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In Brief

Pignata et al. developed a setup to
monitor the dynamics of receptors for
midline repellents during commissural
axon navigation across the "oor plate.
They “nd speci“c spatiotemporal
patterns of receptor insertion at the
growth-cone membrane. This suggests
that differences of receptor dynamics can
elicit functional speci“cities of midline
repellents.

Cell



A Spatiotemporal Sequence of Sensitization
to Slits and Semaphorins Orchestrates

Commissural Axon Navigation

Aurora Pignata, * Hugo Ducuing, * Leila Boubakar, * Thibault Gardette, * Karine Kindbeiter, * Muriel Bozon, *
Servane Tauszig-Delamasure, * Julien Falk, * Olivier Thoumine, 2 and Valérie Castellani*-3*
1University of Lyon, University of Lyon 1 Claude Bernard Lyon1, NeuroMyoGene Institute, CNRS UMR5310, INSERM U1217, 8 Avenue

Rockefeller, 69008 Lyon, France

2Interdisciplinary Institute for Neuroscience, UMR CNRS 5297, University of Bordeaux 146 rue L€ o Saignat, 33000 Bordeaux, France

3Lead Contact
*Correspondence: valerie.castellani@univ-lyonZ1.fr
https://doi.org/10.1016/j.celrep.2019.08.098

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 PlexinAl, Neuro-
pilin-2, and Robol/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)-PlexinAl (PIxnAl) receptor complex, N-terminal and
C-terminal Slit fragments resulting from Slit processing acting
via Roundabout (Robo)1/2, and PIxnAl 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 silenced 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, PIxnAl, Robol, 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, PIxnAl, Robol, 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-
PIxnAl and pHLuo-Robol 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 ng/nL) were electroporated
to correlate in open books to the levels of the pHLuo-PlexinAl
signal with the FP navigation (Figures S1F and S2A...S2H). We
selected the 2 ng/nL dose because it provided the better
compromise of pHLuo signal and FP crossing. For the Robol
condition, midline crossing was more sensitive to the electropo-
ration dose; therefore, we decreased the plasmid concentration
to 1.5 ng/mi.

PIxnAl and Robol 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 ex