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ABSTRACT	OF	THE	DISSERATION	

	

The	role	of	a	SoxB1	gene	in	the	regeneration	and	function	of	sensory	neurons	in	the	
planarian	Schmidtea	mediterranea	

	

By	

	

Kelly	Gullette	Ross	

	

Doctor	of	Philosophy	in	Biology	
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	 Sox	genes	regulate	multiple	aspects	of	neurogenesis,	including	ectoderm	and	

neuroectoderm	specification,	maintenance	of	neural	stem	cells,	and	sensory	neuron	

specification	and	maintenance.	Homozygous	knockout	of	the	SoxB1	transcription	

factor	gene	Sox1	causes	epileptic	seizures	in	mice.	However,	the	genes	regulated	by	

Sox1	in	the	adult	nervous	system	or	the	roles	that	its	abnormal	function	plays	in	

disease	are	largely	unknown.	Planarian	flatworms	are	excellent	models	for	studying	

the	roles	of	transcription	factors	in	adult	neurogenesis;	these	animals	regenerate	a	
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molecularly	complex	central	and	peripheral	nervous	system	following	injury	or	

amputation	from	a	large	population	of	adult	stem	cells.	Thus,	we	wanted	to	use	

planarians	as	a	model	system	to	study	SoxB1	function	during	regenerative	

neurogenesis	in	planarians.	In	order	to	do	this,	my	dissertation	work	had	two	broad	

goals:	1)	the	further	development	of	methods	to	assess	the	effects	of	perturbations	

to	neurogenesis	in	planarian	flatworms	and	2)	to	assess	the	roles	soxB1	genes	play	

in	planarian	neurogenesis.	In	the	first	chapter,	I	describe	the	current	state-of-

knowledge	of	planarian	neurogenesis.	In	the	second	and	third	chapters,	I	

demonstrate	the	strides	we	have	taken	to	produce	more	antibodies	and	methods	to	

use	antibodies	to	label	multiple	planarian	cell	types	and	tissues.	And	finally,	in	

Chapter	4,	I	present	our	work	surveying	soxB1	function	in	planarian	neurogenesis.	

Through	this	work,	we	found	that	inhibition	of	soxB1-2	caused	a	seizure-like	

movement	phenotype.	By	using	single	cell	RNA	sequencing	data	(scRNA-seq),	we	

were	able	to	identify	an	ectodermal	progenitor	in	planarians	that	is	marked	by	

soxB1-2	expression.	Functional	and	expression	analysis	of	86	downstream	genes	of	

soxB1-2	revealed	17	genes	with	loss-of-function	phenotypes	that	recapitulated	

aspects	of	the	soxB1-2(RNAi)	phenotype.	16	of	these	genes	have	confirmed	

expression	in	neurons	and	by	coupling	expression	and	function	of	a	subset	of	these	

genes,	we	have	identified	at	the	molecular	level	a	rheosensory	(water	flow	sensory)	

population	in	planarians.	While	some	downstream	genes	are	implicated	in	genetic	

causes	of	epilepsy	disorders	(EDs)	in	humans,	additional	genes	represent	novel	

candidates,	in	particular,	genes	encoding	components	of	calcium	signaling	linked	to	
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primary	cilia	function,	which	represents	a	new	field	in	epilepsy	research.	Thus,	

these	studies	will	aid	in	establishing	planarians	as	a	genetic	model	in	which	to	study	

the	molecular	basis	of	seizure	disorders	in	humans.		
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INTRODUCTION	OF	THE	DISSERATION	
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SOXB1	PROTEINS:	ROLES	IN	ECTODERMAL,	NEUROECTODERMAL	AND	
SENSORY	NEURON	SPECIFICATION	

	
	 During	embryonic	development,	animals	must	generate	all	of	the	different	

cell	types	in	the	organism,	including	the	nervous	system.	SOXB	proteins	play	broad	

roles	in	the	developing	embryo,	from	maintaining	pluripotency	in	embryonic	stem	

cells,	to	specification	of	the	ectoderm	and	the	neuroectoderm,	and	in	development	

of	the	nervous	system	(Figure	I.1).	Sox	genes	predate	multicellularity	and	there	are	

over	20	different	Sox	genes	in	vertebrates	that	are	involved	in	many	different	

functions	[1,	2].	The	first	identified	member	of	the	Sox	gene	family	was	Sry	(sex-

determining	region	Y)	[3,	4].	This	gene	is	found	only	in	mammals	where	it	

determines	male	sex.	All	subsequently	identified	Sox	genes	share	approximately	

50%	or	higher	amino	acid	sequence	similarity	within	the	high-mobility	group	

(HMG)	box	domain	found	within	the	Sry	gene	[1,	5].	The	HMG	domain	of	SOX	

proteins	is	a	DNA-binding	domain	that	binds	to	the	minor	groove	of	DNA	causing	

bending,	which	assists	in	its	function	as	transcriptional	activator	or	repressor	by	

causing	further	recruitment	of	transcriptional	machinery	components	or	DNA-

modifying	complexes	[6,	7].	Within	the	SOX	gene	family,	subfamilies	are	designated	

based	on	sequence	similarity	and	generally	share	70%	or	higher	amino	acid	

similarity	(Figure	I.2).	These	subfamilies	likely	arose	from	multiple	rounds	of	

duplication	events	throughout	evolution	[5,	6].		

SoxB	subgroup	genes	contain	a	group	B	homology	domain	next	to	the	HMG	

domain	[8].	This	group	is	further	divided	into	SoxB1	and	SoxB2	subgroups	based	on	

additional	sequence	similarity	of	their	HMG	domains,	which	contain	highly	
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conserved	residues	at	key	positions	[9,	10].	The	split	between	SoxB1	and	SoxB2	

genes	is	thought	to	have	occurred	before	the	emergence	of	metazoans	[10].	While	

the	entire	Sox	gene	family	performs	crucial	roles	during	development,	SoxB1	genes	

represent	a	subfamily	whose	roles	in	development	start	at	the	very	beginning	of	

embryogenesis,	in	maintaining	the	pluripotency	of	stem	cells.	

The	SoxB1	gene,	Sox2,	is	expressed	in	embryonic	stem	cells	and	is	required	

for	the	establishment	of	these	cells,	maintaining	their	pluripotency,	and	allowing	for	

their	self-renewal	[11].	Additionally,	Sox2	represents	one	of	the	transcription	factors	

that	can	re-establish	an	embryonic	stem	cell-like	pluripotency	from	terminally	

differentiated	cells	when	used	in	combination	with	a	handful	of	other	transcription	

factors	[12].	These	feats	are	accomplished	through	transcriptional	activation	of	a	

variety	of	stem	cell-specific	genes	[13-15].	

One	of	the	first	steps	to	accomplishing	the	task	of	cellular	diversification	is	

the	formation	of	the	three	germ	layers	during	gastrulation:	the	outer	layer	

(ectoderm),	inner	layer	(endoderm),	and	middle	layer	(mesoderm).	The	majority	of	

neurons	in	the	adult	will	arise	from	the	ectoderm.	Therefore,	understanding	the	

molecular	signals	that	specify	the	ectoderm	is	the	first	step	in	understanding	how	

neurons	are	born.	SoxB	gene	expression	becomes	increasingly	confined	to	the	

ectoderm	during	gastrulation	[11,	16,	17].	In	the	sea	urchin,	Strongylocentrotus	

purpuratus,	SOXB1	antagonizes	β-catenin-mediated	Wnt	signaling	in	animal	pole	

cells	to	promote	ectodermal	cell	fate	[18].	Overexpression	of	SoxB1	during	

gastrulation	in	the	sea	urchin	leads	to	the	formation	of	ectodermal	spheres	[19].	
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Additionally,	SOXB1	promotes	the	transcription	of	SpAN	in	the	non-vegetal	domain	

in	sea	urchin	[20].	SpAN	encodes	a	tolloid-like	metalloprotease	that	is	likely	critical	

for	cell	movements	during	gastrulation,	thus	making	the	expression	of	SOXB1	

crucial	for	this	process	[19].	Finally,	the	SoxB1	gene,	Sox3,	promotes	ectodermal	fate	

in	frog	embryos	by	repressing	nr5,	a	gene	related	to	Nodal	[21].	Altogether,	

demonstrating	a	conserved	role	for	SoxB1	genes	in	formation	and	specification	of	

the	ectoderm.		

Following	formation	of	the	ectoderm,	SoxB1	gene	expression	is	further	

restricted	to	the	neuroectoderm	and	neural	precursor	cells	[11,	16,	22-24].	All	three	

members	of	the	mammalian	SoxB1	gene	subgroup	are	expressed	in	the	

neuroepithelium	and	are	implicated	in	specifying	neuoroepithelial	cell	fate	[25-27].	

Forced	expression	of	either	Sox1	or	Sox2	in	embryonic	stem	cells	directs	

differentiation	into	the	neuroectodermal	lineage	[28].	Sox1,	-2,	and	-3	keep	

neuroepithelial	progenitor	cells	in	an	undifferentiated	stem-like	state	by	

counteracting	proneural	basic	helix-loop-helix	(bHLH)	proteins,	which	force	

neuronal	differentiation	[25];	increased	expression	of	bHLH	proteins	and	SoxB2	

proteins	force	further	differentiation	of	neural	precursor	cells	at	the	expense	of	

SoxB1	gene	expression,	promoting	terminal	differentiation	of	neurons	[25,	29].	

Thus,	SoxB1	proteins	help	to	maintain	the	multipotency	and	self-renewal	

capabilities	of	the	neural	progenitor	population.	This	function	likely	continues	in	

adult	neurogenesis,	because	neural	progenitor	cells	in	the	adult	brain	express	SoxB1	

genes	as	well	[24,	30].		
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Later	during	development,	when	organogenesis	is	taking	place,	SoxB1	genes	

are	redeployed	for	the	specification	and	maintenance	of	sensory	neurons.	For	

example,	SoxB1	is	expressed	in	the	ciliated	sensory	epithelium	in	cuttlefish	[31]	and	

a	SoxB1	gene	is	implicated	in	determination	of	sensory	epidermal	cells	in	amphioxus	

[32].	Additionally,	in	human	embryonic	stem	cell	derived	neural	crest	models,	Sox2	

has	been	found	to	play	a	necessary	role	in	the	acquisition	of	neural	fates	in	sensory	

ganglia	[33].	Sox2	is	also	expressed	in	early	sensory	cell	precursors	and	is	required	

for	their	proliferation	and	specification	[34].	SoxB1	genes	directly	activate	

expression	of	∂-crystallin	expression	in	the	embryonic	eye	lens	[35].	Ectopic	

expression	of	the	SoxB1	gene	Sox3	leads	to	ectopic	sensory	placode	formation	in	

medaka	fish	[36].	And	finally,	SoxB	genes	are	expressed	in	the	ectodermal	cells	that	

contribute	to	photoreceptive	sensory	cells	in	sponges	and	ctenophores	[37-39],	

highlighting	the	roles	of	these	genes	in	sensory	organ	development	and	likely	a	very	

ancient	role	in	the	differentiation	of	sensory	cells.	

Given	the	versatility	and	importance	of	SoxB1	genes	during	neurogenesis,	it	

is	not	surprising	that	dysfunction	of	these	genes	during	development	can	lead	to	a	

neuronal	disorder	like	epilepsy.	In	fact,	Sox1	knockout	mice	have	increased	seizures	

and	a	decreased	life	span	[40].	SOX1-deficient	mice	exhibit	abnormal	excitability	in	

the	olfactory	cortex	correlating	with	a	deficit	of	postsynaptic	target	neurons	within	

the	olfactory	cortex,	including	GABAergic	projection	neurons,	which	are	part	of	the	

action	potential	inhibition	machinery	of	the	central	nervous	system	(CNS)	[40,	41].	

SOX1,	like	SOX2	remains	expressed	in	the	adult	brain	during	adult	neurogenesis,	
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suggesting	continued	roles	in	adult	neurogenesis,	including	a	role	in	activation	of	

the	bHLH	gene	function	that	overcomes	SoxB1	gene	function	to	promote	terminal	

differentiation	of	telencephalic	precursors	[42,	43].	However,	continued	expression	

of	SOX1	in	post-mitotic	telencephalic	precursors	is	necessary	for	proper	migration	

of	these	cells	to	the	ventral	striatum	[44].	Thus,	we	know	there	exist	links	between	

SoxB1	function,	formation	of	neuronal	architecture,	and	a	necessity	for	continued	

expression	of	SoxB1	genes	in	the	adult	brain,	but	exactly	how	this	system	works	

during	adult	neurogenesis,	is	currently	poorly	understood.	

The	planarian	flatworm	represents	an	excellent	model	system	in	which	to	

study	the	effects	of	SoxB1	gene	loss	in	adult	neurogenesis	due	to	their	amazing	

ability	to	regenerate	all	adult	tissues	and	cell	types	from	an	abundant	population	of	

adult	pluripotent	stem	cells	[45,	46].	However,	there	is	a	need	for	the	development	

of	additional	tools	to	study	changes	to	adult	neurogenesis	resulting	from	functional	

genetic	studies.	Thus,	Chapters	2	and	3	of	this	dissertation	represent	work	to	create	

additional	antibody	reagents	and	methods	to	label	planarian	tissues	for	

regeneration	and	neurogenesis	studies.	In	Chapter	4,	I	explore	the	function	of	SoxB1	

genes	in	planarian	adult	neurogenesis	and	find	that	loss-of-function	of	one	SoxB1	

gene,	Smed-soxB1-2,	leads	to	a	seizure-like	behavioral	phenotype.	Some	genes	

downstream	of	soxB1-2	are	related	to	epilepsy-associated	genes	in	humans.	

Therefore,	the	remainder	of	this	introduction	will	focus	on	the	need	for	more	

antibodies	to	study	planarian	stem-cell	based	regeneration	and	the	genetic	basis	of	
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epilepsy	in	humans,	which	will	lead	into	Chapter	1,	which	represents	an	in-depth	

review	of	the	current	state	of	knowledge	on	planarian	neurogenesis.	

	
	

A	NEED	FOR	IMPROVED	METHODS	TO	ASCERTAIN	PERTERBATIONS	TO	
NEUROGENSIS	IN	PLANARIANS	

	

The	precise	events	that	occur	during	regeneration	of	neurons	in	the	adult	

nervous	system	are	poorly	understood	and	thus	require	further	elucidation.	

Schmidtea	mediterranea,	a	planarian	species	for	which	several	molecular	tools	have	

been	developed,	is	a	useful	model	organism	for	nervous	system	regeneration	studies	

due	to	their	ability	to	regenerate	their	entire	body	following	injury	or	amputation	

[47-50].		This	ability	is	conferred	by	a	population	of	adult	stem	cells	that	exist	

throughout	the	adult	worm	and	constitute	approximately	20-30%	of	the	total	cell	

count	in	the	intact	animal	[49,	51,	52].		Planarian	stem	cells	proliferate	and	migrate	

to	sites	of	injury	where	they	contribute	to	the	regeneration	blastema	to	reconstitute	

missing	cell	types	and	structures	[51,	53,	54].	

Previous	findings	suggest	the	basic	genetic	programming	for	development	of	

the	planarian	brain	is	highly	conserved	with	that	of	the	vertebrate	brain	[55].	Like	

the	human	nervous	system,	the	planarian	brain	contains	serotonergic,	

dopaminergic,	GABAergic,	and	octopaminergic	neurons	[56].	In	addition	to	nervous	

system	similarities,	the	functional	analysis	of	two	msh/msx-related	transcription	

factor	genes	in	planarian	regeneration	has	demonstrated	that	this	family	of	genes,	

key	to	the	control	of	cell	differentiation	during	embryogenesis	in	vertebrates,	is	



	

	

8	

necessary	for	proper	regenerative	events	in	planarians	[57].		All	together,	these	

findings	strongly	support	the	suitability	of	planarians	as	a	model	system	for	CNS	

regeneration.	

Initial	structural	analyses	of	the	planarian	nervous	system	are	recorded	in	

works	dating	back	to	the	late	19th	century	[58].	The	advent	of	electron	microscopy	

in	the	20th	century	allowed	for	more	detailed	observations	of	the	intricate	structure	

of	the	planarian	nervous	system,	such	as	the	spongy	texture	of	the	cephalic	ganglia	

woven	with	muscles	and	processes	from	secretory	cells,	regularly-spaced	ganglionic	

knots	traversing	the	ventral	nerve	cords,	and	the	delicate	architecture	of	

subepidermal,	submuscular,	and	gastrodermal	plexuses	[50,	59-63].	In	recent	years,	

the	implementation	of	modern	molecular	tools	such	as	whole-mount	in	situ	

hybridization	(WISH),	genomic	sequencing,	and	the	ability	to	inhibit	gene	

expression	using	RNAi	have	provided	useful	information	regarding	gene	expression	

and	function	in	the	planarian	CNS.	Observations	based	on	mRNA	expression	in	the	

planarian,	Dugesia	japonica,	have	shown	that	4	distinct	molecular	domains	exist	in	

the	cephalic	ganglia	based	on	expression	of	homologues	of	Otd/Otx	family	genes	

[64].	Expression	of	a	gene	homologous	to	PC-2	(pro-hormone	convertase	2,	found	in	

other	animals	to	be	specifically	expressed	in	neurons	secreting	neuropeptides)	

observed	by	WISH	provides	a	well-defined	image	of	the	positioning	and	connection	

of	the	cephalic	ganglia	to	the	ventral	nerve	cords,	a	connection	occurring	on	the	

most	ventral	inside	region	of	the	cephalic	ganglia	[65].		
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The	visualization	of	mRNA	expression	patterns,	however,	does	not	allow	for	

a	complete	understanding	of	CNS	structure	and	connectivity;	visualization	of	

proteins	that	extend	along	the	length	of	axonal	and	dendritic	projections	allows	for	

visualization	of	connections	in	nervous	system	circuits.	It	is	therefore	of	interest	to	

use	antibodies	for	visualization	of	neuronal	proteins	in	this	model	system.	First,	an	

antibody	against	a	D.	japonica	homolog	of	synaptotagmin	allowed	staining	of	

neuronal	axons	[54].	Tracking	the	expression	of	this	protein	during	regeneration	

showed	that	neural	proteins	are	upregulated	in	the	brain	primordium	that	begins	

developing	while	the	ventral	nerve	cords	remain	truncated,	outside	the	blastema,	

disputing	a	conflicting	theory	that	the	cephalic	ganglia	form	as	an	extension	from	

the	established	ventral	nerve	cords	[66,	67].	Second,	an	extensive	screen	of	

commercially	available	antibodies	that	were	generated	against	other	organisms	

identified	four	antibodies	that	label	cells	within	the	CNS	of	S.	mediterranea	and	D.	

dorotocephala.	One	of	these	antibodies,	α+β	tubulin,	also	recognizes	ciliated	

epithelium,	while	others	are	classified	as	having	weak	staining	or	appear	to	stain	

neurons	within	the	CNS	without	specificity	to	any	particular	subset	of	neurons	[68].	

Furthermore,	Cebrià	et	al.	identified	five	antibodies	(anti-Synapsin,	anti-Serotonin,	

anti-Allatostatin,	anti-GYRFamide,	and	anti-NeuropeptideF),	as	specifically	cross-

reacting	with	neurons	in	the	CNS	of	S.	mediterranea,	allowing	for	characterization	of	

structures	that	was	previously	hindered	by	staining	methods	using	markers	such	as	

α-Tubulin	and	Phosphotyrosine	that	are	not	specific	to	neurons	[47,	48,	50].	Finally,	
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antibodies	have	been	generated	for	D.	japonica	to	stain	specific	neurotransmitter	

neuronal	populations,	such	as	serotonergic	and	dopaminergic	neurons	[69,	70].		

In	addition	to	antibodies	that	recognize	proteins,	a	protocol	has	been	

developed	for	the	visualization	of	neoblasts	(stem	cells)	in	S.	mediterranea	by	using	

a	monoclonal	antibody	against	5-bromodeoxyuridine	(a	reagent	used	for	its	ability	

to	incorporate	into	the	DNA	of	mitotically	active	cells)	[71].	However,	due	to	the	

complexity	of	the	planarian	nervous	system,	the	number	of	antibodies	that	have	

been	generated	for	use	in	planarians	or	that	cross-react	with	specific	neurons	in	

planarians	is	not	comprehensive,	and	this	list	is	further	limited	with	respect	to	S.	

mediterranea.	Thus,	one	of	our	goals	was	to	produce	monoclonal	antibodies	that	can	

be	used	to	label	neurons	and	other	tissues	in	planarians	(see	Chapter	2),	including	

an	antibody	that	labels	neuronal	projections	in	the	peripheral	nervous	system.	This	

work,	along	with	another	recent	publication	[72],	represents	the	newest	sets	of	

reagents	available	for	surveying	changes	in	planarian	tissue	regeneration	following	

RNAi	experiments.	While	testing	these	antibodies,	we	explored	extensive	variations	

to	antibody	labeling	protocols	and	how	these	alterations	affected	the	labeling	

efficiency	of	multiple	tissue-types	in	the	planarian.	We	summarized	this	

methodology	in	a	methods	chapter	aimed	at	providing	an	extensive	guide	to	using	

antibodies	for	immunohistochemical	labeling	of	planarian	tissues	(see	Chapter	3).	

Using	improved	methods	to	assay	perturbations	in	planarian	neurogenesis	

following	gene	inhibition	allowed	us	to	observe	changes	following	SoxB1-2	RNAi	and	

how	SoxB1-2	inhibition	led	to	an	epilepsy-like	phenotype	in	planarians.	
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THE	GENETIC	BASIS	OF	EPILEPSY	

Epilepsy	disorders	(EDs)	are	defined	as	neurological	disorders	consisting	of	

recurrent	epileptic	seizures	[73].	These	seizures	are	characterized	by	abnormal	

electrical	activity	in	the	CNS	[74].	An	estimated	3.5-6.5	per	1000	children	[75]	and	

10.8	per	1000	elderly	people	[76]	suffer	from	EDs	and	approximately	47%	of	all	

epilepsies	are	thought	to	have	a	genetic	basis	with	approximately	1%	of	these	cases	

having	a	monogenic	inheritance	[77],	therefore,	the	genetic	basis	of	epilepsy	

involves	complex	inheritance	patterns	[74,	78].	Although	idiopathic	epilepsies	are	

generally	polygenic,	understanding	the	genes	associated	with	monogenic	epilepsies	

can	provide	a	basic	understanding	of	the	neuronal	processes	that	dysfunction	in	this	

disease.	

	 The	most	common	genetic	mutations	associated	with	epilepsy	are	in	cation	

channel	genes,	with	the	most	prevalent	mutations	in	SCN1A,	which	codes	for	the	

Sodium	Voltage-Gated	Channel	Alpha	Subunit	1	protein	and	always	exhibits	

dominant	inheritance	patterns	associated	with	the	disease	[77]	[79,	80].	Sodium	

channels	are	necessary	for	initiating	and	propagating	action	potentials	in	neurons	

[80],	thus	resulting	in	alterations	to	the	excitability	of	various	neuronal	populations	

which	leads	to	electrical	imbalance	and	abnormal	function	in	the	CNS.		

	 Mutations	in	potassium	channel	genes	are	also	highly	associated	with	EDs.	

Mutations	in	these	genes	likely	lead	to	action	potential	alterations	in	numerous	

ways.	For	instance,	genes	that	comprise	the	Potassium	Channel	Voltage-Gated	KQT-

like	Potassium	Channel	result	in	epilepsies	by	disturbing	the	production	of	the	M	
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current	in	neurons,	which	is	responsible	for	stabilizing	neuronal	excitability	[81-83].	

On	the	other	hand,	mutations	in	the	gene	Potassium	Voltage-Gated	Channel,	Shaker-

Related	Subfamily,	Member	1	(KCNA1)	result	in	epilepsy	due	to	this	gene’s	

contribution	to	repolarization	and	shaping	of	action	potentials	at	presynaptic	nerve	

terminals	[84].	Alternatively,	mutations	in	Potassium	Channel	Tetramerization	

Domain-Containing	Protein	7	(KCTD7)	result	in	alterations	of	action	potential	by	

dysfunction	of	the	potassium	channels	voltage	gating	function	[85].	Once	again,	

demonstrating	that	dysfunctions	in	action	potential	lead	to	the	abnormal	neuronal	

excitability	associated	with	EDs.	Similarly,	mutations	to	Ca2+	channels	are	associated	

with	alterations	to	action	potentials,	which	result	in	EDs.	

	 Mutations	in	GABA	receptor	genes	are	highly	associated	with	EDs,	in	

particular,	mutations	in	genes	of	the	ionotropic	GABAA	receptor	family	(GABRA1,	

GABRB3,	GABRD,	and	GABRG2)	[79].	Reduced	GABAA	receptor	function	results	in	a	

decrease	of	GABA-mediated	neuronal	inhibition	leading	to	neuronal	

hyperexcitability	[86].	Additional	mutations	to	genes	responsible	for	the	function	of	

excitatory	and	inhibitory	neurotransmitters	have	also	been	identified	[77,	79,	87].	

Altogether,	these	represent	alterations	to	overall	neuronal	excitability.		

A	gene	family	that	is	not	currently	associated	with	epilepsies	based	on	

genome-wide	association	studies	(GWAS)	data	in	humans,	is	the	polycystic	kidney	

disease	gene	family	(pkd	genes).	These	genes	encode	for	Polycystin	proteins,	which	

are	expressed	on	the	primary	cilia	of	multiple	cell	types,	including	renal	epithelial	

cells,	where	they	promote	Ca2+	influx	following	fluid-flow	mechanosensation	[88].	A	
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link	between	Polycystin-L	function	in	the	primary	cilia	of	neurons	and	epilepsy	was	

recently	discovered	by	Yao	and	colleagues	[89].	They	demonstrated	a	role	for	

Polycystin-L	at	the	primary	cilia	in	neurons,	where	it	interacts	with	Beta-2	

adrenergic	receptors,	likely	resulting	in	the	observed	decrease	in	cyclic	AMP	

production	(which	is	known	to	inhibit	neuronal	excitability)	[90,	91].	These	results	

represent	an	exciting	new	field	in	epilepsy	research,	which	may	provide	a	

physiological	explanation	for	the	phenotypes	observed	in	Chapter	4.	However,	to	

understand	how	planarians	might	be	used	as	a	model	for	epilepsy	research,	it	is	

necessary	to	understand	the	planarian	nervous	system	and	the	conservation	of	

neurogenesis	between	planarians	and	vertebrates.	Therefore,	the	first	chapter	of	

this	dissertation	presents	a	comprehensive	review	of	the	planarian	nervous	system	

and	our	current	knowledge	of	planarian	neurogenesis.	
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FIGURES	

	

	

	

	

	

	

	
	 	 Figure	I.1:	Multiple	functions	of	SoxB1	genes.	Figure	adapted	from	[6].	
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Figure	I.2:	Phylogeny	of	the	Sox	gene	subgroups	in	mice.	This	unrooted	neighbor-joining	tree	
made	using	the	HMG	domain	sequences	of	SOX	proteins	from	M.	musculus	demonstrates	how	
variation	within	the	HMG	domain	led	to	grouping	of	the	genes	into	subfamilies,	which	are	designated	
by	green	letters.	The	outgroups	presented	are	the	HMG	domains	of	Lef1,	Tcf7,	and	Hmgb1	(Lymphoid	
Enhancer	Binding	Factor	1,	Transcription	Factor	7	T	Cell	Specific,	and	High	Mobility	Group	Protein	
B1,	all	proteins	within	the	HMG	superfamily).	Figure	adapted	from	[92].	
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Nervous system development
and regeneration in
freshwater planarians
Kelly G. Ross,1 Ko W. Currie,2,3,4 Bret J. Pearson2,3,4 and Ricardo M. Zayas1*

Planarians have a long history in the fields of developmental and regenerative
biology. These animals have also sparked interest in neuroscience due to their
neuroanatomy, spectrum of simple behaviors, and especially, their almost unpar-
alleled ability to generate new neurons after any type of injury. Research in adult
planarians has revealed that neuronal subtypes homologous to those found in
vertebrates are generated from stem cells throughout their lives. This feat is reca-
pitulated after head amputation, wherein animals are capable of regenerating
whole brains and regaining complete neural function. In this review, we summa-
rize early studies on the anatomy and function of the planarian nervous system
and discuss our present knowledge of the molecular mechanisms governing neu-
rogenesis in planarians. Modern studies demonstrate that the transcriptional
programs underlying neuronal specification are conserved in these remarkable
organisms. Thus, planarians are outstanding models to investigate questions
about how stem cells can replace neurons in vivo. © 2017 Wiley Periodicals, Inc.

How to cite this article:
WIREs Dev Biol 2017, 6:e266. doi: 10.1002/wdev.266

INTRODUCTION

The nervous system is one of the most complex
and fascinating organ systems in metazoans.

Neural networks regulate many aspects of animal
physiology and control behavior. Thus, understand-
ing how nervous systems develop, function, and are
remodeled throughout life is both a fascinating and
challenging topic. Decoding how particular neuronal
cell types are specified during development and pat-
terned and wired into a nervous system is a compli-
cated task in any animal model. To help inform the
cellular and molecular mechanisms underlying neural

development, many scientists utilize invertebrate
models, such as nematodes and flies, in which power-
ful genetic tools have allowed for dissection of
conserved mechanisms underlying neuronal develop-
ment. Another invertebrate nervous system that inter-
ests neurobiologists is that of the freshwater planarian,
a free-living member of the phylum Platyhelminthes.1

In contrast to nematodes or flies, these animals are
famous for their remarkable ability to regenerate all of
their tissues, including the central nervous system
(CNS), from a population of adult pluripotent stem
cells.2,3 In addition to this regenerative ability, pla-
narians were historically popular amongst neuro-
biologists because they were thought to be one of
the most primitive organisms to possess anterior
cephalization (‘brains’) and were ostensibly repre-
sented as an ancestor of the human brain.4,5 Contem-
porary data and evolutionary logic contradict this
earlier claim about planarians: with the exception of
placozoans and sponges (the latter are thought to use
putative neuronal-like cells),6,7 almost every member
of the animal kingdom possesses a nervous system.8

However, the morphological and molecular diversity
of neurons, how they are specified from progenitor
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cells, and how they are connected together to make a
functional nervous system varies substantially
between animal clades.6 It is widely accepted that the
ancestor of all bilaterally symmetric animals (the
‘urbilaterian’) already had a centralized brain that
distinguished itself from the prebilaterian nerve-nets
found in animals such as cnidarians.9 In fact, in all
bilaterians, neurons are organized into central gang-
lia and peripheral sensory organs.6 Planarians are
members of the spiralian superphylum that
includes annelids, molluscs, and brachiopods.7 Ele-
ments shared by the nervous systems within this
superphylum are likely ancestral, including several
thousand brain neurons, glial cells, a visual system,
ventral nerve cords, and a nerve-net-like peripheral
nervous system distributed throughout the body.8

However, other attributes of the planarian nervous
system might be clade specific and derived rather
than ancestral. In either case, the phylogenetic posi-
tion of planarians, their unlimited capacity for neuro-
genesis, and their experimental accessibility make
these animals excellent models to investigate outstand-
ing questions in adult neurogenesis.

The majority of planarian neural regeneration
and development studies have been performed across
three model species: Dugesia japonica, Schmidtea
mediterranea, and Schmidtea polychroa. These spe-
cies show extensive conservation in the anatomy and
gene expression patterns within the nervous system
and have been used interchangeably.10 This review
provides an overview of classic literature, describing
the intriguing anatomy of the planarian nervous sys-
tem and their tractable behaviors, as well as an in-
depth survey of our current knowledge of the molec-
ular mechanisms underlying regeneration and devel-
opment of the CNS.

ANATOMY OF THE PLANARIAN
NERVOUS SYSTEM
The shape of the planarian head and brain varies
across species (e.g., see Refs 11 and 12), but the nerv-
ous system morphology retains characteristics that are
common to planarians. The CNS is comprised of a
pair of cephalic ganglia (brain), photoreceptors (eyes),
and ventral nerve cords that run along the length of
the animal and are connected by transverse commis-
sures (Figure 1(a) and (b)). The brain and ventral
nerve cords can be readily distinguished by their ana-
tomical location and morphology using histological
and antibody staining techniques13–16 (Figure 1). The
nerve cords are the most ventral neural structures in
the animal and appear to terminate beneath the

ventral side of the brain,17 where they form synaptic
connections mainly to the ventromedial region of the
brain.18 The eyes are dorsal to the brain and are gen-
erally organized as clusters of approximately 25 photo-
receptor neurons that send rhabdomeric photosensory
projections into the adjacent pigment cup formed by a
monolayer of pigment cells.19 Photoreceptor axons
(labeled with anti-β-Arrestin in Figure 1(c))20 project
to the brain ipsilaterally or cross the midline (forming
an optic chiasm) and send contralateral projections
to unidentified synaptic partners in the brain.18,21,22

Neuronal cell bodies in the brain and ventral nerve
cords are organized in an outer layer (cortex) that
form synaptic connections in the inner neuropil.23

The neuropil can be visualized using antibodies
against abundant neural proteins like Prohor-
mone Convertase-2 (PC-2), Synapsin (Figure 1(d))
or Synaptotagmin,18,24,25 which reveal that the spon-
giform appearance is due to densely packed neu-
ronal processes and synapses.14,26,27 The two
lobes of the brain are connected by an anterior
commissure (Figure 1(b) and (d)) and possess
branches that extend to the head margins11; some
of the branches extend projections to the auricles
where they are hypothesized to participate in
chemosensation.18,28

The peripheral nervous system (PNS; Figure 1
(e)–(h)) is composed of subepidermal, submuscular,
and gastrodermal nerve plexuses.13,14,16,29 The sube-
pidermal plexus is located in between the epidermis
and the muscle wall14,29 (Figure 1(e) and (g)) and
forms a sparse mesh, likely because the cell bodies of
the neurons originate in a more proximal region of
the body. Thin processes from the subepidermal
plexus extend between epidermal cells (Figure 1(f ))
and are thought to function in sensory processes.
Beneath the muscle wall, a thicker and denser nerve
network, the submuscular plexus (Figure 1(e) and
(h)), is formed by bundles of nerve fibers that extend
in multiple directions from points of intersection.14

The pharynx contains inner and outer ring-like nerve
plexuses (Figure 1(e)) that can be easily observed by
staining with antibodies that label components of
synapses (Figure 1(d)). The anatomy of the gastroder-
mal plexus is less understood, but it has been
described as a thin net of single nerve fibers that sur-
rounds the intestine.14 Finally, there are numerous
nerve fibers crossing through the parenchyma and
other networks of nerves or extensive nervous system
innervation can be observed in the reproductive
structures of sexually reproducing planarians
(reviewed in Refs 14 and 30). Recent studies using
gene and antibody markers have begun to fill in
details on the anatomy of the planarian PNS.25,29,31
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In contrast, innervation of reproductive structures in
sexually reproducing planarians is an area ripe for
investigation.

In addition to broad characterization of CNS
and PNS organization, distinct nerve cell types have
been described by histochemistry, including unipolar
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FIGURE 1 | Overview of the anatomy of the planarian nervous system. All images are from Schmidtea mediterranea unless otherwise
specified. (a) Illustration of the nervous system in Schmidtea polychroa. (Adapted from Ref 181) Neural tissues are colored blue, reproductive
organs in orange, and the digestive system in yellow. (b) Brain branches extend laterally from the brain of S. polychroa as depicted by Micoletzky.
(Adapted from Ref 12) Ovaries are colored orange. Regions of interest are labeled on the image. (c) Eye spots on a live planarian head (located on
the dorsal surface) consist of pigment cups; photoreceptor neurons are located internally to an area devoid of pigment. Anti-Arrestin antibody
labels the photoreceptor neurons and their axons, which reveals the optic chiasm. The sensory neuron-dense auricles are devoid of pigment and
are located at the lateral edges of the head. (d) Anti-Synapsin antibody labels the synapses of planarian neurons, highlighting the anterior
commissure and neuropil of the brain, the ventral nerve cords and their transverse commissures and lateral branches, and the pharyngeal nerve
net. 1H6 antibody labels the peripheral nervous system, including axons extending through the ventral nerve cords. Scale
bar = 200 μm. (e) Cartoon depicting the anatomy of neural structures observed in a transverse cross section through the mid-body of a planarian.
Neural regions of interest are labeled on the image. (f ) The subepidermal plexus (blue; stained with 1H6 antibody) sends projections in between
epidermal cells (arrows, epidermal nuclei labeled with DAPI and pseudocolored yellow). The submuscular plexus is located beneath the body wall
muscle (muscle labeled with 6G10 mAb and pseudocolored magenta). (g) Examples of neural projections observed in the subepidermal and
submuscular plexuses (examples denoted with arrows, labeled with 1H6 mAb). Scale bar = 20 μm. ((f ) and (g) were reprinted with permission
from Ref 29. Copyright 2015 BMC)
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and bipolar neurons, neurosecretory cells, and glial
cells.13,15,27,30,32–35 The anterior portion of the head
is also characterized by lateral regions referred to as
the auricles (Figure 1(a)–(c)), which are thought to
possess ciliated sensory neurons that can be distin-
guished with anti-Acetylated-Tubulin antibody label-
ing. The auricles are also thought to contain
chemosensory neurons28; when these structures are
amputated the animals are unable to detect
food.36–39 Similar chemosensory function has also
been ascribed to the tip of the pharynx.16,40–42

Taken together, histochemical studies have built a
solid description of the gross anatomy of the planarian
nervous system. Yet, it is the reintroduction of these
organisms in the modern molecular era, especially the
application of whole-mount in situ hybridization,43–45

the ability to perform RNAi knockdown of genes
expressed in neurons,46,47 and transcriptomic
projects,48,49 that has expanded our knowledge of the
properties of the planarian nervous system.

MOLECULAR AND FUNCTIONAL
HETEROGENEITY OF THE
NERVOUS SYSTEM
High-throughput expression and functional screens
have established an abundance of molecularly and func-
tionally distinct neural populations in planarians50–57

(Tables 1 and 2). For example, planarians possess
dopaminergic,58 serotonergic,59 GABAergic,60

cholinergic,61 and octopaminergic62 neuronal popula-
tions (neurotransmitters are shown in Figure 2(a)–(d)).
They also display compartmentalization within the
brain that can be defined by expression of conserved
genes.43,54 The medial/ventral region of the brain
expresses otxA,54 arx63 and pitx,64,65 whereas the
outer cortex of the brain expresses otxB54 and the
lateral branches express otp,43 g-protein coupled
receptor (gpas),17 and cyclic nucleotide-gated
channel-156 (see examples of gene expression com-
partmentalization in Figure 2(e)). Lastly, putative
sensory cells located at the dorsolateral region of the
branches express distinct genes like Smed-cintillo.66

The synapse dense brain neuropil contains glial cell
bodies with elaborate processes. Planarian glia can be
visualized by expression of a neurofilament gene
(Smed-if-1) and a gene sharing similarity with a proto-
cadherin family gene (Smed-calamari). These cells lack
expression of neural markers Smed-synapsin, -synap-
totagmin, and -chat, indicating that they are non-
neuronal,56,57 and are marked by Smed-glutamine
synthetase (gs) and Smed-excitatory amino acid
transporter-2/glt-1 (eaat2), which are homologous to

genes expressed in vertebrate astrocytes.67,68 Label-
ing of these cells with anti-IF-1 antibody demon-
strates that the glial cell processes surround areas of
high synaptic density.57

The expression pattern of genes marking dis-
tinct neuropeptidergic populations69–71 exemplifies
the molecular heterogeneity and complexity of the
planarian nervous system (Figure 2(f )). There are
dozens of neuropeptide genes, encoding at least
140 neuropeptides in S. mediterranea69 and at least
21 neuropeptide-coding genes have been described in
D. japonica.71 These genes are expressed in distinct
and often very limited populations of neurons span-
ning diverse spatial patterns across the planarian
body. Unique functions are now being attributed to
some of these neuropeptide genes. In D. japonica, at
least five neuropeptide genes are implicated in phar-
ynx extension.71 Additionally, signaling involving
Smed-npy-8+ neuroendocrine cells and cells expres-
sing the GPCR Smed-npyr-1 (Figure 2(g)) regulate
germline development in the sexual strain of
S. mediterranea.69,70

The most tractable example of neuronal hetero-
geneity is that of the photoreceptor neurons, a small
population of cells that are relatively easy to label
post-fixation. Planarian visual neurons share many
common features with cerebral eyes. An elegant
study performed RNA-seq on eyes isolated from live
planarians; these experiments identified approxi-
mately 600 genes enriched in planarian
photoreceptors,72 including many conserved eye mar-
kers such as TRP channels,72 R-Opsin,47 and
β-Arrestin orthologs.22 Interestingly, multiple genes
expressed in the photoreceptor neurons are spatially
segregated. Anterior photoreceptors express Smed-
SoxB1-1 (Smed-SoxB), Smed-Smad6/7-2, and the
neuropeptide gene Smed-eye53-1, whereas the poste-
rior photoreceptor neurons express Smed-zfp-2 and
the neuropeptide genes Smed-eye53-2 and Smed-mpl-
2.69,72,73 Smed-mpl-2 is also expressed in a ventral
photoreceptor neuron population that lacks eye53-2,
suggesting further heterogeneity along the Dorsal–
Ventral (DV) axis of the photoreceptor neurons.69 A
thorough comparison of the functional differences
between these different populations has not been
explored, but a dye-tracing study showed preferential
projection of anterior photoreceptor neurons to the
contralateral side of the brain, indicating potential
differences in function.18

Classically, the function of neurons can be stud-
ied and defined by recording their electrical proper-
ties in combination with stimulation, but in
planarians, this technique has only been successfully
applied to the photoreceptor neurons.74–77
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Consequently, the field has relied on RNAi technol-
ogy to assess the function of neuronal populations.
Candidate-based functional assays show that many
genes responsible for neural programs in vertebrates
have similar roles in planarians (Table 2). These ani-
mals have stereotypical behaviors such as a response
to water flow (rheotaxis), preference for smooth sur-
faces and other thigmotactic responses, movement
away from light (negative phototaxis), movement
toward food (chemotaxis), and movement toward
cooler areas (thermotaxis),40,78 with which conse-
quences of genetic perturbations can be
assayed.21,79–81 Planarians ordinarily move by glid-
ing, which is powered by ventral motile cilia82 that
beat with metachronal synchrony.83 The worms are

also capable of muscle-driven movements like
inching61 and scrunching,84 providing more testable
modalities. The combination of molecular functional
experiments with behavioral and movement analyses
led to the determinations that serotonergic neurons
coordinate cilia-driven gliding64,65 and thermotaxis,85

whereas autonomous muscle-driven movements are
attenuated with loss-of-function of either dopaminer-
gic58 or cholinergic neurons,61 highlighting roles for
these neurotransmitters similar to those found in other
animals, including mammals. Additionally, GABAer-
gic neuronal function is implicated in phototaxis
behavior.60 An overall loss of brain function results in
diminished behavioral outputs (e.g., phototaxis and
thermotaxis),79,81,85 which demonstrates the brain’s

TABLE 1 | Commonly Used Whole-Mount In Situ Hybridization and Antibody Markers for the Planarian Nervous System

Type of Marker Gene/Antibody Target Labeled Cells References

Broadly Expressed Neuronal
Genes

Dj-prohormone convertase 2 (pc-2) Neuronal cell bodies 22

Dj-choline acetyltransferase (chat) Cholinergic neurons 61

Pan-Neural Anti-SYNORF (Synapsin) Neuronal axon tracts 25

Dj-Synaptotagmin Neuronal axon tracts 24 and
152

Glia Smed-intermediate filament-1 (if-1) Glial cell bodies 56 and 57

Anti-Smed-IF-1 Glial cell bodies and their processes 57

Visual System Anti-Dj-Arrestin (VC-1) Photoreceptor neurons and visual axon tracts 20 and 22

Smed-tyrosinase Pigment cup cells 115

Smed-ovo Photoreceptor neurons, pigment cup cells,
and eye progenitor cells

72

Neuronal Subpopulations Dj-glutamic acid decarboxylase (gad) GABAergic neurons 60

Dj-tyrosine hydroxylase (th) Dopaminergic neurons 58

Dj-tyramine-beta hydroxylase (tbh) Octopaminergic neurons 62

Dj-tryptophan hydroxylase (tph) Serotonergic neurons 59

Anti-5-HT Serotonergic neurons and axon tracts 25

Dj-G-beta Lateral brain branches 152

Anti-Neuropeptide F Diffuse neurons (most often associated with
ventral nerve cords)

25

Anti-GYRFamide Most neurons in cephalic ganglia and ventral
nerve cords

25

Smed-cintillo Lateral chemosensory neurons (putative) 66

Dj-g-protein alpha subunit (gpas) Lateral brain branches 17

Dj-otxA Medial brain region 54

Dj-otxB Lateral brain region 54

Dj-otp Lateral sensory brain branches 43

Smed-cyclic nucleotide gated (CNG)
channel-1

Lateral sensory brain branches 56

Neuropeptide genes Multiple neuropeptidergic populations 69

Some markers nearly label the entire central nervous system, whereas others specifically label the visual system or other discrete neuronal subpopulations. In
situ hybridization mRNA probes are italicized.

WIREs Developmental Biology Neurogenesis in planarians

Volume 6, May/June 2017 © 2017 Wiley Per iodica ls , Inc. 5 of 26



	

	

32	

role in decision-making processes in response to
environmental cues.

The function of many genes that are expressed
in neural populations is still unknown and there are
many cell types that remain poorly understood. For
instance, the control of autonomous muscle move-
ment by cholinergic neurons61 suggests that a motor
neuron population exists in planarians. Although
projections from cholinergic neurons61 have been
found in close proximity to the unique muscle cells

that make up the planarian body wall
musculature,86 the motor neuron population and
how it innervates the musculature remains unchar-
acterized. Thus, on-going work is improving the res-
olution of what we know about the organization
and specific identity of the many types of neurons in
the planarian nervous system. It is this molecular
complexity that has drawn even more excitement to
investigate how these animals construct the nervous
system in the totipotent zygote and then retain an

TABLE 2 | Abnormal Behavioral Phenotypes Observed after RNAi Knockdown and the Neuronal Cell Population(s) Affected

Gene Name Behavioral Phenotype Cell Type Affected References

Smed-ovo Loss of negative phototaxis Photoreceptor neurons and eye
pigment cells

72 and 125

Dj-eye53, 1020HH Loss of negative phototaxis Photoreceptor neurons and cells
in the brain

17 and 21

Dj-gad Loss of negative phototaxis GABAergic neurons 60

Smed-netR (dcc), Smed-netrin2 Decreased negative phototaxis Photoreceptor neurons 149

Smed-pitx, Smed-lhx1/5-1 Loss of gliding locomotion Serotonergic neurons 64 and 65

Dj-tph Loss of thermotaxis (when expression
in the head is lost)

Serotonergic neurons 85

Dj-TRPMa Loss of thermotaxis TRPMa+ sensory neurons 85

Multiple neuropeptide genes Loss of ability to extend pharynx Multiple neuropeptidergic
populations

71

Smed-dynaminA-1 Uncoordinated locomotion All neurons 155

six-1, eya (multiple species) Loss of negative phototaxis Photoreceptor neurons and eye
pigment cells

124, 126, and
127

Smed-pc-2 Loss of coordinated movement and
paralysis

All neuropeptidergic neurons 51 and 156

Dj-chat Reduced drug-induced muscle
contractions

Cholinergic neurons 61

Dj-th Attenuation of drug-induced muscle
contractions

Dopaminergic neurons 58

Smed-β-tubulin Loss of coordinated movement and
paralysis

All neurons 51

Smed-ActivinR-1 Flattened body posture and
movement defects

Unknown 51 and 95

Smed-inr-1 Locomotion defects Unknown 103

Smed-RNA-binding protein homolog
(HE.1.08H)

Locomotion, flipping response, and
eating defects

Unknown; enriched in neurons 51 and 88

Smed-Na+/K+ ATPase transporter
(HE.4.01H)

Locomotion, vibration response,
flipping, and light response defects

Unknown; enriched in neurons 51 and 88

Smed-secretory granule
neuroendocrine protein (HE.4.05F)

Locomotion, vibration response,
flipping, and light response defects

Unknown; enriched in neurons 51 and 88

Smed-SoxB2-2 Reduced vibration response Unknown 56

Smed-fli-1 Loss of chemotaxis Chemosensory branches in the
cephalic ganglia

56

Smed-Elongation factor Tu
(NBE.1.05B)

Locomotion defects Unknown; enriched in neurons 51 and 88
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FIGURE 2 | Legend on next page.
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unprecedented capacity to regenerate, in a matter of
days, the molecularly complex nervous system of
the post-embryonic worm.

MOLECULAR MECHANISMS
UNDERLYING NERVOUS
SYSTEM REGENERATION
Planarians are capable of repairing the CNS following
any injury, but it is whole-brain regeneration follow-
ing head amputation that provides the most striking
and unparalleled paradigm to study de novo replace-
ment of a CNS organ in an adult bilaterian. Owing to
their fast regeneration capacity and the abundance of
genomic resources, S. mediterranea and D. japonica
have been the most popular species for regeneration
studies.1 Following decapitation, these worms restore
a fully functioning nervous system in 1 week17,21

(Figure 3). Through the extensive use of whole-mount
immunohistochemistry and in situ hybridization
experiments, major events of brain regeneration have
been broken down into a series of steps.17,31,43,51,54

The first clusters of neurons in the anterior blastema
appear within 24–48 h.17,43,54,56 This nascent brain
is distinguishable from the truncated ventral nerve
cords in the pre-existing tissue located beneath the
blastema, and within 36 h, these newly specified cells
begin to express mRNAs restricted to distinct regions
of the brain.43,54,56 In 2–3 days following amputa-
tion, new neural connections are formed that are
characterized by the reappearance of the anterior
commissure between the two halves of the brain, the

formation of the optic chiasm, and connection
between the new brain and the pre-existing nerve
cords.43,54 Brain morphology is restored between 3
and 5 days post-decapitation, as inferred by the
appearance of the dense neuropil and restoration of
simple behaviors. After 7 days of regeneration, the
new brain resembles the uninjured (intact) brain and
is coincident with full functional recovery.21,51,85

Recent work has begun to uncover signals and
genetic programs that coordinate head regeneration.
Following decapitation, several signaling cues,
including established polarity factors and other yet
unidentified molecules, induce regeneration of the
head and brain at the anterior wound site. Subse-
quently, differentiation programs become activated
that direct nearby stem cells to generate neural pro-
genitors that differentiate and integrate with already
existing neural tissues to restore full brain function
(Figure 3(f )). During regeneration and homeostasis,
positional cues also control the size and shape of the
newly formed nervous system and maintain allomet-
ric proportion with the rest of the organism. In the
sections to follow, we survey the evidence supporting
discrete steps underlying regeneration and neuronal
replacement in planarians.

Kick-Starting Head Regeneration: Restoring
Anterior Polarity
Immediately following tissue loss, a wound-response
program is activated.87,88 Of the numerous early
wound response genes, only notum, the Wnt signal-
ing inhibitor, is differentially expressed at the

FIGURE 2 | The planarian nervous system is comprised of distinct neuronal subtypes. The species used for each image are specified in the
corresponding panels. (a) Whole-mount in situ hybridization labeling of genes that encode enzymes required for the synthesis of neurotransmitter
populations: Dj-glutamic acid decarboxylase, GABAergic neurons; Dj-tyrosine hydroxylase, dopaminergic neurons; Dj-tryptophan hydroxylase,
serotonergic neurons; Dj-choline acetyl transferase, cholinergic neurons; Dj-tyramine beta hydroxylase, octopaminergic neurons. (b) Antibody
labeling of the enzymatic proteins found in the same neurotransmitter populations as in (a). ((a) and (b) are reprinted with permission from:
GABAergic neurons (Ref 60. Copyright 2008 Elsevier); dopaminergic neurons (Ref 58. Copyright 2007 John Wiley & Sons; Ref 182. Copyright 2011
John Wiley & Sons); serotonergic neurons (Ref 59. Copyright 2007 Elsevier); cholinergic neurons (Ref 61. Copyright 2010 Elsevier); octopaminergic
neurons (Ref 62. Copyright 2008 Elsevier)) (c) Double-labeling of octopaminergic and dopaminergic neurons with antibody markers (same markers
as specified in (b)) shows that these neuronal populations are unique. Arrowheads and arrows point to octopaminergic and dopaminergic neural
cell bodies, respectively. Scale bar = 50 μm. (Reprinted with permission from Ref 62. Copyright 2008 Elsevier) (d) Glutamic Acid Decarboxylase+

(GABAergic neurons) and Tyrosine Hydroxylase+ (dopaminergic neurons) represent distinct and separate populations of neurons in the dorsal
region of the brain. (Reprinted with permission from Ref 60. Copyright 2008 Elsevier) (e) The brain contains distinct spatial domains identified by
expression of specific genes. Expression of the transcription factors Dj-otxA, -otxB, and -otp is restricted to the medial region of the brain, the
region of the brain below the photoreceptors, and the lateral branches of the brain, respectively. The cartoon depicts the mediolateral expression
pattern of all three genes in the planarian brain. (Reprinted with permission from Ref 54. Copyright 1999 Springer) (f ) Planarians have many
distinct neuropeptidergic populations, including Smed-ppp-1+, -spp-1+, and -npp-2+ neurons, which are detected throughout the body and are
abundant in the central nervous system (CNS) of Schmidtea mediterranea. (Reprinted with permission from Ref 69. Copyright 2010 PLOS)
(g) Neurons expressing Smed-npy-8 target a distinct population of Smed-npyr-1+ cells in the CNS of S. mediterranea hermaphrodites. Distinct cell
populations can be visualized by labeling animals with probes for specific neuropeptide genes (Smed-npyr-1, red; Smed-npy-8, green; DAPI, gray).
Function of both of these genes is required for sexual maturation and differentiation of the germ cells. (Reprinted with permission from Ref 70.
Copyright 2016 PLOS) Anterior is up in all images except for (g) where anterior is to the left.
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anterior wound site early (before 12 h post-amputa-
tion) and is required for anterior regeneration.88,89

Thus, Wnt-mediated re-establishment of Anterior–
Posterior (A–P) polarity is a key component of the
wound-induced regeneration program. Excessive
Wnt signaling caused by silencing pathway antago-
nists Smed-notum or Smed-adenomatous polyposis
coli (APC) can completely block head
regeneration.89–91 In contrast, RNAi against the
canonical Wnt signal transducer, Smed-β-catenin-1,
causes global anteriorization of the body plan, with
extreme cases exhibiting ectopic brain formation at
the lateral margins of the animal.90–92 Similarly,
excessive Hedgehog pathway activity blocks head
and brain regeneration following decapitation, in
part by regulating the expression of Wnt genes.93,94

A follistatin homolog, Smed-fst, is also upregulated
after amputation and promotes normal head and
brain regeneration by inhibiting the TGF-β family
member Smed-activin.95 In addition to these classical
signaling pathways, several transcription factors are
necessary for establishing anterior identity.96,97 One
key transcription factor is Smed-prep, a homeotic
transcription factor involved in instructing anterior
regeneration in response to polarity cues. Knock-
down of Smed-prep activity does not inhibit early
polarity gene expression in the anterior pole, but
does block regeneration of anterior tissues, including
the brain.98,99 Many HOX genes are expressed in
restricted domains along the A–P axis,100 but no
phenotypes have yet been observed and it is
unknown whether the HOX genes provide spatial
information during regeneration. Thus, as in embry-
onic development, establishment of axial polarity
and tissue patterning are upstream of the signaling
cues required for activation of cell differentiation
programs in regeneration. Notwithstanding, little is
known about the downstream signals that induce
head formation and regulate neurogenesis in
planarians.

Signaling Factors Involved
In Brain Induction
Studies have convincingly illustrated that head for-
mation during regeneration is facilitated by creating
a head-permissive environment via repression of
canonical Wnt signaling at anterior facing wounds.
It is reasonable to hypothesize that inductive signals
must confer head cell fate identify to neoblasts, but
identification of those signals has largely eluded
global gene expression profiling approaches. Never-
theless, some potential factors or downstream effec-
tors have been identified from RNAi screens. The

epidermal growth factor receptor (EGFR) signaling
pathway is crucial for neoblast regulation and cell
fate specification.101–103 Smed-egfr-3 RNAi inhibits
blastema formation and impairs cellular differentia-
tion because of a dysregulation in asymmetric cell
division.101,103 Smed-egr-4, a putative downstream
target of Smed-egfr-3, is primarily expressed in the
brain and is required for brain regeneration; when
Smed-egr-4 is knocked down, planarians re-
establish anterior polarity, but fail to induce neural
specification or form a brain primordium.104 A
neuregulin homolog, Smed-nrg-7 is also expressed
in the brain and regulates stem cell division and
specification. The Smed-nrg-7 RNAi phenotype
recapitulates the effect of Smed-egfr-3 knock down.
In addition, biochemical analyses indicate that
Smed-nrg-7 encodes a ligand for Smed-egfr-3,103

further implicating this ligand-receptor pair in neo-
blast cell fate commitment. A recent RNAi screen
has also identified putative signaling molecules
CRELD, F-spondin, and LDLRR family genes, all
of which encode secreted or transmembrane pro-
teins that could be involved in cell signaling
required for brain regeneration.56

Other classic signaling pathways have been
implicated in the induction of stem cell differentia-
tion. Fibroblast Growth Factor (FGF) receptors
(FGFRs) are expressed in neoblasts105 and perturba-
tion of the FGFR-like gene nou-darake (ndk; Japa-
nese for ‘brains everywhere’) leads to ectopic
neurogenesis.106 However, no FGF-like molecules/
ligands have been identified to date, nor is it clear if
FGF signaling functions as an inductive signal (the
role of ndk in patterning is discussed below). One
pathway that plays a role in neoblast neural fate
commitment is the Hedgehog-signaling pathway. In
addition to its many known morphogenetic roles in
animal development, Hedgehog molecules often act
as mitogenic signals in nervous system develop-
ment.107 Smed-hedgehog (hh) is required for regula-
tion of glial gene expression in planarians, a common
feature of Hedgehog signaling in other model organ-
isms.57,108,109 The mature nervous system is the
major source of Dj/Smed-hh expression, and Hedge-
hog signaling levels have been shown to positively
influence global proliferation dynamics in the planar-
ian body.93,94 Smed-hh is expressed by cholinergic,
GABAergic and octopaminergic neurons in the
medial region of the brain,63 and neoblasts located in
between the medial cortex of the brain express the
core hh signaling transduction genes (Smed-patched,
-smoothened, and -gli1).63 When hh expression is
reduced, fewer neural progenitor cells are present
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FIGURE 3 | Legend on next page.
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between the halves of the brain and fewer cholinergic
neurons are generated.63

Neuronal Specification: From Neoblasts
to Neurons
The most crucial step in neurogenesis is the activa-
tion of transcriptional regulatory networks that pro-
mote generation of specific neurons from the stem
cell population. The last decade has provided insights
into transcription factors necessary for planarian
neurogenesis. Evidence of early neoblast cell fate
commitment comes from studies demonstrating that
subsets of stem cells express lineage-specific tran-
scription factors. In situ hybridization to the pan-
neoblast marker Smed-piwi-1, combined with pulse-
chase experiments using thymidine analogs (that
are exclusively incorporated in proliferating stem
cells and remain in their post-mitotic progeny),110

have revealed some of these cycling neoblasts
that are fated (or ‘specialized’111) to specific
lineages.72,87,111–118 Individual RNAi knockdowns of
some genes expressed in lineage-committed neoblasts
profoundly affect neurogenesis. For example, Smed-
coe is required for the differentiation of multiple sub-
sets of neurons (e.g., Smed-cpp-1+ neurons; Figure 4),
and the bHLH family members Smed-sim and Smed-
hesl-3 are required for brain regeneration.56,112,119

Smed-hb-2, -mitfl-2, -da, -castor, -pax3/7, and -klf
(Smed-klf is required for regeneration of Smed-cin-
tillo+ sensory neurons; Figure 4) represent additional
examples of transcription factor genes that have been
previously implicated in neural development that are
also expressed in lineage-committed neoblasts.111

The adipocyte lipid-binding protein gene, Smed-ap2

is required for the production of Smed-trpA+ brain
neurons during regeneration (Figure 4); along with
other lineage-restricted neoblast populations,
Smed-ap2+/piwi-1+ neoblasts are expressed near
the tissues that require their expression for regener-
ation (in this case, the brain).87 In some cases, neu-
ral transcription factor genes have been shown to
function as terminal selector genes in planarians
(i.e., they are necessary for both the initial specifi-
cation and the maintenance of neuronal identity
for the entire life of the cell).120 In particular,
Smed-lhx1/5-1 and Smed-pitx are indispensable for
the maintenance and function of serotonergic neu-
rons64,65 (Figure 4).

One gene that is upregulated following amputa-
tion and is expressed within a subset of neoblasts
near the wound site87 is the Runx family transcrip-
tion factor, Smed-runt-1.56,121 Smed-runt-1 is neces-
sary for the expression of downstream transcription
factors that are involved in the differentiation of neu-
ral tissues.87 As a result, Smed-runt-1 RNAi animals
have reduced levels of some neural progeny genes,56

lack particular subsets of mature neurons, and fail to
regenerate the eyes normally.56,87 In vertebrates, the
expression of the SoxB2 gene Sox21 is important for
the progression of neurogenesis.122 A recent func-
tional screen found that the SoxB2 gene, Smed-
SoxB2-2, that is expressed in some stem cells and
their progeny,123 is likely playing an important role
in neurogenesis during regeneration. SoxB2-2 RNAi
animals regenerate a smaller brain and have a reduc-
tion in the expression of neural progenitor genes.56 It
should be noted that the best-understood example of
neuronal regeneration at the cellular level is that of
the photosensitive neurons, which involve the

FIGURE 3 | Planarian brain regeneration visualized by staining animals with specific gene or protein markers. Species used for each
experiment are indicated to the left of the images. (a) Live regenerating Schmidtea mediterranea. In the live images, the blastema is easily
distinguishable at 2 days post head amputation (2d, arrowhead). As the blastema grows, eyespots are visible by 3 days post-amputation
(3d) and become well developed as regeneration continues (arrows in 3d and 5d). (b) Brain regeneration visualized by the appearance of
neuronal cell bodies marked by expression of Smed-th, which labels serotonergic neurons. The appearance of the brain primordia is observed
as small clusters of cells beginning at day 2 of regeneration. These clusters are more defined as more neurons differentiate at day 3 of
regeneration (arrows in 2d and 3d images). (c) Regeneration of the brain branches visualized by in situ hybridization to Dj-517HH (a gene
encoding a receptor protein tyrosine phosphatase). Branches extend laterally from the regenerating brain by 5 days post-amputation (arrows
in 5 days image), increase in length, and appear denser as regeneration proceeds. (d) Regeneration of the brain neuropil labeled with anti-
Dj-Synaptotagmin antibody. In this regeneration time series, reconnection of the brain lobes is observed by day 3 of regeneration (arrowhead
in day 3 image); the transverse commissures of the nerve cords appear ventrally in relationship to the cephalic ganglia (denoted with arrow
in day 5 image) and the fully re-established brain morphology is apparent by day 7 of regeneration. (e) Re-establishment of neural network
during brain regeneration visualized by labeling a subset of axonal projections with anti-Neuropeptide F. At 2 days post-amputation, the
brain lobes are not yet connected at the anterior commissure (arrowhead in 2d image). By 3 days post-amputation, the brain lobes begin to
reconnect at the anterior commissure (arrowheads in 3d and 4d images) and the transverse commissures of the ventral nerve cords are also
re-established (arrow in 3d image). Anterior is to the top in all images. (Reprinted with permission from: Smed-th and NPF (Ref 31. Copyright
2012 UBC Press); Dj-517HH (Ref 183. Copyright 2011 Company of Biologists, which was reprinted from Ref 17. Copyright 2002 John Wiley &
Sons); DjSYT (Ref 17. Copyright 2002 John Wiley & Sons)). (f ) Schematic depicting some of the major events involved in whole-brain
regeneration.
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function of conserved transcription factors eyes
absent, sine oculis, ovo and six-1/2.72,124–127

Given that dozens of different neuronal cell
types have been identified, much remains to be
learned about the mechanisms regulating neurogene-
sis in planarians. Application of single cell sequencing
technology has expanded our ability to identify neo-
blast subclasses and to begin resolving stem cell
lineages.128 It is well established that all cell types in
planarians arise from a pluripotent stem cell popula-
tion (coined clonogenic Neoblasts or cNeoblasts129).
Recent single cell sequencing analysis of neoblasts
from the head region of planarians combined with in
silico analysis that can predict the lineage trajectory
of single cells have helped to further characterize the
neural neoblast population.113 This analysis captured
the progression from the least restricted neoblast
population (possibly cNeoblasts), to neoblasts
expressing neuronal cell fate determinants, and

finally to a population that is highly enriched for
neural genes but still found within the mitotically
active neoblast population. This cell population,
called ‘nu’ Neoblasts (νNeoblasts),113 is characterized
by very low expression of Smed-piwi-1, high expres-
sion of Smed-piwi-2 (expressed in neoblasts and also
in the brain), and detectable expression of PIWI-1
protein (which perdures into post-mitotic progenitor
populations130). This gene expression profile strongly
indicates that νNeoblasts represent a population of
neuronal progenitors113,130,131 (Figure 5). Further-
more, many of the genes highly expressed in
νNeoblasts appear to be expressed in mature neural
populations as well, including homologs of some
classic neuronal progenitor markers like Smed-elav-2
and -musashi-1 (msi-1) (Figure 5; msi-1 is also
referred to as Dj-mlgB132). νNeoblasts also show a
peak of expression of the bHLH transcription factor
achaete-scute homolog, Smed-ascl-2, at a point of

control(RNAi) control(RNAi) control(RNAi) control(RNAi)

G betaTrpAcintillocpp-1 sert

control(RNAi)

24 d RNAi
Uninjured

22 d RNAi
Uninjured

Experimental designs for each panel

7 dpa 7 dpa 9 dpa

coe(RNAi) klf(RNAi) ap2(RNAi) pitx(RNAi) DSCAM(RNAi)

FIGURE 4 | Inhibition of genes expressed in neuronal progenitors or involved in nervous system patterning causes defects in nervous system
regeneration. All images are from Schmidtea mediterranea unless otherwise specified. Illustrations of the experimental design are displayed above
the corresponding panels. Where specified, images show uninjured worms following the specified period of RNAi exposure or of worms treated
with RNAi, amputated (amputation site denoted by gray dashed lines) and allowed to regenerate for the specified time period. The blue dashed
boxes in the cartoons indicate the region of the animals shown in the figures below. Smed-coe knockdown results in loss of Smed-cpp-1+

neuropeptidergic cells in the head. Smed-krüppel-like factor (klf) RNAi causes a loss of Smed-cintillo+ putative sensory neuron gene expression
(magenta) in the anterior of the head. Smed-ap2 RNAi results in loss of Smed-transient receptor potential A (TrpA+, green) neurons in the brain.
Smed-pitx RNAi knock down results in loss of Smed-serotonin transporter (sert+, serotonergic neurons) in the regenerated planarian. And,
Dj-DSCAM RNAi causes fasciculation impairments in the regenerated brain branches (labeled with anti-G-beta in Dugesia japonica; green).
(Reprinted with permissions from: coe(RNAi) (Ref 112. Copyright 2013 Company of Biologists); klf(RNAi) (Ref 111. Copyright 2014 Elsevier);
ap2(RNAi) (Ref 87. Copyright 2012 CLHL); pitx(RNAi) (Ref 64. Copyright 2013 Company of Biologists); DSCAM(RNAi) (Ref 153. Copyright 2006
John Wiley & Sons))
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transition from less restricted neoblasts to the
νNeoblast population. Smed-ascl-2 RNAi experi-
ments have yet to yield a distinguishable
phenotype,112 but its expression during neuronal
specification is consistent with its role in nervous sys-
tem development of other organisms.133 It remains to
be determined whether any of these neural-restricted
neoblast populations (or any lineage-restricted neo-
blasts in planarians) are capable of self-renewal or
are merely a state of expression during the transition
from pluripotent neoblasts to terminally differen-
tiated neurons.

Neurogenesis is not only restricted to tissue repair
or replacement events, but also normal cell attrition.
DNA analog pulse-chase experiments combined with in
situ hybridization to neuronal genes have enabled
researchers to definitively demonstrate that the adult
planarian continues to produce mature neurons, even in
the absence of any injury stimuli.116,134 It also appears
that planarians can respond to minor perturbations of
neuronal composition. For example, following loss of
dopaminergic neurons after exposure to the neurotoxin
6-hydroxydopamine, the intact planarian brain is able

to sense the missing population of neurons and replace
them within 2 weeks.135 Planarians also undergo neuro-
genesis during brain re-sizing and re-scaling events
based on nutritional availability.66,136 During starvation
or growth, each of their organ systems, including the
brain, will re-adjust their size and shape to maintain rel-
ative proportions to the rest of the body by adding or
subtracting cells from the existing organ.66,137 During
growth, the adult planarian must modulate neurogene-
sis to increase overall neuronal production and ensure
that the ratio and patterning of all unique neural cell
types is maintained in the re-scaled brain.136–138 In all
of these regenerative scenarios, as in developmental pro-
cesses, tight regulatory mechanisms are vital to control
neural production. Accordingly, there is a great deal of
interest in the discovery of the specific biological signals
that communicate with planarian stem cells to control
levels of neurogenesis.

Regulation of Brain Size and Pattern
Following brain regeneration and during neuronal
homeostasis, the animals are able to maintain the

FIGURE 5 | Single cell analysis identifies conserved markers of neuronal progenitors in Schmidtea mediterranea. Homologs of conserved
neural stem cell genes Smed-embryonic lethal abnormal vision-2 and Smed-musashi-1 (elav-2 and msi-1, respectively) were identified in the
νNeoblast population. (a) Expression of elav-2 and msi-1 visualized in differentiated regions of the central nervous system. Boxed region in elav-2
image indicates region of images in (b–d). (b–d) elav-2+ and msi-1+ νNeoblasts (gene expression shown in red) co-express Smed-piwi-2 transcript
(green), but very little Smed-piwi-1 (blue, a marker for neoblasts, in (b)). νNeoblasts, however, retain high expression of Smed-PIWI-1 protein
(blue, a hallmark of progenitor cells, in (c)). νNeoblasts are BrdU+ (green, following a 4 h chase, in (d)), indicating mitotic activity. (Reprinted with
permission from Ref 113. Copyright 2016 BMC)
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correct ratio of neurons in proportion to the planar-
ian body and organ patterning. It is not clear yet
what cell signaling or cell–cell interactions regulate
neuronal number and location, but some clues come
from studies on how planarians specify a body plan.
The earliest discovered phenotype that affects CNS
scaling occurs after silencing Dj/Smed-ndk; ndk
RNAi results in a dramatic posterior expansion of
brain tissue.99,106,112 ndk is expressed in anterior
neural tissues and is theorized to sequester a diffusi-
ble brain tissue determinant (possibly an FGF-like
protein). ndk loss-of-function and posterior expan-
sion of head CNS tissues correlates with a nearly
doubled increase in Smed-coe+ and -sim+ neural
progenitors in the area directly posterior to the
brain112 (Figure 6). Thus, neoblasts appear to
respond to a diffusible ligand that is repressed by
ndk activity, but much remains to be learned about
the signaling cascade underlying FGFR-like signal-
ing in planarians.

A Wnt signaling feedback loop, composed of
Smed-wnt11-6 (also referred to as wntA and wnt4a)
and the Wnt antagonist Smed-notum, regulates brain
size along the A–P axis.136 Loss of the posteriorly
expressed wnt11-6 (Figure 7), or the Wnt receptor,
Smed-fzd5/8-4, results in posterior brain expansion
during regeneration or body re-scaling; by contrast,

silencing of Smed-notum causes the re-scaled brain to
be shortened along the A–P axis136,139–141 (Figure 7).
Many of these patterning genes appear to act syner-
gistically because combinatorial knockdowns of
Smed-wnt11-6, -ndk, and -fzd5/8-4 result in more
severe phenotypes than single knockdowns.140

Whereas the Smed-wnt11-6/notum feedback loop
regulates growth past the posterior brain boundary,
the lateral boundaries of the brain are demarcated by
Smed-wnt5 expression, which functions to suppress
lateral expansion of the brain.139,142

Neuronal cell fate is also affected by the role of
the Bone Morphogenic Protein (BMP) pathway in pat-
terning the DV boundary.143–145 Smed-bmp4 (Dj-
bmp) represses ventral cell specification in dorsal loca-
tions; consequently, knockdown of Smed-bmp4 or
any of its downstream signaling components
(e.g., Smed-smad1 and -smad4) results in ventralized
animals and causes ectopic brain tissues to grow in
the dorsal region of the worm.143–145 Knockdown of
a combination of the BMP antagonist Smed-noggin
genes leads to a dorsalized worm because their expres-
sion maintains the ventral domain.146 Altogether,
these genes are part of a complement of factors that
provide cues for positional identity and are thus neces-
sary for restoration following injury and the homeo-
static maintenance of the brain in the adult planarian.

FIGURE 6 | Abnormal fibroblast growth factor receptor (FGFR)-like signaling leads to ectopic neurogenesis. (a) Following knockdown of
Dj-nou-darake (ndk, a fibroblast growth factor receptor-like gene) and head regeneration 16 days after amputation, ectopic eyespots (arrows in
bleached image) are observed in locations posterior to the original photoreceptors of Dugesia japonica. The formation of these eyespots
corresponds with ectopic photoreceptor neurons (labeled with anti-Arrestin in green) that project to more posterior positions (arrowheads) along
with the regeneration of brain tissue in posterior positions revealed by anti-Synaptotagmin labeling (green, highlighted with arrows). Scale
bar = 400 μm. (Reprinted with permission from Ref 106. Copyright 2002 Macmillan Publishers Ltd) (b) Knockdown of Smed-ndk causes expansion
of brain tissues in non-regenerating animals. The brain branch marker Smed-g-protein alpha subunit (gpas, arrowheads) is ectopically expressed in
regions posterior to the brain after 2 weeks of RNAi in Schmidtea mediterranea. Scale bars = 100 μm. White box indicates the location of images
in (c). (Reprinted with permission from Ref 112. Copyright 2013 Company of Biologists) (c) Posterior expansion of neural tissues corresponds with
an increase in neural progenitors. More Smed-coe+ neural progenitors (blue, arrowheads) are observed in the area anterior to the pharynx and
between the brain lobes following 14 days of Smed-ndk RNAi knockdown in S. mediterranea. (Reprinted with permission from Ref 112. Copyright
2013 Company of Biologists)
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FIGURE 7 | Conserved polarity determinants regulate scaling of the planarian brain. (a) Smed-notum (blue) and Smed-wnt11-6 (magenta) are
expressed in neurons on the opposite anterior and posterior poles of the brain (indicated with arrows in i). Smed-notum (blue) is expressed in
muscle cells at the anterior pole (co-expressed with Smed-collagen, gray, white arrows in ii, yellow arrows in iii) and in the brain anterior
commissure (yellow arrows in ii, white arrows in iii, co-expressed with Smed-chat, gray), whereas Smed-wnt11-6 (magenta) is expressed at the
posterior end of each brain lobe (in Smed-chat+ cells, gray, arrows in iv). The green boxes in the cartoons indicate the region of the animal shown
in the corresponding figures. (b) Smed-notum inhibits Smed-wnt11-6 to control brain size during regeneration. At 21 days post-amputation, trunks
regenerate a smaller brain in Smed-notum(RNAi) animals, and larger brains in Smed-wnt11-6(RNAi) and Smed-notum;wnt11-6(RNAi) animals
compared to controls. Amputation schematic is illustrated in the cartoon. (c) Illustration depicting the regulation of brain size by notum and
wnt11-6. (All images are in Schmidtea mediterranea and are reprinted with permission from Ref 136. Copyright 2015 Company of Biologists)
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Recovering Function:
Re-Establishing Connections in the CNS
Remarkably, following just about any type of injury,
the animals integrate new and old tissues seamlessly
and regain normal function. This capacity requires
cues for pathfinding of the axonal projections and
reconnection into the synaptic machinery. Once
more, conserved developmental mechanisms are rede-
ployed in the context of tissue regeneration. For
example, Netrins and Slits, which are well known for
their roles in axon guidance,147 are necessary for
reconnecting old and new neural tissues in regenerat-
ing worms and for maintaining neural architecture in
uninjured planarians.148–151 Smed-netrin2 or the
Netrin receptor gene Smed-netR (ortholog of
Dj-dcc151) knockdowns lead to a severely disorgan-
ized network of axonal projections and ectopic brain
growth along the mediolateral axis.149 Similarly, loss
of Smed-netrin2 or -netR function by RNAi results in
loss of the connection of the photoreceptive neurons
to the brain and an impairment to negative photo-
taxis behavior.149 This pathfinding function likely
lies in cooperative signaling between the photorecep-
tor neurons expressing the receptors Dj-unc5A and
Dj-dcc,151 and the brain.17

In planarian regenerates, Smed-slit knockdown
leads to a dramatic collapse at the midline of neural
and non-neural tissues (e.g., ‘cyclopia,’ intestinal
branch fusion, and mispatterning of the nerve cords).
The Smed-slit RNAi midline collapse phenotype
occurs during tissue homeostasis as well, but does
not seem to affect all neurons: following head regen-
eration, the lateral branches of the brain differentiate
and project to the periphery normally.148 However,
knockdown of homologs of the putative Slit recep-
tors, Smed-roboA and -roboB, do not to cause this
phenotype.148,150 Instead, RNAi against Smed-roboA
causes loss of the anterior commissure of the brain
and combinatorial RNAi of DjRoboA with either
DjnetB (ortholog of Smed-netrin2) or the Netrin
receptor Dj-unc5A show either a failure of the photo-
receptor axons to cross the midline at a low pene-
trance or axon bundle fasciculation errors150,151 This
could indicate that this function of Slit is Robo inde-
pendent or that there are yet unidentified Slit recep-
tors. Clathrin-mediated endocytosis has also been
shown as a requirement for circuit formation of neu-
rons and loss of function causes morphological
defects, atrophy, and death of neurons in the planar-
ian brain.152 The cell adhesion molecules Dj-CAM
and Dj-DSCAM are expressed in the mature CNS,
are differentially expressed during regeneration
and have roles in axon formation, neuronal cell

migration, axon outgrowth, fasciculation, and pro-
jection153; their inhibition leads to a disorganized
neuropil and reduced lateral branches, as well as fas-
ciculation impairments (Figure 4).

The transcription factors Smed-arrowhead and
Smed-coe are also involved in restoration of the nerv-
ous system circuitry. Following Smed-arrowhead
RNAi, the halves of the brain fail to reconnect at the
anterior commissure and display defects in patterning
of the photoreceptor axons. When Smed-coe expres-
sion is inhibited in regenerates, the anterior brain
commissure also fails to reconnect and there is a sig-
nificant reduction in axonal projections in the
brain.112,119 This might be a later requirement for
maintaining the function and form of neurons that is
independent of the role of Smed-coe in neural deter-
mination and differentiation, but corroborates a con-
servation of function in axon guidance found in
other organisms.154

As discussed earlier, perturbation of neuro-
transmitter systems can profoundly affect planarian
behavior or locomotion (Table 2). Many of the genes
that affect behavior have been linked to morphologi-
cal defects of the nervous system. However, for genes
like Dj-eye53 and -1020HH, loss-of-function results
in morphologically normal brains and visual axon
projections, but the worms exhibit a loss of phototac-
tic behavior.21 This suggests that the photoreceptor
neurons or the transduction of their signals in the
brain is not functioning correctly. Inhibition of genes
involved in synaptic transmission79,152,155 or neuro-
peptide processing also have profound effects on
nervous system function.51,156 Knockdown of Smed-
pc2 impairs mobility51,156 and disruption of dopa-
minergic signaling leads to severe locomotion
defects.58 Nevertheless, understanding the molecular
basis of planarian behaviors by combining molecular
function with automated tracking of behavioral out-
puts is only just gaining traction (reviewed in Ref
157). Thus, the door is wide open for further dis-
section of the complex mechanisms involved in
reconstruction of neural tissues, the recovery of func-
tion, and the retention of simple learned behaviors
(reviewed in Ref 158) using the planarian model.

NERVOUS SYSTEM DEVELOPMENT

Embryogenesis in Planarians: A Tough Shell
to Crack
Compared to our knowledge of adult planarian biol-
ogy, our understanding of planarian embryonic
development is limited. This gap is not due to a lack
of interest, but rather to the biology of these
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organisms during embryogenesis (discussed in Ref
159). Because sexually reproducing planarians are
non-selfing, obligate hermaphrodites, oocyte fertiliza-
tion occurs internally, and one or more fertilized eggs
are enclosed in an opaque egg capsule that prevents
live visualization of embryonic development. Further-
more, the eggs are ectolecithal (yolk cells are pro-
duced by yolk glands and deposited in the egg
capsule), which has hampered the ability to culture
and manipulate the embryos in vitro. Despite these
obstacles, some classic work (reviewed in Refs 159
and 160) and a handful of noteworthy studies in the
planarian S. polychroa161–169 have contributed to
our understanding of how embryogenesis proceeds
within freshwater flatworms.

Planarian development diverges from the tradi-
tional spiralian cleavage pattern observed in other
members of the Lophotrochozoan superphylum,159

and has been divided into eight stages that take
approximately 15 days from egg laying to hatching
in S. polychroa (Figure 8). Stages 1–4 (first 5 days of
development) are characterized by the zygote under-
going cleavages in which the resulting blastomeres
lose their contacts and disperse within the maternally
derived yolk syncytium. Some of these blastomeres
are thought to differentiate into putative transient
structures that include an epidermis and an embry-
onic pharynx for ingestion of the nutrient-providing
yolk cells.163 Within these early-stage embryos, a pri-
mordial nervous system is generated that exhibits
expression of conserved genes required for neurogen-
esis in other developmental model organisms.167 The
primordial nervous system is speculated to be
required for modulation of feeding behaviors
essential for the early embryo to digest yolk
cells,161 and is likely similar to the function of
serotonergic neurons described in the pond snail
embryo.170,171 Through the next phase of devel-
opment (Stages 5 and 6; days 10–15 of develop-
ment), planarian blastomeres continue to proliferate
as the embryonic body plan begins to develop defini-
tive axial polarity.164 This time period also marks the
emergence of the definitive CNS. Finally, during
Stages 7 and 8 (days 10–15 development), the
embryo acquires a body plan that resembles that of
the adult organism, including a CNS with all of its
basic components.159,167

Early embryonic neurogenesis programs in most
bilateria can be broken into four prototypical stages:
induction of the neurogenic ectoderm, patterning the
size and shape of this neuroectoderm, proliferation of
neural precursor cells, and finally migration of differ-
entiating neural progenitors.6 Neurogenic tissues in
the planarian embryo do not appear to originate from

a prototypical ectodermal layer. Instead, the definitive
embryonic CNS appears to be generated by neural
progenitor cells within the mesenchyme that are them-
selves derived from the blastomeres of the early
embryo.163,167 Yet, planarian homologs of the SoxB
family of transcription factors, which are fundamen-
tal for the induction and maintenance of the neuro-
genic ectoderm in most animals,172 are expressed in
blastomeres in Stage 4 embryos as well as in differen-
tiated neurons in late stage embryos.167 Similarly, sev-
eral planarian homologs of the proneural bHLH
transcription factors [e.g., Spol-achaete-scute, -neu-
roD, -beta3 (Smed-e22/23 in Ref 112), and -olig] that
promote differentiation of neural progenitor cells in
the developing CNS, are expressed within the defini-
tive CNS of planarian embryos,167 and the differen-
tiating photoreceptor cells express Spol-eyes absent,
-sine oculis, and -ovo.72,165 The function of these
genes has yet to be experimentally assessed in
embryos, but their expression patterns suggest their
roles in development are conserved. Therefore,
despite the evolutionary distance of planarians to
other models, nervous system development appears
molecularly similar to mechanisms described for
more ‘traditional’ neural development.

The Potential Role of Planarian Neoblasts
in Development: Regeneration in
the Embryo
An outstanding question in planarian development is
the embryonic origin of the pluripotent neoblast pop-
ulation. Le Moigne’s classic experiments addressed
this question by performing amputations of Polycelis
nigra embryos.173 He found that cells with neoblast-
like morphology were present in Stage 4 embryos,
and that embryos were capable of surviving decapita-
tion around Stage 5, when the definitive embryo
begins to form the structures found in the adult
worm.173,174 Furthermore, irradiation of Stage
4 embryos did not prevent development and hatch-
ing, but these animals could no longer regenerate,173

perhaps indicating different roles of the neoblasts in
development versus regeneration. However, it is pos-
sible that lineage-committed neoblasts survive and
differentiate, allowing the animals to complete devel-
opment of a smaller worm.3 Molecular studies of
germ cell-expressed genes vasa-like and tudor (Spol-
vlgA and -tud-1) support that the expression pattern
of these genes in neoblast-like cells is similar in late
stage embryos and the neoblasts of post-embryonic
planarians.168,169 Further analysis of the expression
of pan-neoblast marker genes like the RNA-
interacting protein coding genes piwi-1175 and
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bruli130 will be useful to investigate the origin and
developmental contribution of pluripotent neoblasts
in planarians. It is an intriguing possibility that the
neoblast population plays a role in embryonic orga-
nogenesis, including neurogenesis in the developing
planarian nervous system. If this is indeed the case,
understanding how neurons originate from neoblasts
in adult planarians will provide mechanistic insights
into the embryonic development of the nervous sys-
tem in these organisms.

CONCLUSION
Planarians have sparked the imagination of natural-
ists for over 100 years.1 Modern advances in molecu-
lar and genomic technology over the past two
decades have aided an expanding community of
scientists to further cultivate the planarian as a model
organism.176,177 In the field of neurobiology and spe-
cifically neurogenesis, planarians offer outstanding
opportunities to investigate developmental mechan-
isms underlying neuronal repair and function. Our
knowledge of how neuronal subtypes are specified in
the embryo or during regeneration is currently super-
ficial. The photoreceptor and serotonergic neurons

are amongst the best-understood cell lineages in
planarians,64,65,72,115,126,127 but these represent only
a minor subset of the neural populations in the adult
planarian. Thus, how any neurons are signaled to
acquire their fates in space and time is not well
understood. In the coming years, combining single
cell trancriptomics with computational approaches
will continue to help uncover and resolve the tran-
scriptional programs that underlie cell lineage trajec-
tories. A major obstacle in the field that limits our
ability to study cell lineages is the current inability to
perform transient or transgenic gene expression
manipulations in planarians. The capacity to label
individual cells and trace their lineages will be crucial
to resolve how diverse neuronal subtypes (or any
other differentiated cells) are generated in vivo.
Transgenic techniques would also facilitate gain- or
loss-of-function experiments in specific tissues or cell
types to distinguish the function of genes within indi-
vidual cell populations; for example, it would be pos-
sible to further examine the roles of Wnt signaling in
global A–P patterning versus controlling brain shape
and size.

Additionally, we do not have a clear under-
standing of how injured neurons and axons regener-
ate and integrate into the pre-existing neural circuits.

Neural organization

Definitive nervous system

Neural determination and differentiation

Early differentiating neurons

Days

Stage 2 Stage 3 Stage 4 Stage 5 Late stage 5 Stage 6 Stage 7 Hatchling

2 3 4 5 6 7 8 9 10 15

Embryonic
pharynx
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neurons Neural

primordium
Embryonic
pharynx
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FIGURE 8 | Development of the nervous system in planarians. Neurogenesis can be visualized by in situ hybridization to Spol-elav-4 in the
developing Schmidtea polychroa embryo. Around Stage 4, early differentiating neurons can be detected. Early in Stage 5, these neurons form a
neural primordium and, in late Stage 5, the developing brain rudiment and nerve net of the definitive pharynx primordium are readily detected. By
Stage 7 (just prior to hatching), a defined brain, ventral nerve cords, and the nerve net of the definitive pharynx are visible. (Modified and
reprinted with permission from Ref 167. Copyright 2015 Elsevier)
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Genetically marking individual neurons or further
application of vital dye cell labeling would facilitate
visualization of nerve repair and further examination
of the signaling pathways involved in axon guidance,
as well as analyzing the role of the differentiated
nervous system in providing cues to regenerating
axons. During head regeneration, some of the
positional cues are likely coming from the muscle tis-
sue.178 However, the mature nervous system also
expresses genes necessary for proper nervous system
regeneration. For instance, ndk,106 Smed-egr-4,104

and Smed-nrg-7,103 are expressed in the nervous sys-
tem. It is likely that gene expression in existing neural
tissues assists in driving the regenerative process by
providing additional positional information, and
later by providing guidance cues to integrate newly
formed or damaged neurons into the existing cir-
cuitry. Thus, many fundamental questions about the
cellular and molecular basis of planarian regenerative
neurobiology await exploration.

Current data indicates that regenerative pro-
cesses in the adult worm recapitulate embryonic
development and utilize the same genetic programs.
A clear-cut example of this is in the development of
the photoreceptor neurons, wherein the cell types
found in the eye appear to share a common precursor
and require the same transcription factors in planar-
ian embryogenesis and regeneration.72,165 However,
in the context of planarian embryonic development,
not much is known about the differentiation of neu-
ral cells and the formation of the embryonic brain.
The fact that transcription factors found in lineage-
committed neural progenitors in the adult are found
in neural progenitor cells in the developing embryo
provides evidence of shared regulatory
networks,56,111,112,167 further indicating that regener-
ation studies will inform how the nervous system is
assembled in the developing planarian. In many other
bilaterians, neural progenitors are derived from the
neuroectoderm via asymmetric cell divisions. There is
no clear evidence planarians form a neuroectoderm
that is comparable to other organisms during develop-
ment or regeneration. Instead, these animals appear
to produce neurons from pluripotent neoblasts in the
mesenchyme. In planarian embryogenesis, neural

progenitors appear to be patterned stochastically
(reviewed in Ref 6). In studies of adult planarians, a
common pattern has emerged where progenitor cells
are found near the tissues that they will ultimately
become.29,72,112,115,117,179 This suggests that local
inductive signals, such as EGF or Hh, are directing
the differentiation of the neoblasts, including regula-
tion of asymmetric cell divisions in neuronal regenera-
tion.103 However, the cell–cell interactions or
attributes that define the niches of the stem cell popu-
lation remain unknown.

Many of the typical neurogenesis regulators in
other organisms are conserved in planarian neuro-
genesis. For example, SoxB family members that
are expressed in the ectoderm during gastrulation
and provide neurogenic potential are also observed
in progenitors and neural populations in the planar-
ian.72,111,167 Upstream of neurogenic genes are con-
served factors like BMP family members and Wnt
genes. These genes have been shown to control the
size and shape of the planarian brain and eyes and
regulate neurogenic factors that have been detected
during planarian neural regeneration and in
νNeoblasts112,113,136,180 (such as achaete-scute), sug-
gesting a high degree of conservation of neurogenesis
regulatory programs deployed during embryogenesis
in a multitude of organisms with programs in both
the embryonic and adult planarian. Considering the
diversity of neuronal cell types faithfully regenerated
over a short time span in planarians, future on-going
studies are poised to provide broad insights into
sequential genetic programs required to produce neu-
rons from pluripotent stem cells, which will advance
regenerative biology and medicine.

NOTE
While this manuscript was in press, Davies et al. (eLife
2017, 6:e21052) reported that throughout embryogenesis
in Schmidtea mediterranea, piwi-1+ cells give rise to all
temporary and definitive structures. Their data support the
idea that the neoblasts, which arise from piwi-1+ blasto-
meres at the onset of organogenesis, contribute to the
development of all major organ systems during planarian
development.
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FURTHER READINGS
Schmidtea mediterranea Genome Database (SmedGD): http://smedgd.stowers.org/

PlanMine, an integrated resource of data and tools to mine planarian biology: http://planmine.mpi-cbg.de/planmine/
begin.do

Pearson lab website: http://pearsonlab.ca/

Zayas lab website: http://www.bio.sdsu.edu/faculty/zayas/index.html
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Abstract

Background: Planarians are an attractive model organism for studying stem cell-based regeneration due to their
ability to replace all of their tissues from a population of adult stem cells. The molecular toolkit for planarian studies
currently includes the ability to study gene function using RNA interference (RNAi) and observe gene expression
via in situ hybridizations. However, there are few antibodies available to visualize protein expression, which would
greatly enhance analysis of RNAi experiments as well as allow further characterization of planarian cell populations
using immunocytochemistry and other immunological techniques. Thus, additional, easy-to-use, and widely
available monoclonal antibodies would be advantageous to study regeneration in planarians.

Results: We have created seven monoclonal antibodies by inoculating mice with formaldehyde-fixed cells isolated
from dissociated 3-day regeneration blastemas. These monoclonal antibodies can be used to label muscle fibers,
axonal projections in the central and peripheral nervous systems, two populations of intestinal cells, ciliated cells,
a subset of neoblast progeny, and discrete cells within the central nervous system as well as the regeneration
blastema. We have tested these antibodies using eight variations of a formaldehyde-based fixation protocol and
determined reliable protocols for immunolabeling whole planarians with each antibody. We found that labeling
efficiency for each antibody varies greatly depending on the addition or removal of tissue processing steps that
are used for in situ hybridization or immunolabeling techniques. Our experiments show that a subset of the
antibodies can be used alongside markers commonly used in planarian research, including anti-SYNAPSIN and
anti-SMEDWI, or following whole-mount in situ hybridization experiments.

Conclusions: The monoclonal antibodies described in this paper will be a valuable resource for planarian research.
These antibodies have the potential to be used to better understand planarian biology and to characterize phenotypes
following RNAi experiments. In addition, we present alterations to fixation protocols and demonstrate how these
changes can increase the labeling efficiencies of antibodies used to stain whole planarians.

Keywords: Planaria, Regeneration, Schmidtea mediterranea, Monoclonal antibodies, Immunostaining,
Immunohistochemistry

Background
Planarians, free-living flatworms with an extraordinary
ability to regenerate, are regarded as an excellent model
system for regenerative studies. These animals possess
the ability to regenerate an entire organism from small
body fragments from a population of adult stem cells
(neoblasts) [1-3]. Recently, single neoblast transplant-
ation experiments demonstrated that a subset of these

cells (clonogenic neoblasts) are truly pluripotent and can
differentiate into any planarian cell type or tissue lost by
amputation, injury, or normal physiological turnover [4].
Planarians have several distinct major organ systems

(illustrated in Figure 1A). They possess a centralized
nervous system (CNS), consisting of bi-lobed cephalic
ganglia, a brain-like structure located at the anterior end
of the animal, connected to two longitudinal ventral
nerve cords (VNC) that project posteriorly along the
length of the worm [5-7]. The majority of planarians’
light detection is achieved by their photoreceptors,
which are rich in photosensitive pigment cells and
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photoreceptor neurons that are located on the anterior
dorsal surface of the head [8]. Planarians possess a blind
digestive system (also referred to as the gastrovascular
system) that consists of a pharynx, through which they
ingest food and defecate, connected to three primary in-
testinal branches that distribute nutrients [9-12]. They

excrete soluble waste and maintain osmoregularity with
their protonephridial systems, tubular structures that ex-
tend to the exterior of the animals and are analogous to
the vertebrate kidney [13-15]. Thus, we can use planar-
ians to study how defined organ systems are regenerated
from adult stem cells.

Figure 1 Overview of the basic anatomy of asexual Schmidtea mediterranea recognized by the monoclonal antibodies generated in
this study and tissue fixation protocols tested. (A) Cartoon of the basic anatomy of asexual S. mediterranea with arrows highlighting some of
the major organs labeled with the monoclonal antibodies generated in this study. PR, photoreceptors; Int, intestine; CG, cephalic ganglia; VNC,
ventral nerve cords; Ph, pharynx. (B) Summary of the creation of the monoclonal antibodies used in the subsequent experiments. dpa: days
post amputation. (C) A heat map summarizing the labeling efficiency for each antibody following eight variations of a formaldehyde-based
fixation protocol or Carnoy’s fixation. For each fixation and antibody, at least 2 experiments were performed with ≥ 4 worms, which were scored
independently by 2 or more individuals. The fixation protocols are named according to the reagents used for each processing step. HCl,
hydrochloric acid; FA, formaldehyde; ProtK, Proteinase-K; NAC, N-Acetyl Cysteine; Me, methanol; Red, reduction solution.
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There have been many great advances in the past dec-
ade in identifying and optimizing tools to study the mo-
lecular basis of planarian regeneration. Gene expression
can be inhibited using RNA interference (RNAi), which
allows the study of gene function [16]. Genomic sequen-
cing of Schmidtea mediterranea and the availability of
multiple transcriptomes combined with custom microar-
rays or mRNA sequencing have facilitated identification
of genes involved in the regeneration of planarian organ
systems (recently reviewed in [17]). Whole-mount in situ
hybridization protocols have been developed and opti-
mized for the visualization of gene expression in planar-
ians [16,18,19]; this information can be coupled with
functional analyses to determine the role specific genes
play in tissue regeneration. Further, fluorescent lectins
have been utilized to label several cell types in planar-
ians, including secretory cells and the reproductive or-
gans of hermaphroditic strains [20,21]. However, there is
a dearth of cell-type and tissue-specific antibodies to
examine the effects of experimental manipulation in pla-
narians. Available antibodies known to label tissues in S.
mediterranea include a handful of antibodies created
against well-conserved antigens in other species, such as
anti-Phospho-Tyrosine (used in planarian studies to
label the gut and central nervous system) [22,23], anti-
Tubulin, which recognizes ciliated epithelium and neu-
rons [24], and anti-Acetylated Tubulin can be used to
visualize ciliated structures, including protonephridia
[16,25]. Cebrià et al. [6] identified five antibodies (anti-
SYNAPSIN, anti-5HT, anti-allatostatin, anti-GYRFamide,
and anti-neuropeptide F) that cross-react with neurons
in the CNS of S. mediterranea [6]. A small selection of
monoclonal and polyclonal antibodies have been created
against S. mediterranea antigens such as anti-SMEDWI,
which labels planarian stem cells and their progeny [23].
TMUS-13, originally generated against Dugesia tigrina
[26], has since been used to label the musculature in
S. mediterranea [16], and monoclonal antibodies that
recognize plasma membrane proteins on subsets of cells
within X-ray sensitive and insensitive populations have
also been created [27].
Additional antibodies will be useful to further

characterize the cellular diversity found within planar-
ian tissues, to track differentiation of planarian cell
types, and to expand our understanding of the distri-
bution and dynamics of tissue repair and replacement
following wounding events. Discovery of cell surface
markers would allow for sorting of specific cell popula-
tions, enabling the analysis of gene expression profiles for
defined cell populations like the transcriptional profiles
available for the heterogeneous irradiation sensitive
populations, X1 (highly enriched for cycling neoblasts)
and X2 (enriched for progenitor cells) [28,29]. Finally,
it would be advantageous to have additional markers

available for analyzing regeneration phenotypes fol-
lowing RNAi experiments.
Here, we report on the generation of monoclonal

antibodies that recognize tissues in S. mediterranea.
These antibodies were created by inoculating mice with
formaldehyde-fixed cells derived from 3-day head blaste-
mas. We tested the utility of these reagents for immuno-
cytochemistry using multiple fixation protocols on intact
and regenerating planarians and determined the optimal
conditions for each antibody in asexual S. mediterranea.
We describe this new set of markers and their staining
patterns in muscle, neural structures, ciliated structures
(including protonephridia), intestinal cells, and stem cell
progeny. These antibodies are currently available to the
community through the Developmental Studies Hybridoma
Bank (DSHB).

Results and discussion
To generate monoclonal antibodies (mAbs) that label
planarian neoblast progeny and differentiated cell popu-
lations, we isolated cells from regeneration blastemas.
Planarians were amputated pre-pharyngeally, and trunk
fragments were allowed to initiate regeneration of a new
head. At 3 days post-amputation (dpa), regeneration
blastemas were isolated by transverse cutting, dissoci-
ated into single cells, fixed with formaldehyde, and
used to inoculate mice to create hybridoma lines (see
Methods and Figure 1B). We tested supernatants from
576 hybridoma lines by immunostaining intact and re-
generating planarians; 236 supernatants were positive for
staining in 3 dpa regeneration blastemas, discrete cell
populations, or tissues in formaldehyde-fixed planarians.
We selected 126 hybridomas for expansion and re-
testing. The majority (80%) of these 126 hybridomas
were positive for immunostaining in 3 dpa blastemas.
Based on the staining patterns, signal and background
intensities, 42 lines were chosen for additional expansion
and re-screened in planarians, using eight different fix-
ation protocols (Figure 1C; Additional file 1). When re-
tested, 33 of 42 were positive, and 17 were selected for
hybridoma sub-cloning. Seven monoclonal hybridoma
cell-lines and one polyclonal antibody were successfully
generated (Table 1). Below, we describe the labeling pat-
terns of these antibodies.

Smed-6G10 and -2G3 label planarian musculature
Planarians have a subepidermal muscle wall that consists
of four layers of muscle fibers: circular, longitudinal, di-
agonal, and a final layer of longitudinal fibers located be-
tween two nerve plexuses [10,30,31]. Additionally, there
are abundant fibers traversing the parenchyma along the
dorsoventral axis, muscle fibers surrounding the intes-
tine, pharynx, and the mouth, and some transverse
muscle fibers associated with the intestine [10,32,33].
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Smed-6G10 (6G10) and polyclonal antibody Smed-2G3
(2G3) labeled an extensive network of muscle fibers in
the planarian body (shown in the planarian head region
in Figure 2A). In the muscle wall, we observed strong
6G10 and 2G3 labeling in circular and diagonal muscle
fibers (Figure 2B, arrows and closed arrowheads, respect-
ively), and strong 2G3 labeling in longitudinal fibers
(Figure 2B, open arrowheads). Interestingly, 6G10 weakly
labeled some longitudinal fibers (bottom insets in
Figure 2B), whereas a subset of circular fibers marked by
6G10 were weakly labeled with 2G3 (top insets in
Figure 2B). In addition, 6G10 labeled the layer of enteric
muscles that surrounds the intestine (Figure 2C, arrow)
and the transverse fibers near the intestine (Figure 2C,
closed arrowhead). By contrast, 2G3 staining was not
detected in this muscle population, but was detected
in the dorsoventral fibers of the parenchyma (open
arrowhead, Figure 2C). This difference was striking in
the mouth region where 6G10 marked the pharyngeal
muscles; 2G3 labeled circular fibers surrounding the
periphery of the mouth but did not label the pharynx
(Figure 2D).
The planarian musculature is composed of myocytes

that lack striations but match neither the smooth nor
striated muscle types. Planarian muscle fibers differ in
their composition of myosin heavy chain proteins
(MHC-A and -B) [32,34]. The 6G10 and 2G3 staining
patterns were similar to those of MHC-A and -B con-
taining muscle fibers, respectively [32,34]. It has been
shown that MHC-A containing muscle fibers are
found in the pharynx, enteric muscles, and the circular
and diagonal muscle wall fibers in Dugesia japonica,
similar to what we observed in S. mediterranea labeled
with 6G10 (Figure 2B-D). By contrast, MHC-B con-
taining muscle fibers are located in body-wall muscles
and dorsoventral fibers, but not in enteric muscle fi-
bers [32], which correlates with 2G3 labeling. Similar
to MHC-A and -B proteins, our data suggest 6G10
and 2G3 recognize differentially expressed proteins
in muscle.

Smed-1H6 marks axonal projections in the nervous system
Smed-1H6 (1H6) labeled the axonal projections in sub-
sets of cells in both the central and peripheral nervous
systems. In the CNS, 1H6 labeled the ventral nerve
cords (VNCs) (Figure 3A, closed arrowheads), which are
known to extend anteriorly through the head region,
beneath the cephalic ganglia [35]. 1H6+ projections were
observed in the anterior tip of the VNCs (Figure 3A
and 3B, arrows). 1H6 also labeled the transverse axon
branches between the VNCs and the lateral axon
branches extending from the VNCs (Figure 3A, open
arrowheads). We observed 1H6 labeling in the lateral
branches of the cephalic ganglia (Figure 3B, arrow-
head); these axon projections are known to extend to
the sides of the head where they penetrate the epider-
mis in sensory neuron-rich areas [36,37]. To confirm
1H6 labeling in these branches, we processed planar-
ians for 1H6 immunolabeling and in situ hybridization
to G protein α-subunit (gpas), which marks distal
lateral branch neurons [7]. We found that 1H6 strongly
co-labeled with gpas (arrowheads in Figure 3C), suggesting
that 1H6 binds an antigen found in the axonal projections
of sensory neurons.
Our initial observations were that 1H6 did not label

the neuropil region of the cephalic ganglia; thus, we co-
stained 1H6-labeled planarians with the pan-neural anti-
body anti-SYNAPSIN [6]. We found that while 1H6
labeling corresponded with SYNAPSIN expression along
many neural projections throughout the nervous system
(Figure 3D; arrows in Figure 3E) 1H6 labeling was ab-
sent in the SYNAPSIN-dense neuropil of the cephalic
ganglia (Figure 3F, arrowheads).
Axons labeled with 1H6 partially overlapped with

neural projections that were positive for anti-Collapsin
Response Mediator Protein 2 (anti-CRMP2) throughout
the body (examples in the head region are highlighted
with arrowheads in Figure 3G). CRMP2 is a cytosolic
phosphoprotein found across the metazoans with high
expression during neural development and retained ex-
pression in mature neurons, and is implicated in neurite

Table 1 Summary of monoclonal antibodies generated from selected hybridoma cell lines
Parental hybridoma Clone at DSHB Isotype Dilution factor Concentration of DSHB

supernatant tested (μg/ml)
Tissues labeled

1D9 E11 IgM kappa 500 34 Blastema, brain primordia, neoblast progeny

1H6 E9 IgG1 kappa 1000 54 Axonal projections in CNS and PNS

2C4 C2 IgG1 kappa 1000 26 Blastema, neurons, intestinal cells, anterior cells

2G3 (polyclonal) N/A N/A Undiluted N/A Muscle fibers

5B1 E6 IgM kappa 1000 18 Protonephria, ciliated structures

5E12 E3 IgG1 kappa 1000 35 Blastema

6C8 A2 IgG1 kappa 1000 26 Blastema, intestinal cells

6G10 2C7 IgG1 kappa 1000 59 Muscle fibers
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outgrowth, synaptic assembly, calcium channel regula-
tion, and neurotransmitter release [38]. We found that a
commercially available antibody designed against human
CRMP2 marked neurons throughout the planarian CNS

and peripheral nervous system (PNS, both cell bodies
and projections) and recently reported that CRMP2+

neurons co-label with the neural markers β-TUBULIN
and choline acetyltransferase (ChAT) [39]. Additionally,

Figure 2 Smed-6G10 and -2G3 label different populations of muscle fibers. (A-D) Whole-mount immunostaining of intact planarians
with 6G10 (magenta) and 2G3 (green). (A) 6G10 and 2G3 staining in the head region of the animal showing partial co-labeling. (B) 6G10
predominantly labels the circular and diagonal fibers, whereas 2G3 strongly labels circular, longitudinal, and diagonal fibers in the body
wall musculature. Arrows indicate circular fibers. Closed arrowheads mark diagonal fibers. Open arrowheads highlight an example of a
longitudinal fiber weakly labeled with 6G10. Insets show zoomed in regions marked by dashed white and yellow boxes. (C) Image of the
anterior intestinal branches showing that 6G10 labels the intestinal musculature and transverse muscle fibers (marked by arrows and
closed arrowheads, respectively). Open arrowhead highlights a transverse fiber in the parenchyma, which is co-labeled by 6G10 and 2G3.
(D) 6G10 labels the circular muscle fibers of the body wall, mouth, and the pharynx; 2G3 labels circular, longitudinal, and diagonal fibers
and the exterior portion of the mouth. Images are maximum intensity projections of optical sections. Anterior of the animal is to the top
in A-C, and to the left in D. Scale bars: (A, D) 100 μm; (B, D) 10 μm.
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Figure 3 (See legend on next page.)

Ross et al. BMC Developmental Biology  (2015) 15:2 Page 6 of 20



	

	

62	

we observed that some 1H6+ cells were positive for prohor-
mone convertase 2 (pc2; arrowheads in Additional file 2:
Figure S1); pc2, which encodes a protease that is essential
for processing neuropeptide precursor proteins to their
mature forms, is found in a subset of cells throughout the
planarian nervous system [5,40].
Planarians are enveloped with a monolayer of ciliated

epithelium, beneath which lies a thin (0.1-0.2 μm) nerve
net, referred to as the subepidermal nerve plexus
[10,41]. The fibers in this plexus extend through the
basement membrane of the epidermal layer, forming
intra-epithelial fibers [41]. Proximal to the subepider-
mal plexus lies the muscle wall, followed by a submus-
cular nerve net (submuscular nerve plexus) [41]. These
plexuses are part of the peripheral nervous system in pla-
narians [41]. To determine if these plexuses contained
1H6+ projections, we co-stained 1H6-labeled planarians
with 6G10 and DAPI to label the contractile muscle layer
and visualize the epithelial nuclei, respectively. 1H6+ fibers
were seen in the submuscular plexus (Figure 3H, arrows)
and in projections extending between epithelial cells
(arrowheads in Figure 3H). To resolve labeling in the sub-
epidermal plexus, we observed 1H6-labeled planarians
from the ventral surface through the submuscular plexus
at 0.44 μm intervals. We noted projections extending
between and past the epithelial nuclei (Additional file 3:
Figure S2, 0.44 μm to 4.40 μm) and sparse mesh-like fibers
as the epithelial nuclei disappeared from the field-of-view
(4.84 μm and 5.28 μm in Additional file 3: Figure S2) indi-
cating labeling of the subepidermal plexus. 1H6+ fibers
projected through the muscle layers, etching a pattern in
the negative impressions of the muscle fibers: circular, lon-
gitudinal, diagonal, and finally the last layer of longitudinal
fibers of the muscle wall (seen from 5.28 μm to 9.68 μm in
Additional file 3: Figure S2). The thicker, more clearly de-
fined meshwork of the submuscular plexus was detected
below the final muscle layer (shown from 10.12 μm
through 11.88 μm in Additional file 3: Figure S2). It will
be interesting to identify the epitope recognized by 1H6 to
resolve if it labels a subpopulation of neurons in the

central and peripheral nervous systems or a specific cellu-
lar compartment found in most neurons.

Smed-2C4 is expressed in discrete cells in the regeneration
blastema and a subset of neurons and intestinal cells
We observed multiple distinct cell morphologies (which
we refer to as cell types hereafter) throughout the planar-
ian body that labeled with Smed-2C4 (2C4) (Figure 4A).
The first cell type (2C4-S cells) had cytoplasmic 2C4
labeling and small cell bodies approximately 4.4 μm in
diameter (N = 123 cells measured from 10 worms). We
observed that 2C4-S cells were weakly labeled with 2C4
near the epidermis throughout the intact worm (Figure 4A,
closed arrowhead; Additional file 4: Figure S3A, arrows)
but strongly labeled within the regeneration blastema
(Figure 4B and C). To explore whether these cells were
secretory, we performed co-labeling experiments with the
lectin wheat germ agglutinin (WGA), which labels a sub-
set of secretory cells [20] and found that 2C4-S cells were
not WGA+ (Additional file 4: Figure S3A). In order to de-
termine when the protein recognized by 2C4 is expressed
during regeneration, we amputated animals anterior and
posterior to the pharynx to analyze the presence of 2C4-S
cells during 7 days post-amputation. 2C4+ cells were de-
tected in both the anterior and posterior blastemas at all
the timepoints we examined (Figure 4B-C).
The second cell type labeled by 2C4 consisted of ven-

trally located oblong cells (2C4-N cells) of approximately
10.7 μm in diameter (N = 58 cells measured from 9
worms through the longest path of the cell body)
(Figure 4A, open arrowhead; Figure 4D, arrows). These
cells have bipolar projections and resemble the large
multipolar neurons observed in flatworms using silver
nitrate staining and Lucifer Yellow dye [42,43]. The pro-
jections from these cells extend both laterally and longi-
tudinally (arrowheads in Figure 4D). We found that
2C4-N cells were located on the ventral side of the plan-
arian, excluding the head region (Figure 4A, open arrow-
head). Similar to 2C4-S cells, these cells did not co-label
with WGA (Additional file 4: Figure S3B.) Based on

(See figure on previous page.)
Figure 3 Smed-1H6 labels CNS and PNS axonal projections. (A-F) Whole-mount view of intact planarians immunostained with 1H6 (green) in
conjunction with other antibodies or FISH to genes indicated in the panels. (A) 1H6 labels neural structures in the intact planarian. Arrows mark
the anterior end of the ventral nerve cords (VNCs); closed arrowheads mark the VNCs near the pharynx. Open arrowheads highlight transverse
and lateral axon branches. (B) Higher magnification image of 1H6 staining in the head region shows labeling in the anterior end of the VNCs
(arrow) and in lateral branches (arrowhead). (C) 1H6 labels gpas+ (magenta) brain branches in the head. Arrowheads denote one of the co-labeled
branches. (D-F) Planarians double-labeled with1H6 and anti-SYNAPSIN (magenta). (D) High magnification shows that 1H6 labels neuronal projections
in close association with SYNAPSIN+ synapses. (E) Co-labeling in the anterior region of the VNCs. (F) 1H6 staining is absent in the neuropil of the
cephalic ganglia. Arrows point to examples of 1H6 and anti-SYNAPSIN co-labeling, whereas arrowheads (in F) mark the SYNAPSIN+ neuropil of the
cephalic ganglia. (G) 1H6 labels many CRMP2+ (magenta) neurons in the intact planarian (shown in the head region, highlighted with arrowheads).
(H) 1H6, 6G10 (magenta), and DAPI (blue, epidermal nuclei) labeling at the anterior tip of the worm demonstrates that 1H6 labels axon projections
within the submuscular plexus. Arrowheads mark 1H6+ axons extending between epithelial cells. Images are maximum intensity projections of optical
sections, except in A. Anterior is to the left in A, E, and F and to the top in B-D and G-H. Images were taken to the right side of the pharynx (facing
the ventral side of the animal) in D and to the left side of the cephalic ganglia in C. Scale bars: (A) 200 μm; (B-G) 20 μm; (H) 50 μm.
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Figure 4 (See legend on next page.)
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morphology and their large size, we hypothesize that
2C4-N cells are likely neurosecretory cells. Future exper-
iments should test if 2C4 co-labels cells expressing
neuropeptide genes in planarians [40].
The third cell type observed with 2C4 labeling was a

large 18.4 μm in diameter (N = 83 cells measured from
10 animals) round cell with large cytoplasm that ap-
peared to be located in or near the intestine (2C4-I cell,
arrows in Figure 4A; insets in Figures 4E-F). To deter-
mine the relative location of these cells, we co-labeled
2C4-stained planarians with 6G10 to visualize the en-
teric muscles, which serve as a boundary between the
intestinal epithelium and the mesenchyme (as described
in [11]). We found that 2C4-I cells were located within
the anterior and posterior branches of the intestine
(Figure 4E- F). We further explored the identity of these
cells by performing co-labeling experiments with the lec-
tin Lens culinaris agglutinin (LCA), which labels goblet
cells [20]. We found that a subset of 2C4-I cells were in-
deed LCA+ goblet cells (Figure 4G). Strikingly, we found
that 2C4-I+ cells in the secondary and tertiary intestinal
branches had fainter LCA expression (Figure 4H, inset),
whereas the goblet cells with strongest LCA expression
anterior to the pharynx were weakly positive for 2C4
(Figure 4G, inset). Because 2C4 labels large neuronal
cells surrounding the pharynx and cells within the intes-
tine, the protein that 2C4 recognizes may be highly
expressed in cells involved in secretion; however, this
question will only be definitively answered upon identifi-
cation of the 2C4 epitope.
We found that 2C4 labeling was highly dependent on

the fixation protocol used (Figure 1C). Whereas 2C4-I
and -N cells could be seen with a multitude of fixation
protocols, labeling of 2C4-S cells within the blastema
was absent or very difficult to detect in fixations using
HCl for the initial kill step or with inclusion of Protein-
ase K treatment.

Smed-5B1 marks ciliated cells
Staining planarians with Smed-5B1 (5B1) revealed a pattern
strikingly similar to those observed with anti-Acetylated

Tubulin and in situ hybridizations against protonephridial
markers (arrowheads in Figure 5A) [14,15]. The planarian
protonephridial system, analogous to the metanephridial
systems found in vertebrates [44], maintains osmoregularity
and excretes waste. Protonephridia in planaria consist of
fenestrated, ciliated flame cells, which connect to tubules
that are ciliated proximal to the flame cells and are non-
ciliated distal to the flame cells [14,15]. Protonephridia are
located along the majority of the length of the planarian
body. Anti-Acetylated Tubulin labels the flame cells and
ciliated tubules of protonephridia as well as all other ciliated
structures in planarians [25]. Therefore, we tested if 5B1
would co-label with anti-Acetylated Tubulin. We found
that 5B1 labeled the tubules of the protonephridia, exterior
to the cilia, in a pattern consistent with labeling of the cili-
ated tubule cells’ cytoplasm or membrane (arrows in
Figure 5B and C). Labeling was also observed surrounding
Acetylated Tubulin labeling at the flame bulb, which is also
highly ciliated (arrowheads in Figure 5C). This observation
led us to explore whether 5B1 was associated with other
ciliated cell types. Planarians have a high abundance of cili-
ated cells in the epithelium on their ventral surface and in a
discrete stripe running along the dorsal anteroposterior
axis; these structures are positive for Acetylated Tubulin
[24,45,46]. We detected 5B1 labeling within the dorsal cili-
ated stripe and the ventral ciliated epithelial cell surface
(dorsal staining shown as a representative example in
Figure 5D).

Smed-1D9 labels the nucleus of a subset of progenitors
and cells in close proximity to the central nervous system
Smed-1D9 (1D9) marked cells throughout the mesen-
chyme and surrounding the cephalic ganglia (Figure 6A,
arrows) and VNCs (Figure 6A, arrowheads). Counter-
staining with DAPI revealed that 1D9 labeled cell nuclei
(Figure 6B, inset). The labeling pattern in the mesen-
chyme was reminiscent of staining for neoblasts [47]
and their early progeny [48]. During our initial screen-
ings, we noted that 1D9 strongly labeled the regener-
ation blastema; thus, we examined the pattern of 1D9
expression during regeneration. We found that 1D9

(See figure on previous page.)
Figure 4 Smed-2C4 labels multiple cells with distinct morphologies and anatomical locations. (A-F) Whole-mount staining of intact
planarians or regenerating planarians with 2C4 (green) and with either 6G10 (magenta) in panels E and F or Lens culinaris agglutinin lectin (LCA,
magenta) in panels G and H. (A) 2C4 labels multiple distinct cell types in the intact worm. Closed arrowhead indicates an example of a 2C4-S cell.
Open arrowhead highlights a 2C4-N cell. Arrow indicates a large round 2C4-I cell. (B, C) 2C4 labels the anterior and posterior blastema during
regeneration in 2, 3, 4, 5, and 7 dpa trunk regenerates. Higher magnification images of the anterior blastemas are shown in C. Arrowhead highlights an
example of the 2C4-S cells seen throughout regeneration. (D) Magnified image of 2C4-N cells. Arrows denote the large cell bodies and arrowheads
indicate their projections. (E, F) 2C4-I cells are located within the anterior (shown in E) and posterior (shown in F) intestinal branches (delineated by
labeling of the intestinal wall musculature with 6G10). (G, H) 2C4 is expressed in a subset of goblet cells marked with LCA. Strongly labeled LCA+ cells
immediately anterior to the pharynx were weakly labeled with 2C4 (shown in G). In contrast, strongly labeled 2C4 cells in anterior secondary branches
were weakly labeled with LCA (shown in H). Dashed boxes in E-G indicate the areas shown in the inset images. Images are maximum
intensity projections of optical sections except for A and B. Anterior is to the left in A and to the top in B-G. Image D was acquired
adjacent to the pharynx. Scale bars: (A, B) 200 μm; (C, E-H) 50 μm; (D) 20 μm.
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labeled the blastema at 2 dpa through one week of re-
generation in a pattern reminiscent of the nascent ceph-
alic ganglia (arrowheads in Figure 6C and 6D), although
we do not think the staining is exclusively in neurons.
Co-labeling with additional markers will be necessary
to confirm which cell types label with 1D9 during
regeneration.
The neoblast and progenitor-like labeling pattern and

the presence of 1D9+ cells in the regeneration blastema
led us to explore the possibility that 1D9 labels either
neoblasts or progenitors. To test this, we performed
co-labeling experiments with 1D9 and anti-SMEDWI,
which labels both neoblasts and their progeny [23]. We
first examined the region near the cephalic ganglia in
the intact worm and detected many co-labeled cells
(inset in Figure 6E). Next, we inspected the animals for
co-labeling in the mesenchyme, immediately posterior to
the pharynx, which is rich in neoblasts. Intriguingly,
we observed that fewer SMEDWI+ cells co-labeled
with 1D9 in this region and also noticed that the levels
of 1D9 expression were lower when compared with
double-labeled cells proximal to the cephalic ganglia
(Figure 6F, N = 6 animals). Further experimentation

and quantitative analysis will be required to resolve
the differential expression of 1D9 throughout the ani-
mal. The expression of genes known to play roles in
neural differentiation has been observed in both differ-
entiated cells and their progenitors [49-51]. Therefore,
we hypothesize that 1D9 recognizes a protein present
in progenitors and cells associated with the nervous
system.

Smed-6C8 is expressed in cells within the planarian
intestine and the regeneration blastema
Smed-6C8 (6C8) labeled cells in a punctate pattern
throughout the planarian body that resembled the
shape of the intestinal branches (Figure 7A). There-
fore, we performed co-labeling experiments with 6G10
to visualize the enteric musculature and determine if
6C8 marks intestinal cells. These experiments showed
that 6C8+ cells were generally located on the luminal
side of the enteric muscle wall in both the anterior
and posterior of the animal (Figures 7B and C). How-
ever, some 6C8+ cells were detected outside, but still
associated with the enteric muscular boundary (arrow-
heads in Figures 7B and C; Additional file 5: Figure S4).

Figure 5 Smed-5B1 labels ciliated cells. (A-C) Whole-mount view of intact planarians immunostained with 5B1 (green), and co-labeled with
anti-Acetylated Tubulin (magenta) and DAPI (blue) in panel B and anti-Acetylated Tubulin (magenta) in C. (A) 5B1 labels protonephridial tubules.
Arrowheads indicate examples of protonephridia. (B) Image of the head region showing that 5B1 labels the protonephridial tubules that are
positive for Acetylated Tubulin. Arrows show examples of protonephridia tubules. (C) A higher magnification image of protonephridia. Arrows
point to examples of 5B1-labeled tubules. Arrowheads show examples of 5B1 labeling in flame cells. (D) 5B1is shown to label in immediate
proximity to anti-Acetylated Tubulin in the dorsal ciliated stripe. Images are maximum intensity projections of optical sections except for in A.
The anterior of the animal is to the top in A and B and to the left in D. Scale bars: (A) 200 μm; (B, C) 50 μm; (D) 20 μm.
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Figure 6 (See legend on next page.)
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We counterstained samples with DAPI and found that
6C8 labeling was located in the nucleus of cells
(Figure 7D, inset). Because 2C4 also labeled an intes-
tinal cell population, we examined if the 2C4 and 6C8
epitopes were expressed in the same cells or in differ-
ent cell populations. When we performed co-labeling
experiments, we noted that 2C4 and 6C8 marked
distinct intestinal cell populations (Additional file 6:
Figure S5A). Furthermore, 6C8 was not expressed in
LCA+ goblet cells (Additional file 6: Figure S5B).
Intestinal cells are derived from neoblasts that divide

outside of the intestine [11]. Our experiments showed
6C8 labels a cell population adjacent and within the in-
testinal musculature boundary. Thus, we hypothesized
that 6C8 labels cells that are specified to become intes-
tinal cells in the mesenchyme and are in the process of
incorporating into the intestinal epithelium. To evaluate
this possibility further, we examined 6C8 expression dur-
ing regeneration. We amputated planarians anterior and
posterior to the pharynx and observed 6C8 labeling be-
tween 2 and 7 days of regeneration (Figure 7E and 7F).
6C8-labeled cells were difficult to detect or completely
absent in 2 dpa regenerates in the blastema and
throughout the worm (Figure 7E). In contrast, we
readily detected strong expression of 6C8 near the an-
terior and posterior regeneration blastemas from 3 to
7 dpa (Figure 7E, arrowheads; Figure 7F, insets); we
also noted cells with 6C8 expression in a cytoplasmic
punctate pattern (insets in Figure 7F). Interestingly,
beginning at 4 dpa we observed 6C8 labeling outside
of the blastema in a pattern resembling the intestinal
branches (arrows in Figure 7E). Extensive remodeling
of the intestine is required to restore proper intestinal
morphology following amputation [11]. The presence
of 6C8+ cells within the intestinal musculature bound-
ary and their location during regeneration suggests to
us that these cells represent differentiating intestinal
cells. This possibility should be tested further with
BrdU pulse/chase experiments to determine if 6C8+

cells co-label with BrdU within the enteric muscle
boundary [11].

Smed-5E12 is strongly expressed in cells in the
regeneration blastema
Smed-5E12 (5E12) was not readily detected in intact
planarians. We observed a punctate expression pat-
tern in some animals, but this was inconsistent (i.e.,
the pattern was completely absent from some of the
samples). Therefore, it was difficult to discern 5E12 la-
beling in defined cell types or tissues (Figure 8A). By
contrast, when we amputated planarians, fixed, and
immunolabeled them at 3 dpa, we observed strong
5E12 labeling in anterior and posterior regeneration
blastemas (Figure 8B). To determine the expression of
this antibody during the course of regeneration we
fixed and stained regenerating trunk fragments at 2–7
dpa and observed 5E12 labeling in the blastema at
all the time points tested (Figure 8B, arrowheads). It
was interesting to note that expression was seen in a
population of cells proximal to the blastema in regen-
erating animals (highlighted posterior to the 3 dpa
anterior regeneration blastema in Figure 8B and C, ar-
rows), suggesting that 5E12 labels a progenitor popu-
lation. Thus, 5E12 can serve as a marker of the
blastema following injury or amputation. It will be in-
teresting to determine if 5E12 can mark the formation
of ectopic structures such as generation of super-
numerary heads that follow RNAi knockdown of β-ca-
tenin-1 in intact animals [52-54]. In addition, the
fixation protocol for this antibody may require further
optimization to stain or preserve the epitope in non-
injured animals, and additional co-labeling experi-
ments will be needed to investigate the identity of the
5E12+ blastema cells.

Visualization of the slit RNAi midline collapse phenotype
with the newly generated mAbs
As a proof of concept, we revisited the knockdown of
Smed-slit [55] to test the utility of our new mAbs in char-
acterizing regeneration defects present following RNAi.
Smed-slit (slit) encodes a conserved axon-guidance glyco-
protein that has a repellent role at the midline and is
necessary for patterning of the major organ systems in

(See figure on previous page.)
Figure 6 Smed-1D9 labels the CNS and neoblast progeny. (A-D) Whole-mount view of intact planarians or regenerating planarians
immunostained with 1D9 (green), and counterstained with DAPI (blue) in B and stained with anti-SMEDWI (magenta) in E-F. (A) 1D9 stain-
ing in the intact planarian reveals labeling surrounding the cephalic ganglia (arrows) and ventral nerve cords (arrowheads), and in the mes-
enchyme. Dashed boxes indicate the regions shown in E (white), and F (yellow). (B) Higher magnification image of the cephalic ganglia
demonstrates that 1D9 labels the nucleus (counterstained with DAPI). (C, D) 1D9 labels the anterior and posterior blastema during regen-
eration in 2, 3, 4, 5, and 7 dpa trunk regenerates. The morphology of the nascent cephalic ganglia is apparent by 4 dpa (indicated by ar-
rowheads). (D) View of the anterior regeneration blastema. (E) Image of the area proximal to the posterior end of the cephalic ganglia in
an intact planarian shows a large population of 1D9+ cells co-labeled with anti-SMEDWI. (F) Image of the area immediately posterior to
the pharynx showing the presence of 1D9+ cells co-labeled with anti-SMEDWI. Dashed boxes indicate the area shown in the insets. Images
are maximum intensity projections of optical sections except for A and C. Anterior is to the top in all images. Scale bars: (A) 200 μm;
(B, D-F) 50 μm; (C) 100 μm.
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Figure 7 (See legend on next page.)
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planarians with respect to distance from the midline [55].
Loss of slit by RNAi causes planarians to regenerate mis-
patterned VNCs and fused primary intestinal branches in
the posterior of the animal [55]. We knocked down slit,
amputated the animals along the sagittal plane, and la-
beled regenerates with 6G10 and 1H6 to visualize the in-
testinal muscle boundary and the VNCs, respectively. We
observed widely spaced axonal tracks in the VNCs poster-
ior to the pharynx in all slit(RNAi) animals (Figure 9A,

arrows) giving the appearance of either the formation of
multiple VNCs or a diversion of a subset of VNC axonal
tracks from the midline. The VNCs were collapsed at
the midline in the posterior of all slit(RNAi) animals
(Figure 9A, arrowheads), whereas the nerve cords re-
generated normally in the control animals. We also
observed that the primary intestinal branches in the
posterior regions of slit(RNAi) animals appeared to be
connected (Figure 9B, arrows), unlike those in gfp

(See figure on previous page.)
Figure 7 Smed-6C8 labels intestinal cells and cells near the regeneration blastema. (A-C) Whole-mount view of intact or regenerating
planarians immunostained with 6C8 (green) and co-labeled with 6G10 (magenta) in panels B-D and/or counterstained with DAPI (blue) in D and
F. (A) 6C8-labeled cells near or within the intestine. (B, C) 6C8 cells are located within the anterior (shown in B) and posterior (shown in C) intestinal
branches or in contact with the enteric musculature wall, which is delineated with 6G10 labeling. Examples of cells observed outside the enteric muscle
boundary are highlighted with arrowheads. (D) 6C8 labels cell nuclei (observed within the boundary of the enteric musculature). (E, F) 6C8+ cells
appear near the anterior and posterior regeneration blastemas at 3 dpa and are detected in the blastema at all later timepoints assayed (examples
highlighted with arrowheads). By 5 dpa, examples of 6C8+ cells were detected far from the blastemas (arrows). Higher magnification image of the
anterior blastema shown in F. Yellow asterisks indicate non-specific labeling of secretory cells. Dashed boxes indicate the area of the high magnification
image shown in the insets. Images are maximum intensity projections except for A and E. Anterior of is to the top in all images. Scale bars:
(A, E) 200 μm; (B-D, F) 50 μm.

Figure 8 Smed-5E12 labels the regeneration blastema. Whole-mount images of intact or regenerating planarians immunostained with 5E12
(green) and counterstained with DAPI (blue) in panel B. (A) 5E12-labeled cells detected throughout the body of an intact animal. (B) 5E12 labels
the anterior and posterior blastemas in regenerating trunk fragments stained over the course of 7 days post-amputation (marked by arrowheads),
and cells proximal to the regeneration blastemas or throughout the body (marked by arrows at 2–7 dpa). (C) Higher magnification image of 5E12+ cells
within a 3 dpa regeneration blastema and posterior to the blastema (arrows). Images in C are maximum intensity projections of optical sections.
Anterior is up in all images. Scale bars: (A, B) 200 μm; (C) 50 μm.
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(RNAi) animals, which regenerated two posterior pri-
mary gut branches. Thus, use of these new mAbs
allowed robust visualization of morphological defects
present after RNAi.

Conclusions
We have produced new monoclonal antibodies that can
be used to study tissue regeneration, structure, and func-
tion in planarians. With the exception of polyclonal
Smed-2G3, these antibodies were deposited to the
Developmental Studies Hybridoma Bank. We have dem-
onstrated that these antibodies label diverse tissues in
planarians and can be useful for examining phenotypes
following RNAi. In addition, we determined that the la-
beling efficiency of antibodies used for whole-mount
staining of planarians greatly depends on the fixation
protocols. Many of the mAbs that we generated did not
display any discernable staining pattern when treated
with subsets of the reagents used in the eight formalde-
hyde fixation protocols we tested (Figure 1C). The
observation that most of the antibodies do not work well
with Carnoy’s fixative is likely due to the fact that
these antibodies were generated against cells fixed with
formaldehyde. Further optimization of these protocols

could prove helpful for future experiments that warrant
co-labeling with currently incompatible antibodies.
Future studies will examine the epitopes detected by

these mAbs, which could potentially increase their use-
fulness as markers for phenotypic analysis or other
applications. It will be interesting to determine if these
antibodies label other species of planarians and the
hermaphroditic strain of S. mediterranea. As an initial
test, we performed labeling experiments with three of
these antibodies (1H6, 2C4, 6G10) in hermaphrodites.
As expected, we found that these mAbs produced the
same staining patterns observed in the asexual strain,
but with limited penetrance throughout the body and in-
creased background signal (data not shown). Additional
modifications to the fixation protocols will be necessary
to use the mAbs with larger animals as in previous
studies [21,40,56]. In conclusion, these antibodies should
help to expand the molecular toolkit available for studies
using planarians.

Methods
All experiments involving mice were performed at QED
Bioscience Inc. (San Diego, CA) in strict accordance
with the policies and guidelines of the Public Health
Service Policy on Humane Care and Use of Laboratory

Figure 9 Smed-1H6 and -6G10 co-labeling reveal the complexity of the midline collapse phenotype following slit RNAi. (A-B)Whole-mount
view of a planarian bisected sagittally and immunostained 15 dpa with 1H6 (green) and 6G10 (magenta). (A) Image of the ventral nerve cords (VNCs)
shows slit(RNAi) worms with intersecting VNCs (arrowheads, 3/5 slit(RNAi), 0/5 gfp(RNAi) animals), as well as slit(RNAi) worms with widely spaced VNC
tracks (arrows, (5/5 slit(RNAi), 0/5 gfp(RNAi) animals). (B) Image of the enteric muscles delineating the intestine illustrates fusion of the intestinal branches
posterior to the pharynx in slit(RNAi) animals (arrows, 5/5 slit(RNAi) animals, 1/5 gfp(RNAi) animals). Images are maximum intensity projections of optical
sections. Anterior is to the left in all images. Scale bar: 200 μm.
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Animals and the Institutional Animal Care and Use
Committee (IACUC) of QED Bioscience Inc. (San Diego,
CA). Immunizations were performed in accordance with
QED Bioscience’s IACUC-approved protocol (SOP #22).

Planarian culture
Asexual Schmidtea mediterranea (CIW4) were maintained
in ultrapure water containing either Instant Ocean
(Spectrum brands) at 0.21 g/l, 0.83 mM MgSO4,
0.9 mM CaCl2, 0.04 mM KHCO3, and 0.9 mM
NaHCO3, or Montjuïc salts as previously described
[22]. Unless otherwise noted, planarians 3–5 mm in
length that were starved for at least 5 days were used
for all experiments.

Dissociation of cells for immunization
Three days prior to the initial amputation, animals were
fed to increase cell proliferation [57]. Animals were
amputated anterior to the pharynx, and fragments con-
taining the tail were allowed to regenerate for approxi-
mately 3 days and then washed in Calcium Magnesium
Free media (CMF) [58], followed by a second wash in
CMF with 30 μg/ml trypsin inhibitor (CMF+TI [T9253,
Sigma]) prior to amputation immediately posterior to
the blastema. The blastemas were collected and incu-
bated in CMF+TI at 4°C for 10 minutes. After removing
the CMF+TI, blastemas were diced and transferred into
a tube with CMF plus 2 U/ml trypsin (T0303, Sigma)
and incubated, while rocking, at 4°C for 1–3 hours
(triturated every 30–45 minutes with a transfer pipette).
Once the tissues neared complete dissociation, the
samples were triturated with a 1000 ml micropipette tip.
The cell suspension was spun down at 300 × g at 4°C for
5 minutes, and the pellet was re-suspended in CMF and
passed through a 50 μm mesh filter. The cell suspension
was centrifuged as above and re-suspended in 4% for-
maldehyde (FA) for 10 minutes at room temperature,
after which the cells were centrifuged at 300 × g for
5 minutes and re-suspended in Phosphate Buffered
Saline (PBS). Cell counts were performed on a Petroff-
Hausser counter to determine cell density.

Mouse immunizations
Five Balb/c mice were injected a total of 5 times over
the course of 7 weeks. The initial immunization and first
boost contained a mixture of 5 × 105 fixed cells sus-
pended in 250 μl mixed with 250 μl of a propriety adju-
vant (QED Bioscience). All subsequent boost injections
contained 5 × 105 cells in PBS. Following all injections,
one mouse was selected and its spleen was harvested.
Blood sera were collected and tested for cross-reactivity
to planarian epitopes after each booster administration
using FA-fixed planarians. For these tests, planarians
were killed in 2% HCl in PBS for 3 minutes followed by

a 4 hour incubation at 4°C in 4% FA in PBSTx (PBS +
0.3% Triton X-100) and bleached overnight in a 6%
H2O2 solution in PBS. Prior to overnight incubation in
blood sera, the worms were blocked for 4 hours in
PBSTB (PBSTx + 1% Bovine Serum Albumin [Jackson
ImmunoResearch Laboratories]). After extensive washing
with PBSTx, worms were blocked again for 1 hour in
PBSTB and incubated in Alexa Fluor 488 goat-anti-mouse
IgG (1:400 in PBSTB, [A11029, Life Technologies])
overnight at 4°C and then washed again with PBSTx
the next day.

Hybridoma screen and antibody production
At QED Bioscience Inc. (San Diego, CA), spleenocytes
from the immunized mice were fused with myeloma
cells, Species F0 or P3X63Ag8U.1. The resulting hybrid-
omas were expanded and screened to generate a library
of polyclonal parental hybridomas. From these parental
lines, further expansion and screening allowed gener-
ation of monoclonal hybridoma lines producing anti-
body. Cells were cultured in high glucose-DMEM with
sodium pyruvate, supplemented with 2% L-glutamine,
10% FBS and 1% penicillin-streptomycin. For selected
monoclonal lines, additional purification of the antibody
was carried out. In vitro production was performed for
the following antibodies: 1D9, 1H6, 2C4, 5E12, and
6G10. The 1D9 and 2C4 antibodies were affinity puri-
fied. After the initial testing, the monoclonal cell lines
were submitted to the DSHB.

Immunostaining
For all images shown, we performed labeling experi-
ments with at least three worms and visualized similar
staining patterns using an optimal fixation protocol for
each antibody (see Additional file 1 and summary in
Figure 1C) unless variations were made for co-labeling
experiments (described below). Fixations for whole-mount
immunostaining were optimized using eight modifications
to a formaldehyde fixation protocol developed for in situ
hybridizations [19]. Briefly, animals were killed in either
cold 2% HCl or 5% N-acetyl cysteine in PBS for 5 minutes.
Animals were then fixed for either 15 minutes at room
temperature or 6 hours at 4°C in 4% FA in PBSTx. To en-
hance possible presentation of epitopes, some protocols
added a reducing step (50 mM DTT, 1% NP-40, 0.5% SDS
for 5 to 10 minutes at 37°C). Animals were bleached over-
night in 6% H2O2 diluted either in PBSTx (aqueous) or
methanol (anhydrous after stepping through 50% metha-
nol) under direct light. The next morning, if bleaching
was performed in methanol, animals were re-introduced
into PBSTx through a 50% methanol intermediate and
washed with PBSTx. Some protocols included a Proteinase
K treatment (2 μg/ml Proteinase K, 0.1% SDS in PBSTx
for 10 minutes at room temperature) followed by a post-
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fix step in 4% FA for 10 minutes at room temperature. An-
imals were washed twice with PBSTx before blocking for
4 hours at room temperature in PBSTB. Hybridoma
supernatant was either added directly to the samples or
diluted in PBSTB and incubated overnight at 4°C. The fol-
lowing day, animals were washed extensively with PBSTx,
then blocked in PBSTB for 1 hour before an overnight in-
cubation at 4°C in either goat-anti-mouse IgG+IgM-horse
radish peroxidase (HRP) (1:1000 [Life Technologies]) or
goat-anti-mouse IgG-HRP (1:1000 [Life Technologies]) in
PBSTB. The following day, animals were washed exten-
sively and then incubated in FITC-tyramide (1:1000 in
PBSTI [PBSTx + 10 mM imidazole]) for 30 minutes and
developed in FITC-tyramide in PBSTI containing 0.015%
H2O2 for 5 minutes. Alternatively, animals were developed
as previously described [18], with the following modifica-
tions: animals were incubated for 5 minutes at room
temperature in 0.1 M borate buffer, pH 8.5, with 0.1%
Tween-20 and then for 10 minutes at room temperature
in 0.1 M borate buffer, pH 8.5, with 0.1% Tween-20,
0.003% H2O2, 2% dextran sulfate, 1:250 FITC-tyramide.
An additional 0.003% H2O2 was added and incubated
for 10 minutes at room temperature. Animals were
then washed extensively with PBSTx. Where indicated
in the Results section, worms were counterstained
with DAPI (0.05 μg/ml) by including it with the secondary
antibody incubation step or subsequent overnight in-
cubation at 4°C.

Double-immunostaining experiments
Immunostaining was carried out as described above,
except for the following modifications. To double label
planarians with 1H6 and 6G10, the antibodies were
detected using either Zenon Alexa Fluor 488, 568, or
Zenon HRP IgG1 Labeling Kits (Z-25002, Z-25006, Z-
25054, Life Technologies). The ratios of the antibody, kit
component A, and kit component B used were 2:1:1;
samples were incubated according to manufacturer’s in-
structions. Labeled antibodies were then diluted to 1:250
in PBSTB. Double-labeling with 2C4 and 6C8 was per-
formed as described above for 2C4; then TSA signaling
was quenched with 10 μg/ml Proteinase K in PBSTx
with 0.1% SDS for 10 minutes at room temperature. An-
imals were post-fixed in 4% FA for 10 minutes at room
temperature, followed by another quenching step per-
formed in 1% H2O2 (diluted in PBSTx) for 1 hour at
room temperature. Following quenching, worms were
rinsed and 6C8 labeling proceeded as described above.
Another modified fix was used to label planarians with

anti-Acetylated Tubulin (1:1000 [clone 6-11B-1, Sigma]).
Incubation times were shortened to 3 minutes in HCl
for the initial kill and 2 hours at 4°C for the FA fixation.
Animals were bleached and stained as described above
for 5B1 antibody. After development, animals were

quenched in Proteinase K and washed, blocked, and
incubated in anti-Acetylated Tubulin (1:1000 [Sigma])
overnight at 4°C. The following day, worms were
washed extensively and incubated overnight at 4°C in
goat-anti-mouse AlexaFluor 568 (1:400 in PBSTB,
[A11031, Life Technologies]) followed by additional
washes.
For co-labelings with anti-SYNAPSIN (1:400 3C10,

DSHB), fixations and bleaching were aqueous and had
no Proteinase K treatment. SYNAPSIN labeling was
always performed first using goat-anti-mouse Alexa-
Fluor488 secondary antibodies. Following anti-SYNAPSIN
labeling, samples were quenched with the Proteinase K
and post-fix (as described above) before washing, blocking,
and proceeding with immunostainings using the monoclo-
nal antibodies.
Two anti-rabbit primary antibodies were used: anti-

CRMP2 (1:50 [9393, Cell Signaling]) and anti-SMEDWI-1
(1:1000 [a kind gift from P. Reddien]); both were visualized
with the goat-anti-rabbit Alexa Fluor 568 secondary anti-
bodies. These were combined with the anti-mouse
monoclonal primaries during the initial incubation.
The secondary antibodies were also combined for in-
cubation; development proceeded as described above.
Co-labeling experiments with Fluorescein labeled

wheat germ agglutinin (WGA) or Rhodamine labeled
Lens culinaris agglutinin (LCA) (Vector Labs) [20]
were performed on intact planarians killed in N-acetyl
cysteine and fixed in FA (as described in Additional
file 1) with the following change: for LCA co-labeling,
worms were incubated with either 6C8 or 2C4 at 1:100
dilution and subsequently labeled with goat anti-
mouse AF488 at 1:500. Following secondary labeling,
the worms were re-blocked for 1 hour in PBSTx with
0.6% BSA and 0.45% fish gelatin (PBSTB+FG) and
incubated with WGA ([1 μg/ml [FL-1021, Vector
Laboratories, Inc.]) or LCA (5 μg/ml [RL-1042, Vector
Laboratories, Inc.]) and diluted in PBSTB+FG over-
night at 4°C.

Fluorescent in situ hybridization
Riboprobes were synthesized as previously described
[19]. Animals were processed using a protocol developed
for in situ hybridization [18]. Some modifications were
made to the protocol: MABTw (Maleic Acid Buffer +
0.1% Tween-20) was used instead of TNTx for washes,
and peroxidase inactivation for double-labeling was per-
formed with 1% H2O2 in PBSTx for 1 hour instead of
azide solution. After peroxidase-inactivation, animals
were washed in PBSTx extensively, blocked in PBSTB
for 1 hour at room temperature, and then incubated in
the antibody overnight. Immunostaining proceeded as
described above.
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Imaging
Single channel whole animal images were acquired with
an Axiocam MRm camera mounted on a Zeiss SteREO
Lumar.V12 stereomicroscope equipped with a NeoLumar
S 1.5X objective running AxioVision v4.8. Higher magnifi-
cation images and the whole animal image in Figure 3B
were obtained on either a Zeiss Axio Observer.Z1 inverted
microscope using an ApoTome for optical sectioning run-
ning AxioVision v4.8 or on a Carl Zeiss LSM710 confocal
microscope running ZEN 2011 or 2012. Objectives used
on the Axio Observer.Z1 were: 40 × 1.3 NA oil immersion
objective, 20 × 0.8 NA objective, and 10 × 0.3 NA object-
ive. Objectives used on the LSM710 were: 40 × 1.2 NA
water immersion objective, 20 × 0.8 NA objective, or 10 ×
0.3 NA objective. Images were processed in Adobe Photo-
shop CS4, CS6, or ImageJ 1.47f to normalize levels, color,
and brightness. 3D reconstruction images were performed
using ZEN 2012 software with a Z-stack containing 48
sections at 1 μm intervals.

Cell size measurements
For cell size measurements of 2C4-labeled cells, maximum
intensity projections of 20–36 × 0.54 μm slices were col-
lected for analysis in ImageJ. The thickest diameter across
the cell body was measured. A minimum of 58 cells was
counted from 9 animals for each cell type analyzed.

RNA interference
Animals were fed bacterially-expressed gfp or Smed-slit
[55] double stranded RNA, as previously described [52], 8
times over a 2.5 week period. One day following the final
RNAi feeding, animals were bisected along the sagittal
plane and allowed to regenerate for 15 days before
fixation.

Additional files

Additional file 1: Detailed fixation and staining protocols. This word
document contains step-by-step instructions for the fixation/immunostaining
protocols for use in the laboratory.

Additional file 2: Figure S1. Smed-1H6 labels neurons found in close
association with pc2+ cell bodies (magenta). Whole-mount view of intact
planarians labeled with 1H6 and processed for in situ hybridization to
pc2 (magenta) and counterstained with DAPI (blue). Examples of
co-labeled cells are highlighted with arrowheads. Image taken to the
right side of the pharynx, facing the ventral side of the worm. Anterior is
to the top of the image. Images are maximum intensity projections of
optical sections. Scale bar: 20 μm.

Additional file 3: Figure S2. Smed-1H6 labels the subepidermal and
submuscular plexuses. Single optical sections taken in the head region of
intact planarians labeled with 1H6 (green) and counterstained with DAPI
(blue) at 0.44 μm intervals starting on the ventral side of the animal.
Depth of each optical section is displayed on each image. Dashed boxes
indicate the regions of the inset images, which highlight the mesh-like
pattern of 1H6 labeling at the subepidermal plexus in the 4.84-5.28 μm
images and 1H6 labeling in the submuscular plexus at 11.00 μm. Anterior
is to the left of the images. Scale bar: 20 μm.

Additional file 4: Figure S3. Smed-2C4+ cells are not WGA+. Whole-mount
view of intact planarians labeled with 2C4 (green) and wheat germ
agglutinin (WGA, magenta) shows 2C4+ cells do not stain with WGA.
(A) Image showing 2C4-S cells denoted by arrows. (B) Image of 2C4-N
cells, which also lack WGA signal. Images were taken to the right side
of the pharynx, facing the ventral side of the worm. Anterior is to the
left. Images are maximum intensity projections. Scale bars: 50 μm.

Additional file 5: Figure S4. Images of 6C8-labeled cells in close
association with enteric muscular fibers. (A-B) 3-dimensional reconstruction
of a Z-stack acquired from planarian enteric musculature labeled with 6G10
(magenta) and 6C8 (green) highlights the 6C8+ cell located outside of the
enteric musculature shown in Figure 7C. Dashed boxes indicate the regions
of the inset images. (A) View of 6C8-labeled cells from different angles of
rotation around the X-axis (numbers in top right corner indicate the degree
angle of rotation from the Y-axis). Arrows denote some examples of 6C8+

cells that are clearly on the luminal side of the enteric muscle boundary.
(B) Images from angles of rotation around the Y-axis (numbers indicate the
degree angle of rotation from the X-axis. Anterior of the animal is to the top
in all images. Scale bars: 50 μm.

Additional file 6: Figure S5. Smed-6C8+ cells are not 2C4 or LCA+. (A-B)
Whole-mount view of intact planarians labeled with 6C8 (magenta in A, green
in B), co-labeled with 2C4 (green) in A, or Lens culinaris agglutinin lectin (LCA,
magenta) and counterstained with DAPI (blue) in B. (A) Co-staining of 6C8
and 2C4 in the primary anterior branch of the intestine demonstrates
that these two antibodies label cell populations that are distinct or at different
developmental stages. (B) Co-staining with LCA indicates that 6C8 does not
label goblet cells in the intestine (shown in a posterior intestinal
branch). The images are maximum intensity projections of optical
sections acquired through the tissues described. Anterior is to the top
in all images. Scale bars: 50 μm.
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CHAPTER	3:	

Fixation,	processing,	and	immunofluorescent	labeling	of	whole	mount	

planarians	
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ABSTRACT	

Efforts	to	elucidate	mechanisms	of	regeneration	in	the	planarian	Schmidtea	

mediterranea	have	included	the	application	of	immunocytochemical	methods	to	

detect	specific	molecules	and	label	cells	and	tissues	in	situ.	Here	we	describe	

methods	for	immunofluorescent	labeling	of	whole	mount	planarians.	We	outline	

protocols	for	fixation	and	steps	for	processing	animals	prior	to	immunolabeling,	

incorporating	commonly	utilized	reagents	for	mucus	removal,	pigment	bleaching,	

tissue	permeabilization,	and	antigen	retrieval.	Because	processing	steps	can	mask	or	

degrade	antigens,	we	also	recommend	protocol	parameters	that	can	be	tested	

simultaneously	to	optimize	sample	preparation	for	novel	antibodies.	
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INTRODUCTION	

Investigation	of	the	cellular	and	molecular	mechanisms	underlying	planarian	

regeneration	has	been	advanced	by	the	application	of	immunohistochemical	

techniques	to	detect	proteins,	post-translational	modifications,	and	other	antigens	

in	situ.	These	efforts	have	included	the	development	of	antibodies	that	recognize	

specific	proteins	[1-5],	the	identification	of	commercially	and	publicly	available	

reagents	that	cross-react	with	planarian	epitopes	[6-10],	and	larger-scale	screens	to	

generate	novel	monoclonal	antibody	collections	that	label	a	variety	of	cell	types	[11-

13].	

Adaptation	of	immunocytochemical	techniques	to	planarians	has	required	

identification	of	suitable	tissue	processing	steps	to	prepare	specimens	for	

immunolabeling.	Many	of	the	processing	steps	were	initially	developed	to	enable	

specific,	low-background	immunodetection	of	modified	nucleic	acids	in	whole	

mount	planarians	[9,14-17]	and	subsequently	adapted	for	detection	of	proteins	

[6,7,18-20].	These	efforts	have	included	the	implementation	of	various	fixatives	

[11,13,14,21,22],	as	well	as	chemical	treatments	to	compensate	for	idiosyncracies	of	

planarian	tissue	such	as	removal	of	mucous	secretions	prior	to	fixation,	bleaching	to	

remove	pigmentation	and	enable	visualization	of	internal	structures,	and	methods	

for	tissue	permeabilization	and	antigen	retrieval	[14-16,23].	Effective	sample	

preparation	requires	achieving	a	balance	between	fixation	and	permeabilization	of	

tissues	to	allow	antibody	access,	while	simultaneously	preserving	antigenicity	and	

epitope	localization.	Therefore,	development	of	novel,	planarian-specific	antibodies,	
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or	evaluation	of	cross-reactivity	of	existing	antibodies	from	commercial	suppliers	or	

other	sources,	has	entailed	efforts	to	test	reagents	on	samples	processed	using	

several	tissue	preparation	procedures	(summarized	in	Figure	3.1).	

Our	laboratories	have	conducted	independent	monoclonal	antibody	screens	

to	raise	cell-type-specific	markers	in	uninjured	and	regenerating	planarians.	In	the	

course	of	these	projects,	we	found	that,	as	in	other	organisms	[24-26],	achieving	

optimal	staining	necessitated	experimenting	with	multiple	tissue	processing	

variables	(Figure	3.2).	Mucus	removal,	fixative	choice,	permeabilization	methods,	

and	even	bleaching	in	aqueous	instead	of	organic	solutions	can	influence	

immunolabeling	with	unique	antibodies	(see	examples	in	Figure	3.2A-C).	

In	this	chapter,	we	provide	step-by-step	protocols	for	fixation	and	

immunofluorescent	labeling	of	whole	mount	planarians.	We	highlight	the	most	

critical	stages	and	commonly	used	sample	preparation,	blocking,	labeling,	and	

detection	approaches	(Figure	3.1),	and	outline	strategies	for	testing	a	range	of	

options	at	each	step	to	optimize	processing	and	labeling	for	new	antibodies.		
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METHODS	

Materials	for	Fixations	and	Immunolabeling	

1.	8	ml	borosilicate	glass	vials.		

2.	20	ml	borosilicate	glass	vials	with	urea	poly	seal	cone	lined	screw	caps.	

3.	1.5	ml	polypropylene	microcentrifuge	tubes.	

4.	15	ml	polypropylene	conical	centrifuge	tubes.	

5.	Multiwell	polystyrene	plates	(24,	48,	or	96	well).	

Mucus	Removal/Kill	Method	1:	Hydrochloric	Acid	Reagents	

1.	2%	HCl:	36.5-38%	HCl	diluted	1:18	into	ultrapure	water.	

Mucus	Removal/Kill	Method	2:	N-Acetyl	Cysteine	Reagents	

1.	1X	phosphate	buffered	saline	(PBS;	137	mM	NaCl,	2.7	mM	KCl,	10	mM	

Na2HPO4,	2	mM	KH2PO4,	pH	7.4).	

2.	5%	N-Acetyl-L-Cysteine	(NAC)	(w/v)	dissolved	in	1X	PBS.	

Fixation	Method	1	and	2:	Formaldehyde	Reagents	

1.	PBSTx:	1X	PBS,	0.3%	Triton	X-100.	

2.	4%	Formaldehyde	Solution:	dilute	to	4%	from	commercial	37%	stabilized	

formaldehyde	stock	in	PBSTx.	

Fixation	Method	3:	Methacarn	Reagents	

1.	Methacarn:	6	volumes	methanol,	3	volumes	chloroform,	1	volume	glacial	

acetic	acid.	
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Fixation	Method	4:	Carnoy’s	Fixation	Reagents	

1.	Carnoy’s	Fixative:	6	volumes	ethanol,	3	volumes	chloroform,	1	volume	

glacial	acetic	acid.	

Permeabilization/Reduction	Reagents	

1.	1	M	Dithiothreitol	(DTT)	Solution:	1	M	DTT,	10	mM	sodium	acetate	(pH	

5.2).	Store	aliquots	at	-20°C.	

2.	10%	(w/v)	Sodium	Dodecyl	Sulfate	(SDS):	Weigh	out	appropriate	amount	

and	dissolve	in	ultrapure	water.	Careful:	SDS	is	a	fine	powder	and	strong	irritant	

when	inhaled,	thus	take	appropriate	protective	measures.	

3.	Reduction	Solution:	50	mM	DTT	diluted	from	a	1	M	stock,	1%	NP-40,	and	

0.5%	SDS	diluted	from	a	10%	(w/v)	stock	in	1X	PBS.	

Bleaching	Methods	1	and	2	(Aqueous	or	Dehydrated)	Reagents	

1.	6%	H2O2-PBSTx:	Dilute	commercial	30%	H2O2	stock	solution	in	PBSTx.	

2.	6%	H2O2-MeOH:	Dilute	commercial	30%	H2O2	stock	solution	in	methanol.	

Proteinase	K	Treatment	Reagents	

1.	Proteinase	K	(ProK):	Dilute	to	a	10	mg/ml	stock	according	to	the	

manufacturer’s	instructions.	Store	aliquots	at	-20°C.	

2.	ProK	Solution:	2	µg/ml	Proteinase	K,	0.1%	SDS	diluted	in	PBSTx.	

Reagents	for	Immunolabeling	Whole	Planarians		

1.	Blocking	Solution	A:	1%	BSA	(IgG-free),	diluted	in	PBSTx.	
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2.	Blocking	Solution	B:	0.3%	BSA	(IgG-free),	0.45%	Fish	Gelatin	diluted	in	

PBSTx.	

3.	1%	(w/v)	sodium	azide	diluted	in	ultrapure	water.	

4.	HRP-conjugated	secondary	antibody	(e.g.,	Goat	Anti-Mouse	IgG+IgM,	

Horseradish	Peroxidase	Conjugate).	

5.	Fluorophore-conjugated	secondary	antibody.	

6.	Mounting	Media	(e.g.,	50-80%	glycerol	in	PBS,	Vectashield	[Vector	

Laboratories]	or	similar).	

Tyramide	Signal	Amplification	(TSA)	Development	Reagents	

1.	Fluorophore-conjugated	Tyramide	(Fluor-tyramide),	(commercially	

available	or	prepared	as	described	in	[27,28]).	

2.	TSA	Buffer:	10	mM	Imidazole,	1:250-1:1000	Fluor-Tyramide,	diluted	in	

PBSTx.	

3.	Mounting	Media	(e.g.,	50-80%	glycerol	in	PBS,	Vectashield	[Vector	

Laboratories]	or	similar).	

Dispensing	Planarians	into	Vials	for	Fixation	

1.	Transfer	animals	in	planarian	salts	to	appropriate	tubes	or	vials	(see	Note	

1).	

• 1.5	ml	polypropylene	microcentrifuge	tube:	1-10	animals	

• 8	ml	glass	scintillation	vial:	20-50	animals	

• 20	ml	glass	scintillation	vial:	50-100	animals	
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• 15	ml	polypropylene	conical:	10-100	animals	

2.	Use	the	following	guide	to	determine	the	volume	of	reagents	to	use	for	all	

steps	in	the	following	methods	(until	the	section	“Immunolabeling	of	Whole	

Planarians”).	Use	at	least	1	ml	of	fluid	per	10	planarians	(see	Note	1).		

• 1.5	ml	polypropylene	microcentrifuge	tube:	1	ml	volume	

• 8	ml	glass	scintillation	vial:	2-5	ml	volume	

• 20	ml	glass	scintillation	vial:	5-10	ml	volume	

• 15	ml	polypropylene	conical:	5-10	ml	volume	

Mucus	Removal/Kill	Method	1:	Hydrochloric	Acid	

1.	Incubate	animals	on	ice	30	seconds	–	2	minutes,	until	movement	slows	

considerably.	Quickly	remove	salt	solution	(e.g.,	by	decanting	or	using	a	plastic	

Pasteur	pipette).	

2.	Replace	planarian	salts	with	pre-chilled,	ice-cold	2%	HCl.	

3.	Incubate	in	2%	HCl	for	3	minutes	total,	alternating	between	gently	

inverting	by	hand	for	1	minute	and	incubating	on	ice	for	1	minute	(see	Note	2).	

4.	Rinse	once	with	1X	PBS.	

5.	Proceed	immediately	to	fixation.	

Mucus	Removal/Kill	Method	2:	N-Acetyl	Cysteine	

1.	Replace	planarian	salts	with	5%	NAC	solution	(see	Note	3).	

2.	Incubate	5-10	minutes	(see	Note	4)	at	room	temperature,	with	gentle	

rocking.	
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3.	Remove	5%	NAC.	

4.	Proceed	immediately	to	fixation.	

Fixation	Method	1:	Formaldehyde	at	Room	Temperature	

1.	Add	4%	Formaldehyde	Solution	(see	Note	5).	

2.	Incubate	15-20	minutes	at	room	temperature,	with	gentle	rocking.	

3.	Remove	4%	Formaldehyde	Solution	and	rinse	2-3	times	with	PBSTx.	

4.	Proceed	to	reduction	step,	bleaching,	or	storage	(see	Note	6).	

Fixation	Method	2:	Formaldehyde	at	4°C	

1.	Add	4%	Formaldehyde	Solution.	

2.	Incubate	for	6	hours	at	4°C,	with	gentle	rocking.	

3.	Remove	fixative	and	rinse	2-3	times	with	PBSTx.	

4.	Proceed	to	reduction	step,	bleaching,	or	storage	(see	Note	6).	

Fixation	Method	3:	Methacarn	

1.	Add	pre-chilled,	ice-cold	Methacarn	and	rock	gently	for	20	minutes	at	4°C.	

2.	Remove	Methacarn,	add	pre-chilled	-20°C	methanol,	and	rock	gently	for	

15-30	minutes	at	4°C.	

3.	Rinse	animals	2	more	times	in	methanol	(room	temperature).	

4.	Proceed	to	Bleaching	Method	2	(recommended),	Bleaching	Method	1	

(optional,	see	Note	7),	or	storage	(see	Note	8).	
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Fixation	Method	4:	Carnoy’s	

1.	Add	pre-chilled,	ice-cold	Carnoy’s	Fixative	and	rock	gently	for	2	hours	at	

4°C.	

2.	Remove	Carnoy’s,	add	pre-chilled	-20°C	methanol,	and	rock	gently	for	1	

hour	at	4°C.	

3.	Rinse	animals	2	more	times	in	methanol	(room	temperature).	

4.	Proceed	to	Bleaching	Method	2	(recommended),	Bleaching	Method	1	

(optional,	see	Note	7),	or	storage	(see	Note	8).	

(Optional)	Permeabilization/Reduction	

1.	Add	Reduction	Solution	(pre-heated	to	37°C)	(see	Note	9).		

2.	Incubate	at	37°C	(in	water	bath)	for	5-10	minutes,	with	gentle	inversion	

every	2-3	minutes.	

3.	Remove	solution	and	rinse	1-3	times	with	PBSTx.	

4.	Proceed	immediately	to	bleaching	or	storage	(see	Note	6).	

Bleaching	Method	1:	Aqueous	in	PBSTx	

1.	Add	6%	H2O2-PBSTx	(see	Note	10).	

2.	Place	tubes	in	an	open,	foil-lined	box,	10-15	cm	under	a	fluorescent	lamp,	

for	8-24	hours	(see	Note	11	and	Note	12).	

3.	Remove	bleaching	solution	and	rinse	3	times	in	PBSTx.	

4.	Proceed	immediately	to	Proteinase	K	treatment,	immunolabeling,	or	

storage	(see	Note	6).	
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Bleaching	Method	2:	Dehydrated	into	MeOH	

1.	Add	1:1	methanol:PBSTx.	

2.	Incubate	5	minutes	at	room	temperature,	with	gentle	rocking.	

3.	Replace	solution	with	methanol	and	incubate	5	minutes	at	room	

temperature,	with	gentle	rocking.	

4.	Replace	with	fresh	methanol	and	incubate	at	-20°C	for	at	least	one	hour.	

5.	Replace	methanol	with	6%	H2O2-MeOH	or	store	animals	at	-20°C	(see	Note	

8).	

6.	Place	tubes	in	an	open,	foil-lined	box,	10-15	cm	under	a	fluorescent	lamp,	

for	8-24	hours	(see	Note	11	and	Note	12).	

7.	Remove	bleaching	solution	and	rinse	2-3	times	in	methanol.	Animals	can	

be	stored	at	-20°C	(see	Note	8).	

8.	Replace	with	1:1	methanol:PBSTx	and	incubate	for	5-10	minutes	at	room	

temperature,	with	gentle	rocking.	

9.	Replace	with	PBSTx	and	incubate	for	5-10	minutes	at	room	temperature,	

with	gentle	rocking.	

10.	Rinse	1-2	times	with	PBSTx.	

11.	Proceed	immediately	to	Proteinase	K	treatment,	or	blocking.	

(Optional)	Proteinase	K	Treatment	

1.	Add	ProK	Solution	(pre-heated	to	37°	C)	(see	Notes	13	and	14).	

2.	Incubate	at	room	temperature	for	10	minutes,	with	gentle	rocking.	
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3.	Replace	ProK	Solution	with	4%	Formaldehyde	Solution	and	incubate	for	

10	minutes,	with	gentle	rocking.	

4.	Remove	fixative	and	rinse	animals	2-3	times	with	PBSTx.	

5.	Proceed	to	Immunolabeling.	

Immunolabeling	of	Whole	Planarians	

1.	Transfer	fixed	and	processed	animals	to	a	96-,	48-,	or	24-well	plate,	or	a	

1.5	ml	polypropylene	microcentrifuge	tube	(see	Note	15).	

2.	Replace	PBSTx	with	Blocking	Solution	(see	Note	16),	then	incubate	4	hours	

at	room	temperature	with	gentle	rocking	(see	Note	17).	

3.	Replace	with	primary	antibody	diluted	into	Blocking	Solution	(see	Note	

18).	

4.	Incubate	overnight	(12-16	hours)	at	4°C	with	gentle	rocking.	

5.	Remove	antibody	solution	(see	Note	19).	

6.	Remove	antibody	and	rinse	3	times	with	PBSTx,	then	wash	6-8	hours,	

replacing	PBSTx	at	least	6	times.	

7.	Re-block	for	1	hour	at	room	temperature	on	rocker	in	Blocking	Solution.	

8.	Replace	with	secondary	antibody	(see	Note	20	and	21)	diluted	in	Blocking	

Solution	(at	a	dilution	of	1:250-1:1000)	plus	DAPI	at	1	μg/ml	(see	Note	22).	Keep	

plate	or	tubes	wrapped	in	foil	or	in	a	light-protective	container	from	this	point	

forward	if	using	fluorophore-conjugated	secondary	or	DAPI.	

9.	Incubate	overnight	(12-16	hours)	at	4°C	with	gentle	rocking.	
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10.	Remove	antibody.	Rinse	3	times	with	PBSTx,	then	wash	6-8	hours,	

replacing	PBSTx	at	least	6	times.	If	HRP-conjugated	secondary	antibody	was	used,	

proceed	to	Tyramide	Signal	Amplification	Development.	

11.	Mount	animals	in	mounting	medium	for	imaging.	

Tyramide	Signal	Amplification	Development	

1.	Pre-incubate	in	TSA	Buffer	for	30	minutes	at	room	temperature.	

2.	Replace	with	TSA	Buffer	plus	0.015%	H2O2	(see	Note	23),	then	incubate	for	

5-10	minutes	at	room	temperature	(see	Note	24).	

3.	Remove	TSA	Buffer	and	rinse	animals	in	PBSTx.	

4.	Wash	3	times	in	PBSTx	(10	minutes	each),	then	overnight	at	room	

temperature	or	4°C.	Keep	plate	or	tubes	wrapped	in	foil	or	in	a	light-protective	

container.	

5.	Mount	animals	in	mounting	medium	for	imaging.	

Notes:	Dispensing	Planarians	into	Vials	for	Fixation	

1.	Processing	steps	for	larger	animals	or	different	species	might	require	

additional	testing.	For	example,	S.	mediterranea	hermaphrodites	are	considerably	

larger	and	require	higher	reagent	concentrations	and	longer	incubation	times	

during	some	processing	steps	[29].	In	addition,	it	has	been	reported	that	species	

such	as	Dendrocoelum	lacteum	require	adjustments	for	successful	immunolabeling	

[30].	Animal	number	per	tube	will	also	need	to	be	adjusted	for	larger	animals.	
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Notes:	HCl	Mucus	Removal/Kill	Step	

2.	Mucus	removal	may	be	more	effective	with	a	longer,	5	minute	HCl	

treatment	on	animals	larger	than	3-5	mm,	when	more	animals	are	fixed	in	the	same	

vial,	or	for	some	antibodies.	Consider	optimizing	the	duration	of	this	step	if	you	

notice	uneven	or	poor	antibody	labeling	of	the	specimens.	

Notes:	N-Acetyl	Cysteine	Mucus	Removal/Kill	Step	

3.	NAC	concentrations	of	up	to	7.5%	and	treatment	times	up	to	10	minutes	

may	be	required	for	larger	animals	and	should	be	optimized	for	individual	

antibodies.	

4.	NAC-treated,	Methacarn-fixed	animals	may	disintegrate	during	bleaching.	

NAC	treatment	can	be	reduced	to	3	minutes	and/or	H2O2	concentration	can	be	

reduced	to	1%.	We	have	not	tested	NAC	treatment	with	Carnoy’s	fixation.	

Notes:	Formaldehyde-based	Fixations	

5.	We	have	compared	the	labeling	of	multiple	antibodies	using	either	PBSTx	

or	PBS	(detergent-free)	during	all	steps	in	formaldehyde-based	fixation.	Labeling	

quality	was	unaffected	by	the	presence	of	detergent,	but	may	need	to	be	tested	for	

new	antibodies.	Additionally,	animals	fixed	and	washed	in	PBSTx	are	less	likely	to	

stick	together.	Further	measures	that	can	reduce	stickiness	include:	increasing	tube	

size	and	fluid	volumes,	minimizing	buffer	exchange	time	to	45	seconds	or	less,	and	

processing	only	3-4	tubes	at	once	to	avoid	delays	during	buffer	exchanges.	



	

	

91	

6.	For	many	antibodies,	labeling	is	unaffected	by	animal	storage	in	PBSTx	at	

4°C	for	up	to	one	week.	We	advise	testing	of	storage	effects	for	new	antibodies.	

Notes:	Methacarn	and	Carnoy’s	Fixations	

7.	Animals	must	be	rehydrated	prior	to	bleaching	in	PBSTx.	Incubate	animals	

in	1:1	methanol:PBSTx	for	5	minutes,	then	2	times	in	PBSTx	(5	minutes	each).	

8.	Animals	can	be	stored	in	Methanol	at	-20°C	for	up	to	one	month.	Further	

storage	could	potentially	decrease	labeling	efficiency.	Storage	effects	should	be	

tested	for	new	antibodies.	

Notes:	Reduction/Permeabilization	

9.	Carnoy’s-	or	Methacarn-fixed	animals	should	be	rehydrated	first	(see	Note	

7).	We	have	no	examples	of	this	treatment	improving	labeling	on	Methacarn	and	

Carnoy’s	fixed	animals.	However,	this	combination	has	not	been	tested	extensively	

and	is	an	option	for	antibodies	that	only	label	alcohol-fixed	specimens.	

Notes:	Bleaching	

10.	We	have	compared	labeling	by	multiple	antibodies	after	bleaching	in	

PBSTx	or	PBS,	and	found	no	difference	in	labeling	quality.	PBSTx	is	recommended	

because	animals	in	PBSTx	were	less	likely	to	stick	together,	but	PBS	may	be	more	

appropriate	for	antibodies	with	detergent	sensitivity.	The	shelf	life	of	commercial	

peroxide	varies	and	the	effective	concentration	can	decrease	over	time	as	H2O2	

decays.	We	recommend	storing	the	stock	solution	at	4°C	and	replacing	it	regularly.	
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11.	Bleach	times	of	12-16	hours	are	appropriate	for	asexual	planarians	3-5	

mm	in	length	and	for	many	antibodies.	However,	smaller	animals	may	require	

shorter	bleaching	times,	while	larger	animals	may	require	longer	times.	In	addition,	

some	antibodies	are	more	sensitive	to	hydrogen	peroxide	treatment.	Optimal	

bleaching	time	should	therefore	be	determined	empirically	for	individual	antibody	

and	animal	size	combinations.		

12.	Animals	may	retain	a	light	yellow	color,	especially	after	shorter	bleaching	

times.	Although	rehydration	and	Proteinase	K	treatment	will	further	reduce	

pigment	levels,	fresh	H2O2	solution	can	be	added	after	8-12	hours	to	accelerate	

bleaching	if	animals	retain	dark	yellow	pigment.	Effects	on	immunolabeling	should	

be	determined	on	an	antibody-to-antibody	basis.	

Notes:	Proteinase	K	Treatment	

13.	We	have	no	examples	of	this	treatment	improving	labeling	on	Methacarn	

and	Carnoy’s	fixed	animals,	but	this	step	is	an	option	for	antibodies	that	only	label	

alcohol-fixed	specimens.	

14.	ProK	concentration	(2-20	μg/ml)	and/or	treatment	time	(5-20	minutes)	

may	need	to	be	empirically	determined	for	smaller	or	larger	animals,	or	for	

regenerates.	
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Notes:	Immunolabeling	of	Whole	Planarians	

15.	Recommendations	for	appropriate	animal	numbers	and	volumes	per	

well/tube	for	blocking	and	labeling.	For	animals/fragments	larger	than	3-5	mm,	

animal	numbers	should	be	reduced.	Use	twice	the	volumes	listed	for	washing	steps.	

• 96-well	plate:	3-5	animals,	75-100	μl	

• 48-well	plate:	3-10	animals,	200-400	μl	

• 24-well	plate:	10-20	animals,	300-600	μl	

• 1.5	ml	microcentrifuge	tube:	10-20	animals,	250-500	μl	

16.	We	have	successfully	used	both	Blocking	Solution	“A”	and	“B”	for	

antibodies	and	hybridoma	supernatants.	Blocking	Solution	“B”	with	fish	gelatin	may	

be	more	suitable	for	antibodies/supernatants	with	higher	background	labeling.	

Optimal	blocking	solution	can	be	determined	empirically	for	new	antibodies.	

17.	Four	hour	blocking	time	is	standard.	However,	blocking	can	be	extended	

overnight	(12-16	hours)	to	improve	signal-to-noise	for	antibodies	with	higher	non-

specific	labeling.		

18.	Optimal	dilution	should	be	determined	for	each	lot	of	antibody.	Some	

examples	of	antibodies	commonly	used	to	label	whole	planarians	and	recommended	

dilutions	are	listed	in	Table	3.1.	

19.	Primary	antibodies	can	be	stored	at	4°	C	after	adding	2	μl	per	ml	of	10%	

Sodium	Azide	(for	a	final	concentration	of	0.02%).	Sodium	Azide	inactivates	HRP	

and	should	not	be	added	to	HRP-conjugated	secondary	antibodies.	Diluted,	stored	
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antibodies	can	often	be	used	multiple	times,	but	storage	effects	should	be	

determined	empirically	for	each	antibody.	

20.	1:250	dilution	is	optimal	for	HRP-conjugated	Anti-mouse	IgG+IgM	

(Jackson)	and	1:1000	is	optimal	for	Alexa	Fluor	488	Anti-Mouse	IgG	(Life	

Technologies).	

21.	Additional	secondary	antibodies	that	we	have	successfully	used	to	label	

whole	planarians	and	their	recommended	dilutions:	

• Alexa	Fluor	568	Goat	Anti-Mouse	IgG	(Life	Technologies),	1:400.	

• Alexa	Fluor	488	Goat	Anti-Rabbit	IgG	(Life	Technologies),	1:1000.	

• Alexa	Fluor	568	Goat	Anti-Rabbit	IgG	(Life	Technologies),	1:1000.	

• Goat	Anti-Rabbit	IgG,	Horseradish	Peroxidase	Conjugate	(Life	

Technologies),	1:250.	

• Goat	Anti-Mouse	IgG,	IgM,	Horseradish	Peroxidase	Conjugate	(Life	

Technologies),	1:1000.	

22.	DAPI	incubation	can	be	performed	later,	after	TSA,	but	will	add	time	to	

the	protocol.	

Notes:	Tyramide	Signal	Amplification:	

23.	To	preserve	H2O2	activity,	aliquot	and	store	30%	stock	at	-20°C.	

24.	Tyramide-only	pre-incubation	and/or	longer	development	times	may	

improve	labeling	in	animals	over	5	mm	in	length.	
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FIGURES	

	

	

	
	
Figure	3.1:	Variations	in	tissue	processing	protocols	affect	immunolabeling.	Planarians	were	
killed	in	either	hydrochloric	acid	(HCl)	or	N-Acetyl-L-Cysteine	(NAC),	fixed	with	Carnoy’s	(CA),	
Formaldehyde	(FA)	or	Methacarn	(MC)	and	bleached	in	either	aqueous	(Aq-Bleach)	or	Methanol	
(MeOH-Bleach).	(A)	Anti-Synapsin	labeling	of	the	cephalic	ganglia.	Labeling	was	reduced	by	mucus	
removal	with	NAC	and	abolished	by	Proteinase	K	(ProK)	treatment.	Aq-Bleach	was	prepared	in	
PBSTx.	(B)	Planarian	intestine	labeled	with	monoclonal	antibody	3F11.	The	addition	of	a	reduction	
step	(Red)	post-fixation	enhanced	labeling,	whereas	bleaching	in	methanol	inhibited	labeling.	Aq-
Bleach	was	prepared	in	PBS.	(C)	Planarians	labeled	with	the	mitotic	marker	anti-H3-PS10.	Fixation	in	
either	Carnoy’s	or	Methacarn	produced	the	clearest	labeling.	Signal	was	reduced	in	Formaldehyde-
fixed	animals	and	further	diminished	by	NAC	mucus	removal.	Anterior	is	to	the	left	in	all	panels.	Scale	
bars	in	A	=	100	μm;	B-C	=	500	μm.	
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Figure	3.2:	Flowchart	of	steps	used	to	prepare	and	immunolabel	whole	mount	planarians.	
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TABLES	

	
	
	
	
	
	
	
	
	

Table	3.1:	Recommended	immunolabeling	protocol	steps	for	antibodies	commonly	used	to	
label	whole	mount	planarians1.	

	

Antibody,  
Cat #, Supplier 

1° Dilution,  
2° Antibody 
Detection 

Recommended Preparations for Whole 
Mount Labeling 

Kill Step 
Method 

Fixation 
Method 

Optional 
Steps 

Bleaching 
Method 

Mouse anti-
Synapsin, 3C11, 

DSHB 

1:400,  
Fluor-

conjugated 

HCl Formaldehyde None Aqueous 

HCl Carnoy’s None Aqueous 

Mouse anti-β-
Tubulin, E7, DSHB 

1:500,  
Fluor-

conjugated 

HCl Carnoy’s None Dehydrated 

NAC Formaldehyde ProK Dehydrated 

Mouse anti-
Acetylated-

Tubulin, T6793, 
Sigma 

1:1000,  
Fluor-

conjugated 

HCl Carnoy’s None Dehydrated 

HCl Formaldehyde 
at 4°C ProK Aqueous 

Rabbit anti-
Histone-H3-PS10, 

3377S, Cell 
Signaling 

1:2000,  
HRP-

conjugated 
HCl Carnoy’s / 

Methacarn None Dehydrated 

Mouse anti-
Phospho-Tyrosine, 

9411S, Cell 
Signaling 

1:500,  
Fluor-

conjugated 

HCl Carnoy’s / 
Methacarn None Dehydrated 

HCl Formaldehyde 
at 4°C None Aqueous 

 

Notes:		
	
1.	The	table	lists	parameters	the	authors	have	identified	that	enable	specific	and	robust	labeling	with	
individual	antibodies.	However,	we	have	not	tested	all	possible	combinations	of	protocol	variables	
and	double-labeling	with	any	of	them	could	require	additional	adjustments.	Antibodies	from	other	
suppliers	can	be	substituted,	but	optimal	sample	preparation	and	antibody	dilution	may	need	to	be	
empirically	determined.	
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CHAPTER	4:	

A	SoxB1	gene	is	required	for	regeneration	and	normal	function	of	sensory	
neurons	in	planarians	
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INTRODUCTION	

The	post-embryonic	mammalian	brain	represents	one	of	the	most	complex	

organs	in	metazoans	and	dysfunction	of	neural	subtypes	or	components	of	the	many	

signaling	pathways	can	lead	to	debilitating	diseases	and	disorders.	One	such	group	

of	disorders	is	epilepsy	disorders	(EDs),	which	represents	one	of	the	most	common	

chronic	neurological	disorders	in	humans	by	imposing	a	range	of	challenges	to	the	

daily	lives	of	65	million	people	worldwide	[1].	People	with	epilepsy	have	a	20	times	

higher	rate	of	sudden	death	and	on	average	live	10	years	fewer	than	the	general	

population.	Individuals	with	epilepsy	also	cope	with	side	effects	from	anti-seizure	

drug	therapies.	The	direct	medical	care	cost	of	epilepsy	in	the	United	States	is	$9.6	

billion	annually	[1].	Epilepsy	is	caused	by	an	array	of	factors,	but	all	epileptic	

seizures	are	characterized	by	abnormal	neural	activity	that	leads	to	an	imbalance	of	

electrical	activity	in	the	brain	[2].		

Studies	dating	back	to	the	1930s	have	contributed	to	the	understanding	of	

inheritance	of	seizure	disorders.	Whereas	rare	Mendelian	inherited	epilepsy	

disorders	and	hundreds	of	new	genetic	mutations	have	been	identified,	the	majority	

of	clinical	data	suggests	complex	inheritance	patterns	and	the	genetic	determinants	

underlying	common	epilepsies	remain	largely	unknown	(reviewed	in	[3,	4]).	The	

advent	of	high-throughput	DNA	sequencing	has	led	to	the	steady	growth	of	whole	

genome	data	for	genome-wide	association	studies	(GWAS)	and	has	helped	to	

identify	many	additional	gene	loci	implicated	in	EDs	[5].	A	recent	study	has	

integrated	data	from	thousands	of	publications	to	create	a	list	of	499	genes	and	331	
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clinical	phenotypes	associated	with	epilepsy	disorders	in	humans	[6].	Additionally,	

at	least	100	genes	have	been	implicated	in	single	gene	loss	causes	of	epilepsy	in	

rodents	[7].	The	most	commonly	identified	genetic	determinants	of	epilepsy	in	

humans	and	animal	models	are	genes	associated	with	ion	transport,	establishment	

of	cellular	localization,	gated	channel	activity,	and	neurotransmitter	receptor	

activity	[4-6].	These	cellular	components	offer	potential	for	the	design	of	future	

treatments	[8].	Current	therapies	for	epilepsy	include	a	multitude	of	anti-seizure	

drugs	with	wide	range	of	side	effects	[1].	Thus,	a	better	understanding	of	the	

molecular	pathways	involved	in	epilepsy	disorders	could	lead	to	the	discovery	of	

better	targeted	drug	therapies	with	less	deleterious	side	effects.	

One	genetic	link	to	epilepsy	disorders	may	lie	within	the	multifaceted	SoxB1	

gene	family.	SoxB1	transcription	factor	gene	function	(Sox1-3	in	mammals)	is	

implicated	in	a	wide	range	of	developmental	processes,	including	maintenance	of	

pluripotency.	For	instance,	SOX2	interacts	with	OCT4	to	alter	the	chromatin	

structure	of	genes	required	for	maintaining	pluripotency	in	embryonic	stem	cells,	

which	is	likely	why	SOX2	can	be	used	to	induce	pluripotency	[9].	SoxB1	genes	are	

important	regulators	of	neural	development,	especially	as	key	players	in	the	

maintenance	of	neural	stem	cells,	which	has	mostly	been	studied	during	

development	[10].	Recent	evidence	suggests	that	well-conserved	developmental	

genes	are	reused	during	adult	stem	cell-based	regeneration	[11].	SoxB1	genes	are	

involved	in	neural	stem	cell	regulation	during	both	development	and	in	adult	

neurogenesis.	Two	of	the	three	SoxB	genes	(Sox1	and	Sox2)	are	enriched	in	a	dataset	
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for	partial	epilepsies	(GWAS	ID	#HGVST522).	Knockout	of	Sox1	in	mice	leads	to	

epileptic	seizures	and	increased	mortality	due	to	a	loss	of	olfactory	cortex	

postsynaptic	target	neurons	in	the	ventral	striatum	[12].	Sox1	must	remain	

expressed	in	post-mitotic	neurons	in	the	ventral	telencephalon	for	the	correct	

specification	and	migration	of	neurons	in	the	ventral	striatum	[13];	however,	the	

molecular	targets	through	which	SOX1	acts	to	specify	and	maintain	the	molecular	

identity	of	these	neurons	in	the	adult	CNS	remain	largely	unknown.	

SoxB1	genes	are	also	implicated	in	the	development	and	maintenance	of	

sensory	organs.	For	example,	SoxB1	genes	directly	activate	expression	of	delta-

crystallin	expression	in	the	embryonic	eye	lens	[14]and	a	SoxB1	gene	is	implicated	

in	determination	of	sensory	epidermal	cells	in	amphioxus	[15].	Additionally,	in	

human	embryonic	stem	cell	derived	neural	crest	models,	Sox2	has	been	found	to	

play	a	necessary	role	in	the	acquisition	of	neural	fates	in	sensory	ganglia	[16].	SoxB	

genes	in	sponges	and	ctenophores	are	expressed	in	ectodermal	cells	that	contribute	

to	sensory	cells	with	photoreceptive	functions	[17-19].	Sox2	is	also	implicated	in	the	

proliferation	and	specification	of	hair	cells	in	the	inner	ear.	It	is	expressed	in	the	

early	sensory	cell	precursors	and	is	required	for	later	differentiation	of	these	cell	

types	[20].	Ectopic	expression	of	the	SoxB1	gene	Sox3	ectopic	leads	to	ectopic	

sensory	placode	formation	in	medaka	fish	[21]	highlighting	the	roles	of	these	genes	

in	sensory	organ	formation	and	demonstrating	an	ancient	role	in	sensory	neural	and	

epidermal	cell	fate.		
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The	planarian	Schmidtea	mediterranea	is	an	excellent	model	animal	in	which	

to	study	transcription	factors	that	contribute	to	adult	neurogenesis	and	seizure	

disorders.	Planarians	have	a	molecularly	complex	nervous	system,	including	a	

central	nervous	system	that	consists	of	bi-lobed	cephalic	ganglia	(brain)	connected	

to	two	ventral	nerve	cords	and	a	peripheral	nervous	system	including	multiple	

nerve	plexuses	(including	the	subepidermal	and	submuscular	plexuses,	which	

extend	processes	past	the	epidermis),	that	likely	function	in	sensory	roles	[22-24].	

Planarians	are	able	to	regenerate	all	missing	tissues,	including	their	nervous	system,	

from	a	population	of	adult	stem	cells	(called	neoblasts).	In	addition,	transcriptome	

analyses	have	revealed	that	many	stem	cell	genes	are	highly	conserved	between	

planarians	and	mammals	[25,	26].	The	ability	to	inhibit	gene	function	in	planarians	

by	dsRNA-mediated	genetic	interference	(RNAi),	coupled	with	their	low	cost	of	

maintenance,	size,	and	fast	regeneration	times	allow	high-throughput	screening	of	

genes	involved	in	neural	regeneration.	Furthermore,	planarians	can	be	induced	by	

chemoconvulsants	to	exhibit	seizure-like	movements,	which	can	be	attenuated	by	

treatment	with	anti-seizure	compounds	[27].	

Recent	studies	have	reaffirmed	the	hypothesis	that	planarian	neoblasts	are	

not	comprised	of	a	homogeneous,	pluripotent,	stem	cell	population,	but	rather	

multiple	populations	of	stem	cells	[11,	28],	only	a	fraction	of	which	are	truly	

pluripotent,	and	thus	able	to	differentiate	into	cells	of	all	germ	cell	layers	[28,	29].	

Molecular	markers,	originally	thought	to	distinguish	most	stem	cell	progeny	[30]	

have	now	been	determined	specific	to	epidermal	lineage	[28],	leaving	many	
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unanswered	questions	about	the	relationship	and	overlap	between	cells	termed	

neoblasts	versus	neoblast	progeny	and	the	differentiation	potentials	of	subsets	of	

these	cells.	Further,	it	is	still	unclear	whether	stem	cell	progeny	in	planarians	

represent	any	cell	lineages	that	are	capable	of	self-renewal.	One	soxB1	gene	has	

been	previously	studied	in	S.	mediterranea,	which	is	expressed	in	a	subset	of	

neoblasts	as	well	as	in	a	subset	of	photoreceptor	neurons	[26,	31,	32].	Its	expression	

is	required	for	the	formation	of	an	anterior	photoreceptive	neuron	population	[31,	

32].	An	additional	SoxB1	gene	has	been	identified	in	Schmidtea	polychroa	(Spol-

soxB1-2)	and	the	timing	of	its	expression	during	embryonic	development	in	this	

planarian	species	suggests	functions	in	neural	development	similar	to	roles	found	in	

other	bilaterians	[33].	

We	found	that	the	ortholog	of	this	gene	in	S.	mediterranea,	Smed-soxB1-2	

(hereafter	referred	to	as	soxB1-2),	is	expressed	in	the	epidermis,	a	stem	cell	

population	that	may	represent	an	ectodermal	lineage	progenitor,	and	the	nervous	

system,	including	putative	sensory	neural	populations.	Remarkably,	soxB1-2	RNAi-

treated	animals	exhibited	seizure-like	behaviors	upon	light	exposure;	in	addition,	

amputated	planarians	regenerating	new	heads	and	uninjured	planarians	developed	

significantly	smaller	cephalic	ganglia	and	reduced	sensory	structures.	These	animals	

also	had	defects	in	the	epidermis	and	in	sensory	nervous	system	function.	These	

data	suggest	that	soxB1-2	controls	transcription	of	genes	required	for	the	

differentiation	of	a	subset	of	ectodermal	progenitor	cells	into	mature	epidermal	and	

neural	cell	types.	In	this	study,	we	identified	downstream	targets	of	soxB1-2,	
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including	many	genes	closely	related	to	those	found	within	the	human	‘epileptome’	

(a	resource	of	499	genes	associated	with	EDs),	multiple	polycystic	kidney	disease	

genes,	and	GABA	receptor	components,	all	of	which	were	found	within	putative	

ciliated	sensory	cell	populations.	Loss	of	soxB1-2	function	or	the	function	of	a	subset	

of	these	downstream	genes	leads	to	loss	of	sensory	function,	including	loss	of	

rheosensation	(detection	of	water	flow)	and	vibration	sensation.	Recent	work	has	

identified	links	between	pkd	genes,	cilia	function,	and	epilepsy	[34].	This	highlights	a	

potential	future	role	for	planarians	as	a	model	for	epilepsy	disorders.		
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METHODS	

Animal	Care	

Asexual	S.	mediterranea	(CIW4)	were	maintained	in	1X	Montjuïc	salts	and	cared	for	

as	previously	described	[35].	Animals	used	for	all	experiments	measured	2-5	mm	in	

length	and	were	starved	for	1	week	prior	to	initiation	of	experiments.	

Whole	mount	in	situ	hybridizations	and	Immunohistochemistry	

Whole	animals	were	processed	for	whole-mount	in	situ	hybridization	as	

outlined	in	[36]	with	fast	blue	labeling	performed	as	described	in	[37].	For	

immunostaining	with	anti-Synapsin	(anti-SYNORF1,	1:400,	3C11,	DSHB)	or	anti-

Acetylated	Tubulin,	animals	were	prepared	with	the	Carnoy’s	method	as	described	

in	[38]	with	a	shortened	(2	minutes	total)	incubation	in	2%	ice	cold	hydrochloric	

acid.	

RNA	interference	

Animals	were	fed	bacterially-expressed	dsRNA	mixed	with	liver	puree	[39]	6	

times	over	3	weeks	for	most	experiments,	unless	otherwise	specified	in	the	

figure.		gfp	dsRNA	was	used	as	a	control	in	all	feedings.	Animals	were	fixed	and	

processed	7	days	following	the	sixth	feed	for	all	experiments	unless	otherwise	

specified.	For	regeneration	studies	animals	were	amputated	anterior	to	the	pharynx	

1	day	following	the	6th	feed	and	allowed	to	regenerate	14	days	before	fixation	and	

processing,	unless	otherwise	specified.	



	

	

110	

RNA	sequencing	

RNA	was	extracted	from	3	biological	replicate	groups	of	2	worms	of	either	

soxB1-2(RNAi)	or	gfp(RNAi)	animals	at	days	6,	14,	and	24	following	the	first	dsRNA	

feeding	using	Trizol	(Life	Tech)	and	purified	using	Direct-zol	RNA	miniprep	kit	

(Zymo).	The	extracted	RNA	was	then	treated	with	DNase	using	the	Turbo	DNA-free	

Kit	(Life	Technologies)	and	purified	with	RNeasy	MinElute	Cleanup	kit	(Qiagen).	

cDNA	libraries	were	generated	using	either	TruSeq	RNA	Sample	Prep	Kit	v2	and	

sequenced	on	a	HiSeq	2000	System	(Illumina)	or	for	the	day	6	and	day	14	samples,	

the	cDNA	libraries	were	generated	using	NEBNext®	Ultra™	II	DNA	Library	Prep	Kit	

for	Illumina®		and	also	sequenced	on	a	HiSeq	2000	System.		Sequences	were	aligned	

to	an	asexual	genome	assembly	v1.1	[40].	The	R	Bioconductor	package	was	used	to	

identify	differentially	expressed	genes	with	cutoff	values	of	FDR	≤	0.1,	LogCPM	score	

≥0.15	and	Magnified	Fold	Change	of	≥	1.4.	Changes	were	represented	as	linear	fold	

changes	over	controls.	Sequences	were	aligned	to	the	dd_Smed_v4	and	dd_Smed_v6	

transcriptomes	[41]	with	cut-offs	of	e-value	≤	e-100	to	first	determine	inclusion	in	

ciliated	neuron	class	per	[42],	and	secondly	for	gene	annotation	information	that	

was	determined	for	the	dd_Smed_v6	transcriptome,	available	at	

http://planmine.mpi-cbg.de/.	Additional	Gene	Ontology	terms	were	determined	by	

taking	the	transcript	sequences	from	SmedGD	and	translating	through	virtual	

ribosome	(http://www.cbs.dtu.dk/services/VirtualRibosome/)	using	the	longest	

open	reading	frame	finder,	using	the	settings	“none_ORF”,	stop	at	stop	codon,	and	

search	all	6	possible	reading	frames.	These	translated	peptide	sequences	were	
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loaded	into	Blast2GO	version	3.3	using	the	blastP	to	nr	function	with	e-value	1e-3,	#	

blast	hits	=	20,	word	size	=	3,	and	HSP	cutoff	length	of	25.	And	then	InterProScan	

was	run	and	GO	terms	obtained	with	annotation	GO	Weight	of	5	and	E-Value	Filter	

of	1e-6.	Duplicated	alignments	to	the	dd_Smed_v4	transcriptome	were	used	as	

criteria	to	eliminate	duplicate	transcripts	in	the	RNA-seq	lists,	in	which	case	

duplicate	genes	that	with	smaller	Magnified	Fold	Change	values	were	eliminated	

from	the	final	list.	The	venn	diagram	showing	overlapping	genes	was	created	using	

eulerAPE	v3	software	(http://www.eulerdiagrams.org/eulerAPE/).	

qPCR	

RNA	was	extracted	as	described	above	for	3	biological	replicate	groups	and	

cDNA	was	synthesized	using	the	iScript	cDNA	Synthesis	Kit	from	BioRad.	

Quantitative	PCR	was	performed	on	a	CFX	Connect	Real-Time	System	(BioRad)	

using	SsoAdvanced	SYBR	Green	Supermix	(BioRad)	with	a	two-step	cycling	protocol	

and	annealing	and	extension	temperatures	of	58.5°C.	The	following	primers	were	

used	for	experiments:	caveolin-1	Forward	(GAAGCTAATAGCGGTCTACG),	caveolin-1	

Reverse	(CTGAAACAGAGGCTGCAC),	soxB1-2	Forward	(AACTTTCTTGCAGCCAATGC),	

soxB1-2	Reverse	(GGGAGAATTGTGGAATGATG),	gapdh	Forward	

(AGCTCCATTGGCGAAAGTTA),	and	gapdh	Reverse	(CTTTTGCTGCACCAGTTGAA).	

Three	biological	and	three	technical	replicates	were	used	for	each	experiment.	

gapdh	was	used	as	a	reference	gene	to	normalize	the	relative	amount	of	each	target	

gene.	The	changes	in	gene	expression	and	standard	deviations	were	performed	in	

CFX	Manager	Software	v3.0.	
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Gene	identification	and	cloning	

Sequences	were	obtained	from	either	an	EST	library	[43]	or	cloned	using	

gene	specific	primers	into	PJC.53.2	[44]	or	pPR-T4P	[45]	using	ligation	independent	

cloning	techniques	as	described	in	[46].	

Imaging	and	statistical	analyses	

All	images	comparing	control	and	RNAi	worms	were	taken	on	the	same	day,	

under	the	same	light	conditions.	Live	and	whole	mount	in	situ	hybridization	animals	

were	imaged	using	a	Leica	DFC450	camera	mounted	on	a	Leica	M205	

stereomicroscope.	Immunolabeled	animals	were	imaged	on	a	Zeiss	Lumar	

microscope	and	fluorescent	in	situ	hybridization	animals	were	imaged	on	a	Zeiss	

LSM710	Confocal	microscope	using	20X	and	40X	objectives	as	described	in	[38].	For	

if-b	co-labeling	images,	approximately	1	mm	sections	were	performed	following	

labeling	using	razor	blades	and	sections	were	mounted	with	anterior	sides	touching	

the	slide.	ImageJ	Software	[47]	was	used	to	determine	brain	area	normalized	to	the	

periphery	of	the	body	(6	biological	replicates)	of	both	soxB1-2(RNAi)	and	gfp(RNAi)	

animals	using	anti-Synapsin	staining	or	chat	labeling	by	tracing	the	area	of	the	brain	

with	the	freeform	tool.	The	two	groups	were	compared	using	a	Student’s	t-test	and	

significance	was	accepted	at	P<0.05.	

Vibration	sensation	experiments	

Initial	vibration	sensation	experiments	for	screening	were	performed	by	

anchoring	the	dish	to	a	flat	surface	manually	and	manually	tapping	the	sides	of	the	
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dish	to	compare	reactions	to	those	of	control	animals	using	at	least	5	animals	per	

experiment.	The	quantified	vibration	sensation	experiments	were	conducted	in	a	

standard	100	mm	petri	dish.	The	petri	dish	was	immobilized	by	inserting	it	in	the	

corresponding	lid,	which	was	glued	to	a	cold	light	LED	panel	and	modified	using	a	

silicone	paste	to	snugly	hold	the	petri	dish	in	place.	The	petri	dish	was	filled	with	

25ml	of	Montjuïc	salts	before	4-8	planarians	were	added	to	the	dish	using	a	691	

plastic	transfer	pipet.	Control	(gfp)RNAi	and	experimental	RNAi	groups	were	

assayed	alternatingly.	All	conditions	were	run	in	triplicate,	with	a	total	of	N=20	

specimen	each.	To	account	for	potential	behavioral	differences	independent	of	the	

stimulus,	no	stimulus	controls	were	performed	for	all	conditions.	The	trials	

consisted	of	three	8	sec	free	runs	followed	by	3	stimuli	of	10	taps	each.	The	taps	

were	fully	automated	using	a	computer-controlled	custom	tapping	device.	

Recording	was	performed	at	5	frames	per	second	(fps)	using	a	Basler	A641f	CCD	

camera	and	a	custom	MATLAB	routine.	Image	analysis	was	performed	in	MATLAB	

to	obtain	center-of-mass	motion	and	worm	length	over	time.	To	account	for	size	

differences	among	planarians,	the	average	gliding	length	for	each	animal	was	

calculated	and	applied	to	further	analysis.	The	behavior	of	each	animal	during	each	

tapping	series	was	then	quantified	as	the	contraction	amplitude,	which	is	the	ratio	

of	worm	length	at	the	most	contraction	point	to	the	average	gliding	length.	

Rheosensation	experiments	

Initial	rheosensation	experiments	for	screening	were	performed	by	using	a	

P1000	pipette	to	gently	squirt	planarian	water	across	the	dorsal	surface	of	the	
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animals	to	compare	reactions	to	those	of	control	animals	using	at	least	5	animals	per	

experiment.	Rheosensation	experiments	were	performed	in	a	custom	rectangular	

imaging	arena,	13.4mm	width	x	60.4mm	length	x	15mm	depth.	The	arena	was	

illuminated	from	the	side	using	a	white	cold	light	LED	panel	and	imaged	from	the	

side.	The	same	MATLAB-controlled	camera	and	lens	were	used	for	recording	at	5fps	

as	in	the	vibriosensation	experiments.	3ml	of	Montjuïc	salts	were	added	to	the	arena	

for	an	experiment.	Colored	Montjuïc	salts	were	prepared	by	adding	7.5	μl	blue	food	

color	to	1ml	Montjuic	salts.	A	planarian	was	added	to	the	arena	using	a	691	plastic	

transfer	pipet.	Once	gliding	parallel	to	the	long	side	of	the	arena	(and	the	camera),	

the	worm	was	stimulated	by	pipetting	15	μl	of	the	blue	water	onto	its	back.	Care	

was	taken	that	the	pipet	tip	was	immersed	in	the	water	before	pipetting.	The	blue	

color	allowed	for	a	visualization	of	the	dye	as	it	hit	the	specimen.	The	side-view	

imaging	ensured	that	the	stimulus	was	solely	through	the	water	flow	and	not	

through	accidentally	touching	the	animal.	After	each	experiment,	the	specimen	was	

removed	and	the	arena	was	rinsed	with	DI	water,	wiped,	and	refilled	with	3	ml	of	

fresh	Montjuïc	salts.	As	in	the	vibriosensation	experiments,	control	and	

experimental	groups	were	assayed	alternatingly.	Image	analysis	was	performed	in	

Image	J	and	MATLAB	to	obtain	worm	length	over	time.	To	account	for	size	

differences	among	planarians,	worm	length	was	normalized	by	worm’s	gliding	

length	before	being	pipet.	The	behavior	in	rheosensation	assay	was	then	quantified	

as	the	contraction	amplitude.	
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Movement	imaging	experiments	

The	movement	imaging	experiments	were	performed	in	a	standard	100mm	

petri	dish.	The	petri	dish	was	filled	with	25	ml	Montjuïc	salts	before	10-11	

planarians	were	transferred	into	the	petri	dish	by	a	691	plastic	transfer	pipet.	Both	

control	(gfp)RNAi	and	experimental	RNAi	planarians	were	run	in	two	plates.	The	

experiments	consist	of	imaging	on	an	IR	panel	(Advanced	Illumination,	BL-0404)	

and	a	white	LED	panel	(LEDwholesealers,	2101WH).		Before	the	imaging	on	the	IR	

panel,	the	dish	was	put	onto	the	IR	panel	and	allowed	to	sit	for	15	min	so	the	worms	

could	settle	down.	The	imaging	of	worms	on	the	IR	panel	was	10	min	long,	recorded	

by	a	MATLAB-controlled	Basler	A641f	CCD	camera	at	5	fps.	After	imaging	on	the	IR	

panel,	the	dish	was	put	aside	and	exposed	to	white	LED	light	(KEDSUM	LED	desk	

lamp,	7w)	for	40	min.	The	dish	was	then	put	onto	the	white	LED	panel	and	recorded	

by	camera	for	10	min	at	5	fps.	Image	analysis	was	quantified	in	MATLAB.	The	spline	

of	each	worm	was	extracted	in	MATLAB	by	fitting	the	spline	to	facilitate	the	further	

calculation	of	the	bending	angle.	The	spline	was	then	split	into	9	segments,	resulting	

in	8	consecutive	angles.	The	sum	of	the	absolute	value	of	the	8	consecutive	angles	

was	then	used	to	describe	the	worm’s	bending	property.	By	tracking	the	worms	

throughout	the	video,	the	average	value	of	the	total	bending	angle	was	calculated.	

Additionally,	the	center-of-mass	of	each	worm	was	tracked	throughout	the	

video.		Worm	tracks	were	sometimes	truncated,	when	worms	were	across	each	

other	or	on	the	edge.	Speed	was	calculated	for	all	tracks	at	2s	intervals	to	reduce	the	
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effect	of	noise.	The	speed	was	scaled	by	the	worm’s	length	squared	to	the	worm’s	

area.	The	mean	gliding	speed	was	calculated	by	averaging	the	speed	data.		

Chemotaxis	experiments	

The	chemotaxis	experiments	were	conducted	in	a	standard	100mm	petri	

dish.	The	dish	was	filled	with	25ml	Montjuïc	salts	before	10-11	planarians	were	

transferred	into	the	petri	dish	by	a	691	plastic	transfer	pipet.		Both	control	(gfp)	

RNAi	and	experimental	RNAi	planarians	were	run	in	two	plates.	The	liver	mixture	

was	prepared	with	organic	chicken	liver	diluted	by	1x	Montjuïc	salts	at	the	ratio	of	

1:2.	Each	dish	was	imaged	on	a	white	LED	panel	by	the	Basler	A641f	camera	at	5fps.	

The	dish	was	first	imaged	without	any	food	for	10	min	as	a	control	imaging.	After	

the	control	imaging,	50uL	liver	mixture	was	injected	into	the	center	of	the	dish	

slowly	by	a	pipet	(Gilson,	200uL)	and	the	dish	then	was	imaged	for	10	min.	Image	

analysis	was	performed	in	MATLAB	to	track	worms’	movements.	A	food	area	(a	

circle	with	half	of	the	radius	of	the	dish)	was	defined	for	each	group	manually	and	

applied	to	both	videos	with	and	without	food.	The	amount	of	time	worms	spent	in	

the	food	area	during	the	second	half	of	the	videos	with	and	without	food,	was	

calculated	and	compared	with	each	other.		

Single	cell	RNA-sequencing	analysis	

scRNA-seq	data	was	obtained	from	NCBI	Gene	Expression	Omnibus	(GEO	

accession	GSE79866)	[48]	and	NCBI	Sequence	Read	Archive	(SRA:PRJNA276084)	

[42].	Reads	were	aligned	to	the	SmedASXL	transcriptome	assembly	under	NCBI	
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BioProject	PRJNA215411	using	bowtie2	with	15	bp	3’	trimming.	All	cells	with	

detection	of	soxB1-2	expression	were	extracted	for	analysis.	The	violin	plot	was	

constructed	using	log2-transformed	read	counts	with	the	Seurat	R	package	[49].	

Heatmaps	were	produced	using	log2-transformed	read	counts	[48].	Pseudotime	

analysis	was	performed	using	Waterfall	source	code	available	from	[50],	as	

described	in	[48].	Briefly,	soxB1-2-positive	cells	were	extracted	and	cell	groups	were	

identified	by	hierarchical	clustering	based	on	the	top	1000	most	variable	transcripts	

across	these	cells.	Principal	components	analysis	was	performed,	revealing	three	

distinct	cell	branches	extending	from	a	central	vertex.	Expression	of	known	tissue-

specific	markers	was	used	to	identify	one	of	the	branches	as	neural	and	another	as	

epithelial,	while	the	third	branch	could	not	be	identified	and	was	removed	from	the	

analysis.	Pseudotime	values	were	assigned	to	each	cell,	with	pseudotime	0	being	the	

vertex,	positive	values	representing	progression	along	an	epithelial	lineage	and	

negative	values	representing	progression	along	a	neural	lineage.	
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RESULTS	

soxB1-2	loss	of	function	causes	seizure-like	phenotype,	reduction	in	brain	
size,	and	loss	of	mechanosensory	function	in	planarians	
	

We	sought	to	determine	if	SoxB1	genes	play	a	role	in	planarian	neural	

regeneration	and	function	due	to	their	known	functions	during	neurogenesis.	Smed-

soxB1-1	is	expressed	in	a	subset	of	planarian	neoblasts	and	loss-of-function	results	

in	non-regeneration	of	a	subset	of	anterior	photoreceptors	[31,	32].	However,	the	

function	of	another	soxB1-2	gene	in	planarians	had	yet	to	be	explored.	We	

performed	RNAi-mediated	knockdown	experiments	on	planarians	to	determine	the	

function	of	this	gene	(Figure	4.1A)	and	found	that	the	animals	displayed	abnormal	

behaviors	when	they	were	exposed	to	white	light	(Figure	4.1B).	These	behaviors	

included	body	movements	that	were	previously	described	as	seizure-like	behaviors	

[27].	In	particular,	these	worms	exhibited	snake-like	twisting	movements,	bending	

movements,	and	corkscrew	movements,	all	resulting	in	various	degrees	of	bending	

(Figure	4.1B-C).	To	verify	the	phenotype	was	not	due	to	off	target	effects,	we	

performed	knockdown	experiments	with	two	additional	non-overlapping	constructs	

and	observed	consistent	behavioral	results	(data	not	shown).	Interestingly,	soxB1-

2(RNAi)	animals	did	not	exhibit	these	behaviors	when	kept	in	the	dark	or	in	infrared	

light	(Figure	4.2A).		We	observed	that	these	animals	lost	contact	of	their	ventral	

surface	with	the	dish	when	exhibiting	these	behaviors	(Figure	4.1A).	These	

movements	were	detrimental	to	the	forward	movement	progress	of	the	worms;	the	

speed	of	their	center	of	body	mass	was	significantly	slower	than	that	of	the	control	

worms	(Figure	4.1D).	
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soxB1-2	is	expressed	in	the	epidermal	and	neural	lineages	as	well	as	putative	
sensory	neurons	

	
	 The	robust	behavioral	phenotype	we	observed	in	soxB1-2(RNAi)	worms	led	

us	to	hypothesize	this	gene	is	expressed	in	the	nervous	system.	We	performed	

whole-mount	in	situ	hybridization	(WISH)	to	soxB1-2	with	an	RNA	probe	to	

determine	its	expression	pattern	and	observed	strong	labeling	in	the	head	

periphery	(Figure	4.1E,	black	arrowheads),	along	the	dorsal	ciliated	stripe	(Figure	

4.1E,	yellow	arrows),	and	in	the	mouth	of	the	pharynx	(Figure	4.1E,	black	arrow),	all	

areas	thought	to	be	anatomical	regions	rich	in	sensory	neurons	[24,	51-55].	We	

observed	punctate	labeling	throughout	the	animal	and	faint	epidermis	staining,	

which	we	also	detected	when	we	labeled	animals	with	two	other	non-overlapping	

soxB1-2	riboprobes	(Figure	4.2B).	To	confirm	our	WISH	results,	we	queried	two	

published	single	cell	RNA-sequencing	datasets	(scRNA-seq)	to	determine	if	there	

was	enrichment	of	gene	expression	in	specific	cell	populations	[42,	48].	We	found	

the	greatest	enrichment	of	expression	in	the	ciliated	neuron	category	(the	putative	

sensory	neuron	class),	a	subset	of	neurons,	and	cells	from	the	epidermal	lineage	

(Figure	4.1F).	

	 	To	further	explore	the	identity	of	the	soxB1-2+	cell	types,	we	performed	

double	fluorescent	in	situ	hybridization	experiments	(dFISH).	These	experiments	

revealed	soxB1-2	expression	in	PIWI-1	protein-expressing	cells	(a	marker	of	stem	

cells	and	their	progeny,	[56]).	These	cells	were	abundant	in	the	dorsal	head	region	

of	the	planarian,	near	the	dorsal	ciliated	stripe	region	(Figure	4.3A).	Due	to	this	
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labeling,	we	hypothesized	that	there	exists	a	population	of	soxB1-2+	stem	cells	and	

neural	progenitor	cells.	To	test	this,	we	assayed	for	co-expression	of	soxB1-2	and	the	

stem	cell	marker,	piwi-1	[57],	as	well	as	a	marker	of	the	neural	progenitor	class,	

piwi-2	[48].	Although	rare,	we	did	observe	both	of	these	populations	(piwi-1	co-

labeled	cells	shown	anterior	to	the	pharynx,	arrows	in	Figure	4.3B,	and	piwi-2	co-

labeled	cells	shown	in	between	the	lobes	of	the	brain,	arrows	in	Figure	4.3C).		

Given	that	it	has	been	hypothesized	that	the	dorsal	ciliated	stripe	functions	in	

rheosensation	and	the	expression	of	soxB1-2	in	this	area,	we	wanted	to	confirm	that	

the	soxB1-2+	cells	in	this	area	were	neuronal.	We	performed	dFISH	with	soxB1-2	

riboprobe	and	a	riboprobe	mixture	of	the	pan-neuronal	markers	synaptotagmin	and	

synapsin.	This	experiment	revealed	extensive	co-labeling	of	soxB1-2	and	the	

neuronal	mix	in	the	area	of	the	dorsal	ciliated	stripe	(arrows	in	Figure	4.3D).	These	

cells	are	located	beneath	the	epidermis,	therefore,	it	is	likely	that	the	abundant	cilia	

labeling	seen	at	the	dorsal	ciliated	stripe	does	not	originate	from	the	monolayer	of	

epidermis	on	the	dorsal	side	of	the	animal,	but	rather	from	this	population	of	

neurons	located	deeper	within	the	mesenchymal	space.	

soxB1-2	loss	of	function	causes	reduction	in	brain	size	and	loss	of	
mechanosensory	function	in	planarians	
	
	 Due	to	the	expression	of	soxB1-2	in	the	neural	lineage,	we	sought	to	

determine	if	there	were	overall	morphological	changes	to	the	central	nervous	

system	following	soxB1-2	loss	of	function.	Therefore,	we	repeated	RNAi	experiments	

on	intact	and	regenerating	animals	(Figure	4.1G)	and	found	an	overall	reduction	in	
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the	size	of	the	regenerating	and	homeostatic	brain	in	soxB1-2(RNAi)	worms	(Figures	

4.1H-I,	Figure	4.2C).	

	 Planarians	have	multiple	ciliated	structures.	The	ventral	epidermal	cilia	are	

the	source	of	the	normal	gliding	locomotion	of	planarians	[58].	Additionally,	cilia	are	

abundant	in	the	protonephria	(the	filtering	organs	akin	to	the	vertebrate	kidney)	

and	finally,	there	are	multiple	ciliated	structures	that	are	hypothesized	to	contain	

ciliated	sensory	neurons,	including	the	auricles	(found	in	the	peripheral	region	of	

the	head	in	S.	mediterranea)	and	the	dorsal	ciliated	stripe	[24,	51-55].	The	

movement	phenotype	that	we	observed	(Figure	4.1B-D),	coupled	with	expression	in	

the	epidermal	and	neural	classes,	led	us	to	explore	whether	there	were	changes	to	

the	cilia	in	the	dorsal	ciliated	stripe,	the	auricle	region,	and	the	ventral	cilia.	Indeed,	

we	observed	a	visible	loss	of	anti-Acetylated	Tubulin	labeling	of	the	cilia	[59]	at	the	

dorsal	ciliated	stripe	(Figure	4.1J,	white	arrowheads),	an	overall	reduction	of	

labeling	across	the	dorsal	and	ventral	ciliated	surfaces	(Figure	4.1J,	yellow	

arrowheads)	and	a	loss	in	the	density	and	thickness	of	labeling	at	the	auricle	region	

compared	to	control	animals	(Figure	4.1J,	white	arrows).	The	dorsal	ciliated	stripe	is	

hypothesized	to	function	in	rheosensation	(detection	of	water	flow)	[24,	51-55].	

Thus,	we	tested	the	ability	of	soxB1-2(RNAi)	animals	to	detect	water	flow	across	

their	dorsal	surface,	which	results	in	a	body	contraction	characterized	by	shortening	

of	the	length	of	the	animal	from	the	anterior	to	the	posterior	end	in	controls.	This	

reaction	has	also	been	observed	when	providing	a	tapping	stimulus	[60],	which	may	

be	due	to	the	water	flow	movements	created	by	the	tapping	stimulus	or	to	detection	
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of	vibration	caused	by	the	tapping.	Due	to	the	severe	movement	defects	of	soxB1-

2(RNAi)	worms	following	our	original	RNAi	feeding	scheme,	we	altered	the	dsRNA	

feeding	schedule	to	find	a	treatment	course	wherein	the	worms	were	still	gliding	

similarly	to	the	control	worms	(Figure	4.1K).	We	then	developed	rheosensation	and	

vibration	sensation	assays	to	deliver	consistent	stimuli	across	groups	(see	

methods).	soxB1-2(RNAi)	planarians	showed	significantly	reduced	responses	to	

vibration	and	rheosensory	inputs	compared	to	controls	(Figure	4.1L-M).	

Determination	of	soxB1-2-transcriptionally	regulated	genes	by	RNA-seq	

soxB1	genes	constitute	a	well-conserved	transcription	factor	subfamily	

(reviewed	in	[61]),	therefore	the	dysfunction	we	observed	in	soxB1-2(RNAi)	animals	

likely	represented	changes	in	the	transcription	of	genes	necessary	for	neuronal	

function.	Therefore,	we	wanted	to	determine	the	downstream	genes	responsible	for	

these	behaviors.	We	started	by	comparing	the	whole-animal	transcriptomes	of	

control	animals	versus	soxB1-2(RNAi)	animals	at	24	days	following	the	first	RNAi	

treatment	(Figure	4.4A).	This	resulted	in	a	list	of	2246	differentially	expressed	genes	

(1192	downregulated	and	1054	upregulated	genes,	Supplemental	file:	

ross_rnaseq_spreadsheet.xlsx,	day	24	down	and	day	24	up).	However,	we	observed	

that	defects	in	rheosensation	and	an	initial	snake-like	phenotype	occurred	as	early	

as	day	14	following	the	initial	RNAi	feed	(data	not	shown),	thus	we	surmised	that	

the	day	14	list	included	genes	far	downstream	of	soxB1-2	transcriptional	regulation	

in	sensory	neurons.	In	order	to	perform	a	functional	screen	better	targeted	to	genes	

directly	regulated	by	soxB1-2	within	sensory	neurons,	we	decided	to	determine	
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differentially	expressed	genes	at	earlier	time	points.	We	observed	on	the	day	24	

downregulated	list	(Supplemental	file:	ross_rnaseq_spreadsheet.xlsx,	day	24	down),	

caveolin-1	(cav-1,	transcript	ID:	GCZZ01029462.1),	a	gene	that	has	an	expression	

pattern	resembling	that	of	soxB1-2	in	the	auricle	region	and	dorsal	ciliated	stripe	

[37].		We	confirmed	co-expression	of	this	gene	with	soxB1-2	in	the	ciliated	neuron	

class	[42].	Although	there	was	no	reported	phenotype	caused	by	knockdown	of	this	

gene,	we	figured	that	it	represented	a	good	candidate	for	soxB1-2	transcriptional	

regulation	within	sensory	neurons;	therefore,	we	used	the	following	criteria	to	

determine	two	additional	timepoints	at	which	to	perform	RNA-seq:	1)	a	timepoint	

when	expression	of	both	soxB1-2	and	cav-1	was	stably	reduced	(which	we	

determined	by	qPCR	to	be	day	6	following	the	first	RNAi	feeding,	Figure	4.5A-B),	and	

2)	the	timepoint	when	the	soxB1-2	phenotype	first	appeared	(day	14	following	the	

first	feeding).	These	resulting	datasets	consisted	of	630	differentially	expressed	

genes	in	the	day	14	dataset	(327	downregulated	genes,	Supplemental	file:	

ross_rnaseq_spreadsheet.xlsx,	day	14	down,	and	303	upregulated	genes,	

Supplemental	file:	ross_rnaseq_spreadsheet.xlsx,	day	14	up)	and	220	differentially	

regulated	genes	in	the	day	6	dataset	(116	downregulated	genes,	Supplemental	file:	

ross_rnaseq_spreadsheet.xlsx,	day	6	down,	and	104	upregulated	genes,	

Supplemental	file:	ross_rnaseq_spreadsheet.xlsx,	day	6	up).	As	expected,	there	was	

significant	overlap	between	the	downregulated	datasets	(Figure	4.4B).	

	 We	subsequently	asked	if	there	was	a	correlation	between	the	genes	

regulated	by	soxB1-2	in	planarians	and	genes	implicated	in	human	EDs.	We	searched	
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a	comprehensive	dataset	of	genes	associated	with	human	EDs	[6]	for	similarity	with	

genes	in	our	datasets	by	performing	blastx	(e-value	cutoff	of	e-1)	and	found	many	

represented	genes	in	our	datasets	(Supplemental	file:	ross_rnaseq_spreadsheet.xlsx,	

all	lists).	The	list	that	had	the	highest	number	of	genes	related	to	human	epileptome	

genes	was	the	day	14	down	list,	with	30%	of	the	327	down-regulated	genes	showing	

similarity	to	genes	within	the	human	epileptome.	

Although	there	are	some	examples	of	transcriptional	repression	by	soxB1	

genes	[62,	63],	soxB1	genes	are	generally	known	to	function	as	transcriptional	

activators	[64-66].	Given	this	activating	role,	the	sensory	loss	and	movement	defects	

at	day	14,	and	the	strong	correlation	with	human	epileptome	genes,	we	decided	to	

focus	on	genes	found	within	the	d14	downregulated	list.	Furthermore,	we	reduced	

this	list	to	only	include	genes	that	remained	downregulated	at	day	24.	This	reduced	

the	total	number	of	genes	to	205	(Supplemental	file:	ross_rnaseq_spreadsheet.xlsx,	

day	14	down,	stays	down	at	24),	of	which	36%	showed	similarity	to	proteins	found	

within	the	human	epileptome.	To	select	genes	for	a	functional	screen,	we	exploited	a	

publicly	available	dataset	of	planarian	genes	enriched	in	neural	or	ciliated	neural	

populations	[42]	by	performing	blastn	of	transcripts	within	the	day	14	down	dataset	

to	the	transcriptome	used	for	this	scRNA-seq	dataset	(cutoff	set	at	e-value	of	e-40).	

We	found	21	and	19	genes	of	the	205	genes	to	be	enriched	in	the	neural	and	ciliated	

neural	classes,	respectively.	Knowing	that	this	did	not	represent	a	completely	

inclusive	dataset	(only	7	cells	from	that	scRNA-seq	study	were	attributed	to	the	

ciliated	neuron	cluster),	we	wanted	to	search	for	genes	that	might	represent	
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functions	necessary	for	neural	function.	Therefore,	we	used	Blast2GO	to	obtain	a	list	

of	functional	GO	terms	and	mined	our	list	for	the	following	key	GO	terms:	ion	

channel	activity,	cation	or	calcium	ion	binding,	intermediate	filament,	ion	transport	

or	transmembrane	transport,	and	microtubule-based	movement.	Overall,	this	list	

included	a	total	of	89	genes,	including	genes	selected	for	inclusion	within	the	neural	

and	ciliated	neural	scRNA-seq	classes.	We	successfully	cloned,	determined	

expression	patterns	by	WISH,	and	performed	functional	analysis	on	86	of	these	

genes	(highlighted	genes	in	Supplemental	file:	ross_rnaseq_spreadsheet.xlsx,	day	14	

down,	stays	down	at	24,	cDNA	fragment	sequences	of	genes	used	in	this	study	are	

supplied	in	Supplemental	file:	ross_cloned_genes.fasta).	

	 We	next	wanted	to	correlate	expression	of	these	genes	within	soxB1-2+	cells	

and	determine	if	they	were	expressed	in	epidermal	or	neural	lineages.	To	do	this,	we	

mined	two	available	scRNA-seq	datasets	[42,	48]	for	any	cells	that	expressed	soxB1-

2	(FPKM	of	≥	1),	performed	hierarchical	clustering	of	these	cells	to	sort	them	into	

epidermal	and	neuronal	clusters	and	confirmed	the	expression	of	known	epidermal	

and	neural	marker	genes	to	confirm	the	identity	of	the	cells	within	these	clusters	

(Figure	4.4C-D).	We	then	mined	the	transcriptomes	of	these	cells	for	expression	of	

the	genes	from	our	datasets	(Figure	4.5C).	We	were	able	to	cluster	28	soxB1-2+	cells	

into	an	epidermal	class	and	9	soxB1-2+	cells	into	a	neuronal	cell	class	(Figure	4.4C	

and	4.4D,	respectively).	Additionally,	we	confirmed	expression	of	rootletin,	a	gene	

encoding	a	structural	protein	that	is	specific	to	cilia,	in	7	out	of	the	9	soxB1-2	

neurons,	confirming	that	the	majority	of	cells	within	this	class	are	ciliated	neurons	
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(Figure	4.4D).	To	further	confirm	the	expression	of	soxB1-2	in	ciliated	neurons,	we	

mapped	the	expression	of	all	of	the	genes	enriched	in	the	ciliated	neuron	cluster	

from	[42]	to	the	soxB1-2+	cells	that	we	determined	to	be	neurons	and	found	

overwhelming	expression	of	the	majority	of	these	genes	in	this	cell	class	(Figure	

4.6).	We	then	explored	the	transcriptomes	of	each	of	the	soxB1-2+	epidermal	and	

neuronal	cells	for	the	expression	of	all	soxB1-2	differentially	regulated	genes	and	

examined	if	they	were	expressed	in	the	epidermal,	neuronal,	or	both	of	these	cell	

classes	with	FPKM	>	1	(Supplemental	file:	ross_scranseq_spreadsheet.xlsx,	all	lists).	

These	data	allowed	us	to	confirm	that	63%	and	59%	of	the	day	14-downregulated	

genes	were	expressed	in	the	soxB1-2+	epidermal	and	neural	classes,	respectively	

(Supplemental	file:	ross_scranseq_spreadsheet.xlsx,	day	14	down).	

soxB1-2	labels	a	population	of	ectodermal	progenitor	cells	as	well	as	cells	
undergoing	differentiation	through	the	epidermal	and	neural	lineages	

	
In	other	major	model	organisms,	soxB1	genes	have	roles	in	ectoderm	

specification	[62,	67,	68].	Given	the	expression	of	soxB1-2	in	cells	of	both	the	

epidermal	and	neural	lineages,	we	asked	whether	soxB1-2	might	be	expressed	in	an	

ectodermal	progenitor	population	in	the	planarian.	Therefore,	we	performed	

Waterfall	pseudotime	analysis	to	investigate	the	expression	of	soxB1-2	during	

ectodermal	differentiation.	We	first	performed	hierarchical	clustering	of	all	soxB1-2+	

cells	present	within	scRNA-seq	datasets	[42,	48]	and	clustered	the	cells	into	8	

different	classes	(Figure	4.7A).	Next,	we	performed	principle	component	analysis	

(PCA)	on	all	soxB1-2+	cells	and	noticed	three	distinct	lines	originating	from	a	
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common	vertex	(Figure	4.7B).	To	determine	the	identity	of	these	groups	of	cells,	we	

marked	the	expression	of	known	neural	markers	(Figure	4.7C),	the	stem	cell	marker	

piwi-1	(Figure	4.7D),	and	epidermal	lineage	markers	(Figure	4.7E)	onto	the	cells	of	

the	PCA	plot	and	identified	a	neural	lineage	branch,	epidermal	lineage	branch,	and	

that	the	cell	cluster	at	the	vertex	had	the	highest	expression	of	piwi-1.	However,	the	

identity	of	the	third	branch	was	still	unknown;	we	explored	the	expression	of	

lineage	markers	of	the	other	major	tissue	groups	in	the	planarian,	but	we	could	not	

predict	the	cell-type	relationship	of	this	third	branch	(Figure	4.7F).	Therefore,	we	

excluded	this	cluster	from	further	analysis.		After	removal	of	cells	within	the	third	

branch	and	performing	of	PCA	analysis,	two	distinct	branches	were	resolved	that	

stemmed	from	a	common	vertex	(Figure	4.8A).	One	of	these	branches	appeared	to	

have	increasing	expression	of	soxB1-2	and,	after	overlaying	the	expression	of	known	

lineage	genes	onto	the	PCA	plot,	we	determined	an	epidermal	branch,	a	neural	

branch,	and	highest	expression	of	both	the	stem	cell	marker,	piwi-1,	and	the	neural	

progenitor	(called	nuNeoblasts,	[48])	marker	piwi-2,	at	the	vertex,	with	expression	

of	piwi-2	maintained	in	the	neural	lineage.	We	subsequently	noted	that	the	branch	

with	increasing	expression	of	soxB1-2	was	the	neural	branch.	These	expression	

patterns	suggested	a	trajectory	wherein	an	ectodermal	progenitor	population	

diverged	down	two	paths,	either	neural	or	epidermal	fates.	To	temporally	arrange	

the	cells	and	assign	them	pseudotime	values,	we	used	Waterfall	analysis	[48,	50]	to	

flatten	the	trajectories	from	the	PCA	analysis.	In	the	pseudotime	plots,	we	once	

again	visualized	the	increase	in	soxB1-2	expression	during	differentiation	along	the	
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neural	lineage	(Figure	4.8B).		We	also	explored	the	timing	of	expression	of	neural	

progenitor	markers	ptprd-9	and	ski-1.	These	genes	had	a	peak	of	expression	early	

during	the	neural	differentiation	process	(Figure	4.8C).	As	expected,	known	pan-

neural	and	pan-epidermal	markers	increased	during	the	differentiation	process	to	

neurons	or	the	epidermis,	respectively	(Figure	4.8D-E).	This	analysis	allowed	us	to	

plot	the	expression	of	some	of	the	genes	from	our	screen	that	were	downregulated	

in	the	soxB1-2(RNAi)	worms	at	day	14.	As	predicted,	we	saw	an	increase	of	

expression	in	genes	expressed	in	soxB1-2+	neurons	during	neural	differentiation	

(Figure	4.8F),	and	an	increase	in	expression	during	both	neural	and	epidermal	

differentiation	in	genes	expressed	in	both	the	neural	and	epidermal	lineages	(Figure	

4.8G).	Interestingly,	the	expression	of	the	downstream	genes	expressed	in	both	

neurons	and	the	epidermis	resembled	that	of	soxB1-2,	in	that	the	expression	in	the	

neural	lineage	tended	to	be	relatively	higher	than	expression	in	the	epidermal	

lineage.		

Genes	downstream	of	soxB1-2	mark	the	epidermis	and	sensory	neuron	
populations	
	

We	wanted	to	determine	the	location	of	expression	of	genes	downstream	of	

soxB1-2	transcriptional	regulation	to	visualize	the	patterns	of	epidermal	and	

neuronal	expression	predicted	by	the	scRNA-seq	data.	We	performed	WISH	on	the	

86	genes	we	cloned	from	our	screen	list	and	sorted	them	based	on	inclusion	in	the	

soxB1-2+	epidermal,	neuronal,	or	neuronal	and	epidermal	classes	(Figures	4.9-4.10).	

Some	genes	for	which	we	could	not	attribute	expression	to	a	class	based	on	the	
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single	cell	sequencing	data,	we	assigned	to	a	class	based	on	their	expression	pattern	

in	the	animal	(see	genes	with	an	asterisk	in	Figures	4.9-4.10,	4.11A-C).		We	were	

able	to	classify	84	of	the	86	genes	to	epidermal	or	neuronal	classes	and	the	

classifications	based	on	scRNA-seq	data	were	overwhelmingly	confirmed.	Some	

genes	were	also	expressed	in	other	tissues,	for	instance,	some	genes	(for	example	

sodium/potassium-transporting	ATPase-like,	ATPA-like,	Figure	4.11B),	were	

expressed	in	the	protonephridia	(the	filtering	organ	akin	to	the	vertebrate	kidney,	

[69-71]	as	well	as	the	epidermis.	We	often	observed	expression	in	areas	thought	to	

be	rich	in	sensory	neurons,	including	expression	along	the	dorsal	ciliated	stripe,	the	

auricle	region	of	the	head,	along	the	body	periphery,	and	in	the	pharynx	(Figure	

4.11A).	Many	genes	had	a	recurring	pattern	of	expression	that	consisted	of	labeling	

in	the	dorsal	ciliated	stripe,	which	terminated	at	the	anterior	of	the	worm	in	a	

triangle	shape,	and	labeling	of	two	stripes	at	the	periphery	of	the	body.	To	further	

characterize	this	population,	we	performed	dFISH	for	a	subset	of	these	genes	with	

the	dorsal-ventral	boundary	marker	intermediate	filament-b	(if-b)	and	inspected	the	

presumed	sensory-neuron	gene	expression	relative	to	the	animal’s	dorsal-ventral	

boundary	(Figure	4.11D).	We	found	consistent	labeling	of	a	population	of	cells	

beneath	the	epidermis	on	the	dorsal	side	of	the	worms	(the	dorsal	ciliated	stripe,	

Figure	4.11D,	red	arrows),	as	well	two	distinct	peripheral	populations,	one	located	

dorsally	to	the	if-b+	boundary	that	we	named	the	dorsal	peripheral	stripe	(white	

arrow	in	Figure	4.11D),	and	one	located	ventrally	to	the	if-b	boundary	that	we	

termed	the	ventral	peripheral	stripe	(yellow	arrowhead	in	Figure	4.11D).	To	
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confirm	that	these	putative	sensory	neurons	were	soxB1-2+,	we	performed	dFISH	

for	the	soxB1-2	downstream	gene,	polycystic	kidney	disease	1-like-2	(pkd1L-2),	with	

soxB1-2;	we	found	extensive	co-expression	of	soxB1-2	within	this	population	(shown	

in	the	dorsal	ciliated	stripe	region	and	highlighted	with	arrows	in	Figure	4.11E).	To	

further	characterize	this	putative	sensory	population,	we	performed	additional	co-

labeling	experiments	within	the	pkd1L-2	population	with	other	soxB1-2	downstream	

genes	to	determine	the	extent	of	co-expression	within	this	population.	We	observed	

extensive	overlap	of	expression	between	pkd1L-2	and	other	genes	with	similar	

expression	patterns.	For	example,	both	sargasso	and	gaba	type	a	receptor	gamma	3	

subunit-like-2	(gabrg3L-2)	labeled	nearly	all	pkd1L-2	cells	(white	arrows	in	Figure	

4.11F,	H,	I),	as	well	as	cells	located	near	these	putative	sensory	neuron	rich	areas	

(yellow	arrowheads	in	Figure	4.11F,	H,	I).	Additionally,	gabrg3L-2	was	expressed	in	

a	pkd1L-2neg	population	located	in	a	more	ventral	region	of	the	head	periphery	

(yellow	arrowheads	in	Figure	4.11I).	gabrg3L-1	appears	to	have	a	nearly	complete	

overlap	of	expression	in	the	dorsal	ciliated	stripe	area	with	pkd1L-2	(Figure	4.11G).	

Unlike	sargasso,	gabrg3L-2,	and	gabrg3L-1,	which	extensively	co-label	pkd1L-2+	

cells,	hemicentin-1-like	(hmcn-1-L)	is	expressed	in	a	mutually	exclusive	population	to	

pkd1L-2	(yellow	and	white	arrowheads	in	Figure	4.11J),	despite	having	a	very	

similar	expression	pattern	to	pkd1L-2	by	WISH	(Figure	4.11A).		
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RNAi	knockdown	of	genes	downstream	of	soxB1-2(RNAi)	recapitulate	the	
soxB1-2	phenotype	
	

To	determine	which	genes	downstream	of	soxB1-2	conferred	the	seizure-like	

phenotype,	we	performed	a	functional	screen	for	the	86	differentially	expressed	

genes	at	day	14	for	defects	in	locomotion,	rheosensation,	and	vibration	sensation	

(feeding	schemes	depicted	in	Figure	4.13A	and	B).	During	the	initial	screening	

process,	we	performed	these	tests	by:	1)	visual	observation	of	movement	defects,	2)	

squirting	the	worms	across	their	dorsal	sides	and	visually	observing	for	lack	of	

rheosensensation	response,	and	3)	by	manually	tapping	the	sides	of	the	petri	dishes	

to	look	for	defects	in	vibration	sensation	(Figure	4.13).	We	found	17	genes	with	

striking	behavioral	defects	(Table	4.1),	including	defects	in	both	rheosensation	and	

vibration	sensation	and	aspects	of	the	seizure-like	phenotype.	To	assign	names	to	

genes,	we	aligned	these	sequences	to	a	published	and	fully	annotated	transcriptome	

[41];	in	cases	where	a	database	match	was	present	with	an	e-value	cut-off	of	e-30,	we	

assigned	a	name	based	on	the	nearest	homolog.	We	named	one	gene	for	which	RNAi	

animals	had	normal	movements,	but	specifically	lacked	rheosensory	and	vibration	

sensory	response,	Smed-sargasso	(sargasso)	after	the	North	Atlantic	sea	known	for	

its	lack	of	water	current.		

As	proof	of	concept,	we	further	quantified	the	movement	phenotype	of	one	of	

the	genes	that	caused	seizure-like	movements,	sodium/potassium-transporting	

ATPA-like,	a	transmembrane	ion	pump	necessary	for	regulating	the	membrane	

potential	of	neurons	[72].	We	observed	similar	results	to	loss	of	soxB1-2	function	in	
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respect	to	the	significant	increase	in	bending	and	decrease	in	overall	forward	speed	

of	the	worms	(Figure	4.12).	Other	aspects	of	movement	phenotypes	that	we	

observed	involved	genes	attributed	to	the	neural	class,	or	the	neural	and	epidermal	

classes,	with	defects	similar	to	the	twisting,	corkscrew	movements	seen	with	the	

soxB1-2	phenotype,	which	in	many	cases	later	progressed	to	an	overall	slowing	in	

movement	and	further	signs	of	defects	in	epidermal	integrity,	such	as	lesions	or	lysis	

(Table	4.1).	As	with	soxB1-2	RNAi,	we	suspected	cilia	defects	might	be	a	result	of	

knockdown	of	some	downstream	genes.	Therefore,	we	performed	anti-Acetylated	

Tubulin	labeling	on	the	RNAi	animals	of	downstream	genes	to	assess	whether	there	

were	also	reductions	in	the	abundance	of	cilia.	Indeed,	we	found	that	cilia	

expression	was	reduced	following	loss	of	function	of	14	of	the	screened	genes	

(Figure	4.13C-D).	

For	genes	that	did	not	yield	movement	defects	when	knocked	down,	but	

rather	a	loss	of	sensory	stimuli	responses,	we	performed	semi-automated	

behavioral	testing	post-RNAi	and	observed	significant	reductions	in	the	response	to	

rheosensory	and	vibration	stimulation	(Figure	4.13E-F).	Additionally,	during	the	

course	of	our	screen,	we	noted	that	some	groups	stopped	eating	prematurely	in	the	

feeding	schedule;	these	genes	were	expressed	in	the	auricles,	which	are	thought	to	

be	involved	in	chemosensation	[51,	55]	as	well	as	the	mouth	of	the	pharynx,	which	

is	also	thought	to	have	chemosensation	function	[51].	We	quantified	the	

chemosensory	defects	of	pkd2-1,	putative	protein-37835,	echinoderm	microtubule	

associated	protein	like-1	(eml1),	and	pkd2L-1	by	recording	the	time	these	worms	
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spent	in	a	zone	with	food,	compared	to	the	same	zone,	without	food	and	normalized	

these	results	to	those	of	control	animals.	We	observed	a	significant	reduction	in	time	

spent	in	the	zone	with	food	compared	to	the	zone	without	food	for	most	of	these	

genes	(Figure	4.13G),	indicating	that	a	subset	of	genes	downstream	of	soxB1-2	

function	have	roles	in	chemosensation	and	rheosensation.	Altogether	indicating	that	

soxB1-2	regulates	the	transcription	of	genes	necessary	for	the	function	of	sensory	

neurons	in	planarians.	
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DISCUSSION	

A	putative	ectodermal	progenitor	population	is	marked	by	soxB1-2	expression	

SoxB1	gene	function	has	been	implicated	in	both	vertebrates	and	

invertebrates	in	ectoderm	formation,	with	evidence	for	both	activating	and	

repressive	transcription	regulatory	functions.	For	instance,	in	frog	embryos,	the	

SoxB1	gene,	Sox3,	promotes	ectodermal	fate	by	repression	of	nr5	[62]	and	in	sea	

urchin	embryos,	the	SoxB1	protein,	SpSoxB1,	is	essential	for	promoting	the	

transcription	of	SpAN	in	the	non-vegetal	domain	[67].	After	the	early	blastula	stage,	

the	only	cells	with	nuclear	SpSoxB1	are	the	ectodermal	cells,	which	further	supports	

a	role	of	SpSoxB1	as	a	major	regulator	of	the	asymmetric	transcription	of	SpAN	that	

leads	to	the	specification	of	the	ectoderm	in	the	early	embryo	[67].	These	findings	

suggest	a	conserved	role	for	soxB1	genes	in	ectoderm	formation.	Our	pseudotime	

analysis	findings	suggest	that	an	ectodermal	progenitor	population	expresses	soxB1-

2	and	that	this	progenitor	population	is	fated	to	differentiate	into	epidermis	or	

neural	cells	(Figure	4.14A).	However,	loss	of	soxB1-2	function	does	not	cause	a	total	

loss	of	regeneration	of	neural	structures	or	the	epidermis,	but	rather	seems	more	

restricted	to	particular	subset	of	these	populations.	This	could	mean	that	although	

soxB1-2	is	expressed	in	an	ectodermal	progenitor,	it	is	not	essential	for	specification	

and	differentiation	of	this	population.	Alternatively,	this	population	may	represent	

one	subset	of	an	ectodermal	progenitor	in	planarians	and	perhaps	there	are	other	

ectodermal	progenitor	populations	as	well.	Future	scRNA-seq	experiments	using	

emerging	technologies	that	facilitate	sequencing	of	greater	cell	numbers	should	



	

	

135	

expand	the	number	of	soxB1-2-expressing	progenitor	cells	available	for	analysis,	

which	could	help	to	delineate	the	progression	of	soxB1-2+	cells	or	resolve	whether	

multiple	ectodermal	progenitor	populations	arise	from	pluripotent	neoblasts.		

SoxB1	genes	are	implicated	in	neurectoderm	specification	[73]	and	have	

maintained	roles	during	the	specification	and	maintenance	of	the	nervous	system	

[64,	74-76].	Also,	studies	have	found	that	SoxB1	genes	play	roles	in	the	specification	

of	ciliated	sensory	structures.	For	example,	the	cuttlefish	gene	Sof-SoxB1	is	broadly	

expressed	in	the	ectoderm	during	early	development	and	later	becomes	restricted	

to	the	developing	nervous	system	and	the	ciliated	sensory	epithelium	[77].	soxB1	

genes	are	expressed	in	the	neurogenic	ciliary	bands	of	acorn	worm	larvae	[78]	and	

the	ciliated	stigmatal	cells	of	Ciona	intestinalis	[79].	Taken	together,	these	studies	

indicate	a	conservation	of	roles	for	SoxB1	genes	in	ciliated	cells,	especially	ciliated	

sensory	cells.	Our	findings	demonstrate	that	Smed-soxB1-2	remains	expressed	

during	the	ectodermal	differentiation	process	in	both	the	ciliated	epidermis	as	well	

as	ciliated	sensory	neurons	(Figure	4.14A).	

The	function	of	the	SoxB1	paralog,	soxB1-1,	in	S.	mediterranea,	has	been	

previously	investigated.	soxB1-1	is	expressed	in	a	subset	of	neoblasts	and	anterior	

photoreceptor	neurons	[31,	32].	soxB1-1	loss-of-function	leads	to	depletion	of	a	

population	of	anterior	photoreceptor	neurons	[31].	This	function	and	expression	is	

consistent	with	a	conserved	role	of	SoxB1	genes	in	eye	formation	[66,	80]	and	

during	neurogenesis.	In	Schmidtea	polychroa,	the	sister	species	to	S.	mediterranea,	

the	ortholog	to	Smed-soxB1-2,	Spol-soxB1-2,	is	expressed	in	both	progenitor	cells	and	
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differentiated	neurons	near	the	head	periphery	of	the	embryo	during	

organogenesis,	a	stage	after	the	appearance	of	newborn	neurons	when	the	very	

early	embryonic	nervous	system	begins	to	form	a	pattern	in	the	developing	embryo	

[33,	81].	Later,	during	embryogenesis	when	the	organs	are	finishing	the	maturation	

process,	just	prior	to	hatching,	this	gene	is	expressed	in	the	lateral	margins	of	the	

head	and	the	body	[33],	which	resembles	the	WISH	expression	pattern	we	observed	

in	adult	S.	mediterranea	(Figure	4.1).	This	conservation	of	expression	during	

embryogenesis	reflects	the	possibility	that	the	function	of	SoxB1-2	during	

differentiation	might	be	conserved	during	embryonic	and	adult	neurogenesis.	

However,	an	analysis	of	soxB1-2	expression	at	the	single	cell	level	and	examination	

of	the	functional	consequences	of	soxB1-2	inhibition	during	embryogenesis	will	be	

helpful	to	confirm	that	this	is	indeed	the	case.		

Genes	associated	with	epilepsy	in	humans	are	found	downstream	of	SoxB1-2	
regulation	

	
Mutations	in	the	SoxB1	genes	Sox1	and	Sox2	are	associated	with	EDs	in	

humans	(GWAS	ID:	HGVST522).	Haploinsufficiency	of	either	of	these	genes	in	

humans	leads	to	widespread	deleterious	effects	of	the	nervous	system,	including	eye	

deformities	and	hypopituitarism	[82-84].	In	mice,	loss	of	Sox1	leads	to	epileptic	

seizures	[12,	13],	possibly	due	to	the	role	of	Sox1	in	specification	of	ventral	striatum	

neurons	[13]	and	maturation	of	telencephalic	precursors	in	the	developing	brain	

[85].	Idiopathatic	epilepsies	with	a	monogenic	or	polygenic	inheritance	are	thought	

to	cause	up	to	47%	of	all	EDs	in	humans,	with	only	approximately	2%	of	these	
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having	a	monogenic	link	[86].	Therefore,	the	genetics	underlying	epilepsy	remains	a	

complex	issue.	In	the	case	of	monogenic	epilepsies,	the	most	common	genes	linked	

with	these	disorders	are	ion	channel	subunits	[87].	We	used	a	dataset	of	499	genes	

associated	with	epilepsy	in	humans	[6]	to	determine	if	there	was	any	overlap	with	

the	genes	that	have	reduced	expression	in	our	day	14	downregulated	list;	indeed,	

36%	of	the	genes	(which	stay	downregulated	through	day	24	following	RNAi)	are	

related	to	genes	associated	with	human	EDs.	For	example,	inhibition	of	the	

downregulated	gene	trpc-like	that	is	expressed	in	a	subset	of	soxB1-2+	neurons,	

leads	to	slow	twisting	movements	that	resemble	the	seizure	phenotype.	trpc-like	

shows	similarity	to	the	epilepsy-associated	gene	ankyrin-3	(e-value	2e-96).	Transient	

Receptor	Potential-Canonical	Channels	(TRPC)	are	Ca2+-permeable	cation	channels	

containing	ankyrin	repeats	[88].	

Ankyrin-3	is	known	for	clustering	Ca2+	and	Na+	channels	in	the	axons	of	

neurons	[89],	indicating	that	mutations	to	these	genes	might	disrupt	normal	Ca2+	

signaling	that	is	necessary	for	neuronal	function.	Atpa-like	gene	inhibition	caused	

snake-like	movements	that	resembled	the	seizure-phenotype.	This	gene	very	closely	

resembles	Na+/K+-transporting	ATPase	subunit	alpha-2	precursor	(e-value	0),	which	

is	another	gene	associated	with	epilepsy	[6].	The	function	of	this	gene	is	necessary	

for	forming	ion	gradients,	which	affects	establishment	of	membrane	potential	and	

Ca2+	movement	across	the	membrane	[90].	These	actions	are	necessary	for	

controlling	the	electrical	excitability	of	neurons	as	well	as	other	cell	types.	scRNA-

seq	data	confirms	the	expression	of	this	channel	in	SoxB1-2+	epidermal	cells	and	not	
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neuronal	cells,	however,	the	lack	of	confirmed	neuronal	expression	is	likely	due	to	

the	limited	number	of	neurons	in	the	current	scRNA-seq	datasets;	there	are	only	9	

SoxB1-2+	neurons	currently	available	for	analysis.	Given	the	conservation	of	this	

gene	with	its	mammalian	counterpart,	we	speculate	that	it	is	expressed	in	a	subset	

of	neuronal	cells	as	well.		

Two	GABA	receptor	genes	that	were	downregulated	following	SoxB1-2	

knockdown	led	to	defects	in	sensory	function.	Although	these	did	not	recapitulate	

aspects	of	the	seizure	phenotype	in	planarians,	the	expression	of	these	genes	in	

neuronal	cells	and	reduction	in	mechanosensory	function	following	their	

knockdown	implicates	these	genes	in	planarian	neuronal	physiology.	gabrg3-L-1	

shows	similarity	to	human	GABAA	Receptor	Beta	1	Subunit	(GABRB1,	e-value	6e-12)	

and	gabrg3L-2	shows	sequence	similarity	to	GABAA	Receptor	Beta	3	Subunit	

(GABRB3,	e-value	6e-10).	These	genes	are	part	of	the	GABAA	receptor,	the	ionotropic	

receptor	for	the	main	inhibitory	neurotransmitter	of	the	central	nervous	system	

[91].	Mutations	in	this	receptor	are	highly	implicated	in	human	EDs	[92,	93]	and	

even	heterozygous	disruption	of	gabrb3	in	mice	produces	increased	epileptiform	

EEG	activity	and	elevated	seizure	susceptibility	[94].	While	these	ED-associated	

gene	were	expressed	in	SoxB1-2+	cells,	it	will	be	interesting	to	confirm	the	direct	

transcriptional	regulation	of	these	genes	by	SoxB1-2,	first	by	confirming	binding	of	

SOXB1-2	to	target	genes	by	ChIP-seq.	
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Pkd	genes,	cilia,	and	epilepsy	

Many	of	the	genes	downregulated	following	soxB1-2	RNAi	have	conserved	

roles	in	specification	or	function	of	cilia.	We	observed	cilia	loss	at	sensory	structures	

following	soxB1-2	inhibition	as	well	as	following	knockdown	of	several	downstream	

genes	(Figure	4.13).	One	gene	with	reduced	expression	in	our	day	14	

downregulated	list,	foxJ1-4,	is	a	gene	with	well-known	roles	in	motile	ciliogenesis	

[95].	foxJ1-4	was	previously	implicated	in	causing	cilia	loss	in	planarians,	as	well	

ultimately	causing	edema,	likely	due	to	loss	of	protonephridia	function	[95].		foxJ1-4	

is	expressed	in	both	neuronal	and	epidermal	soxB1-2+	cells.	Prior	to	inching	and	

edema	phenotypes	associated	with	dysfunction	of	the	ventral	epidermis	and	

protonephridia,	respectively,	we	observed	twisting	and	curling	movements	of	the	

foxJ1-4(RNAi)	worms,	indicating	a	recapitulation	of	the	seizure	phenotype.	This	

might	indicate	a	role	of	cilia	in	the	seizure	phenotype.		

Furthermore,	we	observed	twisting	movements	alongside	the	typical	inching	

movements	associated	with	epidermal	cilia	dysfunction	with	RNAi	of	C2D2A-like,	

which,	like	foxJ1-4,	is	expressed	in	both	neuronal	and	epidermal	SoxB1-2+	cells.	

C2D2A	dysfunction	was	recently	identified	as	a	genetic	link	in	Meckel	Syndrome,	

which	is	an	embryonic	lethal	disorder	[96],	with	findings	that	C2D2A	functions	in	

neuronal	primary	ciliogenesis	as	well	as	ciliogenesis	in	other	tissues	and	has	

putative	roles	in	Ca2+	signaling	[96].	Meckel	Syndrome	represents	one	of	many	

ciliopathy	diseases	that	show	overlap	between	neuronal	and	kidney	dysfunction.	
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Another	gene	family	with	overlapping	roles	in	kidney	disease	and	neuronal	

dysfunction	are	polycystic	kidney	disease	genes	(pkd	genes).	We	found	that	neural	

function	was	perturbed	following	knockdown	of	three	pkd	genes	that	were	

downregulated	following	soxB1-2	RNAi.	Two	of	these	genes,	pkd1L-2	and	pkd2L1	

were	expressed	in	ciliated	sensory	neurons	and	their	inhibition	lead	to	defects	in	

rheo-	and	vibration	sensations.	Knockdown	of	an	addition	pkd	gene,	pkd2-4,	caused	

jerky	movements	along	with	an	inching	defect.	All	three	of	these	genes	were	

expressed	in	soxB1-2+	neurons.	Pkd1	and	-2	genes	encode	Polycystin-1	and	-2	

proteins	respectively.	Mutations	in	both	of	these	genes	are	linked	to	polycystic	

kidney	disease.	These	genes	are	expressed	in	the	primary	cilia	of	the	kidney	

epithelium	and	loss-of-function	mutations	stop	the	normal	Ca2+	influx	that	occurs	

following	fluid-flow	sensation	by	the	primary	cilia.	This	loss	of	mechanosensation	is	

thought	to	stop	the	normal	tissue	morphogenesis	that	is	regulated	by	

mechanosensory	function	[97].	More	recently,	loss	of	Polycystin-L	(PCL,	Ca2+	

permeable	cation	channel	protein	closely	related	to	Polycystin	2	that	is	encoded	by	

pkd2-like	1	in	mice)	function	was	shown	to	cause	increased	neuronal	

hyperexcitability	and	susceptibility	to	seizures	via	drug	inducement	[34].	This	

protein	is	expressed	in	the	primary	cilia	of	neuronal	cells	in	the	brain	and	loss	of	its	

function	leads	to	decreased	cyclic	AMP	production	(which	is	known	to	inhibit	

neuronal	excitability	[98]).		PCL	interacts	with	the	β2-adrenergic	receptor	(B2AR)	

and	is	required	for	its	localization	to	the	primary	cilia	in	neurons	[34].	B2AR	

functions	in	cAMP	production	[99].	Although	this	represents	a	very	new	field	of	
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research,	the	work	of	Yao	and	colleagues	[34]	suggests	a	role	for	primary	cilia	in	EDs	

and	our	findings	indicate	a	conservation	of	function	of	neuronal	primary	cilia,	Ca2+	

signaling,	and	their	association	with	EDs	in	planarians.	This	conservation	might	be	

further	linked	by	exploration	of	cAMP	levels	in	planarians	following	perturbation	of	

cilia	genes.		

Rheosensation	and	Vibration	Sensation	in	Planarians	

Multiple	genes	downstream	of	SoxB1-2	labeled	putative	sensory	populations.	

We	found	that	7	of	9	SoxB1-2+	neurons	expressed	rootletin,	a	gene	necessary	for	the	

assembly	of	the	ciliary	rootlet	structure,	and	thus	necessary	for	overall	ciliary	

structure	and	function	[100].	In	particular,	we	noticed	gene	expression	patterns	

similar	to	the	pattern	of	the	dorsal	ciliated	stripe	[24,	52,	59].	Other	putative	

rheosensory	cells	have	been	described	in	the	planarian	species	Mesostoma	and	

Bothromesostoma	as	cells	distributed	along	the	body	sides	[101].	These	putative	

sensory	cells	penetrate	the	epidermis,	where	sensory	bristles	extended	to	the	

external	environment	[24].	The	dorsal	ciliated	stripe	was	proposed	to	function	in	

rheosensation	and	experiments	showing	the	movement	responses	to	rheosensory	

stimulus	(rheotaxis)	have	been	studied	in	multiple	planarian	species	[51,	53,	54].	

However,	the	link	between	gene	expression	in	the	dorsal	ciliated	stripe	or	other	

rheosensory	cells	(such	as	the	lateral	rheoreceptive	cells	described	in	

Borthromesostoma)	and	behaviors	has	not	been	formally	demonstrated	in	

planarians.	Through	our	behavioral	screens,	we	identified	multiple	genes	that	were	

expressed	along	the	dorsal	ciliated	stripe,	and	along	two	peripheral	stripes	that	we	
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termed	the	dorsal	peripheral	stripe	and	the	ventral	peripheral	stripe	(Figure	4.14B).	

Following	inhibition	of	pkd1L-2,	sargasso,	gabrg3L-1,	pkd2L-1,	and	gabrg3L-2,	

planarians	had	a	significant	reduction	in	the	reaction	to	water	flowing	across	their	

dorsal	side	and	to	tapping	vibrations	of	their	dishes.	The	gene	with	the	most	

discrete	pattern	of	expression	from	this	list,	pkd1L-2,	was	co-expressed	with	other	

genes	that	caused	the	rheo-	and	vibration	sensory	defects,	and	all	were	expressed	in	

the	dorsal	ciliated	stripe	and	peripheral	stripes,	indicating	that	these	genes	function	

in	rheoreception	within	cells	of	these	anatomical	locations.	We	identified	additional	

genes	with	various	putative	neurosensory	patterns	throughout	the	planarian	body,	

including	some	genes	that	caused	a	significant	reduction	in	chemosensation.	

Furthermore,	all	of	these	genes	were	downregulated	following	soxB1-2	RNAi,	

indicating	a	role	for	soxB1-2	in	the	specification	and	maintenance	of	sensory	

neurons	in	planarians.	
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CONCLUSION	

We	determined	that	the	soxB1	gene,	soxB1-2	is	expressed	in	a	putative	

ectodermal	lineage-restricted	progenitor	population	and	its	expression	is	necessary	

for	further	commitment	to	a	subset	of	ectodermal	fates,	in	particular,	ciliated	

epidermal	cells	and	sensory	neurons.	Loss	of	soxB1-2	function	or	of	a	subset	of	its	

positively-regulated	downstream	genes	leads	to	seizure-like	behaviors	and	loss	of	

sensory	modalities,	including	rheosensation,	vibration	sensation,	and	

chemosensation.	Many	of	the	genes	downstream	of	SoxB1-2	are	associated	with	EDs	

in	humans.	In	addition,	we	identified	new	candidate	genes	which	function	in	

primary	cilia	and	Ca2+	signaling,	representing	potential	new	candidates	to	study	the	

functional	roles	of	these	genes	in	EDs,	and	indicating	that	these	RNAi	experiments	

may	present	an	opportunity	to	use	planarians	as	a	model	in	which	to	screen	future	

anti-seizure	compounds.	
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Chapter	4,	in	full,	is	in	preparation	for	submission.	Kelly	G.	Ross,	Alyssa	M.	

Molinaro,	Celeste	Romero,	Brian	Dockter,	Katrina	L.	Cable,	Karla	Gonzalez,	Siqi	

Zhang,	Priscila	Rodriguez,	Eva-Maria	Collins,	and	Ricardo	M.	Zayas,	2017.	The	

dissertation	author	was	the	primary	investigator	and	author	of	this	paper.
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FIGURES	

	
	

Figure	4.1:	soxB1-2	loss	of	function	causes	a	complex	neuronal	malfunction	phenotype.	
(A)	Experimental	design	for	images	and	movement	analysis	shown	in	(B-D,H“intact”).	Worms	were	
fed	2	times	every	week	for	3	weeks	and	imaged	between	1	week	and	1	week	+	4	days	following	the	
6th	feed.	
(B)	Seizure-phenotype	of	soxB1-2(RNAi)	worms.	Control	animals	are	visualized	gliding	away	from	
light	in	a	generally	straight	fashion	with	their	ventral	surface	on	the	substrate	while	soxB1-2(RNAi)	
worms	stretch	out	their	body,	turn	onto	their	sides	and	exhibit	C-shape	bending	movements	(left	
image),	curling	of	the	tail	(middle	image),	and	corkscrew	movements	(right	image).	Scale	bars,	1	mm.	
(C-D)	soxB1-2(RNAi)	worms	bend	more	and	are	slower	than	control	worms	when	under	white	light.	
(C)	Bending	of	animals	represented	as	degrees	of	bending	difference	from	a	straight	animal	(straight	
animal	angle	=	0	degrees).	Numbers	are	normalized	to	the	length	of	the	worm.	(D)	The	speed	of	
worm	movement	is	represented	as	mm/sec	speed	normalized	to	the	length	of	the	worm.	All	data	
represented	as	mean	with	standard	deviation	whiskers	shown	for	two	separate	test	groups	of	10-11	
worms.	Statistical	significance	assessed	using	Student’s	t	tests	of	each	individual	experimental	group	
compared	to	the	combined	results	from	both	control	groups	(****p	<	0.0001).	
(E)	soxB1-2	is	expressed	in	putative	sensory-neuron	rich	areas.	WISH	labeling	of	soxB1-2	observed	
from	both	the	dorsal	and	ventral	sides	demonstrates	abundant	labeling	in	the	head	periphery	(black	
arrowheads),	the	dorsal	ciliated	stripe	(yellow	arrows),	and	the	mouth	of	the	pharynx	(black	arrow).	
Scale	bars,	200	μm.	
(F)	soxB1-2	is	predominantly	expressed	within	epidermal	lineage	cells	and	ciliated	neurons.	Violin	
plot	of	soxB1-2	expression	in	major	cell	type	groups	of	the	planarian	(assessed	from	single	cell	
sequencing	data).	Each	black	dot	represents	gene	expression	within	1	cell.	
(G)	Experimental	design	for	images,	measurements,	and	behavioral	tests	shown	in	(H“14	DPA”-K).	
Worms	were	fed	2	times	every	week	for	3	weeks,	their	heads	were	amputated	1	day	following	the	
last	feed,	and	trunks	were	allowed	to	regenerate	for	12-14	days	before	fixation	or	behavioral	testing.	
(H-I)	soxB1-2(RNAi)	worms	have	smaller	brains	than	control	worms.	Brain	lobes	(white	arrowheads)	
of	intact	and	regenerating	soxB1-2(RNAi)	worms	were	visibly	smaller	than	those	in	control	worms.	
Scale	bars,	100	μm.	(I)	Brain	size	was	quantified	using	either	immunolabeling	with	anti-Synapsin	
labeling	(seen	in	(H))	or	chat	WISH	and	brain	area	(mm2)	was	normalized	to	the	body	perimeter	
(mm)	of	the	animal.	Statistical	significance	assessed	using	Student’s	t	tests	between	matching	
experimental	and	control	groups.	n	≥	10	worms	(*p	<	0.05,	***p	<	0.001).	
(J)	soxB1-2(RNAi)	causes	loss	of	cilia	at	the	dorsal	ciliated	stripe	and	head	periphery.	Control	animals	
labeled	with	anti-Acetylated	Tubulin	display	a	visible	stripe	of	cilia	along	the	dorsal	surface	(white	
arrowhead)	and	thick	cilia	labeling	at	the	head	periphery	(white	arrows)	while	soxB1-2(RNAi)	
animals	lacked	a	visible	dorsal	ciliated	stripe	and	had	visibly	thinner	cilia	labeling	at	the	head	
periphery.	Scale	bars,	200	μm.	
(K-M)	soxB1-2(RNAi)	worms	have	reduced	reaction	to	water	flow	and	vibration.	(K)	Experimental	
design	for	behavioral	analysis	shown	in	(L-M).	Worms	were	fed	twice	in	one	week	and	assessed	14-
19	days	following	the	last	feed.	(L)	When	squirted	with	water	on	their	dorsal	surface	soxB1-2	worms	
had	reduced	contraction	amplitude.	(M)	The	reaction	of	soxB1-2(RNAi)	worms	was	reduced	
compared	to	control	worms	when	the	dish	was	tapped	to	create	vibrations	in	the	water.	This	test	was	
repeated	3	times	for	each	specimen.	Amplitude	of	contraction	is	the	shortest	length	of	worms	
following	stimulus	/		length	of	gliding	animal.	Statistical	significance	was	assessed	using	Student’s	t	
test	between	matching	experimental	and	control	groups.	n	≥	18	worms	(**p	<	0.01,	***p	<	0.001).	F,	
Feed;	D,	Day;	DPA,	days	post-amputation;	Ac-Tub,	Acetylated	Tubulin.
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Figure	4.2:	Supporting	information	to	Figure	4.1.	
(A)	soxB1-2(RNAi)	animals,	like	control	animals,	exhibit	very	little	movement,	including	seizure-like	
movements	when	assayed	for	10	minutes	of	activity	under	infrared	light	(not	detected	by	planarian	
photoreceptors).	(10	minutes	of	activity	collected	at	5	frames	per	second	and	flattened	into	a	
minimum	intensity	projection).	Scale	bar,	1	cm.	
(B)	Two	different	versions	of	the	SoxB1-2	riboprobes	had	similar	expression	patterns	to	the	original	
probe	(which	was	designed	in	the	HMG	box	region	of	the	gene),	including	expression	in	the	head	
periphery,	the	mouth,	and	the	epidermis.	The	3’	probe	is	downstream	of	the	original	probe	and	the	5’	
probe	is	upstream	of	the	original	probe.	Scale	bars,	200	μm.	
(C)	soxB1-2(RNAi)	worms	have	smaller	brains	than	control	worms.	Brain	lobes	(yellow	arrowheads)	
of	intact	and	regenerating	soxB1-2(RNAi)	worms	are	visibly	smaller	than	those	in	control	worms	
when	visualized	with	chat	riboprobe.	Scale	bars,	100	μm.	
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Figure	4.3:	soxB1-2	is	expressed	in	a	subset	of	stem,	progenitor,	and	neural	cells.	
(A-C)	Rare	stem/progenitor	cells	expressed	soxB1-2.	(A)	soxB1-2+	(magenta),	PIWI-1+	(green,	a	
marker	of	stem	and	progenitor	cells)	double	positive	cells	were	found	in	the	planarian.	Shown	in	the	
dorsal	head	region	of	the	planarian.	(B)	soxB1-2+	(magenta),	piwi-1	(green,	a	marker	of	stem	cells)	
are	rare,	but	can	be	found	in	the	planarian.	Shown	in	the	area	anterior	to	the	pharynx.	(C)	soxB1-2	
(magenta)	co-labels	a	small	subset	of	piwi-2+	cells	(green,	a	marker	of	neural	progenitor	cells	and	a	
subset	of	differentiated	neurons)	in	the	area	between	the	brain	lobes,	known	to	be	rich	in	neural	
progenitor	cells.		
(D)	soxB1-2+	cells	in	the	dorsal	ciliated	stripe	area	are	positive	for	a	neural	marker	mix	consisting	of	
synapsin	and	synaptotagmin.	In	all	images,	examples	of	co-labeled	cells	are	highlighted	with	white	
arrows	and	the	white	dashed	box	indicates	regions	displayed	in	the	higher	magnification	insets.	DAPI	
is	displayed	in	blue.	Scale	bars,	50	μm.	
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Figure	4.4:	Determination	of	soxB1-2-transcriptionally	regulated	genes	by	RNA-seq	
(A)	Experimental	set-up	for	RNAi	feedings	of	soxB1-2	in	day	6,	14,	and	24	samples.	
(B)	Venn	diagram	displaying	the	number	of	genes	downregulated	following	RNAi	feedings	outlined	in	
(A).	The	majority	of	genes	downregulated	in	the	day	6	and	day	14	samples	are	also	downregulated	at	
day	24.	
(C-D)	soxB1-2+	cells	are	part	of	epidermal	or	neural	lineages.	(C)	soxB1-2+	cells	that	clustered	within	
the	epidermal	class	express	known	markers	for	the	epidermal	lineage.	(D)	soxB1-2+	cells	that	
clustered	within	the	neural	class	express	known	markers	for	the	neural	lineage.	Additionally,	7/9	of	
these	cells	express	rootletin	(a	marker	of	ciliated	cells).		The	color	keys	indicate	the	log2	normalized	
gene	expression	of	each	transcript.	



150	

	

	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.5:	Supporting	information	to	Figure	4.4.		
(A)	Reduction	in	soxB1-2	expression	is	stably	reduced	by	day	6	following	the	first	RNAi	feeding.	
Expression	of	soxB1-2	was	assayed	by	qPCR,	(data	is	normalized	to	expression	of	soxB1-2	in	control	
animals	at	the	same	timepoint	which	is	represented	by	the	red	line	at	1).	
(B)	Reduction	of	cav-1	is	reduced	at	day	6	following	the	first	RNAi	feeding	(data	is	normalized	to	
expression	of	cav-1	in	control	animals	at	the	same	timepoint,	which	is	represented	by	the	red	line	at	
1).	Data	in	(A)	and	(B)	is	represented	as	the	mean	of	three	biological	and	technical	triplicates,	
whiskers	are	the	standard	deviations.		
(C)	soxB1-2+	cells	from	single	cell	sequencing	data	cluster	into	neural	and	epidermal	classes,	
highlighting	the	expression	of	soxB1-2-regulated	genes	in	either	the	epidermal	or	neural	lineages.	
Heatmap	of	gene	expression	for	genes	that	are	downregulated	following	soxB1-2(RNAi)	expressed	in	
soxB1-2+	cells	(soxB1-2	expression	in	greyscale	at	the	top	of	the	heatmap).	Dendrogram	based	on	
variable	expression	of	the	transcripts	displayed	on	the	right	of	the	map.	The	green	bar	highlights	
expression	of	genes	downregulated	in	the	soxB1-2(RNAi)	group	at	day	14	post	RNAi.	The	blue	bar	
indicates	expression	of	known	neural	lineage	genes	and	the	yellow	bar	indicates	expression	of	
known	epidermal	lineage	genes.	The	color	key	indicates	the	log2	normalized	gene	expression	of	each	
transcript.	
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Figure	4.6:	soxB1-2+	neural	cells	express	markers	of	ciliated	neurons.	soxB1-2-expressing	cells	
that	were	determined	to	be	neurons	based	on	clustering	and	expression	of	known	neural	markers	
also	express	genes	that	were	determined	to	be	enriched	in	the	ciliated	neuron	class	in	a	previous	
published	single	cell	sequencing	dataset	(Wurtzel	et	al	2015).	Ciliated	neural	genes	are	listed	on	the	
right	side	of	the	map.	The	color	key	indicates	the	log2	normalized	gene	expression	of	each	transcript.
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Figure	4.7:	soxB1-2+	cells	cluster	into	three	trajectories	of	cells	by	PCA	analysis.	
(A)	All	soxB1-2+	cells	were	first	clustered	into	9	different	groups	by	hierarchical	clustering	and	these	
groups	were	color-coded.	
(B)	PCA	analysis	was	performed	on	the	soxB1-2+	cells	showing	what	appeared	to	be	three	lineage	
trajectories	stemming	from	a	common	population.	The	left	plot	displays	each	point,	color-coded	from	
the	hierarchical	clustering	results.	The	plot	on	the	right	displays	soxB1-2	expression.	All	cells	express	
soxB1-2.	
(C)	By	plotting	known	neural	markers	on	the	PCA	plot,	the	cell	lineage	on	the	top	was	determined	to	
be	neural.	
(D)	Plotting	of	the	known	stem	cell	marker	piwi-1	on	the	PCA	plot	demonstrates	an	enrichment	of	
stem	cell	gene	expression	at	the	vertex	of	all	three	lineage	trajectories.	
(E)	By	plotting	known	epidermal	lineage	markers	on	the	PCA	plot,	the	cell	lineage	on	the	bottom	of	
the	PCA	plot	was	determined	to	be	epidermal.	
(F)	Genes	that	are	broadly	expressed	in	other	known	tissue	lineages	were	plotted	on	the	PCA	plot	to	
determine	the	identity	of	the	left	lineage	trajectory.	The	cells	in	this	arm	were	not	enriched	for	the	
expression	of	any	of	these	genes.	In	all	PCA	plots,	the	increasing	diameter	of	each	single	datapoint	
correlates	with	an	increase	in	expression	of	the	gene	indicated	in	the	plot	title.	PCA,	principle	
component	analysis;	PC1,	principle	component	1;	PC2,	principle	component	2.	
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Figure	4.8:	Pseudotime	analysis	predicts	differentiation	into	neural	or	epidermal	lineages	
from	a	common	ectodermal	progenitor	population.		
(A)	PCA	analysis	of	soxB1-2+	cells	associated	with	neural,	epidermal,	and	stem/progenitor	classes	
displays	two	lineage	trajectories	from	a	common	progenitor	population.	Upper	left	plot	displays	the	
cells,	sorted	by	class.	soxB1-2	expression	is	plotted	on	the	PCA	plot.	Known	stem/neural	progenitor	
markers,	neural	lineage	markers,	and	epidermal	lineage	markers	were	plotted	on	the	PCA	plots	to	
determine	the	lineages	of	the	branches	on	the	PCA	plots	to	determine	the	classes	indicated	in	the	
bottom	right	plot..	In	all	PCA	plots,	the	increasing	diameter	of	each	single	datapoint	correlates	with	
an	increase	in	expression	of	the	gene	indicated	in	the	plot	title.		
(B)	The	PCA	results	were	ordered	using	waterfall	analysis	to	determine	the	progression	of	
differentiation.	Arrows	indicate	the	order	of	differentiation	along	pseudotime.	
(C-E)	The	expression	patterns	of	known	markers	support	the	lineage	prediction.	(C)	Known	stem	and	
neural	progenitor	markers	piwi-1	and	piwi-2	are	most	highly	expressed	at	the	vertex	of	the	two	
lineages,	the	ectodermal	progenitor	population.	Known	neural	progenitor	markers	ptprd-9	and	ski-1	
are	highly	expressed	during	differentiation	along	pseudotime	in	the	neural	lineage	(D)	neural	marker	
genes	synapsin	and	pc-2	increase	in	pseudotime	down	the	neural	lineage.	(E)	known	epidermal	
lineage	markers	pmp-5	and	AGAT-1	increase	in	pseudotime	down	the	epidermal	lineage.		
(F-G)	Genes	indicated	to	the	neural,	epidermal,	or	neural	and	epidermal	soxB1-2	classes	that	are	
downregulated	following	soxB1-2	RNAi	increase	are	expressed	during	the	pseudotime	lineage	
trajectories	of	their	respective	classes.	Red	line,	local	polynomial	regression	fit;	shaded	region,	95	%	
confidence	interval.	PCA,	principle	component	analysis;	PC1,	principle	component	1;	PC2,	principle	
component	2.
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Figure	4.9:	Supporting	information	to	Figure	4.11.	
Genes	of	interest	were	determined	from	the	day	14	down-regulated	list	based	on	GO	terms	or	
previous	inclusion	in	a	list	of	genes	enriched	in	the	ciliated	neuron	class	(Wurtzel	et	al	2015)	and	
expression	patterns	determined	by	WISH.	These	genes	were	then	sorted	for	epidermal	expression	
and/or	neural	expression	based	on	expression	of	these	genes	in	soxB1-2+	neural	or	epidermal	cells	
per	clustering	from	single	cell	sequencing	data,	demonstrated	in	Figure	4.5.	Genes	are	labeled	by	
transcript	ID	number.	Genes	that	were	expressed	in	neural	or	epidermal	tissues	based	on	expression	
patterns,	but	not	attributed	to	these	classes	based	on	single	cell	sequencing	data	are	indicated	with	
an	asterisk.		
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Figure	4.10:	Supporting	information	to	Figure	4.11.	
Genes	of	interest	were	determined	from	the	day	14	down-regulated	list	based	on	GO	terms	or	
previous	inclusion	in	a	list	of	genes	enriched	in	the	ciliated	neuron	class	(Wurtzel	et	al	2015)	and	
expression	patterns	determined	by	WISH.	These	genes	were	then	sorted	for	epidermal	expression	
and/or	neural	expression	based	on	expression	of	these	genes	in	soxB1-2+	neural	or	epidermal	cells	
per	clustering	from	single	cell	sequencing	data,	demonstrated	in	Figure	4.5.	Genes	are	labeled	by	
transcript	ID	number.	Genes	that	were	expressed	in	neural	and	epidermal	tissues	based	on	
expression	patterns,	but	not	attributed	to	these	classes	based	on	single	cell	sequencing	data	are	
indicated	with	an	asterisk.		
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Figure	4.11:	The	expression	patterns	of	genes	downstream	of	SoxB1-2	reveal	epidermal	
patterns	and	unique	putative	sensory	populations.	
(A-C)	Genes	of	interest	from	the	downregulated	at	day	14	post-SoxB1-2(RNAi)	list	were	sorted	into	
epidermal	(A),	neural	(B),	and	both	epidermal	and	neural	classes	(C)	based	on	hierarchical	clustering	
from	the	single	cell	sequencing	data.	Genes	that	were	expressed	in	neural	or	epidermal	tissues	based	
on	expression	patterns,	but	not	attributed	to	these	classes	based	on	single	cell	sequencing	data	are	
indicated	with	an	asterisk.	
(D)	dFISH	labeling	of	the	soxB1-2	downstream	gene	pkd2L-1	(green)	highlights	expression	in	three	
putative	sensory	populations:	the	dorsal	ciliated	stripe	(red	arrows),	the	dorsal	peripheral	stripe	
(white	arrows),	which	is	located	dorsally	to	the	dorsal-ventral	boundary	(labeled	with	intermediate	
filament-beta,	if-b,	magenta)	and	the	ventral	peripheral	stripe	(yellow	arrowheads),	which	is	located	
ventrally	to	the	dorsal-ventral	boundary.	Higher	magnification	inset	location	is	indicated	with	the	
dashed	white	boxes.		
(E)	Co-expression	of	the	soxB1-2	downstream	gene	pkd1L-2	with	soxB1-2	in	the	dorsal	ciliated	stripe	
and	associated	peripheral	head	population	was	determined	by	dFISH	labeling.	Examples	of	co-
labeled	cells	are	highlighted	with	white	arrows	and	area	of	the	higher	magnification	inset	is	indicated	
with	dashed	white	box.	
(F-J)	Determination	of	a	putative	sensory	neuron	class.	Co-expression	of	pkd1L-2	(green)	with	other	
genes	downstream	of	soxB1-2.	(F)	pkd1L-2+	cells	are	also	positive	for	sargasso	(magenta,	co-labeled	
cells	highlighted	with	white	arrows).	There	are	additional	sargasso+	cells	that	do	not	express	pkd1L-2	
(yellow	arrowheads).	(G)	pkd1L-2	cells	also	express	gabrg3L-1	(magenta,	co-labeled	cells	highlighted	
with	white	arrows).	(H-I)	Like	co-labeling	with	sargasso,	pkd1L-2+	cells	express	gabrg3L-2	(magenta,	
co-labeled	cell	examples	highlighted	with	white	arrows),	although	there	are	gabr3L-2+	cells	that	do	
not	express	pkd1L-2	in	the	dorsal	ciliated	stripe	region	and	dorsal	head	periphery	in	(H)	and	
especially	in	the	more	ventral	peripheral	head	region	(I)	(indicated	by	yellow	arowheads).	(J)	hmcn-
1-L+	cells	(magenta)	represent	a	putative	sensory	cell	type	that	does	not	express	pkd1L-2	(hmcn-1-L+	
cells	highlighted	with	yellow	arrowheads	and	pkd1L-2+	cells	marked	with	white	arrowheads).	For	all	
co-labeling	experiments,	n	≥	3	animals	were	observed	to	have	consistent	labeling	patterns.	
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Figure	4.12:	Example	of	a	gene	downstream	of	soxB1-2	that	causes	seizure-like	behaviors	with	
loss	of	function.		
(A)	Experimental	design	for	data	displayed	in	(B-C).	Worms	were	fed	8X	over	4	weeks	and	imaged	at	
day	28	following	the	first	feed.	F,	feed;	D,	days	post-first	feed.	(B-C)	ATPA-like(RNAi)	worms	bend	
more	and	are	slower	than	control	worms	when	under	white	light.	(B)	Bending	of	animals	
represented	as	degrees	of	bending	difference	from	a	straight	animal.	Numbers	are	normalized	to	the	
length	of	the	worm.	(C)	The	speed	of	worm	movement	is	represented	as	mm/sec	speed	normalized	
to	the	length	of	the	worm.	All	data	represented	as	mean	with	standard	deviation	indicated	by	the	
whiskers	for	two	separate	test	groups	of	10-11	worms.	Statistical	significance	assessed	using	
Student’s	t	tests	of	each	individual	experimental	group	compared	to	the	combined	results	from	both	
control	groups	(****p	<	0.0001).
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Figure	4.13:	Multiple	genes	downstream	of	soxB1-2	transcriptional	regulation	cause	loss	of	
cilia	at	sensory	neuron-rich	areas,	reduced	rheosensation	,	vibration	sensation,	and	
chemosensation.	
(A-B)	Experimental	design	for	data	and	images	in	(C-G).	(A)	Worms	for	all	genes	except	for	gabrg3L-2	
water	flow	and	vibration	sensation	experiments,	were	fed	RNAi	8X	over	4	weeks,	amputated	3	days	
following	the	last	feed	just	posterior	to	the	head,	and	imaged	or	tested	12-14	days	following	head	
amputation.	(B)	gabrg3L-2	worms	used	for	water	flow	sensation	and	vibration	sensation	
experiments	were	fed	8X	over	4	weeks	and	assayed	between	40	and	42	days	following	the	first	RNAi	
feed.	F,	RNAi	feed;	D,	days	post-first	RNAi	feed;	DPA,	days	post-amputation.	(C-D)	trpc-like,	foxJ1-4,	
C2D2A-like,	putative	protein-18696,	ATPA-like,	and	nervana	3-like	RNAi	cause	a	visible	reduction	in	
cilia	labeling	along	the	dorsal	surface	of	the	worm	(white	arrowheads)	and	a	reduction	of	labeling	in	
the	auricle	region	of	the	worm	(yellow	arrowheads).	Scale	bars	200	μm.	The	number	of	worms	
displaying	this	phenotype	are	quantified	in	(D).	
(E-F)	pkd1L-2,	sargasso-1,	gabrg3L-1,	pkd2L-1,	and	gabrg3L-2	RNAi	worms	have	reduced	reaction	to	
rheosensory	and	vibration	stimuli.	(E)	When	squirted	with	water	on	their	dorsal	surface	these	
worms	had	reduced	contraction	amplitude.	(F)	The	reaction	of	these	worms	was	reduced	compared	
to	control	worms	when	the	dish	was	tapped	to	create	vibrations	in	the	water.	This	test	was	repeated	
3	times	for	each	specimen.	Amplitude	of	contraction,	shortest	length	of	worms	following	stimulus	
/		length	of	gliding	animal.	(G)	Knockdown	of	pkd2-1,	putative	protein-37835,	eml1,	and	pkd2L-1	cause	
a	reduction	in	chemosensation.	Experimental	worms	spent	a	shorter	amount	of	time	in	the	zone	of	
the	dish	with	food	compared	to	when	there	was	no	food	present.	Data	is	normalized	to	the	time	
control	animals	spent	in	the	zone	with	and	without	food	(represented	with	the	red	line).	Statistical	
significance	was	assessed	using	Student’s	t	test	within	groups	with	or	without	food.	n	≥	18	worms	(*p	
<	0.05,	**p	<	0.01,	***p	<	0.001).
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Figure	4.14:	soxB1-2	labels	an	ectodermal	progenitor	population	and	is	necessary	for	the	
differentiation	and	maintenance	of	3	anatomical	populations	of	rheosensory	neurons.	
(A)	Hypothesis	of	the	role	of	soxB1-2	in	the	differentiation	of	a	population	of	ectodermal	progenitor	
cells.	soxB1-2	is	first	expressed	in	an	ectodermal	progenitor	population	that	expresses	the	stem	cell	
marker	piwi-1,	then	these	cells	differentiate	through	an	epidermal	fate	or	neurectodermal	fate	
(expressing	markers	of	neural	progenitors)	and	finally	into	mature	epidermis	or	ciliated	sensory	
neurons,	with	ciliated	sensory	neurons	having	the	highest	levels	of	soxB1-2	expression.	
	(B)	3	anatomical	populations	of	rheosensory	neurons	were	identified,	the	dorsal	ciliated	stripe	(red),	
dorsal	peripheral	stripe	(blue),	and	ventral	peripheral	stripe	(purple).	Loss	or	dysfunction	of	this	
population	(by	loss	of	function	of	soxB1-2	or	some	of	its	downstream	genes)	leads	to	loss	of	
rheosensation.	On	the	left	is	a	cartoon	view	of	these	populations	from	the	dorsal	side	of	the	worm.	On	
the	right	is	a	cartoon	view	of	these	populations	from	a	lateral	cross	section	with	the	dorsal	side	
shown	to	the	top	of	the	image.	
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TABLES	
	

Table	4.1:	Genes	downregulated	at	day	14	of		soxB1-2	RNAi		that	display	
movement	or	sensory	phenotypes.	

	
 

Gene Name Expression 
Category 

Movement Phenotype Reduced 
Feeding 
Observed 

Rheosensory 
Defect  
(# worms with 
defect / total) 

Vibriation 
Sensation 
Defect  
(# worms with 
defect / total) 

pkd1L-2* Neural none none 21/34 22/34 
trpc-like Neural D26 post-feed: snakelike 

(10/15), 10DPA: 10/11 
immobile 

* * * 

sargasso-1 Neural none none 32/32 28/32 
gabrg3L-1 Neural none none 29/33 29/33 
pkd2-1* Neural none yes 0/34 0/34 
putative 
protein-
37835 

Neural none yes 0/31 0/31 

eml-1 Neural none yes 0/30 1/30 
pkd2L1* Neural none yes 12/31 16/31 
abcb1-like Neural and 

Epidermal 
D26 post-feed: intermitent 
slow movements (6/6) 

none 0/6 0/6 

gabrg3L-2 Neural none none 15/31 15/31 
pkd2-4 Neural 10DPA: slow inching, jerky 

movements (6/6) 
* 0/6 0/6 

C2D2A-like Neural and 
Epidermal 

D26 post-feed: inching, 
twisting or immobile (6/6), 
10DPA: lysed (3/6), edemic 
(3/6) and immobile or 
inching (3/6) 

* * * 

hypothetical 
protein-
18696 

Neural D26: slow with variable 
inching movements (31/31) 

* 0/31 0/31 

foxJ1-4* Neural and 
Epidermal 

D26 post-feed: slowly 
twisting (3/6), immobile or 
inching (3/6) 

* * * 

hypothetical 
protein-5582 

Neural and 
Epidermal 

D26 post-feed: twisting 
movements (8/16), immobile 
(2/16), slow with slight 
inching movements (10/16) 

* 0/6 0/6 

ATPA-like Epidermal D26 post-feed: snakelike 
movements (15/15) 

none 10/10 10/10 

nervana 3-
like 

Neural and 
Epidermal 

D28 post-feed: inching  with 
variable twisting 
movements(7/7), 10DPA: 
lysed (3/7), did not regenerate 
head (1/7), immobile (3/7) 

* * * 

	
Notes:		
1.	*	denotes	that	we	were	unable	to	perform	the	these	assessments	due	to	the	severe	movement	
defects	of	the	worms.	
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Planarians	flatworms	have	an	amazing	ability	to	regenerate	and	maintain	a	

molecularly	complex	nervous	system	from	a	population	of	adult	pluripotent	stem	

cells.	In	Chapter	1,	I	provided	a	comprehensive	review	of	the	anatomy	of	the	

planarian	nervous	system	and	demonstrated	the	molecular	complexity	and	

conservation	of	the	planarian	nervous	system	with	vertebrates.	This	chapter	also	

addressed	our	current	knowledge	about	how	planarian	neurogenesis	proceeds	in	

both	the	adult	and	during	embryonic	development.	In	Chapter	2,	I	described	work	in	

which	we	created	seven	monoclonal	antibodies	that	label	muscle	fibers,	axonal	

projections	of	the	peripheral	nervous	system,	two	populations	of	intestinal	cells,	

ciliated	cells,	and	a	subset	of	neoblast	progeny.	These	reagents	have	aided	in	

visualizing	protein	expression	for	analyses	following	RNAi	experiments.	In	Chapter	

3,	I	expanded	on	the	need	for	improved	methods	of	protein	visualization	in	

planarian	tissues	by	providing	a	step-by-step	methodology	chapter	on	how	to	

perform	immunohistochemistry	in	whole	planarians.	

In	Chapter	4,	I	used	the	planarian	model	system	to	study	SoxB1	gene	function	

in	neurogenesis	and	found	that	inhibition	of	Smed-soxB1-2	led	to	a	loss	of	sensory	

neuron	regeneration	and	function	that	was	accompanied	by	a	striking	seizure-like	

behavioral	phenotype.	This	result	suggested	to	us	that	soxB1-2	function	is	conserved	

with	vertebrate	SoxB1	genes.	Additionally,	we	found	that	soxB1-2	expression	marks	

an	ectodermal	progenitor	population	in	planarians.	We	performed	RNA-seq	on	

soxB1-2(RNAi)	planarians	and	functionally	assessed	86	putative	target	genes.	This	
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revealed	17	genes	that,	when	knocked	down	using	RNAi,	displayed	phenotypes	that	

represented	aspects	of	the	soxB1-2	phenotype;	16	of	these	genes	were	expressed	in	

neurons.	While	several	of	these	genes	recapitulated	aspects	of	the	seizure-like	

phenotype,	inhibition	of	an	additional	set	of	genes	caused	a	reduction	in	

rheosensation	and	vibration	sensation	in	planarians.	Further	expression	analysis	of	

the	genes	that	caused	sensory	defects	led	to	the	identification	of	a	rheosensory	

neuronal	population	in	planarians.	Some	of	the	genes	found	downstream	of	soxB1-2	

were	associated	with	ED	genetics,	while	others	represented	genes	conserved	with	

humans,	but	genes	not	currently	associated	with	EDs.	We	also	found	

downregulation	of	multiple	polycystic	kidney	disease	(pkd)	genes	and	other	genes	

involved	in	Ca2+	signaling	that	have	been	linked	to	primary	cilia	function.	This	

represents	an	exciting	new	field	of	epilepsy	research	because	it	was	recently	

demonstrated	that	dysfunction	of	Polycystin-L	on	the	primary	cilia	of	neurons	

causes	an	increased	susceptibility	to	drug-induced	seizures.	Thus,	we	have	

identified	new	potential	targets	underlying	EDs	and	the	compilation	of	work	in	this	

dissertation	will	aid	in	establishing	planarians	as	a	genetic	model	system	in	which	to	

study	the	molecular	basis	of	EDs.

	




