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Abstract: In contrast with the brain and spinal cord, peripheral nerves possess a striking ability to
regenerate after damage. This characteristic of the peripheral nervous system is mainly due to a
specific population of glial cells, the Schwann cells. Schwann cells promptly activate after nerve
injury, dedifferentiate assuming a repair phenotype, and assist axon regrowth. In general, tissue
injury determines the release of a variety of proteases which, in parallel with the degradation of their
specific targets, also activate plasma membrane receptors known as protease-activated receptors
(PARs). PART1, the prototypical member of the PAR family, is also known as thrombin receptor and
is present at the Schwann cell plasma membrane. This receptor is emerging as a possible regulator
of the pro-regenerative capacity of Schwann cells. Here, we summarize the most recent literature
data describing the possible contribution of PAR1 and PAR1-activating proteases in regulating the
regeneration of peripheral nerves.
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1. Introduction

Diseases affecting the peripheral nervous system (PNS) are common and they often
result in an impairment of sensory and/or motor conduction [1]. Stretch, lacerations,
and compression of peripheral nerves may lead to disabilities in motor, sensory, and
autonomic functions [2]. Paralysis of affected limbs and progression of neuropathic pain are
common symptoms generated by deficiencies in motor and sensory functions [3]. Although
peripheral nerves own a striking regenerative potential, regeneration can be limited by
several factors such as age or area of the lesion. When nerve injuries are severe, they have
destructive impacts on the life quality of patients. Neurons undergo degenerative changes
through damage-induced interruption of the flow of neurotrophic factors from periphery
to neuronal body by retrograde transport [4]. In the less severe nerve injuries mainly due to
compression, the damage is restricted to the myelin sheath and the loss of function is only
temporary. On the other hand, when the integrity of the axon is compromised, Wallerian
degeneration occurs in the portion of the nerve distal to the lesion. In this instance, axonal
regeneration is eased if the connective tissue surrounding the nerve fibers maintains its
integrity. Conversely, in the case of complete nerve transection, the tentative regrowth
of the axon often causes the formation of neuromas and rarely determines the successful
reinnervation of the target tissue.
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In peripheral nerves axons are surrounded by Schwann cells (SCs), a population of
glial cells which provide metabolic and trophic support. Large diameter axons, which are
a few sensory axons and axons from motor neurons, are wrapped by myelinating SCs.
Non-myelinating SCs, also known as Remak cells, envelope small axons including many
sensory axons and axons of the autonomic nervous system to form Remak bundles [5]. In
rat sciatic nerve, the Remak bundles mostly comprise C-fibers nociceptors (about 48% of
total axons) and postganglionic sympathetic fibers (about 23% of total axons) [6].

After nerve injury both Remak and myelin SCs convert to a phenotype known as
“repair SC”, which is specialized in encouraging regeneration. Unfortunately, in humans,
regeneration of peripheral nerves is often poor. One of the major problems is that the repair
SC phenotype is unstable and fades with time in the chronically denervated distal stump.
In addition, the pro-survival activity of repair SCs tends to decline with aging. The reason
for the deterioration of repair cells is poorly understood and the specific pathogenesis of
the conduction disorder of peripheral nerves is not completely clear. Possible exacerbation
factors in peripheral nerve injuries may include excessive inflammation and coagulation.
Of note, at the site of nerve injury a myriad of proteases is released from the damaged
tissue. In particular, thrombin levels rise significantly over 24 h following peripheral nerve
injury [7].

Thrombin is well-known as a key mediator of the coagulation cascade. However, it is
also an important regulator of the inflammatory responses. The plasma concentration of
prothrombin in normal subjects is between 700 nM and 1.7 uM [8]. Importantly, thrombin
and FX/FXa can also be generated locally in peripheral nerves [9]. Low concentrations of
thrombin have been demonstrated to improve the regeneration of mouse peripheral nerve
after injury [10]. Conversely, thrombin at high concentrations worsened the degeneration
of crushed nerves [11]. The main thrombin receptor is the protease-activated receptor 1
(PAR1) that is found at the intersection of two pathways, coagulation and inflammation.
PAR1 is expressed by SCs, especially at the level of the microvilli in the region of the nodes
of Ranvier [12,13].

Here, we review the most recent findings highlighting the possible role of PAR1 and
thrombin in regulating peripheral nerve regeneration and considering the contribution of
other potential PAR1-activating proteases. We performed a literature search on PubMed for
articles published between 1 January 1979 and 1 September 2021. The search terms were
“Schwann cell” OR “peripheral nerve” AND the following proteases: “Thrombin”, “Factor
X” OR “FX”; “Factor VII” OR “FVII”; “activated protein C” OR “APC” OR “Endothelial
Protein C Receptor” OR “EPCR”; “plasmin” OR “tissue plasminogen activator” OR “tPA”
OR “urokinase plasminogen activator” OR “uPA”; “matrix metalloproteinase” OR “MMP”.
With regards to the MMPs, we focused on the proteases that can cut and activate PAR1
(namely MMP2, MMP3, MMP8, and MMP9). We excluded comments, case reports, and
articles which were not related to peripheral nerves.

2. Schwann Cells in the Physiology and Pathophysiology of Peripheral Nerves

Axonal regeneration after peripheral nerve injury is potently guided and supported
by Schwann cells (5Cs), a population of glial cells ensheathing the axons in the PNS [14,15].
By wrapping the axon with many layers of membranes, SCs form the myelin sheath of the
PNS of vertebrates [16]. The insulation of the axon by myelin increases dramatically the
conduction speed restricting action potentials to the nodes of Ranvier. Therefore, myelin
by ensheathing the large diameter axons generates the saltatory impulse propagation and
speeds up nerve conduction velocity by 20-100-fold [17,18]. Besides, in the myelinated
fibers, a linear dependency occurs between the speed of nerve conduction and the ax-
onal diameters [19,20]. In addition to their main function, which is the synthesis and
maintenance of the myelin sheath, SCs strictly cooperate metabolically with the axonal
compartment that may extend far away from the correspondent neuronal soma [15]. In
particular, the axonal compartment faces a narrow subcompartment of the glial cell, which
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is the adaxonal myelin layer. In this region, the myelinated axon and the associated SC
results metabolically coupled [21].

SCs derive from the neural crest and undergo three pivotal stages of development [22-24].
Initially, during the early embryonic development the migrating neural crest cells generate
multipotent progenitors, the SC precursors. Next, during late embryonic development
SC precursors differentiate into immature SCs. Then, the immature SCs go through
numerous phenotypic changes, exit the cell cycle, and form the mature SCs that are
present postnatally. Mature SCs are generally divided in two major subtypes: myelinating
and non-myelinating (also known as Remak) SCs. Initially, immature SCs extend their
lamellae and contact a bundle of unmyelinated axons. When the diameter of the axon is
>1 um, the SCs establish a 1:1 contact ratio and produce myelin sheaths [25,26] expressing
characteristic myelin markers, such as protein 0 (P0), myelin-associated protein (MAG),
and galactocerebroside (Gal-C) [27]. Conversely, when SCs contact small diameter axons,
such as those of nociceptive neurons, they become non-myelinating SCs and maintain
some markers typical of the immature states, such as the cell adhesion molecule L1 and the
P75 neurotrophic receptor (p75NTR) [28].

SCs are enveloped by basal lamina and surrounded by the endoneurium formed by
fibroblasts, blood vessels, and hardly any macrophages. The endoneurium is, in turn,
enveloped by another layer of connective tissue called perineurium, forming a fascicle.
Large nerves contain many fascicles that are held together by the epineurium.

Following nerve injury, the denervated SCs distal to the damaged area gain a repair
phenotype that only partially mimics the immature SCs. When SCs get in contact with the
degenerating axon, these cells re-enter the cell cycle and promptly start to proliferate. In so
doing, repair SCs downregulate genes necessary for myelin maintenance and axon support
(such as krox-20; myelin basic protein, MBP and periaxin), and conversely upregulate genes
required for repair and regeneration (such as glial cell line-derived neurotrophic factor,
GDNF,; brain-derived neurotrophic factor, BDNF; neurotrophin-3, NT-3; nerve growth
factor, NGF and p75NTR). Nerve injury triggers the strong activation of mielinophagy, a
selective autophagic removal of the myelin sheath [29]. It is known that during the first
5-7 days after injury, SCs are responsible for the degradation of about 40-50% of myelin [30].
Macrophages accelerate the removal of myelin in the later stages of Wallerian degeneration.
Repair SCs release cytokines (such as interleukin-6 and leukocytosis-inducing factor, LIF)
recruiting macrophages and other immune cells to the site of injury. The rapid degrada-
tion of myelin and the removal of cell debris by the SCs through both phagocytosis and
autophagy are fundamental to ensure and facilitate an efficient nerve regeneration [29,31].
Central in the reprogramming of SCs to a repair phenotype after injury is the transcription
factor c-Jun [32,33] and pharmacological or genetic inhibition of JNK1/c-Jun reduces the
SC autophagic flux [34]. Although referred to the central nervous system, it is worth men-
tioning that in hippocampal neurons thrombin signals through PAR1 to JNK transiently
activating the transcription factor c-Jun with different kinetics for the high and low levels
of the stimulus [35]. During nerve degeneration and regeneration processes, repair SCs
undergo profound functional and morphological changes. In particular, repair SCs become
7- to 10-fold longer than immature SCs giving rise to the formation of the Biingner’s bands.
The Biingner’s bands, formed by endoneurial tubes surrounding the repair SCs, guide and
promote the extension of the regenerating axons. In the distal stump of the injured nerve,
endoneurial fibroblasts and repair SCs together create a permissive environment which is
able to support the re-growth of the damaged axon. The prominent ability of peripheral
neurons to regenerate their axons after lesion is usually not sufficient to warrant an ad-
equate functional recovery. In fact, a successful restitution requires that the appropriate
axon reinnervates the target organ. In general, efficient functional recovery is well achieved
by regenerative thin nerve fibers, such as fibers responsible for thermal and pain sensitivity
and sympathetic efferents. Conversely, for the large nerve fibers innervating muscles and
specialized mechanoreceptors, the functional recovery after injury is often poor with no
clear distinction between motor and sensory fibers of the same caliber [36].



Biomolecules 2021, 11, 1668

40f15

Unfortunately, in humans, regeneration of peripheral nerves is often poor as the
phenotype of repair SCs fades with time and tends to decline with aging. In nerve crush
injuries, the basal lamina remains intact and the axon can grow following this path to
reconnect to its target. Conversely, when the nerve is cut, the continuity of both the basal
lamina and the surrounding connective tissue is compromised and the regrowing axon is
less likely to reconnect to its proper target. Regardless, if the nerve is damaged by a crush
or cut, the SCs response to injury and the generation of repair SCs will always occur. There
are currently no treatments to successfully foster myelin regeneration after injury of the
PNS. Therefore, there is a great need to identify druggable target proteins that are potential
modulators of PNS regeneration.

Recently, the protease-activated receptor 1 (PAR1) has been described by our group
and others as a possible regulator of SC pro-regenerative potential [37—-40].

3. Protease-Activated Receptor 1 (PAR1) General Features and Activation Mechanism

PARI, together with the other three members of the PAR family (PAR2, PAR3, and
PAR4), is a G protein-coupled receptor (GPCR) belonging to the large Rhodopsin family.
PAR1 is activated by the cleavage of its N-terminus [41-44], which contains an hirudin-like
domain with a high-affinity binding site for thrombin [41]. Moreover, PAR1 can be cleaved
and activated by several other proteases and coagulation factors, including Factor Xa
(FXa) [45,46], Factor VIla (FVIla) [47], plasmin [48], MMP2, MMP3, MMP8, MMP?9 [49,50],
trypsin [51], granzyme-A and B [52-54], and cathepsin-G [55]. Concerning the other
PARs, PAR? is activated by trypsin [42,56] and other proteases, such as tryptase [57],
matriptase [58], FXa, FVIIa [58,59], plasmin [60], thrombin [61], and kallikrein (KLK)-5,-6,-
14 [62]. PAR3 bears a reported cleavage site for thrombin but seems unable to generate any
signal transduction [63]. PAR4 binds thrombin with low-affinity since, differently from
PARI, it lacks an hirudin-like domain [48,64]. In addition to thrombin [65], PAR4 can be
also cleaved by trypsin [66] and cathepsin-G [67].

The PAR1 N-terminus is recognized and cleaved by thrombin at Arg41 (canonical
R41-542 site). This proteolytic cleavage generates a new N-terminus that corresponds to the
“tethered ligand” and interacts with a conserved sequence in the extracellular loop 2 of the
receptor. As mentioned above, the thrombin/PAR1 interaction is facilitated by the hirudin-
like sequence of PAR1, which displays a high specificity and affinity for thrombin at exosite
L. The presence of the high-affinity hirudin-like domain renders PAR1 an excellent substrate
that can be activated by subnanomolar concentrations of thrombin [41]. The cleavage
and consequent conformational change of PAR1 determines its coupling with multiple
Ga proteins such as Gaq, Ga12/13, and Gai [68]. When activated, PAR1 can enable the
recruitment of 3-arrestin and then the Racl and Akt activation [69]. The triggering of PAR1,
which consists of a proteolytic cleavage of its N-terminus, is intrinsically irreversible. In
fact, following cleavage, the newly generated N-terminus remains tethered to the receptor.
Therefore, in order to interrupt PAR1 signaling, the ligand cannot merely diffuse away
and the receptor itself needs to be desensitized and internalized. As observed for other
GPCRs, PAR1 internalization by endocytosis requires both clathrin and dynamin [70,71].
Even when the stimulus is absent, PAR1 continues to circulate between the cell membrane
and the intracellular compartment, thereby maintaining a stable pool of the receptor on the
surface [72,73].

In general, PAR1 forms the link between coagulation and inflammation as it was
reported to mediate the induction of both pro- and anti-inflammatory molecules [74,75].
For instance, in dendritic cells, the lethal inflammatory response sustained by the activation
of PAR1 can be interrupted if thrombin or PAR1 signaling is suppressed [76]. Conversely,
previous results obtained in microglia indicate that the activation of PAR1, but not PAR2,
limits the production of lipopolysaccharide-induced pro-inflammatory mediators through
the upregulation of the suppressor of cytokine signaling-3, SOCS-3 [77].

When PARs are proteolytically cleaved, a new N-terminal sequence indicated as
“tethered ligand” is generated. The “tethered ligand” rapidly binds intramolecularly
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determining a conformational change of the receptor and thus, triggering a downstream
intracellular signaling. PAR1, PAR2, and PAR4 are all coupled to Gaq/11, Gx12/13, and
Gai/o [68]. Moreover, it has been reported that PARs are able to activate certain signaling
pathways through the interaction with 3-arrestins [69].

The cleavage of PARs by thrombin and trypsin is commonly named canonical ac-
tivation. Moreover, other proteases can cut the PAR N-terminus, but at distinct sites
generating a novel “tethered ligand” by a noncanonical activation. In certain instances, the
noncanonical proteolytic cleavage of PARs disarms the receptor by removing the activating
“tethered ligand” and thus, by this event inhibiting PAR mediated signaling. In addition,
PARs have been reported to transactivate or coactivate adjacent receptors by dimerization
or sequestration in membrane microdomains. Transactivation occurs when the tethered
ligand of a proteolytically activated PAR binds to an adjacent receptor. On the other hand,
coactivation occurs when a PAR receptor binds a protease with high affinity and then, this
protease cuts and activates an adjacent PAR. As an example, thrombin bound with high
affinity to the hirudin-like domain of PAR1 and PAR3 can cut and activate PAR4 [78,79].

In general, biased agonism is the ability of different ligands to act at the same GPCR
but triggering distinct cellular signaling (for a recent review, see [72,73]).

The role of PARs in regulating key processes such as coagulation, hemostasis, and
inflammation are all well-recognized, and have been deeply investigated.

4. Protease-Activated Receptor 1 (PAR1)/Thrombin Axis in Peripheral Nerve Injury

In the PNS, PAR1 is found at the SC plasma membrane and highly present on SC
microvilli at the nodes of Ranvier [12,13]. PAR1 is the only PAR family member described
to date in SCs [12,13,80], although our preliminary data indicate that PAR4 is also expressed
by SCs at least in culture (Figure 1). Future studies aimed at identifying the presence and
function of the four PAR family members in peripheral nerves are needed to clarify their
role, if any, in PNS physiology and pathophysiology.

negative ctrl

Figure 1. PAR4 detected by immunofluorescence in S100b positive Schwann cells from human spinal
nerves (Sciencell). The negative control was performed by replacing the primary antibodies with
equivalent amounts of normal Igs. Scale bar is 5 um.

Numerous studies support the involvement of the thrombin pathway in SC mediated
regeneration and axonal function. In models of peripheral nerve crush, the levels of both
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prothrombin and thrombin are found elevated [7,81]. In particular, an increased thrombin
activity was measured both in the entire crushed nerve [7] and in the portion of the nerve
distal to the lesion [81]. As mentioned above, low levels of thrombin enhance the regen-
eration of mouse peripheral nerve after crush injury [10], while high concentrations had
detrimental effects [11]. Consistently, PAR1 activation with high concentrations of throm-
bin and PAR1 agonists causes a conduction block in motor nerve fibers [12]. Otherwise,
low concentrations of thrombin display neuro-regenerative effects by inducing activated
protein C (APC), which couples with its receptor, endothelial protein C receptor (EPCR),
and activates PAR1 [82]. In this connection, it has been previously reported that PAR1
stimulation with low doses of thrombin and PAR1 agonist peptides increases neurotrophic
and neuroprotective properties of cultured SCs [13,80]. Indeed, the activation of PAR1
by low levels of specific agonist peptides enhances the ability of SC cultures to release
molecules already known to promote nerve regeneration such as decorin, macrophage
migration inhibitory factor (MIF), and matrix metalloproteinase-2 (MMP2) [13]. Conversely,
a reduced capacity of promoting the PC12 neurite extension with respect to the control is
observed in cultured SCs treated with high levels of thrombin [80]. Despite the intrinsic
limitations of these in vitro data, it is interesting to note that they resemble the results
obtained in vivo with low [10] and high levels of thrombin [11]. Similar to the data ob-
tained in SC cultures, a divergent effect of low and high levels of thrombin was observed in
sciatic nerve ex vivo explants. This model system can partially resemble the distal portion
of the nerve after transection where the axon is separated by the perikaryon, while the
three-dimensional relationship between SCs and the axon is mainly maintained. In this
model, low levels of thrombin are unable to determine any evident modification in the
morphology of SCs and of the nodes. Conversely, increased concentrations of thrombin (or
PAR1 agonist peptide) cause a profound rearrangement of SCs. In fact, high levels of throm-
bin in ex vivo nerve explants determine an evident paranodal demyelination, a dilation
of the Schmidt-Lantermann incisures and the disappearance of the Cajal bands [80]. The
Cajal bands, in particular, are cytoplasmic channels that facilitate the microtubule-based
transport of proteins and organelles in SCs; aberrations in their architecture correspond
to an impairment of myelin maintenance [83]. These data are consistent with the results
obtained in CNS where PAR1 agonists, namely thrombin and PAR1-agonist peptides,
mediate parallel oligodendrogliopathic effects [84]. In addition, the activation of PAR1
signaling has been demonstrated to improve the pro-regenerative capacities of cultured
olfactory ensheating glia (OEGs), while the thrombin inhibitor trombomodulin negatively
modulates axonal regrowth [37]. It is worth mentioning that OEGs are a population of glial
cells associated with the small caliber axons of the olfactory neurons, that share with SCs
the ability to promote axonal regeneration.

The analysis of the possible role of PAR1 in regulating the regenerative processes
in peripheral nerve injury gets further complicated by the possible involvement of other
PAR1 agonists different from thrombin. It is now well known that numerous proteases can
cleave PAR1 and that its activation depends on the membrane environment and also by
the cofactors that are present. Besides, canonical and noncanonical activation of PAR1 may
generate a different cellular response. Putative PAR1 activating proteases that have been
reported to be possibly involved in peripheral nerve regeneration are briefly described
below and summarized in Table 1. Their canonical and noncanonical cleavage sites on the
PAR1 N-terminus are outlined in Figure 2.
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Table 1. Potential PAR1 activating proteases in peripheral nerve injury.

PART1 Activating Protease

SC Cultures

Peripheral Nerve

Cleavage Site

Low levels, increased release
of neurotrophic factors [13]

Low levels, enhanced
regeneration [10]

Thrombin High levels, decreased SC High levels, reduced Canonical
neurotrophic activity [80] regeneration [11]
EX Increased release of thrombin Inhibition of FXa restores cal
a in a Schwannoma cell line [9]  motor function after injury [9] Canonica
FVIIa Expressed in a Schwannoma Expressed at' the nodes of Canonical
cell line [9] Ranvier [9]
APC/EPCR EPCR expressionina EPCR 1ncrease.d expression Canonical and noncanonical
Schwannoma cell line [7] after crush injury [7]
S tPA and uPA promote nerve
. Increase SC migration and . . .
Plasmin wrapping of nerve fibers [85] regeneration after Canonical and noncanonical
ppms injury [86,87]
MMPs Inhibit SC proliferation [88] Inhibit nerve regeneration [89] = Canonical and noncanonical
Stimulation of SC
migration [90] .
MMP2 N Noncanonical
Enhancement of myelination
in SC/DRG co-cultures [91]
Inhibition of SC In MMP3 KO mice, NM]J are .
MMP3 proliferation [92] preserved [93] Noncanonical
MMPS8 Localized at growth cones in Canonical
nerve fibers [94]
Inhibition of proliferation and
MMP9 trophic activity of SCs [95,96] Upreglllla}ted after nerve Canonical and noncanonical
Stimulation of SC injury [97]
migration [90]
)
U
U
9§ ¥ Thrombin
U. P FXa
PESKATN A7 U 'U UFvila
NATL DPX’S FLLRUNPNDK} ' Plasmin
Lo KQLPss &&’I» garc
[ KNISpT RVE R gMmP2
B TLRvErGsEnY UMMP3
UMMP8
PAR1 e

Figure 2. Schematic representation of canonical and noncanonical cleavage sites on the PAR1 N-

terminus. PARI is canonically cleaved and activated by thrombin between R41 and S42. The same

site is proteolitically cleaved by FXa, FVIIa, high levels of plasmin, and some MMPs. The cleavage of

PART1 at the noncanonical sites generally causes the disarming of the receptor. The canonical and

noncanonical cleavage sites of the proteases reported in Table 1 are indicated.

Among the proteases reported in Table 1, some of them (such as low levels of thrombin
and plasmin) have been shown to promote nerve regeneration, while many others (such as
high levels of thrombin, FXa, and some MMPs) seem to inhibit nerve functional recovery

after damage (Figure 3).
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Figure 3. Proteases which have been reported to affect peripheral nerve regeneration after injury and
that are also potential activators of PAR1.

5. Activated Factor X (FXa) in Peripheral Nerve Injury

In addition to thrombin, another potent activator of PAR1 is FXa which drives platelet
aggregation and thrombus formation [98].

In the blood, the activated Factor X (FXa) is derived from the cleavage of Factor X (FX)
by the tissue factor (TF) and Factor VIla (FVIla), and it is responsible for the conversion of
prothrombin into thrombin. Moreover, FXa can be generated through the intrinsic pathway
by the activated FIX complexed with its cofactor activated FVIIL

Interestingly, both FX and FXa are expressed in the sciatic nerve and appear localized in
SCs at the level of the abaxonal membrane, which is the outer SC membrane in contact with
the basal lamina. In addition, when the sciatic nerve gets injured initially the expression
levels of both FX and FXa rise dramatically. At later times, the level of FXa declines slowly
while its precursor FX remains highly expressed, indicating the possible interference of the
conversion of FX to FXa by an endogenous inhibitor [9]. Although in these experiments
blood vessels were removed from nerve samples, contaminations coming from residual
small vessels cannot be excluded. Nevertheless, these data support the importance of
FXa as the rate-determining step in the generation of thrombin and the activation of PAR1
during nerve damage. Of note, a specific FXa inhibitor restores the motor function after
nerve crush injury in mice [9].

6. Activated Factor VII (FVIIa) in Peripheral Nerve

Factor VII (FVII) is one of the factors responsible for the generation of blood clots
during coagulation. The activated Factor VIla (FVIla) is generated from FVII by the tissue
factor (TF), which is released from the damaged tissues. Once generated, FVIIa then
activates FIX and FX.

FVIla is able to induce PAR1-dependent cytoprotective signaling through cleavage of
PARTI at the canonical site [99].

Both TF and FVII have been demonstrated to be present in PNS at the nodes of Ranvier
with a localization similar to the one already reported for PAR1 [9].

7. Activated Protein C (APC) in Peripheral Nerve Injury

Protein C is activated by low levels of thrombin. In turn, activated protein C (APC),
together with its receptor (endothelial protein C receptor, EPCR), cleaves and activates
PAR1 [100]. EPCR is present at the level of SC microvilli and its expression markedly
increases following injury in the distal segment of the crushed nerve [7].

APC is an anticoagulant enzyme triggering PAR1 but generating a distinct signaling
response with respect to thrombin. In general, when activated by APC, the PAR1 lim-
its proinflammatory signaling and protects cells from death [101]. APC induces PAR1
canonical proteolysis but also cleaves an alternative site between Arg46 and Asn47 (R46
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N47) [102]. Differently from thrombin, the PAR1 activation by APC is observed in caveolar
microdomains and appears to be mediated by {3-arrestin recruitment and dishevelled-2
(Dvl-2) activation [103].

8. Plasmin in Peripheral Nerve Injury

Plasmin is the main enzyme in fibrinolysis. The tissue plasminogen activator (tPA)
and urokinase (uPA) located on the surface of the fibrin clot or at the cell membrane
generates plasmin from the zymogen plasminogen. tPA is predominantly present in the
blood, although it is also found in other systems.

In PNS, following sciatic nerve injury, tPA is quickly induced in sensory neurons and
SCs. In addition, the lack of tPA or plasminogen in rats worsens axonal degeneration and
myelin sheath decomposition, while hindering the functional recoveries after sciatic nerve
injury [104,105]. Consistently, Sajadi et al. [86] showed that the simple administration of
tPA is able to favor the regeneration of damaged peripheral nerve. Although these previous
data seem to indicate that the tPA/plasminogen system can contribute to the regulation
of degeneration and regeneration of damaged peripheral nerves, there is not enough
knowledge of how the exogenous tPA or tPA /plasminogen affects the nerve regeneration
following an injury [85]. Plasmin is known to mediate PAR1 proteolysis at a noncanonical
site. Therefore, it desensitizes the receptor to a possible further activation by thrombin.
Moreover, when at high concentrations, plasmin can canonically activate PAR1 [48].

Furthermore, in the PNS, both the neurons and SCs express uPA, whose level increases
after damage during the early stages of regeneration (1-7 days after injury) in peripheral
nerves in vivo and in sensory neurons in vitro [87,105-108]. Therefore, both the tPA and
uPA mediate an extracellular proteolytic cascade that seems to play a protective role against
axonal degradation and demyelination, and to promote axonal regeneration after sciatic
nerve crush [87].

9. Matrix Metalloproteinases (MMPs) in Peripheral Nerve Injury

Matrix metalloproteinases (MMPs) consist of a family of calcium-dependent zinc en-
dopeptidases, which include soluble (collagenases, gelatinases, matrilysins, and stromelysins)
and membrane-type MMPs [109]. Soluble MMPs are composed of an N-terminal inhibitory
prodomain connected by a flexible linker region to an active site catalytic domain, and
of a C-terminal hemopexin domain. The catalytically active protease is generated by the
proteolytic removal of the inhibitory prodomain from the inactive proenzyme. MMP
activation by proteolysis regulates a broad spectrum of biological events, ranging from the
level of extracellular matrix components to the function of signaling receptors located at
the plasma membrane [110]. The MMP activity can be hindered by four tissue inhibitors
known as TIMPs, consisting of an N-terminal inhibitory and a C-terminal non-inhibitory
domain [111].

In general, MMPs cleave PAR1 at noncanonical sites that are distinct from thrombin,
thus generating a different tethered ligand [89]. The inhibition of MMP activity by a broad
spectrum MMP inhibitor enhances the proliferation of cultured SCs in vitro and the rate of
nerve regeneration in vivo [88]. MMPs that cleave PAR1 and that have a possible role in
the regulation of the degeneration/regeneration processes of peripheral nerves are briefly
described below. They comprehend MMP2, MMP3, MMPS, and MMP9.

As far as MMP2 is concerned, SCs have been identified as the main cellular source in
peripheral nerves [112,113]. MMP2 has been described as displaying an important role in
favoring axonal regeneration [114], particularly enhancing remyelination of regenerated
axons [91]. MMP2 downregulation has been proposed to contribute to the deficits in nerve
regeneration, which is observed in diabetes [115].

MMP3 is one of the major components of the inflammatory signaling pathway [116].
MMP3 has been observed to be produced and secreted by perisynaptic SCs [92]. Following
nerve damage, the neuromuscular junctions are better preserved in MMP3 knockout mice
than in controls [93].
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MMP8 has been reported to be involved in the development of pruritus by regulating
skin nerve density [94]. In particular, MMP8 guides sensory nerve growth within the
interstitial collagen matrix by modulating axonal guidance molecules and extracellular
matrix components.

Among gelatinases, MMP9 is involved in a variety of inflammatory, infectious, and
repair processes, including sepsis, cancer, haemorrhage, and systemic autoimmunity [117].
The hemopexin domain of the MMP9 proenzyme binds the C-terminus of TIMP-1 forming
stoichiometric (1:1) stable heterodimers, which are more resistant to activation with respect
to the free MMP9 proenzymes.

In adult peripheral nerve, MMP?9 is produced uniquely and shortly after damage. In
particular, in the damaged adult peripheral nerve, the expression of MMP9 is induced in
SCs and endothelial cells by proinflammatory cytokines, such as TNF-« and IL-1f3 [95,96].
Lately, infiltrating immune cells, including neutrophils and macrophages, serve as ad-
ditional sources of MMP9 in the injured nerve. MMP9 plays multiple roles during the
early phase of nerve injury including regulation of blood-nerve barrier breakdown, recruit-
ment of immune cells, glial activation, demyelination/remyelination, and pain [90]. In
sciatic nerve chronic constriction injury (CCI) (a model of painful peripheral neuropathy),
Remacle et al. [97] observed an initial increase in nerve MMP9 expression at day 1 post-CCI,
which was then overridden more than 100-fold at day 28 post-CCI. These data confirm
the earlier observations and demonstrate the drastic increase in MMP9 expression and
activity in the late-phase painful neuropathy. Moreover, this study showed that the high
level of MMP9 expression in late-phase nerve injury was accompanied by the reduction in
TIMP-1 level, indicating that the excess MMP9 activity was not balanced by its endoge-
nous inhibitor TIMP-1, specifically during the late-phase. MMP9 has been proposed to
play a role in pain sustenance and resolution through the control of nerve regeneration,
demyelination/remyelination processes, and ion channel functioning [97].

10. Conclusions

The failure in the regeneration of injured peripheral nerves can lead to motor and
sensory deficits, ending with paralysis and chronic pain. Axonal regeneration is greatly
supported by Schwann cells that after injury de-differentiate and guide axons to their
original target tissue. In this review, we summarize the most recent findings describing
how the pro-regenerative capacities of Schwann cells can be modulated by thrombin acting
through its main receptor PAR1. After peripheral nerve injury, the activity of thrombin,
the key mediator of coagulation, is known to rapidly rise partially coming from blood
extravasation, but also from being locally generated. Together with thrombin, many other
proteases are also released at sites of nerve injury and some of them (FXa, FVIla, APC,
plasmin, and some MMPs) can cut and signal through PART.

Overall, the results reported in this review indicate that the stimulation of glial PAR1
needs to be finely tuned in order to ensure optimal nerve regeneration. In fact, an excessive
activation of the PAR1/thrombin axis during peripheral nerve injury could limit the trophic
support of Schwann cells to axonal regrowth. In this view, a pharmacologic inhibition
of PARI1 activation could possibly restore the Schwann cell pro-regenerative functions
and favor nerve functional recovery. Future studies are needed to clarify the mutual
complex regulation of the different PAR1-activating proteases in modulating peripheral
nerve regeneration.
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