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A	

AC	 Anterior	Commissure	
aIPCs	 Apical	intermediate	progenitor	cells	
ANC	 Anterior	nuclear	complex	
AP		 Alkaline	phosphatase	
Apolipoportein	E	receptor2	 ApoER2	
APs	 Apical	progenitors	
aRGCs	 Apical	radial	glial	cells	

 B	

bIPCs	 Basal	intermediate	progenitor	cells	
BNST	 Bed	nucleus	of	stria	terminalis	
BP	 Bipolar	
BPs	 Basal	progenitors	
BrdU	 5-bromo-2'-deoxyuridine		
bRGCs	 Basal	radial	glial	cells	
BTK-SD	 Bruton’s	tyrosine	kinase	splice	donor	sequence	

 C	

CAs	 Cortical	axons	
CFAs	 Corticofugal	axons	
CGE		 Central	ganglionic	eminence	
cKO	 Conditional	knockout	
Co	 Corridor	
CP	 Cortical	Plate	
CR	 Calretinin	
Cre	 Causes	recombination	
CSAs	 Corticospinal	axons	
CTAs	 Corticothalamic	axons	

Ctip2	
Chicken	ovalbumin	upstream	promoter	transcription	factor-
interacting	proteins	2	

Cux1	 Cut	Like	Homeobox	1	
Cx	 Cortex	
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 D	

D	 Dorsal	
D1R	 Dopamine	1	receptor	
D2R	 Dopamine	2	receptor	
Dab1	 Disabled	homolog	1	
DAPI	 4ʹ,6-diamidino-2-phenylindole	
DCX	 Doublecortin	
DEPC	 Diethyl	pyrocarbonate		
Di	 Diencephalon	
DiA	 4-(4-(Dihexadecylamino)styryl)-N-Methylpyridinium	Iodide	
DIG	 digoxigenin	

DiI	
1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine	
Perchlorate	

DIV	 Days	in	Vitro	
DKO	 Double	knockout	
dLGN	 Dorsal	lateral	geniculate	nucleus	
DMEM		 Dulbecco's	Modified	Eagle	Medium		
DNA	 Deoxyribonucleotide	acid	
DNase	 Deoxyibonuclease	
dNTP	 Deoxyribonucleotides	triphosphate	
DS	 Donkey	serum	
dSPNs	 Direct	pathway	striatal	projection	neurons	
DTB	 Diencephalon-Telencephalon	Boundary	
DTT	 Dithiothreitol	

 E	

E	 Embryonary	day	
EN	 Entopduncular	nucleus	
Eth	 Epithalmus	
EtOH	 Ethanol	

 F	

FGF	 Fibroblast	growth	factor	
FoxP1	 Forkhead	Box	P1	
Frizzled3	 Fzd3	
FRT	 Flippase	recognition	targets	
Fw	 Forward	
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 G	

GAP	 GTPase	activating	protein	
GEF	 Guanine	nucleotide	exchange	factor	
GFP	 Green	Fluorescent	Protein	
GP	 Globus	Pallidus	
GPe	 External	segment	of	globus	pallidus	
GPi	 Internal	segment	of	globus	pallidus	
gt		 Gene	trap	
Guanosine	triphosphatases	 GTPases	

 H	

hbactP		 Human	β-actin	promoter	
HBS	 HEPES	Buffered	Saline		
Hc	 Hippocampus	
HTh	 Hypothalamus	

 I	
IC	
IHF	

Internal	Capsule	
Immunhistofluorescence	

INs	 Interneurons	
InTg	 Intermediate	target	
Ipac	 Interstitial	nucleus	of	posterior	limb	of	anterior	commissure		
IPC	 Intermediate	progenitor	cell	
IRES	 Internal	Ribosomal	Entry	Site	
iRNA	 interference	RNA	
ISH	 In	situ	hybridization		
ISLR2	 Immunoglobulin	Superfamily	Containing	Leucine	Rich	Repeat	2	
iSPNs	 Indirect	pathway	striatal	projection	neurons	
iSVZ	 inner	subventricular	zone	
iTCAs	
IUE	

Intermediate	thalamocortical	axons	
In	utero	electroporation	

IZ		 Intermediate	zone	
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K	

KO	 Knockout	

 L	

L	 Lateral	
LGE	 Lateral	Ganglionic	Eminence	
Lis1	 Lissencephaly	1	
LL	 Lower	layers	
LMN	 Locomotion	migrating	neuron	
LMP	 Low	melting	point	
LMS	 Lateral	Migrating	Stream	
loxP	 Locus	of	Crossover	in	P1	
LP	 Lateral	posterior	nucleus	

 M	

M	 Medial	
M1	 Primary	motor	area	
MABT	 Maleic	Acid	Buffer	
MGE	 Madial	Ganglionic	Eminence	
MGv	 Ventromedial	geniculate	nucleus	
MI	 Medial	interlaminate	nuclei	
MMN	 Multipolar	migrating	neuron	
MP	 Multipolar	

 N	

NaP		 Sodium	Phosphate		
NB27	 Complete	Neurobasal	with		B27	
neo		 Neomycin	
Neuregulin1	 Nrg1	
Neuropilin	 Nrp	
NF	 Neurofilament	
NICD	 Notch1	intracellular	domain	
NPCs	 Neural	precursor	cells	
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 O	

OlPc	 Ol-Protocadherin	
ON	 Overnight	
oSVZ	 Outer	subventricular	zone	

 P	

pA		 Polyadenylation	
Pax6	 Paired	box	6	
PBS		 Phosphate-buffered	saline	
pCAGIG	 Plasmid	with	CAG-promoter-IRES-GFP	
PCR	 Polymerase	Chain	Reaction	
PCZ	 Primitive	cortical	zone	
PEI	 Polyethilenimine	
PFA	 Paraformaldehyde	
PGK	 phosphoglycerate	kinase-1	promoter;	
PH3	 Phospho-Histone	H3	
POA	 Preoptic	Area	
POm	 Posterior	medial	nucleus	
PP	 Preplate	
PSPB	 Pallial-Subpallial	Boundary	
PTh	 Prethalamus	
PV	 Parvalbumin	

 Q	

QSP	 Quantité	suffisante	pour	

 R	

RGCs	 Radial	Glial	Cells	
RI	 Repulsion	Index	
RNA	 Ribonucleotide	acid	
RNase	 Ribonuclease	
Rnd3		 Round	3	
rpm	 Revolutions	per	minute	
RT	 Room	temperature	
rTCAs	 Rostral	thalamocortical	axons	
Rv	 Reverse	
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S1	 Primary	sensory	area	
S2	 Secondary	sensory	area	
SAs		 Striatal	axons	
SatB2	 Special	AT-Rich	Sequence-Binding	Protein	2	
SCC	 Saline	Sodium	Citrate		
Sema	 Semaphorin	
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SMZ	 Striatal	mantle	zone	
SNAs	 Striatonigral	axons	
SNc	 Substantia	nigra	pars	compacta	
SNi	 Substantia	nigra	
SNr	 Substantia	nigra	pars	reticulata	
Sox2	 SRY	(Sex	Determining	Region	Y)-Box	2	
SP	 Subplate	
SpA	 Splicing	Acceptor	
SPAs	 Striatopallidal	axons	
SPNs		 Striatal	projection	neurons	
St	 striatum	
STN	 Subthalamic	nucleus	
SubP	 Subpallium	
SVZ	 Subventricualr	zone	

 T	

TaqPol	 Thermus	aquaticus	Polymerase	
Tbr1	 T-box	brain	transcription	factor	1	
Tbr2	 T-box	brain	transcription	factor	2	
TCAs	 Thalamocortical	Axons	
TE	 Tris	EDTA	
TF	 Transcription	factor	
TFM	 Tissue	freezing	media	
Th	 Thalamus	
TrMN	 Translocation	migrating	neuron	

 U	

UL	 Upper	layers	
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 V	

V	 Ventral	
V1	 Primary	visual	area	
VA/VL	 Ventroanterior/ventrolateral	nuclei	
VGlut2	 Vesicular	glutamate	transporter	2	
VHO	 High-order	visual	area		
VLDLR	 Very-low-density	lipoprotein	receptor	
vLGN	 Ventral	lateral	genuculate	nucleus	
Vms	 Ventromedial	stream	
VPM	 Ventral	posteromedial	nucleus	
VZ		 Ventricular	zone	

 W	

WT		 Wild	type	

 X	

Xgal	 5-bromo-4-chloro-3-indolyl-β-D-galactoside	

 Z	

ZLI	 Zona	limitans	intrathalamica	

 Symbols	
βGal	 βGalactosidase	
βGeo	 βGal	and	Neo	
βIII-Tub	 βIII-Tubulin	
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Abstract 

Rnd3	 is	 a	 RhoGTPase	 with	 constitutive	 activity	 that	 promotes	 neurite	 outgrowth	 in	

vitro	 and	 radial	 migration	 in	 the	 cortex.	 Rnd3	 knockout	 (Rnd3gt/gt)	 postnatal	 mice	

display	 premature	 death	 and	 severe	 neurodevelopmental	 defects,	 such	 as	 complete	

lack	 of	 peroneal	 nerve	 and	 reduced	 rostral	migratory	 stream	 in	 the	 brain.	However,	

the	effect	of	Rnd3	deletion	in	embryos	had	not	been	analysed	yet.		

This	thesis	reports	a	detailed	expression	pattern	of	Rnd3	in	the	embryonic	brain,	which	

was	 found	 strongly	 expressed	 in	 some	 thalamic	 regions;	 the	 striatum,	 corridor,	

ventromedial	stream	(Vms)	and	early	globus	pallidus	(GP),	as	well	as	in	subventricular	

zone	 of	 the	 subpallium;	 and	 in	 early	migrating	 neurons	 and	 late	 progenitors	 of	 the	

cortex.		

The	expression	pattern	suggested	a	role	in	axonal	pathway	development.	The	analysis	

of	 Rnd3gt/gt	 embryonic	 brains	 revealed	 severe	 defects	 in	 thalamocortical	 axons	

guidance	 (TCAs),	 which	 could	 not	 cross	 the	 DTB.	 Though	 only	 mild	 defects	 were	

observed	 in	 the	 corridor,	 a	 key	 guidepost	 structure	 for	 TCAs,	 we	 detected	 major	

defects	 in	 the	 formation	of	GP	 and	Vms.	Moreover,	 it	was	 found	 that	 striatal	 axons	

(SAs)	were	 ventrally	misrouted,	which	was	 seemingly	 triggered	by	GP	malformation.	

The	 study	 of	 these	 same	 structures	 at	 E12.5	 determined	 an	 early	 defect	 of	 the	

formation	 of	 the	 GP	 and	 in	 what	 we	 called	 the	 caudal	 corridor	 (CCo).	 This	 early	

disorganization	 also	 implied	 an	 early	 defect	 of	 SAs	 and	 TCAs.	 To	 further	 assess	 the	

origin	of	the	phenotype	we	analysed	Rnd3	region-specific	conditional	knockout	(cKO)	

brains.	Though	all	cKOs	(Nestin-Cre,	Dlx5/6-Cre	and	Nkx2.1-Cre)	and	a	full	KO	with	cKO	

background	(Rnd3tm1d/tm1d)	only	showed	a	mild	phenotype,	lack	of	Rnd3	in	Nkx2.1-Cre-

expressing	cells	was	sufficient	to	induce	TCAs,	SAs,	GP	and	CCo	mild	misrouting	at	early	

and	late	stages.	Thus	we	concluded	that	Rnd3	is	needed	already	at	E12.5	to	organize	

the	Nkx2.1-expressing	GP,	indirectly	controlling	TCAs	and	SAs	guidance.		

Our	observations	strongly	suggested	that	SAs	guidance	is	mediated	by	the	GP	and	thus	

we	wondered	which	axon	guidance-related	molecules	could	be	ruling	this	process.	We	
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determined	 that	 Semaphorin3C	 (Sema3C)	 is	 expressed	 in	 the	 early	 corridor	 and	GP,	

while	disappears	from	the	corridor	from	E14.5.	Since	we	found	that	its	expression	was	

closely	 related	 to	 SAs	 and	 TCAs	 path	 from	 E12.5	 and	 that	 Sema3C-AP	 bound	 to	 the	

internal	 capsule	 (IC)	 and	 cerebral	 peduncle,	 we	 evaluated	 an	 attractive/repulsive	

function	of	Sema3C	by	stripe	assays.	Though	technical	issues	prevented	us	to	study	SAs	

response,	 we	 observed	 that	 Sema3C	 was	 slightly	 repulsive	 to	 TCAs.	 To	 conclude,	

Sema3C	 in	 the	 GP	 might	 mediate	 repulsion	 of	 TCAs	 at	 least	 at	 E14.5,	 and	 we	

hypothesized	an	attractive	signalling	to	SAs.	

The	 Rnd3gt/gt	 phenotype	 also	 indicated	 that	 normal	 SAs	 positioning	 at	 the	

diencephalon-telencephalon	boundary	 (DTB)	might	 create	 a	 scaffold	 that	 helps	 TCAs	

cross	 the	 DTB.	 Therefore,	 we	 analysed	 the	 relative	 position	 of	 the	 two	 axonal	

pathways	 from	 E12.5	 to	 E18.5	 in	 control	 and	 knockout	 brains.	We	 always	 observed	

TCAs	in	close	contact	to	SAs,	even	when	misrouted.	Though	we	could	not	demonstrate	

this	 interaction,	 we	 speculated	 that	 ISLR2	 expressed	 in	 SAs	 might	 mediate	 it.	

Oppositely	to	this	idea,	ISLR2	induced	clear	repulsion	to	TCAs	in	a	stripe	assay.	On	the	

other	hand,	ISLR2-expressing	COS7-cells	aggregates	explanted	in	organotypic	slices	did	

not	 repulse	 TCAs.	 Finally,	we	 determined	 that	 ISLR2	 KOs	 have	 impaired	 SAs	 and	GP	

formation,	which	might	be	the	cause	of	the	already	described	TCAs	defect.		

Finally,	we	detected	that	approximately	a	third	of	Rnd3gt/gt	E18.5	embryos	developed	

genuine	 cortical	 folds.	 Significantly,	 folded	 cortices	 exhibited	 a	 reduced	 cortical,	

subventricular	 zone	 (SVZ)	 and	 intermediate	 zone	 (IZ)	 width,	 while	 the	 cortical	 plate	

was	 not	 grossly	 affected.	 No	 increase	 in	 proliferation	 or	 in	 neural	 progenitors	 was	

observed	 in	 Rnd3	 knockout	 cortices,	 despite	 this	 was	 not	 analysed	 in	 folded	 ones.	

However,	we	found	an	increase	of	Tbr1/Ctip2high	cells	and	SatB2	cells	density	in	upper	

layers	of	brains	with	sulci,	which	suggested	a	faster	migration	due	to	lack	of	Rnd3.		

To	 conclude,	 our	 study	 provides	 for	 the	 first	 time	 an	 extensive	 analysis	 of	 the	Rnd3	

expression	 pattern	 and	 the	 phenotype	 of	 Rnd3gt/gt	 embryonic	 brains.	 Significantly,	

Rnd3-deficient	 embryos	 exhibited	 severe	 defects	 in	 the	 subpallial	 organization	 and	

axonal	pathways	 formation	and	developed	cortical	 folding.	This	 reveals	a	key	 role	of	

Rnd3	in	migration	control	and	indirectly	in	axon	guidance.	Moreover,	we	propose	two	
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new	mechanisms	that	rule	axonal	pathways	formation:	I)	Sema3C-mediated	attraction	

or	 repulsion	of	 SAs	and	TCAs,	 respectively	 and	 II)	 an	SAs	 scaffold	 that	helps	TCAs	 to	

cross	the	DTB.		
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Resum 

Rnd3	 és	 una	 RhoGTPasa	 amb	 activitat	 constitutiva	 que	 promou	 el	 creixement	 de	

neurites	 in	 vitro	 i	 afavoreix	 la	 migració	 radial	 a	 l'escorça.	 Els	 ratolins	 nounats	 Rnd3	

knockout	(Rnd3gt/gt)	mostren	greus	defectes	en	el	neurodesenvolupament,	com	la	falta	

completa	de	nervi	peroneal,	 la	reducció	de	 la	corrent	migratòria	rostral	al	cervell	 i	 la	

mort	prematura.	Malgrat	tot,	encara	no	s'ha	analitzat	l'efecte	de	la	supressió	de	Rnd3	

en	estat	embrionari.		

En	 aquesta	 tesi	 aportem	 per	 primer	 cop	 un	 patró	 d’expressió	 detallat	 de	 Rnd3	 al	

cervell	 embrionari.	 Es	 va	 trobar	 fortament	 expressat	 en	 algunes	 regions	 talàmiques;	

l’estriat,	el	corridor,	 la	ventromedial	stream	(Vms)	i	el	globus	pallidus	pàl·lid	(GP),	així	

com	 a	 la	 zona	 subventricular	 del	 subpal·li;	 i	 en	 les	 neurones	 en	 migració	 i	 els	

progenitors	tardans	del	còrtex.	

El	patró	d'expressió	va	 suggerir	un	paper	en	el	desenvolupament	de	vies	axonals.	 La	

nostra	 anàlisi	 dels	 cervells	 Rnd3gt/gt	 va	 revelar	 defectes	 greus	 en	 la	 guia	 d’axons	

talamocorticals	 (TCAs),	 els	 quals	 no	 podrien	 creuar	 el	 DTB.	 Tot	 i	 que	 només	 es	 van	

observar	 defectes	 lleus	 al	 corridor,	 una	 estructura	 clau	 en	 la	 guia	 dels	 TCAs,	 es	 van	

detectar	defectes	importants	en	la	formació	de	GP	i	Vms.	A	més,	es	va	trobar	que	els	

axons	 estriatals	 (SAs)	 estaven	 posicionats	 ventralment.	 Per	 entendre	millor	 la	 causa	

inicial	 del	 fenotip	 ens	 vam	 centrar	 en	 l’estudi	 d’aquestes	 estructures	 a	 E12.5.	 Es	 va	

determinar	un	defecte	precoç	en	la	formació	del	GP	i	del	corridor,	especialment	en	el	

que	hem	anomenat	corridor	 caudal	 (CCo).	Aquesta	desorganització	a	E12.5	 implicava	

un	defecte	precoç	dels	SAs	i	els	TCAs.	Aquesta	anàlisi	no	va	ser	concloent	dels	orígens	

del	 fenotip,	 pel	 que	 es	 van	 analitzar	 cervells	 knockout	 condicionals	 regió-específics	

(cKO)	 de	 Rnd3.	 Tot	 i	 que	 tots	 els	 cKO	 (Nestin-Cre,	 Dlx5/6-Cre	 i	Nkx2.1-Cre)	 i	 un	 KO	

complet	amb	fons	de	cKO	(Rnd3tm1d/tm1d)	només	mostraven	un	fenotip	 lleu,	 la	manca	

de	Rnd3	en	cèl·lules	que	expressen	Nkx2.1-Cre	era	suficient	per	induir	defectes	en	els	

SAs,	GP	 i	CCo	en	 fases	primerenques	 i	 tardanes.	Així	vam	concloure	que	Rnd3	 ja	era	
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necessari	 a	 E12.5	 per	 organitzar	 el	GP	 i	 el	 corridor,	 controlant	 de	 forma	 indirecta	 la	

guia	de	TCAs	i	SAs.	

Les	nostres	observacions	indicaven	que	l’orientació	dels	SAs	està	controlada	pel	GP	i,	

per	tant,	vam	buscar	molècules	relacionades	amb	guia	axonal	en	aquesta	estructura.	

Vam	 determinar	 que	 Semaphorin3C	 (Sema3C)	 s’expressa	 al	 corridor	 precoç	 i	 al	 GP,	

mentre	 que	 desapareix	 del	 corridor	 a	 partir	 de	 E14.5.	 Donat	 que	 vam	 trobar	 que	 la	

seva	expressió	estava	estretament	 relacionada	amb	els	SAs	 i	 la	 ruta	del	TCAs	des	de	

E12.5	i	que	s’unia	a	la	càpsula	interna	i	al	peduncle	cerebral,	vam	intentar	trobar	una	

funció	 atractiva	 o	 repulsiva	 de	 Sema3C	 mitjançant	 Stripe	 assays.	 Tot	 i	 que	 els	

problemes	 tècnics	 ens	 van	 impedir	 estudiar	 la	 resposta	 dels	 SAs,	 vam	 trobar	 que	

Sema3C	era	lleugerament	repulsiu	als	TCA.	Per	concloure,	l'expressió	de	Sema3C	al	GP	

podria	 mitjançar	 la	 repulsió	 de	 TCAs	 almenys	 a	 E14.5,	 i	 plantegem	 una	 possible	

atracció	vers	els	SAs.	

El	 fenotip	 Rnd3gt/gt	 també	 va	 indicar	 que	 el	 posicionament	 normal	 dels	 SAs	 a	 la	

frontera	 diencèfal-telencèfal	 (DTB)	 podria	 crear	 una	 bastida	 o	 scaffold	 que	 ajudi	 els	

TCAs	 a	 creuar	 el	 DTB.	 Per	 tant,	 es	 va	 analitzar	 la	 posició	 relativa	 de	 les	 dues	 vies	

axonals	de	E12.5	a	E18.5	en	cervells	control	i	knockout.	En	tots	els	casos	vam	observar	

els	TCAs	en	contacte	estret	amb	els	SAs,	fins	i	tot	quan	mostraven	defectes.	Tot	i	que	

no	es	va	poder	demostrar	aquesta	interacció,	hem	especulat	que	ISLR2,	expressada	en	

SAs,	 podria	mediar-la.	 En	 oposició	 a	 aquesta	 hipòtesis,	 ISLR2	 va	 induir	 una	 repulsió	

clara	 vers	els	 TCAs	en	un	Stripe	assay.	D'altra	banda,	explants	de	 cèl·lules	COS7	que	

expressen	 ISLR2	 en	 cultius	 organotípics	 no	 induïen	 repulsió	 per	 contacte	 als	 TCAs.	

Finalment,	 es	 va	 determinar	 que	 els	 KOs	 d'ISLR2	 presentaven	 defectes	 de	 formació	

dels	SAs	i	de	la	formació	del	GP,	 la	qual	cosa	podria	ser	 la	causa	del	defecte	de	TCAs	

prèviament	descrit.	

Finalment,	vam	detectar	que	aproximadament	un	terç	dels	embrions	Rnd3gt/gt	a	E18.5	

desenvolupaven	 plecs	 corticals	 genuïns.	 Significativament,	 els	 còrtex	 amb	 plecs	

presentaven	una	amplada	cortical	reduïda,	zona	subventricular	(SVZ)	i	zona	intermedia	

(IZ),	mentre	que	 la	placa	cortical	no	va	ser	greument	afectada.	No	es	va	observar	un	

augment	de	la	proliferació	ni	dels	progenitors	neuronals	als	còrtex	llisos	knockouts	pde	
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Rnd3,	tot	i	que	no	es	va	analitzar	en	els	plegats.	Tanmateix,	es	va	trobar	un	augment	

de	cèl·lules	Tbr1/Ctip2high	 i	de	 la	densitat	de	cèl·lules	SatB2	a	 les	 capes	 superiors	del	

cervell	amb	solcs,	cosa	que	suggereix	una	migració	més	ràpida	per	falta	de	Rnd3.	

En	conclusió,	el	nostre	estudi	proporciona	per	primera	vegada	una	àmplia	anàlisi	del	

patró	 d’expressió	 de	 Rnd3	 i	 del	 fenotip	 de	 cervells	 embrionaris	 Rnd3gt/gt.	

Significativament,	els	embrions	amb	deficiència	de	Rnd3	presenten	defectes	greus	en	

l’organització	 del	 subpal·li	 i	 en	 la	 formació	 de	 vies	 axonals,	 i	 desenvolupen	 plecs	 a	

l'escorça.	 Això	 revela	 un	 paper	 clau	 de	 Rnd3	 en	 el	 control	 de	 la	 migració	 i	

indirectament	de	la	guia	axonal.	A	més,	proposem	dos	nous	mecanismes	que	regulen	

la	 formació	 de	 vies	 axonals:	 I)	 l’atracció	 o	 repulsió	 de	 Sema3C	 vers	 SAs	 i	 TCAs,	

respectivament	i	II),	un	bastida	formada	pels	SAs	que	ajuda	als	TCAs	a	creuar	la	DTB.	
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Resumen 

Rnd3	 es	 una	 RhoGTPasa	 con	 actividad	 constitutiva	 que	 promueve	 el	 crecimiento	 de	

neuritas	in	vitro	y	favorece	la	migración	radial	en	la	corteza.	Los	ratones	recién	nacidos	

Rnd3	 knockout	 (Rnd3gt/gt)	 muestran	 graves	 defectos	 en	 el	 neurodesarrollo,	 como	 la	

falta	 completa	del	 nervio	peroneal,	 la	 reducción	de	 la	 corriente	migratoria	 rostral	 al	

cerebro	y	 la	muerte	prematura.	Sin	embargo,	aún	no	se	ha	analizado	el	efecto	de	 la	

supresión	de	Rnd3	en	estado	embrionario.	En	esta	tesis	aportamos	por	primera	vez	un	

patrón	 de	 expresión	 detallado	 de	 Rnd3	 en	 el	 cerebro	 embrionario.	 Se	 encontró	

fuertemente	 expresado	 en	 algunas	 regiones	 talámicas;	 el	 estriado,	 el	 corridor,	 la	

ventromedial	 stream	 (Vms)	 y	 el	 globo	 pallidus	 pálido	 (GP),	 así	 como	 en	 la	 zona	

subventricular	del	subpalio;	y	en	las	neuronas	en	migración	y	los	progenitores	tardíos	

del	córtex.	

El	 patrón	 de	 expresión	 sugirió	 un	 papel	 en	 el	 desarrollo	 de	 vías	 axonales.	 Nuestro	

análisis	 de	 los	 cerebros	 Rnd3gt/gt	 reveló	 defectos	 graves	 en	 la	 guía	 de	 axones	

tálamocorticales	 (TCAs),	 los	 cuales	 no	 podrían	 cruzar	 la	 DTB.	 Aunque	 sólo	 se	

observaron	defectos	leves	en	el	corridor,	una	estructura	clave	en	la	guía	de	los	TCAs,	se	

detectaron	defectos	 importantes	en	 la	formación	de	GP	y	Vms.	Además,	se	encontró	

que	 los	 axones	 estriatales	 (SAs)	 estaban	 posicionados	 ventralmente,	 lo	 que	

aparentemente	era	consecuencia	de	 la	malformación	del	GP.	Para	entender	mejor	 la	

causa	inicial	del	fenotipo	nos	centramos	en	el	estudio	de	estas	estructuras	en	E12.5.	Se	

determinó	un	defecto	precoz	en	la	formación	del	GP	y	del	corridor,	especialmente	en	

lo	que	hemos	llamado	corridor	caudal	(CCo).	Esta	desorganización	en	E12.5	implicaba	

un	defecto	precoz	de	los	SAs	y	los	TCAs,	que	podían	estar	guiados	por	el	creciente	GP	y	

el	 corridor.	 Como	 este	 análisis	 no	 fue	 concluyente	 de	 los	 orígenes	 del	 fenotipo,	 se	

analizaron	cerebros	knockout	condicionales	región-específicos	(cKO)	de	Rnd3.	Aunque	

todos	 los	 cKO	 (Nestin-Cre,	 Dlx5/6-Cre	 i	 Nkx2.1-Cre)	 y	 un	 KO	 completo	 con	 fondo	

genético	de	cKO	(Rnd3tm1d/tm1d)	 solo	mostraban	un	 fenotipo	 leve,	 la	 falta	de	Rnd3	en	

células	que	expresan	Nkx2.1-Cre	 fue	suficiente	para	 inducir	defectos	en	 los	SAs,	GP	y	
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CCo	en	fases	tempranas	y	tardías.	Así	concluimos	que	Rnd3	ya	era	necesario	a	E12.5	

para	organizar	el	GP	y	el	corridor,	controlando	de	forma	indirecta	la	guía	de	TCAs	y	SAs.	

Nuestras	observaciones	indicaban	que	la	orientación	de	los	SAs	está	controlada	por	el	

GP	y,	por	tanto,	buscamos	moléculas	relacionadas	con	guía	axonal	en	esta	estructura.	

Determinamos	que	Semaphorin3C	 (Sema3C)	 se	expresa	en	el	corridor	 temprano	y	el	

GP,	mientras	 que	 desaparece	 del	 corridor	a	 partir	 de	 E14.5.	 Dado	 que	 encontramos	

que	 su	 expresión	 estaba	 estrechamente	 relacionada	 con	 los	 SAs	 y	 la	 ruta	 del	 TCAs	

desde	 E12.5	 y	 que	 se	 unía	 a	 la	 cápsula	 interna	 y	 al	 pedúnculo	 cerebral,	 intentamos	

encontrar	 una	 función	 atractiva	 o	 repulsiva	 de	 Sema3C	 mediante	 Stripe	 assays.	

Aunque	 problemas	 técnicos	 nos	 impidieron	 estudiar	 la	 respuesta	 de	 los	 SAs,	

encontramos	 que	 Sema3C	 era	 ligeramente	 repulsivo	 a	 los	 TCAs.	 En	 conclusión,	 la	

expresión	 de	 Sema3C	 en	 el	 GP	 podría	mediar	 la	 repulsión	 de	 TCAs	 por	 lo	menos	 a	

E14.5,	y	planteamos	una	posible	atracción	hacia	los	SAs.	

El	 fenotipo	Rnd3gt/gt	 también	 indicó	que	 el	 posicionamiento	normal	 de	 los	 SAs	 en	 la	

frontera	diencéfalo-telencéfalo	(DTB)	podría	crear	un	andamio	o	scaffold	que	ayude	a	

los	 TCAs	 a	 cruzar	 la	 DTB.	 Por	 tanto,	 se	 analizó	 la	 posición	 relativa	 de	 las	 dos	 vías	

axonales	 de	 E12.5	 a	 E18.5	 en	 cerebros	 control	 y	 knockout.	 En	 todos	 los	 casos	

observamos	 los	 TCAs	 en	 contacto	 estrecho	 con	 los	 SAs,	 incluso	 cuando	 mostraban	

defectos.	 Aunque	 no	 se	 pudo	 demostrar	 esta	 interacción,	 hemos	 especulado	 que	

ISLR2,	expresada	en	SAs,	podría	mediar	la.	En	oposición	a	esta	hipótesis,	ISLR2	indujo	

una	 repulsión	 clara	 hacia	 los	 TCAs	 en	 un	 Stripe	 assay.	 Por	 otra	 parte,	 explantes	 de	

células	COS7	que	expresan	 ISLR2	en	cultivos	organotípicos	no	 inducían	 repulsión	por	

contacto	 a	 los	 TCAs.	 Finalmente,	 se	 determinó	 que	 los	 KOs	 de	 ISLR2	 presentaban	

defectos	de	formación	de	los	SAs	y	la	formación	del	GP,	lo	cual	podría	ser	la	causa	del	

defecto	de	TCAs	previamente	descrito.	

Finalmente,	detectamos	que	aproximadamente	un	tercio	de	los	embriones	Rnd3gt/gt	a	

E18.5	 desarrollaban	 pliegues	 corticales	 genuinos.	 Significativamente,	 los	 córtex	 con	

pliegues	presentaban	una	anchura	cortical	reducida,	zona	subventricular	(SVZ)	y	zona	

intermedia	 (IZ),	 mientras	 que	 la	 placa	 cortical	 no	 fue	 gravemente	 afectada.	 No	 se	

observó	 un	 aumento	 de	 la	 proliferación	 ni	 de	 los	 progenitores	 neuronales	 en	 las	
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cortezas	lisas	knockouts	de	Rnd3,	aunque	no	se	analizó	en	las	que	presentaban	surcos.	

Sin	 embargo,	 se	 encontró	 un	 aumento	 de	 células	 Tbr1/Ctip2high	 y	 de	 la	 densidad	 de	

células	 SatB2	 en	 las	 capas	 superiores	 del	 cerebro	 con	 surcos,	 lo	 que	 sugiere	 una	

migración	más	rápida	por	falta	de	Rnd3.	

En	 conclusión,	 nuestro	 estudio	 proporciona	 por	 primera	 vez	 un	 amplio	 análisis	 del	

patrón	 de	 expresión	 de	 Rnd3	 y	 del	 fenotipo	 de	 cerebros	 embrionarios	 Rnd3gt/gt.	

Significativamente,	 los	embriones	con	deficiencia	de	Rnd3	presentan	defectos	graves	

en	 la	 organización	 del	 subpalio	 y	 en	 la	 formación	 de	 vías	 axonales,	 y	 desarrollan	

pliegues	 en	 la	 corteza.	 Esto	 revela	 un	 papel	 clave	 de	 Rnd3	 en	 el	 control	 de	 la	

migración,	 y	 indirectamente	 de	 la	 guía	 axonal.	 Además,	 proponemos	 dos	 nuevos	

mecanismos	que	regulan	la	formación	de	vías	axonales:	 I)	 la	atracción	o	repulsión	de	

Sema3C	hacia	SAs	y	TCAs,	respectivamente	y	II),	un	andamio	formado	por	los	SAs	que	

ayuda	a	los	TCAs	a	cruzar	la	DTB.	
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0. A motivation 

Take	a	moment	to	think	about	what	are	you	doing	right	now:	the	movement	of	your	

eyes;	 the	processing	of	the	visual	 information,	 the	 interpretation	of	 letters	as	words,	

and	 then	as	concepts;	your	 thoughts	about	what	you	have	read;	 the	sensing	of	your	

clothes	and	chair,	the	sounds	around	you;	your	memories,	feelings	and	abstract	ideas.	

As	you	know,	our	brain	is	continuously	processing	information	and	sending	responses,	

what	eventually	makes	us	exist	as	how	we	are.	But,	how	is	it	possible	that	only	the	sum	

of	a	great	number	of	cells	generates	all	these	complex	tasks,	such	as	abstract	thinking	

or	 consciousness?	 The	 answer	 is	 connectivity.	 Every	 single	 neuron	 receives	 many	

inputs	 from	 both	 far	 away	 and	 nearer	 neurons,	 and	 also	 sends	 impulses	 to	 others,	

which	 results	 in	 an	 unimaginable	 complex	 net	 of	 connections,	 giving	 the	 brain	 its	

extraordinary	 capabilities.	 In	 order	 to	 improve	 the	 performance	 of	 its	 functions,	 the	

brain	 shows	 diversification	 of	 tasks	 in	 different	 regions.	 Hence,	 every	 region	 is	

specialized	in	one	or	more	purposes,	which	will	be	performed	in	this	simplified	manner	

in	 terms	 of	 connectivity:	 I)	 afferent	 inputs	 download	 information	 in	 the	 region;	 II)	

intraregional	 connectivity	 process	 the	 information;	 III)	 efferent	 axons	 send	 the	

processed	 information	 to	 other	 regions.	 Some	 questions	 quickly	 arise	 in	 our	 self-

conscious	minds:	How	can	a	“simple”	mass	of	billions	of	cells	get	precisely	connected,	

even	when	they	are	far	from	each	other,	and	generate	the	most	complex	and	amazing	

organ	 in	 the	 nature?	 What	 happens	 if	 mistakes	 occur	 during	 the	 assembly	 of	 this	

connectivity?	 	 In	order	to	give	an	answer	to	these	questions,	we	study	the	molecular	

and	cellular	processes	that	rule	brain	development.	
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1. The Brain: history and organization  

The	brain	has	always	been	a	 relevant	 topic	 in	 science.	Already	 in	 the	4th	 century	BC,	

Hippocrates	 defined	 the	 brain	 as	 the	 seat	 of	 intelligence.	 However,	 Aristotle	 soon	

wrongly	changed	this	view	by	setting	the	heart	as	the	centre	of	the	mind	and	the	brain	

as	a	cooling	mechanism	 for	 the	blood.	During	 the	Roman	Empire,	Galenus	described	

again	 the	 brain	 as	 the	 “rational	 soul”,	 and	 Vesalius,	 who	 also	 described	 anatomical	

aspects	such	as	the	corpus	callosum	or	the	putamen,	rescued	this	concept	in	the	16th	

century,	Already	in	the	19th	century,	after	the	invention	of	the	microscopy	and	thanks	

to	 the	 Golgi’s	 silver	 staining,	 Santiago	 Ramón	 y	 Cajal	 defined	 the	 neuron	 as	 the	

functional	 unit	 of	 the	 nervous	 system,	 among	 other	 histological	 discoveries.	 From	

then,	 many	 aspects	 from	 brain	 macroanatomy,	 histology,	 functions,	 etc.	 have	 been	

revealed.	Especially	from	the	90’s	on,	and	in	parallel	with	the	technological	advances,	

many	relevant	discoveries	have	been	made	at	cellular	and	molecular	level.	Moreover,	

the	 understanding	 of	 the	 basic	 aspects	 of	 brain	 have	 made	 possible	 to	 better	

understand	neurologic	diseases	and	to	design	 treatments	 to	 revert	or	mitigate	 these	

pathological	 states.	 In	 the	present,	we	 live	 in	 fast	 pace	 times	where	 technology	 and	

science	 continuously	 changes,	 and	 research,	 although	 slow	 and	 time-consuming,	 is	

generating	 a	 huge	 amount	 of	 data	 around	 the	 world	 that	 is	 quickly	 and	 easily	

accessible.	Hence,	discoveries	need	 to	be	better	and	more	 innovative	 in	order	 to	be	

published.	Nevertheless,	many	aspects	of	the	brain	and	its	diseases	are	still	unknown;	

thus,	many	efforts,	money	and	time	still	need	to	be	 inverted	 in	brain	research	 in	the	

future.	

1.1 Prosencephalon organization 

The	brain	is	organized	in	segments	that	appear	already	in	the	early	development,	after	

the	 neural	 tube	 folding.	 These	 are,	 from	 rostral	 to	 caudal,	 the	 prosencephalon	 or	

forebrain;	 the	 mesencephalon,	 and	 rhombencephalon.	 The	 prosencephalon	 is	 later	

split	 into	 the	 telencephalon	and	 the	diencephalon,	which	are	 the	 two	parts	 in	which	

we	will	focus	(Figure	1A).		
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The	telencephalon	 is	one	of	the	most	complex	regions	 in	the	brain	and	 is	subdivided	

into	 two	main	 regions:	 the	pallium,	 located	dorsal	 and	 laterally;	 and	 the	 subpallium,	

basal	and	medially.	An	imaginary	line,	the	Pallial-Subpallial	Boundary	(PSPB)	separates	

the	 pallium	 and	 the	 subpallium,	 and	 is	 defined	 by	 differential	 and	 clear	 gene	

expression	at	both	sides	of	it	(Figure	1B).	On	one	hand,	the	pallium	(which	means	cloak	

in	 latin,	as	 it	covers	most	of	the	telencephalon)	has	been	classically	considered	equal	

to	 the	 cortex,	which	 comprises	 the	6-layered	 isocortex	 (the	neocortex)	 and	 the	3/4-

layered	 allocortex	 (hippocampus	 and	 olfactory	 system).	 However,	 the	 pallium	 also	

comprises	not-layered	nuclei	that	constitute	the	claustro-amygdalar	complex,	located	

in	 the	 ventral	 pallium	 1.	 Regarding	 position,	 the	 pallium	 can	 be	 subdivided	 in	 four	

sections:	medial	pallium,	dorsal	pallium,	lateral	pallium	and	ventral	pallium.	This	thesis	

will	give	special	 focus	on	cortical	development,	 layering	and	cell	 types,	which	will	be	

deeply	explained	in	later	sections.	On	the	other	hand,	subpallium	is	mainly	constituted	

by	 nuclei,	 which	 are	 part	 of	 the	 basal	 ganglia,	 and	 is	 located	 in	 the	 ventral	

telencephalon.	 These	 nuclei	 are	 the	 striatum,	 globus	 pallidus	 (GP),	 amygdala	 and	

ventral	 pallium2.	 However,	 it	 also	 generates	 pallial	 interneurons	 that	 will	 migrate	

tangentially.	 In	 later	 sections,	 a	 deeper	 explanation	on	 the	development	 of	 some	of	

these	structures	will	be	given.		

	

Figure	1.	Developmental	brain	anatomy.	A)	E9	mouse	embryo	brain	divisions	(left)	and	resulting	structures	(right).	
B)	Schematic	coronal	hemi-section	of	the	E14.5	prosencephalon,	divided	in	telencephalon	(pallium	and	subpallium)	
and	 diencephalon	 (ETh,	 Th,	 PTh	 and	HTh).	 Subpallium	 and	 diencephalon	 are	 separated	 by	 the	DTB;	 pallium	 and	
subpallium,	by	the	PSPB.	Abbreviations:	D,	dorsal;	DTB,	diencephalon-telencephalon	boundary;	E,	embryonic	day;	L,	
lateral;	M,	medial;	PSPB,	pallial-subpallial	boundary;	V,	ventral.	Adapted	from	OpenStax	Anatomy	and	Physiology	3.	
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The	 diencephalon	 is	 located	 next	 to	 the	 telencephalon	 and	 the	 Diencephalon-

Telencephalon	Boundary	 (DTB)	 separates	 them	 (Figure	1B).	 It	 consists	mainly	 in	 four	

structures,	 from	dorsal	 to	ventral:	 the	epithalamus,	 the	 thalamus,	 the	hypothalamus	

and	 the	 subthalamic	 nucleus	 (STN).	 In	 this	 thesis,	 a	 deeper	 insight	 of	 the	

thalamocortical	pathway	development	will	be	assessed	in	the	following	sections.		
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2. Neurodevelopment 

During	 brain	 embryonic	 development,	many	 cellular	 processes	 can	 be	 distinguished,	

but	 among	 them	 some	 are	 particularly	 remarkable:	 proliferation,	 neuronal	

specification,	 migration,	 axon	 guidance	 and	 synapse	 formation.	 Two	 of	 these,	

migration	 and	 axon	 guidance,	 are	 related	 to	 motility	 processes	 of	 immature	 cells,	

which	 are	 orchestrated	 by	 extracellular	 molecules	 that	 act	 either	 as	 attractive	 or	

repulsive	 signals.	 These	 cues	 are	 sensed	 by	 transmembrane	 receptors	 and	 the	

associated	intracellular	transduction	is	usually	regulated	by	RhoGTPases,	which	lead	to	

changes	in	cytoskeleton.	Although	lot	of	important	issues	have	been	uncovered	in	the	

last	two	decades	on	neuronal	migration	and	axon	guidance,	many	of	the	cellular	and	

molecular	mechanisms	remain	 largely	unknown.	Moreover,	 the	upcoming	number	of	

RhoGTPases	and	the	discovery	of	their	new	functions	revealed	that	their	role	in	brain	

development	is	still	poorly	understood.		

2.1 Axon guidance 

The	 function	 of	 the	 brain	 is	 necessarily	 associated	 with	 the	 connection	 between	

neurons,	which	cell	bodies	are	far	one	from	each	other	and	thus,	cell	communication	

by	long	range	secreting	signals	wouldn’t	be	effective.	To	solve	the	distant	relationship,	

after	migration	and	proper	positioning	of	the	neuron,	this	cell	extends	its	axon	towards	

the	 encounter	 of	 its	 synapse	 destination.	 However,	 how	 can	 this	 axon	 be	 driven	

throughout	 the	 brain	 and	 find	 the	 correct	 place	 to	 establish	 a	 connection?	 Axon	

guidance	 is	a	complex	process	by	which	axons	sense	secreted	or	static	 signals	 in	 the	

environment	 to	 choose	 the	 proper	 path	 to	 reach	 its	 final	 destination.	 In	 order	 to	

perform	this	process,	axons	develop	a	filopodia-	and	lamellipodia-rich	structure	in	the	

distal	 extreme	 called	 the	 growth	 cone.	 This	 is	 a	 dynamic	 structure	 that	 exposes	

different	transmembrane	receptors	that	will	sense	the	signals	and	transduce	them	to	

changes	in	the	cytoskeleton,	coordinating	actin	and	microtubule	dynamics,	so	that	the	

axon	either	grows	towards	attractive	signals	or	retracts	due	to	repulsive	ones	4	(Figure	

2A).	Interestingly,	growth	cones	of	different	kind	of	neurons	can	respond	in	a	different	
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way	 to	 the	 same	 signal,	 which	 is	 explained	 by	 the	 combination	 of	 receptors	 and	

intracellular	transducers	expressed	in	the	correct	time	and	place.		

	

Figure	2.	Mechanisms	of	axon	guidance.	A)	Differential	expression	of	receptors	in	axons	from	the	same	tissue	can	
trigger	different	responses	to	a	same	stimulus.	 In	 the	 image,	 left	axons	express	the	blue	receptor	 in	 their	growth	
cone,	resulting	in	attraction	to	the	gradient	of	the	blue	dark	blue	molecule.	Otherwise,	right	axons	express	the	red	
receptor	in	their	growth	cone,	signalling	repulsion	towards	the	gradient.	B,	C)	Intermediate	targets	rule	the	proper	
guidance	of	axons.	In	the	example,	axons	need	to	reach	the	synapse	target.	To	do	so,	first	are	attracted	by	InTg-A	
and	 repulsed	 by	 Non-target,	 sensed	 by	 blue	 and	 red	 receptors	 respectively	 (B).	 Then,	 the	 activated	 signalling	
induces	changes	in	the	expression	of	transmembrane	receptors	and,	for	instance,	blue	receptor	is	internalized	and	
green	 receptor	 exposed,	 triggering	 attraction	 towards	 the	 InTg-B.	 Abbreviations:	 InTg,	 intermediate	 target.	
Adapted	from	Barallobre	MJ	et	al.,	2005	5.		

Although	lots	of	studies	have	been	focused	on	the	study	of	axon	guidance,	molecular	

mechanisms	 remain	 largely	 unknown,	mainly	 due	 to	 I)	 the	 differential	 receptor	 and	

transducers	 expression	 between	 systems,	 II)	 the	 great	 variation	 of	 extracellular	

molecular	 signals,	 III)	 the	multiple	 combinations	of	 receptors	and	 signals	and	 IV)	 the	

long	 route	 that	 axons	 perform,	 which	 implies	 crossing	 different	 territories	 with	

different	 molecular	 cues	 and	 therefore	 the	 need	 of	 changing	 the	 expression	 or	

exposure	 of	 the	 receptors	 depending	 on	 the	 region.	 These	 regions	 are	 the	 so-called	

guidepost	 neurons	 or	 intermediate	 targets	 (InTg).	 In	 the	 shown	 example,	 growing	

axons	need	to	cross	InTg-A	and	B	to	reach	their	Synapse	Target.	In	a	first	step,	they	will	

be	repulsed	by	a	Non-target	region	and	attracted	by	InTg-A	until	they	reach	this	(Figure	

2B).	 Then,	 they	 will	 need	 to	 change	 their	 transmembrane	 receptors	 or	 intracellular	

signalling	 (for	 instance	by	 internalization	of	 the	Blue-receptor	and	expression	of	new	

Green-receptors)	 so	 that	 they	 are	 not	 attracted	 anymore	 by	 InTg-A.	 After	 this	

transformation,	 axons	 will	 be	 exposed	 to	 positive	 signals	 of	 InTg-C	 and	 will	 grow	
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toward	it	(Figure	2C)	5.	In	this	way,	“jumping”	from	near	enough	intermediate	targets,	

axons	 can	 follow	 their	 path	 until	 the	 synapse	 destination.	 Therefore,	 it	 is	 obviously	

essential	that	not	only	axons	properly	respond	to	signals,	but	also	intermediate	targets	

must	have	been	previously	correctly	developed.		

2.1.1 Thalamocortical axon guidance 

Thalamocortical	axons	(TCAs)	have	been	used	in	the	last	30	years	as	a	model	to	study	

axonal	 guidance.	 Together	 with	 corticothalamic	 axons	 (CTAs),	 TCAs	 constitute	 a	

reciprocal	pathway	that	connects	nuclei	of	the	thalamus	and	the	sensory	areas	of	the	

cortex.	The	thalamus	receives	all	sensorial	inputs,	except	for	olfaction,	coming	mainly	

from	the	spinal	cord,	the	visual	and	auditory	systems	and	processes	them.	Then	sends	

this	 information	 through	 TCAs	 to	 the	 specific	 area	 of	 the	 cortex	 where	 it	 will	 be	

interpreted	and	used	to	generate	a	reaction.	Moreover,	CTAs	will	create	a	feedback	to	

the	reciprocal	nucleus	of	 the	thalamus	to	control	 the	processing	of	 the	new	or	same	

inputs.			

During	development,	both	TCAs	and	CTAs	need	to	travel	through	different	regions	with	

a	great	variety	of	guidance	cues.	Grossly,	these	regions	are,	from	thalamus	to	cortex:		

1)	the	thalamus,	2)	the	prethalamus,	3)	the	DTB,	4)	the	subpallium,	mainly	through	the	

corridor	and	striatum,	5)	the	PSPB	and	6)	the	cortex.	In	mouse,	TCAs	start	their	growth	

at	 early	 stages	 of	 brain	 development	 around	 E11.5/12.5	 (embryonic	 day	 11.5/12.5).	

Pioneer	 TCAs	 cross	 the	 DTB	 and	 start	 advancing	 rapidly	 through	 the	 subpallium	 at	

E13.5.	At	 same	time,	CTAs	start	 sending	 their	axons	 from	the	preplate.	At	14.5	TCAs	

find	CTAs	near	the	PSPB	and	enter	the	neocortex	through	the	intermediate	zone,	until	

they	 reach	 the	 appropriate	 cortical	 regions	 at	 E18.5	 6	 (Figure	 3).	 The	 controlled	

expression	 of	 signalling	 molecules	 in	 these	 areas	 and	 the	 proper	 development	 of	

guidepost	neurons	rule	the	correct	development	of	TCAs,	which	are	described	 in	the	

following	sections.		
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Figure	3.	 Temporal	 and	 spatial	 development	of	 TCAs	and	CTAs.	At	E12.5,	TCAs	reach	the	DTB	and	CTAs	start	 to	
grow	within	 the	cortex.	At	E14.5	both	axons	have	 reached	 the	PSPB.	At	E18.5	TCAs	have	 invaded	 the	cortex	and	
CTAs	 the	 thalamus.	 Abbreviations:	 CTAs,	 corticothalamic	 axons;	 Cx,	 cortex;	 D,	 dorsal;	 DTB,	 diencephalon-
telencephalon	boundary;	L,	lateral;	LGE,	lateral	ganglionic	eminence;	M,	medial;	MGE,	medial	ganglionic	eminence;	
PSPB,	pallial	subpallial	boundary;	SubP,	subpallium;	TCAs,	thalamocortical	axons;	Th,	thalamus;	V,	ventral.	Adapted	
from	Garel	S.	and	Lopez-Bendito	G.,	2014	6.		

2.1.1.1 Cellular and molecular mechanisms of thalamocortical guidance 

Diencephalon phase 

Growth	 of	 TCAs	 starts	 in	 the	 diencephalon	 and	 in	 early	 stages	 can	 be	 controlled	 by	

guidepost	 neurons.	 Axonal	 tracing	 studies	 revealed	 a	 group	 of	 retrograde	 stained	

neurons	in	the	prethalamus	7	and	in	the	subpallium	8,9	(Figure	4A).	The	origin	structure	

of	 these	 neurons	 in	 the	 subpallium	 is	 still	 not	 completely	 understood,	 and	 they	 are	

localized	 either	 in	 the	 IC,	 the	 perireticular	 nucleus,	 the	 GP	 or	 the	 striatum	 8–10.	 The	

close	position	to	TCAs	path	suggests	that	these	cells	might	act	as	a	guidance	scaffold.	

Consistent	with	this,	Ascl1,	Pax6,	Lhx2	and	Emx2	knock-out	embryos	exhibit	a	decrease	

or	 complete	 lack	 in	 these	 populations	 of	 the	 Subpallium,	 which	 is	 associated	 with	

impairment	of	TCAs	guidance	11–14.	Similarly,	embryos	lacking	Olig2	develop	a	reduced	

and	disorganized	prethalamus,	which	triggers	defects	in	TCAs	within	the	diencephalon,	

revealing	that	a	proper	formation	of	the	prethalamus	is	necessary	for	TCAs	guidance	15.	
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A	recent	study	has	described	that	a	Islet1+	cells	scaffold	bridge	might	be	organized	by	

Celsr3/Fzd3	 signalling.	 This	 structure	 creates	 a	 continuous	 path	 between	 the	

prethalamus	and	the	striatum	that	seems	relevant	in	TCAs	guidance16.	Besides,	striatal	

axons	might	also	be	necessary	to	guide	TCAs	from	diencephalon	to	the	subpallium	17.	

However,	little	evidences	are	still	provided	on	how	these	scaffolds	are	generated	and	

how	they	control	TCAs	guidance.			

In	 regard	 to	 secreted	molecular	 cues,	 Slits	 play	 an	 important	 role	 in	 TCAs	 guidance.	

Before	crossing	the	DTB,	TCAs	perform	a	sharp	turn,	so	that	they	change	their	growth	

direction	from	ventral	to	lateral.	Slit	family	members	1	and	2,	ligands	of	Robo1	and	2,	

have	been	described	to	exert	a	repulsive	role	that	controls	this	process.	Expression	of	

Slit1	 and	 Slit2	 in	 hypothalamus	 and	 preoptic	 area	 is	 important	 for	 a	 correct	

development	 of	 both	 TCAs	 and	 CTAs.	 Actually,	 in	 Slit2-/-	embryos	 and	 even	more	 in	

Slit1-/-Slit2-/-,	some	TCAs	do	not	cross	the	DTB	and	are	misrouted	into	the	diencephalon	
18.	Moreover,	thalamic	axon	growth	is	repulsed	 in	vitro	by	Slit2	and	by	hypothalamus	

confrontation,	where	Slits	are	expressed	(Figure	4B)	19.	Significantly,	Robo1	and	Robo2	

are	 expressed	 in	 CTAs	 and	 TCAs	 and	 Slits	 are	 their	 natural	 ligands.	 Indeed,	 Slit-

mediated	repulsiveness	is	diminished	by	blocking	Robo2-Slit	interaction	with	excess	of	

Robo2-Fc	 recombinant	 protein	 in	 the	 culture	media	 19.	 Besides,	mice	 lacking	 Robo2	

show	a	less	severe	phenotype,	but	the	same,	as	in	Slit2	knockout	(KO)	mice,	and	loss	of	

both	 Robo1	 and	 Robo2	 phenocopies	 Slit1-/-Slit2-/-	 mice	 20.	 To	 sum	 up,	 Slit1/2	 are	

expressed	in	hypothalamus	and	provide	a	repulsive	signal	for	TCAs	through	Robo1/2.	

This	 signalling	 plays	 a	 key	 role	 in	 TCAs	 turn	 towards	 the	 subpallium.	 However,	 the	

mechanism	by	which	TCAs	decide	to	cross	the	DTB	is	still	not	precisely	understood.		
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Subpallial phase 

The	 subpallium	 is	 the	 biggest	 region	 through	 which	 TCAs	 travel	 during	 their	

development	and	 therefore,	 its	 formation	and	expression	of	guidance	molecules	has	

been	 a	 recurrent	 topic	 of	 study.	 Netrins	 were	 the	 first	 molecules	 described	 as	

chemoattractants	 in	 the	 central	 nervous	 system	 21.	 In	 the	 thalamocortical	 model,	

Netrin1	 is	 expressed	 in	 the	 subpallium	 and	 promotes	 growth	 of	 corticofugal	 axons	

(CFAs)	22	and	thalamocortical	axons	23	(Figure	4B).		

	

Figure	4.	Cellular	and	moleculat	mechanisms	of	TCAs	guidance.	A)	Early	guidepost	neurons	have	been	proposed	to	
create	 a	 scaffold	 that	 guides	 pioneer	 TCAs.	 This	 connect	 the	 subpallium	 or	 the	 prethalmus	 with	 the	 thalamus	
(yellow	neurons).	B)	 Extracellular	 signalling	 that	 rules	 TCAs	 guidance.	 Slit1/2	 exhert	 a	 repulsion	 from	 the	HTh	 to	
prevent	TCAs	growing	 into	this	 region.	Nrg1-CRD	(light	green)	expressed	 in	the	corridor	and	striatum	and	Nrg1-Ig	
(blue)	expressed	in	the	cortical	angle	attract	TCAs.	Netrin1	expressed	in	corridor,	striatum,	but	also	GP,	is	attractive	
to	 TCAs.	 The	MGE	 and	 GP	 are	 supposed	 to	 express	 still	 unknown	 repulsive	 signals	 to	 TCAs.	Abbreviations:	 Co,	
corridor;	D,	dorsal;	DTB,	diencephalon-telencephalon	boundary;	GP,	globus	pallidus;	HTh,	hypothalamus;	L,	lateral;	
M,	 medial;	 MGE,	 medial	 ganglionic	 eminence;	 PSPB,	 pallial	 subpallial	 boundary;	 SubP,	 subpallium;	 TCAs,	
thalamocortical	axons;	Th,	thalamus;	V,	ventral.	Adapted	from	Garel	S.	and	López-Bendito	G.	2014	6.		

Interestingly,	an	intermediate	target	structure	called	corridor	constitutes	a	permissive	

pathway	for	TCAs	growth	between	the	medial	ganglionic	eminence	(MGE)	and	the	GP.	

This	structure	is	generated	after	a	tangential	migration	of	lateral	ganglionic	eminence	

(LGE)-derived	interneurons	and	presents	attractive	or	permissive	signals	for	TCAs.	For	

instance,	the	expression	of	the	membrane-bound	protein	CRD-Neuregulin1	(CRD-Nrg1)	

promotes	an	ErbB4-mediated	attraction	of	TCAs	through	the	corridor	24.	Intriguingly,	a	

diffusible	 form	 of	 Neuregulin1	 (Nrg1-Ig)	 in	 the	 cortex-LGE	 angle	 acts	 as	 a	 necessary	
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attractive	signal	for	TCAs	to	reach	the	cortex	(Figure	4B).	However,	in	mouse	deficient	

for	Nrg1	 some	axons	 are	 able	 to	 enter	 the	 corridor	 suggesting	 that	 other	molecules	

rule	 TCAs	 guidance	 in	 the	 corridor	 24.	 For	 instance,	 Immunoglobulin	 Superfamily	

Containing	Leucine	Rich	Repeat	2	(ISLR2)	is	a	Leucin-Rich	Repeat	protein	expressed	in	

the	 corridor	 that	 binds	 to	 TCAs	 and	 promotes	 their	 growth	 in	 vitro,	 suggesting	 that	

might	be	and	adhesion	or	attractive	cue	in	the	corridor	25.		

Corridor development 

Corridor	neurons	are	born	 in	 the	LGE	and	migrate	tangentially	 to	constitute	a	region	

between	 the	GP	 and	 the	MGE	 24	 (Figure	 5A).	 Some	mouse	models	 have	 shown	 that	

defects	in	the	corridor	formation	result	in	TCAs	misguidance.	Pax6	is	expressed	in	the	

cells	 of	 the	 lateral	 migratory	 stream,	 in	 the	 supallium	 next	 to	 the	 PSPB.	 Pax6	

conditional	 KO	 (cKO)	 in	 a	 subset	 of	 these	 cells	 triggers	 a	 non-cell-autonomous	

broadening	 of	 the	 corridor	 and	 light	 defects	 in	 TCAs	 projections	 26	 (Figure	 5A).	

Deficiency	of	Ascl1	(or	Mash1)	results	in	abnormal	TCAs	development12,	together	with	

a	completely	absent	corridor	24.	Besides,	explanting	a	WT	LGE	in	an	organotypic	culture	

of	Ascl1-/-	slice	of	brain	is	enough	to	generate	a	corridor	that	can	recover	TCAs	normal	

growth	 24.	 Similarly,	expression	of	Ol-protocadherin	 (OlPc)	and	 ISLR2	 in	corridor	cells	

appears	to	be	relevant	for	its	development.	OlPc-KO	and	 ISLR2-KO	exhibit	absence	of	

the	 caudal	 corridor,	which	 seems	 to	 trigger	 TCAs	 defects	 in	 entering	 the	 subpallium	
17,27	 (Figure	 5B).	 Frizzled3	 (Fzd3),	 member	 of	 planar	 cell	 polarity	 pathway,	 is	 also	

relevant	 in	the	formation	of	the	corridor.	Fzd3-/-	embryonic	brains	exhibit	an	 invasion	

of	 corridor	 cells	over	 the	GP	 region,	 resulting	 in	 intermixed	GP	and	corridor	 regions.	

However,	this	seems	to	be	a	non-cell-autonomous	effect,	since	striatum	and	corridor	

Fzd3	 cKO	 does	 not	 show	 this	 defect	 28.	 Remarkably,	 Fzd3-/-	 embryos	 show	 severe	

impairment	of	some	forebrain	axonal	tracts,	which	include	TCAs	29	(Figure	5B).		

Interestingly,	 although	 a	 corridor-like	 structure	 appears	 in	 reptiles	 and	 birds,	 TCAs	

prefer	to	grow	through	a	non-corridor	external	pathway	in	these	species	30.	The	same	

study	describes	how	Slit2	is	differentially	expressed	in	chicken	and	mouse,	resulting	in	

changes	 of	 the	 formation	 of	 the	 corridor.	 Slit2	 is	 expressed	 in	 the	 ventral	MGE	 and	
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preoptic	area	(POA)	in	mouse	and	mediates	repulsion	to	Robo1/2-expressing	corridor	

cells,	 limiting	 them	 to	a	dorsal	domain	 (Figure	5A).	 Indeed,	 Slit2	KO	embryos	exhibit	

defects	 in	 the	 formation	 of	 a	 normal	 corridor	 and	 hence,	 abnormal	 thalamocortical	

projections.		

Since	its	discovery,	the	corridor	has	been	studied	as	a	transient	structure	with	a	role	in	

TCAs	guidance.	However,	the	fact	that	the	corridor	exists	in	birds	and	reptiles	without	

a	role	in	axon	guidance	30	suggested	that	corridor	cells	might	compose	a	specific	brain	

region.	 Tinterri	 et.	 al	 31	 have	 recently	 described	 that	 corridor	 cells	 participate	 in	 the	

formation	of	 the	bed	nucleus	of	 stria	 terminalis	 (BNST),	which	has	a	 role	 in	 fear	and	

anxiety	circuits.	Besides,	the	same	study	describes	another	LGE-derived	structure:	the	

ventromedial	 stream	 (Vms),	 which	 is	 located	 ventrally	 to	 the	 GP	 and	 striatum	 and	

contributes	 to	 the	 formation	 of	 the	 interstitial	 nucleus	 of	 posterior	 limb	 of	 anterior	

commissure	(Ipac).		

Despite	all	these	studies,	the	exact	mechanisms	that	control	the	corridor	development	

are	not	completely	understood.		

	

Figure	5.	Corridor	 formation.	A)	Corridor	cells	are	born	in	the	LGE	and	migrate	at	E12.5	between	the	GP	and	the	
MGE	to	create	a	permissive	pathway	for	TCAs.	Its	migration	towards	medial	regions	is	repulsed	by	Slit1/2	expressed	
in	 POA.	 The	MGE	 and	 GP	 are	 also	 repulsive	 to	 corridor	 cells.	 Pax6	 ventral	 cells	 have	 been	 realted	 to	 a	 proper	
corrdior	fomation.	B)	Models	of	defective	corridor	and	TCAs.	In	WT,	TCAs	grow	through	the	corridor	at	E14.5.	Fzd3-
KOs	 exhibit	 an	 invasion	 of	 corridor	 cells	 into	 the	GP	 and	 TCAs	 are	misrouted.	 Ascl1,	 OlPc	 and	 ILSR2	 KOs	 exhibit	
simialr	TCAs	defects	and	a	lack	of	the	caudal	corridor	(asterisk).	Moreover,	lack	of	Ascl1	and	OlPc	triggers	defects	in	
GP	 formation,	while	 this	 issue	has	not	been	 investigated	 in	 ILSR2-KOs.	Abbreviations:	Co,	corridor;	D,	dorsal;	GP,	
globus	 pallidus;	 L,	 lateral;	 LGE,	 lateral	 ganglionic	 eminence;	M,	medial;	MGE,	medial	 ganglionic	 eminence;	 POA,	
preoptic	area;	TCAs,	thalamocortical	axons;	Th,	thalamus;	V,	ventral.		
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Cortical phase: the hand-shake hypothesis 

Significantly,	after	crossing	the	subpallium	TCAs	encounter	a	genetic	frontier	to	enter	

the	cortex:	the	PSPB.	The	handshake	hypothesis	proposed	in	1990	tries	to	explain	how	

TCAs	and	CTAs	 cross	 this	boundary	 32	 and	 claims	 that	TCAs	and	CTAs	meet	near	 the	

PSPB	at	E14.5-E15.5	and	interact	one	with	each	other	to	be	guided	towards	the	cortex	

and	 thalamus,	 respectively	 33	 (Figure	 6A).	 This	 axon-axon	 interaction	 would	 be	

important	for	the	development	of	both	axons	and	thus,	this	could	be	also	classified	as	

a	guidepost	mechanism.		

Recently,	 more	 advanced	 genetic	 and	 molecular	 techniques	 have	 allowed	 a	 deeper	

analysis	of	this	process	and	have	provided	evidences	that	support	it.	First,	CTAs	exhibit	

a	waiting	period	at	E13.5	after	crossing	the	PSPB	regulated	by	PlexinD1/Sema3E,	and	

that	this	is	necessary	to	wait	TCAs	until	they	reach	this	region	34.	Consistently,	TCAs	fail	

to	 enter	 the	 cortex	 when	 CTAs	 growth	 is	 blocked	 with	 a	 genetic	 approach	 35.	

Furthermore,	it	has	been	proposed	that	ISLR2,	a	transmembrane	protein	expressed	in	

CTAs	but	not	in	TCAs,	mediates	this	interaction.	Lack	of	ILSR2	in	CTAs	prevents	TCAs	to	

invade	 the	 cortex,	 without	 affecting	 CTAs	 initial	 growth	 27	 (Figure	 6A).	 Similarly,	

EphB1/EphB2-ephrinB1	signalling	seems	to	play	a	role	in	TCAs/CTAs	interaction	36.		

Moreover,	 this	 TCAs-CTAs	 interdependence	 was	 confirmed	 by	 genetic	 ablation	 of	

thalamus	 34.	 CTAs	 interaction	 with	 TCAs	 is	 necessary	 to	 be	 guided	 and	 specified	

towards	 the	 thalamus.	 Indeed,	 complete	 lack	 of	 TCAs	 prevents	 CTAs	 to	 reach	 the	

thalamus,	but	they	follow	a	corticospinal	pathway	instead	(Figure	6B).		

Regardless	of	physical	axon	 interaction,	 the	secretion	of	Draxin	by	CTAs	 is	 sensed	by	

DCC	and	Neogenin-1	expressed	in	TCAs.	This	mechanism	has	been	proposed	as	a	long-

range	attraction	signal	for	TCAs,	so	that	they	can	find	CTAs	in	the	PSPB	37	(Figure	6A).		

However,	 the	 handshake	 hypothesis	 has	 remained	 controversial	 and	 some	 studies	

have	 shown	 results	 against	 it.	 First,	 in	 vitro	 experiments	 showed	 that	 thalamic	 and	

cortical	axons	collapse	when	contact	each	other	38.	Other	studies	have	also	described	

that	TCAs	and	CTAs	follow	different	pathways	or	only	intermingle	in	a	small	portion	of	

their	path	39,40.		
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To	 sum	up,	 the	 interaction	of	 TCAs	with	CTAs	 seems	 to	have	been	 approved	by	 the	

scientific	 community	 after	 30	 years	 of	 the	 postulation	 of	 the	 hypothesis	 but	 its	

relevance	for	TCAs	and	CTAs	seems	to	be	different.	TCAs	may	need	the	interaction	at	

the	PSPB	to	enter	the	cortex,	but	CTAs	turning	towards	thalamus	might	be	needed	at	a	

corridor	level.		

	

									 	

Figure	6.	Hand-shake	hypothesis:	CTAs	and	TCAs	interact	to	mutually	guide	one	the	other.	A)	At	E13.5	TCAs	are	
growing	 within	 the	 subpallium	 and	 PlexinD1+	 CTAs	 have	 reached	 the	 PSPB	 but	 do	 not	 invade	 the	 subpallium,	
inhibited	by	Sema3E.	At	E15.5,	both	axons	are	encounterred	in	the	PSPB.	CTAs	have	depleted	PlexinD1	and	thus	can	
enter	 the	 subpallium.	 In	 the	 magnificated	 scheme	 is	 shown	 that	 ISLR2-expressing	 CTAs	 interact	 with	 TCAs.	
Moreover,	CTAs	secrete	draxin,	which	is	attractive	to	DCC/Neo1+	TCAs.	B)	A	study	showed	that	complete	ablation	
of	 thalamus	 and	 TCAs	 induces	 CTAs	 to	 behave	 like	 CSAs,	 growing	 within	 the	 GP	 and	 towards	 the	 spinal	 cord.	
Abbreviations:	 Co,	 corridor,	 CSAs,	 corticospinal	 axons;	 CTAs,	 corticothalamic	 axons;	 Cx,	 cortex;	 D,	 dorsal;	 DTB,	
diencephalon-telencephalon	 boundary;	 L,	 lateral;	 LGE,	 lateral	 ganglionic	 eminence;	 M,	 medial;	 MGE,	 medial	
ganglionic	 eminence;	 PSPB,	 pallial	 subpallial	 boundary;	 SubP,	 subpallium;	 TCAs,	 thalamocortical	 axons;	 Th,	
thalamus;	V,	ventral;	WT,	wild-type.	Partially	adapted	from	Deck	M.	et	al.	2013	34.		
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2.1.1.2 Topographical organization of TCAs and CTAs 

Thalamocortical	 and	 corticothalamical	 connections	 are	 topographically	 organized,	

which	 means	 that	 rostral	 thalamic	 nuclei	 and	 rostral	 cortical	 areas	 are	 reciprocally	

connected,	 as	 well	 as	 caudal	 areas	 between	 them.	 Even	 more,	 nucleus-specific	

reciprocal	connection	is	achieved.		For	instance,	some	thalamic	and	cortical	nuvlei	are	

reciprocally	 connected:	 the	 thalamic	 dorsolateral	 geniculate	 nucleus	 (dLGN)	 and	 the	

cortical	 primary	 visual	 area	 (V1);	 the	 ventroposterior	medial	 nucleus	 (VPM)	 and	 the	

primary	 somatosensory	 area	 (S1),	 and	 ventroanterior/ventrolateral	 (VA/VL)	 and	

primary	motor	area	(M1)	6,41	(Figure	7A).		

While	 TCAs	 are	 growing	 through	 the	 subpallium	 they	 diverge	 in	 a	 topographical	

manner,	 resulting	 in	 a	 fan-like	 structure	 across	 the	 striatum.	 This	 organization	 is	

achieved	by	 the	differential	expression	of	 receptors	of	TCAs	 in	 the	 rostrocaudal	axis,	

together	with	rostrocaudal	gradients	of	molecular	signals	expressed	in	the	corridor	and	

the	striatum	(Figure	7B).		

Initially,	transcription	factors	(TFs)	regulate	the	formation	of	the	subpallium,	which	will	

eventually	 direct	 TCAs	 topographical	 organization.	 For	 instance,	 Ebf1	 and	Dlx1/2	 are	

well	 known	 regulators	 of	 corridor	 and	 striatal	 formation	 and	 subsequently,	 TCAs	

guidance	 24,42–44.	 Besides,	 Ebf1-/-	 and	 	 	 Dlx1/2-/-	 animals	 developed	 shifted	

topographical	thalamocortical	projections	45.		

These	TFs	might	regulate	cell	positioning	or	expression	of	molecules	involved	in	axon	

guidance.	One	of	these	is	Netrin-1,	which	was	described	as	an	attractive	molecule	for	

TCAs	in	the	subpallium	23.	Moreover,	more	recent	studies	have	described	a	rostral-high	

and	 caudal-low	gradient	 that	 seems	 to	play	 a	 role	 in	 this	 topographical	 organization	
46,47.	 Indeed,	 a	 similar	 rostrocaudal	 expression	 of	 DCC	 and	 Unc5A-C	 is	 observed	 in	

TCAs,	which	mediates	distinct	 responses	 to	Netrin-1	 gradient	 47.	 Intriguingly,	 rostral-

high	 levels	 of	 Slit1	 together	 with	 Netrin1	 are	 attractive	 to	 rostral	 TCAs	 (rTCAs)	 but	

repulsive	for	intermediate	TCAs	(iTCAs)	48.	This	difference	between	axons	relies	on	the	

regulation	of	FLRT3	expression,	a	transmembrane	Robo1	co-receptor.	On	one	hand,	in	

iTCAs	Robo1	without	FLRT3	senses	rostral	Slit	as	repulsive.	On	the	other	hand,	Robo1	

and	 FLRT3	 co-expression	 in	 rTCAs	 mediate	 the	 upregulation	 of	 the	 DCC	 in	 the	
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membrane	of	rostral	TCAs	and	thus,	enable	Netrin-1	attraction	towards	rostral	cortex	
49	(Figure	7C).		

EphrinA5	is	also	expressed	in	a	caudal-high	and	rostral-low	gradient	in	the	subpallium,	

and	 complementary	 EphA	 receptors	 are	 expressed	 in	 a	 reverse	 gradient	 in	 the	

thalamus,	 which	mediates	 caudal	 repulsion	 of	 rostral	 TCAs	 50–52	 (Figure	 7B).	 Finally,	

Semaphorin	 (Sema)	 gradients	 in	 the	 Subpallium	 also	 play	 a	 role	 in	 the	 topographic	

distribution	 of	 TCAs.	 Sema3A	 shows	 a	 caudal-high	 and	 rostral-low	 gradient	 that	 is	

repulsive	to	iTCAs	expressing	CHL1	and	Nrp-1	53	(Figure	7B).	CHL1	and	L1	expressed	in	

the	 iTCAs	might	also	 sense	Ephrin-repulsive	 signals	 in	 the	caudal	 subpallium	54.	Also,	

Sema3F	mediates	caudal	repulsion	to	intermediate	and	rTCAs	that	express	NrCAM	and	

Nrp-1	and	2	55	(Figure	7B).			

	

	

Figure	7.	CTA-TCAs	reciprocal	topography.	A)	Rostral	nuclei	of	the	thalamus	(VA/VL)	project	towards	rostral	cortical	
areas	 (M1);	 intermediate	thalamus	(VPM,	towards	 intermediate	cortex	(S1),	and	caudal	 thalamus	(dLGN)	towards	
caudal	 cortex	 (V1).	 The	 cortical	 areas	 reciprocally	 project	 towards	 the	 thalamus.	 B)	 Rostrocaudal	 gradient	
expression	of	extracellular	signals	in	the	corridor	and	striatum	control	axonal	topography.	Rostral-high	and	caudal-
low	Netrin1	and	Slit1	are	observed	in	the	corridor.	Oppositely,	Rostral-low	and	caudal-high	Sema3A/F	and	EphrinA5	
are	 found	 in	 the	 corridor	 and	 striatum.	C)	Differential	 expression	 of	 FLRT3	 levels	 in	 rTCAs	 and	 iTCAs	 control	 the	
response	against	Slit1	and	Netrin1.	FLRT3high	rTCAs	exposed	to	rostral	Slit1high	in	the	corridor,	induces	an	increase	of	
DCC	 in	 the	membrane	 and	 subsequent	 attraction	 to	Netrin1.	 In	 contrast,	 FLRT3low	 iTCAs	 exposed	 to	 Slit1	 do	not	
induce	DCC	exposition	in	the	membrane	and	are	not	attracted	by	Netrin1.	Abbreviations:	Co,	corridor;	Cx,	cortex;	
dLGN,	 sorsal	 lateral	 geniculate	 nucleus;	 iTCAs,	 intermediate	 TCAs;	M1,	motor	 area	 1;	 S1,	 somatosensory	 area	 1;	
rTCAs,	 rostral	 TCAs;	 St,	 striatum;	 TCAs,	 thalamocortical	 axons;	 Th,	 thalamus;	 V1,	 visual	 area	 1;	 VA/VL,	
ventroanterior/ventrolateral	 nucleus;	 VPM,	 ventroposterior	 medial	 nucleus.	 Adapted	 from	 Garel	 S.	 and	 López-
Bendito	G.,	2014	6	and	Leyva-Diaz	E.,	Del	Toro	D.	et	al.,	2014	49.		

Thalamocortical/corticothalamic reciprocal guidance 

The	 specificity	 of	 connections	 between	 individual	 thalamic	 nuclei	 and	 cortical	 areas	
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patterning	 and	 neuronal	 identity	 during	 development.	 Although	 subpallial	molecular	

cues	 control	 the	 rostro-caudal	 distribution	 of	 TCAs	 in	 the	 developing	 brain,	 several	

studies	have	described	that	defects	observed	in	thalamic	regionalization	influence	on	

reciprocal	 cortical	 areas	 development,	 and	 vice	 versa.	 This	 phenomenon	 can	 be	

divided	into	top-down	(from	the	cortex	to	the	thalamus)	and	bottom-down	(from	the	

thalamus	to	the	cortex)	plasticity	56.		

Top-down plasticity 

The	arealization	of	the	cortex	is	partially	influenced	by	intrinsic	molecular	factors	that	

are	 regionally	 expressed	 57.	 Interestingly,	 a	 disruption	 of	 this	 process	 might	 modify	

thalamic	nuclei	formation	or	TCAs	guidance.		

Fibroblast	Growth	Factor	 (FGF)8	organizes	 the	specification	of	 some	cortical	areas.	A	

duplication	of	S1	region,	induced	by	ectopic	FGF8	expression,	triggered	changes	in	the	

final	steps	of	VPM-TCAs	guidance,	since	they	similarly	innervated	both	S1	regions	58,59	

(Figure	 8A).	 These	 results	 suggest	 that	 a	 correct	 specification	 of	 cortical	 areas	

determines	 the	 final	 guidance	 of	 TCAs,	 with	 still	 unknown	 mechanisms.	 Similarly,	

COUP-TF1	 cortical	 inactivation	 triggers	 changes	 in	 cortical	 patterning.	 Thus,	 frontal	

areas	invade	most	of	the	cortex,	displacing	central	areas	in	a	more	caudal	position.	For	

instance,	 S1	 is	 significantly	 reduced	 and	 located	 in	 the	 occipital	 cortex,	 which	 is	

followed	by	a	rewiring	of	TCAs;	hence,	they	do	not	lose	area	specificity	60	(Figure	8A).		

Although,	 these	 two	 studies	 showed	 that	 changes	 in	 cortical	 areas	 induced	

modifications	on	final	TCAs	guidance,	changes	 in	thalamic	nuclei	patterning	were	not	

described.	 The	 first	 study	 that	 showed	 top-bottom	 (this	 means	 from	 cortex	 to	

thalamus)	pattern	plasticity	in	the	somatosensory	system	described	that	cortical	Pax6	

cKO	results	in	a	reduction	of	the	S1	size	of	the	cortex.	Besides,	this	phenotype	induces	

a	repatterning	of	the	thalamus	through	an	increase	of	apoptosis	in	VPM	neurons	at	p0,	

which	 triggers	 a	 reduction	 of	 the	 VPM	 area	 at	 p7	 61	 (Figure	 8A).	 All	 these	 results	

indicate	 that	 distinct	 cortical	 areas	 clearly	 influence	 TCAs	 final	 guidance	 in	 a	

topographical	 manner.	 Moreover,	 changes	 of	 corticothalamic	 connections	 might	

regulate	survival	on	thalamic	neurons.		
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Bottom-up plasticity 

As	said	before,	 cortical	area	patterning	 is	only	partially	 regulated	by	 intrinsic	genetic	

and	molecular	factors.	Some	studies	have	described	a	consistent	influence	of	extrinsic	

factors,	mainly	thalamocortical	projections.		

First,	 modification	 in	 the	 subpallium	 might	 indirectly	 modify	 cortical	 patterning.	 As	

noted	 before,	 Ebf1	 controls	 striatum	 and	 corridor	 formation	 and	 thereby	

topographical	TCAs	guidance	24,43.	An	Ebf1	subpallium-cKO	mouse	model	was	used	to	

describe	that,	though	VPM	projections	exhibit	a	scrambled	topography	in	embryos,	the	

S1	was	somehow	properly	rewired	postnatally.	Nevertheless,	 this	was	not	enough	to	

form	a	barrel-field	pattern	 (a	 topographical	 representation	of	 the	mouse	whiskers	 in	

the	cortex)	 in	the	S1	45,62.	This	study	 indicated	that	proper	subpallium	formation	and	

thalamocortical	wiring	 at	prenatal	 stages	 is	 necessary	 for	 the	 formation	of	 a	 cortical	

topographic	map	postnatally.		

Direct	modification	of	the	thalamic	nuclei	also	drives	changes	in	the	cortical	patterning	

of	 the	cortex.	 Indeed,	an	 increase	or	decrease	 in	 the	 size	of	 the	dLGN	of	 the	mouse	

thalamus,	 triggers	 changes	 in	 area	 size	 on	 the	 V1,	 the	 dLGN	 reciprocal	 area	 in	 the	

cortex.	Moreover,	almost	complete	ablation	of	TCAs	results	in	changes	of	the	V1	and	

S1	 63.	 A	 parallel	 study	 demonstrated	 that	 genetic	 ablation	 of	 the	 dLGN	 results	 in	

defective	V1	stimulation	and	thereby	changes	in	gene	expression	and	differentiation	of	

the	V1	 into	 the	adjacent	high-order	visual	area	 (VHO)	 64.	To	conclude,	TCAs	emerging	

from	the	dLGN	are	necessary	for	the	proper	formation	and	identity	acquisition	of	the	

V1	in	the	cortex	(Figure	8B).		

Another	 example	 of	 thalamic	 nuclei	modification	 that	 drives	 changes	 in	 the	 cortical	

areas	 is	 the	 relation	 between	 the	 VPM	 and	 the	 S1.	 The	 somatosensory	 cortex	 is	

subdivided	 into	 the	 S1	 and	 secondary	 (S2)	 areas.	 Layer	 4	 neurons	 of	 these	 regions,	

respectively	 receive	 inputs	 from	 the	 VPM	 and	 posterior	medial	 nucleus	 (POm)	 65–67.	

Remarkably,	 layer	 4	 neuron	 identity	 is	 not	 completely	 committed	 at	 first	 postnatal	

week	68.	Genetic	ablation	of	VPM	at	P0	results	in	an	expansion	of	the	POm,	lack	of	the	

S1	barrel	cortex	and	aberrant	POm	innervation	to	the	S1.	Moreover,	S1	region	adopts	
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a	gene	expression	and	functional	profile	of	S2	 in	mice	 lacking	VPM	67	 (Figure	8B).	 	 In	

conclusion,	regional-specific	thalamocortical	input	is	necessary	to	regulate	S1	neurons	

identity	postnatally.		

										 	

Figure	8.	Plasticity	of	reciprocal	thalamic	and	cortical	areas.	A)	Changes	in	cortical	areas	induce	top-down	plasticity	
in	 thalamic	 nuclei	 and	 projections.	 1)	 Duplication	 of	 S1	 resulting	 from	 caudal	 overexpression	 of	 Fgf8,	 induce	
innervation	of	both	S1	and	S1'	areas.	2)	Cortex-specific	deletion	of	COUP-TF1	produces	a	reduction	and	caudaliation	
of	 cortical	 areas.	 TCAs	 are	 rewired	 in	 the	 proper	 cortical	 areas.	 3)	 Reduction	 of	 S1	 by	 a	 decrease	 of	 Pax6	 levels	
triggers	a	similar	change	in	the	reciprocal	VPM.	B)	Changes	in	thalamic	areas	induce	bottom-up	plasticity	in	cortical	
areas.	1)	Reduction	of	dLGN	results	 in	loss	of	V1	identity	and	amplification	of	V2.	2)	Ablation	of	the	VPM	triiggers	
aquisition	 of	 S2	 identity	 in	 the	 S1	 area.	 3)	 Blockage	 of	MGv	waves	 induce	 changes	 in	 VPM	 calcium	waves,	 that	
ultimately	 provokes	 an	 expansion	 of	 the	 corresponding	 S1	 and	 reduction	 of	 A1.	Abbreviations:	 POm,	 posterior	
medial	 nucleus;	 LP,	 lateral	 posterior	 nucleus;	 dLG,	 dorsal	 lateral	 geniculate	 nucleus;	MGv,	 ventral	 division	 of	 the	
medial	 geniculate	 body;	 VPM,	 ventral	 posteromedial	 nucleus;	 TCAs,	 thalamocortical	 axons;	 S1,	 primary	
somatosensory	cortex;	S2,	secondary	somatosensory	cortex;	V1,	primary	visual	cortex;	V2,	secondary	visual	cortex;	
A1,	primary	auditory	cortex.	Adapted	from	Antón-Bolaños	et	al.	2018	56.		

However,	 most	 studies	 relate	 all	 these	 changes	 postnatally,	 when	 sensory	 outputs	

already	 stimulate	 the	 thalamocortical	 system.	 A	 recent	 study	 69	 described	 that	

spontaneous	 thalamic	 calcium	waves	are	propagated	among	 thalamic	 sensory	nuclei	

(VPM,	 dLGN	 and	 ventro	medial	 geniculate	 (MGv))	 in	 the	 embryo	 and	 have	 a	 role	 in	

nuclei	intercommunication.	Moreover,	blockage	of	calcium	channels	in	the	MGv	alters	

1) Duplication of S1 2) Shift in cortical areas territories 3) Reduction of S1

1) Severe reduction of dLGN size 2) Ablation of the VPM 3) Blockage of MGv waves

A) Top-down plasticity  

B) Bottom-up plasticity  
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the	wave	pattern	 in	the	VPM,	ultimately	promoting	an	 increase	 in	the	S1	barrel-field	

(Figure	 8B).	 Similarly,	 prenatal	 bilateral	 eye	 enucleation	 results	 in	 decreased	 area	 of	

the	dLGN	and	V1,	which	in	turn	triggers	an	increase	of	the	barrel-field	in	the	S1.	Both	

calcium	wave	and	eye	enucleation	induce	gene	expression	changes	in	the	VPM,	such	as	

an	increase	of	Rorβ.	Indeed,	KO	or	overexpression	of	Rorβ	in	VPM	projections	results	

in	 a	 reduction	 and	 increase	 of	 the	 barrel-field	 cortex,	 respectively	 69.	 Furthermore,	

prenatal	 blocking	 of	 calcium	 waves	 in	 the	 VPM	 prevents	 the	 formation	 of	 a	

somatosensory	map	 in	 the	barrel	 cortex	 already	 at	 embryonic	 stages	 70.	 To	 sum	up,	

spontaneous	thalamic	activity	in	the	mouse	embryo	organizes	the	somatosensory	map	

not	only	in	the	thalamus,	but	also	in	the	cortex	due	to	bottom-up	plasticity.		

2.1.2 Striatal axons development 

Although	the	thalamocortical	pathway	has	been	a	large	topic	of	study	in	the	last	years,	

other	 axonal	 pathways	 have	 been	 recently	 the	 focus	 on	 axon	 guidance.	 Recently,	

striatal	axons	(SAs)	have	emerged	as	a	target	of	developmental	study.		

Striatal	 projection	neurons	 (SPNs)	 send	 their	 projections,	which	 in	 this	 thesis	will	 be	

generally	 named	 as	 SAs,	 in	 two	 different	 axon	 tracts:	 the	 direct	 and	 the	 indirect	

pathway	 of	movement.	 Both	 emerge	 from	 the	 SPNs	 in	 the	 striatum,	 but	 they	 differ	

biochemically	and	functionally.	The	direct	pathway	is	constituted	by	striatonigral	axons	

(SNAs)	 that	 project	 to	 the	 substantia	 nigra	 and	 express	 cholinergic	 receptor,	

muscarinic	4.	 In	contrast,	 striatopallidal	axons	 (SPAs)	of	 the	 indirect	pathway	project	

towards	 the	 GP	 and	 express	 Dopamine	 receptor	 D2,	 and	 will	 indirectly	 control	

substantia	nigra	via	the	STN	28,71	(Figure	9A).				

Striatal	 axon	development	 is	 still	 a	 young	and	unknown	 field,	 since	 very	 few	 studies	

have	 focused	on	 it.	However,	 some	TFs	have	been	 related	 to	 SAs	development.	 The	

striatal	 TF	 Ebf1	 is	 important	 in	 the	 specification	 of	 striatonigral	 neurons	 and	 mice	

lacking	 this	 gene	develop	mild	 impairments	 in	 SNAs	 in	 adult	 stages	 42,72.	 Stratonigral	

cell	 fate	 is	 also	orchestrated	by	 the	 TF	 Islt1	 and	 indeed,	 Islt1-/-	animals	 develop	mild	

defects	on	SNAs	73,74.			
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Not	 only	 TFs,	 but	 also	 some	 transmembrane	 proteins	 have	 been	 involved	 in	 SAs	

guidance.	OlPc	is	expressed	in	striatum	and	SAs,	but	not	in	cortical	or	thalamic	axons	
17.	Indeed,	OlPc	homemade	antibody	was	the	first	to	selectively	stain	developing	SAs,	

which	 help	 to	 understand	 that	 SAs	 already	 cross	 the	 DTB	 at	 E12.5	 (Figure	 9B).	

Moreover,	mice	 lacking	OlPc	show	severe	developmental	defects	of	neural	pathways	

of	 the	brain	 such	 as	 TCAs,	 CFAs	 and	 SAs.	 The	 latter	 stop	 and	 get	 tangled	 in	 the	GP,	

which	 does	 not	 express	 OlPc.	 Therefore,	 OlPc	 is	 cell-autonomous	 necessary	 for	 a	

proper	SAs	development.	 Interestingly,	SAs	defects	 in	 the	OlPc-KO	derive	absence	of	

the	 caudal	 GP,	 revealing	 that	 GP	 development	 might	 be	 dependent	 on	 SAs	 tract.	

Remarkably,	 these	authors	propose	a	 role	of	SAs	 in	 the	guidance	of	TCAs,	which	has	

not	been	deeply	explored	(Figure	9C).		

Other	knockout	mice	with	aberrant	development	of	SAs	have	been	described.	Fzd3	KO	

exhibit	 severe	 defects	 on	 many	 axonal	 pathways	 in	 the	 brain,	 one	 of	 them	 the	

striatonigral	29.	A	recent	study	showed	that	Fzd3	 is	expressed	 in	both	SNAs	and	SPAs	

and	 that	 Fzd3-/-	 mice	 show	 defects	 of	 both	 axons	 in	 entering	 the	 GP	 28,	 which	 is	

mediated	 by	 both	 a	 cell-	 and	 a	 non-cell-autonomous	 role	 of	 Fzd3.	 On	 one	 hand,	

deficiency	of	Fzd3	 in	 the	SPNs	triggers	a	defect	on	the	polarity,	which	 in	 turn	affects	

axonal	 growth.	 On	 the	 other	 hand,	 Fzd3-/-	 brains	 show	 an	 aberrant	 corridor	 that	

invades	 the	 GP,	 resulting	 in	 the	 presence	 of	 corridor-specific	 molecules	 in	 the	 GP,	

which	 are	 indeed	 repulsive	 to	 SNAs	 (Figure	 9C).	 Therefore,	 the	 GP	 seems	 to	 be	

attractive	to	SAs,	whereas	the	corridor	could	express	repulsive	signals.		

Finally,	Sema3E	creates	a	gating	structure	at	the	DTB	that	mediates	a	repulsive	signal	

to	 SAs	 and	 corticospinal	 axons	 (CSAs),	 both	 expressing	 PlexinD1,	 but	 not	 Npn1	 75.	

Interestingly,	 Sema3E	 binding	 to	 PlexinD1	 triggers	 repulsion	 to	 CSAs	 and	 SAs,	 but	

PlexinD1+Npn1	triggers	an	attractive	response	to	Sema3E,	indicating	that	Semaphorin	

signalling	might	be	 repulsive	or	 attractive	depending	on	 the	expression	of	Plexin	 co-

receptors.	 However,	 mice	 lacking	 Sema3E	 show	 only	 few	 abnormal	 axons	 in	 the	

Sema3E-expressing	region,	revealing	that	more	mechanisms	might	be	involved	in	this	

gating.	This	analysis	was	performed	at	E18.5,	when	both	kinds	of	axons	have	already	
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extended	towards	their	destiny	and	therefore,	more	studies	at	earlier	stages	should	be	

performed	to	analyse	the	implications	of	Sema3E/PlexinD1	on	SAs	guidance.		

Taken	together,	these	works	reveal	that	SPNs	specification	by	TFs	is	important	for	their	

axonal	development	and	 that	guidance	 is	mediated	across	 the	GP	 in	 the	 subpallium.	

Moreover,	OlPc	and	PCP	pathway	components	might	be	involved.	However,	the	signals	

that	control	SAs	attraction/repulsion	are	still	to	be	uncovered.		

	

							 	

Figure	9.	Striatal	axons	development.	A)	Sagital	view	of	SAs	targets.	SPAs	project	towards	the	GP	and	SNAs	towards	
the	SNi.	B)	At	E12.5	SAs	are	already	extending	through	the	GP,	reaching	the	DTB	and	towards	the	SNi.	C)	Wild	type	
E14.5	SAs	grow	through	the	GP	until	they	cross	the	DTB.	Then	they	grow	in	the	cerebral	peduncle	to	the	SNi.	In	Fzd3	
KOs,	 corridor	 cells	 invade	 the	GP	and	 inhibit	 SAs	entry.	 In	OlPc	KOs,	 SAs	 collapse	within	 the	GP,	which	 is	 absent	
caudally.	Abbreviatons:	 Co,	 corridor;	Cx,	 cortex;	DTB,	diencephalon-telencephalon	boundary;	GP,	globus	pallidus;	
LGE,	 lateral	 ganglionic	 eminence;	 MGE,	 medial	 ganglionic	 eminence;	 PSPB,	 pallial-subpallial	 boundary;	 SNA,	
striatonigral	axons;	SNi,	substantia	nigra;	SPAs,	striatopallidal	axons;	St,	striatum;	Th,	thalamus.		
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2.2. Subpallium development 

As	explained	before,	the	telencephalon	is	clearly	divided	into	pallium	and	subpallium,	

which	are	identified	by	the	expression	of	distinct	TFs.	The	subpallium	gives	rise	to	the	

basal	ganglia,	such	as	the	striatum	and	the	GP.	During	development,	two	structures	are	

generated	in	the	ventricular	zone	of	the	subpallium,	the	LGE	and	the	MGE,	which	are	

caudally	fused	into	the	central	ganglionic	eminence	(CGE).	These	areas	constitute	the	

proliferative	 regions	 that	 generate	 the	main	 pool	 of	 neurons	within	 the	 subpallium.	

The	study	of	the	developmental	subpallium	has	always	been	a	matter	of	 interest,	for	

different	 reasons:	 first,	 important	 axonal	 tracts	 are	 crossing	 through	 it	 (TCAs	 and	

CTAs);	 second,	 basal	 ganglia	 are	 crucial	 for	 a	 correct	 adult	 function,	 and	 finally,	 it	 is	

strongly	related	to	some	neurodegenerative	diseases	such	as	Parkinson	or	Huntington.	

Therefore,	 an	 introduction	 on	 the	 mechanisms	 that	 mediate	 the	 development	 of	

Striatum	and	GP	is	given	here.		

2.2.1 Striatum  

The	 striatum	mainly	 coordinates	 voluntary	motor	 behaviour,	 but	 is	 also	 involved	 in	

other	systems	such	as	emotion,	motivation	or	learning,	and	it	is	influenced	by	afferent	

connections	 from	 the	 substantia	 nigra,	 raphe	 nuclei	 and	 brainstem.	 Clinically,	 the	

striatum	 is	affected	 in	Parkinson	 76,77,	Huntington	disease	 78–81,	drug	addiction	 82	and	

schizophrenia	 83.	 Most	 of	 the	 neurons	 in	 the	 striatum	 (aprox.	 90-95%)	 are	medium	

spiny	 neurons	 or	 SPNs,	 which	 are	 organized	 in	 two	 functional	 and	 histological	

differentiated	compartments:	striosomes	(or	patches),	which	are	embedded	in	a	bigger	

compartment:	the	matrix	84	(Figure	10B).	SPNs	in	the	striasome	preferentially	receive	

inputs	from	limbic	regions	and	send	their	projections	mainly	towards	substantia	nigra	

pars	compacta	 (SNc),	but	also	GP	and	Substantia	nigra	pars	reticulata	 (SNr),	whereas	

matrix	 SPNs	 are	 influenced	 by	 sensorimotor	 cortex	 and	 only	 send	 outputs	 to	

pallidonigral	nuclei	85–88.	Therefore,	their	function	is	also	different	and	while	striosomal	

circuits	play	a	role	in	decision	making	and	reinforcement-based	behaviours,	the	matrix	

seems	to	be	relevant	in	action	executions	orchestrated	by	the	cortex	89,90.		
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Independently	 from	 this	 morphological	 organization,	 SPNs	 are	 distributed	 into	

Dopamine	1	Receptor	(D1R)-	or	D2R-enriched	neurons,	which	respectively	are	involved	

in	the	direct	and	indirect	pathway	of	movement.	Direct	pathway	SPNs	(dSPNs)	project	

to	the	internal	segment	of	the	GP	(GPi)	and	SNr,	ultimately	promoting	action.	Indirect	

pathway	 SPNs	 (iSPNs)	 project	 to	 the	 external	 GP	 (GPe),	 which	 inhibits	 unwanted	

movements	 91,92.	 D1R-	 and	 D2R-expressing	 SPNs	 are	 randomly	 distributed	 in	

striasomes	and	matrix	93	(Figure	10B),	and	therefore	both	compartments	are	involved	

in	the	direct	and	indirect	pathways.		

Striatum development 

The	organization	in	striasomes	and	matrix	has	been	studied	for	long	time,	but	little	is	

known	on	how	these	are	organized	during	development.	Similarly	to	the	cortex,	SPNs	

are	 born	 in	 the	 LGE	 from	 radial	 glial	 cells	 (RGCs)	 and	 intermediate	 progenitor	 cells	

(IPCs)	94,95	and	migrate	to	the	Striatal	Mantle	Zone	(SMZ),	where	the	striatum	will	be	

established	 (Figure	 10A).	 First	 studies	 in	 rat	 and	 cats	 demonstrated	 that	 striosome	

SPNs	are	born	in	earlier	phases	than	matrix	cells	96–98.	This	issue	was	later	confirmed	in	

mouse	 99,	 where	 striosome	 SPNs	 are	 born	 between	 E10	 and	 E12.5,	 while	 matrix	

neurons	 are	 born	 from	E13.5	 to	 E18.5	 95.	 This	 time-dependent	 specification	 of	 SPNs	

seems	to	be	controlled	in	neural	precursor	cells	(NPCs).	Indeed,	early	generated	apical	

IPCs	 (aIPCs)	 in	 the	 LGE	 that	 express	 Ascl1	 (or	Mash1)	 produce	 striasomal	 SPNs,	 but	

late-phase	 basal	 IPCs	 (bIPCs),	which	 are	 Ascl1+	 and	Dlx1+,	 are	 fate-restricted	 to	 the	

matrix	 compartment	 95.	Moreover,	 retinoic	 acid	 signalling	 regulates	 neurogenesis	 of	

late-born	 striasome	 cells	 and	 lack	 of	 Retinoic	 acid	 Receptor-β	 results	 in	 striasome	

organization	defects	99,100.		

Independently	 of	 striasome/matrix	 specification,	 SPNs	 are	 organized	 in	 D1R+	 dSPNs	

and	 D2R+	 iSPNs.	 Islet1	 and	 Ebf1	 seems	 to	 be	 early	 expressed	 to	 genetically	 specify	

neurons	 to	 a	 D1+	 striatonigral	 fate	 42,43,73,74,	 while	 Sp8	 and	 Sp9	 specifies	 D2+	

striatopallidal	SPNs		101,102.	A	recent	work	103	has	described	that	dSPNs	invade	the	SMZ	

already	at	 E12.5,	while	 iSPNs	are	not	observed	until	 E13.5,	when	 initially	 invade	 the	

lateral	 SMZ.	 Later,	 iSPNs	 intermingle	with	 dSPNs	 to	 be	 equally	 distributed	 at	 E17.5.	
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Removal	 of	 Ebf1	 specifically	 in	 SPNs	 results	 in	 light	 perturbation	 of	 dSPNs	

differentiation,	defective	axogenesis	and	impaired	intermixing	in	the	matrix.	Similarly,	

Ctip2	 is	 expressed	 in	 SPNs	 and	 its	 removal	 results	 in	 differentiation	 defects	 and	

disruption	 of	 striasomes-matrix	 organization,	 which	 suggests	 that	 Ctip2	 plays	 an	

essential	role	in	striatum	development	104.		

Regarding	extracellular	 signals	directing	SPNs	migration,	a	Netrin-mediated	 repulsion	

may	be	 involved	 in	 striatal	migration.	Migrating	 striatal	 cells	 in	 the	 SVZ	express	DCC	

and	sense	Netrin	in	the	VZ	as	a	repellent	cue	105.	However,	Netrin-/-	defects	in	striatum	

have	not	been	described	 23,47,106.	Although	no	other	molecular	mechanisms	 that	 rule	

migration	 in	 the	 striatum	 have	 been	 described,	 a	 study	 revealed	 that	 ephrin/Eph	

signalling	 is	 relevant	 in	 the	striasome/matrix	organization	 107.	Expression	of	EphA4	 in	

the	matrix	and	ephrinA5	in	the	striasomes	regulates	the	sorting	of	these	structures	and	

indeed	an	EphA4/ephrin5	double	knockout	(DKO)	results	in	matrix-invaded	striasomes.		

	

Figure	10.	Development	and	organization	of	the	striatum	and	globus	pallidus.	A)	Origin	of	the	cells	that	constitute	
the	 striatum	 and	 GP,	 around	 E12.5	 and	 E14.5.	 SPN	 are	 born	 in	 the	 LGE	 and	migrate	 to	 form	 the	 striatum	 (red	
arrow).	GP	neurons	arise	mainly	in	the	MGE,	probably	most	of	them	in	its	ventral	Shh+	part	(vMGE),	but	also	some	
origin	in	the	LGE	and	POA	(yellow	arrows).	Squared	area	is	shown	in	B.	B)	Organization	and	cell	types	of	the	ST	and	
GP.	The	striatum	is	subdivided	in	two	struactural	and	functional	different	regions	the	SMZ	(red)	and	the	striosmes	
(green).	At	 the	same	time,	SPNs	can	be	either	D1R+	dSPNs	or	D2R+	 iSPNs,	both	equally	distributed	 in	matrix	and	
striosomes.	The	GP	is	constituted	by	several	types	of	cells,	here	summarized	in	two,	NPas1+	and	Nkx2.1/PV/Er81+,	
equally	 distributed	 in	 the	 GP.	Abbreviations:	 D,	 dorsal;	 D1R,	 dopamine	 1	 receptor;	 D2R,	 dopamine	 2	 receptor;	
dSPN,	direct	SPN;	iSPN,	indirect	SPN;	L,	lateral;	LGE,	lateral	ganglionic	eminence;	M,	medial;	SPN,	striatal	projection	
neuron;	POA,	preoptic	area;	V,	ventral;	vMGE,	ventral	medial	ganglionic	eminence.		

vMGE

POA

LGE

Striosomes

SMZ

iSPN
dSPN

NPas1+
Nkx2.1/PV/Er81+

E12.5-E14.5 Postnatal
A) B) 

L M

V

D



Introduction	 	 	

	
72	

2.2.2 Globus pallidus 

The	mouse	GP	 (external	GP	 in	humans)	 is	a	basal	nucleus	 located	 in	 the	 subpallium,	

caudomedially	to	the	striatum.	The	GP	consist	mainly	of	GABAergic	projection	neurons	

and	very	few	interneurons	108.	 It	 receives	mainly	GABAergic	 inputs	from	the	striatum	

and	 glutamatergic	 from	 the	 STN.	 In	 turn,	 sends	 GABAergic	 fibers	 to	 the	 striatum,	

entopeduncular	 nucleus	 (EN)	 (or	 internal	 GP	 in	 humans),	 STN	 and	 SNr	 109,110.	 This	

diversity	 is	 partially	 explained	 by	 the	 subdivision	 of	 the	 GP	 into	 two	 intermixed	 cell	

populations.	A	GP	population	that	expresses	parvalbumin	(PV)	 fires	antiphase	to	STN	

and	 projects	 to	 the	 basal	 ganglia,	 whereas	 a	 second	 population	 expresses	

preproekephalin,	fires	in-phase	to	STN	and	only	projects	to	the	striatum	111.		

Neuron	 diversity	 of	 the	 GP	 has	 been	 analysed	 by	 two	 parallel	 studies.	 The	 first	

described	that	the	E13.5	GP	consists	on	2	types	of	cells	 (50%	of	each	approximately)	

regarding	expression	markers:	I)	Npas1+	Nkx2.1-	cells;	II)	PV+	Nkx2.1+	and	Er81+	cells	

(Figure	10B).	While	almost	all	Nkx2.1	cells	are	originated	in	the	MGE,	Npas1	cells	can	

derive	 either	 from	 the	MGE	or	 the	 LGE.	Only	 a	 small	 percentage	of	GP	 cells	 derives	

from	the	POA	112	(Figure	10A).	In	contrast,	the	other	study	indicated	that	E18.5	GPs	are	

constituted	by	I)	81%	of	Nkx2.1+	cells	(54%	Npas1-	and	27%	Npas1+),	II)	15%	of	Npas1+	

Nkx2.1-	 cells	 and	 III)	 13%	 of	 Olig2+	 cells	 (probably	 oligodendrocytes)	 113.	 Though	

Npas1+	Nkx2.1-	cells	do	not	express	Nkx2.1,	half	of	them	have	a	MGE-NKx2.1	origin,	as	

well	as	NKx2.1+	cells	112.	Indeed,	Nkx2.1	is	a	key	factor	of	GP	formation.	Nkx2.1-/-	mice	

show	a	LGE-invaded	MGE	and	a	complete	lack	of	GP,	which	is	occupied	by	an	extended	

striatum	114.	

The	cellular	and	molecular	mechanisms	that	rule	the	generation	and	migration	of	GP	

cells	are	poorly	understood.	Radial	glia	fibres	are	observed	within	the	subpallium	and	

thus,	 it	 has	 been	 suggested	 MGE-derived	 GP	 cells	 could	 perform	 radial	 migration	

through	it	112,115.	Remarkably,	neither	the	LGE	nor	the	MGE	are	homogenous	territories	

but	 are	 fragmented	 in	 smaller	 regions	 with	 expression	 of	 different	 and	 specific	

combination	of	TFs	116.	This	knowledge	allowed	to	remove	Nkx2.1	from	a	small	region	

in	 the	 ventral	MGE/dorsal	 POA	 that	 expresses	 Shh	 113.	 These	mice	 exhibit	 a	 lack	 of	

formation	 of	 the	 GP	 with	 altered	 radial	 glia	 orientation,	 but	 also	 decreased	
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proliferation	 and	 changes	 of	 LGE-MGE-POA	 distribution.	 Similarly,	 lack	 of	 both	 Lhx6	

and	Lhx8	results	in	defects	of	GP	formation,	probably	via	a	reduction	of	Nkx2.1	levels	
117.	 Interestingly,	 lack	 of	 OlPc,	 which	 is	 expressed	 in	 the	 striatum	 and	 striatal	

projections,	 leads	 to	 defects	 of	 the	 GP	 formation	 17,	 which	 suggested	 that	 its	

development	might	be	partially	dependent	on	SAs	projections.		

2.3 Cortical development 

Neocortex	development	beautifully	 illustrates	some	of	 the	basic	principles	of	neuron	

migration	in	the	developing	nervous	system.	The	cortex	is	formed	mainly	by	pyramidal	

excitatory	(glutamatergic)	neurons	and	a	smaller	fraction	(aprox.	20%)	constituted	by	

inhibitory	 (GABAergic)	 neurons	 or	 interneurons.	 As	 any	 other	 neuron,	 both	 types	 of	

cortical	 neurons	 arise	 from	 the	 VZ	 and	 need	 to	 migrate	 to	 its	 final	 destination.	

However,	 two	 different	 origins	 and	 in	 consequence	 two	 migratory	 strategies	 are	

observed	for	interneurons	and	pyramidal	neurons.	In	one	hand,	excitatory	neurons	are	

born	 in	 the	cortical	VZ	and	migrate	perpendicularly	 to	 the	ventricular	 surface,	 in	 the	

so-called	 radial	 migration.	 In	 contrast,	 interneurons	 get	 born	 in	 the	 subpallium,	

specifically	in	the	VZ	of	the	MGE	and	POA	and	therefore,	their	trajectory	is	parallel	to	

the	 ventricular	 surface	of	 the	 cortex,	 a	 process	 known	as	 tangential	migration	 118,119	

(Figure	11).		A	deeper	explanation	on	the	known	cellular	and	molecular	mechanisms	of	

cortical	migration	is	provided	in	the	following	sections.			
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Figure	11.	Schematic	view	of	radial	and	tangential	migration.	A)	Radial	migrating	neurons	(RMNs,	green)	originate	
in	the	cortex	VZ/SVZ	and	migrate	perpendicularly	to	the	apical/pial	surfaces.	Tangentially	migrating	neurons	(TMNs,	
yellow)	 originate	 in	 the	MGE	 and	 POA	 and	 their	 route	 is	 parallel	 to	 the	 apical/pial	 surfaces.	 Area	 in	 rectangle	 is	
observed	in	B.	B)	Magnified	image	of	radial	and	tangential	migration.	RMNs	migrate	from	the	VZ/SVZ	and	through	
the	 IZ	towards	the	CP,	where	mature	neurons	will	establish.	This	migration	 is	dependent	of	RGCs.	TMNs	migrate,	
independently	of	RGCs,	in	three	distinct	routes	in	the	cortex:	the	MZ,	the	SP	and	the	SVZ	route.	Abbreviations:	CP,	
cortical	plate;	Cx,	 cortex;	D,	dorsal;	 IZ,	 intermediate	 zone;	 L,	 lateral;	 LGE,	 lateral	ganglionic	eminence;	M,	medial;	
MGE,	 medial	 ganglionic	 eminence;	MZ,	 marginal	 zone;	 Ns,	 neurons;	 POA,	 preoptic	 area;	 RGCs,	 radial	 glial	 cells;	
RMNs,	 radial	 migrating	 neuron;	 SVZ,	 subventricular	 zone;	 TMNs	 tangentially	 migrating	 neuron;	 V,	 ventral;	 VZ,	
ventricular	zone.		

2.3.1 Pyramidal neurons 

Adult	human	and	mouse	neocortex	are	organized	in	six	layers	of	neurons	(I-VI)	that	are	

subdivided	 into	 lower	 layers	 (LLs,	 V	 and	 VI),	 upper	 layers	 (ULs,	 IV	 to	 II)	 and	 layer	 I,	

which	 is	mainly	 formed	of	dendrites	 and	Cajal-Retzius	 cells.	 The	generation	of	 these	

genetically	 and	 functional	 differentiated	 layers	 is	 achieved	 in	 embryonic	 stages	 after	

the	 neural	 tube	 folding,	 approximately	 at	 E9.5.	 First,	 tangentially	 migrating	 Cajal-

Retzius	 cells	 form	 the	 preplate	 (PP)	 around	 E10.5-11.5	 in	 mouse	 120–122.	 Then,	 a	

migrating	cohort	of	neural	precursors	forms	the	cortical	plate	(CP)	and	layer	VI,	which	

splits	 the	 PP	 in	 two:	 the	 marginal	 zone	 (MZ)	 and	 the	 Subplate	 (SP).	 The	 following	

cohorts	constitute	the	layers	from	VI	to	II	in	the	CP	in	an	inside-out	pattern	123,	which	

means	 that	 deeper	 layers	 are	 earlier	 formed	 than	 the	 more	 superficial	 (Figure	 12).	

Remarkably,	during	development,	 layers	express	different	 transcriptional	 factors	and	

DNA	binding	proteins	that	are	important	in	their	fate	determination,	but	also	useful	for	

experimentally	distinguish	them.	For	example,	LLs	express	Tbr1	124	and	Ctip2	125,	while	

ULs	express	SatB2	126	and	Cux1	127,	and	layer	I,	Tbr1	and	Reelin	124,128.		

Cortical	 development	 is	 achieved	 by	 a	 well-orchestrated	 sequence	 of	 4	 steps:	 1)	

Proliferation	 and	 fate	 determination;	 2)	multipolar	migration;	 3)	 locomotion;	 and	 4)	
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translocation	and	maturation	 129	 (Figure	12).	Although	 some	of	 these	 steps	embrace	

distinct	individual	processes	(i.e.	translocation	and	maturation),	each	of	them	belongs	

to	 a	 same	 time	 point	 and	 zone	 of	 the	 cortex	 in	 its	 development.	 Moreover,	 it	 is	

important	to	note	that	different	cohorts	of	cells	will	follow	these	phases	one	after	the	

other,	 so	 the	 four	 steps	 might	 be	 happening	 simultaneously	 at	 different	 cortical	

regions	by	different	groups	of	cells.	Notably,	the	first	cohort	of	migrating	neurons,	that	

will	constitute	layer	VI,	is	not	using	this	method,	since	they	are	close	enough	to	the	pial	

surface	to	extend	a	process	and	follow	translocation	migration.		

	

Figure	12.	Cellular	mechanisms	of	 radial	migration.	Four	steps	of	radial	migration	are	observed:	1)	Proliferation:	
RGCs	 divide	 to	 self	 renew	 or	 give	 rise	 to	 neurons.	 First	 cohort	 of	 generated	 neurons	 will	 migrate	 with	 somal	
translocation	 and	 constitute	 the	 SP	 and	 first	 neurons	of	 layer	VI.	 2)	Multipolar	migration:	migrating	neurons	will	
adopt	a	multipolar	morphology	 in	the	SVZ.	3)	Locomotion:	neurons	will	adopt	a	bipolar	morphology	and	advance	
towards	the	CP	helped	by	a	RGC	scaffold.	4)	Translocation:	at	the	most	pial	CP,	cells	will	get	detached	from	RGCs	
and	their	 leading	process	will	attach	to	 the	pial	 surface,	performing	somal	 translocation	to	advance.	Neurons	are	
generated	in	an	inside	out	pattern:	first,	deeper	neurons	and	later,	upper	ones.	Abbreviations:	CP,	cortical	plate;	IZ,	
intermediate	 zone;	 L+number,	 layer;	 LL,	 lower	 layers;LMN,	 locomotion	 migration	 neuron;	 MMN,	 multipolar	
migrating	neuron;	 PP,	 preplate;	 RGC,	 radial	 glial	 cell;	 SP,	 subplate;	 SVZ,	 subventricular	 zone;	 TrMN,	 translocation	
migrating	neuron;		UL,	upper	layer;	VZ,	ventricular	zone.	Adapted	from	Kwan	et	al.	2012	130.		
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2.3.1.1 Steps of cortical formation 

1. Proliferation and differentiation 

NPCs	 are	 the	 precursors	 of	 pyramidal	 neurons	 of	 the	 cortex	 and	 are	 located	 in	

Ventricular	Zone	(VZ)	and	Subventricular	Zone	(SVZ),	in	the	apical	surface	of	the	cortex	

next	 to	 the	 lateral	 ventricle.	 These	 proliferative	 cells	 can	 symmetrically	 divide	 to	

amplify	 their	 number	 or	 alternatively	 produce	 immature	 neurons	 by	 asymmetrical	

divisions.	Depending	on	the	morphology,	NPCs	can	be	differentiated	into	RGCs,	which	

are	Pax6+	with	a	 long	process	extended	 to	 the	pial	 surface;	and	 IPCs,	also	known	as	

transit	 amplifying	 cells,	 which	 are	 Tbr2+	 and	 do	 not	 have	 apical-basal	 polarity	 131.	

Moreover,	 related	 to	 their	 location	 NPCs	 can	 be	 divided	 into	 two	 subtypes:	 apical	

progenitors	(APs)	and	Basal	Progenitors	(BPs).	APs	are	located	in	the	VZ	(more	apical)	

and	 include	 apical	 RGCs	 (aRGC)	 and	 apical	 IPCs	 (aIPC,	 also	 Pax6+).	 BPs	 are	 located	

mainly	 in	 the	 SVZ	 and	 include	 basal	 RGC	 (bRGC)	 and	 basal	 IPC	 (bIPC)	 (Figure	 13A).	

bRGCs	are	involved	in	cortical	folding,	and	therefore	they	are	preferentially	located	in	

the	 so-called	 outer	 SVZ	 (oSVZ)	 of	 gyrencephalic	 species	 132–134,	 but	 only	 in	 a	 low	

percentage	in	lissencephalic	species	such	as	mouse	(around	a	7%	of	bRGCs,	which	are	

Pax6+Sox2+)	135.		

A	fine	regulation	of	the	balance	between	proliferation	and	differentiation	is	crucial	for	

a	 proper	 cortical	 development.	An	 imbalance	 in	 these	 features	 by	 stabilization	of	 β-

catenin	results	in	cortical	expansion	and	sulci-like	structures	within	the	cortex	136.	Also	

Notch1	 signalling	 and	 Sox2	have	been	 related	 to	 the	maintenance	of	 the	progenitor	

state	 137,138.	 Moreover,	 Slit/Robo	 signalling,	 which	 is	 known	 in	 axon	 guidance	

processes,	modulates	the	Notch-inhibited	transition	between	RGCs	and	IPCs	139.	Small	

GTPases	 also	 have	 been	 related	 to	 proliferation.	 Rac1	 loss	 in	 the	 cortex	 leads	 to	 an	

SVZ-specific	 reduction	 in	 proliferation,	 a	 concomitant	 increase	 in	 cell	 cycle	 exit,	 and	

premature	differentiation	140.	Also,	cdc42	regulates	 the	polarity	and	mitotic	behavior	

of	 progenitors	 in	 the	 VZ	 141.	 Finally,	 RhoA-/-	 embryos	 show	 2-fold	 increased	

proliferation	in	the	cortex	142	.		
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Regarding	 fate	determination,	 it	 is	 thought	 that	a	 single	RGCs	gives	 rise	 to	up	 to	8-9	

mature	neurons	distributed	in	both	LLs	and	ULs	143.	However,	specific	neuronal	fate	is	

achieved	by	a	 timely	 regulated	activation	and	 inhibition	of	 TFs	 in	NPCs	 (Figure	13B).	

First,	Tbr1	is	expressed	in	the	preplate	cells,	which	will	become	layer	6	124,144	origin	of	

CTAs	 145.	 Tbr1	 inhibits	expression	of	 Fezf2,	 characteristic	of	 layer	5	 146,147.	 FoxG1	 is	a	

NPCs	transcriptional	repressor	that	starts	neurogenesis	at	early	stages	by	 inhibiting	a	

subset	of	genes	148	that	include	Tbr1.	This	fact	results	in	activation	of	Fezf2	and	Ctip2	
149,	 which	 determines	 the	 fate	 towards	 layer	 5	 neurons	 125,150,151,	 origin	 of	 CSAs	 152.	

Other	 determinants	 of	 identity	 of	 UL	 neurons	 are	 not	 expressed	 in	 NPCs,	 but	 in	

migrating	 neurons	 or	 already	 in	 CP.	 SatB2	 directly	 binds	 to	 Ctip2	 regulatory	 regions	

repressing	 its	 expression.	 Indeed,	 SatB2-/-	 mice	 show	 up-regulated	 Ctip2	 in	 SatB2-

expressing	cells	126,153.	Therefore,	late	activation	of	SatB2	represses	Ctip2	expression	in	

ULs,	 specifically	 in	 callosal	 projection	 neurons.	 Finally,	 Cux1	 and	 Cux2	 are	 strongly	

expressed	 in	pyramidal	neurons	of	 layers	 II-IV	 127	and	play	a	key	 role	 in	UL	neuronal	

identity,	but	at	the	end	of	a	transcriptional	factor	cascade	154.		

	

Figure	 13.	 Neural	 progenitors	 and	 specification.	 A)	 Four	 types	 of	 neural	 progenitors	 are	 present	 in	 the	 cortex:	
apical	RGCs	and	apical	IPCs	are	found	in	the	VZ.	Basal	RGCs	and	basal	IPCs	in	the	SVZ,	which	is	subdivided	into	two	in	
gyrencephalic	 species	 (oSVZ	 and	 iSVZ).	 B)	 Timely	 organized	 expression	 of	 trasncription	 factors	 orchestrated	 the	
specification	 of	 cortical	 layers.	 Tbr1	 specificates	 the	 PP	 and	 L6.	 Expression	 of	 FoxG1	 represses	 Tbr1	 and	 allows	
expression	of	Ctip2/Fezf2,	which	specify	L5.	SatB2	expression	represses	Ctip2	and	Fezf2,	allowing	differentiation	of	
L4-L2.	Cux1	is	also	expressed	in	ULs	neurons.	Abbreviations:	a,	apical;	b,	basal;	CP,	cortical	plate;	DL,	deeper	layers;	
iSVZ,	 inner	 SVZ;	 IPC,	 intermediate	 progenitor	 cell;	 IZ,	 intermediate	 zone;	 L+number,	 layer;	 oSVZ,	 outer	 SVZ;	 PP,	
preplate;	RGC,	radial	glial	cell;	SVZ,	subventricular	zone;	UL,	upper	layer;	VZ,	ventricular	zone.	
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2. Multipolar migration 

Neurons	 born	 from	 both	 RGCs	 and	 IPCs	 start	 radial	 migration	 adopting	 first	 a	

multipolar	 (MP)	 shape	 with	 several	 dendrites	 and	 perform	 MP	 migration,	 in	 which	

neurons	 move	 slowly	 and	 randomly,	 even	 tangentially,	 within	 the	 SVZ	 and	 the	

intermediate	 zone	 (IZ)	 155.	 Before	 starting	 locomotion	 bipolar	 (BP)	 migration,	 MP	

neurons	 need	 to	 change	 their	 morphology	 through	 a	 process	 known	 as	 MP-BP	

transition	 (Figure	14A),	which	 is	 regulated	by	many	 factors	of	different	 categories	of	

proteins:	 I)	 transcriptional	 regulators,	 II)	 microtubule	 dynamics	 regulators,	 III)	

transmembrane	receptors,	IV)	kinases	and	V)	small	GTPases.		

For	instance,	Ngn2	and	COUP-TFI	are	TFs	that	finely	regulate	the	levels	of	Rnd2,	a	small	

Rho	GTPase,	which	is	critical	for	the	MP-BP	transition	156–158.	Interference	of	Rnd2	also	

leads	to	defects	in	multipolar	migration	159,160	(Figure	14A).	Similarly,	FoxG1,	a	TF	that	

initiates	 neurogenesis,	 regulates	 the	 exit	 of	 multipolar	 phase	 and	 start	 locomotion.	

Specifically,	 FoxG1	 induces	 expression	of	 the	 transmembrane	 receptor	Unc5D	 in	MP	

neurons	in	the	SVZ	161,	which	acts	as	a	receptor	for	FLRT2	ectodomain	released	in	the	

CP.	Thereby,	Unc5D+	MP	neurons	are	 repelled	by	FLRT2	and	 their	entry	 in	 the	CP	 is	

delayed	until	late	development	162	(Figure	14A).		

3. Locomotion  

After	the	MP-BP	transition	neurons	acquire	a	bipolar	shape	in	the	apical-pial	axis	and	

perform	 the	 migration	 process	 known	 as	 locomotion.	 Neurons	 are	 guided	 by	 RGCs	

towards	 the	 CP	 and	 locomotion-migrating	 neurons	 advance	 by	 the	 continuous	

repetition	 of	 a	 sequence	 of	 steps:	 I)	 dilation/swelling	 of	 the	 cytoplasm	 II)	 coupled	

movement	 of	 the	 centrosome	 and	 nucleus	 and	 III)	 neuronal	 adhesion	 to	 RG	 fibres	

(Figure	 14B).	 In	 order	 to	 move	 forward,	 neurons	 first	 experience	 leading	 process	

elongation,	 mediated	 by	 cytoskeleton	 dynamics.	 Then	 a	 cytoplasm	 dilation	 and	

swelling	 occurs	 in	 the	 leading	 process,	 immediately	 proximal	 to	 the	 nucleus.	 The	

centrosome	enters	this	region,	which	is	followed	by	the	elongated	nucleus	to	advance	

into	it,	so	that	the	soma	also	progresses.	Finally,	endocytosis	and	recycling	of	adhesion	
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molecules	 allows	 the	 leading	 process	 to	 continue	 growing	 towards	 the	 pial	 surface	
163,164.	

Molecular mechanisms of locomotion 

The	 molecular	 mechanisms	 that	 rule	 locomotion	 steps	 have	 not	 already	 been	

completely	defined,	but	some	factors	have	been	described.	Regarding	 the	cytoplasm	

dilation/swelling,	 RhoA	 signalling	 and	 Lis1/dynein	 are	 important	 in	 centrosomal	

positioning,	but	their	deficiency	does	not	impair	dilation/swelling	formation	165,166.	On	

the	 other	 hand,	 Dcx	 and	 Rac1	 are	 required	 for	 this	 process,	 controlling	microtubule	

and	actin	organization	respectively	167,168		

Microtubules	 are	 also	 involved	 in	 centrosomes	organization	 and	nucleus	movement.	

The	 centrosomes	 are	 located	 in	 the	 proximal	 part	 of	 the	 leading	 process	 and	 the	

microtubules	project	anteriorly,	towards	the	front	tip,	and	posteriorly	surrounding	the	

nucleus	 to	 pull	 it	 forward,	 in	 a	 movement	 known	 as	 nucleokinesis.	 A	 proper	

microtubule	organization	is	therefore	crucial	in	locomotion.	Indeed,	some	human	brain	

malformation	diseases	are	associated	with	mutations	in	microtubule-related	proteins.	

Two	 examples	 are	 Lissencephaly	 1	 (Lis1)	 169	 and	Doublecortin	 (DCX)	 170,	 which	were	

named	 after	 the	 disease	 induced	 by	 their	 respective	 mutation.	 Lis1	 associates	 with	

dynein	 and	 regulate	microtubule	 organization	 and	 stability	 171.	 Together	with	Ndel1,	

they	 play	 a	 crucial	 role	 in	 centrosome-nucleus	 coupling	 of	migrating	 neurons,	 and	 a	

perturbation	in	one	of	these	proteins	leads	to	locomotion	migration	abnormalities	and	

eventually	 cortical	 lamination	defects	 172,173.	DCX	 is	 a	microtubule-associated	protein	

that	promotes	maintenance	of	the	microtube	organization	with	the	centrosome	174.	Its	

KO	does	not	show	detectable	abnormalities	in	the	cortex	175,	but	acute	knockdown	by	

iRNA	 induces	 severe	 migration	 defects	 176.	 A	 possible	 explanation	 is	 compensation	

effects	 with	 redundant	 pathways	 such	 as	 Doublecortin-Like	 Kinase	 (DCLK).	 Indeed,	

DKO	 of	 DCX	 and	 DCLK,	 show	 a	 severe	 disruption	 in	 migration	 and	 cortical	 layer	

formation	175,177.			

In	regard	to	actin	cytoskeleton,	a	proper	coordination	with	microtubule	organization	is	

essential	 for	 a	 correct	 locomotion.	 Thus,	 Myosin-II	 is	 only	 activated	 in	 migrating	
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neurons	when	the	bipolar	morphology	 is	achieved.	Then,	 it	 is	mainly	concentrated	 in	

the	 rear	 of	 the	 nucleus	 after	 the	 dilation/swelling	 generate	 a	 pushing	 force	 that	

impulse	the	nucleus	forward	166.		

Regarding	adhesion	and	endocytosis,	they	are	two	related	processes	in	locomotion.	N-

cadherin	is	determinant	for	the	attachment	of	migrating	neurons	to	the	RGC	fiber	178.	

Moreover,	 the	Rab5-dependent	endocytosis	of	N-cadherin	 in	 the	rear	of	 the	cell	and	

Rab11-mediated	 recycling	 in	 the	 leading	 process	 is	 essential	 for	 the	 adhesion	 of	

locomotion-migrating	cells.			

	

	

Figure	14.	Mechanisms	of	MP-BP	transition	and	locomotion.	A)	MBP	transition.	MMNs	change	to	adopt	a	bipolar	
morphology	and	migrate	by	locomotion.	This	is	achieved	by	activation	of	Rnd2	via	Ngn2	and	COUP-TF1	transcription	
factors,	 or	 repressed	 by	 Unc5D,	 which	 senses	 repulsive	 FLRT2	 in	 the	 CP.	 B)	 Details	 of	 nucleokinesis.	 Cells	 are	
attached	 to	 the	 RGF	 by	 NCadherin	 homophilic	 interaction.	 The	 elongation	 of	 the	 leading	 process	 starts	 the	
locomoting	 process,	 which	 is	 followed	 by	 a	 swelling	 or	 dilation	 of	 the	 proximal	 leading	 process.	 This	 region	 is	
invaded	 by	 the	 centrosome,	 which	 in	 turn	 will	 pull	 the	microtubule-embraced	 nucleus	 forward	 (orange	 arrow).	
From	 the	 rear,	 myosin	 will	 also	 push	 the	 nucleus	 forward	 (red	 arrow).	 With	 the	 aquisition	 of	 a	 new	 advanced	
position,	 the	process	 starts	 again.	Abbreviations:	 aRGC,	 apical	 radial	 glial	 cell;	 CP,	 cortical	 plate;	 IZ,	 intermediate	
zone;	 LMN,	 locomotion	migrating	 neuron;	MP-BP,	 multipolar	 bipolar;	MMN,	multipolar	 migrating	 neuron;	MTB,	
microtubules;	MZ,	marginal	zone;	NCadh,	NCadherin;	RGF,	radial	glial	fiber;	SVZ,	subventricular	zone;	VZ,	ventricular	
zone.		
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4. Translocation  

Migrating	neurons	reach	the	top	of	the	CP	and	shift	from	locomotion	to	translocation,	

and	also	start	maturation	by	extending	dendrites	and	axons.	Three	steps	 in	 this	 final	

process	 are	 observed:	 I)	 stopping	 signal,	 II)	 detaching	 from	 RGCs	 and	 III)	 terminal	

translocation	 129.	 Therefore,	 locomotion	 is	 stopped;	migrating	 cells	 detach	 from	 the	

RGCs	and	adopt	monopolar	morphology,	with	the	leading	process	attached	to	the	pial	

surface	(Figure	15A).	Then,	a	retraction	of	the	 leading	process	takes	the	soma	to	the	

most	superficial	layer	of	the	cortex.	Meanwhile,	neurons	begin	to	maturate	by	sending	

their	axons	apically	and	starting	the	branching	of	the	dendrites.		

Molecular mechanisms of translocation: Reelin 

Over	 50	 years	 ago	 a	 spontaneous	mutation	 on	 a	mouse	 was	 discovered,	 the	 reeler	

mouse,	which	had	abnormalities	in	the	development	of	the	cortex	179.	The	preplate	of	

this	mouse	model	is	normally	formed,	but	the	following	cohorts	of	migrating	neurons	

cannot	follow	their	normal	inside-out	pattern	and	the	layers	are	formed	in	the	reverse	

order.	Later,	it	was	discovered	that	reeler	mice	have	mutations	in	the	gene	Reelin	180.	

Moreover,	mutation	of	Reelin	 in	humans	 leads	to	 lissencephaly,	which	resembles	the	

cortical	defects	observed	in	mouse	181.		

Reelin	 is	a	glycoprotein	secreted	by	Cajal-Retzius	cells	 in	 the	MZ	182,	 that	binds	to	 its	

receptors	 Apolipoprotein	 E	 receptor	 2	 (ApoER2)	 and	 very-low-density	 lipoprotein	

receptor	 (VLDLR),	 which	 are	 expressed	 in	 migrating	 neurons	 183–185.	 	 The	 activated	

signalling	activates	the	phosphorylation	of	Disable	homolog	1	(Dab1),	whose	KO	mouse	

model	resembles	the	reeler	186	 .	However,	 the	molecular	and	cellular	mechanisms	by	

which	Reelin	and	Dab1	 regulate	migration	are	not	 completely	understood	and	many	

options	are	still	contemplated.		
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Figure	15.	Translocation	mechanisms.	A)	After	locomotion,	neurons	perform	translocation	in	the	upper	layers.	B)	
Cajal-Retzius	cells	(CRC)	secrete	Reelin	that	activates	the	transformation	from	locomotion	migating	neurons	(LMNs)	
to	translocation	migrating	neurons	(TrMNs)	before	entering	the	primitive	cortical	zone	(PCZ)	composed	by	orange	
immature	 neurons	 (iN)	 (left	 pannel).	 In	 the	 right	 pannel,	 orange	 iNs	 have	 differenciated	 into	 orange	mNs,	while	
yellow	TrMNs	have	established	in	the	PCZ	as	iNs.	Abbreviations:	aRGC,	apical	radial	glial	cell;	CP,	cortical	plate;	CRC,	
Cajal-Retzius	cell;	iN,	immature	neuron;	IZ,	intermediate	zone;	LL,	lower	layers;	LMN,	locomotion	migrating	neuron;	
mN,	mature	neuron;	MZ,	marginal	zone;	PCZ,	primitive	cortical	zone;	SVZ,	subventricular	zone;	UL,	upper	layers;	VZ,	
ventricular	zone.	

First	 studies	 proposed	 the	 "stop	 signal	 model",	 which	 claimed	 that	 Reelin	 induced	

detachment	of	neurons	from	RG	fibres	187.	However,	later	studies	showed	that	Reelin	

ectopically	expressed	in	the	VZ	does	not	induce	an	accumulation	of	cells	in	the	lower	

part	of	 the	cortex.	Moreover,	 the	 reeler	phenotype	 is	 rescued	by	both	expression	of	

Reelin	 in	 the	 VZ	 or	 exogenously	 added	 in	 slice	 cultures	 188,189.	 In	 conclusion,	 Reelin	

restriction	to	the	MZ	is	not	essential	and	it	is	probable	that	it	does	not	mediate	a	stop	

signal.		

Recent	 studies	 have	 determined	 that	 Reelin-Dab1	 signalling	 might	 control	

translocation	190–192	(Figure	15B).	Migrating	Dab1-depleted	cells	are	stopped	in	the	CP	

before	 reaching	 the	 most	 superficial	 layer,	 suggesting	 implication	 in	 terminal	

translocation.	In	addition,	the	Reelin-Dab1-mediated	terminal	translocation	is	essential	

for	 the	 generation	 of	 the	 "inside-out"	 formation	 of	 the	 layers.	 A	 transient	 region	 of	

immature	 neurons	 was	 described	 between	 the	 CP	 and	 the	 MZ,	 and	 was	 called	

Primitive	Cortical	Zone	(PCZ)	191.	When	a	locomotion-migrating	cohort	of	neurons	gets	

beneath	 the	 PCZ,	 senses	 the	 MZ-secreted	 Reelin	 and	 activates	 a	 Dab1-mediated	

transformation	 into	a	 translocation	migration	mode;	 thereby,	neurons	 cross	 through	
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the	 PCZ	 and	 get	 beneath	 the	 MZ.	 Lower	 PCZ	 immature	 neurons	 (NeuN	 negative)	

differentiate	into	pyramidal	neurons	in	an	inside-out	sequence	while	new	translocating	

neurons	reach	the	most	pial	PCZ.	By	this	process,	Reelin	is	understood	as	an	activator	

of	translocation	and	regulator	of	the	inside-out	cortical	formation	at	the	PCZ.		

2.3.1.2 Cortical folding 

The	 human	 brain	 has	 evolved	 in	 a	 way	 that	 presents	 a	 very	 characteristic	 cortical	

folding	into	gyri	(outward	bending)	and	sulci	(inward	bending)	(Figure	16A),	which	has	

enabled	 a	 great	 expansion	 of	 the	 cortex	 without	 engrossment	 of	 the	 volume.	 This	

feature	 is	 key	 for	 the	optimization	of	brain	organization	and	 increasing	 its	 capacities	
193,194.	This	is	the	so-called	gyrencephalic	cortex,	also	present	in	non-human	primates,	

ferrets,	cats,	sheep	and	other	mammals.	However,	other	less	evolved	species,	such	as	

reptiles,	 birds,	 and	 also	 mice,	 present	 a	 smooth	 cortex	 without	 foldings,	 which	 is	

known	as	lissencephalic	brain.	Though	this	is	a	macroscopically	observable	appearance	

and	 far	known	topic	of	 the	brain,	 the	mechanisms	by	which	 the	cortex	 folds	are	still	

under	discussion.	Two	kinds	of	factors	seem	to	contribute	in	the	formation	of	gyri	and	

sulci:	 mechanical	 (or	 resulting	 from	 physical	 forces)	 and	 biological	 (resulting	 from	

cellular	 and	 molecular	 agents).	 Actually,	 the	 cellular	 changes	 that	 occur	 in	 the	

developing	brain	set	the	conditions	for	tissue	mechanics	that	ultimately	generate	folds.	

Physical	mechanisms	

Many	 hypotheses	 have	 risen	 on	 how	 physical	 forces	 generate	 folding	 of	 the	 cortex.	

The	 prevalent	 and	 most	 accepted	 one	 was	 defined	 in	 1975	 and	 is	 explained	 by	

differential	 tangential	 growth	of	 two	differentiated	 shells	 in	 the	 cortex,	 in	which	 the	

outer	expands	faster	than	the	 inner	195.	A	series	of	mathematical	simulations	and	gel	

models	obtained	generation	of	sulci	and	gyri	 that	resembled	the	human	brain	cortex	
196.	 Moreover,	 very	 precise	 parameters	 were	 crucial	 for	 determining	 the	 proper	

formation	 of	 folds,	 such	 as	 the	 initial	 size,	 the	 thickness	 of	 the	 outer	 zone	 and	 the	

tangential	expansion	rate	194,196.	So	what	are	the	biological	outer	and	inner	layers	that	

differentially	behave	in	the	folding	brain?	The	CP	is	proposed	for	the	outer	zone,	while	

the	IZ	and	germinal	zones	for	the	inner197.	Thereby,	the	rapid	tangential	growth	of	the	
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CP	 will	 trigger	 the	 formation	 of	 gyri,	 and	 this	 can	 be	 achieved	 by	 rapid	 growth	 of	

pyramidal	neuron	bodies	and	neuropil	 198	 (Figure	16B).	Regarding	the	 inner	 layer,	3D	

mathematical	models	have	predicted	 that	changes	 in	 the	orientation	of	axons	 in	 the	

white	matter	could	modify	the	location	of	gyri	and	sulci	199.		

	

	

Figure	 16.	 Cortical	 folding.	 A)	 Depressions	 on	 the	 pial	 cortical	 surface	 are	 called	 sulci,	 while	 elevations	 are	
considered	 as	 gyri.	B)	 Physical	mechanisms	 of	 folding.	Mathematical	 simulations	 and	 gel	models	 indicate	 that	 a	
faster	 tangential	 growth	 of	 an	 outer	 layer	 versus	 an	 inner	 layer	 generate	 folding-like	 structures.	 Adapted	 from	
Llinares-Benadero	and	Borrell	2019	194.		

Cellular mechanisms: Neurogenesis and migration 

As	 exposed	 above,	 the	 cortical	 structures	 formed	 during	 development	 generate	 the	

proper	conditions	for	the	mechanical	forces	to	form	gyri	and	sulci.	Two	developmental	

cellular	processes	influence	cortical	shape	and	density:	neurogenesis	and	migration.		

Remarkably,	species	with	folded	cortex	exhibit	an	increased	neurogenic	rate	in	regions	

that	will	generate	a	greater	surface	cortical	area	and	folding,	while	lower	neurogenesis	

is	 related	 to	 regions	 with	 low	 expansion	 and	 folding	 200–202.	Moreover,	 species	 with	

gyrencephalic	cortex	show	an	increase	and	division	of	the	SVZ	into	the	inner	and	outer	

SVZ	 (iSVZ	 and	 oSVZ,	 respectively),	 origin	 of	 neuronal	 precursors	 and	 specific	 of	

gyrencephalic	 species.	 However,	 an	 elevated	 neurogenic	 rate	 does	 not	 seem	 to	 be	

sufficient	for	cortical	folding.	Hence,	human	and	ferrets	with	lissencephaly	present	no	

foldings,	 but	 can	 occur	 without	 changes	 in	 cortical	 volume	 203.	 Moreover,	

microencephalic	 brains	 are	 smaller	 and	 present	 a	 considerable	 reduction	 in	 neuron	
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number,	 but	 still	 may	 develop	 apparently	 normal	 cortical	 folding	 194.	 All	 these	

observations,	suggest	that	other	key	features	are	needed.	

The	oSVZ	plays	 a	 key	 role	 in	 the	 tangential	 dispersion	of	 the	CP.	 It	 is	 constituted	by	

bRGCs,	which	show	similar	marker	expression	and	morphology	to	aRGCs,	with	a	only	a	

basal	process	extended	radially	to	the	pial	surface	204,205.	A	model	of	"radial	glial	fibre	

divergence"	is	proposed	to	understand	the	mechanism	by	which	bRGCs	are	essential	in	

cortical	 folding.	 This	 hypothesis	 claims	 that	 radial	 glial	 fibres	 extended	 from	 bRGCs	

intercalate	 with	 the	 already	 existing	 scaffold,	 increasing	 the	 density	 of	 fibres.	 As	 a	

consequence,	a	divergence	of	the	scaffold	is	generated,	resulting	in	radially	migrating	

neurons	 with	 a	 high	 tangential	 dispersion	 204	 (Figure	 17),	 which	 is	 needed	 for	 the	

mechanical	 forces	 to	 generate	 folds	 194.	 Indeed,	 extra	 generation	 of	 bRGC	 in	 ferret	

induces	an	increase	in	cortical	folding	132.	

	

Figure	 17.	 Differential	 structure	 of	 a	 lissencephalic	 and	 gyrencephalic	 brain.	 Lissencephlaic	 brains	 (left)	 exhibit	
many	 apical,	 but	 fewer	 basal	 progenitors,	 especially	 bRGCs.	 Note	 a	 thinner	 oSVZ.	 Gyrencephalic	 brains	 (right)	
exhibit	a	great	increase	in	bRGCs,	that	accumulate	in	an	expanded	oSVZ.	This	triggers	a	higher	density	of	fibers	and	
a	tangential	expansion	of	the	pial	surface,	eventually	resulting	in	the	formation	of	folds.	Abbreviations:	a,	apical;	b,	
basal;	CP,	cortical	plate;	iSVZ,	inner	SVZ;	IPC,	intermediate	progenitor	cell;	 IZ,	 intermediate	zone;	oSVZ,	outer	SVZ;	
RGC,	radial	glial	cell;	SVZ,	subventricular	zone;	UL,	upper	layer;	VZ,	ventricular	zone.	Adapted	from	Fernandez	and	
Llinares-Benadera	et	al.	2016	193.	
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Molecular mechanisms 

Neurogenesis,	 bRGCs	 formation	 and	 radial	 migration	 are	 the	 three	 main	 cellular	

mechanisms	 that	 rule	 cortical	 folding	 in	 gyrencephalic	 species.	 Obviously,	 these	 are	

controlled	 by	 molecular	 mechanisms	 of	 all	 types:	 secreted	 signals	 and	 receptors,	

signalling	pathways	and	TFs.		

NPCs proliferation and neurogenesis 

A	 proper	 balance	 of	 NPCs	 maintenance	 and	 neurogenesis	 is	 essential	 for	 the	 final	

number	of	neurons	that	will	constitute	the	CP	and	will	be	involved	in	the	generation	of	

folds.	 FGF	 signalling	 seems	 to	be	 relevant	 in	 the	control	of	proliferation.	 Injection	of	

FGF2	 or	 FGF8	 in	 the	 lateral	 ventricle	 increases	 proliferation	 of	 NPCs	 and	 leads	 to	

cortical	 folding	 in	 mice	 and	 polymicrogyria	 (more	 small	 folds)	 in	 ferrets	 206,207.	

Accordingly,	 an	 increase	of	 bRGCs	due	 to	 tissue-specific	 overexpression	of	 Cdk4	 and	

CycD1	resulted	in	larger	cortical	surface	area	in	mouse	and	ferret,	but	only	promoted	

cortical	 folding	 in	 ferret	 208.	 Similarly,	 lack	 of	 Retinoic	 Acid	 signalling	 promotes	 an	

increase	 of	 RGCs	 in	 mouse	 due	 to	 inhibition	 of	 asymmetric	 division	 (this	 is,	

maintenance	in	RGC	state	and	not	into	IPCs	or	neurons)	and	induces	aberrant	folds	in	

mice	 209.	 Conversely,	 alterations	 in	 NPCs	 proliferation	 regulation	 genes	 that	 are	

mutated	 in	human	 folding	malformations	 (such	as	SRPX2,	PI3CA	 and	PIK3R2)	 do	not	

induce	folding	in	mice	194.			

Generation of bRGCs 

As	stated	before,	bRGCs	play	a	key	role	in	the	cortical	folding	132,204	and	many	efforts	

have	 been	 employed	 to	 determine	 the	 cellular	 and	molecular	 factors	 that	 rule	 their	

generation.		

The	 production	 of	 bRGCs	 involves	 the	 asymmetric	 division	 of	 aRGC,	 in	 which	 the	

orientation	of	mitotic	cleavage	plane	plays	a	major	role.	Thus,	a	change	from	vertical	

to	horizontal	plane	usually	activates	asymmetric	cell	division,	sometimes	giving	place	
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to	 bRGCs,	 IPCs	 or	 neurons.	 This	 process	 is	 regulated	 by	many	 genes,	 some	 of	 them	

inducing	 formation	 of	 IPCs,	 such	 as	 INSC,	 FGF	 and	ROBO	 139,210,211	 ,	 whereas	 loss	 of	

dLGN	 or	 cadherin-1	 and	 constitutive	 activation	 of	 Shh	 signalling	 favour	 division	 into	

bRGCs	133,212,213.		

Another	crucial	 factor	 in	bRGCs	 formation	 is	delamination	 from	VZ	 to	 reach	 the	SVZ.	

Most	of	the	studied	genes	that	have	been	altered	in	mouse	or	ferret	models	to	induce	

or	 reduce	 the	 cortical	 folding	 regulate	 delamination.	 On	 one	 hand,	 some	 genes	 are	

delamination	inhibitors.	For	instance,	TAG1	deficiency	results	in	overcrowded	RGCs	in	

the	 VZ	 followed	 by	 their	 delamination	 and	 formation	 of	 heterotopia	 in	 the	 CP	 214.	

Moreover,	cadherin-1	is	also	involved	in	delamination,	since	its	physiological	temporal	

decrease	 in	 ferrets	 allows	 detachment	 from	 the	 apical	 surface	 and	 generation	 of	

bRGCs	 in	 the	OSVZ	212,215.	 	On	the	other	hand,	some	genes	 favour	delamination.	FGF	

receptors	local	interference	by	in	utero	electroporation	(IUE)	in	ferrets	diminishes	the	

number	of	bRGCs	in	the	oSVZ	and	incredibly	reduces	the	formation	of	a	local	gyrus	216.	

In	 the	same	way,	 the	TF	 Insm1	expressed	 in	BPs	 represses	apical	adherens	 junctions	

proteins	 to	 induce	 delamination	 and	 increase	 of	 bRGCs	 217.	 Pax6,	 which	 is	 normally	

expressed	in	bRGCs,	sustained	expression	in	RGCs	leads	to	increased	generation	of	BPs	

through	 delamination	 processes	 and	 self-renewal	 in	 the	 SVZ,	 eventually	 increasing	

upper-layer	 neurons	 218.	 Similarly,	 inhibition	 of	 Tbr2	 in	 ferrets	 by	 IUE	 resulted	 in	 a	

marked	 reduction	 of	 Tbr2+	 IPCs	 and	 also	 Pax6+	 bRGCs	 219.	 Moreover,	 Tbr2	

misregulation	in	humans	leads	to	cortical	folding	aberrations	220.		

To	conclude,	the	increase	of	bRGCs	in	the	SVZ	is	 induced	by	I)	a	change	of	vertical	to	

horizontal	 cleavage	 plane	 in	 aRGCs	 and	 even	 more	 II)	 the	 repression/activation	 of	

genes	that	respectively	inhibit/promote	delamination	of	aRGCs.		

Migration 

A	 recently	 discovered	 mechanism	 involved	 in	 cortical	 folding	 is	 neuronal	 radial	

migration.	For	example,	defects	in	reelin	signalling	or	DCX	lead	to	abnormal	migration	

and	 severe	 cortical	 folding	 impairments	 in	humans	 170.	Moreover,	 ferrets	DCX	KO	or	

mutations	 of	 Cdk5,	 both	 important	 in	 radial	 migration,	 develop	 lissencephaly	 or	
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impairments	 in	 cortical	 folding,	 respectively	 203,221.	 Remarkably,	 a	 recent	 study	

described	that	faster	migration	of	neurons	due	to	a	reduced	adhesion	generates	sulci	

and	 gyri	 in	 the	 mouse	 cortex	 222,	 that	 is	 explained	 as	 a	 model	 of	 gyrencephaly	 in	

following	sections.		

Models of gyrencephaly 

Mouse	 models	 that	 exhibit	 cortical	 abnormalities	 that	 resemble	 cortical	 folds	 are	

several	 but	 not	 all	 are	 considered	 to	 be	 genuine	 folding.	 To	 do	 so,	 they	 need	 to	

reproduce	two	conditions	naturally	existing	in	gyrencephalic	species:	folding	in	the	pial	

surface	and	CP,	but	not	 in	the	apical	surface	223	 (Figure	18).	Here	we	will	give	a	brief	

review	of	the	mouse	models	that	successfully	reproduced	these	features.		

									 	

Figure	18.		Pseudo	and	genuine	cortical	folding.	A)	Pseudo	cortical	folding	appears	in	some	models	as	a	convolution	
of	 both	 the	 apical	 and	 pial	 surface,	 which	 is	 not	 normally	 happen	 in	 gyrencephalic	 species.	B)	 Genuine	 cortical	
folding	is	achieved	when	the	pial	surface	is	convoluted,	but	not	the	apical.	Adapted	from	Borrell	V.,	2018	223.		

Trnp1 

A	 study	 that	 analysed	 the	 differential	 expression	 of	 genes	 that	 might	 promote	 the	

maintenance	of	aRGCs	identified	that	Trnp1	is	highly	expressed	in	aRGCs	224.	Trnp1	is	a	

DNA	bounding	protein	that	promotes	NPCs	self-renewal.	Indeed,	Trnp1	overexpression	

by	 IUE	 induces	 proliferation	 of	 aRGCs	 and	 thus	 a	 tangential	 expansion	 of	 the	 VZ.	

Oppositely,	interference	of	Trnp1	RNA	by	IUE	induces	a	great	increase	in	Tbr2+	BPs	and	

Pax6+	 bRGCs	 through	 increase	 of	 aRGCs	 delamination,	 but	 also	 in	 a	 change	 of	 the	

A) Pseudo cortical folding B) Genuine cortical folding
Pial 

Apical 

Pial 

Apical 
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cleavage	 plane	 angle.	 Moreover,	 this	 intervention	 leads	 to	 a	 radial	 expansion	 and	

ultimately	to	cortical	folding	225	(Figure	19).	This	model	was	the	first	ever	example	of	

genuine	generation	of	 folds	 in	mouse,	 that	clearly	exposed	that	bRGCs	play	a	crucial	

role	in	cortical	folding.		

Shh signalling 

Defective	 signalling	 of	 Shh	 (Sonic	 Hedgehog)	 in	 humans	 is	 a	 cause	 of	

holoprosencephaly	 and	 microcephaly	 226–228.	 Mouse	 models	 that	 lack	 Shh	 signalling	

exhibit	defective	 IPCs	proliferation	and	microcephaly	229.	A	more	recent	study	used	a	

mouse	model	with	 constitutive	 active	 Smoothened	 (SmoM2),	 a	 positive	 regulator	 of	

Shh	 signalling,	 only	 in	 aRGCs	 and	 progeny	 213.	 SmoM2	 mutants	 present	 enlarged	

cortices	and	folding	of	the	cingulate	cortex.	This	phenotype	is	caused	by	an	expansion	

of	bIPCs	and	bRGCs,	due	 to	a	 change	 in	 the	mitotic	 cleavage	angle	of	 aRGCs	and	an	

increased	self-renewal	of	bRGCs	(Figure	19).	Moreover,	human	aRGCs	show	high	levels	

of	 Shh-signalling-associated	 proteins,	 suggesting	 that	 it	 is	 relevant	 for	 its	 natural	

folding.	Finally,	blocking	of	Shh	signalling	 in	human	cerebral	organoids	 is	sufficient	to	

decrease	bRGCs	production.	All	these	results	indicate	a	role	of	Shh	in	the	production	of	

bRGCs	and	that	this	process	is	necessary	for	human	cortical	folding.		

Flrt1/3 

FLRTs	are	a	family	of	transmembrane	proteins	that	were	first	described	in	1999	230.	In	

mouse,	 FLRT3	 has	 an	 essential	 role	 in	 ventral	 closure	 and	 headfold	 fusion	 during	

gastrulation	231,232.	Moreover,	FLRT2/3	are	expressed	in	the	developing	brain	acting	as	

repulsive	 cues	 for	Unc5B/D+	migrating	neurons	 in	 the	 SVZ	 162.	 Besides,	 FLRTs	 crystal	

structure	was	 revealed	 and	 lead	 to	 discover	 that	 FLRTs	 can	 interact	 in	 a	 homophilic	

manner	that	rules	adhesion	processes,	which	are	relevant	during	radial	migration	233.	

Intriguingly,	 FLRT1/3	DKO	 spontaneously	 generate	 cortical	 folds	 222.	 In	 contrast	with	

the	 two	 above-mentioned	 models,	 FLRT1/3	 DKO	 do	 not	 exhibit	 an	 increase	 in	

proliferation	 or	 bRGCs,	 but	 a	 higher	 speed	 profile	 in	 DKO	 neurons	 due	 to	 lower	

adhesion	(Figure	19).	Moreover,	FLRT1/3	levels	are	low	in	human	embryos	cortices	and	
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in	ferret	future	sulci,	where	folds	are	naturally	found.	All	this	results,	suggest	a	model	

that	explains	that	both	adhesion	and	repulsion	between	migrating	neurons	generates	

a	 neuron	 clustering	 during	 migration.	 This	 phenomenon	 triggers	 accumulation	 of	

neurons	 in	 the	 upper	 CP	 in	 such	 a	 way	 that	 mechanical	 forces	 can	 induce	 the	

formation	of	folds	222.		

Hominoid-specific genes: ARHGAP11B, TBC1D3, TMEM14B 

Recently,	 some	 studies	 have	 studied	 the	 involvement	 of	 primate-	 or	 human-specific	

genes	 in	 the	 cortical	 folding.	 In	 this	 sense,	 an	 RNAseq	 analysis	 revealed	 that	

ARHGAP11B	 is	a	human-specific	gene	that	is	strongly	expressed	in	human	bRGCs	and	

aRGCs,	 but	 at	 low	 levels	 in	 neurons.	 Since	 it	 does	 not	 have	 a	 mouse	 ortholog,	 it	

suggested	a	role	in	the	human	brain	evolution.	Indeed,	overexpression	of	ARHGAP11B	

in	mouse	 cortices	 by	 IUE	 induces	 an	 increase	of	 BPs	 and	 genuine	 cortical	 folding	 234	

(Figure	19).		

Similarly,	TBC1D3	 is	a	primate-specific	gene	that	has	multiple	copies	in	humans	but	a	

single	 copy	 in	 the	 chimpanzee.	 Its	 expression	 in	 embryonic	 mouse	 brain	 induces	

delamination	of	aRGCs	and	self-renewal	of	bRGCs,	which	resultes	in	formation	of	folds	

and	 heterotopias	 postnatally	 (Figure	 19).	 Moreover,	 downregulation	 of	 TBC1D3	 in	

human	brain	slices	triggers	a	reduction	of	bRGCs	in	the	OSVZ	235	.		

Finally,	 single-cell	 transcriptomic	 analysis	 of	 human	 NPCs	 found	 that	 TMEM14B	 is	

enriched	 in	 the	 oSVZ.	 A	 phylogenetic	 analysis	 revealed	 that	 the	 gene	 arose	 in	 the	

primate	linage.	Overexpression	of	this	gene	by	IUE	in	mouse	embryos	induces	cortical	

thickening	 and	 bRGC	 and	 IPCs	 extension.	 Finally,	 transgenic	 mouse	 expressing	

TMEM14B	in	NPCs	exhibit	cortical	folds	or	heterotopias	236	(Figure	19).	
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Figure	19.	Mouse	models	of	genuine	cortical	folding.	A)	Schematic		representation	of	the	structure	of	a	mouse	wild	
type	cortex	and	mouse	mutant	folded	cortices.	TrnpKO,	SmoM2	mice	or	overexpression	of	hominid-specific	genes	
ARHGAP11B,	 TBC1D1	 and	 TMEM14B	 in	 mouse	 cortices,	 induce	 increase	 of	 basal	 progenitors	 and	 oSVZ	 and	
ultimately	 a	 folded	 cortex.	 FLRT2/3	 DKO	 does	 not	 exhibit	 increase	 in	 basal	 progenitors,	 but	 increased	migration	
speed	 (longer	 green	arrow),	 resulting	 in	 a	 faster	 accumulation	of	neurons	 in	 the	 cortical	 plate.	Abbreviations:	 a,	
apical;	b,	basal;	Cx,	 cortex;	Hc,	hippocampus;	 iSVZ,	 inner	SVZ;	 IPC,	 intermediate	progenitor	 cell;	oSVZ,	outer	SVZ;	
RGC,	radial	glial	cell;	SVZ,	subventricular	zone;	Th,	thalamus;	UL,	upper	layer;	VZ,	ventricular	zone.	

2.3.1.3 Brain development related diseases 

Brain	formation	defects	occurred	during	embryonic	development	have	a	great	impact	

on	 its	 adult	 function	 and	 lead	 to	 severe	 intellectual	 disabilities.	 Usually,	 these	

malformations	are	organized	according	to	its	main	affection	(brain	size,	cortical	folding	

or	 formation	 of	 ectopias),	 though	 most	 clinical	 cases	 develop	 a	 combination	 of	

abnormalities	 193.	 A	 schematic	 representation	 of	 most	 of	 the	 human	 cortical	

malformation	is	found	in	Figure	20.		

Brain	 size	 abnormalities	 are	 mainly	 originated	 as	 result	 of	 alterations	 in	 NPCs	

proliferation	 and/or	 their	 survival,	 either	 by	 excessive	 (megalencephaly),	 defective	

(microcephaly)	 or	 imbalanced	 (dysplasia).	Microcephaly	 is	 associated	with	mutations	

of	 MCPH1	 and	 ASPM,	 genes	 controlling	 mitosis,	 which	 results	 in	 a	 delay	 of	

neurogenesis	and	a	reduced	brain	size	237–240.	On	the	contrary,	excessive	proliferation	

leads	to	megalencephaly,	which	 is	usually	occurring	together	with	polymicrogyria	241.	

In	many	 cases,	 PI3K-Akt	 signalling	 is	 essential	 in	 controlling	 brain	 size	 242–244.	 Finally,	

dysplasia	 includes	 patients	 with	 a	 combination	 of	 focal	 alterations,	 with	

polymicrogyria,	heterotopia	or	dysmorphic	neurons	241.		
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Abnormalities	in	cortical	folding	also	give	rise	to	a	subset	of	diseases,	usually	related	to	

neuronal	migration	defects.	Lissencephaly	includes	diverse	disorders,	all	characterized	

by	a	simplification	of	the	cortical	folds.		Agyria	stand	for	the	complete	absence	of	folds;	

pachygyria,	 a	 simplified	 pattern;	 and	 subcortical	 band	 heterotopia,	 with	 broader	

convolutions	 193.	 Lissencephalies	 can	 be	 divided	 into	 two	 main	 types	 that	 originate	

from	 different	 developmental	 defects.	 While	 Type	 I	 is	 caused	 by	 mutations	 in	

cytoskeleton-related	genes	 (such	as	 Lis1,	DCX	or	 reelin)	 and	 thus	 reducing	migration	

and	altering	layer	formation,	Type	II	(or	Cobblestone)	is	caused	by	excessive	migration	

and	is	mainly	characterized	by	cortical	ectopias.	Genes	involved	in	Cobblestone	are	all	

related	to	attachment	of	 the	radial	glial	 fibre	to	the	pial	surface	245,246.	Oppositely	 to	

lissencephaly,	 polymicrogyria	 is	 the	 formation	 of	 many	 but	 smaller	 folds	 and	 also	

involve	 abnormal	 lamination	 247.	 This	 phenotype	 is	 rarely	 seen	 alone,	 but	 combined	

with	microcephaly.		

Finally,	some	disorders	are	related	to	the	emergence	of	ectopia,	which	literally	means	

"out	 of	 place".	 Double	 cortex	 is	 characterized	 by	 the	 formation	 of	 a	 thick	 band	 of	

cortical	cells	within	the	white	matter	170,	which	appears	to	be	a	formation	of	a	second	

cortex	(hereby	its	name).	These	cells	are	substracted	from	the	cortical	region,	resulting	

in	 a	 reduction	 of	 the	 cerebral	 cortex	 size.	 Periventricular	 heterotopia	 is	 also	

characterized	by	ectopic	cortical	neurons	in	the	vicinity	of	the	ventricular	surface,	but	

in	this	case	in	a	nodule-like	appearance.	These	nodules	are	the	origin	of	epileptic	foci	

in	patients	that	otherwise,	do	not	exhibit	gross	intellectual	defects	248–250.	In	this	case,	

radial	migration	is	affected	in	a	subset	of	neurons	due	to	defective	actin	cytoskeleton	

remodelling	248.			
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Figure	20.	Human	 cortical	malformations	and	 their	phenotypic	manifestations.	Adapted	from	Fernández	V.	and	
Llinares-Benadera	C.	et	al.	2016	193.		

2.3.2. Cortical interneurons 

Simultaneously	 to	 radial	 migration,	 interneurons	 perform	 tangential	 migration	 from	

subpallial	regions	to	the	cortex.	In	this	process	neurons	perform	a	long	travel	so	they	

are	exposed	to	many	repulsive	and	attractive	signals.	Remarkably,	neither	locomotion	

nor	 translocation	 exist	 in	 tangential	 migration	 of	 cortical	 interneurons,	 since	 the	

movement	is	independent	of	a	glial	scaffold.	In	contrast,	they	use	other	mechanisms	in	

order	to	migrate,	such	as	using	their	own	relatively	short	leading	process	to	screen	the	

environment	seeking	for	positive	or	negative	molecular	cues.	Some	of	these	molecular	

mechanisms	of	cortical	tangential	migration	are	well	known.		

Chemotactic	gradients	are	the	major	regulators	of	 interneurons	tangential	migration.	

After	 they	 are	 born	 in	 the	MGE,	 CGE	 or	 POA	 251	 they	 begin	 migration	 towards	 the	

pallium	 and	 therefore	 need	 to	 cross	 the	 LGE	 and	 striatum	 regions.	 Sema3A	 and	

Human cortical malformations and their phenotypic manifestations 

Virginia Fernández et al. EMBO J. 2016;35:1021-1044 

© as stated in the article, figure or figure legend 
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Sema3F,	 abundant	 in	 the	 striatum	 252,	 act	 as	 a	 repulsive	 signal	 for	 Nrp1	 and	 Nrp2-

expressing	interneurons.	Interestingly,	two	types	of	interneurons	are	born	in	the	MGE:	

Nkx2.1+	 and	 Nkx2.1-.	Moreover,	 Nkx2.1	 represses	 the	 expression	 of	 Nrps,	 directing	

Nkx2.1+	interneurons	to	the	cortex,	and	Nkx2.1	to	the	striatum	253.		Similary,	ephrinA3	

and	 ephrinB3	 expressed	 in	 the	 striatum	 are	 repellents	 for	 EphA4-	 and	 EphB1-

expressing	 interneurons,	 respectively	 254,255.	 Therefore,	 the	 striatum	 is	 considered	 a	

repulsive	 region	 for	 cortical	 interneurons.	On	 the	contrary,	CRD-Nrg1	 is	expressed	 in	

the	 migratory	 route	 of	 cortical	 interneurons,	 which	 express	 the	 CRD-Nrg1-receptor	

ErbB4	256,	and	its	deficiency	results	in	defects	of	interneuron	migration	257.		

Once	 in	 the	developing	 cortex,	 interneurons	 appear	 in	 two	main	migratory	 streams,	

the	SVZ	and	the	MZ	streams,	and	one	minor	in	the	SP	258.	This	organization	is	partially	

determined	by	 the	 chemokine	Cxcl12,	 expressed	by	 the	 cells	 located	 at	 the	 streams	
259,260.	Recently,	our	lab	has	determined	a	new	molecular	mechanism	that	controls	the	

streams	organization	 (manuscript	 in	 preparation).	 FLRT2	 and	 FLRT3	 are	 expressed	 in	

the	 CP	 and	 IZ	 and	 exert	 a	 repulsive	 effect	 on	 interneurons.	 FLRT2/3	 DKO	 shows	 a	

disorganization	of	 interneurons,	which	abnormally	 invade	the	 IZ.	Our	study	describes	

the	first	repulsive	signal	within	the	cortex	that	controls	interneuron	migration.		

Finally,	interneurons	perform	a	switch	from	tangential	to	radial	migration,	in	order	to	

invade	 the	 CP	 and	 start	 maturation.	 This	 process	 is	 mediated	 by	 the	 loss	 of	

responsiveness	to	Cxcl12	259.	Moreover,	Nrg3	secreted	by	pyramidal	cells	promotes	a	

proper	lamination	of	cortical	interneurons	261.		
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3. Rnd3: a small Rho GTPase 

G-Proteins	 or	 Guanosine	 triphosphatases	 (GTPases)	 is	 a	 family	 of	 proteins	 that	 bind	

and	 hydrolyse	 guanosine	 triphosphate	 (GTP).	 Their	 activity	 is	 usually	 regulated	 by	 a	

cycle	 of	 GTP-bound	 (active)	 and	 GDP-bound	 (inactive)	 states.	 Other	 proteins	 are	

participating	 in	 this	 cycle	 and	 therefore	 regulating	 GTPase	 activity.	 On	 one	 hand,	

GTPase	activating	protein	(GAP)	is	needed	to	hydrolyse	GTP	into	GDP+Pi,	subsequently	

inactivating	 the	 GTPase.	 On	 the	 other	 hand,	 a	 Guanine	 nucleotide	 exchange	 factor	

(GEF)	 promotes	 the	 release	 of	 GDP	 and	 enables	 binding	 of	 a	 new	 GTP	 molecule,	

resulting	in	activation	of	the	GTPase	protein.		

A	 subgroup	 within	 the	 GTPase	 family	 is	 the	 Small	 GTPases	 or	 the	 Ras	 superfamily,	

which	contains	different	subfamilies.	One	of	them	is	the	Ras	homologue	(Rho)	family	

that	contains	22	members	in	mammals,	which	most	known	are	Rac1,	Cdc42	and	RhoA.	

All	 RhoGTPases	 have	 been	 linked	 to	 cytoskeletal	 dynamics	 and	 therefore	 to	 cell	

movement,	 morphology,	 polarization	 or	 mitosis	 (for	 reviews	 check	 262,263).	 The	 Rnd	

small	 subfamily	within	RhoGTPases	 is	 composed	by	 three	members:	Rnd1,	Rnd2	and	

Rnd3/RhoE.	All	of	them	promote	rounding	of	cells	(hereby	the	name)	and	interestingly	

have	low	or	any	GTPase	activity,	meaning	that	they	are	always	in	the	active	GTP-bound	

state	264.		

3.1 Rnd3 regulation 

Rnd3	is	supposed	to	be	constitutively	bound	to	GTP	and	traditional	GAP-GEF	regulation	

of	 GTPases	 is	 not	 viable.	 Thus,	 the	 regulation	 of	 its	 function	 by	 other	 processes	 is	

crucial.	 Rnd3	 transcriptional	 control	 is	 the	 first	 key	 point,	with	 a	 relevant	 impact	 on	

cancer	studies	(Figure	21A).	Rnd3	is	upregulated	by	p53	upon	genotoxic	stress	265,	but	

also	 UV-damage	 can	 activate	 Rnd3	 p53-independently	 266.	 Other	 cancer-related	

signalling	pathways	are	linked	to	Rnd3	expression	such	as	NFκB,	mTORC,	PKA-cAMP	or	

B-Raf	267–271.	 Interestingly,	a	G-actin	dependent	mechanism	controls	Rnd3	levels.	Low	

levels	of	G-actin	activate	the	TF	MKL,	which	 in	turn	promotes	Rnd3	expression.	Rnd3	

polymerizes	 G-actin	 into	 F-actin,	 which	 diminishes	 G-actin,	 thus	 inducing	 a	 positive	
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feedback	loop	272.	At	mRNA	level,	microRNA-200b	and	c,	miR-17	and	miR-128a	control	

the	Rnd3	mRNA	levels,	mostly	in	cancer	processes	273–276.	

However,	these	transcriptional	and	mRNA	regulations	are	not	so	relevant	in	neuronal	

development,	where	rapid	changes	of	protein	activation/inhibition	in	a	polarized	way	

play	a	major	role.	At	protein	 level,	 localization	 in	the	plasma	membrane	seems	to	be	

important	 for	 proper	 Rnd3	 function	 (Figure	 21B).	 Farnesylation	 and	 subsequent	

translocation	to	the	plasma	membrane	activates	Rnd3	277	and	targeting	to	lipid	rafts	is	

required	for	p190RhoGAP	activation	278.	Moreover,	phosphorylation	by	Rho-associated	

kinase	1	 (ROCK-I)	and	PKCα,	 increases	Rnd3	stability	and	controls	 translocation	 from	

plasma	 membrane	 to	 cytosol	 279,280.	 Besides,	 PDK1	 competes	 with	 Rnd3	 in	 binding	

ROCK-I,	 regulating	 its	 function	 indirectly	 281.	 Furthermore,	 Rnd3	 C-term	

phosphorylation	at	S240	together	with	CAAX-box	 farnesylation	 is	needed	as	a	14-3-3	

proteins	 binding	 site,	 which	 results	 in	 sequestration	 in	 cytoplasm	 and	 inhibition	 of	

Rnd3	cell	rounding	in	vitro	282.	Finally,	degradation	of	Rnd3	is	regulated	by	proteasomal	

degradation	 during	 cell	 cycle,	 and	 its	 ubiquitination	 is	mediated	 by	 Skp2	 283	 and	 by	

chaperone-mediated	autophagy	in	gastric	cancer	cells	284.	To	conclude,	a	strict	control	

of	Rnd3	phosphorylation,	farnesylation	and	degradation	signals	regulate	Rnd3	protein	

localization	and	stability.		

	

Figure	 21.	 Regulation	 of	 Rnd3.	 A)	 Transcriptional	 regulation	 of	 Rnd3	 expression.	 B)	 Control	 of	 Rnd3	 activity.	
Farnesilation	 of	 Rnd3	 translocates	 it	 to	 the	membrane,	 where	 is	 active.	 Ubiquitination	 by	 Skp2	 targets	 Rnd3	 to	
proteasomal	degradation.	This	is	prevented	by	phosphorilation	by	either	PKCα	and	ROCK-I,	which	stabilizes	Rnd3	in	
the	cytosol.	Adapted	from	Riou	P.	et	al.	2010	285.	

Rnd3Promoterp53-BS

p53

Genotoxic 
     stress UVB

NFkB
mTORC 
PKA-cAMP
B-Raf

low G-actin

MKL

Rnd3 Rnd3

ROCK1

PKCα

Rnd3

P
P

Skp2 P
U

Rnd3

U
UProteasomal

degradation Stabilization

A) B) Plasma membrane

Farnesylation



	 	 Pau	Marfull	Oromí,	2019	

	

97		

3.2 Signalling and function 

Rnd3	 or	 RhoE	was	 first	 described	 in	 1996	 277	 in	 a	 yeast	 two-hybrid	 assay	 as	 binding	

partner	of	p190RhoGAP,	a	well-known	RhoA	inhibitor.	The	same	publication	described	

that	the	lack	of	GTPase	activity	was	related	to	3	aminoacid	changes,	highly	conserved	

in	other	Ras	and	RhoGTPases.	 Indeed,	Rnd3	restores	 its	GTPase	activity	 in	vitro	 if	the	

three	 aminoacids	 (S17,	 S64	 and	 S66)	 are	 substituted	 for	 their	 active	 counterparts	

found	in	other	Ras	and	Rho	proteins.	Moreover,	a	C-terminal	CAAX	motif	is	needed	as	

a	farnesylation	target	and	Rnd3	membrane	localization	277.		

Functionally,	 Rnd3	 regulates	 actin	 cytoskeleton	 in	 a	 opposite	 way	 than	 RhoA	 does,	

since	 overexpression	 reduces	 stress	 fibre	 assembly,	 promotes	 actin	 reorganization,	

filopodia	and	pseudopodia	formation	and	induces	migration	in	vitro	286.	More	recently,	

it	 has	 been	 reported	 that	 Rnd3	 also	 participates	 in	 cell	 contact	 inhibition	 287	 and	

induces	 membrane	 blebbing	 288,	 both	 by	 RhoA	 inhibition.	 Rnd3	 regulates	 RhoA	

function	 in	different	ways.	First,	Rnd3	 interacts	with	ROCK-I	 (but	not	ROCK-II),	which	

results	 in	 inhibition	 of	 ROCK-I	 and	 RhoA-mediated	 stress	 fibre	 assembly.	Moreover,	

ROCK-I	 downstream	 phosphorylation	 of	 Myosin	 phosphatase	 is	 prevented	 by	 Rnd3	

expression	289.	Second,	Rnd3	interacts	with	p190	RhoGAP,	which	subsequently	bounds	

and	hydrolyses	GTP	to	RhoA.	This	 leads	to	RhoA	 inhibition	and	cell	 rounding	 in	vitro,	

indicating	 that	Rnd3	 antagonizes	RhoA	 through	p190GAP	activation	 290.	 Third,	 Syx,	 a	

RhoA	GEF	protein,	 is	 inhibited	by	Rnd3,	 resulting	 in	RhoA	 repression	 291.	And	 finally,	

Socius,	 a	 poorly	 understood	 protein,	 acts	 downstream	 Rnd3	 292	 and	 may	 activate	

Gα12,	which	in	turns	inhibits	RhoA	293.		

Although	 RhoA	 signalling	 seems	 to	 be	 the	 main	 target	 of	 Rnd3	 in	 cytoskeleton	

dynamics,	it	has	been	related	to	other	pathways.	Regarding	other	Rho	family	members	

Rnd3	has	also	been	linked	with	Rac1	and	Cdc42.	First,	overexpression	of	Rnd3	in	PC12	

cells	 leads	 to	 a	 decrease	 of	 Rac1	 and	 Cdc42	 GTP-bound	 forms	 and	 downstream	

signalling	is	inhibited	294.	Besides,	Rnd3	mediates	hepatocyte	tumor	cells	invasion	in	a	

Rac1-dependent	 manner	 295.	 In	 addition,	 Rnd3/ROCKII/ARHGAP25	 regulate	 Rac1	

signalling,	 which	 is	 involved	 in	 Rhabdomyosarcoma	 most	 aggressive	 cell	 lines	 296.	

Finally,	a	novel	mechanism	of	migration	regulation	has	been	recently	reported.	Rnd3	



Introduction	 	 	

	
98	

interacts	 with	 Snail1	 and	 induces	 its	 ubiquitination	 and	 degradation.	 Indeed,	

downregulation	of	Rnd3,	augments	Snail1	levels,	which	turns	into	downregulation	of	E-

cadherin	and	promotes	migration	and	 invasion	of	 glioblastoma	cancer	 cells	 297.	With	

these	observations,	and	oppositely	to	RhoA-dependent	cytoskeleton	regulation,	Rnd3	

is	 able	 to	 inhibit	 the	 migratory	 function	 by	 interacting	 with	 different	 partners.	

However,	physiological	function	of	these	interactions	has	not	been	described	yet	and	

probably,	other	Rnd3	partners	are	still	to	be	found.		

Aside	 from	actin	 regulation,	 Rnd3	 inhibits	 cell	 cycle	 progression	by	 inhibition	of	 pRb	

phosphorylation,	which	results	in	repression	of	E2F-regulated	genes,	and	subsequently	

reduction	 of	 CyclinD1	 levels	 298.	 Besides,	 Rnd3	 inhibits	 the	 phosphorylation	 of	 the	

4EBP1,	 thereby	 sequestering	 eIF4E	 and	 stopping	 cell	 cycle	 at	 G1	 299	 (Figure	 22A).	

Moreover,	Rnd3	expression	is	regulated	by	p53	under	genotoxic	stress	which	leads	to	

inhibition	 of	 ROCK-I-mediated	 apoptosis	 265.	 Furthermore,	many	 cancerous	 cell	 lines	

show	decreased	levels	of	Rnd3,	promoting	their	proliferative	capacity	(see	later).	

Rnd3	 localization	 in	 plasma	 membrane	 and	 its	 role	 in	 migration	 suggest	 that	

interaction	with	transmembrane	receptors	might	be	important	in	controlling	Rnd3.	In	

this	 sense,	 Rnd3	 activation/inhibiton	 would	 be	 organized	 by	 external	 signals,	 which	

would	eventually	lead	to	a	directed	control	of	cell	movement	and	polarization.	Notch1	

was	 the	 first	 transmembrane	 receptor	 related	 to	 Rnd3,	 which	 interacts	 with	 the	

cleaved	Notch1	 intracellular	domain	(NICD).	However,	Notch1/Rnd3	observations	are	

contradictory.	 On	 one	 hand,	 Rnd3	 interacts	 with	 NICD	 in	 the	 nucleus	 inducing	

ubiquitination	 and	 degradation	 of	 the	 latter.	 A	 Rnd3	 deficient	 mouse	 model	 shows	

increased	 levels	 of	 Notch1,	 which	 leads	 to	 aberrant	 proliferation	 of	 aqueductal	

ependymal	 cells,	 aqueduct	 stenosis	 and	 consequent	 hydrocephaly	 300.	 On	 the	 other	

hand,	Rnd3	interacts	with	NICD	in	the	cytoplasm,	which	promotes	translocation	to	the	

nucleus	and	activation	of	Notch	signalling	301.		

Plexins	 have	 also	 been	 related	 to	 Rnd	 family.	 Regarding	 other	 Rnd	 family	 proteins,	

PlexinB1	 interacts	 with	 Rnd1	 and	 this	 activates	 Rho	 signalling	 302,303	 and	 Rnd2	

interaction	with	PlexinD1	revealed	a	mechanism	for	cortical	axon	outgrowth	inhibition	
304.	With	regard	to	Rnd3,	human	PlexinB1	interacts	with	Rnd3	and	other	RhoGTPases,	
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but	 cellular	 implications	 were	 not	 analysed	 305.	 More	 recently,	 PlexinB2	 has	 been	

linked	to	Rnd3,	but	again	 in	opposite	roles.	First,	an	antagonist	role	was	described	in	

migrating	 cortical	 neurons,	 mainly	 by	 an	 IUE	 gene-silencing	 strategy	 306.	 This	 study	

concluded	 that	 Sema-Plexin	 pro-migratory	 signalling	 activates	 RhoA	 via	 at	 least	 two	

different	pathways:	I)	recruiting	RhoGEFs	that	will	directly	activate	RhoA	and	II)	binding	

of	p190RhoGAP,	which	results	in	inactivation	of	Rnd3	downstream	signalling	and	thus	

RhoA	 activation.	 Surprisingly,	 not	 only	 RhoA	 overexpression,	 but	 also	 RhoA	

downregulation	 can	 have	 an	 anti-migratory	 role,	 which	 suggests	 that,	 a	 strict	

regulation	of	RhoA	levels	or	cell	localization	is	needed.	On	the	contrary,	a	recent	study	

showed	 that	 PlexinB2	 plays	 a	 synergist	 role	 with	 Rnd3	 in	 in	 vitro	 cell	 rounding	 and	

inhibiting	 invasion	 307.	 Interestingly,	 both	 studies	 coincide	 in	 that	 Rnd3-Thr55	 is	

important	 for	 Plexin-B2	 interaction.	 These	 observations	 reveal	 that	 the	 discovery	 of	

Rnd3-binding	receptors	is	a	key	point	in	understanding	its	function.		

	

Figure	 22.	 Rnd3	 function.	 A)	 Rnd3	 inhibits	 proliferation	 by	 promoting	 ElF4E	 sequestration.	 B)	 Rnd3	 in	 the	
membrane	activates	p190	RhoGAP,	which	in	turns	inactivates	RhoA,	ultimately	inducing	changes	in	the	regulation	of	
actin	 dynamics.	 Moreover,	 Rnd3	 association	 with	 PlexinB2	 can	 trigger	 fibroblast	 rounding.	 Otherwise,	 PlexinB2	
prevents	the	binding	of	Rnd3	and	p190	RhoGAP	and	also	activates	a	RhoGEF	that	activates	RhoA	signalling.	ROCK-I		
activated	by	RhoA	is	able	to	stabilze	Rnd3,	which	in	turn	can	inhibit	ROCK-I	activity.	Adapted	from	Riou	P.	et	al.	2010	
285.		

3.3 Rnd3 in physiology and pathology 

The	Rnd3	role	in	controlling	actin,	migration,	adhesion	or	proliferation	soon	suggested	

a	 role	 in	 cancer.	 However,	 it	 has	 been	 proposed	 as	 both	 oncogene	 and	 tumor	

suppressor	gene	in	different	studies.	Regarding	malignancy,	and	only	four	years	after	
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Rnd3	discovery,	it	was	first	associated	with	transformation	of	polarized	epithelial	cells	

under	 BRAF-MEK	 signalling	 in	 melanoma	 cells	 in	 vitro	 269.	 Moreover,	 high	 levels	 of	

Rnd3	 are	 also	 linked	 to	 melanoma	 invasiveness	 308,309	 and	 gastric	 cancer	 epithelial-

mesenchymal	 transition	 after	 hypoxia	 310.	 Increased	 Rnd3	 expression	 has	 also	 been	

observed	 in	 high-metastatic	 prostatic	 cancer	 cell	 line	 311	 and	 in	 non-small	 cell	 lung	

cancer	276,312.		

As	tumor	suppressor	gene,	Rnd3	is	supressed	in	prostate	carcinoma	and	its	expression	

recovery	induced	cell	cycle	arrest	and	apoptosis	313.	Others	have	proposed	a	Rnd3	role	

in	 inhibiting	 cell	 cycle	 and	 inducing	 apoptosis	 in	 glioblastoma	 cell	 line	 314	 and	 it	 is	

downregulated	 in	glioblastoma	patients,	 leading	 to	upregulation	of	Notch1	 signalling	
315.	Regarding	this	pathway,	non-small	cell	carcinoma	cell	lines	also	have	reduced	levels	

of	 Rnd3,	 inhibiting	 proliferation	 through	 an	 antagonist	 effect	 on	 Notch1	 316.	 In	

mammary	epithelial	 tumor	cells	Rnd3	promotes	 tight	 junction	and	cell-cell	adhesion,	

inhibiting	 invasion	 317.	 Regarding	 cancer	 migration,	 RhoA/ROCK-mediated	

invasion/migration	 in	 vitro	 is	 prevented	 by	 Rnd3	 overexpression	 281,318,	 and	 ectopic	

expression	 of	 Rnd3	 inhibits	 ROCK-related	metastatic	 potential	 in	 vivo	 319.	 In	 alveolar	

rhabdomyosarcoma,	 Rnd3	 expression	 is	 reduced	 and	 its	 overexpression	 reduces	 its	

invasion	potential	 296.	Expression	of	Rnd3	 is	downregulated	 in	 lung	and	breast	 320;	 in	

NkkB/p52+	 prostate	 cancer	 cell	 line	 268;	 in	 gastric,	 colorectal,	 lung	 and	 breast	

carcinomas	 321;	 in	 melanoma	 carcinoma	 under	 negative	 regulation	 of	 FOXD3	 322;	 in	

colorectal	cancer	by	miR-17	274;	 in	hepatocellular	carcinoma	295,323;	and	in	esophageal	

squamous	 cell	 carcinoma,	 which	 leads	 to	 PI3K-Akt	 upregulation	 324.	 All	 these	

publications,	 suggest	 that	 Rnd3	 has	 a	 high	 impact	 on	 cancer	 development,	 and	 that	

can	either	promote	or	prevent	it.	Thus,	its	classic	pro-migratory	and	anti-proliferation	

role	can	be	questioned,	and	might	depend	on	other	factors.		

Beyond	tumorigenic	functions,	other	in	vivo	physiological	and	pathological	implications	

of	 Rnd3	 have	 been	 described.	 Rnd3	 regulates	 actin	 dynamics	 in	 human	 osteoclasts,	

thus	 regulating	 its	movement	and	bone	reabsorption	325.	Regulation	of	expression	of	

Rnd3	by	miRNAs	has	been	reported	in	the	placenta	and	low	Rnd3	levels	in	trophoblasts	

have	been	 related	 to	preeclampsia	 326–328.	 Idiopathic	pulmonary	 fibrosis	 is	 related	 to	
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overactivated	 RhoA	 and	 also	 low	 levels	 of	 Rnd3	 and	 p190RhoGAP	 329.	 Finally,	 Rnd3	

regulation	reverts	epidural	fibrosis	by	promoting	apoptosis	of	fibroblasts	330.	

Animals	 with	 Rnd3	 haploinsufficiency	 are	 predisposed	 to	 hemodynamic	 stress	 and	

heart	failure	331.	Others	described	that	Rnd3	null	mice	die	at	embryonic	stage	due	to	

fetal	 arrhythmias,	 derived	 from	 severe	 Ca2+	 leakage.	 Indeed,	 Rnd3	 downregulation	

attenuates	 β2-adrenergic	 receptor	 degradation,	 resulting	 in	 upregulation	 of	 PKA	

signalling	 and	 thus,	 destabilization	 of	 calcium	 channels	 332.	 In	 relation	 to	 the	

cardiovascular	 system,	Rnd3	 is	also	 implicated	 in	angiogenesis	 through	promotion	of	

HIF1α-VEGFA	signalling	333.	Rnd3	is	also	involved	in	microvascular	 leakage,	suggesting	

an	anti-inflammatory	potential	of	Rnd3	to	promote	endothelial	barrier	recovery	during	

inflammatory	challenge	334.	Rnd3	also	modulates	 the	 inflammation	response	 induced	

by	 miocardical	 infarction,	 promoting	 injured	 heart	 recovery	 335	 and	 in	 the	 nervous	

system	it	promotes	a	neuroprotective	phenotype	in	microglia	336.	Finally,	expression	of	

Rnd3	in	mice	is	observed	in	different	cell	types	within	the	testis	and	its	deficiency	leads	

to	defects	in	these,	suggesting	a	role	of	Rnd3	in	reproductive	physiology	337.	

3.4 Rnd3 and Neurodevelopment 

Neurodevelopment	 has	 also	 been	 strongly	 related	 to	 Rnd3	 function.	 Migration	 and	

axon	guidance	are	driven	by	actin-dynamic	changes	controlled	by	GTPases.	First,	Rnd3-

downstream	 RhoA/ROCK	 signalling	 is	 widely	 related	 to	 neurodevelopment	 338,339.	

Interestingly,	RhoA-/-embryos	exhibit	formation	of	double	cortex	and	cobblestone-like	

heterotopias	in	the	pial	surface.	These	phenotypes	are	mediated	mainly	by	alterations	

of	microtubule	dynamics	in	the	glial	scaffold	142.	Other	Rnd	members,	Rnd1	and	Rnd2,	

are	also	linked	to	neurite	branching	340,341.		

The	 first	 in	 vitro	 analyses	 showed	 that	 Rnd3	 overexpression	 in	 PC12	 cells	 promotes	

neurite-like	 outgrowth	 through	 inhibition	 of	 RhoA/ROCK	 signalling	 294,	 conversely	 to	

other	cell	types	where	causes	cell	rounding	286.	Moreover,	Rnd3	is	highly	expressed	in	

the	nervous	system	during	the	first	2-3	postnatal	weeks	and	decreases	in	more	adult	

stages.	 Remarkably,	 high	 levels	 are	 observed	 in	 external	 granule	 layers	 of	 the	
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cerebellum	and	in	rostral	migratory	stream,	but	also	in	the	striatum	and	cortex,	among	

others	342.	Rnd3	also	promotes	synaptogenesis	under	BDNF	stimulation	343.	

A	trilogy	of	papers	revealed	a	molecular	role	of	Rnd3	in	radial	cortex	migration	by	an	

IUE	 silencing	 approach.	 Rnd3	 is	 expressed	 in	migrating	 cortical	 neurons	 under	 Ascl1	

control.	 Besides,	 Rnd3	 localized	 at	 the	 membrane	 inhibits	 RhoA	 and	 is	 needed	 for	

locomotion	 by	 F-actin	 depolymerisation	 159.	 Indeed,	 silencing	 of	 Rnd3	 results	 in	 a	

defective	 locomotion,	characterized	by	neurons	with	delayed	or	stopped	entry	 in	the	

CP	and	an	aberrant	morphology	of	the	leading	process	(Figure	22).	In	addition,	Rnd3	is	

expressed	 in	 cortical	 progenitors,	 which	 suggested	 a	 role	 of	 Rnd3	 in	 cortical	

neurogenesis.	 In	the	VZ,	Rnd3	regulates	actin	depolymerization	in	adherens	junctions	

between	 progenitors,	 the	 orientation	 of	 the	mitotic	 spindle	 and	 interkinetic	 nuclear	

migration.	Moreover,	 Rnd3	 regulates,	 actin-independently,	 the	 proliferation	 of	 basal	

progenitors	in	the	SVZ/IZ,	which	are	increased	in	Rnd3-silenced	cortices	344	(Figure	22).	

Finally,	 Rnd3	 and	 PlexinB2	 exhibit	 an	 antagonistic	 interaction,	 which	 controls	 RhoA	

activity	and	radial	migration	of	cortical	neurons	306.		

																							 	

Figure	23.	Schematic	representation	of	IUE	experiments	of	Rnd3	silencing.	Electroporation	of	control	GFP	results	in	
normal	progenitor	proliferation	and	 locomotion.	 Intereference	of	Rnd3	mRNA	 results	 in	 increased	differentiation	
into	 basal	 progenitors	 (bIPCs	 and	 bRGCs),	 but	 with	 a	 decreased	 proliferation	 rate	 (lighter	 turnover	 arrow).	
Moreover,	 LMNs	 are	 acummulated	 at	 the	 IZ/CP	 boundary	 and	 exhibit	 an	 aberrant	 morphology	 of	 the	 leading	
process.	Abbreviations:	 a,	 apical;	 b,	 basal;	 CP,	 cortical	 plate;	 IPC,	 intermediate	 progenitor	 cell;	 IZ,	 intermediate	
zone;	LMN,	locomotion	migrating	cells;	RGC,	radial	glial	cell.	Partially	adapted	from	Azzarelli	R.	et	al.,	2015	345.	
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The	generation	of	 the	Rnd3	knockout	mouse	 (Rnd3gt/gt)	allowed	a	better	 study	of	 its	

role	in	neurodevelopment.	These	mice	are	smaller	at	birth,	display	growth	retardation	

and	 early	 postnatal	 death	 with	 a	 survival	 of	 50%	 at	 P15	 and	 0%	 at	 P29.	 Regarding	

neurologic	development,	Rnd3gt/gt	mice	show	a	profound	motor	impairment,	reduction	

of	 spinal	 motor	 neurons	 and	 complete	 lack	 of	 peroneal	 nerve	 and	 the	 consequent	

atrophy	of	the	target	muscles	346.	Postnatal	brains	show	an	increase	of	proliferation	in	

subventricular	zone	and	in	the	number	of	interneurons	in	the	rostral	migratory	stream	

and	the	olfactory	bulb	347.	In	vitro,	Rnd3gt/gt	neurons	exhibit	impaired	neurite	and	axon	

outgrowth	and	delayed	neuronal	polarization,	possibly	by	upregulation	of	RhoA/ROCK	

signalling	348.		

An	independent	Rnd3	KO	mouse	line	showed	other	non-excluding	results.	First,	Rnd3-/-	

mice,	showed	hydrocephaly	caused	by	an	aqueductal	stenosis.	This	was	explained	by	

an	 aberrant	 proliferation	 of	 ependymal	 cells,	 through	 an	 up-regulation	 of	 Notch	

signalling	 300.	Moreover,	 this	model	 exhibits	 increased	 proliferation	 in	 the	 SVZ	 of	 p3	

animals,	through	up-regulation	of	Notch	signalling	349.	The	same	group	described	a	role	

of	Rnd3	in	heart	embryonic	development	and	heart	failure	in	adults	331,332.		
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Rnd3	 role	 in	 mouse	 brain	 development	 has	 just	 started	 to	 be	 explored	 and	 many	

question	still	arise	about	it.	To	briefly	sum	up,	Rnd3	has	a	role	in	branching	and	axon	

extension,	by	inhibiting	RhoA	through	p190	RhoGAP.	Indeed,	knockdown	of	Rnd3	leads	

to	defects	in	locomotion	and	silenced	cortical	migrating	neurons	cannot	reach	the	CP	

properly.	 Moreover,	 PlexinB2	 regulates	 this	 process	 competing	 with	 RhoA	 to	 bind	

Rnd3.	 Finally;	 two	 different	 Rnd3	 KO	models	 have	 been	 generated.	 One	 of	 them	 in	

Texas,	 showed	 involvement	 of	 Rnd3	 in	 the	Notch-mediated	 regulation	 of	 ependimal	

cells	proliferation,	which	leads	to	hydrocephaly	in	adult	mice.	The	other,	the	Rnd3gt/gt	

generated	in	Valencia,	shows	severe	postnatal	defects	such	as	lack	of	peroneal	nerve	

and	premature	death.	Moreover,	proliferation	and	tangential	migration	of	the	rostral	

stream	 is	 affected	 leading	 to	 defects	 in	 olfactory	 bulb	 structures.	 All	 together,	 we	

hypothesize	that	Rnd3	plays	an	essential	role	in	central	nervous	system	development	

in	proliferation,	neuronal	migration	and	axonal	growth	or	guidance,	and	that	Rnd3gt/gt	

mice	 is	 a	 great	 tool	 to	 study	 its	 implication.	 For	 these	 reasons,	we	 set	 the	 following	

objectives	in	this	doctoral	thesis:	

	

1.	Study	of	the	Rnd3	expression	in	the	mouse	embryonic	brain.	

2.	Analysis	of	the	alterations	in	axonal	tracts	development	derived	from	the	loss	of	

Rnd3.		

	 2.1.	Study	of	thalamocortical	axons	development	in	Rnd3	deficient	embryos.		

	 2.2.	Investigation	of	striatal	axons	development	in	embryos	lacking	Rnd3.			

	 2.3.	 Determination	 of	 the	 origin	 of	 the	 phenotype	 by	 generation	 of	 region-

	 specific	conditional	Rnd3	knockouts.		

	 2.4	 Dissection	 of	 new	 molecular	 or	 cellular	 mechanisms	 that	 rule	 axon	

	 guidance.	

3.	Evaluation	of	the	changes	in	cortical	development	caused	by	loss	of	Rnd3.		





	

	

 

 

MATERIALS & METHODS  



	

	



	 	 Pau	Marfull	Oromí,	2019	

111		

1. Animal experimentation 

1.1 Legislation 

All	the	experiments	have	been	carried	out	 in	accordance	with	the	 laws	regarding	the	

use	and	welfare	of	animals	in	the	laboratory:	

• Directive	 of	 the	 EEC	 Council	 86/609	 /	 EEC,	 European	 Convention	 on	 the	

protection	of	vertebrate	animals	used	 in	experimentation	and	other	 scientific	

purposes.	

• Llei	5/1995,	of	 June	21,	of	 the	Generalitat	de	Catalunya	 for	 the	protection	of	

vertebrate	animals	used	in	experimentation	and	other	scientific	purposes.	

• Decreto	214/1997,	July	30,	which	develops	the	previous	law.	

• Real	 Decreto	 1201/2005,	 October	 10,	 for	 the	 protection	 of	 animals	 used	 for	

experimentation	and	other	scientific	purposes.	

• Directive	 of	 the	 European	 Parliament	 and	 the	 Council	 2010/63	 of	 September	

22,	2010	on	the	protection	of	animals	used	for	scientific	purposes.	

• Real	Decreto	53/2013,	February	1,	which	establishes	the	basic	rules	applicable	

for	 the	 protection	 of	 animals	 used	 in	 experimentation	 and	 other	 scientific	

purposes,	including	teaching.	

1.2 Animal house care 

Mice	 were	 housed	 in	 the	 conventional	 and	 SPF	 rodent	 animal	 facilities	 from	 the	

Universitat	 de	 Lleida	 following	 the	 sanitary	 controls	 and	 the	 bioethical	 animal	 care	

recommendations.	They	were	constantly	maintained	at	22oC	of	ambient	temperature	

with	12	hours	light/dark	cycles.	Mice	had	ad	libitum	access	to	water	and	food	(Teklad	

Global	14%	Protein	4%	Fat	Rodent	Maintenance	Diet,	Envigo).	
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1.3 Mouse lines 

Rnd3gt/+	 were	 kindly	 provided	 by	 I.	 Pérez-Roger	 346.	 Rnd3	 cKO	 (tm1a	 allele)	 were	

obtained	from	the	MRC	Harwell	Institute	(Rnd3tm1a(EUCOMM)Hmgu).	Dlx5/6-Cre	mouse	line	

(JAX	stock	#	008199	350)	was	obtained	from	The	Jackson	Laboratory.	Nestin-Cre	351	and	

Nkx2.1-Cre	 mouse	 lines	 were	 kindly	 provided	 by	 R.	 Klein.	 The	 tamoxifen-inducible	

ubiquous	 ER-Cre	 line	 (Ubc-Cre)	 was	 a	 kind	 gift	 of	 M.	 Encinas.	 All	 mice	 lines	 were	

maintained	under	a	C57BL/6	background.		

Rnd3gt/+	 mice	were	 crossed	 to	 generate	Rnd3	 KO	 (Rnd3gt/gt)	 or	 control	 (Rnd3+/+	 and	

Rnd3gt/+)	 embryos.	 Since	 at	 the	 beginning	 of	 the	 study	 no	 differences	were	 spotted	

between	Rnd3+/+	and	Rnd3gt/+	embryos,	they	were	equally	used	as	controls.	The	small	

percentage	of	Rnd3gt/+	with	mild	defects	were	quantified,	but	not	used	as	controls.		

Mice	carrying	the	Rnd3Tm1a	allele	were	crossed	with	FLIP	mice,	so	that	the	reporter	and	

Neomycin	 (Neo)	 cassette	were	 removed	 (Figure	 24A).	 The	 new	 flipped	 allele	 (tm1c)	

was	 called	 Rnd3lx	 (Figure	 24B).	 Rnd3lx/lx	 mice	 were	 crossed	 with	 Rnd3gt/+Cre+/-	 line	

(previously	generated)	to	obtain	Rnd3	cKO	embryos	(Rnd3lx/gt	Cre+/-).	Nestin-Cre	mouse	

line	was	 used	 to	 obtain	 neuron	 specific	 Rnd3	 cKOs	 (Nestin-Cre	Rnd3lx/gt);	Dlx5/6-Cre	

line	for	generation	of	LGE	and	MGE	derivate	cells	and	prethalamus	specific	Rnd3	cKOs	

(Dlx5/6-Cre	Rnd3lx/gt),	 and	Nkx2.1-Cre	mouse	 line,	 for	MGE	and	GP	specific	Rnd3	 cKO	

(Nkx2.1-Cre	Rnd3lx/gt).			

Generation	 of	 a	 full	 Rnd3	 KO	 with	 the	 conditional	 mouse	 line	 background	

(Rnd3tm1d/tm1d)	was	constructed	by	following	these	steps.	First,	Ubc-Cre+/-	Rnd3lx/+	mice	

were	generated.	Then,	 injections	of	100	μL	of	5	mg/mL	Tamoxifen	(Sigma,	T5648;	20	

mg	dissolved	 in	200	μL	ethanol	100%	and	3.8	mL	of	 corn	oil,)	were	 intraperitoneally	

administrated	during	five	consecutive	days	to	Ubc-Cre+/-	Rnd3lx/+	P21	males,	weighting	

between	12-20	g,	so	that	the	Rnd3tm1d	allele	(Figure	24C)	was	induced	in	germinal	line.	

These	males	 were	 crossed	with	 C57BL/6	WT	 females	 and	Ubc-Cre-/-	 Rnd3tm1d/+	 mice	

were	selected	among	the	progeny.	After	amplification	of	the	colony,	Rnd3tm1d/+	males	

and	females	were	crossed	to	obtain	Rnd3tm1d/tm1d	embryos	and	control	Rnd3+/tm1d	and	

Rnd3+/+	controls.		
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One	ISLR2	KO	litter	(fixed	E14.5	brains)	was	a	gift	from	K.	Mandai	25,27.	

	

Figure	24.	Genetic	constructions	of	the	different	Rnd3	alleles.	A)	The	Rnd3	gt	allele	contains	an	inserted	cassette	
with	an	SpA-IRES-βGeo-pA	sequence.	276,	277,	278	are	the	primers	used	in	genotyping.	B,	C,	D)	Rnd3	alleles	of	the	
conditional	mouse	line.	B)	The	Rnd3	Tm1a	allele	is	the	original	non-recombined	allele.	It	contains	two	cassettes,	one	
with	an	IRES-LacZ	(lac	operon)	cassette	and	the	other	with	a	promoter-dependent	neo	gene.	372,	374,	373	are	the	
primers	 used	 in	 genotyping.	 C)	 Tm1c	 allele	 is	 the	 result	 of	 recombination	 of	 Tm1a	 with	 a	 flippase.	 The	 region	
between	 the	 two	FRT	Flippase	 recognition	 targets	sites,	with	 the	 two	 inserted	cassettes	has	been	 removed.	372,	
374,	373	are	the	primers	used	in	genotyping.	Combination	of	377	and	379	primers	can	give	a	high	weighted	band.	
D)	Tm1d	is	the	result	of	Cre-mediated	recombination	of	the	Tm1c	allele.	Note	that	the	region	between	LoxP	sites	
containing	 exon	 3	 has	 been	 removed.	 This	 allele	 is	 generated	 in	 region-specific	 Cre-expressing	 Tm1c	 lines	 and	
constant	in	the	Rnd3tm1d/tm1d	mice.	Tm1d	is	genotyped	by	combination	of	377	and	379	primers	and	372,	373	and	374	
primers.	Primers	are	expressed	 in	 Lab	Code	number,	 for	more	 information	check	 table	2.	PGK,	phosphoglycerate	
kinase-1	 promoter;	 BTK-SD,	 Bruton’s	 tyrosine	 kinase	 splice	 donor	 sequence;	 SpA,	 Splicing	 Acceptor;	 IRES,	 Internal	
Ribosomal	 Entry	 Site;	 βGeo,	 βGal	 and	 Neo;	 βGal,	 βGalactosidase;	 Neo,	 neomycin;	 pA,	 polyadenylation;	 hbactP,	
human	β-actin	promoter;	FRT,	Flippase	recognition	targets;	Cre,	causes	recombination;	Rnd3,	Round3;	loxP,	Locus	of	
Crossover	in	P1.		

2. Brain samples procedures 

2.1. Brain dissection and cryosectioning 

Day	 of	 plug	 was	 considered	 E0.5	 and	 pregnant	 females	 were	 sacrificed	 by	 cervical	

dislocation	 at	 desired	 embryonic	 day.	 Abdominal	 region	 was	 sterilized	 with	 ethanol	

70%	and	skin	and	muscle	were	cut	with	scissors.	Uterus	with	embryos	was	 removed	

and	washed	with	ice-cold	1x	phosphate-buffered	saline	(PBS).	Embryos	were	removed	

from	the	uterus	and	amniotic	sac	with	a	pair	of	fine	forceps.	Tail	biopsies	were	taken	
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from	 the	 embryos	 to	 obtain	 DNA	 that	 was	 used	 in	 a	 genotyping	 PCR.	 Brains	 were	

removed	from	skull	under	a	lens	microscope	in	ice-cold	1x	PBS,	washed	and	fixed	4h	or	

overnight	(ON)	with	homemade	4%	paraformaldehyde	(PFA)	 in	PBS.	Brains	that	were	

prepared	 for	 cryosectioning	 followed	 the	 following	 steps.	 After	 removing	 PFA	 and	

washed	with	PBS,	brains	followed	a	treatment	with	cryopreservant	30%	sucrose	in	PBS	

ON	and	then	embedded	 in	Cryomolds	(Electron	Microscopy	Sciences,	62534-25)	with	

Tissue	Freezing	Medium	(TFM;	Electron	Microscopy	Sciences,	72592).	After	freezing	at	

-80°C,	coronal	slices	of	20	μm	were	made	in	Leica	CM3000	and	collected	on	Superfrost	

PLUS	microscope	slides	(ThermoFisher	Scientific,	J1800AMNT).	These	slices	were	used	

after	30	min	of	slicing	or	kept	at	-80°C	until	analysis.	

2.2. Genotyping  

DNA	was	obtained	by	boiling	adult	or	embryos’	 tails	 in	100	μL	of	50mM	NaOH	3x15	

min	 at	 94°C	 and	 pH	 was	 neutralized	 with	 10	 μL	 of	 Tris	 pH	 8.8	 1.5M.	 PCR	mix	 was	

prepared	as	seen	in	table	1.	The	primers	used	in	this	thesis	can	be	found	in	table	2.	The	

Rnd3gt	 allele	 band	was	 amplified	 by	 combination	 of	MDN277	 and	MDN276	 primers,	

while	 MDN277+MDN278	 primers	 revealed	 the	 Rnd3+	 band.	 Cre	 was	 detected	 with	

MDN46	and	MDN47	primers.	cKO	embryos	(Cre+Rnd3gt/lx)	were	only	genotyped	for	the	

gt	 the	 cre	 allele,	 since	 one	 progenitor	 is	 Rnd3lx/lx	 and	 the	 Rnd3lx	 allele	 was	 surely	

transmitted.		Tm1c	allele	was	detected	with	combination	of	MDN372+373+374.	Tm1d	

allele	was	 genotyped	by	 the	MDN377+MDN379	band	and	 loss	of	MDN372+MDN373	

band	(check	figure	24	A-C).		

The	following	PCR	program	was	used	for	all	PCRs	in	a	BioRad	T100™	ThermalCycler:	3	

min	x	94°C	+	35	x	[1	min	x	94°C	+	1	min	x	60°C	+	1	min	x	72°C]	+	5	min	x	72°C	+	Infinite	x	

12°C.		

Amplified	products	were	 loaded	 in	 a	2%	Agarose	gel	 in	1x	TAE	 (50X:	 Tris	 2M,	Acetic	

acid	0,0571	%	v/v,	EDTA	50	mM).	After	electrophoresis	was	performed	for	18	min	at	

300V,	PCR	bands	were	stained	by	incubating	the	gel	20	min	with	Ethidium	Bromide.	
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	 TaqPol	 MgCl2	 10x	Buffer	 Primer1	 Primer2	 Primer3*	 dNTP	 DNA	 H2O	

μL/reaction	 0.75	 1.25	 2.5	 0.1	 0.1	 0.1*	 0.1	 0.15	 QSP	25	

Table	 1.	 PCR	 master	 mix.	 Volumes	 are	 provided	 in	 μL/reaction.	 Primer3	 was	 not	 always	 added.	 Abbreviations:	
TaqPol,	 Thermus	 aquaticus	Polymerase;	 MgCl2,	 Magnesium	 Clorhide;	 dNTP,	 deoxyribonucleotides	 triphosphate;	
DNA,	deoxyribonucleotide	acid;	H2O,	water;	μL,	microliter.		

Primer	Name	 Lab	code	 Sequence	(5'-3')	

Rnd3	gt-Fw	 MDN-276	 		aaatggcgttacttaagctagctagcttgc	

Rnd3	gt-Rv	 MDN-277	 		tgagctaggaagatgcggatgt	

Rnd3	WT-Fw	 MDN-278	 		tttacacagtaggctgactc	

Tm1a/c-Fw	

(5arm-WTF)	

MDN-372	

	

		gcttcctgtgcaccattaaa	

Tm1a-Rv	

(Crit-WTR)	

MDN-373	

	

		atcatcaggggaacatggtg	

Tm1c	specific-Rv	

(5mut-R1)	

MDN-374	

	

		gaacttcggaataggaacttcg	

Tm1d-Fw	

(5'CAS-R1)	

MDN-377	

	

		aaggcgcataacgataccac	

	

Tm1d-Rv	(3'LOXP-R1)	 MDN-379	

	

		actgatggcgagctcagacc	

	

Cre	Fw	 MDN-46	 gcctgcattaccggtcgatgcaacga	

Cre	Rv	 MDN-47	 gtggcagatggcgcggcaacaccatt	

Table	 2.	 Genotyping-PCR	 primers.	 Primer	 names	 are	 provided	 as	 the	 amplified	 allele	 and	 direction.	 The	 names	
between	 parethesis	 are	 the	 ones	 given	 by	 the	 company	 where	 animal	 were	 obtained.	 Internal	 lab	 code	 and	
sequence	in	a	5'-3'	direction	are	also	shown.	Abbreviations:	gt,	gene	trap;	Rnd3,	Round3;	Fw,	forward;	Rv,	reverse,	
WT,	wild	type.	
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2.3 XGal staining 

Cryosections	 of	 Rnd3gt/+	 or	 Rnd3gt/gt	 mice	 were	 washed	 3x10'	 with	 Washing	 Buffer	

(0.2mM	MgCl2,	 0.5%	NP40,	0.05mM	Deoxycholic	 acid	 in	1x	 Sodium	phosphate	 (NaP)	

buffer).	 Slices	 were	 stained	 with	 XGal	 (5-bromo-4-chloro-3-indolyl-β-D-galactoside)	

staining	solution	(2mM	MgCl2,	0.02%	NP40,	5mM	potassium	ferrocyanide	(K4Fe(CN)6-

3H20,	Sigma	cat.	#	P-9387)	and	5mM	potassium	ferricyanide	(K3Fe(CN)6	Sigma	cat.	#P-

8131)	and	XGal	(,	ThermoFischer	Scientific,	B1690)	 in	1x	NaP	Buffer)	by	 incubating	at	

room	temperature	(RT)	until	blue	precipitate	was	observed.	Then,	slices	were	washed	

with	 Washing	 Buffer	 and	 coverslip	 was	 mounted	 with	 Fluoromount-G	

(SouthernBiotech,	 Cat.	 No.0100-01).	 If	 co-immunostaining	 was	 desired,	 slides	 were	

washed	 with	 PBS	 after	 Washing	 Buffer	 and	 then	 it	 was	 continued	 with	 normal	

immunohistofluorescence	(IHF)	protocol.	Importantly,	Cy2	or	Alexa448	flourochromes	

cannot	be	used	here,	since	XGal	blue	precipitate	interferes	with	laser	blue	light.		

2.4 Immunohistofluorescence 

Slides	with	brain	sections	were	taken	from	-80oC	and	let	to	thaw	and	dry	at	RT	at	least	

30	min.	Three	washes	with	1x	PBS	were	performed	to	remove	TFM	excess.	For	some	

antibodies	(α-Islet1,	α-OlPc)	Antigen	Retrieval	was	performed	by	incubating	the	slides	

20	 min	 at	 90oC	 or	 by	 shortly	 boiling	 them	 in	 the	 microwave	 in	 Antigen	 Retrieval	

Solution	(10mM	TriSodium	citrate,	0.05%	Tween20	in	1x	PBS,	pH	adjusted	to	6),	which	

was	 followed	 by	 3x5	 min	 1x	 PBS	 washes.	 Blocking	 of	 unspecific	 bindings	 was	

performed	with	Blocking	Solution	(PBST	(PBS	+	0.1%	Triton-X100)	+	4%	donkey	serum	

(DS))	 1	 hr	 at	 room	 temperature	 (RT).	 Incubation	 with	 primary	 antibodies	 (Table	 3)	

diluted	 in	 1%	DS-PBST	was	 performed	ON	 at	 4°C	 or	 2	 hr	 at	 RT.	 After	 3x10	min	 PBS	

washes,	secondary	antibodies	(Table	4)	were	diluted	in	1%	DS-PBST	and	incubated	1	hr	

at	 RT.	 After	 3x10min	 PBS	 washes,	 coverslip	 was	 mounted	 on	 the	 slides	 with	

Fluoromont-G.	 Images	 were	 taken	 in	 an	 Olympus	 Bx51	 fluorescence	 microscope,	

merged	and	contrasted	with	ImageJ	and	arranged	for	figures	in	Adobe	Illustrator.		
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Target	 Clonality	 Host	 Conc.	 Reference	 Company	 Expression	

Islet1	 Mono.	 Mouse	 1:100	 39.4D5	 DSHB	 	St,	Co,	Vms	24,31	

Nkx2.1	(TTF1)	 Poly.	 Rabbit	 1:200	 PA0100	 BioPat	 MGE,	GP		

Pax6	 Poly.	 Rabbit	 1:300	 901301	 BioLegend	 LMS,	Cx	RGCs	
213,352	

Ctip2	 Mono.	 Rat	 1:300	 ab18465	 Abcam	 Layer	V	125	

Tbr1	 Poly.	 Rabbit	 1:300	 ab31940	 Abcam	 Layer	VI	124	

SatB2	 Mono.	 Mouse	 1:300	 ab51502	 Abcam	 Layer	III-IV	126	

Cux1	 Poly.	 Rabbit	 1:300	 sc-13024	 Santa	Cruz	
Biotech.	

Layer	II	127	

PH3	 Poly.	 Rabbit	 1:300	 ab-5176	 Abcam	 Mitotic	cells353	

Tbr2	 Poly.	 Rabbit	 1:300	 ab23345	 Abcam	 IPCs		

ISLR2	 Poly.	 Rabbit	 1:600	 -	 Gift	D.Ginty	25,27	 CAs,	SAs	27	

ISLR2	 Poly.	 Sheep	 1:300	 AF4650	 R&D	 CAs,	SAs	

OlPc	 Mono.	 Rat	 1:200	 -	 Gift	S.	Hirano	17		 	SAs	

OlPc	 Mono.	 Rat	 1:200	 MABT20	 Merck	 	SAs	

CR	 Poly.	 Rabbit	 1:300	 Cr	7697	 Swant	 TCAs	and	INs	

FoxP1	 Poly.	 Rabbit	 1:300	 ab16645	 Abcam	 St	

βIII-Tub	 Mono.	 Mouse	 1:300	 T8578	 Sigma-Aldrich	 Neurons	

VGlut2	 Poly.	 Rabbit	 1:500	 135	402	 Synaptic	systems	 Glut.	Synapses	

GFP	 Poly.	 Goat	 1:300	 600-11-15	 Rockland	 GFP-expressing	
cells	

NF	 Mono.	 Mouse	 1:300	 2H3	 DSHB	 Axons	

Sox2	 Poly.	 Goat	 1:300	 sc-17320	 Santa	Cruz		 IPCs	

Rnd3	 Mono.	 Mouse	 1:100	 05-723	 Merck	Millipore	 -	

Rnd3	 Mono.	 Mouse	 1:100	 ab50316	 Abcam	 -	

βGal		 Poly.	 Rabbit	 1:100	 559761	 Cappel	 βGal-expressing	
cells	

BrdU	 Mono	 Mouse	 1:200	 14-5071-82	 Invitrogen	 BrdU	

Table	 3.	 Primary	 antibodies.	 Abbreviations:	 Islet1,	 ISL1	 Transcription	 Factor,	 LIM/Homeodomain;	 TTF1,	 Thyroid	
Transcription	 Factor	 1;	 Pax6,	 paired	 box	 6;	 Ctip2,	 Chicken	 ovalbumin	 upstream	 promoter	 transcription	 factor-
interacting	proteins	2;	Tbr1,	T-box	brain	transcription	factor	1;	SatB2,	Special	AT-Rich	Sequence-Binding	Protein	2;		
Cux1,	 Cut	 Like	 Homeobox	 1;	 PH3,	 Phospho-Histone	 H3;	 Tbr2,	 T-box	 brain	 transcription	 factor	 2;	 ISLR2,	
Immunoglobulin	 Superfamily	 Containing	 Leucine	 Rich	 Repeat	 2;	 	 OlPc,	 Ol-Protocadherin;	 CR,	 Calretinin;	 	 FoxP1,	
Forkhead	Box	P1;	βIII-Tub,	βIII-Tubulin;		VGlut2,	Vesicular	glutamate	transporter	2;		GFP,	Green	Fluorescent	Protein;		
NF,	 Neurofilament;	 Sox2,	 SRY	 (Sex	 Determining	 Region	 Y)-Box	 2;	 Rnd3,	 Round3;	 βGal,	 βGalactosidase;	 BrdU,	 5-
bromo-2'-deoxyuridine;	Mono,	monoclonal;	Poly,	polyclonal;	St,	striatum;	Co,	corridor;	Vms,	ventromedial	stream;	
IPCs,	 intermediate	progenitor	cells;	MGE,	medial	ganglionic	eminence;	GP,	globus	pallidus;	LMS,	 lateral	migratory	
stream;	Cx,	cortex;	RGCs,	radial	glial	cells;	CAs,	cortical	axons;	SAs,	striatal	axons;		TCAs,	thalamocortical	axons;	INs,	
interneurons;	Glut	synapses,	glutamatergic	synapses.	
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Target	 Host	 Flurochrome	 Conc.	 Reference	 Company	

Goat	 Donkey	 AlexaFluor®		

488	

1:300	 705-545-
003	

JIR	

Goat	 Donkey	 Cy3	 1:300	 705-165-
147	

JIR	

Rabbit	 Donkey	 Cy2	 1:300	 711-225-
152	

JIR	

Rabbit	 Donkey	 Cy3	 1:300	 711-165-
152	

JIR	

Rabbit	 Donkey	 Cy5	 1:300	 711-175-
152	

JIR	

Rat		

(Mouse	min	X)	

Donkey	 Cy2	 1:300	 712-545-
153	

JIR	

Rat	 Donkey	 Cy3	 1:300	 712-165-
150	

JIR	

Rat	 Donkey	 Cy5	 1:300	 712-175-
150	

JIR	

Mouse	 Donkey	 AlexaFluor®	488	 1:300	 715-545-
150	

JIR	

Mouse		

(Rat	min	X)	

Donkey	 Cy3	 1:300	 715-165-
151	

JIR	

Mouse	 Donkey	 Cy5	 1:300	 715-175-
150	

	

Sheep	 Donkey	 AlexaFluor®	488	 1:300	 713-545-
003	

JIR	

Sheep	 Donkey	 Cy3	 1:300	 713-165-
003	

JIR	

Table	 4.	 Secondary	 antibodies.	 Abbreviations:	 JIR,	 Jackson	 Imuno	 Research;	min	 X,	minimal	 crossreactivity,	 Cy,	
cyanine.		

2.5 Axon tracing 

Fixed	embryo	brains	were	superficially	dried	on	filter	paper.	For	TCAs	tracing,	caudal	

diencephalon	 and	midbrain	were	 removed	 under	 lens	 by	 a	 coronal	 slice	with	 a	 fine	

scalpel	just	by	the	caudal	end	of	cortex.	For	SNAs	tracing,	a	rostral	coronal	section	was	

made	 to	 expose	 striatum.	 A	 small	 crystal	 of	 lipophilic	 tracers	 DiI	 (1,1'-Dioctadecyl-

3,3,3',3'-Tetramethylindocarbocyanine	 Perchlorate,	 ThermoFisher	 Scientific,	 D282)	 or	

DiA	 (4-(4-(Dihexadecylamino)styryl)-N-Methylpyridinium	 Iodide,	 ThermoFisher	

Scientific,	D3883)	was	placed	in	the	desired	region	(thalamus,	striatum	or	cortex)	with	
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a	 glass	 capillary	 tube	 that	 had	 been	 previously	 extended	 with	 a	 flame	 (Figure	 25).	

Incubation	 was	 performed	 in	 4%	 PFA	 at	 37oC	 for	 7	 to	 21	 days	 (E14.5	 and	 E18.5,	

respectively).	Then,	brains	were	 included	 in	4%	Low	Melting	Point	D1	Agarose	 (LMP-

D1,	Condalab	Ref.	8010)	and	sliced	in	the	vibratome	(Leica	VT1000	S)	at	200μm.	Slices	

were	 stained	 with	 DAPI	 (4ʹ,6-diamidino-2-phenylindole)	 in	 PBS	 for	 5',	 washed	 and	

mounted	 on	 a	 slide	 with	 50%	 glycerol	 or	 Fluoromount.	 Images	 were	 taken	 with	

fluorescence	microscope	(Olympus	Bx51)	or	fluorescent	lens	(Nikon	SMZ18).		

	

	

Figure	25.	 Placement	of	 axonal	 tracers.	Brain	 is	observed	from	a	dorsal	view.	 In	 the	cortex,	DiI	was	placed	 in	S1	
(somatosensory)	and	DiA	in	V1	(visual)	regions.	Brains	were	sliced	either	rostrally	or	caudally	to	expose	the	striatum	
or	the	thalamus,	respectively.	Observed	from	a	rostral	or	caudal	view,	DiI	or	DiA	were	placed	in	the	striatum	region	
or	thalamic	VPM/dLGN.	

2.6 In situ Hybridization 

2.6.1 Probe synthesis  

Antisense	 probes	 were	 prepared	 by	 digesting	 10	 μg	 of	 the	 vector	 with	 the	

appropriated	restriction	enzyme.	Enzymes	were	removed	by	phenol/chloroform	DNA	

extraction.	 Briefly,	DNA	 is	mixed	with	phenol-chloroform-isoamylalcohol	 (25:24:1)	 to	

remove	proteins,	which	were	trapped	in	the	phenolic	lower	phase.	The	upper	aqueous	

phase,	which	 contained	 the	DNA,	was	 collected	 and	washed	 twice	with	 chloroform-
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isoamylalcohol	(24:1).		Finally	DNA	is	precipitated	at	-20oC	with	double	volume	of	100%	

Ethanol	and	1/10	volume	of	Sodium	Acetate	pH	5.		

In	vitro	transcription	was	performed	with	the	following	mix:	2μl	DIG-RNA	labelling	mix	

(Roche,	 11277073910),	 2	 μL	 transcription	 buffer	 (Roche),	 2	 μL	 DTT	 (Dithiothreitol)	

0.1M,	1	μL	RNase	inhibitor	(Roche),	1	μL	RNA	polymerase	(Roche,	T3	RNA	polymerase,	

11031163001;	T7/SP6	transcription	kit	10999644001),	400	ng	linearized	plasmid,	QSP	

20	 μL	 RNase-free	 H2O.	 After	 probe	 polymerization,	 DNA	 was	 removed	 by	 15	 min	

incubation	at	37oC	with	a	DNase,	 followed	by	DNase	 inactivation	 for	15	min	at	65oC.	

Presence	 of	 the	 riboprobe	 was	 confirmed	 by	 running	 a	 clean	 electrophoresis	 gel.	

Finally,	probe	was	precipitated	adding	100	μL	of	TE	buffer	(Tris	8mM,	EDTA	1mM,	ph	

8.5,	RNase	free),	5	μL	8M	LiCl	and	300	μL	of	ethanol	100%	and	centrifugation	at	13000	

rpm.	 Pellet	 was	 washed	 with	 ethanol	 70%	 and	 finally	 resuspended	 in	 100	 μL	 of	 TE	

buffer.	Aliquots	of	10	μL	or	20	μL	were	kept	at	-80oC.		

2.6.2 In situ hybridization 

For	 in	 situ	 hybridization	 (ISH),	 brain	 slices	were	 prepared	 as	 seen	before.	 Riboprobe	

aliquots	were	diluted	in	1	mL	of	hybridization	buffer	(50	%	Formamide,	10	%	Dextran	

sulfate,	 1x	 Denhardt’s	 sulfate,	 10mg/mL	 yeast	 tRNA,	 0.3M	NaCl,	 0.2M	 Tris-HCl	 pH8,	

0.005M	EDTA,	0.01M	NaH2PO4,	1%	Sarcosyl,	QSP	Diethyl	pyrocarbonate	(DEPC)-H2O),	

warmed	at	70oC	and	put	on	the	slides,	which	were	covered	with	a	coverslip	and	placed	

in	 a	 humid	 chamber.	 Incubation	 in	 a	 hybridization	oven	was	performed	ON	at	 70oC.	

The	 next	 day,	 slides	 were	 washed	 with	 washing	 buffer	 at	 3x5	 min	 at	 50oC	 (50	 %	

Formamide,	2x	Saline	Sodium	Citrate	 (SSC),	pH	7.5,	0.1%	Tween	20,	QSP	RNAse	 free	

H2O)	 and	 3x15	min	with	 1x-2x	 SCC.	 Then,	 slices	were	washed	 3x10	min	with	MABT	

(Maleic	 Acid	 Buffer	 +	 Tween	 0.1%)	 and	 blocked	 in	 Blocking	 Solution	 (2%	 Blocking	

reagent	 (Roche,	11096176001),	MAB	1x,	0.1%	Tween-20,	10%	Sheep	Serum	 (SIGMA,	

S3772),	H2O)	1	hr	at	RT.	Afterwards,	slices	were	incubated	ON	at	4oC	or	1	hr	RT	with	

primary	 antibody	 (Sheep	 Anti-Digoxigenin-AP,	 Roche,	 11093274910)	 diluted	 in	

blocking	 solution	 (1:1000)	 to	 detect	 DIG-labelled	 riboprobes.	 After	 incubation,	

antibody	was	washed	3x10	min	with	MABT	and	1x10	min	with	NTMT	buffer	(100mM	
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Tris-HCl	pH	9.8,	100mM	NaCl,	50mM	MgCl2,	0.1%	Tween	20,	QSP	H2O).	Staining	was	

performed	 by	 incubation	 with	 BM-purple	 (Roche,	 11442074001)	 for	 some	 hours	 or	

ON,	until	purple	precipitate	was	strong	enough.	Then	slides	were	washed	with	PBS	and	

either	mounted	 with	 Fluoromount-G	 or	 continued	 with	 normal	 IHF	 if	 desired.	 Note	

that	 blue-light-excited	 fluorochromes	 cannot	 be	 combined	 with	 the	 ISH	 purple	

precipitate.	 Images	 were	 taken	 with	 microscope	 (Olympus	 Bx51)	 or	 lens	 (Nikon	

SMZ18).		

2.7 AP assay 

Protein	 production:	 HEK293T	 cells	 were	 cultured	 in	 a	 p100	 with	 Complete	 DMEM	

(Dulbecco's	Modified	Eagle	Medium	with	10%	FBS,	1%	P/S)	and	transfected	with	GFP	

or	Alkaline	Phosphatase	(AP)-fused	Sema3C(L)-AP-His	(Sema3C-AP,	Addgene	#72015).	

Transfection	was	carried	out	in	OptiMEM	media	(ThermoFisher	Scientific,	31985-047)	

with	a	regular	Polyethilenimine	(PEI)	protocol.	Briefly,	DNA	and	PEI	were	mixed	in	a	10	

μL	PEI	per	1	μg	DNA	proportion	and	incubated	with	cell	for	1	hr.	Then,	OptiMEM	was	

replaced	with	7mL	of	Complete	DMEM	and	cells	were	grown	on	 the	 incubator	 for	7	

days.	 Supernatant	media	was	 collected,	 filtered,	 aliquoted	 and	 stored	 at	 -20oC.	 This	

solution	was	used	as	control	or	Sema3C-AP	protein.		

Protein	 Binding:	 Fresh	 brains	were	 collected	 as	 described	 before	 in	Hank's	 Balanced	

Salt	 Solution	 (HBSS,	 ThermoFisher	 Scientific,	 24020091)	 and	 immediately	 included	 in	

Tissue	Freezing	Media	without	fixation	and	frozen	at	-80oC.	Frozen	brains	were	sliced	

at	 20	 μm	 in	 the	 cryostate	 as	 described	 before.	 Sections	 were	 kept	 at	 -80oC	 or	

processed	immediately.	Before	protein	binding,	slices	were	fixed	with	methanol	8	min	

at	 -20oC,	 washed	 in	 HEPES	 Buffered	 Saline	 (HBS;	 140	 mM	 NaCl,	 1.5	 mM	 Na2HPO4,	

50mM	HEPES)	 and	 rinsed	 twice	 in	 HBAH	 (HBSS	 1x	 +	 0.5mg/mL	 BSA	 +	 20mM	HEPES	

ph7).	Incubation	of	Sema3C-AP	was	achieved	after	90	min	at	RT.	After	3x10	min	HBAH	

washes,	 section	were	 incubated	 less	 than	 1	min	with	 4%	PFA/PBS	 and	washed	with	

HBS.	 Then,	 sections	 were	 incubated	 2	 hrs	 in	 65oC	 HBS,	 which	 removed	 background	

signal	 of	 endogenous	 AP.	 After	 wash	 with	 AP	 staining	 buffer	 (100mM	 Tris,	 150mM	

NaCl,	1mM	MgCl2,	pH	9)	sections	were	incubated	30	min	to	2	hrs	in	BM	purple	at	RT	in	
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a	 dark,	 humid	 chamber.	 When	 purple	 precipitate	 was	 visible	 enough,	 reaction	 was	

stopped	with	1x	PBS	10mM	EDTA,	washed	in	PBS	and	mount.	Images	were	taken	with	

microscope	(Olympus	Bx51)	or	lens	(Nikon	SMZ18).			

2.8 Cortex measures 

Cortical	cell	counting:	Tbr1+,	Ctip2+,	SatB2+,	Pax6+,	Sox2+	and	PH3+	cells	were	labelled	

with	 regular	 IHF	protocol.	 4x	 and	10x	 images	were	 taken	of	 each	 cortex	 slice	 in	 the	

whole	 rostrocaudal	axis.	The	10x	 image	 region	was	consistent	 in	all	 slices	and	 it	was	

described	 as	 the	 equidistant	 region	 from	 the	 dorsal	 turn	 and	 the	 ventral	 angle	

between	 cortex	 and	 LGE,	 with	 exception	 of	 the	 most	 caudal	 slices	 where	 it	 was	

considered	as	the	 internal	tip	of	the	dorsal	turn.	 Images	were	distributed	into	rostral	

(before	 the	 emergence	 of	 the	 thalamus),	 intermediate	 (from	 the	 emergence	 of	 the	

thalamus	until	 TCAs	 cross	 the	DTB)	and	caudal	 slices	 (from	TCAs	before	 crossing	 the	

DTB	until	 the	end	of	the	cortex).	Then,	 images	were	slightly	contrasted	 in	 Image	J	 to	

remove	 background	 signal.	 Afterwards	 they	were	 scaled	 in	 a	 rectangle	 of	 the	 same	

width	 for	 all	 of	 them.	 If	 other	 tissue	 fragments	 appeared	 in	 the	 image,	 they	 were	

removed	so	that	they	did	not	interfere	with	the	counting.	In	order	to	analyse	SatB2	in	

ULs,	Ctip2+	cells	were	considered	LLs	and	thus,	their	region	and	lowers,	were	removed	

from	SatB2	photos.	Selected	images	were	then	processed	with	CellProfiler™	354,	so	that	

it	detected	single	nuclei	and	excluded	background	signal.	A	different	set	of	parameters	

was	designed	for	each	cell	type	and	used	for	the	whole	set	of	images	of	this	cell	type.	

Total	cell	number	was	recalculated	into	No	of	cells/100	μm	of	cortex	(tangentially).			

Tbr1highCtip2high	 cells:	After	 co-labelling	 of	 Tbr1	 and	 Ctip2,	 4x	 images	 were	 taken	 of	

each	 brain	 slice	 in	 the	whole	 rostrocaudal	 axis.	 Images	were	merged	 in	 ImageJ	 and	

CellCounter	plugin	was	used	to	manually	select	every	Tbr1highCtip2high	cell.	The	division	

between	Medial	and	Lateral	cortex	was	set	as	the	 imaginary	 line	 in	the	dorsal	cortex	

turn.		

Layers	 and	 zones	 width:	 images	 were	 taken	 and	 distributed	 following	 the	 same	

parameters	 as	 described	 before.	 After	 setting	 the	 proper	 scale	 in	 ImageJ,	 width	 of	
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Tbr1+,	 Ctip2+,	 SatB2+	 and	 Pax6+	 regions	were	measured.	 For	 embryonic	 zones	 (VZ,	

SVZ,	IZ,	CP)	DAPI	images	were	used.	Total	cortical	width	was	also	measured.		

2.9 BrdU analysis 

At	 day	 13.5	 after	 the	 plug	 was	 observed,	 pregnant	 females	 were	 injected	

intraperitoneally	 with	 0,15-0,2	 mL	 10	 mg/mL	 5-bromo-2'-deoxyuridine	 (BrdU,	

ThermoFisher	 Scientific,	 B23151;	 50	μg	of	 BrdU	per	 g	 of	mouse	weight)	 dissolved	 in	

PBS.	 BrdU	 is	 a	 thymidine	 analogue	 that	 mitotic	 cells	 incorporate	 in	 their	 genome	

during	 S-phase.	 Females	were	 sacrificed	 at	 E17.5	 and	 embryo	 brains	were	 collected	

and	cryosectioned	following	the	regular	protocol.	After	a	pretreatment	of	30	min	with	

2N	HCl	and	2x15	min	steps	of	neutralization	with	sodium	tetraborate	(Na2B4O7,	0,1M,	

pH	8,5),	 immunofluorescence	was	 carried	out	with	 the	normal	protocol.	 The	CP	was	

divided	 into	LLs,	expressing	Tbr1	and	Ctip2,	and	ULs,	negative	 for	both	genes.	BrdU+	

cells	were	counted	manually	with	CellCounter	ImageJ	plugin.		

3. Cultures 

3.1 Explant growth assay  

Rnd3gt/+	or	Rnd3gt/gt	E13.5	embryo	brains	were	dissected	in	ice-cold	1x	Krebs	(NaCl	126	

mM,	KCl	2.5	mM,	NaH2PO4	1.2	mM,	MgCl2	1.2	mM,	CaCl2	2.1	mM).	After	genotyping,	

diencephalon	 was	 separated	 from	 telencephalon.	 After	 removing	 meninges,	 the	

thalamus	 was	 exposed	 by	 dividing	 the	 diencephalon	 into	 two	 halves	 and	 it	 was	

dissected,	removing	the	most	dorsal	(epithalamus)	and	the	ventral	part	(prethalamus	

and	 hypothalamus),	 and	 was	 kept	 in	 a	 p60	 plate	 containing	 ice-cold	 1x	 Krebs.	 For	

striatum,	 meninges	 were	 removed	 from	 hemi-telencephalons	 and	 coronal	 sections	

were	made	with	a	fine	scalpel.	Striatum	was	dissected	from	sections	by	cutting	at	the	

visible	 external	 capsule	 laterally;	 under	 the	 LGE-SVZ	 dorsally;	 at	 the	 LGE-MGE	

intersection	level	medially;	and	the	most	ventral	external	capsule	ventrally.	 	Striatum	

and	thalamus	removed	from	slices	were	cut	into	small	explants,	which	were	incubated	
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in	 Complete	 Neurobasal	 (NB27:	 Neurobasal	 (ThermoFisher	 Scientific,	 21103049),	

100U/mL	 Penicillin/Streptomycin	 (P/S,	 ThermoFisher	 Scientific,	 15140122),	 1mM	 L-

Glutamine	 (ThermoFisher	 Scientific,	 25030024),	 1xB27	 (ThermoFisher	 Scientific,	

17504044))	20	min	 in	 the	 incubator	 (5%	CO2,	37oC).	Then,	9	explants	were	placed	 in	

each	 M4	 well	 (previously	 coated	 with	 D-Poly-lysine	 1mg/mL	 (SIGMA,	 P7886)	 and	

Laminin	 5mg/mL	 (Invitrogen,	 23017-015))	 and	 filled	 with	 NB27	 supplemented	 with	

0,4%	Methyl	Cellulose	(SIGMA,	9004-67-5).	After	2	Days	in	Vitro	(DIV)	for	thalamic	and	

4	DIV	for	striatal,	explants	were	fixed	with	4%	PFA.	Immunostaining	against	βIII-Tubulin	

was	 performed	 as	 normal	 immunofluorescence	 protocol.	 The	 length	 of	 the	 longest	

axon	of	every	fourth	of	the	explant	was	calculated	and	averaged	for	each	explant.		

3.2 Stripe assay 

Stripe	 coating	was	 generated	 as	 described	 elsewhere	 162,233.	 The	Red	 Stripe	mix	was	

prepared	incubating	recombinant	proteins	SEMA3C-Fc	(R&D,	5570-S3)	or	ISLR2	(R&D,	

4562-R2),	or	control	Fc	fragment	(Jackson	ImmunoResearch,	009-000-008)	at	50ng/μL	

with	anti-human	Alexa594	at	150	ng/μL	(Invitrogen,	A11014)	in	PBS	for	30	min	at	RT.	

Meanwhile,	dust	was	removed	from	silicon	matrixes	with	tape	and	they	were	placed	in	

a	 p60	 NunclonDelta	 Surface	 (Thermo	 Scientific,	 150288)	 with	 care	 that	 no	 bubbles	

were	 left	 in	 the	 channels.	 The	 limits	 of	 the	 inner	 channels	 were	 delimited	 in	 the	

reverse	 of	 the	 plate	 with	 a	 marker.	 After	 incubation,	 20	 μL	 of	 red	 stripe	 mix	 was	

injected	 through	 the	 inlet	 channel	of	 the	 silicon	matrix,	 so	 that	 inner	 channels	were	

filled,	and	was	incubated	for	30	min	in	the	incubator	at	37oC.	In	the	meantime,	Black	

Stripe	mix	was	prepared	incubating	Fc	recombinant	protein	(50ng/μL)	with	anti-human	

without	 fluorochrome	 (150ng/μL)	 for	30	min	a	RT.	After	 red	 stripe	 incubation	 in	 the	

matrix,	 channels	 were	 washed	 three	 times	 with	 800	 μL	 of	 PBS	 and	 matrix	 was	

removed.	Quickly,	to	prevent	stripe	drying,	45	μL	of	Black	Stripe	mix	was	incubated	in	

the	stripes	region	for	30	min	at	37oC.	Afterwards,	Black	Stripe	mix	was	removed	and	

stripe	region	was	washed	thrice	with	800	μL	of	PBS.	Finally,	stripes	were	coated	ON	or	

more	than	2	hrs	with	100	μL	of	20μg/mL	Laminin.	Some	PBS	was	 left	 in	the	edges	of	

the	plate	to	avoid	drying.	After	incubation,	Laminin	was	washed	with	H2O	and	150	μL	

of	0.4%	Methyl	Cellulose	NB27	were	added.	Explants	were	processed	as	described	 in	



	 	 Pau	Marfull	Oromí,	2019	

125		

Explant	 growth	 assay	 and	 placed	 in	 a	 3x3	 square	 in	 the	 stripes	 region.	 After	 2DIV,	

thalamic	 explants	 were	 fixed	 with	 4%	 PFA	 and	 stained	 for	 analysis	 with	 anti-βIII-

Tubulin.	Images	were	taken	with	Olympus	Bx51	fluorescence	microscope	and	analysed	

with	 ImageJ	 Automatic	 Stripe	 Assay	 Analysis	 plugin	 (Daniel	 del	 Toro,	 Max	 Planck	

Institute,	Klein's	lab).	Briefly,	this	plugin	calculates	the	percentage	of	βIII-Tubulin	pixels	

over	 red	 stripes.	 Repulsion	 Index	 (RI)	 was	 calculated	 applying	 the	 formula	𝑦 =

−0,02𝑥 +  1,	which	represents	a	RI	of	1	with	a	0%	of	green	pixels	over	red	stripes	and	

a	RI	of	0	with	a	50%.		

3.3 Organotypic cultures 

Organotypic	 slices:	Embryos	and	whole	brains	were	obtained	as	described	 in	Explant	

Growth	Assay	in	ice-cold	1x	Krebs.	For	vibratome	slicing,	brains	were	included	in	LMP	

Agarose,	which	was	prepared	at	1%	and	4%	concentration	in	Krebs,	solubilized	in	the	

microwave	and	kept	at	60oC	in	the	water	bath.	Warm	1%	and	4%	LMP	Agarose	were	

poured	 in	 separate	 plastic	 molds	 (aprox.	 2cmx2cm).	 Their	 temperatures	 were	

measured	with	a	thermometer	until	they	reached	aprox.	50oC.	Then	brains	were	pre-

included	 in	1%	LMP	Agarose	 for	30	sec	and	 finally	 included	 in	4%	LMP	Agarose,	 that	

was	 let	 solidify	 in	 ice.	 When	 solid,	 300	 μm	 45o	 coronal/sagital	 brain	 slices	 were	

obtained	in	vibratome	and	placed	on	Cell	Culture	Insert	(MerckMillipore,	PICM0RG50)	

floating	in	a	p35	with	Complete	DMEM.	This	preparation	was	kept	in	the	incubator	(5%	

CO2,	37oC)	for	1	hour	or	until	explants	were	prepared.	After	slicing	and	opening	a	small	

region	with	a	fine	scalpel,	COS7	cell	explants	were	placed	within	the	cut.	Afterwards,	

Complete	DMEM	was	 replaced	by	NB27	media	and	kept	 in	 the	 incubator	 for	48	hrs.	

Then,	cultures	were	 fixed	1	hr	with	4%	PFA	 in	PBS,	DiI	 tracing	dye	was	placed	 in	 the	

thalamus	and	kept	with	4%	PFA	in	PBS	at	RT	for	one	week	or	until	TCAs	were	clearly	

observed.	Finally,	images	were	made	in	a	fluorescent	lens	(Nikon	SMZ18).		

COS7	cell	explants:	COS7	cell	explants	were	prepared	from	COS	transfected	cells.	These	

cells	were	 previously	 cultivated	 in	 a	 p60	 plate	with	 Complete	DMEM	and,	 two	 days	

before	organotypic	culture	assay,	were	transfected	with	Lipofectamine3000,	following	

the	supplier	 indications,	with	pCAGIG	(plasmid	with	the	CAG	promoter	and	IRES-GFP)	
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or	 pCAGIG-ISLR2.	 The	 day	 of	 the	 experiment,	 transfected	 COS7	 cells	were	 detached	

from	the	culture	plate	with	a	30	sec	Trypsin	treatment,	washed	with	Complete	DMEM	

and	 collected	 by	 centrifugation	 at	 600	 rpm.	 The	 pellet	 was	 resuspended	 in	 a	 small	

volume	of	MatriGel	(Corning,	356234)	in	ice	to	prevent	it	from	solidification.	Then,	5	μL	

drops	 of	 MatriGel	 with	 COS7	 cells	 were	 plated	 on	 a	 clean	 dissection	 plate	 and	 let	

solidify	in	the	incubator.	After	10-15	min,	solidified	drops	were	covered	with	20	μL	of	

NB27	media	and	were	sliced	in	small	cubes,	which	we	called	GFP-COS7	or	ISLR2-COS7	

cell	explants	and	were	inserted	in	the	cut	made	in	the	brain	organotypic	slice.		

4. Statistics 

All	statistical	analyses	were	performed	with	GraphPad	Prism7.	Explant	growth	assays	

and	Stripe	assays	were	compared	with	t	test	analysis.	Layers	and	zones	width	and	cell	

counting	 where	 only	 two	 groups	 (control	 and	 KO)	 but	 3	 conditions	 (i.e.	 rostral,	

intermediate,	caudal)	are	compared	were	analysed	with	multiple	t	test	in	a	same	data	

table.	 All	 other	 data	with	 3	 or	more	 groups	 (i.e.	Rnd3+/+,	Rnd3+/gt	 and	Rnd3gt/gt)	 and	

three	conditions	(i.e.	rostral,	intermediate,	caudal)	were	analysed	with	2-way	ANOVA.		
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1. Rnd3 expression in the embryonic mouse brain 

1.1 Rnd3 brain embryonic expression  

In	order	to	understand	the	role	of	Rnd3	in	the	development	of	distinct	regions	of	the	

mouse	developing	brain,	we	 first	 needed	 to	 analyse	 its	 expression.	 Though	we	 tried	

distinct	anti-Rnd3	commercial	antibodies,	none	of	them	gave	specific	staining.	This	was	

verified	 testing	 the	antibodies	 against	Rnd3+/+	 and	Rnd3gt/gt	embryo	brains,	 and	both	

showed	the	same	background	pattern	(data	not	shown).	Therefore,	we	took	advantage	

of	the	Rnd3gt	allele	that	expresses	βGal	and	is	present	in	heterozygous	control	mice	346.	

The	 expression	 was	 analysed	 at	 different	 embryonic	 stages:	 E12.5	 (Figure	 26	 A-C),	

E14.5	(Figure	26	D-F),	E16.5	(Figure	26	G-I)	and	E18.5	(Figure	26	J-L).	In	general	terms,	

Rnd3	 expression	 seemed	 to	 be	 stronger	 at	 E14.5	 and	 E16.5,	 but	 reduced	 at	 E18.5	

maybe	 due	 to	 reduction	 of	 proliferative	 areas,	 such	 as	 subpallial	 SVZs.	 No	 major	

changes	 regarding	 regional	 expression	 were	 observed,	 with	 the	 exception	 of	 the	

cortex.	 In	 this	 structure,	βGal	 staining	was	 lightly	observed	at	 E12.5,	but	 stronger	 at	

E14.5,	E16.5	and	E18.5.	We	noted	that	Rnd3	expression	at	E14.5	and	E16.5	seemed	to	

be	 in	 the	 IZ,	while	at	E18.5	was	 limited	 to	 the	SVZ	and	the	VZ.	The	exact	 location	of	

Rnd3	expression	within	the	cortex	is	further	analysed	in	figure	29.		

In	the	subpallium,	the	greatest	signal	was	obtained	in	the	SVZ	of	LGE	and	MGE,	already	

starting	at	E12.5	and	still	was	strong	at	E18.5.	Moreover,	βGal	staining	was	observed	in	

the	striatum	from	E12.5	to	E18.5	and	in	the	E14.5	corridor	and	Vms	(Figure	26	A,	D,	E,	

G,	 H,	 J,	 K).	 In	 contrast,	 the	 GP	 did	 not	 show	 positive	 signal	 (Figure	 26	 D,	 E,	 H,	 K).	

Moreover,	the	BNST	also	showed	βGal	staining	at	E16.5	and	E18.5	(Figure	26	H,	J).	A	

better	analysis	of	Rnd3	expression	pattern	in	the	subpallium	is	illustrated	in	figure	28.		
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Figure	26.	Rnd3	brain	expression	at	different	embryonic	stages.	A-L)	Cryosections	of	Rnd3+/gt	brains	at	E12.5	(A-C),	
E14.5	(D-F),	E16.5	(G-I)	and	E18.5	(J-L)	stained	with	XGal.	Rostral	(A,	D,	G,	J),	intermediate	(B,	E,	H,	K)	and	caudal	(C,	
F,	I,	L)	,	sections	are	shown.	Abbreviations:	AC,	anterior	commisure;	Co,	corridor;	Cx,	Cortex;	Eth,	epithalamus;	GP,	
globus	 pallidus;	 IC,	 internal	 capsule;	 LGE,	 lateral	 ganglionic	 eminence;	MGE,	medial	 ganglionic	 eminence;	mHTh,	
medial	 hypothalamus;	 mTh,	 medial	 thalamus;	 PTh,	 prethalamus;	 POA,	 preoptic	 area;	 St,	 striatum;	 SVZ,	
subventricular	zone;	Th,	thalamus;	VZ,	ventricular	zone.	Scale	bars:	400	µm.	 	
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In	 the	 diencephalon,	 Rnd3	 expression	 was	 detected	 strongly	 expressed	 in	 the	most	

medial	regions	(probably	proliferative)	from	dorsal	to	ventral	(Figure	26	A-F,	H,	I,	K,	L).	

In	all	stages,	Rnd3	thalamic	expression	was	observed	stronger	in	medial	regions,	most	

surely	 proliferating	 or	 migrating	 cells,	 but	 lighter	 and	 in	 a	 salt-and-pepper	 pattern	

laterally,	in	the	projection	neurons	(Figure	26	A-F,	H,	I,	K,	L).	These	expression	patterns	

are	 further	 analysed	 in	 figure	 27.	 Similarly,	 the	 epithalamus	 showed	 stronger	

expression	medially	than	laterally	(Figure	26	B,	E,	I,	K).	Neither	the	mature	prethalamus	

nor	the	mature	hypothalamus	exhibited	strong	βGal	staining	(Figure	26	B,	E,	H,	K).		

1.2 Rnd3 expression in the thalamus 

We	wanted	to	better	understand	whether	Rnd3	is	expressed	in	projection	neurons	of	

the	thalamus.	For	this	purpose,	we	co-stained	E12.5	and	E14.5	brain	cryosections	with	

βGal	 staining	 and	 Calretinin	 (CR)	 immunodetection.	 CR	 has	 been	 described	 to	 be	

expressed	in	different	kinds	of	interneurons	all	around	the	brain	355,356,	in	Cajal-Retzius	

cells	357,358,	but	also	in	some	thalamic	nuclei	and	TCAs	24,359,360.		

First,	 analysis	 of	 E12.5	 thalamus	 revealed	 that	 CR+	 thalamic	 mature	 cells	 did	 not	

express	Rnd3,	which	was	only	 expressed	 in	 the	most	medial	 region	 (Figure	27	A-B'),	

corresponding	 to	 the	 thalamic	 VZ	 and	 SVZ	 361.	 Only	 few	 pioneer	 TCAs	 projected	 at	

E12.5,	so	we	wanted	to	study	more	mature	thalamic	neurons	and	we	analysed	Rnd3	

expression	at	E14.5.	An	approximate	nuclei	regionalization	was	made	following	images	

found	in	the	literature	359,360	(Figure	27	C'').	We	observed	a	strong	Rnd3	expression	in	

the	 CR-	medial	 thalamus,	which	 is	 constituted	 by	 the	 anterior	 nuclei	 complex	 (ANC)	

and	 the	 midline	 and	 interlaminate	 nuclei	 (MI)	 360	 (brackets	 in	 Figure	 27	 C-C'').	

Otherwise,	a	 scattered	βGal	 staining	was	observed	 in	other	CR+	 regions,	 such	as	 the	

VPM	and	dLGN	 (Figure	27	C-C'').	Other	 regions	were	CR-/βGal	 -,	 such	 as	 the	 ventral	

lateral	geniculate	nucleus	(vLGN);	or	CR+	βGal	-,	such	as	the	lateral	posterior	nucleus	

(LP).	Moreover,	βGal+	CR-	signal	was	observed	in	the	zona	limitans	intrathalamica	(ZLI)	

(Figure	27	C,	asterisk).		
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Figure	27.	Rnd3	expresion	in	embryonic	thalamus.	A-B')	Rnd3+/gt	cryosection	costained	with	βGal	and	CR	at	E12.5.	
A)	Costaining	of	βGal	and	CR.	Brackets	 indicate	 the	Rnd3+	 region	 in	 the	medial	 thalamus.	Area	delineated	 in	 the	
rectangle	 is	 magnified	 in	 B.	 B,	 B')	 Staining	 of	 βGal	 (B)	 and	 CR	 (B')	 in	 the	 thalamus.	 The	 area	 delimited	 with	 a	
rectangle	is	observed	in	the	inner	panel.	Arrowheads	indicate	CR+	neurons	without	βGal.	C-H')	Rnd3+/gt	cryosection	
costained	 with	 βGal	 and	 CR	 at	 E14.5.	 A-C'')	 Brackets	 indicate	 a	 thalamic	medial	 area	 with	 strong	 βGal	 staining;	
asteriks,	the	ZLI.	Small	rectangles	in	C	define	the	areas	observed	in	D-H',	corresponding	to	different	thalamic	nuclei	
identified	in	C''.	D-H')	Magnification	images	from	C.	White	arrowheads	indicate	βGal	dots	far	from	CR+	neurons,	red	
arrowheads	 point	 βGal	 dots	 inside	 CR+	 cells	 and	 green	 arrowheads	 indicate	 CR+	 and	 βGal-	 neurons.	 I-I'')	 E14.5	
Rnd3gt/gt	brain	cryosection	with	βGal	and	NF	immunolabelling.	The	line	in	I	represents	the	DTB.	Arrowheads	point	
NF+	 βGal-	 TCAs.	 Abbreviations:	 ANC,	 anterior	 nuclear	 complex;	 CR,	 calretinin;	 Di,	 diencephalon;	 dLGN;	 dorsal	
Lateral	Geniculate	Nucleus;	DTB,	Diencephalon-Telencephalon	Boundary;	LP,	 lateral	posterior	nucleus;	MI,	medial	
interlaminate	nuclei;	NF,	neurofilament,	 SubP,	 subpallium;	vLGN,	 ventral	 lateral	 geniculate	nucleus;	VPM,	ventral	
posteromedial	nucleus;	ZLI,	zona	limitans	intrathalamica.	Scale	bars:	A-C',	I-I'',	200	µm;	D-H',	50	µm.		
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To	 more	 precisely	 study	 whether	 βGal	 stained	 dots	 were	 in	 or	 out	 of	 CR+	 cell,	 we	

analysed	 higher	 magnification	 images.	 A	 limitation	 of	 this	 approach	 is	 that	 βGal-

staining	 is	 observed	 in	 transmitted	 light	 and	 therefore	 this	 analysis	 could	 not	 be	

performed	in	confocal	microscope.	As	we	expected,	in	the	vLGN	neither	CR+	nor	βGal+	

cells	were	observed	(Figure	27	D,	D').	In	both	the	dLGN	(Figure	27	E,	E')	and	the	VPM	

(Figure	 27	 F,	 F'),	 most	 βGal	 dots	 appeared	 outside	 CR+	 cells	 (white	 arrowheads),	

However,	some	might	be	inside	(red	arrowheads),	but	it	is	still	possible	that	these	dots	

belonged	 to	 another	 surrounding	 cell.	 In	 the	 ANC,	 strong	 βGal	 signal	was	 observed,	

without	CR	staining	(Figure	27	G,	G').	Oppositely,	 the	LP	had	CR+	neurons,	which	did	

not	show	Rnd3	expression	(Figure	27	H,	H',	green	arrowhead).		

All	 these	 results	 indicated	 that	 Rnd3	 is	 not	 preferentially	 expressed	 in	 CR+	 thalamic	

neurons.	To	better	confirm	this	observation	we	performed	an	immunostaining	of	βGal	

together	 with	 Neurofilament	 (NF)	 in	 Rnd3gt/gt	 brain	 slices	 (Figure	 27	 I,	 I',	 I'').	 We	

observed	that	NF+	TCAs	within	the	diencephalon	did	not	show	βGal	staining,	indicating	

that	thalamic	projection	neurons	do	not	express	high	levels	of	Rnd3.		

1.3 Rnd3 expression in the subpallium 

The	subpallium	showed	a	high	expression	of	Rnd3,	especially	in	the	LGE	and	MGE	at	all	

analysed	 stages	 (Figure	 26).	We	wanted	 to	 further	 study	 βGal	 staining	 at	 E12.5	 and	

E14.5	 in	 the	 different	 subpallial	 regions	 by	 immunolabelling	 Islet1	 (in	 the	 striatum,	

corridor	 and	 Vms)	 and	 Nkx2.1	 (MGE	 and	 GP)	 (Figure	 28	 A-E).	 At	 E12.5	 Rnd3	 was	

strongly	expressed	in	the	Nkx2.1+	MGE-SVZ,	with	also	lower	levels	in	the	MGE-VZ	and	

POA-SVZ	 (Figure	 28	 B).	 Moreover,	 positive	 staining	 clearly	 appeared	 in	 the	 Islet1+	

regions.	(Figure	28	B-B'').	Otherwise,	Rnd3	expression	in	early	GP	was	unclear,	as	their	

cells	 were	 intermixed	 with	 the	 corridor.	 Therefore,	 we	 deeper	 studied	 whether	 GP	

Nkx2.1+	cells	expressed	Rnd3	or	not.	We	first	observed	that	the	GP	region	showed	less	

dot-like	precipitates,	but	a	blurry	signal	(Figure	28	B,	E).	Higher	magnification	images	of	

E12.5	brains	showed	that	some	Nkx2.1+	βGal+	cells	were	present	 in	 the	eminent	GP	

(Figure	28	E-E''',	red	arrowheads).	Similarly,	Nkx2.1+	cells	that	were	intermixed	within	

the	corridor	appeared	near	XGal	precipitates	(Figure	28	F-F''',	red	arrowheads),	as	well	

as	most	 Islet1+	 cells	 (Figure	 28	 F-F''',	 green	 arrowheads).	Moreover,	 some	 POA-SVZ	
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and	 most	 of	 MGE-SVZ	 cells	 near	 the	 mantle	 zone	 appeared	 to	 be	 Nkx2.1+/βGal+	

(Figure	 28	 G-H''',	 red	 arrowheads).	 Some	 βGal	 precipitates	 appeared	 near	 both	

Nkx2.1+	 or	 Islet1+	 cells,	 but	 their	 identity	 could	 not	 be	 identified	 (Figure	 28	 F-F''',	

yellow	arrowheads)	

The	expression	of	Rnd3	was	similar	at	E14.5,	where	the	LGE,	MGE,	striatum,	corridor	

and	Vms	were	strongly	 stained	by	XGal	 (Figure	28	C-D'').	 In	contrast	 to	E12.5	brains,	

the	GP	clearly	excluded	βGal	expression	at	E14.5	(Figure	28	D-D'',	E-E'').	Furthermore,	

by	 immunolabelling	βGal	 in	Rnd3gt/gt	brains	at	E14.5	we	observed	that	SAs	were	also	

βGal+	 (Figure	28	 I-I'').	However,	 this	observation	only	meant	that	SPNs	express	βGal,	

and	extensively	Rnd3,	but	we	could	not	discern	whether	the	protein	is	 located	in	the	

soma	 or	 the	 axon.	 Therefore,	 we	 could	 not	 assume	 with	 this	 result	 that	 Rnd3	 is	

involved	in	SAs	guidance.		
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Figure	28.	Rnd3	expression	in	the	subpallium.	A-D'')	Rnd3+/gt	cryosections	costained	with	βGal,	Islet1	and	Nkx2.1	at	
E12.5	 and	 E14.5.	 Area	 delimited	 in	 rectangles	 in	 A	 and	 C	 is	 magnified	 in	 B-B''	 and	 D-D'',	 respectively.	 Areas	
delineated	in	B'	represent	the	images	in	E-H'''.	E-H''')	Magnification	of	four	different	areas	with	Islet1,	Nkx2.1	and	
βGal	 stainings.	 Red	 arrowheads	 indicate	 βGal	 dots	 likely	 to	 be	 inside	Nkx2.1+	 cells;	 green	 arrowheads,	 in	 Islet1+	
cells;	yellow	arrowheads,	dots	with	both	Nkx2.1	and	Islet1	nearby.	Arrowheadss	are	delimited	by	a	white	line	in	E''',	
F''',	G'''	 and	H'''	 to	be	easily	 observed.	 J-J'')	 E14.5	Rnd3gt/gt	 brain	 cryosection	with	βGal	 and	NF	 immunolabelling.	
Arrow	 points	 NF+	 βGal+	 striatal	 axons	 in	 the	 GP.	 Abbreviations:	 Co,	 corridor;	 GP,	 globus	 pallidus;	 LGE,	 lateral	
ganglionic	eminence;	NF,	neurofilament;	MGE,	medial	ganglionic	eminence;	POA,	preoptic	area;	St,	striatum;	SVZ,	
subventricular	zone;	Th,	thalamus;	Vms,	ventromedial	stream;	VZ,	ventricular	zone.	Scale	bars:	A,	C,	400	µm;	B-B'',	
D-D'',	I-I''	200	µm;	E-H'',	50	µm.		
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1.4 Rnd3 expression in the cortex 

Rnd3	expression	 in	 the	cortex	was	continued	over	 the	development,	but	 in	different	

zones	depending	on	the	embryonic	stage.	In	order	to	identify	the	identity	of	the	Rnd3-

expressing	 neurons,	 we	 used	 immunofluorescent	 staining	 of	 specific	 cell	markers	 of	

the	CP	(Tbr1	and	Ctip2)	or	NPCs/IPCs	(Sox2/Tbr2)	and	then	stained	with	XGal	staining	

or	anti-βGal	antibody	(Figure	29).	Early	developing	cortex	(E13.5	and	E14.5)	showed	a	

similar	 Rnd3	 expression	 pattern.	 Tbr1+	 cells	 constitute	 the	 SP	 and	 deepest	 layer,	

number	VI,	which	 is	 the	 first	 to	 appear	 124.	 	 At	 E13.5	 cells	 Rnd3-expressing	 cells	 are	

located	in	the	IZ	where	Tbr1low	cells	appear,	but	not	in	the	Tbr1high	CP,	(Figure	29	A-B).	

At	 E14.5	 the	 second	 cohort	 of	migrating	 cells	 is	 invading	 the	 CP.	 These	 neurons	 are	

Ctip2+	 and	 establish	 layer	 V	 125.	 Similarly	 to	 E13.5	 brains,	 E14.5	 βGal+	 cells	 were	

observed	in	the	IZ	where	Ctip2low	expressing	cells	were	located,	but	not	in	the	CP	with	

Tbr1high	and	Ctip2high	cells	(Figure	29	C,	D).	However,	Rnd3	expression	pattern	changed	

at	E16.5,	where	it	was	observed	in	migrating	neurons	in	the	IZ,	but	also	strongly	in	the	

SVZ	and	lighter	in	the	VZ.	The	CP	and	the	SP	did	not	exhibit	positive	staining	(Figure	29	

E,	F).	This	change	was	intensified	at	E18.5	and	βGal+	staining	was	only	observed	light	in	

the	Sox2+Tbr1-	VZ	and	stronger	the	SVZ	(Figure	29	G,	H)	and	at	the	same	position	than	

dense	Sox-Tbr1+	IPCs	(Figure	29	I,	I',	 I'').	Note	that	in	Figure	29	I,	I'	and	I'',	Sox2,	Tbr2	

and	DAPI	images	were	made	in	a	different	section	than	βGal	staining	(Figure	29	H),	but	

are	 useful	 to	 observe	 VZ	 and	 SVZ	 regions.	 However,	 we	 cannot	 confirm	 that	 Rnd3-

expressing	cells	are	Tbr2+	IPCs.	

To	 better	 observe	 βGal	 expression	 in	 migrating	 cells,	 we	 co-stained	 E14.5	 brain	

sections	 with	 anti-βGal	 and	 anti-Ctip2	 antibodies.	 This	 was	made	 in	 Rnd3gt/gt	 slices,	

since	 they	 expressed	more	βGal	 than	heterozygous	 and	 signal	was	 higher.	With	 this	

approach,	we	eventually	confirm	that	all	cells	in	the	Rnd3+	region	in	the	IZ	was	positive	

for	Ctip2	(Ctip2low)	(Figure		29	J'',	magnification).		
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Figure	 29.	 Rnd3	 expression	 in	 the	 cortex.	 A-F''')	 Cryosections	 of	 E13.5	 (A-B'''),	 E14.5	 (C-D''')	 and	 E16.5	 (E-F''')	
Rnd3+/gt	brains	stained	with	βGal	and	labelled	with	Ctip2,	Tbr1	and	DAPI.	Images	in	B-B''',	D-D'''	and	F-F'''	represent	
the	augmented	region	marked	 in	A,	C	and	G	respectively.	 Lines	at	 the	borders	 indicate	 the	approximate	 limits	of	
cortical	 zones.	 G-I''')	 Rnd3+/gt	 brains	 cryosections	 of	 E18.5.	 G,	 H)	 βGal	 staining.	 I-I'')	 Sox2,	 Tbr2	 and	 DAPI	
immunolabelling	in	a	similar	section	to	the	one	observed	in	G.	Lines	at	the	borders	indicate	the	approximate	limits	
of	cortical	zones.	J-J'')	Immunohistofluorescence	on	Rnd3+/gt	brain	cryosections	with	βGal,	Ctip2	and	DAPI	labelling.	
Regions	delimited	by	rectangles	are	magnified	in	the	inner	panel.	Abbreviations:	CP,	cortical	plate;	IZ,	intermediate	
zone;	MZ,	marginal	zone;	SVZ,	subventricular	zone;	VZ,	ventricular	zone.	Scale	bars:	200	µm.	
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2. Implications of Rnd3 in the development of 

axonal pathways and subpallium 

2.1. General axonal pathways defects of Rnd3gt/gt brains  

The	expression	of	Rnd3	together	with	the	participation	of	Rnd3	in	axon	elongation	294	

suggested	that	Rnd3gt/+	embryos	could	exhibit	developmental	defects	in	the	formation	

of	axonal	projections	of	the	prosencephalon.	To	check	this	hypothesis,	we	first	labeled	

control	and	KO	E14.5	cryosections	with	anti-neurofilament	(NF),	which	is	expressed	in	

most	 axonal	 tracts.	 In	 control	 rostral	 sections	we	 observed	 scattered	 axons	 growing	

inside	 the	 subpallium	 (Figure	 30	 A,	 arrowhead),	 whereas	 Rnd3gt/+	 brains	 exhibited	

condensed	bundles	of	axons	that	were	misrouted	ventrally	(Figure	30	B,	arrowheads).	

In	a	more	caudal	control	section,	the	control	NF+	IC	was	clearly	identified	crossing	the	

DTB	 and	 the	 subpallium	 (Figure	 30	 C,	 arrowhead).	 In	 high	 contrast,	 this	 axonal	

structure	 was	 not	 present	 in	 Rnd3gt/+	 brains	 and	 only	 a	 group	 of	 NF+	 axons	 was	

detected	in	the	diencephalon	next	to	the	DTB	(Figure	30	D,	arrowhead).		

These	observations	indicated	that	lack	of	Rnd3	triggers	severe	defects	in	the	formation	

of	large	axonal	tracts,	such	as	the	IC.		
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Figure	30.	NF	staining	reveals	severe	defects	 in	axonal	pathways	at	E14.5.	A-D)	Rnd3+/gt	(A,C)	and	Rnd3gt/gt	(B,D)	
cryosections	 stained	with	NF	 at	 Rostral	 (A,	 B)	 and	 caudal	 (C,	 D)	 levels.	 Arrowheads	 indicate	 the	 position	 of	 NF+	
axons,	 differently	 positioned	 in	Rnd3gt/gt.	Abbreviations:	NF,	 neuroflament;	 St,	 striatum;	 Th,	 thalamus.	 Scale	bar:	
1mm.		

2.2. Thalamocortical axons are impaired in Rnd3gt/gt brains  

2.2.1 Calretinin-expressing TCAs are misrouted in Rnd3 KO embryos 

Neurofilament	 staining	 suggested	 that	 TCAs	 in	 the	 IC	 were	 misrouted	 in	 Rnd3gt/gt	

embryos.	Though	many	works	have	described	TCAs	defects	only	using	NF,	this	gene	is	

also	expressed	in	other	axons,	such	as	striatal	axons	17.	Therefore,	we	used	CR	staining	

to	further	study	TCAs	in	E13.5	and	E16.5	brains.	In	E13.5	Rnd3gt/+	embryos,	early	CR+	

TCAs	were	observed	 in	 the	subpallium	 in	rostral	 sections	 (Figure	31	A,	B,	arrow)	and	

next	 to	 the	 DTB	 caudally	 (Figure	 31	 C,	 D,	 arrow).	 Though	 in	 Rnd3gt/gt	 brains	 TCAs	

normally	 reached	 the	 DTB	 in	 caudal	 sections	 (Figure	 31	 G,	 H,	 arrow),	 no	 CR+	 axons	

were	 observed	 in	 the	 subpallium	 (Figure	 31	 E,	 F,	 asterisk).	 Notably,	 the	 CR	 cells	

observed	 in	the	subpallium	were	 likely	 interneurons	(Figure	31	F,	empty	arrowhead).	

We	observed	that	defects	were	more	severe	at	E16.5.	While	control	TCAs	crossed	the	

DTB	 in	caudal	 sections	and	continued	 though	 the	subpallium	rostrally	 (Figure	31	 I-N,	

Rn
d3

gt
/g
t

Rn
d3

+/
gt

NF  DAPI

Rostral Caudal

A C

B D
E14.5

St

St

Th

Th



Results	

	
140	

arrows),	Rnd3gt/gt	TCAs	were	observed	next	to	the	DTB	caudally,	but	did	not	turn	into	

the	subpallium,	but	continued	ventrally	instead	(Figure	31	S,	T	arrow).	At	intermediate	

and	rostral	 sections,	mutant	CR+	TCAs	were	observed	next	 to	 the	pial	 surface	of	 the	

subpallium	(Figure	31	O-R	arrow).	Note	that	they	were	located	next	to	the	optic	tract,	

which	was	also	labelled	by	CR	(Figure	31	A-T	arrowhead).		

	

	

Figure	31.	TCAs	abnormalities	in	Rnd3gt/gt	mice.	A-T)	Rnd3+/gt	(A-D,	I-N)	and	Rnd3gt/gt	(E-H,	O-T)	brain	cryosections	
stained	with	CR	and	DAPI	in	E13.5	(A-H)	and	E16.5	(I-T)	embryos.	Rostral	(A-F,	I-P),	intermediate	(K-R)	and	caudal	(C,	
H,	M-T)	 sections	are	analysed.	Areas	delimited	 in	 rectangles	 in	A,	C,	 E,	G,	 I,	 K	M	 ,	O,	Q	and	S	 are	observed	with	
magnification	in	B,	D,	F,	H,	J,	L,	N,	P,	R	and	T	respectively.	Arrows	indicate	the	position	of	TCAs;	arrowheads	indicate	
the	 optic	 tract;	 empty	 arrowheads	 indicate	 CR+	 INs;	 asterisk	 indicates	 the	 lack	 of	 TCAs	 at	 the	 striatum/corridor.	
Abbreviations;	 CR,	 calretinin;	 INs,	 interneurons;	 LGE,	 lateral	 ganglionic	 eminence;	 MGE,	 medial	 ganglionic	
eminence;	St,	striatum;	TCAs,	thalamocortical	axons;	Th,	thalamus.	Scale	bars:	200	µm.	
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2.2.2 Axonal tracing ratifies the TCAs defects in Rnd3gt/gt brains  

To	confirm	that	TCAs	were	misrouted	in	Rnd3	we	performed	DiI	tracings	of	E14.5	and	

E18.5	 brains.	 In	 control	 E14.5	 embryos	 DiI-stained	 TCAs	 were	 observed	 growing	

through	the	striatum	in	rostral	sections	and	crossing	the	DTB	caudally	(Figure	32	A,	B,	

arrowheads).	 However,	 in	 E14.5	 Rnd3gt/gt	 brains,	 TCAs	 were	 not	 seen	 within	 the	

subpallium	rostrally	(Figure	32	C,	asterisk)	and	were	not	able	to	cross	the	DTB	caudally	

(Figure	32	D,	arrowhead).	At	E18.5,	DiI	stained	control	TCAs	appeared	to	grow	toward	

the	 DTB	 caudally	 and	 in	 rostral	 sections	 within	 the	 striatum	 (Figure	 32	 E-F,	

arrowheads).	However,	in	Rnd3gt/gt	E18.5	embryos,	TCAs	did	not	cross	the	DTB	dorsally	

but	continued	growing	ventrally	within	the	diencephalon	(Figure	32	 I,	arrowhead).	 In	

rostral	 sections,	 some	 TCAs	 appeared	 in	 the	 most	 ventral	 subpallium	 (Figure	 32	 H,	

arrowhead),	 but	 others	 seemed	 to	 recover	 a	 normal	 path	 (Figure	 32	 H,	 empty	

arrowhead).	To	analyse	if	any	thalamic	projection	reached	the	cortex	in	the	mutants,	

we	first	studied	DiI	 tracing	at	E18.5.	While	 in	control	animals	abundant	TCAs	already	

reached	the	cortical	SP	(Figure	32	G,	arrowhead),	in	the	Rnd3gt/gt	TCAs	did	not	invade	

the	cortex	and	only	few	axons	were	initially	crossing	the	PSPB	(Figure	32	J,	arrowhead).	

To	 confirm	 this	 observation,	 E18.5	 brain	 cryosections	 were	 immunolabelled	 with	

VGlut2,	 a	 presynaptic	 protein	 of	 the	 thalamic	 compartment	 362.	 As	 expected,	 we	

determined	that	Rnd3gt/+	VGlut2+	TCA	synapses	were	present	in	the	cortex	LLs	at	E18.5	

(Figure	 32	 K,	 brackets),	 whereas	 these	 were	 absent	 in	 Rnd3gt/gt	 mice	 (Figure	 32	 L,	

asterisk).		

The	 results	of	 this	 section	confirm	the	misrouting	of	Rnd3gt/gt	TCAs	and	 indicate	 that	

they	cannot	reach	the	CP,	at	least	at	E18.5.			
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Figure	32.	DiI	 tracings	confirm	TCAs	defects.	A-D)	DiI	tracing	of	TCAs	at	E14.5	in	Rnd3+/gt	(A,B)	and	Rnd3gt/gt	(C,D)	
brains	in	comparable	rostral	(A,C)	and	caudal	(B,D)	200	μm	vibratome	sections.	Arrowheads	indicate	the	position	of	
DiI	traced	TCAs.	Asterisk	indicates	the	lack	of	TCAs	in	the	striatum.	E-J)	DiI	tracing	of	TCAs	at	E18.5	in	Rnd3+/gt	(E-G)	
and	Rnd3gt/gt	 (H-J)	 brains	 in	 comparable	 rostral	 (E,	 H),	 caudal	 (F,	 I)	 and	 caudal	 cortex	 (G,	 H)	 200	 μm	 vibratome	
sections.	 Arrowheads	 indicate	 the	 position	 of	 TCAs.	 Empty	 arrowheads	 in	 H	 indicate	 a	 subset	 of	 TCAs	 directed	
towards	the	Cx	in	Rnd3gt/gt	brains.	K,	L)	VGlut2	staining	of	thalamic	synapses	in	the	LL	of	the	cortex	in	Rnd3+/gt	(K)	
and	Rnd3gt/gt	 (L)	brains.	Brackets	 indicate	the	LL	region,	stained	with	Vglut2	 in	Rnd3+/gt	cortices.	Asterisk	 indicates	
the	lack	of	VGlut2+	synapses	in	Rnd3gt/gt	cortices.	Abbreviations:	Cx,	cortex;	IZ,	intermediate	zone;	LLs,	lower	layers;	
St,	striatum;	SVZ,	subventricular	zone;	Th,	thalamus;	UL,	upper	layers;	VZ,	ventricular	zone.	Scale	bars:	200	µm.	

2.2.3. Rnd3-KO thalamic axons do not exhibit growth defects in vitro 

Although	we	observed	 that	 CR+	 TCAs	 did	 not	 express	 detectable	 levels	 of	 Rnd3,	we	

wanted	to	discard	the	possibility	that	Rnd3gt/gt	TCAs	displayed	growth	defects.	To	this	

purpose	 we	 performed	 in	 vitro	 growth	 assays	 with	 Rnd3	 control	 and	 KO	 thalamic	

explants.	No	significant	differences	were	observed	between	the	two	genotypes	(Figure	

33	A,	B),	although	KO	thalamic	explants	had	a	tendency	to	extend	longer	axons.	These	

results	 indicated	 that	 Rnd3gt/gt	 thalamic	 projections	 do	 not	 have	 inherent	 growth	

defects.		
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Figure	33.	Explant	growth	assay	indicate	that	TCAs	do	not	show	growth	defects	in	vitro.	A)	Image	of	half	Rnd3+/gt	
(left	 panel)	 and	Rnd3gt/gt	(right	 channel)	 thalamic	 explant	 stained	with	βIII-Tub.	B)	Quantification	of	 explant	 axon	
length	expressed	in	fold	change	of	axons	length	media.	Boxes	represent	the	total	distribution	of	the	values	and	the	
media	 is	 represented	 by	 the	 inner	 line;	 n=	 4	 independent	 experiments.	 n.s.	 ,	 non	 significant	 differences.	
Abbreviations:	βIII-Tub,	βIII-Tubulin.	Scale	bar:	50	µm.		

2.2.4 Thalamic nuclei are reduced in mutants 

As	 TCAs	 were	 severely	 affected,	 we	 wondered	 whether	 the	 formation	 of	 the	 main	

thalamic	nuclei	sending	cortical	projections	was	affected	in	the	mutants.	Taking	profit	

of	the	VGlut2	staining,	we	briefly	analysed	the	dLGN	and	the	VPM	at	E18.5	(Figure	34,	

empty	 arrowhead	and	 arrowhead,	 respectively)	 and	we	observed	 that,	 compared	 to	

controls	(Figure	34	A,	B),	the	analysed	Rnd3gt/gt	thalamic	nuclei	appeared	to	be	smaller	

(Figure	34	C,	D).	However	a	general	reduction	brain	size	was	detected	in	mutants	(data	

not	shown),	so	further	analyses	are	needed	to	better	describe	this	feature.	Note	that	

in	 these	mutant	brains	CR+	TCAs	did	not	cross	 the	DTB	 (Figure	34	C,	arrow)	and	 the	

cerebral	peduncle	was	absent	 (Figure	34	C,	D,	 asterisk).	 	Moreover,	we	noted	a	CR+	

region	that	corresponded	to	the	cortical	hem	(Figure	34	C,	cross).	
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Figure	 34.	 Mild	 reduction	 of	 Rnd3gt/gt	 thalamic	 nuclei.	 A-D)	 Rnd3+/gt	 (A,	 B)	 and	 Rnd3gt/gt	 (C,	 D)	 E18.5	 brain	
cryosections	 stained	 with	 VGlut2.	 Rostral	 (A,	 C)	 and	 caudal	 (B,	 D)	 sections	 are	 shown.	 Thalamic	 nuclei	 are	
approximately	delimited	by	white	lines;	arrowheads	indicate	the	VPM;	empty	arrowheads,	the	dLGN;	arrows,	TCAs;	
empty	 arrows,	 the	 cerebral	 peduncle;	 asterisk,	 the	 lack	 of	 cerebral	 peduncle;	 cross	 (+),	 Cr+	 cortical	 hem.	
Abbreviations:	 dLGN,	 dorsal	 lateral	 geniculate	 nucleus;	 ETh,	 epithalamus;	 Hc,	 hippocampus;	 St,	 striatum;	 VPM,	
ventral	posteromedial	nucleus.	Scale	bar:	200	µm.	

2.3. Subpallium organization is altered in Rnd3gt/gt embryos 

2.3.1 The Corridor and the Globus pallidus exhibit developmental 
defects in Rnd3gt/gt brains 

The	previous	data	 strongly	 suggested	 that	TCAs	defects	 in	mice	 lacking	Rnd3	were	a	

non-cell-autonomous	 phenomenon.	 Therefore,	 we	 focused	 our	 research	 in	 analyse	

whether	the	lack	of	Rnd3	affected	the	subpallium	formation,	which	contains	important	

intermediate	 targets	 for	 TCAs	 navigation,	 such	 as	 the	 corridor	 24.	 Moreover,	 we	

observed	that	Rnd3	is	strongly	expressed	in	the	subpallium,	suggesting	that	it	might	be	

involved	in	the	development	of	this	region	of	the	telencephalon	(Figure	28).	Therefore,	

we	 immunostained	 cryosections	 of	 E14.5	 control	 and	 Rnd3gt/gt	 brains	 with	 Islet1,	

expressed	in	the	striatum,	corridor,	Vms	and	prethalamic	regions;	and	Nkx2.1,	found	in	

the	MGE	and	GP.		

In	 control	 brains,	 the	 Islet1+	 corridor	 normally	 extended	 from	 the	 striatum	 to	 the	
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medial	subpallium,	between	the	MGE	and	the	GP,	in	rostral	and	intermediate	sections	

(Figure	 35	 A-D,	 brackets).	 Moreover,	 the	 Vms	 was	 ventromedially	 located	 to	 the	

striatum	and	ventral	to	the	GP	in	controls,	in	a	lateral-to-medial	orientation.	In	caudal	

sections,	before	TCAs	enter	the	subpallium	(Figure	35	F,	asterisk),	only	few	scattered	

Islet1+	 and	Nkx2.1+	 cells	 are	observed	by	 the	DTB	 (Figure	25	 F,	 arrow).	 The	GP	was	

observed	 as	 a	 continuous	 structure	 of	 Nkx2.1-expressing	 cells	 that	 extended	 from	

rostral	 sections	 (Figure	 35	 B,	 D,	 arrowhead)	 to	 caudal,	 where	 a	 small	 structure	was	

observed	located	within	the	diencephalon,	near	TCAs	(Figure	35	F,	arrowhead).			

In	contrast,	Rnd3gt/gt	brains	exhibited	several	abnormalities	 in	the	formation	of	these	

structures.	Rostrally,	a	properly	positioned,	but	thinner	corridor	was	observed	(Figure	

35	G,	H,	brackets)	and	the	Vms	appeared	in	oriented	towards	the	most	pial	surface	of	

the	 subpallium	 (Figure	 35	 G,	 arrow).	 These	 observations	 were	 validated	 with	 co-

staining	 with	 FoxP1,	 a	 well-known	 SPN	 marker,	 which	 is	 expressed	 neither	 in	 the	

corridor	 nor	 the	 Vms	 31,104.	 We	 observed	 that	 the	 ventral	 structure	 displaced	 in	

Rnd3gt/gt	 brains	was	 actually	 Islet1+	 FoxP1-,	 indicating	 Vms	 identity	 (Figure	 35	M,	 N	

arrow).	 	 Finally,	 the	 rostral	 GP	 was	 partially	 mislocated	 ventrally	 (Figure	 35	 H,	

arrowhead),	next	to	the	Vms.		

Surprisingly,	the	GP	was	completely	absent	in	mutant	intermediate	sections	and	only	a	

small	 Islet1-empty	 region	 appeared	 within	 the	 striatum	 (Figure	 35	 J	 arrowhead).	 A	

section	between	the	rostral	and	 intermediate	 images	Figure	35	G-J	revealed	that	the	

GP	 is	not	properly	 formed,	but	 surrounded	by	 Islet1+	cells	 (Figure	35	P,	arrowhead).	

The	region	where	the	GP	was	supposed	to	be	formed	is	instead	filled	with	Islet1+	cells	

that	correspond	either	to	the	Vms	or	the	corridor	(Figure	35	J,	P,	arrow	and	brackets).	

To	check	whether	this	region	corresponded	at	 least	partially	to	the	corridor,	a	same-

length	white	line	was	traced	from	the	beginning	of	the	GP	to	the	end	of	Islet1high	cells	

in	comparable	control	and	KO	slices	(Figure	35	D,	J,	O,	P).	This	approach	indicated	that	

the	corridor	length	is	not	altered	in	mutants	at	this	level,	and	thus	corridor	cells	were	

likely	positioned	within	the	brackets	region	under	the	white	line.	Interestingly,	a	small	

corridor-like	structure	appeared	within	the	MGE	rostrally	(Figure	35	H,	P,	T,	U	empty	

arrow).		
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Figure	 35.	 Subpallium	 organization	 defect	 in	 E14.5	Rnd3gt/gt	 brains.	 A-L)	Rnd3+/gt	 (A-F)	 and	Rnd3gt/gt	 (G-L)	 E14.5	
brain	cryosections	stained	with	Islet1,	Nkx2.1	and	DAPI.	Rostral	(A,	B,	G,	H),	intermediate	(C,	D,	I,	J)	and	caudal	(E,	F,	
K,	L)	comparable	sections	are	analysed.	Areas	delimited	in	rectangles	in	A,	C,	E,	G,	I	and	K	are	magnified	in	B,	D,	F,	H,	
J	and	L,	respectively.	M,N)	Rnd3+/gt	(M)	and	Rnd3gt/gt	(N)	E14.5	brain	cryosections	stained	with	Islet1	and	FoxP1.	O,	
P)	 Rnd3+/gt	 (M)	 and	 Rnd3gt/gt	 (N)	 E14.5	 brain	 cryosections	 stained	 with	 Islet1	 and	 Nkx2.1.	 These	 correspond	 to	
images	in	between	rostral	and	intermediate	sections.	It	exhibits	the	GP	trapped	in	Islet1+	cells.	Q-W)	Ebf1	stainig	by	
ISH	in	Rnd3+/gt	(Q-S)	and	Rnd3gt/gt	(T-V)	E14.5	brain	cryosections.	A-W)	Brackets	indicate	the	corridor;	arrowheads,	
the	GP;	empty	arrowheads,	the	lack	of	GP;	arrows,	the	Vms;	empty	arrows,	the	corridor-like	structure;	asterisk	(*),	
the	presumptive	TCAs	position;	cross	(+),	the	prethalamic	Islet1	arm;	same	length	white	line	represents	the	corridor	
length,	from	the	GP	level	to	the	end	of	Islet1-high-expressing	neurons;	dashed	asterisk	(*'),	the	lack	of	Ebf1	caudal	
signal.	Abbreviations:	GP,	globus	pallidus;	MGE,	medial	ganglionic	eminence;	St,	striatum.	Scale	bars:	A-P,	200	µm;	
Q-V,	400	µm.	
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In	 caudal	 sections,	 Rnd3gt/gt	 brains	 exhibit	 lack	 of	 the	 GP	 located	 within	 the	

diencephalon	(Figure	35	J,	empty	arrowhead),	indicating	that	most	of	the	GP	is	absent	

in	 these	mice.	 Prethalamic	 Islet1+	 cells	 showed	 no	 differences	 between	 control	 and	

Rnd3gt/gt	 brains	 (Figure	 35	 F,	 L,	 cross),	 and	 a	 small	 subset	 of	 scattered	 Islet1+	 or	

Nkx2.1+	cells	are	similarly	observed	near	the	DTB	(Figure	35	F,	L,	arrow).			

Finally,	subpallial	formation	defects	were	also	assessed	with	staining	of	Ebf1	mRNA	by	

ISH	(Figure	35	Q-V).	 In	 this	case,	we	observed	a	similar	phenotype	 in	Rnd3gt/gt	brains	

than	 with	 Islet1	 in	 regard	 to	 the	 corridor	 (brackets),	 Vms	 (arrowhead)	 and	 the	

emergence	 of	 a	 corridor-like	 structure	 (empty	 arrow).	 Moreover,	 in	 similar	 caudal	

slices,	 the	 striatum	or	 corridor	 Ebf1+	 cells	were	 not	 present	 in	 the	 absence	of	 Rnd3	

(Figure	35	S,	U,	brackets).		

Taken	 together,	 these	 results	 suggest	 that	 Rnd3	 is	 relevant	 for	 the	 correct	

development	of	the	corridor,	Vms	and	GP.	

2.3.2 Alterations in Islet-expressing cells slightly alters cells of the 
Lateral Migratory Stream 

The	fact	that	Rnd3	is	not	expressed	in	the	E14.5	GP,	but	in	the	Vms	and	the	corridor,	

suggested	a	cell-autonomous	role	of	Rnd3	in	these	two	structures.	Thus,	we	wanted	to	

further	analyse	 the	Vms	mispositioning,	 together	with	 the	adjacent	 lateral	migratory	

stream	 (LMS).	 The	 LMS	 is	 partially	 composed	 by	 Pax6-expressing	 cells	 that	 migrate	

from	 the	 corticostriatal	 boundary	 352	 and	 contribute	 to	 amygdalar	 regions	 352,363.	

Moreover,	 Pax6	 KO	 embryos	 develop	 TCA	 developmental	 defects	 26.	 As	 described	

before,	we	confirmed	that	in	rostral	sections	of	control	brains	(Figure	36	A,	B),	Pax6+	

cells	 of	 the	 LMS	 (arrowhead)	 appeared	 lateral	 and	 ventrally	 limiting	 the	 Islet1+	

striatum	and	Vms	(empty	arrowhead)	from	the	pallium.	In	a	caudal	section,	Pax6	cells	

were	observed	lateral	to	Islet1-expressing	cells,	but	also	intermixed	with	them.		

In	Rnd3gt/gt	 embryos,	 the	mispositioned	Vms	 interrupted	LMS-Pax6+	cells	 in	a	 rostral	

section	(Figure	36	C,	D,	arrowheads),	but	Pax6+	cells	were	still	present	medially	to	the	

Vms	(Figure	36	D,	arrow)	and	caudally	no	gross	defects	were	observed	(Figure	36	G,	H).		
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These	observations	indicated	that,	though	the	LMS	showed	non-cell-autonomous	mild	

defects	 in	 some	 Rnd3gt/gt	 brain	 sections,	 these	 were	 not	 triggering	 gross	

developmental	defects	of	Pax6	cells	positioning.		

	

	

Figure	36.	LMS	is	mildly	affected	in	E14.5	Rnd3gt/gt	brains.	A-H)	Rnd3+/gt	(A,	B,	E,	F)	and	Rnd3gt/gt	(C,	D,	G,	H)	E14.5	
brain	 cryosections	 stained	 with	 Islet1,	 Pax6	 and	 ISLR2.	 Rostral	 (A-D)	 and	 caudal	 (E-H)	 comparable	 sections	 are	
analysed.	Areas	delimited	 in	 rectangles	 in	A,	C,	E	and	G	are	magnified	 in	B,	D,	F	and	H,	 respectively.	Arrowheads	
indicate	the	Pax6+	LMS;	empty	arrowheads,	the	Vms;	arrows,	medial	Pax6+	cells;	asterisk	(*)	in	D,	an	artefact	of	the	
IHF.	Abbreviations:	GP,	globus	pallidus;	St,	striatum.	Scale	bars:	200	µm.	

2.3.3 Proliferation is not altered in the ganglionic eminences lacking 
Rnd3 

The	 strong	 expression	 of	 Rnd3	 in	 the	 VZ	 and	 SVZ	 of	 the	 ganglionic	 eminences	

suggested	that	it	could	control	proliferation	of	subpallial	NPCs.	Therefore,	we	analysed	

the	number	of	mitotic	cells	by	staining	PH3+	cells	in	LGE	(Figure	37	A,	D),	MGE	(Figure	

37	B,	E)	and	CGE	(Figure	37	C,	F).	We	found	no	significant	differences	between	control	

and	Rnd3gt/gt	 brains	 in	 any	 of	 these	 regions	 (Figure	 37	G).	Only	 a	 slight	 tendency	 of	

increased	number	of	mitotic	cells	was	observed	in	the	CGE.		
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Figure	37.	Analysis	of	proliferation	in	ganglionic	eminences	at	E14.5.	A-F)	Rnd3+/gt	(A-C)	and	Rnd3gt/gt	(D-F)	E14.5	
brain	cryosections	stained	with	PH3.	Images	represent	the	LGE	(A,	D),	MGE	(B,	E)	and	CGE	(C,	F).	Quantification	of	
PH3	cells	/slice	of	E14.5	brain.	Boxes	represent	the	total	distribution	of	the	values	and	the	media	is	represented	by	
the	 inner	 line;	 n=	 at	 least	 10	 slices	 of	 3	 animals	 of	 each	 group.	 No	 significant	 differences	 were	 observed.	
Abbreviations:	 CGE,	 central	 ganglionic	 eminence;	 LGE,	 lateral	 ganglionic	 eminence;	 MGE,	 medial	 ganglionic	
eminence;	PH3,	phospho-histone	H3.	Scale	bars:	200	µm.	

2.3.4 Striatal axons are severely impaired in Rnd3gt/gt brains 

The	 severe	 defects	 observed	 in	 the	 GP,	 which	 has	 been	 described	 to	 be	 an	

intermediate	 target	 for	 SAs	 guidance	 17,28,	 and	 the	 fact	 that	 Rnd3	 expression	 was	

observed	 in	 the	 striatum,	 suggested	 that	 SAs	 might	 also	 be	 misrouted	 in	 Rnd3gt/gt	

brains.	 In	order	 to	 analyse	 these	 axons	 in	 the	E13.5	 and	E16.5	developing	brain,	we	

used	anti-OlPc,	which	 is	specifically	expressed	 in	SAs,	but	not	 in	CSAs	or	TCAs	17.	We	

observed	 that	 at	 E13.5,	 control	 SAs	 appeared	 growing	 in	 a	 lateral-to-medial	 and	

rostral-to-caudal	path	that	began	in	the	striatum	(Figure	38	A,	B,	arrow)	and	continued	

until	the	DTB,	where	they	were	completely	oriented	in	the	rostral	to	caudal	axis,	and	

so	 were	 transversally	 sliced	 (Figure	 38	 C,	 D,	 arrow).	 In	 contrast,	 Rnd3gt/gt	 SAs	 were	

abnormally	 projecting	 to	 a	 dorsal-to-ventral	 path	 at	 rostral	 slices	 (Figure	 38	 E,	 F,	

arrow).	In	consequence,	at	more	caudal	sections	few	or	none	SAs	were	observed	at	the	

DTB	(Figure	38	G,	H,	empty	arrow).	We	noticed	that	a	subset	of	OlPc+	cells	(or	axons)	

were	positioned	ventrally	to	SAs	location	and	could	be	confused	with	OlPc+	SAs	(Figure	

38	 D,	 H,	 empty	 arrowhead).	 However,	 this	 signal	 was	 likely	 inherent	 of	 the	

diencephalon	and	not	part	of	SAs,	since	it	is	observed	both	in	control	and	Rnd3	KOs	in	
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the	same	position	and	it	is	continuous	with	a	medial	diencephalic	structure,	which	we	

have	not	identified	(Figure	38,	H,	I,	K,	M,	Q,	T,	hashtag)	

Analysis	of	control	E16.5	SAs	revealed	the	same	lateral-to-medial	and	rostral-to-caudal	

path	 (figure	 38	 I-N,	 arrows),	 finally	 organizing	 in	 well-delimited	 axonal	 bundles	 and	

composing	 the	 cerebral	 peduncle	 (Figure	 38	 N,	 arrow).	 As	 expected,	Rnd3gt/gt	 E16.5	

brains	 showed	 severe	defects	 in	 the	 SAs	pathway	 (Figure	38	O-T,	 arrows).	At	 rostral	

sections,	SAs	were	positioned	in	a	dorsal-to-ventral	direction	(Figure	38	O,	P,	arrows),	

just	 as	was	 seen	 at	 E13.5,	 and	 only	 some	 of	 these	 continued	medially	 and	 caudally	

towards	the	DTB,	but	in	an	abnormal	ventral	position	(figure	38	Q-T,	arrows).	Similar	to	

E13.5,	 an	 OlPc	 diencephalic	 structure	 appeared	 ventrally	 to	 SAs,	 which	 was	 not	

affected	by	removal	of	Rnd3	(Figure	38	I-T,	empty	arrowhead).		

Remarkably,	 both	 at	 E13.5	 and	 E16.5,	 a	 group	 of	OlPc+	 fibres	 appeared	 at	 the	DTB,	

dorsally	to	TCAs	(Figure	38	D,	H,	J,	L,	N,	T,	arrowhead;	TCAs,	asterisk).	Apparently,	their	

position	 was	 not	 changed	 in	 Rnd3gt/gt	 mice,	 neither	 at	 E13.5	 (Figure	 38	 D,	 H,	

arrowhead)	nor	at	E16.5	(Figure	38	J,	L,	N	and	O,	Q,	T,	arrowhead).	We	were	not	able	

to	determine	their	identity,	but	they	might	be	originated	from	the	epithalamus,	as	it	is	

also	positive	for	OlPc	(Figure	38	C,	I,	cross).		
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Figure	38.	SAs	are	misrouted	 in	Rnd3gt/gt	mice.	A-T)	Rnd3+/gt	(A-D,	I-N)	and	Rnd3gt/gt	(E-H,	O-T)	brain	cryosections	
stained	with	OlPc	and	DAPI	in	E13.5	(A-H)	and	E16.5	(I-T)	brains.	Rostral	(A-F,	I-P),	intermediate	(K-R)	and	caudal	(C,	
H,	M-T)	 sections	 are	 analysed.	Areas	delimited	 in	 rectangles	 in	A,	 C,	 E,	G,	 I,	 K,	M,	O,	Q	and	 S	 are	observed	with	
magnification	in	B,	D,	F,	H,	J,	L,	N,	P,	R	and	T	respectively.	Areas	delimited	in	rectangles	in	D	and	H	are	magnified	in	
the	 respective	 inner	 pannels.	 Arrows	 indicate	 the	 position	 of	 SAs;	 empty	 arrows,	 the	 loss	 of	 SAs	 at	 the	 DTB;	
arrowheads,	 presumptive	 epithalamic	 Olpc+	 axons	 dorsal	 to	 TCAs	 at	 the	 DTB;	 empty	 arrowheads,	 presumptive	
OlPc+	 fibres	 from	 the	 diencephalon;	 asterisk	 (*),	 TCAs	 position;	 cross	 (+),	 Olpc+	 epithalamus;	 hashtag	 (#),	
diencephalic	OlPc+	structure.	Abbreviations;	OlPc,	Ol-protocadherin;	LGE,	lateral	ganglionic	eminence;	MGE,	medial	
ganglionic	 eminence;	 SAs,	 striatal	 axons;	 St,	 striatum;	 TCAs,	 thalamocortical	 axons;	 Th,	 thalamus.	Scale	bars:	 200	
µm.	
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We	wanted	to	further	confirm	SAs	defects	in	Rnd3gt/gt	by	axonal	tracing	with	DiI	or	DiA	

injection.	 At	 E14.5,	 control	 DiI-traced	 SAs	 grew	 from	 the	 striatum	 towards	 the	 DTB	

(Figure	 39	 A-D,	 arrows).	 In	 contrast,	 Rnd3gt/gt	 striatal	 projections	 were	 misrouted	

ventrally	already	in	rostral	sections	(Figure	39	E,	arrow).	At	more	caudal	sections	DiA-

traced	SAs	had	almost	disappeared,	but	some	were	observed	next	to	the	pial	surface	

of	the	subpallium	(Figure	39	F,	H,	arrows).		

Injection	of	DiA	was	also	performed	in	the	E18.5	striatum.	Note	that	at	this	stage,	CTAs	

and	CSAs	are	also	crossing	the	subpallium	and	thus	tracing	in	the	striatum	might	label	

SAs,	 but	 also	 cortical	 axons.	 In	 controls,	 DiA-traced	 axons	 were	 observed	 from	 the	

striatum	 and	 reaching	 the	DTB	 (Figure	 39	 I,	 J,	 arrow)	 and	 splitting	 into	 the	 cerebral	

peduncle	(Figure	39	J,	K,	L,	arrow)	and	the	thalamus	(Figure	39	J,	K,	arrowhead).	Traced	

axons	 projecting	 the	 thalamus	 could	 be	 CTAs.	We	 assumed	 that	 most	 axons	 in	 the	

cerebral	 peduncle	 should	 be	 SNAs,	 but	 some	 could	 also	 be	 CSAs.	 In	Rnd3gt/gt	brains,	

DiA-traced	 axons	 appeared	 projecting	 ventrally	 in	 rostral	 sections	 (Figure	 39	 M,	

arrows)	 and	 fewer	 and	 disorganized	 fibres	 reached	 the	 DTB	 (Figure	 39	 N,	 arrow).	

Though	 some	 continued	 their	 path	 within	 the	 diencephalon,	 they	 did	 it	 in	 a	 more	

medial	position	(Figure	39	O,	P,	arrow),	and	most	of	the	cerebral	peduncle	observed	in	

controls	(Figure	39	L,	empty	arrowhead)	was	absent	in	the	KOs	(Figure	39	P,	asterisk).	

Again,	these	caudal	DiA	signal	might	correspond	to	SNAs	or	CSAs.		

Altogether,	 these	 observations	 indicate	 that	 SAs	 are	 severely	misrouted	 in	 Rnd3gt/gt	

embryos.	
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Figure	39.	DiI	and	DiA	tracings	confirm	SAs	defects.	A-D)	DiI	tracing	of	SAs	at	E14.5	in	Rnd3+/gt	(A-D)	and	Rnd3gt/gt	
(E-H)	brains	 in	comparable	 rostral	 (A,E),	 intermediate	 (B,	F)	and	caudal	 (C-H)	200	μm	vibratome	sections.	Arrows	
indicate	the	position	of	DiI	traced	SAs.	Asterisk	indicates	the	lack	of	SAs	in	that	position.	I-P)	DiA	tracing	of	SAs	at	
E18.5	 in	Rnd3+/gt	 (I-L)	 and	Rnd3gt/gt	 (M-P)	 brains	 in	 comparable	 rostral	 (I,	M),	DTB	 (J,	N),	 diencephalic	 (K,	O)	 and	
caudal	(L,	P)	200	μm	vibratome	sections.	Arrows	indicate	the	position	of	SAs	and	probably	some	CSAs;	arrowheads,	
either	 CTAs	 or	 baclabelled	 TCAs;	 emty	 arrowhead,	 the	 cerebral	 peduncle;	 asterisk	 (*),	 the	 lack	 of	 most	 of	 the	
cerebral	peduncle.	K,	L)	VGlut2	staining	of	thalamic	synapses	in	the	LL	of	the	cortex	in	Rnd3+/gt	(K)	and	Rnd3gt/gt	(L)	
brains.	Brackets	indicate	the	LL	region,	stained	with	Vglut2	in	Rnd3+/gt	cortices.	Asterisk	indicates	the	lack	of	VGlut2+	
synapses	 in	 Rnd3gt/gt	 cortices.	 Abbreviations:	 DTB,	 diencephalon-telencephalon	 boundary;	 St,	 striatum;	 Th,	
thalamus.	Scale	bars:	200	µm.	
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2.3.5. Growth of SAs is not altered due to lack of Rnd3 

Since	 Rnd3	 is	 expressed	 in	 the	 striatum,	 we	 wanted	 to	 analysed	 whether	 SAs	

developed	growth	abnormalities.	To	test	this	feature,	we	cultured	control	and	Rnd3gt/gt	

striatal	 explants	 in	 vitro.	 Though	 Rnd3	 KO	 SAs	 tended	 to	 be	 longer,	 no	 significant	

differences	 were	 observed	 between	 the	 two	 groups	 (Figure	 40	 A,	 B).	 These	 results	

indicated	that	Rnd3gt/gt	striatal	projections	do	not	display	growth	defects.	

	

Figure	40.	Explant	growth	assay	indicate	that	SAs	do	not	show	growth	defects	 in	vitro.	A)	Image	of	half	Rnd3+/gt	
(left	 panel)	 and	 Rnd3gt/gt	 (right	 channel)	 striatal	 explant	 stained	 with	 βIII-Tub.	 B)	 Quantification	 of	 explant	 axon	
length	expressed	in	fold	change	of	axons	length	media.	Boxes	represent	the	total	distribution	of	the	values	and	the	
media	 is	 represented	 by	 the	 inner	 line;	 n=	 3	 independent	 experiments.	 n.s.,	 non	 significant	 differences.	
Abbreviations:	βIII-Tub,	βIII-Tubulin.	Scale	bars:	50	µm.	

2.3.6 Striatal development is strongly linked with the Globus pallidus 
position 

The	 GP	 is	 relevant	 in	 the	 SAs	 development	 17,28	 and	 we	 had	 observed	 that	 the	

development	of	both	GP	and	SAs	was	severely	affected	(Figures	35,	38,	39).	Thus,	we	

wanted	 to	 analyse	 the	 relationship	 between	 these	 two	 structures	 in	 controls	 and	

Rnd3gt/gt	brains.	 In	order	 to	 immunolabel	SAs	we	used	 ISLR2,	which	was	described	to	

be	expressed	 in	CTAs	axons	and	the	corridor,	but	not	 in	TCAs	27.	We	have	shown	for	

the	first	time	that	ISLR2	is	also	expressed	in	OlPc+	SAs	at	E12.5	and	E14.5	(Figure	41	A,	

B).	Note	that	CFAs	are	ILSR2+	but	Olpc-	(Figure	41	B,	empty	arrowhead)	and	at	E14.5	

have	not	invaded	yet	the	subpallium	34,	so	ISLR2+	axons	in	the	E14.5	subpallium	could	

only	be	SAs.		
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Figure	41.	Coexpression	of	OlPc	and	ISLR2	in	SAs.	A,B)	Rnd3+/gt	E12.5	(A)	and	E14.5	(B)	brain	cryosections	stained	
with	OlPc	 and	 ISLR2.	Rectangles	delimit	 the	 area	magnified	 in	 the	 inner	panel.	Arrowheads	 indicate	 ISLR2+Olpc+	
SAs;	 empty	 arrowheads,	 ISLR2+OlPc-	 CFAs.	Abbreviations:	 Cx,	 cortex;	 St,	 striatum;	 Th,	 thalamus.	 Scale	 bars:	 200	
µm.	

Using	 ISLR2	as	a	marker	 for	SAs	we	 first	 intended	to	more	precisely	characterize	 the	

normal	 projection	 pathway	 of	 embryonic	 SAs,	 and	 so	we	 studied	 their	 growth	 from	

rostral	to	caudal	in	control	brains	(Figure	42	A-H).	In	rostral	sections	we	observed	that	

ISLR2+	SAs	were	emerging	from	the	striatum	and	then	were	observed	in	two	different	

locations.	Some	were	located	within	the	GP,	an	ISLR2-negative	region	27,	in	a	rostral-to-

caudal,	dorsal-to-ventral	and	lateral-to-medial	direction	(Figure	42	A-F,	arrow).	Others	

were	 observed	 in	 the	 corridor	 directed	 towards	 their	 apparent	 entry	 into	 the	 GP	

(figure	 42	 A-F,	 arrowhead).	 At	 caudal	 levels	 SAs	 appeared	 more	 medial,	 always	

together	with	the	GP.	Finally,	at	the	DTB	when	SAs	changed	to	a	more	caudal	direction,	

some	NKx2.1+	GP	cells	were	still	present	close	by	these	axons	(Figure	42	G,	H,	arrow).	

At	this	position,	ISLR2-negative	TCAs	were	present	by	the	DTB	(Figure	42	H,	asterisk).	In	

more	caudal	sections,	the	GP	disappeared	and	SAs	continue	their	path	in	the	cerebral	

peduncle	(Figure	42	H,	arrow	and	data	not	shown).	These	observations	suggest	that	at	

E14.5,	SAs	 trajectory	begin	 in	 the	corridor	and	striatum	and	then	 follow	the	GP	until	

the	DTB,	becoming	part	of	the	cerebral	peduncle.		

In	contrast,	 in	Rnd3gt/gt	brains,	 some	SAs	appeared	ventrally	misrouted	together	with	

GP	cells	in	a	rostral	section	(Figure	42	I,	J,	arrow).	Moreover,	they	were	condensed	in	

thicker	 axonal	 bundles	 (Figure	 42	 J,	 L).	 	 Nevertheless,	 some	 SAs	 appeared	 to	 be	

entering	 the	 GP	 from	 the	 corridor	 as	 it	 happens	 in	 control	 brains	 (Figure	 42	 I	
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arrowhead).		

	

Figure	42.	SAs	path	is	strictly	ligated	to	GP,	even	when	misrouted.	A-P)	Rnd3+/gt	(A-H)	and	Rnd3gt/gt	(I-P)	E14.5	brain	
cryosections	stained	with	ISLR2,	Nkx2.1	and	Islet1,	from	more	rostral	(A,	J)	to	more	caudal	(G,	O).	Areas	delimited	in	
rectangles	in	A-G	and	I-O	are	observed	with	magnification	in	B-H	and	J-P,	respectively.	Arrows	indicate	the	position	
of	 SAs;	 empty	 arrows,	 the	 loss	 of	 SAs	 and	GP	 at	 the	 DTB;	 arrowheads,	 SAs	 by	 the	 corridor;	 empty	 arrowheads,	
medial	SAs	at	 the	DTB;	brackets,	 the	corridor;	asterisk	 (*),	TCAs	position;.	Abbreviations;	OlPc,	Ol-protocadherin;	
LGE,	 lateral	 ganglionic	 eminence;	 MGE,	 medial	 ganglionic	 eminence;	 SAs,	 striatal	 axons;	 St,	 striatum;	 TCAs,	
thalamocortical	axons;	Th,	thalamus.	Scale	bars:	200	µm.	

In	 the	 following	 section,	 the	GP	appeared	 surrounded	by	 Islet1+	 cells	 and	 contained	

big	 bundles	 of	 SAs	 (Figure	 42	 K,	 L,	 arrow).	 Some	 SAs	were	 observed	 in	 the	 corridor	

(Figure	 42	 K,	 L,	 arrowhead),	 but	 not	 growing	 into	 the	 GP,	 since	 this	 structure	 is	

positioned	more	 laterally.	On	the	next	caudal	section,	 the	GP	was	completely	absent	

and	 only	 some	 SAs	 were	 observed	 in	 the	 GP	 region	 (Figure	 42,	 M,	 N,	 arrow).	

Apparently,	some	SAs	exiting	the	corridor	were	positioned	in	a	normal	position	(Figure	

42	M,	arrowheads).	Finally,	at	the	DTB	no	GP	is	observed	(Figure	42	O,	P,	empty	arrow)	

and	only	 some	SAs	 reached	 this	 region	 (figure	42	O,P,	empty	arrowhead).	These	are	

Rn
d3

gt
/g
t

Rn
d3

+/
gt

Rostral Caudal

Islet1 Nkx2.1 ISLR2 
A C E G

B D F H

I K M O

J L N P

*

*

St
MGE

GP

Th

E14.5

J L

N
P

B D F H



	 	 Pau	Marfull	Oromí,	2019	

157		

positioned	 more	 medially,	 similarly	 to	 the	 ones	 observed	 in	 controls	 (Figure	 42	 H,	

empty	arrowhead),	but	not	contiguous	to	TCAs	(Figure	42	H,	P,	asterisks).	

The	observations	 in	 controls,	but	even	more	 in	Rnd3gt/gt	brains,	 strengthens	 the	 idea	

that	GP	and	SAs	development	is	closely	related.		

2.4 Penetrance of the phenotype  

The	 mutant	 phenotype	 regarding	 TCAs,	 SAs	 and	 subpallial	 structures	 was	 very	

consistent	 and	 all	 of	 the	 analysed	 Rnd3gt/gt	 brains	 developed	 severe	 axonal	 defects	

(100%	 penetrance),	 while	 none	 of	 the	Rnd3+/+	 did.	 However,	 we	 determined	 that	 a	

27,77%	 of	Rnd3gt/+	 embryos	 showed	mild	 defects	 in	 SAs	 formation	 (Figure	 43	 A).	 In	

these,	we	observed	that	a	small	subset	of	SAs	was	ventrally	misrouted	(Figure	43	B,	C,	

arrowhead)	together	with	some	Nkx2.1+	cells	(Figure	43	B,	C,	arrow),	whereas	most	of	

SAs	 and	GP	were	 correctly	 developed	 (Figure	 43	 B,	 C,	 empty	 arrowhead	 and	 empty	

arrow,	respectively)	and	Vms	showed	a	WT	phenotype	(Figure	43,	B,	asterisk).	

	

Figure	43.	Rnd3	heterozygots	present	a	mild	phenotype.	A)	Percentage	of	brains	with	phenotypes;	n=	number	ob	
analysed	 embryos.	Null	 phenotype	 is	 considered	when	no	 SAs	 or	GP	 are	 deviated	 from	 their	 route,	 as	 shown	 in	
previous	 control	 images.	 Severe	 or	 full	 phenotype	 is	 considered	when	most	 SAs	 are	misrouted	 and	 caudal	Gp	 is	
absent,	as	observed	in	all	Rnd3gt/gt	images.	Mild	phenotype	is	considered	when	only	a	small	subset	of	SAs	and	GP	
cells	are	mispositioned	ventrally,	as	shwon	 in	B	and	C.	B,	 C)	Rnd3+/gt	E14.5	brain	cryosections	stained	with	 ISLR2,	
Nkx2.1	and	 Islet1.	Arrowheads	 indicate	misrouted	SAs;	empty	arrowhead,	normal	SAs;	arrows,	mispositioned	GP;	
empty	arrow,	normal	GP;	asterisk,	Vms.	Abbreviations:	SAs,	striatal	axons.	Scale	bars:	200	µm.	
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2.5 Early alterations of Rnd3gt/gt brains  

2.5.1 TCAs and SAs are already impaired in E12.5 Rnd3gt/gt brains 

We	 had	 described	 that	 SAs	 and	 TCAs	 were	 already	 misrouted	 at	 E13.5,	 but	 other	

studies	 indicate	 that	 SAs	 have	 an	 earlier	 development	 17.	 Thus	 we	 analysed	 the	

phenotype	 of	 E12.5	 control	 and	 Rnd3gt/gt	 brains	 to	 better	 understand	 their	 initial	

development	 and	 the	 possible	 causes	 of	 misrouting	 in	 the	 Rnd3	 KOs.	 CR	 and	 OlPc	

staining	revealed	that	control	SAs	extended	from	the	striatum	to	the	DTB	 in	a	blurry	

pack	 of	 fibres	 (Figure	 44	A-D,	 arrow).	Moreover,	 sections	 of	 the	 subpallium	 showed	

that	 SAs	 surrounded	 few	 CR+	 fibres,	most	 surely	 TCAs	 (Figure	 44	 A,	 B,	 arrowhead),	

which	were	also	observed	caudally,	at	the	DTB	(Figure	44	C,	D,	arrowhead).		

								 	

Figure	44.	Misrouting	of	SAs	 is	already	observed	in	E12.5	Rnd3gt/gt	brains.	A-H)	Rnd3+/gt	(A-D)	and	Rnd3gt/gt	(E-H)	
E12.5	brain	 cryosections	 stained	with	CR,	OlPc	 and	DAPI.	Rostral	 (A,	B,	 E,	 F)	 and	 caudal	 (C,	D,	G,	H)	 sections	 are	
shown.	Areas	delimited	 in	 rectangles	 in	A,	C,	E	and	G	observed	with	magnification	 in	B,	D,	F	and	H,	 respectively.	
Rectangles	 in	 B,	D,	 F,	H	 are	magnified	 in	 inner	 panels.	 Arrows	 indicate	 the	 position	of	 SAs;	 arrowheads,	 pioneer	
TCAs;	asterisk	(*),	loss	of	TCAs	in	F	and	loss	of	SAs	in	H;.	Abbreviations;	CR,	calretinin;	OlPc,	Ol-protocadherin;	SAs,	
striatal	axons;	St,	striatum;	TCAs,	thalamocortical	axons;	Th,	thalamus.	Scale	bars:	200	µm.	

In	 contrast,	 in	 Rnd3gt/gt	 brains	 rostral	 the	 SAs	 region	 never	 contained	 a	 CR+	 signal	

suggesting	 that	 in	 this	 case	 TCAs	 were	 not	 able	 to	 cross	 the	 DTB	 (Figure	 44	 E,	 F,	

asterisk).	 Furthermore,	 no	 SAs	 were	 observed	 at	 the	 DTB,	 indicating	 that	 SAs	 are	

misguided	 before	 reaching	 this	 region	 at	 E12.5	 (Figure	 44	 G,	 H,	 asterisk).	 Note	 that	

TCAs	at	DTB	were	not	discernible	from	CR+	neurons	of	the	prethalamus	and	thus,	we	
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could	 not	 know	 whether	 mutant	 TCAs	 reached	 the	 DTB	 at	 E12.5	 with	 this	 staining	

(Figure	44	H).	

2.5.2 Defects of the Corridor and GP at E12.5 

Seemingly,	 the	 observed	 phenotype	 of	 the	 GP,	 corridor	 and	 Vms	 can	 be	 strongly	

involved	 in	the	axonal	phenotype	observed	at	 later	stages.	Thus,	we	analysed	Islet1+	

and	 Nkx2.1+	 cells	 at	 E12.5.	 Rostrally,	 control	 brains	 exhibited	 an	 Islet1+	 corridor	

(Figure	45	A,	B,	brackets)	over	the	Nkx2.1+	GP	(Figure	45	A,	B,	arrowhead),	with	some	

of	the	Nkx2.1+	cells	intermixed	in	the	corridor	region.	The	Vms	is	also	observed	lateral	

to	the	GP	(Figure	45	B,	arrow).	At	caudal	sections,	we	observed	a	group	of	cells	 that	

seemed	to	be	the	caudal	end	of	the	corridor	(CCo)	(Figure	45	C,	D,	brackets),	and	few	

Nkx2.1+	GP	cells	ventrally	(Figure	45	C,	D,	arrowhead).	In	high	contrast,	Rnd3gt/gt	brains	

exhibited	 fewer	 cells	 in	 the	GP	 (Figure	 45	 E,	 F,	 arrowhead)	 or	 intermixed	within	 the	

corridor,	which	 also	 appeared	 reduced	 (Figure	 45	 E,	 F,	 brackets).	 In	 caudal	Rnd3gt/gt	

sections,	only	some	scattered	cells	of	the	CCo	were	present	(Figure	45	G,	H	brackets)	

and	no	Nkx2.1	cells	were	observed	(Figure	45	G,	H	asterisk).		

These	observations	indicated	that	the	corridor	and	the	GP	already	develop	defects	in	

E12.5	Rnd3gt/gt	embryos.		

				 	

Figure	45.	Reduction	of	GP	and	CCo	 in	E12.5	Rnd3gt/gt	brains.	A-H)	Rnd3+/gt	 (A-D)	and	Rnd3gt/gt	 (G-H)	E14.5	brain	
cryosections	stained	with	Islet1,	Nkx2.1	and	DAPI.	Rostral	(A,	B,	E,	F)	and	caudal	(C,	D,	G,	H)	comparable	sections	are	
shown.	Areas	delimited	in	rectangles	in	A,	C,	E	and	G	are	magnified	in	B,	D,	F	and	H	respectively.	Brackets	indicate	
the	corridor	and	CCo	in	D;	arrowheads,	the	GP;	arrows,	the	Vms;	asterisk,	lack	of	Nkx2.1	cells;	cross	(+),	an	artifact.	
Abbreviations:	 CCo,	 caudal	 corridor;	 GP,	 globus	 pallidus;	 MGE,	 medial	 ganglionic	 eminence;	 St,	 striatum;	 Vms,	
ventromedial	stream.	Scale	bars:	200	µm.	
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2.5.3 Pax6 cells are not affected in Rnd3gt/gt mice at E12.5 

We	previously	observed	that	in	Rnd3	KO	brains	Pax6+	cells	modified	their	positioning	

at	E14.5	together	with	the	Vms	and	the	GP	(Figure	36).	This	could	suggest	that	the	Vms	

mispositioning	could	affect	the	location	of	some	Pax6	cells	and	ultimately	the	GP	and	

SAs.	Thus,	we	expected	to	observe	early	defects	of	these	cells	at	E12.5,	when	SAs	and	

GP	were	already	defective.	However,	both	control	and	Rnd3gt/gt	brains	showed	a	similar	

positioning	 of	 Pax6+	 cells	 of	 the	 LMS	 (Figure	 46	 A-D,	 arrowhead),	 next	 to	 the	 Vms	

(Figure	 46	 A-D,	 empty	 arrowhead).	 Indeed,	 other	medial	 Pax6+	 cells	were	 observed	

normally	 positioned	 (Figure	 46	 A-D,	 arrow	 and	 empty	 arrowhead).	 Caudally,	 Pax6+	

cells	exhibited	no	differences	between	groups	(Figure	46	E-H,	arrowheads).	

These	results	reveal	that	Pax6	cells	positioning	have	no	early	influence	on	the	observed	

defects	on	GP,	Vms	and	SAs.		

	

	

Figure	46.	 LMS	 is	not	affected	 in	E12.5	Rnd3gt/gt	brains.	A-H)	Rnd3+/gt	 (A,	B,	E,	F)	and	Rnd3gt/gt	 (C,	D,	G,	H)	E12.5	
brain	 cryosections	 stained	 with	 Islet1,	 Pax6	 and	 ISLR2.	 Rostral	 (A-D)	 and	 caudal	 (E-H)	 comparable	 sections	 are	
analysed.	Areas	delimited	 in	 rectangles	 in	A,	C,	E	and	G	are	magnified	 in	B,	D,	F	and	H,	 respectively.	Arrowheads	
indicate	the	Pax6+	LMS;	empty	arrowheads,	the	Vms;	arrows,	medial	Pax6+	cells;	empty	arrows,	Pax6+	cells	by	the	
GP.	Abbreviations:	St,	striatum.	Scale	bars:	200	µm.	
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2.5.4 Early SAs development relation with corridor and GP 

Since	Rnd3gt/gt	brains	exhibited	defects	of	SAs	and	GP	and	corridor	at	E12.5,	we	wanted	

to	investigate	their	relative	position	in	control	and	Rnd3	KO	brains.	To	this	purpose	we	

immunolabelled	 E12	 cryosections	with	 Islet1	 (corridor),	Nkx2.1	 (GP)	 and	 ISLR2	 (SAs).	

Note	 that	 ISLR2	 is	 expressed	 in	 cells	 other	 than	 SAs,	 and	 therefore	positive	 signal	 is	

observed	 in	 other	 structures,	 such	 as	 the	 corridor,	 but	 not	 in	 the	 GP	 27.	Moreover,	

these	images	were	compared	with	DAPI	staining	to	better	localize	axons.		

First,	it	was	observed	that	control	SAs	grew	from	the	Islet1+	striatum	into	the	Nkx2.1+	

GP	(Figure	47	A-A'',	empty	arrow),	but	a	subset	of	compact	axons	were	also	positioned	

between	 the	 Vms	 and	 the	 GP	 (Figure	 47	 A-A'',	 arrow).	 SAs	 were	 positioned	 in	 the	

following	sections	similarly	inside	or	next	to	the	GP	(Figure	47	B-B'',	empty	arrow	and	

arrow,	respectively).	We	detected	that	the	GP	got	smaller	in	more	caudal	sections	and	

only	 some	 Nkx2.1+	 cells	 were	 present	 near	 the	 DTB	 (Figure	 47	 A-D''	 arrowhead).	

Moreover,	 as	 the	GP	was	 reduced,	 the	CCo	appeared	 (Figure	47	C-C'',	 brackets)	 and	

some	 SAs	 entered	 it	 and	 continued	 through	 it	 until	 the	DTB	 (Figure	 47	 C-D'',	 empty	

arrow).	On	the	other	hand,	other	SAs	were	positioned	outside	the	CCo	(Figure	47	C-D'',	

arrow).	

In	 Rnd3gt/gt	 brains,	 SAs	 were	 observed	 growing	 in	 a	 similar	 position	 than	 in	 control	

embryos,	at	rostral	sections.		Most	of	them	were	positioned	between	the	Vms	and	the	

GP	(Figure	47	E,	E',	E'',	arrows).	However,	 they	were	densely	packed	next	 to	 the	pial	

surface	with	only	few	Nkx2.1+	GP	cells	next	to	them	(Figure	47	E,	E',	E'',	arrowhead).	

Moreover,	they	did	not	exhibit	a	lateral-to-medial	organization	as	in	controls	and	were	

oriented	 more	 ventrally.	 Similarly,	 in	 the	 following	 slices	 only	 few	 GP	 cells	 were	

observed	in	this	region	and	ISLR2+	SAs	appeared	to	be	condensed	ventrally	(Figure	47	

F,	 F',	 F'',	 arrowhead	 and	 arrow,	 respectively).	 At	 the	 same	 level	 where	 the	 CCo	

emerged	in	controls	(see	Nkx2.1	staining	in	the	MGE,	asterisk	in	Figure	47	C	and	G),	no	

similar	structure	was	seen	 in	Rnd3gt/gt	brains	 (Figure	47,	G-H'',	bracket	with	asterisk).	

Instead,	 a	 continuous	 Islet1+	 stream	 of	 cells	 was	 observed,	 that	 could	 be	 either	 a	

differently	organized	corridor	or	the	dorsomedial	Islet1+	cells	that	are	also	present	in	

the	controls.	SAs	never	were	observed	into	these	Islet1+	cells,	but	 in	the	pial	surface	



Results	

	
162	

(Figure	 47,	 G-H'',	 arrows)	 and	 even	 less	 Nkx2.1	 cells	were	 present	 in	 these	 sections	

(Figure	47	G',	arrowhead).		

	

Figure	 47.	 SAs	 paths	 is	 related	 to	 GP	 and	 CCo	 at	 E12.5.	 A-H'')	 Rnd3+/gt	 (A-D'')	 and	 Rnd3gt/gt	 E-H'')	 E12.5	 brain	
cryosections	 stained	with	 ISLR2,	 Nkx2.1	 and	 Islet1,	 from	more	 rostral	 (A-A'',	 E-E'')	 to	more	 caudal	 (D-D'',	 H-H'').	
Areas	 delimited	 in	 rectangles	 in	 A-H	 are	 observed	 with	 magnification	 in	 the	 respective	 '	 and	 ''	 images.	 Arrows	
indicate	the	position	of	SAs;	arrowheads,	GP	cells;	brackets	and	truncated	brackets,	the	corridor	and	CCo;	brackets	
with	 asterisk	 (*),	 caudal	 Islet1	 cells	 not	 shaped	 as	 CCo;	 asterisk,	 MGE.	 Abbreviations:	 MGE,	 medial	 ganglionic	
eminence;	SAs,	striatal	axons;	St,	striatum.	Scale	bars:	200	µm.	

2.5.5. Rnd3 is expressed in the caudal corridor at E12.5 

To	 better	 define	 the	 CCo,	we	wanted	 to	 know	whether	 Rnd3	was	 expressed	 in	 this	

structure.	We	 had	 seen	 before	 that	 Rnd3	 is	 expressed	 in	 the	 corridor	 at	 E12.5	 and	

E14.5	 (Figure	 28).	 As	 expected,	 the	 observed	 Islet1+	 region	 exhibited	 βGal	 staining	

(Figure	 48	 C,D,	 brackets).	 At	 the	 DTB	 a	 similar	 Islet1+	 group	 of	 cells	 appeared	 and	

seemingly	 was	 a	 continuation	 of	 the	 CCo	 (Figure	 48	 E,	 F,	 asterisk).	 However,	 Rnd3	

expression	 was	 absent	 and	 was	 organized	 together	 with	 the	 Islet1+	 cells	 of	 the	

prethalamus	 caudally,	 which	 showed	 low	 or	 null	 levels	 of	 Rnd3	 (Figure	 48	 G,	 H,	
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asterisk).	Thus,	we	determined	that	the	CCo,	as	well	as	the	corridor,	expresses	Rnd3,	

and	it	is	continued	with	an	Islet1+Rnd3-	group	of	cells	with	diencephalic	origin.		

	

Figure	48.	Rnd3	 is	 expressed	 in	CCo,	but	nor	 caudal	 Islet1+	prethalamic-derived	 cells.	A-H)	Rnd3+/gt	E12.5	brain	
cryosections	stained	with	βGal	and	Islet1,	from	rostral	(A,	B)	to	more	caudal	(G,	H).	Areas	delimited	in	rectangles	in	
A,	C,	E,	G	are	observed	with	magnification	in	the	respective	B,	D,	F,	H	images.	Arrows	indicate	the	position	of	SAs;	
brackets,	 the	 corridor	and	CCo;	asterisk,	 Islet2+Rnd3-	 cells	 from	a	prethalamic	origin.	Abbreviations:	CCo,	 caudal	
corridor;	MGE,	medial	ganglionic	eminence;	Pth,	prethalamus;	SAs,	striatal	axons;	St,	striatum.	Scale	bars:	200	µm.	

2.6. Rnd3 cKOs reveal a main role of the GP formation in the 

global phenotype 

2.6.1 Generation of Rnd3 cKOs 

The	developmental	defects	in	SAs	and	TCAs	caused	by	Rnd3	ablation	in	embryos	were	

multiple	and	closely	related.	This	made	even	more	complicated	to	understand	whether	

they	 were	 independent	 cell-autonomous	 effects	 or	 there	 was	 an	 initial	 structural	

change	 that	 triggered	 a	 chain	 reaction	 of	 effects.	 In	 order	 to	 analyse	 this	 issue	 we	

generated	 three	 different	 region-specific	 Rnd3	 cKOs,	 with	 promoter-driven	 Cre	

expression	mouse	lines.	To	validate	their	specificity	we	first	crossed	them	with	lxSTOPlx-

GFP	 animals,	 which	 would	 express	 GFP	 in	 Cre-expressing	 regions.	 Thereby,	 we	

validated	 that	 Nestin-Cre	 was	 expressed	 in	 the	 whole	 brain	 (Figure	 49	 A,	 F);	 that	

Nkx2.1-Cre	showed	GFP	signal	in	the	MGE,	GP	and	the	POA	(Figure	49	B,	F);	and	that	

Dlx5/6-Cre	was	expressed	 in	 LGE/MGE-derived	cells,	which	means	 striatum,	GP,	Vms	

and	Co,	but	also	in	some	cells	of	the	prethalamus	(Figure	49	C,	D,	F).		
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Region-specific	Cre-Rnd3lx/gt	embryos	were	genotyped	for	gt	allele	and	Cre	allele.	Thus,	

as	 shown	 in	 Figure	 49	 E,	 Cre+gt+	 embryos	 were	 selected	 as	 KOs	 (number	 1)	 and	

Cre+gt-	 (number	 2)	 or	 Cre-gt+	 (number	 3)	 as	 heterozygotes.	 It	 was	 not	 possible	 to	

perform	WB	to	prove	the	depletion	of	Rnd3	protein	due	to	technical	reasons.		

	

Figure	 49.	 Definition	 of	 areas	 of	 Cre-mediated	 recombination	 in	 conditional	 mouse	 lines.	 A-D)	 Nestin-Cre-/+	
lxSTOPlx-GFP,	Nkx2.1-Cre-/+	 lxSTOPlx-GFP	and	Dlx5/6-Cre-/+	 lxSTOPlx-GFP	E14.5	brain	100	µm	vibratome	sections.	GFP	
signal	is	observed	in	areas	where	Cre	is	expressed.	Area	delimited	in	rectangle	in	C	is	observed	with	magnification	in	
the	respective	D.	E)	Example	of	PCR	to	determine	Rnd3	cKOs.	Lane1	is	gt+Cre+,	so	is	considered	KO.	Lane	2	and	3	
are	 gt-Cre+	 and	 gt+Cre-	 respectively,	 and	 are	 considered	 controls.	 F)	 Representation	 of	 areas	 of	 Cre-mediated	
recombination	 in	Nestin-Cre-/+,	Nkx2.1-Cre-/+	and	Dlx5/6-Cre-/+	mice.	Abbreviations:	 Co,	 corridor;	 cKO,	 conditional	
knockouts;	 Cx,	 cortex;	 GP,	 globus	 pallidus;	 IC,	 internal	 capsule;	 LGE,	 medial	 ganglionic	 eminence;	 MGE,	 medial	
ganglionic	eminence;	PoA,	preoptic	area;	Pth,	prethalamus;	St,	striatum;	Th,	thalamus;	Vms,	ventromedial	stream.	
Scale	bars:	200	µm.	

2.6.2 Rnd3 cKO embryos develop similar, but milder axonal defects 
than Rnd3gt/gt brains 

Once	we	had	validated	the	expression	of	the	different	Cre,	we	crossed	animals	in	order	

to	generate	Cre+	Rnd3lx/gt	embryos,	so	that	we	could	analyse	the	development	of	SAs	

and	 TCAs.	 We	 expected	 that	 the	 Nestin-Cre	 Rnd3lx/gt	 model	 would	 completely	

phenocopy	our	Rnd3gt/gt	observations,	but,	surprisingly,	a	first	general	analysis	of	E14.5	

Nestin-Cre	 Rnd3lx/gt	brains	 revealed	 that	 both	 SAs	 and	 TCAs	 presented	 a	 control-like	

phenotype,	with	TCAs	growing	within	the	subpallium	(Figure	50	A,	B,	arrows)	and	SAs	

reaching	 the	DTB	 (Figure	50	A,	B,	 empty	 arrows).	Nevertheless,	with	 a	more	precise	

analysis	 of	 these	 projections	 at	 E16.5	 we	 could	 observe	 that,	 though	most	 SAs	 and	

TCAs	normally	developed	(Figure	50	E	arrows	and	empty	arrow),	a	subset	of	SAs	was	
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misrouted	 ventrally,	 resembling	 the	 Rnd3gt/gt	 phenotype	 (Figure	 50	 F,	 empty	

arrowhead).	Moreover,	few	CR+	TCAs	also	appeared	near	or	adjacent	to	misguided	SAs	

(Figure	50	E,	F,	arrowhead).	These	observations	indicate	that	indeed	the	phenotype	in	

these	 conditional	 animals	 is	 similar	 to	 the	Rnd3gt/gt	but	display	 a	milder	 appearance.	

Interestingly,	 these	 mild	 axonal	 misrouting	 in	 the	 Nestin-Cre	 Rnd3lx/gt	 were	 also	

present	in	the	Dlx5/6-Cre	Rnd3lx/gt	and	Nkx2.1-Cre	Rnd3lx/gt	(Figure	50	E-J).		

These	 results	 indicate	 that	 the	 sole	 deletion	of	 Rnd3	 in	Nkx2.1-expression	 regions	 is	

enough	 to	 disturb	 SAs	 and	 TCAs	 guidance,	 suggesting	 that	 the	 axonal	 misrouting	 is	

secondary	to	a	GP	development	defect.		

										 	

Figure	 50.	Mild	misrouting	 of	 SAs	 and	 TCAs	 in	 Rnd3	 cKO	brains.	 A,B)	Nestin-Cre+/-Rnd3lx/+	 (A)	and	 	Nestin-Cre+/-	
Rnd3lx/+	 (B)	caudal	E16.5	brain	cryosections	stained	with	CR,	 ISLR2	and	DAPI,	 indicating	normal	SAs	and	TCAs.	C-J)	
Cre+/-Rnd3lx/+	(C,D),	Nestin-Cre-/+	Rnd3lx/+	(E,F),		Dlx5/6-Cre-/+	Rnd3lx/+	(G,H)	and	Nkx2.1-Cre-/+	Rnd3lx/+	(I,J)	and	E16.5	
brain	cryosections	stained	with	CR,	ISLR2	and	DAPI.	Areas	delimited	in	rectangles	in	C,	E,	G	and	I	are	observed	with	
magnification	in	D,	F,	H	and	J	respectively.	Arrows	indicate	the	position	of	normal	TCAs;	empty	arrows,	normal	SAs;	
arrowheads,	misrouted	TCAs;	empty	arrowheads;	misrouted	SAs.	Abbreviations:	CR,	calretinin;	SAs,	striatal	axons;	
St,	striatum;	TCAs,	thalamocortical	axons;	Th,	thalamus.	Scale	bars:	200	µm.	
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2.6.3 Deletion of Rnd3 in Nkx2.1-expressing cells is enough to trigger 
GP and SAs defects 

The	 axonal	 defects	 observed	 in	 the	Rnd3	 cKOs,	 suggested	 that	 the	 development	 of	

subpallial	structures	might	also	be	affected	at	E14.5.	Therefore,	we	analysed	them	by	

immunolabelling	striatum,	corridor	and	Vms	cells	with	Islet1;	GP	cells	with	Nkx2.1;	SAs	

with	ISLR2,	and	LMS	with	Pax6.	This	detailed	analysis	allowed	us	to	reveal	that,	though	

most	SAs	were	normal	 (Figure	51	A-D,	arrowhead)	all	Nestin-Cre	Rnd3lx/gt,	Dlx5/6-Cre	

Rnd3lx/gt	and	Nkx2.1-Cre	Rnd3lx/gt	brains	showed	misrouted	SAs	at	E14.5	(Figure	51	A-D,	

empty	arrowheads).	Moreover,	 these	abnormal	projections	 appeared	 surrounded	by	

ectopic	Nkx2.1	cells	(Figure	51	B-D,	empty	arrows,	magnification	images).	Remarkably,	

these	 observations	 were	 reminiscent	 of	 the	 mild	 defect	 observed	 in	 some	 Rnd3+/gt	

brains	(Figure	43	B,	C).		

The	 analysis	 of	 the	 Vms	 and	 the	 GP	 confirmed	 that	 the	 three	 conditional	 lines	

exhibited	mispositioned	Nkx2.1	cells	 (Figure	51	F-H,	empty	arrows	and	magnification	

images).	Interestingly,	only	Nestin-Cre	Rnd3lx/gt	and	Dlx5/6-Cre	Rnd3lx/gt	showed	defects	

of	 the	Vms	 (Figure	51	F,	G,	arrows),	but	not	Nkx2.1-Cre	Rnd3lx/gt	brains	 (Figure	51	E,	

arrow).	 This	 difference	 suggested	 that	 the	 Vms	 and	 the	 GP	 phenotypes	 are	

independent	 one	 from	 each	 other.	 Islet1	 staining	 also	 revealed	 that,	 although	 the	

corridor	is	not	severely	affected	in	the	three	cKOs	models	(Figure	51	F-H,	brackets),	a	

corridor-like	structure	appeared	within	the	MGE	in	Nestin-Cre	Rnd3lx/gt	(Figure	51	M,	N,	

asterisk),	 but	 not	 in	 others.	 These	 cells	 were	 reminiscent	 of	 the	 one	 observed	 in	

Rnd3gt/gt	 brains	 (Figure	 35).	 Finally,	 the	 Vms	 phenotype	 of	 Nestin-Cre	 Rnd3lx/gt	 and	

Dlx5/6-Cre	 Rnd3lx/gt	 brains	 was	 analysed	 together	 with	 Pax6-expressing	 cells	 of	 the	

LMS	and	we	detected	a	similar	mild	interruption	of	LMS	than	in	Rnd3gt/gt	brains	(Figure	

51	I-L,	arrows).	

The	 results	 regarding	 axonal	 defects	 and	 subpallial	 structures	 show	 that	 cKOs	

reproduce	the	Rnd3gt/gt	phenotype	but	mildly.	Moreover,	the	only	deletion	of	Rnd3	in	

Nkx2.1-expressing	 cells	 is	 sufficient	 to	 trigger	 GP	 slight	 defects	 and	 SAs	 misrouting,	

suggesting	that	the	effects	on	SAs	are	derived	from	Nkx2.1+	cells	abnormalities.		
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Figure	51.	Subpallial	disorganization	in	cKO	brains.	A-N)	Cre+/-Rnd3lx/+	(A,	E,	I),	Nestin-Cre-/+	Rnd3lx/+	(B,	F,	J,	M,	N),	
Dlx5/6-Cre-/+	 Rnd3lx/+	 (C,	 G,	 K)	 and	Nkx2.1-Cre-/+	 Rnd3lx/+	 (D,	 H,	 L)	 E14.5	 brain	 cryosections	 immunolabelled	with	
Nkx2.1	 and	 ISLR2	 (A-D);	 Nkx2.1	 and	 Islet1	 (E-H,	 M,	 N),	 and	 Pax6	 and	 Islet1	 (I-L).	 Squares	 in	 B-D	 and	 F-H	 	 are	
magnified	 in	 the	 respective	 inner	panels.	 Square	 in	M	 is	magnified	 in	N.	Arrowheads	 indicate	normal	SAs;	empty	
arrowheads,	misrouted	SAs;	arrows,	the	Vms;	empty	arrows,	GP	mispositioned	cells;	brackets,	the	corridor;	asterisk,	
the	corridor-like	structure.	Abbreviations:	GP,	globus	pallidus;	SAs,	striatal	axons;	St,	striatum;	Vms,	ventromedial	
stream.	Scale	bars:	200	µm.	

2.6.4 Early development of the corridor and SAs might depend on 
Nkx2.1-expressing cells 

We	 had	 previously	 determined	 that	 Rnd3gt/gt	 axonal	 and	 CCo	 defects	 were	 already	

present	at	E12.5.	Though	the	defects	observed	 in	Dlx5/6-Cre	Rnd3lx/gt	and	Nkx2.1-Cre	

Rnd3lx/gt	 brains	 were	 mild,	 we	 wanted	 to	 analyse	 their	 phenotype	 at	 E12.5.	 ISLR2	

staining	 revealed	 that	 both	 Rnd3	 cKOs	 developed	 apparently	 normal	 SAs,	 which	

reached	the	DTB	 in	most	caudal	sections	 (Figure	52	C,	F,	 I,	arrows).	Moreover,	 these	

axons	were	located	next	to	Islet1+	cells,	which	might	correspond	to	the	CCo	(Figure	52	

B,	 C,	 E,	 F,	 H,	 I,	 brackets).	 However,	 the	 CCo	 appeared	 to	 be	 smaller	 compared	 to	

controls,	 especially	 in	 the	most	 caudal	 slices	 (Figure	 52	 C,	 F,	 I,	 brackets).	 Regarding	
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Nkx2.1+	cells,	we	observed	that	the	GP	could	be	significantly	smaller	in	rostral	sections	

(Figure	52	A,	D,	G,	arrowhead)	but	cells	were	still	present	in	most	caudal	sections	as	in	

controls.	 Remarkably,	 this	 is	 a	 preliminary	 study,	 since	 only	 one	 brain	 of	 each	 Rnd3	

cKO	has	been	analysed.	However,	the	fact	that	the	Nkx2.1-Cre	Rnd3lx/gt	brains	exhibit	

CCo	formation	defects,	suggested	that	either	the	MGE	or	the	GP	might	be	involved	in	

its	development.		

										 	

Figure	52.	GP	and	CCo	are	mildly	reduced	in	E12.5	Rnd3	cKO	brains.	A-H'')	Rnd3+/gt	(A-C),	Dlx5/6-Cre-/+	Rnd3lx/+	(D-
F)	and	Nkx2.1-Cre-/+	Rnd3lx/+	(G-I)	E12.5	brain	cryosections	immunolabelled	with	Islet1,	Nkx2.1	and	ISLR2.	Rostral	(A,	
D,	G)	to	more	caudal	(C,	F,	I)	of	comparable	sections	are	shown.	Arrows	indicate	the	position	of	SAs;	arrowheads,	GP	
cells;	brackets,	 the	corridor	and	CCo.	Abbreviations:	CCo,	caudal	corridor;	GP,	globus	pallidus;	SAs,	striatal	axons.	
Scale	bars:	100	µm.	
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2.6.5 Generation of a Rnd3 gt-independent full KO mouse line  

We	did	not	obtain	a	severe	phenotype	in	Nestin-Cre	Rnd3lx/gt	embryos,	where	Rnd3	is	

ablated	 in	 all	 neurons.	 Thus,	 we	 generated	 a	 full	 KO	with	 the	 conditional	mice	 line	

background	(tm1d	allele,	Figure53	A)	that	could	completely	reproduce	the	phenotype,	

independently	of	a	regional/temporal	Cre.	Though	we	tried	to	determine	the	protein	

expression	in	these	embryos,	we	could	not	perform	the	western	blot	due	to	technical	

issues,	 so	 this	 was	 only	 validated	 by	 PCR	 by	 analysing	 loss	 of	 tm1c	 specific	 band	 in	

Rnd3tm1d/tm1d	mice	(Figure	53	B,	upper	panel)	and	gain	of	a	specific	Tm1d	band	(Figure	

53	B,	lower	panel).	

	

Figure	53.	Generation	and	genotyping	of	the	Rnd3tm1d	allele.	A)	Genetic	constructions	of	the	Rnd3	tm1c	and	tm1d	
alleles.	 B)	 Genotyping	 of	 the	 Rnd3	 tm1d	 allele.	 WT	 individuals	 give	 a	 372+373	 positive	 band;	 KO	 individuals,	
372+374	 and	 377+379	 positive	 bands;	 heterozygous	 individuals,	 372+373,	 372+374	 and	 377+379	 positive	 bands.	
Abbreviations:	H,	heterozygous;	KO,	knockout;	WT,	wild	type.		

2.6.6 Rnd3tm1d/tm1d brains only develop a milder phenotype  

We	analysed	CR+	TCAs	and	ISLR2+	SAs	in	E16.5	Rnd3tm1d/tm1d	brains	to	identify	defects	

in	these	tracts.	Unexpectedly,	we	could	not	reproduce	the	severe	defect	observed	 in	

Rnd3gt/gt	mice.	In	contrast,	most	mutant	axons	exhibit	a	normal	trajectory	(Figure	54	A,	

B,	arrow	and	empty	arrow)	and	only	a	small	subset	of	TCAs	and	SAs	were	misrouted	

ventrally,	 (Figure	 54	 C,	 arrowhead	 and	 empty	 arrowhead,	 respectively),	 showing	 a	

similar	 expressivity	 of	 the	 phenotype	 as	 Rnd3	 cKOs.	 Then,	we	 used	 Islet1	 (corridor),	

Nkx2.1	 (GP),	 ISLR2	 (SAs)	 and	 Pax6	 (LMS)	 as	 cell	 markers	 in	 the	 E14.5	 Rnd3tm1d/tm1d	

embryonic	 brain.	We	 determined	 that	mutant	embryos	 exhibit	 the	 same	 phenotype	
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than	 Nestin-Cre	 Rnd3lx/gt	 brains:	 I)	 a	 subset	 of	 ISLR2+	 SAs	 was	 ventrally	 misrouted	

together	 with	 Nkx2.1+	 GP	 cells	 (Figure	 54	 B),	 II)	 the	 Vms	 was	 abnormally	 ventrally	

positioned	 next	 to	 the	 also	 mislocated	 GP	 (Figure	 54	 C)	 and	 III)	 the	 LMS	 path	 was	

interrupted	by	the	Vms,	but	not	severely	affected	(Figure	54	F).		

Taken	 together,	 the	 observations	 in	 the	 Rnd3tm1d/tm1d	 model	 indicate	 that	 unknown	

factors	 in	these	mice	generate	a	milder	phenotype	than	the	Rnd3gt/gt	one,	which	will	

be	discussed	later.		

																	 	

Figure	 54.	Mild	misrouting	 of	 SAs	 and	 TCAs	 in	Rnd3tm1d/tm1d	 brains.	 A-C)	Rnd3tm1d/tm1d	 E16.5	 brain	 cryosections	
stained	with	CR,	ISLR2	and	DAPI.	Areas	delimited	in	rectangles	in	A	and	B	are	observed	with	magnification	in	B	and	C	
respectively.	Arrows	indicate	the	position	of	normal	TCAs;	empty	arrows,	normal	SAs;	arrowheads,	misrouted	TCAs;	
empty	 arrowheads;	 misrouted	 SAs.	 D-I)	 Rnd3+/tm1d	 (D,	 F,	 H)	 Rnd3tm1d/tm1d	 (E,	 G,	 I)	 E14.5	 brain	 cryosections	
immunolabelled	with	Nkx2.1	and	ISLR2	(D,	E);	Nkx2.1	and	Islet1	(F,	G),	and	Pax6	and	Islet1	(H,	I).	Squares	in	E	and	G	
are	magnified	in	the	respective	inner	panels.	Arrowheads	indicate	normal	SAs;	empty	arrowheads,	misrouted	SAs;	
arrows,	the	Vms;	empty	arrows,	GP	mispositioned	cells;	brackets,	the	corridor;	asterisk,	the	corridor-like	structure.	
Abbreviations:	CR,	calretinin;	GP,	globus	pallidus;	SAs,	striatal	axons;	St,	striatum;	TCAs,	thalamocortical	axons;	Th,	
thalamus;	Vms,	ventromedial	stream.	Scale	bars:	200	µm.	
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2.7. Dissecting new cellular and molecular mechanisms of SAs 

and TCAs guidance 

2.7.1 Sema3C is a new candidate in SAs and TCAs guidance 

The	 development	 of	 SAs	 is	 not	 completely	 understood	 and	 very	 few	 works	 have	

focused	 on	 their	 guidance	 signals.	We	 had	 observed	 that	 Rnd3	 is	 required	 for	 their	

proper	development	and	that,	as	seen	elsewhere	17,28,	their	path	is	intimately	related	

to	the	GP,	whose	formation	was	aberrant	 in	Rnd3gt/gt	mice.	Therefore,	we	wanted	to	

study	which	molecular	 signals	 are	expressed	 in	 the	GP	 that	 could	have	a	 role	 in	 SAs	

guidance.	To	this	purpose	we	performed	an	extensive	search	of	the	expression	pattern	

of	several	axon-guidance-related	molecules	in	the	Allen	Developing	Mouse	Brain	Atlas.	

Among	other	molecules,	we	 found	 that	Sema3C	was	strongly	expressed	 in	 the	E14.5	

GP.		

2.7.1.1 Analysis of wild-type Sema3C expression 

Since	 little	has	been	published	on	Sema3C	expression	within	the	subpallium,	 first	we	

wanted	 to	 analyse	 control	 E12.5	 brains,	 when	 SAs	 development	 seems	 to	 start,	 by	

labelling	 Sema3C	 mRNA	 by	 ISH.	 We	 first	 observed	 a	 band	 of	 cells	 that	 expressed	

Sema3C	in	the	cortex	that	ended	at	the	PSPB	(Figure	55	A-C,	arrowhead),	similar	to	the	

one	 described	 before	 364.	Moreover,	 a	 strong	 and	well-delimited	 Sema3C	 signal	was	

present	in	the	subpallium	(Figure	55	A-C,	magnification	images,	empty	arrowhead).	In	

order	 to	 establish	 the	 identity	 these	 subpallial	 Sema3C+	 cells,	 we	 performed	

immunofluorescence	detection	of	 Islet1	 and	Nkx2.1	 (Figure	 55	 E-G).	We	determined	

that	 the	 corridor	 (Figure	 55	 E,	 E',	 arrowheads)	 and	 CCo	 strongly	 expressed	 Sema3C	

(Figure	 55	 G,	 G',	 arrowheads,	magnification	 images).	 Notably,	 a	 slight	 expression	 of	

Sema3C	 is	 also	 observed	 in	 the	 developing	 Nkx2.1+	 GP	 (Figure	 55	 E,	 E',	 empty	

arrowheads	 and	 magnification	 images).	 We	 detected	 three	 other	 Sema3C-mild-

expressing	 regions	 that	 expressed	 different	 combinations	 of	 Islet1	 and	Nkx2.1:	 I)	 an	

Ilset1-NKx2.1-negative	region	medially	to	the	GP	(Figure	55	E,	E',	arrow);	II)	an	Islet1+	

NKx2.1-negative	 medial	 to	 the	 later	 (Figure	 55	 E,	 E',	 yellow	 arrow);	 and	 III)	 an	
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intermixed	Islet1+	or	Nkx2.1+	cells	region	medial	to	the	corridor	(Figure	55	E,	E',	empty	

arrow).	However,	we	were	not	able	to	determine	their	identity.			

	

Figure	55.	Sema3C	expression	at	E12.5.	A-C)	Rnd3+/gt	E12.5	brain	cryosections	stained	with	Sema3C	by	ISH.	Rostral	
(A)	 to	 caudal	 (C)	 sections	 are	 shown.	 Squares	 in	A-C	 are	magnified	 in	 the	 respective	 inner	 panels.	D-G')	Rnd3+/gt	
E12.5	brain	cryosections	stained	with	Sema3C	by	 ISH	and	 immunolabelled	with	 Islet1,	Nkx2.1	and	counterstained	
with	DAPI.	Area	delimited	in	rectangles	in	D	and	F	is	magnified	in	E,	E'	and	G,	G'	respectively.	Squares	in	E,	E',	G,	G'	
are	magnified	in	the	respective	inner	panel.	Arrowheads	indicate	Sema3C	expression	in	the	corridor	and	CCo;	empty	
arrowheads,	 Sema3C	 expression	 in	GP;	 arrow,	 Sema3C	 expression	 in	NKx2.1-Islet-	 region;	 empty	 arrow,	 Sema3C	
expression	in	a	NKx2.1+	and	Islet+	intermingled	cells	region,	presumptive	BNST;	yellow	arrow,	Sema3C	expression	in	
NKx2.1-Islet+	region.	Abbreviations:	CCo,	caudal	corridor;	Cx,	cortex;	GP,	globus	pallidus;	ISH,	 in	situ	hybridization;	
Sema3C,	semaphorin3C;	St,	striatum;	Th,	thalamus.	Scale	bars:	A-C,	600	µm;	D-G',	200	µm.	
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Figure	56.	 Sema3C	expression	at	 E13.5.	A-A'')	Rnd3+/gt	E13.5	brain	cryosections	stained	with	Sema3C	by	 ISH	and	
immunolabelled	with	 Islet1	and	Pax6.	 	B)	Rnd3+/gt	E13.5	brain	cryosections	stained	with	Sema3C	by	 ISH.	C	and	D)	
Rnd3+/gt	 E13.5	 brain	 cryosections	 immunolabelled	 with	 Islet1	 and	 Nkx2.1.	 Area	 delimited	 in	 rectangle	 in	 C	 is	
magnified	 in	 D.	 Arrowheads	 indicate	 Sema3C	 expression	 in	 the	 corridor	 and	 CCo;	 empty	 arrowheads,	 Sema3C	
expression	in	GP;	arrow,	Sema3C	expression	in	Nkx2.1lowIslet-	region;	empty	arrow,	Sema3C	expression	in	a	NKx2.1+	
and	Islet+	intermingled	cells	region;	yellow	arrow,	Sema3C	expression	in	NKx2.1-Islet+	region.	Abbreviations:	CCo,	
caudal	 corridor;	 Cx,	 cortex;	 GP,	 globus	 pallidus;	 ISH,	 in	 situ	 hybridization;	 MGE,	 medial	 ganglionic	 eminence;	
Sema3C,	semaphorin3C;	St,	striatum;	Th,	thalamus.	Scale	bars:	A-A'',	C,	200	µm;	B,	400	µm;	D,	100	µm.		

Next,	 we	 studied	 Sema3C	 expression	 in	 E13.5	 control	 brains	 by	 ISH	 and	 observed	

positive	 signal	 in	 the	 cortex	 and	 the	 subpallium	 (Figure	 56	 B,	 black	 arrowhead	 and	

arrowhead,	respectively).	In	this	case,	we	co-labelled	Sema3	ISH	signal	with	Ilset1	and	

Pax6.	 Interestingly,	we	observed	 that	 the	 corridor	maintained	high	 levels	of	 Sema3C	

(Figure	56	A-A'',	arrowhead)	and	Pax6+	cells	mainly	excluded	Sema3C	(Figure	56	A-A'',	

black	arrows).	Moreover,	compared	with	other	similar	E13.5	slices	stained	with	Nkx2.1	

(Figure	56	C,	empty	arrowhead),	the	GP	exhibited	high	levels	of	Sema3C	(Figure	56	A,	

A',	 A'',	 empty	 arrowhead).	 An	 Nkx2.1+/Ilset1-	 and	 Nkx2.1-/Islet1+	 intermingled-cells	

region	 also	 expressed	 Sema3C	 and	was	 observed	 by	 the	 corridor,	 suggesting	 that	 it	

might	correspond	to	an	independent	structure.	We	hypothesised	that	it	can	constitute	

the	 incipient	 BNST	 (Figure	 56	 A-A'',	 C,	 D	 empty	 arrow).	 Moreover,	 it	 was	 similarly	

located	to	the	region	identified	at	E12.5	of	intermixed	Islet1	or	Nkx2.1	cells	(Figure	55	

E,	empty	arrow).	More	ventrally,	an	Islet-	and	Sema3C-high	and	Nkx2.1-low	region	was	

detected	 (Figure	 56	A-A'',	 C,	 arrow)	 and	was	 reminiscent	 of	 a	 structure	 observed	 at	
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E12.5	(Figure	55	E,	E',	arrow).	A	small	Islet1+Nkx-	and	Sema3C+	ventral	medial	region	

was	also	detected	(Figure	56	A-A'',	yellow	arrow).		

Finally,	 we	 determined	 Sema3C	 expression	 pattern	 in	 E14.5	 brains,	 when	 SAs	 are	

growing	through	the	GP	and	TCAs	through	the	corridor.	ISH	of	Sema3C	probe	revealed	

the	 expected	 expression	 in	 the	 cortex	 (Figure	 57	 A-C,	 black	 arrowhead)	 and	 strong	

expression	in	the	subpallium,	most	of	it	probably	corresponding	to	the	GP	(Figure	57	A-

C,	empty	arrowhead).	In	order	to	validate	this	idea	we	labelled	Islet1	and	Nkx2.1	cells	

in	 cryosections	where	 Sema3C	 ISH	had	been	previously	 performed	 (Figure	57	D-G'').	

With	 this	 approach,	 we	 clearly	 defined	 that	 the	 E14.5	 GP	maintained	 high	 levels	 of	

Sema3C	both	 rostral	and	caudally	 (Figure	57	D-G',	empty	arrowhead),	with	a	ventral	

low-Nkx2.1	and	Sema3C+	region	that	might	correspond	to	the	extended	amygdala	365	

(Figure	 57	 D-E',	 arrowhead).	 Surprisingly,	 the	 corridor	 completely	 depleted	 Sema3C	

expression	(Figure	57	D-G',	brackets).	Next	to	the	corridor,	an	Islet1+	region	exhibited	

Sema3C	expression	that	presumably	corresponded	to	the	BNST	(Figure	57	E,	E'	empty	

arrow),	 as	 well	 as	 the	 Islet1/Sema3C-expressing	 structure	 that	 was	 observed	 at	 the	

same	 location	 at	 E12.5	 and	E13.5	 (Figure	 55	 E,	 E',	 empty	 arrow	and	 Figure	 56	A-A'',	

empty	arrow).	Two	other	Sema3C+	regions	were	detected:	one	located	laterally	to	the	

Vms	 (Figure	 57	 E,	 E',	G,	G'	 arrows),	 and	 the	other	 being	 Islet1	 and	NKx2.1-negative,	

located	under	the	presumptive	BNST	(Figure	57	E,	E',	yellow	arrow).		

The	 expression	 of	 Sema3C	 from	 E12.5	 to	 E14.5	 indicated	 an	 early	 expression	 in	

corridor,	which	 is	 lost	 at	 E14.5,	 and	 low	expression	 in	 the	GP,	which	 is	 increased	 at	

E13.5	and	E14.5.	Other	regions	also	express	Sema3C,	such	as	 the	presumptive	BNST.	

Altogether,	the	Sema3C	expression	patterns	suggest	a	role	of	this	protein	in	TCAs	and	

SAs	guidance	within	the	GP	and	corridor.		
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Figure	57.	Sema3C	expression	at	E14.5.	A-C)	Rnd3+/gt	E14.5	brain	cryosections	stained	with	Sema3C	by	ISH.	Rostral	
(A)	 to	 caudal	 (C)	 sections	 are	 shown.	 Squares	 in	A-C	 are	magnified	 in	 the	 respective	 inner	 panels.	D-G')	Rnd3+/gt	
E14.5	 brain	 cryosections	 stained	 with	 Sema3C	 by	 ISH	 and	 immunolabelled	 with	 Islet1	 and	 Nkx2.1	 and	
counterstained	 with	 DAPI.	 Area	 delimited	 in	 rectangle	 in	 D	 and	 F	 is	 magnified	 in	 E,	 E'	 and	 G,	 G',	 respectively.	
Arrowheads	indicate	Sema3C	expression	in	a	Nkx2.1low	region,	presumptive	extended	amygdala;	empty	arrowheads,	
Sema3C	expression	in	GP;	arrow,	Sema3C	expression	in	Nkx2.1lowIslet-	region	under	the	Vms;	empty	arrow,	Sema3C	
expression	in	a	NKx2.1+	and	Islet+	intermingled	cells	region,	presumptive	BNST;	yellow	arrow,	Sema3C	expression	in	
NKx2.1-Islet-	region	under	the	presumptive	BNST;	brackets,	 the	corridor;	asterisk,	Vms.	Abbreviations:	BNST,	bed	
nucleus	 of	 stria	 terminalis;	 Cx,	 cortex;	 GP,	 globus	 pallidus;	 ISH,	 in	 situ	 hybridization;	 Sema3C,	 semaphorin3C;	 St,	
striatum;	Th,	thalamus;	Vms,	ventromedial	stream.	Scale	bars:	A-	C,	400	µm;	D-G',	200	µm.		

2.7.1.2 Sema3C-expressing cells are altered in Rnd3gt/gt brains  

We	analysed	Sema3C	expression	in	Rnd3gt/gt	embryos,	in	order	to	understand	whether	

Sema3C-expressing	 cells	 showed	 altered	 positioning.	 We	 used	 Sema3C	 ISH-stained	

sections	to	immunolabel	Islet+	and	Nkx2.1+	cells.	Compared	to	controls	(Figure	58	A-F,	

arrowhead),	ISH	signal	in	Rnd3gt/gt	brains	was	similarly	present	in	the	corridor	cells,	but	

it	appeared	more	disorganized	(Figure	58	G-J',	arrowhead).	Moreover,	the	absence	of	

the	CCo	also	 resulted	 in	 lack	of	Sema3C	signal	caudally	 (Figure	58	K-L',	asterisk).	The	

E14.5
Rostral Caudal

Sema3C

Islet1 Nkx2.1 Sema3C

A B C

D E E’

F G G’

Ro
st

ra
l

Ca
ud

al

Rn
d3

+/
gt

Rn
d3

+/
gt

E14.5

E

G

* *

St Th

Cx

GP

*



Results	

	 176	

other	 Sema3C+	 observed	 regions	 were	 still	 present	 (Figure	 58	 D	 and	 H,	 H',	 empty	

arrowhead,	arrow,	empty	arrow	and	yellow	arrow).	Expression	 in	the	cortex	was	not	

seemingly	changed	(Figure	58	A,	C,	E	and	G,	I,	K,	black	arrowhead).		

Besides,	we	analysed	Sema3C	expression	in	E14.5	Rnd3gt/gt	brains,	together	with	Islet1	

and	 Nkx2.1	 cell	 markers.	 A	 general	 analysis	 already	 revealed	 severe	 changes	 in	 the	

subpallial	 Sema3C-expressing	 cells,	which	 otherwise	were	 not	 affected	 in	 the	 cortex	

(Figure	59	A,	B,	arrowhead).	Comparing	to	controls	(Figure	59	C-E),	we	observed	that	

the	 aberrantly	 positioned	 GP	 still	 expressed	 high	 levels	 of	 Sema3C	 (Figure	 59	 F,	 G,	

empty	arrowheads),	as	well	as	the	caudal	GP	that	is	surrounded	by	Islet1+	cells	(Figure	

59	H,	 I,	 empty	 arrowheads).	 As	 in	 controls,	 the	 corridor	 did	 not	 exhibit	 positive	 ISH	

staining	(Figure	59	F-K,	brackets).	We	detected	a	region	under	the	MGE	that	could	be	

confused	with	the	corridor	in	KOs	(Figure	59	J,	K,	empty	arrow).	However,	we	propose	

that	 it	 corresponded	 to	 the	BNST,	also	observed	 in	controls,	as	 it	expressed	Sema3C	

(Figure	 59	 E,	 empty	 arrow).	 Finally,	 no	 differences	 were	 observed	 in	 the	 Sema3C-

expressing	region	in	the	ventral	subpallium	(Figure	59	C-H,	K,	yellow	arrow).		

These	 results	 indicated	 that	 GP	 and	 Cco	 Sema3C-expressing	 cells	 are	 aberrantly	

located	in	Rnd3gt/gt	embryos,	which	could	be	a	reason	of	the	misrouting	of	mutant	SAs.		
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Figure	 58.	 Sema3C	 expression	 alterations	 in	 E12.5	Rnd3gt/gt	brains.	 A-L')	Rnd3+/gt	 (A-F)	and	Rnd3gt/gt	 (G-L')	E12.5	
brain	cryosections	stained	with	Sema3C	by	ISH	and	immunolabelled	against	Islet1	and	Nkx2.1.	Rostral	(A,	B,	G,	H,	H')	
to	caudal	(D,	F,	K,	L,	L')	sections	are	shown.	Squares	in	A,	C,	E,	G,	I	and	K	are	magnified	in	B,	D,	F,	H,	H',	J,	J',	L	and	L'	
images	respectively.	Arrowheads	indicate	Sema3C	expression	in	the	corridor	and	CCo;	empty	arrowheads,	Sema3C	
expression	in	GP;	black	arrowhead,	sema3C	in	the	cortex;	arrow,	Sema3C	expression	in	NKx2.1-Islet-	region;	empty	
arrow,	Sema3C	expression	 in	a	NKx2.1+	and	 Islet+	 intermingled	cells	 region;	yellow	arrow,	Sema3C	expression	 in	
NKx2.1-Islet+	 region;	 asterisk,	 loss	 of	 CCo.	Abbreviations:	 CCo,	 caudal	 corridor;	 GP,	 globus	 pallidus;	 ISH,	 in	 situ	
hybridization;	MGE,	medial	 ganglionic	 eminence;	 Sema3C,	 semaphorin3C;	 St,	 striatum;	 Th,	 thalamus.	 Scale	 bars:	
200	µm.	
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Figure	19.	 Sema3C	expression	 is	 altered	 in	E14.5	Rnd3gt/gt	brains.	A,	B)	Rnd3+/gt	 (A)	and	Rnd3gt/gt	 (B)	E14.5	brain	
cryosections	 stained	with	 Sema3C	by	 ISH.	C-K)	 Rnd3+/gt	 (C-E)	 and	Rnd3gt/gt	 (F-K)	 E12.5	 brain	 cryosections	 stained	
with	Sema3C	by	ISH	and	immunolabelled	against	Islet1	and	Nkx2.1.	Rostral	(C,	F,	G)	to	caudal	(E,	J,	K)	sections	are	
shown.	 Squares	 in	 F,	 H	 and	 J	 are	 magnified	 in	 G,	 I	 and	 K	 images	 respectively.	 Arrowheads	 indicate	 Sema3C	
expression	 in	 a	Nkx2.1low	region,	 presumptive	extended	amygdala;	 empty	 arrowheads,	 Sema3C	expression	 in	GP;	
arrow,	Sema3C	expression	in	Nkx2.1lowIslet-	region	under	the	Vms;	empty	arrow,	Sema3C	expression	in	a	NKx2.1+	
and	 Islet+	 intermingled	 cells	 region,	 presumptive	 BNST;	 yellow	 arrow,	 Sema3C	 expression	 in	NKx2.1-Islet-	 region	
under	 the	 presumptive	 BNST;	 brackets,	 the	 corridor;	 asterisk,	 lack	 of	 Sema3C	 cells.	 Abbreviations:	 BNST,	 bed	
nucleus	 of	 stria	 terminalis;	 Cx,	 cortex;	 GP,	 globus	 pallidus;	 ISH,	 in	 situ	 hybridization;	 Sema3C,	 semaphorin3C;	 St,	
striatum;	Th,	thalamus;	Vms,	ventromedial	stream.	Scale	bars:	A,	B,	400	µm;	C-K,	200	µm.	
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2.7.1.3 Sema3C expression is closely related to SAs path 

The	 expression	 of	 Sema3C	 in	 control	 and	 Rnd3gt/gt	 brains,	 suggested	 that	 it	 could	

develop	 a	 role	 in	 SAs	 guidance.	 Therefore	 we	 examined	 the	 positioning	 of	 ISLR2	

expressing	SAs	together	with	Sema3C	in	control	and	Rnd3gt/gt	brains.	In	controls	E12.5	

brains,	 SAs	 were	 observed	 growing	 towards	 the	 incipient	 GP	 (Figure	 60	 A,	 B,	 B',	

arrowheads)	 that	 lightly	 expressed	 Sema3C	 (Figure	 60	 A,	 B,	 B',	 arrow).	 Indeed,	 we	

observed	some	SAs	closely	positioned	to	Sema3C+	dots	(Figure	60	B	and	B'	arrowheads	

and	 arrow,	 inner	 panels).	 However,	 they	 did	 not	 enter	 the	 high-Sema3C-expressing	

corridor	 (Figure	60	A,	B,	B'	empty	arrowhead).	Caudally,	SAs	are	observed	under	 the	

Sema3C+	 CCo,	 but	 not	 inside	 (Figure	 60	 C,	 D,	 D'	 arrowhead	 and	 empty	 arrowhead,	

respectively).	We	had	previously	described	that	SAs	grow	inside	the	CCo	(Figure	47	and	

52),	so	maybe	ISH	precipitates	has	quenched	OlPc	signal	in	these	images.		

In	rostral	Rnd3gt/gt	sections,	SAs	appeared	growing	in	a	ventral	orientation	(Figure	60	E,	

F	F',	arrowhead),	and	not	directed	towards	the	Sema3C+	GP	(Figure	60	F',	F',	arrow).	

Caudally,	 few	 SAs	were	 observed	 and	 attached	 to	 the	 pial	 surface	 (Figure	 60	 H,	 H',	

arrowhead),	while	no	clear	Sema3C	signal	appeared,	as	the	CCo	is	reduced	or	absent	

(Figure	60	H,	H',	asterisk).		
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Figure	20.	SAs	positioning	in	regard	to	Sema3C	expression	in	E12.5	brains.	A-H')	Rnd3+/gt	(A-D')	and	Rnd3gt/gt	(E-H')	
E12.5	brain	cryosections	stained	with	Sema3C	by	ISH	and	immunolabelled	against	Islet1	and	Nkx2.1.	Rostral	(A,	B,	
B',	E,	F,	F')	and	caudal	(C,	D,	D',	G,	H,	H')	sections	are	shown.	Squares	in	A,	C,	E	and	G	are	magnified	in	B	and	B',	D	
and	D',	F	and	F',	and	H	and	H'	images	respectively.	Square	in	B	and	B'	delimits	the	area	magnified	in	inner	panels.	
Arrowheads	 indicate	 the	position	of	 SAs;	empty	arrowheads,	 Sema3C	expression	 in	 the	 corridor	and	CCo;	arrow,	
Sema3C	expression	in	the	GP;	asterisk,	loss	of	CCo.	Abbreviations:	CCo,	caudal	corridor;	GP,	globus	pallidus;	ISH,	in	
situ	hybridization;	MGE,	medial	ganglionic	eminence;	Sema3C,	semaphorin3C;	St,	striatum;	Th,	thalamus.	Scale	bars:	
200	µm.	

A	 similar	analysis	was	performed	at	E14.5.	We	compared	Sema3C,	 Islet1	and	Nkx2.1	

stained	sections	 (Figure	61	A,	B,	C)	 to	 similar	 sections	 labelled	with	 ISLR2,	 Islet1	and	

Nkx2.1	 (Figure	 61	D,	 E,	 F).	 In	 both	 control	 and	Rnd3	KO	brains,	 SAs	were	 projecting	

within	 Sema3C+	 regions	 (Figure	 61	 A-F,	 arrowhead	 and	 empty	 arrowhead).	

Remarkably,	 in	Rnd3gt/gt	brains,	SAs	were	ventrally	misrouted	and	 located	within	 the	

high	Sema3C+	Nkx2.1+	region	(Figure	61	C,	D,	empty	arrowhead).	Interestingly,	SAs	are	

stopped	at	the	end	of	the	Sema3C+	GP	(Figure	61	B,	E,	white	line	and	arrowhead).	At	
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the	most	caudal	section,	we	observed	that	the	SAs	were	found	stacked	within	the	GP,	

which	was	strongly	stained	by	Sema3C	probe	(Figure	61	C,	F,	arrowhead).	Finally,	some	

SAs	emerging	caudally	from	the	corridor	also	were	observed	next	to	Sema3C	staining,	

which	is	expressed	in	the	few	Nkx2.1+	remaining	cells	(Figure	61	C,	F,	arrow).		

Taken	together,	all	 these	results	strongly	suggested	that	Sema3C	could	play	a	role	 in	

SAs	guidance,	within	the	GP	and	CCo	at	E12.5	and	the	GP	at	E14.5.		

	

	

Figure	61.	 SAs	positioning	 in	 regard	 to	 Sema3C	expression	 in	 E14.5	brains.	A-C)	Rnd3+/gt	 (A)	and	Rnd3gt/gt	 (B,	C)	
E14.5	brain	cryosections	stained	with	Sema3C	by	ISH	and	immunolabelled	against	 Islet1	and	Nkx2.1.	D-F)	Rnd3+/gt	
(D)	and	Rnd3gt/gt	(E,	F)	E14.5	brain	cryosections	immunolabelled	against	Islet1,	ISLR2	and	Nkx2.1.	A-F)	Rostral	(A,	D	
and	B,	E)	and	caudal	(C,	F)	sections	are	shown.	Sema3C	signal	from	A,	B,	C	is	compared	with	ISLR2+	SAs	in	D,	E,	F.	
Note	 that	Nkx2.1+	 and	 Ilset1+	 position	 is	 comparable.	 Arrowheads	 indicate	 dorsal	 ISLR2+	 SAs	within	 Sema3+GP;	
empty	arrowheads,	 the	position	of	ventral	 ISLR2+	SAs	within	GP;	arrow,	 ISLR2+	SAs	within	Sema3+	GP	remaining	
cells;	empty	arrow,	Sema3C	expression	in	the	presumptive	BNST,	with	ISLR2+	axons	within;	brackets,	the	corridor.	
Abbreviations:	 BNST,	 bed	 nucleus	 of	 stria	 terminalis;	 GP,	 globus	 pallidus;	 ISH,	 in	 situ	 hybridization;	 Sema3C,	
semaphorin3C;	St,	striatum.	Scale	bars:	200	µm.	

2.7.1.4 Sema3C binds to TCAs and SAs 

Sema3C	expression	pattern	suggested	that	it	could	mediate	TCAs	and	SAs	guidance,	so	

we	 wondered	 whether	 Sema3C	 could	 bind	 to	 TCAs	 or	 SAs	 in	 the	 IC.	 Thus	 we	 used	

Sema3C-AP	recombinant	protein	to	detect	binding	to	these	structures	(Figure	62).	As	

others	 have	 previously	 described	 364,	we	 observed	 that	 Sema3C-AP	 bound	 to	 the	 IC	

(Figure	62	D-F	arrows	and	empty	arrows).	Moreover	 it	 is	bound	to	cortical	structures	
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(Figure	62	D-F,	arrowheads)	and	CFAs	at	the	PSPB	(Figure	62	D-F,	empty	arrowheads),	

which	 is	 consistent	 with	 cortical	 Sema3C	 expression	 and	 studies	 that	 described	

Sema3C-mediated	guidance	of	CFAs	55.	Comparing	Sema3C-AP	staining	in	the	IC	by	the	

DTB	with	CR	and	OlPc	immunolabelling	at	E16.5	(Figure	62	G,	H),	we	determined	that	

Sema3C	probably	 interacts	with	SAs	and	TCAs	(Figure	62	G,	H,	arrowhead	and	empty	

arrowhead,	respectively).	

	

Figure	62.	Sema3C	binds	to	SAs	and	TCAs.	A-F)	Staining	of	E15.5	slices	with	control	(A-C)	and	Sema3C-AP-enriched	
(D-F)	media.	Rostral	(A,	D)	to	caudal	(C,	F)	sections	are	shown.	Delimited	area	in	rectangle	in	F	is	magnified	in	G.	G-
H)	 Comparison	 of	 E15.5	 Sema3-AP	 stained	 (G)	 and	 E16.5	 CR	 and	 OlPc	 immunolabelled	 (H)	 sections	 at	 the	 DTB.	
Arrowheads	 indicate	cortical	 structures;	empty	arrowheads,	presumtive	CFAs	at	PSPB;	arrow,	SAs;	empty	arrows,	
TCAs.	Abbreviations:	CR,	calretinin;	Cx,	cortex;	DTB,	diencephalon-telencephalon	boundary;	OlPc,	Ol-protocadherin;	
Sema3C-AP,	sempahorin3C	fused	with	alkaline	phosphatase;	St,	striatum;	Th,	thalamus.	Scale	bars:	A-F,	400	µm;	G,	
H,	200	µm.	

2.7.1.5 Sema3C is slightly repulsive to TCAs  

The	 Sema3C-AP	 assay	 suggested	 that	 it	 might	 bind	 to	 different	 axons	 of	 the	 IC,	

including	both	SAs	and	TCAs.	To	better	understand	whether	Sema3C	has	a	role	in	the	

guidance	 of	 SAs	 and	 TCAs	 we	 performed	 stripe	 assays	 confronting	 explants	 to	

alternate	stripes	of	control	Fc	vs	Fc	or	Sema3C-Fc	vs	Fc.	Unfortunately,	we	could	not	

achieve	 to	 grow	 striatal	 explants	 in	 the	 stripe	 assay	 conditions	 (data	 not	 shown).	

Therefore,	could	only	perform	this	assay	with	E14.5	thalamic	explants.	Compared	to	Fc	

stripes	 (Figure	 63	A,	 C),	we	 observed	 that	 Sema3C	was	 inducing	 a	 light	 repulsion	 to	
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TCAs	in	vitro	(Figure	63	B	and	C),	which	suggested	that	Sema3C	might	prevent	TCAs	to	

invade	the	E14.5	GP.		

	

Figure	63.	Sema3C	is	slightly	repulsive	to	TCAs	in	vitro.	A-B)	Thalamic	explants	grown	on	stripe	assay	coated	with	
Fc/Fc	(A)	or	Sema3C-Fc/Fc	(B).	Axons	are	stained	with	βIII-tubulin.	C)	Quantification	of	the	Repulsion	Index	exhert	by	
Fc	and	Sema3C.	Boxes	represent	the	total	distribution	of	the	values	and	the	media	is	represented	by	the	inner	line	
n=	number	of	explants	(at	least	15)	of	two	independent	experiments	with	two	replicates	each.		*p<0,05,	t	student	
test.	Abbreviations:	 βIII-tub,	 βIII-tubulin;	 Fc,	 fragment	crystallizable	region;	 Sema3C-Fc,	 sempahorin3C	 fused	with	
Fc,	Th	thalamus.	Scale	bar:	100	µm.	

	

2.7.2 SAs-TCAs possibly interact at the DTB  

2.7.2.1 Wild-type, but also misrouted TCAs and SAs appear in close location along 

brain development 

As	others	have	suggested	17,	we	 intended	to	study	whether	SAs	might	have	a	role	 in	

TCAs	guidance.	To	this	purpose,	we	labelled	OlPc+	SAs	and	CR+	TCAs	at	different	stages	

of	 embryonic	 development	 and	 studied	 their	 relative	 position.	 A	 rostral-to-caudal	

analysis	of	E12.5	WT	brains	(Figure	64)	revealed	that	CR+	TCAs	were	not	present	in	the	

most	rostral	sections	(Figure	x	A,	 I,	 I',	asterisk),	but	clearly	 intermixed	with	OlPc+	SAs	

within	the	subpallium	in	the	following	sections	 (Figure	64,	B,	C,	 J-K',	arrowheads	and	

empty	arrowheads).	Notably,	TCAs	were	not	observed	 in	 the	corridor	but	within	 the	

SAs-invaded	GP	(Figure	64	B,	K,	brackets).	In	the	following	sections,	TCAs	were	present	

inside	the	condensed	SAs	tract	by	the	CCo	(Figure	64	D,	E,	L-M',	arrowheads	and	empty	

arrowheads).	 A	 similar	 observation	 was	 made	 at	 the	 DTB	 (Figure	 64	 F,	 N,	 N',	

arrowheads	and	empty	arrowheads)	and	even	within	the	diencephalon	(Figure	64	G,	H,	
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O-P',	 arrowhead),	where	 SAs	 composed	 the	 cerebral	 peduncle	 (Figure	64	G,	H,	O-P',	

empty	arrowheads)	

	

	

Figure	 64.	 Pioneer	 TCAs	 are	 observed	 within	 SAs	 path	 in	 E12.5	 control	 brains.	 A-P')	 Rnd3+/gt	 E12.5	 brain	
cryosections	immunolabelled	with	CR	and	OlPc.	An	analysis	of	the	rostrocaudal	SAs	and	TCAs	path	is	performed	by	
showing	 rostral	 (A,	 I,	 I')	 to	 caudal	 (H,	 P,	 P')	 sections.	 Squares	 in	 A-H	 are	 magnified	 in	 I-P'	 images,	 respectively.	
Arrowheads	 indicate	 OlPc+	 SAs;	 empty	 arrowheads,	 CR+	 TCAs;	 arrows,	 Cr+	 INs;	 brackets,	 the	 corridor	 and	 CCo;	
asterisk,	 the	 lack	 of	 TCAs	 in	 the	 most	 rostral	 section.	 Abbreviations:	 CCo,	 Caudal	 corridor;	 CR,	 calretinin;	 INs,	
interneurons;	OlPc,	Ol-protocadherin;	SAs,	striatal	axons;	St,	striatum;	TCAs,	thalamocortical	axons.	Scale	bar:	A-H,	
200	µm,	I-P',	50	µm.		

Next,	 we	 made	 the	 same	 analysis	 with	 E13.5	 WT	 brains	 (Figure	 65).	 Similar	

observations	 were	 made	 within	 the	 subpallium,	 where	 CR+	 TCAs	 where	 observed	

intermixed	with	SAs	(Figure	65	A-F,	arrowheads	and	empty	arrowheads,	respectively),	

not	 in	the	corridor	 (Figure	65	B,	D,	F,	brackets)	but	 in	the	GP	area.	At	the	DTB,	TCAs	

were	also	 intermingled	with	SAs	before	entering	 the	 telencephalon.	 (Figure	65	G,	H,	

arrowhead	and	empty	arrowheads,	respectively).	
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Figure	65.	Early	TCAs	are	observed	within	SAs	path	in	E13.5	control	brains.	A-P')	Rnd3+/gt	E13.5	brain	cryosections	
immunolabelled	with	CR	and	OlPc.	An	analysis	of	the	rostrocaudal	SAs	and	TCAs	path	is	performed.	Here,	rostral	(A,	
I,	I')	to	caudal	(H,	P,	P')	sections	are	shown.	Squares	in	A-G	are	magnified	in	B-H	images,	respectively.	Arrowheads	
indicate	OlPc+	 SAs;	 empty	 arrowheads,	 CR+	 TCAs;	 brackets,	 the	 corridor.	Abbreviations:	 CR,	 calretinin;	OlPc,	Ol-
protocadherin;	SAs,	striatal	axons;	St,	striatum;	TCAs,	thalamocortical	axons.	Scale	bar:	200	µm.		

Then,	we	analysed	the	positioning	of	both	kind	of	axons	at	E16.5,	when	they	are	near	

the	 end	 of	 their	 development.	 We	 focused	 in	 the	 DTB	 region,	 where	 both	 axons	

converge.	At	a	 slightly	more	 rostral	 section,	we	perceived	 that	WT	TCAs	 crossed	 the	

DTB	 just	 over	 OlPc+	 SAs	 (Figure	 66	 A,	 B,	 D,	 E,	 arrowhead	 and	 empty	 arrowheads,	

respectively).	Magnified	images	revealed	that	some	TCAs	were	also	intermingled	with	

SAs	 (Figure	 66	 C,	 F,	 arrowhead	 and	 empty	 arrowheads,	 respectively).	Moreover,	we	

used	Rnd3gt/gt	brains	as	a	 tool	 to	 investigate	whether	 they	could	 interact	even	when	

misguided.	We	observed	that	in	all	sections,	ventrally	misrouted	mutant	SAs	appeared	

next	 to	 aberrantly	 positioned	 TCAs	 (Figure	 66	 H,	 K,	 N,	 empty	 arrowheads	 and	

arrowheads,	respectively).	Moreover,	few	TCAs	also	were	intermixed	with	SAs	(Figure	

66	I,	L,	O,	arrowhead	and	empty	arrowheads,	respectively).		
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Figure	66.	TCAs	are	observed	near	SAs	path	in	E16.5	control	and	Rnd3gt/gt	brains.	A-J)	Rnd3+/gt	(A-F)	and	Rnd3gt/gt	

(E-J)	E16.5	brain	cryosections	immunolabelled	with	CR	and	OlPc	and	counterstained	with	DAPI.	Rostral	(A-C	and	G-I)	
to	caudal	(D-F	and	M-O)	sections	are	shown.	Area	delimited	by	rectangles	in	A,	D,	G,	J	and	M	are	magnified	in	B,	E,	
H,	 K	 and	N	 images,	 respectively.	 Small	 squares	 in	B,	 E,	H,	 K	 and	N	are	magnified	 in	C,	 F,	 I,	 L	 and	O.	Arrowheads	
indicate	CR+	TCAs;	empty	arrowheads,	OlPc+	SAs.	Abbreviations:	CR,	calretinin;	OlPc,	Ol-protocadherin;	SAs,	striatal	
axons;	St,	striatum;	TCAs,	thalamocortical	axons;	Th,	thalamus.	Scale	bars:	M,	N,	200	µm;	O,	50	µm.		
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Finally,	 we	 performed	 DiI	 tracing	 of	 TCAs	 together	with	 DiA	 tracing	 of	 SAs	 of	 E18.5	

control	and	Rnd3gt/gt	brains.	We	observed	that	some	TCAs	intermingle	with	SAs	at	the	

DTB	in	control	embryos	(Figure	67	A,	F,	arrow	and	empty	arrow,	respectively).	In	Rnd3	

KOs,	 we	 observed	 ventrally	misrouted	 SAs	 that	 were	 surrounded	 by	 also	misguided	

TCAs	(Figure	67	B,	C,	G,	H,	arrowhead	and	empty	arrowhead,	respectively).	Moreover,	

some	TCAs	were	in	a	control-like	position	(Figure	67	B-D,	G-I,	arrow),	as	well	as	some	

adjacent	 SAs	 (Figure	 67	 B-D,	 G-I,	 empty	 arrow).	 In	 the	 most	 caudal	 section,	 TCAs	

growing	 from	 the	 thalamus	 reached	 the	 DTB	 (Figure	 67	 E,	 J,	 arrowheads)	 and	

surrounded	SAs	(Figure	67	E,	J,	empty	arrowhead).		

	

Figure	67.	TCAs	and	SAs	intermingle	in	E18.5	control	and	Rnd3gt/gt	brains.	A-J)	Rnd3+/gt	(A,	F)	and	Rnd3gt/gt	(B-E,	F-J)	

E18.5	 brain	 200	 μm	 vibratome	 sections	 of	 DiI-traced	 TCAs	 and	 DiA-traced	 SAs,	 and	 counterstained	 with	 DAPI.	
Rostral	(B	and	G)	to	caudal	(A,	F	and	E,J)	sections	are	shown.	Areas	delimited	by	rectangles	in	A-E	are	magnified	in	F-
J	 images,	 respectively.	 Arrowheads	 indicate	 misroted	 TCAs;	 empty	 arrowheads,	 misrouted	 SAs	 or	 CFAs;	 arrows,	
TCAs	 at	 a	 relatively	 normal	 position;	 empty	 arrows,	 SAs	 or	 CFAs	 at	 a	 normal	 position.	 Abbreviations:	 CFAs,	
corticofugal	axons;	SAs,	striatal	axons;	St,	striatum;	TCAs,	thalamocortical	axons;	Th,	thalamus.	Scale	bars:	200	µm.		

Taken	 together,	 the	 observations	 in	 WT	 and	 Rnd3gt/gt	 brains	 indicated	 that	 TCAs	

positioning	 was	 in	 close	 contact	 with	 SAs	 at	 all	 embryonic	 stages.	 Therefore,	 we	

wanted	 to	 analyse	whether	 the	 same	 occurred	 in	misrouted	 TCAs	 and	 SAs	 of	 E16.5	

Dlx5/6-Cre	 Rnd3lx/gt	 brains,	 where	 Rnd3	 is	 solely	 ablated	 in	 subpallium	 and	

prethalamus	 and	 the	 phenotype	 is	 milder.	 We	 tracked	 misguided	 OlPc+	 SAs	 from	

rostral	to	caudal	and	checked	whether	CR+	TCAs	were	nearby	them.	We	observed	that	

in	a	rostral	section,	a	subset	of	SAs	was	differently	orientated	(Figure	68	A-B'',	empty	

arrowhead)	and	about	to	cross	TCAs	ventral	path	(Figure	68	A-B'',	arrowhead).	These	
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mutant	SAs	were	present	in	the	following	sections	(Figure	68	C-H'',	empty	arrowhead),	

directed	 towards	 the	 ventral	 surface,	 until	 they	 reached	 it	 (Figure	 68	 I-J'',	 empty	

arrowhead).	We	 noticed	 a	 DAPI	 empty	 region	 together	with	 these	misrouted	 axons	

that	 was	 filled	 with	 CR	 signal	 (Figure	 68	 B-B'',	 D-D'',	 F-F'',	 H'-H'',	 J-J'',	 arrowhead),	

indicating	that	few	TCAs	followed	misrouted	SAs.		

Altogether,	 our	 observations	 strongly	 suggest	 that	 TCAs	 interact	with	 SAs	 in	 control	

mice,	and	 that	misrouting	of	mutant	SAs	within	 the	subpallium	and	 their	absence	at	

the	DTB,	might	result	in	inability	of	TCAs	to	cross	this	border.		
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Figure	 68.	 Misrouted	 SAs	 in	 Dlx5/6-Cre	 cKOs	 are	 surrounded	 by	 TCAs.	 A-J'')	 Dlx5/6-Cre-/+	 Rnd3lx/+	 brain	
cryosections	immunolabelled	against	OlPc,	CR	and	counterstained	with	DAPI.		Sections	from	rostral	(A-B'')	to	caudal	
(I-J'')	are	shown.	Areas	delimited	in	rectangles	in	A,	C,	E	,	G	and	I	are	observed	with	magnification	in	the	B-B'',	D-D'',	
F-F'',	H-H''	and	J-J''	 images.	Arrowheads	 indicate	the	position	of	TCAs;	empty	arrowheads,	SAs;	black	asterisk,	 the	
optic	 tract.	 Abbreviations:	 CR,	 calretinin;	 OlPc,	 Ol-protocadherin;	 SAs,	 striatal	 axons;	 St,	 striatum;	 TCAs,	
thalamocortical	axons.	Scale	bars:	200	µm.		
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2.7.2.2 ISLR2 could mediate SAs-TCAs interaction 

The	fact	that	TCAs	appeared	intermingled	with	SAs,	even	when	misrouted,	reinforced	

the	hypothesis	that	they	might	be	 interacting.	Others	have	described	through	an	AP-

assay	 that	 ISLR2	expressed	 in	CTAs	 interacts	with	TCAs,	promotes	 its	 growth	 in	 vitro	

and	it	has	a	role	in	the	handshake	hypothesis	27.	Moreover,	they	showed	that	ISLR2	KO	

presents	 similar	 defects	 in	 TCAs	 to	 Rnd3gt/gt	 embryos.	 We	 described	 that	 ISLR2	 is	

expressed	 in	 SAs	 already	 at	 E12.5	 and	 until	 at	 least	 E18.5	 (Figure	 41).	 Thus,	 we	

hypothesized	that	ISLR2	might	be	an	interacting	protein	between	SAs	and	TCAs.	To	test	

this	 idea,	 we	 performed	 stripe	 assays	 confronting	 thalamic	 explants	 to	 alternate	

stripes	of	control	Fc	vs	Fc	or	ISLR2+Fc	vs	Fc.	While	in	Fc	vs	Fc	stripes	had	no	effect	on	

thalamic	projections,	(Figure	69	A,	C),	unexpectedly,	 ISLR2	exerted	a	strong	repulsion	

over	TCAs	(Figure	69	B,	C).		

	

	

Figure	69.	ISLR2	is	repulsive	to	TCAs	in	vitro.	A-B)	Thalamic	explants	grown	on	stripe	assay	coated	with	Fc/Fc	(A)	or	
ISLR2+Fc/Fc	 (B).	Axons	are	 stained	against	βIII-tubulin.	C)	Quantification	of	 the	Repulsion	 Index	exhert	by	Fc	and	
ISLR2.	Boxes	represent	the	total	distribution	of	the	values	and	the	media	is	represented	by	the	inner	line	n=	number	
of	explants	(at	least	21)	of	two	independent	experiments	with	two	replicates	each.		****p<0,0001,	t	student	test.	
Abbreviations:	βIII-tub,	βIII-tubulin;	Fc,	fragment	crystallizable	region;	ISLR2+Fc,	ISLR2	mixed	with	Fc;	Th	thalamus.	
Scale	bars:	100	µm.		

To	further	analyse	ISLR2	role	in	TCAs	guidance	we	analysed	their	growth	in	organotypic	

slices	 with	 control	 or	 ISLR2-overexpressing	 COS	 cells	 explants	 near	 the	 thalamic	

projections	path.	Though	this	is	a	preliminary	first	experiment,	we	observed	that	TCAs	

that	reached	control	GFP-expressing	COS	explants	showed	no	reaction	towards	them	

(Figure	 70	 A,	 B,	 arrowhead),	 while	 DiI-traced	 TCAs	 seemed	 to	 interact	 with	 ISLR2-

βIIITub Fc Fc βIIITub ISLR2+Fc Fc

E1
4.

5 
Th

A B C

Fc vs Fc ISLR2+Fc vs Fc
-0.2

0.0

0.2

0.4

0.6

0.8

R
ep

ul
si

on
 In

de
x

****



	 	 Pau	Marfull	Oromí,	2019	

	 191	

overepressing	 COS	 explants	 (Figure	 70	 C,	 D,	 arrowhead).	 In	 this	 case,	 ISLR2	 did	 not	

repel	TCAs,	as	they	continued	navigating	adjacent	to	COS	cells.		

These	 results	 suggest	 that	 TCAs	 can	 interact	 with	 ISLR2,	 being	 repulsive	 in	 in	 vitro	

stripe	 assays	 but	 not	 so	 clearly	 in	 organotypic	 cultures,	 which	 suggest	 that	

environmental	secreted	cues	might	modify	the	response	of	TCAs	to	ISLR2.		

	

Figure	70.	TCAs	grow	adjacent	to	ISLR2-expressing	COS	aggregates.	A-D)	Organotypic	slice	with	transplanted	COS7	
cells	aggregates	expressing	either	pCAGIG	or	pCAGIG-ISLR2.	TCAs	are	traced	with	DiI.	Areas	delimited	in	A	and	C	are	
magnified	 in	 B	 and	 D.	 Arrowheads	 indicate	 DiI	 traced	 TCAs;	 asterisk,	 DiI	 crystal	 placement.	 Abbreviations:	 Cx,	
cortex;	St,	striatum;	TCAs,	thalamocortical	axons;	Th,	thalamus.	Scale	bars:	400	µm.	

2.7.2.3 ISLR2 KOs present severe SAs and GP defects 

The	 ISLR2	KO	presents	 severe	defects	 in	CTAs	and	TCAs,	but	 its	development	of	 SAs	

was	not	explored	27.	We	obtained	a	litter	of	ISLR2	mutant	embryos	from	K.	Mandai	and	

from	 which	 we	 could	 analyse	 one	 E14.5	 ISLR2-/-	 brain.	 First,	 an	 analysis	 with	 Ctip2	

staining	suggested	that	the	GP	is	absent	caudally	(Figure	71	A-H,	delimited	area).	As	it	

has	been	previously	described	27,	the	corridor	seems	normal	rostrally	(Figure	71	A,	E,	

brackets)	but	absent	caudally,	but	could	be	otherwise	not	visible	due	to	lack	of	GP	and	

IC,	 (Figure	71	B,	C,	F,	G	brackets)	as	 in	the	Rnd3gt/gt	model	(Figure	35	J,	P).	Besides,	a	

similar	Ctip2+	region	was	observed	in	the	most	caudal	section	(Figure	71	D,	H,	empty	

arrowhead),	 suggesting	 that	 corridor	 defects	 probably	 were	 not	 so	 severe	 as	

described.	GP	defects	were	confirmed	by	Nkx2.1	staining	(Figure	71	I-P,	arrows),	which	

was	 trapped	within	 Islet1+	cells	 (Figure	71	M-P,	arrowheads).	 Interestingly,	we	could	

observe	 severe	 impairments	 in	 SAs	 development.	 Though	 some	 could	 be	 observed	

within	the	GP,	most	of	them	were	positioned	before	entering	the	GP	(Figure	71	M-P,	

arrow)	 and	were	 stuck	by	 the	GP.	 Thus,	 no	 SAs	or	GP	were	observed	at	 the	DTB	by	
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TCAs.	We	noticed	that	some	OlPc+	regions	were	present	caudally	(Figure	71,	P	yellow	

arrowheads),	but	they	were	likely	diencephalic	structures.		

	

	

Figure	 71.	 ISLR2-/-	 embryos	 develop	 abnormal	 SAs	 and	 GP.	 A-H)	 ISLR2+/+	 (A-D)	 and	 ISLR2-/-	 brain	 cryosections	
immunolabelled	against	Ctip2	and	counterstained	with	DAPI.		Sections	from	rostral	(A-D)	to	caudal	(E-H)	are	shown.	
GP	 is	delimited	with	a	white	 line.	 I-P)	 ISLR2-/-	 brain	 cryosections	 immunolabelled	against	 Islet1,	Nkx2.1	and	OlPc.	
Nkx2.1	signal	was	too	low	to	be	observed	in	low	magnification	images	(I-L).	Areas	delimited	in	I-L	are	magnified	in	
M-P	 images,	 respectively.	 TCAs	 position	 is	 delimited	 with	 a	 white	 line.	 Arrowheads	 indicate	 Vms;	 empty	
arrowheads,	caudal	Ctip2+	and	Islet1+	cells;	arrows,	SAs;	empty	arrows,	GP;	brackets,	corridor;	yellow	arrowheads,	
OlPc+	prethalamic	regions;	asterisk,	TCAs.	Abbreviations:	Cx,	cortex;	OlPc,	Ol-protocadherin;	SAs,	striatal	axons;	St,	
striatum;	TCAs,	thalamocortical	axons;	Th,	thalamus.	Scale	bars:	200	µm.	
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3. Phenotype of the Rnd3gt/gt in the cortex 

3.1. Lack of Rnd3 results in sulci formation in the cortex 

Some	 studies	 have	 indicated	 that	Rnd3	 has	 a	 role	 in	 cortical	 development	 159,306,344.	

Moreover,	our	expression	studies	revealed	that	it	might	have	a	role	in	early	migration	

and	 late	 development	 proliferation	 (Figure	 29).	 Thus,	 we	 analysed	 cortical	

development	at	different	stages.	Surprisingly,	we	found	that	a	1/12	of	E14.5	(Figure	72	

A,	 B,	 K),	 1/8	 of	 E16.5	 (Figure	 72	 C,	 D,	 K)	 and	 4/14	 of	 the	 E18.5	 (Figure	 72	 E,	 F,	 K)	

Rnd3gt/gt	 analysed	brains	developed	 cortical	 folding.	Note	 that	one	of	 the	 four	E18.5	

brains	 only	 showed	 small	 ectopia	 at	 the	 pial	 surface	 (Figure	 73	 C,	 C').	 Most	 of	 the	

folded	 cortices	 showed	 genuine	morphology,	 involving	 the	 pial	 surface,	 but	 not	 the	

apical	 (Figure	 72	 C,	 D,	 F	 arrowhead).	 However,	 some	 of	 them	 were	 big	 enough	 to	

modify	the	apical	surface,	never	inducing	folding-like	structure,	but	a	distortion	of	the	

surface	(Figure	72	A,	B,	E,	F	empty	arrowhead).		

Since	 Rnd3tm1d/tm1d	 embryos	 reproduced	 the	 same,	 but	 a	 partial	 phenotype	 in	 the	

subpallium,	 we	 checked	 whether	 they	 could	 also	 develop	 a	 cortical	 phenotype.	 As	

expected,	we	 found	 that	 3	 out	 of	 8	 of	 E18.5	Rnd3tm1d/tm1d	 brains	 developed	 cortical	

folding	 without	 affecting	 the	 apical	 surface	 (Figure	 72	 G,	 H,	 arrowheads).	 No	

heterozygous	embryos	were	found	with	this	alteration	and	neither	did	E16.5	nor	E14.5	

embryos.	
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Figure	72.	Lack	of	Rnd3		promotes	the	formation	of	cortical	folds.	A-H)	DAPI	staining	of	Rnd3gt/gt	E14.5	(A-B),	E16.5	
(C,	D),	E18.5	(E,	F)	and	E18.5	Rnd3tm1d/tm1d	(G,	H)	brain	cryosections.	Arrowheads	inidcate	folds	that	only	affect	the	
pial	surface;	empty	arrowheads,	fold	that	are	big	enough	to	modify	the	apical	surface.	I)	Cortical	folding	penetrance	
at	 E14.5,	 E16.5	and	E18.5.	Asterisk	 indicates	 that	one	out	 the	4	brains	 showed	cobblestone-like	ectopia,	but	not	
folding.		Abbreviations:	No,	number.	Scale	bars:	200	µm.	

To	 understand	 the	 sulci	morphology	we	 first	 characterized	 the	 cortical	 layers	 in	 the	

folded	 regions	 by	 immunolabelling	 Tbr1,	 Ctip2	 and	 SatB2.	 We	 found	 that	 cortical	

folding	did	not	disturb	layers	organization	and,	as	in	gyrencephalic	species,	layers	were	

adopting	 the	 morphology	 of	 the	 sulci	 (Figure	 73	 A-B',	 arrowhead).	 Besides,	 the	

observed	ectopia	also	showed	an	inverted	layers-like	organization	(Figure	73	C,	C').		
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Figure	73.	Cortical	layering	is	not	altered	within	the	folds.	A-C')	Cortical	folds	of	Rnd3gt/gt	E14.5	(A),	E16.5	(C),	E18.5	
(E)	 brain	 cryosections	 stained	 with	 DAPI	 (A-C)	 and	 immunolabeled	 with	 Tbr1,	 Ctip2	 and	 SatB2	 (A',	 B',	 C').	
Arrowheads	indicate	the	folds	(A-B')	or	ectopia	in	(C,	C');	arrow,	an	artifact.	Scale	bars:	200	µm.	

We	 also	 analysed	 other	 markers	 within	 the	 sulci.	 First,	 we	 labelled	 βGal-expressing	

cells	to	understand	whether	ablation	of	Rnd3	resulted	in	alteration	of	their	positioning.	

However,	we	could	not	observe	an	increase	of	βGal+	cells	near	the	sulci	(Figure	74	A,	

A').	We	also	studied	mitotic	active	cells	by	labelling	PH3	353	and	observed	no	increase	

of	proliferating	cells	within	the	cortical	fold	(Figure	74	B,	B').	Similarly,	Sox2-expressing	

NPCs	were	not	concentrated	in	this	region	(Figure	74	C,	C').	Finally,	we	analysed	how	

CFAs	 were	 positioned	 at	 the	 sulcus	 by	 ISLR2	 staining	 and	 observed	 that	 they	 were	

normally	emerging	from	folded	layers	(Figure	74	D,	D',	empty	arrowhead)	and	growing	

under	the	sulcus	(Figure	74	D,	D',	arrowhead).	Moreover,	we	observed	that	meninges	

did	not	follow	the	pial	surface	 in	the	sulci	 (Figure	74	C-D'	arrow).	These	observations	

indicated	 that	 the	observed	cortical	 folds	minimally	modify	 the	cortical	organization,	

and	no	ectopic	cells	induce	gyrification;	hence,	they	are	genuine	folds.	
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Figure	74.	No	ectopic	cells	are	observed	within	the	folds.	A,	A')	DAPI	and	βGal	staining	of	an	Rnd3gt/gt	E16.5	cortical	
sulcus.	B,	B')	DAPI	and	PH3	staining	of	an	Rnd3gt/gt	E18.5	cortical	sulcus.	C,	C')	DAPI	and	Sox2	staining	of	an	Rnd3gt/gt	
E18.5	cortical	sulcus.	B,	B')	DAPI	and	ISLR2	staining	of	an	Rnd3gt/gt	E18.5	cortical	sulcus.	Arrowheads	indicate	sulci;	
empty	arrowheads,	CFAs;	arrows,	meninges.	Abbreviations:	PH3,	phosphohistone	H3.	Scale	bars:	200	µm.	

3.2 Alterations in Rnd3 KO cortical regions width  

To	further	characterize	Rnd3gt/gt	cortices,	we	first	measured	cortex	width	at	E16.5	and	

E18.5,	when	folds	were	mainly	observed.	We	found	no	differences	in	cortex	thickness	

between	controls	and	Rnd3gt/gt	brains	without	sulci	(Figure	75	A,	B	and	E,	F).	However,	

Rnd3gt/gt	cortices	with	sulci	were	significantly	thinner	than	the	other	two	groups,	both	

at	E16.5	(Figure	75	A-C,	G)	and	at	E18.5	(Figure	75	D-F,	H).	Moreover,	this	feature	was	

consistent	 along	 the	 rostrocaudal	 axis.	 To	 determine	 whether	 this	 reduction	 was	

equally	affecting	all	regions	or	only	specific	ones,	we	measured	the	thickness	of	each	

cortical	zone	(VZ,	SVZ,	IZ	and	CP)	at	E16.5	and	E18.5.	Again,	control	and	Rnd3gt/gt	brains	

without	 sulci	 showed	 no	 differences	 in	 any	 zone.	 In	 contrast,	Rnd3gt/gt	 E16.5	 brains	

with	sulci	showed	a	reduction	of	the	VZ	and	IZ,	but	more	significantly	of	the	SVZ	in	the	

whole	 rostrocaudal	 axis.	 Unexpectedly,	 the	 CP	 was	 engrossed,	 especially	 at	 caudal	

levels	 (Figure	 75	 I).	 The	 same	 analysis	 in	 E18.5	 embryos	 (Figure	 75	 J)	 revealed	 that	

Rnd3gt/gt	brains	with	sulci	mainly	showed	thinner	IZ	rostrally,	but	not	differences	were	

observed	 in	 the	VZ-SVZ,	which	were	undistinguishable	by	DAPI	staining	at	 this	 stage.	

The	CP	had	mainly	no	differences	 and	was	only	 slightly	 reduced	 in	 the	 intermediate	

region,	both	in	Rnd3gt/gt	brains	without	and	with	sulci.			
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Figure	75.	Rnd3gt/gt	 	with	sulci	exhibit	a	thinner	cortex,	due	to	a	reduction	in	SVZ	and	IZ.	A-G)	Rnd3+/gt	(A,	E)	and	
Rnd3gt/gt	without	 (B,	 F)	 and	with	 sulci	 (C,	G)	 at	 E16.5	 (A-C)	 and	E18.5	 (D-F)	brain	 cryosections	 stained	with	DAPI.	
Short	lines	in	the	left	side	represent	the	approximate	limits	of	the	different	regions.	Quantification	of	total	cortical	
width	 is	 shown	 in	 G	 and	 H,	 at	 rostral,	 intermediate	 and	 caudal	 sections.	 n=	 at	 least	 3	 slices	 per	 brain	 and	
rostrocaudal	region;	Rnd3+/gt	(2	brains),	Rnd3gt/gt	without	(2	brains)	and	with	sulci	(1	brain).	I,	J)	Quantification	of	the	
width	of	 the	VZ,	 SVZ,	 IZ	 and	CP	of	 E16.5	 (I)	 and	E18.5	 (J)	 in	Rnd3+/gt	 and	Rnd3gt/gt	without	 and	with	 sulci	 brains.	
Rostral,	 intermediate	 and	 caudal	 levels	 quantifications	 were	 performed.	 I)	 n=	 at	 least	 3	 slices	 per	 brain	 and	
rostrocaudal	region;	Rnd3+/gt	(3	brains),	Rnd3gt/gt	without	(2	brains)	and	with	sulci	(1	brain).	J)	n=	at	least	2	slices	per	
brain	and	rostrocaudal	region;	Rnd3+/gt	(3	brains),	Rnd3gt/gt	without	(3	brains)	and	with	sulci	(2	brains).		A-J)	Legend	
for	all	graphs	is	shown	in	G.	Boxes	represent	the	total	distribution	of	the	values	and	the	media	is	represented	by	the	
inner	 line.	 Asterisk	 (*)	 represents	 significant	 differences	 versus	 Rnd3+/gt	 group;	 ⊥,	 significant	 differences	 versus	
Rnd3gt/gt	without	sulci	group.	*p<0,05;	**p<0,01;	***p<0,001;	****p<0,0001;	⊥ p<0,05;	⊥⊥ p<0,01;	⊥⊥⊥ p<0,001;	
⊥⊥⊥⊥ p<0,0001.	 Analysed	 with	 Two-way	 ANOVA.	Abbreviations:	 CP,	 cortical	 plate;	 IZ,	 intermediate	 zone;	 SVZ,	
subventricular	zone;	VZ,	ventricular	zone;	wo,	without.	Scale	bars:	100	µm.	
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As	 VZ	 and	 SVZ	 were	 not	 clearly	 differentiated	 by	 DAPI	 staining,	 we	 performed	 an	

analysis	of	their	width	with	Pax6,	a	marker	of	RGCs	 in	the	cortex.	Unfortunately,	this	

analysis	 could	 not	 be	 performed	 in	 Rnd3gt/gt	 E16.5	 brains	 with	 sulci	 due	 to	 lack	 of	

samples.	 With	 this,	 we	 only	 confirmed	 that	 the	 Pax6high-expressing	 VZ	 and	 the	

Pax6scattered-expressing	SVZ	mostly	had	no	differences	between	controls	and	Rnd3gt/gt	

E16.5	brains,	and	only	the	VZ	was	significantly	thinner	in	intermediate	regions	of	KOs	

(Figure	76	A-C).		

The	 same	analysis	was	performed	 in	 E18.5	brains.	Here,	we	divided	 the	VZ-SVZ	 into	

Pax6high	VZ	and	Pax6low	SVZ	(Figure	76	D-E').	Though	the	sum	of	both	regions	was	not	

different	 (Figure	 75	 J),	 this	 new	measurement	 exposed	 that	 the	VZ	was	 significantly	

thinner	in	both	rostral	and	intermediate	sections	of	Rnd3gt/gt	brains.	Similarly,	the	SVZ	

was	thinner	rostrally	and	showed	a	tendency	in	intermediate	sections	(Figure	76	D-F).		

Taken	together,	these	data	indicated	that	Rnd3gt/gt	brains	with	sulci	present	a	different	

organization	than	control	or	Rnd3gt/gt	E16.5	brains	without	sulci.	Moreover,	our	results	

indicate	that	Rnd3gt/gt	brains	with	sulci	have	notable	defects	in	VZ	and	SZ	organization	

and	smooth	Rnd3gt/gt	brains	only	show	slightly	modified	Pax6+	VZ	and	SVZ	at	E18.5.		
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Figure	 76.	Rnd3gt/gt	cortices	 without	 sulci	 exhibit	 a	 slightly	 thinner	 VZ	 and	 SVZ.	 A-F)	 Rnd3+/gt	 (A-A'',	 D-D'')	 and	
Rnd3gt/gt	without	 sulci	 (B-B'',	 E-E'')	 E16.5	 (A-B'')	 and	E18.5	 (D-E'')	brain	 cryosections	 immunolabeleld	against	Pax6	
and	 counterstained	with	 DAPI.	 Pax6+	 dense	 region	were	 considered	 VZ,	 Pax6	 scattered	 cells	 within	 DAPI	 dense	
region,	 the	SVZ;	Pax6+	scattered	cells	 in	 low-density	DAPI	region,	 the	 IZ.	Short	 lines	 in	 the	 left	side	represent	the	
approximate	 limits	 of	 the	 different	 regions.	 Quantification	 of	 VZ,	 SVZ	 and	 IZ	 width	 at	 E16.5	 (C)	 and	 E18.5	 (F)	 is	
shown	 at	 rostral,	 intermediate	 and	 caudal	 sections.	 C)	 n=	 2-4	 slices	 per	 E16.5	 brain	 and	 rostrocaudal	 region;	
Rnd3+/gt,	3	brains;	Rnd3gt/gt	without	sulci,	3	brains.	F)	n=	at	 least	2	slices	per	E18.5	brain	and	rostrocaudal	 region;	
Rnd3+/gt	 (3	 brains),	 Rnd3gt/gt	without	 (3	 brains).	 Legend	 for	 all	 graphs	 is	 shown	 in	 C.	 Boxes	 represent	 the	 total	
distribution	 of	 the	 values	 and	 the	 media	 is	 represented	 by	 the	 inner	 line.	 Asterisk	 (*)	 represents	 significant	
differences	 versus	 Rnd3+/gt	 group.	 *p<0,05;	 **p<0,01;	 ***p<0,001.	 Analysed	 with	 multiple	 student	 t	 test.	
Abbreviations:	CP,	cortical	plate;	 IZ,	 intermediate	zone;	SVZ,	subventricular	zone;	VZ,	ventricular	zone.	Scale	bars:	
100	µm.	
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3.3. Proliferation is not affected in Rnd3gt/gt cortices, but Pax6+ 

RGCs are reduced 

Excessive	 proliferation	 has	 been	 described	 as	 one	 of	 the	 mechanisms	 that	 induces	

cortical	 folding	 in	mice	models	 213,225.	 For	 this	 reason,	we	 quantified	 the	 amount	 of	

proliferating	cells	in	control	and	Rnd3gt/gt	cortices	by	immunostaining	PH3	(Figure	77	A-

C),	marker	of	metaphase	mitotic	cells	353,	and	Sox2	(Figure	77	D-F),	expressed	in	NPCs	
366.	Control	and	Rnd3gt/gt	cortices	did	not	show	significant	differences	in	the	number	of	

PH3+	or	Sox2+	cells	(Figure	77	C,	F).	Indeed,	Rnd3	KOs	exhibited	a	tendency	to	present	

a	reduction	of	Sox2	cells	in	rostral	sections.	Altogether,	this	data	indicated	that	cortical	

folding	was	not	triggered	by	an	excessive	proliferation	of	NPCs	in	Rnd3gt/gt	mice.	

					 	

Figure	 77.	 Rnd3gt/gt	cortices	 without	 sulci	 do	 not	 have	 changes	 in	 proliferation.	 A-C)	 Rnd3+/gt	 (A)	 and	Rnd3gt/gt	
without	 sulci	 (B)	 E14.5	 brain	 cryosections	 immunolabelled	 against	 PH3.	 Quantifications	 of	 PH3+	 cells/100	 µm	 at	
rostral,	intermediate	and	caudal	sections	are	shown	(C).	n=	at	least	10	slices	of	3	brains	each	group	and	rostrocaudal	
level.	 D-F)	 Rnd3+/gt	 (A)	 and	 Rnd3gt/gt	 without	 sulci	 (B)	 E18.5	 brain	 cryosections	 immunolabelled	 against	 Sox2.	
Quantifications	of	Sox2+	cells/100	µm	at	rostral,	 intermediate	and	caudal	sections	are	shown	(F).	Boxes	represent	
the	total	distribution	of	the	values	and	the	media	is	represented	by	the	inner	line.	n=	at	least	4	slices	from	2	controls	
and	3	 	Rnd3gt/gt	brains	 	per	rostrocaudal	 level.	A-F)	Legend	for	all	graphs	 is	shown	 in	C.	No	significant	differences	
were	detected.	Analysed	with	multiple	student	t	test.	Abbreviations:	PH3,	phospho-histone	H3;	No,	number.	Scale	
bars:	200	µm.	
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Another	 relevant	 feature	 of	 cortical	 folding	 is	 expansion	 of	 Sox2+Pax6+Tbr2-	 bRGCs	
204,213.	Though	we	were	not	able	to	perform	the	triple	labelling	with	our	antibodies,	we	

quantified	the	amount	of	Pax6+	RGCs	in	E16.5	and	E18.5	control	and	Rnd3gt/gt	cortices	

(Figure	 78).	 Though	 we	 did	 not	 find	 differences	 in	 E16.5	 brains	 (Figure	 78	 A-C),	

unexpectedly,	Pax6-expressing	cells	were	significantly	diminished	 in	E18.5	cortices	at	

all	 levels	 (Figure	78	D-F).	 These	 results	 indicate	 that	 cortical	 folding	 is	not	 seemingly	

induced	by	an	 increase	of	Pax6+	bRGCs.	However,	 this	analysis	 should	be	performed	

also	in	folded	cortices.		

	

Figure	78.	Rnd3gt/gt	cortices	without	sulci	have	a	reduced	number	of	Pax6	cells	at	E18.5.	A-F)	Rnd3+/gt	(A,	D)	and	
Rnd3gt/gt	 without	 sulci	 (B,	 E)	 at	 E16.5	 (A,	 B)	 and	 E18.5	 (D,	 E)	 brain	 cryosections	 immunolabeleld	 against	 Pax6.	
Quantification	of	Pax6+	cells/100	µm	of	E16.5	(C)	and	E18.5	(F)	brains	at	rostral,	intermediate	and	caudal	sections.	
Boxes	represent	the	total	distribution	of	the	values	and	the	media	is	represented	by	the	inner	line.	C)	n=	at	least	5	
slices	 of	 2	 E16.5	 brains	 per	 group	 and	 rostrocaudal	 level.	 F)	 n=	 at	 least	 9	 slices	 of	 3	 E18.5	 brains	 per	 group	 and	
rostrocaudal	level.	Legend	for	all	graphs	is	shown	in	C.	Asterisk	(*)	represents	significant	differences	versus	Rnd3+/gt	

group.	*p<0,05;	**p<0,01.	Analysed	with	multiple	student	t	test.	Abbreviations:	No,	number.	Scale	bars:	100	µm.	
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3.4 Layer width and cell counting 

We	had	previously	observed	that	Rnd3gt/gt	E16.5	brains	with	sulci	exhibited	a	 thicker	

caudal	CP.	Thus,	we	wanted	to	analyse	cortical	layers	at	E16.5	(Figure	79)	by	measuring	

each	 layer	width	 and	 cell	 number/100	 μm.	 First,	 no	major	 layer	 organization	 defect	

was	observed	at	any	embryonic	stage	(Figure	79	A-F).		

We	did	not	observe	differences	between	 layers	of	E16.5	 controls	 (Figure	79	A,	B,	G)	

and	Rnd3gt/gt	brains	without	sulci	(Figure	79	C,	D,	G).	Otherwise,	Rnd3gt/gt	E16.5	brains	

with	sulci	exhibited	increased	width	of	caudal	Ctip2	and	SatB2	thickness	(Figure	79	E-

G).	However,	quantification	of	cell	number	was	not	changed	in	any	layer	(Figure	79	H).	

Only	DAPI	cells/100	μm	were	significantly	reduced	at	rostral	and	intermediate	sections	

and	with	a	tendency	of	reduction	caudally,	which	is	consistent	with	a	reduction	of	the	

total	cortical	width	(Figure	79	H).	These	observations	suggest	a	change	in	density,	but	

not	total	number,	of	cells	in	Ctip2	and	SatB2	layers	caudally.		

The	 same	 analysis	 was	 performed	 at	 E18.5,	 though	 we	 could	 not	 analyse	 Rnd3gt/gt	

brains	with	sulci	due	to	lack	of	samples.	No	differences	were	observed	regarding	layers	

width	between	controls	(Figure	80	A-B,	E)	and	Rnd3gt/gt	smooth	cortices	(Figure	80	C-D,	

E).	 Cell	 number	 quantification	 revealed	 that	 only	 Tbr1-expressing	 cells	 were	 slightly	

reduced	caudally	(Figure	80	F).		

These	results	show	only	subtle	changes	in	layering	of	Rnd3gt/gt	cortices,	which	indicates	

that	the	lack	of	Rnd3	did	not	severely	affect	layer	formation.	
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Figure	79.	Folded	E16.5	Rnd3gt/gt	cortices	have	less	cells,	without	a	reduction	in	layers.	A-F)	Rnd3+/gt	(A-B),	Rnd3gt/gt	
without	(C-D)	and	Rnd3gt/gt	with	sulci	(E-F)	E16.5	brain	cryosections	immunolabeleld	against	Tbr1,	Ctip2	and	SatB2	
counterstained	with	DAPI.	Area	delimited	in	B,	D,	F	 is	magnified	in	A,	C,	E,	respectively.	G)	Quantification	of	Tbr1,	
Ctip2	and	SatB2	layers	width	of	E16.5	brains	at	rostral,	intermediate	and	caudal	sections.	H)	Quantification	of	Tbr1+,	
Ctip2+	and	SatB2+	cells	/100	µm	of	E16.5	brains	at	rostral,	intermediate	and	caudal	sections.	G,	H)	Boxes	represent	
the	total	distribution	of	the	values	and	the	media	is	represented	by	the	inner	line.	n=	at	least	3	slices	per	E16.5	brain	
and	 rostrocaudal	 region;	 Rnd3+/gt	 (3	 brains),	 Rnd3gt/gt	without	 (2	 brains)	 and	 with	 sulci	 (1	 brain).	 Legend	 for	 all	
graphs	is	shown	in	H.	Asterisk	(*)	represents	significant	differences	versus	Rnd3+/gt	group;	⊥,	significant	differences	
versus	Rnd3gt/gt	without	sulci	group.	*p<0,05;	***p<0,001;	⊥ p<0,05;	⊥⊥ p<0,01.	Analysed	with	Two-way	ANOVA.	
Abbreviations:	No,	number.	Scale	bars:		E,	100	µm;	F,	200	µm.		
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Figure	80.	Rnd3gt/gt		E18.5	cortices	without	 folds	are	not	significantly	different	 than	controls.	A-F)	Rnd3+/gt	(A-B)	
and	 Rnd3gt/gt	 without	 sulci	 (C-D)	 E18.5	 brain	 cryosections	 immunolabeleld	 against	 Tbr1,	 Ctip2	 and	 SatB2	
counterstained	with	DAPI.	Area	delimited	in	B	and	D	is	magnified	in	A	and	C	respectively.	E)	Quantification	of	Tbr1,	
Ctip2	and	SatB2	layers	width	of	E18.5	brains	at	rostral,	intermediate	and	caudal	sections.	F)	Quantification	of	Tbr1+,	
Ctip2+	and	SatB2+	cells/100	µm	of	E16.5	brains	at	rostral,	intermediate	and	caudal	sections.	E,	F)	Boxes	represent	
the	total	distribution	of	the	values	and	the	media	is	represented	by	the	inner	line.	n=	at	least	2	slices	per	brain	and	
rostrocaudal	region;	Rnd3+/gt	(3	brains),	Rnd3gt/gt	without	(3	brains).	Legend	for	all	graphs	is	shown	in	F.	Asterisk	(*)	
represents	 significant	 differences	 versus	 Rnd3+/gt	 group;	 *p<0,05.	 Analysed	 with	 multiple	 student	 t	 tests.	
Abbreviations:	No,	number.	Scale	bars:		C,	100	µm;	D,	200	µm.	
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3.5. Tbr1/Ctip2high cells are increased in ULs of Rnd3gt/gt brains 

While	examining	cortical	layers	width	and	cell	quantity,	we	realized	that,	compared	to	

controls	 (Figure	 81	 A-B'',	 arrowheads),	 Rnd3gt/gt	 cortices	 exhibited	 many	 more	

Tbr1high/Ctip2high	cells	 in	ULs	 (Figure	81	C-D'',	arrowheads).	We	noticed	 few	cells	 that	

were	 only	 Tbr1+	 and	 were	 not	 counted	 (Figure	 81	 B-B'',	 empty	 arrowhead),	 while	

Tbr1high/Ctip2high	 cells	 that	were	 closer	 to	 the	Ctip2	 layer,	but	notably	different	 from	

Tbr1	 layer	 (Figure	 81	 B-B''	 and	 D-D'',	 arrow),	 were	 included	 in	 the	 analysis.	

Quantification	 of	 these	 cells	 in	 rostral,	 intermediate	 and	 caudal	 sections,	 clearly	

revealed	 that	 Rnd3gt/gt	 cortices	 exhibited	 a	 significantly	 increased	 number	 of	 cells,	

compared	to	Rnd3+/+	and	Rnd3+/gt	brains	(Figure	81	E).	However,	we	realized	that	the	

two	heterozygous	brains	presented	a	great	deviation,	one	more	similar	to	KOs	amount	

of	 cells	 and	 the	 other	 to	 wild	 types.	 Interestingly,	 we	 observed	 that	 the	 first	 one	

presented	 a	mild	 axonal	 phenotype	 in	 the	 subpallium	 (such	 as	 shown	 in	 Figure	 43).	

Thus,	 we	 analysed	 these	 brains	 as	 two	 different	 groups:	 'Rnd3+/gt	 (without	 axonal	

phenotype)	 and	 *Rnd3+/gt	 (with	mild	 axonal	 phenotype).	 Thereby,	 this	 new	 analysis	

(Figure	81	F)	revealed	that	Rnd3+/+	and	'Rnd3+/gt	brains	had	no	significant	differences.	

Moreover,	 both	 *Rnd3+/gt	 and	 Rnd3gt/gt	 cortices	 were	 not	 different	 between	 them	

rostrally,	 but	 they	 were	 from	 Rnd3+/+	 and	 Rnd3+/gt	 brains.	 Besides,	 *Rnd3+/gt	 was	

different	 from	wild	 types	at	 intermediate	and	caudal	 levels.	Finally,	Rnd3gt/gt	 cortices	

showed	significantly	 increased	Tbr1high/Ctip2high	 cells	 in	 the	UL	compared	 to	all	other	

groups	 in	 intermediate	 and	 caudal	 sections.	 Significantly,	 the	 2way	 ANOVA	 analysis	

revealed	 that	 (as	 well	 as	 the	 genotype)	 the	 rostrocaudal	 factor	 influenced	 the	

distribution	of	Tbr1high/Ctip2high	cells.		

At	last,	we	noticed	that	Tbr1high/Ctip2high	cells	in	UL	were	particularly	concentred	in	the	

medial	 caudal	 cortex	 (Figure	 81	B,	 C,	 rectangles).	 Thus	we	 compared	 the	 amount	of	

cells	in	medial	and	lateral	cortex.	To	simplify	the	graph,	we	only	show	here	Rnd3+/+	and	

Rnd3gt/gt	 data	 (Figure	 81	 G).	 	 We	 observed	 that	 lateral	 and	 medial	 Rnd3+/+	 cortices	

showed	 no	 differences	 and	 that	 KO	 brains	 had	 increased	 cells	 in	 both	 lateral	 and	

medial	 cortices.	 Rostral	 and	 intermediate	 sections	 of	 Rnd3gt/gt	 lateral	 and	 medial	

cortices	were	 similarly	 behaving.	However,	 a	 great	 increase	 of	 Tbr1high/Ctip2high	 cells	
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was	observed	in	medial	caudal	cortices	of	Rnd3gt/gt	brains	(Figure	81	C-D'')	compared	to	

lateral	(Figure	81	G).		

Taken	together,	these	results	suggested	that	Rnd3	might	have	a	role	in	Tbr1/Ctip2	cells	

migration,	especially	at	caudal	levels	and	medial	cortices.		

	

Figure	81.	Reduction	or	lack	of	Rnd3	induces	an	increase	of	Tbr1high/Ctip2high	cells	in	ULs.	A-D'')	Rnd3+/gt	(A-B'')	and	
Rnd3gt/gt	 (C-D'')	 E16.5	 brain	 cryosections	 immunolabeleld	 against	 Tbr1	 and	 Ctip2.	 Area	 delimited	 in	 A	 and	 C	 is	
magnified	 in	 B-B''	 and	 D-D'',	 respectively.	 Arrowheads	 indicate	 Tbr1high/Ctip2high	 cells	 in	 ULs;	 arrows,	
Tbr1high/Ctip2high	cells	in	ULs	positioned	near	Ctip2	layer	that	were	included	in	the	quantifiction;	empty	arrowheads,	
Tbr1high/Ctip2low	 cells	 that	were	not	 included	 in	 the	quantification.	E-F)	Quantification	of	Tbr1high/Ctip2high	 cells	 in	
ULs	of	E16.5	brains	at	rostral,	intermediate	and	caudal	sections.	Boxes	represent	the	total	distribution	of	the	values	
and	the	media	 is	 represented	by	the	 inner	 line.	E)	Rnd3+/+,	Rnd3+/gt	and	Rnd3gt/gt	brains	were	quantified.	Rnd3+/gt	

contains	 heterozygous	 brains	 without	 and	 with	 mild	 axonal	 phenotype.	 n=	 at	 least	 3	 slices	 per	 brain	 and	
rostrocaudal	 region;	 Rnd3+/+	 (2	 brains),	 Rnd3+/gt	 (2	 brains),	Rnd3gt/gt	(3	 brains).	 Asterisk	 (*)	 represents	 significant	
differences	versus	Rnd3+/+	group;	⊥,	significant	differences	versus	Rnd3+/gt	group.	F)	Rnd3+/+,	'Rnd3+/gt	(heterozygous	
brain	without	axonal	phenotype),	*Rnd3+/gt	 (heterozygous	brain	with	mild	axonal	phenotype)	and	Rnd3gt/gt	brains	
were	quantified.	n=	at	least	3	slices	per	brain	and	rostrocaudal	region;	Rnd3+/+	(2	brains),	Rnd3+/gt	(1	brains),	Rnd3+/gt	
(1	brains)	and	Rnd3gt/gt	(3	brains).	*	represents	significant	differences	versus	Rnd3+/+	group;	⊥,	significant	differences	
versus	 'Rnd3+/gt	 group;	τ,	 significant	 differences	versus	 *Rnd3+/gt	 group.	G)	Distribution	 of	 Tbr1high/Ctip2high	 in	 the	
medial	 and	 lateral	 cortex	 of	Rnd3+/+	 and	Rnd3gt/gt	 brains.	 n=	 at	 least	 2	 slices	 per	 brain	 and	 rostrocaudal	 region;	
Rnd3+/+	(2	brains)	and	Rnd3gt/gt	(3	brains).	*	represents	significant	differences	between	Rnd3+/+	and	Rnd3gt/gt	lateral	
groups;	⊥,	 significant	differences	between	Rnd3+/+	and	Rnd3gt/gt	medial	 groups;	τ,	 significant	differences	between	
Rnd3gt/gt	lateral	and	Rnd3gt/gt	medial	groups.	Legend	for	F	and	G	is	shown	in	F.	*p<0,05;	**p<0,01;	****p<0,0001;	⊥ 
p<0,05;	 ⊥⊥ p<0,01;	 ⊥⊥⊥ p<0,001;	 ⊥⊥⊥⊥ p<0,0001;	 ττ	 p<0,01;	 ττ	 p<0,0001.	 Analysed	 with	 Two-way	 ANOVA.	
Abbreviations:	No,	number.	Scale	bars:	200	µm.	
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3.6. Accumulation of SatB2 cells in ULs of brains with folds 

Tangential	expansion	of	the	CP	by	the	accumulation	of	cells	in	ULs	is	thought	to	be	the	

primary	 cause	 that	 triggers	 cortical	 folding	 195.	 Thus,	 we	 analysed	 the	 number	 of	

SatB2+	cells	in	the	UL	(Layers	IV-II,	Ctip2	negative)	at	E16.5	(Figure	82	A-C,	white	region	

over	white	 line).	We	found	that,	 though	control	and	Rnd3gt/gt	without	sulci	ULs	were	

not	different,	Rnd3gt/gt	with	sulci	showed	a	great	 increase	of	SatB2+	cells,	specially	at	

rostral	 and	 caudal	 sections	 (Figure	 82	 D).	 Note	 that	 this	 is	 a	 preliminary	 study	 that	

could	only	be	performed	in	one	Rnd3gt/gt	brain	with	sulci.		

	

Figure	82.	Preliminary	study	reveals	that	folded	cortices	might	have	increased	density	of	cells	in	ULs.	A-D)	Rnd3+/gt	
(A),	Rnd3gt/gt	 without	 (B)	 and	Rnd3gt/gt	 with	 sulci	 (C)	 E16.5	 brain	 cryosections	 immunolabeleld	 against	 Ctip2	 and	
SatB2.	Only	SatB2+	cells	over	white	line	(ULs)	were	quantified.	n=	at	least	3	slices	per	brain	and	rostrocaudal	region;	
Rnd3+/gt	 (2	 brains),	 Rnd3gt/gt	 without	 (2	 brains)	 and	 with	 sulci	 (1	 brains).	 Asterisk	 (*)	 represents	 significant	
differences	 versus	 Rnd3+/gt	 group;	 ⊥,	 significant	 differences	 versus	 Rnd3gt/gt	 without	 sulci	 group.	 *p<0,05;	
****p<0,0001;	⊥⊥ p<0,01;	⊥⊥⊥ p<0,001.	Analysed	with	Two-way	ANOVA.	E-G)	Rnd3+/gt	 (A)	and	Rnd3gt/gt	without	
folds	(B)	E17.5	brain	cryosections	immunolabeleld	against	Ctip2	and	BrdU.	BrdU+	cells	over	upper	white	line	(ULs)	
and	in	Ctip2+	region	(LLs)	were	quantified.	G)	Percentatge	of	BrdU+	cells	in	UL	and	LL	is	shown	in	the	total	brain	and	
rostral,	 intermediate	 and	 caudal	 levels.	 n=	at	 least	 3	 slices	 per	 brain	 and	 rostrocaudal	 region;	 Rnd3+/gt	 (1	 brain),	
Rnd3gt/gt	without	sulci	(1	brain).	Analysed	with	multiple	student	t	tests.	Abbreviations:	CP,	cortical	plate;	LLs,	lower	
layers;	ULs,	upper	layers.	Scale	bars:	A-C,	100	µm;	E-F',	200	µm.		
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Moreover,	we	analysed	E17.5	embryos	that	had	received	an	injection	of	BrdU	at	E13.5	

(Figure	82	E-F').	Even	though	by	 the	moment	we	could	only	analyse	one	control	and	

one	Rnd3gt/gt	brain	without	sulci,	we	confirmed	no	differences	in	the	accumulation	of	

cells	in	the	ULs,	neither	in	the	whole	brain	nor	in	any	rostrocaudal	subdivision	(Figure	

82	 G).	Moreover,	 no	 differences	 in	 the	 total	 BrdU+	 cells	were	 found.	 However,	 this	

experiment	needs	 to	be	 repeated,	 so	 that	we	 can	 analyse	Rnd3gt/gt	 brains	with	 sulci	

and	increase	the	number	of	samples.		
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1. Rnd3 is a new small Rho GTPase implicated in 

brain development 

Rho	GTPases	are	key	regulators	of	actin	dynamics	and	consequently	perfect	candidates	

to	 regulate	 brain	 development.	 Indeed,	 the	 most	 studied	 members	 of	 this	 family,	

Cdc42,	Rac1	and	RhoA,	are	highly	 involved	 in	embryonic	brain	 formation.	Cdc42	KOs	

exhibit	 severe	 cortical	 developmental	 defects	 with	 excessive	 proliferation	 of	 apical	

NPCs	and	 loss	of	apical-basal	polarity	 141,367.	RhoA-deficient	mice	develop	 subcortical	

band	 heterotopia	 and	 cobblestone-like	 lissencephaly,	 due	 to	 alterations	 in	 RGC	

scaffold,	 loss	 of	 adherens	 junctions	 and	 excessive	 proliferation	 142,368.	 Moreover,	

interneurons	generation	 in	the	MGE	 is	altered	 in	RhoA	and	Cdc42	KOs	338.	Regarding	

Rac1,	 its	 deficiency	 in	mouse	emryos	 results	 in	 abnormal	AC,	 CC,	 TCAs	 and	CTAs,	 as	

well	 as	 defective	 migration	 of	 interneurons	 369,370.	 Trio	 is	 a	 GEF	 that	 regulates	

activation	 of	 RhoA	 and	 Rac1	 and	 Trio-/-	mice	 develop	 corridor	 and	 TCAs	 defects	 371.	

Finally,	 clinical	 genetic	 studies	 have	 determined	 that	 a	 specific	mutation	 of	 Cdc42	 is	

found	 in	 patients	 that	 exhibit	 severe	 developmental	 defects	 and	 thrombocytopenia	
372–374.	Moreover,	the	identification	of	de	novo	missense	mutations	in	Cdc42	and	Rac1	

has	 been	 linked	with	 neurodevelopmental	 disorders	 in	 several	 patients	 375,376.	 These	

observations	indicate	the	high	relevance	of	small	RhoGTPases	in	neurodevelopment	in	

mouse,	but	also	in	human	disease.		

Rnd3	is	a	small	GTPase	that	has	been	involved	in	dendrite	and	axon	outgrowth	294,348	as	

well	 as	 a	 role	 in	 neuronal	 migration	 in	 the	 rostral	 migratory	 stream	 347	 and	 in	 the	

cortex	159,344,345.	Lack	of	Rnd3	triggers	postnatal	lethality	and	lack	of	peroneal	nerve346.	

Moreover,	it	also	has	an	inhibiting	effect	on	proliferation	298,314.	These	studies	strongly	

suggest	that	Rnd3	could	be	expressed	in	the	embryonic	brain	and	play	a	fundamental	

role	 during	 its	 development.	 We	 precisely	 studied	 its	 expression	 in	 Rnd3+/gt	 brains,	

taking	 advantage	 of	 the	 inserted	 βGal	 cassette	 under	 Rnd3	 promoter,	 as	 other	

researchers	 have	 previously	 shown	 222,232,233	 and	 as	 it	 has	 already	 been	 published	 in	

our	Rnd3	mouse	model	346.	Our	observations	indicated	a	sustained	expression	of	Rnd3	
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along	the	brain	development	from	E12.5	to	E18.5,	with	a	reduction	at	final	stages.	We	

focused	on	three	different	regions	of	our	special	interest:	thalamocortical	projections,	

subpallium	 and	 cortex.	 Our	 detailed	 analysis	 suggested	 an	 implication	 of	 Rnd3	 in	

subpallium,	 SAs	 and	 cortical	 development	 and	 a	 probably	 indirect	 role	 in	 TCAs	

guidance.		

Indeed,	our	study	is	the	first	that	provides	an	exhaustive	description	of	the	phenotype	

of	Rnd3	mutant	embryo	brains.	 	We	have	described	that	 it	shows	multiple	defects	 in	

thalamic	 and	 striatal	 projections,	 in	 subpallium	 organization	 and	 in	 cortical	

development,	eventually	resulting	in	genuine	cortical	folding.	Moreover,	we	postulate	

two	 novel	 molecular	 and	 cellular	 mechanisms:	 I)	 Sema3C	 is	 involved	 in	 SAs	 and/or	

TCAs	guidance	in	early	stages	and	II)	SAs	provide	a	scaffold	that	guides	TCAs	to	cross	

DTB.	 Our	 results	 and	 the	 recently	 found	 mutations	 of	 RhoGTPases	 in	 human	

neurodevelopmental	 diseases	 372–376	 open	 the	 possibility	 that	 Rnd3	 mutations	 are	

found	in	patients	with	brain	malformations	of	unknown	etiology.		

2. Effects of Rnd3 deletion in thalamus and TCAs  

The	 thalamocortical	 pathway	 has	 been	 extensively	 studied	 for	 the	 last	 30	 years	 and	

has	coincided	with	great	 technological	and	technical	advances	 that	made	possible	 to	

discriminate	 many	 of	 the	 cellular	 and	 molecular	 mechanisms	 that	 rule	 its	

development.	 However,	 many	 involved	 factors	 are	 surely	 still	 unknown	 and	 some	

questions	have	not	been	yet	elucidated.	The	generation	of	KO	mouse	models	allowed	

to	 study	 the	 involvement	 of	 some	 TFs	 in	 the	 organization	 of	 the	 subpallium	 and	

subsequent	 TCAs	 guidance	 12,45,377.	 Three	 main	 hallmarks	 have	 been	 proposed	 to	

determine	 the	 control	 of	 TCAs	 guidance:	 I)	 a	 Slit-dependent	 repulsion	 from	 the	

hypothalamus	19,	II)	a	Nrg/Netrin-mediated	attraction	through	the	corridor	22–24	and	III)	

the	 demonstration	 of	 the	 hand-shake	 hypothesis	 27,34,35,37,	 which	 was	 already	

postulated	over	30	years	ago	33.	Furthermore,	in	the	recent	past	years	the	mechanisms	

that	 control	 the	 topographical	 organization	 of	 TCAs	 have	 been	 elucidated,	 which	

implicate	 several	 secreted	 molecular	 signals	 in	 the	 subpallium	 and	 the	 differential	
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expression	of	receptors	in	TCAs	46,47,49,50.	Besides,	plasticity	events	between	reciprocal	

cortical	 areas	 and	 thalamic	 nuclei	 have	 been	 reported,	 indicating	 that	 their	

development	is	dependent	one	of	each	other	58–64,67,69,70.		

Thalamic	Rnd3	expression	analysis	did	not	reveal	detectable	levels	of	βGal	staining	in	

E12.5	thalamic	neurons	and	only	a	scattered	expression	of	Rnd3	was	observed	in	the	

E14.5	 dLGN	 and	 VPM.	 Moreover,	 this	 low	 expression	 was	 not	 enough	 to	

immunodetect	 βGal	 signal	 in	 Rnd3gt/gt	 TCAs.	 Nevertheless,	 severe	 defects	 were	

identified	in	Rnd3gt/gt	TCAs.	Briefly,	already	at	E12.5	and	E13.5	TCAs	were	not	able	to	

cross	 the	 DTB	 at	 the	 corridor	 level	 and	 continued	 ventrally.	 At	 E16.5	 some	 were	

misrouted	 into	 the	ventral	 telencephalon	next	 to	 the	pial	 surface	and	at	E18.5	some	

appeared	to	be	oriented	towards	the	cortex,	although	we	were	not	able	to	detect	TCAs	

within	 the	 cortex.	 Moreover,	 in	 vitro	 TCA	 growth	 was	 not	 affected	 in	 the	 Rnd3gt/gt	

compared	to	controls.	Thus,	we	believe	that	we	have	enough	experimental	evidence	to	

discard	 the	 possibility	 that	 TCAs	 guidance	 and	 growth	 could	 be	 ruled	 by	 Rnd3	 cell-

autonomously.	 Instead,	 we	 favour	 the	 idea	 that	 TCAs	 defects	 are	 non-cell	

autonomous,	but	dependent	on	other	Rnd3-expressing	structures.		

Otherwise,	 expression	 of	 Rnd3	 in	 the	 thalamus	 suggested	 that	 it	 could	 control	 the	

migration	 of	 thalamic	 neurons	 and	 thus	 thalamic	 nuclei	 formation.	 Indeed	 we	

observed	 in	 a	 first	 approach	 that	 dLGN	 and	 VPM	 were	 reduced	 in	 E18.5	 Rnd3gt/gt	

thalamus.	However,	this	phenotype	was	found	at	E18.5,	but	no	gross	differences	were	

observed	at	E16.5	or	before.	 In	contrast	 to	controls,	Rnd3gt/gt	TCAs	do	not	 reach	 the	

cortex	 and	 cannot	 form	 synapses,	 which	 could	 trigger	 a	 death	 signal	 to	 thalamic	

neurons.	Indeed,	a	reduction	of	the	S1	area	in	the	cortex	through	Pax6	cortex-specific	

deletion	 induces	 a	 similar	 reduction	 in	 the	 reciprocal	 thalamic	 area,	 the	VPM,	by	 an	

increase	of	apoptosis	61.	Thus,	it	would	be	interesting	to	analyse	whether	loss	of	TCAs	

synapses	in	the	cortex,	in	this	case	due	to	altered	guidance	of	these	axons,	induced	a	

kind-of	 top-down-mediated	 plasticity	 and	 apoptosis	 in	 the	 thalamic	 nuclei	 of	 Rnd3	

KOs.	 However,	 plasticity	 is	 usually	 studied	 in	 the	 first	 postnatal	 weeks	 and,	

unfortunately,	 only	 few	 Rnd3gt/gt	 pups	 survive	 after	 birth	 346.	 Indeed,	 we	 could	 not	

obtain	any	Rnd3	KO	pup	after	the	obtention	of	approximately	10	postnatal	litters.		
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Similarly,	 the	 fact	 that	 TCAs	 do	 not	 reach	 the	 cortex	 could	 promote	 bottom-up	

plasticity	 in	the	Rnd3	KO	cortex.	Several	studies	have	determined	that	postnatal	sub-

cortical	 changes	 such	 as	 in	 the	 dLGN	 63,64	 and	 VPM	 67,	 triggered	 proportional	

consequences	 in	 V1	 and	 S1	 cortical	 areas,	 respectively.	 Again,	 these	 changes	 were	

studied	 postnatally,	 which	 would	 be	 much	 more	 complicated	 in	 our	 mouse	 model.	

Interestingly,	 recent	 studies	 have	 determined	 that	 induction	 of	 changes	 in	 thalamic	

nuclei	during	embryogenesis,	 triggered	by	blocking	of	spontaneous	calcium	waves	or	

bilateral	eye	enucleation,	induced	cortical	changes	after	birth	69.	Not	only	this	feature,	

but	 the	 same	 group	 has	 recently	 determined	 that	 columnar	 organization	 of	 the	

thalamocortical	 somatotopic	 map	 is	 already	 present	 in	 the	 embryonic	 cortex	 70.	

Thereby,	mutant	mice	 such	 as	 the	Rnd3gt/gt	with	 severe	 TCAs	 defects,	which	 cannot	

reach	 the	 cortex	 at	 least	 at	 E18.5,	 could	 be	 used	 as	mouse	model	 to	 study	 cortical	

columnar	organization.	 Indeed,	some	models	such	as	the	OlPc	or	Ebf1	deficient	mice	

have	already	shown	lack	or	abnormalities	of	S1	barrel	cortex	at	postnatal	stages	due	to	

misguidance	 of	 TCAs	 17,62.	 However,	 Rnd3	 is	 also	 expressed	 in	 the	 cortex	 and	 cKOs	

should	 be	 used	 instead,	 though	 we	 have	 shown	 that	 they	 develop	 only	 a	 partial	

misrouting	of	TCAs.		

3. Subpallium structural changes derived from 

Rnd3 deletion  

We	 revealed	 a	 high	 expression	 of	 Rnd3	 in	 the	 SVZ	 of	 the	 LGE	 (origin	 of	most	 SPNs	
378,379,	corridor	neurons	24	and	some	of	the	GP	112,113)	and	the	MGE	(origin	of	most	GP	

cells	 112,113	 and	 pallial	 251	 and	 subpallial	 interneurons	 380),	 which	 indicated	 a	

proliferative	or	migration	 function	of	Rnd3	 in	 the	subpallium.	Accordingly,	our	group	

has	 previously	 observed	 that	 Rnd3	 regulates	 the	 total	 number	 of	 MGE-derived	

interneurons	 that	 reach	 the	 cortex,	 either	 by	 controlling	 proliferation	 or	 migration	

(manuscript	under	preparation).		
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3.1. Rnd3-deficient brains show mild corridor defects 

Moreover,	 expression	 in	 the	 corridor	 suggested	 an	 implication	 of	 Rnd3	 in	 the	

formation	 of	 this	 structure.	 Interestingly,	 in	 other	mouse	models,	 similar	 defects	 in	

TCAs	 have	 been	 ultimately	 related	 to	 defects	 in	 subpallial	 structures.	 For	 instance,	

Ascl1-/-	mice	develops	structural	 changes	 in	 the	prethalamus	and	 the	subpallium	that	

induces	TCAs	defects,	which	cannot	cross	the	DTB	at	E13.5	12.	Later,	 it	was	described	

that	these	mice	have	a	defect	 in	the	corridor	formation	and	thus	TCAs	cannot	follow	

this	 permissive	path	 24.	 Remarkably,	Ascl1	 regulates	Rnd3	expression,	 at	 least	 in	 the	

cortex	159,	which	suggests	that	the	Ascl1-/-	phenotype	could	be	related	to	inhibition	of	

Rnd3	expression	 in	 the	subpallium.	 Indeed,	both	genes	are	strongly	expressed	 in	 the	

LGE	and	MGE	381,	 indicating	a	possible	Ascl1-mediated	activation	of	Rnd3	that	would	

ultimately	coordinate	the	formation	of	different	structures,	such	as	the	corridor	or	the	

GP.		

Therefore,	we	studied	the	development	of	the	corridor	in	Rnd3gt/gt	brains.	Surprisingly,	

although	TCAs	clearly	did	not	 follow	 the	corridor	path,	we	could	only	 identify	 subtle	

defects	 in	 the	 formation	 of	 the	 corridor	 in	 Rnd3gt/gt	 embryos.	 While	 rostrally	 it	

appeared	 completely	 normal,	 at	 intermediate	 sections	 the	 corridor	 was	 thinner.	

Interestingly,	 at	 this	 level	 a	 corridor-like	 structure	 emerged	 within	 the	 MGE	 SVZ,	

probably	due	to	the	 fact	 that	a	subset	of	corridor	cells	abnormally	migrates	 into	this	

region,	 leading	 to	 the	 loss	of	cells	 in	 the	main	corridor	 stream.	Caudally,	 the	mutant	

corridor	appeared	fused	with	other	Islet1	expressing	structures,	probably	the	Vms,	and	

thus	it	was	more	difficult	to	track.	Remarkably,	by	analysing	the	WT	corridor	during	the	

first	 steps	 of	 its	 development	 at	 E12.5,	 we	 observed	 a	 group	 of	 Rnd3+/Islet1+	 cells	

positioned	in	continuation	of	the	corridor	cells.	Thus,	we	defined	it	as	the	most	caudal	

tip	 of	 the	 corridor,	 which	we	 called	 the	 CCo,	 only	 visible	 in	 few	 E12.5	 slices	 before	

reaching	the	DTB.	Interestingly,	though	the	E12.5	corridor	did	not	seem	to	have	major	

defects,	the	CCo	was	absent	in	E12.5	Rnd3gt/gt	brains.	This	fact	suggested	that	the	CCo	

might	have	a	relevant	role	in	guidance	of	pioneer	TCAs,	which	were	already	observed	

in	the	E12.5	subpallium.	Nonetheless,	could	the	observed	corridor	changes	be	enough	

to	 trigger	 the	 severe	 TCAs	 misrouting?	 Some	 studies	 have	 shown	 that	 altered	
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formation	of	 the	corridor	 triggers	milder	TCAs	changes	 than	 in	Rnd3	KOs	26,371,	while	

others	show	that	a	complete	lack	of	the	corridor	results	in	inability	of	TCAs	to	properly	

invade	the	subpallium	17,24,27,30.	Besides,	we	have	observed	that	E12.5	and	E13.5	CR+	

TCAs	might	 project	 through	 the	 GP	 and	 later	 change	 their	 position	 to	 the	 corridor.	

Thus,	it	is	likely	that	only	an	almost	complete	ablation	of	the	corridor	is	able	to	cause	a	

gross	misrouting	of	TCAs,	which	does	not	seem	to	be	the	case	in	Rnd3gt/gt	brains.		

The	 corridor	 formation	 is	 an	 issue	 that	 still	 raises	 many	 questions	 among	

neurodevelopmental	scientists.	A	mechanism	that	explains	some	steps	of	this	process	

involves	Slit2	expression	in	the	ventral	MGE.	This	molecule	generates	a	repulsive	signal	

that	 controls	 the	migration	 of	 corridor	 cells	 30.	 Recently,	 a	 study	 proposed	 that	 this	

signalling	 is	mediated	by	 Trio	 and	RhoA	 in	 the	 tangential	migrating	 cells	 371.	 Thus,	 it	

would	be	interesting	to	analyse	whether	Rnd3	is	implicated	in	this	Trio/RhoA	signalling	

and,	 for	 instance,	 investigate	 whether	 Rnd3-deficient	 corridor	 neurons	 are	 still	

repelled	by	Slit2.	Together	with	 its	expression,	our	observations	suggested	that	Rnd3	

plays	a	 significant,	but	not	 indispensable,	 role	 in	 the	corridor	development,	and	 that	

the	observed	TCAs	defects	are	not	completely	dependent	on	corridor	changes.		

3.2. Lack of Rnd3 results in Vms defective formation 

Similarly	to	the	corridor,	the	Vms	is	an	LGE-derived	structure	composed	of	tangential	

migrating	neurons	that	express	Islet1,	Ebf1	31	and	Rnd3.	We	observed	a	deviation	of	its	

migrating	route	towards	the	most	ventral	telencephalon	in	Rnd3gt/gt	mice,	indicating	a	

role	of	Rnd3	 in	 its	migration,	and	probably	 inducing	changes	 in	 the	 formation	of	 the	

Vms-derived	 Ipac	 31.	 Intriguingly,	 the	 Vms	 is	 not	 changed	 in	 E12.5	 Rnd3	 KO	 brains	

comapred	 to	 controls	 and	 it	 is	 attached	 to	 the	 pial	 surface	 of	 the	 subpallium.	 This	

morphology	is	reminiscent	of	its	ventral	location	in	Rnd3gt/gt	brains	at	E14.5,	suggesting	

that	other	structures	normally	invade	the	ventral	region	of	the	subpallium	after	E12.5,	

moving	 apart	 the	Vms	 dorsally.	 In	 addition,	we	 hypothesized	 that	 this	 change	 could	

trigger	 modification	 of	 other	 nearby	 structures	 such	 as	 the	 Pax6+	 LMS.	 Indeed,	 we	

found	 that	 the	 altered	 Vms	 was	 slightly	 affecting	 the	 LMS	 path	 by	 setting	 it	 aside.	

Remarkably,	a	Pax6	subpallial-specific	KO	shows	defects	in	the	corridor	formation	and	
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TCAs	guidance26.	 Though	Rnd3gt/gt	 embryos	did	not	 seem	 to	exhibit	major	defects	 in	

these	Pax6+	subpallial	cells,	our	observations	suggest	a	 reciprocal	 repulsion	of	Pax6+	

LMS	and	 Islet1+	Vms	 cells.	Hence,	we	have	hypothesized	 that	 in	our	KO	model	Vms	

cells	are	 insensitive	 to	 the	ventral	 LMS-repulsive	signal	due	 to	 loss	of	Rnd3	and	 thus	

their	migration	is	altered.	On	the	other	hand,	LMS	cells,	which	do	not	normally	express	

Rnd3,	maintain	their	sensitiveness	to	Vms	repulsion	and	cannot	cross	the	Vms-invaded	

area.	 Whether	 this	 hypothesis	 was	 confirmed,	 it	 would	 help	 to	 understand	 the	

mechanisms	by	which	subpallial	regions	are	molecularly	delimited.		

3.3. GP formation is severely altered in Rnd3 KOs 

We	unravelled	 severe	 impairments	 in	 the	E14.5	GP	morphology,	which	was	partially	

mispositioned	ventrally	or	trapped	within	 Islet1+	cells.	This	resulted	 in	a	total	 lack	of	

the	caudal	GP	at	E14.5	and	later	stages.	Though	Rnd3	was	clearly	not	expressed	in	the	

E14.5	GP,	a	scattered	or	mild	expression	was	observed	in	E12.5	Nkx2.1+	GP	cells	and	a	

strong	expression	in	the	SVZ	of	the	MGE,	the	main	area	of	generation	of	GP	cells	112,113.	

This	 observation	 suggested	 that	 the	 formation	 of	 the	 GP	 could	 comprise	 a	 cell-

autonomous	 Rnd3-mediated	 mechanism.	 Indeed,	 E12.5	 Rnd3gt/gt	 brains	 exhibited	 a	

reduction	 of	 Nkx2.1	 cells	 in	 the	 GP,	 either	 by	 a	 migration	 or	 proliferation	 defect.	

Intriguingly,	embryos	lacking	Ascl1,	a	TF	that	promotes	Rnd3	expression	159,	present	a	

reduction	in	the	MGE,	origin	of	most	cortical	interneurons	and	GP	neurons	382.	Though	

we	could	not	 find	proliferation	differences	 in	 the	ganglionic	eminences	at	E14.5,	 this	

feature	should	be	also	analysed	at	E12.5.		

Thus,	we	propose	two	hypotheses	to	explain	GP	defects:	I)	lack	of	Rnd3	affects	Nkx2.1	

cell	 migration	 and	 GP	 formation	 in	 a	 cell-autonomous	 manner,	 and	 II)	 LMS/Vms	

altered	 positioning	 results	 in	 lack	 of	 ventral	 repulsive	 signalling	 that	 induces	 GP	

alteration	and	its	trapping	within	Islet1+	cells.	Since	an	initial	GP	phenotype	is	already	

observed	at	E12.5,	when	 the	Vms	and	LMS	are	positioned	 lateral	 to	 the	GP,	 the	cell	

autonomous	 hypothesis	 seems	 more	 plausible,	 but	 a	 combination	 of	 both	 is	 also	

possible.		
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4. Disturbance of SAs guidance in embryos 

lacking Rnd3 

Rnd3	 expression	 in	 the	 striatum	 was	 very	 clear,	 indicating	 a	 role	 in	 its	 formation	

through	 migration	 control	 or	 in	 SAs	 guidance.	 Although	 no	 major	 defects	 were	

observed	 in	 the	 formation	 of	 Rnd3gt/gt	 striatum	 mantle	 at	 embryonic	 stages,	 the	

striatal	 matrix-patches	 patterning	 should	 be	 further	 studied	 postnatally.	 As	 said	

before,	 though	 we	 obtained	 some	 postnatal	 litters,	 none	 of	 them	 contained	 an	

Rnd3gt/gt	pup,	and	so	this	question	remains	to	be	addressed.		

We	described	that,	in	contrast	to	controls,	Rnd3gt/gt	E12.5	SAs	could	not	reach	the	DTB	

at	 caudal	 levels,	 but	 they	 were	 normal	 rostrally.	 Indeed,	 we	 observed	 that	 E12.5	

mutant	SAs	were	misrouted	together	with	the	 lost	of	 the	GP	and	CCo,	 indicating	the	

relevance	 of	 these	 two	 strucures	 in	 SAs	 guidance.	 At	 E13.5	 and	 E16.5,	 KO	 SAs	were	

severely	misrouted	ventrally	and	consequently,	none	or	few	axons	reached	the	DTB	at	

a	 proper	 position.	 Instead,	 at	 E16.5	 some	 TCAs	were	 observed	 in	most	 ventral	 DTB.	

Finally,	 SAs	 tracing	 at	 E18.5	 revealed	 that	 some	 projections	 reached	 the	 cerebral	

peduncle,	though	in	an	abnormal	position.	This	phenotype	could	either	be	caused	by	a	

cell-	or	non-cell-	autonomous	role	of	Rnd3	due	to	several	reasons.	On	one	hand,	Rnd3	

is	expressed	in	the	striatum	and,	even	more,	βGal	signal	was	immunodetected	in	SAs.	

However,	 this	 fact	 only	 indicates	 that	 Rnd3	 is	 expressed	 in	 SPNs.	 Moreover,	 the	

available	commercial	antibodies	did	not	detect	Rnd3	in	slices	or	cultured	neurons	(data	

not	 shown)	 and	 we	 cannot	 confirm	 Rnd3	 expression	 in	 the	 SAs	 growth	 cone.	

Nonetheless,	SAs	appeared	not	only	misrouted,	but	also	organized	 in	dense	bundles,	

suggesting	a	cell-autonomous	effect	of	the	Rnd3	removal,	regarding	this	observation.		

On	 the	 other	 hand,	 developmental	 defects	 in	 GP	 and	 CCo	 suggested	 that	 SAs	

presumptive	 intermediate	 targets	 could	 be	 affected.	 Though	 SAs	 guidance	

mechanisms	are	still	 largely	unknown	some	studies	have	proposed	the	GP	as	a	SNAs	

guidepost	structure,	as	well	as	a	synaptic	target	to	SPAs.	Striatal	grafts	on	organotypic	

brain	slices	extend	their	axons	towards	the	GP	and	get	stacked	within	17.	Similarly,	SAs	
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are	 attracted	 by	 wild-type	 GP	 in	 vitro,	 but	 not	 by	 Fzd3-KO	 GP,	 which	 contains	

ephrinA5+	repulsive	corridor	cells	28.	Moreover,	Fzd3-KO	SAs	are	not	able	to	enter	the	

GP,	and	a	similar	phenotype	is	observed	in	Islet1-KOs	73.	Accordingly,	we	observed	that	

E14.5	 SAs	 always	 appeared	 within	 the	 Nkx2.1+	 GP	 in	 control,	 but	 also	 in	 Rnd3-

defective	embryos.	This	 fact	 indicated	that	Rnd3-KO	SAs	still	 follow	a	GP-determined	

route,	and	thus	SAs	misrouting	could	be	non-cell-autonomous.	Oppositely	to	this	idea,	

removal	 of	 OlPc	 (not	 expressed	 in	 GP)	 results	 in	 SAs	 misguidance	 and	 derived	 GP	

malformations,	which	suggests	 that	SAs	growth	might	also	organize	GP	 formation	 17.	

However,	 other	 non-studied	possibilities	 could	 explain	 this	 phenomenon	 in	 the	OlPc	

model.	For	instance,	GP	formation	could	be	altered	due	to	other	OlPc-expressing	cells	

such	as	the	corridor	or	the	Vms,	or	even	an	early	expression	of	OlPc	in	Nkx2.1	cells	that	

was	not	detected.			

Our	observations	at	E12.5	gave	some	clue	about	SAs	early	development.	We	tracked	

control	SAs	position	in	regard	to	GP	and	corridor	in	E12.5	slices	and	observed	that	SAs	

initially	 grow	 either	 inside	 GP	 cells	 or	 between	 them	 and	 the	 Vms.	 In	 more	 caudal	

sections,	some	of	these	SAs	entered	the	CCo,	before	they	reached	the	DTB.	In	contrast,	

since	Rnd3gt/gt	embryos	exhibited	GP	and	CCo	formation	defects,	SAs	appeared	only	in	

rostral	slices,	and	only	some	appeared	attached	to	the	pial	surface	caudally.	Thus,	it	is	

tempting	 to	 speculate	 that	 Rnd3	 controls	 GP	 and	 CCo	 early	 development,	 which	 is	

essential	 for	 initial	 SAs	 guidance.	 Still,	 some	 studies	 have	proposed	 and	even	earlier	

development	of	SAs	at	E11.5	73	and	therefore	it	would	be	interesting	to	analyse	earlier	

developmental	stages	of	the	Rnd3	KO	brains	in	the	future.		

To	 sum	 up,	 we	 cannot	 discard	 that	 Rnd3gt/gt	 SAs	 might	 exhibit	 a	 cell-autonomous	

defect	that	triggers	axonal	aggregation.	However,	they	are	still	are	able	to	follow	the	

guidance	 signals	 of	 the	 GP,	 indicating	 that	 a	 primary	 defect	 in	 GP	 formation	 could	

result	in	severe	SAs	misrouting.	
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5. Rnd3 is mainly required in Nkx2.1-expressing 

cells to induce GP and SAs defects 

Our	 observation	 in	 Rnd3gt/gt	 mice	 suggested	mostly	 non-cell-autonomous	 defects	 in	

TCAs	and	SAs,	and	the	implicated	subpallial	structures	have	either	a	LGE	or	MGE	origin.	

As	 commented,	 corridor	 and	 Vms	 formation	 are	 LGE-derived	 structures	 while	 GP	

formation	mainly	 depends	on	MGE.	 Therefore,	we	 studied	 the	 LGE/MGE	deletion	of	

Rnd3	with	Dlx5/6-Cre	recombination,	and	MGE-specific	with	Nkx2.1-Cre.	Moreover	we	

added	to	the	study	a	nervous-system	specific	Nestin-Cre	line	and	a	full	KO	line	with	the	

conditional	background	 (Tm1d	allele),	 as	 controls	of	 the	 conditional	 allele,	 expecting	

that	they	would	copy	the	phenotype	of	Rnd3gt/gt	mice.	Surprisingly,	we	only	achieved	a	

partial	phenotype	in	Rnd3lx/gt	Nestin-Cre	and	Rnd3tm1d/tm1d,	which	indeed	was	the	same	

as	 in	 Rnd3lx/gt	Dlx5/6-Cre.	 Briefly,	 most	 of	 the	 structures	 were	 properly	 formed	 and	

only	a	portion	of	them	showed	a	defect.	We	observed	at	E14.5	a	subset	of	Nkx2.1+	GP	

cells	and	Islet1+	Vms	that	were	ventrally	mispositioned,	together	with	a	small	portion	

of	SAs.	Moreover,	a	small	subset	of	TCAs	was	observed	nearby	misrouted	SAs	at	E16.5.	

Interestingly,	 Nkx2.1-specific	 Rnd3	 removal	 triggered	 partial	 GP	 and	 SAs	misrouting,	

but	not	Vms,	revealing	that	Rnd3	plays	a	cell-autonomous	role	in	the	development	of	

the	GP	and	consequently	in	SAs	guidance.		The	GP	development	is	a	largely	unknown	

field	and	only	few	studies	have	focused	in	the	origin	and	cell	diversity	of	this	structure	
112,113.	Our	results	suggested	that	Rnd3	cell-autonomously	controls	the	formation	the	

Nkx2.1+	 GP,	 most	 likely	 through	 control	 of	 migration	 at	 early	 stages.	 However,	 it	

cannot	be	discarded	a	non-cell	autonomous	mechanism,	 in	which	other	Rnd3/Nkx2.1	

expressing	cells	control	the	development	of	GP.	To	further	assess	this	feature,	control	

or	KO	MGE	explants	 could	be	grafted	on	organotypic	of	both	genotypes,	 so	 that	we	

could	assess	the	migration	GP	neurons	in	a	WT	or	Rnd3-deficient	environment.		

To	further	understand	Rnd3	implication	in	subpallial	development,	we	analysed	E12.5	

Rnd3lx/gt	 Dlx5/6-Cre	 and	 Rnd3lx/gt	 Nkx2.1-Cre	 and	 showed	 that	 GP	 formation	 was	

already	 affected	 at	 early	 stages.	 Revealingly,	 the	 only	 deletion	 of	 Rnd3	 in	 Nkx2.1-
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expressing	 structures	 induced	 a	 reduction	 of	 the	 E12.5	 CCo,	 suggesting	 that	 the	

formation	 of	 this	 substructure	 could	 somehow	 depend	 on	 GP	 or	 MGE-secreted	

attractive/repulsive	 signals.	 Indeed,	 the	 corridor	 is	 defined	as	 a	 structure	 created	by	

the	tangential	migration	of	cells	derived	from	the	LGE	between	E11.5	and	E12.5	that	

invade	 the	 region	 under	 the	 MGE	 24.	 This	 migration	 needs	 to	 be	 directed	 by	 both	

attractive	signals	towards	the	proper	region	and	repulsive	ones	that	block	the	invasion	

of	 the	 MGE.	 Interestingly,	 Slit2	 expression	 in	 the	 ventral	 Nkx2.1+	 MGE	 and	 PoA	

mediates	 the	 proper	 positioning	 of	 corridor	 cells	 30.	 Thus,	 Slit2	 expression	 could	 be	

modified	in	E12.5	Rnd3gt/gt	mice,	thus	determining	an	abnormal	formation	of	the	CCo.	

However,	 other	 still	 unknown	 signals	 could	 be	 implicated,	 either	 attractive	 or	

repulsive.		

Finally,	 Rnd3lx/gt	 Dlx5/6-Cre	 and	 Rnd3lx/gt	 Nkx2.1-Cre	 brains	 showed	 a	 difference	

regarding	 Vms,	 which	 is	 not	 misrouted	 in	 Rnd3lx/gt	 Nkx2.1-Cre	 embryos.	 As	 noted	

before,	 the	 Vms	 is	 an	 LGE-derived	 structure	 and	 therefore,	 the	 observed	 defects	 in	

Rnd3gt/gt	 are	 likely	 to	 be	 cell-autonomous.	Moreover,	we	 had	 previously	 questioned	

the	possibility	that	the	Vms	defects	in	Rnd3gt/gt	brains	were	triggering	GP/SAs	defects.	

After	the	observations	in	the	Nkx2.1-Cre	cKOs,	we	can	conclude	that	Vms	defects	are	

not	 necessary	 to	 induce	 GP	 and	 SAs	 misrouting,	 but	 we	 cannot	 discard	 some	

implication	in	SAs/GP	defects	in	Rnd3gt/gt	embryos.	To	further	study	this,	an	Islet1-Cre	

mouse	line	should	be	used	to	better	understand	implication	of	Rnd3	in	striatum,	Vms	

and	corridor	in	SAs	development,	and	confirm	or	discard	a	full	dependence	on	Nkx2.1-

expressing	cells.		

Altogether,	we	 conclude	 that	 Rnd3	expression	 in	Nkx2.1+	 cells	 has	 a	 key	 role	 in	 the	

development	of	subpallial	structures	and	SAs.			
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6. Different penetrance and expressivity of the 

Rnd3 phenotype 

The	fact	that	both	Rnd3lx/gt	Nestin-Cre	and	Rnd3tm1d/tm1d	developed	mild	defects,	which	

were	very	similar	to	LGE-MGE	or	MGE-specific	Rnd3	KOs,	denoted	that	either	the	Rnd3	

conditional	 line	 or	 the	 gt	 line	 background	 conditioned	 the	 expressivity	 of	 the	

phenotype.	First	we	wondered	whether	Nestin-Cre	was	expressed	too	late	to	induce	a	

total	phenotype,	as	some	studies	have	suggested	383.	However,	we	discarded	this	idea	

with	the	observations	of	Rnd3tm1d/tm1d	mice,	which	are	full	KOs	and	do	not	depend	on	

regional	or	temporal	Cre	expression.	Therefore,	the	different	degree	of	severity	could	

be	explained	by	divergences	between	Rnd3gt/gt	and	Rnd3tm1d/tm1d	genetic	constructions	

or	background.	Concerning	the	generation	of	the	mutants,	we	observed	that	while	in	

cKOs	and	Rnd3tm1d/tm1d	mice	the	Neo	cassette	was	removed	by	FLP	recombination,	the	

Rnd3	 gt	 allele	 maintains	 the	 βGeo	 cassette.	 It	 has	 been	 previously	 reported	 that	

insertion	of	the	βGeo	cassette	might	interfere	with	the	expression	of	+/-500Kb	nearby	

genes,	thus	inducing	up-	or	down-regulation	of	their	transcripts	384.	Moreover,	a	study	

showed	that,	using	a	gene	trap	strategy	to	target	Slc25a21	gene	induced	a	reduction	of	

the	nearby	gene	Pax9,	which	appeared	to	be	responsible	of	the	observed	phenotype	
385.	Three	mechanisms	have	been	hypothesized	that	could	affect	 local	 transcriptional	

deregulation	due	to	insertion	of	a	gene	trap	construction	384:	I)	disruption	of	intragenic	

regulatory	sequences,	such	as	enhancers,	repressors	or	miRNAs	II)	the	interference	of	

the	addition	of	the	Neo	exogenous	promoter	and	III)	insertion	of	exogenous	bacterial	

DNA,	such	as	the	LacZ	and	Neo	genes.		

Regarding	the	first	hypothesis,	both	the	gt	and	the	tm1a	allele	are	inserted	in	the	2nd	

intron	 near	 the	 3rd	 exon.	 An	 analysis	 in	 the	 Ensembl	 database	 revealed	 that	 no	

regulatory	 sequences	 are	 found	 in	 the	 insertion	 region	 (data	 not	 shown).	 Only	 a	

promoter	region	is	observed	within	the	Rnd3	gene,	but	located	from	the	3rd	intron	to	

the	 end	 of	 Rnd3,	 so	 it	 cannot	 be	 directly	 affected	 by	 the	gt	 insertion.	 Nonetheless,	
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most	of	this	region	 is	removed	after	Cre	recombination	 in	cKOs,	and	could	somehow	

reduce	the	expressivity	of	the	phenotype.		

The	second	hypothesis	would	suppose	that	the	introduction	of	a	promoter	associated		

with	the	βGeo	cassette	resulted	in	transcriptional	changes	in	Rnd3	surrounding	genes.	

First,	 Rnd3	 +/-500kb	 flanking	 region	 only	 contains	 some	 predicted	 non-coding	 RNAs	

and	 one	 protein-coding	 gene,	 the	 Taste	 receptor	 type	 2	 member	 134,	 not	 likely	 to	

induce	any	change	in	development.	And	second,	the	gene	trap	strategy	was	performed	

using	 a	 Splicing	 Acceptor	 (SA)-Internal	 Ribosomal	 Entry	 Site	 (IRES)-βGeo	 cassette;	

thereby	an	exogenous	promoter	was	not	included	and	we	discarded	this	possibility.		

The	third	hypothesis	suggests	that	the	introduction	of	bacterial	DNA,	such	as	the	LacZ	

or	Neo	gene,	could	interfere	with	gene	expression.	The	insertion	of	LacZ	cassette	might	

result	 in	 inhibition	 of	 nearby	 promoters	 386.	 A	 target-unknown	 promoter	 is	 located	

near	 the	Rnd3gt	 genomic	 insertion,	 so	 its	 activity	might	 be	 diminished,	 which	 could	

promote	 a	 harshening	 of	 the	 phenotype.	 However	 it	 is	 difficult	 to	 predict	 its	

involvement	 in	 the	Rnd3gt/gt	phenotype	and	we	do	not	 contemplate	 to	 further	 study	

this	hypothesis.		

From	 our	 point	 of	 view,	 it	 is	 not	 likely	 that	 the	 insertion	 of	 the	 mutant	 cassettes	

induces	the	differences	between	strains.	Again,	it	is	relevant	to	note	that	both	Rnd3gt/gt	

and	Rnd3tm1d/tm1d	mice	show	exactly	the	same	defects	in	the	subpallium,	but	are	milder	

in	Rnd3tm1d/tm1d	brains.	This	could	not	be	explained	if	other	factors	than	Rnd3	deletion	

were	 implicated,	 which	 would	 probably	 generate	 other	 defects,	 not	 only	 increase	

them.		

A	 more	 plausible	 hypothesis	 to	 explain	 differences	 between	 the	 severity	 of	 the	

phenotype	in	Rnd3gt/gt	and	Rnd3tm1d/tm1d	embryos	could	be	genetic	background.	While	

Rnd3gt/gt	 mouse	 line	 was	 generated	 on	 a	 hybrid	 genetic	 background	 (129SvEvBrd-

C57BL/6J)	 346,	 Rnd3	 conditional	 mice	 were	 generated	 in	 C57BL/6NTac	 strain	 (MRC	

Harwell	Institute	data).	Moreover,	Nestin-Cre	line	has	an	original	BL6/SJF2	background	
351,	Dlx5/6-Cre,	a	CD1	350,	and	we	could	not	discover	Ubc-Cre	and	Nkx2.1-cre	original	

background.	So,	can	genetic	background	really	influence	changes	in	the	expressivity	of	
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the	 phenotype?	 Some	 differences	 have	 been	 spotted	 between	 C57BL/6J	 (B6J)	 and	

C57BL/6N	 (B6N).	 For	 instance,	 the	 B6J	 strain	 carries	 an	 Nnt	 mutation	 that	 triggers	

changes	 in	 metabolism	 387,388	 and	 immune	 response	 389,	 while	 B6N	 mice	 carry	 a	

mutation	 in	Crb1	gene	 that	 triggers	developmental	 changes	 in	photoreceptors	 390,391.	

Besides,	 these	 two	 strains	 behave	 differently	 against	 fear	 responses	 392,393	 and	

regarding	 anaesthetics	 effect	 in	 cardiac	 function	 394.	 Finally,	 B6J	 differ	 from	 B6N	 in	

behavioural	 tests	 395	and	 in	diverse	physiological	and	biochemical	 factors	 396.	But	not	

only	differences	are	found	between	wild	type	strains,	but	also	in	mutant	mice.	A	recent	

study	 reported	 that	 Scn1a+/−	 mice	 with	 a	 B6J	 or	 B6N	 background	 exhibit	 different	

response	 to	 hyperthermia-induced	 seizures	 397.	 Our	 hypothesis	 is	 that,	Rnd3gt/gt	and	

Rnd3tm1d/tm1d	genetic	background	is	different,	as	they	were	respectively	generated	in	a	

B6J	 and	 B6N	 mouse	 strain.	 This	 variation	 might	 be	 involved	 in	 the	 severity	 of	 the	

phenotype	 in	 the	 subpallium,	 either	 harshening	 it	 in	 Rnd3gt/gt	 or	 softening	 it	 in	

Rnd3tm1d/tm1d	 embryos.	 To	 test	 this	 idea,	 it	 would	 be	 interesting	 to	 increase	 the	 B6J	

background	on	Rnd3tm1d/tm1d	mice,	after	several	generations	of	breedings.		

Finally,	 it	 is	 worth	 to	 comment	 the	 fact	 that	 almost	 a	 30%	 of	 the	 Rnd3+/gt	 brains	

showed	 mild	 defects	 in	 the	 subpallium,	 with	 a	 similar	 expressivity	 as	 in	 cKOs	 or	

Rnd3tm1d/tm1d	embryos.	This	observation	suggests	that	a	reduction	of	the	Rnd3	protein	

in	heterozygote	embryos	would	be	enough	to	induce	partial	misplacing	of	SAs	and	GP.	

Hence,	 this	 idea	 indicates	 that	 Rnd3tm1d/tm1d	 embryos	 could	 maintain	 a	 reduced	

amount	of	protein,	through	unknown	mechanisms,	and	thus	only	a	mild	phenotype.	As	

commented,	 we	 were	 not	 able	 to	 detect	 endogenous	 or	 cell-culture-overexpressed	

Rnd3	 by	 WB	 (data	 not	 shown),	 indicating	 that	 our	 antibodies	 were	 not	 properly	

working	in	this	technique.	Other	authors	346	have	published	detection	of	endogenous	

Rnd3	by	WB	using	 the	 anti-Rnd3	 clone	3	 antibody	 (Upstate	Biotechnology),	which	 is	

not	available	anymore.	However,	the	amount	of	Rnd3	transcripts	could	be	assessed	by	

Real	time-PCR	and	confirm	or	discard	the	possibility	that	some	Rnd3	is	still	expressed	

in	cKO	and	Rnd3tm1d/tm1d	brains.		

To	 sum	 up,	 we	 favour	 the	 idea	 that	 the	 phenotype	 that	 we	 observe	 in	 Rnd3gt/gt	 is	

specific	 due	 to	 the	 lack	 of	 Rnd3	 (and	 not	 an	 artifact)	 because	 I)	 the	 phenotype	 in	
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Rnd3gt/gt,	Rnd3tm1d/tm1d	and	Rnd3	cKOs	is	the	same	but	with	different	expressivity,	and	

II)	we	observe	a	Rnd3	dose-dependent	effect,	since	Rnd3gt/+	develop	a	mild	phenotype.		

7. Hypotheses of new cellular and molecular 

mechanisms of axon guidance 

7.1 Sema3C might be involved in SAs and TCAs guidance 

TCAs	and	CTAs	guidance	mechanisms	have	been	a	deeply	studied	field	in	the	last	past	

decades,	 but	 other	 axonal	 pathways	 such	 as	 striatal	 projections	 are	 less	 explored.	

Others	and	we	have	indicated	a	GP-mediated	guidance	of	SAs	and	we	aspired	to	find	

an	axon	guidance	molecule	that	led	this	process.	In	order	to	gain	evidence	about	these	

potential	molecules,	we	 used	 public	 gene	 expression	 databases,	 such	 as	 Developing	

Mouse	Brain	Allen	Atlas	and	GenePaint	Atlas.	Among	other	genes,	we	found	Sema3C	

as	a	candidate	gene,	due	to	its	high	signal	 in	the	E14.5	GP,	but	null	expression	in	the	

striatum	and	corridor.	 Sema3C	gene	was	 first	described	 in	1995	 together	with	other	

Semas	 by	 amplification	 of	 the	 Sema	 domain	 398.	 Generation	 of	 the	 Sema3C-KO	

uncovered	 a	 role	 in	 the	 aortic	 arch	 development	 399	 together	with	 PlexinA2	 400	 and	

PlexinD1/Nrp	 complex	 401.	 The	 removal	 of	 Sema3C	 is	 lethal	 after	 birth,	 mostly	

explained	by	heart	defects	 400.	Moreover,	 it	has	been	published	 that	 the	Sema3C-KO	

develops	 an	 abnormal	 corpus	 callusum,	 since	 it	 acts	 as	 an	 attractive	 signal	 towards	

some	callosal	axons	402.	Though	we	have	not	been	able	to	find	other	studies	describing	

a	brain	development	phenotype	of	 the	Sema3C-KO,	some	Sema3C	roles	during	brain	

development	have	been	elucidated.	Sema3C	has	been	described	to	have	a	role	in	the	

first	steps	of	corticofugal	axon	guidance	within	the	cortex	364.	 Indeed,	the	positioning	

of	 these	 cortical	 Sema3C-expressing	 cells	 is	 Ngn1/2-	 364,403	 and	 Pax6-dependent	 404.	

Moreover,	it	Sema3C	binds	to	the	IC,	which	is	composed	by	CFAs	and	TCAs;	and	to	the	

cerebral	peduncle,	composed	by	SAs	and	CSAs	364.	We	could	indeed	corroborate	these	

binding	 patterns	 by	 our	 own	 Sema3C-AP	 binding	 assay.	 Besides	 these	 observations,	



Discussion	

	 226	

Sema3C	 expression	 in	 the	 pretectum	 has	 been	 shown	 to	 be	 attractive	 for	

dopaminergic	axons	364.		

Our	data	provides	a	new	view	of	Sema3C	functions	 in	the	embryonic	brain.	First,	 ISH	

staining	 confirmed	 Sema3C	 expression	 in	 the	 cortex	 364,377.	 Moreover,	 strong	 signal	

was	 observed	 in	 the	 E12.5	 and	 E13.5	 corridor,	 which	 was	 completely	 depleted	 at	

E14.5.	In	contrast,	while	E12.5	GP	expressed	low	Sema3C,	high	levels	were	observed	at	

E13.5	 and	 E14.5.	 These	 observations	 suggest	 that	 a	 proper	 control	 of	 Sema3C	

expression	at	these	stages	 is	essential	 for	the	development	of	the	related	structures.	

Indeed,	we	observed	that	 in	both	Rnd3	controls	and	KOs,	SAs	followed	a	Sema3Chigh-

expressing	 route	 determined	 by	 the	 GP,	 indicating	 a	 Sema3C-medited	 attraction	 of	

SAs.	Moreover,	Sema3C	was	observed	in	control	E12.5	CCo	but	not	in	Rnd3gt/gt	brains,	

where	the	CCo	is	absent.	This	fact	would	support	our	hypothesis	concerning	a	CCo	role	

in	 early	 guidance	 of	 SAs,	 which	 could	 be	 Sema3C-mediated.	 However,	 these	

projections	 do	 not	 appear	 in	 the	 E12.5	 Sema3Chigh	 corridor,	 but	 travel	 within	 the	

Sema3Clow	GP	instead,	suggesting	that	other	mechanisms	might	be	involved.		

Though	we	tried	to	promote	SAs	growth	in	Sema3C-coated	stripes,	we	did	not	achieve	

attachment	of	 striatal	explants	 to	 the	culture	plate	 in	Stripe	assay	conditions,	where	

the	 plate	 is	 coated	 with	 laminin,	 but	 not	 Poly-D-Lysin.	 To	 test	 this	 hypothesis,	 the	

culture	 media	 could	 be	 supplemented	 with	 Sema3C	 to	 observe	 changes	 in	 axonal	

length;	either	in	striatal	explants	or	dissociated	striatal	neurons.	Ultimately,	an	analysis	

of	the	Sema3C-KO	regarding	SAs	growth	would	help	to	better	understand	its	function,	

although	other	Semaphorins	such	as	Sema3E	34,	Sema3A	53,	Sema3F	55	are	expressed	in	

the	GP	or	corridor	and	could	compensate	the	absence	of	Sema3C.	

Plexins	 are	well-known	 Sema	 receptors405–407	 with	 Neuropilins	 (Nrp)	 as	 correceptors	
408.	 Specifically	 for	 Sema3C,	 both	 Neuropilin1	 (Nrp1)	 and	 Neuropilin2	 (Nrp2)	 were	

identified	 as	 Sema3C	 receptors	 408,409,	 as	 well	 as	 PlexinD1,	 PlexinA2,	 Plexin	 A4	 and	

PlexinB1	410–412.	 Indeed,	PlexinD1/Nrp1,	PlexinD1/Nrp2	and	PlexinA2/Nrp1	complexes	

transduce	Sema3C	signalling	410,412.	Furthermore,	Sema3C-signalling	can	be	activated	in	

absence	of	Nrps	 by	 the	 formation	of	 a	 PlexinA4-PlexinD1	 complex	 410.	 In	 addition,	 a	

recent	study	revealed	a	detailed	mechanism	Sema3C	signalling	 integration	 in	cortical	
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axons.	 Sema3C-plexin	 interaction	 in	 a	 Nrp1-homodimerization	 context	 triggers	

repulsion,	while	expression	of	Nrp1/Nrp2	heterodimers	or	Nrp2	homodimers	results	in	

attraction	 of	 cortical	 projections	 412.	 By	 analysing	 Plexin	 and	 Nrp	 expression	 in	

GenePaint,	Developing	Mouse	Brain	Allen	Atlas	and	in	 literature,	we	observed	a	 light	

Nrp2,	but	null	Nrp1,	expression	in	the	E14.5	striatum;	PlexinD1	is	expressed	from	E14.5	

to	P2	in	the	striatum	73,75,	and	PlexinA2	in	the	whole	striatum,	but	also	in	the	GP,	which	

is	 confirmed	 elsewhere	 413.	 In	 addition,	 a	 study	 defined	 PlexinA4	 expression	 in	 the	

corridor	 and	 GP	 413.	 Considering	 these	 expression	 data	 together,	 it	 is	 tempting	 to	

speculate	 that	 PlexinD1/A2/A4/Nrp2	 expressed	 in	 SAs	 could	 lead	 their	 attraction	

through	a	Sema3Chigh	GP.		

Conversely,	a	study	proposed	that	Sema3E,	expressed	in	the	GP	and	thalamic	reticular	

nucleus,	creates	a	repulsive	gateway	for	PlexinD1+	SAs,	at	least	at	E17.5	75.	However,	

we	trust	the	fact	that	SAs	are	observed	within	the	GP	during	earlier	embryonic	stages,	

even	when	misrouted,	and	other	observations	in	the	literature	17,28.		

To	sum	up,	we	propose	that	Sema3C	could	trigger	PlexinD1/A2/A4/Nrp2-mediated	SAs	

attraction,	maybe	through	the	CCo	at	early	stages	and	later	through	the	GP.	However,	

this	 hypothesis	 is	 based	only	 in	 observations	 and	needs	 to	 be	 further	 validated.	We	

could	test	the	involvement	of	different	Plexins/Nrps	by	blocking	SAs	Sema3C-induced	

growth	with	specific	antibodies	against	 these	 receptors,	and	ultimately	analysing	 the	

development	of	SAs	in	Plexins	KOs.		

Finally,	we	observed	 in	 Stripe	Assays	 that	 Sema3C	 showed	a	 light	 repulsion	 towards	

E14.5	TCAs.	Accordingly,	the	GP	is	a	non-permissive	structure	for	TCAs,	which	could	be	

partially	mediated	by	its	high	Sema3C	expression.	Moreover,	other	semaphorins	have	

already	 been	 related	 to	 TCAs	 guidance.	 A	 rostral-low	 and	 caudal-high	 expression	 of	

Sema3A/3F	 in	the	corridor	and	striatum	mediates	repulsion	of	 intermediate	TCAs	via	

Nrp1/CHL1	and	NrCAM/Nrp2	 to	 regulate	 their	 topographic	distribution	 53,55.	Besides,	

Sema6A	regulates	rostrocaudal	specificity	of	TCAs	in	another	way.	In	this	case,	Sema6A	

is	 expressed	 in	 TCAs,	GP,	 striatum	and	 corridor	 at	 E14.5	 413,414.	 First,	Sema6A-/-	mice	

show	misrouting	of	dLGN-specific	TCAs	and	loss	of	their	topographical	organization	at	

embryonic	 stages.	 Interestingly,	 this	 is	partially	 recovered	postnatally	 414.	Recently,	 a	
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study	 revealed	 that	PlexinA2/A4	double	mutants	partially	phenocopy	Sema6A-/-	mice	

in	TCAs	misrouting	413.	Both	Plexins	have	been	detected	by	immunodetection	in	TCAs	

and	thus,	could	also	sense	Sema3C	in	the	GP	as	a	repulsive	signal.	Moreover,	since	the	

corridor	 also	 showed	 Sema3C	 expression	 at	 E13.5,	 it	 should	 be	 analysed	 whether	

Sema3C	 is	 expressed	 in	 a	 rostrocaudal	 gradient	 that	 regualtes	 topographic	 TCAs	

organization.	To	conclude,	we	can	hypothesize	that	TCAs	might	sense	Sema3C	through	

Nrp1/Nrp2	and	PlexinA2/PlexinA4	 complexes.	 Thus,	 Sema3C	 could	act	 as	 a	 repulsive	

signal	 in	the	GP	and/or	as	an	early	topographical	TCAs	organizer.	An	analysis	of	TCAs	

development	 in	 Sema3C-KO	 mice	 would	 give	 an	 initial	 insight	 to	 our	 proposed	

mechanism.		

7.2. "High-five" hypothesis: TCAs use SAs as a scaffold to cross 

the DTB 

The	 guidance	 of	 TCAs	 through	 the	 subpallium	 has	 been	 related	 to	 secreted	

extracellular	signals	and	interaction	with	axonal	scaffolds	such	as	CTAs,	as	it	claims	the	

already	 demonstrated	 "hand-shake"	 hypothesis.	 Other's	 17	 and	 our	 results	 indicate	

that	SAs	could	create	a	scaffold	to	guide	TCAs	at	the	DTB	towards	the	corridor,	in	what	

we	called	the	"high-five"	hypothesis,	which	we	named	after	the	"hand-shake".	A	study	

revealed	 that	 complete	 deletion	 of	 OlPc	 triggers	 defects	 in	 SAs,	 GP	 and	 TCAs	

development	17.	As	this	protein	is	mainly	expressed	in	striatum,	but	also	corridor	and	

Vms,	 they	 proposed	 that	misrouting	 of	 TCAs	was	 due	 to	 early	 defects	 in	 SAs,	which	

could	 not	 reach	 the	DTB.	 Accordingly,	 our	 analysis	 of	 the	 relative	 positioning	 of	 SAs	

and	 TCAs	 at	 different	 stages	 revealed	 that	 they	 are	 usually	 intermingled.	We	 could	

determine	 that	many	 SAs	were	 already	 developed	 at	 E12.5	 and	 reached	 the	 ventral	

DTB	 as	 a	 compact	 axonal	 bundle.	 Interestingly,	 pioneer	 CR+	 TCAs	 were	 observed	

intermixed	with	SAs	at	the	DTB	and	continued	through	the	subpallium	inside	the	SAs	

path	within	the	CCo	and	early	GP.	Similar	observations	were	done	at	E13.5,	where	we	

noted	 that	 CR+	 axons	 mainly	 projected	 through	 the	 SAs-invaded	 GP	 and	 not	 the	

corridor,	which	is	controversial	with	the	already	accepted	corridor	model	24.	Notably,	

at	E16.5,	TCAs	crossed	the	DTB	over	SAs,	as	it	they	used	them	as	a	scaffold,	and	then	
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continued	 through	 the	 corridor.	 Besides,	 DiI-traced	 TCAs	 at	 E18.5	 appeared	

intermingled	with	DiA-traced	SAs	at	the	DTB.	Finally,	some	misrouted	TCAs	appeared	

together	with	SAs	at	the	ventral	subpallium,	both	at	E16.5	and	E18.5.	Moreover,	by	the	

only	 deletion	 of	 Rnd3	 in	 LGE/MGE-derived	 cells	 through	 the	Dlx5/6-Cre	 conditional	

model,	we	found	some	misrouted	TCAs	together	with	a	small	subset	of	aberrant	SAs.	A	

detailed	analysis	showed	that	a	bundle	of	SAs	crossed	the	TCAs	path	at	rostral	 levels	

and	got	 together	misrouted	caudally.	This	 result	 indicated	 that	wild-type	TCAs	might	

interact	 with	 misrouted	 SAs	 and	 get	 consequently	 deviated.	 Though	 we	 tried	 to	

confront	 TCAs	 and	 SAs	 in	 vitro	 (data	 not	 shown),	 we	 could	 not	 achieve	 that	 they	

physically	 interacted.	 However,	 TCAs	 and	 CTAs	 are	 collapse	 when	 encounter	 each	

other	in	vitro	38,	though	they	interact	in	vivo	27,34.	

Other	studies	have	indicated	a	role	of	other	guidepost	cells	within	the	subpallium	that	

project	towards	the	thalamus	and	could	create	a	scaffold	structure.	Placement	of	a	DiI	

crystal	in	the	E12.5/E13.5	thalamus	resulted	in	not	only	the	labelling	of	TCAs,	but	also	

neurons	located	at	the	IC	7,8,10,415,	which	likely	are	E12.5	corridor	cells	24,26.	Accordingly,	

these	 cells	 do	 not	 appear	 in	 some	 models	 with	 severe	 TCAs	 defects	 12,377.	 More	

recently,	a	"bridge"	created	by	Ilset1+	cells	between	the	striatum	and	the	prethalamus	

has	been	proposed	as	a	TCA-guiding	scaffold,	which	was	disturbed	in	Ilset1-Cre	Celsr3	

KOs	16.	Though,	the	formation	of	this	"bridge"	and	DiI-backlabelled	cells	of	the	corridor	

should	 be	 tested	 in	 our	 Rnd3-deficient	 mice,	 we	 believe	 that	 these	 models	 could	

coexist	with	a	SAs	scaffold.	

We	hypothesized	that	SAs-TCAs	interaction	could	be	promoted	by	ISLR2.	First,	we	have	

described	that	ISLR2	is	strongly	expressed	in	SAs,	as	it	colocalized	with	OlPc+	axons	in	

the	 subpallium	and	 cerebral	 peduncle	 at	 E14.5.	Notably,	 at	 E14.5,	 ISLR2+	CTAs	have	

not	 crossed	 the	 PSPB	 yet	 34	 and	 cannot	 be	 confused	with	 SAs.	 Second,	 an	 ISLR2-AP	

assay	 described	 that	 ISLR2	 binds	 to	 TCAs	 and	 TCAs-CTAs	 interaction	 in	 the	 PSPB	 is	

promoted	 by	 ISLR2	 expression	 in	 CTAs.	 Finally,	 ISLR2-coated	 plates	 induced	 longer	

axonal	 projections	 in	 thalamic	 neuron	 cultures	 27.	 Thus,	 we	 tested	 in	 a	 stripe	 assay	

TCAs	response	to	ISLR2	and,	unexpectedly,	ISLR2	induced	a	repulsive	effect	to	TCA.	On	

the	 other	 hand,	 TCAs	 did	 not	 respond	 with	 repulsiveness	 to	 COS7	 cells-explants	
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expressing	 ISLR2,	 but	 instead	 continued	 their	 path	 attached	 to	 the	 explant.	 These	

opposite	results	 indicated	that,	 though	we	need	more	data	to	elucidate	 ISLR2	role	 in	

TCAs	guidance	at	the	DTB,	ISLR2	probably	interacts	with	TCAs,	and	since	SAs	and	TCAs	

are	intermingled	at	early	stages	it	could	likely	mediate	TCAs	guidance.		

In	 addition,	 ISLR2-/-	 brains	 exhibit	 severe	 TCAs	 and	 CTAs	 defects	 27.	 On	 one	 hand,	

cortical-specific	 removal	 of	 ISLR2	 caused	 by	 the	 lack	 of	 interaction	 between	 these	

axonal	pathways,	 implicating	this	gene	 in	 the	"hand-shake"	hypothesis.	On	the	other	

hand,	subpallial-specific	ISLR2-cKO	(Dlx5/6-Cre)	triggered	TCAs	and	CTAs	defects,	likely	

caused	by	lack	of	caudal	corridor	27.	However,	the	authors	supposed	that	the	observed	

NF	or	 ISLR2-EGFP	 stained	axons	were	only	CTAs	and	did	not	 analyse	 SAs.	 Ideed,	our	

analysis	of	an	E14.5	ISLR2-/-	brain	determined	that	most	SAs	are	stuck	before	entering	

the	GP	at	very	rostral	slices	and	did	not	continue	towards	the	DTB.	Moreover,	the	GP	

was	 completely	 absent	 caudally,	 similarly	 to	Rnd3gt/gt	mice.	 Therefore,	we	 speculate	

that	TCAs	defect	in	ISLR2-/-	brains	could	be	triggered	also	by	lack	of	a	SAs-scaffold	and	

GP	at	the	DTB.		

In	order	to	further	explore	the	"high-five"	hypothesis,	an	approach	based	on	the	study	

that	eventually	 confirmed	 the	 "hand-shake"	 could	be	performed.	Deck	and	others	 34	

ablated	 the	 thalamus	by	 expressing	 the	diphtheria	 toxin	 specifically	 in	 this	 structure	

and	determined	that	TCAs	are	necessary	for	final	CTAs	guidance.	Similarly,	expression	

of	 the	 diphtheria	 toxin	 in	 SPNs	 (for	 example	 under	 FoxP1	 promoter,	 which	 is	 very	

specific	 for	 the	 striatum	 but	 not	 corridor,	 Vms	 or	 other	 brain	 structures)	 could	

completely	 ablate	 the	 striatum,	 and	 thereby	 analyse	 TCAs	 guidance	 at	 the	DTB	with	

absence	of	 SAs.	Moreover,	 ISLR2	binding	partner	 in	cis	 has	not	described	yet,	which	

would	be	an	interesting	feature	to	start	with.	Pulling-down	ISLR2	in	thalamic	neurons,	

previously	 incubated	 with	 ISLR2	 recombinant	 protein,	 could	 reveal	 binding	 partners	

that	mediate	TCAs	interaction	with	CTAs	and	SAs.		

Whether	 the	 "high-five"	 hypothesis	 was	 confirmed,	many	mouse	models	 with	 TCAs	

defects	due	to	subpallial	disorganization	should	be	revisited	taking	special	focus	on	SAs	

and	 GP,	 which	 have	 been	 largely	 forgotten	 since	 now.	 Indeed,	 the	 first	 study	 that	

proposed	 this	 idea,	 showed	 that	 Pax6-	 and	 Emx2-KOs,	 previously	 shown	 to	 develop	
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TCAs	misrouting	13,377,	presented	aberrant	SAs	and	GP	positioning.	As	commented,	we	

have	revisited	ISLR2-KO	embryos	and	described	severe	SAs	and	GP	defects.	Moreover,	

we	have	observed	 in	 the	existing	 literature	 that	some	studies	show	misrouted	axons	

that	 could	 have	 a	 SAs	 identity,	 though	 the	 authors	 did	 not	 contemplate	 this	 option.	

Slit2-/-	 embryos,	 which	 show	 TCAs	 defects	 due	 to	 a	 defective	 corridor,	 apparently	

present	ventrally	positioned	Vms	and	NF+	misrouted	axons	at	E13.5	that	could	either	

be	TCAs	as	 indicated,	 SAs	or	even	both	 18,30.	 This	observation	also	 indicates	 that	 the	

use	of	NF	to	detect	TCA	or	CTA	in	the	subpallium	is	not	always	adequate,	as	they	can	

be	confused	with	NF+	SAs.	 Interestingly,	Robo1/Robo2	are	expressed	 in	 the	striatum	

and	probably	in	SAs,	and	their	deficiency	results	in	TCAs	and	CTAs	guidance	defects	20,	

and	thus	striatal	projections	could	also	be	misrouted.	Another	model	in	which	we	have	

noted	 that	 SAs	development	 could	be	 further	 studied	 is	 the	Ebf1-/-.	 It	was	described	

that	 Ebf1	 deficiency	 triggers	 TCAs	 defects	 in	 guidance	 and	 topography	 43,45.	 More	

recent	studies	have	shown	that	Ebf1	is	relevant	in	striatum	organization	103	and	in	the	

formation	of	the	corridor,	Vms	and	derived	structures	31.	Moreover,	a	reduction	of	SAs	

in	the	postnatal	cerebral	peduncle	was	perceived,	and	therefore,	 it	 is	 likely	that	their	

development	 is	 altered	 in	 embryonic	 stages.	 Also,	 Ascl1-/-	embryos	 show	 TCAs	 and	

corridor	 developmental	 impairments,	 but	 also	 early	 defects	 in	 the	GP	 12,24,382,	which	

could	induce	SAs	misrouting.		

Interestingly,	Celsr3	and	Fzd3-deficient	mice	show	TCAs	defects	 416,417,	which	depend	

on	 correct	 subpallial	 organization	 29,418.	 Indeed,	 both	 KOs	 exhibit	 GP	 formation	 and	

consequent	 SAs	 guidance	 abnormalities	 28,419.	 These	 observations	 are	 reminiscent	 of	

the	defects	observed	 in	 the	 ISLR2	KO	27	 in	which	we	have	additionally	described	SAs	

and	 GP	 defects.	 Moreover,	 the	 three	 models	 showed	 similar	 abnormalities	 in	 the	

development	 of	 the	 peroneal	 nerve	 25,420,421	 and	 the	 anterior	 commissure	 417,418,422.	

Strikingly,	our	and	others	data	 (personal	 communication	and	 346	 )	 indicate	 that	Rnd3	

shares	 implication	 in	 the	 generation	 of	 these	 same	 axonal	 pathways.	 All	 these	 data	

suggest	that	the	three	transmembrane	proteins	can	be	functionally	related	and	might	

form	 complexes	 to	 regulate	 the	 development	 of	 the	 above-mentioned	 structures	

through	regulation	of	Rnd3	activity.	Co-immunoprecipitation	experiments	could	assess	
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the	 interaction	 of	 these	 proteins	 and	 a	 combination	 of	 Wnt	 stimulation	 and	 Rnd3	

silencing,	could	determine	a	functional	relationship	between	the	PCP	pathway	and	this	

RhoGTPase.			

To	 sum	 up,	 we	 provide	 enough	 data	 to	 propose	 the	 "high-five"	 hypothesis:	 SAs	 is	

involved	in	TCAs	guidance	from	E12.5	and	creates	a	scaffold	at	the	DTB	that	mediates	

TCAs	entry	into	the	subpallium.	Moreover,	this	interaction	could	be	mediated	by	ISLR2.		

8. Cortical folding is induced in Rnd3 mutant 

embryos 

The	formation	of	cortical	folds	is	a	key	feature	in	the	development	of	human	brain	and	

has	 permitted	 the	 expansion	 of	 the	 cortex	 to	 increase	 its	 capabilities.	 Though	 some	

studies	have	revealed	that	a	conjunction	of	mechanical	and	molecular-cellular	factors	

convey	 in	 the	 generation	 of	 a	 gyrencephalic	 cortex,	 only	 three	 animal	models	 have	

been	able	to	exhibit	folds	in	the	otherwise	smooth	mouse	cortex	213,222,225.		

Excitingly,	we	discovered	that	an	important	portion	of	Rnd3-deficient	brains	developed	

spontaneous	 sulci	 in	 the	 cerebral	 cortex.	 These	 folds	 did	 not	 grossly	 affect	 the	

formation	of	cortical	layers	or	projections,	nor	induced	an	increase	of	ectopic	cells	in	it;	

thus,	 we	 considered	 them	 genuine	 cortical	 folds.	 Notably,	 Rnd3tm1d/tm1d	 brains,	 and	

even	some	Rnd3+/gt,	also	developed	folds,	which	is	consistent	with	I)	the	fact	that	the	

observed	phenotype	is	consequence	of	Rnd3	deletion	and	not	the	insertion	of	a	βGeo	

cassette	and	 II)	 a	dose-response	effect	of	Rnd3	protein,	 since	heterozygote	embryos	

(with	reduced	but	not	completely	absent	protein)	also	exhibited	brains	developmental	

defects.	

Some	 studies	 have	 determined	 that	 an	 increase	 in	 bRGCs	 in	 the	 SVZ,	 which	 are	

Pax6+Sox2+Tbr2-,	 is	 one	 of	 the	 causes	 of	 generation	 of	 gyrencephalic	 cortex	
132,204,213,225.	Remarkably,	Rnd3	expression	in	the	SVZ	and	VZ	at	E16.5	and	E18.5,	and	its	

functions	in	proliferation	inhibition	159	and	cell	rounding	298,314,	suggested	that	it	might	
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be	involved	in	inactivation	of	RGCs	proliferative	state	at	the	end	of	neurogenesis	and	

their	transition	to	glial	cells	286,423.	Still,	we	could	not	find	and	increase	in	Pax6+	cells	or	

Sox2+	 cells	 in	 the	 whole	 cortex	 but	 a	 decrease	 of	 Pax6+	 cells	 only	 at	 E18.5.	

Furthermore,	the	SVZ	region	was	severely	reduced	in	E16.5	Rnd3gt/gt	brains	with	folds	

and	slightly	reduced	in	E18.5	Rnd3gt/gt	cortices,	indicating	that	lack	of	Rnd3	triggers	late	

developmental	impairments	in	proliferative	regions.	Moreover,	although	lack	of	Rnd3	

should	 result	 in	 an	 increase	 of	 proliferation	 according	 to	 previous	 data	 298,314,349,	we	

could	 not	 observe	 changes	 in	 the	 number	 of	 mitotic	 cells	 at	 E14.5,	 when	 active	

proliferation	 occurs	 in	 the	 cortex.	 However,	 Rnd3	 is	 not	 expressed	 in	 proliferative	

regions	 until	 E16.5,	 so	 this	 analysis	 should	 be	 repeated	 at	 this	 or	 later	 stages.	 In	

addition,	 brains	with	 sulci	 present	 a	more	 severe	 expressivity	 of	 the	 phenotype	 and	

thus,	 we	 cannot	 exclude	 the	 possibility	 that	 bRGCs	 and	 proliferation	 analysis	 are	

changed	 in	 folded	cortices.	Nevertheless,	our	analyses	mainly	suggested	that	cortical	

folding	in	Rnd3-deficient	mice	is	neither	induced	by	an	extraordinary	proliferation	nor	

amplification	of	bRGCs.		

Remarkably	we	found	that,	compared	to	wild	type	and	Rnd3-KO	cortices	without	folds,	

Rnd3-deficient	cortices	with	sulci	presented	significant	morphological	differences,	such	

a	 severe	 reduction	 cortical	width,	mostly	 provoked	 by	 narrowing	 of	 the	 SVZ	 and	 IZ.	

Width	 of	 the	 CP	 was	 increased	 at	 caudal	 levels	 at	 E16.5,	 but	 not	 at	 E18.5,	 which	

coincided	with	an	expansion	of	Ctip2	and	SatB2	layers	caudally	at	E16.5.	Nevertheless,	

this	 was	 not	 complemented	 by	 an	 increase	 of	 Tbr1+,	 Ctip2+	 or	 SatB2+	 cells,	 which	

indicates	a	reduction	of	cell	density.	In	addition,	cortical	layering	was	neither	impaired	

in	 KO	 smooth	 cortices	 nor	 under	 the	 folds.	 Hence,	 we	 conclude	 that	 cortical	 CP	

formation	is	not	grossly	compromised	in	Rnd3	KOs	with	or	without	sulci.		

Still,	 two	 relevant	 differences	 were	 discovered	 in	 Rnd3gt/gt	 brains:	 an	 increase	 of	

isolated	Tbr1+/Ctip2+	 cells	 and	 the	density	of	 SatB2	 cells	 in	 the	UL.	Both	 suggest	 an	

increased	 or	 faster	migration	 due	 to	 lack	 of	 Rnd3,	which	would	 ultimately	 promote	

cortical	 folding.	Cortical	expression	of	Rnd3	already	suggested	an	early	 implication	 in	

migration,	 as	 we	 observed	 that	 it	 was	 mainly	 expressed	 in	 the	 IZ,	 where	 neurons	

perform	 locomotion	 migration	 to	 get	 the	 CP.	 Indeed,	 Rnd3	 has	 been	 related	 to	
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locomotion	159,306.	Similarly	to	our	model,	FLRT1/3-KO	mouse	model	with	cortical	sulci	

does	not	show	changes	in	layering,	but	an	increase	of	FLRT3+	and	Cux1+	neurons	and	

in	ULs	222	and		also,	an	increase	of	ULs	SatB2	density	was	found	in	the	SmoM2-KO	213.	

The	 formation	of	 cortical	 folds	 is	 supposed	 to	be	based	 in	both	cellular	and	physical	

mechanisms	that	convey	in	the	ULs	195,198.	Thereby,	a	rapid	accumulation	of	cells	(such	

as	SatB2+	or	Cux1+	cells)	and	neuropil	 in	ULs	might	result	in	its	tangential	expansion,	

faster	 than	 LLs,	 and	mechanical	 forces	 could	 trigger	 the	 formation	 of	 sulci	 and	 gyri.	

Therefore,	 we	 propose	 that	 lack	 of	 Rnd3	 results	 in	 an	 altered	 migration	 of	 cortical	

neurons	that	induces	accumulation	of	cells	in	UL	and	subsequent	folding.	Indeed,	the	

FLRT1/3	KO	model	develops	sulci	due	to	a	faster	migration,	which	is	seemingly	caused	

by	 a	 lack	 of	 intercellular	 adhesion	 222.	 Rnd1	 and	 FLRT3	 have	 been	 described	 to	

physically	interact	and	coordinate	cell	adhesion	during	Xenopus	gastrulation	424,	which	

suggests	that	Rnd3	might	also	be	able	to	bind	FLRT	proteins.	Actually,	previous	analysis	

of	our	group	with	co-immunoprecipitation	experiments	and	membrane	co-localization	

seem	 to	 indicate	 that	 Rnd3	 interacts	 with	 FLRT3	 when	 they	 are	 overexpressed	 in	

HEK293T	cells,	but	not	with	FLRT1	and	FLRT2	(data	not	shown).	Thus,	it	is	tempting	to	

speculate	that	cortical	folds	of	FLRT1/3	KOs	and	Rnd3gt/gt	share	molecular	and	cellular	

mechanisms.	Indeed,	Rnd3	is	an	inductor	of	adherens	and	tight	junctions	317	and	Rnd3-

silenced	neurons	 appear	 detached	 from	 the	 radial	 glial	 fibre	 159.	 Thus,	 it	 is	 probable	

that	 Rnd3	 controls	 actin	 cytoskeleton	 dynamics	 and	 N-cadherin	 adherens	 junctions	

during	migration,	which	could	be	related	also	with	FLRTs	adhesion	signalling.		

Oppositely	 to	 our	 hypothesis,	 Rnd3	 mRNA	 interference	 by	 IUE	 causes	 defects	 in	

locomotion	that	prevent	cells	 from	entering	the	CP	159,	 instead	of	promoting	a	faster	

migration.	The	differences	between	the	two	models	could	be	simply	explained	by	the	

use	 of	 their	 acute	 or	 our	 chronic	 deficiency	 of	 Rnd3	 model.	 However,	 future	

experiments	will	address	migration	alterations	in	Rnd3	KO	embryos.		

In	 order	 to	 analyse	 the	 migration	 of	 neurons	 in	 Rnd3-deficient	 embryos,	 different	

strategies	have	been	planned	for	the	near	future.	First,	different	length	of	BrdU	pulses	

will	 give	 an	 idea	 of	 the	 position	 of	 migrating	 neurons	 in	 Rnd3	mutant	 cortices	 and	

thereby	 discover	 whether	migration	 is	 changed.	 As	 a	 preliminary	 study,	 we	 treated	
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E13.5	control	and	Rnd3-KO	embryos	with	BrdU	and	analysed	them	at	E17.5.	In	our	first	

results,	we	observed	that	cells	are	not	accumulated	in	ULs	in	lissencephalic	cortices	of	

either	genotype.	However,	we	expect	to	find	some	embryos	with	folds	and	analyse	the	

same	 feature.	Moreover,	 co-IUE	 of	 two	 vectors,	 I)	 Cre	 and	 II)	 a	 control	mCherry,	 in	

Rnd3lx/lx	 lx-STOP-lx-GFP	 cortices	 would	 allow	 us	 to	 study	 in	 the	 same	 brain	 the	

migration	 of	 Rnd3	 KO/green	 and	WT/red	 neurons.	 Furthermore,	 in	 the	 Rnd3-shRNA	

studies	that	we	have	already	mentioned	159,	Rnd3-silenced	migrating	neurons	exhibit	

an	 aberrant	morphology	 in	 their	 leading	process.	 Taking	profit	 of	 our	KO	model,	we	

could	 express	 GFP	 by	 IUE	 in	 migrating	 neurons,	 which	 will	 allow	 us	 to	 study	 the	

morphology	of	both	control	and	KO	migrating	neurons.	Finally,	the	expression	of	Rnd3	

in	gyrencephalic	species	such	as	the	ferret	should	also	be	analysed.		

To	conclude,	our	results	strongly	indicate	that	Rnd3	signalling	is	highly	involved	in	the	

control	of	neuronal	radial	migration	and	the	consequent	generation	of	cortical	folds.		

9. Working model  

Taken	together,	this	thesis	has	unravelled	Rnd3	as	a	new	key	gene	during	embryonic	

brain	 formation.	 Furthermore,	 our	 findings	 propose	 new	 molecular	 and	 cellular	

mechanisms	that	need	to	be	further	addressed	to	better	understand	the	complexity	of	

brain	development.		

Our	 observations	 reveal	 the	 significance	 of	 Rnd3	 in	 subpallial	 organization	 and	

indirectly	in	axonal	guidance.	We	propose	that	Rnd3	mediates	the	development	of	the	

GP	and	thus,	guidance	of	SAs	(Figure	83).	Moreover,	we	work	on	the	hypothesis	that	

Sema3C	has	a	significant	role	in	SAs	guidance.	In	addition,	we	have	shown	that	Sema3C	

is	 repulsive	 to	 E14.5	 TCAs.	 Besides,	 Rnd3	 seems	 to	 be	 needed	 in	 corridor	 and	 Vms	

normal	migration.		

Furthermore,	 we	 propose	 a	 change	 in	 the	 understanding	 of	 TCAs	 guidance	 that	

involves	SAs	as	a	key	guidepost	structure,	in	what	we	called	the	"high-five"	hypothesis.	

This	theory	claims	that	at	E12.5	the	Rnd3-dependent	positioning	of	the	Sema3C+	CCo	
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and	SAs	at	the	DTB	is	necessary	for	the	invasion	of	pioneer	CR+	TCAs	in	the	subpallium	

(Figure	 83).	Moreover,	 at	 later	 stages	 TCAs	 cross	 the	 DTB	 using	 SAs	 as	 scaffold	 and	

then	invade	the	subpallium	through	the	corridor	(Figure	83).	Indeed,	in	Rnd3gt/gt	brains,	

SAs	cannot	reach	the	DTB,	which	might	cause	TCAs	misrouting	(Figure	83).	Moreover,	

we	postulate	that	ISLR2	expressed	in	SAs	mediates	TCAs-SAs	interaction.		

	

Figure	83.	Organization	of	the	subpallium,	SAs	and	TCAs	in	WT	and	Rnd3gt/gt	brains.	At	E12.5	SAs	and	TCAs	and	SAs	
travel	through	the	GP	and	near	the	CCo.	In	contrast,	 in	Rnd3gt/gt	brains	the	caudal	GP	and	CCo	are	absent,	SAs	do	
not	reach	the	DTB	and	TCAs	do	not	enter	the	subpallium.	At	E14.5	wild	type	TCAs	travel	thorugh	the	corridor	and	
SAs	 through	 the	 GP.	 TCAs,	 SAs	 and	 the	 GP	 are	 found	 together	 at	 the	 DTB.	 Otherwise,	 rostrally,	Rnd3gt/gt	 brains	
exhibit	mild	defects	 in	the	corridor,	mispositioning	of	the	Vms	and,	more	significantly,	the	GP.	Caudally,	the	GP	is	
completely	absent.	According	to	our	hypothesis,	SAs	are	consequently	misrouted.	Moreover,	we	propose	that	since	
TCAs	do	not	find	SAs-GP	complex	at	the	DTB,	they	cannot	cross	it,	continue	ventrally	and	invade	the	most	ventral	
subpallium.	 Abbreviations:	 CCo,	 caudal	 corridor;	 Co,	 corridor;	 DTB,	 diencephalon-telencephalon	 boundary;	 GP,	
globus	pallidus;	MGE,	medial	ganglionic	eminence;	PSPB,	pallial-subpallial	boundary;	PTh,	prethalamus;	SAs,	striatal	
axons;	SNi,	substantia	nigra;	St,	striatum;	TCAs,	thalamocortical	axons;	Vms,	ventromedial	stream.		

Furthermore,	 we	 have	 determined	 that	 lack	 of	 Rnd3	 promotes	 the	 generation	 of	

cortical	 folds.	We	 speculate	 that	 this	 is	 not	 a	 result	 of	 an	 excessive	 proliferation	 or	

basal	progenitors	generation.	Otherwise,	we	propose	that	lack	of	Rnd3	induces	faster	

locomotion	or	translocation	migration,	resulting	in	an	accumulation	of	neurons	in	ULs	

(Figure	84),	which	is	a	feature	that	will	be	analysed	in	the	future.		
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Figure	84.	Proposed	model	of	cortical	folding	in	Rnd3gt/gt	mice.	Compared	to	WT,	we	have	described	thinner	IZ,	SVZ	
and	 VZ.	 Moreover,	 we	 determined	 that	 at	 E18.5	 Rnd3-deficient	 cortices	 exhibited	 a	 reduced	 number	 of	 RGCs.	
Otherwise,	we	preliminary	observed	an	increase	of	the	density	of	UL	neurons,	only	in	brain	that	develoed	cortical	
folds.	 Therefore,	 we	 propose	 an	 alteration	 of	 the	 migration	 speed	 in	 locomotion	 or	 translocation,	 that	 induces	
accumulation	of	cells	 in	ULs	(Tbr1/Ctip2high,	violet)	 increased	tangential	growth	(TgG)	and	ultimately,	formation	of	
sulci.	 Green	 and	 orange	 arrows	 represent	 speed	 of	 locomotion	 and	 translocation	 migration,	 respectively.	 Red	
arrows	near	RGCs	represent	a	reduced	number	of	cells.	Black	arrows	at	the	right	of	UL	and	LLs,	represent	speed	of	
tangential	growth.	Questions	marks	indicate	a	proposed	mechanism,	not	an	observation.	Abbreviations:	a,	apical;	b,	
basal;	CP,	cortical	plate;	IPC,	intermediate	progenitor	cell;	IZ,	intermediate	zone;	LL,	lower	layers;	LMN,	locomotion-
migrating	neuron;	MZ,	marginal	zone;	RGC,	radial	glial	cell;	SVZ,	subventricular	zone;	TgG,	tangential	growth;	TrMN,	
translocation-migrating	neuron;	VZ,	ventricular	zone.	
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1. Rnd3	is	expressed	in	thalamus,	but	not	likely	in	TCAs;	in	the	GP	at	E12.5,	but	not	

later;	 in	MGE	 and	 LGE	 SVZs	 and	 in	 striatum,	 corridor	 and	 Vms	 from	 E12.5	 to	

E18.5;	in	the	cortex,	in	locomotion	migrating	neurons	from	E12.5	to	E16.5	and	in	

late	SVZ	progenitors.		

2. Rnd3	controls	TCA	guidance	in	a	non-cell-autonomous	manner.	

3. Rnd3	 is	 necessary	 for	 the	 correct	 organization	 of	 several	 structures	 of	 the	

subpallium,	already	at	E12.5,	in	particular	the	corridor,	Vms	and	GP.	

4. Abnormal	organization	of	the	GP	and	SAs	misrouting	are	strongly	related.	

5. Rnd3	 cKOs	 and	 Rnd3tm1d/tm1d	 exhibit	 a	 milder	 expressivity	 of	 the	 phenotypes	

observed	in	the	Rnd3gt/gt.	

6. Rnd3	 expression	 in	 Nkx2.1-expressing	 cells	 is	 necessary	 for	 a	 proper	 GP	

development	and,	indirectly,	for	SAs	guidance.	

7. Sema3C	expression	 in	 the	GP	 is	 strongly	 related	 to	 SAs	 and	 TCAs	path,	 and	 is	

repulsive	to	TCAs	in	vitro.	

8. SAs	 position	 suggests	 the	 creation	 of	 a	 scaffold	 structure	 that	 facilitates	 TCAs	

crossing	of	the	DTB,	in	what	we	called	the	"high-five"	hypothesis.		

9. The	 transmembrane	 protein	 ISLR2	 acts	 as	 a	 repulsive	 signal	 to	 TCAs	 in	 stripe	

assays,	but	it	is	permissive	in	organotypic	cultures.	Despite	this,	we	propose	that	

ISLR2	expressed	in	SAs	mediates	SAs-TCAs	interaction.		

10. Rnd3	 ablation	 induces	 formation	 of	 cortical	 folds	 in	mouse	 embryonic	 brains,	

which	is	not	triggered	by	an	increase	of	NPCs	proliferation	or	number	of	bRGCs.		

11. Rnd3	 probably	 controls	 neuronal	 migration	 or	 adhesion	 mechanisms,	 thus	

promoting	 an	 accumulation	 of	 neurons	 in	 ULs	 and	 derived	 cortical	 folding	 in	

Rnd3-deficient	brains.	
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1. Rnd3	s'expressa	al	tàlem,	però	probablement	no	en	axons	TCAs;	al	GP	a	E12.5,	

però	no	estadis	més	 tardans;	a	 la	SVZ	de	 la	 LGE	 i	MGE,	 i	a	 l'estriat,	corridor	 i	

Vms	des	d'E12.5	fins	almenys	E18.5;	al	cortex,	en	neurones	durant	la	migració	

mitjançant	 locomoció	 (d'E12.5	 a	 E16.5)	 i	 en	 progenitors	 tardans	 de	 la	 SVZ	

(E16.5	i	E18.5).		

2. Rnd3	controla	la	guia	dels	TCAs	de	forma	no	autonòma.		

3. Rnd3	 és	 important	 per	 la	 formació	 del	 subpal·li	 ja	 a	 E12.5,	 en	 particular	 del	

corridor,	Vms	i	el	GP.		

4. Un	organització	aberrant	del	GP	i	defectes	de	guía	dels	SAs	están	estretament	

relacionats.		

5. Embrions	knockout	condicionals	de	Rnd3	i	Rnd3tm1d/tm1d	exhibeixen	un	fenotip	

més	suau	que	els	Rnd3gt/gt.	

6. L'expressió	 de	 Rnd3	 en	 cèl·lules	 que	 expressen	 Nkx2.1	 és	 necessaria	 per	 un	

desenvolupament	correcte	del	GP	i,	de	forma	indirecta,	de	la	guía	dels	SAs.	

7. El	 patró	 d'expressió	 de	 Sema3C	 al	 GP	 i	 corridor	 primerenc	 està	 fortament	

relacionada	amb	la	posició	dels	TCs	i	SAs,	i	és	repulsiva	pels	primers	in	vitro.	

8. La	posició	dels	SAs	sugereix	que	creen	una	bastida	que	facilita	el	pas	dels	TCAs	

a	través	de	la	DTB,	en	el	que	anomenem	"high-five"	hypothesis.		

9. La	proteina	transmembrana	ISLR2	actua	com	a	senyal	repulsiva	vers	els	TCAs	en	

stripe	 assays,	 però	 com	 a	 permissiva	 en	 cultius	 organotípics.	 Malgrat	 això,	

proposem	que	 ISLR2	expressada	als	SAs	está	 involucrada	en	 la	 interacció	SAs-

TCAs.	

10. L'ablació	de	Rnd3	indueix	la	formaciós	de	solcs	corticals	en	cervells	embrionaris	

de	ratolí,	la	qual	cosa	no	és	resultat	d'un	increment	de	la	proliferació	dels	NPCs	

o	del	número	de	bRGCs.		

11. La	formació	de	solcs	corticals	en	cervells	deficients	de	Rnd3	pot	ser	induïda		per	

una	 acumulació	 de	 neurones	 en	 les	ULs,	 ja	 que	Rnd3	 probablement	 controla	

mecanismes	de	migració	o	adhesió	neuronal.		
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1. Rnd3	 se	 expresa	 en	 el	 tálamo,	 pero	 probablemente	 no	 en	 TCAs;	 en	 el	 GP	 a	

E12.5,	però	no	más	tarde;	en	la	SVZ	de	la	LGE	y	MGE,	y	en	el	estriado,	corridor	y	

Vms	 desde	 E12.5	 hasta	 almenos	 E18.5;	 en	 el	 cortex,	 en	 neuronas	 durante	 la	

migración	 mediante	 locomoción	 (desde	 E12.5	 a	 E16.5)	 y	 en	 progenitores	

tardíos	de	la	SVZ	(E16.5	y	E18.5).		

2. Rnd3	controla	la	guía	de	los	TCAs	de	forma	no	autónoma.	

3. Rnd3	és	importante	para	la	formación	del	subpalio	ya	a	E12.5,	específicamente	

el	corridor,	Vms	y	el	GP.	

4. Un	 organización	 aberrante	 del	 subpalio	 y	 defectos	 de	 guía	 de	 los	 SAs	 están	

estrechamente	relacionados.	

5. Embriones	knockout	condicionales	de	Rnd3	y	Rnd3tm1d/tm1d	exhiben	un	fenotipo	

más	suave	que	los	Rnd3gt/gt.	

6. La	 expresión	 de	 Rnd3	 en	 células	 que	 expresan	 Nkx2.1	 es	 necesaria	 para	 un	

desarrollo	correcto	del	globo	pálido	y	los	axones	estriatales.	

7. El	 patrón	 de	 expresión	 de	 Sema3C	 en	 el	 GP	 y	 corridor	 temprano	 está	

fuertemente	relacionada	con	 la	posición	de	 los	TCAs	y	SAs,	y	es	 repulsiva	por	

los	primeros	in	vitro.	

8. La	posición	de	los	axones	estriatales	sugiere	que	crean	un	andamio	que	facilita	

el	 paso	de	 los	 TCAs	 a	 través	 de	 la	DTB,	 en	 lo	 que	hemos	 llamado	 "high-five"	

hypothesis.		

9. La	proteina	transmembrana	ISLR2		actúa	com	a	señal	repulsiva	en	los	TCAs	en	

stripe	 assays,	 pero	 es	 permisiva	 en	 cultivos	 organotípicos.	 A	 pesar	 de	 esto,			

proponemos	que	ISLR2	expresada	en	los	SAs	esta	involucrada	en	la	interacción	

SAs-TCAs.		

10. La	 ablación	 de	 Rnd3	 induce	 la	 formación	 de	 surcos	 corticales	 en	 cerebros	

mbrionarios	 de	 ratón,	 lo	 cual	 no	 es	 resultado	 de	 un	 incremento	 en	 la	

proliferación	de	NPCs	o	del	número	de	bRGCs.		

11. La	 formación	de	 surcos	 corticales	 en	 cerebros	deficientes	de	Rnd3	puede	 ser	

inducida	 por	 la	 acumulación	 de	 neuronas	 en	 las	 ULs,	 ya	 que	 Rnd3	

probablemente	controla	mecanismos	de	migración	o	adhesión	celular.	
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