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1. Peripheral and central axon degeneration after injury

Peripheral and central injury (due to motor vehicle accident,
falls or sporting injuries) may severely damage axons and/or
neurons, leading to a partial or complete motor, sensory and/or
autonomic dysfunction, and considerably compromising the
patient quality of life. Depending on the injury severity, neural
death, inflammation and retrograde degeneration occur at
different extent as consequence of specific molecular degenerative
mechanisms. We summarize the key events and pathways taking
place upon PNS/CNS damage and leading to degeneration.

As concerns PNS, during the first phases after injury, axon and
myelin damage occurs both at the proximal and distal segments of
the nerve in a process called Wallerian degeneration. In the first
hours after the injury the end of the axon swells and in two days
the increase of intracellular Ca?* induces axon degeneration
through calcium dependent proteolytic enzymes such as calpain
(George et al., 1995). The increased Ca®* influx leads to kinase
activation such as dual leucine zipper kinase, c-Jun N-terminal
kinase (JNK), inhibitor of kappa kinase complex (IKK) and glycogen
synthase kinase 3 (GSK-3) whose inhibition protect axons in dorsal
root ganglion (DRG) neuron culture (Gerdts et al, 2011;
Michaelevski et al., 2010). Pathways involving transforming
growth factor-f3 (TGF-3)/mothers against decapentaplegic homo-
log 2/3(SMAD2/SMAD3) and sterile alpha- and armadillo-motif-
containing protein-1 have been identified as negative signals
limiting axonal ability to regrowth (Gerdts et al., 2013; Patent
number US7524640B2).

The growth pathway involving phosphoinositide 3-kinases-
protein kinase B (PI3K-AKT), whose inhibition is associated with
poor growth ability, is repressed by phosphatase and tensin
homolog (PTEN) after peripheral nerve injury. Indeed its in vivo
inhibition in a rat sciatic nerve injury model accelerates axon
outgrowth (Christie et al., 2010). Despite the molecular signals
inhibiting regeneration, the axons of a peripheral nerve show an
intrinsic growth capacity. Within hours from injury, genes with
regenerative capabilities are activated: JUN, FOS, activating
transcription factor 3 (ATF3) and cAMP response element binding
protein (CREB). CREB3 knock out (KO) in DRG culture significantly
reduces neurite elongation, demonstrating its fundamental role
after injury (Ying et al., 2014). Locally released cytokines, such as
leukemia inhibitory factor (LIF) and interleukin-6 (IL-6), activate
the downstream growth associated protein 43 (GAP-43) after DRG
peripheral injury (Cafferty et al., 2004). GAP-43 is the first

recombination activating gene originally discovered by Skene
and Willard (1981), whose induction after sciatic nerve injury
strongly correlates with regeneration (Skene and Willard, 1981).
LIF also activates the Janus kinase 2-signal transducer and activator
of transcription 3 (JAK2-STAT3) pathway in DRG neurons: STAT3 is
specifically associated to the early phase of axon regeneration in
PNS (Bareyre et al., 2011).

While axon degeneration/regeneration occur, T cells, neutro-
phils and macrophages infiltrate the injury site, increasing the level
of early inflammatory cytokines, tumor necrosis factor alpha (TNF-
a) and interleukin-1o (IL-1at) (Wagner and Myers, 1996). In the
following days the inflammatory reaction is amplified by macro-
phages, mast cell recruitment and endothelial cell activation.
Macrophages remove myelin debris and myelin associated
molecules (like myelin-associated glycoprotein, MAG) that inhibit
regeneration (Baichwal et al., 1988; da Costa et al., 1997). Resident
macrophages (4% of the total number) rapidly respond to the injury
and then circulating macrophages (chemokine c-c motif receptor
2) are recruited to the lesion side where they constitute the main
cell components of the bridge for the new growing tissue (Siebert
et al., 2000). Moreover they are also recruited by chemokine (c-c
motif ligand 2) secreted by SCs that is fundamental in regulating
the axonal regrowth program via LIF/STAT3 mechanism. Notably,
two distinct populations of macrophages are described: M1 with a
proinflammatory function and M2 working in the opposite
direction (Ydens et al., 2012).

SCs after injury break off from the damaged axons, dedifferen-
tiate, secrete cytokines and promote immune cell infiltration. JUN
is the main factor responsible for the initial transition from
myelinating to non-myelinating SCs that allow a complete clearing
of the tissue for a successful regeneration. This is consistent with
the downregulation of myelin genes (MBP, MAG and peripheral
myelin protein 22-PMP-22) and the upregulation of immature SC
markers such as neural cell adhesion molecule (NCAM), p75
neurotrophin receptor and glial fibrillary acidic protein (GFAP)
(Chen et al., 2007; Jessen and Mirsky, 2008). On the other hand, a
set of trophic factors inactive in normal or developing SCs [for
instance glial cell line-derived neurotrophic factor, artemin, brain-
derived neurotrophic factor (BDNF) and nerve growth factor (NGF)
(Boyd and Gordon, 2003)] appear. In addition, the products of early
axon degeneration stimulate SCs to remove myelin debris and
recruit macrophages by the toll-like receptors nuclear factor
kappa-light-chain-enhancer of activated B cells. Due to the
separation from the axons, SCs synthetize TNF-a, IL-1a and
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