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Abstract
The myelin sheath wraps large axons in both the CNS and the PNS, and is a key determinant of
efficient axonal function and health. Myelin is targeted in a series of diseases, notably multiple
sclerosis (MS). In MS, demyelination is associated with progressive axonal damage, which
determines the level of patient disability. Few treatments are available for combating myelin
damage in MS and related disorders. These treatments, which largely comprise anti-inflammatory
drugs, only show limited efficacy in subsets of patients. More-effective treatment of myelin
disorders will probably result from early intervention with combinatorial therapies that target
inflammation and other processes—for example, signaling pathways that promote remyelination.
Indeed, evidence suggests that such pathways might be impaired in pathology and, hence,
contribute to the failure of remyelination in such diseases. In this article, we review the molecular
basis of signaling pathways that regulate myelination in the CNS and PNS with a focus on
differentiation of myelinating glia. We also discuss factors such as extracellular molecules that act
as modulators of these pathways. Finally, we consider the few preclinical and clinical trials of
agents that augment this signaling.

Introduction
Most large axons in the mammalian nervous system are surrounded by a lipid-rich
membrane known as the myelin sheath, which promotes rapid conduction of nerve impulses
and protects against axonal damage. Myelin sheaths form during development and consist of
compacted spiral wraps of membrane that are supplied by oligodendrocytes in the CNS and
Schwann cells in the PNS (Box 1 and Figure 1). These myelinating glia and their target
axons form intimate units, with the glia and axons regulating each other's phenotype through
the reciprocal exchange of signals (Boxes 2–4).

During development, glia provide survival signals to neurons, define the molecular domains
of the axolemma and determine the diameter of axons.1,2 In turn, axons provide signals that
regulate the proliferation, survival and differentiation of glia, as well as myelin formation.3-5

In adulthood, myelinating glia maintain axolemmal organization, axonal diameter and
neuronal health, while axons maintain glial differentiation and myelin integrity.2 At least in
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the PNS, axonal damage alters these maintenance signals and initiates an active program of
Schwann cell dedifferentiation, which probably facilitates myelin reabsorption.6

Multiple diseases target myelin, including multiple sclerosis (MS) and hereditary
leukodystrophies in the CNS, and Guillain–Barré Syndrome and hereditary demyelinating
neuropathies in the PNS.7 In general, the degree of disability observed in myelin disorders
correlates best with the level of associated axonal damage.8, 9 In most disorders, axonal
damage is recognized after myelin damage, suggesting that signals from glia or myelin to
axons might be altered by disease. New evidence from studies of MS and of globoid
(Krabbe) leukodystrophy indicates that axonal damage might occur contemporaneously with
myelin damage in some conditions.8, 10 Thus, loss of non-myelin-related glial signals or,
even, addition of toxic signals from glia might damage axons. Finally, non-myelin forming
Schwann cells are not innocent bystanders. They respond to nearby demyelination by
proliferating, thereby impairing their relationship with small caliber axons subserving pain
sensation.11 Taken together, these observations call into question which cell type (that is,
myelinating or non-myelinating glial cells or neurons) is the most appropriate target for
therapy in diseases of myelin.

Treatment of the most common myelin disorders is limited to anti-inflammatory therapies,
which can have notable adverse effects.12 Where can we find other therapeutic targets
beyond inflammation? Remyelination occurs in both the CNS and PNS after damage and
might provide adjunctive targets for therapy that is aimed at limiting destruction of myelin
and axons.13 In MS, remyelination occurs in the CNS after initial myelin damage, but fails
after multiple episodes of demyelination. This failure of remyelination subsequently leads to
augmented axonal degeneration and progressive disability.13 Thus, early intervention with
treatments that promote remyelination might slow the progression of MS. Proliferation and
migration of oligodendroglial precursor cells (OPCs) near MS plaques has been the focus of
much work,13 but failure of differentiation in OPCs has also been recognized. This inability
to differentiate might reflect inhibitory influences, or destruction or dysfunction of axons—
an important source of differentiation signals for OPCs.13

A starting point for consideration of how differentiation of OPCs might be promoted during
repair is the assumption that remyelination depends on signals that are similar to those that
occur in developmental myelination. After all, oligodendrocyte precursors or immature
Schwann cells very likely recapitulate differentiation as they remyelinate axons.13 Here, we
review the various signals that are crucial to the axon–glia interaction (Figure 1). As the
molecular basis of glial support of axons is poorly understood,4 the main focus of this
Review is on the axon to glia signaling pathways that might promote differentiation and,
hence, the formation or maintenance of myelin. We also discuss the extent to which
developmental studies can guide remyelination therapies, and provide an overview of the
limited number of preclinical and clinical trials that have tested such treatments.

Axolemma-based signaling pathways
Glial myelination can be influenced by axonal contact,14-17 diameter18-20 or electrical
activity.21-25 These findings suggest that signals originating from the axonal membrane
regulate myelination (Box 2; Figure 2, Figure 3).

Neuregulins and ErbB receptors
In the PNS, the neuregulin (NRG) family of proteins and their receptors, which belong to the
ErbB family of tyrosine kinase receptors (heterodimeric ErbB2–ErbB3 in Schwann cells),
have emerged as important regulators of most aspects of Schwann cell development (Figure
2).26 The NRGs are encoded by at least four genes, of which Nrg1 is the best characterized.
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27, 28 Nrg1 encodes multiple isoforms, all containing an epidermal growth factor-like 1
domain. Most isoforms are shed, whereas others remain anchored in the membrane 28. In the
PNS, NRG1 type III, which is expressed on the axonal membrane, is a key determinant of
whether a Schwann cell will form myelin and, if so, how thick the myelin sheath becomes.
29, 30 The potency of NRG1 type III for inducing myelination was demonstrated in cultured
superior cervical ganglion neurons, which normally exhibit small-diameter unmyelinated
axons. When this NRG was ectopically expressed in such neurons, the associated Schwann
cells responded by changing fate and myelinating axons, even if the axons retained their
small diameter.30

In the CNS, the role of NRGs in myelination remains controversial. Several studies have
reported that rodents deficient in either NRG1 or ErbB receptors had impaired
oligodendrocyte differentiation, proliferation, survival and myelination.31-35 These findings
suggested that NRGs might be important in CNS myelination. Brinkmann et al., however,
reported that mice lacking all NRG1 isoforms or both ErbB3 and ErbB4 receptors showed
normal CNS myelination during development. Interestingly, these researchers also showed
that NRG1 overexpression in the CNS of transgenic mice induced precocious formation and
increased thickness of myelin.36 Taken together, these data suggest that multiple parallel
signals probably control myelination in the CNS, and that the regulation of myelination in
CNS and PNS differs.35, 36 In support of these assertions, animals with mutations in genes
encoding neuronal growth factors,35, 37 extracellular matrix components38 or intracellular
mediators39, 40 displayed region-specific myelination in the CNS.

NRG-induced signals are clearly important for myelination during development; however,
the involvement of these signals in myelin maintenance, damage or remyelination is unclear.
The partial reduction of ErbB2 function in Schwann cells of adult transgenic mice had no
effect on myelin, suggesting that neuregulin signals might be dispensible for maintenance of
the myelin sheath in the PNS.41 Activation of the ErbB receptors in either myelinating
neuron-Schwann cell co-cultures, or upon nerve injury, induced demyelination,42,43

although activation might involve shed NRG1 ligands (not membrane-anchored NRG1 type
III). Interestingly, and in agreement with a possible role for ErbB receptors in CNS
remyelination, overexpression of ErbB1 in a mouse model of demyelination promoted
oligodendrocyte differentiation and remyelination.44

The secretases
In general, the number of growth factors is much lower than the number of biological
functions that these molecules regulate. Diversification of function is achieved by altering
ligands or downstream signals. For example, a growth factor presented in a soluble or
membrane-bound form can activate different signaling pathways. Secretases, like the alpha
disintegrin and metalloproteases (ADAM), β-secretase (β-site amyloid precursor protein
cleaving enzyme 1; BACE1), or the γ-secretase complex all change the presentation of
membrane-associated growth factors.

Many myelin-related growth factors (for example, NRG1) and growth factor receptors (for
example, p75 neurotrophin receptor (p75NTR) and Notch-1, undergo proteolytic cleavage at
the axonal membrane, suggesting that this process is a common way of regulating these
myelin-associated signaling molecules. Identification of the secretases involved in such
cleavage and determination of their mechanisms of action could reveal important therapeutic
targets for promoting remyelination.

Several ADAMs have been implicated in myelination.45 One study showed that Adam22-
null mice exhibited hypomyelinated nerves,46 while data from another study suggested that
ADAM22 might bind leucine-rich glioma-inactivated proteins,47 which had been previously
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implicated in PNS myelination.48 In addition, ADAM19 was upregulated following axonal
injury and Adam19-null mice had delayed remyelination.49

Research has revealed that NRG1 type III can be cleaved by BACE1, and that this process is
probably regulated by the zinc metallopeptidase nardilysin.50 In agreement with these
findings, either BACE1 or nardilysin-null mice showed marked hypomyelination in the
PNS50, 51 and in the CNS52, 50. The level of hypomyelination was similar to that observed
in mice with a 50% reduction in NRG1 type III expression.29, 30 Taken together, the results
from these studies indicate that BACE1 promotes myelination. The data from one study
have also revealed that loss of BACE1 impairs remyelination during regeneration after a
crush injury to sciatic nerve in mice.53

Inhibition of γ-secretase, enhances the onset and the amount of myelin formed by cultured
rat oligodendrocytes.54 Moreover, data from various studies have suggested that γ-secretase
might cleave NRG1,55, 56 p75NTR57 or Notch-158, potentially activating multiple
intracellular signaling pathways in neurons. Regulated intramembrane proteolysis, a highly
conserved method for intracellular communication, appears to be an important control of
downstream signals in both axons and glial cells.

The secretases have generated strong interest from pharmaceutical companies as potential
therapuetic targets, because these proteases are accessible and multiple secretase inhibitors
are already available. Therapeutic strategies that target these proteases must consider the
problem of specificity and, hence, collateral effects, as single secretases target multiple
molecules. For example, BACE1, a potentiator of myelination, cleaves not only neuregulins,
but also amyloid precursor protein, generating the amyloid beta42 peptide, that is probably
pathogenetic in Alzheimer disease.

The Akt-1 signaling pathway
Akt-1 is emerging as an integrator of various signals that increase myelination in both the
CNS and PNS (Box 3). Studies have shown that, Akt-1 is phosphorylated by
phosphatidylinositol 3-kinase (PI3K) in response to growth factors that promote
myelination, in particular NRG1 type III,30 insulin growth factor 1 (IGF-1)59, 60 and
steroids.61 In addition, the expression of constitutively active Akt-1 in mouse
oligodendrocytes led to an increase in myelination.62 PI3K–Akt-1 augments myelination
through activation of the kinase mammalian target of rapamycin (mTOR), as inhibition of
mTOR in vivo was shown to limit myelination in the developing mouse brain.63 mTOR
activation induces formation of both mTORC1 and mTORC2 complexes, which in turn
regulates the terminal differentiation of oligodendrocytes, and myelin protein and lipid
expression.64 The transcription factors targeted by the Akt-1/mTOR signals have yet to be
fully elucidated in oligodendrocytes,65 although studies have identified two possible
candidates, namely myelin regulatory factor (MRF)66 and zinc finger protein 191 (ZFP191).
67

In Schwann cells, most signals that promote myelination act through the transcription factors
POU3F1 (POU domain class 3 transcription factor 1; Oct6), EGR2 (early growth response
protein 2; Krox20) and SOX-10.68 For example, in cultured mouse Schwann cells, Akt-1
upregulated EGR2-activated myelin protein zero (P0) expression after IGF-1 stimulation.49
Conversely, EGR2 repressed, and was repressed by, dedifferentiation factors, including
SOX2 and Notch.69-71 Such reciprocal inhibition permits active, rapid dedifferentiation of
Schwann cells after nerve injury, which is necessary for facilitating myelin regeneration.70,
71 Furthermore, these data suggest that the NRG1 type III–Akt-1 intracellular signaling
pathway could be a therapeutic target in demyelinating neuropathies where dedifferentiation
genes are inappropriately expressed.6, 72.
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The calcineurin–NFAT signaling pathway
A study in mice lacking expression of the calcineurin B1 subunit showed that, in Schwann
cells, the calcineurin–NFAT (nuclear factor of activated T cells) pathway is involved in
activating myelination 73. This signaling pathway is downstream of NRG1 and independent
of PI3K. NFAT signal transduction pathways have important roles in multiple tissues,
including the developing nervous system, where these pathways promote axonal growth and
guidance.74 Nonetheless, the conditional deletion of the gene encoding calcineurin B1 only
in Schwann cells in motor roots or only in sensory neurons but not Schwann cells each
suggest that NFAT promotes myelination autonomously in Schwann cells 73. These
experiments suggest a model in which activation of ErbB2–ErbB3 heterodimers increases
intracellular Ca2+ levels via phospholipase Cγ, and, thus, activates calcineurin. In turn,
calcineurin activation promotes nuclear translocation of NFATc4, where it complexes with
SOX-10 to upregulate EGR2 transcription and myelin gene transcription.73

Nectin-like proteins
Nectin-like proteins (NECLs), now known as cell adhesion molecules (CADMs), comprise
five members and have been implicated in axon–glia interactions and myelination. The roles
of CADMs 1–4 have been investigated in the rodent nervous system. Studies have reported
that heterophilic interactions between NECL1 (CADM3) on the axolemma and NECL4
(CADM4) on Schwann cells might participate in myelination in the PNS.75, 76 Schwann
cells must polarize with axonal and basal lamina surfaces to form myelin, and NECLs have
been previously implicated to have a role in this process.77 Thus, NECL4 might cooperate
with the PAR (partitioning defective) polarity complexes, previously implicated in PNS
myelination.78 Surprisingly, transgenic mice lacking expression of NECL1 displayed a mild
phenotype, with no effect on PNS myelination and a developmental delay in CNS
myelination.79 Functional compensation by other NECLs,76, 80 or unrelated adhesion
proteins, might have accounted for this lack of phenotype.

Notch
Notch signaling is fundamental for glial cell development and myelination in both the CNS
and PNS. Notch receptors comprise four members, all of which are type I transmembrane
proteins. Upon ligand binding, notch receptors are cleaved intracellularly by secretases. The
γ-secretase complex generates an intracellular fragment, the notch intracellular domain
(NICD), which translocates to the nucleus to activate gene transcription. The ligand engaged
on the Notch receptor determines whether the canonical (mediated by the CBF1/Su(H)/
Lag-1 proteins, also known as RBPJ) or non-canonical (mediated by Deltex) signaling
pathway is activated 81.

In the CNS, canonical Notch1 ligands, which comprise members of the Delta or Serrate/
Jagged family, are expressed by neurons at early developmental stages.82 Notch1 is only
expressed by oligodendrocytes83. In vitro and in vivo studies have shown that binding of
Jagged-1 to Notch1 inhibits OPC differentiation and myelination,83-86 and that such
inhibition is mediated via activation of the transcription factor HES-5 (hairy and enhancer of
split 5)82. These findings suggest that Notch1 is important for correct spatial and temporal
differentiation of OPCs.

Jagged-1 expression is downregulated in retinal ganglion cells after birth; however, in MS,
this protein has been reported to be re-expressed in reactive astrocytes surrounding plaques
82. This finding suggested that the failure of OPCs to mature near such lesions could be the
result of reactivation of the Notch inhibitory pathway. In support of this assertion, HES-5
expression has been detected in oligodendrocytes near to MS plaques.82 How much of this
protein is found in the nuclei of these cells, however, remains controversial 87.
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Surprisingly, in adult mice that were exposed to chemicals that induce demyelination,
conditional ablation of Notch1 in oligodendrocytes did not produce a marked effect on
remyelination.88 Nevertheless, one study has shown that if Notch1 is inactivated in mice
during development, oligodendroglial differentiation is accelerated.86 Ultimately, adult
myelin was normal in these animals. In this case, remyelination after a chemical lesion was
accelerated. Taken together, these results suggest that the timing of Notch 1 inhibition might
be critical for achieving remyelination, and that Notch could be a therapeutic target in
myelin disorders.

Contactin-1 (also know as neural cell surface protein F3) is a putative non-canonical ligand
of Notch that is expressed on axons later than the canonical ligands in development. This
Notch ligand has been suggested to promote rather than inhibit OPC differentiation and the
expression of myelin genes in the CNS.89 However, the observation that myelination and
remyelination are accelerated and are eventually normal in mice lacking Notch in
oligodendrocytes argues against this idea 86, 88.

In the rodent PNS, Notch 1 is expressed exclusively by Schwann cells, whereas Jagged-1 is
present on both Schwann cells and axons.71 Notch has been shown to promote gliogenesis
over neurogenesis in neural crest stem cells in vitro.90 Furthermore, in vivo rodent studies
have demonstrated that both canonical and non-canonical Notch1 pathways determine the
complex activity of Notch in PNS development and myelination.71 Notch1, via canonical
signaling pathways, promotes the transition from precursor to immature Schwann cells71.

By contrast, Notch1 inhibits the onset of PNS myelination. Notch1 expression is tightly
downregulated by EGR2—a transcription factor that is necessary for inducing the activation
of the myelinating program.91 Moreover, the overexpression of NICD delays myelination
and causes hypomyelination. The inhibitory effect of Notch1 on myelination is mediated
through non-canonical pathways, as such inhibition seems to be independent to the effects of
RBPJ. Interestingly, myelination is also inhibited immediately following nerve injury, to
allow proper Schwann cell dedifferentiation and proliferation. Reactivation of Notch1
expression in this context after injury is associated with the RBPJ canonical signal. Thus, the
Notch1 pathway is differentially mediated in development and after injury. Thus, regarding
the role of Notch1 in the PNS, the molecular events regulating myelination in development
differ in part from those in remyelination.71

HES-5 and histone deacetylases
HES-5 can also be activated by Notch-independent signals in OPCs. Activation of this
transcription factor can impede the differentiation of these cells during remyelination. For
example, epigenetic modifications of chromatin, such as histone deacetylation, blocked the
expression of inhibitory transcription factors, including HES-5, SOX-2, ID-2 (inhibitor of
DNA binding 2), and ID-4 (inhibitor of DNA binding 4), and promoted myelination in the
mouse 92. Inadequate recruitment of histone deacetylases (HDAC) to the transcriptional
promoters of such inhibitory factors results in their sustained expression, mirroring what
happens in aged rodents, where remyelination is less efficient than in young rodents.92 This
finding suggests that activation of HDACs might represent a promising strategy for
promoting remyelination. Paradoxically, use of HDAC inhibitors in animal models of
inflammatory demyelination have reduced demyelination and limited disability.92, 93 One
possible reason for this discrepancy is that HDAC inhibitors may act not only on
oligodendrocytes, but also on cells of the immune system or axons. For example, recent in
vitro studies have shown that HDAC1 might induce axonal damage in inflammatory
demyelinating diseases when the protein is exported from the nucleus to the cytoplasm of
neurons.94 This effect could be a potential confounding factor in studies of remyelination
using HDAC inhibitors.
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Molecules of axoglial junctions
A series of protein and lipid complexes mediate the interaction between axons and
myelinating glia. These complexes organize proteins in the axonal and glial membrane (for
example, ion channels), and maintain cell vicinity to facilitate the transmission of signals
that promote myelination.1 One role for such complexes is in the segregation of voltage-
gated sodium (Nav) and potassium channels (Kv) at nodes of Ranvier and adjacent
paranodal and juxtaparanodal regions. Such segregation is crucial for proper conduction of
axonal impulses (Figure 1).

The combination of functional importance and accessibility renders the axoglial apparatus a
prime pathogenetic—but also pharmacological—target. Indeed, early disaggregation of
Nav , gliomedin,95 neurofascin96 and contactin-associated protein 97 clusters precedes
demyelination in experimental allergic encephalitis (EAE) in rodents or in MS and
disaggregation of clusters is also found at the edges of chronic plaques in MS brains.97

Disruption of ion channel clusters at nodes can produce conduction block and early
functional disability that accompanies demyelination.95 Furthermore, reclusterization is the
first event that marks the onset of remyelination.98 Finally, nodal and paranodal proteins are
altered in genetic neuropathies,99 emphasizing the importance of cluster disruption as a
general pathogenetic mechanism.

Interestingly, axoglial complexes contain autoantigens that are targeted by the immune
system in MS, chronic inflammatory demyelinating neuropathy and Guillan–Barré
syndrome. Autoantibodies against neurofascin 186, gliomedin95 and GM1100 (all nodal
components), as well as neurofascin 155101 (a paranodal component) have been detected in
patients or animal models , and in some cases shown to be pathogenetic. Human
autoantibodies against both axonal and glial neurofascins directly inhibited axonal
conduction when applied to rodent tissue slices.101 Moreover, when transferred together
with pathogenetic T-cells, these autoantibodies exacerbated the severity of EAE in rats in a
complement-dependent manner.101 Similarly, anti–GM1 antibodies bound complement
proteins and disrupted Nav channel clusters in rabbit nerves.100 Thus, therapeutic strategies
aimed at limiting attacks on the axoglial apparatus or promoting its reformation could
protect the role of this apparatus in myelination and impulse conduction.

Extracellular modulators
In addition to molecules in the axolemma, secreted extracellular molecules modulate
myelination, either independently or in concert with NRGs or other axonal signals (Box 3).6,
13 The accessibility of these extracellular molecules and their potential role in promoting
myelination make them appealing therapeutic targets in myelin diseases. Interesting
examples of such molecules are laminins, semaphorins and netrins—all secreted molecules
involved in axonal guidance during development.

Laminins
Seminal work from the Bunge laboratory showed that high concentrations of laminin could
induce myelination in Schwann cell–neuron cultures in the absence of the myelination–
promoting factor ascorbate.102, 103 Integrin and dystroglycan receptors mediate the effects
of laminin on the survival and differentiation of oligodendrocytes and Schwann cells.104-106.
In both cell types, laminin might cooperate with axonal NRG1 to promote survival and
differentiation. Adhesion of integrin α6β1 to laminin effectively switches the response of
oligodendrocytes to NRG1 from promoting proliferation to promoting differentiation, and
allows survival only in those cells in which differentiation is induced 106, 107. In Schwann
cells, the absence of laminin impairs the phosphorylation of ErbB2 and the activation of
Akt-1 , normally associated with differentiation 104, 105.

Taveggia et al. Page 7

Nat Rev Neurol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Whether the cooperation in survival and differentiation described between laminin receptors
and NRG1 extends to myelination is still unclear. In the CNS, laminin and integrin β1 have
been shown to activate the pro-myelinating signals Akt-1,38 Fyn108-110 and p38 MAP
kinase,111 while a laminin deficiency in dystrophic mice caused regional hypomyelination.
38, 109 Whether integrin β1 mediates these effects is controversial, as expression of a
dominant-negative integrin β1 in mice delayed the myelination of small-caliber axons,112

but oligodendrocytes lacking integrin β1 have been reported to either cause
hypomyelination,113 or myelinate and remyelinate normally.114 In the PNS, myelin
thickness is not obviously reduced in laminin-deficient dystrophic mice, nor in the absence
of the laminin receptors dystroglycan or integrin α6β4.115-117 The absence of integrin β1
arrests development before myelin formation, precluding its analysis.118

Interestingly, laminin receptors might also protect against demyelination, as acute
demyelination has been described in mice lacking both integrin α6β4 and dystroglycan in
Schwann cells.117

Semaphorins
Factors other than laminins promote glial recruitment and differentiation, and might be
modulated to improve remyelination.13 Among these factors are secreted semaphorins,
whose co-receptors are present on myelinating glia.119, 120 Semaphorins 3A and 3F have
been found around active, but not chronic, demyelinated plaques in both patients with MS
and mouse models of this disease. These observations led Lubetzki and colleagues to
suggest that semaphorins might have a role in remyelination.121 Myelinating
oligodendrocytes also express semaphorin 4D after injury,122 which limits oligodendrocyte
number123 and promotes process collapse.124 Finally, in Neurofibromatosis 1, loss of
semaphorin 4F in Schwann cells impairs axon–glia communication, and restoring
semaphorin 4F expression normalizes this interaction in vitro; thus, suggesting a means of
reducing neurofibroma formation and promoting myelination.125

Netrins
The netrins are a recently described family of factors present on myelinated axons. Netrin-1
and its receptor, DCC (deleted in colorectal cancer), are present on axons and myelinating
oligodendroglia, respectively,119, 126 and might be involved in glial recruitment and
myelination.119, 127 The absence of Dcc and Netrin in mice did not preclude myelination,
but caused disruption of paranodal junctions.128 Since these junctions are disrupted early in
demyelinating diseases, activation of netrin-1 could be protective.

Evidence exists for functional or physical interactions between laminins, semaphorins and
netrins.129 Thus, these molecules might represent common pharmacological targets for
combined therapies that aim to promote both remyelination and axonal regeneration.

Orphan receptors and signals
A few molecules have been shown to modulate myelination and probably mediate axon glia
interactions, but their relationship to established ligands, receptors or signaling pathways is
unclear.

Serum response factor
In the nervous system, serum response factor (SRF)—an immediate early gene response
transcription factor—is important for axonal pathfinding130 and NGF-dependent
innervation of sensory neurons.131 Surprisingly, ablation of SRF exclusively in neurons of
mice led to hypomyelination (primarily around large caliber axons), impairment of
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oligodendroglial development and an increase in astrocyte numbers.132 The lack of SRF
augments the release of secreted connective tissue growth factor, which associates with the
extracellular matrix and, perhaps through sequestration of IGF-1, inhibits oligodendrocyte
differentiation and myelination 132.

G protein-coupled receptor 126
Talbot and colleagues have shown, by way of genetic screening, that G protein-coupled
receptor (Gpr) 126 is required for peripheral myelination in zebrafish133. In this study, these
researchers found evidence that Gpr126 acts in Schwann cells to increase cylic AMP,
activate the zebrafish homologue of EGR2 and promote myelination. The ligand for Gpr126
has not yet been identified, and the downstream effects of activating Gpr126 in the CNS
remain to be described, although the mammalian homologue of this receptor is under study
in mice.

Wnt signaling
In both the CNS and PNS, glial cells must exit from the cell cycle in order to differentiate
and initiate the myelination program. This transition is regulated at the transcriptional level,
65, 68 and, at least in the CNS, requires histone deacetylation,134 which inhibits the Wnt
signaling pathway in part.135 One of the molecules implicated in controlling the exit from
the cell cycle is the transcription factor YY1 (yin and yang 1).136 This is a highly conserved
nuclear protein that can act either as a repressor or activator.137 Conditional ablation of Yy1
in oligodendrocytes in mice led to impairment of myelination, particularly in the spinal cord.
This phenotype was accompanied, at the molecular level, by an arrest of differentiation, with
OPCs blocked after exit from the cell cycle. This block was probably the result of a loss of
recruitment of YY1 and repressive HDACs to the promoters of transcriptional inhibitors
such as TCF4 (transcription factor 4) and ID4.136 The consequence is uncontrolled
inhibition of terminal differention of OPCs.

This idea was further supported by the observations that the Wnt–catenin β1 signaling
pathway was shown to be active in oligodendroglia surrounding MS lesions, and that
dysregulation of these signals in OPCs delayed myelination and remyelination.138, 139

Surprisingly, Tcf4-null mice, which might have been predicted to show derepression from
Wnt signaling and premature myelination, actually showed a reduction rather than an
increase in expression of oligodendrocyte terminal differentation genes. Myelination could
not be directly assessed in this study as Tcf4-null mice die perinatally.140 Ablation of the
genes encoding components of the Wnt–catenin β1–TCF4 signaling pathway in
oligodendrocytes during myelination will be required to fully understand the role of this
pathway in this process and its therapeutic potential.

G-protein coupled receptor 17
Activation of GPR17, a P2Y purinergic GPR, provides further inhibitory regulation of
myelination. Mice with loss-of-function mutations in Gpr17 showed premature myelination,
whereas overexpression of this gene in mouse brain or cultured OPCs inhibited the
maturation of OPCs to myelinating oligodendrocytes, at least in part by increasing ID2 and
ID4 expression in the nuclei of OPCs.141 Interestingly, pharmacological activation of
GPR17 augmented maturation and MBP expression in cultured OPCs.142 Contrasting results
notwithstanding, these data suggest that GPR17 might participate in the purinergic-regulated
timing of oligodendroglial differentiation, which was previously postulated by Fields and
colleagues 23 to couple electrical activity to the onset of myelination. Furthermore, GPR17
is upregulated in demyelinating lesions in EAE and MS, making this receptor another
candidate target for derepression of OPC differentiation in MS.
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Does myelination model remyelination?
Many signaling molecules have been characterized in myelin formation during
development; however, only a few of these have been evaluated in the context of
remyelination. Thus, it is too early to judge whether a molecule's function in development
predicts its utility in myelin repair. In some cases, the effect was not found, or paradoxically
was opposite of that expected. As Franklin and ffrench-Constant have reviewed,13 these
findings might suggest that the intrinsic mechanisms underlying myelin formation in
development and after damage differ. Alternatively, the contrasting effects of the signaling
molecules might stem from the specific inhibitory effects of the demyelinating environment
(for example, inflammatory cytokines), which are not present during development.
Moreover, such effects might be explained by making comparisons between diverse
processes in myelination and remyelination (for example, comparison of the effects on
migration in development with effects on differentiation in demyelination) or, more simply,
experimental issues (for example, genetic ablation of one gene might induce compensatory
expression of other genes).

One example of a molecule that behaves differently in development and remyelination is
Olig1 (oligodendrocyte transcription factor 1), which is a transcription factor that is
important for the production and differentiation of OPCs, as well as myelination. Studies in
Olig1-null mice suggested that Olig1 is much less important in developing oligodendrocytes
than in remyelinating oligodendrocytes.143 Xin and colleagues, however, found that Olig1
was crucial for normal oligodendrocyte development and myelination.144 This discrepancy
is probably a consequence of different gene targeting strategies. In the first study 143, the
strategy that was used might have activated transcription from the nearby Olig2 gene, which
encodes another transcription factor that is essential for oligodendrocyte development and
myelination.144 Thus, multiple strategies to assess function, as well as tests in various
models of demyelination will be required to validate putative potentiators of myelin repair.
145

Preclinical and clinical trials
Two types of therapeutic strategies related to myelination signals have been proposed. The
first involves reducing the interference to myelination signals. As noted above, interference
of such signals is posited to occur at all levels of signaling pathways, ranging from
extracellular ligand–receptor interactions101, 146 to transcription.6 Genetic proof of principle
experiments are underway in mouse models of hereditary neuropathies to limit expression of
‘dedifferentiation’ genes such as cJun or Sox2 in Schwann cells; no results have been
published thus far.

The second approach is to restore or augment normal myelination signaling during
remyelination. The first preclinical and clinical trials along these lines have appeared in the
last 6 years. For example, 70% of hereditary demyelinating neuropathies are caused by
overexpression of peripheral myelin protein 22 (PMP22) in Charcot-Marie-Tooth disease
type 1A [CMT1A]. Therefore, reducing myelination signaling in order to normalize PMP22
expression might be of therapeutic benefit. Preclinical trials of ascorbic acid, which might
lower levels of cAMP,147, 148 and the progesterone inhibitor onapristone149, 150 have
demonstrated that, in principle, the reduction of PMP22 levels improves myelination in
animal models of CMT1A. As a result, several clinical trials with ascorbic acid in patients
with CMT1A are underway151-153 and a search is ongoing for less toxic progesterone
inhibitors than onapristone.154 Thyroid hormone T4 promotes oligodendrocyte
differentiation and myelination in development, and has been shown to promote myelin
repair in a preclinical trial in acute EAE.155 IGF-1 also augments myelination in the CNS,59
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and a phase II pilot study of the tolerability and efficacy of subcutaneously administered
recombinant human IGF-1 (CEP-151) in patients with MS has been completed, although no
results have been reported yet.

Conclusions
Continuous reciprocal dialogue between axons and myelinating glia is important during
development and maintenance of the myelin sheath. Various types of molecules, acting at
diverse regulatory levels, mediate these events. Some of these signaling molecules normally
promote myelination, and might be perturbed in myelin diseases, whereas others normally
inhibit myelination and can be inappropriately active in such disorders. On the basis of these
signals, several therapies are being examined in preclinical trials, with the first clinical trials
now underway.

The search for signaling molecules that promote remyelination holds promise for eventually
developing combinatorial therapies, including existing anti-inflammatory interventions, for
demyelinating diseases. Future research into the development of such treatments will need to
address two additional issues. First, for the various diseases of myelin, the initial site of
damage (glia or axons) needs to be resolved, as this location might have consequences for
where the drug is delivered. Indeed, the cell bodies of neurons and glia that form one
myelin–axon unit sometimes reside in different parts of the nervous system (e.g. Schwann
cells in peripheral nerve versus motor neurons in the spinal cord), which are characterized
by differing pharmacological barriers. Second, as evidence mounts for the important role of
axonal injury in disability, signals originating in glia that mediate axonal support need to be
identified and characterized. Surprisingly little is known about these signals currently (Box
4).

Box 1 | Myelin formation in mammals

Rodents

• Before birth, oligodendroglial precursors emerge from the ventral and dorsal
neural tube and migrate throughout the forming brain and spinal cord.

• Perinatally, these cells differentiate and mostly after birth, myelinate segments
of multiple axons.158

• Before birth, Schwann cell precursors arise from the neural crest and migrate out
with extending neurites in forming embryonic peripheral nerves.

• Perinatally, immature Schwann cells differentiate, and mostly after birth,
Schwann cells begin to form myelin, but unlike oligodendrocytes only
myelinate a single segment of one axon.5

Human

• Before birth, oligodendroglial and Schwann cell precursors follow a similar
developmental pattern as observed in rodents.

• Perinatally, myelination has already begun in both the PNS (spinal roots) and
CNS (primarily in spinal cord, brainstem and cerebellum, but sparsely above the
subcortical nuclei) 159, but myelin formation is significantly more protracted in
human than in rodents, extending over the first several years of life.

Box 2 | Axonal signals to glia

Neuregulins and ErbBs
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• are key regulators of Schwann cell development and myelination 26, 160

• Secretases proteolytically cleave neuregulins on axons to regulate their levels
51-53

Notch-1

• In the PNS, promotes Schwann cell maturation, but inhibits myelination71

• In the CNS, Notch-1 inhibits oligodendroglial maturation, as well as
myelination83-86

Neurotrophins

See 161 for an overview of the role of neurotrophins in myelination

• BDNF binds to glial p75NTR and promotes myelination78

• After myelination, BDNF binds to truncated TrkB molecules on Schwann cells
to limit myelination162

• In vitro, neurotrophin 3 promotes Schwann cell migration but inhibits
myelination. Ntf3-null mice are hypomyelinated163

• BDNF binds to full length TrkB molecules on oligodendrocytes and promotes
differentiation.

• Neurotrophin 3, like platelet-derived growth factor, promotes oligodendrocyte
migration, proliferation, survival and differentiation

Neural cell adhesion molecule

• might function in neurite outgrowth, cell adhesion and maintenance of axon–
glial interactions in the CNS and PNS2, 164

Nectin-like proteins

• mediate axon–glia interaction and promote PNS myelination75, 76

PSA-NCAM

• PSA-NCAM inhibits CNS myelination165

• PSA-NCAM is expressed by reactive astrocytes in MS plaques and is present on
demyelinated, but not newly remyelinated, axons164

ATP purinergic signaling

• Adenosine binds glial purinergic receptors and promotes oligodendroglial
differentiation 23

• Electrically active neurons (axons) release ATP, which stimulates the
production and release of leukemia inhibitory factor from astrocytes, thereby
augmenting myelination by oligodendrocytes166.

• ATP binds glial P2Y receptors and inhibits Schwann cell proliferation and
differentiation 167

• Adenosine also binds A2A receptor, which inhibits Schwann cell proliferation
but not myelination 168

Neurofascin 186 and contactin-associated protein

Axonal components of the nodes of Ranvier and paranodes could be targets of
autoantibodies in MS patients1, 97
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Abbreviations: BDNF, brain-derived neurotrophic factor; PSA-NCAM, polysialic acid
neural cell adhesion molecule; Trk, tropomyosin receptor kinase

Box 3 | Non-axonal membrane signals to glia

Laminins, integrins and dystroglycan

• Components of the extracellular matrix (laminins) and their receptors (integrins
and dystroglycan) are required in Schwann cells for radial sorting and
ensheathment of axons, and myelination 169.

Insulin-like growth factor 1

• Insulin-like growth factor 1 promotes oligodendrocyte differentiation and
survival, as well as myelin integrity and function59

• Administration of exogenous recombinant human insulin-like growth factor 1 to
rats with experimental autoimmune encephalomyelitis closed the disrupted
blood–brain barrier, reduced the number and severity of demyelinating lesions,
and improved neurological function170

Progesterone

• Progesterone promotes myelin gene expression by Schwann cells and
myelination in peripheral nerves149

• In the CNS, a short treatment with progesterone, following rat spinal cord
injury, promotes oligodendrocyte proliferation and differentiation171

Thyroid hormone

• As for platelet-derived growth factor, thyroid hormone is an instructive signal
for oligodendrocyte development and maturation172

• Administration of thyroxine (T4) in animal models of demyelination and
remyelination, such as experimental autoimmune encephalomyelitis or in
cuprizone treated animals, has proven beneficial for remyelination155, 173

Semaphorins

• In the PNS, semaphorin 4F is required for correct axon–glial communication 125

• In the CNS in MS, semaphorins3A and 3F are upregulated, and modulate
oligodendrocyte recruitment and differentiation 121.

Netrins

• Netrins are secreted molecules that are important for axonal pathfinding

• In the CNS, the netrin receptor DCC promotes membrane extension127

Box 4 | Glial signals to axons

Neurotrophins

Glia release neurotrophins to axons, which in response modulate myelination161

• In the PNS, brain-derived neutrophic factor is bound to axonal p75NTR and
promotes myelination; however, this neutrophic factor, when bound to full
length TrkB, inhibits myelination

• Nerve growth factor binds TrkA on axons and promotes myelination in the PNS
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• Glial cell-derived neurotrophic factor probably binds Ret on axons, and
promotes myelination of nociceptive neurons in the PNS

• In the CNS, nerve growth factor binds TrkA on axons and inhibits myelination

Merlin

• Merlin is encoded by the tumor suppressor gene NF2 (implicated in
neurofibromatosis type 2 tumors) and is important for the formation of axon–
glial junctions174

Lgi4

• Lgi4 is an orphan molecule secreted by Schwann cells that regulates PNS
myelination, perhaps through effects on axons48

Myelin-associated glycoprotein

• Myelin-associated glycoprotein is located on the membrane of glial cells facing
axons

• The absence of myelin-associated glycoprotein promotes axonal degeneration2

Erytropoietin

• Erytropoietin is released by Schwann cells after injury and reduces axonal
degeneration175

Sirtuin2

• Sirtuin 2 in oligodendrocytes is a putative mediator of axonal degeneration in
spastic paraplegia 2 due to mutations in proteolipid protein

• lack of proteolipid protein is associated with absence of sirtuin 2 from CNS
myelin 176

Fibroblast growth factor receptors

• Fibroblast growth factor receptor activation prevents degeneration of
unmyelinated sensory axons in the PNS and CNS177

Gliomedin and neurofascin 155

• Gliomedin and neurofascin 155 are glial components of the node of Ranvier and
paranodal axoglial junctions1

• Alteration of gliomedin and neurofascin 155 clusters precedes demyelination in
experimental allergic neuritis1, 95

Abbreviation: Trk, tropomyosin receptor kinase.
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Figure 1.
The myelin–axon unit. The development and maintenance of the myelin–axon unit, here
illustrated in the PNS, is dependent on reciprocal signaling between glia and axons. a |
Schwann cells sit at the edge of a bundle of axons in prenatal nerves and provide trophic
support to neurons (1). In turn, axons and other sources (for example, extracellular matrix)
transmit signals that promote the survival and differentiation of glia, as well as myelination
(2). b | Eventually, Schwann cells myelinate a segment of one axon. Once the myelin–axon
has formed, glia transmit signals that promote axonal health (3), while signals originating
from the axon and extracellular matrix promote myelin maintenance (4). Reprinted from
Neuron, 40, Salzer, J. L., Polarized domains of myelinated axons, 297–318 © 2003, with
permission from Elsevier.
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Figure 2.
Axon to glia signaling pathways in myelination. Schematic representation of the main
signaling pathways that regulate the onset of myelination during CNS development. The
figure depicts an oligodendrocyte just before wrapping. The pathways shown are not
comprehensive, but focus on signaling that converges on the glial cell nucleus. Regulatory
feedback loops are not displayed. For some molecules, the localization shown is putative.
Note that, as oligodendrocytes must integrate signals from multiple axons, with different
caliber and electrical activity, a layer of local peri-axonal regulation is likely to be
superimposed on nuclear regulation of myelination. Dashed lines indicate signals with
uncertain targets. Abbreviations: Nrg: Neuregulin; EGF: Epidermal Growth Factor; IGF1:
Insulin-like Growth Factor 1; Sema: Semaphorin; Fyn: Fyn kinase; GPR17: G protein-
coupled receptor 17; P2: Purinergic Receptors 2; NICD: Notch-1 intracellular domain:
PI3K: phosphatidylinositol-3 kinase; Akt: serine/threonine-specific protein kinaseAkt/PKB;
mTOR: mammalian target of rapamycin (mTOR) signaling complexes; HDAC: Histone
deacetylase; YY1: YIN-YANG-1; Sox: SRY-box containing transcription factor; Zfp: zinc
finger protein; MRF: Myelin gene regulatory factor; Tcf: T-cell factor 4 transcription factor;
Hes: hairy and enhancer of split 5 transcription factor; Id: Inhibitor of differentiation
transcription factor; β-cat: β-catenin; Wnt: Wingle wingless-related mouse mammary tumor
virus integration site protein.
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Figure 3.
Axon to glia signaling in myelination. Schematic representation of the main pathways that
regulate myelination during PNS development. The figure depicts a promyelinating
Schwann cell. The pathways shown are not comprehensive, but focus on signaling that
converges on the nucleus. Regulatory feedback loops are not displayed. For some molecules,
the localization shown is putative. Dashed lines indicate signals with uncertain targets.
NFkB (nuclear factor κB); Pou (Pituitary Octamer Unc-86) 3F1, also known as Tst-1/Oct6/
SCIP, Egr (Early growth response) 2, also known as Krox-20; Sox ( SRY-box containing)
10 and SREBP (Sterol Regulatory Element Binding Protein) are transcription factors that
activate PNS myelination68, 156. Mutations in these genes are associated with CMT
neuropathies9, Waardenburg-Hirschsprung disease and central dysmyelination65, 157. Sox
(SRY-box containing) 2 and 4, Id (Inhibitor of differentiation)2, Pax3 and c-Jun-of the
activator protein 1 (AP-1 complex, are inhibitory transcription factors active before
myelination. Their inappropriate activation might be harmful in neuropathies6. Nrg:
Neuregulin; IGF1: Insulin-like Growth Factor 1; Cadm: cell adhesion molecules, also
known as IGSF4, SynCAM, Necl, TSLC; PAR: Partition defective 3; GPR: G protein-
coupled receptor; P2: Purinergic Receptors 2; NICD: Notch-1 intracellular domain: PI3K:
phosphatidylinositol-3 kinase; PLC γ: phospholipase γ; Sema: Semaphorin; NFAT c4:
Nuclear factor of activated T-cells, cytoplasmic 4.
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