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Summary

In vertebrates, commissural axons extend ventrally toward the floor plate in the spinal
cord and hindbrain. Netrin-1, secreted by floor plate cells, was proposed to attract
commissural axons at a distance. However, recent genetic studies in mice have
shown that netrin-1 is also produced by ventricular zone (VZ) progenitors and that in
the hindbrain, it represents the main source of netrin-1 for commissural axons. Here
we show that genetically deleting netrin-1 either from the VZ or the floor plate does
not prevent midline crossing in the spinal cord although axon pathfinding and
fasciculation are perturbed. Strikingly, VZ and floor plate act synergistically as the
simultaneous ablation of netrin-1 from these two sources severely impede crossing.
These results suggest that floor plate-derived netrin-1 has distinct impact on

commissural axons in the spinal cord and the hindbrain.
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Introduction

In the central nervous system (CNS) of bilaterally symmetric animals, commissural
neurons project their axons to the contralateral side (Chédotal, 2014). In vertebrates,
most commissural axons grow ventrally and cross the midline at the level of the floor
plate in the midbrain, ventral hindbrain and spinal cord (SC). Understanding the
cellular and molecular mechanisms guiding commissural axons toward the ventral
midline has been a central question in developmental neurobiology (Chédotal, 2011,
Goodman, 1996). At the end of the XIX™ century, Ramén y Cajal proposed that floor
plate cells secrete chemoattractants for commissural axons (Ramoén y Cajal, 1892).
The first evidence supporting this hypothesis came about a century later using in vitro
explant assays (Tessier-Lavigne et al., 1988). Thus far, three floor plate-derived
chemoattractive factors were identified, netrin-1 (Kennedy et al., 1994; Serafini et al.,
1994), Sonic hedgehog (Shh)(Charron et al., 2003) and vascular endothelial growth
factor (VEGF)(Ruiz de Almodovar et al., 2011). All attract commissural axons in vitro
and induce growth cone turning, but netrin-1 also has growth-promoting activity.
Knockout mice lacking their respective receptors, Deleted in colorectal cancer (Dcc),
Brother of CDO (Boc) or Fetal liver kinase 1 (Flkl) exhibit commissural axon
guidance defects. In Boc and Flkl mutant embryos, commissural axons invade the
motor columns and defasciculate in the ventral SC; however, midline crossing
appears unaffected (Okada et al., 2006; Ruiz de Almodovar et al., 2011). By contrast,
midline crossing is strongly impaired in the SC of mice lacking Dcc (Fazeli et al.,
1997) and almost abrogated when the neogenin receptor is simultaneously
inactivated (Xu et al., 2014). This is also the case in netrin-1 null and hypomorphic
mutant mice (Bin et al., 2015; Dominici et al., 2017; Serafini et al., 1996; Yung et al.,

2015). Therefore, netrin-1 is essential for commissural axon guidance in the SC. In



the hindbrain and SC, netrin-1 is not only present in floor plate cells but also in the
ventral two thirds of the ventricular zone (VZ) (Dominici et al., 2017; Kennedy et al.,
1994, 2006; Varadarajan et al., 2017). Surprisingly, recent studies using netrin-1
conditional mice, showed that the VZ is the major source of netrin-1 for hindbrain
commissural axons, both promoting their ventral growth and preventing them from
exiting the central nervous system (Dominici et al., 2017; Moreno-Bravo et al., 2018;
Yamauchi et al., 2017; Yung et al., 2018). By contrast, no midline crossing defects
were detected in the hindbrain following netrin-1 deletion from floor plate (Dominici et
al.,, 2017). The partial deletion of netrin-1 from the SC VZ also results in axon
guidance errors, but to a much lesser extent than in the hindbrain (Varadarajan et al.,
2017). Following netrin-1 deletion from the floor plate in the SC many axons reached
the midline normally, although a detailed analysis of trajectories and crossing was not
conducted (Dominici et al., 2017; Varadarajan et al., 2017). These unexpected
results questioned the role of netrin-1 at the floor plate. Given the high expression of
netrin-1 at the midline, does it really play no role in guidance to and across the
midline? Here we report that, in fact, netrin-1 from the floor plate and from the VZ do
each individually contribute to commissural axon guidance in the SC, and that these
two netrin-1 sources act synergistically to guide commissural axons as only the
simultaneous deletion of netrin-1 from the VZ and floor plate leads to an almost
complete lack of midline crossing. These results suggest that the function of floor

plate netrin-1 might differ between the SC and the hindbrain.

Results
The ablation of netrin-1 from the VZ, using a Nestinl:cre (Nes:cre) line severely

compromises midline crossing in the hindbrain (Dominici et al., 2017; Yamauchi et



al., 2017). Similar experiments in the SC (Varadarajan et al., 2017) showed that a
partial deletion of VZ-netrin-1 is accompanied by the abnormal projection of
commissural axons into the VZ, but midline crossing still occurs. These results
suggested that the contribution of VZ-netrin-1 could differ between the hindbrain and
SC or that there was still enough VZ-netrin-1 to guide axons ventrally. To address
this question, we first compared the expression pattern of netrin-1 mRNA of wild type
and Nes:cre;Ntn1"" embryos between E9 and E11 (Figures S1A-S1C and S1E-S1G).
This showed that at E9, Ntnl levels in the VZ and floor plate appeared comparable in
control (n=5) and Nes:cre;Ntn1"f embryos (Figures S1A and S1E; n=3). However, at
E10 (n=3), Ntnl level was reduced in the ventral SC VZ in Nes:cre;Ntn1"f embryos
and by E11 (n=5), it only remained detectable in the floor plate (Figures S1B-S1C
and S1F-S1G). Accordingly, in Nes:cre;Rosa™m embryos (n=9 embryos, 3 for each
stage), tdTomato was only present in a few cells at E9, in a mosaic of VZ cells and
motor neurons at E10, but covered the entire SC (except the floor plate) at E11
(Figures S11-S1M). This shows that the slow onset of cre recombinase activity in the
SC of Nes:cre;Ntn1"" embryos only partially removed Ntnl from SC VZ at early
developmental stages, coinciding with the appearance of the first commissural
neurons (Dominici et al., 2017). We next studied the distribution of netrin-1 protein at
E11 (n=5 for each genotype) and confirmed that in wild type SC (Figure S1D), netrin-
1 was present on commissural axons, floor plate, the pial surface and processes of
VZ progenitors (Dominici et al., 2017; Varadarajan et al., 2017). In Nes:cre;Ntn1ff
embryos, netrin-1 was absent from the pial surface and VZ progenitors but still
present at the floor plate and along some commissural axons, indicating that they
probably transported it dorsally (Figure S1H). Next, to study commissural axon

pathfinding in Nes:cre;Ntn1"f mutants, we performed whole-mount labelling for



Robo3 on E11 embryos followed by 3DISCO clearing and light sheet fluorescent
microscopy (LSFM) imaging (Belle et al., 2014). In wild type, a homogenous palisade
of thin Robo3+ axonal fascicles extended dorso-ventrally to the floor plate (Figures
1A and 1B; n=6; Movie S1). By contrast, in Nes:cre;Ntn1"f E11 embryos (n=6),
Robo3+ axons form thick axonal bundles (Figures 1E and 1F and Movie S1). Most
Robo3+ axons still reached the floor plate, but unlike in wild type (Figures 1C and
1D), some grew dorsally towards the roof plate, others invaded the VZ and a few left
the CNS through the sensory roots (Figures 1G and 1H and Movie S1). Commissural
axons were more fasciculated in E11 Nes:cre;Ntn1% embryos (n=8) than in wild type
(n=14; Figures 11-1K and 1M-10). However, the thickness of the ventral commissure,
stained for Robo3, Dcc or Neurofilament was similar to wild type (Figure 11-K and
1M-O and Figure S3A-C; n=8 embryos). The area of the Robol+ staining, which is
expressed in post-crossing commissural axons, was comparable in wild type and
Nes:cre;Ntnl1¥ E11 embryos (Figures 1L and S3G, n=8 and 1P n=7). Interestingly, a
small, albeit significant fraction of Robo3+ axons invaded the motor columns (Figures
S2A, S2B and S2F, S2G and S3H, n=6). Therefore, a fraction of commissural axons
deviate to the motor columns both in Nes:cre;Ntnl1¥ and Shh:cre;Ntn1f but the
ventral commissure is only thinner in Shh:cre;Ntn1"f embryos, suggesting that in
Shh:cre;Ntn17 either axonal growth is slower or that the trajectory followed by
commissural axons to the midline is longer than in Nes:cre;Ntn1"f embryos. This also
shows that at E11, the partial reduction of Ntnl expression in the SC VZ, increases
commissural axon fasciculation, at least dorsally, but only appears to have a limited
effect on their ventral extension.

Many Robo3+ commissural axons cross the midline of Shh:cre;Ntn1"f embryos,

which lack netrin-1 at the floor plate (Figures S1IN-S1P, n=5 for each stage), but their



trajectories have not been examined in detail. LSFM 3D imaging of E11
Shh:cre;Ntn17 spinal cords showed that Robo3+ axons form thin dorso-ventral
fascicles as in control embryos (Figure 1Q and Movie S1, n=7) but their organization
differs at the midline (Figure 1R, n=7). Unlike in wild type, Robo3+ axons deviated
from a straight dorso-ventral path upon reaching the floor plate and gaps devoid of
Robo3+ axons were present within the floor plate (Figure 1R and Movie S1). The
more vertical trajectory of commissural axons resulted in the overall appearance of
the precrossing axons having a U shape (Figures 1U and 1V, n=8) rather than the V
shape seen in wild type (Figure 11-1J). The thickness of the ventral commissure was
reduced compared to wild type embryos (Figures 1U-1W and Figure S3A-C).
However, the area covered by Robol+ postcrossing axons was not significantly
different from controls and there was no accumulation of Robol+ axons within the
floor plate unlike in other midline mutants (Figure 1X and Figure S3G, n=7)(Long et
al., 2004). There was a significant invasion of the motor column by Robo3+ axons
(Figure S2K and S2L and Figure S3H). In wild type embryos, double immunostaining
for Robo3 and netrin-1 showed that netrin-1 protein was present at the floor plate, in
VZ progenitor processes extending to the pial surface and on commissural axons
(Figures 1Y and 1Y’). In Shh:cre;Ntn1"f embryos netrin-1 was ablated from the floor
plate but was still very highly expressed in the adjacent region where Robo3+ axons
seemed to accumulate (Figures 1Z and 1Z’). Its distribution at the pial surface and
VZ appeared unchanged and it was also present along commissural axons indicating
that they might also transport netrin-1 anterogradely (Figure S1Q, n=5). These data
show that many commissural axons still reach the ventral midline in absence of floor
plate-derived netrin-1 but that their growth in the ventral SC and across the floor plate

might be affected.



Next, we studied E13 embryos as new SC commissural neurons are produced until
at least until E14 (Comer et al., 2015)(Movie S2). In wild type SC, LSFM imaging
showed that Robo3+ axons still formed a well-organized palisade and that Robo3
axon trajectories were straight as they cross the ventral midline (Figures 2A and 2B
n=5). The roof plate of the SC did not contain Robo3+ axons (Figures 2C and 2D,
n=5). Interestingly, at this stage, Robo3 axons grew ventrally at various depths within
the SC and many passed through the motor column (Figures 2E and 2F, n=10),
indicating that the avoidance of motor neurons by commissural axons is only a
transient feature. In whole-mounts of E13 Nes:cre;Ntn1f SCs, Robo3+ axon
trajectories appeared more disorganized, and dorsally, many longitudinal axons were
observed together with axons crossing the dorsal midline (Figures 2I-2L, n=6). At this
stage, the thickness of the ventral commissure was significantly reduced in
Nes:cre;Ntnl1f embryos compared to wild type, but only as assessed using Dcc, not
Robo3, as a marker (Figures 2E-2H and 2M-2P and Figure S3D-F, n=7). This could
either mean that distinct populations of commissural axons are differentially affected
by the lack of VZ-derived netrin-1 or could be explained by the distinct expression
time-course of Dcc and Robo3, the latter being downregulated just after crossing. As
described before in the hindbrain (Moreno-Bravo et al., 2018), a few Robo3+ axons
also exited the CNS through the dorsal root ganglia (Movie S2). In Shh:cre;Ntn1f
E13 SC, all Robo3 axons extended to the ventral midline as in wild type, but as at
E11, their path within the floor plate appeared to be perturbed and distorted (Figures
2Q, 2R and 2T and Movie S2,n=6). The thickness of the ventral commissure was not
significantly reduced compared to wild type (Figures 2U-2X and Figure S3D-S3F,
n=8). To better visualize commissural axon crossing behavior in Shh:cre;Ntn1f/

embryos, we injected Dil in the dorsal SC and imaged “open-book” preparations.



Individual axon trajectories (n=443 axons from 4 different wild type embryos and
n=497 axons from 4 different Shh:cre;Ntn1%f embryos) were reconstructed with
ImageJ (see Star methods and Movie S3). In control SCs, commissural axon
trajectories and their floor plate entry points were very precisely aligned with only
about 1% of axons that deviated more than 30um from their expected entry point
(Figures 3A-3D and 3H). Only 4% of the axons were found to turn on the ipsilateral
side (Figure 3D). By contrast, in the SC of Shh:cre;Ntn1"f embryos, many axons
went astray (Figures 3D-3F). Overall, there was a significant increase of axons that
either grew ipsilaterally (4% in wt vs 14% in Shh:cre;Ntn1"f embryos) or displayed
aberrant crossing (3.7% in wt vs 22% in Shh:cre;Ntn1"f embryos), while the
proportion of axons that had not yet crossed the floor plate was comparable (Figure
3D). The position of the floor plate entry point was not aligned with the precrossing
trajectory for almost 30% of the traced axons, and for 11.6% the detour exceeded
30um (Figures 3D and 3G and 3H). For these aberrant axons, the mean turning
distance where commissural axons deviated from their expected trajectory, was at
47um £ 22um from the floor plate (n=78) (Figures 3G and 3lI).

Together, these data show that commissural axons reach the floor plate in
Shh:cre;Ntn1"f embryos. However, the lack of netrin-1 at the floor plate perturbs their
approach and a significant proportion of axons abnormally grow and linger along the
floor plate before crossing it. They also show that neither the deletion of netrin-1 from
the VZ nor the floor plate is sufficient to recapitulate commissural axon midline
crossing defects described in Ntn1” null mice (Bin et al., 2015; Serafini et al., 1996;
Yung et al., 2015). Although this could be explained by the late onset of cre
recombinase expression in the VZ of Nes:cre;Ntn1f embryos, it could also suggest

that the two netrin-1 sources, the floor plate and VZ, could function redundantly in the



SC. To test this hypothesis, we generated Nes:cre;Shh:cre;Ntn1"f embryos (n=9 at
E11 and n=8 at E13). As expected, Ntn1 mRNA was reduced but still present in VZ
of the double mutant SC at E10 (Figure S1S) but was completely abrogated, as well
as netrin-1 protein, in E11 embryos (Figure S1T, U). Strikingly, 3D LSFM imaging of
whole-mount SC revealed a severe disorganization of Robo3+ commissural axons in
Nes:cre;Shh:cre;Ntn1"f embryos compare to wild type ones (Figures 4A-4C and
Movie S4) including a massive invasion of the motor columns (Figures S2P and S2Q
and Figure S3I) and of the dorsal SC (Figures S2C-S2E and S2R-S2T and S2W-
S2Y). This dorsal invasion was not observed in Shh:cre;Ntnl1"f embryos (Figure
S2M-S20).The phenotype in Nes:cre;Shh:cre;Ntn1f was highly similar to Ntn1”
mutants (Figures 4D-4F movie S4, Figure S2U, S2V and Figure S3I, n=5). However,
although in both cases a subset of Robo3+ axons exited the CNS, they primarily did
it through the dorsal root ganglia in Ntnl’ embryos or the motor nerve roots in
Nes:cre;Shh:cre;Ntn1"f embryos (Figure 4A and 4D). The reduction of the ventral
commissure and of the Robol+ post-crossing domain, appeared similar in sections of
Nes:cre;Shh:cre;Ntn1"f and Ntnl”- embryos (Figures 4G-4N and Figure S3A-S3C
and S3G, n=6 for Nes:cre;Shh:cre;Ntn1¥f, n=7 for Ntn1-/-). The same observations
were made at E13 (Figure 40-4Z, Figure S3D-S3F). Only a few axon were still able
to cross the floor plate in Nes:cre;Shh:cre;Ntn1%f and Ntnl”- embryos and most
extended towards the dorsal midline and crossed it, as if the dorsal polarity had been

reversed in both mutants (Movie S4).

Discussion

Overlapping and non-redundant function of ventricular zone and floor plate

netrin-1
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Our results show that netrin-1 from two sources, the floor plate and ventricular zone
influence commissural axon guidance in the mouse SC and have overlapping and
non-redundant functions. In Nes:cre;Ntn1"f mutants, axons are more fasciculated
and some also grew dorsally towards the roof plate. In Shh:cre;Ntn1f mutants,
which lack netrin-1 at the floor plate, commissural axons still grow ventrally and
appear to reach the floor plate, but a significant fraction wander ipsilaterally before
reaching the midline and crossing it. In both mutants, the thickness of the ventral
commissure is slightly reduced but at different ages. In Shh:cre;Ntn1% embryos, the
reduction is significant at E11 but not at E13, and single axon tracing at E13 suggest
that this apparent reduction could correspond to a delayed rather than a failure of
midline crossing. The rapid drop in netrin-1 level at the floor plate seems to block
some commissural axons on the ipsilateral side before their can finally resume
crossing. The maintenance, albeit delayed for some axons, of midline crossing, is
consistent with earlier findings which showed that floor plate crossing primarily
involves repulsive signals such as Slits, and semaphorins, expelling axons from the
midline (Chédotal, 2011; Ducuing et al., 2018). By contrast, in Nes:cre;Ntn1f
mutants, midline crossing is only reduced at E13, which could be attributed to the late
onset of cre activity in this line. Alternatively, the early and late born SC commissural
neurons could have distinct requirement for VZ- versus floor plate-netrin-1. Indeed,
some late-born commissural neurons located in the dorsal SC, project their axons

across the dorsal rather than ventral midline (Comer et al., 2015).

Strikingly, the simultaneous deletion of netrin-1 from VZ and floor plate almost

completely abrogate ventral midline crossing, supporting a synergistic contribution of

the two sources. The observation that removal of netrin-1 from floor plate
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dramatically enhances defects in ventral SC seen after its removal from VZ shows
that netrin-1 from floor plate acts within the ventral SC at a distance from the midline.
At the same time, these results show that netrin-1 from VZ alone can by itself
produce robust guidance since a majority of SC commissural axons cross the floor
plate in Shh:cre;Ntn1%! embryos. In double mutant embryos, some commissural
axons extend dorsally instead of ventrally and cross the dorsal midline, suggesting
that dorsal repellents such as BMPs are not sufficient to orient axons ventrally and
that netrin-1 might rather prevent commissural axons from wandering dorsally or
even potentially being attracted dorsally.

Interestingly, SC commissural axon defects in Nes:cre;Shh:cre;Ntn1¥! mutants do
not fully phenocopy netrin-1 null mice. Midline crossing is equally reduced, but
whereas a subset of commissural axons leaves the CNS through DRGs in Ntnl”
embryos, they primarily escape through motor nerve roots in Nes:cre;Shh:cre;Ntn1f/f
embryos. This suggests that some netrin-1, from a third source, might still be
detected by commissural axons in these mutants. This third source of netrin-1 could
be motor neurons, which express Dcc and whose axons are guided by netrin-1 in the
periphery. Netrin-1 could be transported retrogradelly along motor axons that could
then provide an alternative netrin-1 substrate for misguided commissural axons.
Accordingly, we could detect netrin-1 immunoreactivity on motor nerves in

Nes:cre;Shh:cre;Ntn1"f embryos (data not shown).

Does netrin-1 influence commissural axon fasciculation?
Our 3D analysis of guidance defects in netrin-1 conditional mutants, suggests that
netrin-1 levels might influence commissural axon fasciculation. SC commissural

axons normally grow straight and perpendicular to the floor plate but the occurrence
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of contacts and avoidance between precrossing commissural axons has been
previously described in zebrafish (Moon and Gomez, 2005). First, we found that
commissural axons form compact dorso-ventral fascicles in Nes:cre;Ntn1"f embryos,
not seen in wild type. In addition, commissural axons in Shh:cre;Ntn1"f embryos,
deviate from their expected trajectory in the floor plate vicinity suggesting that they
are less attracted by floor plate or that they might prematurely defasciculate.

Second, in Nes:cre;Ntn1?f and Shh:cre;Ntn1¥f E11 embryos, a small fraction of
commissural axons deviate from their normal trajectory to grow across the motor
columns, a phenotype much more pronounced in double conditional mutants and
netrin-1 null embryos. This could support the existence of a chemoattractive gradient
of netrin-1 diffusing from floor plate but could also be explained by a defasciculation
of commissural axons upon entering the ventral SC. Previous in vitro studies support
short-range/haptotatic growth promoting function of substrate-bound netrin-1 (Moore
et al.,, 2009). Interestingly, the recent structural analysis of the draxin/netrin/Dcc
tripartite  molecular complex, also suggests that draxin (dorsal repulsive axon
guidance protein) (Islam et al., 2009) and netrin, which bind each other (Gao et al.,

2015), might influence the fasciculation of Dcc-expressing axons (Liu et al., 2018).

Floor plate has distinct axon guidance function in hindbrain and SC

In the mouse hindbrain, the absence of netrin-1 from the VZ but not the floor plate
severely alters midline crossing (Dominici et al., 2017; Yamauchi et al., 2017). Here,
we show that this is not the case in the SC. Although the incomplete inactivation of
VZ-netrin-1 could have explained the moderate commissural axon defects in the SC
of Nes:cre;Ntn1® embryos, the major reduction of midline crossing in

Nes:cre;Shh:cre;Ntn1" double mutants rather supports a compensatory/redundant
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role of floor plate-netrin-1. This suggests that the floor plate has distinct influences on
commissural axons in the hindbrain and the SC. This hypothesis is supported by the
recent analysis of commissural neuron development in conditional knockout mice
lacking all Slits at the floor plate (Dominici et al., 2018). In these mutants, only SC
commissural axons exhibit midline crossing defects compatible with a Slit-dependent
repulsive activity of floor plate whereas they develop normally in the hindbrain. What
could explain this difference? The size and volume of the hindbrain at the time
commissural axons develop, is much larger than the SC, and nascent growth cones
would be located too far from the floor plate to be influenced by it. Finding the ventral
midline only through a netrin-1 gradient would be particularly challenging in larger
vertebrate species, such as primates and therefore, an alternative and more dorsal
netrin-1 source, the ventricular zone, might have become preponderant in the
mammalian hindbrain. Although, existing data do not allow to date phylogenetically
the appearance of VZ-netrin-1, in the Amphioxus CNS, netrin-1 seems to be
restricted to the floor plate in the SC but extends more dorsally at more rostral levels
(Shimeld, 2000). Together these data suggest that commissural axon guidance

mechanisms differ between the hindbrain and SC.
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Figure legends
Figure 1
Distinct commissural axon guidance defects following netrin-1 depletion from

ventricular zone or floor plate.
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All images are from E11 embryos and dotted lines indicate the midline. (A-H) LSFM
images of the SC of wild type (A-D) and Nes:cre;Ntn1"? embryos (E-H)
immunolabelled for Robo3. Robo3+ commissural axons are more fasciculated in
Nes:cre;Ntnl1f (arrows in E, F) mutant than in wild type (A, B) and some invade the
dorsal SC (arrowheads in G, H) and motor columns (asterisks in D, H). (I-P) Confocal
images of coronal SC sections at the brachial level. The ventral commissure (arrow)
labelled for Robo3 (I, M), Dcc (J, N) or Neurofilament (K, O) is not reduced in
Nes:cre;Ntnl1f (M-O) compared to wild type (I-K), but pre-crossing axons are more
fasciculated (arrowheads in M and N). Robol labels post-crossing axons (arrows in
L, P) and a subset of pre-crossing commissural axons (arrowheads in L, P). The floor
plate is labelled with Alcam (K, O). (Q-T) LSFM images of Shh:cre;Ntn1%¥ embryos
immunolabelled for Robo3. Robo3+ axons reach the floor plate but some follow it and
go astray during crossing (arrowheads in Q and R). They do not grow toward the
dorsal midline (S). (U-Z') Confocal images of coronal SC sections at the brachial
level. The ventral commissure labelled with Robo3 (U, Z) or Dcc (V) has an abnormal
“U” shape in Shh:cre;Ntn1 embryos. Neurofilament (W) and Robol (X) staining are
similar to wild type. In wild type (Y, Y’) netrin-1 protein is found at the floor plate, on
VZ precursors (arrowheads) and commissural axons (arrow). Shh:cre;Ntn1ff
embryos (Z, Z') lack floor plate-netrin-1 and Robo3 axons extend more laterally,
closer to the pial surface where netrin-1 is still present (arrows in Z, Z’).

Scale bars: 100 um (A, C, D, E, F, G, H, Q, S and T) and 50um (all other panels).
See also Figure S3 for quantification and Movie S1

Figure 2

Commissural axons invade the dorsal spinal cord in absence of ventricular-

zone-derived netrin-1
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All images are from E13 embryos and dotted lines indicate the midline. (A-D, I-L and
Q-T) LSFM images of SCs labelled for Robo3. (E-H, M-P and U-X) Coronal sections
at the brachial level labelled for Isletl and Robo3 (E, M, U), Robo3 (F, N, V), Dcc (G,
O, W) or Neurofilament (H, P, X). In wild type (A-H), all Robo3+ axons extend
ventrally (A-F) and some cross the Isletl+ motor columns (arrowheads in E, F). In
Nes:cre;Ntnl1¥ embryos (I-P) the ventral trajectory of Robo3+ axons is irregular
(arrowheads in 1) and they are misguided in the dorsal SC (K). The ventral
commissure (arrow N-P) is slightly reduced compared with wild type (arrow in F-H).
In Shh:cre;Ntn1 embryos (Q-X) Robo3 axons reach the floor plate but adopt a
distorted path during crossing (arrowheads in Q). The thickness of the ventral
commissure (arrows in V-X) is comparable to wild type. See also Figure S3 for
guantification and Movie S2.

Scale bars: 100 um (A, C, D, I, K, L, Q, S and T) and 50um (all other panels).

Figure 3

Abnormal midline crossing in absence of netrin-1 at the floor-plate

(A, B, E, F) Confocal images of E13 SC “open book” preparations of wild type (A, B)
and Shh:cre;Ntn1% (E, F) embryos injected dorsally with Dil. The lines delineate the
floor plate. Only a few axons illustrating the diverse crossing behaviors are colorized
(see methods). (C) Schematic representation of the various types of commissural
axon behaviors at the midline. (D) Quantification of midline crossing behaviors. The
graphs represent the frequency of axon crossing behaviors as a percentage. Results
are significant (*) for p-value < 0.05. (G) Diagram illustrating the quantification
procedure of the aberrant turning point and midline entry point. (H) Distances (um)

separating the floor plate expected entry point and the observed entry point for
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individual axons. In Shh:cre;Ntn1" (blue) a significant portion of precrossing axons
grow ipsilaterally along the floor plate before crossing it. (I) Quantification of the
commissural axon turning point distance in Shh:cre;Ntn1" embryos. See also movie
S3.

Scale bars: 30um in (A, B, E and F)

Figure 4

The simultaneous deletion of netrin-1 from the floor plate and VZ leads to
severe midline crossing defects.

(A-F and O-T) LSFM images of E11 (A-F) and E13 (O-T) SCs labelled for Robo3
where the dotted lines indicate the midline. (G-N and U-Z) Coronal sections at the
brachial level labelled for Robo3 (G, K, U’, X’), Robo3 and Isletl (U, X), Dcc (H, L, V,
Y), Robol (J, N) or Neurofilament (I, M, W, Z). In E11 Nes:cre;Shh:cre;Ntn1%f (A-C,
G-J) and Ntn1” (D-F, K-N) embryos, SC commissural axons are severely misguided
to the ventral midline (A, D) and extensively spread over the dorsal SC (arrowheads
in B, C, E, F). Arrows in (C) and (F) indicate Robo3 axons leaving the CNS via motor
nerve roots (C) or dorsal root ganglia (F). (G-N) in both mutants, the ventral
commissure is almost absent and commissural axons invade the motor column
(asterisk in C, F, G, K). (0O-Z) At E13, only a few commissural axons are able to cross
the floor plate (arrowheads in O, R, U-W and X-Z). Dorsally, Robo3+ axons
massively cross the midline in Nes:cre;Shh:cre;Ntn1"f mutants (arrowheads in P and
Q). In Ntn1”, dorsal crossing is more limited (arrowheads in S) but axons appear to
extend longitudinally (arrows in S). At this stage, only a few axons cross the ventral
commissure in mutant embryos (arrowheads in U-Z).

See also Figure S3 for quantification and Movie S4.
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Scale bars: 100 um (A, B, C, D, E, F, O, P, R, S and T) and 50um (all other panels).

STAR Methods
Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Alain Chédotal (alain.chedotal@inserm.fr).

Experimental Model and Subject Details

Generation and analysis of mutant embryos

The following mouse strains were used: Netrinl conditional knockout
(Ntn1™)(Dominici et al., 2017), Shh:cre (Harfe et al., 2004), Nestin:cre (Nes:cre)
(Tronche et al., 1999) and Ai9 RosatdTomato (Rosa™m; Jackson lab). Ntn1-/- mice we
obtained by crossing Netrin-1%1 and Krox20:cre mice which express Cre
recombinase in the male and female germline after sexual maturity (Voiculescu et al.,
2000). Genotypes were determined by PCR using tail genomic DNA. The day of
vaginal plug was counted as embryonic day 0.5 (E0.5). Embryos of either sex were
used and size. Mice were handled and housed in accordance to institutional
guidelines and approved by the Charles Darwin Ethics Committee of Sorbonne

Université.

Method Details

Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde (PFA) in 0.12 M phosphate buffer, pH
7.4 at 4°C overnight (O/N), cryoprotected in sucrose 10%, frozen in isopentane and
sectioned at 20 pum. Sections were blocked in PBS-gelatin (0,2%, PBS-GT)

containing 0,25% Triton-X 100 (Sigma-Aldrich) and incubated in the following primary
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antibodies at room temperature (RT) overnight: goat anti-human Robo3 (1:500, R&D
Systems AF3076), goat anti-Robol (1:200, R&D Systems AF1749), goat anti-Dcc
(1:500, Santa Cruz sc-6535), rabbit anti-Isletl (1:1000, Abcam AB20670) rat anti-
mouse netrin-1 (1:1000, R&D Systems MAB1109), rabbit anti-DsRed (1:1000,
Clontech 632496), mouse anti-neurofilament (1:500, DSHB 2H3), goat anti-human
ALCAM (1:500, R&D Systems AF656), rabbit anti-DsRed (1:500, Clontech 632496).
The netrinl antibody signal was increased by using an antigen retrieval method. The
sections were boiled in citrate buffer (pH6) during 5 minutes before the blocking step.
Species-specific secondary antibodies conjugated to Alexa-Fluor fluorophores from
Jackson ImmunoResearch or Invitrogen were used after the primary antibodies
incubation. The sections were counterstained with DAPI (1:1,000, Sigma-Aldrich).
The slides were scanned with a Nanozoomer (Hamamatsu) and confocal microscope

(FV1000, Olympus) and processed using ImageJ (NIH) and Adobe Photoshop CS6.

Whole-mount immunostaining and clearing procedure

Whole E11 and E13 SCs were immunostained and cleared as described (Belle et al.,
2014, 2017). Briefly, after dehydration in methanol, the SCs were bleached using 6%
hydrogen peroxide solution in 100% methanol O/N at 4°C. Samples were blocked
using PBS-GT containing 0.5% Triton X-100 (Sigma-Aldrich) O/N at RT and then
incubated for 5 days at 37°C with Robo3 antibody (1:300, R&D Systems AF3076).
This was followed by six washes of 30 min in PBSGT 0.5% at RT and incubated with

the secondary antibody O/N at 37°C.
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Image Processing

3D imaging was performed with a light-sheet fluorescence microscope
(Ultramicroscope |, LaVision BioTec) using Inspector Pro software (LaVision BioTec).

Images and 3D volume were generated using Imaris x64 software (Bitplane).

Dil tracing

E13 spinal cords were fixed in 4% PFA in an open book configuration. 1,1'-
dioctadecyl-3,3,3’,3'-tetramethylindo-carbocyanine  perchlorate (Dil, Invitrogen)
diluted in dimethyl sulfoxide (DMSO, Sigma-Aldrich) was injected into the dorsal
spinal cord using a glass micropipette. Flat-mounts were kept for 72 h at RT in 4%
PFA. The images were acquired with a confocal microscope (FV1000, Olympus)

In each confocal stack images, as many individual axons as possible were traced
using the “Simple Neurite tracer” plugin of NIH ImageJ from confocal microscope
images. Moreover, using the Imaris (Bitplane) surface tool, single axons were also

manually selected and pseudo-colored (Figures 3B and 3F).

In situ hybridization

The Ntnl exon3 specific antisense RNA probe was labelled with digoxigen-11-d-
UTP (Roche diagnostics) as described elsewhere (Marillat et al., 2002) by in vitro

transcription of cDNA encoding for the exon of interest (Dominici et al., 2017).

Quantification and Statistical analysis

Any statistical method was used to predetermine sample sizes and we did not
perform randomization into groups. An observer blinded to the experimental
conditions realized all the quantifications. All the data are represented as mean

values + SD. Statistical significance was estimated using one-sided unpaired tests for
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non-parametric tendencies (Kruskall-Wallis or Mann-Whitney) and differences were
considered significant for p-value < 0.05.

The thickness of the ventral commissure was quantified using at least 5 sections of
brachial spinal cord per embryo. To minimize the developmental variations, every
section value was normalized towards the height of the spinal cord (Figure S3A-
S3F)(Xu et al., 2014).

The area occupied by the Robol post-commissural bundle was quantified like the
ventral commissure. In this case, to minimize the developmental variations between
embryos, every section value was normalized to the total surface of the spinal cord
(Figure S3G).

Finally, the invasion of the motor column by Robo3+ axons was also quantified using
5 sections per embryo at the brachial level. In this case, the developmental variability
was reduced normalizing the values to the selected spinal cord motor surface (Figure
S3H)(Charron et al., 2003; Ruiz de Almodovar et al., 2011).

In all graphical representations, each point represents one of the 5 sections of an
embryo. To compare with control cases, the ratios of the different quantifications
were normalized to the mean of the controls. At least 5 embryos of each genotype
and from 3 different litters were quantified.

The axonal trajectories in wild type and Shh:cre;Ntn1"f were quantified by tracing
axons of two independent Dil injections from 4 different cases. To determine the
proportion of the different axonal behaviors (inside, crossing, ipsilateral and aberrant
crossing) a total of 443 and 497 axons were analyzed in the two respective
genotypes (Figure 3D). To determine the distance from the expected entry point
respect to the real entry point in the floor plate we studied dorso-ventral trajectories

of 411 axon in the wild type and 447 axons in the Shh:cre;Ntn1" (Figure 3H and 3lI).
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Last, for the 78 aberrant crossing axons in the Shh:cre;Ntn1"f we determined the
turning point distance from the floor plate (Figure 3I)

Data and software availability

The data that supports the findings of this study are available from the lead author
upon reasonable request.

All statistical analyses, means and variance calculations were performed using
Microsoft Excel and Graphpad Prism7 software. See Key Resources Table for

information regarding other softwares used.

Supplemental videos

Movie S1. Related to Figure 1. 3D movie of cleared spinal cords from E11 wild type,
Nes:cre;Ntnl1¥ and Shh:cre;Ntn1 embryos illustrating the different commissural
axons defects (Robo3 immunostaining).

Movie S2. Related to Figure 2. 3D movie of cleared spinal cords from E13 wild type,
Nes:cre;Ntn1 and Shh:cre;Ntn1%! embryos illustrating the different commissural
axons defects (Robo3 immunostaining).

Movie S3 Related to Figure 3. Dil injections in open book” preparations of E13 wild
type and Shh:cre;Ntn1"f embryos illustrating the abnormal midline crossing in
absence of floor plate netrin-1.

Movie S4. Related to Figure 4. 3D movie of cleared spinal cords from E11 and E13
Nes:cre;Shh:cre;Ntn1?f and Ntnl'- embryos illustrating the severe reduction of

midline crossing and invasion of the dorsal spinal cord by Robo3+ axons.

27






’ E13 B c r O TE e yRE PT T OR WAy o ng

[J - -
0lo PDid

R

-

R R




Wild type
.. E13|Be~——

1887 I 1 Mnom
an g 80 - EA Shh:cre; Ntn1™
X
@©
|| %5 60 =
FP o
T 40~ ;
2NE z 2 2 s ¢
= () = [e) -
o |z |g gz 5 20
% ®) ?) D o o~
et O =
= O o3 <O dsc 0 s (T
P > A

ks 3 i e . B f 1R '.. 1T 4 .‘ » J b
H 99.02%  88.36% |

A, — B Nintm Shh:cre; Ntn1""
an) \[/ 100 1 0
N //’/ ' @ B shhcre; Ntn1 @ € o FP
\ /i 5 l e = o o000 ;
E 50 =~ .S (0] 00y, . 00° i
2 2 © 02°%
. 12T = 8 0oele © 0® |
) o 000000 1
Represented -g e o 0000000000° |
expected distance aberrant 5 3 8 50 :
entry-point| |~ — — — — > entry-point| £ Q= S ©0 & |
2 6 o O OOOO g
s ° c c ®° |
| 5 Eg “eqe®t
= g o i
: x E g oo :
Turning 0- o, ° I
i - |
point »{19 R QD O P \,19 ,\@Q 100 8 ,
dsScC Distance from the expected entry point (um) dsc




Oblique (3D

Roof plate view

W

‘-_‘__‘__‘1.
’1‘,
et ot

Floor plate view

siEZ.wgo.::m.mgo..wmz § ulUINfBID:yYSald:ss IIN.849: .910.S9N . LUIN siEZ..mgo..::m.wg.o,.hmmZ




KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-Human ROBO3 R and D Systems Cat# AF3076;
RRID:AB_2181865

Goat anti-Rat ROBO1 R and D Systems Cat# AF1749,

RRID:AB_354969

Goat anti-Human DCC (A-20) Santa Cruz Cat# sc-6535,
Biotechnology RRID:AB_2245770
Goat anti-Human Alcam R and D Systems Cat# AF656,
RRID:AB_355509
Rabbit polyclonal anti-Human Isletl Abcam Cat# ab20670;

RRID:AB_881306

Rabbit anti-DsRed

Clontech Laboratories,

Inc.

Cat# 632496,
RRID:AB_10013483

Mouse anti-Mouse Neurofilament

DSHB

Cat# 2H3,
RRID:AB_531793

Rat anti-Mouse Netrinl

R and D Systems

Cat# MAB1109,
RRID:AB 2154710)

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Critical Commercial Assays

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: Ntnl flox (conditional knockout)

Dominici et al., 2017

N/A

Mouse: Krox20:cre

Voiculescu O. et al
2000

N/A

Mouse: B6.Cg-Tg(Nes-cre)1KIn/J

Jackson Laboratories

Cat# JAX:003771,
RRID:IMSR_JAX:00
3771

Mouse: B6.Cg-Shhtm1(EGFP/cre)Cjt/J

Jackson Laboratories

Cat# JAX:005622,
RRID:IMSR_JAX:00
5622)

Mouse: B6.Cg-Gt(ROSA)26Sortm9(CAG-
tdTomato)Hze/J

Jackson Laboratories

Cat# JAX:007909,
RRID:IMSR_JAX:00
7909)




Oligonucleotides

In situ probe for Ntnl exon3: forward 5'-
ATGATGCGCGCTGTGTGG-3', reverse 5'- Dominici et al., 2017 NA
AGCTCCGAGTCGTCTTCG-3', SP6 site

Recombinant DNA

Software and Algorithms

Adobe Photoshop CS6/CC Adobe RRID:SCR_014199)

Adobe lllustrator CS5/CC Adobe RRID:SCR_010279

Graphpad Prism7 Graphpad RRID:SCR_002798
https://www.graphpa
d.com/

Inspector Pro LaVision BioTec N/A

Imaris x64 v8 Bitplane RRID:SCR_007370)

http://www.bitplane.c
om/download#imaris

NDP.view2 Hamamatsu N/A
https://www.hamama
tsu.com/eu/en/produ
ct/type/U12388-
01/index.html

Fluoview FV10-ASW Olympus RRID:SCR_014215
https://www.olympus
lifescience.com/en/s
upport/downloads/#!
dIOpen=%23detail84
7249651

ImageJ NIH RRID:SCR_003070
https://imagej.nih.go
v/ij/download.html

IMovie Apple https://support.apple.
com/downloads/imov
ie

Other
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Figure S1 (Related to Figure 1 and Figure 4)

Netrin-1 expression in VZ-specific, floor plate-specific and compound netrin-1
mutants.

(A-U) Coronal cryostat sections of the brachial spinal cord of E9, E10 and E11
embryos. (A-C, E-G, N-P and R-T) In situ hybridization for netrin-1 exon 3. (D,H,Q,U)
netrin-1 immunostaining. (A-C) In wild type, netrin-1 mRNA is found in the floor plate
(asterisk) and VZ (arrowheads) and also, at E9 and E10, in surrounding
mesenchyme (arrow in A and B). In wild type, netrin-1 is present at the pial surface
and on commissural axons (D). (E-G) In Nes:cre;Ntn1™ embryos, netrin-1 is
maintained at the floor plate (asterisk) but progressively deleted from the VZ from
E10 (arrowheads). At E11, netrin-1 is only detected on commissural axons and floor
plate (H). (I-M) are sections from Nes:cre;Rosa™” embryos illustrating the
progressive cre activation in the spinal cord VZ. Note the absence of Tomato
expression at the floor plate (asterisk) labelled with Alcam in K and L. (N-P) In
Shh:cre;Ntn1" embryos, netrin-1 mRNA is deleted from the floor plate (asterisk) but
unchanged in the VZ (arrowheads). At E11, netrin-1 protein is still detectable at the
pial surface and on commissural axons (Q). (R-T) Netrin-1 is absent in Ntn1” null

embryos (R) and in Nes:cre;Shh:cre;Ntn1™"

netrin-1 expression is almost abrogated
at E10 (arrowhead in S) and undetectable at E11 (T). Netrin-1 is absent in the spinal
cord of the compound mutant (U). The dotted line delineates the spinal cord.

Scale bars: 50 um in all panels.
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Figure S2 (Related to Figure 1, Figure 2 and Figure 4)

Dorso-ventral commissural defects displayed by the different netrin1 mutant
embryos.

Coronal cryostat sections of the brachial spinal cord at E11 and E13, labelled with
Robo3 and Islet1 (A, B, F, G, K, L, P, Q, U and V), at E11 Robo3 (C, H, M, R, W),
Dcc (D, I, N, S, X) and at E13, stained with Robo3 (E, J, O, T and Y). In wild type (A,
B) the main Robo3+ fascicles don’t cross the Islet1+ motor column (arrow in B). (C-
E) Dorsally, the commissural axons avoid the roof plate and the VZ at E11 (C, D) and
E13 (E). (F-J) In E11 Nes:cre;Ntn1"" mutants (F-1) some Robo3+ axons invade the
motor column area (F, arrow in G) and more dorsally, some of them cross the roof
plate (arrows in H) . Moreover, some Islet1+ motor neurons, exit the CNS (arrowhead
in G). At E13 Robo3+ axons massively project dorsally (arrow in J). In
Shh:cre;Ntn1™ embryos, some commissural axons are seen in the motor column (K,
arrow in L) but there is not any defect in dorsal regions neither at E11 (M, N) nor at
E13 (O). (P-Y) In Nes:cre;Shh:cre;Ntn1"" embryos (P-T) and Ntn1” (U-Y) there is
massive invasion of the motor columns (P, arrow in Q and U, arrow in V). Besides,
some Robo3+ axons leave the CNS, through the motor roots in the double mutant (P,
Q) and the DRGs in the knockout (U). Some Islet1+ motor neurons were found
migrating through the motor root (arrowhead in Q and V). Dorsally both mutants
display axons crossing the dorsal midline (arrowhead in R, T, W and Y) and invading
the ventricular zone at E11 (arrowhead in R, S, arrowhead in W and X) and E13 (T,
Y).

Scale bars: 50 ym in all panels.
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Figure S3 (Related to Figure 1, Figure 2 and Figure 4)

Quantifications of the ventral commissure thickness, post-commissural axon
area and motor column invasion.

(A-F) The graphs represent the thickness of the commissure with different markers at
E11 (A, B and C) and at E13 (D, E and F). (A) No reduction of ventral crossing is

observed with Robo3 in Nes:cre;Ntn1""

mutants compared to controls. By contrast, a
significant  reduction is found between wild type, Shh:cre;Ntn1""
Nes:cre;Shh:cre;Ntn1" and Ntn1” (-25%, -70% and -80% respectively). (B and C)
This reduction was also seen with Dcc and Neurofilament labelling (-20%, -65% and -
75%). Again, no difference was observed in Nes:cre;Ntn1"" mutants. (D, F) At E13,
the thickness of the ventral commissure labelled with Robo3 or Neurofilament was
similar between wild type and Nes:cre;Ntn1™ or Shh:cre;Ntn1"" mutants. However, it
was still strongly reduced in Nes:cre;Shh:cre;Ntn1™ and Ntn1” mutants (65% and
75% respectively). (E) Dcc labelling did not show any difference, except for

Nes:cre;:Ntn1""

mutants (15% reduction compared to wild type).

(G) Quantification of post-crossing axon surface. The graph represents the average
size of the Robo1+ area next to the floor plate. There is no significant difference of
the area occupied by post-commissural axons between wild type embryos and
Nes:cre;Ntn1"" or Shh:cre;Ntn1"" mutants. This area is strongly reduced in
Nes:cre;Shh:cre;Ntn1" and Ntn1” mutants (55% and 60% respectively), illustrating
the reduction of midline crossing.

(H, I) Quantification of the invasion of the motor columns by Robo3+ commissural
axons. The graph represents the area of the spinal cord motor column occupied by
Robo3+ axons. In Nes:cre;Ntn1" and Shh:cre;Ntn1™ embryos (H), there is a
significant increase of Robo3 axons entering the motor columns. This increase is
much higher (20 times more than in controls) in Nes:cre;Shh:cre;Ntn1"" and Ntn1”
mutants (l).

Data are represented as mean values £+ SD. Results are considered non-significant
(ns) for p-value > 0.05. Four levels of significance are represented: (*) when p-value
< 0.05, (**) when p-value < 0.01, (***) when p-value < 0.001 and (****) when p-value
< 0.0001. The dots on each graph represent the sections quantified for each
genotype. 5 different sections were taken at the brachial level from at least 5 different

embryos from 3 different litters.
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