an"optogene0c"quadrant"assay"in"freely"walking"flies"to"find"optogene0c"s0mula0on"

light"intensi0es"and"a"s0mula0on"protocol"that"could"induce"robust"avoidance"behaviour"in"HCc

GAL4">"CsChrimson"flies"(Figure&4.4)."Flies"were"exposed"to"a"4"min"protocol"consis0ng"of"six"30"

s"optogene0c"s0mula0on"periods"during"which"red"light"of"a"fixed"intensity"was"delivered"in"two"

opposing"quadrants."Two"levels"of"red"light"intensity"were"tested:"0.27"mW/cm2"and"1.13"mW/

cm2"corresponding"to"an"LED"input"current"of"1"%"and"5"%."As"in"our"first"screen,"the"avoidance"

response"was"measured"as"the"frac0on"of"flies"that"resided"in"the"red"illuminated"quadrants."

We"found"that"in"HCcGAL4">"CsChrimson"flies"already"very"low"s0mula0on"light"intensity"levels"

lead"to"strong"avoidance"of"illuminated"areas"(Figure&4.4&A,&B)."There"was"no"adapta0on"of"this"

response"over"the"4"min"protocol"and"we"saw"no"difference"between"groups"of"male"and"

female"flies."Control"experiments"with"flies"reared"on"standard"food"without"addi0on"of"re0nal,"

i.e."in"flies"possessing"no"or"only"low"levels"of"func0onal"CsChrimson,"confirmed"that"the"

avoidance"was"mediated"by"ac0va0on"of"CsChrimson,"not"an"innate"aversion"against"the"red"

s0mula0on"light"(compare"Figure&4.4&C&and&D)."The"average"frac0on"of"flies"residing"in"the"

illuminated"quadrants"during"the"last"10"s"of"optogene0c"s0mula0on"was"sta0s0cally"different"

from"an"even"distribu0on"in"all"re0nalcfed"flies,"but"not"in"flies"without"func0onal"CsChrimson"

(Figure&4.4&E)."

Somewhat"surprisingly,"the"avoidance"response"appeared"to"be"less"pronounced"at"higher"

s0mula0on"light"intensi0es"(Figure&4.4&C,&E)."Inves0ga0on"of"trajectories"at"low"light"intensity"

revealed"that"at"low"light"intensi0es,"avoidance"was"mediated"by"directed"turns"away"from"the"

illuminated"quadrant"upon"encounter"with"the"quadrant"border"(Figure&4.4&F)."At"higher"light"

intensi0es,"however,"flies"more"frequently"crossed"the"border"between"illuminated"and"nonc

illuminated"quadrants"resul0ng"in"less"accurate"avoidance"(Figure&4.4&G)."Whenever"flies"did"

cross"the"border"to"illuminated"quadrants,"they"seemed"to"speed"up."The"border"between"

quadrants"may"have"been"harder"to"detect"at"higher"light"intensi0es"due"to"bleedcthrough"of"

light"from"the"illuminated"quadrants."Generally,"a"fly’s"reac0on"to"high"heat"might"be"twofold"

consis0ng"of"an"undirected"flight"response"and"directed"aversion."
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Figure&4.4:*‘Virtual*heat’*aversion*in*freely*walking*flies*with*Hot*cellYGAL4.*
Preference"test"of"free"walking"flies"in"the"optogene0c"quadrant"assay."Data"from"flies"
expressing"the"redcshiled"optogene0c"ac0vator"CsChrimson"in"neurons"labelled"by"the"
Hot"cell"(HC)cGAL4"line."A,*B:"Median"avoidance"responses"over"the"0me"course"of"the"
4"min" long"quadrant" protocol." Each" subplot" shows" the" frac0on"of" detected"flies" that"
reside" in" the" red" illuminated"quadrants"over" the"30"s"of"one"s0mula0on"block."The"6"
subplots"per"row"depict"the"6"subctrials"of"quadrant"s0mula0on"over"one"trial."Each"line"
within"one"subplot"shows"the"median"and"IQR"of"5c6"repeats"with"different"sets"of"flies."
Per"repeat"12c20"flies"were"tested."Two"s0mula0on"light"intensity"levels"were"tested:"1"
%" (black," 0.27" mW/cm2" in" illuminated" quadrants)" and" 5" %" (violet," 1.13" mW/cm2" in"
illuminated" quadrants)."A:" Data" from"male,"wingcclipped"HCcGAL4" >" CsChrimson"flies"
reared"on"re0nalcsupplemented"food."The"sample"size"for"both"groups"is"n"="6."B:"Data"
from"female,"wingcclipped"HCcGAL4">"CsChrimson"flies"reared"on"re0nalcsupplemented"
food."The"sample"size" for"both"groups" is"n=5."C:"Response"for"male"and"female"wingc
clipped" HCcGAL4" >" CsChrimson" flies" reared" on" re0nalcsupplemented" food" averaged"
over" the"6"subctrials" (median"of" sub" trials)."D:" Same"as"C" for"flies" reared"on"standard"
Würzburg"food,"i.e."without"addi0onal"re0nal"supply."Female"flies:"n=6"(1"%)"and"n=6"(5"
%)" repeats." Male" flies:" n=4" (1" %)" and" n=4" (5" %)" repeats." E:" Boxplot" of" the" mean"
response"during" the" last" 10" s" of" optogene0c" s0mula0on."Using" twocsided" tctests,"we"

1 %:  0.27 [mW/cm2]

5 %:  1.13  [mW/cm2]
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tested"whether"the"sample"mean"was"different"from"0.5."The"tctest"for"LED"1"%"and"5"%"
gave"us"a"p<0.0001"for"both"male"(n=36,"each)"and"female"(n=30,"each)"+Re0nal"flies."In"
the" cRe0nal" control"group,"we"got"p=0.4600" in"male"and"p=0.2634" in" female"flies" for"
the"1"%"LED"level"and"for"the"5"%"level"p=0.0266"in"male"and"p=0.0667"in"female"flies"
(male:"n=28,"each;"female:"n=36,"each)."Significance"codes:" "0"≤"‘***’"<"0.001"≤"‘**’"<"
0.01"≤"‘*’"<"0.05"≤"‘ns’."F,*G:"Example"traces"of"male"flies"(+"Re0nal"group)"during"the"last"
10"s"of"optogene0c"s0mula0on."F:"Three"flies"at"1"%"intensity"level"(repeat"3)."G:"Two"
flies" at" 5%" intensity" level." The" dashed" grey" line" indicates" the" arena" border" and" the"
illuminated" quadrants" are" marked" with" redcshaded" boxes." Examples" for" turns" upon"
encounter" with" the" border" to" the" ON" quadrant" are" marked" with" a" star." In" G" two"
examples"for"failure"to"turn"upon"encounter"with"the"border"at"high"walking"speed"are"
marked"with"a"hexagon."

Visual*landmark*cues*do*not*improve*‘virtual*heat’*avoidance*in*2D*virtual*reality*

Next,"we"set"out"to"transfer"the"‘virtual"heat’"avoidance"paradigm"from"free"walking"to"VR."At"

the"border"between"quadrants"in"the"free"walking"quadrant"assay"we"had"observed"directed"

turns"away"from"the"‘virtual"heat’,"sugges0ng"that"flies"were"able"to"detect"the"gradual"increase"

in"light"intensity"along"the"border"zone."This"observa0on"led"us"to"design"circular"‘virtual"heat’"

zones"in"VR,"which"consisted"of"a"radially"symmetric"gradient"of"increasing"light"intensity."We"

chose"a"linear"gradient"from"0"mW/cm2"(0"%"LED"current)"to"0.31"mW/cm2"(15"%"LED"current)"

covering"the"range"of"intensi0es"that"had"produced"to"the"strongest"avoidance"in"the"free"

walking"arena"(Figure&4.2&E)."

Since"we"had"not"found"any"indica0on"for"sexcspecific"differences"in"‘virtual"heat’"avoidance"

behaviour,"we"only"tested"male"flies"in"the"VR."Previous"experiments"in"our"VR"system"have"

shown"that"male"flies"walk"more"consistently"on"the"ball"and"that"their"landmark"interac0on"

behaviour"changed"less"over"0me"than"that"of"female"flies"(chapter"3)"—"an"important"aspect"

when"comparing"landmark"interac0on"across"trials."

To"test"whether"flies"are"able"to"exploit"visual"cues"to"avoid"‘virtual"heat’,"we"paired"spa0ally"

restricted"‘virtual"heat’"zones"with"visual"landmarks."Each"fly"was"exposed"to"four"trials,"two"

‘Landmark"alone’"trials"separated"by"a"‘Landmark"with"optogene0c"s0mula0on’"trial"and"an"

‘Optogene0c"s0mula0on"alone’"trial"(Figure&4.2&D)."By"comparing"avoidance"of"‘virtual"heat’"

zones"in"the"‘Landmark"with"optogene0c"s0mula0on’"trial"and"in"the"‘Optogene0c"s0mula0on"

alone’"trial,"we"could"assess"to"which"degree"virtual"heat"avoidance"was"improved"in"the"

presence"of"visual"landmarks"that"could"serve"as"guidance"cues."‘Landmark"alone’"trials"served"

as"a"control"that"allowed"us"to"judge"whether"flies"were"sufficiently"well"tethered"and"

posi0oned"on"the"ball"to"be"able"to"interact"with"the"visual"s0mulus."Addi0onally,"the"set"of"

three"trials"consis0ng"of"a"‘Landmark"alone’,"a"‘Landmark"with"optogene0c"s0mula0on’"and"a"
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second"‘Landmark"alone’"trial"(in"this"order)"allowed"us"to"probe"whether"experiencing"‘virtual"

heat’"paired"with"the"visual"landmark"changed"how"flies"interacted"with"the"landmarks,"i.e."

whether"there"was"an"operant"condi0oning"effect."We"will"first"compare"‘virtual"heat’"

avoidance"in"VR"in"the"presence"and"absence"of"visual"cues"before"analysing"in"more"detail"how"

flies"interacted"with"the"landmarks."

Much"like"freely"walking"flies,"tethered"walking"flies"in"VR"were"also"able"to"precisely"avoid"

areas"with"‘virtual"heat’"s0mula0on"(Figure&4.5&A)."Clear"avoidance"of"‘virtual"heat’"zones"was"

observed"in"single"trials"and"when"pooling"data"across"flies"(Figure&4.5&A,&B)."The"precision"of"

the"‘virtual"heat’"avoidance"was"somewhat"surprising,"because"in"the"VR"paradigm"the"‘virtual"

heat’"s0mulus"is"generated"by"exposing"the"whole"fly"to"red"s0mula0on"light"of"a"fixed"intensity"

rather"than"providing"graded"s0mula0on"across"the"body"of"the"fly."Thus,"in"contrast"to"real"

thermal"gradients"or"the"virtual"thermal"gradient"in"the"free"walking"assay,"flies"in"the"VR"did"

not"receive"any"direc0onal"spa0al"informa0on"about"the"gradient."To"perform"directed"

avoidance"turns,"flies"would"have"needed"to"integrate"the"change"in"‘virtual"heat’"over"0me"and"

integrate"this"informa0on"with"their"own"movement."

To"quan0ta0vely"compare"‘virtual"heat’"avoidance"in"trials"with"visible"and"invisible"landmarks,"

we"computed"a"normalised"radial"residency"measure"for"the"two"trials"(Figure&4.5&C)."The"

normalised"radial"residency"quan0fies"how"much"0me"flies"spent"at"a"given"radial"distance"from"

the"closest"landmark."Since"the"‘virtual"heat’"zones"were"radially"symmetric"with"respect"to"the"

centrally"located"landmark,"and"s0mulus"intensity"increased"linearly"with"decreasing"distance"

from"the"closest"landmark,"this"visualisa0on"also"informs"us"about"how"much"flies"resided"in"

areas"with"a"certain"level"of"‘virtual"heat’"s0mula0on."‘Virtual"heat’"avoidance"in"trials"with"and"

without"visual"cues"was"remarkably"similar."In"both"situa0ons,"the"radial"residency"decreased"

star0ng"at"a"landmark"distance"of"about"45"mm,"corresponding"to"light"intensity"levels"larger"

than"1"%,"and"flies"rarely"came"closer"to"the"landmark"than"30"mm,"where"the"s0mula0on"light"

intensity"increased"above"6"%,"corresponding"to"0.07"mW/cm2."Thus,"in"this"paradigm"we"found"

no"evidence"for"landmarkcassisted"avoidance"behaviour."To"confirm"that"flies"did"indeed"

avoided"the"‘virtual"heat’"s0mulus"and"not"simply"the"red"s0mula0on"light,"we"also"tested"HCc

GAL4">"CsChrimson"flies"that"were"reared"on"standard"food"without"addi0onal"re0nal."These"

flies"did"not"avoid"the"s0mula0on"light,"not"even"at"high"intensi0es"close"to"the"landmarks"

(Figure&4.5&D)."The"small"difference"in"the"radial"residency"between"the"two"trials"of"the"nonc

re0nal"fed"group"could"be"a;ributed"to"the"presence"of"the"visual"landmark"in"one"but"not"the"

other"trial."
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Figure&4.5:*‘Virtual*heat’*avoidance*in*a*2D*virtual*reality.*
Data"from"male"HCcGal4">"CsChrimson"flies."A:*Example"traces"of"a"male"7d"old"re0nalc
fed" fly" during" trials" with" optogene0c" s0mula0on:" ‘Landmark" with" optogene0c"
s0mula0on’" and" ‘Optogene0c" s0mula0on" alone’." Only" collapsed" walking" traces" are"
shown."Each"walking"trace"shows"the"fly’s"posi0on"with"a"dot"and"a"short"line"indica0ng"
the"fly’s"heading."The"colour"of"the"trace"represents"the"trial"0me"progressing"from"0"s"
to"600"s."Black"and"empty"circles"mark"the"posi0ons"of"visible"and"invisible"landmarks,"
respec0vely."The"dashed"salmon" line"marks" the"outer"boundary"of" the" reinforcement"
zone" (rZ=50"mm)."B:" 2D" residency"histograms" computed"over" the" collapsed" traces" of"
n=20" re0nalcfed" flies" for" the" two" trials" with" optogene0c" s0mula0on." The" count" is"
normalised"within"each"histogram"and"colourccoded"in"grey"scale"(white" indicates" low"
count,"black"high"count)."Only"0me"points"during"which"flies"were"moving"faster"than"2"
mm/s"were"taken"into"account."The"posi0on"of"landmarks"and"the"reinforcement"zones"
are"visualised"as"in"A."C,*D:"Comparison"of"the"normalised"radial"residency"in"trials"with"
optogene0c" s0mula0on" (‘Landmark" with" optogene0c" s0mula0on’" and" ‘Optogene0c"
s0mula0on"alone’)."The"radial"residency"is"computed"as"the"count"of"0me"points"within"
a"given"radial"distance"range"(rela0ve"to"the"landmark"posi0on)"normalised"by"the"area"
of"that"radial"distance"range."Only"0me"points"when"the"fly"was"moving"faster"than"2"
mm/s"were"taken" into"account."Data" from"flies"raised"on" food"with"re0nal" (C)"and"on"
standard" Würzburg" food" (D)." The" dashed" salmonccoloured" line" indicates" the" red"
s0mula0on"light"intensity"(in"%"LED"input"current)"at"a"given"radial"distance."Note"that"
even"though"the"optogene0c"s0mulus"light"intensity"level"is"visualised"as"a"con0nuous"
linear" func0on" of" the" landmark" distance," the" resolu0on" of" the" intensity" control" was"
limited"to"steps"of"1"%."

In"the"absence"of"any"optogene0c"s0mula0on,"individual"HCcGAL4">"CsChrimson"flies"exploring"

a"virtual"plane"showed"strong"a;rac0on"to"the"dark"landmarks"(‘Landmark"alone’"trials"in"Figure&

4.6&A)."Aler"a"successful"approach,"flies"tended"to"spend"extended"periods"of"0me"close"to"the"

object,"sliding"along"the"virtual"surface."This"behaviour"was"consistent"across"flies"and"resulted"

in"a"greatly"increased"residency"close"to"the"landmark"(<"10"mm"from"the"landmark"centre)"
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compared"to"everywhere"else"in"the"virtual"plane"(‘Landmark"alone’"trials"in"Figure&4.6&B)."The"

naive"preference"for"residing"close"to"the"landmark"was"unchanged"by"the"experience"of"‘virtual"

heat’"paired"with"it"(Figure&4.6&B,&C)."Thus,"we"did"not"find"any"evidence"for"condi0oned"

landmark"aversion"in"this"paradigm."

As"an"alterna0ve"measure"for"the"preference,"we"analysed"the"number"of"landmark"visits"each"

fly"made"over"the"course"of"a"trial."A"visit"was"defined"as"an"approach"to"a"landmark"within"a"20"

mm"radius."In"re0nalcfed"flies"the"mean"cumula0ve"number"of"visits"increased"rapidly"during"

the"first"half"of"the"trial,"before"it"plateaued"in"the"second"half"(Figure&4.6&E)."This"might"reflect"

a"transi0on"in"the"behaviour"of"re0nalcfed"flies"from"explora0on"and"repeated"approach"of"

landmarks"to"extended"stay"close"to"a"landmark"(consider"also"the"trajectory"colour"in"Figure&

4.6&A)."In"contrast,"the"cumula0ve"number"of"visits"increased"linearly"with"trial"0me"in"the"nonc

re0nal"group"(Figure&4.6&F)."A"comparison"of"the"cumula0ve"number"of"visits"in"the"‘Landmark"

alone’"trials"before"and"aler"paired"‘virtual"heat’"s0mula0on"showed"only"a"small"decrease"in"

visit"frequency"(Figure&4.6&G)."This"decrease"was"common"to"both"re0nalcfed"and"noncre0nalc

fed"flies,"indica0ng"that"this"was"not"an"effect"of"operant"condi0oning."

When"we"compared"the"radial"residency"in"re0nalcfed"and"noncre0nal"fed"flies,"we"no0ced"that"

the"strong"preference"for"residing"close"to"landmarks"was"less"pronounced"in"the"noncre0nal"

group"(Figure&4.6&C,&D)."The"analysis"of"visits"confirmed"that"the"strong"preference"for"

landmarks"was"primarily"the"product"of"flies"staying"very"close"to"the"object"aler"a"successful"

approach"rather"than"their"frequent"approaches"(Figure&4.6&G)."The"strong"preference"for"dark"

landmarks"in"re0nalcfed"flies"compared"to"flies"of"the"same"genotype"without"func0onal"

CsChrimson"made"us"wonder"whether"the"varying"brightness"of"the"visual"s0mulus"alone"was"

sufficient"to"simulate"varying"levels"of"‘virtual"heat’."In"other"words,"whether"the"preference"for"

dark"objects"was"really"a"preference"for"a"virtual"cool"spot."Experiments"with"varying"

s0mula0on"light"levels"and"tests"with"brightnesscinverted"virtual"worlds"substan0ated"the"

suspicion"that"the"visual"s0mulus"alone"was"able"to"ac0vate"HC"(data"not"shown)."

Uninten0onal"ac0va0on"of"HC"by"the"visual"s0mulus"would"make"it"difficult"to"use"HC"ac0va0on"

as"an"aversive"signal"in"an"operant"condi0oning"paradigm."In"future"experiments"we"will"

a;empt"to"circumvent"this"issue"by"using"a"weaker"opsin"such"as"ChrimsonR"(Klapoetke"et"al.,"

2014)"and"expressing"it"at"lower"levels."
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Figure&4.6:*Evidence*for*uninten6onal*ac6va6on*of*HC*by*the*visual*s6mulus.*
A:" Example" traces" of" a"male" 7d" old" re0nalcfed" fly" during" the" three" trials"with" visible"
landmarks:" ‘Landmark" alone’" (pre)," ‘Landmark" with" optogene0c" s0mula0on’" and"
‘Landmark"alone’"(post)."Collapsed"walking"traces,"indica0ons"of"the"landmark"posi0on"
and" the" optogene0c" s0mula0on" are" visualised" as" in" Figure" 4.5" A." B:" 2D" residency"
histograms"computed"over" the"collapsed" traces"of"n=20" re0nalcfed"flies" for" the" three"
trials." The" visualisa0on" is" analogous" to" Figure" 4.5" B." C,* D:" Comparison" of" the" radial"
residency" in" ‘Landmark" alone’" trials" before" and" aler" paired" presenta0on" of" the"
landmark"with"‘virtual"heat’"in"flies"raised"on"food"with"re0nal"(C)"and"on"standard"food"
(D)." The" radial" residency" was" computed" as" described" in" Figure" 4.5." EYG:" Cumulated"
number"of"visits"to"the"landmark"as"a"func0on"of"the"trial"0me."A"visit"is"defined"as"the"
fly" approaching" the" landmark" to" within" 20" mm" radius." E:" Number" of" visits" of" n=20"
re0nalcfed"flies"(thin"coloured"traces)"and"the"mean"number"of"visits"(thick"line)"during"
the"first"‘Landmark"alone’"trial."F:"Analogous"visualisa0on"to"E"for"n=20"flies"reared"on"
standard"food."Note"that"the"ycaxis"has"a"different"scale"in"E"and"F."G:"Comparison"of"the"
average" number" of" visits" in" the" ‘Landmark" alone’" trials" in" flies" reared" on" food" with"
re0nal"(blue"traces,"n=20)"and"on"standard"food"(black"and"grey"traces,"n=20)."All"data"
shown"in"this"figure"comes"from"male"HCcGal4">"CsChrimson"flies."
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4.3.3. Avoidance*of*ascending*aversive*s'muli*

Uninten0onal"delivery"of"virtual"aversive"s0muli"due"to"optogene0c"ac0va0on"of"neurons"by"the"

visual"s0mulus"seemed"less"likely"with"the"second"line"we"chose"to"inves0gate"further"aler"our"

pilot"screen:"SS01159."The"splitcGAL4"line"SS01159,"which"induces"an"ascending"aversive"

s0mulus,"only"labelled"central"ascending"neurons"in"the"brain"and"VNC"(Figure&4.3&E)"and"we"

therefore"suspected"that,"compared"to"experiments"with"HCcGAL4,"rela0vely"higher"light"

intensity"levels"would"be"necessary"to"elicit"a"behavioural"response."

Avoidance*of*ascending*aversive*s6muli*in*freely*walking*flies*

We"began"again"by"tes0ng"avoidance"behaviour"of"SS01159">"CsChrimson"flies"in"our"

optogene0c"quadrant"arena,"using"the"same"protocol"as"in"experiments"with"HCcGAL4">"

CsChrimson"flies."We"tested"three"levels"of"red"light"intensity"corresponding"to"1"%,"5"%"and"10"

%"LED"driver"current."The"corresponding"light"intensi0es"in"the"illuminated"quadrants"were"0.27"

mW/cm2"(1"%"level),"1.13"mW/cm2"(5"%"level)"and"2.25"mW/cm2"(10"%"level).""

At"5"%"and"10"%"light"intensity"level"both"male"and"female"SS01159">"CsChrimson"flies"reliably"

avoided"the"illuminated"quadrants"and"showed"no"adapta0on"over"the"course"of"the"4"min"

protocol"(Figure&4.7&A,&B)."While"at"the"1"%"level"female"flies"seemed"to"show"weak"avoidance"

responses,"we"only"found"robust"avoidance"at"higher"light"intensi0es"in"male"flies"(1.13"mW/

cm2"and"higher,"Figure&4.7&C,&E)."Avoidance"did"not"improve"when"the"light"was"increased"from"

5"%"to"10"%."SS01159">"CsChrimson"flies"reared"on"standard"food"without"supplemented"

re0nal,"i.e."flies"expressing"reduced"levels"of"func0onal"CsChrimson"or"none"at"all,"did"not"show"

avoidance"responses"to"any"of"the"tested"light"levels"(Figure&4.7&D,&E)."This"confirmed"that"the"

re0nalcfed"flies"were"indeed"avoiding"the"optogene0cally"induced"ascending"aversive"s0mulus"

rather"than"the"red"light"itself."Even"at"high"s0mula0on"intensity"levels"a"minority"of"flies"

remained"in"the"illuminated"quadrants"and"as"a"result"the"avoidance"response"was"less"

pronounced"compared"to"the"‘virtual"heat’"induced"avoidance."One"possibility"is"that"SS01159">"

CsChrimson"flies"were"less"successful"at"detec0ng"the"border"between"quadrants"and"ini0a0ng"

directed"turns"away"from"the"illuminated"quadrants."Indeed,"visual"inspec0on"of"individual"

trajectories"suggested"that"flies"were"avoiding"the"illuminated"quadrants"with"a"combina0on"of"

directed"turns"at"the"quadrant"border,"but"also"by"increasing"their"walking"speed"aler"entering"

illuminated"quadrants"(Figure&4.7&F)."Addi0onally"some"flies"jumped"when"residing"in"the"

illuminated"quadrant,"consistent"with"SS01159clabelled"neurons"signalling"an"aversive,"

poten0ally"nocicep0ve"s0mulus."
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� "

Figure& 4.7:* Avoidance* of* an* ascending* aversive* s6mulus* generated* through*
optogene6c*ac6va6on*of*SS01159.*
Preference" test" of" freely" walking" flies" in" the" optogene0c" quadrant" assay." Data" from"
male" and" female" flies" expressing" CsChrimson" in" ascending" neurons" labelled" by" the"
SS01159"splitcGAL4"line."A,*B:"Median"avoidance"response"over"the"0me"course"of"the"4"
min"long"light"s0mula0on"protocol."Each"line"within"one"subplot"shows"the"median"and"
IQR"of"6"repeats"with"different"sets"of"flies"(12c20"flies"per"repeat)."Three"levels"of"red"
light" intensity" were" tested:" 1"%" (black," 0.27"mW/cm2" in" illuminated" quadrants)," 5" %"
(violet,"1.13"mW/cm2"in"illuminated"quadrants)"and"10"%"(aubergine,"2.25"mW/cm2"in"
illuminated"quadrants)."See"legend"of"Figure"4.4"for"a"detailed"explana0on"of"the"plot"
layout."A:"Data"from"male,"wingcclipped"SS01159">"CsChrimson"flies"reared"on"re0nalc
supplemented"food."The"sample"size" for"all" three"groups" is"n=6."B:"Data" from"female,"
wingcclipped" SS01159" >" CsChrimson" flies" reared" on" re0nalcsupplemented" food." The"
sample"size"for"all"three"groups"is"n=6."C:"Response"for"male"and"female"wingcclipped"
SS01159">"CsChrimson"flies"reared"on"re0nalcsupplemented"food"averaged"over"the"6"
subctrials" (median" of" subctrials)."D:" Same" as" C" for" flies" reared" on" standard"Würzburg"
food,"i.e."without"addi0onal"re0nal"supply."The"sample"sizes"for"the"male"flies"are"n=4"
repeats"for"1"%"and"5"%"and"n=5"repeats"for"10"%."For"female"flies"the"sample"sizes"are"
n=2" repeats" (1"%),"n=4" repeats" (5"%)"and"n=3" repeats" (10%)."E:"Boxplot"of" the"mean"

1 %:  0.27 [mW/cm2]

5 %:  1.13  [mW/cm2]

10 %:  2.25  [mW/cm2]
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response" during" the" last" 10" s" of" optogene0c" s0mula0on." We" tested" whether" the"
sample"mean"was"different"from"0.5"using"twocsided"tctests."None"of"the"groups"reared"
on" standard" food" showed" significant" avoidance" to" any" of" the" tested" s0mula0on" light"
levels" (female" flies:" p=0.8092" (1" %," n=12)," p=0.7098" (5" %," n=24)," p=0.0782" (10" %,"
n=18);"male"flies:"p=0.1917"(1"%,"n=24),"p=0.8265"(5"%,"n=24),"p=0.4034"(10"%,"n=30))."
For"female"re0nalcfed"flies"the"tctest"gave"us"a"p<0.001"for"1%"and"p<0.0001"for"both"
LED" 5"%" and" 10"%" (n=36," each)." For"male" re0nalcfed" flies"we" got" no" significant" shil"
from" 0.5"with" the" 1%" s0mula0on" level," but" significant" shils" at" 5"%" and" 10"%" (both"
p<0.0001"and"n=36)."Significance"codes:" "0"≤"‘***’"<"0.001"≤"‘**’"<"0.01"≤"‘*’"<"0.05"≤""
‘ns’."F:" Example" traces" of" 4"male," re0nalcfed" flies" during" the" last" 10" s" of" optogene0c"
s0mula0on"at"10"%"intensity"level."The"dashed"grey"line"indicates"the"arena"border"and"
the"red" illuminated"quadrants"are"marked"with"redcshaded"boxes."Three"examples"for"
turns"upon"encounter"with"the"border"the"illuminated"quadrant"are"marked"with"stars."
Two"examples"for"accelera0on"aler"entering"the"illuminated"quadrant"are"marked"with"
hexagons."

The"observa0on"that"SS01159">"CsChrimson"flies"show"robust"avoidance"only"at"light"intensity"

levels"of"1.13"mW/cm2"and"higher"whereas"HCcGAL4">"CsChrimson"flies"showed"robust"

avoidance"already"at"0.27"mW/cm2"suggests"that"the"low"light"intensi0es"used"in"experiments"

with"HCcGAL4"in"VR"were"insufficient"to"ac0vate"the"popula0on"of"central"neurons"in"the"HCc

GAL4"expression"pa;ern."Furthermore,"it"is"unlikely"that"the"visual"s0mulus"in"the"VR"

experiments"would"be"sufficient"to"induce"ascending"aversive"s0muli."

LandmarkYassisted*avoidance*of*ascending*aversive*s6muli*in*virtual*reality*

As"with"‘virtual"heat’"avoidance,"we"were"wondering"whether"flies"were"able"to"use"visual"

landmarks"to"improve"the"efficacy"of"their"avoidance"response."We"therefore"measured"

avoidance"of"ascending"aversive"s0muli"in"the"presence"and"absence"of"visual"cues"in"our"2D"

virtual"reality"in"male"SS01159">"CsChrimson"flies."We"used"circular"optogene0c"s0mula0on"

zones"placed"around"landmarks"similar"to"the"previously"described"‘virtual"heat’"zones,"but"we"

adjusted"the"radial"size"and"maximum"s0mula0on"intensity"based"on"our"findings"in"freely"

walking"flies."

In"a"first"experiment"in"VR,"we"tested"avoidance"of"virtual"aversive"zones"with"a"40"mm"radius"

and"a"s0mula0on"light"intensity"increasing"from"0.00"mW/cm2"at"the"edge"to"0.58"mW/cm2"in"

the"centre"(50"%"LED"input"current"in"VR)."The"maximum"intensity"of"0.58"mW/cm2"lies"

between"the"reliably"effec0ve"s0mula0on"intensity"of"5"%"(1.13"mW/cm2)"and"the"insufficient"

s0mula0on"intensity"of"1"%"(0.27"mW/cm2)"measured"in"freely"walking"flies."Individual"flies"

clearly"avoided"the"ascending"aversive"areas"both"in"presence"and"absence"of"visual"cues."

(Figure&4.8&A,&B)."As"previously"observed"with"‘virtual"heat’"this"behaviour"was"highly"consistent"

across"the"sample"of"20"measured"flies"(Figure&4.8&C,&D)."In"contrast"to"‘virtual"heat’,"however,"
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flies"seemed"to"avoid"ascending"aversive"s0muli"at"lower"s0mula0on"intensi0es"when"landmark"

cues"were"present"compared"to"when"they"were"absent"(Figure&4.8&AID)."The"effect"of"visual"

landmarks"on"avoidance"of"the"ascending"aversive"s0mulus"was"par0cularly"no0ceable"when"

we"compared"the"radial"residency"across"the"two"trials"with"optogene0c"s0mula0on"(Figure&4.8&

F)."In"the"absence"of"visual"landmarks"flies"reliably"avoided"ascending"aversive"s0mula0on"at"

intensi0es"of"about"0.14"mW/cm2"(12"%"LED"current)."In"contrast,"in"trials"with"landmark"cues"

the"radial"residency"began"to"decrease"well"outside"of"the"s0mula0on"zone."

To"probe"whether"the"avoidance"response"depended"on"the"s0mula0on"intensity"or"rela0ve"

change"thereof,"we"tested"two"other"s0mula0on"profiles"with"varying"gradients"of"steepness."

The"zone"described"above"corresponded"to"an"intermediate"s0mula0on"gradient"with"a"1.25"%/

mm"increase"(‘Medium’,"Figure&4.8&F)."We"also"tested"a"steep"gradient"with"2"%/mm"increase"in"

intensity"(‘Steep’,"Figure&4.8&E),"and"a"shallow"gradient"with"0.75"%/mm"increase"(‘Shallow’,"

Figure&4.8&G)."The"steepness"of"the"gradient"was"adjusted"by"changing"the"size"and"the"

maximum"intensity"of"the"zone;"hence"the"range"of"values"that"the"flies"were"exposed"to"

differed"between"condi0ons"too."

Under"all"three"condi0ons"flies"spent"less"0me"in"the"optogene0c"s0mula0on"zone"when"it"was"

paired"with"a"visual"landmark"(Figure&4.8&EIG)."However,"the"strength"of"the"effect"of"the"visual"

landmark"depended"on"the"spa0al"intensity"profile"of"the"optogene0c"s0mulus."When"

ascending"aversive"s0mula0on"increased"steeply"as"a"func0on"of"landmark"distance,"the"

avoidance"response"was"only"weakly"modulated"by"the"presence"of"visual"cues"(Figure&4.8&E)."

Providing"a"visual"guidance"cue"had"the"biggest"effect"when"we"used"an"intermediate"gradient"

steepness"(Figure&4.8&F):"in"the"presence"of"the"visual"cue,"flies"avoided"even"the"lowcintensity"

edge"of"the"optogene0c"s0mula0on"zone,"whereas"in"the"absence"of"landmark"cues"flies"only"

avoided"the"higher"intensity"central"areas"of"the"zone."Under"the"la;er"condi0on,"flies"spent"

more"0me"along"the"edge"of"the"s0mula0on"zone,"possibly"due"to"increased"turning"(Figure&4.8&

B)."The"avoidance"of"the"‘Shallow’"gradient"zone"was"less"pronounced,"possibly"due"to"overall"

lower"s0mula0on"intensity"levels,"but"we"found"similar"trends"in"the"radial"residency"as"in"the"

‘Medium’"gradient"condi0on"(Figure&4.8&G)."We"also"measured"the"responses"of"flies"of"the"

same"genotype"that"were"reared"on"standard"food"without"addi0onal"re0nal"in"the"‘Medium’"

gradient"(Figure&4.8&H)."Standard"Würzburg"food"contains"small"amounts"of"re0nal."Thus,"also"

flies"reared"on"standard"Würzburg"food"had"limited"access"to"re0nal"and"may"have"been"able"to"

express"func0onal"CsChrimson"at"very"low"levels."Accordingly,"they"showed"weak"avoidance"of"

the"optogene0c"s0mula0on"zone,"although"the"avoidance"was"much"weaker"compared"to"the"
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corresponding"group"of"re0nalcfed"flies,"confirming"that"the"observed"avoidance"responses"

cannot"be"fully"explained"by"direct"responses"to"the"red"light."Interes0ngly,"we"only"saw"an"

avoidance"response"in"noncre0nalcfed"flies"when"the"ascending"aversive"s0mula0on"was"paired"

with"a"visible"landmark"cue."A"possible"explana0on"is"that"visual"landmarks"aid"the"avoidance"

response"if"the"spa0al"avoidance"task"is"rela0vely"difficult,"for"example,"when"the"s0mulus"is"

weak"or"the"gradual"increase"in"s0mulus"intensity"is"small."

� "

Figure&4.8:*LandmarkYassisted*avoidance*of*ascending*aversive*s6muli*in*virtual*reality.*
A,*B:*Example"trace"of"a"male"9d"old"fly"during"a"600"s"long"trial"in"a"virtual"world"with"
spa0ally"restricted"ascending"aversive"s0mula0on"paired"with"visible"(A,"‘Landmark"with"
optogene0c"s0mula0on’)"and" invisible" (B," ‘Optogene0c"s0mula0on"alone’)" landmarks."
The" fly’s" trajectory," the" landmark" posi0on" and" the" optogene0c" s0mula0on" are"
visualised" as" in" Figure" 4.5" A." C,* D:" 2D" residency" histograms" computed" over" the"
collapsed"traces"of"n=20"re0nalcfed"flies"for"the"two"trials"with"optogene0c"s0mula0on."
Visualisa0on" analogous" to" Figure" 4.5" B." EYG:" Comparison" of" the" normalised" radial"
residency"in"trials"with"optogene0c"s0mula0on."Visualisa0on"analogous"to"Figure"4.5"C,"
D."Avoidance"behaviour"of"three"types"of"optogene0c"s0mula0on"zones"differing"in"size"
and"steepness"of"the"intensity"gradient:" ‘Steep’"(E)," ‘Medium’"(F)"and"’Shallow’"(G)." In"
addi0on,"flies"reared"on"standard"food"without"addi0onal"re0nal"(cRe0nal)"were"tested"
on"a" ‘Medium’"gradient"(H)." I:"Boxplot"of"the"reduc0on"in"normalised"radial"residency"
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over"the"outermost"20"mm"ring"of"the"s0mula0on"zone." It" is"computed"per"fly"as"the"
difference" between" the"median" normalised" radial" residency" inside" the" outermost" 10"
mm"ring"(lower"s0mula0on"intensi0es)"of"the"s0mula0on"zone"compared"to"the"second"
outermost" 10" mm" ring" (higher" s0mula0on" intensi0es)." This" corresponds" to" the"
landmark"distance"40c50"mm"and"30c40"mm"in"E"and"30c40"mm"and"20c30"mm"in"F,"G"
and"H" indicated"by"grey"bars"on"the"xcaxis."No"reduc0on"means"that"flies"spent"equal"
amounts"of"0me"in"the"low"and"higher"intensity"regions."Nega0ve"values"indicate"that"
flies"spent"more"0me"at"the"low"compared"to"the"higher"intensity"region."An"ANOVA"of"
the"measured"rela0ve"change"in"residency"showed"that"there"was"a"significant"effect"of"
both," the" optogene0c" s0mula0on" zone" profile" (F(2,114)=6.936," p=0.0014)" and" the"
presence" of" a" visible" landmark" (F(1,114)=13.569," p=0.0004)." We" did" not" find" a"
significant" interac0on" between" the" two" factors" (F(2,114)=1.472," p=0.2338)." We" also"
tested" directly" whether" the" ‘Landmark" with" optogene0c" s0mula0on’" and" the"
‘Optogene0c" s0mula0on" alone’" trials"were" different" under" the" three" s0mulus" profile"
condi0ons" using" paired"Wilcoxon" singed" rank" tests." Steep" gradient:" V=47," p=0.0979."
Medium"gradient:"V=16,"p=0.0003."Shallow"gradient:"V=66,"p=0.2514."The"sample"size"
for"all"four"groups"(‘Steep’,"‘Medium’,"‘Shallow’"and"‘Medium,"no"re0nal’)"was"n=20."All"
data"in"this"figure"stems"from"male"SS01159">"CsChrimson"flies."

We"quan0fied"the"difference"in"avoidance"in"the"four"condi0ons"by"compu0ng"the"average"

reduc0on"in"normalised"radial"residency"across"the"outermost"20"mm"of"the"s0mula0on"zone"

(Figure&4.8&I)."The"average"reduc0on"was"computed"as"the"difference"between"the"average"

residency"inside"the"outermost"10"mm"ring"(lower"s0mula0on"intensi0es)"compared"to"the"

second"outermost"10"mm"ring"(higher"s0mula0on"intensi0es)."Noncre0nalcfed"flies"(cRe0nal"

group,"boxes"with"grey"edges,"Figure&4.8&I)"showed"no"reduc0on"indica0ng"that"those"flies"

spend"approximately"equal"amounts"of"0me"in"the"low"and"higher"intensity"range"of"the"

‘Medium’"gradient."All"re0nalcfed"flies"spent"less"0me"at"the"higher"intensity"zones"(nega0ve"

values"of"blackclined"boxes"of"+"Re0nal"groups,"Figure&4.8&I)."In"a"direct"comparison"of"the"

‘Landmark"with"optogene0c"s0mula0on’"and"the"‘Optogene0c"s0mula0on’"trial"we"found"a"

significant"difference"only"in"the"‘Medium’"shallow"gradient"(p<0.001,"Figure&4.8&I)."Yet,"an"

ANOVA"revealed"that"the"reduc0on"in"radial"residency"was"generally"larger"in"the"absence"of"

visual"landmarks"(p"<"0.001,"Figure&4.8&I),"most"likely"because"the"presence"of"a"visual"cue"made"

flies"avoid"the"zone"at"even"lower"s0mula0on"or"stopped"them"from"even"entering"it."

LandmarkYassisted*avoidance*is*mediated*by*changes*in*the*turning*behaviour*

To"get"a"be;er"understanding"of"how"flies"responded"to"the"ascending"aversive"s0mulus"we"

compared"walking"behaviour"inside"and"outside"the"s0mula0on"zone"in"trials"with"and"without"

the"visual"landmark"cue"(Figure&4.9)."While"the"transla0onal"walking"velocity"was"neither"

strongly"affected"by"the"ascending"aversive"s0mula0on"nor"by"the"presence"of"visible"landmarks"

(Figure&4.9&A),"the"turning"behaviour"was"affected"by"both"factors."Flies"walked"with"

significantly"larger"rota0onal"velocity"inside"compared"to"outside"of"the"optogene0c"s0mula0on"
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zones"(p<0.0001,"Figure&4.9&B)"and"the"rota0onal"velocity"was"consistently"larger"in"trials"

without"landmarks"(p<0.05,"Figure&4.9&B)."We"also"quan0fied"the"number"of"turns,"defined"as"

peaks"in"the"rota0onal"velocity"signal"larger"than"twice"the"standard"devia0on."Likely"due"to"the"

reduced"residency"inside"the"optogene0c"s0mula0on"zone,"flies"made"significantly"more"turns"

outside"compared"to"inside"the"zones"(p<0.001,"Figure&4.9&C)."In"addi0on,"the"turn"frequency"

was"affected"by"the"presence"of"landmark"cues,"with"significantly"fewer"turns"in"trials"with"

landmarks"(p<0.001,"Figure&4.9&C)."

� "

Figure& 4.9:* The* presence* of* a* visual* landmark* affects* turning* behaviour* during*
avoidance*of*ascending*aversive*s6muli.*
A" comparison" of" the" walking" behaviour" inside" and" outside" of" the" optogene0c"
s0mula0on" zone" in" the" presence" and" absence" of" visual" cues." For" each" walking"
parameter" the" corresponding" value" was" computed" per" fly" (shown" as" dots,"
corresponding"values"are"connected"by"a"line).""Boxplots"indica0ng"the"median"and"the"
interquar0le"range"are"overlaid."For"each"of"the"walking"parameter"we"also"performed"
an"ANOVA"with" the"presence"of" landmark" cues" (visible" vs." invisible)" and" the" loca0on"
(inside"vs."outside)"as"well"as"the"fly"iden0ty"as"explanatory"variables."Significant"effects"
are"indicated"in"the"figure."A:"Median"transla0onal"velocity." In"the"ANOVA"only"the"fly"
iden0ty" had" a" significant" effect" (F(18,40)=5.615," p=2.86ec06)." B:" Median" absolute"
rota0onal" velocity"while" the" fly"was"moving"with" transla0onal" velocity" >" 2mm/s." The"
ANOVA" indicated" a" significant" effect" of" the" loca0on" (F(1,54)=41.592"p=3.22ec08)" and"
the" visibility" of" the" landmark" (F(1,54)=5.911," p=0.0184)" as"well" as" of" the" fly" iden0ty"
(F(19,54)=4.029" p=2.86ec05)." C:" Total" number" of" turns" detected" as" events" with"
rota0onal"velocity">"2*standard"devia0on."The"ANOVA"iden0fied"a"significant"effect"of"
loca0on"(F(1,40)=131.785,"p=3.12ec14)"and"visibility"of" the" landmark"(F(1,40)=14.358,"
p=0.0005)" and" again" a"weak" effect" of" the" fly" iden0ty" (F(18,40)=2.023," p=0.0319)."D:"
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Turn" sequence" bias" computed" as" the" ra0o" of" two" subsequent" turns" in" the" same"
direc0on" over" the" total" number" of" turns" c" 1." The" ANOVA" detected" only" a" significant"
effect"of"fly"iden0ty"(F(18,39)=1.951"p=0.0403)."All"data"shown"in"this"figure"came"from"
male"SS01159">"CsChrimson"flies."

We"next"asked"whether,"in"the"presence"of"visual"landmark"cues,"flies"performed"fewer"turns"to"

avoid"the"ascending"aversive"s0mulus"because"individual"turns"were"more"effec0ve."One"simple"

strategy"to"avoid"the"optogene0c"s0mula0on"zone"would"be"to"keep"turning"in"the"same"

direc0on"un0l"the"s0mulus"intensity"decreases."To"test"whether"flies"used"this"strategy,"we"

computed"the"turn"sequence"bias"as"the"number"of"0mes"a"fly"made"two"subsequent"turns"in"

the"same"direc0on"divided"by"the"total"number"of"turns"minus"one."A"turn"bias"index"above"0.5"

indicates"a"preference"for"turns"in"the"same"direc0on"and"values"below"0.5"a"preference"for"

alterna0ng"turn"direc0on."Although"we"did"not"find"any"significant"effects,"there"seemed"to"be"a"

trend"with"larger"turn"biases"inside"the"optogene0c"s0mula0on"zone"and"in"the"presence"of"a"

visual"landmark"(Figure&4.9&D)."Further"analysis"of"the"turn"behaviour"may"reveal"whether"flies"

use"the"visual"landmark"to"make"more"directed"turns"away"from"the"increasing"intensity"of"the"

ascending"aversive"s0mulus."

Poten6al*evidence*for*visual*aversive*condi6oning*with*ascending*aversive*s6mula6on*

Aler"the"fly"had"experienced"the"paired"presenta0on"of"the"landmark"with"ascending"aversive"

s0mula0on"we"occasionally"found"a"strong"reduc0on"of"residency"close"to"the"landmark"in"the"

absence"of"virtual"aversive"s0mula0on"(compare"‘Landmark"alone’"(pre)"and"‘Landmark"

alone’"(post)!trials"in"Figure&4.10&A,&D)."The"effect"appeared"to"be"less"pronounced"in"trials"with"

flies"reared"on"food"without"addi0onal"re0nal"(Figure&4.10&B)."This"looked"promising"and"we"

therefore"inves0gated"this"data"set"more"closely"in"search"of"evidence"for"aversive"condi0oning.""

Examina0on"of"individual"traces"revealed"large"variability"in"walking"behaviour"over"the"course"

of"the"three"trials"with"visible"landmarks."Representa0ve"traces"from"three"flies"are"shown"in"

Figure&4.10&C."The"walking"speed,"and"correspondingly"the"amount"to"which"flies"explored"the"

virtual"world,"varied"not"only"between"flies"but"also"between"trials."This"raised"the"ques0on"of"

whether"the"reduced"residency"close"to"the"landmarks"aler"paired"presenta0on"with"ascending"

aversive"s0mula0on"could"simply"be"explained"by"a"general"reduc0on"in"walking"speed"rather"

than"by"ac0ve,"condi0oned"avoidance"behaviour."Fly"1"in"Figure&4.10&C,"for"example,"frequently"

visited"the"object"in"the"first"trial,"made"repeated"contacts"with"the"optogene0c"s0mula0on"

zone"in"the"second"trial"and"then"barely"walked"in"the"third"trial."It"is"possible"that"the"lack"of"

landmark"approaches"in"the"third"trial"was"a"secondary"effect"of"the"reduc0on"in"walking"speed."

Furthermore,"it"is"unclear"whether"this"reduc0on"in"walking"speed"is"a"specific"response"to"the"
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paired"presenta0on"of"the"aversive"s0mula0on"with"the"landmark"or"an"unspecific"response"to"

experiencing"the"ascending"aversive"s0mulus."Other"flies"showed"what"looked"like"ac0ve"

avoidance"of"the"landmark"in"the"third"trial"(Fly"2"in"Figure&4.10&C)"and"s0ll"other"flies"did"not"

visit"the"landmark"much"in"the"first"trial"(Fly"3"Figure&4.10&C)"or"did"not"make"much"contact"with"

the"optogene0c"s0mula0on"zone"in"the"second"trial."The"variability"in"the"innate"walking"

behaviour"led"to"different"experiences"over"the"course"of"the"three"trials"and,"unsurprisingly,"

large"variance"in"the"landmark"tracking"behaviour"in"the"‘post’"trial,"which"makes"it"difficult"to"

draw"conclusions"from"the"present"data"set."

To"check"whether"the"reduc0on"in"residency"was"specific"to"condi0ons"where"we"expected"flies"

to"learn"to"avoid"the"landmarks"we"compared"the"residency"close"to"the"landmark"in"five"

experimental"groups"(rela0ve"residency"within"a"20"mm"radius"around"landmarks,"Figure&4.10&

E):"four"groups"of"re0nalcfed"flies"exposed"to"virtual"environments"with"varying"optogene0c"

s0mula0on"zones"and"one"control"group"of"flies"reared"on"standard"food."An"ANOVA"showed"

that"across"groups,"flies"on"average"spent"more"0me"close"to"the"landmark"in"the"first"

‘Landmark"alone’"trial"compared"to"the"second"one"(p<0.05,"Figure&4.10&E)."However,"the"

varia0on"between"two"data"sets"from"re0nalcfed"flies"measured"under"the"same"experimental"

condi0ons"two"months"apart"(‘Medium,"set"1’"and"‘Medium,"set"2’)"was"comparable"to"the"

variance"between"groups"of"flies"measured"under"differing"experimental"condi0ons."

Correspondingly,"the"ANOVA"did"not"detect"a"significant"effect"of"the"s0mula0on"condi0ons"on"

the"rela0ve"residency"close"to"the"landmark"(Figure&4.10&E)."We"also"could"not"find"any"

differences"between"groups"when"we"looked"at"the"pa;ern"of"visits"to"the"landmarks"in"the"first"

and"second"‘Landmark"alone’"trials"(Figure&4.10&F,&G)."In"accordance"with"the"reduced"residency"

close"to"the"landmark,"flies"generally"also"made"fewer"visits"to"the"landmark"in"the"second"trial."

Even"though"the"residency"close"to"landmarks"was"reduced"in"all"experimental"groups,"we"

cannot"exclude"the"hypothesis"that"experiencing"the"paired"ascending"aversive"s0mula0on"

causes"the"rela0ve"avoidance"of"landmarks"in"the"post"‘Landmark"alone’"trial"in"all"experimental"

groups."That"is,"because"we"did"see"a"reduced"level"of"residency"inside"the"optogene0c"

s0mula0on"zone"in"the"presence"of"visible"landmarks"in"our"only"control"group"—"flies"reared"

on"standard"food"(‘Landmark"with"optogene0c"s0mula0on’"trial"in"Figure&4.10&E)"—"sugges0ng"

that"these"flies"too"received"at"least"mild"levels"of"ascending"aversive"s0mula0on."To"more"

rigorously"test"whether"the"reduc0on"in"residency"close"to"the"landmark"in"the"second"

‘Landmark"alone’"trial"is"an"unspecific"effect"of"the"paradigm"rather"than"a"signature"of"aversive"

condi0oning"we"will"need"to"perform"control"experiments"where"flies"receive"spa0ally"

uncorrelated"ascending"aversive"s0mula0on."
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� "

Figure& 4.10:* Reduc6on* of* landmark* visit* frequency* aher* experience* of* paired*
ascending*aversive*s6mula6on.*
A,*B:"2D"residency"histograms"computed"over"the"collapsed"traces"of"flies"for"the"three"
trials" with" visible" landmarks:" ‘Landmark" alone’" (pre)," ‘Landmark" with" optogene0c"
s0mula0on’"and"‘Landmark"alone’"(post)."Visualisa0on"is"analogous"to"Figure"4.5"B."A:"
Re0nalcfed"flies,"n=20."B:"Control"flies"reared"on"standard"food,"n=20."C:"Example"traces"
from"three"flies"from"the"same"data"set"as"shown"in"A"(set"1)"for"the"three"trials"with"
visible" landmarks."The"reinforcement"zone"and"the"landmark"posi0on"are"indicated"as"
in" Figure" 4.5" A." The" fly" trajectories" are" colourccoded" according" to" the" transla0onal"
velocity."D:" Comparison" of" the" radial" residency" in" trials"with" visible" landmark" in" flies"
raised"on"food"with"re0nal."The"radial"residency"was"computed"as"described"in"Figure"
4.5." Same" data" set" from" n=20" flies" as" shown" in" A" (set" 1)." E:" Comparison" of" the"
normalised"radial"residency"within"a"20"mm"radius"around"the"landmark"in"5"data"sets"
(n=20"each)."Data"from"the"three"trials"with"visible"landmarks"are"shown."The"data"sets"
are" measurements" in" the" steep" s0mula0on" gradient" (‘Steep’)," two" data" sets" with"
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re0nalcfed" flies" collected" in" the" medium" steep" gradient" condi0on" separated" by" two"
months"(‘Medium,"set"1’"and"‘Medium,"set"2’),"measurements"in"the"shallow"gradient"
(‘Shallow’)"and"a"data"set" from"flies" reared"on"standard" food" in" the"medium"gradient"
(‘Medium," cRe0nal’)." We" performed" an" ANOVA" of" the" normalised" radial" residency"
within"a"20"mm"radius"around"the"landmarks"on"the"two"‘Landmark"alone’"trials"using"
the" trial" (pre" vs." post)," the" food," the" experimental" group" (‘Steep’," ‘Medium’" set" 1,"
‘Medium’"set"2,"‘Shallow’,"‘Medium,"cRe0nal’)"and"the"individual"animals"as"explanatory"
variables." Only" the" trial" (F(1,152)=5.492," p<0.05)" and" the" animal" iden0ty"
(F(38,152)=1.768,"p<0.01)"had"significant"effects"on"the"variance."F:"Comparison"of"the"
cumulated"number"of" visits" to" the" landmark" as" a" func0on"of" the" trial" 0me."A" visit" is"
defined" as" the" fly" approaching" the" landmark" to" within" 20" mm" radius." Pre" and" post"
‘Landmark"alone’"trials"from"set"1"and"set"2"as"well"as"from"the"cRe0nal"control"group"
are"shown."The"sample"sizes"for"all"groups"and"trials"are"n=20."G:"Boxplots"of"the"total"
number"of"visits"in"pre"and"post"‘Landmark"alone’"trials"from"set"1"and"set"2"as"well"as"
from"the"cRe0nal"control"group"(corresponding"to"data"shown"in"F)."All"data"shown"in"
this"figure"came"from"male"SS01159">"CsChrimson"flies."

4.4. Discussion*

Here"we"present"a"new"assay"for"studying"visual"guidance"in"a"virtual"environment"in"headcfixed"

walking"Drosophila."With"experiments"in"freely"and"tethered"walking"flies,"we"demonstrated"

that"flies"robustly"avoid"areas"where"they"receive"virtual"aversive"s0muli"generated"by"

optogene0c"ac0va0on"of"small,"gene0cally"defined"neuron"popula0ons."Specifically,"we"

demonstrated"avoidance"behaviour"in"response"to"‘virtual"heat’"generated"by"ac0va0ng"HCc

neurons"and"ascending"aversive"s0muli"generated"by"optogene0cally"ac0va0ng"a"small"set"of"

ascending"neurons"labelled"by"the"splitcGAL4"line"SS00159."We"then"showed"that"under"some"

condi0ons"tethered"walking"flies"in"VR"more"effec0vely"avoided"areas"with"ascending"aversive"

s0mula0on"in"the"presence"of"visual"landmark"cues."We"also"found"that"SS00159">"CsChrimson"

flies"visited"landmarks"less"aler"experiencing"paired"ascending"aversive"s0mula0on"around"the"

landmarks."Since"this"effect"was"independent"of"the"s0mula0on"intensity,"this"could"be"an"

unspecific"change"in"locomo0on"rather"than"a"learned"shil"in"landmark"preference"based"on"

associa0ng"the"landmark"with"the"aversive"s0mulus."

We"will"first"discuss"in"more"detail"advantages"and"challenges"of"using"optogene0c"s0mula0on"

as"a"subs0tute"for"real"s0muli."Then"we"will"discuss"our"main"findings,"effec0ve"avoidance"of"

virtual"aversive"s0muli"and"evidence"for"landmarkcassisted"avoidance,"before"exploring"possible"

future"direc0ons"toward"condi0oning"landmark"preferences"in"VR."
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Ac6va6ng*neurons*using*optogene6c*tools*

Optogene0c"s0mula0on"allows"selec0ve"and"temporally"precise"ac0va0on"of"neurons"and"

rela0vely"easy"to"use,"which"has"made"optogene0c"tools"popular"in"systems"neuroscience"in"

recent"years"(Fenno"et"al.,"2011)."Here"we"used"CsChrimson,"a"redcshiled"variant"of"

channelrhodopsin"(Klapoetke"et"al.,"2014)."CsChrimson"and"related"channels"are"lightcgated"

ca0on"channels."Upon"absorp0on"of"red"light"the"CsChrimson"channels"open"and"the"neuron"

expressing"these"channels"is"depolarised"(Fenno"et"al.,"2011)."Two"common"complica0ons"with"

using"the"blueclight"ac0vated"opsin"channelrhodopsin"in"behavioural"studies"in"flies"are"(a)"that"

the"animal"can"see"and"poten0ally"responds"to"the"s0mula0on"light,"leading"to"behavioural"

artefacts"and"(b)"that"blue"light"does"not"effec0vely"penetrate"through"the"cu0cle,"which"means"

that"high"light"intensi0es"are"necessary"to"generate"behavioural"effects"(Klapoetke"et"al.,"2014)."

The"redcshiled"absorp0on"profile"of"CsChrimson"has"the"advantage"that"one"can"use"red"light,"

to"which"fly"eyes"are"rela0vely"insensi0ve"and"which"is"more"effec0ve"than"blue"light"in"

penetra0ng"the"cu0cle."This"makes"CsChrimson"a"convenient"choice"for"behavioural"

experiments"in"intact"flies."

A"major"challenge"when"using"optogene0c"s0mula0on"compared"to,"for"example,"direct"

electrical"s0mula0on"lies"in"rela0ng"s0mula0on"light"intensi0es"to"actual"neural"ac0va0on."

Given"a"certain"s0mula0on"light"intensity"the"induced"depolarisa0on"of"the"neuron"expressing"

the"opsin"heavily"depends"on"the"cell’s"membrane"proper0es"(Lin,"2011)."The"efficacy"of"the"

lightcinduced"depolarisa0on"depends"on"the"membrane"capacity"and"the"reversal"poten0al"of"

ca0ons"that"can"enter"the"cell"through"the"lightcgated"channel."Also"the"expression"level"of"the"

opsin"influences"how"light"intensity"links"to"ac0vity"of"the"gene0cally"targeted"cell."For"example,"

the"strength"of"the"promotor"under"which"CsChrimson"is"expressed"in"a"given"cell"type"affects"

how"much"protein"is"produced,"which"limits"the"maximal"ca0on"influx"upon"lightcinduced"

opening"of"CsChrimson"channels."Thus,"different"cell"types"are"likely"to"require"different"levels"

of"lightcinduced"depolarisa0on"to"induce"spiking."

An"addi0onal"complica0on"is"that"the"rela0onship"between"s0mula0on"light"intensity"and"

neuronal"ac0vity"—"especially"spike"rate"—"is"not"necessarily"linear."For"example,"it"has"been"

shown"that"s0mula0ng"neurons"expressing"channelrhodopsinc2"(ChR2)"with"high"light"intensity"

and"for"extended"0me"periods"can"lead"to"a"soccalled"depolarisa0on"block"(Herman"et"al.,"

2014)."A"depolarisa0on"block"can"be"induced"by"a"large"ca0on"influx"and"results"in"the"cell’s"

failure"to"produce"ac0on"poten0als."Thus"a"depolarisa0on"block"can"render"optogene0cally"

ac0vated"neurons"func0onally"silenced."This"is"par0cularly"problema0c"when"optogene0c"
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ac0va0on"us"used"in"purely"behavioural"studies"like"ours"when"neuronal"ac0vity"cannot"be"

monitored"during"the"optogene0c"ac0va0on"experiment."

Using*optogene6c*tools*to*generate*virtual*sensory*s6muli*

In"fruit"flies"we"can"exploit"rela0vely"detailed"knowledge"of"sensory"systems"and"gene0c"access"

to"sensory"neurons"to"generate"virtual"s0muli"by"optogene0cally"ac0va0ng"gene0cally"defined"

neurons"(Aso"et"al.,"2014b;"ClaridgecChang"et"al.,"2009)."A"number"studies"have"used"

optogene0c"ac0va0on"of"sensory"neurons"to"generate"highly"controlled"‘virtual"sensory’"

s0muli:"Bell"and"Wilson"(2016)"used"‘virtual"olfactory’"s0muli"in"a"study"of"the"fly"olfactory"

system,"Lin"et"al."(2013)"induced"avoidance"in"adult"flies"by"ac0va0ng"neurons"involved"in"

sensing"CO2"and"Klein"et"al."(2015)"characterised"thermotaxis"behaviour"using"optogene0c"

ac0va0on"of"thermosensory"neurons"in"Drosophila"larvae.""

Using"optogene0cally"generated"virtual"s0muli"has"several"advantages"with"regard"to"

experimental"design."One"can"target"a"gene0cally"defined"subset"of"neurons,"which"can"help"

tracing"out"circuits"involved"in"a"specific"naviga0onal"task."Addi0onally,"optogene0c"ac0va0on"

allows"delivery"of"strongly"aversive"s0muli"without"damaging"the"animal"to"the"same"degree"as"

for"example"real"high"heat"would."Similarly,"we"may"be"able"to"deliver"appe00ve"s0muli"related"

to"sugar"inges0on"without"sa0a0ng"the"fly"and"thereby"altering"its"mo0va0onal"state."The"la;er"

could"poten0ally"be"very"useful"for"designing"appe00ve"visual"condi0oning"paradigms."

Moreover,"by"using"virtual"rather"than"real"sensory"s0muli"the"experimenter"can"flexibly"pair"

different"sensory"modali0es"with"our"visual"VR"without"having"to"make"any"modifica0on"in"the"

hardware"and"solware."Thus,"our"assay"provides"a"0mecefficient"method"for"tes0ng"how"

various"sensory"signals"are"integrated"with"visual"informa0on"and"whether"any"of"these"s0muli"

can"act"as"reinforcement"in"a"visual"condi0oning"paradigm."The"same"approach"has"been"used"

to"iden0fy"neural"correlates"of"reward"and"punishment"signals"in"the"context"of"fly"olfactory"

condi0oning"(Aso"and"Rubin,"2016;"Aso"et"al.,"2014b)."

A"difficulty"with"optogene0c"ac0va0on"experiments"in"general"is"the"design"of"a"suitable"

ac0va0on"protocol"for"a"given"neuronal"cell"type"and"research"ques0on."If"the"firing"pa;ern"of"

the"targeted"neuronal"cell"type"to"its"natural"s0mulus"is"known,"one"can"calibrate"light"

intensi0es"for"optogene0c"ac0va0on"by"tes0ng"different"light"s0mula0on"protocols"and"

simultaneously"monitoring"the"neurons"firing"rate"using"electrophysiological"methods"(Bell"and"

Wilson,"2016)."However,"olen"the"natural"ac0vity"pa;erns"of"the"neurons"to"be"ac0vated"are"

unknown"or"may"be"hard"to"measure"and"electrophysiological"recordings"are"challenging,"
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especially"in"small"fly"neurons."Therefore"a"second"approach"is"to"calibrate"the"ac0va0on"

protocol"using"a"behavioural"readout,"as"we"did"in"this"study.""We"calibrated"the"s0mula0on"

light"intensity"as"well"as"the"temporal"protocol"the"avoidance"of"areas"where"flies"received"

optogene0c"s0mula0on"as"our"behavioural"readout."This"approach,"of"course,"is"no"subs0tute"

for"postchoc"characterisa0on"of"the"ac0vity"pa;erns"of"the"respec0ve"neurons"in"response"to"

‘natural’"s0muli."In"the"future"we"would"like"to"test,"for"example,"whether"neurons"labelled"by"

the"SS01145"splitcGAL4"line"indeed"respond"to"nocicep0ve"s0muli"such"as"high"heat"or"electric"

shock."A"second"limita0on"of"using"virtual"s0muli"is"that"s0muli"generated"by"optogene0cally"

ac0va0ng"small"sets"of"gene0cally"defined"sensory"neurons"may"never"occur"in"isola0on."That"

is,"environmental"s0muli"can"olen"ac0vate"a"range"of"sensory"neurons"and"only"together"the"

corresponding"neural"signals"form"a"realis0c"sensory"percept."High"levels"of"environmental"

heat,"for"example,"should"simultaneously"be"sensed"by"various"thermosensors"distributed"

across"the"body"and"may"addi0onally"recruit"nociceptors"(Barbagallo"and"Garrity,"2015)."It"is"

possible"that"some"virtual"s0muli"do"not"have"the"potency"to"elicit"behaviours"that"are"

associated"with"the"natural"ac0va0on"of"the"respec0ve"sensory"neurons"and"they"may"not"

generate"potent"reinforcement"signals.""

Poten6al*crosstalk*between*the*visual*s6mulus*and*optogene6c*s6mula6on*

Some"of"our"results"suggested"that"in"experiments"with"‘virtual"heat’"s0mula0on"the"visual"

s0mulus"light"was"interfering"with"the"optogene0c"s0mula0on"resul0ng"in"uninten0onal"

ac0va0on"of"heat"sensing"neurons."Such"crosstalk"between"the"visual"s0mulus"and"the"

optogene0cally"induced"virtual"aversive"s0mulus"dras0cally"limits"the"conclusiveness"of"

behavioural"experiments."In"our"experiments"the"evidence"for"crosstalk"came"from"comparing"

behaviour"of"flies"expressing"high"levels"of"CsChrimson"(+"re0nal"group)"with"those"not"or"

barely"expressing"CsChrimson"(c"Re0nal"group)"in"the"‘Landmark"only’"trials"with"no"intended"

‘virtual"heat’"s0mula0on."If"the"visual"s0mulus"was"not"able"to"ac0vate"the"CsChrimson"

expressing"HC"neurons,"we"would"expect"to"see"no"difference"between"the"two"experimental"

groups."However,"we"found"that"flies"expressing"high"levels"of"func0onal"CsChrimson"showed"a"

stronger"a;rac0on"to"the"landmarks"compared"to"flies"of"the"same"genotype"reared"on"food"

without"addi0onal"re0nal."A"second"line"of"evidence"for"crosstalk"came"from"behavioural"

experiments"in"virtual"worlds"with"inverted"contrast"polarity."Here"re0nalcfed"HC">"CsChrimson"

flies"avoided"the"bright"landmarks,"consistent"with"ac0va0on"of"HC"by"the"bright"visual"s0mulus"

close"to"virtual"landmarks.""
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Generally,"the"following"factors"contribute"to"genera0ng"crosstalk"between"the"visual"display"

and"the"optogene0c"s0mula0on."Firstly,"using"a"visual"s0mulus"with"a"wavelength"within"the"

absorp0on"spectrum"of"the"gene0cally"expressed"opsin."CsChrimson"has"a"broad"absorp0on"

spectrum"that"extends"well"into"the"wavelength"spectrum"of"our"visual"s0mulus"(400c500"nm),"

and"thus"it"is"plausible"that"light"from"the"visual"display"was"able"to"ac0vate"CsChrimson"

expressing"neurons"(Klapoetke"et"al.,"2014)."Secondly,"crosstalk"was"facilitated"by"the"high"light"

sensi0vity"of"CsChrimson,"i.e."that"it"only"requires"low"light"levels"to"be"ac0vated"(Klapoetke"et"

al.,"2014)."Finally,"uninten0onal"ac0va0on"of"peripheral"neurons"by"the"blue"visual"s0mulus"is"

much"more"likely"than"ac0va0on"of"central"neurons,"because"0ssue"sca;ers"blue"light"more"

than"red"light"and"thus"higher"intensi0es"of"blue"light"are"required"to"ac0vate"centrally"located"

neurons"(Klapoetke"et"al.,"2014)."

To"avoid"uninten0onal"ac0va0on"of"peripheral"neurons"by"the"visual"s0mulus"in"future"

experiments"one"may"try"expressing"a"less"sensi0ve"opsin"such"as"ChrimsonR"(Klapoetke"et"al.,"

2014)"at"lower"levels."Further,"if"possible,"one"should"try"to"use"a"visual"s0mulus"of"a"

wavelength"that"is"unlikely"to"ac0vate"the"opsin"used"for"optogene0c"ac0va0on"of"neurons."

Simple"behavioural"tests,"such"as"the"trials"with"inverted"contrast"polarity"men0oned"above,"

can"help"to"iden0fy"if"crosstalk"is"happening."

Implica6ons*of*landmarkYassisted*avoidance*

We"inves0gated"the"effect"of"visual"landmark"guidance"cues"on"avoidance"of"two"types"of"

virtual"aversive"s0muli"in"VR."Under"some"condi0ons"SS00159">"CsChrimson"flies"were"able"to"

more"effec0vely"avoid"the"ascending"aversive"s0muli"when"visual"landmark"cues"were"present,"

a"behaviour"we"refer"to"as"landmarkcassisted"avoidance."The"effect"of"visual"landmarks"on"

avoidance"was"more"pronounced"in"shallow"compared"to"steep"gradients."One"interpreta0on"is"

that,"if"avoidance"is"easy,"noncvisual"cues"are"sufficient"to"drive"effec0ve"avoidance"

manoeuvres."Avoidance"may"be"easier"when"the"border"of"the"reinforcement"zone"is"clearly"

defined"such"as"in"the"free"walking"quadrant"assay"and"in"steep"gradients"in"VR."Furthermore,"

the"difficulty"of"genera0ng"directed"avoidance"manoeuvres"might"vary"with"the"sensory"

modality,"which"might"be"one"reason"why"we"did"not"see"clear"evidence"for"landmarkcassisted"

avoidance"of"‘virtual"heat’."However,"for"reasons"detailed"above"the"experiments"with"‘virtual"

heat’"are"hard"to"interpret."We"can"therefore"not"rule"out"that"under"certain"condi0ons"flies"to"

use"visual"landmarks"to"avoid"heat"s0muli."It"is"possible"that"we"would"find"evidence"of"

landmarkcassisted"avoidance"of"‘virtual"heat’"in"our"paradigm"if"crosstalk"with"the"visual"

s0mulus"was"eliminated"and"the"‘virtual"heat’"s0mula0on"intensity"lowered"further."
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Our"finding"of"landmarkcassisted"avoidance"in"SS00159">"CsChrimson"flies"suggest"that"visual"

and"ascending"aversive"s0muli"are"integrated."A"finer"analysis"of"the"steering"manoeuvres"that"

contribute"to"avoidance"of"ascending"aversive"s0muli"across"the"different"experimental"

condi0ons"may"help"us"gain"a"be;er"understanding"of"the"contribu0on"of"the"visual"s0mulus."

One"important"open"ques0on"concerns"whether"avoidance"responses"are"directed"in"the"

presence"of"landmarks"while"being"undirected"without"visual"cues."We"may"be"able"to"quan0fy"

this"by"analysing"whether"flies"systema0cally"turn"toward"lower"ascending"aversive"s0mulus"

intensi0es"aler"saccades"and"whether"the"size"of"the"saccade"is"adjusted"according"to"rela0ve"

heading"to"the"ascending"aversive"s0mulus"gradient"(van"Breugel"and"Dickinson,"2012)."In"trials"

with"landmarks,"turns"toward"lower"virtual"aversive"s0mula0on"coincide"with"turns"away"from"

the"landmark"and"it"therefore"may"be"easier"for"the"fly"to"generate"a"directed"avoidance"

response"based"on"the"visual"cue"rather"than"on"temporal"integra0on"of"the"virtual"aversive"

s0mulus"alone."The"use"of"mul0sensory"integra0on"for"be;er"avoidance"performance"is"

reminiscent"of"reports"about"improved"auditory"or"olfactory"tracking"performance"in"crickets"

and"flies"in"the"presence"of"visual"cues"(Duistermars"and"Frye,"2008;"von"Helversen"and"

Wendler,"2000)."

Flies"may"be"able"to"generate"directed"avoidance"responses"to"a"virtual"aversive"s0mulus"alone,"

for"example"by"integra0ng"informa0on"across"sensors"along"its"body."Directed"escape"

manoeuvres"from"mechanosensory"and"visual"s0muli"have"been"characterised"in"a"range"of"

insects"(Card"and"Dickinson,"2008;"Ramdya"et"al.,"2014;"Santer"et"al.,"2005)."In"our"VR"paradigm,"

however,"we"did"not"provide"instantaneous"direc0onal"informa0on"about"the"spa0al"geometry"

of"the"virtual"aversive"s0mula0on"zones."We"were"therefore"surprised"by"the"remarkably"

effec0ve"avoidance"of"‘virtual"heat’"also"in"the"absence"of"visual"landmark"cues."It"is"possible"

that"there"was"an"uninten0onal"asymmetry"in"the"delivery"of"the"optogene0c"s0mula0on"light."

In"case"of"the"‘virtual"heat’"s0mula0on,"for"example,"one"antenna"could"have"received"slightly"

higher"light"intensi0es,"which"could"have"resulted"in"increased"turn"rates"inside"the"‘virtual"

heat’"zones"and"consequently"effec0ve"avoidance"of"these"zones."An"other,"more"exci0ng"

possibility"would"be"that"flies"are"able"to"temporally"integrate"heat"s0muli."Further"analysis"of"

the"data"presented"here"may"shed"light"on"the"nature"of"the"observed"avoidance"responses."We"

can"then"ask"ques0ons"about"the"neural"processing"underlying"the"computa0ons"that"need"to"

be"carried"out"to"support"the"genera0on"of"directed"avoidance"manoeuvres"—"either"based"on"

temporal"or"mul0sensory"integra0on."
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What*is*known*about*convergence*of*visual*informa6on*with*temperature*and*nocicep6ve*

signals*on*the*circuit*level?*

In"insects"a"conserved"neuropil"located"in"the"centre"of"the"brain,"the"central"complex"(CX)"

receives"sensory"input"from"a"range"of"modali0es"(Pfeiffer"and"Homberg,"2014)"and"has"been"

implicated"in"higher"order"motor"control"(Pfeiffer"and"Homberg,"2014;"Strauss,"2002;"Strauss"

and"Heisenberg,"1993)."In"par0cular,"the"observa0on"that"the"CX"receives"visual"feature"

informa0on"(Seelig"and"Jayaraman,"2013)"and"is"necessary"for"shortcterm"landmark"orienta0on"

memory"in"flies"(Neuser"et"al.,"2008),"suggests"that"this"brain"region"may"be"involved"in"

genera0ng"steering"manoeuvres"during"landmarkcassisted"avoidance."It"has"yet"not"been"

explicitly"shown"that"the"CX"also"receives"informa0on"about"temperature"or"pain"s0muli,"but"

several"visual"condi0oning"paradigms"that"use"heat"as"reinforcement"signal"require"neural"

processing"in"the"CX"(Liu"et"al.,"2006;"Ofstad"et"al.,"2011;"Wang"et"al.,"2008)."Thus,"the"CX"may"

be"a"good"candidate"region"to"look"for"convergence"of"visual"informa0on"and"temperature"or"

nocicep0ve"s0muli"and"it"may"be"involved"in"genera0ng"directed"avoidance"manoeuvres."

Toward*visual*condi6oning*of*landmark*preferences*

Landmarkcguided"naviga0on,"which"olen"involves"selec0ve"approach"of"a"certain"visual"

landmark,"has"been"extensively"studied"on"a"behavioural"level"(Colle;"and"Colle;,"2002;"Colle;"

and"Graham,"2004),"yet"we"s0ll"know"li;le"about"the"underlying"neural"processing."In"fruit"flies"

a"variety"of"gene0c"and"physiological"tools"are"available"to"dissect"neural"circuits"and"the"

computa0ons"they"perform,"but"no"complex"naïve"landmarkcguided"naviga0on"behaviours"—"

comparable"to"those"observed"in"foraging"ants"and"bees"(BischcKnaden"and"Wehner,"2003;"

Colle;"et"al.,"2002)"—"have"been"characterised."Rather,"flies"exhibit"a"number"of"simple"

landmarkcinterac0on"behaviours"such"as"landmark"fixa0on"and"tracking"in"walking"and"flight"

(Robie"et"al.,"2010;"van"Breugel"and"Dickinson,"2012)."Incidentally,"the"fact"that"flies"have"two"

dis0nct"modes"of"movement"may"help"to"separate"abstract"and"closely"motorcrelated"correlates"

of"course"control."The"ability"to"train"flies"to"perform"specific"tasks"that"require"the"use"of"visual"

landmarks"as"guidance"cues"would"open"up"new"paths"for"studying"the"neural"basis"for"

landmarkscguided"goalcdirected"naviga0on."

Here"we"presented"a"highly"flexible"new"VR"system"for"studying"visually"guided"naviga0on"in"a"

bimodal"2D"environment,"which"is"compa0ble"with"neurophysiological"recording"techniques."

We"showed"that"the"visual"VR"can"be"combined"with"optogene0cally"induced"virtual"s0muli."

Our"findings"suggest"that"flies"integrate"landmark"cues"and"ascending"aversive"s0muli,"

represen0ng"a"first"step"toward"a"new"visual"condi0oning"paradigm"for"headcfixed"flies."We"
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have"a"number"of"future"steps"in"mind"toward"establishing"a"visual"condi0oning"paradigm"in"our"

VR"system."Rather"than"condi0oning"landmark"approaches"in"an"environment"with"a"single"type"

of"landmark,"a"more"sensi0ve"readout"for"condi0oned"behaviour"may"be"to"shil"preferences"

between"two"or"more"landmark"shapes."Also,"a"control"for"nonccondi0oned"changes"in"

landmark"interac0on"behaviour"due"to"extended"0me"spent"in"the"VR"or"the"mere"experience"

of"the"reinforcement"s0mulus"needs"to"be"designed."One"approach"is"the"use"of"a"‘yoked’"

control,"where"a"control"fly"has"control"over"its"movements"in"the"visual"VR,"but"receives"

reinforcement"s0muli"according"to"the"ac0ons"of"a"matched"experimental"fly"(Brembs"and"

Heisenberg,"2000)."Finally,"we"may"want"to"test"alterna0ve"reinforcement"s0muli."Given"that"

landmarkcguided"naviga0on"has"been"frequently"observed"in"the"context"of"foraging,"it"may"be"

worthwhile"to"explore"pairing"of"virtual"appe00ve"s0muli"with"landmarks."
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5. General*Discussion*

5.1. An*explanatory*gap*in*understanding*naviga'onal*behaviours*

Broadly"speaking,"research"from"three"fields,"each"with"its"own"dis0nct"approach,"focus"and"

perspec0ve,"has"contributed"to"our"current"understanding"of"naviga0onal"behaviours:"

behavioural"and"physiological"research"on"sensory"processing"and"sensorimotor"integra0on,"

field"studies"of"animal"naviga0on"and"largely"physiological"inves0ga0ons"of"neural"

representa0ons"of"space."

Research"on"early"sensory"processing"in"a"variety"of"animals"in"laboratory"environments"has"

shed"light"on"sensory"control"of"rela0vely"simple"movement"pa;erns."These"experiments"are"

olen"performed"on"restrained"animals,"making"it"possible"to"closely"monitor"the"animal’s"

behaviour,"0ghtly"control"sensory"s0mula0on,"and"simultaneously"record"neural"ac0vity."

Comprehensive"behavioural"and"physiological"studies"of"visual"processing"in"tethered"flying"and"

walking"flies,"for"instance,"have"generated"a"basic"understanding"of"the"mechanisms"and"

algorithms"that"control"elementary"steering"manoeuvres"during"visually"guided"behaviour"

(flying:"Blondeau"and"Heisenberg,"1982;"Borst,"2014;"Götz,"1964;"Haag"et"al.,"2010;"Poggio"and"

Reichardt,"1973;"Schnell"et"al.,"2014,"walking:"Buchner,"1976;"Chiappe"et"al.,"2010;"Longden"et"

al.,"2014)."Similarly,"the"mechanisms"underlying"acous0c"guidance"in"female"crickets"following"a"

conspecific"male’s"calling"song"during"phonotaxis"have"been"inves0gated"in"detail"in"tethered"

walking"animals"(Hedwig"and"Poulet,"2004;"Kostarakos"and"Hedwig,"2012;"Schildberger"and"

Hörner,"1988)."Tradi0onally,"studies"in"this"line"of"research"have"inves0gated"naviga0onal"

behaviours"on"a"small"spa0al"and"temporal"scale"with"simple"sensory"s0muli."Behavioural"and"

neural"responses"to"simplified"and"0ghtly"controlled"s0muli"are"easier"to"analyse,"but"such"

s0muli"may"not"be"rich"enough"to"elicit"complex"naviga0onal"behaviours."The"focus"of"many"of"

these"studies"therefore"tends"to"be"on"the"sensory"processing"and"the"s0muluscresponse"

rela0onships"that"give"rise"to"elementary"modules"of"naviga0on"such"as"course"stabilisa0on"and"

posi0ve"taxis."

At"the"other"extreme"are"behavioural"studies"of"animal"naviga0on"in"the"field."Here"the"animal"

moves"freely"in"its"natural"environment"and"its"ethological"naviga0onal"behaviour"can"be"

studied."Field"studies"reveal"the"rich"repertoire"of"naviga0onal"behaviours"and"strategies"across"

phyla"(Beugnon"and"Campan,"1989;"Lipp"et"al.,"2004;"Müller"and"Wehner,"1988;"Pfeffer"and"
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Wi;linger,"2016;"Tsoar"et"al.,"2011)"and"help"to"form"hypotheses"about"the"role"of"elementary"

modules"of"naviga0on,"which"are"studied"in"the"lab"in"an"ethological"context."Unfortunately"

probing"neural"ac0vity"in"the"field"is"a"challenge;"consequently,"the"inves0ga0on"of"control"

mechanisms"underlying"naviga0on"in"natural"habitats"has"been"largely"limited"to"purely"

behavioural"studies"(Wi;linger"et"al.,"2007)."Furthermore,"some"species"such"as"ants"and"bees,"

which"have"been"extensively"studied"in"the"field"due"to"their"remarkable"behavioural"repertoire,"

do"not"lend"themselves"to"gene0c"manipula0ons"due"to"their"complex"reproduc0ve"behaviour"

(Schulte"et"al.,"2014)."

A"third"line"of"research"has"been"instrumental"in"providing"an"understanding"of"the"nature"of"

abstract,"internal"representa0ons"of"space"(Moser"et"al.,"2008;"Taube,"2007)."Neural"recordings"

in"large,"freely"moving"vertebrates"have"revealed"a"range"of"cell"types,"which"encode"various"

aspects"of"an"animal’s"rela0onship"to"its"physical"space"—"for"example"place,"grid"and"head"

direc0on"cells"in"mammals."Imaging"studies"in"tethered"walking"flies"have"demonstrated"that"

also"insects"possess"an"abstract"neural"representa0on"of"their"heading"direc0on"(Seelig"and"

Jayaraman,"2015)."Internal"representa0ons"of"space"are"thought"to"be"necessary"for"solving"

complex"naviga0onal"tasks"such"as"route"planning"and"naviga0on"in"novel"terrain"(Trullier"et"al.,"

1997)."However,"li;le"is"known"about"how"the"neural"implementa0ons"of"these"internal"

representa0ons"are"generated"and"even"less"about"how"they"are"used"during"naviga0on."

Each"of"the"above"approaches"has"produced"insights"regarding"different"aspects"of"naviga0onal"

behaviours,"but"linking"the"findings"made"in"different"species"and"vastly"different"experimental"

condi0ons"can"be"challenging"(Götz,"1980;"Reichardt"and"Poggio,"1976)."We"only"have"a"limited"

mechanis0c"understanding"of"how"elementary"behavioural"modules"are"coordinated"to"execute"

complex"naviga0onal"strategies"and"how"internal"spa0al"representa0ons"are"generated"and"

used"during"naviga0on"in"natural"condi0ons."Thus,"there"is"a"considerable"gap"in"our"

understanding"of"the"neural"basis"of"naviga0on"(GevacSagiv"et"al.,"2015);"closing"this"gap"will"

require"ac0vely"bridging"the"different"approaches"outlined"above."

Electrophysiological"and"imaging"studies"in"freely"moving"rodents"naviga0ng"large"and"complex"

laboratory"environments"appear"to"be"promising"way"forward"to"understanding"the"neural"

control"of"behavioural"strategies."However,"progress"in"gaining"a"mechanis0c"understanding"of"

circuit"func0on"has"been"slow"due"to"the"size"and"complexity"of"the"rodent"brain."Studying"

moderately"complex"naviga0onal"behaviours"in"headcfixed"insects"naviga0ng"in"virtual"reality"

(VR)"represents"a"prac0cal"compromise"that"could"yield"cri0cal"pieces"of"knowledge"for"bridging"
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the"gap"in"our"understanding"of"naviga0onal."Simple"naviga0onal"tasks,"inspired"by"what"an"

insect"might"need"to"accomplish"in"the"wild,"can"be"recreated"for"headcfixed"animals"in"VR."In"

contrast"to"field"studies,"the"VR"environment,"and"the"rules"according"to"which"the"animal"can"

interact"with"it,"can"be"flexibly"tailored"to"a"specific"research"ques0on"(Minderer"et"al.,"2016;"

Schuster"et"al.,"2002)."The"complexity"of"the"sensory"environment"can"be"adjusted"depending"

on"the"studied"behaviour,"and"behavioural"paradigms"for"headcfixed"animals"can"be"combined"

with"a"range"of"neurophysiological"recording"techniques."

Here"I"will"restrict"myself"to"the"discussion"of"how"naviga0onal"behaviours"may"be"studied"

under"0ghtly"controlled"laboratory"condi0ons"in"headcfixed"prepara0ons"in"crickets"and"flies."In"

the"next"sec0on"of"this"discussion"I"will"describe"how"the"two"paradigms"that"I"developed"can"

help"bridge"the"gap"between"behavioural"studies"in"freely"moving"animals"—"in"the"field"or"in"

the"laboratory"—"and"tethered"animals."I"then"discuss"how"my"work"may"be"con0nued"in"

studies"aimed"to"not"only"bridge"behavioural"studies"in"freely"and"tethered"walking"animals,"but"

also"link"naviga0on"behaviour"to"internal"neural"representa0ons"of"space."

5.2. Virtual*reality*paradigms*offer*a*balance*between*richness*of*

behaviour*and*s'mulus*control*

On"the"surface"it"may"seem"as"if"the"full"complexity"of"natural"environments"is"required"for"an"

animal"to"display"the"true"richness"of"its"behavioural"repertoire."Yet,"we"know"from"studies"of"

sensory"processing"that"central"representa0ons"of"natural"s0muli"are"highly"filtered"and"

reduced"to"behaviourally"relevant"features(Borst"and"Helmstaedter,"2015;"Hubel"and"Wiesel,"

1959;"Seelig"and"Jayaraman,"2013)."Thus,"some"highly"reduced"sensory"s0muli"can"elicit"

complex"behavioural"responses,"presumably"because"these"reduced"s0muli"include"the"relevant"

feature"(ten"Cate,"2009)."This"suggests"that"some"naturalis0c"behaviours"can"be"reliably"evoked"

in"the"lab"by"presen0ng"the"animal"with"the"relevant"sensory"environment"and"ways"to"interact"

with"this"environment."

Behavioural"paradigms"in"VR"can"be"designed"to"find"the"minimal"sensory"environment"that"is"

required"to"support"a"certain"behaviour,"or"to"study"how"increasingly"complex"environments"

give"rise"to"a"richer"behavioural"repertoire."The"study"of"behavioural"integra0on"of"

mechanosensory"antennal"s0muli"and"phonotaxis"presented"in"chapter"2"of"this"thesis"is"an"
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example"for"the"first"applica0on"of"VR,"whereas"the"study"of"landmark"interac0on"of"walking"

flies"in"twocdimensional"(2D)"environments"presented"in"chapter"3"is"an"example"of"the"la;er."

5.2.1. Mechanosensory*antennal*s'mula'on*can*explain*discrepancy*between*field*

and*laboratory*studies*

Direct"comparison"of"cricket"phonotaxis"in"the"field"and"in"the"laboratory"has"revealed"striking"

behavioural"differences"between"the"two"condi0ons."Under"ideal"soundctracking"condi0ons"in"

the"laboratory,"female"field"crickets"show"fine"tuning"to"various"song"parameters"(Gerhardt"and"

Huber,"2002;"Pollack,"2000)"and"are"able"to"resolve"sound"direc0on"with"remarkable"spa0al"

resolu0on"(Schöneich"and"Hedwig,"2010)."However,"female"crickets"choosing"between"two"

calling"song"models"in"the"field"are"less"sensi0ve"to"small"song"pa;ern"differences"and"take"

indirect"routes"to"the"selected"target"(Hirtenlehner"and"Römer,"2014)."Similar"observa0ons"

were"made"for"phonotaxis"in"male"bush"crickets"following"a"female"call,"either"in"dense"

vegeta0on"in"the"field"or"on"a"treadmill"in"the"laboratory"(von"Helversen"et"al.,"2001)."

Two"explana0ons"for"the"observed"discrepancies"have"been"suggested."Firstly,"the"acous0c"

signal"gets"distorted"in"the"field"as"it"is"reflected"and"blocked"by"vegeta0on,"providing"the"

cricket"with"a"much"noisier"signal"compared"to"laboratory"condi0ons"(Kostarakos"and"Römer,"

2010)."Secondly,"the"cricket,"following"a"conspecific"calling"song"in"a"natural"environment,"has"

to"navigate"through"dense"vegeta0on,"where"it"must"navigate"past"obstacles"(Hirtenlehner"and"

Römer,"2014;"von"Helversen"et"al.,"2001)."A"walking"cricket"would"likely"detect"obstacles"in"its"

path"with"its"long"antennae"(Horseman"et"al.,"1997;"Okada"and"Akamine,"2012).""

This"mo0vated"me"to"test"more"systema0cally"—"in"the"laboratory"with"tethered"crickets"

walking"on"a"treadmill"—"how"female"field"crickets"would"respond"to"mechanosensory"antennal"

s0mula0on"during"phonotaxis."

I"simulated"an"object"in"the"cricket’s"path"by"bringing"a"metal"mesh"into"antennal"reach"and"the"

cricket"ac0vely"generated"the"mechanosensory"s0mulus"by"exploring"the"object"with"its"

antennae."In"this"situa0on"the"cricket"s0ll"received"a"clean"acous0c"guidance"signal,"which"in"

the"absence"of"mechanosensory"s0mula0on"elicited"robust"phonotac0c"steering"toward"the"

sound"source."I"then"compared"responses"to"mechanosensory"antennal"s0mula0on"in"

spontaneously"walking"crickets"and"crickets"engaged"in"phonotaxis."Under"both"condi0ons"the"

crickets"slowed"down"and"oriented"themselves"toward"the"presented"object."Most"striking"was"

the"suppression"of"phonotaxis"by"antennal"s0mula0on"even"over"long"periods"of"0me."Thus,"
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responses"to"antennal"s0mula0on"have"high"priority"and"are"only"mildly,"if"at"all,"modulated"

during"phonotaxis."

Orienta0on"toward"the"presented"object"and"explora0on"with"one"and"some0mes"both"

antennae"are"reminiscent"of"early"stages"in"the"behavioural"sequence"triggered"in"freely"moving"

crickets"and"cockroaches"when"they"encounter"a"novel"object"(Okada"and"Akamine,"2012;"

Okada"and"Toh,"2004)."One"interpreta0on"of"the"persistent"orienta0on"toward"an"unreachable"

object"in"my"experiments"therefore"is"that"it"represents"one"stage"of"a"longer"behavioural"

sequence,"which"stalls"because"the"animal’s"movements"do"not"influence"its"sensory"

experience"in"my"paradigm."Thus,"in"the"exis0ng"paradigm"we"cannot"study"how"exploratory"

behaviour"unfolds"over"0me,"but"we"can"inves0gate"how"phonotac0c"steering"is"suppressed"

during"antennal"s0mula0on,"which"may"well"occur"in"the"ini0al"phase"of"obstacle"nego0a0on"of"

freely"moving"crickets."

5.2.2. The*dimensionality*of*the*visual*environment*shapes*landmark*fixa'on*in*

walking*flies*

Characterisa0on"of"landmark"interac0on"in"naive"tethered"files"has"been"largely"restricted"to"

experiments"in"onecdimensional"(1D)"environments,"where"the"fly"can"only"control"the"angular"

posi0on"of"a"landmark"within"its"field"of"view"(FOV)."In"this"situa0on"both"flying"and"walking"

flies"frequently"show"soccalled"fixa0on"behaviour"as"they"keep"the"landmark,"typically"a"ver0cal"

stripe,"at"a"fixed"posi0on"within"their"field"of"view"(Bahl"et"al.,"2013;"Götz,"1980;"Reichardt"and"

Poggio,"1976)."Mo0vated"by"observa0ons"made"in"opencloop"s0mula0on"experiments"with"

tethered"flying"and"walking"flies,"a"mechanism"for"this"behaviour"has"been"proposed"(Bahl"et"

al.,"2013;"Reichardt"and"Poggio,"1976):"Fixa0on"is"achieved"by"directed"turns"toward"the"

detected"posi0on"of"the"landmark"together"with"an"asymmetry"in"the"fly’s"compensatory"

response"to"rota0onal"mo0on"s0muli"generated"by"its"own"movements."

In"contrast"to"the"simple"case"of"stripe"fixa0on"in"1D,"interac0ons"with"landmarks"in"a"2D"plane"

in"my"VR"experiments"generated"a"richer"set"of"visual"features."In"addi0on"to"posi0on"and"

angular"mo0on"cues,"flies"also"experienced"op0c"flow"from"the"ground"plane"and"looming"

s0muli"as"they"approached"landmarks."Looming"s0muli"have"been"primarily"studied"as"a"trigger"

of"escape"(Card"and"Dickinson,"2008;"Santer"et"al.,"2005;"von"Reyn"et"al.,"2014)"and"collision"

avoidance"responses"(Chan"and"Gabbiani,"2013;"Gabbiani"et"al.,"1999;"Srinivasan"et"al.,"1993;"

van"Breugel"and"Dickinson,"2012)."One"might"expect"that"avoidance"to"selfcinduced"looming"
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s0muli"would"be"suppressed,"possibly"by"an"efference"copyclike"mechanism"as"proposed"for"

suppression"of"optomotor"responses"during"saccades"(Kim"et"al.,"2015)."However,"to"my"

knowledge"this"has"not"been"closely"inves0gated."Transla0onal"op0c"flow"is"used"by"bees"and"

ants"to"es0mate"travel"speed"and"distance"(Esch"et"al.,"2001;"Pfeffer"and"Wi;linger,"2016;"Si"et"

al.,"2003)."In"flies,"op0c"flow"appears"to"play"a"role"in"flight"control"(Fry"et"al.,"2009;"Theobald"et"

al.,"2010),"but"less"is"known"about"responses"to"these"s0muli"during"walking."Thus,"walking"in"

2D"environments"involves"coping"with"a"range"of"different"visual"mo0on"s0muli."Moreover,"

these"different"s0muli"likely"interact"as"the"fly"manoeuvres"in"the"environment."In"tethered"

flying"flies,"fixa0on"behaviour"has"been"shown"to"interact"with"responses"to"op0c"flow:"

Avoidance"of"the"focus"of"expansion"of"a"constant"op0c"flow"s0mulus"is"suppressed"in"favour"of"

stripe"fixa0on,"when"a"stripe"is"presented"on"top"of"the"focus"of"expansion"(Reiser"and"

Dickinson,"2010a)."In"addi0on,"the"animal"may"perform"certain"movements"to"ac0vely"sample"

its"2D"environment,"for"example"for"distance"es0ma0on"(Esch"et"al.,"2001;"Pick"and"Strauss,"

2005;"Schuster"et"al.,"2002)."In"light"of"this"it"is"perhaps"not"surprising"that"I"did"not"find"clear"

correla0ons"between"the"same"fly’s"fixa0on"behaviour"in"a"1D"and"2D"environment."

One"of"the"most"striking"differences"between"landmark"interac0on"in"1D"and"2D"is"that"fixa0on"

of"a"landmark"in"the"frontal"field"of"view"leads"to"approach"in"a"2D"environment."In"this"sense,"

the"persistent"stripe"fixa0on"of"tethered"walking"or"flying"(Götz,"1987)"flies"could"be"seen"as"a"

stalled"behavioural"sequence"aimed"at"approaching"the"landmark,"similar"to"the"persistent"

approach"of"the"obstacle"in"the"crickets"path"described"in"the"chapter"2"of"this"thesis."Repeated"

fixa0on"for"long"0me"periods"can"also"be"observed"in"wingcclipped"freely"walking"flies"in"an"

arena"with"unreachable"objects"in"the"soccalled"‘Buridan’s"paradigm’"(Bülthoff"et"al.,"1982;"

Götz,"1980)."However,"if"landmarks"can"be"reached,"flies"spent"li;le"0me"approaching"and"

exploring"those"objects,"but"rather"climb"and"rest"on"top"of"them"(Robie"et"al.,"2010).""

My"experiments"with"tethered"walking"flies"in"my"purely"visual"2D"VR"environment,"where"

landmarks"were"approachable"(from"all"direc0ons)"but"not"climbable,"form"an"intermediate"

situa0on."The"high"degree"of"similarity"of"landmark"interac0on"behaviour"in"free"and"tethered"

walking"flies"—"when"tested"under"similar"environmental"condi0ons"—"shows"that"many"

elements"of"landmark"interac0on"behaviour"in"freely"walking"flies"are"captured"in"this"purely"

visual"tethered"walking"paradigm."
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5.2.3. Genera'on*of*behavioural*sequences*by*a*series*of*sensory*triggers*

During"naviga0on,"an"animal’s"interac0ons"with"its"environment"produces"characteris0c"

temporal"pa;erns"of"sensory"s0mula0on,"for"example"when"it"approaches"an"object"(van"

Breugel"and"Dickinson,"2012)."This"opens"up"an"elegant"mechanism"to"generate"behavioural"

sequences"by"sequen0al"ac0va0on"of"sensory"triggers"that"are"dependent"on"the"execu0on"of"a"

specific"naviga0onal"manoeuvre."This"mechanism"seems"to"underlie"visual"control"of"several"

components"of"the"landing"sequence"in"Drosophila"(van"Breugel"and"Dickinson,"2012;"van"

Breugel"et"al.,"2015),"and"behavioural"sequences"during"object"explora0on"in"crickets"and"

cockroaches"(Okada"and"Akamine,"2012;"Okada"and"Toh,"2004)"or"during"courtship"in"flies"

(Agrawal"et"al.,"2014)"may"be"generated"in"a"similar"way."A"series"of"sensory"triggers"can"also"

guide"naviga0on"on"a"larger"spa0otemporal"scale"during"route"following"(Trullier"et"al.,"1997)."

This"naviga0onal"strategy"allows"goalcdirected"movement"along"fixed"routes"by"associa0ng"

naviga0onal"decisions"with"sensory"cues,"such"as"visual"landmarks,"along"the"route"(Colle;"and"

Colle;,"2002;"GevacSagiv"et"al.,"2015)."

If"sensory"feedback"is"removed"in"an"experimental"paradigm,"behavioural"sequences"may"stall."

This"has"been"illustrated"in"this"thesis"in"the"context"of"obstacle"nego0a0on"during"phonotaxis"

in"tethered"walking"crickets."Conversely,"by"adding"degrees"of"freedom"to"the"interac0on"of"the"

animal"with"its"environment"to"simple"experimental"paradigms"one"can"poten0ally"elicit"

behavioural"sequences"that"resemble"more"naturalis0c"behaviours."The"differences"in"landmark"

interac0on"behaviour"in"1D"and"2D"environments"demonstrate"this"point."Stalling"sequences"

resul0ng"in"unnatural"behaviour"are"probably"common"to"laboratory"studies"using"tethered"

prepara0ons"as"the"experimenter"rarely"simulates"all"the"sensory"feedback"that"the"animal"

would"generate"if"it"were"freely"moving."Nonetheless"these"paradigms"can"be"very"useful"as"

long"as"observa0ons"made"in"tethered"prepara0ons"are"only"linked"to"behaviour"in"freely"

moving"animals"with"appropriate"cau0on."
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5.3. Sources*of*variability*in*naviga'on*behaviour*

5.3.1. Behavioural*variability*of*landmarkHguided*naviga'on*

I"began"my"work"on"visually"guided"naviga0on"in"tethered"walking"fruit"flies"by"studying"

exploratory"behaviour"in"naïve"walking"flies"in"simple"environments"with"sparsely"distributed"

visual"landmarks."Based"on"previous"work"I"had"expected"to"find"landmark"fixa0on"behaviour"

manifes0ng"itself"in"a"clear"preference"for"keeping"the"landmark"in"the"FOV"(Bahl"et"al.,"2013;"

Horn"and"Wehner,"1975;"Reiser"and"Dickinson,"2010b)."However,"behavioural"studies"of"

landmark"interac0on"in"both"free"and"tethered"walking"flies"presented"in"this"thesis"showed"

high"levels"of"variability,"and"to"my"surprise"I"only"saw"an"obvious"preference"for"landmark"

fixa0on"in"the"frontal"FOV"in"a"subset"of"trials."

My"experiments,"in"accordance"with"published"findings,"suggest"that"several"proper0es"of"the"

visual"environment"can"influence"landmark"fixa0on"behaviour."For"example,"when"all"other"

experimental"condi0ons"are"kept"constant,"fixa0on"behaviour"degrades"with"decreasing"

background"brightness"(Poggio"and"Reichardt,"1973)."This"is"important"to"keep"in"mind,"as"

purely"behavioural"studies"typically"use"much"brighter"visual"s0muli"(30c8000"cd/m2,"Colomb"et"

al.,"2012;"Poggio"and"Reichardt,"1973;"Reiser"and"Dickinson,"2008)"than"what"would"be"chosen"

in"conjunc0on"with"imaging"experiments"(0.85"cd/m2,"Reiser"and"Dickinson,"2008;"Seelig"et"al.,"

2010)."Also"the"eleva0on"of"the"object"within"the"field"of"view"and"presence"of"other"visual"

pa;erns"in"the"background"can"affect"fixa0on"behaviour"(Bahl"et"al.,"2013;"Fox"et"al.,"2014;"

Poggio"and"Reichardt,"1973)."In"addi0on"to"the"added"spa0al"dimension,"both"of"the"above"

features"of"the"visual"environment"differ"between"my"experiments"of"stripe"fixa0on"in"1D"and"

landmark"tracking"in"2D,"which"could"explain"the"low"correla0on"of"fixa0on"behaviour"between"

the"two"condi0ons."

I"also"found"that"landmark"and"stripe"fixa0on"behaviour"systema0cally"varied"between"flies"of"

different"wild"type"genotypes"and"sexes."This"is"reminiscent"of"gene0c"and"sexcspecific"

variability"of"phonotac0c"preference"and"locomotor"ac0vity"(Ayroles"et"al.,"2015;"Kain"et"al.,"

2012;"Mar0n"et"al.,"1999)."A"fly’s"stress"and"starva0on"level"may"also"influence"its"fixa0on"

performance,"though"this"has"not"been"systema0cally"tested"as"far"as"I"know."With"regard"to"

experimental"design,"this"highlights"limita0ons"of"comparisons"across"experimental"condi0ons"

and"genotypes."I"found,"for"example,"that"once"I"carefully"matched"ligh0ng"condi0ons"in"

landmark"interac0on"experiments"with"tethered"walking"and"free"walking"flies"of"the"same"

genotype"and"sex,"their"behaviour"was"remarkably"consistent."
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5.3.2. Behavioural*state*modula'on*as*a*source*of*behavioural*variability*and*a*

mechanism*for*structuring*guidance*cues*

Differences"in"metabolic"or"mo0va0onal"state"between"animals"were"likely"a"source"of"

variability"in"landmark"interac0on"behaviour"in"the"2D"VR"environment."For"simplicity"I"will"refer"

to"the"metabolic"and"mo0va0onal"state"of"an"animal"as"its"behavioural"state."An"animal’s"

behavioural"state"can"modulate"sensory"responses"and"thereby"affect"naviga0on"behaviour"

such"as"landmark"interac0on."

A"behavioural"state"variable"that"is"rela0vely"easy"to"control"experimentally"is"an"animal’s"sa0ety"

level."Starved"flies"show"different"food"(Dus"et"al.,"2013)"and"odour"preferences"(Bräcker"et"al.,"

2013;"Ko"et"al.,"2015)"and"altered"locomotor"ac0vity"(Meunier"et"al.,"2007)."One"mechanism"

that"can"lead"to"altered"behavioural"responses"is"a"statecdependent"modula0on"of"early"

sensory"processing."Neuromodula0oncbased"mechanisms"underlying"adjustments"of"early"

sensory"processing"according"to"metabolic"(Longden"and"Krapp,"2009;"Root"et"al.,"2011)"and"

behavioural"state"(Chiappe"et"al.,"2010;"Maimon"et"al.,"2010;"Suver"et"al.,"2012;"Tuthill"et"al.,"

2014)"have"been"described"in"flies."At"least"some"of"the"adjustments"of"sensory"processing"

depending"on"the"fly’s"sa0ety"level"may"allow"an"animal"to"meet"its"current"metabolic"needs:"A"

hungry"fly"has"higher"locomotor"ac0vity"(Meunier"et"al.,"2007)"and"is"more"a;racted"to"foodc

related"odours"(Ko"et"al.,"2015),"which"increase"the"probability"that"it"will"find"food."By"ac0vely"

controlling"the"fly’s"sa0ety"state"as"an"experimental"variable"in"paradigms"for"naviga0on"

behaviour"the"2D"VR"could"enable"a"thorough"inves0ga0on"of"the"link"between"altered"sensory"

processing"and"changes"in"how"the"animal"samples"its"environment."

A"second"role"for"behavioural"state"modula0on"in"naviga0on"could"be"structuring"the"recall"of"

memories"to"ensure"that"certain"naviga0onal"behaviours"are"only"executed"when"needed."Only"

a"hungry"animal"needs"to"priori0se"finding"food"and"only"a"thirsty"animal"needs"to"seek"out"

water."In"flies"the"genera0on"and"recall"of"olfactory"memories,"which"can"guide"hungry"flies"to"

food,"are"gated"by"the"animal’s"behavioural"state"(Burke"et"al.,"2012;"Hue;eroth"et"al.,"2015;"Lin"

et"al.,"2014)."Interes0ngly,"behavioural"state"modula0on"of"naïve"and"learned"olfactory"

behaviours"appears"to"be"closely"linked"through"joint"neuromodulatory"networks"(Cohn"et"al.,"

2015)."Also,"contextcdependent"recall"of"guidance"memories"in"foraging"ants"and"bees"is"likely"

linked"to"behavioural"state"modula0on:"Finding"or"collec0ng"food"could"act"as"a"state"switch,"

which"ini0ates"the"return"to"the"hive"or"nest"(Wehner"et"al.,"2006)."Many"animals"find"their"way"

to"food"or"nest"by"means"of"landmarkcguided"naviga0on"(Colle;"and"Colle;,"2002;"Colle;"and"

Graham,"2004)."However,"mechanisms"linking"behavioural"state"to"landmarkcguided"naviga0on"
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are"s0ll"unknown."When"following"a"learned"route"to"the"nest,"an"animal"needs"to"integrate"the"

current"sensory"environment"and"mo0va0onal"state,"represen0ng"its"global"goal"to"return"to"

the"nest,"to"recall"naviga0onal"guidance"memories,"which"can"act"as"local"goals"(Trullier"et"al.,"

1997)."Thus,"neural"representa0ons"of"the"global"goal"could"drive"the"execu0on"of"goalcdirected"

naviga0on"without"necessarily"encoding"direc0ons"toward"this"goal."Local"goals,"in"contrast,"

represent"guidance"cues"and"should"be"0ghtly"connected"to"sensory"informa0on"and"

sensorimotor"integra0on"processes."Controlling"an"animal’s"mo0va0onal"state"might"be"an"

effec0ve"way"to"set"local"goals,"which"opens"up"new"avenues"for"studying"the"neural"

mechanisms"underlying"selec0on,"pursuit"and"representa0on"of"local"goals."

5.1. Final*conclusions*and*future*direc'ons*

Insects"may"only"have"simple"internal"spa0al"representa0ons"and"only"few"species"may"navigate"

based"on"cogni0ve"maps"similar"to"those"proposed"for"vertebrates."Nonetheless,"insects"face"—"

and"solve"—"computa0onal"challenges"common"to"all"naviga0ng"animals"and"their"small"brains"

render"them"an"a;rac0ve"model"for"studying"the"complex,"distributed"computa0ons"that"the"

nervous"system"carries"out"during"naviga0on."A"prerequisite"for"studying"the"neural"basis"of"

selec0on"and"execu0on"of"naviga0onal"strategies"is"the"development"of"suitable"behavioural"

paradigms"for"tethered,"headcfixed"animals."

In"this"thesis"I"have"presented"two"new"paradigms"for"studying"naviga0on"in"tethered"walking"

insects."Both"paradigms"build"on"previously"developed"spherical"treadmill"systems"for"tethered"

walking"crickets"(Hedwig"and"Poulet,"2004)"and"flies"(Seelig"et"al.,"2010)."My"goal"was"to"extend"

these"exis0ng"systems"to"translate"some"characteris0cs"of"natural"behaviours"in"crickets"and"

flies,"which"had"previously"only"been"studied"in"freely"moving"animals,"to"tethered"

prepara0ons."

Future*direc6ons*extending*the*work*on*integra6on*of*responses*to*antennal*s6mula6on*with*

phonotaxis*in*the*cricket*

Mo0vated"by"observa0ons"regarding"cricket"phonotaxis"in"the"field,"I"developed"a"paradigm"for"

studying"behavioural"integra0on"of"obstacle"nego0a0on"with"acous0c"guidance"in"tethered"

walking"crickets."In"future"experiments,"it"would"be"instruc0ve"to"provide"the"cricket"with"

par0al"control"over"the"posi0on"of"the"object."One"could,"for"example,"move"the"object"within"
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antennal"detec0on"distance"and"then"couple"its"rela0ve"angular"posi0on"to"the"cricket’s"

steering"manoeuvres."It"is"possible"that"under"such"condi0ons"phonotac0c"s0mula0on"would"

alter"the"cricket’s"interac0on"with"the"object,"in"contrast"to"the"observa0ons"I"made"in"the"

simpler"paradigm"presented"in"this"thesis."In"addi0on,"the"nature"of"the"bimodal"integra0on"of"

antennal"mechanosensory"s0muli"and"the"acous0c"s0mulus"could"be"inves0gated"further"by"

systema0cally"tes0ng"combina0ons"of"the"antennal"s0mulus"and"different"calling"song"pa;erns,"

which"vary"in"a;rac0veness"to"the"female"cricket."Since"this"behavioural"paradigm"works"with"

tethered"walking"crickets,"it"may"also"be"combined"with"electrophysiological"methods"to"

inves0gate"neural"mechanisms"underlying"the"integra0on"of"antennal"mechanosensory"and"

acous0c"s0muli"during"phonotaxis."Finally,"it"may"be"helpful"to"inves0gate"how"freely"walking"

crickets"tracking"a"male’s"calling"song"during"phonotaxis"respond"to"encounters"with"a"mesh"like"

the"one"I"used"in"my"experiments"here."Comparisons"between"matching"free"and"tethered"

walking"data"sets,"like"the"ones"I"presented"in"chapter"4"on"landmark"interac0on"in"walking"flies,"

can"be"helpful"in"highligh0ng"which"aspects"of"a"behaviour"are"likely"due"to"artefacts"from"the"

experimental"prepara0on."

Training*flies*to*use*landmarks*in*a*defined*naviga6onal*task*in*virtual*reality*

In"chapters"3"I"presented"a"new"flexible"system"for"studying"visually"guided"naviga0on"in"

tethered"walking"fruit"flies"in"2D"virtual"environments."I"then"showed"in"chapter"4"how"this"

setup"can"be"used"for"studying"visual"guidance"cues"during"directed"avoidance"of"virtual"

aversive"s0muli."I"showed"that"the"presence"of"landmarks"improves"avoidance"of"virtual"

aversive"s0muli"where"the"fly"receives"only"limited"direc0onal"direc0on"from"the"aversive"

s0mulus"itself."This"suggests"two"things:"first,"that"informa0on"from"the"aversive"s0mulus"is"

integrated"with"the"visual"environment"and"second,"that"flies"can"use"visual"landmark"cues"to"

guide"their"steering"manoeuvres."This"provides"a"proof"of"concept"that"landmarkcguided"

naviga0on"can"be"studied"in"the"2D"VR"for"tethered"walking"flies"presented"in"this"thesis."

As"a"next"step"I"am"planning"to"establish"a"paradigm"for"condi0oning"naïve"landmark"

preferences,"building"on"my"findings"presented"in"chapter"3"and"4"of"this"thesis."Rather"than"

trying"to"change"a"fly’s"landmark"interac0on"behaviour"in"the"presence"of"a"single"landmark,"I"

would"like"a;empt"changing"its"rela0ve"preference"when"it"is"presented"with"two"different"

landmark"types."To"do"this,"I"would"first"let"flies"explore"virtual"worlds"with"two"types"of"

landmarks"and"establish"the"fly’s"naïve"landmark"preference,"quan0fied"for"example"as"the"

difference"in"residency"at"the"two"landmarks"or"the"difference"in"visits."Aler"this"‘pre’"trial"I"

would"a;empt"to"train"flies"by"pairing"one"of"the"two"landmarks"with"a"virtually"aversive"
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s0mulus"akin"to"those"used"in"the"landmarkcassisted"avoidance"paradigm"presented"in"chapter"

4."Finally,"I"would"test"the"fly’s"landmark"preferences"again"under"the"same"condi0ons"as"in"the"

first"trial."If"flies"had"learned"to"associate"the"‘punished’"landmark"with"the"presence"of"the"

virtual"aversive"s0mulus,"I"would"expect"that"in"the"‘post’"the"rela0ve"preference"for"this"

compared"to"the"second,"neutral"landmark"was"reduced"compared"to"the"‘pre’"trial."As"aversive"

s0mulus"one"could"use"for"example"the"ascending"aversive,"but"it"may"also"be"worthwhile"to"

test"‘virtual"heat’"aler"elimina0ng"crosstalk"with"the"visual"s0mulus"as"discussed"in"chapter"4.""

The"VR"system"I"developed"could"be"used"to"design"behavioural"paradigms"inspired"by"visually"

guided"foraging"described"in"ants"and"bees"(Colle;"and"Colle;,"2002)."It"would"be"interes0ng"to"

test,"for"example,"whether"hungry"flies"could"be"trained"in"an"environment"in"which"certain"

landmark"shapes"are"associated"with"the"delivery"of"foodcrelated"s0muli."By"using"

optogene0cally"delivered"virtual"foodcrelated"s0muli,"it"may"be"possible"to"reward"flies"with"an"

illusionary"food"intake"instead"of"actually"feeding"the"fly"(Miyamoto"et"al.,"2012)."This"has"the"

advantage"that"flies"do"not"get"sa0ated"and"remain"mo0vated"to"search"for"food."

Combining*a*visually*guided*naviga6on*paradigm*with*in*vivo*calcium*imaging*

A"promising"behavioural"paradigm"for"condi0oning"landmark"preferences"could"be"to"

transferred"to"the"twocphoton"imaging"rig"(Seelig"et"al.,"2010)"to"monitor"neural"ac0vity"in"flies"

performing"a"rela0vely"defined"naviga0onal"task."This"would"allow"me"to"address"a"wide"range"

of"currently"open"ques0ons,"for"example,"whether"and"how"the"fly’s"internal"compass"is"used"

during"goalcdirected"naviga0on,"which"mechanisms"underlie"the"associa0on"of"valence"with"

visual"landmarks,"and"how"behavioural"statecdependent"recall"of"memories"is"achieved,"to"

name"just"a"few."In"the"long"term"this"line"of"research"could"yield"insights"into"the"neural"

mechanisms"underlying"landmarkcbased"guidance"strategies"in"a"given"naviga0onal"problem,"

i.e."naviga0ng"to"a"safe"spot"in"an"aversive"environment"or"naviga0ng"to"a"known"food"source."
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