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The bones of the vertebrate limb form by the process of endo-
chondral ossification, whereby limb mesenchyme condenses to
form an intermediate cartilage scaffold that is then replaced by
bone. Although Indian hedgehog (IHH) is known to control
hypertophic differentiation of chondrocytes during this pro-
cess, the role of hedgehog signaling in the earlier stages of chon-
drogenesis is less clear. We have conditionally inactivated the
hedgehog receptor Ptc1 in undifferentiated limb mesenchyme
of the mouse limb using Prx1-Cre, thus inducing constitutively
active ligand-independent hedgehog signaling. In addition to
major patterning defects, we observed a marked disruption to
the cartilage elements in the limbs of Prx1-Cre:Ptc1c/c embryos.
Using an in vitro micromass culture system we show that this
defect lies downstream of mesenchymal cell condensation and
likely upstream of chondrocyte differentiation. Despite early
increases in levels of chondrogenic genes, soon after mesenchy-
mal condensation the stromal layer of Prx1-Cre:Ptc1c/c-derived
micromass cultures is characterized by a loss of cell integrity,
which is associated with increased cell death and a striking
decrease inAlcian blue staining cartilage nodules. Furthermore,
inhibition of the hedgehog pathway activation using cyclopam-
ine was sufficient to essentially overcome this chondrogenic
defect in bothmicromass and ex vivo explant assays ofPrx1-Cre:
Ptc1c/c limbs. These data demonstrate for the first time the
inhibitory effect of cell autonomously activated hedgehog sig-
naling on chondrogenesis, and stress the importance of PTC1 in
maintaining strict control of signaling levels during this phase of
skeletal development.

There are currently close to 400 recognized human genetic
disorderswith a skeletal component (1). A detailed understand-
ing of skeletal patterning during development will aid in the
treatment and diagnosis of such disorders, as well as in formu-
lating approaches to skeletal regeneration and repair. With the
exception of some flat bones of the skull, most bones form by
the process of endochondral ossification, whereby mesenchy-
mal cells differentiate into a cartilage intermediate that is then

replaced by bone. The onset of chondrogenesis, the process by
which cartilage is formed, is marked by the aggregation of pro-
liferating undifferentiatedmesenchymal cells into pre-cartilage
condensations. The increased cell density in these condensa-
tions is thought to result from cell-cell interactions, consistent
with the expression of specific cell adhesion molecules such as
N-cadherin and neural cell adhesion molecule (2). Condensed
precursor cells subsequently differentiate into chondrocytes
that initially continue to proliferate. One of the earliestmarkers
of chondrogenesis is the transcription factor SOX9, which is
expressed in mesenchymal condensations and proliferating
chondrocytes, and is necessary for chondrogenesis (3, 4). SOX9
directly activates expression of the cartilage-specific extracel-
lular matrix protein COL2A1 (5), as well as controlling SOX5
and SOX6, which are also essential for cartilage formation (6).
A complex network of interactions between members of the
fibroblast growth factor (7), bone morphogenetic protein (4, 8,
9), and RHO (10, 11) families of signaling molecules is also
required to regulate these early stages of chondrogenesis.
As condensed mensenchymal cells differentiate into chon-

drocytes, these aggregated condensations become surrounded
by a layer of fibroblastic cells known as the perichondrium. The
chondrocytes in the center of the condensation subsequently
stop proliferating andbecomehypertrophic. Bone forming pro-
genitors first occur in the perichondrium adjacent to the hyper-
trophic chondrocytes and vascularization allows invasion of
osteoblasts into the cartilage, ultimately leading to replacement
by bone (reviewed in Ref. 12). Ihh4 is first expressed in the
mouse limb bud at 12.0 days post-coitum (dpc), in the prehy-
pertrophic and hypertrophic chondrocytes of the developing
growth plate (13). IHH controls differentiation of hypertrophic
chondrocytes through a feedback loop involving the parathy-
roid-related protein (14, 15). Analysis of Ihh�/� null mice,
which display shortened long bones, further revealed roles for
IHH in controlling chondrocyte proliferation and osteoblast
development in a parathyroid-related protein independent
manner (15, 16). Although Sonic hedgehog (SHH) has a well
established role during anterior-posterior patterning of the
limb bud prior to Ihh expression, its role in regulating early
chondrogenesis is less clear. Micromass studies suggest that
this ligand is not required for the initiation ofmesenchymal cell
condensation and chondrocyte differentiation, although Shh
overexpression in this system promotes chondrocyte hypertro-
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phy (17). However, a number of in vitro and in vivo studies have
suggested that SHH acts at a stage prior to chondrocyte differ-
entiation to positively regulate chondrogenic cell differentia-
tion and cartilage formation (18–21). In particular, in tracheal
cartilage development SHH was shown to be involved in mes-
enchymal proliferation, condensation, and chondrocyte differ-
entiation through regulation of Sox9 expression (21).
Hedgehog signaling plays a central role in the development of

virtually all vertebrate tissues, and has been implicated in a
number of human disorders associated with skeletal defects
(reviewed in Ref. 22). Patched1 (PTC1, also known as PTCH1)
is a transmembrane receptor that both negatively regulates and
is transcriptionally activated by hedgehog signaling, thus creat-
ing a negative autoregulatory feedback loop. In the absence of
hedgehog ligand (Sonic, Indian, orDesert), PTC1 constitutively
represses the signalingmolecule smoothened. This inhibition is
relieved on ligand binding, leading to downstream transcrip-
tional regulation. The strict requirement for controlled repres-
sion of hedgehog signaling has been revealed in Ptc1 null mice,
which display severe developmental defects and lethality at 9.5
dpc (23). To overcome the early lethality of thesemice, we used
aPtc1 conditional allele (24) to inactivatePtc1 specifically in the
early limb mesenchyme using the Prx1-Cre transgenic driver
(25). This strategy leads to high level ligand-independent acti-
vation of hedgehog signaling across the limb, and provides the
unique opportunity to interrogate the mechanistic effects of
hedgehog signaling during early limb development. We have
recently undertaken a detailed phenotypic and molecular anal-
ysis of the early patterning defects observed in the limbs of these
embryos (26). However, in addition to effects on patterning, we
uncovered a novel skeletal defect in these mice, as revealed by a
severe disruption to cartilage elements in the embryonic limb.
We have further characterized this phenotype using in vitro
micromass and ex vivo limb explant cultures, and show a likely
defect in the differentiation of condensed mesenchyme into
chondrocytes, a step not previously associated with negative
hedgehog control.

EXPERIMENTAL PROCEDURES

Animal Breeding—Breeding and genotyping of the Prx1-Cre:
Ptc1c/c line has been previously described (26). Briefly,Prx1-Cre
(25) males harboring one Ptc1 conditional allele (24) were
crossed to Ptc1c/c females to produce embryos designated as
wild-type (WT; Prx1-Cre:Ptc1w/w), heterozygous (Prx1-Cre:
Ptc1c/wt), or homozygous (Prx1-Cre:Ptc1c/c). For all timed mat-
ings, 0.5 dpc was designated noon on the day after mating. All
experimentation involving animals was approved by a Univer-
sity of Queensland Animal Ethics Committee and conformed
to relevant ethical guidelines.
RNA in Situ Hybridization—Whole mount (27) and section

(28) in situ hybridization was performed as previously
described. The Sox9 probe was a kind gift of Peter Koopman
(TheUniversity of Queensland, Australia) (29), andCol2a1was
from Kathy Cheah (University of Hong Kong).
Micromass Culture—Micromass cultures were prepared as

previously described (30–32) from samples of pooled limbs.
Forelimbs and hindlimbs were obtained from 11.5 dpc Prx1-
Cre:Ptc1c/c mutants and from heterozygous and wild-type

embryos. Although homozygous mutant embryos were easily
identifiable phenotypically, it was not possible to distinguish
between heterozygous and wild-type embryos within the time
period required to pool limbs and establish cultures. Given that
we have observed no molecular or phenotypic differences
between heterozygous and wild-type limbs (26), these limbs
were pooled to produce “control cultures.” Limbs were dissoci-
ated in 1 unit/ml of dispase II (Roche Diagnostics) solution
containing 10% fetal bovine serum (FBS)/Puck’s saline A buffer
for 1.5 h at 37 °C. Digested limb solutions were triturated in 2:3
DMEM/F-12medium containing 10% FBS (Invitrogen), passed
through a 40-�mcell strainer to obtain a single cell suspension,
and briefly centrifuged. Cells were resuspended in growth
medium at a concentration of 2 � 107 cells/ml and spotted in
10-�l droplets on Nunclon 4-well Delta surface culture dishes.
After cells adhered to culture dishes for 1.5 h at 37 °C in a
humidified atmosphere containing 5% CO2, 500 �l of 2:3
DMEM/F-12 medium containing 10% FBS, 0.5 mM glutamine,
25 units/ml of penicillin, and 25 �g/ml of streptomycin was
added. Growth medium was replaced every second day. Cyclo-
pamine (Sigma, number C4116) was resuspended in dimethyl
sulfoxide and added to micromass cultures at the time of the
initial seeding and during medium replacement to a final con-
centration 5–10 �M. Recombinant mouse Sonic hedgehog
(rSHH; R&D 461-SH) was reconstituted in sterile PBS contain-
ing 0.1% bovine serum albumin and stored following the man-
ufacturer’s instructions. Recombinant protein was added at
the time of micromass seeding and every second day during
medium replacement to a final concentration 10–100 ng/ml.
Alcian Blue, Lectin Peanut Agglutinin (PNA) and SOX9

Staining—Micromass cultures were fixed in 4% paraformalde-
hyde for 30 min. For Alcian blue staining cultures were washed
briefly in PBS then incubated in 0.1%Alcian blueGX (Sigma) in
0.1 NHCl, pH 1.0, overnight at room temperature (the method
was modified from Ref. 33). Cultures were cleared in 70% eth-
anol before images were captured on a stereomicroscope
(Olympus SZX12). ImageJ software (Rasband, WS, ImageJ,
rsb.info.nih.gov/ij) was used to quantify differences in Alcian
blue staining between samples. To standardize measurements,
all images were taken immediately after staining using identical
camera settings (Olympus SZX12). The ImageJ automatic
thresholding routine was used to avoid bias introduced by an
observer manually setting the image threshold. Analysis was
undertaken on 2–3 individual micromass experiments. Repre-
sentative staining results were expressed as a fraction of total
area. Alcian blue staining of cartilage in whole (34) and sec-
tioned (35) 13.5 dpc limbs was performed according to pub-
lished protocols.
For PNA staining, fixed micromass cultures were incubated

with biotinylated peanut agglutinin overnight at 4 °C (Sigma;
100 g/ml). PNAbindingwas detectedwith theABCElite kit and
colorimetric substrate (Vector Laboratories) as described by
the manufacturer. For detection of SOX protein a SOX9-spe-
cific antibody (36) was used to stain fixed micromass cultures.
LimbExplantCulture and Skeletal Staining—Autopodswere

isolated from 11.5 dpc Prx1-Cre:Ptc1c/c embryos and compared
with either wild-type or heterozygous controls. The tissue was
washed in Puck’s saline solution A and placed on a Nuclepore
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Polycarbonate membrane (Track-Etch Whatman 25-mm 0.1
UM). BGJ culture medium (Invitrogen 12591) containing 10%
FBS, 0.5 mM glutamine, 25 units/ml of penicillin, and 25 �g/ml
of streptomycin was changed every second day. Cyclopamine
was added as described for micromass experiments.
Skeletal staining was undertaken to visualize bone (Alizarin

red) and cartilaginous (Alcian blue) elements using a method
modified from Ref. 37. Briefly, embryos were fixed in 95% (v/v)
ethanol, stainedwith 70% (v/v) ethanol containing 0.005% (w/v)
Alizarin red S, 0.015% (w/v) Alcian blue, and 5% (v/v) acetic
acid, cleared in 20% (v/v) aqueous glycerin containing 1% (w/v)
KOH, and stored in 100% glycerin. Images were captured on an
Olympus BX-51 microscope using a DP-70 camera (Olympus).
Quantitative Real Time RT-PCR (qRT-PCR)—Total RNA

was extracted using TRIzol (Invitrogen), and RNAquantity and
quality were determined using an Agilent 2100 BioAnalyzer.
cDNAwas synthesized from 2�g of DNase I-treated total RNA
using Superscript III (Invitrogen) and oligo(dT)12–15 (Promega)
according to the manufacturer’s instructions. qRT-PCR was
carried out using the Applied Biosystems SYBR Green dye sys-
tem and 7500 Real Time Cycler in 96-well plates. Cycling vari-
ables were as follows: 50 °C for 2 min, 95 °C for 10 min, then 40
cycles of 15-s denaturation at 95 °C and 1-min at appropriate
annealing temperatures, optimized for each set of primers
based on dissociation curves. Primer sequences are available on
request. Expression levels were normalized to hypoxanthine-
guanine phosphoribosyltransferase as determined from the
ratio of �CT values. For the whole autopod study (9.5–12.5 dpc)
the mean � S.D. values were determined from 2–6 biological
replicates, each replicate consisting of two paired autopods. For
the micromass studies, the mean of relative expression � S.D.
was determined from two biological replicates. Importantly,
each biological replicate contained between 8 and 20 autopods
pooled from somite and phenotypically matched embryos. A
Student’s t test was used to compare the experimental condi-
tions. Sequencing of gel-purified amplicons was performed to
ensure correct product amplification for each primer pair.
Time Lapse Live Cell Imaging—Micromass cultures were

prepared as described above with minor modifications. Briefly,
following 2 days of culture onLab-Tek II Chamber slides (Nalge
Nunc International) the medium was removed, cultures were
washed in PBS and then incubated in CO2-independent
medium (Invitrogen, number 18045). Still images were cap-
tured every 2min for 20hon anOlympus IX-81 invertedmicro-
scope (�10 objective). All images were processed using Cell�
application software (Olympus). Video files were saved at 32
FPS. Cells were maintained at 37 °C in the absence of CO2
throughout the imaging period, fixed as described, and stained
with Alcian blue.
Analysis of Apoptosis—For caspase-3 staining, micromass

cultures were seeded as described above onto 8-well glass
chamber slides (Lab-Tek II, NalgeNunc International). Follow-
ing 4 days of culture the wells were washed and the cultures
fixed for 30 min in 4% paraformaldehyde at room temperature.
Cultures were rinsed in 100% methanol for 10 min at �20 °C,
blocked in 1:50 normal goat serum, 1% BSA for 60 min then
incubated in 1:200 goat anti-rabbit cleaved caspase-3 (Asp175)
(Cell Signaling number 9661) overnight at 4 °C. The following

day the cultures were washed in PBS and incubated in DAPI
(1:5000) (Sigma) for 10 min, washed, and then mounted using
Prolong-Gold antifade reagent (Invitrogen). Confocal images
were captured using an Axivert 200M SP LSM 510META con-
focal laser-scanning microscope (Zeiss). Data were processed
using LSM510 Meta software (Zeiss).
In vivo apoptosis was assessed using the TUNEL method to

detect fragmented DNA on 4% paraformaldehyde-fixed paraf-
fin-embedded 8-�m sections of whole limbs (11.5 and 12.5
dpc), according to the manufacturer’s instructions (Roche
Applied Science In situ cell death detection kit, fluorescein).
Images were captured using an Olympus BX-51 microscope
and DP-70 12Mp color camera.

RESULTS

Ptc1 Inactivation Inhibits Cartilage Formation in the Prx1-
Cre:Ptc1c/c Forelimb and Hindlimb—We have previously
described a differential oligodactyly/polydactyly phenotype in
forelimbs andhindlimbs ofPrx1-Cre:Ptc1c/c embryos (26).Here
we describe an additional and severe defect in chondrogenesis
which, unlike the patterning defect, is equivalent in both fore-
limbs and hindlimbs. In our previous study we confirmed that
hedgehog signaling was activated in Prx1-Cre:Ptc1c/c mutant
forelimbs from 10.5 dpc and hindlimbs from 11.5 dpc by qRT-
PCRanalysis of universal downstream targetsPtc1 andGli1 (26,
38, 39). Here, we show that hedgehog signaling levels increase
further in Prx1-Cre:Ptc1c/c forelimbs and hindlimbs at 12.5 dpc,
a stage when early condensations are visible in control limbs
(supplemental Fig. S1, A and B).
Whole mount in situ hybridization revealed altered expres-

sion of Sox9 in the Prx1-Cre:Ptc1c/c autopod relative to control.
At 12.5 and 13.5 dpc Sox9 marks the digital rays in wild-type
limbs, but in Prx1-Cre:Ptc1c/c limbs Sox9 expression is primar-
ily restricted to the distal tips of the condensing digits (Fig. 1,
A–D�). Compared to controls, ectopic interdigital Sox9 expres-
sion was also seen in distal 12.5 dpc Prx1-Cre:Ptc1c/c limbs (Fig.
1, A–B�). Similarly, expression of Col2a1 was restricted to the
distal tips of skeletal elements in Prx1-Cre:Ptc1c/c limbs, with
diffuse staining evident throughout the mesenchyme (Fig. 1, E
and F�). Section in situ hybridization at 13.5 dpc revealed dis-
organized and hypoplastic cartilage precursor condensations
marked by Sox9 expression, in both the autopod and zeugopod
of Prx1-Cre:Ptc1c/c limbs (Fig. 1, G and G�, distal limb or auto-
pod, and H and H�, proximal limb or zeugopod). A loss of cell
integrity or blistering phenotype is also evident in the interdigi-
tal mesenchyme in these limbs (Fig. 1G�, asterisk). Most strik-
ingly, sulfated proteoglycan produced by differentiated chon-
drocytes and detected by Alcian blue staining in whole and
sectioned limbs is markedly reduced in Prx1-Cre:Ptc1c/c limbs
compared with controls (Fig. 1, I and I�, and J and J�). Differen-
tiated cartilage was consistently only visible in the proximal
limb likely corresponding to the zeugopod region (Fig. 1, I� and
J�, arrows), and within the distal autopod (data not shown).
However, these severely truncated cartilage elements do not
resemble the highly organized condensations in the wild-type
limb (Fig. 1, I and J). In some cases more extensive cartilage
elements staining weakly for Alcian blue were visible in the
mutant autopod bywholemount staining (data not shown), but
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again these were not equivalent to wild-type structures. To
quantitate the gene expression changes observed by in situ
hybridization, whole autopods were dissected from somite-
matched 9.5–12.5 dpc embryos and analyzed by qRT-PCR.
Sox9 expression in control and mutant limbs was highest at

11.5 dpc, with expression decreasing at 12.5 dpc (Fig. 2, A and
B). Mutant forelimbs showed increased expression at 11.5 dpc
but other stages revealed no significant difference between
mutant and control samples. Importantly, significant down-
regulation ofCol2a1 expression was observed at all time points
from 10.5 dpc in the Prx1-Cre:Ptc1c/c limbs (Fig. 2, C and D).
We also analyzed expression of N-Cadherin (N-Cad) and saw
no difference in expression in Prx1-Cre:Ptc1c/c versus control
limbs at the time points tested (Fig. 2, E and F), suggesting that
altered cellular adhesion in mesenchymal condensations is not
the primary cause of the chondrogenic defects observed.
ChondrogenicDefects in the Prx1-Cre:Ptc1c/c LimbsAre Reca-

pitulated in Culture and Partially Rescued by Inhibition of
Hedgehog Signaling—Because Prx1-Cre:Ptc1c/c embryos do not
survive past 14.0 dpc (26), we used ex vivo explant limb culture
to ensure that the chondrogenic defect is not the result of devel-
opmental delay. Autopods were dissected from stage matched
11.5 dpc embryos of each phenotype and cultured for 6–7 days
at an air-liquid interface. During this period, significant growth
was observed in all control limbs, with striking development of
zeugopod elements initiated from the cultured autopods (Fig. 1,
K-N�, and supplemental Figs. 2 and 3). Over the culture period,
control forelimb cultures developed cartilage elements that
stained intensely with Alcian blue, and also showed evidence of
bone deposition in the zeugopod elements, as visualized by
Alizarin red staining (Fig. 1K). Although the ex vivo limb culture
period (11.5 dpc � 6 days) cannot be directly compared with
the equivalent in vivo maturation, digits and elements resem-
bling both the radius and ulna were clearly evident (Fig. 1K).
Furthermore, the presence of Alizarin red positive tissue sug-
gests that these control cultures have progressed beyond the
normal stage of lethality ofPrx1-Cre:Ptc1c/c embryos (14.0 dpc).
In contrast, Alcian blue staining was virtually undetectable in
Prx1-Cre:Ptc1c/c cultured limbs compared with those from lit-
termate controls, and no organized zeugopod elements were
evident (Fig. 1, K and K� and M and M�, and supple-
mental Figs. 2 and 3). Overall, the size and shape of Prx1-Cre:
Ptc1c/c cultured limbs appeared altered relative to control
limbs, partly due to the lack of zeugopod outgrowth. In addi-
tion, cultured mutant limbs also adopted a flatter morphology
along the dorso-ventral axis compared with the more three-
dimensional growth of control limbs, likely due to the lack of
structural reinforcement.
To confirm that the observed defects were due to hedgehog

signaling, limb bud explants were treated with cyclopamine, a
steroidal alkaloid that antagonizes hedgehog signaling through
direct interactionwith signalingmolecule smoothened (40, 41).
Based on dose-response testing of cyclopamine in the micro-
mass system (supplemental Fig. S4), 5 �M was chosen as the
optimal concentration for use in subsequent experiments.
Addition of cyclopamine to the culture medium from the time
of initial seeding resulted in retarded growth and ossification of
control limbs, compared with untreated controls (Fig. 1, L and

FIGURE 1. Altered chondrogenic gene expression and structural abnor-
malities in Prx1-Cre:Ptc1c/c limbs. Compared to wild type (A, B, C, and D),
whole mount in situ hybridization for Sox9 revealed expression at distal tips of
Prx1-Cre:Ptc1c/c digits at 12.5 dpc (A� and B�) and 13.5 dpc (C� and D�), along
with ectopic inter-digital expression at 12.5 dpc. Localized expression of
Col2a1 was also disrupted in the Prx1-Cre:Ptc1c/c limb at 12.5 dpc (E–F�). Scale
bar, 500 �m. At 13.5 dpc, section in situ hybridization for Sox9 revealed disor-
ganized and reduced expression in the distal autopod (dist) and proximal
zeugopod (prox) of the limb (G, G�, H, and H�). Whole mount (I and I�) and
section (J and J�) Alcian blue staining confirmed disrupted cartilage develop-
ment. Arrows in I� and J� show small regions of Alcian blue staining in mutant
limbs. Scale bar, 200 �m. Inhibition of hedgehog signaling with cyclopamine
rescues the chondrogenic defect in Prx1-Cre:Ptc1c/c limbs cultured ex vivo.
Whole autopods were harvested at 11.5 dpc and cultured for 6 days. Addition
of cyclopamine perturbed Alcian blue staining in control limbs (K–N), but
partially rescued the phenotype in limbs derived from Prx1-Cre:Ptc1c/c

embryos (K�–N�). Images are representative of four individual experiments
(see supplemental Figs. 2 and 3). Scale bar, 200 �m.
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N). Importantly, Prx1-Cre:Ptc1c/c limb explants cultured in the
presence of cyclopamine showed dramatic improvement in the
elongation and definition of Alcian blue staining elements (Fig.
1, L� and N�). In the majority of cultures, cyclopamine treat-
ment effectively restored the staining pattern in mutant cul-
tures to a level similar to that observed in control cyclopamine-
treated limbs (Fig. 1, L and L� and N and N�, and sup-
plemental Figs. 2 and 3). These data suggest that whereas a
certain level of hedgehog signaling is required for optimal
chondrogenesis, pathway activation can lead to inhibition of
chondrogenesis in certain contexts.
Micromass Culture of Prx1-Cre:Ptc1c/c Limb Cells Reveals

a Decrease in Formation of Cartilage Nodules—We next
employed the in vitro micromass assay to further define the
underlying chondrogenic defect identified in the in vivo and ex
vivo analyses. Micromass has been used extensively as a model
to analyze chondrogenesis in primary cells of the limb and face

(e.g. Ref. 42). Mesenchymal cells plated at high density con-
dense and undergo a process analogous to endochondral ossi-
fication in a sequence that can be monitored by staining with
appropriatemarkers (43).Micromass cultures were established
from somite-matched 11.5 dpc mutant and control autopods,
collected at 2-day intervals and stained with Alcian blue to
determine the level of chondrocyte differentiation. Micromass
from control forelimbs and hindlimbs showed Alcian blue
staining nodules from day 4 onwards, with a progressive
increase in cartilaginous nodule size and boundary definition
with time (Fig. 3, A–H). In accordance with in vivo lack of car-
tilage, Alcian blue staining cartilage nodules were not detected
in micromass cultures established from Prx1-Cre:Ptc1c/c limbs
(Fig. 3, I–P). Addition of cyclopamine to control micromass
cultures from day 1 caused some disruption to Alcian blue-
stained nodules, primarily in forelimb derived cultures, as
quantified by ImageJ (Fig. 3, A�–H�). More significantly,

FIGURE 2. Expression of chondrogenic markers in control versus Prx1-Cre:Ptc1c/c autopods. Quantitative real time RT-PCR revealed up-regulated Sox9 in
Prx1-Cre:Ptc1c/c forelimb autopods at 11.5 dpc but no significant difference at other time points in forelimb or hindlimbs (A and B). Col2a1 was significantly
down-regulated in Prx1-Cre:Ptc1c/c autopods from 10.5 dpc (C and D). N-Cadherin expression was unaffected in mutant limbs (E and F). Gli1 and Ptc1 data for 12.5
dpc autopods is available under supplemental Fig. S1. *, p � 0.05; **, p � 0.01. Error bars represent the S.D.
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cyclopamine treatment altered the gross morphology of con-
trol cartilage nodules in both forelimb and hindlimb cul-
tures, with more diffusely aggregated cells, reduced bound-
ary definition, and evidence of ectopic Alcian blue staining
between nodules (Fig. 3, A�–H�). This was more evident
when cultures were treated with higher concentrations (10
�M) of cyclopamine (supplemental Fig. S4). Strikingly, addi-

tion of cyclopamine to Prx1-Cre:Ptc1c/c cultures dramati-
cally rescued the formation of Alcian blue staining nodules
(Fig. 3, I�–P�). Although nodule morphology was not
restored completely, staining in cyclopamine-treated Prx1-
Cre:Ptc1c/c micromass cultures closely resembled that in
cyclopamine-treated control cultures. Again, this confirms
that the chondrogenic defects observed in the Prx1-Cre:

FIGURE 3. Inhibition of hedgehog signaling with cyclopamine rescues the chondrogenic defect in Prx1-Cre:Ptc1c/c micromass. For micromass experi-
ments, cells were harvested from 11.5 dpc autopods and maintained in culture for up to 8 days. Micromass cultures derived from Prx1-Cre:Ptc1c/c limbs (I–P)
lacked the Alcian blue staining profile observed in control cultures (A–H). Addition of cyclopamine disrupted nodule morphology in control cultures (A�–H�)
and restored Alcian blue staining in Prx1-Cre:Ptc1c/c micromass (I�–P�). ImageJ analysis shows the Alcian blue-stained area as a percentage of the total
micromass area. Results are representative of three individual micromass experiments. Scale bar, 1 mm. Addition of cyclopamine (5 �M) significantly reduced
both Gli1 and Ptc1 expression levels in day 2 and 4 micromass cultures from Prx1-Cre:Ptc1c/c limbs (Q–T) (*, p � 0.05). Error bars represent S.D.
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Ptc1c/c limbs are hedgehog specific, and shows that the
defect can be significantly rescued up until at least 11.5 dpc,
a stage when limb mesenchymal cells are beginning to con-
dense in vivo.
In parallel with Alcian blue staining, qRT-PCR analysis was

undertaken to measure the expression level of key hedgehog
and chondrogenesis related genes in micromass cultures from
Prx1-Cre:Ptc1c/c and control autopods. RNA samples were pre-
pared frommicromass cultures harvested at days 2 and 4, a time
period during which rapid cellular condensation and early dif-
ferentiation is occurring. As expected,Gli1 and Ptc1 expression
was significantly elevated in Prx1-Cre:Ptc1c/c micromass com-
pared with control cultures at days 2 and 4, in both forelimb
(Fig. 3, Q and S, gray bars) and hindlimb (Fig. 3, R and T) cul-
tures. Importantly, the addition of cyclopamine (5 �M) signifi-
cantly reducedGli1 and Ptc1 expression in all samples to levels
approaching those in control cultures (Fig. 3,Q–T, black bars).
At day 2, when cells begin to undergo condensation in con-

trol cultures, expression of Sox9, Sox5, and Col2a1 was signifi-
cantly up-regulated in Prx1-Cre:Ptc1c/c hindlimb micromass
cultures compared with controls (Fig. 4, A, B, and C). By day 4,
no significant difference in expression was identified for Sox9
(Fig. 4A�), but both Sox5 andCol2a1 showed decreased expres-
sion in Prx1-Cre:Ptc1c/c cultures from both forelimbs and hind-
limbs compared with controls (Fig. 4, B� and C�). Although
up-regulation of Col2a1 in day 2 hindlimb Prx1-Cre:Ptc1c/c
micromass cultures suggests early enhanced chondrogenesis,
we detected no such increase in expression in whole limb buds.
Specific differences between expression profiles in in vivo limb
and micromass cultures are likely to be context dependent, but
importantly day 4 micromass cultures show the same trend in
expression of Sox9 and Col2a1 compared with 12.5 dpc whole
limbs. Expression of Col10a1, a marker of hypertrophic differ-
entiationwas decreased in Prx1-Cre:Ptc1c/c forelimb cultures at
day 2 (Fig. 4D), but showed no significant difference in forelimb
cultures at day 2 or in day 4 cultures from either limb (Fig. 4, D
and D�). We also analyzed expression of the gene encoding the
proteoglycan aggrecan that is expressed in mature chondro-
cytes, but expression was low in control cultures and undetect-
able in Prx1-Cre:Ptc1c/c mutant cultures (data not shown).
Because aggrecan is regulated by SOX9 and SOX5 (44), wemay
have expected aggrecan expression to more closely parallel
these genes at early time points. However, low aggrecan expres-
sion is consistent with lack of differentiated chondrocytes and
Alcian blue staining in these cultures at all stages. Consistent
with the data from whole limbs, expression of N-Cad was not
significantly altered in Prx1-Cre:Ptc1c/c compared with control
cultures at either time point analyzed (data not shown).
Analyses of micromass cultures support in vivo and limb

explant data, suggesting that constitutively active hedgehog sig-
naling within the embryonic limb mesenchyme of Prx1-Cre:
Ptc1c/c embryos leads to defects in the formation of mature
cartilage elements. Chemical interference targeted specifically
at the hedgehog signaling pathway using cyclopamine was suf-
ficient to restore the appearance of cartilage nodules in culture.
Interestingly, expression of chondrogenic genes such as Sox9,
Sox5, and Col2a1 was increased at early time points in Prx1-
Cre:Ptc1c/c micromass cultures, suggesting an initial enhance-

ment of the chondrogenic program that is never realized as
mature cartilage nodules. To investigate this further we ana-
lyzed the early stages of mesenchymal condensation in wild-
type and Prx1-Cre:Ptc1c/c micromass cultures.
PNA Staining and Live Imaging of Micromass Reveals Signif-

icant Cell Disruption between Days 2 and 4 in Prx1-Cre:Ptc1c/c
Cultures—To determine how early the chondrogenic program
is disrupted in Prx1-Cre:Ptc1c/cmicromass cultures, we stained
with the lectin PNA, which binds condensed mesenchymal
chondroprogenitors (8). Similar trends were seen in cultures
derived from forelimbs and hindlimbs, and data are presented
from forelimb cultures only. In control cultures, well defined
mesenchymal condensations were evident by day 2, consistent
with the time frame for mesenchymal condensation (Fig. 5, A
and A�). Staining persisted at day 4 (Fig. 5, B and B�). This
defined staining pattern was significantly reduced in control
cultures treated with cyclopamine (Fig. 5, C–D�), likely corre-
lating with the diffuse Alcian blue staining observed in control
cultures at later stages (Fig. 3, B�–D� and supplemental Fig. S4).
The most striking changes were seen in micromass derived
from Prx1-Cre:Ptc1c/c limbs. At day 2, condensing nodules
formed in approximately equivalent numbers to control cul-
tures, although they appeared smaller and more tightly orga-
nized and distinct compared with control cultures (Fig. 5, com-
pare E and E� with A and A�). This suggests that mesenchymal
condensation occurs in Prx1-Cre:Ptc1c/c limbs. Although diffi-
cult to quantify from the PNA staining, the early increase in
chondrogenic gene expression described earlier suggests that
this may be enhanced. However, by day 4, a time at which con-
trol nodules normally stain with Alcian blue, cells within the
Prx1-Cre:Ptc1c/c micromass core were dramatically disrupted
with no detectable nodules remaining (see ∧ in Fig. 5, F and F�).
In mutant cultures, the only organized cell populations were at
the outer rim of the original micromass droplet (see * in Fig. 5,
F and F�; n � 5). Cyclopamine treatment of Prx1-Cre:Ptc1c/c
micromass cultures rescued the cell disruption at day 4 (Fig. 5,
H and H�), although nodule formation was generally only
restored to that seen in cyclopamine-treated control cultures
(Fig. 5, D and D�).
Time lapse microscopy was used to further characterize the

cellular disruption that occurs between days 2 and 4 in Prx1-
Cre:Ptc1c/c micromass culture. Cultures were imaged for 20 h
following 3 days of culture. Time lapse imaging of control
micromass cultures revealed the dynamic complexity of chon-
drogenesis, with condensations growing via recruitment of cells
from the underlying stroma, and the culture overlaid with a
dynamic population of myoblast progenitors (supplemental
Movie S1). In contrast, condensations formed in micromass
cultures from Prx1-Cre:Ptc1c/c limbs at the equivalent time
points appeared smaller (supplemental Movie S2), consistent
with the PNA staining observed in static cultures (Fig. 5, E and
E�). Interestingly, Prx1-Cre:Ptc1c/c micromass cultures almost
completely lack the myoblast population observed in control
cultures, suggesting these progenitors have not migrated into
the 11.5 dpc mutant autopod at the time of collection. Strik-
ingly, in Prx1-Cre:Ptc1c/c cultures, disruption to the central cell
layer occurs 3–4 days after initial micromass seeding. Tearing
of the stromal layer disrupts all cell condensations, consistent
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with the lack of Alcian blue and PNA staining in day 4Prx1-Cre:
Ptc1c/cmicromass (Figs. 3, J andN, and 5,F andF�, respectively).
Following this event, the underlying stromal cells repopulated
the disrupted area but failed to condense during the remaining

time frame examined. In support of
our previous observations, this cell
disruption was not observed in
Prx1-Cre:Ptc1c/c cultures treated
with 5 �M cyclopamine (supple-
mental Movie S3).
To investigate the changes in

chondrogenic gene expression at
different stages of micromass cul-
ture we stained cultures with a
SOX9 antibody to correlate gene
expression with protein levels. This
was also instructive in understand-
ing the dynamic changes in expres-
sion in a spatio-temporal sense. In
day 2 wild-type cultures SOX9
staining was confined to discrete
condensed mesenchymal cell nod-
ules (Fig. 5I). Staining increased at
day 3 in tracts between nodules, and
subsequently became confined to
the core of cartilage nodules post
chondrocyte differentiation at day 4
(Fig. 5, J and K). In Prx1-Cre:Ptc1c/c
mutant cultures staining at day 2
appeared more reminiscent of day 3
control cultures, consistent with the
increased gene expression at this
stage (Fig. 5L). However, by days 3
and 4 the disrupted core of the
Prx1-Cre:Ptc1c/c micromass cultures
showed no evidence of SOX9 anti-
body staining, with staining persist-
ing only in the undisturbed outer
rim of these cultures (Fig. 5, M and
N). Although this does not correlate
with the unchanged Sox9 mRNA
levels observed at this stage (Fig.
4A�), it is more consistent with the
decreased expression of Col2a1 and
Sox5 (Fig. 4, B� and C�).
Taken together, these data

suggest that mesenchymal cells
derived from Prx1-Cre:Ptc1c/c
limbs are able to undergo initial
condensation in micromass cul-
ture, and at this stage express
enhanced levels of chondrogenic
genes. However, cells within these
condensed nodules either do not

progress to differentiated chondrocytes, or are eliminated
soon after differentiation. Although the lack of Alcian blue
staining suggests the former, we cannot exclude the latter

FIGURE 4. The chondrogenic gene expression profile is altered in Prx1-Cre:Ptc1c/c micromass. By day 2 expression, chondrogenic markers Sox9, Sox5, and
Col2a1 were significantly up-regulated in hindlimb Prx1-Cre:Ptc1c/c micromass cultures (A–C). By day 4 expression, Sox5 and Col2a1 were significantly lower in
Prx1-Cre:Ptc1c/c forelimb and hindlimb micromass cultures (B� and C�). Col10a1 expression was significantly lower at day 2 in Prx1-Cre:Ptc1c/c forelimb-derived
cultures, but was unchanged in all other samples analyzed (D and D�)(*, p � 0.05). Error bars represent S.D.

FIGURE 5. Disrupted cell integrity and loss of Sox9 in Prx1-Cre:Ptc1c/c micromass cultures. At day 2, cell
condensations formed in approximately equivalent numbers in Prx1-Cre:Ptc1c/c micromass cultures but were
smaller and stained with greater intensity (E and E�) when compared with control cultures (A and A�). By day 4
the Prx1-Cre:Ptc1c/c micromass had undergone dramatic remodeling (F and F�) creating a “central zone” show-
ing significant cell disruption (∧) surrounded by an outer “intact zone” of cells (*). Addition of cyclopamine (5
�M) to control cultures decreased localized PNA staining (C–D�). In contrast, cyclopamine inhibited the cell
disruption observed in Prx1-Cre:Ptc1c/c micromass cultures (H and H�). Scale bar, 500 �m. Immunofluorescent
staining revealed a distinct loss of SOX9 protein in the disrupted zone (∧) compared with the intact zone (*) in
Prx1-Cre:Ptc1c/c micromass cultures from 3 days (M and N). (Margin defined by dotted line; M and N.) Scale bar,
100 �m.
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possibility, especially given the early up-regulation of chon-
drogenic gene expression. Regardless of this, the defect
appears to be related to disruption of the integrity of the cell
layer within the central core of the micromass, resulting in
ablation of the nodules prior to formation of mature carti-
lage nodules.
Cell Death Is Elevated in Prx1-Cre:Ptc1c/c Micromass

Cultures—To investigate possible mechanisms for the mor-
phological disruption within the Prx1-Cre:Ptc1c/c micromass,
we next analyzed cultures for evidence of cell death based on
immunofluorescent imaging of cleaved caspase-3. In control
day 3 and 4 micromass cultures, caspase-3 positive cells were
found throughout the stromal layer interspersed between nod-

ules (Fig. 6,B andC). Time-matched
Prx1-Cre:Ptc1c/c micromass cul-
tures displayed elevated caspase-3
levels (Fig. 6, D–I) and abnormal
nucleimorphology (Fig. 6,G–I) spe-
cifically within cells of the disrupted
core. The leading edge of the pheno-
typic change was easily distin-
guishable and always consistent
with elevated caspase-3 staining
(Fig. 6, E, F, andH, dotted line, and
supplemental Fig. S5). Notably, the
outer rim of the mutant cultures,
where cell integrity remains intact,
was not characterized by increased
apoptotic cells. As expected, no
obvious nodules were identified
within the disrupted area by day 4
either morphologically or by PNA
staining. These observations sug-
gest that the disrupted core of Prx1-
Cre:Ptc1c/c micromass cultures is
likely to result from increased cell
death at a time corresponding to
chondrocyte differentiation in con-
trol cultures.
The disruption to the core of

Prx1-Cre:Ptc1c/c micromass cul-
tures is reminiscent of the loss of tis-
sue integrity observed in the distal
region between the digit condensa-
tions in the Prx1-Cre:Ptc1c/c limbs
from 13.5 dpc (Fig. 1G�). We there-
fore performed TUNEL staining on
whole autopods to investigate cell
death in vivo. We have previously
shown that apoptosis is not altered
in Prx1-Cre:Ptc1c/c limbs at 10.5
dpc, and that normal interdigital
cell death and digit separation is
inhibited at 13.5 dpc (26). Here we
present analysis at 11.5 and 12.5
dpc. In 11.5 dpc control autopods,
we detected clusters of apoptotic
cells within the proximal forelimb

and hindlimb mesenchyme (Fig. 6, J and K), but these were not
detected in 11.5 dpc Prx1-Cre:Ptc1c/c limbs (Fig. 6, N and O).
These clusters, termed the opaque patch, have been described
previously in 11.5 dpc, but not 12.5-dpc wild-type limbs (45). In
contrast, apoptotic cells were readily detectable in the central
mesenchyme of Prx1-Cre:Ptc1c/c limbs at 12.5 dpc, the time
corresponding to mesenchymal condensation in control limbs
and to the appearance of disrupted cell integrity in the Prx1-
Cre:Ptc1c/c limbs (Fig. 6, P and Q). Although the ectopic cell
death does not extend to the distal edge of the limbwhere loss of
cell integrity is most pronounced, it is possible that it contrib-
utes to the chondrogenic phenotype given the dynamic tearing
phenotype observed in micromass.

FIGURE 6. Increased cell death in Prx1-Cre:Ptc1c/c micromass cultures and limbs. Caspase-3 staining iden-
tified increased apoptotic cell death within the inner disrupted zone (∧) compared to the outer intact zone (*)
in Prx1-Cre:Ptc1c/c micromass from day 3 (margin defined by dotted line; E, F, and H). Scale bar in A–F, 200 �m.
DAPI staining revealed a distinct morphological change in nuclei within the disrupted zone (∧) in day 4 Prx1-
Cre:Ptc1c/c micromass (G–I). Scale bar in G–I, 100 �m. TUNEL staining of a section through 11.5 dpc Prx1-Cre:
Ptc1c/c autopods (N and O) revealed a lack of the typical apoptotic pattern observed in time-matched control
tissues (J and K). In contrast, apoptotic cells were not detected in the central mesenchyme of control autopods
at 12.5 dpc (L and M), but easily identified in Prx1-Cre:Ptc1c/c tissue (P and Q).
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Ligand-dependent Activation of the Hedgehog Pathway Pro-
motes Chondrogenic Differentiation in Micromass Culture—A
number of studies have suggested that hedgehog signaling
enhances the early stages of chondrogenesis (18–21). This
seems contradictory to the disruption of chondrogenesis evi-
dent in the Prx1-Cre:Ptc1c/c limbs, which are characterized by
constitutive ligand-independent activation of the hedgehog
pathway.However, ourmicromass studies suggest that cultures
derived from Prx1-Cre:Ptc1c/c limbs show evidence of early
enhanced expression of chondrogenic genes, despite a failure to
form mature cartilage nodules. We therefore treated control
micromass cultures with rSHH protein (10 ng/ml) to allow a
comparative study of ligand-dependent versus ligand-indepen-
dent activation of the hedgehog pathway, with the proviso that
activation will occur earlier and to a higher level in the Prx1-
Cre:Ptc1c/c cultures. Gene expression levels were determined at
2, 4, and 6 days of culture using qRT-PCR (Fig. 7, A–H). As
expected, Ptc1 and Gli1 were shown to be significantly up-reg-
ulated at all time points with the exception of forelimb cultures
at day 2 (Fig. 7, A and B), supporting hedgehog pathway activa-
tion. Consistent with Prx1-Cre:Ptc1c/c mutant micromass cul-
tures, Sox9 and Col2a1 were also significantly induced in the
presence of rSHH from day 2 hindlimb cultures (Fig. 7, C and
D). By day 6 expression of Sox9, Col2a1, and Sox5was enhanced
in rSHH exposed cultures from both forelimbs and hindlimbs
(Fig. 7, C–E). This is in contrast to Prx1-Cre:Ptc1c/c mutant
cultures that show down-regulation of Col2a1 and Sox5 by day
4 when the cellular integrity of the cultures is disrupted.N-Cad
remained unchanged at all time points (data not shown).
Expression of Col10A1 was increased in all Prx1-Cre:Ptc1c/c-
derived cultures analyzed, with the exception of day 2 forelimb
cultures (Fig. 7F). This is consistentwith a previous study show-
ing evidence of enhanced chondrocyte hypertrophy in retrovi-
rally transfected SHH micromass cultures (17). Runx2, which
encodes a transcription factor required for bone formation and
osteoblast differentiation, was significantly elevated in rSHH-
treated micromass at days 2 and 6 (Fig. 7G). In contrast to
Prx1-Cre:Ptc1c/c mutant micromass cultures where aggrecan
expression was undetectable, rSHH-treated cultures showed
increased expression at all stages with the exception of day 2
forelimb cultures (Fig. 7H). All expression changes are consis-
tent with enhanced chondrogenesis in rSHH-treated micro-
mass cultures, however, cultures treated with 0, 10, or 100
ng/ml of rSHH revealed a dose-dependent reduction in Alcian
blue staining intensity by day 6 as quantified using ImageJ
(supplemental Fig. S6,A–C). It is possible that this is also indic-
ative of an enhancement of the chondrogenic program in these
cultures.

DISCUSSION

Although many studies have characterized the requirement
for hedgehog signaling during the late stages of chondrogene-
sis, little is known about its role during the initial stages of
condensation and chondrocyte differentiation. For the first
time, we have demonstrated defects in the formation of carti-
lage elements following ligand-independent up-regulation of
the hedgehog pathway. Micromass studies suggest that chon-
drogenic gene expression is initially enhanced in this system,

but decreases at later stages as disruption to cellular integrity
prevents progression to Alcian blue staining cartilage nodules.
In contrast, addition of exogenous SHH to micromass cultures
causes sustained increases in expression of chondrogenic and
osteogenic markers accompanied by the formation of mature
cartilage nodules. This suggests that hedgehog regulation of
chondrogenesis involves competing positive and negative
inputs, most likely related to the timing and level of pathway
activation.
Prx1-Cre:Ptc1c/c Limbs Show Disrupted Chondrogenesis in

Vivo and in Vitro—It is well accepted that members of the ver-
tebrate hedgehog family are important in skeletal patterning
and chondrogenesis. In the limb, the role of SHH in skeletal
patterning is mediated through effects on post-translational
modification of theGLI3 transcription factor (46, 47). Together
these molecules are the primary determinants of digit number
and identity in the developing limb. However, the observation
that skeletal elements form in both the Shh null and the Shh;
Gli3 double mutant embryos suggests that SHH is not abso-
lutely required for the actual process of chondrogenesis (48–
50). However, analysis of tracheal cartilage development in Shh
null mice suggests that, at least in this system, SHH contributes
tomesenchymal cell proliferation, condensation, and chondro-
cyte differentiation through regulation of Sox9 (21). In contrast,
whereas IHH is not involved in the early stages of chondrogen-
esis, it plays a role in regulating the proliferation and subse-
quent hypertrophy of chondrocytes, as well as in osteoblast dif-
ferentiation (15). Prx1-Cre:Ptc1c/c embryos are characterized
by high level ligand-independent activation of hedgehog signal-
ing in the early limb mesenchyme. The patterning defects in
these limbs have been presented previously (26), but the
striking skeletal defects observed in both the forelimbs and
hindlimbs prompted us to assess a possible effect on the
earliest stages of mesenchymal condensation and chondro-
cyte differentiation.
Our data suggest that mesenchymal condensation occurs in

Prx1-Cre:Ptc1c/c embryos, but differentiation to cartilage, as
judged by Alcian blue staining, seems to be severely impaired.
Importantly, we were able to culture limbs ex vivo to a stage
beyond that achieved in vivo and thus demonstrate that the
chondrogenic defect is unlikely to simply reflect a delay in this
process in the Prx1-Cre:Ptc1c/c limb. This is significant because
we have previously detected a delay in chondrogenesis in the
anterior limb of the Gli3 extra-toes mouse (51). To further
study this defect we moved to in vitro micromass culture.
Althoughmicromass culture does notmaintain the precise cell-
cell interactions seen in vivo and in limb culture, it has success-
fully been used to study the process of chondrogenesis in vitro
(30). We showed that the formation of Alcian blue-stained car-
tilage nodules was severely impaired in cultures derived from
both forelimbs and hindlimbs of Prx1-Cre:Ptc1c/c embryos.
This defect was rescued by the addition of cyclopamine, which
inhibits hedgehog signaling at the level of smoothened (40). It
should be noted thatmorphologically the nodules in cyclopam-
ine-treated Prx1-Cre:Ptc1c/c cultures resembled those observed
in control cultures treated with cyclopamine. This is consistent
with the fact that inhibition of HH signaling with cyclopamine
alters chondrogenesis in control cultures. The effect of cyclo-
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FIGURE 7. Exogenous application of rSHH accelerates the chondrogenic program in micromass culture. Addition of rSHH (10 ng/ml) to control micromass
cultures resulted in significantly up-regulated expression of Ptc1 and Gli1 at all time points (with the exception of day 2 forelimb cultures) compared with
control medium (A and B). Col2a1, Sox9, and aggrecan expression was also up-regulated in the same cultures, as was the hypertrophy marker Col10a1 (C, D, F,
and H). The pre-hypertrophic chondrogenic marker Sox5, and osteoblast marker Runx2, showed a consistent elevated response to rSHH by day 6 of culture (E
and G). *, p � 0.05. Error bars represent S.D. FL, forelimb; HL, hindlimb.
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pamine treatment on both control and Prx1-Cre:Ptc1c/c cul-
tures will likely depend on the ultimate level of signaling
achieved. Overall, the cyclopamine studies confirm that the
effects on chondrogenesis in Prx1-Cre:Ptc1c/c mutants are
hedgehog-dependent. These rescue data also suggest that the
condensed mesenchymal cells do not transdifferentiate to
other cell types, at least up to the time we commence exposure
to cyclopamine.
Time-lapse imaging ofmicromass cultures allowed visualiza-

tion of the condensation process in real time. As expected from
our static analyses, condensations were initially evident in
Prx1-Cre:Ptc1c/c-derived cultures, but the stromal layer was
subsequently disrupted. We propose that this disruption pre-
vents the maturation of condensed cells into mature cartilage
nodules, although we cannot rule out the possibility that cells
do differentiate just prior to disruption of the micromass. A
similar live cell imaging approach has been used previously to
visualize chondrogenesis in micromass cultures, showing that
bone morphogenetic protein signaling regulates early compac-
tion events in the undifferentiated mesenchyme, whereas
SOX9 determines cell shape during chondrocyte differentia-
tion (4). Our data fully support the usefulness of this approach
as a tool to visualize the dynamic processes occurring during
the early stages of chondrogenesis in micromass cultures.
The nature of the tearing in the mutant micromass cultures

suggested either a defect in cellular adhesion or enhanced cell
death. N-Cadherin has previously been shown to be important
in cellular condensation and chondrocyte differentiation in
chick limb micromass cultures (52). We found no difference in
the expression of N-Cad in Prx1-Cre:Ptc1c/c mutant limbs or
micromass cultures. This is consistent with normal condensa-
tion in these limbs, although we cannot rule out adhesion or
cytoskeletal effects at later stages, or those not mediated by
N-Cadherin.
The disrupted core of the Prx1-Cre:Ptc1c/c mutant micro-

mass cultures was consistently characterized by enhanced cell
death relative to the outer intact rim of cells. Although some
level of cell death is observed in the stromal cell layer between
condensed nodules in control cultures, this is not equivalent to
the enhanced cell death observed in themutantmicromass core
that is devoid of recognizable nodules. We suggest that this
increased cell death contributes to the disruption seen in this
region, andhence to the inability ofPrx1-Cre:Ptc1c/cmicromass
cultures to form Alcian blue-positive cartilage nodules. Our
previous studies have shown no increase in early apoptosis in
the 10.5 dpcPrx1-Cre:Ptc1c/c limb buds, and a decrease in inter-
digital cell death and digit separation at later stages (26). Our
analysis at 11.5 dpc confirmed a lack of apoptosis in themutant
limbs at this stage. However, at 12.5 dpc, a stagewhen apoptosis
is not observedwithin the centralmesenchyme of control limbs
(Ref. 45, and our data), we observed evidence of apoptotic cells
in this region in the Prx1-Cre:Ptc1c/c limbs. The precise contri-
bution of this in vivo cell death to the final chondrogenic phe-
notype in the mutant limbs remains to be determined. As a
general phenomenon, increased cell death appears at odds with
enhanced hedgehog pathway activity, because SHH is thought
to protect against apoptosis in the limb, with Shh null limbs
characterized by massive cell death (48). In addition, PTC1 has

been shown to act as a dependence receptor, mediating cell
death in the absence of bound ligand through direct recruit-
ment of a caspase-activating complex (53). However, although
PTC1 is required to mediate this process, there is no evidence
that its absence would decrease apoptosis levels, especially in
regions where hedgehog ligands are normally active. We pro-
pose that effects on cell death are likely to be context depen-
dent, and in the case of the Prx1-Cre:Ptc1c/c limb may relate to
the timing, level, or site of up-regulation of the hedgehog path-
way. It is also likely that the altered apoptosis observed in this
mutant is not due to a direct effect on the cell death pathway,
but that a more indirect mechanism is involved.
Hedgehog Gain of Function Models Suggest Timing, Level,

and Context-dependent Effects on Chondrogenesis—Both the in
vivo and in vitro data from our Prx1-Cre:Ptc1c/c model shows
that widespread ligand-independent up-regulation of hedge-
hog signaling in undifferentiated limb mesenchyme leads ulti-
mately to the failure to form mature cartilage. In a previous
study deletion of Ptc1 specifically in Col2a1 expressing chon-
drocytes in vivo resulted in impaired chondrocyte hypertrophy,
but also lead to enhanced ectopic osteoblast differentiation
(54). Phenotypic differences between this model and the Prx1-
Cre:Ptc1c/c mouse are likely related to timing of enhanced
hedgehog activation, becausePtc1 deletion occurs earlier in our
model. This is further supported by the fact that overexpression
of Shh specifically in mouse chondrocytes in vivo also leads to
inhibition of chondrocyte hypertrophy (55), as does application
of exogenous SHH or IHH to limb explant cultures (14). Trans-
genic overexpression of Shh in mice using the same Prx1
enhancer element employed in this study did not give rise to the
severe chondrogenic defects observed in the Prx1-Cre:Ptc1c/c
embryos, but rather resulted in mature skeletal elements in the
limb (56). This suggests that the level of hedgehog signaling
may also be important in determining the final chondrogenic
outcome. This is supported by the fact that cell autonomous
activation of the hedgehog pathway in the Prx1-Cre:Ptc1c/c
model is likely to result in higher overall signaling levels than
other non-cell autonomous approaches.
A number of other studies have suggested a more positive

role for hedgehog signaling in chondrogenesis. Implantation of
SHH expressing fibroblasts into nude mice was shown to
induce both cartilage and bone, and treatment of chondrogenic
precursor cells with recombinant SHH or IHH stimulated
chondrogenic differentiation (19). Likewise, it has been shown
that transient SHH treatment of presomiticmesoderm cultures
is required to generate precursor cells that are competent to
differentiate to chondrocytes in response to bone morphoge-
netic protein signals (20). Closer to our own model, a study
employing retroviral transduction of SHH in micromass cul-
tures derived from limb bud cells showed decreasedAlcian blue
staining but an increase in hypertrophicmarkers (17). Our own
data support and extend this conclusion by showing a consis-
tent and sustained increase in markers of chondrogenesis,
hypertrophy, and osteogenesis upon treatment of micromass
cultures with exogenous SHH. Alcian blue is also disrupted by
this treatment. Importantly, this is the first study to undertake
an extensive quantitative analysis of relevant markers in this
system. In the case of micromass cultures derived from Prx1-
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Cre:Ptc1c/c mutant mouse limbs we saw a similar increase in
expression of chondrogenic markers at early stages prior to
chondrocyte differentiation, however, these increases were
curtailed at later stages by the disruption to cell integrity spe-
cifically in the core of the micromass cultures. Although levels
of Sox9mRNA inmutant cultures did not correlate closely with
downstreamchondrogenic genes such asCol2a1 and Sox5, pro-
tein distribution was more closely aligned with these changes.
An observed discrepancy between Sox9 mRNA levels and that
of downstream genes has previously been attributed to changes
in protein activity in the micromass system (10).
Our data suggest that Prx1-Cre:Ptc1c/c cultures initially

undergo changes similar to rSHH-treated cultures, but con-
densed mesenchymal cells do not subsequently differentiate to
cartilage, likely due in part to increased cell death. It should be
noted that unlike rSHH-treated cultures, Col10a1 levels were
not enhanced in early Prx1-Cre:Ptc1c/c micromass cultures.
Although it was surprising to detect expression of Col10a1 in
early wild-type micromass cultures, it is possible that this rep-
resents basal levels of expression. The important point from
these analyses is that unlike rSHH-treated cultures, hypertro-
phy is not accelerated in the Prx1-Cre:Ptc1c/c cultures, or at
least this is not detectable up until the time of cell disruption.
Although not tested directly, the differences between the two
micromass models almost certainly arise from variation in tim-
ing and level of hedgehog pathway activation. This factor may
be important in considering the use of SHH as a growth factor
in in vitro approaches to skeletal regeneration.

Interestingly, the role of hedgehog signaling in adult bone
homeostasis is also thought to depend on the level and timing
or context of signaling. Haploinsufficiency for Ptc1 leads to an
increase in bone mass due to enhanced osteoblast differentia-
tion (57). In contrast, whereas complete conditional Ptc1 dele-
tion in mature osteoblasts results in enhanced bone formation,
the bone is porous due to excessive bone resorption (58). It is
not possible to distinguish between effects of signaling levels or
cell context in these studies, but it is likely that both are
involved.
Taken together, our data and that of others suggest that the

final contribution of hedgehog signaling to chondrogenesis in
the embryo and to adult bone homeostasis is a fine balance
between positive and negative inputs. The striking defect in the
Prx1-Cre:Ptc1c/c model both in vivo and in vitro implies that
timing and level of hedgehog pathway activation are likely to be
important parameters in early chondrogenesis, and reinforce
the importance of PTC1-dependent negative control of the
hedgehog pathway at early stages in the chondrogenic process.
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