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Limb regeneration is nerve dependent
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Regeneration is nerve dependent in many 
species

Kumar et al, 2012 



Nerve-secreted nAG promotes newt limb 
regeneration 

From Kumar et al, 2007 
Science



Neuregulin-1/ErbB2
By Emw https://

commons.wikimedia.org/w/
index.php?curid=8820642

• Growth factor important in neuronal and heart 
development  

• Alternative splicing produces many isoforms 
• Receptors include ErbB2 and EGFR

From Vasti and Hertig, 2014 
World Journal of Cardiology
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Fig. 1. NRG1 and ErbB2 are expressed in the PNS and the regenerating blastema. (A-E) ISH showing that nrg1 isoforms and receptors are expressed in the
blastema at 14 DPA. Insets show sense controls. (F) RT-PCR analysis showing upregulation of type I and II nrg1 isoforms in regenerating versus uninjured limbs.
(G-K) NRG1 and ErbB2 are expressed in the mesenchyme of regenerating blastemas but lost upon denervation (n=4 biological replicates each). Green and
orange fluorescence is due to autofluorescent cellular debris. (L-O) NRG1 and ErbB2 are expressed in dorsal root ganglia and peripheral nerves. (P,P′) NRG1 is
expressed in the wound epithelium (we) and mesenchyme (m) of 6 DPA limbs along with proliferating BrdU-positive cells. (Q,Q′) Extensive NRG1 expression
and colocalization with BrdU in a 16 DPA blastema. Arrows indicate co-labeled cells. (R) NRG1 and BrdU colocalization along peripheral nerves in a regenerating
limb at 16 DPA. (S) Denervation significantly decreases the percentage of BrdU/NRG1 colocalization in 16 DPA limbs (n=4 biological replicates). (T)Western blot
of NRG1 at 16 DPA showing a band at the expected size of 47 kDa and greater band intensity in blastemal tissue relative to denervated tissue. Data are
represented as mean±s.e.m.; statistical analysis performed by Student’s t-test, **P<0.01, *P<0.05. Dotted lines indicate the plane of amputation. Scale bars:
100 µm.
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inhibition experiments thus indicate that ErbB2 signaling is
necessary for promoting blastema formation and maintaining
blastemal proliferation during the early tissue growth and late
tissue patterning phases of regeneration.
Long-term (23 DPA) exposure to 10 µM mubritinib induced

contraction of the wound epidermis, similar to that observed in mice

after injury (Dunn et al., 2013), in contrast to the minimal wound
contraction observed in control limbs (Fig. 3K,L). Axolotl tissue
regeneration is a typically scar-free process that occurs with minimal
collagen deposition (Levesque et al., 2010; Seifert et al., 2012), but
extensive and aberrant collagen deposition was observed in the
mesenchyme of mubritinib-treated limbs. The phenotype observed

Fig. 2. SupplementationwithNRG1rescues regeneration indenervated limbs. (A) Timelineof earlyNRG1supplementation experiment. (B-D)Supplementation
with NRG1 rescues regeneration in denervated limbs at 20 DPA. Arrows indicate the plane of amputation. (E) From 6 to 20 DPA, NRG1-supplemented (n=7) limbs
regenerated significantly more tissue than denervated (P<0.05, n=7), but not control limbs (P>0.05, n=3). (F-H) NRG1-supplemented limbs regenerated in the
absence of hyperinnervation. (I) Timeline of late NRG1 supplementation experiment. (J-L) Implantation of NRG1-soaked beads into denervated limbs rescues
regeneration to the point of digit formation at 36 DPA.Arrows indicate the plane of amputation and dotted lines outline the regenerating tissue. (M) From19 to 36 DPA,
NRG1-supplemented (n=5) limbs regenerated significantly more tissue than denervated (P<0.05, n=3) and significantly less tissue than innervated (P<0.01, n=3)
limbs. (N,O) Alcian Blue staining showing digit formation in control andNRG1-treated limbs. (P-R)NRG1 induced growth and digit formation in fully denervated limbs.
Data are represented as mean±s.e.m.; statistical analysis performed by one-way ANOVAwith Tukey’s post-hoc test. Scale bars: 100 µm.
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here after long-term ErbB2 inhibition indicates a disruption of these
scar-preventing programs and resembles the phenotype observed in
amputated limbs after total macrophage ablation (Godwin et al.,
2013).
As ErbB2 can also heterodimerize with epidermal growth

factor receptor (EGFR), we pharmacologically inhibited EGFR in
order to ensure that the effects of mubritinib were due to NRG1
and not to EGF signaling inhibition. Animals bathed in the
specific (Goishi et al., 2003; Han et al., 1996) EGFR inhibitor
AG1478 for 6 days post-amputation exhibited a markedly
different phenotype from mubritinib-treated animals, as EGFR
inhibition resulted in improper wound healing and eventual tissue
regression (Fig. 4D-G). Strikingly, these animals also developed
excessive numbers of iridophores after just 10 days of treatment
(Fig. 4H). Furthermore, EGFR inhibition significantly reduced
epidermal but not mesenchymal proliferation at 5-6 DPA,
whereas ErbB2 inhibition significantly reduced mesenchymal
but not epidermal proliferation (Fig. 4A-C,I,J). These results
suggest that inhibition via mubritinib primarily blocks NRG1/
ErbB2 signaling rather than EGF/ErbB2 signaling, which
instead appears to play a crucial role in wound healing and
epidermal proliferation after amputation. Overall, our data show
that NRG1/ErbB2 signaling is essential for limb regeneration and
may play a vital role in preventing scar formation during this
process as well.

Conclusions
We have shown that a single nerve-derived protein, Neuregulin-1, is
capable of supporting blastemal growth and tissue regeneration up
to the point of digit formation in the denervated axolotl limb. We
propose that nerve-dependent NRG1/ErbB2 signaling is crucial for
blastemal proliferation and may also be an essential component of
blastema formation and scar-prevention programs. Although NRG1
is the first protein to our knowledge that has been shown to be
capable of rescuing regeneration to digits in the axolotl limb, these
findings do not rule out the possibility of other factors playing a
crucial role in this process. Newt anterior gradient protein has been
shown to rescue regeneration in denervated newt limbs (Kumar
et al., 2007), and despite some prominent species differences
between axolotls and newts, which demonstrate a different recovery
response to denervation (Liversage and McLaughlin, 1983) as well
as a phylogenetically unique method of regenerating muscular
tissues (Sandoval-Guzman et al., 2014; Tanaka et al., 2016), further
exploration of the relationship between these two signaling
pathways is necessary in order to characterize fully the underlying
cause of nerve dependency in the axolotl limb. Given the conserved
role of NRG1/ErbB2 signaling in the peripheral nerves as well as
the burgeoning evidence of its necessity in other animal models of
cardiac (Bersell et al., 2009; D’Uva et al., 2015; Gemberling et al.,
2015) and peripheral nerve (Fricker et al., 2011; Ronchi et al., 2013,
2015) regeneration, elucidating the function and mechanism of this

Fig. 3. Inhibition of ErbB2 blocks regeneration, inhibits proliferation, and induces aberrant collagen deposition. (A-C) Inhibition of ErbB2 with 500 nM
mubritinib blocks blastema formation at 13 DPA. (D-F) Mubritinib application after 16 DPA blocks limb proliferation but not patterning and appears phenotypically
similar to day 16 denervation. Dotted lines outline the regenerating tissue. (G,H) Picrosirius staining showing that 23 days of submersion in 10 µMmubritinib results
in contraction of the epidermis (e) and aberrant collagen deposition (c) in the mesenchyme, in contrast to the minimal fibrotic deposition seen in control
blastemas (b). Arrowheads indicate the contractedwoundmargin. Dotted lines delineate the boundaryof the epidermis and the plane of amputation. (I,J)Masson’s
trichrome staining of control and mubritinib-treated limbs at 12 DPA show a lack of blastemal accumulation in the drug-treated limbs. (K,L,N) Treatment with
mubritinib does not reduce innervation but significantly decreases the proliferative index of amputated limbs (n=5). Dotted line indicates the plane of amputation.
(M) At 14 DPA, mubritinib-treated limbs (n=5) had regenerated significantly less area than control (n=8) but not denervated (n=8) limbs. (O) Limbs that were either
denervated (n=8) or treated with mubritinib (n=8) at 16 DPA regenerated significantly less tissue than control limbs (P<0.001, n=7). Arrows indicate the planes of
amputation. Data are represented as mean±s.e.m.; statistical analysis performed by Student’s t-test, **P<0.01. Scale bars: 100 µm.

2728

STEM CELLS AND REGENERATION Development (2016) 143, 2724-2731 doi:10.1242/dev.133363

D
E
V
E
LO

P
M

E
N
T

Fig 3



signaling pathway in the axolotl may have far-reaching impacts on
the field of regenerative medicine.

MATERIALS AND METHODS
Surgical procedures
Leucistic axolotls (Ambystoma mexicanum) were bred and raised at
Northeastern University according to the methods of Farkas and
Monaghan (2015). Animals were anesthetized in 0.01% benzocaine and
amputation was performed just proximal to the elbow joint. Recombinant
human NRG1β-1 peptide (0.5 mg/ml in PBS; PeproTech) was incubated
overnight with Affi-gel 50-100 mesh agarose beads (Bio-Rad) according to
Niswander (2008). An incision was made 1-2 mm above the site of
amputation, then two beads were probed with forceps through the incision
until they rested underneath the wound epithelium. Animals were
denervated 1 h later. Two more beads were implanted, limbs were re-
denervated at 14 DPA, and blastemas were imaged three times a week. Area
regenerated was assessed blind to the experimental condition by the tracing
of blastemas in ImageJ. For the digit rescue experiment, three beads were
implanted into the base of blastemas at 19 DPA, and denervations were
performed 1 h post-implantation. Three more beads were added every
4 days, limbs were re-denervated at 27 DPA and collected at 36 DPA. All
experiments were conducted with the approval of and in accordancewith the
Northeastern University Institutional Animal Care and Use Committee.

Drug treatment
Mubritinib (TSZ Scientific) stock solution (10 mM in DMSO) was diluted
in salamander housing solution to 500 nM for juveniles [3.5-6 cm snout-to-
vent length (SVL)] and 10 µM for adults (20-25 cm SVL), which are
more capable of tolerating the drug. Juvenile animals were bathed in
mubritinib starting at either 0 or 16 DPA, and adult animals were treated
from 6-23 DPA before tissues were collected and prepared for
immunohistochemistry. AG1478 (Tocris) stock solution (10 mM in
DMSO) was diluted to 10 µM and animals were bathed in either 500 nM
mubritinib, 10 µM AG1478 or 10 µM DMSO for 6 days prior to tissue

collection. BrdU (20 mg/ml, Sigma) was injected intraperitoneally at 1 mg
BrdU/1 g animal. Limbs were collected at 24 h post-injection.

Immunohistochemistry and histology
Tissues were fixed in 10% neutral buffered formalin at 4°C overnight,
washed 2× in PBS, incubated in 10% EDTA at 4°C for 48 h, processed for
paraffin embedding, and sectioned at 10 µm. Sections were de-paraffinized
and hydrated, pressure-cooked in 10% citrate buffer for 20 min (Cuisinart
electric pressure cooker CPC-600), washed for 5 min in PBS, blocked
for 30 min in 1.5% normal goat serum, incubated at 4°C overnight in
primary antibody, washed, and incubated for 30 min at room temperature
in Alexa Fluor 488 and 594 secondary antibodies (1:400; Life Technologies,
A11037, A11034, A21044, A11032, A11006), then mounted and
coverslipped with Slowfade Diamond Antifade Mountant with DAPI
(Life Technologies). Slides stained for ErbB2 were soaked for 30 min in
0.05% saponin (Sigma) then washed 3×10 min in PBS prior to the blocking
step. Primary antibodies are listed in Table S1. Picrosirius (Polysciences)
and Masson’s trichrome (Thermo Scientific) stains were performed
according to the manufacturers’ protocol. Alcian Blue staining was
performed according to Lee and Gardiner (2012).

RT-PCR analysis and in situ hybridization
Total RNA was extracted from uninjured and 21 DPA limbs (Qiagen
RNeasy Kit), converted to cDNA template (Life Technologies Maxima H
Minus First Strand cDNA Synthesis Kit), and PCR amplified (2× PCR
Master Mix; Thermo Scientific) with 10 ng cDNA template and 0.5 μM of
isoform-specific primers. PCR products were cloned into pGEM-T
(Promega), sequence verified (Genewiz), and vectors used to generate
digoxigenin-labeled probes. Limbs were collected at 16 DPA and ISH
performed on 35 µm thick cryosections according to Monaghan et al.
(2012). See Table S2 for primer sequences.

Western blot
NRG1 primary antibody was diluted to 1:10,000; secondary was
horseradish peroxidase-conjugated goat anti-rabbit antibody at 1:5000

Fig. 4. EGFR inhibition inhibits wound closure and is phenotypically distinct from ErbB2 inhibition. (A-C) Proliferating cells are localized to the
mesenchyme in AG1478-treated limbs and the epidermis in mubritinib-treated limbs at 6 DPA. Arrowheads indicate autofluorescent cellular debris and red blood
cells; dotted lines indicate the boundary between the wound epidermis and mesenchyme. (D-G) AG1478-treated limb showing aberrant wound closure over time
compared with control limb at 3 DPA and 7 DPA. (H) Limb treated with AG1478 for 10 days demonstrating aberrant development of iridophores (i). (I) Control limb
treated with DMSO for 10 days showing lack of iridophores. (J,K) Percentage of proliferating epidermal and mesenchymal cells in control, mubritinib-treated and
AG1478-treated limbs at 6 DPA (n=5 biological replicates each). Data are represented as mean±s.e.m.; statistical analysis performed by one-way ANOVA with
Tukey’s post-hoc test, **P<0.01. Scale bars: 100 µm.
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