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Abstract

Neural guidance mechanisms ensure the precise targeting and synaptogenesis events essential 

for normal circuit function. Neuronal growth cones encounter numerous attractive and repulsive 

cues as they navigate toward their intermediate and final targets; temporal and spatial regulation 

of these responses is critical for circuit assembly. Recent work highlights the complexity of 

these events throughout neural development and the multifaceted functions of a wide range of 

guidance cues. Here, we discuss recent studies that leverage advances in genetics, single cell 

tracing, transcriptomics and proteomics to further our understanding of the molecular mechanisms 

underlying neural guidance and overall circuit organization.

Introduction

Complex neural circuit formation requires spatial and temporal coordination of neuronal 

responses to extrinsic guidance cues. Growing axons and dendrites must filter a myriad of 

signals to identify relevant cues and navigate to their appropriate targets [1–3]. Not only 

are these cues essential for determining overall neuronal architecture by regulating directed 

neurite extension, they also function in synapse formation and refinement [4].

Here, we highlight recent advances that elucidate or refine roles for guidance cues in 

each step of circuit formation, focusing primarily on activity-independent mechanisms. 

Through use of novel genetic tools, live imaging, and anatomical tracing approaches we 

have gained further insight into how guidance cues function in growth cone navigation 

and circuit assembly. We have also learned how these cues function in the context of 

laminar or topographic frameworks, in some cases providing a scaffold for building specific 

circuits that underlie discrete neural connections. Further, several recent advances in systems 

biology, using transcriptomic and proteomic profiling, facilitate understanding neural circuit 

establishment at the level of cellular and subcellular responses to guidance cues. Progress 

has also been made defining intracellular signaling events critical for appropriate guidance 
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responses to extrinsic guidance cues. Though space limitations restrict our ability to discuss 

all progress in the field of neural guidance over the past several years, we hope that focusing 

on key advances will point the way towards future areas of investigation into cellular and 

molecular mechanisms underlying neural circuit assembly and refinement.

Guidance at the CNS midline

New observations on netrin-mediated axon guidance

Netrins are secreted, evolutionarily conserved, proteins that act as both attractive and 

repulsive guidance cues. The netrin-1 orthologue in C. elegans, Unc6, regulates neuronal 

migration and axon extension toward and away from the central nervous system (CNS) 

midline [1]. In vertebrates, netrin-1 was shown to be secreted from the spinal cord floorplate 

and to be required for dorsally-located spinal cord commissural neurons to extend their 

axons ventrally toward the floorplate, strongly supporting a model that netrin-1 functions 

as a long-range attractant and is presented in a gradient diffusing from the CNS midline. 

With the more recent generation of a netrin-1 conditional allele in the mouse, it was possible 

to revisit the specific cellular contributions to netrin-1 function through select deletion of 

netrin-1 from either the floorplate or ventricular zone (VZ), both known locations of netrin-1 

expression in the spinal cord and hindbrain [5–9]. Deletion of netrin-1 from VZ progenitor 

cells results in commissural axon guidance defects both near and far from the floorplate 

in both the spinal cord and hindbrain. Additionally, netrin-1 released at the pial surface by 

ventricular zone progenitor cells was also observed to be responsible for the confinement of 

commissural axons and precerebellar neurons within the hindbrain, establishing a peripheral 

nervous system (PNS)/CNS boundary [10]. On the other hand, select removal of netrin-1 

only from the floorplate did not phenocopy the commissural axon guidance defects observed 

in the netrin-1 LOF mutants far from the floorplate in either the spinal cord or hindbrain 

[9,11•]. These findings suggest that VZ netrin-1 acts locally far from the floorplate in both 

the hindbrain and spinal cord to guide commissural axons ventrally.

Most recently, an even closer look into the role of netrin-1 at the midline confirms both 

long-range and short-range attraction of commissural axons toward the midline (Figure 1a). 

Deletion of netrin-1 only from the floorplate results in a reduction of commissural axon 

bundle thickness in addition to commissural axon guidance defects adjacent to the floorplate 

and also misprojections into the motor column [11•,12•]. These results show that netrin-1 

can act at a distance of several hundred mircometers from where it is secreted at the floor 

plate to attract and guide commissural axons. Simultaneous deletion of netrin-1 from both 

the floorplate and the VZ results in severe commissural axon guidance defects and shows 

that both sources of netrin-1 contribute to commissural axon guidance [11•]. Interestingly, 

loss of the sonic hedgehog (Shh) receptor Boc enhances phenotypes observed following 

floorplate deletion of netrin-1, demonstrating that Shh and netrin-1 act together in the ventral 

spinal cord to guide commissural axons [12•]. Unlike in the spinal cord, deletion of netrin-1 

from the hindbrain floorplate does not result in commissural axon guidance defects [5]. This 

difference is likely due to the larger size of the hindbrain, and so netrin-1 secreted from 

the hindbrain floorplate is far from navigating commissural axon growth cones, requiring 

these neurons to rely more heavily on VZ netrin-1 for proper guidance to the hindbrain 
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midline. These recent studies suggest that VZ and floorplate netrin-1 each contribute to 

commissural axon guidance. Further, netrin-1 removal from both the floorplate and VZ does 

not completely phenocopy the netrin-1 null allele, suggesting that netrin-1 is secreted from 

an additional location [11•]. Taken together, these studies highlight how coordinated action 

of netrin-1 secreted from VZ neural progenitors provides a short-range commissural axon 

guidance function when localized at the pial surface. They also present compelling evidence 

that netrin-1 secreted from the spinal cord floor plate influences guidance of commissural 

axons at a distance. Netrin-1 protein distribution in the VZ and along commissural axons 

requires the deleted in colorectal cancer (DCC) netrin-1 receptor [9,11•], and so future work 

will most certainly explore the mechanisms by which DCC, and other netrin receptors, 

contribute to commissural axons guidance both near and far from the floor plate.

Another population of axons, those of spinal motor neurons, also express DCC. 

Interestingly, though they express the attractive netrin1 receptor DCC these axons are 

not attracted towards the midline, and instead they exit the spinal cord and project into 

the periphery. This is due to a balance between netrin-1/DCC-mediated attraction and slit/

Robo-mediated repulsion that directs the precise position of motor axon exit points from 

the CNS [13]. Recent work demonstrates that selective silencing of DCC ensures proper 

exit and subsequent extension of motor axons away from the CNS midline and toward 

their muscle targets [14•]. Following a forward genetic screen in the mouse for mutations 

that affect motor axon guidance, the p190RhoGAP (p190) cytosolic signaling protein was 

found to interact with the cytoplasmic domain of the DCC receptor. In this context, p190 

modulates motor axon responses to netrin-1, ensuring that motor axons follow their proper 

trajectories away from spinal cord. p190 mutant motor neuron axons are more sensitive 

to netrin-1 attraction, and as a result they exhibit aberrant trajectories toward sources of 

netrin-1, suggesting an inappropriate activation of netrin-1/DCC signaling in the absence 

of p190 (Figure 1b). It is notable that p190 regulation of DCC is independent of its 

GTPase activation activity, highlighting a non-canonical signaling mechanism by which 

p190RhoGAP silences DCC activation by netrin-1 to facilitate motor axon exit from the 

spinal cord [14•]. However, inhibition of Rho GTPase signaling by p190 is required by some 

motor axons for guidance in the periphery in both mice [14•] and in Drosophila [15], again 

revealing that complex regulation of guidance cue signaling is required for proper wiring 

during neural development.

Spatiotemporal control of midline guidance cue responsiveness

A common theme when considering axon guidance at the CNS midline is that growing 

axons can change their sensitivity to guidance cues, for example to semaphorin and slit 

repellents, upon midline crossing [16–19]. Recent work provides real-time, super-resolution, 

examination of guidance cue receptor expression dynamics during commissural growth 

cone navigation in the developing chicken spinal cord [20•]. Robo1 and Robo2 both signal 

slit-mediated repulsion away from the CNS midline and are known to have distinct roles 

in post-crossing commissural axons [21]. Visualization of pHLourin-tagged Robo1 and 

Robo2 receptors as commissural axons traverse the midline shows that these receptors are 

differentially sorted to the cell surface at different stages of axon navigation. Whereas Robo1 

is present in commissural axons as they extend toward and cross the CNS midline, it is 
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sorted to the axon cell surface only just after axons have crossed the CNS midline and are 

exiting the floor plate. Robo2 is initially absent from the surface of commissural growth 

cones navigating the floorplate and is sorted to the cell surface in post-crossing axons 

only after they have turned longitudinally in the lateral funiculus (Figure 1c). Interestingly, 

Robos1 and 2 are differentially distributed within the growth cone such that Robo1 

accumulates toward the rear of the growth cone, whereas Robo2 cell-surface expression is 

homogenous throughout. This suggests that Robos1 and 2 are likely responding to different 

sources of slit that mediate different stages of midline navigation and receptor membrane 

insertion. Select localization of other guidance receptors, including PlexA1 [17], also 

demonstrates distinct patterns of cell surface guidance cue receptor distribution, providing 

insight into the regulation of commissural axon guidance.

At the subcellular level, Robo1 cell surface expression in the mouse has recently been shown 

to be regulated by members of Nedd4 family of interacting adaptor proteins: Ndfip1 and 

Ndfip2 [22•]. These proteins participate in CNS midline guidance by promoting Robo1 

localization to endosomes in commissural axons prior to midline crossing, facilitating its 

ubiquitylation and subsequent degradation by recruiting E3 ligases. This leads to low levels 

of Robo1 specifically on pre-crossing axons, and therefore reduced responsiveness to the 

midline-derived repellent slit (Figure 1c). Posttranslational regulation of Robo1 cell surface 

levels constrains slit responsiveness to post crossing commissural axons and is remarkably 

similar to regulation of Robo receptors at the Drosophila CNS midline [23]. Taken together, 

these recent studies underscore the importance of regulating guidance cue receptor cell 

surface levels in order to control growth cone responses to guidance cues.

Additional evidence for the importance of regulating cell surface distribution of guidance 

cue receptors comes from work on Shh and its co-receptor brother of CDO (Boc) in the 

context of midline axon guidance. In spinal commissural axons, Shh binding to Boc leads 

to endocytosis of the Boc/Ptch-1 complex into Rab5+ early endosomes, and this endocytosis 

is required to regulate Shh-mediated growth cone turning in vitro and axon guidance in 
vivo (Figure 1c) [24•]. The endocytic adaptor protein numb binds directly to Boc and 

is necessary for Boc/Ptch-1 endocytosis. This enables the activation of smoothened and 

subsequent non-canonical Shh signaling that includes activation of Src family kinases, 

which is required for growth-cone turning in response to Shh [24•]. Interestingly, in the 

developing visual system Shh can function as a repellent for ipsilaterally-extending retinal 

ganglion cell (RGC) axons approaching the optic chiasm and participates in preventing them 

from crossing the midline [25]. In this context Shh is transported and secreted by earlier 

arriving contralaterally projecting RGCs, and repulsion of ipsilaterally projecting RGCs is 

dependent upon signaling through Boc and Smo. It will be of interest to determine whether 

internalization of Shh receptors is also required for Shh repulsion as it is for Shh-mediated 

attraction.

Regulation of intermediate and terminal axon targeting

Axons extend over long distances, often through intermediate targets, to find their synaptic 

partners in the CNS. In the cerebral cortex, for example, excitatory neurons migrate to their 

appropriate layers and then extend axons to establish long-range connections to cortical 
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and subcortical target regions [26]. Though the specific cues that regulate these targeting 

events are under intense investigation, the large transmembrane glycoprotein dystroglycan is 

known to regulate multiple stages of axon guidance and targeting. Dystroglycan is required 

for the organization of laminins and several other extracellular matrix (ECM) proteins 

in the basement membrane, and this is essential for the development of multiple axon 

tracts in the brain and spinal cord, including those harboring retinal ganglion cell axons 

and commissural axons [27–31]. Interestingly, dystroglycan coordinates slit-mediated spinal 

commissural axon guidance by regulating the spatial distribution of this secreted guidance 

cue along the murine spinal cord basement membrane [32]. Recent work demonstrates that 

dystroglycan functions non-cell autonomously during spinal commissural axon guidance, 

and that it is similarly required for the formation of multiple forebrain axon tracts and 

also corticothalamic and thalamocortical connectivity [33•]. In addition, a novel interaction 

between dystroglycan and the adhesion GPCR Celsr3 was found to be necessary for 

post-crossing guidance of spinal commissural axons, but not for the formation of several 

other CNS tracts that require dystroglycan. One attractive model is that Celsr3 functions 

cell-autonomously in commissural axons in cis with the frizzled 3 receptor, but that 

Celsr3-dystroglycan trans interactions selectively regulate this segment of commissural 

axon trajectories. Therefore, dystroglycan coordinates multiple interactions with secreted 

guidance cues, ECM components and receptors to regulate the establishment of distinct axon 

trajectories.

Recent work on murine hippocampal subregion connectivity informs our understanding of 

the molecular basis underlying target recognition following long-range axon pathfinding 

[34•]. Establishing connections among hippocampal subregions, and also with adjacent 

cortical regions, involves a series of topographic axon targeting events. The transmembrane 

protein teneurin-3 (Ten3) exhibits graded expression in several hippocampal regions that are 

topographically interconnected, including the proximal CA1 region, the distal subiculum, 

and the medial entorhinal cortex [34•]. Members of the teneurin protein family are known to 

instruct select synaptic partner matching in Drosophila and to play roles in the development 

of vertebrate visual system [35]. In the hippocampus, teneurin-3 (Ten3) promotes precise 

topographic targeting between proximal CA1 axons and target dendrites of the distal 

subiculum, and it can also promote homophilic cell adhesion in vitro [34•]. Thus, Ten3 

acts both pre- and post-synaptically to control the assembly of this topographic hippocampal 

projection. Ten3 mutants show a wider spread of CA1 axons projecting proximally within 

the subiculum, and overall less refined topographic targeting of the CA1 to subiculum 

projection compared to controls, suggesting that Ten3 is required for precise targeting 

of proximal CA1 axons to distal subiculum. Further, Ten3 mutants show a reduction in 

EPSC amplitudes in distal subicular neurons even though residual axons from CA1 still 

reach the distal subiculum. This suggests Ten3 is required for the formation or function of 

synapses in this region. It will be important to determine whether mistargeted axons actually 

form functional synapses and whether these are retained in the adult, ultimately linking 

developmental mechanisms of circuit wiring to circuit function.

Teneurins engage in complex interactions with a variety of proteins, and these interactions 

underlie their diverse roles in the developing brain, including neuronal migration and 

synapse formation [36•,37]. Very recently, the adhesion GPCR latrophilin-2 (Lphn2) was 
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shown to act as a repulsive ligand for Ten3-expressing pCA1 axons targeting the distal 

subiculum [38]. This demonstrates a remarkable dual role for Ten3, such that loss of either 

Lphn2/Ten3 heterophilic repulsion or Ten3 homophilic attraction disrupts pCA1 topographic 

targeting in the subiculum.

Structural analyses of teneurin proteins reveal the highly atypical structures these proteins 

can adopt, suggesting possible mechanisms that underlie their diverse biological activities. 

Teneurin structural data also define interactions in trans between teneurins and Lphns, and 

also in trans between Lphns and FLRT membrane proteins [36•,39,40]. These Lphn in 
trans associations with teneurins control radial neuron migration in the developing mouse 

neocortex [36•]. Similarly, the function of Lphn3 in synapse formation in CA1 pyramidal 

neurons also requires simultaneous binding in trans to FLRTs and to and teneurins, defining 

a coincidence signaling mechanism that can control both cell migration and synapse 

formation [40]. Future work will investigate how these transmembrane receptors, both alone 

and in combination with various other cell surface proteins, regulate neural circuit formation 

and function.

Lamination

The segregation of neural projections into separate layers, or laminae, in order to facilitate 

appropriate connectivity is a common CNS feature. Examples of laminated structures 

include the vertebrate retina, the insect visual system neuropils, the dorsal horn of the 

spinal cord, and the cerebral cortex [26,41–43]. Recent work reveals new roles for guidance 

cues in the regulation of lamina-specific innervation by axons and dendrites during circuit 

formation.

The larval zebrafish optic tectum (OT) is a prime example of a laminated structure; there 

are at least ten retinorecipient synaptic laminae targeted by RGCs, and the terminal regions 

of individual RGC axons remain confined to a single lamina throughout development [44]. 

Recent work shows that components of the reelin signaling pathway are required for proper 

targeting of RGC axons within select OT laminae, such that loss of reelin in the OT, or the 

very low density lipoprotein receptor (VLDLR) or Dab1 in RGCs, leads to aberrant RGC 

targeting within the OT [45•]. Tectum-derived reelin is distributed in a superficial (high)-

to-deep (low) gradient that is stabilized by heparan sulfate proteoglycans (HSPGs), and 

this gradient functions to attract RGC axons to their appropriate laminae, counterbalancing 

previously described repulsive slit signaling that constrains incoming RGCs in the OT [46]. 

Further, RGCs expressing different levels of VLDLR exhibit differential sensitivity to reelin 

in the OT [45•]. This underscores the importance of receptor expression levels during axon 

guidance events, suggesting they are also important for targeting axons to their final laminar 

destinations.

Guidance cue regulation of lamination has also been recently observed in the ellipsoid body 

(EB) and fan shaped body (FB), both of which are laminated structures of the central 

complex (CX) in the Drosophila brain. Circumferential lamination of ring (R) neuron 

axons in the EB is regulated by the transmembrane proteins semaphorin-1a (Sema-1a) 

and Plexin A. In their absence, aberrant inhibitory synaptic connections are established 

Dorskind and Kolodkin Page 6

Curr Opin Neurobiol. Author manuscript; available in PMC 2023 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



across laminar boundaries, altering the electrical properties of a subclass or R neuron and 

emphasizing the importance of laminar segregation of distinct neuronal connections [47•]. 

Neuronal processes within the FB are organized in more classical laminae and columns 

[48•]. The secreted guidance cue Sema2b exhibits restricted expression in a small subset of 

FB laminae and serves as an attractive cue for small field P-Fr neuron-process lamination 

through signaling via the PlexB receptor [48•]. Loss of PlexB function in P-Fr neurons 

leads to disruption of laminar innervation such that P-Fr neuron processes now extended into 

non-target layers. This results in the formation of ectopic inhibitory connections between 

processes from a class of neuron called ExFl2 that normally targets a FB layer adjacent 

to laminae targeted by P-Fr neurons. ExF12 neurons are implicated in regulating adult fly 

sleep behavior [49,50], and these ectopic synaptic connections resulting from disruption 

of Sema2b/PlexB-mediated regulation of FB laminar organization give rise to increased 

wakefulness in adult flies. These results show that P-Fr neurons can modulate sleep 

behaviors and control arousal, and they reinforce the importance of lamination-mediated 

neural wiring for orchestrating normal behavioral output. This is underscored by detailed 

anatomical examination of laminar organization elsewhere in the CNS, where this mode 

of organizing connectivity is likely critical for normal behavior. For example, utilizing 

single cell labeling approaches, Tsubouchi and colleagues [51•] systematically mapped 

individual sensory neuron projections in Drosophila somatosensory circuits. They found 

that distinct sensory neuron sub-types exhibit modality-specific layered organization of their 

axon terminals, such that axons arising from different types of primary somatosensory 

neurons terminate in different layers in the ventral nerve cord (VNC) and also distinct brain 

subregions. This comprehensive assessment of sensory neuron central connectivity provides 

a rich experimental platform for discovering novel molecular determinants of neuronal 

laminar organization.

Advances in single cell RNAseq transcriptomic technologies coupled with single-cell 

anatomical analyses allow for a better understanding of cell type diversity within circuits and 

highlight the variety of cues necessary for wiring laminated structures. Sarin and colleagues 

[52•] investigated connectivity between rod and cone photoreceptors (PRs) and bipolar cells 

(BPs) in the outer plexiform layer (OPL) of the mouse retina, and they identified cell surface 

proteins and secreted ligands selectively expressed among these classes of retinal neurons. 

Using CRISPR to induce specific somatic mutations during the establishment of PR/BP 

connectivity in the OPL, a new role for Wnt5a/5b-dependent signaling via Ryk, Fzd4, and 

Fzd5 receptors, along with cytosolic disheveled (Dvl), was discovered that promotes rod 

PR/rod BP connectivity and OPL sublaminae formation. These approaches enable rapid 

evaluation of molecules that direct the formation of precise connections at the single cell 

level, and in the near future we can expect to have a much better understanding of the full 

molecular repertoire required for functional retinal circuit organization.

Synaptic targeting and circuit construction

The wide diversity of cell adhesion molecules (CAMs) that participate in heterophilic 

or homophilic interactions is instructive for understanding synaptic targeting and circuit 

construction [4]. For example, two subfamilies of the immunoglobulin superfamiliy (IgSF), 

the Dprs and Dpr-interacting proteins (DIPs), include 21 and 11 members, respectively, and 
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initial observations supported the idea that specific binding between Dprs and DIPs mediates 

interactions between synaptic partners in Drosophila [53,54]. Biophysical and structural 

studies reveal that some DIPs and Dprs can undergo homophilic binding and define essential 

amino acids within these proteins that underlie these specific interactions [55–57]. Recent 

studies expand upon how members of these protein families regulate neuronal connectivity, 

including work showing that DIP-Dpr interactions are necessary for synapse formation in 

the Drosophila visual system lamina neuropil. Within the lamina, the synaptic terminals of 

photoreceptors (R) and neurites of lamina neurons (L) together form “cartridges” critical for 

normal visual system function. L cells send axons to the medulla neuropil where they form 

lamina-specific connections, enabling higher order connectivity [58,59•]. DIPs γ and β are 

required in L neurons for correct visual system function and are sufficient for localization 

of select L-L neuron synapses; mis-expression of DIPs γ and β in R neurons promotes 

ectopic synapse formation with Dpr-expressing L neurons. However, DIPs γ and β are not 

required for synapse formation per se since flies lacking both DIPs still form synapses in 

the lamina, though their location and distribution are abnormal [59•]. Similarly, interaction 

between DIP-y and Dpr11 is instructive for the development of color vision circuits in 

the optic lobe through regulation of the distal dendrite morphology of Dm8 amacrine cells 

and by defining precise presynaptic partners with R7 (long-wavelength) PRs [60•]. In the 

Drosophila visual system medulla neuropil, heterophilic interactions between DIP-α and its 

binding partners Dpr6 and 10 regulate multiple aspects layer-specific connectivity, including 

arborization within layers, synapse number, layer specificity and cell survival [61•]. Taken 

together, work in the fly visual system supports complex DIP/Drp hetero and homophilic 

interactions that direct select connectivity among distinct populations of neurons and also 

the subcellular localization of their synaptic connections.

Classical cadherins include ~20 related molecules, several of which direct the establishment 

of direction-selective (DS) circuitry in the mouse retina. Two type II cadherins, Cdh8 and 

Cdh9, function heterophilically to instruct On-BC2 and Off-BC5 BP cell types, respectively, 

to form connections with appropriate On-Off DS ganglion cells (ooDSGCs) [62]. Recent 

extension of this foundational work shows that though at least 15 different Cdhs are 

expressed by neurons that make up DS circuits, 6 of these function individually and in 

combinations to restrict the arbors of distinct neuronal types to select sublaminae within the 

inner plexiform layer (IPL) of the mouse retina [63•]. This work also shows that specific 

cadherin interactions are necessary for lamina-specific innervation by ooDSGC dendritic 

arbors and for ooDSGC-starburst amacrine cell (SAC) associations. For example, Cdh7 and 

Cdh18 function to regulate nasal-preferring ooDSGC dendritic targeting, whereas Cdh6, 9, 

and 10 are involved in dendritic targeting and DS responses of dorsal/ventral preferring 

ooDSGCs. These studies reveal the remarkable utilization of a single family of CAMs by 

the BPs, RGCs and amacrine cells that comprise DS circuits, and it will be interesting to 

determine whether other gene families are similarly devoted to wiring visual system circuits 

with distinct tuning properties.

These data show that combinatorial interactions among classes of cell surface receptors 

underlie synaptic specificity in the CNS. The vertebrate clustered protocadherins (Pcdh) are 

a subclass of the cadherin superfamily that includes proteins shown to be necessary for 

sorting olfactory neuron axons in the mouse into distinct glomeruli within the olfactory bulb 
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by way of contact-mediated repulsion between axons that express identical combinations 

of Pcdh isoforms [64]. More recently, 20 cell-surface molecules were identified through 

profiling the cell-surface proteome of intact Drosophila olfactory tissue and shown to 

play roles in regulating neural circuit assembly [65•]. Many of these proteins had not 

previously been linked to neural development in flies. For example, LRP1 was found 

to cell-autonomously regulate olfactory projection neuron dendrite targeting within the 

antennal lobe. This powerful technological approach opens up the possibility of uncovering 

many additional cell-surface proteins required for correct neural connectivity and synapse 

formation in both invertebrates and vertebrates.

Subcellular control of synapse formation

Regulated axon and dendritic branching underlies lamina-specific innervation that ultimately 

sculpts neural circuits and specifies synaptic partners [42,66,67]. This synaptic specificity 

can often be resolved at the subcellular level to restricted regions of neural processes. 

Recent work uncovers mechanisms underlying subcellular regulation of synaptogenesis 

in Drosophila mechanosensory neuron axons within the CNS [68•]. This study identifies 

the phosphatase of regenerating liver-1 (Prl-1) as a key regulator of synaptogenesis in 

the contralaterally projecting axon collateral that branches out from dorsocental (DC) 

mechanosensory neuron axons and then projects across the CNS midline. The position 

of en passant synapses along the axon shaft and synapses in the other two main DC axon 

collaterals is regulated by a different mechanism. Interestingly, Prl-1 protein localization 

is spatially restricted within a single compartment of the DC axon midline crossing 

collateral, precisely where it is required for synapse formation. This requires the regulatory 

sequences in the long 5’ and 3’ untranslated regions (UTRs) of prl-1 mRNA, and this spatial 

restriction is required for localized synapse formation and elaboration of spatially restricted 

synapse-dense terminal arbors. Prl-1 does not appear to directly influence the initiation 

of terminal arborizations along the collateral since the early stages of arborization in the 

region of the CNS midline are not affected by loss of prl-1. In these DC mechanosensory 

neurons, Prl-1 modulates the insulin receptor (InR) pathway and likely acts upstream of 

Akt to regulate synapse formation and stabilization. Interestingly Prl-1 mutants at later 

pupal developmental stages show a reduction of terminal arbors, a consequence of elevated 

PI(4,5)P2 levels in these mutants. This suggests Prl-1 locally influences phosphoinositide-

dependent PI3K-PTEN signaling (Figure 2a). Taken together, these data provide novel 

insight into the subcellular control of spatially restricted axon branching, protrusion 

and synapse formation. Whether local synapse enrichment is due to local translation or 

regulation of protein trafficking remains to be determined. These subcellular regulatory 

mechanisms will undoubtedly provide insight into the molecular mechanisms underlying 

collateral branching in other neuronal systems.

Similarly, subcellular regulation of synaptic targeting is observed in the Drosophila 
mushroom body. Specifically, the γ-lobe is comprised of γ-KC (Kenyon Cell) axons and 

is innervated by MB output neurons (MBONs) and dopaminergic neurons (DANs) in 

five distinct axonal zones (γ1-γ5). Very recent work identifies a cell-autonomous role 

for Dpr12 and a non-cell autonomous role for its binding partner, DIPδ, in regulating 

γ-KC projection into MB γ4/5 zones and interactions with protocerebral anterior medial 
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DANs (PAM-DANs) [69•]. It will be interesting to define the co-receptors and downstream 

signaling mechanisms that regulate this DIP-Dpr interaction in the context of subcellular 

neuronal wiring.

Local translation also regulates synapse formation, and it has the potential for regulating 

subcellular control of wiring events [70,71]. Activation of guidance receptors, including 

DCC, neuropilin-1, and Robo2, can trigger local protein synthesis [71], and recent evidence 

for local translation within axonal compartments advances these findings. Tracking RNA 

granules in RGC axons in vivo reveals that RNA docking predicts branch points. RNA 

granules are only observed inside persistent branches and often are docked at sites where 

new protrusions or secondary branches form, which are necessary for synapse formation 

(Figure 2bi) [72].

Since local translation appears correlated with the formation of axon branches, what are 

the extrinsic cues that regulate these local translation events? In RGCs, classical guidance 

cues such as netrin-1, Sema3A, and BDNF can differentially control axonal translation of 

multiple proteins, including proteasomal subunits, proteins involved in metabolic pathways, 

histones and methyltransferases, demonstrating that regulation of the degradation and post-

translational modification of proteins can occur in response to both repulsive and attractive 

guidance cues [73•]. Guidance cue receptors can interact with ribosomes and ribosome 

subunits within the cell, and the specificity of their RNA-binding partners is instructive for 

responses by growing axons to extrinsic guidance cues, suggesting cue-specific regulation of 

the local proteome (Figure 2bii) [74]. Interestingly, RGC axons display distinct proteomic 

signatures in response to changes in cue polarity (repulsion to attraction), suggesting 

subcellular regulation of axonal response to extrinsic cues. Similarly, local translation within 

growth cones of contralaterally-projecting cortical neurons regulates axon targeting [75•]. 

Specifically, growth cones at the tips of trans-hemispheric axons in the cerebral cortex are 

enriched in mTOR and proteins with mTOR binding motifs, and this signaling pathway 

is necessary for the formation of callosal projections (Figure 2c). Taken together these 

studies show that signal transduction during growth cone navigation can be controlled at 

the subcellular level by local translation events. Additionally, they also show that signaling 

through guidance receptors may control these events, raising interesting questions that relate 

to mRNA transport, regulation of local protein synthesis and transport of newly synthesized 

proteins to the cell surface.

Conclusions:

Recent progress in understanding neural guidance and circuit formation has greatly 

advanced the field. Many new roles for guidance cues have been uncovered with the 

advent of novel genetic, transcriptomic, and proteomic technologies. New tools that enable 

genetic access in the context of single cell analyses unveil numerous classes of neurons 

with diverse compositions of cell surface receptors that ultimately define their wiring with 

synaptic partners. The regulated distribution of cell-surface receptors, coupled with complex 

cytosolic signaling events that regulate cytoskeletal dynamics, local protein synthesis, 

and protein degradation, show how guidance molecules orchestrate circuit formation and 

fine tune synaptic connectivity. Subcellular control of guidance cue signaling is also 
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crucial for regulating neural process guidance and synapse formation. Interestingly, several 

novel themes in neuronal guidance have recently emerged and identify additional cellular 

components not previously implicated in neural guidance or circuit formation. For example, 

recent observations show that cilia-specific optogenetic modulation of the PI3K/AKT 

signaling pathway can induce changes in axonal process dynamics and underlies axon tract 

defects associated with certain ciliopathies [76•]. Further, the ciliary small GTPase Arl13b 

regulates growth cone turning of commissural neurons mediated by Shh, but this does not 

occur in close proximity to the primary cilia [77]. These somewhat unexpected observations 

have important implications for understanding axon tract development and circuit formation, 

and they raise the possibility of extrinsic cues acting indirectly on growth cones to influence 

neurite growth and guidance.

The studies we have highlighted here demonstrate the continually emerging complexity of 

guidance cue regulation and function in neural circuit development and refinement. Future 

work will undoubtedly continue to uncover phylogenetically conserved cues underlying 

lamination and topographic organization of neuronal connections, providing the field with 

important answers to long-standing questions that address the molecular mechanisms 

dictating circuit assembly, synaptic function, and brain health.
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Figure 1. Molecular mechanisms underlying commissural and motor axon guidance in the 
developing spinal cord.
(a) Schematic of commissural axons navigating towards the floor plate (purple gradient: 

netrin-1 expression in the floorplate (FP), ventricular zone (VZ) and pial surface). 

Commissural neurons in the mouse dorsal spinal cord (red) extend their axons ventrally 

towards the floorplate (FP) and are attracted by netrin-1 (adapted from reference #6). (b) 
p190RhoGAP associates with DCC and prevents inappropriate attraction of spinal motor 

neuron axons to netrin-1, allowing exit from the spinal cord. (c) Schematic of molecular 

mechanisms underlying axon guidance at the midline. Shh secreted from the FP also attracts 

commissural axons (orange gradient). Shh-mediated endocytosis of the co-receptors Boc and 

Ptch1 (along with the adaptor Numb1) is necessary for Shh attraction. Robo1 (blue growth 

cones) and Robo2 (magenta growth cone) are differentially sorted to the cell surface and 

regulated during commissural guidance (see text for details).
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Figure 2. Subcellular regulation of axon guidance, branching and synapse formation.
(a) Subcellular regulation of single axon collateral branches and synapses by Prl-1 signaling. 

(i) Depiction of the Drosophila dorsal thorax with central sensory bristles: anterior (a)/

posterior (p) dorsocentral (aDC/pDC) and scutellar (aSC/pSC). (ii) pDC axon (green) 

targeting the ventral nerve cord (VNC) (light purple). (iii) Enlarged view of the pDC 

neuron. Subcellular localization of Prl-1 regulates terminal arborization (via regulation 

of phosphoinositide signaling) (red) and synapse formation (green) specifically in the 

contralaterally-projecting axon collateral (green bars in the signaling diagram, synergistic 

genetic interaction; red bars, antagonistic genetic interaction). (adapted from reference #68) 

(b) Local translation regulates axon branching and guidance. (i) RNA granule (orange) 

docking precedes protrusion formation and stable axon branching in Xenopus RGC axons 

Dorskind and Kolodkin Page 18

Curr Opin Neurobiol. Author manuscript; available in PMC 2023 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



within the optics tectum. (ii) Specific guidance cue signaling can elicit rapid changes in 

the nascent proteasome of RGC axons. Nrp1 and DCC associate with distinct RNA-binding 

proteins (RBPs) that bind specific subsets of mRNAs. Upon ligand binding, ribosomes 

rapidly dissociate from their receptors, enabling mRNA release and subsequent translation, 

ultimately resulting in rapid and distinct changes to the nascent axonal proteome. (c) 
Growth cones at the tips of layer II/III callosal projection neuron axons in the mouse have 

transcriptomes and proteomes distinct from their somatic compartments. mTORC1 complex 

components are selectively enriched at the tips of trans-hemispheric growth cones, and this 

signaling is necessary for normal callosal projections.
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