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Wnt proteins play important roles in wiring neural cir-

cuits. Wnts regulate many aspects of neural circuit gen-

eration through their receptors and distinct signalling

pathways. In this review, we discuss recent findings on

the functions of Wnts in various aspects of neural circuit

formation, including neuronal polarity, axon guidance,

synapse formation, and synaptic plasticity in vertebrate

and invertebrate nervous systems.
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Introduction

Wnt proteins are key regulators of a variety of developmental

processes, including embryonic patterning, cell specification,

and cell polarity (van Amerongen and Nusse, 2009; Budnik

and Salinas, 2011). Recent studies have started to reveal that

Wnt signalling plays important roles in various aspects of

synaptic development and plasticity. Wnt proteins are

involved in regulating axon guidance, dendritic morpho-

genesis, and synapse formation and thus contribute to the

formation of neural connectivity (Salinas, 2005; Speese and

Budnik, 2007).

Many in vitro and in vivo experiments have demonstrated

the function of Wnts in guidance and polarity of neuronal

axons. The in vivo role of Wnts in establishing neuronal

polarity has been studied mainly in C. elegans by investigat-

ing anterior (A) and posterior (P) neuronal polarity (Hilliard

and Bargmann, 2006; Prasad and Clark, 2006). Wnts

modulate axon pathfinding, and can generate both

attractive and repulsive responses through diverse receptors

and signalling pathways; most likely, Ryk/Derailed receptor

mediates repulsive responses, whereas Fz/LIN-17-type

receptors mediate attractive responses. Interestingly, Wnts

play roles in synaptogenesis by both promoting and inhibiting

synapse formation. These synapse-promoting and synapse-

inhibiting effects of Wnts are related to the activation of

canonical and non-canonical Wnt signalling pathways,

respectively (Davis et al, 2008). Furthermore, recent work

has provided evidence that Wnt signalling is essential for

synaptic plasticity and neurotransmission. It has been

reported that neuronal activity regulates trafficking of

Wnt signalling molecule to and out of synapses, and this

contributes to activity-mediated synapse remodelling (Sahores

et al, 2010). In hippocampal slices, Wnt signalling affects long-

term potentiation (LTP; Chen et al, 2006).

In this review, we discuss recent findings on the functions

of Wnts in the various aspects of neural circuit formation,

including neuronal polarity, axon guidance, synapse forma-

tion, and synaptic plasticity in the nervous system.

Wnts in neuronal polarity

The most salient morphological features of neuronal cells are

the highly polarized neurites which include both axonal and

dendritic processes. The proper compartmentalization of

membrane and cytosolic contents of axons and dendrites is

critical for the development and function of neurons. While

axodendritic polarity can be achieved in dissociated neuron

culture (Dotti et al, 1988), suggestive of its cell-intrinsic

origin, it is likely that extracellular cues function to regulate

the development of axons and dendrites in vivo. The in vitro

and in vivo aspects of Wnt functions in neuronal polarity

have been studied mainly in cultured hippocampal neurons

and C. elegans, respectively. In C. elegans, Wnts regulate both

anterior (A) and posterior (P) neuronal polarity. Based on the

specific combination of Wnts and Wnt receptors, neuronal

axons can be guided towards or away from the Wnt source.

In C. elegans, the posterior lateral microtubule (PLM) and

anterior lateral microtubule (ALM) mechanosensory neurons

exhibit distinct A-P axon-dendrite polarity (Figure 1). The cell

bodies of PLM neurons are located in the posterior lumbar

ganglion. Two processes extend from these cell bodies: a long

anterior process that extends towards the centre of the

animal, and a short posterior process that extends towards

the tail. As indicated by their name, ALM neurons have cell

bodies located in the anterior half of the animal. ALM

neurons extend a single long process towards the head, and

this long process has a short ventral branch.

A-P axon polarity is shaped by Wnt/LIN-44 through its

interaction with Frizzled/LIN-17 receptors (Hilliard and

Bargmann, 2006; Prasad and Clark, 2006; Figure 1). In

lin-44 and lin-17 mutants, the polarity of PLM neurons is

reversed, with the long process containing presynaptic com-

ponents posterior instead of anterior to its cell body. LIN-17 is

asymmetrically localized to the posterior process of PLM

neurons, and its localization is LIN-44 dependent. In a similar
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way, the polarity of ALM neurons is reversed in cwn-1 egl-20

Wnt double mutants, suggesting that neuronal polarity in

different body regions is regulated by different Wnt signals

(Figure 1). The effects of the two Wnts, CWN-1 and EGL-20,

on ALM polarity are antagonized by the action of another

Wnt–LIN-44 (Prasad and Clark, 2006; Fleming et al, 2010).

Recently, a cell surface Ig superfamily protein (IgSF), RIG-3,

has been reported to regulate the A-P polarity of ALM neurons

(Babu et al, 2011). The effect of RIG-3 on ALM polarity is

mediated by changes in Wnt signalling. Inactivating RIG-3

reduces the severity of ALM polarity reversal defects in cwn-1;

egl-20 double mutants. This effect of RIG-3 on ALM polarity is

mediated by inhibition of CAM-1, an Ror-type receptor

tyrosine kinase that binds Wnt ligands. Together, these

results suggest that RIG-3 is a regulator of Wnt signalling.

The retromer, a multiprotein complex involved in intracel-

lular trafficking, such as transcytosis and endosome-to-Golgi

trafficking, functions in the establishment of the Wnt gradient

formed by EGL-20 (Coudreuse et al, 2006; Prasad and Clark,

2006). Deletion mutations in retromer subunits also cause

defects in ALM and PLM axon polarity and other Wnt-related

signalling (Prasad and Clark, 2006). How is Wnt secretion

regulated by membrane trafficking? DPY-23, the C. elegans

mu subunit of the clathrin adaptor AP-2, mediates the

endocytosis of membrane proteins. dpy-23 mutants display

a neuronal polarity defect similar to those found in Wnt

mutants, suggesting that DPY-23 might be required in Wnt

signalling (Prasad and Clark, 2006; Pan et al, 2008). MIG-14,

the homologue of the Wnt secretion factor Wntless, acts to

control Wnt function. In dpy-23 mutants, MIG-14 accumu-

lates at or near the plasma membrane, whereas in retromer

mutants, MIG-14 accumulates in intracellular compartments.

These results suggest that intracellular trafficking of MIG-14

by AP-2 and the retromer plays an important role in Wnt

secretion. Together, these data provide a link between

membrane trafficking and secretion of Wnts.

Studies in cultured hippocampal neurons have demon-

strated that the Par3-Par6-atypical protein kinase C (aPKC)

polarity complex is involved in axonal polarity determination

(Shi et al, 2003; Nishimura et al, 2004). Importantly, in

cultured hippocampal neurons, aPKC is directly regulated

by the Wnt signalling molecule, Dvl (Zhang et al, 2007;

Figure 1). Downregulation of Dvl disturbs axon specification,

whereas overexpression of Dvl results in the formation of

multiple axons. Interestingly, association of Dvl with aPKC

can stabilize and activate aPKC. Wnt5a, a non-canonical

Wnt, activates aPKC and promotes axon differentiation. The

Wnt5a effect on axon differentiation is attenuated by down-

regulation of Dvl or inhibition of aPKC. These results together

suggest that interaction between Dvl and aPKC can promote

axon differentiation mediated by the PAR3–PAR6–aPKC com-

plex. However, in Drosophila, deletion of the Par3–Par6–aPKC

complex does not result in detectable defects in axon-dendrite

polarity (Rolls and Doe, 2004). Therefore, Wnt’s role in

neurite polarity in mammalian systems needs to be further

explored by in vivo experiments.

Wnts in axon guidance

Long-distance navigation by axons during development is

critical for the correct wiring of circuits; both diffuse and

membrane-attached cues play important roles in this process

(Tessier-Lavigne and Goodman, 1996). Axon guidance along

the A-P axis is controlled mainly by Wnts and their receptors

(Killeen and Sybingco, 2008). A large body of evidence

suggests that Wnts modulate axon pathfinding and target

selection. Furthermore, through diverse receptors and

signalling pathways, Wnts can generate both attractive and

repulsive responses.

In nervous systems with bilateral symmetry, many neurons

project axons across the midline to the opposite side through

commissures. In Drosophila, ectopic expression of DWnt5

leads to specific disruption of the commissural axon tracts

of the central nervous system (Fradkin et al, 1995), likely

indicating a role for DWnt5 in axonal growth in the midline. In

a subsequent study, Yoshikawa et al (2003) showed that

DWnt5 acts as a repulsive signal through Derailed, an

atypical receptor-tyrosine kinase that keeps the axons out of

the posterior commissure. In vertebrate systems, Wnt5a

gradients surround the corpus callosum and guide callosal

axons after crossing the midline (postcrossing) by Wnt5a-

induced repulsion via Ryk (receptor related to tyrosine

kinase), the vertebrate homologue of Drosophila Derailed

(Hutchins et al, 2011, 2012). Ryk receptor knockdown by

siRNA reduces outgrowth rates of postcrossing but not

precrossing axons and causes axon misrouting. Interestingly,

axon guidance defects with Ryk knockdown result from

reduced calcium activity (Hutchins et al, 2011, 2012). In the

corpus callosum, inhibition of calcium/calmodulin-dependent

kinase II (CaMKII) causes severe guidance errors that result

from reduced Wnt-mediated repulsion.

In rodents, Wnt1 and Wnt5a are expressed in the dorsal

spinal cord as a gradient in the A-P axis. This Wnt gradient

attracts ascending somatosensory axons that project from the

spinal cord to the brain and repel descending corticospinal

tract (CST) axons in the opposite direction that grow from the

brain to the spinal cord (Dickson, 2005; Liu et al, 2005). The

repulsive activity of Wnt5a is mediated by Ryk (Keeble et al,

2006), which is expressed in CST axons. Intrathecal injection

of anti-Ryk antibodies blocks the posterior growth of CST

axons. In Ryk-deficient mice, cortical axons project aberrantly

across the major forebrain commissure, the corpus callosum

(Keeble et al, 2006). Therefore, Wnt5a acts as a chemore-

pulsive ligand for Ryk, driving callosal axons towards the

contralateral hemisphere after crossing the midline. In

addition to the chemorepulsive functions described in the

above studies (Yoshikawa et al, 2003; Liu et al, 2005; Keeble
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Figure 1 Wnts regulate neuronal polarity. In C. elegans, ALM neu-
ronal polarity is shaped by the Wnts CWN-1 and EGL-20 and the Ror
receptor CAM-1, whereas PLM neuronal polarity is shaped by the
Wnt LIN-44 and the Fz receptor LIN-17. Note that the Wnt (LIN-44,
CWN-1, EGL-20) gradients high in posterior and low in anterior.
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et al, 2006), Ryk is also reported to be required for attractive

responses to Wnt3 in dorsal root ganglion (DRG) cell axons

(Lu et al, 2004). In Ryk-deficient mice, DRG axons exhibit

defects in Wnt3-mediated attraction. Together, these data

indicate that Wnt-Ryk-calcium is a conserved signalling

pathway essential for the proper guidance of axons.

A number of experiments also suggest that Wnt can attract

axonal growth cones. Commissural neurons in the vertebrate

dorsal spinal cord project axons ventrally towards

the floor plate, where they cross the midline and turn ante-

riorly towards the brain. Wnt4, which is expressed in a

decreasing A to P gradient, attracts postcrossing commissural

axons (Lyuksyutova et al, 2003). In mice lacking the Wnt

receptor Frizzled-3, commissural axons exhibit A-P guidance

defects after midline crossing. Thus, Wnt-Frizzled signalling

directs spinal cord commissural axons to turn anteriorly after

midline crossing through an attractive mechanism. aPKC is

required for this Wnt4-mediated attraction of commissural

axons and proper A-P pathfinding. In addition, PI3K could

act as a switch to activate Wnt responsiveness during midline

crossing (Wolf et al, 2008). Specific blockade of aPKC

signalling causes commissural axons to turn randomly along

the A-P axis. Overexpression of p110g, the catalytic subunit of

PI3Kg, causes precocious anterior turning of commissural

axons before midline crossing. Outside of the spinal

cord, monoaminergic neurons, such as serotonergic (5-HT)

and dopaminergic (mdDA) neurons in the brainstem,

project axons along the A-P axis. In Frizzled-3 mutant mice,

monoaminergic axons exhibit A-P guidance defects, and many

cell bodies of 5-HT and mdDA neurons are oriented

abnormally along the direction of their aberrant axon

projections (Fenstermaker et al, 2010). These data suggest

that Wnt signalling may be a global A-P guidance

mechanism, underlying axonal and cellular organization.

In C. elegans, Wnts act directly on the mechanosensory

neuron PLM via the Frizzled/LIN-17 pathway, and this path-

way is required for axon branching and anteriorly directed

axon growth (Prasad and Clark, 2006). In Drosophila, the

axons of retinal photoreceptor cells extend to the first optic

ganglion, the lamina, and DWnt4 acts as the ventral cue for

the lamina (Sato et al, 2006). In DWnt4 mutants, ventral

retinal axons misproject to the dorsal lamina. Drosophila

Frizzled-2 (DFz2) and Dvl mutants also cause DWnt4

mutant-like defects. In zebrafish, Wnt11r organizes the

central muscle zone by binding to the unplugged/muscle-

specific kinase (MuSK) ectodomain (Jing et al, 2009).

Inducible unplugged/MuSK transgene showed that

organization of the central muscle zone is essential for

motor growth cone guidance. Blockade of Dishevelled

signalling in muscle fibres causes a growth cone guidance

defect. Thus, it is supposed that Wnt activates unplugged/

MuSK signalling in muscle fibres to guide growth cone.

In summary, Wnt signalling plays conserved roles in guid-

ing axons to their destinations. Because of the distribution of

Wnt-secreting cells, diffuse gradients of Wnt molecules are

established. Axons interpret these gradients with receptors on

their growth cones. The majority of the experimental data

support the notion that the Ryk/Derailed receptor mediates

repulsive responses, while Fz/LIN-17-type receptors mediate

attractive responses. Therefore, the logic of axonal migration

patterns is determined both by the nature of the Wnt gradient

and by the receptors expressed by neurons.

Wnts in synaptogenesis

A large body of evidence suggests that Wnts also play

important roles in the development and function of synapses.

This question has been tested in both vertebrate and inverte-

brate models. Interestingly, Wnts have been found to pro-

mote synapse formation in some cases and to inhibit synapse

formation in other cases, suggesting that the actions of Wnts

in synapse formation and maintenance are complex.

Wnts in cerebellar granule cell neurons have been reported

to be involved in the maturation of neuronal connections

(Lucas and Salinas, 1997; Hall et al, 2000). In the cerebellum,

mossy fibres undergo extensive remodelling as they contact

several granule cells and form complex, multisynaptic

glomerular rosettes. Axon and growth cone remodelling in

mossy fibres is blocked by the Wnt antagonist Sfrp-1

(secreted Frizzled-related protein-1; Bovolenta et al, 2008)

and accelerated by Wnt7a, which is expressed by granule

cells (Hall et al, 2000). Wnt7a also induces synapsin I

clustering at remodelled areas of mossy fibres. In Wnt7a

knockout mice, the morphological maturation of glomerular

rosettes and the clustering of synapsin I are delayed (Hall et al,

2000), suggesting that Wnt7a functions as a synaptogenic factor

to promote the formation of complex presynaptic terminals.

A number of signalling molecules in Wnt pathways have also

been implicated in synapse development. Similarly to the effect

of Wnt7a, inhibition of Gsk3b, a serine/threonine kinase, leads

to axonal remodelling and clustering of synapsin I in developing

neurons (Hall et al, 2000, 2002). Loss of function of Dvl1

mimics and enhances the Wnt7a phenotype in the cerebellum

(Ahmad-Annuar et al, 2006), indicating a requirement for Dvl1

function. Electrophysiological recordings at mossy fibre-granule

cell synapses in Wnt7a Dvl1 double-mutant mice revealed a

significant decrease in the frequency but not the amplitude of

miniature excitatory postsynaptic currents (mEPSCs),

suggesting a defect in presynaptic neurotransmitter release

(Ahmad-Annuar et al, 2006). Deficiency in Wnts affects the

localization of synaptic proteins but does not affect their

expression levels (Ahmad-Annuar et al, 2006). Taken together,

these findings demonstrate that Wnt7a acts as a retrograde

signal to regulate presynaptic assembly through Dvl- and

Gsk3b-mediated signalling pathways (Figure 2).

Parallel fibres

Granule cells

Wnt7a Wnt5a

Frizzled-5

Wnt7a

Dvl1

Presynaptic
differentiation

Presynaptic differentiation

Mossy fibres

Gsk3β

A B

Figure 2 Wnts are involved in synaptogenesis by promoting
synapse formation. (A) In the cerebellum, Wnt7a acts as a retro-
grade signal to regulate presynaptic assembly through Dvl- and
Gsk3b-mediated signalling pathways. (B) In hippocampal neurons,
Fz5 is required for Wnt7a-mediated synapse formation. The activa-
tion of Wnt7a increases presynaptic inputs, whereas the activation
of Wnt5a decreases the number of presynaptic terminals.
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Similarly, in rat hippocampal neurons, Wnt7a was found to

stimulate clustering of presynaptic proteins and induce recy-

cling and exocytosis of synaptic vesicles using FM dyes

(Cerpa et al, 2008). Electrophysiological analysis on adult

rat hippocampal slices showed that Wnt7a, but not Wnt5a,

decreases paired pulse facilitation and increases mEPSC

frequency, resulting in an increase in neurotransmitter

release in CA3-CA1 synapses (Cerpa et al, 2008). These

results indicate that Wnt signalling modulates the

presynaptic function of rat hippocampal neurons. Frizzled-5

(Fz5) is expressed during the peak of synapse formation and

localizes to synaptic sites in the hippocampus (Sahores et al,

2010). Expression of Fz5 increases the number of presynaptic

sites, whereas knockdown of Fz5 blocks the ability of Wnt7a

to promote synaptogenesis. In hippocampal neurons,

therefore, Fz5 is required for Wnt7a-mediated synapse

formation (Figure 2).

Interestingly, the synapse-promoting and synapse-inhibit-

ing effects of Wnt proteins are related to the activation of

canonical and non-canonical Wnt signalling pathways,

respectively (Davis et al, 2008). In hippocampal cultures,

activation of the canonical Wnt7a pathway increases

presynaptic inputs, whereas activation of non-canonical

Wnt5a signalling pathway decreases the number of

presynaptic terminals (Figure 2). In addition to having a

presynaptic function (Davis et al, 2008), several studies

indicate that Wnt5a also has postsynaptic function (Farias

et al, 2009; Cuitino et al, 2010). Wnt5a induces clustering of

PSD95 and promotes the recruitment of a diffuse pool of

PSD95 to the membrane pool to form new PSD95 clusters in

dendritic spines (Farias et al, 2009). Moreover, Wnt5a acting

as a non-canonical ligand functions through a JNK-dependent

signalling pathway to regulate PSD95 distribution. Wnt5a

increases the amplitude of glutamatergic synaptic

transmission without affecting paired pulse facilitation,

indicating a postsynaptic mechanism. Furthermore, Wnt5a

also appears to regulate postsynaptic specializations in

inhibitory synapses in the hippocampus (Cuitino et al,

2010). Wnt5a induces GABA(A)-Rs insertion and clustering

in the membrane, increases the amplitude of GABA currents,

and increases the recycling of GABA(A)-Rs. Interestingly, all

of these effects on GABA(A)-Rs are mediated by CaMKII.

Therefore, Wnt-5a, through CaMKII activation, induces the

recycling of functional GABA(A)-Rs on mature hippocampal

neurons.

Most studies on Wnt7a functions have indicated that

Wnt7a is involved in the formation of presynapses.

Recently, however, Wnt7a has also been reported to support

postsynaptic function (Ciani et al, 2011). Wnt7a and

postsynaptic expression of Dvl1 increase both mEPSC

frequency and amplitude. Wnt7a also induces increased

dendritic spine density and maturity. In Wnt7a-Dvl1-

deficient mice, mossy fibre-CA3 synaptic transmission and

spine morphogenesis are defective. Wnt7a rapidly activates

CaMKII in spines, and inhibition of CaMKII abolishes the

effects of Wnt7a on spine growth and excitatory synaptic

strength. Together, these results indicate that Wnt7a

signalling is critical for the regulation of spine growth and

synaptic strength through the local activation of CaMKII in

the spines. Interestingly, Wnt7a has been shown to

preferentially stimulate excitatory but not inhibitory

synapse formation and function (Ciani et al, 2011).

Studies of neuromuscular junctions (NMJs) have provided

ample insights into the roles of Wnts in synapse develop-

ment. In Drosophila, the Wnt Wingless (Wg) pathway plays

an essential role during synapse development. At Drosophila

glutamatergic NMJs, Wg is secreted by motor neurons and

binds to postsynaptic seven-pass transmembrane DFz2

receptors. Loss of Wg leads to compromised synaptic growth

and structural defects in presynaptic and postsynaptic spe-

cializations (Packard et al, 2002). Interestingly, the

cytoplasmic terminus of DFz2 (DFz2-C) is cleaved, and the

DFz2-C fragment is translocated into the nucleus (Mathew

et al, 2005; Ataman et al, 2006). Translocation of DFz2-C into

the nucleus, but not its cleavage and transport, depends on

Wg signalling. Disruption of this receptor pathway interferes

with the formation of new synaptic boutons and leads to

aberrant synaptic structures (Ataman et al, 2006). Taken

together, therefore, Wg signalling is required for coordi-

nated development of the neuromuscular synapse on both

presynaptic and postsynaptic sides. In zebrafish, Wnt11r and

Wnt4a induce the translocation of MuSK on muscle

membranes to the recycling endosome, a transition which

is crucial for the accumulation of acetylcholine receptors

(AChRs) at future synaptic sites (Gordon et al, 2012).

Knockdown of several Wnt components disrupts the translo-

cation of MuSK to the endosome and AChR localization.

These results suggest a role for Wnt in synapse formation

through induction of MuSK endocytosis, which initiates a

signalling pathway to synapse assembly.

In vertebrate muscle cells, Dvl1 has been shown to play

important roles in Agrin/MuSK-induced AChR clustering

(Luo et al, 2002; Strochlic et al, 2005). Dvl interacts with

the MuSK, a receptor for Agrin, a secreted molecule

important for vertebrate NMJ formation. Disruption of the

MuSK–Dvl interaction inhibits the clustering of postsynaptic

AChRs in cultured myocytes. Consistent with this finding,

dominant-negative Dvl1 expression in postsynaptic muscle

cells reduces the amplitude of spontaneous synaptic currents

at the NMJ (Luo et al, 2002). Agrin activates the p21 kinase

PAK1, and this process requires Dvl. Furthermore, inhibition

of PAK1 activity leads to attenuation of the clustering of

AChRs. Adenomatous polyposis coli (APC), another Wnt

signalling molecule, has also been shown to be involved in

AChR clustering (Wang et al, 2003). APC colocalizes with

AChRs at the mature vertebrate NMJ, and disruption of

APC–AChR interaction causes reduced AChR clustering in-

duced by Agrin. In cultured myotubes, Wnt3 increases the

number and size of AChR clusters induced by Agrin

(Henriquez et al, 2008). Wnt3 drives the rapid formation of

unstable AChR microclusters through Rac1 activation. Such

unstable microclusters become large clusters only in the

presence of Agrin. Therefore, Wnt3 signalling is necessary

for the formation of AChR clusters (Henriquez et al, 2008;

Korkut and Budnik, 2009; Henriquez and Salinas, 2012).

Taken together, cross-talk between Wnt and Agrin

signalling through Rac1 activation controls postsynaptic

assembly at the vertebrate NMJ.

While Wnts positively regulate synapse formation as

described above, Wnts also inhibit synapse formation in a

number of systems (Davis and Ghosh, 2007; Inaki et al, 2007;

Klassen and Shen, 2007; Salinas and Zou, 2008; Korkut and

Budnik, 2009; Shen and Scheiffele, 2010). Wnt4 has been

shown to play an important role in determining target
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specificity by preventing synapse formation (Inaki et al,

2007). Of two adjacent muscles M12 and M13 in

Drosophila, Wnt4 is enriched in M13 but not in M12. In the

absence of Wnt4, or its receptors Frizzled-2 and Derailed-2 or

Dishevelled, motor neurons normally targeted to M12 form

weak synapses on M12 and ectopic synapses on M13. Ectopic

expression of Wnt4 in M12 inhibits synapse formation by

MN12s. These data suggest that Wnt4, via Frizzled-2,

Derailed-2, and Dishevelled, generates target specificity by

preventing synapse formation on a non-target muscle. In

C. elegans, Wnt/LIN-44 (Herman et al, 1995), through its

receptor Frizzled/LIN-17 (Sawa et al, 1996), inhibits synapse

formation in DA9 axons (Klassen and Shen, 2007). The DA9

motor neuron synapses onto the postsynaptic target dorsal

muscle in a specific subdomain of the entire axon; the

posterior axonal segment of DA9 is devoid of presynaptic

terminals. The development of this asynaptic region is

determined by a putative Wnt gradient formed by two

Wnts, LIN-44 and EGL-20, which are locally secreted and

inhibit synapse formation in the region. Wnt/LIN-44 localizes

the Wnt receptor Frizzled/LIN-17 to the asynaptic region of

DA9 axons. In lin-44 and lin-17 mutants, however, synapses

form ectopically in the asynaptic region. Conversely,

overexpression of LIN-44 in cells adjacent to DA9 is

sufficient to localize LIN-17 within DA9 axons. Therefore, a

local Wnt gradient negatively regulates DA9 synapse

formation through its anti-synaptogenic activity (Figure 3).

Wnts in activity-dependent synaptic
plasticity

Neuronal activity plays a key role in several aspects of

neuronal circuit generation by modulating synapse structure

and function. Recent studies have suggested that Wnt signal-

ling is involved in synaptic plasticity (Chen et al, 2006;

Wayman et al, 2006; Beaumont et al, 2007; Ataman et al,

2008; Cerpa et al, 2008; Gogolla et al, 2009; Avila et al, 2010;

Sahores et al, 2010; Varela-Nallar et al, 2010; Jensen et al,

2012; Salinas, 2012). In hippocampal slices, blockade of Wnt

signalling impairs LTP, whereas activation of Wnt signalling

facilitates LTP (Chen et al, 2006). These findings suggest that

Wnt signalling plays a critical role in regulating synaptic

plasticity. In cultured hippocampal neurons and slices,

neuronal activity coupled to an NMDA receptor-mediated

and Ca2þ -dependent signalling pathway enhances the

expression of Wnt2, and expression of Wnt2 promotes

dendritic arborization (Wayman et al, 2006), indicating that

Wnt2 contributes to dynamic remodelling of dendritic

structure in response to neuronal activity. In Drosophila,

glutamatergic NMJs undergo rapid changes in synaptic

structure and function in response to patterned stimulation

(Ataman et al, 2008). Wnt1/Wg is released from synaptic

boutons by evoked activity, and secreted Wg stimulates both

a presynaptic pathway involving GSK-3b/Shaggy and a

postsynaptic DFz2 nuclear import pathway. This bidirectional

Wg signalling operates downstream of synaptic activity to

induce modifications in synaptic structure and function.

In the vertebrate system, high-frequency stimulation (HFS)

is a classical stimulus for the induction of LTP, which is

accompanied by synapse formation. HFS increases the sur-

face and synaptic localization of Fz5, and this effect is

blocked by the Wnt antagonist Sfrp and the soluble extra-

cellular domain (CRD) of Fz5 (Fz5CRD), which binds to

Wnt7a (Sahores et al, 2010). These results indicate that

endogenous Wnts mediate the effect of HFS on Fz5

mobilization to the surface (Figure 4). Interestingly,

Fz5CRD abolishes HFS-induced synapse formation. In con-

trast, low-frequency stimulation (LFS), which decreases the

number of synapses, decreases surface Fz5 levels and the

percentage of synapses containing Fz5. Taken together, these

findings support the idea that neuronal activity regulates Fz5

trafficking to and out of synapses, contributing to activity-

mediated synapse remodelling (Figure 4). Similarly to the

involvement of Wnt in Fz5 mobilization to the synapse, a

recent study in C. elegans showed that a Wnt signalling

regulates the translocation of an AChR ACR-16/a7 to the

synapse, thus modifying synaptic strength (Jensen et al,

2012). Wnt-signalling mutants exhibit defective transloca-

tion of ACR-16/a7 to the synapse and resultant reduction of

synaptic currents. Furthermore, optogenetic stimulation of

nerve cells reveals that neurons possess plastic synapses, and

this synaptic plasticity is mediated by ACR-16/a7 transloca-

tion through Wnt� LIN-17/CAM-1 heteromeric receptors

signalling (Jensen et al, 2012). Enriched environment (EE)

increases the level of Wnt7a/b in postsynaptic CA3 pyramidal

neurons and the complexity and number of large mossy fibre

terminals in the CA3 region (Gogolla et al, 2009). Local

application of Sfrp-1 to block Wnt signalling suppresses the

effects of EE-induced remodelling. Therefore, behavioural

experience regulates synapse remodelling and thus network

through Wnt signalling in the hippocampus.

Perspectives

Wnt proteins are known to play important roles in patterning

neural circuits. Although many studies have uncovered roles

for Wnts in neural circuit formation, detailed cellular and

molecular mechanisms still need to be investigated. There are

many different Wnts and Wnt receptors: 19 Wnts and 10 Fzs

in vertebrate and 5 Wnts (CWN-1, CWN-2, EGL-20, LIN-44,

and MOM-2; Shackleford et al, 1993; Herman et al, 1995;

Thorpe et al, 1997; Whangbo and Kenyon, 1999), 4 Fzs (CFZ-

2, LIN-17, MIG-1, and MOM-5; Sawa et al, 1996; Rocheleau

et al, 1997; Zinovyeva and Forrester, 2005; Pan et al, 2006),

and a Ryk (LIN-18; Inoue et al, 2004) in C. elegans. Thus,

Wild type

Asynaptic region

Synapse

LIN- 44/Wnt

LIN-17/Frizzled

Dvl1

Synaptogenesis

lin-44 or lin-17 mutants

Asynaptic region

Figure 3 Wnts are involved in synaptogenesis through inhibition of
synapse formation. A local Wnt LIN-44 gradient negatively regu-
lates DA9 synapse formation through its anti-synaptogenic activity.
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different combinations of Wnts and their receptors could be

responsible for the different aspects of processes for neural

circuit formation. In addition to the canonical pathway, in

which Wnts signal through Fzs and the low-density

lipoprotein receptor-related proteins 5/6 (LRP5/6), Wnts

also signal through at least two other receptors, Ryk/

Derailed, a receptor tyrosine kinase-like protein, and the

receptor tyrosine kinase, Ror2, in non-canonical pathways

(Wu et al, 2004; Cadigan and Liu, 2006; Mikels and Nusse,

2006). Interestingly, a recent study reports that a heteromeric

CAM-1/LIN-17 receptor complex is involved in Wnt-mediated

signalling (Jensen et al, 2012), supporting the diversity of

Wnt pathway. Therefore, with ongoing increases in the

number of known non-canonical Wnt pathways, it is highly

possible that new pathways will be discovered as researchers

investigate the detailed molecular mechanisms underlying

Wnt functions in neural circuit formation.

Wnt function in synaptic plasticity suggests that this family

of molecules might be involved in synapse formation and

elimination during synapse remodelling (Figure 4). However,

the detailed intracellular molecular mechanisms by which

Wnts affect synaptic plasticity are still unknown. Recently,

Cyclin Y was shown to function in synapse remodelling in

C. elegans (Park et al, 2011). LRP5/6 is a transmembrane

coreceptor for the canonical Wnt pathway. Since Cyclin Y is

associated with the plasma membrane (Jiang et al, 2009) and

is required for in vivo phosphorylation of LRP6 (Davidson

et al, 2009), it is conceivable that Cyclin Y might contribute to

Wnt signalling near the membrane by recruiting its cognate

kinase, cyclin-dependent kinase 14 (CDK14), which

phosphorylates LRP6. Taken together, these studies provide

a possible mechanism linking synapse remodelling and Wnt

signalling. Future studies on the function of Wnts during the

formation, maintenance, and remodelling of neural circuits

will provide important insights into the field of Wnts in

neuronal circuitry.

The multitude of roles played by Wnts in synapse devel-

opment and function predicts that abnormal activity of Wnts

might be responsible for some aspects of neurological dis-

eases. Indeed, altered Wnt signalling is linked to neurological

disorders, such as Alzheimer’s disease, Williams syndrome,

schizophrenia, and mood disorders (Zhao et al, 2005;

De Ferrari et al, 2007; Lovestone et al, 2007; Singh et al,

2010; Budnik and Salinas, 2011). Thus, discovering the

molecular mechanisms by which Wnts regulate diverse

aspects of structural and functional neural circuit formation

will provide a basis for developing therapeutic targets for

Wnt-related neurological disorders.
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