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Résumé de la thése en frangais

Les commissures forment un ensemble de connexions nerveuses assurant la communication
entre les neurones de chaque hémi partie du systéeme nerveux central des organismes a
symétrie bilatérale. Au cours du développement embryonnaire, les axones des neurones
commissuraux sont guidés au travers de la ligne médiane délimitant ces deux parties.
Plusieurs sources de signaux de guidage aux effets attractifs et répulsifs agissent de concert

pour organiser les trajectoires de ces axones tout au long de leur navigation.

Au niveau de la moelle épiniere, les axones commissuraux traversent la ligne médiane dans
un territoire ventral, la plaque du plancher (PP). lls acquiérent une sensibilité a des signaux
répulsifs exprimés par ce territoire dés lors que cette étape est franchie. Ces nouvelles
propriétés sont nécessaires pour empécher les axones de rebrousser chemin et retraverser,
et également pour les pousser hors de ce territoire. Plusieurs couples de ligands/récepteurs
médient ces forces répulsives au cours de la traversée de la PP. Les mécanismes qui sous-
tendent I'acquisition de la sensibilité aux signaux répulsifs restent encore peu connus. Par
exemple on ignore encore si les axons se sensibilisent a tous les signaux répulsifs en méme
temps, quand précisément ce switch de réponse se fait, et les contributions précises
gu’apporte chacun de ces signaux. Une spécificité fonctionnelle est suggérée par I'analyse des
phénotypes d’invalidation des genes codant pour ces récepteurs chez la souris ou encore par

des manipulations d’expression dans le modele de I’'embryon de poulet.

L’objectif de mes travaux de these a été de tester I’hypothése selon laquelle la génération de
spécificités fonctionnelles pourrait résulter de controles précis et distincts de la dynamique

spatiale et temporelle des récepteurs de guidage a la surface du cone de croissance.

J'ai tout d’abord développé un dispositif de vidéomicroscopie adapté a I'enregistrement de
cones de croissance d’axones commissuraux accomplissant la traversée de la PP et la
réorientation dans I'axe rostro-caudal qui lui succede, sur des moelles épinieres en
configuration de « livre ouvert ». Afin de visualiser I'adressage a la surface du cOne de
croissance, j'ai exploité une forme de GFP sensible au pH, la pHLuorin, dont les propriétés de

fluorescence a pH neutre permettent un suivi spécifique du pool de surface des protéines

-6-



(Nawabi et al., 2010 ; Delloye-Bourgeois et al, 2014).

J'ai utilisé ce paradigme expérimental pour comparer la dynamique temporelle de 4
récepteurs clefs de la traversée de la ligne médiane: Nrp2, Robo1, Robo2 et PIxnAl, médiant
les réponses aux divers signaux répulsifs de la PP. Les vecteurs d’expression de ces formes
pHLuo de récepteurs ont été introduits dans les neurones commissuraux de la moelle épiniére
par électroporation in ovo. L'analyse de la fluorescence, rapportrice de la présence du
récepteur a la surface du cone de croissance, au cours de la navigation des axones
commissuraux a révélé des différences notables dans la temporalité d’adressage
membranaire de ces récepteurs. Par des approches de microscopie a super-résolution sur les
livres-ouverts, j’ai pu également démontrer que les récepteurs PIxnAl et Robo1, qui sont tous
deux adressés a la membrane a différents temps de la navigation de la PP, occupent de plus

des domaines distincts du cone de croissance.

J'ai ensuite adapté une technique d’électroporation a 'embryon de souris pour introduire les
récepteurs-pHLuo PIxnA1l et Robol dans les neurones commissuraux. Ces expériences ont
montré que les séquences temporelles observées dans I’'embryon de poulet sont conservées
chez la souris. J'ai également réintroduit le récepteur Robol dans une lignée de souris
présentant une invalidation des récepteurs Robol et 2 et montré que l'altération de la
traversée de la PP caractéristique de cette lignée est abolie dans la population d’axones

capables d’adresser le récepteur Robol a la membrane.

Au final, mes résultats démontrent que les axones commissuraux ne sont pas sensibilisés aux
signaux répulsifs par la mise en ceuvre d’un programme général. Au contraire, les récepteurs
de guidage possedent des profils de dynamiques temporelles spécifiques, et des domaines de
distribution distincts dans le cone de croissance. Le contrdle de la dynamique d’adressage
représente ainsi un mécanisme grace auquel les cones de croissance des axones
commissuraux peuvent discriminer des signaux concomitants, en les fonctionnalisant a

différents temps de la navigation de la moelle épiniére.



English summary

During embryonic development, commissural axons are guided through the midline, crossing
from one side of the CNS to the other one at specific time points and positions to project onto
contralateral neurons. Several sources of attractive cues regulate their navigation. In addition,
repulsive forces act at different steps to keep the axons along their path. In the developing
spinal cord, commissural axons cross the midline in a ventral territory, the floor plate (FP).
Commissural axons gain sensitivity to repellents present in the FP after their crossing. The
setting of these novel properties is necessary for preventing the axons to cross back and also

for pushing them towards FP exit.

Various ligand/receptor couples have been reported to mediate these repulsive forces.
Whether commissural axons gain response to all the repulsive cues at the same time is not
known. Whether these repulsive cascades have specific functions is suggested by different
outcome of their invalidation in mouse models, but how are set these differences also remains

unknown.

We hypothesized that the generation of functional specificities could be achieved though
specific controls of the spatial and temporal dynamics of guidance receptors at the growth
cone surface. During my PhD, | developed a set up for time-lapse imaging of “open book”
spinal cords, to monitor the dynamics of guidance receptors in axons experiencing native
guidance decisions across the midline. To visualize their cell surface sorting, receptors were
fused to the pH-sensitive GFP, pHLuorin, whose fluorescence at neutral pH reports membrane
protein pools (Nawabi et al, 2010; Delloye-Bourgeois et al, 2014), and were expressed in spinal

commissural neurons through in ovo electroporation.

This paradigm revealed striking differences in the temporal dynamics of Nrp2, Robo1, Robo2
and PlexinAl, the receptors known to mediate the responsiveness to the major midline
repellents referenced in vertebrates: Slit-Ns, Slit-Cs and Semaphorin3B. Moreover, using
super-resolution microscopy, | could evidence that PlexinAl and Robo1 are sorted in distinct
subdomains of commissural growth cones navigating the floor plate. | also introduced the
pHLuo-tagged receptors in the mouse embryo. These experiments showed that the temporal

sequences established in the chick are conserved in the mouse, and that FP crossing in



Robo1/2 mutant embryos was rescued in growth cones that could achieve cell surface sorting
of Robol. Thus, my results show that guidance receptors for midline repellents have highly
specific spatial and temporal dynamics. The generation of a temporal sequences of cell surface
sorting thus represents a mechanism whereby commissural growth cones discriminate

concomitant signals by functionalizing them at different timing of their spinal cord navigation.



INTRODUCTION
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CHAPTER1: Axon guidance in the developing spinal cord.

The commissural circuitry of the spinal cord.

Commissural circuits are neuronal projections interconnecting both sides of the central
nervous system (CNS) in bilaterians (Castellani, 2013)(Vulliemoz et al., 2005). In the spinal
cord, commissural neurons allow the coordination of left-right movements and
alternate/synchronized activities, conveying sensorial information to higher brain centers.
The spinal cord interneurons are a heterogeneous population divided in several pools,
depending on their location, timing of birth and specific expression of transcription factors
(Butler and Bronner, 2015).

Among them, dI1 interneurons are located in the most dorsal position of the spinal cord, next
to the roof plate (RF) and arise from a Math1-positive pool of progenitors, specified by the
expression of Lhx2/Lhx9 transcription factors (Bermingham et al., 2001)(Lee et al., 1998). This
population is composed of two types of interneurons: those establishing ipsilateral projections
(dl1i) and those establishing commissural projections (dl1c)(Bermingham et al., 2001). Dllc
neuron trajectories are highly stereotyped and have been well characterized in transgenic
mice expressing LacZ or GFP under the control of Math1 promoter (Helms and Johnson, 1998).
In mice, dl1 neurons arise from around E10 and, starting from this stage, they extend waves
of axons towards the midline. Some of them have already crossed at E10.5, even if the
majority complete this process at E12.5. At E13 most of commissural axons are navigating
longitudinal post-crossing (Imondi and Kaprielian, 2001) (Imondi et al., 2007) (Jaworski et al.,
2010)(Kadison and Kaprielian, 2004). DI1c axons first extend ventrally, away from the RP,
navigating close to the pial surface which surround the spinal cord. Then, they brusquely
change their orientation at mid-distance of the ventral border to navigate towards the floor
plate, a central structure lying ventrally in mirror to the roof plate, somehow avoiding the
motoneuron compartment. After FP crossing, commissural neurons turn rostrally without
crossing again the midline and project longitudinally at different medio-lateral positions

(Oppenheim et al., 1988) (Colamarino et al., 1995)(Figure 1).
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Figure 1: Schematic representation of commissural projections in the mouse (A) Temporal
sequence of dl1c axon navigation in the spinal cord. R: Rostral, C: Caudal, D: Dorsal, V: Ventral,
RP: Roof Plate, FP: Floor Plate. The first dl1c neurons are born around E9.5 in the dorsal horn
of the spinal cord and start to extend their axons across the midline around E10.5. Between
E10.5 and E12.5 several waves of follower dl1lc neurons project their axons across the midline.
By E13.5 all dlic axons navigate post-crossing longitudinal routes. (B) Schematic view of an
open-book preparation illustrating the 3 compartments crossed by commissural axons: the
pre-crossing, where the dllc cell bodies are located, the FP, in which dl1lc axons cross the
midline, and the post-crossing, in which dl1lc axons turn rostrally and choose between ventral
and lateral longitudinal trajectories. Adapted from Pignata et al., 2016.

The crisis of positive chemotropism

During embryonic development, commissural axons extend along specific pathways to reach
their final targets. At the axon edge, the growth cone, equipped of guidance receptors, sense
the surrounding environment, being attracted towards or repelled away from the guidance
cues expressed by “guidepost” tissues. This chemotropism theory, proposed by Ramon Y Cajal,

has been the textbook model over the last past decades, and guidance cues have been
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traditionally classified as having short-range or long-range activities depending on their
secreted or membrane-bound structure and the distance at which they can elicit a guidance
response over the growth cones (Dickson, 2002)(Tessier-Lavigne and Goodman 1996). During
the past decades, several long-range attractive cues have been described in the spinal cord.
One of the most important textbook example of long-range attractive cue is Netrinl, a
member of the Netrin family related to the laminin superfamily, and secreted by FP cells
(Kennedy et al., 1994). Others, such as the morphogen SHH (Sonic Hedgehog) acting via SMO
(Smoothened) and BOC (Brother of CDO) receptors (Charron et al., 2003) (Okada et al., 2006),
and VEGF, acting via Flk receptor (Ruiz de Almodovar et al., 2011) have been proposed to
collaborate with Netrinl to guide commissural axons toward the FP.

The long-range effect of chemoattractants has been predominantly established by ex vivo
assays in which commissural tissues were co-cultured at a distance of FP piece of tissues,
soluble molecules or transfected cells expressing guidance factors. As it was expected,
deletion of chemoattractants or their respective receptors in mouse models was observed to
alter the ability of commissural axons to reach the FP, with axons exhibiting defasciculation,
growth arrest or invading ectopic territories (Serafini et al., 1996)(Charron et al.,,

2003)(Ruiz de Almodovar et al., 2011)(Fazeli et al., 1997).

Recent studies, based on the generation and analysis of conditional mouse lines, have
revisited the view that Netrinl released by the FP has a long-range attractive effect. Rather
they suggest a different mode of action of Netrinl during commissural axon extension.
Intriguing observations have pioneered these works. In embryos lacking Netrinl in the FP or
in which Netrin protein is membrane tethered and does not diffuse anymore, the formation
of ventral commissure occurs regularly whereas, in hypomorph and full null mutants, the
commissural tract is severely diminished and disorganized (Serafini et al., 1996)(Dominici et
al., 2017) (Varadarajan et al., 2017)(Bin et al., 2015)(Brankatschk and Dickson, 2006). This
suggested to the authors the existence of an additional source of Netrinl in the spinal cord.
Indeed, the authors removed Netrinl from the ventricular zone (VZ) and could observe a high
disorganization of commissural axons, invading the VZ, and a severe reduction of ventral
commissure, phenocopying Netrinl hypomorph. Netrinl mRNA was detected in the
progenitors of the VZ (Kennedy, 2006)(Varadarajan et al., 2017) as described previously

(Kennedy et al., 1994) (Serafini et al., 1996) but, for the first time, an expression of the protein
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was detected along the pial surface, co-localizing with laminin and progenitor basal end feet
(Dominici et al., 2017)(Varadarajan et al., 2017). The authors raised a model whereby Netrinl
would be exocytosed by progenitor terminals, rapidly associating with the extracellular matrix
and acting as a short-range guidance cue for commissural axons rather than a long-range one.
Studies of cell biology are now needed to test this model.

How are these new fascinating discoveries consistent with previously reported findings? Long
range attractive properties of Netrinl have been largely documented in vitro (Kennedy et al.,
1994)(Serafini et al., 1996) (Kennedy, 2006).

In terms of commissure width, VZ-Netrin1” have a strong phenotype that doesn’t completely
phenocopy the full Netrin mutant (Dominici et al., 2017). Possibly, FP-Netrin can rescue the

crossing of a small amount of fibers.

Beyond the mode of action of Netrinl, a direct link between long-range chemoattraction and
commissural axon navigation towards the FP is quite complicated to make in this system. For
instance, dorsal spinal cord explants grow ventrally even without FP tissues around and, in
chick, the removal of notochord sections, inducing loss of FP development, does not prevent
commissural axons to reach the FP (Morales, 2018)(Kennedy et al., 1994)(Placzek et al.
1990)(Yamada et al., 1991). Moreover, in mice carrying the Danforth’s short tail-mutation,
causing loss of FP at caudal positions, commissural axons still reach the FP and cross it
(Bovolenta and Dodd, 1991). All these evidences suggest that long-range chemo-attractants

might not be the main forces directing axon guidance in the vertebrate spinal cord.

Guidepost territories instructing commissural axon navigation through repulsive cues

The idea that repulsive interactions could be important forces canalizing growth cones in their
appropriate route is quite ancient (M. Abercrombie, 1970)(Kapfhammer and Raper, 1987).
Already in the 80’s, Kapfhammer and collaborators suggested that in the nervous system,
diffusible signals, selective substrate modifications, differential adhesion and contact-
mediated inhibition of locomotion could be important mechanisms involved in the
interactions between the growth cone and specific tissues that, rather than acting as passive

barriers, would dynamically shape growth cone morphology and pathways (Kapfhammer et
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al., 1986). For instance, pioneer studies showed a collapse response of dorsal root ganglion
(DRG) axons treated in vitro with suspensions of membranes from embryonic brain. It was
also demonstrated that DRG growth cones interact with mesenchymal cells of the dermis,
while completely avoiding epidermal cells (Raper and Kapfhammer, 1990)(Vema, 1985). Other
studies suggested that dermomyotome/ectoderm and notochord tissues, flanking DRGs in the
embryo, produce diffusible repellents that channel the sprouting of DRG axons (Keynes et al.,

1997).

Considering the developing spinal cord, chemorepulsion by surrounding tissues has also been
demonstrated for motoneurons (MN) extending their axons from the neural tube to the
periphery (Bonanomi and Pfaff, 2010). Indeed, the first steps of MN axon outgrowth from the
neural tube are dependent on the sequential exposure to repulsive signals delivered by the
FP (Kim et al., 2015)(Kim et al., 2017), which propel axons away from the midline, ventral
mesenchyme, which channel MN axons on their way toward the anterior-half somite (Gallarda
et al., 2008) and limb tissues, which also organize through repulsive signaling the positioning

of spinal nerves (Luria et al., 2008).

Thus, spinal cord tissues provide important repulsive forces driving axon navigation, propelling
axons away from guidepost cells, confining axon navigation in specific territories and
channeling axons along defined trajectories (Ducuing et al., 2018). Thus, although historically,
the FP has been considered as the principal intermediate target for commissural axons, many
other cell-types participate in shaping commissural circuitry. The different forces described in

the next paragraphs are summarized in the Figure 2.
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Figure 2: Repulsive forces patterning commissural axon navigation in the vertebrate spinal
cord. (A) Modes of action of repulsive forces during axon navigation. (B, C) Schematic
representation of the guidepost repulsive territories of the spinal cord. Commissural axons
extending towards the midline first perceive propelling repulsive signals emanating from the
Roof Plate and navigate close to the pial surface. At this location, they are confined in their
path by signals derived from DREZ/DRBZ and pial surface. At mid-distance from the FP, axons
turn brusquely, projecting towards the FP. At this level axons are kept together by channeling
cues emanating from motoneurons and the ventricular zone. As axons reach the FP, they
contact the basal lamina and navigate across the basal processes of FP glial cells, becoming
progressively sensitive to repulsive cues which they did not perceive before. After FP crossing,
axons turn in rostral direction at various distance from the FP, responding to longitudinal
gradients of cues. During post-crossing navigation axons are likely to respond to the same
repulsive territories encountered during the pre-crossing step which can again propel, confine
and channel their trajectories. Adapted from Ducuing et al., 2017.
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Repulsive propelling forces.

Spinal cord roof plate (RP) is considered the first important territory involved in orienting
commissural axons ventrally and is the first dorsal structure to differentiate and therefore
influence the differentiation of all other dorsal populations in the embryo. The RP constitutes
a barrier that no axon can cross until E16.5 when a dorsal commissure forms (Comer et al.,
2015). Differentiated RP cells express specific markers, like BMPs and WNTs, which specify
several classes of dorsal interneurons, regulating their proliferation, migration and guidance
(Chizhikov and Millen, 2004)(Le Dréau and Marti, 2012). BMPs, in particular GDF7:BMP7,
acting via BMPRII-BMPRIB receptors expressed on dllc, provide the propelling force pushing
commissural axons ventrally (Butler and Dodd, 2003)(Augsburger et al., 1999). Moreover, RP
cells secrete Draxin which was shown to act as a chemorepellent in vivo through DCC receptor

(Ahmed et al., 2011) (Figure 3).

Propelling forces

Extracellular space
‘_

BMPRII-BMPRIB DCC

Axon J_ repulsion J_

Figure 3: Propelling forces of the Roof Plate. RP glial cells secrete BMP7 and GDF7, two BMP
family members, which bind to BMPRII-BMPRIB receptors and repel axons toward the ventral
spinal cord. RP glia also secrete Draxin which repels axons via DCC receptor. Adapted from
Ducuing et al., 2017.
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Repulsive confining forces.

Commissural axons navigating the spinal cord must remain confined to this territory.
Conversely, MN axons project their axons out from the CNS through the Motor Exit Point
(MET), while sensory axons of the DRG enter the spinal cord via the Dorsal Root Entry Zone
(DREZ). Confinement of commissural axons is operated by DREZ/dorsal root bifurcation zone
(DRBZ), meninges and the pial surface. Meninges envelop the brain and the spinal cord and
act as a barrier during lifetime, controlling exchanges between the CNS and outside. They are
composed of fibroelastic cells and blood vessels. Their role in the confinement of pre-crossing
spinal cord axons in vivo has not been demonstrated yet, but in vitro studies suggest that this
multi-layer structure can secrete cues able to repel different neuronal populations (Suter et
al., 2017). DREZ/DRBZ represents another important confinement territory of spinal cord. The
DREZ is constituted of a fenestrated basal lamina, that guarantees continuity between the CNS
and the surrounding tissues, and is also constituted by boundary cap cells which prevent
neuronal soma to exit the CNS (Vermeren et al., 2003). DRBZ originates later on, when sensory
axons send their axons towards the spinal cord and form this zone in direct apposition to the
DREZ (Altman and Bayer, 1984). Some studies suggested that Netrin-1, expressed between
E11.5 and E12.5 in DRBZ (Gao et al., 2015) and acting via DCC and UNC5C receptors, might
play a role in preventing commissural axon exit from the spinal cord. Indeed, in mouse
embryos mutants for these molecules, a strong invasion by ectopic axons is observed in DREZ
and DRBZ supporting a role in axon confinement (Gao et al., 2015). Draxin is another potential
candidate cue providing confinement at DREZ/DRBZ, since its expression is also detected along
the pial surface and in the DREZ (54). Moreover, glycoproteins, such as dystroglican, which is
detected along the pial surface might play an essential role in confining axons. Dystroglican is
an important scaffold for ECM proteins, such as Laminin, and in the visual system this
interaction was shown to modulate the response of axons to Netrin-1 by switching the
response from attractive to repulsive (Hopker et al., 1999). Therefore, a similar interaction

might occur at the pial surface and set this territory as a repulsive barrier (Figure 4).
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Figure 4: Confinement of commissural axons. DREZ and DRBZ cells secrete Netrin-1 that
induces repulsion via DCC or via DCC/UNC5 heterodimer. DREZ cells also secrete Draxin that
repels axons via DCC. Signals originating from meninges and the pial surface could also
contribute in confining axons within their path but still remain unidentified. Dystroglycan
glycoprotein might play a role after binding to laminin, switching the response to Netrin-1
from attraction to repulsion and therefore rendering the Pia a repulsive territory for
commissural axons. The interaction between Slit and Dystroglycan along the pial surface might
also be involved in confinement. Adapted from Ducuing et al., 2017.

Repulsive channeling forces.

Once reaching the ventral half of the spinal cord, pre-crossing commissural axons break their
circumferential navigation, along the spinal cord border, to re-orient medially and navigate
towards the FP. At this point, two main channeling territories come into play to constrain
commissural axons to navigate in between as a compact bundle: the VZ and the MN domain.
The VZ is constituted by bipolar progenitor cells extending one process connecting the pial
surface and the other one connecting the central canal (Taverna et al., 2014). During
embryonic neurogenesis, these cells undertake interkinetic nuclear migration and give rise to
post-mitotic neurons which detach from the apical border and migrate in the mantle. As
described in the previous chapter, some recent studies proposed that progenitor cells produce
Netrin-1 and transport this cue via their basal processes, releasing it at the basal lamina
(Dominici et al., 2017)(Varadarajan et al., 2017). This mechanism would keep dI1 along the
pial surface border, preventing the axonal invasion of the VZ. The mode of action by which
Netrin-1 prevents VZ ingrowth is still unclear. Moreover, in mice lacking Netrin-1 in the VZ,

even if a strong invasion of the VZ by dl1 occurs, a not negligible number of axons still follow
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the right pathway, suggesting that Netrin-1 may not be the sole cue conferring non-permissive

properties to the VZ.

Indeed, various proliferative regions of the developing brain were reported to secrete
repulsive factors, for example in the cerebral cortex, where they prevent invasion by cortical
and thalamic axons (Leyva-Diaz and Lépez-Bendito, 2013). Furthermore, transcripts encoding
repulsive molecules such as Semaphorins, Eph/Ephrins and Slits have been found to be
expressed in spinal cord VZ in chick and mouse (Moret et al., 2007)(Sanyas et al., 2012)
(Arbeille et al., 2015)(Laussu et al., 2017) (Pischel et al., 1996) (Philipp et al., 2012).

The MN domain is constituted of cells originating from a ventral pool of progenitors at around
E9.5 in mouse. This domain comprises distinct and adjacent MN pools expressing a panoply of
repulsive cues that could be involved in channeling pre-crossing commissural axons, such as
several members of Semaphorin, Ephrin and Slit families (Philipp et al., 2012)(Brose et al.,
1999; Moret et al., 2007)( anyas et al., 2012)(Imondi et al., 2000). Recently, another molecule,
NELL2, has been found expressed by MNs (Jaworski et al., 2015). In vitro studies suggested
that NELL2 exerts a repulsive effect on commissural neurons via Roundabout3 (Robo3) and,
in vivo removal of NELL2 and ROBO3 caused a strong defasciculation of commissural tract,
with axons invading MN columns (Jaworski et al., 2015). The repulsive forces involved in

channeling are represented in Figure 5.
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Figure 5: Channeling of commissural axons. MN and VZ are both non-permissive zones for
commissural axons. MN express NELL2, which acts via Robo3 for repelling axons from the MN
domain, and secrete Slits and Semaphorins which might be involved in axon channeling too.
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Unidentified molecules provided by the VZ might also be involved: Semaphorins, Eph/Ephrins
and Netrin-1 produced by progenitor cells are good candidates for axon channeling. Adapted
from Ducuing et al., 2017.

Therefore, despite known expression of a panoply of potent repellents, only few of them have
been implicated in the navigation of pre-crossing commissural axons. Conditional mouse
models to target the deletion of repulsive candidates in specific cell-types would greatly help

in understanding how repulsive forces shape commissural trajectories.

FP crossing: how navigating a repulsive field.

The spinal cord floor plate (FP) has probably been the most studied guidepost territory in the
field of axon navigation. FP is constituted by a set of non-neural cells, the glia, which exert in
the spinal cord of all vertebrates a fundamental influence on neuronal differentiation and on
the organization of ipsilateral and contralateral axon tracts. FP glia cells have a morphology
quite similar to that of RP cells and other progenitors: they own two processes, one attached
to the apical side towards the central canal and the other one which is attached to the basal
lamina (Campbell and Peterson, 1993). During FP crossing, commissural axons form close
contacts with glial basal processes, and are completely wrapped in these structures (Yaginuma
et al., 1991) (Figure 6). Commissural axons and glial cells establish complex cis and trans
interactions via adhesion molecules. For instance, it has been demonstrated that specialized
junctional contacts form between FP processes and commissural growth cones and are
mediated by hetero-trans-interactions between growth cone nectin-1 and FP nectin-3 (Okabe
et al., 2004). Such contacts would guarantee the transmission, from the glial cells to the
cones/axons, of specific signals instructing signaling cascades into the growth cones that could
in fine impact on guidance receptor distributions (Campbell and Peterson, 1993)(Gainer,
1977). FP cells express a large panoply of adhesion molecules which are absent from the
surrounding neural tissues, for instance p84 (Chuang and Lagenaur, 1990), polysialylated (PSA)
N-CAM (Griffith and Wiley, 1991), GP90 (Ranscht and Dours, 1989) and F-spondin (Tzarfati-
Majar et al., 2001)(Klar et al., 1992). In particular, the adhesion molecule NrCAM expressed

by FP cells was found to interact with Axonin-1/TAG-1 expressed by commissural growth
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cones. This interaction is thought to be important for commissural axons to proceed for FP
ingrowth since, its inhibition prevents FP crossing, inducing a premature turning of axons in
the ipsilateral compartment of the spinal cord (Stoeckli and Landmesser, 1995). The
expression of adhesion molecules by the commissural growth cone and its axon shaft is finely
controlled during the navigation. For instance, in the mouse, it has been showed that
commissural axons express high levels of TAG-1 and low levels of L1 as they project ventrally
and cross the FP and that, after FP crossing, the expression of these adhesion molecules is
inverted, TAG-1 being down-regulated and L1 up-regulated. As a result, this switch would
allow the commissural growth cones to respond differently to the surrounding adhesion
partners on each side of spinal cord (Seeger, 1993). The nature of the binding partners before
and after midline crossing as well as the functional outcome that these changings produce
remain undetermined. The principal molecules mediating FP-commissural growth cone

interactions are presented in Figure 6.

During FP navigation, the axons gain responsiveness to repulsive cues to which they were
previously insensitive. This sensitization is thought to prevent the axons from turning back,
from re-crossing the midline and to propel them out of the FP, in the contralateral side. Such
repulsive forces involve several couples of ligand-receptors summarized in Figure 7, which |

will present in details in the next paragraphs, as they are at the core of my thesis work.
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Figure 6: Adhesive interactions between the FP glia and commissural axons. FP is constituted
by a set of non-neural cells, the glia, that extends two processes, one attached to the apical
side towards the central canal, and the other one attached to the basal lamina. The panel at
the top left represents a frontal section showing close interactions of the growth cone with
glia basal process, and how it is enwrapped by these structures during FP navigation. Bottom
panel: molecular partners involved in the adhesive interactions between the growth cone and
the glia. To simplify the drawing, only some glial processes were represented.
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Figure 7: Repulsive interactions in the FP. During FP crossing, commissural axons become
progressively sensitive to repulsive signals. PIxnA2, EphrinB3 and Nogo at the surface of FP
glia interact with Sema6B, EPHB3 and NogoR, respectively, and induce a repulsive response of
the growth cone. In parallel, FP glia secrete repellent guidance cues such as Sema3B, that
interact with Nrp2/PIxnAl receptors, and Slits, which are cleaved into N-ter and C-ter
fragments, both eliciting a repulsive response of the growth cone. Slit-N fragment acts via
Robo1/2 receptors whereas SlitC fragment binds to PIxnAl. Adapted from Ducuing et al.,
2017.

The Slit/Robo signaling.

The Slit-Robo signaling was discovered in fly to control midline crossing of commissural axons
in the ventral cord. Slits are secreted proteins of about 200 kDA with a conserved structure
between vertebrates and invertebrates. Drosophila express just a single Slit gene, whereas
vertebrates express three Slits (Slit1-3). At its N-terminus, the Slit protein has four leucine-
rich-repeat (LRR) domains followed by six EGF-like domains, one laminin G-like domain and
three EGF domains. At the C-terminus Slit contains a cysteine knot domain (CTCK). Slit proteins
form dimers via hydrophobic

their LRR4 domain. By the time of spinal commissural navigation in the FP, Slitl mRNA is
detected in the FP both in chick, rat and mouse, whereas Slit2 is expressed in the FP but also
in the lateral compartments of the spinal cord (Brose et al., 1999)(Mambetisaeva et al., 2005).
In rat, Slit3 has a more dynamic expression since it is expressed both by the FP cells and in
lateral compartments at E11 but, at E13, its expression is restricted to the FP (Brose et al.,

1999).
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Slit proteins mediate their functions via Roundabout (Robo) receptors. The Robo family
comprises three proteins in Drosophila and four in mammals, Robol, Robo2, Robo3 (also
known as Rig-1) and Robo4 (also called Magic Roundabout), however this latter is not
expressed within the spinal cord (Kidd et al., 1998a). Robos are single-pass transmembrane
proteins most of which constituted by five immunoglobulin-like (Ig) and three fibronectin type
Il (FN3) repeats, a transmembrane domain and a cytoplasmic domain lacking of catalytic
activity. The cytoplasmic domain of Robos is generally poorly conserved, except for CCO-

3(cytoplasmic conserved) motifs which interact with different signaling proteins.

Robos have very comparable ectodomains and mostly diverge in their cytoplasmic domain.
Robo1l contains each of the four cytoplasmic conserved regions (CCO-CC3), whereas Robo2
and Robo3 lack CC2 and CC3. Therefore, it has been suggested that the specific repulsive
functions of Robos rely on their cytoplasmic regions. In Drosophila, a series of chimeric
receptors of Robol (which can prevent crossing of commissural axons in the ventral cord) and
Robo3 (which cannot) were generated with reciprocal exchange of their cytoplasmic domains.
Such experiments revealed that rescue of midline crossing can be obtained with a chimeric
construct having the cytoplasmic region of Robol but not that of Robo3. Further experiments
allowed the identification of the cytoplasmic motif involved in preventing midline crossing,
which is located within the cytoplasmic region surrounding the CC2 motif (Spitzweck et al.,
2010). Comparable in vivo experiments were performed with Robo (mediating repulsion) and
Fra (mediating attraction upon Netrin binding), with the aim to define which domain encodes
the nature of the response. The chimeras were composed of Robo ecto/Fra endo or Fra
ecto/Robo endo domains and revealed involvement of Robo cytoplasmic sequence in eliciting
a repulsive response and not an attractive one (Bashaw and Goodman, 1999). Therefore, the

cytoplasmic domain of a guidance receptor can dictate the nature of the guidance response.

FRET experiments have suggested that Robos form dimers at the cell surface and that this
property depends on the extracellular domain of the protein (Zakrys et al., 2014). Robos bind
to the LRR2 domain of Slits via their first Ig domain (Morlot et al., 2007). Moreover, heparan
sulfate can bind both Robo and Slit to increase the stability of their interaction (Hussain et al.,

2006). Both Slit-FL and SIitN can bind to Robo1/2 but not to Robo3, and elicit a repulsive
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response (Ba-Charvet et al., 2001). Robo3, also called Rig-1, has been considered a divergent
member of Robo family, since in mouse models its loss completely prevents commissure
formation in the spinal cord, contrarily to Robol/2 loss which rather causes stalling
phenotypes in the FP (Sabatier et al., 2004). Diverse Robo3 isoforms, having distinct functions
and expression patterns have been described, for instance Robo3A and Robo3B which differ
in their N-termini or Robo3.1 and Robo3.2. Robo3.1 is expressed at the pre-crossing stage
and was proposed to silence Slit repulsion and to enhance FP attraction. The Robo3.2 isoform
was reported by one group to be specifically expressed in post-crossing axons and to stimulate

repulsion by Slits (Chen et al., 2008).

The Sema3/Nrp/PlexinA signaling.

The Semaphorin (Semas) family includes highly phylogenetically conserved secreted and
transmembrane proteins. In vertebrates, almost twenty different Semas have been described,
all containing a Sema domain that mediates the association of these proteins with their
receptors, belonging to the Plexin (PIxns) family. All Semas are in addition characterized by
the presence, at the N-terminal region, of Plexin-Semaphorin-Integrin (PSI) domains. Many
studies in the past suggested that Semas, in isolation, dimerize to function as repulsive
guidance cues, and that this interaction occurs via the sema-domains (Klostermann et al.,
1998)(Koppel and Raper, 1998). Class-3 Semas (Sema3A-Sema3G) are all secreted molecules
containing the so-called “basic tail” provided by a disulfide bridge which reinforces the binding
between two Semas. In the mouse embryo, Sema3B mRNA is highly detected in the FP and in
ventral progenitor cells lying the central canal (Zou et al., 2000). Sema3B protein in a Sema3B-
gfp mouse line could be detected by anti-GFP labeling in FP glial cells. It was shown to act as
a key repulsive cue for commissural axons at the midline (Zou et al., 2000) but also to control,
once released by the FP in the cerebrospinal fluid, the orientation of progenitor divisions

(Arbeille et al., 2015).

The major receptors of Semas are Plxn family members which include, in vertebrates, nine
proteins (PIxnA1-A4, PIxnB1-B3, PIxnC1 and PIxnD1)(Tamagnone and Comoglio, 2000). These
proteins are single-pass transmembrane proteins containing an extracellular region composed

by ten domains. Specifically, at the N-terminus, they contain a sema domain followed by
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Plexin-Semaphorin-Integrin (PSI) and Immunoglobulin-Plexin-transcription (IPT) domains.
Moreover, PlxnAs contain a conserved transmembrane helical domain and a cytoplasmic
region containing a GTPase-activating (GAP) domain with a Rho GTPase-binding (RGB)
domain. The extracellular domain has a characteristic ring architecture and interacts in cis
with the ectodomain of another PIxnA, resulting in inhibition of receptor activation (Kong et
al., 2016). In this configuration, the cytoplasmic domains of PIxnAs are far from each other
and cannot elicit a signaling response. After Sema binding, the cytoplasmic regions of Plxns
get closer and dimerize, which enable fast activation of downstream signaling (Kong et al.,
2016). Some studies suggested that upon Sema binding to PIxn ectodomain, a coiled-coil
structure forms in the juxtamembrane cytoplasmic region that would initiate the activity of
the PIxn GAP domain (Bell et al., 2011). However, we have still scarse knowledge on the
structural changes that the extracellular binding of Sema induces on the transmembrane
domain and therefore how the extracellular and the intracellular activities of the receptors
are linked remains unclear. The activation of PIxnA receptors induces a series of intracellular
events that regulate microtubule/actin dynamics and endocytosis, leading to the disassembly
of cytoskeleton elements, substrate detachment and retraction of the growth cone (Zhou et

al., 2008)(Mambetisaeva et al., 2005).

Many Semas can bind directly to PIxns via their Sema domain whereas several secreted Semas,
such as the Sema3s, bind to PIxn with low affinity and require co-receptors, Neuropilinl (Nrp1)
or Neuropilin2 (Nrp2) which also are single pass transmembrane proteins, to stabilize the
interaction. The association between Plxns and Nrps form an active holoreceptor complex,
whose composition can vary according to the different Semas and the cell-types (Tran et al.,
2007)(Nawabi et al., 2010). In the context of commissural axon navigation, genetic deletion in
the mouse of Sema3B, Nrp2 and PIxnA1l all resulted in defective midline crossing. Various
defects were reported, such as stalling and caudal instead of rostral turning (Zou et al., 2000)

(Nawabi et al., 2010).

The SlitC/PlexinA signaling.

Slits were shown processed by proteases. The cleavage of Slit2, and probably of Slitl,

generates an N-terminal fragment (Slit2N, 140 kDA) and a C-terminal fragment (Slit2C 55-60
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kDA)(Brose et al., 1999). The functions of Slits were thought to be mediated by the full-length
and the N-terminal fragment since it contains the binding sequence to Robos (Delloye-
Bourgeois et al., 2015). Consequently, the Slit-C fragment has been considered inactive until
our laboratory found it exerts a repulsive action, that turned out to be mediated by PlexinA

receptors, and especially PlexinAl in the context of the spinal commissure.

Therefore, this put PIxnlA as a receptor shared by Sema3B and Slit-C. However, the
mechanisms leading to PIxnAl activation and to the consequent repulsive effect are different
between the two ligands. Our laboratory found that Slit-C but not Sema3B induces the
phosphorylation of the tyrosine residue Y1815 in PIxnA intracellular domain. Mutating this
residue interferes with Slit-C but not Sema3B activity. Moreover, Slit-C-PIxnAl binding is
independent of the Robos, but when interacting with Nrp2, PIxnAl cannot bind to Slit-C

anymore (Delloye-Bourgeois et al., 2015).

Analysis of mouse models gave useful information for discriminating the functions ensured by
these different repulsive signaling. Indeed, spinal commissural axons recrossing the midline
were observed in Slit 1-3 triple and PIxnAl mutants, but neither in Sema3B nor in Robo
mutants, suggesting that the PIxnA1-SlitC might be primarily responsible for preventing

midline re-crossing (Long et al., 2004)(Nawabi et al., 2010).

Nevertheless, and beyond the midline barrier setting, it remains very unclear whether these
different repulsive signaling have redundant or complementary functions. For example, many
questions remain on the spatial distribution of the ligands within the FP, which highlight the
nature of the growth cone behavior they control. Slits exhibit heterophilic binding with many
molecules of the extracellular matrix, such as Neurexins, type IV Collagens, glypican and
syndecan (Blockus and Chédotal, 2016). For instance, in mammals, Slit-FL and SlitN bind
mostly to the cell surface whereas SlitC was reported associated to the extracellular matrix
(Brose et al., 1999). In particular, Slit-FL and Slit-C can potentially bind to dystroglycan in the
FP and the basal lamina, whereas Slit-N doesn’t have this property because it lacks the
dystroglycan-binding laminin G domain (Wright et al.,, 2012). In Drosophila, Slit protein
distribution is altered in syndecan mutants, supporting that heparan sulfate

glycosaminoglycans can localize Slit in specific territories (Johnson et al., 2004). Our laboratory
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also has several evidences from ongoing work supporting that Slit fragments distribute

differently in the spinal cord.

Additional interactions occurring in the FP implicate B-class Ephrins which can act as ligands
or receptors mediating forward or reverse signaling, respectively (Cowan and Henkemeyer,
2002). In the FP, glial cells express ephrin-B3 and commissural axons Eph-B3 receptors
(Kadison, 2006). The commissure is impaired in mice lacking ephrin-B3 or Eph receptors
(Kadison, 2006). It remains unclear whether the predominant function of the Ephrin/Eph
signaling is, as in other commissural systems, to prevent the crossing of ipsilateral axons, or if

it contributes in addition to repel commissural axons after the crossing.

Nogo, mainly known as a ligand inhibiting axon regeneration, has also been reported
expressed by radial glia and Nogo receptor (NogoR) by spinal commissural axons (Wang et al.,
2010). Blocking NogoR was found to induce axon stalling in the FP, therefore resulting in a
reduced number of commissural fibers reaching the spinal cord contralateral side (Wang et

al., 2010).

Repulsive propelling forces after crossing.

Following their crossing, commissural axons turn rostrally and navigate longitudinally to the
FP. Rostral turning of the growth cone is made possible by a rostral to caudal gradient of SHH
and Wnt morphogens, SHH being concentrated more caudally and Wnt more rostrally. The
attractive activity of SHH in the first half of the spinal cord navigation exerted via SMO and
BOC receptors is turned to repulsion after the crossing via a switch of commissural receptor
towards HHIP (Hedgehog interacting protein)(Charron et al.,, 2003)(Okada et al.,,
2006)(Bourikas et al., 2005). This switch appears to also activate simultaneously the sensitivity
to Wnt5, whose gradient attracts commissural growth cones towards the rostral direction.
This cross-talk is mediated by SHH/SMO-dependent downregulation at transcriptional level of
Shisa2, a protein which inhibits glycosylation of the Wnt receptor Frizzled3 (Fzd3), thereby

resulting in increase of Frizzled3 sorting at the cell surface (Onishi and Zou, 2017).
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In parallel to these repulsive forces expulsing commissural axons from the FP, many studies
have reported the fundamental role played by cell adhesion molecules. For instance, in the
chick embryo, MDGA?2, a cell adhesion molecule of the IgCAM Superfamily, was found to
promote commissural axon extension along the longitudinal axis. This protein is expressed in
both commissural and ipsilateral projecting interneurons at HH24-HH26, a developmental
stage at which ipsilateral and commissural axons are navigating the same compartment, the
VF. Ipsilateral knock-down of MDGA2 prevented the longitudinal growth of commissural
axons, a phenotype phenocopied by commissural ablation of MGDA2. Moreover, the
demonstration that this protein is able to form homophilic trans-interactions suggested a
mode of action whereby MGDA2 mediates the fasciculation of post-crossing axons with the
ipsilateral axons navigating the VF. According to this model, ipsilateral axons would serve as a
substrate for commissural axon elongation (Joset et al., 2011). Furthermore, in the chick
embryo, a role of a subfamily of IgCAMs, the Necls/SynCAMs, has been described at the post-
crossing step. In particular, it has been suggested that Necl3 produced by the FP induces the
clustering in cis, of Necl2 and Necl3 receptors at the commissural growth cone surface. This
complex can interact with FP Necl3, and triggers, in combination with Shh and Wnt gradients,
the rostral turning at the FP exit (Niederkofler et al., 2010). The repulsive propelling forces at

the FP exit are represented in Figure 8.
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Figure 8: Propelling forces after FP crossing. Both soluble cues and adhesive interactions
participate to growth cone propulsion away from the FP. Rostral turning of the growth cone
is triggered by rostro-caudal gradients of Shh and Wnt morphogens, Shh being more
concentrated at the caudal side and inducing via HHIP receptor a repulsive response that
prevent growth cones from turning caudally, and Wnt, being more concentrated at the rostral
side and inducing an attractive response of the growth cone via Fzd3 receptor. In parallel,
several couples of adhesive molecules are involved in the growth cone propulsion, for instance
Necl3- Necl2/Necl3 trans interactions between the FP glia and the growth cone and MGDA-
MGDA trans interactions between the growth cone and the post-crossing fibers navigating the
VF.

Repulsive channeling forces after crossing.

Once the rostro-caudal direction is selected, commissural axons segregate in several tracts at
different medio-lateral positions. This process of bundle selection depends both on the
perception of repulsive guidance cues and on the interaction between adhesion molecules

expressed by the growth cone and the surrounding environment (Figure 9).

-31 -



Channeling forces after crossing =~ 00— em o mm e

EphrinB3 EphrinB

©—0
VAN

EPHB3 Robo1/2 DSCAM EPHB
Axon l repulsion l repulsion l ?

Figure 9: Channeling forces after FP crossing. At the post-crossing stage, commissural axons
form two main tracts, the VF and the LF. The trans-interaction occurring between FP glia
EphrinB3 and EPHB3 receptor participates in assigning the medio-lateral position of post-
crossing axons. Slits provided by the FP glia contribute to axon sorting within the two bundles
through its interaction with Robo1/2 receptors. The involvement of Slits secreted by MN in
post-crossing bundle selection has not been proved yet. The involvement of EphrinB-EPHB
signaling in post-crossing axon channeling has been suggested in the past but it needs to be
demonstrated in vivo.

In the Drosophila nerve cord, Slits acting as long-range cues are thought to organize the
longitudinal tract positioning, by forming a medio-lateral gradient from the midline source
(Rajagopalan et al., 2000). However, and mainly due to the lack of appropriate tools to
characterize their expression profile, there are still no direct evidence, in vivo, for such a
medio-lateral gradient of Slit proteins during the formation of post-crossing longitudinal
pathways. Slit processing might be required for the longitudinal path since substitution of Slit
by uncleavable Slit form, while not affecting midline crossing, was reported to have profound
impact on the longitudinal axon tracts. This study further suggested that this post-crossing
function is mediated by binding of Slit-N to Dscam and Robo receptors (Alavi et al., 2016).
Manipulations of Robo receptors in commissural axons also support a post-crossing role of
Slits (Rajagopalan et al., 2000)(Simpson et al. 2000). According to these models, Robo2 and
Robo3 are involved in the lateral navigation since their loss causes a shift of the tracts closer
to the midline whereas their forced expression in axon tracts that express only Robo,

repositions them further away from the midline (Rajagopalan et al., 2000)(Simpson et al.
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2000). This “robo code” would specify the broad lateral zone in which axon tracts project and
then a “fasciculation code” would refine axon positioning via local cues produced by the

lateral tracts, through the involvement of adhesion molecules like Fasciclin II.

An analogous Robo code for lateral positioning has been suggested in vertebrates. During the
time-window of FP and post-crossing navigation, mRNAs for Robol and Robo2 have been
detected in overlapping populations of commissural neurons. Commissural neurons
expressing Robo?2 lye their cellular body at more lateral positions than those expressing Robol
(Brose et al., 1999). Many cellular bodies produced mRNAs for both receptors, suggesting that
commissural axons can concomitantly express Robol and Robo2. After crossing, commissural
axons organize in two main tracts navigating in the ventral and the lateral funiculi (VF and VL).
Antibodies directed against the extracellular domains of Robol and Robo2 revealed their
expression primarily in the post-crossing segments of commissural axons. Moreover, Robo1l
and Robo2 antibodies labeled overlapping but distinct post-crossing territories of the spinal
cord: the VF with anti-Robo1l and the LF with anti-Robo2 (Long et al., 2004). The analysis of
mouse models, mutant for these receptors, supports that Robol and 2 control the
mediolateral sorting of post-crossing commissural axons, and that the two receptors have
specific contributions. At E11.5 when the commissures are forming, the LF appeared
significantly thicker in Robol mutants and thinner in Robo2 mutants, compared to WT. The
correspondence between Robo expression and mediolateral position of the axons is quite
complex to infer, because axons can express Robol and Robo2 only, or both. Moreover, Robo
expression levels also vary, which also likely influences the strength of the response. As a
result, the interpretation of single and double Robol and Robo2 mutant phenotypes is rather
uncertain, and not consistent between studies. For example, thickening of the VF consequent
to Robol loss was reported in a first study, but not seen in a second one (Long et al.,
2004)(Jaworski et al., 2010). In mice lacking Robo3, in which all commissural axons stay
ipsilateral, the loss of Robol and Robo2 generates similar defects to those observed in Robol”
/’, Robo2” and Robo1/2"" mutants, indicating that the organization of the lateral navigation

by Slit-Robo signaling is not conditioned by midline crossing.

In vertebrates, sources of Slit other than the FP might account for the post-crossing navigation,

in particular, motoneurons express all three Slits in mice, rat and chick. This source of Slit could
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constrain post-crossing axons expressing Robol at medial trajectories, and those expressing
Robo2 at more lateral positions, between the lateral basal lamina and the motor column.
Experiments to evidence this channeling function still lack. Up to now, this motoneuron source
of Slit has been shown to organize the phrenic motor axon tract also expressing Robos,
through an autocrine mode of action (Jaworski and Tessier-Lavigne, 2012). Further
investigation of the possible role of motoneuron-derived Slit could be achieved by analysis of
commissural trajectories in mouse embryos mutant for the Homeobox Gene Hb9, which plays
an essential role in MN differentiation (Arber et al., 1999) or in chick embryos by mechanic
removal of the limb, which results in MN apoptosis. Targeted deletion of Slits in motoneurons

could also be undertaken to specifically assess their role (Wilson and Stoeckli, 2012).

Slit/Robo signaling appears to act in concert with the Eph/Ephrin signaling in channeling post-
crossing axons. At E13, in the mouse embryo, the expression patterns of B-class ephrins and
B-class Eph receptors are complementary: B-class ephrins are expressed on the lateral border
of the FP and in the dorsal funiculus whereas B-class Eph receptors are highly expressed on
axonal segments that have crossed the midline but absent on commissural axons navigating
toward the FP (Imondi et al., 2000). In vitro, the interaction between EphB-ephrinB was
observed to induce a collapse of commissural growth cones whereas its blockade resulted in
an aberrant invasion by commissural axons of spinal cord dorsal regions, in which axon growth
is normally avoided (Imondi and Kaprielian, 2001). These evidences suggested that the
expression of ephrins in the dorsal funiculus and at the FP borders constrains the trajectory of
post-crossing commissural axons expressing Eph receptors in a corridor (Imondi and
Kaprielian., 2001)(Imondi et al., 2000). However, a following study, based on in vivo analysis
did not support a prominent role of this signaling since mice lacking EphB or ephrin-B
members had unaffected contralateral projections (Kadison, 2006). Conversely, this signaling
turned out to be essential for proper midline crossing, since its loss resulted in aberrant
trajectories at the vicinity of the midline (Kadison, 2006). It remains to be tested whether

other Eph/Ephrin couples contribute to pattern the post-crossing navigation.

The longitudinal sorting of post-crossing commissural axons might also be dependent on
interactions between guidance receptors and cell adhesion molecules. For instance, N-

cadherin (Ncad) is involved in the longitudinal tract positioning in Drosophila (Iwai et al., 1997)
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and Robo receptors are capable of inactivating Ncad-mediated adhesion in a variety of
systems (Rhee et al., 2007)(Rhee et al., 2002)(Wong et al., 2012). In the chick model, over-
expression of Ncad prevents the formation of the LF, which is also the result of Robo signaling
loss. However, perturbing simultaneously Robos and Ncad, rescues this phenotype. The same
outcome is produced when inactivating Robo function in Ncad conditional knock-out mice.
These findings thus suggest that Robo-mediated inhibition of Ncad is required for the correct

formation of longitudinal tracts.

To which extent post-crossing axons of commissural neurons join axonal tracts formed by their
homologous ipsilateral neurons is not well determined. In the chicken embryo, homophilic
interactions do form between axons of the same subtype, for instance dl1 commissural axons,
which project controlaterally across the midline, fasciculate in the LF with dI1 ipsilateral axons
(Hivert, 2002). Consequently, it is conceivable that ipsilateral axons, which establish their
tracts prior to the arrival of the correspondent contralateral population, pioneer the path.
Many ipsilateral and contralateral populations share the same guidance receptors, differing

by the commissural-specific silencing mechanisms that operate to enable midline crossing.

In the mouse, if such homotypic fasciculation exists, it would impact on the interpretation of
the post-crossing defects of mutant models. They could be due to fasciculation with ipsi-
lateral axons aberrantly positioned than to loss of responsiveness to guidance cues. In this
direction, some studies in the past have even proposed a model according to which Robo
receptors would sort axons in specific compartments through homophilic interactions, thus
not being fundamentally different from any other adhesion molecules such as Fasciclin Il
(Hivert, 2002). Population-specific deletions could help discriminating the mode of action of
the Robos. In the chicken embryo, Atoh1 and Neurogl were used to drive the expression of
truncated variants of Robo having dominant-negative properties in dl1 and dI2 commissural
neurons, respectively (Reeber et al., 2008). These experiments resulted in a failure of post-
crossing dl1 and dI2 axons in projecting away from the FP after unilateral electroporation of
Robol truncated variants. Surprisingly, the authors also found that after the unilateral
electroporation, post-crossing axons of either side of the spinal cord failed to project away
from the FP. More specifically affecting the guidance of ipsilateral axons would allow assessing

whether they contribute to the post-crossing navigation of commissural axons.
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As a summary of this chapter, Figure 10 presents the different phenotypes of commissural

axon guidance observed in the mouse models.
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Figure 10: Summary of the principal commissural axon phenotypes observed in mutant
mouse models. WT: commissural axons extend towards the midline and then, after crossing
turn rostrally, selecting medio-lateral pathways. In mice mutants for guidance receptors and
repulsive cues, the principal phenotypes consist in growth cone stalling at the FP entry, within
the FP and at the exit, midline re-crossing and aberrant turning within the FP. Robol”": these
mutants display aberrant axon turning and stalling during FP navigation and a thickening of
the LF-DF. These mutants do not display re-crossing. Robo2”": these mice do not exhibit
navigation defects during FP crossing but present a strong thinning of the LF. Robo3”: These
mutants completely lack commissures. Slit1/2/37 Slit triple mutant display phenotypes which
are more severe that those displayed by the simple mutants. They have all the midline
phenotypes and also a thin LF. PIxnA1”": as Slit triple mutants, these mice display all the
midline phenotypes however, the condition is less severe than that of Slit triple mutants.
Sema3B”: these mutants display stalling and aberrant turning at the FP but do not exhibit
midline re-crossing.

CHAPTER2: Molecular mechanisms regulating commissural axon sensitivity to the FP
guidance cues.

During spinal cord navigation, growth cones adapt step by step their sensitivity and their
responses to surrounding external cues. If one can easily conceive how growth cones can be
repelled away from a territory releasing repulsive cues, it is more challenging to understand
how commissural growth cones can navigate a territory such as the floor plate which produce
repulsive cues all over their navigation. To make this navigation possible, it has been shown
that commissural growth cones only perceive the repellents after they have crossed midline.
I will present in this chapter the principal mechanisms regulating the sensitivity of
commissural growth cones to the guidance cues orchestrating their navigation in the

vertebrate spinal cord and drosophila ventral cord.

In both vertebrates and invertebrates, growth cone sensitivity to midline repellents must be
tightly regulated in space and time, since a premature response of growth cones prevents
contacts with the intermediate target, whereas a delayed response results in stalling. During
the whole period of commissural axon extension towards the midline and exit from this
structure (from the first axon waves of pioneers at E9.5 to the latest one at E12.5) (Pignata et
al., 2016), the glial FP cells present repulsive cues to growth cones. This suggests that

commissural axons actively silence their response to repellents until they have reached the FP
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and that during crossing they turn-on their sensitivity to these signals. This growth cone
sensitization is achieved via precisely controlled modifications of the guidance receptor
repertoire at the plasma membrane. This goes through both loss of pre-existing receptors and
gain of novel receptors, although the latter phenomenon appears from the literature to be
more prevalent. Various mechanisms contribute to these changing of receptor composition,
ranging from modifications at transcriptional levels to direct targeting of the protein. They
include regulation of receptor synthesis, trafficking, extracellular sorting, changing of their

interactome profile or stability modification.

Silencing and sensitization to Slits.

In both invertebrates and vertebrates, the pre-crossing silencing to midline Slits is crucial for
appropriate midline crossing and has been described to occur via a control of the surface
expression of Slit receptor Robo. To do so, invertebrates and invertebrates adopt different
post-translational strategies, requiring specific molecular interactions. In Drosophila, Robo1l
surface sorting is regulated by Commissureless (Comm) (Kidd et al., 1998b) which is
transiently expressed in commissural but not in ipsilateral projecting neurons. At the pre-
crossing stage, Comm addresses Robol to the endosomal-lysosomal compartment whereas,
during crossing, Comm is down-regulated via a yet unknown pathway, which results in Robol
surface expression (Keleman et al., 2002)(Keleman et al., 2005). Moreover, a second
mechanism, complementing the Comm-mediated silencing in pre-crossing has been described
to prevent Robol that would start reaching the cell-surface before the crossing to confer
premature sensitivity to midline Slits. This mechanism relies on a trans-interaction between
Robo1l at the surface of commissural growth cones and Robo2 expressed at the surface of

midline glial cells (Evans et al., 2015).

An ortholog of Comm has not been found in the vertebrate genome, which raised the evidence
that other mechanisms ensure the pre-crossing silencing to Slits. Immunohistochemical
detection of Robo1/2 has shown that the receptors are weakly detected in pre-crossing axons,
and become enriched at the post-crossing stage. In contrast, Robo3 is found mainly in pre-
crossing axon segments. Robo3 was initially thought to bind Slits, thus possibly competing

with Robo1/2 for binding, and silencing the responsiveness of the growth cone by failing to
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activate downstream cascade (Mambetisaeva et al., 2005). However, this hypothesis has been
invalidated with the recent findings that Robo3 in mammals has lost the Slit binding (Zelina et
al., 2014). Another model has been proposed in which Robo3 would trigger Robol/2
degradation. However, this mechanism has only been addressed in vitro (Li et al., 2014).
Distinct spliced isoforms of Robo3 have been reported, depending on whether the splicing
affects the N-terminal or C-terminal domain of the protein. Robo3.1 and Robo3.2 are two C-
terminal isoforms that have been proposed involved in Robo1/2 regulation. Robo3.1, which is
the isoform having restricted pre-crossing expression, was proposed to engage in cis-
interaction with Robo1/2 at the plasma membrane, the complex formation resulting in
silencing of the receptor signaling activity (Chen et al., 2008). These models rely on the
presence of Robo receptors in pre-crossing axons, which is uncertain. Beyond, a recent study
in the chick embryo rather proposes that at the pre-crossing stage, Robo1 transcript is silenced
by a microRNA, miR-92 (Yang et al., 2018). Whether this mechanism is coupled to that
implicating Robo3 is not known. Overall, how is silenced Slit sensitivity in vertebrates, and

whether all vertebrates engage the same type of regulations remain largely puzzling.

The sensitization to Slits also remains unclear, with debated models. During crossing, Robo3.1
would be replaced by Robo3.2, through a mechanism implicating local synthesis triggered by
a FP signal (Colak et al.,, 2013), this latter isoform acting as an agonist to switch on
responsiveness to Slits (Chen et al., 2008). Surprisingly, However, no model of this Robo3.1 to
Robo3.2 switch has been proposed as well as a mechanism by which Robo3 would sense Slit
gradient, triggering Robo1/2 repulsion. Surprisingly, Robo3.2 variation is poorly conserved
and might only exist in rat and mouse (and not in other mammals or other species) (Friocourt
and Chédotal, 2017), which makes it difficult to generalize these findings. Recent results
indeed bring a radically different mode of action of Robo3, which relies on its binding to DCC.
According to this study, Robo3 would be involved in Netrin mediated-growth cone attraction

toward the midline (Zelina et al., 2014).

The gain of sensitivity to Slits is suggested to occur “simply” because of increase of Robo levels.
In the chicken embryo, trafficking of vesicles carrying Robo receptors was reported regulated
upon the crossing. More precisely, RabGDI (a highly conserved regulator of vesicle trafficking)

and Calsyntheninl (protein involved in anterograde vesicular transport, interacting with
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Kinesin motor) were found to collaborate in triggering at right time Robo surface expression
(Philipp et al., 2012)(Alther et al.,, 2016). What are the mechanisms triggering the up-

regulation of RabGDI and does the FP provide a checkpoint control are still open questions.

The findings that Robo proteins undergo proteolytic cleavage open additional possibilities to
this already very complex picture. Controlling this cleavage could indeed represent an efficient
way for regulating growth cone sensitivity to Slits. Cleavage by metalloproteases has first been
reported in Drosophila, and shown to be essential for the recruitment of downstream
signaling molecules. Moreover, an uncleavable form of Robo could not rescue midline stalling
phenotypes in Robo mutant mice (Coleman et al., 2010). It has also been reported that Robos
undergo a second cleavage by gamma-secretases which leads to the translocation of
intracellular RoboC fragment to the nucleus (Seki et al., 2010), suggesting that Robo not only
acts as a receptor but also as a nuclear signaling molecule. After binding Slit, Robos are
addressed to endosomes and recycled. Interestingly, Robo sorting to endosome represents a
fundamental step for the recruitment of adaptor molecules and the initiation of a signaling
cascade (Chance and Bashaw 2015). It would be interesting to extend these findings in the
context of vertebrate axon guidance given that cleavage by metalloproteases was reported in
the Drosophila nerve cord and processing by gamma-secretases in cancer cells. For example,
this could be investigated by developing genetic tools based on “dark-to-bright” reporters that
would reveal cleavage events through a fluorescent signal. How regulation of Robo cleavage
to control growth cone sensitivity to Slits could be achieved? This obviously could go through
the regulation of metalloprotease activity but also of Robo conformation. Some studies have
suggested that the control of Robo cleavage depends on the folding of its juxtamembrane (JM)
domain. After having revealed the crystal structure of this portion, the authors have suggested
that in absence of Slit, the JM linker has a compact folding which prevents metalloprotease
cleavage. Slit binding to Robo would generate a tension at the site of JM containing the linker.
This would expose the cleavage site to metalloprotease (Barak et al., 2014). Thus, such micro-
tension at the growth cone surface could be essential for exposing or not Robo to the
proteases. The molecular mechanism that are involved in silencing and sensitization to Slits

are illustrated in Figure 11.
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Figure 11: Mechanisms mediating Robo1l silencing and sensitization to Slits in drosophila
and vertebrates. (A) In drosophila, Robo in pre-crossing is targeted to lysosomes by Comm
protein. During crossing, Comm is downregulated, allowing Robo to reach the cell surface and
transduce Slit signaling. A second mechanism, occurring in parallel to Comm-mediated
silencing, involves Robo2 expressed by glial cell, which interacts in trans with Robol at the
growth cone surface, blocking its interaction with FP Slit. (B) Upper panel: in mouse embryo,
upon crossing Robo3.1 is replaced by Robo3.2 which acts as an agonist of Robo1-Slit signaling.
This model lacks further confirmation. Lower panel: in chick embryo, the cell surface sorting
of Robol is triggered by the transcriptional up-regulation of RabGDI.

Silencing and sensitization to the Semaphorins.

The Sema3B/Nrp2/PIxnA1l signaling is also regulated to enable midline crossing.

Our laboratory reported that the silencing is achieved through regulated processing of PIxnAl
by calpains. These proteases bear the particularity to process their targets rather than
degrading them, thus modifying for example their interactome profile (Carragher and Frame,
2002)(Araujo et al, 2018 ). Calpain was shown to generate two PIxnAl fragments from the
integral protein. PIxnAl and Nrp2 transcripts were detected in the dorsal spinal cord over the
FP navigation period but at protein levels, only Nrp2 protein expression was consistent in pre-
crossing axon segments. PIxnA1l signal was in contrast strongly enriched in crossing and post-
crossing axons. A series of experiments raised a model in which PIxnAl processing by calpains
prevents the protein to reach the surface. Upon exposure to FP signals identified as being
NrCAM and GDNF, calpain activity would be inhibited and PIxnAl conformed for surface
sorting (Nawabi et al., 2010)(Charoy et al., 2012). Because PIxnAl also mediates the response
to FP Slit-C (Delloye-Bourgeois et al., 2015), such regulation might also act as a trigger of Slit-

C sensitivity.

This model was challenged by a study reporting PIxnAl expression and sensitivity of
commissural axons at the pre-crossing stage (Hernandez-Enriquez et al., 2015). The labeling
was achieved with a home-made antibody recognizing the C-terminal domain of PIxnA1, which
thus prevented the distinction of intracellular and surface pools. The antibody thus likely
detected both integral and processed PIxnAl. Lack of commissural axon sensitivity to Sema3B
has been reported by three independent labs (Delloye-Bourgeois et al., 2015)(Nawabi et al.,
2010)(Zou et al., 2000)(Parra and Zou, 2010)(Tran et al., 2013), and despite our effort we could
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not obtain a response to Sema3B using the protocol described in this study (unpublished data
presented in the result section). The authors observed that specific removal of Nrp2 in the FP
induces reduction of commissure thickness, a phenotype that was rescued by removal of
PIxnAl. In the subsequent model proposed in this study, FP-Nrp2 would trap Sema3B in the
FP to prevent its diffusion and to make it inaccessible to commissural neurons over the
crossing period. Sensitization would then be achieved via transcriptional downregulation of
Nrp2. This model implies that midline crossing by commissural axons occurs in synchrony,
which is not supported by time course analyses. Rather many studies provided evidence for
successive generation of commissural neurons and waves of axon growth across the midline
from E10 to E13.5 in the mouse (Nawabi et al., 2010)(Pignata et al., 2016)(Brown et al., 2001).
Finally, we quantitatively compared the Sema3B distribution profile in the ventral spinal cord
of Sema3B-GFP knock-in embryo wild-type or mutants for Nrp1/2 using GFP antibody staining.
We found no difference of distribution patterns between the two conditions (unpublished
observations, see result section). Despite these discrepancies, it remains that Nrp2 in FP cells,
as well as PIxnA1l, could play indispensable roles during midline crossing, through modalities

that remained to be clarified.

The regulation of growth cone sensitivity to Sema3B and to closely related Sema3, Sema3F,
was also reported to be regulated by Shh signaling, via downregulation of PKA and second
messenger activity (Parra and Zou, 2010). Experiments in our lab could not reproduce the SHH-
mediated sensitization of commissural axons to Sema3B while they did confirm their
sensitization to Sema3F. Beyond these differences that might rely on different experimental
paradigms, Sema3F likely has a role distinct of that of Sema3B, given that it is not expressed
by the FP but by adjacent motoneurons, at least in the mouse (Zou et al., 2000)(Plschel et al.,
1996)(Parra and Zou, 2010). Nevertheless, the roles of second messengers in these regulations
are likely important, given their broad implication in axon guidance, but further investigations

are needed to clearly delineate them.

Additional mechanisms uncovered in the chicken embryo model and involving other Sema and
PIxn proteins have been reported to come into action to switch-on the sensitivity to Sema
repellents, especially Sema6B. Sema6B expressed by commissural axons was proposed to

interact in cis with PIxnA2 thus preventing the interaction between this PIxnA2 and Sema6B
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in trans from the FP. Upon reaching the FP, this cis complex would be destabilized by the
presence of the PIxnA2 expressed by FP glial cells, and the resulting trans interaction between
FP-PIxnA2 and growth cone Sema6B would then trigger a repulsive behavior (Andermatt et
al., 2014). Thus, these studies illustrate the diversity of mechanisms underlying the regulation
of commissural axon sensitivity to FP Semas. The molecular mechanisms that are involved in

silencing and sensitization to Sema3B and SlitC are illustrated in Figure 12.
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Figure 12: Silencing and sensitization of PIxnA1 to Slits and Sema3B. (A) Model for regulation
of Sema3B signaling in the mouse spinal cord suggested by previous work of our laboratory.
Calpain cleaves PIxnA1l during the pre-crossing navigation, preventing receptor cell surface
sorting. During crossing, GDNF blocks Calpain activity, allowing the receptor to reach the
surface and to respond to SlitC, and to Sema3B when associated with Nrp2. (B) Alternative
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model for the regulation of Sema3B signaling suggested by T. Tran lab. In this model PIxnA1l
and Nrp2 are both expressed at the cell surface in the pre-crossing compartment, but the
sensitivity to Sema3B is prevented because the ligand is trapped by Nrp2 expressed by glial
cells. After the crossing, at E13, Nrp2 is downregulated, leading to Sema3B release and
allowing repulsion.

Silencing of attractive cues.

The expression of Netrin or Shh persists in the FP during midline crossing and the post-crossing
navigation, which suggested that the responsiveness to these attractants might be regulated
over time. Early works consisted in grafting ectopic FP in spinal open books, either
encountered by axons navigating towards the endogenous FP or after their crossing. The
authors observed that pre-crossing commissural axons were deflected towards the ectopic FP
whereas post-crossing axons ignored it, supporting that crossing of endogenous FP induced
them to lose their sensitivity to FP attractants (Zou et al., 2000). /n vitro experiments
performed with Xenopus spinal neurons have suggested a mechanism by which Slit treatment
would induce a silencing of Netrin response (Stein and Tessier-Lavigne, 2001). The growth
cones of these neurons were not able to turn anymore towards focal Netrin source when
concomitantly exposed to Slits. It was further proposed that this desensitization occur via Slit-
induced interaction between the intracellular domains of Robol and DCC (Stein and Tessier-
Lavigne, 2001). Cross-talks between Netrin and Slit have also been described in the developing

brain to regulate the pathfinding of thalamocortical projections (Bielle et al., 2011).

Modulations of the sensitivity to the other reported FP attractants were also reported to occur
via regulations at receptor levels. Likewise, SHH effect is switched from attraction to repulsion
by changing of activated receptors, with SMO and BOC receptors mediating attraction
(Charron et al., 2003)(Okada et al., 2006) and HHIP mediating repulsion (Hedgehog interacting
protein) (Bourikas et al., 2005). It has been showed that the induction of HHIP expression
occurs after the interaction of SHH with Glypicanl. Indeed, Glypicanl appears required for the
transcriptional regulation of HHIP (Wilson and Stoeckli, 2013) interestingly suggesting that Shh
acting as an attractant in pre-crossing, induces the expression of its own repulsive post-
crossing receptor (Bourikas et al., 2005)(Wilson and Stoeckli, 2013). Alternatively, other
studies proposed that the switch from attraction to repulsion by SHH cue would depend on

an intrinsic timer that would change the responsiveness of axons through accumulation of 14-
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3-3intracellular scaffolding proteins. Using in vitro assays, the authors found that during the
first two days of culture, the growth cones were attracted by SHH and from the third day they
got repelled by SHH. This behavior was correlated with a modulation of 14-3-3 proteins. These
latter are major constituents of the growth cone and can control the spatial and temporal
activity of the proteins they bind to. Increase of these protein levels was shown to result in

reduction of PKA activity, resulting in in repulsive (Yam et al., 2012).

These studies enlighten the diversity and complexity of the modulations that take place in the
growth cones to drive their guidance decisions over the FP crossing and post-crossing
navigation. They also illustrate that beyond the regulations of ligand and receptor expressions
at transcriptional levels, many important regulatory pathways are operating at post-
translational levels. The diversity of growth cone responses to guidance cues emerges from
the control of the dynamics of guidance receptors and signaling molecules and the generation
of asymmetries that will drive the growth cone steering. | will present in the next chapter the

principal characteristics of the growth cone machinery that underlie these modulations.

CHAPTER 3: Generating polarized molecular distribution in the axon.

The growth cone: a machinery for generating molecular polarity and localized signals.

Structural and functional compartmentalization of proteins are major feature of the neurons
(Katsuki et al., 2011). For example, their ability to organize highly complex molecular patterns
in their axon is remarkably demonstrated by the formation of nodes of Ranvier, axonal
microdomains in which sodium channels form clusters, spaced by myelin gaps arranged at
regular distances along the axon shaft to ensure fast propagation of the action potential
Kaplan et al., 1997). As well, the axon initial segment (AlS), the part proximal to the soma, has
a specific molecular composition in cell adhesion molecules, scaffolds and ion channels,
needed to initiate the action potential (Nelson and Jenkins, 2017). The synapse is another
major illustration of molecular compartmentalization capability of the neuron, for instance
reflected by specific pre-and post-synaptic arrangements of cell adhesion molecules,
neurotransmitter receptors and scaffolding proteins (Sheng and Kim, 2011)(Choquet and
Triller, 2013)(Ribeiro et al., 2018). Compartmentalization of molecules in the axons has been

shown controlled both by intrinsic and extrinsic mechanisms. For example, while AlS assembly
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is an intrinsic process, the formation of nodes of Ranvier also requires extracellular glial-

derived signals (Nelson and Jenkins, 2017).

Structural and functional compartmentalization also underlies major properties of the
navigating axon. The growth cone possesses a highly complex machinery to direct different
components at different places and to regulate their dynamics depending on the context and
the decision to make. It is a structurally heterogeneous organ whose composition in
cytoskeletal and cytoskeleton-interacting proteins varying from the front to the rear. This
polarity has been demonstrated by multiple work to be crucial for growth cone adhesion to
the substrate, motility and directional growth (Omotade et al., 2017). The cytoskeleton
components of the growth cones, fibrillary actin (F-actin) and microtubules (MT) define three
main compartments along the front-rear axis: the peripheral domain, the central domain and
the transition domain. Bundled MT occupy the axon shaft and the growth cone central domain
whereas F-actin composes the peripheral domain of the growth cone. The two domains are
delineated by the Transition zone, containing contractile structures regulating both actin and
microtubules. The central domain also differs from the peripheral one in that it is also enriched
in cellular organelles such as exocytotic vesicles and mitochondria. Conversely, actin
nucleating factors and regulators are distributed in the peripheral domain. For instance,
Ena/VASP are actin-associated proteins directly involved in growth cone remodeling after
guidance receptor activation (Drees and Gertler, 2008). These proteins concentrate in
filopodia tips and in lamellipodia where they increase filament length regulating some aspects
of actin dynamics such as the rate of G-actin incorporation and the protection of F-actin from
polymerization-terminating capping proteins. The dynamics of the growth cone cytoskeleton
is also polarized. F-actin polymerizes at the growth cone edge, and de-polymerizes at the basis
of the lamellipodia. Such retrograde flow of F-actin is at the basis of growth cone advancement

(Omotade et al., 2017).

Compartmentalized signaling in the growth cone.

On top of this front-rear compartmentalization, the growth cone establishes dynamic polarity
to achieve guidance decisions. The turning behavior of a growth cone indeed results from the

generation of asymmetric activities that reflect the gradient of external guidance cues. These
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asymmetries are created through polarized trafficking and activation of signaling molecules
and also through polarized dynamics of cytoskeleton elements (Itofusa and Kamiguchi, 2011).
For example, asymmetric elevation of calcium across the growth cone intracellular space
reflecting the presence of a guidance molecule on one side results in an attractive response.
In contrast, calcium release from the endogenous endoplasmic reticulum located in the
central domain, elicits a repulsive response. Growth cone turning away from an exogenous
guidance cue is manifested by loss of F-actin whereas an attractive turning depends on F-actin

polymerization at the growth cone site closest to the attractive signal (Omotade et al., 2017).

The growth cone accumulates multiple signaling molecules to transduce the information
provided by the guidance cues into a directional change. Several cascades downstream of Slits
and Semaphorins targeting actin and microtubule dynamics have been characterized, which
interestingly, are framed by the structural polarity of the growth cone. | briefly illustrate here

some representative examples.

Signaling to actin.
Robo activation was shown to result in recruitment of Ena/VASP, Ena interacting with MRL

proteins to promote actin polymerization, membrane protrusion and adhesion and with
DAAML1 proteins to promote filopodia formation (Matusek et al., 2008)(Quinn et al., 2006).
The actin-binding proteins ERMs (Ezrin, radixin, Moesin) physically connect actin cytoskeleton
with cell adhesion and guidance receptors at the plasma membrane. Their loss reduces the
area of the growth cone, disorganizes F-actin and induces lamellipodia retraction. L1ICAM
forms a complex with Nrp1, and in vitro, it has been suggested that Sema treatment induces
a temporary inactivation of ERMs resulting in collapse of the growth cone (Mintz et al., 2008).
The tyrosine kinase Abelson (Abl) is another actin-binding protein which was shown to directly
bind and phosphorylate Robo (Bashaw et al., 2000). Moreover, Abl also binds and
phosphorylates other substrates, including actin regulators such as Ena/VASP, and GEFs/GAPs
proteins regulating the activation and the inactivation of Rho family proteins. Abl and Ena play
opposite roles in Robo signaling, Abl antagonizing Robo-mediated repulsion signaling via
phosphorylation, whereas Ena mediating part of Robo repulsive response (Bashaw et al.,

2000).
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The sub-membranous cortical spectrin network, which inter-connects the plasma membrane
proteins with F-actin allowing a rapid cytoskeletal remodeling is also implicated in the growth
cone response to repulsive cues (Garbe et al., 2007). In addition, rapid actin-F remodeling
wouldn’t be possible without rapid regulations of Myosin Il actin-associated protein via the
direct binding to Rho GTPases. For instance, in vitro Sema3A treatment was shown to induce
a rapid redistribution of Myosin Il coincident with F-actin depolymerization. Mical redox
enzymes are an additional class of actin-binding proteins that can exert a direct
depolymerizing action over F-actin. MICALs were discovered as effectors downstream of
Plexins (Terman et al., 2002). Finally, some actin-binding proteins also act over G-actin,
sequestrating the monomers and possibly limiting actin polymerization. This is for instance
the case of CAP proteins, found to act downstream of Robos and forming complexes with
other actin regulatory proteins such as Abl and Profilin (Wills et al., 1999). Overall these

examples illustrate how guidance receptors generate signals within the actin domain.

Signaling to microtubules.

Microtubules (MTs) occupy the central domain of the growth cone, and its dynamics is the
target of several repulsive signaling activated within the growth cone. As for actin, many MT
binding proteins have been described to act downstream of guidance receptors, regulating
various aspects of MTs dynamics. Some of them bind the MT fraction extending in the distal
actin region of the growth cone, at the growing ends (+TIPs), as for example CLASP proteins
which are involved in MT stabilization and rescue. Some studies have suggested that
Orbit/MAST (the Drosophila homologue of CLASP) participate to midline expulsion, operating
in Robo/Slit signaling through Abl protein to stabilize MTs at side of the growth cone exposed
to the highest concentrations of Slit (Lee et al., 2004a). These results appear counterintuitive
if we consider that Slit might cause collapse of the growth cone processes exposed to high
doses. However, some MT-stabilizing proteins such as MAP1B protein also have been
specifically detected on the same side of the growth cone facing the repulsive source (Mack
et al., 2000). Insights could come from better characterization of the activity of MT-
destabilizing proteins and how it polarizes in growth cones exposed to focal sources of

repulsive cues.
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Rho family of small GTPases.

Finally, main targets of activated guidance receptors are Rho-family of small GTPases (Hall and
Lalli, 2010). Signaling downstream of PIxnAl involves Rho GTPase that, via Rho-associated
kinase (ROCK)-mediated activity, leads to an increase in actin contractility (Gallo, 2006).
Simultaneously, the binding of Rac GTPase to PIxnAl may induce conformational changes
increasing the endocytosis of the receptor that is required in Sema3A-induced growth cone
collapse (Jurney et al., 2002). PIxnA1l downstream signaling has also a direct effect on
adhesion. After Sema3A stimulation, PIxnA1l recruits the Rho GTPase Rnd1, this interaction
resulting in the inactivation of proteins regulating integrin-mediated cell adhesion, such as R-
Ras (Oinuma, 2004). Precise regulation of Rac GTPases is also necessary for proper Robo
signaling and for the appropriate cytoskeleton rearrangements occurring during growth cone
repulsive responses (Hu et al., 2005). The Slit/Robo signaling also regulates growth cone
adhesion properties. For instance, activation of Robo leads to the formation of a complex
constituted by Robo, Abl and N-cadherin and to the subsequent tyrosine phosphorylation of
the beta-catenin, mediated by Abl or by other active kinases. This phosphorylation results in
a reduction of affinity for cadherin and consequently in al loss of N-cadherin-actin connections

(Rhee et al., 2002).

Compartmentalization of different Rho-family GTPase activities has been described occurring
in migrating fibroblasts and neurons treated with epidermal and nerve growth factors
(Kurokawa et al., 2005a). The development of FRET probes for Rho-family GTPases, allowed
to measure the activity of these proteins in the protrusions formed by the aforesaid cell types.
These experiments revealed a striking and differential spatial pattern of these proteins. In

particular, in migrating cells stimulated with growth factors, Racl and Cdc42 activities were

detected in a distal™e" |low

proximal™" gradient that was more expanded for Racl than for Cdc42
(Itoh et al., 2002)(Kurokawa et al., 2005b), whereas Rhol activity was mostly detected at
leading process tips and at the contractile tail (Kurokawa et al., 2005b). These activity patterns
are consistent with reported involvement of Racl and Cdc42 in lamellipodia dynamics, and of
RhoA at the tail of migrating cells in promoting actomyosin contractions and subsequent
retraction of the cytoplasmic tail (Kurokawa et al., 2005b). In dorsal root ganglia neurons

grown on laminin, the activities of small GTPases were shown to segregate within the growth
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cone. RhoA and Cdc42 were detected exclusively at the periphery, with Cdc42 accumulating
specifically in neurite tips, whereas Racl was detected mainly in the peripheral domain but

also in the central one (Kurokawa et al., 2005b).

A summary of the compartmentalized signaling in the growth cone is presented in Figure 13.
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Figure 13: Compartmentalized signaling in the growth cone. Summary of the molecular
interactions and downstream cascade targeting actin and microtubules after PIxnA1 and Robo

activation.

Receptor segregation in the axon shaft.

Compartmentalization of guidance receptors in the axon shaft is also a prominent feature of
the navigating axon, particularly well described in the context of commissural projections, as
illustrated in the chapter 1 of this introduction. Some receptors occupy the pre-crossing axon
segment, others are restricted to the post-crossing one. The composition of pre-crossing and
post-crossing receptors can differ between species. For example, LLCAM accumulates in the
post-crossing axon segment in the mouse but in the pre-crossing one in the chick. Conversely,

Tag-1is in the pre-crossing segment in the mouse but in the post one in the chick.

How are built such molecular compartments? A study has pioneered this topic by reporting a
cell intrinsic ability of Drosophila neurons to form, in culture, intra-neurites patterns of
receptors in absence of any added extracellular cues (Katsuki et al., 2009). The authors
showed that Robo2 and Robo3 receptors spontaneously localize in the distal segment of the
axons. These experiments do not exclude the possibility that this patterning results from
secretion of cues having autocrine mode of action. Contrarily to Robo2 and Robo3, Robo was
found to distribute homogeneously in the axon, whereas it is patterned in the commissural
axon in vivo. Thus, extrinsic information might lack in the culture condition, which instructs
this patterning in vivo. The authors of this study also showed that the DRL receptor is

specifically addressed to the proximal axon segment (Katsuki et al., 2009).

Mechanisms of molecular compartmentalization in the axon and the growth cone

Several mechanisms have been discovered which selectively address, remove or retain

membrane proteins, thus generating heterogeneous composition in different axon domains.

Trafficking as a mechanism for generating asymmetric receptor distribution
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Trafficking in ensured by an array of specialized vesicles that transport membrane molecules
from their site of synthesis to their final destination, that redistribute them within the cell,
ensure their turn-over and recycling (Tojima and Kamiguchi, 2015). This highly complex
trafficking machinery can generate molecular compartments in different ways. First, after
their maturation in the Golgi compartment, proteins can be directly delivered to different
membrane domains of the neuron via specific membrane-targeting motifs (Mellman and
Nelson, 2008). Second, membrane proteins can be selectively removed from the plasma
membrane though endocytosis, for recycling or degradation. Many insights were brought
from extensive studies of trafficking of LLCAM/NgCAM (chick) in the growth cone. L1 is first
dephosphorylated and internalized from the plasma membrane in the central domain of the
growth cone via clathrin-dependent pathway. Upon internalization, L1 is transported within
sorting and recycling endosomes to the peripheral domain of the growth cone, a process
which depends on dynamic ends of microtubules. Then, at the distal growth cone edge, L1 is
inserted again within the plasma membrane and phosphorylated. From this site, L1 moves
back to the central domain through coupling with retrograde movement of actin filaments via
ankyrin and other linker molecules. Strong adhesion in the front and weak adhesion in the
rear generates a dragging force to tract the growth cone forward. NrCAM is also coupled to
the actin retrograde flow and display similar dynamics at the growth cone surface (Kamiguchi
and Lemmon, 2000)(Falk et al., 2004). Endocytosis has also been shown important for the
maintenance of compartmentalized distribution of DRL protein in drosophila neurons. DRL
endocytosis is mediated by dynamin and reduction of dynamin activity was found to result in
a homogeneous distribution of DRL protein within the axon. Contrarily, Robo3 is fully
insensitive to this mechanism, suggesting that its segregation is achieved via another
mechanism (Katsuki et al., 2009). Third, polarized distribution of proteins also arises from
transcytosis, a process for which proteins are initially delivered to a compartment, then
internalized and redirected towards another membrane domain. Such a mechanism of
delivery-retrieval of proteins in the growth cone has been described for L1-CAM (Kamiguchi
and Lemmon, 2000). It is initially sorted to the somatodendritic neuronal compartment, from
which it is secondly internalized, and transported in vesicles for sorting in the axon (Tojima
and Kamiguchi, 2015). Finally, but nevertheless very poorly documented yet in the context of
axon guidance, proteins can also be uniformly delivered but selectively retained in some

membrane domains (Winckler and Mellman, 2010). This might occur through interactions
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with binding partners at the membrane, or extra-cellular matrix components and exogenous
ligands, or still through modifications of proteins at the cell surface. As an example, L1
interaction in trans with Nrpl at the membrane blocked the endocytosis of Nrpl normally

induced by Sema3A ligand (Castellani, 2002).

Microdomains of the membrane and diffusion barriers: additional level of protein partitioning

The plasma membrane composition in lipid-raft, enriched in specialized
cholesterol/sphingolipid, and non-lipid-rafts microdomains provide a basis for segregating cell
adhesion and guidance receptors and generating focal signaling in the growth cone
(Kamiguchi, 2006). Lipid rafts containing several CAMs, such as the Ig Superfamily member
NrCAM and N-cadherins, have been detected, in vitro, in the growth cone leading front. Actin-
dependent retrograde movement of NrCAM was shown to depend on its link to the
cytoskeleton at lipid raft sites (Falk et al., 2004). Several studies documenting partitioning of
guidance receptors by lipid rafts. As an example, DCC was shown associated with lipid raft,
this location appearing necessary for the growth cone response to Netrin (Herincs et al., 2005).
Ephrins have also been found in lipid rafts. Experimental manipulations of these lipid
platforms equally highlighted the importance that these micro-domains have in Sema3A-
induced repulsion and collapse (Guirland et al., 2004)(Gauthier and Robbins, 2003). Upon
ligand-receptor binding, several downstream GTPases as Racl, Cdc42 and RhoA are recruited
to lipid rafts, suggesting that these platforms are essential for the activation of the
downstream effectors of these GTPases (Pozo et al., 2004). Therefore, lipid rafts can modulate
specific adhesion and guidance responses within the growth cone, and provide a molecular

frame for the generation of localized signals (Averaimo et al., 2016).

The properties of the plasma membrane also influence the dynamics of receptors. Barriers
can be set at the plasma membrane, to restrict the diffusion of proteins. Such barrier forms in
the axon initial segment (AIS) to segregate proteins from those of the somatodendritic domain
(Winckler and Mellman, 2010)(Nakada et al., 2003). In vitro studies measuring the
fluorescence recovery after FRAP experiments demonstrated that similar barrier mechanisms
are active in other segments of the axon. For instance, in drosophila neurons, a boundary is

set at the interface between intra-neurite compartments, in particular those segregating
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Robo3 and DRL proteins (Katsuki et al., 2009). At this frontier, the mobility of several
transmembrane proteins was found to be significantly reduced. By filtering the vesicles
according to their size and the efficiency of their molecular motors, cytoplasmic barriers
contribute as well to the segregation of membrane proteins in the axon. Such as barrier

implicating actin and ankyrin proteins was also reported in the AIS (Song et al., 2009).

A summary of the mechanisms providing compartmentalization in axons and growth cones is

presented in Figure 14.

Site-specific Local
endocytosis synthesis

Site-specific
exocytosis

-
Diffusion "
barrier

Transcytosis

Figure 14: Mechanisms of molecular compartmentalization. A membrane molecule can be
specifically retrieved from a compartment (site-specific endocytosis) or can specifically
targeted to a growth cone subdomain (site-specific-exocytosis). Molecules can also be first
addressed to a first compartment and then, via transcytosis, be addressed elsewhere. Local
synthesis can also participate in molecule compartmentalization. Plasma membrane can act
as a boundary to limit or slow down the diffusion of molecules. Membrane molecules can also
clusterize within lipid rafts.
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THESIS PROJECT
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Many studies have been carried out over the past years to investigate the mechanisms of
commissural axon guidance in the spinal cord and have led to the identification of several
guidepost territories expressing a panel of attractive and repulsive molecules. These
molecules instruct and define, step by step, the pathway undertaken by the axons and also
regulate their fasciculation state. Repulsive signals bring prominent and diverse contributions,
propelling, channeling and confining the axons along their path. Several receptor-ligand
couples have been described which mediate repulsive signaling responses in the growth
cones, in correspondence with strategic guidepost sites. The roles exerted by these couples
have been mostly analyzed using mouse genetics and experimental manipulations of the chick

and zebrafish models as well.

In the developing mouse spinal cord, three main interactions were found essential for midline
crossing: Robo1-2/Slits, Plxns/Nrps/Semas and PIxnA1/SlitC. When assessed using dedicated
in vitro assays, each of these signaling induces similar responses of commissural growth cones
that are collapse and turning away from the source of repulsive cue. However, analysis of
mouse models supports some functional specificities of these signaling. Indeed, mice mutants
for all three Slits display a severe phenotype characterized by axons stalling within the FP with
some of them re-crossing the midline. Mice mutants for Robo receptors also display a severe
commissural phenotype mainly represented by axon stalling within the FP. Robol mutant
mice display much more aberrant axon behaviors within the FP than Robo2 ones. However,
in none of them was observed the re-crossing phenotype of Slitl-3 mutants. In contrast,
PIxnAl loss results in re-crossing, and combinations of Slits and PIxnAl allelic deletions
support these genes function in a common pathway. Loss of PIxnA1 also induces crossing and
post-crossing defects consisting mainly in stalling and in aberrant turning. These defects
where found in Sema3B-null mutant mice. All of these results support that despite their
common repulsive properties, these different signaling might play specific contributions
during FP navigation. From these mouse model analyses, we can postulate that Robo1/SlitN
(and possibly Robo1/Slit full length), signaling together with PIxnA1/Nrp2/Sema3B would
mainly mediate axon expulsion from the FP whereas PIxnA1/SlitC signaling would prevent

midline re-crossing.
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How such functional specificities could be achieved? The expression of repulsive molecules
and their receptors is assumed to be highly dynamic, varying all over axon navigation. Axons
are attracted and repelled by the same guidance cues depending on the context, and they can
fasciculate together or de-fasciculate at specific choice points, changing quickly their
orientation and constantly adapting to new environments and new combinations of guidance

cues.

Therefore, on one hand it is likely that some specificities arise from mechanisms that define
how topographic cues are distributed and deposited in the tissues. On the other hand, at the
growth cone level, among multiple possibilities of regulations, what accounts is the availability
of the receptor at the growth cone surface, for binding the guidance cue and eliciting an

intracellular signaling.

My thesis objectives were to address the possibility that, in commissural growth cones, the
cell surface dynamics of the receptors for the different repulsive ligands present some
differences that would enable the generation of specific functional outcomes. Such biological
guestions could not be addressed by loss-of-function or gain-of-function experiments. Rather
they required the setting of experimental strategies allowing the monitoring, in real time, of
receptor dynamics in axon navigating in their native environment. My work has been
subdivided into first, the development of a set-up appropriate for achieving these objectives

and the second the exploitation of this model for assessing differences of receptor dynamics.
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Abstract

Accurate perception of guidance cues is crucial for axonal pathfinding. During their initial
navigation in the spinal cord, commissural axons are kept insensitive to midline repellents.
Through yet unclear mechanisms acting during midline crossing in the floor plate, they switch
on responsiveness to various repulsive signals, that establish a permanent midline barrier and
propel the axons for exit. Whether these gains of response are coupled to occur in synchrony or
rather are independently activated through signaling-specific programs is fully unknown. We
set-up a paradigm for live imaging and super resolution analysis of guidance receptor dynamics
during commissural growth cone navigation in chick and mouse embryos. We uncovered a
remarkable program of delivery and allocation of receptors at the growth cone surface,
generating receptor-specific spatial and temporal profiles. This reveals a mechanism whereby
commissural growth cones can discriminate coincident repulsive signals that they functionalize

at different time points of their navigation.
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Introduction

In a broad range of biological contexts, cells are exposed to a complex array of environmental
cues from which they receive specific instructions. This is well exemplified by the model of
axon responses to guidance cues during the formation of neuronal circuits. Axons navigate
highly diverse environments to reach their targets. Unique trajectories emerge from the
perception by axon tips, the growth cones, of combinations of extracellular cues exposed in
choice points along the paths. A typical case is provided by commissural neurons, which must
project their axons across the midline to build with contralateral target cells circuits integrating
left and right neuronal activities (Evans and Bashaw, 2010; Pignata et al., 2016; Stoeckli, 2018).
Midline crossing of commissural axons in the floor plate (FP) of the developing spinal cord has
been extensively worked out to explore axon guidance mechanisms, especially those regulating
growth cone sensitivity to guidance cues. Various repulsive forces provided by proteins of the
Slit and Semaphorin families are needed to prevent midline re-crossing and expel the axons
away towards their next step. They are also thought to control the lateral position relative to the
FP that commissural axons take to navigate their rostrally-oriented longitudinal path after the
crossing (Long et al., 2004; Jaworski et al., 2010). Semaphorin3B (Sema3B) acting via
Neuropilin2 (Nrp2)-PIxnAl receptor complex, N-terminal and C-terminal Slit fragments
resulting from Slit processing acting respectively via Roundabout (Robo)1/2 and PlexinA1l
(PIxnAT) receptors are guidance cues all found expressed in the FP and playing instructive roles
during commissural axon navigation (Zou et al., 2000; Long et al., 2004; Jaworski ef al., 2010;

Nawabi et al., 2010; Delloye-Bourgeois ef al., 2015).

Manipulations of Semaphorin and Slit repulsive signaling in mouse and chicken embryo models
brought the view that the sensitivity of commissural axons to midline repellents must be
silenced in a first step, prior to the crossing, and switched on in a second step to allow repulsive
forces to set a midline barrier and expel the growth cones away. Consistently, manipulations
presumably inducing premature sensitization or preventing it resulted in failure of FP crossing,
with axons arrested before or within the FP, turning back or longitudinally before reaching the
contralateral side (Chen et al., 2008; Nawabi ef al., 2010). Noteworthy, the FP navigation is not
a synchronous process. For example, it extends over several days in the mouse embryo, from
the first axon wave of earliest-born commissural neurons at E9.5 to the latest one at E12.5
(Wilson et al., 2008; Pignata et al., 2016). The repellents are expressed in the FP over the entire

period of commissural navigation (Pignata ef al., 2016). Thus, independently from the ligand
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expression profiles, the switch towards sensitivity upon crossing has to be set at individual
growth cone level. Whether the sensitization of commissural axons to the various repellents
they encounter in the FP occurs in synchrony, or rather presents signaling-specific features is
unknown. Also, whether repulsive guidance receptors distribute homogeneously or present
spatial specificities at the growth cone surface is undetermined. Insights are still scarce
essentially due to the deficit of experimental paradigms giving access to molecular events in

single living commissural axons navigating in their native context.

We postulated that functional engagement of midline repellents could arise from peculiar
dynamics of guidance receptors at the surface of navigating growth cones. To address this
hypothesis, we investigated the cell surface dynamics of four receptors mediating repulsion by
midline cues, Nrp2, PlxnAl, Robol and Robo2, in chick and mouse embryo models.
Surprisingly, we found striking differences between Robol and Robo2 temporal patterns,
which excludes Robo2 as a mediator of Slit repulsion during FP crossing but places it as a major
player of the lateral funiculus navigation. Our study also revealed exquisite specificities of
PlxnAl and Robol dynamics. Both receptors are not only sorted at different timing of FP
navigation but also are distributed in distinct domains of the growth cones. This spatial and
temporal compartmentalization is achieved at post-translational and post-intra-axonal
trafficking levels, specifically at the step of membrane delivery in the growth cones. Analysis
of the dynamics of PlxnAl-Robol chimeric receptors demonstrated that the intracellular
domain of PIxnA1 but not that of Robol, is sufficient for coding the receptor-specific temporal
pattern. Finally, FRAP analysis in growth cones navigating the FP further confirmed dynamics
specificities of these two receptors. Our study thus revealed remarkably unique spatial and
temporal sequences of cell surface sorting of guidance receptors during the navigation of spinal
commissural axons. This mechanism enables the growth cones to discriminate in time and space
coincident guidance signals and provides a basis for these cues to exert non-redundant and

concerted actions.

Results

Development of an experimental paradigm to visualize cell surface receptor dynamics in

navigating commissural axons
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We setup time lapse imaging to monitor the cell surface dynamics of Semaphorin and Slit
receptors 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), whose fluorescence at neutral pH enables to report membrane protein pools and
cloned in vectors with ires-mb-tomato (Fig. 1a) (Jacob et al., 2005; Nawabi et al., 2010;
Delloye-Bourgeois et al., 2014). The pH-dependency of receptor fluorescence was verified by
in vitro cell-line transfections (Supplementary Fig. 1a) (Delloye-Bourgeois ef al., 2014). The
vectors were then transferred to spinal cord commissural neurons using in ovo neural tube
electroporation (Fig. 1b). Then, isolated spinal cords were dorsally opened and imaged over
several hours for mapping the receptor cell surface sorting reported by pHLuo fluorescence.
The FP entry and exit limits were delineated using DIC channel or based on the observation of
some typical features of axon trajectory, such as the presence of wrinkles when axons enter the

FP and the rostral turning when axons exit the FP (Supplementary Fig. 1b).

PIxnA1l and Robol are specifically and successively sorted to the growth cone surface
during FP navigation

Using our setup, we analyzed individual growth cone trajectories from time-lapse sequences.
We plotted the position of the growth cones that turned on the pHLuo fluorescence to build
cartographies of receptor cell surface sorting positions along the navigation. First, we observed
that Nrp2 is exposed at the commissural growth cone surface from the pre-crossing stage and
remains over entire FP crossing (Fig. 1c,f,h,i; Supplementary Movie 1,2). In contrast, we
found that the membrane sorting of both PlxnAl and Robol specifically occurs during FP
navigation. Interestingly, the timing of their sorting significantly differed. PIxnAl was
addressed to the surface when commissural growth cones navigate the first half of the FP, thus
from the FP entry point to the midline (Fig. 1d,g,h,i; Supplementary Movie 3,4), while Robol
was sorted during the navigation of the second FP half, from the midline to the FP exit point

(Fig. 1e,g,h,i; Supplementary Movie 5,6).
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Fig. 1: PIxnA1 and Robol are successively sorted to the growth cone surface during FP
navigation

(a) Schematic drawings of pHLuo vector and pH-dependent pHLuo fluorescence activity in
cells reporting cell surface protein pool. pHLuorin-receptor and mb-tomato coding sequences
were cloned in pCAG vector, spaced by an ires. (b) In ovo electroporation procedure. 48h after
electroporation, spinal cords were dissected and mounted as open books for time lapse
microscopy. pHLuo fluorescence was monitored in 3 compartments of the open-books: the pre-
crossing, where the cell bodies of commissural neurons are located, the FP, in which
commissural axons cross the midline, and the post-crossing, in which commissural axons chose
between ventral and lateral longitudinal trajectories. VF: ventral funiculus, LF: lateral
funiculus. (c-e) Time-lapse sequences illustrating the spatial and temporal dynamics of pHLuo-
Nrp2, pHLuo-PIxnA1l and pHLuo-Robol during FP navigation. The asterisks point growth
cone positions before pHLuo flashes and the white arrowheads those of pHLuo flashes and
subsequent growth cone positions. (f) Cartography of pHLuo-Nrp2 dynamics from movie
analysis. Dashed lines indicate the overall trajectory of single growth cones and green spots the
first pHLuo detection. Nrp2 is exposed at the growth cone surface since the onset of spinal cord
navigation (Nrp2: N=5 embryos, 6 movies, 27 growth cones). (g) Cartography of pHLuo-
PlxnAl and pHLuo-Robol dynamics, plotting position of pHLuo flashes. The upper panel
illustrates pHLuo-PlxnA1 sorting in the first FP half, the lower panel that of pHLuo-Robol in
the second FP half (PIxnA1l: N=5 embryos, 9 movies, 32 growth cones; Robol: N=9 embryos,
10 movies, 21 growth cones). (h) Cumulative fractions showing differential pHLuo-Nrp2,
pHLuo-PIxnAl and pHLuo-Robol dynamics during FP navigation (P value is from the
Kolmogorov-Smirnov (KS) test). (i) Summary of the temporal sequence of pHLuo-Nrp2,
pHLuo-PlxnA1 and pHLuo-Robol membrane sorting during FP navigation. Scale bars in c-e,

10 pm.
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PlexinAl and Robo1l temporal patterns are set by control of cell surface sorting

Next, we assessed whether these temporal patterns are profiled by control of receptor cell
surface sorting or rather by control of protein availability within the axon. Spinal cord open
books were fixed with paraformaldehyde (PFA) at neutral pH to detect the total pHLuo receptor
pool. While in live axons pHLuo signal was found restricted to the growth cones during FP
crossing, we observed in contrast for both receptors that the total pools had much broader
distribution than the surface ones. In 90% of the cases for PlIxnA1 and 75% for Robol, the pre-
crossing axon segment immediately adjacent to the FP entry of growth cones that were found
to navigate within the FP, contained pHLuo-receptors (Fig. 2a,b). We also measured pHLuo"
pre-crossing segment length in the fixed samples and found significant difference between
PIxnA1 and Robol, the latter having more restricted length and punctate pattern than the first
one (Fig. 2¢). These observations are consistent with previous works that reported in cultured
commissural neurons Robol intra-axonal vesicular trafficking (Philipp e al., 2012) and PIxnA1
processed within axons to prevent its membrane expression (Nawabi et al., 2010). Thus,
PIxnA1l and Robol are available within commissural axons and their cell surface sorting is
spatially and temporally controlled in a receptor-specific manner.

We found in previous work that medium conditioned by cultured isolated FP tissues (FP“")
could trigger PIxnA1l cell surface expression (Nawabi et al., 2010). Such medium was also
reported to induce in commissural growth cones Robo3.2, the Robo3 isoform expressed in post-
crossing axons (Colak et al., 2013), providing the evidence that local signals emanating from
the FP are implicated in synchronizing the sorting of these receptors with midline crossing.
How is triggered the sorting of Robol is yet unknown. We thus examined whether it could also
be under local FP control. We treated dorsal spinal cord explants electroporated with pHLuo-
Robo1-ires-mb-tomato with FP*" and ctrl medium and recorded Robol dynamics by measuring
pHLuo fluorescence in the growth cones at TO and T1, 20 min later (Fig. 2d). We observed a
significant increase of pHLuo fluorescence at T1 compared to TO for the FP*" but not the
control condition (Fig. 2e,f), thus indicating that FP cells release cues triggering Robol at the

growth cone surface.

Next, we assessed whether disturbing the temporal pattern of receptor sorting impacts on
growth cone behaviors. Open-books were electroporated with high concentration of vectors
(3ug/ul and 4pg/ul) to overcome the internal control of PIxnA1 and Robol surface sorting in
commissural neurons and create premature surface expressions. We monitored individual

growth cones and found that commissural growth cones having premature cell surface receptor
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exposure failed to cross the FP, rather turning or stalling before or within the FP
(Supplementary Fig. 2; Supplementary Movie 7,8). These findings indicated that pHLuo-
receptors are functional and confirmed that the temporal pattern of receptor sorting is critical

for proper FP navigation.

Next, we asked whether the gain of PIxnA1 and Robol at the surface could be correlated with
acquisition of novel behavioral properties of the navigating growth cones. To address this
question, we analyzed in time-lapse movies growth cone trajectories at time-points preceding
and succeeding the pHLuo flashes, by measuring the deviation angles of growth cone direction
from the trajectory baseline (Fig. 2g). Interestingly for Robo1, we observed that acquisition of
surface receptor was coincident with a significant increase of exploratory behavior along the
rostro-caudal axis as if the growth cones were starting sensing cues that will direct their
longitudinal turning at the FP exit. In contrast, we found no difference of exploration for

PlxnAl (Fig. 2g,h,i).
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Fig. 2: Cell surface sorting of PIxnA1 and Robol is temporally controlled and coincident
with changes of exploratory behavior for Robol

(a) Microphotographs of open books illustrating pHLuo-PlxnA1 and pHLuo-Robol membrane
pool (left panel) and total (intracellular + membrane) receptor pool (right panel). Arrowheads
point discrete pHLuo ™ growth cones and axon segments. (b) Quantification of the % of growth
cone population observed to navigate within the FP and containing pHLuo-receptor in the pre-
crossing segment immediately adjacent to the FP entry. Histograms show much broader total
than surface fluorescence in this segment (total PIxnAl: N=4 embryos, 443 growth cones;
membrane PIxnA1l: N=5 embryos, 106 growth cones; total Robol: N=4 embryos, 184 growth
cones; membrane Robol: N=17 embryos, 166 growth cones. Error bars indicate mean + SEM;
*p <0.05; ** p <0.01; *** p <0.001. P values are from Mann-Whitney test). (¢) Histograms of
measured lengths of pre-crossing segment containing total pHLuo-PlxnA1 or pHLuo-Robol in
growth cones observed to navigate the FP, showing a more restricted pHLuo-Robol pattern,
compared to that of pHLuo-PlxnAl. (d) Electroporated dorsal explant cultures treated with
Ctrl®" (left panel) or FP" (right panel) showing pHLuo-Robol increase at the growth cone
membrane after FP" application. (e) Quantitative analysis showing the increase of pHLuo-
Robol at the growth cone surface after 20 min (T1) of FP" treatment. For each growth cone,
pHLuo is normalized to mb-tomato signal (3 independent experiments; Ctrl: N=19 explants, 48
growth cones; FP“": N=18 explants, 46 growth cones. Error bars indicate mean = SEM; * p
<0.05; ** p <0.01; *** p <0.001. P values are from paired Student t test). (f) Quantification of
pHLuo-Robol signal variation between TO and T1 in Ctrl™™ and FP" conditions, showing the
increase of surface Robol after FP“" application (Error bars indicate mean + SEM; * p <0.05;
** p <0.01; *** p <0.001. P values are from unpaired Student t test). (g) Photomicrographs of
pHLuo-PIxnA1l (left panel) and pHLuo-Robol (right panel) sorting at the growth cone
membrane. Arrowheads in pHLuo-Robol condition point the exploratory behavior of growth
cones after pHLuo sorting. (h) Quantitative analysis of the total angle explored by growth cones
from the time point just preceding the flash (T0) to 1,5 hours after the flash (T3) (PIxnAl: N=
3 embryos, 32 growth cones; Robol: N=10 embryos, 21 growth cones. Error bars indicate mean
+ SEM. P value is from the Kolmogorov-Smirnov (KS) test). (i) Graphic summary of the
exploratory behavior of the growth cone following pHluo-Robol surface sorting. Scale bars in

aand d, 10 um; scale bars in g, 5 um.
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Robo?2 is sorted not in the FP but in the post-crossing lateral funiculus

Next, we investigated the dynamics of Robo2. In sharp contrast with Robol, we found that
Robo2 was absent from the surface of commissural growth cones navigating the FP and turning
longitudinally at medial position in the ventral funiculus (VF). Instead, we observed that it was
specifically sorted in post-crossing axons that chose to navigate in the lateral funiculus and
turned longitudinally to the FP (LF) (Fig. 3a,b,c; Supplementary Movie 9,10). To assess if
Robo2 cell surface sorting correlates with this change of trajectory, we measured the angle
formed by a vector aligned along the axon tip and the FP axis at the two time points framing
Robo2 pHLuo flash. Interestingly, we found that the angle was significantly more pronounced
at post-flash time points compared with pre-flash ones, supporting that Robo2 sorting
contributes to directional growth cone changes along the longitudinal axis (Fig. 3d,e). Thus
interestingly, signaling by Robol and Robo2 appear to have similar outcome on growth cone

behaviors, that they control at two different time points of commissural navigation.
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Fig. 3: Robo2 is not sorted in growth cones navigating the FP but during post-crossing
pathfinding of the lateral funiculus

(a) Time-lapse sequences of open-books illustrating pHLuo-Robo2 spatio-temporal dynamics
in commissural growth cones. The asterisks point growth cone positions before pHLuo flashes
and the white arrowheads those of pHLuo flashes and subsequent growth cone positions. (b)
Cartography of pHLuo-Robo?2 flashes. Dashed lines indicate the overall trajectory of individual
growth cones, from imaging onset to the time point of flash occurrence (Robo2: N=4 embryos,
5 movies, 29 growth cones). (¢) Cumulative fractions showing differential pHLuo-Robol and
pHLuo-Robo2 dynamics during spinal cord navigation (P value is from the Kolmogorov-
Smirnov (KS) test). (d) Representative images from time-lapse sequence illustrating a shift of
growth cone orientation subsequent to pHLuo-Robo2 flash. (e) Schematic drawing and
quantification of growth cone turning after pHLuo-Robo2 flashes (Robo2: N=3 embryos, 30
growth cones. Error bars indicate mean + SEM; * p <0.05; ** p <0.01; *** p <0.001. P value

is from Mann-Whitney test). Scale bars in a, 50 pm, in d, 10 pm.
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The temporal sequence of receptor sorting is conserved in the mouse

Next, we studied whether the temporal control of receptor sorting during FP navigation
uncovered in the chicken embryo is conserved in the mouse and whether it also instructs growth
cone guidance choices. We electroporated pHLuo-PlxnA1 and pHLuo-Robol constructs in the
developing spinal cord of E12 wild-type mouse embryos. We plotted the position of fluorescent
growth cones in living open-books at fixed time point, 48 hours post-electroporation, when
many FP crossing are ongoing, as depicted by the distribution of mb-tomato’ growth cones
(Fig. 4¢,d). In pHLuo-PlxnAl electroporated spinal cords, growth cones exposing the pHLuo
were distributed almost homogenously in all FP and post-crossing compartments (Fig. 4a,b,¢)
whereas in the pHLuo-Robol electroporated littermates, most of the growth cones exposing
Robol were situated between the midline and FP exit (Fig4. a,d,e). Therefore, the spatial and
temporal cell surface pattern of PIxnA1 and Robol observed in chick spinal cord is conserved
in mice (Fig. 4e).

We then electroporated pHLuo-Robol construct in Robo1/2”~ open books to determine whether
reducing Robol dose by removal of the endogenous pool results in a modified Robol temporal
pattern. We found that the profile of receptor sorting was identical to that observed after
electroporation of Robo1/2"" embryos (Fig. 4f,g,h). Thus, our experimental conditions of
expression are likely to model the dynamics of endogenous receptor. This result also established

that Robol sorting at the plasma membrane is Robo2 independent.

Next, we investigated whether the re-expression of pHLuo-Robol in Robo1/2”" mice could
rescue the previously reported stalling phenotypes resulting from Robol/2 deletion (Long ef
al., 2004; Delloye-Bourgeois et al., 2015). We analyzed the distribution of mb-tomato" growth
cones over pre-to post-crossing steps, distinguishing growth cones that exposed Robol at their

+/+
and

surface (mb-tomato pHLuo") from those that did not (mb-tomato pHLuo") in Robo1/2
Robo1/2” embryos. We observed that Robo1/2 loss resulted in significantly shifted distribution
of mb-tomato pHLuo™ towards the first FP half (Fig. 4i,j). Interestingly, the expression of
Robol at the growth cone surface was sufficient to rescue the distribution observed in the WT
condition, as observed by the matching of the distribution of mb-tomato pHLuo" growth cones
in Robo1/2”" and Robo1/2"" embryos (Fig. 4k). Thus, re-expression of Robol coding sequence
in commissural neurons and subsequent cell surface exposure at a time when the growth cone

navigates the second half of the FP is sufficient to rescue proper navigation. Moreover, and

consistent with its observed temporal sorting profile, Robo2 is dispensable for FP crossing and
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Robol surface exposure. Thus, this supports that this temporal profile properly reports the

dynamics of endogenous Robol receptor.
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Fig. 4: chick PlxnA1l and Robol temporal sequences are conserved in the mouse

(a) Microphotographs of PIxnA1"" and Robol™" open-books illustrating pHLuo-PlxnA1" (left
panel) and pHLuo-Robol " (right panel) growth cones pointed by white arrowheads. (b) Upper
panel: cartography of pHLuo-PIxnA1" growth cones (N=4 embryos, 60 growth cones); lower
panel: cartography of pHLuo-Robo1" growth cones (N=4 embryos, 54 growth cones). (¢) Upper
panel: distribution of mb-tomato ’pHLuo" and mb-tomato'pHLuo  populations in PlxnA1""
open books. Lower panel: cumulative fraction of mb-tomato pHLuo  and total mb-tomato”
(composed of mb-tomato pHLuo  and mb-tomato pHLuo") populations showing that mb-
tomato pHLuo" growth cones are detected from the onset of FP navigation (P value is from the
Kolmogorov-Smirnov (KS) test). (d) Upper panel: distribution of mb-tomato pHLuo " and mb-
tomato pHLuo™ populations in the spinal cord of Robol/2"" open books. Lower panel:
cumulative fractions of mb-tomato' pHLuo  and total mb-tomato’ (composed of mb-
tomato pHLuo" and mb-tomato pHLuo") populations showing that whereas the total mb-
tomato’ population distributes from the first FP half to the post-crossing compartment, mb-
tomato pHLuo" growth cones are only detected from the second half of the FP (P value is from
the Kolmogorov-Smirnov (KS) test). (e) Cumulative fraction of pHLuo-PlxnA1" and pHLuo-
Robol" growth cones, showing the differential timing of sorting of the receptors in the FP (P
value is from the Kolmogorov-Smirnov (KS) test). (f) Microphotographs of Robo1/2”~ open-
books illustrating pHLuo-Robo1" growth cones pointed by white arrowheads. (g) Cartography
of pHLuo-Robo1" growth cones (N=3 embryos, 55 growth cones). (h) Upper panel: distribution
of mb-tomatopHLuo" and the mb-tomato pHLuo™ populations in Robol/2”" open books.
Lower panel: cumulative fractions of mb-tomato pHLuo " and total mb-tomato’ (P value is from
the Kolmogorov-Smirnov (KS) test). (i) Representative images of mb-tomato” growth cones
illustrating reduced number of growth cones (asterisks) on their way for FP exit in Robo1/2™

+/+

compared to Robo1/2""" open-books. (j) Cumulative fractions reporting the distribution of mb-

++

tomato pHLuo™ growth cones in Robol/2"" and Robo1/2”" embryos, showing a significantly
shifted distribution of tomato pHLuo™ growth cones towards the first FP half in Robol/2”"
embryos. (k) Cumulative fractions reporting similar distribution of pHLuo-Robol™ growth

+H+

cones in open-books of Robol/”" and Robo1/2”" embryos (P value is from the Kolmogorov-

Smirnov (KS) test). Scale bars in a and f 20 um, in i, 50 pm.
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PlexinA1l and Robol1 are partitioned at the growth cone surface

Next, we used super resolution microscopy to assess whether Robol and PIxnA1l, on top of
the different timing at which they are sorted during FP crossing, also differ in their spatial
distribution at the growth cone surface. Living open-books were incubated with ATTO-647N-
conjugated GFP nanobodies to label cell surface pHLuo. After fixation, receptor pools were
imaged in commissural growth cones at different steps of their FP navigation, using STED
microscopy (Fig. 5a). First, we measured the density of the fluorescent signal in individual
growth cones. We found that PIxnA1 and Robo1 receptor clusters have differential cell surface
distributions, PIxnAl predominantly accumulating at the growth cone front, and Robo1 at the
rear (Fig. 5b,c,d). This was also confirmed by determining the centers of mass of the signals,
which segregated along the growth cone front-rear axis (Fig. 5e). Second, we studied whether
the distribution patterns of PIxnAl and Robol vary over FP navigation. According to their
temporal sorting, we compared PIxnAl distributions between FP entry and exit, and those of
Robol between midline and exit. Analysis of the number and the size of labelled individual
particles revealed modifications of Robol but not PIxnA1l patterns (Fig. 5f,g). Although not
differing in their numbers, the size of pHLuo-Robo1" particles increased from the midline to

the exit, indicative of Robo1 diffusion at the surface (Fig. 5g).
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Fig. 5: PIxnAl and Robol are partitioned at the cell surface of commissural growth cones
navigating the FP.

(a) Super resolution imaging procedure. Open-books of embryos electroporated with pHLuo-
vectors were live-labelled using ATTO-647N-conjugated GFP nanobodies and were fixed with
PFA before STED imaging. Membrane pHLuo density and distribution were analyzed in the
growth cones navigating the first (entry-midline) and the second (midline-exit) halves of the
FP. The growth cone was segmented into front and rear sub-domains. (b) Microphotographs
of representative commissural growth cones delineated with mb-tomato and labeled with
ATTO-647N-conjugated GFP nanobodies. White arrowheads point ATTO-647N signal. (c)
Densities of membrane pHLuo-PIxnAl and pHLuo-Robo1l signals normalized to the growth
cone length, showing their differential distribution along the growth cone rear-front axis
(PIxnAl1: N=8 embryos, 23 growth cones; Robol: N=12 embryos, 32 growth cones. Error bars
indicate mean + SEM; * p <0.05; ** p <0.01; *** p <0.001. P is from Kolmogorov-Smirnov (KS)
test). (d) Histograms showing the comparison between normalized density of pHLuo signal in
the front and the rear domain for both pHLuo-PIxnAl and pHLuo-Robol (P value is from
Mann-Whitney test). (e) Positions of pHLuo-PIxnAl and -Robo1l center of mass normalized to
growth cone lengths (N PIxnAl: 34 growth cones; N Robol: 31 growth cones). (f)
Microphotographs of mb-tomato’pHLuo® commissural growth cones labeled with ATTO-
647N-conjugated GFP nanobodies and navigating the entry-midline or the midline-exit
compartments. (g) Upper panel: histograms showing normalized numbers and surfaces of
pHLuo-PIxnAl individual clusters detected in growth cones navigating the FP entry and exit.
The number and the surface of pHLuo-PIxnA1l clusters were unchanged along FP navigation
(PIxnAl: N=7 embryos, 22 growth cones in entry, 14 growth cones in exit (Error bars indicate
mean + SEM; * p <0.05; ** p <0.01; *** p <0.001. P value is from Mann-Whitney test). Lower
panel: histograms showing the normalized numbers and surfaces of pHLuo-Robo1 individual
clusters detected in growth cones navigating the FP midline and exit. Note that the particle
number remained unchanged whereas the particle surface increased between midline and
exit (Robol: N=5 embryos, 15 growth cones in midline, 16 cones in exit. Error bars indicate
mean + SEM; * p <0.05; ** p <0.01; *** p <0.001. P value is from Mann-Whitney test). Scale

barsin b,f, 5 um.
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Discussion

During neural circuit wiring, focal and timed patterns of signaling are thought to be crucial for
the specification of axonal trajectories but are yet highly challenging to visualize since this
requires complex experimental paradigms preserving the topography of guidance molecules
and their proper perception by the growth cones. Our live imaging and STED microscopy set-
up thus paves the way to access the temporal and spatial resolution of signaling activities in
neuronal growth cones facing guidance decisions in their physiological navigation
environment. We report here that beyond their synthesis and trafficking to the axon,
guidance receptors are exposed at the surface of the growth cones at precise timing and
location. During commissural axon navigation, these receptor-specific cell surface codes can
thus shape spatially and temporally distinct signaling from coincident midline cues, allowing
their concerted action. Such a dynamic regulation of receptor equipment at the cell surface
might be exploited in a variety of biological processes during which cells must adapt their
perception of extracellular cues in a context-dependent manner. Particularly, accommodating
fast and flexible perception of extracellular signals is indeed a prerequisite for cells which, as
the axons do so, migrate along highly stereotyped and long-distance pathways, getting

exposed to fluctuating combinations of guidance cues (Te Boekhorst et al., 2016).

In the context of commissural axon navigation, our results bring new insights and directions
for further investigation of the functional outcome resulting from the different receptor-
mediated signaling. Our data report a temporal sequence of Nrp2, PIxnAl, Robol and Robo2
surface sorting, which equip commissural growth cones at successive steps of their navigation.
PIxnA1/Nrp2-mediated Sema3B and PIxnAl-mediated SlitC activities can thus be switched on
from the FP entry, while Robol-mediated SlitN signaling starts after the midline, and Robo2-
mediated signaling at a next post-crossing choice point. Our analysis from super resolution
microscopy showing that Robo1 and PIxnAl receptors have distinct distribution at the growth
cone surface gives complementary information on the organization of the repulsive activities
mediating FP crossing. It could be that Slits and Sema3B repellents have synergistic
contributions to growth cone progression across the FP, receptor compartmentalization
concentrating their signaling onto different sub-domains of the growth cone. Nevertheless,

and also supported by the distinct temporal patterns of their receptors, the repellent activities
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are likely uncoupled, regulating different steps of the growth cone navigation, such as midline
crossing and FP exit, through distinct downstream signaling cascades. Whatever the case, the
front-rear partitioning of PIxnA1 and Robo1 receptors appears interestingly to correlate with
the organization of the growth cone cytoskeleton and could serve as a mechanism to focus
the signaling onto these different cytoskeletal components. Indeed, growth cone responses
to guidance cues rely on regulations of the dynamics of both microtubule and actin
cytoskeleton, which physically mainly occupy the central and the filopodia-rich peripheral

domains, respectively (Cammarata et al., 2016; Kahn and Baas, 2016).

Finally, our findings that the membrane sorting of another receptor, Robo2, at the time when
commissural axons operate another key choice of their navigation strengthen the view that
temporally controlling the availability of the receptors at the growth cone surface is a general
mechanism to accommodate the growth cones to novel guidance challenges. Despite
evidence in several systems that Robol and Robo2 have distinct contributions (Kim et al.,
2011), which specific guidance decisions they control during commissural axon navigation is
yet unclear. Both Robol and 2 receptors transduce Slit signals and are expressed by
commissural neurons. Both have been reported expressed at low levels in pre-
crossing/crossing commissural axons and enriched at the post-crossing stage (Long et al.,

2004).

In the mouse, Robol but not Robo2 deletion alters FP crossing. Nevertheless, double Robo
deletion was reported to aggravate the impact of Robo1l invalidation (Jaworski et al., 2010).
In contrast, specifically in Robo2”" embryos, commissural axons failed to reach the lateral
funiculus, consistent with reported Robo2 enrichment in post-crossing lateral axon segments
(Long et al., 2004). Dominant-negative based approach to abrogate Robo signaling in the chick
embryo also resulted in alteration of the post-crossing lateral navigation (Reeber et al., 2008).
In the drosophila ventral cord, post-crossing commissural tracts segregate at distinct lateral
positions from the midline, as a result of tract-specific combinations of Robo receptors
conferring them different sensitivity to midline Slits (Neuhaus-Follini and Bashaw, 2015). As a
parallel, combinations of Robo receptors setting distinct responses to FP Slits are thought to
control the position of post-crossing tracts navigating within the ventral and lateral funiculi in

the mouse (Long et al., 2004; Jaworski et al., 2010). Our study enlightens drastic differences
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between Robo1l and Robo2 receptor sorting that could not be anticipated from their general
expression patterns. In contrast to Robo1l, Robo2 is sorted only in growth cones navigating the
VF and accomplishing their longitudinal turning. Such temporally accurate Robo2 is unlikely
involved in the perception of FP Slits. It rather suggests that the growth cone acquire
perception of a guidance cue precisely at the VF/LF transition, which calls to question the exact

mechanisms controlling medio-lateral position choices of post-crossing axons.

Overall, we uncovered at different choice points strong and specific regulations of membrane
sorting for three major guidance receptors known to contribute to the pathfinding of multiple
neuronal tracts (Jongbloets and Pasterkamp, 2014; Blockus and Chédotal, 2016). Thus,
dynamic control of cell surface expression might have general and crucial contribution to axon
navigation. Mechanisms controlling the cell surface addressing of PIxnAl and Robol in
vertebrates have been proposed, implicating regulated exocytosis and protein processing
(Nawabi et al., 2010; Charoy et al., 2012; Philip et al., 2012). Our findings add another piece
of information, showing that Robo1l sorting depends on local signals released by the FP. The
identity of these signals remains to be determined. Whether they are receptor-specific or
similar to those that trigger PIxnAl and Robo3.2 is yet unknown. This latter possibility would
imply that the temporal differences of Robol and PIxnA1l are dictated by receptor-specific
mechanisms of addressing at the plasma membrane. Further investigations of the
mechanisms that set accurate temporal sequences of guidance receptor sorting will be the

next important step towards understanding these key regulations of growth cone navigation.
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Supplementary Materials

Figure S1
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Figure S1: pH-dependency of receptor fluorescence and FP delimitation in open-books

(a) Cos7 cells transfected with pHLuo receptors and live monitored using confocal microscopy.
pHLuo receptors fluoresce at the membrane when cells are cultivated in a pH7.4 culture
medium. When the culture medium was acidified up to pH5.5, pHLuo lose its fluorescence.
pH reversion to neutrality restored the cell surface fluorescence. These pH-dependent

properties were not observed in control GFP-PlexA1 transfected COS cells. Scale bars, 5 um.
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(b) Spinal cord morphology was revealed using DIC to delimit FP entry and exit. Scale bars in

b, 50 um.
Figure S2
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Figure S2: Over-loading commissural growth cones with receptors alters their FP navigation
(a-d) Time-lapse sequences showing over-expression phenotypes induced by the
electroporation of high doses of pHLuo-PIxnA1 or pHLuo-Robo1 plasmids (4ug/ul and 3ug/ul).
Harrow-heads point growth cones sorting prematurely the receptors, which stall or aberrantly

turn at the FP entry. Scale bars in a-d, 10 um.
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Movies $1-S2: Dynamics of pHLuo-Nrp2
pHLuo-Nrp2 is exposed at the commissural growth cone surface from the pre-crossing stage
and remains over entire FP crossing. White arrows point the growth cones during FP

navigation. FP: floor plate.

Movies $3-S4: Dynamics of pHLuo-PlexAl
pHLuo-PIxnA1l is addressed to the surface when commissural growth cones navigate the first
half of the FP, from the FP entry point to the midline. White arrows point the growth cones

during FP navigation. FP: floor plate.

Movies $5-S6: Dynamics of pHLuo-Robol
pHLuo-Robol is sorted to the cell surface when commissural growth cones navigate the
second half of the FP, from the midline to the FP exit point. White arrows point the growth

cones during FP navigation. FP: floor plate.

Movies S7: Over-loading commissural growth cones with pHLuo-PlexAl alters their FP
navigation.

Time-lapse sequences showing over-expression phenotypes induced by the electroporation
of high doses of pHLuo-PIxnAl plasmids (4ug/ul). White arrows point growth cones

prematurely stalling at FP entry. FP: floor plate.

Movies S8: Over-loading commissural growth cones with pHLuo-Robol alters their FP
navigation.

Time-lapse sequences showing over-expression phenotypes induced by the electroporation
of high doses of pHLuo-Robo1l plasmids (4ug/ul). White arrows point commissural growth

cones prematurely exposing pHLuo-Robo1l and stalling at the FP entry. FP: floor plate.

Movies $9-S10: Dynamics of pHLuo-Robo2

pHLuo-Robo?2 is sorted to the cell surface in post-crossing growth cones that chose to navigate
in the lateral funiculus, turning longitudinally to the FP (LF). White arrows point the growth
cones during the navigation in post-crossing compartment. FP: floor plate; VF: ventral

funiculus; LF: lateral funiculus.
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Material and methods

Receptor molecular biology

FL mouse pHLuo-PIxnAl was generated by introducing in Nter the coding sequence of the
pHLuo cloned from a vector encoding GABA A pHLuo-GFP (Jacob et al., 2005). pHLuo derived
from this vector was fused to FL rattus Robol and Robo2 sequences, kindly provided by A.
Chedotal laboratory, to obtain pHLuo-Robol and pHLuo-Robo2 vectors. Using the same
strategy, FL mouse Nrp2 kindly provided by Pischel laboratory, was fused to pHLuo to obtain
pHLuo-Nrp2 vectors. pHLuo-receptors where finally cloned into a PCAGEN vectors with an

ires-mb-tomato sequence.

In vitro test of pH fluorescence dependency

Cos7 cells were plated in a glass-bottom dish 35mm in 2ml of complete Dulbecco’s modified
eagle medium (DMEM - 10% fetal bovine serum — 1 mM sodium pyruvate — 25 U/ml
penicillin/streptomycin — 2,5 ug/ml Amphotericin B— pH7.4). 24h after, cells were transfected
with 2 pg of plasmid encoding pHLuorin-tagged receptors and the transfection reagent was
added. 48h later, live imaging of the cells was performed at 40X magnification. Cells were first
imaged at pH 7.4 then, 1,25ml of pH3.5 complete DMEM was added to achieve a pH of 5.5 in
the culture medium. Next, 1.2 of pH complete DMEM was injected to revert the pH of the

medium to neutrality. Images were taken every 20 seconds for 10 minutes.

In ovo electroporation

In ovo electroporation of HH14/HH15 chick embryos was performed as described previously
(Delloye-Bourgeois et al., 2014). Plasmids were diluted at the following concentration: 1.5
ug/ul pHLuo-Robol-ires-tomato; 2.5 pg/ul pHLuo-Robo2-ires-tomato; 1 pg/ul pHLuo-Np2-
ires-tomato; 2 pug/ul pHLuo-PlexAl and 0.3 pg/ul mb-tomato. Plasmids were diluted in UP H,0
and the solution was injected into the lumen of the neural tube using picopritzer Il (Micro
Control Instrument Ltd., UK). Electrodes (CUY611P7-4, Sonidel) were placed along the back of
the embryo, at the thoracic level, and 3 pulses (25V, 500ms interpulse) were delivered by CUY-

21 generator (Sonidell). Electroporated embryos were then incubated at 38.5°C.

Open book culture
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48 hours after electroporation, embryos at HH25/HH26 were harvested in cold HBSS and the
spinal cords were dissected. Spinal cords were mounted in 0.5% agarose diluted in F12
medium and placed on glass bottom dishes (P35G-1.5-14-C, MatTek). After agarose
solidification, spinal cords were overlaid with 3ml of F12 medium supplemented with 10% FCS
(F7524; Sigma-Aldrich), 1% Penicillin/Streptomycin (Sigma-Aldrich) and 20mM HEPES buffer
(15630-049, ThermoFischer Scientific).

Mouse spinal cord electroporation and culture

E12 mice embryos were collected and fixed on a SYLGARD (Dow Corning) culture plate in
Leibovitzs 15 medium (ThermoFisher) supplemented with Glucose 1M (Sigma-Aldrich).
Plasmids were injected into the lumen of the neural tube using picopritzer Ill (Micro Control
Instrument Ltd., UK). Electrodes (CUY611P7-4, Sonidel) were placed along the back of the
embryo, at the thoracic level, and 3 pulses (25V, 500ms interpulse) were delivered by CUY-21
generator (Sonidell). Spinal cords were dissected from the embryos and cultured on
Nucleopore Track-Etch membrane (Whatman) for 48 hours in Slice Culture Medium (Polleux

and Ghosh., 2002).

Live imaging and data analysis

Live imaging was performed with an Olympus IX81 microscope equipped with a spinning disk
(CSU-X1 5000 rpm, Yokogawa) and Okolab environmental chamber maintained at 37°C. Image
were acquired with a 20X objective by EMCCD camera (iXon3 DU-885, Andor technology).
Usually for spinal cord culture, 15-30 planes spaced of 0,5-3um were imaged for each spinal
cord at 30-minute interval for 10 hours approximatively. To reduce exposure time and laser
intensity, acquisitions were done using binning 2x2. Images were acquired using 1Q3 software
using multi-position and Z stack protocols. Z stack projections of the movies were analyzed in
Imagel software. The analysis of pHLuo-flashes was performed from time-lapse acquisitions
in vivo. For cartography representation, the lengths of PRE-crossing and POST-crossing

compartment were normalized on FP length.

Detection of the total pool of pHLuorin
48h after electroporation, at HH25/HH26, the embryos were harvested in cold HBSS and the

spinal cords were dissected and fixed for 2 hours with PBS supplemented with 4%
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paraformaldehyde (PFA). The % of the commissural population expressing total pool of pHLuo
in PRE-crossing was calculated by qualitative analysis of Z stack projections. The length of the

PRE-crossing segments expressing total pHLuo was measured with Image J software.

Explant cultures

FPs were isolated from HH25/HH26 chick embryos and cultured in tridimendional plasma clots
in B27-supplmented Neurobasal medium (GIBCO). The supernatant (FP") was collected after
48h. Electroporated spinal cord were dissected, cut into explants and left retrieve for 30min
at 37°C. Then explants were placed on glass bottom dishes, previously coated with 10ug/ml
Laminin and 50ug/ml polylysine and cultured for approximately 30h at 37°C in F12 medium
supplemented with 0.4 Methylcellulose, 1X B27, 100ng/ml Netrin, 1/1000 Penystreptomycin.
Explants were imaged at TO, then FP™ or Ctrl medium were used for the treatment and 20min

after a second time point was recorded.

Atto647N staining

Spinal cords were incubated at 38°C for 20 minutes with F12 medium supplemented with 5%
FCS (F7524; Sigma-Aldrich), 20mM HEPES buffer (15630-049, ThermoFischer Scientific) and
1/100 GFP-nanobodies Atto647N. Spinal cords were then rinsed 4 times with the same
medium (not containing the GFP-nanobodies) and were fixed at room temperature for 2 hours

with PBS supplemented with 4% paraformaldehyde (PFA) and 1% BSA (A7638 Sigma-Aldrich).

STED imaging and data analysis

The staining was observed with a STED microscope (TCS SP8, Leica). STED illumination of ATTO
647N was performed using a 633-nm pulsed laser providing excitation, and a pulsed bi-photon
laser (Mai Tai; Spectra-Physics) turned to 765 nm and going through a 100-m optical fiber to
enlarge pulse width (100ps) used for depletion. A doughnut-shaped laser beam was achieved
through two lambda plates. Fluorescence light between 650 and 740 nm was collected using
a photomultiplier, using a HCX PL-APO CS 100/1.40 NA oil objective and a pinhole open to one
time the Airy disk (60mm). Images were acquired with using Leica microsystem software and
a Z stack protocol. Usually 10-20 planes spaced of 0,5um where imaged for each growth cone.
The growth cone perimeter was outlined basing on the mb-tomato signal. Average density of

pHLuo-receptors in the growth cones was calculated from Z stack projections with Matlab

-9) .-



software. Particle numbers and surfaces were calculated from Z stack projections with image

J.

Statistics

All embryos which normally developed and expressing pHLuo-vectors at the thoracic level
were included in the analysis. Sample size and statistical significances are represented in each
figure

and figure legend. For each set of data, normality was tested and Student t or Mann-Whitney
tests were performed when the distribution was normal or not, respectively. Statistical tests

were performed using Biosta-TGV (CNRS) and Prism 6 software.
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SUPPLEMENTARY RESULTS
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SUPPLEMENTARY RESULTS 1

The spatio-temporal pattern of PIxnA1 but not Robo1 is encoded by the intracellular domain

of the receptor

We hypothesized that upon exposure of commissural growth cones to FP cues, the cell surface
sorting of PIxnAl and Robol at different timing of the FP navigation could result from

structural differences of the receptors.

To address this possibility, we generated vectors encoding for chimeric receptors in which the
extracellular (ECD) and intracellular domains (ICD) were swapped (Fig. 1a). We then examined
whether swapping PIxnAl and Robol intra- and extra-cellular domains results in a reversed
or altered timing of receptor sorting. pHLuo—PIanlECD/RobolICD and pHLuo-
Robo15®/PIxnA1'® vectors were electroporated in the neural tube of chicken embryos, for
time-lapse imaging of pHLuo dynamics in spinal cord open books (Fig.1 b,c). In the pHLuo-
PIxnA15°/Robo1'®® condition, we detected pHLuo flashes in commissural growth cones at the
FP entry, as previously observed with the PIxnAl native receptor (Fig. 1b upper panels and
Fig.1d left panel). Nevertheless, we also found cases with growth cones that sorted the
chimeric receptor prior to the FP entry, and maintained it over the entire period of FP
navigation. Such a pattern was observed neither for pHLuo-PIxAl nor for pHLuo-Robol
receptors (Fig. 1b lower panels). In the pHLuo-Robo1*®/PIxnA1'® condition, the chimeric
receptor was sorted at the FP entry, as observed with the PIxnA1 native receptor (Fig. 1c upper

and lower panels and Fig. 1d right panel).

These experiments are currently repeated to increase the number of analyzed growth cones.
They suggest that the Robo1 ICD is not sufficient for conferring to the receptor a proper timing
of cell surface sorting. In contrast, the PIxnAl ICD seems sufficient to encode the temporal
pattern of receptor sorting. Possibly, the timing of Robo1l sorting in the second step of the FP
navigation reflects the setting of a functional machinery for delivering the receptor to the cell
membrane. This would be consistent with a previous report showing that Robo1 is trafficked

in vesicles and exocytosed via upregulation of RABGDI. By conditioning medium with FP
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cultures, we found that FP cues trigger Robo1 cell surface sorting. It is thus possible that these
signals target not the receptor itself but Robo1 sorting machinery. In contrast for PIxnA1, our
findings support that the ICD of PIxnA1 is sufficient to encode its timing of sorting. This is fully
consistent with previous report of our laboratory showing that PIxnA1l sorting is achieved by

suppression of receptor processing, triggered by FP signals.

Overall, the mechanisms sorting PIxnAl and Robol are likely to be very different, which
provides a basis for receptor-specific control of their spatio-temporal pattern of addressing at
the growth cone surface. Given the striking differences observed in the temporal pattern of
Robol and Robo2, it would be highly interesting to swap their domains and examine whether

it reverses the timing of their sorting.
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Figurel
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Fig. 1: The spatio-temporal pattern of PIxnAl is encoded by its ICD-domain. (a)
representation of PIxnAl and Robol receptor structures. The PIxnAl-Robol chimera (left
panel) consists of the PIxnA1 ECD fused to Robol transmembrane (TM) and ICD. The Robo1-
PIxnAl chimera consists of the Robol ECD fused to PIxnAl TM and ICD. (b) Time-lapse
sequences illustrating the dynamics of PIxnAl-Robol chimera. Arrowheads point pHLuo
detected in growth cones at the FP entry (upper panel) and in growth cones prior to their
arrival to the FP g (lower panel). (c) Time-lapses sequences showing the dynamics of Robo1-
PIxnAl chimera. The flashes are detected at the FP entry. (d) Summary of the temporal
sequences of PIxnAl-Robol and Robol-PIxnAl chimeric receptors membrane sorting during

FP navigation. Scale bars in b and ¢, 10 um.
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SUPPLEMENTARY RESULTS 2

Background of the study

Recently, a novel mechanistic model underlying the gain of response to Sema3B has been
proposed, which challenges the model reported by our laboratory (Hernandez-Enriquez et al.,
2015). Four essential aspects ground this model:

(i) Commissural growth cones are sensitive to Sema3B from the pre-crossing stage

(ii) Sema3B in the FP is chelated by Nrp2, which prevents its diffusion and thus its perception
by commissural growth cones before they reach the FP.

(iii) Nrp2 expression in the FP, which is high from E10 to E13, is transcriptionally
downregulated at E13 which allows the commissural axons to proceed for FP navigation.

(iv) Commissural axons express PIxnAl form the onset of their navigation.

| conducted a series of several experiments to test these different aspects.

Results

1) Responsiveness of commissural growth cones to Sema3B

Hernandez-Enriquez and collaborators cultured spinal cord explants in three-dimensional
substrates and applied to the culture medium increased concentrations of recombinant
Sema3B. They observed a reduction of axon outgrowth whose amplitude correlates with the

dose of Sema3B.

We repeated these experiments under the same conditions, with increasing doses of
recombinant Sema3B (Oug/ml, 0.5ug/ml, 1 pg/ml, 2 ug/ml) for 30 hours, and analyzed axon
growth from the explants by quantification of neurofilament immunostaining with Neurite-J
Imagel plugin. Contrary to Hernandez-Enriquez and collaborators that even reported total loss
of outgrowth at the highest Sema3B dose, we failed to see any difference between the treated
and control conditions, and at the highest dose observed a consistent outgrowth as in the

other conditions.

-99 .



Work by three different labs including ours made use of collapse assay to evaluate the
sensitivity of commissural growth cones to Sema3B. We repeated these experiments with
neurons dissociated from mouse dorsal spinal cords. We also included a condition where the
neurons were treated with GNDF, that our laboratory reports as being the FP cue that trigger
the sensitization of commissural growth cones to sema3B. This condition was also used as a
control of the efficiency of the recombinant Sema3B, since we had obtained no effect of its
application in the explant assays. As a result, a growth cone collapse response was observed
only in the GDNF+Sema3B treated condition, consistent with previous work of the lab (Charoy

et al., 2012) (Delloye-Bourgeois et al, 2015).

Next, we investigated how Sema3B distributes in the FP using a Sema3B-gfp conditional
mouse model which our lab generated in previous work (Arbeille et al., 2015). To assess
whether Nrp2 in the FP could chelate Sema3B, we crossed Sema3B gfp and Robo1/2 mouse
lines. The distribution of Sema3B was assessed by immunolabeling of GFP in embryonic
sections. We measured total and average Sema3B within the FP and established a plot profile
of Sema3B distribution within the FP. The analysis revealed no significant differences between

the condition WT for the Robo receptors and the condition mutant for the receptors.

Finally, using home-made antibody recognizing intracellular epitope of PIxnAl Hernandez-
Enriquez and collaborators reported that PIxnAl is present at the cell surface of commissural
axons. This conclusion appeared erroneous to us. First, immunohistochemistry on tissue
sections cannot discriminate surface and intracellular pools, which was even obvious in this
case given that the antibody is directed to an intracellular epitope. We thus concluded that
the labeling reported in the sections might reflect PIxnAl processed fragments that our

laboratory reported to be present in commissural axons prior to the crossing.
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Figure2: Pre-crossing axon are insensitive to Sema3B and Nrp2 does not chelate this cue.

(a) Growth cone collapse assay performed on cultures of dissociated commissural neurons.
Left panel: Photomicrographs of collapsed and non-collapsed growth cones. Right panel:
guantification of the collapse (b) Spinal cord explant assay procedure. Dorsal spinal cord
explants are dissected from E12.5 mouse spinal cord and cultivated in medium containing
Sema3B. After 30h of culture, explants are fixed, immunostained and processed for analysis.
(c) Photomicrographs illustrating explants cultivated with increased doses of Sema3B. (d)
Upper panel: Quantification of the surface of the explants in the different conditions (3
independent experiments. Opug/ml: N= 31 explants; 0,5 pg/ml: N= 23 explants; 1 pg/ml: N= 26
explants; 2 ug/ml: N= 21. Error bars indicate mean + SEM. P= 0,5132 is from ANOVA one way
test). Lower panel: Quantification of the surface of axon outgrowth in the different conditions.
(Error bars indicate mean + SEM; P= 0,4883 is from ANOVA one way test). (e) Transverse
sections of E11.5 Sema3B—gfp/Nrp2+/+ and Sema3B—gfp/Nrp2'/' embryos immunolabeled with
anti-GFP showing the pattern of Sema3B distribution. Nuclear staining distinguishes the
region of the FP soma (dorsal FP) from the region of commissural axon path (ventral FP). (f)
Upper panel: quantification of the total Sema3B-gfp signal within the FP (Error bars indicate
mean = SEM; *p<0.05; **p<0.01; ***p<0.001. P>0,9. P value is from Mann-Whitney test).
Lower panel: quantification of the average Sema3B signal within the FP (Error bars indicate
mean + SEM; *p<0.05; **p<0.01; ***p<0.001. P>0,9. Pvalue is from Mann-Whitney test). Both
guantifications revealed no significance between the conditions (Nrp2+/+= 5 embryos, 69

+/+

stacks; Nrp2™"= 7 embryos, 67 stacks). (g) Upper panel: Schematic representation of the D-V
axis along which the Sema3B distribution was appreciated with GFP staining. Lower panel:

quantification of the Sema3B distribution along the D-V axis showing no significance between

+/+ +/+_

the conditions (Nrp2™"= 5 embryos, 69 stacks; Nrp2” = 7 embryos, 67 stacks. Error bars
indicate mean = SEM. P=0.771 is from Kolmogorov-Smirnov (KS) test). Scale bars in c:200um;

ine:20 um.

Conclusions

Overall, our data make it unlikely that the commissural growth cone response is silenced
through the mechanism proposed by Hernandez-Enriquez and collaborators. FP crossing is not
a synchronous process, but proceeds in waves reflecting the successive generation of the

neurons. How this developmental sequence can be conciliated with the mechanism of
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Sema3B trapping by Nrp2 and its release at E13 proposed by Hernandez-Enriquez and
collaborators remain puzzling. Despite we could not find any evidence for an effect of Sema3B
in the explant assays, it could be that axon growth is regulated by Sema3B. Whether such an
effect exists, and if so whether it is mediated by PIxnA1 rather than another receptor was not
demonstrated by Hernandez-Enriquez and collaborators. It could also be possible that locally
in the FP, Sema3B interacts with Nrp2 and that this interaction accounts for the FP navigation,

but experimental evidences for such an interaction still lack.
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My thesis study has been first dedicated to the setting of an imaging set-up to
investigate the dynamics of guidance receptors during spinal commissural axon navigation.
Second, the use of this set-up allowed us to uncover novel specificities distinguishing the
receptors mediating the repulsive functions of guidance cues in the FP. We found that the
receptors are sorted successively at the growth cone surface, which might generate a
sequence of successive sensitization to the repellents at different points of the commissural
navigation. In addition, we found for two receptors sorted during FP crossing a distribution
pattern in different compartments of the growth cone, which also bring a basis for the
generation of localized and distinctive signaling. To avoid redundancy, | discuss into details

here aspects that were not addressed in the article.

1) A paradigm to explore the dynamics of guidance receptors in commissural growth
cones

Several studies in the past have revealed the mRNA and protein expression patterns
of Robos and PIxnA1l receptors in chick and mouse spinal cord. During the time-window of FP
and post-crossing navigation, mRNAs for Robol and Robo2 have been detected in distinct
while overlapping populations of commissural neurons, Robo2 expressed by commissural
neurons having their cellular bodies located at more lateral positions, compared to those
expressing Robol (Brose et al., 1999). PIxnAl and Nrp2 transcripts were also found expressed
in the dorsal spinal cord over the time of commissural axon navigation (Zou et al., 2000)
(Nawabi et al., 2010)(Mauti et al., 2006). At protein levels, the data are quite discordant
among studies, which probably reflect differences and efficacies of the antibodies that were
used. In the mouse, Robo1/2 were seen present in pre-crossing axons in some reports, while
in others the signal was extremely weak and restricted to the FP and the post-crossing
compartments. The data are also conflictual for PIxnA1 protein, reporting its expression since
the pre-crossing stage or not (Hernandez-Enriquez et al., 2015)(Delloye-Bourgeois et al.,
2015)(Nawabi et al., 2010). Beyond the observations that these receptors are
compartmentalized in the commissural axon, with the midline delineating a pre-crossing and
a post-crossing segment, it has remained ignored whether these different receptors have

different dynamics and if so whether this accounts for growth cone navigation.
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An important innovation of our set-up resides in the possibility to monitor the surface
expression dynamics of guidance receptors ex vivo, in axons experiencing midline navigation
and achieving proper guidance decisions, while preserving the topography of guidance
molecules in the tissue. In particular, the use of pHLuorin enabled to discriminate the
intracellular pool of guidance receptors from the membrane pool, this latter representing the

fraction that is competent for conferring sensitivity to guidance cues.

An obvious weakness of the model relies on the ectopic expression of receptors in
neurons already expressing their endogenous counterparts. Thus, are observations of the
ectopically-expressed receptors indeed reflecting the dynamics of the native receptors?
Having mouse models in which the receptor is substituted to a pHLuo-tagged version would
be ideal. Nevertheless, several aspects can be highlighted which support that our strategy is
relevant. First, it is noticeable that most mb-tomato® commissural axons navigating the FP
have intracellular pool of pHLuo-tagged receptors (assessed by antibody directed against
pHLuo), but only a limited amount of them sorted the receptors at their growth cone surface.
This attests that commissural growth cones successfully achieved robust control of
“ectopically-expressed” receptor cell surface sorting. A second argument is that cases where
receptors are produced at too high levels are eliminated because when it occurs, commissural
growth cones are unable to proceed for FP entry. These over-expression cases could easily be
detected and neglected in the analysis. In most of them, it resulted in premature turning and
stalling behavior of the growth cones. This means that we considered only the growth cones
that could manage maintenance of receptors at sufficiently low levels for succeeding in FP
entry. This advantage of the system, to eliminate over-expression cases, also limited the
pertinence of experiments combining knock-down of endogenous receptor and expression of
the pHLuo-tagged version. Third, expressing the pHLuo-tagged receptors in the mouse
embryo gave comparable dynamics to those established in the chicken embryo. Interestingly,
no difference was observed when the tagged receptors were introduced in wild-type and
embryos mutant for the corresponding receptor, thus supporting that the temporal profile
that we established for Robol and PIxnA1l were likely not impacted by the overall levels of

receptors in commissural growth cones.

Use of functionally-inactive pHLuo-tagged receptors (unable to elicit downstream

response) could be implemented in the paradigm. In theory, this would enable the monitoring
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of receptor dynamics with no interference with the physiological signaling. However,
designing such an inactive receptor form is all except trivial. Affecting the binding site to the
ligand could alter receptor dynamics, at least from the time when the receptor is assumed to
have interacted with its ligand. Affecting the intracellular domain in order to abrogate the
initiation of downstream signaling would be risky too since it could affect the interactions with
key effectors of the trafficking and sorting. Insights from structural biology still lack for going
into this direction. Finally, our experiments with chimeric receptors also indicate that the
temporal profiles which we observed are not coupled to receptor levels but rather are
dictated the receptor structure, at least for PIxnAl. Finally, these temporal profiles are also
consistent with immunohistochemical labeling of the receptors in embryonic sections,
showing that Nrp2 is expressed from the pre-crossing step whereas Robo1/2 and PIxnA1l are
upregulated during FP crossing. Thus overall, these arguments support that our paradigm

enable accessing the dynamics of endogenous receptors.

A second limitation of our set-up is the lack of specific targeting of the pHLuo receptors
in the commissural neuron population, which prevented us to distinguish ipsilateral and
commissural axons. To overcome this limitation, we generated vectors encoding for pHLuo-
receptors under the control of Math1 promoter, to specifically target dllc neurons. First, the
electroporation of Math1-GFP vectors allowed the detection of dl1c population, located in the
dorsal horn of the spinal cord, in close vicinity to the RP. The targeted neurons extended their
axons ventrally towards the FP and, after crossing, projects both in the VF and LF, as expected
from previous work (Wilson and Stoeckli, 2012). Second, we constructed Math1-pHLuoRobo2-
ires-mbTomato and Mathl-pHLuoPIxnAl-ires-mbTomato vectors and monitored the
expression of these constructs in chick open-books. We observed that the expression rate in
the dllc population, reported by the mb Tomato was significant for both constructs. In
contrast, the pHLuo signal was extremely faint, slightly above the background noise. Although
the few cases of pHLuo-PIxnA1* growth cones that we could observe were located in the FP
as expected, any strong conclusion could be drawn from this analysis. Similarly, we observed
some rare examples of Math1-pHLuo-Robo2"* growth cones in the post-crossing LF, thus as
expected from our analysis with pCAGEN-pHLuo-Robo2 flashes. The very low probability of
observing pHLuo flashes in Math1-pHLuo-Robo2 electroporated spinal cords discouraged us

from persisting with additional time lapse recordings using these constructs.
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2) Mechanisms underlying the temporal pattern of PIxnA1 and Robo receptor sorting

Our data support that the timing at which the receptor reaches the growth cone surface is set
by the exocytosis event, and not by the availability of the receptor within the growth cones.
Our analysis of the total protein pool revealed that the domain of PIxnAl and Robol
expression within the axons and growth cones is much spreader than the cell-surface pool,
strictly restricted to the growth cone during FP crossing. This analysis was conducted on axons
whose growth cones were seen navigating within the FP, in order to eliminate potential over-
expression cases. Thus, the receptors might be stored in intracellular compartments before

exocytosis.

Our observations also suggest that the mechanisms trafficking and sorting PIxnAl1 and Robo1l
differ. pHLuo-PIxnAl was detected within fairly long segment of the pre-crossing axon shaft.
Whether the pHLuo detected within the axon reflect the integral protein, the processed forms
or both remain to be determined. This could be achieved by western blot performed on lysates
of electroporated spinal cords. Our laboratory reported that PIxnA1l is processed prior to the
crossing, which result in two fragments (Delloye-Bourgeois et al., 2015)(Nawabi et al.,
2010)(Charoy et al., 2012). The antibody that was used likely recognizes the integral form only,
since it labeled PIxnA1l only in the crossing and post-crossing compartments. A recent study
reported the presence of PIxnAl in pre-crossing commissural axons, using a home-made
antibody directed to an epitope of PIxnAl intracellular domain (Hernandez-Enriquez et al.,
2015), with a pattern reminiscent to that of the pHLuo total pool distribution, thus likely
recognizing integral and processed PIxnA forms. Intriguingly, the intra-axonal pattern of
PIxnAl does not resemble vesicular. It is rather uniform, appearing to localize below the
plasma membrane. Increasing examples are provided showing that calpains regulate both the
functions and distribution of their processed targets (Araujo et al., 2018). For example, N-
terminal talin fragment has been shown to concentrate beneath the plasma membrane,
similar to full-length talin, while C-terminal fragments were observed diffusely distributed in
cell cytoplasm (Araujo et al., 2018). Further characterization is needed to better define the

outcome of PIxnA1l cleavage by calpains.

Concerning Robo1l, although detected within the axons prior to the cell surface sorting,

protein levels were low and the spread of pHLuo" signal within the axon was much restricted
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than for PIxnAl. Moreover, the signal was punctuated, compatible with expression of the
receptor in trafficking vesicles. Experiments conducted in the chicken embryo suggested that
Robo1l insertion in the plasma membrane is regulated by the cooperation between RabGDI, a
component of the vesicle fusion machinery and calsyntenin 1, which acts as a linker between
vesicular cargoes and the molecular motor kinesin 1. RabGDI and Calsyntenin 1 shuttle Rab11"
vesicles at the plasma membrane (Alther et al., 2016)(Philipp et al., 2012). The authors also
studied the trafficking of another guidance receptor, Fzd3, and found it is mediated by
calsyntenin and not by RabGDI. Consequently, Fzd3" and Robo1" vesicles barely overlapped.
These results illustrate that guidance receptors segregate in different vesicles, which can
provide a basis for setting differential patterns of their cell surface sorting. To get further
insights, it would be interesting to monitor using our set-up the total receptor pool trafficking
along the axon and in the growth cone. The transport of GFP-tagged receptors, reporting the
total pool, could be recorded over time. Interesting insights could also come from FRAP
experiments that would allow evaluating the recovery rate of fluorescence and the diffusion
properties of the receptors within commissural growth cones. We are currently conducting

these experiments, in collaboration with Olivier Thoumine lab.

The mRNAs of the pHLuo-receptors lack the native 3’UTR and 5’UTR sequences. This prevents
the transcripts to be packed in granules, transported in the axon towards the growth cones
for putative local synthesis, since these processes rely on molecular interactions involving
these regulatory sequences. mRNA 3’ UTR also contains target sequences for specific
complementary MicroRNAs (miRNAs), small noncoding regulatory RNAs which, post-
transcriptionally, regulate the expression of specific target genes causing their translational
repression or inducing their degradation (Ambros and Chen, 2007). As a consequence, neither
local synthesis and likely nor silencing by microRNAs account for the temporal dynamics which
we observed, in an experimental context in which these regulations were eliminated and

proteins allowed to be transported to the growth cones.

Whether mechanisms of local synthesis are or not involved in the native context have to be
assessed. Several years ago, local protein synthesis of the EphA2 receptor, reported using
fluorescent timer GFP tag changing fluorescence color over-time, was proposed to occur in
commissural growth cones upon their crossing (Brittis et al., 2002). More recently, in vitro

studies, suggested that mir-92, a highly conserved miRNA, binds to Robo1l 3’ UTR causing its
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translational repression, which, as proposed by the authors, might render pre-crossing axons
insensitive to FP Slits (Yang et al., 2018). To our knowledge, the implication of such regulatory
mechanisms has not been reported for Robo2 and PIxnAl, although a few studies report

Plexins as targets of microRNAs (Wang et al., 2018)(Lopez-Gonzalez et al., 2018).

Nevertheless, local protein synthesis could well be implicated, bringing indirect contribution
to receptor sorting. For example, certain membrane cargoes could be neosynthesized in the
growth cones, very locally near the sites where they will be needed for sorting the receptors.
These local synthesis events could be triggered by FP cues to which commissural growth cones

are exposed when they reached the FP.

Our laboratory reported that PIxnA1l sorting is elicited by NrCAM and GDNF FP cues (Charoy
etal., 2012)(Nawabi et al., 2010). We wondered whether FP cues could also control the sorting
of Robol. Analysis of pHLuo expression in individual growth cones extending from dorsal
spinal cord explants exposed to acute application of medium conditioned by FP cultures
validated this hypothesis. Additional experiments are needed to identify the signals mediating
this effect and determine whether they are the same as those triggering PIxnA1l cell surface

sorting.

Thus overall, whatever the nature of the mechanisms that enable PIxnAl and Robol to
become available upon FP crossing, the timing of their sorting might rely on post-translational
mechanisms. We have postulated that it could be encoded in the protein structure. Receptor-
specific motifs in the intracellular domain of the receptors would drive the receptors through
distinct trafficking paths and post-translational modifications impacting their delivery to the
cell surface (Winckler and Mellman, 2010)(Maeder et al, 2014). Alternatively, or in addition,
amino-acid motifs in the extracellular domains could also drive specific interactions and pre-
formed complexes conferring some specificities of membrane addressing (Winckler and
Mellman, 2010)(Maeder et al, 2014). Our current investigations of the temporal patterns of
chimeric receptors in which PIxnAl and Robo1l intracellular (ICD) and extracellular domains
(ECD) were swapped will enable us to obtain some clues on these aspects. Such strategy has
been successfully used in previous studies to reveal the coding of divergent guidance
behaviors in specific receptor domains (Bashaw and Goodman, 1999) (Spitzweck et al., 2010)

(Stein and Tessier-Lavigne, 2001). Our data already indicate that the ICD of Robol is not
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sufficient to confer to the chimeric receptor the temporal pattern of native Robo1l. In contrast,
although these findings need to be confirmed with additional cases, the ICD of PIxnAl seems
sufficient to confer the temporal pattern of PIxnAl. These experiments will also enable us to
correlate receptor domains with guidance behaviors of commissural axons during FP
navigation. We could report quite similar PIxnAl and Robo1l surface expression profiles in
chick and mice spinal cord, suggesting that the mechanisms controlling the spatio-temporal
regulation of surface sorting might be conserved. Nevertheless, our characterization in mouse
samples is not as precise of that conducted in the chick because it was conducted using static
imaging at a single time point. Thus, we could only focus on FP and post-crossing
compartments. pHLuo® growth cones in the pre-crossing compartment were not analyzed
since we could not infer from static imaging whether these growth cones are prone to cross
the FP or not. It would be interesting to further confirm the dynamics of PIxnAl and Robol in
mice by time lapse imaging. A summary of the possible mechanisms underlying the temporal

pattern of guidance receptors is available in Figure 1.
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Figure 1: Potential mechanisms for setting specific spatio-temporal dynamics of guidance
receptors. They rely on receptor conformational changes and effector availability. (A) The
panel represents examples of mechanisms that might be involved in structural modifications
of guidance receptors, such as receptor processing suppression, receptor glycosylation,
phosphorylation and palmitoylation. (B) The panel represents examples of how an effector
might become available in the growth cone: it can be released from an intracellular
compartment or from a protein complex (left panel) or it can be synthesized locally or in the
soma, and then transported to the growth cone (right panel).

3) From temporal patterns of receptor sorting to sequential activation of repulsive
signaling during commissural growth cone navigation

Mapping the location of pHLuo flashes reporting the timing by which the receptors
reach the growth cone surface reveals differences between receptors. Are these timing

reflected in a sequential activation of the repulsive signaling? We do not have evidence from
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observations of receptor activation or initiation of downstream transduction cascade.
Nevertheless, we could notice changing of growth cone behavior following the sorting of
receptors. For Robo2, analysis of the trajectory before and after the pHLuo flashes indicated
that receptor sorting is correlated with an accentuating longitudinal turning. Interestingly for
Robol, we observed that after receptor sorting, commissural growth cones start exploring
directions in the rostro-caudal axis. This suggests that, already when navigating the
contralateral FP half, the growth cones start gaining responses to the rostro-caudal guidance

cues which will drive their longitudinal turning after the crossing.

For PIxnAl, we failed to detect a “read-out” of receptor activity, although the presence
of crossing phenotypes in context of over-expression suggests that pHLuo-tagged PIxnAl
receptor is an active receptor form. PIxnAl receptor is sorted from the FP entry, thus at a time
when the FP navigation is just starting. It is therefore more difficult to conceive a classical
repulsive response to be mediated by this receptor. Indeed, would it be the case, one would
expect the growth cones to be totally arrested, or to turn back by exiting the FP from the entry
side, a behavior that was never observed in the movies. On the contrary, such re-crossing of
commissural axons was observed in open-books of PIxnA17 embryos, in accordance with
previous studies (Delloye-Bourgeois et al., 2015). Thus, commissural growth cones need
PIxnA1l to travel through the FP. Moreover, when PIxnAl was expressed at high concentration,
resulting in receptor sorting before FP entry, then commissural growth cones mostly failed to
enter the FP and turn ipsilaterally. These are behaviors classically elicited by repulsive
guidance cues. The actions of the guidance cues mediated by PIxnA1l thus remains to be

understood.

Several scenarios can be proposed. First, despite the presence of PInxAl from the FP entry,
the receptor is active only after midline crossing. This could be due to the amount of PIxnAl
reaching the cell surface in the first half of the FP, which could not reach the threshold of
receptor activation. Alternatively, the receptor could be docked by a cell surface partner until
midline crossing is achieved, and the interaction would be released to enable receptor
activation in the second part of the navigation. Such a mechanism has been described in
Drosophila for commissural Robol, which is engaged in a trans interaction with midline Robo2
resulting in inhibition of Slit signaling (Evans et al., 2015). A mirror mechanism would be that

Nrp2 or PIxnAl, both reported to be expressed by FP cells, interact in trans with PIxnA1l to

-113 -



silence repulsive signaling by Slit-C and Sema3B. Finally, PIxnA1 could initially be maintained
in an auto-inhibited conformation through the head-to-neck-folding of its ectodomain (Kong
et al.,, 2016).

The second view is that PIxnA1l is active from the onset of its sorting, to transduce

I”

repulsive forces from the surrounding ligands in a “non-classical” way. Possibly, the
compartmentalization of PIxnA1l in the growth cone could generate a gradient of activity
following ligand binding, thus establishing a polarity within the growth cone from an initial
uniform source of ligand, that would focalize growth direction straight forwards. Interestingly,
our super-resolution analysis revealed a rear-low to front-reach distribution of PIxnAl in

commissural growth cones, from their entry in the FP to the exit.

Alternatively, particular arrangements of the ligands in the FP create the conditions for
repulsion. This brings to light the general gap of knowledge on the topography of secreted
guidance cues and in the present context, the need for better characterizing the distributions
of Sema3B, SlitC and SlitN within the FP. Our laboratory is developing genetically-encoded
fluorescent tools to visualize ligand-receptor interactions in living samples, to detect Slit
cleavage and Slit N- and C-fragment distributions within the FP. What are the mechanisms
that could generate specific patterns of ligands in the FP? Several studies reported that
heparan sulfate proteoglycans (HSPGs) and chondroitin sulfate proteoglycans (CSPGs) can
regulate the distribution and the activity of secreted and transmembrane proteins involved in
axon guidance in the developing spinal cord (de Wit and Verhaagen, 2007). HSPGs are
attached to the cell surface of glia and axons but can also be released into the extracellular
matrix, after enzymatic processing. The carbohydrate polymer heparan sulfate (HS) is a highly
negatively charged polysaccharide carried by HSPGs which interacts for example with the
basic C-ter of Semaphorins (De Wit et al., 2005). Moreover, the same study showed, in vitro,
a physical interaction between Sema3A and HSPGs. Binding between Sema3A and CSPGs has
been suggested to occur in the optic tract in the Xenopus model and in the cortical plate in
the mouse (Walz et al., 2002)(Emerling and Lander, 1996). Biochemical studies also
demonstrated Slit binding to HSPGs (Wang et al., 1999). For instance, Slit2 at the cell surface
can bind to the GPIl-anchored HSPG glypican-1 in vitro (Brose et al., 1999) and an in vivo role
of HSPG syndecan in regulating Slit distribution at the midline has been described in

Drosophila (De Wit et al., 2005). Binding of Slit-C to PIxnA1l also requires HSPGs (Delloye-
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Bourgeois et al, 2015).

Proteoglycans could not only be involved in ligand distribution but could also act as
modulators of the guidance response (de Wit and Verhaagen, 2007). For instance, Sema3A
binding to HS was shown to potentiate Sema3A signaling (de Wit and Verhaagen, 2007)(De
Wit et al., 2005). In vivo studies also showed that the HSPG perlecan is required for SemalA-
PIxnA-mediated repulsive guidance (Cho et al., 2012). Another evidence of the modulation
exerted by proteoglycans on the Semaphorin signaling was shown for transmembrane
Sema5A. Sema5A has a bifunctional role, generating both attractive or repulsive effects on
developing axons of the fasciculus retroflexus, depending on the physical interaction that it
establishes with proteoglycans (Kantor et al., 2004). Proteoglycans can also modulate the
guidance response to Slit molecules. In vitro, enzymatic removal of heparan sulfate from the
axon surface through heparinase treatment, decreases the affinity between Slit2 and Robo,
and this abolishes the repulsive activity of Slit2 on olfactory axons (Hu, 2001). Genetic
evidences of HS role in modulating Slit response has been brought in vivo in zebrafish, worm,
fly and mouse models. Both in mice and zebrafish, loss of enzymes involved in HS-synthesis
induces defects in the formation of major commissural tracts, which are reminiscent of those
occurring in Slit1/Slit2 double KO mice (Inatani, 2003)(Plump et al., 2002)(Lee et al., 2004).
Interestingly, syndecan binds both Slit and Robo, acting as an essential coreceptor, and its loss
in axons induce guidance errors at the midline that are also observed in Slit and Robo mutants
(De Wit et al., 2005)(Steigemann et al., 2004). However, additional levels of complexity are
provided by the diverse variations that the HS chains can undergo, which generate
modifications in the sulfation and epimerization patterns (Turnbull et al., 2001). How such
variations impact on the different contexts of axon guidance to which proteoglycans

contribute is fully unknown and represents an interesting aspect to explore.

Whatever these possibilities, characterizing when and where is PIxnAl receptor becoming
active and interacting with its ligands would significantly increase our understanding of its
mode of action during FP navigation. It would be highly interesting to develop fluorescent
sensors of PIxnAl-mediated downstream signaling and reporters of conformation changes
and ligand binding. Various FRET-based biosensors have been developed in the past to
monitor the spatial and temporal dynamics of signaling events in living cells, for instance,

FRET-based biosensors detecting second messenger dynamics (Herbst et al., 2009). /n vitro
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application of chemorepellents such as Semas and Slit, induces a rapid hyperpolarization and
a local elevation of intracellular calcium in the growth cones. Upon PIxnA activation, fast
increase of cGMP levels occurs, which in turn activates cyclic nucleotide gated (CNG) calcium
channels at the plasma membrane, allowing calcium uptake from the extracellular space and
growth cone repulsion (Togashi et al., 2008)(Nishiyama et al., 2008). Calcium influx and cyclic
nucleotides production are therefore very early events occurring after PIxnA activation. Many
FRET-based second messenger biosensors have been developed to detect cellular fluctuation
in calcium and cGMP (Miyawaki et al., 1997)(Nicholls et al., 2011), even at specific subcellular
region of interest, such as the plasma membrane, via specific amino acid targeting sequences
(Herbst et al., 2009). Thus, simultaneous monitoring of PIxnAl dynamics and downstream
second messengers might allow mapping the spatio-temporal correlation between receptor
sorting at the plasma membrane and receptor activation. FRET-based kinase activity
biosensors reporting spatio-temporal kinase dynamics are also highly interesting tools to work
with (Herbst et al., 2009). Several kinases could be interesting to look at, such as FAK, and Src
family kinases, known to be recruited in proximal-membrane signaling, sometime even for
receptor activation (Li, 2006). The possible models correlating PIxnAl sorting pattern to its

activity are summarized in Figure 2.
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Figure 2: Possible models to correlate PIxnA1l sorting pattern and activity. PIxnA1l reaching
the growth cone surface at the FP entry might be active from the onset or inactive. (A) Upper
panel: PIxnA1l at the FP entry has weak activity. Such activity might increase as the growth
cone navigates the FP. Lower panel: PIxnAl at the FP entry cannot interact with the ligands
because it is docked by cis and trans interactions. (B) Upper panel: PIxnA1l is active and its
compartmentalization at the growth cone surface generates a gradient of activity that allow
to polarize the navigation response despite a uniform ligand environment. Lower panel:
Ligand compartmentalization within the FP favors stabilization/activity of PIxnAl at the

growth cone front, generating a polarized response.
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4) Correlating PIxnAl and Robol differential spatial distributions with functional
specificity

Our results bring, for the first time, in vivo evidences of guidance receptor
compartmentalization at the growth cone surface, during FP navigation. Our super-resolution
microscopy revealed a striking partitioning of PIxnAl and Robol, with PIxnAl receptor
distributing more at the front of the growth cone and Robo1 at the rear. Interestingly, PIxnAl
receptor was observed not only present at the front of the growth cone central domain but
also at the surface of filopodia where Robo1l is completely absent. Moreover, we found that
Robol pattern is more dynamic than that of PIxnA. This conclusion was drawn from the
observation that the surface of Robol" particles increases as the growth cones progress from

the midline to the FP exit.
What could be the outcome of this differential distribution at the growth cone surface?

Spatially-restricted signaling from the two receptors onto different intracellular targets
(Kurokawa et al., 2005) (Itoh et al., 2002) (Kurokawa et al., 2005) could regulate filopodial
dynamics and adhesion along the front-rear axis of the growth cone. This could participate to
adapt growth cone shapes to the constraints of FP navigation. Our video-time lapse
observations of the growth cones showed that they have quite a simple form, lacking complex
filopodia networks typical of in vitro neuronal growth cones. Comparable morphologies to
those we observed have already described by pioneer studies of commissural axon navigation
in the chick embryo (Yaginuma et al., 1991). It would be interesting to address whether

manipulations of PIxnAl and Robo1 affect growth cone morphologies during FP navigation.

How this front-rear partitioning specifically connects to the guidance growth cone responses
to Sema3B, SlitC and Slit-N FP cues remains to be understood. Indeed, directional growth
require both adhesions and cytoskeletal dynamics to be polarized (Barberis et al., 2004)(Zhou
et al.,, 2008). Signaling cascades downstream of guidance cues integrate regulation of
adhesion. For example, upon receptor activation, a complex constituted by Robo, Abl and N-
cadherin was shown to form at the plasma membrane, resulting in tyrosine phosphorylation
of beta-catenin mediated by Abl leading to loss of N-cadherin-actin connection (Rhee et al.,
2002). Semaphorin-Plxn interactions regulate integrin and focal adhesion kinase dynamics

(Tran et al., 2007). The front-rear partitioning could also regulate growth cone adhesion by
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impacting onto endocytosis and recycling of cell adhesion molecules, both of which
interestingly following polarized trafficking paths in the growth cone (Winckler and Mellman,
2010). This has been particularly exemplified for LLCAM (Kamiguchi and Lemmon, 2000),
whose expression profile is in addition also temporally and spatially controlled in commissural
growth cones (Long et al., 2004). Robol could transduce a propelling force from its
surrounding ligands needed to exit the FP, by setting particular adhesion properties at the
growth cone basis. PIxnAl would play comparable role in the complementary growth cone

front compartment.

The front-rear gradients of PIxnA1 and Robo1 receptor could as well serve for the generation
of differential actin and microtubule dynamics. PIxnA signaling impacts on actin cytoskeleton
primarily through the modulation of Rho-GTPases and in vitro, the activation of Rho promotes
process retraction (Tran et al., 2007). Interestingly, it has been described that the activity of
RhoA, in growing dorsal root ganglion cell growth cones is higher at the motile tips of
protrusions (Kurokawa et al., 2005). Thus, as an example, receptor compartmentalization in

commissural growth cones could confer PIxnAl-specific access to RhoA regulation in filopodia.

As described above, pHLuo-Robol flashes interestingly correlate with increase in the
exploratory behavior of the growth cone along the rostro-caudal axis. This could for example
reflect Robol-mediated decreased adhesion, increase of focal adhesion turnover, or increase
of cytoskeletal dynamics, all of these events conferring sufficient growth cone flexibility for

exploration.

5) Differences of spatio-temporal dynamics generate Robol and Robo2 functional
specificities

Despite their close molecular proximity, several previous studies suggested that Robo1, Robo2
and Robo3 have specific contributions during the formation of spinal commissures. Their
deletion in mice produces different post-crossing phenotypes, suggesting that they guide
guiding post-crossing axons to different pathways in the ventral and lateral funiculi (Long et
al., 2004). These differences are intuitively thought to result from different expression

patterns, documented by only partial overlapping of the transcripts revealed by in situ
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hybridization and immunohistochemical labeling (Long et al., 2004).

Our data show that, beyond expression profiles, receptor-specific structural features drive
differences in their temporal sorting, that echo some previous observations. In Drosophila,
functional diversity of Robo receptors was reported to rely on differences in their
ectodomains, as Robo cytoplasmic domains were found functionally interchangeable for
longitudinal pathway selection (Evans and Bashaw, 2010). Robol and Robo2 were reported
to bind Slits with similar affinities and also to share very close ectodomain structures (Brose
et al.,, 1999)(Evans and Bashaw, 2010). However, their cytoplasmic domains are more
divergent. For example, Robo2 lacks CC2 and CC3 cytoplasmic domains. Present in Robol,
these domain mediate interactions with downstream effectors such as Enabled, Dock/Nck
adaptors, GAPs, Abelson (Bashaw et al., 2000)(Dickson and Gilestro, 2006). Further work is
required for identifying the structural differences that trigger sorting of the receptors at

different timing.

The lack of Robo2 sorting during FP navigation was rather unexpected. By antibody labeling,
we also failed to detect significant pHLuo signal within the axon segment lying in the FP.
Rather, a fluorescent signal was only seen from the time axons navigate the ventral funiculus.
Thus, if we consider this signal reports the profile of the native receptor, it indicates that the
protein is not present before commissural axons navigate the post-crossing step. The
mechanisms regulating Robo2 surface sorting have not been identified yet. Whether they rely
on exogenous signals, as found for PIxnAl and Robol, are currently investigated in our

laboratory. Whether our conclusions can be extended to the mouse also remain to be tested.

Thus, Robo2 might be involved neither in FP crossing nor in positioning axons in the ventral
funiculus, at least in the chicken embryo. Rather Robo2 sorting at the interface between the
medio-lateral (ML) and the dorso-lateral (DL) funiculi appeared strikingly correlated with
longitudinal turning of the growth cones. This reveals a FP-like boundary at this medio-
lateral/dorso-lateral interface, where Robo2 could expel the growth cones out of the ventral
funiculus and allow them responding to rostro-caudal guidance cues, exactly as Robol could

do it earlier in the FP.

One cannot exclude that Robos more directly participate in guiding the growth cones along

the rostro-caudal axis. Up to now, this guidance step is considered under the control of Wnt
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and SHH morphogen gradients. Whether Slit proteins form a rostro-caudal gradient could be
investigated. It would also be interesting to address the existence of molecular cross-talks
linking Robos to Wnt and SHH receptors. Such as drosophila Fasciclin Il (Hivert, 2002), Robos
could also mediate selective axon-axon recognition important for tract formation and
stabilization in the VF and LF. This would enable commissural axons to assemble in bundle. A
pre-existing scaffold could also be provided by ipsilateral fibers, which establish their tracts
before the arrival of the corresponding contralateral population as proposed in (Hivert, 2002).
Autocrine Slit-Robo signaling has already been shown to organize the navigation of the

phrenic nerve (Charoy et al., 2017).

The possible implication of PIxnAl and Robos in the regulation of axon bundle is echoed by
our observations. Indeed, in contrast to its profile restricted to the growth cone during FP
crossing, the pHLuo signal was observed distributed along the axon shaft of commissural
axons navigating their post-crossing longitudinal, at substantially increased levels in addition.
These observations also showed that the pre- and post-crossing compartmentalization
observed for native receptors was recapitulated in our paradigm, indicating that it relies on
mechanisms that do not require more than the protein coding sequence. How is set the barrier
that delineates these two main compartments is not known. Our laboratory made some

attempts but failed so far to identify some significantly instructive mechanisms.
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ABSTRACT

The mechanisms governing the navigation of commissural axons during embryonic development
have been extensively investigated in the past years, often using the drosophila ventral nerve cord
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family member semaphorin 3B (Sema3B) in the context of midline crossing in the spinal cord.

Introduction to the semaphorin family

The semaphorins form a large family of secreted and mem-
brane-associated molecules present from virus to human.*
By activating a range of holoreceptors and downtream
intracellular cascades, the semaphorins regulate the
molecular machinery controlling actin and microtubule
dynamics, thus contributing to a variety of processes
implicating cell movements, from cell migration and axon
migration in the nervous system, organ morphogenesis, to
immunology and tumor metastasis.'***** Many contribu-
tions of the semaphorins have been discovered in the
developing and adult spinal cord, both in physiological and
pathological contexts such as spinal cord injury, which
exemplify the diversity of functional properties that these
cues exert (O’Malley et al, 2014). In this review, we
concentrate on the role of the secreted semaphorin 3B
(Sema3B) during the formation of the spinal commissures.

Crossing the midline of the central nervous system:
An obligatory step for all commissural axons

In bilateral organisms, multiple reciprocal neuronal projec-
tions interconnect the 2 halves of the central nervous sys-
tem (CNS), forming a dense network of commissures that
allow integration and coordination of left-right neuronal

activities.”*® During embryonic and early postnatal devel-
opmental periods, commissural axons navigate through the
central midline at all axial levels, crossing from one side of
the CNS to the other one at specific time points and posi-
tions.” Commissural axons can be surrounded by or mixed
with ipsilateral axons that are committed to build circuits
between neurons of the same side, and that never cross the
midline. For instance, in the visual circuits of organisms
with binocular vision, ipsilateral and contralateral ganglion
cell axons exit the retina and navigate together, segregating
at the optic chiasm when the contralateral axon tract
achieves midline crossing.'® Similarly, tracts of ipsilateral
and contralateral axons navigate in close proximity in the
developing spinal cord*' (Fig. 1A).

Specialized groups of local cells lying at the CNS mid-
line are instrumental in segregating the ipsilateral and
contralateral axon populations, allowing only the latter
to cross the midline (Evans and Bashaw, 2009°°). In the
developing spinal cord, midline crossing takes place ven-
trally through the floor plate (FP), a crucial patterning
center composed of glial cells, which contribute to the
specification of the neuronal lineages of the neural tube
and adjacent territories by secreting the morphogen
SHH.'”** The drosophila midline glia plays equivalent
roles, secreting a TGF homolog to direct ventral cell fates
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Figure 1. (A) Schematic representations of various commissural projections. In mammals, neocortical callosal axons (in red) turn medi-
ally and navigate toward the midline. They are guided by cues emanating from various sources: the midline zipper glia (in purple), the
glial wedges (in light blue), the indusium griseum glia (in dark blue), and migrating neurons (in green). Ganglion cell axons exiting
the retina connect both sides of the brain, forming ipsilateral (in red) and contralateral (in blue) tracts, the latter crossing the midline at
the optic chiasm (LE: left eye; RE: right eye; LT: left thalamus; RT: right thalamus). In the Drosophila ventral nerve cord, ipsilateral (in red)
and contralateral (in blue) neurons extend their axons medially toward the midline, but ipsilateral axons turn before crossing while con-
tralateral ones turn after the crossing. In vertebrates, spinal commissural axons navigate first ventrally toward the floor plate (FP) lying
at the ventral edge of the central canal (cc), cross the midline and then turn rostrally. (B) Temporal sequence of dI1 commissural inter-
neuron generation and axon navigation. The first spinal commissural neurons are born from a dorsal territory around E9.5. Some of
them already extend their axons across the midline at E10.5. By E12.5, most of them have completed midline crossing and all navigate
post-crossing longitudinal routes by E.13.5. (C) Temporal sequence of guidance signaling controlling the navigation of the midline. As
they navigate toward the FP, the sensitivity to midline repellents is silenced in spinal commissural growth cones. During FP crossing,
commissural growth cones gain responsiveness to these FP repulsive cues, which prevent them from re-crossing and drive them out of
the FP. At the exit, they follow rostro-caudal gradients of guidance cues, turning rostrally in the ventral (VF) or lateral (LF) funiculus. (D)
Representation of the principal signaling implicated in the midline repulsion. Slit/Robo in the Drosophila, Robo1-2/SlitN, PlexA1/SlitC,
and Sema3B/Nrp2/PlexA1 in the mouse.
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of the CNS, the ectoderm and the mesoderm.” The FP
also starts expressing guidance molecules at these early
stages. It was recently discovered that semaphorin 3B
(Sema3B) already has an instructive role prior to the
stage of axon navigation. Sema3B is already detected at
E9 and is secreted in the cerebrospinal fluid. Collected by
receptors of neuroepithelial progenitors that undergo
mitosis at the apical border lining the central canal,
Sema3B triggers an intracellular signaling which
regulates microtubule stability and promotes planar
orientation of the cell divisions at the onset of the
neuro-genesis.” Beyond this function, the FP source of
Sema3B has been well characterized for its contribution
to commissural axon guidance, a role that we will discuss
in detail below.

Commissural axon navigation in the spinal cord: The
prototypical dI1 tract

The dorsal interneuron lineages in the developing spinal
cord are specified by transcriptional programs, according
to their position, birthdate and pattern of connections.
Various classes of commissural interneurons have been
identified among which the commissural component of
the dl1 population, born from a Math'* progenitor pool
that lies close to the roof plate and which also generates
an ipsilateral component.”* dll commissural neurons,
specified by Lhx2/9 transcription factors,™* elaborate a
typical pattern of axonal projections, whose navigation
has been widely investigated. The axons extend ventrally
toward the FP, cross the midline, exit the FP and turn
rostrally to ascend toward supraspinal levels, to convey
proprioceptive information to the cerebellum." The gen-
eration of transgenic mice expressing LacZ or GFP under
the control of the Math1 promotor has allowed a precise
spatial and temporal mapping of commissural dl1 axon
navigation in the mouse embryo. Born from around E10,
dll commissural neurons extend waves of axons toward
the FP starting at this stage. Some of them already cross
the midline as early as E10.5. It is widely accepted that
most of them have crossed the midline by E12.5, and are
already navigating distant longitudinal routes at
E1311:25:26,27,30,44 (Fig. 1B).

Repulsive signaling controlling midline crossing in
the vertebrate spinal cord and invertebrate nerve
cord

The FP and midline glia are sources of both attractive
and repulsive cues for commissural axons. A temporal
sequence has been proposed which orchestrates the dif-
ferent steps of commissural axon navigation by control-
ling axon responsiveness to the FP attractive and

repulsive cues, thus preventing conflict of guidance
information. First, the commissural growth cones per-
ceive chemoattractants, including Netrin, which orient
their trajectory toward the midline. Commissural growth
cones then interact with local cells to navigate the FP/
midline glia. Next, upon crossing, they gain responsive-
ness to FP/midline glia-derived repulsive cues, which
prevent them from turning back and re-crossing the
midline, and also push them out of the FP toward the
contralateral side. Finally, after FP exit, rostro-caudal
gradients of guidance cues elicit a longitudinal turning of
commissural axons, accompanied by a sorting of the
axons into the ventral and lateral funiculi in which they
navigate rostrally (Fig. 1C).

Such a temporal sequence of guidance programs relies
on a tight control of growth cone sensitivity to the guid-
ance cues. In particular, the sensitivity to the midline
repellents must be first silenced before crossing to be trig-
gered only after the crossing. The premature action of the
repellents would prevent the axons from entering the FP.

The repulsive signaling found to regulate midline cross-
ing in vertebrates and invertebrates present some degrees
of conservation, although vertebrates evolved significant
differences.’® In drosophila, midline repulsion was shown
to be ensured by SLIT, a gene encoding a protein which
acts through binding to Roundabout (Robo) Robo 1 and
Robo2 receptors on commissural axons. Similarly, in ver-
tebrates, 3 SLIT genes (Slit1,2,3) were shown to act in syn-
ergy to control midline crossing, mediating their effects
through Robol and Robo2 receptors.®

The N-terminal (140 kDa) and C-terminal products
(55-60 kDa) resulting from Slit protein cleavage were
recently found to both contribute to the FP navigation in
vertebrates. Until this recent work, Slit-Ns, which con-
tain the binding sequence for Robo receptors were logi-
cally considered as the bioactive protein fragments. In
contrast, the Slit-C fragments, for which no receptor was
identified, were thought to be inactive. From initial anal-
ysis of mutant mouse models, deletion of Slitl-3 or
Robo1/2 genes in mice were both known to disturb com-
missural navigation. However unexpectedly, phenotypic
differences were noted between the 2 deletion contexts.
Midline re-crossing was observed after Slitl-3 but not
Robo1/2 deletion.””** These studies raised the idea that
Slits exhibit some Robo-independent functions that
might be mediated by an as yet-unknown receptor. This
receptor turned out to be PlexinAl,'” a receptor shared
by members of another prominent axon guidance family,
the semaphorins.’® Indeed, PlexinA1 deletion was found
to induce the re-crossing phenotype, and also to confer
the re-crossing phenotype to Robol/2 mutants. Various
combinations of PlexinAl and Slit1/2/3 allelic deletions
also confirmed that Slits and PlexinA1l both participate



in preventing midline re-crossing during commissural
axon guidance. Moreover, biochemical analysis revealed
that PlexinA1l binds Slit full-length and Slit-Cs, but not
Slit-Ns, and mediates a repulsive action of the Slit-C
fragments.'® Slit processing also occurs in invertebrates.
However, in transgenic rescue assays in drosophila,
expression of a Slit mutant that resists proteolytic cleav-
age in the midline glia lineage was shown to rescue mid-
line crossing defects resulting from general Slit loss
equally as well as the wild type Slit, thus supporting that
Slit processing is dispensable for midline navigation."

PlexinA1 was identified in previous work as the Plexin
A member which associates with Neuropilin2 (Nrp2).
Nrp2/PlexinAl complex forms a functional commissural
receptor for Sema3B, a semaphorin that was demon-
strated to act as a FP repellent for post-crossing commis-
sural axons in the mouse.”**® Mouse embryos lacking
Nrp2 were shown to present FP crossing defects consis-
tent with a role of semaphorin ligands as repellents for
commissural axons after midline crossing. Among the
class3 semaphorins, Sema3B expressed by FP cells,
exhibits the expected profile for exerting this role. In
contrast, Sema3F, another prominent Nrp2 ligand,
instead of being expressed by the FP, localizes in a
domain adjacent to the FP.***® Consistently, Sema3B
deletion was reported to result in alterations of FP cross-
ing and these defects were phenocopied in PlexinA1 null
mutant embryos.>* Implication of semaphorins in the FP
navigation of spinal commissural axons also came from
studies in the chick model. Over-expression of a domi-
nant negative PlexinA, abolishing the signaling by all
PlexinAs, resulted in strong alterations of crossing and
post-crossing axon trajectories.™** Similarly, specific
knock-down of individual PlexinAs such as PlexinAl,
PlexinA2 and PlexinA4, all induced stalling at the FP
exit and failure of rostral turning,'

Altogether, these studies suggest that several repulsive
signaling mechanisms operate during FP crossing in the
mouse, such as Slit-N/Robo, Slit-C/PlexinAl and
Sema3B/PlexinA1-Nrp2 (Fig. 1D). How these signals are
acting and which specific aspects of commissural growth
cone behavior they control remains unclear. Mouse
models allowing the investigation of the specific contri-
butions of Slit-Cs and Slit-Ns still lack, in part because
the nature of the protease(s) responsible for Slit cleavage
remains unknown.

Silencing of the semaphorin signaling during FP
navigation

Based on a variety of experimental set-ups, several stud-
ies provided evidence that the commissural axon respon-
siveness to Slits and Sema3B-derived FP repellents is
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silenced before the crossing. In early work, spinal cord
open books were co-cultured with COS cell aggregates
secreting Slits or Sema3B.*” The behavior of commissural
axons emerging from the explant border facing the cell
aggregates was examined. In these spinal cord prepara-
tions, the endogenous FP was removed to mimic a pre-
crossing context, so that commissural axons exiting the
ventral side of the open-book had not experienced FP
crossing in their native tissue before growing out of the
explant. Under these conditions, similar growth toward
control, Sema3B or Slit2-secreting cell aggregates was
observed, indicating a lack of sensitivity of commissural
axons to Sema3B and Slit2. These experiments were
reproduced for Sema3B and the data were confirmed in
more recent works'®'>*® (Fig. 2A).

A second assay was used to demonstrate the lack of
sensitivity to FP repellents at the pre-crossing stage which
consisted in grafting FP and roof plate (RP) tissues as well
as cell aggregates along the lateral side of an intact spinal
cord. This assay challenges the ability of cues released by
the ectopic tissue or the cell aggregate to re-route the tra-
jectory of commissural axons toward or away from their
natural path to the endogenous FP.*” Such a model had
been developed to show that the RP releases a repellent
for pre-crossing commissural axons, whose action is to
orient their initial trajectory toward the ventral side of the
spinal cord.” Using this assay, commissural axons were
found re-routed toward FP tissue, and Netrinl expressing
cell aggregates, reflecting that they are subjected to attrac-
tive cues. In contrast to ectopic RP, both Slit2 and
Sema3B-secreting cell aggregates failed to deflect commis-
sural axons away, confirming their lack of sensitivity to
the FP repellents prior to crossing (Fig. 2B).

Finally, a last paradigm was employed in several studies,
to assess the individual response of commissural axons to
Sema3B."”**** Growth cone behavior to Sema3B applica-
tion was examined in dissociated commissural neuron cul-
tures collected from E11 to E13, which revealed their
inability to undergo the collapse response, normally
observed when growth cones perceive repulsive cues
(Fig. 2C). Collapse assays were also conducted on dorsal spi-
nal cords (lacking endogenous FP) collected from Atohl-
tauGFP and NeuroG2-tauGFP, transgenic mouse embryos,
GFP identifying the dl1 and dl4 populations of commissural
interneurons respectively. Both populations were found
unresponsive to Sema3B.*

Activation of the semaphorin signaling after midline
crossing

Spinal cord open-books and commissural neuron cul-
tures were used to establish that commissural axons
acquire sensitivity to the FP repellents after the crossing.
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Figure 2. Experimental paradigms to assess commissural axon sensitivity to FP repellents. (A) Spinal cord open-book co-cultured with
control (ctrl) COS cells or COS cells secreting Sema3B or Slit2. In the absence of endogenous FP, comparable axonal growth is observed
toward ctrl and Sema3B or Slit2-secreting aggregates. (B) Ectopic graft of COS cells along the lateral side of the spinal cord open-book.
Netrin1-secreting aggregate induces a re-routing of pre-crossing commissural fibers toward the ectopic cells. Sema3B and Slit2-secret-
ing ectopic aggregates do not deflect pre-crossing commissural axons. Lateral grafting of roof-plate tissue (RP) re-routes commissural
axons away from the ectopic tissue. (C) Collapse assay on dissociated neurons dissected from the dorsal spinal cord and grown in cul-
tures. Growth cones responsive to repulsive cues collapse after short-term application of the cues, whereas unresponsive growth cones
remain intact. (D) In the presence of the endogenous FP in the open-book, the growth of commissural axons emerging from the tissue

toward the Sema3B or Slit2 sources is inhibited.

First, the behavior of commissural axons emerging in
front of a Sema3B or Slit-secreting cell aggregate was
examined in open-books in which the endogenous FP
was left intact. In contrast to what was observed when
the FP had been removed, the growth of commissural
axons that experienced FP crossing was strongly pre-
vented by Slit2 and Sema3B released from the cell aggre-
gate”” (Fig. 2D). Second in collapse assays, commissural
growth cones insensitive to Sema3B at basal condition

acquired a strong collapse response induced by applica-
tion of FP conditioned medium (FP™). The sensitization
was obtained in condition of co-application but also
when FP“" was applied first and Sema3B treatment was
applied after washing. This indicated that some FP
signals prime commissural growth cones for Sema3B
repulsion.'®* In collapse assays conducted on intact
open-books from Atohl-tauGFP and Neurog-tauGFP
transgenic mouse embryos (having endogenous FP



through which the axons navigate), d11 but not dl4 com-
missural growth cones were reported to collapse in
response to Sema3B. Thus, some cell-type specificities
might exist in the responsiveness of post-crossing com-
missural axons to the FP repellents.*’

Mechanisms mediating pre-crossing silencing of
repulsive signaling

The control of the sensitivity of commissural axons to
midline repellents has been the topic of extensive investi-
gations over the years, and pioneered by studies of mid-
line crossing in the drosophila ventral nerve cord. This
work uncovered key molecular mechanisms acting
within commissural neurons to control guidance recep-
tor trafficking and consequently responsiveness to mid-
line repellents. Thereafter, in vertebrates, a panel of
molecular mechanisms which regulate guidance recep-
tors has been discovered, showing that, similar to the
control of midline crossing in drosophila, strict control
of receptor distribution and function is required for set-
ting the temporal sequence of responsiveness to midline
repellents.*

Silencing by receptor degradation

In drosophila, the silencing of pre-crossing commissural
axons to Slit repulsion was found to be achieved by active
degradation of Robo receptors. The endosomal protein
Comm plays a key role in preventing the presence of
Robo at the growth cone surface, acting essentially but
not exclusively by sorting the receptor to lysosomal deg-
radation. After crossing, Comm is down-regulated, and
as a consequence, Robos become available in commis-
sural growth cones to transduce the Slit repulsive
signal.’® A key aspect of this regulatory pathway thus
resides in the spatio-temporal control of Comm expres-
sion to restrict its action to the period of axon crossing.
It was recently discovered that cleavage of Frazzled/DCC
in commissural neurons, releases an intracellular frag-
ment that acts as a transcriptional activator of Comm.”®

Silencing by receptor-receptor trans interactions

A second mechanism has been recently reported, which
complements the Comm action by blocking the Robo
receptors that start reaching the commissural growth
cone surface before the crossing is completed. Such a sit-
uation is likely to occur, during crossing, after the onset
of Comm down-regulation. This mechanism is mediated
by trans interactions of this cell surface pool of Robo
with Robo2 expressed by midline glial cells, which result
in preventing Slit binding or activity. Such coupled
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mechanisms might ensure the robustness of the spatial
and temporal control of Robo receptor availability dur-
ing midline crossing'’ (Fig. 3A).

Notably, although the pre-crossing silencing of the mid-
line repellents is conserved in vertebrates, the underlying
mechanisms appears to differ sharply from those identified
in the fly. First, the vertebrate genome was found to lack
Comm. Second, active degradation of Robo receptors at the
pre-crossing stage has not been reported yet. However, in
the chick embryo, Robo1 was reported to distribute in intra-
cellular vesicles, which might be the mechanism that main-
tains cell surface Robo at low levels before the crossing™
(Fig. 3B). In addition, the silencing of Slit signaling was pro-
posed to be achieved by Robo3, a divergent Robo family
member having several binding partners including DCC
and neural epidermal growth factor-like-like 2 (NELL2).2%4°
An isoform of Robo3 gene, Robo3.1 was reported to have a
distribution restricted to the pre-crossing commissural
axons. In vivo manipulations in chick and mouse embryos
resulted in alterations of FP navigation, consistent with a
function in blocking Robo/Slit activity before the crossing.""
How the silencing of Slit-Robo signaling by Robo3.1 is
achieved remains to be understood.

Silencing by prevention of receptor cell surface
sorting

Although distinct from degradation, the sensitivity of
spinal commissural axons to Sema3B also appears to be
controlled through regulation of the Sema3B receptor.
The signaling moiety of the complex, PlexinAl, was
found to be a target of calpains, proteases known to pro-
cess rather than degrade targets, capable of modulating
both their functions and binding partner interactions.**
Active calpain was shown to cleave PlexinAl, as well as
other PlexinAs, generating 2 distinct PlexinAl frag-
ments. Both PlexinAl integral and cleaved fragments
could be detected by immunoblotting of lysates of dorsal
spinal cord tissue. Treatment of fresh dorsal spinal cord
tissue with calpain inhibitor prior to immunoblotting
induced an increase of full-length PlexinAl at the
expense of the cleaved forms.”* In the developing spinal
cord, Nrp2 and PlexinAl transcripts are both detected in
commissural neurons at stages of pre-crossing naviga-
tion. Nevertheless, at protein levels, differences between
the 2 receptor distributions were observed in embryonic
immunolabelled sections. Using an anti-PlexinAl anti-
body directed against an extracellular epitope and likely
recognizing the integral protein, very low labeling was
found in pre-crossing axon segments in stark contrast
labeling was very strong on crossing and post-crossing
axon segments.”® Interestingly, Nrp2 was detected in
both pre-crossing and post crossing commissural axon
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Figure 3. Mechanisms reported to mediate pre-crossing silencing to midline repellents. (A) In drosophila, endosomal protein Comm
silences Slit responsiveness in pre-crossing axons, by sorting the majority of Robo receptors to the lysosomal degradation. Robos that
escape the degradation and reach the growth cone surface are inhibited via a trans-interaction by Robo2 expressed by midline glial
cells. (B) (a) In the mouse, the isoform Robo3.1 of the Robo3 gene is expressed in the pre-crossing axons and the resulting protein antag-
onizes Slit-Robo signaling. (b) In the chick, Robo1 is trafficked to vesicles to maintain it at low levels at the pre-crossing stage. (c) In the
mouse, pre-crossing commissural axons express Nrp2 at their surface but only low levels of PlexinA1, whose cell surface expression is
prevented through processing by Calpain proteases. (d) In the chick, PlexinA2 and Sema6B form cis complex in pre-crossing commissural
axons and PlexinA4 traffics in vesicles and is excluded from the growth cones.

segments. Ex vivo, immunolabeling of PlexinAl in
DCC" commissural axons emerging from spinal cord
open-books with and without endogenous FP revealed
that integral PlexinAl labeling was only observed in

commissural axons that experienced FP crossing. Finally,
in vivo experiments consisting of expressing PlexinAl
fused to the pH sensitive GFP pHLuo, a selective reporter
of the cell surface protein pool, in commissural neurons



of the chick embryo showed that in a very large majority
of the cases, the green fluorescence was detected in com-
missural growth cones undergoing FP crossing.”* The
link between calpain-mediated PlexinA1 processing and
commissural axon sensitivity to Sema3B was further
investigated using in vitro and in vivo approaches. Inhib-
iting calpains was sufficient to confer a growth cone col-
lapse response of commissural neurons to Sema3B.
Administration of a pharmacological calpain inhibitor to
pregnant mice resulted in strong alteration of FP cross-
ing in the embryos. Commissural axons stalled at the FP
entry, consistent with the acquisition of a premature sen-
sitivity to Sema3B preventing them from entering the FP
due to increased PlexinAl cell surface levels. Similarly,
overexpression of PlexinAl leading to increased Plex-
inAl levels at the pre-crossing stage also resulted in stall-
ing at the FP entry.”* Thus, post-translational regulation
of PlexinA1 levels appears to be a first mechanism to pre-
vent pre-crossing commissural axons from responding to
Sema3B (Fig. 3B).

Silencing by ligand-receptor cis and trans complex

A variety of additional mechanisms have been character-
ized to control the semaphorin signaling during midline
crossing. First, macro-complexes of receptors were
shown to orchestrate midline crossing in the optic chi-
asm of vertebrates. NrCAM, which participates in the
semaphorin signaling, and PlexinAl from midline glia
cells were found to interact with NrCAM and PlexinAl
from retinal commissural axons, temporarily switching
repulsive effects of Sema6B at the midline into attraction,
to allow the crossing.”*

Second in the chick embryo, a recent study investi-
gated the PlexinA/Semaphorin signaling during spinal
commissural axon guidance.' PlexinAs were noted to
have dynamic spatio-temporal expression patterns, with
some members being expressed by commissural axons
and FP cells such as PlexinA1 and PlexinA2, and others
expressed only by commissural axons such as PlexinA4.
Knock-down of individual Plexin Al,-A2, and -A4 in
commissural neurons were all found to result in commis-
sural axon stalling at the FP exit and failure of
post-crossing rostral turning. Specific knockdown of FP-
PlexinA2 also resulted in stalling, as did so the specific
knock-down of Sema6B, which is endogenously
expressed in commissural neurons. Thus, this identified
a first signaling for crossing and post-crossing commis-
sural axons arising from Sema6B acting as a commissural
receptor for FP-PlexinA2, acting non-cell autonomously
as a ligand." In addition, PlexinA2 over-expression in
pre-crossing commissural neurons strongly altered their
ability to reach the FP, a phenotype that was interpreted
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as resulting from oversensitivity to ventral spinal cord/
FP repellents. The observation in cultured commissural
neurons that Sema6B co-localized with PlexinA2 led the
authors to propose a model whereby prior to the cross-
ing, the Sema6B/PlexinA2 cis complex prevents commis-
sural axons from sensing the FP repellents. The
mechanism that silences the PlexinA4/Semaphorin sig-
naling might be different. In cultured commissural neu-
rons, while PlexinA2 was detected along axon shafts and
growth cones together with Sema6B, PlexinA4 was
reported to have in contrast a vesicular punctate pattern,
and was excluded from the growth cones.'

Overall, these mechanisms illustrate in various con-
texts that the silencing of semaphorin repellents is
achieved through cell autonomous mechanisms desensi-
tizing pre-crossing commissural axons, by controlling
the cell surface sorting or the signaling activity of Plexi-
nAs (Fig. 3B).

Silencing by ligand trapping

Recently, long-term (24h) application of Sema3B to dor-
sal spinal cord explant cultures was reported to result in
reduced axon growth, with strong inhibition at high
dose.”” These data suggested that commissural axons at
the pre-crossing stage might be able to perceive Sema3B.
Indeed, since several previous studies failed to detect any
Sema3B repulsion and collapse on pre-crossing commis-
sural axons using a panoply of different para-
digms'>***%*7 it could be that Sema3B exerts 2
distinct and independent effects on commissural axons,
acting as a growth regulator at the pre-crossing stage and
a repulsive cue at the post-crossing stage.

How the growth-inhibition effect is achieved and
whether it is mediated by PlexinAl, as suggested by the
authors, remains to be determined. It could be that the pre-
crossing sensitivity of commissural axons to Sema3B
reported by the authors is mediated by other PlexinAs, sev-
eral being expressed by commissural growth cones™ This
would be consistent with previous findings that the repulsive
post-crossing response is conferred by a dual mechanism
which first prevents PlexinAl to be available at the growth
cone surface before the crossing and second triggers cell sur-
face expression when commissural axons navigate the FP. It
could also be that low levels of PlexinAl present in pre-
crossing commissural growth cones are sufficient for
Sema3B to elicit a long-term growth response, but not to
produce a repulsive effect. The implication of PlexinA1 was
suggested by immunohistochemistry with home-made anti-
body directed against an C-terminal epitope of PlexinAl,
which was observed to label pre-crossing commissural
axons,” while a commercial antibody directed against the
extracellular PlexinAl domain only revealed substantial
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PlexinA1 levels in crossing and post-crossing axons.' Since
PlexinA1 cleaved fragments were found present in lysates
from dorsal commissural tissue,” it could be that these Plex-
inAl forms are those recognized in the pre-crossing com-
missural axons. Whatever the case, PlexinAl contribution
could be addressed by blocking PlexinAl in commissural
explants to examine whether long term Sema3B exposure
still elicits growth-inhibition.

Beyond, is this growth inhibition acting at the pre-cross-
ing stage or is it silenced as is Sema3B repulsion? In their
study, the authors reported that deletion of Nrp2 in the FP
affects the commissure formation. Measures of the ventral
part of the pre-crossing tract and the crossing tract in embry-
onic transverse sections showed reduced thickness in the
mutants compared with wild-types, suggesting that FP-Nrp2
has a non-cell autonomous role. Whether this defect results
from loss of fibers, growth delay or increased fasciculation
remains to be determined. The reduction of commissure
thickness was no longer observed when FP-Nrp2 deletion
was combined with a general loss of PlexinAl. In the sce-
nario proposed by the authors, Nrp2 would trap Sema3B in
the FP, thus silencing Sema3B by making it inaccessible to
commissural axons. FP-Nrp2 deletion would then result in
Sema3B release, inducing pre-crossing growth inhibitory
effect and subsequently reduction of the ventral commissure
(Fig. 4A). Additional ablation of PlexinA1 would then induce
pre-crossing commissural axons to loose their sensitivity to
Sema3B, thus rescuing the normal size of the commissure.

According to this model, Sema3B-mediated growth
inhibition would not play an instructive role at the pre-
crossing stage and needs to be suppressed. The transi-
tion toward sensitivity to Sema3B would not be trig-
gered by changing of Sema3B responsiveness between
the pre-crossing and the post-crossing stages. Rather it
would be achieved through unmasking of Sema3B after
the crossing, proposed by the authors to result from
downregulation of Nrp2 transcripts. Nevertheless, Nrp2
is detected in the FP over the entire period of FP
navigation (from E10 to E13.5 on the leasty”'>’*
Hernandez-Enriques et al, 2015), during which asyn-
chronous waves of commissural axons navigate the FP.
Thus without any changing between pre-crossing and
post-crossing stages, it is difficult to understand how
this sole mechanism would be responsible for switching
on Sema3B repulsion. Moreover, interpretations of the
mouse phenotypes are particularly complex. Indeed,
first, not only Nrp2 but also PlexinAl is expressed by
both commissural axons and FP glial cells. Second as
shown in the chick embryo for PlexinA2,' FP-PlexinA1l
could have non cell autonomous functions. Thus, a key
experiment would be to test which of commissural- or
FP-specific PlexinAl deletion rescues the ventral com-
missure thickness in context of FP-Nrp2 deletion.

An alternative scenario can be proposed, which
would fully mirror the mechanisms of Slit silencing by
Robo/Robo?2 interactions in the drosophila context.'’
Rather than trapping Sema3B, FP-Nrp2 (complexed or
not with PlexinAl) could interact in trans with Nrp2
on commissural axons approaching and entering the
FP. This receptor trapping would silence Sema3B
responsiveness until the crossing is accomplished by
preventing axonal Nrp2 from forming cis complexes
with the PlexinAl receptor pool accumulating at the
cell surface (Fig. 4B). FP-Nrp2 ablation would prevent
this effect, resulting in premature action of Sema3B.
Loss of PlexinAl would desensitize commissural axons
to Sema3B, thus rescuing the commissure. In this
scenario, both cell autonomous (axonal PlexinAl
processing) and non-cell autonomous (via FP-Nrp2
and possibility FP-PlexinA1) would act in synergy to
accurately control the silencing of pre-crossing/cross-
ing commissural axon responsiveness to Sema3B.

Finally, the outcome of Sema3B trapping by Nrp2
might not be to mask Sema3B but rather to control its
spatial distribution, restricting the cue to the FP, where
it could be active to slow down commissural axon
growth. Previous work already established that cues
released by the FP regulate the outgrowth of commis-
sural axons. Such a property was reported for the Stem
Cell Factor (SCF), which promotes the growth of
post-crossing commissural axons.”’ Thus a balance of
growth-promoting and growth-inhibitory effects could
set a precise temporal pattern of FP navigation,
adapting growth cone motility to the guidance decisions
that have to be made.

Mechanisms controlling the transition from pre-
crossing silencing to post-crossing sensitization to
Slit and Sema3B repellents

The mechanisms controlling the switch of sensitivity to
midline repellents after the crossing also appear to be
highly diverse, depending on the signaling and the spe-
cies (Fig. 5). In drosophila, down-regulation of COMM
allows Robo to accumulate at the cell surface of commis-
sural growth cones, resulting in the gain of sensitivity to
Slit.*° Studies conducted in the chick model revealed that
Robol cell surface expression is up-regulated between
the pre-crossing and post-crossing navigation, through
transcriptional control of RabGDI, a key component of
the exocytosis machinery.” Although different, these 2
mechanisms have in common that they control the tem-
poral activity of Slit-Robo signaling at the midline by
regulating guidance receptor cell surface levels. In the
mouse, transition from Robo3.1 at the pre-crossing stage
to Robo3.2 at the post-crossing stage was proposed to
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Figure 4. Models. for the regulation of the semaphorin signaling from pre-crossing to post-crossing. (A) In this model, PlexinA1 and
Nrp2 are both expressed at the growth cone surface of pre-crossing commissural axons. Their sensitivity to Sema3B is prevented by
trapping of Sema3B by FP-Nrp2. After the crossing, Nrp2 is transcriptionnaly downregulated in the FP at E13, which releases Sema3B
and allows repulsion. (B) In this model, cell surface PlexinA1 is kept at low levels in pre-crossing commissural axons, to desensitize them
to Sema3B. Upon crossing, calpain activity is suppressed by FP GDNF, PlexinA1 reaches the growth cone surface and can associate with
Nrp2. The receptor complex activity is blocked by FP Nrp2 and PlexinA1, until the crossing is achieved. After the crossing, the complex

is functional for Sema3B repulsion.

switch on the sensitivity to Slit repellents."" How this
transition is accomplished has been partially resolved by
the findings that Robo3.2 mRNA is locally translated in
crossing commissural axons, under the action of FP
signals.'?

The release of Sema3B silencing has been investigated in
the mouse model, with the goal to identify cues present in
the FP conditioned medium which conferred a collapse
response of commissural growth cones to Sema3B. Two FP

cues were identified acting in synergy, the Ig SuperFamily
Cell Adhesion Molecule NrCAM, probably released by ecto-
domain shedding, and the neurotrophic factor GDNF,
which was found to provide the major contribution.'’ Dou-
ble GDNE/NrCAM deletion in mice resulted in strong alter-
ation of PlexinAl levels in crossing/post-crossing
commissural axons, with synergistic effects compared with
the single knockouts. Reductions of PlexinAl levels were
also correlated with FP crossing defects. In co-cultures of
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dorsal spinal cord explants with COS cell aggregates, com-
missural axons were found to gain repulsion to Sema3B
when the cell aggregate secreted both Sema3B and GDNF,
compared to aggregate only secreting Sema3B. Both GDNF
and NrCAM increased PlexinAl levels in the growth cones
of cultured commissural neurons. GDNF acting indepen-
dently from RET via the NCAM receptor and GFRa 1, both
expressed by commissural axons, was able to inhibit calpain
activity, switching off the mechanism ensuring Sema3B
silencing. An additional FP cue, SHH, was reported to trig-
ger gain of sensitivity to Sema3B, by down-regulating the
activity of cAMP-dependent protein kinase A (PKA) in
commissural growth cones.”® Thus overall, these studies
support that release from the pre-crossing Sema3B silencing
is triggered by FP cues, through changes of the guidance
machinery of commissural axons.'***

In the chick, the model proposed is that the PlexinA2/
Sema6B cis complex formed in pre-crossing commis-
sural axons would be released, allowing FP-PlexinA2 to
bind to Sema6B in trans, and commissural PlexinA2 to
bind to FP semaphorin repellents. In addition, as is the
case for PlexinAl in the mouse, PlexinA4 might be
sorted to the growth cones during FP crossing to allow
them to sense the semaphorin repellents.

Thus in conclusion, given the diversity of possibilities
by which the semaphorin signaling can be modulated,
significant issues remain unclear. In particular, it will be
important to better characterize the dynamics of Plexins,
Neuropilin receptors and their semaphorin ligands as
well as their cell-autonomous and non-cell autonomous
functions. Addressing these questions is required to
obtain a clear picture of how the silencing of midline
repellents is achieved and released during spinal com-
missural axon navigation of the FP.
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1. Introduction

Early theories of chemotropism and chemoaffinity by Ramon
Y Cajal and Sperry provided the basis for more than a century of
research on axon guidance mechanisms [1,2]. These theories pos-
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tulated the existence of molecules acting at long and short distances
to attract the axon terminal, the growth cone. Their role was pos-
tulated to keep the axons along their proper path and to guide
them towards their targets. Unanticipatedly from these theories,
repulsive effects of axon guidance molecules turned out to provide
major forces driving axon navigation. In 1984, Haydon and collab-
orators, using video-time lapse microscopy in neuronal cultures,
reported that serotonin has a neuron-type specific inhibitory effect
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Fig. 1. Modes of action of repulsive forces in axon guidance.

As they grow, axons are oriented by a combination of attractive and repulsive forces. Among the repulsive ones, we can distinguish 3 main modes of action. A. Propelling.
Axons perceive diffusible chemorepulsive cues emanating from a group of guidepost cells and turn away from this source. B. Confinement. A group of guidepost cells act
as a barrier and confine the axons within a territory. They not necessarily deflect them away but prevent them from exiting it, partly by the emission of diffusible cues. C.
Channeling. Several groups of physically separated guidepost cells constrain commissural axons within a narrow path, by releasing repulsive cues.

on growth cones [3]. The property of growth cone structures to
retract after contact with some other axonal membrane surfaces
was then discovered by Kapfhammer and Raper [4]. These obser-
vations echoed those of Verna, who wrote that dorsal root sensory
neurons “interact differently with dermal than with epidermal
cells. While nerve fibres readily extend over dermal cells, forming
close membrane associations with some of them, they demonstrate
a strong avoidance reaction with epidermal cells by changing their
direction of extension” [5]. He postulated that molecules released
by epidermal cells might deflect away nerve fibre growth trajec-
tory, oppositely to those which were found to attract the axons,
namely at that time, the neurotrophic factor NGF [6]. From these
pioneer findings, repulsive forces have been demonstrated to play
instrumental roles in a large range of developing neuronal cir-
cuits. As evidenced by numerous studies [7,8], repulsive forces
can constrain axon navigation in various ways, channelling axonal
bundles, deflecting away the growth cone trajectory, and creating
sharp boundaries to delineate non-permissive territories (Fig. 1).
As in a pinball, repulsive forces would act as launch pad, bumpers,
and slingshots to propel and dynamically impact on the axon/ball
trajectory. The development of commissural axons provides an
appealing context to investigate how such repulsive forces can
direct axon navigation. We review here the principal yet identi-
fied sources of repulsive cues, the nature of their influences and
the molecular signals mediating their action during commissural
axon navigation in the spinal cord.

1.1. Formation of commissural circuits

In Bilateria, commissural neurons form complex circuits that
interconnect both sides of the central nervous system (CNS). They
are essential for the correct processing and coordination of vari-
ous sensory modalities, motor responses, and other brain functions
[9]. These interneurons extend their axon across the midline at
various axial levels of the CNS. For instance, the corpus callosum
enables communication between the left and right cortical areas,
the optic chiasm allows organisms with bilateral vision to correctly
integrate visual cues, and spinal commissures ensure the correct
coordination of various motor commands. These commissures are
established during embryonic and early post-natal development
in a highly specific spatial and temporal manner [10]. Defects in
the correct wiring of commissural circuits have been observed in
many neurodevelopmental disorders. However, if malformations of

the corpus callosum have been well correlated with various human
disorders, little is known of the consequences of spinal commis-
sures defects. Indeed, patients having mutations in ROBO3 gene,
affecting commissures of the hindbrain and the spinal cord, have
no large sensorimotor deficit. Rather, they exhibit a very specific
disease referred to as horizontal gaze palsy with progressive sco-
liosis (HGPPS) [11]. This suggests high degree of compensation of
commissural defects with developmental origin.

1.1.1. Development of the dorsal commissural tract

The spinal commissural neurons are a heterogeneous popula-
tion subdivided in several pools, differing in their location and
timing of birth, each of them specified by various transcription
factors [12,13]. Among them, dI1 interneurons settle early in the
most dorsal part of the spinal cord, close to the Roof Plate (RP).
They arise from a MATH1-positive pool of progenitors, that gener-
ates both ipsilateral and commissural lineages and are specified by
LHX2/LHX9 transcription factors [14,15]. dI1 commissural (dI1c)
neurons trajectory is highly stereotyped and has been exten-
sively studied in the mouse, notably by using MATH1::LacZ and
MATH1::GFP transgenic mice [16]. dl1c axons first extend ven-
trally, turning away from the RP and laying close to the pial surface
(Fig. 2). At around mid-distance of the ventral border they break
away from the lateral border to re-orient medially towards the
central Floor Plate (FP) by running along the motoneuron domain.
Such break of trajectory is also typical of chick commissural axons,
apart from the pioneer ones which course with circumferential tra-
jectory. In contrast, in xenopus and zebrafish embryos, the axons
course by following the circumference of the tube until reaching
the FP [17,18]. Next, commissural axons enter the FP, cross it and
turn rostrally without ever crossing the midline again to connect
their final targets. Commissural neurons arise around E9.5 in the
mouse and navigate towards the FP from this stage. By E10.5, some
of them have already crossed the midline and by E12.5, most of
them have. By E13.5, they are navigating towards their final target
following longitudinal routes [19-21].

1.2. Guidepost territories instructing commissural axon
navigation in the spinal cord through repulsive action

Historically, the main intermediate target and crucial signaling
hub for commissural axon navigation has been found to be the FP.
It heavily influences the dI1c guidance, and we can thus refer to

Please cite this article in press as: H. Ducuing, et al., Commissural axon navigation in the spinal cord: A repertoire of repulsive forces is
in command, Semin Cell Dev Biol (2017), https://doi.org/10.1016/j.semcdb.2017.12.010




G Model
YSCDB-2489; No.of Pages 10

H. Ducuing et al. / Seminars in Cell & Developmental Biology xxx (2017) XxXx-xxx 3

Roof Plate

Commissural Axon

DREZ/DRBZ
.

pial Surface ]
— @
_  —
Progenitors - |
f—— @
— @

Ventricular Zone

Meninges

Motoneurons,
Floor Plate

Fig. 2. Guidepost territories instructing commissural axons navigation in the spinal
cord.

Spinal commissural axon trajectory is highly stereotyped. dI1c axons (in black) arise
from a dorsal territory. They extend ventrally, cross the midline through the floor
plate (FP), and then turn rostrally without ever crossing the midline again to connect
their final target. This trajectory is influenced by various guidepost cells along the
way. First, axons are pushed away by chemorepulsive cues emanating from the roof
plate (RP) (in blue) and follow the pial surface (in green). Meninges (in grey) and the
DREZ/DRBZ (in red) keep the axons away from the CNS/PNS boundary through dif-
fusible cues. At around mid-distance from the ventral side, axons turn towards the
FP (in purple), then run along the motoneurons domain (in red). Axons never enter
the motoneuron domain nor the ventricular zone (in light green), these territories
channeling the commissural tract towards the FP. As they reach the FP, axons inter-
act with the basal lamina (in green) and navigate through the FP glial cells radial
processes. Upon crossing, they gain sensitivity to repulsive cues emanating from
the FP, that they did not perceive before and thus exit the FP, accomplish a sharp
turning in the rostral direction and navigate longitudinally in bundles, guided by
various gradients of guidance cues, including repulsive ones.

FP cells as guidepost cells. The FP has been extensively studied and
many of its molecular mechanisms have been unveiled. However,
a variety of other cells within the spinal cord bring contributions to
the navigation of commissural axons, including glial cells, neurons
and progenitors. These different cell-types contribute together to
sharply delineate the path of commissural neurons.

1.2.1. Kick off repulsive forces to orient commissural axon
navigation

1.2.1.1. The roof plate. The RP is probably the second most studied
group of guidepost cells after the FP. It is composed of glial cells
that lay on the dorsal midline of the spinal cord. These cells come
from progenitors that are induced in the most lateral regions of the
neural folds [22]. This induction relies heavily on BMP signalling,
mediated by the transcription factors LMX1A/B [23]. Upon neural
tube closure, they are not easily distinguishable from other cells,
in particular neural crest cells, but as they differentiate they start
to express specific markers, notably BMPs and WNTs [22]. The RP
is the first dorsal structure to differentiate and then impacts all
other dorsal populations differentiation. Electro-microscopy stud-
ies revealed that, when differentiated, RP cells have two small
processes extending radially towards the pial surface and the cen-
tral canal [24,25]. The RP acts as a barrier that no axon can cross

before E16.5, when a dorsal commissure is established [26]. Inter-
estingly, the RP itself undergoes rather important morphological
changes between E11.5 and E16.5, from an arch structure to a thin
wall-like structure [25]. The RP is a crucial organizing centre of the
different dorsal lineages. Notably through BMPs and WNTs, it spec-
ifies several classes of adjacent dorsal interneurons and regulates
their proliferation, migration, and guidance [27].

Beyond this patterning function, RP cells provide the driving
force which propels dl1c axons emerging from their soma away
from the dorsal side. This effect was shown to be mediated by the
morphogens BMPs, namely by GDF7:BMP7 heterodimers acting via
the BMPRIB receptor [28,29] (Fig. 3). Not only their direction but
their growth rate also appears regulated by BMPs [30]. An addi-
tional repellent protein was found produced by the RP, a secreted
factor named Draxin. Draxin mutant mice display commissural
axonal migration and fasciculation defects consistent with a repul-
sive mode of action [31]. Draxin shares UNC5, DCC, and Neogenin
receptors with Netrin-1, a secreted molecule initially discovered to
act as a chemoattractant [32,33]. Although Draxin has been shown
to bind UNC5 and Neogenin in vitro [34], its repellent role in vivo
was reported to be triggered via its binding to DCC [35] (Fig. 3). It
can also be noted that the repulsive factor Slit2 is highly expressed
at the RP at E13 [36]. Most dorsal commissural axons are already
on their way in the contralateral side at this stage, whether this
source contributes to the kick off of commissural axons is therefore
questionable.

1.2.2. Repulsive forces to confine commissural axon navigation in
the central nervous system

Commissural axons are destined to connect neurons of the
central nervous system (CNS) and must be consequently strictly
confined within the spinal cord. This is not true for all spinal cord
axons, since on the contrary, those of the motoneurons project out
of the CNS through the Motor Exit Point (MET). Moreover, in this
case, only the axons exit the CNS, the neuronal soma being confined
within the CNS. Conversely, sensory axons of the dorsal root gan-
glia penetrate the spinal cord via the Dorsal Root Entry Zone (DREZ),
while their soma remain outside. In contrast, some non-neuronal
cells enter the CNS, such as endothelial cells which infiltrate the
CNS tissue to build the blood vessels. Thus, cells and neurites traf-
ficking across the CNS/PNS frontier is strictly controlled, from the
onset and throughout life.

1.2.2.1. Confinement by the meninges. Meninges are a protective
multi-layered structure that envelops the brain and the spinal
cord. They are mainly composed of fibroelastic cells and blood ves-
sels. Meninges originate from somatic mesoderm that covers the
neural tube shortly after neural tube closure, around E9 in the
mouse embryo [37,38]. They act as barriers throughout life, con-
trolling exchanges between the central nervous system and what
lays outside. In the brain, meninges have been shown to initiate
a morphogenic signaling cascade that regulates the development
of a major dorsal commissure, the corpus callosum. The meninges
inhibit callosal axon outgrowth through BMP7. WNT3, expressed by
pioneer callosal axons, later counters this effect. WNT3 expression
isregulated by another member of the BMP family, GDF5, expressed
by adjacent Cajal-Retzius neurons, which in turn is regulated by
a soluble inhibitor, DAN, expressed by the meninges [37]. In the
spinal cord, in vivo studies lack to highlight the role of the meninges
on commissural neuron development. However, a recent in vitro
study showed that the meninges are able to produce secreted cues
that can either attract or repulse different neuronal populations.
Consistent with in vivo behaviours, these experiences showed that
motoneurons and sensory neurons are attracted by meninges while
ipsilateral and commissural neurons are repelled by them [38].
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Fig. 3. Kick off repulsive forces at the roof plate.

The BMP family members GDF7 and BMP7 are secreted by roof plate glia cells and bind to the axonal BMPR-IB receptor and repel axons toward the ventral part of the spinal

cord. In parallel, the secreted factor Draxin propels axons via axonal DCC.

1.2.2.2. Closing the CNS/PNS gate: confinement by the dorsal root
entry zone (DREZ)/ dorsal root bifurcation zone (DRBZ). Commis-
sural axons navigate at close proximity of the pia. Early studies
established that their growth cones rarely, if ever, contact the basal
lamina (Holley & Silver 1987, Yaginuma et al 1991). The basal lam-
ina is punctuated by the DREZ and the MET, which ensure the
circulation between the central Nervous System (CNS) and the sur-
rounding tissues. The DREZ consists of a break in the lamina and a
cluster of specialized cells arising from the neural crest, the bound-
ary cap cells, which prevent both cell bodies and their axons from
leaving the CNS, and gaps between the glial end-feet [39]. Around
E11, the peripheral sensory neurons send axons towards the spinal
cord through the DREZ and start to form the dorsal root bifurcation
zone (DRBZ), where they project in an anterior-posterior direction
within the tract [40]. Therefore, the DRBZ is in direct apposition to
the DREZ.

Some cues released from these gates to confine commissural
axons have been identified. Netrin-1 is expressed at the border
of the DRBZ between E11.5 and E12.5 [34]. In Netrin-1 mutant
embryos, commissural axons invade the DREZ and DRBZ. The pres-
ence of ectopic axons can even be detected in the dorsal root ganglia
(DRG) [34]. This study thus indicates that Netrin-1 participates in
forming an inhibitory boundary at the border of the DRBZ and
the DREZ [34]. The nature of the Netrin receptors mediating these
effects has also been investigated. Ectopic axons were detected in
the DRBZ of both DCC and UNC5C mutant embryos, while only in
DCC mutant was their presence observed in the DREZ, suggest-
ing a differential contribution of these receptors [34] (Fig. 4A).
Other receptors could also potentially transduce a Netrin-1 signal.
Down’s syndrome Cell Adhesion Molecule (DSCAM), whose expres-
sion is high in the DREZ and in commissural axons, was indeed
shown to modulate Netrin-1 attractive response with or without
DCC [35] (Fig. 4A). In the chick which lacks DCC [41], a candidate
could be Neogenin, a Netrin-1 receptor which is expressed in some
commissural axons [42] (Fig. 4A). The mode of action of Netrin-1
remains unclear. A simple view would be that it acts as a repellent
in this context. Moreover, it should be noted that Netrin-1 is not
detected in the dorsolateral region of the spinal cord prior to E11.5
whereas ectopic axons are already observed at E10.5 in the DRBZ of
Netrin-1 and DCC mutant embryos [34]. Thus, other Netrin sources
might act to confine the axons at the early stages, whose release
in the mutants result in their ectopic position in the DRBZ. Addi-
tional repulsive forces might also be involved in this confinement.
Draxin, transducing repulsive signals via axonal DCC, is namely also
expressed at the dorsal pial surface and in the DREZ [27] (Fig. 4A).

Furthermore, the role of extracellular matrix (ECM) components
and glycoproteins in the confinement of axons along the pial sur-
face might be essential. Laminin is present all along the pial surface
in close contact with the commissural axons during their naviga-
tion [43]. Type IV Collagen and Heparan sulfate proteoglycans are
also components of the basement membrane and their deposition
is spatially and temporally controlled in coordination with mor-
phogenesis [44]. Along this line, the glycoprotein Dystroglycan, an
important scaffold for ECM proteins including Laminin, has been
shown to interact with Slit and this interaction is detected all along
the pial surface [43]. In the visual system, Laminin has been shown
to modulate the attractive response of retinal axons to Netrin-1 by
turning itinto arepulsive signal [45]. Thus, co-expression of Netrin-
1 and Laminin could, as well, contribute to set the pia as a repulsive
barrier, explaining the observed lack of contacts between the basal
lamina and commissural growth cones (Fig. 4A).

1.2.3. Repulsive forces to channel commissural path

Channelling of axon tracts can be achieved by dual lateral repul-
sive sources constraining their growth in between. Once reaching
the half ventral half of the spinal cord towards the FP, commissural
axons modify their initial circumferential trajectory and re-orient
medially towards the FP, navigating at the border of the ventral
motoneuron domain. A triad of three territories, the ventricular
zone, the basal lamina, and the motoneuron domain, might thus act
in synergy to channel the pre-crossing path of commissural axons
in between these different territories.

1.2.3.1. Theventricularzone. The ventricular zone (VZ)is composed
of the neuronal progenitors, laying the central canal. The different
populations of progenitors are specified by a combinatorial code of
transcriptional factors [12]. These factors are activated by oppos-
ing gradients of BMP/WNT and SHH emanating respectively from
the RP and the FP [12]. Neural progenitors of the CNS have a bipo-
lar morphology, extending two processes, one connecting the pial
surface and the other connecting the central canal [46]. During the
cell cycle, their nuclei oscillate between the apical and basal pole,
a process referred to as the interkinetic nuclear migration. Post-
mitotic neurons born from neurogenic divisions detach their apical
anchor and migrate laterally to establish themselves in the man-
tle. Strikingly, dI1c axons navigate at the VZ/mantle interface but
never enter the VZ. The mechanisms underlying this navigation
choice are unclear. The Netrin-1 attractant produced by the progen-
itors and transported via their basal process for lateral deposition
at the basal lamina was recently proposed to direct commissural
axon growth out of the VZ and close to the pia [47]. Interestingly,
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Fig. 4. Confinement and channeling of commissural axons.
A. Repulsive forces confine axons within the spinal cord.

The dorsal root entry zone (DREZ) and the dorsal root bifurcation zone (DRBZ) confine axons in the spinal cord. Netrin-1 acts via DCC and DCC/UNC5 heterodimer in the
DRBZ and in the DREZ respectively. DSCAM may modulate Netrin-1 attractive response with or without DCC. Neogenin, whose expression was reported in chick commissural
axons may also transduce the signal initiated by Netrin-1. In addition, Draxin at the pial surface and in the DREZ has a repulsive effect on axons via DCC. Signals originating
from the meninges and the pial surface are still largely unknown but may involve the glycoprotein Dystroglycan. Dystroglycan scaffolds Laminin, which has been shown in

other context to switch Netrin-1 attraction into repulsion.

B. Repulsive forces channel axons between the ventricular zone (VZ) and the motoneuron domain.
The VZis a territory non-permissive to the entry of axons. The mechanisms mediating this barrier are still unknown but might involve Semaphorins and Eph/Ephrins. Netrin-1
is produced by progenitors. The motoneuron domain expresses Slits, Semaphorins and ROBO3 ligand, NELL2. NELL2/ROBO3 signaling mediates repulsion on commissural

axons.

releasing the lateral deposition of this cue by specific deletion of
Netrin-1 in progenitors induced some commissural axons, identi-
fied by their ROBO3 expression, to invade the VZ[47]. Nevertheless,
some others, expressing the commissural marker TAG1, were still
constrained out of the VZ[47]. A tempting model is that some repul-
sive forces also directly emanate from the VZ (Fig. 4B). Indeed, such
a mechanism was reported to prevent cortical and thalamic axons
from invading the proliferative regions of the developing brain [48].
This would be consistent with reported expressions of transcripts
encoding guidance molecules bearing repulsive activity, such as the
Semaphorins and the Eph/Ephrins in mouse and chick spinal cord
VZ [49-53].

1.2.3.2. The motoneuron domain. Motoneurons arise at around E9.5
in the mouse embryo, from a pool of ventral progenitors. They are
specified by a set of homeodomain transcription factors (notably
HB9, LHX3, ISL2, and ISL3) [54]. Post-mitotic motoneurons migrate
out of the VZ in streams, and cluster at various medio-lateral
levels of the mantle to form distinct and adjacent pools. It is
noticeable that commissural axons break their circumferential path
when they reach the emerging mass of motoneurons accumu-
lating in the ventral horn. Nevertheless, whether this reflects an
instructive role of this territory in the reorientation of commis-
sural axons is unclear. Indeed, in mouse and chick embryos in
which the FP has been genetically or experimentally ablated, com-
missural axons no longer break their circumferential trajectory,
reaching the FP through a path that resembles that of xenopus
and zebrafish embryos, all along the pial surface. However, ablat-
ing the FP and/or the notochord in these experimental contexts,
simultaneously prevented the specification of motoneurons, which
were thus also lacking [55,56]. Interestingly, motoneurons express

various guidance molecules that could define this territory as
non-permissive for commissural axons, such as the Slits and the
Semaphorins (Fig. 4B). A recent study features NELL2, expressed
mainly in the motor columns, as mediating such a repulsive action
of the motoneuron domain [57]. In vitro, NELL2 could repel com-
missural axons and this effect was found exerted via ROBO3. An
in vivo contribution of signaling is suggested by the analysis of
NELL2-/~ROBO3~/~ embryos, in which many commissural axons
were observed to defasciculate and invade the motor columns [57].

The Slit/ROBO signaling pathway has been shown to be essential
for the maintenance of boundaries, compartmentalizing the visual
centres in the Drosophila brain [58]. Slits are interesting candidates
to consider in this channelling. Slit1/2 mRNAs are produced by
both spinal progenitors and motoneurons [36]. The Semaphorin3F
(SEMAS3F) is also highly detected in the motoneuron domain and
its repulsive action on spinal commissural axons has been evi-
denced in vitro, although it was reported to concern post-crossing
rather than pre-crossing axons [59]. Several other members of the
Semaphorin family are indeed expressed both by motoneurons and
progenitors. In the chick embryo, this is for example the case of
SEMA3C and SEMA3A [50,51]. Specific deletion of these candidates
in progenitors and motoneurons would be highly informative to
address their contribution to the channelling of commissural axons.

1.2.4. Travelling a repulsive field: navigation across the midline in
the floor plate

Being a prototypical example of intermediate target for long dis-
tance connections, the FP has been, by far, the most studied group
of guidepost cells. The FP is composed of glial cells that lay ventrally
at the midline of the embryo. Though discrepancies exist regarding
its exact developmental origin and the signaling pathways involved
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in its specification between species, the FP influences neuronal
differentiation and axon pathfinding in the spinal cord of all ver-
tebrates. In the mouse, SHH through GLI2 and then FOXA2 is a key
factor in FP induction [60-62]. FP cells display a morphology that
resembles the one of RP cells. They possess 2 processes that extend
radially, the shorter one towards the central canal and the longer
one towards the basal lamina [24,63]. The FP is a unique group of
guidepost cells for several reasons. First, up to now, it is the only
one the commissural axons go through, instead of just passing by.
Indeed, commissural axons enter the FP and then navigate through
ameshing of FP cells basal processes, hugging the basal lamina [64].
FP cells and commissural axons are known to establish close con-
tacts [65]. Interestingly, it is probably the territory in which the
dI1c axons form the most compact bundle during their navigation.
Second, the FP is not only a group of guidepost cells but also an
intermediate and not a final target. Thus, intermediate target must
combine the properties of a target (a territory that the axons select
to grow within) and a non-target (a territory in which the axons
do not stop). Studies of FP crossing helped resolving some aspects
of this apparent paradox, by bringing to the scheme the notion of
temporality. Indeed, temporal regulation of axon sensitivity to the
guidance cues emanating from the intermediate target is the key
to endow it first, with the properties of a target and second, with
those of a non-target.

Signals conferring to the FP the properties of a target tis-
sue are the cues that are perceived first by commissural axons
on their way for midline crossing. These signals are thought to
combine both short-range and long range attractive/promoting
effects. Cell adhesion molecules play a crucial role at a short-range
level. Commissural axons and FP glial cells engage in dynamic
and complex cis and trans interactions via various Cell Adhesion
Molecules of the IgSuperfamily such as L1/NgCam, NrCam, and
TAG1 [66-69]. Long range attraction by Netrins, and addition-
ally SHH and VEGF, have been thought to provide major signals
guiding commissural axons towards the FP [33,70-72]. This view
has been recently revisited by studies demonstrating that Netrin-
1 might indeed rather act much more locally and, as described
in the above paragraphs, from spinal cord sources other than
the FP, essentially neural progenitors [47,73]. Once the midline
crossed, the FP must acquire the properties of non-target ter-
ritory, to prevent axons to stall and terminate their navigation.
This process, which has been the focus of recent reviews [74,75],
appeared from several works to be achieved, not by expressing
novel molecules with repulsive activity in the FP, but rather by
sensitizing commissural axons to repulsive cues yet present but
that had been ignored until midline crossing. The temporality
of the target to non-target switch is crucial. Prematurely releas-
ing the sensitivity to the repellents would be disastrous, as it
would block commissural axons entry in the FP and midline cross-
ing. The mechanisms controlling the switch have started to be
decrypted in the recent years and turn out to be highly com-
plex. A broad panoply of transcriptional and post-translational
mechanisms is indeed deployed to first silence the perception of
the repellents and second to release this silencing and set the
repulsive commissural response. In parallel, the properties that
made initially the FP as a target -ie. attractive cues- have to
be shut-down. Shirasaki and collaborators demonstrated twenty
years ago that this is indeed occurring. In ex vivo assays, graft-
ing an ectopic FP close to commissural axons coursing towards
their endogenous FP induced their re-orientation towards the
ectopic FP. In contrast, exposing commissural axons which have
already crossed the endogenous FP to ectopic FP had no effect
[76]. It was subsequently proposed that Slit signaling blunts
Netrin-1 attraction. cis interaction between ROBO and DCC was
reported to silence Netrin-1 attractive signaling [77]. In parallel,
SHH has been proposed to be sequestered by its FP specific receptor

HHIP (Hedgehog Interacting Protein) to turn off its attractive func-
tion [78].

1.2.4.1. The molecular players mediating repulsive forces. Repulsion
involves several couples of ligands/receptors (Fig. 5). The secreted
Semaphorin 3B (SEMA3B) mediates repulsion at the midline by
activating a complex formed of NEUROPILIN 2 (NP2) and PLEX-
INA1 (PLEXAT1) receptors [79]. In addition, the membrane-bound
SEMAGB is expressed by commissural axons when they cross the
FP and was reported to interact with PLEXA2 expressed by FP glial
cells [80]. Slit proteins are produced by FP cells and are submitted
to proteolytic processing through yet unidentified protease(s). This
cleavage releases N-terminal Slit fragment (SlitN), which binds to
ROBO receptors, and C-terminal Slit (SlitC) which binds to PLEXA1
[81]. B-class Ephrins can function as ligands or receptors, mediat-
ing forward or reverse signaling respectively [82]. In the FP, midline
glial ephrin-B3 interacts with commissural Eph-B3 receptors [83].
Inhibitory effects of Nogo are carried out through the interaction to
the Nogo receptor complex [84,85]. Nogo is expressed by radial glia
at the ventral midline of the spinal cord and Nogo receptors (NogoR)
are detected in commissural axons extending through the FP [86].
Recently, blocking NogoR was found to result in axon stalling at
the FP and therefore in a reduction of the number of commissural
fibers properly reaching the contralateral side of the spinal cord.
Furthermore, it has been reported that the ligand interacting with
NogoR is a truncated form of Nogo released by glial cells [87].

1.2.4.2. Temporal regulation of commissural axon sensitivity to the
repellents. Pioneer studies performed in Drosophila revealed that
ROBO protein is degraded in pre-crossing commissural axons by
the endosomal protein COMM [88,89]. Yet, ROBO mutant phe-
notype is rescued by a mutated version of ROBO that cannot be
sorted by COMM. COMM thus probably regulates Slit/ROBO interac-
tion through an additional, sorting-independent mechanism [90].
ROBO2 is also expressed by midline glial cells and has been shown
to interact with ROBO1 in trans. This interaction would occur
upon crossing, when ROBO1 receptors reach the cell surface conse-
quently of COMM suppression and it would repress Slit repulsion
until the crossing is completed [91].

How are ROBO distribution and activity regulated in time are
therefore key questions to further understand the navigation of
the midline. COMM expression was shown to be controlled at
least in part by Frazzled/DCC in pre-crossing [92], while it remains
unknown how it is repressed after midline crossing. The nature of
mechanisms silencing Slit repulsion before the crossing has been
thought to totally differ in vertebrates since no COMM homolog
was found in their genomes. Nevertheless, vesicular trafficking also
appears as an important process in vertebrates. Indeed, vesicles
containing ROBO1 were observed in commissural axons. Calsyn-
tenin1 and RabGDI were found to regulate their trafficking and
to allow the pulse exposure of ROBO1 at the growth cone surface
[93,94]. Interestingly too, a recent study identified PRRG4, a protein
which displays structural similarities with COMM, as capable of re-
localizing ROBOT1 at the cell surface in vitro [95]. Another reported
regulator of Slit/ROBO signaling is an isoform of ROBO3, a divergent
member of the ROBO family, ROBO3.1. Its distribution is restricted
to the pre-crossing commissural axons and it is thought to facilitate
midline crossing by antagonizing Slit/ROBO1/2 mediated repulsion
[21]. The underlying mechanism is not yet known. It might not
involve ROBO3 as a Slit receptor since ROBO3 was shown to have
lost its affinity to bind Slit ligands with evolution, instead rather act-
ing as a DCC co-receptor for NETRIN-1 [96]. Thus, progress as yet to
be accomplished to better understand how the regulators of ROBO
receptors are temporally controlled and their activity synchronized
with midline crossing.
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While crossing the floor plate (FP), axons gain sensitivity to repulsive cues they did not perceive at the pre-crossing stage. PlexinA2 (PLEXAZ2), EphrinB3 (EphrinB3) and NOGO,
expressed at the membrane of FP glial cells, interact respectively with Semaphorin6B (SEMAG6B), EphB3 receptor and NOGO receptor (NOGOR) expressed by commissural
axons. In parallel, the FP glial cells also secrete repulsive cues. A truncated, diffusible version of Nogo can also bind to the axonal Nogo receptor. Sema3B binds to a heterodimer
of Neuropilin2 (NP2) and PlexinA1 (PLEXA1) axonal receptors. Slit produced by FP glia is cleaved into a C-terminal (SLITC) and an N-terminal fragments (SLITN). SLITC binds

to PLEXAT1, while SLITN interacts with ROBO.

Similarly, axon sensitivity to Semaphorin repulsive signaling is
tightly controlled and PLEXA1 sorting at the axon surface in the
FP is thought to be a key event switching on the sensitivity of
commissural axons to SEMA3B. We indeed found that PLEXA1 is
processed by Calpains in pre-crossing axons. This processing pre-
vents PLEXINAT cell surface sorting, and thus the association with
NP2 co-receptor needed to transduce SEMA3B signaling [79]. We
also found that this silencing of SEMA3B responsiveness is released
by local FP cues, GDNF and NrCAM, which trigger PLEXINAT1 cell sur-
face sorting by inhibiting Calpain activity [97]. In addition, SEMAGB
and PLEXA2 were also shown to interact in cis at the growth
cone surface and to silence the sensitivity of pre-crossing axons
to midline-associated SEMAG6B [80]. Thus, as it is the case for the
ROBO/Slit pathway, post-translational mechanisms appear to be
instrumental in regulating the timing of activity of the Semaphorin
repellents.

1.3. After FP crossing: a new pinball game starts

A second pinball game starts when FP repulsive signals propel
commissural axons out of the FP. Concomitantly, a drastic change
of direction is accomplished by the dl1c axons which turn in the
rostral direction to navigate longitudinally to the FP. Two opposite
chemotropic gradients control this guidance choice: a caudal high
to rostral low repulsive one shaped by SHH, and a caudal low to
rostral high attractive one shaped by WNT. Thus, as during the pre-
crossing navigation game, repulsive forces play an important role
in propelling the axons and imprinting the direction of their longi-
tudinal growth. A temporal control of these forces is also needed.
SHH has a reported pre-crossing attractive activity, shown to be
mediated by SMO and one of its receptors, BOC (Brother of CDO)
[71,98,99]. Upon crossing, SHH attraction must be switched into
repulsion, a process proposed in the chick to be achieved via the
implication of another SHH receptor, HHIP (Hedgehog Interacting
Protein), in addition to SMO in the mouse [78,100] (Fig. 6). The
cytoplasmic adaptor protein, 14-3-3, increases in amount during
the pre-crossing navigation to culminate at the post-crossing stage,
during which it is required for SHH-dependent repulsion [100].
In parallel, the sensitivity of the complementary rostro-caudal
chemoattractive gradient of WNT is also switched on upon the
crossing. A mechanism was recently reported implicating a molec-
ular cascade during which SHH/SMO downregulates transcript

levels of Shisa2 in commissural neurons. Down-regulation of Shisa2
allowed the WNT receptor Frizzled3 to be glycosylated and translo-
cated to the surface of the commissural axon growth cones [101].

Once the rostrocaudal direction is given, commissural axons
segregate in several tracts. Reorganizations of post-crossing
commissural axons during this step likely implicate selective fasci-
culation. In xenopus, live monitoring of commissural axons in the
spinal cord revealed striking changes in the behaviors of the growth
cones during crossing process. In fact, during pre-crossing naviga-
tion, growth cones were observed to avoid each others whereas
in the post-crossing stage (after their longitudinal turning), they
accomplished a series of fasciculation choices which suggest a pro-
cess of bundle selection [102]. Several cell adhesion molecules
are up-regulated in post-crossing commissural axons, such as the
IgSFCAM L1 in the mouse [69], which could contribute to this recog-
nition process.

In Drosophila, commissural axons form three longitudinal tracts
[103]. Their sorting and their position relative to the midline was
shown to be controlled by a combination of ROBO receptors, dif-
fering between the tracts and thought to confer them different
levels of sensitivity to midline Slit repellent [104]. A theoretical
model predicts that a ROBO code based on quantitative differences
of ROBO proteins could be on its own sufficient to generate different
lateral tract position [105].

In vertebrates, post-crossing commissural axons are sorted into
two main tracts, navigating the ventral and lateral funiculi. The
mechanisms underlying this sorting are still elusive. An implica-
tion of the Slit-ROBO signaling was reported from the analysis of
Slit and ROBO null embryos, in which this sorting is defective [106].
An interplay of Robo and N-cadherin was also found to contribute
to the lateral sorting of post-crossing commissural axons [107].
The Ephrin signaling is also involved in the mediolateral position-
ing of the longitudinal tracts. Blocking EphB3/EphB signaling was
reported to result in a lateral shift of commissural axons [83,108].

Even though the topography of post-crossing axons differs from
that of pre-crossing ones, the longitudinal navigation after mid-
line crossing also appears constrained and channeled by the FP,
the lateral basal lamina and the motoneuron domain. Whether
the underlying mechanisms and signaling pathways are similar to
those operating at the pre-crossing stage remains to be determined.
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Fig. 6. Repulsive forces in command of post-crossing axon navigation.

After crossing the floor plate (FP), commissural axons turn rostrally in response to gradients of attractive and repulsive cues. Diffusible Shh from the FP glial cells interacts
with the axonal receptor HHIP. In vertebrates, post-crossing commissural axons form two main tracts, the first turns in the ventral funiculus, while the second turns in the
lateral funiculus. Slit contributes to this sorting through interaction with axonal ROBO1 and ROBO2. An interplay of ROBO and N-cadherin was also found to contribute to the
lateral sorting of post-crossing commissural axons. Trans-interactions also occur between glial Ephrin-B3 (Eph-B3) and axonal Eph-B receptor to assign the medio-lateral

position of post-crossing tracts.

1.4. Conclusion and perspectives

Important progress has been made over the years to iden-
tify components of the molecular machinery controlling axon
pathfinding. The versatility of growth cone responsiveness to
guidance cues endows the axon with multiple possibilities to
interpret in a highly specific manner the topographic signals and
the physical elements encountered in the environment during its
navigation. Recent tissue-specific deletions of guidance molecules
have revealed unexpected contributions of territories surround-
ing axonal pathways. This provides a better integrated picture,
which would require to be further extended, on how axon guidance
proceeds in an environment that is also subjected to continuous
developmental constraints. In addition, a series of molecular mech-
anisms has been discovered, which brings to light the importance of
spatial and temporal controls of growth cone sensitivity to guidance
cues. Altogether, this raises the need of better understanding at pro-
tein levels how topographic cues are distributed and deposited in
the tissues and how the activity of guidance receptors and down-
stream effectors in the growth cones is focused and fine-tuned.

In the context of commissural axon guidance, many types of
repulsive forces which remain underestimated are likely to play key
contributions in the robustness of commissural axon pathfinding.
While it is rather straightforward to conceive how a repulsive cue
repel away a growth cone, it is much less simple to conceive how
commissural growth cone can navigate a field expressing repellents
to which it progressively acquires sensitivity. Several theoretical
models of axon guidance have been elaborated to explain the build-
ing of topographic maps. A recent one was based on the principle
that growth cones undergo concentration-dependent alternated
choices of repulsive and attractive response to guidance cues [109].
Interesting insights would come from such models of FP navigation
that would integrate the different forces at play in time and space.

Acknowledgments

VC is supported by the LABEX CORTEX and DEVWECAN of
the “Université de Lyon”, within the programme ‘Investissements
d’Avenir’ (ANR-11-IDEX-0007) operated by the French National
Research Agency (ANR), ANR-16-CE16-0023-01, and French Mus-
cular Dystrophy Association (AFM).

References

[1] M. Tessier-Lavigne, M. Placzek, Target attraction: are developing axons
guided by chemotropism? Trends Neurosci. 14 (1991) 303-310,
0166-2236(91)90142-H [pii].

[2] M. Tessier-Lavigne, C.S. Goodman, The molecular biology of axon guidance,
Science 274 (Nov (5290)) (1996) 1123-1133.

[3] P. Haydon, D. McCobb, S. Kater, Serotonin selectively inhibits growth cone
motility and synaptogenesis of specific identified neurons, Science 226
(1984) 561-564, http://dx.doi.org/10.1126/science.6093252 (80-.).

[4] J.P. Kapfhammer, ].A. Raper, Collapse of growth cone structure on contact
with specific neurites in culture, ]. Neurosci. 7 (1987) 201-212.

[5] J.M. Verna, In vitro analysis of interactions between sensory neurons and
skin: evidence for selective innervation of dermis and epidermis, J. Embryol.
Exp. Morphol. 86 (1985) 53-70 http://www.ncbi.nlm.nih.gov/pubmed/
4031747.

[6] R.Levi-Montalcini, V. Hamburger, A diffusible agent of mouse sarcoma,
producing hyperplasia of sympathetic ganglia and hyperneurotization of
viscera in the chick embryo, J. Exp. Zool. 123 (1953) 233-287, http://dx.doi.
org/10.1002/jez.1401230203.

[7] D. Bonanomi, S.L. Pfaff, Motor axon pathfinding, Cold Spring Harb. Perspect.
Biol. 2 (1992) 28-30, http://dx.doi.org/10.1101/cshperspect.a001735.

[8] P. Suetterlin, K.M. Marler, U. Drescher, Axonal ephrinA/EphA interactions,
and the emergence of order in topographic projections, Semin. Cell. Dev.
Biol. 23 (2012) 1-6, http://dx.doi.org/10.1016/j.semcdb.2011.10.015.

[9] S. Vulliemoz, O. Raineteau, D. Jabaudon, Reaching beyond the midline: why
are human brains cross wired? Lancet Neurol. 4 (2005) 87-99, http://dx.doi.
org/10.1016/S1474-4422(05)00990-7.

[10] V. Castellani, Building spinal and brain commissures: axon guidance at the
midline, ISRN Cell Biol. 2013 (2013) 1-21, http://dx.doi.org/10.1155/2013/
315387.

[11] A. Chedotal, The Robo3 Receptor, a Key Player in the Development,
Evolution, and Function of Commissural Systems, 2016, http://dx.doi.org/10.
1002/dneu.22478.

[12] J.L. Gbmez-Skarmeta, S. Campuzano, J. Modolell, Half a century of neural
prepatterning: the story of a few bristles and many genes, Nat. Rev.
Neurosci. 4 (2003) 587-598, http://dx.doi.org/10.1038/nrn1142.

[13] SJ. Butler, M.E. Bronner, From classical to current: analyzing peripheral
nervous system and spinal cord lineage and fate, Dev. Biol. 398 (2015)
135-146, http://dx.doi.org/10.1016/j.ydbio.2014.09.033.

[14] KJ. Lee, M. Mendelsohn, T.M. Jessell, Neuronal patterning by BMPs: a
requirement for GDF7 in the generation of a discrete class of commissural
interneurons in the mouse spinal cord, Genes Dev. 12 (1998) 3394-3407,
http://dx.doi.org/10.1101/gad.12.21.3394.

[15] N.A. Bermingham, B.A. Hassan, V.Y. Wang, M. Fernandez, S. Banfi, H.J. Bellen,
B. Fritzsch, H.Y. Zoghbi, Proprioceptor pathway development is dependent
on MATH1, Neuron 30 (2001) 411-422, http://dx.doi.org/10.1016/S0896-
6273(01)00305-1.

[16] A.W. Helms, J.E. Johnson, Progenitors of dorsal commissural interneurons
are defined by MATH1 expression, Development 125 (1998) 919-928,
http://dx.doi.org/10.1074/jbc.270.15.8730.

[17] RW. Oppenheim, A. Shneiderman, I. Shimizu, H. Yaginuma, Onset and
development of intersegmental projections in the chick embryo spinal cord,

Please cite this article in press as: H. Ducuing, et al., Commissural axon navigation in the spinal cord: A repertoire of repulsive forces is
in command, Semin Cell Dev Biol (2017), https://doi.org/10.1016/j.semcdb.2017.12.010




G Model
YSCDB-2489; No.of Pages 10

H. Ducuing et al. / Seminars in Cell & Developmental Biology xxx (2017) XxXx-xxx 9

J. Comp. Neurol. 275 (1988) 159-180, http://dx.doi.org/10.1002/cne.
902750202.

[18] S.A. Colamarino, M. Tessier-Lavigne, The Role of the Floor Plate in Axon
Guidance, 1995, pp. 497-529.

[19] S.R.Kadison, Z. Kaprielian, Diversity of contralateral commissural
projections in the embryonic rodent spinal cord, J. Comp. Neurol. 472 (2004)
411-422, http://dx.doi.org/10.1002/cne.20086.

[20] R.Imondi, A.R. Jevince, AW. Helms, J.E. Johnson, Z. Kaprielian,
Mis-expression of L1 on pre-crossing spinal commissural axons disrupts
pathfinding at the ventral midline, Mol. Cell. Neurosci. 36 (2007) 462-471,
http://dx.doi.org/10.1016/j.mcn.2007.08.003.

[21] Z. Chen, B.B. Gore, H. Long, L. Ma, M. Tessier-Lavigne, Alternative splicing of
the Robo3 axon guidance receptor governs the midline switch from
attraction to repulsion, Neuron 58 (2008) 325-332, http://dx.doi.org/10.
1016/j.neuron.2008.02.016.

[22] V.V. Chizhikov, KJ. Millen, Mechanisms of roof plate formation in the
vertebrate CNS, Nat. Rev. Neurosci. 5 (2004) 808-812, http://dx.doi.org/10.
1038/nrn1520.

[23] J.H. Millonig, KJ. Millen, M.E. Hatten, The mouse Dreher gene Lmx1a
controls formation of the roof plate in the vertebrate CNS, Nature 403
(2000) 764-769, http://dx.doi.org/10.1038/35001573.

[24] R.R. Sturrock, An electron microscopic study of the development of the
ependyma of the central canal of the mouse spinal cord, J. Anat. 132 (1981)
119-136 http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=1233400&amp;tool=pmcentrez&amp;rendertype=abstract.

[25] D.M. Snow, D.A. Steindler, . Silver, Molecular and cellular characterization
of the glial roof plate of the spinal cord and optic tectum: a possible role for
a proteoglycan in the development of an axon barrier, Dev. Biol. 138 (1990)
359-376, http://dx.doi.org/10.1016/0012-1606(90)90203-U.

[26] ].D. Comer, F.C. Pan, S.G. Willet, P. Haldipur, K.J. Millen, C.V.E. Wright, ].A.
Kaltschmidt, Sensory and spinal inhibitory dorsal midline crossing is
independent of Robo3, Front. Neural Circuits 9 (2015) 36, http://dx.doi.org/
10.3389/fncir.2015.00036.

[27] G. Le Dréau, E. Marti, Dorsal-ventral patterning of the neural tube: A tale of
three signals, Dev. Neurobiol. 72 (2012) 1471-1481, http://dx.doi.org/10.
1002/dneu.22015.

[28] A. Augsburger, A. Schuchardt, S. Hoskins, J. Dodd, S. Butler, BMPs as
Mediators of Roof Plate Repulsion of Commissural Neurons, 24, 1999, pp.
127-141.

[29] S.J.Butler, J. Dodd, A role for BMP heterodimers in roof plate-mediated
repulsion of commissural axons, Neuron 38 (2003) 389-401, http://dx.doi.
org/10.1016/S0896-6273(03)00254-X.

[30] K.D. Phan, V.M. Hazen, M. Frendo, Z. Jia, SJ. Butler, The bone morphogenetic
protein roof plate chemorepellent regulates the rate of commissural axonal
growth, J. Neurosci. 30 (2010) 15430-15440, http://dx.doi.org/10.1523/
JNEUROSCI.4117-10.2010.

[31] S.M. Islam, Y. Shinmyo, T. Okafuji, Y. Su, L.B. Naser, G. Ahmed, S. Zhang, S.
Chen, K. Ohta, H. Kiyonari, T. Abe, S. Tanaka, R. Nishinakamura, T. Terashima,
T. Kitamura, H. Tanaka, Draxin, a repulsive guidance protein for spinal cord
and forebrain commissures, Science 323 (2009) 388-393, http://dx.doi.org/
10.1126/science.1165187 (80-.).

[32] T. Serafini, T.E. Kennedy, M.J. Gaiko, C. Mirzayan, T.M. Jessell, M.
Tessier-Lavigne, The netrins define a family of axon outgrowth-promoting
proteins homologous to C. elegans UNC-6, Cell 78 (1994) 409-424, http://
dx.doi.org/10.1016/0092-8674(94)90420-0.

[33] T.E.Kennedy, T. Serafini, J.R. de la Torre, M. Tessier-Lavigne, Netrins are
diffusible chemotropic factors for commissural axons in the embryonic
spinal cord, Cell 78 (1994) 425-435, http://dx.doi.org/10.1016/0092-
8674(94)90421-9.

[34] X. Gao, U. Metzger, P. Panza, P. Mahalwar, S. Alsheimer, H. Geiger, H.M.
Maischein, M.P. Levesque, M. Templin, C. Sollner, A floor-plate extracellular
protein-protein interaction screen identifies Draxin as a secreted Netrin-1
antagonist, Cell Rep. 12 (2015) 694-708, http://dx.doi.org/10.1016/j.celrep.
2015.06.047.

[35] G. Ahmed, Y. Shinmyo, K. Ohta, S.M. Islam, M. Hossain, I.B. Naser, M.A.
Riyadh, Y. Su, S. Zhang, M. Tessier-Lavigne, H. Tanaka, Draxin inhibits axonal
outgrowth through the netrin receptor DCC, J. Neurosci. 31 (2011)
14018-14023, http://dx.doi.org/10.1523/JNEUROSCI.0943-11.2011.

[36] K. Brose, K.S. Bland, K.H. Wang, D. Arnott, W. Henzel, C.S. Goodman, M.
Tessier-Lavigne, T. Kidd, Slit proteins bind robo receptors and have an
evolutionarily conserved role in repulsive axon guidance, Cell 96 (1999)
795-806, http://dx.doi.org/10.1016/S0092-8674(00)80590-5.

[37] Y. Choe, ].A. Siegenthaler, S.J. Pleasure, A cascade of morphogenic signaling
initiated by the meninges controls corpus callosum formation, Neuron 73
(2013) 698-712, http://dx.doi.org/10.1016/j.neuron.2011.11.036.A.

[38] T.A.C.S. Suter, Z.J. Deloughery, A. Jaworski, Meninges-derived cues control
axon guidance, Dev. Biol. (2017) 1-10, http://dx.doi.org/10.1016/j.ydbio.
2017.08.005.

[39] M. Vermeren, G.S. Maro, R. Bron, .M. McGonnell, P. Charnay, P. Topilko, J.
Cohen, Integrity of developing spinal motor columns is regulated by neural
crest derivatives at motor exit points, Neuron 37 (2003) 403-415, http://dx.
doi.org/10.1016/S0896-6273(02)01188-1.

[40] J. Altman, S.A. Bayer, The development of the rat spinal cord, Adv. Anat.
Embryol. Cell Biol. 85 (1984) 1-164 (Accessed September 28, 2017) http://
www.ncbi.nlm.nih.gov/pubmed/6741688.

[41] F. Friocourt, A.-G. Lafont, C. Kress, B. Pain, M. Manceau, S. Dufour, A.
Chédotal, Recurrent DCC gene losses during bird evolution, Sci. Rep. 7
(2017) 37569, http://dx.doi.org/10.1038/srep37569.

[42] K.D. Phan, L.P. Croteau, J.W.K. Kam, A. Kania, J.F. Cloutier, S.J. Butler,
Neogenin may functionally substitute for Dcc in chicken, PLoS One 6 (2011)
1-10, http://dx.doi.org/10.1371/journal.pone.0022072.

[43] K.M. Wright, KA. Lyon, H. Leung, D.J. Leahy, L. Ma, D.D. Ginty, Dystroglycan
organizes axon guidance cue localization and axonal pathfinding, Neuron 76
(2012) 931-944, http://dx.doi.org/10.1016/j.neuron.2012.10.009.

[44] K.S. O’Shea, Differential deposition of basement membrane components
during formation of the caudal neural tube in the mouse embryo,
Development 99 (1987) 509-519 http://www.ncbi.nlm.nih.gov/pubmed/
3665768.

[45] V.H. Hopker, D. Shewan, M. Tessier-Lavigne, M. Poo, C. Holt, Growth-cone
attraction to netrin-1 is converted to repulsion by laminin-1, Nature 401
(1999) 69-73, http://dx.doi.org/10.1038/43441.

[46] E.Taverna, M. Gotz, W.B. Huttner, The cell biology of neurogenesis: toward
an understanding of the development and evolution of the neocortex, Annu.
Rev. Cell Dev. Biol. (2014), http://dx.doi.org/10.1146/annurev-cellbio-
101011-155801.

[47] S. Cord, J.H. Kong, K.D. Phan, A. Kania, B.G. Novitch, S.J. Butler, S.G.
Varadarajan, ].H. Kong, K.D. Phan, T. Kao, S.C. Panaitof, J. Cardin, Netrin1
produced by neural progenitors, not floor plate cells, is required for axon
guidance in the report Netrin1 produced by neural progenitors, not floor
plate cells, is required for axon guidance in the spinal cord, Neuron (2017)
1-10, http://dx.doi.org/10.1016/j.neuron.2017.03.007.

[48] E. Leyva-Diaz, G. L6pez-Bendito, In and out from the cortex: development of
major forebrain connections, Neuroscience 254 (2013) 26-44, http://dx.doi.
org/10.1016/j.neuroscience.2013.08.070.

[49] A.W. Piischel, R.H. Adams, H. Betz, The sensory innervation of the mouse
spinal, Mol. Cell. Neurosci. 431 (1996) 419-431.

[50] F. Moret, C. Renaudot, M. Bozon, V. Castellani, Semaphorin and neuropilin
co-expression in motoneurons sets axon sensitivity to environmental
semaphorin sources during motor axon pathfinding, Development 134
(2007) 4491-4501, http://dx.doi.org/10.1242/dev.011452.

[51] L Sanyas, M. Bozon, F. Moret, V. Castellani, Motoneuronal Sema3C is
essential for setting stereotyped motor tract positioning in limb-derived
chemotropic semaphorins, Development 139 (2012) 3633-3643, http://dx.
doi.org/10.1242/dev.080051.

[52] E. Arbeille, F. Reynaud, I. Sanyas, M. Bozon, K. Kindbeiter, F. Causeret, A.
Pierani, J. Falk, F. Moret, V. Castellani, Cerebrospinal fluid-derived
Semaphorin3B orients neuroepithelial cell divisions in the apicobasal axis,
Nat. Commun. 6 (2015) 6366, http://dx.doi.org/10.1038/ncomms7366.

[53] J. Laussu, C. Audouard, A. Kischel, P. Assis-Nascimento, N. Escalas, D.J. Liebl,
C. Soula, A. Davy, Eph/ephrin signaling controls progenitor identities in the
ventral spinal cord, Neural Dev. 12 (2017) 10, http://dx.doi.org/10.1186/
s13064-017-0087-0.

[54] J.S. Dasen, T.M. Jessell, Hox Networks and the Origins of Motor Neuron
Diversity, 1st ed., Elsevier Inc., 2009, http://dx.doi.org/10.1016/S0070-
2153(09)88006-X.

[55] P.Bovolenta, J. Dodd, Perturbation of neuronal differentiation and axon
guidance in the spinal cord of mouse embryos lacking a floor plate: analysis
of Danforth’s short-tail mutation, Development 113 (1991) 625-639.

[56] T.Yamada, M. Placzek, H. Tanaka, J. Dodd, T.M. Jessell, Control of cell pattern
in the developing nervous system: polarizing activity of the floor plate and
notochord, Cell 64 (1991) 635-647, http://dx.doi.org/10.1016/0092-
8674(91)90247-V.

[57] A.Jaworski, I. Tom, R.K. Tong, H.K. Gildea, A.W. Koch, L.C. Gonzalez, M.
Tessier-Lavigne, Operational redundancy in axon guidance through the
multifunctional receptor Robo3 and its ligand NELL2, Science 350 (2015)
961-965.

[58] T.D. Tayler, M.B. Robichaux, P.A. Garrity, Compartmentalization of visual
centers in the Drosophila brain requires Slit and Robo proteins,
Development 131 (2004) 5935-5945, http://dx.doi.org/10.1242/dev.01465.

[59] Y. Zou, E. Stoeckli, H. Chen, M. Tessier-Lavigne, Squeezing axons out of the
gray matter: a role for Slit and semaphorin proteins from midline and
ventral spinal cord, Cell. 102 (2000) 363-375.

[60] U. Strdhle, C.S. Lam, R. Ertzer, S. Rastegar, Vertebrate floor-plate
specification: variations on common themes, Trends Genet. 20 (2004)
155-162, http://dx.doi.org/10.1016/j.tig.2004.01.002.

[61] M. Placzek, ]. Briscoe, The floor plate: multiple cells, multiple signals, Nat.
Rev. Neurosci. 6 (2005) 230-240, http://dx.doi.org/10.1038/nrn1628.

[62] V.Ribes, N. Balaskas, N. Sasai, C. Cruz, E. Dessaud, J. Cayuso, S. Tozer, L.L.
Yang, B. Novitch, E. Marti, . Briscoe, Distinct sonic hedgehog signaling
dynamics specify floor plate and ventral neuronal progenitors in the
vertebrate neural tube, Genes Dev. 24 (2010) 1186-1200, http://dx.doi.org/
10.1101/gad.559910.

[63] R.M. Campbell, A.C. Peterson, Expression of a lacZ transgene reveals floor
plate cell morphology and macromolecular transfer to commissural axons,
Development 119 (1993) 1217-1228 http://www.ncbi.nlm.nih.gov/
pubmed/8306884.

[64] H. Yaginuma, S. Homma, R. Kiinzi, R.W. Oppenheim, Pathfinding by growth
cones of commissural interneurons in the chick embryo spinal cord: a light
and electron microscopic study, J. Comp. Neurol. 304 (1991) 78-102, http://
dx.doi.org/10.1002/cne.903040107.

Please cite this article in press as: H. Ducuing, et al., Commissural axon navigation in the spinal cord: A repertoire of repulsive forces is
in command, Semin Cell Dev Biol (2017), https://doi.org/10.1016/j.semcdb.2017.12.010




G Model
YSCDB-2489; No.of Pages 10

10 H. Ducuing et al. / Seminars in Cell & Developmental Biology xxx (2017) XXx—-xxX

[65] N. Okabe, K. Shimizu, K. Ozaki-Kuroda, H. Nakanishi, K. Morimoto, M.
Takeuchi, H. Katsumaru, F. Murakami, Y. Takai, Contacts between the
commissural axons and the floor plate cells are mediated by nectins, Dev.
Biol. (2004) 244-256, http://dx.doi.org/10.1016/j.ydbio.2004.05.034.

[66] E.T. Stoeckli, L.T. Landmesser, Axonin-1, Nr-CAM, and Ng-CAM play different
roles in the in vivo guidance of chick commissural neurons, Neuron 14
(1995) 1165-1179, http://dx.doi.org/10.1016/0896-6273(95)90264-3.

[67] E.T. Stoeckli, L.T. Landmesser, Axon guidance at choice points, Curr. Opin.
Neurobiol. 8 (1998) 73-79, http://dx.doi.org/10.1016/S0959-
4388(98)80010-X.

[68] S.Kunz, M. Spirig, C. Ginsburg, A. Buchstaller, P. Berger, R. Lanz, C. Rader, L.
Vogt, B. Kunz, P. Sonderegger, Neurite fasciculation mediated by complexes
of axonin-1 and Ng cell adhesion molecule, J. Cell Biol. 143 (1998)
1673-1690, http://dx.doi.org/10.1083/jcb.143.6.1673.

[69] R.Imondi, A.R. Jevince, A.W. Helms, J.E. Johnson, Z. Kaprielian,
Mis-expression of L1 on pre-crossing spinal commissural axons disrupts
pathfinding at the ventral midline, Mol. Cell. Neurosci. 36 (2007) 462-471,
http://dx.doi.org/10.1016/j.mcn.2007.08.003.

[70] T. Serafini, S.A. Colamarino, E.D. Leonardo, H. Wang, R. Beddington, W.C.
Skarnes, M. Tessier-Lavigne, Netrin-1 is required for commissural axon
guidance in the developing vertebrate nervous system, Cell 87 (1996)
1001-1014, http://dx.doi.org/10.1016/S0092-8674(00)81795-X.

[71] F. Charron, E. Stein, ]. Jeong, A.P. McMahon, M. Tessier-Lavigne, The
morphogen sonic hedgehog is an axonal chemoattractant that collaborates
with netrin-1 in midline axon guidance, Cell 113 (2003) 11-23, http://dx.
doi.org/10.1016/S0092-8674(03)00199-5.

[72] CR. De Almodovar, P.J. Fabre, E. Knevels, C. Coulon, I. Segura, P.C.G. Haddick,
L. Aerts, N. Delattin, G. Strasser, W. Oh, C. Lange, S. Vinckier, ]. Haigh, C.
Fouquet, C. Gu, K. Alitalo, V. Castellani, M. Tessier-lavigne, A. Chedotal, F.
Charron, P. Carmeliet, VEGF mediates commissural axon chemoattraction
through its receptor Flk1, Neuron 70 (2005) 966-978, http://dx.doi.org/10.
1016/j.neuron.2011.04.014.

[73] C. Dominici, J.A. Moreno-bravo, S.R. Puiggros, Q. Rappeneau, N. Rama, P.
Vieugue, A. Bernet, P. Mehlen, A. Chédotal, Floor-plate-derived netrin-1 is
dispensable for commissural axon guidance, Nature (2017), http://dx.doi.
org/10.1038/nature22331.

[74] A.Pignata, H. Ducuing, V. Castellani, Commissural axon navigation: control
of midline crossing in the vertebrate spinal cord by the semaphorin 3B
signaling, Cell Adh. Migr. 10 (2016) 604-617, http://dx.doi.org/10.1080/
19336918.2016.1212804.

[75] A. Neuhaus-Follini, G.J. Bashaw, Crossing the embryonic midline: molecular
mechanisms regulating axon responsiveness at an intermediate target,
Wiley Interdiscip. Rev. Dev. Biol. 4 (2015) 377-389, http://dx.doi.org/10.
1002/wdev.185.

[76] R. Shirasaki, Change in chemoattractant responsiveness of developing axons
at an intermediate target, Science 279 (1998) 105-107, http://dx.doi.org/10.
1126/science.279.5347.105 (80-.).

[77] E.Stein, M. Tessier-Lavigne, Hierarchical organization of guidance receptors:
silencing of netrin attraction by slit through a Robo/DCC receptor complex,
Science 291 (2001) 1928-1938, http://dx.doi.org/10.1126/science.1058445
(80-.).

[78] D. Bourikas, V. Pekarik, T. Baeriswyl, A. Grunditz, R. Sadhu, M. Nardé, E.T.
Stoeckli, Sonic hedgehog guides commissural axons along the longitudinal
axis of the spinal cord, Nat. Neurosci. 8 (2005) 297-304, http://dx.doi.org/
10.1038/nn1396.

[79] H. Nawabi, A. Briancon-Marjollet, C. Clark, I. Sanyas, H. Takamatsu, T. Okuno,
A. Kumanogoh, M. Bozon, K. Takeshima, Y. Yoshida, F. Moret, K. Abouzid, V.
Castellani, A midline switch of receptor processing regulates commissural
axon guidance in vertebrates, Genes Dev. 24 (2010) 396-410, http://dx.doi.
org/10.1101/gad.542510.

[80] I. Andermatt, N.H. Wilson, T. Bergmann, O. Mauti, M. Gesemann, S.
Sockanathan, E.T. Stoeckli, Semaphorin 6B acts as a receptor in post-crossing
commissural axon guidance, Development (2014) 3709-3720, http://dx.doi.
org/10.1242/dev.112185.

[81] C. Delloye-bourgeois, A. Jacquier, C. Charoy, F. Reynaud, H. Nawabi, K.
Thoinet, K. Kindbeiter, Y. Yoshida, Y. Zagar, Y. Kong, Y.E. Jones, J. Falk, A.
Chédotal, V. Castellani, PlexinAT1 is a new Slit receptor and mediates axon
guidance function of Slit C-terminal fragments, Nat. Publ. Gr. 18 (2014)
36-45, http://dx.doi.org/10.1038/nn.3893.

[82] C.A. Cowan, M. Henkemeyer, Ephrins in reverse, park and drive, Trends Cell
Biol. 12 (2002) 339-346, http://dx.doi.org/10.1016/S0962-8924(02)02317-6.

[83] S.R.Kadison, T. Mdkinen, R. Klein, M. Henkemeyer, Z. Kaprielian, EphB
receptors and ephrin-B3 regulate axon guidance at the ventral midline of
the embryonic mouse spinal cord, J. Neurosci. 26 (2006) 8909-8914, http://
dx.doi.org/10.1523/JNEUROSCI.1569-06.2006.

[84] M. Domeniconi, Z. Cao, T. Spencer, R. Sivasankaran, K.C. Wang, E. Nikulina, N.
Kimura, H. Cai, K. Deng, Y. Gao, Z. He, M.T. Filbin, Myelin-associated
glycoprotein interacts with the Nogo66 receptor to inhibit neurite
outgrowth, Neuron 35 (2002) 283-290, http://dx.doi.org/10.1016/S0896-
6273(02)00770-5.

[85] K.C. Wang, J.A. Kim, R. Sivasankaran, R. Segal, Z. He, p75 interacts with the
Nogo receptor as a co-receptor for Nogo, MAG and OMgp, Nature 420 (2002)
74-78, http://dx.doi.org/10.1038/nature01176.

[86] J. Wang, L. Wang, H. Zhao, S.0. Chan, Localization of an axon growth
inhibitory molecule Nogo and its receptor in the spinal cord of mouse

embryos, Brain Res. 1306 (2010) 8-17, http://dx.doi.org/10.1016/j.brainres.
2009.10.018.

[87] L. Wang, C. Yu, ]. Wang, P. Leung, D. Ma, H. Zhao, ].S.H. Taylor, S.-0. Chan,
Nogo-B is the major form of Nogo at the floor plate and likely mediates
crossing of commissural axons in the mouse spinal cord, J. Comp. Neurol.
525 (2017) 2915-2928, http://dx.doi.org/10.1002/cne.24246.

[88] K. Keleman, S. Rajagopalan, D. Cleppien, D. Teis, K. Paiha, L.A. Huber, G.M.
Technau, BJ. Dickson, Comm sorts Robo to control axon guidance at the
Drosophila midline, Cell 110 (2002) 415-427, http://dx.doi.org/10.1016/
S0092-8674(02)00901-7.

[89] K. Keleman, C. Ribeiro, B.J. Dickson, Comm function in commissural axon
guidance: cell-autonomous sorting of Robo in vivo, Nat. Neurosci. 8 (2005)
156-163, http://dx.doi.org/10.1038/nn1388.

[90] G.F. Gilestro, Redundant mechanisms for regulation of midline crossing in
Drosophila, PLoS One 3 (2008), http://dx.doi.org/10.1371/journal.pone.
0003798.

[91] T.A.Evans, C. Santiago, E. Arbeille, G.J. Bashaw, Robo2 acts in trans to inhibit
Slit-Robo1 repulsion in pre-crossing commissural axons, Elife 4 (2015)
e08407, http://dx.doi.org/10.7554/eLife.08407.

[92] L.Yang, D.S. Garbe, G.J. Bashaw, A frazzled/DCC-dependent transcriptional
switch regulates midline axon guidance, Science 324 (2009) 944-947,
http://dx.doi.org/10.1126/science.1171320.

[93] T.A. Alther, E. Domanitskaya, E.T. Stoeckli, Calsyntenin 1-mediated
trafficking of axon guidance receptors regulates the switch in axonal
responsiveness at a choice point, Development 143 (2016) 994-1004,
http://dx.doi.org/10.1242/dev.127449.

[94] M. Philipp, V. Niederkofler, M. Debrunner, T. Alther, B. Kunz, E.T. Stoeckli,
RabGDI controls axonal midline crossing by regulating Robo1 surface
expression, Neural Dev. 7 (2012) 36, http://dx.doi.org/10.1186/1749-8104-
7-36.

[95] E.D.]Justice, S.J. Barnum, T. Kidd, The WAGR syndrome gene PRRG4 is a
functional homologue of the commissureless axon guidance gene, PLoS
Genet. (2017) 1-21.

[96] P. Zelina, H. Blockus, Y. Zagar, A. Péres, F. Friocourt, Z. Wu, N. Rama, C.
Fouquet, E. Hohenester, M. Tessier-Lavigne, J. Schweitzer, H.R. Crollius, A.
Chédotal, Signaling switch of the axon guidance receptor Robo3 during
vertebrate evolution, Neuron 84 (2014) 1258-1272, http://dx.doi.org/10.
1016/j.neuron.2014.11.004.

[97] C. Charoy, H. Nawabi, F. Reynaud, E. Derrington, M. Bozon, K. Wright, J. Falk,
F. Helmbacher, K. Kindbeiter, V. Castellani, Gdnf activates midline repulsion
by Semaphorin3B via NCAM during commissural axon guidance, Neuron 75
(2012) 1051-1066, http://dx.doi.org/10.1016/j.neuron.2012.08.021.

[98] A. Okada, F. Charron, S. Morin, D.S. Shin, K. Wong, P.J. Fabre, M.
Tessier-Lavigne, S.K. McConnell, Boc is a receptor for sonic hedgehog in the
guidance of commissural axons, Nature 444 (2006) 369-373, http://dx.doi.
org/10.1038/nature05246.

[99] T.F.W. Sloan, M.A. Qasaimeh, D. Juncker, P.T. Yam, F. Charron, Integration of
shallow gradients of Shh and netrin-1 guides commissural axons, PLoS Biol.
13 (2015) 1-24, http://dx.doi.org/10.1371/journal.pbio.1002119.

[100] P.T.Yam, C.B. Kent, S. Morin, W.T. Farmer, R. Alchini, L. Lepelletier, D.R.
Colman, M. Tessier-Lavigne, A.E. Fournier, F. Charron, 14-3-3 proteins
regulate a cell-intrinsic switch from sonic hedgehog-mediated commissural
axon attraction to repulsion after midline crossing, Neuron 76 (2012)
735-749, http://dx.doi.org/10.1016/j.neuron.2012.09.017.

[101] K. Onishi, Y. Zou, Sonic hedgehog switches on Wnt/planar cell polarity
signaling in commissural axon growth cones by reducing levels of Shisa2,
Elife 6 (2017) 1-20, http://dx.doi.org/10.7554/eLife.25269.

[102] M.S. Moon, T.M. Gomez, Adjacent pioneer commissural interneuron growth
cones switch from contact avoidance to axon fasciculation after midline
crossing, Dev. Biol. 288 (2005) 474-486, http://dx.doi.org/10.1016/j.ydbio.
2005.09.049.

[103] T.A. Evans, G.J. Bashaw, Axon guidance at the midline: of mice and flies,
Curr. Opin. Neurobiol. 20 (2010) 79-85, http://dx.doi.org/10.1016/j.conb.
2009.12.006.

[104] H. Long, C. Sabatier, L. Ma, A. Plump, W. Yuan, D.M. Ornitz, A. Tamada, F.
Murakami, C.S. Goodman, M. Tessier-Lavigne, Conserved roles for Slit and
Robo proteins in midline commissural axon guidance, Neuron 42 (2004)
213-223, http://dx.doi.org/10.1016/S0896-6273(04)00179-5.

[105] GJ. Goodhill, A theoretical model of axon guidance by the Robo code, Neural
Comput. 15 (2003) 549-564, http://dx.doi.org/10.1162/
089976603321192077.

[106] A.]Jaworski, M. Tessier-Lavigne, Autocrine/juxtaparacrine regulation of axon
fasciculation by Slit-Robo signaling, Nat. Neurosci. 15 (2012) 367-369,
http://dx.doi.org/10.1038/nn.3037.

[107] N. Sakai, R. Insolera, R.V. Sillitoe, S.-H. Shi, Z. Kaprielian, Axon sorting within
the spinal cord marginal zone via Robo- mediated inhibition of N-cadherin
controls spinocerebellar tract formation, J. Neurosci. 42 (2012) 115-125,
http://dx.doi.org/10.1086/498510.Parasitic.

[108] R.Imondi, Z. Kaprielian, Commissural axon pathfinding on the contralateral
side of the floor plate: a role for B-class ephrins in specifying the
dorsoventral position of longitudinally projecting commissural axons,
Development 128 (2001) 4859-4871.

[109] H. Naoki, Revisiting chemoaffinity theory: chemotactic implementation of
topographic axonal projection, PLOS Comput. Biol. 13 (2017) e1005702,
http://dx.doi.org/10.1371/journal.pcbi.1005702.

Please cite this article in press as: H. Ducuing, et al., Commissural axon navigation in the spinal cord: A repertoire of repulsive forces is
in command, Semin Cell Dev Biol (2017), https://doi.org/10.1016/j.semcdb.2017.12.010




REFERENCES

-123 -



Abercrombie M. (1970). Contact Inhibition in Tissue Culture. In Vitro 6, 128-142.

Ahmed, G., Shinmyo, Y., Ohta, K., Islam, S.M., Hossain, M., Naser, |.B., Rivadh, M.A., Su, Y.,
Zhang, S., Tessier-Lavigne, M., et al. (2011). Draxin Inhibits Axonal Outgrowth through the
Netrin Receptor DCC. Journal of Neuroscience 31, 14018-14023.

Alavi, M., Song, M., King, G.L.A., Gillis, T., Propst, R., Lamanuzzi, M., Bousum, A., Miller, A.,
Allen, R., and Kidd, T. (2016). Dscam1 Forms a Complex with Robol and the N-Terminal
Fragment of Slit to Promote the Growth of Longitudinal Axons. PLOS Biology 14, e1002560.

Alther, T.A., Domanitskaya, E., and Stoeckli, E.T. (2016). Calsyntenin 1-mediated trafficking of
axon guidance receptors regulates the switch in axonal responsiveness at a choice point.
Development 143, 994-1004.

Ambros, V., and Chen, X. (2007). The regulation of genes and genomes by small RNAs.
Development 134, 1635-1641.

Andermatt, |., Wilson, N.H., Bergmann, T., Mauti, O., Gesemann, M., Sockanathan, S., and
Stoeckli, E.T. (2014). Semaphorin 6B acts as a receptor in post-crossing commissural axon
guidance. Development 141, 3709-3720.

Araujo, H., Julio, A., and Cardoso, M. (2018). Translating genetic, biochemical and structural
information to the calpain view of development. Mechanisms of Development.

Arbeille, E., Reynaud, F., Sanyas, ., Bozon, M., Kindbeiter, K., Causeret, F., Pierani, A., Falk, J.,
Moret, F., and Castellani, V. (2015). Cerebrospinal fluid-derived Semaphorin3B orients
neuroepithelial cell divisions in the apicobasal axis. Nature Communications 6.

Arber, S., Han, B., Mendelsohn, M., Smith, M., Jessell, T.M., and Sockanathan, S. (1999).
Requirement for the Homeobox Gene Hb9 in the Consolidation of Motor Neuron Identity.
Neuron 23, 659-674.

Augsburger, A., Schuchardt, A., Hoskins, S., Dodd, J., and Butler, S. (1999). BMPs as Mediators
of Roof Plate Repulsion of Commissural Neurons. Neuron 24, 127-141.

Averaimo, S., Assali, A., Ros, O., Couvet, S., Zagar, Y., Genescu, |., Rebsam, A., and Nicol, X.
(2016). A plasma membrane microdomain compartmentalizes ephrin-generated cAMP signals
to prune developing retinal axon arbors. Nature Communications 7, 12896.

Ba-Charvet, K.T.N., Brose, K., Ma, L., Wang, K.H., Marillat, V., Sotelo, C., Tessier-Lavigne, M.,
and Chédotal, A. (2001). Diversity and Specificity of Actions of Slit2 Proteolytic Fragments in
Axon Guidance. The Journal of Neuroscience 21, 4281-4289.

Barak, R., Lahmi, R., Gevorkyan-Airapetov, L., Levy, E., Tzur, A., and Opatowsky, Y. (2014).

Crystal structure of the extracellular juxtamembrane region of Robol. Journal of Structural
Biology 186, 283-291.

-124 -



Barberis, D., Artigiani, S., Casazza, A., Corso, S., Giordano, S., Love, C.A,, Jones, E.Y., Comoglio,
P.M., and Tamagnone, L. (2004). Plexin signaling hampers integrin-based adhesion, leading to
Rho-kinase independent cell rounding, and inhibiting lamellipodia extension and cell motility.
The FASEB Journal 18, 592-594.

Bashaw, G.J., and Goodman, C.S. (1999). Chimeric Axon Guidance Receptors: The Cytoplasmic
Domains of Slit and Netrin Receptors Specify Attraction versus Repulsion. Cell 97, 917-926.

Bashaw, G.J., Kidd, T., Murray, D., Pawson, T., and Goodman, C.S. (2000). Repulsive Axon
Guidance: Abelson and Enabled Play Opposing Roles Downstream of the Roundabout
Receptor. Cell, 101, 703-715.

Bell, C.H., Aricescu, A.R., Jones, E.Y., and Siebold, C. (2011). A Dual Binding Mode for
RhoGTPases in Plexin Signalling. PLoS Biology 9, e1001134.

Bermingham, N.A., Hassan, B.A., Wang, V.Y., Fernandez, M., Banfi, S., Bellen, H.J., Fritzsch, B.,
and Zoghbi, H.Y. (2001). Proprioceptor Pathway Development Is Dependent on MATHI1.
Neuron 30, 411-422.

Bielle, F., Marcos-Mondéjar, P., Leyva-Diaz, E., Lokmane, L., Mire, E., Mailhes, C., Keita, M.,
Garcia, N., Tessier-Lavigne, M., Garel, S., et al. (2011). Emergent Growth Cone Responses to
Combinations of Slitl and Netrin 1 in Thalamocortical Axon Topography. Current Biology 21,
1748-1755.

Bin, J.M., Han, D., Lai Wing Sun, K., Croteau, L.-P., Dumontier, E., Cloutier, J.-F., Kania, A., and
Kennedy, T.E. (2015). Complete Loss of Netrin-1 Results in Embryonic Lethality and Severe
Axon Guidance Defects without Increased Neural Cell Death. Cell Reports 12, 1099-1106.

Blockus, H., and Chédotal, A. (2016). Slit-Robo signaling. Development 143, 3037-3044.

Bonanomi, D., and Pfaff, S.L. (2010). Motor Axon Pathfinding. Cold Spring Harbor Perspectives
in Biology 2, a001735-a001735.

Bourikas, D., Pekarik, V., Baeriswyl, T., Grunditz, A., sadhu, R., Nardd, M., and Stoeckli, E.T.
(2005). Sonic hedgehog guides commissural axons along the longitudinal axis of the spinal
cord. Nature Neuroscience 8, 297-304.

Bovolenta, P., and DODDt, J. Perturbation of neuronal differentiation and axon guidance in
the spinal cord of mouse embryos lacking a floor plate: analysis of Danforth’s short- tail

mutation. 15.

Brankatschk, M., and Dickson, B.J. (2006). Netrins guide Drosophila commissural axons at
short range. Nature Neuroscience 9, 188-194.

Brittis, P.A., Lu, Q., and Flanagan, J.G. (2002). Axonal Protein Synthesis Provides a Mechanism
for Localized Regulation at an Intermediate Target. Cell 110, 223-235.

Brose, K., Bland, K.S., Wang, K.H., Arnott, D., Henzel, W., Goodman, C.S., Tessier-Lavigne, M.,

- 125 -



and Kidd, T. (1999). Slit Proteins Bind Robo Receptors and Have an Evolutionarily Conserved
Role in Repulsive Axon Guidance. Cell 96, 795-806.

Brown C.B., Feiner L., Lu M., Li J., Ma X., Webber A.L., Jia L., Raper J.A. and J.A. Epstein. (2001).
PlexinA2 and cardiac neural crest. Development 128, 3071-3080.

Butler, S.J., and Bronner, M.E. (2015). From classical to current: Analyzing peripheral nervous
system and spinal cord lineage and fate. Developmental Biology 398, 135-146.

Butler, S.J., and Dodd, J. (2003). A Role for BMP Heterodimers in Roof Plate-Mediated
Repulsion of Commissural Axons. Neuron 38, 389—401.

Campbell, R.M., and Peterson, A.C. Expression of a lacZ transgene reveals floor plate cell
morphology and macromolecular transfer to commissural axons. (1993). Development 119,
1217-1228.

Carragher, N.O., and Frame, M.C. (2002). Calpain: a role in cell transformation and migration.
The International Journal of Biochemistry & Cell Biology 34, 1539-1543.

Castellani, V. (2002). Cis and trans interactions of L1 with neuropilin-1 control axonal
responses to semaphorin 3A. The EMBO Journal 21, 6348-6357.

Castellani, V. (2013). Building Spinal and Brain Commissures: Axon Guidance at the Midline.
ISRN Cell Biology 2013, 1-21.

Charoy, C., Nawabi, H., Reynaud, F., Derrington, E., Bozon, M., Wright, K., Falk, J., Helmbacher,
F., Kindbeiter, K., and Castellani, V. (2012). gdnf Activates Midline Repulsion by Semaphorin3B
via NCAM during Commissural Axon Guidance. Neuron 75, 1051-1066.

Charoy, C., Dinvaut, S., Chaix, Y., Morlé, L., Sanyas, |., Bozon, M., Kindbeiter, K., Durand, B.,
Skidmore, J.M., De Groef, L., et al. (2017). Genetic specification of left-right asymmetry in the
diaphragm muscles and their motor innervation. ELife 6.

Charron, F., Stein, E., Jeong, J., McMahon, A.P., and Tessier-Lavigne, M. (2003). The
Morphogen Sonic Hedgehog Is an Axonal Chemoattractant that Collaborates with Netrin-1 in
Midline Axon Guidance. Cell 113, 11-23.

Chen, Z., Gore, B.B., Long, H., Ma, L., and Tessier-Lavigne, M. (2008). Alternative Splicing of
the Robo3 Axon Guidance Receptor Governs the Midline Switch from Attraction to Repulsion.
Neuron 58, 325-332.

Chizhikov, V.V., and Millen, K.J. (2004). Mechanisms of roof plate formation in the vertebrate
CNS. Nature Reviews Neuroscience 5, 808—812.

Cho, J.Y., Chak, K., Andreone, B.J., Wooley, J.R., and Kolodkin, A.L. (2012). The extracellular

matrix proteoglycan perlecan facilitates transmembrane semaphorin-mediated repulsive
guidance. Genes & Development 26, 2222-2235.

- 126 -



Choquet, D., and Triller, A. (2013). The Dynamic Synapse. Neuron 80, 691-703.

Chuang, W., and Lagenaur, C.F. (1990). Central nervous system antigen P84 can serve as a
substrate for neurite outgrowth. Developmental Biology 137, 219-232.

Colak, D., Ji, S.-J., Porse, B.T., and Jaffrey, S.R. (2013). Regulation of Axon Guidance by
Compartmentalized Nonsense-Mediated mRNA Decay. Cell 153, 1252—-1265.

Colamarino, S.A and M. Tessier-Lavigne. (1995). The Role of the Floor Plate in Axon Guidance.
Annu. Rev. Neurosci. 18, 497-529.

Coleman, H.A., Labrador, J.-P., Chance, R.K., and Bashaw, G.J. (2010). The Adam family
metalloprotease Kuzbanian regulates the cleavage of the roundabout receptor to control axon
repulsion at the midline. Development 137, 2417-2426.

Comer, J.D., Pan, F.C., Willet, S.G., Haldipur, P., Millen, K.J., Wright, C.V.E., and Kaltschmidt,
J.A. (2015). Sensory and spinal inhibitory dorsal midline crossing is independent of Robo3.
Frontiers in Neural Circuits 9.

Cowan, C.A,, and Henkemeyer, M. (2002). Ephrins in reverse, park and drive. Trends in Cell
Biology 12, 339-346.

De Wit, J., De Winter, F., Klooster, J., and Verhaagen, J. (2005). Semaphorin 3A displays a
punctate distribution on the surface of neuronal cells and interacts with proteoglycans in the
extracellular matrix. Molecular and Cellular Neuroscience 29, 40-55.

Delloye-Bourgeois, C., Jacquier, A., Charoy, C., Reynaud, F., Nawabi, H., Thoinet, K., Kindbeiter,
K., Yoshida, Y., Zagar, Y., Kong, Y., et al. (2015). PlexinAl is a new Slit receptor and mediates
axon guidance function of Slit C-terminal fragments. Nature Neuroscience 18, 36-45.

Dickson, B.J. (2002). Molecular Mechanisms of Axon Guidance. Science, New Series 298,
1959-1964.

Dickson, B.J., and Gilestro, G.F. (2006). Regulation of Commissural Axon Pathfinding by Slit and
its Robo Receptors. Annual Review of Cell and Developmental Biology 22, 651-675.

Dominici, C., Moreno-Bravo, J.A., Puiggros, S.R., Rappeneau, Q., Rama, N., Vieugue, P., Bernet,
A., Mehlen, P., and Chédotal, A. (2017). Floor-plate-derived netrin-1 is dispensable for
commissural axon guidance. Nature 545, 350—-354.

Drees, F., and Gertler, F.B. (2008). Ena/VASP: proteins at the tip of the nervous system. Current
Opinion in Neurobiology 18, 53-59.

Ducuing, H., Gardette, T., Pignata, A., Tauszig-Delamasure, S., and Castellani, V. (2018).

Commissural axon navigation in the spinal cord: A repertoire of repulsive forces is in
command. Seminars in Cell & Developmental Biology.

- 127 -



Emerling, D.E., and Lander, A.D. (1996). Inhibitors and Promoters of Thalamic Neuron
Adhesion and Outgrowth in Embryonic Neocortex: Functional Association with Chondroitin
Sulfate. Neuron 17, 1089-1100.

Evans, T.A., and Bashaw, G.J. (2010). Functional Diversity of Robo Receptor Immunoglobulin
Domains Promotes Distinct Axon Guidance Decisions. Current Biology 20, 567-572.

Evans, T.A., Santiago, C., Arbeille, E., and Bashaw, G.J. (2015). Robo2 acts in trans to inhibit
Slit-Robo1 repulsion in pre-crossing commissural axons. ELife 4.

Falk, J., Thoumine, O., Dequidt, C., Choquet, D., and Faivre-Sarrailh, C. (2004). NrCAM Coupling
to the Cytoskeleton Depends on Multiple Protein Domains and Partitioning into Lipid Rafts.
Molecular Biology of the Cell 15, 4695-4709.

Friocourt, F., and Chédotal, A. (2017). The Robo3 receptor, a key player in the development,
evolution, and function of commissural systems: Function and Dysfunction of Robo3.
Developmental Neurobiology 77, 876—890.

Gainer, H. (1977). Evidence for the glia-neuron protein transfer hypothesis from intracellular
perfusion studies of squid giant axons. The Journal of Cell Biology 74, 524-530.

Gallarda, B.W., Bonanomi, D., Mu ller, D., Brown, A., Alaynick, W.A., Andrews, S.E., Lemke, G.,
Pfaff, S.L., and Marquardt, T. (2008). Segregation of Axial Motor and Sensory Pathways via
Heterotypic Trans-Axonal Signaling. Science 320, 233-236.

Gallo, G. (2006). RhoA-kinase coordinates F-actin organization and myosin Il activity during
semaphorin-3A-induced axon retraction. Journal of Cell Science 119, 3413-3423.

Gao, X., Metzger, U., Panza, P., Mahalwar, P., Alsheimer, S., Geiger, H., Maischein, H.-M.,
Levesque, M.P., Templin, M., and Sollner, C. (2015). A Floor-Plate Extracellular Protein-Protein
Interaction Screen ldentifies Draxin as a Secreted Netrin-1 Antagonist. Cell Reports 12, 694—
708.

Garbe, D.S., Das, A., Dubreuil, R.R., and Bashaw, G.J. (2007). -Spectrin functions independently
of Ankyrin to regulate the establishment and maintenance of axon connections in the
Drosophila embryonic CNS. Development 134, 273-284.

Gauthier, L.R., and Robbins, S.M. (2003). Ephrin signaling: One raft to rule them all? One raft
to sort them? One raft to spread their call and in signaling bind them? Life Sciences 74, 207—-
216.

Chance R.K., G.J. Bashaw. (2015). Slit-Dependent Endocytic Trafficking of the Robo Receptor

Is Required for Son of Sevenless Recruitment and Midline Axon Repulsion. PLOS Genetics.

Griffith, C.M., and Wiley, M. (1991). N-CAM, polysialic acid and chick tail bud development.
Anatomy and Embryology 183.

- 128 -



Guirland, C., Suzuki, S., Kojima, M., Lu, B., and Zheng, J.Q. (2004) Lipid Rafts Mediate
Chemotropic Guidance of Nerve Growth Cones. Neuron 42, 51-62.

Hall, A., and Lalli, G. (2010). Rho and Ras GTPases in Axon Growth, Guidance, and Branching.
Cold Spring Harbor Perspectives in Biology 2, a001818-a001818.

Helms, A.W., and Johnson, J.E. (1998). Progenitors of dorsal commissural interneurons are
defined by MATH1 expression. Development 125, 919-928.

Herbst, K.J., Ni, Q., and Zhang, J. (2009). Dynamic visualization of signal transduction in living
cells: From second messengers to kinases. IUBMB Life 61, 902—-908.

Herincs, Z., Corset, V., Cahuzac, N., Furne, C., Castellani, V., Hueber, A.-O., and Mehlen, P.
(2005). DCC association with lipid rafts is required for netrin-1-mediated axon guidance.
Journal of Cell Science 118, 1687-1692.

Hernandez-Enriquez, B., Wu, Z., Martinez, E., Olsen, O., Kaprielian, Z., Maness, P.F., Yoshida,
Y., Tessier-Lavigne, M., and Tran, T.S. (2015). Floor plate-derived neuropilin-2 functions as a
secreted semaphorin sink to facilitate commissural axon midline crossing. GENES &
DEVELOPMENT 29, 2617-2632.

Hivert, B. (2002). Robo1 and Robo2 Are Homophilic Binding Molecules That Promote Axonal
Growth. Molecular and Cellular Neuroscience 21, 534-545.

Hopker, V.H., Shewan, D., Tessier-Lavigne, M., Poo, M., and Holt, C. (1999). Growth-cone
attraction to netrin-1 is converted to repulsion by laminin-1. Nature 401, 69-73.

Hu, H. (2001). Cell-surface heparan sulfate is involved in the repulsive guidance activities of
Slit2 protein. Nature Neuroscience 4, 695-701.

Hu, H., Li, M., Labrador, J.-P., McEwen, J., Lai, E.C., Goodman, C.S., and Bashaw, G.J. (2005).
Cross GTPase-activating protein (CrossGAP)/Vilse links the Roundabout receptor to Rac to
regulate midline repulsion. Proceedings of the National Academy of Sciences 102, 4613-4618.

Hussain, S.-A., Piper, M., Fukuhara, N., Strochlic, L., Cho, G., Howitt, J.A., Ahmed, Y., Powell,
AK., Turnbull, J.E., Holt, C.E., et al. (2006). A Molecular Mechanism for the Heparan Sulfate
Dependence of Slit-Robo Signaling. Journal of Biological Chemistry 281, 39693-39698.

Imondi, R., and Kaprielian, Z. (2001) Commissural axon pathfinding on the contralateral side
of the floor plate: a role for B-class ephrins in specifying the dorsoventral position of
longitudinally projecting commissural axons. Development 128, 4859-4871.

Imondi, R., Jevince, A.R., Helms, A.W., Johnson, J.E., and Kaprielian, Z. (2007). Mis-expression
of L1 on pre-crossing spinal commissural axons disrupts pathfinding at the ventral midline.
Molecular and Cellular Neuroscience 36, 462—-471.

Inatani, M. (2003). Mammalian Brain Morphogenesis and Midline Axon Guidance Require

-129 -



Heparan Sulfate. Science 302, 1044-1046.

Itofusa, R., and Kamiguchi, H. (2011). Polarizing membrane dynamics and adhesion for growth
cone navigation. Molecular and Cellular Neuroscience 48, 332—-338.

Itoh, R.E., Kurokawa, K., Ohba, Y., Yoshizaki, H., Mochizuki, N., and Matsuda, M. (2002).
Activation of Rac and Cdc42 Video Imaged by Fluorescent Resonance Energy Transfer-Based
Single-Molecule Probes in the Membrane of Living Cells. Molecular and Cellular Biology 22,
6582-6591.

Iwai, Y., Usui, T., Hirano, S., Steward, R., Takeichi, M., and Uemura, T. (1997). Axon Patterning
Requires DN-cadherin, a Novel Neuronal Adhesion Receptor, in the Drosophila Embryonic
CNS. Neuron 19, 77-89.

Jaworski, A., and Tessier-Lavigne, M. (2012). Autocrine/juxtaparacrine regulation of axon
fasciculation by Slit-Robo signaling. Nature Neuroscience 15, 367-369.

Jaworski, A., Long, H., and Tessier-Lavigne, M. (2010). Collaborative and Specialized Functions
of Robo1 and Robo2 in Spinal Commissural Axon Guidance. Journal of Neuroscience 30, 9445—
9453.

Jaworski, A., Tom, I, Tong, R.K., Gildea, H.K., Koch, A.W., Gonzalez, L.C., and Tessier-Lavigne,
M. (2015). Operational redundancy in axon guidance through the multifunctional receptor
Robo3 and its ligand NELL2. Science 350, 961-965.

Johnson, K.G., Ghose, A., Epstein, E., Lincecum, J., O’Connor, M.B., and Van Vactor, D. (2004).
Axonal Heparan Sulfate Proteoglycans Regulate the Distribution and Efficiency of the
Repellent Slit during Midline Axon Guidance. Current Biology 14, 499-504.

Joset, P., Wacker, A., Babey, R., Ingold, E.A., Andermatt, ., Stoeckli, E.T., and Gesemann, M.
(2011). Rostral growth of commissural axons requires the cell adhesion molecule MDGA2.
Neural Development 6, 22.

Jurney, W.M., Gallo, G., Letourneau, P.C., and McLoon, S.C. (2002). Racl-Mediated
Endocytosis during Ephrin-A2- and Semaphorin 3A-Induced Growth Cone Collapse. The
Journal of Neuroscience 22, 6019-6028.

Kadison, S.R. (2006). EphB Receptors and Ephrin-B3 Regulate Axon Guidance at the Ventral
Midline of the Embryonic Mouse Spinal Cord. Journal of Neuroscience 26, 8909—-8914.

Kadison, S.R., and Kaprielian, Z. (2004). Diversity of contralateral commissural projections in
the embryonic rodent spinal cord. The Journal of Comparative Neurology 472, 411-422.

Kamiguchi, H. (2006). The region-specific activities of lipid rafts during axon growth and
guidance. Journal of Neurochemistry 98, 330—335.

Kamiguchi, H., and Lemmon, V. (2000). Recycling of the Cell Adhesion Molecule L1 in Axonal

- 130 -



Growth Cones. The Journal of Neuroscience 20, 3676—3686.

Kantor, D.B., Chivatakarn, O., Peer, K.L., Oster, S.F., Inatani, M., Hansen, M.J., Flanagan, J.G.,
Yamaguchi, Y., Sretavan, D.W., Giger, R.J., et al. (2004). Semaphorin 5A Is a Bifunctional Axon
Guidance Cue Regulated by Heparan and Chondroitin Sulfate Proteoglycans. Neuron 44, 961—
975.

Kapfhammer, J., and Raper, J. (1987). Collapse of growth cone structure on contact with
specific neurites in culture. The Journal of Neuroscience 7, 201-212.

Kapfhammer, J., Grunewald, B., and Raper, J. (1986). The selective inhibition of growth cone
extension by specific neurites in culture. The Journal of Neuroscience 6, 2527-2534.

Katsuki, T., Ailani, D., Hiramoto, M., and Hiromi, Y. (2009). Intra-axonal Patterning: Intrinsic
Compartmentalization of the Axonal Membrane in Drosophila Neurons. Neuron 64, 188—199.

Katsuki, T., Joshi, R., Ailani, D., and Hiromi, Y. (2011). Compartmentalization within neurites:
Its mechanisms and implications. Developmental Neurobiology 71, 458-473.

Keleman, K., Rajagopalan, S., Cleppien, D., Teis, D., Paiha, K., Huber, L.A., Technau, G.M., and
Dickson, B.J. (2002). Comm Sorts Robo to Control Axon Guidance at the Drosophila Midline.
Cell 110, 415-427.

Keleman, K., Ribeiro, C., and Dickson, B.J. (2005). Comm function in commissural axon
guidance: cell-autonomous sorting of Robo in vivo. Nature Neuroscience 8, 156—-163.

Kennedy, T.E. (2006). Axon Guidance by Diffusible Chemoattractants: A Gradient of Netrin
Protein in the Developing Spinal Cord. Journal of Neuroscience 26, 8866—8874.

Kennedy, T.E., Serafini, T., de la Torre, J., and Tessier-Lavigne, M. (1994). Netrins are diffusible
chemotropic factors for commissural axons in the embryonic spinal cord. Cell 78, 425-435.

Keynes, R., Tannahill, D., Morgenstern, D.A., Johnson, A.R., Cook, G.M.., and Pini, A. (1997).
Surround Repulsion of Spinal Sensory Axons in Higher Vertebrate Embryos. Neuron 18, 889—
897.

Kidd, T., Brose, K., Mitchell, K.J., Fetter, R.D., Tessier-Lavigne, M., Goodman, C.S., and Tear, G.
(1998a). Roundabout Controls Axon Crossing of the CNS Midline and Defines a Novel
Subfamily of Evolutionarily Conserved Guidance Receptors. Cell 92, 205-215.

Kidd, T., Russell, C., Goodman, C.S., and Tear, G. (1998b). Dosage-Sensitive and
Complementary Functions of Roundabout and Commissureless Control Axon Crossing of the
CNS Midline. Neuron 20, 25-33.

Kim, M., Fontelonga, T., Roesener, A.P., Lee, H., Gurung, S., Mendonca, P.R.F., and Mastick,

G.S. (2015). Motor neuron cell bodies are actively positioned by Slit/Robo repulsion and
Netrin/DCC attraction. Developmental Biology 399, 68-79.

-131-



Kim, M., Fontelonga, T.M., Lee, C.H., Barnum, S.J., and Mastick, G.S. (2017). Motor axons are
guided to exit points in the spinal cord by Slit and Netrin signals. Developmental Biology 432,
178-191.

Klar, A., Baldassare, M., and Jessell, T.M. (1992). F-spondin: A gene expressed at high levels in
the floor plate encodes a secreted protein that promotes neural cell adhesion and neurite
extension. Cell 69, 95-110.

Klostermann, A., Lohrum, M., Adams, R.H., and Plischel, A.W. (1998). The Chemorepulsive
Activity of the Axonal Guidance Signal Semaphorin D Requires Dimerization. Journal of
Biological Chemistry 273, 7326—7331.

Kong, Y., Janssen, B.J.C., Malinauskas, T., Vangoor, V.R., Coles, C.H., Kaufmann, R, Ni, T.,
Gilbert, R.J.C., Padilla-Parra, S., Pasterkamp, R.J., et al. (2016). Structural Basis for Plexin
Activation and Regulation. Neuron 91, 548-560.

Koppel, A.M., and Raper, J.A. (1998). Collapsin-1 Covalently Dimerizes, and Dimerization Is
Necessary for Collapsing Activity. Journal of Biological Chemistry 273, 15708-15713.

Kurokawa, K., Nakamura, T., Aoki, K., and Matsuda, M. (2005a). Mechanism and role of
localized activation of Rho-family GTPases in growth factor-stimulated fibroblasts and
neuronal cells. Biochemical Society Transactions 33, 631-634.

Kurokawa, K., Nakamura, T., Aoki, K., and Matsuda, M. (2005b). Mechanism and role of
localized activation of Rho-family GTPases in growth factor-stimulated fibroblasts and
neuronal cells. Biochemical Society Transactions 33, 4.

Laussu, J., Audouard, C., Kischel, A., Assis-Nascimento, P., Escalas, N., Liebl, D.J., Soula, C., and
Davy, A. (2017). Eph/Ephrin Signaling Controls Progenitor Identities in The Ventral Spinal Cord.
Neural Development 12.

Le Dréau, G., and Marti, E. (2012). Dorsal-ventral patterning of the neural tube: A tale of three
signals. Developmental Neurobiology 72, 1471-1481.

Lee, H., Engel, U., Rusch, J., Scherrer, S., Sheard, K., and Van Vactor, D. (2004a). The
Microtubule Plus End Tracking Protein Orbit/MAST/CLASP Acts Downstream of the Tyrosine
Kinase Abl in Mediating Axon Guidance. Neuron 42, 913-926.

Lee, J.-S., von der Hardt, S., Rusch, M.A., Stringer, S.E., Stickney, H.L., Talbot, W.S., Geisler, R.,
Nusslein-Volhard, C., Selleck, S.B., Chien, C.-B., et al. (2004b). Axon Sorting in the Optic Tract
Requires HSPG Synthesis by ext2 (dackel) and extl3 (boxer). Neuron 44, 947-960.

Lee, K.J., Mendelsohn, M., and Jessell, T.M. (1998). Neuronal patterning by BMPs: a

requirement for GDF7 in the generation of a discrete class of commissural interneurons in the
mouse spinal cord. Genes & Development 12, 3394-3407.

-132 -



Leyva-Diaz, E., and Lépez-Bendito, G. (2013). In and out from the cortex: Development of
major forebrain connections. Neuroscience 254, 26—44.

Li, W. (2006). FAK and Src kinases are required for netrin-induced tyrosine phosphorylation of
UNCS. Journal of Cell Science 119, 47-55.

Li, L., Liu, S., Lei, Y., Cheng, Y., Yao, C., and Zhen, X. (2014). Robo3.1A suppresses Slit-mediated
repulsion by triggering degradation of Robo2: Robo3.1A Degrades Robo2. Journal of
Neuroscience Research 92, 835—-846.

Long, H., Sabatier, C., Le Ma, Plump, A., Yuan, W., Ornitz, D.M., Tamada, A., Murakami, F.,
Goodman, C.S., and Tessier-Lavigne, M. (2004). Conserved Roles for Slit and Robo Proteins in
Midline Commissural Axon Guidance. Neuron 42, 213-223.

Lépez-Gonzélez, M.J., Soula, A., Landry, M., and Favereaux, A. (2018). Oxaliplatin treatment
impairs extension of sensory neuron neurites in vitro through miR-204 overexpression.
NeuroToxicology 68, 91-100.

Luria, V., Krawchuk, D., Jessell, T.M., Laufer, E., and Kania, A. (2008). Specification of Motor
Axon Trajectory by Ephrin-B:EphB Signaling: Symmetrical Control of Axonal Patterning in the
Developing Limb. Neuron 60, 1039-1053.

Mack, T.G.A,, Koester, M.P., and Pollerberg, G.E. (2000). The Microtubule-Associated Protein
MAP1B Is Involved in Local Stabilization of Turning Growth Cones. Molecular and Cellular
Neuroscience 15, 51-65.

Mambetisaeva, E.T., Andrews, W., Camurri, L., Annan, A., and Sundaresan, V. (2005). Robo
family of proteins exhibit differential expression in mouse spinal cord and Robo-Slit interaction
is required for midline crossing in vertebrate spinal cord. Developmental Dynamics 233, 41—
51.

Matusek, T., Gombos, R., Szecsenyi, A., Sanchez-Soriano, N., Czibula, A., Pataki, C., Gedai, A.,
Prokop, A., Rasko, I., and Mihaly, J. (2008). Formin Proteins of the DAAM Subfamily Play a Role
during Axon Growth. Journal of Neuroscience 28, 13310-13319.

Mauti, O., Sadhu, R., Gemayel, J., Gesemann, M., and Stoeckli, E.T. (2006). Expression patterns
of plexins and neuropilins are consistent with cooperative and separate functions during
neural development. BMC Developmental Biology 13.

Mellman, I., and Nelson, W.J. (2008). Coordinated protein sorting, targeting and distribution
in polarized cells. Nature Reviews Molecular Cell Biology 9, 833-845.

Mintz, C.D., Carcea, |., McNickle, D.G., Dickson, T.C., Ge, Y., Salton, S.R.J., and Benson, D.L.
(2008). ERM proteins regulate growth cone responses to Sema3A. The Journal of Comparative

Neurology 510, 351-366.

Miyawaki, A., Llopis, J., Heim, R., McCaffery, J.M., Adams, J.A., Ikura, M., and Tsien, R.Y. (1997).

- 133 -



Fluorescent indicators for Ca2+based on green fluorescent proteins and calmodulin. Nature
388, 882-887.

Morales, D. (2018). A new model for netrinl in commissural axon guidance. Journal of
Neuroscience Research 96, 247-252.

Moret, F., Renaudot, C., Bozon, M., and Castellani, V. (2007). Semaphorin and neuropilin co-
expression in motoneurons sets axon sensitivity to environmental semaphorin sources during
motor axon pathfinding. Development 134, 4491-4501.

Morlot, C., Thielens, N.M., Ravelli, R.B.G., Hemrika, W., Romijn, R.A., Gros, P., Cusack, S., and
McCarthy, A.A. (2007). Structural insights into the Slit-Robo complex. Proceedings of the
National Academy of Sciences 104, 14923-14928.

Nakada, C., Ritchie, K., Oba, Y., Nakamura, M., Hotta, Y., lino, R., Kasai, R.S., Yamaguchi, K.,
Fujiwara, T., and Kusumi, A. (2003). Accumulation of anchored proteins forms membrane
diffusion barriers during neuronal polarization. Nature Cell Biology 5, 626—632.

Nakai, Y., and Kamiguchi, H. (2002). Migration of nerve growth cones requires detergent-
resistant membranes in a spatially defined and substrate-dependent manner. The Journal of
Cell Biology 159, 1097-1108.

Nawabi, H., Briancon-Marjollet, A., Clark, C., Sanyas, |., Takamatsu, H., Okuno, T., Kumanogoh,
A., Bozon, M., Takeshima, K., Yoshida, Y., et al. (2010). A midline switch of receptor processing
regulates commissural axon guidance in vertebrates. Genes & Development 24, 396-410.

Nelson, A.D., and Jenkins, P.M. (2017). Axonal Membranes and Their Domains: Assembly and
Function of the Axon Initial Segment and Node of Ranvier. Frontiers in Cellular Neuroscience
11.

Nicholls, S.B., Chu, J., Abbruzzese, G., Tremblay, K.D., and Hardy, J.A. (2011). Mechanism of a
Genetically Encoded Dark-to-Bright Reporter for Caspase Activity. Journal of Biological
Chemistry 286, 24977-24986.

Niederkofler, V., Baeriswyl, T., Ott, R., and Stoeckli, E.T. (2010). Nectin-like
molecules/SynCAMs are required for post-crossing commissural axon guidance. Development
137,427-435.

Nishiyama, M., von Schimmelmann, M.J., Togashi, K., Findley, W.M., and Hong, K. (2008).
Membrane potential shifts caused by diffusible guidance signals direct growth-cone turning.
Nature Neuroscience 11, 762-771.

Oinuma, . (2004). Molecular Dissection of the Semaphorin 4D Receptor Plexin-B1-Stimulated
R-Ras GTPase-Activating Protein Activity and Neurite Remodeling in Hippocampal Neurons.
Journal of Neuroscience 24, 11473-11480.

Okabe, N., Shimizu, K., Ozaki-Kuroda, K., Nakanishi, H., Morimoto, K., Takeuchi, M.,
Katsumaru, H., Murakami, F., and Takai, Y. (2004). Contacts between the commissural axons

_134 -



and the floor plate cells are mediated by nectins. Developmental Biology 273, 244-256.

Okada, A., Charron, F., Morin, S., Shin, D.S., Wong, K., Fabre, P.J., Tessier-Lavigne, M., and
McConnell, S.K. (2006). Boc is a receptor for sonic hedgehog in the guidance of commissural
axons. Nature 444, 369-373.

Omotade, O.F., Pollitt, S.L., and Zheng, J.Q. (2017). Actin-based growth cone motility and
guidance. Molecular and Cellular Neuroscience 84, 4-10.

Onishi, K., and Zou, Y. (2017). Sonic Hedgehog switches on Wnt/planar cell polarity signaling
in commissural axon growth cones by reducing levels of Shisa2. ELife 6.

Oppenheim, R.W., Shneiderman, A., Shimizu, |, and Yaginuma, H. (1988). Onset and
development of intersegmental projections in the chick embryo spinal cord. The Journal of
Comparative Neurology 275, 159-180.

Parra, L.M., and Zou, Y. (2010). Sonic hedgehog induces response of commissural axons to
Semaphorin repulsion during midline crossing. Nature Neuroscience 13, 29-35.

Philipp, M., Niederkofler, V., Debrunner, M., Alther, T., Kunz, B., and Stoeckli, E.T. (2012).
RabGDI controls axonal midline crossing by regulating Robol surface expression. Neural
Development 7, 36.

Pignata, A., Ducuing, H., and Castellani, V. (2016). Commissural axon navigation: Control of
midline crossing in the vertebrate spinal cord by the semaphorin 3B signaling. Cell Adhesion
& Migration 10, 604-617.

Placzek, M., Tessier-Lavigne, M., Jessell, T., and Dodd, J. Orientation of commissurai axons in
vitro in response to a floor plate- derived chemoattractant. 12.

Plump, A.S., Erskine, L., Sabatier, C., Brose, K., Epstein, C.J., Goodman, C.S., Mason, C.A., and
Tessier-Lavigne, M. (2002). Slitl and Slit2 Cooperate to Prevent Premature Midline Crossing
of Retinal Axons in the Mouse Visual System. Neuron 33, 219-232.

Pozo, M.A. del, Alderson, N.B., Kiosses, W.B., Chiang, H.-H., Anderson, R.G.W., and Schwartz,
M.A. (2004). Integrins Regulate Rac Targeting by Internalization of Membrane Domains.
Science, New Series 303, 839-842.

Pischel, A.W., Adams, R.H., and Betz, H. (1996). The Sensory Innervation of the Mouse Spinal
Cord May Be Patterned by Differential Expression of and Differential Responsiveness to
Semaphorins. Molecular and Cellular Neuroscience 7, 419-431.

Quinn, C.C., Pfeil, D.S., Chen, E., Stovall, E.L., Harden, M.V., Gavin, M.K., Forrester, W.C., Ryder,
E.F., Soto, M.C., and Wadsworth, W.G. (2006). UNC-6/Netrin and SLT-1/Slit Guidance Cues
Orient Axon Outgrowth Mediated by MIG-10/RIAM/Lamellipodin. Current Biology 16, 845—
853.

- 135 -



Rajagopalan, S., Nicolas, E., and Dickson, B.J. Selecting a Longitudinal Pathway: Robo
Receptors Specify the Lateral Position of Axons in the Drosophila CNS. 13.

Raper, J.A., and Kapfhammer, J.R. (1990). The enrichment of a neuronal growth cone
collapsing activity from embryonic chick brain. Neuron 4, 21-29.

Reeber, S.L., Sakai, N., Nakada, Y., Dumas, J., Dobrenis, K., Johnson, J.E., and Kaprielian, Z.
(2008). Manipulating Robo Expression In Vivo Perturbs Commissural Axon Pathfinding in the
Chick Spinal Cord. Journal of Neuroscience 28, 8698—8708.

Rhee, J., Mahfooz, N.S., Arregui, C., Lilien, J., Balsamo, J., and VanBerkum, M.F.A. (2002).
Activation of the repulsive receptor Roundabout inhibits N-cadherin-mediated cell adhesion.
Nature Cell Biology 4, 798-805.

Rhee, J., Buchan, T., Zukerberg, L., Lilien, J., and Balsamo, J. (2007). Cables links Robo-bound
Abl kinase to N-cadherin-bound B-catenin to mediate Slit-induced modulation of adhesion and
transcription. Nature Cell Biology 9, 883-892.

Ribeiro, L.F., Verpoort, B., and de Wit, J. (2018). Trafficking mechanisms of synaptogenic cell
adhesion molecules. Molecular and Cellular Neuroscience 91, 34-47.

Ruiz de Almodovar, C., Fabre, P.J., Knevels, E., Coulon, C., Segura, |., Haddick, P.C.G., Aerts, L.,
Delattin, N., Strasser, G., Oh, W.-J,, et al. (2011). VEGF Mediates Commissural Axon
Chemoattraction through Its Receptor Flk1. Neuron 70, 966-978.

Sabatier, C., Plump, A.S., Le Ma, Brose, K., Tamada, A., Murakami, F., Lee, E.Y.-H.., and Tessier-
Lavigne, M. (2004). The Divergent Robo Family Protein Rig-1/Robo3 Is a Negative Regulator of
Slit Responsiveness Required for Midline Crossing by Commissural Axons. Cell 117, 157-169.

Sanyas, I., Bozon, M., Moret, F., and Castellani, V. (2012). Motoneuronal Sema3C is essential
for setting stereotyped motor tract positioning in limb-derived chemotropic semaphorins.
Development 139, 3633—-3643.

Seki, M., Watanabe, A., Enomoto, S., Kawamura, T., Ito, H., Kodama, T., Hamakubo, T., and
Aburatani, H. (2010). Human ROBO1 is cleaved by metalloproteinases and y-secretase and
migrates to the nucleus in cancer cells. FEBS Letters 584, 2909-2915.

Serafini, T., Colamarino, S.A., Leonardo, E.D., Wang, H., Beddington, R., Skarnes, W.C., and
Tessier-Lavigne, M. (1996). Netrin-1 Is Required for Commissural Axon Guidance in the

Developing Vertebrate Nervous System. Cell 87, 1001-1014.

Sheng, M., and Kim, E. (2011). The Postsynaptic Organization of Synapses. Cold Spring Harbor
Perspectives in Biology 3, a005678—-a005678.

Simpson, J.H., Kidd, T., Bland, K.S., and Goodman, C.S. Short-Range and Long-Range Guidance
by Slit and Its Robo Receptors: Robo and Robo2 Play Distinct Roles in Midline Guidance. 14.

- 136 -



Song, A., Wang, D., Chen, G, Li, Y., Luo, J., Duan, S., and Poo, M. (2009). A Selective Filter for
Cytoplasmic Transport at the Axon Initial Segment. Cell 136, 1148-1160.

Spitzweck, B., Brankatschk, M., and Dickson, B.J. (2010). Distinct Protein Domains and
Expression Patterns Confer Divergent Axon Guidance Functions for Drosophila Robo
Receptors. Cell 140, 409-420.

Steigemann, P., Molitor, A., Fellert, S., Jackle, H., and Vorbriiggen, G. (2004). Heparan Sulfate
Proteoglycan Syndecan Promotes Axonal and Myotube Guidance by Slit/Robo Signaling.
Current Biology 14, 225-230.

Stein, E., and Tessier-Lavigne, M. (2001). Hierarchical Organization of Guidance Receptors:
Silencing of Netrin Attraction by Slit through a Robo/DCC Receptor Complex. Science, New
Series 291, 1928-1938.

Stoeckli, E.T., and Landmesser, L.T. (1995). Axonin-1, Nr-CAM, and Ng-CAM play different roles
in the in vivo guidance of chick commissural neurons. Neuron 14, 1165-1179.

Suter, T.A.C.S., DelLoughery, Z.J., and Jaworski, A. (2017). Meninges-derived cues control axon
guidance. Developmental Biology 430, 1-10.

Tamagnone, L., and Comoglio, P.M. (2000). Signalling by semaphorin receptors: cell guidance
and beyond. Trends in Cell Biology 10, 377-383.

Taverna, E., Gotz, M., and Huttner, W.B. (2014). The Cell Biology of Neurogenesis: Toward an
Understanding of the Development and Evolution of the Neocortex. Annual Review of Cell and
Developmental Biology 30, 465-502.

Terman, J.R., Mao, T., Pasterkamp, R.J., Yu, H.-H., and Kolodkin, A.L. (2002). MICALs, a Family
of Conserved Flavoprotein Oxidoreductases, Function in Plexin-Mediated Axonal Repulsion.
Cell 109, 887-900.

Togashi, K., von Schimmelmann, M.J., Nishiyama, M., Lim, C.-S., Yoshida, N., Yun, B., Molday,
R.S., Goshima, Y., and Hong, K. (2008). Cyclic GMP-Gated CNG Channels Function in Sema3A-
Induced Growth Cone Repulsion. Neuron 58, 694-707.

Tojima, T., and Kamiguchi, H. (2015). Exocytic and endocytic membrane trafficking in axon
development. Development, Growth & Differentiation 57, 291-304.

Tran, T.S., Kolodkin, A.L.,, and Bharadwaj, R. (2007). Semaphorin Regulation of Cellular
Morphology. Annual Review of Cell and Developmental Biology 23, 263—-292.

Tran, T.S., Carlin, E., Lin, R., Martinez, E., Johnson, J.E., and Kaprielian, Z. (2013). Neuropilin2
regulates the guidance of post-crossing spinal commissural axons in a subtype-specific
manner. Neural Dev 8, 15.

Turnbull, J., Powell, A., and Guimond, S. (2001). Heparan sulfate: decoding a dynamic
multifunctional cell regulator. Trends in Cell Biology 11, 75-82.

Tzarfati-Majar, V., Burstyn-Cohen, T., and Klar, A. (2001). F-Spondin is a Contact-Repellent

- 137 -



Molecule for Embryonic Motor Neurons. Proceedings of the National Academy of Sciences of
the United States of America 98, 4722-4727.

Varadarajan, S.G., Kong, J.H., Phan, K.D., Kao, T.-J., Panaitof, S.C., Cardin, J., Eltzschig, H., Kania,
A., Novitch, B.G., and Butler, S.J. (2017). Netrinl1 Produced by Neural Progenitors, Not Floor
Plate Cells, Is Required for Axon Guidance in the Spinal Cord. Neuron 94, 790-799.e3.

Vermeren, M., Maro, G.S., Bron, R., McGonnell, I.M., Charnay, P., Topilko, P., and Cohen, J.
(2003). Integrity of Developing Spinal Motor Columns Is Regulated by Neural Crest Derivatives
at Motor Exit Points. Neuron 37, 403—-415.

Vulliemoz, S., Raineteau, O., and Jabaudon, D. (2005). Reaching beyond the midline: why are
human brains cross wired? The Lancet Neurology 4, 87-99.

Walz, A., Anderson, R.B., Irie, A., Chien, C.-B., and Holt, C.E. (2002). Chondroitin sulfate
disrupts axon pathfinding in the optic tract and alters growth cone dynamics. Journal of
Neurobiology 53, 330-342.

Wang, J., Wang, L., Zhao, H., and Chan, S.-O. (2010). Localization of an axon growth inhibitory
molecule Nogo and its receptor in the spinal cord of mouse embryos. Brain Research 1306, 8—
17.

Wang, K.H., Brose, K., Arnott, D., Kidd, T., Goodman, C.S., Henzel, W., and Tessier-Lavigne, M.
(1999). Biochemical Purification of a Mammalian Slit Protein as a Positive Regulator of Sensory
Axon Elongation and Branching. Cell 96, 771-784.

Wills, Z., Marr, L., Zinn, K., Goodman, C.S., and Van Vactor, D. (1999). Profilin and the Abl
Tyrosine Kinase Are Required for Motor Axon Outgrowth in the Drosophila Embryo. Neuron
22,291-299.

Wilson, N.H., and Stoeckli, E.T. (2013). Sonic Hedgehog Regulates Its Own Receptor on
Postcrossing Commissural Axons in a Glypican1l-Dependent Manner. Neuron 79, 478—-491.

Winckler, B., and Mellman, I. (2010). Trafficking Guidance Receptors. Cold Spring Harbor
Perspectives in Biology 2, a001826—a001826.

de Wit, J., and Verhaagen, J. (2007). Proteoglycans as Modulators of Axon Guidance Cue
Function. In Semaphorins: Receptor and Intracellular Signaling Mechanisms, R.J. Pasterkamp,
ed. (New York, NY: Springer New York), pp. 73—89.

Wong, G.K.W., Baudet, M.-L., Norden, C., Leung, L., and Harris, W.A. (2012). Slit1b-Robo3
Signaling and N-Cadherin Regulate Apical Process Retraction in Developing Retinal Ganglion

Cells. Journal of Neuroscience 32, 223-228.

Wright, K.M., Lyon, K.A,, Leung, H., Leahy, D.J., Ma, L., and Ginty, D.D. (2012). Dystroglycan
Organizes Axon Guidance Cue Localization and Axonal Pathfinding. Neuron 76, 931-944.

- 138 -



Yaginuma, H., Homma, S., Kiinzi, R., and Oppenheim, R.W. (1991). Pathfinding by growth
cones of commissural interneurons in the chick embryo spinal cord: A light and electron
microscopic study: PATHFINDING BY COMMISSURAL GROWTH CONES. Journal of Comparative
Neurology 304, 78-102.

Yam, P.T., Kent, C.B., Morin, S., Farmer, W.T., Alchini, R., Lepelletier, L., Colman, D.R., Tessier-
Lavigne, M., Fournier, A.E., and Charron, F. (2012). 14-3-3 Proteins Regulate a Cell-Intrinsic
Switch from Sonic Hedgehog-Mediated Commissural Axon Attraction to Repulsion after
Midline Crossing. Neuron 76, 735-749.

Yamada, T., Placzek, M., Tanaka, H., Dodd, J., and Jessell, T.M. (1991). Control of cell pattern
in the developing nervous system: Polarizing activity of the floor plate and notochord. Cell 64,
635-647.

Yang, T., Huang, H., Shao, Q., Yee, S., Majumder, T., and Liu, G. (2018). miR-92 Suppresses
Robo1l Translation to Modulate Slit Sensitivity in Commissural Axon Guidance. Cell Reports 24,
2694-2708.e6.

Zakrys, L., Ward, R.J., Pediani, J.D., Godin, A.G., Graham, G.J.,, and Milligan, G. (2014).
Roundabout 1 exists predominantly as a basal dimeric complex and this is unaffected by
binding of the ligand Slit2. Biochemical Journal 461, 61-73.

Zelina, P., Blockus, H., Zagar, Y., Péres, A., Friocourt, F., Wu, Z., Rama, N., Fouquet, C.,
Hohenester, E., Tessier-Lavigne, M., et al. (2014). Signaling Switch of the Axon Guidance
Receptor Robo3 during Vertebrate Evolution. Neuron 84, 1258-1272.

Zhou, Y., Gunput, R.-A.F., and Pasterkamp, R.J. (2008). Semaphorin signaling: progress made
and promises ahead. Trends in Biochemical Sciences 33, 161-170.

Zou, Y., Stoeckli, E., Chen, H., and Tessier-Lavigne, M. Squeezing Axons Out of the Gray Matter:
A Role for Slit and Semaphorin Proteins from Midline and Ventral Spinal Cord. 13.

- 139 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


