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The strategy and method in modulating
finger regeneration

The tip of the human finger can regenerate if the amputation is distal to the nail bed,
usually in young children. Studies in regeneration of rodent digits have shown that
regeneration occurs if the amputation is distal to the mid-third phalanx for certain
ages. The digit contains many different components, such as muscle, tendon, bone,
skin, nerves and blood vessels, which must all be regrown in the properlocationin order
to restore functionality. The mechanism behind the complex healing/regeneration
processes is still under investigation; however, improvements in injured finger
regeneration have been gradually developing in animal models over the past few
years. This review discusses a few strategies and methods to possibly enhance digit
regeneration beyond current natural limits, focusing on aspects including scarless
wound healing, cell-based treatments, tissue engineering and electrical stimulation.
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Finger injuries are very common. Hand and
finger injuries account for one-third of work-
related injuries [1]. In the USA, between 1990
and 2002, there were estimated to be 111,600
children younger than 18 years of age with
amputation injuries, with finger amputations
accounting for greater than 90% of all ampu-
tations [2]. Currently the best course of action
for a digit amputation injury is replantation;
however, whether the digit can be replanted
or not will depend on microscopic inspec-
tion of vessels and nerves [3.4]. An alterna-
tive option is transplanting the patient’s toe.
If the digit cannot be replanted it would be
ideal if it could be regenerated. Although
it is possible to regenerate the very tips of
amputated digits with fingerprint and nail
restoration, and bone regrowth under certain
conditions, digit regeneration is not currently
possible for amputations proximal to the
third phalanx [5-9]; however, it is conceivable
that treatment with the right growth factors,
progenitor cells, scarring inhibitors or some
combination thereof would allow the latent
developmental process to completely regrow

an amputated digit or possibly even an entire
appendage.

Perfect regeneration of limbs occurs in
urodele amphibians, such as newts and sala-
manders. There are two major theories of
why regeneration does not occur in mam-
mals. One theory is that the regenerative
program is suppressed as the immune system
matures; in adult mammals, clearing patho-
gens appears to be evolutionarily favored
compared with retaining the ability to regen-
erate [10]. The second theory is that there are
genetic differences that either allow regen-
eration in salamanders and newts or prevent
regeneration in mammals. Urodele amphib-
ians may have retained regeneration-specific
genes not found in mammals, which allow
their cells to dedifferentiate [11]. Inhibition
of regeneration in mammals could be due to
tumor suppression genes, such as those found
in the Ink4a genetic locus present in mam-
mals but not amphibians, which encodes the
tumor suppression genes pl6ink4a and ARF
(12]. Inactivation of both tumor suppressors
Rb and ARF allowed terminally differenti-
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ated mammalian muscle cells to dedifferentiate and
re-enter the cell cycle [12]. Reactivation of the genes
returned the cells to their differentiated state.

The first step after amputation injury in both regen-
erating and nonregenerating organisms is wound
healing, which is a complicated process involving the
interaction between many cell types, mediators and
the surrounding environment. Wound healing can
be divided into four major subcategories: hemostasis,
inflammation, proliferation and remodeling (Figure 1)
(13,14]. Mammalian wound healing often ends in fibro-
sis and scar formation. In regenerating injuries, the
wound epidermis converts into a special layer of sig-
naling cells called the apical epithelial cap (AEC) [15].
Skin, muscle, bone and other tissue local to the ampu-
tation site partially dedifferentiate into a blastema of
proliferating cells, which serves as the cellular source
for the newly regenerating limb [15]. After the blastema
creates a sufficient mass of progenitor cells, redevelop-
ment occurs through signals between the AEC and
blastema. Dedifferentiation is thought to only occur
in regenerating species; however, our laboratory has
shown evidence of dedifferentiation after muscle injury
in mice, indicating the potential for this event to occur
in mammals [16]. The following sections will discuss
the potential methods of accelerating finger regrowth
with new techniques.

Stem cells & cell-based therapy

The anticipated outcome of stem cell therapy is the
replacement of lost endogenous cells, integration with
the host tissue and restoration or enhancement of lost

function. Various cells have been used for therapeutic
purposes to attempt treatment of injuries and disor-
ders such as cardiovascular disease, spinal cord injury,
diabetes, lung disease and numerous other ailments.
There are three main types of stem cells that are being
utilized for cell therapy: embryonic stem (ES) cells,
adult stem cells and induced pluripotent stem (iPS)
cells. Due to ethical concerns and the risk of uncon-
trolled growth, the enthusiasm for using ES cells for cell
therapy has been reduced; nevertheless, clinical trials
are underway using cells from existing human ES cell
lines, such as those differentiated into retinal pigment
epithelium to treat macular degeneration [17]. iPS cells
can be created from somatic cells by ectopic expression
of several transcription factors [18]. Although iPS cells
can be converted into many useful cell types, two dif-
ficulties are tumor formation [19] and low efficiency of
transformation while using nongenetic methods [20].
Most adult tissues contain resident stem cells to main-
tain homeostasis; however, many of these cells have lim-
ited proliferation and differentiation potential. Never-
theless, utilizing the patient’s own adult stem cells has
the advantage of decreasing the likelihood of immune
rejection and having no ethical issues. Multipotent mes-
enchymal stromal cells (MSCs), which proliferate to
form a heterogeneous population of fibroblastlike cells,
can be obtained from many adult tissue sources; how-
ever, bone marrow, adipose tissue and umbilical cord are
the most common sources. MSCs can be differentiated
into many types of cells, such as adipocytes, osteocytes
and chondrocytes 77 vitro [21]. Over 100 clinical trials
using MSCs to treat a variety of disorders are in Phase I
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Figure 1. Stages of wound healing and regeneration (logarithmic time scale). The major phases of wound healing are hemostasis,
inflammation, proliferation and remodeling. (A) Full regeneration in amphibians regrows damaged tissue. (B) Fetal healing of small
wounds results in scarless healing. (C) Normal adult wound healing results in scar formation.
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or II studies, with early results mixed, which may be due
to extracellular factors [22]. In many cases, the implanted
stem cells disappear (even if there was an observed ther-
apeutic effect), suggesting that the stem cells play a role
in activating a secondary response rather than being the
effectors of the response [2324]. In a wounding model,
human MSCs recruited endogenous tissue stem cells
from the host to enhance healing [24].

In a regenerating amphibian limb, the blastema is
composed of heterogeneous cells that are less differ-
entiated than the surrounding tissue. Regeneration in
the mammalian digit tip may also form a blastema;
however, there is some controversy over whether this is
a true blastema or not [25.26]. One reason why regenera-
tion of the digit is limited to the distal tip could be due
to insufficient adult stem cells, some of which reside
under the nail bed. Adult stem cells from underneath
the nail bed may be a possible source for regenerating
a digit tip [27]. Whether adding additional stem cells
will enhance regeneration remains to be determined.
The type or types of cells that would be optimum to
enhance blastema growth is not known; however, care
must be taken, as some cell types display uncontrolled
tumor-like growth. One group reported transplanta-
tion of embryonic day 11-13 limb buds, the dissoci-
ated cells of limb buds or bone marrow-derived mesen-
chymal cells from a GFP mouse into neonatal mice that
were amputated at the autopod level, with metacarpal
bones removed [8]. Both the limb buds and dissociated
cells showed development of digit-like structures, with
more complex patterns shown with the later-staged
limb buds. The dissociated cells were able to form the
beginnings of a digit-like structure, indicating that
some of the patterning information was still present in
the cells; however, there appeared to be missing signals
since the regeneration was far from complete. The bone
marrow mesenchymal cells formed a cartilage pattern
at the stump, suggesting that an alternative source of
cells may enhance regeneration; however, no similar
study has been reported. Whether utilizing other cells
or a mixture of cell types enhances regeneration might
be a topic for further investigation.

Scarless healing

The effect of scars on wound healing is clearly dem-
onstrated by comparing fetal and adult wounds. Adult
wounds normally heal with scar formation; fibrotic
scar tissue is primarily comprised of type I and III col-
lagen (reviewed in Mu ez al. [28]). Adult wounds are rich
in collagen I, which provides the strength and rigidity
needed to keep the wound closed; however, it impedes
migration of cells, leading to scar formation rather
than regeneration. Fetal wounds, on the other hand,
are rich in collagen III, which allows cellular migra-
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tion through the matrix. Decreasing fibrotic scar tissue
formation could presumably enhance wound healing
as scar tissue only restores approximately 70% of the
strength of the original tissue [29]. Scarless fetal heal-
ing displays differences in extracellular matrix (ECM)
composition, inflammatory response, cellular media-
tors and gene expression profiles from postnatal, scar-
ring wounds (reviewed by Larson ez al. [10]). Although
scarless healing is generally thought to be preferred to
healing with scar tissue formation, in certain cases, the
formation of an initial transient scar is beneficial for
initial wound healing. For example, in the zebrafish
cryoinjured heart, prevention of the initial scar reduced
regeneration processes [30]. In an organ exposed to high
amounts of force, the initial scar provides necessary
support needed to maintain structural integrity.

Scarless healing was serendipitously found in the
Murphy Roths Large (MRL) mouse, which is used as
a model to study systemic lupis erythematosis [31]. The
MRL mouse completely heals through-and-through
ear punches; the ear hole closes and skin, cartilage and
hair regrow. These MRL mice display much higher
MMP-9 activity and slightly higher MMP-2 activity in
healing ear tissue compared with nonhealing B6 mice
due to lower TIMP expression in the MRL mice [32].
A p21-deficient mouse, which also displays a lupus-like
syndrome, demonstrated the ability to completely heal
through-and-through ear wounds. The MRL mouse
similarly does not express the p21 protein, suggesting
a link between cell cycle checkpoint control and tissue
regeneration [33]. The neutrophils of MRL mice express
higher amounts of MMP-2, -3 and -9 compared with
C57BL/6 mice [34]. MMP-3 specifically degrades col-
lagen type IV found in the basement membrane,
which may help explain how the MRL mice remove
the basement membrane and heal ear punches without
scarring. Although the MRL mouse heals ear wounds
without scarring, dorsal cutaneous wounds were found
to form scars similar to other mouse strains [3536]. A
blastema-like structure was found in the regenerating
ear wound of the MRL mouse but not in dorsal skin
wounds, suggesting that location of injury plays a role
in determination of repair or regeneration [37]. Why
dorsal cutaneous wounds form scars while ear punches
do not is unclear; however, the authors speculate that
differences in architecture between the ear and back,
as well as mechanical stress, may play a role in the
differences in healing [36].

Environmental influences during fibrosis
formation

In experiments where digits from 4-week old mice were
amputated distal to the midpoint of the third phalanx,
MRL mice demonstrated quicker regrowth compared
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with C57B inbred mice controls [38]; however, when
the digits from adult mice (6—8 weeks or 3—4 months)
were amputated at the midpoint of the second phalanx,
neither MRL mice nor controls regenerated their digit
tips [39.40]. Interestingly, only the MRL mice displayed
a blastema-like formation during the early stage after
amputation with numerous proliferating cells; how-
ever, an apoptotic event causes these cells to disappear
(40]. Understanding how the blastema-like structure
forms and preventing the apoptotic event from occur-
ring might allow the cells in the blastema to prolifer-
ate enough to induce regeneration in an amputation
of the second phalanx. The presence of nerve axons
are required for formation of the blastema and regen-
eration to occur [41]. However, addition of FGF2 to a
denervated digit restored regenerative capacity, sug-
gesting that nerve axons stimulate FGF2-dependent
blastema formation [27]. FGF signaling may play a
role in blastema growth, since exogenous addition of
FGF2 to cells collected from a digit blastema greatly
increased proliferation [40]. Thus, addition of FGF2 to
a mid-second phalanx-amputated digit may result in
partial regeneration.

TGEF-B is a growth factor associated with scar for-
mation via proliferation and migration of fibroblasts,
collagen deposition and matrix metalloproteinase
(MMP) inhibition. Although high levels of TGF-f1
are associated with inflammation, treatment of prolif-
eration-arrested myoblasts with a low level (0.5 ng/ml)
of TGF-P1 increased stem cell-like properties [42].
TGF-B3 expression is increased, while TGF-B1 expres-
sion is unchanged in scarless fetal wounds compared
with adult scar forming wounds. Conversely, fetal
wounds that do form scars show increased TGF-B1
and -B2 expression, with decreased TGF-f3 expres-
sion [43]. A TGFBRI mutant showed increased regen-
erative capacity, as demonstrated by complete closure
of a through-and-through hole punch in the ear [44].
It was hypothesized that the point mutation caused
partial activation of the receptor, since there was an
increase of some TGF- target genes. These TGFBRI
mice also showed faster differentiation of bone mar-
row stromal cells into chondrogenic precursors. Mice
deficient in Smad3, a downstream mediator of TGF-f3,
demonstrated accelerated wound healing and reduced
local inflammation in incisional dorsal skin wounds
[45]. However, wounds in the ear did not demonstrate
changes in inflammatory cells, and the ear wounds
enlarged rather than decreased in size [46].

Inflammatory cells are numerous in adult wound
healing, while few in number in scarless fetal wound
healing [10]. Scar-free healing was demonstrated in the
adult PU.I null mice, which lacks many inflammatory
cells (macrophages, neutrophils and T and B cells) 47].

Cluster analysis of genes expressed after wounding
in PU.I null mice compared with wild-type siblings
highlighted differences between tissue repair genes
and those associated with the inflammation process
that are not directly necessary for wound healing [48].
However, depleting inflammatory cells does not always
lead to better healing. After acute muscle injury, the
presence of inflammatory macrophages leads to IGF-1
production and improved muscle repair compared
with muscles lacking macrophages [49]. Macrophages,
as well as other inflammatory cells, release various
cytokines. Proinflammatory cytokines IL-6 and -8 are
upregulated in scarring wounds, while scarless wounds
express the anti-inflammatory cytokine IL-10. Viral
overexpression of IL-10 induced scarless wound heal-
ing in adult mouse wounds, although in both reports,
expression of IL-10 was induced before wounding
(50.51]. Conversely, IL-10-deficient mice demonstrated
scar formation when injured in the normally scarless
fetal stage [s2].

Scarless skin wound healing in FOXN1-deficient
mice was correlated with increased MMP-9 and -13
expression, along with rapid collagen turnover [s3].
Both MMPs were found to have a bimodal expres-
sion in mutant mice, with increased expression in the
epidermis during the early (inflammatory) phase and
again during the late (remodeling) phase. Control
mice, which healed with scarring, displayed only the
initial peak in MMP-9 and -13 (Figure 2). The authors
speculated that release of MMP-9 and -13 by mutant
fibroblasts in the late healing phase assists in migration
of these fibroblasts, along with collagen remodeling,
which, in turn, leads to scatless healing. Previous stud-
ies by our laboratory indicated that MMP-1 treatment
both decreased scar formation and improved myofiber
regeneration during healing from laceration injury of
murine muscle [54]; therefore, we hypothesized that
MMP-1 treatment of amputated digits would augment
regeneration. MMP-1 was added after digit amputa-
tion in the mid-second phalanx to ascertain if digit
regeneration would be enhanced [55]. Treatment of
amputated digits with MMP-1 resulted in regrowth of
soft tissue, with decreased formation of fibrotic tissue.
Although the digit did not regenerate with MMP-1
treatment, the speed of wound closure, capillary vascu-
lature formation and peripheral nerve fibers and neu-
romuscular junction formation all improved compared
with nontreated digits. In addition, MMP-1 treatment
increased the number of Sca-1-positive progenitor cells.

Treatment of fingertip or other injuries with scar-
reducing compounds may enhance healing and
regeneration. A list of factors affecting scarless heal-
ing is given in Table 1. If a soluble compound could
be injected or applied to the amputation site to reduce
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decreases after an initial peak; however, scarless Foxn1 null mice (dotted line) have a second burst of MMP expression. (B) Possible
treatment strategy to convert from scar formation to regeneration.

MMP: Matrix metalloproteinase.
(A) Data taken from [53].

scarring, regeneration might be enhanced. Relaxin is
a circulating peptide involved in remodeling of liga-
ments during gestation, which was found to promote
muscle healing and reverse scar formation [s6,57]. The
mechanism of action is still under investigation; how-
ever, one means of regulating the ECM appears to be
via activation of MMPs. The use of other antifibrotic
agents such as D-penicillamine, colchicine, immuno-
modulatory agents and biological drugs to reduce
scarring is a topic of ongoing research [ss].

ECM treatment & tissue engineering

The ECM has been used as a biological scaffold mate-
rial for numerous tissue engineering applications, such
as for the bladder and esophagus (s9). ECM powder
from porcine intestines (MatriStem®; ACell, MD,
USA) was reported in various news stories to regrow
the amputated fingertips of adults [60-62]. However,
whether or not the fingertips would have regrown
naturally without ECM treatment and if the distal
phalangeal bone regrew are unclear. Treatment of
murine digits amputated in the middle of the second
phalanx with ECM powder demonstrated recruitment
of endogenous stem cells to the injury site; however,
regeneration did not occur (63]. The cells isolated from
ECM treatment were able to be induced into neuro-
ectodermal and mesodermal lineages in vitro, while
cells from control digits were only inducible into meso-
dermal linages, suggesting that ECM degradation
products recruited multipotent stem cells to the injury
site or facilitated dedifferentiation. A follow-up study
by the same group demonstrated similar results when

mid-second phalanx-amputated digits were treated
with a single peptide derived from the a-subunit of col-
lagen, with increased expression of the stem cell mark-
ers Sox2 and Scal found in cells isolated from treated
digits [64]. As MMPs degrade collagens, this could rep-
resent a possible avenue for how MMP enhances digit
regeneration.

Decellularized tissue has been used as a scaffold to
grow organs, such as a beating heart [65]. The cells were
removed by detergent, leaving a 3D ECM scaffold that
was seeded with progenitor cells. Whether a cadaveric
digit or limb could also be decellularized, reseeded
with cells from the patient and then transplanted
remains an intriguing question. It is conceivable that
the ECM could be attached to the stump in sections
for regrowing an entire limb. Although the technology
to attach the scaffold of an entire limb in a bioreactor
and provide the nutrients and cellular support is not
yet available, research is quickly progressing. Use of
synthetic biomaterials as an ECM for tissue engineer-
ing is a rapidly growing field and has been reviewed
by Lutolf and Hubbell (66]. How the ECM would be
attached to the wound, the best type or types of matrix
and the optimum selection of progenitor cells to seed
the scaffold remain to be determined.

There have been several studies that have actempted
to tissue engineer entire phalanges with stem cells and
biodegradable scaffolds. Implantation into immuno-
deficient mice allowed the simulated transplantation
of the tissue-engineered phalanges, with formation of
bone, cartilage and blood vessels assayed. One group
obtained stem cells from bovine periosteum, cartilage
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Table 1. Scarless healing.

Study (year)

Liu et al. (2011)

Mu et al. (2010)

Mu et al. (2013)

Clark et al. (1998);
Bedelbaeva et al. (2010)

Gawronska-Kozak (2011)

Arany et al. (2006)

Gordon et al. (2008);

Bedair et al. (2007);

Peranteau et al. (2008)

Martin et al. (2003);
Cooper et al. (2005)

Factor Effect Mechanism Ref.
MRL mouse and P21 Scarless healing of ear scar on Lower TIMP expression; [31,33]
knockout cutaneous back wound cell cycle checkpoint
control

Foxn1 knockout Scarless skin wound healing Increased MMP-9 and -13 (53]
TGFBR1 mutant Scarless healing of ear Increase of TGF-B? [44]
Smad3 knockout Accelerated healing of dorsal ECM and wound closure [46]

wound; ear wounds increased

in size
Overexpression of IL-10 Scarless wound healing Decreased inflammation (50,51]
PU.T null mouse (without Scarless wound healing to small No inflammatory response  [47,48]
macrophages or neutrophils) paw wounds and dorsal wounds
Addition of relaxin to injured Decreased scar formation MMP expression and [56]
muscle satellite cell mobilization
Addition of MMP1 to injured Less scar tissue, increased Collagen breakdown; stem [54,55]
muscle and amputated digit myofiber regeneration cell activation

ECM: Extracellular matrix; MMP: Matrix metalloproteinase; MRL: Murphy Roths Large.

and tendons, which were seeded onto biodegradable
polymer scaffolds molded to resemble a human pha-
lange [67]). The cells plus scaffold were cultured in vitro
before implantation into nude mice. Over periods of
up to 60 weeks, the implants recruited host vascula-
ture and formed new bone, cartilage, and/or tendon.
Another laboratory used a casting method to form the
scaffold composed of a mixture of polylactic acid and
polyglycolic acid [68]. The scaffold was wrapped with
bovine periosteum and chondrocytes were injected
into one end. After 8 or 16 weeks, the implants showed
evidence of bone and cartilage growth with vascular-
ized areas. A third group utilized a 3D printing method
to generate a scaffold composed of B-tricalcium phos-
phate/poly(lactic-co-glycolic acid) [69]. Ultra-high-
resolution volumetric computed tomography images
of a human thumb were used as the blueprint for the
3D-printed scaffold, allowing construction of custom-
izable shapes according to the needs of the patient. A
mixture of CD 117*-enriched human bone marrow-
derived mesenchynal stem cells suspended in hydrogel
was added to the scaffold, which was then implanted
into nude mice for 1, 2, 4 or 6 weeks. Growth of new
bone-like ECM demonstrated the potential of utilizing
tissue engineering to generate phalanges.

Electrical stimulation

Electrical stimulation is thought to accelerate or restart
the wound healing process by mimicking the natural
electric current that occurs within damaged epithe-
lium. Polarized ion transport across tight junctions
generates an electric potential difference across the epi-

thelium. A wound causes a low-resistance pathway that
short-circuits the epithelial battery, generating current
flow near the injury location [70]. The treatment of
chronic wounds with applied electric fields with low,
physiological current levels have been investigated in
numerous clinical trials; a meta-analysis of 15 stud-
ies using various types of devices (continuous direct
current, pulsed direct current and transcutaneous elec-
trical nerve stimulation) reported an average 144%
increase in the rate of healing chronic wounds when
receiving some type of electrical stimulation compared
with controls [71]. Applied electrical fields increased
functional recovery in spinal cord injuries in rats, dogs
and other animals [72-74], which has led to a Phase I
clinical trial [75]. Bone repair can also be enhanced via
electrical stimulation, which regulates ECM synthesis,
gene expression and growth factor production, and can
mend fractures that are otherwise refractory to heal-
ing [76]. Electrical stimulation in the amputated rat
foreleg at the level of the humerus showed limited can-
cellous bone regrowth compared with controls, which
showed no bone regrowth [77]. Similarly, amputated
rat limbs with implanted fetal nerve tissue implants
and electrical stimulation also induced bone regrowth,
but not full regeneration (78]. Whether amputated
digits would benefit from similar treatment or if the
technique could be modified to increase regeneration
beyond a short length of bone regrowth remains to be
determined. The method by which electrical stimula-
tion leads to improved wound healing or bone repair is
not completely understood; however, some factors that
may lead to improved healing, which are induced by
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electric fields, are cellular movement and migration,
differentiation and cellular proliferation [79].

Polarity of the electric field is also important at both
the cellular and tissue level. Quiescent, terminally
differentiated cells are electrically polarized, while
stem and tumor cells are generally depolarized (80).
Nonregenerating wounds display a positive polarity
throughout the healing process, while in regenerat-
ing animals, the polarity is initially positive but then
quickly changes to negative [79]. The injury current in
regenerating limbs can last for weeks, signifying that
the field is not due to passive ion leakage. By contrast,
the current decreases slowly as the limb heals in non-
regenerating injuries. Xenopus embryos exposed to an
electric field such that the net current flux was reversed
in the embryo from its natural field showed severe
developmental abnormalities [81]. Normally regenerat-
ing salamander limbs no longer regenerate if the elec-
tric field is reduced by Na*-blocking agents or by forc-
ing the electric field to reverse via implanted electrodes
(82]. Similarly, unamputated newt limbs were induced
to dedifferentiate by application of an electric field
strong enough to induce electroporation but not cause
necrosis or apoptosis [83]. Whether cellular polarization
is the cause or result of dedifferentiation remains to be
investigated.

Bone regrowth

Complete healing of amputated digits requires bone
regrowth. Fingertip injuries with documented bone
regrowth have been reported; however, the regrowth
was limited to the distal tip. A more severe injury
would presumably require additional osteoinductive
factors to induce bone regrowth. Developmental bone
growth occurs by endochondral ossification, where
cartilage divides and forms bone. However, it was
shown that bone formation in regenerating digit tips
occurs by direct ossification of blastema cells and does
not involve chondrogenic cells (84].

BMP7 administered in a gelatin matrix success-
fully induced bone and cartilage formation in mice
amputated at the autopod level (palm), which is much
below the level of normal regeneration [8]. Amputation
at the zeugopod level (wrist) with distal radius and
ulna removed in neonatal mice demonstrated bone
regrowth with administration of BMP-7 and to a lesser
extent, BMP-2; however, BMP-3, -4 and -6 did not
induce bone regrowth in this model [8s]. Addition of a
hedgehog agonist (Hh-Ag 1.8) promoted bone forma-
tion when coupled with BMP-7, with the bone growth
pattern slightly altered. Whether bone would regrow
with BMP addition if the amputation plane was at the
same level as the bone removal was not tested in this
study. However, a different group studied the effect

The strategy & method in modulating finger regeneration

of BMP on regeneration of the digit tip. BMP-7 or -2
administered in an agarose bead elicited bone regrowth
after amputation in the proximal portion of the third
phalanx (just beyond the region for normal tip regen-
eration), but administration of BMP-4 did not lead to
bone regrowth (s6]. Treatment with BMP-7 resulted in
longer digits compared with BMP-2 treatment, almost
matching the unamputated control. Whether BMP
addition would induce regeneration in adult mice or in
more proximal amputation is not yet known.

Dental pulp stem cells (DPCs) are multipotent stem
cells that have the capacity to differentiate into multi-
ple lineages [87]. Autologous DPCs in a collagen sponge
scaffold were used for human bone tissue repair [ss].
A 3-year follow-up revealed that DPCs regenerated a
compact bone, suggesting the use of autologous DPCs
to generate bone in structures requiring higher matrix
density, such as a digit phalanx [89].

Other methods of inducing bone regrowth include
gene therapy using viral or nonviral vectors, or utiliz-
ing progenitor cells derived from bone marrow, fat,
muscle and skin induced by the osteogenic pathway
via genetic modification or exposure to growth fac-
tors (review by Ishihara and Bertone [90]). Adenovirus-
mediated expression of 14 different BMPs in vivo dem-
onstrated that BMP-2, -6, -7 and -9 induced ectopic
bone formation in nude mice, with BMP-6 and -9
showing the greatest orthotopic ossification [91]. BMPs
expressed via adenoviral vectors in nude rats showed
bone growth (ordered from most to least) with BMP-6,
-4, -9, -2 and -7, while immunocompetent rats demon-
strated bone growth only with BMP-9 and -6 [92). Tis-
sue engineering approaches to creating bone implants
that will support bone growth was mentioned above
and include the use of biodegradable polymers, such
as poly(fumaroyl bioxirane) maleate [93] or biomimetic
nanofibrous scaffolds (reviewed by Holzwarth and Ma
(941). Injection of BMP-2 in a hyaluronic acid hydro-
gel was shown to be a minimally invasive technique for
producing de novo formation of bone tissue in rats [95].
BMP-2 quickly breaks down when injected directly into
the body, so the hydrogel serves as a nonimmunogenic
carrier. Although BMP-2 expressed by an adenovirus
did not induce ectopic bone growth in Sprague Daw-
ley rats, BMP-2 delivered within a hydrogel did; this
demonstrates the importance of the delivery method of
exogenous growth factors.

Conclusion

Advancing digit regeneration beyond the current natu-
ral limitation may allow insights into discovering meth-
ods of regenerating an entire digit or even limb, or a
nonregenerating organ. Digit tip regeneration is prob-
ably possible due to stem cells from the nail bed; how-
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ever, such a source is not available in more proximal
digit amputation or whole-limb amputation. Whole-
limb regeneration might require an additional source of
stem cells as well as a method to make sure these stem
cells grow into the correct structure. Methods of alter-
ing the wound environment to prevent scar formation
and promote tissue regeneration along with augment-
ing healing via extra stem/progenitor cells may assist
this process. With advances in knowledge in urodele
amphibian limb regeneration as well as development of
the mammalian limb, the ability to regenerate human
limbs beyond the fingertip is moving from the realm
of science fiction and mythology into a possible reality.

Future perspective

Many methods of treatment of fingertip injuries and
amputation have been employed, ranging from simple
and biological dressings to terminalization and com-
plex surgical procedures, such as cross-finger flaps and
replantation. Some of the challenges to human limb
regeneration are wound healing without fibrotic scar
tissue formation, encouraging the formation, dedif-
ferentiation and redevelopment of the blastema into a
complete, functional limb. Some of the methods that
might lead from scarring to perfect regeneration in
humans are: cell-based therapy, gene therapy, treatment
with small molecules, biomimetic scaffolds, mechani-
cal forces (such as negative pressure) and electrical
manipulation (Figure 2B) [96]. Scatless healing might be
obtained by modulating the immune response via anti-
bodies or peptides that target inflammatory agents such
as TGF-Bl and increasing anti-inflammatory factors
such as IL-10. Also, reduction of fibrotic scar formation
may be accomplished by administration of substances
such as relaxin or MMP-1 [559798]. Why the digit tip
will only regenerate in areas distal to the middle of the
terminal phalanx is still not completely clear. Regenera-
tion may require a certain number of adult stem cells
from the nail bed or other factors that facilitate regen-

eration. Viral or nonviral gene therapy to enhance pro-
liferation or inhibit tumor suppressors might encour-
age cells close to the wound edge to dedifferentiate and
proliferate, although nonviral methods such as electro-
poration or gene gun delivery might be better suited to
directly targeting cells in the regenerating scump. BMP
treatment of neonatal mice was shown to induce a digit
tip amputation that would normally end in a stub to
regenerate (86]; whether this regenerative effect would
extend beyond the first joint remains to be determined.
Other growth factors or combinations might be able to
extend regeneration to include the entire finger, hand
or limb. Although the mammalian blastema shares
some similarities with its amphibian analog, there are
considerable differences. Mammals form only a limited
blastema; increasing the blastema by inducing dedif-
ferentiation of cells, re-entry into the cell cycle and pre-
vention of blastema apoptosis might assist regeneration
by production of more progenitor cells. Components
of salamander blastema extract, which is able to dedif-
ferentiate mammalian myofibers [99], might be applied
to the amputation site to increase the number of adult
stem cells. Perhaps stem cells derived from the patient
might enhance regeneration (e.g., bone marrow or mus-
cle-derived stem cells may be expanded ex vivo and then
reintroduced into the amputation site). Directing the
cells of the blastema to regrow an entire finger, hand
or limb may depend on delivering signals from a bio-
engineered AEC equivalent, which could also serve as
a dressing to rapidly cover the wound. While axolotl
wounds are covered very rapidly, within 2-12 h after
amputation [100,101], mammalian wounds take days to
cover. This process may be accelerated by application of
an artificial ‘skin’ over the wound, an ECM sheet or a
simple occlusive dressing. However, closing the wound
with a skin graft will prevent regeneration [6]. A regen-
erative sleeve covering the wound stump that acts as a
bioreactor to control the physiological state of wound
cells has been proposed [79]. Such a device would utilize

Executive summary

Cell therapy

be a possible source.
Scarless healing

possible.
Tissue engineering

Electrical stimulation

production to enhance healing/regeneration.
Conclusion

e Regeneration requires a source of progenitor cells to regrow an amputated digit or limb. Adult stem cells may

e Scar formation prevents regeneration. Inhibiting scarring via small molecules or genetic manipulation could be

e A decellularized or biodegradable extracellular matrix could provide a platform for cells to attach and grow.

e Electrical stimulation may enhance extracellular matrix synthesis, gene expression and growth factor

¢ Insights into regenerating a digit could feasibly lead to regeneration of an entire hand or limb.
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pharmacological, optical, electrical and genetic means
to trigger regeneration and control patterning; however,
more detailed information about the bioelectric states
that promote regeneration is needed. A recent paper by
Gardiner and Holmes suggested that nubbins may be
an incomplete form of mammalian regeneration in the
fetus [102], implying that the genetic program of regen-
eration exists in mammals. This furcher suggests that if
certain conditions were improved or altered, complete
regeneration could be possible.
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