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ABSTRACT

Deer antlers are unique mammalian appendages in that each year they are cast

and fully regenerate from permanent bony protuberances, called pedicles. In a previous study, we
found that there is a difference in the degree of association between pedicle bone and its enveloping
skin: tight at the distal third and loose at the proximal two thirds of a pedicle stump. The distal part
has been termed the ‘“‘potentiated” region, and the proximal part the ‘“dormant” region. In the
present study, pedicle stumps were artificially created in yearling sika deer by cutting off the tissue
distal to either the potentiated or the dormant region. A piece of impermeable membrane was then
inserted into the space between the bone and the skin of each treated pedicle stump, while the
control pedicles had the same surgery without membrane insertion. The results showed that the
inserted membrane blocked pedicle skin participation in the process of antler regeneration. All three
potentiated bony pedicle stumps regenerated skin-less antlers; whereas, one of the three dormant
bony pedicle stumps failed to regenerate any antler tissue. The other two dormant stumps eventually
regenerated normal antlers; however, this only occurred after loss of the inserted membrane. No
antler tissue regenerated from the dormant stumps while the inserted membrane remained in place
(up to 55 days). All control pedicle stumps regenerated normal antlers. Therefore, we conclude that it
is the pedicle bone, but not pedicle skin, that gives rise to regenerating antlers, and that pedicle bone
can acquire the potential to regenerate an antler only when it is primed via interaction with its
enveloping skin. J. Exp. Zool. 307A:95-105, 2007.  © 2006 Wiley-Liss, Inc.
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Regenerative biology is mainly investigated
utilising model organisms, such as hydra, planar-
ians and urodeles. Although these model organ-
isms demonstrate some remarkable capabilities of
epimorphic regeneration, such as growing back
their partially lost body or limbs, phylogenetically
they are very distant to mammals. The applic-
ability of these findings from model animals to
clinical medical science remains to be determined.

Deer antlers are unique in that they are cast and
fully regenerate each year. Antler regeneration
takes place in early spring each year following
casting of previous hard antlers. The newly
regenerating antlers are enveloped with soft skin,
which is called velvet. Rapid velvet antler growth
occurs during the late spring and summer. Antlers
attain their full size in autumn, which is followed
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by full calcification and shedding of the velvet
skin to expose hard bone. The bony antlers drop
off in the next spring, which triggers a new round
of the antler growth cycle (Li, 2003). Therefore,
deer antlers offer a unique opportunity to explore
how nature solves the problem of mammalian
organ/appendage regeneration (Goss, '95). How-
ever, thus far our knowledge regarding antler
regeneration is still fragmental. Revealing the
mechanism underlying antler regeneration would

*Correspondence to: Chunyi Li, AgResearch, Invermay Agricultur-
al Centre, Private Bag 50034, Mosgiel, New Zealand.
E-mail: chunyi.li@agresearch.co.nz

Received 17 November 2005; Accepted 20 September 2006

Published online 19 December 2006 in Wiley InterScience (www.
interscience.wiley.com). DOI: 10.1002/jez.a.352.

ST @WILEY .
(< InterScience®

DISCOVER SOMETHING GREAT




96 C.LIET AL.

undoubtedly place us in a better position to
promote tissue/organ regeneration in humans.

Although being a cranial appendage, antler
casting and regeneration do not take place directly
from the deer head. Instead, it occurs from
permanent bony protuberances, called pedicles.
A pedicle stump consists predominantly of two
tissue components: bone, including periosteum
and skin. Controversy exists regarding which of
the pedicle tissue components is responsible for
antler regeneration. Wislocki and Waldo (’53)
along with Goss (’92) stated that the cells in the
dermal layer of the pedicle skin form the antler
bud, and hence give rise to the whole antler.
However, Gruber (’37) and Kierdorf et al. (2003)
suggested that pedicle periosteum may provide
the main cell source for antler regeneration. In the
recent studies, we took morphological (Li et al.,
2004b) and histological (Li et al., 2005) approaches
to investigate this phenomenon. We found that the
two growth centres (osseocartilaginous tissue)
responsible for the formation of the antler main
beam and brow tine resulted directly from the
proliferation and differentiation of pedicle perios-
teal cells, and no obvious dedifferentiation and
redifferentiation processes were detected. There-
fore, we concluded that antler regeneration is a
stem-cell-based process and the stem cells reside
in the periosteum of pedicle stumps. This has set
antler regeneration apart from the typical blas-
tema-based regeneration in some model animals,
such as newts (Mescher, ’96). However, these
morphological and histological results need to be
confirmed by functional analysis.

It is recognised within the antler research field
that the ability to regenerate antler is held within
the entire pedicle, as antler regeneration can take
place from a stump created by amputation at any
level along the pedicle shaft (Goss, ’83). Interest-
ingly, Li and Suttie (2003) found that there is a
difference in the degree of association between the
enveloping skin and pedicle periosteum along a
pedicle shaft in young deer. The skin of the
proximal pedicle portion, approximately two
thirds of the total pedicle length, is loosely
attached to the pedicle periosteum; whereas on
the distal third of the pedicle, the skin was tightly
bound to the pedicle bone. As close association
between the periosteum and covering skin appears
to be a prerequisite for initial antler generation
(Goss, ’90; Li and Suttie, 2000; Li et al., 2001),
they hypothesised that the distal region is in a
more advanced state of preparation for antler
regeneration. Therefore, the area where skin is
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loosely attached to the periosteum is termed
“dormant region’’; whereas the area where skin
is tightly associated with the periosteum, the
“potentiated region” (Li and Suttie, 2003). They
further inferred that the interactions between
pedicle periosteum and the enveloping skin are a
prerequisite for antler regeneration, and that the
close association between these two tissue types is
required only to realise these interactions. How-
ever, these hypotheses have not been tested
experimentally.

This experiment was designed to determine the
following two aspects. Firstly, which tissue type
from a pedicle stump was required for antler
regeneration; and secondly whether antler regen-
eration was dependent on interactions between
the pedicle bone and the enveloping skin, and if so
were these interactions required during the entire
course of antler regeneration?

MATERIALS AND METHODS

Animals

Six 12-month-old male sika deer (Cervus nippon)
calves were selected for the membrane insertion
study. The procedure was undertaken when
incipient spike antlers had developed from the
top of each pedicle (Fig. 1A). The deer were then
randomly divided into two groups: Group I,
potentiated region (Fig. 1B) membrane insertion,
and Group II, dormant region (Fig. 1F) membrane
insertion. One pedicle from each deer was ran-
domly chosen for the membrane insertion, and the
other was sham-operated serving as a control
(Table 1). Membrane insertion surgery was con-
ducted on 28 May in the Northern Hemisphere.
Considering animal welfare, this superficial sur-
gery, which is not much different from commercial
velveting, was carried out when each animal was
placed under general anaesthesia.

Membrane insertion surgery

The detailed procedure for the identification and
exposure of the potentiated and dormant regions
has been reported elsewhere (Li and Suttie, 2003).
Briefly, to undertake the membrane insertion
within the potentiated region, a skin incision was
made around the pedicle just below the junction
between pedicle and antler. Antler tissue was then
sawn off along the skin incision to create a
potentiated pedicle stump (Fig. 1B). The second
skin incision was made on the medial side of the
pedicle starting from the first incision and termi-
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Fig. 1. Membrane insertion surgery. (A) Pedicle of 5 cm and incipient spike antler of 3 cm (arrow) from a 12-month-old male
sika deer (Cervus nippon). (B) Potentiated pedicle stump was created by sawing off the incipient antler just below the junction
of pedicle and antler. A vertical skin incision was made on the medial side of the stump. (C) Pedicle skin was separated from the
bone through the skin incision by blunt dissection and reflected laterally. (D) A piece of impermeable Teflon membrane was
used to wrap the exposed stump bone and the membrane was then tied in place by a Teflon thread. (E) After suturing of the skin
incision, any excess membrane was trimmed away. (F) A vertical pedicle skin incision allows identification of the very point
where transition occurs from tight to loose contact of the skin with the underlying bone. This point marks the boundary between
the potentiated and the dormant pedicle regions.

nating at the junction of the pedicle and deer skull within the distal pedicle (Fig. 1C). Subsequently,
(Fig. 1B). Both mechanical force and a scalpel were a piece of impermeable Teflon membrane (3 wide
used to separate the pedicle skin from its bone PTFE tape, Alltech, AUS/NZ) was used to wrap
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TABLE 1. Allocation of animals and pedicles

Height (pedicle+antler, cm) at surgery

Deer no Region of membrane insertion Left Right

22 Potentiated MI (3+7) Control (3+7)
151 Potentiated Control (5+3) MI (5+3)

183 Potentiated MI (3.5+6) Control (3.5+6)
24 Dormant MI (5+10) Control (5+10)
33 Dormant MI (5+3) Control (5+3)
179 Dormant Control (5+4.9) MI (4.5+3)

MI: membrane insertion; Control: sham operation, without membrane insertion; Potentiated region: distal part (1/3) of a pedicle; Dormant

region: proximal part (2/3) of a pedicle.

the exposed pedicle bone stump (Fig. 1D). After
the membrane was secured in place by tying a
Teflon thread around the membrane, the reflected
pedicle skin was then returned to its original
position. The skin incision was closed using a silk
suture and the excess Teflon membrane was
trimmed (Fig. 1E).

For membrane insertion at the dormant region,
the boundary between the dormant and the
potentiated regions along each pedicle shaft was
delineated by examination along a vertical pedicle
skin incision. The point of transition between
tight and loose association of the skin with
the underlying periosteum was then identified
(Fig. 1F). Subsequently, dormant pedicle stumps
around 2-2.5 cm in height were created by cutting
off the distal part of each pedicle together with its
connected antler at the transition point. Mem-
brane insertion in the dormant region was carried
out following the exact procedure used for the
potentiated region.

Observations

After their initial recovery from surgery, the
experimental deer were observed at weekly inter-
vals using binoculars. The animals were photo-
graphed from distance fortnightly to record the
growth status of the antlers.

Tissue sampling and histology

Antlers that grew from the membrane-inserted
pedicle stumps, including both skin-less and
normal antlers (enveloped with skin), were sawn
off from the pedicle base on 5 August. This date
was selected as by then the growth rate of the
control side antlers had substantially decreased.
Extra care was taken during removal of the
antlers so as not to dislocate or damage
the inserted membrane. The removed antlers
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were then carefully examined and measured.
Tissue samples were collected from the tip, shaft
and the junction area between the pedicle skin and
antler scab of the skin-less antlers. For the normal
antlers formed from the membrane-inserted dor-
mant pedicles (¥24 and #179), a dissection was
conducted to find out whether any membrane
remained at the site of insertion in these antlers.
The sham-operated antlers on the control sides
were also cut off and examined. Tissue samples
were also collected from the tip and shaft of these
normal antlers for histology.

The sampled tissues were histologically pro-
cessed following the procedure used in our
previous study (Li and Suttie, '94). They were
sectioned at 5pm and stained with haematoxylin
and eosin (HE) prior to counterstaining with
alcian blue (AB).

RESULTS

Morphology
Potentiated region

All the inserted membranes in this group
remained at the original site thus effectively
blocked the participation of pedicle skin in antler
regeneration. Nevertheless, spike antlers still
regenerated from these potentiated pedicle
stumps. The antlers had no skin and were instead
covered with a scab (Fig. 2). At the initial stages
of regeneration, the antler buds were covered with
a fresh blood coloured covering. During the period
of antler elongation, the fresh blood colour
gradually turned into the dark red coloured scab
beginning at the most proximal region and
gradually moving upwards toward the distal tip.
However, the tip of each skin-less antler remained
a fresh blood colour until the time of approaching
tissue sampling. This clearly indicates that growth
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Fig. 2. Morphological observations of antler formation from the potentiated pedicle stumps. (A) A skin-less antler (left side
of deer) from deer #22. Notice that the antler was covered with a dark coloured scab which clearly delineated it from the pedicle
skin. Normal antler developed from the control sham-operated pedicle. (B) Closer examination of the skin-less antler from deer
#22 showing it to be 8.2 cm in height. (C) Skin-less antler after removal from deer #22. Notice that a rudimentary branch (arrow)
was found after the removal of the layer of scab. (D) Skin-less antler at mid-regeneration stage from deer #151 (right side of
animal, cf. control side antler). Note that the antler was broader and that most parts were covered with a fresh blood coloured
scab. (E) The same skin-less antler as in (D) but at a later stage of regeneration (10.0 cm in length; cf. control side antler). Note
that the antler became darker brown coloured. (F)) Skin-less antler removed from deer #151. Note that the inserted membrane
(arrow) was retained in its original location. (G) Skin-less antler at a mid-regeneration stage from deer #183 (left side, cf. control
side antler). Notice that the antler resembles a ball and was fresh blood coloured. (H) The same skin-less antler in (G) but at
a later stage of regeneration (5.0 cm in length). Note that the antler became a darker blood colour and that some parts of the
very distal end of the pedicle skin were observed to be in direct contact with the bone tissue (arrow). (I) Skin-less antler removed
from deer #183. Note that the antler resembles a rugby ball and was covered with a dark coloured scab.

of these skin-less antlers took place from the tip as
occurs in normal antlers. The skin-less antlers
varied in length from 5cm ($#183), 8.2 cm (%22) to
10cm (#151). Interestingly, one skin-less antler
(#22) formed a rudimentary branch (Fig. 20),
which was discovered after removal of the scab.
On the control side, all the sham-operated pedicle
stumps regenerated either spike (Fig. 2A) or
branched normal antlers (Fig. 2E and G).

We noted that around the time of tissue
sampling, 2-3mm of distal pedicle skin could be

observed to directly contact the pedicle bone
(Fig. 2H). This may have been due to distal growth
of the pedicle skin or retraction of the inserted
membrane.

Dormant region

Two of the three pieces of inserted membrane
were lost: one (#24) on 18 June (22 days after
insertion), and the other (#179) on 21 July (55
days after insertion). Membrane loss was attrib-
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uted to the fact that the dormant pedicle stumps
were too short (2-2.5cm, half length of a poten-
tiated pedicle stump) to firmly hold the inserted
membranes, which were quite slippery, for a long
period. No visible antler regeneration was ob-
served from the dormant pedicle stumps prior to
the loss of the membrane, nor did these stumps
change in thickness. Following the loss of the
inserted membrane, the wounds over these
stumps quickly healed and antler regeneration
took place rapidly. These antlers with delayed
regeneration were shorter than those of the
control sides but were otherwise normal
(Fig. 3A-D). The earlier the membrane lost from
the dormant pedicle stump, the bigger the antler
regenerated (Fig. 3A and C). Careful dissection
revealed that no residual membrane was found
at the insertion region in these two antlers (Fig. 3B
and D).

The inserted membrane in the third antler
remained in its original place through until the
time of tissue sampling. This effectively blocked
the pedicle skin from participating in antler
regeneration. Interestingly, no antler regenera-
tion took place from this dormant pedicle stump,

C.LIET AL.

although the stump did increase to a diameter of
6 cm (Fig. 3E and F). Careful dissection found that
the thickened pedicle resulted from the formation
of soft tissue around the existing pedicle bone
(Fig. 3G). On the control side, all the sham-
operated pedicle stumps regenerated either spike
(Fig. 3E) or branched (Fig. 3A and C) normal
antlers. The very distal end of pedicle skin
(2-3 mm) also directly contacted to the pedicle bone
without intervention of the inserted membrane.

Histology
Potentiated region

In the shaft region of each skin-less antler,
adjacent to the shell formed by the scab, a layer
of transitional zone was located. The tissue of the
transitional zone stained somewhat darker by HE/
AB staining than the adjacent tissue types and
resembled granulation tissue (Fig. 4A). Cells
within this layer, particularly close to the scab
side, did not appear to be viable. Adjacent to the
transitional zone was a layer of fibrous connective
tissue (equivalent to subcutaneous connective
tissue), within which blood vessels were found

e F

%

Fig. 3. Morphological observations of antler formation from the dormant pedicle stumps. (A) Normal antler (enveloped with
velvet skin, arrow) was regenerated from the dormant pedicle stump of deer #24. The membrane was lost from the stump 22
days after insertion. (B) Pedicle and antler removed from the membrane-inserted side of deer #24 after growing for 58 days.
Notice that no residual membrane was left in the original insertion site (arrow). (C) Antler (arrow) regenerated from the
membrane-inserted side of the dormant pedicle stump of deer #179. The membrane was lost from the stump 55 days after
insertion. (D) The pedicle and antler were removed from the membrane-inserted side of deer #179 after growing for 15 days
after loss of the membrane. Notice that no residual membrane was left in the original insertion site (arrow). (E) Antler-less
pedicle from the membrane-inserted side of deer #33 at late stage regeneration (cf. control side antler). (F) Closer examination of
the same antler-less pedicle as in (E). Note that the pedicle increased in thickness (up to 6.0 cm). (G) Cut surface of the proximal
end of the antler-less pedicle in (E). Note that the thickened pedicle resulted from the formation of soft tissue around the

existing pedicle bone (asterisk).
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Fig. 4. Histological examination of the skin-less antlers which regenerated from the membrane-inserted potentiated
pedicles. Haematoxylin and eosin (HE) staining, and counterstained with alcian blue (AB). (A) Outer shaft tissue. Tissue layers
were identified from outermost to innermost: scab (Sc, formed mainly from blood), transition zone (TZ, likely granulation
tissue), fibrous connective tissue (FCT, equivalent to subcutaneous connective tissue), periosteal fibrous layer (FL) and
periosteal cellular layer plus cancellous bone (CB). Note that the layers of FCT, FL and CB are comparable to those of the
control side normal antlers. Scale bar = 0.59 mm. (B) Higher magnification from (A). Note that fewer blood vessels (arrows)
were encountered in the FCT layer than that of the control side antlers. Scale bar = 0.15mm. (C) Shoulder tissue. Well-
organised bone trabeculae (arrows) run parallel with the longitudinal axis of the antler. Scale bar = 0.42mm. (D) Tip tissue.
Notice that much less cartilage tissue was detected than in control antlers, and that cartilage tissue was being destroyed by
chondroclasia (arrows). Scale bar = 0.16 mm. (E) Subtip tissue. Most of the cartilage tissue had been replaced by cancellous
bone, although some cartilaginous cores (arrows) were still detectable by HE/AB staining. Scale bar = 0.16 mm. (F) Distal
pedicle skin. Notice that the very distal end of the skin acquired velvet skin-like features including the acquisition of large multi-
lobed sebaceous glands (arrows). Scale bar = 0.93 mm. (G) Subdistal pedicle skin. Notice that 2-3 mm distally to the pedicle/
antler junction, the pedicle skin retained its original scalp skin features including sweat glands (arrows). Scale bar = 0.83 mm.

(Fig. 4A and B). Quantitatively, fewer blood
vessels were encountered in the connective tissue
layer of the skin-less antlers than those of intact
ones. The connective tissue layer seamlessly
merged with the inner more typical periosteal
fibrous layer (Fig. 4B). The periosteal cellular
layer and subperiosteal bone were typical when
compared with their counterparts in normal intact
antlers. The periosteal fibrous layer differed from
the cellular layer which was composed of more
cells and less fibres, and the fibres were finer. A
discrete row of osteoblasts was found lining the
surfaces of the trabecular bone. Subperiosteal
cancellous bone was formed through intramem-
branous ossification (Fig. 4B).

On the shoulder of each antler tip, well-
organised bony trabeculae were formed running
parallel to the antler’s longitudinal axis (Fig. 4C).

At the very tip of each skin-less antler, however,
much less cartilage tissue was detected than that
of the control side antlers (data are not shown).
The cartilage in the tip region was disorganised
and showed evidence of destruction by chondro-
clasia (Fig. 4D). In the further proximal region
most of the cartilage tissue was replaced by
cancellous bone, only some cartilaginous cores
were still detectable by HE/AB staining (Fig. 4E).

Some parts of the very distal end of the pedicle
skin (2-3mm) acquired velvet-skin-like features
even though this skin was not participating in the
process of antler regeneration, which is reminis-
cent of the distal skin of a pedicle stump shortly
after casting of the hard antler. These new
features include the acquisition of large multi-
lobed sebaceous glands and the loss of arrector pili
muscles and sweat glands (Fig. 4F). However, the
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rest of the pedicle skin still retained its original
scalp skin features (Fig. 4G).

Dormant region

The dormant pedicle stump from animal num-
ber 33 was the only one in Group II that retained
its Teflon membrane, but failed to regenerate a
skin-less antler. Distoproximally a shell of scab
covered distal end of the pedicle stump and
overlies the granulation tissue. Immediately under
the granulation tissue slender bony trabeculae
were located above the more matured counter-
parts (Fig. 5A). The overall picture is reminiscent
of the very initial stages of normal antler
regeneration when only a scab covers the central
region of a pedicle stump (Li et al., 2005). The
nature of the soft tissue (Fig. 5B) formed around
the pedicle bone was not ascertained but re-
sembled a mixture of connective and granulation
tissue. Interestingly, like in the potentiated
pedicle, some parts of the distal end of the
dormant pedicle skin also acquired velvet skin-
like features (Fig. 5C), although the rest of
the pedicle skin retained its original scalp skin
attributes (Fig. 5D).

DISCUSSION

The findings from the present study are im-
portant in understanding antler regeneration
and stem cell activation. Firstly the data show
that pedicle bone including the periosteum, but
not pedicle skin, is the tissue that gives rise to
antler regeneration. Secondly that interactions
between the pedicle bone and the pedicle skin are
indispensable for antler regeneration. Thirdly,
these interactions are only required to prime
pedicle bone for antler regeneration and not to
drive the subsequent regenerative process.

Whether the histogenesis of antler regeneration
relies on pedicle bone (periosteum) or pedicle skin
has been a significant controversy within the field
of antler research (Goss, ’95; Kierdorf et al., 2003).
In recent studies, Li et al. have used both
morphological (2004b) and histological (2005)
approaches in order to identify the stem cell/tissue
responsible for antler regeneration. They have
convincingly demonstrated that antler regenera-
tion is derived from stem cells resident within the
pedicle periosteum. The present membrane inser-
tion study is a functional in vivo confirmation of
the finding that it is the pedicle bone containing
the periosteum and not pedicle skin that gives rise
to regenerating antlers. Consequently, the con-
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troversy over the role of pedicle skin in antler
regeneration has been resolved by this study.
However, we cannot conclude from this experi-
ment whether regenerating antlers are derived
from the whole pedicle bone, or solely from pedicle
periosteum. Pedicle periosteum has been consid-
ered to be the sole candidate of stem tissue
with rest of the pedicle bone not appearing to
be required for antler regeneration (Li et al.,
2004a,b, 2005). Whether or not this is truly the
case can only be determined by deletion of the
pedicle periosteum prior to antler regeneration
and then subsequent observation of whether
antler regeneration can take place from pedicle
stumps without periosteum.

It is known that heterotypic tissue interactions
are crucial for organ development (Carlson, ’99)
and epimorphic regeneration (Mescher, ’96). In-
terestingly, Li and Suttie (2003) found that the
whole shaft of a pedicle stump can be classified
into two regions based on the degree of association
between the bone and the enveloping skin. The
tightly contacted region has been termed poten-
tiated region, whereas the loosely attached region
the dormant region. They have further inferred
that the interactions between pedicle periosteum
and the enveloping skin are a prerequisite for
antler regeneration, and these interactions are
realised through the close association between
these two tissue types. If this hypothesis is true,
the potentiated region must have progressed one
step further toward antler regeneration than the
dormant region. The present experiment provided
convincing evidence for this hypothesis. All three
potentiated bony pedicle stumps regenerated
antlers after separation of the pedicle bone from
its enveloping skin by insertion of the imperme-
able Teflon membrane. In contrast, one of the
three dormant bony pedicle stumps did not give
rise to antler tissue after separation of the bone
and skin by a Teflon membrane. In the other
two cases, no antler tissue regenerated from the
pedicles while the membranes remained in posi-
tion (up to 55 days). Only after loss of the
membrane did the two dormant pedicle stumps
eventually regenerate normal antlers (enveloped
by velvet skin). Therefore, we conclude that tissue
interactions between pedicle bone and its envelop-
ing skin are indispensable for antler regeneration.
It is also clear that once the potentiated stage has
completed association between the two interactive
tissue types, it is no longer required for antler
regeneration and thus the essential interactions
are only transient in nature. In other words,
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Fig. 5. Histological examination of the antler-less pedicle from deer #33. HE staining, and counterstained with AB. (A)
Apical tissue. Distoproximally, a layer of scab (Sc) was observed overlying the granulation tissue. Under the granulation, slender
bony trabeculae (asterisk) were located above the more matured counterparts. The overall picture is reminiscent of the very
initial stage of normal antler regeneration. Scale bar = 0.51 mm. (B) Soft tissue formed around the existing pedicle bone. The
nature of the tissue is not typical of any particular tissue type but rather resembles a combination of connective and granulation
tissue. Scale bar = 0.54 mm. (C) Distal pedicle skin. Notice that the very distal end of the skin acquired velvet skin features
including the acquisition of the large multi-lobed sebaceous glands (arrow) and formation of hair follicles de novo (arrow head).
Scale bar = 0.48 mm. (D) Subdistal pedicle skin located 2-3 mm away from the distal end. Notice that the pedicle skin retains its
original scalp skin features including sweat glands (arrow). Scale bar = 0.47 mm.
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antler regeneration only requires the pedicle bone
to be primed via interactions with its enveloping
skin, and that actual antler growth is independent
of the skin. This appeared to also apply to the
process of antler branching, as one of the skin-less
antlers showed evidence that it had initiated
branching. Therefore, antler patterning informa-
tion appears to be programmed either when the
pedicle bone is being primed at the potentiated
stage, or at an even earlier stage.

Goss (°83) stated that no known external
mammalian organs/appendages can survive with-
out enveloping by an integument. Interestingly,
skin-less antlers in this study not only survived,
but regenerated de novo from the potentiated
bony pedicle stumps. Undoubtedly, the outmost
layer of scab effectively protected the skin-less
antlers from desiccation. To sustain growth, the
left-over residual blood vessels in the vascular
layer (between skin and bone) would have surely
contributed to the supply of nutrients and the
removal of wastes during the growth of the
regenerating antlers. However, the blood vessels
within the antler bone should not be ignored. Rolf
and Enderle (99) reported that sufficient blood
supply is maintained to the major parts of the
antler bone after velvet shedding and up to 3-
4 weeks prior to antler casting. In this regard, both
hard and skin-less antlers bear a similar analogy.

Why skin-less antlers grow smaller than their
control counterparts is an interesting question.
There may be unknown factors affecting the
growth or it may be a result of impaired blood
supply. Another possibility is that alterations in
ossification type during skin-less antler formation
could have been involved in this growth retarda-
tion. Whereas elongation of the control side
antlers was achieved via proper modified endo-
chondral ossification, only a limited amount of
cartilaginous tissue was found in the very tip of
each skin-less antler before it was replaced by
bone. This gives the impression that skin-less
antlers may grow only partially through endo-
chondral ossification and complemented with
intramembranous ossification, at least when ap-
proaching the final stage of growth (tissue sam-
pling stage). Because bone growth through
intramembranous ossification is much slower than
those through endochondral ossification (Li and
Suttie, ’94), it is conceivable that the resulting
structure will be smaller if formed through a
mixture of intramembranous and endochondral
ossification than exclusively through endochon-
dral ossification.
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What causes an ossification type change in the
skin-less antlers could only be speculated. Based
on their previous studies, Li and Suttie (2000)
concluded that the change in ossification type
from intramembranous to endochondral during
pedicle/antler formation is caused by the mechan-
ical pressure which is mainly derived from the
mechanically stretched enveloping skin. Skin-less
antlers mean that the main mechanical force has
been lifted from the forming antler bony struc-
ture, although some residual mechanical pressure
from the subcutaneous connective tissue and
fibrous layer of perichondrium will still exist. This
reduced mechanical pressure may have been the
cause for the partial change in ossification type.

Velvet skin formation during first antler
generation has previously been thought (Li and
Suttie, 2000) to be caused by the combination
of mechanical tension and chemical induction,
both of which are derived from the underlying and
rapidly expending antlerogenic tissue. The former
driving skin growth and the latter determining
skin type. The results from the present study on
antler regeneration support this hypothesis.
Firstly, once mechanical tension was lost, due to
insertion of the membrane, the pedicle skin
stopped further growth; this occurred even if the
pedicle skin had transformed to antler velvet at
the distal end. Secondly, only the pedicle skin at
the very distal end, where it was in direct contact
with pedicle bone, transformed into antler velvet
skin. The rest of the pedicle skin remained
unchanged when separated from pedicle bone by
the inserted membrane. Therefore, close contact is
necessary to convey the inductive signal from
pedicle bone to the enveloping skin and neither
mechanical stimulation nor chemical induction
are dispensable for normal antler velvet skin
formation.

Interestingly, feedback from the transformed
velvet skin at the distal end of the antler-less
dormant pedicle stump did not trigger the forma-
tion of antler from the stump bone. This may be
due to several factors including the proximity of
the rutting season and hence the high level of
androgen hormones acting in an inhibitory man-
ner and/or the very limited area of velvetised skin
being insufficient to stimulate antler formation.

Lastly, one may argue that the skin-less regen-
erated antlers are simply an extension of the
pedicles, rather than regenerated antlers as we
have claimed. It would have been useful to retain
these skin-less structures until the next spring to
ascertain if they will become calcified and cast.
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The benefits of keeping these structures were
however outweighed by recovering the skin-less
antlers for histological analysis and an examination
of the mode of growth (endochondral and/or intra-
membranous ossification). The decision was also
based on previous research (Li and Suttie, '94),
where we found that the pedicle itself does regenerate
and pedicles can only grow to their species-specific
heights (5 cm in sika or red deer). Also, the distal end
of each potentiated pedicle stump skin was found to
transform to velvet skin and one of the skin-less
regenerates initiated the branching process. Conse-
quently, we have confidence in concluding that
these skin-less regenerates are true antlers and
not pedicles.

Overall, the present study demonstrates that it
is the bone component including periosteum of a
pedicle stump, but not the skin component, that
gives rise to regenerating antler. Bone component
can acquire the potential to regenerate an antler
only when it is primed via interaction with its
enveloping skin.
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