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Breaking Symmetry – cell polarity signaling pathways in growth 
cone guidance and synapse formation

Yimin Zou
Neurobiology Section, Biological Sciences Division. University of California, San Diego, CA92093.

Abstract

Directional and positional information is essential for the diverse neuronal morphology and 

connectivity during development. The direction of axon growth helps build the correct networks 

among neurons sometimes from far away. Neuronal synapses are asymmetric cell-cell junctions 

with distinct pre- and postsynaptic structures to convey neural activity in a directional fashion. 

Recent studies show that some of the key asymmetry is mediated by highly conversed cell polarity 

signaling pathways. These pathways, planar cell polarity and apical-basal polarity, are not required 

for the global axon-dendrite polarity. Therefore, the apparent distinct types of morphological 

asymmetry in the nervous system, growth cone turning and synaptic junctions, are mediated by 

similar cell polarity signaling mechanisms widely used in cellular and tissue morphogenesis.

Planar cell polarity and apical basal polarity components in axon guidance

Brain wiring relies on directed growth of axons to find the correct synaptic partners. During 

development, the main axon tracks form along the major body axes. Wnts were the first 

identified guidance cues for axon growth along the anterior-posterior axis [1]. Multiple 

Wnts, expressed in an anterior-posterior decreasing gradient along the length of the rodent 

spinal cord, attract ascending commissural axons to turn anteriorly (rostrally) after midline 

(floor plate) crossing (Figure 1A, 1B) [2]. Along the same longitudinal axis, Wnts repel 

descending corticospinal tract axons to grow posteriorly down along the spinal cord 

(caudally) (Figure 1A) [3]. Subsequent work showed that Wnts are conserved guidance cues 

along the anterior-posterior axis in C. elegans, zebrafish and chick (Figure 1C) [4] [5] [6] [7] 

[8]. In the brainstem, the Wnt gradients are more complex along the A-P axis. However, 

Wnts also provide directionality for dopaminergic and serotonergic axons (Figure 1D) [9]. In 

addition to providing direction along the A-P axis, Wnt gradients control dorsal-ventral 

topographic mapping in the chick visual system [10], as well as retinotopic mapping in the 

Drosophila visual system also along the dorsal-ventral axis [11].
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It was surprising that the Wnt family morphogens, better known to activate different sets of 

gene expression at different concentrations, can act as guidance cues to provide the direction 

to guide axon growth. This prompted the investigation of the signaling mechanisms and lead 

to the finding that a non-canonical Wnt signaling pathway, planar cell polarity (PCP), 

mediates axon attraction in rodents within the axonal growth cones (Figure 1E–1G) [9] [12] 

[13]. Many epithelial tissues show planar cell polarity (PCP), which is the global 

morphological and structural asymmetry of cells along the plane of the tissues [14,15]. PCP 

establishes the orientations of hairs, bristles and ommatidia in Drosophila. It also orients 

stereociliary bundles within the inner ear and directs cell movement in convergent extension 

during gastrulation in mammals [16] [17]. The Frizzled/Flamingo core PCP components 

involve three transmembrane proteins, Frizzled (Fzd), Flamingo/starry night (Fmi/Stan or 

Celsr in vertebrates), and Van Gogh/Strabismus (Vang/Stbm or Vangl), as well as three 

cytoplasmic proteins, Dishevelled (Dvl), Diego (Dgo) and Prickle (Prkl) (Figure 1E) [18]. 

PCP signaling was first shown to mediate growth cone turning in response to Wnt gradients 

in rodent commissural axons and serotonergic and dopaminergic axons in the brainstem 

[2,9,12,13] (Figure 1F, 1G). Subsequent work confirmed the conserved function of PCP 

signaling in A-P axon guidance in invertebrates and other vertebrate species [19] [20] [21] 

[22] [23] [24] [8]. (Figure 1H).

The identification of the role of Wnt/PCP pathway in growth cone guidance provides great 

opportunities to understand how growth cones detect guidance cues and then signal to turn 

in directed ways. This then prompted subsequent studies of the biochemical mechanism of 

how PCP components function in growth cone guidance (Figure 2A, 2B). The first 

breakthrough was the finding that Frizzled3 phosphorylation, which is antagonistically 

regulated by Vangl2 and Dishevelled1, regulates its subcellular localization [12]. Frizzled3 

hyperphosphorylation, promoted by Dishevlled1, increases its localization on the plasma 

membrane. Vangl2 inhibits Frizzled3 hyperphosphorylation and promotes Frizzled3 

endocytosis and thus less plasma membrane localization. It was subsequently found that 

Frizzled3 endocytosis is mediated by Arf6, which binds to unphosphorylated Frizzled3, and 

occurs at the tips of growth cone filopodia [13]. Vangl2 is enriched at the tips of growth cone 

filopodia what are growing longer but not at those which are shrinking (Figure 2C) [12]. 

Dishevelled2, surprisingly, antagonizes Dishevelled1 and inhibits Frizzled3 

hyperphosphorylation and promotes Frizzled3 endocytosis (Figure 2A, 2B) [13]. Like 

Vangl2 and Dvl2, an apical-basal polarity component, atypical PKC, also inhibits Frizzled3 

hyperphosphorylation and promotes Frizzled3 endocytosis [13].

In a Wnt gradient, activated aPKC is observed more on the side facing higher Wnt 

concentration and Frizzled3 endocytosis also occurs more frequently on the side of growth 

cone facing higher Wnt concentration [13]. This suggests that Frizzled3 phosphorylation/

endocytosis may be part of a key regulatory mechanism for detecting concentration 

difference and signal asymmetrically in the growth cone. It was also hypothesized that these 

opposing groups of proteins that regulate Frizzled3 endocytosis may be not only the 

substrate for establishing asymmetry but also amplifying asymmetric signaling activities by 

bringing polarizing signals into the growth cone via endocytosis from the filopodia tips and 

by repeated cycles of signaling (Figure 2D) [13] [25]. The importance of Frizzled 

phosphorylation and dual functions of Dvl have now been shown conserved in A-P guidance 
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of C. elegans axons (Figure 2E) [26]. A requirement for Frizzled endocytosis promoted by 

Vangl was also recently confirmed in PCP signaling mediating axon branching in C. elegans 
[27]. (Figure 2E).

An important question is how Wnt/PCP signaling is used with high spatial resolution to 

ensure precise wiring. For example, commissural axons do not turn to higher Wnt 

concentration when they arrive at the floor plate before crossing. Only after they have 

crossed the floorplate, they make a sharp anterior turn (Figure 2F). It turned out that the 

midline morphogen, Sonic Hedgehog, is a key switch. Sonic Hedgehog, down regulates the 

expression of a protein called Shisa2 in commissural neurons while their axons enter and 

cross the floor plate [28]. Shisa2 retains Frizzled3 in the endoplasmic reticulum by blocking 

Frizzled3 glycosylation and thus prevents Frizzled3 from being translocated to the cell 

surface. (Figure 2G). Therefore, Frizzled3 is retained in the ER of commissural neurons by 

Shisa2 before midline crossing. But during midline crossing, their axons detect high levels 

of Sonic Hedgehog, which is only expressed in the floorplate and inhibit the expression of 

Shisa2 in the cell body. Frizzled3 is then able to be expressed on the surface of the growth 

cone to detect the Wnt gradient (Figure 2H).

Wnts and Wnt receptors are up regulated and reactivated after spinal cord injury. Blocking 

Wnt repulsion can promote the regeneration of dorsal root ganglion axons in a conditioning 

lesion model and the growth of collateral branches corticospinal tract axons in a dorsal 

column lesion model in the adult spinal cord [29] [30]. Blocking repulsive Wnt signaling 

can also promote recovery of proprioceptive sensory function and fine motor skills [31] [32]. 

In particular, genetic evidence for a role of an axon guidance system in adult spinal cord 

injury was provided by analyzing a conditional Ryk knockout [32]. This expands the 

function of axon guidance molecules in adult CNS injury, suggesting that the knowledge 

about axon guidance may benefit the efforts in spinal cord repair.

Planar Cell Polarity and Apical Basal Polarity signaling components in 

glutamatergic synapse formation

The glutamatergic synapses are the main excitatory synapses in the brain and are made of 

distinct but highly organized pre- and postsynaptic structures involving hundreds to over a 

thousand different proteins across the 20-nm synaptic cleft [33–36]. Abnormal synapse 

formation and function are responsible for numerous diseases, such as intellectual disability, 

autism and other neuropsychiatric as well as degenerative disorders. The signaling 

mechanisms, especially those which directly control their assembly and disassembly, have 

not been well understood.

The asymmetric pre- and postsynaptic structures strikingly resemble the asymmetric cell-

cell junctions localized on the apical side of the epithelium in planar polarized epithelial 

tissues. The conserved core PCP components form asymmetric protein complexes at the 

Cadherin-mediated adherens junctions that connect neighboring epithelial cells (Figure 3A) 

[14,15]. These asymmetric intercellular complexes are essential for establishing/maintaining 

planar cell polarity. These interactions are also thought to be part of an amplification 
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mechanism that increase the fidelity of cell and tissue polarization along the tissue plane 

[17].

Components of both planar cell polarity (PCP) are localized in developing excitatory 

synapses in similar fashions as in PCP signaling and interact with multiple key presynaptic 

and postsynaptic proteins (Figure 3B). Conditionally knocking out Celsr3 in hippocampal 

pyramidal neurons at postnatal day 7 lead to a reduction of approximately 50% of 

glutamatergic synapses measured at postnatal day 14. Conditionally knocking out Vangl2 in 

hippocampal pyramidal neurons at postnatal day 7, another PCP component, which together 

with Prickle antagonizes the Frizzled/Dishevelled complex, lead to approximately 50% 

increase of the glutamatergic synapse numbers measured at postnatal day 14 (Figure 3C) 

[37]. Therefore, PCP signaling components can control synapse numbers in opposite 

directions, suggesting that this mechanism allows both positive and negative regulations in 

development and, potentially in plasticity if this pathway continues to function in mature 

synapses. It should be noted that it is critical to knockout PCP signaling components at a 

later stage of development in order to correctly assign their functions in synapse formation. 

One of the reasons is that PCP signaling components are very important in axon guidance 

and are involved in the development of axons of many types of neurons. Germline mutation 

or early conditional KO using Cre lines are expressed in neuronal progenitors or in 

postmitotic early neurons will lead to earlier axon guidance defects and complicate the 

results, which will likely misinform their functions in synapse formation. The functions of 

Celsr3 and Vangl2 described here were from conditional KO in pyramidal neurons one week 

after birth right before the peak of synaptogenesis in vivo.

Perpendicular to the tissue plane, apical-basal polarity proteins, aPKC and lethal giant larvae 

(Lgl), specify the apical-basal polarity and limit PCP signaling only on the apical side of 

each epithelial cell [38]. (Figure 3D). Lgl1 is a basolateral protein, which antagonizes the 

apical kinase, aPKC and PCP signaling [39]. Lgl1 forms complex with Discs Large (Dlg), 

homolog of the membrane-associated guanylate kinases (MAGUKs), which traffic and 

cluster glutamate receptors [40–42].

Lgl1 cKO in approximately 60% of the hippocampal pyramidal neurons lead to 30–40 % 

increase of glutamatergic synapses in vivo with defects in plasticity, whereas aPKC double 

cKO in approximately 60% of the hippocampal pyramidal neurons lead to 16% fewer 

glutamatergic synapses in vivo (Figure 3E) [43]. In Lgl1, aPKC double cKO (triple cKO), 

normal numbers of glutamatergic synapses were formed, suggesting that the antagonism 

between Lgl1 and aPKC occurs in synapse number control. Importantly, in Lgl1 mutant, 

Vangl2 protein is significantly reduced, consistent with the inhibitory function of Vangl2 in 

synapse numbers (Figure 3E) [43] [37]. In Lgl1 cKO, the synapses also appear more stable 

with smaller synaptic cleft, was aPKC cKO were the opposite (Figure 3E). Lgl1 is also 

important for NMDA receptor trafficking, as cKO in postnatal or in adulthood both caused 

reduction of AMPA/NMDA ratio, which resulted from a large increase of NMDA current 

(Figure 3F).

Lgl1 is one of the 25 deleted genes in Smith-Magenis Syndrome (SMS), a chromosome 

microdeletion disorder occurring early in embryonic development [44] [45]. Individuals with 
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this deletion, Chromosome 17 p11.2, are frequently diagnosed with autism (80–100%). Lgl1 
cKO animals showed increased locomotor activity, travelling 20% further during the 10-

minute test than control mice, impaired novel object recognition (NOR) and defects in 

sociability in the 3-chamber social interaction task (Figure 3G). Because SMS arises from 

heterozygous deletion, the effects of germline heterozygous deletion of Lgl1 were tested. An 

increase of excitatory synapse numbers, decrease seizure threshold, increase of locomotion, 

mild/moderate novel object recognition defect, impaired social interaction and increased 

repetitive behavior were observed in Lgl1 +/− animals. NMDA blockers were shown to 

rescue social interaction behavior (Figure 3G).

In mutations of both PCP and A-BP signaling components, strong phenotypes of synapse 

number changes were observed. These mutations were conditional KOs from one week after 

birth. Therefore, these results suggest that the cell polarity pathways are likely the key 

signaling pathways that directly regulate synapse assembly. These two pathways interact 

with each other. aPKC is required for Frizzled3 trafficking and likely essential for PCP 

signaling [13]. This is also consistent with the fact that PCP signaling is only active on the 

apical side not on the basal side. The fact that the A-BP signaling can also affect synapse 

numbers is reassuring, suggesting that PCP signaling is truly essential in controlling synapse 

assembly. More importantly, in the P2 fraction of Lgl1 −/−, Vangl2 protein level is 

significantly reduced, again consistent with a large increase of synapse numbers. Therefore, 

one way that Lgl1 may regulate synapse numbers is to influence Vangl2 protein trafficking 

or stability [43].

PCP as a common mechanism for growth cone polarity and asymmetric 

synaptic junction

The findings that the planar cell polarity pathway mediates growth cone guidance as well as 

glutamatergic synapse formation are fascinating. If one looks into the history and the 

progression of development, a potential logic may start to emerge, at least for some neurons, 

particularly the ones that are regulated by Wnts. Neurons are born through asymmetric cell 

division from neural epithelia, which are apical-basal polarized and likely already planar 

polarized as neural tube closure is a planar polarity-dependent process and occurs earlier 

than neurogenesis. During epithelial PCP signaling, the PCP components form intercellular 

complexes at the E-Cadherin-dependent adherens junctions of epithelia on the apical side 

(Figure 4A). After neurons are born and delaminate from the epithelia, they start to migrate 

and/or grow axons, which are tipped by a highly dynamic structure, the growth cone (Figure 

4B). Our studies show that the growth cones share the same molecules that are present in the 

adherens junctions in the epithelium, except neurons and axonal growth cones use N-

Cadherin. Therefore, we propose that the growth cone can be considered “half adhesion 

junctions” and growth cone navigation can be viewed as a search for the other half to form 

new junctions again [46] (Figure 4B). In addition to the adherens junction proteins, the 

growth cones also express various receptors for axon guidance molecules, that are expressed 

in specific patterns to guide the axon navigation. At least for axons that are guided by Wnts, 

the PCP components in the axonal growth cone will mediate the detection and interpretation 

of directional information to guide the growth of axons. Once the axons or growth cones 
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find the right new half, correct postsynaptic partners, the PCP components then direct 

glutamatergic synapse assembly (Figure 4C). Therefore, the glutamatergic synapses can be 

viewed as a new union of two halves of adherens junctions, which are polarized by the PCP 

components. The process before the new union, axon pathfinding, axon targeting and 

synapse recognition, is the history these “half adherens junctions” experience (arranged by 

the developmental program). These experiences are determined by spatial and temporally 

arranged axon guidance molecules (for example, Wnts) and synapse adhesion molecules, 

which provide the important directional information and synapse specificity, respectively. 

Because PCP is a ubiquitous signaling pathway, it is appealing to propose that PCP is a 

strong candidate for a convergent signaling mechanism for many classes of axon guidance 

molecules and synapse-matching adhesion molecules (Figure 4D). A-BP is also important as 

it is intimately involved in PCP signaling and regulates the location and activation of PCP 

signaling. These cell-polarity signaling pathways, which are best studied in epithelial cell 

and tissue polarity, do not regulate the axon-dendrite polarity in earlier neuronal 

development. Instead, they appear to directly regulate axon guidance and synapse formation.

This proposed logic is a testable hypothesis at least for some neurons and their axons and 

synapses. This may not be applicable to inhibitory synapses because PCP proteins are only 

found in glutamatergic synapses and regulate their assembly. They are absent from 

GABAergic synapses. At least for excitatory synapses, it will be interesting to test whether 

PCP signaling actually mediates the function of guidance molecules other than Wnts and 

whether PCP signaling in synapse formation is regulated by synapse adhesion molecules 

(Figure 4D). Finding a convergent signaling mechanism, if it exists, will not only allow us to 

have deeper understanding of the molecular logic of brain wiring but also provide guidance 

to develop new tools for repairing damaged neural circuits due to injury or neurogenerative 

diseases.
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Highlights

• Planar cell polarity components mediate Wnt functions in growth cone 

guidance

• Planar polarity components are required for glutamatergic synapse formation

• Apical basal polarity components regulate planar cell polarity components

• These pathways may be a convergent mechanism of growth cone guidance

• These pathways may be a convergent mechanism of synapse formation
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Figure 1. Wnt/planar cell polarity is a conserved axon guidance signaling system.
A. Wnts are guidance cues for anterior-posterior (rostral-caudal) pathfinding of ascending 

and descending axons in rodent spinal cord. CST: corticospinal tract.

B. Ascending spinal cord commissural axons turn anteriorly after they cross the midline, the 

floor plate.

C. Wnts are anterior-posterior axon guidance cues in C elegans. Wnts guidance spinal cord 

commissural axons to turn anteriorly after midline crossing in chick and zebrafish.

D. Wnt gradients guide the anterior-posterior growth of dopaminergic and serotonergic 

axons in the brainstem.

E. Schematics of the distribution of and the interactions among the planar cell polarity 

signaling components within the same epithelial cell or between the neighboring cells: Fmi 

(Flamingo or Celsr), Fz (Frizzled), Vang (Van Gogh).
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F. Spinal cord commissural axons lose directionality along the anterior-posterior axis, 

turning randomly along the A-P axis after midline crossing in Frizzled3, Ceslr3 and Vangl2 

mutants and in floor plate-specific conditional knockout of Wntless, encoding the Wnt cargo 

receptor required for the secretion of all Wnt proteins

G. Wnt gradients guide the anterior-posterior growth of dopaminergic and serotonergic 

axons in the brainstem via the planar cell polarity components.

H. PCP components are also required for the guidance of mushroom body axons in 

Drosophila, sensory axons in Drosophila, mechanosensory axons in C. elegans, chick spinal 

cord commissural axons and zebrafish spinal cord commissural axons.
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Figure 2. Antagonistic interactions of planar cell polarity components in axon guidance and 
spatial and temporal regulation by Sonic Hedgehog.
A. Dishevelled1 and 3 induce Frizzled3 hyperphosphorylation and increase the cell surface 

presence of Frizzled3, reducing the activation of downstream signals such as JNK.

B. Vangl2 and Dishevelled2 can antagonize Dishevelled1 and 3 by inhibiting Frizzled3 

phosphorylation. The unphosphorylated Frizzled3 binds to Arf6, which mediates Frizzled3 

endocytosis. aPKC is required for Dishevelled2 to inhibit Dishevelled1/3-induced Frizzled3 

phosphorylation.

C. Vangl2 protein is enriches on the tips of the filopodia that are extending but not on the 

tips of filopodia that are shrinking.

D. A hypothesis for how the antagonistic interactions of planar cell polarity signaling 

components may amplify the shallow Wnt gradient into highly spatially asymmetric and 

polarized signals inside the growth cone to cause turning.
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E. The antagonism between Dishevelled and Vangl in Frizzled phosphorylation and 

endocytosis and dual functions of Dishevelled are conserved in C. elegans.

F. Spinal cord commissural axons turn anteriorly only after midline crossing even though 

their growth cones are exposed to the anterior-high-posterior-low Wnt gradient when they 

reach the floor plate before they cross.

G. Shisa2 binds to Frizzzled3 and retains Frizzzled3 in the endoplasmic reticulum, 

preventing Frizzled3 from being trafficked to the growth cone surface. Sonic Hedgehog 

down regulates the expression of Shisa2, allowing Frizzled3 to come to the growth cone 

surface.

H. Sonic Hedgehog is highly but specifically expressed in the floor plate. When spinal cord 

commissural axons reach midline, their growth cones detect Sonic Hedgehog, and via 

smoothened signaling, retrogradely signal to the cell body to down regulate the expression 

of Shisa2 so that Frizzled3 can move to the cell surface to detect Wnt proteins and their 

gradient.
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Figure 3. Planar cell polarity and apical-basal polarity signaling are key regulators of 
glutamatergic synapse formation.
A. Schematics of the asymmetric localization of planar cell polarity components in epithelial 

cells and the asymmetric intercellular complexes.

B. Planar cell polarity components are localized in the glutamatergic synapse in similar ways 

as in epithelial polarization signaling and interact with key synaptic proteins.

C. Loss of Celsr3 (encoding one of the two Celsrs found in glutamatergic synapses) lead to 

reduction of the formation of 50% of the glutamatergic synapses in vivo when conditionally 

knocked out from postnatal day 7/8. Loss of Vangl2 lead to a large increase of glutamatergic 

synapse numbers in vivo.

D. Apical-basal polarity is perpendicular to planar cell polarity and is mediated by the 

antagonistic interactions and localization of aPKC and Lgl.

E. Lgl1 cKO lead to a large increase of glutamatergic synapse numbers, larger postsynaptic 

density, smaller synaptic cleft and reduced Vangl2 protein in the synaptosome. aPKC double 
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cKO lead to a decrease of glutamatergic synapse numbers, smaller postsynaptic density and 

larger synaptic cleft.

F. Lgl1 +/− animals display behavioral deficit mimicking human Smith-Magenis Syndrome 

and the behavioral deficit can be rescued by NDMAR blockers.

Zou Page 16

Curr Opin Neurobiol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Planar cell polarity signaling in growth cone guidance and synapse formation.
A. Schematics of planar cell polarity and apical-basal polarity and their interactions. E-

Cadherin is located in the adherens junctions where aPKC is localized and activated. Planar 

cell polarity complexes are built at the adherens junctions.

B. The growth cone has the same planar cell polarity and apical basal polarity components 

and similar molecular organizations as the adherens junctions. The growth cone has N-

Cadherin.

C. The glutamatergic synapses have the same planar cell polarity and apical basal polarity 

components and similar molecular organization as the adherens junctions.

D. The hypothesis that cell polarity pathways may be a common mechanism mediating the 

function of axon guidance molecules and synapse adhesion molecules, which provide 

directional and positional information to provide specificity for brain wiring.
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