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Abstract

Cells of the oligodendrocyte (OLG) lineage engage in highly motile behaviors that are crucial for 

effective central nervous system (CNS) myelination. These behaviors include the guided migration 

of OLG progenitor cells (OPCs), the surveying of local environments by cellular processes 

extending from differentiating and pre-myelinating OLGs, and during the process of active myelin 

wrapping, the forward movement of the leading edge of the myelin sheath’s inner tongue along the 

axon. Almost all of these motile behaviors are driven by actin cytoskeletal dynamics initiated 

within a lamellipodial structure that is located at the tip of cellular OLG/OPC processes and is 

structurally as well as functionally similar to the neuronal growth cone. Accordingly, coordinated 

stoichiometries of actin filament (F-actin) assembly and disassembly at these OLG/OPC growth 

cones have been implicated in driving process outgrowth and guidance, and the initiation of 

myelination. Nonetheless, the functional importance of the OLG/OPC growth cone still remains to 

be fully understood, and, as a unique aspect of actin cytoskeletal dynamics, F-actin 

depolymerization and disassembly start to predominate at the transition from myelination 

initiation to myelin wrapping. This review provides an overview of the current knowledge about 

OLG/OPC growth cones, and it proposes a model in which actin cytoskeletal dynamics in 

OLG/OPC growth cones are a main driver for morphological transformations and motile 

behaviors. Moreover, these activities, at least at the later stages of OLG maturation, may be 

regulated independently from the transcriptional gene expression changes typically associated with 

CNS myelination.
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1 - INTRODUCTION

Oligodendrocytes (OLGs) are specialized cells of the central nervous system (CNS) that 

generate the axon enwrapping myelin sheath, which enables rapid and efficient saltatory 

conduction and provides metabolic axonal support (Stadelmann et al., 2019). During 

development, cells of the OLG lineage originate as bipolar and migratory OLG progenitor 

cells (OPCs) within distinct regions of the CNS (Miller, 2005; Naruse et al., 2017; Ono et 

al., 2018; Richardson et al., 2006). From their points of origin, OPCs migrate throughout the 

CNS along pathways that are guided by various extracellular cues including the endothelial 

surface of blood vessels (Jarjour & Kennedy, 2004; Miller et al., 1997; Small et al., 1987; 

Tsai et al., 2016). Once OPCs reach their final destination they differentiate and ultimately 

myelinate axonal segments. This process of OLG differentiation occurs in a stepwise 

progression that is characterized by gene expression patterns, which are controlled by both 

intrinsic and extrinsic signals, and ultimately include typical myelin genes such as 

proteolipid protein (Plp1) and myelin basic protein (Mbp) (Elbaz & Popko, 2019; Emery & 

Lu, 2015; Gregath & Lu, 2018; Liu et al., 2016; Pol et al., 2017; Wheeler & Fuss, 2016). In 

addition, OLG differentiation features extensive changes in morphology as OPCs mature 

first into differentiating, pre-myelinating OLGs, which extend a complex and expanded 

process network, and then into mature OLGs generating a fully functional myelin sheath 

(Bauer et al., 2009; Michalski & Kothary, 2015; Pfeiffer et al., 1993).

Within the past few years, it has been recognized that myelination likely follows a basic 

intrinsic program that functions in the absence of extrinsic molecular instruction. This 

intrinsic program is thought to be modulated by a so-called ‘adaptive program’ initiated by 

extrinsic molecular signals and axonal electrical activity (Bechler et al., 2015; Bechler et al., 

2018; de Faria et al., 2018; Foster et al., 2019; Gibson et al., 2018). Thus, the regulation of 

myelination via the action of extracellular factors, here referred to as ‘extrinsically 

modulated myelination’, could be considered a form of ‘adaptive’ myelination. Remarkably, 

such extrinsically modulated myelination has been reported to operate on a neuron/axon 
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individual basis (Hines et al., 2015; Koudelka et al., 2016; Lundgaard et al., 2013; Mitew et 

al., 2018), hence requiring each of the multiple processes of differentiating OLGs to respond 

to a signal in an independent fashion. This idea is further supported by histological studies 

describing the presence of ‘transitional’ OLGs, which retain most of their radial processes 

but have few single processes leading each to a newly forming myelin sheath (Butt et al., 

1997; Hardy & Friedrich, 1996). Such individualized responses require specialized sensing 

features at the tips of outgrowing processes. In this regard, the tips of the leading processes 

of migratory OPCs have been shown to feature structural and functional similarities to 

neuronal growth cones (Jarjour & Kennedy, 2004; Schmidt et al., 1997; Simpson & 

Armstrong, 1999), and similar observations have been made for the tips of processes 

extending from differentiating OLGs (Asou et al., 1995; Fox et al., 2006; Hardy & Friedrich, 

1996; Kachar et al., 1986; Michalski et al., 2016; Rumsby et al., 2003; Song et al., 2001; 

Zuchero et al., 2015). Thus, OLG/OPC growth cones emerge as a characteristic feature of 

OLG lineage cells.

In neurons, growth cone behavior has been well-established to be driven to a large extent by 

the dynamic features of the actin cytoskeleton (Dent et al., 2011; Gomez & Letourneau, 

2014; Vitriol & Zheng, 2012). Likewise, OLG/OPC growth cones and their actin 

cytoskeletal dynamics are thought to play a key role in guiding the morphological changes 

associated with each of the stages of the OLG lineage. This idea is consistent with the 

critical functions ascribed to the actin cytoskeleton in controlling overall OLG morphology 

(Brown & Macklin, 2019; Domingues et al., 2018; Seixas et al., 2019). Notably, actin 

cytoskeletal mechanisms do not function in isolation and there is often crosstalk between 

actin- and microtubule-based cytoskeletal activities. With regard to the OLG/OPC growth 

cone, however, the microtubule-rich central region has up to now received extremely little 

attention. The reader is referred to previously published review articles that discuss the 

increasingly recognized relevance of the microtubule-rich central region to motile growth 

cone behaviors in neurons (Cammarata et al., 2016; Kahn & Baas, 2016), as well as to those 

that address more general roles of the microtubule cytoskeleton in OLG lineage cells (Bauer 

et al., 2009; Richter-Landsberg, 2001, 2008, 2016). This review focuses on the actin 

cytoskeletal aspects of the OLG/OPC growth cone by providing an overview of its role in 

driving dynamic morphological changes at the different stages of the OLG lineage. More 

specifically, this review presents an introduction into the molecular basis of how actin 

cytoskeletal dynamics drive growth cone behaviors as they have been revealed from studies 

done in neurons and are emerging as critical effector mechanisms in shaping the 

morphologies and motile activities of OLGs and OPCs. Further, evidence is discussed in 

support of a model in which the regulation of cytoskeletal changes, at least at the later stages 

of OLG maturation, is uncoupled from the transcriptional control of gene expression 

traditionally associated with CNS myelination.
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2 - THE CRITICAL ROLE OF THE GROWTH CONE’S ACTIN 

CYTOSKELETON IN DRIVING DYNAMIC CHANGES IN MORPHOLOGY: A 

BRIEF INTRODUCTION ON THE NEURONAL GROWTH CONE

The unique structural feature termed the growth cone was first described by Santiago Ramón 

y Cajal as a ‘cone-like lump with a peripheral base’ decorated by triangular or short thorny 

processes and located at the distal tip of advancing axons (Ramón y Cajal, 1890a, 1890b; 

Tamariz & Varela-Echavarria, 2015). This structure is now known to function as a highly 

motile signaling center that surveys and integrates information from the extracellular 

environment to guide neuronal migration as well as axon outgrowth and pathfinding 

(Goodman, 1996; Marin et al., 2010; Tessier-Lavigne & Goodman, 1996; Vitriol & Zheng, 

2012). Notably, it is becoming increasingly apparent that growth cones are also present at 

the distal tips of OPCs and OLGs, where they function according to principles similar to 

those described for neuronal growth cones. Thus, for a better understanding a brief 

introduction into the basic mechanisms of actin cytoskeletal dynamics with a focus on their 

specific roles in neuronal growth cones is presented prior to discussing their emerging 

functions in driving the behaviors of growth cones and associated changes in OPC motility 

and OLG morphology.

In general, dynamic actin cytoskeletal changes are defined by a precisely controlled 

interplay between the assembly of double helical actin filaments (F-actin), through 

polymerization of globular actin (G-actin), and their disassembly, mediated by F-actin 

severing and depolymerizing factors. Within this framework, well-organized F-actin growth 

is enabled by the highly polarized structure of F-actin, which is characterized by a ‘barbed’ 

or ‘plus’ end and a ‘pointed’ or ‘minus’ end (Holmes et al., 1990). Due to the kinetics for 

actin polymerization, G-actin monomer addition occurs predominantly at barbed ends, while 

disassembly takes place mainly at pointed ends (Fujiwara et al., 2018; Shekhar et al., 2016). 

Based on this feature, a fundamental concept of actin cytoskeletal dynamics and F-actin 

turnover lies in a process referred to as treadmilling (Figure 1) (Pantaloni et al., 2001; 

Wegner, 1976). During treadmilling, filament disassembly by net loss of ADP-bound actin 

monomers at the pointed end is balanced by net barbed end growth through polymerization 

of ATP–bound actin monomers and subsequent hydrolysis of ATP. As a result, F-actin 

filaments coexist with actin monomers at a ‘steady-state’ but seemingly move in one 

direction, leading to, for example, outward expansion of the cell membrane and forward 

movement of cellular protrusions (Carlier & Shekhar, 2017; Narita, 2011; Neuhaus et al., 

1983).

In all cells, the assembly and disassembly of actin filaments, and their organization into 

higher order actin networks, is regulated by a plethora of actin-binding proteins, the 

activities and binding of which are controlled by various signaling pathways (Pollard & 

Cooper, 2009; Winder & Ayscough, 2005), and actin post-translational modifications 

(Varland et al., 2019). In this context, actin polymerization is energetically unfavorable until 

there is a nucleus of three associating monomers. Thus, de novo actin polymerization is 

initiated by actin nucleators such as the Arp2/3 complex, which is best known for its 

function in driving the formation of branched actin networks within sheet-like lamellipodial 
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protrusions located at the leading edge of cells or the advancing growth cone (Bailly et al., 

2001; Korobova & Svitkina, 2008; Mullins et al., 2018; Pollard, 2007). The nucleating 

function of Arp2/3 is further enhanced or activated by nucleation promoting factors such as 

Wiskott-Aldrich syndrome protein (WASP), Neural WASP (N-WASP), and members of the 

WASP-family verprolin-homologous protein (WAVE) family (Kurisu & Takenawa, 2009; 

Machesky & Insall, 1998; Takenawa & Suetsugu, 2007). The actin nucleating formins, on 

the other hand, have been primarily implicated in driving the formation of parallel-bundled 

actin filaments found in slender rod-like protrusions known as filopodia (Breitsprecher & 

Goode, 2013; Courtemanche, 2018; Pollard, 2007). Upon nucleation, F-actin filament 

growth is mediated by the actin polymerization machinery, which includes profilin, an actin-

binding protein initially proposed to sequester G-actin monomers but now thought to 

promote the assembly of G-actin into F-actin (Alkam et al., 2017; Kang et al., 1999). 

Counterbalancing of actin polymerization is achieved by the actin disassembly machinery, 

the best characterized components of which are the actin-depolymerizing factor (ADF) and 

members of the cofilin family (Van Troys et al., 2008). These proteins enable actin turnover 

by binding to ADP-F-actin and promoting the dissociation of ADP-actin from the pointed 

ends of F-actin filaments (Kanellos & Frame, 2016). Higher order F-actin structures, which 

are responsible for the overall appearance of cells or particular sub-cellular structures such 

as dendritic spines, are generally shaped through F-actin bundling and F-actin crosslinking 

mechanisms, involving proteins such as α-actinin or CaMKIIβ (Lin & Redmond, 2009; 

Okamoto et al., 2009; Winder & Ayscough, 2005).

For growth cones of migratory neurons and outgrowing axons, it has been well-established 

that sensing and responding to extracellular cues is enabled by filopodia and lamellipodia, 

respectively, i.e. two key structural features located within the F-actin rich peripheral region 

(Figure 2). In a simplified model, forward movement of the growth cone is driven by 

Arp2/3-dependent F-actin polymerization (Korobova & Svitkina, 2008) alongside an 

attenuation of myosin-based F-actin retrograde flow. The latter process is enabled by 

selective engagement of the so-called ‘clutch’, a multimolecular point contact complex that, 

similar to focal adhesions, anchors F-actin with respect to an extracellular substrate (Gomez 

& Letourneau, 2014; Letourneau, 1981; Lowery & Van Vactor, 2009). Through engagement 

of the clutch, actin polymerization exceeds retrograde flow during protrusion. In contrast, 

during growth cone retraction, retrograde flow and/or F-actin breakdown exceed actin 

polymerization. An intermediate scenario occurs during growth cone turning, which is 

thought to be initiated by spatial alterations in growth cone calcium concentrations 

(Gasperini et al., 2017; Zheng, 2000) followed by asymmetrical polymerization and 

disruption of the growth cone’s F-actin cytoskeleton (Gallo & Letourneau, 2004; Gomez & 

Letourneau, 2014).

Changes in actin cytoskeletal organization and dynamics, such as those described above, are 

regulated by upstream signaling cascades initiated by extracellular factors that can function 

as either attractive/permissive or repulsive/non-permissive cues. In this context, Rho family 

GTPases have emerged as key intracellular mediators governing cell morphogenesis and 

movement, whereby most studies have focused on the classic Rho family GTPases RhoA, 

Rac1, and Cdc42, which are regulated by the opposing actions of Rho-specific guanine 

nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) (Lawson & 
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Ridley, 2018; Narumiya & Thumkeo, 2018). In neuronal growth cones, activation of Rho A 

is most commonly associated with growth cone collapse in response to repulsive cues 

(Borisoff et al., 2003; Kopp et al., 2012), while Rac1 and Cdc42 are generally implicated in 

the regulation of lamellipodial dynamics and actin polymerization/filopodia formation, 

respectively (Kuhn et al., 2000). Seemingly paradoxically though, RhoA-mediated 

contractile forces were found in neurons to lead to both the retraction/collapse of growth 

cones and the extension of axons (Hall & Lalli, 2010; Jalink et al., 1994). This phenomenon 

may be explained by the concept that contractile forces during growth cone retraction/

collapse are generated at F-actin bundles located within the growth cones’ central domain 

and transition zone (Zhang et al., 2003) rather than intra-axonally as described for axon 

extension (Gallo, 2006) or at the cell periphery as established for stress fiber formation in 

fibroblasts (Ridley & Hall, 1992). Interestingly, growth cone collapse induced by the 

repulsive cue semaphorin 3A (Sema3A, originally called collapsin-1) was found to occur by 

a RhoA-independent mechanism requiring the signal transducer collapsin response mediator 

protein 2 (CRMP2) (Goshima et al., 1995). Since CRMP2 has also been identified as a 

downstream target in RhoA-dependent growth cone collapse, CRMP2 may serve as a critical 

cytoskeleton regulatory convergent point in the process of growth cone collapse (Tan et al., 

2015). The above provides a glimpse into the intricacy of growth cone regulation through the 

activities of actin regulatory proteins and upstream signaling pathways. Further complexity 

may be added by cell type-specific and/or context-dependent modulation of the growth 

cone’s actin-based dynamics and motile functions (Dent et al., 2011; Korobova & Svitkina, 

2008; Lowery & Van Vactor, 2009; Strasser et al., 2004). Thus, it is not surprising that the 

functional roles of these proteins and pathways in shaping growth cone behaviors are 

currently not fully understood.

Taken together, it is evident that dynamic rearrangements of the actin cytoskeleton are a 

driving force for motile growth cone behaviors and subsequent changes in morphology. As 

discussed below, this fundamental concept also applies to cells of the OLG lineage, in 

particular bipolar and migratory progenitor cells, and differentiating OLGs that extend 

initially a simple and then increasingly complex process network.

3 - THE GROWTH CONE AND ITS ACTIN CYTOSKELETON AS A DRVIER 

OF DYNAMIC MORPHOLOGICAL CHANGES IN OLG LINEAGE CELLS

3.1 - Growth cone-driven OPC migration

OPCs can be characterized as migratory cells with highly motile protrusions (Hughes et al., 

2013; Kirby et al., 2006) of which the leading process extends an OPC growth cone at its 

distal tip (Jarjour & Kennedy, 2004; Schmidt et al., 1997; Simpson & Armstrong, 1999). 

Next to a cytoskeletal framework in common with neuronal growth cones (Figure 2), OPC 

growth cones also hold components of the actin nucleating Arp2/3 complex (Bacon et al., 

2007). In addtion, Arp2/3 complex actvities have been assigned an important role in 

establishing a lamellipodium-rich OPC growth cone and to, thereby, enable guided 

migratory responses (Li et al., 2015). The nucleation promoting factor N-WASP, on the other 

hand, has functionally been associated primarily with the extension and stabilization of 

filopodia rather than the formation of the OPC growth cone lamellipodium (Bacon et al., 
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2007). It is of note here, that the role of the Arp2/3 complex in filopodia extension still 

remains to some extent controversial and may apply to only certain cell types, possibly 

including OPCs (Korobova & Svitkina, 2008; Steffen et al., 2006; Yang & Svitkina, 2011; 

Young et al., 2015). Nevertheless, the above data support the idea that in OPCs the migratory 

guiding function of the growth cone located at the tip of the leading process is dependent on 

Arp2/3-mediated F-actin polymerization.

Overall, guided migratory responses can either be toward an attractive cue or away from a 

repulsive cue. In the context of OPC migration, PDGF-AA and FGF have been identified as 

attractive cues, and consistent with a critical role of actin-based motility driven by the OPC 

growth cone, migratory responses to these cues were found to be dependent on intracellular 

calcium signals, F-actin polymerization, and myosin-based contractile forces (Simpson & 

Armstrong, 1999). More precisely, in vitro cell culture studies imply that PDGF-AA-guided 

OPC migration is mediated by a signaling pathway that involves activation of Fyn tyrosine 

kinase, followed by sequential activation of the actin cytoskeleton regulators cyclin-

dependent kinase 5 (Cdk5) and WAVE2 (Miyamoto et al., 2008). However, no OPC 

migration deficits were seen in conditional Cdk5 knockout mice (He et al., 2011; Luo et al., 

2018), indicating that Cdk5 involvement may not represent an essential component of a 

molecular pathway instructing OPC migration in vivo.

Semaphorins and netrins have also been implicated in guiding the migratory trajectories of 

OPCs (Cohen, 2005; Jarjour et al., 2003; Ortega et al., 2012; Sugimoto et al., 2001; Tsai & 

Miller, 2002). In particular, in vitro assays revealed that netrin-1can trigger a rapid and 

persistent decrease in OPC surface area, process length, and process number (Jarjour et al., 

2003). This finding is consistent with the concept that repellent cues can, in vitro, induce 

process retraction through a mechanism that is initiated by growth cone collapse. 

Consistently, activation of the Rho GTPase RhoA and its effector Rho kinase were found to 

be required for the OPC’s chemorepellent response to netrin-1 (Rajasekharan et al., 2010). 

The in vivo role of netrin-1-mediated repulsion has been associated with a dispersal of OPCs 

from the restricted domain of their origin in the developing spinal cord, the ventral 

ventricular zone (Tsai et al., 2006; Tsai et al., 2003). In agreement with such a functional 

role in dispersal, over-expression of netrin-1 during early phases of myelin repair was found 

to impair OPC recruitment and remyelination (Tepavcevic et al., 2014). Similar to netrin-1, 

members of the semaphorin family have been reported to function as repellent cues for 

OPCs by inducing growth cone collapse and altered migratory patterns (Cohen et al., 2003; 

Okada et al., 2007; Spassky et al., 2002). However, currently available data are variable, in 

particular for Sema3F for which both repulsive and attractive OPC responses have been 

reported (Boyd et al., 2013; Cohen et al., 2003; Piaton et al., 2011; Spassky et al., 2002; 

Sugimoto et al., 2001; Xiang et al., 2012). Nevertheless, an in vivo role in guiding OPC 

migration is indicated for Sema3A and Sema6A, which are both ligands of Plexin-A4, by the 

observed differences in OPC and Sema3A/6A distribution patterns when comparing the 

developing cortex in Plexin-A4 deficient mice with the one in wildtype mice (Okada & 

Tomooka, 2012). It is worth mentioning that CRMP2 has been found present in Sema3A-

responsive differentiating OLGs (Ricard et al., 2001) and, it has been implicated in a RhoA-

dependent pathway of process retraction in these cells (Fernandez-Gamba et al., 2012). 

Whether similar roles may apply for OPCs, however, still needs to be investigated.
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More recently, the nervous system vasculature has been identified as a critical substrate for 

guiding OPC migration via a molecular interaction that is dependent on Wnt pathway 

activated expression of Cxcr4 (chemokine receptor 4) in OPCs and that, on the endothelial 

site, likely involves the presence of the Cxcr4 ligand Sdf1/Cxcl12 (stromal cell-derived 

factor 1/C-X-C motif chemokine 12) (Banisadr et al., 2011; Dziembowska et al., 2005; Tian 

et al., 2018; Tsai et al., 2016). Interestingly, tightly regulated interactions between Cxcr4 and 

the actin cytoskeleton have been assigned crucial functions during leucocytes migration and 

the reorganization of the actin cytoskeleton at the protrusive leading edge (Martinez-Munoz 

et al., 2018; Okabe et al., 2002). However, the precise roles of the actin cytoskeleton and the 

OPC growth cone in Cxcr4-mediated OPC migration still need to be determined.

From the findings described above, it becomes evident that actin cytoskeletal dynamics 

within the growth cone of the leading process of an OPC play a critical role in guiding OPC 

migration. Apart from the long-range cues discussed here, short-range cues, often 

represented by components of the extracellular matrix such as fibronectin (OPC migration 

promoting; Frost et al., 1996) or tenascin-C (OPC migration inhibiting; Garcion et al., 2001; 

Kiernan et al., 1996), have also been reported to regulate OPC motility (Jarjour & Kennedy, 

2004). Moreover, there is evidence that expression of OPC guidance cues within 

demyelinated lesions may play critical roles in influencing OPC recruitment and myelin 

repair under pathological conditions (Boyd et al., 2013; Piaton et al., 2011; Tepavcevic et al., 

2014; Williams et al., 2007). Despite the critical role of OPC guidance cues present during 

development and myelin repair, surprisingly little is currently known about the regulatory 

mechanisms directing actin cytoskeletal changes in the OPC growth cone, the main driver of 

OPC migratory behaviors.

3.2 - Growth cone-driven process dynamics in differentiating and pre-myelinating OLGs

Similar to OPCs, differentiating OLGs have been found to extend OLG growth cones at the 

distal tips of their multiple processes (Asou et al., 1995; Fox et al., 2006; Kachar et al., 

1986; Michalski et al., 2016; Rumsby et al., 2003; Song et al., 2001; Zuchero et al., 2015). 

Given the post-migratory and pre-myelinating characteristics of these cells, the functional 

importance of their growth cones lies in surveying the local environment in search of axonal 

segments to be myelinated and/or inappropriate targets to be avoided. As a first step toward 

surveillance of the surrounding area, differentiating OLGs develop a highly branched, 

complex process network. This process is driven by the nucleating functions of the Arp2/3 

complex in combination with WASP/WAVE family members, all of which have been found 

present in differentiating OLGs and their growth cones (Bacon et al., 2007). The idea that 

actin assembly by the Arp2/3 complex drives the extension of complex process networks at 

pre-myelinating stages of the OLG lineage is corroborated by the observation that inhibition 

of Arp2/3 in vitro in cultures of differentiating OLGs impairs F-actin assembly, the 

establishment of lamellipodium-rich growth cones, and process outgrowth and branching 

(Zuchero et al., 2015). These deficits in actin-driven morphological maturation of OLGs 

were found to be associated with a significant reduction in myelination initiation, i.e. axon 

ensheathment, in vitro in a co-culture system and in vivo in conditional ArpC3 knockout 

mice. Similarly, loss of WAVE1 function via over-expression of dominant-negative WAVE1 

or WAVE1 knockout was seen to impair growth cone formation and process outgrowth in 
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differentiating OLGs (Kim et al., 2006). Furthermore, a critical role of Arp2/3 complex 

function in initial myelin ensheathment has been identified by pharmacological inhibition of 

N-WASP in explant cultures (Bacon et al., 2007). Interestingly though, in WAVE1 knockout 

mice, hypomyelination, ultimately a consequence of decreased numbers of OLG processes 

and myelination initiation, was observed in the corpus callosum and optic nerve but not the 

spinal cord (Kim et al., 2006). This finding may indicate that the regulation of actin 

cytoskeletal dynamics in growth cones of differentiating OLGs may follow regionally 

heterogeneous mechanisms due to differences in the importance of Arp2/3 in general, 

variances in Arp2/3 complex subunit composition or the variable nature of the functionally 

predominant Arp2/3 nucleation promoting factor (Pizarro-Cerda et al., 2017). It is of note 

that in the case of conditional ArpC3 knockout mice and pharmacological inhibition of N-

WASP, available published data are currently restricted to the optic nerve (Zuchero et al., 

2015).

In light of the proposed intrinsic program of myelination, the ability of OLG growth cones to 

recognize non-permissive targets becomes evident (Almeida, 2018). Indeed, neuronal 

junction adhesion molecule 2 (JAM2) has been identified as a non-permissive 

somatodendritic cue necessary for preventing non-axonal myelination of neurons (Redmond 

et al., 2016). Similarly, galectin-4 has been recently proposed to function as a repulsive cue 

for the initiation of myelination and to thereby define non-myelinated axonal segments 

(Diez-Revuelta et al., 2017). Members of the IgLON family, which represent GPI anchored 

adhesion molecules expressed by both OLGs and neurons, have also been identified as 

repulsive cues with functional importance in preventing precocious developmental 

myelination of specific fiber tracts (Sharma et al., 2015). Specific axon selection for 

myelination has additionally been reported to involve bidirectional Eph-ephrin signaling, 

whereby OLG process retraction in response to ephrin A1-EphA4 forward signaling was 

found to be mediated by a signaling cascade involving RhoA, the RhoA downstream target 

Rho kinase (ROCK) and the motor protein myosin II (Cohen, 2005; Harboe et al., 2018; 

Linneberg et al., 2015). This finding provides evidence for a critical role of RhoA in driving 

the actin cytoskeletal changes that ultimately lead to process retraction when differentiating 

OLGs respond to non-permissive cues. Interestingly, in studies on OLG growth cone turning 

and retraction behavior, collagen IV, a component of the capillary basement membrane, was 

identified as a non-permissive substrate for growth cones of differentiating OLGs (Fox et al., 

2006). This observation indicates that repulsive cues may also be involved in preventing 

interactions with blood vessels at the later stages of the OLG lineage.

In addition to repulsion, attraction and permissive cues have also been found to play a 

critical role in guiding OLG processes, in particular in the context of extrinsically modulated 

promotion of myelination (Almeida, 2018). Such permissive cues include extracellular 

matrix molecules, the best characterized of which is laminin-2/merosin (Bechler et al., 

2015). First, a number of in vitro studies identified laminin-2/merosin as a permissive 

substrate for OLG growth cones on which filopodia formation, and process outgrowth and 

branching are augmented (Eyermann et al., 2012; Fox et al., 2006; Lafrenaye & Fuss, 2011; 

Michalski et al., 2016). Collectively, these studies point toward a signaling pathway that is 

initiated by an interaction of laminin-2/merosin with the non-integrin extracellular matrix 

receptor dystroglycan, which is located within point contact complexes of OLG filopodia 
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and process branch points. This interaction then leads to the sequential activation of Fyn 

tyrosine kinase, focal adhesion kinase (FAK) and the Rho GTPases Rac1 and Cdc42 

(Eyermann et al., 2012; Hoshina et al., 2007; Lafrenaye & Fuss, 2011; Liang et al., 2004; 

Osterhout et al., 1999; Schafer et al., 2016). Consistent with an in vivo relevance of this 

pathway, reduced numbers of myelinated axons of particularly smaller diameter have been 

reported for the CNS of mice carrying a spontaneous mutation at the laminin α2 chain gene 

locus (Chun et al., 2003), and of knockout mice for Fyn (constitutive) (Sperber et al., 2001; 

Umemori et al., 1994) and FAK (conditional) (Camara et al., 2009; Forrest et al., 2009). An 

important role of Fyn and FAK activation in promoting OLG process outgrowth is further 

supported by the finding that the process outgrowth promoting effect of netrin-1 is also 

mediated by the activation of these two kinases (Rajasekharan et al., 2009; Rajasekharan et 

al., 2010). Moreover, Fyn activation was found to deactivate RhoA via p190 RhoGAP, a step 

thought to be critical for the morphological differentiation of OLGs (Liang et al., 2004; 

Rajasekharan et al., 2009; Rajasekharan et al., 2010; Wolf et al., 2001). As a step further 

downstream, this pathway has been implicated in mediating a downregulation of the motor 

protein non-muscle myosin II, which has been shown to function as an inhibitor of OLG 

process outgrowth and branching (Wang et al., 2012; Wang et al., 2008). Thus, activation of 

Fyn and FAK, associated with a deactivation of RhoA, emerges as a crucial component of 

the actin cytoskeletal regulatory machinery that promotes growth cone-driven process 

outgrowth and branching in differentiating OLGs and, thereby, the initiation of CNS 

myelination.

In contrast to the above described pathway involving an inactivation of RhoA, a 

complementary role for the Rho GTPases Rac1 and Cdc42 in regulating process outgrowth 

and branching in differentiating OLGs is questioned by the in vivo observation that their 

conditional knockout in cells of the OLG lineage does not lead to reduced numbers of 

myelinated fibers (Thurnherr et al., 2006). Interestingly, potential alternate molecular players 

have been identified. First, Ermin, which shares structural and functional characteristics with 

ERM proteins known to act in concert with Rho family GTPases, has been identified in 

differentiating OLGs and found to function as an actin-binding protein that induces process 

outgrowth and branching (Brockschnieder et al., 2006). Second, junction-mediating and -

regulatory protein (Jmy), a multifunctional actin cytoskeleton regulator that can act as a 

nucleation promoting factor for the Arp2/3 complex or nucleate unbranched filaments by 

itself (Zuchero et al., 2009), has recently been characterized as a novel player in driving F-

actin polymerization, and process outgrowth and branching in differentiating OLGs 

(Azevedo et al., 2018).

In addition to the extracellular matrix protein laminin-2/merosin, adhesion molecules have 

been proposed to function as permissive signals for the initiation of myelination; these 

include the neural cell adhesion molecules L1 (Laursen et al., 2009), N-cadherin (Chen et 

al., 2017; Schnadelbach et al., 2001), and Necl-1 (Park et al., 2008). The implicated diversity 

of permissive cues suggests that extrinsically modulated myelination of axons may be 

regulated by local molecular signatures that identify individual subpopulations of axons to 

be myelinated. In support of this idea, it has been shown that laminin-2/merosin is present 

on only a subset of axons in the CNS (Colognato et al., 2002) and that just some subtypes of 

neurons modulate myelination by signals that are released along their axons (Koudelka et 
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al., 2016). In light of the increasing recognition of OLG heterogeneity (Dimou & Simons, 

2017; Foerster et al., 2019; Marques et al., 2016; Ornelas et al., 2016; Spitzer et al., 2019; 

Trotter & Mittmann, 2019; van Bruggen et al., 2017), one might postulate that different 

OLG subtypes may respond in an individual fashion to the various cues provided by 

subpopulations of axons. It should be noted here that current knowledge related to the role of 

the OLG growth cone and its actin cytoskeleton during OLG differentiation and the 

initiation of myelination is still rather limited. This gap in knowledge is nicely illustrated by 

a recently published study in which myelination was characterized in mice over-expressing 

the extracellular domain of the cell adhesion molecule Cadm4 in OLGs (Elazar et al., 2019). 

This strategy is thought to interfere with cell-cell interactions involving OLG expressed 

Cadm4. In these mice, the formation of tight, and thus non-dynamic, OLG cell contacts was 

found to cause a number of phenotypic changes in myelination that reflect the inability of 

OLG processes to respond to positive as well as negative cues. There are, however, other 

myelin aberrations, such as a mixed hypo- and hypermyelination phenotype in the corpus 

callosum, that are, with the current knowledge available, difficult to explain.

Additional complexity comes into view when considering that extrinsically modulated 

myelination can also be mediated by electrical activity and vesicular release of 

neurotransmitters, in particular glutamate, along unmyelinated axons (Bechler et al., 2018; 

de Faria et al., 2018; Gibson et al., 2018). In this context, our data revealed that glutamate-

mediated activation of sodium-dependent glutamate transporters, which are expressed by 

differentiating OLGs, initiates a signaling cascade that drives actin cytoskeletal changes 

leading to an increase in process outgrowth and branching (Martinez-Lozada et al., 2014; 

Suarez-Pozos et al., 2019; Waggener et al., 2013). In this pathway, activation of glutamate 

transport is thought to activate the reverse mode of sodium-calcium exchange, resulting in a 

transient increase in intracellular calcium concentration and subsequent inactivation of the 

actin binding/bundling activity of calcium/calmodulin-dependent protein kinase IIβ 
(CaMKIIβ). A critical in vivo role for neuronal activity-induced calcium transients within 

processes of differentiating OLGs and elongating myelin sheaths has been recently 

demonstrated in studies using the developing zebrafish as a model system (Baraban et al., 

2018; Krasnow et al., 2018). Thus, analogous to the involvement of CaMKIIβ during 

dendritic spine remodeling in response to neuronal activity (Lin & Redmond, 2009; 

Okamoto et al., 2009), initiation of the glutamate transporter-CaMKIIβ pathway in OLGs 

may lead to a transient increase in actin cytoskeleton flexibility that enables remodeling and 

outgrowth of OLG processes. Details to the physical and functional interactions with other 

actin cytoskeleton regulators involved in this OLG process outgrowth promoting pathway 

have, however, not yet been investigated.

Taken together, it becomes clear that dynamic actin-cytoskeletal mechanisms initiated at the 

tips of outgrowing OLG processes represent key players in driving the morphological 

aspects of OLG differentiation, i.e. process outgrowth and branching, and the initiation of 

myelination. Changes in overall morphology occurring at the transition from OPC to 

differentiating OLG are likely regulated to a large extent by an intrinsic program. In contrast, 

there is increasing evidence that at later stages, especially during the initiation of 

myelination, both permissive and non-permissive extracellular cues regulate actin 
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cytoskeletal dynamics at individual OLG processes, which ultimately determine their 

decision on whether to modulate myelination or to withdraw.

3.3 - Leading edge-driven myelin wrapping by myelinating OLGs

Once myelination is initiated, it is completed by concentric wrapping of the myelin sheath 

around the axonal segment. This spiral growth is driven by the leading edge of the inner 

tongue, located adjacent to the axon, and it occurs simultaneously with compaction, i.e. 

exclusion of cytoplasm and adhesion of the different layers of myelin membrane (Snaidero 

et al., 2014; Snaidero & Simons, 2014). In contrast to myelin wrapping, compaction starts at 

the outermost layers and is thought to be mediated by myelin basic protein (MBP), one of 

the few proteins present within compacted myelin (Aggarwal et al., 2013; Nawaz et al., 

2015; Snaidero & Simons, 2017; Zuchero et al., 2015). Somewhat unexpectedly, a peak in F-

actin levels was seen in white matter at the time point when myelination starts to occur 

(Zuchero et al., 2015) while continuing myelin sheath wrapping was found associated with a 

decline in F-actin levels (Nawaz et al., 2015; Zuchero et al., 2015). Similarly, in 

differentiating OLG cultures, extension of membranous sheets was found associated with 

reduced levels of F-actin and could be induced experimentally by triggering F-actin 

disassembly (Nawaz et al., 2015; Wilson & Brophy, 1989; Zuchero et al., 2015). Consistent 

with the observed decrease in F-actin, myelin wrapping appeared unaffected when ArpC3 
was deleted after initiation of myelination (Zuchero et al., 2015). Collectively, these data put 

forward the idea that myelin sheath wrapping is driven by F-actin disassembly. This notion 

is reinforced by the observation that actin assembly promoting proteins such as Arp2/3 

complex components are statistically enriched in earlier stages of the OLG lineage, while 

actin disassembly promoting proteins, particularly gelsolin and members of the ADF/cofilin 

family, are prevalent in actively myelinating OLGs (Cahoy et al., 2008; Lena et al., 1994; 

Zhang et al., 2014). Indeed, inducing F-actin disassembly by surgically implanting 

latrunculin A loaded gelfoam on the dorsal spinal cord surface during the time-window of 

active CNS myelination caused a robust increase in myelin sheath wrapping (Zuchero et al., 

2015). Conversely, myelin thickness was found slightly reduced in gelsolin knockout mice 

(Zuchero et al., 2015). Similar to the above, myelin sheaths in mice with constitutive and 

conditional deletion of ADF and cofilin1, respectively, were characterized by increased F-

actin levels and reduced thickness when compared to the ones in control animals; in 

contrast, initiation of myelination appeared unaffected in these mice (Nawaz et al., 2015). 

Taken together, these data demonstrate that actual wrapping of the myelin sheath is a process 

that can mechanistically be distinguished from OLG process outgrowth and the initiation of 

myelination as it is driven by a robust increase in F-actin depolymerization that ultimately 

leads to the elimination of F-actin within myelin sheaths.

The importance of F-actin depolymerization in myelin sheath wrapping raises the intriguing 

question of which forces drive the leading edge of the inner tongue to achieve multiple 

layers of ensheathment. Based on measurement of tension, Nawaz et al. (2015) proposed a 

model in which movement of the membranous sheath occurs independently of stable 

adhesions with the extracellular matrix and is powered by cycles of F-actin based inflation 

and deflation at the leading edge of the advancing inner tongue. The idea of adhesion-

independent motion is supported by the in vitro finding that OLGs are capable of 
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concentrically wrapping their membranes around inert fibers (Bechler et al., 2015; Espinosa-

Hoyos et al., 2018; Lee et al., 2012). The model proposed by Zuchero et al. (2015) is 

similarly based on adhesion-independent forward movement of the inner tongue but builds 

on the assumption of a lack of F-actin at the leading edge. In this case, movement is 

proposed to be driven by myosin II-independent blebbing, i.e. hydrostatic pressure generated 

in the cytoplasm (Paluch & Raz, 2013), whereby membrane compaction by MBP is 

hypothesized to sufficiently increase intracellular pressure. Notably, structure-function 

studies related to the maintenance of cytoplasmic channels within myelin sheaths provide 

evidence for a critical role of F-actin in stabilizing cytoplasm-rich areas by mechanisms that 

involve the myelin protein 2’/3’-cyclic nucleotide 3’phosphodiesterase (CNP) and 

antagonize MBP-mediated compaction (Snaidero et al., 2017). These findings highlight the 

complexity of actin cytoskeletal dynamics during myelination, and they uncover regional 

cytoskeletal heterogeneity within the myelin sheath, which may favor the presence of F-actin 

at the leading edge of the advancing inner tongue. Despite the still ongoing discussion about 

the fine details of the mechanism driving the movement of the advancing inner tongue 

during myelin sheath wrapping, the present data support a model in which this process is 

based on some form of adhesion-independent migratory movement that is associated with an 

overall increase in F-actin disassembly.

Most of the extracellular cues modulating myelination have thus far been associated with 

OLG process outgrowth and the initiation of myelination. In the case of laminin2/merosin, 

however, it has additionally been proposed that for late stage differentiating OLGs, initial 

spreading is promoted at the OLG growth cone contact site with lamini2/merosin-positive 

axons. The signaling pathway that has been implicated in this process involves the integrin 

receptor α6β1 and downstream activation of integrin-linked kinase (ILK) (Buttery & 

ffrench-Constant, 1999; Chun et al., 2003; Colognato et al., 2002; Michalski et al., 2016). In 
vivo, reduced numbers of particularly smaller diameter myelinated axons have been reported 

during the developmental window of active myelination for mice in which a dominant-

negative form of integrin β1 is expressed in OLGs (Camara et al., 2009). OLG process 

outgrowth is apparently not affected in cells derived from these mice, reinforcing the idea 

that laminin2/merosin-integrin β1 signaling affects primarily initial membrane spreading 

and not, as shown for laminin2/merosin-dystroglycan signaling, process outgrowth and 

branching. In further support of a role of the above pathway in specifically membrane 

spreading, OLGs deficient in ILK show a reduced capacity to enwrap neurites in a co-

coculture system (Camara et al., 2009; O’Meara et al., 2013), and there is a developmentally 

transient reduction in the number of myelinated axons, again with a preferential effect on 

smaller diameter axons, in conditional Ilk knockout mice (Camara et al., 2009; O’Meara et 

al., 2013). Importantly, and consistent with a critical role of F-actin disassembly during 

membrane spreading, aberrant F-actin accumulation was seen when ILK-deficient OLGs 

were differentiated on laminin2/merosin as a substrate (Michalski et al., 2016; O’Meara et 

al., 2013). It should be noted here, however, that ILK has additionally been shown to 

regulate OLG growth cones and their cytoskeleton by laminin2/merosin-independent 

mechanisms (Elazar et al., 2019; Michalski et al., 2016).

Overall, it is becoming increasingly apparent that myelin sheath spreading and myelin 

wrapping requires an increase in F-actin disassembly. Thus, there is a critical shift in the role 
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of the OLG protrusion located actin cytoskeleton during the transition from differentiating 

OLGs characterized by process outgrowth to mature OLGs actively involved in myelin 

wrapping.

4 - RegulatOry programs for the OLG growth cone and its actin 

cytoskeleton

4.1 - Regulation of OLG morphology in coordination with the transcriptional expression 
of OLG differentiation genes

During CNS development, the extensive changes in cellular morphology that occur at the 

transition from OPC to differentiating OLG are well-coordinated with gene expression 

patterns that have been associated with the progression along the OLG lineage (Elbaz & 

Popko, 2019; Emery & Lu, 2015; Pol et al., 2017). In order to achieve synchronization, 

changes in morphology and gene expression may be regulated by actin cytoskeletal 

dynamics in both the cytoplasm and the nucleus, and they could, thereby, be directly 

coupled. In this context, and in general, actin cytoskeletal dynamics have been implicated in 

chromatin remodeling and the control of transcriptional gene expression profiles (Klages-

Mundt et al., 2018; Sinha et al., 2018; Viita & Vartiainen, 2017; Virtanen & Vartiainen, 

2017). In addition, contractile forces associated with the activities of non-muscle myosin II 

(NMII) are thought to control nuclear morphology and function (Kanellos et al., 2015; 

Wiggan et al., 2017). Thus, it is not surprising that NMII, shown to function as an inhibitor 

of process outgrowth at the transition from OPC to differentiating OLG, has also been found 

to affect the OLG’s transcriptional gene expression program (Rusielewicz et al., 2014; Wang 

et al., 2012; Wang et al., 2008). Consistent with the idea that nuclear actin cytoskeletal 

dynamics regulate transcriptional gene expression during these earlier stages of the OLG 

lineage, nuclear actin has been implicated in regulating the repressive histone marks that are 

necessary for heterochromatin formation and for the transition from OPC to differentiating 

OLG (Hernandez et al., 2016; Liu et al., 2015; Tsai & Casaccia, 2019). Interestingly, this 

epigenetic regulation has been found to be associated with a decrease in the levels of 

microtubule (i.e. stathmin) and F-actin (i.e. gelsolin) severing proteins, suggesting that the 

highly dynamic behavior of OPCs is supported by relatively high levels of cytoskeleton 

severing proteins; reducing their levels upon initiation of OPC differentiations is then 

thought to allow a shift toward cytoskeleton polymerization and process outgrowth 

(Hernandez et al., 2016; Liu et al., 2003; Liu et al., 2015).

Collectively, the above described observations suggest that, at the early stages of the OLG 

lineage and especially at the transition from OPC to differentiating OLG, actin cytoskeletal 

dynamics, OLG morphology, and transcriptional changes in OLG differentiation genes may 

be regulated by mechanisms that are directly coupled to each other.

4.2 - Evidence for a regulation of OLG morphology and transcriptional myelin gene 
expression by mechanisms that function independently from each other

In contrast to the tightly coupled mechanisms discussed above, there is increasing evidence 

that, once OLGs reach pre-myelinating stages, cytoskeletal dynamics may be regulated 

independently from the transcriptional gene expression changes typically associated with 

Thomason et al. Page 14

Glia. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myelination. For example, conditional knockout of ArpC3, shown to greatly affect OLG 

process outgrowth and the initiation of CNS myelination, was not seen associated with 

significant changes in MBP protein levels in this in vivo model (Zuchero et al., 2015). In cell 

culture studies, inactivation of the Fyn tyrosine kinase, via treatment of differentiating OLGs 

with the tyrosine kinase inhibitors PP1 and PP2 over a period of 4 days, has been described 

to lead to a robust inhibition of process outgrowth; at the same time, this treatment was not 

associated with apparent changes in the expression of the cell surface marker O1 and the 

myelin proteins myelin associated glycoprotein (MAG) and MBP (Osterhout et al., 1999). 

Similarly, the OLG process outgrowth regulatory role of Mayven, a kelch-related actin-

binding protein shown to interact with Fyn, was found to be unrelated to a control of myelin 

gene expression when analyzed in primary cultures of differentiating OLGs (Jiang et al., 

2005; S. K. Williams et al., 2005). Comparable observations were made when assessing 

myelin protein levels both in vivo and in vitro in the context of FAK-mediated process 

outgrowth and membrane extension in the presence of laminin-2/merosin (Buttery & 

ffrench-Constant, 1999; Camara et al., 2009; Lafrenaye & Fuss, 2011) and in primary 

cultures of differentiating OLGs upon netrin-1 stimulated process outgrowth (Rajasekharan 

et al., 2009). It is of note that changes in myelin gene expression seen in certain knockout 

mice, such as those for Fyn, are complicated to interpret due to the multifunctional character 

of the protein under investigation and potential functional roles in OPCs (Kramer-Albers & 

White, 2011; White & Kramer-Albers, 2014). A similar scenario may account for the 

changes seen in MBP protein levels upon knockdown of the actin nucleation factor Jmy in 

primary cultures of differentiating OLGs (Azevedo et al., 2018), since Jmy can also function 

as a transcriptional co-activator (Zuchero et al., 2009). Nevertheless, the above data strongly 

suggest that at the pre-myelinating stages, morphological maturation of OLGs can be 

regulated by the key actin cytoskeleton regulators Arp2/3, Fyn and FAK by mechanisms that 

apparently function independently from those regulating transcriptional myelin gene 

expression.

Additional evidence for a regulation of OLG morphology by mechanisms that appear to 

function independently from those controlling myelin gene expression comes from our own 

studies, in which the role of sodium-dependent glutamate transporters was investigated in 

differentiating OLGs (Martinez-Lozada et al., 2014). In these initial studies, cells were 

analyzed by immunocytochemistry six hours post-treatment. In order to confirm that mRNA 

levels for myelin genes remain unchanged even under conditions that allow sufficient time 

for potential downstream signaling events, we developed a treatment paradigm as indicated 

in Figure 3 and analyzed cells at 24 hours after the initial treatment. For these experiments, 

we used the naturally occurring amino acid D-Aspartic acid (D-Asp), since previous studies 

demonstrated that D-Asp stimulates OLG process outgrowth in a manner similar to 

glutamate (Martinez-Lozada et al., 2014). In addition, D-Asp comes with the advantages of 

not activating non-NMDA ionotropic or metabotropic glutamate receptors and of not being 

metabolized by glutamine synthetase (Martinez-Lozada et al., 2014). We also chose a 

multiple application paradigm since the effect of D-Asp treatment on the downstream target 

CaMKIIβ was found to last for no more than six hours. Using this extended paradigm, we 

observed an increase in process outgrowth and branching that was similar under both 

conditions, i.e when analyzed at eight hours post one-time D-Asp application (56 hrs) and at 
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24 hours post three-time D-Asp applications (72 hrs) (Figure 3). Importantly, no changes in 

mRNA levels were seen at 72 hrs (Figure 3). These findings provide further evidence for the 

existence of molecular pathways that can regulate the morphological maturation of pre-

myelinating OLGs without significantly affecting transcriptional myelin gene expression.

The above discussion highlights that changes in process outgrowth mediated in 

differentiating OLGs by mechanisms of actin cytoskeletal dynamics can occur 

independently from major changes in transcriptional myelin gene expression. It is interesting 

to note that cellular motile behaviors have been proposed to require a tight temporal link 

between actin cytoskeletal dynamics and transcriptional activity at gene loci encoding actin 

and actin regulatory proteins (Olson & Nordheim, 2010). Thus, it is tempting to speculate 

that in pre-myelinating OLGs, progress outgrowth-related maturation events are controlled 

by a morphology regulatory program that functions independently from the myelin gene 

expression regulatory program.

5 - CONCLUSION

The highly dynamic actin cytoskeleton of growth cones found at the tips of OPC and OLG 

processes emerges as a main driver for the motile behaviors and morphological changes that 

are associated with OPC guidance and migration, OLG process outgrowth and branching, 

and the initiation of myelination (Figure 4). The actin cytoskeletal mechanisms underlying 

these aspects of OPC/OLG biology are characterized by varying stoichiometries of F-actin 

polymerizing and depolymerizing events. At the transition from myelination initiation to 

myelin wrapping, however, a remarkable conceptual switch occurs as morphological 

changes are now mediated by predominantly F-actin depolymerization and disassembly 

(Figure 4).

The synchronized changes in morphology and transcriptional expression of OLG 

differentiation genes appear, at the early stages of the lineage, to be regulated by 

mechanisms that may be directly coupled to each other. At the pre-myelinating stages, on 

the other hand, evidence accumulates that morphological maturation may be controlled by a 

regulatory program that functions independently from the one targeting the transcriptional 

control of myelin gene expression. Interestingly, in the CNS of patients with Multiple 

Sclerosis (MS), the main demyelinating disease in human, OLGs have been detected that 

express an apparent full repertoire of myelin genes but fail to successfully initiate and/or 

complete myelination (Chang et al., 2002). This finding could be taken as further evidence 

for regulatory programs that independently control either myelin gene expression or actin-

driven morphology, since under the above pathological conditions the transcriptional myelin 

gene expression program appears mostly unaffected while the OLG morphology regulatory 

program seems to be largely dysfunctional. With this interpretation in mind, further defining 

the mechanisms that regulate, particularly at the pre-myelinating stages, the morphological 

aspects of OLG maturation is likely to provide important clues on how to achieve myelin 

repair under pathological conditions as they are seen in MS.

Overall, the findings presented in this review highlight the still under-developed 

understanding of the OLG growth cone, its actin cytoskeleton and its functions in cells of the 
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OLG lineage. Future studies will clearly be crucial to gaining a better understanding of the 

roles of these players during developmental myelination as well as their potential 

contributions to pathological conditions in which OLGs and/or the myelin sheath are 

affected.
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MAIN POINTS

• Actin cytoskeletal dynamics initiated at the growth cone drive motility in 

OPCs and morphological changes in differentiating and pre-myelinating 

OLGs

• Myelinating OLGs lose growth cone structures as myelin wrapping requires 

F-actin disassembly.

• The OLG growth cone’s actin cytoskeleton can be regulated independently 

from transcriptional myelin gene expression.
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Figure 1. Diagram illustrating actin dynamics during treadmilling and forward protrusion of 
cellular processes.
(a) F-actin filament growth occurs at the barbed/plus end and is balanced by net filament 

disassembly at the pointed/minus end and by recycling of G-actin subunits back to the 

barbed/plus end (large arrow at the top). Thus, F-actin filaments coexist with G-actin 

monomers at a ‘steady state’. (b) When the actin filament is anchored to a growth promoting 

(permissive) substrate via the action of adhesion complexes (grey triangles), actin retrograde 

flow (from the barbed/plus end to the pointed/minus end; not shown) is reduced, and the F-

actin filament seemingly moves in one direction, leading to forward movement of cellular 

protrusions (grey arrow). Actin monomers are depicted as dark red filled circles; newly 

polymerized F-actin is shown in light red
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Figure 2. Schematic of the growth cone, the main driver of process outgrowth, branching and 
guidance.
The growth cone is divided into three distinct compartments: the actin-rich peripheral region 

containing filopodia and lamellipodia, the central region enriched in dense microtubule 

arrays, and the transition zone characterized by the presence of actomyosin contractile 

structures. Forward movement of the growth cone, ultimately leading to process outgrowth, 

is initiated by actin polymerization within the peripheral domain of the growth cone, 

attenuation of F-actin retrograde flow, and engagement of focal contact points, also referred 

to as the ‘clutch’. Polymerization of microtubules is then necessary to complete process 

outgrowth. Process branching can be achieved through growth cone splitting, while growth 

cone turning in response to guidance cues involves an asymmetric regulation of F-actin 

cytoskeleton structure and polymerization/depolymerization.
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Figure 3. Stimulation of process outgrowth via activation of sodium-dependent glutamate 
transport does not affect myelin gene expression.
Differentiating OLGs were isolated and cultured as previously described (Martinez-Lozada 

et al., 2014). Cells were treated with D-Asp as indicated in the scheme shown in upper right. 

mRNA levels for the myelin genes myelin basic protein (Mbp), proteolipid protein (Plp1) 

and cyclic nucleotide phosphodiesterase (Cnp) were determined by real-time RT qPCR 

analysis at 72 hours (24 hours post initial D-Asp treatment) and relative expression levels 

were determined using the ΔΔCT method (bottom left graph) Statistical significance was 

assessed by ANOVA, and revealed no statistically significant changes in myelin protein 

mRNA levels. OLG morphology was assessed as previously described (Martinez-Lozada et 

al., 2014) revealing a significant increase in process index under both conditions, i.e. when 

analyzed at 8 hours post one-time D-Asp application (56 hrs) and at 24 hours post D-Asp 

application at 8-hour intervals (72 hrs) (bottom right graph; horizontal lines indicate 

medians). Statistical significance was assessed by ANOVA (non- parametric Kruskal Wallis 
and Dunn’s post hoc test). *p≥0,05 (compared to non-stimulated control (Ctrl)).
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Figure 4. Summary of growth cone-driven actin cytoskeletal changes in cells of the 
oligodendrocyte (OLG) lineage.
Cells of the OLG lineage undergo extensive changes in morphology when differentiating 

from a bipolar migratory OLG progenitor cell (OPC) first into a differentiating and pre-

myelinating OLG that extends a large process network in search of axonal segments to be 

myelinated, and then into a mature OLG that generates and maintains a fully functional 

myelin sheath. At the progenitor stage (left), highly dynamic actin cytoskeletal mechanisms 

regulate growth cone behavior and, thereby, guide OPC migration along trajectories within 

the CNS in response to both attractive and repulsive extracellular cues. These motile 

behaviors are characterized by process extension events requiring F-actin polymerization, 

process retraction events driven by F-actin depolymerization, and process turning events that 

are mediated by an asymmetrical distribution of F-actin. Actin-binding proteins and key 

intracellular mediators implicated in OPC growth cone extension and retraction are depicted 

in the growth cone model (top) and listed in the bottom table. Differentiation into the 

differentiating OLG (middle) is associated with extensive process outgrowth and branching. 

In this process, F-actin polymerization and the actin regulatory proteins Arp2/3, Fyn, and 

focal adhesion kinase (FAK) play key roles in orchestrating actin cytoskeletal dynamics and 

motile behaviors (see growth cone model (top) and bottom table). Additional actin 

regulatory proteins, i.e. integrin-linked kinase (ILK), calcium calmodulin-dependent protein 

kinase IIβ (CaMKIIβ), and junction-mediating and -regulatory protein (Jmy), have been 

implicated in this process. However, the interactions, physical and/or functional, between all 

the potential players involved are currently not well understood. At the pre-myelinating 

stages, OLG processes respond to extracellular cues, which can be permissive as well as 

non-permissive, in an individual fashion. Growth cone responses at this stage are thought to 

be similar to the ones observed at the progenitor stage, and they are the determining factors 
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regulating the initiation of myelination. The transition to the myelinating stage is associated 

with the loss of process extension events, as myelin wrapping is mediated largely by F-actin 

disassembly. F-actin severing proteins shown to be involved in this process are depicted in 

the model (top) and listed in the bottom table. Despite the consensus of F-actin disassembly 

as the major driver, there is still some controversy as to whether the force driving the 

myelin’s inner tongue is generated by cycles of actin-based inflation and deflation or by 

MBP-dependent, myosin II-independent blebbing motility.
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