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Schwann cells develop from the neural crest in a well-defined sequence of events. This
involves the formation of the Schwann cell precursor and immature Schwann cells, followed
by the generation of the myelin and nonmyelin (Remak) cells of mature nerves. This review
describes the signals that control the embryonic phase of this process and the organogene-
sis of peripheral nerves. We also discuss the phenotypic plasticity retained by mature
Schwann cells, and explain why this unusual feature is central to the striking regenerative

potential of the peripheral nervous system (PNS).

he myelin and nonmyelin (Remak) Schwann
Tcells of adult nerves originate from the neu-
ral crest in well-defined developmental steps
(Fig. 1). This review focuses on embryonic de-
velopment (for additional information on
myelination, see Salzer 2015). We also discuss
how the ability to change between differentia-
tion states, a characteristic attribute of develop-
ing cells, is retained by mature Schwann cells,
and explain how the ability of Schwann cells to
change phenotype in response to injury allows
the peripheral nervous system (PNS) to regen-
erate after damage.

TWO TYPES OF EMBRYONIC NERVES

Adult nerves are stable structures in which the
nerve fibers are protected structurally by a
collagen-rich, vascularized extracellular matrix

(the endoneurium) linked to the basal lamina
surrounding each axon—Schwann cell unit. The
endoneurial environment is further protected
by a surrounding multilayered cellular tube
(the perineurium) that shields the nerve fibers
from unwanted cells and molecules (Fig. 2).

A more dynamic and radically different
structure, reminiscent of axon—glial organiza-
tion in the central nervous system (CNS), is
seen in early embryonic nerves (embryo day
E14/15 in rat hind limb and E12/13 in mouse).
These nerves consist of tightly packed axons
and flattened, glial cell processes without sig-
nificant extracellular space, matrix, or basal
lamina. The glial cell bodies lie among the ax-
ons inside the nerve or at the nerve surface.
These cells represent the first stage of the
Schwann cell lineage, Schwann cell precursors
(Figs. 3 and 4).
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Figure 1. Main transitions in the Schwann cell precursor (SCP) lineage. The diagram shows both developmental
and injury-induced transitions. Black uninterrupted arrows, normal development; red arrows, the Schwann cell
injury response; stippled arrows, postrepair reformation of myelin and Remak cells. Embryonic dates (E) refer to
mouse development. (Modified from Jessen and Mirsky 2012; reprinted, with permission and with contribution
from Y. Poitelon and L. Feltri.)
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Figure 2. Diagram showing the architecture and main cellular components of an adult peripheral nerve. The
main cellular structures within the nerve and the connective tissue compartments and the perineurium that
protects them are indicated. This nerve contains one fascicle; larger nerves consist of several fascicles embedded
in a common epineurium. The perineurium shown here, as a single cell layer, is most often multilayered. The
drawing does not show the basal lamina that surrounds individual Schwann cell /axon units, blood vessels, and
perineurial cells.
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Figure 3. The phenotype of key stages in embryonic Schwann cell development. Each stage involves characteristic
relationships with surrounding tissues and distinctive signaling properties (indicated in the panels immediately
below the lineage drawing). Also shown are some of the molecular markers of the lineage. They fall into three
groups: (1) markers that show no significant change between the three stages; (2) markers that are up-regulated
during development (some of these are up-regulated at the crest to Schwann cell precursor transition; another
group is up-regulated at the Schwann cell precursor to immature Schwann cell transition); (3) markers that are
down-regulated at the Schwann cell precursor to immature Schwann cell transition. Sch, Schwann cell. (Mod-
ified from Jessen and Mirsky 2005; reprinted, with permission. See the original reference for detailed references
to the molecules shown.)
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Figure 4. Schwann cell precursors (SCP) and imma-
ture Schwann cells (iSch) in embryonic nerves. (Up-
per panel) Transverse section of E14 rat sciatic nerve.
Schwann cell precursors are embedded among the
axons (downward large arrow) and at the surface of
the nerve (upward large arrow). A dividing Schwann
cell precursor is also seen (small arrow). Connective
tissue (turquoise) is not found inside the nerve.
(Lower panel) Transverse section of E18 rat sciatic
nerve. One or a few immature Schwann cells together
surround several axons, forming compact groups or
families (asterisk). A dividing Schwann cell is seen
(double arrows). Connective tissue (turquoise) con-
taining blood vessels (large arrow) is present
throughout the nerve surrounding the families.
Bracket indicates the developing perineurium.
(From Jessen and Mirsky 2005; adapted, with per-
mission, from the authors.)

Around E16 in rat (E14 in mouse), this
compact architecture changes rapidly. Extracel-
lular spaces containing collagen appear within
the nerve; blood vessels and fibroblasts are first
seen, Schwann cell basal lamina starts to form,
and the perineurial sheath can be discerned at
the nerve surface. Concurrently, the phenotype
of the glial cells in the nerve alters radically
as Schwann cell precursors differentiate to im-
mature Schwann cells (Figs. 3 and 4). By E18
in rat (E16 in mouse), nerves consist of axon—
Schwann cell bundles (families) embedded in
extracellular matrix containing collagen and
blood vessels. Nascent Schwann cell basal lam-
ina appears and early perineurium surrounds
the nerve (Jessen and Mirsky 2005).

The period around E16 in rat (E14 mouse)
is, therefore, a turning point when generation of
Schwann cells from precursors coincides with
the establishment of a tissue architecture similar
to that of adult nerves.

SCHWANN CELL PRECURSORS

Developmental Potential

Schwann cell precursors are the glial cells of
early embryonic nerves. They are generated
from the neural crest and, in turn, generate im-
mature Schwann cells. They are also the source
of endoneurial fibroblasts and, therefore, the
connective tissue that appears in late embryonic
nerves (Joseph et al. 2004; Jessen and Mirsky
2005). This is consistent with the observation
that Schwann cell precursors disappear from de-
veloping nerves at the same time as immature
Schwann cells and fibroblasts appear (Wanner
et al. 2006a).

Schwann cell precursors also generate mela-
noblasts that migrate from nerves to skin. The
generation of melanocytes requires down-regu-
lation of the transcription factor FoxD3, and
cross-regulatory interactions between the tran-
scription factors Sox2 and Mitf (Kauckd and
Adameyko 2013; Nitzan et al. 2013).

Furthermore, experiments from two labora-
tories show that, in vivo, parasympathetic neu-
rons are derived from Schwann cell precursors
in embryonic peripheral nerves (Dyachuk et al.
2014; Espinosa-Medina et al. 2014). Because
these cells also give rise to melanocytes and
endoneurial fibroblasts, Schwann cell precur-
sors have a choice of at least four potential fates.
The broad developmental potential of these ear-
ly PNS glial cells is reminiscent of early CNS glia,
radial glial cells that give rise to neurons, astro-
cytes, oligodendrocytes, and ependymal cells
(Merkle et al. 2004).

Phenotype

Schwann cell precursors show multiple pheno-
typic differences from both neural crest cells and
immature Schwann cells as shown by molecular
and gene array analysis (see Fig. 3 for examples
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of phenotypic changes) (Buchstaller et al. 2004;
D’Antonio et al. 2006b). They differ from crest
cells because they express glial differentiation
genes and other factors not expressed by crest
cells, because they are found in association with
axons in nerves, a characteristic glial feature,
rather than migrating through extracellular
matrix, and because they respond differently to
survival, proliferation, and differentiation sig-
nals (Jessen and Mirsky 2005, 2012; Woodhoo
and Sommer 2008). Schwann cell precursors
and immature Schwann cells differ substantial-
ly in molecular expression, including up-reg-
ulation of S100 in immature Schwann cells
(Fig. 3). Perhaps the most striking difference
concerns survival regulation, because Schwann
cell precursors are acutely dependent on the
axon-associated survival signal neuregulin 1
type III, whereas immature Schwann cells sur-
vive in culture without addition of survival fac-
tors because of secretion of autocrine survival
signals (Dong et al. 1999; Meier et al. 1999).

THE GENERATION OF SCHWANN CELL
PRECURSORS FROM THE NEURAL CREST

Signals that control the emergence of the glial
lineage from the trunk crest in rodents are still
poorly known, and unlike other crest-derived
lineages, transcription factors that specify glial
differentiation from the crest have not been de-
scribed.

The transcription factor FoxD3 is expressed
in early migrating crest. It inhibits the devel-
opment of neurons and melanocytes and is
down-regulated in these lineages as they emerge.
FoxD3 is, however, compatible with glial dif-
ferentiation and is expressed at early stages of
the Schwann cell lineage (Nitzan et al. 2013).
The transcription factor Sox10 is required for
the generation of Schwann cell precursors. Like
FoxD3, it is generally expressed by early crest
cells and, therefore, does not specify glia. Sox10
is suppressed in neurons and inhibits neuro-
genesis, but is expressed in early melanocytes.
In crest cells, Sox10 maintains expression of
ErbB3 receptors for neuregulin, a growth factor
that indirectly promotes gliogenesis from crest
cells (Britsch et al. 2001).

Schwann Cell Development and Nerve Repair

Neuregulin 1 interacts with ErbB2/ErbB3
receptors on Schwann cell lineage cells and is
broadly implicated in Schwann cell develop-
ment (Birchmeier and Nave 2008). It suppresses
neurogenesis, which could indirectly increase
gliogenesis. However, the following argues that
neuregulin 1 is not required for the generation of
glia from crest cells: Schwann cells are formed
despite inactivating mutations in ErbB3 recep-
tors in zebrafish (Lyons et al. 2005); in vitro
Schwann cell precursors and immature Sch-
wann cells appear readily from crest without ad-
dition of neuregulin 1 (Shah etal. 1994); a major
category of PNS glia closely related to Schwann
cells, namely, satellite cells in dorsal root sensory
ganglia (DRG), appear normally in mouse mu-
tants in which neuregulin 1 signaling is inacti-
vated (Garratt et al. 2000).

Nevertheless, in vitro exposure of crest cells
or other early cells with PNS gliogenic potential
to neuregulin 1 increases Schwann cell numbers
(Shah et al. 1994). This is probably caused by
suppression of other differentiation options or
the action of neuregulin 1 at later lineage stages,
because neuregulin 1 promotes the generation
of immature Schwann cells from Schwann cell
precursors and stimulates Schwann cell division
(see below).

Notch signaling also increases the number
of Schwann cells in crest cultures (Kubu et
al. 2002). This likely results from the fact that
Notch promotes Schwann cell generation from
precursors, and Schwann cell proliferation (see
below) (Woodhoo et al. 2009), rather than the
involvement of Notch in direct gliogenesis from
the neural crest (discussed in Jessen and Mirsky
2005).

THE SURVIVAL AND DIFFERENTIATION
OF SCHWANN CELL PRECURSORS

Schwann cell precursors, unlike Schwann cells,
die when removed from axons in vitro. Cocul-
ture with neurons prevents this, and the neu-
ron-associated survival signal has been iden-
tified as neuregulin (Dong et al. 1995). In the
chick embryo, Schwann cell precursors also die
when axons degenerate, and this is prevented by
neuregulin. Furthermore, Schwann cell precur-
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sors are reduced or absent from nerves of mice
in which neuregulin signaling has been inacti-
vated (Birchmeier 2009). Neuregulin is ex-
pressed on axons and in embryonic DRG and
motor neurons. Together, this indicates that the
survival of Schwann cell precursors and, by im-
plication, the generation of Schwann cells and
myelination, is crucially dependent on axonal
neuregulin 1.

Although neuregulin 1 exists in many iso-
forms, most of its effects in the Schwann cell
lineage are mediated by neuregulin 1 type III
(Birchmeier 2009). In postnatal nerves, neu-
regulin 1 signaling between axons and Schwann
cells is modulated by proteases including Bacel
(B-secretase) and TACE (ADAM17) (Hu et al.
2006; La Marca et al. 2011; Fleck et al. 2012).
The role of these proteins in embryonic nerves
has not been investigated.

Like neuregulin 1, Notch ligands are ex-
pressed on embryonic axons and the Notch li-
gand Jagged 1 is also present on Schwann cell
precursors. In mice with genetic inactivation
of Notchl or the transcription factor RBPJ,
which is essential for classical Notch signaling,
Schwann cell generation from precursors is de-
layed, whereas, conversely, Schwann cells appear
more rapidly in mice in which Notch signaling is
enhanced (Woodhoo et al. 2009). Thus, the role
of Notch signaling in Schwann cell precursors is
to promote their conversion to Schwann cells.
The underlying mechanism is likely to involve
neuregulin 1. Notch elevates the levels of ErbB3
neuregulin receptors in the precursors, which
increases the effectiveness of neuregulin 1 sig-
naling to these cells (Woodhoo etal. 2009). This,
together with the fact that neuregulin 1 directly
accelerates Schwann cell precursor differentia-
tion (Brennan et al. 2000), allows Schwann cell
generation to be indirectly promoted by Notch.

The generation of Schwann cells is also
subject to negative regulation. One of the signals
involved is endothelin. Endothelin delays the
appearance of immature Schwann cells from
Schwann cell precursors in vitro, and inactiva-
tion of endothelin B receptors in vivo results in
premature appearance of these cells, confirm-
ing that the function of endothelin is to retard
Schwann cell generation (Brennan et al. 2000).

Enforced expression of the transcription factor
AP2a in Schwann cell precursors also slows the
conversion of precursors to Schwann cells,
whereas, in vivo, AP2a is expressed in the pre-
cursors but sharply down-regulated in imma-
ture Schwann cells. This suggests that AP2a is
involved in maintaining the Schwann cell pre-
cursor phenotype (Stewart et al. 2001).

THE FUNCTION OF SCHWANN CELL
PRECURSORS

In addition to giving rise to immature Schwann
cells, endoneurial fibroblasts, and parasympa-
thetic neurons, Schwann cell precursors control
nerve fasciculation and are implicated in the
survival of developing DRG and motoneurons.

Nerve Fasciculation

Surprisingly, axons can group to form a nerve
and are able to navigate correctly for consider-
able distances in the embryo without the help of
glial cells. This can be seen in mice with genetic
inactivation of neuregulin signaling, in which
nerves follow a normal position and trajectory
from the spinal cord toward their targets, al-
though they lack Schwann cell precursors and
are essentially composed only of axons (Meyer
and Birchmeier 1995; Morris et al. 1999; Wol-
deyesus et al. 1999). In agreement, motor nerves
grow correctly toward their targets in Splotch
(Pax3) mouse mutants, although both Schwann
cell precursors and DRG sensory axons are
missing (Grim et al. 1992). Comparable obser-
vations have been made in other models (Keynes
1987), including zebrafish, in which initial out-
growth and guidance of axons in the lateral
line is normal without glia (Raphael and Talbot
2011).

Although nerves without Schwann cell pre-
cursors or early Schwann cells broadly run their
normal course in the embryo, the axons in these
nerves are defasciculated distally with abnormal
branching and terminal sprouting within their
target fields, leading to inaccurate location of
synaptic sites (Birchmeier 2009). This is unsur-
prising in view of the cellular architecture of
growing nerve endings. Schwann cell precursors
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are abundant at these endings, forming com-
plex scaffolds around growth cones. Although
the resulting structure appears irregular, quan-
titatively the amount of membrane contact be-
tween precursors and growth cones is remark-
ably constant from nerve to nerve (Wanner et al.
2006b). Clearly, this intricate arrangement be-
tween neurons and glia is essential for normal
nerve branching and interactions with targets.

The Survival of DRG and Motoneurons

In neuregulin 1, ErbB2, ErbB3, or Sox10 mutant
mouse embryos without Schwann cell precur-
sors (see above), both DRG sensory neurons
and spinal cord motoneurons develop normally
and are initially present in normal numbers. But
later, large-scale death of both populations oc-
curs at cervical and lumbar levels. This is seen at
E12 in ErbB2 mutant mice (Woldeyesus et al.
1999), but later in ErbB3 and Sox10 mutants.
The simplest explanation of this striking neuro-
nal death, particularly in which it is seen early, is
that Schwann cell precursors provide essential
neurotrophic support.

In mutants in which neuronal death occurs
later, when significant neuron-target interac-
tions have started (e.g., Wolpowitz et al. 2000),
defective relationships with the target and in-
ability to access target-derived growth factors
probably contribute to neuronal loss.

IMMATURE SCHWANN CELLS IN
EMBRYONIC NERVES

In late embryonic nerves (from E15/16 in
mouse and E17/18 in rat), Schwann cell precur-
sors have converted to immature Schwann cells
(Fig. 4). They envelop groups of axons commu-
nally, forming irregular axon/Schwann cell col-
umns (families), each of which is covered by a
nascent basal lamina and surrounded by extra-
cellular matrix that has now formed within the
nerve (Webster et al. 1973). There is little evi-
dence for the persistence of Schwann cell pre-
cursors significantly after this time. During
the next few days (E19/20 in mouse and E21
in rat), Schwann cell proliferation and death
match axon and Schwann cell numbers. Radial
sorting also starts at this time, involving single

Schwann Cell Development and Nerve Repair

axons segregating from the axon/Schwann cell
families to become individually ensheathed by a
Schwann cell. This is a precondition for myeli-
nation, which subsequently takes place in the
case of larger axons.

What Drives Schwann Cell Proliferation?

DNA synthesis occurs in Schwann cell pre-
cursors and immature Schwann cells through-
out embryogenesis. The precursor to immature
Schwann cell conversion is accompanied by
strongly increased proliferation, which is likely
to be related to a graded increase in intracellular
cAMP controlled by levels of GPR126 (Arthur-
Farraj et al. 2011; Mogha et al. 2013), although
proliferation falls postnatally during myelina-
tion (Stewart et al. 1993; Yu et al. 2005; Cher-
nousov et al. 2008). Proliferation is seldom seen
in cells that have segregated to ensheath indi-
vidual axons and myelinating cells do not divide
(Webster et al. 1973). Schwann cell prolifera-
tion in vivo is driven by axon-associated signals,
such as Notch and neuregulin 1, soluble signals,
such as transforming growth factor (TGF)-(3,
and signals derived from the basal lamina, such
as laminin.

Notch receptor is present on Schwann cells
and Notch ligands are present on axons. Sch-
wann cell-specific Notch inactivation results
in a substantial reduction in DNA synthesis
and Schwann cell numbers in neonatal nerves
(Woodhoo et al. 2009). Notch activation is a
potent inducer of Schwann cell division in vitro.
This shows that Notch signaling from axons to
Schwann cells drives Schwann cell proliferation
in developing nerves (Woodhoo et al. 2009).

Neuregulin 1 is also present on axons; ErbB2
and ErbB3 receptors are on Schwann cells and
neuregulin 1 stimulates Schwann cell prolif-
eration in vitro (Levi et al. 1995). In zebrafish,
ErbB2 receptor blockers reduce Schwann cell
division (Lyons et al. 2005). Studies of mouse
mutants with genetic inactivation in neuregulin
1 signaling to test whether neuregulin 1 drives
the proliferation of developing Schwann cells
are not available (for discussion, see Jessen
and Mirsky 2012). In adult mice, injury-in-
duced Schwann cell proliferation appears to
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be neuregulin 1 independent (Atanasoski et al.
2006; Fricker et al. 2013).

TGEF-B stimulates Schwann cell prolifera-
tion in culture, although, under some condi-
tions, it induces apoptosis (Ridley et al. 1989;
Einheber et al 1995; Parkinson et al 2001). In
type II TGF-B receptor mutant mice, there is
a substantial reduction of Schwann cell DNA
synthesis, showing that TGF-f3 drives Schwann
cell division in perinatal nerves (D’ Antonio et al.
2006a). Decreased proliferation is, however, not
reflected in decreased cell numbers, likely be-
cause of the dual capacity of TGF-3 to promote
proliferation or death depending on context,
as indicated by the observation that Schwann
cell death is also reduced in these TGF-{ recep-
tor mutants. The function of TGF-3 may be to
amplify the proliferation of cells with tight ax-
onal contact, but to kill supernumerary cells
with less effective axonal affiliation (D’Antonio
et al. 2006a).

As the major component of the basal lami-
na, laminin contacts Schwann cells to which it
binds via receptors that include dystroglycan
and B1 integrin. Laminin promotes Schwann
cell proliferation in vivo, and lack of the down-
stream effector of B1 integrin, cdc42, reduces
proliferation in immature Schwann cells (Yu
et al. 2005; Chernousov et al. 2008; Feltri et al.
2008).

Control of Schwann Cell Survival

Survival regulation changes radically at the pre-
cursor-to-Schwann cell conversion. Precursor
survival depends on axon-associated (neuregu-
lin 1) signals (Dong et al. 1995), whereas imma-
ture Schwann cells, even in embryonic nerves,
bypass this strict axon dependence with the
help of autocrine survival circuits including
IGF-2, NT3, PDGEF-B, leukemia inhibitory fac-
tor (LIF), and lysophosphatidic acid (Jessen and
Mirsky 2005). Such circuits are absent from pre-
cursors. Schwann cell survival is, therefore, den-
sity dependent in vitro, and the Schwann cell
population survives the loss of axonal contact
in damaged nerves. Nevertheless, injury in-
creases Schwann cell apoptosis particularly in
neonatal nerves but also, to a lesser degree,

- Published by Cold Spring Harbor Laboratory Press

in the adult (Grinspan et al. 1996; Ferri and
Bisby 1999; Syroid et al. 2000), indicating a per-
sistent but gradually diminishing contribution
of axonal signals to Schwann cell survival in
the medium term. After longer periods, how-
ever, most Schwann cells without axonal con-
tact in injured adult nerves die (Hoke 2006;
Sulaiman and Gordon 2009). The emergence
of axon-independent survival mechanisms be-
fore birth and their persistence in adults makes
biological sense because nerve regeneration de-
pends on the presence of living Schwann cells
in the nerve stump distal to the injury (see
below).

At least two signals, TGF-B signaling
through type TGF-B II receptor and nerve
growth factor (NGF) acting through p75™'%,
potentially kill Schwann cells (Syroid et al.
2000; D’Antonio et al. 2006a). Of these, only
TGF-B promotes Schwann cell death during
normal development (see above). TGF-3 and
NGF contribute to increased Schwann cell death
after injury in neonatal nerves. It is not known
whether they contribute to injury-induced
Schwann cell death in adults or whether they
play a part in the death of long-term denervated
Schwann cells.

THE REACTION OF SCHWANN CELLS
TO NERVE DAMAGE

There are two main types of severe peripheral
nerve injury (Burnett and Zager 2004). One is
axonotmesis, in which axons are disrupted but
the connective tissue sheaths and the Schwann
cell containing basal lamina tubes remain in-
tact. When this is modeled in rodents by nerve
crush, axonal regeneration is remarkably effec-
tive and function is restored in 3—4 wk.

The other injury is neurotmesis, in which
axons, connective sheaths, and basal lamina
tubes are interrupted. When studied in rodents
by nerve cut without repair, a tissue bridge
forms between the two ends of the nerve,
through which axons closely accompanied by
Schwann cells (regeneration units) grow to
reach the distal stump (Morris et al. 1972; Meller
1987; Parrinello et al. 2010). Alternatively, after
cut the proximal and distal stumps can be reat-

8 Cite this article as Cold Spring Harb Perspect Biol 2015;7:a020487


http://cshperspectives.cshlp.org/

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

Downloaded from http://cshperspectives.cshlp.org/ on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

tached, leaving only a microscopic gap to be
bridged by regeneration units. This repair mim-
ics the standard clinical treatment of many in-
juries, although in severe injuries a nerve auto-
graft or nerve conduit is required with variable
success (Battiston et al. 2005). With or without
repair, functional recovery after nerve cut is gen-
erally poor, especially in man but frequently in
rodents. An important reason for this is the
targeting errors made by regenerating axons in
the critical interphase between the proximal
and distal nerve stumps, leading to incorrect
target innervation (Witzel et al. 2005; Hoke
2006).

Distal to the injury, the consequences are
similar irrespective of whether axons are inter-
rupted by crush or cut. The axons of the distal
nerve die, triggering a series of events involving
Schwann cells, macrophages, and other blood-
borne cells. This complex and constructive pro-
cess (Wallerian degeneration) builds an envi-
ronment tailored to support the survival of in-
jured neurons, axon regrowth, and guidance
(Chen et al. 2007; Vargas and Barres 2007; Al-
lodi et al. 2012) (for details, see the section The
Schwann Cell Injury Response in the Distal
Stump). The process depends critically on the
unusual plasticity of myelin and Remak cells
and their ability to adopt new identities during
the repair process.

SCHWANN CELL PLASTICITY

Although the discussion below will be framed in
terms of myelin cells, similar principles are likely
to apply to Remak cells. The differentiation state
of the myelin Schwann cell is not fixed, unlike
that of its relative the oligodendrocyte, and the
cell can readily be destabilized (Jessen and
Mirsky 2008). On the one hand, this renders
the cells vulnerable to immune assaults or ge-
netic abnormalities seen in demyelinating neu-
ropathies and in tumors in which Schwann
cells exist in varying, poorly characterized de-
myelinated states and /or proliferate abnormally
(Scherer and Wrabetz 2008; Lehmann et al.
2012; Ribeiro et al. 2013). On the other hand,
the plasticity of myelin cells allows them to re-
spond adaptively to injury by converting to

Schwann Cell Development and Nerve Repair

cells that support regeneration. Such cells are
seen in the distal stump of cut or crushed nerves.
Here, Schwann cells are left without axonal con-
tact, often for a long time, until regenerating
axons reach them as they grow through the distal
nerve stump toward their targets. (Sulaiman
and Gordon 2009; Arthur-Farraj et al. 2012).
Other Schwann cells accompany growing axon
tips to form the regeneration units found in the
bridge or interphase between proximal and dis-
tal stumps of cut nerves (Morris et al. 1972;
Friede and Bischhausen 1980; Meller 1987; Pa-
rrinello et al. 2010). Although these cells are not
likely to have lost contact with axons, they have
abandoned myelin differentiation, and repre-
sent the daughter cells of Schwann cells associ-
ated with cut axons just proximal to the injury.
An additional Schwann cell group is represented
by cells that migrate into the nerve bridge from
the distal stump.

Because Schwann cells function in more
than one mode during regeneration, it is likely
that distinct populations of repair—supportive
cells exist, showing characteristic phenotypes
or differentiation states depending on location,
timing, and type of injury. A nice example of
this is when Schwann cells come into direct
contact with fibroblasts, specifically, at the inju-
ry site following a transection, and this contact
triggers migratory behavior important for guid-
ing regrowing axons across the wound site (Pa-
rrinello et al. 2010).

The injury-induced change in Schwann
cell differentiation during Wallerian degenera-
tion has been characterized as dedifferentiation
(e.g., Chen et al. 2007; discussed in Jessen and
Mirsky 2008), but it is also commonly described
as activation (Armstrong et al. 2007; Campana
2007; Webber and Zochodne 2010; Allodi et al.
2012). This implies, somewhat confusingly, that
this process involves either the loss or the gain,
respectively, of cellular phenotypes. In fact, the
conversion of myelin cells to repair Schwann
cells involves both a loss (dedifferentiation)
and a gain (activation) of phenotypes as de-
scribed in the following section. This combina-
tion is known from a number of other systems
and constitutes one of the hallmarks of cell type
conversions referred to as transdifferentiation
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or cellular reprogramming (Arthur-Farraj et al.
2012).

THE SCHWANN CELL INJURY RESPONSE
IN THE DISTAL STUMP

Although the degeneration of axons in the
distal stump takes 2—4 d, Schwann cell respons-
es to axonal interruption can be detected ear-
lier, some within hours of injury, suggesting
that injured axons alert Schwann cells to axon
death through an as-yet unknown mechanism
(Martini et al. 2008; Rotschenker 2011). The
Schwann cell response rapidly develops into a
radical phenotypic change. This process has two
major components.

One of these is the reversal of myelin dif-
ferentiation. Molecules that characterize
Schwann cells before myelination (the imma-
ture Schwann cell stage) are up-regulated, com-
prising L1, NCAM, p75NTR, and glial fibril-
lary acidic protein (GFAP), whereas myelin-
associated genes are down-regulated. These
include the key myelin transcription factor Egr2
(Krox20), enzymes of cholesterol synthesis, struc-
tural proteins, such as PO, myelin basic pro-
tein (MBP), and membrane-associated proteins
like myelin-associated glycoprotein (MAG) and
periaxin (Jessen and Mirsky 2008).

The other component of the Schwann cell
injury response is the appearance of novel phe-
notypes associated with neither Schwann cells
in normal undisturbed nerves nor with imma-
ture Schwann cells. These features have in com-
mon that they contribute critically to the repair
process. This includes, first, the up-regulation
of a group of neurotrophic factors that promote
the survival of injured neurons and axonal elon-
gation. Among these proteins are GDNE arte-
min, BDNE NT3, NGE VEGE and pleiotrophin
(Fontana et al. 2012; Brushart et al. 2013). Sec-
ond, the Schwann cells in the distal stump up-
regulate the expression of cytokines including
tumor necrosis factor (TNF)-«, LIE interleukin
(IL)-1a, IL-1PB, LIE and MCP-1, which recruit
macrophages; and, third, Schwann cells activate
a cell-intrinsic myelin breakdown process, likely
to be autophagy (L Carty, R Mirsky, and KR

Jessen, unpubl.), which is thought to be respon-
sible for the bulk of myelin breakdown during
the first 5-7 d after injury (Hirata and Kawa-
buchi 2002; Rotschenker 2011; Vidal et al.
2013). These events are likely to promote repair
in a number of ways. In addition to attracting
macrophages, cytokines, such as IL-6 and LIE
can act directly on neurons to promote axonal
regeneration, whereas invading macrophages
provide an additional and sustained source of
cytokines. They also promote vascularization
of the distal nerve (Barrette et al. 2008), in addi-
tion to cooperating with Schwann cells in clear-
ing myelin, which potentially inhibits axon
growth (Hirata and Kawabuchi2002). The fourth
component of the Schwann cell injury response
is the formation of regeneration tracks. The
myelin cells that previously formed flattened
sheaths around axons, adopt an elongated bipo-
lar morphology, allowing them to align to form
a Schwann cell column named Bungner band
inside each of the basal lamina tubes that for-
merly enclosed a myelin Schwann cell and
its axon. These columns form tracks from the
injury site to the nerve target areas, with the
(Bungner) Schwann cells providing essential
substrate and guidance cues for regenerating ax-
ons (Fig. 5).

The combined activation of this set of pro-
regenerative features, or repair program, and
down-regulation of the myelin program results
in a novel Schwann cell phenotype that is
adapted to support nerve repair, the repair
Schwann cell. This repair (Bungner) cell is un-
ambiguously distinct, both from the immature
Schwann cell in developing nerves before mye-
lination and from Schwann cell precursors in
earlier embryonic nerves. The conversion of
myelin cells to repair cells is controlled by the
transcription factor c-Jun that is activated in
Schwann cells of injured nerves through mech-
anisms that are still unknown (Arthur-Farraj
et al. 2012).

Although Schwann cells reenter the cell
cycle after injury, and their number in the distal
stump increases severalfold, regeneration fol-
lowing a crush injury is equally effective in
mice in which Schwann cell proliferation is in-
hibited (Kim et al. 2000; Atanasoski et al. 2001;
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Figure 5. Key tissue components of regenerating nerves. (a) Regeneration unit, and (b) fibroblasts and immune
cells providing essential signals to the Schwann cells of the regeneration units. In the distal stump, denervated
Schwann cells convert to a repair supportive phenotype. These repair (Bungner) Schwann cells form regener-
ation tracks (Bungner bands; dark blue cells) that guide regenerating axons back to their targets and provide
essential trophic support for injured neurons. After crush injury, axons are severed but the Schwann cell basal
lamina tubes and connective sheaths remain continuous between the proximal and distal stump. This allows

axons to reach the distal stump within their original basal lamina tubes. After nerve cut, the length of the bridge
depends on the extent of the injury and the nature of any subsequent surgical intervention.

Yang et al. 2008). This suggests that the conver-
sion of myelin Schwann cells to repair Schwann
cells does not depend on reentry to the cell
cycle.

CONTROL AND MAINTENANCE
OF THE REPAIR PHENOTYPE

Remarkably, individual activation of certain
signaling pathways in myelin cells is sufficient
to destabilize the cells and cause demyelination.
The existence of such trigger points is in line
with the flexibility of the myelin phenotype
and is likely to contribute to the vulnerability
of these cells to cell-extrinsic changes. These
pathways include Raf/ERK signaling and the
transcriptional regulators Notch and c-Jun.
Other transcription factors, like Notch and c-
Jun, are characterized as negative regulators of
myelination, including Sox2, Pax3, and 1d4, are
implicated in a similar function (Jessen and
Mirsky 2008), as are the JNK and p38 MAP
kinase pathways (Kioussi et al. 1995; Le et al.
2005; Mager et al. 2008; Doddrell et al. 2012;
Hossain et al. 2012; Yang et al. 2012; DK Wilton,
R Mirsky, and KR Jessen, unpubl.).

The Raf/ERK pathway appears to play a cen-
tral role in mediating the repair phenotype in
Schwann cells. Activation of this pathway in
adult myelinating Schwann cells, to levels ob-

served following an injury, is sufficient to trigger
multiple aspects of the repair response in the
absence of injury or axonal breakdown (Harri-
singh et al. 2004; Napoli et al. 2012). This in-
cludes Schwann cell—autonomous effects, such
as demyelination and proliferation, but also
non-cell-autonomous effects, such as activa-
tion of the pathway, is sufficient to cause both
a breakdown in the blood—nerve barrier and as
robust an inflammatory response as seen follow-
ing an injury. Importantly, the response is re-
versible—following the switch-off of the ERK
signal, the Schwann cells remyelinate and the
inflammatory response resolves. The control of
the multicellular response by the Schwann cell
provides a mechanism of organizing the repair
far from the site of the original injury and allows
for a coordinated resolution of this response as
the nerve repairs. Interestingly, ERK-activation
is associated with both neuropathies and
Schwann cell—-derived tumors, in which inflam-
matory responses play key roles indicating that
dysregulation of this pathway can contribute to
pathologies by mimicking the repair response.
c-Jun is rapidly up-regulated in Schwann
cells distal to nerve injury. This protein has a
central role in the transformation of myelin
Schwann cells to Bungner repair cells because
¢-Jun controls both components of the Schwann
cell injury response in the distal stump. It pro-
motes the down-regulation of the myelin pro-
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gram (Parkinson et al. 2008), and, importantly,
c-Jun is also required for the normal activation
of the repair program. Thus, c—]un_/ ~ Schwann
cells in injured distal stumps fail to normally
up-regulate expression of key trophic factors
and cell surface proteins that support neuronal
growth, including GDNE artemin and BDNE
p75NTR, and N-cadherin. They form abnormal
regeneration tracks and show long-term delay
in myelin breakdown. For these reasons, the
generation of functional repair Schwann cells
fails in c—]un_/ ~ mouse mutants, resulting in
striking failure of regeneration and functional
recovery (Arthur-Farraj et al. 2012).

Recently, reduced activation of Schwann cell
c-Jun in injured nerves has been implicated in
the reduced regenerative capacity of peripheral
nerves that characterizes older animals (Painter
et al 2014). This important suggestion awaits
direct experimental confirmation.

Notch signaling is also activated in distal
stump Schwann cells, where it is likely to have
a number of functions (Woodhoo et al. 2009).
Best characterized of these is the promotion of
the myelin dedifferentiation component of the
injury response. Even in uninjured adult nerves,
activation of Notch is sufficient to trigger de-
myelination (Woodhoo et al. 2009).

Following a nerve transection, regrowing
axons need to find their way across the bridge
formed between the nerve stumps. The bridge
is composed of a mixture of inflammatory
cells and matrix, an apparently hostile environ-
ment and likely to lack the guidance cues present
during development. In this situation, Schwann
cells have a further repair role, in that they
emerge as cords of cells from each stump to
bridge the gap and carry the regrowing axons
from the proximal stump along with them.
Interestingly, this migratory behavior is depen-
dent on genes switched on as the Schwann cells
dedifferentiate, EphB2, Sox2, and N-cadherin.
However, a cell type only found in large num-
bers at the wound site (the bridge) activates
this pathway in these “primed” Schwann cells.
Thus, ephrin B expressed by fibroblasts acti-
vates EphB2 on the Schwann cells that, via
Sox2, triggers the relocalization of N-cadherin
to Schwann cell junctions. This causes a switch

from normally repulsive behavior to attractive
behavior that is essential for the formation of the
migratory cords that cross the bridge (Parrinello
et al. 2010).

The notion that an activation of a repair
program is superimposed on the dedifferentiat-
ed, immature Schwann cell-like state to gener-
ate a cell equipped to promote repair, prompts
the question not only of how this cell is gener-
ated, outlined above, but also how the repair
phenotype is maintained. This is particularly
relevant in larger animals in which distal stump
Schwann cells may be without axonal contact
for many months because of the slow rate of
axonal growth. It is well established that, dur-
ing this time, the distal nerve stump gradually
loses its repair-supportive capacity, and that
this decline is one of the key reasons for fre-
quent regeneration failure in humans (Hoke
2006; Sulaiman and Gordon 2009). This sug-
gests that the repair Schwann cell phenotype is
labile and indicates that maintenance of the re-
pair phenotype is a critical clinical issue. Study
of the signaling pathways that maintain the
Bungner repair phenotype is, therefore, an im-
portant future research direction in this area.
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