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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
and the spinal cord as model systems. Similarities but also specificities in the general strategies, the
molecular signals as well as in the regulatory pathways controlling the response of commissural
axons to the guidance cues have been found between species. Whether the semaphorin signaling
contributes to midline crossing in the fly nervous system remains unknown, while in contrast, it
does play a prominent contribution in vertebrates. In this review we discuss the functions of the
semaphorins during commissural axon guidance in the developing spinal cord, focusing on the
family member semaphorin 3B (Sema3B) in the context of midline crossing in the spinal cord.
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Introduction to the semaphorin family

The semaphorins form a large family of secreted and mem-
brane-associated molecules present from virus to human.32

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.16,29,32 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.9,36 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.9 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.18 Similarly, tracts of ipsilateral
and contralateral axons navigate in close proximity in the
developing spinal cord41 (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, 20099,36). 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.17,24 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 dl1 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.

CELL ADHESION & MIGRATION 605



of the CNS, the ectoderm and the mesoderm.5 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.2 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 dl1 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 Math1C progenitor pool
that lies close to the roof plate and which also generates
an ipsilateral component.22 dl1 commissural neurons,
specified by Lhx2/9 transcription factors,44 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.1 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,
dl1 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.36 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 Robo1 and Robo2 receptors.6

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 Slit1-3 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 Slit1-3 but not
Robo1/2 deletion.27,33 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 PlexinA1,15 a receptor shared
by members of another prominent axon guidance family,
the semaphorins.32 Indeed, PlexinA1 deletion was found
to induce the re-crossing phenotype, and also to confer
the re-crossing phenotype to Robo1/2 mutants. Various
combinations of PlexinA1 and Slit1/2/3 allelic deletions
also confirmed that Slits and PlexinA1 both participate
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in preventing midline re-crossing during commissural
axon guidance. Moreover, biochemical analysis revealed
that PlexinA1 binds Slit full-length and Slit-Cs, but not
Slit-Ns, and mediates a repulsive action of the Slit-C
fragments.15 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.13

PlexinA1 was identified in previous work as the Plexin
A member which associates with Neuropilin2 (Nrp2).
Nrp2/PlexinA1 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.34,38 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.34,38 Consistently, Sema3B
deletion was reported to result in alterations of FP cross-
ing and these defects were phenocopied in PlexinA1 null
mutant embryos.34 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.15,34 Similarly, specific
knock-down of individual PlexinAs such as PlexinA1,
PlexinA2 and PlexinA4, all induced stalling at the FP
exit and failure of rostral turning.1

Altogether, these studies suggest that several repulsive
signaling mechanisms operate during FP crossing in the
mouse, such as Slit-N/Robo, Slit-C/PlexinA1 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

silenced before the crossing. In early work, spinal cord
open books were co-cultured with COS cell aggregates
secreting Slits or Sema3B.47 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 works10,15,38 (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.47 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.3 Using this assay, commissural axons were
found re-routed toward FP tissue, and Netrin1 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.15,34,43 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 Atoh1-
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.43

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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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-
gate47 (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 (FPcm). The sensitization
was obtained in condition of co-application but also
when FPcm was applied first and Sema3B treatment was
applied after washing. This indicated that some FP
signals prime commissural growth cones for Sema3B
repulsion.10,34 In collapse assays conducted on intact
open-books from Atoh1-tauGFP and Neurog-tauGFP
transgenic mouse embryos (having endogenous FP

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.
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through which the axons navigate), dl1 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.43

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.36

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.36 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.36

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

mechanisms might ensure the robustness of the spatial
and temporal control of Robo receptor availability dur-
ing midline crossing19 (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 crossing39

(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).28,46

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.11

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, PlexinA1, 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.8,45

Active calpain was shown to cleave PlexinA1, as well as
other PlexinAs, generating 2 distinct PlexinA1 frag-
ments. Both PlexinA1 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 PlexinA1 at the
expense of the cleaved forms.34 In the developing spinal
cord, Nrp2 and PlexinA1 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-PlexinA1 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.34 Interestingly, Nrp2 was detected in
both pre-crossing and post crossing commissural axon

CELL ADHESION & MIGRATION 609



segments. Ex vivo, immunolabeling of PlexinA1 in
DCCC commissural axons emerging from spinal cord
open-books with and without endogenous FP revealed
that integral PlexinA1 labeling was only observed in

commissural axons that experienced FP crossing. Finally,
in vivo experiments consisting of expressing PlexinA1
fused to the pH sensitive GFP pHLuo, a selective reporter
of the cell surface protein pool, in commissural neurons

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.
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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.34 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 PlexinA1 cell surface levels. Similarly,
overexpression of PlexinA1 leading to increased Plex-
inA1 levels at the pre-crossing stage also resulted in stall-
ing at the FP entry.34 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 PlexinA1 from midline glia
cells were found to interact with NrCAM and PlexinA1
from retinal commissural axons, temporarily switching
repulsive effects of Sema6B at the midline into attraction,
to allow the crossing.31

Second in the chick embryo, a recent study investi-
gated the PlexinA/Semaphorin signaling during spinal
commissural axon guidance.1 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 A1,-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.1 In addition, PlexinA2 over-expression in
pre-crossing commissural neurons strongly altered their
ability to reach the FP, a phenotype that was interpreted

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.1

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.23 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-
digms15,34,38,43,47 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 PlexinA1, 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 cones34 This
would be consistent with previous findings that the repulsive
post-crossing response is conferred by a dual mechanism
which first prevents PlexinA1 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 PlexinA1 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 PlexinA1,
which was observed to label pre-crossing commissural
axons,23 while a commercial antibody directed against the
extracellular PlexinA1 domain only revealed substantial
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PlexinA1 levels in crossing and post-crossing axons.10 Since
PlexinA1 cleaved fragments were found present in lysates
fromdorsal commissural tissue,34 it could be that these Plex-
inA1 forms are those recognized in the pre-crossing com-
missural axons. Whatever the case, PlexinA1 contribution
could be addressed by blocking PlexinA1 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 PlexinA1. 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 PlexinA1would 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 least;7,19,34

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 PlexinA1 is expressed by
both commissural axons and FP glial cells. Second as
shown in the chick embryo for PlexinA2,1 FP-PlexinA1
could have non cell autonomous functions. Thus, a key
experiment would be to test which of commissural- or
FP-specific PlexinA1 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/Robo2 interactions in the drosophila context.19

Rather than trapping Sema3B, FP-Nrp2 (complexed or
not with PlexinA1) 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 PlexinA1 receptor pool accumulating at the
cell surface (Fig. 4B). FP-Nrp2 ablation would prevent
this effect, resulting in premature action of Sema3B.
Loss of PlexinA1 would desensitize commissural axons
to Sema3B, thus rescuing the commissure. In this
scenario, both cell autonomous (axonal PlexinA1
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.21 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.20 Studies conducted in the chick model revealed that
Robo1 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.39 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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switch on the sensitivity to Slit repellents.11 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.12

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 AdhesionMolecule NrCAM, probably released by ecto-
domain shedding, and the neurotrophic factor GDNF,
which was found to provide the major contribution.10 Dou-
ble GDNF/NrCAMdeletion inmice resulted in strong alter-
ation of PlexinA1 levels in crossing/post-crossing
commissural axons, with synergistic effects compared with
the single knockouts. Reductions of PlexinA1 levels were
also correlated with FP crossing defects. In co-cultures of

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.
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Figure 5. Mechanisms releasing the pre-crossing silencing andmediating sensitization tomidline repellents. (A) In drosophila, after the crossing,
Comm protein is down-regulated and Robo proteins are sorted at the growth cone surface to transduce the Slit repulsive signal. (B) (a) In the
mouse, upon crossing, Robo3.1 is replaced by Robo3.2, locally synthesized under local FP triggers, which acts as an agonist of the Slit-Robo sig-
naling. In the chick, exocytosis of Robo1 is activated by transcriptional up-regulation of RABgdi, and the receptor is sorted at the cell surface. (b)
In the mouse, upon the crossing, GDNF secreted by FP glial cells inhibits Calpain activity and allows PlexinA1 to reach the surface, to associate
with Nrp2 and tomediate Sema3B repulsive response. Gain of cell surface PlexinA1 also switches on repulsion by Slit-C fragments. (c) In the chick,
the pre-crossing PlexinA2/Sema6B cis complex is released, and replaced by a Sema6B/PlexinA2 trans interaction, releasing commissural PlexinA2
which become available for semaphorin repulsion. PlexinA4might be sorted at the cell surface to also mediate semaphorin repulsion.
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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 PlexinA1 levels in the growth cones
of cultured commissural neurons. GDNF acting indepen-
dently from RET via the NCAM receptor and GFRa1, 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.38 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.10,34

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 PlexinA1 in the mouse, PlexinA4 might be
sorted to the growth cones during FP crossing to allow
them to sense the semaphorin repellents.1

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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