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a  b  s  t  r  a  c  t

Deer  antler  is the  only  mammalian  organ  that can  fully  grow  back once  lost  from  its pedicle  –  the  base
from  which  it grows.  Therefore,  antlers  probably  offer  the most  pertinent  model  for  studying  organ
regeneration  in mammals.  This  paper reviews  our  current  understanding  of  the  mechanisms  underlying
regeneration  of  antlers,  and  provides  insights  into  the  possible  use  for human  regenerative  medicine.
Based  on  the  definition,  antler  renewal  belongs  to a  special  type  of  regeneration  termed  epimorphic.
However,  histological  examination  failed  to  detect  dedifferentiation  of any  cell  type  on  the  pedicle stump
and the  formation  of a  blastema,  which  are  hallmark  features  of  classic  epimorphic  regeneration.  Instead,
antler regeneration  is  achieved  through  the  recruitment,  proliferation  and  differentiation  of the  single
cell  type  in the pedicle  periosteum  (PP).  The  PP cells are the  direct  derivatives  of  cells  resident  in  the
antlerogenic  periosteum  (AP),  a tissue  that  exists  in  prepubertal  deer  calves  and  can  induce  ectopic
antler  formation  when  transplanted  elsewhere  on  the  deer  body.  Both  the  AP and  PP  cells  express  key
embryonic  stem  cell  markers  and  can  be  induced  to differentiate  into  multiple  cell lineages  in vitro  and,
therefore,  they  are  termed  antler  stem  cells,  and  antler  regeneration  is  a stem  cell-based  epimorphic
regeneration.  Comparisons  between  the  healing  process  on the  stumps  from  an  amputated  mouse  limb
and early  regeneration  of  antlers  suggest  that  the  stump  of a mouse  limb  cannot  regenerate  because  of
the limited  potential  of periosteal  cells  in  long  bones  to  proliferate.  If  we  can  impart  a  greater  potential

of  these  periosteal  cells  to proliferate,  we  might  at least be able  to  partially  regenerate  limbs  lost  from
humans.  Taken  together,  a  greater  understanding  of  the  mechanisms  that regulate  the regeneration  of
antlers  may  provide  a  valuable  insight  to aid the  field  of regenerative  medicine.

This  article  is part  of  a Directed  Issue  entitled:  Regenerative  Medicine:  the  challenge  of  translation.
©  2014  Elsevier  Ltd. All  rights  reserved.
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. Introduction

Deer are the only mammals that are capable of fully regenera-
ing a complex organ, which they do annually with the growth
f their magnificent bony headpieces, called antlers. Despite this
nique position in mammalia, regeneration of antlers has largely
one unnoticed as a research model to attain the Holy Grail in the
egeneration field – to grow a new limb on a mammal. Deer antlers
re widely known for their traditional medicinal value, but few are
ware of their unique biological features, which can be developed
nto multiple novel biomedical models (Goss, 1983; Li, 2012). The
nprecedented growth rate (up to 2.75 cm/day) of antlers (Goss,
970) provides a rare system in which fast cell proliferation is pre-
isely regulated without becoming cancerous. The atypical features
f antler “stem” cells, such as expression of key embryonic stem cell
arkers and pluripotency (Li et al., 2009), serve as an invaluable
odel for understanding how some of the attributes of embry-

nic stem cells can be retained in postnatal tissues. As a muscle-
nd joint-free bony cranial appendage (Banks and Newbrey, 1982;
ierdorf et al., 2003; Li et al., 2005), antlers provide a single system

o investigate how bone is formed without the influence of external
orces (except for gravity). The formidable size and complexity of
ntlers provides a powerful system to study how visual symbols can
mpact on animals’ social ranking status (Bartos et al., 2012). Taken
ogether, the annual renewal of antlers offers a unique opportu-
ity to understand how nature has bestowed full regeneration of
rgans in mammals, which could, potentially, provide a solution to
he regeneration of limbs.

. The only complex mammalian organ that can fully
egenerate

The ability to fully regenerate stands out as the most impres-
ive feature of antlers. To do so repeatedly each year is even more
emarkable, because mammalian appendages are generally con-
idered as being incapable of regeneration. Yet deer grow antlers
nnually in defiance of what could be considered nature’s rules
Goss, 1995).

The annual cycle of antler growth starts in spring (mainly based
n red deer and sika deer), when the nascent antler regener-
tes from a permanent cranial bony protuberance, known as a
edicle, following casting of the previous hard antler. Rapid elon-
ation of antlers and the formation of lateral branches, called
ines, occur in summer. During this growth phase, antlers are
nveloped with a special type of soft pelage, called velvet skin. In
ate summer/autumn, the regenerating antler attains its full size
nd becomes totally calcified and, in conjunction with the loss
f blood vessels and nerves, the velvet skin is shed. In winter,
he bare bony antlera are firmly attached to the living pedi-
le and is not “cast” until the following spring. Antler casting
riggers another round of antler regeneration (Goss, 1983; Li,
003).

Bleeding occurs on the cast plane of a pedicle stump immedi-
tely after casting of an antler (Fig. 2A and C). A scab is formed
rom the dried blood within 1–2 days of casting, and it occupies
pproximately half of the entire casting surface and is surrounded

y a ring of shiny velvet-like skin, indicating that a new antler has
ommenced growth. As the wound healing process advances, the
ing of velvet skin migrates centripetally and the scab and underly-
ng scar become smaller (Fig. 2B). The transformation from pedicle
Fig. 1. Growing antlers on a male sika deer. 1, first tine; 2, second tine; 3, main
beam.

skin to antler velvet is seen as a change in the thickness of epidermis
(about 10 times thicker than pedicle skin) and the associated skin
appendages (Li and Suttie, 1994). The change in skin appendages
includes the loss of arrector pili muscles and sweat glands, and
the gain of the large bi-lobed or multi-lobed sebaceous glands. The
wound healing process over a pedicle stump is considered com-
plete when the new skin has converged at the center to close the
wound over the casting plane (Li et al., 2004b).

The pedicle periosteum (PP), located at the rim of a pedicle
stump and underling the new shiny skin during the early wound
healing stage, becomes thickened after the activation and division
of resident stem cells, and incorporation of their progeny (Kierdorf
et al., 2003; Li et al., 2005). Subsequently, at the late wound healing
stage, two crescent-shaped growth centers, one located anteriorly
and the other posteriorly, are formed directly from the proliferation
and differentiation of pedicle periosteal cells (Fig. 1D). Each center
is made up of cartilaginous clusters that are capped by a layer of
hyperplastic pedicle periosteum/perichondrium (Fig. 2D). Further
augmentation of each growth center raises both the anterior and
posterior portions of the pedicle stump to leave the central scab
region behind. These posterior and anterior growth centers are the
focal points from which the “main beam” and “first tine” of the
antlers form (Fig. 1) (Li et al., 2005).

The main beam and the first tine regenerate from the pedi-
cle simultaneously, and the centrally located scab is displaced by
the eccentrically formed main beam and the first tine and even-
tually flakes off to reveal an underlying scar (Li et al., 2005). No
causal relationship has thus far been detected between the shape
of antlers and the integrity of the healing process over the cast
plane of a pedicle stump. Therefore, the wound healing process
may  not contribute to the growth, final size and shape of antlers.
Goss (1995) concluded that the wound healing over the top of a
pedicle stump is a prerequisite for the initiation of antler regener-
ation. However, our membrane insertion experiment (see below)
demonstrated that antler regeneration can take place without the

pedicle skin participating and this resulted in a skin-less antler (Li
et al., 2007b).

The branching of antlers is undoubtedly under the control of
genetic programming, as the shape of antlers is species-specific
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Fig. 2. Morphogenesis and histogenesis of deer pedicles and antlers. (A) Pedicle stump with a fresh casting surface. Notice that some blood was retained in the depressed
central  portion (arrow). (B) An incipient antler at the late wound healing stage. Notice that the scab (arrow; lost during sampling) becomes very small and is located in the
c tler c
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enter  of the pedicle. (C) A pedicle stump sectioned sagittally immediately after an
pithelium of the rim formed by the distal pedicle skin is thicker and has acquired
tump  sectioned sagittally. Notice that the anterior and posterior growth centers ha

Chapman, 1975). However, it remains unclear how the branching
rocess is initiated. An interesting finding was  that blood vessel
ranches supplying the first, second and/or third tines from the
uperficial temporal artery were already present prior to the initi-
tion of these antler tines. In contrast, the arteries supplying the
erminal fork (royal tines) only begin to form just before these
tructures started to develop (Suttie et al., 1985a). This might be
ne of the reasons why the first two to three tines are predestined
o form in regenerating antlers independent of environmental fac-
ors, whereas the number of royal tines that form depends, at least
n part, on the level of nutrition (Ullrey, 1982).

In autumn, as the reproductive season approaches, antlers grad-
ally become calcified. It is clear that the process of calcification is

nitiated from the base of the antler and proceeds up through the
ntler and finishes when the distal ends of the tines form sharp tips
Goss, 1983). After the calcification process has been completed, the
elvet skin loses its shiny appearance and becomes dry and pro-
ressively peels off to expose the underlying bone. There does not
eem to be a particular place on the antler surface from where the
hedding of velvet is initiated. However, one can observe that some
hedding processes are lengthy with no apparent bleeding, while in

thers the shedding is rapid and is accompanied by much bleeding.
he exposed hard antlers are firmly attached to their living pedicles
uring winter, and are not cast until the following spring (Li et al.,
004b, 2005).
asting. Notice that the rough surface of the casting plane of the pedicle stump and
 of the features of velvet skin. Bar = 3 mm.  (D) A late wound healing stage pedicle
med (indicated by the stars). Bar = 3 mm.

“The antlers of deer are so improbable that if they had not
evolved in the first place they would never have been conceived
even in the wildest fantasies of the most imaginative biologists”
(Goss, 1983). However, deer antlers have indeed evolved, which
challenges us to describe and explain this unique phenomenon.

3. A single cell type-based process

What cell type(s) give rise to regenerating antlers? This is a ques-
tion that has challenged and frustrated generations of researchers.
While the histogenesis of the pedicle may  be assigned to periosteal
osteoblasts, this is no guarantee that the antler per se is derived from
osteoblasts of the pedicle periosteum. Goss (1995) thought that as
histologically complex structures, antlers must surely have multi-
ple origins for such tissue components as the epidermis, dermis,
cartilage, bone, blood vessels, and nerves.

If the growth centers for antler regeneration are solely estab-
lished from the distal pedicle periosteal cells (see above), antler
regeneration would be a single cell type-based process. Mindful of
the dangers of inferring dynamic processes from static representa-
tions (see above for morphological and histological descriptions),

we carried out a functional analysis. In the analysis, the PP was
either totally (Fig. 3A) or partially removed from a pedicle stump
prior to antler regeneration to learn if antlers could regenerate from
these PP-less pedicles (Li et al., 2007a). The results showed that
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Fig. 3. PP deletion and membrane insertion. (A) PP strips were peeled off the pedicle bone with a pair of rat-toothed forceps (arrow). (B) No antler regeneration occurred
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n  the PP-deleted pedicle (arrow), while the sham-operated pedicle formed a three
arrow)  was  inserted into the space between the PP and the enveloping skin. (D) Sk
otice  that most parts of the antler were covered with a fresh blood-colored scab.

omplete removal of the PP inhibits the pedicle stump from initiat-
ng regeneration of the antler (Fig. 3B). Furthermore, regeneration
f antlers can only take place on the shaft of the partially PP-deleted
edicles from the location of the remnant PP, which is markedly
istant from the pedicle apices where normal antler regeneration
riginates. Therefore, we were able to convincingly demonstrate
hat antlers are regenerated from cells derived exclusively from
he PP.

While the PP is indispensable for regeneration of antlers, it is
nclear whether or not the skin plays a role in the regeneration
nd growth of antlers because the pedicle skin is always an integral
art of a regenerating antler (Li et al., 2007b). Whether regenera-
ing antlers are of dermal or of periosteal origin has been an issue
f considerable debate. Wislocki (1942), Wislocki and Waldo, 1953,
oss (1969, 1995, 1992) stated that after the previous hard antler

s cast, the cells in the dermal layer of the pedicle skin give rise
o the antler blastema (see below). Thus, it was argued, the der-

is, which elsewhere in the body is responsible for producing the
egeneration-inhibiting scar, is the very tissue that makes antler
egeneration possible. However, other authors suggested that the
P (Kierdorf and Kierdorf, 1992), or the PP together with bone mar-
ow on the immediate pedicle casting plane [Gruber (1937), cited
n Kierdorf et al., 2003], may  provide the main cell source for regen-
rating antlers. The controversy was resolved after a breakthrough
as made by Li et al. (2007b) who inserted an impermeable mem-

rane between the PP and skin to separate the contact between
hese two tissues at the onset of antler regeneration (Fig. 3C). Li
t al. showed that an antler was regenerated despite the pedicle
kin not participating in the process (Fig. 3D). However, the new
ntler was skin-less, which suggests that the skin accompanies new
rowth as a protective covering, but does not initiate it. Therefore,
egenerating antlers arise from cells that are resident in the PP, but
ot in the pedicle skin.

. The derivative of a postnatally retained embryonic tissue
The remarkable ability of a finite number of PP cells to support
he full regeneration of a complex mammalian appendage such as
eer antlers, is not shared by any of the cell populations remaining
ched antler on the contralateral side. (C) A piece of impermeable Teflon membrane
s antler (arrow) regenerated from a pedicle stump that had a membrane inserted.

in the stump of a lost deer leg, which at best, can only seal the open
end of a long bone. We  believe that the unique attributes of the PP
cells result from their developmental origin, as direct derivatives of
the antlerogenic periosteum (AP), a tissue that overlies each frontal
crest in prepubertal deer.

Surgical removal of the AP from the presumptive sites from
which pedicles will form on the frontal bone (Fig. 4A) abolishes
both pedicle and subsequent antler formation, while subcutaneous
transplantation of the AP elsewhere on the deer body, such as to
the forehead (Fig. 4B), a foreleg or even the head of a nude mouse,
induces ectopic antler growth (Goss and Powel, 1985; Hartwig and
Schrudde, 1974; Li, 2003; Li et al., 2001a). In addition, when a small
number of the AP cells were labeled using the LacZ gene during
the initiation of pedicle growth, all types of tissues in the interior
component of the resultant pedicle and the antler, including their
periosteum/perichondrium, contained the progeny of the labeled
AP cells (Li and Suttie, 2001). Therefore, deer pedicles and antlers
are direct derivatives of the AP.

Although the importance of the AP in antlerogenesis is acknowl-
edged, the embryonic origin of AP tissue remains unclear. Given
that the remarkable ability of the AP tissue for self-differentiation
(perhaps unique to adult mammalian tissues) is more reminiscent
of the anlage of transient embryonic tissue, such as the lateral
plate mesoderm, which predicates organogenesis during devel-
opment, Li and Suttie considered that the AP may  represent “a
piece of postnatally retained embryonic tissue” (Li and Suttie,
2001). In support, Hall (1978) proposed a neural-crest-origin of
AP tissue, and recently, Mount et al. (Mount et al., 2006) provided
experimental evidence for an embryological link with the neu-
ral crest. Irrespective of its embryological heritage, the progenitor
cell population responsible for antler generation and regeneration
exhibites substantial developmental multipotency, if not pluripo-
tency.

Like the role played by the lateral plate mesoderm in limb bud
development, the AP is the bearer of the blueprint for antler forma-

tion. Pedicle development from the AP is activated (Fig. 4C) and
arrested (Fig. 4D) prenatally and reactivated during the postna-
tal life of male deer to form complete pedicles and antlers (Li and
Suttie, 1996; Lincoln, 1973). Of paramount importance is that the
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Fig. 4. Antlerogenic periosteum (AP) transplantation and prenatal development of deer pedicle/antler. (A) Surgical removal of the AP (arrow), which overlies the frontal crest
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f  a male red deer calf. (B) An ectopic branched-antler (arrow) formed on the forehe
etus  at about 100 days gestation. The arrow points to the pedicle primordia. (D) T
edicle primordia.

P can retain its embryonic stem cell features until postnatal life.
hese features include an ability to self-differentiate in vitro and

n vivo (Goss, 1990a; Li and Suttie, 2001), an astonishing potential
or growth (Goss, 1970) and a high concentration of intracellular
lycogen (Li and Suttie, 1998). Although the phenomenon that an
ppendage develops from a piece of residual embryonic tissue is
ot without precedent in the animal kingdom, e.g. tadpoles wait
ntil a premetamorphic period to sprout legs, it may  be unique to
ammals. Therefore, the AP, which gives rise to the pedicle and

rst antler, is a piece of postnatally retained embryonic tissue, and
he PP, which gives rise to subsequent regenerating antlers, is a
irect derivative of the AP.

. Adult stem cells with embryonic stem cell features

Both the AP and PP cells display an astonishing potential for
opulation expansion. The AP, a tissue of around 2.5 cm in diam-
ter and 2.5–3 mm in thickness, contains around five million cells
hat sustain the seasonal renewal of the entire antler for the extent
f the deer’s life (up to 28 rounds of antler regeneration). Once the
P gives rise to a pedicle, it transfers the antlerogenic potential to

he PP. In each round of annual antler regeneration, the PP pro-
ides roughly three million cells, from which approximately 10 kg
f antler tissue mass can be generated in 55–60 days (Li et al.,
009). Both the AP and the PP cell populations are, therefore, clearly
apable of self-renewal.

To qualify as stem cells, the AP and the PP cells should express
ey stem cell markers and possess multipotency. We  have demon-
trated that both the AP and the PP cells express considerable
oncentrations of the embryonic stem cell antigen CD9 (Fig. 5A).
he phenotypic fidelity of established stem cell lines is monitored
y the characteristic expression of a defined set of transcription
actors, which are thought to underpin the genetic hierarchy that

aintains this unique phenotype (Ginis et al., 2004). Principal
mongst these so-called ‘pluripotency genes’ are the POU domain

amily members Oct4, SOX2 and Nanog. Critically, all three genes
ere found to be present in both the AP and the PP cells (Fig. 5B)

Li et al., 2009; Rolf et al., 2012). Additionally, we have shown that
he activity of telomerase (Fig. 5C) and nucleostemin genes was
a three-year-old sika deer from the autologously grafted AP. (C) The head of a male
ad of a male fetus at about 220 days gestation. The arrow points to the repressed

increased (Fig. 5D) in AP and PP cells (Li et al., 2009). Telomerase
activity has been linked to an enhanced self-renewal in cells (Yang
et al., 2008), which might explain why so few antler stem cells can
form such an impressive amount of antler tissue mass within a very
limited period. Expression of nucleostemin has been linked to con-
trolling the proliferation of stem cells (Beekman et al., 2006) and
regeneration of newt limbs (Maki et al., 2007). Recently, the PP cells
have been shown to express Stro-1, a recognized marker of mes-
enchymal progenitor cells (Rolf et al., 2008). The range and nature
of markers that we  have observed in both the AP and the PP cells
strongly suggests that these cell populations not only function as
tissue specific stem cells in adult male deer, but that they retain
characteristics of an embryonic origin throughout the life of the
animals.

The differentiation potency of the AP and the PP cells has been
investigated by several laboratories (Berg et al., 2007; Li and Suttie,
2006; Price et al., 2005). Clearly, both populations of cells can
give rise to chondrocytes (Fig. 6A) and osteoblasts, respectively,
when in micromass culture (Li and Suttie, 2006) and in media
containing dexamethasone and ascorbate (Berg et al., 2007). As
both the pedicles and antlers are composed of cartilage and bone,
it was  not surprising to learn that the AP and the PP cells were
able to differentiate into chondroblastic and osteoblastic lineages
(Kierdorf et al., 1994; Li and Suttie, 1994). In addition, when the
cultured AP and PP cells were exposed to linoleic acid, or the AP
to rabbit serum (Berg et al., 2007), they also differentiated into
adipocytes (Fig. 6B). Furthermore, we were able to induce trans-
differentiation of AP cells to multinucleated muscle precursor cells
by co-culture with an established C2C12 myoblast cell line (Fig. 6C),
or in medium supplemented with galectin 1. The AP cells have also
been shown to form neuronal-like cells with neurite-like struc-
tures projecting from each cell body (Fig. 6D) when cultured in
N2 medium, a formula that promotes neural differentiation. This
result may  not be totally unexpected as the AP cells are thought
to be derived from the neural crest lineage (Mount et al., 2006).

Overall, these observations offer the tantalizing possibility that
at least the AP cells, harvested from an adult deer, may  possess
pluripotency, a capability previously thought improbable in post-
natal mammals.
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Fig. 5. Cell markers and genes associated with embryonic self-renewal and pluripotency in antler stem cell populations. (A) Cell surface expression of the embryonic marker
CD9  in the AP (blue trace) and PP (green trace) cell populations. Notice that the peaks for each cell type have been offset for clarity, given the remarkable similarity in
expression levels between AP and PP cells. (B) Detection of the ‘pluripotency’ genes Oct3/4, SOX2 and Nanog in antler stem cell populations (APC, antlerogenic periosteal
cells;  PPC, pedicle periosteal cells, FPC, frontal bone cells [control]). (C) Uniform expression of telomerase, the enzyme which regulates telomere length in AP cells. (D) Uniform
expression of nucleostemin in AP cells. (For interpretation of the references to color in figure legend, the reader is referred to the web version of the article.)

Fig. 6. Multipotency of antler stem cells in vitro. (A) Cartilage nodule (blue) formed by the PP cells in a micromass culture (asterisk). (B) Adipocytes differentiated from the
PP  cells in the culture medium containing linoleic acid (arrow). (C) Myotube (arrows) formed from AP cells (red color, labeled with fluorescent dye DiI) when co-cultured
with  C2C12 cells. (D) Neuronal-like cells differentiated from the PP cells when cultured in N2 medium. Notice the extended neurites (arrows) from each cell body. (For
interpretation of the references to color in figure legend, the reader is referred to the web version of the article.)
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Interestingly, some biologists believe (Slack, 2000, 2008) that
luripotent cells reside in postnatal mammals, and that these
erived from the neural crest, as these embryonic cells seem to
ndergo a more stochastic type of differentiation than other embry-
nic progenitor cells. Furthermore, these cells might represent

 type of “embryonic remnant” comprising pluripotent cells left
ver from the early embryo. The collective body of work in antler
esearch supports this “pluripotent adult stem cell” view.

. The missing link

Deer antlers and their antecedents, the pedicles, are male sec-
ndary sexual characteristics, and as such their development is
nder the control of androgen hormones (Suttie et al., 1995a).
he development of pedicles and antlers are closely associated
ith fluctuations in concentrations of testosterone. The growth of
edicles is initiated at puberty, when there is a rapid increase in
irculating concentrations of testosterone, and growth continues
hile concentrations of testosterone remain high. In contrast, gen-

ration of the first antlers from fully formed pedicles (Li et al., 2003;
uttie et al., 1991, 1984) and regeneration of antlers in subsequent
ears from the pedicle stumps (Bubenik, 1982; Li et al., 1988) occurs
hen concentrations of testosterone are low. Indeed, antler growth

ccurs in a period when circulating concentrations of testosterone
re barely detectable. Calcification of the antler and subsequent
hedding of the velvet skin occurs when concentrations of testos-
erone increase sharply, just before the onset of the rutting season –

 period of heightened sexual activity in males. Subsequently, con-
entrations of testosterone decline in spring, which is associated
ith the casting of hard antlers and the regeneration of new ones

Bubenik, 1982; Kierdorf et al., 1995; Li et al., 1988).
The close association of pedicle and antler development with

hanges in androgen hormones has been confirmed in studies
hat manipulated the availability of these hormones. Castration
f pre-pubertal male deer abolishes the development of pedicles
nd subsequent antlers. This striking regulation by testosterone
xplains why  female deer do not grow pedicles and antlers
espite having a viable AP (Jaczewski, 1982). The abnormality
f castration can be overcome by administration of exogenous
estosterone (Jaczewski, 1982; Li et al., 2003; Wislocki, 1943).
nterestingly, castration of male deer at a time when the growth
f pedicles is nearing completion or just before the onset of
egeneration of antlers does not affect antler generation or regen-
ration, respectively (Jaczewski, 1982; Li et al., 2003; Wislocki,
943), which suggests that a transition from androgen-dependent
o androgen-independent growth has occurred. After switching
o an androgen-independent state, the growth rate (antler, up to
.75 cm/day) becomes at least ten times faster than that (pedicle,
pproximately 1 mm/day) in the androgen-dependent state (Gao
nd Li, 1988; Goss, 1970).

Antlers are arguably the fastest growing mammalian organs
nd, therefore, nutrition (Ullrey, 1982) and growth factors (Suttie
t al., 1985b) would inevitably play an indispensable role in the
rocess. Based on his observations that antlers could continue to
row after castration, and antler generation and annual renewal
ake place when deer testes and seminal vesicles were the least
ctive, Wislocki (1943) advanced the hypothesis that there must
e a non-gonadal origin “antler growth stimulus (AGS)” for sea-
onal antler growth. In support, Suttie et al. (1985b) reported that
irculating concentrations of IGF-1, a potent mitogen, are positively
orrelated with the rate of growth of pedicles and first antlers,

hich suggests that this growth factor may  function as the putative
GS. Subsequently, the same team (Suttie et al., 1988) found that
lasma concentrations of IGF-1 were significantly elevated in stags
fter their growing antlers were removed, indicating that antlers
istry & Cell Biology 56 (2014) 111–122 117

were the target, rather than the source of circulating IGF-1. Sup-
porting this notion, both Type I and Type II IGF receptors have been
identified in the antler growth centers (Elliott et al., 1992, 1993),
and the mitogenic effects of IGF-1 have been shown to be dose-
dependent on the growth of mesenchymal cells isolated from the
antler tip (Price et al., 1994; Sadighi et al., 1994), the AP cells (Li et al.,
1999, 2001b), and the PP cells in serum-free culture (unpublished
data).

Thus far, the mechanism underlying the action of nutri-
tion/growth factors in concert with sex hormones on the
transformation from pedicle to antler is unknown. In order to deter-
mine how androgen hormones and nutrition/growth factors work
synergistically on the transformation from pedicles to antlers, we
believe that efforts should focus on the endocrine regulation in vivo
in combination with studies targeting mechanisms that direct dif-
ferentiation of the AP and the PP stem cells into their respective
lineages. Some signal transduction pathways are known to oper-
ate in the regeneration of organs and/or appendages. These are
determined through proteomic (Bartos et al., 2012) and trans-
criptomic approaches (unpublished data), where two  transduction
pathways, MAPK and PI3K/AKT, are activated in the PP cells at
the initiation stage of antler regeneration. Mourkioti and Rosen-
thal (Mourkioti and Rosenthal, 2005) reported that IGFs stimulate
both proliferation and subsequent differentiation of muscle pro-
genitor cells during muscle regeneration, through activation of
different signaling pathways after binding and activating type 1
IGF receptors. Specifically, MAPK signaling induced proliferation,
while PI3K/AKT signaling induced differentiation (Stoick-Cooper
et al., 2007). Therefore, it is possible that IGF-1 stimulates antler
regeneration and growth also through the activation of MAPK and
PI3K/AKT signaling pathways.

Transcripts of androgen receptors (AR) were also identified in
our recent transcriptome study (unpublished data). This finding,
together with the results obtained using autoradiography (Li et al.,
1998) and an in vitro binding assay (Li et al., 2001b), demonstrate
that androgen signaling is also involved in antler regeneration
through binding to AR. However, the mechanism conveying the
communication between androgens and growth factors in regulat-
ing the transformation from pedicle to antler is not known.

The transition from androgen-dependent to androgen-
independent growth also occurs in prostate glands, another
organ in males that is associated with secondary sexual charac-
teristics, when a gland becomes cancerous (Chen et al., 2004). At
the initial stage, human prostate cancer regresses dramatically
after castration to remove androgen, but recurs frequently with
androgen independence. The crosstalk between androgen and
PI3K/AKT signaling pathways has been demonstrated to be crucial
for this transition, as a synergy between PI3K/AKT and AR signaling
pathways on proliferation of cells overrides the effect of castration
(Guo et al., 2009; Kaarbo et al., 2010; Xin et al., 2006). Likewise, the
growth of pedicles is sustained by high concentrations of androgen
hormones, and antler generation/regeneration takes place at a
time when concentrations of androgen hormones decrease to
being barely detectable when the growth of the pedicles has been
completed. Based on the findings from these aforementioned
studies, we know that both androgen and PI3K/AKT signaling
pathways are activated in the antler stem cells just prior to
regeneration, hence the transition from androgen-dependence
to – independence during regeneration might result from the
crosstalk between these two  pathways. The synergistic effects
of PI3K/AKT and AR signaling in the transition from pedicle to
antler may  also override the absence of androgens. Interestingly,

androgen-independence in the antler tissue is only restricted to
the growth phase, because growing antler tissue still reacts to
high concentrations of androgen hormones during the ossification
phase, a means through which antler overgrowth is effectively
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ontrolled before becoming detrimental to deer themselves,
uch as antleromas (Goss, 1990b) or peruke (Chapman, 1975),
hich form after castration. It would be interesting to see if high

oncentrations of testosterone would provide a viable treatment
ption for prostate cancer cells.

. Stem cell-based vs classical blastema-based epimorphic
egeneration

The apparent resemblance between regeneration of antlers and
ewt limbs has prompted some biologists to suggest that regen-
ration of antlers is realized through the same mechanism as that
perating in lower vertebrates. Goss and Holt (1992) stated that
very much the same mechanism is utilized in the epimorphic
egeneration of all appendages. In each case, be it the fin of a
sh, the limb of an amphibian, the tail of a lizard, or the antler
f a deer, regeneration is made possible by the development of a
lastema. The existence of a blastema is indicative of epimorphic
egeneration”. Because the formation of a blastema is the hall-
ark of epimorphic regeneration, this mode of regeneration is also

eferred to as a “blastema-based” process. A blastema has been clas-
ically defined as the cone-shaped mass of dedifferentiated cells
rom diverse origins on the stump remaining after amputation of
n appendage (Meschaks and Nordkvist, 1962).

Interestingly, findings from recent studies have allowed a re-
ppraisal of the classical view of a blastema to now include
ultipotent resident stem cells to give rise to a blastema, rather

han dedifferentiation of post-mitotic cells alone (Brockes and
umar, 2008; Kragl et al., 2009; Morrison et al., 2006). Conse-
uently, Bely and Nyberg (2010) have redefined “blastema” as
The blastema arises through proliferation of undifferentiated cells,
ither dedifferentiated cells or stem cells”. In this review, we
ave called the previous view for blastema formation as “clas-
ical blastema-based” to distinguish the current definition of a
blastema”. In order to confirm that antler regeneration is a bona
de stem cell-based process but not a classical blastema-based
rocess, we carried out a series of studies to compare the regen-
ration of antlers with that of newt limbs, a gold standard for
he classical blastema-based regeneration (Li et al., 2004b, 2005,
009). Collectively, these comparisons demonstrate that regenera-
ion of antlers is a stem cell-based process and no dedifferentiation
rocess is involved, which is fundamentally different from that
f the classical blastema-based, epimorphic regeneration of newt
imbs.

Regeneration of a newt limb proceeds through four distinct
orphological stages, referred to as initial wound healing, cone

blastema), palette (the flattened cone) and notch (2–3 digits)
tages (Wallace, 1981). In contrast, the contour over the distal end
f a pedicle stump during the course of wound healing and early
ntler regeneration undergoes characteristic changes from flat to
eeply concave, due to the rapid augmentation of tissue mass from
he anterior and posterior growth centers (Li et al., 2004b). No
one-shaped structure is formed during the initial period of antler
egeneration on a pedicle stump, in contrast to the regeneration of

 newt limb.
Wound healing has been considered to be a prerequisite for

egeneration of newt limbs. The continuous interaction between
he new epithelium covering the wound and the mesenchyme
n the amputated surface initiates the epimorphic regeneration
Goss, 1972; Stocum, 2006). Indeed, in the absence of the heal-
ng wound epithelium, regeneration of newt limbs does not occur

Tsonis, 2000). In contrast, we have found that regeneration of
ntlers occurs even if the pedicle skin is physically prevented from
articipating in the healing process by inserting an impermeable
embrane between the skin and the PP (Li et al., 2007b). Hence,
istry & Cell Biology 56 (2014) 111–122

wound healing is not an obligate requirement for regeneration of
antlers.

The initial formation of a blastema on the stump of newt
limbs is a nerve-dependent process, and denervation at this stage
completely inhibits this epimorphic regeneration (Mescher, 1996).
However, denervation of the future antler growth regions (Li et al.,
1993; Suttie et al., 1995b) does not affect the formation of pedi-
cles and first antlers, indicating that innervation is dispensable for
antler development. In addition, regeneration of antlers from the
denervated pedicles takes place in a similar manner to that from
the non-denervated pedicles (Li et al., 1993; Wislocki and Singer,
1946). Therefore, both generation and regeneration of antlers is not
dependent on a nerve supply, which provides a further distinction
from the classical blastema-based regeneration of newt limbs.

It is known that the formation of a classical blastema requires
all cell types in the immediate amputation plane of a stump to par-
ticipate in the growth of a newt limb (Mescher, 1996). This does
not seem, however, to be the case for regeneration of antlers. In a
typical deer farm practice, velvet antlers are sometimes removed
2 cm above the junction between the pedicle and antler in order
to maximize economic returns at their mid-late growth stage. The
remaining antler stumps may  still retain the potential for partial
antler regeneration. In such cases, the antlers always develop from
the distal antler/pedicle periosteum and are enveloped by velvet
skin without any contribution from the central bony tissue of the
antler stumps (Li et al., 2004b), which again, departs from regener-
ation of newt limbs, which require all tissue types in the stump to
participate in the process.

Regeneration of newt limbs through the formation of a blastema
is a scar-less process (Wallace, 1981). In contrast, regeneration of
antlers leaves an obvious scar on the antler from the wound healing
process (Li et al., 2009). The blastema formed on the stump of a newt
limb is avascular and capillaries do not invade until the blastema is
fully formed (Mescher, 1996). In contrast, early regenerating antler
buds are richly vascularized (Li et al., 2005). In the newt limb stump,
proliferating cells are evident throughout the blastema (Wallace,
1981). In marked contrast, in the early regenerating antler buds,
dividing cells are found predominantly in the mesenchymal layer
and in the vascular walls of the precartilage zone, suggesting that
a regenerating antler bud contains localized growth centers, which
is again departs from the classical blastema-based regeneration
process.

The ability to delay formation of the basal lamina until after a
blastema has fully formed on a newt limb is the feature that distin-
guishes regenerative from non-regenerative appendages (Mescher,
1996). The basal lamina is a thin layer located between the epi-
dermis and the dermis. Therefore, if antler regeneration were to
take place through the formation of an initial blastema, it might be
expected that the basal lamina is absent from the healing skin over
a pedicle stump. However, this is not the case, and a well-developed
basal lamina is evident throughout the healing skin over the pedicle
stump (Kierdorf et al., 2007; Li et al., 2004a).

It is well established that metalloproteinase enzyme MMP9
plays a major role in histolysis (Mescher, 1996), and is crucial for
cells at the amputated surface of the stump of a newt limb to
migrate, dedifferentiate and accumulate under the wound epithe-
lium, to form the classical blastema. The wound-healing phase
in newts is, therefore, always associated with high expression of
the MMP9  gene (Mescher, 1996). In contrast, MMP9  mRNA is not
detectable in the region of wound healing over the cast surface of a
pedicle stump (Li et al., 2004a). These observations further support
the notion that migration and dedifferentiation of the PP cells is not

a prerequisite for regeneration of antlers.

After a carefully review of the relevant literature, it seems
that there is a tendency for stem cell or progenitor-based pro-
cesses to operate more in the regeneration of simple structured
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Fig. 7. Blastema-based vs stem cell-based epimorphic regeneration. (A) Blastema-based limb regeneration over a newt limb stump (reproduced with permission from
Neufeld,  1982; Devel Biol. 93:36–42). Notice that at the early stage (notch) the miniature organ has already taken shape (three toes labeled using 1, 2, 3). Bar = 0.2 mm.  (B)
Joint  formation in a hand through a blastema-based process (arrows). (C) Stem cell-based antler regeneration. The species-specific shape is gradually unfolding during antler
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egeneration as the antler grows proximodistally. Notice that a new growth center 

he  antler before the tine is visible externally (arrows). (D) A two-tined antler with

ystems, and that the classical blastema-based process is associ-
ted more with the regeneration of complex structures like organs
nd/or appendages. Daily turnover of cells to counteract wear
nd tear (e.g. renewal of blood cells or epidermis), and compen-
atory growth in response to the increased functional load (e.g.
emoval of one kidney or hepatectomy) are typical examples of
tem cell or progenitor-based regeneration (Goss, 1983; Stocum,
002). Regeneration of limbs and other structurally complex body
arts in urodele amphibians is a classical blastema-based pro-
ess (Carlson, 2007; Stocum, 2006). A plausible explanation for
his is that a classical blastema-based process allows for a minia-
ure prototype-structure of the lost part to be formed (Fig. 7A).
his process compliments that of ontogeny, wherein a mini-organ,
ncluding joints, is developed at the initial stage (Fig. 7B), and then
evelopment progresses to match the size of the organ that was

ost. In contrast, a stem cell-based process builds up the missing tis-
ue mass through proliferation and differentiation of the resident
tem cells, and as such, it may  not be compatible for the forma-
ion of morphologically and structurally complex organs and/or
ppendages. Again at odds with that dogma, the regeneration
f deer antlers, which are morphologically complex mammalian
ppendages, is a stem cell-based process. The encoded morpho-
enetic blueprint of species-specific antlers is unfolded as the
ppendages elongate (Fig. 7C and D) and is driven by the mul-
iplication of stem cell-derived mesenchymal cells in the apex of
he growing antler. Despite the impressive regenerative capabili-
ies of antlers, it remains unclear if such a process can cope with the
egeneration of joints and muscles, as these are absent from antlers.
erhaps this reflects a limitation of this type of regeneration.

. Lessons learnt from antler for regenerative medicine

The ultimate goal from studying regeneration of antlers is not

o satisfy one’s curiosity about this unique phenomenon, but to
earn whether it can be used as a suitable model for regenerative

edicine. Through the course of evolution, vertebrates have lost the
bility to replace their missing appendages (Wallace, 1981), such
rmed for the first tine and is separated from the growth center of the main beam of
ain beam (m)  and the first tine (1st).

that mammals now retain only a negligible potential to regenerate
the tips of digits after damage (Han et al., 2005). The consequences
of lost mammalian limbs have been studied histologically in some
detail using mice (Neufeld, 1985). Externally, the full thickness of
skin heals the stump of the wound, with the formation of a scar
being the final outcome. Internally, the distal periosteal cells of the
stump are activated by the mechanical trauma and enter a rapid
phase of proliferation and differentiation. Subsequently, a signif-
icant amount of cartilage is formed around the distal end of the
stump by these activated periosteal cells (Fig. 8A). At the same
time, a limited number of fibroblasts migrate centripetally over
the amputated plane to seal the open end of the long bone. Shortly
thereafter, the newly formed cartilage is quickly remodeled into
bone (Fig. 8B). Interestingly, the processes occurring in the stage of
early antler regeneration are surprisingly similar to those observed
in the healing processes over the wound of the stump of an ampu-
tated mouse limb (Neufeld and Aulthouse, 1986). In both cases,
(1) the wounds over the stumps are healed with the full thickness
of skin and with the formation of a scar, although in most cases
the scars that form over a pedicle stump are less obvious (Li et al.,
2004a); (2) cells from the periostea of the distal stumps of both a
pedicle and a mouse limb are activated to enter a mode of rapid pro-
liferation and differentiation to form cartilage; and (3) significant
amounts of cartilaginous tissue are formed, which surround the
distal ends of the stumps, and a very limited amount of cartilage is
found to cover the amputation/cast plane (Fig. 8A and C). The most
notable difference to set these two  processes apart is the poten-
tial of the periosteal cell populations to proliferate. In mouse limbs,
proliferation ceases as soon as the newly formed cartilage seals
the open end of the amputated long bone, and subsequently the
nascent cartilage formed is remodeled to bone (Fig. 8B); whereas,
deer PP cell populations continue to produce cartilage tissue until
the entire antler is fully regenerated (Fig. 8D).
Full regeneration of antlers is solely achieved through the pro-
liferation and differentiation of a single cell type, the PP cells, on the
cast plane of a pedicle stump. Through these comparisons, we can
see that the limb stumps of mammals, as observed in mice, cannot
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Fig. 8. Proliferative potential of periosteal cells and regeneration of appendages. (A and B) Bone healing over the stump of a mouse limb (vertical histological sections;
reproduced with permission from Neufeld, Anat Rec 1985; 211(2): 156–165). (A) A week after amputation, periosteal cells have entered a phase of rapid proliferation
and  differentiation to form a substantial amount of hyaline cartilagesurrounding the distal end of the stump of the bone (arrows). (B) After 18 days, the healing process
has  stabilized and all the differentiated cartilage tissue has remodeled into bone (arrow). (C and D) Early regeneration of a deer antler (vertical histological sections). (C)
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 substantial amount of cartilaginous tissue has formed from the proliferation an
enters  (arrows). Bar = 2 mm.  (D) The growth centers of the antler first tine and the 

espectively, through continuous proliferation and differentiation of the PP and PP-

row beyond the wound-healing phase to even partially replace
heir lost organ because of the limited potential of periosteal cells
n long bones to proliferate. If we can impart a greater potential
f these periosteal cells to proliferate to a similar extent to that of
he PP cells through a means of dedifferentiation/reprogramming
Takahashi and Yamanaka, 2006) or transdifferentiation (Thorel
t al., 2010), we  might be able to realize the dream of regenera-
ing limbs in humans. Indeed, an overgrowth of bone over the limb
tump sometimes occurs in subjects after an amputation transects
he long bone (Firth et al., 2011). This phenomenon occurs most
ommonly in children under 12 years of age, but never after a per-
on reaches skeletal maturity, which indicates that as long as the
eriosteal cells of the long bone possess the ability to proliferate,
hey would be able to extend a stump further. If we  can properly
ontrol and manage this partial regeneration, we might be able to
urther enhance the functionality of amputees and achieve a bet-
er outcome beyond that of wound healing alone. Overall, a better
nderstanding of the mechanisms that regulate the regeneration of
ntlers, the only mammalian organ that can fully regenerate, may
rovide a valuable insight to aid in the development of future treat-
ent options in the rapidly developing field of human regenerative
edicine.
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