
 
 
 
 
 
  

 

 
Title 
Molecular mechanisms regulating the spatial configuration of neurites 
 
Author(s) 
Koichi Hasegawa and Ken-ichiro Kuwako 
 
Journal 
Seminars in Cell & Developmental Biology  Volume 129, Pages 103-114 
 
Published 
Available online 2 March 2022, Version of Record 4 August 2022. 
 
URL 
https://doi.org/10.1016/j.semcdb.2022.02.015 
 

この論文は出版社版でありません。 

引用の際には出版社版をご確認のうえご利用ください。 

島 根 大 学 学 術 情 報 リ ポ ジ ト リ  

S W A N 
Shimane University Web Archives of kNowledge 

https://doi.org/10.1016/j.semcdb.2022.02.015


 
 
 
Molecular mechanisms regulating the spatial configuration of 
neurites 
 
 
Koichi Hasegawa and Ken-ichiro Kuwako* 
 
 
Department of Neural and Muscular Physiology, School of Medicine, Shimane University, 
89-1 Enya-cho, Izumo-shi, Shimane 693-8501, Japan. 
Email; khasega9@med.shimane-u.ac.jp (K. H.) and kuwako@med.shimane-u.ac.jp (K. 
K.) 
 
Corresponding author*  
Ken-ichiro Kuwako 
Email address: kuwako@med.shimane-u.ac.jp 
 
 
 
 
 
 
 
 
Footnote: 
Arp2/3, actin-related protein 2/3; DAAM1, dishevelled associated activator of 
morphogenesis 1; DCC, deleted in colorectal cancer; GSK3β, glycogen synthase kinase 
3β; Lhx2, LIM homeobox 2; LIMK, LIM kinase; mGluR5, metabotropic glutamate 
receptor 5; LKB1, liver kinase B1; MTSS1, metastasis suppressor 1; Robo, roundabout; 
Rac1, RAS-related C3 botulinus toxin substrate 1; SH2/SH3, src homology 2/src 
homology 3; SIK1/2, salt-inducible kinase 1/2; TAO2, thousand and one amino acid 
protein 2.       
 
 



Abstract 

Precise neural networks, composed of axons and dendrites, are the structural basis for 

information processing in the brain. Therefore, the correct formation of neurites is critical 

for accurate neural function. In particular, the three-dimensional structures of dendrites 

vary greatly among neuron types, and the unique shape of each dendrite is tightly linked 

to specific synaptic connections with innervating axons and is correlated with its 

information processing. Although many systems are involved in neurite formation, the 

developmental mechanisms that control the orientation, size, and arborization pattern of 

neurites definitively defines their three-dimensional structure in tissues. In this review, 

we summarize these regulatory mechanisms that establish proper spatial configurations 

of neurites, especially dendrites, in invertebrates and vertebrates. 
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1. Introduction 

Neurons are extremely polarized cells harboring two structurally and functionally 

distinct types of neurites: axons and dendrites. Since the precise connection of axons and 

dendrites is essential for information transmission in the brain, the correct spatial 

configuration of neurites across large numbers of neurons is imperative to form functional 

neural circuits in a limited space [1]. Each neuron type has its own unique three-

dimensional (3D) structure of neurites, which has important implications directly related 

to neural function. During neurogenesis, neural stem cells are not morphologically 

polarized, but once they differentiate into immature neurons, they give rise to axons and 

dendrites [2,3]. To establish precise neural circuits, the developing axons and dendrites 

undergo distinct steps, including elongation, branching, pathfinding, and synaptic 

connection [4–9], and the systems that regulate neurite growth orientation, growth size, 

and arborization patterns are particularly fundamental to determine the spatial 

configuration of neurites (Fig. 1A). 

Properly regulated neurite orientation is a crucial to the exact flow of information in 

neurons. For example, cerebellar Purkinje cells (PCs) extend their dendrites exclusively 

toward the molecular layer, the most superficial layer of the cerebellar cortex, where 

dendrites receive the local synaptic inputs from the parallel and climbing fibers [10] (Fig. 

1B). By contrast, PC axons project toward the granule cell layer, which is the vertically 

opposite of the molecular layer, and eventually innervate the deep cerebellar nucleus to 

output information [11] (Fig. 1B). This oriented growth of PC dendrites and axons is the 

basis for the appropriate information flow in the cerebellum. Size control of neurites, 

especially dendrites, is also important for neural function. During development, the 

dendrites of individual neurons cover a defined area to correctly assemble the receptive 



field that acts as an antenna to receive axonal inputs. In Drosophila larvae, the dendrites 

of each dendritic arborization (da) sensory neurons grow until they reach an appropriate 

size to cover a given space [12,13]. Then, tiling neighboring dendrites generate receptive 

fields that cover the entire body wall, allowing the larva to receive external cues [14]. 

Together with dendrite size control, the precise branching pattern formation of dendrites 

is also important for the assembly of functional receptive fields. Most dendrites have the 

so-called self-avoidance system, which prevents their own neurites from crossing each 

other to efficiently fill the receptive field [15–17]. Starburst amacrine cells in the retina 

[18–20], PCs [20–22], and Drosophila da neurons [23–25], exhibit well-organized 

nonredundant dendritic arborization patterns. Thus, various neurons across species are 

equipped with mechanisms to control the spatial configuration of neurites. 

In this review, we summarize the regulatory mechanisms controlling neurite orientation, 

size, and arborization patterns that are critical for establishing the spatial configuration of 

neurites. Since dendrites have many distinctive systems to form sophisticated 3D 

structures, this review mainly focuses on the molecular mechanisms of dendritic growth 

and branching. 

 

2. Control of neurite orientation 

2.1 Establishment of neurite orientation during development 

  Determining neurite growth orientation is the first important step for establishing the 

proper spatial configuration of neurites. At the early stage of neurogenesis, the emergence 

of immature axons and dendrites breaks the morphological symmetry of neurons [26]. As 

soon as an axon/dendrite polarity is established, axons project toward far-distant 

destinations, whereas dendrites branch out to fill a defined area that is usually biased in a 



particular direction. For example, similar to the axon/dendrite orientation in PCs as 

described in section 1, the pyramidal neurons in the cerebral cortex also develop the 

orientated axons and dendrites. These pyramidal neurons initially form multiple short 

neurites, one of which rapidly elongates tangentially along the ventricle to form an axon 

[27,28]. Subsequently, these neurons transform into a bipolar shape and migrate radially 

away from the ventricle to form an L-shaped axon [27,28]. By contrast, the dendrites of 

pyramidal neurons extend toward both the cortical surface and ventricle to develop apical 

and basal dendrites, respectively, thereby ensuring apicobasal polarity [28] (Fig. 2A). As 

will be discussed in section 2.2.1, this oriented neurite growth is regulated by classical 

guidance systems. Spiny stellate neurons in the barrel structure of the mouse 

somatosensory cortex are another example of oriented dendrites. Whisker pads and 

barrels form a one-to-one topography [29,30], and the accurate formation of each barrel 

structure is essential to create a functional topographic map for tactile inputs. The mature 

barrel is composed of spiny stellate neurons and thalamocortical axons (TCAs) projecting 

from the ventral posterior medial nucleus of the thalamus [31,32] (Fig. 2B). Spiny stellate 

neurons align the barrel edge and extend dendrites specifically toward the inside of the 

barrel to synapse with innervating TCAs [32]. In the early postnatal period, spiny stellate 

neurons extend their dendrites toward random directions but by the end of the first 

postnatal week, all but the dendrites extending toward the center of the barrel are 

eliminated, creating an inside-oriented dendritic structure [33] (Fig. 2B). Therefore, in 

addition to guidance system specifying neurite growth directions, pruning mechanisms 

are also involved in the formation of oriented neurite structures. 

 

2.2 Mechanisms establishing oriented dendrite structures 



  Various neurons have oriented neurites, and their control mechanisms are diverse. 

Neurons in both invertebrates and vertebrates have strikingly oriented dendrites whose 

structures are important for appropriate neuronal inputs. Likewise, all axons show 

oriented growth, which is navigated by axon guidance mechanisms to correctly arrive at 

their target cells to form specific synapses.  

 

2.2.1 Guidance systems directing neurite orientation 

Many sets of attractive/repulsive receptor-ligand systems including Netrin-DCC, Slit-

Robo, Ephrin-Eph, Semaphorin-Plexin/Neuropilin, and Wnt-Frizzled control axonal 

pathfinding in various neurons such as spinal commissural neurons, thalamocortical 

neurons, and retinal ganglion cells (RGCs) [34,35]. Although dendrites are far shorter 

than axons, guidance molecules are also involved in the mechanisms that determine 

dendritic orientation.   

Semaphorin 3A (Sema3A) regulates axon guidance through chemorepulsive effects 

[36,37]. Sema3A induces growth cone collapse via its receptors Plexin/Neuropilin-1 

(Nrp1) in dorsal root ganglion cells [38,39], and Sema3A-Nrp1 interaction instructs the 

patterning of axonal projections in the cerebral cortex [40]. Contrary to its repulsive 

effects on axons, Sema3A orchestrates the apicobasal dendritic orientation of cortical 

pyramidal neurons through chemoattractive effects (Fig. 2A). Sema3A derived from the 

cortical surface (marginal zone) attracts apical dendrites of pyramidal neurons toward the 

pia via Nrp1/Plexin A receptor complexes [41,42]. Layer V pyramidal neurons in the 

cerebral cortex of Sema3A-deficient mice show an aberrant orientation of dendritic 

projections including the horizontally directed dendrites, upside-down apical/basal 

dendrites, and dendrites without polarity [42]. Pathways regulating apical/basal dendrite 



orientation downstream of Sema3A have also been identified. Since the Src family kinase 

Fyn, which associates with Plexin A2 and activates cyclin-dependent kinase (Cdk)5 

pathways, plays a pivotal role in Sema3A signaling, the phenotypes of dendritic 

orientation in Fyn-deficient cortical neurons are quite reminiscent of those in Sema3A-

deficient neurons [42]. Furthermore, distinct pathways downstream of Sema3A signaling 

seem to specifically determine apical or basal dendritic orientation. The deletion of p35, 

a neuron-specific Cdk5 activator, causes severe defects in the apical dendritic orientation 

of pyramidal neurons [43], suggesting that the Cdk5 pathway mainly controls the 

orientation of apical dendrites. The synaptic vesicle-binding protein synapsin III, a Cdk5 

substrate, mediates Sema3A-Cdk5 pathway-dependent control of dendritic orientation 

because inhibition of synapsin III phosphorylation results in misoriented dendrites 

including completely upside-down apical and basal dendrites [44]. By contrast, the 

deletion of GSK3β, a serine/threonine kinase involved in Sema3A signaling, specifically 

impairs the orientation of basal dendrites [45]. The c-Jun N-terminal kinase pathway, 

which is activated by the serine/threonine kinase TAO2 that associates with Nrp1, is also 

required for the proper orientation of basal but not apical dendrites [46]. In addition to 

Sema3A, other semaphorins are involved in the apicobasal dendritic orientation of 

cortical neurons. Sema4D-Plexin B1 signaling inactivates the Ras-related signal 

transducer M-Ras to promote actin depolymerization that leads to inhibition of dendrite 

elongation [47]. In the cerebral cortex, the forced expression of a dominant negative 

Plexin B1 or constitutively activate M-Ras, increase dendritic branching and disorganize 

the apicobasal orientation of pyramidal neurons [47]. 

In Drosophila larvae, da sensory neurons also exhibit distinctive oriented dendrite 

structures. The da neurons extend their dendrites in a 2D plane at the basal surface of the 



epithelium to cover the entire body wall [48]. The class I da neuron ddaE develops comb-

like dendritic arborizations, with their primary dendrites extending along the dorsal-

ventral axis and secondary dendrites along the anterior-posterior axis (Fig. 2C). The 

growth orientation of secondary dendrites is guided by gradients of cell adhesion 

molecules. The molecular gradient of Ten-m, a homophilic cell adhesion molecule of the 

teneurin family, along the anterior-posterior axis in the epidermis confines the growth of 

secondary dendrites of ddaE neurons [49]. High expression of Ten-m in ddaE neurons 

and the anterior-high/posterior-low expression of Ten-m in the dermis ensure the 

posterior-oriented comb-like growth of secondary dendrites. 

Thus, guidance systems, including axon guidance and cell adhesion molecules, play 

important roles not only in axonal pathfinding but also in the regulation of dendrite 

orientation. 

 

2.2.2 Pruning systems controlling neurite orientation 

  In addition to mechanisms determining neurite growth directions, neurite elimination, 

so-called pruning, also shapes neurite orientation. As described in section 2.1, spiny 

stellate neurons in the somatosensory cortex represent a pruning-based assembly of 

oriented dendrites [32] (Fig. 2B). In mice lacking the NR1 and NR2B subunits of the 

glutamatergic N-methyl-D-aspartate receptor (NMDAR) or the metabotropic glutamate 

receptor (mGluR)5, the dendritic asymmetry of spiny stellate neurons is abolished, 

causing loss of the barrel structure [50–52]. This strongly indicates that TCA input-

dependent neural activity mediates dendrite pruning in spiny stellate neurons. Although 

the molecular basis for this selective dendrite pruning within a single neuron remains 

unknown, a Hebbian mechanism has been proposed [51]. At an early developmental stage, 



randomly directed dendrites of spiny stellate neurons initially receive TCA inputs 

representing multiple whiskers. Should TCAs representing one whisker outnumber other 

TCA inputs representing different whiskers, the spiny stellate neuron may generate action 

potentials according to the firing pattern of the dominant TCAs. Over time, synchronous 

firing may strengthen these synapses and promote local growth of the dendrites that 

receive inputs from dominant TCAs, thereby becoming inside-oriented dendrites, 

whereas asynchronous firing may destabilize synapses and prune the dendrites 

representing other whiskers [51].   

  Another molecule, Broad complex, Tramtrack, and Bric-à-brac/Poxvirus and zinc 

finger (BTB/POZ) domain-containing 3 (Btbd3), has been identified as a regulator for 

dendrite pruning of spiny stellate neurons [53]. Deletion of Btbd3 abolishes the dendritic 

asymmetry of spiny stellate neurons and disrupts the well-defined barrel structure [53]. 

Btbd3 is considered a putative transcription factor and normally localizes in the nucleus. 

However, in mice with cortex-specific NR1 deficiency that show strongly suppressed 

neural activity, Btbd3 fails to localize to the nucleus and resides in the cytoplasm of spiny 

stellate neurons [53]. This indicates that increased neural activity during the early 

postnatal week triggers the nuclear translocation of Btbd3 to regulate target gene 

transcription, resulting in dendrite pruning of spiny stellate neurons. The loss of dendritic 

asymmetry in these neurons in mice lacking the LIM homeodomain transcription factor 

Lhx2, which positively regulates Btbd3 expression, also supports the importance of Btbd3 

in barrel formation [54]. Furthermore, Sema7A-deficient mice lose the polarized dendrite 

structure of spiny stellate neurons, suggesting that a specific receptor-ligand system is 

crucial for dendrite pruning of this neuron [55]. Indeed, recent studies have demonstrated 

that Sema7A and its receptor Plexin C1 regulate the dendrite pruning of mitral cells 



[56,57]. Further studies will be necessary to identify the molecular link between neural 

activity-dependent transcriptional regulation by Btbd3 and cell-surface signaling via 

Sema7A in dendrite pruning of spiny stellate neurons. 

These neuronal activity-dependent and receptor-ligand systems identified in spiny 

stellate neurons also play important roles in the pruning of the oriented dendrites in other 

neurons. Mature mitral cells in the adult olfactory bulb project a single primary dendrite 

into only one glomerulus, in which the dendrite arborizes to synapse with olfactory 

neuron axons [58] (Fig. 2D). In the early postnatal period, this one-to-one dendrite 

projection is not established; multiple dendrites of a single mitral cell extend to multiple 

glomeruli. By postnatal day 6, only a single primary dendrite remains attached to a single 

glomerulus, and all other connections are lost [59]. In developing mitral cells, bone 

morphogenetic protein receptor (BMPR)2, a BMP receptor serving as a transmembrane 

serine/threonine kinase, stabilizes dendrites by promoting actin polymerization in a ligand 

BMP2/4-dependent and neuronal activity-dependent manner [60]. In dendrites with low 

neuronal activity, BMPR2 intracellularly sequesters LIMK, a major kinase involved in 

actin polymerization of mitral cells, resulting in actin depolymerization-induced dendrite 

pruning. Conversely, a ligand binding to BMPR2 releases LIMK to promote actin 

polymerization-mediated dendrite stabilization [60]. Thus, developing mitral cells either 

stabilize or prune dendrites depending on whether the BMP receptor-ligand system and 

neural activity act in concert. However, the mechanism that selects only one primary 

dendrite per mitral cell has not yet been elucidated. 

 

3. Mechanism controlling neurite size 

Correctly controlling the size of neurites, especially dendrites, is crucial for building 



proper receptive fields and neural connections [61]. Dendrite sizes vary among neurons, 

and even the same neuron type may have different sizes depending on which target cells 

it connects to. In this section, we focus on three important mechanisms for neurite size 

control: competition-based, space filling-based, and targeting-based mechanisms.   

Competition-based dendrite scaling depends on the relative acquisition level of 

external growth-promoting signals among neighboring neurons. In the cerebellum, the 

levels of the neurotrophin-3 (NT-3) –tropomyosin-related kinase C (TrkC) and cerebellin-

1 (Cbln1) –glutamate delta2 (GluD2) signaling determine the dendrite size of PCs [62,63]. 

Space filling-based neurite scaling is essentially mediated by local repulsive signals from 

neighboring neurites. The repulsion of dendritic branches via cell-surface molecules, such 

as Slit-Robo, stops dendritic overgrowth [64]. This mechanism, so-called tiling, allows 

space to be efficiently covered by a population of neurons to form a functional receptive 

field. Targeting-based neurite scaling is tightly coupled with synaptic connections with 

target cells. In the retina, specific sets of cell adhesion molecules like down syndrome 

cell adhesion molecule (Dscam; see also section 4.2.1) and Sidekick are exclusively 

expressed in certain retinal neurons to connect each other in defined layers [65]. Axons 

or dendrites that have been able to connect with the appropriate target cells through 

specific cell adhesion molecules will stop growing at the right place, thereby determining 

neurite size.  

 

3.1 Competition-based size control of PC dendrites 

PCs develop a highly elaborate single dendrite that spans the entire molecular layer of 

the cerebellar cortex (Fig. 1B). Parallel fibers of granule cells (GCs) orthogonally 

penetrate PC dendritic arbors, a fan-like monoplanar structure, and form numerous GC-



PC synapses on a single PC [66].  

NT-3 and its receptor TrkC control the size of PC dendritic arbors via competition-

based mechanisms [62] (Fig. 3A). The GC-derived NT-3 binds to TrkC on PC dendrites. 

A mosaic analysis demonstrates that sparse deletion but not global deletion of TrkC in 

developing PCs significantly stunts their dendritic arbors. This TrkC-dependent dendrite 

growth in PCs is mediated by GC-derived NT-3 because additional NT-3 deletion 

ameliorates dendrite size defects caused by sparse TrkC deletion. Therefore, developing 

PCs compete for NT-3, and their dendrite sizes are determined by the relative levels of 

NT-3-TrkC signaling [62]. Moreover, the synapse organizers GluD2 and its presynaptic 

ligand Cbln1 regulate arbor sizes of PC dendrites through similar competition-based 

mechanisms described for NT-3-TrkC signaling [63] (Fig. 3A). During development, PCs 

express GluD2 on their dendrites, while GCs secrete Cbln1. Cbln1 also binds neurexin, a 

presynaptic receptor on parallel fibers; thus, GluD2, Cbln1, and neurexin form a tripartite 

synaptic complex that promotes the formation of GC-PC synapses [67]. Sparse but not 

global deletion of GluD2 decreases or increases the ramification of PC dendrites in the 

deep or superficial molecular layer, respectively [63] (Fig. 3A). By contrast, of GluD2 

overexpression in developing PCs causes dendrite overelaboration in the deep molecular 

layer [63] (Fig. 3A). Additional Cbln1 deletion rescues the ramification phenotype 

induced by sparse GluD2 deletion, indicating that the relative levels of Cbln1-GluD2 

signaling define PC arbor sizes in the deeper/superficial molecular layers [63]. Thus, 

competition for forming synapses with GCs determines the size of dendritic arbors in PCs.  

  Collectively, receptor-ligand systems in PCs demonstrate that competition for external 

signals among a neuronal population is a crucial mechanism for determining dendrite size. 

 



3.2 Space filling-based size control of sensory neuron dendrites in Drosophila 

The basis of tiling is neighboring cell-dependent scaling of dendrites, and excessive 

dendrite extension is inhibited by repulsive interactions with neighboring dendrites via 

cell-surface molecules on dendrites [17]. An appropriate repulsive signal stops the 

dendrite from growing, but if this signal is removed, the dendrite will continue to extend 

even after contact with neighboring dendrites, resulting in increased size. This regulatory 

mechanism defines the size of dendrites and allows neurons to align in a tiling pattern 

without overlapping (Fig. 3B). Several cell-surface molecules involved in tiling, such as 

Dscam, Slit-Robo, and Semaphorin-Plexin, have been identified in Drosophila larval 

sensory neurons and retinal amacrine cells [68]. In Drosophila larval class IV da neurons, 

the deletion of Robo or Slit, a repulsive receptor and its ligand, increases dendrite size, 

whereas Robo overexpression decreases it [64], indicating that the level of Slit-Robo 

repulsive signaling scales dendritic arbors (Fig. 3B). 

In class IV da neurons, additional transcription factors and kinases have been identified 

to be involved in tiling-based control of dendrite sizes. Deletion of the transcription 

factors Cut and Knot, or the tumor suppressor kinase Hippo results in a decreased dendrite 

size, whereas overexpression of these genes increases the size [69–71]. The up- and 

downstream signals of this phenomenon are not well understood, but some repulsive cell-

surface molecules may be involved. 

 

3.3 Laminar-specific neurite size control in the retina 

  Layer-specific synaptic connections in the retina are closely related to arborization 

sizes of neurites. In the retina, the visual input gathered by photoreceptors is transmitted 

to RGCs via bipolar cells. Processes of the interneurons, including bipolar and amacrine 



cells, form synapses on RGC dendrites in the inner plexiform layer (IPL) which is further 

divided into five major sublaminae, S1 to S5 (Fig. 3C). In the chick, subsets of 

interneurons and RGCs expressing the same cell adhesion molecules, such as Dscam, 

DscamL, Sidekick1, Sidekick2, and contactin, specifically form synapses via their 

homophilic binding in one or a few of these sublaminae [65,72] (Fig. 3D). Ectopic 

expression or deletion of these cell adhesion molecules in RGCs impairs their laminar-

specific targeting of dendrites, eventually altering dendrite size. For example, Dscam-

expressing RGCs normally project their dendrites into sublamina 5, but the deletion of 

Dscam in those RGCs results in overshooting of their dendrites far beyond this sublamina 

[65] (Fig. 3D). A similar homophilic cell adhesion system organizes the laminar targeting 

of bipolar cells and defines their arbor sizes in the mouse retina. Cadherin 8 and Cadherin 

9, the type II cadherins, are selectively expressed in sublamina 2-projecting OFF bipolar 

cells (Type2 OFF) and sublamina 5-projecting ON bipolar cells (Type5 ON), respectively, 

to form layer-specific synaptic connections with direction-selective ganglion cells [73]. 

Altered expression levels of Cadherin 8 and Cadherin 9 in Type2 OFF or Type5 ON 

bipolar cells result in changes of their axonal arbor sizes that are associated with the 

mistargeting of axons [73]. Furthermore, a repulsion-based system instructs the neurite 

sizes of retinal neurons. The repulsive molecule Sema6A and its receptors Plexin A2 and 

Plexin A4 play important roles in the laminar targeting of mouse retinal neurons [74,75]. 

Sema6A is expressed in RGCs and amacrine cells that project to the ON layer (sublaminae 

S3-S5 of the IPL), whereas Plexin A2 and Plexin A4 are expressed in bipolar and 

amacrine cells that project to the OFF layer (sublaminae S1 and S2 of the IPL) (Fig. 3E). 

Based on this complementary expression pattern, Sema6A, for example, in dendrites of 

RGCs and amacrine cells, which terminate in the ON layer, strongly repels Plexin A2-



expressing dendrites of amacrine cells and excludes them from the ON layer, keeping 

them in the OFF layer [74] (Fig. 3E). The loss of Sema6A, Plexin A2, and Plexin A4 in 

retinal neurons causes overshooting of neurites beyond the destined ON/OFF layer 

[74,75] (Fig. 3E). 

  Taken together, cell-surface molecules-mediated laminar targeting defines 

axon/dendrite sizes in the retina. 

 

4. Control of arborization patterns via self-avoidance mechanisms 

4.1 Self-avoidance in invertebrate and vertebrate neurons 

To receive synaptic inputs and process information accurately and efficiently, complex 

dendritic branches of each neuron must fill the space in an orderly fashion without 

colliding. Along with the tiling mechanism involving neighboring cells, self-avoidance is 

one of the crucial systems for establishing space-filling dendritic arborization in which 

sister branches of the same neuron avoid crossing each other and bundling, thereby 

maximally and evenly covering a defined space with dendrites [14] (Fig. 4A). This 

phenomenon was first observed in mechanosensory neurons of the leech Haementeria 

ghilianii [76]. Subsequently, numerous genetic studies in invertebrate neurons, such as 

Drosophila da sensory neurons [23–25] and Caenorhabditis elegans PVD nociceptive 

sensory neurons [77], have elucidated the molecular machinery of dendrite self-avoidance. 

Recent studies have identified molecules involved in dendrite self-avoidance in vertebrate 

neurons, such as mouse RGCs, amacrine cells, and PCs [18,19,21,22]. Therefore, self-

avoidance is a highly conserved physiological mechanism to establish an appropriate 

spatial configuration of dendrites.   

 



4.2 Repulsion-based regulators of dendrite self-avoidance 

Various molecules that regulate dendrite self-avoidance have been identified in 

invertebrates and vertebrates (Table 1). Among them, cell-surface molecules are of great 

importance because local repulsion of neurites via specific cell-surface molecules is a 

pivotal common mechanism to prevent the intermingling of neurites from the same 

neuron [17]. This repulsion-based mechanism allows dendrites to spread out as much as 

possible while minimizing overlap. To specifically repel their own neurites, neurons need 

to discriminate “self” from “non-self” neurites, and the fascinating mechanisms 

underlying this discrimination have been demonstrated for two different molecules, 

Dscam and clustered protocadherins (Pcdhs) [20,23–25]. By matching isoforms on the 

neurite surface, the diverse extracellular domains of Dscam1 and Pcdhs recognize “self” 

or “non-self” via homophilic binding of the same isoform and cause repulsion of self-

neurite [78]. 

 

4.2.1 Dscams 

Dscam is an evolutionarily conserved cell adhesion molecule with homophilic binding 

ability [79,80].  Drosophila Dscam1, which was originally identified as a binding 

protein for the SH2/SH3 adaptor protein Dock [80], first demonstrated the importance of 

self-avoidance mechanisms via homophilic binding of cell-surface molecules [23–25]. 

Suppression of Dscam1 expression in Drosophila da sensory neurons or mushroom body 

neurons results in the clumping of dendrites from the same neuron [23–25,81] (Fig. 4B). 

Dscam1 is a single-pass transmembrane protein that contains 10 immunoglobulin (Ig) 

domains and 6 fibronectin repeats in the extracellular region [80]. Intriguingly, selective 

splicing of the Dscam1 gene can give rise to 19,008 and 2 isoforms in the extracellular 



and transmembrane regions, respectively. Therefore, a Dscam1 gene can theoretically 

produce 38,016 isoforms [80] (Fig. 4C). Individual neurons express only one random 

Dscam1 isoform in neurites, and the characteristics of homophilic binding between 

identical isoforms cause the repulsive effect [82]. In the extracellular region of Dscam1, 

three domains, Ig2, Ig3, and Ig7, undergo selective splicing, and a strong homophilic 

binding occurs only between isoforms that completely match these three domains [82] 

(Fig. 4C). This system matching a huge number of Dscam1 isoforms contributes to the 

discrimination between “self” and “non-self”, thereby repelling only dendrites of the 

same neuron [83]. By contrast, there are two mouse Dscam genes, Dscam and Dscaml1, 

both of which do not show the same splicing diversity as Dscam1 in Drosophila [19]. 

Thus, murine DSCAM and DSCAML1 may not be involved in the discrimination 

between “self” and “non-self”. Nevertheless, loss-of-function experiments demonstrate 

that DSCAM and DSCAML1 play critical roles in dendrite self-avoidance in RGCs, 

amacrine cells, and bipolar cells [19]. DSCAM and DSCAML1 prevent excessive neurite 

contacts by inhibiting cell adhesion through other molecules, such as cadherins, rather 

than directly producing repulsive effects [84]. 

 

4.2.2 Clustered protocadherins 

Since mouse DSCAMs lack isoform diversity, other molecules may be responsible for 

discriminating between “self” and “non-self” dendrites in mammals. Clustered Pcdhs, 

which have many isoforms, became candidate molecules for a role similar to that of 

Drosophila Dscam1. In mice, three Pcdh clusters, Pcdhα, Pcdhβ, and Pcdhγ, produce via 

promoter selection 14, 22, and 22 isoforms, respectively, resulting in 58 isoforms [85] 

(Fig. 4D). Dendrites of the same neuron express the same Pcdhγ isoform repertoire, 



whereas different neurons have different repertoires [86, 87]. The six extracellular 

domains of the same Pcdhγ isoforms specifically form a zipper-like structure between the 

dendrites of the same neuron, resulting in a local repulsive effect [86, 87]. Mice lacking 

the entire Pcdhγ cluster exhibit severe abnormalities in dendrite self-avoidance in 

starburst amacrine cells and PCs [20] (Fig. 4E). Furthermore, deletion of both Pcdhα and 

Pcdhγ clusters show more severe abnormalities in dendrite self-avoidance in those 

neurons than Pcdhγ alone deletion, indicating that Pcdhs mediate dendrite self-avoidance 

in a cooperative manner [88]. 

 

4.2.3 Other regulators of self-avoidance 

In addition to Dscams and Pcdhs, various molecules have been demonstrated to 

regulate dendrite self-avoidance. Many other cell-surface systems control dendrite self-

avoidance, especially in invertebrates. In C. elegans, the ternary interaction of epidermal 

SAX-7 and MNR-1 with DMA-1 causes dendritic branching and self-avoidance in PVD 

nociceptive neurons [89,90]. Likewise, the binding of the secreted ligand UNC-6/netrin 

to its cell-surface receptors UNC-40 and UNC-5 activates dendrite self-avoidance in PVD 

nociceptive neurons [91]. Furthermore, the transmembrane protein MIG-14 regulates 

self-avoidance via homophilic binding in PVD nociceptive neurons [92], indicating that 

homophilic interaction of cell-surface molecules is also crucial to self-avoidance in C. 

elegans. In Drosophila, the seven-pass transmembrane cadherin Flamingo binds to the 

LIM domain protein Espinas to activate dendrite self-avoidance in da sensory neurons 

[93]. The conserved Ig superfamily member Turtle is also involved in self-avoidance in 

da neurons [94]. Interestingly, the intracellular region of Turtle is dispensable to dendritic 

branching, suggesting that Turtle regulates self-avoidance as a ligand or co-receptor for 



yet unidentified molecules [94]. Moreover, integrins and Plexin B in da neurons control 

dendrite self-avoidance via binding to epithelium-derived laminin and Sema2b, 

respectively [95,96]. Similar to the Semaphorin-Plexin system in Drosophila, Sema6A 

and Plexin A2/A4 play essential roles in dendrite self-avoidance in retinal starburst 

amacrine cells of mice [75,97]. Slit2-Robo2 is also a repulsive ligand-receptor complex 

that prevents self-crossing of highly elaborate PC dendrites [21] (Fig. 4D).   

Other molecules regulating signal transduction and cytoskeletal arrangement have been 

implicated in self-avoidance mechanisms. Downstream of the UNC-6–UNC-40–UNC-5 

cell-surface complex, intracellular UNC-34, WSP-1, UNC-73, MIG-10, and the Arp2/3 

complex promote dendrite self-avoidance via the dendrite retraction in C. elegans PVD 

nociceptive neurons [98]. In Drosophila, the target of rapamycin complex 2 interacts with 

Plexin B to regulate dendrite self-avoidance [96]. In PCs, the LKB1-SIK1/2 kinase 

pathway controls the dendritic localization of Robo2 to prevent self-crossing and 

clumping of dendrites [22], highlighting the importance of cellular delivery systems for 

specific cell-surface molecules involved in self-avoidance (Fig. 4D). Moreover, a recent 

study demonstrated that the inverse-BAR protein MTSS1 orchestrates via binding to the 

actin nucleator formin DAAM1 the contact-dependent retraction of dendritic protrusions 

leading to self-avoidance in PCs [99].  

In conclusion, various regulatory systems based on the interactions of cell-surface 

molecules ensure neuronal self-avoidance which is essential for precise neural 

connectivity and information processing. 

 

5. Conclusions and future directions 

In this review, we highlight the mechanisms that control neurite orientation, size, and 



arborization patterns and that are essential for establishing the spatial configuration of 

neurites, especially dendrites. These regulatory mechanisms allow dendrites to build 

functional receptive fields that are crucial for accurate synaptic input. Cell-surface 

molecules play particularly important roles in these mechanisms. For example, 

interactions between neurites via homophilic cell adhesion molecules and repulsive 

receptor-ligands, such as Dscam, Slit-Robo, and Semaphorin-Plexin, are all involved in 

the control of dendrite orientation, size, and self-avoidance. Additionally, glutamate 

receptors like NMDARs and mGluR5 are involved in neural activity-dependent pruning 

that determines dendrite orientation, and the neurotorophin NT-3 and synapse organizer 

Cbln1 control competitive dendrite scaling. These highly elaborate systems establish the 

functional spatial configuration of neurites.      

However, some important phenomena regarding the spatial configuration of neurites 

remain to be fully elucidated. For example, PCs generate characteristic monoplanar 

dendrites presumably to receive efficient input from parallel fibers and to appropriately 

integrate neural information in the cerebellum [66] (Fig. 1B). Although the cytoskeletal 

protein βIII-spectrin is involved in the formation of the monoplanar PC dendrites, the 

underlying mechanism remains unknown [100,101]. In the formation of the 2D dendrite 

structure of Drosophila sensory neurons, which is similar to that of PC dendrites, the 

interaction between integrins on the dendrites and laminin in the extracellular matrix 

restricts the growth orientation of dendrites in the 2D space beneath the epidermis [48]. 

This repulsive integrin-laminin signal regulates dendrite patterning, as in other systems 

that control neurite structures. Therefore, a universal system across species via cell-

surface molecules may also be involved in the formation of monoplanar PC dendrites.  

Future studies elucidating such unidentified mechanisms will facilitate our understanding 



of the assembly of elaborate neural circuits. 
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FIGURE LEGENDS 

Fig. 1.  The spatial configuration of dendrites.  

(A) To establish neural circuits that accurately perform neural functions, each neuron 

must generate its own functional 3D shape according to the developmental program. 

During neural development, growing axons are navigated to their predetermined targets 

usually over long distances. Dendrites, which are much shorter than axons, establish 

structures that are unique to each neuron type and directly relate to neural function. The 



spatial configuration of dendrites is determined by various mechanisms, but three in 

particular; (1) growth orientation, (2) growth size, and (3) 3D arborization pattern. The 

growth orientation of dendrites is crucial to ensure appropriate inputs. The control of 

dendrite size is important for establishing a receptive field that is collaboratively 

established with neighboring cells. The 3D arborization patterns vary greatly among 

neurons but are important for efficient input and information processing.  (B) Dendrites 

of cerebellar PCs have a distinctive 3D structure. The image shows a 3D reconstruction 

of PCs at postnatal day 21 that were labeled with green fluorescence protein. PCs project 

a single intricately branching dendrite toward the ML from the PCL, whereas they project 

axons into the GCL. PC dendrites span the entire ML to establish the receptive fields 

(upper panel). The dendritic arbor of PC is strictly regulated to form a fan-like 

monoplanar structure in which sister branches of the same cells avoid crossing each other 

(bottom panels). ML: molecular layer, PCL: purkinje cell layer, and GCL: granule cell 

layer. 

 

Fig. 2.  Oriented dendrite structures and their regulatory systems.   

(A) Pyramidal neurons in the cerebral cortex have apical and basal dendrites. Sema3A-

Nrp1/Plexin A2 signaling orchestrates the oriented growth of dendrites, thereby ensuring 

apicobasal polarity. The downstream mechanisms of apical and basal dendrite orientation 

via Sema3A-Nrp1/Plexin A2 signaling are shown in the box. L1–L6: layers 1–6, WM: 

white matter. MZ: marginal zone, CP: cortical plate, IZ: intermediate zone, SVZ: 

subventricular zone, VZ: ventricular zone, Sema3A: Semaphorin 3A, Nrp1: Neuropilin-

1, Cdk5: cyclin dependent kinase 5, TAO2: thousand and one amino acid protein 2, JNK: 

c-Jun N-terminal kinase, GSK3β: glycogen synthase kinase 3β. (B) Remodeling of 



dendrite orientation in spiny stellate neurons. During the first postnatal week, spiny 

stellate neurons in the barrel cortex establish the inside-oriented dendritic arborizations 

to synapse with innervating TCAs via dendrite pruning. Deletions of the glutamate 

receptors including NR1, NR2B, and mGluR5 abolish the dendrite pruning of spiny 

stellate neurons, indicating neural activity mediates this process probably through Btbd3. 

Neural activity-dependent nuclear translocation of Btbd3 is required for dendrite pruning. 

Sema7A-Plexin C1 signaling is also involved in this pruning. TCA: thalamocortical axon, 

N: nucleus, Btbd3: Broad complex, Tramtrack, and Bric-à-brac/Poxvirus and zinc finger 

(BTB/POZ) domain-containing 3, NMDAR1: N-methyl-D-aspartate receptor 1. (C) The 

Drosophila class I da neuron ddaE forms a comb-like dendritic structure in which primary 

(red) and secondary (blue) dendrites extend along the dorsal direction and the posterior 

direction, respectively. The homophilic cell adhesion molecule Ten-m mediates the 

interaction between the epidermis and the secondary dendrites to restrict the growth 

direction of these dendrites. A: anterior, P: posterior, D: dorsal, and V: ventral. (D) 

Remodeling of dendrite orientation in mitral cells. During the first postnatal week, mitral 

cells in the olfactory bulb establish a one-to-one dendritic projection pattern to the 

glomerulus via pruning mechanisms. BMP signaling and neural activity regulate dendrite 

pruning and stabilization of mitral cells via LIMK-dependent actin polymerization. BMP: 

bone morphogenetic protein, BMPR2: BMP receptor 2, LIMK: LIM kinase. 

 

Fig. 3.  Mechanisms controlling neurite size. 

(A) Competition-based size control of PC dendrites. Relative acquisition levels of the NT-

3-TrkC and Cbln1-GluD2 signals among neighboring neurons determines the sizes of PC 

dendrites. Parallel fibers secrete NT-3 and Cbln1 that bind to TrkC and GluD2, 



respectively, on PC (boxes). GluD2, Cbln1, and Nrx1 form a tripartite synaptic complex. 

A PC with reduced NT-3-TrkC signaling decreases in dendrite size (red cell in bottom left 

scheme). A PC with reduced Cbln1-GluD2 signaling decreases or increases the dendritic 

arbor size in the deep or superficial ML, respectively (green cell in bottom right scheme). 

Enhanced Cbln1-GluD2 signaling causes dendrite overelaboration in the deep ML 

(yellow cell in bottom right scheme). PC: Purkinje cell, GC: granule cell, NT-3: 

neurotrophin-3, TrkC: tropomyosin-related kinase C, Cbln1: cerebellin-1, GluD2: 

glutamate delta2, Nrx1: Neurexin 1, ML: molecular layer. (B) Space filling-based scaling 

of dendrites. In Drosophila da neurons, repulsive interaction with neighboring dendrites 

via cell-surface molecules Slit and Robo defines dendritic arbor sizes (box). This system 

is a basis for tiling in which neurons can align orderly and efficiently to cover a field with 

dendrites. Enhanced Slit-Robo signaling in class IV da neurons decreases dendrite size, 

whereas the loss of this signal increases dendrite size. (C) Layer-specific synaptic 

connections in the retina. Processes of bipolar cells and amacrine cells form synapses on 

RGC dendrites in the IPL which is subdivided into five layers (OFF layer: layer 1 and 2, 

ON layer: layer 3–5). ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner 

nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer, and RGC: retinal 

ganglion cell. (D) In the chick retina, homophilic cell adhesion molecules, such as Dscam, 

DscamL, Sidekick1 (Sdk1), and Sidekick2 (Sdk2), mediate specific synaptic connections 

of RGCs with bipolar and amacrine cells in certain sublaminae. Therefore, the 

mechanisms for laminar-specific targeting define neurite arbor sizes in retinal neurons. 

For example, the loss of Dscam expression in Dscam (+) RGCs that normally extends 

dendrites into IPL lamina 5 causes the overshoot of dendrites into the upper layer. (E) 

Sema6A is expressed in RGCs that project to the ON layer, whereas Plexin A2 and Plexin 



A4 are expressed in amacrine cells that project to the OFF layer. Sema6A repels Plexin 

A2/A4-expressing dendrites of amacrine cells and excludes them from the ON layer. The 

loss of Sema6A in RGCs causes an overshoot of Plexin A2/A4-expressing neurites 

beyond the OFF layer. Sema6A: semaphorin 6A. 

 

Fig. 4.  Self-avoidance mechanisms establish functional dendritic arbors. 

(A) Cell-surface molecules mediate dendrite self-avoidance via local repulsion of sister 

branches. This mechanism allows dendrites to cover a wider area more efficiently with 

less overlap. (B) In a Dscam1 mutant, dendritic self-avoidance of Drosophila da neurons 

is unsuccessful, and the dendrites of the mutant become entangled (arrows). (C) 

Drosophila Dscam1 generates by selective splicing 38,016 isoforms (19,008 in the 

extracellular region and 2 in the transmembrane region). Exon 4, exon 6, and exon 9 

encode the immunoglobulin 2 (Ig)2, Ig3, and Ig7 domain, respectively, and exon 17 

encodes the transmembrane domain (TMD). Numbers in the parentheses below the exons 

indicate the numbers of isoforms. Although a huge number of isoforms are theoretically 

generated, an individual neuron expresses only one random isoform, and only identical 

isoforms bind to each other. (D) Mouse clustered protocadherin (Pcdh) consists of Pcdhα, 

Pcdhβ and Pcdhγ forming a gene cluster, and there are a total of 58 protocadherin 

molecules with different extracellular regions. Isoforms of clustered protocadherins are 

produced by different promoter selection. Only identical isoforms bind to each other. 

Numbers in the parentheses indicate the numbers of isoforms. ECD: extracellular domain, 

ICD: intracellular domain. (E) Defects in dendrite self-avoidance in mouse amacrine cells 

and PCs. The loss of Pcdhγ causes dendrite clumping (arrows) in amacrine cells and 

dendrite self-crossings in PCs. Loss of Slit2-Robo2 signaling or its regulator LKB1 also 



increases of dendrite self-crossings in PCs. LKB1: liver kinase B1. 
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