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Abstract

In bilaterally symmetric animals, the precise assembly of neural circuitry at the midline is essential
for coordination of the left and right sides of the body. Commissural axons must first be directed
across the midline and then be prevented from re-crossing in order to ensure proper midline
connectivity. Here, we review the attractants and repellents that direct axonal navigation at the
ventral midline and the receptors on commissural neurons through which they signal. In addition,
we discuss the mechanisms that commissural axons use to switch their responsiveness to midline-
derived cues, so that they are initially responsive to midline attractants and subsequently
responsive to midline repellents.

Introduction

During embryonic development, conserved families of attractive and repulsive cues steer
axons by signaling through receptors that are expressed on axonal growth cones. Axons
navigate a series of intermediate targets, or choice points, en route to their final synaptic
targets. At each intermediate target, axons must switch their responsiveness to guidance
cues, so that they are initially drawn to an intermediate target and subsequently repelled
from it. The embryonic midline is an intermediate target for commissural axons in all
bilaterally symmetric animals and precise navigation at the midline is essential to allow for
left-right coordination of behaviors. In this review, we discuss studies of commissural axon
guidance at the ventral midline of vertebrates and insects, paying particular attention to the
insights they have provided into mechanisms growing axons use to modulate their
responsiveness to cues as they navigate toward their final targets. Specifically, we discuss
two populations of neurons: commissural interneurons in the spinal cord and in the
Drosophila ventral nerve cord.
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The cell bodies of spinal commissural neurons differentiate in the dorsal spinal cord and
project their axons ventromedially toward the floor plate (Figure 1A).1 These axons
subsequently exit the floor plate on the contralateral side and turn anteriorly toward the brain
(Figure 1C).2 Pre- and post-crossing axonal segments can be differentially labeled using
antibodies that recognize cell adhesion molecules that are expressed in spatially restricted
patterns (Figures 1A and B). In addition, the spinal cord can be opened at the roof plate to
create an “open-book” preparation and commissural neurons and their axons can be labeled
and visualized with lipophilic dyes; this preparation is particularly useful for analysis of
post-crossing axonal trajectories (Figure 1C).

The ventral nerve cord of the Drosophila embryo has a segmentally repeated structure. Each
abdominal hemisegment contains approximately 270 interneurons, most of which extend
axons across the midline in either the anterior or posterior commissure.2 All axons in the
central nervous system can be labeled by antibody staining (Figure 1D) and the fact that
most abdominal interneurons project axons contralaterally3 facilitated forward genetic
screens, which identified genes that play key roles in commissural axon guidance.? In
addition, subpopulations of neurons can be labeled with genetically encoded Gal4 elements,
which can be used to direct the expression of axonal markers and other transgenes. This
approach allows for quantitative comparison of axonal trajectories in wild-type and mutant
backgrounds and also provides a powerful system in which to evaluate cell-specific and
protein domain requirements in transgenic rescue experiments (Figure 1D).

Comparison of these two systems has revealed remarkable similarity in many of the core
molecules and mechanisms that direct axon guidance at the midline. Here, we review and
discuss recent insights into the molecular logic underlying the ability of axons to switch
responsiveness at the midline choice point. A central recurrent theme of these studies is the
diversity of mechanisms that have evolved to spatially and temporally restrict the activity of
cell surface guidance receptors in order to ensure appropriate transitions in axon
responsiveness. In addition, we highlight what we believe represent future directions and
challenges for the field.

Growth toward the midline

As commissural axons approach the midline, they are preferentially responsive to midline
attractants while suppressing their responsiveness to midline repellents. The first guidance
cues to be implicated in commissural axon attraction were proteins of the Netrin family,
which were initially identified for their roles in axon guidance and mesodermal cell
migration in the nematode C. elegans.®:” Netrins are secreted from the floor plate and
ventral spinal cord, forming a ventral high to dorsal low gradient during the time when
spinal commissural axons are growing toward the ventral midline.8-10 In vitro assays
demonstrated that Netrin-1 elicits outgrowth of axons from spinal cord explants!! and
induces attractive turning responses.® Netrins are thought to signal both outgrowth and
attraction through the receptor Deleted in Colorectal Cancer (DCC), which is expressed on
commissural axons as they approach the midline.12 In the spinal cords of mouse embryos
mutant for either Netrin-1 (the only Netrin expressed in the mouse spinal cord®19) or Dcc,
the ventral commissure is thin, but not absent; many axons stall before reaching the floor
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plate and commissural axons that normally project ventromedially in a tight bundle
misproject laterally and are defasciculated.®13 The observation that the ventral commissure
is thinner in Netrin-1 mutants than in Dcc mutants!4 and in vitro data indicating that Dcc
mutant spinal cord explants retain some Netrin-responsivenesst#15 suggest that Netrin may
promote midline crossing through both DCC-dependent and DCC-independent mechanisms.

One additional receptor through which Netrin might signal midline attraction is the DCC
paralog, Neogenin (Neo), which is expressed on commissural axons.14 Mouse embryos
mutant for Neo have no defects in commissural axon guidance, but in Dcc, Neo double
mutants, the ventral commissure is thinner than in Dcc single mutants and comparably thin
to the ventral commissure in netrin-1 mutants.1 Chickens have a single member of the
DCC/Neo family, which has greater homology to mouse Neo than to mouse DCC. RNAI
knockdown of this gene produces defects in commissural axon guidance in the chicken
spinal cord reminiscent of the mouse Dcc mutant phenotype.16 However, Neo-dependent
outgrowth and/or turning responses of spinal commissural neurons in response to Netrin
have yet to be demonstrated. Netrin can bind to Neo,12 17 but it does so with much lower
affinity than Neo’s canonical repulsive ligand Repulsive Guidance Molecule (RGMa).18
RGMa mRNA is broadly expressed in the spinal cord,19 but its potential role in the guidance
of spinal commissural axons has not been evaluated. Thus, it is not yet clear how Neo
contributes to the establishment of the ventral commissure.

Down Syndrome Cell Adhesion Molecule (DSCAM) has also been proposed to function as
an attractive Netrin receptor in spinal commissural neurons. Both insect and vertebrate
Netrin proteins can bind to DSCAM in a variety of in vitro assays.1>20:21 Disruption of
DSCAM function by RNAI or expression of dominant negative forms of DSCAM causes
many commissural axons to fail to reach the floor plate in rat and chicken spinal cords.1521
However, analysis of mice with Dscam null mutations suggests that DSCAM is not required
for Netrin-dependent midline attraction in mice.22 Dscam mutants have no defects in
commissural guidance in the spinal cord and Dscam, Dcc double mutants have commissural
guidance defects comparable to Dcc mutants. It is conceivable that in Dscam null mutants —
but not in animals subject to acute Dscam knockdown — a compensatory mechanism
emerges to allow for normal midline crossing; notably, DCC and Neogenin mRNA and
protein levels are unchanged in Dscam mutants,22 indicating that if there is compensation, it
can not be explained by up-regulation of other known Netrin receptors. A less likely
possibility is that DSCAM plays essential roles in Netrin-dependent midline attraction in rat
and chicken that are not conserved in the mouse. Alternatively, the RNAI phenotypes may
represent an artifact of some sort, underscoring the ideas that knockdown data should be
interpreted with caution and that genetic nulls should be analyzed whenever possible. The
advent of new methods for genome modification that bypass the need for ES cell targeting
should facilitate the analysis of null alleles in vertebrates other than mice.

Netrins and DCC play conserved roles to promote midline axon crossing. Flies have two
Netrin genes, NetA and NetB, which are expressed transiently in midline neurons and
persistently in midline glia during embryogenesis?3-24 and only one ortholog of Dcc/Neo,
Frazzled (Fra), which encodes a protein that is expressed on commissural axons in the
ventral nerve cord.?® In embryos lacking both fly Netrin genes (NetAB) and in fra mutants,
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commissures are thin, but not absent, with posterior commissures more sensitive to loss of
Netrin or Fra than anterior commissures.2526 fra mutants display more severe commissural
guidance defects than NetAB mutants, implying that Fra promotes midline crossing in part
through a Netrin-independent mechanism (see below for further discussion).27:28 In fly
embryos engineered so that the only Netrin protein is membrane-tethered, both the anterior
and posterior commissures develop normally,26 suggesting that long-range diffusion of
Netrins is not required for commissural axon attraction. In C. elegans, Netrin has been
shown to polarize neurons in a DCC-dependent manner,29:30 but this output of Netrin/DCC
signaling has yet to be implicated in midline crossing. In both insects and vertebrates, the
extents to which defects in commissural axon guidance in Netrin and Dcc mutants reflect
defects in outgrowth, attraction, polarization, and/or regulation of gene expression remain
unknown. Identification and disruption of distinct cytoplasmic motifs or residues that are
required for these diverse signaling outputs would allow the relative contributions of these
pathways to be dissected in vivo.

DSCAM’s role in midline crossing and its potential function as a Netrin receptor have also
been investigated in Drosophila. Dscam mutants are phenotypically normal with respect to
midline axon crossing, but Dscam, fra double mutants have more severe midline crossing
defects than either NetAB or fra mutants alone. Misexpression of DSCAM in ipsilateral
neurons induces ectopic midline crossing, even in NetAB mutant embryos.2% These genetic
data imply that DSCAM promotes midline axon crossing through a Netrin-independent
mechanism, but they do not exclude the possibility that DSCAM also functions as an
attractive Netrin receptor. Many axons cross the midline even in Dscam, fra double mutants,
suggesting that midline attractive or lateral repulsive signaling pathways that guide
commissural axons toward the midline remain to be identified. The fact that additional cues
and receptors have not been isolated in mutagenesis screens that have approached genomic
saturation®> suggests that these genes may have earlier roles in embryogenesis that preclude
analysis of midline axon crossing phenotypes and/or that their functions may be redundantly
encoded.

In vertebrates, parallel pathways that guide commissural axons toward the ventral midline
have been studied in greater detail. The residual ability of Netrin-1-mutant floor plate tissue
to elicit turning of commissural axons®3! is partially blocked by cyclopamine, a
pharmacological inhibitor of the Sonic Hedgehog (Shh) effector Smoothened (Smo), and
turning assays performed on dissociated commissural neurons have provided direct evidence
that Shh can act as a chemoattractive cue.31:32 Conditional deletion of Smo in commissural
neurons in the dorsal spinal cord causes commissural axons to misproject laterally and
defasciculate as they are growing toward the floor plate.3! Genetic ablation of the Shh
receptor Boc, which is expressed in commissural neurons, produces a similar phenotype, and
RNAI knockdown of Boc inhibits the turning of commissural neurons toward a source of
Shh.33 Shh appears to signal chemoattraction without regulating gene expression, as neither
pharmacological inhibition of transcription nor expression of a dominant repressor of Gli
transcription factors blocks Shh-induced turning responses in vitro,32 but this question has
not been investigated in vivo. Analysis of Gli2 conditional knockouts in spinal commissural
neurons would test whether canonical Shh signaling impinges on midline crossing.
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Netrin-1 mutant floor plate retains some ability to elicit attractive turning even in the
presence of cyclopamine, suggesting that the floor plate might produce additional attractive
guidance cues.3! Recently, Vascular Endothelial Growth Factor A (VEGF), which is
expressed in the floor plate during commissural axon guidance, was identified as a
chemoattractant for commissural neurons.34 In embryos that are floor plate haplodeficient
for Vegf or in which the VEGF receptor Flk-1 has been conditionally deleted from spinal
commissural neurons, commissural axons misproject laterally and are defasciculated as they
grow toward the floor plate. Dissociated commissural neurons turn toward a source of
VEGF in vitro, and this turning response is antagonized by the presence of function-
blocking antibodies against FIk-1.

Interestingly, in vitro experiments have implicated Src family kinase (SFK) activation
downstream of all three vertebrate midline attractive pathways: Netrin/DCC, Shh/Boc, and
VEGF/FIk-1.3234-37 Exposure to Netrin, Shh, or VEGF activates SFKs and
pharmacological or genetic inhibition of SFK activity blunts the abilities of these cues to
elicit turning responses in a variety of assays. These data suggest that SFK activation may be
an intracellular signaling event on which multiple chemoattractive pathways converge.
Commissural axon guidance has not been closely studied in mice deficient for one or more
SFKs, but the large number of vertebrate SFKs and the abilities of SFKs to functionally
compensate for each other in other contexts38 caution that it may be difficult to evaluate
whether SFK activation is indeed a requisite step for midline chemoattraction in intact
vertebrate embryos. To date, the question of whether SFK activity is required for midline
axon crossing has only been investigated in vivo in flies, which have only two genes
encoding SFKSs. In Drosophila, reduction in SFK gene dosage causes ipsilateral axons to
ectopically cross the midline and suppresses commissural axon guidance defects in genetic
backgrounds in which midline attraction is disrupted.3® These phenotypes are consistent
with a requirement for SFKs in midline repulsion, but not midline attraction, raising the
possibility that flies and vertebrates use SFKs in opposite ways with respect to midline
crossing. Alternatively, the vertebrate in vitro data implicating SFK activation in midline
attraction may not reflect the in vivo functions of SFKs.

Finally, in the spinal cord, roof plate-derived repellents collaborate with floor plate-derived
attractants to guide commissural axons toward the ventral midline. In the absence of a floor
plate, commissural axons navigate normally through the dorsal part of the spinal cord before
stalling,40-43 suggesting that cues from another source must guide these axons during the
early part of their trajectories. Roof plate tissue repels axons from spinal cord explants and
this activity can be mimicked by cell aggregates expressing members of the Bone
Morphogenetic Protein (BMP) family, BMP7 and GDF7, which are expressed in the roof
plate during commissural axon outgrowth.** BMPs likely signal repulsion through BMP
receptor IB (BMPRIB), as roof plates from Bmp7 of Gdf7 mutants lack the ability to repel
commissural axons*#:45 and spinal cord explants from Bmprlb mutants are unresponsive to
roof plate-induced repulsion.® However, spinal cords from Bmp7, Gdf?7, and Bmprlb
mutants display only modest defects in commissural axon guidance, with commissural
axons occasionally invading the roof plate or taking an aberrant medial trajectory, 4546
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suggesting that other factors — potentially the complement of floor plate-derived attractants —
can compensate for the loss of roof plate repulsion.

Exit from the midline

After commissural axons have reached the midline, they switch their responsiveness to
midline cues, so that they can exit the midline and proceed toward their synaptic targets on
the contralateral side of the embryo. During this phase of axon guidance, commissural axons
are preferentially responsive to repellents expressed at the midline. The prototypical midline
repulsive cues are Slit proteins, which signal repulsion through Roundabout (Robo)
receptors. Slits and Robos were initially implicated in midline axon repulsion through
forward genetic screens in Drosophila.*® Slit is expressed in midline glia throughout
embryogenesis;*”48 Robo is expressed on axons and shows a striking localization to
longitudinal connectives, but is largely excluded from commissural segments.#”48 In robo
mutant fly embryos, ipsilateral axons ectopically cross the midline and both ipsilateral and
commissural axons re-cross the midline.*4° glit mutants have an even more dramatic
phenotype, in which all axons collapse on the midline.*8 Flies have three genes encoding
Robo receptors and the observation that embryos mutant for both robo and robo2 are
phenotypically indistinguishable from slit mutants with respect to midline crossing®0-51
suggests that these two Robo receptors signal midline repulsion in response to Slit and that
Slit-Robo signaling accounts for all midline repulsion in the fly. (Robo3 is not required for
midline repulsion, but it plays an important role in mediolateral positioning of ipsilateral and
post-crossing commissural axons).>2:53

Subsequent analysis of mouse mutants has confirmed that Slit-Robo signaling plays a
conserved role in midline repulsion. In mice, three Sit genes are expressed in the floor
plate>4-57 and function redundantly to repel post-crossing commissural axons. In mice
lacking all three St genes (Sit 1/2/3), many commissural axons stall at the floor plate and
some turn back toward the ipsilateral side.>® Mice express four Robo genes, three of which
are involved in midline repulsion, while Robo4 is specifically expressed in the vascular
system.>? Robo1 and Robo2 proteins are expressed at low levels on pre-crossing
commissural axons and are up-regulated post-crossing.®8 A study in chicken embryos
suggests that insertion of Robol protein into the plasma membrane of post-crossing
commissural axons depends on the vesicle fusion machinery component Rab Guanine
Nucleotide Dissociation Inhibitor (RabGDI), which is, itself, preferentially expressed in
commissural neurons post-crossing.t% Spinal commissural axons in Robo 1/2 double
mutants stall at the floor plate, but these defects are not as frequent as in Sit 1/2/3 mutants,
and Robo 1/2 mutants never display re-crossing errors,%1 implying the existence of another
repulsive Slit receptor. Robo3 seems to repel post-crossing commissural axons but also
plays a key role in preventing premature Slit responsiveness in pre-crossing commissural
axons (see below for further discussion).62:63

The absence of Slit signaling in the mouse does not lead to a complete loss of midline
repulsion,8 suggesting that vertebrates require other midline repellents to collaborate with
Slits to prevent ectopic midline crossing and to facilitate midline exit. The class 3 secreted
Semaphorin, Sema3B, is expressed in the floor plate and ventral spinal cord during the
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period of commissural axon guidance® and its co-receptors Neuropilin-2 (Nrp2) and Plexin-
Al (PlexAl) are expressed on commissural axons, with PlexAl expression enriched on
axons during and after crossing.% In mouse embryos mutant for Sema3b, Nrp2, or PlexAl,
many commissural axons fail to exit the midline.64-%6 In addition, PlexA1 can function as a
repulsive receptor for Slit, as Slit2 binds to PlexA1 and can induce growth cone collapse of
Robo1/2 mutant spinal commissural neurons in a PlexAl1-dependent manner,56 suggesting
that PlexA1 may be the additional Slit receptor implied by the difference in the strengths of
the Robo 1/2 and Sit 1/2/3 phenotypes. Compound mutants in which Slit and Sema3B
signaling are perturbed in combination have yet to be analyzed, so it is not clear whether
additional repulsive signaling pathways facilitate floor plate exit and prevent inappropriate
midline crossing.

Regulation of responsiveness to midline cues

How do commissural neurons regulate their sensitivity to midline cues so that they are
preferentially responsive to midline attractants pre-crossing, but preferentially responsive to
midline repellents post-crossing? The persistence of Netrin-1 and Shh expression in the floor
plate past the time when commissural axons have crossed the midline®19:67 suggests that
commissural neurons might actively silence their attraction to midline cues once they have
reached the floor plate. The idea that commissural neurons may repress their attraction to
Netrin in response to Slit exposure has emerged from a series of in vitro experiments.58
Dissociated Xenopus spinal neurons turn toward a source of Netrin in culture and even
though these neurons are not repelled by Slit, exposure to Slit blunts their attraction to
Netrin. In this context, Slit triggers a physical interaction between the cytoplasmic domains
of DCC and Robol and Slit’s ability to silence responsiveness to Netrin depends on DCC-
Robol binding. The cytoplasmic motifs in these receptors that mediate the interaction are
required for the silencing response and artificially restoring these receptors’ abilities to
interact with each other also restores Slit’s ability to block attraction to Netrin. This model
has yet to be tested in vivo.

Like Netrin, Shh continues to be expressed in the floor plate throughout spinal cord
development, but commissural axons switch the polarity of their responsiveness to Shh after
they reach the floor plate. After exiting the midline, most spinal commissural axons turn
anteriorly. However, disruption of Shh signaling through a variety of pharmacological and
genetic approaches causes post-crossing commissural axons to choose an anterior or
posterior trajectory at random.67:69.70 Shh mRNA and protein are expressed in the spinal
cord in a posterior high to anterior low gradient,67:6% suggesting that Shh might signal
repulsion in post-crossing commissural neurons. When dissociated spinal commissural
neurons are cultured and exposed to a gradient of Shh, the polarity of their response depends
on their age.5” Neurons that have been cultured for a short time are attracted to Shh, while
neurons that have been cultured for longer are repelled by Shh, consistent with the idea that
as they are growing toward the midline, commissural neurons are attracted to floor plate-
derived Shh, but after crossing the midline, they are repelled by the high concentration of
Shh in the posterior spinal cord. This switch is mediated by 14-3-3 adaptor proteins, which
are preferentially expressed on post-crossing commissural axons and whose expression
increases over time in cultured commissural neurons (Figure 2). In vitro, Shh-dependent
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repulsion in aged neurons can be blocked by pharmacological manipulations that antagonize
14-3-3 and can be mimicked in young neurons by premature expression of 14-3-3 or by
manipulations that induce 14-3-3 activity independent of Shh. In the spinal cord, treatment
with 14-3-3 inhibitors randomizes anterior-posterior turning after midline crossing, but has
no effect on midline attraction, suggesting that 14-3-3 is specifically required for post-
crossing commissural axon guidance in response to Shh. As 14-3-3 mRNA expression
patterns have not yet been described in pre- and post-crossing commissural neurons, it is not
clear at what level 14-3-3 expression is regulated to switch on Shh repulsion.

Shh-dependent repulsion appears to be Smo-dependent, as conditional deletion of Smo from
spinal commissural neurons leads to randomization of anterior-posterior turning.6” In
chickens, mRNA for Hedgehog-interacting protein (Hhip), an inhibitor of Shh signaling, is
transiently expressed in commissural neurons once their axons have reached the midline and
RNAI knockdown of Hhip causes both midline stalling and aberrant posterior turns of post-
crossing commissural axons.%9 These defects have been interpreted as evidence that Hhip is
a receptor through which Shh signals repulsion in post-crossing commissural neurons.59.71
However, Hhip has not been shown to signal in response to Shh in any context and is instead
thought to antagonize Hh signaling by sequestering Hh proteins and restricting their
diffusion.”2="4 A requirement for Hhip in mediating Shh-dependent repulsion has yet to be
established through turning or collapse assays, and mice mutant for Hhip do not display
anterior-posterior turning defects.6” The observation that Hhip knockdown causes midline
stalling® suggests the alternative possibility that Hhip may be transiently expressed in
commissural neurons to blunt attraction to floor plate-derived Shh as commissural axons are
exiting the midline. Functional studies assessing the potential contributions of the Shh
receptors Boc, Cdo, and Gas1 in the guidance of post-crossing commissural axons have not
been reported. Gas1 repels enteric axons from gut-derived Shh,’® raising the possibility that
Gas1 may signal Shh-dependent axon repulsion in other contexts.

In addition, considerable evidence has emerged indicating that commissural neurons actively
inhibit their responsiveness to midline repellents while they are growing toward the midline.
Vertebrates limit Robo repulsion in pre-crossing commissural axons through Robo3 (Figure
3). In mouse embryos mutant for Robo3, all spinal commissural axons fail to cross the
midline.82 While floor plate tissue elicits outgrowth of axons from wild-type spinal cord
explants, Robo3 mutant axons fail to grow out of explants when exposed to wild-type floor
plate tissue. Blockade of Slit activity with a soluble Robo2 ectodomain restores the ability of
Robo3 mutant explants to respond to floor plate-derived outgrowth signals. Likewise, a
combination of Netrin-1 and Slit2 induces axonal outgrowth from wild-type, but not Robo3
mutant explants, suggesting that the endogenous function of Robo3 in pre-crossing
commissural axons is to prevent precocious Slit responsiveness.52 Genetic data support the
idea that the failure of Robo3 mutant commissural axons to reach the floor plate in vivo is
due excessive Slit repulsion through Robol and Robo2, as reduction in Robol, Robo2, or
Sit gene dosage partially rescues Robo3 mutants.61.62 However, even the complete loss of
Robol and Robo? fails to fully rescue midline crossing defects in Robo3 mutants, suggesting
that Robo3 promotes midline crossing in part through Robol- and Robo2-independent
mechanisms.®1 Robo3, Sit 1/2/3 compound mutants have not been analyzed, so it is not yet
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clear whether this mechanism is Slit-dependent. In light of the observation that Robol and
Robo2 are expressed at very low levels on pre-crossing commissural axons,>8 these genetic
data imply that the activity of this small pool of Robol and Robo2 must be antagonized to
prevent premature repulsion. A recent study suggests that Robo3 may promote midline
attraction in addition to antagonizing midline repulsion.”® Robo3 mutant spinal cord
explants display a reduced outgrowth response when exposed to Netrin-1 and, although
Robo3 does not directly bind to Netrin, it does form a complex with DCC. Rescue
experiments with a form of DCC that cannot bind to Robo3 would test whether Netrin-DCC
attraction depends on this Robo3-DCC complex.

Robo3 is alternatively spliced, yielding two variants that differ in their cytoplasmic
domains.®3 One splice variant, Robo3.1, is specifically expressed on pre-crossing
commissural axons, while the other, Robo3.2, is specifically expressed on post-crossing
commissural axons. Isoform-specific rescue and RNAI experiments suggest that Robo3.1 is
required to facilitate midline crossing, while Robo3.2 contributes to midline repulsion in
post-crossing commissural axons. Notably, Robo3.2 knockdown in a Robol, Robo2
background causes occasional re-crossing of commissural axons, a phenotype observed in
Sit 1/2/3 mutants, but not in Robol, Robo2 mutants. It has been speculated that perhaps
Robo3.1 acts as a Slit sink, preventing Robol and Robo2 from binding to Slit, but lacking
the ability to signal repulsion, while Robo3.2 functions as a classical Robo receptor,
signaling repulsion in response to Slit.5263 However, this possibility seems unlikely in light
of reports that mammalian Robo3 proteins do not bind Slit,”6-79 leaving the questions of
how Robo3.1 antagonizes Robol and Robo?2 activity and how Robo3.2 signals midline
repulsion unresolved. In addition, the mechanisms regulating the alternative splicing of
Robo3 remain unknown. Thus, many aspects of Robo3 function in commissural neurons
both before and after midline crossing warrant further exploration.

In addition to limiting their responsiveness to Slits, pre-crossing commissural neurons
suppress their responsiveness to Sema3B, in part through degrading PlexAl by proteolysis
(Figure 4).55 As commissural axons are growing toward the midline, they express only a low
level of PlexAl, but PlexAl expression is up-regulated on commissural axons after they
have reached the midline. Spinal commissural neurons display increased PlexAl expression
upon exposure to floor plate-conditioned media, suggesting that the floor plate produces
soluble factors that promote PlexAl expression. PlexAl is a substrate for calpain cleavage
and blunting calpain activity either by RNAi knockdown or with pharmacological inhibitors
causes spinal commissural neurons, which are ordinarily unresponsive to Sema3B, to
undergo growth cone collapse when exposed to Sema3B. When mouse spinal cords are
treated with calpain inhibitors, commissural axons stall at the floor plate, consistent with a
role for calpain proteolysis in sensitizing commissural neurons to floor plate-derived
repellents. Experiments with a calpain-insensitive variant of PlexA1, which would be
predicted to be active pre-crossing and therefore to prematurely signal midline repulsion,
could validate the model that calpain proteolysis of PlexAl is indeed responsible for limiting
Sema3B responsiveness in pre-crossing commissural neurons.

Exposure to floor plate-conditioned media antagonizes calpain activity in dorsal spinal cord
tissue,%5 implying the existence of soluble floor plate-derived factors that block calpain
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activity. Glial cell line-derived neurotrophic factor (GDNF) is expressed in the floor plate
during commissural axon guidance and it mimics the abilities of floor plate-conditioned
medium to sensitize commissural neurons to Sema3B-induced growth cone collapse and to
reduce both calpain activity and the abundance of PlexAl proteolytic fragments in the spinal
cord.80 Medium conditioned by floor plate tissue from Gdnf mutant mice has reduced ability
to sensitize commissural neurons to Sema3B-induced growth cone collapse. In embryos
mutant for Gdnf or its receptor Neural Cell Adhesion Molecule (NCAM), spinal
commissural axons frequently stall in the floor plate, consistent with GDNF’s proposed
function in promoting midline repulsion. Other floor plate-derived factors that sensitize
commissural neurons to Sema3B repulsion have been identified, including Shh70 and
Neuronal Cell Adhesion Molecule (NrCAM), which is cleaved to release a soluble
ectodomain;®® NrCAM inhibits PlexA1l expression,®® but it is not clear whether either of
these soluble factors regulates calpain activity.

In flies, there is no evidence that commissural neurons modulate their responsiveness to
midline attractants. However, like vertebrates, flies inhibit Slit-Robo repulsion in pre-
crossing commissural neurons, but through a different mechanism (Figure 5). The
endosomal protein Commissureless (Comm) binds Robo and prevents its trafficking to the
growth cone, instead targeting it for lysosomal degradation.81:82 Expression of comm
mMRNA is tightly spatiotemporally controlled so that comm is specifically expressed in
commissural neurons as they are sending their axons across the midline, but not before or
after, and comm s rarely expressed in ipsilateral neurons.81 This pulse of comm expression
in commissural neurons reduces their responsiveness to Slit during midline crossing. comm
mutants have a dramatic phenotype in which no axons cross the midline*82 and analysis of
robo, comm double mutants indicates that robo is epistatic to comm.* Surprisingly, embryos
in which the endogenous robo gene is replaced with a mutant version that cannot be sorted
by Comm are phenotypically normal,® suggesting that Comm can regulate Slit-Robo
repulsion through an additional mechanism.

comm expression is regulated, in part, by Fra. In fra mutants, comm expression is reduced in
commissural neurons, but this output of Fra is Netrin-independent, as comm expression is
unaffected in NetAB mutants.2® It is not clear whether Fra’s ability to regulate comm s
ligand-dependent or at what level it is regulated to produce the appropriate temporal pattern
of comm expression. Fra appears to regulate comm transcription rather than the stability of
comm mRNA, as comm pre-mRNA is reduced in fra mutants.28 DCC and Neogenin, are
proteolytically processed, releasing their intracellular domains, which are capable of nuclear
translocation.85-88 Moreover, these intracellular domains function as transcriptional
activators in reporter assays in vitro,36:87 raising the possibility that Fra may regulate comm
expression through direct transcriptional activation. As fra mutants have much milder
midline crossing defects than comm mutants, other mechanisms must exist to regulate
comm.

Conclusion

In the past two decades, many cues and receptors that attract commissural axons toward and
repel them away from the ventral midline have been identified, and loss of function genetic
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data suggest that additional cues and receptors that regulate commissural axon pathfinding
still await discovery. For example, additional factors that promote the growth of
commissural axons toward the midline in the Drosophila embryo have yet to be identified.
(Hedgehog and VEGF are not likely to signal midline attraction in the fly, as the only
Drosophila hedgehog gene does not display prominent midline expression8%90 and flies do
not have a VEGF ortholog.) These predicted additional midline attractive cues and receptors
may not have strong single mutant phenotypes. Indeed, examples of molecules whose
contribution to commissural axon guidance can only be observed in genetic backgrounds in
which the process is partially perturbed have already been described, such as Dscam in
Drosophila and Neogenin in mice. As additional cues and receptors that promote midline
crossing are identified in the fly, it will be interesting to determine to what extent they
represent conserved midline guidance mechanisms.

Both intrinsic (i.e. 14-3-3) and extrinsic (i.e. GDNF) factors that enable axons to modulate
their responsiveness to midline cues have been identified, but our understanding of the
cellular mechanisms that allow axons to switch their responsiveness to cues is incomplete.
Of particular interest, the mechanism(s) through which Robo3 antagonizes Slit repulsion
through Robol and Robo2 remains a mystery. Regulation of receptor expression appears to
be a common mechanism through which axonal sensitivity to cues can be gated. Recent
reports that axon guidance receptors themselves can regulate both transcription28:86.87 and
translation®? raise the intriguing possibility that guidance receptors may be able to directly
regulate their own expression or expression of other receptors.
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mAb BP102

Figure 1. Commissural interneuronsin the embryonic spinal cord of mouse and ventral nerve
cord of Drosophila

A) Transverse section of the mouse spinal cord at embryonic day 11.5. Pre-crossing spinal
commissural neurons navigate ventromedially and express the cell adhesion molecule Tagl.
B) Transverse section of the mouse spinal cord at embryonic day 11.5. Post-crossing
commissural neurons express the cell adhesion marker L1. C) Open book preparation of the
mouse spinal cord at embryonic day 11.5. Spinal commissural neurons are labeled by Dil
injection into the dorsal spinal cord. The majority of post-crossing commissural axons turn
anteriorly. The bracket indicates the position of the floor plate. D) Three segments of the
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Drosophila stage 16 embryonic ventral nerve cord. MAb BP102 (magenta) labels all axons
in the central nervous system. egGal4 drives GFP (green) expression in a subset of
commissural neurons. FP, floor plate. LF, lateral funiculus. VF, ventral funiculus. AC,
anterior commissure. PC, posterior commissure. Panels A-C are reprinted from reference 67,
with permission from Elsevier.
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Figure 2. Commissural axons switch the polarity of their responseto Shh
Pre-crossing spinal commissural neurons signal attraction to midline-derived Shh through

the receptor Boc. These neurons turn anteriorly after they have crossed the midline, in
response to a posterior high to anterior low gradient of Shh, but the relevant Shh receptor is
not known. 14-3-3 is specifically expressed in post-crossing commissural neurons and is
required for Shh-dependent repulsion, but not attraction. Both attractive and repulsive Shh
signaling depend on Smo, but it is not clear whether the Shh co-receptor Patched, which
relieves repression of Smo to permit Shh signaling in other contexts, is required for Shh-
dependent attraction or repulsion.
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Figure 3. Robo3 regulates Slit responsiveness of commissural axons

In pre-crossing spinal commissural neurons, Robo3.1 inhibits Slit repulsion through Robol
and Robo2. After crossing, Robo3.1 is no longer expressed and Robo3.2 collaborates with

Robol and Robo2 to signal midline repulsion.
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Figure 4. GDNF modulates Sema3B responsiveness by regulating PlexAl proteolysis

As spinal commissural axons are growing toward the midline, calpain cleaves the Sema3B
receptor PlexAl to reduce sensitivity to Sema3B. When these neurons reach the midline,

GDNF signals through NCAM and its co-receptor GFRal to reduce calpain activity.
Sema3B then signals repulsion through Nrp2 and PlexAl.
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Figure 5. Comm regulates Slit responsiveness by inhibiting trafficking of Robo to the growth
cone

In Drosophila, as commissural neurons grow toward the midline, they express the
endosomal protein Comm, which targets newly synthesized Robo for lysosomal
degradation. Fra regulates comm transcription independent of its canonical ligands, Netrins.
After crossing, Comm expression is extinguished and Robo is trafficked to the growth cone,
where it signals repulsion in response to Slit.
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