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Summary of recent advances

Axon guidance and synapse formation are important developmental events for establishing a
functional neuronal circuitry. These two related cellular processes occur in a coordinated fashion but
previous studies from multiple model organisms seemed to suggest that axon guidance and synapse
formation are mediated by distinct molecular cues. Thus, axon guidance molecules are responsible
for guiding the navigating axon toward its target area, while other adhesion or ligand-receptor
molecules specify the synapse formation within the target area. However, accumulative evidence has
shown that axon guidance molecules can regulate the localization and formation of pre- and post-
synaptic components during synapse formation. These results demonstrate a role for axon guidance
molecules in synapse formation and provide insight into how axon guidance and synapse formation
are coordinated at the molecular level.

Introduction

The hallmark of our nervous system is its ability to propagate information. This unique feature
relies on proper establishment of the entire network of neuronal connections. Axon guidance
and synapse formation are two distinct, but closely related, developmental processes that are
essential for establishing functional neuronal connections in our nervous system. In the past
decades, much progress has been made toward understanding the molecular and cellular
mechanisms underlying these processes[1-6].

In the process of axon guidance, it is recognized that the entire axon trajectory can be divided
into short steps with each controlled by intermediate targets or “guideposts”[1,2,7]. During
development, the growth cone at the tip of the axon navigates the microenvironment between
the guideposts until it reaches its final target area (Figure 1a). The guidance of the growth cone
between each guidepost depends on the actions of four groups of environmental cues: long-
range chemoattractants and chemorepellents, and short-range contact-mediated attractants and
repellents. The cues that are involved are generally regarded as axon guidance molecules, and
their functions are well conserved among species[1,2].

After a growing axon reaches its target area, its terminal starts to branch into multiple tiny
arbors to initiate the next developmental process — the formation of synapses (Figure 1b).
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Synapses are often formed at the end of the axon, but there are also en passant synapses that
occur along interior axon segments (Figure 2). Synapse formation involves at least three major
stages: (1) localized cellular interactions or adhesions between presynaptic axons and
postsynaptic cell body or dendrites, (2) presynaptic differentiation to build up synaptic
transmission machinery, and (3) specialized postsynaptic differentiation to receive
neurotransmitter signals[3-6]. Although it has been well recognized that specific pre- and post-
synaptic components exist in neurites before actual contacts occur, many studies have shown
that stable cell-cell contact promotes the accumulation of these synaptic components to the
nascent synapse[3-6]. Because of the requirement of synaptic diversities in the peripheral and
central nervous systems, multiple signaling cues are often required to specify the formation of
synapses. Several specific adhesion molecules and ligand-receptor pairs have been identified
as synaptogenic molecules[8].

Accumulative evidence has shown that axon guidance molecules also play an important role
in regulating synapse formation. These previously known molecules are able to determine
synaptic sites and regulate the pre- or post-synaptic differentiations. Here, we review recent
findings about how major groups of axon guidance molecules regulate synapse formation and
summarize their major functions. Two morphogens, BMPs (bone morphogenic proteins) and
Whts, are also included in the discussion because of their newly recognized roles in axon
guidance[9,10]. Due to space limitations, cell surface adhesion molecules like cadherins and
members of the immunoglobulin (1g) superfamily are not discussed. The roles of these
molecules in synapse formation can be found elsewhere[3,11,12].

Main text of review

Diffusible netrins determine the distribution of presynaptic components during synapse

formation

In axon guidance, netrinfUNC-6 acts as a chemoattractant through the DCC/UNC-40 receptor
or as a chemorepellent through the UNC-5 receptor. Two recent studies in C. elegans show
that netrin/UNC-6 can function in synapse formation by regulating the assembly of presynaptic
component proteins[13,14]. Similar to its functions in axon guidance, netrin/UNC-6 either
facilitates or excludes the presynaptic protein assembly.

The pro-synaptogenic activities of netrin/UNC-6 are demonstrated in the synapse formation
between the pre-synaptic Al'Y neuron and the postsynaptic RIA neuron in C. elegans [13]. A
mutation in the DCC/unc-40 gene was isolated from a visual genetic screen for mutants with
perturbed pre-synaptic marker distribution in AlY. Mosaic analysis indicates that the DCC/
UNC-40 functions in the pre-synaptic Al'Y neuron. The netrinfUNC-6 cue is secreted from the
glia-like sheath cell that contacts both AlY and RIA in the synaptogenic region. Mutants with
distended sheath cell morphology exhibit ectopic synapse formation at previous asynaptic
areas. These results indicate that netrin/UNC-6 from the sheath cell, which in a sense is similar
to the guidepost cell in axon guidance, dictates where the synapse can be formed in the AlY
axon by recruiting the presynaptic components.

Netrin/UNC-6 can also exclude presynaptic assembly through the UNC-5 receptor[14]. In C.
elegans, the DA9 motor neuron is located on the ventral side with its dendrite extending along
the ventral nerve cord. The DA9 axon, however, is repelled by a high ventral low dorsal netrin/
UNC-6 gradient in early development and guided dorsally to reach the dorsal cord, where it
forms en passant synapses with dorsal muscle cells. In wild-type animals, the presynaptic
components of DA9 only accumulate in the dorsal segment of the axon and are totally excluded
from the dendrite, while in unc-5 mutant animals, ectopic presynaptic components are
assembled in the dendrite. A silencing intron cassette to specifically remove UNC-5 after the

Curr Opin Neurobiol. Author manuscript; available in PMC 2010 October 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen and Cheng

Page 3

guidance of the DA9 axon was used to confirm that the synaptic exclusion effect of UNC-5 is
specific, and ectopic netrin/UNC-6 results in elimination of synapses in nearby axon segments.

The studies in the C. elegans DA9 neuron demonstrate the combinatorial effects of different
axon guidance molecules on synapse formation. As will be discussed later, the high posterior
low anterior wnt/LIN-44 gradient also regulates the distribution of synapses in the DA9 axon.
Together with the ventral-dorsal netrin/UNC-6 gradient, these two sets of diffusible cues
cooperate to determine the location of presynaptic assembly in the axon by exclusion
mechanisms. Earlier mutant analysis in Drosophila also suggests that coordination between
netrin and semaphorin signals regulates target selection in the peripheral neuromuscular
junction (NMJ)[15,16]. Thus, as in axon guidance, synapse formation can be regulated by the
coordinated actions of the pro- and anti-synaptogenic cues in the target area (Figure 2).

Bidirectional signaling of ephrin and Eph at the synaptic site regulates synapse formation

Eph receptors are a subfamily of receptor tyrosine kinases that bind to membrane-associated
ligands, ephrins. They mediate short-range contact interactions. One unique feature of ephrin/
Eph interactions is the bidirectional signaling toward either the Eph-expressing cell (forward
signaling) or the ephrin-presenting cell (reverse signaling)[17]. The roles of ephrin/Eph during
synapse formation are both presynaptic and postsynaptic.

The first evidence suggesting the involvement of ephrin/Eph in synapse formation is from the
finding that EphB receptors form protein complexes with glutamatergic NMDA receptors and
the binding of ephrinB1 to EphBs induces clustering of EphBs and NMDA receptors[18]. In
the triple knockout mice of EphB1, EphB2, and EphB3, the formation of glutamatergic
synapses and dendritic spines are impaired[19,20] and the motility of postsynaptic dendritic
filopodia is reduced[21]. These findings establish the role of EphB forward signaling in
postsynaptic receptor clustering and cytoskeletal remodeling.

The involvement of ephrinB1 reverse signaling in the presynaptic differentiation has been
demonstrated in the Xenopus retinotectal system[22]. Infusion of fusion of extracellular EphB2
with immunoglobulin Fc (EphB2-Fc) in retina ganglion cells (RGCs) activates ephrinB1 and
promotes presynaptic specialization, while expression of dominant negative ephrinB1 to block
the ephrinB1/EphBs interactions reduces synaptic density and presynaptic neurotransmitter
release. Furthermore, EphB2 expressed in fibroblasts is sufficient to promote the accumulation
of presynaptic synaptic vesicles in the axons from cortical neurons[20]. However, ephrinB
reverse signaling is not restricted to the presynaptic neurons. Application of EphB2-Fc in
hippocampal neuronal culture increases the number of postsynaptic dendritic spines[23].
EphB2-Fc application also inhibits AMPA receptor internalization postsynaptically[24,25].
Importantly, these in vitro results are supported by in vivo analysis of mutant mice: the number
of excitatory synapses in the hippocampal CAL region is reduced in ephrinB3 knockout mice
[26], and the AMPA receptor stabilizing effect of ephrinB reverse signaling is disrupted in
ephrinB2 mutant mice. Taken together, ephrinB reverse signaling can regulate both pre- and
post-synaptic differentiations during synapse formation. It is important to note that trans-
synaptic binding between ephrin and Eph might also be essential for synapse formation. Recent
in vitro studies show that rescuing postsynaptic dendritic filopodia motility without trans-
synaptic ephrin/Eph binding is not sufficient to restore synaptic formation defects in EphB1-3
triple mutant mice[21].

EphrinA and EphA signaling has also been implicated in synapse formation. The activation of
EphA4 in hippocampal slice culture by ephrinA3 induces spine retraction in postsynaptic
neurons[27]. In EphA4 knockout mice, distorted spines are observed, suggesting that EphA4
regulates postsynaptic spine morphology. EphA4 forward signaling is associated with cdk5
activation and results in ephexinl phosphorylation[28]. This then regulates the activation of
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the small GTPase RhoA, which is involved in cytoskeletal dynamics. These data suggest a role
for EphA4 forward signaling in postsynaptic cytoskeletal regulation, but whether such
regulation is sufficient to affect synapse formation is still unclear.

Both transmembrane and diffusible semaphorins contribute to synapse formation

Earlier studies in Drosophila have indicated that semaphorins play a role in synapse formation
[29,30]. Two transmembrane class 4 semaphorins have recently been shown to regulate
postsynaptic differentiation in an RNAI based genetic screen[31]. Knockdown of Sema4B in
cultured hippocampal neurons reduces the density of postsynaptic PSD-95 but not presynaptic
synapsin | puncta, suggesting a role for Sema4B in post-synaptic specialization of
glutamatergic synapses. This finding is consistent with a previous report that Sema4B interacts
with PSD-95 and localizes to PSD-95 containing synapses[32]. In contrast, knockdown of
Sema4D down-regulates GABAergic, but not glutamatergic, synapse density through a
specific reduction in the number of postsynaptic GABA receptors. Analysis of knockout mice
also suggests the involvement of Sema4D in GABAergic synapse formation. Although it is
still unclear whether or not Semad4 reverse signaling is involved, these results reveal the specific
requirements of different members of the class 4 semaphorins in the development of excitatory
and inhibitory synapse formation.

Diffusible semaphorins are also involved in synapse formation, but the mechanisms are far
from clear. Sema3A has been shown to promote both pre- and post-synaptic differentiations
when applied to cultured cortical neurons[33,34]. These effects depend on cdk5 and crmpl.
Consistent with this, analysis of Sema3A or crmpl knockout mice shows lower dendritic spine
density in layer V cerebral cortex. In contrast, Sema3F mutant mice exhibit an increased
number of dendritic spines in both hippocampal and layer V cortical neurons[36], and Sema3F
signaling is required for synapse elimination before axon pruning in hippocampal and cortical
neurons[37,38]. How the two diffusible semaphorins exhibit such different effects is not clear.
Diffusible semaphorins were initially identified as chemorepellents, but some of them are
known to be chemoattractants as well [39]. In addition, Sema3A has also been shown to regulate
axoplasmic transport, which is independent of its repellent activities[40]. These findings
highlight the complexity of these semaphorins’ functions and might explain why various effects
have been observed. Further studies are required to pinpoint the functions of diffusible
semaphorins in synapse formation.

Diffusible slit may inhibit synaptogenesis

There had been very few reports on the role of slits and robos in synapse formation [41], but
one recent study in the zebrafish retinotectal system revealed a possible role for slit-robo
signaling in inhibiting synapse formation[42]. Loss of either slitla or robo2 causes increases
in the complexity of RGC arbors and the number of synaptic puncta and area. The effects of
robo2 in RGCs are cell-autonomous. Time-lapse imaging of RGC further demonstrates that
arborization and synaptogenesis mature faster in robo2 mutants or slitla morphants. Together,
these findings indicate that slitla in the tectum prevents RGC axons arborization and
synaptogenesis probably by regulating cytoskeleton dynamics. The mechanism may be
presynaptic, since the role of robo2 is cell-autonomous in presynaptic RGC axons.

BMPs have arole in presynaptic growth

BMPs are members of the TGF-f superfamily. They bind to a receptor complex of type | and
type Il receptors and activate the signaling molecule receptor Smad (R-Smad). Activated R-
Smad then associates with common mediator Smad (co-Smad) and translocates into the nucleus
to regulate transcriptional activities[43].
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Previous studies at the Drosophila NMJ indicate BMPs regulate presynaptic growth. Mutations
in BMP, their receptors, or signaling molecules cause impaired neurotransmitter release and
reduced synaptic size and number[44-47]. A Smad-independent LIMK pathway has also been
reported to mediate BMP receptor’s presynaptic function[48]. Recent reports further indicate
that presynaptic BMP receptors at the Drosophila NMJ are regulated by endocytic trafficking.
Such regulation can be controlled by NIPA1/spichthyin, vps35 and nerve wreck. Mutations in
these genes affect the presynaptic BMP signaling and synapse formation[49-51]. Recent
studies in mutant mice also suggest that BMP signaling regulates synapse formation. Chordin
is a secreted extracellular antagonist of BMP signaling. Chordin mutant mice exhibit increased
frequency of mESPC and enhanced paired-pulse facilitation, suggesting its role in controlling
presynaptic transmitter release[52].

Wnt signaling has diverse pre- and post-synaptic effects

Whit signaling has long been recognized to promote presynaptic differentiation. Studies in
mouse cerebellum and spinal cord sensory-motor connection demonstrate that Wnts are
secreted from the postsynaptic neurons and function as retrograde signals to induce the
accumulation of presynaptic components during synapse formation[53]. In vivo analysis of
mutants of wnt-7a or its receptor dishevelled-1 reveals defect in presynaptic protein assembly
[53-55]. At the Drosophila NMJ, Wnt/Wingless regulates presynaptic microtubule dynamics
and assembly of presynaptic proteins, although Wnt/Wingless is secreted from presynaptic
fibers and might act in an autocrine fashion [56,57].

Whtsignaling also participates in post-synaptic differentiation. At the vertebrate NMJ, the Wnt
receptor, Dishevelled, interacts with MuSK (muscle-specific kinase) to activate PAK1 kinase
and regulate the clustering of postsynaptic acetylcholine receptors (AChRs)[58]. Recent
studies further demonstrate that Wnt11r is the ligand that binds to MuSK/unplugged and
induces AChR clustering in the NMJ in zebrafish[59] and that Wnt works with agrin, the ligand
of MuSK, to promote the AChR aggregation at the NMJ[60]. The effects of Wnt signaling on
postsynaptic development are also observed at the Drosophila NMJ[56], and an unexpected
nuclear translocation and transcription regulation mechanism has been proposed[61].

In addition to pro-synaptogenic activity, Wnt signaling can inhibit synapse formation. In C.
elegans, Wnt/Lin-44 is expressed in a high posterior-low anterior gradient to prevent the
presynaptic protein assembly of DA9 axon at the tail region[62]. In wnt/lin-44, frizzled/
lin-17 or dishevelled/dsh-1 mutant animals, ectopic presynaptic proteins accumulate in the
otherwise asynaptic region. At the Drosophila NMJ, Wnt-4 has been identified as a local
repulsive cue for target discrimination[63].

Finally, it is interesting to note that the effects of BMPs and Wnts on synapse formation seem
to be complimentary. For example, at the Drosophila NMJ, the wnt mutants have ghost boutons
- boutons that contain synaptic vesicles but without active zone and post-synaptic specialization
[56]. In contrast, mutants of BMP signaling often exhibit defects in transmitter release though
they have intact active zones[44,45]. In addition, Wnt signaling seems to involve presynaptic
microtubule remodeling[56,57], while BMP signaling is likely to control presynaptic actin
dynamics[48]. Together, these results imply that morphogens such as BMPs and Wnts may
function complimentarily in many aspects of development to, for example, pattern the wing
formation during development, guide the projection of commissural axons in the spinal cord,
and control synapse formation.
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Conclusions

An emerging picture of the functions of axon guidance molecules in synapse formation

A general picture of how axon guidance molecules contribute to synapse formation is beginning
to emerge from the studies summarized above. Guidepost cells within the target area —
resembling the guideposts in axon guidance — help define microenvironments for the axon
terminal arbors to determine their final synaptic contact points (Figure 1b and 2). Axon
guidance molecules in the target area establish a local field composed of pro- and anti-
synaptogenic cues to control synapse formation. The pre- and post-synaptic cells sense these
combinatorial signals to determine the subcellular distributions of synaptic components and
the specific synaptic contact. Thus, axon guidance molecules use similar molecular
mechanisms in axon guidance - chemoattraction, chemorepulsion, contact-mediated attraction
or contact-mediated repulsion - to specify synapse formation.

One unique feature in synapse formation is the induction of specific pre- and post-synaptic
differentiation. Current evidence indicates that axon guidance molecules play roles in synaptic
differentiation. Further studies are required to address how they regulate the cytoskeletal
dynamics and the transport of various synaptic components to the synaptic sites. It will be
interesting to learn whether similar signaling mechanisms are utilized for both axon guidance
and synapse formation, and how axon guidance molecules are regulated temporally and
spatially so that ectopic synapses are not formed. Finally, it will also be interesting to know
how some axon guidance repellents, such as ephrins and transmembrane semaphorins, switch
to promote synapse formation after the axons reach their target area. Future studies on how
these axon guidance molecules coordinate with synaptogenic adhesion molecules to facilitate
synapse formation might provide answers to some of these questions and allow us to better
understand the highly specialized process of synapse formation.
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Figure 1. Schematic illustrations of the processes of axon guidance and synapse formation

(a) The axon trajectory can be divided into multiple segments between guideposts. The
guidance process between each guidepost is mediated by four types of forces, long-range
chemoattraction or chemorepulsion, and short-range contact-mediated attraction or contact-
mediated repulsion. (b) Synapse formation is a process of forming specialized pre- and post-

synaptic structures for neurotransmission. It includes cell-cell contact, assembly of the

presynaptic active zone for neurotransmitter release, and clustering of postsynaptic receptors
in the post-synaptic density (PSD). Guideposts within the target area can provide spatial cues

to instruct synapse formation.

Curr Opin Neurobiol. Author manuscript; available in PMC 2010 October 12.



1dudsnuely Joyiny vd-HIN 1dudsnuely Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Chen and Cheng Page 12

Axon terminal synapse en passant synapse

Axon ©0 ¢
- il 00 qb.oo

(e]e)
A?V
( “C: “ )

Postsynaptic Target

Q

Postsynaptic Target l P &

— =

Chemoattraction Chemorepulsion
Presynaptic Presynaptic
Netrin, Sema, Netrin, Sema,
BMP, Wnt Slit, Wnt
Postsynaptic Postsynaptic
Whnt, Sema Sema
Contact-mediated  Contact-mediated
Attraction Repulsion
Contact Postsynaptic Syn.aptic<D Active Presynaptic Presynaptic
Repellant Receptors Vesicle Zone Ephrin/Eph, Sema Ephrin/Eph
Contact @Postsynaptic __Actin & Transport ~ Postsynaptic Postsynaptic
Attractant Density Filament Vesicles Ephrin/Eph, Sema Ephrin/Eph

Figure 2. Mechanisms of axon guidance molecules in synapse formation

Four general molecular mechanisms are utilized by axon guidance molecules to regulate
synapse formation. Molecular attractions have pro-synaptogenic effects, while molecular
repulsions result in anti-synaptogenic effects. Chemoattractants (green radial gradient) regulate
subcellular cytoskeletal dynamics to facilitate synapse formation and recruit synaptic
components to build up neurotransmission machinery in pre- and post-synaptic cells. Contact-
mediated attractants (green bar) use similar mechanisms to stabilize the initial synaptic contact
and promote the maturation of pre- and post-synaptic structures. In contrast, chemorepellents
(red radial gradient) and contact-mediated repellents (red bar) have opposite effects to inhibit
synapse formation.
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