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In this review, we present the current state of knowledge surrounding mammalian digit tip
regeneration. We discuss the origin and formation of the blastema, a structure integral to
digit tip regeneration, as well as recent insights driven by single-cell RNA sequencing into
the molecular markers and cellular composition of the blastema. The digit tip is a composite
of many different tissue types and we address what is known about the role of these separate
tissues in regeneration of the whole digit tip. Specifically, we discuss the most extensively
studied tissues in the digit tip: bone, nail epithelium, and peripheral nerves. We also address
how known molecular pathways in limb development can inform research into digit tip
regeneration. Overall, the mouse digit tip is an excellent model of complex mammalian
regeneration that can provide insight into inducing regeneration in human tissues.

egenerative abilities vary dramatically across

the animal kingdom and even within the
vertebrate lineage. On one extreme, the highly
regenerative axolotl is capable of regenerating
limbs, the tail, the spinal cord, and other complex
tissues, and zebrafish can regenerate their fins
and hearts after injury (Johnson and Weston
1995; Poss et al. 2002). On the other hand, re-
generative ability in mammals is limited and
generally restricted to regeneration of an organ
such as the liver (Higgins and Anderson 1931;
Michalopoulos and DeFrances 1997) or scarless
wound healing in the oral mucosa (Sciubba et al.
1978; Szpaderska et al. 2003). In humans, there
are very few examples of body parts comprised of
multiple tissue types that are capable of innate
regeneration; the digit tip proves to be a prime

example of this phenomenon. Case reports re-
veal that human children can innately regenerate
the digit tip, a complex tissue made up of bone,
connective tissue, vasculature, nerves, epitheli-
um, nail matrix, and nail plate (Fig. 1A; Douglas
1972; Nllingworth 1974). Similarly, there is evi-
dence that adults can regenerate the soft tissue
and nail of the digit tip after amputation, but
bone regeneration in adults has not been system-
atically assessed (Farell et al. 1977; Louis et al.
1980; Mennen and Wiese 1993). Other mam-
mals, including mice, can also regenerate the
digit tip (Borgens 1982; Singer et al. 1987); the
mouse digit tip is anatomically analogous to
the human digit tip and can regenerate at all
ages (Fig. 1B; Douglas 1972; Borgens 1982; Neu-
feld and Zhao 1995). Both human and mouse
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Figure 1. Anatomy of human and mouse digit tips.
The human (A) and mouse (B) digit tips are morpho-
logically similar, with the digit tip bone surrounded
by blood vessels, nerves, and connective tissue and a
ventral fat pad that houses sweat glands. The nail plate
and nail epithelium are dorsal to the digit bone. Dor-
sal and ventral tendons attach to the digit bone. The
dashed line in B indicates the amputation plane used
in many digit tip regeneration studies.

digit tips are comprised of the terminal phalan-
geal bone, which is surrounded by connective
tissue and a ventral fat pad, where sweat glands
are located. The bone articulates with a more
proximal phalangeal bone, forming a joint along
with dorsal and ventral tendons. Blood vessels
and nerves run along the lateral sides of the digit.
Epithelium surrounds the digit, including the
specialized nail epithelium, which islocated dor-
sally and gives rise to the keratinized nail plate.
The main anatomical differences between the
human and mouse digit tip are digit bone shape,
the presence of a sesamoid bone in the mouse
digit, and the morphology of the nail plate (Fig.
1). The number of different tissues in the mouse
digit tip, along with the suite of genetic and mo-
lecular tools available for mouse, makes it an
ideal model to study composite tissue regenera-
tion with the goal of translating findings to ther-
apeutic interventions in humans.

Research into mouse digit tip regeneration
has spanned decades and encompasses many

different research modalities. In this review, we
will discuss research into the origin, formation,
and differentiation of the blastema, a structure
that is essential to regeneration of many complex
tissues and is still shrouded in mystery. We will
also discuss the roles of distinct tissues in the
mouse digit tip during regeneration including
the bone, nail and nail epithelium, connective
tissue, and nerves. An understanding of each
tissue is important to grasp the holistic nature
of complex tissue regeneration. Finally, regener-
ation of limbs and other appendages is often
compared to the embryonic development of
those structures, which can provide a framework
to understanding differentiation of blastema
cells and patterning of the regenerate. The fact
that mouse digit tip regeneration occurs from
fetal to adult stages enables a comparison of
regeneration over the developmental time of a
tissue. Collectively, we aim to provide a compre-
hensive summary of the current state of the field
of mammalian digit tip regeneration and pose
questions that could be addressed in future re-
search.

THE MOUSE DIGIT TIP BLASTEMA

The term blastema is derived from the Greek
word for offshoot or offspring. This naturally
leads to the modern scientific definition of blas-
tema: a mass of proliferating progenitor cells that
is established in response to injury and eventu-
ally forms the regenerated tissue. However, a
blastema forms in response to amputation in a
wide range of regenerative model organisms,
from planaria to mouse, thus mediating regen-
eration of tissues with different compositions
and patterns; it remains to be determined how
interrelated blastemas are between clades. Here,
we will focus on what is known about the mouse
digit tip blastema. Much of the recent research
on the mouse digit tip blastema has focused on
two intertwined questions: (1) origin: which cells
give rise to the blastema, and (2) identity: which
cells are present within the blastema.

First, we will focus on the state of research
into the origin of blastema cells. During mouse
digit tip regeneration, the blastema forms shortly
after the wound epithelium has closed over the

2 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a040857



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

A Comprehensive Review of Mammalian Digit Tip Regeneration

amputation. This timing depends on the age and
strain of the mouse, ranging from 7 days post-
amputation (dpa) in the neonatal mouse (Han
etal. 2008) to 10 dpa or later in the adult mouse
(Fernando et al. 2011; Qu et al. 2020). Genetic
lineage tracing approaches, where Cre recombi-
nase is expressed under the control of a cell-type-
specific promoter in combination with a Cre re-
porter allele to permanently mark cells and their
progeny, have shown that there is likely not a
multipotent progenitor cell that gives rise to all
blastema cells (Lehoczky et al. 2011; Rinkevich
etal. 2011); however, the exact origin of blastema
cells remains unknown except in a few specific

cases (Fig. 2A). For example, mesenchymal cells
within peripheral nerves have been shown to
contribute to the blastema, and Schwann cells
within the blastema originate from de-differen-
tiated peripheral nerve-associated Schwann cells
(Johnston et al. 2016; Carr et al. 2019).

The origin of blastema cells is an inherently
difficult problem to solve because blastema cells
are defined by being present in the regenerative
structure, but they must arise from digit stump
tissue or the circulation. Parabiosis experiments,
which permanently join the circulatory systems
of two animals, have shown that circulating cells
do not contribute to the blastema (Rinkevich

Gross morphology

Histology, scRNA-seq

Figure 2. Origin and identity of the blastema. (A) Schematic of tissues that give rise to blastema cells. Peripheral
nerves (green) provide Schwann cells and mesenchymal cells. Pdgfra-expressing mesenchyme (orange) provides
mesenchymal blastema cells. Bone marrow (light gray) and periosteum may also contribute cells to the blastema.
(B) Evolution of the field’s understanding of blastema identity over decades from a homogeneous, proliferative
mass of cells defined based on gross section morphology (left), to a highly heterogeneous collection of cells
through histology and single-cell RNA sequencing (scRNA-seq) analysis (right).
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et al. 2011), making digit stump tissue the most
likely origin of blastema cells. One line of inves-
tigation has determined that the periosteum and
bone marrow are the source of some blastema
cells, based on histology that shows bone mar-
row and periosteal cells proliferating prior to
blastema formation, and that removing the peri-
osteum partially inhibits bone regeneration (Fig.
2A; Dawson et al. 2018). Future studies using
genetic lineage tracing of periosteal and bone
marrow populations could enrich our under-
standing of the dynamics and proportion of cells
in the blastema derived from these tissues. A
separate line of investigation addresses whether
mesenchymal cells expressing Pdgfra contribute
to the blastema. Genetic lineage tracing shows
that Pdgfra-positive cells from the connective
tissue and peripheral nerves do contribute to
the blastema, and ablating Pdgfra-positive cells
with a PdgfraCreERT;R26-LSL-DTA strategy
impairs regeneration (Fig. 2A; Carr et al. 2019;
Storer et al. 2020). Because Pdgfra is widely ex-
pressed in the connective tissue of the digit tip,
these experiments do not define the origin of
individual populations of fibroblasts. Determin-
ing the origin of blastema cells is an important
question when considering how we could poten-
tially induce complex tissue regeneration in hu-
mans. It is also becoming increasingly compli-
cated as the heterogeneous nature of the
blastema becomes clear, since there could be
many different origins depending on the blas-
tema cell type. DNA barcoding is conceptually
similar to the above-mentioned genetic lineage
tracing, but instead marks individual cells with
permanent unique DNA sequence tags that per-
sist in any daughter cells. Barcoding strategies
can be used to reconstruct the lineage tree(s) of
blastema cells and could be useful in defining the
dynamics of blastema formation, for example,
whether blastema cells arise from a few or
many progenitors.

Several factors are known to play a role in the
recruitment of blastema cells. Some cells in the
blastema express CXCR4, a receptor for SDF-1
(Lee et al. 2013). SDF-1 is a chemokine that is
expressed in the wound epithelium after ampu-
tation, implying that nascent blastema cells from
throughout the digit dip may be attracted to the

early wound epithelium through chemokine sig-
naling (Lee et al. 2013). This is an attractive mod-
el that leverages the formation of a specialized
wound epithelium after amputation. Experi-
ments focused on inducing ectopic regeneration
in digit regions that normally do not regenerate
may also provide hints to the process of blastema
formation. Bone morphogenetic protein (BMP)
beads implanted into proximal amputation
wounds can recruit cells that look histologically
similar to a blastema and show some character-
istics of the blastema, like proliferation and re-
generation of bone (Yu et al. 2010). It would be
interesting to characterize this ectopic tissue to
determine how cellularly and molecularly relat-
ed it is to the endogenous digit tip blastema.
Once the blastema is formed, it is accessible
to techniques that allow definition of identity, or
cell types, such as histology of cell markers. By
gross morphology in tissue sections, the blas-
tema appears as a homogeneous population of
cells distal to the bone stump and enclosed by the
wound epithelium (Fig. 2B) with visible blood
vessels in later stages (Han et al. 2008; Fernando
et al. 2011). Bone-associated markers such as
Bmp4 and Runx2 are expressed in a subset of
blastema cells (Han et al. 2008; Yu et al. 2010;
Takeo et al. 2013). These genes make sense bio-
logically since bone makes up most of the regen-
erated tissue in the mouse digit tipand BMPs and
Runx2 are known to be involved in osteogenesis.
As estimated from 5-ethynyl-2’-deoxyuridine
(EdU) staining and single-cell sequencing exper-
iments, ~10% of all blastema cells are actively
dividing (Johnston et al. 2016; Johnson et al.
2020; Storer et al. 2020). Genetic lineage tracing
has shown that the cells of the mouse digit tip
blastema are lineage restricted, at least to sepa-
rate embryonic germ layer origin (Lehoczky et al.
2011; Rinkevich et al. 2011). For example, epi-
thelial cells marked by K14 or K5 only contribute
to regenerated epithelium (Lehoczky et al. 2011;
Rinkevich et al. 2011). More recently, advances
in defining the identity of blastema cells have
been mediated by single-cell RNA sequencing
(scRNA-seq), a technology that lends itself to
cell-type identification. Our laboratory and oth-
ers have used scRNA-seq to define the cell types
present in the mouse digit tip blastema, includ-
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ing Schwann cells, immune cells such as macro-
phages, T cells, neutrophils, and monocytes, en-
dothelial and vascular smooth muscle cells,and a
heterogeneous population of fibroblasts (Fig. 2B,
Table 1; Johnson et al. 2020; Storer et al. 2020).
Some of these broad cell types were previously
characterized in the blastema by histology with
cell-type-specific markers, like Schwann cells
and macrophages (Johnston et al. 2016; Simkin
etal. 2017).

Many cell types like the ones mentioned
above have well-defined markers, but the hetero-
geneity of some cell types, such as fibroblasts,
has not always been appreciated. The connective
tissue compartment of the digit tip is mainly
made up of fibroblasts that were not well char-
acterized until recently (Marrero et al. 2017;
Johnson et al. 2020; Storer et al. 2020). Genetic
lineage tracing using Msx1 or Prx1 Cre alleles
showed that fibroblasts in the digit tip do not

differentiate into other defined cell types like
epithelium or endothelium (Lehoczky et al.
2011; Rinkevich et al. 2011). However, Msx1
and Prx1 are expressed widely in unamputated
digit tip connective tissue and blastema cells,
making it difficult to interrogate fibroblast sub-
populations using existing genetic markers. Re-
cent scRNA-seq studies have made headway in
molecularly characterizing fibroblast heteroge-
neity in the blastema and unamputated digit tip
(Johnson et al. 2020; Storer et al. 2020). These
studies provide specific markers for several dis-
tinct fibroblast populations in the unamputated
digit tip and the blastema, as well as some
regeneration-specific fibroblast markers. The
wealth of transcriptomic data now available at
various regenerative time points can inform new
genetic tools to trace populations more finely
within the blastema, perhaps even allowing dis-
section of the origin and transdifferentiation of

Table 1. Reports defining specific cell types found in the blastema by cell-type-specific immunohistochemistry
(IHC), RNA in situ hybridization (ISH), or single-cell transcriptomics (sScRNA-seq)

Cell type References Method
Fibroblast Marrero et al. 2017 [HC

Johnson et al. 2020 scRNA-seq, FISH

Storer et al. 2020 scRNA-seq, FISH
Osteoblast Han et al. 2008 RNA ISH

Yu et al. 2010 RNA ISH

Takeo et al. 2013 [HC

Johnson et al. 2020 scRNA-seq

Storer et al. 2020 scRNA-seq
Endothelial Fernando et al. 2011 IHC

Johnson et al. 2020
Storer et al. 2020
Johnson et al. 2020
Storer et al. 2020
Johnston et al. 2016 IHC

Vascular smooth muscle

Schwann cell

scRNA-seq;
scRNA-seq
scRNA-seq
scRNA-seq, IHC

Dolan et al. 2019 IHC

Johnson et al. 2020
Storer et al. 2020

scRNA-seq
scRNA-seq, [HC

Macrophage Simkin et al. 2017 IHC
Johnson et al. 2020 scRNA-seq
Storer et al. 2020 scRNA-seq
Monocyte Johnson et al. 2020 scRNA-seq
Neutrophil Simkin et al. 2017 IHC
Johnson et al. 2020 scRNA-seq
T-cell Johnson et al. 2020 scRNA-seq
Osteoclast Johnson et al. 2020 scRNA-seq
Storer et al. 2020 scRNA-seq
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specific fibroblast populations. These defined
blastema cell populations will also allow for ex-
amination of the spatial relationships of differ-
ent cell types in the blastema. In future research,
it will be important to frame the blastema as a
heterogeneous structure with distinct cell popu-
lations that may contribute to regeneration in
different ways.

DIGIT TIP BONE REGENERATION

The terminal phalange bone (also referred to as
the P3 bone) is a distinct anatomical feature of
the mouse digit tip and has a characteristic tri-
angular shape (Figs. 1B and 3A). The bone ex-
tends from the distal interphalangeal joint to
near the distal end of the digit tip and is encased
in connective tissue. Because the bone is the
largest tissue in the digit tip and has long been
used to quantify the amount of regeneration, the
process of digit tip bone regeneration has been
well studied and falls into distinct stages: ampu-
tation, bone histolysis, and bone differentiation
(Fig. 3; Neufeld and Zhao 1995; Han et al. 2008;
Fernando et al. 2011; Dawson et al. 2018).

In digit amputations permissive for regener-
ation, up to 40% of the digit tip bone length is
removed (Fig. 3A,B; Neufeld and Zhao 1995).
Histology shows that following amputation, the
wound epithelium adheres to the edges of the
amputated bone instead of migrating or prolif-
erating to close over it, leaving the stump bone
exposed (Fernando et al. 2011; Simkin et al.
2017). This coincides with increased osteoclast
activity near where the epithelium meets the
stump bone (Fernando et al. 2011; Simkin et al.
2017). These osteoclasts degrade the stump bone
and resultin “re-amputation” of the bone where-
by some of the remaining stump bone is degrad-
ed by histolysis and pushed out of the wound
(Fig. 3C,C'). This phase of digit tip regeneration
results in a closed wound and less than half of
the terminal phalanx remaining, with the bone
marrow cavity open to the wound environment.
Interestingly, decoupling wound closure and
histolysis by inducing wound closure over the
stump bone shows that regeneration can occur
in the absence of further bone degradation (Sim-
kin et al. 2015).

Once the blastema has formed, osteoblast
progenitors within the blastema begin to undergo
osteoblastogenesis. Bone differentiation proceeds
proximally to distally within the digit tip blas-
tema. Osteoblasts near the stump express more
mature osteoblasts markers (ex. Osx), and osteo-
blasts distal to the stump are more proliferative
and express less mature osteoblast markers
(ex. Runx2) (Fig. 3D,D’; Dawson et al. 2018).
Digit bone regeneration occurs via intramembra-
nous ossification and begins with woven bone
islands near the stump, then proceeds distally
until the entire digit tip bone is reconstituted
(Han et al. 2008; Fernando et al. 2011). BMP
signaling is necessary for bone regeneration, as
Noggin application to a regeneration-permissive
amputation can block the regeneration of new
bone in fetal and neonatal mice (Han et al.
2003; Yuetal. 2010). Oxygen content of the tissue
is also important for the process of digit tip bone
regeneration. The early blastema is a hypoxic en-
vironment and increasing oxygen tension at this
stage, prior to bone regeneration, causes a pro-
longed bone degradation period and increased
variability in the timing of bone regrowth (Sam-
marco etal. 2014,2015). Regeneration of the bone
is imperfect: the volume of the regenerated bone
eventually exceeds that of unamputated digit tip
bones, and the new bone is woven instead of cor-
tical (Fig. 3E; Han et al. 2008; Fernando et al.
2011). A recent quantitative analysis using mi-
croCT scans showed that the regenerated bone
has a higher bone mineral density and a much
larger bone marrow cavity than the unamputated
bone (Hoffseth et al. 2021), although it is not
known whether this affects the function of the
regenerated digit tip. The regenerated bone also
continues to be remodeled for some time
after bone regeneration is considered complete,
~4 weeks post-amputation (wpa) in adult mice.

Because bone regeneration has been well
characterized, it is often used as the standard
for completion of regeneration. This is useful be-
cause bone length and volume are easily quanti-
fiable measures of digit tip regeneration. Howev-
er, there are many tissues in the digit tip, such as
nerves, blood vessels, and connective tissue. Mov-
ing forward, it would be informative to quantify
the regeneration of these tissues as well in exper-
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Figure 3. Digit tip bone regeneration. (A-E) A progression of digit tip bone regeneration following amputation.
The intact bone (A) is amputated (B). Osteoclasts degrade the stump bone resulting in re-amputation of the bone
that exposes the bone marrow cavity (C,C’). Bone begins to regenerate and proceeds from proximal to distal
(D,D'). The regenerated bone is woven and does not perfectly regenerate the original bone shape (E). (C') (Inset)
Epithelial attachment and osteoclast activity. (D) (Inset) The progression of bone regeneration from proximal to
distal.
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iments assessing the completion or amount of
regeneration following genetic perturbations or
other manipulations, to ultimately understand
the innate regeneration of composite tissue.

THE NAIL AND NERVES: SUPPORTERS
OF REGENERATION

The nail is a structure that is integral to the digit
tip. The nail itself is a plate comprised of hard
keratin produced by the specialized nail matrix
epithelial cells immediately below the proximal
nail plate (Fig. 4; Nakamura and Ishikawa 2008;
Takeo et al. 2013). Digit tip regeneration is
known to be dependent on the amount of digit
amputated, and successful regeneration only
occurs for amputations transecting the nail; am-
putations proximal to the nail matrix do not re-
generate (Fig. 1B; Neufeld and Zhao 1995). Fur-
thermore, transplantation of the nail organ to a
more proximal digital position can induce some
bone regeneration following amputation (Zhao
and Neufeld 1995). These early experiments sug-
gested that the nail and nail matrix may play a
role in creating a permissive environment for
digit tip regeneration, and/or that nail stem cells
contributed to the blastema. K14 and K5 genetic
lineage tracing experiments conclude that it is
unlikely that nail stem cells are contributing to
the cellular composition of the blastema (Le-

hoczky et al. 2011; Rinkevich et al. 2011), al-
though they could give rise to the cells of the
wound epithelium. This supports the hypothesis
that the nail matrix supplies pro-regenerative
signals after amputation.

How might the nail matrix contribute to a
regenerative environment in the digit tip? In
both adult and neonatal mice, the nail matrix is
a Wnt signaling center (Takeo et al. 2013; Le-
hoczky and Tabin 2015). Lgr6, a Wnt signaling
agonist, is expressed in the proximal nail matrix
and marks nail stem cells (Lehoczky and Tabin
2015). The digits of Lgr6 knockout mice develop
normally, but display a regeneration-specific
phenotype of non-regenerative nails at a reduced
penetrance, and significantly smaller regenerat-
ed bones as compared to wild-type controls
(Lehoczky and Tabin 2015). There is also evi-
dence that Wnt signaling in the nail matrix
may define the regenerative boundary (Takeo
et al. 2013). It has been demonstrated that Wnt
signaling is active in the distal nail matrix but not
the proximal nail matrix where nail stem cells are
located. Conditional knockout of B-catenin in
the epithelium results in loss of nail growth as
well as deficient nail and bone regeneration after
amputation (Takeo et al. 2013). Interestingly,
activating Wnt signaling by conditionally over-
expressing B-catenin in the epithelium of a prox-
imal non-regenerative digit amputation leads to

B np

Figure 4. Anatomy of the nail organ. (A) A transverse section through the digit tip showing the nail plate (np), nail
matrix (nm), nail epithelium (ne), proximal nail fold (pnf), and hyponychium (h). Nail stem cells contribute to
the np (arrows). Proximal is to the left and distal to the right. (B) A dorsal-ventral cross section through the digit
at the plane of the dashed line in A showing the np, ne, and h, curving around the digit. Dorsal is to the fop and

ventral to the bottom in A and B.
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some nerve, bone, and nail regrowth, as well as
cellular proliferation. This only occurs if the am-
putation is distal enough to leave some nail ma-
trix intact, which implies that Wnt signaling spe-
cifically from nail matrix cells is indeed necessary
for the regenerative response (Takeo et al. 2013).

These two studies together point to Wnt sig-
naling in the nail matrix as a necessary part of
digit tip regeneration, but the exact mechanism
remains unknown. For example, how does the
nail epithelium signal to underlying tissue?
There is evidence that nail and bone homeosta-
sis are disrupted by abrogation of Wnt signaling
in the nail matrix, which leads to changes in
Wht signaling in osteoblasts and osteoclasts as-
sociated with the underlying digit bone, but the
mechanism remains to be determined (Takeo
et al. 2016). Furthermore, early experiments
with nail ablation and transplantation did not
differentiate between the nail matrix and the nail
plate (Fig. 4; Neufeld and Zhao 1995; Zhao and
Neufeld 1995). These studies show that it is like-
ly that the nail matrix molecularly supports re-
generation, but there is no direct evidence that
excludes a role for the nail plate itself. The nail
plate is a hard structure that surrounds most of
the dorsal and lateral digit tip, raising the possi-
bility that the nail plate itself could provide me-
chanical feedback that affects regeneration, in-
cluding the resulting bone shape, although this
remains to be formally explored.

Another tissue that is essential in supporting
digit regeneration is the peripheral nerve. Pe-
ripheral nerves provide support for blastema-
mediated limb regeneration in salamanders in
the form of mitogens (Singer and Craven 1948;
Egar 1988; Kumar et al. 2007) and have also been
a focus of research in digit tip regeneration. The
digit tip is innervated by the digital nerve, which
branches in two at the proximal end of the digit
tip bone. One branch enters the bone marrow of
the P3 bone and is comprised of sympathetic
axons, while the other branch surrounds the P3
bone with both sensory and sympathetic axons
(Fig. 1B; Dolan et al. 2019). After amputation,
Schwann cells are present in the blastema and
axons are found in the area around the blastema
(Johnston et al. 2016; Dolan et al. 2019). Inter-
estingly, at 4 wpa, the nerve structure found in

the unamputated digit tip has not completely
regenerated. There are fewer axons in the regen-
erated digit tip as well as fewer myelinating
Schwann cells associated with axons as mea-
sured by immunohistochemistry for axon
(B3T) and Schwann cell (GFAP) markers (Dolan
et al. 2019). It has been noted that some regen-
erated digits do not regenerate sensory axons at
all; even at 120 dpa, ~17 wpa experiments reveal
that the level of B3T expression is not returned to
pre-amputation levels. This implies that the ax-
ons are not simply slower to regenerate than oth-
er digit tip structures—but that they may never
regenerate completely (Dolan et al. 2019). One
interesting follow-up question is whether the re-
duction in axons and Schwann cells affects the
overall functionality of the digit tip nerves, lead-
ing to decreased function in the digit.

Reports on the effects of denervation on re-
generation are varied (Table 2). Denervation of
the sciatic nerve in rats was first shown to not have
a significant effect on bone regeneration as mea-
sured by length at 4 wpa, although wound healing
and nail regrowth were delayed (Mohammad and
Neufeld 2000). However, separate sciatic nerve
denervation experiments in mice do report a de-
crease in bone and nail regeneration after dener-
vation at 4 wpa (Johnston et al. 2016) or 5 wpa
(Takeo et al. 2013). In mice where the sciatic and
femoral nerves were resected, bone and nail at 3
months post-amputation regenerate but show ab-
errant morphology (Rinkevich et al. 2014). In
another variation on denervation, Dolan et al.
amputate digits once and then re-amputate at 4
wpa, when nerves are not completely regenerated.
They find no defect in bone regeneration after this
re-amputation, even though the nerves have not
regenerated to pre-amputation levels (Dolan et al.
2019). This is distinct from complete denervation
of the sciatic nerve and raises questions about
denervation of a very specific anatomical area
versus general denervation. This range of out-
comes likely reflects differences in the age of the
mouse and/or the timing between denervation
and amputation (Table 2), and because bone
and nail morphology are assessed as regeneration
endpoints, it is unclear how denervation effects
regeneration of other tissues. Bone and nail are
not the only players in regeneration, and it would
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Table 2. Summary of experiments testing the necessity of nerves for digit tip regeneration

Age at
References Nerve denervation Timing of amputation Regeneration defect
Mohammad and Sciatic 17d Concurrent with None at 4 wpa
Neufeld 2000 denervation
Takeo et al. 2013 Sciatic 2 wk 7 d after denervation Bone and nail length
reduced at 5 wpa
Rinkevich et al. 2014  Sciaticand ~ Likely >3 wk 14 d after denervation =~ Regenerated bone
femoral disorganized at 3 mpa
Johnston et al. 2016  Sciatic 10-12 wk 10 d after denervation ~ Bone area and nail length
reduced at 4 wpa
Dolan et al. 2019 N/A N/A 4 wk after first None at 4 wpa (second
amputation amputation)

be informative to characterize the response of
additional tissues as well to broaden our under-
standing of which tissues peripheral nerves influ-
ence directly or indirectly.

Despite the varied results from denervation,
the data reveal that nerves provide support to
digit tip regeneration in the form of mitogens
and cells. Schwann cells are present in the blas-
tema but not associated with nerves (Johnston
et al. 2016). When Schwann cells are genetically
ablated, the regenerated bone and nail show de-
fects, recapitulating the regeneration pheno-
types resulting from denervation (Johnston
et al. 2016). Certain factors, including PDGFAA
and OSM, are expressed by blastemal Schwann
cells and can rescue denervation induced regen-
eration defects in the bone and nail. This is com-
pelling evidence that nerve-associated cells can
affect the blastema environment to promote re-
generation. Furthermore, mesenchymal cells
from the nerve itself can enter the blastema
and contribute to regeneration of the bone
(Carr et al. 2019). These results show that the
nerve plays a role in supporting digit tip regen-
eration and opens the door to further investiga-
tion into how Schwann cells and neural crest-
derived mesenchymal cells are activated and re-
cruited by injury to contribute to regeneration.

DIGIT TIP REGENERATION IN THE CONTEXT
OF LIMB DEVELOPMENT

In species capable of complete limb regen-
eration, like salamanders, regeneration appears

morphologically similar to embryonic limb de-
velopment (Goss 1969). The cellular processes
are also comparable at a gross level: cells prolif-
erate to form the blastema, which will differen-
tiate to form the regenerate similar to the forma-
tion and differentiation of the embryonic limb
bud mesenchyme. The wound epithelium is nec-
essary for blastema formation in mouse digit tip
regeneration (Simkin et al. 2017), just as the api-
cal ectodermal ridge is for limb development
(Saunders 1948; Summerbell 1974). There are
two questions related to development that can
be asked in the context of digit tip regeneration:
how does development or maturation of the tis-
sue affect the process of regeneration, and does
regeneration molecularly recapitulate embryon-
ic development of the limb or digit tip?

The question of how age affects the process
of digit tip regeneration is interesting because its
impact on efficacy might vary among mamma-
lian species. Mice of all ages can regenerate digit
tips. In humans, children can regenerate soft
tissue and bone (Douglas 1972; Illingworth
1974), while in adults, digit bone regeneration
has not been comprehensively evaluated com-
pared to pediatric patients (McKim 1932; Farell
et al. 1977; Louis et al. 1980; Singer et al. 1987).
Digit tip regeneration in fetal or neonatal mice is
faster than regeneration in adult mice (Han et al.
2003, 2008; Fernando et al. 2011); whether this
reflects differences in the rate of proliferation
and differentiation, differences in the regenerat-
ing tissue volumes, or both, remains to be ex-
plored. Whereas fetal mice can regenerate am-
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putated digit tips in 3-4 days, neonatal mice
generally take 21 days and adult mice 28 days,
using the bone as a reference (Fig. 5; Han et al.
2003, 2008; Fernando et al. 2011). In fetal mice,
the boundary of Msx1 and Msx2 expression cor-
relates with the amputation plane that will result
in regeneration, and this appears to continue
throughout neonatal and adult stages (Reginelli
etal. 1995; Han et al. 2003). The tissues involved

A Amputation

<
Fetal digit EEEE—

<
N\

W,

Neonatal digit EEEE—— 7 dpa

Blastema formation

are also different between fetal and neonatal or
adult mice. For example, the embryonic skeleton
is still chondrogenic whereas the neonatal bones
are ossifying, and the adult digit tip bone is
completely mineralized (Fig. 5). Broadly speak-
ing, neonatal and adult digit tips are morpho-
logically very similar and contain the same types
of tissues, although adult digit tips are made up
of terminally differentiated cells while neonatal

Regenerated digit

=

—_— 4 dpa

— > 21 dpa

R

Adult digit

10 dpa

—————— > 28dpa

Figure 5. Development and digit tip regeneration. (A) Digit tip amputation at the fetal stage (left) transects the
cartilaginous digit, undifferentiated mesenchyme, and epithelium. The blastema has formed at 2 d post-am-
putation (dpa) (center) and regeneration is complete at 4 dpa (right). (B) In neonates, amputation transects
ossifying bone that is still growing, the nail and epithelium, and connective tissue (left). The blastema forms by
7 dpa (center) and the digit bone is regenerated by 21 dpa (right). (C) In adults, amputation transects fully
calcified bone, the nail and epithelium, and connective tissue (left). The blastema forms by 10 dpa (center) and
the digit bone is regenerated by 28 dpa (right). Red denotes bone and blue denotes cartilage. Digits are not

drawn to scale.
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digit tips are still rapidly growing. Fetal digit tips
are rapidly growing and composed of undiffer-
entiated mesenchyme. Whether maturation of
the digit tissues affects the process of regenera-
tion is an intriguing question, as it could provide
hints to why more mature tissues regenerate
more slowly or not at all.

The second question pertaining to embryon-
ic development and digit tip regeneration in-
volves determining whether developmental
patterning genes and pathways are reused for
tissue patterning during regeneration. For exam-
ple, in non-mammalian regenerative models
such as frogs and salamanders, key developmen-
tal patterning genes such as Shh, Fgfs, and some
members of the Hox gene family are reexpressed
during limb or tail regeneration in patterns sim-
ilar to limb or tail development (Torok et al.
1999; Endo et al. 2000; Carlson et al. 2001;
Roensch et al. 2013). In mouse digit tip regener-
ation however, there are limited studies address-
ing re-deployment of embryonic limb develop-
ment pathways. Recent scRNA-seq of the digit
tip blastema and the embryonic mouse limb bud
showed that limb bud and blastema mesenchy-
mal cells are not transcriptionally equivalent, but
they do partially overlap in gene expression space
(Storer et al. 2020), indicating that some limb
development genes are important to blastema
cell identity. Moreover, RNA FISH reveals that
the distal limb patterning gene Hoxal3 is ex-
pressed in the blastema (Qu et al. 2020), which
also supports the idea that developing limb and
blastema cells share some important regulators.

One clear example of digit tip regeneration
differing from its initial development occurs in
bone. During embryonic development, the digit
tip bone is formed by endochondral ossification,
whereby first a cartilage template of the bone is
formed, and then hypertrophic chondrocytes are
replaced by osteogenic cells that differentiate and
mineralize. Unlike other long bones, the digit tip
bone only has one growth plate on the proximal
end. The bone is formed by endochondral ossi-
fication but grows after birth by appositional os-
sification (Casanova and Sanz-Ezquerro 2007).
In contrast, the digit tip bone regenerates
through intramembranous or direct ossification,
which does not involve chondrocytes (Han et al.

2008). Curiously though, bone regeneration in-
duced bya BMP7 bead in a proximal amputation
was reported to occur via endochondral ossifica-
tion, implying that both processes are possible in
the regenerating digit tip (Yu et al. 2010). Endo-
chondral and intramembranous ossification are
well-characterized processes that facilitate ro-
bust comparison of digit tip bone development
and regeneration. However, there are other tis-
sues within the digit tip, including nerves, blood
vessels, and fibroblasts that go through their own
developmental processes and stages. Investiga-
tion into whether these tissues follow embryonic
molecular pathways during regeneration would
add to overall understanding of digit tip regen-
eration and whether it recapitulates aspects of
embryonic limb development.

There are many open questions in this area
that remain to be investigated. Transcriptional
comparisons of fetal, neonatal, and adult blaste-
mas, at the single-cell level or with bulk RNA-
seq, could provide insight into how regeneration
proceeds at different stages of maturation. Can-
didate gene approaches investigating genes that
are well characterized in development in the
context of digit tip regeneration can show
whether these genes are necessary during regen-
eration, and in what process (for example, in
patterning of the regenerate, or cell proliferation,
etc.). Another direction would be comparing
gene regulation between limb or digit develop-
ment and regeneration, which could provide an
evolutionary dimension to the concept of devel-
opmental genes being redeployed during regen-
eration. The same genes could be expressed but
from a different regulatory context. Overall,
studying the potential connection of embryonic
limb development to digit tip regeneration will
provide important context and insight into the
process that can ultimately inform translational
medicine efforts.

CONCLUDING REMARKS

In this review, we present a comprehensive over-
view of the field of digit tip regeneration by dis-
cussing the blastema and the roles of various
tissues in formation and differentiation of this
regeneration-specific structure. There are sever-
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al exciting new avenues that promise to offer
more insight into the process of mammalian
digit tip regeneration. For example, the presence
of immune cell types such as macrophages and
neutrophils have been characterized with histol-
ogy (Simkin et al. 2017), but we lack an under-
standing of how these cell types interact with the
digit tip tissues, including the blastema, before
or during regeneration. In particular, how the
wound healing and inflammation phase of digit
tip regeneration is resolved and transitioned to
the regenerative phase is an important area of
future study.

Another tissue that is important for regen-
eration in other models is the wound epitheli-
um. In salamander, the wound epithelium is a
specialized structure that is necessary for regen-
eration. The wound epithelium signals to the
underlying blastema (Boilly and Albert 1990;
Christensen et al. 2002), and removing it inhib-
its regeneration (Thornton 1957; Mescher
1976). To date, there has been limited investiga-
tion directly into the mouse digit tip wound
epithelium; histology has been used to deter-
mine the timing of the wound epithelium clo-
sure, and forcing early wound closure shows that
the wound epithelium interacts with the bone
histolysis phase of regeneration (Simkin et al.
2015), but little molecular characterization has
been reported. Perhaps most important is to de-
termine whether there is a specialized wound
epithelium, or whether the nail epithelium takes
over this role in the digit tip. This would mini-
mally require molecular and transcriptomic
characterization and comparison of the regen-
erative wound epithelium and the homeostatic
nail epithelium.

Finally, the blastema is arguably the most
important structure in digit tip regeneration,
but also the most mysterious. This makes it dif-
ficult to determine whether models of induced
proximal regeneration (such as proximal nail
grafting or BMP7 bead implantation [Moham-
mad et al. 1999; Yu et al. 2010]) are mediated by
formation of a blastema that is the same as is
formed during innate digit tip regeneration or
not. Classically, proliferation and gross mor-
phology of the tissue have been used to deter-
mine whether a structure is a blastema, but

growing evidence for the heterogeneity of the
mammalian blastema argues that these features
are not enough to define a blastema (Fig. 2B). A
new generation of single-cell genomic tools
provides an exciting opportunity for further epi-
genetic, transcriptomic, and lineage characteri-
zation of the blastema, which combined with
characterization of induced blastema structures,
will clarify our understanding of the identity of
the blastema. The ultimate goal of inducing
blastema-mediated regeneration in humans re-
lies on translation of the principles of regenera-
tion found in animal models, and the mouse
digit tip will continue to provide valuable insight
into complex tissue regeneration.
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