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Abstract

Peripheral nerves regenerate following injury due to the effective activation of the intrinsic growth
capacity of the neurons and the formation of a permissive pathway for outgrowth due to Wallerian
degeneration. Wallerian degeneration and subsequent regeneration are significantly influenced by
various immune cells and the cytokines they secrete. Although macrophages have long been
known to play a vital role in the degenerative process, recent work has pointed to their importance
in influencing the regenerative capacity of peripheral neurons. In this review, we focus on the
various immune cells, cytokines, and chemokines that make regeneration possible in the
peripheral nervous system, with specific attention placed on the role macrophages play in this
process.
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When an axon in the peripheral nervous system (PNS) is injured, a complex multicellular
response occurs. The distal axonal segment degenerates, the cell body begins to express
regeneration-associated genes (RAGSs), and after a delay, the proximal segment forms a
growth cone and begins to extend itself towards its denervated target. These processes of
axonal degeneration and regeneration require changes not only in the injured neurons but
also in non-neuronal cells including Schwann cells and immune cells. In this review, we
have summarized recent advances in understanding these changes, focusing in particular on
the role of chemokines, cytokines, and immune cells. One picture that will emerge is of
macrophages playing two important roles in degeneration and regeneration by creating a
pathway in the distal nerve segment conducive to axonal regeneration and by stimulating the
axotomized neuronal cell bodies to switch to a regenerative phenotype (Fig. 1).
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THE BIOLOGY OF WALLERIAN DEGENERATION

In 1850, Augustus Waller described changes he observed in axons of cranial nerves after
they are disconnected from their cell bodies (Waller, 1850; reprinted in Stoll et al., 2002).
The phenomena he described have been collectively termed Wallerian degeneration (WD)
and include among other phenomena the rapid disintegration of the distal axons and the
subsequent influx of immune cells that rid the area of debris resulting from this breakdown.
This process is thought to be necessary for successful regeneration to occur in the PNS(e.g.,
Gaudet et al., 2011). In the central nervous system (CNS), regeneration is inhibited perhaps
in part because WD occurs much more slowly and myelin, which can inhibit regeneration,
persists for years after axonal injury (for review see Vargas and Barres, 2007). The first
sections of this review will focus on WD in the distal peripheral nerve segment in an effort
to elucidate the role of macrophages in this process and the preparation for successful
regeneration. The second half of the review will focus on changes in or surrounding the
axotomized neuronal cell bodies and their impact on the conditioning lesion (CL) effect, a
model of PNS regeneration. The studies cited throughout this review utilize rodent sciatic
nerve and/or dorsal root ganglia (DRG) unless otherwise stated.

Successful WD relies on a number of cell types (for reviews see Gaudet et al., 2011,
Rotshenker, 2011). Almost immediately after peripheral nerve injury, Schwann cells
dissociate from axons, dedifferentiate, and, along with fibroblasts, secrete cytokines that
promote infiltration of immune cells. Neutrophils, the first immunecells to infiltrate,
accumulate in the distal stump within 8 h,buttheir presence is short-lived (Perkins and
Tracey, 2000). Within days, hematogenous macrophages take over as the dominant
leukocyte population and play a critical role in ensuring complete WD. Whereas many
molecular and cellular mechanisms are involved in thecoordination of WD, the very first
changes are in the axon itself.

Within minutes after damage to the axonal membrane, Ca2*-mediated proteolytic activity by
the enzyme calpain initiates the breakdown of axons (George et al., 1995; for reviews see
Coleman and Perry, 2002; and Wang et al., 2012). Zhai et al. (2003) found that removal of
extracellular Ca?* delayed axonal degeneration in explanted superior cervical ganglia (SCG)
for 16 h or longer and observed the earliest change in axons undergoing WD to be the
fragmentation of microtubules. They further hypothesized that there may be a Ca2*-
dependent step in the ubiquitin proteasome system (UPS) in WD as inhibition of the UPS
delays microtubule fragmentation both in vivo and in vitro. Recently, sterile alpha- and
armadillo-motif-containing protein-1 (SARM-1), a member of the toll-like receptor (TLR)
adaptor family, has been identified as important for injury-induced axon degeneration since
a SARM knockdown was shown to protect axons in culture (Gerdts et al., 2013). SARM-1
may respond directly to an increase in axonal Ca2* after axotomy as it is localized in the
axonal compartment (Osterloh et al., 2012).

Changes in cytokine and chemokine secretion in peripheral nerves after axotomy

Although axon degeneration is generally complete by 48 h after injury, this is only the
beginning of WD. Certain products of early axonal degeneration, referred to as danger-
associated molecular patterns (DAMPS), stimulate Schwann cells through TLRs leading to
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the breakdown of myelin and recruitment of macrophages (Vargas and Barres, 2007; Martini
et al., 2008; Pineau and Lacroix, 2009). In addition to myelin breakdown in WD, there is an
inhibition in new myelin synthesis. Within 24 h after nerve transection, there aredecreases in
the levels of MRNA for two myelin proteins, P, and myelin basic protein, and by 5 d these
mRNAs are no longer detectable (Trapp et al., 1988).

JUN, an immediate early gene, is rapidly upregulated in both neuronal cell bodies (Guertin
et al., 2005) and Schwann cells, and its expression is increased by elevated intracellular
Ca?* levels (De Felipe and Hunt, 1994). This upregulation of JUN triggers a change in
Schwann cell phenotype from myelinating to non-myelinating/immature,a process known as
Schwann cell dedifferentiation(reviewed by Jessen and Mirsky, 2008). Lee et al. (2009)
found that proteasome inhibition prevented Schwann cells from expressing dedifferentiation
markers such as glial fibrillary acidic protein (GFAP) in vitro and in vivo. Axonal injury also
initiates rapid activation (within 10 min) of the receptor tyrosine kinase erbB2 (Guertin et
al., 2005), and increased expression of Notch intracellular domain within Schwann cells that
enwrap the injured nerves, both of which promote dedifferentiation of Schwann cells and
demyelination (Jessen and Mirsky, 2008). This dedifferentiation is critical as it allows
Schwann cells to clear myelin and express cytokines important for successful WD.
Interestingly, Napoli et al. (2012) found that expression of an inducible Raf-kinase in
myelinating Schwann cells by itself is sufficient to drive dedifferentiation and cause
demyelination, breakdown of the blood-nerve barrier, and influx of immune cells in the
absence of injury signals derived from axon degeneration.These striking findings point to
the importance of the mitogen-activated protein kinase (MAPK) cascade in Schwann cells in
coordinating the molecular and cellular events in WD.

Due to their loss of contact with the axon, these dedifferentiated Schwann cells upregulate
synthesis and secretion of tumor necrosis factor alpha (TNF-a) and interleukin-1a (IL-1a)
within 5-6 h after injury (Shamash et al., 2002). IL-1f begins to be expressed within 5-10 h
after injury(Shamash et al., 2002)and contributes to macrophage recruitment (Perrin et al.,
2005) and Schwann cell proliferation (Conti et al., 2002). Interestingly, blocking calpain in a
chronically constricted sciatic nerve attenuated the normal TNF-a and IL-1f mRNA
increases in response to nerve injury (Uceyler et al., 2007). The highest levels of TNF-a and
IL-1p are detected at 1 d, before macrophage entry, raising the possibility of their
involvement in macrophage recruitment. Chattopadhyay et al. (2007)showed that IL-13 and
TNF-a induce the expression of matrix metalloproteinase-9 (MMP-9) which is up-regulated
in Schwann cells and macrophages after sciatic nerve injury (La Fleur et al., 1996; Siebert et
al., 2001). MMP-9 activates integrin-mediated signaling pathways that weaken the blood-
nerve barrier(Hughes et al., 2002),contributes to monocyte extravasation and migration
(Kessenbrock et al., 2011), and stimulates initial myelin breakdown by Schwann cells.
Additionally, TNF-a induces production of the chemokines monocyte chemoattractant
protein-1 (MCP-1, now referred to as CCL2, chemokine C-C motif ligand 2) and
macrophage inflammatory protein-1a (MIP-1a, also known as CCL3), which show peak
MRNA expression at 1 d after injury(Subang and Richardson, 2001; Perrin et al., 2005).
Interestingly, Subang and Richardson (2001) also showed that in mice lacking both TNF-a
receptors, CCL2 still increases in injured nerves, although not to the extent of that in WT
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mice, indicating that although TNF-a is important for CCL2 expression, there are other
cytokines that can compensate in its absence.

Expression of these and other inflammatory cytokines is stimulated through DAMP-induced
TLR signaling mediated by myeloid differentiation primary response gene 88 (MyD88)
within Schwann cells (Takeda et al., 2003; for review see Piccinini and Midwood, 2010).
Boivin et al. (2007) found that in the distal stump of the sciatic nerve from mice deficient in
TLR signaling, early expression of IL-1 was abolished and expression of CCL2 was
inhibited. In these same mice, they also found that macrophage recruitment and activation
was inhibited, and myelin clearance, regeneration, and functional recovery were delayed.
They also showed that direct injection of TLR2 and TLR4 ligands into the injury site
enhanced the normal responses to injury in wild type (WT) mice. In line with these findings,
considering that TLR2 forms a heterodimer with TLR1,Goethals et al. (2010) found that of
the TLRs, TLR1 was upregulated in neurodegeneration, showing highest expression levels
between 32 and 72 h after sciatic nerve axotomy. Karanth et al. (2006) found that induction
of CCL2 in Schwann cell cultures was inhibited by an antibody to TLR4. This evidence
elucidates the importance of TLR signaling (particularly TLR1/2 and TLR4) for cytokine
production in WD.

TLRs signal through the transcription factor nuclear factor kappa B (NF-xB), which induces
a variety of cytokines. In sciatic nerves from mutant mice in which the NF-xB pathway is
conditionally inhibited in Schwann cells both CCL2 and CCR2 mRNA and protein
expression are significantly lower after chronic constriction injury than in WT mice,
whereas TNF-a mRNA expression is unchanged (Fu et al. 2010). In these animals, fewer
macrophages accumulate in the sciatic nerve at 3 d after injury when compared to WT
(Zhang et al. 2011).

Schwann cell-produced cytokines stimulate production by fibroblasts of IL-6(a gp130
cytokine family member) and granulocyte-macrophage colony-stimulating factor (GM-CSF
within 4 h after axotomy (Reichert et al., 1996; Saada et al., 1996), with their mRNA levels
peaking at 36 h (Cheepudomwit et al., 2008). During WD, GM-CSF was found by Saada et
al. (1996)to stimulate cell surface expression of galectin 3 (gal3/MAC-2) in macrophages
and Schwann cells participating in myelin phagocytosis. This same study suggested that
injury-induced GM-CSF may be regulated by IL-1p since they found that addition of IL-1
to sciatic nerve explants upregulated GM-CSF production.

Schwann cell associated cytokines and chemokines initiate early breakdown of myelin by
stimulating the expression of phospholipase A, (PLAy) family members (Murakami et al.,
1997). De et al. (2003)showed that PLA, members are expressed in Schwann cells as early
as 5 h after a sciatic nerve crush. PLA, hydrolysis of phosphotidylcholine results in the
production of lysophosphotidylcholine (LPC), which has potent and rapid myelinolytic
activity (Hall and Gregson, 1971). Thus LPC in Schwann cells can initiate the earliest stages
of myelin breakdown in WD. LPC activates the classical complement pathway by binding to
C-reactive protein, which triggers the early influx of neutrophils through C5a (Hack et al.,
1997) and, if bound to degenerated myelin, LPC can also act as an ‘eat me” signal for
macrophages (Martini et al., 2008).
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The involvement of resident and hematogenous macrophages in WD

Prompt removal of myelin debris is critical in repair after injury for many reasons.
Peripheral myelin contains molecules, such as myelin-associated glycoprotein (MAG), that
are inhibitory to regeneration (McKerracher et al., 1994; Mukhopadhyay et al., 1994). Perry
et al. (1995) suggested that some unidentified component helps macrophages distinguish
between myelin to be phagocytosed versus myelin from Schwann cell membrane
surrounding intact axons which is to be left alone, although they did not postulate what this
molecule is. Indeed, degenerated myelin can activate formation of membrane attack
complexes by the complement system that can damage nearby intact axons and myelin
(Mead et al., 2002). CD47 on intact myelin and myelin-forming Schwann cells binds to
signal regulatory protein a (SIRPa) on macrophages and thereby downregulates
phagocytosis of undamaged myelin near the injury site (Gitik et al., 2011). Thus, Schwann
cell dedifferentiation early after injury and later sustained macrophage accumulation are
crucial for removal of myelin debris in order to prevent further damage and allow for
regeneration.

One of the many factors mediating the recruitment of monocytes to injury sites and their
subsequent phagocytosis of myelin during WD is the complement system. Dailey et al.
(1998) showed that complement depletion by cobra venom factor inhibited macrophage
recruitment and prevented macrophage activation allowing preservation of myelin.
Complement receptor 3 (CR3) on the surface of macrophages recognizes C3 bound to
degenerating myelin sheaths and thus participates in its uptake (Bruck, 1997). Interestingly,
using macrophage and sciatic nerve co-cultures, Bruck et al. (1992) observed reductions in
both the expression of CR3 on macrophages and the amount of myelin those macrophages
ingested. Curiously, these reductions were a result of TNF-a treatment exposing perhaps a
pleiotropic and somewhat dual nature of this cytokine. Vargas et al. (2010) showed that after
peripheral nerve injury, endogenous antibodies activate complement, which plays a role in
the influx of monocytes and is critical for opsonization of myelin by C3b as well asthe
subsequent phagocytosis by macrophages. Thus it seems that complement present in the
nerve is important for macrophage activation and myelin phagocytosis.

While the predominant thought is that infiltrating macrophages are the main responders to
injury, there is evidence that resident macrophages are also involved in WD, such as the fact
that they can induce inflammation through their expression of TLRs (for review see Davies
et al., 2013). Resident macrophages comprise 2-9% of all cells in peripheral nerves, express
CR3, and are known to be phagocytic (for review see Griffin et al., 1993). Ydens et al.
(2012) found that IL-13 mRNA expression spiked in the nerve at 4 h after injury and
suggested a possible source to be resident macrophages, since the infiltrating macrophages
which typically express this cytokine have not yet entered the injured nerve. In chimeric rats
that have received a bone marrow transplant that allowed identification of hematogenous
macrophages, resident macrophages become similar morphologically to hematogenous
macrophages, expressing ED1 and phagocytosing myelin (Mueller et al., 2001). This group
also found evidence that some of these resident macrophages proliferate before they express
ED1 and therefore concluded that the resident macrophages are not a homogenous
population. Furthermore, IB4 positive resident macrophages exhibited a pro-inflammatory
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phenotype in the nerve 2 d after a partial ligation nerve injury, showing strong expression of
IL-1P and weak expression of TNF-a (Schuh et al., 2014). Although the role of resident
macrophages following injury is not yet fully understood, it appears that theyrespond in the
injured nerve before the accumulation of hematogenous macrophages.

Circulating monocytes express the receptor for CCL2, C-C chemokine receptor type 2
(CCR2), and through CCL2/CCR2 signaling, these monocytes are recruited to the injured
nerve where they differentiate into macrophages. As expected, macrophage accumulation in
the sciatic nerve 7 d after injury is inhibited in CCR2 —/- mice (Siebert et al., 2000; Niemi et
al., 2013). Barrette et al. (2008)concluded that, after sciatic nerve lesion, macrophages are
critical for removal of myelin debris as well as neurotrophin synthesis. On the other hand,
Niemi et al. (2013) found that in CCR2 —/- mice, WD progresses normally as indicated by
the normal clearance of myelin 7 d after axotomy (Fig. 2). Additionally, injured nerves
lacking hematogenous macrophages due to whole body irradiation exhibit normal loss of
myelin basic protein at 5 d after injury, yet as time progresses this loss occurs more slowly
than in control animals (Perry et al., 1995). These data may reflect the earlier mentioned
evidence that Schwann cells are involved early on in the phagocytosis of myelin. Indeed,
Stoll et al. (1989) indicated that Schwann cells associated with small axons may process
their own myelin but that they might require the assistance of macrophages to phagocytose
the myelin from larger axons.

Hematogenous macrophage accumulation in the distal nerve begins at 2-3 d after injury and
peaks between 7 and 14 d depending on the degree of compromise to the BNB (Taskinen
and Roytta, 1997; Mueller et al., 2003; Omura et al., 2005). In the transected sciatic nerve,
IL-6 mRNA peaks at 36 h after injury, while LIF mRNA levels peak between 36 and 48 h, a
timeframe that coincides with initial macrophage infiltration (Cheepudomwit et al., 2008).

In the distal sciatic nerve after injury, CCL2 is localized to Schwann cells, and its expression
peaks just before accumulation of hematogenous macrophages (Toews et al., 1998). Tofaris
et al. (2002) showed that in Schwann cells, IL-6 induces LIF mRNA and LIF induces CCL2
mRNA. Indeed, LIF and CCL2 secreted by Schwann cells attract macrophages to the injured
nerve (Sugiura et al., 2000). Perrin et al. (2005) showed that neutralizing CCL2, MIP-1a, or
IL-1B using function blocking antibodies suppresses macrophage accumulation in the
injured nerve and phagocytosis of myelin. Once macrophages enter the nerve they also
express TNF-a, IL-1a, and IL-1f proteins (Shamash et al., 2002) and contribute to further
recruitment of hematogenous macrophages and breakdown of myelin.

Delineating the macrophage phenotype in the distal nerve segment

Studies of the macrophage response to tissue injury have further delineated this population
into activation states, namely M1 (classically activated) and M2 (alternatively activated).
Interest in this issue in the context of nerve injury arises because M1 macrophages are
generally proinflammatory and cytotoxic, whereas M2 macrophages generally participate in
tissue repair and wound healing. Interconversion of macrophage phenotypes has been shown
to occur invitro in response to changes in the cytokine environment(Davis et al., 2013). M1
macrophages are produced by interferon-y (IFN-y) and lipopolysaccharide (LPS) whereas
M2 macrophages result from stimulation by the cytokines IL-4 and/or IL-13(Anthony et al.,
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2007). Of particular interest in the context of this review, Mokarram et al. (2012) showed
that, using IL-4 to phenotypically switch macrophages to the M2 phenotype, can promote
regeneration in the transected tibial nerve.

It is not entirely clear in the literature as to the phenotype macrophages take in the distal
nerve after transection. As indicated above, Ydens et al. (2012)detected IL-13at 4 h after
injury and found M2 macrophages that did not express iNOS or IFN-y but did express
arginase 1.Similarly, it has been reported that macrophage in the distal nerve are of the M2
phenotype as they express high levels of IL-10, an anti-inflammatory cytokine (Rotshenker,
2011). On the other hand, Nadeau et al. (2011) found monocyte derived M1 macrophages
present early after nerve injury but they were gone by 3-4 d, the same time point at which
macrophages at the injury site begin to express anti-inflammatory, M2 associated markers
such as arginase 1 and CD206. In addition, Komori et al. (2011) found that at 1 and 3 d after
partial nerve ligation, the immune response was characterized byM1 macrophages in the
nerve (i.e. iINOS positive and arginase 1 negative), whereas the DRG contained M2
macrophages.

Apolipoprotein-E is produced and secreted by resident fibroblasts and gal-3 by Schwann
cells starting at day 2 of WD and later by macrophages (Aamar et al., 1992; Saada et al.,
1995). Both apolipoprotein-E and gal-3 can polarize recruited macrophages toward an M2
phenotype in culture (MacKinnon et al., 2008; Baitsch et al., 2011). Recently it has been
shown that CCL2/CCR2 signaling regulates macrophage polarization and drives
macrophages toward an M2 state (Sierra-Filardi et al., 2014). Indeed, GM-CSF stimulated
macrophages from CCR2 —/- mice display an M1 phenotype, increasing their expression of
IL-6, CCL2, and TNF-a (Sierra-Filardi et al., 2014). Regardless of the differing hypotheses
concerning the macrophage activation state after nerve injury, it may be that macrophages
involved in tissue repair encompass a spectrum of activation states throughout the repair
process (for review see Novak and Koh, 2013).

The inflammatory response after nerve injury must be carefully controlled in order to
prevent consequent damage and allow for subsequent regeneration.M2 tissue repair
macrophages likely mediate this effect, as M2 macrophages treated with IL-4 upregulate
their expression of IL-10, an anti-inflammatory cytokine(Mosser and Edwards, 2008). IL-6
and IL-10 are two cytokines that help control the inflammatory response by regulating the
synthesis and release of additional cytokines (for review see Opal and DePalo, 2000). The
Rotshenker lab has shown that in sciatic nerves of rats, IL-6 upregulation after injury is
detectable at 2 h and remains elevated for at least 21 d (Reichert et al., 1996). Upon
analyzing this expression by non-neuronal cells they found that macrophages expressed the
highest levels, fibroblasts expressed significant levels (though less than macrophages), and
Schwann cells expressed little if any. No IL-6 was detectable in intact nerves. A similar
study by this lab showed that IL-10 starts to increase considerably in the nerve 4 d after
injury, peaking at day 7, and remaining elevated through day 14. (Be’eri et al., 1998).
Indeed, the timing of this increase in IL-10 production coincides with the peak in
macrophage accumulation. They found that the IL-10 expression pattern was similar to that
of IL-6 expression with macrophages producing the highest levels of 1L-10, fibroblasts
producing significant amounts (although less than macrophages), and Schwann cells
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producing little if any. George et al. (2004)also found that infiltrating macrophages are the
main cell type that expresses IL-10 during WD. Although IL-6 has been considered both
pro-inflammatory and anti-inflammatory, like other gp130 cytokine family members, it
functions mainly as an anti-inflammatory cytokine (Opal and DePalo, 2000). Indeed, a study
of the immune response of IL-6 —/— mice showed that endogenous IL-6 plays a critical anti-
inflammatory role by controlling circulating levels of pro-inflammatory cytokines such as
TNF-a (Xing et al., 1998). IL-10 gradually downregulates production of proinflammatory
cytokines through Janus kinase (JAK) / signal transducer and activator of
transcription(STAT) signalingbringing WD to an end after clearance of degenerated myelin
is complete, 2-3 wk after injury (Moore et al., 2001; Rotshenker, 2011). Additionally, IL-10
activation significantly down-regulates MMP-9 in macrophages, leading to less macrophage
infiltration and breakdown of myelin(Kessenbrock et al., 2011).Overall, these data suggest
that M2 macrophages may play a regulatory role in controlling inflammation after nerve
injury and thereby allowing subsequent regeneration.

Other processes take place during WD besides clearance of myelin and axonal debris

Studies on WD have primarily focused on theclearance of myelin proteins and axonal
debris, and it is widely believed that this is essential for regeneration to occur. Nevertheless,
this proposition is not as easy to prove as has been assumed. The approach generally taken is
to interfere with macrophage accumulation presumably in the distal nerve and then to assess
regeneration. The problem is that macrophages not only accumulate in the distal nerve
segment but they also accumulate in axotomized ganglia where it is highly likely that they
alter the growth capacity of the neurons (see Fig. 1 and discussion below in sections on the
CL response and Kwon et al., 2013; Niemi et al., 2013).

WD is generally consider to refer to “all of the events that occur distal to the site of
axotomy” (Scherer and Salzer, 2001).0One such event is the change that occurs in
nonneuronal cell gene expression. An intriguing example of this is the increased expression
of neurotrophic factors. For example, IL-1p secreted by hematogenous macrophages
stimulates non-neuronal cells in the nerve to synthesize nerve growth factor (NGF;
Heumann et al., 1987; Lindholm et al., 1987). Barrette et al. (2008) found that decreasing
macrophage and neutrophil infiltration into the sciatic nerve decreased the normal axotomy-
induced increase in all four neurotrophins [i.e., NGF, brain-derived neurotrophic factor
(BDNF), and neurotrophins 3 and 4]. Nevertheless, the expression of BDNF, unlike that of
NGF, is not upregulated by IL-1p (Meyer et al., 1992). Most availableevidence suggests that
endogenous NGF does not promote regeneration (Diamond et al., 1987; Gloster and
Diamond, 1992; Shoemaker et al., 2006; Lankford et al., 2013). On the other hand,
heterozygote knockout animals indicate that endogenous BDNF and NT3 in non-neuronal
cells do promote regeneration (Sahenk et al., 2008; Takemura et al., 2012).

Another such event occurring in the distal nerve segment after axotomy is Schwann cell
proliferation (Scherer and Salzer, 2001). There is some evidence that macrophages are
involved in this process although their exact role remains unclear(e.g., Baichwal et al., 1988;
Fawcett and Keynes, 1990). Moreover, the function of Schwann cell proliferation is still
unknown since blockade of this cell division response by knocking out cyclin D1 had no
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appreciable effects on the disappearance of neurofilament protein, the induction of JUN, or
nerve regeneration(Kim et al., 2000).

Clearly WD is a complex process that has been studied for many years, yet considering the
plethora of molecules and cell types involved (Fig. 3), all of the intricacies are still not fully
understood. The discovery in 1989 of a spontaneous mutant mouse provided a new model
system in which to study this process, leading to a dramatic shift in our understanding of
WD.

The slow Wallerian degeneration mouse

Following axonal transection or crush, the axon distal to the injury site no longer receives
proteins and mMRNA from the cell body. Originally WD was considered to be a passive
process induced by the lack of nutrients and cell-body derived factors following
injury(Joseph, 1973). However, discovery of the slow WD mouse (WIdS) led to the
realization that axons degenerate through an active process (Lunn et al., 1989). In this
spontaneously arising mutant mouse, axons distal to the site of injury remain intact and are
able to conduct action potentials, when stimulated, for up to 10 times longer than their wild-
type (WT) counterparts (Lunn et al., 1989; Coleman and Freeman, 2010). Early studies on
degeneration, following neurotrophin deprivation or injury,reported that WD occurs without
activation of caspase-3, suggestingthat axons degenerate through a process separate from
apoptosis (Buckmaster et al., 1995; Finn et al., 2000; Raff et al., 2002); however, more
recent work on embryonic sensory neurons in vitroindicates that caspase-3 and -6 are
involved in axon degeneration caused by trophic factor withdrawal though not by
axotomy(Simon et al., 2012).

The WId® mouse is characterized by a genetic mutation which brings two genes, E4
ubiquitin ligase (Ube4b) and nicotinamide mononucleotide adenylyl transferase (Nmnatl),
together to form a fusion protein as a result of mMRNA splicing (Lyon et al., 1993; Coleman
et al., 1998). The mutation was identified as an 85kb tandem triplication likely involving
nonhomologous recombination to form the genetic rearrangement (Coleman et al., 1998).
Ube4b is an ubiquitin ligase involved in multi-ubiquitin chain assembly (Koegl et al., 1999).
Nmnatl is anenzyme necessary for the production of nicotinamide adenine dinucleotide
(NAD) (Schweiger et al., 2001).NAD™* and nicotinamide adenine dinucleotide phosphate
(NADP) are best known for their roles in the electron transport chain and energy
metabolism. Additionally, recent work has described a variety of functions for NAD*,
including the ability to act as ligands for ion channels (Pollak et al., 2007; Klein et al.,
2009).The resulting WIdSprotein contains the full length Nmnatl protein with 70 amino
acids from Ube4b on the N-terminal end, though only Nmnatl is enzymatically active
(Laser et al., 2003). An additional 18 amino acids from the 5 UTR of Nmnat1 are also
included in the protein (Samsam et al., 2003). The unique genomic rearrangement that led to
the creation of the WId® protein does not alter the normal expression levels of the normal
Ube4b and Nmnatl genes (Gillingwater et al., 2002). The key question surrounding the
WId® mouse has been how this fusion protein is able to protect axons from axonal
degeneration.
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A major observation in the WId® mouse was a complete lack of early infiltrating
macrophages into the nerve distal to the injury site, which was initially thought to be the
cause of the slow degeneration (Brown et al., 1991a). However,bone marrow transplantation
experiments that provided the mutant mouse with WT myeloid cells did not rescue the
phenotype (Perry et al., 1990; Glass et al., 1993). This study provided evidence that the slow
degeneration phenotype of the WIdS mouse was not the result of altered macrophages but
instead was inherent to the neurons/axons themselves.

Much of the research on the WIdS mouse has focused on which part(s) of the fusion protein
is critical for conveying its protective effects. Overexpression of the 70 amino acids from
Ube4b or the sequence for Nmnatl alone did not convey axonal protection when tested in
vivo (Conforti et al., 2007), yet in vitro studies suggested Nmnatl overexpression could
protect severed neurites in primary culture (Araki et al., 2004; Wang et al., 2005). This
discrepancy led to a model that suggested the two major domains of the protein are both
necessary for the phenotypic protection. To further address this, a variant of the WIdS protein
was created that lacked the enzymatic activity of Nmnatl and resulted in a significant loss of
axonal protection (Conforti et al., 2009; Yahata et al., 2009). Thus, Nmnatl is necessary for
the neuroprotective effects of the WIdS protein yet is not sufficient to convey this protection
on its own, in vivo(Conforti et al., 2007).

Through the development of an antibody against the WIdS protein, it was shown that the
protein localized almost entirely to the nucleus, with barely detectable levels in the
cytoplasm or axon (Samsam et al., 2003; Gillingwater et al., 2006; Beirowski et al., 2009).
With a strong localization in the nucleus, Araki and colleagues suggested that increased
Nmnatl activity in the nucleus led to increased activation of the NAD-sensitive sirtuin-1
(SIRT1). However, it was discovered that if the WIdS protein’s cytoplasmic localization was
enhanced by mutating the nuclear localization signal (NLS) in Nmnatl (Beirowski et al.,
2009) or if a mutant Nmnatl (cytNmnatl), engineered to localize specifically to the
cytoplasm and axon (Sasaki et al., 2009a), was expressed, axonal protection was
significantly enhanced beyond what is seen in the original WIdS mutant. This led to the
realization that the WIdS protein was acting in the axon to delay WD.

Two other orthologs of Nmnat1 exist in mammals. While Nmnat1 is localized to the nucleus
(Schweiger et al., 2001), Nmnat2 is cytoplasmically localized (Yalowitz et al., 2004), and
Nmnat3 is found in mitochondria (Berger et al., 2005). Gilley and Coleman (2010)
demonstrated that Nmnat2 acts as a cell-body derived axonal survival factor. Nmnat2 has a
very short half-life and must be transported from the cell body down to the axon. Following
injury, Nmnat2 levels are rapidly reduced in the distal axon, and this reduction coincides
with axonal disintegration. Overexpression of Nmnat2in vitro can delay axonal degeneration
(Gilley and Coleman, 2010; Milde et al., 2013). Nmnat1 has a much longer half-life and the
Nmnatl containing WId® protein can substitute for the loss of endogenous Nmnat2 and delay
axonal degeneration.

This suggests that the synthesis of NAD* in the axon is critical for axonal survival;however,
it is not clear that NAD* itself is neuroprotective. Even though Nmnat activity is
significantly increased in the WId® mouse (Orsomando et al., 2012), no detectable increase
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in NAD™ levels is observed (Mack et al., 2001; Araki et al., 2004). In addition, inhibition of
the rate-limiting enzyme in NAD™ synthesis, nicotinamide phosphoribosyltransferase, does
not have significant effects on the WId® phenotype (Conforti et al., 2009; Sasaki et al.,
2009b).

In addition to an alteration in WD, regeneration of axons in the WIdS mouse has been shown
to be delayed and incomplete (Bisby and Chen, 1990; Myers et al., 1996; Sommer and
Schafers, 1998; Shin et al., 2014). The increase in NGF in the sciatic nerve after transection
is severely blunted in the WId® mouse, and this has been raised as a possible cause of the
regeneration deficiency (Brown et al., 1991b). However, as already discussed, a number of
studies have indicated that NGF does not promote regeneration in adult animals. More
commonly, this regenerative deficiency is attributed to the delayed clearance of myelin and
axonal debris (Bisby and Chen, 1990). The idea that the WId® mouse would show normal
regeneration given a suitable substrate for growth was supported by the finding that facial
motor and DRG neurons in WIdS mice show normal increases in growth associated
protein-43 (GAP-43) following injury even though regeneration is delayed in vivo(Bishy et
al., 1995). However, recent work suggests that this view is incorrect. The conditioning
lesion (CL) response, which is discussed further below, was examined in L5 DRGs after
sciatic nerve transection, where neurite outgrowth was measured in explant cultures in
Matrigel, which is largely composed of laminin. A major advantage of using the explant
culture system is that neurite outgrowth is assayed without the influence of the potentially
inhibitory distal nerve. A CL-dependent increase in outgrowth was seen in WT DRGs but
not in WId® DRGs (Niemi et al., 2013). The WIdS mice also showed a significant decrease in
infiltrating monocytes into the DRG following sciatic nerve injury, likely resulting from a
significant attenuation in CCL2 expression (Niemi et al., 2013).

Measurements of a variety of other cytokines and growth factors after axotomy have been
shown to differ between WT andthe WId® mice. The decrease in ciliary neurotrophic
factor(CNTF) normally seen is slowed in these mutant mice (Subang et al., 1997). In
addition, levels of TNF-a, IL-1a, and IL-1f are lower in WId® mice (Shamash et al., 2002),
as are levels of IL-6 (Reichert et al., 1996)together with GM-CSF and IL-10 (Be’eri et al.,
1998). Finally, the upregulation of the extracellular matrix glycoprotein, tenascin C, is
reduced in the mutant animals (Fruttiger et al., 1995)

With much still unknown about the mechanism driving WD, a large body of evidence built
on the research conducted on the WIdS mouse suggests the importance of the NAD synthesis
pathway in degeneration. The detailed mechanism of how the WId® mutation conveys its
axonal protection and its delayed regeneration remains unknown.

THE CELL BODY RESPONSE TO AXOTOMY

As noted previously, following axonal injury, peripheral neurons are able to regenerate their
axons while central neurons cannot. The ability to regenerate in response to an injury is
determined by many factors, including the presence or absence of a permissive environment
into which axons can elongate, the influence of non-neuronal cells, and the intrinsic growth
capacity of the neuron itself. The latter is dependent on the multitude of changes that occur
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to the neuronal cell body following injury, termed the “cell body response”(Fig. 5a;
Grafstein, 1975). The hallmark of this response is the significant increase in de novo
synthesis of mMRNAs and proteins (Watson, 1974). These gene expression changes mark a
phenotypic switch in the neuron from supporting synaptic transmission to supporting axonal
regeneration(Harkonen, 1964; Zigmond, 1997).

Following a peripheral nerve injury, neuronal cell bodies exhibit significant morphological
changes that were first described over 100 years ago by Franz Nissl, including a shift in the
localization of the nucleus within the cell body (Leinfelder, 1938). Neurons undergo
chromatolysis, characterized by the disassociation of polyribosomes from the endoplasmic
reticulum (Lieberman, 1971). Changes in the non-neuronal cell populations around
peripheral cell bodies also occur.This includes significant increases in macrophages seen in
the SCG and DRG following nerve injury beginning at 2 d and sustained for at least 2 wk
(Lu and Richardson, 1993; Schreiber et al., 1995). In addition there is a proliferation of
satellite cells in the ganglia (Humbertson Jr et al., 1969; Bachoo et al., 1992).

Axonal signaling to the cell body is the driving force behind the profound changes that occur
in the cell body. Early work using Aplysia led to the idea that injury signaling from the axon
to the cell body could be divided into early and late signals (Ambron et al., 1996). These
early signals are mediated by Ca2* influx and the later signals are dependent upon traditional
retrograde transport.

Rapid Ca?* signaling from the injury site to the axotomized cell body

Transection of an axon causes a breach in the membrane of the neuron (Fig. 5a). As noted
earlier in this review, a significant increase in Ca2* is seen immediately at the site of injury,
and this signal is propagated towards the cell body(Ziv and Spira, 1995). Little is known
about how this happens, but tetrodotoxin-sensitive sodium channels are involved (lwata et
al., 2004). Furthermore, release of intracellular Ca2* stores may also help maintain the Ca2*
wave (Merianda et al., 2009). This intra-axonal increase in CaZ* has many beneficial effects
including membrane resealing and growth cone formation (Bradke et al., 2012). The Ca%*
wave is tightly regulated through, among many mechanisms, the activation of the Ca2*-
sensitive protease, calpain (Gitler and Spira, 1998; 2002).

The Ca2* wave could be responsible for the activation of immediate early genes JUN and
FOSWest and Greenberg, 2011). However, transcriptional analysis in response to nerve
injury shows that most changes occur at later time points that do not coincide with the
timeline of early/fast injury-induced signals (Michaelevski et al., 2010b). Interestingly, a
recent study showed that the Ca2* wave causes the nuclear export of histone deacetylase 5
(HDACS) which increases the overall histone acetylation (Cho and Cavalli, 2012; 2013;
2014). This epigenetic change would favor increased transcription and could prime the cell
body for the significant gene expression changes to come.

The immediate early genes activated within hours of injury play a significant role in the
regenerative capability of the neuron following injury(e.g., Patodia and Raivich, 2012).
These include JUN, FOS activating transcription factor 3 (ATF3), and cCAMP response
element binding protein (CREB). JUN, FOS, and ATF3 can form homo- and heteromeric
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complexes that contribute to the formation of activator protein-1 (AP-1) transcription factor
complexes, which can regulate a multitude of genes (Jochum et al., 2001). JUNexpressed in
axotomized neurons has been shown to play a significant role in regeneration. A conditional
knock out of JUN in neurons suppressed regeneration and altered gene expression following
facial motor nerve injury (Raivich et al., 2004). Subsequent studies also confirmed that
overexpression of JUN in cortical neurons is able to induce neurite outgrowth (Lerch et al.,
2014). Interestingly, Lerch and colleagues showed that this increase in regenerative ability
did not coincide with increases in GAP-43 as it does in the PNS, suggesting that it may be
acting through a different mechanism to promote regeneration in this context than it does in
peripheral neurons. ATF3 is closely associated with regeneration in sensory, motor, and
sympathetic neurons (Tsujino et al., 2000; Hyatt Sachs et al., 2007). In sensory neurons,
injury to the peripheral but not the central branch is able to induce ATF3 expression
(Tsujino et al., 2000; Seijffers et al., 2006).

The role of retrograde transport and nuclear uptake of signals from the injury site

The second, and more delayed injury-induced signaling phase is mediated by signaling
complexes transported in a retrograde manner back to the cell body (Fig. 5a). Administration
of colchicine, a drug which blocks axonal transport, significantly delays chromatolysis and
RAG expression (Singer et al., 1982; Murphy et al., 1999). Proteomic analysis of these
signaling complexes revealed a variety of proteins being trafficked including, JUN amino-
terminal kinase (JNK), STAT3, dual leucine zipper kinase (DLK), and gp130 cytokines,
among others (Michaelevski et al., 2010a).

A key aspect of the increased retrograde transport following peripheral nerve injury is the
increased expression or activation of adaptor molecules that facilitate the association of
transcription factors with the dynein motor proteins, which are important in retrograde
transport. JNK-interacting protein 3 (JIP3) is a scaffolding protein which allows for
anterograde transport of activated JNK3 down the axon in an intact neurons(Byrd et al.,
2001; Cavalli et al., 2005). Following nerve injury, JIP3 shows increased expression and
association with dyneinand dynactin (Cavalli et al., 2005; Drerup and Nechiporuk, 2013).
Work in Drosophila demonstrated that DLK was also transported via JIP3 association
(Klinedinst et al., 2013).

Another critical group of adaptor molecules, the importin family of proteins, has been linked
to retrograde injury signaling. Importin-a is constitutively expressed in peripheral nerves;
however, importin-B1 shows increased expression after injury through local translation in
the axon (Hanz et al., 2003). It is the formation of heterodimers between importin-a and
which increase the association of NLS containing proteins and dynein motor complexes
(Perry and Fainzilber, 2009). Interestingly, importin 81 and importin 7 have both been
linked to vimentin-dependent retrograde transport of phosphorylated ERK(Perlson et al.,
2005; Chuderland et al., 2008; Chuderland and Seger, 2008). Axon-specific knockout of
importin-p1 affects over half of all genes changed as part of the cell body response to injury
(Perry et al., 2012).

Work in Drosophila identified a MAP 3 kinase whose mammalian homologue is DLK as a
retrograde injury signal (Yan et al., 2009; Xiong et al., 2010). In Drosophilia this protein is
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significantly increased in the axon after injury and is trafficked through interaction with the
scaffolding protein, JIP-3 (Xiong et al., 2010; Klinedinst et al., 2013). A knockout of DLK
in mice displayed a significant reduction in the elongation phase of regeneration while
initiation remained normal in sensory neurons (ltoh et al., 2009). Interestingly, DLK
knockouts show significant impairments in the retrograde transport and activation of STAT3
and JNK (Shin et al., 2012). Thus, DLK likely regulates regeneration through its influence
on many other injury-derived retrograde signals.

Intra-axonal Luman/CREB3 was recently identified by Ying et al. as a novel retrograde
injury signal(Ying et al., In Press). CREB3 is an endoplasmic-bound member of the bZIP
transcription factor family, which is released from the endoplasmic reticulum in its active
form through proteolysis in response to stressful events (Raggo et al., 2002). In response to a
sciatic nerve crush, CREB3 is locally synthesized in the axon and is cleaved into its active
form and retrogradely transported back to the cell body. Knockdown of CREB3 in
dissociated culture, using siRNA, revealed a significant reduction in elongating neurite
outgrowth, with no effect on branching(Ying et al., In Press). Interestingly, the use of anin
vitro DRG explant compartmented culture, to better mimic in vivo conditions and to allow
knockdown of CREB3 specifically in axons, exhibited a nearly 50% reduction in neurite
length, suggesting that this novel injury signal plays an important role in peripheral nerve
regeneration.

Another well documented retrograde injury signal is STAT3. Following injury to the sciatic
nerve activation of STAT3 by phosphorylation of a specific tyrosine residue (Tyr 705) is
seen in the nerve (Lee et al., 2004; Qiu et al., 2005). A correlative relationship between the
activation of STAT3 and the ability for DRG neurons to regenerate following injury was
demonstrated by showing that only an injury to the peripheral branch (sciatic nerve), and not
the dorsal root, activated STAT3 and exhibited regeneration(Schwaiger et al., 2000).
Furthermore, transcriptome analyses of injured DRG neurons have also identified STAT3,
as an injury-induced locally translated axonal transcription factor (Michaelevski et al.,
2010b; Smith et al., 2011; Ben-Yaakov et al., 2012). STAT3 is retrogradely transported back
to the cell body through interaction with importin a and dynein (Ma and Cao, 2006; O’Brien
and Nathanson, 2007; Ben-Yaakov et al., 2012). Prevention of this retrograde transport
through blockade of STAT3’s NLS shows a significant reduction in the expression of the
RAG,regenerating islet-derived protein 3 alpha, and reduced neuronal survival(Ben-Yaakov
etal., 2012).

STAT3 is a common transcription factor used by multiple pathways such as the gp130
cytokines (Zigmond, 2012b). In addition to its role as a retrograde injury-induced signal,
STAT3 could be pivotal in integrating cytokine and neurotrophin signals to help promote
regeneration(Corness et al., 1998; Rajan et al., 1998; Shadiack et al., 1998; Ng et al., 2003).
By examining sympathetic reinnervation of the heart following myocardial infarction, it was
shown that NGF stimulates serine phosphorylation of STAT3 (Ser), in contrast to the
tyrosine phosphorylation induced by cytokines (Pellegrino and Habecker, 2013).
Additionally, transfection studies of STAT3-null neurons suggested that two pools of
STAT3, phosphorylated on either serine or tyrosine, are necessary for a maximal
regenerative response (Pellegrino and Habecker, 2013). Interestingly, an in vivo
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investigation into the importance of STAT3 in DRG regeneration revealed a phase specific
role for STAT3 in the initiation, but not elongation of axonal regeneration. Using a viral-
mediated Cre and floxed STAT3 mouse and in vivo imaging following injury to the
saphenous nerve, Bareyre et al. found that neurons lacking STAT3 showed a significant
reduction in growth rate at 48 to 72 h but a normal growth rate at 7 to 8 d following injury
(Bareyre et al., 2011).

Extrinsic signals also produce changes in neuronal gene expression following injury
(Ferguson and Son, 2011; Zigmond, 2012b). Inflammation and immune cell infiltration,
dominated by hematogenous macrophages at the site of injury and around axotomized cell
bodies comprise an important component of extrinsic signals associated with a peripheral
nerve injury. Local inflammation in the DRG caused by injection of bacteria caused
significant increases in GAP-43 and JUN (Lu and Richardson, 1995) in intact neurons. A
recent study indicates that cytokines normally released by monocytes/macrophages can
stimulate gene expression changes in neurons (Lisak et al., 2011). Rat cortical neurons
incubated with combination of cytokines that can be secreted by macrophages, including
IL-6 and IL-1p, showed marked changes in expression of genes for cell adhesion molecules,
proteins related to apoptosis, various signaling pathways and others (Lisak et al., 2011).
Taken together, these data suggest that macrophages, and other immune cells, may directly
alter gene expression in neurons following nerve injury.

The damage signals discussed above are the driving force behind the massive changes in
gene expression found to occur in regeneration competent neurons. The idea that there is a
shift in the neurons’ phenotype promoting survival and regeneration and downregulating
molecules involved in neurotransmission is supported by early studies in the sympathetic
nervous system which showed increases in tubulin expression accompanied by a decrease in
tyrosine hydroxylase expression (Cheah and Geffen, 1973; Koo et al., 1988; Sun and
Zigmond, 1996a). Later studies showed the downregulation of a large number of synaptic
transmission related molecules (Zhou et al., 1998; 2001; Boeshore et al., 2004). A number of
array studies have been performed which provide more complete analysis of the overall gene
expression changes following peripheral nerve injury in the DRG, SCG, and facial motor
nucleus (Costigan et al., 2002; Boeshore et al., 2004; Zujovic et al., 2005; Kim et al., 2009;
Michaelevski et al., 2010b; Ben-Yaakov et al., 2012).

A large portion of the identified RAGs encode proteins in one of several categories:
cytoskeletal proteins and adaptors, metabolic enzymes, neuropeptides, cytokines and
chemokines, neurotrophins, and transcription factors.. Adhesion molecules and enzymes
upregulated following nerve injury include a7p1 integrin, a cell surface receptor for
laminins (Yao et al., 1996; Ekstrom et al., 2003), and arginasel, a key enzyme in polyamine
synthesis (Boeshore et al., 2004; Schreiber et al., 2004; Deng et al., 2009). Peripheral injury-
induced neuropeptides include vasoactive intestinal peptide (VIP)(Villar et al., 1989; Hyatt-
Sachs et al., 1993), galanin (Hokfelt et al., 1987; Mohney et al., 1994; Schreiber et al.,
1994), and pituitary adenylate cyclase activating polypeptide (PACAP)(Moller et al., 1997;
Armstrong et al., 2008; Habecker et al., 2009). Multiple transcription factors are involved in
injury induced signaling, and many show significantly increased expression following
injury, including ATF3 (Tsujino et al., 2000; Hyatt Sachs et al., 2007) and the immediate
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early gene, JUN(Jenkins et al., 1993). Immune molecules play a major role in the cell body
response to injury, where cytokines such as LIF(Rao et al., 1993; Banner and Patterson,
1994; Sun et al., 1994; Gardiner et al., 2002), IL-6 (Habecker et al., 2009) and
CCL2(Schreiber et al., 2001; Subang and Richardson, 2001; Tanaka et al., 2004; Niemi et
al., 2013) are upregulated in response to axotomy. Gene expression for certain neurotrophic
factors and their receptors are increased after nerve axotomy, as well. Different neuronal
systems (e.g., sympathetic and sensory) show variations in trophic factor expression after
injury (for review see Boyd and Gordon, 2003; Zigmond, 2012b; Harrington and Ginty,
2013).

The first RAG to be identified was GAP-43. Skene and Willard (1981) originally discovered
GAP-43 as a rapidly transported axonal protein which is highly induced after sciatic nerve
injury (Skene and Willard, 1981) and whose induction is correlated with regeneration
(Skene and Willard, 1981; Katz and Black, 1986; Skene, 1989). Overexpression of GAP-43
led tospontaneous sprouting at the neuromuscular junctions as well as increased injury-
induced terminal arborization of the gastrocnemius muscle following sciatic nerve crush
(Aigner et al., 1995). Overexpression of GAP-43 and cytoskeleton-associated protein-23
(CAP-23) allows for CNS axon regeneration(Bomze et al., 2001).

RAGs that have been directly shown to promote regeneration

Out of the many genes whose expression is changed following peripheral nerve injury and
are thus considered RAGs, only a handful have actually been directly implicated as being
necessary or sufficient for regeneration. a7p1 integrin is localized to the growth cones of
regenerating facial motor axons following injury. A knockout of the a7 subunit of this
integrin displayed a significant reduction in whisker pad reinnervation following facial nerve
crush (Werner et al., 2000). Another study using facial motor neurons detailed the necessity
of PACAP in regeneration. A PACAP —/— mouse displayed significantly delayed
regeneration following facial motor axotomy that coincided with near 10-fold increases in
prominent inflammatory cytokines, IFN-vy, IL-6, and TNF-a, and a 90% reduction in the
anti-inflammatory cytokine 1L-4 (Armstrong et al., 2008).

Polyamine synthesis and arginase 1 have been tied to axonal regeneration in the PNS (Gilad
et al., 1996; Lee and Wolfe, 2000; Schreiber et al., 2004). Overexpression of arginase 1 in
cerebellar neurons was sufficient to overcome the inhibition of MAG and myelin and allow
for axonal elongationin vitro, similar to the effects of administration of cAMP. Additionally,
blocking polyamine synthesis prior to administration of cAMP to cultures inhibited their
ability to extend axons on inhibitory substrates (Cai et al., 2002). ATF3, is a reliable
neuronal marker of injury (Tsujino et al., 2000; Hyatt Sachs et al., 2007). Overexpression of
ATF3 in uninjured DRG sensory neurons produced a significant increase in neurite
outgrowth similar to the effect of a CL(Seijffers et al., 2006; Seijffers et al., 2007). This did
not have an effect on central regeneration or growth on non-permissive substrates, such as
MAG, suggesting its importance specifically in peripheral regeneration (Seijffers et al.,
2007).

LIF, like IL-6 a member of the gp130 cytokine family, has been linked to regeneration in the
SCG through activation of its signaling receptor gp130 (Habecker et al., 2009; Hyatt Sachs
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et al., 2010). In the DRG, a LIF —/- mouse shows a significant decrease in fibers positive for
GAP-43,thus marking them as regenerating fibers, distal to the injury site 3 dafter a sciatic
nerve crush as well as, a 50% reduction in growth in vitro following a CL(Cafferty et al.,
2001). Small proline-rich repeat protein 1A (SPRR1A) shows a 60-fold increase in
expression following peripheral nerve injury (Bonilla et al., 2002). Overexpression of
SPRR1A in sensory neurons induces significant increases in neurite outgrowth in vitro,
while knockdown of this gene inhibits regeneration (Bonilla et al., 2002).

As indicated above, the gene expression changes that occur as a result of peripheral injury
also lead to a reduction in the machinery necessary for neurotransmission. Alteration of
neuronal activity in injured neurons plays an important role in the regenerative process.
Blinzinger and Kreutzberg (1968)demonstrated the displacement of synaptic boutons from
the surface of regenerating motoneurons after axotomy. This phenomenon is now widely
known as “synaptic stripping” (Graeber et al., 1993). Synaptic terminals are lost from the
cell body during the first week post-axotomy (Matthews and Nelson, 1975; Purves, 1975;
Sumner, 1975b; a). This process is reversible following regeneration and reinnervation of
target tissue (Sumner, 1975a). In different studies, the removal of synapses has been
hypothesized to be carried out by activated microglia (Blinzinger and Kreutzberg, 1968;
Chen et al., 2014), astrocytes (Yamada et al., 2011), and satellite glial cells (Matthews and
Nelson, 1975). In marked contrast, Perry and O’Connor (2010) have proposed that synaptic
stripping is “a neuron autonomous event”. Results have also been presented that LIF and the
absence of NGF might be signals leading to synaptic stripping.Nja and Purves (1978)
presented evidence that synaptic stripping in sympathetic ganglia is triggered at least in part
by the axotomy-induced blockadeof the retrograde transport of NGF.Guo et al. (1999)
reported that LIF causes dendritic retraction of sympathetic neurons in culture, a
phenomenon that might be part of synaptic stripping in vivo.

Interestingly, the expression of PSD-95, a major protein of the post-synaptic density (PSD)
and known to be involved in the regulation of synaptic plasticity, is downregulated after
injury (Che et al., 2000). Electrophysiological studies in which synaptic potentials were
recorded have confirmed the occurrence of synaptic stripping following axotomy of facial or
hypoglossal motor neurons (Yamada et al., 2008; Yamada et al., 2011). The impaired
recovery of function fine muscle observed following facial nerve trauma in humans and in
SCG axotomy in rats has been attributed to synaptic stripping and its incomplete
reversibility after regeneration (Case and Matthews, 1986; Graeber et al., 1993). Along with
synaptic stripping observed in the SCG following axotomy, it is interesting to note that a
significant reduction in the mRNA of the a3, a5, a7, and 4 subunits of the postsynaptic
nicotinic acetylcholine receptors is observed 48 h post-injury (Zhou et al., 1998).

The role of electrical activity and its effects on regeneration and axon growth has been
debated over the past two decades. Findings in 2004 suggested that spontaneous activity was
necessary for axon path finding during development (Hanson and Landmesser, 2004). Also,
in vivostudies provided evidence that electrical stimulation increased outgrowth following
peripheral nerve injury and repair in rodents(Brushart et al., 2002; Vivo et al., 2008;
Geremia et al., 2010) and humans(Gordon et al., 2010). However, a recent study from the
Bradke lab suggested that electrical activity and Ca2* influx suppresses axon growth of adult
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sensory neurons (Enes et al., 2010). Interestingly, axotomy of the peripheral branch, but not
the central branch, silences DRG neurons, and this correlates with the ability of the
peripheral branch, but not the central branch, to regenerate.

In addition to neuronal cell bodies, axons contain the machinery necessary for protein
synthesis. Looking at the axons of cultured adult DRG neurons following axonal injury,
regenerating axons contained ribosomal proteins and translation initiation factors (Twiss et
al., 2000; Zheng et al., 2001). An example of an axonally translated protein is the peptide
calcitonin gene-related peptide (CGRP). Toth et al. (2009) demonstrated that CGRP mRNA
and protein increased in the proximal sural nerve after a nerve crush. To determine whether
local translation of CGRP had any effect on nerve regeneration, CGRP siRNA was delivered
locally to the proximal segment of the sciatic axon following which a disruption of axonal
outgrowth was seen. These studies and others indicate that axonally synthesized proteins can
facilitate regeneration (Willis and Twiss, 2006).

THE CONDITIONING LESION RESPONSE

The cell body response is thought to underlie the increased regeneration that occurs after a
CL. The effect of a CL was first described by McQuarrie and Grafstein (1973) in the context
of regeneration in the PNS in their discovery that the growth rate of silver stained axons in
the sciatic nerve increased following a test lesion if that nerve had been lesioned 1-2 wk
earlier (Fig. 5b). Their research suggested that a prior CL primes the damaged neuron to
initiate its intrinsic growth machinery so that after a subsequent test lesion the rate of
regeneration is accelerated(McQuarrie and Grafstein, 1973). The cell body response—the
upregulation in RAG expression mediated by several transcription factors and the
consequent ability for peripheral axons to regenerate—is strongly enhanced if the axons first
undergo a CL(Skene, 1989; Smith and Skene, 1997; Bosse et al., 2001). Included in this
response, the CL induces changes in neuronal and non-neuronal cytokine expression and
neuropeptide induction that facilitate nerve regeneration (Sachs et al., 2007; Gaudet et al.,
2011; Zigmond, 2012b).

Later studies have revealed increased neurite outgrowthin vitro in sensory and sympathetic
neurons in explant and dissociated cultures, after a CL in vivo. Several groups have
confirmed marked increases in neurite outgrowth after a CL in explants of DRG and SCG
(Edstrom et al., 1996; Shoemaker et al., 2005; Sachs et al., 2007; Niemi et al., 2013), and in
dissociated neuron cultures of those ganglia (Hu-Tsai et al., 1994; White et al., 1996; Smith
and Skene, 1997; Shoemaker et al., 2005; Sachs et al., 2007; Niemi et al., 2013).
Additionally, in vivo regeneration studies established that a CL response occurs in motor,
sensory and sympathetic neurons(McQuarrie et al., 1977; McQuarrie, 1978; Navarro and
Kennedy, 1990). It is important to note thatinDRG neurons, which have both aperipheral
and a central branch, a CL is produced only after a lesion of the peripheral branch(e.g. Smith
and Skene, 1997; Seijffers et al., 2007).

Unlike in the PNS where damaged axons of DRG neurons can regenerate after a peripheral
lesion, axons in the CNS are incapable of the same degree of regeneration after a dorsal
columninjury(Ramon y Cajal, 1928). Crushed central branch axons can sprout and elongate
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to a limited extent(Oblinger and Lasek, 1984), but they fail to reinnervate their targets
because their extensions become stunted after traversing a short distance into the dorsal root
entry zone (Bignami et al., 1984; Liuzzi and Lasek, 1987). Central sensory axons projecting
from the DRG and into the spinal cord that have received a prior CL are unable to produce
regenerative neurite extensions after a subsequent lesion is made to the same central branch
(Ramon y Cajal, 1928). The insertion of a peripheral nerve graft into the lesioned spinal
cord, however, can generate a permissive environment within which DRG central processes
can regenerate after a peripheral CL(Richardson and Issa, 1984). Moreover, if the peripheral
branch of the DRG is lesioned prior to an injury made to the central branch, even in the
absence of a graft, the central axons of the L4, L5 and L6 DRGS regenerate into and grow
past the injured dorsal columns of the spinal cord (Neumann and Woolf, 1999). For the CL
mechanism to have relevance for the clinical situation, it would be useful to elicit this type
of effect after a CNS injury. In 2009, Ylera et al. showed that central branches of the rat
DRG could regenerate if only a minor central lesion to the dorsal column occurred 3 d prior
to a peripheral CL. These authors also reported that expression of RAGs such as
neuropeptide Y, VIP, and SPRR1A increased when the peripheral branch was lesioned after
a central injury. Importantly, these changes in RAG expression were comparable to those
obtained in animals that were either peripherally conditioned prior to CNS injury or those
animals that received a peripheral CL alone.(Ylera et al., 2009). However, a major dorsal
column injury resulting in scar tissue abrogated the regenerative capacity of the CNS axons,
despite a subsequent CL (Ylera et al., 2009). Accordingly, axons of the neurons that
received a lesion to the central branch alone did not exhibit any regenerative response
(Schreyer and Skene, 1993), including the upregulation of the three aforementioned RAGs
(Yleraetal., 2009).

The disparate allowances for central and peripheral nerve regeneration have been partially
attributed to the environment surrounding CNS and PNS lesions (Fawcett, 2006; Yiu and
He, 2006). Glial cells, such as Schwann cells, play a significant role in nerve regeneration
after injury (Gaudet et al., 2011). Schwann cells that myelinate axons in the PNS create a
more accommodating atmosphere for regrowth by phagocytosing axonal and myelin debris
together with infiltrating macrophages (Stoll et al., 1989; Gaudet et al., 2011), whereas
oligodendrocytes, the Schwann cell’s myelinating counterpart in the CNS, either die by
apoptosis or become quiescent after injury, leaving inhibitory myelin proteins to linger as an
impediment to growing axons (Ozawa et al., 1994; Wolswijk, 1998). While MAG normally
inhibits regrowth of sensory axons in vitro (Mukhopadhyay et al., 1994), a peripheral CL
can reverse this result by stimulating axonal resistance to the inhibitory effect of myelin
(Qiu et al., 2002). Nevertheless, in vivoexperiments on the effects of myelin proteins on
axon regeneration have produced conflicting results. Triple-knockout mice of the myelin-
derived inhibitor proteins, Nogo, MAG and oligodendrocyte myelin glycoprotein, showed
no change in the regeneration of corticospinal or raphespinal serotonergic axons after spinal
cord injury for one group (Lee et al., 2010), while another group reported enhanced
regeneration and improved locomotion with these mice (Cafferty et al., 2010). These
discrepancies require further study to establish the role that glial-derived proteins actually
play in regeneration in vivo.
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The inhibitory effect of these myelin proteins on in vitro and in vivoneurite outgrowth can be
overcome by a CL-induced increase in neuronal cAMP levels (Neumann et al., 2002; Qiu et
al., 2002). In fact, injection of a CAMP analog into sensory ganglia in lieu of a CL was
sufficient to induce significant regeneration in vivo after a dorsal column lesion, and
increased neurite outgrowth in vitro when plated on myelin (Neumann et al., 2002; Qiu et
al., 2002). Aside from myelin proteins, chondroitin sulfate proteoglycans (CSPGs) play an
inhibitory role in axonal regeneration after nerve injury (Snow et al., 1990; Zuo et al.,
1998b; Davies et al., 1999; Moon et al., 2001). A large body of research has focused on the
role of CSPGs in glial scar formation and regeneration in the CNS(Cregg et al., 2014), yet
these inhibitory molecules have also been found to accumulate in endoneurial tissues around
Schwann cells in the peripheral nerve after injury (Braunewell et al., 1995; Zuo et al., 1998a;
Zuo et al., 2002). Transected sciatic nerves of rats that received injections near the injury
site of chondroitinase, a bacterial enzyme that inactivates the growth inhibiting activity of
CSPGs, displayed increased regeneration into the distal nerve stump compared to injured
control nerves, suggesting that treatments that remove obstructing proteins could be a useful
strategy to augment the regenerative capacity of axons after injury (Zuo et al., 2002).

Despite the presence of myelin proteins and CSPGs in both the PNS and CNS, nerve
regeneration is much more successful in the PNS. This difference is due in part to Schwann
cell clearance mechanisms that remove myelin protein from the path of regenerating axons,
and the ability of these cells and macrophages to express MMPs after injury, which dampens
inhibition by CSPGs(Zuo et al., 2002). Thus, clearly, there are a number of non-neuronal
factors that influence the ability of axons to regenerate. As will be discussed below, there is
now strong evidence thatthe CL effect, which is generally thoughtto represent an increase in
the intrinsic growth capacity of a neuron, is in fact, dependent on stimulation by non-
neuronal cells, i.e., macrophages.

The role of macrophages in the CL response

The CL effect has been thought to occur through the upregulation of RAGs (Smith and
Skene, 1997);however, the underlying mechanisms that induce this transcriptional program
remain poorly understood. Niemi et al. (2013) and Kwon et al. (2013) have identified a
correlation between the CL induced increase in RAG expression and in neurite outgrowth,
and an increased presence of macrophages surrounding DRG and SCG neuronal cell bodies.
As already discussed, macrophages are widely believed to play a prominent role in WD of
the distal nerve segment after injury through the facilitation of axonal and myelin clearance
(Perry, 1994);however, studies that have attributed decreased nerve regeneration to
abrogated macrophage accumulation at the distal nerve(e.g., Dailey et al., 1998; Barrette et
al., 2008)have overlooked a second site of macrophage function. In addition to the nerve,
macrophages also accumulate around the cell bodies of axotomized sensory and sympathetic
ganglia (Lu and Richardson, 1993; Schreiber et al., 1995), though their role at this location
has remained undefined.

To identify the macrophage function at this second site, Niemi et al. (2013) employed the
CL model with two strains of mutant mice that display muted macrophage infiltration to the
injured distal nerve—the WId® mouse and the CCR2-/- mouse. Using explant and

Neuroscience. Author manuscript; available in PMC 2016 August 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

DeFrancesco-Lisowitz et al. Page 21

dissociated cultures of L5 DRG and SCG neurons to remove any effect of the inhibitory
distal nerve on regeneration, Niemi et al. (2013) showed that, in WId® and CCR2-/- mice,
the absence of macrophages near the cell bodies of DRG neurons correlated with a complete
loss of a CL effect (Fig. 4). In WId® mice, neurite outgrowth in the SCG after a CL was
reduced but not abolished, which interestingly correlated with the finding that while
macrophage accumulation in the SCG was reduced it was also not abolished, as it was in the
DRG (Niemi et al., 2013). In WId® mice, mRNA levels for CCL2, the chemokine with the
major responsibility for macrophage chemotaxis from the blood to peripheral tissues
(Schreiber et al., 2001; Tanaka et al., 2004; Perrin et al., 2005), were attenuated comparably
in both the DRG and SCG (Niemi et al., 2013).The finding that the injury-induced
upregulation of CCL2 was lessened in the WId® mouse in sensory and sympathetic neurons
is the first demonstration of a change in expression of a RAG in these mutants(Niemi et al.,
2013)and differs from the implications drawn by Bisby et al. (1995)who found no difference
in the mRNA expression of GAP-43 and JUN. The fact that macrophages still accumulated
in the SCG in the CCR2 —/- mice (though to a lesser extent than in WT mice) suggests that
a second chemokine is involved in macrophage accumulation at this site (Surmi and Hasty,
2010; Ingersoll et al., 2011; Niemi et al., 2013).

Concurrent with Niemi et al.’s publication, another lab observed that an accumulation of
macrophages at the cell bodies of injured rat DRGs corresponded with an enhanced
regenerative response that persisted for up to 28 d after a sciatic nerve CL (Kwon et al.,
2013). Minocycline administered intrathecally at the level of the L5 DRG at the time of
injury diminished the macrophage population in that ganglion by approximately half and
resulted in subsequent decreased neurite outgrowth (Kwon et al., 2013). A similar study
using clodronate liposomes to systemically reduce macrophage numbers have also described
a loss of the CL effect of lesioned central processes of DRG neurons (Salegio et al., 2011).
However, caveats for both of these studies must be considered. For example, how
minocycline diminishes macrophage accumulation and function is unclear. (Herrmann et al.,
2008)Kwon et al. refer to minocycline as a “macrophage deactivator”. Several studies have
indicated that minocycline decreases the expression of CCL2 and MHC class Ilin
macrophages and microglia, though the exact mechanisms for these effects are not well
understood(Zink et al., 2005; Nikodemova et al., 2007). More problematically, minocycline
is known to have off-target effects that can influence the extravasation of macrophages into
the injured tissue by inhibiting revascularization and downregulating MMP-9 and HIF-1a/
VEGF (Keilhoff et al., 2008). Minocycline also protects Schwann cells from oxygen/glucose
deprivation-induced death by stabilizing Bcl-2 expression (Keilhoff et al., 2008), reduces the
activation of phagocytic Schwann cells and inhibits the opening of the blood-nerve barrier
(Keilhoff et al., 2007), all of which raise questionsas to whether the results using
minocycline are directly attributable to macrophage loss. Additional studies delineating the
numerous effects of minocycline have been reported (Gabler and Creamer, 1991;
Kloppenburg et al., 1995; Bilousova et al., 2009; Schmitz et al., 2012). Likewise, Salegio et
al.’s (2011) modelused chlodronate liposomes, which systemically reduce macrophage
numbers at both the CNS and PNS injury sites and within the DRGs, and therefore this
approach precludes any definitive conclusions as to the importance of monocyte entry
specifically into the DRG. On the other hand, injection of peritoneal macrophages directly
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into the DRG induced regeneration, though somewhat surprisingly only in the central
branches of DRG neurons (Lu and Richardson, 1991), suggesting that macrophages can play
an important role around axotomized neuronal cell bodies in nerve regeneration.

Kwon et al. supported previous findings showing that increased intracellular levels of cAMP
in the DRG induced neurite outgrowth comparable to the effects of a CL (Neumann et al.,
2002; Qiu et al., 2002) by demonstrating that injection of a cAMP analog into the DRG
caused macrophage influx into the ganglia and that the resulting neurite outgrowth and
macrophage numbers were both inhibited by injection of minocycline near the DRG (Kwon
et al., 2013). Neuronal cultures with cAMP alone could not induce neurite outgrowth (Kwon
et al., 2013), nor was conditioned medium taken from cAMP-stimulated macrophages and
later applied to DRG neurons sufficient to induce neurite outgrowth. However, conditioned
medium taken from macrophage-DRG neuron co-cultures treated with cCAMP and applied to
naive neuron cultures resulted in a significant increase in neurite outgrowth (Kwon et al.,
2013). The mechanism of this cAMP effect remains unknown.

Despite the mounting evidence that hematogenous macrophage action at the site of
peripheral neuronal cell bodies plays a significant role in regeneration after a CL, significant
neurite outgrowth can already be seen at 1 d post-injury before significant monocyte
infiltration into the ganglion(Qiu et al., 2002; Zou et al., 2009; Kwon et al., 2013).Axonal
injury causes dramatic changes in neuronal transcription and translation both at the cell body
site and also locally near the site of injury, inducing the expression of RAGs in response to
cytokine and neurotrophin production after injury (Caroni, 1998; Snider et al., 2002;
Zigmond, 2012b).Whether macrophages play a role in stimulating RAG expression remains
unknown. A small amount of increased neurite outgrowth was seen from neurons cultured
one day after a CL, before macrophage accumulation is seen, and, based on this, Kwon et al,
proposedthat macrophages may not be necessary to stimulate neurite outgrowth, but rather
that they may be necessary for “the full manifestation of conditioning effects”(Kwon et al.,
2013). Perhaps the axonal and cell body changes in protein expression that occur
immediately following nerve injury are necessary to initiate a regenerative program in
neurons, whereas macrophages are pivotal at later stages of regeneration and function to
sustain neurite outgrowth. Possible cytokines that macrophages and other non-neuronal cells
release in response to nerve injury which might be involved in maintaining this regenerative
response will be discussed in the next section.

Which cytokines might be involved in the macrophage-dependent conditioning lesion

response?

In the beginning of this review article, the roles of cytokines expressed in the distal sciatic
nerve after a lesion on WD were discussed; however, these cytokines might also act locally
to promote regeneration (e.g., Selvaraj et al., 2012)or at the level of the axotomized cell
body following retrograde transport (e.g., LIF; Curtis et al., 1994; O’Brien and Nathanson,
2007) or following their release from neurons or from ganglionic non-neuronal cells (Sun et
al., 1994; Murphy et al., 1995; Hyatt Sachs et al., 2010). Therefore, it would be interesting
to determine the presence of these cytokines in ganglia after axotomy. The list in Table 1 is
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admittedly an incomplete summary of possible cytokines that might act in axotomized
ganglia.

We will focus below on oncomodulin and cytokines of the gp130/IL-6 family as they have
been studied most extensively as signaling molecules that alter gene transcription and axonal
regeneration after axotomy. While the primary question in the context of this review is the
identity of those cytokines released by macrophages that stimulate regeneration, the only
molecule thus far that has been shown to have thisproperty is oncomodulin (Yin et al., 2003;
Yin et al., 2006; Kwon et al., 2013)

Oncomodulin—In their study on the effects of minocycline on the CL effect, Kwon et al.
(2013) reported an increase in oncomodulin mMRNA in the DRG 7 d after sciatic nerve
transection. Oncomodulin’s ability to stimulate nerve regeneration was first seen in the CNS
and was proposed to be the mechanism by which inflammation in the eye might stimulate
regeneration of lesioned retinal ganglion cells (RGCs) after lens damage or intravitreal
injection of zymosan, a yeast cell wall preparation. In a search for a molecule secreted by
infiltrating macrophages that might stimulate neurite outgrowth in cultured RGCs, this 11.7
kDa Ca2*-binding protein, was identified. Injection of oncomodulin into the vitreous
together with a cAMP analogue or addition of the molecule to cultures together with
forskolin and mannose resulted in a stimulation of neurite outgrowth by RGCs (Yin et al.,
2003; Yin et al., 2006). More importantly, the effect on RGC axonal outgrowth after
inflammation in vivo could be reduced with either an oncomodulin neutralizing antibody or
a peptide that blocks oncomodulin interaction with its binding sites on the RGCs (Yin et al.,
2009). While the blocking effects were substantial, they were not complete, leaving open the
possibility of there being an additional mechanism(s) for inflammation induced axon
outgrowth. Finally, the group also found higher molecular weight proteins (= 30 kDa)
secreted by activated macrophages that inhibited RGCneurite outgrowth that might
complicate studies with macrophage conditioned medium (Yin et al., 2006).

Other researchers looking at the same system found evidence for the involvement of CNTF
and LIF, which are both upregulated in retinal astrocytes after an inflammatory stimulus
(Leibinger et al., 2009b). The most impressive of their findings was the observation that
CNTF knockout animals showed somewhat less than half as many RGC axons regenerating
after lens injury and that stimulation of axon outgrowth was abolished in CNTF and LIF
double knockout animals (Leibinger et al., 2009a).

These results on oncomodulin and CNTF and LIF using loss of function approaches are both
impressive. At the moment, there has been no attempt to synthesize the two sets of findings.
One possibility could be that there are two signaling pathways that impinge on the growth
response after lens injury and that each of these three signaling molecules are required for
the full effect.

Oncomodulin also stimulates neurite outgrowth in PNS neurons in the DRG, whether
injected intraganglionically or added to neuronal cultures, and the effects found in vitro were
potentiated by forskolin (Yin et al., 2006). A more recent study found that oncomodulin
alone given either in vitro or intraganglionically produced no significant increase in DRG
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neurite outgrowth (Harel et al., 2012). On the other hand, administration of oncomodulin
together with dibutyryl cAMP increased outgrowth, but the effect was modest when
compared to that of intraganglionic administration of zymosan (Steinmetz et al., 2005; Harel
et al., 2010), again suggesting additional macrophage mediators.

In addition to oncomodulin, Kwon et al. (2013) found increased expression of a number of
cytokines in the axotomized DRG, including LIF, IL-6, IL-1B, and TNF-a. Intrathecal
administration of minocycline completely blocked the expression of oncomodulin, LIF, and
IL-6, though the mechanism underlying this suppression is unclear particularly given the
varied cellular localizationswhere these cytokines can be synthesized. Oncomodulin is
present in macrophages and neutrophils (Yin et al., 2006; Kurimoto et al., 2013) though at
the time point examined, 7 d after sciatic nerve transection, there are very few neutrophils
present in the DRG (Lindborg and Zigmond, unpublished observation). LIF, on the other
hand, is present in satellite/Schwann cells in axotomized ganglia (Banner and Patterson,
1994; Sun et al., 1994; Matsuoka et al., 1997; Nagamoto-Combs et al., 1999) and in the
sciatic nerve (Curtis et al., 1994; Sendtner et al., 1997). IL-6 is localized within the
axotomized DRG to the neurons themselves (Murphy et al., 1995; Murphy et al., 1999) and
to satellite glial cells (Dubovy et al., 2010). In the sciatic nerve distal to a lesion, IL-6 is
present in Schwann cells (Bolin et al., 1995; Kurek et al., 1996)and in macrophages and
fibroblasts (Reichert et al., 1996). Currently, there is no obvious explanation of how
minocycline could completely inhibit the increased expression of LIF and IL-6.

When conditioned medium was obtained from co-cultures of DRG neurons and peritoneal
macrophages treated with a cAMP analogue, the medium stimulated neurite outgrowth in
neuronal cultures, and this effect was blocked by a neutralizing antibody to oncomodulin but
not by “neutralizing” antibodies to either LIF or IL-6 (Kwon et al., 2013). Given the
extensive literature on the effects of LIF and IL-6 on neurite outgrowth (see below), it is
difficult to know whether these results might reflect the absence of these cytokines from the
conditioned medium or the inability of the antibodies used to effectively neutralize them.

The mechanism of oncomodulin action is not known either in the retina or in the DRG. It is
interesting to note, however, that the increase in the expression of the paradigmatic RAG,
GAP-43, in the DRG following sciatic nerve transection is totally abolished by intrathecal
administration of minocycline (Kwon et al., 2013).

gp130 cytokines—The gp130 cytokines are members of a family of proteins that do not
share amino acid sequence homology but do share a three dimensional structure and act via
the signaling receptor gp130 (Bazan, 1991; Ip et al., 1992; Bravo and Heath, 2000;
Zigmond, 2012b). The first demonstration of an injury response of neurons to an
endogenous gp130 cytokine came from studies on RAG expression in axotomized
sympathetic neurons in theSCG using knockout mice or neutralizing antibodies (Rao et al.,
1993; Sun et al., 1994; Sun and Zigmond, 1996a). These neurons express certain
neuropeptides after injury that they do not normally express, changes that occur both at the
mMRNA and protein levels (Zigmond, 2012b). Very similar changes occur also in sensory and
motor neurons. For example, galanin, VIP, and PACAP are upregulated after axotomy in all
three classes of neurons (Zigmond et al., 1996; Zigmond, 2012b). These genes and proteins
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can be considered RAGs or GAPs, respectively (Zigmond, 2001). Experiments with LIF
knockout animals demonstrated a reduction in galanin and VIP expression in SCG neurons
after transection of the postganglionic internal and external carotid nerves (Rao et al.,
1993)and a reduction of galanin in DRGs after sciatic nerve transection (Corness et al.,
1996; Sun and Zigmond, 1996b). Interestingly, experiments with a galanin knockout mouse
demonstrated a reduction in the CL effect in sensory neurons (Sachs et al., 2007).

In addition to LIF, IL-6 and IL-11 are also induced in axotomized sympathetic ganglia
(Habecker et al., 2009). In the studies described above with the LIF knockout mouse,
neuropeptide expression was significantly, but only partially, blocked. Therefore,
experiments were performed in conditional knockouts in which the receptor gp130 was
deleted in noradrenergic neurons with the aim of blocking the effects of all members of the
gp130 family. In these animals, no significant induction of galanin, VIP, or PACAP mRNAs
occurred in the axotomized SCG, indicating the involvement of more than one gp130
cytokine in this effect(Habecker et al., 2009). Interestingly, the axotomy-induced increase in
mRNA for a fourth neuropeptide, cholecystokinin, was unaffected by the absence of gp130
signaling, suggesting a distinct mechanism was involved for that change in gene expression.

Thompson and colleagues, using LIF and IL-6 single knockout mice, showed an
involvement of each of these cytokines in the increased neurite outgrowth by sensory
neurons following a peripheral CL,both in dissociated cultures and within the spinal cord in
vivo(Cafferty et al., 2001; Cafferty et al., 2004). The effect seen in each of these single
knockouts was approximately 50% of the outgrowth in cultures seen in WT animals. A
second group obtained different results, namely, that whereas IL-6 was sufficient to
stimulate neurite outgrowth in vitro, knocking out IL-6 did not interfere with the CL
response in the dorsal columns(Cao et al., 2006). The reason for the differences in these
studies remains unclear. In addition, it has been reported that the increased outgrowth from
DRG explants after a CL was similar in WT and LIF knockout animals; however, in the
latter study data from ganglia that did not receive a CL was not presented making it difficult
to evaluate the results (Ekstrom et al., 2000). Nevertheless, a similar lack of dependence of
the CL response on LIF was shown in both explants and dissociated cultures of the SCG.
(Shoemaker et al., 2005). One possibility to account for this variability is that multiple
gp130 cytokines can play a role in the CL effect and that the actual cytokines involved may
vary with the exact procedures used in a particular study. Consistent with this interpretation
are findings with gp130 conditional knockouts. In SCG neurons from these animals, the CL
was totally abolished (Fig. 6; Hyatt Sachs et al., 2010).

Many of the effects of these cytokines are produced by the phosphorylation and activation of
the enzyme JAK and the subsequent phosphorylation by JAK of STAT3 (for review see
Taga, 1997). STAT3 phosphorylation by JAK can be blocked by the drug AG490. Liu and
Snider (2001) reported that the increased neurite outgrowth of DRG neurons seen in culture
after a CL was blocked by in vitro administration of AG490. Subsequently, it was shown
that when this drug was given in vivo at the time of sciatic nerve transection, it blocked the
growth of DRG fibers both in culture and in vivo into the dorsal columns following a sciatic
nerve lesion(Qiu et al., 2005). While the JAK inhibitor only blocked neurite outgrowth in
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culture by about 50%, it only blocked STAT3 phosphorylation in the DRG to the same
extent.

The exact mechanism by which gp130 cytokines and STATS3 affect regeneration is still not
known. As already discussed, STATS3 is a transcription factor, and therefore it is natural that
people have looked for changes in candidate gene expression. The injury-induced increase in
expression in the DRG of GAP-43 protein was totally blocked in IL-6 knockout mice and
blocked by about 50% in mice treated with AG490 (Cafferty et al., 2004; Qiu et al., 2005).
In addition, however, two recent articles have indicated that STAT3 can produce effects on
neurite outgrowth by acting directly on axons (Pellegrino and Habecker, 2013; Selvaraj and
Sendtner, 2013).

EVIDENCE THAT MICROGLIA MIGHT PROMOTE REGENERATION AFTER
AXOTOMY IN THE BRAIN AND SPINAL CORD

Nissl, who first described chromatolysis, also observed marked glial proliferation in the
nucleus of origin following axotomy of cranial motor neurons (Nissl, 1984). Subsequently
these cells were shown to be microglia, the CNS’s resident macrophages (Cammermeyer,
1965; Graeber et al., 1988b; Streit et al., 1988). In the facial motor nucleus, for example,
microglial proliferation is seen after transection of the facial nerve in the periphery
(Blinzinger and Kreutzberg, 1968; Graeber et al., 1988b). In addition to increased microglia
numbers, changes occur in their expression of certain surface antigens [e.g., the complement
receptor 3 (Graeber et al., 1988a)] and cytokines. Similar proliferation of microglia is seen
around axotomized motor neurons after transection of the hypoglossal nerve (Reisert et al.,
1984; Barron et al., 1990; Svensson and Aldskogius, 1993), the phrenic nerve (Gould and
Goshgarian, 1997), and the sciatic nerve (Gehrmann et al., 1991; Zhang and De Koninck,
2006).

After a facial nerve lesion, CCL2 is expressed by the axotomized motoneurons, as it is in
axotomized sympathetic and sensory neurons, and a small number of macrophages infiltrate
into the facial motor nucleus (Flugel et al., 2001a; Flugel et al., 2001b). After sciatic nerve
transection, CCL2 is expressed by lumbar motor neurons in the spinal cord, and it has been
suggested that the chemokine is involved in microglial activation (Zhang and De Koninck,
2006).

All of the examples cited concern microgliosis around neurons that project out of the CNS
and are capable of regeneration after a lesion. What happens to microglia in the vicinity of
CNS neurons that do not project into the periphery and do not normally regenerate? No
change in the number or activation of microglia surrounding projection neurons in the cortex
was found after pyramidotomy (Leong et al., 1995). In the red nucleus variable results were
observed in microglia after rubrospinal tract injury; however, even in the study in which
microglial activation was reported, it was minimal compared to that seen for microglia
surrounding cranial and spinal motor neurons (Barron et al., 1990; Shokoubhi et al., 2010).

Shokouhi and colleagues asked the provocative question as to what would happen if these
CNS axons were induced to regenerate (Shokouhi et al., 2010). For this purpose they placed
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a peripheral nerve graft near the transected axons of the rubrospinal tract. Axons grew into
the graft, and microglial activation was seen surrounding the axotomized neurons in the red
nucleus. Of course, it is not clear from this experiment whether microglia activation
facilitates axonal regeneration or whether their activation is the consequence of axonal
regeneration; however, the former hypothesis resembles the recent findings concerning
macrophages and nerve regeneration of both sensory and sympathetic(Niemi et al., 2013).

Interestingly, interference with microglial proliferation in the hypoglossal nucleus after
axotomy using the mitotic inhibitor cytosine arabinoside did not interfere with subsequent
nerve regeneration (Svensson and Aldskogius, 1993). Nevertheless, this finding does not
rule out the possibility that thestate of activation of the microglia rather than their increased
numbers facilitates regeneration.

At least one study; however, suggests that microglia can have a negative effect on
regeneration in the CNS. After optic nerve transection, a peripheral nerve bridge was placed
in the eye and half of the animals were treated with a tripeptide macrophage inhibitory
factor, which decreased the number of microglia in the retina. The treated retinas projected
about twice as many retinal ganglion cells into the nerve graft as did control retinas (Thanos
et al., 1993). Again this finding raises questions as to what the activation state of the
microglia was in this study and whether their activation was similar to that in the motor
neuron studies. Nevertheless, together these studies raise the possibility that activation of
microglia, perhaps pharmacologically, might promote regeneration in the CNS.

SOME QUESTIONS FOR THE FUTURE

Current research on nerve regeneration can be divided roughly into two camps depending on
the part of the nervous system being studied. Those who focus on the PNS seek- to
understand the molecular and cellular mechanisms that underlie the degree of regeneration
that does occur and how this regeneration might be enhanced. Those who focus on the CNS
try to understand what prevents regeneration by most CNS neurons. While these two groups
often work in isolation, much benefit could accrue from more interaction. For example,
studies on the effects of gp130 cytokines on RAG expression and on regenerationbegan in
the PNS (for review see Zigmond, 2012b). Subsequently, these studies were followed by the
observation that depletion of suppressor of cytokine signaling 3 (SOCS3), which inhibits
JAK/STAT signaling, significantly promotes regeneration of crushed retinal ganglion cell
axons (Smith et al., 2009). Furthermore, addition of exogenous IL-6 into the injured spinal
cord led to increased behavioral recovery after injury to the corticospinal tract(Yang et al.,
2012; Zigmond, 2012a). In the case of the promotion of regeneration resulting from
knocking out phosphatase and tensin homolog (PTEN), the flow of discovery went in the
opposite direction. A conditional knockout ofPTEN in retinal ganglion cells was shown to
promote regeneration of their axons (Park et al., 2008), and this led to the discovery that
knocking out this protein in sensory neurons promotes their regeneration also, though
possibly through a different signaling pathway (Christie et al., 2010).

With regard to the PNS, a number of groups have pointed out the limitations in regeneration
that occur after injury, particularly in humans where the distances axons have to cross can be
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quite large(Fu and Gordon, 1997; Hoke, 2006). Fenrich and Gordon (2004), for example,
pointed to the slowness of axons in crossing the lesion site, the progressive loss of
regenerative capacity following chronic axotomy, and the progressive loss of support
provided by Schwann cells after chronic denervation. Possible ways to overcome these
obstacles in the future have been proposed, for example, by electrical stimulation of or
pharmacological interventionswithin the axotomized neurons(Gordon et al., 2009) or genetic
manipulations that speed up axonal elongation (Ma et al., 2011). Time will tell how effective
these manipulations will be.

Of course elongated axon growth is only one aspect of effective regeneration. It is also
important to establish effective synaptic connections with appropriate target cells. Recently,
it was shown that even in a system that had previously been thought to show accurate
regeneration, i.e., regenerating preganglionic axons of the sympathetic nervous system, only
minimal recovery of normal function is reestablished (Lingappa and Zigmond, 2013).

During the course of this review a number of unresolved issues have been raised. For
example, with regard to the stimulation of axonal regeneration of retinal ganglion cells due
to local inflammation,how can the findings concerning oncomodulin and those concerning
gp130 cytokines be reconciled?Also with regard to the effects of hematogenous
macrophages on peripheral nerve outgrowth, how much can be explained by oncomodulin,
and in both systems, how does oncomodulin produce its effects? In a number of instances,
manipulations that decrease monocyte infiltration into the PNS also inhibit regeneration and
this has been attributed to their impact on WD; however, given that these manipulations very
likely also inhibited infiltration into peripheral ganglia, it needs to be established how much
of theeffect on regeneration is due to changes at the level of the axon and how much to
changes at the level of the neuronal cell body. Finally, for many years it has been widely
believed that WD is primarily dependent on infiltrating monocytes. What is the explanation
then for the fact that myelin clearance appears to be normal in CCR2 -/- mice in which
monocyte infiltration into the nerve does not occur?

In the 86 years since the publication in 1928 of Ramon y Canal’s treatise “Degeneration and
Regeneration of the Nervous System” much has been learned about the interactions between
neurons and various non-neuronal cells in the context of axonal degeneration and
regeneration, but much remains to be understood. Hopefully, further studies will lead to
therapies that will allow better regeneration in the PNS and the possibility of regeneration in
the CNS.
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Figure 1.

A novel perspective on the response of macrophages to peripheral axotomy and their
involvement in the regenerative response. Monocyte entry into a nerve, distal to the site of
injury, is mediated through upregulation and release of the major monocyte chemokine,
CCL2, by Schwann cells. Once the monocytes enter, beginning around 48 h post-injury,
they phagocytose axonal and myelin debris resulting from the ongoing degenerative process.
Removal of the debris, which is inhibitory to regenerating axons, is a known prerequisite for
successful regeneration in vivo. Macrophages also enter into peripheral ganglia following
nerve injury. Recent work has now suggested that macrophage presence around axotomized
cell bodies helps mediate the conditioning lesion response. CCL2 is hypothesized to be the
primary chemokine responsible for monocyte entry into the dorsal root ganglion. Under
conditions in which macrophages do not enter the dorsal root ganglia, there is no enhanced
growth after a conditioning lesion. Thus, there are two sites of action for macrophages in
response to a peripheral nerve injury, in the distal nerve and around injured neuronal cell
bodies.
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Figure 2.
Efficiency of myelin clearance in the distal sciatic nerve of CCR2 —/- mice is comparable to

that in WT mice despite the total absence of axotomy-induced macrophage infiltration into
the distal nerve in the knockout animals (see Niemi et al., 2013). Seven days after the sciatic
nerve was unilaterally transected, changes in reactivity for myelin proteins were determined
in nerves from WT, WIdS, and CCR2 -/- mice by staining with LFB. The distal nerve
segments from WT and CCR2 —/— mice showed significantly less myelin staining compared
with contralateral nerves, whereas axotomized nerves from WIds mice retained >80% of
myelin reactivity compared with contralateral nerves (a). The micrographs represent sections
from the ipsilateral (e-g) and contralateral (b-d) nerves from WT, WIdS, and CCR2 —/- mice,
respectively. Infiltrating macrophages have been considered necessary for the phagocytosis
and clearance of myelin debris after injury; however the reduction in this cell population at
the distal sciatic nerve does not hinder the clearance mechanism. *p<0.05, **p<0.001. Scale
bar, 20 um. (Niemi et al., 2013)
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Figure 3.
The cells and molecules involved in WD in peripheral nerve. Within minutes of axonal

injury, Ca2+ enters the proximal and distal nerve and initiates axonal breakdown. The
resulting DAMPs stimulate the dedifferentiation of Schwann cells through the upregulation
of JUN and erbB2. Through TLR signaling, dedifferentiated Schwann cells upregulate
proinflammatory molecules (blue inset). Increased TNF-a and IL-1f activity leads to
upregulation of both MMP-9 and CCL2. Schwann cells also respond to IL-6 from
fibroblasts, which through gp130 signaling, triggers an autocrine cascade of LIF and CCL2
upregulation. Fibroblasts respond within hours by upregulating IL-6 and GM-CSF, the latter
of which leads to gal-3 expression by macrophages and Schwann cells (green inset).
Neutrophils infiltrate the injury site briefly within the first day after injury. Endogenous
antibodies respond to nerve injury by activating complement. Three days post injury,
macrophages have begun to infiltrate the nerve. Activated macrophages seem to play a dual
role in WD evident by the factors they secrete (purple inset). Initially, they contribute to the
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inflammatory state by their production of TNF-a and IL-18. CR3 on macrophages binds
complement on degenerating myelin inducing phagocytosis. There is controversy over the
subtype of macrophage involved; M1 markers have been shown at 1 and 3 d after injury, yet
M2 markers have been found as early as 3 d and remain elevated for at least 14 d. It is
thought that M2 macrophages are involved in regulating the inflammatory response in WD
by upregulating the anti-inflammatory cytokine IL-10 leading to downregulation of pro-
inflammatory cytokines once myelin degradation is complete.
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Figure 4.

Mgcrophage accumulation around axotomized DRG neurons is significantly reduced in
CCR2 —/- mice leading to no effect of a CL. The sciatic nerve was unilaterally transected in
WT and CCR2 -/- mice. Seven days post-injury, the ipsilateral and contralateral L5 DRGs
were removed for analysis of macrophage accumulation using an antibody to CD11b (a-€) or
placed in explant cultures for measuring neurite outgrowth in response to a CL (f-i). In
response to nerve injury, A 4-fold increase in staining is evident in the axotomized WT L5
DRG (a,c). Axotomized DRGs from CCR2 —/— mice show significantly diminished
macrophage accumulation compared to WT (a). Representative micrographs show very little
CD11b+ staining in contralateral WT (b) or CCR2 —/- (d) ganglia, or in ipsilateral CCR2 -/
- ganglia (e). DRGs from CCR2 —/- mice also show a complete lack of the CL response at
24 and 48 h in explant culture (f,g). Representative micrographs of neurite outgrowth at 48 h
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in vitro for WT (h) and CCR2 —/- (i). *p<0.05, **p<0.001. Scale bar, 20 um (IHC); 100 pm
(explant). (Modified from Niemi et al., 2013)
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Figure 5.
The cell body response and the CL response. (a) The cell body response describes the

morphological and molecular changes that occur in neurons after axotomy. Two types of
signals reach the cell body from the site of injury. First, there is a very rapid Ca2* wave, and,
later, there are signals that have been retrogradely transported along microtubules via dynein
and adaptor proteins. These different signals lead to changes in RAG expression in the
axotomized cell body. In addition (though not shown), the accumulation of macrophages
and the activation of satellite glial cells near the cell bodies leads to the release of extrinsic
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signals that also alter neuronal gene expression, for example, the secretion of gp130
cytokines by satellite glial cells in the SCG triggers an increase in galanin expression (Sun et
al., 1994; Habecker et al., 2009; Zigmond, 2012b). Finally, in addition to the cell body
response there is an alteration of protein translation in the axons themselves. (b) When a CL
is made prior and also distal to a test lesion and neurite outgrowth is measured from the test
lesion either in vivo or in vitro, growth is accelerated compared to when only a test lesion is
made. As discussed in the text, macrophage accumulation in the region of axotomized cell
bodies is required for a normal CL response.
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Figure 6.
The role of gp130 cytokines in the CL response in the mouse SCG. To remove the influence

of all of the gp130 cytokines, a conditional knock out (CKO) of the receptor gp130 was
produced in sympathetic neurons using a dopamine beta hydroxylase (DBH) Cre. Seven
days following unilateral SCG axotomy in WT(C57) and gp130DBHcre CKO mice,
ipsilateral (Ax) and contralateral sham-operated (Sh) SCGs were removed and maintained in
explant culture. Neurite outgrowth from SCGs was imaged at 24 and 48 h, and the 20
longest neurites from each ganglion were measured. WT (C57) mice showed a significant
CL response at both 24 (a) and 48 h (b) in culture. gp130 CKO mice showed no CL effect at
either time point. *p<0.05. (Modified from Hyatt-Sachs et al., 2010)
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Table 1
Cytokine Cells that can produce | Reference
the cytokine
CCL2 Axotomized PNS neu- (Flugel et al., 2001b; Schreiber et al., 2001; Tanaka et al., 2004(Toews et al., 1998))
rons, Schwann cells
IL-1a Macrophages, (Shamash et al., 2002)
Schwann cells
IL-1B Macrophages, (Murch, 1998; Shamash et al., 2002)
Schwann cells
IL-6 Axotomized PNS neu (Murphy et al., 1995; Reichert et al., 1996; Murch, 1998; Dubovy et al., 2010)
rons, satellite/Schwann
cells, macrophages,
fibroblasts,
I1L-10 Macrophages (Be’eri et al., 1998)
Fractalkine DRG neurons (Verge et al., 2004; Souza et al., 2013)
GM-CSF Fibroblasts, (Be’eri et al., 1998)
Macrophages
LIF Macrophages, satel (Anegon et al., 1990; Banner and Patterson, 1994; Sun et al., 1994)
lite/Schwann cells
Oncomodulin | Macrophages, neutro (Yin et al., 2006; Kurimoto et al., 2013; Kwon et al., 2013)
phils
TNF-a Macrophages, (Murch, 1998; Shamash et al., 2002)

Schwann cells
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