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SUMMARY

Accurate perception of guidance cues is crucial for
cell and axon migration. During initial navigation in
the spinal cord, commissural axons are kept insensi-
tive to midline repellents. Upon midline crossing in
the ”oor plate, they switch on responsiveness to
Slit and Semaphorin repulsive signals and are thus
propelled away and prevented from crossing back.
Whether and how the different midline repellents
control speci“c aspects of this navigation remain
to be elucidated. We set up a paradigm for live-imag-
ing and super-resolution analysis of PlexinA1, Neuro-
pilin-2, and Robo1/2 receptor dynamics during
commissural growth cone navigation in chick and
mouse embryos. We uncovered a remarkable pro-
gram of sensitization to midline cues achieved
by unique spatiotemporal sequences of receptor
allocation at the growth-cone surface that orches-
trates receptor-speci“c growth-cone behavior
changes. This reveals post-translational mecha-
nisms whereby coincident guidance signals are
temporally resolved to allow the generation of spe-
ci“c guidance responses.

INTRODUCTION

In biological systems, cells are exposed to a complex array of
environmental cues from which they receive speci“c instruc-
tions. This is well exempli“ed by the model of axon responses
to guidance cues during the formation of neuronal circuits.
Axons navigate highly diverse environments to reach their tar-
gets. Unique trajectories emerge from the perception by axon
tips, the growth cones, of combinations of extracellular cues
exposed in choice points along their paths. A typical case is pro-
vided by commissural neurons, which must project their axons
across the midline to build circuits with contralateral target cells
integrating left and right neuronal activities (Evans and Bashaw,
2010; Pignata et al., 2016; Stoeckli, 2018). Midline crossing of

commissural axons in the ”oor plate (FP) of the developing spinal
cord has been extensively studied to explore axon guidance
mechanisms, especially those regulating growth-cone sensitivity
to guidance cues. Various FP-derived repulsive forces are
needed to prevent midline re-crossing, to expel the axons from
the FP, and to organize their post-crossing lateral position
(Long et al., 2004; Jaworski et al., 2010). They are mainly medi-
ated by Semaphorin3B (Sema3B) acting via the Neuropilin2
(Nrp2)-PlexinA1 (PlxnA1) receptor complex, N-terminal and
C-terminal Slit fragments resulting from Slit processing acting
via Roundabout (Robo)1/2, and PlxnA1 receptors (Zou et al.,
2000; Long et al., 2004; Jaworski et al., 2010; Nawabi et al.,
2010; Delloye-Bourgeois et al., 2015).

Various manipulations in mouse and chicken embryo
models suggested that the sensitivity of commissural axons
to midline repellents must be s ilenced during an initial step,
before midline crossing, and then switched on in a second
step to allow repulsive forces to establish a midline barrier
and expel the growth cones away. In agreement, inducing
premature sensitization or preventing it resulted in failure of
the FP crossing, with axons arrested before or within the
FP, turning back or turning longitudinally before reaching the
contralateral side (Chen et al., 2008; Nawabi et al., 2010).
FP navigation is not a synchronous process, extending over
several days, during which, the repellents are expressed in
the FP (Wilson et al., 2008; Pignata et al., 2016). Thus, inde-
pendent of ligand expression pro“les, the switch toward
sensitivity has to be set at the level of individual growth cones.
Several mechanisms have been described to control the
sensitivity of vertebrate commis sural growth cones to midline
repellents (Chen et al., 2008; Nawabi et al., 2010; Charoy
et al., 2012; Philipp et al., 2012; Yang et al., 2018). A distinct
and yet unanswered question concerns precisely when
growth cones become sensitive and whether the sensitization
to the various repellents occurs in synchrony or, rather, in a
speci“c sequence or cascade. Moreover, when sorted in the
growth cone, do repulsive guidance receptors distribute ho-
mogeneously or with a speci“c pattern of cell-surface expres-
sion? Insights into receptor dynamics are crucial for decipher-
ing the exact behaviors triggered by guidance signaling, but
data remain scarce because of the absence of experimental
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paradigms allowing analysis of molecular events in single,
living commissural axons during navigation in their native
context.

To address these questions, we investigated the cell-surface
dynamics of four receptors mediating repulsion by midline
cues„Nrp2, PlxnA1, Robo1, and Robo2„in chick and mouse
embryo models. Our study reveals unique spatial and temporal
sequences of receptor cell-surface sorting during the navigation
of spinal commissural axons. We propose that this enables
growth cones to discriminate, in time and space, coincident
guidance signals, allowing them to exert non-redundant and
concerted actions.

RESULTS

Development of an Experimental Paradigm to Visualize
Cell-Surface Receptor Dynamics in Navigating
Commissural Axons
We set up time-lapse imaging to monitor the receptor cell-sur-
face dynamics in commissural axons navigating the FP in native
spinal cords of chicken embryos. Nrp2, PlxnA1, Robo1, and
Robo2 receptors were fused to the pH-sensitive GFP, pHLuorin
(pHLuo), which has a ”uorescence at neutral pH that enables
membrane protein pools to be identi“ed, and cloned in vectors
with ires-mb-tomato as a reporter of electroporation ( Figure 1A)
(Jacob et al. , 2005; Nawabi et al., 2010; Delloye-Bourgeois et al.,
2014). The pH dependency of receptor ”uorescence was veri“ed
by in vitro cell-line transfections (Figure S1A; see Method Details)
(Delloye-Bourgeois et al., 2014). The vectors were transferred to
spinal cord commissural neurons of chick embryos using in
ovo neural-tube electroporation. Commissural neurons pre-
pared from dorsal spinal cords electroporated with pHLuo-
PlxnA1 and pHLuo-Robo1 were imaged 2 days after electropo-
ration at neutral pH, after acidi“cation of the medium and
washing, which con“rmed that the pHLuo ”uorescence reports
cell-surface receptor pools ( Figures S1B…S1E). Increasing con-
centrations of plasmid (0.5, 2, and 4 mg/mL) were electroporated
to correlate in open books to the levels of the pHLuo-PlexinA1
signal with the FP navigation (Figures S1F and S2A…S2H). We
selected the 2 mg/mL dose because it provided the better
compromise of pHLuo signal and FP crossing. For the Robo1
condition, midline crossing was more sensitive to the electropo-
ration dose; therefore, we decreased the plasmid concentration
to 1.5 mg/mL.

PlxnA1 and Robo1 Are Speci“cally and Successively
Sorted to the Growth-Cone Surface during FP
Navigation
Isolated spinal cords were opened dorsally and imaged over
several hours to map receptor cell-surface sorting reported by
pHLuo ”uorescence ( Figure 1B). We analyzed individual growth
cones from time-lapse sequences by plotting the position when
they turned on the pHLuo ”uorescence and built cartographies
of receptor sorting during the navigation. First, we observed
that Nrp2 is exposed at the commissural growth-cone surface
from the pre-crossing stage and remains expressed over the
FP crossing (Figures 1C, 1F, 1H, and 1I; Videos S1 and S2). In
contrast, both PlxnA1 and Robo1 were sorted during FP naviga-

tion. Interestingly, the timing of their sorting differed signi“cantly:
occurring when commissural growth cones navigate the “rst FP
half, thus, from the FP entry point to the midline for PlxnA1 (Fig-
ures 1D and 1G…1I;Videos S3 and S4) and during the navigation
of the second FP half, thus, from the midline to the FP exit point
for Robo1 (Figures 1E and 1G…1I;Videos S5 and S6).

PlxnA1 and Robo1 Temporal Expression Patterns Are
Controlled by Cell-Surface Sorting
Next, we assessed whether these temporal patterns are pro“led
by control of receptor cell-surface sorting or, rather, of protein
availability within the axon. Spinal cord open books were “xed
with paraformaldehyde (PFA) at neutral pH to detect the total
pHLuo receptor pool. When in live axons, the pHLuo signal
was found restricted to the growth cones during FP crossing,
we observed, in contrast, for both receptors that the total protein
had much broader distribution. In 90% of the cases for PlxnA1
and 75% for Robo1, the pre-crossing axon segment immediately
adjacent to the FP entry of growth cones navigating within the FP
contained pHLuo-receptors ( Figures 2A and 2B). We also
measured pHLuo+ pre-crossing segment length in the “xed
samples and found a signi“cant difference between the distribu-
tion of PlxnA1 and Robo1. The location of the latter was more
restricted in length, and its expression was more punctate than
the former (Figure 2C). These observations are consistent with
previous studies, which reported that Robo1 undergoes intra-
axonal vesicular traf“cking in cultured commissural neurons
(Philipp et al., 2012), and that PlxnA1 is processed within axons
to prevent membrane expression (Nawabi et al., 2010). Thus,
PlxnA1 and Robo1 are both available within commissural axons,
but their cell-surface sorting is spatially and temporally
controlled in a receptor-speci“c manner. We noted that the pro-
portion of labeled axons was greater than that of axons found to
sort pHLuo-tagged receptors in live imaging, possibly because
axons sorted the endogenous receptors rather than the
pHLuo-tagged ones.

We found in previous work that conditioned medium collected
from cultured isolated FP tissues (FPcm) could trigger PlxnA1
cell-surface expression (Nawabi et al., 2010). Such medium
was also reported to induce the expression of Robo3.2, an iso-
form expressed in post-crossing axons in commissural growth
cones (Colak et al., 2013), providing the evidence that local FP
signals are implicated in synchronizing the sorting of these re-
ceptors with midline crossing. We thus examined whether the
Robo1 process could also be under local FP control. We treated
dorsal spinal-cord explants electroporated with pHLuo-Robo1-
ires-mb-tomato with FP cm and control medium and recorded
Robo1 dynamics by measuring pHLuo ”uorescence 20 min later
in the growth cones at T0 and T1 (Figure 2D). We observed a
signi“cant increase of pHLuo ”uorescence at T1 compared
with T0 for the FPcm but not the control condition ( Figures 2E
and 2F), thus indicating that FP cells release cues triggering
Robo1 traf“cking to the growth-cone surface.

Normal PlexA1 and Robo1 Receptor Expression Levels
Are Critical for Proper Growth-Cone Guidance
Next, we assessed with live imaging whether disturbing the
temporal pattern of receptor sorting affects growth cone
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behaviors. Open books were electroporated with high concen-
tration of vectors (3 and 4 mg/mL) to overcome the internal
control of PlxnA1 and Robo1 surface sorting in commissural
neurons and to force premature surface expression. We moni-
tored individual growth cones and found that commissural

growth cones that have premature cell-surface receptor expo-
sure failed to cross the FP, either turning or stalling before
entering, or within, the FP (Figure S3; Videos S7 and S8).
These “ndings con“rmed that the temporal pattern of receptor
sorting is critical for proper FP navigation.
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C D
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Figure 1. PlxnA1 and Robo1 Are Successively Sorted to the Growth Cone Surface during FP Navigation
(A) Representation of pHLuo vector and pH-dependent pHLuo ”uorescence. pHLuo-receptor and mb-tomato coding sequences were cloned in pCAG vector,
separated by an ires.
(B) In ovo electroporation procedure: 48 h after electroporation, spinal cords were dissected and mounted as open books for time-lapse microscopy. pHLuo
”uorescence was monitored in three compartments: pre-crossing, FP, and post-crossing, in which commissural axons chose between ventral and latera l paths.
VF, ventral funiculus; LF, lateral funiculus.
(C…E) Time-lapse sequences illustrating the dynamics of pHLuo-Nrp2 (C), pHLuo-PlxnA1 (D), and pHLuo-Robo1 (E) during FP navigation. Asterisks, growth-cone
positions before pHLuo ”ashes; white arrowheads, pHLuo ”ashes and subsequent growth-cone positions.
(F) Cartography of pHLuo-Nrp2 dynamics from video analysis. Dashed lines, overall trajectory of single growth cones; green spots, the “rst pHLuo det ection. Nrp2
is sorted from the onset of spinal-cord navigation (Nrp2: N = 5 embryos, 6 videos, 27 growth cones).
(G) Cartography of pHLuo-Pl