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Introduction

Multiple sclerosis (MS) is canonically described as a demye-

linating disease, yet the most severe clinical outcomes in MS 

patients are associated not with demyelination itself but with its 

eventual sequelae: axon loss and neurodegeneration. Although 

in�ammatory injury has been proposed as a primary determi-

nant of axonal damage, immunosuppressive therapies have 

had limited success in preventing the onset of progressive MS, 

which is characterized by worsening, permanent neurological 

disability and chronically demyelinated lesions with relatively 

sparse immune in�ltration and profound axon loss (Bjartmar et 

al., 2003; Trapp and Nave, 2008; Dutta and Trapp, 2011; Hauser 

et al., 2017). Charcot–Marie–Tooth disease type 1, an inherited 

demyelinating peripheral neuropathy resulting from mutations 

in Schwann cell myelin genes, also involves progressive axon 

loss with a nonimmune etiology (Suter and Scherer, 2003; Nave 

et al., 2007). These clinical observations and histopathological 

�ndings, along with the intimate physical and molecular asso-

ciation of the axon and its myelinating glia, suggest a situa-

tion in which axonal integrity is maintained by the presence of 

myelin. However, the lack of adequate animal models to study 

demyelination in isolation has presented signi�cant barriers to-

ward de�ning these interactions. Consequently, the mechanisms 

of secondary degeneration in a demyelinated axon, and even the 

underlying assumption that the loss of myelin is detrimental to 

the axon, remain patently unclear.

Several mouse mutants harboring mutations in myelin- 

associated genes exhibit late-onset axon degeneration in the ab-

sence of in�ammatory demyelination, prompting a search for 

basic biological mechanisms through which oligodendrocytes 

support axon function (Grif�ths et al., 1998; Yin et al., 1998; 

Lappe-Siefke et al., 2003). Recent attention has been focused 

on the hypothesis that myelinating glia provide metabolic sup-

port to their invested axons, centered on the observation that 

oligodendrocyte-derived glycolytic metabolites traf�cked by 

monocarboxylate transporter 1 can be metabolized by myelin-

ated axons. In support of this, down-regulation of monocarbox-

ylate transporter 1 speci�cally in oligodendrocytes is suf�cient 

to impair long-term maintenance of myelinated axons, and oli-

godendrocytes have the capacity to sense and respond to axonal 

energetic demand through N-Methyl-d-aspartate receptor sig-

naling (Fünfschilling et al., 2012; Lee et al., 2012; Saab et al., 

2016). Despite these seminal observations, the signi�cance of 

metabolic support has not been demonstrated in the context of 

demyelination, and it is conceivable that metabolic support by 

myelinating glia does not comprehensively account for all axo-

nal damage that occurs in myelin disease. Properties of axonal 

infrastructure that are established or regulated during myelin-

ation, such as the maturation of the cytoskeleton, traf�cking of 

cargoes, and nodal organization of voltage-gated ion channels, 

are perturbed or reversed during demyelination. As axon integ-

rity is contingent on the proper functioning of these processes, 

their disruption may serve as a unifying model of secondary 

axon degeneration, onto which pathological events, such as the 

loss of metabolic and ion homeostasis, converge (Hirokawa et 

al., 2010; Kevenaar and Hoogenraad, 2015; Zhang and Ras-

band, 2016). Interrogating the mechanisms of injury in a de-

myelinated axon then becomes a question of understanding the 

fundamental cell biology of the axon–myelin unit. To this end, 

recent advances using in vivo two-photon imaging, high-pres-

sure freezing electron microscopy, superresolution microscopy, 

and protein crystallography offer intricate descriptions of axon–

glia interactions (Nikić et al., 2011; Xu et al., 2013; Sorbara et 

al., 2014; Pronker et al., 2016; D’Este et al., 2017; Snaidero 

et al., 2017). These new insights, and others, are examined in 
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the context of prior studies to propose that (1) disruption of the 

axon cytoskeleton, axonal transport, and nodal architecture is 

suf�cient to cause neurodegeneration; (2) myelin is involved in 

the regulation of these processes; and (3) demyelination could 

potentially lead to dysregulation of these processes and, subse-

quently, axon degeneration.

Molecular and cytoskeletal rearrangements 

during developmental myelination

Deletion of a large portion of the gene encoding myelin basic 

protein (MBP) in the shiverer mouse results in a hypomyelin-

ated central nervous system (CNS) with no compact myelin 

formation, progressive tremors, and premature death (Chernoff, 

1981; Roach et al., 1985). Unmyelinated axons in these ani-

mals exhibit no overt signs of degeneration, implying that axons 

tolerate a situation in which they are never myelinated better 

than they do a situation in which they are myelinated and sub-

sequently demyelinated (Rosenbluth, 1980). Stated more suc-

cinctly, no myelin is better than lost myelin. It is conceivable 

then that myelinated axons become dependent to some capacity 

on their associated glia, resulting in their degeneration when 

perturbed by a demyelinating insult. This dependency could 

arise from molecular changes in the axon that are induced by 

myelination or as a consequence of the physical situation of 

an ensheathed axon and its limited access to the extracellular 

environment (Nave, 2010). And so, a possible approach to un-

derstanding secondary axon degeneration is to consider matu-

rational changes in the axon during developmental myelination 

and how they may be maladaptive during demyelination.

Assembly and maintenance of nodal architec-

ture.  During myelination, axons undergo dramatic rearrange-

ments of cell adhesion molecules, ion channels, and cytoskeletal 

proteins to produce a repeating geometric pattern of organized 

molecular domains: the nodes of Ranvier, the paranodal axog-

lial junctions, and the juxtaparanodes (Fig.  1). Collectively, 

these sets of domains interleave between segments of compact 

myelin that ensheath the internodes (Poliak and Peles, 2003; 

Salzer, 2003; Chang and Rasband, 2013; Normand and Ras-

band, 2015). Nodes of Ranvier are micron-long unmyelinated 

segments that serve as excitable regions of clustered volt-

age-gated sodium channels, enabling rapid saltatory conduc-

tion and reducing the metabolic demand of signal propagation 

(Trapp and Stys, 2009). During developmental myelination, 

Schwann cells and oligodendrocytes induce nodal clustering of 

the axonal cell adhesion molecule neurofascin 186 (NF186) 

and recruitment of ankyrin G, a cytoskeletal scaffolding pro-

tein that binds both voltage-gated sodium channels and βIV 

spectrin (Zhou et al., 1998; Komada and Soriano, 2002; Eshed 

et al., 2005; Sherman et al., 2005; Yang et al., 2007; Susuki et 

al., 2013; Amor et al., 2017). βIV spectrin, in turn, associates 

with actin and anchors the entire complex to the underlying 

axonal cytoskeleton (Berghs et al., 2000). Flanking either end 

of each node of Ranvier are the paranodes, cellular junctions 

between the axolemma and the terminal ends of each myelin 

sheath layer that are involved in preventing lateral diffusion of 

axonal proteins, facilitating the localization of nodal ion chan-

nels, and acting as sites for axon–glial signaling (Fig. 1). As-

sembly of the paranodal junction is also dependent on axon–glial 

interactions, with the glial cell adhesion molecule neurofascin 

155 (NF155) complexing with axonal contactin and contac-

tin-associated protein (Caspr), which, in turn, associate with 

the actin and αII/βII spectrin cytoskeleton through the adaptor 

protein 4.1B (Bhat et al., 2001; Boyle et al., 2001; Gollan et al., 

2002; Ogawa et al., 2006). Finally, juxtaparanodes are the sites 

of voltage-gated potassium channels, whose localization de-

pends on the interaction between axonal Caspr2 and glial 

TAG-1 (Poliak et al., 2003; Fig. 1).

Disruption of nodal architecture.  The assembly 

and maintenance of these molecular domains, and of the under-

lying cytoskeletal scaffold, are essential for axonal integrity and 

function. Mice that are de�cient in Caspr have disrupted paran-

odal axoglial junctions and develop axonal swellings in Pur-

kinje cells with accumulations of mitochondria, smooth 

endoplasmic reticulum, and disorganized microtubules and 

neuro�laments (Garcia-Fresco et al., 2006). These swellings 

begin to appear in the proximal paranodal regions during early 

postnatal development, and they progress to cytoskeletal frag-

mentation and vacuolation of degenerating axons as develop-

ment continues. Shambler mice, which harbor a mutation in the 

Cntnap1 gene that encodes a truncated Caspr protein with no 

transmembrane or intracellular domains, also exhibit paranodal 

accumulations of membranous organelles in the sciatic nerve 

(Sun et al., 2009; Takagishi et al., 2016).

Genetic ablation of ankyrin G was recently reported to 

induce destabilization of the nodes of Ranvier and axon degen-

eration with cytoskeletal depletion and nodal accumulation of 

membranous organelles (Saifetiarova et al., 2017). Notably, 

these �ndings are contradictory to an earlier study demonstrat-

ing that ankyrin R is capable of compensating for ankyrin G 

loss, although variations in genetic background strains, Cre 

lines, or observational time windows may account for this dis-

crepancy (Ho et al., 2014). Alternatively, degeneration in these 

mutants could result from perturbation of the axon initial seg-

ment, which is dependent on ankyrin G for its assembly and 

maintenance and is critical for regulating axodendritic polarity 

and axon traf�cking (Ogawa et al., 2006; Hedstrom et al., 2008; 

Schafer et al., 2009; Sobotzik et al., 2009). Ankyrin B regulates 

axon transport through association with the dynactin subunit 

p62, and de�ciency of ankyrin B leads to severe malformation 

of white matter tracts in vivo and impaired traf�cking of synap-

tic vesicles and membranous organelles in vitro (Lorenzo et al., 

2014). Deletion of NF186 also results in progressive nodal de-

stabilization and axon degeneration and, notably, concurrent de-

letion of glial NF155, which acts in maintaining the paranodal 

junctions, exacerbates nodal disassembly (Taylor et al., 2017).

Spectrins are prominent constituents of the nodal cyto-

skeleton and considerable efforts have been made to probe their 

function both in the context of nodal organization and axon 

degeneration. Studies in Caenorhabditis elegans suggest that 

spectrins are important for the physical integrity of the axon, 

as β spectrin–de�cient worms suffer mechanical axon trauma 

from the physical force of their body movements (Hammar-

lund et al., 2007; Krieg et al., 2017). Quivering mice, which 

lack βIV spectrin, exhibit aberrant ion channel localization, 

cytoskeletal abnormalities, and tortuous membranous protru-

sions but do not show signs of axon degeneration (Parkinson 

et al., 2001; Yang et al., 2004). Similarly, genetic deletion of 

βII spectrin in mice results in widened clusters of voltage-gated 

sodium channels at the nodes of Ranvier and aberrant local-

ization of voltage-gated potassium channels to the paranodal 

domain, with no overt axon degeneration (Zhang et al., 2013; 

Amor et al., 2017). The lack of axon degeneration in these mu-

tants may be explained by compensation of other β spectrins, 

four of which are expressed in the vertebrate CNS (Ho et al., 
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2014; Zhang et al., 2014). In support of this, ectopic expression 

of a spinocerebellar ataxia type 5–associated variant of human 

βIII spectrin in Drosophila melanogaster, which expresses only 

one endogenous β spectrin, is suf�cient to induce progressive 

neurodegeneration with axonal swellings and marked defects in 

vesicular axon traf�cking (Lorenzo et al., 2010). These impair-

ments in axon transport could be caused by cross talk between 

the actin/spectrin cytoskeleton and microtubules, as treatment 

of cultured Drosophila neurons with the actin depolymerizer 

cytochalasin D is suf�cient to induce microtubule fragmenta-

tion and exacerbate microtubule destabilization in response to 

treatment with the microtubule depolymerizer nocodazole or 

depletion of the microtubule-stabilizing spectraplakin protein 

Shot (Qu et al., 2017).

In contrast, because αII spectrin is the only α spectrin ex-

pressed in the CNS, neurons may not tolerate the loss of αII 

spectrin as well as β spectrins (Zhang et al., 2014). Human mu-

tations in αII spectrin cause West syndrome, a developmental 

neurological disorder characterized by severe infantile epilepsy, 

hypomyelination, and cerebral atrophy (Saitsu et al., 2010; To-

hyama et al., 2015). In mice, αII spectrin mutations are embry-

onically lethal from cardiac and neurological dysfunction, and 

the role of αII spectrin in axons remains to be characterized 

(Stankewich et al., 2011). Collectively, the axon pathology as-

sociated with de�ciencies in nodal components imply an asso-

ciation between the proper organization of molecular domains 

and axonal integrity, consistent with the �ndings of aberrant 

localization and expression of Caspr, neurofascins, ankyrins, 

spectrins, and voltage-gated ion channels in postmortem human 

MS samples and animal models of demyelination (Wolswijk 

and Balesar, 2003; Arroyo et al., 2004; Craner et al., 2004; 

Coman et al., 2006; Howell et al., 2006; Griggs et al., 2017).

Maturation of the axon cytoskeleton.  Myelin-

ation of axons induces maturation of the axon cytoskeleton, me-

diating radial expansion of the axon through regulation of 

neuro�lament content and phosphorylation of the carboxy ter-

mini of medium/heavy neuro�lament subunits, which is thought 

to promote neuro�lament spacing through electrostatic repul-

sion (de Waegh et al., 1992; Witt and Brady, 2000; Garcia et al., 

2003). Examination of retinal ganglion cell axons, which are 

unmyelinated within the retinal nerve �ber layer and the proxi-

mal optic nerve but myelinated for the remainder of their length, 

demonstrates that the distal myelinated axon is characterized by 

increased axon diameter, increased neuro�lament content, and 

Figure 1. Architecture of axonal cytoskeleton and polarized molecular domains. Myelination induces architectural rearrangement of the axon into polar-
ized molecular domains. The nodes of Ranvier are short, unmyelinated segments that contain clusters of voltage-gated sodium channels. Flanking the nodes 
are the paranodes, junctions between noncompacted paranodal myelin loops and the underlying axolemma. Distal to the paranodes are the juxtaparan-
odes, which contain voltage-gated potassium channels. The fluorescent micrograph of optic nerve axons illustrates the distinct localization of potassium 
channels (red, juxtaparanode), Caspr (green, paranode), and βIV spectrin (blue, node). The axon cytoskeleton facilitates structural integrity and molecular 
organization and acts as a conduit for axon transport. It consists primarily of neurofilaments, microtubules, actins, and spectrins. Actins and spectrins assem-
ble into a repeating lattice with structural periodicity of 180 to 190 nm. At nodes, ankyrin adaptor proteins anchor nodal constituents such as voltage-gated 
ion channels to the underlying actin–spectrin cytoskeleton. At paranodes, protein 4.1B (not depicted), anchors the NF155–Caspr–Contactin complex to 
the underlying actin–spectrin cytoskeleton.
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increased neuro�lament phosphorylation (Nixon et al., 1994; 

Sánchez et al., 1996, 2000). Conversely, decreased neuro�la-

ment spacing, neuro�lament density, and neuro�lament phos-

phorylation are observed in the unmyelinated stem processes of 

dorsal root ganglion (DRG) neurons and, notably, in their nodes 

of Ranvier, which can be considered as short, unmyelinated 

axon segments (Hsieh et al., 1994). Neuro�lament transport 

rates are locally decreased in myelinated axon segments of 

DRG neurons cultured with Schwann cells, suggesting that 

slower neuro�lament transport may facilitate the accumulation 

of neuro�laments and subsequent increase in axon caliber 

(Monsma et al., 2014). Indeed, decreased rates of neuro�lament 

transport, increased neuro�lament content, and increased neu-

ro�lament phosphorylation are correlated with axon radial 

growth during developmental myelination (Hoffman et al., 

1985; Sánchez et al., 1996, 2000). Although it was initially re-

ported that oligodendrocyte contact without compact myelin 

formation is suf�cient to induce axon caliber changes in the 

shiverer mouse, subsequent observations noted that shiverer 

optic nerve axons resemble premyelinated axons with decreased 

axon caliber, neuro�lament content, and neuro�lament phos-

phorylation and increased microtubule content, microtubule 

density, and rates of slow axonal transport (Sánchez et al., 1996; 

Brady et al., 1999). More recently, the surprising �nding that 

parvalbumin interneurons in the neocortex are intermittently 

myelinated coincided with the observation that myelinated seg-

ments of these interneurons have relatively higher and lower 

neuro�lament and microtubule content, respectively (Micheva 

et al., 2016). Collectively, comparisons between contiguous un-

myelinated and myelinated axon segments, pre- and postmy-

elinated axons, and unmyelinated and myelinated axons in the 

shiverer mouse provide compelling evidence for the role of my-

elinating glia in dictating axonal cytoskeletal composition and 

traf�cking parameters.

Cytoskeletal and axon transport deficits 

associated with mutations in myelin-

associated genes

Proteolipid protein (PLP).  In contrast to the shiverer 

mouse, null mutations in several myelin-associated genes re-

sult in the absence of myelin protein constituents without sig-

ni�cantly affecting proper myelin formation. In humans, 

mutations in PLP1, which encodes myelin PLP, can cause the 

leukodystrophy Pelizaeus–Merzbacher disease (PMD) and the 

axonopathy hereditary spastic paraplegia type 2 (HSP2), to 

varying degrees of severity. Duplications, triplications, and 

point mutations in the PLP1 gene lead to severe, hypomyelin-

ating PMD, whereas deletions of the entire gene are associated 

with milder forms of PMD and HSP2, characterized by late 

onset and slow progression (Gruenenfelder et al., 2011). Plp1 

mutations in mice recapitulate these observations; although 

spontaneous Plp1 point mutants and Plp1-overexpressing 

transgenic mice exhibit hypomyelination and oligodendrocyte 

cell death, Plp1-null mice have late-onset axonal pathology in 

the setting of normal compact myelin formation (Sidman et al., 

1964; Nave et al., 1986; Schneider et al., 1992; Kagawa et al., 

1994; Klugmann et al., 1997).

The uncoupling of axon maintenance and myelination 

has made the Plp1-null mutant a useful model for studying 

axon–glial interactions. Progressive axon degeneration in these 

mice begins at ∼6 to 8 wk of age, with focal axonal spheroids 

containing multivesicular bodies, disorganized cytoskeletal 

components, mitochondria, and other membranous organelles 

that localize to axonal compartments distal to the nodes of Ran-

vier (Grif�ths et al., 1998). Accumulations of membranous or-

ganelles and cytoskeletal components imply a defect in axonal 

traf�cking, which was demonstrated functionally through injec-

tion of �uorescently conjugated cholera toxin subunit B into 

the retina and superior colliculus. Subsequent measurements of 

anterograde traf�cking to the superior colliculus or retrograde 

traf�cking to the retina revealed de�cits in both processes, and 

aggregates of cholera toxin subunit B could be directly visual-

ized in axonal spheroids, consistent with electron micrograph 

observations (Edgar et al., 2004). A role for traf�cking disrup-

tion is further implied by length-dependent pathology in the 

descending corticospinal tracts and ascending dorsal column �-

bers of Plp1-null animals and human HSP patients, because the 

distal segments of long axons are most likely to be susceptible 

to impaired axon transport (Garbern et al., 2002). Mice in which 

PLP is removed and replaced with the peripheral myelin protein 

P0 are phenotypically similar to Plp1-null animals but with an 

accelerated course of axon degeneration. These mice exhibit 

shorter microtubule lengths, aberrant microtubule orientations, 

decreased microtubule stability as assessed by the ratio of insol-

uble to soluble acetylated α-tubulin, and hyperphosphorylation 

of the microtubule-binding protein tau, suggesting that these 

axon-transport de�cits may arise from dysregulation of axonal 

microtubules by myelin (Yin et al., 2016).

2′,3′-cyclic nucleotide phosphodiesterase 

(CNP).  Deletion of another myelin-associated gene, Cnp, re-

sults in axonal pathology virtually identical to Plp1-null mu-

tants, albeit with more overt behavioral de�cits and a shorter 

life span (Lappe-Siefke et al., 2003). These differences may be 

a consequence of the paranodal disruption and sodium channel 

declustering that can be observed before overt axon degenera-

tion (Rasband et al., 2005). Although Cnp encodes a cyclic nu-

cleotide phosphodiesterase, there are no known substrates in 

oligodendrocytes, and its molecular function was unknown 

until a recent study implicated CNP in the formation and main-

tenance of cytosolic channels that course through the myelin 

sheath (Snaidero et al., 2017). High-pressure freezing electron 

microscopy is a technical advance that allows for the preserva-

tion and visualization of these structures in CNP-de�cient my-

elin in the developing optic nerve, which contains progressively 

fewer cytoplasmic channels as myelin compaction proceeds 

(Möbius et al., 2016; Snaidero et al., 2017). Remarkably, Cnp-

null/shiverer heterozygotes, which have a 50% reduced expres-

sion of MBP, have a signi�cant decrease in axonal degeneration 

in the spinal cord when compared with Cnp-null single mutants. 

This interaction is modeled as CNP maintaining the opening of 

cytoplasmic channels by antagonizing the force of myelin com-

paction by MBP, which in turn facilitates the potential traf�ck-

ing of metabolites or signaling factors to the ensheathed axon.

In both Plp1 and Cnp mutants, organelle accumulation is 

observed at the nodes of Ranvier and adjacent compartments, 

which suggests that these regions are either particularly vul-

nerable to general disruptions in axon traf�cking or that there 

is local regulation of axon transport that coincides with the 

geometry of these molecular domains (Grif�ths et al., 1998; 

Lappe-Siefke et al., 2003; Edgar et al., 2004). Two lines of 

evidence argue for the second possibility. Because of random 

X inactivation, myelinated axons in female Plp1+/− hetero-

zygotes are ensheathed by a mosaic of wild-type and PLP- 

de�cient oligodendrocytes. In these chimeric mutants, axonal 
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spheroids were associated only with PLP-de�cient myelin 

(Grif�ths et al., 1998). Similarly, neurospheres from Plp1-

null mice transplanted into the dorsal white matter of shiverer 

mice were suf�cient to form compact myelin and induce ax-

onal swellings speci�cally within the graft site (Edgar et al., 

2004). Alternatively, traf�cked cargoes such as mitochondria 

may have a tendency to pause at or be actively recruited to 

nodal domains, manifesting as organelle accumulations in the 

setting of disrupted axon transport (Armstrong et al., 1987; 

Salzer, 2003). Furthermore, the nodes of Ranvier represent 

repeated constrictions in axon diameter and microtubule bun-

dling that can obstruct axon transport, although the extent and 

prevalence of these properties in the CNS is unclear (Sousa 

and Bhat, 2007). Thus, oligodendrocytes could interact with 

axon traf�cking either indirectly, by imposing cytoskeletal 

and nodal architectural changes onto the physical framework 

of the axon, or directly, by engaging axon transport machinery.

Myelin-associated glycoprotein (MAG).  MAG is 

a minor myelin constituent present on the innermost membrane 

of the internodal myelin sheath and Schwann cell paranodal 

loops, and its bidirectional signaling capability and direct appo-

sition to the axolemma make it a suitable candidate for actuat-

ing both of these processes (Quarles, 2007, 2009). Compact 

myelin is formed in the absence of MAG but with subtle ultra-

structural abnormalities such as the loss of the periaxonal space, 

redundant hypermyelination, and detachment of myelin lamel-

lae (Li et al., 1994; Montag et al., 1994). Myelinated axons in 

MAG-de�cient animals exhibit reduced axon caliber and neuro-

�lament phosphorylation and progressive axon loss in both cen-

tral and peripheral white matter, implying a function for MAG 

in cytoskeletal maturation and maintenance of axonal integrity 

(Fruttiger et al., 1995; Yin et al., 1998; Pan et al., 2005). This is 

corroborated by the observation that experimental autoimmune 

encephalomyelitis (EAE), a model of in�ammatory demyelin-

ation, and various neurotoxic models of axon injury are exacer-

bated in MAG-de�cient animals (Nguyen et al., 2009). 

Interestingly, soluble MAG-Fc in vitro confers resistance to the 

microtubule depolymerizer vincristine and promotes microtu-

bule detyrosination, a posttranslational modi�cation associated 

with perseverant or pharmacologically stabilized microtubules, 

suggesting that the neuroprotective properties of MAG are me-

diated through the stabilization of the axon cytoskeleton 

(Nguyen et al., 2009; Janke, 2014).

Although the crystal structure of MAG has recently been 

solved with conformational description of its �ve extracellular 

immunoglobulin-like domains, the molecular mechanism of 

MAG signaling has been dif�cult to ascertain because of the 

experimental inaccessibility of the periaxonal space and the 

multitude of potential axonal receptors, which include sialic 

acid–containing glycoproteins/gangliosides, the Nogo recep-

tor, and the neurotrophin receptor p75 (Quarles, 2007, 2009; 

Pronker et al., 2016). Mice that are de�cient in Galgt1, which 

encodes a biosynthetic enzyme necessary for the formation of 

complex gangliosides, recapitulate the axon degeneration and 

cytoskeletal changes of MAG-de�cient mice, and MAG-in-

duced neuroprotection against vincristine toxicity in vitro is 

not elicited in DRG neurons that lack complex gangliosides, 

suggesting that they act as the receptor for MAG in these con-

texts (Rasband et al., 2005; Nguyen et al., 2009; Mehta et al., 

2010). However, gangliosides are not membrane-spanning 

molecules, and it is not known how MAG-induced signaling 

events are communicated from the extracellular space to the 

axoplasm, though cooperation with a transmembrane core-

ceptor is a likely possibility (Quarles, 2007, 2009). Addition 

of soluble MAG-Fc or heterologous expression of MAG in 

COS-7 cells co-cultured with DRG neurons recruits the activ-

ity of axonal kinases Cdk5 and Erk1/2, which phosphorylate 

neuro�laments and microtubule-associated proteins (Dashiell 

et al., 2002). Decreased Cdk5 and Erk1/2 activity in vivo is 

also observed in sciatic nerve lysates of MAG-de�cient an-

imals (Dashiell et al., 2002). Biochemical interrogation of 

kinesin subunit regulation in an extruded squid axoplasm 

preparation indicates that Cdk5, through inhibition of pro-

tein phosphatase 1–mediated activation of glycogen synthase 

kinase 3, indirectly promotes kinesin cargo association by 

preventing glycogen synthase kinase 3 phosphorylation of 

kinesin light chain (Mor�ni et al., 2002, 2004). This regula-

tory cascade suggests that the loss of axon contact with MAG 

during demyelination could potentially lead to de�cits in kine-

sin-driven anterograde transport and other processes that are 

dependent on Cdk5 and Erk1/2 kinase activity. Collectively, 

the axon degenerative phenotypes and cytoskeletal alterations 

associated with mutations in myelin genes suggest a general 

role for myelin in maintaining axonal infrastructure, though 

the molecular details behind the importance of these genes are 

only just beginning to be unraveled. In particular, it will be 

intriguing to determine the extent to which the loss of PLP, 

CNP, and MAG is functionally similar to demyelination, a 

situation where interactions between myelin proteins and the 

axon are physically disrupted.

Cytoskeletal and axon transport deficits in 

animal models of demyelination

EAE.  Experimental models of demyelination differ in the as-

pects of MS that they represent and the degree to which they can 

faithfully model them. EAE, typically an acute, monophasic 

neuroin�ammatory episode produced via immunization of 

C57BL/6 mice with myelin oligodendroglial glycoprotein pep-

tide, is the most widely used model because of its ease of induc-

tion, stereotyped clinical course, and autoimmune etiology 

(Ransohoff, 2012). In vivo two-photon excitation microscopy of 

the dorsal spinal cord during EAE has afforded detailed insight 

into the mechanisms of acute in�ammatory axonal degeneration 

(Nikić et al., 2011; Sorbara et al., 2014). Using a stabilized spi-

nal cord preparation that is amenable to pharmacological manip-

ulation, sparse labeled axons were tracked over time to reveal a 

sequence of events beginning with axonal swellings, which are 

observable before demyelination, and progressing to mitochon-

drial dystrophy, microtubule tyrosination, and irreversible cyto-

skeletal fragmentation (Nikić et al., 2011; Sorbara et al., 2014). 

Furthermore, widespread impairments in mitochondrial trans-

port rates were found within EAE lesions, even in myelinated 

axons without overt morphological disturbances. The decrease 

in mitochondrial transport rates was attributed to increases in 

pause duration, implying a de�cit in motor protein association 

rather than transport velocity itself (Sorbara et al., 2014). All of 

these pathological events were spatiotemporally correlated with 

the apposition of microglia and macrophages, and could be at-

tenuated and exacerbated by scavengers and donors of reactive 

oxygen/nitrogen species, respectively (Nikić et al., 2011; Sor-

bara et al., 2014). Collectively, these �ndings suggest that innate 

immune cells impair axon traf�cking of membranous organelles 

and induce cytoskeletal insults via induction of oxidative stress, 

independently of the loss of myelin.
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Innate and adaptive immune responses undoubtedly con-

tribute to axon pathology in myelin disease; however, the more 

probable scenario is that neuroin�ammation and dysregulation 

of the axon–myelin unit have variable degrees of contributions 

to axon damage, depending on the course of the disease and 

the nature of the lesion. In a recent study, conditional deletion 

of Chrm1 from oligodendrocytes, which encodes the M1 mus-

carinic acetylcholine receptor, was found to accelerate remye-

lination, attenuate axon loss, and reduce the severity of clinical 

symptoms during EAE (Mei et al., 2016). The increased num-

ber of surviving axons could speci�cally be attributed to axons 

with thin myelin sheaths, indicative of newly remyelinated 

axons. In conjunction with their observation that immune cell 

in�ltration in EAE lesions was unchanged in Chrm1 knockouts, 

this suggests that remyelination is neuroprotective in in�amma-

tory demyelination. The association between remyelination and 

neuroprotection in Chrm1 knockouts implicates myelin more 

directly as a factor for axonal integrity, in contrast to the de-

myelination-independent axon damage observed by Nikić et 

al. (2011). However, these disparate �ndings likely represent 

distinct biological phenomena that occur in parallel rather 

than being mutually exclusive (Nikić et al., 2011; Sorbara et 

al., 2014; Mei et al., 2016). EAE lesions are also variably dis-

tributed in time and space, and degenerating myelinated axons 

may, in fact, be distal to a demyelinated lesion not within the 

surgically accessed �eld of view. Furthermore, although EAE 

is a valuable tool to model a complex neuroin�ammatory envi-

ronment leading to myelin and axon pathology, the dif�culties 

in uncoupling neuroprotective and immunomodulatory effects 

and the contribution of immune cells to axonal damage make 

it dif�cult to examine the effects of demyelination in isolation 

(Ransohoff, 2012). Nevertheless, it is evident that in vivo imag-

ing of the diseased nervous system can be instrumental in estab-

lishing molecular causality and temporal sequencing of events 

across individual axons.

Lysolecithin and cuprizone demyelination.  Ste-

reotaxic injection of the gliotoxic detergent lysolecithin and 

dietary administration of the copper chelator cuprizone are 

two canonical nonimmune mediated models of demyelination. 

Although often referred to as axon-sparing manipulations, 

both models result in positive immunolabeling of β-amyloid 

precursor protein (β-APP) spheroids, a marker for pathologi-

cal impairment of axon transport, because β-APP is not pres-

ent at detectable levels unless accumulated into aggregates 

(Sachs et al., 2014; Hö�ich et al., 2016; Schultz et al., 2017). 

Whether these �ndings are indicative of demyelination- 

induced axon damage is uncertain, because lysolecithin can be 

toxic to neurons depending on the concentration used, dura-

tion of treatment, and targeting of the injection (Waxman et 

al., 1979; Foster et al., 1980; Birgbauer et al., 2004). Cupri-

zone induces oligodendrocyte toxicity through inhibition of 

mitochondrial complex IV, but the mechanism and extent of 

its speci�city for oligodendrocytes are also unclear (Kipp et 

al., 2009). Furthermore, despite being described as nonim-

mune-mediated manipulations, these methods result in exten-

sive recruitment of microglia to lesion sites, which can 

potentially act as mediators of axon injury (Sachs et al., 2014; 

Hö�ich et al., 2016; Schultz et al., 2017).

Several of these limitations can be addressed, in part, 

by examining myelinating co-cultures, which lack microglia, 

astrocytes, and immune cells and allow the experimenter to 

control for the direct effects of lysolecithin on unmyelinated 

axons. Live imaging of mitochondria transport in myelinating 

Schwann cell and DRG neuron co-cultures demonstrated that 

lysolecithin-induced demyelination of DRG neurons results in 

increased stationary mitochondrial volume and mitochondrial 

transport rate, which is partly mediated through the stress- 

activated transcription factor ATF3 (Kiryu-Seo et al., 2010). In 

contrast, decreased mitochondrial transport rates are observed 

in EAE, perhaps indicative of divergent responses between 

immune- and nonimmune-mediated demyelination models, 

or between in vivo and in vitro settings (Sorbara et al., 2014). 

Notably, although myelination also increases mitochondrial 

transport rate, remyelination after a lysolecithin insult reverses 

the demyelination-induced increase in transport rate rather than 

successively increasing it, implying that myelinating an unmy-

elinated axon and remyelinating a demyelinated axon are not 

equivalent processes (Kiryu-Seo et al., 2010).

Syntaphilin, a docking receptor that maintains mitochon-

dria at microtubule-associated stationary sites along the axon, 

appears to be at least partly responsible for orchestrating this 

compensatory response (Kang et al., 2008). In vivo cupri-

zone-induced demyelination of the corpus callosum and in vitro 

lysolecithin-mediated demyelination of organotypic slice cul-

tures of syntaphilin-de�cient knockout mice demonstrate that 

demyelination-induced increases in stationary mitochondria 

volume does not occur in the absence of syntaphilin (Ohno et 

al., 2014). Demyelinated syntaphilin-de�cient axons have an in-

creased frequency of β-APP–positive axonal spheroids, which, 

remarkably, can be rescued by the sodium channel blocker �e-

cainide in lysolecithin-treated slice cultures. The interpretation 

of these �ndings is complicated by the observation that higher 

doses of cuprizone cause mitochondrial de�cits in liver hepato-

cytes and by the coadministration of rapamycin, which is in-

tended to increase the extent of experimental demyelination in 

the cuprizone model but may also inhibit axonal signaling path-

ways that promote neuronal survival (Matsushima and Morell, 

2001; Sachs et al., 2014; Garza-Lombó and Gonsebatt, 2016). 

As a result, it is dif�cult to conclude with absolute certainty 

whether syntaphilin de�ciency is exacerbating axon damage 

secondary to demyelination, innate immune cell in�ltration, or 

direct cuprizone neurotoxicity. Nevertheless, these data suggest 

that axon traf�cking and recruitment of mitochondria to station-

ary sites are important compensatory responses to the increased 

metabolic demand imposed by maintenance of ion homeostasis 

in a demyelinated axon and that perturbation of this response is 

suf�cient to cause axon degeneration (Trapp and Stys, 2009).

Diphtheria toxin (DT) ablation.  To address the lack 

of cell-type speci�city in lysolecithin and cuprizone demyelin-

ation models, transgenic strategies of speci�cally expressing 

either diphtheria toxin subunit A (DTA) or the DT receptor in 

oligodendrocytes have been developed (Traka et al., 2010; Pohl 

et al., 2011; Oluich et al., 2012). Administration of DT to a 

transgenic mouse line expressing the DT receptor under the 

MBP promoter results in inhibition of protein translation, rapid 

oligodendrocyte cytotoxicity, and mortality by 3 wk after injec-

tion, which, because of the biostability of the myelin sheath, 

occurs before overt demyelination (Oluich et al., 2012). Al-

though the labeling of mature myelin markers appears un-

changed, over half of the nodes of Ranvier in these mice have 

detached or everted paranodal myelin loops. Moreover, myelin-

ated axons exhibit positive β-APP immunolabeling, and ultra-

structural analysis of the dorsal spinal cord demonstrates nodal 

and paranodal accumulations of membranous organelles. These 
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results suggest that a combination of paranodal axoglial junc-

tion disassembly, inhibition of protein translation in the oligo-

dendrocyte soma, and/or oligodendrocyte cell death is suf�cient 

to cause acute axon transport disruptions.

In contrast, genetic expression of DTA under the regu-

lation of an inducible oligodendrocyte-speci�c PLP-CreERT2 

driver results in a slower disease progression with marked 

myelin vacuolation and demyelination in the cerebellar white 

matter, spinal cord, and brainstem (Pohl et al., 2011). After a 

latency of 3 wk, DTA-expressing animals exhibit progressive 

motor de�cits, ataxia, and weight loss over an additional 3 wk 

until euthanization. Axon loss, β-APP aggregates, neuro�la-

ment dephosphorylation, organelle accumulation, and micro-

gliosis were observed in demyelinated regions and, notably, 

were still present in a genetic background where no functional 

lymphocytes are produced. A similar approach using a variant 

PLP/CreERT driver also results in mitochondrial accumula-

tions in demyelinated spinal cord axons but no changes in axon 

numbers (Traka et al., 2010). Interestingly, these mice develop 

a delayed adaptive immune response 40 wk after induction, re-

sulting in profound axon loss and severe neurological disability 

(Traka et al., 2016). Variations in recombination ef�ciency and 

subsequent clinical course could potentially account for these 

differences (Doer�inger et al., 2003; Leone et al., 2003). Cell-

type–speci�c DT ablation represents a signi�cant technical ad-

vance over toxic demyelination models and demonstrates that 

demyelination is capable of causing axon traf�cking defects 

and subsequent degeneration in the absence of direct neuro-

toxicity. However, observational time windows in DT or toxic 

demyelination models can also be limited by early lethality or 

ef�cient remyelination, which may preclude the detection of 

marked secondary axon degeneration and limit the capacity 

of these techniques to model chronically demyelinated lesions 

in progressive MS. Looking forward, combining cell-type– 

speci�c demyelination approaches with mechanistic readouts 

used in previous studies, such as the sensing and manipulation 

of oxidative stress or the detailed characterization of mitochon-

drial morphology and traf�cking, will be important future di-

rections to better de�ne the molecular events directly in�uenced 

by myelin loss (Kiryu-Seo et al., 2010; Nikić et al., 2011; Ohno 

et al., 2014; Sorbara et al., 2014).

Recent insights into the ultrastructure 

of the axon cytoskeleton and molecular 

mechanisms of axon degeneration

Superresolution imaging via stochastic optical reconstruction 

microscopy enabled the revelation that the subcortical axo-

nal cytoskeleton is composed of repeating ring-like arrange-

ments of short actin �laments (Huang et al., 2008; Xu et al., 

2013). These actin �laments are capped at their barbed ends 

by α-adducin, an actin-binding protein involved in the regula-

tion of actin ring diameter. α-Adducin–de�cient mice exhibit 

progressive axon degeneration and axon diameter enlargement 

in CNS white matter tracts (Leite et al., 2016). Adjacent actin 

rings are connected longitudinally by spectrin tetramers, con-

sisting of two α and two β subunits, which impose a structural 

periodicity of ∼180 to 190 nm along the axial length of the axon 

and appear to be both necessary and suf�cient for the formation 

of the actin lattice (Fig. 1; Xu et al., 2013; Zhong et al., 2014). 

A similar periodic spatial organization is also observed for other 

molecular constituents within the nodes of Ranvier and adjacent 

domains, such as ankyrin G, NF168, Caspr, and voltage-gated 

sodium channels. Remarkably, dual-color stimulated emission 

depletion nanoscopy of teased myelinated sciatic nerve �bers 

demonstrates a tight periodic association between axonal pro-

teins within the paranodal junctions and Schwann cell proteins 

on the paranodal myelin loops (D’Este et al., 2017). This spa-

tial correlation, along with the adherence of these proteins to 

the 180- to 190-nm periodicity of the actin–spectrin cytoskel-

eton, suggests that actin and spectrins act as a physical scaf-

fold for axonal transmembrane proteins and, by proxy, their 

glial-binding partners.

Although actin–spectrin periodicity is established in un-

myelinated axons and appears to be identical between myelin-

ated and unmyelinated axon segments, it is conceivable that 

a pathological insult such as demyelination could disrupt the 

actin–spectrin lattice (D’Este et al., 2016; He et al., 2016). αII 

spectrin and other spectrins are principal targets of the calci-

um-dependent cysteine protease calpain, which is activated in 

response to increases in intracellular calcium during mechani-

cal axon trauma, ischemia/anoxia, and Wallerian degeneration 

(Stys et al., 1992; Saatman et al., 2003; Schafer et al., 2009; 

Yang et al., 2013). Impaired calcium homeostasis is a putative 

mechanism for neurodegeneration in MS; declustering of volt-

age-gated sodium channels signi�cantly increases the metabolic 

burden of maintaining sodium concentration gradients through 

the Na+/K+ ATPase, and subsequently, high levels of intracellu-

lar sodium concentration can reverse the Na+/Ca2+ exchanger 

(NCX) and drive calcium in�ux (Fig. 2; Stys et al., 1992; Niko-

laeva et al., 2005; Stirling and Stys, 2010). Alternatively, calci-

um-permeable glutamate receptors and voltage-gated calcium 

channels on the axolemma or intra-axonal calcium stores in the 

mitochondria and endoplasmic reticulum could contribute to in-

creased axoplasmic calcium (Brown et al., 2001; Nikolaeva et 

al., 2005; Villegas et al., 2014). In either case, increased calcium 

concentration leads to autolytic activation of calpain and down-

stream cleavage of αII/βII/βIV spectrins, actin, neuro�laments, 

microtubules, microtubule-binding proteins, ankyrin G, NaV1.2, 

NCX3, and other substrates critical to neuronal function (Ka-

makura et al., 1983; Sato et al., 1986; Billger et al., 1988; Harris 

and Morrow, 1990; Hu and Bennett, 1991; Villa et al., 1998; 

Iwata et al., 2004; Bano et al., 2005; Vosler et al., 2008; Scha-

fer et al., 2009; Ma, 2013). Disassembly of the axon cytoskel-

eton and insuf�cient ATP generation impairs axon traf�cking, 

generating a pathological feedback loop with insuf�ciency of 

mitochondrial transport to demyelinated axon segments and 

progressive exacerbation of metabolic stress (Trapp and Stys, 

2009). Intracellular calcium has also been implicated, inde-

pendently of calpain activation, in the regulation of mitochon-

drial transport through the Rho-like GTPase Miro, inhibition 

of mitochondrial function, depolymerization of microtubules, 

and stimulation of calcium-induced calcium release (Job et al., 

1981; O’Brien et al., 1997; Wang and Schwarz, 2009; Villegas 

et al., 2014). Collectively, these mechanisms represent conver-

gent and synergistic pathways to impaired axon function and 

axon degeneration (Fig. 2).

Visualization of calcium-mediated spectrin disruption at 

the nanoscale level was recently achieved with stochastic op-

tical reconstruction microscopy, demonstrating that prolonged 

activation of voltage-gated calcium channels in cultured hip-

pocampal neurons is suf�cient to perturb βIV spectrin pe-

riodicity at the axon initial segment (Leterrier et al., 2015). 

However, evidence for excitotoxic cytoskeletal degradation 

in the setting of demyelination is largely correlative. Altered 
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distributions of NCX, voltage-gated sodium channels, volt-

age-gated calcium channels, and glutamate receptors are ob-

served in postmortem human MS tissue and EAE mice, but 

functional demonstration of this sequence of events has not 

been pursued in demyelination to the extent it has been in 

models of mechanical or ischemic/anoxic axon injury (Stys et 

al., 1992; Shields et al., 1999; Kornek et al., 2001; Saatman et 

al., 2003; Craner et al., 2004; Howell et al., 2006; Black et al., 

2007; Newcombe et al., 2008; Schafer et al., 2009; Yang et al., 

2013). In EAE, two-photon imaging of the surgically exposed 

brainstem with a Förster resonance energy transfer–based 

ratiometric calcium indicator revealed elevated baseline cal-

cium levels in axon segments that spatiotemporally correlated 

with immune cell apposition, regions of active demyelination, 

and subsequent cytoskeletal fragmentation (Siffrin et al., 

2010). Furthermore, genetic deletion of the calcium-sensitive 

TRPM4 and pH-sensitive ASIC1 cation channels improves 

clinical outcomes and alleviates neurodegeneration in EAE, 

as does pharmacological blockade of ionotropic glutamate 

receptors, voltage-gated sodium channels, or calpain activ-

ity (Pitt et al., 2000; Lo et al., 2003; Bechtold et al., 2006; 

Friese et al., 2007; Hassen et al., 2008; Schattling et al., 2012). 

Whether demyelination is suf�cient to induce ion dyshomeo-

stasis in the absence of in�ammatory injury, whether spectrins 

and other cytoskeletal components are degraded through these 

mechanisms, and whether this sequence of events can lead to 

functional consequences, such as impaired axon transport, re-

main as important, unanswered questions.

Table 1. Axon pathology secondary to mutations in myelin-associated genes and experimental demyelination models

Animal model Axon phenotype References

Shiverer (Mbp null) Decreased axon caliber/neurofilament phosphorylation, minimal axon degeneration Rosenbluth, 1980; Brady et al., 1999

Plp1 null Progressive axon loss, axonal spheroids containing multivesicular bodies, disorganized 
cytoskeletal components, and membranous organelles, impaired axon transport, and 
microtubule abnormalities

Klugmann et al., 1997; Griffiths et al., 1998; 
Garbern et al., 2002; Edgar et al., 2004; 
Yin et al., 2016 

Cnp null Mislocalization of voltage-gated sodium channels and Caspr, progressive axon loss, 
axonal spheroids with accumulations of membranous organelles, impaired axon 
transport, and impaired formation and maintenance of cytoplasmic channels

Lappe-Siefke et al., 2003; Rasband et al., 
2005; Snaidero et al., 2017

Mag null Decreased axon caliber/neurofilament phosphorylation, progressive axon loss, 
increased susceptibility to EAE/neurotoxic injury, and decreased Cdk5/Erk1/2 
kinase activity

Fruttiger et al., 1995; Yin et al., 1998; 
Dashiell et al., 2002; Pan et al., 2005; 
Nguyen et al., 2009

EAE Axon loss, irreversible cytoskeletal fragmentation, impaired mitochondrial morphology 
and trafficking, impaired axon transport, oxidative damage, and increased 
axoplasmic calcium

Siffrin et al., 2010; Nikić et al., 2011; 
Sorbara et al., 2014; Höflich et al., 2016; 
Mei et al., 2016

Lysolecithin Impaired axon transport, increased mitochondrial stationary site size and transport rate, 
and disrupted nodal architecture

Arroyo et al., 2004; Kiryu-Seo et al., 2010; 
Ohno et al., 2014; Höflich et al., 2016; 
Schultz et al., 2017

Cuprizone Axon loss, impaired axon transport, and increased mitochondrial stationary site size Ohno et al., 2014; Sachs et al., 2014;  
Höflich et al., 2016; Schultz et al., 2017

DT ablation Axon loss, impaired axon transport, and neurofilament dephosphorylation Traka et al., 2010, 2016; Pohl et al., 2011; 
Oluich et al., 2012

Figure 2. Proposed molecular mechanisms of secondary axon 
degeneration. Multiple pathological mechanisms converge syn-
ergistically on axon degeneration. In a demyelinated axon, 
disassembly of nodal architecture and its underlying cytoskel-
eton may lead to voltage-gated sodium channel declustering, 
increasing sodium ion influx and the metabolic demand of ac-
tion potential conduction. Impaired axon transport, increased 
metabolic load, and excitotoxic stress may lead to failure of the 
Na+/K+ ATPase, reversal of the NCX, and entry of calcium into 
the axon. Increased axoplasmic calcium leads to activation of 
the calcium-dependent protease calpain, which cleaves many 
putative substrates crucial to axon function, including those as-
sociated with the axon cytoskeleton or transport machinery. 
Overloading of mitochondrial calcium buffering capacity and im-
pairment of mitochondrial transport via disruption of motor pro-
teins and microtubules inhibits ATP production and exacerbates 
metabolic impairment. Excitotoxic stress further contributes to in-
creased sodium and calcium influx, transmitted through various 
ion channels. NMD AR, N-Methyl-D-aspartate receptor. AMP AR,  
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; 
Cav, voltage-gated calcium channel; MAP, microtubule-associated 
protein; Mit, mitochondria; Nav, voltage-gated sodium channel.
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Concluding remarks

Recently, the anti–CD20 antibody ocrelizumab was approved 

by the Food and Drug Administration as the �rst treatment for 

primary progressive MS; despite this important milestone and 

its ef�cacy in treating relapsing/remitting MS, ocrelizumab 

is an immunomodulatory intervention with modest effects on 

clinical outcomes in primary progressive patients (Hauser et al., 

2017; Montalban et al., 2017). The inability to halt progressive 

disease, and the existence of a small subset of primary progres-

sive patients that present with precocious onset of permanent 

clinical disability, suggest that neuroin�ammation is not the 

sole or even primary cause of axon degeneration (Trapp and 

Nave, 2008; Stys et al., 2012). As such, the prevention of axon 

and neuron loss remains a pressing, unmet need and can only be 

achieved through rigorous characterization of axon–glial inter-

actions and molecular mechanisms of axon degeneration.

Maturational changes in myelinated axons during develop-

ment and axon pathology associated with mutations in myelin-as-

sociated genes strongly suggest a role for myelin in regulating 

the axon cytoskeleton and axon transport. Furthermore, neuron- 

autonomous perturbation of nodal and cytoskeletal constituents or 

blockade of axon transport is suf�cient to result in degeneration, 

independently of myelination (Lee et al., 1994; Zhao et al., 2001; 

LaMonte et al., 2002; Garcia-Fresco et al., 2006; d’Ydewalle et 

al., 2011; Neumann and Hilliard, 2014; Leite et al., 2016). The 

missing link is categorical evidence that demyelination can also 

result in these perturbations. Although this association has been 

alluded to, the interpretation of animal models of demyelination 

is problematic because of the inability to parse out nonspeci�c 

effects of/on axons, astrocytes, and immune cells from the direct 

consequences of myelin loss (Table 1). As a result, even the most 

fundamental question of whether demyelination is detrimental to 

the axon has been dif�cult to answer. Orthogonal approaches to 

inducing cell-type–speci�c oligodendrocyte death and demye-

lination with minimal disruption to the surrounding parenchyma 

are an active area of development, but these techniques come 

with experimental caveats such as the necrotic in�ammation and 

secondary adaptive immunity of DT models and the limited ef�-

cacy in adult animals of inducible caspase models (Caprariello et 

al., 2012, 2015; Traka et al., 2016). Regardless, the increasingly 

powerful repertoire of methods to visualize neurons and glia 

with subdiffraction limited resolution, artifact-free ultrastructural 

detail, and single-cell and single-axon resolution in vivo, over 

time, in live animals will be indispensable tools for answering 

these questions (Misgeld and Kerschensteiner, 2006; Huang et 

al., 2010; Möbius et al., 2016; Follain et al., 2017). There are 

undoubtedly a considerable number of degenerative pathways, 

including the loss of metabolic support by myelinating glia, that 

converge on cytoskeletal degradation and axon transport dis-

ruption, manifesting either directly from the loss of axon–glial 

signaling or as indirect sequelae of maladaptive changes such as 

voltage-gated sodium channel declustering and ion dyshomeo-

stasis (Table 2). It is our conviction that de�ning the relative 

contributions of each of these mechanisms will constitute the 

next major advances not only in understanding and treating de-

myelinating disease but also in detailing the intricate cell biology 

of the axon and its myelinating glia.
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