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Abstract

Peripheral nerves contain large myelinated and small unmyelinated (Remak) fibers that perform 

different functions. The choice to myelinate or not is dictated to Schwann cells by the axon itself, 

based on the amount of Neuregulin I-type III exposed on its membrane. Peripheral axons are more 

important in determining the final myelination fate than central axons, and the implications for this 

difference in Schwann cells and oligodendrocytes are discussed. Interestingly, this choice is 

reversible during pathology, accounting for the remarkable plasticity of Schwann cells, and 

contributing to the regenerative potential of the peripheral nervous system. Radial sorting is the 

process by which Schwann cells choose larger axons to myelinate during development. This 

crucial morphogenetic step is a prerequisite for myelination and for differentiation of Remak 

fibers, and is arrested in human diseases due to mutations in genes coding for extracellular matrix 

and linkage molecules. In this review we will summarize progresses made in the last years by a 

flurry of reverse genetic experiments in mice and fish. This work revealed novel molecules that 

control radial sorting, and contributed unexpected ideas to our understanding of the cellular and 

molecular mechanisms that control radial sorting of axons.

RADIAL SORTING IS A MULTISTEP MORPHOGENETIC PROCESS

During peripheral nerve development, some neural crest cells give rise to Schwann cell 

precursors that migrate along axons extending to their final target tissues (Fig 1). Immature 

Schwann cells derive from Schwann cell precursors. They perform radial sorting of axons, a 

physiological process that starts perinatally and proceeds until ~ post/natal day 10 (P10) in 

the rodent peripheral nervous system (PNS) (Fig. 1). A similar process occurs in all 

vertebrates, including humans. At the beginning of radial sorting, axons are grouped in 

bundles by a “family” of 3–8 immature Schwann cells that organize a common basal lamina 

around them (Jessen and Mirsky, 2005; Webster and others, 1973) (Fig. 1). Ultrastructural 

reconstructions of developing nerves by Henry deF. Webster (Fig. 2) showed that these 

Schwann cell families surround axons of mixed caliber, and send cytoplasmic processes that 

resemble lamellipodia between axons, to progressively choose and segregate the larger 

axons at the periphery of the bundle. Through progressive Schwann cell proliferation and 
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subdivision of the axon bundles, these large axons acquire a 1:1 relationship with a Schwann 

cell (pro-myelinating) and become myelinated, following the deposition of the Schwann cell 

own basal lamina (defasciculation). As Schwann cell proliferation and axonal segregation 

progresses axon bundles become smaller until they contain only small caliber axons, which 

will subsequently differentiate into Remak bundles.

Thus, radial sorting is a morphogenetic process that can be divided in various steps (Fig. 3. 

Upper panel), namely: formation of Schwann cell families and basal lamina deposition 

(stage 1), insertion of Schwann cell processes into axonal bundles (stage 2), recognition of 

large caliber axons (stage 3), radial segregation of large axons to the periphery (hence the 

name “radial sorting”; stage 4), matching of Schwann cell and axon number (proliferation), 

and finally defasciculation of promyelinating Schwann cells and establishment of 1:1 fibers 

(stage 5).

ABNORMALITIES IN AXONAL SORTING: RADIAL SORTING ARREST, 

POLYAXONAL MYELINATION AND ABNORMAL ENSHEATMENT OF REMAK 

BUNDLES

The generation of mutant organisms together with spontaneous mutations in human, mice, 

fish, cats and dogs, has resulted in a variety of morphological abnormalities in peripheral 

nerves that are due to impairment in radial sorting. However, the morphology of these 

abnormalities is different, depending on the stage and mechanism of the impairment (Fig. 3, 

lower panel). These abnormalities can be grouped in three main categories: radial sorting 

arrest/delay, polyaxonal myelination and abnormal ensheatment of Remak bundles (Fig 3). 

The earliest possible abnormality is a failure of generating immature Schwann cells, due to 

insufficient proliferation, or to their death at the precursors or immature stage, as seen for 

example when Schwann cells die as a consequence of diphtheria toxin expression or of 

ErbB3 deletion. This causes a complete arrest of radial sorting even before stage 1, with the 

nerve being occupied by naked axons with few Schwann cells around them (Brinkmann and 

others, 2008; Messing and others, 1992) (Fig. 3A). In contrast, defect in the ability of 

Schwann cells to deposit a basal lamina or to interact with axons (stage 1, 2 or 3), as seen for 

example in integrin mutants, results in the presence of Schwann cell families containing 

large bundles of mixed-caliber axons that cannot be sorted (Fig. 3B). These bundles will 

contain a high number of axons, including many large axons, if the defect appears early 

(stages 2,3, Fig 3B), or a low number and smaller axons if the defect occurs at later stages 

(stage 4, Fig. 3D). A failure in regulating Schwann cell proliferation at this stage may also 

result in Schwann cell families containing bundles of mixed caliber axons. In contrast, 

mutants such as Jab1 that cause premature exit of Schwann cells from the cell cycle and 

premature differentiation, while radial sorting is still ongoing, generate polyaxonal 

myelination, where a smaller group of axons is myelinated by a single Schwann cell (Fig 

3C). Finally, in some mutants such as Gab1 the defects are only observed in Remak bundles. 

If these Remak bundles also contain large axons (larger than 1 micron) they can be 

considered late axonal sorting defects (i.e. at or after stage 4, Fig. 3D). In contrast, if only 

small caliber axons remain abnormally ensheathed by Schwann cells in Remak bundles, the 

problem arises after radial sorting is completed, and is due to abnormal differentiation of the 
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non-myelinating Schwann cells (Fig. 3E). Electron micrographs with examples of these 

differences, are categorized as “radial sorting abnormalities”, are shown in figure 4. Table 1 

lists the known mutants that cause radial sorting abnormalities, and the main stage at which 

they occur.

RADIAL SORTING AND HUMAN NEUROPATHIES

Defects in axonal sorting result in peripheral neuropathies. The prototype of this neuropathy 

was first described in the spontaneous dystrophic mutants dy/dy and dy2J/2J (Biscoe and 

others, 1974; Bradley and Jenkison, 1973), as the consequence of mutation of the Laminin 

α2 gene (Lama2) (Sunada and others, 1995; Xu and others, 1994). Lama2 encodes the α2 

chain of Laminin 211 (previously called Merosin), the major component of the basal lamina 

of Schwann cells and muscles. Indeed, loss of function mutations of the Lama2 gene in 

rodents, and LAMA2 gene in humans, results in muscular dystrophy and a dysmyelinating 

neuropathy, which belongs to Merosin deficient Congenital Muscular Dystrophy (MDC1A, 

OMIM #607855). Mouse mutants have also been generated by homologous recombination 

that either completely lack (Miyagoe and others, 1997) (dy3K/3K) or have minimal (Kuang 

and others, 1998) (dyW/W) Laminin 211 expression. All of these mutants develop 

progressive motor impairment, ranging from more severe phenotype of dy3K/3K to less 

severe dy2J/2J, as the consequence of progressive wasting muscular dystrophy and 

dysmyelinating neuropathy.

The peripheral neuropathy is characterized by defective axonal sorting, with bundles of 

unsorted axons present in peripheral nerves and spinal roots, along with irregular 

myelination, short internodes, and abnormal nodes of Ranvier. Bundles of unsorted axons 

contain several axons, tightly packed and of mixed caliber (including larger and smaller than 

1 μm), often completely un-ensheathed (“naked” axons) or sometimes partially or entirely 

surrounded by Schwann cells (Fig. 3 and 4). In many cases, bundles are largely devoid of 

Schwann cell processes, although occasionally Schwann cells extend partial processes 

between axons, and in rare cases may establish a promyelinating relationship with a solitary 

axon (Nakagawa and others, 2001; Stirling, 1975; Yang and others, 2005). Bundles are 

remnants of embryonic fascicles that do not last permanently. In less severe forms such as 

dy2J/2J only few and small axon bundles remain in one-year-old mice (Yang and others, 2005 

and Previtali, personal observation). Less severe defects in radial sorting are described when 

Laminin 411, the other Laminin isoform expressed in Schwann cell basal lamina, is deleted. 

In contrast, a complete arrest in radial sorting in all portions of the PNS is observed when 

both Laminin 211 and 411 are deleted (Chen and Strickland, 2003; Yang and others, 2005). 

Interestingly, dysmyelination is more severe in spinal roots and cranial nerves of dy/dy and 

dy2J/2J mice than in distal peripheral nerves (Jaros and Jenkison, 1983). Conversely, other 

mutants, including those for Laminin 411 and Laminin receptors, showed more prominent 

involvement of sciatic nerves than roots. The reason for these differences is not known, it 

may be due to different compensatory effects by other Laminin subunits (Previtali and 

others, 2003; Yang and others, 2005). Alternatively, the different developmental origin of 

Schwann cells that myelinate spinal roots versus distal nerves may underlie a different 

requirement for laminins and other molecules during radial sorting (Coulpier and others, 

2009; Kucenas and others, 2008). Not all fibers are un-sorted in laminin mutants, but even 
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those fibers that are successfully myelinated show abnormalities, namely nodes of Ranvier 

wider than normal, and short internodes (Court and others, 2009; Jaros and Jenkison, 1983).

Neurophysiological studies confirm that a demyelinating motor neuropathy is present in the 

majority (80%) of MDC1A patients, and some morphological data is available from sensory 

sural nerve biopsies. These studies show reduced number of fibers, especially those of larger 

diameter (>6–7 μm), and variability of myelin thickness, including redundant myelin folds 

as well as thinner and uncompacted myelin. Moreover, these patients have shorter internodes 

and wider nodes of Ranvier, (> 5 μm) (Di Muzio and others, 2003; Mercuri and others, 

1996; Quijano-Roy and others, 2004; Shorer and others, 1995) confirming a disorder in 

myelinogenesis that resembles the murine models.

MOLECULAR MECHANISMS OF RADIAL SORTING

Radial sorting relies on the deposition of extracellular matrix (ECM) components and their 

organization in the basal lamina, the establishment of Schwann cell polarity, the remodeling 

of the Schwann cell cytoskeleton, Schwann cell-axon interactions, Schwann cell 

proliferation and finally Schwann cell differentiation. As expected, many signaling pathways 

that control these processes in Schwann cells are important for radial sorting. For example, 

the ECM components Laminin 211, Laminin 411, and Collagen XV; their receptors Integrin 

α6β1, Integrin α7β1 and Dystroglycan, and the Dystroglycan glycosylation enzyme Fukutin 

are all involved (Berti and others, 2011; Feltri and others, 2002; Occhi and others, 2005; 

Patton and others, 2008; Pellegatta and others, 2013; Rasi and others, 2010; Saito and others, 

2007; Saito and others, 2003; Wallquist and others, 2005; Yang and others, 2005), probably 

in relationship to the formation of the basal lamina and its control of Schwann cell 

polarization and signaling. Intracellular signaling molecules that regulate the cytoskeleton 

are also important, such as ILK, FAK, the RhoGTPases Rac1 and Cdc42, Profilin, 

Merlin/Nf2 and N-WASp (Benninger and others, 2007; Grove and others, 2007; Guo and 

others, 2012; Guo and others, 2013b; Jin and others, 2011; Montani and others, 2014; 

Nodari and others, 2007; Novak and others, 2011; Pereira and others, 2009). These 

molecules probably regulate actin polymerization to control the dynamics of the cytoplasmic 

processes that Schwann cells insert into axonal bundles, as these processes are defective or 

absent in many of these mutants (Benninger and others, 2007; Guo and others, 2012; Guo 

and others, 2013b; Jin and others, 2011; Montani and others, 2014; Pereira and others, 

2009).

In addition, FAK and Cdc42 are also important in regulating Schwann cell proliferation and 

survival, vital for generating enough cells to engage with axons. One aspect to consider is 

that axonal molecules, such as Neuregulins, provide juxtacrine mitogenic and survival 

signals, and mutant Schwann cells that have impaired axonal sorting cannot come in contact 

with axonal juxtacrine factors. For this reason it is difficult to determine if the reduced 

number of Schwann cells in these mutants is the cause or the consequence of the radial 

sorting arrest.

Recent data indicated that lipids, such as plasmalogens, regulate radial sorting, possibly by 

regulating the Akt-Gsk3β axis in Schwann cell (da Silva and others, 2014). Interestingly, 
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absence of non-coding RNAs due to deletion of dicer in Schwann cells delays radial sorting, 

(Pereira and others, 2010; Yun and others, 2010) but it is unclear which microRNAs are 

involved and which target they might regulate. Curiously, there is no information at the 

moment on transcription factors that influence radial sorting, but nuclear control of sorting is 

likely important, as deletion of Hdac1 and Jab1 (see also below) delays radial sorting (Jacob 

and others, 2011; Porrello and others, 2014).

A comprehensive list of the molecules that have been shown to participate in-vivo is 

summarized in Table 1. Due to the fact that in the perinatal period Schwann cells are not 

synchronized, but mature at different moments, steps 1–5 of radial sorting occur 

simultaneously in a developing nerve and at any moment different Schwann cells are 

engaged in various stages of this process. For this reason, in most cases it is difficult to 

pinpoint which morphogenetic step is controlled by a certain pathway, or the location of the 

molecules involved in sorting. Figure 5 summarizes our current understanding of the 

location and role of some of the molecules involved in radial sorting.

CONTROL OF SCHWANN CELL PROLIFERATION, EXIT FROM THE CELL 

CYCLE AND DIFFERENTIATION

Proliferation and differentiation are closely linked in Schwann cells. Regulated exit from the 

cell cycle is a prerequisite for Schwann cell differentiation during nerve development 

(Morgan and others, 1991; Stevens and Fields, 2002). This process is tightly modulated by 

the cyclin-dependent kinase inhibitor 1b, also called p27, as axonal signals induce high p27 

levels in differentiating Schwann cells, whereas inhibition of p27 abolishes the expression of 

pro-myelinating markers in Schwann cells (Li and others, 2011; Morgan and others, 1991). 

Premature Schwann cell exit from the cell cycle and differentiation is the likely cause of 

polyaxonal myelination, in which one bundle of unsorted axons is partially or entirely 

myelinated by one single Schwann cell (Fig. 3C, 4C). The myelin periodicity of polyaxonal 

bundles is comparable to that of normal myelinated fibers, and myelin thickness might be 

normal or reduced. Polyaxonal myelination is a rare feature in normal nerves, and usually 

limited to the early postnatal developmental period; instead it is observed quite often in 

mature nerves of many mouse mutants, such as those for Laminins 211, 411, where it is 

associated with reduced proliferation, and it was also recently described in mice with 

Schwann cell conditional deletion of the nuclear protein Jab1 (Brown and Radich, 1979; 

Porrello and others, 2014; Wallquist and others, 2005; Yang and others, 2005). Loss of Jab1 

in Schwan cells is associated with abnormal p27 levels, arrest in cell cycle and aberrant 

differentiation. Strikingly, reducing p27 restores axonal sorting (Porrello and others, 2014). 

This observation supports the idea that immature Schwann cells that exit prematurely from 

the cell cycle will differentiate and myelinate a bundle of yet unsorted axons, creating 

polyaxonal myelination. This hypothesis is corroborated by the fact that polyaxonal 

myelination is also observed in nerves of mice that express a dominant-negative form of the 

pro-differentiation factor Pou3f-Oct6/SCIP (Jaegle and others, 1996; Weinstein and others, 

1995), and should be validated by comparison with other mutants that exhibit polyaxonal 

myelination such as those for Lck, Collagen XV and L1-6D (Itoh and others, 2005; Ness and 

others, 2013; Rasi and others, 2010). On the other hand, one would expect that mutants 
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having axonal sorting defects primarily as the consequence of abnormal cytoskeleton 

remodeling (Rac1, Ilk, Profilin1), rather than proliferation, do not develop substantial 

polyaxonal myelination. In accordance, Schwann cell conditional knockout for β1 integrin, 

Rac1, Ilk and Pfn1 did not show features of polyaxonal myelination (Angelo Quattrini and 

Joao Relvas, personal communication). Interestingly, abnormal proliferation of immature 

Schwann cells due to the neuronal overexpression of NRG1 type III-isoform β3 in 

transgenic mice also causes polyaxonal myelination, although restricted to Remak bundles 

(Gomez-Sanchez and others, 2009). It is possible that overexpression of NRG1 type III-β3 

in small caliber axons impedes segregation of these axons in the Remak bundle, and 

reprograms non-myelin forming Schwann cells into a myelinating phenotype that results in 

the myelination of the whole Remak bundle (Gomez-Sanchez and others, 2009).

RADIAL SORTING: THE IMPORTANCE OF FORMING POLARIZED 

CELLULAR PROTRUSIONS

A common abnormality seen in mutant animals with impaired radial sorting is Schwann 

cells that fail to insert cytoplasmic processes into axon bundles (stage 2). In principle, this 

might be due to a failure of Schwann cells to generate the appropriate apico-basal polarity, to 

organize the cytoskeleton to form cellular protrusions, or to contact and recognize large 

diameter axons. So far, most of the molecular mechanisms that have been identified relate to 

the organization of the cytoskeleton, a few are clearly involved in polarity, and very little is 

known on how Schwann cells recognize large axons.

Signals from the basal lamina are fundamental for the first stages of radial sorting (stage 1–

2) (Gomez-Sanchez and others, 2009). All evidences suggest that the basal lamina provides 

signals through different receptors (α6β1 Integrin, Gpr126, β-dystroglycan) (Berti and 

others, 2011; Feltri and others, 2002; Pellegatta and others, 2013; Petersen and others, 2015) 

and effectors (Ilk, Fak) (Grove and others, 2007; Pereira and others, 2009). These proteins 

polarize the basal side of Schwann cells, lead to the formation of cellular protrusions and 

may cause the redistribution of appropriate molecules to the apical plasma membrane to 

interact with axons. Cellular protrusions have been shown to resemble cellular lamellipodia 

of other cell types (fig. 2 and (Nodari and others, 2007; Webster and others, 1973), and 

deletion of components of the cellular machinery required for lamellipodia formation, such 

as Rac1 and N-WASP are required for radial sorting (Jin and others, 2011; Nodari and 

others, 2007; Novak and others, 2011).

Signaling from the basal lamina converge onto other signaling cascades that control the 

remodeling of actin cytoskeleton, and regulation of cyclic AMP and Protein kinase A (PKA) 

(Guo and others, 2013a; Guo and others, 2012; Montani and others, 2014). The remodeling 

of actin cytoskeleton and cell polarity is also regulated by Rho GTPase family members, and 

several Rho GTPases are required for radial sorting (Benninger and others, 2007; Guo and 

others, 2013b; Nodari and others, 2007). Rac1 and Cdc42 have been shown to regulate the 

activation of PKA through Nf2, as the ablation of Nf2 rescues the radial sorting phenotype 

of both Rac1 and Cdc42 mutant (Guo and others, 2012; Guo and others, 2013b). Recently, it 

was reported that LKB1/Par4 is phosphorylated by PKA to establish Schwann cell polarity 
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and to promote radial sorting (Shen and others, 2014). Altogether, all these pathways allow 

Schwann cells to establish the correct apico-basal polarity and proper cytoskeleton 

reorganization to form polarized cytoplasmic protrusions that contact axons (stage 2).

Regarding the later stages of radial sorting (stage 4–5), so far only Schwann cells deficient 

for the Laminin receptor β-dystroglycan have shown a defect in axon defasciculation (stage 

4/5) (Berti and others, 2011). Thus, signals originating from the basal lamina govern both 

the insertion of Schwann cell processes into axon bundles, (stage 2) and the segregation of 

the selected axons (stage 4), by regulating polarity and the actin cytoskeleton.

WHAT IS THE ROLE OF AXON SIGNALING IN RADIAL SORTING?

One gap in our knowledge of radial sorting concerns how Schwann cells recognize large 

diameter axons (stage 3) in order to segregate them. One possibility is that Schwann cell 

receptors bind to ligands on axons (or viceversa); however, the identity of such ligand/

receptor pairs remains elusive. Candidates are ErbB2/3 receptors, N-cadherins, L1, LRP/

Frizzled and Lgi4 on Schwann cells, although a precise role in this first recognition step has 

not been proven. β1 Integrin subunit has also been located at axoglial interface, but its role 

independent of Laminins during radial sorting remains to be established (Berti and others, 

2011).

The amount of Neuregulin 1 (Nrg1) type III on axons determines the myelin fate of 

Schwann cells (Berti and others, 2011), strongly suggesting that Nrg1 type III or other 

axonal signals should be required for axonal recognition during radial sorting via ErbB2/3 

receptor on Schwann cells (Nave and Salzer, 2006; Newbern and Birchmeier, 2010; 

Taveggia and others, 2005). The role of Nrg1 type III in axonal sorting could not be directly 

tested because knockout mice are not viable (Wolpowitz and others, 2000), however some 

Remak bundles contain partially ensheated axons, including axons larger than 1 μm, which, 

as shown in Fig. 3D, might represent mild radial sorting abnormalities (Taveggia and others, 

2005). Inhibition of the ErbB pathway causes impaired axonal sorting in zebrafish nerves 

(Raphael and others, 2011), and conditional inactivation of ErbB2 or ErbB3 in Schwann 

cells prevents radial sorting in spinal roots. This occurs secondary to defects arising prior to 

radial sorting, presumably due to the death of Schwann cells (similar to situation in the fig 

3A) that are absent in the roots (Brinkmann and others, 2008; Garratt and others, 2000). 

Finally, Schwann cell inactivation of Gab1 (Grb2 associated binder 1), a scaffolding 

molecule implicated in Erk/Akt signaling downstream of Nrg1, generates abnormal Remak 

bundles containing unsorted large caliber axons (Shin and others, 2014). Thus, although the 

evidences is incomplete, overall it is likely that Schwann cells adopt Nrg1-ErbB2/3 

interaction as mechanism for axonal recognition and sorting.

Lgi4, secreted by Schwann cells, and Adam22 may also be implicated in axonal recognition. 

This is because mutants for Lgi4 show a transient delay in radial sorting, and Lgi4 secreted 

by Schwann cells binds axonal Adam22. However, targeted deletion of Adam22 seems to be 

compatible with radial sorting and causes arrest of myelination at the pro-myelinating stage 

(Bermingham and others, 2006; Ozkaynak and others, 2010; Sagane and others, 2005).
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The role of Wnt/β-catenin signals in controlling axonal radial sorting has been reported 

recently (Grigoryan and others, 2013). The Wnt/β-catenin complex, involved in neural crest 

and sensory lineage of peripheral nerve specification, assembles with Respondin, Lgr 

receptors and Lrp/Frizzled to promote Wnt signaling (Hari and others, 2002; Lee and others, 

2004). It has been shown that neurons express several Wnt and Respondin ligands that signal 

to Schwann cells in a paracrine manner. Conditional inactivation of β-catenin in Schwann 

cells results in mild radial sorting defects that are consistent with impaired process extension 

and lamellipodia formation (Grigoryan and others, 2013; Lewallen and others, 2011). 

Conversely, mutants with constitutive active β-catenin in Schwann cells accelerate axonal 

sorting resulting in smaller Remak bundles (Grigoryan and others, 2013).

In the future, it will be important to determine if these axonal ligands are required for 

Schwann cells to recognize axons for proper sorting.

ECM AND AXON COOPERATION DURING RADIAL SORTING

An interesting and yet partly unanswered question is how axonal and ECM-derived signals 

are coordinated during radial sorting. A possible mediator of this cross-talk is the G-protein-

coupled receptor (Gpr) 126. This is a classic seven-membrane helix region receptor, 

putatively involved in cell-cell or cell-matrix adhesion, required for peripheral nerve 

myelination (Monk and others, 2009; Monk and others, 2011). Schwann cell conditional 

deletion of Gpr126 revealed problems in radial sorting in addition to myelination, with the 

presence of abnormal bundles of large unsorted axons, often without cytoplasmic 

interdigitations, and aberrant abaxonal cytoplasmic protrusions of mutant Schwann cells, 

suggesting a defect in cytoskeleton organization. This radial sorting defect is not due to 

reduced number of Schwann cells, since their number actually increased (Mogha and others, 

2013). Because Gpr126 acts through the elevation of cAMP levels and protein kinase A 

(PKA) activation (Monk and others, 2009; Monk and others, 2011), and cAMP has been 

classically associated to axonal signals, (Arthur-Farraj and others, 2011; Mokuno and others, 

1988; Montani and others, 2014; Morgan and others, 1991) it was immediately postulated 

that Gpr126 may be a ligand for an axonal molecule. Surprisingly, recent data shows that 

ligands of Gpr126 are ECM molecules, collagen IV and Laminin 211, abundant in basal 

lamina and possibly acting in contrasting ways during radial sorting and myelination (Glenn 

and Talbot, 2013; Paavola and others, 2014; Petersen and others, 2015). Thus, Gpr126 may 

provide a handle of how axons and the ECM cooperate to promote Schwann cell 

differentiation via regulation of cAMP.

A DIFFERENT KIND OF “AXONAL SORTING” OCCURS IN THE CENTRAL 

NERVOUS SYSTEM

Similarly to the PNS, not all axons in the central nervous system (CNS) are myelinated. 

Oligodendrocytes must also “choose” only certain axons for myelination. Can the process of 

radial sorting in the PNS offer insights on how oligodendrocytes select axons for 

myelination in the CNS? Several studies indicate that axonal properties are less important in 

the CNS than in the PNS in determining myelination fate (Brinkmann and others, 2008; Lee 

and others, 2013). There is the emerging idea that myelination contributes to neuronal 
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plasticity (Gibson and others, 2014; Liu and others, 2012; Makinodan and others, 2012). 

Oligodendrocyte precursors persist in the adult brain, providing a reservoir of cells that do 

not differentiate, but can myelinate when needed, observed during experience-based 

remodelling or after injury. Indeed, myelination in the CNS can continue well into adult life 

(Miller and others, 2012), and occurs efficiently after demyelination (Franklin and Ffrench-

Constant, 2008). Recent data show that the same myelinated axons in the mouse cortex have 

long stretches of non-myelinated segments (Tomassy and others, 2014). Late de-novo 
myelination, long stretches of unmyelination and a reservoir of oligodendrocyte precursors 

could assure myelination as needed, and it is postulated to contribute to neuronal plasticity. 

All this indicates that, at least in certain regions, there cannot be strict axonal characteristics 

(i.e. axonal size, or axonal threshold of a certain growth factor) that dictate the myelination 

status of a CNS axon. Indeed, there is no strict correlation between the two known myelin-

inducing signals in the PNS, namely axon size and amount of Neuregulins, with the extent 

of CNS myelination. In vitro studies suggest that biologically active axonal molecules might 

not even be strictly necessary for CNS myelination (Lee and others, 2013). In contrast with 

this view however, electrical activity (Mateu and Moran, 1986; Wake and others, 2011), 

axons size (Almeida and others, 2011; Lee and others, 2013), and levels of Neuregulins all 

influence the timing and degree of myelination in the CNS (Taveggia and others, 2005). 

Thus, although the correlation between axonal properties and myelination is less strict in the 

CNS, it is conceivable that similar mechanisms favor the “sorting” of axons for myelination 

in the PNS and CNS, but additional layers of control in the CNS are required to permit the 

plasticity that characterizes higher brain functions. In support of this idea, Laminins, which 

are strictly required for axonal sorting in the PNS (see below), also decrease the axon size 

threshold for myelination in the CNS (Camara and others, 2009). So, even if the “degree of 

freedom” is higher in the CNS than PNS, the molecular mechanisms at play may overlap.

CONCLUSIONS AND FUTURE PERSPECTIVES

Many gaps remain in our knowledge of the molecular control of radial sorting. We think that 

two areas will be particularly stimulating for future research.

One regards the molecules and mechanisms that Schwann cells use to recognize and 

segregate large diameter axons (stage 3). It is possible that some ligand/receptor couples 

between Schwann cell and axon have yet to be identified. It is also possible that the 

recognition and locking of large diameter axons is triggered by neurotransmitters, since 

Schwann cells appear to be very sensitive to neuronal activity (see (Samara and others, 

2013) for a comprehensive analysis of Schwann cells neurotransmitter receptors and ion 

channels). The radial sorting of axons coincides with the onset of active spontaneous low 

frequency impulse activity in peripheral neurons (Fitzgerald, 1987) and this activity induces 

ionic imbalances and neurotransmitter secretion that affect immature Schwann cell 

proliferation and differentiation in-vitro (Stevens and Fields, 2000; Stevens and others, 

2004). Indeed, two Schwann cell neurotransmitter receptors, the purinergic receptor P2X7, 

and the GABA-B1 G protein receptor, have shown to be necessary for the formation of 

Remak bundles (Faroni and others, 2014a; Faroni and others, 2014b). While the localization 

of these receptors at the axoglial interface remains to be proven, they might represent good 

candidates to regulate axonal recognition during radial sorting.
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The second important area involves the negative regulators of radial sorting. We have known 

for a long time that the caliber of an axon determines the fate of the Schwann cell that 

ensheaths it (Voyvodic, 1989). Over the last decade we learned that the amount of 

Neuregulin I-type III present on axons instructs the Schwann cell whether or not to take on 

myelinating fate, with high levels of Neuregulin promoting the myelin fate and low levels 

instructing the non-myelinated fate (Michailov and others, 2004; Taveggia and others, 2005). 

However, we do not know if low levels of Neuregulins are enough to determine the non-

myelination state, or if there are also specific inhibitory molecules expressed on small axons. 

Recent data indicate that several signaling pathways in Schwann cells, such as excessive 

PKA (Guo and others, 2013a), GSK3-beta activation (da Silva and others, 2014), and ILK-

RhoA-ROCK signaling, (da Silva and others, 2014) all negatively regulate radial sorting. 

Are low levels of Neuregulin or other specific ligands activating these negative signals in 

Schwann cells? If it is the latter, do these putative ligands reside on axons, the ECM or are 

they soluble signals? What receptor do they bind to trigger the activation of these negative 

regulators in Schwann cells? These are all interesting questions for future work.
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Figure 1. Schematic representation of Schwann cell development and the morphogenic steps of 
radial sorting in rodents
NCC= neural crest cells give rise to Schwann cell precursor (SCp). Radial sorting is 

performed by immature Schwann cells (imSC) and can be divided in stages. Stage 1, 

deposition of the basal lamina and formation of Schwann cells and axons ‘families’. Stage 2, 

insertion of Schwann cell processes into axonal bundles. Stage 3, recognition of large caliber 

axons. Stage 4, radial segregation of large axons to the periphery. Stage 5, defasciculation 

and establishment of 1:1 relationship between an axon and a promyelinating Schwann cells 

(ProMy.). The promyelinated SC will differentiate into a myelinating Schwann cell (My.SC), 

while the Schwann cells in contact with small caliber axons will surround them and 

differentiate into a non-myelinating Schwann cell (NMy.SC) to form a Remak bundle.
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Figure 2. 
From (Webster and others, 1973). Drawing of 3-dimensional reconstruction from electron 

microscopy sections of two families of immature Schwann cells in the newborn marginal 

bundle of the rat sciatic nerve (Webster and others, 1973). “Parts of 8 Schwann cells form 

two families proximally (level 1–3) and join at level 4. Four Schwann cells (a–d) participate 

in surrounding the two bundles. Three of these (a, c, d) also surround some of the segregated 

axons; the rest are enclosed by two other Schwann cells (f, g). The remaining two Schwann 

cells (e, h) and the proximal end of (d) at level 1 are in 1:1 relationship with large axons. 

Nine large axons (stippled) are at the margin of a bundle, are segregated in a furrow, or are in 

a 1:1 relationship at all levels; the tenth stippled axon lies between Schwann cell (c) and (b) 

from levels 2–5”. Note that immature SC form lamelipodia-like processes around axons.

Figure 2 was reprinted from Developmental Biology, 32, Henry DeF. Webster, John R. 

Martin and Maureen F. O’Connell, The Relationships between Interphase Schwann Cells 

and Axons before Myelination: A Quantitative Electron Microscopic Study, 401–416, 

Copyright (1973), with permission from Elsevier
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Figure 3. Representation of morphological defects of radial sorting
The putative developmental-stage of origin (above) of the different abnormalities of radial 

sorting (below) is illustrated. A) Large bundles of unsorted axons that derive from the 

absence of Schwann cells. B) Large bundle of unsorted axons, surrounded by Schwann cells 

that sometimes have abnormal protrusions on the basal side of the Schwann cell, deriving 

from abnormalities in Steps 1, 2 or 3 of radial sorting. C) polyaxonal myelination, deriving 

from premature differentiation of Schwann cells before radial sorting is completed D) Small 

bundle of axons that include a few large diameter axons, deriving from defects in the late 

stages (4–5) of radial sorting. E) Defects in Remak Schwann cell differentiation and Remak 

bundle axon ensheathment. A and E are defects that occur before and after radial sorting, 

respectively. Although the defects have been represented in schematic way, large overlap 

between these abnormalities are often seen in pathological situations in which radial sorting 

is impaired.
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Figure 4. Electron micrographs examples of the morphological defects in radial sorting 
represented in Figure 3
A. Electron micrograph of sciatic nerve from dy2J/2J mice, showing large bundles of 

unsorted, mixed caliber and naked axons (ax), not surrounded by any Schwann cells. This 

might be due to deficiency lack of Schwann cell precursors or immature Schwann cells. B. 

Large bundle of unsorted, mixed caliber, and naked axons in sciatic nerves of β1 integrin 

conditional null mice (a) surrounded by an immature Schwann cell (imSC) and basal lamina 

(arrows, bl). No cytoplasmic processes from the Schwann are interdigitating among axons, 

suggesting that the mutant Schwann cell is incapable of polarize, form these cytoplasmic 

processes, or interact with the axons (steps 2, 3). C. Polyaxonal myelination. Electron 

micrograph of sciatic nerve from Jab1 conditional null mice: several axons (ax) are 

surrounded by a common myelin sheath (My). D. Small bundles of axons, some of them 

larger than 1 μm indicating an arrest or delay in the final steps (4–5) of radial sorting, in 

electron micrographs of sciatic nerves from dystroglycan conditional null mice. E. Defects 

of Remak bundle in electron micrographs of sciatic nerve from dy3K/3K mice. Note than 

axons are not ensheathed by Schwann cell processes, but all the large axons have been sorted 

out of the bundle (no axons larger than 1 μm is present). Bars = 2 μm.
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Figure 5. Schematic representation of the localization and interaction of some of the molecules 
involved in radial sorting
The figure depicts two immature Schwann cells surrounding a bundle of axons. The proteins 

have been divided arbitrarily between the two Schwann cells for readability. Dashed lines 

indicate signals with uncertain targets. Proteins involved in radial sorting and present in the 

basal lamina have not been depicted (Laminins211, 411, Collagen XV). Cyclic AMP 

(cAMP), Dystroglycan (DG), Focal adhesion kinase (FAK), Grb2-Associated Binder (Gab), 

Gpr (G protein-coupled receptor), Histone deacetylase (Hdac), Integrin (α6β1, α7β1), 

Integrin-linked kinase (ILK), Jun activation domain–binding (Jab), lymphoid cell kinase 

(Lck), Leucine-rich-glioma inactivated (Lgi), Liver Kinase B (Lkb), Neurofibromin (Nf), 

Neural Wiskott–Aldrich syndrome protein (N-Wasp) and Protein Kinase A (PKA).
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