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SUMMARY

The development of endochondral bones requires the
coordination of signals from several cell types within the
cartilage rudiment. A signaling cascade involving Indian
hedgehog (Ihh) and parathyroid hormone related peptide
(PTHrP) has been described in which hypertrophic
differentiation is limited by a signal secreted from
chondrocytes as they become committed to hypertrophy. In
this negative-feedback loop, Ihh inhibits hypertrophic
differentiation by regulating the expression ofPthrp, which
in turn acts directly on chondrocytes in the growth plate
that express the PTH/PTHrP receptor. Previously, we have
shown that PTHrP also acts downstream of transforming
growth factor B (TGFp) in a common signaling cascade to

differentiation in the growth plate. This report tests the
hypothesis that TGH3 signaling is required for the
effects of Hedgehog on hypertrophic differentiation and
expression ofPthrp. We show that Sonic hedgehog (Shh), a
functional substitute for Ihh, stimulates expression o gfb2
and Tgfb3 mRNA in the perichondrium of embryonic
mouse metatarsal bones grown in organ cultures and that
TGFB signaling in the perichondrium is required for
inhibition of differentiation and regulation of Pthrp
expression by Shh. The effects of Shh are specifically
dependent on TGIB2, as cultures fromTgfb3-null embryos
respond to Shh but cultures fromTgfb2-null embryos do
not. Taken together, these data suggest that T@ER acts as

regulate hypertrophic differentiation in embryonic mouse
metatarsal organ cultures. As members of the TGF
superfamily have been shown to mediate the effects of
Hedgehog in several developmental systems, we proposed
a model where TGP acts downstream of [hh and upstream  Key words: Endochondral bone, Cartilage, Perichondrium,fTGF
of PTHrP in a cascade of signals that regulate hypertrophic Hedgehog, PTHrP, Mouse

a signal relay between lhh and PTHrP in the regulation of
cartilage hypertrophic differentiation.

INTRODUCTION endochondral bone formation. Parathyroid hormone-related
peptide (PTHrP) is a secreted peptide expressed in a wide
Long bones develop by a process called endochondral bomariety of adult and embryonic cell types, including osteoblasts
formation, in which a cartilage model is generated and then snd chondrocytes (Suva et al., 1987; Broadus and Stewart,
replaced with bone (Erlebacher et al., 1995; Cancedda et al994). The PTH/PTHrP receptor (PTHR) is also expressed in
1995). Endochondral development begins with condensation af wide range of cell types including a population of
undifferentiated mesenchymal cells that prefigure the futurprehypertrophic chondrocytes in the growth plate (Karperien
skeletal elements. In the core of these condensations, cedls al., 1994; Lee et al.,, 1995). The importance of PTHrP
differentiate into chondroblasts, which secrete cartilage matrixn endochondral bone formation is demonstrated in mice
Mesenchymal cells surrounding the cartilage rudiment fornmomozygous for a targeted disruption of Btarp gene Pthih
the perichondrium. At a specific stage, which is unique to each Mouse Genome InformaticdPthrp-null mice demonstrate
element, chondrocytes progress through a program of celkccelerated maturation of chondrocytes leading to excessive
proliferation, maturation and hypertrophy. Changes in the&ndochondral bone formation (Karaplis et al., 1994; Amizuka
composition and properties of the cartilage matrix in thest al.,, 1994). Mice with targeted deletion of tiRthr
hypertrophic zone allow invasion by capillaries and thedemonstrated a similar phenotype (Lanske et al., 1996).
ultimate replacement of cartilage by the trabecular bone matriRonversely, overexpression of PTHrP in chondrocytes leads to
secreted by invading osteoblasts. The rate of chondrocyte delay in chondrocyte maturation and bone formation such
differentiation must be carefully regulated so that the propethat mice are born with a completely cartilaginous skeleton
shape and length of the bone is achieved and maintained. (Weir et al., 1996). Furthermore, mutations resulting in either
Several factors have been implicated in the regulation af constitutively active or an inactive PTHR in humans result in
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skeletal dysplasias: Jansen metaphyseal chondrodysplasiéimulates expression &thrpin long bone organ cultures and
which is characterized by delayed endochondral bonthat PTHrP is required for T@R to inhibit hypertrophic
formation (Schipani et al., 1995; Schipani et al., 1997); andifferentiation (Serra et al., 1999). Several members of the
Blomstrand chondrodysplasia, which is characterized byGH3 superfamily are expressed in the mouse perichondrium
extreme advanced endochondral bone maturation (Zhang et @nd periosteum (Sandberg et al., 1988; Pelton et al., 1990;
1998; Jobert et al., 1998), respectively. Gatherer et al., 1990; Millan et al., 1991; Pathi et al., 1999), and
Another factor involved in endochondral bone formationrecently, it was shown that the perichondrium is required to
Indian hedgehog (lhh), belongs to a family of morphogensnediate the effects of BMP7 and T@&F on hypertrophic
involved in embryonic patterning and limb bud developmentlifferentiation (Haaijman et al., 1999; Alvarez et al., 2001).
(reviewed by Hammerschmidt et al., 1997). Ihh is initially Furthermore, dominant-negative interference of [BGF
expressed in chondrocytes of the early cartilaginous skeletsignaling in the perichondrium of transgenic mice results in
elements (Bitgood and McMahon, 1995). On maturationincreased hypertrophic differentiation and expressiditofn
expression becomes progressively restricted to postmitotibe growth plate (Serra et al., 1997). As members of the3TGF
prehypertrophic chondrocytes adjacent to the PTHRsuperfamily act downstream of Hedgehog proteins in several
expressing proliferative zones (Bitgood and McMahon, 1995evelopmental systems, (Heberlein et al., 1993; Laufer et al.,
Vortkamp et al., 1996). Targeted deletion ofltitegene results  1994; Ingham and Fietz, 1995; Roberts et al.,, 1995), we
in reduced chondrocyte proliferation, accelerated hypertrophigroposed a model where T@EE would act downstream of
differentiation, and a failure of osteoblast development (Stthh to mediate expression of PTHrP and hypertrophic
Jacques et al., 1999), while misexpression of Ihh in developingjfferentiation. In this study, we used mouse embryonic
chick long bones results in delayed hypertrophy (Vortkamp enetatarsal organ cultures to test the hypothesis thaf3TGF
al., 1996; Lanske et al., 1996). The data together suggest IBlgnaling in the perichondrium is required for the effects of Shh,
has several roles in endochondral bone formation one @f functional substitute for Ihh (Vortkamp et al., 1996; Yang et
which is to modulate negatively the rate of chondrocyteal., 1998; Zhang et al., 2001), on hypertrophic differentiation.
differentiation. Our results not only indicate that the perichondrium is essential
It has been proposed that Ihh and PTHrP regulatéor the effects of Shh on chondrocyte differentiation but that
chondrocyte differentiation through the establishment of &GF32 specifically is required for this effect.
negative feedback loop in which production of lhh by
prehypertrophic chondrocytes induces PTHrP expression in
the periarticular perichondrium, which in turn inhibits MATERIALS AND METHODS
hypertrophic differentiation (Vortkamp et al., 1996; Lanske et
al., 1996; Wallis, 1996). Addition of Sonic hedgehog (Shh) td=mbryonic metatarsal rudiment organ cultures
limb cultures delays chondrocyte differentiation but this effecfhe three central metatarsal rudiments were isolated from each hind
requires intact PTHrP signaling (Vortkamp et al., 1996; Lanskémb of 15.5 days post coitum ICR/B6D2 mouse embryos, embryos
et al., 1996). In support of this, analysisliofi-null embryos from crosses ngsz_”— mice (Sanford et al., 1997) or embryos from
demonstrates that expression Pfhrp at the periarticular Crgsi‘i}ﬁggm_i?'%es(zgﬁzggstt gg;t&i95%h:“ecéorr;g{‘attgfsggym‘l’;re
jurfaces of the long bO”‘?S IS mdeed (_jependen_t on Ihh ( .ﬂéced into each well of a 24-well plate containing 1 ml of organ
acques et'al., 1999).The|nduct|orPdirp|n the perla'rtl_c'ular culture medium:a-MEM (Gibco-BRL) supplemented with 0.005
perichondrium would require the transfer of the initial Ihhyg/m| ascorbic acid, 0.3 mg/ml L-glutamine, 0.05 mg/ml gentamicin,
signal over a long distance along the cartilage elements. Asmm g-glycerophosphate and 0.2% bovine serum albumin (BSA) as
downstream targets of Hedgehog signaling were induced in thgeviously described (Dieudonne et al., 1994; Serra et al., 1999).
perichondrium of chick limbs infected with an Ihh expressingexplants were grown at 37°C in a humidified 5% >d@cubator.
retrovirus (Vortkamp et al., 1996), it was proposed that th@GBB1 (R&D Systems; 1 or 10 mg/ml) in 4 mM HCI or Shh-N
negative-feedback effect of Ihh on chondrocyte differentiatiofR&D Systems; Zug/ml) in 0.1% BSA in phosphate-buffered saline
was indirect and mediated by additional factors in thdPBS) or serum free Shh-conditioned medium (ShhN) (Zeng et al.,
perchondium (Zho et al 1997, Pai et al, 1999) Previou®l%) e S00e8 0 sllree 110 fos st desecion Cures
flnd_lngs using chick tlblotarsus have showp that théells transfected with a GFP reporter construct were used as controls.
perichondrium can elaborate signals that negatively regula

. . . 2 ltures were observed and photographed with an Olympus SZH 12
both chondrocyte proliferation and differentiation (Long anddissecting microscope after 5pdaysgof ?reatmem. ymp

Linsenmayer, 1998). For perichondrium experiments, the perichondrium was removed
Members of the transforming growth facfor{TGFH3) from metatarsals from one limb, while the metatarsals from the
superfamily are secreted growth factors that regulate margpntralateral limb were left intact. Perichondrium was removed
aspects of development, including growth and differentiatioenzymatically by incubating the bone for 3 minutes at room
(reviewed by Massague et al., 1990; Roberts and Sporn, 199emperature in Img/ml collagenase type 2 (Worthington Biochemical)
Moses and Serra, 1996; Hogan, 1996). This family includei® PBS, as previously reported (.Tlhesmgh and Burger, 1983; anuman
three isoforms of TGE the activin and inhibins, growth and €t @l 1999). The enzyme activity was stopped by transferring the
differentiation factors (GDFs) and the bone morphogeneti udiments to 10% FCS in PBS and the remaining perichondrium was

- S L S emoved mechanically by rolling the bone rudiments over a plastic
proteins (BMPs). TGBL inhibits hypertrophic differentiation ¢ tace (Thesingh and Burger, 1983; Haaijman et al., 1999).

in high density chondrocyte cultures (Kato et al., 1988; Ballock qr adenovirus experiments, metatarsal bones from ICR/B6D2
et al., 1993; Tschan et al., 1993; Bohme et al., 1995) and ffice were cultured overnight in 3@0 of conditioned media from

cultured mouse long bone rudiments (Dieudonne et al., 199493 cells (DMEM +10% FCS) infected with adenovirus containing
Serra et al., 1999). Previously, we have shown thatBLGF either a3-galactosidase reporter or the dominant-negative mutation of
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the TGB$ type Il receptor (DNIIR) (Chen et al., 1993). Bones wereprotein were fixed at 4°C in fresh 4% PFA in PBS for 30 minutes,
then placed into the normal organ culture media described aboweashed in PBS, incubated for 15 minutes in permeablizing solution
(Dieudonne et al., 1994; Serra et al., 1999) then treated with eith€2 mM MgChk, 0.01% sodium deoxicholate and 0.02% NP-40 in
TGH31 or Shh. Bone rudiments infected with an adenovirus thaPBS), then washed again in PBS and incubated overnight in stain
expressed thef-galactosidase protein were used as controlssolution (2 mM MgCi 5 mM potassium ferricyanide, 5 mM
Adenoviruses were constructed as described elsewhere (Becker et pbfassium ferrocyanide and 1 mg/ml X-gal in PBS) at room

1994). temperature. Metatarsals were then fixed in 4% PFA at 4°C for 2 hours
) and cleared overnight in 80% glycerol at room temperature. Stained
Mouse genotyping rudiments were observed and photographed with an Olympus SZH 12

DNA isolated from the tail and forelimbs of ea®hfb2 or Tgfb3  dissecting microscope. Some samples were also cryosectioned after
mouse embryo was used for genotyping. DNA was extracted usirgaining, and observed and photographed with an Olympus BX-60
the standard proteinase K digestion procedure. An aliquot of the DNApright microscope.

was used for PCR genotyping. To identifygfb3null mice, an ) )

upstream primer’sTGG GAG TCA TGG CTG TAA CT-3in intron ~ Whole-mount immunocytochemistry

5 and a downstream primerGAC TCA CAC TGG CAA GTA GT-  Metatarsals that were infected with adenovirus expred%igal or

3 in intron 6 were used to amplify fragments of 400 bp and 1.3 kIDNIIR were fixed at 4°C in fresh 4% PFA in PBS for 30 minutes. The
from the wild-type and null alleles, respectively (Proetzel et al., 1995)issues were washed in PBS containing 0.1% Tweén{Esher

The amplification conditions were 30 cycles at 94°C for 30 second§cientific, New Jersey; PBST) for 10 minutes, then placed in 3%
56°C for 30 seconds and 72°C for 1 minute. Fgfb2 mice the  normal goat serum (Vector Laboratories, Burlingame, CA) in PBST
following primers were used: forward, AATGTGCAGGATAA- for an additional 30 minutes. This was followed by incubation at room
TTGCTGC; reverse, AACTCCATAGATATGGGCATGC; and Neo temperature for 2-3 hours in primary goat anti adenovirus FITC-
primer, GCCGAGAAAGTATCCATCAT. The Neo/Reverse primer conjugated antibody (Fitzgerald Industries International. Concord,
combination yielded a 600 bp band in null and heterozygous micéA; catalog number 60-A01) diluted 1:100 into PBST. After this
The forward/reverse primer combination gave a 300 bp band in wildncubation, the rudiments were washed three times at room
type mice, 300 bp and 1500 bp bands in heterozygous mice, andeanperature in PBST for 15 minutes each wash. The metatarsal bones
1500 bp band in mice with the disruption in both alleles (Sanford evere mounted in 70% glycerol and viewed under epifluorescence
al., 1997). The amplification conditions were 35 cycles at 95°C for 3@ising an Olympus BX-60 upright microscope with a SPOT digital
seconds, 57°C for 50 seconds and 72°C for 1.5 minutes. camera.

Histology BrdU labeling

Metatarsal rudiments were fixed overnight at 4°C by immersion in 4%letatarsal rudiments were treated with 100% Shh-conditioned
fresh paraformaldehyde (PFA) in PBS, then dehydrated through medium or 100% control conditioned medium for 24 hours followed
series of ethanols, cleared in xylene and embedded in paraffiby treatment with 1@M BrdU (Boehringer Mannheim) for 2.5 hours.
Sections were cut at a thickness qire and mounted on Superfrost Bone rudiments processed for detection of BrdU-labeled cells were
Plus slides (Menzel-Glaser, Braunschweig, Germany). Sections wevgashed twice in PBS at 37°C, fixed overnight by immersion in 4%
stained with Hematoxylin and Eosin as noted using standarBFA in PBS at 4°C, dehydrated through a graded ethanol series,
procedures. Photographs of the sections were taken using an Olymplsared in xylene and embedded in paraffin. Sectionsn{b were

BX-60 upright microscope. obtained and mounted on Superfrost Plus slides (Menzel-Glaser,
] o Braunschweig, Germany). Blocks were cut parallel to the bone
In situ hybridization vertical axis. Sections were processed essentially as described

In situ hybridization was performed as described (Pelton et al., 199Qreviously (Serra et al., 1999; Alvarez 2001).

Metatarsals were fixed overnight in paraformaldehyde at 4°C, then

dehydrated in ethanol and embedded in paraffin. Sectiqma)®vere

hybridized to35S-labeled antisense riboprobes. Slides were expose-BESUl-TS

to photographic emulsion at 4°C for 4 dagoll0a) to 2 weeks

(others), then developed, fixed and cleared. Sections werf@hh inhibits hypertrophic differentiation in

counterstained with 0.02% Toluidine Blue. Sections hybridized witembryonic mouse metatarsal bone rudiments grown

a labeled-sengeoll0alriboprobe were used as negative controls. Noin organ culture

positive hybridization signal was found in negative controls. B”ghtPrevioust, it was shown that misexpression of Ihh in

field and dark field images were captured with a SPOT digital camerg. veloping chick long bones resulted in a delay in hypertrophic

In some cases, bright field and dark field images were superimpos .2 ; . .
using Photoshop software so that the bright grains of hybridizatio iferentiation and an increase in expressiofPtirp MRNA

could be seen on the gray background. Probes used were as follo¥ortkamp et al., 1996). In addition, mice with a targeted
The mouse Type X collage©¢10a) probe (a gift from Dr Bjorn deletion of thehh gene demonstrate accelerated endochondral

Olsen, Harvard Medical School, Boston, MA) was a 650byll| bone formation and nBthrp expression in cartilage rudiments
fragment containing 360 bp of non-collagenous (NC1)domain an{St-Jacques et al., 1999), indicating that Ihh acts as a negative
260 bp of Juntranslated sequence of the mo@#1l0algene in  regulator of chondrocyte differentiation in vivo. Shh, has
pBluescript (Apte et al., 1992). TiRehrp probe (a generous gift from  pjological properties that are similar to those of Ihh and has
Dfr Tozrgoctljen;ens, Untivefr?;fy of Cigglnnat[i)m:dilcal Sdchoto') CGOE:/:Ste%reviously been used as a functional substitute for Ihh in many
or a p Tragment O e mou pc cloned Into p . . .

Tyt 57y Oy ST (10 ) ot 500 (orbamp et 1965 yang ot . 1695 nang ot o

gift of Dr Harold Moses, Vanderbilt University School of Medicine, . . ; . . .
Nashville, TN) have been described elsewhere (Pelton et al., 1990)t?|olog|cal processes in a three-dimensional structure in _the
context of native cell-cell and cell-extracellular matrix
X-gal staining interactions but are easier to manipulate than whole animals.
Metatarsal bone rudiments frdacacZ/+ mice (Goodrich et al., 1997) To determine if embryonic mouse metatarsal bones grown in
or those infected with adenovirus expressing fBrgalactosidase organ culture could be used as a model to study signaling
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pathways downstream of Hedgehog, the effects of Shh difrig. 1G,H). In the absence of Shh, little to Pitnrp mRNA
development of embryonic metatarsal organ cultures wasas detected. After treatment with Shh, hybridization to the
determined. First, bones were treated with varyingTHrP probe was detected in the periarticular regions of the
concentrations of serum-free media conditioned by cells thdtone as well as the perichondrium, similar to what has been
had been transfected with an expression plasmid containing tbbeserved after treatment with T@GE (Serra et al., 1999;
soluble active N-terminal domain of Shh (ShhN) (Zeng et al.Alvarez et al., 2001). Occasionallpthrp MRNA was also
2001) and mixed with standard organ culture media (ratio aletected in a subset of hypertrophic cells at the very center
conditioned media to organ culture media used: 100%, 1:1 arad the bone rudiment (see Figs 6, 7).

1:10). This treatment resulted in a dose-dependent decrease imThe above data are consistent with previously published data
the area of hypertrophic cartilage in each culture but nan chick regarding the effects of Ihh on endochondral bone

alterations were detected in the length of the bone after

5 days of treatment when compared with bones tr
with control conditioned media (data not shown). N
metatarsals in standard organ culture media were ti
with varying concentrations of recombinant Shh-N
terminal peptide (R&D Systems). After 5 days
culture, untreated metatarsals had grown longitudi
and each stage of chondrocyte differentiation was vi
(Dieudonne et al., 1994; Serra et al., 1999). A clear
representing hypertrophic cartilage was obse
surrounding the dark area of mineralized cartilage ¢
center of the bone rudiment. Treatment withd?2Shh,
ml resulted in inhibition of matrix mineralization an
decrease in the length of the clear or hypertrophic
observed in the bone rudiment (Fig. 1A,B). There
no detectable difference in the overall length
untreated and Shh treated rudiments. Consistent
this observation, we did not detect a difference bet
control and Shh treated cultures in the rate
chondrocyte proliferation within the proliferative zor
however, the proliferating zone was larger in the .
treated cultures (Fig. 1C,D and data not shown).
decrease in the area of hypertrophic cartilage in tr
bones relative to untreated bones was confi
histologically and by localization of a marker
hypertrophic chondrocytes, Type X Collag€o(10al
mRNA (Fig. 1). Zones of periarticular rou
proliferating (RP), flat proliferating (FP) a
hypertrophic (HZ) cartilage were easily detectel
sections from untreated and treated cultures.
rudiments treated with Shh showed a conside
decrease in the area of the total cartilage conts
histologically hypertrophic cells when compared \
controls (Fig. 1C,D). Treatment with Shh also rest
in a dramatic decrease in the expression leve
Col10almRNA, which was restricted to cartilage in
very center of the bone rudiment (Fig. 1E,F), indice
that Shh inhibits hypertrophic differentiation in mo
metatarsal organ cultures.

The effects of Shh on development of mc
metatarsal cultures were very similar to tF
previously reported for PTHrP treatment (Serra e
1999). In addition, it has been shown that
stimulates expression ofPthrp in chick limbs
(Vortkamp et al., 1996) and that Ihh is required
expression oPthrpin mouse (St-Jacques et al., 19!
To determine if Pthrp mRNA expression we
stimulated in the mouse metatarsal cultures tre
with Shh, Pthrp mRNA was localized by in si
hybridization in sections from metatarsal cultures
were either untreated or treated with Shh for 5

control

A -t - ’) B
R

- »

—

RP :Fl’i HZ iFPi RP

RP iFPlHZ|FPi RP

Fig. 1. Effects of Shh treatment on embryonic mouse metatarsal bone
rudiments. Mouse embryonic metatarsal explants were either untreated
(A,C,E,G) or treated with gg/ml recombinant Shh (B,D,F,H) for 5 days.
(A,B) Morphology. In control cultures, a clear area of hypertrophic cartilage
was observed in the center of the bone rudiments and matrix mineralization
was observed in the center of the hypertrophic cartilage (dark area; A).
Black lines represent the approximate length of the hypertrophic zone.
Treatment with 21g/ml Shh inhibited hypertrophic differentiation and

matrix mineralization (B). The overall length of the bone was not affected
by treatment with Shh. (C)Histology. Sections from control (C) and Shh-
treated (D) embryonic metatarsal rudiments were stained with Hematoxylin
and Eosin. Zones of round periarticular proliferating (RP), flat proliferating
(FP) and hypertrophic (HZ) cartilage were clearly demarcated. The fraction
of cartilage containing hypertrophic chondrocytes was reduced in Shh-
treated cultures, while the zone of proliferative chondrocytes was increased
relative to controls. (E,RFoll0alexpressionExpression oCol10al a

marker of hypertrophic cartilage, was detected using in situ hybridization.
The fraction of cartilage synthesizi@pl10almRNA was reduced in Shh-
treated cultures (F) relative to untreated controls (E). Only dark field images
are shown. Hybridization is seen as the bright white grains on the dark
background. (G,H) PTHrP expressiéthrp mRNA was localized using in

situ hybridization. Little to n&thrp mRNA was detected in untreated bone
rudiments (E)Pthrp mRNA was detected in the periarticular cartilage
(arrowhead) and in the perichondrium (arrow) of rudiments after treatment
with Shh (H). Dark field and bright field images were merged using
Photoshop software. Hybridization is seen as bright white grains on the gray

_background. Scale bar: 29@n.
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formation (Vortkamp et al., 1996) and suggest tha 100 % control
mouse metatarsal organ culture is a suitable mor |

study signaling pathways used by Hedgehog prc  / S . ) |
to regulate hypertrophic differentiation and expres e
of Pthrp mRNA. Similar results were observed for
of the above experiments with conditioned media
recombinant protein, suggesting that the effects ¢
conditioned media are due to Shh. The advantac
using the recombinant protein include: (1) the fact
the protein can be placed into the standard c
culture medium that contains factors not present i
conditioned media that enhance mineralization;
(2) that there was little to no variability in the acti
of the recombinant protein, whereas the activity o
conditioned media varied dramatically from be
to batch. Recombinant protein was used in
experiments described below unless other
indicated.

100%Shh

Shh stimulates Tgfb2 and Tgfb3 mMRNA

It has previously been shown that the effects of Ih
hypertrophic differentiation are mediated thro
PTHrP (Vortkamp et al., 1996; Lanske et al., 1!
Karp et al., 2000). It has also been demonstrate:

he eff f TGB1 on hypertrophic differentiati
the effects of TGBL on hypertrophic differentiatic Fig. 2. Effects of Shh on the expressionTaffbl Tgfb2andTgfb3mRNA. The

are mediated by PTHrP (Serra et al., 1999). Men
of the TGK superfamily act downstream

Hedgehog signaling in several biological syst
(Heberlein et al., 1993; Laufer et al., 1994; Ingl
and Fietz, 1995; Roberts et al., 1995), so we proy
that TGH acted downstream of Hedgehog to regt
the rate of chondrocyte hypertrophic differentiatiol
this hypothesis is correct, we might predict that
regulates expression dofgfb mMRNA in metatars:
cultures. In situ hybridization was performed
localize the expression of the thrégfb isoforms ir

expression patterns faigfb1(A,B), Tgfb2(C,D) andTgfb3(E,F) mMRNAs were
determined by in situ hybridization for bone rudiments grown for 5 days in
either 100% control conditioned medium (A,C,E) or 100% Shh-conditioned
medium (B,D,F)Tgfb1mRNA expression was detected in a subset of
prehypertrophic and hypertrophic chondrocytes in untreated (A) and Shh-
treated cultures (B gfb2transcripts were located in the perichondrium in
untreated cultures (C). Treatment with Shh resulted in an increase in
hybridization to ther'gfb2probe in the inner and outer layers of the
perichondrium (D). In untreated cultur@gfb3expression was primarily
detected in the perichondrium (E). Treatment with Shh resulted in an increase
in Tgfb3MRNA levels in the outer layers of the perichondrium (F). Both bright
field (A-F) and dark field (AF') images are shown. Scale bar: 3@0.

sections from untreated and Shh-treated meta
rudiments (Fig. 2)Tgfb1l mRNA was localized to ..
subset of prehypertrophic and hypertrophic cells as well akhe perichondrium is required to mediate the effects
perichondrial cells along the diaphysis in both untreated an@f Shh on hypertrophic differentiation

Shh-treated rudiments (Fig. 2A,B). Hybridization intensityMisexpression of lhh in chick limbs stimulated expression of
appeared similar in both untreated and treated samples. A Id®atched (Ptcl) and Glil, two components of Hedgehog
level of hybridization to th&gfb2 probe was observed in the signaling, in perichondrial cells adjacent to the Ihh-expressing
perichondrium and prehypertrophic chondrocytes in untreatezbne suggesting that the effect of |hh on chondrocyte
cultures (Fig. 2C). After treatment with Shh, there was alifferentiation was indirect and mediated by the perichondrium
dramatic increase in hybridization to tigfb2 probe in the (Vortkamp et al., 1996). More recently, we and others have
perichondrium (Fig. 2D). Expression was detected in both théetected Ptcl mRNA and protein in prehypertrophic
inner and outer layers of the perichondrium. The highesthondrocytes (St-Jacques et al., 1999) (data not shown), raising
expression level was observed in inner perichondrial cellthe possibility that Thh may act directly on chondrocytes to
located adjacent to terminally differentiated chondrocytestegulate growth and/or differentiation. To determine which
Tgfb2 mRNA was also detected in both prehypertrophiccells were responding to Shh, metatarsal bones from mice in
and hypertrophic chondrocytes after treatment with Shh. Iwhich thelacZ gene was inserted into tRéc1locus PtcdacZ/+)
untreated cultures, a low level of hybridization to the(Goodrich et al., 1997) were cultured in the presence or
Tgfb3 probe was detected in the perichondrium and irabsence of Shh (Fig. 3). In untreated cultupegal activity
prehypertrophic and hypertrophic chondrocytes (Fig. 2E)was detected by X-gal staining in the perichondrium near the
Tgfb3mRNA levels were increased dramatically in the outempreviously described lhh expression domain. Low levels of
layer of the perichondrium after treatment with Shh (Fig. 2F)staining were also detected in prehypertrophic chondrocytes of
Tgfb3 expression was also detected in prehypertrophic anihis region. In Shh-treated cultures, intense staining was seen
hypertrophic chondrocytes. Shh stimulated expressidgfs?2  in the perichondrium surrounding the entire bone rudiment.
and Tgfb3 with the most striking expression observed in theVariable and patchy staining was detected in chondrocytes. The
perichondrium. staining pattern indicated that treatment with Shh activates
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A Shh (Fig. 4G,H). These results indicate that the perichondrium
is crucially important for mediating the effects of Shh on
’- 'i‘ terminal differentiation. Furthermore, the data suggest that a
; " factor from the perichondrium may mediate this response of
' chondrocytes to Shh.
B

The effects of Shh on hypertrophic differentiation
i require TGF 3 signaling in the perichondrium

As Shh stimulated expression of mRNA fgfb genes in the

perichondrium and the perichondrium is essential for Shh-
f ' mediated inhibition of hypertrophic differentiation, we tested
the hypothesis that T@Fsignaling in the perichondrium is
required for inhibition of hypertrophic differentiation by Shh.
To block signaling by TGPs in the perichondrium, metatarsal
bone rudiments were infected with adenoviruses that express a
dominant-negative mutation of the TERype Il receptor
(DNIIR). This DNIIR has been shown to block signaling by all
three TGP isoforms (Chen et al., 1993; Brand et al., 1993;
Brand and Schneider, 1995). Metatarsal bones infected with
adenoviruses that express fligalactosidase reporter geifie (
gal) were used as controls. As the adenoviruses used are
replication defective, only the outer layer of cells, the
Fig. 3. Localization of Ptcl expression. Metatarsal bones from perichondrium, is infected after soaking the rudiments in virus
PtdacZ/+ mice were placed in culture and were either left untreated conditioned medium overnight (Fig. 5E,F). The level and
(A,B) or treated with 219/ml Shh (C, D) for 72 hours. Bones were  location of infection was visualized by two methods. First,
then stained with X-gal to localize Ptc1 expression. Both whole-  rudiments infected with the contr@igal virus were stained
mount, cleared cultures (A,C) and c_ryosectio_ns of stained tissue  with X-ga| so that cells expressing mmactosidase reporter
(B,D) are shown. The Ptcl expression domain appears blue. In  stained blue (Fig. 5E). Approximately 65% to 75% of the cells
un_treated cultures, I!ght staining is observed in .the perlchondrlum in the perichondrium were stained with X-gal and no staining
adjacent to the previously reported Ihh expression domain (B; smallwas seen in areas were the perichondrium was stripped away

black arrows) as well as in flat, prehypertrophic chondrocytes. Shh- . ;
treated cultures demonstrate intense blue staining in all the after the infection (data not shown). Second, whole-mount

perichondrium surrounding the entire bone (C,D; large black arrow) Immunofluorescence with an antibody directed to the
as well as variable staining in chondrocytes. No staining was adenovirus coat protein was used to visualize cells infected

detected in cultures fromtc1** mice (not shown). with both the control and DNIIR-containing virus (Fig. 5F).
Similar results were obtained with both techniques and similar
infection efficiency was observed with the control and DNIIR
Ptcl expression in the perichondrium; however, activation iniruses.
chondrocytes was variable. To address this issue more directly,Previously, we have shown that the perichondrium is
the perichondrium was stripped off the entire length ofrequired for the effects of T@Fon hypertrophic differentiation
metatarsal rudiments, which were either left untreated acsand on chondrocyte proliferation (Alvarez et al., 2001). To
treated with Shh (Fig. 4). Metatarsals with perichondriuntest if DNIIR expression from the adenovirus vector was
intact were used as controls. First, the morphology of intactufficient to block TGB signaling, metatarsals infected with
and perichondrium-free cultures untreated or treated with Shddenoviruses containing tH&gal reporter or DNIIR were
were examined (Fig. 4A-D). As expected, intact rudimentsreated with O, 1 or 10 ng T@E/mI (Fig. 5A,B). Cultures
treated with Shh showed a reduction in the length of the cleanfected with the controp-gal virus responded to T@Fas
hypertrophic area when compared with untreated controls (Figxpected. There was a dose-dependent decrease in the length
4A,B). By contrast, in perichondrium-free rudiments, Shhof the bone rudiments and a decrease in the area of the
treatment had no effect on the length of the hypertrophic zortgypertrophic zone (Fig. 5A). By contrast, treatment with
(Fig. 4C,D). As previously observed (Alvarez et al., 2001),TGF31 had no effect on bone rudiments infected with the
perichondrium-free cultures demonstrated a degree dNIIR adenovirus (Fig. 5B), indicating that DNIIR expression
disorganization where each zone of cartilage was difficulirom the adenovirus is sufficient to block T@Bignaling.
to distinguish (data not shown), suggesting that the Next, to test the hypothesis that T$§ignaling is required
perichondrium may provide physical support to the orgarfor the effects of Shh on hypertrophic differentiation, bone
culture that is lost when it is removed. Next, in siturudiments that were either infected wfikgal or DNIIR virus
hybridization for Col10al mRNA was performed to more were treated with 0 or ig/ml of Shh (Fig. 5C,D). Shh
clearly define the hypertrophic zone (Fig. 4E-H). Culturedreatment resulted in a reduction of the area of hypertrophic
treated with Shh in which the perichondrium was intact showedartilage in the rudiments infected with fBeal control virus
a decrease in the amount of cartilage expres€ioj0al (Fig. 5C); however, bones infected with the DNIIR virus did
mRNA when compared with untreated controls (Fig. 4E,F)not appear to respond to Shh treatment (Fig. 5D). To identify
Unlike intact rudiments, the expression @foll0al in  the hypertrophic zone more clearlgoll0al mRNA was
perichondrium-free cultures was not altered by treatment witlocalized in sections from cultures infected with eifBgal or




Hedgehog and TGFf signaling in cartilage 1919

A - " B —_
Fig. 4.Role of the perichondrium in signaling ., - ". _5 § me ;@
by Shh. Morphology of metatarsal cultures (A- ’ -
D). Bone rudiments in which the perichondrium —— .
remained intact (A,B) or was stripped from the ; : _—)
length of the rudiment (C,D) were either left ) -
untreated (A,C) or treated withy@/ml Shh control intact — Shh intact
(B,D) for 5 days. A marked decrease in the

length of the hypertrophic zone (black line) was C D

observed in intact cultures treated with Shh fe o e i ‘
when compared with untreated, intact controls. .
No difference in length of the hypertrophic zone - _

was detected in Shh-treated, perichondrium-free i " % - ;’
cultures when compared with untreated, ) .
perichondrium-free cultures. (E-H) Col10al control stripped Shh stripped

expression. Intact (E,F) and perichondrium-free g
rudiments (G,H) were either left untreated

(E,G) or treated with gg/ml Shh (F,H) for 5 o ;
days. The area of cartilage expressiigglOal ‘%
was reduced in intact cultures treated with Shh - -
when compared with the intact untreated
controls. The area of cartilage expressing
Coll0alwas not altered in stripped rudiments
treated with Shh when compared with the
untreated, stripped controls. Dark field images
are shown. Hybridization is detected as bright

white grains on the dark background. Scale _ .
bars: 36Qum in A-D; 250pm in E-H. control stripped Shh stripped

control intact F— | Shh intact

DNIIR virus, and treated with either O or@/ml Shh (Fig. Coll0alwas not altered by Shh treatment in bone rudiments
6A-D). In bone rudiments infected wiflgal virus, treatment infected with DNIIR virus, suggesting that T@BKignaling
with Shh resulted in a dramatic reduction in the expressiois required for Shh-mediated inhibition of hypertrophic
domain forCol1l0al(Fig. 6A,B). The expression domain of differentiation (Fig. 6C,D).

Fig. 5. Infection of

embryonic metatarsal bone
rudiments with adenovirus.
Metatarsal rudiments infected
with adenovirus that express
theB-gal reporter gene (A,C)
or a dominant-negative
mutation of the TGP type Il
receptor (B,D) in the

10 ng

1ng 10ng : )
TGF-B1/ml TGF-$1/ml TGF-81/ml TGF-B1/ml TGF-8/ml  Perichondrium were

untreated (A,C), treated with
TGH3 (1 or 10 ng/ml; B) or
Shh (2ug/ml; D) for 5 days.
Treatment with TGB1 in
rudiments infected wit-gal
virus resulted in a decrease in
the overall length of the
metatarsal bones and in a
decrease in the length of the

Bgal virus DNIIR virus

D Ege
| ] ;
! | 1
2 _ 4 LA .
| § i R4
hypertrophic zone (black

0 jzg Shh/ml 2 yjrg Shh/ml 0 pig Shh/ml 2 pg Shh/ml lines) when compared with

Bgal virus DNIIR virus untreated cultures. (A) The
effects of TGB1 were dose
dependent. (B) TR

treatment did not affect the overall length of the metatarsal or the length of the hypertrophic zone (black line) in préviwmrgly infected
with DNIIR virus. (C) Shh treatment of rudiments infected withfkgal virus resulted in a decrease in the length of the hypertrophic zone
(black line). (D) Bone rudiments infected with DNIIR virus and treated with Shh did not show any decrease of the lenggtipefttbphic
area when compared with untreated rudiments. Metatarsal bones infected with an adenovirus that eqyalsemter gene were used to
determine the efficiency and location of infected cells. (E) Whole bone rudiments were stapgdltmtosidase activity with X-gal. Infected
cells appear blue. (F) Adenovirus infection was also visualized by whole-mount immunocytochemistry with a fluorescencedcomtjbgdie
directed to the adenovirus coat protein. Infected cells appear green. Staining only in the plane of focus is visiblerdathtimgas at either
end of the bone. Scale bars: 268 in A-D; 180um in E,F.
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Fig. 6.Coll0alandPthrp expression in metatarsal
bones infected witB-gal or DNIIR adenovirus.
Col10al(A-D) was localized by in situ hybridization
to sections from bone rudiments infected vftbal
virus (A,B) or DNIIR virus (C,D). Infected rudiments
were either left untreated (A,C) or treated with 2
pa/ml Shh (B,D) for 5 days. Shh-treated bone
rudiments infected witB-gal virus showed a marked
reduction of the fraction of cartilage expressing
Col10al In those samples infected with DNIIR virus,
Coll0alexpression was not affected after Shh
treatment. Only dark field images are shown so that
hybridization is seen as bright white grains on the dark
background. Scale bar: 3gin. In situ hybridization
was used to localizegthrp (E-H) mRNA in sections
from bones that were infected wighgal (E,F) or
DNIIR (G,H) adenovirus then either left untreated
(E,G) or treated with Shh (F,H). Hybridization was
detected in the perichondrium and periarticular region
in bones infected with the contf®gal virus and then
treated with Shh. Little to nBthrp mRNA was
detected in untreated cultures or in cultures infected
with DNIIR adenovirus and treated with Shh. Bright
Sy field (E-H) and dark field (EH') images are shown.

ﬁ‘ Scale bar: 250m in E-H.

B-gal

with Shh resulted in increas@dyfb2 and Tgfb3
DNIIR  mRNA levels in the perichondrium, we tested

the hypothesis that these specific isoforms of

TGF3 are required for Shh-mediated inhibition

of hypertrophic differentiation. To this end,

embryonic metatarsals from crossesTgfb2"/-

or Tgfb3"~mice were isolated and grown in organ

culture. Metatarsals fronTgfb2- or Tgfb3null

mice were left untreated or treated with Shh for 5

It has previously been shown that the effects of Ihh omlays and compared with untreated or Shh-treated littermates

hypertrophic differentiation are dependent on PTHrP (Vortkammith the TGH alleles intact (Fig. 7). The level of hypertrophic
et al., 1996; Lanske et al., 1996). It has also been shown that ttiéferentiation was measured as the area of cartilage expressing
effects of TGB1 on hypertrophic differentiation are dependentCol10almRNA (Fig. 7A-H). In rudiments from embryos with
on PTHrP (Serra et al.,, 1999). Therefore, we tested theild-type Tgfb3 allele, treatment with Shh resulted in a
hypothesis that regulation dPthrp expression by Shh is decrease in the area of cartilage expres€ioglOal (Fig.
dependent on T@signaling.Pthrp mRNA was localized by 7A,B). In rudiments from embryos with bofigfb3 alleles
in situ hybridization in sections of metatarsal cultures that werdisrupted, treatment with Shh also resulted in a decrease in the
infected withB3-gal or DNIIR viruses then treated with or without expression domain ofoll0al (Fig. 7C,D), suggesting that
Shh (Fig. 6E-H). Little to n®thrpwas detected in the absence TGH33 specifically is not required for Shh-mediated inhibition
of Shh in bone rudiments infected with either virus (Fig. 6E,G)of hypertrophic differentiation. By contrast, the expression
As expected, Pthrp expression was detected in the domain ofColl0alwas not reduced in cultures frongfb2
perichondrium, a subset of cells in the hypertrophic zone, antull embryos after treatment with Shh (Fig. 7G,H) while
the periarticular region of bones infected with the corfirgal  expression was reduced, as expected, in the cultures from
virus and treated with Shh (Fig. 6F); however, in bones infectefigfb2positive mice (Fig. 7E,F). This result suggests that
with DNIIR virus and treated with ShRthrpwas not detected TGF32 is required to mediate the effects of Shh on
(Fig. 6H). The data indicate that T(GFsignaling in the hypertrophic differentiation.
perichondrium is required for Shh-mediated inhibition of As TGH32 specifically was required for Shh to inhibit
hypertrophic differentiation and stimulationRthrp expression  hypertrophic differentiation, we tested the hypothesis that
and suggest that T@Facts as a signal relay between lhh andTGF32 is also required for Shh-mediated stimulation of
PTHrP to regulate the rate of chondrocyte differentiation. Pthrp mRNA expression (Fig. 71-L). In cultures frohgfb2

] ) positive embryos, treatment with Shh resulted in increased
TGFpB2 is required for the effects of Shh on Pthrp mRNA levels in the perichondrium, the periarticular
hypertrophic differentiation cartilage, and in a subset of hypertrophic cells when
The DNIIR used in the above experiments blocks signaling bgompared with untreatétgfb2positive rudiments (Fig. 71,J).
all three TGB isoforms (Chen et al., 1993; Brand et al., 1993;PTHrP mRNA was not detected in sections from metatarsals
Brand and Schneider, 1995). As we had shown that treatmefnom Tgfb2null mice either treated or untreated with Shh

contro Shh
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Fig. 7.Coll0alandPthrp expression imfgfb2 and
Tgfb3null culturesColl0al(A-H) expression was '
localized by in situ hybridization to sections from & " g s B3+
metatarsal rudiments frofrgfb3positive (A,B) and =

Tgfb3null (C,D) littermates o gfb2positive (E,F) and Y
Tgfb2null (G,H) littermates that were untreated
(A,C,E,G) or treated with gg/ml Shh (B,D,F,H) for 5 ne—— >
days.Coll0alexpression was reducedTigfb3positive 3 { 33-
andTgfb3null cultures after treatment with Shh (A-D). : .

Shh treatment also reduced the expression domain of |8
Col10alin Tgfb2positive bone rudiments; however,
there was no reduction {Dol10alexpression in bone _
rudiments fronrgfb-null mice after treatment with Shh ot ge B2+
(E-H). Only dark field images are shown @ol10alin »

situ hybridizationPthrp (I-L) expression was localized
using in situ hybridization to sections from metatarsal
cultures derived frontgfb3positive (1,J) and'gfb2null P
(K,L) embryos. Cultures were either left untreated (I,K) L. o 32-
or were treated with @g/ml Shh (J,L) for 5 days. As -
observed previouslBthrp mMRNA was detected in the [&
periarticular region, the perichondrium and a subset of PTHrP
hypertrophic cells iTgfb2positive cultures that had o, :
been treated with Shh (J). Little to no hybridization was: == s 56
detected in untreated cultures framfb2positive and - (=5 e _.*‘ e
null embryos (1,K), as well as in cultures frargfb2 D e
null embryos treated with Shh (L). Both bright field
(I-L) and dark field (kL") images are shown for PTHrP
in situ hybridization. Scale bar: 33®n.

ColX

32+

(Fig. 7K,L). This result suggests that T@&Fis
required for Shh-mediated regulation of PT
expression.

DISCUSSION

Metatarsal organ culture model

The hypothesis that T@F signaling in th
perichondrium is required to mediate the effec untreated Shh
Hedgehog on hypertrophic differentiation \
tested using an embryonic mouse metatarsal organ cultuadter treatment of organ cultures with PTHrP (Weir et al., 1996;
model. Although lhh is expressed in the developing cartilagé/ortkamp et al., 1996; Serra et al., 1999), and suggests that Shh
Shh was used in these experiments as a functional substit@ed PTHrP regulate the transition of cells from the proliferative
for Ihh. Shh has biological properties that are similar to thos® the hypertrophic compartment. In addition to defects in
of Ihh and has previously been used as a substitute for Ihh irypertrophic differentiation, mice with targeted deletion of the
many studies (Vortkamp et al., 1996; Yang et al., 1998; Zhaniph gene also demonstrate reduced chondrocyte proliferation,
et al., 2001, Pathi et al., 2001). Recently, a comparison of treiggesting that Ihh normally stimulates proliferation during
biological response to Shh, Ihh and desert hedgehog showskkletal development (St-Jacques et al., 1999; Karp et al.,
that all three proteins could inhibit hypertrophic differentiation2000). Ihh may regulate the rate of chondrocyte proliferation
in hind limb organ cultures (Pathi et al., 2001). Differencesat an earlier stage of development than examined with the
were observed in the potency of each protein with Shh beingetatarsal cultures. Alternatively, Ihh signaling may already be
the most potent suppressor of hypertrophic differentiationat maximal levels for proliferation and any increase may not
In this report, we show that, as expected, Shh inhibitbe detectable with additional Shh. In this case, loss of
hypertrophic differentiation and stimulatéthrp expression, a Hedgehog signaling would give a more dramatic result. It is
role normally played by Ihh in endochondral bone formatioralso possible that the perichondrium acts as a partial barrier to
(Vortkamp et al., 1996; St-Jacques et al., 1999). Shh so that chondrocytes are exposed to only low levels of
Treatment with Shh did not alter the rate of chondrocyt&Shh. Furthermore, we cannot rule out the possibility that
proliferation within the proliferative zones of the metatarsaldifferentially modified forms of Shh may be able to better
cultures; however, the proliferative zones comprised a largdravel through the perichondrium and cartilage matrix to
part of the total culture when compared with controls 5 dayactivate chondrocytes or regulate proliferation (Zeng et al.,
after treatment with Shh. This is similar to what has bee2001; Lewis et al., 2001).
observed after misexpression of PTHrP in transgenic mice or Previously, it has been demonstrated that the effects of lhh
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on hypertrophic differentiation are dependent on PTHrP, whilBMP type IA receptor in chick limbs resulted in a delay in
the effects of Ihh on chondrocyte proliferation are independetitypertrophic differentiation and increased PTHrP expression
of PTHrP (Karp et al., 2000). In addition, T@BRas PTHrP- (Zhou et al., 1997). It was proposed that BMP could act as the
dependent and -independent effects on endochondral bosmgnal relay downstream of lhh signaling. In support of this
formation (Serra et al., 1999). T@G#nediated inhibition of model, it was subsequently shown tH&np2 and Bmp4
hypertrophic differentiation requires PTHrP but regulationexpression were induced in the perichondrium by Ihh (Pathi et
of proliferation is independent of PTHrP. In light of the al., 1999). By contrast, several groups using exogenous BMPs,
complexity of endochondral bone formation, it is not surprisinglominant-negative receptors and BMP antagonists in various
that secreted signaling proteins would regulate several aspeat®del systems have suggested that BMPs act to promote
of skeletal development, and participate in several independelnypertrophic differentiation (Leboy et al., 1997; Enomoto-

and interdependent signaling cascades. Iwamoto et al., 1998; Pathi et al., 1999) most likely through
) ) BMP receptor type IB (Molk et al., 2000). Furthermore,
Role of the perichondrium Haaijman et al. have reported that BMP7 does not regulate

Removal of the perichondrium resulted in the inability of ShhPthrp expression in mouse metatarsal organ cultures, and that
to inhibit hypertrophic differentiation indicating an important the effects of BMP7 on hypertrophic differentiation are
role for the perichondrium in this response. Previously, it hasdependent of PTHrP (Haaijman et al., 1999). More recently,
been shown that both cartilage proliferation and differentiatioit has been shown that noggin, and antagonist of BMP activity,
are regulated by the perichondrium in chick tibiotarsus culturesannot override the effects of Ihh on hypertrophic
(Long and Linsenmayer, 1998). Addition of PTH to thedifferentiation in limbs from transgenic mice that misexpress
cultures reversed the effects of removing the perichondriurthh under the control of the type Il collagen promoter (Minina
on hypertrophic differentiation but not on proliferation, et al., 2001). The later data taken together suggest BMP does
suggesting two independent signaling pathways regulatingot act as a secondary signal in hedgehog-mediated regulation
growth and differentiation. Expression Bfc1 andGlil, two  of differentiation and PTHrP expression. The discrepancies
downstream targets of Hedgehog signaling, are stimulated may be due to the methods used. In tissue infected with
the perichondrium of chick limbs infected with an lhh- activated BMP receptor IA, signaling is initiated in cells that
expressing retrovirus, suggesting that the effects of Ihh ambo not normally respond to BMP or do not normally respond
indirect and mediated by the perichondrium (Mortkamp ethrough the type 1A receptor. In cultures treated with
al., 1996). Recently, Ptcl was detected in prehypertrophiexogenous ligand, BMP antagonists or dominant-negative
chondrocytes and it was suggested that these immatureceptor, only cells that normally express BMP receptors and
chondrocytes could be the direct targets of Ihh action (Ssignaling components are affected. In addition, there are
Jacques et al., 1999). Our data support the model in whidlifferences in the timing of treatment. Chick limbs are infected
the perichondrium mediates the effects of Hedgehog owith the active receptor and essentially treated with BMP at an
hypertrophic differentiation, but do not exclude the possibilityearlier stage of endochondral bone formation than mouse organ
that Ihh acts directly on chondrocytes to regulate proliferatiorcultures or chick sternal chondrocytes. Our data support a
Treatment with Shh stimulated expressionTaffo2 and  model where TGB2 acts as at least one of the signals
Tgfb3 mRNAs in the perichondrium. Previously we havedownstream of lhh and upstream of PTHrP to regulate
shown that the effects of TBE on both proliferation and hypertrophic differentiation. First, T@F stimulates Pthrp
hypertrophic  differentiation are dependent on theexpression and PTHrP is required for the effects of I Gir
perichondrium (Alvarez et al, 2001). We have alsochondrocyte differentiation (Serra et al., 1999). Second, Shh
demonstrated that T@E stimulatesPthrp mRNA in the  stimulates expression dfyfb2andTgfb3mRNA. Third, intact
perichondrium and that T@@Fmediated inhibition of TGF3 signaling is required for Shh to inhibit hypertrophic
hypertrophic differentiation requires PTHrP, presumablydifferentiation and stimulatBthrp expression. Finally, in the
synthesized from the perichondrium (Serra et al., 1999gbsence of TGE2, differentiation is not inhibited by Shh.
Furthermore, dominant-negative interference of [BGF Mice with targeted deletion of thegfb2gene demonstrate
signaling in the perichondrium of transgenic mice resultseveral skeletal defects, including shortened long bones
in increased hypertrophic differentiation in growth plate(Sanford et al., 1997). Skeletal defects were not observed in
chondrocytes, again suggesting an important role for theewborn Tgfbl- or Tgfb3null mice (Shull et al., 1992;
perichondrium in mediating the effects of T@RNd in  Kulkarni et al., 1993; Proetzel et al., 1995; Kaartinen et al.,
regulating hypertrophic differentiation (Serra et al., 1997)1995). We did not detect any differences in the overall length
Expression of a dominant-negative T&#type Il receptor in  or area of hypertrophic cartilage in metatarsal bones from
the perichondrium of metatarsal cultures via an adenovirug15.5 day wild-type andrgfb2- or Tgfb3null mice. This
vector blocked the ability of Shh to inhibit hypertrophic suggests that the effect of losing TgzFon the length of the
differentiation and stimulatePthrp mRNA expression. long bones occurs later in gestation. Alternatively, the effect of
Together with the observation that Shh indudegh2 and losing TGH2 in vivo may be specific for certain skeletal
Tgfb3SmRNA in the perichondrium, the data suggest that[@GF elements as the length of the metatarsal was not specifically
acts as a signal relay in the perichondrium between |hh arekamined in the previous study (Sanford et al., 1997). The

PTHrP during endochondral bone formation. etiology of shortened bones in tiAgfb2null mice was not

] ) determined and may be due to alterations in growth,
Members of the TGF [ superfamily as signal relays differentiation or both. Previously, we have demonstrated
downstream of hedgehog signaling that dominant-negative interference of TSBignaling in

Previously, it was reported that misexpression of an activateattouse perichondrium resulted in increased hypertrophic
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differentiation in mice after birth (Serra et al., 1997). As theBohme, K., Winterhalter, K. H. and Bruckner, P. (1995). Terminal
dominant-negative receptor used in that study blocks all threedifferentiation of chondrocytes in culture is a spontaneous process and is

; ; e arrested by TGIB2 and basic fibroblast growth factor in syneigyp. Cell
isoforms of TGIB, we were not able to determine the specific Res216 101-198,

ligand involved. Based on our eXPerimentS in organ CUltwev Wgrand, T. and Schneider, M. D.(1995). Inactive type Il and type | receptors
speculate that loss of TBE signaling at least partially  for TGF are dominant inhibitors of TGFdependent transcriptiod. Biol.
disrupts the normal feedback loop that regulates hypertrophicChem270 8274-8284. , ,
; A Brand, T., MacLellan, W. R. and Schneider, M. D.(1993). A dominant-
differentiation. . ! )
L negative receptor for typ® transforming growth factors created by deletion
The skeletal phenotype dDfb2null mice is far less severe  of the kinase domaird. Biol. Chem268 11500-11503.
that that observed fahh- or Pthrp-null mice (Karaplis et al., Broadus, A. E. and Stewart, A. F(1994). Parathyroid hormone-related protein.

1994; St-Jacques et al., 1999). This observation suggests thaf The Parathyroidged. J. P. Bilezikian, M. A. Levine and R. Marcus), pp.

: 259-294. New York: Raven Press.
TGH32 is not the only downstream target of Ihh and that Otheéancedda, R. Cancedda, F. D. and Castagnola, 995). Chondrocyte

factors can regulate expression of PTHrP. Ihh has been showrbifterentiation.Int. Rev. Cytol159, 265-358.
to regulate several steps in endochondral bone formation awten, R.-H., Ebner, R. and Derynck, R(1993). Inactivation of the type I
it is likely to have both TGB2-dependent and T@E- receptor reveals two receptor pathways for the diverse (I @Etivities.

. ; i Science260, 1335-1338.
independent effects. It is also possible that other factors Cqlowe. M. J?Doetschman’T_ and Greenhalgh, D. €2000). Delayed wound

compensate for TG in the null mice. However, it has  nealing in immunodeficient TGF-beta 1 knockout miténvest. Dermatol.
previously been shown that targeted disruptiomgfblin the 115 3-11. _ _ o
skin resulted in delayed rather than increased expression of tRigudonne, S. C., Semeins, C. M., Goei, S. W.,, Vukicevic, S., Nulend, J. K.,

: : Sampath, T. K., Helder, M. and Burger, E. H.(1994). Opposite effects of
other TGRB isoforms after wounding (Crowe et al., 2000). osteogenic protein and T@¥F-on chondrogenesis in cultured long bone

Because the _other isoforms were not _able to compensate fokygiments.J. Bone Miner. Re€, 771-780.
loss of TGIB2 in the organ culture experiments presented herdgnomoto-lwamoto, M., lwamoto, M., Mukudai, Y., Kawakami, Y., Nohno,
we would predict that no compensation occurs. However, if T. Higuchi, Y., Takemoto, S., Ohuchi, H., Noji, S. and Kurisu, K(1998).

: : : : .~ Bone morphogenetic protein signaling is required for maintenance of
there is any compensation in bone, it would occur later in differentiated phenotype, control of proliferation, and hypertrophy in

development. _ _ chondrocytes]. Cell Biol. 140, 409-418.
Endochondral bone formation requires several compleEriebacher, A., Filvaroff, E. H., Gitelman, S. E. and Derynck, R(1995).
signaling cascades. Crosstalk within and between theseToward a molecular understanding of skeletal developr@etit80, 371-378.

e : - atherer, D., Ten Dijke, P., Baird, D. T. and Akhurst, R. J(1990). Expression
cascades is likely and would allow coordination of growth ané; of TGF isoforms during first trimester human embryogen&sselopment

differentiation required to form the correct bone shape and 11q 445-460.
length. Elucidation of the interactions between differentGoodrich, L. V., Milenkovic, L., Higgins, K. M. and Scott, M. P.(1997)
signaling proteins and cell types within the skeleton will Altered neural cell fates and medulloblastoma in mouse patched mutants.

ultimately improve our understanding of skeletal disease aqq;?j'ﬁqg%éﬁ 1}&%&3 M. Lanske. B. Hendriks. J. Lowik C

our ability to treat it. Bronckers, A. and Burger, E.(1999). Inhibition of terminal chondrocyte
differentiation by bone morphogenetic protein 7 (OP-1) in vitro depends on
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