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Figure 1 : Anatomie de l’intestin humain.

Chez l’humain et plus généralement chez les mammifères l’intestin est divisé en deux parties : l’intestin 
grêle et le colon.

A. L’intestin grêle se compose de trois segments : le duodénum, le jéjunum, et l’liéon.

B. Le colon se compose également de plusieurs segments : le caecum puis des colons ascendant, 
transverse, descendant et sigmoïde.
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Figure 3 : Organisation de l’épithélium intestinal grêle adulte 

A. L’épithélium intestinal adulte s’organise en cryptes, invaginations dans la lamina propria 
sous-jacente, et en  villi, protrusions s’étirant dans la lumière intestinale. Image de l’épithélium 
intestinal adulte en microscopie électronique. Adapté de Barker, 2014.

B. Représentation schématique de l’organisation épithéliale cellulaire le long de l’axe crypte/villus. 
Localisées à la base des cryptes les CSI sont intercalées entre les cellules de Paneth. En se divisant 

 
C. 

B et 
C adaptés de Crosnier et al., 2006.
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Figure 4 : Ontogénèse de l’épithélium intestinal grêle de souris

A. Chronologie des différentes phases de morphogénèse ayant lieu au cours du développement de 
l’épithélium intestinal grêle chez la souris. 

du stade embryonnaire E15 au stade embryonnaire E18. Elle débute par la formation de clusters  
mésenchymateux. La phase d’émergence des cryptes se déroule durant la période post-natale                 
d’allaitement. Elle est initiée dès la naissance et se termine environ au moment du sevrage.

B. -
tuent sont indifférenciées et prolifératives. Elles sécrètent de façon paracrine les ligands Hedgehog (Shh 
et Ihh) et PdgfA (non représenté) qui sont perçus par les cellules mésenchymateuses sous-jacentes.           
A E14 l’activation de la signalisation Hedgehog (Hh) et Pdgf au sein des cellules mésenchymateuses 

points d’émergence des futurs villi. A E15.5 les premiers villi émergent et l’épithélium devient               

prolifératives au sein desquelles les cellules sont soumises à un processus de cytodifférenciation : les 
villi et (2) des zones prolifératives constituées de cellules indifféenciées : les zones inter-villositaires 
reliant chaque villus aux villi voisins. A la naissance l’épithélium intestinal est dépourvu de crypte. La 
formation de ces dernières débute dans les jours suivant la naissance et se termine environ 3 semaines 

Adapté de Walton et al. al.
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Figure 5 : Expérience de « lineage tracing » au sein de l’épithélium intestinal grêle à partir du 
modèle murin Lgr5-EGFP-CreERT2 ; Rosa26-lox-stop-lox-LacZ. 

A. Les cellules souches CBC Lgr5+ expriment le rapporteur EGFP ainsi que la CreERT2 sous la             
dépendance du promoteur Lgr5. En absence d’induction tamoxifène la CreERT2 est inactive.

B. L’activation de la CreERT2 via une injection de tamoxifène, induit au sein des cellules souches 
Lgr5+ une recombinaison Cre/Lox irréversible. Celle-ci conduit à l’expression du traceur LacZ, 
placée sous la dépendance du locus ubiquitaire Rosa26.

C. Les cellules souches multipotentes Lgr5+ génèrent l’ensemble des différents types cellulaires 
constituant l’épithélium intestinal. La recombinaison Cre/Lox irréversible initiée au sein de ces 

épithéliales exprime le gène LacZ. Le locus Lgr5 n’étant actif que dans les cellules souches CBC, les 

al.
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Figure 15: Les Récepteurs à la Nétrine-1

Représentation schématique de la Nétrine-1 et de ses différents récepteurs.
La Nétrine-1 se lie via son domaine VI (en jaune) ou V (en bleu) aux récepteurs transmembranaires 

couleur jaune et violette.
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Ainsi, 
certains patients atteints du syndrome de Down (présentant une copie surnuméraire du gène 
DSCAM liée à une trisomie 21) sont également touchés par la maladie de Hirschsprung. Cette 
maladie, résultant d’une incapacité des crêtes neurales à coloniser une partie ou la totalité du 
colon, se caractérise par une absence de plexus nerveux entériques conduisant à une 
contraction permanente des muscles digestifs.
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Figure 21 : Génération et validation du modèle murin de surexpression conditionnelle de la 
Nétrine-1 humaine (lignée Rosa26-LSL-hNTN1 ou Tg-hNétrine-1).

A. Le modèle murin de surexpression conditionnelle de la Nétrine-1 repose sur l’insertion du gène 
codant pour la Nétrine-1 humaine, précédé d’une cassette stop transcriptionnelle, dans le locus 
ubiquitaire Rosa26. Après recombinaison Cre/Lox le gène codant pour la Nétrine-1 humaine est   
exprimé sous le contrôle de l’activité promotrice endogène du locus Rosa26.

B. Le croisement de la lignée murine Tg-hNétrine-1 (Tg-hNTN1) avec la lignée EIIaCre induit une  
létalité embryonnaire aux environs du stade de développement E16.5.

C. Immunomarquage anti-Nétrine-1 sur intestin grêle au stade embryonnaire E15.5.

D.
protéique.
Au stade embryonnaire E15.5 la Nétrine-1 est surexprimée de façon ubiquitaire dans l’intestin grêle 
des individus EIIaCre+ ; Tg-hNTN1+ (C). Chez ces animaux le niveau d’expression protéique de 
Nétrine-1 est environ deux fois supérieure à la quantité de protéine endogène détectée chez les 
animaux contrôles (D).
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Figure 22 : La perte de Nétrine-1 dans l’épithélium intestinal adulte n’affecte pas le nombre 
de CSI par crypte in vivo.

A. Le modèle murin Lgr5-EGFP-IRES-CreERT2 ; Nétrine-1lox permet d’exciser de façon                   
conditionnelle et irréversible le 3ème exon du gène Nétrine-1 + 

EGFP placé sous la dépendance du promoteur Lgr5 permet de visualiser et compter les CSI Lgr5+

B. La perte d’expression de Nétrine-1 au sein des CSI a été induite par une injection                                     

C.

dans l’ensemble des CSI Lgr5-EGFP+

D.

E. +
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Figure 23 : Chez l’adulte, la perte de Nétrine-1 dans l’épithélium intestinal induit une 

 Représentation schématique du modèle murin Villin-CreERT2 ; Netrine-1lox permettant            
d’invalider de façon conditionnelle la Nétrine-1 dans l’ensemble de l’épithélium intestinal. Ce 

présence et absence de Nétrine-1.

 Procédure expérimentale de l’induction de la recombinaison Cre/Lox au sein du modèle 
Villin-CreERT2 ; Nétrine-1lox et du temps de prélèvements des intestins grêles. L’excision du 3ème 
allèle de la Nétrine-1 a été induite par 3 injections intra-péritonéales successives de tamoxifène 4 
semaines après la naissance des animaux. Les intestins ont été prélevés 8 semaines post injection.     
J : Jour.

rapporteur tdTomato au sein du modèle Villin-CreERT2 ; Rosa26-LSL-tdTomato. 5 jours            
post-injection la quasi totalité des cellules épithéliales expriment le rapporteur tdTomato. Le 
modèle de recombinase Villin-CreERT2 présente une fuite extrêmement faible en absence de 
tamoxifène et ne présente pas de mosaïsme d’expression, le rapporteur dtTomato étant observé 

Lgr5, Olfm4, Smoc2), 
Bmi1 Lys1 Ki67) et de marqueurs 

Muc2, ChgA, Alpi). La perte de 
Nétrine-1 dans l’épithélium intestinal induit une augmentation d’expression des marqueurs 
souches intestinaux tels que Lgr5 et Smoc2
Lys1.
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Figure 24 : La Nétrine-1 de l’intestin grêle adulte ne semble pas sécrétée par les cellules de 
l’épithélium intestinal mais par les cellules de la lamina propria et de la musculeuse.

A. Niveaux d’expression par RT-PCRq des gènes Lgr5 et Ntn1 au sein des fractions cryptes/villi  
après dissociation. Le niveau d’expression du gène Lgr5 dans les fractions cryptes est très largement  
supérieur à celui observé dans les fractions villi, et valide l’enrichissement de chacune des fractions 
en cryptes ou villi. Le niveau d’expression du gène Ntn1 est extrêmement faible au sein de chacune 

est néanmoins bien celui de la Ntn1.

B. L’analyse du niveau d’expression du gène Ntn1 par RT-PCRq au sein d’organoïdes intestinaux à 5 
jours de culture révèle une absence d’expression de ce gène.

C. Le gène Ntn1 est exprimé dans l’intestin grêle adulte total et est détecté par RT-PCRq à des 
niveaux largement supérieurs à ceux observés dans les fractions épithéliales cryptes/villi. Les Cp 
indiqués correspondent au niveau d’expression détecté pour une RT réalisée sur 500ng d’ARN 
totaux et des ADNc dilués 8 fois.

D. Immunomarquage anti-Nétrine-1 dans l’intestin grêle adulte. La Nétrine-1 est observée au niveau 
de la lamina propria ainsi qu’au niveau de la musculeuse.
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Figure 25 : In vivo, le gain de Nétrine-1 dans l’épithélium intestinal adulte n’affecte pas le 
nombre de CSI par crypte.

A. Représentation schématique du modèle de surexpression conditionnelle de la Nétrine-1 
humaine dans l’épithélium intestinal : Lgr5-EGFP-CreERT2 ; Tg-hNétrine-1. 

B. Représentation schématique du plan d’expérimentation. La recombinaison Cre/Lox a été induite 
par une injection intra-péritonéale unique de tamoxifène 4 semaines après la naissance des 
animaux et les intestins grêles prélevés 8 semaines après injection.

C.  hNTN1 dans les intestins grêles 
des animaux contrôles Lgr5 :CreERT2+ et des animaux Lgr5 :CreERT2+ ; Tg-hNTN1+.

D. + par crypte, chez les animaux sur-exprimant la 
Nétrine-1 dans l’épithélium intestinal et les animaux contrôles. En rouge : le marqueur épithélial 
Epcam.
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Figure 26 : Effet de la surexpression de Nétrine-1 dans l’épithélium intestinal adulte sur les 

 Représentation schématique du modèle murin Villin :CreERT2 ; Tg-hNTN1 utilisé pour surexpri-
mé la Nétrine-1 humaine dans l’épithélium intestinal. La CreERT2 inductible est exprimée et placée 

la cassette transcriptionelle LoxP-Stop-LoxP en amont du gène codant pour la Nétrine-1 est excisée 
et le transgène Nétrine-1 humaine est exprimé.

 L’expression du transgène hNTN1 a été induite par 3 injections intra-péritonéales successives de 
tamoxifène, 4 semaines après la naissance des animaux. Les intestinaux grêles ont été prélevés 8 
semaines après induction de la surexpression.

hNTN1 dans les cryptes et villi 
de l’épithélium intestinal, 8 semaines après induction de la recombinaison Cre/Lox.

D
souche intestinale (Lgr5, Olfm4 et Smoc2), la population souche réservoir +4 (Bmi1), prolifération 
(Ki67), des cellules caliciformes sécrétrices de mucus (Muc2), des cellules entéro-endocrines (ChgA) 
et des cellules absorptives (Alpi) dans le jéjunum des animaux Villin-CreERT2+ ; Tg-hNTN1+ 8 
semaines après induction. La surexpression de Nétrine-1 dans l’épithélium intestinal n’affecte pas 
les niveaux d’expression génique des marqueurs souche et de prolifération mais semble néanmoins 

Muc2 et ChgA.
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Figure 30 : La surexpression précoce de Nétrine-1 dans l’intestin embryonnaire n’induit pas 
de phénotype évident à E16. Cette surexpression abaisse néanmoins le niveau  protéique du 
récepteur Néogénine.

A. Marquages HPS. A E16 les intestins grêles d’embryons surexprimant de façon précoce et ubiqui-
taire la Nétrine-1 (EIIaCRE+ ; Tg-hNétrine-1+) ne présentent pas de phénotype évident en                    
comparaison aux contrôles.

B. Analyse par Western Blot des niveaux d’expression protéiques. A E16, la surexpression ubquitaire 
de Nétrine-1 dans l’intestin induit une diminution d’expression du récepteur Néogénine mais 
n’affecte pas celle du récepteur Unc5-B.

C. Analyse des niveaux d’expression des récepteurs Unc5-B et Néogénine par RT-PCRq. La                       
surexpression de Nétrine-1 n’altère pas les niveaux d’expression transcriptionnel des récepteurs 
Unc5-B et Néogénine.



 

 

 

  
 

 



Lignée recombinase Cre Spécificité dans l'intestin grêle Inductible au tamoxifène 
EIIa: Cre Ubiquitaire Non 

Lgr5: CreERT2 Cellules souches intestinales CBC Oui 
Villin:CreERT2 Epithélium intestinal Oui 



 
 

 

 





 

 





 

 

 





 

 



Gènes Amorces Séquences  5'  3' 

hNétrine-1 sens  AAAAGTACTGCAAGAAGGACTATGC 
antisens CCTGCTTATACACGGAGATG 

Nétrine-1 sens  CCCTTGCATCAAGATTCCTGTG 
antisens CTTCATGTTCATCTTCAGCTTGCC 

Dcc sens  AGCCAATGGGAAAATCACTGCTTA 
antisens AAGGCTGAGATCCATGATCTGATG 

Unc5-A sens  CATCACTAAGGACACGAGGTTTGC 
antisens GGCTGGTAATGATCTTTTGCCGAA 

Unc5-B sens  AACTACTGGCCAAGTACCAGGAGA 
antisens GACCTTACAGGTGAACTCCGTG 

Unc5-C sens  CAAATTGCTGGCTAAGTATCAGGAA 
antisens TTCCACTGTGTTTAGGCTGAGTCTT 

Néogénine sens  CCATCTAGCACCAGCCACAA 
antisens TTCTCAACACGCTCCCTAGC 

Lgr5 sens  CTTCACTCGGTGCAGTGCT 
antisens CAGCCAGCTACCAAATAGGTG 

Smoc2 sens  CGTGGGAATTGCAAAGATG 
antisens CCTGCTCCTGGGTATACTTCC 

Olfm4 sens  CTCCGGGAGGCACTTCTT 
antisens CTGTCCACAGACCCAGTGAA 

Bmi1 sens  CAAAACCAGACCACTCCTGAA 
antisens TCTTCTTCTCTTCACTCATTTTTGA 

Lys1 sens  GTCACACTTCCTCGCTTTCC 
antisens TGGCTTTGCTGACTGACAAG 

Ki67 sens  CCCACTTCTGGGGATCTCTT  
antisens TCGGTTCCCTGT AACTGCTC 

Alpi sens  GCCTATCTCTGTGGGGTCAA 
antisens TTTCTTGGCACGGTACATCA 

ChgA sens  AAGGTGATGAAGTGCGTCCT 
antisens GGTGTCGCAGGATAGAGAGG 

Muc2 sens  CCGACTTCAACCCAAGTGAT 
antisens GAGCAAGGGACTCTGGTCTG 

Pgk1 sens  CACCGAGCCCATAGCTCCAT 
antisens CTGCAACTTTAGCGCCTCCC 

Hprt sens  CCAGCGTCGTGATTAGCGAT 
antisens GCCACAATGTGATGGCCTCC 
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Floor-plate-derived netrin-1 is dispensable for 
commissural axon guidance
Chloé Dominici1*, Juan Antonio Moreno-Bravo1*, Sergi Roig Puiggros1,2, Quentin Rappeneau1, Nicolas Rama2, Pauline Vieugue2, 

Agnès Bernet2, Patrick Mehlen2§ & Alain Chédotal1§

Netrin-1 is an evolutionarily conserved, secreted extracellular 
matrix protein involved in axon guidance at the central nervous 
system midline1,2. Netrin-1 is expressed by cells localized at the 
central nervous system midline, such as those of the floor plate 
in vertebrate embryos1,3. Growth cone turning assays and three-
dimensional gel diffusion assays have shown that netrin-1 can attract 
commissural axons2,4–6. Loss-of-function experiments further 
demonstrated that commissural axon extension to the midline is 
severely impaired in the absence of netrin-1 (refs 3, 7–9). Together, 
these data have long supported a model in which commissural axons 
are attracted by a netrin-1 gradient diffusing from the midline. Here 
we selectively ablate netrin-1 expression in floor-plate cells using a 
Ntn1 conditional knockout mouse line. We find that hindbrain and 
spinal cord commissural axons develop normally in the absence of 
floor-plate-derived netrin-1. Furthermore, we show that netrin-1 is 
highly expressed by cells in the ventricular zone, which can release 
netrin-1 at the pial surface where it binds to commissural axons. 
Notably, Ntn1 deletion from the ventricular zone phenocopies 
commissural axon guidance defects previously described in Ntn1-
knockout mice. These results show that the classical view that 
attraction of commissural axons is mediated by a gradient of floor-
plate-derived netrin-1 is inaccurate and that netrin-1 primarily acts 
locally by promoting growth cone adhesion.

Mouse commissural neurons are diverse and comprise many 
 subtypes10. In the midbrain, hindbrain and spinal cord,  commissural 
neurons transiently express the Robo3 receptor11,12 (Fig. 1a). At 
 embryonic day 9.5 (E9.5), the first commissural neurons cross the 
floor plate13, where netrin-1 expression is the highest4,7,14. As  previously 
shown, Ntn1 mRNA is also expressed in neural progenitors of the basal 
plate ventricular zone (Figs 1b, 2 and Extended Data Figs 1 and 2). 
Netrin-1 protein is localized at the floor plate (labelled with Alcam/
BEN—a floor plate marker12) and along commissural axons (Fig. 1c  
and Extended Data Figs 1 and 2). The netrin-1 antibody used to  identify 
the protein does not cross-react with netrin-3 (Extended Data Fig. 1d).

We sought to determine whether dorsal netrin-1 is produced locally 
in the ventricular zone, or if it diffuses from the floor plate. We detected 
netrin-1 on the radial processes and basal end-feet of ventricular zone 
neural progenitors, which are bipolar cells extending from the ventricu-
lar surface to the pia (Fig. 1 and Extended Data Fig. 1). We confirmed 
the presence of netrin-1 in the ventricular zone precursors using Ntn1 
hypomorphs (Ntn1βgeo) in which netrin-1 is fused to β -galactosidase 
(β -gal) and trapped into endosomes (Fig. 1d)7. In Ntn1βgeo/+ embryos, 
netrin-1+/β -gal+ puncta are observed in the floor plate and ventricular 
zone, but not in commissural neurons. However, commissural axons 
were netrin-1-immunoreactive (due to the wild-type allele; Fig. 1d  
and Extended Data Fig. 1c). The specificity of the netrin-1 axonal 
immunolabelling is supported by its absence in Ntn1βgeo/βgeo embryos 
(Fig. 1e). A ventricular source of netrin-1 was confirmed with nestin, 

a marker of neural progenitors. At E10.5–E13, neural progenitor 
 processes extending to the pial surface co-expressed netrin-1 and  nestin 
(Fig. 1f and Extended Data Figs 1g and 4h). This suggests that in the 
dorsal hindbrain and spinal cord, netrin-1 originates from ventricular 
zone precursors rather than floor plate.

We next sought to clarify the source of netrin-1 that pioneer com-
missural axons encounter at the onset of their extension. At E9–E9.5, 
the first Robo3+ commissural growth cones extend in the marginal 
layer of the hindbrain, where netrin-1 expression is high (Fig. 1g). This 
was confirmed using a Ptf1a:creERT2;RosaTom reporter line15 (Fig. 1h).  
Ptf1a is expressed by diverse hindbrain commissural neuron 
 progenitors, including those of the inferior olivary nucleus16 (ION;  
see below). Importantly, commissural axon guidance errors were 
observed in Ntn1βgeo/βgeo hypomorphs embryos as soon as growth 
cones appeared (Fig. 1i). These results suggest that netrin-1 is released 
or transported locally by neural progenitors to the pial surface and 
guides pioneer commissural axons by promoting their initial growth 
at the central nervous system periphery in the first stages of their 
 extension. Netrin-1 accumulation on commissural axons might create 
a  permissive pathway for follower axons.

The role of floor-plate-derived Ntn1 in mouse commissural axon 
guidance in vivo is supported by the phenotypic analysis of Ntn1 
 hypomorphs7 and Ntn1-null embryos8,9. To identify the critical source 
of netrin-1 for mediating commissural axon guidance, we crossed a 
novel netrin-1 conditional mouse line (Ntn1fl/fl) to three mouse lines 
expressing Cre recombinase ubiquitously, only in the floor plate, or 
in all the neural tube except the floor plate. In homozygous Ntn1−/− 
embryos, in which netrin-1 was ubiquitously deleted, no Ntn1 mRNA 
is detectable in the hindbrain or spinal cord (Fig. 1j and not shown), 
in contrast to the residual expression observed in Ntn1βgeo/βgeo   
hypomorphs (Extended Data Fig. 2a–c). Likewise, netrin-1 immunola-
belling is abrogated in E11–E13 Ntn1−/− embryos (Fig. 1j and Extended 
Data Fig. 1h, i). Netrin-1 immunoreactivity persisted on commis-
sural axons in the absence of permeabilization, suggesting that some 
netrin-1 exists at the extracellular surface (Extended Data Fig. 1j). This 
 suggests that commissural axons and precursors could accumulate or 
internalize netrin-1, possibly in a Dcc-dependent manner as shown 
in Drosophila17. Accordingly, Dcc is not only expressed by E11 and 
E13 commissural axons, but also by neural progenitors in the hind-
brain (Fig. 1k). The specificity of the Dcc antibody was demonstrated 
by the lack of staining in Dcc-knockout embryos18 (Extended Data 
Fig. 1k). In the E13 cerebellar plate (Fig. 1l), 3 h pulse labelling with 
EdU (5- ethynyl-2′ -deoxyuridine) and immunostaining for the stem 
cell marker Sox2 confirmed that neural progenitors do express Dcc 
(Fig. 1m). Radial progenitor processes extended normally in Ntn1−/− 
embryos (Extended Data Fig. 1l).

Next, we analysed the consequences of floor-plate-specific dele-
tion of netrin-1 on commissural axon development (Figs 2 and 3). As 

1Sorbonne Universités, UPMC Paris 06, INSERM, CNRS, Institut de la Vision, 17 Rue Moreau, 75012 Paris, France. 2Apoptosis, Cancer and Development Laboratory, Equipe labellisée ‘La Ligue’, 
LabEx DEVweCAN, Centre de Recherche en Cancérologie de Lyon, INSERM U1052-CNRS UMR5286, Université de Lyon, Centre Léon Bérard, 69008 Lyon, France.
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performed previously19, we used a mouse line expressing Cre recom-
binase fused to green fluorescent protein (GFP) under the control of 
the sonic hedgehog (Shh) promoter. Crossing Shh:cre and RosaTom lines 
showed that Cre was active in the E9 floor plate, before commissural 
axons reach it (Fig. 2a, d). Neither tdTomato nor GFP were expressed in 
the ventricular zone (Fig. 2j). In Shh:cre;Ntn1fl/fl embryos, Ntn1 mRNA 
was ablated from the floor plate all along the spinal cord and hindbrain 
at E9, E10, E11 and E13 (Fig. 2b, c, e, f, k). Netrin-1 protein was also 
eliminated from the floor plate at E9 but maintained in the ventricular 

zone (Fig. 2g, h). Netrin-1 was not detected in E9 Ntn1−/− embryos 
(Fig. 2i). Therefore, in Shh:cre;Ntn1fl/fl embryos, netrin-1 ablation well 
precedes midline crossing. The absence of netrin-1 from Shh:cre;Ntn1fl/fl  
floor plate was confirmed at E10–E13 (Fig. 2k–m and Extended 
Data Fig. 2a–d). Western blot analysis of floor plate extracts con-
firmed that netrin-1 is undetectable in Ntn1−/− embryos and almost 
completely absent in Shh:cre;Ntn1fl/fl embryos compared to controls 
(Extended Data Fig. 2h, i; for gel source data see Supplementary Fig. 1). 
However, netrin-1 was still present in commissural axons, ventricular 

Figure 1 | Netrin-1 is expressed by ventricular zone neural progenitors. 
a, Robo3+ commissural axons (left) and hindbrain schematic (right). 
Dashed lines indicate section levels. BL, basal lamina; Cer., cerebellum; 
CN, commissural neurons; FP, floor plate; Hind., hindbrain; NPC, neural 
precursors; SC, spinal cord; VZ, ventricular zone. b, In wild-type mice, 
the mRNA encoding the third exon of Ntn1, floxed in the conditional 
knockout, is expressed in the ventricular zone and floor plate (n =  6).  
c, Netrin-1 protein is expressed in the floor plate and commissural axons 
(arrowheads; n =  6). d, e, In Ntn1βgeo/+ (d) and Ntn1βgeo/βgeo (e) mice, 
the Ntn1–β -gal protein is expressed in the ventricular zone and floor 
plate (n =  6 and 6). Commissural axons (arrowheads) are netrin-1+ but 
β -gal−. f, Netrin-1 is detected in nestin+ radial processes extending to 
the pia (arrowheads; n =  6). g, The first Robo3+ commissural growth 

cones (arrowheads; n =  6) extend under the pia (dotted line) in a netrin-
1-rich domain. V, ventricle. h, i, tdTomato+ inferior olivary growth 
cones (arrowheads) extend ventrally in a netrin-1-rich domain in 
Ptf1a:creERT2;RosaTom and Ntn1βgeo/+ mice (n =  6). Mice were injected with 
tamoxifen at E10. In Ntn1βgeo/βgeo mice (n =  6), axons (arrowheads) stall at 
the pial surface and some enter the ventricular zone (arrow). j, Absence 
of Ntn1 mRNA and protein (n =  6 each) in Ntn1−/− hindbrain. k, Dcc 
labels hindbrain commissural axons and radial processes (arrowheads) 
extending from the Sox2+ ventricular zone (n =  6). l, Robo3+ commissural 
axons at E13. Tel., telencephalon; Mes., mesencephalon. m, Sox2+/EdU+ 
cerebellar ventricular zone progenitors express Dcc (n =  6). Scale bars, 
500 μ m (a, l); 50 μ m (g, h right panel, m); 100 μ m (all other panels).
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Figure 2 | Floor-plate-specific deletion of Ntn1 in 
Shh:cre;Ntn1fl/fl embryos. a–f, tdTomato is expressed 
in the floor plate (arrowhead) and notochord (arrow) 
in Shh:cre;RosaTom spinal cord (a) and hindbrain (d) 
(n =  6). Robo3+ commissural axons (arrowheads 
in b, c, e and f) have not reached the midline. Ntn1 
mRNA is present in the floor plate (short arrows) in 
Shh:cre;Ntn1fl/+ but not in Shh:cre;Ntn1fl/fl mice. Ntn1 
mRNA is also found in the progenitor domain p3.  
g–i, Netrin-1 is present in the floor plate (arrow) and 
pial surface (arrowhead) in wild-type mice (g; n =  6).  
In Shh:cre;Ntn1fl/fl mice (h; n =  6), netrin-1 is absent 
from the floor plate (arrow and dotted lines) but 
present at the pial surface (arrowhead). Netrin-1  
is completely absent in Ntn1−/− mice (i; n =  6).  
j, In Shh:cre mice, GFP is present in the floor plate 
(arrowhead; n =  6) and commissural axons express 
Dcc. k, Ntn1 is absent from the floor plate but 
maintained in the ventricular zone in Shh:cre;Ntn1fl/fl  
mice (n =  6). l–n, In Shh:cre;Ntn1fl/fl mice, the floor 
plate (arrowheads in l) lacks netrin-1, but both 
commissural axons (short arrows in l) and nestin+ 
neural progenitors (n; n =  6) express it. Alcam 
expression is unchanged in the floor plate (arrowheads 
in m; n =  6). Scale bars are 100 μ m except on the higher 
magnifications of g, h and i where they are 10 μ m.
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Figure 3 | Commissural axons develop normally 
without floor-plate-derived netrin-1. Coronal 
sections and flat mounts of E12 and E13 hindbrains.  
a, In wild-type mice, Robo3+ commissural axons cross 
the floor plate (arrowheads) and Robo1 is expressed  
by axons that have crossed successfully (n =  7).  
DiI-labelled commissural axons cross the midline 
(dotted lines) and turn longitudinally (n =  5).  
b, In Ntn1βgeo/βgeo mice, midline crossing is reduced 
(arrowheads) and most DiI-labelled axons fail to cross 
(n =  3). c, Crossing is strongly reduced in Ntn1−/− 
(n =  6). Robo1 is still expressed on the few axons that 
do successfully cross (arrowheads in b and c; n =  6).  
d, Commissures look similar to controls in 
Shh:cre;Ntn1fl/fl mice (n =  6). Scale bars, 100 μ m.
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zone and neural progenitor processes (Fig. 2l–n and Extended Data  
Fig. 2f, g). To determine if the absence of floor-plate netrin-1 perturbed 
midline crossing, we visualized commissural axons in Shh:cre;Ntn1fl/fl  
embryos with immunostaining for neurofilament, Robo3, Dcc and 
Robo1. Robo3 is expressed by pre-crossing axons11, Dcc before and 
after crossing11, and Robo1 after crossing11. As previously described, the 
number of axons crossing the midline was severely reduced in the hind-
brain and spinal cord in E13 and E11 Ntn1βgeo/βgeo embryos compared 
to controls (Shh:cre;Ntn1fl/+, Ntn1βgeo/+ or wild type; Fig. 3a, b and 
Extended Data Fig. 3a, b). This was confirmed by the parallel reduction 
in Robo1 staining. As described8,9, this phenotype was exacerbated in 
Ntn1−/− embryos in which midline crossing was almost completely 
abolished (Fig. 3c and Extended Data Fig. 3c). Remarkably, midline 
crossing was not perturbed in E10–E13 Shh:cre;Ntn1fl/fl embryos in the 
hindbrain, nor at any levels of the spinal cord (Fig. 3d and Extended 
Data Fig. 3d, e and data not shown). At E12, 1,1′ -dioctadecyl-3,3,3′ , 

3′ -tetramethylindocarbocyanine (DiI) injection in ‘open book’ hind-
brains and spinal cords (that is, preparations of anatomical samples that 
have been dissected to unfold and lay flat, much like an open book) 
showed that commissural axons cross the midline and turn longitu-
dinally in wild-type and Shh:cre;Ntn1fl/fl embryos, whereas crossing is 
severely perturbed in Ntn1βgeo/βgeo and Ntn1−/− embryos (Fig. 3 and 
not shown). Therefore, floor-plate-derived netrin-1 is not required for 
commissural axon guidance to the floor plate.

To confirm this result, we crossed Ntn1fl/fl mice to lines expressing 
Cre in the hindbrain. In Foxg1:cre;Ntn1fl/fl embryos, Ntn1 mRNA is 
undetectable in the hindbrain ventricular zone, but highly expressed 
in the floor plate (Fig. 4a, b). Accordingly, netrin-1 protein is almost 
absent from commissural axons and pial surface of E11 and E13 
Foxg1:cre;Ntn1fl/fl mouse hindbrains (Fig. 4a, b and Extended Data  
Fig. 4a, b). Netrin-1 immunoreactivity in the floor plate and its vicinity 
suggests that netrin-1 does not diffuse far from it. A RosaTom reporter 
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Figure 4 | Ventricular-zone-derived netrin-1 controls commissural 
axon guidance. a, b, Ventricular-zone-derived netrin-1 is absent in 
Foxg1:cre;Ntn1fl/fl mice and expression by commissural axons is reduced 
(arrowheads) (b) compared to Foxg1:cre;Ntn1fl/+ mice (a). Netrin-1 is still 
present in the floor plate (short arrows; 5 of 5 mice for each genotype).  
c, A few commissural axons (arrowheads; n =  6) cross the midline (arrow) 
and DiI-labelled axons fail to cross (dotted line; n =  6). d, In wild-type 

Foxp2+ inferior olivary (IO) neurons have started to reach the floor plate 
(arrowhead; n =  7). Most inferior olivary neurons fail to migrate ventrally 
(arrowheads; n =  6) in Ntn1−/− and Foxg1:cre;Ntn1fl/fl mice, unlike in 
Shh:cre;Ntn1fl/fl mice (n =  7). e, Ntn1 exon 3 expression in Nes:cre;Ntn1fl/fl  
mice (n =  6). Midline crossing and inferior olivary neuron migration are 
impaired (n =  6). Scale bars, 100 μ m.
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Supplementary Information is available in the online version of the paper.
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line confirmed that Foxg1:cre drives Cre expression in most of the 
hindbrain but only a few floor-plate cells (Extended Data Fig. 4c). At 
E13, the number of hindbrain commissures are strongly reduced in 
Foxg1:cre;Ntn1fl/fl embryos, phenocopying Ntn1−/− embryos (Fig. 4c 
and Extended Data Fig. 4g and data not shown). DiI tracing of hind-
brain commissural axons confirms the absence of crossing at E13  
(Fig. 4c). Since ventricular zone netrin-1 persisted in Foxg1:cre;Ntn1fl/fl  
spinal cord, we could not determine if the ventricular zone is also the 
source of netrin-1 for spinal cord commissural axons (Extended Data 
Fig. 4d, e). We next studied the development of ION neurons, whose 
migration from the dorsal hindbrain to the floor plate is  perturbed in 
Ntn1βgeo/βgeo embryos20 (see also Fig. 1i). At E13, Foxp2+ migrating ION 
neurons have started to reach the floor plate in wild-type mice21 (Fig. 4d).  
By contrast, in Ntn1βgeo/βgeo (Extended Data Fig. 4f) and Ntn1−/− 
embryos (Fig. 4d) most ION neurons either fail to migrate ventrally or 
migrate inside the hindbrain (Figs 4d and 1i). Similar defects occurred 
in Foxg1:cre;Ntn1fl/fl embryos, but the ION neurons migrated normally 
in Shh:cre;Ntn1fl/fl embryos (Fig. 4d). The role of ventricular-zone-de-
rived netrin-1 was further investigated in E11 Nes:cre;Ntn1fl/fl  
embryos22, which lack Ntn1 mRNA in the ventricular zone but do 
express it in the floor plate (Fig. 4e). In this mutant, a severe reduction 
of midline crossing was observed (Fig. 4e) and ION neuron migration 
was abnormal (Fig. 4e).

Netrin-1 was initially proposed to be a diffusible cue, but sequence 
similarities with laminins and X-ray structural analyses have strength-
ened the view that netrin-1 is an extracellular matrix protein that 
influences cell adhesion4,23. This raised questions about the  ability 
of netrin-1 to act simply as a soluble cue. Accordingly, studies in 
Drosophila showed that the expression of a membrane-tethered 
netrin-1 in midline glia rescues midline crossing24. Likewise, in the 
Drosophila visual system, interaction between netrin and Frazzled (the 
orthologue of Dcc) promotes attachment to target cells rather than 
chemoattraction25. In the mouse, netrin-1 attachment to a substrate is 
required for commissural axon extension26. Here we show that  during 
their ipsilateral extension, commissural axons respond to netrin-1 
 produced dorsally by neural progenitors in the hindbrain and spinal 
cord and that floor-plate netrin-1 is not essential. The presence of 
netrin-1 in dorsal spinal cord extracts14 most likely reflects its local 
production by neural progenitors rather than its diffusion from the 
floor plate. We propose that netrin-1 promotes growth cone attachment 
and haptotaxis, anchoring pioneer commissural axons close to the pial 
surface (Extended Data Fig. 4h).

Our results suggest that long-range attraction by gradient of 
 chemoattractants might not be a major guidance mechanism for com-
missural axons, as previously proposed27. The role of floor plate netrin-1 
is still unclear as Shh:cre;Ntn1fl/fl mice are viable without any obvious 
behavioural defects. By contrast, Foxg1:cre;Ntn1fl/fl and Nes:cre;Ntn1fl/fl  
mutants die at birth. Yet, in the spinal cord, floor-plate- and  ventricular- 
zone-derived netrin-1 might act redundantly. In light of our results 
it will be important to consider floor-plate-independent cellular 
 mechanisms of ipsilateral guidance of commissural axons.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Mouse strains and genotyping. Ntn1βgeo(ref. 7) and Dcc (ref. 18) knockout lines 
have previously been described and genotyped by PCR. The Ntn1 conditional 
knockout was created (Genoway) by inserting two loxP sites flanking the coding 
sequences containing both the principal ATG (based on Ntn1 cDNA sequence 
NM_008744) and the cryptic ATG (based on Ntn1 cDNA: BC141294) and the 
alternative promoter described in intron 3 (ref. 28).

The targeting vector was constructed as follows: three fragments of 2.1 kb, 
3.4 kb and 4.6 kb (respectively, the 5′ , floxed and 3′  arms) were amplified by PCR 
using 129Sv/Pas ES DNA as a template and sequentially subcloned into the pCR4-
TOPO vector (Invitrogen). These fragments were used for the construction of 
the targeting vector in which a FRT-flanked neomycin cassette was inserted in 
5′  of the loxP-flanked region. The linearized construct was electroporated into 
129Sv/Pas mouse embryonic stem (ES) cells. After selection, targeted clones were 
identified by PCR using external primers and further confirmed by Southern blot 
analysis both with a neomycin and a 5′  external probe. The positive ES cell clones 
were injected into C57BL/6J blastocysts and gave rise to male chimaeras with a 
significant ES cell contribution. Breeding was established with C57BL/6 mice 
expressing the Flp-recombinase, to produce the heterozygous Ntn1 conditional 
knockout line devoid of the neomycin cassette. To generate a null allele of Ntn1, 
Ntn1fl/fl mice were crossed to Krox20:cre mice, which express Cre recombinase in 
the male and female germline after sexual maturity29. To ablate netrin-1 expression 
in the floor plate we used the Shh:cre line30 (Jackson laboratories). In this line, the 
eGFP reporter was also inserted in the Shh locus. Lastly, we crossed Ntn1fl/fl mice 
to Foxg1:cre mice31 and Nes:cre mice22 (Jackson laboratories). The Ai9 RosatdTomato 
reporter line (RosaTom; Jackson Laboratories) was used to monitor Cre expression. 
Developing inferior olivary neurons were visualized by crossing the RosaTom line 
with the Ptf1a:creERT2 line15. They were also further crossed to Ntn1βgeo mice. All 
mice are kept in C57BL/6 background. The day of the vaginal plug was counted as 
embryonic day 0.5 (E0.5). Mice were anaesthetized with intraperitoneal injection 
of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg). All animal proce-
dures were carried out in accordance to institutional guidelines and approved by 
the UPMC Charles Darwin Ethics Committee. Embryos of either sex were used.
Tamoxifen injection. Ptf1a:creERT2;RosaTom pregnant mice were  intraperitoneally 
injected at E10 with 1 mg of tamoxifen (Sigma-Aldrich, T-5648) dissolved in corn 
oil (Sigma-Aldrich, C-8267). The embryos were collected at E11.
EdU labelling. Pregnant females were injected intraperitoneally with EdU  
(1 mg per 10 g body weight) and killed three hours later.

The proliferating cells were visualized after immunohistochemistry using the 
Alexa Fluor 647 Click-iT EdU Imaging Kit (Invitrogen).
In situ hybridization. Antisense riboprobes were labelled with digoxigenin-11-
d-UTP (Roche Diagnostics) as described elsewhere12, by in vitro transcription of 
cDNA of mouse Ntn1 (ref. 7) or mouse Ntn1 exon 3.
DiI tracing. E12-E13 hindbrains fixed in 4% PFA in an open book configuration 
were injected using a glass micropipette with DiI crystals or small drops of DiI 
(Invitrogen) diluted in dimethyl sulfoxide (DMSO, Sigma-Aldrich). Samples were 
kept for 24 h at 37 °C in 4% PFA.
Immunohistochemistry. Embryos were fixed by immersion in 4% PFA in 0.12 M 
phosphate buffer, pH 7.4 (PFA) overnight at 4 °C. Samples were cryoprotected 
in a solution of 10% sucrose in 0.12 M phosphate buffer (pH 7.2), frozen in iso-
pentane at 50 °C and then cut at 20 μ m with a cryostat (Leica Microsystems). 
Immunohistochemistry was performed on cryostat sections after blocking in 
0.2% gelatin in PBS  containing 0.5% Triton-X 100 (Sigma-Aldrich). Sections 
were then incubated overnight with the  following primary antibodies: goat 
anti-human Robo3 (1:250, R&D Systems AF3076), goat anti-Dcc (1:500, Santa 
Cruz sc-6535), goat anti-Robo1 (1:500, R&D Systems AF1749), rat anti-mouse 
netrin-1 (1:500, R&D Systems MAB1109), mouse anti-nestin–Alexa488 (1:1000, 
Abcam ab197495), mouse anti-neurofilament (1:300, DSHB 2H3), goat anti-Foxp2 
(1:1000, Santa Cruz sc-21069), rabbit anti-Foxp2 (1:1000, Abcam ab16046), rabbit 
anti-Sox2 (1:500, Abcam ab97959), rabbit anti-β gal (1:500, Cappel 55976), goat 
anti-human ALCAM (1:500, R&D Systems AF656), rabbit anti-GFP (1:800, Life 
Technologies A11122), rabbit anti-DsRed (1:500, Clontech 632496) followed by 
2 h incubation in species-specific secondary antibodies directly conjugated to 
fluorophores (Cy-5, Cy-3, Alexa Fluor 647 from Jackson ImmunoResearch, or 
from Invitrogen). For netrin-1 immunostaining, an antigen retrieval treatment 
was  performed on the sections before to process them for immunochemistry. The 
sections were boiled in citrate buffer (pH 6) during 9 min. Sections were coun-
terstained with DAPI (1:1,000, Sigma-Aldrich). In the case of netrin-1 immu-
nostaining on non- permeabilized tissue, the Triton was removed from all the 

steps. Slides were scanned with a Nanozoomer (Hamamatsu) and laser scanning 
 confocal microscope (FV1000, Olympus). Brightness and contrast were adjusted 
using Adobe Photoshop.
Whole-mount labelling and 3DISCO clearing. Whole-mount  immunostaining 
and 3DISCO optical clearing procedure has been described previously32.  
3D imaging was performed with an ultramicroscope using Inspector Pro software 
(LaVision BioTec).
Western blotting. HEK-293T cells (from ATCC, not authenticated, tested 
for mycoplasma contamination with a negative result) were transfected with 
pCDNA3, pCDNA3-human NTN3, pCDNA3-human NTN1 or pCDNA3-mouse 
Ntn1  plasmids using Fugene HD transfection reagent (Promega) according 
to the  manufacturer’s instructions. Cells were harvested and lysed 36 h after 
 transfection. Cells were lysed using RIPA buffer (150 mM NaCl, 50 mM Tris  
pH 8.0, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, complete protease 
 inhibitor cocktail (Roche Diagnostics)) and incubated for 1 h at 4 °C. Floor 
plates were micro- dissected from hindbrains and spinal cords from Ntn1fl/
fl, Shh:cre;Ntn1fl/fl and Ntn1−/− E11 embryos. Floor plates were lysed in RIPA 
buffer and incubated for 20 min at 4 °C. Protein content was determined by 
a BCA assay. 25 μ g of total  protein was loaded on a 10% Mini Protean TGX 
precast gel (Biorad) and blotted onto a nitrocellulose membrane (Biorad). 
Membranes were blocked with 5% dried milk and 3% of BSA in TBS-0.1% 
Tween (TBS-T) for 1 h at room temperature and incubated for 90 min at room 
temperature with primary antibodies: anti- actin (Sigma-Aldrich, A5060, 
 rabbit polyclonal, 1:1,500), anti-HPRT (Abcam, ab109021,  rabbit  monoclonal 
EPR5299, 1:10,000), anti-Ntn1 (R&D Systems, MAB1109, rat  monoclonal, 
1:500), anti-NTN3 (Abcam, ab185200, rabbit polyclonal, 1:1,000) and anti-Slit2 
(Abcam, ab134166, rabbit monoclonal, 1:400). After three washes in TBS-T,  
membranes were incubated with the appropriate HRP-conjugated secondary anti-
body (1:5,000, Jackson ImmunoResearch). Detection was performed using Pierce 
ECL Western Blotting Substrate (ThermoScientific).
Data quantification and statistics. All data quantification was done by an observer 
blinded to the experimental conditions. We did not perform randomization into 
groups. No statistical methods were used to predetermine sample size. Data are 
presented as mean values ±  s.e.m. Statistical significance was calculated using one-
sided unpaired tests for non-parametric tendencies (Kruskal–Wallis and Mann–
Whitney). For western blot, at least three independent cases were quantified from 
independent experiments using densitometric analysis (ImageJ) by normalizing 
phosphorylation signals to total protein levels. The control cases were normalized 
to 1 and for the mutants, data were presented as mean values ±  s.e.m. (0.1133 ±  0.05 
for Shh:cre; Ntn1fl/fl 1 for Ntn1fl/fl and 0 for Ntn1−/−). Differences were  considered 
 significant when P <  0.05. The thickness of hindbrain commissural bundles was 
 quantified for each embryo on nine coronal sections. The sections were repre-
sentative of three different hindbrain antero-posterior levels (three  sections for 
each level). To minimize the developmental variations, mutant embryos and 
littermate  controls were compared (except for Ntn1−/− embryos which were 
 compared to wild-type embryos). The ratio of the commissural axon bundle 
size was normalized to  controls. Six embryos of each genotype were  quantified, 
from at least two different litters. Data are presented as mean ±  s.e.m.: wild type: 
Dcc, 0.994 ±  0.052; Robo3, 1 ±  0.061; neurofilament, 1 ±  0.048; Ntn1βgeo/βgeo:  
Dcc, 0.416 ±  0.013; Robo3, 0.402 ±  0.007; neurofilament, 0.416 ±  0.01; Ntn1−/−: Dcc, 
0.091 ±  0.008; Robo3, 0.061 ±  0.008; neurofilament, 0.104 ±  0.007; Shh:cre;Ntn1fl/fl:  
Dcc, 1.051 ±  0.011; Robo3, 1.084 ±  0.028; neurofilament, 1.063 ±  0.019; and 
Foxg1:cre;Ntn1fl/fl: Dcc, 0.411 ±  0.053; Robo3, 0.369 ±  0.056; neurofilament, 
0.416 ±  0.050.

Differences were considered significant when P <  0.05. Statistical analyses of the 
mean and variance were performed with Prism 7 (GraphPad Software).
Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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Extended Data Figure 1 | See next page for caption.
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Extended Data Figure 1 | Netrin-1 distribution in hindbrain and spinal 
cord. Coronal cryostat sections of the hindbrain and spinal cord (brachial 
level) of E11 and E13 embryos. a, At E11, the floor plate (Alcam+ positive 
cells in green) and commissural axons are immunoreactive for netrin-1 
(n =  6). b, At E13 Ntn1 mRNA is still expressed in the floor plate (Fp) and 
ventricular zone of the basal plate (n =  6). c, In a E11 Ntn1βgeo/+ mice, 
Robo3+ commissural neurons in the dorsal hindbrain (arrowheads) are 
not immunoreactive for β gal, unlike the basal plate neuroepithelium 
(arrows; n =  6). d, Western blot analysis of HEK-293T cells overexpressing 
human NTN3, NTN1 or mouse Ntn1 proteins (n =  3). Left, the 
monoclonal anti-Ntn1 antibody (MAB1109) specifically recognizes 
netrin-1 proteins (human and mouse) and not netrin-3. Right, netrin-3 is 
specifically recognized by the polyclonal anti-NTN3 antibody (ab185200), 
unlike netrin-1. e, At E11, netrin-1 is expressed in the spinal cord by floor 
plate (arrowhead) and ventricular zone progenitors (n =  6). f, The floor 

plate (Alcam+), commissural axons, radial processes of neural  
progenitors and basal lamina are immunoreactive for netrin-1 (n =  6).  
g, At E13 (n =  7), netrin-1 is still highly expressed in nestin+ radial 
processes of neural progenitors and at the pial surface. h, i, Netrin-1 is 
absent from the hindbrain of Ntn1−/− at E13 (h) and the spinal cord at 
E11 (i) (n =  6 for each). Floor-plate cells (arrowhead) still express Alcam 
(green). j, Netrin-1 immunostaining without permeabilization at E11. 
Commissural axons are still labelled (arrowheads) including those that 
have crossed the midline (arrow). Commissural axons are also stained 
with anti-Robo3 on the left panel. V, ventricle. k, Shows the absence 
of Dcc immunoreactivity on a hindbrain section from a Dcc−/− E11 
embryo (DAPI counterstaining, n =  6). l, The radial processes of neural 
progenitors are present in Ntn1−/− embryos (n =  6). Scale bars, 100 μ m 
except in g, 50 μ m.
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Extended Data Figure 2 | Floor-plate-specific deletion of netrin-1 in 
Shh:cre;Ntn1fl/fl mutants. Coronal cryostat sections of the hindbrain 
and spinal cord of E10 and E11 embryos. a–d, In situ hybridization for 
Ntn1 on E11 spinal cord (brachial level). In Ntn1fl/fl embryos (a) Ntn1 
mRNA is highly expressed in floor plate (Fp) and ventricular zone (n =  6). 
Weak Ntn1 expression is still detected in the floor plate (arrowhead) 
of Ntn1βgeo/βgeo hypomorphs (b) (n =  5), whereas no signal is seen in 
Ntn1−/− (c) embryos (n =  6). In Shh:cre;Ntn1fl/fl embryos (d), Ntn1 mRNA 
is not expressed in the floor plate (arrowhead) but is still present in the 
ventricular zone (n =  6). e, E10 Shh:cre;Ntn1fl/fl spinal cord sections at 
brachial, thoracic and lumbar levels. At all levels, netrin-1 is found in the 
ventricular zone, with the highest levels in the p3 progenitor domain, but 
is absent from the floor plate (arrowheads, n =  6). f, g, In Ntn1fl/fl  
commissural axons, basal lamina (Pia) and floor plate (arrowhead in f) 

are immunoreactive for netrin-1 (f). By contrast, the floor plate is not 
labelled in Shh:cre;Ntn1fl/fl embryos (arrowhead in g) whereas netrin-1 
remains expressed along neural progenitor processes and basal lamina 
(pia; n =  6/6). h, Western blot with anti-Ntn1 antibody on floor plate 
extracts from Ntn1fl/fl, Shh:cre;Ntn1fl/fl and Ntn1−/− E11 embryo hindbrain 
and spinal cord (at least 3 cases for each from 3 independent experiments). 
Netrin-1 is undetectable in Ntn1−/− and reduced 90% in Shh:cre;Ntn1fl/fl  
mice. i, Western blot quantification. Wild-type values were normalized  
to 1 and mutant values were compared using a non-parametric Mann–
Whitney test. Mutant values are represented as the mean ±  s.e.m.  
(* P <  0.05; Ntn1fl/fl to Shh:cre;Ntn1fl/fl or Ntn1−/−, Mann–Whitney test 
(P =  0.0022 for both)). Scale bars, 100 μ m, except a, b, c and d higher 
magnifications, 50 μ m.
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Extended Data Figure 3 | Floor-plate-derived netrin-1 is not necessary 
for midline crossing in hindbrain and spinal cord. Coronal cryostat 
sections of the hindbrain and spinal cord (brachial level) of E10, E11 and 
E13 embryos. a–d, E11 and E13 hindbrain sections (upper and middle 
panels) and E11 spinal cord sections (lower panels). In wild-type mice (a), 
Robo3+ and Dcc+ commissural axons cross the floor plate (n =  6). Midline 
crossing is reduced in Ntn1βgeo/βgeo hypomorphs (b; arrowheads; n =  3) 

and almost absent in Ntn1−/− embryos (c; n =  6). By contrast, no midline 
crossing defects are present in Shh:cre;Ntn1fl/fl embryos (d) (n =  9).  
e, Coronal sections at three rostro-caudal levels of the spinal cord of an 
E10 Shh:cre;Ntn1fl/fl embryo labelled with anti-Robo3. Commissural axons 
cross the floor plate at all levels. The dashed lines on the left panel indicate 
the level of the sections. Brach, brachial; Hind, hindbrain; Thor, thoracic; 
Lumb, lumbar. Scale bars, 100 μ m, except e left panel, 400 μ m.
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Extended Data Figure 4 | Analysis of the Foxg1:cre;Ntn1fl/fl mice. 
Coronal cryostat sections of the hindbrain of E11 and E13 embryos and 
spinal cord (brachial level) of E11 embryos. a, b, In Foxg1:cre;Ntn1fl/+ 
embryos, as in wild type, netrin-1 is expressed in the hindbrain ventricular 
zone (arrowhead) and commissural axons (arrow). This is not the case in 
Foxg1:cre;Ntn1fl/fl mutants; however, the floor plate (Fp) is still labelled 
for netrin-1. Note that netrin-1 is present in the vicinity of the Fp (n =  6). 
c, Foxg1:cre drives Cre expression in E13 (left) and E11 (right) hindbrain 
cells (tdTomato+ cells in red) but not in the floor plate (arrowheads; 
n =  3/3). A few Alcam+ floor-plate cells are tdTomato+. d, e, Netrin-1 
distribution is similar in the spinal cord of Foxg1:cre;Ntn1fl/+ (d) and 
Foxg1:cre;Ntn1fl/fl (e) embryos (n =  5). f, In Ntn1βgeo/βgeo, Foxp2+ olivary 
neurons fail to migrate ventrally (arrowheads) and only few of them are 
able to reach to the floor plate (arrowheads; n =  6). g, Quantification of 
the size of hindbrain commissures in the different mutants compared 
to controls. Six embryos of each genotype and nine sections from each 
were quantified. Data are normalized to wild type and are represented as 

mean ±  s.e.m. (one-way Kruskal–Wallis with Mann–Whitney post-test, 
* P <  0.05; NS, not significant). Comparison between wild type and the 
different conditions for Dcc, Robo3 and neurofilament, P <  0.05, except 
the comparison between wild type and Shh:cre;Ntn1fl/fl where: Dcc, 
P =  0.0649; Robo3, P =  0.1797; neurofilament, P =  0.0649. h, Netrin-1 
guidance mechanisms of hindbrain commissural axons, past and current 
models. In the initial model, soluble netrin-1 secreted by floor plate 
(FP) forms a ventral–dorsal gradient, which attracts ventrally travelling 
commissural axon (CN) growth cones (GC). In the revised model, 
pioneer CN axons form in a superficial region containing high levels of 
netrin-1 produced by neural progenitor cells (NPCs) extending from 
the ventricular zone (VZ) to the basal lamina (BL) at the surface of the 
hindbrain. Commissural axons might also capture netrin-1 and establish 
a netrin-1-rich pathway guiding follower axons. Their ventral extension 
might be facilitated by chemorepellents produced in the dorsal hindbrain 
(indicated with a question mark). Scale bars, 100 μ m.
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