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The differentiation of and myelination by oligodendrocytes (oLs) are exquisitely regulated by a series of 
intrinsic and extrinsic mechanisms. As each oL can make differing numbers of myelin segments with variable 
lengths along similar axon tracts, myelination can be viewed as a graded process shaped by inhibitory/
inductive cues during development. Myelination by oLs is a prime example of an adaptive process determined 
by the microenvironment and architecture of the central nervous system (CNS). in this review, we discuss 
how myelin formation by oLs may be controlled by the heterogeneous microenvironment of the CNS. Then 
we address recent findings demonstrating that neighboring OLs may compete for available axon space, and 
highlight our current understanding of myelin-based inhibitors of axonal regeneration that are potentially 
responsible for the reciprocal dialogue between oLs and determine the numbers and lengths of myelin 
internodes. Understanding the mechanisms that control the spatiotemporal regulation of myelinogenic potential 
during development may provide valuable insight into therapeutic strategies for promoting remyelination in an 
inhibitory microenvironment. 
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Introduction

The majority of axons in the vertebrate nervous system are 
wrapped by a lipid-rich membrane known as the myelin 
sheath, which promotes the rapid saltatory conduction of 
nerve impulses and provides protection and nutritional sup-
port for axons[1,2]. in the CNS, oligodendrocyte progenitor 
cells (OPCs) are specified from neuronal precursor cells and 
differentiate into myelin-forming oligodendroctyes (oLs)[3,4]. in 
demyelinating diseases such as multiple sclerosis (MS), it 
is generally accepted that myelin is targeted for destruction 
by the immune system, disrupting the efficient transmis-
sion of action potentials and subsequently depleting the 
nutritional support and protection of axons[5]. Demyelination 
ultimately results in a loss of neuronal function and axon 
degeneration. Unfortunately, in demyelinating diseases, 
remyelination is not an efficient process, even though adult 

oPCs and oLs are present around and within the lesion 
environment[6-10]. in short, the supply of newly-formed my-
elin does not fulfill the requirement set by demyelinated 
axons. in recent years, much attention has been focused 
on identifying global determinants (transcription and growth 
factors) that promote the differentiation of oPCs into my-
elinating oLs during development[11-18]. Based on this view, 
myelination is an all-or-none event that is controlled in part 
by transcriptional programs responsible for differentiation. 
These studies were initiated under the assumption that the 
rate-limiting step for efficient repair lies in the differentiation 
of oPCs into oLs. While much evidence clearly demon-
strates that the lesion environment is hostile to differentia-
tion, mature oLs can still be identified in lesions[8,19]. is it 
possible that the lesion itself prevents myelination by oLs? 
As an alternative approach, oL myelination can be viewed 
as a graded process, and maximizing the myelinogenic po-
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tential of individual oLs (the numbers and lengths of myelin 
segments they form) may also offer an effective strategy for 
treatments aimed at remyelination. 

Adult oPCs have generated much interest as a res-
ervoir of cells with the potential to self-renew, differentiate, 
and remyelinate the CNS[20-24]. However, it is evident that 
the CNS is composed of heterogeneous microenviron-
ments that shape its unique architecture and relationships 
between neurons and glia. Therefore, it is essential to 
understand the molecular mechanisms and intercellular in-
teractions that modulate the formation and maintenance of 
the myelin sheath. During development, oPCs differentiate 
and myelinate axons in a spatiotemporal-specific manner. 
in order for oLs to myelinate all relevant axons precisely, 
individual oLs can make numerous myelin segments of 
variable length and thickness (Fig. 1)[25]. The fundamental 
question proposed in this review is: what mechanisms con-
trol the numbers and lengths of myelin internodes formed 
by oLs? Essentially there are two major possibilities: (1) 
oLs “decide” how many segments they are supposed to 
generate solely by intrinsic mechanisms and (2) environ-
mental cues shape myelination. in this review, we will at-
tempt to provide evidence that axon- and myelin-based 
signals known to regulate axonal growth and regeneration 
also shape myelin sheath formation, and that identifying 
these cues may represent a novel and effective approach 
for remyelination.

Microenvironmental Influence on Myelination

A recent study using a novel transgenic mouse line dis-
playing sparsely-labeled oLs illustrates that a single oL 
can produce anywhere between 20 and 100 internodes 
with lengths that vary from 40 to 400 µm (Fig. 1)[25]. The 
variations in the numbers and lengths of myelin inter-
nodes produced by oLs suggest that endogenous cues 
should exist to achieve the precise and efficient myelina-
tion of axons during development. Are the numbers and 
lengths of myelin segments solely dependent on cell-
autonomous mechanisms? if so, this means that oLs are 
a heterogeneous population, with each cell intrinsically 
preprogrammed to form a predetermined number of myelin 
segments with set lengths. The only evidence that oLs are 
heterogeneous comes from lineage analysis of oPCs dur-
ing development[4,26]. Despite the fact that subpopulations 

of OPCs are specified from different domains in a temporal-
specific manner, the majority of oPCs differentiate and 
myelinate axons regardless of their anatomical origin, 
while the remaining undifferentiated oPCs are distributed 
throughout the gray and white matter of the adult brain[27]. 
When specific OPC populations are eliminated, OPCs from 
different regions can replace the lost oPCs, resulting in a 
normal myelin phenotype[26,28]. These results suggest that 
oLs are most likely not specified for producing predeter-
mined numbers and lengths of myelin segments. Another 
intrinsic mechanism in oligodendroglia is their ability to re-
pair/remyelinate after demyelination. it is well-established 
that oLs from younger mice remyelinate more efficiently 
than those from old mice, and recent evidence attributes 
the difference to epigenetic changes linked to the recruit-
ment of histone deacetylases (HDACs)[29-31]. HDACs are 
capable of removing acetyl groups from histones to allow 
for the compaction of chromatin, resulting in transcriptional 
silencing[32,33]. Recent studies suggest that the relatively ef-
ficient recruitment of HDACs in young mice corresponds to 
thr silencing of transcriptional repressors in oLs[30]. There-
fore, the reduced recruitment of HDACs in older animals 
leads to the accumulation of repressors, and ultimately 
hampers differentiation and remyelination[30]. However, 
this viewpoint was established under the assumption that 
environmental cues are similar in old and young animals, 
and that HDACs function independently of extrinsic signals. 
To challenge this hypothesis, old and young oLs were ex-
posed to similar microenvironments, an ideal way to test 
the role of their intrinsic capacity to remyelinate. Surpris-
ingly, when old oLs are exposed to a youthful systemic 
environment, their ability to differentiate and remyelinate is 
revitalized to levels similar to younger cells[34,35]. These find-
ings suggest that environmental signals dominate intrinsic 
mechanisms to modulate the differentiation and myelination 
of oligodendroglia.

in order to adapt to the heterogeneous microenviron-
ments in the CNS, each oL precisely molds its myelin seg-
ments around relevant axons, and the orientation of the 
segments follows the trajectory of the axons they encase. 
For example, the corpus callosum contains more aligned 
axon tracts than the cerebral cortex, and the myelin seg-
ments are also mainly parallel (Fig. 2). However, the mech-
anisms regulating myelin formation remain unclear. The 
similar appearances of OLs found within defined anatomi-
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Fig. 1. Oligodendrocytes in the gray and white matter of adult mouse brain vary in the numbers and lengths of myelin internodes (adapted 
from Chong et al., Proc Natl Acad Sci U S A, 2012)[25]. A: Myelin basic protein staining showing global myelin in a coronal brain sec-
tion; B–G: Individual oligodendrocytes from the primary somatosensory cortex (B), corpus callosum (C), striatum (D), agranular 
insular cortex (E), external capsule (F) and anterior commissure (G), visualized using a transgenic mouse carrying mosaic Mbp-
maEGFP expression (<1% of oligodendrocytes labeled with maEGFP) [25]. Scale bars: A, 1 mm; B–G, 20 μm.
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cal structures suggest the presence of local environmental 
control. in addition, even though oLs from one anatomi-
cal region appear similar at first glance, they vary in their 
lengths and numbers of myelin segments (Fig. 2). Based 
on the fact that only axons are myelinated, it is plausible 
that axons themselves dictate myelination by providing in-
ductive signals. Recent studies have established that axon 
diameter may act as an instructive cue to initiate wrapping 
and myelination[36,37]. However, diameter is not the sole fac-
tor, as oLs avoid wrapping specific portions of the axon 
such as the initial segment and terminals, and other types 
of processes with similar dimensions such as dendrites. 
Therefore, inhibitory signals are also required to ensure 
that oligodendroglia wrap axons exclusively. in addition, 
the fact that not all axons are myelinated in vivo indicates 
that there may be repulsive signals originating from the 
axon. Results from recent studies have demonstrated that 
LiNGo-1 (leucine-rich repeat- and ig domain-containing 
nogo receptor-interacting protein 1) and polysialylated-
neural cell adhesion molecule (PSA-NCAM) act as axonal 
inhibitory signals that prevent myelination, and that these 
repulsive signals need to be downregulated prior to wrap-
ping by oligodendroglia[38-41]. However, the characterization 
of potential inductive cues from axons is limited. Nonethe-
less, is it possible that axonal signals can function as the 
sole mechanism for the precise formation of myelin during 
development? Although axonal cues may indicate whether 

an axon is available for myelination, this mechanism alone 
does not explain how neighboring oLs coordinate myelin 
generation to fulfill the requirement set by available axons. 
That is, all axons that should be myelinated become so, 
with no gaps between myelin internodes, nor aberrant over-
lap of myelin segments. in addition, the amount of myelin 
generated by each individual oL should scale according to 
the number of available oligodendroglia. While the number 
of oLs generated has been shown to match the number 
of available axons, there appears to be a variable number 
of oLs in different anatomical regions (with many more in 
white matter than in gray matter, for example)[42-46]. Further-
more, when specific oPC populations are eliminated, the 
oPCs from adjacent regions migrate and proliferate to oc-
cupy the area[4,26]. Together, these findings suggest that OL 
numbers are constantly in flux. Therefore, dynamic com-
petition between oLs may be a reliable way to coordinate 
myelin formation, as competition for available axon space is 
by definition correlated with the number of OLs. Supporting this 
hypothesis, a high density of oLs has been shown to re-
duce the numbers and lengths of myelin internodes formed 
by individual oLs[25,47]. on the other hand, at a low oL den-
sity relative to a fixed number of available axons, the my-
elinogenic ability of single oLs increases by approximately 
three-fold in the number of axons, and two-fold in the length 
of internodes[25]. This inter-oL competition ensures that 
each individual OL generates a sufficient number of myelin 

Fig. 2. Oligodendrocytes in the cerebral cortex (A) and corpus callosum (B) display varying numbers and lengths of myelin segments 
along similar axon tracts, as visualized using a transgenic mouse carrying mosaic Mbp-maEGFP expression (<1% of oligodendro-
cytes labeled with maEGFP) (adapted from Chong et al., Proc Natl Acad Sci U S A, 2012)[25]. Arrows indicate cell bodies. Scale bar: 
20 μm.
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internodes of appropriate length. These findings, and the 
fact that oLs never wrap myelinated axons, suggest that 
inhibitory signals exist between oLs. in the next section, 
we discuss potential molecular candidates and mecha-
nisms that may mediate oL interactions for regulating 
myelinogenic potential.

Myelin-Based Signals of Oligodendrocyte Myeli-

nation: Clues from Axonal Regeneration

The inverse correlation between myelinogenic potential 
and oL density suggests the presence of oligodendroglial 
cues that can reduce the numbers and lengths of myelin 
internodes formed by neighboring cells. Supporting a 
contact-mediated mechanism for repulsion, artificial beads 
coated with the plasma membranes of oPCs or oLs sig-
nificantly decrease the numbers of myelin internodes made 
by individual oLs[25]. Similarly, myelin membrane debris 
has potent inhibitory effects on oPC differentiation and 
oL myelination[48,49]. Together, these findings suggest that 
membrane-bound cues expressed on the surface of oLs 
may be responsible for regulating myelinogenic potential. 
To fulfill their roles in coordinating myelin formation, these 
candidate molecules should be (1) widely expressed in 
oLs, and (2) capable of initiating reciprocal intracellular 
signaling that leads to downstream modulation of myelino-
genic potential. The inhibitors of axon regeneration, which 
are also highly expressed by oLs, appear to satisfy both 
criteria[50-55]. These signaling molecules have been shown 
to guide axons during development, in addition to their 
ability to inhibit axon regeneration after injury[56-58]. More 
importantly, the distal ends of oL processes are thought to 
resemble the molecular structure of axonal outgrowths[59,60], 
and increasing evidence suggests that both axonal growth 
cones and the leading edge of oL processes possess 
similar regulators of actin nucleation[61]. Examination and 
characterization of myelin- and axon-based repulsive fac-
tors may provide novel insights into the environmental cues 
that regulate oL myelination. Here, we review a number of 
axon- and myelin-based signals that inhibit axonal regen-
eration and focus on their potential roles in regulating oL 
myelination.
Nogo-A
Much of our current understanding of axonal regeneration 
has been gained from studies of the injured CNS of adult 

mammals. As axonal regeneration is severely limited in 
the adult CNS by inhibitory cues that are also found dur-
ing development, extensive studies have been devoted to 
understanding both the injured and the developing CNS 
environment in order to improve the regenerative capacity 
of axons. Nogo-A, which is widely expressed by neurons 
and oLs[62], was initially identified as a potent myelin-based 
repulsive cue for axons. This molecule has two inhibitory 
domains: amino-Nogo and Nogo-66[63,64]. The Nogo-66 do-
main in oLs binds to the neuronal Nogo-A receptor (NgR1) 
to activate small GTPase RhoA, which then mediates actin 
depolymerization and the subsequent collapse of axonal 
growth cones[65,66]. Conversely, amino-Nogo is predomi-
nantly cytoplasmic, but can also be detected on the cell 
membrane and inhibits axonal outgrowth independent of 
NgR1[64,67]. in a candidate screen for myelin-based inhibitors 
of myelin internode generation, it was found that amino-Nogo-
A-Fc-coated beads designed to mimic OLs significantly re-
duce the number of myelin internodes formed by individual 
oLs[25]. Moreover, siRNA-mediated silencing of Nogo-A in 
oLs and genetic knockout of Nogo isoforms both enhance 
the number of myelin internodes made by individual oLs[25]. 
Notably, knocking down neuronal Nogo-A alone in vitro 
does not affect the numbers of myelin internodes formed, 
suggesting that inter-oL interactions are responsible for 
regulating myelin segment formation through Nogo-A[25]. To-
gether, these studies demonstrate that Nogo-A functions in 
a redundant manner, first as an inhibitor of developmental 
myelination and axon outgrowth, and later as an inhibitor of 
axonal regeneration after injury. Furthermore, its function 
may differ depending on the cell type mediating its action. 
interestingly, Nogo-66 does not inhibit myelinogenic poten-
tial in oPC-DRG co-cultures[25]. in addition, NgR1 is absent 
from oLs, suggesting the presence of an alternative recep-
tor responsible for the inhibitory effects of amino-Nogo on 
myelination[55]. The divergent roles of Nogo-66 and amino-
Nogo present a novel mechanism whereby a single ligand 
provides context-specific responses depending on its acti-
vation domain. Further studies on amino-Nogo may reveal 
a novel oL receptor or activation pathway for modulating 
myelinogenic potential[68]. As amino-Nogo does not appear 
to be as potent for inhibiting the number of myelin inter-
nodes formed compared with oL membranes, we present 
additional candidates that may be involved in myelin forma-
tion.
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LINGO-1
A Nogo receptor-interacting protein, LiNGo-1 is another 
example of a molecule expressed by oLs and neurons 
that may modulate both axonal regeneration and my-
elin formation. LiNGo-1 contains the leucine-rich repeat 
and ig domain and forms a receptor complex with NgR1 
and the effector components p75NTR/Troy to inhibit axon 
regeneration[69-72]. it has been suggested that LiNGo-1 acts 
as a negative regulator of oL differentiation and myelina-
tion, since functional blocking of LiNGo-1 using an anti-
LiNGo-1 antibody enhances oPC differentiation and oL 
myelination[73]. in addition, LiNGo-1 knockout mice display 
a similar phenotype during development, and improved 
remyelination after experimental autoimmune encepha-
lomyelitis, lysolecithin treatment and cuprizone-induced 
demyelination[73-78]. Conversely, gain-of-function studies 
using lentiviral overexpression and transgenic mice dem-
onstrate that LiNGo-1 activates the small GTPase RhoA, 
an important second messenger that negatively regulates 
oPC differentiation and myelination[39,74,78]. However, it is 
still unclear how LiNGo-1 signaling is activated. The fact 
that overexpression of LiNGo-1 in either neurons or oLs 
is sufficient to inhibit the differentiation and myelination of 
oLs suggests that LiNGo-1 can be activated in multiple 
ways. A recent study demonstrated that the extracellular 
and transmembrane domains of LINGO-1 are sufficient to 
inhibit oPC differentiation in vitro[39]. in addition, the extra-
cellular and transmembrane domains of LiNGo-1 can bind 
with LiNGo-1 in oLs and activate the small GTPase RhoA. 
This potential for LiNGo-1 to interact with itself makes it an 
attractive candidate for mediating intercellular interactions 
between oLs. Also, the activation of small GTPase RhoA, 
a key cytoskeletal regulator, is consistent with a conserved 
ability to regulate both axonal and oL processes[79-81]. Fur-
ther investigation of LiNGo-1 and its co-receptors may 
reveal novel mechanisms related to myelinogenic potential 
that contribute to its ability to hamper remyelination.
Semaphorins/Ephrins
Semaphorins, a large family of secreted and mem-
brane-boundglycoproteins, are expressed widely in the 
CNS[56,82,83]. Class 4–7 semaphorins are transmembrane 
ligands and were originally identified as potent repulsive 
axon-guidance molecules in the developing nervous sys-
tem[56,84,85]. A number of membrane semaphorins and eph-
rins are co-expressed with their receptors, plexins and Eph 

receptors in oLs, suggesting the possibility that neighbor-
ing oLs compete with each other for axon space through 
ligand- and cognate receptor-binding[58]. Supporting this 
hypothesis, recent studies showed that semaphorin-4D 
induces the collapse of oL processes in vitro, and sema-
phorin-4D-knockout mice exhibit an increased number of 
oLs in the adult cerebral cortex, indicating its potential role 
as an inhibitory signal for oL differentiation or myelination[86-88]. 
Similarly, semaphorin-6A-deficient mice exhibit a marked 
delay in oPC differentiation in vivo and in vitro, suggesting 
that it may also play other roles in oL development[89]. 
other semaphorins and ephrins such as semaphorin-5A, 
6D and ephrin-B3 may be involved, as they are also highly 
expressed by oLs[90-94]. As classical cues for axon guidance 
and inhibitors of axonal regeneration, whether semaphorins 
and ephrins also function in regulating oL myelin formation 
is an important question for future studies. 
Netrin-1
Netrin-1 is a bifunctional ligand that can either attract or 
repel axons during development. The Netrin-1 receptor 
Deleted in Colorectal Cancer (DCC) mediates axonal at-
traction toward Netrin-1, whereas expression of UNC5 
receptors, either solely or in combination with DCC, pro-
motes repulsion[95,96]. A recent study demonstrated that 
Netrin-1 acts as a myelin-associated repulsive factor that 
inhibits axonal regeneration by binding to DCC and UNC5 
in adult animals[97]. interestingly, UNC5 and DCC are both 
expressed by oLs and the myelin sheath[98-102]. The ability 
of Netrin-1 to manipulate axonal growth cone orientation in 
a receptor-dependent manner is intriguing if similar mecha-
nisms are present for guiding oL processes prior to the 
initiation of myelination. For instance, guidance away from 
axonal contact may result in fewer myelin segments formed 
by an oL. Mounting evidence indeed proposes a similar 
mechanism in oLs, as Netrin-1 has been reported to act as 
a repulsive signal to initiate the dispersal of oPCs from the 
ventral midline in vitro and in vivo[99,101]. in addition, oL devel-
opment is severely disrupted in Netrin-1-knockout mice[99]. 
The association of Netrin-1 with oL membranes also im-
plicates an involvement in intercellular interactions[103]. on 
the other hand, addition of Netrin-1 to mature oLs in vitro 
evokes a DCC-dependent increase in process-branching 
by activating intracellular signaling mechanisms involv-
ing Fyn, focal adhesion kinase, neuronal Wiscott-Aldrich 
syndrome protein and RhoA[100]. Furthermore, Netrin-1 and 
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DCC are co-expressed at paranodal regions in the CNS 
and contribute to the normal organization of paranodal 
loops along the axonal surface[98]. Together, these results 
suggest that Netrin-1 plays multiple roles in the develop-
ment of oLs. However, the precise understanding of Netrin-1 
signaling for myelination remains limited because Netrin-1 
may also be important for oPC differentiation and migra-
tion, and because Netrin-1 and DCC knockout mice both 
die prior to myelination[104,105]. Further studies conducted us-
ing conditional knockout mice may overcome this issue and 
illuminate the Netrin-1 signaling function specific for myelin 
formation.
Other Candidates
Aside from those previously discussed, some potent myelin-
based inhibitors of axon regeneration such as MAG, oMgp 
and ephrin-B3 have been specifically tested for their ef-
fects on myelin formation in vitro, and they do not appear 
to have a measurable effect on myelin internode number 
or length[25]. However, their involvement in other aspects 
of myelin formation cannot be excluded, as increasing evi-
dence suggests that the process of myelination is a com-
plex form of cell-cell interaction regulated by multiple sig-
nals, and dysfunction of one signal may be compensated 
by another[106]. in addition, a candidate-based screen may 
exclude novel co-signaling molecules without an assigned 
known function. This is especially true for lipid and carbo-
hydrate components of the cell membrane, as their biologi-
cal significance is less well understood than proteins. Fur-
thermore, post-translational modification may significantly 
affect the function of signaling molecules, and many oL 
components are heavily glycosylated[107]. Hence, complex 
scenarios should be considered in the search for molecular 
determinants of myelinogenic potential.

Conclusions

The relegation of axon guidance cues as axon regeneration 
inhibitors after injury is a perplexing, yet pragmatic example 
of functional redundancy in the CNS. While the reasons 
behind inefficient repair remain unclear, the employment of 
repulsive developmental cues to prevent axonal regrowth is 
consistent with evolutionary adaptation, which would predict 
the reuse of pre-existing molecular components for context-
specific purposes. in this review, we hypothesize that 
oligodendroglia may adopt the same cues for determining 

the numbers and lengths of myelin internodes formed per 
cell, because these molecules are also highly expressed 
by oligodendroglia, and a competitive model necessitates 
the use of inhibitory cues. Many of these candidates also 
activate pathways for cytoskeletal regulation, presumably 
needed for regulating myelin formation as well. Potential 
mechanisms for signaling specificity include (1) the use of 
specific activation domains as in the case of Nogo-A, (2) 
multimeric receptor complexes as in the case of LiNGo-1, 
(3) specific ligand-cognate receptor pairings as in the case 
of large protein families such as semaphorins and ephrins, 
and (4) receptor-dependent bifunctionality as in the case 
of Netrin-1. oligodendroglial development is inherently 
complex due to the number of steps involved and the need 
to interact with multiple cell types. Therefore, the diverse 
mechanistic possibilities provided by these candidates 
may be ideal for regulating these processes. However, our 
hypothesis raises additional questions: for example, why 
are the molecular cues for myelinogenic potential also re-
dundant? Since Nogo-A-Fc-coated beads are not as potent 
as oligodendroglial membrane-coated beads in their ability 
to reduce myelin internode numbers[25], this suggests that 
multiple cues are necessary for determining these numbers 
alone. While one may postulate that additional cues pro-
vide molecular specificity as previously discussed, perhaps 
these results also provide clues to novel cellular processes 
underlying myelination. Does the analogy between axon 
(re)generation and myelin internode formation extend to in-
clude the pruning of excessive outgrowth? During develop-
ment and after injury, axons undergo a dynamic sprouting 
and pruning process reliant on guidance cues that ultimate-
ly establishes and refines neuronal circuitry[58,85,108]. As cur-
rent technology limits our ability to visualize myelination as 
it occurs, perhaps a refinement process for myelination also 
exists but remains scientifically unobserved. Further studies 
elucidating the transformation of oligodendroglial processes 
into myelin segments may provide insight into additional 
mechanisms beyond inter-oligodendroglial competition.

The theme of molecular redundancy applies even 
more dramatically to intracellular pathways, as cytoskeletal 
regulation is a highly-conserved component of the molecu-
lar machinery that is ubiquitous to most cell types. Most of 
the molecular candidates discussed in this review inevitably 
invoke the small GTPase RhoA or other known cytoskeletal 
regulators[80,81]. Supporting the importance of this pathway 
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in oligodendroglia, inhibition of myosin ii, a key regulator of 
actin cytoskeleton dynamics, results in enhanced oligoden-
droglial branching, differentiation and myelination[108]. Will 
future explorations of other intracellular pathways related to 
axon regeneration lead to similar insights? For instance, the 
mToR pathway has recently been demonstrated to be a 
potent inhibitor of neural repair[110]. indeed, overexpression 
of AKT, which activates mToR, results in hypermyelina-
tion as a result of an increased number of myelin wraps[111]. 
Consistent with this result, knocking out PTEN, which 
negatively regulates AKT, leads to a similar phenotype[112]. 
Together, it appears that the mToR pathway may demon-
strate an alternative analogy between axonal outgrowth 
and oligodendroglial processes—could the hypermyelina-
tion be caused by enhancing the length of oligodendroglial 
process outgrowth around the axon[113]? This intriguing 
possibility and others such as the regulation of myelin inter-
node length and number remain to be explored, as intracel-
lular pathways often lead to a myriad of outcomes.

in conclusion, current research on axon growth re-
generation is highly relevant for understanding oligoden-
droglial development, and it is our hope that the converse 
may prove to be true in years to come. However, while 
molecular redundancy informs us, it also complicates our 
interpretation of experimental results. Many of these cues 
affect several aspects of oligodendroglial development. 
For example, oligodendrocyte precursor cells that cannot 
proliferate do not reach critical density, and are not be able 
to differentiate and form myelin segments[114]. Therefore, 
dissecting the intricate processes underlying myelination 
will require the development of novel questions, and going 
beyond a mere hunt for molecular candidates.

ACKNOWLEDGEMENTS

We thank Dr. Sonia Mayoral and Stephanie Redmond for advice 
and insightful discussions. This work was supported by the US 
National Multiple Sclerosis Society Harry Weaver Neuroscience 
Scholar Award (JF 2142-A2/T) and Research Grant (RG 4541A3) 
and the US National institute of Health/National institute of Neuro-
logical Disorders and Stroke (NS062796-02).

Received date: 2012-12-06; Accepted date: 2013-02-06

REFERENCES

[1] Nave KA. Myelination and support of axonal integrity by glia. 

Nature 2010, 468: 244–252.
[2] Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman 

PN, et al. oligodendroglia metabolically support axons and 
contribute to neurodegeneration. Nature 2012, 487: 443–448.

[3] Miller RH. Regulation of oligodendrocyte development in the 
vertebrate CNS. Prog Neurobiol 2002, 67: 451–467.

[4] Richardson WD, Kessaris N, Pringle N. oligodendrocyte 
wars. Nat Rev Neurosci 2006, 7: 11–18.

[5] Franklin RJM, Ffrench-Constant C. Remyelination in the 
CNS: from biology to therapy. Nat Rev Neurosci 2008, 9: 
839–855.

[6] Chang A, Nishiyama A, Peterson J, Prineas J, Trapp BD. 
NG2-positive oligodendrocyte progenitor cells in adult human 
brain and multiple sclerosis lesions. J Neurosci 2000, 20: 
6404–6412.

[7] Wolswijk G. oligodendrocyte precursor cells in the demyeli-
nated multiple sclerosis spinal cord. Brain 2002, 125: 338–
349.

[8] Wolswijk G. oligodendrocyte survival, loss and birth in le-
sions of chronic-stage multiple sclerosis. Brain 2000, 123: 
105–115.

[9] Patrikios P, Stadelmann C, Kutzelnigg A, Rauschka H, 
Schmidbauer M, Laursen H. Remyelination is extensive in a 
subset of multiple sclerosis patients. Brain 2006, 129: 3165–
3172.

[10] Kuhlmann T, Miron V, Cui Q, Cuo Q, Wegner C, Antel J, et al. 
Differentiation block of oligodendroglial progenitor cells as a 
cause for remyelination failure in chronic multiple sclerosis. 
Brain 2008, 131: 1749–1758.

[11] Lu QR, Sun T, Zhu Z, Ma N, Garcia M, Stiles CD, et al. Com-
mon developmental requirement for olig Function indicates a 
Motor Neuron / oligodendrocyte Connection. Cell 2002, 109: 
75–86.

[12] Zhou Q, Wang S, Anderson DJ. Identification of a novel fam-
ily of oligodendrocyte lineage-specific basic helix-loop-helix 
transcription factors. Neuron 2000, 25: 331–343.

[13] Lu QR, Yuk D, Alberta J, Zhu Z, Pawlitzky i, Chan J, et al. 
Sonic hedgehog--regulated oligodendrocyte lineage genes 
encoding bHLH proteins in the mammalian central nervous 
system. Neuron 2000, 25: 317–329.

[14] Zhou Q, Choi G, Anderson DJ. The bHLH transcription factor 
olig2 promotes oligodendrocyte differentiation in collabora-
tion with Nkx2.2. Neuron 2001, 31: 791–807.

[15] Zhou Q, Anderson DJ. The bHLH transcription factors oLiG2 
and OLIG1 couple neuronal and glial subtype specification. 
Cell 2002, 109: 61–73.

[16] Takebayashi H, Nabeshima Y, Yoshida S, Chisaka o, ike-
naka K, Nabeshima Y. The basic helix-loop-helix factor olig2 
is essential for the development of motoneuron and oligoden-
drocyte lineages. Curr Biol 2002, 12: 1157–1163.



Feng Mei, et al.    Myelin-based inhibitors of oligodendrocyte myelination: clues from axonal growth and regeneration 185

[17] Fancy SP, Baranzini SE, Zhao C, Yuk Di, irvine KA, Kaing S, 
et al. Dysregulation of the Wnt pathway inhibits timely myeli-
nation and remyelination in the mammalian CNS. Genes Dev 
2009, 23: 1571–1585.

[18] Li H, He Y, Richardson WD, Casaccia P. Two-tier transcrip-
tional control of oligodendrocyte differentiation. Curr opin 
Neurol 2009, 19: 479–485.

[19] Chang A, Tourtellotte WW, Rudick R, Trapp BD. Premyelinat-
ing oligodendrocytes in chronic lesions of multiple sclerosis. 
N Engl J Med 2002, 346: 165–173.

[20] Rivers LE, Young KM, Rizzi M, Jamen F, Psachoulia K, Wade 
A, et al. PDGFRA/NG2 glia generate myelinating oligoden-
drocytes and piriform projection neurons in adult mice. Nat 
Neurosci 2008, 11: 1392–1401.

[21] Horner PJ, Power a E, Kempermann G, Kuhn HG, Palmer 
TD, Winkler J, et al. Proliferation and differentiation of pro-
genitor cells throughout the intact adult rat spinal cord. J 
Neurosci 2000, 20: 2218–2228.

[22] Gensert JM, Goldman JE. Demyelinated Axons in the Adult 
CNS. Neuron 1997, 19: 197–203.

[23] Windrem MS, Nunes MC, Rashbaum WK, Schwartz TH, 
Goodman R a, McKhann G, et al. Fetal and adult human oli-
godendrocyte progenitor cell isolates myelinate the congeni-
tally dysmyelinated brain. Nat Med 2004, 10: 93–97.

[24] Chong SYC, Chan JR: Tapping into the glial reservoir: cells 
committed to remaining uncommitted. J Cell Biol 2010, 188: 
305–12.

[25] Chong SYC, Rosenberg SS, Fancy SPJ, Zhao C, Shen YA, 
Hahn AT, et al.  Neurite outgrowth inhibitor Nogo-A estab-
lishes spatial segregation and extent of oligodendrocyte my-
elination. Proc Natl Acad Sci U S A  2012, 109: 1299–1304.

[26] Kessaris N, Fogarty M, iannarelli P, Grist M, Wegner M, Rich-
ardson WD. Competing waves of oligodendrocytes in the 
forebrain and postnatal elimination of an embryonic lineage. 
Nat Neurosci 2006, 9: 173–179.

[27] Dawson M. NG2-expressing glial progenitor cells: an abun-
dant and widespread population of cycling cells in the adult 
rat CNS. Mol Cell Neurosci 2003, 24: 476–488.

[28] Kirby BB, Takada N, Latimer AJ, Shin J, Carney TJ, Kelsh 
RN, et al. in vivo time-lapse imaging shows dynamic oligo-
dendrocyte progenitor behavior during zebrafish develop-
ment. Nat Neurosci 2006, 9: 1506–1511.

[29] Ye F, Chen Y, Hoang T, Montgomery RL, Zhao X, Bu H, et al.  
HDAC1 and HDAC2 regulate oligodendrocyte differentiation 
by disrupting the beta-catenin-TCF interaction. Nat Neurosci 
2009, 12: 829–838.

[30] Shen S, Sandoval J, Swiss V, Li J, Dupree J, Franklin RJM, 
et al. Age-dependent epigenetic control of differentiation in-
hibitors is critical for remyelination efficiency. Nat Neurosci 
2008, 11: 1024–1034.

[31] Popko B. Epigenetic control of myelin repair. Nat Neurosci 
2008, 11: 987–988.

[32] Marin-Husstege M, Muggironi M, Liu A, Casaccia-Bonnefil P. 
Histone deacetylase activity is necessary for oligodendrocyte 
lineage progression. J Neurosci 2002, 22: 10333–10345.

[33] Shen S, Li J, Casaccia-Bonnefil P. Histone modifications af-
fect timing of oligodendrocyte progenitor differentiation in the 
developing rat brain. J Cell Biol 2005, 169: 577–589.

[34] Ruckh JM, Zhao JW, Shadrach JL, Van Wijngaarden P, Rao 
TN, Wagers AJ, et al. Rejuvenation of regeneration in the ag-
ing central nervous system. Cell Stem Cell 2012, 10: 96–103.

[35] Redmond S, Chan JR. Neuroscience. Revitalizing remyelina-
tion--the answer is circulating. Science 2012, 336: 161–162.

[36] Lee S, Leach MK, Redmond S a, Chong SYC, Mellon SH, 
Tuck SJ, et al. A culture system to study oligodendrocyte my-
elination processes using engineered nanofibers. Nat Meth-
ods 2012, 9: 917–922.

[37] Voyvodic JT. Target size regulates calibre and myelination of 
sympathetic axons. Nature 1989, 342: 430–433.

[38] Lee X, Yang Z, Shao Z, Rosenberg SS, Levesque M, Pe-
pinsky RB, et al. NGF regulates the expression of axonal 
LiNGo-1 to inhibit oligodendrocyte differentiation and myeli-
nation. J Neurosci 2007, 27: 220–225.

[39] Jepson S, Vought B, Gross CH, Gan L, Austen D, Frantz JD, 
et al.  LiNGo-1, a transmembrane signaling protein, inhibits 
oligodendrocyte differentiation and myelination through inter-
cellular self-interactions. J Cell Biol 2012, 287: 22184–22195.

[40] Charles P, Hernandez MP, Stankoff B, Aigrot MS, Colin C, 
Rougon G, et al. Negative regulation of central nervous sys-
tem myelination by polysialylated-neural cell adhesion mol-
ecule. Proc Natl Acad Sci U S A  2000, 97: 7585–7590.

[41] Charles P, Reynolds R, Seilhean D, Rougon G, Aigrot MS, 
Niezgoda A, et al. Re-expression of PSA-NCAM by demyeli-
nated axons: an inhibitor of remyelination in multiple sclero-
sis? Brain 2002, 125: 1972–1979.

[42] Barres B, Raff MC. Axonal control of oligodendrocyte devel-
opment. J Cell Biol 1999, 147: 1123–1128.

[43] Clarke LE, Young KM, Hamilton NB, Li H, Richardson WD, 
Attwell D. Properties and fate of oligodendrocyte progenitor 
cells in the corpus callosum, motor cortex, and piriform cortex 
of the mouse. J Neurosci 2012, 32: 8173–8185.

[44] Cammermeyer J. The distribution of oligodendrocytes in ce-
rebral gray and white matter of several mammals. Am J Anat 
1960, 107: 107–127.

[45] Hahn AT, Chan JR. A collaboration conducive to conduction: 
matching axonal density to oligodendroglial number (Com-
mentary on Kawai et al.). Eur J Neurosci 2009, 30: 2029.

[46] Kawai K, itoh T, itoh A, Horiuchi M, Wakayama K, Banner-
man P, et al. Maintenance of the relative proportion of oligo-
dendrocytes to axons even in the absence of BAX and BAK. 



Neurosci Bull     April 1, 2013, 29(2): 177–188186

Eur J Neurosci 2009, 30: 2030–2041.
[47] Rosenberg SS, Kelland EE, Tokar E, De la Torre AR, Chan 

JR. The geometric and spatial constraints of the microen-
vironment induce oligodendrocyte differentiation. Proc Natl 
Acad Sci U S A  2008, 105: 14662–14667.

[48] Baer AS, Syed Y a, Kang SU, Mitteregger D, Vig R, Ffrench-
Constant C, et al.  Myelin-mediated inhibition of oligoden-
drocyte precursor differentiation can be overcome by phar-
macological modulation of Fyn-RhoA and protein kinase C 
signalling. Brain 2009, 132: 465–481.

[49] Kotter MR, Li WW, Zhao C, Franklin RJM. Myelin impairs 
CNS remyelination by inhibiting oligodendrocyte precursor 
cell differentiation. J Neurosci 2006, 26: 328–332.

[50] Domeniconi M, Zampieri N, Spencer T, Hilaire M, Mellado 
W, Chao M V, et al. MAG induces regulated intramembrane 
proteolysis of the p75 neurotrophin receptor to inhibit neurite 
outgrowth. Neuron 2005, 46: 849–855.

[51] Wang KC, Koprivica V, Kim JA, Sivasankaran R, Guo Y, 
Neve RL, et al. oligodendrocyte-myelin glycoprotein is a 
Nogo receptor ligand that inhibits neurite outgrowth. Nature 
2002, 417: 941–944.

[52] Kottis V, Thibault P, Mikol D, Xiao ZC, Zhang R, Dergham 
P, et al. oligodendrocyte-myelin glycoprotein (oMgp) is an 
inhibitor of neurite outgrowth. J Neurochem 2002, 82: 1566–
1569.

[53] Caroni P, Schwab ME. Two membrane protein fractions from 
rat central myelin with inhibitory properties for neurite growth 
and fibroblast spreading. J Cell Biol 1988, 106: 1281–1288.

[54] Filbin MT. Myelin-associated inhibitors of axonal regenera-
tion in the adult mammalian CNS. Nat Rev Neurosci 2003, 4: 
703–713.

[55] Schwab ME. Nogo and axon regeneration. Curr opin Neurol 
2004, 14: 118–124.

[56] Dickson BJ. Molecular mechanisms of axon guidance. Scien-
ce 2002, 298: 1959–1964.

[57] Yu TW, Bargmann Ci. Dynamic regulation of axon guidance. 
Nat Neurosci 2001, 4 Suppl: 1169–1176.

[58] Giger RJ, Hollis ER, Tuszynski MH. Guidance molecules in 
axon regeneration. Cold Spring Harb Perspect Biol 2010, 2: 
a001867. 

[59] Fox M, Afshari F, Alexander J, Colello R, Fuss B. Growth 
conelike sensorimotor structures are characteristic features 
of postmigratory, premyelinating oligodendrocytes. Glia 2005, 
566: 563–566.

[60] Jarjour A, Kennedy TE. oligodendrocyte precursors on the 
move: mechanisms directing migration. Neuroscientist 2004, 
10: 99–105.

[61] Sloane J, Vartanian TK. Myosin Va controls oligodendro-
cyte morphogenesis and myelination. J Neurosci 2007, 27: 
11366–11375.

[62] Huber AB, Weinmann o, Brösamle C, oertle T, Schwab ME. 
Patterns of Nogo mRNA and protein expression in the devel-
oping and adult rat and after CNS lesions. J Neurosci 2002, 
22: 3553–3567.

[63] Chen MS, Huber B, Van der Haar ME, Frank M, Schnell L, 
Spillmann A, et al. Nogo-A is a myelin-associated neurite out-
growth inhibitor and an antigen for monoclonal antibody iN-1. 
Nature 2000, 403: 434–439.

[64] Hu F, Strittmatter SM. The N-terminal domain of Nogo-A 
inhibits cell adhesion and axonal outgrowth by an integrin-
specific mechanism. J Neurosci 2008, 28: 1262–1269.

[65] Mimura F, Yamagishi S, Arimura N, Fujitani M, Kubo T, Kai-
buchi K, et al. Myelin-associated glycoprotein inhibits micro-
tubule assembly by a Rho-kinase-dependent mechanism. J 
Cell Biol 2006, 281: 15970–15979.

[66] Fournier AE, Takizawa BT, Strittmatter SM. Rho kinase inhi-
bition enhances axonal regeneration in the injured CNS. J 
Neurosci 2003, 23: 1416–1423.

[67] Fournier AE, Grandpre T, Strittmatter SM. Identification of a 
receptor mediating Nogo-66 inhibition of axonal regeneration. 
Nature 2001, 409: 341–346.

[68] Mi YJ, Hou B, Liao QM, Ma Y, Luo Q, Dai YK, et al. Amino-
Nogo-A antagonizes reactive oxygen species generation and 
protects immature primary cortical neurons from oxidative 
toxicity. Cell Differ Dev 2012, 19: 1175–1186.

[69] Wong ST, Henley JR, Kanning KC, Huang K, Bothwell M, 
Poo M. A p75(NTR) and Nogo receptor complex mediates 
repulsive signaling by myelin-associated glycoprotein. Nat 
Neurosci 2002, 5: 1302–1308.

[70] Shao Z, Browning JL, Lee X, Scott ML, Shulga-Morskaya S, 
Allaire N, et al. TAJ/TRoY, an orphan TNF receptor family 
member, binds Nogo-66 receptor 1 and regulates axonal re-
generation. Neuron 2005, 45: 353–359.

[71] Mi S, Lee X, Shao Z, Thill G, Ji B, Relton J, et al. LiNGo-1 is 
a component of the Nogo-66 receptor/p75 signaling complex. 
Nat Neurosci 2004, 7: 221–228.

[72] Park JB, Yiu G, Kaneko S, Wang J, Chang J, He XL, et al. 
A TNF receptor family member, TRoY, is a coreceptor with 
Nogo receptor in mediating the inhibitory activity of myelin 
inhibitors. Neuron 2005, 45: 345–351.

[73] Mi S, Miller RH, Lee X, Scott ML, Shulag-Morskaya S, Shao Z, 
et al. LiNGo-1 negatively regulates myelination by oligoden-
drocytes. Nat Neurosci 2005, 8: 745–751.

[74] Mi S, Hu B, Hahm K, Luo Y, Kam Hui ES, Yuan Q, et al. 
LiNGo-1 antagonist promotes spinal cord remyelination and 
axonal integrity in MoG-induced experimental autoimmune 
encephalomyelitis. Nature Med 2007, 13: 1228–1233.

[75] Mi S, Sandrock A, Miller RH. LiNGo-1 and its role in CNS 
repair. int J Biochem Cell B 2008, 40: 1971–1978.

[76] Mi S, Miller RH, Tang W, Lee X, Hu B, Wu W, et al. Promo-



Feng Mei, et al.    Myelin-based inhibitors of oligodendrocyte myelination: clues from axonal growth and regeneration 187

tion of central nervous system remyelination by induced dif-
ferentiation of oligodendrocyte precursor cells. Ann Neurol 
2009, 65: 304–315.

[77] Zhao XH, Jin WL, Ju G. An in vitro study on the involvement 
of LiNGo-1 and Rho GTPases in Nogo-A regulated differen-
tiation of oligodendrocyte precursor cells. Mol Cell Neurosci 
2007, 36: 260–269.

[78] Ji B, Li M, Wu WT, Yick LW, Lee X, Shao Z, et al. LiNGo-1 
antagonist promotes functional recovery and axonal sprout-
ing after spinal cord injury. Mol Cell Neurosci 2006, 33: 311–
320.

[79] Jalink K, Van Corven EJ, Hengeveld T, Morii N, Narumiya S, 
Moolenaar WH. inhibition of lysophosphatidate- and throm-
bin-induced neurite retraction and neuronal cell rounding by 
ADP ribosylation of the small GTP-binding protein Rho. J Cell 
Biol 1994, 126: 801–810.

[80] Liang X, Draghi N, Resh MD. Signaling from integrins to Fyn 
to Rho family GTPases regulates morphologic differentiation 
of oligodendrocytes. J Neurosci 2004, 24: 7140–7149.

[81] Nikolic M. The role of Rho GTPases and associated kinases 
in regulating neurite outgrowth. int J Biochem Cell B 2002, 
34: 731–745.

[82] Kruger RP, Aurandt J, Guan KL. Semaphorins command 
cells to move. Nat Rev Mol Cell Bio 2005, 6: 789–800.

[83] Dewit J, Verhaagen J. Role of semaphorins in the adult ner-
vous system. Prog Neurobiol 2003, 71: 249–267.

[84] Huber AB, Kolodkin AL, Ginty DD, Cloutier JF. Signaling at 
the growth cone: ligand-receptor complexes and the control 
of axon growth and guidance. Ann Rev Neurosci 2003, 26: 
509–563.

[85] Koeberle PD, Bähr M. Growth and guidance cues for regen-
erating axons: where have they gone? J Neurobiol 2004, 59: 
162–180.

[86] Giraudon P, Vincent P, Vuaillat C, Verlaeten o, Cartier L, 
Marie-Cardine A, et al. Semaphorin CD100 from activated 
T lymphocytes induces process extension collapse in oligo-
dendrocytes and death of immature neural cells. J immunol 
2004, 172: 1246–1255.

[87] Moreau-Fauvarque C, Kumanogoh A, Camand E, Jaillard C, 
Barbin G, Boquet i, et al. The transmembrane semaphorin 
Sema4D/CD100, an inhibitor of axonal growth, is expressed 
on oligodendrocytes and upregulated after CNS lesion. J 
Neurosci 2003, 23: 9229–9239.

[88] Yamaguchi W, Tamai R, Kageura M, Furuyama T, inagaki S. 
Sema4D as an inhibitory regulator in oligodendrocyte devel-
opment. Mol Cell Neurosci 2012, 49: 290–299.

[89] Bernard F, Moreau-Fauvarque C, Heitz-Marchaland C, Zagar 
Y, Dumas L, Fouquet S, et al. Role of transmembrane sema-
phorin Sema6A in oligodendrocyte differentiation and myeli-
nation. Glia 2012, 60: 1590–1604.

[90] Goldberg JL, Vargas ME, Wang JT, Mandemakers W, oster 
SF, Sretavan DW, et al. An oligodendrocyte lineage-specific 
semaphorin, Sema5A, inhibits axon growth by retinal gan-
glion cells. J Neurosci 2004, 24: 4989–4999.

[91] Leslie JR, imai F, Fukuhara K, Takegahara N, Rizvi T, Friedel 
RH, et al. Ectopic myelinating oligodendrocytes in the dor-
sal spinal cord as a consequence of altered semaphorin 6D 
signaling inhibit synapse formation. Development 2011, 138: 
4085–4095.

[92] Prestoz L, Chatzopoulou E, Lemkine G, Spassky N, Lebras B, 
Kagawa T, et al. Control of axonophilic migration of oligoden-
drocyte precursor cells by Eph–ephrin interaction. Neuron 
Glia Biol 2004, 1: 73-83.

[93] Worzfeld T, Rauch P, Karram K, Trotter J, Kuner R, of-
fermanns S. Mice lacking Plexin-B3 display normal CNS 
morphology and behaviour. Mol Cell Neurosci 2009, 42: 
372–381.

[94] Benson MD, Romero Mi, Lush ME, Lu QR, Henkemeyer M, 
Parada LF. Ephrin-B3 is a myelin-based inhibitor of neurite 
outgrowth. Proc Natl Acad Sci U S A  2005, 102: 10694–
10699.

[95] Round J, Stein E. Netrin signaling leading to directed growth 
cone steering. Curr opin Neurol 2007, 17: 15–21.

[96] Killeen MT, Sybingco SS. Netrin, Slit and Wnt receptors allow 
axons to choose the axis of migration. Dev Biol 2008, 323: 
143–151.

[97] Löw K, Culbertson M, Bradke F, Tessier-Lavigne M, Tuszyns-
ki MH. Netrin-1 is a novel myelin-associated inhibitor to axon 
growth. J Neurosci 2008, 28: 1099–1108.

[98] Jarjour A, Bull SJ, Almasieh M, Rajasekharan S, Baker KA, 
Mui J, et al. Maintenance of axo-oligodendroglial paranodal 
junctions requires DCC and netrin-1. J Neurosci 2008, 28: 
11003–11014.

[99] Tsai HH, Macklin WB, Miller RH. Netrin-1 is required for the 
normal development of spinal cord oligodendrocytes. J Neu-
rosci 2006, 26: 1913–1922.

[100] Rajasekharan S, Baker KA, Horn KE, Jarjour A, Antel JP, 
Kennedy TE. Netrin 1 and Dcc regulate oligodendrocyte pro-
cess branching and membrane extension via Fyn and RhoA. 
Development 2009, 136: 415–426.

[101] Tsai HH. Netrin 1 mediates spinal cord oligodendrocyte pre-
cursor dispersal. Development 2003, 130: 2095–2105.

[102] Rajasekharan S, Bin JM, Antel JP, Kennedy TE. A central 
role for RhoA during oligodendroglial maturation in the switch 
from netrin-1-mediated chemorepulsion to process elabora-
tion. J Neurochem 2010, 113: 1589–1597.

[103] Manitt C, Colicos M, Thompson KM, Rousselle E, Peterson C, 
Kennedy TE. Widespread expression of netrin-1 by neurons 
and oligodendrocytes in the adult mammalian spinal cord. J 
Neurosci 2001, 21: 3911–3922.



Neurosci Bull     April 1, 2013, 29(2): 177–188188

[104] Serafini T, Colamarino S, Leonardo ED, Wang H, Beddington 
R, Skarnes WC, et al.  Netrin-1 is required for commissural 
axon guidance in the developing vertebrate nervous system. 
Cell 1996, 87: 1001–1014.

[105] Deiner MS, Sretavan DW. Altered midline axon pathways and 
ectopic neurons in the developing hypothalamus of netrin-1- 
and DCC-deficient mice. J Neurosci 1999, 19: 9900–9912.

[106] Sherman DL, Brophy PJ. Mechanisms of axon ensheathment 
and myelin growth. Nat Rev Neurosci 2005, 6: 683–690.

[107] Dou CL, Levine JM. Identification of a neuronal cell surface 
receptor for a growth inhibitory chondroitin sulfate proteogly-
can (NG2). J Neurochem 1997, 68: 1021–1030.

[108] Llorens F, Gil V, Del Río JA. Emerging functions of myelin-
associated proteins during development, neuronal plasticity, 
and neurodegeneration. FASEB 2011, 25: 463–475.

[109] Wang H, Tewari A, Einheber S, Salzer JL, Melendez-Vasquez 
C V. Myosin ii has distinct functions in PNS and CNS myelin 

sheath formation. J Cell Biol 2008, 182: 1171–1184.
[110] Sun F, Park KK, Belin S, Wang D, Lu T, Chen G, et al. Sus-

tained axon regeneration induced by co-deletion of PTEN 
and SoCS3. Nature 2011, 480: 372–375.

[111] Narayanan SP, Flores Ai, Wang F, Macklin WB. Akt signals 
through the mammalian target of rapamycin pathway to regu-
late CNS myelination. J Neurosci 2009, 29: 6860–6870.

[112] Harrington EP, Zhao C, Fancy SPJ, Kaing S, Franklin RJM, 
Rowitch DH, et al. oligodendrocyte PTEN is required for my-
elin and axonal integrity, not remyelination. Ann Neurol 2010, 
68: 703–716.

[113] Tyler W, Gangoli N, Gokina P, Kim H, Covey M, Levison SW, 
et al. Activation of the mammalian target of rapamycin (mToR) 
is essential for oligodendrocyte differentiation. J Neurosci 
2009, 29: 6367–6378.

[114] Rosenberg SS, Chan JR. Modulating myelination: knowing 
when to say Wnt. Genes Dev 2009, 23: 1487–1493. 




