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ABSTRACT

Nerve dependence is a phenomenon observed across a stunning array of species and tissues. From
zebrafish to fetal mice to humans, research across various animal models has shown that nerves are
critical for the support of tissue repair and regeneration. Although the study of this phenomenon
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has persisted for centuries, largely through research conducted in salamanders, the cellular and
molecular mechanisms of nerve dependence remain poorly-understood. Here we highlight the
near-ubiquity and clinical relevance of vertebrate nerve dependence while providing a timeline of
its study and an overview of recent advancements toward understanding the mechanisms behind
this process. In presenting a brief history of the research of nerve dependence, we provide both
historical and modern context to our recent work on nerve dependent limb regeneration in the

Mexican axolotl.

Introduction

Tissue regeneration has been a source of scientific
study and fascination for nearly five hundred years,
but the mystery of how and why certain organisms
regenerate lost tissue remains as enigmatic and com-
pelling as ever. One major question which has
emerged throughout the past centuries of research is
that of nerve dependent regeneration. Nearly every
known example of vertebrate tissue regeneration
requires the presence of intact peripheral nerves, a
striking commonality given the vast diversity of regen-
erating organisms and tissues. Although nerve depen-
dence was first discovered in the salamander nearly
two hundred years ago, the molecular mechanisms
underpinning this phenomenon have only recently
begun to come to light.

Nerve dependence across models of vertebrate
tissue regeneration

Vertebrates display a vast range of regenerative abili-
ties, and nerve dependence has been observed in
regenerative species ranging from fish to mammals.
Zebrafish cannot regenerate amputated fins if they
have undergone denervation,' and nerve dependence
has also been observed in the regenerating barbels of

catfish.” African clawed froglets (Xenopus laevis) gen-
erate a nerve dependent hypomorphic spike after
amputation, whereas hindlimb regeneration in larval
frogs becomes progressively more nerve dependent as
the animal develops.™ This progression is likely due
to the abundance of mitogens during early limb
development.”

Anuran amphibians appear to forego their ability to
regenerate complete appendages after metamorphosis,
but urodele amphibians demonstrate nerve dependent
limb regeneration throughout adulthood. A variety of
newt and ambystomatid salamander species, among
which the Mexican axolotl (Ambystoma mexicanum)
is the most widely studied, have been used as models
for regeneration research. Urodele limbs are anatomi-
cally similar to human limbs and are generally capable
of regenerating after amputation regardless of the age
of the animal. This regeneration normally proceeds
via the formation and subsequent growth of a hyper-
innervated proliferative mass called the blastema.
However, denervation of the salamander limb
completely prevents the formation of this blastema
and halts regeneration early in the process. The sala-
mander is thus a robust and reliable model for the
study of nerve dependence, and it will therefore be the
main focus of this review. For further review of known
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examples of nerve dependence in both vertebrates and
invertebrates, see ref. 6

Mammals are not generally known for their regen-
erative prowess, but nerves do appear to play an
important role during both early and adult mamma-
lian tissue regeneration. Fetal mammals are capable of
scarless epidermal wound regeneration, but denerva-
tion disrupts this regenerative program in both mice’
and lambs.® Prenatal nerve dependence is not limited
to mammals, as wound healing in the developing
chick embryo is also dependent on cutaneous innerva-
tion.” Furthermore, denervation of the vagus nerve
inhibits cardiac tissue regeneration in the neonatal
mouse and can be rescued via supplementation with
nerve growth factor and Neuregulin-1."" Although
adult mammals are far more limited in their regenera-
tive abilities, mice are capable of regenerating their
digit tips so long as the amputation plane does not
extend past the nail bed. Few studies have looked at
innervation during this process, and thus the role and
necessity of nerves for the support of mammalian digit
regeneration remains unclear. In 2014, Rinkevich et al.
found that denervation of the amputated digit tip led
to defects in digit patterning, although cell turnover
was unaffected."’ In contrast, a 2016 study by John-
ston et al. indicated that Schwann cells dedifferentiate
after amputation and secrete essential paracrine fac-
tors, including oncostatin M and PDGF-AA, that act
to stimulate mesenchymal cell proliferation.'” Study
of the nerve dependency of ear hole-punch regenera-
tion also remains in its early stages. Denervation leads
to tissue regression and necrosis in mouse strains
which are capable of healing ear wounds."” Ear tissue
regeneration in the African spiny mouse proceeds
from the innervated (proximal) side of the wound,
and the regenerating tissue is densely innervated by
invading peripheral nerves.'*'> While much remains
to be learned about the role of nerves during mamma-
lian tissue regeneration, it is clear that nerve depen-
dence represents an exciting avenue for further
research in both fetal and adult animal models.

Although humans display relatively little capacity
for tissue regeneration, nerves nevertheless play an
important role in human wound healing, and loss of
innervation is a leading cause of chronic wound for-
mation. Paraplegic and quadriplegic patients experi-
ence more complications and develop more chronic
wounds than nonparalegic patients during wound
healing in their denervated regions.'® Moreover,

peripheral neuropathy in diabetic patients can result
in impaired wound healing and the formation of dia-
betic ulcers on the extremities, a condition which has
become one of the leading causes of non-traumatic
lower limb amputations in developed countries.'”'®
This pathology does not appear to be a direct result of
insulin resistance or depletion, but is instead partially
caused by aberrant apoptosis and inflammation in
denervated skin wounds.'” For further review of the
role of nerves during mammalian wound healing, see
ref. 20 Elucidating the underlying mechanisms of
nerve dependency thus has wide-ranging implications
for the study of human health and medicine.

History of nerve dependence research in the
salamander

The study of nerve dependency began nearly two cen-
turies ago, and salamanders have been the subject of
this research from the very beginning. For a brief
timeline of this history of study, see Fig. 1. Salaman-
ders have proven an ideal model for the study of nerve
dependency because their brachial nerves are easy to
surgically access and denervation of the amputated
salamander limb reliably inhibits regeneration. An
anonymous aquatic salamander featured in what is
credited to be the first study demonstrating the
requirement of nerve axons for regeneration. In 1823,
Tweedy John Todd submitted a comprehensive over-
view of salamander regenerative capacity to the Quar-
terly Journal of Science, Literatures and the Arts. In it,
he noted for the first time that:

“if the sciatic nerve be intersected at the time of amputa-
tion, that part of the stump below the section of the
nerve mortifies... If the division of the nerve be made
after the healing of the stump, [regeneration] is either
retarded or entirely prevented. And if the nerve be
divided after [regeneration] has commenced, or consid-
erably advanced, the new growth either remains station-
ary, or it wastes...” (p.91,>").

Despite the novelty of these findings, which accu-
rately depicted the results of denervation at various
stages during regeneration, Todd’s remarkable obser-
vations were left largely untouched for more than sev-
enty years.

As the 19th century came to a close, a number of
researchers independently attempted to repeat Todd’s
experiments, and in doing so led to a renewed interest
in nerve dependent limb regeneration. Because the
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Figure 1. Timeline of landmark nerve dependency studies throughout history, along with a selection of the most recent findings in the

field.

regenerating salamander provided an accessible and
re-usable model for the study of tissue development,
the basis for many of these early studies arose from
the desire to study the role of nerves on tissue growth,
rather than direct interest in the phenomenon of
regeneration. In 1913, the Scottish physician Diarmid
Paton wrote an extensive contemporary overview of
turn-of-the-century nerve dependence studies.”” In
his series of lectures, entitled “The Nervous and
Chemical Regulators of Metabolism,” Paton describes
a research environment characterized by equal parts
enthusiasm and controversy. Although several scien-
tists, led by German researchers Wolff”> and Walter,**
reported that they had reproduced Todd’s experiment,
the wide variety of salamander species available to
study led to a heated debate on the ubiquity of
amphibian nerve dependency. Paton, himself con-
vinced by Wolff and Walter’s work, rather scathingly
writes that one scientist, attempting to reject the nerve
dependence hypothesis, decided to study the newt Tri-
turus viridescens “after rejecting various amphibia
because the results were not satisfactory” (p.13). Nev-
ertheless, it appears that the scientific community was
united enough at this point in time for Paton to confi-
dently declare “with the large series of experimental
investigations upon [nerve dependence], we need not
concern ourselves further than we have already done”

(p.14). His question for salamander researchers going
forward, “to what extent does the nervous system
dominate the metabolism?” (p.14) has resonated
throughout the twentieth century and up to the mod-
ern day.

This increased focus on the presence and neces-
sity of nerves led salamander researchers to concen-
trate on parsing out the contributions of various
types of nerves. While debate over the contributions
of different types of nerves persisted for decades,
the lab of Marcus Singer put many of these argu-
ments to rest throughout the middle part of the
20th century. In a series of seminal works published
during the 1940’s and throughout the following dec-
ades, Singer found that the type of nerve present has
no effect: instead, all nerve fibers contribute roughly
equally to the process and nerves must be present in
sufficient quantity to trigger regeneration ([25-27],
for review of Singer’s work see refs. 28,29). While
the precise cause of this “nerve threshold” remains
unknown, Singer’s ultimate hypothesis- that periph-
eral nerves produce one or more factors which are
essential for blastema formation and growth- laid
the groundwork for future studies of what is now
known as the “neurotrophic” model of nerve sup-
port (Fig. 2A). This neurotrophic hypothesis has
since its inception served as the basis for studies of
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Figure 2. (A) Diagram of the neurotrophic hypothesis, which states that nerve-secreted mitogens are transported from the dorsal root
ganglia through the brachial plexus (BP) to support the proliferating blastema (BL). (B) lllustration of the inhibition hypothesis, in which
denervation at the brachial plexus induces the release of inhibitory factors from Schwann Cells at the wound site. (C) Diagram of the
accessory limb model, in which a peripheral nerve is deviated to a wound site to induce the formation of an accessory blastema (AB).
(D) A control limb at 6 days post amputation (DPA). (E) A denervated limb at 6 DPA demonstrating extreme histolysis and inflammation.
(F) The hyperinnervated regenerating blastema is highly proliferative at 14 DPA, as demonstrated by BrdU incorporation and staining.
(G) Denervation eliminates beta-tubulin lll staining of axons and substantially reduces the proliferative index of limbs at 14 DPA.

nerve dependence in the regenerating salamander
limb.

With one major mystery solved, focus shifted to the
elucidation of other aspects of nerve dependence. A
series of studies conducted by a number of researchers
in the 1940’s and 50’s focused primarily on limb
regression, a phenomenon first observed by Todd
more than a century prior. If the salamander limb is
denervated at the time of amputation, it typically
undergoes extensive histolysis and tissue regression
(Fig. 2D, E). In certain cases, most often in larval ani-
mals, the denervated limb may even fall off
completely.’™*" In 1953, Charles Thornton found a
link between histolysis, denervation, and tissue injury
when he conducted a study in which he crushed the
radius and ulna of otherwise-intact limbs with a pair
of watchmaker’s forceps. When the limb was fully
innervated, this crush injury resulted in complete
regeneration. However, if the limb was denervated at
the time of injury, it underwent histolysis, inflamma-
tion, and tissue degradation so severe that the limb
sometimes fell off at the site of injury. Only after com-
plete regression to the shoulder and consequent rein-
nervation did the limbs finally regrow. Denervation of

an intact limb, meanwhile, did not cause any appreci-
able change in its tissue architecture.’® This study
uncovered a link between denervation, injury, and
inflammation, and few studies have attempted to fol-
low up on it, indicating that this relationship may be
an intriguing avenue for future research.

The discovery of nerve-independent salamander
limb regeneration in the late 1950’s added an intrigu-
ing new dimension to the mystery of nerve depen-
dence. In 1959, C.L. Yntema generated aneurogenic
animals by removing the neural tube from embryos
and found that the limbs of these animals regenerated
despite their lack of innervation.>® This phenomenon
was quickly confirmed in the following years, and in
1953 Steen & Thornton grafted nerveless limbs onto
innervated host animals and examined their regenera-
tive ability over time. Strikingly, the grafted aneuro-
genic limbs retained their ability to regenerate in the
absence of nerves for several days after the surgery.
However, the limbs lost their nerve-independence
upon complete innervation from the host, and thereaf-
ter were incapable of overcoming denervation.>* It has
since been hypothesized that limbs become “addicted”
to one or more regeneration-critical factors which are



produced in the developing limb but later supplied
only by the nerves upon innervation. One candidate
factor is anterior gradient, which is expressed in the
developing aneurogenic limb but decreased after graft-
ing and innervation.>

A series of grafting and in vitro studies in the latter
half of the 20th century implicated proliferating
blastemal cells as a major target of the nerves. In 1977,
Liversage & Globus showed that blastemas cultured in
vitro proliferated only if they remained innervated by
spinal cord implants,”® while Goldhamer et al. found
that implantation of dorsal root ganglia into the
blastemas of denervated limbs rescued cell cycling,
although it did not increase cell cycling in fully-inner-
vated blastemas.”” Further characterization of cell
cycling in the blastema showed that denervation
effectively halts mitosis in blastemal cells,’®*
thus the modern study of nerve dependence has

and

largely focused on elucidating the links between
peripheral nerves and blastemal growth (Fig. 2F, G).
While the blastema is widely-accepted as a proba-
ble target of peripheral nerves, other tissues remain
more controversial. Because the epidermis is exten-
sively invaded by nerves after amputation,’*** a
number of researchers have suggested that the apical
epidermal cap (AEC) formed after amputation is
dependent on innervation. Indeed, studies have
found that the expression of Dix-3 and Sp9, both of
which are expressed in the regenerating wound epi-
dermis, is nerve-dependent.*>**However, during his
groundbreaking early neurotrophic studies, Singer
ablated sensory nerves from the wound epidermis
and showed that limbs can regenerate with motor
nerves alone.?”> Later on, Sidmer and Singer showed
that removing the sensory supply and preventing
innervation of the epidermis still resulted in regener-
ation,” a finding that was supported by a concurrent
Thornton study which demonstrated that epidermal
innervation is not essential for the formation of the
AEC.* Finally, Singer and Inoue found that denerva-
tion does not significantly alter the morphology of
the AEC, and they also managed to generate animals
which exhibited a heavily-innervated wound epider-
mis but could not regenerate.”” While these results
do not preclude the possibility of paracrine signaling
from mesenchymal nerves to the epidermis, they do
call into question whether the direct innervation of
the epidermis is critical for regeneration. For further
review of the neurotrophic hypothesis and the
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possible targets of the nerve, see ref. 94. A 1975 study
also suggested that one target of the nerve may be the
vasculature, as denervation was found to block angio-
genesis in the regenerating newt limb.*® Therefore,
although it is clear that peripheral nerves are critical
for cell cycling in the blastema, the relation of nerves
to tissues beyond the blastema remains unclear.

Molecular mechanisms of nerve dependence

Despite this long history of the study of nerve depen-
dence, many of the mechanisms underlying this process
remain poorly-understood, largely because many mod-
ern techniques have not been optimized for use with sala-
manders. Nevertheless, more recent approaches have
strongly supported the notion that nerves supply one or
more growth factors which are crucial for blastemal pro-

liferation. Implicated factors include substance P,*

insulin,”'** transferrin,”*** nerve growth factor,”*’” and
fibroblast growth factors with BMPs.®" Much of this
work has been conducted on cultured blastemal cells,
and together these findings suggest that there is a constel-
lation of factors working in conjunction to communicate
proliferative signals from the nerve to the regenerating
blastema. For a more detailed overview of these studies
and their findings, see Table 1.

In 2007, Kumar et al. rescued regeneration in dener-
vated newt limbs via electroporation of newt anterior
gradient.®” However, it is not known whether anterior
gradient plays a similar role in the commonly studied
axolotl because there are surprising differences in the
regenerative capabilities of axolotls (members of the
family Ambystomatidae) and newts (of the family Sala-
mandridae), which may have diverged more than
145 million years ago.®> Most notably, newts appear to
be incapable of recovering from denervation and are
permanently unable to regenerate after a single dener-
vation surgery.®* This stands in contrast with the
axolotl, which is capable of re-innervating the limb
and regenerating even after repeated denervations.”
Moreover, adult newts appear to demonstrate a
divergent method of muscle regeneration as compared
to axolotls. Larval newts, like both larval and artificially
metamorphosed axolotls, regenerate muscle via the
recruitment of stem cells.”> However, adult newts
switch to muscle fiber dedifferentiation after reaching
adulthood,”® whereas axolotls are neotenic and do not
undergo metamorphosis unless forced to do so via
treatment with thyroid hormone. To our knowledge,
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Table 1. A brief description of the evidence for various candidate
factors which have been suggested as essential nerve-derived
mitogens during limb regeneration.

Factor Relevant findings

Substance P Increase in substance P-liked immunoreactivity in
peripheral nerves after amputation.*
Immunohistochemically found in the blastema
and reduced after denervation; has a mitogenic
effect on cultured blastema cells which can be
blocked by adding substance P antiserum to
nerve co-cultures.*

A blastema does not form if the limb is amputated
following pancreatectomy.®® Insulin increases
DNA and protein synthesis of blastemal cells in
vitro; long-term exposure to insulin decreases
the amount of time spent in G1.>? For review
see.”!

Immunohistochemically found in both Schwann
cells and axons; expression increases in nerves
during limb regeneration and is decreased
upon denervation; appears to be secreted by
the ends of nerves after axotomy.>* Blocking
transferrin with antiserum blocks the growth-
promoting effects of nerve extracts on cultured
blastemal cells; treatment with transferrin
maintained DNA synthesis in denervated
blastemas in vivo.>®

Injections increased the length of the regenerate
and the speed of digit formation.*® Treatment
with NGF increases the labeling index of dorsal
root ganglia, as does amputation of the limb,
although the effects are not combinatory.>”

Newt anterior gradient Expressed in the blastema and lost upon
denervation; stimulates blastemal cell
proliferation in culture; electroporation into
denervated newt limbs rescues regeneration.®
Stimulation of blastemal cells can be blocked
with a mutation to the anterior gradient active
site or the addition of antibody to the receptor
Prod1.%

Stimulates the proliferation of cultured blastemal
cells in a dose-dependent manner.*®
Upregulated during regeneration and
downregulated after denervation. Injection
into denervated blastemas shows dose-
dependent stimulation of blastemal cell mitotic
index.%° Supplementation with FGFs and Gdf5
induces nerve-independent accessory limb
formation.’ FGF8 and Bmp7 electroporated
into dorsal root ganglia are expressed at the
ends of peripheral nerves; knockdown of Fgf8
and Bmp7 blocks blastema formation”?

Present in the newt nervous system and the
regenerating blastema; lost upon denervation;
increases proliferation in cultured blastemal
cells.2° Expressed in the dorsal root ganglia and
peripheral nerves of newts; injections into
denervated newt blastemas induced
regenerative growth.2’ Found along with its
active receptor ErbB2 in the regenerative
blastema and lost upon denervation;
supplementation rescues regeneration to digits
in denervated limbs; inhibition of ErbB2
signaling blocks regeneration.”®

Expressed in the regenerating mouse digit tip;
supplementation rescues regeneration after
denervation.'?

Insulin

Transferrin

Nerve growth factor

Fibroblast growth
factors and BMPs

Neuregulin-1

Oncostatin M and
PDGF-AA

there have not been any studies of nerve dependence in
artificially metamorphosed axolotls or in closely related
tiger salamanders (Ambystoma tigrinum), raising the

possibility that newts and axolotls demonstrate con-
trasting methods of limb regeneration because of the
divergent evolution of molecular regenerative mecha-
nisms, differences in developmental maturation pro-
grams, or a combination of both factors.

The nerve-secreted mitogen hypothesis has
received further support in the form of a technique
now called the accessory limb model (ALM, Fig. 2C).
First described by Locatelli in 1929 *” and first thor-
oughly characterized with modern techniques by
Endo, Bryant and Gardiner in 2004,°® the ALM ele-
gantly demonstrates the necessity of peripheral nerves
for blastema formation. Inducing a wound in the epi-
dermis and then deviating a peripheral nerve beneath
this wound results in the formation of a proliferating
bump. Satoh et al.’s thorough characterization of the
bump formed by this surgery concluded that it
expresses blastema-specific markers such as prx-1 and
msx-2, thus indicating that it is analogous to the blas-
tema formed after limb amputation.®” In keeping with
prior research, which has shown that denervation of
the limb during the late blastema stage does not
impair limb patterning and instead results in the for-
mation of a miniaturized limb,?*”%”! the presence of a
nerve is sufficient to promote proliferation but does
not contribute to limb patterning or differentiation in
this model. Instead, a fully-patterned limb forms only
if posterior epidermal tissue from the contralateral
limb is grafted onto the anterior wound site. Neverthe-
less, the formation of this “accessory blastema” pro-
vides a compelling model for precisely examining the
targets and molecular mechanisms of innervation dur-
ing the process of blastema formation. A 2013 study
by Makanae et al. showed that Gdf5 and FGFs are
together capable of inducing blastema growth and
limb formation in this model even in the absence of a
deviated nerve.®’ Even more recently, Satoh et al. have
shown that FGF8 and Bmp7 are expressed at the ends
of peripheral nerves, and knockdown of these factors
inhibits blastema formation in regenerating limbs.”*
These findings reinforce the validity of the AL model
as an analog to the amputated limb while demonstrat-
ing the necessity of FGFs and BMPs for nerve depen-
dent limb regeneration.

Although there is strong evidence supporting the
mitogenic hypothesis of axolotl nerve dependence, there
are some indications that denervation results in more
than just the loss of a critical proliferative signal. In 1998,
Irvin and Tassava showed that implantation of



axotomized peripheral nerves into amputated limbs
slowed blastema formation, suggesting that denervated
nerves secrete inhibitory factors which may block prolif-
eration.”” Tassava also showed that implantation of axo-
tomized peripheral nerves into aneurogenic limbs
inhibited regeneration, further indicating the possibility
of inhibitory factors secreted by peripheral nerves after
denervation.”* These findings are not unprecedented, as
studies in various animal models have shown that periph-
eral nerve injury- whether from crush, axotomy, or dis-
ease- induces significant inflammation via Schwann cell
activation (for review see refs. 75-77). While more study
in this area is needed, it is possible that denervation of the
amputated salamander limb inhibits amputation in two
ways: 1) it results in a loss of nerve-derived mitogens that
are essential for blastema formation and 2) it induces
inflammatory signals from injured nerves which then
inhibit the formation of a regeneration-permissive cellu-
lar environment (Fig. 2C).

Neuregulin-1 as a nerve-derived blastemal mitogen

Our recently published work”® builds on this long his-
tory and illuminates some previously unexplored
molecular mechanisms of regeneration by examining
the role of Neuregulin-1 (NRG1), a nerve-derived
mitogen, during axolotl limb regeneration. NRGI,
which is known to have a role in both cardiac and
peripheral nerve development (for review see ref. 79),
was first implicated in newt limb regeneration by
Brockes and Kintner in 1986, and again by Wang
et al. in 2000.*" Via immunohistochemical and in situ
analysis, we found that NRGI and its active receptor
ErbB2 are expressed in the regenerating axolotl blas-
tema. While NRG1 protein was expressed in dorsal
root ganlia and peripheral nerves as well as the mesen-
chyme and wound epithelium in the preblastema stage
of regeneration, it was particularly highly expressed in
the proliferating blastema and in fact colocalized with
a majority of proliferating blastema cells, as assessed
by BrdU incorporation. Denervation of the limb
resulted in a significant decrease in NRG1 and ErbB2-
positive cells, suggesting that NRGI1 signaling is
dependent on the presence of nerves.

In order to determine whether NRG1 is capable of
bypassing the presence of nerves to induce regeneration,
we implanted NRGI1-soaked beads underneath the
wound epithelium of denervated limbs at 6 days post
amputation (DPA). It must be noted that denervation
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and bead implantation occurred on day 6, after the initial
inflammatory processes had concluded. This mirrors the
1987 results from Tomlinson and Tassava, which showed
that denervation followed by dorsal root ganglia implan-
tation rescued regeneration at 10 and 14 DPA, but never
at 1 DPA.** Tt is therefore possible that NRG1 supple-
mentation is insufficient to fully rescue denervation start-
ing from day 0, as it is apparently crucial for blastema
formation and growth but may not be involved in earliest
steps of the regenerative process such as dedifferentiation
and wound healing.

In addition to rescuing limb regeneration, we also
inhibited regeneration in fully innervated limbs via
the specific ErbB2 inhibitor Mubritinib. Treatment
with 500 nMol Mubritinib substantially reduced pro-
liferation at the amputation site and blocked regenera-
tion at both 0 and 16 DPA. Inhibition of EGFR, which
can heterodimerize with ErbB2 and signal through
EGF, reduced epidermal proliferation and produced a
markedly different phenotype from ErbB2 inhibition.
We therefore concluded that NRGI signaling through
ErbB2 is a crucial upstream nerve-derived proliferative
signal during initial blastema formation as well as
blastema proliferation. Further research will be needed
in order to determine NRGI’s role among the vast
array of candidate factors discovered throughout the
past decades of research.

Our findings have broad implications that extend
beyond the field of salamander research. While it has
long been known that nerve dependency is a phenom-
enon which extends across phylogeny, it has recently
become increasingly clear that NRGI itself plays a cru-
cial role in regeneration across species and tissues as
well. Although our study was the first to examine the
role of NRGI in axolotl limb regeneration, recent
studies have implicated it in the regeneration of both

83-85 and the mammalian heart, with

peripheral nerves
the latter topic gaining considerable recent interest.
Bersell et al. found in 2009 that injection of NRG1
induced cardiomyocyte proliferation and injury repair
in adult mice.®® A subsequent study by Gemberling
et al. in 2015 found that overexpression of NRG1 in
zebrafish cardiomyocytes promoted cardiac regenera-
tion and induced substantial cardiac proliferation and
growth in uninjured animals,”” while another recent
study found that administration of NRGI rescued
regeneration in denervated neonatal mouse hearts."
Research into the role of NRGI for heart regeneration

continues, and it is increasingly clear that NRG1
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signaling is crucial for a number of regenerative pro-
cesses in animals ranging from fish to mammals.

NRGI has also been implicated for its neuroprotec-
tive and anti-inflammatory effects in the central and
peripheral nervous systems. NRGI treatment attenu-
ated neuroinflammation after stroke induction in
rats,®® and administration of NRG1 has also been
shown to protect dopaminergic neurons in a mouse
model of Parkinson’s disease.*” Furthermore, NRGI
signaling is altered in patients with Alzheimer’s dis-
ease,” and a recent 2016 study suggested that it is cru-
cial for protecting cortical neurons against oxidative
stress and damage.”’ This neuroprotective role seem-
ingly applies to the PNS as well, as overexpression of
NRGI1 is sufficient to alleviate peripheral nerve demy-
elination in a mouse model of Charcot-Marie-Tooth
disease.”” It remains unknown whether NRG1 plays a
role in attenuating the inflammatory response after
axolotl limb amputation, and in fact the potential
inhibitory effects of limb denervation are still largely
unexplored in salamanders. NRGI1 thus may play a
variety of crucial roles during the process, and it
stands as a promising candidate for the study of neu-
roprotective therapy in mammals.

Our findings are thus both a continuation of a
long history of study and a new avenue for further
research in the axolotl and beyond. As a novel
upstream candidate factor for neurotrophic regener-
ation, NRGI1 represents a substantial step toward
solving the centuries-old mystery of nerve-depen-
dent axolotl regeneration, and it may also represent
a promising target candidate for the future study of
appendage regeneration and neuroprotection in
non-regenerating animals.
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