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Morphogens as conserved axon guidance cues

Yimin Zou' and Anna | Lyuksyutova?

Morphogen family proteins are now widely appreciated as axon
guidance cues. Because their roles as morphogens are highly
conserved across phylogeny, their functional conservation in
axon guidance is now being rigorously examined. Recent
studies suggest that morphogens are important in shaping
topographic projections in chick and Drosophila visual
systems, a process that occurs even later in development.
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Introduction

Axon wiring involves two phases: pathfinding and target
selection. During pathfinding, growth cones navigate in
developing embryos towards their targets, which can be
far away from their cell bodies and often pass through
intermediate targets, laying down a scaffolding of axon
networks. As they approach their target area, axons select
their postsynaptic targets within similar groups of
cells. Synaptic connections are organized in topographic,
point-to-point or converging patterns and often in a
lamina-specific manner. These exquisite patterns of con-
nectivity, essential for all behavioral functions, are estab-
lished by a collaboration of molecular guidance cues and
neural activity.

Studies over the past decade or so identified several
classes of classical axon guidance molecules, which have
pivotal roles in nervous system wiring [1,2]. A recent
development in axon guidance studies has been the
finding that morphogens, which are known to specify cell
fate by concentration gradients, are axon guidance cues,
adding to the repertoire of wiring instructions for navigat-
ing growth cones [3-9]. These morphogens, which tend to
set up gradients along major body axes, remain or become
re-expressed in the region, to provide directional infor-

mation to axons along major body axes. Because morpho-
gen functions start at an earlier stage, it is reasonable to
speculate that they might help to establish the expression
gradient of other axon guidance molecules. Therefore,
understanding the full function of morphogens in nervous
system wiring might provide new insights into the mol-
ecular and cellular logic in the organization of neuronal
connectivity.

Pathfinding

Several families of morphogen proteins, which are known
to specify cell fates along major body axes, are now well-
accepted guidance molecules for axonal pathfinding. The
nervous system is organized along major body axes, and,
interestingly, morphogens are found to be important for
guiding axons along these axes in several animal systems.

Along the dorsal-ventral axis in the vertebrate spinal cord,
bone morphogenetic proteins (BMPs) and Sonic hedge-
hog (Shh), together with a conserved classical axon gui-
dance molecule, Netrin-1, control the axonal pathfinding
of commissural neurons from the dorsal spinal cord to the
ventral midline [10,11] (Figure 1a,b). Along the anterior—
posterior axis of the spinal cord, multiple Wnt family
proteins guide ascending sensory axons (commissural
axons) and descending cortical motor axons (corticospinal
tract) along the longitudinal axis (Figure 1c,d). At least
two Wnts, Wnt4 and Wnt7b, were found to be expressed
in an anterior—posterior gradient within the mouse floor
plate, the ventral midline of the spinal cord. Through an
attractive response via Frizzled3, this Wnt expression
gradient was proposed to provide an anterior turning
instruction to the commissural axons after midline cross-
ing, through an anterior ‘pull’ mechanism [12,13]
(Figure 1c). For descending axons, two Wnts, Wntl
and Wnt5a, are expressed in an anterior—posterior gradi-
ent in the dorsal midline of the neonatal spinal cord and
repel corticospinal tract axons down the spinal cord via a
conserved repulsive Wnt receptor, Ryk [14°,15] through a
‘push’ mechanism (Figure 1d). Therefore, Wnts might
control pathfinding along the anterior—posterior axis of
multiple classes of axons in the spinal cord, ‘pulling’ some
axons and ‘pushing’ others. In chick spinal cord, com-
missural axons are repelled by Shh after midline crossing,
and Shh was found to be expressed in an increasing
anterior—posterior gradient and is required for anterior
turning [16°] (Figure 1e).

T'he role of Wnts as key guidance cues along the anterior—
posterior axis has been shown to be highly conserved
(Figure 1f). In nematodes, three Wnts are expressed at
the posterior end of the worm body, and mutations of the
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Roles of morphogen family proteins in axon pathfinding. (@) BMPs and Shh control dorsal-ventral pathfinding of spinal cord commissural axons.
BMPs repel spinal cord commissural axons from the roof plate. Shh attracts spinal cord commissural axons towards the floor plate in
collaboration with Netrin-1. (b) Conserved function of a classical axon guidance molecule, Netrin, in dorsal-ventral guidance of axons in
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Wnt and Frizzled genes were found to cause anterior—
posterior guidance and polarity defects of several pro-
cesses, as well as neuronal migration [17°-19°,20]. These
Wnts presumably form an increasing anterior—posterior
gradient and guide axons using a repulsive mechanism
through the Frizzled receptors.

This posterior—anterior ‘push’ mechanism appears to
function in the chick spinal cord, where Shh was found
to be expressed in an increasing anterior—posterior gra-
dient (Figure 1e). Through repulsion, Shh repels post-
crossing commissural axons anteriorly via Hedgehog-
interacting protein [16°]. It remain to be tested whether
Shh has a similar function in guiding postcrossing com-
missural axons in the mouse, whether Wnts regulate
postcrossing commissural axons in the chick spinal cord
and whether these two pathways work in both systems —
and, if so, whether they operate in the same neurons or in
different neuronal populations.

In a broader sense, the midline pathfinding of the Droso-
phila commissural axons is reminiscent of anterior—
posterior guidance choice (Figure 1g). In each segment
in the ventral nerve cord, Derailed-positive axons avoid the
posterior commissure and only cross the midline along the
anterior commissure. DWnt5 is expressed at a higher level
in the posterior commissure, and Derailed (also known as
Ryk in vertebrates) mediates repulsion and directs the
subset of commissural axons expressing Derailed to tra-
verse the midline along the anterior commissure [21].
Similar to this, in the vertebrate spinal cord, Ryk also
mediates repulsion by Wntl and Wnt5a, although from
anterior to posterior [14°] (Figure 1d). In this sense, the
segmented fly ventral nerve cord can be considered as a
number of miniature spinal cords compressed togetherin a
reverse anterior—posterior direction or many shorter Cae-
norhabditis elegans bodies in the same orientation, although
repulsion in C. elegans is mediated by Frizzled receptors.

Topographic mapping

Intriguingly, Wnt family proteins might also have a role in
organizing synaptic connections by conveying topo-
graphic position information during axon target selection
(Figure 2). Topographic mapping connects two areas of
the nervous system in such a way that the positional
information of one areca becomes represented continu-
ously to the other. This is a highly recurring wiring
paradigm in multiple nervous systems. Sperry [22] pos-
tulated that molecular gradients might be ideal candi-

dates for positional cues. Two coordinate systems
perpendicular to each other, dorsal-ventral and rostral—
caudal, specify the two-dimensional positional infor-
mation on the retina. The two-dimensional positional
information, medial-lateral and anterior—posterior, is then
recapitulated in the midbrain and forebrain targets via
topographic projections of retinal ganglion cell (RGC)
axons (the dorsal-ventral map is shown in Figure 2a).
Ephrin family guidance cues are required for both the
anterior—posterior- (ephrinAs) and medial-lateral dimen-
sion (ephrinB1) [23-28]. Computational modeling pro-
poses that to create a smooth and complete map, two
counterbalancing forces are necessary in each dimension,
so that axons originating from different topographic pos-
itions can find their corresponding addresses. If only one
mapping force is present, the entire map will collapse to
one end [29-32]. Wnt3 protein is expressed in a decreas-
ing medial-lateral (dorsal-ventral) gradient in the chick
optic tectum, and RGC axons from different dorsal-
ventral positions have position-dependent responses to
various concentrations of Wnt3 (Figure 2b). Dorsal RGCs
are attracted by Wnt3 at lower concentrations but
repelled by Wnt3 at higher contractions. Ventral RGCs
are repelled by Wnt3 at both higher and lower concen-
trations. Therefore, all RGC axons are directed laterally
by Wnt3, with ventral axons being repelled more strongly,
and the dorsal-most axons are encouraged to growth
towards the lateral end of the map, where lower levels
of Wnt3 protein are present. This lateral mapping activity
has been shown to be counterbalanced by ephrinB1-
EphB function in a positionally dependent way because
higher attraction by ephrinB1, which peaks at the medial
tectum, was detected in the ventral RGCs. When Wnt3
repulsion is blocked, RGC axon termination zones shift
medially [33°]. It had previously been shown that when
ephrin1-EphB signaling is ablated, the termination zones
shift laterally [28]. In this context, Wnt3 acts as one of the
essential mapping cues along the dorsal-ventral axis,
together with a classical axon guidance molecule,
ephrinB1, for RGC axons during topographic mapping,
consistent with computational modeling (Figure 2b).

A role for Wnt proteins in topographic mapping now
receives support from invertebrate studies showing a con-
servation of such functions. In the fruitfly, DWnt4-dFz2
signaling controls dorsal-ventral retinotopic connections
of the photoreceptor axons in the visual target in the
brain (Figure 2c¢). Drosophila compound eyes contain
750 ommatidial units. Each of these units includes eight

(Figure 1 Legend Continued) C. elegans. UNC-6 (Netrin) attracts axons ventrally through UNC-40 receptor and repels axons dorsally through
UNC-40 and UNCS5 receptor complex. (¢) Wnt4 and Wnt7b, expressed in an anterior-posterior decreasing gradient, attract mouse spinal cord
commissural axons to turn anteriorly along the ventral midline after midline crossing. (d) Wnt1 and Wnt5a, expressed in an anterior-posterior
decreasing gradient, repel cortical spinal tract axons to grow posteriorly in the spinal cord along the dorsal midline. (e) Shh, expressed in an
anterior-posterior increasing gradient in the chick spinal cord midline, repels spinal cord commissural axons to grow anteriorly. (f) Multiple Wnts in
C. elegans, expressed in an anterior—posterior increasing gradient, repel several classes of neuronal processes anteriorly, control anterior—posterior
polarity of processes and neuronal migration. (g) In each embryonic segment in Drosophila, Derailed-positive axons are repelled by DWnt5, expressed
in the posterior commissure, and cross the midline along the anterior commissure. A, anterior; P, posterior; D, dorsal; V, ventral.
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Roles of Wnts in dorsal-ventral topographic mapping. (a) Dorsal-ventral topographic organization of visual map in vertebrates. Dorsal retinal
ganglion cell axons find the targets in the lateral tectum/superior colliculus and ventral retinal ganglion cell axons target to the medial tectum,
forming a smooth topographic representation of the visual world from the retinal to the tectum/superior colliculus. (b) Two molecular

gradients of guidance cues, ephrinB1 and Wnt3, are required for dorsal-ventral topographic mapping. Both ephrinB1 and Wnt3 are

expressed in medial-lateral decreasing gradients. Both EphB and Ryk receptors are expressed in dorsal-ventral increasing gradients.

Frizzled receptors are expressed at the same levels along the dorsal-ventral axis in retinal ganglion cell axons. Ryk is a higher-affinity Wnt
receptor than Frizzleds and mediates repulsion in RGC growth cones. Frizzleds mediate attraction. Dorsal axons expressing fewer Ryk

receptors are attracted by lower concentrations of Wnt3 but repelled by higher concentration of Wnt3. Ventral axons have higher Ryk

expression and are repelled by Wnt3 at both lower and higher concentrations. Along the dorsal-ventral axis, all RGC cells prefer to grow laterally.
However, ephrinB-Eph signaling attracts RGC axons to grow medially in a position-dependent manner, counterbalancing the position-dependent
effect of Wnt-Ryk signaling, allowing the formation of a complete and smooth topographic map. (c) DWnt4-DFz2 controls dorsal-ventral
retinotropic mapping. Photoreceptor axons in the Drosophila compound eyes project in a topographic manner to their brain targets. Axons

from dorsal ommatidia project to the dorsal aspect of the lamina and those originating from ventral ommatidia project to the ventral lamina,
forming a topographic map. DWnt4 is enriched in the ventral lamina and in Dwnt4, DFz2 and dsh mutants, ventral axons mistarget to the

dorsal lamina. A, anterior; P, posterior; D, dorsal; V, ventral.

photoreceptor neurons, which project axons through the
optic stalk into the lamina (R1-6) and then medulla (R7,8)
in the brain. Dorsal photoreceptor axons project to the
dorsal lamina, and ventral photoreceptors project to the
ventral lamina, forming a topographic map. DWnt4 is
expressed in the ventral lamina and is required for ventral
photoreceptors to project to the correct topographic pos-
ition. The latter process appears to occur via an attractive
mechanism, involving DFz2, because both DWnt4 and
DFz2 mutations caused a shift of axons towards the dorsal
lamina, where Wnt4 is not expressed [34°]. This suggests
that Wnts can act as attractive molecules in topographic
mapping, and that there might exist another mapping
activity along the dorsal-ventral axis of the fly visual
system.

Comparing notes and open questions

Multiple lines of studies suggest that morphogens have
important and conserved roles in nervous system wiring.
Although some common findings corroborate each other,
there remains an abundance of interesting differences
and gaps in knowledge.

Directions of morphogen action

An intriguing observation is that morphogens tend to
provide directional instructions for axon guidance along
the same axes where they exert their initial functions.
BMPs and Shh specify cell fate along the dorsal-ventral
axis of the spinal cord and also direct commissural
axons along the dorsal-ventral axis. The Wnt family
proteins are known for their patterning function along
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the anterior—posterior axis as well as dorsal-ventral axis.
Along the anterior—posterior axis, Wnt8a posteriorizes the
neural tube in Xenopus, and Drosophila Wingless controls
cell fate in each segment. The functions of the Wnt family
proteins are diverse. Some Wnts appear to act as morpho-
gens and signal through the canonical pathway, whereas
others are thought to be noncanonical Wnts, such as those
controlling planar cell polarity. However, in the case of
axon guidance, both classes of Wnts can act as directional
cues. At midgestation, Wnt4 and Wnt7b were found to be
expressed in a decreasing anterior—posterior gradientin the
ventral midline of the spinal cord, guiding the anterior turn
of commissural axons. Ata later stage (neonatal), Wntl and
Wnt5a were found to be expressed in an anterior—posterior
gradient in the dorsal midline of the spinal cord and to
direct the posterior growth of corticospinal tract axons.
Among these Wnts, Wntl has been shown to be a morpho-
gen but it can also act as guidance molecule here. It is
possible that the classical morphogenetic types of Wnts set
up anterior—posterior patterns early on, and that the non-
morphogen function of Wnts, which acts at a later stage,
takes over to guide axon pathfinding along the anterior—
posterior axis in Drosophila. Wingless and Hedgehog also
control cell fate along the anterior—posterior axis in each
segment. At a later stage, DWnt5 regulates pathway selec-
tion of derailed-positive commissural axons [21]. Interest-
ingly, in the case of chick spinal cord, an increasing
anterior—posterior gradient of Shh was reported and pro-
posed to provide directional instruction to chick commis-
sural axons along the anterior—posterior axis [16°]. It will be
interesting to test whether Hedgehog regulates anterior—
posterior guidance of other axons in Drosophila. Along the
dorsal-ventral axis, Wnt3, which acts as a morphogen, is a
dorsalizing factor in the neural tube. At a later stage
(postnatal day 0), its dorsal-ventral gradient in the mid-
brain serves as a positional instruction for topographic
mapping of visual axons with a nonmorphogenetic func-
tion. Because the direction of the morphogen gradients
determines the direction of axon growth and targeting, the
question of how these gradients are initially established
and then maintained to a much later stage, when the animal
sizes increase, is of great importance.

Bifunctionality and signaling pathways

Most classical axon guidance cues are bifunctional, attrac-
tive to some axons and repulsive to others. Although some
morphogens appear to behave similarly to the classical
axon guidance molecules, acting as both attractants and
repellents, others have so far been found to be only
repulsive. Shh is an attractant for precrossing commissural
axons but repels postcrossing commissural axons in chick
spinal cord and inhibits the growth of chick retinal ganglion
cell axons. BMPs are repellents, with no reports of any
attractive functions. Within the Wnt family, there are
attractants and repellents. However, most individual Wnts
have so far only been found to be attractive or repulsive.
Vertebrate Wnt4 attracts postcrossing commissural axons

and DWnt4 attracts photoreceptor axons. Wnt5a repels
descending corticospinal tract axons and Drosophila Wnt5
repels commissural axons. However, Wnt3 displays bipha-
sic function in RGC axons, attracting dorsal RGC axons at
lower concentrations and repelling ventral RGC axons at
all concentrations but repelling dorsal axons at higher
concentrations. In C. elegans, all Wnts appear to be found
repulsive so far. It remains to be seen whether any C. elegans
Whnits are attractive. Therefore, more examples need to be
analyzed for a clear picture to evolve, particularly for BMPs
and Wnts. This information will be of importance when we
consider the signal transduction mechanisms mediating
morphogens in axon guidance. Bifunctionality increases
the numbers and classes of axons being patterned. The
same concentration gradients of guidance cues can guide
multiple classes of axons.

Integration of morphogen signaling?

Morphogen signaling pathways operate simultaneously
during morphogenesis, and interact among each other.
These interactions are likely to be important in establish-
ing spatial patterns of structures during patterning. For
example, BMP signaling is known to antagonize Shh
signaling in pattern formation [35] but cooperate with
each other in tissue differentiation [36]. BMP-2 can
modulate Wnt and Frizzled and enhance canonical
Wnt signaling [37]. An interesting question is whether
and how the signaling pathways of these morphogens
interact with each other during growth cone guidance.
Although the signaling environment is different during
growth cone guidance, certain signaling components
might persist, enabling potential interactions. Signal
integration can increase the functional diversity by reg-
ulating the outcome or the strength of signaling. This
might also provide a possible avenue to understand the
dynamic nature of growth cone guidance. These morpho-
gens are frequently enriched at the border of a morpho-
genetic field, where axons often change responsiveness to
guidance cues and take a new direction in migration.

Shaping maps with morphogens?

"Topographic connections are a common way of organizing
synapses. Gradients of guidance cues are essential for the
formation of spatially continuous connection patterns. It
makes sense that morphogens, which are known to have
graded distributions, are capable of conveying positional
information to axons within their target arcas. Wnts
have been shown to be topographic mapping cues along
the dorsal-ventral axis in both vertebrate and invertebrate
visual systems. A natural question is whether other topo-
graphic maps are also established by Wnts and whether
other morphogens participate in map formation in a similar
fashion.

Morphogens and extracellular matrix?
Cell surface molecules, including morphogen receptors
and heparan sulfate proteoglycans (HSPGs), are important
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for shaping morphogen gradients and affecting morphogen
signaling itself. Particularly interesting are the HSPGs,
which are abundant, contribute to the extracellular matrix
and are shown to be important for Wg, Dpp and Hh
signaling in Drosophila [38]. The graded distribution of
morphogens is clearly important for their functions in axon
guidance, and evidence already exists in fly, mouse, nema-
tode and zebrafish that HSPGs also have a key role in
modulating the signaling of axon guidance systems [39].
Some of the /7 vivo functions of HSPGs are likely to be
associated with classical axon guidance molecules because
many of the latter bind to HSPGs. In addition, all major
morphogens bind to HSPGs. Some of the defects seen in
mutations affecting HSPG function could be due to mor-
phogen function in axon guidance. Proteoglycans are
mostly inhibitory to axons in the adult central nervous
system. Perhaps some of the ingredients consist of such
morphogens, which could either have been retained in the
system or even reinduced after injury.

Conclusions

The exciting finding that the morphogen family proteins
play important roles in axon guidance opens up new
avenues to understand nervous system wiring. Questions
like how these gradients are established and maintained
at much later stages, how specificity of signaling is
achieved, how morphogen signaling pathways integrate
among each other and with classical axon guidance mol-
ecules, how signaling translates extracellular gradients
into intracellular signaling asymmetry, the role of these
proteins in axon and synaptic patterning, and how neural
activity may interface with these guidance systems are all
wide open and await further investigation.
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