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Bilaterian

evidenceonbothsidesofthecontroversyandevaluate
itsinterpretations.Weconcludethatastrongercasecan
bemadefortheinitialappearanceoftheCNSatthe
leveloftheurbilaterianthanforindependentevolution
oftheCNSinmorethanonelineofmetazoandescent.

Reconstructingtheancestralbilaterian
Althoughseveralfeaturesoftheancestralbilaterianin
additiontothepresenceorabsenceofaCNSarewidely
debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
HerewewillusethetermCNSforanervoussystem
thatisderivedfromectoderm,includesbothaxonsand
neuronsandisspecializedalongtheA/Paxiswithan
anteriorconcentrationofneuralcenters(brain),andthe
term“nervecord”morebroadlytoincludeaxonaltracts
withfewornoneuronsandlackingadiscretebrain.The
diversityofanimalnervoussystemsandpaucityofdata
fromsomespeciesmayblurthisdistinctiononoccasion;
however,wewillbeexplicitinsuchinstances.

WhatistheevidenceforaCNSintheancestralbilaterian?
Itisgenerallyagreedthatbilateriansevolvedfromra-
diallyorbi-radiallysymmetricalanimals,comparablein
somewaystomoderncnidarians.Adultcnidarianshave
anectodermalnervenetwithaconcentrationofneu-
ronsaroundthesinglegutopening(Figure2).Therefore,
iftheancestralbilaterianhadalreadyevolvedaCNS,it
wouldpresumablyhavearisenasaconcentrationor
amplificationofneuronsalongonesideofthisnerve
net,perhapstogetherwithareductioninnumbersof
neuronselsewhereintheectoderm.

Figure2Comparisonofmetazoanbodyplans.Atypicalcnidarianpolyp,ageneralizedprotostome,hemichordateandchordateandtheir
phylogeneticrelationsareshown.Specialattentionisgiventonervoussystemsandneuralstructuresoftherespectiveanimals.

Hollandetal.EvoDevo2013,4:27Page3of20
http://www.evodevojournal.com/content/4/1/27

evidenceonbothsidesofthecontroversyandevaluate
itsinterpretations.Weconcludethatastrongercasecan
bemadefortheinitialappearanceoftheCNSatthe
leveloftheurbilaterianthanforindependentevolution
oftheCNSinmorethanonelineofmetazoandescent.

Reconstructingtheancestralbilaterian
Althoughseveralfeaturesoftheancestralbilaterianin
additiontothepresenceorabsenceofaCNSarewidely
debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
HerewewillusethetermCNSforanervoussystem
thatisderivedfromectoderm,includesbothaxonsand
neuronsandisspecializedalongtheA/Paxiswithan
anteriorconcentrationofneuralcenters(brain),andthe
term“nervecord”morebroadlytoincludeaxonaltracts
withfewornoneuronsandlackingadiscretebrain.The
diversityofanimalnervoussystemsandpaucityofdata
fromsomespeciesmayblurthisdistinctiononoccasion;
however,wewillbeexplicitinsuchinstances.

WhatistheevidenceforaCNSintheancestralbilaterian?
Itisgenerallyagreedthatbilateriansevolvedfromra-
diallyorbi-radiallysymmetricalanimals,comparablein
somewaystomoderncnidarians.Adultcnidarianshave
anectodermalnervenetwithaconcentrationofneu-
ronsaroundthesinglegutopening(Figure2).Therefore,
iftheancestralbilaterianhadalreadyevolvedaCNS,it
wouldpresumablyhavearisenasaconcentrationor
amplificationofneuronsalongonesideofthisnerve
net,perhapstogetherwithareductioninnumbersof
neuronselsewhereintheectoderm.

Figure2Comparisonofmetazoanbodyplans.Atypicalcnidarianpolyp,ageneralizedprotostome,hemichordateandchordateandtheir
phylogeneticrelationsareshown.Specialattentionisgiventonervoussystemsandneuralstructuresoftherespectiveanimals.

Hollandetal.EvoDevo2013,4:27Page3of20
http://www.evodevojournal.com/content/4/1/27

evidenceonbothsidesofthecontroversyandevaluate
itsinterpretations.Weconcludethatastrongercasecan
bemadefortheinitialappearanceoftheCNSatthe
leveloftheurbilaterianthanforindependentevolution
oftheCNSinmorethanonelineofmetazoandescent.

Reconstructingtheancestralbilaterian
Althoughseveralfeaturesoftheancestralbilaterianin
additiontothepresenceorabsenceofaCNSarewidely
debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
HerewewillusethetermCNSforanervoussystem
thatisderivedfromectoderm,includesbothaxonsand
neuronsandisspecializedalongtheA/Paxiswithan
anteriorconcentrationofneuralcenters(brain),andthe
term“nervecord”morebroadlytoincludeaxonaltracts
withfewornoneuronsandlackingadiscretebrain.The
diversityofanimalnervoussystemsandpaucityofdata
fromsomespeciesmayblurthisdistinctiononoccasion;
however,wewillbeexplicitinsuchinstances.

WhatistheevidenceforaCNSintheancestralbilaterian?
Itisgenerallyagreedthatbilateriansevolvedfromra-
diallyorbi-radiallysymmetricalanimals,comparablein
somewaystomoderncnidarians.Adultcnidarianshave
anectodermalnervenetwithaconcentrationofneu-
ronsaroundthesinglegutopening(Figure2).Therefore,
iftheancestralbilaterianhadalreadyevolvedaCNS,it
wouldpresumablyhavearisenasaconcentrationor
amplificationofneuronsalongonesideofthisnerve
net,perhapstogetherwithareductioninnumbersof
neuronselsewhereintheectoderm.

Figure2Comparisonofmetazoanbodyplans.Atypicalcnidarianpolyp,ageneralizedprotostome,hemichordateandchordateandtheir
phylogeneticrelationsareshown.Specialattentionisgiventonervoussystemsandneuralstructuresoftherespectiveanimals.

Hollandetal.EvoDevo2013,4:27Page3of20
http://www.evodevojournal.com/content/4/1/27

Central Nervous  
System

?

?

?

Holland et. al. Evodevo (2013) 

When did CNS A-P patterning mechanisms evolve?



Bilaterian

evidenceonbothsidesofthecontroversyandevaluate
itsinterpretations.Weconcludethatastrongercasecan
bemadefortheinitialappearanceoftheCNSatthe
leveloftheurbilaterianthanforindependentevolution
oftheCNSinmorethanonelineofmetazoandescent.

Reconstructingtheancestralbilaterian
Althoughseveralfeaturesoftheancestralbilaterianin
additiontothepresenceorabsenceofaCNSarewidely
debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
HerewewillusethetermCNSforanervoussystem
thatisderivedfromectoderm,includesbothaxonsand
neuronsandisspecializedalongtheA/Paxiswithan
anteriorconcentrationofneuralcenters(brain),andthe
term“nervecord”morebroadlytoincludeaxonaltracts
withfewornoneuronsandlackingadiscretebrain.The
diversityofanimalnervoussystemsandpaucityofdata
fromsomespeciesmayblurthisdistinctiononoccasion;
however,wewillbeexplicitinsuchinstances.

WhatistheevidenceforaCNSintheancestralbilaterian?
Itisgenerallyagreedthatbilateriansevolvedfromra-
diallyorbi-radiallysymmetricalanimals,comparablein
somewaystomoderncnidarians.Adultcnidarianshave
anectodermalnervenetwithaconcentrationofneu-
ronsaroundthesinglegutopening(Figure2).Therefore,
iftheancestralbilaterianhadalreadyevolvedaCNS,it
wouldpresumablyhavearisenasaconcentrationor
amplificationofneuronsalongonesideofthisnerve
net,perhapstogetherwithareductioninnumbersof
neuronselsewhereintheectoderm.

Figure2Comparisonofmetazoanbodyplans.Atypicalcnidarianpolyp,ageneralizedprotostome,hemichordateandchordateandtheir
phylogeneticrelationsareshown.Specialattentionisgiventonervoussystemsandneuralstructuresoftherespectiveanimals.

Hollandetal.EvoDevo2013,4:27Page3of20
http://www.evodevojournal.com/content/4/1/27

evidenceonbothsidesofthecontroversyandevaluate
itsinterpretations.Weconcludethatastrongercasecan
bemadefortheinitialappearanceoftheCNSatthe
leveloftheurbilaterianthanforindependentevolution
oftheCNSinmorethanonelineofmetazoandescent.

Reconstructingtheancestralbilaterian
Althoughseveralfeaturesoftheancestralbilaterianin
additiontothepresenceorabsenceofaCNSarewidely
debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
HerewewillusethetermCNSforanervoussystem
thatisderivedfromectoderm,includesbothaxonsand
neuronsandisspecializedalongtheA/Paxiswithan
anteriorconcentrationofneuralcenters(brain),andthe
term“nervecord”morebroadlytoincludeaxonaltracts
withfewornoneuronsandlackingadiscretebrain.The
diversityofanimalnervoussystemsandpaucityofdata
fromsomespeciesmayblurthisdistinctiononoccasion;
however,wewillbeexplicitinsuchinstances.

WhatistheevidenceforaCNSintheancestralbilaterian?
Itisgenerallyagreedthatbilateriansevolvedfromra-
diallyorbi-radiallysymmetricalanimals,comparablein
somewaystomoderncnidarians.Adultcnidarianshave
anectodermalnervenetwithaconcentrationofneu-
ronsaroundthesinglegutopening(Figure2).Therefore,
iftheancestralbilaterianhadalreadyevolvedaCNS,it
wouldpresumablyhavearisenasaconcentrationor
amplificationofneuronsalongonesideofthisnerve
net,perhapstogetherwithareductioninnumbersof
neuronselsewhereintheectoderm.

Figure2Comparisonofmetazoanbodyplans.Atypicalcnidarianpolyp,ageneralizedprotostome,hemichordateandchordateandtheir
phylogeneticrelationsareshown.Specialattentionisgiventonervoussystemsandneuralstructuresoftherespectiveanimals.

Hollandetal.EvoDevo2013,4:27Page3of20
http://www.evodevojournal.com/content/4/1/27

evidenceonbothsidesofthecontroversyandevaluate
itsinterpretations.Weconcludethatastrongercasecan
bemadefortheinitialappearanceoftheCNSatthe
leveloftheurbilaterianthanforindependentevolution
oftheCNSinmorethanonelineofmetazoandescent.

Reconstructingtheancestralbilaterian
Althoughseveralfeaturesoftheancestralbilaterianin
additiontothepresenceorabsenceofaCNSarewidely
debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
HerewewillusethetermCNSforanervoussystem
thatisderivedfromectoderm,includesbothaxonsand
neuronsandisspecializedalongtheA/Paxiswithan
anteriorconcentrationofneuralcenters(brain),andthe
term“nervecord”morebroadlytoincludeaxonaltracts
withfewornoneuronsandlackingadiscretebrain.The
diversityofanimalnervoussystemsandpaucityofdata
fromsomespeciesmayblurthisdistinctiononoccasion;
however,wewillbeexplicitinsuchinstances.

WhatistheevidenceforaCNSintheancestralbilaterian?
Itisgenerallyagreedthatbilateriansevolvedfromra-
diallyorbi-radiallysymmetricalanimals,comparablein
somewaystomoderncnidarians.Adultcnidarianshave
anectodermalnervenetwithaconcentrationofneu-
ronsaroundthesinglegutopening(Figure2).Therefore,
iftheancestralbilaterianhadalreadyevolvedaCNS,it
wouldpresumablyhavearisenasaconcentrationor
amplificationofneuronsalongonesideofthisnerve
net,perhapstogetherwithareductioninnumbersof
neuronselsewhereintheectoderm.

Figure2Comparisonofmetazoanbodyplans.Atypicalcnidarianpolyp,ageneralizedprotostome,hemichordateandchordateandtheir
phylogeneticrelationsareshown.Specialattentionisgiventonervoussystemsandneuralstructuresoftherespectiveanimals.

Hollandetal.EvoDevo2013,4:27Page3of20
http://www.evodevojournal.com/content/4/1/27

Central Nervous  
System

?

?

?

Holland et. al. Evodevo (2013) 

When did CNS A-P patterning mechanisms evolve?
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larvaeofD.melanogaster,theearmuffgene(homolo-
goustoFezf)isbroadlyexpressedintheanterior
brainwithaposteriorboundaryattheprotoce-
rebrum/deutocerebrumboundary[63].Thedomainis
justanteriortothatofmirror,oneofthethreeIrx
homologs.Similarly,Irimiaandcolleaguesshowed
thatinchordates,theposteriorlimitsofFezgenes
(FezandFez-like)abuttheanteriorlimitofIrx1in
theforebrain[64].Invertebrates,thisisthezona
limitansintrathalamica(ZLI)[65].

CompatiblewithasingleoriginoftheCNS,expression
ofthegenesmediatingD/VpatterningwithintheCNS
isalsoconservedbetweenprotostomesanddeutero-
stomes[66](Figure3).Thesegenesarenotcomparably
expressedincnidarians,suggestingthattheywere
recruitedforrolesinD/VpatterningtheCNSofanan-
cestralbilaterian.Notably,homologsofsomekeygenes
expressedmediolaterallyintheneuroectodermofD.
melanogasterembryosareexpressedincomparabledo-
mainsinthevertebrateCNS.Thus,themshgeneis
expressedlaterallyintheD.melanogasterneuroectoderm,
withindexpressedinanintermediatelongitudinaldomain
andvndexpressedinamedialstripeofneuroblasts
(reviewedin[7,67]).Vertebratehomologsofthesethree
homeoboxgenesarecomparablyexpressedinthedevelop-
ingneuraltube.Twoofthethreemshorthologs(Msx1,
Msx2,Msx3)areexpresseddorsally(thatis,laterally)inthe
roofplateoftheCNS,oneofthetwoindorthologs(Gsh1)
isexpressedintheadjacentzone(alarplate),andoneof

thetwovndorthologs(Nkx2.2)isexpressedmoreventrally
(thatis,medially)inthebasalplate.

Additionalevidenceforhomologyofprotostomeand
chordatenervecords,andthusabilaterianancestorwith
aCNS,comesfromneuroanatomy,neuronalfunction
andgeneexpression.StrausfeldandHirthfoundstriking
parallelsbetweenthecentralcomplexinthearthropod
protocerebrumandthebasalgangliaintheventral
forebrainofvertebrates[3].Inparticular,thevertebrate
striatumandpallidumhavesimilarorganizationas,re-
spectively,theinsectfan-shapedbodyandellipsoidbody.
Boththetypesofneuronsandtheirconnectionsandthe
functionsoftheseregionsaresimilarinthetwoorga-
nisms.Takentogether,thedatafromcomparativegene
expressionandanatomyproviderelativelystrongsup-
portforasingleoriginoftheCNSininsectsand
chordates.

Parallelsbetweenthebrainsofannelidsandvertebrates
AdditionalevidenceforasingleoriginoftheCNScomes
fromcomparisonsbetweenannelidsandvertebrates.
Notonlyhaveparallelsbeendrawnbetweenpatterning
theDrosophilaandvertebratebrains,butArendtand
colleagueshavealsonotedsimilaritiesbetweenthege-
neticmechanismspatterningthenervoussystemsof
theannelidPlatynereisdumeriliiandvertebrates[2,81]
(reviewedin[4]).Theannelidbrainvariesfromspecies
tospecies,withthebrainsofsomespecieslackingclear
compartmentsbutmanyothershavingsuchfeaturesas

Figure3Anterior–posteriorgeneexpressionincentralnervoussystemsofthreeextantbilateriansandtheurbilaterian.Anterior–
posteriorregionalizationofgeneexpressioninthecentralnervoussystemsofthreeextantbilaterians(anarthropod,anannelidandavertebrate)
andinferredexpressioninthelastcommonbilaterianancestor,theurbilaterian.ExpressionofFezandIrxintheannelidPlatynereisisunknown.
Fortheurbilaterian,bothanterior–posteriorandmedio-lateralgeneexpressiondomainsareshown.HypotheticalposteriorlimitsofIrxandGbx
domainsintheurbilaterianbrainarehighlightedbya“?”anddashedlines.PC,protocerebrum;DC,deutocerebrum;TC,tritocerebrum;VC,ventral
nervecord;CG,cerebralganglion;SG,segmentalganglia;FB,forebrain;MB,midbrain;HB,hindbrain;SC,spinalcord.Geneexpressiondomains
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and might thus regulate similar events during the development of
neural cell types. We found that NvAth-like is expressed in a subset
of NvSoxB(2)-expressing cells at late blastula and early gastrula
stage, including some dividing cells (Fig. 2N,Q). In addition to
these co-expressing cells, both genes were also detected in single-
labelled cells (Fig. 2N,Q). The same situation was observed for
NvSoxB(2) and NvAshA; however, the overlap in expression was
smaller and we did not detect any dividing co-expressing cells

(Fig. 2O,R). By contrast, we found very minimal overlap between
NvAth-like and NvAshA (Fig. 2P,S). By immunolabelling mitotic
spindles with anti-acetylated Tubulin, we confirmed that both
NvSoxB(2) and NvAth-like can be expressed in dividing cells,
whereas NvAshA could not (Fig. 2T-V). We found similar patterns
of expression in the mid-body ectoderm and pharyngeal ectoderm of
early planula larvae, including the co-localisation of NvAth-like and
NvSoxB(2) in dividing cells (supplementary material Fig. S4). In the

Fig. 2. NvSoxB(2), NvAshA and NvAth-like are co-
expressed during development, but NvAshA is not found
in mitotic cells. (A-D) Expression of NvAth-like is first
detected in early blastulae, in scattered cells that are absent
from one region of the embryo (presumptive endodermal
plate) (B). In gastrulae (C), expression is in scattered
ectodermal cells predominantly in the aboral region of
embryos, also in the developing pharynx (arrowhead). These
domains are similar in early planulae (D), with the addition of
newly expressing cells in the endoderm (arrow). Whereas
NvSoxB(2) (E-G) and NvAth-like (H-J) are already expressed
in early blastula stages, NvAshA (K-M) is expressed in only a
few cells by mid-blastula stage, and is not broadly expressed
until the early gastrula. (A,C,D) Mediolateral optical sections;
(B,E-M) surface views. (N-V) Double FISH at blastula and
gastrula stages shows some co-localisation of NvSoxB(2)
with both NvAth-like and NvAshA (N,O,Q,R), but minimal
co-localisation between NvAth-like and NvAshA (P,S). Based
on the elongated shape of the DAPI nuclear staining, mitotic
cells expressing both NvSoxB(2) and NvAth-like were
identified (dashed circle in Q). By staining spindles with an
acetylated tubulin antibody (green), we observed mitotic cells
expressing NvSoxB(2) (T) and NvAth-like (U) in single FISH
(dashed circles). NvAshA transcripts (circled in V) were never
found in cells undergoing mitosis. Charts show how many
mitotic, gene-expressing cells were observed in each of 20
early- and mid-gastrula embryos/gene. White arrowheads,
co-localisation; green and pink arrowheads, single transcript
localisation. Blue, DAPI; Ac-Tubulin, anti-acetylated tubulin.
Asterisk, oral pole.
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larvaeofD.melanogaster,theearmuffgene(homolo-
goustoFezf)isbroadlyexpressedintheanterior
brainwithaposteriorboundaryattheprotoce-
rebrum/deutocerebrumboundary[63].Thedomainis
justanteriortothatofmirror,oneofthethreeIrx
homologs.Similarly,Irimiaandcolleaguesshowed
thatinchordates,theposteriorlimitsofFezgenes
(FezandFez-like)abuttheanteriorlimitofIrx1in
theforebrain[64].Invertebrates,thisisthezona
limitansintrathalamica(ZLI)[65].

CompatiblewithasingleoriginoftheCNS,expression
ofthegenesmediatingD/VpatterningwithintheCNS
isalsoconservedbetweenprotostomesanddeutero-
stomes[66](Figure3).Thesegenesarenotcomparably
expressedincnidarians,suggestingthattheywere
recruitedforrolesinD/VpatterningtheCNSofanan-
cestralbilaterian.Notably,homologsofsomekeygenes
expressedmediolaterallyintheneuroectodermofD.
melanogasterembryosareexpressedincomparabledo-
mainsinthevertebrateCNS.Thus,themshgeneis
expressedlaterallyintheD.melanogasterneuroectoderm,
withindexpressedinanintermediatelongitudinaldomain
andvndexpressedinamedialstripeofneuroblasts
(reviewedin[7,67]).Vertebratehomologsofthesethree
homeoboxgenesarecomparablyexpressedinthedevelop-
ingneuraltube.Twoofthethreemshorthologs(Msx1,
Msx2,Msx3)areexpresseddorsally(thatis,laterally)inthe
roofplateoftheCNS,oneofthetwoindorthologs(Gsh1)
isexpressedintheadjacentzone(alarplate),andoneof

thetwovndorthologs(Nkx2.2)isexpressedmoreventrally
(thatis,medially)inthebasalplate.

Additionalevidenceforhomologyofprotostomeand
chordatenervecords,andthusabilaterianancestorwith
aCNS,comesfromneuroanatomy,neuronalfunction
andgeneexpression.StrausfeldandHirthfoundstriking
parallelsbetweenthecentralcomplexinthearthropod
protocerebrumandthebasalgangliaintheventral
forebrainofvertebrates[3].Inparticular,thevertebrate
striatumandpallidumhavesimilarorganizationas,re-
spectively,theinsectfan-shapedbodyandellipsoidbody.
Boththetypesofneuronsandtheirconnectionsandthe
functionsoftheseregionsaresimilarinthetwoorga-
nisms.Takentogether,thedatafromcomparativegene
expressionandanatomyproviderelativelystrongsup-
portforasingleoriginoftheCNSininsectsand
chordates.

Parallelsbetweenthebrainsofannelidsandvertebrates
AdditionalevidenceforasingleoriginoftheCNScomes
fromcomparisonsbetweenannelidsandvertebrates.
Notonlyhaveparallelsbeendrawnbetweenpatterning
theDrosophilaandvertebratebrains,butArendtand
colleagueshavealsonotedsimilaritiesbetweenthege-
neticmechanismspatterningthenervoussystemsof
theannelidPlatynereisdumeriliiandvertebrates[2,81]
(reviewedin[4]).Theannelidbrainvariesfromspecies
tospecies,withthebrainsofsomespecieslackingclear
compartmentsbutmanyothershavingsuchfeaturesas

Figure3Anterior–posteriorgeneexpressionincentralnervoussystemsofthreeextantbilateriansandtheurbilaterian.Anterior–
posteriorregionalizationofgeneexpressioninthecentralnervoussystemsofthreeextantbilaterians(anarthropod,anannelidandavertebrate)
andinferredexpressioninthelastcommonbilaterianancestor,theurbilaterian.ExpressionofFezandIrxintheannelidPlatynereisisunknown.
Fortheurbilaterian,bothanterior–posteriorandmedio-lateralgeneexpressiondomainsareshown.HypotheticalposteriorlimitsofIrxandGbx
domainsintheurbilaterianbrainarehighlightedbya“?”anddashedlines.PC,protocerebrum;DC,deutocerebrum;TC,tritocerebrum;VC,ventral
nervecord;CG,cerebralganglion;SG,segmentalganglia;FB,forebrain;MB,midbrain;HB,hindbrain;SC,spinalcord.Geneexpressiondomains
basedon[1,2,9,24,29,34,42,64,68-80].
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evidenceonbothsidesofthecontroversyandevaluate
itsinterpretations.Weconcludethatastrongercasecan
bemadefortheinitialappearanceoftheCNSatthe
leveloftheurbilaterianthanforindependentevolution
oftheCNSinmorethanonelineofmetazoandescent.

Reconstructingtheancestralbilaterian
Althoughseveralfeaturesoftheancestralbilaterianin
additiontothepresenceorabsenceofaCNSarewidely
debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
HerewewillusethetermCNSforanervoussystem
thatisderivedfromectoderm,includesbothaxonsand
neuronsandisspecializedalongtheA/Paxiswithan
anteriorconcentrationofneuralcenters(brain),andthe
term“nervecord”morebroadlytoincludeaxonaltracts
withfewornoneuronsandlackingadiscretebrain.The
diversityofanimalnervoussystemsandpaucityofdata
fromsomespeciesmayblurthisdistinctiononoccasion;
however,wewillbeexplicitinsuchinstances.

WhatistheevidenceforaCNSintheancestralbilaterian?
Itisgenerallyagreedthatbilateriansevolvedfromra-
diallyorbi-radiallysymmetricalanimals,comparablein
somewaystomoderncnidarians.Adultcnidarianshave
anectodermalnervenetwithaconcentrationofneu-
ronsaroundthesinglegutopening(Figure2).Therefore,
iftheancestralbilaterianhadalreadyevolvedaCNS,it
wouldpresumablyhavearisenasaconcentrationor
amplificationofneuronsalongonesideofthisnerve
net,perhapstogetherwithareductioninnumbersof
neuronselsewhereintheectoderm.

Figure2Comparisonofmetazoanbodyplans.Atypicalcnidarianpolyp,ageneralizedprotostome,hemichordateandchordateandtheir
phylogeneticrelationsareshown.Specialattentionisgiventonervoussystemsandneuralstructuresoftherespectiveanimals.
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debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
HerewewillusethetermCNSforanervoussystem
thatisderivedfromectoderm,includesbothaxonsand
neuronsandisspecializedalongtheA/Paxiswithan
anteriorconcentrationofneuralcenters(brain),andthe
term“nervecord”morebroadlytoincludeaxonaltracts
withfewornoneuronsandlackingadiscretebrain.The
diversityofanimalnervoussystemsandpaucityofdata
fromsomespeciesmayblurthisdistinctiononoccasion;
however,wewillbeexplicitinsuchinstances.

WhatistheevidenceforaCNSintheancestralbilaterian?
Itisgenerallyagreedthatbilateriansevolvedfromra-
diallyorbi-radiallysymmetricalanimals,comparablein
somewaystomoderncnidarians.Adultcnidarianshave
anectodermalnervenetwithaconcentrationofneu-
ronsaroundthesinglegutopening(Figure2).Therefore,
iftheancestralbilaterianhadalreadyevolvedaCNS,it
wouldpresumablyhavearisenasaconcentrationor
amplificationofneuronsalongonesideofthisnerve
net,perhapstogetherwithareductioninnumbersof
neuronselsewhereintheectoderm.

Figure2Comparisonofmetazoanbodyplans.Atypicalcnidarianpolyp,ageneralizedprotostome,hemichordateandchordateandtheir
phylogeneticrelationsareshown.Specialattentionisgiventonervoussystemsandneuralstructuresoftherespectiveanimals.
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When did CNS A-P patterning mechanisms evolve?

Wnt

larvaeofD.melanogaster,theearmuffgene(homolo-
goustoFezf)isbroadlyexpressedintheanterior
brainwithaposteriorboundaryattheprotoce-
rebrum/deutocerebrumboundary[63].Thedomainis
justanteriortothatofmirror,oneofthethreeIrx
homologs.Similarly,Irimiaandcolleaguesshowed
thatinchordates,theposteriorlimitsofFezgenes
(FezandFez-like)abuttheanteriorlimitofIrx1in
theforebrain[64].Invertebrates,thisisthezona
limitansintrathalamica(ZLI)[65].

CompatiblewithasingleoriginoftheCNS,expression
ofthegenesmediatingD/VpatterningwithintheCNS
isalsoconservedbetweenprotostomesanddeutero-
stomes[66](Figure3).Thesegenesarenotcomparably
expressedincnidarians,suggestingthattheywere
recruitedforrolesinD/VpatterningtheCNSofanan-
cestralbilaterian.Notably,homologsofsomekeygenes
expressedmediolaterallyintheneuroectodermofD.
melanogasterembryosareexpressedincomparabledo-
mainsinthevertebrateCNS.Thus,themshgeneis
expressedlaterallyintheD.melanogasterneuroectoderm,
withindexpressedinanintermediatelongitudinaldomain
andvndexpressedinamedialstripeofneuroblasts
(reviewedin[7,67]).Vertebratehomologsofthesethree
homeoboxgenesarecomparablyexpressedinthedevelop-
ingneuraltube.Twoofthethreemshorthologs(Msx1,
Msx2,Msx3)areexpresseddorsally(thatis,laterally)inthe
roofplateoftheCNS,oneofthetwoindorthologs(Gsh1)
isexpressedintheadjacentzone(alarplate),andoneof

thetwovndorthologs(Nkx2.2)isexpressedmoreventrally
(thatis,medially)inthebasalplate.

Additionalevidenceforhomologyofprotostomeand
chordatenervecords,andthusabilaterianancestorwith
aCNS,comesfromneuroanatomy,neuronalfunction
andgeneexpression.StrausfeldandHirthfoundstriking
parallelsbetweenthecentralcomplexinthearthropod
protocerebrumandthebasalgangliaintheventral
forebrainofvertebrates[3].Inparticular,thevertebrate
striatumandpallidumhavesimilarorganizationas,re-
spectively,theinsectfan-shapedbodyandellipsoidbody.
Boththetypesofneuronsandtheirconnectionsandthe
functionsoftheseregionsaresimilarinthetwoorga-
nisms.Takentogether,thedatafromcomparativegene
expressionandanatomyproviderelativelystrongsup-
portforasingleoriginoftheCNSininsectsand
chordates.

Parallelsbetweenthebrainsofannelidsandvertebrates
AdditionalevidenceforasingleoriginoftheCNScomes
fromcomparisonsbetweenannelidsandvertebrates.
Notonlyhaveparallelsbeendrawnbetweenpatterning
theDrosophilaandvertebratebrains,butArendtand
colleagueshavealsonotedsimilaritiesbetweenthege-
neticmechanismspatterningthenervoussystemsof
theannelidPlatynereisdumeriliiandvertebrates[2,81]
(reviewedin[4]).Theannelidbrainvariesfromspecies
tospecies,withthebrainsofsomespecieslackingclear
compartmentsbutmanyothershavingsuchfeaturesas

Figure3Anterior–posteriorgeneexpressionincentralnervoussystemsofthreeextantbilateriansandtheurbilaterian.Anterior–
posteriorregionalizationofgeneexpressioninthecentralnervoussystemsofthreeextantbilaterians(anarthropod,anannelidandavertebrate)
andinferredexpressioninthelastcommonbilaterianancestor,theurbilaterian.ExpressionofFezandIrxintheannelidPlatynereisisunknown.
Fortheurbilaterian,bothanterior–posteriorandmedio-lateralgeneexpressiondomainsareshown.HypotheticalposteriorlimitsofIrxandGbx
domainsintheurbilaterianbrainarehighlightedbya“?”anddashedlines.PC,protocerebrum;DC,deutocerebrum;TC,tritocerebrum;VC,ventral
nervecord;CG,cerebralganglion;SG,segmentalganglia;FB,forebrain;MB,midbrain;HB,hindbrain;SC,spinalcord.Geneexpressiondomains
basedon[1,2,9,24,29,34,42,64,68-80].
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in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.
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in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.

WIREs Developmental Biology Overview of starlet sea anemone Nematostella vectensis

Volume 5, Ju ly /August 2016 © 2016 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc. 413

in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.
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in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.
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in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.
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in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.
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in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.
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in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.
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in Nematostella. In the unfertilized egg, NvDsh protein
localizes predominantly to the cell cortex adjacent to
the pronucleus and after fertilization it associates with
the zygotic nucleus (Figure 3(a)). NvDsh remains
enriched at the first cleavage furrow and on one side
(presumably the animal domain) of the blastula.8 Con-
sistent with an involvement of the β-catenin branch of
Wnt signaling (canonical Wnt), an antibody against
Xenopus β-catenin and injection of mRNA encoding a
Nvβ-catenin-GFP fusion construct revealed preferential
stabilization and nuclearization on one side of the
embryo from the 32-cell stage on and later in the inva-
ginating part of the gastrula.39 Interference with the
function of Nvdsh, Nvtcf, and Nvβ-catenin led to con-
flicting results about their requirement for the develop-
ment of axial polarity. Depending on the experimental
approach, either complete absence of morphological
polarity and failure to gastrulate; or only a defect in
the specification of endoderm and pharynx was
observed.8,39,40,50 Interestingly, a component of the
non-canonical Wnt/PCP signaling pathway, NvStrabis-
mus (NvStbm), is also enriched at the animal pole

from zygote to gastrula stage (Figure 3(a)). Knock-
down of Nvstbm by morpholino injection prevented
gastrulation, but not the localized expression of endo-
dermal markers,50 indicating that this branch of Wnt
signaling is specifically required for the morphogenetic
movements at gastrulation.

Wnt signaling appears to be important in the
development of early asymmetry, but despite the ani-
mal pole localization of NvDsh and Nvβcat it is still
not clear how the polarity of the oocyte is initially
determined. Future work focused on identification of
the mechanisms that stabilize NvDsh at the animal
pole will likely yield critical cues as to the most
upstream cues that regulate oral–aboral patterning in
Nematostella.

Wnt Signaling and the Patterning of the
Oral–Aboral Axis
While the role of Wnt/β-catenin signaling in the ini-
tial formation of the oral–aboral axis remains
unclear, several studies support a role for this

FIGURE 3 | Gene expression during axial patterning. Localization of transcripts (in italic) and proteins involved in the patterning of the oral–
aboral (a) and directive (b) axis, respectively. The developmental stages are indicated above each cartoon. Note that not all details of the
expression patterns are captured. In (a), the expression domain of wnt4 is broader than that of wntA and wnt1. frizzled5/8 is at planula stage
strongly expressed at the aboral pole (green) and weakly in a broader aboral domain (pink). hoxF/anthox1 is at planula stage expressed in the
small aboral pole domain (green) and in individual cells within the broader aboral domain (pink). It is not clear whether the expression domains
depicted in blue, yellow, and pink are directly abutting each other. In the zygote, Disheveled protein is localized at the cortex and around the
nucleus. Disheveled and Strabismus protein remain preferentially localized to the animal/blastoporal region at least until gastrula stage. In (b),
BMP5-8 is at gastrula stage co-expressed in the ectoderm with bmp2/4, chordin, and rgm (i.e., the domain in light green). pSmad1/5/8 staining
forms a gradient with highest levels on the side opposite to the bmp expressing side and low levels on the bmp expressing side. See main text for
references.
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Potential patterning domains and regional neuronal markers



Bilaterian

evidenceonbothsidesofthecontroversyandevaluate
itsinterpretations.Weconcludethatastrongercasecan
bemadefortheinitialappearanceoftheCNSatthe
leveloftheurbilaterianthanforindependentevolution
oftheCNSinmorethanonelineofmetazoandescent.

Reconstructingtheancestralbilaterian
Althoughseveralfeaturesoftheancestralbilaterianin
additiontothepresenceorabsenceofaCNSarewidely
debated,arangeofmolecular,developmentalandcom-
parativemorphologicalevidenceindicatesthatthisani-
malwasbilaterallysymmetrical,withdistinctanterior
andposteriorends,dorsalandventralsurfaces,andleft
andrightsides.Italmostcertainlyhaddefinedmuscle,
derivedfrommesoderm,allowingactivelocomotionand
agutwitheitherasingleopeningoraseparatemouth
andanus[30].WhetherornotthisanimalhadaCNS,
anectodermalnervenetorsomecombinationofthe
twohasbeenhotlydebated(reviewedin[31])(Figure1).

Onedifficultyindecidingwhethertheancestralbila-
terianhadaCNSisthattheectoderminbilateriansis
broadlyneurogenic.Therefore,thedistinctionbetween
theCNSandtheremainderoftherelativelyneurogenic
ectodermisnotalwaysclear-cut.Inchordates,arthro-
podsandannelids,thedistinctionismostclearasthere
isafullyinternalizedconcentrationofneurons,axons
andsupportingcellsalongtheanterior/posterior(A/P)
axis(thatis,aCNS)thatintegratesinformationfrom
sensorycellsbothassociatedwiththeCNS(forexample,
eyes)andwithotherportionsoftheectodermandcoor-
dinatesbehavior.Importantly,theCNSintheseorgan-
ismshasananteriorconcentrationofdiscreteneural
centersor“brain”,whichcoordinatessensoryinputsand

responses.Attheotherextremeare“diffuseectodermal
nervenets”suchasincnidarians.However,suchnerve
netsarenotuniform;specifictypesofneuronsmaybe
regionallylocalized[32].Anadditionalprobleminun-
derstandingtheevolutionofCNSscomeswiththe
Ambulacraria(echinodermsandhemichordates),asthey
havebothectodermalnervenetsandnervecords.Itis
controversialwhetherechinodermand/orhemichordate
nervecords,neitherofwhichhasaconcentrationof
neuronsthatcouldbetermedabrain,andtheCNSof
chordateshaveacommonevolutionaryorigin[33,34].
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results in a clear defect in cell division with many regions of the
embryo undergoing little to no division which results in cell-dense
regions (Supplementary Fig. 1A). As this phenotype was only
observed in the earliest alsterpaullone treatment, we conclude
that this is most likely an indicator of toxicity. Later treatments
initiated at 8 hpf and 14 hpf did not appear to result in large scale
changes in cell division patterns and cell densities as assayed with
DAPI staining and phospho-histone staining (Supplementary
Fig. 1B and D). Molecular markers that would normally be limited
to the blastopore, Nvfkhd and Nvwnt4, are expanded to encompass
the entire embryo (Supplementary Fig. 2).

Our data suggests that earlier treatments with the pharmaco-
logical wnt agonists alsterpaullone and azakenpaullone interfere
with the formation of the blastopore and would therefore have a
global effect on the development of distinct ectodermal and
endodermal tissue layers (Supplementary Fig. 1). Thus, to specifi-
cally investigate the effects of canonical wnt signaling agonism on
oral and aboral molecular and morphological territories, we chose
timepoints following gastrulation, 30 hpf to 48 hpf, for Wnt
agonist treatments. In order to determine the appropriate con-
centrations for pharmacological treatments, we performed dose–
response experiments and assayed the effect of the drugs using
in situ hybridization (Supplementary Fig. 3). Upon treatment with
alsterpaullone, even at very low concentrations, the apical tuft at
the aboral tip of the larva fails to form (Fig. 4A and B). Developing
Nematostella larvae are uniformly ciliated throughout the ecto-
derm and in alsterpaullone treated embryos, these cilia still form
normally, however the long, specialized apical tuft cilia do not
form (Fig. 4A and B). The expression of Nvwnt4, which is normally
orally restricted, expands aborally following alsterpaullone treat-
ment (Fig. 4C and C″). It should also be noted that at higher
alsterpaullone concentrations, Nvwnt4 expression is still expanded
aborally, but signal intensity is less pronounced than at lower
concentrations (Supplementary Fig. 3K and L). This may reflect a
threshold-dependent mechanism by which Nvwnt4 regulates its
own expression, or could also indicate that more orally localized
tissues acquire a slightly distinct molecular fate at higher alster-
paullone concentrations. We are unable to determine the precise
mechanism for this behavior at this time. Nvsp5, a mediator of wnt
signaling in bilaterian animals (Takahashi et al., 2005), is similarly
expanded following alsterpaullone treatment (Fig. 4D and D″).
Markers of pharyngeal tissue which lie internal to the blastopore,
including NvFoxA and NvBrachyury are expanded throughout the
larval epithelia after activation of canonical wnt signaling. At lower
concentrations of the less potent activator, azakenpaullone, the
expression of oral markers is most highly upregulated at the oral
and aboral pole with a smaller number of cells in the intermediate
tissue and at higher concentrations is expanded throughout the
ectoderm (Supplementary Fig. 4A and B). Nvotx expression, in
contrast, is found at the margin of the blastopore in wildtype
embryos at this stage but expands to a large region of embryonic
epithelial cells that does not include the tissue directly surround-
ing the blastopore (Supplementary Fig. 4C). Conversely, Nvsix3/6, a
marker of the aboral plate, is lost following treatment (Fig. 4E
and E″). The change in spatial distribution of these molecular
territories, as well as a loss of the apical tuft and apical plate
marker Nvsix3/6 indicates that an oralization of Nematostella
embryos has occurred as a result of wnt agonism (Fig. 4F and G).

We also tested the effect of wnt inhibition on the development
of oral and aboral territories in post-gastrula stage embryos with
the small molecule wnt inhibitor iCRT14 (Supplementary Fig. 5). In
contrast to embryos treated with the wnt agonists alsterpaullone
and azakenpaullone, these embryos displayed phenotypes consis-
tent with an expansion of aboral fate and a restriction of oral fate
as assayed by in situ hybridization to transcripts expressed in the
epithelium. Specifically, Nvwnt4 mRNA expression signal, as

detected by in situ hybridization, was greatly diminished (Supple-
mentary Fig. 5C and D). Conversely, the apical plate marker
Nvanthox1 dramatically spatially expanded (Supplementary
Fig. 5A and B). In vertebrates, interactions between the wnt
pathway, six3 and irx mediate anterior neural patterning (REF?).

Fig. 4. (A) Aboral pole of a control embryo at 72 hpf stained with acetylated tubulin
antibody in which the prominent cilia of the apical tuft (red dashed circle) are visible.
(B) An embryo treated from 30 hpf to 72 hpf with 0.5 μM alsterpaullone in which the
apical tuft is absent. Note the absence of prominent apical tuft cilia. (C)–(E″) Nvwnt4,
Nvsp5, and Nvsix3/6 in control DMSO-treated embryos ((C)–(E)) and those treated from
30 hpf to 48 hpf with alsterpaullone at 1 μM (C′–E′) and 5 μM (C″–E″). (C) Nvwnt4 is
expressed around the future site of the mouth (the blastopore) in control embryos. (C′)
In embryos treated with alsterpaullone, Nvwnt4 expands to include an aboral expression
domain in 1 mM treatments, and covers the entire epithelium in 5 μM treatments (C″).
(D) Nvsp5 is found in an oral and aboral domain in control embryos and expands
considerably in the aboral pole of 1 μM treated embryos (D′) and covers the entire
epithelium in 5 mM treated embryos (D″). E. Nvsix3/6 is localized to the aboral pole of
wildtype embryos. Treatment of embryos with alsterpaullone results in a complete loss
of Nvsix3/6 expression at both 1 μM (E′) and 5 μM (E″). (F)–(G) Spatial relationships
between Nvwnt2 and Nvwnt4 ligand expression and Nvsix3/6 and Nvirx expression. (H)–
(J) The dashed vertical line is placed in the same position in each image to illustrate the
interface between Nvsix3/6 and Nvirx staining. (H) Expression of Nvsix3/6 as assayed by
in situ hybridization and imaged using fluorescent signal of FastRed substrate.
(I) Expression of Nvirx as assayed by in situ hybridization and imaged using reflection
microscopy. (J) Overlay of Nvsix3/6 and Nvirx fluorescent signal in an embryo subjected
to double in situ hybridization. (C)–(E), (C′)–(E′), (C″)–(E″), and (F) and (G) are lateral
views with the oral pole (asterisk) to the left and the apical tuft to the right. (D),(E),
(H) and (I) are aboral views looking down on the apical tuft (arrow).
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Fig. 1. Planarians as a Model for Regenerative Shape. (A) Composite image showing regeneration in a single Dugesia japonica worm over 14 days following amputation into
head,  trunk, and tail fragments. Anterior is up, dotted lines = amputation planes, scale bar = 1 mm.  (B) Head morphologies of different planaria. (B1) Schmidtea mediterranea,
(B2)  Dugesia japonica, (B3) Girardia dorotocephala,  (B4) Phagocata gracilis, (B5) Phagocata morgani, (B6) Polycelis felina.

of the type of injury, maintaining proper proportions even when
the newly regenerated worm is significantly smaller than the orig-
inal (Fig. 1A). This level of plasticity is important, allowing them to
reproduce not only sexually but also asexually by means of trans-
verse fissioning. When worms fission, they literally rip themselves
into two, after which head fragments regenerate new tails and tail
fragments regenerate new heads. Except the two  resulting worms
are now much smaller than the original, requiring the scaling of

body parts to the new body size. Researchers have co-opted this
remarkable ability in the laboratory to study regenerative mech-
anisms following injury, demonstrating that regeneration on the
organismal scale requires not only new tissue production but also
reorganization of pre-existing tissues to ensure correct size and
proportion of the regenerated animal.

For this reason, planarians make an outstanding model for inves-
tigating the mechanisms of regenerative shape, defined here as the

Birkholz, Van Huizen, Beane, Seminars in Cell and Developmental Biology (2019)

110 T.R. Birkholz et al. / Seminars in Cell & Developmental Biology 87 (2019) 105–115

Fig. 3. Starvation-Induced Degrowth in an Intact Planarian. Tissue plasticity in planarians illustrated by a composite image of a single S. mediterranea worm over 20 weeks
of  starvation. Note that as the body size decreases, tissues are scaled proportionally. Anterior is up, scale bar = 1 mm.

combine to produce the final regenerated structure [70,78,88]. For
these tissues to be integrated, as well as for polarity information
to be conferred, there must be communication between the old
pre-existing tissues and the new tissues of the blastema. This is
required to functionally connect organ systems across the two
tissues. In addition to this inter-tissue communication, there must
also be a high level of intra-tissue communication to coordinate
tissue remodeling within pre-existing tissues, as well as regulate
ASC differentiation within the blastema. Clearly, regulated cell-cell
communication is a top priority for regenerative shape.

The exact means by which cells communicate shape informa-
tion during regeneration is an important area of research that is
poorly understood. One mechanism that has been investigated dur-
ing planarian regeneration is gap junction communication (GJC)
[89]. Gap junctions are integral membrane channels that allow
the direct passage of ions and small molecules between neigh-
boring cells; in vertebrates these channels are made of connexin
proteins, while in invertebrates gap junctions are comprised of
functionally homologous innexin proteins [89,90]. Data has shown
that planarian innexin genes are expressed in the blastema [91],
and disruption of GJC can lead to polarity and patterning defects
[92,93]. Importantly, blocking GJC is capable of driving brain and
head regeneration at posterior wounds, even when the regener-
ate still contains the original head [91,94]. These data allude to the
possibility that brain/head formation might be a sort of “default”
state for regeneration in the absence of other signals and suggest
GJC is required for regenerating tissues to determine what tissues
are missing and need to be replaced.

Interestingly, the two main organ systems that have been
implicated in regulating such communication are the muscles
and the nervous system. Some of this cell-cell communication
is clearly between ASCs and muscle cells during axial establish-
ment in general and AP polarity in particular [31,34]. The data
have also suggested that the brain (like muscle) may  function as
a signaling center, although the molecular mechanisms remain
to be identified. However, simple modulation of neurotransmit-
ter levels such as dopamine and serotonin is sufficient to disrupt

regenerative morphology, leading to double-headed or headless
phenotypes respectively [95]. And it is inhibition of innexins specif-
ically expressed in the central nervous system that are required
for GJC regulation of regenerative polarity [91,94]. As a whole, the
existing data overwhelmingly point to a significant amount of cel-
lular communication that must occur both within and between
tissues to establish proper regenerative shape.

3.4. Coordinating these mechanisms across the animal

During the restoration of shape in regenerating planarians,
there are a lot of distinct processes happening—often at the same
time. Some processes are obviously interconnected (for instance
expansion of anterior regions requires that posterior regions are
decreased), but it is harder to connect-the-dots with others (how
do eye number and pharynx size relate to each other). However, in
order to establish body proportion across the entire animal, there
must be some sort of regulation that coordinates all these dis-
parate processes. A growing body of research from several model
systems suggests that bioelectrical signaling mechanisms (such as
membrane voltage and ion transport) may  serve this function dur-
ing regeneration in general and the establishment of regenerative
shape in particular [70,95–102].

Endogenous bioelectrical signaling relies on ion channels and
pumps to mediate ion transport, most frequently across the plasma
membrane. One function of this ion flux is to establish a steady-
state transmembrane potential, which is found in all non-excitable
cells and is in contrast to the rapid changes that occur in neurons
[103]. Regulation of membrane voltage has been shown to play a
role in many processes during development and growth, including
proliferation, apoptosis, and importantly, animal-wide patterning
[99,104–107]. Bioelectrical signals can also regulate organ size,
such as with K+ flux during zebrafish fin growth [108]. Studies have
found direct links between membrane voltage and downstream
transcriptional and epigenetic targets [98,109]. In addition, the flux
of individual ions such as Ca2+ and Na+ has been shown to play
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Umesono, 2008; Inoue et al., 2004). We also counted the 
number of these constituent cells during regeneration, and 
then investigated the mechanisms underlying the mainte-
nance and restoration of body proportions.

MATERIALS AND METHODS

Animals
A clonal strain of planarian (Dugesia japonica), SSP, 

was used in all experiments (Ito et al., 2001). The planar-
ians were cultured at 23°C in autoclaved tap water and 
starved for at least 1 week before any experimental pro-
cedure.

Whole-mount immunostaining
Planarians were treated with 2% HCl in 5/8 Holt-

freter’s solution for 10 min before fixation. Animals were 
then fixed in either a paraformaldehyde solution or Car-
noy’s solution, depending on the primary antibody to be 
used. For the anti-DjTH mouse monoclonal and anti-
DjTBH rabbit polyclonal antibodies, planarians were fixed 
in 4% paraformaldehyde containg 5% methanol for 3 h at 
4°C (Takano et al., 2007). For the anti-Djarrestin rabbit 
polyclonal, anti-DjTPH mouse monoclonal, and anti-
DjGAD mouse monoclonal antibodies, planarians were 
fixed in Carnoy’s solution (ethanol:chloroform:acetic acid 
anhydride in a proportion of 6:3:1) for 3 h at 4°C (Ume-
sono et al., 1997). After fixation, samples were bleached 
with 5% H2O2 in PBST (phosphate-buffered saline con-
taining 0.1% Triton X) for 16 h at room temperature 
under fluorescent light. After bleaching, planarians were 
blocked against nonspecific binding with 10% goat serum 
in PBST for 2 h. Planarians were then treated overnight 
at 4°C with specific primary antibodies in PBST contain-
ing 10% goat serum. We used the anti-Djarrestin rabbit 
polyclonal antibody (at 1:1000 dilu-
tion) to detect photoreceptor neurons; 
the anti-DjGAD and anti-DjTPH 
mouse monoclonal antibodies to visu-
alize GABAergic neurons and pigment 
cells, respectively; the anti-DjTBH 
rabbit polyclonal antibody (at 1:1000 
dilution) to visualize octopaminergic 
neurons; and the anti-DjTH mouse 
monoclonal antibody (at 1:5000 dilu-
tion) to visualize dopaminergic neu-
rons. Samples were then treated 
overnight at 4°C with a secondary 
antibody conjugated with Alexa Fluor 
488 or 594 (Molecular Probes), at a 
dilution of 1:500 in PBST containing 1 
µg/ml Hoechst 33342 (Invitrogen) for 
nuclear staining. A BX62 microscope 
(Olympus) was used to detect fluo-
rescence.

Immunostaining of sections
Planarians were fixed with a 

modified relaxant solution (1% HNO3, 
2.25% formalin, 0.05 mM MgSO4 in 
5/8 Holtfreter’s solution) overnight at 
4°C (Dower, 1973; Kobayashi et al., 
1998). After fixation, animals were 
bleached with 5% H2O2 in PBST for 
16 h at room temperature under fluo-
rescent light. Bleached samples were 
dehydrated with ethanol solutions of 

gradually increasing concentration and transferred to xylene. The 
dehydrated samples were then embedded in paraffin and sectioned 
at 8 –10 µm. Sections were deparaffinized with xylene, rehydrated 

Fig. 3. Planarian CNS and eye. (A) Planarian CNS stained with the anti-DjSYT 
antibody. (B) Double immunostaining of planarian eyes using the anti-DjTPH 
(magenta) and -Djarrestin (green) antibodies, which stain pigment cells and visual 
neurons, respectively. (C–E) Localizations of various types of neurons. GABAer-
gic, dopaminergic, and octopaminergic neurons were stained with the anti-
DjGAD, -DjTH, and -DjTBH antibodies, respectively. Arrowheads indicate some 
neurons of each type. Blue indicates nuclei stained with Hoechst 33342. Broken 
lines outline the brain. Scale bars: 300 µm.

Fig. 4. Structure of the intact planarian eye. (A) Double immunostaining with anti-DjTPH (magenta) 
and -Djarrestin (green). (A-b, c) Magnified views of the left eye. Blue indicates nuclei stained with 
Hoechst 33342 (A-c). (A-d) Diagram of the planarian eye. Scale bars: 300 µm (A-a), 50 µm (A-b and 
c). Each eye is composed of two types of cells: visual neurons (green) and pigment cells (magenta).
(B) Correlation between planarian body length after embedding and the number of visual neurons. 
P<0.001. (C) Graph showing the correlation between the numbers of visual neurons and pigment 
cells in intact animals. Each point represents an individual planarian. P<0.001.

Takeda, Nishimura, Agata, Zoological Science, (2009)

Changes in Planarian Body Size 807

Umesono, 2008; Inoue et al., 2004). We also counted the 
number of these constituent cells during regeneration, and 
then investigated the mechanisms underlying the mainte-
nance and restoration of body proportions.

MATERIALS AND METHODS

Animals
A clonal strain of planarian (Dugesia japonica), SSP, 

was used in all experiments (Ito et al., 2001). The planar-
ians were cultured at 23°C in autoclaved tap water and 
starved for at least 1 week before any experimental pro-
cedure.

Whole-mount immunostaining
Planarians were treated with 2% HCl in 5/8 Holt-

freter’s solution for 10 min before fixation. Animals were 
then fixed in either a paraformaldehyde solution or Car-
noy’s solution, depending on the primary antibody to be 
used. For the anti-DjTH mouse monoclonal and anti-
DjTBH rabbit polyclonal antibodies, planarians were fixed 
in 4% paraformaldehyde containg 5% methanol for 3 h at 
4°C (Takano et al., 2007). For the anti-Djarrestin rabbit 
polyclonal, anti-DjTPH mouse monoclonal, and anti-
DjGAD mouse monoclonal antibodies, planarians were 
fixed in Carnoy’s solution (ethanol:chloroform:acetic acid 
anhydride in a proportion of 6:3:1) for 3 h at 4°C (Ume-
sono et al., 1997). After fixation, samples were bleached 
with 5% H2O2 in PBST (phosphate-buffered saline con-
taining 0.1% Triton X) for 16 h at room temperature 
under fluorescent light. After bleaching, planarians were 
blocked against nonspecific binding with 10% goat serum 
in PBST for 2 h. Planarians were then treated overnight 
at 4°C with specific primary antibodies in PBST contain-
ing 10% goat serum. We used the anti-Djarrestin rabbit 
polyclonal antibody (at 1:1000 dilu-
tion) to detect photoreceptor neurons; 
the anti-DjGAD and anti-DjTPH 
mouse monoclonal antibodies to visu-
alize GABAergic neurons and pigment 
cells, respectively; the anti-DjTBH 
rabbit polyclonal antibody (at 1:1000 
dilution) to visualize octopaminergic 
neurons; and the anti-DjTH mouse 
monoclonal antibody (at 1:5000 dilu-
tion) to visualize dopaminergic neu-
rons. Samples were then treated 
overnight at 4°C with a secondary 
antibody conjugated with Alexa Fluor 
488 or 594 (Molecular Probes), at a 
dilution of 1:500 in PBST containing 1 
µg/ml Hoechst 33342 (Invitrogen) for 
nuclear staining. A BX62 microscope 
(Olympus) was used to detect fluo-
rescence.

Immunostaining of sections
Planarians were fixed with a 

modified relaxant solution (1% HNO3, 
2.25% formalin, 0.05 mM MgSO4 in 
5/8 Holtfreter’s solution) overnight at 
4°C (Dower, 1973; Kobayashi et al., 
1998). After fixation, animals were 
bleached with 5% H2O2 in PBST for 
16 h at room temperature under fluo-
rescent light. Bleached samples were 
dehydrated with ethanol solutions of 

gradually increasing concentration and transferred to xylene. The 
dehydrated samples were then embedded in paraffin and sectioned 
at 8 –10 µm. Sections were deparaffinized with xylene, rehydrated 

Fig. 3. Planarian CNS and eye. (A) Planarian CNS stained with the anti-DjSYT 
antibody. (B) Double immunostaining of planarian eyes using the anti-DjTPH 
(magenta) and -Djarrestin (green) antibodies, which stain pigment cells and visual 
neurons, respectively. (C–E) Localizations of various types of neurons. GABAer-
gic, dopaminergic, and octopaminergic neurons were stained with the anti-
DjGAD, -DjTH, and -DjTBH antibodies, respectively. Arrowheads indicate some 
neurons of each type. Blue indicates nuclei stained with Hoechst 33342. Broken 
lines outline the brain. Scale bars: 300 µm.

Fig. 4. Structure of the intact planarian eye. (A) Double immunostaining with anti-DjTPH (magenta) 
and -Djarrestin (green). (A-b, c) Magnified views of the left eye. Blue indicates nuclei stained with 
Hoechst 33342 (A-c). (A-d) Diagram of the planarian eye. Scale bars: 300 µm (A-a), 50 µm (A-b and 
c). Each eye is composed of two types of cells: visual neurons (green) and pigment cells (magenta).
(B) Correlation between planarian body length after embedding and the number of visual neurons. 
P<0.001. (C) Graph showing the correlation between the numbers of visual neurons and pigment 
cells in intact animals. Each point represents an individual planarian. P<0.001.

How do nervous systems scale?



Longitudinal

Tripolar



Longitudinal and Tripolar neurons scale with changes in 
body size

Havrilak et al., BMC Biology (in revision)



Longitudinal and Tripolar neurons scale with changes in 
body size

Havrilak et al., BMC Biology (in revision)



Longitudinal and Tripolar neurons scale with changes in 
body size

Havrilak et al., BMC Biology (in revision)



Acknowledgements

Funding: 

Collaborators: 
Dr. Eric Röttinger (University of Nice) 
Dr. Aldine Amiel (University of Nice) 

Dr. Craig Magie (Quinnipiac University) 
Dr. Uli Technau (University of Vienna) 

Dr. Fabian Rentzsch (University of Bergen - Sars)

Faculty Innovation Grant 
Biosystems Dynamics Summer Institute 
Class of ‘68R03HD088961 R01GM127615

Layden Lab

CAREER

Nesli Akinci 
Noor Baban 
Omar Ahmed 

and many others

Dr. Jamie Havrilak 
Dr. Layla Al-Shaer 

Dylan Faltine-Gonzalez 
Minghe Cheng 
Justin Carlino



Acknowledgements

Funding: 

Collaborators: 
Dr. Eric Röttinger (University of Nice) 
Dr. Aldine Amiel (University of Nice) 

Dr. Craig Magie (Quinnipiac University) 
Dr. Uli Technau (University of Vienna) 

Dr. Fabian Rentzsch (University of Bergen - Sars)

Faculty Innovation Grant 
Biosystems Dynamics Summer Institute 
Class of ‘68R03HD088961 R01GM127615

Layden Lab

CAREER

Nesli Akinci 
Noor Baban 
Omar Ahmed 

and many others

Dr. Jamie Havrilak 
Dr. Layla Al-Shaer 

Dylan Faltine-Gonzalez 
Minghe Cheng 
Justin Carlino

Questions?



Potential patterning domains and regional neuronal markers
Nv239910Nvslouch-like NvPea3 NvDLX

C
on

tro
l s

hR
N

A
N

vd
lx

  s
hR

N
A

Nv239910Nvslouch-like NvPea3 NvDLX

C
on

tro
l s

hR
N

A
N

vd
lx

  s
hR

N
A

C
on

tr
ol

 s
hR

N
A

dl
x 

sh
R

N
A



Nvdlx is not required for trunk neural gene 
expression

NvdlxNvpea3 Nv239910Nvsix3/6Nvotp

C
on

tr
ol

 s
hR

N
A

N
vd

lx
 s

hR
N

A



Nvdlx is not required for trunk neural gene 
expression

NvdlxNvpea3 Nv239910Nvsix3/6Nvotp

C
on

tr
ol

 s
hR

N
A

N
vd

lx
 s

hR
N

A



Nvdlx is not required for trunk neural gene 
expression

NvdlxNvpea3 Nv239910Nvsix3/6Nvotp

C
on

tr
ol

 s
hR

N
A

N
vd

lx
 s

hR
N

A



Nvdlx is not required for trunk neural gene 
expression

NvdlxNvpea3 Nv239910Nvsix3/6Nvotp

C
on

tr
ol

 s
hR

N
A

N
vd

lx
 s

hR
N

A



non-bilaterian metazoans
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the origin and evolution of CNSs.
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evidence on both sides of the controversy and evaluate
its interpretations. We conclude that a stronger case can
be made for the initial appearance of the CNS at the
level of the urbilaterian than for independent evolution
of the CNS in more than one line of metazoan descent.

Reconstructing the ancestral bilaterian
Although several features of the ancestral bilaterian in
addition to the presence or absence of a CNS are widely
debated, a range of molecular, developmental and com-
parative morphological evidence indicates that this ani-
mal was bilaterally symmetrical, with distinct anterior
and posterior ends, dorsal and ventral surfaces, and left
and right sides. It almost certainly had defined muscle,
derived from mesoderm, allowing active locomotion and
a gut with either a single opening or a separate mouth
and anus [30]. Whether or not this animal had a CNS,
an ectodermal nerve net or some combination of the
two has been hotly debated (reviewed in [31]) (Figure 1).
One difficulty in deciding whether the ancestral bila-

terian had a CNS is that the ectoderm in bilaterians is
broadly neurogenic. Therefore, the distinction between
the CNS and the remainder of the relatively neurogenic
ectoderm is not always clear-cut. In chordates, arthro-
pods and annelids, the distinction is most clear as there
is a fully internalized concentration of neurons, axons
and supporting cells along the anterior/posterior (A/P)
axis (that is, a CNS) that integrates information from
sensory cells both associated with the CNS (for example,
eyes) and with other portions of the ectoderm and coor-
dinates behavior. Importantly, the CNS in these organ-
isms has an anterior concentration of discrete neural
centers or “brain”, which coordinates sensory inputs and

responses. At the other extreme are “diffuse ectodermal
nerve nets” such as in cnidarians. However, such nerve
nets are not uniform; specific types of neurons may be
regionally localized [32]. An additional problem in un-
derstanding the evolution of CNSs comes with the
Ambulacraria (echinoderms and hemichordates), as they
have both ectodermal nerve nets and nerve cords. It is
controversial whether echinoderm and/or hemichordate
nerve cords, neither of which has a concentration of
neurons that could be termed a brain, and the CNS of
chordates have a common evolutionary origin [33,34].
Here we will use the term CNS for a nervous system
that is derived from ectoderm, includes both axons and
neurons and is specialized along the A/P axis with an
anterior concentration of neural centers (brain), and the
term “nerve cord” more broadly to include axonal tracts
with few or no neurons and lacking a discrete brain. The
diversity of animal nervous systems and paucity of data
from some species may blur this distinction on occasion;
however, we will be explicit in such instances.

What is the evidence for a CNS in the ancestral bilaterian?
It is generally agreed that bilaterians evolved from ra-
dially or bi-radially symmetrical animals, comparable in
some ways to modern cnidarians. Adult cnidarians have
an ectodermal nerve net with a concentration of neu-
rons around the single gut opening (Figure 2). Therefore,
if the ancestral bilaterian had already evolved a CNS, it
would presumably have arisen as a concentration or
amplification of neurons along one side of this nerve
net, perhaps together with a reduction in numbers of
neurons elsewhere in the ectoderm.

Figure 2 Comparison of metazoan body plans. A typical cnidarian polyp, a generalized protostome, hemichordate and chordate and their
phylogenetic relations are shown. Special attention is given to nervous systems and neural structures of the respective animals.

Holland et al. EvoDevo 2013, 4:27 Page 3 of 20
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two has been hotly debated (reviewed in [31]) (Figure 1).
One difficulty in deciding whether the ancestral bila-

terian had a CNS is that the ectoderm in bilaterians is
broadly neurogenic. Therefore, the distinction between
the CNS and the remainder of the relatively neurogenic
ectoderm is not always clear-cut. In chordates, arthro-
pods and annelids, the distinction is most clear as there
is a fully internalized concentration of neurons, axons
and supporting cells along the anterior/posterior (A/P)
axis (that is, a CNS) that integrates information from
sensory cells both associated with the CNS (for example,
eyes) and with other portions of the ectoderm and coor-
dinates behavior. Importantly, the CNS in these organ-
isms has an anterior concentration of discrete neural
centers or “brain”, which coordinates sensory inputs and

responses. At the other extreme are “diffuse ectodermal
nerve nets” such as in cnidarians. However, such nerve
nets are not uniform; specific types of neurons may be
regionally localized [32]. An additional problem in un-
derstanding the evolution of CNSs comes with the
Ambulacraria (echinoderms and hemichordates), as they
have both ectodermal nerve nets and nerve cords. It is
controversial whether echinoderm and/or hemichordate
nerve cords, neither of which has a concentration of
neurons that could be termed a brain, and the CNS of
chordates have a common evolutionary origin [33,34].
Here we will use the term CNS for a nervous system
that is derived from ectoderm, includes both axons and
neurons and is specialized along the A/P axis with an
anterior concentration of neural centers (brain), and the
term “nerve cord” more broadly to include axonal tracts
with few or no neurons and lacking a discrete brain. The
diversity of animal nervous systems and paucity of data
from some species may blur this distinction on occasion;
however, we will be explicit in such instances.

What is the evidence for a CNS in the ancestral bilaterian?
It is generally agreed that bilaterians evolved from ra-
dially or bi-radially symmetrical animals, comparable in
some ways to modern cnidarians. Adult cnidarians have
an ectodermal nerve net with a concentration of neu-
rons around the single gut opening (Figure 2). Therefore,
if the ancestral bilaterian had already evolved a CNS, it
would presumably have arisen as a concentration or
amplification of neurons along one side of this nerve
net, perhaps together with a reduction in numbers of
neurons elsewhere in the ectoderm.

Figure 2 Comparison of metazoan body plans. A typical cnidarian polyp, a generalized protostome, hemichordate and chordate and their
phylogenetic relations are shown. Special attention is given to nervous systems and neural structures of the respective animals.

Holland et al. EvoDevo 2013, 4:27 Page 3 of 20
http://www.evodevojournal.com/content/4/1/27

a common CNS origin?

BMP2/4 Neural

Chd



evidence on both sides of the controversy and evaluate
its interpretations. We conclude that a stronger case can
be made for the initial appearance of the CNS at the
level of the urbilaterian than for independent evolution
of the CNS in more than one line of metazoan descent.

Reconstructing the ancestral bilaterian
Although several features of the ancestral bilaterian in
addition to the presence or absence of a CNS are widely
debated, a range of molecular, developmental and com-
parative morphological evidence indicates that this ani-
mal was bilaterally symmetrical, with distinct anterior
and posterior ends, dorsal and ventral surfaces, and left
and right sides. It almost certainly had defined muscle,
derived from mesoderm, allowing active locomotion and
a gut with either a single opening or a separate mouth
and anus [30]. Whether or not this animal had a CNS,
an ectodermal nerve net or some combination of the
two has been hotly debated (reviewed in [31]) (Figure 1).
One difficulty in deciding whether the ancestral bila-

terian had a CNS is that the ectoderm in bilaterians is
broadly neurogenic. Therefore, the distinction between
the CNS and the remainder of the relatively neurogenic
ectoderm is not always clear-cut. In chordates, arthro-
pods and annelids, the distinction is most clear as there
is a fully internalized concentration of neurons, axons
and supporting cells along the anterior/posterior (A/P)
axis (that is, a CNS) that integrates information from
sensory cells both associated with the CNS (for example,
eyes) and with other portions of the ectoderm and coor-
dinates behavior. Importantly, the CNS in these organ-
isms has an anterior concentration of discrete neural
centers or “brain”, which coordinates sensory inputs and

responses. At the other extreme are “diffuse ectodermal
nerve nets” such as in cnidarians. However, such nerve
nets are not uniform; specific types of neurons may be
regionally localized [32]. An additional problem in un-
derstanding the evolution of CNSs comes with the
Ambulacraria (echinoderms and hemichordates), as they
have both ectodermal nerve nets and nerve cords. It is
controversial whether echinoderm and/or hemichordate
nerve cords, neither of which has a concentration of
neurons that could be termed a brain, and the CNS of
chordates have a common evolutionary origin [33,34].
Here we will use the term CNS for a nervous system
that is derived from ectoderm, includes both axons and
neurons and is specialized along the A/P axis with an
anterior concentration of neural centers (brain), and the
term “nerve cord” more broadly to include axonal tracts
with few or no neurons and lacking a discrete brain. The
diversity of animal nervous systems and paucity of data
from some species may blur this distinction on occasion;
however, we will be explicit in such instances.

What is the evidence for a CNS in the ancestral bilaterian?
It is generally agreed that bilaterians evolved from ra-
dially or bi-radially symmetrical animals, comparable in
some ways to modern cnidarians. Adult cnidarians have
an ectodermal nerve net with a concentration of neu-
rons around the single gut opening (Figure 2). Therefore,
if the ancestral bilaterian had already evolved a CNS, it
would presumably have arisen as a concentration or
amplification of neurons along one side of this nerve
net, perhaps together with a reduction in numbers of
neurons elsewhere in the ectoderm.

Figure 2 Comparison of metazoan body plans. A typical cnidarian polyp, a generalized protostome, hemichordate and chordate and their
phylogenetic relations are shown. Special attention is given to nervous systems and neural structures of the respective animals.
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evidence on both sides of the controversy and evaluate
its interpretations. We conclude that a stronger case can
be made for the initial appearance of the CNS at the
level of the urbilaterian than for independent evolution
of the CNS in more than one line of metazoan descent.

Reconstructing the ancestral bilaterian
Although several features of the ancestral bilaterian in
addition to the presence or absence of a CNS are widely
debated, a range of molecular, developmental and com-
parative morphological evidence indicates that this ani-
mal was bilaterally symmetrical, with distinct anterior
and posterior ends, dorsal and ventral surfaces, and left
and right sides. It almost certainly had defined muscle,
derived from mesoderm, allowing active locomotion and
a gut with either a single opening or a separate mouth
and anus [30]. Whether or not this animal had a CNS,
an ectodermal nerve net or some combination of the
two has been hotly debated (reviewed in [31]) (Figure 1).
One difficulty in deciding whether the ancestral bila-

terian had a CNS is that the ectoderm in bilaterians is
broadly neurogenic. Therefore, the distinction between
the CNS and the remainder of the relatively neurogenic
ectoderm is not always clear-cut. In chordates, arthro-
pods and annelids, the distinction is most clear as there
is a fully internalized concentration of neurons, axons
and supporting cells along the anterior/posterior (A/P)
axis (that is, a CNS) that integrates information from
sensory cells both associated with the CNS (for example,
eyes) and with other portions of the ectoderm and coor-
dinates behavior. Importantly, the CNS in these organ-
isms has an anterior concentration of discrete neural
centers or “brain”, which coordinates sensory inputs and

responses. At the other extreme are “diffuse ectodermal
nerve nets” such as in cnidarians. However, such nerve
nets are not uniform; specific types of neurons may be
regionally localized [32]. An additional problem in un-
derstanding the evolution of CNSs comes with the
Ambulacraria (echinoderms and hemichordates), as they
have both ectodermal nerve nets and nerve cords. It is
controversial whether echinoderm and/or hemichordate
nerve cords, neither of which has a concentration of
neurons that could be termed a brain, and the CNS of
chordates have a common evolutionary origin [33,34].
Here we will use the term CNS for a nervous system
that is derived from ectoderm, includes both axons and
neurons and is specialized along the A/P axis with an
anterior concentration of neural centers (brain), and the
term “nerve cord” more broadly to include axonal tracts
with few or no neurons and lacking a discrete brain. The
diversity of animal nervous systems and paucity of data
from some species may blur this distinction on occasion;
however, we will be explicit in such instances.

What is the evidence for a CNS in the ancestral bilaterian?
It is generally agreed that bilaterians evolved from ra-
dially or bi-radially symmetrical animals, comparable in
some ways to modern cnidarians. Adult cnidarians have
an ectodermal nerve net with a concentration of neu-
rons around the single gut opening (Figure 2). Therefore,
if the ancestral bilaterian had already evolved a CNS, it
would presumably have arisen as a concentration or
amplification of neurons along one side of this nerve
net, perhaps together with a reduction in numbers of
neurons elsewhere in the ectoderm.

Figure 2 Comparison of metazoan body plans. A typical cnidarian polyp, a generalized protostome, hemichordate and chordate and their
phylogenetic relations are shown. Special attention is given to nervous systems and neural structures of the respective animals.
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evidence on both sides of the controversy and evaluate
its interpretations. We conclude that a stronger case can
be made for the initial appearance of the CNS at the
level of the urbilaterian than for independent evolution
of the CNS in more than one line of metazoan descent.

Reconstructing the ancestral bilaterian
Although several features of the ancestral bilaterian in
addition to the presence or absence of a CNS are widely
debated, a range of molecular, developmental and com-
parative morphological evidence indicates that this ani-
mal was bilaterally symmetrical, with distinct anterior
and posterior ends, dorsal and ventral surfaces, and left
and right sides. It almost certainly had defined muscle,
derived from mesoderm, allowing active locomotion and
a gut with either a single opening or a separate mouth
and anus [30]. Whether or not this animal had a CNS,
an ectodermal nerve net or some combination of the
two has been hotly debated (reviewed in [31]) (Figure 1).
One difficulty in deciding whether the ancestral bila-

terian had a CNS is that the ectoderm in bilaterians is
broadly neurogenic. Therefore, the distinction between
the CNS and the remainder of the relatively neurogenic
ectoderm is not always clear-cut. In chordates, arthro-
pods and annelids, the distinction is most clear as there
is a fully internalized concentration of neurons, axons
and supporting cells along the anterior/posterior (A/P)
axis (that is, a CNS) that integrates information from
sensory cells both associated with the CNS (for example,
eyes) and with other portions of the ectoderm and coor-
dinates behavior. Importantly, the CNS in these organ-
isms has an anterior concentration of discrete neural
centers or “brain”, which coordinates sensory inputs and

responses. At the other extreme are “diffuse ectodermal
nerve nets” such as in cnidarians. However, such nerve
nets are not uniform; specific types of neurons may be
regionally localized [32]. An additional problem in un-
derstanding the evolution of CNSs comes with the
Ambulacraria (echinoderms and hemichordates), as they
have both ectodermal nerve nets and nerve cords. It is
controversial whether echinoderm and/or hemichordate
nerve cords, neither of which has a concentration of
neurons that could be termed a brain, and the CNS of
chordates have a common evolutionary origin [33,34].
Here we will use the term CNS for a nervous system
that is derived from ectoderm, includes both axons and
neurons and is specialized along the A/P axis with an
anterior concentration of neural centers (brain), and the
term “nerve cord” more broadly to include axonal tracts
with few or no neurons and lacking a discrete brain. The
diversity of animal nervous systems and paucity of data
from some species may blur this distinction on occasion;
however, we will be explicit in such instances.

What is the evidence for a CNS in the ancestral bilaterian?
It is generally agreed that bilaterians evolved from ra-
dially or bi-radially symmetrical animals, comparable in
some ways to modern cnidarians. Adult cnidarians have
an ectodermal nerve net with a concentration of neu-
rons around the single gut opening (Figure 2). Therefore,
if the ancestral bilaterian had already evolved a CNS, it
would presumably have arisen as a concentration or
amplification of neurons along one side of this nerve
net, perhaps together with a reduction in numbers of
neurons elsewhere in the ectoderm.

Figure 2 Comparison of metazoan body plans. A typical cnidarian polyp, a generalized protostome, hemichordate and chordate and their
phylogenetic relations are shown. Special attention is given to nervous systems and neural structures of the respective animals.
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larvae of D. melanogaster, the earmuff gene (homolo-
gous to Fezf ) is broadly expressed in the anterior
brain with a posterior boundary at the protoce-
rebrum/deutocerebrum boundary [63]. The domain is
just anterior to that of mirror, one of the three Irx
homologs. Similarly, Irimia and colleagues showed
that in chordates, the posterior limits of Fez genes
(Fez and Fez-like) abut the anterior limit of Irx1 in
the forebrain [64]. In vertebrates, this is the zona
limitans intrathalamica (ZLI) [65].
Compatible with a single origin of the CNS, expression

of the genes mediating D/V patterning within the CNS
is also conserved between protostomes and deutero-
stomes [66] (Figure 3). These genes are not comparably
expressed in cnidarians, suggesting that they were
recruited for roles in D/V patterning the CNS of an an-
cestral bilaterian. Notably, homologs of some key genes
expressed mediolaterally in the neuroectoderm of D.
melanogaster embryos are expressed in comparable do-
mains in the vertebrate CNS. Thus, the msh gene is
expressed laterally in the D. melanogaster neuroectoderm,
with ind expressed in an intermediate longitudinal domain
and vnd expressed in a medial stripe of neuroblasts
(reviewed in [7,67]). Vertebrate homologs of these three
homeobox genes are comparably expressed in the develop-
ing neural tube. Two of the three msh orthologs (Msx1,
Msx2, Msx3) are expressed dorsally (that is, laterally) in the
roof plate of the CNS, one of the two ind orthologs (Gsh1)
is expressed in the adjacent zone (alar plate), and one of

the two vnd orthologs (Nkx2.2) is expressed more ventrally
(that is, medially) in the basal plate.
Additional evidence for homology of protostome and

chordate nerve cords, and thus a bilaterian ancestor with
a CNS, comes from neuroanatomy, neuronal function
and gene expression. Strausfeld and Hirth found striking
parallels between the central complex in the arthropod
protocerebrum and the basal ganglia in the ventral
forebrain of vertebrates [3]. In particular, the vertebrate
striatum and pallidum have similar organization as, re-
spectively, the insect fan-shaped body and ellipsoid body.
Both the types of neurons and their connections and the
functions of these regions are similar in the two orga-
nisms. Taken together, the data from comparative gene
expression and anatomy provide relatively strong sup-
port for a single origin of the CNS in insects and
chordates.

Parallels between the brains of annelids and vertebrates
Additional evidence for a single origin of the CNS comes
from comparisons between annelids and vertebrates.
Not only have parallels been drawn between patterning
the Drosophila and vertebrate brains, but Arendt and
colleagues have also noted similarities between the ge-
netic mechanisms patterning the nervous systems of
the annelid Platynereis dumerilii and vertebrates [2,81]
(reviewed in [4]). The annelid brain varies from species
to species, with the brains of some species lacking clear
compartments but many others having such features as

Figure 3 Anterior–posterior gene expression in central nervous systems of three extant bilaterians and the urbilaterian. Anterior–
posterior regionalization of gene expression in the central nervous systems of three extant bilaterians (an arthropod, an annelid and a vertebrate)
and inferred expression in the last common bilaterian ancestor, the urbilaterian. Expression of Fez and Irx in the annelid Platynereis is unknown.
For the urbilaterian, both anterior–posterior and medio-lateral gene expression domains are shown. Hypothetical posterior limits of Irx and Gbx
domains in the urbilaterian brain are highlighted by a “?” and dashed lines. PC, protocerebrum; DC, deutocerebrum; TC, tritocerebrum; VC, ventral
nerve cord; CG, cerebral ganglion; SG, segmental ganglia; FB, forebrain; MB, midbrain; HB, hindbrain; SC, spinal cord. Gene expression domains
based on [1,2,9,24,29,34,42,64,68-80].
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evidence on both sides of the controversy and evaluate
its interpretations. We conclude that a stronger case can
be made for the initial appearance of the CNS at the
level of the urbilaterian than for independent evolution
of the CNS in more than one line of metazoan descent.

Reconstructing the ancestral bilaterian
Although several features of the ancestral bilaterian in
addition to the presence or absence of a CNS are widely
debated, a range of molecular, developmental and com-
parative morphological evidence indicates that this ani-
mal was bilaterally symmetrical, with distinct anterior
and posterior ends, dorsal and ventral surfaces, and left
and right sides. It almost certainly had defined muscle,
derived from mesoderm, allowing active locomotion and
a gut with either a single opening or a separate mouth
and anus [30]. Whether or not this animal had a CNS,
an ectodermal nerve net or some combination of the
two has been hotly debated (reviewed in [31]) (Figure 1).
One difficulty in deciding whether the ancestral bila-

terian had a CNS is that the ectoderm in bilaterians is
broadly neurogenic. Therefore, the distinction between
the CNS and the remainder of the relatively neurogenic
ectoderm is not always clear-cut. In chordates, arthro-
pods and annelids, the distinction is most clear as there
is a fully internalized concentration of neurons, axons
and supporting cells along the anterior/posterior (A/P)
axis (that is, a CNS) that integrates information from
sensory cells both associated with the CNS (for example,
eyes) and with other portions of the ectoderm and coor-
dinates behavior. Importantly, the CNS in these organ-
isms has an anterior concentration of discrete neural
centers or “brain”, which coordinates sensory inputs and

responses. At the other extreme are “diffuse ectodermal
nerve nets” such as in cnidarians. However, such nerve
nets are not uniform; specific types of neurons may be
regionally localized [32]. An additional problem in un-
derstanding the evolution of CNSs comes with the
Ambulacraria (echinoderms and hemichordates), as they
have both ectodermal nerve nets and nerve cords. It is
controversial whether echinoderm and/or hemichordate
nerve cords, neither of which has a concentration of
neurons that could be termed a brain, and the CNS of
chordates have a common evolutionary origin [33,34].
Here we will use the term CNS for a nervous system
that is derived from ectoderm, includes both axons and
neurons and is specialized along the A/P axis with an
anterior concentration of neural centers (brain), and the
term “nerve cord” more broadly to include axonal tracts
with few or no neurons and lacking a discrete brain. The
diversity of animal nervous systems and paucity of data
from some species may blur this distinction on occasion;
however, we will be explicit in such instances.

What is the evidence for a CNS in the ancestral bilaterian?
It is generally agreed that bilaterians evolved from ra-
dially or bi-radially symmetrical animals, comparable in
some ways to modern cnidarians. Adult cnidarians have
an ectodermal nerve net with a concentration of neu-
rons around the single gut opening (Figure 2). Therefore,
if the ancestral bilaterian had already evolved a CNS, it
would presumably have arisen as a concentration or
amplification of neurons along one side of this nerve
net, perhaps together with a reduction in numbers of
neurons elsewhere in the ectoderm.

Figure 2 Comparison of metazoan body plans. A typical cnidarian polyp, a generalized protostome, hemichordate and chordate and their
phylogenetic relations are shown. Special attention is given to nervous systems and neural structures of the respective animals.
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evidence on both sides of the controversy and evaluate
its interpretations. We conclude that a stronger case can
be made for the initial appearance of the CNS at the
level of the urbilaterian than for independent evolution
of the CNS in more than one line of metazoan descent.

Reconstructing the ancestral bilaterian
Although several features of the ancestral bilaterian in
addition to the presence or absence of a CNS are widely
debated, a range of molecular, developmental and com-
parative morphological evidence indicates that this ani-
mal was bilaterally symmetrical, with distinct anterior
and posterior ends, dorsal and ventral surfaces, and left
and right sides. It almost certainly had defined muscle,
derived from mesoderm, allowing active locomotion and
a gut with either a single opening or a separate mouth
and anus [30]. Whether or not this animal had a CNS,
an ectodermal nerve net or some combination of the
two has been hotly debated (reviewed in [31]) (Figure 1).
One difficulty in deciding whether the ancestral bila-

terian had a CNS is that the ectoderm in bilaterians is
broadly neurogenic. Therefore, the distinction between
the CNS and the remainder of the relatively neurogenic
ectoderm is not always clear-cut. In chordates, arthro-
pods and annelids, the distinction is most clear as there
is a fully internalized concentration of neurons, axons
and supporting cells along the anterior/posterior (A/P)
axis (that is, a CNS) that integrates information from
sensory cells both associated with the CNS (for example,
eyes) and with other portions of the ectoderm and coor-
dinates behavior. Importantly, the CNS in these organ-
isms has an anterior concentration of discrete neural
centers or “brain”, which coordinates sensory inputs and

responses. At the other extreme are “diffuse ectodermal
nerve nets” such as in cnidarians. However, such nerve
nets are not uniform; specific types of neurons may be
regionally localized [32]. An additional problem in un-
derstanding the evolution of CNSs comes with the
Ambulacraria (echinoderms and hemichordates), as they
have both ectodermal nerve nets and nerve cords. It is
controversial whether echinoderm and/or hemichordate
nerve cords, neither of which has a concentration of
neurons that could be termed a brain, and the CNS of
chordates have a common evolutionary origin [33,34].
Here we will use the term CNS for a nervous system
that is derived from ectoderm, includes both axons and
neurons and is specialized along the A/P axis with an
anterior concentration of neural centers (brain), and the
term “nerve cord” more broadly to include axonal tracts
with few or no neurons and lacking a discrete brain. The
diversity of animal nervous systems and paucity of data
from some species may blur this distinction on occasion;
however, we will be explicit in such instances.

What is the evidence for a CNS in the ancestral bilaterian?
It is generally agreed that bilaterians evolved from ra-
dially or bi-radially symmetrical animals, comparable in
some ways to modern cnidarians. Adult cnidarians have
an ectodermal nerve net with a concentration of neu-
rons around the single gut opening (Figure 2). Therefore,
if the ancestral bilaterian had already evolved a CNS, it
would presumably have arisen as a concentration or
amplification of neurons along one side of this nerve
net, perhaps together with a reduction in numbers of
neurons elsewhere in the ectoderm.

Figure 2 Comparison of metazoan body plans. A typical cnidarian polyp, a generalized protostome, hemichordate and chordate and their
phylogenetic relations are shown. Special attention is given to nervous systems and neural structures of the respective animals.
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Convergent evolution of bilaterian nerve 
cords
José M. Martín-Durán1*, Kevin Pang1*, Aina Børve1, Henrike Semmler Lê1,2, Anlaug Furu1, Johanna Taylor Cannon3, 
Ulf Jondelius3 & Andreas Hejnol1

The nervous systems of Bilateria, in particular their trunk neuro-
anatomies, are morphologically diverse1 (Fig. 1a). Groups such as 
arthropods, annelids, and chordates exhibit a medially condensed 
nerve cord, which is ventral in arthropods and annelids, and dorsal in 
chordates. By contrast, other lineages have multiple paired longitudinal 
nerve cords distributed at different dorsoventral levels. There are even  
bilaterians with only weakly condensed basiepidermal nerve nets,  
similar to those in cnidarians (Fig. 1a), which supports the idea that 
this net-like neural arrangement predates the Cnidaria–Bilateria split2,3 
(Fig. 1a). However, the earliest configuration of the bilaterian central 
nervous system (CNS) is still debated2,4–7 (Fig. 1a), and thus it is unclear 
when and how often nerve cords evolved in Bilateria.

The conserved deployment of signalling molecules and transcrip-
tion factors along the bilaterian anteroposterior and dorsoventral axes 
grounds most scenarios for the evolution of the CNS2,4,7–12. In particular,  
the similar expression of the transcription factors nkx2.1/nkx2.2, 
nkx6, pax6, pax3/7, and msx in the ventral neuroectoderm of the fly 
Drosophila melanogaster and the annelid Platynereis dumerilii, and 
the dorsal neural plate of vertebrates (Fig. 1b), is a core argument for 
proposing an ancestral CNS comprising a medial ventral nerve cord 
(VNC) in Bilateria2,4,7,12,13. In P. dumerilii and vertebrates, and to some 
extent in Drosophila, the staggered expression of these genes correlates 
with the spatial location of neuronal cell types along their trunks4,9,12. 
Serotonergic neurons form in the ventromedial nkx2.2+/nkx6+ 
region, cholinergic motor neurons develop in the nkx6+/pax6+ area, 
and dbx+ interneurons and lateral sensory trunk neurons differentiate 
in the more dorsolateral pax6+/pax3/7+ and pax3/7+/msx+ domains, 
respectively (Fig. 1b). The dorsoventral arrangement of these transcrip-
tion factors and neuronal cell types is absent in hemichordates10,11,14, 
nematodes15,16, and planarians17, consistent with the idea that the most 
recent ancestor of Bilateria had a dorsoventrally patterned, medially 
condensed VNC that has been repeatedly lost in these and perhaps 
other groups12. However, there is an alternative explanation: that a CNS 
with a single nerve cord and the similar dorsoventral patterning is the 

trait that repeatedly evolved, and thus was absent in the most recent 
common bilaterian ancestor5,8,10,11.

Neuroectodermal patterning in Xenacoelomorpha
To explore the conservation of neuroectodermal patterning systems in 
Bilateria, we first studied Xenacoelomorpha (Extended Data Fig. 1),  
which is the sister group to all remaining bilaterian lineages18,19 (that 
is, Nephrozoa). We focused our analyses on Xenoturbella bocki, the 
nemertodermatids Meara stichopi and Nemertoderma westbladi, and 
the acoel Isodiametra pulchra. As in the acoel Hofstenia miamia20 
and most other bilaterians7,10, these xenacoelomorphs differentially 
express anteroposterior marker genes along their primary body axis21,22 
(Extended Data Figs 2a, c and 3). The bone morphogenetic protein 
(BMP) pathway, which has an ancestral dorsoventral patterning role20,23 
and an anti-neural role in Drosophila and vertebrates9, is also similarly 
deployed in all studied xenacoelomorphs20, with bmp ligands expressed 
dorsally and antagonists located more ventrolaterally (Fig. 2a, d and 
Extended Data Figs 2d and 4). However, the dorsoventral transcription 
factors that we found in our genomic resources (Supplementary Table 1)  
did not show a clear staggered expression (Fig. 2b, e). Therefore, 
Xenacoelomorpha only exhibits the anteroposterior and BMP 
 ectodermal patterning systems, which is reminiscent of the cnidarian 
condition24.

Importantly, ectodermal patterning systems are deployed inde-
pendently of the trunk neuroanatomy in Xenacoelomorpha. Similar 
to cnidarians, xenacoelomorphs have a uniformly distributed, diffuse 
basiepidermal nerve net3,25–27. Xenoturbella species only have this 
network26. However, nemertodermatids have additional longitudinal 
basiepidermal nerve cords25, located dorsally in M. stichopi28 (Fig. 2c),  
and ventrally in N. westbladi (Extended Data Fig. 2e). The acoel  
I.  pulchra also has four pairs of subepidermal nerve cords distributed 
along the dorsoventral axis27 (Fig. 2f). Genes commonly involved 
in neurogenesis (Extended Data Fig. 5a, d) and neural transmission 
(Extended Data Figs 2b, f and 5b, c, e) are consistently expressed in the 

It has been hypothesized that a condensed nervous system with a medial ventral nerve cord is an ancestral character 
of Bilateria. The presence of similar dorsoventral molecular patterns along the nerve cords of vertebrates, flies, and 
an annelid has been interpreted as support for this scenario. Whether these similarities are generally found across 
the diversity of bilaterian neuroanatomies is unclear, and thus the evolutionary history of the nervous system is still 
contentious. Here we study representatives of Xenacoelomorpha, Rotifera, Nemertea, Brachiopoda, and Annelida to assess 
the conservation of the dorsoventral nerve cord patterning. None of the studied species show a conserved dorsoventral 
molecular regionalization of their nerve cords, not even the annelid Owenia fusiformis, whose trunk neuroanatomy 
parallels that of vertebrates and flies. Our findings restrict the use of molecular patterns to explain nervous system 
evolution, and suggest that the similarities in dorsoventral patterning and trunk neuroanatomies evolved independently 
in Bilateria.
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How does this improve our understanding of CNS evolution?

A B

Fig. 8.3 Origin and evolution of bilaterian central nervous systems. (a) Summary of neuroanatomy and potential origins of bilaterian central nervous systems.
(b) Proposed scenario for neuroectodermal patterning during CNS development in bilaterians. The cnidarian/bilaterian ancestor possessed a nerve net and A-P
patterning program. BMP activity patterned the axis perpendicular to the A-P axis (D-V in bilaterians). The ancestral bilaterian likely possessed a nerve net, but it
is unclear if the nephrozoan possessed a nerve net or CNS. D-V patterning is not tied to CNS patterning. Images adapted from Martín-Durán et al. (2018)
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