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ABSTRACT

Although it is known for long time that the peripheral nervous system has the capacity for self-
regeneration, the molecular mechanisms by which Schwann cells and extracellular matrix (ECM) guide
the injured axons to regrow along their original path, remains a poorly understood process. Due to
the importance of ECM molecules during development, constitutive mutant organisms display
increased lethality, therefore, conditional or inducible strategies have been used to increase the
survival of the organisms and allow the study of the role of ECM proteins. In a recent report published
in Neuron, Isaacman-Beck and colleagues (2015) used these pioneering genetic studies on zebrafish
combined with in vivo fluorescent imaging, to investigate the micro-environmental conditions required
for targeted regeneration of the dorsal motor nerve of zebrafish larvae after laser-transection. A
candidate gene approach targeting Ih3 basal laminar collagen substrates revealed that the |h3
substrate col4a5 regulates dorsal nerve regeneration by destabilizing misdirected axons. Col4a5 was
upregulated in a small population of /h3 expressing Schwann cells located ventrally and ventro-
laterally to the injury site and found to co-localize with the molecule slit guidance ligand 1 (slit1a).
Capitalizing on the crucial observations of mistargeted regeneration of dorsal nerves in mutant larvae,
they put forward a model in which Schwann cells shape an environment that allows and directs
axonal regeneration to their original synaptic target. In the light of Isaacman-Beck and colleagues
(2015) findings, we will review how their study contributes to the research field, and comment on its
potential implications for promoting nerve regeneration after injury.
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Nerve regeneration in the peripheral nervous
system

In the peripheral nervous system (PNS), axonal injury
results in the loss of neural functions. Cellular and molecular
mechanisms in the periphery contribute to target-specific
neuronal regeneration aiming to restore function through
proper axonal orientation and targeted innervation.” After
injury, the axon’s distal segment undergoes Wallerian
degeneration, the inflammatory response of the nervous sys-
tem to axonal fracture, a process described initially by
Augustus Volney Waller in 1850 on frog cranial nerves.
This results in fragmentation and disintegration of the distal
axonal segment, while the proximal segment is able to
regenerate along the original path to the initial target. At the
molecular level, both processes are regulated by the expres-
sion of apoptotic- or regeneration-associated genes.”> How-
ever, it is still under debate whether regenerating axons rely
on environmental cues to guide them toward their original
target”” and which cues are responsible for this process.

There is a large body of evidence pointing to the
regenerative capacity of vertebrate PNS depending on
glial cell response. For instance, previous studies demon-
strated that after injury, Schwann cells acquire a regener-
ative phenotype. They proliferate, differentiate, start
remyelination and secrete molecular guidance factors,’
generating an extrinsic environment that promotes axo-
nal growth.>® These secreted guidance factors can act as
repellents or attractants for regenerating axons by modu-
lating adhesive and protective properties of the extracel-
lular matrix (ECM). The ECM is composed by a mesh of
fibrous proteins such as the collagen and glycosamino-
glycans (e.g. heparan sulfate); all components are pro-
duced intracellularly by neighboring cells and secreted
by exocytosis. The pioneering study by Ide and col-
leagues'® demonstrated that isolated axons from sciatic
nerve preparations may regrow on a cell-free substrate,
where Schwann cells were completely abolished by repet-
itive freezing and thawing. These ex vivo experiments
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pointed to the contribution of an ECM scaffold promot-
ing axon regrowth. Indeed, ECM proteins, like collagens,
provide important guiding cues for growing axons.'”
After peripheral nerve injury, there is a long-lasting gene
expression of collagen at the site of injury, and some col-
lagen types are thought to provide mechanical support
for the axonal regeneration, while the presence of others
is associated with the axonal re-innervation.'> Before col-
lagen is secreted, it undergoes post-translational modifi-
cations depending on its dedicated function. Propyl- and
lysyl- hydroxylases (lh) are known to be critical for these
early modifications of the precursor molecule of collagen
(i.e. pro-collagen). In particular, lysyl hydroxylase 3 (Ih3)
is involved in the proper secretion, assembly and distri-
bution of certain collagen types.”> Among them, collagen
405 (col4a5)," coll8x1?” and coll9a1'* seem to be of
specific importance after nerve injuries, since they are
glycosylated by [h3 before secretion into the ECM and
upregulated at the injury site. Therefore, [h3 contribution
in axonal regeneration is evident.

In humans, /h3 is highly expressed in heart and pan-
creas, while only weak expression has been reported for the
brain.** In mice [h3 is widely expressed during embryogen-
esis, but its expression during adulthood displays cell- and
tissue-specificity. In particular, it is mainly expressed in the
heart, lung, liver and testis. In the brain, on the other hand,
only a small amount was detectable and was located intra-
cellularly in the pyramidal cells, while its specific role
remains unknown.”>*® Regarding zebrafish, apart from /13
being expressed in the peripheral glia, corresponding tem-
porally with motor axon outgrowth,”” we are not aware of
arole in the central nervous system (CNS).

The zebrafish (Danio rerio) larva has been proposed
as an appropriate model system for studying vertebrate
peripheral nerve regeneration and investigating the role
of ECM components involved in this process. The main
advantage over other basic model organisms such as the
roundworm (Caenorhabditis elegans) or the fruit fly
(Drosophila melanogaster) is that the zebrafish, being a
vertebrate, shares a high percentage of genetic and func-
tional homology with mammals. Compared to other ver-
tebrate model organisms such as rodents, genetic
modifications are much easier (not to mention cheaper
and faster) to be introduced into the zebrafish genome, it
is possible to control the critical developmental steps,
and the external development of transparent embryos
allows the real-time visualization. Furthermore, the ges-
tation period is comparably shorter and the number of
offspring higher compared with other vertebrate models.
In addition to optimization of transgenic technology, the
zebrafish’s transparent skin at the larva stage facilitates
in vivo fluorescent imaging of their relatively simple ste-

reotypic architecture of spinal motor neurons.

Pioneering genetic studies on zebrafish gave rise to trans-
genic fish with targeted mutations in various collagen
types.35 However, constitutive mutants of ECM compo-
nents, which are essential for development, display
severe or even lethal phenotypes. To bypass lethality dur-
ing the critical period of time, conditional or inducible
strategies such as Gal4/UAS system'® or the properties of
heat-shock proteins, as used by Isaacman-Beck et al,t
have been used. In addition, technical advances in optical
devices and genetic constructs with reporter proteins
provided efficient ways for in vivo live-cell imaging to
visualize the interaction of transgenically-labeled macro-
phages with injured peripheral axons.** Together, the
new imaging, genetic and transection techniques provide
the tools for investigating the regenerative process of ver-
tebrate peripheral axons in vivo.

How do regenerating neurons navigate to their
target?

The aim of the team led by Michael Granato'* was to
investigate the environmental conditions required for
targeted regeneration. The authors performed laser-tran-
section of the dorsal nerve in zebrafish, harboring the
heat-inducible transgene Tg(hsp70l:Ih3myc) encoding for
a tagged 1h3, without damaging its ventral counterpart
(Fig. 1A) and followed its regeneration in vivo. They pro-
pose that axonal regeneration and migration to their
original synaptic targets is guided by components of the
ECM through the involvement of Schwann cells.

Choosing the right path: Implication of
peripheral glia and ECM for proper direction of
the regenerating axons

To assess the mechanisms implicated in the regenerative
capacity of the PNS, the authors'* relied on selectively
fluorescent-labeling of dorsal and ventral motor nerve
axons, which allows for in vivo live-cell imaging in trans-
parent zebrafish larvae. Complete laser transection prox-
imal to the diversion site of the dorsal and ventral motor
nerve branch (Fig. 1A) revealed that 48 hours post-injury
the majority of the regenerating axons grow back toward
their initial trajectories. This was confirmed by a modi-
fied Sholl analysis'® which uses a circular analysis
method, creating a series of concentric circles around the
soma of the neuron, their intersection with neurites
informs about directionality during axon outgrowth.
This analysis revealed that in the first 12 hours sprouting
axons and their growth cones acquire a probing behavior
seeking for their correct path (Fig. 1B). While most of
the extending sprouting axons collapsed, only those that
probed dorsally succeeded to stabilize and grow,
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Figure 1. Peripheral glia regulates axonal regeneration. (A) The dorsal motor nerve (green), innervating the dorsal myotome, was laser-
transected near the level of the spinal cord exit point, without affecting the integrity of ventral motor nerve (black), innervating the ven-
tral myotome, in 5-day post fertilization zebrafish larvae. Ohpi: 0 hours post injury. (B) 7-15 hours post injury (hpi) the regenerating dor-
sal motor axons are actively probing the environment in search for their initial trajectories. Schwann cells proximal to the lesion site
upregulate the expression of the glycosyltransferase /h3, a transmembrane protein located on the rough endoplasmatic reticulum (rER),
resulting in increased secretion of collagenda5 (col4a5). The repellent molecule slitla was found to co-localize with the col4a5. Nu:
nucleus. (C) 48 hours post injury the misdirected axons (gray) destabilize possibly due to the collagen4a5 dependent accumulation of
slit1a, while the rest stabilize and grow toward their original trajectories.

suggesting the implication of ECM cues at the injury site
to promote growth and navigate these axons to their
original target. To bypass the critical role of ECM candi-
dates in development, a conditional heat-inducible
mutant was used to restrict [h3 expression to early devel-
opment, allowing testing of how regeneration proceeded

in its absence. In this mutant, the dorsal motor axons
were not able to grow properly to their original path.
Live-cell imaging of collagen mutant larvae, selected
using a candidate gene approach targeting lh3 basal lam-
inar collagen substrates, revealed that the lh3 substrate
col4a5, but not coll8xl or coll9«1, regulates dorsal
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nerve regeneration through destabilization of misdir-
ected axons (Fig. 1C). Col4a5 was upregulated in a small
population of Schwann cells expressing /h3 that were
located ventrally and ventro-laterally to the injury site
and found to co-localize with the molecule slit guidance
ligand 1 (slitla). This co-localization is not surprising as
slitla is known to act on robo-1 receptor as a growth
cone repellent in vertebrates.” To see whether Ih3 expres-
sion could rescue axonal guidance defects in the mutants,
Isaacman-Beck and colleagues used an inducible trans-
gene expressing [h3 under the hsp70I heat-shock pro-
moter, and shifted the water temperature from 28.5°C to
37°C, 6 hours after transection, to induce a robust
ectopic overexpression of [h3. 48 hours later, this
induced overexpression of /h3 had rescued the disori-
ented re-growth of the dorsal axon in /73 mutants. Taken
together, [h3 expression in peripheral glia is crucial for
post-injury peripheral dorsal nerve regeneration,
through modulation of col4o5.

A new mechanism uncovered but leaving
shadows and burning questions

The authors'* used transgenic zebrafish lines for Ih3,
col4a5, colal8al and col19al and in vivo imaging techni-
ques recently developed for application in the zebrafish
transparent larva enabling them to put forward a model
of target-selective regeneration. In this model, after tran-
section, regenerating dorsal axons extensively probe their
environment both ventrally and dorsally. Interestingly,
the re-growing axons find their original dorsal trajecto-
ries by using ECM cues. They propose that ventrally
located Ih3-expressing Schwann cells regulate the levels
of col4a5, which forms a complex with the repellent
molecule slitla, preventing ventral growth by destabiliz-
ing misdirected axons. However, despite their elegant
demonstration of a potential mechanism for post-tran-
section dorsal nerve regeneration in zebrafish, many
questions remain to be elucidated.

For instance, the study emphasizes the need to invest
more the function of col4a5 in comparative research.
Indeed, while this protein facilitates nerve regeneration
in zebrafish, it is linked with retinal, cochlear and renal
function in mice, and col4o5 murine mutants exhibit
glomerulonephritis, terminal renal dysfunction and hear-
ing loss (a reminiscent of the Alport syndrome in
humans).'® Similarly, although collagen IV subtypes a1
and «2 are ubiquitously distributed in all organs, sub-
types a3, a4, a5 and a6 exhibit different spatiotemporal
expression patterns and found mainly in renal basal
membrane in mice.”' Additionally, in a recent report
Chen et al.' implicate col6a1, another ECM protein, in
peripheral nerve regeneration of rodents. They proposed

that after nerve injury, upregulation of colél modulates
nerve regeneration by recruitment of macrophages at the
injury site. Complete col6al knockout mice display defi-
cient macrophage migration with a shift to pro-inflam-
matory, rather than anti-inflammatory phenotype and
delayed peripheral nerve regeneration. In zebrafish,
col6ae]l mutants, exhibit muscle disease attributed to
abnormalities in mitochondrial function.’® Taken
together, these findings question whether axonal
regrowth falls under an evolutionary conserved regula-
tion or is part of species-specific mechanisms.

Furthermore, the reported dorsal nerve specificity of
this regenerative mechanism points to an interactive
modulation by both external cues and an intrinsic neuro-
nal program. Indeed, previous studies reported that
col4a5 is implicated in axonal targeting” which supports
the findings of Isaacman-Beck et al.'* Similarly, regener-
ating axons are known to express receptors for attractant
and repellant molecules as well as for collagens.* Hence,
whether this specificity is due to an innate difference in
the molecules expressed on dorsal- and ventral-directed
neurons or to the nature of the lesion (full or partial)
triggering alternate signaling cascades in both neurons
and peripheral glia directing axonal regeneration,
remains unknown. Structural and molecular attractive
cues secreted from the dorsal compartment might also
contribute to target-specific growth. Indeed, Schwann
cells of the transected and degenerating axon remain
alive, forming a cellular chain (“bands of Bunger”) which
provides structural guidance for the regenerating axon
within and along the endoneurial tube. In addition,
Schwann cells distal from the lesion site proliferate, and
produce and secrete neurotrophic factors as well as adhe-
sion molecules that promote axonal regeneration.6 Thus,
it is likely that these molecules play a role in the orienta-
tion of regenerating axons acting as attractants, increas-
ing system’s complexity and precision.

In addition, we need to shed more light onto the contri-
bution, of an organism’s innate immune system, acting as
a homeostatic regulator, in axonal regeneration. Earlier in
vivo studies of Granato’s group demonstrated macrophage
infiltration into the lesion site.** After PNS trauma the
expected cytokine-mediated inflammatory response at the
injury site results in the recruitment of peripheral macro-
phages. Indicatively, denervated Schwann cells produce
high levels of leukemia inhibitory factor, interleukin
(IL)-1e, IL-18 and monocyte chemoattractant protein-1,
molecules that attract macrophages and augment myelin
phagocytosis.”>*>  Macrophages ~ display remarkable
plasticity and depending on the activating stimulus
they adopt pro- or anti-inflammatory phenotypes.
A pro-inflammatory phenotype is mainly linked to
immune response, whereas an anti-inflammatory



phenotype exhibits immunosuppressive properties and
facilitates tissue repair and remodeling. At the injury site,
macrophages normally secrete immunosuppressive cyto-
kines (i.e., IL-10) and chemokines (i.e., chemokine ligand
17 and ligand 18) that increase phagocytic receptors, upre-
gulate ECM components and growth factors (i.e., neuro-
trophin -3, 4, 5 and brain-derived neurotrophic factor).?>’
Especially for the ECM molecules, macrophages are able
to internalize collagen,20 while IL-4 -one of the first innate
signals after tissue injury- stimulates arginase activity in
macrophages, an enzyme that promotes the conversion of
arginine to ornithine, a precursor of polyamines and colla-
gen, thereby contributing to ECM remodeling'® and possi-
bly assisting to nerve regeneration. Indeed, Goren et al.®
reported that macrophage-depleted mice revealed severely
impaired wound morphology and delayed healing. Hence,
selective transplantation of macrophages deficient to fac-
tors that might contribute to axonal regeneration, at the
nerve injury site of macrophage-depleted mice may shed
more light on the interaction between the innate immune
system and nerve repair.

Furthermore, in the light of Isaacman-Beck et al.’s'*
findings, one cannot avoid considering what insight they
may provide for CNS regeneration research. Even
though CNS nerves are known for their limited ability to
regenerate, it has been shown that implanted Schwann
cells facilitate rat spinal cord regeneration.’® Taken
together this observation and the strategy proposed in
Isaacman-Beck et al.’s'* study, might be a further step to
study and maybe enhance axonal regrowth, guidance
and regeneration in the CNS, by inducing [h3 or similar
molecules expression in oligodendrocytes.

Finally, the potential clinical applications of Isaacman-
Beck et al’s'* research are worth commenting on. Surgical
approaches following peripheral nerve injury have until
recently used autologous nerve grafts to enhance neural
repair, however, the risk is high for transplant rejection or
malignant growth (for a review see: °). A new approach
may now target the development of artificial grafts which
are composed of a physical scaffold comprised by support
cells, growth factors and molecules naturally found in the
ECM.” The study of Isaacman-Beck et al.'* provides fun-
damental and valuable insight into some of the molecular
pathways implicated in vertebrate peripheral nerve injury.

Abbreviations

CNS central nervous system
col4a'5 collagenda’5

col18x1 collagen18a’1

col19x1 collagen19a'1

col6a1 collagen6a1
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ECM extracellular matrix

lh lysyl hydroxylases

PNS peripheral nervous system
Robol/slitla  slit guidance ligand 1
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