
 

Nerve roles in blastema induction and pattern formation 
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ABSTRACT  Compared to amniotes, amphibians are widely known to be great healers. Urodele 
amphibians in particular have tremendous regeneration abilities, and can even regenerate organs, 
such as the brain, the heart and the limbs. Limb regeneration, in particular, has been investigated 
since it is representative of their superior regeneration abilities, and the presence of nerves has been 
examined in detail because they play essential roles in limb regeneration. Without nerves, there is 
no regeneration. Recent research has succeeded in outlining nerve regulation in the early phases, 
namely, the blastema induction phase. Based on the results of a few classic studies, it was believed 
that nerves played minimal roles in the later phases. In the present review, we first summarize 
the recent insights into the roles of nerves in blastema formation, and in the later stages, pattern 
formation becomes the focus. Pattern formation in limb regeneration has been interpreted in an 
intercalary manner. Recent findings point to the participation of nerves in the intercalary regula-
tion of limb regeneration. This may change the current thinking on the effects of nerves on pattern 
formation in limb regeneration. Although the importance of nerves in amphibian limb regeneration 
has been recognized, the extent of their importance has remained unclear since the nerve entities 
were undetermined. This ambiguity was a large obstacle to investigating and comparing regenera-
tion abilities in other species. Recent insights into nerves in limb regeneration may help overcome 
this obstacle and lead to future advancements. 
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Introduction

The reconstitution of three-dimensionally complex structures, 
such as organs, has been a significant challenge, even in this era 
of biotechnology. Attempts at organ-level reconstitution have been 
made, and remarkable progress has been achieved. Blastocyst 
complementation in particular would be considered a breakthrough 
in the area (Kobayashi et al., 2010). Such a technique would en-
able the development of an organ in a different species. Although 
blastocyst complementation would make organ reconstitution 
possible, the contamination of host cells in an induced organ and 
the necessity of a sacrifice remain controversial. Many animals 
can, however, regenerate three-dimensionally complex organs. 
They do not require the loss of any other life or complex in vitro 
procedures to regenerate their organs. Investigating these regen-
eration-competent animals should help us learn to arrange many 
kinds of stem cells spatio-properly, which could lead to successful 

Int. J. Dev. Biol. 62: 605-612 (2018)
https://doi.org/10.1387/ijdb.180118as

www.intjdevbiol.com

*Address correspondence to:  Akira Satoh. Okayama University. Research Core for Interdisciplinary Sciences (RCIS), 3-1-1, Tsushima-naka, Kitaku, Okayama, 700-
8530, Japan. Tel; +81-86-251-8421. E-mail: satoha@cc.okayama-u.ac.jp 

Submitted: 16 April, 2018; Accepted: 26 June, 2018.

ISSN: Online 1696-3547, Print 0214-6282
© 2018 UPV/EHU Press (Bilbao, Spain) and Creative Commons CC-BY. This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creative-
commons.org/licenses/), which permits you to Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform, and build upon the material for any purpose, even 
commercially), providing you give appropriate credit, provide a link to the license, and indicate if changes were made. You may do so in any reasonable manner, but not in any way that suggests 
the licensor endorses you or your use. Printed in Spain

Abbreviations used in this paper: BMP, bone morphogenetic protein; FGF, fibroblast 
growth factor.

three-dimensional organ reconstitution.
Urodele amphibians have been stydied by researchers for their 

remarkable regeneration abilities. Although mammals essentially 
have no organ-level regeneration ability, very limited but certain 
regeneration can be observed in amputated mammalian digit tips 
(Borgens, 1982, Dolan et al., 2018). Mammals can regenerate the 
fingertip when a terminal phalange is amputated approximately 
one-third from the distal end (Han et al., 2005). Proximal level 
amputation, however, results in no regeneration. It has been widely 
believed that the organ-level regeneration ability was lost through 
evolution. Regeneration ability would therefore not be specifically 
evolved in urodele amphibians, but would represent a retaining of 
this ability that we lost during our evolution. This may be supported 
by the fact that many animals do possess organ-level regenera-
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tion abilities. It should be noted that there are a few reports that 
a species-specific gene (orphan gene) is involved in newt limb 
regeneration. Prod-1 has been found in salamander families but 
not yet in other vertebrates (Geng et al., 2015). Prod-1 works as 
a receptor of Newt anterior gradient (nAG), which plays important 
roles in limb regeneration(Kumar et al., 2007). Specifically, nAG 
was reported as a blastema inducer in newts (Kumar et al., 2007). 
Despite the obvious activity, blastema induction activity has only 
been reported in newts, not other species so far. On the other 
hand, another regulatory mechanism can play a role in blastema 
induction, which has been conserved in not only newts but also 
some other amphibians (below). This strongly suggests that the 
stem of the regulatory network is conserved even though some 
specific mechanisms may be involved in each species. From 
this perspective, our genome likely retains a set of regeneration 
cascades that are suppressed by the genetic cascade acquired 
in amniote evolution. Otherwise, our genome may have lost a 
portion of this regeneration cascade, which would result in a loss 
of regeneration abilities. To identify this regeneration cascade, am-
phibian limb regeneration is an ideal model, and limb regeneration 
in amphibians has therefore been investigated as a representative 
form of regeneration activity. 

Amphibian limb regeneration involves at least two processes: 1) 
blastema formation and 2) pattern formation. The former is related 
to inducing stem cells and the latter is related to coordinating and 
organizing stem cells to restore a structure. Understanding these 
two steps is helpful for stem cell research aimed at realizing organ 
re-creation. This review focuses on the nerve roles and Fgf func-
tions in the above two phases. 

Blastema formation and nerve dependence

Limb regeneration in amphibians always accompanies blastema 
formation (Fig.1). Regeneration-incompetent animals, including 
humans, do not have the ability to grow a blastema, which has 
similar features to a blastema in urodele amphibians, after limb 
amputation. Thus, limb blastema formation is a key event in suc-
cessful limb regeneration. A blastema can be recognized within 2 
weeks after limb amputation, and consists of many undifferentiated 
mesenchymal cells and a regeneration-specific epithelium (Fig. 1)
(Nye et al., 2003). Blastema mesenchymal cells have been proven 
to be limb bud-like cells (Muneoka and Bryant, 1982). Although 
they derive from differentiated tissues, their detailed cell lineage 
still needs to be further investigated. Blastema cells are undiffer-
entiated cells that are composed of heterogeneous populations, 
similar to those of developing limb buds (Kragl et al., 2009). Some 
are unipotent and some are multipotent. Dermis-derived blastema 
cells can participate in multiple cell lineages (Currie et al., 2016, 
Hirata et al., 2010, Kragl et al., 2009). The appearance of such 
multipotent cells is a unique feature of amphibian limb regenera-
tion. The multipotency of dermis-derived blastema cells appears 
similar to that of limb bud mesenchymal cells. The majority of limb 
bud cells are derived from the lateral plate mesoderm and have 
restricted multipotency (Pearse et al., 2007). These cells can dif-
ferentiate into cell types within connective tissue lineages, such as 
dermal cells, chondrocytes, and tenocytes. Dermis-derived blas-
tema cells have the same tendency (Currie et al., 2016, Hirata et 
al., 2010, Kragl et al., 2009). This suggests that dermal fibroblasts 
return to their cell fate up to limb bud mesenchymal cells. To date, 

however, there is no molecular evidence of a return to cell fate in 
dermal fibroblasts. Once a regeneration blastema is established, 
it can be considered a structure similar to a developing limb bud. 
A regeneration blastema appears to reuse most of the same ge-
netic cascades as a developing limb bud to generate a patterned 
limb although the involvement of nerves in limb regeneration 
processes differs. Importantly, amphibian limb development is not 
totally unique when compared to amniotes. For instance, Shh is 
expressed in the posterior side of a developing limb bud in both 
amphibians and amniotes (Chang et al., 1994, Endo et al., 2000, 
Nacu et al., 2016, Riddle et al., 1993, Torok et al., 1999). Since 
the limb developmental processes of amphibians and amniotes 
are comparable, we will first focus on the blastema induction 
mechanism in amphibians first.

Nerves have been well recognized as the essential tissue for 
blastema formation. Todd described the importance of nerves in limb 
regeneration (Todd, 1823)(Fig. 2). When nerves are removed at the 
time of, or prior to, amputation, blastema formation is completely 
prevented. In contrast, if nerves are rerouted to skin wounds, which 
generally do not regenerate limbs, they can reprogram from skin 
wound healing to blastema formation (Endo et al., 2004, Makanae 

Fig. 1. The process of limb regeneration and a section of a blastema. 
The upper panels show the normal limb and regenerating limbs. The lower 
panel shows the section of a regenerating blastema. The section was 
stained with Alcian blue, hematoxylin and eosin. The dotted line indicates 
the border of the amputation plane.
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and Satoh, 2012, Satoh et al., 2015)(Fig. 3A). The nerve-induced 
blastema shows the ability to produce a perfectly patterned limb 
when the blastema is in the proper condition (Fig. 3A). This sug-
gests that nerves (and wounding) are sufficient and necessary for 
blastema induction. Nerve molecule entities have been investigated 
for nearly 200 years, and various candidates have so far been pro-
posed: Glial growth factor 2 (Ggf2), substance P, transferrin, nAG, 
Neuregulin, Fibroblast growth factors (Fgfs), Bone morphogenetic 
proteins (Bmps) (Brockes and Kintner, 1986, Farkas et al., 2016, 
Globus, 1988, Mullen et al., 1996, Munaim and Mescher, 1986, 
Weis and Weis, 1970). Ggf-2, substance P, and transferrin can 
promote blastema cell proliferation but do not function in blastema 
induction (Brockes and Kintner, 1986, Globus, 1988, Munaim 
and Mescher, 1986). nAG, Neuregulin, and Fgfs+Bmp(s) are the 
reported nerve factors with blastema inductive abilities (Farkas 
et al., 2016, Kumar et al., 2007, Makanae et al., 2013). nAG was 
described above. Neuregulin is expressed in nerves and can serve 
as a substitute for nerve roles in blastema induction in axolotl limb 
regeneration (Farkas et al., 2016). Among the reported nerve 
factors, the combined activity of Fgf and Bmp genes can induce 
a blastema in multiple species (Makanae et al., 2013, Makanae 
et al., 2014a, Mullen et al., 1996, Satoh et al., 2011, Satoh et al., 
2015). Fgf2 was suggested to be involved in nerve regulation in 
amphibian limb regeneration decades ago (Cannata et al., 2001, 
Mullen et al., 1996). Fgf2 application alone is, however, insufficient 
to induce a blastema. Multiple Fgf proteins are likely secreted from 
nerves to a wound site since the expression of multiple Fgf genes 
in axolotl neurons has been reported (Christensen et al., 2001, 
Makanae et al., 2014a, Satoh et al., 2008). Fgf2, Fgf7, Fgf8, and 
Fgf10 are the genes expressed in axolotl neurons (Makanae et 
al., 2013, Makanae et al., 2014a, Mullen et al., 1996, Satoh et al., 
2008). Fgf-receptor 1 (Fgfr1) for Fgf2 and Fgf8 is expressed in a 
blastema mesenchyme, and Fgfr2 for Fgf7 and Fgf10 is expressed 
in the blastema epithelium (Poulin et al., 1993). Fgf7 and Fgf10 
have similar functions in the specification of limb bud epidermis 

during chick limb development (Yonei-Tamura et al., 1999). Hence, 
Fgf7 and Fgf10 can be expected to play similar roles in the blas-
tema epithelium. Nerves interact with the wound epithelium that 
covers exposed wound surfaces immediately after wounding, prior 
to the appearance of blastema mesenchymal cells (Satoh et al., 
2008). Nerve presence or Fgf7 application is sufficient to induce 
a blastema epithelial marker gene, Sp9 (Satoh et al., 2008). How-
ever, Fgf7 alone is insufficient to induce a blastema. Ligands for 
Fgfr1, Fgf2 and Fgf8, are expressed in axolotl dorsal root ganglias 
(DRGs) and are sufficient to induce a blastema (Makanae et al., 
2014a, Satoh et al., 2011). When an Fgf2+Fgf8-soaked bead is 
grafted to wounded skin, a blastema is induced without apparent 
nerve presence (Satoh et al., 2011). The Fgf-induced blastema 
cannot maintain its growth and the induced blastema eventually 
disappears. Generally, skin from the contralateral side of a limb 
is critical for growing a well-patterned limb. Even when such es-
sential circumstances are established, the Fgf-induced blastema 
cannot maintain its growth. Bmp2 or Bmp7 are also expressed in 
axolotl DRG and the additional supplement of Bmp2 or Bmp7 to 
the Fgf-induced blastema can maintain the growth, resulting in a 
well-patterned limb (Fig. 3 B,E,H)(Makanae et al., 2014a). Bmp2 
or Bmp7 without Fgfs cannot induce a blastema, which suggests 
that Bmp plays a role in the maintenance of blastema growth and 
patterning. This blastema induction by Fgfs+Bmp is not due to 
the specialty of axolotl Fgfs and Bmps. It is, of course, possible 
to induce a limb from wounded skin with the skin graft through 
the electroporation of axolotl Fgf2, Fgf8, and Bmp7 (Fig. 3 C–G). 
Similarly, using mouse/human recombinant proteins yielded the 
same results (Fig. 3H). These findings strongly suggest that axolotl 
Fgfs and Bmp7 are functionally similar to those of other vertebrates. 
Fgfs can serve as a substitute for nerve function in blastema forma-
tion, and Bmp7 and/or Bmp2 signaling is involved in nerve roles 
in blastema formation in urodele amphibians. 

Nerve dependence of limb regeneration was also reported in 
Xenopus laevis. A Xenopus tadpole can regenerate its limb buds 

Fig. 2. Summary of denervation effects in limb regeneration. (A) The nerve plays an essential role in successful limb regeneration. (B) Denervation 
prior to limb amputation results in no blastema formation. (C) Denervation during the early-mid bud stage results in blastema resorption. (D) Denerva-
tion during the mid-late bud stage results in blastema resorption or the formation of a miniature limb.
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in the early stages (Dent, 1962). The regeneration abilities of limb 
buds gradually decrease as the limb develops. A post-metamorphic 
froglet still has the ability to raise a blastema even though it cannot 
form a proper limb. These patterning defects are mentioned below. 
In the tadpole stages, limb bud regeneration is nerve-independent 
but Fgf-dependent (Cannata et al., 2001). In the regeneration-
competent stages, Fgf2 is expressed in a limb bud mesenchyme. In 
the later stages, the Fgf2 expression level decreases and consistent 
regeneration ability disappears (Cannata et al., 2001). Exogenous 
Fgf10 application onto an amputation plane can temporarily restore 
the loss of regeneration abilities (Yokoyama et al., 2000). As for 
Bmp-signaling, the involvement of Bmp-signaling in tadpole limb bud 
regeneration has been reported. The overexpression of a transient 

vertebrates, including mammals, is still being studied. Limb re-
generation in amniotes has been investigated in chick embryos 
and mouse neonates. It was found that chicken limb buds can-
not regenerate from the tiny removal of a distal tip. Fgf2 or Fgf4 
application, however, can induce regeneration responses until 
Hamburger and Hamilton stage 25 (Hamburger and Hamilton, 
1951) (Kostakopoulou et al., 1996, Taylor et al., 1994). Limb buds 
in the later stages cannot respond to exogenous Fgf application. 
In mice, limb regeneration has been studied with the digit amputa-
tion model. Even in mice, the very distal tips of terminal phalanges 
somehow retain their regeneration abilities (Simkin et al., 2015). 
Amputation approximately one-third from a distal tip results in full 
regeneration of terminal phalanges. A slightly more proximal am-

Fig. 3. Summary of the accessory limb model. (A) A blastema can be obtained by skin wound-
ing and nerve deviation. For a perfectly patterned limb, a skin graft from the contralateral side 
of a limb is necessary. (B) Fgf2+Fgf8+Bmp7 can substitute for nerves in the accessory limb 
model. Accessory limb induction by mammalian Fgf2+Fgf8+Bmp7 and axolotl Fgf2+Fgf8+Bmp7. 
(C–E) Skin was peeled off and a small piece of a skin graft from the contralateral side of the 
limb was placed prior to the electroporation. Axolotl Fgf2+Fgf8+Bmp7 plasmids were electro-
porated into day 3 wounded axolotl skin. The electroporation gave rise to the accessory limb. 
GFP plasmids were electroporated as an indicator. (F,G) Negative control. GFP plasmids were 
electroporated under the same conditions and no blastema was induced. (H) Mouse Fgf2, hu-
man Fgf8, and mouse Bmp7 proteins were grafted into the wounded axolotl skin, giving rise 
to the accessory limb.
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Noggin, a Bmp-signaling antagonist, is sufficient 
to prevent the limb regeneration processes 
(Beck et al., 2006). These Noggin-expressing 
amputated limb buds fail to regenerate limbs 
from the early phase of regeneration, suggest-
ing that Bmp-signaling is involved in the early 
regulation of limb regeneration. As for blastema 
induction in a froglet limb, nerve dependence 
is apparent (Endo et al., 2000). Nerve removal 
from a froglet’s limb results in the complete 
prevention of blastema formation (Endo et al., 
2000). The phosphorylation of ERK, which is 
one of the major downstream cascades of Fgf-
signaling, is promoted by the nerve presence in 
a regenerating blastema (Suzuki et al., 2007). 
Xenopus DRG express Fgf genes (Mitogawa et 
al., 2018). Furthermore, Fgf2, Fgf8, and Bmp7 
application can induce a blastema from simply 
wounded skin, similar to axolotls (Satoh et al., 
2015). This strongly suggests that Fgf-signaling 
from nerves plays a major role in blastema 
induction, even in Xenopus. 

Fin regeneration has many similarities to limb 
regeneration. In fact, pectoral fins have been 
considered an ancestral structure of forelimbs. 
Zebrafish, Danio renio, can regenerate their fins 
after amputation and the regeneration process 
is nerve dependent (Simoes et al., 2014). The 
nerve factors, however, have yet to be identi-
fied in zebrafish fin regeneration. Denervation 
prevents blastema formation, and the blastema 
induction mechanism has been well investi-
gated. In a study focusing on Fgf-signaling, the 
importance of Fgf-signaling in blastema forma-
tion has been shown (Poss et al., 2000). Some 
Fgf genes are related to fin regeneration, and 
among them, Fgf20 has been proven to be an 
essential regulator for blastema formation in 
zebrafish fin regeneration (Whitehead et al., 
2005). Fgf20 expression was downregulated 
by denervation, suggesting that nerves have 
positive effects on Fgf20 expression. This is 
similar to the relationship between nerves and 
Fgf genes in limb regeneration (Christensen et 
al., 2001, Endo et al., 2000, Satoh et al., 2017). 

The blastema induction mechanism in other 
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animal sizes, blastemas do appear to sufficiently reach the mid- to 
late-bud stages, however. Singer and Graven (1948) also reported 
similar results in a newt (Singer and Craven, 1948). Denervation 
performed in the early blastema phases resulted in resorption, 
and denervation in approximately the mid-bud stage did not allow 
the blastemas to finish patterning in half of the samples. Powell 
also reported that denervation in the early-bud stage resulted in 
no further regeneration (Powell, 1969). The blastema that Powell 
called the “early bud” was pictured. The sufficiently dome-like 
shape, numerous blastema cells, and thickened epidermis implies 
that this blastema is, however, in the mid-bud stage according to 
the stage table (Iten and Bryant, 1973). It is widely accepted that 
the time required to reach each specific blastema stage varies 
depending on conditions such as temperature and animal size. 
Considering the results of these classic studies, it is very likely 
that denervation from a blastema till the mid-bud stage severely 
affects morphogenesis. This was recently confirmed from a slightly 
different angle. The accessory limb model (ALM) is an alternative 
experimental system for amphibian limb regeneration (Endo et al., 
2004, Endo et al., 2015, Satoh et al., 2007). In this model, limb 
amputation is no longer necessary. Skin wounding, skin grafting 
from the contralateral side of a limb, and nerve rerouting are suf-
ficient to induce full limb regeneration, resulting in an accessory 
limb. Endo et al., reported that denervation after blastema forma-
tion resulted in the resorption of a blastema (Endo et al., 2004). 
Denervation in the ALM is performed on day 10, when Shh, Fgf8, 
Msx2, Hoxa13, and Hoxd13 are already expressed (Nacu et al., 
2016, Satoh et al., 2007). This suggests that limb patterning begins 
at that stage which, in turn, suggests that nerves play a role in 
maintaining correct limb patterning processes. 

Limb patterning can be interpreted using an intercalation model 
(Bryant and Gardiner, 2016, Makanae et al., 2014b, Satoh et al., 
2010). This conceptual model essentially fills the gap between 
distal and proximal. It has been hypothesized that distal identity 
is established first within a blastema. Then, the gap region is 
induced by interaction between the established distal and stump 
(proximal) regions. Fgf-signaling plays an important role in this 
intercalary process. In Xenopus froglet limb development, Fgf8 
mediates the intercalary regulation (Shimizu-Nishikawa et al., 
2003)(Fig. 4). The presumptive zeugopod portion is removed, 
and a presumptive stylopod and an autopod are joined together. 
The removed zeugopod structures are usually not restored at 
all. When an Fgf8-soaked bead is placed within the space, the 
removed zeugopod parts are fully restored. Similar observations 
were reported even in amniotes, Gallus gallus (Fig. 4). Exogenous 
Fgf2 and Fgf8 applications induce intercalary responses in chicken 
limb development (Makanae and Satoh, 2018). Even in mammals, 
it has been suggested that Fgf-signaling mediates the intercalary 
limb developmental process. It was reported that the zeugopod 
parts were accordingly decreased as Fgf activity in a limb bud 
was decreased in mouse limb development (Mariani et al., 2008). 
This suggests that an Fgf-mediating intercalary mechanism in 
limb development is conserved among species. It is of note that 
activation of Fgf-signaling induces intercalary responses in mature 
axolotl limbs (Satoh et al., 2010)(Fig. 4). A hand part was removed 
and further amputation was performed in the middle portion of a 
stylopod in order to excise the entire zeugopod. The isolated hand 
part was placed onto the amputated stylopod so that there was 
no zeugopod. This basically gave rise to nothing, as there was no 

putation, however, generally results in no regeneration (Yu et al., 
2010). Bmp2 application results in digit regeneration, but it remains 
unknown whether a blastema similar to a blastema in amphibian 
limb regeneration is induced. Blastema induction in mouse digit tip 
regeneration should be carefully assessed with molecular markers 
in order to compare it with that in amphibians. 

It is a curious coincidence that Fgf- and Bmp-signaling are in-
volved in the early phase of regeneration in some animals, although 
their detailed regulations differ. We need to carefully examine the 
detailed mechanisms of Fgf- and Bmp-signaling in regeneration 
in a variety of animals so that we can identify the true conserved 
regeneration principle. 

Nerve roles in patterning in limb regeneration

Once a blastema forms, it is believed that the induced blastema 
mostly re-undergoes limb developmental processes to restore a 
patterned limb. A blastema is similar to a developing limb bud in 
terms of its features and gene expression pattern. However, an 
involvement of nerves is one of the significant differences between 
limb development and regeneration. Nerves do not appear to play a 
large role in the limb patterning of the limb developmental process. A 
nerve-free limb bud was demonstrated to develop limb morphology 
without obvious malformations in a chicken embryo (Hunt, 1932, 
Lillie, 1904, Murray and Huxley, 1925). Limb buds were isolated from 
an embryo and allowed to develop on the chorio-allantois. Under 
these conditions, axons cannot penetrate into the cultured limb 
bud, resulting in an axon-free limb bud. All nutrients were supplied, 
and the cultured limb bud developed a limb shape autonomously. 
These results strongly suggest that nerves do not have a significant 
function in limb patterning during limb development. As for urodele 
amphibians, some classic studies suggest the roles of nerves in 
the limb patterning involved in regeneration. Denervation from a 
regenerating blastema in the late bud-stage results in a miniature 
limb (Fig. 2)(Powell, 1969, Schotté and Butler, 1944, Singer and 
Craven, 1948). This study puts forth the present consensus on 
nerve functions in the patterning of limb regeneration. However, it 
is also true that denervation from a blastema in the mid-bud stage 
resulted in no patterned structure and the regression of the blastema 
(Schotté and Butler, 1944)(Fig. 2). Similarly, if a blastema in the 
middle stages is grafted onto a body, and proper innervation from 
the trunk is prevented, the grafted blastema cannot maintain itself, 
although a blastema in the later stages can maintain and develop 
further under the same condition (Faber, 1960, Wallace, 1981). This 
nerve dependence of a blastema is unexpected based on insights 
from limb development. The nerve dependence of a regenera-
tion blastema is a specific phenomenon in limb regeneration that 
we would like to focus on. Denervation after blastema formation 
was investigated, and it was concluded that it had minimal effect 
on regeneration (Faber, 1960, Powell, 1969, Schotté and Butler, 
1944, Singer and Craven, 1948, Stocum, 1968, Wallace, 1981). 
Here, we focus on three of these classic representative papers that 
describe miniature limb formation by denervation (Fig. 2). Schotté 
and Butler reported that denervation from a blastema in an early 
stage results in resorption, and that denervation from a blastema 
in the mid- to late-bud stage resulted in either miniature limbs or 
resorption in axolotls (Schotté and Butler, 1944)(Fig. 2). Due to the 
low resolution of the image, it is very hard to determine the blas-
tema stages in the paper. According to their drawings, times, and 
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restoration of the missing zeugopod (Fig. 4). When Fgf protein(s) 
was applied at the border, however, apparent restoration of the 
missing zeugopodial structures could be observed (Fig. 4). In 
invertebrates, the Fgf-mediating intercalary reaction is implied in 
planarians. Umesono et al., showed that intercalary regeneration 
in planarians is regulated by the interaction between Fgf and Wnt 
signaling (Agata et al., 2014, Umesono et al., 2013). Yet, Fgfr 
ligands have not been identified in planarians, which suggests 
that Fgf-signaling mediates intercalary pattern formation in vari-

ous situations. 
Nerves are expected to be a source of Fgfs in limb regeneration. 

As mentioned above, DRG neurons express Fgfs in axolotls and 
Xenopus froglets (Makanae et al., 2014a, Mitogawa et al., 2018, 
Satoh et al., 2016). Regeneration blastemas are well innervated 
throughout the entire process of limb regeneration. Blastemas 
express Fgf genes, which are downregulated by denervation in 
axolotls and Xenopus froglets (Christensen et al., 2001, Endo et 
al., 2000, Mullen et al., 1996, Satoh et al., 2017, Yokoyama et al., 

Fig. 4. Intercalary responses in the Xenopus limb bud, axolotl limb, and chick limb 
bud. (A) Xenopus intercalary limb regeneration. Excision of presumptive lower limb parts 
(zeugopod) from a developing limb bud results in a loss of the lower limb structure. Ectopic 
Fgf8 application rescues the lower limb structures. (B) Axolotl intercalary limb regeneration. 
When a zeugopod is excised and an autopod and stylopod are joined together, no restora-
tion of a zeugopod can be observed. Ectopic Fgf application results in the regeneration of 
the missing zeugopod. (C)  Chick intercalation limb regeneration response. A presump-
tive lower wing part is dissecting out and a distal part (a presumptive autopod) is directly 
placed onto a proximal part (a presumptive stylopod). When a PBS-soaked bead is placed 
in the border of the graft, no zeugopod structures are regenerated. When an Fgf2+Fgf8 
soaked bead is placed in the same location, the removed zeugopod parts are regenerated.

A
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2000). Thus, nerves likely contribute to the creation of 
an Fgf-enriched environment in a regeneration blas-
tema. Fgf-enriched blastemas require ideal conditions 
to achieve intercalary regulations. Denervation may 
cause the loss of this Fgf-enriched field, resulting in 
the suspended growth or resorption of a blastema. 
The relationship between nerve-related Fgf-enriched 
blastema fields and intercalary regulation remains 
unclear. One experiment on Xenopus froglet limb 
regeneration speculates on the regenerative envi-
ronment by nerves (Mitogawa et al., 2018). When 
nerves are rerouted from a hind limb to a forelimb, 
these hyperinnervated forelimbs exhibited superior 
regeneration. Xenopus froglet blastemas gener-
ally form a pattern-less cone-shaped cartilaginous 
structure called a spike (Dent, 1962, Satoh et al., 
2005). Hyperinnervated froglet blastemas resulted 
in a relatively patterned regenerate but still not a 
perfectly patterned limb. This regenerate improve-
ment indicates that some gene expressions were 
restored. In a regular Xenopus froglet blastema, Shh 
is not expressed (Endo et al., 2000, Yakushiji et al., 
2007). Hyperinnervation upregulates Shh in a proxi-
mal blastema, where Shh is to be expressed. Lmx1b 
is a dorsal regulatory transcriptional factor, and no 
Lmx1b expression is observed in a froglet blastema 
(Matsuda et al., 2001). Hyperinnervation induces 
Lmx1b expression in a dorsal portion of a blastema 
(Mitogawa et al., 2018). These findings enable us to 
hypothesize that nerves secreting Fgfs create a suit-
able environment for intercalary regulations involving 
proper gene expression in appropriate areas. Although 
it is a fascinating hypothesis, no concrete evidence has 
been shown to date. The fact that nerves secrete Fgfs 
and that Fgfs mediate intercalary pattern formation 
strongly suggests that nerves play a role in pattern 
formation in limb regeneration. 

Evidence of nerve-dependent pattern formation 
has not been satisfactory. As mentioned in this review, 
however, pattern formation in limb regeneration is 
likely related to nerve presence. As mentioned above, 
denervation prevents Fgf8 expression in blastemas 
(Christensen et al., 2001, Satoh et al., 2017), sug-
gesting a maintenance role for the nerve in terms of 
Fgf8 expression in a blastema mesenchyme. Loss of 
Fgf8 expression in a regenerating blastema results 
in a halt in regeneration, no patterning and resorp-
tion (Nacu et al., 2016). These findings suggest that 
the Fgf-enriched environment created by nerves is 
important for cell proliferation and pattern formation. 
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Cell proliferation and pattern formation are likely very closely related 
(Bryant and Gardiner, 2016, Stocum, 2011). The primary role of 
nerves in the later phases is currently thought to be maintaining 
the proliferation of blastema mesenchyme. Denervation causes 
a loss of cell proliferation, which results in suspended growth or 
resorption of a blastema. In contrast, denervation may disrupt 
intercalary regulations, causing a loss of cell proliferation. 

Prospective role of nerves in the limb regeneration of 
amniotes

Discovering new medicine is an overarching goal, and research-
ers in the limb regeneration field consider and discuss this topic. To 
date, amphibian limb regeneration research has not yet contributed 
significantly to new medical treatment. Recently, however, the 
molecules responsible for blastema induction have been revealed. 
Furthermore, the mechanism of pattern formation is beginning to 
be revealed, as shown above. Given the mouse digit regeneration 
and the induction of chicken intercalary responses by Fgfs, it is not 
unreasonable to believe that the basic genetic set of regeneration 
mechanisms may exist in our genome. Careful investigation could 
lead to novel ways in which to cure human wounds.
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