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SUMMARY

An important model for axon pathfinding is provided
by guidance of embryonic commissural axons from
dorsal spinal cord to ventral midline floor plate
(FP). FP cells produce a chemoattractive activity,
comprised largely of netrin1 (FP-netrin1) and Sonic
hedgehog (Shh), that can attract the axons at a dis-
tance in vitro. netrin1 is also produced by ventricular
zone (VZ) progenitors along the axons’ route (VZ-
netrin1). Recent studies using region-specific netrin1
deletion suggested that FP-netrin1 is dispensable
and VZ-netrin1 sufficient for netrin guidance activity
in vivo. We show that removing FP-netrin1 actually
causes guidance defects in spinal cord consistent
with long-range action (i.e., over hundreds of micro-
meters), and double mutant analysis supports that
FP-netrin1 and Shh collaborate to attract at long
range. We further provide evidence that netrini
may guide via chemotaxis or haptotaxis. These re-
sults support the model that netrin1 signals at both
short and long range to guide commissural axons
in spinal cord.

INTRODUCTION

An important model for long-range axon pathfinding is provided
by the stereotyped guidance of spinal commissural axons from
their cell bodies in the dorsal spinal cord to FP cells at the ventral
midline. These axons initially grow near the pial surface and then
break away from the edge when they reach the developing
motor column (MC) and reorient toward the midline FP, largely

skirting the MC (Figure 1A). Two lines of evidence suggested
that this midline-directed growth over the last few hundred mi-
crometers results at least partly from action of a chemoattrac-
tant(s) secreted from FP. In vitro, FP cells both stimulate
outgrowth of commissural axons from explants (Tessier-Lavigne
et al., 1988) and attract them within explants over ~150-200 pm
(Placzek et al., 1990). In vivo, genetic deletion of FP cells (in
Gli2~'~ mice) does not affect commissural axon growth in dorsal
spinal cord (Matise et al., 1999) but results in more axons inap-
propriately entering the MC in ventral spinal cord (Charron
et al., 2003).

Subsequent studies identified netrin1 and Shh as the major
chemoattractants from FP. Netrins were purified based on their
ability to mimic the outgrowth-promoting activity of FP (Serafini
et al., 1994) and also possess the turning activity of FP (Kennedy
et al., 1994). However, in vitro analysis of FP cells from netrin1
mutant mice showed that, although netrin1 accounts for the
outgrowth-promoting activity of FP cells, an additional chemo-
attractant(s) must collaborate with netrin1 in mediating long-
range attraction (Serafini et al., 1996). A second attractant
was identified as Shh, which possesses only attractive, not
outgrowth-promoting, activity (Charron et al., 2003). In vitro,
netrin1 and Shh are redundant attractants: blockade of either
alone does not impair FP attraction, but blocking both largely
abolishes it (Charron et al., 2003; residual turning activity may
be due to vascular endothelial growth factor [VEGF]; Ruiz de
Almodovar et al., 2011). In vivo, deletion of the Shh signal trans-
ducer Smo or receptor Boc partially mimicked FP deletion, as
more axons inappropriately entered the MC (Charron et al.,
2003; Okada et al., 2006). It was expected that removal of
netrin1 from FP might also impair guidance and augment the
effect of blocking Shh.

Initial tests of netrin1 function in vivo involved analysis of germ-
line hypomorphic and null mutants, which displayed commis-
sural axon guidance defects throughout the spinal cord (Bin
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et al., 2015; Serafini et al., 1996; Yung et al., 2015) that are much
more extensive than those seen with genetic deletion of just FP
cells, reflecting that netrin1 is produced not only by FP but also
by progenitor cells in the ventricular zone (VZ) in the ventral
two thirds of the spinal cord (Kennedy et al., 1994; Serafini
et al., 1996). A role for VZ-netrin1 was established by crossing
the Gli2~/~ mice (which lack FP so only possess VZ-netrin1) to
a netrin1 mutant (to remove both FP and VZ-netrin1), which re-
sulted in more extensive misguidance than in G/i2~~ mice (Char-
ron et al., 2003; Varadarajan et al., 2017). This showed that
VZ-netrin1 contributes to guidance but did not define its precise
role and left open the role of FP-netrini.

The relative contributions of FP-netrin1 and VZ-netrin1 were
recently studied more directly by selective deletion of netrin1 in
different regions of the spinal cord. Regional deletion of VZ-
netrin1 just in dorsal spinal cord produced guidance defects
consistent with a significant role for VZ-netrin1 (Varadarajan
et al., 2017). However, that study and another (Dominici et al.,
2017) found that regional deletion of FP-netrin1 did not prevent
many spinal commissural axons from reaching the midline. A
similar approach in hindbrain again showed a major role for
VZ-netrin1 and that deletion of FP-netrin1 did not prevent

many commissural axons from reaching the midline (Dominici
et al., 2017; Yamauchi et al., 2017). In fact, detailed quantitative
analysis in hindbrain failed to reveal any defects following FP-
netrin1 deletion, suggesting that FP-netrin1 is dispensable and
VZ-netrin1 is sufficient for guidance in that region (Dominici
et al., 2017; Yamauchi et al., 2017). However, detailed analysis
of trajectories in spinal cord after FP-netrin1 deletion was not
reported.

Here, we analyze the contribution of FP-netrin1 to guidance in
spinal cord. Consistent with those reports, deletion of FP-netrin1
using two independent netrin1 conditional alleles did not prevent
many commissural axons from reaching the FP. However, in
contrast to the hindbrain, in spinal cord, we found that the
commissure size is significantly reduced. Commissural axons
also exhibit guidance defects in ventral spinal cord consistent
with FP-netrin1 acting over a distance. Similar results are
described in an independent study (Moreno-Bravo et al.,
2019). Furthermore, removal of both FP-netrin1 and the Shh re-
ceptor Boc results in additive guidance defects, supporting the
model that FP-netrin1 and Shh collaborate in long-range guid-
ance in ventral spinal cord (Charron et al., 2003). We also
demonstrate directly that substrate-bound netrin1 can promote

Figure 1. Floor-Plate-Derived Netrin1 Acts at a Distance to Guide Commissural Axons in the Ventral Spinal Cord

(A) lllustration depicting the trajectory of commissural axons (green) as they project toward the floor plate (FP) in the spinal cord of an E11.5 mouse embryo. DRG,
dorsal root ganglion; MC, motor column; VZ, ventricular zone.

(B) netrint in situ hybridization of E11.5 transverse spinal cord sections in netrin1”"’ controls and ShhCre;netrin1”"" mutants, denoted as AFP-netrin1™/".
Bottom panels show higher magnification of the FP region. The dotted line demarcates the FP-VZ boundary. D, dorsal; V, ventral; scale bar, 100 um (top) or 25 um
(bottom).

(C) E11.5 transverse spinal cord sections of netrin1"" control and 4FP-netrin1""" mouse embryos at the brachial level, stained for Robo3 (top). Higher
magnification views of the FP region stained for Robo3 (middle) and TuJ1 (bottom) are also shown. The pair of magenta arrows denotes the thickness of the
ventral commissure. Scale bar, 100 um (top) or 50 um (middle and bottom).

(D) Ratio of the ventral commissure thickness to the dorsoventral spinal cord length of E11.5 embryos, normalized to controls, measured using Robo3 (left) or Tuj1
(right). netrin1™"" controls (n = 6); 4FP-netrin1”f" mutants (n = 6). **p = 0.0015 for Robo3+ axons, paired t test. At least 4 sections were measured for each
embryo.

(E) Images of the ventral midline area of transverse spinal cord sections of E11.5 netrin control and 4FP-netrin embryos, stained for Robo3 and L1. The
distance “d” (orange arrows in top panels) from the main pre-crossing commissural axon bundle (as it arrives at the ventral edge) to the midline (dotted line) was
measured. The floor plate length “L” (orange arrows in bottom panels) was measured as the distance between the post-crossing axon marker L1 in the two
funiculi flanking the FP. Scale bar, 50 um.

(F) The main bundle to midline distance d and floor plate length L of controls and 4FP-netrin1"/" embryos were compared. For each embryo, at least 7 sections
were measured. netrin1" controls (n = 6); 4FP-netrin1™/f" mutants (n = 6). ****p < 0.0001; not significant (ns), p = 0.578.

(G) The floor-plate region of E11.5 transverse spinal cord sections of control and 4FP-netrin1? mouse embryos at the brachial spinal level, immunostained for
Robo3. Scale bar, 100 pm.

(H) Ratio of the ventral commissure thickness to the dorsoventral spinal cord length of E11.5 embryos, normalized to controls, measured using Robo3. Controls
(n = 22); AFP-netrin1?? (n = 9). ***p < 0.001.

(1) Comparison of the main commissural axon bundle to midline d of controls (n = 22) and 4FP-netrin1?/%? embryos (n = 9). ***p < 0.001.

(J) Average Robo3 fluorescence in the ventral commissure, normalized to controls. Controls (n = 7); 4FP-netrin1?2 (n = 4). ns, p = 0.93.

(K) Top: transverse spinal cord sections from E11.5 netrin1"/"" control and 4FP-netrin1"/"" embryos co-immunostained for Robo3 (green) and HB9 (red). HB9
staining (middle) was used to define the MC (red dashed lines) for quantifying the Robo3+ axons invading this region (bottom). Scale bars, 100 um (top and middle)
and 30 um (bottom).

(L) The MC area of controls (n = 3) and 4FP-netrin1”/"" embryos (n = 3) were compared. For each embryo, the areas of at least 7 sections were measured.
ns, p = 0.6083.

(M) To measure commissural axon invasion within the MC, the Robo3+ immunofluorescence intensity per unit area within the MC of controls (n = 3) and 4FP-
netrin1/"" embryos (n = 3) were normalized to controls and compared. For each embryo, the Robo3+ immunofluorescence intensity within the MC of at least
7 sections was measured. *p = 0.027.

(N) Model depicting the role of floor-plate-derived netrin1. Top: in the ventral spinal cord of control embryos, floor-plate (purple)-derived netrin1 acts at a distance
and attracts commissural axons medially toward the ventral midline, preventing them from projecting into the MC. The commissural axon trajectory is typically
“V-shaped” (green). Middle and bottom: in 4FP-netrin1”f mutants, the loss of floor plate netrin1 attraction results in (1) a reduced commissure thickness; (2)
laterally displaced commissural axon bundles (red), resulting in a characteristic “U-shape”; and (3) increased commissural axon invasion into the MC. An overlay
of the wild-type (green) and mutant (red) trajectories is shown for comparison (bottom).

For all graphs, error bars indicate SEM. All p values were derived from an unpaired t test, unless indicated otherwise.

See also Figure S1.
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commissural axon outgrowth (apparently via a signaling, rather
than an adhesive, mechanism) and that a gradient of soluble
netrin1 is sufficient to direct commissural axon turning, suggest-
ing that the long-range action of netrin1 could result from chemo-
taxis to soluble netrin and/or haptotaxis to substrate-bound
netrin.

RESULTS

FP-Netrin1 Is Required for Correct Commissural Axon
Guidance in the Ventral Spinal Cord

Like Varadarajan et al. (2017) and Dominici et al. (2017), we
sought to evaluate the role of FP-netrin1 in commissural axon
guidance by crossing a floxed netrin1 allele (netrin1”) (Brunet
et al., 2014) to a Shh-cre mouse line, which directs cre expres-
sion to FP. In Shh®®netrin1”/" embryos, netrin1 transcripts
are lost from FP cells, as assessed by in situ hybridization of
spinal cord sections from embryonic day 11.5 (E11.5) embryos
(Figure 1B), consistent with prior studies (Dominici et al., 2017;
Varadarajan et al., 2017). As in those studies, we refer to these
mice as AFP-netrin1”/". Of note, although netrin1 transcripts
are absent from FP, a high level of netrin1 transcripts is observed
immediately dorsal to FP (Figure 1B), consistent with the normal
expression of netrin1 within the VZ, which is highest just dorsal to
the FP (Charron et al., 2003; Serafini et al., 1996). This could pro-
vide a residual source of netrin1 protein to guide axons ventrally
in 4FP-netrin1 mutants.

Commissural axon trajectories were examined using an anti-
body to Robo3, which selectively labels commissural axons as
they project to and across the FP (Sabatier et al., 2004). Consis-
tent with prior studies (Dominici et al., 2017; Varadarajan et al.,
2017), commissural axons still project ventrally and many reach
the midline in 4FP-netrin1”"" embryos (Figure 1C). However,
close inspection shows defects at the midline as well as in axonal
trajectories in the ventral spinal cord.

First, the thickness of the ventral commissure shows an ~30%
reduction in mutants compared to controls (Figures 1C and 1D).
The reduced thickness is also evident using antibodies to Tuj1
(Figures 1C and 1D), which labels all axons.

Second, the angle of projection through the ventral spinal cord
is altered in AFP-netrin1" mutants. In control embryos, as
commissural axons leave the pial edge, the main bundle of axons
is oriented toward the ventral midline and intersects the ventral
funiculus near the edge of the FP, providing a V-shaped appear-
ance to the major bundles on both sides (Figures 1C and 1E). In
AFP-netrin1™" embryos, however, the main bundle projects
more laterally, causing a U-shaped appearance (Figures 1C
and 1E; see also Figures 1G, 1K, and 1N).

A quantitative measure of this alteration is provided by the dis-
tance “d” from the midline to the point of intersection of the main
axon bundle with the ventral funiculus, which shows an ~45% in-
crease in AFP-netrin1™’" embryos compared to controls (Fig-
ures 1E and 1F). In contrast to pre-crossing axons, post-crossing
commissural axons in the ventral funiculus appear to have a
normal placement with respect to the midline, as assessed
with an antibody to L1 (Figures 1E and S1A), a marker upregu-
lated by these axons after FP crossing. The distance “L” sepa-
rating the two funiculi flanking the midline FP is unaltered in
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AFP-netrin1™"" embryos compared to controls (Figures 1E and
1F). A similar result is observed using antibodies to Robo1,
another post-crossing axon marker (Figure S1B).

We repeated these experiments using a second conditional
netrin1 allele (Dominici et al., 2017), which we term netrin1™,
and observed a similar reduction in commissure thickness and
increase in d in 4FP-netrin1?2 embryos (Figures 1G-11). This
provides independent confirmation that these defects result
from removal of netrin1 from the midline FP.

We considered the possibility that the reduction in ventral
commissure thickness could result from the axons crossing the
floor plate being squeezed into a tighter bundle, with a conse-
quent increased axon density at the midline. We found that the
ventral commissure had the same average Robo3 fluorescence
intensity in 4FP-netrin1?/%? embryos compared to control em-
bryos (Figure 1J), indicating that the reduction in commissure
thickness results from fewer axons crossing the floor plate rather
than a tighter bundle.

In addition to these two phenotypes, we found that 4FP-
netrin1’" embryos have a greater number of axons invading
the MC (visualized by labeling motoneurons with an antibody
to HB9 [Figure 1K] or to Isl1/2 [Figure S1C]). In controls, some
commissural axons normally break away from the main axon
bundle and project toward the midline via the MC (Figure 1K,
bottom left). In 4FP-netrin1 "' embryos, however, more are
seen taking this route (Figure 1K, bottom right), resulting in a
doubling of Robo3+ immunofluorescence in the MC (Figure 1M),
which itself does not change size (Figure 1L). A similar increased
invasion of the MC is observed in 4FP-netrin1?/? embryos (Fig-
ures S1C-S1E).

These three changes in A4FP-netrin1 mutants—reduced
commissure thickness, lateral displacement of the main bundle,
and increased invasion of the MC —are summarized in Figure 1N.
The latter two are consistent with the model that netrin1 from FP
attracts the axons at a distance toward the midline, so that in its
absence the axons are less angled toward the FP and more
prone to invading the MC. The reduced commissure thickness
could reflect fewer axons reaching the midline and/or axons
failing to cross the midline in a timely fashion after reaching it.

FP-Netrin1 and Shh Collaborate to Guide Commissural
Axons in the Ventral Spinal Cord
Because FP-netrin1 and Shh were proposed to collaborate in at-
tracting commissural axons, we next examined how defects pre-
sent after deletion of FP-netrin1 compare to those present after
loss of Shh signaling and whether the effects are additive.
Because Shh plays a role in patterning the ventral spinal cord,
we disrupted Shh axon guidance using mice mutant in Boc,
a Shh co-receptor required for Shh-mediated commissural
axon guidance, but not spinal cord patterning (Okada et al.,
2006). We generated littermates with three mutant genotypes:
AFP-netrin1?? single mutants; Boc™’~ single mutants; and
AFP-netrin1?2; Boc™~ double mutants. Using sections and
whole-mount light sheet fluorescence microscopy, we found
that all three mutant genotypes had defects in their Robo3+
commissural axon trajectories (Figures 2A and 2B; Video S1).
We first compared the single mutants. In contrast to 4FP-
netrin1®” mutants, the commissure thickness and the midline
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to main axon bundle distance in Boc™/~ mutants were indistin-

guishable from controls (Figures 2C and 2E). However, like
AFP-netrin1™?/2 mutants, Boc ™'~ mutants showed increased in-
vasion of the MC compared to controls (Figure 2F) to an even
greater extent than in 4FP-netrin1?/? mutants.

We then compared the phenotype of the 4FP-netrin
Boc™’~ mutants to the single mutants. Like the 4FP-netrin1™/?
single mutant, the double mutant had a reduced commissure
thickness and increased midline to main axon bundle distance
(Figures 2C and 2E). The reduced commissure thickness in the
AFP-netrin1?"; Boc™~ mutants was not associated with a
change in Robo3 fluorescence intensity (Figure 2D). Moreover,
the single and double mutants did not have spinal cord
patterning defects, as assessed by immunostaining for Pax6
and HNF (Figure S2).

Notably, the reduced commissure thickness (Figure 2C) and
increased midline to main axon bundle distance (Figure 2E)
were not more severe in the FP-netrin1??: Boc™~ double
mutant than in the 4FP-netrin1?? single mutant. In contrast,
the AFP-netrin1?; Boc™~ double mutants had a significantly
greater MC invasion (Figure 2F) compared to each of the individ-
ual single mutants. In fact, the phenotype in the 4FP-netrin12/%;
Boc '~ double mutants appears to be an additive combination of
the phenotypes seen in the single mutants (Figure 2G). Together,
these results support the model that FP-derived netrin1 and Shh
collaborate to guide commissural axons in the ventral spinal
cord. Furthermore, the finding of defects in commissural
axon trajectories more than 100 um from the FP supports the
model that both netrin1 and Shh guide commissural axons at
long range.

1 f2/ f2',

Comparison to Guidance Defects in netrin1-null Animals
To provide additional context for the guidance role of FP-netrin1,
we also reexamined guidance defects in netrin7-null mutants,
which lack both FP-netrin1 and VZ-netrin1 and have multiple
abnormalities in the trajectory of Robo3+ commissural axons
(Figures 3A and S3A).

First, in the dorsal spinal cord, some axons are misrouted
dorsally to the roof plate, those projecting ventrally parallel to
the spinal cord edge are more disorganized than in wild-type
and appear to pile up at the boundary with the ventral spinal
cord, a few axons project medially into the ventricular zone,
and some axons aberrantly project out of the dorsal roots. Sec-
ond, in the ventral spinal cord, the characteristic bundles of
axons projecting to the FP are absent, the axons are instead
spread out over the region of the MC, a few axons aberrantly
exit via the ventral roots, and the ventral commissure is
almost completely absent (Figures 3A, 3B, and S3B; Videos
S2 and S83).

Comparison of null and 4FP-netrin1 embryos reveals several
points. First, the dorsal defects in the null mutant are not
apparent in A4FP-netrin1 embryos, indicating that they require
absence of VZ-netrin1. Second, the defects in the ventral spinal
cord of 4FP-netrin1 embryos are much less extensive thanin the
null embryos, indicating that VZ-netrin1 also contributes with FP-
netrin1 to ensuring proper guidance in the ventral spinal cord.

As well, although we saw a few Robo3+ axons projecting me-
diolaterally toward the ventricle in the null mutant, those projec-
tions were much less extensive than the dramatic medially
directed projections reported in netrin1 mutants when using neu-
rofilament (NF) as a marker (Varadarajan et al., 2017), which we
also see (Figures 3C and S3C-S3E). There is a particularly pro-
nounced set of projections in the dorsal spinal cord at the level
of the dorsal root entry zone (DREZ); similar extensive and dra-
matic medial projections at the level of the DREZ can be seen us-
ing TAG1, L1, TrkA, and TrkC as markers, but not Robo3 (Figures
3A, 3C, S3D, and S3E), indicating that these axons are likely sen-
sory axons that have prematurely and aberrantly entered the spi-
nal cord rather than commissural axons. In ventral spinal cord, a
few additional NF+;Robo3— axons can be seen projecting more
medially that do not appear to express the other markers (Fig-
ures 3C and S3C-S3E). They also do not appear to be aberrantly
projecting motor axons (Figure S4). The identity of those axons
remains uncertain.

Figure 2. Floor-Plate-Derived Netrin1 and Shh Collaborate to Guide Commissural Axons in the Ventral Spinal Cord
(A) E11.5 transverse spinal cord sections of control, 4FP-netrin1?2, Boc™'~, and 4FP-netrin1??; Boc™'~ mouse embryos at the brachial spinal level, immu-

nostained for Robo3. Scale bar, 100 um.

(B) Enlargements of the floor plate region and the ventral spinal cord (boxed region in A). Magenta arrows denote the thickness of the ventral commissure. The
main commissural axon bundle to midline distance d is indicated in orange. Scale bars, 100 um.
(C) Ratio of the commissure thickness to the dorsoventral spinal cord length of E11.5 embryos, normalized to controls, measured using Robo3

immunofluorescence.

(D) Normalized average Robo3 fluorescence in the ventral commissure. p = 0.5440.

(E) Measurement of the main pre-crossing commissural bundle to midline d.

(F) Measurement of the Robo3 immunofluorescence intensity per unit area within the MC. Commissural neurons were immunostained for Robo3 and motor
neurons for Isl1/2. IsI1/2 immunostaining was used to manually delineate the area of the MC (Figure S1C).

(C, E, and F) Each point represents an embryo (one section per embryo): control (n = 22 embryos); 4FP-netrin1?? (n = 9 embryos); Boc ™~ (n = 7 embryos); and
AFP-netrin1?2; Boc™~ (n = 6 embryos). Error bars indicate SEM. One-way ANOVA with Newman-Keuls multiple comparison test. *p < 0.05; **p < 0.01;
***p < 0.001.

(D) Each point represents an embryo (1-3 sections per embryo): control (n = 6 embryos); AFP-netrin1? (n = 11 embryos); Boc”’ (n=5 embryos); and 4FP-
netrin1®/2; Boc™~ (n = 10 embryos). Error bars indicate SEM. One-way ANOVA.

(G) Model depicting the role of FP-netrin1 and Shh in guiding commissural axons. In control embryos, FP-netrin1 and Shh act at a distance and attract
commissural axons medially toward the ventral midline. In 4FP-netrin1™f mutants, the loss of FP-netrin1 results in (1) a reduced commissure thickness, (2) laterally
displaced commissural axon bundles, and (3) increased commissural axon invasion into the MC. Boc ™/~ mutants have an unchanged commissure thickness and
lateral positioning of commissural bundles. However, they have (3) increased invasion of commissural axons into the MC. A4FP-netrin1”’: Boc '~ double mutants
have an additive phenotype with (1) a reduced commissure thickness, (2) laterally displaced commissural axon bundles, and (3) even greater invasion of the MC.
See also Figure S2 and Video S1.
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Figure 3. Loss of Netrin1 Causes Distinct Guidance Defects in Commissural and Sensory Axons

(A) Representative 100-um maximum intensity projections and 1.5 um (Z-step interval) single plane images of transverse spinal cord sections from E11.5
netrin1** and netrin1~/~ embryos stained for Robo3. Colored arrows highlight commissural axons projecting toward and across the roof plate (blue) and exiting
the CNS via the dorsal and ventral roots (orange) are shown, as well as wandering commissural axons (blue) and the reduced ventral commissure (magenta) are
shown. Scale bar, 100 um.

(B) Side-by-side surface projection images of cleared, whole-mount E11.5 netrin1*"* and netrin1~/~ embryos stained for Robo3 viewed dorsally and ventrally. Blue
arrows, dorsal midline, showing abnormal crossing in the mutant. Magenta arrows, ventral midline, showing reduced crossing in the mutant. Scale bar, 500 um.
(C) Transverse spinal cord sections from E11.5 netrin1*'* and netrin1~/~ littermate embryos stained for the following combinations of markers: (C1-C3) Robo3
(red), NF (green), and Hoechst (blue); (C4-C6) NF (blue) and the sensory axon markers TrkA (red) and TrkC (green); and (C7-C9) the more broadly expressed
axonal markers TAG1 (red) and NF (green) as well as Hoechst (blue). Scale bar, 100 um, 25 um for higher magnifications.

(D) Schematic summarizing the major phenotypes observed in the spinal cord of netrin1 =/~ embryos (left half, wild-type; right half, mutant), including (1) mis-
projection of commissural axons within the spinal cord (red), including commissural axons projecting toward and across the roof plate (1) and commissural axons
wandering in the ventral spinal cord (1’); (2) commissural axons exiting into the periphery via the dorsal and ventral roots (red) as well as premature CNS entry of
sensory axons (blue); and (3) a reduced ventral commissure.

See also Figures S3 and S4 and Videos S2 and S3.
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Netrin1 Directs Outgrowth and Growth Cone Turning of
Commissural Axons

Our analysis of the 4FP-netrin1 mutants indicates that netrin1
acts at a distance to guide commissural axons in vivo. Netrins
were initially purified as secreted and diffusible factors that
also bind cell surfaces avidly (Serafini et al., 1994). Thus, the
long-range action of netrin1 could result from soluble netrin1
inducing a chemotactic response or substrate-bound netrin1
inducing a haptotactic response (Kennedy et al., 1994).

To explore this, we first examined whether mouse commis-
sural axons can grow on substrate-bound netrin1 and also
examined responses to substrate-bound Shh. Culture surfaces
were preincubated with 10 ug/mL poly-D-lysine (PDL) and then
coated with netrin1 or Shh protein; after washing, explants of
dorsal spinal cord from E11.5 mouse embryos were plated on
these substrates. PDL alone did not support axon outgrowth,
whereas netrin1 did in a dose-dependent fashion (Figures 4A
and 4B). A similar dosage of Shh did not induce any outgrowth.
Together, these results indicate that netrin1, but not Shh, can
promote commissural axon outgrowth on a two-dimensional
substrate. This netrin1-induced outgrowth appears independent
of PDL-mediated adhesion, because netrin1 coating without
PDL induced similar outgrowth (data not shown) whereas PDL
coating alone did not induce outgrowth from explants across a
broad range of concentrations (1, 2, 5, 10, 20, 50, 100, and
200 pg/mL; Figures 4A and 4B; data not shown)—even though
PDL can support axon outgrowth from dissociated neurons
(see below), which do not have a choice of substrate (unlike
those in explants).

We next tested the effect of soluble netrin1 gradients on rat
commissural axons, using an in vitro axon guidance assay based
on the Dunn chamber (Figure 4C) that functions over short time-
scales (1 or 2 h) and directly measures growth cone turning (Yam
etal., 2009). In this assay, dissociated dorsal spinal cord neurons
are grown on PDL and then exposed to a chemoattractant
gradient in the chamber (Figure 4D). To minimize possible sub-
strate binding of the ligand, we used purified netrin1(VI-V)-Fc,
a construct that retains the outgrowth-promoting activity of

netrin1 (Keino-Masu et al., 1996) but binds surfaces less avidly
than netrin1 (Mirzayan, 1997; Moore et al., 2012).

In a control gradient, axons grow with no change in their trajec-
tory (Figure 4E; Video S4). In the presence of a netrin1(VI-V)-Fc or
Shh gradient, the axons reorient up the gradient (Figure 4E;
Videos S5 and S6). Quantification of the angle turned showed
that there was no net turning of axons in a control gradient,
whereas with netrin1 or Shh, there was significant turning up
the gradient (Figures 4F and 4G), consistent with previous
studies (Yam et al., 2009, 2012).

We also measured the turning latency of the axons. Because
commissural axons grow episodically, with periods where the
growth cone exhibits no net movement, we measured the time
for an axon to begin reorienting toward the gradient after the start
of axon growth. We found that the median time to begin turning
up netrin1(VI-V)-Fc gradients was 4.5 min (Figure 4H), similar to
that seen with Shh. For some axons, axon turning commenced at
the same time as axon growth. Thus, soluble gradients of both
netrin1(VI-V)-Fc and Shh can induce a rapid chemoattractive
effect to direct turning of rodent commissural axons.

Taken together, our results provide direct evidence that sub-
strate-bound netrin1, but not Shh, can stimulate outgrowth of ro-
dent spinal commissural axons, whereas soluble gradients of
either molecule can induce turning of these axons.

DISCUSSION

The guidance of spinal commissural axons to the FP has pro-
vided a valuable model for elucidating the logic and mechanisms
of axon guidance. FP cells guide commissural axons at
the midline through contact-dependent mechanisms but also
secrete an outgrowth-promoting activity, mediated by netrint,
and a turning activity, mediated by both netrin1 and Shh, that
can guide the axons over ~150-200 um in vitro. Previous in vivo
analysis supported a long-range guidance role for Shh but left
open the role of FP-netrin1, if any, in guidance at a distance.
Using regional deletion of netrin1 from FP, we reveal two
defects in 4FP-netrin1 mutants that are consistent with a

Figure 4. Differential Effects of Netrin1 and Shh on Outgrowth versus Turning of Commissural Axons

(A) E11.5 mouse dorsal spinal cord explants were cultured for 16 h in vitro on glass slides preincubated with 10 pg/mL poly-D-lysine (PDL) and coated with varying
netrin1 and Shh concentrations as indicated. Axon outgrowth was visualized by immunostaining for Tuj1. Scale bar, 100 pm.

(B) Quantification of axon outgrowth by measurement of Tuj1 fluorescence intensity, normalized to explant size. Two-way ANOVA with Sidak’s multiple com-
parison test; ***p < 0.0001. Six explants per netrin condition and 4 explants per Shh condition are shown, from 3 independent experiments.

(C and D) Top (C) and side (D) view of a Dunn chamber, from Yam et al. (2009). A gradient forms over the annular bridge by diffusion of the chemoattractant from
the outer to the inner well.

(E) Examples of growing commissural axons imaged in the Dunn chamber. All images have been rotated so that the gradient increases along the y axis. Scale
bar, 20 pm.

(F) Commissural neurons were exposed to control, netrin1(VI-V-Fc), and Shh gradients. The distribution of angles turned by the commissural axons is represented
by Rose histograms. Responses of individual neurons were clustered in 10° bins, and the number of neurons per bin is represented by the radius of each segment.
(G) The mean angle turned (+SEM) for commissural axons in control, netrin1(VI-V-Fc), and Shh gradients. One-way ANOVA with Dunnett’s multiple comparisons
test; *p < 0.05.

(H) Time for a growth cone to commence turning (after start of axon growth) in a netrin1(VI-V-Fc) or Shh gradient, for those axons which turned >20°; horizontal line
is the median. Mann-Whitney test; p = 0.7461.

(I) Netrin1 protein is enriched along the pial edge in the dorsal spinal cord and found throughout the ventral spinal cord. Netrin is produced by cells in the ventral
two thirds of the ventricular zone (VZ-netrin1), and by the FP (FP-netrin1). Netrin1 at the pial edge, which appears to derive primarily from VZ-netrin1, acts locally,
and serves to confine commissural axons to the pial edge in the dorsal spinal cord (left). When axons enter the ventral spinal cord, they leave the pial edge and
navigate around the MC to the midline. This guidance is directed by FP-netrin1 acting at a distance (middle), as well as by VZ-netrin1, which synergizes with FP-
netrin1 in guidance in this region (not shown). In addition, Shh (also secreted by the FP) acts at a distance to guide commissural axons toward the FP (right).
See also Videos S4, S5, and S6.
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long-range role of FP-netrin1: a greater invasion of the MC and
lateral displacement of the main commissural bundle. In addi-
tion, we observe thinning of the ventral commissure, which
may reflect failure of some axons to reach and/or cross the
midline in timely fashion. Identical defects were observed here
using two distinct netrin1 floxed alleles and in an independent
study (Moreno-Bravo et al., 2019). Interestingly, only the first
defect (greater invasion of the MC) was described in mice with
conditional inactivation of Smo or germline inactivation of Boc
(Charron et al., 2003; Okada et al., 2006; this study). Further-
more, the phenotypes in 4FP-netrin1; Boc double mutants are
essentially the sum of those in the single mutants.

Several conclusions can be drawn from this analysis.

First, the increased MC invasion in the mutants shows that FP-
netrin1 and Shh both act on commissural axons at long range
and supports the model (Charron et al., 2003) that both factors
attract commissural axons over the last few hundred microme-
ters through ventral spinal cord (Figure 4l). An alternative, that
loss of FP-netrin1 or Shh signaling causes some axons to defas-
ciculate from the main bundle and to wander away, seems un-
likely because loss of netrin1 increases fasciculation (Moreno-
Bravo et al., 2019) and there is no evidence that Shh affects
fasciculation. We also considered the possibility that FP-netrin1
or Shh normally mask a midline repellent activity, but this again
seems unlikely because commissural axons become responsive
to midline repellents only after midline crossing (Zou et al., 2000).

Second, the additivity of the 4FP-netrin1 and Boc ventral spi-
nal cord invasion phenotypes supports the model that netrin1
and Shh from FP collaborate in guidance (Charron et al., 2003;
Figure 4l). Interestingly, they appear fully redundant in vitro
(Charron et al., 2003), but not in vivo, where deletion of either
alone results in detectable phenotypes. The in vivo setting thus
provides a more sensitive barometer than the in vitro assay for
revealing their long-range guidance functions.

Third, the finding of two additional phenotypes in 4FP-netrin1
mutants compared to Boc mutants points to differences in the
functions of netrin1 and Shh. What underlies these differences?
One contributing factor could be that, whereas both netrin1 and
Shh possess turning activity, only netrin1, not Shh, possesses
outgrowth-promoting activity (Charron et al., 2003; this study). If
the outgrowth-promoting activity helps make the midline environ-
ment permissive for growth, this could explain why, in absence of
FP-netrin1, but not Shh, the commissure is reduced and main
bundle displaced. The observation that the reduction in commis-
sure thickness is transient, along with single axon tracing studies,
suggest “stalling” of the axons as they approach the midline (Mor-
eno-Bravo et al., 2019), which could reflect loss of a permissive
action of FP-netrin1. A transient reduction in commissure thick-
ness could also result, at least partly, from a delay in commissural
axons reaching the midline when FP-netrin1 is absent, due to the
slightly longer distance (~25 um; Figure 1) to the midline caused
by the U-shaped (compared to the V-shaped) trajectory.

Fourth, even in absence of both FP-netrin1 and Shh, many
axons still reach the midline, indicating the operation of other
collaborating guidance cues. Candidates include FP-derived
VEGF, which is also attractive (Ruiz de Almodovar et al., 2011);
the repellent NELL2, which may help guide the axons away
from the MC (Jaworski et al., 2015); and VZ-netrin1 (see below).
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Why have more than one FP-derived chemoattractant? We
found that Shh and FP-netrin1 have additive, not redundant, ef-
fects on guidance in vivo. Thus, having two chemoattractants
increases the fidelity of guidance; having a third, VEGF, may pro-
vide even greater fidelity.

Comparison with Prior Studies: A Difference between
Spinal Cord and Hindbrain?

As mentioned, recent studies reported that many axons still
reach the midline in spinal cord of 4FP-netrin1 mutants (Dominici
et al., 2017; Varadarajan et al., 2017) but did not examine trajec-
tories in detail in ventral spinal cord. The phenotypes we report
(MC invasion, lateral bundle displacement, and commissure
thinning) are robust, because we saw them with two different
netrin1 alleles and they were also seen by Moreno-Bravo et al.
(2019); in fact, bundle displacement and commissure thinning
can also be discerned in the micrographs of Varadarajan et al.
(2017) (e.g., compare Figures 1R and 1Z). Further support for
FP-netrin1 acting at a distance was provided by Moreno-Bravo
et al. (2019), who, using single-axon tracing, showed errors on
average 50 um (and some 100 um) away from FP in 4FP-netrin1
mutants and who observed that removing both VZ-netrin1 and
FP-netrin1 has a synergistic effect in increasing MC invasion
far from the midline. Collectively, these data support the pro-
posed role of FP-netrin1 in long-range guidance.

In hindbrain, in contrast, extensive quantitative analysis of
commissural axon trajectories in 4AFP-netrin1 mutants failed to
reveal obvious defects (Dominici et al., 2017; Yamauchi et al.,
2017). Whether defects will result from also blocking Shh
signaling remains to be determined, but the failure to detect de-
fects in 4FP-netrin1 mutants in hindbrain contrasts with the ob-
servations in spinal cord.

What accounts for the apparent difference between hindbrain
and spinal cord? The challenges facing commissural axons in
these two regions are different. In spinal cord, after growing
near the pial edge, the axons break away and dive toward the
midline, largely avoiding the MC —perhaps because of the risk
of exiting the spinal cord along with motor axons. The geometry
of the hindbrain is different, however, as commissural axons
grow near the pial edge over very long distances (millimeters)
to the midline and do not break away as there is no MC to skirt,
so itis less clear what contribution a chemoattractant acting over
a few hundred micrometers would make to guidance.

These considerations suggest that long-range diffusible at-
tractants, which appear to have a maximal range of ~150-
250 pm when secreted from a single point, may be most useful
when reorientation of axons is required within that distance of
their target and when the geometry is appropriate—as is the
case in spinal cord, but not hindbrain. In short, differences in
the strategies needed for guidance may dictate when long-range
attractants are useful to deploy and explain the difference be-
tween spinal cord and hindbrain.

Importance of VZ-Netrin1 and Role of Netrin1 in
Guidance

Our results further support the importance of VZ-netrin1 in
commissural axon guidance. Ever since the isolation of netrins
(Serafini et al., 1994), it has been known that netrin transcripts



are present not just in FP (netrin1) but also in the ventral two-
thirds of the spinal cord (a role played by netrin2 in chick [Ken-
nedy et al., 1994] and netrin1 itself in mouse [Serafini et al.,
1996]). It was proposed that FP-netrin1 serves “primarily to
direct the last leg of commissural axon trajectories,” with VZ-
netrin1 contributing more extensively in other regions (Serafini
et al., 1996). Involvement of VZ-netrin1 was supported by anal-
ysis of Gli2~/~;netrin1~'~ mice (Charron et al., 2003; Varadarajan
et al., 2017) and evaluated more directly in regional deletion
studies (Dominici et al., 2017; Varadarajan et al., 2017; Mor-
eno-Bravo et al., 2019), which showed that removing VZ-netrin1
affects guidance in both dorsal and ventral spinal cord and syn-
ergizes with removal of FP-netrin1 in causing invasion of the MC.
Our results fit with those studies, as we observe that defects in
AFP-netrin1 mutants are much more restricted than in germline
netrin1 mutants, which lack both FP-netrin1 and VZ-netrin1. Of
note, the high, graded level of netrin1 transcripts in VZ just dorsal
to the FP in 4FP-netrin1 mutants (Figure 1B) could provide a
source of netrin1 protein that helps steer axons to the midline.

We also re-evaluated the trajectory of netrin7-null mutants
through analysis of single optical sections and maximal projec-
tion of multiple sections, using the Robo3 marker at a resolution
permitting visualization of individual axons (Figure 3). This anal-
ysis confirmed many phenotypes described previously (Bin
et al., 2015; Laumonnerie et al., 2014; Serafini et al., 1996; Vara-
darajan et al., 2017; Varadarajan and Butler, 2017; Yung et al.,
2015) but also underscored features that bear on the mechanism
of guidance by netrin1. First, in ventral spinal cord, the axons
cover much of the MC and do not show strong directionality to-
ward the midline, consistent with netrin1 providing a directional
cue. Second, in dorsal spinal cord, some axons project aber-
rantly toward the dorsal midline and the others are less well
confined to the vicinity of the pial surface, fitting with the model
that a corridor of netrin1 protein near the subpial surface (Ken-
nedy et al., 2006; Varadarajan et al., 2017; Varadarajan and But-
ler, 2017) helps to confine and guide the axons in that region.
Third, although a significant number of NF+ axons enter the VZ
in the netrin1 mutant (Varadarajan et al., 2017; Varadarajan and
Butler, 2017), most are sensory and other axons (Masuda
et al., 2008; Watanabe et al., 2006; this study) and invasion of
the VZ by commissural axons is not a dominant phenotype.

Collectively, this analysis supports the model that netrin1 pro-
tein, enriched along the pial edge in dorsal spinal cord and found
throughout ventral spinal cord (Kennedy et al., 2006; Varadarajan
et al., 2017; Varadarajan and Butler, 2017), serves both to
confine and to guide the axons—the latter perhaps by virtue of
its graded distribution (Kennedy et al., 2006; Figure 4l).

Long- and Short-Range Actions, Chemotaxis, and
Haptotaxis

Because FP cells can guide at a distance in vitro, initial studies of
netrin1 focused on its potential long-range actions (Kennedy
et al., 1994). However, netrins were purified as heparin-binding
factors that partition between the soluble and the cell surface/
extracellular matrix (ECM) fractions (Serafini et al., 1994). This
raised the question “whether commissural axons detect the ne-
trins in solution (a chemotactic response) or bound to cells or the
ECM (a haptotactic response),” and raised the possibilities that

their “range of diffusion ... may be limited in the embryo” by sub-
strate binding and that they may also have “contact-dependent
guidance functions” (Kennedy et al., 1994). A short-range guid-
ance function was demonstrated soon thereafter for retinal
axons at the optic disc, where netrin1 protein remains localized
to cells that produce it (Deiner et al., 1997), and later described
in Drosophila as well (Akin and Zipursky, 2016; Brankatschk
and Dickson, 2006; Timofeev et al., 2012).

In the spinal cord, netrin1 protein is enriched along the subpial
edge in dorsal spinal cord and along the path of the axons in
ventral spinal cord (Kennedy et al., 2006; MaclLennan et al.,
1997; Varadarajan et al., 2017; Varadarajan and Butler, 2017).
Two lines of evidence suggest that VZ-netrin does not travel
far (if at all) from its sites of production: in St. 17 chick embryos,
where netrin2 accounts for all VZ-netrin (Kennedy et al., 1994,
2006; Wang et al., 1999), netrin2-specific antibodies reveal that
the dorso-ventral extent of netrin2 protein corresponds closely
with that of netrin2 transcripts (Kennedy et al., 2006), and in
mouse, the dorsal-most extent of netrin1 protein expression
similarly corresponds with that of VZ-netrin1 expression (Vara-
darajan et al., 2017; Varadarajan and Butler, 2017). If so, VZ-
netrin1 would presumably remain substrate bound and therefore
guide via haptotaxis (Varadarajan et al., 2017), as also proposed
in the hindbrain (Dominici et al., 2017); our finding that substrate-
bound netrin1 can support mouse commissural axon outgrowth
from explants supports this potential role. Because we found
that the adhesive molecule PDL does not promote outgrowth
from explants, the haptotactic response to netrin1 likely does
not reflect simple adhesion per se and instead presumably re-
flects a signaling action.

What about FP-netrin1? In St. 17 chick embryos, where
netrin1 transcripts are only expressed in FP (Kennedy et al.,
1994, 2006; Wang et al.,, 1999), netrin1-specific antibodies
show that netrin1 protein is found a few hundred micrometers
from FP (Kennedy et al., 2006), consistent with the distance
over which netrin1 acts in vitro and the distance over which we
detect guidance defects in vivo in 4FP-netrin1 mutants. It is
therefore reasonable to assume that FP-netrin1 diffuses over
that range to influence the axons. We cannot distinguish whether
the axons detect FP-netrin1 in solution (chemotaxis) or after it
binds to the substrate (haptotaxis), but the finding that rodent
commissural axons can rapidly turn up a gradient of soluble
netrin1 means that chemotaxis remains a possibility.

These considerations also suggest that FP-netrin1 may be
more diffusible than VZ-netrin1 (or VZ-netrin2), fitting with the
observation that explants of rat dorsal or ventral spinal cord,
despite expressing VZ-netrin1, possess little to none of the
long-range in vitro outgrowth-promoting and turning activities
of FP explants (Placzek et al., 1990; Tessier-Lavigne et al.,
1988). One possibility is that FP cells simply produce much
more netrin protein than does the VZ, enabling an effect at a
greater distance. Alternatively, VZ-netrin1 (or VZ-netrin2) may
be less diffusible than FP-netrin1, either because of intrinsic dif-
ferences in the proteins (e.g., posttranslational modifications) or,
as recently suggested (Varadarajan et al., 2017), if there are dif-
ferences in secretion mechanisms by VZ and FP cells, e.g., local-
ized secretion and/or capture by endfeet of the radial progenitors
that express VZ-netrin1/2.
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Conclusions

Our study supports the classical model that commissural axons
are guided at long range, i.e., over the last few hundred micro-
meters of their trajectory, by combined actions of netrin1 and
Shh secreted by FP cells. These actions occur on top of an
essential guidance role for VZ-netrin1, which appears to act
more locally, as well as of other guidance cues. Our results
also support the model that netrin1 guides commissural axons
by confining and guiding them, perhaps through its graded dis-
tribution. More generally, our findings illustrate how the com-
bined actions of long- and short-range guidance effects
contribute to ensuring accurate guidance during development
of axonal projections.
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Cat# A-11055; RRID: AB_2534102

Cat# A-11057; RRID: AB_2534104

Cat# A-21447; RRID: AB_2535864

Cat# A-21208; RRID: AB_2535794

Cat# 712-605-153; RRID: AB_2340694

Cat# 711-545-152; RRID: AB_2313584
Cat# 711-165-152; RRID: AB_2307443
Cat# 705-165-147; RRID: AB_2307351
Cat# 017-000-121; RRID: AB_2337258

Chemicals, Peptides, and Recombinant Proteins

Dichloromethane (DCM)
Benzyl ether (DBE)
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Sigma-Adrich
Sigma-Adrich

Cat# 270997 CAS Number: 75-09-2
Cat# 108014 CAS Number: 103-50-4

(Continued on next page)



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

UltraPure Agarose Invitrogen Cat# 16500500 CAS Number: 9012-36-6

Triton X-100 Sigma-Adrich Cat# X100-500ML CAS Number: 9002-93-1
Tween 20 Sigma-Adrich Cat# P2287-500ML CAS Number: 9005-64-5
Poly-D-lysine hydrobromide Sigma-Adrich Cat# P6407-10X5MG CAS Number 27964-99-4
Recombinant Mouse Sonic Hedgehog/Shh, CF R and D Systems Cat# 464-SH/CF

Recombinant Mouse Netrin-1 Protein, CF R and D Systems Cat# 1109-N1/CF

Recombinant Human Sonic Hedgehog R and D Systems Cat# 1845-SH

(C24l1) N terminus

Poly-L-lysine solution (molecular weight Sigma-Aldrich P4707

70,000-150,000, concentration: 0.01%)

Hoechst 33342 Thermo Fisher Scientific Cat# H3570; CAS Number: 23491-52-3
Experimental Models: Organisms/Strains

Mouse: C57BL/6 The Jackson Laboratory IMSR Cat# JAX:000664; RRID: IMSR_JAX:000664
Mouse: HB9-GFP The Jackson Laboratory IMSR Cat# JAX:005029; RRID: IMSR_JAX:005029
Mouse: Shh-Cre The Jackson Laboratory IMSR Cat# JAX:005622; RRID: IMSR_JAX:005622
Mouse: netrin1™ (Ntn1tm'Ea) Brunet et al., 2014 N/A

Mouse: netrin1® Dominici et al., 2017 N/A

Mouse: BOC™ Ak MGI Cat# 3696406; RRID: MGI:3696406

Rat: ARS/Sprague Dawley Charles River N/A

(St. Constant, Canada)

Software and Algorithms

AutoQuant X3 software Media Cybernetics http://www.mediacy.com/autoquantx3;
RRID: SCR_002465

Imspector software LaVision Biotec https://www.lavisionbiotec.com/

Imaris x64 software (version 8.0.1) Bitplane http://www.bitplane.com/imaris/imaris;
RRID: SCR_007370

GraphPad Prism 7 GraphPad https://www.graphpad.com/; RRID: SCR_002798

ImagedJ NIH https://imagej.nih.gov/ij/

Volocity 6.0 PerkinElmer http://www.perkinelmer.com/lab-solutions/
resources/docs/BRO_VolocityBrochure_
PerkinElmer.pdf

Other

Dunn Chamber Hawksley DC-100

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, Marc
Tessier-Lavigne (tessier3@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All animal work was performed in accordance with: the Canadian Council on Animal Care Guidelines and approved by the IRCM An-
imal Care Committee (work at IRCM), or in compliance with NIH guidelines and protocols approved by the IACUC of The Rockefeller
University or Stanford University (work at Rockefeller or Stanford). Staged pregnant female Sprague Dawley rats were obtained from
Charles River. Mice were maintained in the IRCM specific pathogen-free animal facility. All mice were maintained on a C57BL/6
genetic background (The Jackson Laboratory). The Shh:Cre line (B6.Cg-Shhi™!EGFP/ereCit )y \was obtained from The Jackson
Laboratory (Harfe et al., 2004). The Boc mutant line (Boc'™'A°/Boc'™'4°K) was kindly provided by A. Okada and S. K. McConnell
(Stanford University) (Okada et al., 2006). The conditional netrin1 lines have been previously described: netrin/" (Ntn 1) (Brunet
et al., 2014) and netrin1™?2 (Dominici et al., 2017). Embryonic day 0 (E0) was defined as midnight of the night before a plug was found.
Tissue from embryos of either sex (not determined) were used for experiments. In some embryos, the Shh:Cre line induced a
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recombination of one of the netrin alleles, leading essentially to netrin embryos, as confirmed by PCR genotyping. These
netrin1™?- embryos were phenotypically indistinguishable from netrin12/”? embryos and were thus pooled together for analysis.

METHOD DETAILS

Section staining and microscopy

For immunostaining of spinal cord cross-sections, mouse embryos were collected at E11.5, fixed in 4% PFA for 1 hour at 4°C or at
room temperature, transferred to 10-30% sucrose in PBS at 4°C overnight, then embedded in gelatine-sucrose or OCT and frozen.
16-20 um sections were cut. Samples were then blocked with PBS + 3% or 10% donkey serum + 0.1% Triton X-100 in PBS pH 7.4 for
1 hour at room temperature. The blocking solution was replaced with the primary antibody diluted in 1% PHT (1% heat-inactivated
donkey serum, 0.1% Triton X-100in PBS pH 7.4) and incubated overnight at 4°C. The secondary antibody was diluted in 1% PHT and
incubated for 1 hour at room temperature. Probes for Netrin-1 in situ were generated targeting exon 2 of the mouse netrin-1 gene to
validate the conditional allele removal (Brunet et al., 2014). In situ hybridization was performed as described (Marillat et al., 2002).
Coverslips were mounted in Fluoromount G (Electron Microscopy Sciences) or in Mowiol (Sigma) and imaged with a Nikon Eclipse
90i fluorescent microscope with a 10X objective coupled to a Nikon QiMc camera (Nikon, Japan) or a Leica SP8 confocal microscope
with 20X objective (Leica, Germany). Image stacks were deconvolved with AutoQuant X3 software (Media Cybernetics) to enhance
the spatial signal allocation.

Whole embryo immunostaining and microscopy

Mouse embryos were collected at E11.5, fixed in 4% PFA at 4°C overnight. Fixed samples were washed in PBS for 1 hr three times,
then subjected to the Adipo-Clear procedure (Chi et al., 2018) for whole mount immunostaining and imaging of Robo3+ commissural
axons. The antibodies used here were: Robo3 (R&D Systems AF3076; 1:200), and secondary antibody conjugated with Alexa-647
was purchased from Thermo Fisher Scientific (1:200). Whole E11.5 embryos were imaged on a light-sheet microscope (Ultramicro-
scope ll, LaVision Biotec) equipped with 4X RI-matched objective lenses and an sCMOs camera (Andor Neo) with the ImspectorPro
software (LaVision BioTec). The image stacks were processed using Imaris x64 software (version 8.0.1, Bitplane) to generate surface
contour using “normal shading” function based on Robo3 staining to visualize commissural axon organization in 3D, and static 3D
pictures were generated using the “snapshot” tool.

Dorsal spinal cord (DSC) explant culture and outgrowth quantification on 2D substrates

8-well chambered cell culture slides were coated with 10 ng/ml PDL (Sigma P6407) at room temperature overnight, and then with
varying concentrations of netrin1 (R&D 1109-N1/CF) or Shh (R&D 464-SH/CF) proteins at 37°C for 3 hours in a cell culture incubator.
DSC explants were obtained from E11.5 mouse developing spinal cord as previously described (Xu et al., 2014), and cultured in
growth factor-free medium [Neurobasal medium supplemented with 2% B-27, 2 mM glutamine, 100 U/ml penicillin, 100 ng/ml strep-
tomycin, 0.5% methyl-cellulose, and 0.75% glucose] with the ventricular side facing toward the culture surface. After culture in a 5%
COs,, 95% humidity incubator at 37°C for 16 hours, explants were fixed and immunostained with Tuj antibody. Explant outgrowth was
measured using the Tuj IHC signal as previously described (Xu et al., 2014).

Dissociated commissural neuron culture

Dissociated commissural neuron cultures were prepared from the dorsal fifth of E13.5 rat neural tubes as previously described
and maintained at 5% CO, in a humidified incubator (Langlois et al., 2010; Yam et al., 2009). Each experiment was performed
using cells prepared and pooled from the same litter. Neurons were plated in Neurobasal supplemented with 10% heat-
inactivated FBS and GlutaMAX (Invitrogen, Burlington, ON, Canada). After ~20 h, the medium was changed to Neurobasal
supplemented with 2% B27 and GlutaMAX. Dissociated commissural neurons were used for experiments 30-58 h after plating
(1-2 days in vitro).

Dunn chamber axon guidance assay and analysis

To quantify the growth cone turning of commissural neurons in response to chemical gradients, we performed the Dunn chamber
axon guidance assay as described previously (Yam et al., 2009). Briefly, commissural neurons were plated at a low density of
120,000-180,000 cells/well in six-well plates on acid-washed poly-L-lysine (100 png/ml)-coated 18 mm square #3D coverslips (Fisher
Scientific). After 1-2 DIV, coverslips were then assembled into Dunn chambers. Gradients were generated in the Dunn chamber with
150 ng/ml or 450 ng/ml netrin-1 (VI.V-Fc, Keino-Masu et al., 1996), 0.1 ng/ml recombinant human Shh (C24l1, R&D Systems), or buffer
containing BSA (the vehicle for Shh) in the outer well.

After Dunn chamber assembly, the behavior of commissural neurons was monitored by time-lapse phase contrast microscopy.
Images were acquired for a minimum of 2 h at 37°C on a Leica DMIREZ2 inverted microscope (Leica, Germany) equipped with a heated
chamber and a MS-2000 XYZ automated stage (ASI, Eugene, OR) using a 10 X or 20 x Fluotar objective. All images were collected
on an Orca ER CCD camera (Hamamatsu) using Volocity (Improvision, Waltham, MA).

The angle turned was defined as the angle between the original direction of the axon and a straight line connecting the base of the
growth cone from the first (0 h) to the last (2 h) time point of the assay. Axons that were already growing parallel up the gradient (i.e.,
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those axons with an initial orientation < 20° with respect to the gradient) were excluded from the analysis since they were already
following the chemoattractant gradient.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed with GraphPad Prism 7 (https://www.graphpad.com/). All error bars represent SEM and aster-

isks (*) indicate significance as follows: *=p < 0.05, ** = p < 0.01, ** = p < 0.001, n.s. = not significant (p > 0.05). The statistical analysis
used in each experiment and the definition of n are stated in the figure legends. All t tests were two-tailed.
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