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Repair in the peripheral nervous system (PNS) depends upon the plasticity of the myelinating cells, Schwann cells, and their ability to
dedifferentiate, direct axonal regrowth, remyelinate, and allow functional recovery. The ability of such an exquisitely specialized
myelinating cell to revert to an immature dedifferentiated cell that can direct repair is remarkable, making Schwann cells one of the
very few regenerative cell types in our bodies. However, the idea that the PNS always repairs after injury, in contrast to the central
nervous system, is not true. Repair in patients after nerve trauma can be incredibly variable, depending on the site and type of injury,
and only a relatively small number of axons may fully regrow and reinnervate their targets. Recent research has shown that it is an
active process that drives Schwann cells back to an immature state after injury and that this requires activity of the p38 and extracel-
lular-regulated kinase 1/2 mitogen-activated protein kinases, as well as the transcription factor clun. Analysis of the events after
peripheral nerve transection has shown how signaling from nerve fibroblasts forms Schwann cells into cords in the newly generated
nerve bridge, via Sox2 induction, to allow the regenerating axons to cross the gap. Understanding these pathways and identifying
additional mechanisms involved in these processes raises the possibility of both boosting repair after PNS trauma and even, possibly,
blocking the inappropriate demyelination seen in some disorders of the peripheral nervous system. STEM CELLS TRANSLATIONAL
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Schwann cells are the glial cells of the peripheral nervous system
(PNS) and are made up of the myelinating Schwann cells that
myelinate large-diameter axons and nonmyelinating Schwann
cells that envelop and support small diameter sensory axons. In
addition to their ability to form the complex structures of myelin
vital for rapid saltatory conduction, Schwann cells have impres-
sive regenerative properties, permitting functional repair of the
PNS following injury, which make them almost unique within our
bodies. In this review, we will discuss the recent advances that
have identified some of the mechanisms underlying these regen-
erative abilities.

During development of the PNS, Schwann cells differentiate
into highly specialized myelinating and nonmyelinating cells, yet
even in adult animals, when the nerve is damaged they maintain
the ability to revert back to a nondifferentiated, proliferative phe-
notype. This injury-induced cell plasticity has recently been pro-
posed as a transdifferentiation that generates a specialized repair
cell, also termed a Biingner cell, which can be distinguished from
the Schwann cells found in the developing nerve. These repair
cells guide regrowth of the injured axons and eventually remyeli-
nate them to allow functional recovery of the damaged nerve [1].
They also promote breakdown of the blood-nerve barrier and the
recruitment of macrophages to the site of injury to clear myelin
debris. The molecular mechanisms that govern the regenerative
properties of the Schwann cell are not fully understood; however,

recent studies using transgenic mouse technology have identified
molecular components involved in the process. It is now clear that
adult Schwann cell plasticity is regulated by a complex array of
signaling pathways and transcription factors that are activated
within Schwann cells in response to injury. In this review, we will
look at recent advances made in the field, which identify the ex-
tracellular-regulated kinase 1/2 (ERK1/2), p38 mitogen-activated
protein kinase (MAPK) pathways, and transcription factors cJun
and Sox2 as regulators of Schwann cell plasticity and PNS repair.
We will also discuss possible therapeutic strategies targeting
these molecular components for improving peripheral nerve re-
generation and repair.

Mechanical insult to the peripheral nerve initiates a cascade of
molecular events in the distal nerve stump that results in myelin
degeneration followed by dedifferentiation and proliferation of
the Schwann cells. The Schwann cell injury response is accompa-
nied by rapid and sustained activation of the ERK1/2 and p38
MAPK pathways within the Schwann cells of the distal stump [2—
5]. Using both gain-of-function and loss-of-function strategies in
vivo, recent studies have described the essential roles of the
MAPK pathways in mediating the Schwann cell injury response.
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The ERK1/2 Pathway

ERK1/2 is activated in the distal stump within a few minutes after
injury to peripheral nerves [2, 6]. Inhibition of this kinase activity
using a pharmacological inhibitor blocked injury-induced
Schwann cell dedifferentiation and delayed downregulation of
the myelin proteins [2, 7]. The importance of this pathway was
shown in elegant experiments using a tamoxifen-inducible trans-
genic mouse model in which Raf-1, an ERK1/2 activator, was
ectopically expressed in adult Schwann cells. The study by Napoli
et al. [7] demonstrated that the ectopic ERK1/2 activation was
sufficient to trigger myelin breakdown, dedifferentiation, and
proliferation of Schwann cells in the absence of nerve injury.
Furthermore, the study also showed that the Schwann cell-spe-
cific ERK1/2 activation was sufficient to induce other responses
associated with nerve injury and repair, including breakdown of
the blood-nerve barrier and recruitment of inflammatory cells
into the nerve [7]. This study strongly indicates that the Schwann
cell ERK1/2 activation serves as the signal that initiates the
Schwann cell injury response and places the Schwann cell as the
key orchestrator of the repair process in the adult PNS. It also
suggests a key role of the ERK1/2 pathway in regulating adult
Schwann cell plasticity.

The in vivo injury-responsive signal that activates ERK1/2 in
Schwann cells remains unknown. One of the possible upstream
activators is the ErbB2 tyrosine kinase receptor, the activity of
which is closely correlated with Ras/Raf/ERK pathway activation
in Schwann cells. Supporting this, it has been shown that ErbB2 is
activated within distal Schwann cells soon after injury and inhibition
of the receptor activity blocks the initial Schwann cell injury re-
sponse, including myelin breakdown and proliferation [6]. In an in-
teresting parallel to this, activation of ErbB2 and signaling through
ERK1/2 has also been shown to be a mechanism by which Mycobac-
terium leprae, the bacterium that causes leprosy in humans, induces
Schwann cell demyelination and dedifferentiation [8].

Another possible upstream activator of ERK1/2 is the Notch
receptor on the Schwann cell surface. Signaling through the
Notch pathway in Schwann cells has been linked to the break-
down of myelin after PNS injury in vivo, and Notch activity has
also been shown to increase activity of ERK1/2, as well as p38
MAPK in Schwann cells [9]. The relative contributions of ErbB2 or
Notch signaling to MAPK activation and function following injury,
and how they regulate Schwann cell plasticity, remain to be de-
termined.

The p38 MAPK Pathway

Activity of p38 MAPK increases in Schwann cells of the distal
stump after nerve injury. A recent study has shown that inhibi-
tion of the injury-induced kinase activation preserves the distal
myelin despite the ongoing axon degeneration after sciatic nerve
transection. Inhibition of p38 MAPK activity also attenuates ded-
ifferentiation of denervated Schwann cells in culture, whereas
ectopic activation is sufficient to drive Schwann cell dedifferen-
tiation in vitro [3].

Therefore, it seems clear that both ERK1/2 and p38 MAPK
pathways play similar roles in promoting Schwann cell plasticity,
yet it is unclear whether the two pathways share a common
injury-responsive signal for their activation within the same path-
way or function in parallel to promote the Schwann cell injury re-
sponse. In cultured Schwann cells, neuregulin 1, a ligand for ErbB
receptors, has been shown to activate both pathways [3, 10].
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In light of their roles in promoting Schwann cell dedifferentia-
tion, perhaps it is not surprising that both ERK1/2 and p38 MAPK
pathways have been shown to function as negative regulators of
Schwann cell differentiation and myelination. Inhibition of
ERK1/2 or p38 MAPK enhances Schwann cell myelination in cul-
ture; conversely, ectopic activation of p38 MAPK blocks cyclic
AMP-induced Schwann cell differentiation and myelin gene ex-
pression in vitro [3, 10]. In the inducible transgenic mouse model
mentioned above, withdrawal of tamoxifen following ERK1/2-
driven Schwann cell demyelination and dedifferentiation allows
the Schwann cells to redifferentiate and remyelinate, indicating
that downregulation of the ectopic ERK1/2 activity is necessary
to initiate Schwann cell myelination. However, ERK1/2 may not
always function as a negative regulator of myelination. Recent in
vivo studies have shown that ablation of ERK1 and ERK2 in em-
bryonic Schwann cells causes myelination defects, and increas-
ing the Schwann cell ERK1/2 activity during development causes
hypermyelination in the PNS [11-13]. These findings suggest
that ERK1/2 and possibly the p38 MAPK pathway(s) may play
different roles during developmental myelination and remyeli-
nation. Although the kinase activities are required for embryonic
Schwann cell differentiation and myelination, they are inhibitory
during remyelination in the adult PNS. It is also possible that the
strength and duration of the kinase activities determine the re-
sponse of the Schwann cell. The short-term transient activation
of the MAPK pathways during development is required during
Schwann cell differentiation, whereas the strong sustained
signaling following nerve injury triggers the dedifferentiation
response of Schwann cells and inhibits remyelination. Cer-
tainly there is support for a signal dosage-dependent mecha-
nism that regulates Schwann cell myelination. In Schwann
cell-dorsal root ganglion (DRG) cocultures, low doses of neu-
regulin 1 promote myelination, whereas at high concentra-
tions it inhibits myelination and induces Schwann cell myelin
breakdown [10].

A temporal requirement of p38 MAPK during Schwann cell
myelination has been suggested as well. In Schwann cell-DRG
neuron cocultures, although inhibition of p38 MAPK activity at
the time of initiating myelination blocks the subsequent myelin
formation, a delayed addition of the inhibitor once myelination
has begun actually promotes the process [3, 14]. The effect of
the p38 MAPK block during the early stages was shown to be
associated with impaired basal lamina formation, a process that
is a prerequisite for myelination. Once the basal lamina is gener-
ated and myelination is proceeding, inhibition of p38 MAPK pro-
motes the subsequent process of myelination [3].

It has been known for some time that the AP-1 transcription
factor cJun is upregulated after injury in both myelinating and
nonmyelinating Schwann cells that are removed from axonal
contact. Although cJun has been shown to play a significant role
in the regeneration of neurons [15], it was not until recently that
the role of cJun in Schwann cells was assessed in Wallerian de-
generation and functional repair of peripheral nerves after in-
jury. Conditional deletion of cJun in the Schwann cell lineage
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Figure 1. Schematic of repair processes following peripheral nerve transection. In intact mature nerve, differentiated Schwann cells myelin-
ate the large-diameter axons. Following transection injury, ERK1/2 and p38 mitogen-activated protein kinase signaling rapidly increases

within Schwann cells distal to the site of injury and causes them to proliferate and take on an undifferentiated

“repair” or Bungner cell

phenotype. In the distal stump of the nerve, this transdifferentiation of Schwann cells is dependent upon the transcription factor cJun, which
directs both the breakdown of myelin and the production of neurotrophins, such as glial-derived neurotrophic factor, brain-derived neu-
rotrophic factor, and Artemin [1]. Following nerve transection, Schwann cells and nerve fibroblasts proliferate and migrate from proximal and
distal nerve stumps to form a nerve bridge. Within this bridge, EphrinB-EphB2 signaling between fibroblasts and Schwann cells results in
elevation of Sox2, which causes relocalization of N-cadherin to the surface of the Schwann cells. The resulting sorting of Schwann cells into
cords in the bridge allows regenerating axons to cross the nerve bridge and reach the distal stump of the nerve [20]. Abbreviations: Erk1/2,

extracellular-regulated kinase 1/2; Fb, fibroblast; Sc, Schwann cell.

does not seemingly affect development or myelination of pe-
ripheral nerves [1, 16]. However, a striking phenotype is seen in
Schwann cells in adult nerves following injury. Schwann cells
lacking cJun fail to downregulate myelin proteins and take on the
repair cell state after losing contact with axons. Analysis of cJun-
regulated genes show that neurotrophins such as glial-derived
neurotrophic factor (GDNF), brain-derived neurotrophic factor,
and Artemin are all reduced in cJun-null nerves after injury. Loss
of the neurotrophin expression is thought to lead to increased
death of sensory neurons and to a decrease in reinnervation and
functional recovery after nerve crush [1]. Genetic ablation of Ret,
the receptor for GDNF and Artemin, in neurons produced regen-
eration defects similar to those observed with cJun loss in
Schwann cells after injury. Correspondingly, administration of
recombinant GDNF and Artemin into nerves containing cJun-null
Schwann cells partially restores the regeneration defects seen in
these nerves after PNS injury [17]. The catastrophic lack of repair
in cJun-null nerves has led to the idea that the dedifferentiation
of Schwann cells after injury leads to the appearance of special-
ized Schwann cells, termed Blingner cells, which depend upon
cJun for their generation [1]. These cells differ in their transcrip-
tional profile from immature Schwann cells prior to myelination
and function specifically to produce both the environment and
neurotrophic support necessary for effective axonal regenera-
tion and repair of the adult nerve.

www.StemCellsTM.com

Sox2 is one of the group of transcription factors that induce plu-
ripotent stem cells from adult somatic cells [18]. During develop-
ment, Sox2 is expressed in immature Schwann cells and the ex-
pression decreases as the Schwann cell begin to differentiate and
form myelin. In adult peripheral nerves, Sox2 expression is rein-
duced in the Schwann cell following nerve injury [16, 19]. It is
unknown whether the injury-induced Sox2 expression plays a
role in promoting adult Schwann cell plasticity. However, a re-
cent study has proposed an alternative role of Sox2 in Schwann
cells that is necessary for the PNS repair after nerve transection.
Unlike nerve crush injury, after which the gross structure of
the nerve and the Schwann cell basal lamina are maintained,
thus allowing axons to regenerate across the site of injury,
nerve transection poses much more of a problem because of
the complete disconnection, which retracts the ends of the
severed nerve (Fig. 1).

In order to repair, a “nerve bridge” must be formed across the
gap to guide growth of the proximal axons into the distal stump.
Parrinello et al. have shown that this process is mediated by
EphrinB-EphB2 signaling between Schwann cells and nerve fibro-
blast that initiates Sox2-dependent Schwann cell sorting, via re-
localization of N-Cadherin, and collective migration out of the
transected nerve stumps [20]. This finding highlights the impor-
tance of Sox2 in promoting the nerve repair function of adult
Schwann cells (Fig. 1).
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The regenerative potential of the adult peripheral nervous sys-
tem is impressive, and recent work has clearly placed Schwann
cells at the center of coordinating the cellular environment to
clear myelin debris, encourage axonal regrowth, and allow func-
tional repair. Certainly we now know more about some of the
key players in this cell plasticity, but how these MAPKs and tran-
scription factors such as cJun and Sox2 collaborate to regulate
these distinct stages of PNS repair is still a mystery. To give one
example, more than 4,000 genes are regulated in Schwann cells
after peripheral nerve injury but only 172 of these are affected
by loss of clun [1]. Similarly, although ectopic activation of
ERK1/2 induces cJun mRNA in Schwann cells, it also activates a
host of other genes [7]. The key experiment to determine
whether the effect of sustained ERK1/2 or p38 MAPK signaling
that induces adult Schwann cell dedifferentiation is clun-depen-
dent remains to be carried out in order to determine how, if at
all, these pathways interact. One additional area of research that
has emerged recently are the new roles for axon guidance mol-
ecules, such as Netrin-1 and its receptors Uncoordinated 5H2
(Unc5H2) and Deleted in Colorectal Cancer (DCC), as well as the
Slit-Robo system in regulating axon regeneration and Schwann
cell migration after injury [21, 22]. How functions of these axon-
guidance systems and the MAPK signaling along with the tran-
scriptional changes in Schwann cells are coordinated to promote
nerve repair is not yet clear.

The operational definition of a stem cell is a cell that can self-
renew indefinitely and that gives rise to multiple, if not all, cell
lineages within the developing embryo. Within the embryonic
PNS, neural crest cells serve the purpose; they give rise to mes-
enchymal stem cells, neurons, and the glia, including the
Schwann cells. Neural crest cells also generate boundary cap
cells that later differentiate into PNS glial cells and neurons [23]
and even into astrocytes, neurons, and oligodendrocyte cells
when transplanted into the central nervous system [24].

Although such pluripotential cells do not appear to normally
exist in adult nerve, Schwann cells exhibit a few stem cell-like
properties. For instance, they appear to lack the replicative se-
nescence seen in other cell types in vitro [25]. Furthermore, fol-
lowing injury to an adult nerve, Schwann cells transdifferentiate
into specialized repair Schwann cells or Biingner cells in a cJun-
dependent manner, that may differ from the immature Schwann
cell prior to myelination [1]. The plasticity of adult Schwann cells
after nerve injury has also been demonstrated in mice heterozy-
gous for the tumor suppressor neurofibromin or NF1. In Nf1*/~
mice, sciatic nerve transection induces the formation of melano-
cytes derived from the Schwann cells in the area of injury,
supporting the previous idea of a bipotential glial-melanocyte
precursor in the developing PNS [26]. Interestingly, however,

generation of the Schwann cell-derived melanocytes was seen
only after nerve transection and not in crush injuries, pointing to
the effects of cellular microenvironment that are specific to a
nerve cut injury [27].

Also relevant to the idea of Schwann cells exhibiting stem cell-
like properties is the recent finding that the leprosy pathogen, M.
leprae, can reprogram Schwann cells into a mesenchymal stem
cell-like phenotype in vitro, seemingly through silencing of the
key Schwann cell transcription factor Sox10 and induction of mo-
lecular profiles that are characteristic of mesenchymal stem
cells. These Schwann cells are highly proliferative and migratory
and can redifferentiate into mesenchymal cell types including
skeletal and smooth muscle cells. They also possess immuno-
modulatory properties that attract macrophages that provide
another route for spreading the M. leprae infection [28].

The studies discussed in this review have undoubtedly pro-
vided insights into understanding the mechanisms that promote
Schwann cell plasticity and their potential to aid PNS repair in
adult nerves. It has been estimated that only 10% of adult pa-
tients with nerve transection injury will recover full function
even with the suturing together of the nerve ends. When the
distal stump of nerves are left unsutured and denervated for long
periods, they become largely unsupportive to regeneration [29—
32]. In addition to this, misdirected growth of regenerating axons
following injury can commonly lead to both sensory mislocaliza-
tion and motor synkinesias in patients [33]. Increasing the repair
potential of the Schwann cells by targeting the components of
the MAPK pathways may prove useful for facilitating myelin
clearance and axon regeneration. However, it should be cau-
tioned that prolonged activation of the pathways may hinder the
subsequent remyelination of the regenerated axons required for
achieving complete functional recovery. Furthermore, sustained
activation of the Ras/Raf/Erk pathway is linked to Schwann cell
hyperplasia and development of peripheral nerve tumors [34—
36]. Therefore, development of targeted therapeutic strategies
that allow both temporal and quantitative regulation of the
MAPK activation is necessary. This clearly represents a huge chal-
lenge to translate what we presently know to improving func-
tional recovery not just in cases of trauma but in all diseases that
cause dysfunction of the peripheral nervous system.
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