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1 | INTRODUCTION

In contrast with the central nervous system (CNS), the peripheral
nervous system (PNS) has a remarkable ability to regenerate following
injury, and Schwann cell plasticity contributes significantly to this
capacity (Boerboom, Dion, Chariot, & Franzen, 2017; Carr &

David B. Parkinson®? | Xin-Peng Dun®?3

Abstract

Schwann cells within the peripheral nervous system possess a remarkable regenera-
tive potential. Current research shows that peripheral nerve-associated Schwann
cells possess the capacity to promote repair of multiple tissues including peripheral
nerve gap bridging, skin wound healing, digit tip repair as well as tooth regeneration.
One of the key features of the specialized repair Schwann cells is that they become
highly motile. They not only migrate into the area of damaged tissue and become a
key component of regenerating tissue but also secrete signaling molecules to attract
macrophages, support neuronal survival, promote axonal regrowth, activate local
mesenchymal stem cells, and interact with other cell types. Currently, the importance
of migratory Schwann cells in tissue regeneration is most evident in the case of a
peripheral nerve transection injury. Following nerve transection, Schwann cells from
both proximal and distal nerve stumps migrate into the nerve bridge and form
Schwann cell cords to guide axon regeneration. The formation of Schwann cell cords
in the nerve bridge is key to successful peripheral nerve repair following tran-
section injury. In this review, we first examine nerve bridge formation and the behav-
ior of Schwann cell migration in the nerve bridge, and then discuss how migrating
Schwann cells direct regenerating axons into the distal nerve. We also review the
current understanding of signals that could activate Schwann cell migration and sig-
nals that Schwann cells utilize to direct axon regeneration. Understanding the molec-
ular mechanism of Schwann cell migration could potentially offer new therapeutic

strategies for peripheral nerve repair.
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Johnston, 2017; Jessen & Mirsky, 2005, 2016, 2019a). Schwann cells
in adult nerves are a regenerative cell type and they retain the ability
to revert to a repair competent state following nerve injury (Jessen &
Mirsky, 2019). Studies have shown that, among others, the transcrip-
tion factor cJun, as well as Merlin-dependent Hippo signaling play

major roles in reprogramming adult Schwann cells into a repair
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competent cell (Arthur-Farraj et al, 2012; Fontana et al, 2012;
Mindos et al., 2017; Schulz et al., 2016).

In response to injury, the area of nerve distal to the site of injury
undergoes a series of changes known as Wallerian degeneration, and
creates a permissive environment for subsequent axon regeneration
(Coleman & Freeman, 2010). Schwann cells in the distal nerve stump
break down their myelin and activate a program called myelinophagy for
myelin clearance (Brosius Lutz et al., 2017; Gomez-Sanchez et al., 2015;
Li et al., 2020). Schwann cells also play an active role in axon degradation
within the distal nerve, remodeling their actin cytoskeleton to produce
actin spheres that accelerate axon clearance (Vaquie et al., 2019). Within
6 hr of injury, Schwann cells in the distal nerve stump also produce and
secrete pro-inflammatory factors to recruit macrophages to further
accelerate clearance of axonal and myelin debris (Martini, Fischer, Lopez-
& David, 2008; Stratton et al, 2018; Zigmond &

Echevarria, 2019). Following their dedifferentiation, Schwann cells prolif-
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erate and extend longitudinally to form bands of Biingner to help guide
axon regrowth; they also secrete cytokines, growth factors, neuro-
trophins and extracellular matrix molecules to promote neuronal survival
and axon regeneration (Jessen & Mirsky, 2016; Ma, Hung, &
Svaren, 2016). Stimulated by such retrograde injury signals, cytokines,
chemokines, growth factors, and neurotrophins, injured neurons rapidly
activate an intrinsic program and regenerate quickly toward their distal
targets (Abe & Cavalli, 2008; Navarro, Vivo, & Valero-Cabre, 2007;
Rishal & Fainzilber, 2010). Upon the contact with regenerating axons,
Schwann cells remyelinate regenerated axons and repel infiltrated mac-
rophages to complete the process of peripheral nerve repair (Fry, Ho, &
David, 2007; Jessen & Mirsky, 2016).

Current evidence shows that peripheral nerve-associated
Schwann cells promote the repair of multiple tissue types including
peripheral nerve gap bridging, skin wound healing, and regeneration of
both digit tips and teeth (Carr & Johnston, 2017; Johnston et al.,, 2016;
Jones et al.,, 2019; Parfejevs et al., 2018). The injury-induced changes
not only reprogram denervated Schwann cells into a repair-competent
state, but may also give them a highly motile phenotype. These
Schwann cells then not only migrate into the area of injury to become a
key component of regenerating tissue, but also secrete growth factors
to activate local mesenchymal stem cells to drive tissue regeneration
(Johnston et al., 2016; Jones et al., 2019). The importance of migratory
Schwann cells in tissue regeneration is perhaps most evident in the case
of a peripheral nerve transection injury (Cattin et al., 2015; Dun
et al, 2019; Parrinello et al, 2010). Following nerve transection,
Schwann cells at the tips of the severed nerve stumps (i.e., distal tip of
the proximal stump and proximal end of the distal stump) undergo a pro-
cess of dedifferentiation, followed by proliferation and migration into
the nerve gap where they form Schwann cell cords and bridge the trans-
ected nerve stumps. The formation of Schwann cell cords is key to suc-
cessful peripheral nerve regeneration (Cattin et al., 2015; Chen, Chen,
Parkinson, & Dun, 2019; Dun & Parkinson, 2020; Parrinello et al., 2010).

This review article will focus on the behavior of Schwann cell
migration from the transected nerve ends into the nerve bridge and

discuss how migrating Schwann cells direct regenerating axons

toward and into the distal nerve stump. We will also review the cur-
rent understanding of signals that are proposed to activate Schwann
cell migration and mechanisms that Schwann cells utilize to direct
axon regeneration. We have recently reviewed signaling by axon guid-
ance molecules and its potential role in regulating the trajectories of
Schwann cell migration in the nerve bridge (Dun & Parkinson, 2020);
therefore, these aspects will not be covered in this present review
article.

2 | FORMATION OF NEW NERVE TISSUE
FOLLOWING INJURY, THE NERVE BRIDGE

21 | The nature of variable lengths of nerve gap
following transection

The rodent sciatic nerve transection has been widely used a research
model to understand the molecular mechanisms of peripheral nerve
regeneration after injury (Savastano et al., 2014). However, researchers
in this field have experienced that, with no attempted re-suturing of the
nerve ends, the lengths of the nerve gaps are variable following tran-
section (Bozkurt et al.,, 2011; Cattin et al., 2015; Chen et al., 2019;
Dun & Parkinson, 2018a; Parrinello et al., 2010; Savastano et al., 2014).
Like the majority of the peripheral nerves in mammals, the rodent sci-
atic nerve is under tension and therefore a nerve gap will be generated
upon transection injury due to the retraction of the nerve ends (Chen
et al., 2019; Dun & Parkinson, 2018a). In our experience, we normally
create a nerve gap varying between 1 and 2.5 mm (Figure 1a-c) (Chen
et al., 2019; Dun et al., 2019; Dun & Parkinson, 2015, 2018a, 2018b)
and these gaps may first be bridged by a fibrin deposit (Schroder,
May, & Weis, 1993; Williams, Longo, Powell, Lundborg, & Varon, 1983).
Perineurial cells are the first cell type from both severed nerve ends
migrating into the nerve gap (Martini, Schachner, & Faissner, 1990;
Schroder et al., 1993; Weis, May, & Schroder, 1994). Subsequently,
nerve fibroblasts, endothelial cells, and Schwann cells migrate into the
nerve gap and form new tissue to connect both nerve stumps. This
newly formed tissue is now known as the “nerve bridge” (Cattin
et al., 2015; Dun et al., 2019; Dun & Parkinson, 2015, 2020; Parrinello
et al., 2010). The nerve bridge serves as a substrate for regenerating
axons crossing the nerve gap.

In some cases of rodent sciatic nerve transection using a scissors,
the sciatic nerve could be detached from the attaching muscle during
the surgical procedure of transection, which often results in a further
retraction of both nerve ends and generates a longer gap. Under such
circumstances, a fibrin deposit cannot form to connect both nerve
ends due to the leakage of the fibrin clot in the larger nerve gap
(Belkas, Shoichet, & Midha, 2004; Lundborg, Dahlin, et al., 1982;
Zhao, Dahlin, Kanje, & Lundborg, 1993); therefore, a nerve bridge
does not form and regeneration cannot occur in such a large nerve
gap without surgical repair. In our work using the proteolipid protein-
green fluorescent protein (PLP-GFP) mice which labels Schwann cells
with GFP (Mallon, Shick, Kidd, & Macklin, 2002), we observed that a
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FIGURE 1 The length of the sciatic nerve gap affects
Schwann cell cord formation within the nerve bridge. Z-stack
images were captured using confocal microscopy with
reconstruction from whole sciatic nerve preparations 14 days after
transection injury in PLP-GFP mice (GFP+ Schwann cells). Dashed
lines indicate the cut ends of both proximal (left) and distal (right)
nerve stumps. (a) Schwann cell cords connecting the proximal and
the distal nerve stumps in a 1.17 mm sciatic nerve gap.

(b) Schwann cell cords connecting the proximal and the distal
nerve stumps in a 1.69 mm sciatic nerve gap, some Schwann cells
have left the nerve bridge in the proximal nerve stump.

(c) Schwann cell cords connecting the proximal and the distal
nerve stumps in a 2.49 mm sciatic nerve gap with more Schwann
cells observed leaving the nerve bridge in the proximal nerve
stump. (d) With a larger sciatic nerve gap (3.35 mm), only a few
Schwann cell cords connect the proximal and the distal nerve
stumps. (e) In a 4.11 mm sciatic nerve gap, migrating Schwann
cells are unable to form Schwann cell cords and do not connect
both nerve stumps to form a nerve bridge. GFP, green fluorescent
protein; PLP, proteolipid protein

gap distance of greater than 3.5 mm between the nerve stumps was a

barrier to correct nerve bridge formation (Figure 1d,e).

2.2 | Stages of nerve bridge formation

We, and others, typically use mouse and rat sciatic nerve transection
as a research model to create nerve gaps and study the molecular and
cellular events regulating axon regeneration across such peripheral
nerve gaps (Chen et al., 2019; Dun et al,, 2019; Dun & Parkinson, 2015,
2018a; Parrinello et al., 2010; Savastano et al., 2014). Following a sciatic
nerve transection, numerous erythrocytes, granulocytes, thrombocytes,
and macrophages are localized into the nerve gap (Schroder et al., 1993;
Weis et al., 1994; Williams et al., 1983). These cells are the earliest cell
types arriving into the nerve bridge, and they are released from the
transected endoneurial and epineurial blood vessels of the nerve rather
than migration into the nerve gap from either nerve stump. In rat sciatic
nerve transection injury, the nerve gap is first bridged by a fibrin deposit
between the distal and the proximal nerve stumps at 2 days following
transection (Cattin et al., 2015). At Day 2 postinjury, the nerve bridge
is composed of approximately 50% macrophages, 24% neutrophils,
13% fibroblasts, 5% endothelial cells, and 8% other cell types (Cattin
et al., 2015). Perineurial cells respond rapidly to nerve transection and
they are the earliest cell type migrating into the nerve bridge from both
nerve ends (Kucenas, 2015; Lewis & Kucenas, 2014). Perineurial cells
migrate along the fibrin deposit and form a circumferential tube to con-
trol the trajectory of migration of both nerve fibroblasts and endothelial
cells (Martini et al., 1990; Schroder et al., 1993; Weis et al., 1994).

At Day 3 postinjury, the number of endothelial cells shows a signifi-
cant increase to 20% in the nerve bridge due to the dramatic influx of
endothelial cells from both nerve ends toward the middle of the bridge.
Neutrophils also show a slight increase to 26%, while the ratio of macro-
phages decreased to 33% and the ratio of fibroblasts decreased to 10%,
showing a dynamic and changing cell composition of the nerve bridge
(Cattin et al., 2015). Recently, an mRNA sequencing study revealed
that macrophages within the nerve bridge show a complex phenotype,
which is temporally regulated by the nerve bridge microenvironment
(Tomlinson, Zygelyte, Grenier, Edwards, & Cheetham, 2018). We also
showed that macrophages in the outermost layer of the nerve bridge
have both a different morphology and gene expression profile compared
to macrophages localized in the center of the nerve bridge (Dun
et al., 2019). Using single-cell transcriptomics, Ydens et al. demonstrated
that macrophages in the injured mouse sciatic nerve express a unique
transcriptional profile compared with macrophages in other mouse tis-
sues (Ydens et al., 2020). Endothelial cells from both nerve ends are
attracted by vascular endothelial growth factor-A (VEGF-A) secreted
from macrophages in the nerve gap, they migrate into the nerve gap
and form new blood vessels (Cattin et al., 2015).

The majority of newly formed blood vessels are orientated longitudi-
nally in the nerve bridge (Cattin et al., 2015; Schroder et al., 1993; Weis
et al.,, 1994) and they serve as a substrate for subsequent Schwann cell

migration (Cattin et al., 2015). Schwann cells from both proximal and
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distal nerve stumps migrating toward the nerve bridge can be easily
observed passing both nerve stumps on Day 4 postinjury, and they form
Schwann cell cords within the nerve bridge by Day 7 (Chen et al., 2019;
Torigoe, Tanaka, Takahashi, Awaya, & Hashimoto, 1996). Slit3-Robo1l
signaling between Slit3-expressing macrophages and Robol-expressing
migrating Schwann cells in the nerve bridge is required to keep Schwann
cells inside the nerve bridge (Dun et al., 2019). EphrinB2-EphB signaling
between migrating nerve fibroblasts and Schwann cells is important for
Schwann cell sorting and Schwann cell cord formation in the nerve
bridge (Parrinello et al., 2010). For a further review of the molecular
mechanism of classic axonal guidance signaling pathways and their
potential roles in regulating the nerve bridge formation, please see our
recent review (Dun & Parkinson, 2020). Regenerating axons are known
to follow Schwann cell cords and navigate across the nerve bridge
(Cattin et al., 2015; Chen et al., 2019; Dun et al., 2019; Parrinello et al.,
2010). For a 2 mm nerve gap, axons begin to enter the distal nerve
stump around Day 9 following a transection injury (Chen et al., 2019).
Thus, macrophages, neutrophils, perineurial cells, nerve fibroblasts,
endothelial cells, and Schwann cells are the major cell types forming
the nerve bridge and they regulate each other's recruitment, migration,
and organization in the nerve bridge during regeneration (Cattin
et al., 2015; Dun et al., 2019; Kucenas, 2015; Parrinello et al., 2010;
Weis et al., 1994; Williams et al., 1983). The formation of the nerve
bridge requires an initial fibrin deposit and then involves the coordi-
nated migration of multiple cell types. The cellular make-up and extra-
cellular matrix composition of the nerve bridge changes over time
following injury, but as regeneration proceeds the nerve bridge will be
replaced largely by Schwann cells and axons, and in time will have a

somewhat similar tissue structure to the repaired distal nerve stump.

2.3 The study of nerve bridge formation using
artificial nerve conduits

The clinical challenge in the repair of larger peripheral nerve gaps
requires the use of biodegradable nerve guidance conduits and several
have been developed to repair such nerve gaps of between 5 and
10 mm (Deumens et al., 2010; Kehoe, Zhang, & Boyd, 2012; Ray &
Mackinnon, 2010). Therefore, understanding the time course of nerve
bridge formation and axon regeneration in nerve guidance conduits
will improve the design and the use of nerve guidance conduits in
the clinic. In order to study nerve bridge formation in vivo and axon
regeneration over longer nerve gaps, Lundborg et al. developed an
injury research model by connecting the severed nerve ends using sili-
cone tubing (Lundborg, Dahlin, et al., 1982; Lundborg, Gelberman,
Longo, Powell, & Varon, 1982). They showed that the nerve bridge
could still form within such a hollow silicone tube for a rat sciatic
nerve gap up to 10 mm in length (Lundborg, Dahlin, et al., 1982). The
spatial-temporal progress of cellular events of nerve bridge formation
within the silicone tube have been studied in some detail with such a
10 mm rat sciatic nerve gap (Figure 2) (Williams et al., 1983).

Within 1 day of surgery, the silicone conduit tube was filled with
fluid originating from both nerve ends (Belkas et al., 2004; Lundborg,

Longo, & Varon, 1982). Using in vitro neuron cultures, the fluid within
the silicone tube was shown to contain neurotrophic factors and
extracellular matrix and to stimulate axon growth (Lundborg, Longo, &
Varon, 1982). Three days after surgery, a fibrin cord could be observed
inside the silicone tubes connecting both nerve ends and the fibrin
cord contained numerous erythrocytes, granulocytes, thrombocytes,
and macrophages (Schroder et al., 1993; Weis et al., 1994; Williams
et al., 1983). The fibrin cord had a parallel and longitudinal arrange-
ment to the nerve and provided a substrate for cells from both nerve
ends migrating into the nerve bridge (Williams et al., 1983). As for
formation of the bridge without a conduit, perineurial cells were the
first cell type from both nerve ends to migrate along the fibrin cord
and could be easily observed at Day 7 with an elongated cell
shape (Schroder et al., 1993; Weis et al., 1994). Migrating perineurial
cells formed a perineurial cell tube surrounding the fibrin and this
tube almost bridged the 10 mm gap at Day 12 following tran-
section and repair with the silicone conduit (Figure 2). A continuous
tube of perineurial cells connecting the proximal and distal nerve
stumps could still be observed at 18 days following surgery. Nerve
fibroblasts, endothelial cells, and Schwann cells from both nerve
stumps were found to migrate within the perineurial tube toward the
middle of the nerve bridge. They migrate at a distance of up to 1 mm
from both nerve stumps at Day 7 and almost reach the middle of the
nerve bridge at Day 12 (Figure 2). Migrating nerve fibroblasts, endo-
thelial cells, and Schwann cells filled the whole nerve gap within the
perineurial tube and formed a continuous cellular cord by Day 18 fol-
lowing surgical repair (Lundborg, Dahlin, et al., 1982; Scaravilli, 1984).
Regenerating axons enter the distal nerve stump on Day 21 following

surgical repair in this model (Weis et al., 1994).

3 | TRANSGENIC MOUSE MODELS
EXPRESSING FLUORESCENT PROTEINS IN
SCHWANN CELLS, USEFUL TOOLSTO STUDY
SCHWANN CELL MIGRATION IN VIVO

The use of transgenic mouse models expressing fluorescent proteins
in Schwann cells such as PLP-GFP (Mallon et al., 2002), S100-GFP
(Zuo et al., 2004), S100-RFP (Hirrlinger et al., 2005), and Sox10-Venus
(Hirrlinger et al., 2005) have allowed the detailed analysis of Schwann
cell behavior and migration following nerve injury. The S100-GFP
mouse model was the first mouse model to be used to study Schwann
cell migration in vivo after sciatic nerve transection (Hayashi et al.,
2007; Tomita et al., 2009; Whitlock et al., 2010). In S100-GFP mice,
Schwann cells are labeled with GFP under the control of transcrip-
tional regulatory sequences of the human S100B gene. Although
Schwann cells are labeled with bright GFP, studies have shown that a
few macrophages also express GFP in this transgenic mouse line (Zuo
et al., 2004). More recently, the PLP-GFP mice have been used to visu-
alize in vivo Schwann cell migration (Carr, Parkinson, & Dun, 2017;
Cattin et al., 2015; Dun et al., 2019; Stierli et al., 2018). Originally cre-
ated to label oligodendrocytes in the CNS, with GFP expression driven
by the mouse myelin PLP gene promoter, the PLP-GFP mice express
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cytoplasmic GFP in both myelinating and nonmyelinating Schwann
cells of the peripheral nerves (Mallon et al., 2002). Myelinating
Schwann cells and nonmyelinating Schwann cells in the intact nerve
are also distinguishable in adult PLP-GFP mice due to a much higher
apparent level of GFP expression in nonmyelinating Schwann cells and
the recognizable morphology of Remak bundles (Carr et al., 2017;
Stierli et al., 2018). Transgenic mice expressing Schwann cell specific
Cre-recombinase have also been used to label Schwann cells by cross-
ing with different fluorescence protein reporter lines such as R26R-
YFP, R26R-tdTomato, and R26R-Confetti (Benito et al., 2017; Clements
et al, 2017; Feltri et al., 1999; Leone et al.,, 2003; Livet et al., 2007;
Madisen et al., 2010; Srinivas et al., 2001; Stierli et al., 2018). These
mouse models allow researchers to study the basic behavior and the
molecular mechanism of Schwann cell migration in vivo within the

nerve bridge following mouse sciatic nerve transection injury.
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4 | MIGRATING SCHWANN CELLS DIRECT
AXON REGENERATION IN THE NERVE
BRIDGE

Accumulating evidence indicates that regenerating axons are unable to
cross the nerve gap without Schwann cell guidance (Torigoe et al., 1996,
Parrinello et al., 2010, Webber et al., 2011, Rosenberg et al., 2014, Cattin
et al., 2015, Dun & Parkinson, 2015). In the zebra fish motor axon injury
model, generating just a 9 pm nerve gap by laser transection, reg-
enerating axons lost their directionality and travelled along ectopic trajec-
tories in the nerve bridge when Schwann cells were genetically ablated
(Rosenberg et al, 2014). In Sox2, Slit3, and Robol knockout mice,
Schwann cells migrated aberrantly after sciatic nerve transection injury
and regenerating axons followed the path of ectopic migrating Schwann
cells leaving the nerve bridge (Dun et al., 2019). More recently in the
PLP-GFP mice, we revealed that an early regrowing population of reg-
enerating axons is unable to cross the mouse sciatic nerve gap due to the
lack of Schwann cell guidance at their front (Chen et al., 2019). These
findings have shown that Schwann cells are the key cell type in the nerve

bridge to direct regenerating axons into the distal nerve stump.

41 | Misdirected axon regeneration without
Schwann cell guidance

It is well known that adult neurons of the peripheral nerves retain
the capacity to regenerate (Chen, Yu, & Strickland, 2007; Jessen &

FIGURE 2 Schematic of nerve bridge formation and axon
regeneration as seen in a 10 mm rat sciatic nerve gap repaired with a
hollow nerve conduit. (a) Rat sciatic nerve before injury. (b) At Day

3 following surgery and silicone tube repair, the gap between the
proximal and distal nerve stumps was bridged by a meshwork of fibrin
deposit. This fibrin meshwork contains many erythrocytes, neutrophils,
platelets, and macrophages. (c) At Day 7, the nerve bridge still contains
fibrin deposits, macrophages, and degenerating erythrocytes.
Perineurial cells from both nerve ends migrate along the fibrin deposit
and form circumferential tubes extending 2 mm from each nerve
stump at both ends of the nerve bridge. Inside the perineurial cell tube,
fibroblasts, endothelial cells, and Schwann cells from both nerve ends
have migrated approximately 1 mm into the nerve bridge. Newly
formed capillaries are mainly oriented longitudinally. Very few axons
could be observed in the proximal nerve stump and they are not
myelinated. (d) At Day 12, migrating perineurial cells have not yet met
in the middle of the nerve bridge with a gap distance about 0.5 mm
between proximal and distal migrating perineurial cells. There are
numerous fibroblasts, Schwann cells, and blood vessels inside the
perineurial cell tube. More axons have grown out of the proximal
stump and they are associated with Schwann cells but not yet
myelinated. Blood vessels start to grow ahead of fibroblasts and
Schwann cells. (e) At Day 18, a continuous perineurial cell tube is
formed surrounding the nerve bridge. Schwann cells, fibroblasts, and
blood vessels also meet in the middle of the nerve bridge. Axons reach
the midpoint of the nerve bridge, and are thinly remyelinated. (f) At
Day 21 postinjury, axons had reached the distal nerve stump and
Schwann cell remyelination is seen up to the midpoint of the bridge
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Mirsky, 2016) and they rapidly activate a remarkable intrinsic program
to regenerate in response to injury-induced retrograde signals (Rishal &
Fainzilber, 2010). Torigoe et al. used the film model and studied the initi-
ation of axon regeneration. In this film model, the transected mouse
proximal peroneal nerve was sandwiched between two thin plastic fluo-
rine resin films, resulting in a very thin layer of regenerating tissue being
formed between two films; therefore, tissue sectioning was not needed
for subsequent analysis in this model. Using this method, they analyzed
axon regeneration on the film in the early phase of regeneration up to
6 days. By transmission electron microscopy, they showed that neurite
sprouting could be observed at only 3 hr following axotomy from the
nodes of Ranvier adjacent to the axotomized nerve stump. Neurites
extended and passed through the proximal nerve stump tip and onto
the film in just 6 hr (Torigoe et al., 1996). The early time points of neu-
rite sprouting observed by Torigoe et al. were in agreement with
Sjoberg and Kanje's observation using an electrophysiological technique
(Sjoberg & Kanje, 1990). Using a live cell imaging system in the zebra
fish to study GFP-expressing motor axon regeneration, Isaacman-Beck
et al. also observed that regenerating axons have extended into the

Proximal E Bridge ~ 2mm

First
3 days

nerve gap at just 7 hr following axotomy (Isaacman-Beck, Schneider,
Franzini-Armstrong, & Granato, 2015). Thus, axon regeneration could
be easily observed well within the first day after peripheral nerve
transection injury.

Following a sciatic nerve transection injury in rodents, Schwann
cells within the distal end of the proximal nerve stump and Schwann
cells within the proximal end of the distal nerve stump undergo a pro-
cess of dedifferentiation which takes 2-3 days to complete (Jessen &
Mirsky, 2016; Shin et al., 2017; Wang, Teng, & Huang, 2012). After
dedifferentiation they can proliferate and migrate, therefore, the start
of Schwann cell migration is 2-3 days later than the start of axon
extension in the proximal nerve stump (Figure 3) (Chen et al., 2019;
Torigoe et al., 1996). Using the film model, Torigoe et al. analyzed
Schwann cell migration on the film by S100 antibody staining. They
showed that there were no Schwann cells associated with reg-
enerating axons at Day 2 following injury and migrating Schwann cells
start to appear near the proximal nerve stump on Day 3. The number
of migrating Schwann cells in the proximal nerve stump gradually
increased on Day 4 and Schwann cells began to migrate in front of

i Distal

44— AXxons
Day 4 Schwann cellSmp x>

Day 6

Day 7

FIGURE 3 Schematic showing Schwann
cell-axon interactions in the mouse sciatic
nerve bridge at different stages of
regeneration. Axons regenerate much earlier
than the start of Schwann cell migration
following mouse sciatic nerve

transection injury. Axons form bundles and
often have a ball shape at the regeneration
front when there are no Schwann cells
localizing ahead of the regenerating axons
front before Day 5. Schwann cells migrate in
front of axons from Day 5 onward and form
Schwann cell cords at Day 7. Leading Schwann
cells have two or three leading processes

before Day 7. Regenerating axons use

Schwann cell cords as a substrate and navigate

across the nerve bridge and most axons enter

into the distal nerve stump on Day 9
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regenerating axons front on Day 5 (Torigoe et al., 1996). However,
the nerve bridge was unable to form using the film model; therefore,
this research model cannot fully mimic the in vivo nerve bridge micro-
environment for Schwann cell migration and axon regeneration. Using
PLP-GFP mice, we have studied the detail of Schwann cell migration
and axon extension in the nerve bridge in the sciatic nerve (Chen
et al.,, 2019). We also found that regenerating axons regrow in front
of the GFP-positive migrating Schwann cells in the nerve bridge for
the first 5 days following mouse sciatic nerve transection injury (Chen
et al., 2019). Therefore, for the first 5 days following transection injury,
axons regenerate into the nerve bridge tissue without Schwann cell
guidance at their front (Figure 3).

Torigoe et al. showed that regenerating axons fasciculated with
each other and formed axon bundles where there were no migrating
Schwann cells at the regeneration front. They termed these reg-
enerating axons as “naked axons” at this stage of regeneration (Torigoe
et al, 1996). Using the whole nerve neurofilament antibody staining
technique, we also showed that groups of 5-6 regenerating axons
formed bundles in the proximal nerve stump on Day 4 and a ball shape
often forms at the tips of such axon bundles (Chen et al., 2019; Dun &
Parkinson, 2015). The ball shape has been clearly illustrated by Ramén y
Cajal with his drawing of regenerating axons in the nerve bridge
(Lobato, 2008). This is a typical shape for stalled growth cones due to
the lack of a substrate for elongation (Dun et al., 2012; Lobato, 2008). In
the PLP-GFP mice, we also observed that some single axons could
extend into the nerve bridge on Day 4 when there were no Schwann
cells at the front, but such regenerating axons appeared to lack direc-
tionality and were not growing toward the distal nerve stump (Chen
et al., 2019). The growth cone morphology and lack of directionality of
regenerating axons in the nerve bridge at this early stage of regenera-
tion indicate that regenerating axons require Schwann cells at their front
to permit the correct trajectory of axon growth.

4.2 | Migrating Schwann cell direct regenerating
axons across the nerve bridge

Although Schwann cell migration starts later than axon extension in the
proximal nerve stump, Schwann cells overtake regenerating axons on
Day 5 and thereafter provide a pathway for regenerating axons navi-
gating across the nerve bridge (Cattin et al., 2015; Dun et al., 2019;
Dun & Parkinson, 2015; Parrinello et al., 2010). Both Torigoe's and our
studies showed that migrating Schwann cells start to proceed in front
of regenerating axons in the proximal nerve stump from Day 5 onward
following injury (Chen et al., 2019; Torigoe et al., 1996). Following
the pioneer Schwann cells, other Schwann cells attach to each other
and form a chain to migrate toward the middle of the nerve bridge
from both nerve stumps (Chen et al., 2019). Schwann cell migration in
the nerve bridge appears as a classic example of cell chain migration
(Aigouy, Lepelletier, & Giangrande, 2008; Dun & Parkinson, 2015;
Parrinello et al., 2010). This chain migration is important for the correct
Schwann cell cord formation in the nerve bridge (Figure 3). Interest-

ingly, Schwann cells from both nerve ends form chains and migrate

toward the middle of the nerve bridge. However, it is currently not
known if the migration stops once Schwann cell chains from both nerve
ends meet in the middle of the nerve bridge or they continue to migrate
toward the opposite nerve ends.

On Day 6, when there are many migrating Schwann cells localiz-
ing ahead of the axon front, individual axons emerge from axon bun-
dles and follow migrating Schwann cells across the nerve bridge (Chen
et al., 2019). Thus, regenerating axons are directed into the distal
nerve stump by Schwann cell cords formed by migrating Schwann
cells. Similar to this regeneration process of adult Schwann cells deter-
mining the directionality of axon elongation, during embryonic PNS
development, about 80% of the nerve front surface is covered by
Schwann cell precursors. It is the Schwann cell precursors that are
most exposed to the extracellular environment and they form a sub-
strate for advancing growth cones (Wanner, Guerra, et al., 2006;
Wanner, Mahoney, et al., 2006).

Both the film model study and our observations in PLP-GFP mice
showed that the speed of axon extension has two phases, an initial
slow phase (86 pm/day) when there are unaccompanied axons at the
front, followed by a faster phase (433 pm/day) when Schwann cells
migrate together with axons. The appearance of migrating Schwann
cells into the regeneration front coincides with the onset of the sec-
ond phase of axon growth; therefore, migrating Schwann cells are
responsible for the acceleration of axonal growth in the second phase
(Torigoe et al, 1996). These observations showed that migrating
Schwann cells not only direct axons regenerating toward the distal

nerve stump but also increase the speed of axon extension.

5 | IDENTIFYING THE SUBSTRATE FOR
SCHWANN CELL MIGRATION IN THE NERVE
BRIDGE

5.1 | Fibrin deposit, a possible substrate for
Schwann cell migration

Since Williams et al. first showed that a fibrin cord can serve as a sub-
strate for cells from both nerve stumps migrating into the bridge
(Williams et al., 1983), fibrin has been considered as the likely substrate
for Schwann cell migration into the nerve bridge (Belkas et al., 2004;
Daly, Yao, Zeugolis, Windebank, & Pandit, 2012; Deumens et al., 2010).
Later Weis et al. showed that the diameter of the fibrin cord within the
10 mm silicone tube was reduced between Days 3 and 7, and in some
of the silicone tube samples, the fibrin cord had already mostly dis-
appeared by Day 7 (Schroder et al., 1993; Weis et al., 1994). However,
at Day 7, Schwann cells have only migrated approximately 1 mm away
from both nerve stumps within the 10 mm silicone tubes (Williams
et al., 1983), indicating that migrating Schwann cells must find a new
substrate for migration in order to bridge the rest of the 8 mm gap
between the advancing cell fronts. Furthermore, in vitro Schwann cell
migration assays on mixed fibrin/fibronectin substrates demonstrated
that increasing the amount of fibrin in the substrates inhibited Schwann

cell migration (Akassoglou, Akpinar, Murray, & Strickland, 2003).
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Although a positive effect for peripheral nerve gap repair has been seen
using fibrin matrices to deliver growth factors into nerve guidance con-
duits, these observed positive effects may have rather resulted from
the use of growth factors in the fibrin matrices (Wood, Moore,
et al., 2009; Wood, Borschel, & Sakiyama-Elbert, 2009). Therefore, it
remains to be examined in vivo to what extent Schwann cells migrate

along a fibrin substrate.

5.2 | Schwann cells migrate along the regenerating
axons in the proximal nerve stump at early stages of
regeneration

Using the film model, Torigoe et al. analyzed Schwann cell migration
on the film and showed that proximal Schwann cells preferred axonal
surfaces over any other environmental structure as a substrate for
migration (Torigoe et al., 1996). Combining our whole sciatic nerve
neurofilament staining technique with use of the PLP-GFP mice, we
also showed that Schwann cells use axons as a substrate to migrate
upon in the proximal nerve stump before Day 5 (Chen et al., 2019).
During PNS development, Schwann cell precursors migrate as a con-
tinuous chain along the developing nerves (Sepp & Auld, 2003; Sepp,
Schulte, & Auld, 2000), and N-cadherin expression in Schwann cell

precursors has been proposed as the primary reason that Schwann
cell precursors migrate along the developing nerves (Wanner, Guerra,
et al., 2006). Following injury, Schwann cells upregulate N-cadherin
expression (Parrinello et al., 2010; Roberts et al., 2017), and in vitro
coculture of adult rat Schwann cells with embryonic dorsal root gan-
glion neurons revealed that N-cadherin mediates Schwann cell align-
ment along axons (Wanner & Wood, 2002). Thus, the expression
of adhesion molecules such as N-cadherin on Schwann cells could be
one reason that Schwann cells in the proximal nerve stump initially
use regenerating axons as a substrate to migrate before Day 5
(Figure 4). However, Schwann cells have to find new substrate to
migrate upon from Day 5 onward once they proceed in front of reg-
enerating axons. Furthermore, there are no axons acting as substrates
for Schwann cell migration from the distal nerve stump, indicating that
Schwann cells require a different type of substrate upon which to

migrate into the nerve bridge.
5.3 | Newly formed blood vessels as a substrate
for guiding Schwann cell migration and cord formation

Schroder et al. observed that Schwann cells concentrated around the

outgrowing blood vessels in the silicone tubes (Schroder et al., 1993),

NGF, GDNF, IGF1, NRG1, HGF, EPO, TNC, TGFp1

Proximal

Distal

FIGURE 4 Signals activating Schwann cell migration and substrates for Schwann cell migration in the nerve bridge. Upon nerve transection,
macrophages in the nerve bridge sense hypoxia and upregulate vascular endothelial growth factor (VEGF) to induce blood vessel regeneration.
The Schwann cell intrinsic migration property is activated by a number of growth factors illustrated. Upon putative activation of mitogen-
activated protein kinase (MAPK), Cdc42, Rac1, and RhoA signaling, Schwann cells at both nerve ends actively search for a substrate and migrate.
In the proximal nerve stump, Schwann cells initially use regenerating axons as a substrate to migrate, but then use blood vessels as an alternative
substrate once they overtake elongating axons. Schwann cells in the distal nerve stump also use blood vessels as substrate to migrate. Migrating
Schwann cells from both nerve ends meet in the middle of the nerve bridge and form Schwann cells cords to direct axon regeneration. Nerve
growth factor (NGF), BDNF, and glial cell line derived neurotrophic factor (GDNF) are critical signals that Schwann cells utilize to direct axons into

the distal nerve stump



MIN ET AL

which was later investigated by Cattin et al. to show that Schwann
cells use newly regenerated blood vessels in the nerve bridge as a
substrate for migration (Cattin et al., 2015). In their studies, Cattin
et al. first showed that blood vessels emanate from both proximal
and distal stumps after sciatic nerve transection injury in mouse and
rat, and the nerve bridge is fully vascularized prior to the start of
Schwann cell migration. Around 80% of newly regenerated blood
vessels in the nerve bridge were orientated in the same direction as
subsequent Schwann cell migration. Immunostaining of the vascula-
ture in the nerve bridge of PLP-GFP mice showed that migrating
Schwann cells closely associated with the blood vessels in the bridge.
Schwann cells frequently make direct physical contacts with blood
vessels via long protrusions (Cattin et al., 2015). Moreover, it was
demonstrated in vitro that Schwann cells are able to migrate along
capillary-like endothelial cells using an in vitro system (Cattin
et al., 2015).

Cattin et al. further showed that most macrophages (>80%)
sense the hypoxic environment in the nerve bridge and increase
Hypoxia-Inducible Factor 1-alpha (HIF-1a) expression. Subsequently,
HIF-1a drives VEGF-A expression in macrophages (Figure 4). Using
a Transwell assay, they demonstrated that endothelial cells migrate
in response to VEGF-A but not Schwann cells. To address whether
VEGF-A induced blood vessel formation was sufficient to direct
Schwann cell migration in vivo, Cattin et al. implanted heparin beads
loaded with recombinant human VEGF165 into the nerve gap in vivo
to attempt to misdirect blood vessel regeneration. Six days after
VEGF-A bead implantation, they found that Schwann cells followed
the misdirected regenerating blood vessels and migrated away from
the nerve bridge. Thus, Cattin et al. confirmed that the regenerating
blood vessels are the most important substrate in the nerve bridge for
Schwann cell migration (Cattin et al., 2015).

6 | THEINTRINSIC MIGRATORY
PROPERTY OF SCHWANN CELLS

Current research evidence suggests that the intrinsic migratory
properties of Schwann cells are activated during the processes of
dedifferentiation, and they then actively search for a substrate
and begin to migrate. The intrinsic migratory properties of Schwann
cells have been studied by Wang et al. using a single-cell migration
assay with cultured rat sciatic nerve explants (Wang et al., 2012),
which effectively mimics the in vivo Schwann cell response to injury
(Shin et al., 2017). Wang et al. showed that Schwann cells could
spontaneously migrate away from nerve explants onto laminin-
coated coverslips after 48-72 hr of culture. Migrating Schwann cells
from sciatic nerve explants display high motility with a majority of
them showing a bipolar morphology. Gatto et al. showed that asym-
metric ERM (ezrin, radixin, moesin) protein activation in retracting cell
processes was required to maintain a bipolar shape in Schwann cells
during migration (Gatto, Walker, & Lambert, 2003, 2007). To migrate
out from explants onto laminin-coated coverslips, dedifferentiated

Schwann cells first sent out long processes and then the nucleus

moved forward within the processes to the front end of the cell. The
back part of the cell processes then retracted and the front processes
extended once more (Wang et al., 2012). We recently showed in the
PLP-GFP mice that leading migratory Schwann cells in the nerve
bridge have two or three leading processes, suggesting that they are
responsible for detecting migrating substrate and/or guidance cues
(Chen et al., 2019).

7 | THE ACTIVATION OF SMALL GTPASES
AND MITOGEN-ACTIVATED PROTEIN
KINASE SIGNALING PATHWAYS FOR
SCHWANN CELL MIGRATION

7.1 | The activation of small GTPases for Schwann
cell migration

Signaling pathway analysis of RNA sequencing data from rat distal
sciatic nerve revealed that the activation of growth factor receptors,
G-protein coupled receptors and integrins following injury could pos-
sibly activate the Rho family of small GTPases Cdc42, Rac1, and RhoA
in Schwann cells (Wang, Shan, Pan, & Yi, 2018). The active forms of
Cdc42, Rac1, and RhoA are all key regulators of cytoskeletal dynamics
and Schwann cell migration (Feltri, Suter, & Relvas, 2008; Lambrechts,
Van Troys, & Ampe, 2004; Yamaguchi & Condeelis, 2007). Activated
Cdc42 and Racl regulate Schwann cell leading process extension and
soma translocation through the control of F-actin polymerization at
the front edge of leading process (Wang et al., 2012). Treatment of
cultured Schwann cells with cytochalasin D, an F-actin polymerization
inhibitor, resulted in the collapse and retraction of leading processes
and an inhibition of Schwann cell migration (Wang et al., 2012; Wang,
Teng, & Huang, 2013). Injection of cytochalasin D to the injury site
also inhibited Schwann cell migration in vivo (Wang et al., 2018).
Application of the RhoA inhibitor Y-27632 at the leading front of
migrating Schwann cells reduced soma translocation, indicating that
activated RhoA is required to regulate soma translocation during
Schwann cell migration (Wang et al., 2012, 2013; Wang et al., 2018).
Myosin Il has also been identified as a key player in soma transloca-
tion in many types of cells and myosin Il is known to be activated by
RhoA (Conti & Adelstein, 2008; Solecki et al., 2009). Schwann cells
lacking myosin Il activity exhibit a multipolar morphology and fail to
elongate properly along the axon and myelinate during peripheral
nerve development (Wang, Tewari, Einheber, Salzer, & Melendez-
Vasquez, 2008). Myosin Il activity displays a polarized distribution in
Schwann cells with the leading processes having higher levels of
active myosin Il than the soma and trailing processes. Activation of
myosin at the front of the Schwann cell leading process accelerated
soma translocation. In contrast, inhibiting polarized myosin |l activity
in the front of leading process not only induced the retraction of lead-
ing process but also inhibited soma translocation. Thus, RhoA activa-
tion is required to control polarized distribution of myosin Il activity
in migrating Schwann cells and regulates soma translocation during

migration.
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7.2 | The activation of mitogen-activated protein
kinase signaling pathways for Schwann cell migration

Recent studies have found that Schwann cell migration could be
guided by endogenous electric fields (EFs) (McKasson, Huang, &
Robinson, 2008; Yao, Li, Knapp, & Smith, 2015). EFs have not only
been detected in developing and regenerating tissues (Hotary &
Robinson, 1990; McCaig, Rajnicek, Song, & Zhao, 2005) but have also
been used in human clinical trials to enhance the repair of spinal cord
injuries (Shapiro et al., 2005; Tator, 2005). McKasson et al. showed
that Schwann cells are more sensitive to EF-stimulated migration
than any other studied cell type. At 100 mV/mm™, Schwann cells
showed a strong movement toward the anode rather than cathode
as hippocampal neurons and neural crest cells do (McKasson
et al., 2008). Reversal of EF poles reversed the direction of Schwann
cell migration (Yao et al., 2015). Further studies showed that EF stimu-
lation promoted the release of NGF and BDNF by Schwann cells,
and promoted neurite outgrowth (Huang, Ye, Hu, Lu, & Luo, 2010;
Koppes et al., 2014; Koppes, Seggio, & Thompson, 2011). Yao et al.
studied the differential gene expression between EF stimulated and
unstimulated rat Schwann cells using an RNA-seq approach. Pathway
analysis revealed that 10 pathways are upregulated while 21 pathways
are downregulated. Among these pathways, mitogen-activated protein
kinase (MAPK) pathway is the most significantly upregulated pathway
upon EF stimulation, indicating that MAPK pathway is important
for the regulation of Schwann cell motility. Indeed, all three canonical
MAPK pathways, ERK, p38, and JNK, are rapidly and consistently acti-
vated in Schwann cells after peripheral nerve injury (Agthong,
Kaewsema, Tanomsridejchai, & Chentanez, 2006; Parkinson et al.,
2008; Roberts et al, 2016; Sheu, Kulhanek, & Eckenstein, 2000;
Yamazaki et al., 2009; Yang et al., 2012). Knockout of cJun, a down-
stream target of JNK, prevented Schwann cell morphology change to a
migratory bipolar shape and reduced Schwann cell motility (Arthur-
Farraj et al, 2012), while overexpressing cJun in Schwann cells
increased cell motility (Huang et al., 2015). In vivo, overexpressing cJun
in Schwann cells also accelerated axonal regeneration, remyelination
and functional recovery after mouse sciatic nerve crush injury (Fazal
et al., 2017). The regulation and the activation of ERK, p38, and JNK
signaling pathways in Schwann cells requires the activation of mem-
brane receptors such as GPCRs, receptor tyrosine kinases, cytokines
receptors, and integrins. Thus, the further study of signaling molecules
that could interact with these receptors, in particular signaling mole-
cules that are upregulated in the peripheral nerves following injury, will
enable us to understand better the molecular mechanism driving

Schwann cell migration.

8 | SIGNALS PROMOTING SCHWANN CELL
MIGRATION TOWARD THE MIDDLE OF THE
NERVE BRIDGE

To date, the molecular mechanisms regulating Schwann cell migration

into the nerve bridge from both nerve ends are still poorly

understood. Current understanding about signals that have the ability
to promote Schwann cell migration are largely obtained from in vitro
studies and reports from studying PNS development (Cornejo
et al., 2010; Heermann & Schwab, 2013). During PNS development,
Schwann cell precursors derive from the neural crest, migrate along
axons, and mature to Schwann cells (Table 1). Using in vitro assays
such as wound healing assay and Transwell migration assays on cul-
tured Schwann cells, several signaling molecules including NRG1 Type
lll, neurotrophins, erythropoietin and glial cell line derived neuro-
trophic factor (GDNF), have all been identified to promote the motility
and migration of Schwann cells along axons (Cornejo et al., 2010;
Heermann & Schwab, 2013). Although Schwann cells in the distal
nerve stump away from the transection site do not migrate, they are
activated and extend their length to serve as a substrate for axon
extension (Gomez-Sanchez et al., 2017). In this section, we will review
signals that are activated in the distal nerve stump during peripheral
nerve regeneration because these signals have the ability to promote
in vitro Schwann cell migration and some of them have been demon-
strated to promote in vivo Schwann cell migration (Figure 4, Table 1).

8.1 | Roles of neurotrophins, GDNF, and
insulin-like growth factor-1

Neurotrophins consist of NGF, BDNF, and neurotrophins 3-5 (NT3-5),
and they activate two structurally unrelated receptor types, the
Tropomyosin-receptor-kinase (Trk) and the p75 neurotrophin receptor
(p75"™R). During development, NT3 acts through the TrkC receptor
tyrosine kinase on Schwann cells and stimulates Schwann cell migra-
tion via Rac1/Cdc42 and c-Jun N-terminal kinase signaling pathways
(Yamauchi, Chan, & Shooter, 2003, 2004; Yamauchi, Miyamoto,
Tanoue, Shooter, & Chan, 2005). NT3 is downregulated upon the
onset of myelination and this downregulation is required for the
Schwann cell transition into the myelinating phenotype (Yamauchi
et al., 2003, 2004; Yamauchi et al., 2005). The expression of NT3 in
the adult peripheral nerves is very low and it is further downregulated
in the distal nerve stump following injury (Funakoshi et al., 1993; San-
tos, Gonzalez-Perez, Navarro, & Del Valle, 2016). Thus, NT3 is unlikely
to play a role in Schwann cell migration during peripheral nerve
regeneration.

In contrast, BDNF, NGF, GDNF, and insulin-like growth factor-1
(IGF-1) are all upregulated in injured peripheral nerves (Cheng,
Steinway, Delaney, et al., 2000; Funakoshi et al., 1993; Heumann
et al,, 1987; Meyer, Matsuoka, Wetmore, Olson, & Thoenen, 1992; Pu,
Zhuang, & Ishii, 1995; Xu et al., 2013). BDNF was found to interact
with p75N™R and to inhibit NT3 induced Schwann cell migration during
development; BDNF-p75NTR interaction appears to be required to
enhance Schwann cell myelination rather than migration (Ng, Chen,
Mandemakers, Cosgaya, & Chan, 2007; Yamauchi et al., 2003, 2004;
Yamauchi et al., 2005). in vitro migration assays also showed that
BDNF has no effect on Schwann cell migration (Maniwa et al., 2003).
In contrast, NGF, GDNF, and IGF-1 are all able to promote migration
of cultured Schwann cells (Anton et al, 1994; Cao et al, 2007;
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In vivo upregulation in model system

Rat sciatic nerve transection (Funakoshi
et al.,, 1993; Heumann, Korsching,
Bandtlow, & Thoenen, 1987).

Mouse sciatic nerve crush (Naveilhan,
EIShamy, & Ernfors, 1997); Rat sciatic
nerve transection (Xu et al., 2013).

Rat sciatic nerve transection (Cheng
et al,, 1996).

Rat sciatic nerve transection (Carroll,
Miller, Frohnert, Kim, & Corbett, 1997),
Mouse sciatic nerve crush (Stassart
et al., 2013).

Mouse sciatic nerve crush (Ko, Lee, Lee,
Nho, & Kim, 2018).

Rat sciatic nerve crush (Li, Gonias, &
Campana, 2005).

Rat sciatic nerve transection (Zhang
etal, 2016).

TABLE 1 Summary of signals regulating Schwann cell migration
Signals Receptors Signaling pathways
NGF p75NTR NF«B (Carter
et al., 1996).

GDNF Ret and GFRal ERK, CREB, PKA,
PKC

IGF1 IGF1R PI-3 kinase, Rac1,
FAK

Nrgl Type | ErbB2 and ERK, PI-3 kinase,

ErbB3 Rac1, CDC42,

JINK; cjun, Gab2,
Shp2, Src, FAK

HGF c-met ERK, CREB, c-fos,
AKT, Gab2

EPO EpoR ERK, Jak2

TNC Bl-integrin Racl

TGFp1 TGFBR Smad2/3, ERK, JNK

Rat sciatic nerve transection (Rufer,
Flanders, & Unsicker, 1994; Scherer,
Kamholz, & Jakowlew, 1993).

Migration assay methods

DRG explant culture onto sciatic nerve
sections (Anton, Weskamp, Reichardt,
& Matthew, 1994), chemotaxis
chamber (Maniwa, lwata, Hirata, &
Ochi, 2003), sciatic nerve explant
migration assay, inverted coverslip
migration assay (Cao et al., 2007),
wound healing assay (Cornejo
et al., 2010).

Wound healing assay (Cornejo
et al., 2010), Transwell migration
assay (Cornejo et al., 2010; Yi
etal, 2016).

Gold motility assays (Cheng, Steinway,
Delaney, Franke, & Feldman, 2000;
Cheng, Steinway, Russell, &
Feldman, 2000).

DRG explant culture onto sciatic nerve
sections (Mahanthappa, Anton, &
Matthew, 1996), wound healing assay
(Meintanis, Thomaidou, Jessen,
Mirsky, & Matsas, 2001), time-lapse
imaging (Foxd3:GFP Zebrafish) (Perlin,
Lush, Stephens, Piotrowski, &

Talbot, 2011).

Sciatic nerve explant migration assay
(Shin et al., 2017), Transwell migration
assay (Ko, Lee, Lee, et al., 2018; Ko,
Lee, Nho, & Kim, 2018), in vivo nerve
gap migration assay (Shin et al., 2017).

Transwell migration assay (Inoue
et al., 2010).

Transwell migration assay, wound
healing assay, in vivo nerve gap
migration assay (Zhang et al., 2016).

In vivo nerve gap migration assay
(Clements et al., 2017), wound healing
assay (Muscella, Vetrugno, Cossa, &
Marsigliante, 2020).

Abbreviations: EPO, erythropoietin; HGF, hepatocyte growth factor; IGF1, insulin-like growth factor 1; GDNF, glial cell line derived neurotrophic factor;
NGF, nerve growth factor; Nrg1, neuregulinl; TGFp1, transforming growth factor p1; TNC, tenascin-C.

Cheng, Steinway, Russell, & Feldman, 2000; Cornejo et al., 2010;
Ju et al., 2015; Maniwa et al., 2003), but it remains unclear if they play
an in vivo role in activating Schwann cell migration into the nerve

bridge following peripheral nerve transection injury.

8.2 | NRG1 Type I signaling

Expression of the soluble isoform of NRG1 Type | is significantly
increased in Schwann cells of the distal nerve following sciatic nerve
transection. NRG1 Type | mRNA in Schwann cells is undetectable in
uninjured nerves, but is strongly induced within 24 hr of injury and

remains upregulated until at least 2 weeks following injury (Carroll

et al.,, 1997; Stassart et al., 2013). An increase of NRG1 Type | protein
in Schwann cells was detected at 1 day following injury and persisted
for at least 4 weeks (Stassart et al., 2013). Mahanthappa et al. showed
that secreted NRG1 Type | could increase the motility of denervated
Schwann cells (Mahanthappa et al., 1996). Although NRG1 receptors
ErbB2 and ErbB3 are expressed in Schwann cells of uninjured nerves,
they are upregulated in response to injury, indicating an important
role of this signaling pathway in aspects of peripheral nerve regenera-
tion. The upregulation of ErbB2 and ErbB3 showed a similar pattern
as the NRG1 Type | upregulation. Sustained ErbB2 and ErbB3
upregulation is seen from 3 days postinjury (Carroll et al., 1997).
Guertin et al. showed that ErbB2 and ERK1/2 were strongly activated
at 4 days after injury in the distal nerve stump (Guertin, Zhang, Mak,
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Alberta, & Kim, 2005), but the activation of ErbB2 and ERK1/2 phos-
phorylation were absent in Schwann cell specific NRG1 Type | knock-
out mice, suggesting that the activation of ErbB2 and ERK1/2
is NRG1 Type | dependent (Stassart et al., 2013). Later studies have
revealed that several signaling pathways including MAPK, Racl/
Cdc42-JNK, and Shp2-Src-FAK signaling pathways are also involved
in NRG1 Type I-induced Schwann cell migration (Grossmann et al.,
2009; Mahanthappa et al., 1996; Yamauchi, Miyamoto, Chan, &
Tanoue, 2008). These findings indicate that NRG1 Type | could be
one of the signals activating the intrinsic migratory properties of

Schwann cells.

8.3 | Hepatocyte growth factor signaling

Hepatocyte growth factor (HGF) is a paracrine cellular growth factor
and binds to the c-Met receptor. It has a major role in embryonic
organ development, cell migration, adult organ regeneration, and wound
healing (Imamura & Matsumoto, 2017; Nakamura, Sakai, Nakamura, &
Matsumoto, 2011). HGF protein levels are highly increased in fibroblasts
of the injured peripheral nerves (Ko, Lee, Lee, et al, 2018; Lee
et al., 2017), while the c-Met receptor is upregulated in dedifferentiated
Schwann cells (Ko, Lee, Lee, et al., 2018; Shin et al., 2017). Shin et al.
found that HGF cooperates with NRG1 and controls Schwann cell
migration through the regulation of Grb2-associated binder-2 (Gab2)
(Shin et al., 2017). NRG1 treatment upregulates Gab2 expression in cul-
tured Schwann cells and nerve explants through a Rac-JNK-cJun path-
way, but the tyrosine phosphorylation of Gab2 is not regulated by
NRG1-ErbB2 signaling (Shin et al., 2014; Shin et al., 2017). Screening
with receptor specific inhibitors in sciatic nerve explants to identify sig-
nals regulating Gab2 phosphorylation, Shin et al. found that crizotinib, a
selective c-Met inhibitor, suppressed the tyrosine phosphorylation of
Gab2, indicating that HGF regulates Gab2 phosphorylation in Schwann
cells (Shin et al., 2017). HGF treatment not only induced tyrosine phos-
phorylation of Gab2 but also induced c-Met phosphorylation, ERK and
AKT activation in Schwann cells (Ko, Lee, Lee, et al., 2018; Ko, Lee,
Nho, & Kim, 2018; Shin et al., 2017). HGF treatment also increased the
level of cJun expression in Schwann cells and promoted Schwann cell
migration (Ko, Lee, Lee, et al., 2018; Ko, Lee, Nho, & Kim, 2018; Shin
et al., 2017). Exogenous application of HGF around the injury site
enhanced peripheral nerve regeneration while treatment with a c-Met
inhibitor (PHA-665752) following injury inhibited peripheral nerve
regeneration (Ko, Lee, Lee, et al., 2018). Because both HGF and NRG1
regulate Schwann cell migration and Gab2 activity, the effect of Gab2
upon Schwann cell migration was investigated using Gab2 null mice. In
Gab2 null mice after sciatic nerve transection injury, the total number of
Schwann cells migrating into the nerve bridge was significantly reduced
and the number of regenerating axons entering the distal stump was also
significantly reduced (Shin et al., 2017). Schwann cells from Gab2 null
mice in culture exhibited shorter bipolar processes and a lack of basal
membrane ruffles upon HGF treatment. Thus, their studies confirmed
that HGF cooperates with NRG1 Type | and regulates Schwann cell
migration into the nerve bridge after peripheral nerve transection injury.

8.4 | Erythropoietin signaling

Inoue et al. showed that erythropoietin (Epo) is also significantly
increased in Schwann cells of the distal nerve following injury
(Li et al., 2005). The Epo receptor (EpoR) is expressed by Schwann cells
in intact peripheral nerves and its expression increased threefold at
7 days postinjury (Li et al., 2005). Epo treatment of injured nerves or
cultured Schwann cells induces EpoR tyrosine-phosphorylation, ERK
activation, and fibronectin expression. Epo treatment also recruits f1
integrin to the cell surface and promoted Schwann cell migration
(Inoue et al., 2010). JAK2, a nonreceptor tyrosine kinase, is also acti-
vated in Schwann cells following Epo binding to EpoR. When Schwann
cells were pretreated with a JAK2 inhibitor (AG490), Epo-induced p1
integrin relocalization to the cell surface was blocked, suggesting that
Epo stimulates Schwann cell migration by a JAK2-dependent mecha-
nism that promotes B1 integrin subunit relocation to the cell surface
(Inoue et al., 2010).

8.5 | Tenascin-C and betacellulin signaling

Recent advances in gene expression profiling have enabled
researchers to identify other novel signals that are highly upregulated
in the distal nerve stump with the ability to promote Schwann
cell migration. Tenascins are a highly conserved family of large oligo-
meric glycoproteins in the ECM of vertebrate organisms (Chiquet-
Ehrismann, Kalla, Pearson, Beck, & Chiquet, 1988). Tenascin-C (TNC),
one of the four members of the tenascin family, is dramatically
upregulated within injured peripheral nerves (Zhang et al., 2016).
Gene expression profile and pathway analysis with microarray data
from rat distal nerve stump predicted that TNC could regulate
cell migration though a p1l-integrin-dependent pathway during
peripheral nerve regeneration. A subsequent study showed that TNC
is highly expressed in fibroblasts within injured peripheral nerves. Co-
immunoprecipitation assays demonstrated that TNC could directly
bind to pl-integrin on Schwann cells. TNC treatment of rat primary
Schwann cells increased Racl and RhoA activity and promoted
Schwann cell migration. In fibroblast and Schwann cell cocultures,
inhibition of TNC expression in fibroblasts suppressed Schwann cell
migration. Further studies using Matrigel to deliver exogenous TNC
protein in a 5 mm rat sciatic nerve gap showed that exogenous TNC
enhanced Schwann cell migration and axonal regrowth in vivo (Zhang
et al., 2016). Gene expression profiling also identified another highly
upregulated growth factor betacellulin (Btc) in Schwann cells of the
distal nerve stump (Vallieres et al., 2017). Btc is a ligand of the ErbB
family receptors and Schwann cells in the distal nerve stump are
known to express ErbB2 and ErbB3 (Carroll et al., 1997). Schwann
cells proliferate more actively in the distal sciatic nerve stump of Btc
overexpressing mice while they proliferate less in Btc knockout mice.
Btc overexpression was found to accelerate the recovery of sciatic
nerve function following injury (Vallieres et al., 2017). In endothelial
cells, Btc interacts with ErbB receptors and activates ERK and AKT
signaling to promote endothelial cell migration (Kim et al., 2003).
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However, the direct effect of Btc upon Schwann cell migration has

not yet been measured.

8.6 | Schwann cell partial epithelial-mesenchymal
transition and TGF-p1 signaling

Recently, Arthur-Farraj et al. showed that Schwann cells in the distal
nerve stump undergo a partial epithelial-mesenchymal transition (EMT)
following injury (Arthur-Farraj et al., 2017). EMT represents a process
of cellular reprogramming to convert epithelial cells to a motile mesen-
chymal phenotype (Kim et al., 2018). RNA-seq analysis has revealed the
enrichment of mRNAs and miRNAs for an EMT phenotype in mouse
distal nerve samples. This involved a downregulation of RNAs associ-
ated with EMT including E-cadherin, Wt1, Fgf1, Ndrgl, mir30, mir33,
and mirl137, and upregulation of EMT associated RNAs including Tgff1,
Met, Hmga2, mir21, mir221, and mir222 (Arthur-Farraj et al., 2017).
EMT has been intensively studied in development and cancer, and is
now known to be controlled by multiple signals including secreted sig-
nals such as the TGFp1 family proteins. Following peripheral nerve
injury, TGF-B1 is upregulated in Schwann cells, endoneurial fibroblasts,
and infiltrating macrophages (Kiefer, Streit, Toyka, Kreutzberg, &
Hartung, 1995; Parkinson et al., 2001; Rufer et al., 1994; Scherer
et al., 1993; Sulaiman & Nguyen, 2016). in vitro TGFp1 treatment on
RSC96 Schwann cells promoted Schwann cell migration (Muscella
et al,, 2020) and TGF-B1-treated Schwann cells are more effective in
promoting in vivo axonal regeneration (Sulaiman & Nguyen, 2016).
Clements et al. found that EMT signatures are more prominent in
Schwann cells in the bridge than Schwann cells in the distal nerve
stump, because the wound microenvironment in the nerve bridge
increases Schwann cell EMT characteristics (Clements et al., 2017).
Clements et al. also demonstrated that TGFB1 signaling, localized in the
wound microenvironment, increased the Schwann cell EMT phenotype.
They studied Schwann cell migration in Schwann cell specific TGF-f
receptor Il knockout mice and found that Schwann cell migration was
reduced in these mice (Clements et al., 2017). Therefore, it appears that
TGFB1 is also a key mediator of Schwann cell migration within the

nerve bridge.

9 | SIGNALS THAT SCHWANN CELLS
UTILISE TO DIRECT AXONS ACROSS THE
NERVE BRIDGE

Dedifferentiated Schwann cells upregulate growth factors and neuro-
trophins such as NGF, BDNF, GDNF, VEGF, neurotrophin 4, glial
growth factor, ciliary neurotrophic factor, fibroblast growth factors
(FGFs), platelet-derived growth factor (PDGF), and IGFs (Gordon, 2009;
Jessen & Mirsky, 2016; Madduri & Gander, 2012). Using a variety of
approaches including Schwann cell or stem cell overexpression, viral
infection, nanoparticles, hydrogel, or Matrigel, these growth factors and
neurotrophins have been delivered into injured peripheral nerves and

their effects upon promoting axon regeneration have been extensively

examined (Hoyng et al., 2014; Madduri & Gander, 2012). Among all
the investigated growth factors and neurotrophins, NGF, BDNF, and
GDNF overexpression caused the trapping of regenerating axons and
the formation of axon coils (Eggers et al., 2013; Hoyng et al., 2014;
Santosa et al., 2013; Tannemaat et al., 2008). NGF overexpression selec-
tively trapped sensory axons and impaired sensory functional recovery
while BDNF overexpression selectively trapped motor axons and
impaired motor functional recovery. GDNF overexpression predomi-
nantly trapped motor axons and impaired motor functional recovery
(Hoyng et al., 2014). The outcome of axon entrapment has been consid-
ered as the result of NGF, BDNF, and GDNF's chemoattractant proper-
ties for axons (Dudanova, Gatto, & Klein, 2010; Tannemaat et al., 2008).
Certainly, any therapeutic use of these neurotrophins will require a
graded or strictly controlled time course of use, but these observations
indicated that migrating Schwann cells might utilize NGF, BDNF, and
GDNF as cues to direct axon regeneration in the nerve bridge (Figure 4).

NGF is specifically upregulated in Schwann cells from sensory
nerves, whereas the expression of BDNF is more pronounced in
Schwann cells from motor nerves (Hoke et al., 2006). NGF exclusively
promoted sensory axon regeneration while BDNF selectively pro-
moted motor axon regeneration (Santos et al., 2016). The NGF and
BDNF selective effect on sensory or motor axons has been explained
as the selective expression pattern of their high affinity receptors.
Sensory neurons express the NGF high affinity receptor tropomyosin
receptor kinase A whereas motor neurons express the BDNF
high affinity receptor TrkB (Averill, McMahon, Clary, Reichardt, &
Priestley, 1995; Tovar, Ramirez-Jarquin, Lazo-Gomez, & Tapia, 2014).
Although NGF appears to be necessary and beneficial for sensory
nerve regeneration, it has been shown to participate in the develop-
ment of thermal and mechanical hyperalgesia (Barker, Mantyh,
Arendt-Nielsen, Viktrup, & Tive, 2020; Hu et al., 2017). Therefore, the
use of NGF for peripheral nerve regeneration should also be consid-
ered in pain development following use of NGF to repair the nerve.
Sciatic nerve grafting from Schwann cell specific BDNF knockout mice
into wild type mice showed that axon regeneration into Schwann cell
specific BDNF knockout nerves was markedly reduced (Wilhelm
et al., 2012). In contrast, GDNF expression is upregulated in both
myelinating and nonmyelinating Schwann cells (Naveilhan et al., 1997;
Trupp et al., 1995; Xu et al., 2013). GDNF upregulation is found to be
mediated by the activation of Schwann cell purinergic receptors
followed by protein kinase C and D activation to increase GDNF tran-
scription (Xu et al., 2013). GDNF typically signals via its receptor
GFRal complexed with RET-tyrosine kinase, and utilizes MAPK and
phosphatidylinositol 3-kinase/AKT signaling pathways to execute its
biological effects (Takahashi, 2001). Although both sensory and motor
neurons express GFRal and Ret (Keast, Forrest, & Osborne, 2010;
Naveilhan et al., 1997), GDNF has a much stronger ability to promote
motor axon regeneration (Hoyng et al., 2014; Tannemaat et al., 2008).
Peripheral nerve regeneration is dramatically impeded in conditional
GDNF knockout mice after crush injury (Dong et al., 2018). However,
how migrating Schwann cells utilizing GDNF as a guidance cue for
regenerating axons crossing the nerve bridge has not been studied in

conditional GDNF knockout mice following transection injury.
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10 | FUTURE DIRECTIONS

Peripheral nerve injuries are relatively commonplace and primarily
these are transection injuries. Transection injury presents a significant
challenge clinically for effective repair to regain full functional recovery.
Autografts are the current gold standard of peripheral nerve gap repair
but have several limitations such as the lack of grafting material, the
requirement of a second surgery and mismatched nerve structure
(Ray & Mackinnon, 2010). Therefore, biodegradable and biocompatible
nerve guidance conduits have been developed as alternatives to
replace autograft repair (Kehoe et al., 2012). However, despite the
efforts that have been made to improve the structure of the conduit, to
embed neurotrophins and growth factors and to deliver cells within the
conduit, functional recovery has never reached the same level as seen
with autografts for the repair of nerve gaps bigger than 1 cm (Moore
et al., 2009). Furthermore, the peripheral nerve regeneration capacity
declines in older patients as well as in individuals with complications
such as chronic denervation and diabetic neuropathy (Rosenberger
et al., 2020; Jessen & Mirsky, 2019; Painter, 2017), which further
increases the difficulty of finding an effective treatment.

Migrating Schwann cells are the key cell type in the nerve gap guid-
ing regenerating axons into the distal nerve stump. Therefore, the rela-
tionships between Schwann cells and regenerating axons in the nerve
bridge are of particular interest to clinicians and researchers in order to
develop novel therapeutic strategies for effective peripheral nerve gap
repair. Currently, key signals that activate Schwann cell migration or
that Schwann cells use to direct axon regeneration have not been fully
studied in vivo using the nerve transection model. Understanding these
two facets of Schwann cell biology are the most important steps toward
the development of new approaches for repairing such nerve gaps. Use
of the in vivo sciatic nerve transection research model will be an impor-
tant approach to identify these key signals in future studies.

DATA AVAILABILITY STATEMENT

This is a review article and all the data has been published in this arti-
cle. Original images are available upon reasonable request by emailing
to the corresponding author.

ORCID

Xin-Peng Dun "' https://orcid.org/0000-0003-2837-4672

REFERENCES

Abe, N., & Cavalli, V. (2008). Nerve injury signaling. Current Opinion in Neu-
robiology, 18(3), 276-283. https://doi.org/10.1016/j.conb.2008.06.005

Agthong, S., Kaewsema, A., Tanomsridejchai, N., & Chentanez, V. (2006).
Activation of MAPK ERK in peripheral nerve after injury. BMC Neuro-
science, 7, 45. https://doi.org/10.1186/1471-2202-7-45

Aigouy, B., Lepelletier, L., & Giangrande, A. (2008). Glial chain migration
requires pioneer cells. The Journal of Neuroscience, 28(45),
11635-11641. https://doi.org/10.1523/JNEUROSCI.1361-08.2008

Akassoglou, K., Akpinar, P., Murray, S., & Strickland, S. (2003). Fibrin is a
regulator of Schwann cell migration after sciatic nerve injury in mice.
Neuroscience Letters, 338(3), 185-188.

Anton, E. S., Weskamp, G., Reichardt, L. F., & Matthew, W. D. (1994).
Nerve growth factor and its low-affinity receptor promote Schwann

cell migration. Proceedings of the National Academy of Sciences of the
United States of America, 91(7), 2795-2799.

Arthur-Farraj, P. J., Latouche, M., Wilton, D. K., Quintes, S., Chabrol, E.,
Banerjee, A, ... Jessen, K. R. (2012). c-Jun reprograms Schwann cells of
injured nerves to generate a repair cell essential for regeneration. Neu-
ron, 75(4), 633-647. https://doi.org/10.1016/j.neuron.2012.06.021

Arthur-Farraj, P. J., Morgan, C. C., Adamowicz, M., Gomez-Sanchez, J. A,
Fazal, S. V., Beucher, A, ... Aitman, T. J. (2017). Changes in the coding
and non-coding transcriptome and DNA methylome that define the
Schwann cell repair phenotype after nerve injury. Cell Reports, 20(11),
2719-2734. https://doi.org/10.1016/j.celrep.2017.08.064

Auverill, S., McMahon, S. B., Clary, D. O., Reichardt, L. F., & Priestley, J. V.
(1995). Immunocytochemical localization of trkA receptors in chemi-
cally identified subgroups of adult rat sensory neurons. The European
Journal of Neuroscience, 7(7), 1484-1494.

Barker, P. A, Mantyh, P., Arendt-Nielsen, L., Viktrup, L., & Tive, L. (2020).
Nerve growth factor signaling and its contribution to pain. Journal of
Pain Research, 13, 1223-1241. https://doi.org/10.2147/JPR.S247472

Belkas, J. S., Shoichet, M. S., & Midha, R. (2004). Peripheral nerve regener-
ation through guidance tubes. Neurological Research, 26(2), 151-160.
https://doi.org/10.1179/016164104225013798

Benito, C., Davis, C. M., Gomez-Sanchez, J. A., Turmaine, M., Meijer, D.,
Poli, V., ... Jessen, K. R. (2017). STAT3 controls the long-term survival
and phenotype of repair Schwann cells during nerve regeneration. The
Journal of Neuroscience, 37(16), 4255-4269. https://doi.org/10.1523/
JNEUROSCI.3481-16.2017

Boerboom, A, Dion, V., Chariot, A., & Franzen, R. (2017). Molecular mech-
anisms involved in Schwann cell plasticity. Frontiers in Molecular Neuro-
science, 10, 38. https://doi.org/10.3389/fnmol.2017.00038

Bozkurt, A., Scheffel, J., Brook, G. A., Joosten, E. A., Suschek, C. V.,
O'Dey, D. M,, ... Deumens, R. (2011). Aspects of static and dynamic
motor function in peripheral nerve regeneration: SSI and CatWalk gait
analysis. Behavioural Brain Research, 219(1), 55-62. https://doi.org/10.
1016/j.bbr.2010.12.018

Brosius Lutz, A., Chung, W. S., Sloan, S. A., Carson, G. A, Zhou, L.,
Lovelett, E., ... Barres, B. A. (2017). Schwann cells use TAM receptor-
mediated phagocytosis in addition to autophagy to clear myelin in a
mouse model of nerve injury. Proceedings of the National Academy of
Sciences of the United States of America, 114(38), E8072-E8080.
https://doi.org/10.1073/pnas.1710566114

Cao, L., Zhu, Y. L, Su, Z,, Lv, B., Huang, Z., My, L., & He, C. (2007). Olfac-
tory ensheathing cells promote migration of Schwann cells by secreted
nerve growth factor. Glia, 55(9), 897-904. https://doi.org/10.1002/
glia.20511

Carr, L., Parkinson, D. B., & Dun, X. P. (2017). Expression patterns of Slit
and Robo family members in adult mouse spinal cord and peripheral
nervous system. PLoS One, 12(2), e0172736. https://doi.org/10.1371/
journal.pone.0172736

Carr, M. J., & Johnston, A. P. (2017). Schwann cells as drivers of tissue
repair and regeneration. Current Opinion in Neurobiology, 47, 52-57.
https://doi.org/10.1016/j.conb.2017.09.003

Carroll, S. L., Miller, M. L., Frohnert, P. W., Kim, S. S., & Corbett, J. A.
(1997). Expression of neuregulins and their putative receptors, ErbB2
and ErbB3, is induced during Wallerian degeneration. The Journal of
Neuroscience, 17(5), 1642-1659.

Carter, B. D., Kaltschmidt, C., Kaltschmidt, B., Offenhauser, N., Bohm-
Matthaei, R., Baeuerle, P. A, & Barde, Y. A. (1996). Selective activation
of NF-kappa B by nerve growth factor through the neurotrophin
receptor p75. Science, 272(5261), 542-545. https://doi.org/10.1126/
science.272.5261.542

Cattin, A. L., Burden, J. J., van Emmenis, L., Mackenzie, F. E., Hoving, J. J.,
Garcia Calavia, N, ... Lloyd, A. C. (2015). Macrophage-induced blood
vessels guide Schwann cell-mediated regeneration of peripheral
nerves. Cell, 162(5), 1127-1139. https://doi.org/10.1016/j.cell.2015.
07.021


https://orcid.org/0000-0003-2837-4672
https://orcid.org/0000-0003-2837-4672
https://doi.org/10.1016/j.conb.2008.06.005
https://doi.org/10.1186/1471-2202-7-45
https://doi.org/10.1523/JNEUROSCI.1361-08.2008
https://doi.org/10.1016/j.neuron.2012.06.021
https://doi.org/10.1016/j.celrep.2017.08.064
https://doi.org/10.2147/JPR.S247472
https://doi.org/10.1179/016164104225013798
https://doi.org/10.1523/JNEUROSCI.3481-16.2017
https://doi.org/10.1523/JNEUROSCI.3481-16.2017
https://doi.org/10.3389/fnmol.2017.00038
https://doi.org/10.1016/j.bbr.2010.12.018
https://doi.org/10.1016/j.bbr.2010.12.018
https://doi.org/10.1073/pnas.1710566114
https://doi.org/10.1002/glia.20511
https://doi.org/10.1002/glia.20511
https://doi.org/10.1371/journal.pone.0172736
https://doi.org/10.1371/journal.pone.0172736
https://doi.org/10.1016/j.conb.2017.09.003
https://doi.org/10.1126/science.272.5261.542
https://doi.org/10.1126/science.272.5261.542
https://doi.org/10.1016/j.cell.2015.07.021
https://doi.org/10.1016/j.cell.2015.07.021

MIN ET AL

Chen, B., Chen, Q., Parkinson, D. B., & Dun, X. P. (2019). Analysis of
Schwann cell migration and axon regeneration following nerve injury
in the sciatic nerve bridge. Frontiers in Molecular Neuroscience, 12, 308.
https://doi.org/10.3389/fnmol.2019.00308

Chen, Z. L., Yu, W. M., & Strickland, S. (2007). Peripheral regeneration.
Annual Review of Neuroscience, 30, 209-233. https://doi.org/10.1146/
annurev.neuro.30.051606.094337

Cheng, H. L., Randolph, A., Yee, D., Delafontaine, P., Tennekoon, G., &
Feldman, E. L. (1996). Characterization of insulin-like growth factor-I
and its receptor and binding proteins in transected nerves and cultured
Schwann cells. Journal of Neurochemistry, 66(2), 525-536. https://doi.
org/10.1046/j.1471-4159.1996.66020525.x

Cheng, H. L., Steinway, M., Delaney, C. L., Franke, T. F., & Feldman, E. L.
(2000). IGF-I promotes Schwann cell motility and survival via activa-
tion of Akt. Molecular and Cellular Endocrinology, 170(1-2), 211-215.

Cheng, H. L., Steinway, M. L., Russell, J. W., & Feldman, E. L. (2000).
GTPases and phosphatidylinositol 3-kinase are critical for insulin-like
growth factor-lI-mediated Schwann cell motility. The Journal of Biologi-
cal Chemistry, 275(35), 27197-27204. https://doi.org/10.1074/jbc.
M002534200

Chiquet-Ehrismann, R., Kalla, P., Pearson, C. A, Beck, K., & Chiquet, M.
(1988). Tenascin interferes with fibronectin action. Cell, 53(3),
383-390.

Clements, M. P., Byrne, E., Camarillo Guerrero, L. F., Cattin, A. L., Zakka, L.,
Ashraf, A., ... Parrinello, S. (2017). The wound microenvironment
reprograms Schwann cells to invasive mesenchymal-like cells to drive
peripheral nerve regeneration. Neuron, 96(1), 98-114 e117. https://
doi.org/10.1016/j.neuron.2017.09.008

Coleman, M. P., & Freeman, M. R. (2010). Wallerian degeneration, wld(s),
and nmnat. Annual Review of Neuroscience, 33, 245-267. https://doi.
org/10.1146/annurev-neuro-060909-153248

Conti, M. A,, & Adelstein, R. S. (2008). Nonmuscle myosin |l moves in new
directions. Journal of Cell Science, 121(Pt 1), 11-18. https://doi.org/10.
1242/jcs.007112

Cornejo, M., Nambi, D., Walheim, C., Somerville, M., Walker, J., Kim, L., ...
de Bellard, M. E. (2010). Effect of NRG1, GDNF, EGF and NGF in the
migration of a Schwann cell precursor line. Neurochemical Research, 35
(10), 1643-1651. https://doi.org/10.1007/s11064-010-0225-0

Daly, W., Yao, L., Zeugolis, D., Windebank, A., & Pandit, A. (2012). A bio-
materials approach to peripheral nerve regeneration: Bridging the
peripheral nerve gap and enhancing functional recovery. Journal of the
Royal Society Interface, 9(67), 202-221. https://doi.org/10.1098/rsif.
2011.0438

Deumens, R., Bozkurt, A., Meek, M. F., Marcus, M. A,, Joosten, E. A,
Weis, J., & Brook, G. A. (2010). Repairing injured peripheral nerves:
Bridging the gap. Progress in Neurobiology, 92(3), 245-276. https://doi.
org/10.1016/j.pneurobio.2010.10.002

Dong, C., Helton, E. S., Zhou, P., Ouyang, X., d'Anglemont de Tassigny, X.,
Pascual, A,, ... Ubogu, E. E. (2018). Glial-derived neurotrophic factor is
essential for blood-nerve barrier functional recovery in an experimen-
tal murine model of traumatic peripheral neuropathy. Tissue Barriers,
6(2), 1-22. https://doi.org/10.1080/21688370.2018.1479570

Dudanova, I, Gatto, G., & Klein, R. (2010). GDNF acts as a chemo-
attractant to support ephrinA-induced repulsion of limb motor axons.
Current Biology, 20(23), 2150-2156. https://doi.org/10.1016/j.cub.
2010.11.021

Dun, X. P., Bandeira de Lima, T., Allen, J., Geraldo, S., Gordon-Weeks, P., &
Chilton, J. K. (2012). Drebrin controls neuronal migration through the
formation and alignment of the leading process. Molecular and Cellular
Neurosciences, 49(3), 341-350. https://doi.org/10.1016/j.mcn.2012.
01.006

Dun, X. P,, Carr, L., Woodley, P. K., Barry, R. W., Drake, L. K., Mindos, T, ...
Parkinson, D. B. (2019). Macrophage-derived Slit3 controls cell migration
and axon pathfinding in the peripheral nerve bridge. Cell Reports, 26(6),
1458-1472 e1454. https://doi.org/10.1016/j.celrep.2018.12.081

Dun, X. P., & Parkinson, D. B. (2015). Visualizing peripheral nerve regener-
ation by whole mount staining. PLoS One, 10(3), e0119168. https://
doi.org/10.1371/journal.pone.0119168

Dun, X. P., & Parkinson, D. B. (2018a). Transection and crush models of
nerve injury to measure repair and remyelination in peripheral nerve.
Methods in Molecular Biology, 1791, 251-262. https://doi.org/10.
1007/978-1-4939-7862-5_20

Dun, X. P., & Parkinson, D. B. (2018b). Whole mount immunostaining on
mouse sciatic nerves to visualize events of peripheral nerve regenera-
tion. Methods in Molecular Biology, 1739, 339-348. https://doi.org/10.
1007/978-1-4939-7649-2_22

Dun, X. P., & Parkinson, D. B. (2020). Classic axon guidance molecules con-
trol correct nerve bridge tissue formation and precise axon regenera-
tion. Neural Regeneration Research, 15(1), 6-9. https://doi.org/10.
4103/1673-5374.264441

Eggers, R, de W.inter, F., Hoyng, S. A, Roet, K. C., Ehlert, E. M,
Malessy, M. J,, ... Tannemaat, M. R. (2013). Lentiviral vector-mediated
gradients of GDNF in the injured peripheral nerve: Effects on nerve
coil formation, Schwann cell maturation and myelination. PLoS One, 8
(8), €71076. https://doi.org/10.1371/journal.pone.0071076

Fazal, S. V., Gomez-Sanchez, J. A., Wagstaff, L. J., Musner, N., Otto, G,
Janz, M., ... Jessen, K. R. (2017). Graded elevation of c-Jun in Schwann
cells in vivo: Gene dosage determines effects on development,
remyelination, tumorigenesis, and hypomyelination. The Journal of
Neuroscience, 37(50), 12297-12313. https://doi.org/10.1523/
JNEUROSCI.0986-17.2017

Feltri, M. L., D'Antonio, M., Previtali, S., Fasolini, M., Messing, A., &
Wrabetz, L. (1999). PO-Cre transgenic mice for inactivation of adhe-
sion molecules in Schwann cells. Annals of the New York Academy of
Sciences, 883, 116-123.

Feltri, M. L., Suter, U., & Relvas, J. B. (2008). The function of RhoGTPases
in axon ensheathment and myelination. Glia, 56(14), 1508-1517.
https://doi.org/10.1002/glia.20752

Fontana, X., Hristova, M., da Costa, C., Patodia, S., Thei, L., Makwana, M., ...
Behrens, A. (2012). c-Jun in Schwann cells promotes axonal regenera-
tion and motoneuron survival via paracrine signaling. The Journal of Cell
Biology, 198(1), 127-141. https://doi.org/10.1083/jcb.201205025

Fry, E. J., Ho, C., & David, S. (2007). A role for Nogo receptor in macro-
phage clearance from injured peripheral nerve. Neuron, 53(5),
649-662. https://doi.org/10.1016/j.neuron.2007.02.009

Funakoshi, H., Frisen, J., Barbany, G., Timmusk, T. Zachrisson, O.,
Verge, V. M., & Persson, H. (1993). Differential expression of mRNAs
for neurotrophins and their receptors after axotomy of the sciatic
nerve. The Journal of Cell Biology, 123(2), 455-465.

Gatto, C. L., Walker, B. J., & Lambert, S. (2003). Local ERM activation and
dynamic growth cones at Schwann cell tips implicated in efficient for-
mation of nodes of Ranvier. The Journal of Cell Biology, 162(3),
489-498. https://doi.org/10.1083/jcb.200303039

Gatto, C. L., Walker, B. J., & Lambert, S. (2007). Asymmetric ERM activa-
tion at the Schwann cell process tip is required in axon-associated
motility. Journal of Cellular Physiology, 210(1), 122-132. https://doi.
org/10.1002/jcp.20844

Gomez-Sanchez, J. A, Carty, L. Iruarrizaga-Lejarreta, M., Palomo-
Irigoyen, M., Varela-Rey, M., Griffith, M., ... Jessen, K. R. (2015).
Schwann cell autophagy, myelinophagy, initiates myelin clearance
from injured nerves. The Journal of Cell Biology, 210(1), 153-168.
https://doi.org/10.1083/jcb.201503019

Gomez-Sanchez, J. A, Pilch, K. S., van der Lans, M,, Fazal, S. V., Benito, C,,
Wagstaff, L. J., ... Jessen, K. R. (2017). After nerve injury, lineage trac-
ing shows that myelin and Remak Schwann cells elongate extensively
and branch to form repair Schwann cells, which shorten radically on
remyelination. The Journal of Neuroscience, 37(37), 9086-9099.
https://doi.org/10.1523/JNEUROSCI.1453-17.2017

Gordon, T. (2009). The role of neurotrophic factors in nerve regeneration. Neu-
rosurgical Focus, 26(2), E3. https://doi.org/10.3171/FOC.2009.26.2.E3


https://doi.org/10.3389/fnmol.2019.00308
https://doi.org/10.1146/annurev.neuro.30.051606.094337
https://doi.org/10.1146/annurev.neuro.30.051606.094337
https://doi.org/10.1046/j.1471-4159.1996.66020525.x
https://doi.org/10.1046/j.1471-4159.1996.66020525.x
https://doi.org/10.1074/jbc.M002534200
https://doi.org/10.1074/jbc.M002534200
https://doi.org/10.1016/j.neuron.2017.09.008
https://doi.org/10.1016/j.neuron.2017.09.008
https://doi.org/10.1146/annurev-neuro-060909-153248
https://doi.org/10.1146/annurev-neuro-060909-153248
https://doi.org/10.1242/jcs.007112
https://doi.org/10.1242/jcs.007112
https://doi.org/10.1007/s11064-010-0225-0
https://doi.org/10.1098/rsif.2011.0438
https://doi.org/10.1098/rsif.2011.0438
https://doi.org/10.1016/j.pneurobio.2010.10.002
https://doi.org/10.1016/j.pneurobio.2010.10.002
https://doi.org/10.1080/21688370.2018.1479570
https://doi.org/10.1016/j.cub.2010.11.021
https://doi.org/10.1016/j.cub.2010.11.021
https://doi.org/10.1016/j.mcn.2012.01.006
https://doi.org/10.1016/j.mcn.2012.01.006
https://doi.org/10.1016/j.celrep.2018.12.081
https://doi.org/10.1371/journal.pone.0119168
https://doi.org/10.1371/journal.pone.0119168
https://doi.org/10.1007/978-1-4939-7862-5_20
https://doi.org/10.1007/978-1-4939-7862-5_20
https://doi.org/10.1007/978-1-4939-7649-2_22
https://doi.org/10.1007/978-1-4939-7649-2_22
https://doi.org/10.4103/1673-5374.264441
https://doi.org/10.4103/1673-5374.264441
https://doi.org/10.1371/journal.pone.0071076
https://doi.org/10.1523/JNEUROSCI.0986-17.2017
https://doi.org/10.1523/JNEUROSCI.0986-17.2017
https://doi.org/10.1002/glia.20752
https://doi.org/10.1083/jcb.201205025
https://doi.org/10.1016/j.neuron.2007.02.009
https://doi.org/10.1083/jcb.200303039
https://doi.org/10.1002/jcp.20844
https://doi.org/10.1002/jcp.20844
https://doi.org/10.1083/jcb.201503019
https://doi.org/10.1523/JNEUROSCI.1453-17.2017
https://doi.org/10.3171/FOC.2009.26.2.E3

“_LWI ]_Eyﬂ

MIN ET AL

Grossmann, K. S., Wende, H., Paul, F. E., Cheret, C., Garratt, A. N,
Zurborg, S., ... Birchmeier, C. (2009). The tyrosine phosphatase Shp2
(PTPN11) directs neuregulin-1/ErbB signaling throughout Schwann
cell development. Proceedings of the National Academy of Sciences of
the United States of America, 106(39), 16704-16709. https://doi.org/
10.1073/pnas.0904336106

Guertin, A. D., Zhang, D. P., Mak, K. S., Alberta, J. A., & Kim, H. A. (2005).
Microanatomy of axon/glial signaling during Wallerian degeneration.
The Journal of Neuroscience, 25(13), 3478-3487. https://doi.org/10.
1523/JNEUROSCI.3766-04.2005

Hayashi, A., Koob, J. W., Liu, D. Z, Tong, A. Y. Hunter, D. A,
Parsadanian, A,, ... Myckatyn, T. M. (2007). A double-transgenic mouse
used to track migrating Schwann cells and regenerating axons follow-
ing engraftment of injured nerves. Experimental Neurology, 207(1),
128-138. https://doi.org/10.1016/j.expneurol.2007.06.004

Heermann, S., & Schwab, M. H. (2013). Molecular control of Schwann cell
migration along peripheral axons: Keep moving! Cell Adhesion & Migra-
tion, 7(1), 18-22. https://doi.org/10.4161/cam.22123

Heumann, R., Korsching, S., Bandtlow, C., & Thoenen, H. (1987). Changes
of nerve growth factor synthesis in nonneuronal cells in response to
sciatic nerve transection. The Journal of Cell Biology, 104(6),
1623-1631.

Hirrlinger, P. G., Scheller, A., Braun, C., Quintela-Schneider, M., Fuss, B.,
Hirrlinger, J., & Kirchhoff, F. (2005). Expression of reef coral fluores-
cent proteins in the central nervous system of transgenic mice. Molec-
ular and Cellular Neurosciences, 30(3), 291-303. https://doi.org/10.
1016/j.mcn.2005.08.011

Hoke, A., Redett, R., Hameed, H., Jari, R, Zhou, C, Li, Z. B, ..
Brushart, T. M. (2006). Schwann cells express motor and sensory phe-
notypes that regulate axon regeneration. The Journal of Neuroscience,
26(38), 9646-9655. https://doi.org/10.1523/JNEUROSCI.1620-06.
2006

Hotary, K. B., & Robinson, K. R. (1990). Endogenous electrical currents and
the resultant voltage gradients in the chick embryo. Developmental
Biology, 140(1), 149-160.

Hoyng, S. A., de W.inter, F., Gnavi, S., de Boer, R, Boon, L. I,
Korvers, L. M,, ... Verhaagen, J. (2014). A comparative morphological,
electrophysiological and functional analysis of axon regeneration
through peripheral nerve autografts genetically modified to over-
express BDNF, CNTF, GDNF, NGF, NT3 or VEGF. Experimental Neu-
rology, 261, 578-593. https://doi.org/10.1016/j.expneurol.2014.
08.002

Hu, C., Lu, Y., Cheng, X., Cui, Y., Wu, Z., & Zhang, Q. (2017). Gene therapy
for neuropathic pain induced by spared nerve injury with naked plas-
mid encoding hepatocyte growth factor. The Journal of Gene Medicine,
19(12), 1-10. https://doi.org/10.1002/jgm.2994

Huang, J., Ye, Z.,, Hu, X, Lu, L., & Luo, Z. (2010). Electrical stimulation
induces calcium-dependent release of NGF from cultured Schwann
cells. Glia, 58(5), 622-631. https://doi.org/10.1002/glia.20951

Huang, L., Quan, X,, Liu, Z,, Ma, T., Wu, Y., Ge, J,, ... Luo, Z. (2015). c-Jun
gene-modified Schwann cells: Upregulating multiple neurotrophic fac-
tors and promoting neurite outgrowth. Tissue Engineering. Part A, 21
(7-8), 1409-1421. https://doi.org/10.1089/ten.TEA.2014.0416

Imamura, R., & Matsumoto, K. (2017). Hepatocyte growth factor in physi-
ology and infectious diseases. Cytokine, 98, 97-106. https://doi.org/
10.1016/j.cyt0.2016.12.025

Inoue, G., Gaultier, A., Li, X., Mantuano, E., Richardson, G., Takahashi, K., &
Campana, W. M. (2010). Erythropoietin promotes Schwann cell migra-
tion and assembly of the provisional extracellular matrix by recruiting
betal integrin to the cell surface. Glia, 58(4), 399-409. https://doi.
org/10.1002/glia.20931

Isaacman-Beck, J., Schneider, V., Franzini-Armstrong, C., & Granato, M.
(2015). The Ih3 glycosyltransferase directs target-selective peripheral
nerve regeneration. Neuron, 88(4), 691-703. https://doi.org/10.1016/
j.neuron.2015.10.004

Jessen, K. R., & Mirsky, R. (2005). The origin and development of glial cells
in peripheral nerves. Nature Reviews. Neuroscience, 6(9), 671-682.
https://doi.org/10.1038/nrn1746

Jessen, K. R, & Mirsky, R. (2016). The repair Schwann cell and its function
in regenerating nerves. The Journal of Physiology, 594(13), 3521-3531.
https://doi.org/10.1113/JP270874

Jessen, K. R., & Mirsky, R. (2019a). Schwann cell precursors; multipotent
glial cells in embryonic nerves. Frontiers in Molecular Neuroscience, 12,
69. https://doi.org/10.3389/fnmol.2019.00069

Jessen, K. R., & Mirsky, R. (2019b). The success and failure of the Schwann
cell response to nerve injury. Frontiers in Cellular Neuroscience, 13, 33.
https://doi.org/10.3389/fncel.2019.00033

Johnston, A. P, Yuzwa, S. A, Carr, M. J.,, Mahmud, N., Storer, M. A,
Krause, M. P., ... Miller, F. D. (2016). Dedifferentiated Schwann cell
precursors secreting paracrine factors are required for regeneration of
the mammalian digit tip. Cell Stem Cell, 19(4), 433-448. https://doi.
org/10.1016/j.stem.2016.06.002

Jones, R. E., Salhotra, A., Robertson, K. S., Ransom, R. C., Foster, D. S.,
Shah, H. N,, ... Longaker, M. T. (2019). Skeletal stem cell-Schwann cell
circuitry in mandibular repair. Cell Reports, 28(11), 2757-2766 e2755.
https://doi.org/10.1016/j.celrep.2019.08.021

Ju, D. T, Liao, H. E., Shibu, M. A,, Ho, T. J., Padma, V. V., Tsai, F. J., ...
Huang, C. Y. (2015). Nerve regeneration potential of protocatechuic
acid in RSC96 Schwann cells by induction of cellular proliferation and
migration through IGF-IR-PI3K-Akt signaling. The Chinese Journal of
Physiology, 58(6), 412-419. https://doi.org/10.4077/CJP.2015.
BAD340

Keast, J. R, Forrest, S. L., & Osborne, P. B. (2010). Sciatic nerve injury in
adult rats causes distinct changes in the central projections of sensory
neurons expressing different glial cell line-derived neurotrophic factor
family receptors. The Journal of Comparative Neurology, 518(15),
3024-3045. https://doi.org/10.1002/cne.22378

Kehoe, S., Zhang, X. F., & Boyd, D. (2012). FDA approved guidance con-
duits and wraps for peripheral nerve injury: A review of materials and
efficacy. Injury, 43(5), 553-572. https://doi.org/10.1016/j.injury.2010.
12.030

Kiefer, R., Streit, W. J., Toyka, K. V., Kreutzberg, G. W., & Hartung, H. P.
(1995). Transforming growth factor-beta 1: A lesion-associated cyto-
kine of the nervous system. International Journal of Developmental Neu-
roscience, 13(3-4), 331-339. https://doi.org/10.1016/0736-5748(94)
00074-d

Kim, D. H., Xing, T., Yang, Z., Dudek, R., Lu, Q., & Chen, Y. H. (2018). Epi-
thelial mesenchymal transition in embryonic development, tissue
repair and cancer: A comprehensive overview. Journal of Clinical Medi-
cine, 7(1), 1-25. https://doi.org/10.3390/jcm7010001

Kim, H. S., Shin, H. S., Kwak, H. J.,, Cho, C. H,, Lee, C. O., & Koh, G. Y.
(2003). Betacellulin induces angiogenesis through activation of
mitogen-activated protein kinase and phosphatidylinositol 3'-kinase in
endothelial cell. The FASEB Journal, 17(2), 318-320. https://doi.org/
10.1096/fj.02-0570fje

Ko, K. R, Lee, J., Lee, D., Nho, B., & Kim, S. (2018). Hepatocyte growth fac-
tor (HGF) promotes peripheral nerve regeneration by activating repair
Schwann cells. Scientific Reports, 8(1), 8316. https://doi.org/10.1038/
s41598-018-26704-x

Ko, K. R, Lee, J., Nho, B., & Kim, S. (2018). c-Fos is necessary for HGF-
mediated gene regulation and cell migration in Schwann cells. Bio-
chemical and Biophysical ~Research Communications, 503(4),
2855-2860. https://doi.org/10.1016/j.bbrc.2018.08.054

Koppes, A. N., Nordberg, A. L., Paolilo, G. M., Goodsell, N. M,
Darwish, H. A,, Zhang, L., & Thompson, D. M. (2014). Electrical stimu-
lation of Schwann cells promotes sustained increases in neurite out-
growth. Tissue Engineering. Part A, 20(3-4), 494-506. https://doi.org/
10.1089/ten.TEA.2013.0012

Koppes, A. N., Seggio, A. M., & Thompson, D. M. (2011). Neurite out-
growth is significantly increased by the simultaneous presentation of


https://doi.org/10.1073/pnas.0904336106
https://doi.org/10.1073/pnas.0904336106
https://doi.org/10.1523/JNEUROSCI.3766-04.2005
https://doi.org/10.1523/JNEUROSCI.3766-04.2005
https://doi.org/10.1016/j.expneurol.2007.06.004
https://doi.org/10.4161/cam.22123
https://doi.org/10.1016/j.mcn.2005.08.011
https://doi.org/10.1016/j.mcn.2005.08.011
https://doi.org/10.1523/JNEUROSCI.1620-06.2006
https://doi.org/10.1523/JNEUROSCI.1620-06.2006
https://doi.org/10.1016/j.expneurol.2014.08.002
https://doi.org/10.1016/j.expneurol.2014.08.002
https://doi.org/10.1002/jgm.2994
https://doi.org/10.1002/glia.20951
https://doi.org/10.1089/ten.TEA.2014.0416
https://doi.org/10.1016/j.cyto.2016.12.025
https://doi.org/10.1016/j.cyto.2016.12.025
https://doi.org/10.1002/glia.20931
https://doi.org/10.1002/glia.20931
https://doi.org/10.1016/j.neuron.2015.10.004
https://doi.org/10.1016/j.neuron.2015.10.004
https://doi.org/10.1038/nrn1746
https://doi.org/10.1113/JP270874
https://doi.org/10.3389/fnmol.2019.00069
https://doi.org/10.3389/fncel.2019.00033
https://doi.org/10.1016/j.stem.2016.06.002
https://doi.org/10.1016/j.stem.2016.06.002
https://doi.org/10.1016/j.celrep.2019.08.021
https://doi.org/10.4077/CJP.2015.BAD340
https://doi.org/10.4077/CJP.2015.BAD340
https://doi.org/10.1002/cne.22378
https://doi.org/10.1016/j.injury.2010.12.030
https://doi.org/10.1016/j.injury.2010.12.030
https://doi.org/10.1016/0736-5748(94)00074-d
https://doi.org/10.1016/0736-5748(94)00074-d
https://doi.org/10.3390/jcm7010001
https://doi.org/10.1096/fj.02-0570fje
https://doi.org/10.1096/fj.02-0570fje
https://doi.org/10.1038/s41598-018-26704-x
https://doi.org/10.1038/s41598-018-26704-x
https://doi.org/10.1016/j.bbrc.2018.08.054
https://doi.org/10.1089/ten.TEA.2013.0012
https://doi.org/10.1089/ten.TEA.2013.0012

MIN ET AL

Schwann cells and moderate exogenous electric fields. Journal of Neu-
ral Engineering, 8(4), 046023. https://doi.org/10.1088/1741-2560/8/
4/046023

Kucenas, S. (2015). Perineurial glia. Cold Spring Harbor Perspectives in Biol-
ogy, 7(6), 1-14. https://doi.org/10.1101/cshperspect.a020511

Lambrechts, A., van Troys, M., & Ampe, C. (2004). The actin cytoskeleton
in normal and pathological cell motility. The International Journal of Bio-
chemistry & Cell Biology, 36(10), 1890-1909. https://doi.org/10.1016/
j.biocel.2004.01.024

Lee, N. E,, Kim, S. J,, Yang, S. J., Joo, S. Y., Park, H., Lee, K. W,, ... Park, J. B.
(2017). Comparative characterization of mesenchymal stromal cells
from multiple abdominal adipose tissues and enrichment of angiogenic
ability via CD146 molecule. Cytotherapy, 19(2), 170-180. https://doi.
org/10.1016/j.jcyt.2016.11.002

Leone, D. P., Genoud, S., Atanasoski, S., Grausenburger, R., Berger, P.,
Metzger, D., ... Suter, U. (2003). Tamoxifen-inducible glia-specific Cre
mice for somatic mutagenesis in oligodendrocytes and Schwann cells.
Molecular and Cellular Neurosciences, 22(4), 430-440.

Lewis, G. M., & Kucenas, S. (2014). Perineurial glia are essential for motor
axon regrowth following nerve injury. The Journal of Neuroscience, 34
(38), 12762-12777. https://doi.org/10.1523/IJNEUROSCI.1906-14.
2014

Li, R, Li, D., Wu, C., Ye, L., Wu, Y., Yuan, Y., ... Xiao, J. (2020). Nerve
growth factor activates autophagy in Schwann cells to enhance myelin
debris clearance and to expedite nerve regeneration. Theranostics, 10
(4), 1649-1677. https://doi.org/10.7150/thno.40919

Li, X., Gonias, S. L., & Campana, W. M. (2005). Schwann cells express
erythropoietin receptor and represent a major target for Epo in periph-
eral nerve injury. Glia, 51(4), 254-265. https://doi.org/10.1002/glia.
20202

Livet, J.,, Weissman, T. A., Kang, H., Draft, R. W., Lu, J., Bennis, R. A, ...
Lichtman, J. W. (2007). Transgenic strategies for combinatorial expres-
sion of fluorescent proteins in the nervous system. Nature, 450(7166),
56-62. https://doi.org/10.1038/nature06293

Lobato, R. D. (2008). Historical vignette of Cajal's work "degeneration and
regeneration of the nervous system" with a reflection of the author.
Neurocirugia (Asturias, Spain), 19(5), 456-468.

Lundborg, G., Dahlin, L. B., Danielsen, N., Gelberman, R. H., Longo, F. M,,
Powell, H. C., & Varon, S. (1982). Nerve regeneration in silicone cham-
bers: Influence of gap length and of distal stump components. Experi-
mental Neurology, 76(2), 361-375.

Lundborg, G., Gelberman, R. H., Longo, F. M., Powell, H. C., & Varon, S.
(1982). In vivo regeneration of cut nerves encased in silicone tubes:
Growth across a six-millimeter gap. Journal of Neuropathology and
Experimental Neurology, 41(4), 412-422.

Lundborg, G., Longo, F. M., & Varon, S. (1982). Nerve regeneration model
and trophic factors in vivo. Brain Research, 232(1), 157-161.

Ma, K. H.,, Hung, H. A, & Svaren, J. (2016). Epigenomic regulation of
Schwann cell reprogramming in peripheral nerve injury. The Journal of
Neuroscience, 36(35), 9135-9147. https://doi.org/10.1523/
JNEUROSCI.1370-16.2016

Madduri, S., & Gander, B. (2012). Growth factor delivery systems and
repair strategies for damaged peripheral nerves. Journal of Controlled
Release, 161(2), 274-282. https://doi.org/10.1016/j.jconrel.2011.
11.036

Madisen, L., Zwingman, T. A., Sunkin, S. M., Oh, S. W., Zariwala, H. A,
Gu, H., ... Zeng, H. (2010). A robust and high-throughput Cre reporting
and characterization system for the whole mouse brain. Nature Neuro-
science, 13(1), 133-140. https://doi.org/10.1038/nn.2467

Mahanthappa, N. K., Anton, E. S., & Matthew, W. D. (1996). Glial growth
factor 2, a soluble neuregulin, directly increases Schwann cell motility
and indirectly promotes neurite outgrowth. The Journal of Neurosci-
ence, 16(15), 4673-4683.

Mallon, B. S., Shick, H. E., Kidd, G. J., & Macklin, W. B. (2002). Proteolipid
promoter activity distinguishes two populations of NG2-positive cells

throughout neonatal cortical development. The Journal of Neuroscience,
22(3), 876-885.

Maniwa, S., lwata, A., Hirata, H., & Ochi, M. (2003). Effects of neurotrophic
factors on chemokinesis of Schwann cells in culture. Scandinavian Jour-
nal of Plastic and Reconstructive Surgery and Hand Surgery, 37(1),
14-17. https://doi.org/10.1080/alp.37.1.14.17

Martini, R., Fischer, S., Lopez-Vales, R., & David, S. (2008). Interactions
between Schwann cells and macrophages in injury and inherited
demyelinating disease. Glia, 56(14), 1566-1577. https://doi.org/10.
1002/glia.20766

Martini, R., Schachner, M., & Faissner, A. (1990). Enhanced expression of
the extracellular matrix molecule J1/tenascin in the regenerating adult
mouse sciatic nerve. Journal of Neurocytology, 19(4), 601-616. https://
doi.org/10.1007/BF01257247

McCaig, C. D., Rajnicek, A. M., Song, B., & Zhao, M. (2005). Controlling cell
behavior electrically: Current views and future potential. Physiological
Reviews, 85(3), 943-978. https://doi.org/10.1152/physrev.00020.
2004

McKasson, M. J,, Huang, L., & Robinson, K. R. (2008). Chick embryonic
Schwann cells migrate anodally in small electrical fields. Experimental
Neurology, 211(2), 585-587. https://doi.org/10.1016/j.expneurol.
2008.02.015

Meintanis, S., Thomaidou, D., Jessen, K. R., Mirsky, R., & Matsas, R. (2001).
The neuron-glia signal beta-neuregulin promotes Schwann cell motility
via the MAPK pathway. Glia, 34(1), 39-51.

Meyer, M., Matsuoka, I, Wetmore, C., Olson, L., & Thoenen, H. (1992).
Enhanced synthesis of brain-derived neurotrophic factor in the
lesioned peripheral nerve: Different mechanisms are responsible for
the regulation of BDNF and NGF mRNA. The Journal of Cell Biology,
119(1), 45-54.

Mindos, T., Dun, X. P., North, K., Doddrell, R. D., Schulz, A., Edwards, P., ...
Parkinson, D. B. (2017). Merlin controls the repair capacity of Schwann
cells after injury by regulating hippo/YAP activity. The Journal of Cell
Biology, 216(2), 495-510. https://doi.org/10.1083/jcb.201606052

Moore, A. M., Kasukurthi, R., Magill, C. K., Farhadi, H. F., Borschel, G. H., &
Mackinnon, S. E. (2009). Limitations of conduits in peripheral nerve
repairs. Hand, 4(2), 180-186. https://doi.org/10.1007/s11552-008-
9158-3

Muscella, A., Vetrugno, C., Cossa, L. G., & Marsigliante, S. (2020). TGF-
betal activates RSC96 Schwann cells migration and invasion through
MMP-2 and MMP-9 activities. Journal of Neurochemistry, 153(4),
525-538. https://doi.org/10.1111/jnc.14913

Nakamura, T., Sakai, K., Nakamura, T., & Matsumoto, K. (2011). Hepato-
cyte growth factor twenty years on: Much more than a growth factor.
Journal of Gastroenterology and Hepatology, 26(Suppl 1), 188-202.
https://doi.org/10.1111/j.1440-1746.2010.06549.x

Navarro, X., Vivo, M., & Valero-Cabre, A. (2007). Neural plasticity after
peripheral nerve injury and regeneration. Progress in Neurobiology, 82
(4), 163-201. https://doi.org/10.1016/j.pneurobio.2007.06.005

Naveilhan, P., EIShamy, W. M., & Ernfors, P. (1997). Differential regulation
of mRNAs for GDNF and its receptors Ret and GDNFR alpha after sci-
atic nerve lesion in the mouse. The European Journal of Neuroscience, 9
(7), 1450-1460.

Ng, B. K., Chen, L., Mandemakers, W., Cosgaya, J. M., & Chan, J. R. (2007).
Anterograde transport and secretion of brain-derived neurotrophic
factor along sensory axons promote Schwann cell myelination. The
Journal of Neuroscience, 27(28), 7597-7603. https://doi.org/10.1523/
JNEUROSCI.0563-07.2007

Painter, M. W. (2017). Aging Schwann cells: Mechanisms, implications,
future directions. Current Opinion in Neurobiology, 47, 203-208.
https://doi.org/10.1016/j.conb.2017.10.022

Parfejevs, V., Debbache, J., Shakhova, O., Schaefer, S. M., Glausch, M.,
Wegner, M., ... Sommer, L. (2018). Injury-activated glial cells promote
wound healing of the adult skin in mice. Nature Communications, 9(1),
236. https://doi.org/10.1038/s41467-017-01488-2


https://doi.org/10.1088/1741-2560/8/4/046023
https://doi.org/10.1088/1741-2560/8/4/046023
https://doi.org/10.1101/cshperspect.a020511
https://doi.org/10.1016/j.biocel.2004.01.024
https://doi.org/10.1016/j.biocel.2004.01.024
https://doi.org/10.1016/j.jcyt.2016.11.002
https://doi.org/10.1016/j.jcyt.2016.11.002
https://doi.org/10.1523/JNEUROSCI.1906-14.2014
https://doi.org/10.1523/JNEUROSCI.1906-14.2014
https://doi.org/10.7150/thno.40919
https://doi.org/10.1002/glia.20202
https://doi.org/10.1002/glia.20202
https://doi.org/10.1038/nature06293
https://doi.org/10.1523/JNEUROSCI.1370-16.2016
https://doi.org/10.1523/JNEUROSCI.1370-16.2016
https://doi.org/10.1016/j.jconrel.2011.11.036
https://doi.org/10.1016/j.jconrel.2011.11.036
https://doi.org/10.1038/nn.2467
https://doi.org/10.1080/alp.37.1.14.17
https://doi.org/10.1002/glia.20766
https://doi.org/10.1002/glia.20766
https://doi.org/10.1007/BF01257247
https://doi.org/10.1007/BF01257247
https://doi.org/10.1152/physrev.00020.2004
https://doi.org/10.1152/physrev.00020.2004
https://doi.org/10.1016/j.expneurol.2008.02.015
https://doi.org/10.1016/j.expneurol.2008.02.015
https://doi.org/10.1083/jcb.201606052
https://doi.org/10.1007/s11552-008-9158-3
https://doi.org/10.1007/s11552-008-9158-3
https://doi.org/10.1111/jnc.14913
https://doi.org/10.1111/j.1440-1746.2010.06549.x
https://doi.org/10.1016/j.pneurobio.2007.06.005
https://doi.org/10.1523/JNEUROSCI.0563-07.2007
https://doi.org/10.1523/JNEUROSCI.0563-07.2007
https://doi.org/10.1016/j.conb.2017.10.022
https://doi.org/10.1038/s41467-017-01488-2

18_|_W1 ]_Eyﬂ

MIN ET AL

Parkinson, D. B., Bhaskaran, A., Arthur-Farraj, P.,, Noon, L. A,
Woodhoo, A, Lloyd, A. C,, ... Jessen, K. R. (2008). c-Jun is a negative
regulator of myelination. The Journal of Cell Biology, 181(4), 625-637.
https://doi.org/10.1083/jcb.200803013

Parkinson, D. B., Dong, Z., Bunting, H., Whitfield, J., Meier, C., Marie, H., ...
Jessen, K. R. (2001). Transforming growth factor beta (TGFbeta) medi-
ates Schwann cell death in vitro and in vivo: Examination of c-Jun acti-
vation, interactions with survival signals, and the relationship of
TGFbeta-mediated death to Schwann cell differentiation. The Journal
of Neuroscience, 21(21), 8572-8585.

Parrinello, S., Napoli, I., Ribeiro, S., Wingfield Digby, P., Fedorova, M.,
Parkinson, D. B, ... Lloyd, A. C. (2010). EphB signaling directs periph-
eral nerve regeneration through Sox2-dependent Schwann cell sorting.
Cell, 143(1), 145-155. https://doi.org/10.1016/j.cell.2010.08.039

Perlin, J. R,, Lush, M. E., Stephens, W. Z., Piotrowski, T., & Talbot, W. S.
(2011). Neuronal neuregulin 1 type Il directs Schwann cell migration.
Development, 138(21), 4639-4648. https://doi.org/10.1242/dev.068072

Pu, S. F., Zhuang, H. X., & Ishii, D. N. (1995). Differential spatio-temporal
expression of the insulin-like growth factor genes in regenerating sci-
atic nerve. Brain Research. Molecular Brain Research, 34(1), 18-28.

Ray, W. Z., & Mackinnon, S. E. (2010). Management of nerve gaps: Auto-
grafts, allografts, nerve transfers, and end-to-side neurorrhaphy. Exper-
imental  Neurology, 223(1), 77-85. https://doi.org/10.1016/j.
expneurol.2009.03.031

Rishal, I., & Fainzilber, M. (2010). Retrograde signaling in axonal regenera-
tion. Experimental Neurology, 223(1), 5-10. https://doi.org/10.1016/j.
expneurol.2009.08.010

Roberts, S. L., Dun, X. P,, Dee, G., Gray, B., Mindos, T., & Parkinson, D. B.
(2016). The role of p38alpha in Schwann cells in regulating peripheral
nerve myelination and repair. Journal of Neurochemistry, 141, 37-47.
https://doi.org/10.1111/jnc.13929

Roberts, S. L., Dun, X. P., Doddrell, R. D. S., Mindos, T., Drake, L. K.,
Onaitis, M. W,, ... Parkinson, D. B. (2017). Sox2 expression in Schwann
cells inhibits myelination in vivo and induces influx of macrophages to
the nerve. Development, 144, 3114-3125. https://doi.org/10.1242/
dev.150656

Rosenberg, A. F., Isaacman-Beck, J., Franzini-Armstrong, C., & Granato, M.
(2014). Schwann cells and deleted in colorectal carcinoma direct reg-
enerating motor axons towards their original path. Journal of Neurosci-
ence, 34(44), 14668-14681. http://dx.doi.org/10.1523/jneurosci.
2007-14.2014.

Rosenberger, D. C., Blechschmidt, V., Timmerman, H., Wolff, A, &
Treede, R.-D. (2020). Challenges of neuropathic pain: focus on diabetic
neuropathy. Journal of Neural Transmission, 127(4), 589-624.

Rufer, M., Flanders, K., & Unsicker, K. (1994). Presence and regulation of
transforming growth factor beta mRNA and protein in the normal and
lesioned rat sciatic nerve. Journal of Neuroscience Research, 39(4),
412-423. https://doi.org/10.1002/jnr.490390408

Santos, D., Gonzalez-Perez, F., Navarro, X., & del Valle, J. (2016). Dose-
dependent differential effect of neurotrophic factors on in vitro and
in vivo regeneration of motor and sensory neurons. Neural Plasticity,
2016, 4969523. https://doi.org/10.1155/2016/4969523

Santosa, K. B., Jesuraj, N. J., Viader, A, MacEwan, M., Newton, P.,
Hunter, D. A, ... Johnson, P. J. (2013). Nerve allografts supplemented
with Schwann cells overexpressing glial-cell-line-derived neurotrophic
factor. Muscle & Nerve, 47(2), 213-223. https://doi.org/10.1002/mus.
23490

Savastano, L. E., Laurito, S. R., Fitt, M. R., Rasmussen, J. A., Gonzalez
Polo, V., & Patterson, S. I. (2014). Sciatic nerve injury: A simple and
subtle model for investigating many aspects of nervous system dam-
age and recovery. Journal of Neuroscience Methods, 227, 166-180.
https://doi.org/10.1016/j.jneumeth.2014.01.020

Scaravilli, F. (1984). Regeneration of the perineurium across a surgically
induced gap in a nerve encased in a plastic tube. Journal of Anatomy,
139(Pt 3), 411-424.

Scherer, S. S., Kamholz, J., & Jakowlew, S. B. (1993). Axons modulate the
expression of transforming growth factor-betas in Schwann cells. Glia,
8(4), 265-276. https://doi.org/10.1002/glia.440080407

Schroder, J. M., May, R., & Weis, J. (1993). Perineurial cells are the first to
traverse gaps of peripheral nerves in silicone tubes. Clinical Neurology
and Neurosurgery, 95(Suppl), S78-S83.

Schulz, A., Buttner, R., Hagel, C., Baader, S. L., Kluwe, L., Salamon, J,, ...
Morrison, H. (2016). The importance of nerve microenvironment for
Schwannoma development. Acta Neuropathologica, 132(2), 289-307.
https://doi.org/10.1007/s00401-016-1583-8

Sepp, K. J., & Auld, V. J. (2003). Reciprocal interactions between neurons
and glia are required for Drosophila peripheral nervous system devel-
opment. The Journal of Neuroscience, 23(23), 8221-8230.

Sepp, K. J., Schulte, J., & Auld, V. J. (2000). Developmental dynamics of
peripheral glia in Drosophila melanogaster. Glia, 30(2), 122-133.
https://doi.org/10.1002/(sici)1098-1136(200004)30:2<122::aid-
glia2>3.0.co;2-b

Shapiro, S., Borgens, R., Pascuzzi, R., Roos, K., Groff, M., Purvines, S., ...
Nelson, P. (2005). Oscillating field stimulation for complete spinal cord
injury in humans: A phase 1 trial. Journal of Neurosurgery. Spine, 2(1),
3-10. https://doi.org/10.3171/spi.2005.2.1.0003

Sheu, J. Y., Kulhanek, D. J., & Eckenstein, F. P. (2000). Differential patterns
of ERK and STAT3 phosphorylation after sciatic nerve transection in
the rat. Experimental Neurology, 166(2), 392-402. https://doi.org/10.
1006/exnr.2000.7508

Shin, Y. K, Jang, S. Y., Park, S. Y., Park, J. Y, Kim, J. K, Kim, J. P,, ...
Park, H. T. (2014). Grb2-associated binder-1 is required for
neuregulin-1-induced peripheral nerve myelination. The Journal of Neu-
roscience, 34(22), 7657-7662. https://doi.org/10.1523/JNEUROSCI.
4947-13.2014

Shin, Y. K, Jang, S. Y., Yun, S. H,, Choi, Y. Y., Yoon, B. A, Jo, Y. R, ...
Park, H. T. (2017). Cooperative interaction of hepatocyte growth fac-
tor and neuregulin regulates Schwann cell migration and proliferation
through Grb2-associated binder-2 in peripheral nerve repair. Glia, 65
(11), 1794-1808. https://doi.org/10.1002/glia.23195

Sjoberg, J., & Kanje, M. (1990). The initial period of peripheral nerve regen-
eration and the importance of the local environment for the condition-
ing lesion effect. Brain Research, 529(1-2), 79-84.

Solecki, D. J., Trivedi, N., Govek, E. E., Kerekes, R. A,, Gleason, S. S., &
Hatten, M. E. (2009). Myosin |l motors and F-actin dynamics drive the
coordinated movement of the centrosome and soma during CNS glial-
guided neuronal migration. Neuron, 63(1), 63-80. https://doi.org/10.
1016/j.neuron.2009.05.028

Srinivas, S., Watanabe, T., Lin, C. S., William, C. M., Tanabe, Y.,
Jessell, T. M., & Costantini, F. (2001). Cre reporter strains produced by
targeted insertion of EYFP and ECFP into the ROSA26 locus. BMC
Developmental Biology, 1, 4.

Stassart, R. M., Fledrich, R., Velanac, V., Brinkmann, B. G., Schwab, M. H.,
Meijer, D., ... Nave, K. A. (2013). A role for Schwann cell-derived
neuregulin-1 in remyelination. Nature Neuroscience, 16(1), 48-54.
https://doi.org/10.1038/nn.3281

Stierli, S., Napoli, I., White, I. J., Cattin, A. L., Cabrejos, A. M., Calavia, N. G.,
... Lloyd, A. C. (2018). The regulation of the homeostasis and regenera-
tion of peripheral nerve is distinct from the CNS and independent of a
stem cell population. Development, 145, dev170316. https://doi.org/
10.1242/dev.170316

Stratton, J. A,, Holmes, A., Rosin, N. L., Sinha, S., Vohra, M., Burma, N. E,, ...
Biernaskie, J. (2018). Macrophages regulate Schwann cell maturation
after nerve injury. Cell Reports, 24(10), 2561-2572 e2566. https://doi.
org/10.1016/j.celrep.2018.08.004

Sulaiman, W., & Nguyen, D. H. (2016). Transforming growth factor beta
1, a cytokine with regenerative functions. Neural Regeneration Research,
11(10), 1549-1552. https://doi.org/10.4103/1673-5374.193223

Takahashi, M. (2001). The GDNF/RET signaling pathway and human dis-
eases. Cytokine & Growth Factor Reviews, 12(4), 361-373.


https://doi.org/10.1083/jcb.200803013
https://doi.org/10.1016/j.cell.2010.08.039
https://doi.org/10.1242/dev.068072
https://doi.org/10.1016/j.expneurol.2009.03.031
https://doi.org/10.1016/j.expneurol.2009.03.031
https://doi.org/10.1016/j.expneurol.2009.08.010
https://doi.org/10.1016/j.expneurol.2009.08.010
https://doi.org/10.1111/jnc.13929
https://doi.org/10.1242/dev.150656
https://doi.org/10.1242/dev.150656
http://dx.doi.org/10.1523/jneurosci.2007-14.2014
http://dx.doi.org/10.1523/jneurosci.2007-14.2014
https://doi.org/10.1002/jnr.490390408
https://doi.org/10.1155/2016/4969523
https://doi.org/10.1002/mus.23490
https://doi.org/10.1002/mus.23490
https://doi.org/10.1016/j.jneumeth.2014.01.020
https://doi.org/10.1002/glia.440080407
https://doi.org/10.1007/s00401-016-1583-8
https://doi.org/10.1002/(sici)1098-1136(200004)30:2%3C122::aid-glia2%3E3.0.co;2-b
https://doi.org/10.1002/(sici)1098-1136(200004)30:2%3C122::aid-glia2%3E3.0.co;2-b
https://doi.org/10.3171/spi.2005.2.1.0003
https://doi.org/10.1006/exnr.2000.7508
https://doi.org/10.1006/exnr.2000.7508
https://doi.org/10.1523/JNEUROSCI.4947-13.2014
https://doi.org/10.1523/JNEUROSCI.4947-13.2014
https://doi.org/10.1002/glia.23195
https://doi.org/10.1016/j.neuron.2009.05.028
https://doi.org/10.1016/j.neuron.2009.05.028
https://doi.org/10.1038/nn.3281
https://doi.org/10.1242/dev.170316
https://doi.org/10.1242/dev.170316
https://doi.org/10.1016/j.celrep.2018.08.004
https://doi.org/10.1016/j.celrep.2018.08.004
https://doi.org/10.4103/1673-5374.193223

MIN ET AL

Tannemaat, M. R., Eggers, R., Hendriks, W. T., de Ruiter, G. C., van
Heerikhuize, J. J., Pool, C. W,, ... Verhaagen, J. (2008). Differential
effects of lentiviral vector-mediated overexpression of nerve growth
factor and glial cell line-derived neurotrophic factor on regenerating
sensory and motor axons in the transected peripheral nerve. The
European Journal of Neuroscience, 28(8), 1467-1479. https://doi.org/
10.1111/j.1460-9568.2008.06452.x

Tator, C. H. (2005). Phase 1 trial of oscillating field stimulation for com-
plete spinal cord injury in humans. Journal of Neurosurgery. Spine, 2(1),
1-2. https://doi.org/10.3171/spi.2005.2.1.0001

Tomita, K., Hata, Y., Kubo, T., Fujiwara, T., Yano, K., & Hosokawa, K.
(2009). Effects of the in vivo predegenerated nerve graft on early
Schwann cell migration: Quantitative analysis using S100-GFP mice.
Neuroscience Letters, 461(1), 36-40. https://doi.org/10.1016/j.neulet.
2009.05.075

Tomlinson, J. E., Zygelyte, E., Grenier, J. K., Edwards, M. G., & Cheetham, J.
(2018). Temporal changes in macrophage phenotype after peripheral
nerve injury. Journal of Neuroinflammation, 15(1), 185. https://doi.org/
10.1186/512974-018-1219-0

Torigoe, K., Tanaka, H. F., Takahashi, A, Awaya, A., & Hashimoto, K.
(1996). Basic behavior of migratory Schwann cells in peripheral nerve
regeneration. Experimental Neurology, 137(2), 301-308. https://doi.
org/10.1006/exnr.1996.0030

Tovar, Y. R. L. B., Ramirez-Jarquin, U. N., Lazo-Gomez, R., & Tapia, R.
(2014). Trophic factors as modulators of motor neuron physiology and
survival: Implications for ALS therapy. Frontiers in Cellular Neuroscience,
8, 61. https://doi.org/10.3389/fncel.2014.00061

Trupp, M., Ryden, M., Jornvall, H., Funakoshi, H. Timmusk, T.,
Arenas, E., & Ibanez, C. F. (1995). Peripheral expression and biological
activities of GDNF, a new neurotrophic factor for avian and mamma-
lian peripheral neurons. The Journal of Cell Biology, 130(1), 137-148.

Vallieres, N., Barrette, B., Wang, L. X, Belanger, E., Thiry, L,
Schneider, M. R, ... Lacroix, S. (2017). Betacellulin regulates Schwann
cell proliferation and myelin formation in the injured mouse peripheral
nerve. Glia, 65(4), 657-669. https://doi.org/10.1002/glia.23119

Vaquie, A., Sauvain, A., Duman, M., Nocera, G., Egger, B., Meyenhofer, F., ...
Jacob, C. (2019). Injured axons instruct Schwann cells to build con-
stricting actin spheres to accelerate axonal disintegration. Cell Reports, 27
(11), 3152-3166 €3157. https://doi.org/10.1016/j.celrep.2019.05.060

Wang, H., Tewari, A,, Einheber, S., Salzer, J. L., & Melendez-Vasquez, C. V.
(2008). Myosin Il has distinct functions in PNS and CNS myelin sheath
formation. The Journal of Cell Biology, 182(6), 1171-1184. https://doi.
org/10.1083/jcb.200802091

Wang, Y., Shan, Q., Pan, J., & Yi, S. (2018). Actin cytoskeleton affects
Schwann cell migration and peripheral nerve regeneration. Frontiers in
Physiology, 9, 23. https://doi.org/10.3389/fphys.2018.00023

Wang, Y., Teng, H. L., & Huang, Z. H. (2012). Intrinsic migratory properties
of cultured Schwann cells based on single-cell migration assay. PLoS
One, 7(12), €51824. https://doi.org/10.1371/journal.pone.0051824

Wang, Y., Teng, H. L, & Huang, Z. H. (2013). Repulsive migration of
Schwann cells induced by Slit-2 through Ca2+-dependent RhoA-
myosin signaling. Glia, 61(5), 710-723. https://doi.org/10.1002/glia.
22464

Wanner, |. B., Guerra, N. K., Mahoney, J., Kumar, A, Wood, P. M.,
Mirsky, R., & Jessen, K. R. (2006). Role of N-cadherin in Schwann cell
precursors of growing nerves. Glia, 54(5), 439-459. https://doi.org/
10.1002/glia.20390

Wanner, |. B., Mahoney, J.,, Jessen, K. R, Wood, P. M., Bates, M., &
Bunge, M. B. (2006). Invariant mantling of growth cones by Schwann
cell precursors characterize growing peripheral nerve fronts. Glia, 54
(5), 424-438. https://doi.org/10.1002/glia.20389

Wanner, I. B., & Wood, P. M. (2002). N-cadherin mediates axon-aligned
process growth and cell-cell interaction in rat Schwann cells. The Jour-
nal of Neuroscience, 22(10), 4066-4079. https://doi.org/10.1523/
JNEUROSCI.22-10-04066.2002

Webber, C. A, Christie, K. J., Cheng, C., Martinez, J. A, Singh, B., Singh, V.,
..., Zochodne, D. W. (2011). Schwann cells direct peripheral nerve
regeneration through the Netrin-1 receptors, DCC and Unc5H2. Glia,
59(10), 1503-1517. http://dx.doi.org/10.1002/glia.21194.

Weis, J., May, R, & Schroder, J. M. (1994). Fine structural and immunohis-
tochemical identification of perineurial cells connecting proximal and
distal stumps of transected peripheral nerves at early stages of regen-
eration in silicone tubes. Acta Neuropathologica, 88(2), 159-165.

Whitlock, E. L., Myckatyn, T. M., Tong, A. Y., Yee, A, Yan, Y., Magill, C. K,,
... Mackinnon, S. E. (2010). Dynamic quantification of host Schwann
cell migration into peripheral nerve allografts. Experimental Neurology,
225(2), 310-319. https://doi.org/10.1016/j.expneurol.2010.07.001

Wilhelm, J. C., Xu, M., Cucoranu, D., Chmielewski, S., Holmes, T., Lau, K. S,
... English, A. W. (2012). Cooperative roles of BDNF expression in neu-
rons and Schwann cells are modulated by exercise to facilitate nerve
regeneration. The Journal of Neuroscience, 32(14), 5002-5009. https://
doi.org/10.1523/JNEUROSCI.1411-11.2012

Williams, L. R., Longo, F. M., Powell, H. C., Lundborg, G., & Varon, S.
(1983). Spatial-temporal progress of peripheral nerve regeneration
within a silicone chamber: Parameters for a bioassay. The Journal of
Comparative Neurology, 218(4), 460-470. https://doi.org/10.1002/
cne.902180409

Wood, M. D., Borschel, G. H., & Sakiyama-Elbert, S. E. (2009). Controlled
release of glial-derived neurotrophic factor from fibrin matrices con-
taining an affinity-based delivery system. Journal of Biomedical Mate-
rials Research. Part A, 89(4), 909-918. https://doi.org/10.1002/jbm.a.
32043

Wood, M. D., Moore, A. M., Hunter, D. A., Tuffaha, S., Borschel, G. H,,
Mackinnon, S. E., & Sakiyama-Elbert, S. E. (2009). Affinity-based
release of glial-derived neurotrophic factor from fibrin matrices
enhances sciatic nerve regeneration. Acta Biomaterialia, 5(4), 959-968.
https://doi.org/10.1016/j.actbio.2008.11.008

Xu, P., Rosen, K. M., Hedstrom, K., Rey, O., Guha, S., Hart, C., & Corfas, G.
(2013). Nerve injury induces glial cell line-derived neurotrophic factor
(GDNF) expression in Schwann cells through purinergic signaling and
the PKC-PKD pathway. Glia, 61(7), 1029-1040. https://doi.org/10.
1002/glia.22491

Yamaguchi, H., & Condeelis, J. (2007). Regulation of the actin cytoskeleton
in cancer cell migration and invasion. Biochimica et Biophysica Acta,
1773(5), 642-652. https://doi.org/10.1016/j.bbamcr.2006.07.001

Yamauchi, J., Chan, J. R.,, & Shooter, E. M. (2003). Neurotrophin 3 activa-
tion of TrkC induces Schwann cell migration through the c-Jun N-
terminal kinase pathway. Proceedings of the National Academy of Sci-
ences of the United States of America, 100(24), 14421-14426. https://
doi.org/10.1073/pnas.2336152100

Yamauchi, J., Chan, J. R., & Shooter, E. M. (2004). Neurotrophins regulate
Schwann cell migration by activating divergent signaling pathways
dependent on Rho GTPases. Proceedings of the National Academy of
Sciences of the United States of America, 101(23), 8774-8779. https://
doi.org/10.1073/pnas.0402795101

Yamauchi, J., Miyamoto, Y., Chan, J. R., & Tanoue, A. (2008). ErbB2 directly
activates the exchange factor Dock?7 to promote Schwann cell migra-
tion. The Journal of Cell Biology, 181(2), 351-365. https://doi.org/10.
1083/jcb.200709033

Yamauchi, J., Miyamoto, Y., Tanoue, A., Shooter, E. M., & Chan, J. R.
(2005). Ras activation of a Racl exchange factor, Tiam1, mediates
neurotrophin-3-induced Schwann cell migration. Proceedings of the
National Academy of Sciences of the United States of America, 102(41),
14889-14894. https://doi.org/10.1073/pnas.0507125102

Yamazaki, T., Sabit, H., Oya, T., Ishii, Y., Hamashima, T., Tokunaga, A, ...
Sasahara, M. (2009). Activation of MAP kinases, Akt and PDGF recep-
tors in injured peripheral nerves. Journal of the Peripheral Nervous System,
14(3), 165-176. https://doi.org/10.1111/j.1529-8027.2009.00228 x

Yang, D. P., Kim, J,, Syed, N., Tung, Y. J., Bhaskaran, A., Mindos, T., ...
Kim, H. A. (2012). p38 MAPK activation promotes denervated


https://doi.org/10.1111/j.1460-9568.2008.06452.x
https://doi.org/10.1111/j.1460-9568.2008.06452.x
https://doi.org/10.3171/spi.2005.2.1.0001
https://doi.org/10.1016/j.neulet.2009.05.075
https://doi.org/10.1016/j.neulet.2009.05.075
https://doi.org/10.1186/s12974-018-1219-0
https://doi.org/10.1186/s12974-018-1219-0
https://doi.org/10.1006/exnr.1996.0030
https://doi.org/10.1006/exnr.1996.0030
https://doi.org/10.3389/fncel.2014.00061
https://doi.org/10.1002/glia.23119
https://doi.org/10.1016/j.celrep.2019.05.060
https://doi.org/10.1083/jcb.200802091
https://doi.org/10.1083/jcb.200802091
https://doi.org/10.3389/fphys.2018.00023
https://doi.org/10.1371/journal.pone.0051824
https://doi.org/10.1002/glia.22464
https://doi.org/10.1002/glia.22464
https://doi.org/10.1002/glia.20390
https://doi.org/10.1002/glia.20390
https://doi.org/10.1002/glia.20389
https://doi.org/10.1523/JNEUROSCI.22-10-04066.2002
https://doi.org/10.1523/JNEUROSCI.22-10-04066.2002
http://dx.doi.org/10.1002/glia.21194
https://doi.org/10.1016/j.expneurol.2010.07.001
https://doi.org/10.1523/JNEUROSCI.1411-11.2012
https://doi.org/10.1523/JNEUROSCI.1411-11.2012
https://doi.org/10.1002/cne.902180409
https://doi.org/10.1002/cne.902180409
https://doi.org/10.1002/jbm.a.32043
https://doi.org/10.1002/jbm.a.32043
https://doi.org/10.1016/j.actbio.2008.11.008
https://doi.org/10.1002/glia.22491
https://doi.org/10.1002/glia.22491
https://doi.org/10.1016/j.bbamcr.2006.07.001
https://doi.org/10.1073/pnas.2336152100
https://doi.org/10.1073/pnas.2336152100
https://doi.org/10.1073/pnas.0402795101
https://doi.org/10.1073/pnas.0402795101
https://doi.org/10.1083/jcb.200709033
https://doi.org/10.1083/jcb.200709033
https://doi.org/10.1073/pnas.0507125102
https://doi.org/10.1111/j.1529-8027.2009.00228.x

2°_|_W1 ]_Eyﬂ

MIN ET AL

Schwann cell phenotype and functions as a negative regulator of
Schwann cell differentiation and myelination. The Journal of Neurosci-
ence, 32(21), 7158-7168. https://doi.org/10.1523/JNEUROSCI.5812-
11.2012

Yao, L., Li, Y., Knapp, J., & Smith, P. (2015). Exploration of molecular path-
ways mediating electric field-directed Schwann cell migration by RNA-
seq. Journal of Cellular Physiology, 230(7), 1515-1524. https://doi.org/
10.1002/jcp.24897

Ydens, E., Amann, L., Asselbergh, B., Scott, C. L., Martens, L., Sichien, D., ...
Guilliams, M. (2020). Profiling peripheral nerve macrophages reveals
two macrophage subsets with distinct localization, transcriptome and
response to injury. Nature Neuroscience, 23(5), 676-689. https://doi.
org/10.1038/s41593-020-0618-6

Yi, S., Yuan, Y., Chen, Q., Wang, X., Gong, L., Liu, J,, ... Li, S. (2016). Regula-
tion of Schwann cell proliferation and migration by miR-1 targeting
brain-derived neurotrophic factor after peripheral nerve injury. Scien-
tific Reports, 6, 29121. https://doi.org/10.1038/srep29121

Zhang, Z., Yu, B., Gu, Y., Zhou, S., Qian, T., Wang, Y., ... Gu, X. (2016). Fibro-
blast-derived tenascin-C promotes Schwann cell migration through
betal-integrin dependent pathway during peripheral nerve regenera-
tion. Glia, 64(3), 374-385. https://doi.org/10.1002/glia.22934

Zhao, Q., Dahlin, L. B., Kanje, M., & Lundborg, G. (1993). Repair of the
transected rat sciatic nerve: Matrix formation within implanted silicone
tubes. Restorative Neurology and Neuroscience, 5(3), 197-204. https://
doi.org/10.3233/RNN-1993-5304

Zigmond, R. E., & Echevarria, F. D. (2019). Macrophage biology in the
peripheral nervous system after injury. Progress in Neurobiology, 173,
102-121. https://doi.org/10.1016/j.pneurobio.2018.12.001

Zuo, Y., Lubischer, J. L, Kang, H., Tian, L, Mikesh, M., Marks, A, ...
Thompson, W. J. (2004). Fluorescent proteins expressed in mouse
transgenic lines mark subsets of glia, neurons, macrophages, and den-
dritic cells for vital examination. The Journal of Neuroscience, 24(49),
10999-11009. https://doi.org/10.1523/JNEUROSCI.3934-04.2004

How to cite this article: Min Q, Parkinson DB, Dun X-P.
Migrating Schwann cells direct axon regeneration within the
peripheral nerve bridge. Glia. 2020;1-20. https://doi.org/10.
1002/glia.23892


https://doi.org/10.1523/JNEUROSCI.5812-11.2012
https://doi.org/10.1523/JNEUROSCI.5812-11.2012
https://doi.org/10.1002/jcp.24897
https://doi.org/10.1002/jcp.24897
https://doi.org/10.1038/s41593-020-0618-6
https://doi.org/10.1038/s41593-020-0618-6
https://doi.org/10.1038/srep29121
https://doi.org/10.1002/glia.22934
https://doi.org/10.3233/RNN-1993-5304
https://doi.org/10.3233/RNN-1993-5304
https://doi.org/10.1016/j.pneurobio.2018.12.001
https://doi.org/10.1523/JNEUROSCI.3934-04.2004
https://doi.org/10.1002/glia.23892
https://doi.org/10.1002/glia.23892

	Migrating Schwann cells direct axon regeneration within the peripheral nerve bridge
	1  INTRODUCTION
	2  FORMATION OF NEW NERVE TISSUE FOLLOWING INJURY, THE NERVE BRIDGE
	2.1  The nature of variable lengths of nerve gap following transection
	2.2  Stages of nerve bridge formation
	2.3  The study of nerve bridge formation using artificial nerve conduits

	3  TRANSGENIC MOUSE MODELS EXPRESSING FLUORESCENT PROTEINS IN SCHWANN CELLS, USEFUL TOOLS TO STUDY SCHWANN CELL MIGRATION I...
	4  MIGRATING SCHWANN CELLS DIRECT AXON REGENERATION IN THE NERVE BRIDGE
	4.1  Misdirected axon regeneration without Schwann cell guidance
	4.2  Migrating Schwann cell direct regenerating axons across the nerve bridge

	5  IDENTIFYING THE SUBSTRATE FOR SCHWANN CELL MIGRATION IN THE NERVE BRIDGE
	5.1  Fibrin deposit, a possible substrate for Schwann cell migration
	5.2  Schwann cells migrate along the regenerating axons in the proximal nerve stump at early stages of regeneration
	5.3  Newly formed blood vessels as a substrate for guiding Schwann cell migration and cord formation

	6  THE INTRINSIC MIGRATORY PROPERTY OF SCHWANN CELLS
	7  THE ACTIVATION OF SMALL GTPASES AND MITOGEN-ACTIVATED PROTEIN KINASE SIGNALING PATHWAYS FOR SCHWANN CELL MIGRATION
	7.1  The activation of small GTPases for Schwann cell migration
	7.2  The activation of mitogen-activated protein kinase signaling pathways for Schwann cell migration

	8  SIGNALS PROMOTING SCHWANN CELL MIGRATION TOWARD THE MIDDLE OF THE NERVE BRIDGE
	8.1  Roles of neurotrophins, GDNF, and insulin-like growth factor-1
	8.2  NRG1 Type I signaling
	8.3  Hepatocyte growth factor signaling
	8.4  Erythropoietin signaling
	8.5  Tenascin-C and betacellulin signaling
	8.6  Schwann cell partial epithelial-mesenchymal transition and TGF-β1 signaling

	9  SIGNALS THAT SCHWANN CELLS UTILISE TO DIRECT AXONS ACROSS THE NERVE BRIDGE
	10  FUTURE DIRECTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


