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Recapitulation of the Parathyroid Hormone-
Related Peptide-Indian Hedgehog Pathway in the
Regenerating Deer Antler

C. Faucheux,' B.M. Nicholls,? S. Allen,® J.A. Danks,* M.A. Horton,? and J.S. Price®*

Parathyroid hormone (PTH)-related peptide (PTHrP) and the PTH/PTHrP receptor (PPR) play an essential role in
controlling growth plate development. The aim of the present study was to use the deer antler as a model to
determine whether PTHrP and PPR may also have a function in regulating cartilage and bone regeneration in an adult
mammal. Antlers are the only mammalian appendages that are able to undergo repeated cycles of regeneration, and
their growth from a blastema involves a modified endochondral process. Immunohistochemistry was used to
establish sites of localization of PTHrP and PPR in antlers at different stages of development. The pattern of Indian
Hedgehog (IHH) and transforming growth factor-betai (TGFB1) distribution was also investigated, because PTHrP
expression in the developing limb is regulated by IHH and during embryonic growth plate formation TGFB1 acts
upstream of PTHrP to regulate the rate of chondrocyte differentiation. In the antler blastema (<10 days of
development), PTHrP, PPR, and TGFB1 were localized in epidermis, dermis, regenerating epithelium, and in
mesenchymal cells but IHH expression was not detected. In the rapidly growing antler (weeks 4-8 of development),
PTHrP, PPR, and TGF p1 were localized in skin, perichondrium, undifferentiated mesenchyme, recently differentiated
chondrocytes, and in perivascular cells in cartilage but not in fully differentiated hyperytrophic chondrocytes. IHH was
restricted to recently differentiated chondrocytes and to perivascular cells in cartilage. In mineralized cartilage and
bone, PTHrP, PPR, IHH, and TGFp1 were immunolocalized in perivascular cells and differentiated osteoblasts. PTHrP
and PPR were also present in the periosteum. TGFB1 in vitro stimulated PTHrP synthesis by cells from blastema,
perichondrium, and cartilage. The findings of this study suggest that molecules which regulate embryonic skeletal
development and postnatal epiphyseal growth may also control blastema formation, chondrogenesis, and bone
formation in the regenerating deer antler. This finding is further evidence that developmental signaling pathways are
recapitulated during adult mammalian bone regeneration. Developmental Dynamics 231:88-97, 2004.
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INTRODUCTION

morphic regeneration are ex- species, they also develop in fe-

An ability to regenerate complex
structures is widespread among
lower organisms and is retained in
some vertebrate species such as
anuran amphibians (Goss, 1969;
Tanaka et al., 1999). However,
adult mammalian examples of epi-

tfremely rare with the most dro-
matic example being the annual
replacement of antlers in deer.
These large complex bones func-
tion as secondary sexual charac-
teristics used for fighting and dis-
play in males, although in some

males (Goss, 1983).

Each year the old set of antlers is
shed (cast) in the spring and a re-
generation blastema forms from
which the new set of antlers devel-
ops. There then follows a period of
rapid longitudinal growth, by a mod-
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ified endochondral process in the
distal tip of each branch, until the
final form of the mature antlers is
achieved (Banks and Newbrey,
1983). In the growing antler, the
whole spectrum of endochondral
bone development takes place;
uncommitted progenitors in the peri-
chondrium and subjacent mesen-
chyme differentiate into chondro-
cytes arranged in vertical columns.
The cartilage columns then become
mineralized before being replaced
with bone by the actions of oste-
oclasts and osteoblasts. Although
the matrix composition of antler car-
tilage is similar to that of hyaline car-
tilage (Price et al., 1996), it is structur-
ally different as it contains large
numbers of vascular channels.
Perivascular tissues in antler carti-
lage contain large numbers of oste-
oclasts that are required for the ex-
tensive fissue remodeling that is
associated with the antlers” rapid
rates of endochondral ossification
(Faucheux et al., 2001).

The local cellular mechanisms that
regulate antler regeneration are not
well understood, although it is well
established that the annual cycle of
antler regeneration is regulated by
sex steroids; antler casting, blastema
formation, and rapid longitudinal
growth are associated with low cir-
culating levels of testosterone (Suttie
et al., 1995). As the period of repro-
ductive activity approaches in late
summer circulating levels of testos-
terone increase and are associated
with cessation of longitudinal growth
and increased inframembranous
bone formation and mineralization.
The velvet skin covering the antlers is
then eventually shed leaving solid
“dead” sfructures that are able to
fulfill their biological function (Brown
et al., 1983).

Our recent studies support the hy-
pothesis that the molecular signals
that regulate antler morphogenesis
are similar o those that regulate em-
bryonic limb development. For ex-
ample, refinoic acids and their re-
ceptors are expressed in  antler
fissues and regulate chondrocyte
and osteoclast differentiation in vitro
(Allen et al., 2002). We also have ev-
idence from in vitro studies that
parathyroid hormone-related pep-
tide (PTHrP) stimulates the prolifera-

fion and inhibits differentiation of
antler chondrocytes (Faucheux and
Price, 1999). PTHrP also regulates the
differentiation of antler osteoclasts,
which express the G protein-cou-
pled type | PTH/PTHrP receptor (PPR;
Faucheux et al., 2002).

Numerous studies have shown a
fundamental role for PTHrP and PPR
in regulating chondrocyte differenti-
ation during skeletal development.
Mice with a null mutation in either
the PTHrP or PPR gene show similar
abnormalities in the growth plate;
they have severe skeletal malforma-
fions resulting from an increase in
bone maturation, i.e., accelerated
chondrocyte differentiation, and
premature ossification (Karaplis et
al., 1994; Amizuka et al., 1994; Lanske
et al., 1996). Similarly, in humans, in-
activating mutations in the PPR that
occur in Blomstrand lethal osteo-
chondrodysplasia result in increased
bone maturation (Jobert et al.,
1998). whereas the activating mutao-
tion that occurs in Jansen-type
metaphyseal chondrodysplasia delays
chondrocyte maturation (Schipani et
al.,, 1995).

PTHrP expression in the developing
limb is regulated by the morphogen
Indion Hedgehog (IHH), a verte-
brate homolog of the Drosophila
segment polarity gene Hedgehog,
which is expressed in prehypertro-
phic chondrocytes (Lanske et al.,
1996; Vortkamp et al., 1996; Chung
et al., 2001). Studies in fransgenic
mouse models have shown that
PTHrP and IHH control differentiation
of growth plate chondrocytes at
multiple steps (Kobayashi et al.,
2002). For example, IHH conftrols pro-
liferation of chondrocytes indepen-
dently of PTHrP and also regulates
osteoblast development while PTHrP
acts by inhibiting chondrocyte dif-
ferentiation (St. Jacques et al., 1999;
Kobayashi et al., 2002).

The aim of the present study was
to use the deer antler as a model to
explore the hypothesis that the
PTHrP/IHH signaling pathway is reca-
pitulated during adult mammalian
bone regeneration. Immunohisto-
chemistry was used to establish sites
of localization of PTHrP, IHH, and PPR
in antlers at different stages of devel-
opment. The potential role of TGFR1
as a primary regulator of PTHIP ex-

pression in anflers was also investi-
gated since TGFR1T MRNA has been
shown to be expressed in antler tis-
sues (Francis and Suttie, 1998) and
during mouse embryonic growth
plate formation. TGFR1 acts up-
stream of PTHrP to regulate the rate
of hypertrophic chondrocyte differ-
entiation (Serra et al., 1999). TGFB
has also been shown to up-regulate
PTHrP  expression in  osteoblasts
(Guenther et al., 1995) and in non-
skeletal tissues such as the mam-
mary gland (Ferrari et al., 1992).

RESULTS

Antler Morphology and
Histology

Twenty-four hours after the old set of
antlers are cast, there is a large
open wound on the surface of the
pedicle (the extension of the frontal
bone to which antlers are aftached)
surrounded by a rim of skin (Fig. TA).
A regeneratfion blastemma then
forms, consisting of mesenchymal
progenitor cells surrounded by epi-
thelial tissue. By 7-9 days, re-epithe-
lialization is almost complete and
the position of the future branches
can be identified with the naked
eye (Fig. 1B). There then follows a
period of rapid longitudinal growth
(Fig. 1C) by a modified endochon-
dral process until the final form of the
mature antlers is achieved (Fig. 1D).
Growth in diameter occurs as a re-
sult of inframembranous bone for-
mation along the antler shaft. In sec-
tions through the growing tip of the
branch of an antler, the whole spec-
frum of endochondral bone devel-
opment can be observed (Fig. 2A).
Although the histology of the grow-
ing antler has been reported previ-
ously (Banks and Newbrey, 1983;
Price et al., 1996), it will be described
here briefly to orientate the reader.
Antler skin, or velvet, consists of an
epidermis and a dermis containing
numerous hair follicles and seba-
ceous glands (Fig. 2B). Immediately
below the skin is the perichondrium,
which consists of an outer, more col-
lagenous layer containing numerous
blood vessels and a subjacent layer
of mesenchymal cells that are not
highly differentiated (Fig. 2C). Previ-
ously, we have shown that these
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Fig. 1.

Red deer antlers at different stages of development. A: Blastema 24 hr after the old

antler has been cast. White arrow shows the leading edge of the regenerating epithelium.
B: Blastema ~7 days after casting. The asterisk marks the position of a future branch. Dotted
lines a-a and b-b show regions from which sections were cut. C: At 4 weeks of growth. D:
At 8 weeks of growth. Scale bars = 1 cm in AB, 4 cm in C,D.

Fig. 3. Immunolocalization of parathyroid hormone (PTH) -related peptide (PTHrP), PTH/
PTHrP receptor (PPR), and transforming growth factor-betal (TGFB1) in the early antler
blastema, 4 days after the previous hard (dead) antler had been cast. A,C,E: Sections
through the periphery of the blastema (b-b in Fig. 1). B,D,F: Sections through the centre of
the blastema (a-a in Fig. 1), illustrating regenerating epidermis and subjacent mesenchy-
mal cells. Immunoreactivity is revealed as a brown stain. A,B: PTHrP. C,D: PPR. E,F: TGF-B1. e,
epidermis; d, dermis; re, regenerating epithelium; h, hair follicle; s, sebaceous gland. Scale

bars = 100 pm in A-F.

mesenchymal cells do not express
alkaline phosphatase (ALP) or type I
collagen (Price et al., 1994, 1996). As
they differentiate info chondrocytes

they become arranged into col-
umns (Fig. 2D) separated by vascu-
lar channels and perivascular tissue,
which contains cells of the osteo-
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blast and osteoclast lineages (Price
et al., 1996; Allen et al., 2002; Fig.
2D). There is an extensive zone of
cartilage distally that is not mineral-
ized, more proximally mineralization
takes place (Fig. 2E) and cartilage is
replaced with bone by the coordi-
nated actions of osteoclasts and os-
teoblasts (Fig. 2F).

Immunolocalization of PTHrP,
PPR, IHH, and TGFB1 in the
Antler Blastema

In the early blastema (<day 4),
PTHrP and PPR were localized in the
peripheral epidermis and dermis
(Fig. 3A.C), in the regenerating epi-
thelium of the healing wound and in
subjacent mesenchymal cells (Fig.
3B.D). TGFR1 was also present in
these ftissues, although the intensity
of staining was less than that for
PTHrP and PPR (Fig. 3E,F). IHH was not
expressed in any of these fissues
(data not shown).

Immunolocalisation of PTHrP,
PPR, IHH, and TGFpB in the
Growing Antler

The localization of PTHrP, PPR, IHH,
and TGFB were similar in late stage
blastemas (=9 days) where chon-
drogenesis has begun and at the
distal end of the main branch of the
growing antler (4-8 weeks). PTHrP
was localized in the dermis of the
skin and in hair follicles, and in the
perichondrium and  associated
blood vessels (Fig. 4). In the underly-
ing proliferating (proliferating cell
nuclear antfigen (PCNA) -positive)
undifferentiated mesenchymal cells,
PTHrP was also present. More proxi-
mally, PTHrP antigen was present in
perivascular cells, which continue to

proliferate and in recently differenti-
ated, nonproliferating, chondro-
cytes (Fig. 4). In these chondrocytes,
staining was mainly confined to cy-
toplasmic granules, although some
nuclear staining was also detected.
Fully differentiated chondrocytes
that secrete collagen type X did not
possess PTHrP, although high levels
of staining were seen in the prolifer-
ating perivascular cells in carfilage
(Fig. 4).

The pattern of PPR localization in
the skin and the perichondrium of
the growing antler was similar to that
of PTHrP, although no staining was
seen in blood vessels of the peri-
chondrium (Fig. 4). Higher levels of
PPR anfigen were observed in re-
cently differentiated chondrocytes
where both nuclear and perinuclear
staining was detected (arrow in in-
sert). The PPR anfigen was not de-
tected in fully differentiated chon-
drocytes and was also low in
perivascular cells (Fig. 4).

IHH was not detected in the skin,
the perichondrium, or undifferenti-
ated mesenchyme but was local-
ized in recently differentiated chon-
drocytes (Fig. 4). In cartiloge, HH
antfigen was not detected in fully dif-
ferentiated chondrocytes; however,
like PTHrP, it was present in perivas-
cular cells (Fig. 4).

TGFR1 was found to have a similar
pattern of localization to PTHrP, al-
though the intensity of staining in
some regions was lower. Immunore-
activity was identified in cells in the
dermis, in perichondrium cells, in the
collagenous extracellular matrix of
the perichondrium but not in associ-
ated blood vessels (Fig. 4). TGFR1
was present at low levels in mesen-
chyme and recently differentiated
chondrocytes, and, although posi-

Fig. 2. Histology of the antler tip. A: Longitudinal tissue section of antler to show macro-
scopic appearance of fissues. v, velvet skin; m, mesenchyme; cp, chondroprogenitor
region; ca, nonmineralized cartilage; mc, mineralized cartilage; bo, bone. Arrowheads
mark sites of inframembranous bone formation. Perichondrium is indicated by the dotted
line. B-F: Hematoxylin and eosin-stained undecaicified paraffin sections. B: Velvet skin. e,
epidermis; d, dermis; h, hair follicle; s, sebaceous gland. C: Perichondrium. Fibrous peri-
chondrium (f) and subjacent zone of mesenchymal cells (m). Blood vessels are marked by
arrowheads. D: Nonmineralized cartilage. Recently differentiated chondrocytes (c) are
arranged in columns separated by vascular channels (vc). Perivascular tissue is marked
with arrows. E: Mineralized cartilage. Chondrocytes (¢) are more hypertrophic and the
vascular channels (vc) larger. F: Bone. Cuboidal osteoblasts are marked with the arrow.
The arrowhead shows an osteoclast. Scale bars = 0.5 cm in A, 100 um in B-E, 50 pm in F.

tive staining was only seen in a small
proportion of fully differentiated
chondrocytes (Fig. 4E3, arrow), it
was detected in perivascular cells in
cartilage (Fig. 4).

Immunolocalisation of PTHrP,
PPR, IHH, and TGFp in
Mineralized Cartilage, Bone,
and in Periosteum

In mineralized cartilage, the stron-
gest staining for PTHrP was in perivas-
cular tissue, particularly in osteoblas-
fic cells (Fig. 5A). At more proximal
sites of bone formation, positive
staining was observed in fully differ-
entiated osteoblasts (Fig. 5E). The
periosteum of the antler is multilay-
ered consisting of an outer fibrous
component and an inner more cel-
lular layer immediately adjacent to
sites of inframembranous bone for-
mation. PTHrP was localized in a pro-
portion of cells in the fibrous perios-
teum and in the magjority of cells in
the cellular periosteum as well as in
periosteal blood vessels (Fig. 51). The
pattern of localization of PPR was
similar to that of PTHrP in cartiloge,
bone, and periosteum (Fig, 5B,F.J);
however, PPR was not present in
blood vessels in the periosteum
(data not shown). In cartilage and
bone, TGFB-1 was detected in
perivascular cells and in osteoblasts
(Fig. 5C.G,K), although in periosteum
TGFB-1 was only expressed in the
cellular layer and then at only low
levels. IHH, like PTHrP and PPR, was
localized in perivascular cells in car-
tilage (Fig. 8D), and in osteoblasts
(Fig. 5H), IHH was not present in the
periosteum (data not shown). No
staining was seen in negative con-
trol sections (Fig. 5L-N).

Regulation of PTHIP Synthesis
by TGFg1 in Cultured Antler
Cells

The synthesis of PTHrP by cultured
antler cells was measured in the
presence and absence of 2 ng/ml
TGFB1 (Fig. 6). In control cultures,
cells derived from the perichon-
drium synthesize significantly higher
concentrations of PTHP than cells
derived from either blastema or car-
filoge (P < 0.0001). When tfreated
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Fig. 4. Immunolocalization of parathyroid hormone (PTH) -related peptide (PTHrP), PTH/PTHrP receptor (PPR), Indian Hedgehog (IHH),
and transforming growth factor-betal (TGFB1), type x collagen (COLX), and proliferating cell nuclear antigen (PCNA) in fissues of the distal
antler tip. Antler harvested at 4 weeks of growth. A-A5: Skin (row 1). B-B5: Perichondrium (row 2, PER). Arrowheads indicate blood vessels.
C-C5: The region of undifferentiated mesenchyme cells (row 3, MES). D-D5: The region of chondroblasts/recently differentiated chon-
drocytes (row 4, CB), chondrocytes are aligned in columns separated by small vascular channels and perivascular cells (arrowheads).
The arrow points to a positive chondrocyte. E-ES5: Cartilage (row 5, CART). Negative control sections, skin (PTHrP) and perichondrium (PPR),
are shown in the box in the upper right-hand corner. Inserts: Higher-power images. ch, chondrocyte; hc, hyalin cartilage; hf, hair follicle;
s, sebaceous gland; vc, vascular channels. Scale bars = 50 um in all panels, 12.5 wm in all inserts.

Fig. 5. Immunolocalization of parathyroid hormone (PTH) -related peptide (PTHrP), PTH/PTHIP receptor (PPR), Indian Hedgehog (IHH), and
transforming growth factor-betal (TGFR1) in mineralized cartilage, bone, and in periosteum of the growing the antler. Antler harvested at 8
weeks. A-D: Mineralized cartilage (CART): A, PTHrP; B, PPR; C, TGFB1; D, IHH. vc, vascular channels; ca, differentiated chondrocytes; he, hyalin
cartilage. Asterisks indicate perivascular cells. The larger cuboidal cells are osteoblastic cells. Pictures in inserts are higher magnification images
of these tissues. E-H: Bone: E, PTHIP; F, PPR; G, TBFB1; H, IHH. bo, bone. Osteoblasts are indicated by arrows. I-K: Periosteum (PO): I, PTHIP; J, PPR;
K, TGFB-1. fp, fibrous periosteum; p, inner cellular periosteum. The arrowhead indicates a blood vessel. L-N: Negative (-ve) control sections of
cartilage (L), bone, and periosteum (PO). Scale bars = 50 wm in all panels, 12.5 pm in all inserts.
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Fig. 6. Parathyroid hormone-related pep-
tide (PTHrP) synthesis in cultured antler cells
and its regulation by transforming growth
factor-betal (TGFB1). Primary cultures iso-
lated from blastema (blast), perichondrium
(per), and cartilage (cart) tissue were cul-
tured with 2 ng/ml TGFB1 or vehicle control
for 48 hr. Results are expressed in picomoles
PTHrP/L and represent the mean = SEM (n =
4). Triple asterisks indicate P < 0.0001 com-
pared with control conditions. PPR, the
parathyroid hormone/PTHrP receptor; IHH,
Indian Hedgehog.

with TGFB1, cells derived from alll tis-
sues showed significantly increased
PTHrP synthesis (P < 0.0001). Cells
from the blastema showed the
greatest increase in PTHrP synthesis
after freatment with TGFB1.

DISCUSSION

In this study, sites of PTHrP, PPR, IHH,
and TGFB1 localization in the regen-
erating deer antler at different
stages of development were identi-
fied using immunohistochemistry
(summarized in Fig. 7). Although nu-
merous factors determine cellular in-
teractions in the embryonic limb (re-
viewed by Capdevila and Izpisua
Belmonte, 2001), we focused on
these molecules, because PTHIP
and IHH are “master regulators” of
chondrocyte proliferation during en-
dochondral bone formation and IHH
also regulates osteoblast differentia-
tion (reviewed by Kronenberg,
2003). Furthermore, in previous in
vitro studies, we had shown that
PTHrP regulates the differentiation of
antler chondrocytes and osteoclasts
(Faucheux and Price, 1999; Fau-
cheux et al., 2002).

Antlers grow by a process of epi-
morphic regeneration; after the pre-
vious set of solid dead antlers are
cast off in the spring a blastema
forms, which is composed of a heal-
ing wound surface and a subjacent
layer of mesenchymal cells. PTHrP

. PTHrP + PPR +

TGF[\1

D PTHrP + PPR +
TGF[}1 + IHH

. Collagen X

Fig. 7. Schematic diagram summarizing the pattern of localization of PTHrP, PPR, IHH, and

TGFB1 in the growing antler tip.

and its receptor (PPR) are present in
regenerating epithelium of the early
blastema, which suggests that PTHrP
may regulate epithelialization and/or
epithelial-mesenchymal interactions.
However, because PTHP and PPRs
are also localized in the majority of
mesenchymal cells in the blastema,
PTHrP can be considered to be a
phenotypic marker of antler progen-
itor cells. The synthesis of PTHIP by
cells cultured from the blastema was
increased significantly by TGFB-1,
which is also expressed in the epithe-
lium and in mesenchymal cells of the
blastema. Localization of TGFBR1 in
the blastema was unexpected as
TGFR1 promotes wound repair and
scar formation (Cordeiro et al., 2003)
and Goss (1983) proposed that ant-
ler regeneration represented a fail-
ure of scar formation, based on his
observation that suturing the skin
over the regenerating blastema in-
hibited antler development. How-
ever, the mechanisms regulating
TGFR’s action in vivo are extremely
complex and require further study in

the context of antler regeneration.
IHH is not present in the early blast-
ema and, thus, does not regulate
PTHrP synthesis at this stage of antler
regeneration.

The function(s) of PTHrP in the re-
generating antler blastema are likely
to be complex and now need to be
explored in greater detail. PTHrP
does not appear to regulate prolif-
eration of progenitor cells derived
from perichondrium (Faucheux and
Price, 1999). However, once chon-
drogenesis is evident, it may main-
tain proliferation of chondroprogeni-
tor cells, since our earlier in vitro
observations showed that PTHrP in-
hibited differentiation but stimulated
growth in chondrocyte micromass
cultures (Faucheux and Price, 1999).
The observation that there is no
PTHrP in ferminally differentiated,
nonproliferating chondrocytes in the
blastema would support this sugges-
tion.

After blastema formation, antlers
grow by a process of modified en-
dochondral ossification in the distal
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tip of each branch. At these sites of
chondrogenesis, PTHrP and the PTH/
PTHrP receptor are present in cells at
several stages of differentiation.
Staining for PTHrP was strongest in
the perichondrium, which is further
evidence that PTHrP is a phenotypic
marker for early progenitor cells in
the antler. Of interest, PTHrP (but not
PPR) was detected in cells lining the
blood vessels of the perichondrium,
raising the infriguing possibility that
some antler stem cells may be de-
rived from a circulating pool. PPR is
also localized in the antler perichon-
drium, which suggests that PTHrP
could regulate its own expression at
this site. This finding represents an im-
portant difference from embryonic
long bones and posthatal growth
plate where PPR expression is limited
to chondrocytes and PTHrP synthesis
in the perichondrium is requlated by
IHH acting by means of its receptor
patched (Lee et al., 1994, 1996; Vort-
kamp et al., 1998; Bram et al., 2000).

In growing antler, PTHrP and PPRs
are also present in a zone of undif-
ferentiated (they do not express ALP
or type | collagen) proliferating mes-
enchymal cells below the perichon-
drium. PTHrP and its receptor are
then maintained in a population of
cells that we have defined previ-
ously as chondroprogenitors, be-
cause they express type IIA as well
as type IIB collagen mRNA (Price et
al., 1996); however, there is no PTHrP
or PPR expression in differentiated
hypertrophic chondrocytes. This pat-
tern of localization is consistent with
PTHrP playing a role in the regulation
of chondrocyte growth and differ-
entiation in regenerating antlers, as
it does in growth plate.

PTHrP  mRNA and protein have
been found to be expressed in peri-
chondrium, proliferating chondrocytes,
prehypertrophic and hypertrophic
chondrocytes in the postnatal growth
plate of the mouse (Kartsogiannis et
al., 1997), chicken (Medill et al., 2001;
Farguharson et al., 2001), and human
(Nakase et al., 2001; Kindblom et al.,
2002). The pattern of localization of
PTHrP and its receptor in antler carti-
lage, therefore, is not entirely consis-
tent with findings in the embryonic
limb. Probably the most obvious differ-
ence between antlers and the em-
bryonic and postnatal growth plate is

that, in anflers, PTHIP antigen is not
present in differentiated hyperrophic
chondrocytes, although the func-
fional significance of this observation
remains unclear. It is worth noting that
the zone of cartilage hypertrophy in
antlers is far more extensive than that
in the growth plate, with type X colla-
gen being expressed by the majority
of chondrocytes (Price et al., 1996).

This study also provides evidence
that an interaction between I|HH
and PTHrP may take place in the
regenerating antler as it does in the
growth plate. IHH is present in re-
cently differentiated antler chondro-
cytes but not in less differentiated
cells in the perichondrium or the
mesenchyme zone. This finding rep-
resents a similar pattern of localiza-
tion to that described in developing
long bones and the postnatal
growth plate where IHH is expressed
by prehypertrophic and early hyper-
tfrophic chondrocytes (Lanske et al.,
1996; Vortkamp et el., 1996, 1998; St.
Jacques et al,, 1999; Nakase et al.,
2001; Kindblom et al., 2002). Be-
cause TGFB1 is also present in fissues
that express PTHP a feedback loop
may exist whereby IHH induces PTHrP
expression by means of the up-reg-
ulation of TGFB1, as has been de-
scribed in the developing limb, al-
though in the limb, TGFR2 was the
member of the TGFB family involved
(Alvarez et al., 2002). Furthermore, in
antler cells cultured from perichon-
drium and cartilage, TGFR1 in-
creases the synthesis of PTHrP. Al-
though it would be extremely
difficult to explore this interaction in
Vivo, ex vivo studies should now be
undertaken to establish the mecha-
nism(s) by which IHH regulates PTHrP
synthesis. Clearly an autocrine/para-
crine process could be involved be-
cause PTHrP, its receptor and IHH are
all expressed in prehypertrophic ant-
ler chondrocytes.

Antler cartilage is unique in that it
contains several large vascular
spaces and perivascular cells that
express ALP (Price et al., 1994), type
I collagen mRNA (Price et al., 1996),
and osteocalcin (Allen et al.,, 2002),
indicating that they are of the osteo-
blast lineage. Although there is no
PTHrP in hypertrophic chondrocytes,
the adjacent perivascular tissue pos-
sesses the PTHIP, PPR, IHH, and TGFB1

antigens. This finding is consistent
with observations that have previ-
ously shown the presence of IHH
(Murakami et al., 1997), PTHrP (Walsh
et al., 1997), PPR (McCauley et al.,
1996), and TGFB1 (Linkhart et al.,
1996) in osteoblastic cells. These fac-
tors could act independently or as
part of a complex autocrine/para-
crine network to regulate osteoblast
differentiation. Both IHH (St. Jacques
et al., 1999; Nakamura et al., 1997)
and TGFB (Reyes-Botella et al., 2002;
Gurlek and Kumar, 2001) have been
shown fo be capable of promoting
osteoblastic  differentiation,  while
PTHrP may induce (Motomura et al.,
1996; Carpio et al., 2001) or inhibit
(Du et al., 2000; Miao et al., 2001)
osteoblast differentiation.

Another potential target cell for
PTHrP in the perivascular tissue of
antler cartilage are osteoclast pro-
genitors. TRAP staining reveals that
there are numerous cells of the oste-
oclast lineage differentiating at this
site, and in vitro studies have shown
that PTHrP acts as a potent stimulo-
tor of osteoclast differentiation (Fau-
cheux et al., 2001, 2002). In addition
to RANKL-mediated effects, PTHrP
also acts directly on the antler oste-
oclasts and these cells express PPR
at an mRNA and protein level (Fau-
cheux et al., 2002).

In conclusion, this study has dem-
onstrated that some of the major sig-
naling molecules that regulate em-
bryonic long bone development
and postnatal growth plate growth
are also present in the regenerating
deer anfler. Sites of PTHrP, PPR,
TGFBT and IHH localization indicate
that these factors may regulate sev-
eral biological processes in the ant-
ler, including blastema formation,
chondrogenesis, and osteoblast dif-
ferentiation. This finding supports our
hypothesis that there is evolutionary
conservation in the antler of devel-
opmental signaling pathways that
occur during adult bone regenera-
fion. A similar recapitulation of the
signaling pathways has also been
observed in fracture repair models
(Vortkamp et al., 1998; Ferguson et
al, 1999; Murakami and Noda,
2000). Establishing the molecular
and cellular mechanisms involved in
antler regeneration may lead to the
development of strategies for im-
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proving cartilage and bone regen-
eration in man and other animals.

EXPERIMENTAL PROCEDURES
Animals

Antlers were harvested at postmor-
tem from red deer (Cervus elaphus)
stags (2 years old, and weighing ap-
proximately 100 kg) at different
stages of development: < 4 days af-
ter casting (early blastema stage), 9
days after casting (late blastema
stage), and between 4 and 8 weeks
(period of longitudinal growth; Fig.
1A-D).

Tissues

The distal tips of antlers were re-
moved aseptically and sectioned
longitudinally (Price et al., 1994,
1996). Half was placed in medium
(Dulbecco’s medium containing
10% fetal bovine serum (FBS), penicil-
lin-streptomycin (PS, 100 IU-100 mg/
ml), and Fungizone (F, 2.5 mg/ml, In-
vitrogen, Paisley, Scotland)) before
fissue culture. The remaining tissue
was cut into 0.5 cm?® blocks, fixed for
1 week in 4% paraformaldehyde (pH
7.4), and embedded in paraffin wax
for sectioning. Sections (10 um) were
mounted on Superfrost plus slides
(BDH, Merck, Leicestershire, UK). For
immunohistochemical staining, sec-
tions were deparaffinized in xylene,
rehydrated through graded eth-
anols, and stained with 1% Harris he-
matoxylin for 30 sec (Sigma, Poole,
UK). Sections were then cleared in
xylene and mounted.

Immunohistochemistry

Deparaffinized tissue sections were
placed in methanol containing 1%
H,O, for 30 min to block endoge-
nous peroxidase activity. Sections
were rinsed three fimes with phos-
phate-buffered saline (PBS), and
nonspecific binding blocked with
PBS containing 5% new born calf se-
rum (PBS/NCS) and 10% normal
swine serum (Dako, Cambridge, UK)
for 30 min at room temperature. Sec-
tions were incubated overnight at
4°C in a humidified chamber with

primary antibody diluted in PBS/NCS.
Depending on the primary antibody
used, the second antibody (Dako)
was either a biotinylated multi-link
swine anti-goat/rabbit/mouse (1:200
dilufion), a biotinylated swine anti-
rabbit (1:40 dilution), or horse anti-
rabbit/mouse(1:285 dilution) and
was applied for 30 min. Detection
was carried out using the vector
ABC method with diaminobenzidine
tetrahydrochloride as the substrate
(Sigma, Poole, UK). After counter-
staining in a 1% hematoxylin solution
for 30 sec, sections were mounted
using VectaMount (Vector Labs, Pe-
terborough, UK).

The following primary antibodies
were used: (1) goat anti-IHH raised
against an amino acid sequence at
the amino terminus of human IHH (1:
100; Santa Cruz, CA); (2) rabbit anti-
PTHrP (1:50) raised against amino
acids 1-16 and 1-34 of human PTHrP,
which recognizes deer PTHrP (Fau-
cheux et al., 2002); (3) rabbit anti-
PPR raised against an amino acid
sequence of human PPR (1:30;
Babco, Berkeley, CA), which cross-
reacts with deer PPR (Faucheux et
al, 2002); (4) rabbit anfi-TGFE1
raised against an amino acid se-
quence at the carboxy-terminus of
human TGFR1 (1:200; Santa Cruz,
CA); (6) mouse anti-deer collagen
type X (1:100; a gift from Gary Gib-
son), and mouse anfi-hnuman PCNA
(Dako). In control sections, the pri-
mary antibody was substituted with
rabbit (Vector Labs), goat (IgG,
Sigma), or mouse (Vector Labs) im-
munoglobulins.

Cell Culture and PTHIP Assay

All products for tissue culture were
purchased from GilbcoBRL (Paisley,
Scotland, UK) except where speci-
fied. Cell digests were prepared
from the blastema, perichondrium
and cartilage using techniques de-
scribed previously (Price et al., 1994;
Faucheux et al., 2001).
First-passage cells were seeded
into 12-well plates (10° cells/well)
and cultured in growth medium
(Fitton Jackson’s modification of
BGJb medium, supplemented with
10% FBS and PS antibiotics (100 IU-

100 mg/ml)) until confluent. Cells
were then cultured for 2 days in the
presence or absence of 2 ng/ml
recombinant human TGFR1 (R&D
systems, Abingdon, UK). PTHrP lev-
els in the conditioned culture me-
dia were determined by a human
IRMA (Mitsubishi Chemical Co, To-
kyo, Japan). The species cross-re-
activity of the assay was assessed
by a parallel assay of a serial dilu-
fion of samples from antler cells
with the standard curve.
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