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ABSTRACT Appendage regeneration is not a simple task. The animal must harness all of its energy
and resources to orchestrate perhaps one of the most complicated events since its development.
Balancing the immune response, wound healing, proliferation, patterning and differentiation is an
elegant job, and how some animals achieve that still leaves researchers enchanted today. In this
work, we review some of the molecular aspects of regeneration, with a focus on the axolotl, the
champion of tetrapod limb regeneration, and the mouse, an excellent mammalian model for digit
tip regeneration. Advances in molecular and genomic tools have enabled the discovery of exciting
fundamental features of limb regeneration. Integrating the data from different animal systems
will be crucial to understanding the common requirements of successful appendage regeneration
and places for flexibility. The combination of these efforts is paving the way to grasping how good
regenerators respond to the loss of body parts, how these mechanisms might compare in modest
regenerators, and, ultimately, in developing approaches for improving regenerative outcomes in
humans.
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Organisms have varying regenerative abilities
Regeneration of body parts is one of the most intriguing events in
biology. Scientists have been mystified for centuries to understand
why organisms vary greatly in their ability to regenerate lost body
parts. On one end of the spectrum are invertebrates, which are
superb regenerators. Hydra and planarians can regenerate a full
organism from only a very small body fragment, and this capacity
seems to be infinite (Dalyell, 1814, Morgan, 1901, Pallas and Pauli,
1780). Among vertebrates, salamanders have extensive regenerative capabilities (Spallanzani, 1769). Axolotls can regenerate
a number of their organs and tissues, such as the tail, limbs, and
spinal cord (Goss, 1969, Odelberg, 2005). Importantly, most of
these capabilities are preserved in the adult (Brockes and Kumar,
2005, Yun, 2015). Conversely, frogs can only achieve perfect regeneration as tadpoles, when limb development is ongoing (Dent,
1962, Muneoka et al., 1986, Sessions and Bryant, 1988, Tseng
and Levin, 2008). On the opposite end of the spectrum are mammals, with relatively limited appendage regeneration abilities. Mice
and humans can only regenerate their digit tips, and in humans,
children appear to be more successful than adults (Borgens, 1982,
Douglas, 1972, Illingworth, 1974). Although restricted, the pres-

ence of such regenerative capabilities hints at potentially dormant
mechanisms that might be leveraged if we can fully understand
how limb regeneration operates.

Overview of limb regeneration in salamanders
Much of the knowledge of limb regeneration comes from salamanders, especially newts and axolotls. Both newts and axolotls
are urodele amphibians, but their 150 million years of evolutionary
divergence makes the conservation of their regenerative abilities
remarkable (Zhang and Wake, 2009). Numerous species of newt
are used to study limb regeneration, such as the eastern newt
(Notophthalmus viridescens), the red-spotted newt (Triturus viridescens) and the Iberian ribbed newt (Pleurodeles waltl). Herein,
newt refers to Notophthalmus viridescens, and axolotl refers to
Ambystoma mexicanum.
The outward hallmarks of limb regeneration proceed in a steAbbreviations used in this paper: AEC, apical epidermal cap; BMP, bone morphogenetic protein; EGF, epidermal growth factor; FGF. fibroblast growth factor;
msx1, muscle segment homeobox 1;TGF-beta, transforming growth factor beta;
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*Address correspondence to: Jessica Whited. Brigham & Women’s Hospital, Department of Orthopedic Surgery, 60 Fenwood Rd., 7016D, Boston, MA, USA.
Tel: +1(857) 307-5484. Fax: +1(857) 307-0300. E-mail: jwhited@bwh.harvard.edu http://orcid.org/0000-0002-3709-6515
Submitted: 3 January, 2018; Accepted: 8 January, 2018.

ISSN: Online 1696-3547, Print 0214-6282
© 2018 UPV/EHU Press
Printed in Spain

394

D. Payzin-Dogru and J.L. Whited

reotypical fashion and move from immediate wound healing to
orchestrated growth and then to resolution and return to homeostasis
(reviewed in (Tanaka, 2016)). Upon amputation of the axolotl limb, a
blood clot quickly clogs the cut site. Within a day, a special layer of
epithelial cells covers the surface of the wound, forming the wound
epidermis (WE). The cells in the wound epidermis proliferate and
give rise to a structure called the apical epidermal cap (AEC). The
AEC is thought to supply many of the essential signals necessary
to instruct the formation of a conical shaped outgrowth underneath
it. This structure, called the blastema, is composed of the cells that
will eventually form the regenerated limb (Fig. 1).
Following successful blastema formation, cells proliferate to
expand the progenitor pool, and cellular differentiation and limb
re-patterning occurs. An important question that deserves more
attention is whether there exists a blastema “checkpoint” for determining when the blastema has grown large enough to progress
into later stages and, if so, how the checkpoint might operate at
a molecular level. Nonetheless, once it has grown a certain size,
which appears to require various amounts of time based on the
starting size of the limb, the blastema flattens and takes a shape
similar to the growing limb during normal development. From this
point on, many of the events that take place appear to be similar
to those in limb development. At this phase, the most noteworthy
difference between regeneration and normal limb development
is the scale of events. The amount of new tissue formed during
regeneration is significantly more than that in limb development,
which happens when the salamander is only a larva. Furthermore, in
regeneration, mature vasculature and nerves in the proximal stump
must integrate with newly-formed networks in the regenerate limb.

Mouse digit tip: the mammalian limb regeneration model
Mice can only regenerate the tip of their digits, the region that
is distal of the third phalangeal element. They can do so at any
stage in life, as embryos, neonates, and adults (Borgens, 1982,

Han et al., 2008, Neufeld and Zhao, 1995, Reginelli et al., 1995).
Intriguingly, more proximal aspects of the digit can undergo
regeneration in embryonic mouse digits compared to post-natal
mouse digits. Furthermore, post-natally, digit tip regeneration is
dependent upon presence of the nail bed (Zhao and Neufeld,
1995). The main stages of the regeneration process are similar
to that of the axolotl limb regeneration. First, the amputation surface is closed by the wound epidermis. Next, a pool of progenitor
cells forms into a blastema underneath the wound epidermis,
where they proliferate. Finally, the blastema cells re-differentiate
to give rise to a new digit tip. Nevertheless, the features of each
stage are slightly different, which makes it a very useful model
to understand the limitations of mammalian regeneration. For
example, wound healing in response to amputation is a much
slower process in mice. (Fernando et al., 2011, Han et al., 2008).
An experimentally-applied wound dressing can permit a hypoxic
environment and allow a quicker epidermal closure (Simkin et al.,
2015). Without a wound dressing, the epidermal cells cannot fully
cover the amputated bone, and undergo a histolysis stage, where
osteoclasts breakdown some of the bone at the stump, and the
wound epidermis crawls over the generated space (Fernando et
al., 2011). In this case, regeneration begins proximal to the amputation site. Therefore, a wound dressing enables the regenerate
to more closely recapitulate the amputated structure (Simkin et
al., 2015). The timing of wound closure and blastema formation is
variable, and takes 8-12 days following amputation of adult mice
digit tips (Fernando et al., 2011). Though the entire morphological pattern of the digit tip is correctly re-established, the edges of
regenerate skeleton are less-than-perfectly smooth, indicating there
may be differences not yet understood. Furthermore, one report
indicates that regenerated digit tips can be slightly shorter than
unamputated digit tips (Han et al., 2008), though this observation
warrants further investigation. This less-than-perfect, epimorphic
regeneration has led some to speculate digit tip regeneration may
have evolved from a non-regenerative state, and might provide
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Fig. 1. Overview of events during salamander limb regeneration and mouse digit tip regeneration. (1) Following amputation (red dotted line), a
raw surface is apparent in both salamanders and mice. (2) A wound epidermis (yellow) forms by migration, and then proliferation, of epidermal cells
from the stump. Note that a blood clot (red) is usually visually apparent in the mouse at this time point, while in salamanders, it typically falls off within
minutes or hours. (3) Mesenchymal progenitor cells from within the stump are activated and recruited to form the blastema (blue), beneath the wound
epidermis. (4) Differentiation occurs, producing the full repertoire of internal tissues from blastema cells and a mature epidermis from wound epidermis.
(5) Growth, patterning, and reconnection of blood vessels and nerves ensures an exact replica forms to replace the lost limb or digit tip. Note the plane
of sectioning in salamander limbs versus mouse digit tips; both are depicted through the central-most section of the structure, but the salamander
limb is face-view and the mouse digit tip is side-view (D, dorsal; V, ventral; P, posterior; A, anterior).
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us with important clues about why mammalians are more limited
in their regenerative capabilities (Muneoka et al., 2008). One
study uncovering such limitations discovered the role of the bone
morphogenic protein (BMP) pathway in digit tip regeneration.
Implanting BMP2- or BMP7-soaked beads underneath the wound
epidermis was found to impart regeneration potential to neonatal
mice with proximal amputations that would not normally regenerate
(Yu et al., 2010). This experiment demonstrates that application of
external factors might improve regenerative success in otherwise
non-permissive environments.

Early post-injury events and wound healing
In axolotls, following amputation, cells throughout the amputated
limb and even in distant locations, such as the contralateral limb,
are stimulated to re-enter the cell cycle (Johnson et al., 2018). The
role of systemic activation following amputation and other injuries
in axolotls is currently unclear. Future work will be required to
understand how this activation relates to localized tissue growth
and blastema formation, though parallels to the activation that
occurs in other species are tangible. For example, in planarians,
neoblasts initially become activated throughout the body, and later
their activity is localized to the amputation site (Wenemoser and
Reddien, 2010). Mice show a parallel systemic cell cycle re-entry
response to injuries (Rodgers et al., 2014), though this response
has not yet been examined following amputation, and its possible
relationship to digit tip regeneration is completely unknown.
Successful formation of the wound epidermis at the site of
injury is essential to limb regeneration. Preventing the formation
of the wound epithelium by placing the amputated limb into the
body cavity results in regenerative failure, resulting only in some
amorphous cartilage formation (Goss, 1956a). Importantly, if the
insertion of the amputated limb into the body cavity is delayed to
allow the formation of the wound epithelium, the limb does regenerate (Goss, 1956b). Regeneration can be similarly prevented if the
wound epidermis is not allowed to fully form by repeated excision
from the surface of the amputation plane (Thornton, 1957), or if the
wound is sutured closed with a skin flap over the amputation site
(Mescher, 1976). These experiments demonstrate that epidermal
wound healing is necessary for successful limb regeneration.
One of the key signaling pathways for proper wound epidermis
formation is Wnt signaling. Multiple studies have established the
importance of the Wnt/b-catenin pathway in regeneration of the
hydra head, zebrafish fin, urodele tail, frog and axolotl limbs (Bode,
2003, Caubit et al., 1997, Kawakami et al., 2006, Poss et al.,
2000). Ectopic expression of the Wnt antagonist Dkk1 in axolotls
prevents wound epidermis formation and results in regenerative
failure. In these animals, the initial migration of epidermal cells
seems normal, but the resulting apical epidermal cap lacks its
stereotypical shape (Kawakami et al., 2006). The significance of
this pathway’s role is further demonstrated by its ability to impart
some regenerative potential to post-metamorphic frogs, which
normally do not regenerate (Kawakami et al., 2006). Intriguingly,
Wnts also play a central role in mouse digit tip regeneration. Wnt
signaling in the epidermis is required for digit tip regeneration
(Takeo et al., 2013). Furthermore, the presumptive responding cells,
stem cells in the nail bed, express Lgr6, an R-spondin receptor
that modulates Wnt signaling (Lehoczky and Tabin, 2015). Lgr6deficient mice display imperfect digit tip regeneration, underscoring

the importance of Wnt signaling in this process.
Cellular proliferation is especially important in the early phases
of regeneration, for the wound epidermis to proliferate and give
rise to the AEC. A modulator of this response is the TGF-b-Smad2
signaling pathway. Inhibition of the pathway with an antagonist
leads to a decrease in cellular proliferation, and prevents regeneration (Denis et al., 2016, Levesque et al., 2007). During wound
healing, the TGF-b Smad3 pathway is also active, but inhibition
of this pathway does not have an effect on regeneration. Another
important pathway for wound healing steps is the epidermal growth
factor (EGF) signaling. Blocking EGFR signaling by bathing animals
in an EGFR inhibitor for 6 days following amputation results in
aberrant wound healing, and aborts regeneration (Farkas et al.,
2016). Additionally, EGFR inhibition leads to a significant reduction
in epidermal cell proliferation, indicating that the EGFR mediated
signaling is essential for functional wound epidermis formation.
Msx1 is another protein that is necessary for limb regeneration.
Mice can regenerate their digit tips only if the mesenchymal tissue
expressing Msx1 is preserved (Han et al., 2003). Interestingly,
Bmp4 treatment can rescue Msx1 deficiency, indicating that Bmp4
functions downstream of Msx1. Fibroblast growth factors (Fgfs)
also have significant roles in the early events of limb regeneration. Fgf8 is expressed in the basal layers of apical epidermal
cap and the mesenchymal tissue that lies directly underneath
it. It promotes cellular proliferation in the regenerating blastema
(Han et al., 2001, Nacu et al., 2016). A similar role was found for
Fgf10, which can impart regenerative capacity to nonregenerative
frog limb stumps (Yokoyama et al., 2001).
The immune system plays a vital role to achieve perfect
wound healing that will enable a blastema formation. Within a
day following amputation, a significant population of macrophages
migrate to the amputation site. These numbers continue to rise
as wound healing progresses, and declines to baseline as the
blastema emerges (Godwin et al., 2013). With the accumulation of macrophages, pro- and anti-inflammatory cytokines also
flood the amputation site. This contrasts with mammalian injury
models, where pro-inflammatory cytokines are produced first, and
anti-inflammatory cytokines come to play much later (Mahdavian
Delavary et al., 2011). Identification of such differences between
extensive regenerators and mammals will be vital to understand
mammalian shortcomings in wound healing. The importance of
macrophages in the wound healing response is revealed in an
experiment where macrophages are systemically depleted. In the
absence of functional macrophages, wound closure still happens,
but the limbs do not regenerate (Godwin et al., 2013). Notably, the
ability to regenerate can be restored in the following amputations
if the macrophage populations were replenished. Macrophages
are similarly required for digit tip regeneration in mice, pointing
to a conserved principle (Simkin et al., 2017).
Different than salamanders, wound healing in humans ends
in the deposition of a scar tissue (Cordeiro and Jacinto, 2013).
Scarring is thought to be incompatible with regeneration, and stimulating scar-free healing in mammals might improve regenerative
outcomes. Encouragingly, some evidence of scar-free healing is
present in mouse digit tip regeneration models (Han et al., 2008,
Martin, 1997), and common signaling pathways coordinate this
process as well. These parallels hint at the possibility that wound
healing responses in mammals might eventually be augmented.
Future experimentation in alternative rodent models, such as spiny
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mice, which show scar-free skin healing and enhanced ear-hole
punch healing (Gawriluk et al., 2016, Seifert et al., 2012) might
uncover enhanced limb regenerative abilities in these animals,
if they exist.

transgenic technologies demonstrate that each tissue is likely to
be regenerated by progenitor cells with restricted potentials and
a memory of the tissue from which they originate (Kragl et al.,
2009). Yet, some degree of plasticity within lineages was observed
even in this work. More recently, the skeletal elements have been
Blastema formation and proliferation
shown to be derived from periskeletal connective tissue cells
(Currie et al., 2016, McCusker et al., 2016). The mouse digit tip
The second stage of limb regeneration is the formation of a
blastema is similarly made up of fate-restricted progenitor cells,
translucent, conical shaped structure called the blastema. The
as evidenced by lineage tracing (Lehoczky et al., 2011, Rinkevich
blastema lies under the wound epidermis, and is made up of
et al., 2011). These recent findings highlight that within the tissues
mesenchymal cells that proliferate and eventually give rise to a
themselves, much work remains to be performed to understand
new limb. The origins of the blastema cells remain widely debated
the exact cellular origins of progenitor cells in both the ordinary
(Bryant et al., 2002), and presently the contribution of stem cells
regenerative situation as well as when limbs are challenged with
versus cellular dedifferentiation remains unclear for many tissues
altered starting configurations. Very little comparative work has
(Slack, 2006). The homogeneous appearance of blastemal cells
been done to define the molecular similarities and differences
initially led to speculation that all of its cells might have equal
between salamander blastema cells and mouse digit tip blastema
regenerative potential. However, recent experiments employing
cells (Fig. 2). These comparisons may provide important clues for
understanding evolution of appendage regeneration
A
B
and avenues for design of therapeutic interventions.
salamander
mouse
Two sources of blastema cells appear to be viable
options: dedifferentiation of specialized cell types and
recruitment of resident tissue stem cells. These appear to be differentially employed in different animals.
In newts, myotubes dedifferentiate to form blastema
cells, which then differentiate into muscle cells of the
regenerated limb, as evidenced by lineage tracing.
In axolotls, the Pax7+ satellite cells in the muscle
amputation
tissue are activated upon amputation and are the
amputation
through
main contributors to the regenerate muscle (Fei et
through
upper arm
al., 2017, Morrison et al., 2006, Sandoval-Guzman
digit tip
et al., 2014). In that regard, mammals seem to be
similar to axolotls, as the same Pax7+ satellite cell
populations are activated following injury (Tedesco
et al., 2010). Notably, the permissive zone of limb
regeneration—the digit tip—in mice is devoid of musculature. While the consensus view is that regenerative capability is simply imparted by presence of the
nail bed stem cells, another (not mutually-exclusive)
we
possibility is that more proximal amputations face
c
we
n
some inhibitory influence from muscle. In any case,
bl
bl
the molecules that mediate cell-cycle re-entry are
e
dg
still being elucidated. One recently identified for its
col
pnf
nb
d
potential role in progenitor activation is the axolotl
bm
nv
MARCKS-Like Protein (AxMLP). Injection of AxMLP
m
tp
b
protein into uninjured axolotl limbs induces cell cycle
b
re-entry of Pax7+ satellite cells (Sugiura et al., 2016).
Fig. 2. Comparative anatomy of blastema in salamander and mouse. (A) In axolotl, am- The axolotl protein can also induce cell cycle re-entry
+
putation at the mid-humerus level produces a mid-bud-sized blastema (bl, blue cells) within in dedifferentiating myofiber-derived cells and Pax7
satellite
cells
in
newts,
but
requires
an
injury
signal
7-23 days post-amputation, depending upon animal size. Intermingled with blastema cells
are blood cells (shown in red). Overlying the blastema is wound epidermis, also known as to achieve it. A differential requirement of an injury
apical epidermal cap. Note that more proximal epidermis (e) shows distinctly visible basal signal in axolotls and newts might be indicative of a
lamina (purple), and dermis (d) is bound by a thick collagen mesh (black hatch marks). These greater number of stem cells cycling in homeostasis
features are absent beneath wound epidermis. Nerve: nv; bone: b; muscle: m; wound in axolotls compared to newts.
epidermis: we; collagen: col. (B) In mouse, amputation through the distal-most phalange
Cell cycle re-entry of newt myotubes during the
at the level of the nail bed, produces a blastema (bl) growth at the distal tip beneath both a
dedifferentiation phase is stimulated by thrombin.
clot (c) and a wound epidermis (we), shown around day 10 post-amputation. The nail (n) has
Crude thrombin cleaves an unknown factor in bovine
already grown past these structures by this time. Histolysing bone (b) is shown with bone
marrow (bm). Note that major nerve bundles are not visible in this section plane in mouse sera, which generates an active ligand that acts on in
digit tips. Nail bed: nb; toe pad: tp; proximal nail fold: pnf; distal groove: dg. Adapted from vitro cultured newt multinucleate myotubes (Tanaka
et al., 1999). Thrombin is recently shown to cleave
(Lehoczky et al., 2011) and (Fernando et al., 2011).
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bone morphogenic proteins, particularly BMP4/7 heterodimers,
which induce myotube cell cycle re-entry in regenerating newt limbs
(Wagner et al., 2017). Notably, in vitro cultured mouse myotubes
also respond to thrombin and regenerating newt serum by reentering the cell cycle, and splitting into either smaller myotubes
or mononucleated cells (McGann et al., 2001). Recently, serum
from mice with muscle injury was found to stimulate quiescent
stem cells are stimulated to a primed ‘‘GAlert’’ phase upon injection
to uninjured mice. This effect was discovered to be mediated by
a circulating protease, hepatocyte growth factor activator (HGFA)
(Rodgers et al., 2017). HGFA is cleaved by thrombin to become
active (Shimomura et al., 1993), and both HGFA and thrombin are
induced following injury (Coughlin, 2000), suggesting that HGFA
might potentially be the factor that enable myotube cell cycle reentry. Further work will be necessary to investigate this possibility.
A major component of successful blastema formation is the
existing nerve. Denervation results in failure to generate a mature
blastema, resulting in only a stump with fibrotic scar tissue and
a few blastema cells with defective cell cycling kinetics (Barger
and Tassava, 1985, Brockes, 1987, Liversage and McLaughlin,
1983, Maden, 1978, Maden, 1979). Importantly, nerves are also
sufficient to induce a blastema in a permissive environment.
Nerve bundles redirected to a skin injury are capable of directing
a blastema formation. A modulator of this process is the newt
Anterior Gradient protein (nAG). nAG is expressed both in regenerating nerves and the wound epidermis, and misexpression
nAG after denervation can rescue the regeneration phenotype
(Kumar et al., 2007). Another known mediator of this process is
Neureglin-1 (NRG1), which is expressed in regenerating nerves,
wound epidermis, and the blastema. nAG is also sufficient to
allow blastema formation, as demonstrated by the placing of
NRG1 soaked beads into amputated and nerve deficient axolotl
limbs (Farkas et al., 2016). Importantly, nerves also have a role
in mammalian digit tip regeneration, as evidenced by deficits in
regeneration following denervation (Mohammad and Neufeld,
2000, Rinkevich et al., 2014, Takeo et al., 2013). This phenotype
can be rescued by transplantation of Schwann cell precursors,
which secrete pro-regenerative factors such as oncostatin M (OSM)
and platelet-derived growth factor AA (PDGF-AA) (Johnston et
al., 2016). These findings demonstrate why the digit has to be
innervated for mammalian digit tip regeneration.
Sustenance of the blastema is as important as forming it. The
blastema has to reach a critical size before it flattens and starts
patterning to give rise to the new limb. Known molecular regulators
of continuous blastema proliferation are the Piwi-like proteins 1
and 2 (PL1 and PL2). PL1 and PL2 are expressed in the blastema,
and their depletion halts blastema growth, and increases cell death
(Zhu et al., 2012). This is in line with PL1 and PL2’s involvement
in germline development (Saxe and Lin, 2011), and demonstrates
how organisms adopt similar mechanisms for self-renewal in both
developmental and regenerative systems. More recently, a role
of axolotl orthologs of cold-inducible RNA binding protein (Cirbp)
and Kazal-type serine peptidase inhibitor domain 1 (Kazald1) in
blastema proliferation were also described (Bryant et al., 2017a).
Depletion of Kazald1 hinders blastema growth, and results delays
chondrification and digit differentiation. Cirbp knockdown leads
to increased apoptosis in the blastema, suggesting it might have
cytoprotective roles.

Patterning the limb: the re-development phase
Once the blastema reaches a critical size, it flattens and begins
to differentiate into the tissues that will form a new limb. This stage
has striking resemblances to limb development with respect to the
molecular pathways that are important in establishing limb axes
and patterning (Roy et al., 2000). The two main differences are the
size of the limb, which must match the animal’s current size, and
existing structures in to which the new tissue must be integrated.
Therefore, it is plausible that there would be additional pathways
to coordinate these intricacies.
The blastema contains critical information about its positional
identity. Transplantation of the blastema into regeneration permissive locations results in generation of structures that reflect the
blastema’s retained identity. For example, when limb blastemas
are grafted to the dorsal fin, they generate limb tissues (Polezhaev,
1934). This suggests there is the blastema is autonomous, at least
to some degree once it reaches a certain size (Stocum, 1984).
The anterior-posterior (AP) axis of the regenerate limb is controlled much like in limb development. In both processes, sonic
hedgehog (Shh) signaling has a conserved role in establishing the
AP axis. It is expressed on the posterior side of blastemas and
limb buds, and ectopic expression of Shh on the anterior side in
either context causes ectopic digit formation (Riddle et al., 1993,
Roy et al., 2000). Inhibition of Shh signaling during axolotl limb
regeneration with a chemical inhibitor leads to the absence of
posterior digits (Roy and Gardiner, 2002).
Establishing the proximodistal axis of the limb is just as crucial
as the anterior-posterior axis. The regeneration process should
only produce body parts that are lost; the amputation of a hand
should only give rise to a new hand, whereas amputation of the
arm should regenerate the entire arm. Two known regulators of
this axis are retinoic acid and Prod1. During limb regeneration,
retinoic acid signaling is observed in the apical epidermal cap
(Scadding and Maden, 1994). Retinoic acid administration to
regenerating limbs results duplication of proximal elements in a
concentration dependent manner (Maden, 1983). Furthermore,
a blastema arising from a distal amputation can be instructed to
give rise to proximal limb structures upon treatment with retinoic
acid (Crawford and Stocum, 1988, Maden, 1982, Monaghan and
Maden, 2012, Niazi and Saxena, 1978). The role of Prod1 in the
proximodistal axis was initially suggested by the finding that retinoic
acid treatment upregulates Prod1 expression in the blastema and
the limb, and to a greater extent in the proximal limb (da Silva et
al., 2002). A later study found that overexpression of Prod1 can
push distal blastema cells to translocate to a proximal location and
assume a more proximal identity (Echeverri and Tanaka, 2005).
Meis proteins, homeobox-containing factors whose activities are
downstream of retinoic acid, are also important for imparting
proximodistal information in blastema cells (Mercader et al., 2005).
Similar to Prod1, overexpression of Meis proteins in blastemas led
to proximal localization of expressing cells in the regenerate limb
(Mercader et al., 2005).
The dorsal-ventral (DV) axis occurs parallel to other axes,
and is mediated by Wnt7a. During limb development, Wnt7a is
expressed from the dorsal ectoderm, and induces the expression
of Lmx1 in the dorsal mesoderm (Cygan et al., 1997, Dealy et al.,
1993, Parr and McMahon, 1995, Riddle et al., 1995, Vogel et al.,
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1995). In the ventral ectoderm, En1 represses Wnt7a to allow
for a ventral identity. Loss of either Wnt7a or Lmx1 alters dorsal
structures to ventral fate, suggesting ventral fate is the default
state (Chen et al., 1998, Cygan et al., 1997, Parr and McMahon,
1995, Rodriguez-Esteban et al., 1998). During limb regeneration,
Lmx1 is expressed in the dorsal mesenchyme of Xenopus tadpole
blastemas, in a similar pattern to that in the limb bud, suggesting
it is also the mediator of DV patterning during limb regeneration
(Matsuda et al., 2001). However, whether its function is conserved
in regeneration remains to be tested.
In sumary, axolotls and other master regenerators successfully re-establish all three major axes as part of their regenerative
program, and their innate ability to replace precisely what was lost
will be critical to understand if future regenerative therapies, yet to
be developed, are to have maximum value to patients.

Sizing the limb: the new part must match the old
Upon completion of limb patterning, the limb must now grow to
match the size of the contralateral limb. This is also an important
concept in development, yet it is relatively understudied. A mutagenesis screen in zebrafish has implicated a potassium channel,
Kcnk5b, in regulating appendage size. Locally increased activity of
this channel increases fin and barbel size (Perathoner et al., 2014).
Although the exact pathway through which this is achieved remains
unknown, bioelectrical signaling clearly has a role in appendage
size control. This type of local control of appendage size during
development has also been demonstrated in salamanders. When
the limb buds of two different salamander species of different sizes
were swapped, the limbs that were produced matched the size of
their hosts (Twitty and Schwind, 1931). This experiment indicates
that information on the size of the limb is encoded in the limb bud.
Nerves are important in this growth phase of limbs. Denervation of peripheral limbs during limb development frogs leads to
a diminished rate of bone maturation, and smaller limbs (Dietz,
1987). Nerves are also implicated in limb size in the context of
regeneration. Denervation of the newt limb after the blastema
formation results in limbs that are smaller than they should be,
as compared to innervated controls (Singer and Craven, 1948).
This points the importance of nerves in determining the final size
of the limb. A recent paper also found that repeated removal of
axolotl limb buds can give rise to miniaturized, nerve-deficient limb
(Bryant et al., 2017b). Interestingly, this effect is permanent, and
cannot be reversed even after subsequent amputations. Further
experimentation will be required to determine if repeated bud
removal leads to miniaturized limbs because of limited numbers
of progenitor cells and/or a deficiency in the limb growth phase
following patterning. Either of these possible mechanisms could be
connected to inadequate connections between the limb bud and the
growing body. Dysregulation in the opposite direction—too much
growth—could be equally problematic. A possible example of this
phenomenon might be considered in the distinctive overshoot in
bone formation in regenerating mouse digit tips (Fernando et al.,
2011, Sammarco et al., 2014).

Limitations to limb regeneration
While experimental manipulations can limit an animal’s ability
to regenerate, there are also some naturally occurring limitations

to an animal’s regenerative response. These include species, age,
and the extent of injury. For example, mice can only regenerate the
distal part of their digits that include the terminal phalangeal bone
(Han et al., 2008). Humans can do the same, but it appears to be
restricted to children (Douglas, 1972, Illingworth, 1974). Similarly,
frogs can fully regenerate their limbs only as tadpoles (Dent, 1962).
Regenerative abilities can differ even within the same animal; some
lizards can regenerate their tails, but not their limbs.
A more basic question is whether regeneration can occur in an
animal that is challenged with repeated insults to the same organ.
The answer depends on many factors, including the species, age
and the injured body part. For example, newts are capable of
regenerating their lenses up to 18 times upon repeated removal
(Eguchi et al., 2011). This experiment not only demonstrates lens
regeneration in newts occurs in both repeatedly challenged animals
and in older animals. However, their limb regeneration capacities are
reportedly significantly diminished after five amputations (Dearlove
and Dresden, 1976), even though they still clear senescent cells
(Yun et al., 2015). In contrast, successful repeated regeneration
is severely compromised in axolotls (Bryant et al., 2017c). Initially,
regenerated limbs retain similar frequencies of cells from different
lineages for up to two amputations (Flowers et al., 2017). However,
axolotls undergoing more rounds of amputation at the same plane
aberrantly upregulate many transcripts whose misregulation might
antagonize regeneration (Bryant et al., 2017c). One example is
amphiregulin, which when misexpressed early, is sufficient to impair
regeneration. The extent of successful repeated regeneration of
mouse digit tips has not yet been fully explored.

Non-amputation model to study limb regeneration
Limb regeneration is traditionally studied in amputation models,
but another important model relies on the induction of an ectopic
limb at a regeneration permissive site. Normally, a superficial skin
wound created on the axolotl arm heals scar free. If a nerve is
deviated to this wound, a transient bump resembling an ectopic
blastema forms (Endo et al., 2004, Satoh et al., 2007). If a piece
of skin from the contralateral limb is grafted on beside the wound,
together with redirection of the nerve, the emerging bump gives rise
to an ectopic limb. This model, termed the accessory limb model
(ALM) (reviewed in (Seyedhassantehrani et al., 2017)), elegantly
demonstrates the requirement of signals from the wound itself,
the nerves, and positional information from contralateral cells that
are opposite side of the wound. It is particularly useful for studying
the early events of regeneration. Experiments of the accessory
limb model complements nicely to the traditional loss-of-function
experiments, and help reveal which signals are pro-regenerative.

Understanding the connection between regeneration
and cancer
One feature of salamanders that has fascinated scientists for
decades is their apparent resistance to tumor formation. It is very
appealing to consider a possible link of this property to their vast
capacity to regenerate. Early experiments that exposed newts to
known human carcinogens demonstrated that newts rarely form
solid tumors (Breedis, 1952). This was a very interesting finding
by itself, but what made it particularly exciting for the regeneration
field was that the carcinogen treatment induced the formation of
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an accessory limb. These experiments showed that what caused
humans to form tumors initiated a regenerative response in newts.
The molecular cues to the underpinnings of this regenerative
response come from experiments that study mechanisms of dedifferentiation in salamanders and mammals. One hypothesis to
explain why salamanders are potent regenerators while mammals
are not is that mammals harbor an enhanced repertoire of tumor
suppressors, which might be hindering dedifferentiation, and as a
result, regeneration (Pomerantz and Blau, 2013). This is exemplified by the roles of tumor suppressors p53 and Arf in cell cycle
reentry. During limb regeneration, some post-mitotic cells may
need to lose their differentiated identity, reenter the cell cycle, and
proliferate. In axolotls, downregulation of the tumor suppressor p53
is required for differentiated cells to reenter the cell cycle, allowing
the formation of progenitor cells that contribute to the blastema
(Yun et al., 2013). The axolotl p53 is slightly different than its
human counterpart, and substituting specific axolotl amino acid
sequences in the human p53 renders it defective in some assays
(Villiard et al., 2007). The downregulation of p53 is mediated by
Arf, a tumor suppressor that stabilizes p53 through binding Mdm2.
Importantly, no ancestral Arf has been found in lower vertebrates,
with the earliest ortholog found in chickens (Gilley and Fried, 2001,
Kim et al., 2003). This explains why newt myotubes cells reenter
the cell cycle following inactivation of only Rb by phosphorylation
(Tanaka et al., 1997), whereas Rb loss is insufficient to induce
cell cycle reentry in differentiated mouse cells (Camarda et al.,
2004, Huh et al., 2004). Mouse cells can be induced to reenter
the cell cycle by the combined transient inactivation of Rb and Arf
(Pajcini et al., 2010). These experiments suggest that what gives
mammalian cells an advantage in resisting the spread of DNA
damage could also be factors that handicap them in mounting a
regenerative response. Consequently, we must face the possibility that differentiated axolotl cells do not face the same barriers
differentiated human cells encounter to successfully regenerate,
and a full understanding of regenerative roadblocks is needed.

Evolutionary considerations
Evolutionary capabilities vary widely across the animal kingdom,
and it is unclear why only some animals are capable of regenerating entire limbs. The intuitive view is that limb regeneration is
an ancestral ability that was progressively lost in the evolution of
vertebrates (Bely and Nyberg, 2010). Fish can usually regenerate
their fins, and it has been proposed that vertebrates had the ability
to regenerate appendages during fin to limb transition (Cuervo et
al., 2012). Also, a recent fossil study found that a primitive temnospondyl amphibian, Micromelerpeton, was capable of regenerating limbs, based on abnormalities that are associated with limb
regeneration (Frobisch et al., 2014). This indicates that the ability
to regenerate limbs is not restricted to modern salamanders, but
is possibly an attribute of non-amniote tetrapods.
Salamanders are the only modern tetrapod vertebrates that
can regenerate their limbs as adults. One might wonder why only
salamanders reserved this capability whereas other extant tetrapods
did not. One consideration is that the ability to regenerate limbs is
energetically expensive. It is a massive undertaking that uses a
lot of the animal’s resources, and presumably sustained only if it
gives the animal a selective advantage. From this perspective, it is
crucial for salamanders to retain regenerative capabilities. As larvae,

salamanders show cannibalistic behaviors, and limb regeneration
is essential for their survival for them to swim out of the water after
they metamorphose. This property directly affects their survival
into adulthood and sexual maturity. With this line of reasoning,
one would expect other species to also be under similar selective
pressure. However, for regenerative abilities to be selected, loss if
a limb should not be a rare event. It should be encountered often
enough to be a consistent problem for the organism (Brockes and
Kumar, 2008, Goss, 1969, Reichman, 1984).
Frogs are other amphibians that have the capacity to fully regenerate their limbs, but they can do so only as tadpoles. Many
molecular pathways involved in this regeneration process are
common in tadpoles and salamanders, such as FGF signaling
(D’Jamoos et al., 1998, Mullen et al., 1996, Tsonis, 2000, Zenjari et
al., 1997). The regenerative ability of frogs progressively declines
with development. Post-metamorphic frogs can regenerate a cartilaginous spike at best (Dent, 1962, Sessions and Bryant, 1988).
A member of the Anterior gradient gene family, Ag1, has been
implicated in this difference. Importantly, no Ag1 orthologs were
found amniotes, but are found in fishes, frogs, and salamanders,
which are all highly regenerative species (Ivanova et al., 2013).
This finding is in favor of the idea that regenerative abilities were
gradually lost throughout evolution.
It is tempting to think that humans already possess the tools
necessary to regenerate entire limbs. However, another possibility
is that the ability to regenerate limbs evolved locally in salamanders.
According to this view, limb regeneration relies on processes that
are conserved, such as development and wound healing, that are
present in both regenerative and non-regenerative organisms. However, the elements that coordinate these processes to produce a
regenerative response only emerged in taxa that are capable of limb
regeneration, i.e., salamanders. One evidence for this view comes
from the discovery Prod1, a protein that is specific to salamanders,
that is involved in growth and patterning of the regenerating limb
(Garza-Garcia et al., 2010). The lack of any known orthologs of
Prod1 suggests that although some ancestral machinery may be
present in all organisms, it might take additional, locally evolved
components to orchestrate full limb regeneration.

Perspectives for the future
Looking at regenerative capacities across the animal kingdom,
we are now at the era of uncovering many of the molecular pathways that must be carefully coordinated for regenerative success.
The increased toolkit for molecular investigation, especially in the
salamanders, is providing a wealth of new candidate factors to consider (reviewed in Haas and Whited, 2017). The recent full-genome
sequence of the axolotl is an invaluable resource for future genetic
studies (Nowoshilow et al., 2018). Clues from salamanders and
mammalian regeneration models will allow comparisons regarding which molecular features are necessary to give rise to a new
limb. Axolotls are excellent models for extensive regeneration, and
mouse models show restricted spontaneous repair of complex limb
injuries. Humans and mice have declining regenerative capabilities as they age, hinting at the possibility that these latent abilities
might eventually be resurfaced with the right manipulation. One
area to focus now is how our knowledge of regeneration in axolotls
and mice could be integrated. Pathways revealed in axolotls will
hopefully be translated into approaches for evoking possibly latent
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potentials in mammals. Even though the ultimate goal of human
limb regeneration may be still be in the distance, the principles
discovered could meanwhile aid in enhancing wound healing and
regenerative responses in more limited circumstances requiring
complex tissue regeneration.
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