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Abstract

In the peripheral nervous system, Schwann cells are glial cells that are in intimate contact with
axons throughout development. Schwann cells generate the insulating myelin sheath and provide
vital trophic support to the neurons that they ensheathe. Schwann cell precursors arise from neural
crest progenitor cells, and a highly ordered developmental sequence controls the progression of
these cells to become mature myelinating or non-myelinating Schwann cells. Here, we discuss
both seminal discoveries and recent advances in our understanding of the molecular mechanisms
that drive Schwann cell development and myelination with a focus on cell-cell and cell-matrix
signaling events.
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Neural Crest Cells — A Brief Introduction

During early vertebrate development, neural crest cells delaminate from the dorsal-most
region of the neural tube; these progenitor cells are migratory and proliferative, and they
disperse throughout the embryo to give rise to a remarkable variety of cell types including
cardiac cells, melanocytes, skeletal and connective tissue components of the head, and
neurons and glia of the peripheral nervous system (PNS). Induction of the neural crest from
ectoderm requires bone morphogenetic protein (BMP), fibroblast growth factor (FGF), and
Whnt signaling pathways. This induction and the gene regulatory network that controls
subsequent steps of neural crest development are reviewed elsewhere (e.g., (Sauka-Spengler
and Bronner-Fraser 2008; Stuhlmiller and Garcia-Castro 2012)).

Upon delamination from the dorsal neural tube, neural crest cell migration is directed by
both instructive (e.g., receptor tyrosine kinase signaling) and permissive (e.g. extracellular
matrix (ECM) components) cues (reviewed in (Theveneau and Mayor 2012)). Neural crest
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cells can be classified according to the region of the neural tube along the anterior-posterior
axis from which they delaminate: cranial, cardiac, vagal, trunk, and sacral, and this regional
origin greatly impacts subsequent development. For example, both cranial and trunk neural
crest cells can form pigment cells, glial cells, and peripheral neurons, but only cranial neural
crest cells can form bone and cartilage. Moreover, when trunk neural crest cells are
transplanted into the head region, they follow cranial crest migratory routes but do not
generate cranial crest derivatives. In contrast, transplanted cranial neural crest cells migrate
and differentiate similarly to trunk neural crest. It is thought that the ability to form bone is
an ancient property of neural crest cells, which has been lost during the course of evolution
in trunk and other non-cranial neural crest cells (Smith and Hall 1993).

Importantly for the purposes of this review, the majority of neural crest-derived cells in the
PNS, including Schwann cells (SCs), develop from trunk neural crest. Trunk neural crest
cells migrate along two developmentally distinct pathways: (1) a ventral pathway, which
occurs first, in which neural crest cells travel ventrally through the anterior sclerotome; and
(2) a dorsolateral pathway between the dermis and the epidermis. SCs derive from ventrally
migrating neural crest cells, as do sympathetic neurons, sensory dorsal root ganglia (DRG)
neurons, and other glia associated with these neurons (Le Douarin and Teillet 1974; Weston
1963).

The multipotency vs. fate restriction of migrating neural crest cells is an area of active
research. Some studies support the notion that neural crest cells are highly plastic during
migration. Marker analyses indicate that there is little heterogeneity before delamination and
during the earliest migratory stages (Prendergast and Raible 2014) and some lineage tracing
studies in chick embryos show that a single neural crest cell can give rise to many cell types
(Bronner-Fraser and Fraser 1988; Frank and Sanes 1991). A very recent fate mapping study
demonstrated that most neural crest cells are multipotent in vivo in mouse (Baggiolini et al.
2015). Conversely, other lineage tracing studies in zebrafish and chick suggest that fate
restriction occurs early, even before migration has commenced (reviewed in (Prendergast
and Raible 2014)). Current models incorporating all data posit that an original multipotent
neural crest cell divides and progressively defines its developmental potential. However,
individual neural crest cells can differ greatly in their developmental potential and
commitments, and these fates may be specified prior to delamination and migration, or these
fates may be influenced by the migratory pathway and final location that a given neural crest
cell experienced. For further reading, we suggest several excellent reviews and primary
research articles (e.g., (Baggiolini et al. 2015; Hall 2000; Le Douarin 1980; Newbern 2015;
Prendergast and Raible 2014; Rogers et al. 2013)).

While most SCs arise from neural crest-derived SC precursors (SCPs; discussed in more
detail below), it is important to note that some SCs arise from neural crest-derived boundary
cap cells. Boundary cap cells are a transient population of progenitor cells located at
embryonic motor exit points and dorsal root entry zones that give rise to SCs of the dorsal
and ventral roots (Maro et al. 2004). These progenitor cells form an essential barrier
between the PNS and the central nervous system (CNS) such that loss of boundary cap cells
results in mislocalization of oligodendrocytes and motor neurons in the PNS (reviewed in
(Newbern 2015)). Boundary cap cells can be distinguished molecularly from neural crest
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cells and SCPs by several markers including the Wnt inhibitory factor-1 gene (Wif1), L20,
which encodes a protein of unknown function, and early expression of the transcription
factor Krox-20 (Egr2) (Coulpier et al. 2009). Although boundary cap cells are relatively
understudied, in the future, it will be interesting to compare differences in the development
and biology between boundary cap cells present in the dorsal and ventral roots as well as to
determine how mature SCs derived from boundary cap cells vary in development and/or in
injury response compared to non-boundary cap-derived SCs.

Establishment of the Schwann Cell Lineage from Neural Crest Cells

Although the molecular mechanisms that govern the development of SCPs from neural crest
cells are incompletely understood, some key players are known. Sox10, a basic helix-loop-
helix (bHLH) transcription factor, is expressed in neural crest cells; Sox10 expression
persists in PNS glia and melanocytes, but is downregulated in neurons and other crest
derivatives (Kuhlbrodt et al. 1998; Woodhoo and Sommer 2008). Sox10 mutant mice and
zebrafish lack peripheral glia (Britsch et al. 2001; Kelsh and Eisen 2000); however, while
Sox10 is necessary for SC specification, it is not sufficient. Seminal clonal analysis studies
of rat neural crest showed that Neuregulin-1 (NRG1) suppresses neuronal differentiation and
promotes glial specification (Shah et al. 1994). More recently, Jacob and colleagues
demonstrated that the histone deacetylases 1 and 2 (HDAC1/2) induce expression of Pax3, a
paired box family transcription factor known to be important for SC differentiation and
proliferation (Blanchard et al. 1996; Doddrell et al. 2012; Kioussi et al. 1995). Pax3 in turn
is required to maintain high levels of Sox10 in SC lineage cells and to induce expression of
the key SC lineage genes, Fatty acid binding protein 7 (Fabp7) and Myelin protein zero
(PO) (Jacob et al. 2014).

Schwann Cell Precursors and the Transition to Immature Schwann cells

SCPs, like neural crest cells, are migratory and proliferative. SCPs comigrate with axons in
the developing PNS and they are dependent upon axonal signals for survival (Dong et al.
1995). Recent data demonstrates that cranial SCPs can also give rise to parasympathetic
ganglia (Dyachuk et al. 2014; Espinosa-Medina et al. 2014), although we focus on the
transition from SCP to immature SC for the purposes of this review. To this end, NRG1 is
an essential regulator of SCP development. NRG1 binds ErbB2/3, an obligate heteromeric
receptor tyrosine kinase pair, on SCPs to activate key downstream signal transduction
cascades. NRG1 activation of ErbB2/3 is essential for both SCP proliferation and directed
migration. The NRG1-ErbB2/3 signaling axis in SCPs has been recently and extensively
reviewed elsewhere (e.g., (Newbern and Birchmeier 2010; Raphael and Talbot 2011)).

In time, SCPs cease migration and develop into immature SCs. Although the molecular
mechanisms that govern this transition are incompletely understood, Notch signaling is one
mediator of the SCP to immature SC transition. Loss of Notchl activity or of the
downstream transcriptional activator RBP-J (Recombining binding protein suppressor of
hairless) in SCPs decreases SCP proliferation and inhibited immature SC formation, while
overactivation of the pathway increases SCP proliferation and immature SC number
(Woodhoo et al. 2009).
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Immature SCs populate axons that are still projecting to their innervating target and acquire
a set of properties that clearly distinguish them from SCPs. They cease migrating, they
become dependent on autocrine, not axonal, factors to survive, and they deposit an
organized a basal lamina. We refer the reader to the seminal review by Jessen and Mirsky
for more details on these properties (Jessen and Mirsky 2005).

Biology of Immature Schwann cells

Functionally, immature SCs contribute to nerve morphogenesis by accomplishing two
important steps: (1) in a process called radial sorting, they separate axons destined to
become myelinated from those that will remain in non-myelinated Remak bundles; and (2)
they signal to perineurial cells and other nerve components to promote their differentiation.
These morphogenic events contribute to build the mature final nerve architecture that
consists of myelinated fibers and Remak bundles properly surrounded by extracellular
matrix and blood vessels.

Communication between immature SCs and other cellular components in nerves

During early development, SCPs and axons are the only cellular constituents of future
peripheral nerves. When immature SCs are generated, they signal to surrounding
mesenchymal cells to promote their differentiation into arterial and perineurial cells, and
their organization into arteries and the perineurial/epineurial sheaths that surround mature
nerves, respectively (Mukouyama et al. 2005; Parmantier et al. 1999). To promote arterial
differentiation, SCs secrete VEGF, which interacts with neuropilin 1 on endothelial cells
(Mukouyama et al. 2005), while to promote perineurial differentiation, SCs secrete Desert
hedgehog (Dhh) that signals via patched receptors on mesenchymal cells (Parmantier et al.
1999). DHH mutations in mice and humans cause a peripheral neuropathy (OMIM #607080)
with aberrant perineurial formation and increased nerve permeability, microfasciculation,
and eventually axonal degeneration (Sharghi-Namini et al. 2006; Umehara et al. 2000).
Immature SCs also likely communicate with endoneurial fibroblasts, another neural crest
derivative that might also originate from SCPs (Joseph et al. 2004). In vitro, fibroblasts
promote the deposition of basal lamina (Obremski et al. 1993), and after injury, fibroblasts
and SC communicate via ephrin-B/EphB2 signaling (Parrinello et al. 2010), suggesting that
similar communication may occur during development.

Radial sorting and the transition to promyelinating SC

Radial sorting of axons by SCs starts perinatally and continues until about post-natal day 10
in rodents; this event serves to separate large caliber axons destined to be myelinated away
from small caliber axons, which will ultimately reside in Remak bundles. SCs can myelinate
only one axon segment, and only after reaching a 1:1 relationship with the axon (now
termed a promyelinating SC) (Figure 1). In contrast, non—-myelin forming SCs termed
Remak SCs ensheathe several small axons without making myelin. Radial sorting enables
immature SCs to achieve the proper relationship with axons, which is required for further
differentiation. Our understanding of the events leading to radial sorting has been greatly
informed by electron microscopy reconstructions of serial sections by Henry deF Webster
(Webster et al. 1973), which showed that the process begins with immature SCs that
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infiltrate within the nerve, and subdivide axons into bundles surrounded by a “family” of 3—
8 SCs that deposit a common basal lamina.

Next, immature SCs send lamellipodia-like processes that interact with large caliber axons
and segregate them to the periphery of the bundle (Figure 1). At this stage, it is thought that
an immature SC divides, still within a common basal lamina, and a daughter SC remains
associated via a long axial process to one axon and then separates it from the bundle
(defasiculation), reconstituting its own basal lamina (Webster et al. 1973). Only at this point
can the promyelinating SC, surrounded by its own basal lamina, begin to myelinate. When
all of the large caliber axons have been separated, immature SC that embrace the remaining
small caliber axons differentiate into Remak SC. This occurs and the end of radial sorting,
starting around P15 in rodents.

Molecular control of radial sorting

Several steps must occur for proper radial sorting to be completed. Immature SCs must
deposit ECM components and organize them into a basal lamina. Next, they must establish
polarity between the basal lamina and axons, extend cytoplasmic processes to contact and
recognize axons, proliferate, defasciculate axons, and re-establish correct polarization and its
own basal lamina. Spontaneous and targeted mutants have revealed that many molecules
that operate in these fundamental cellular processes in other cells, when mutated impair or
arrest radial sorting in SCs. Hence, ECM components and components of signaling
pathways that govern polarity, the formation of polarized cellular protrusions, cytoskeletal
dynamics, and proliferation are all required in SCs for radial sorting of axons.

Deletion or inactivation of the ECM components Laminin 211, Laminin 411, or Collagen
XV or of their receptors Integrins a6p1, a7p1, and Dystroglycan, or of the Dystroglycan
glycosylation enzyme Fukutin all impair radial sorting (Berti et al. 2011; Feltri et al. 2002;
Occhi et al. 2005; Patton et al. 2008; Pellegatta et al. 2013; Rasi et al. 2010; Saito et al.
2007; Saito et al. 2003; Wallquist et al. 2005; Yang et al. 2005), probably due to defects in
basal lamina signaling to control SC proliferation, polarization, and formation of cellular
protrusion. In keeping with this idea, deletion of signaling molecules downstream of laminin
receptors causes similar defects, such as those seen in mutants with deletion of ILK, FAK,
the Rho GTPases Racl and Cdc42, Profilin, Merlin/Nf2, and N-WASp (Benninger et al.
2007; Grove et al. 2007; Guo et al. 2012; Guo et al. 2013b; Jin et al. 2011; Montani et al.
2014; Nodari et al. 2007; Novak et al. 2011; Pereira et al. 2009). These molecules likely are
required for SCs to regulate the actin cytoskeleton in order to generate cytoplasmic
protrusions and to interact with axons. Indeed, SC processes that ensheathe and subdivide
axons are often absent in many of these mutants (Benninger et al. 2007; Guo et al. 2012;
Guo et al. 2013b; Jin et al. 2011; Montani et al. 2014; Pereira et al. 2009). Cdc42 and other
Rho GTPases are also required for cell polarization, and although it has not been directly
proven, it is likely that laminin and axonal signaling together initiate SC polarization during
axonal sorting. In agreement with this idea, SC lineage deletion of Liver kinase B1 (Lkb1),
which regulates SC metabolism and polarity, causes a transient delay in radial sorting
(Beirowski et al. 2014; Shen et al. 2014), and it is likely that members of Par polarity
complexes will also be involved (Chan et al. 2006; Lewallen et al. 2011). In contrast to SC-
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derived signals, only a few axonal molecules that control radial sorting have been identified.
These include several Wnt and Respondins that are expressed on axons and may signal to
Schwann cells in a paracrine manner via p-catenin/Respondin, Lgr receptors, and Lrp/
Frizzled complexes on Schwann cells (Grigoryan et al. 2013; Lewallen et al. 2011).

The appropriate balance between proliferation and survival to control SC numbers is also
crucial to coordinate the segregation of axons with the generation of enough daughter SCs
that can ensheathe them. This must be followed by timely withdraw of SCs from the cell
cycle to promote the formation of a promyelinating SC and subsequent differentiation.
Proliferation and survival of SCs at the time of radial sorting is reduced in a number of
radial sorting mutants, including those due to the deletion of Fak and Cdc42 in SCs,
confirming the importance of generating enough SCs to engage in the proper relationship
with axons. It should be noted, however, that Schwann cell deletion of Notch results in
significant reduction in proliferation without modifying the rate by which axons are sorted
(Woodhoo et al. 2009). Moreover, FAK and Cdc42 mutant SCs have reduced contact with
axons, and thus reduced access to juxtacrine mitogenic and survival signals. Together, these
observations suggest that the reduced number of SCs in these mutants might be the
consequence, rather than the cause, of the radial sorting arrest.

On the other side of the coin, SCs must exit the cell cycle to complete radial sorting and
differentiate (reviewed in (Stevens and Fields 2002)), and inhibitors of proliferation are
equally important in the direct control of radial sorting. For example, SC deletion of nuclear
Jun activation domain-binding protein 1 (Jabl) impairs radial sorting by regulating the
levels of p27Kipl (Porrello et al. 2014), which in turn promotes SC exit from the cell cycle
and differentiation (Li et al. 2011). This transition is also controlled by levels of cAMP in
SCs (Morgan et al. 1991), and recent studies have revealed that deletion of the regulatory
subunit of PKA, which causes excessive PKA activation, arrests radial sorting, (Guo et al.
2013a). Similarly, GPR126 (ADGRGS6), an adhesion class G protein-coupled receptor
(GPCR) that binds collagen IV (Paavola et al. 2014) and Laminin 211 (Petersen et al. 2015)
is required for radial sorting (Mogha et al. 2013; Monk et al. 2011; Petersen et al. 2015).
Interestingly, this function appears to be at least in part distinct from a separate key role for
GPR126 in controlling SC cAMP levels (discussed below). Jab1 integrates signals from
laminin and ErbB2 in cancer cells (discussed in (Porrello et al. 2014)), suggesting that
Laminin 211/a6B1+a7B1 integrins and the GPR126/cAMP/PKA axis might converge with
signals from Neuregulins on Jab1/p27Kip1l to coordinate exit from the cell cycle during
radial sorting.

Nuclear, transcriptional, and epigenetic mechanisms also certainly operate during radial
sorting, because deletion of HDAC1 and HDAC?2 in SC delays radial sorting (Chen et al.
2011; Jacob et al. 2011). Furthermore, the signalosome component Jabl controls radial
sorting by entering the nucleus, where it binds p27Kip1 and favors its degradation (Porrello
et al. 2014; Tomoda et al. 1999). However, apart from these two examples of nuclear
control, little is known to date regarding transcription factors that control the gene
expression program required during radial sorting. Interestingly, deletion of Dicer in
Schwann cells delays radial sorting and arrests myelination, but the specific microRNAs
involved in these processes have not yet been identified (Pereira et al. 2010; Yun et al.
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2010). Some of the molecules discussed here and implicated in radial sorting are depicted in
Figure 2.

associated with impaired radial sorting

If SCs do not acquire the proper relationship with axons, they cannot differentiate into either
myelinating or non-myelinating SCs. Thus, radial sorting is a prerequisite for myelination
and for differentiation of Remak bundles, and when arrested in humans, can result in
dysmyelinating neuropathies. An example are the peripheral neuropathies due mutations in
the LAMAZ2 gene, which encodes the a2 chain of Laminin 211. Loss-of-function mutations
in LAMAZ cause Merosin-deficient Congenital Muscular Dystrophy (MDC1A, OMIM
#607855) and a dysmyelinating neuropathy in 80% of MDC1A patients (Mercuri et al.
1996; Quijano-Roy et al. 2004; Shorer et al. 1995). Similar defects are seen in spontaneous
mutations of Lama2 gene in other species, such as the dystrophic mouse mutants Dy/Dy and
Dy2Y2) (Biscoe et al. 1974; Bradley and Jenkison 1973). The neuropathy of dystrophic mice
was the first in which a radial sorting defect was described, and it began to focus attention
on this morphogenetic process. In the case of Laminin 211 deficiency, radial sorting defects
are characterized by the presence of groups of naked, unsorted axons, more severe in the
spinal roots and the proximal part of the peripheral nerves, (Stirling 1975). These axons are
myelinated mainly by boundary cap cell-derived SCs, which may have properties that make
them more vulnerable to Laminin 211 deficiency (Maro et al. 2004).

In pathological situations that lead to defects in radials sorting, such as the Lama mutations,
SC can begin to differentiate and even myelinate before reaching the promyelinating stage,
giving rise to “polyaxonal myelination”. This is a pathological abnormality in which smaller
bundles of multiple axons are wrapped by one SC that makes compact myelin around them.
This suggests that there are inhibitory factors that actively prevent premature myelination.
Certainly, we know that several signaling pathways in Schwann cells negatively regulate
radial sorting, such as excessive PKA (Guo et al. 2013a) or GSK3-beta (da Silva et al. 2014)
and ILK-RhoA-ROCK activation (Pereira et al. 2009). It is likely that these and/or other
signals modulate the threshold of the response of the SC to NRGL1 signaling, and this net
outcome determines the final ensheathment fate of axons. For a complete review on the
molecular control of radial sorting and associated pathologies, we refer the reader to: (Feltri
et al. 2015).

The Transition from Promyelinating Schwann Cell to Myelinating Schwann

Cell — Signals that Regulate Schwann Cell Myelination

Signaling Between Axons And Schwann Cells

Neuregulin 1 and secretases—Although it was well established that only axons above
a certain diameter are myelinated (Friede 1972), the identity of the molecule(s) regulating
such events and whether it was the axon dictating myelination or the SC, remained elusive
for decades.

In the mid 1970s, elegant cross-anastomosis studies demonstrated that neurons control
myelination. When myelinated axons were cross anastomosed into a non-myelinating

Glia. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Monk et al.

Page 8

environment, such as that of cervical ganglia, the axons became myelinated, indicating that
axonal molecule(s) were responsible for the acquisition of the myelinating phenotype by the
SC (Aguayo et al. 1976; Weinberg and Spencer 1975). Conditional ablation of ErbB2 in
myelinating SCs showed that the NRG1/ErbB signaling pathway is crucial for PNS
myelination (Garratt, et al., 2000). Among all the members of the NRG1 family of proteins
(Mei and Xiong 2008), axonal NRGL1 type Il is the molecule determining the myelinating
phenotype, although other molecules, like GPR126, Krox20 and Sox10, are also essential
for PNS myelination, as we will describe later. When overexpressed in vivo in transgenic
animals, NRG1 type 11 significantly increases the amount of myelin wrapping the axons,
without altering its periodicity (Michailov et al. 2004). In addition to controlling the amount
of myelin generated by a SC, NRG1 type I11 also determines the fate of SC differentiation.
When ectopically expressed in non-myelinating superior cervical ganglia neurons in vitro,
NRG1 type Il changes their phenotype from non-myelinating and barely ensheathed
(Obremski and Bunge 1995) to myelinated (Taveggia et al. 2005). These studies showed that
NRGL1 type Il is the main growth factor involved in SC myelination. In addition to its role
in promoting myelin formation, NRG1 type Il is also required for the formation of Remak
bundles (Fricker et al. 2009; Taveggia et al. 2005), indicating that NRG1 signaling is
required for the specification of both myelinating and non-myelinating SCs.

Interestingly, although peripheral neurons express other NRG1 isoforms, they cannot
substitute for NRG1 type I11 in PNS myelination (Taveggia et al. 2005). In mutants lacking
NRGL1 type I1l, SCs fail to migrate along neurites (Perlin et al. 2011; Wolpowitz et al. 2000),
similar to ErbB2/ErbB3 mutants (Lyons et al. 2005; Riethmacher et al. 1997; Woldeyesus et
al. 1999). Interestingly, in many of these models, the lack of SCs ultimately leads to cell
death only at selected locations, for example in cervical and lumbar neurons (Woldeyesus et
al. 1999), further underling the strict interconnection between these two cell types. The fact
that NRG1 signaling is conserved in zebrafish (Lyons et al. 2005; Perlin et al. 2011)
underscores the central role of this growth factor.

Although not much is known on the transcriptional regulation of NRG1 isoforms and in
particular of NRG1 type Il1, the activities of NRG1 protein are controlled by post-
translational modifications. Most notably, the extracellular domains of NRG1 proteins are
processed by a complex network of secretases. NRGL1 type Il is activated by specific
secretases that mediate extracellular cleavage, and this cleavage allows for subsequent
classically regulated intra-membrane proteolysis. Several studies have identified the 5
secretase BACE-1 as a positive activator of NRG1 activity in both the PNS and CNS (Hu et
al. 2006; Willem et al. 2006). BACE-1 modulation of myelination occurs via activation of
the PI-3 kinase pathway, a downstream effector of NRG1 type Il signaling (Taveggia et al.
2005). In addition, null BACE-1 transgenic mice do not fully remyelinate after an injury (Hu
et al. 2008; Hu et al. 2015). This is in line with recent reports showing that NRG1 type | and
type Il is also crucial in early phases of remyelination (Fricker et al. 2013; Stassart et al.
2013), although NRG1 is rate limiting but not essential for PNS remyelination (Fricker et al.
2013). In addition to BACE-1, proteins belonging to the a-secretase family can cleave the
extracellular region of NRGL1 type 111 (Freese et al. 2009; La Marca et al. 2011; Luo et al.
2011; Yokozeki et al. 2007). While BACE-1 cleavage of NRG1 promotes myelination, a-
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secretase protein processing of NRG1 can have different outcomes. ADAM 17 cleavage of
NRGL1 inhibits myelination, suggesting that BACE-1 and ADAM 17 might compete for
NRG1 cleavage and regulate the timing of myelination (La Marca et al. 2011). It has also
been proposed that dual cleavage of NRG1 by BACE-1 and ADAM 17 releases a domain
that activates ErbB receptors in vitro and which can suppress mutant bace-1 phenotypes in
zebrafish (Fleck et al. 2013), suggesting that juxtacrine continuous communication between
SCs and axons might not be necessary for myelination. Whether and how BACE-1 and
ADAM 17 control NRG1 type Il processing is still an open question. It is indeed not clear
if they are differentially expressed in development, with ADAM 17 cleavage of NRG1
occurring in the embryo and BACE-1 acting later in development (Willem et al. 2006), or if
the cleavages occur in different cellular organelles.

Other members of the ADAM secretase family also process NRG1 proteins. In particular,
ADAM 19 cleaves NRG1 type | (Yokozeki et al. 2007), ADAM 19 is upregulated upon
axonal injury, and accordingly, ADAM 19 null mice have delayed remyelination (Wakatsuki
et al. 2009). This is especially important in light of recent studies showing that SC-derived
NRGL1 type | promotes remyelination after injury (Stassart et al. 2013). In the future, it will
be interesting to determine whether ADAM 19 specifically cleaves NRG1 type I in SCs.
Finally, ADAM 10 also processes NRG1 type 11, although the functional significance of
this activity in peripheral nerve is not completely understood. Luo and colleagues implicated
ADAM 10 in modulating NRG1 activity in vitro (Luo et al. 2011); however, transgenic mice
overexpressing ADAM 10 or a dominant negative form of ADAM 10 myelinate normally in
development (Freese et al. 2009).

Following extracellular cleavage, NRGL1 type 111 undergoes an intra-membrane proteolysis
event regulated by the y-secretase complex. In the CNS, this cleavage promotes neuronal
survival (Bao et al. 2003). In the PNS, it induces the expression of the prostaglandin D2
synthase (L-PGDS) in neurons, an enzyme that catalyzes the production of the prostaglandin
PGD2. PGD2 then activates the GPCR GPR44, expressed on SCs, to promote myelination
(discussed in more detail below). Thus, this newly discovered pathway reinforces NRG1
forward signaling during development and possibly also participates in myelin maintenance
in adulthood (Trimarco et al. 2014).

ADAM 22 and Lgi4—The characterization of the genetic defect present in claw paw
spontaneous mouse mutant led to the identification of essential molecules involved in SC-
axon interactions and myelination. The claw paw phenotype is due to a mutation in the Lgi4
gene that prevents secretion of the protein and causes a severe PNS phenotype characterized
by impaired axonal sorting and hypomyelination (Bermingham et al. 2006). In normal
conditions, SCs secrete Lgi4, which binds to neuronal ADAM 22 (Nishino et al. 2010;
Ozkaynak et al. 2010). The importance of this signaling system is further underscored by the
fact that transgenic mice lacking ADAM 22 are hypomyelinated (Ozkaynak et al. 2010;
Sagane et al. 2005). Although SCs express another ligand for Lgi4, ADAM 23, it has been
recently shown that Lgi4 does not require ADAM 23 to drive PNS myelination (Kegel et al.
2014).
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Notch-1—In PNS myelination, Notch-1 is another critical component of the SC-axon
interaction network. While Notch-1 promotes SC maturation in development (discussed
above), at the onset of myelination, Notch-1 expression is downregulated in an RBP-J
independent manner by the transcription factor Krox-20, promoting myelination (Woodhoo
et al. 2009). Interestingly, enforced NICD (Notch intracellular domain) expression in nerves
promotes demyelination, suggesting that control of Notch-1 signaling is required to maintain
myelin integrity (Woodhoo et al. 2009).

Neurotrophins and their receptors—Neurotrophins and their cognate receptors have
been extensively investigated as potential source of signaling molecules in SC-axon
interactions (Rosenberg et al. 2006). These molecules can signal in both directions: from
axons to SCs and vice versa. Accordingly, two members of this family, brain derived
neurotrophic factor (BDNF) and Neurotrophin 3 (NT-3), can mediate trophic support
between SCs and axons (Rosenberg et al. 2006). In vitro studies have shown that axonal
BDNF binds to SC p75 neurotrophin receptor to promote early stages of myelination. At
later stages, however, BDNF inhibits myelination by binding to truncated tropomyosin
receptor kinase (Trk) B on SCs (Cosgaya et al. 2002). Whether the lack of expression of p75
NTR by myelinating SCs is implicated in this switch is still unknown. In vitro, the related
neurotrophin NT-3 promotes SC migration but inhibits myelination (Yamauchi et al. 2003).
In vivo, axons from NT-3 null mice are hypomyelinated, (Woolley et al. 2008). Whether the
hypomyelinating phenotype is due to a lack of SC recruitment, SC apoptosis, or the effects
of other cross-signaling mechanisms that modulate NT-3 activity in vivo is unknown. In
addition, SCs can release nerve growth factor (NGF), which promotes myelination in vitro
(Chan et al. 2004). Neurotrophins also modulate myelination of nociceptive neurons. In
particular, the glial-cell derived neurotrophic factor (GDNF) stimulates myelination,
probably by binding to Ret receptors (Hoke et al. 2003).

Nectin-like proteins—Other molecules implicated in SC-axon interactions are members
of the Nectin-like (Necl) family of proteins, also known as cell adhesion molecules
(CADM). Indeed, SC-derived Necl-1/Cadm 3 and axonal Necl-4/Cadm 4 regulate PNS
myelination in vitro (Maurel et al. 2007; Spiegel et al. 2007). Whether Necl proteins interact
with the Par polarity complex it is still debated. Transgenic mice lacking Necl-1/Cadm3,
Necl-2/Cadmi, or Necl-3/Cadm?2 show no developmental defects in the PNS, while Necl-4/
Cadmd4 mutants develop focal hypermyelination (Golan et al. 2013). Interestingly, loss of
Necl-1/Cadm3, Necl-2/Cadml, or Necl-3/Cadm2 does not enhance Necl-4/Cadnm4 mutant
phenotypes, but whether other Necl proteins or unrelated adhesion molecules can
compensate for the lack of Necls-1-3 is not known (Golan et al. 2013; Park et al. 2008;
Pellissier et al. 2007).

G protein-coupled receptors—GPCRs are a family of cell surface receptors that
integrate signaling from diverse stimuli including photons, ions, organic molecules, and
proteins. GPCRs are characterized by a conserved seven transmembrane (7TM) domain and
the ability to transduce signaling via heterotrimeric G proteins (Paavola and Hall 2012).

In the PNS, a small number of GPCRs has been thus far described to play an essential role in
SC development and myelination. Studies in zebrafish and mouse showed that the adhesion
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GPCR GPR126 is required for PNS myelination in a SC autonomous way (Mogha et al.
2013; Monk et al. 2009). Adhesion GPCRs possess a long N-terminal extracellular fragment
(NTF) in addition to the canonical 7TM. Although most adhesion GPCRs are orphan
receptors, those with known ligands generally bind ECM proteins, and a given adhesion
GPCR can have multiple endogenous binding partners (Langenhan et al. 2013; Liebscher et
al. 2013). GPR126 acts through the Gag subunit to increase cAMP levels, activate PKA, and
initiate myelination (Glenn and Talbot 2013a; Mogha et al. 2013). We will discuss the role
of cCAMP elevation in myelination below in a dedicated section. Very recently, it has been
shown that GPR126 contains an intramolecular agonist domain, the Stachel sequence, which
stimulates substantial Gag signaling and cAMP elevation in vitro and which is required for
SC myelination in zebrafish in vivo (Liebscher et al. 2014) (Figure 3). As noted previously,
loss of Gpr126 leads to radial sorting defects in addition to amyelination (Mogha et al. 2013;
Monk et al. 2011; Petersen et al. 2015), and interestingly, it was recently shown that the
function of GPR126 in radial sorting is mediated by the extracellular NTF domain, and not
the 7TM signaling domain (Petersen et al. 2015). Recent studies have identified collagen IV
as an activating ligand for GPR126 in vitro (Paavola et al. 2014); as a SC-secreted ECM
protein, collagen 1V likely functions in vivo to modulate GPR126 signaling and myelination.
Indeed, the importance of ECM proteins in activating this adhesion GPCR has been
confirmed in a separate study showing that Laminin 211 is an endogenous binding partner
for GPR126 that can modulate the availability of the Stachel sequence (Petersen et al. 2015).
In the future, it will be interesting to determine how GPR126 integrates signals from
collagen 1V, Laminin 211, and potentially other ECM molecules and their receptors, to
control distinct stages of SC development and myelination.

As noted above, another GPCR implicated in PNS myelination is GPR44. This GPCR is
expressed by SCs and is a receptor for the axonal prostaglandin PGD2. Unlike GPR126
which elevates cAMP and activates PKA (Glenn and Talbot 2013a; Mogha et al. 2013),
GPR44 promotes PNS myelination in vitro and in vivo most likely by activating the
transcription factor Nfatc4 downstream of NRG1 signaling (Trimarco et al. 2014) (Figure
3).

In addition, the LPA1 receptor, a class A GPCR, signals through Gai and Racl to promote
SC migration and axonal sorting (Anliker et al. 2013). Although to date, only a small
handful of GPCRs has been demonstrated to play roles in SC development and myelination,
it is interesting to note that on average, a cell expresses ~20 GPCRs (Atwood et al. 2011).
Therefore, future work will likely define other GPCRs with essential functions in SCs.
Moreover, GPCR effectors can modulate signals from other key pathways. For example, low
levels of cAMP favor NRG1-induced SC proliferation while high levels of cAMP promote
NRG-1 induced SC differentiation in vitro (Arthur-Farraj et al. 2011). Interestingly, a recent
model has emerged whereby Laminin 211/GPR126 interactions suppress cAMP
accumulation during radial sorting stages and promote cCAMP elevation at later stages
(Petersen et al. 2015). Thus, it will also be important to understand how GPCR effectors and
signaling pathways from many sources, discussed in more detail below, converge to control
proper SC development.
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Signaling pathways activated in Schwann cell myelination

The best studied signaling pathways involved in SC myelination are those activated
downstream of NRG1 type I1l. Nonetheless, several of these pathways are also commonly
activated by many of the molecules described above, suggesting that their activities could
converge to promote myelination. What follows is a brief description of the role of these
pathways in myelin formation, as comprehensive descriptions have been already reported in
previous reviews (Glenn and Talbot 2013b; Pereira et al. 2012; Taveggia et al. 2010).

PI-3 kinase/AKT/mTOR pathway—Induction of the P13-kinase pathway drives PDK1
phosphorylation of PtdIns (4,5) to Ptdins (3,4,5) and subsequent phosphorylation of AKT-1.
The opposite reaction is favored by myotubularin phosphatases MTMR2 and MTMR13,
which are required to limit myelination and are mutated in demyelinating Charcot-Marie-
Tooth disease (reviewed in (Hnia et al. 2012; Previtali et al. 2007)). It has recently been
proposed that the P13-kinase pathway activates two different responses in SCs. The first
depends upon NRGL1 type Il activation and induces myelination, whereas the second is
controlled by laminin and may negatively influence myelination (Heller et al. 2014).
Activation of PDK1 is counteracted by the action of PTEN. In agreement, conditional
ablation of PTEN in SCs increases AKT-1 phosphorylation and causes hypermyelination of
small fibers and aberrant myelination of large axons (Goebbels et al. 2010). Notably, these
defects are ameliorated by rapamycin treatment, an inhibitor of mMTORCL1, indicating that
mTORC1 acts downstream of PtdIns(3,4,5) (Goehbels et al. 2012). In agreement, mice
lacking mTORCL in SCs are hypomyelinated and SC longitudinal growth is delayed
(Sherman et al. 2012). Very recently, these results were confirmed by a study demonstrating
that only mTORC1, and not mMTORC?2, controls PNS myelination. Indeed, SC conditional
ablation of Raptor, a specific mMTORC1 adaptor, but not of the mTORC?2 adapter Rictor,
impairs PNS myelination and causes major sorting defects and abnormal Remak bundle
formation. It has also been proposed that Raptor acts by controlling RXR-y mediated
transcription of SREPB1c and therefore affects lipid metabolism independent from ErbB
receptor signaling (Norrmen et al. 2014).

MAPK pathway—While previous studies have implicated ERK signaling upon axonal
injury to initiate the SC injury response (Harrisingh et al. 2004; Napoli et al. 2012; Yang et
al. 2012), it is becoming increasingly evident that this pathway also actively participates in
developmental PNS myelination downstream of NRG1. Sustained in vivo activation of ERK
in myelinating SCs leads to hypermyelination (Ishii et al. 2013). Compellingly, SC-specific
ablation of ERK proteins prevents PNS myelination (Newbern et al. 2011). Further, MEK
dependent phosphorylation of the transcription factor YY1 is necessary for Krox-20
expression and myelination (He et al. 2010). In addition, conditional ablation of the tyrosine
phosphatase Shp2 in SCs leads to hypomyelination and is associated with reduced Erk1/2
phosphorylation (Grossmann et al. 2009). Finally, recent studies suggest that termination of
myelin growth can be overcome by sustained activation of the ERK signaling pathway, and
that constitutively active ERK can replace NRG1/ErbB signaling in myelination (Sheean et
al. 2014). This is in contrast to previous reports (see (Goebbels et al. 2010)), perhaps
reflecting the importance of levels and extent of activation of the PI-3 kinase and MAPK
pathways in myelination. How these differences are achieved is currently not known.
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CAMP signaling—An essential role for cAMP in PNS myelination was first hypothesized
when it was shown that increased levels of cCAMP in SCs induces the expression of myelin
transcription factors and lipid constituents and substitutes for axonal requirements (Lemke
and Chao 1988; Mokuno et al. 1988; Monje et al. 2009; Monuki et al. 1989; Parkinson et al.
2003; Scherer et al. 1994; Sobue and Pleasure 1984). Notably, cCAMP elevation also
represses the expression of proteins involved in maintaining SCs in an immature state
(Monije et al. 2009; Morgan et al. 1991). As discussed above, GPR126 is currently
considered to be the main receptor that activates adenylate cyclase to generate cCAMP in
SCs. cAMP then phosphorylates PKA, which in turn likely activates the cAMP-response
element binding protein (CREB) pathway and phosphorylates NFKB (Meijer 2009).
Ultimately, major downstream effectors of cCAMP in SCs are Oct-6 (Pou3fl) and Krox-20,
key transcription factors for PNS myelination (Bermingham et al. 1996; Jaegle et al. 1996;
Monuki et al. 1989; Scherer et al. 1994; Topilko et al. 1994).

Calcineurin/NFAT—AnNother signaling pathway elicited by NRG1 and implicated in PNS
myelination is coupled to Ca2*/calcineurin activation. Addition of NRG1 to SCs in vitro
triggers Ca%* increase and is followed by NFATs dephosphorylation and nuclear
translocation. Once in the nucleus, NFATSs form a complex with Sox-10 to activate Krox-20
and PO expression (Kao et al. 2009). Notably, this pathway depends upon NRG1
engagement of glial ErbB2/ErbB3 but is independent of P1-3 kinase or MAPK pathways
(Kao et al. 2009). Interestingly, addition of PGD2 to SCs also promotes NFATS nuclear
translocation, again independently of P13-kinase and MAPK pathway activation (Trimarco
et al. 2014). It has also been reported that cAMP synergizes with NFATS to upregulate
Krox-20 in SCs in vitro (Kipanyula et al. 2013). Whether this is also required in vivo is not
known.

Transcription Factors Important For Schwann Cell Myelination

Activation of the above-described pathways ultimately leads to transcriptional changes
required to produce the significant amount of protein and lipid constituents of myelin.
Several positive and negative transcriptional regulators have been characterized to date. The
role exerted by these molecules in PNS myelination has been extensively reviewed
elsewhere (Pereira et al. 2012; Svaren and Meijer 2008; Wegner and Stolt 2005). Here, we
will briefly review the main roles of some key factors.

SRY-related HMG box (Sox) family of transcription factors—This class of genes
contains both positive and negative regulators of myelination. Sox-10 is a main transcription
factor responsible for SCP differentiation and SC maturation (see above) in addition to its
more recently described function in myelin maintenance (Bremer et al. 2011). Importantly, it
was also recently shown that dimeric Sox-10 synergizes with Oct-6 to induce Krox-20
expression (Jagalur et al. 2011).

While Sox-10 promotes SC development and myelination, Sox-2, which is expressed in
immature SCs, inhibits myelin formation. In vitro experiments showed that Sox-2
expression is downregulated upon forced Krox-20 expression (Parkinson et al. 2008).
Conversely, forced expression of Sox-2 blocks Krox-20 upregulation and myelination (Le et
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al. 2005a). Surprisingly, recent studies suggest that Sox-10 and Sox-2 cooperate to promote
RNA polymerase transcriptional elongation, recruiting the transcription elongation factor P-
TEFD to initiate myelin gene transcription in SCs (Arter and Wegner 2014).

POU domain transcription factors—Oct-6 is a POU domain transcription factor that
controls Krox-20 expression (Blanchard et al. 1996; Ghislain et al. 2002). During
mammalian development, Oct-6 is transiently expressed in promyelinating SCs, with highest
expression during the transition to myelinating SCs. As soon as myelination begins, Oct-6
expression is downregulated (Arroyo et al. 1998; Scherer et al. 1994). Oct-6 expression in
vivo is controlled by axonal signals, including NRGL1 type Il and cAMP elevation
(Leimeroth et al. 2002; Monuki et al. 1989; Scherer et al. 1994). Although Oct-6 was
originally described as an inhibitor of myelin protein gene expression in vitro (Monuki et al.
1989), in transgenic mice lacking Oct-6, myelin formation is transiently blocked and the
expression of myelin genes repressed (Ghazvini et al. 2002; Jaegle et al. 1996).

A close relative of Oct-6, Brn-2 (Pou3f2), is expressed with similar kinetics in SCs. Single
Brn-2 null mice do not show any impairment in SC development and PNS myelination
(Jaegle et al. 2003); however, double Oct-6/Brn-2 knockout mice present a much more
severe phenotype than single Oct-6 mutants. In these mice, SC development is stalled and
myelination is further delayed, although not completely blocked. Notably, axons in these
transgenic mice are hypomyelinated throughout life (Jaegle et al. 2003). Interestingly, it has
also been shown that Brn-1 (Pou3f3), which is not normally expressed in SCs, can
functionally substitute for Oct-6 in vivo (Friedrich et al. 2005).

Krox-20/Egr2—Krox-20 (Egr2) belongs to the family of early growth response genes and
plays a crucial role in PNS myelination (Nagarajan et al. 2001; Topilko et al. 1994). Indeed,
it is considered to be the master transcriptional regulator of SC myelination as ectopic
expression in fibroblasts induces the expression of PO in vitro (Parkinson et al. 2004). Axons
in transgenic mice lacking Krox-20 are not myelinated and SCs in these mice are arrested at
the pro-myelinating stage (Le et al. 2005a; Topilko et al. 1994). Interestingly, Krox-20
synergizes with Sox-10 to promote myelination (Svaren and Meijer 2008), and Krox-20
activity is controlled by a series of co-activators and co-repressors: the NAB proteins
(Desmazieres et al. 2008; Le et al. 2005b; Nagarajan et al. 2001). Further, Krox-20, in
conjunction with NAB proteins, directly represses negative regulators of PNS myelination,
in particular the basic HLH transcription factor Id 2 (Stewart et al. 1997), to activate PO
protein expression in SCs (Mager et al. 2008). Importantly, mutations in KROX-20 are
associated with Charcot Marie Tooth hereditary neuropathies in humans (Scherer and
Wrabetz 2008).

NFkB—NRG1 activates the transcription factor NFkB (Limpert and Carter 2010), which
further stimulates Oct-6 and, as a consequence, Krox-20. NFKB is required for SC
myelination in vitro (Nickols et al. 2003), while its role in vivo has been recently questioned
(Morton et al. 2013). It has been suggested that NFkB activation is mediated by chromatin
remodeling complexes (Chen et al. 2011; Limpert et al. 2013).
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Chromatin modifying complexes—Several studies have described the role of
chromatin modifications in SC development and myelination. In particular, the histone
deacetylase complexes HDAC1 and HDAC?2 promote the activation of Sox-10 in SCs and
subsequent myelination (Chen et al. 2011), in addition to their previously described role in
SCP development. In agreement, it has been reported that Sox-10 recruits these complexes
at Sox-10 and Krox-20 binding sites; however, only HDAC?2 seems to synergize with
Sox-10 to activate the transcriptional myelin program (Jacob et al. 2011).

Recently, it has also been shown that conditional inactivation of the NuRD (Nucleosome
remodeling and deacetylase complex) complex in SCs impairs radial sorting and
myelination and causes aberrant SC proliferation, suggesting that this chromatin remodeling
complex is required for SC differentiation and myelination (Hung et al. 2012).

A final chromatin remodeling complex lately implicated in SC myelination downstream of
NRGL1 type I11 and NFkB is Brgl (Limpert et al. 2013). Brgl is the helicase of the
mammalian SWI/SNF related complex, which is important for PNS myelination (Marathe et
al. 2013) and is required for SC differentiation and myelination (Weider et al. 2012). Using
loss and gain of function experiments, Limpert and colleagues elegantly showed that Brgl
recruits Sox-10 to the regulatory regions of Oct-6 and Krox-20 genes (Limpert et al. 2013).

Myelin Proteins and Lipids

The coordinated symphonies of signal transduction cascades, chromatin remodeling, and
transcription factor expression converge to control the production of myelin proteins and
lipids and iterative membrane wrapping. Myelin transcription factors induce the expression
of genes encoding myelin-specific protein in SCs. These include structural and signaling
proteins in compact (PO, Myelin Basic Protein, Peripheral Myelin Protein 22) and non-
compact (Myelin Associated Glycoprotein, Connexin-32) myelin. Myelin proteins are
crucial for terminal differentiation of myelin-forming SCs, as highlighted by their frequent
involvement in Charcot-Marie-Tooth neuropathies. We direct the reader to extensive
reviews on this important topic (e.g., (Rossor et al. 2013; Scherer and Wrabetz 2008)).
Additionally, unlike most biological membranes, myelin has a higher ratio of lipids to
proteins, and although there are no truly “myelin-specific” lipids, many (including
cholesterol, cerebroside, and sphingomyelin) are enriched (Morrell and Quarles 1999).
Interestingly, during development, the transcription of myelin genes and the synthesis of the
enzymes required for lipid synthesis are synchronized, further underlying their strict
interconnection in SC maturation and in diseases (Chrast et al. 2011; Schmitt et al. 2014).
Moreover, Peripheral Myelin Protein 2 might also be involved in lipid transport (Zenker et
al. 2014). The direct involvement of lipid biosynthesis in PNS myelination is further
underscored by studies in rodents on transcription factors (SCA-SREBP cleavage-activating
enzyme (Verheijen et al. 2009)) and enzymes involved in lipid synthesis (Lpinl (Nadra et al.
2008) and cholesterol (Saher et al. 2009)). Finally, the spiral wrapping of SCs proceeds from
the cytoplasmic “inner tongue” of membrane in contact with the axon (Bunge et al. 1989),
though the biophysical mechanisms that govern myelination are largely unknown.
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Non-Myelinating Schwann Cells

In the PNS, not all fibers are myelinated. As mentioned above, a fate determining signal
controlling whether SCs will myelinate or not is axonal levels of NRGL1 type Ill. There are
several classes of non-myelinated fibers in the PNS, including C fiber nociceptors, post-
ganglionic sympathetic and parasympathetic fibers, and motor nerve terminals at the
neuromuscular synapses. All of these fibers are associated with non-myelinating SCs
(NMSCs). This class of SCs comprises those associated with small caliber axons, known as
Remak SCs, terminal/perisynaptic SCs at the neuromuscular junctions (NMJs), as well as
NMSCs associated with Pacini and Meissner corpuscles (Griffin and Thompson 2008).

Morphological studies have shown that Remak SCs are located along the axons at a closer
distance to one another than myelinating SCs (Aguayo et al. 1973), and that they usually
ensheathe more than one axon. These axons are frequently contained in a single bundle
surrounded by SC processes. Notably, the number of axons present in these bundles differs
along the nerve and in different nerves (Murinson and Griffin 2004). Single Remak SCs can
contain axons that are differentially responsive to different growth factors. For example,
Remak fibers can express the neurotrophin receptor TrkA or the Ret receptor, thus
responding to p75 neurotrophin or GDNF and artemin, respectively. Exciting recent data
implicates Remak SCs in particular as playing vital roles in the trophic support of axons
(Beirowski et al. 2014; Viader et al. 2011; Viader et al. 2013), further highlighting an
emerging theme in axon-glial interactions (Funfschilling et al. 2012; Lee et al. 2012).

When Remak fibers enter the epidermis, they separate to reach a 1:1 association, similar to
promyelinating SCs. Interestingly, fibers at this level lose contact with NMSC, so that only
the axon passes through the dermal-epidermal junction (Hsieh et al. 1994). Unlike
myelinated axons, these fibers are characterized by continuous axonal sprouting and growth,
which is under the control of NGF released by NMSCs (Diamond et al. 1992). It has been
hypothesized that this “plasticity” is required to respond to the continuous changes occurring
in the epidermis. Given that immature SCs are essential for the proper epidermal-
subepidermal positioning of sensory nerves in developing zebrafish (Raphael et al. 2010), it
would be interesting to determine if NMSCs play a similar role in mammalian axon
translocation to the epidermis.

Another class of NMSCs are those terminally associated with axons at NMJs. These
NMSCs, called terminal or perisynaptic SCs, cover the entire synapse (Young et al. 2005;
Zuo et al. 2004). Unlike other NMSCs, perisynaptic SCs extend process towards the axon
but do not enwrap them. From a molecular point of view, perisynaptic SCs express
neurotransmitter receptors, in particular muscarinic and purinergic receptors. Upon
activation, these receptors induce the development of a Ca2* wave that is modulated by
BDNF present at the synapse (Todd et al. 2007). Whether perisynaptic SCs provide
metabolic support to the NMJ axons similar to Remak SCs is not known. It has been
proposed that perisynaptic SCs are important for developmental synapse rearrangement,
especially for eliminating the extra branches formed at the NMJ during development (Smith
et al. 2013; Turney and Lichtman 2012; Walsh and Lichtman 2003). Importantly,
perisynaptic SCs are essential to guide axons remodeling after injury at the site of re-
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innervation (Kang et al. 2014). In addition to the aforementioned functions, recent work has
opened the possibility that NMSCs may also play a role in the bone marrow hematopoietic
stem cell niche (Yamazaki et al. 2011). Future work will continue to define new functions
for NMSCs and to further elucidate their remarkable plasticity.

Conclusions

Recent advances in the study of SCs have highlighted previously unknown factors, SC
signaling events, and ECM signals that regulate development and myelination. These
advances open new questions that remain to be answered including: How is the binding of
Laminin 211 on multiple receptors (integrins, dystroglycan and GPR126) coordinated? How
are signals from axonal and basal lamina molecules integrated? Given that SCs must be
polarized on multiple axes, how is polarity established during myelination? In addition to
NRGL1 type Il and ADAM 22, which other axonal signals govern myelination? Are there
negative signals on unmyelinated fibers that prevent myelination? What is the effect of other
cell types, such as endothelial cells and endoneurial fibroblasts on SC development? Future
work will surely continue to shed light on the genetic and molecular mechanisms that
govern each developmental progression and ultimate myelination.
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Figure 1. Development of Myelinating and Non-myelinating Schwann Cells
Cartoon depicting Schwann cell (SC) development. SCs are orange and axons are blue.

From left, SC precursors (SCPs), depicted longitudinally, are proliferative and migrate with
growing axons. The remaining stages are depicted in cross-section. SCPs become immature
SCs, which are associated with many axons. Immature SCs have ceased migration, remain
proliferative, and form an immature basal lamina (BL, purple). The BL persists and matures
through subsequent stages of SC development. During radial sorting, immature SCs
interdigitate their cytoplasmic processes into the axon bundle, and promyelinating SCs are
associated with a single axonal segment. Myelinating SCs spiral their membrane many times
around the axonal segment to form the myelin sheath. Immature SCs can also develop into
Non-myelinating SCs. A Remak SC, entheathing multiple small caliber axons is depicted.
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Figure 2. Axo-glial interactions during radial sorting and myelination: novel concepts
The image depicts molecules that were discovered recently and mediate signaling between

Schwann cells and axons, or Schwann cells and the ECM, during radial sorting and
myelination.
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Figure 3. ECM Molecules and GPCRs in SC Myelination — Recent Advances
From left, clockwise. In the SC basal lamina, Laminin 211 binds traditional (Integrins a1

and a 71, dystroglycan) and unconventional (GPR126) receptors. Conversely, multiple
ECM constituents bind the same receptor: integrin a6p1 can bind Laminin 211 and 411; The
N-terminal fragment (NTF) of GPR126 can bind Laminin 211 and Col IV. The NTF must be
modulated, perhaps by physical removal, in order to expose the Stachel tethered agonist (S)
to activate the C-terminal fragment (CTF) of GPR126. CTF activation promotes CAMP
accumulation, which activates PKA. This likely activates the cAMP-response element
binding protein (CREB) pathway and phosphorylates NFkB, and a major downstream
effector of CAMP in SCs is Oct-6. NRG1 type Il intramembrane cleavage induces the
expression of L-PGDS, which is released to produce prostaglandin D2 (PGD2). PGD2 then
binds to GPR44 expressed on SCs membrane. Activation of GPR44 induces NFATc4
dephosphorylation and nuclear translocation to promote myelination.
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