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specialized area at the distal margin of the developing limb where mesodermal
cells are kept in proliferation and undifferentiated, allowing limb outgrowth. At stages of digit
morphogenesis the PZ cells can undergo two possible fates, either aggregate initiating chondrogenic
differentiation to configure the digit blastemas, or to die by apoptosis if they are incorporated in the
interdigital mesenchyme. While both processes are controlled by bone morphogenetic proteins (BMPs) the
molecular basis for such contrasting differential behavior of the autopodial mesoderm remains unknown.
Here we show that a well-defined crescent domain of high BMP activity located at the tip of the forming
digits, which we termed the digit crescent (DC), directs incorporation and differentiation of the PZ
mesenchymal cells into the digit aggregates. The presence of this domain does not correlate with an exclusive
expression domain of BMP receptors and its abrogation by surgical approaches or by local application of BMP
antagonists is followed by digit truncation and cell death. We further show that establishment of the DC is
directed by Activin/TGFβ signaling, which inhibits Smad 6 and Bambi, two specific BMP antagonists
expressed in the interdigits and progress zone mesoderm. The interaction between Activin/TGFβ and BMP
pathways at the level of DC promotes the expression of the chondrogenic factor SOX9 accompanied by a local
decrease in cell proliferation. Characteristically, the DC domain is asymmetric, it being extended towards the
posterior interdigit. The presence of the DC is transitorily dependent of the adjacent posterior interdigit and
its maintenance requires also the integrity of the AER.

© 2008 Elsevier Inc. All rights reserved.
Introduction
Digit morphogenesis is one of the most informative models to
study the mechanisms controlling morphogenesis and cell differen-
tiation in developmental biology. Digits form in the autopodial region
of the limb bud from cells of the progress zone (PZ), an undiffer-
entiated mesoderm immediately underneath the apical ectodermal
ridge (AER). These mesenchymal cells behave as a source of
“pluripotent” cells which, having abandoned the influence of the
AER, may undergo one of two possible fates, either chondrogenic
differentiation contributing to the formation of the digital rays, or
become the interdigital mesenchyme that will be removed by
apoptosis.

We are still far from understanding the molecular mechanisms
initiating the formation of the digits, although it is clear that members
of transforming growth factor β superfamily (TGFβ) are essential for
this process (Ganan et al., 1996; Merino et al., 1999b). Bone
morphogenetic proteins (BMPs), Activins and transforming growth
factor β proteins (TGFβs) are the main signaling molecules modulat-
ing digit morphogenesis. They signal through the formation of
heterotetrameric complexes with different serine/threonine kinase
l rights reserved.
transmembrane receptors (type I and type II) and activate regulatory
transcription factors of the SMAD family (R-SMADs). In the BMP
pathway, the ligand–receptor complex signals via phosphorylation of
regulatory SMADs 1, 5 and 8 and similarly, Activin/TGFβs activate
regulatory SMADs 2 and 3. Activation of R-SMADs favors their
translocation and maintenance in the nucleus, where they regulate
gene expression together with other transcription factors (see reviews
by Massague et al., 2005; Itoh and ten Dijke, 2007). There is also an
important coregulatory SMAD (co-RSMAD4) that is shared by both
pathways promoting nuclei translocation and transcriptional activity
of activated R-SMADs. In addition, there are inhibitory SMADs (i-
SMADs) that compete for SMAD4 and/or receptor binding. It is known
that while SMAD6 preferentially blocks BMP signaling (Hata et al.,
1998; Goto et al., 2007), SMAD7 indistinctly blocks Activin/TGFβ and
BMP signaling (Hayashi et al., 1997; Nakao et al., 1997).

Activin/TGFβ proteins have been proposed as the molecules
responsible for the initiation of digit formation (Ganan et al., 1996;
Merino et al., 1999b). However, Activin expression appears earlier than
that of TGFβ, it being a precocious marker of the prechondrogenic
digital mesenchyme. Interdigital overexpression of Activins or TGFβ
inhibits cell death and triggers the chondrogenic cascade resulting in
the formation of an ectopic digit (Ganan et al., 1996; Merino et al.,
1999b). Unlike Activins/TGFβ, bone morphogenetic proteins (BMPs)
have been proposed as the signaling molecules controlling apoptotic
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cell death in the interdigital tissue. BMP members such as BMP2,
BMP4, BMP5 or BMP7 are expressed in the interdigital regions and
when they are overexpressed in this tissue they strongly promote
apoptosis (Ganan et al., 1996; Zou and Niswander, 1996; Zuzarte-Luis
et al., 2004). In contrast, when interdigital treatments with BMP
antagonists are applied (i.e. overexpression of Noggin or Gremlin)
apoptotic cell death is impaired and regression of the interdigital
tissue does not take place, giving rise to webbed digits (Merino et al.,
1999c; Pizette and Niswander, 1999; Montero et al., 2001). In
consistence with these interpretations, the webbed limbs of duck
embryos exhibit characteristic interdigital expression of the BMP
antagonist Gremlin (Merino et al., 1999c) and conditional knock out
mice for bone morphogenetic receptor Ia (bmprIa) develops syndactyly
(Rountree et al., 2004).

A striking aspect of BMPs is that they also control digit formation,
promoting prechondrogenic condensation and chondrogenic differ-
entiation (Pizette and Niswander, 2000; Barna and Niswander, 2007).
When digit blastemas of the chicken limb are treated with BMP
proteins (i.e. BMP2, BMP4, BMP5, BMP7 or GDF5) digit chondrogenesis
is dramatically intensified (Macias et al., 1997; Merino et al., 1999a). In
turn, when BMP signaling is impaired by Noggin or Gremlin
treatments digit development is blocked (Merino et al., 1999c).
Accordingly bmprIb is highly expressed in the digital blastemas and
the knock out mice display brachydactyly, a digital phenotype
characterized by digit truncations (Yi et al., 2000). Moreover the
conditional null mice for bmprIa display syndactyly (Rountree et al.,
2004), suggesting that differential response to BMPs in the limb
mesenchyme is modulated by different receptors, with BMPRIB
modulating digit chondrogenesis and BMPRIA apoptosis. Interestingly
brachydactyly phenotype in the null mice for bmprIb can be rescued
by overexpression of a constitutive active form of bmprIa (Kobayashi
et al., 2005; Yoon et al., 2005). Studies of single or double bmp gene
knock out mice reinforce the idea of the dual role of BMPs as they
display phenotypes including loss of some digits, brachydactyly, soft
tissue syndactyly or polydactyly (King et al., 1994; Katagiri et al., 1998;
Selever et al., 2004; Bandyopadhyay et al., 2006). However, these
studies do not clarify a possible specialization for a specific BMP in any
function and, in any case, it is always possible that different
phenotypes on these knock out mice respond to the specific profile
of expression of each BMP rather than being inherent to their
respective biochemistry.

Therefore, the mechanisms by which BMPs signaling modulates
chondrogenic differentiation versus apoptotic cell death on the same
population of cells are still to be elucidated.

Materials and methods

Animal models

In this work, we employed Rhode Island chicken embryos ranging
from 4.5 to 8 days of incubation (stages 24 to 32 of Hamburger and
Hamilton, 1951).

Morphology, cell death and cell proliferation

The morphology of the limbs following the different treatments
was studied in whole-mount specimens after cartilage staining with
Alcian Green as described previously (Ganan et al., 1996). The
pattern of cell death was analyzed by whole-mount vital staining
with Neutral Red (Macias et al., 1997) and by the terminal
deoxynucleotidyl transferase-mediated dUTP-TRIC nick end labeling
(TUNEL) assay in paraffin sections or vibratome (Roche). Cell
proliferation was analyzed by bromodeoxyuridine immunolabeling.
For this purpose 100 μl of bromodeoxyuridine (BrdU) solution
(100 mg/ml) was injected into the vitelline sac. After 30 min of
further incubation, the embryos were fixed in 4% paraformaldehyde.
The autopod was then dissected free and processed for vibratome
sectioning and immunocytochemistry.

Experimental manipulation of the limb

Eggs were windowed at the desired stages and experimental
manipulations of the limb were performed in the right leg bud using
forceps to handle the embryo and membranes, using iridotome or
tungsten needles to dissect out specific tissues within the limb as
interdigit, apical ectodermal ridge or progress zone, and tungsten
tacks to fix transplanted tissues in specific desired positions. Local
application at the tip of digit III or in the third interdigital space of the
different growth factors and proteins was done using heparin (Sigma)
or Affi-Gel blue (Biorad) beads. In some experiments 200–250 μm
diameter glass barriers (Sigma) were implanted at the tip of digit III.
After manipulation the eggs were sealed and further incubated until
processing.

Preparation of beads

Affi-Gel blue (Bio-Rad) or heparin acrylic beads (Sigma) were
employed as carriers for in vivo administration of proteins. Beads
ranging between 80 and 150 μm of diameter were selected, washed in
PBS and incubated for 1 h in the selected protein solution. In this study
we used 0.002mg/ml rh-TGFβ2 (R and D Systems); 0,5mg/ml BMP7 (a
gift of Creative Biomolecules, Hopkinton, MA); 1 mg/ml rh-Noggin
(Preprotech), 0,73 mg/ml rh-Activin A (Peprotech), 0.1 mg/ml rh-
Follistatin (Preprotech) and 0,5 mg/ml rh-FGF2 (Preprotech).

Antibodies and immunolabeling

The following primary polyclonal rabbit antibodies were used:
phospho-SMAD1(Ser463/465)/SMAD5(Ser463/465)/SMAD8(Ser463/
465) (Cell signaling); phospho-SMAD2 (Ser465/467) (Cell signaling);
SOX9 (Chemicon); P38 (Santa Cruz); BPMRIA (Orbigen); and BMPRIB
(Orbigen). Monoclonal mouse antibody against bromodeoxyuridine
was also employed (Amersham Biosciencies). For immunolabeling,
samples were fixed in 4% paraformaldehyde and sectioned 100 μm
thick in a vibratome. For double labeling purposes, we first performed
the corresponding immunolabeling followed by either the BrdU
labeling procedure or actin staining using 1% or Phalloidin-TRITC
(Sigma).

Confocal microscopy

Samples were examined with a laser confocal microscope (LEICA
LSM 510) by using a Plan-Neofluar 10×, 20× or Plan-Apochromat 63×
objectives, and an argon ion laser (488 nm) to excite FITC fluorescence
and a HeNe laser (543 nm) to excite Texas Red. Limb specimens were
optically sectioned. For stack digitalization in the different experi-
ments and histomorphometric analysis of p-SMAD signal we used the
LSM 5 Image Examiner software on a Windows NT-Based PC. Each
image shown in this study is representative of at least 3 independent
experiments with a minimum of 15 individuals in each.

Probes and in situ hybridization

The probes utilized in this study are: Bambi, Smad1, Smad5, Smad6
and Smad8 (Zuzarte-Luis et al., 2004), Activinβa (Merino et al., 1999b),
TGFβ2 (Merino et al., 1998) and Cathepsin D (Zuzarte-Luis et al., 2007).
In situ hybridization of control and treated limbs was performed in
100 μm vibratome sectioned specimens. Samples were treated with
10 μg/ml of proteinase K for 20–30 min at 20 °C. Hybridization with
fluorescein or digoxigenin labeled antisense RNA probes was
performed at 68 °C. Alkaline phosphatase-conjugated anti-digoxi-
genin or anti-fluorescein antibody dilution 1:2000 was used (Roche).
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Reactions were developed with BCIP/NBT substrate or Fast Red as the
chromogene (Roche).

Results

Spatial patterns of BMP signaling in the developing limb autopod

The aim of this study is to gain insights into the mechanisms
accounting for the dual response of the developing autopodial
mesenchyme (chondrogenesis/apoptosis) to BMP signaling. For this
purpose we first explored the pattern of the spatial distribution
of the activated form of BMP intracellular transducers SMAD1,5,8
(pSMAD1,5,8).

During stages 25 to 31, immunolabeling for p-SMAD1,5,8 was
positive in the progress zone and interdigital mesenchyme of the
autopod. In addition, from stage 25 the tip of the forming digits
showed an especially intense domain of p-SMAD1,5,8 (Figs. 1A–A′;
arrowheads) that we will term hereafter digit crescent (DC). This
domainwas maintained in each digit tip until the formation of the last
Fig. 1. SMAD1,5,8 mediated BMP signaling in the developing digits. (A–F′) Distribution of pho
sections of the right limb autopod at different stages (A, B, C, E and F). In panels A′, B′, C′, E
signaling is distributed along the interdigital tissue, the progress zone (arrows) and in spec
Silent areas within the territory of the proximal digit are present (asterisk in panel A′). (B, B′)
appreciable at tips of digits III and IV (arrow in panel B). Additionally new domains are prese
silent region for pSMAD1,5,8 labeling (asterisk in panel B′). Absence of signaling is remarkable
the characteristic asymmetric distribution of DC in digits II and III. Note also staining at the le
proximal phalanx, the peridigital area (arrowhead in panel C′) and the digit territory subja
mesoderm may decrease in the course of development (compare labeling in panels A, B an
panels F–F′ (red bars). (E–F) Transversal sections of digit II at stageHH28 showing the posterio
and the uniform distribution of the distal phalanx domain (arrow in panel F′). Arrows in pan
phalanx and always appeared associated with cells highly enriched in
actin fibers (Figs. 1A and E). From stage 27 on the DC was even more
evident and started to become organized in a polarized manner (digit
III in Figs. 1B–B′ and C–C′ and 1E–E′) it expanding towards the
posterior margin of the digit tip. Asymmetry of the DC was evident for
all digits except digit IV (Arrow in Fig. 1B and not shown), inwhich the
crescent remained symmetric.

At stages 25 and 26, proximal to the DC, the region corresponding
to the differentiating digit cartilage, was totally negative for p-
SMAD1,5,8 immunolabeling (asterisks in Fig. 1A′). These BMP-
negative digit domains are interrupted from stage 27, by a new area
of moderated SMAD1,5,8 activation marking the maturing distal
phalanx (arrows in Figs. 1B′, C′ and F′). These phalangeal domains
remained surrounded by regions lacking BMP signaling which
included the future perichondrium (arrowhead in Figs. 1B′, 1C′ and
1F′). The lateral borderline of these negative domains was always
established by the peridigital blood vessels (arrows in Fig. 1F).

The specific spatial distribution of BMP signaling around the digit
tip was better characterized by confocal microscopy analyzing the
sphorylated SMADs 1,5,8 (green) counterstained with actin labeling (red) in vibratome
′ and F′ only pSMAD1,5,8 staining is shown. (A, A′) In the limb autopod of stage HH25
ific highly intense domains at the tip of the prospective digit (arrowheads in panel A′).
p-SMAD1,5,8 labeling in stage HH27 autopod. Specific crescent shaped domains (DC) are
nt at the level of the maturing phalanx (arrow in panel B′), separated from the DC by a
in the peridigital regions (arrowheads in panel B′). (C, C′) Stage HH29 autopod, showing
vel of the maturing distal phalanx (arrow in panel C′) and the absence of labeling in the
cent to the DC (asterisk in panel C′). Note that labeling intensity in the progress zone
d C). (D) Schematic drawing illustrating the type of sections shown in panels E–E′ and
r increased expression of p-SMAD1,5,8 at the level of the digit crescent (arrow inpanel E′)
el F show the position of blood vessels.
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distribution of labeling intensity for p-SMAD1,5,8 in the vibratome
sections (schematic diagrams in Fig. 2). Thus, at stage HH28 at the
level of digit III the progress zone presents high BMP activity in a
region occupying 127±32 μm from the distal margin (Figs. 2A–A′ and
B). This region is followed by a drop in activity extending for
56±38 μm (Figs. 2A–A′ and B), followed by the DC which extends
161±48 μm (Figs. 2A–A′ and B). It is worth mentioning here that the
Fig. 2. The digit crescent domain is a region of especially high BMP activity. (A–A″) Images of t
and counterstained with actin labeling (red). In these images posterior is to the right and d
intensity distribution measured along the red line in panel A′. Chart shows higher labeling
proximal to the right. High level of signal is found in the progress zone followed by an almost
the DC. (C) Confocal image from stage HH27 autopod immunolabeled for p-SMAD1,5,8 showi
intensity distribution measured along the red line in panel C. Note that the highest intensi
corresponds to arbitrary units of pixel intensity and the X-axis the distances in micrometers
developing digits. (F–H) In situ hybridization of stage 27 autopod showing the pattern of expr
of expression at the tip of the developing digit (arrowheads).
DC was always located subjacent to the marginal distal vessel of the
limb (Fig. 2A and arrow in Fig. 2A″). Importantly, during the stages
preceding the onset of interdigital cell death, p-SMAD1,5,8 signal
intensity was much higher in the DC than in the interdigital tissue
(Figs. 2C, D).

A remarkable feature of this regulated distribution of p-SMAD1,5,8
along the developing digits is its differencewith the expression of bmp
he distal tip of digit III from stage HH28 embryo immunolabeled for p-SMAD1,5,8 (green)
istal to the top. In panel A″ the arrow points to the marginal vessel. (B) Profile of pixel
intensity at the tip of the digit. Distal in panel A′ corresponds to the left in panel B and
silent region that precedes the highest points of labeling intensity located at the level of
ng the tips of digits III and IV and the intermediate interdigital tissue. (D) Profile of pixel
ty is always located at the level of the digit tip in the DC. In charts B and D the Y-axis
. (E) In situ hybridization of stage 27 autopod showing the expression of bmprIb in the
ession of Smad1 (F), Smad5 (G) and Smad8 (H). Note in all three cases the intense domain



Fig. 3. BMPRIA, BMPRIB and P38 distribution in the limb autopod. (A) BMPRIA immunolabeling in the limb autopod at stage HH28. Note preferential distribution along the progress
zone and the interdigital tissue being lower in thematuring digit cartilage. Inset in panel A is a detailed viewat cellular level of BMPRIA expression in the progress zone. (B, C) BMPRIB is
mainly expressed at the level of the developing digit. Panel C shows a detailed view of expression in cells of the tip of the digit. (D–F) P38 is mainly expressed at the level of the
interdigital tissue (asterisk in panel D), the peridigital mesenchyme (arrowhead), the progress zone and the tip of digit (arrow inpanel E). Expression at the level of thematurating digit
cartilage is much lower except at the level of the joint forming region (arrow in panel D). Panel F is a detailed view to show the preferential nuclear location of P38 immunolabeling.
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receptor or bmp genes at these stages. Bmp genes are expressed in the
interdigital regions, interphalangeal joints and the AER during early
stages of digit formation (see Macias et al., 1997; Merino et al., 1999a;
Fig. 4. Cells at the DC start to express the chondrogenicmarker SOX9 and diminish the cell pro
transcription factor SOX9 (green) and detection of BrdU incorporation (red). Panels A′–A″ sho
the digit blastemas (arrowhead in panel A″). (B–B″) Detailed confocal view of the tip of the
reduction of cell proliferation in the SOX9 expression domain. (C–C″) Stage HH28 autopod im
proliferation at the digit tip coincides with p-SMAD1,5,8 enriched labeling of DC.
Pizette and Niswander, 1999; Montero and Hurle, 2007). The bmp
receptor Ib gene is expressed along the entire digital ray (Fig. 2E) while
the bmp receptor Ia lacks specific domains and is expressed at low
liferation ratio. (A–A″) StageHH26 autopod double immunolabeled for the chondrogenic
w a detailed view of digit III in panel A to show the reduced level of cell proliferation in
digit III at stage HH28 immunolabeled for SOX9 (green) and BrdU (red) showing the
munolabeled for p-SMAD1,5,8 (green) and BrdU (red) showing that the decrease in cell
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levels in the undifferentiated mesenchyme and in the areas of digit
chondrogenesis (see Kawakami et al., 1996; Zou et al., 1997; Merino et
al., 1998; Haaijman et al., 2000). However, in consistence with the
restricted activity of BMP signaling in the DC, the genes of all BMP
responsive SMAD factors exhibited a specific expression at the tip of
the digits in crescent-like domains and transcripts were more
abundant at the digit tip than at the interdigital tissue (Figs. 2F–H).
At protein level, BMPRIA is expressed mainly in the undifferentiated
mesoderm and peridigital mesenchyme and at low levels in the digit
rays (Fig. 3A) while BMPRIB marks mainly the digit rays (Figs. 3B–C).
Hence, differences between the distribution of ligands and receptors
and the zones of signaling emphasize the involvement of local
regulatory mechanisms in the spatial modulation of BMP signaling.

Since BMPs may also signal by activating p38 MAPK (Nakamura et
al., 1999) we explored its expression in the autopod during the stages
of digit formation. As shown in Figs. 3D–F nuclear location of p38 was
intense in the progress zone, the interdigital mesenchyme and in the
contour of the digit rays, including the digit tip. Expression in the digit
cartilage was significantly lower, except for intense labeling domains
in the joint forming regions (arrow in Fig. 3D).

Chondrogenic specification starts at the DC

Since proliferation and chondrogenic specification together with
cell death are the major cellular events taking place in the developing
autopod we next explored possible correlations between BMP
signaling, BrdU incorporation and expression of Sox 9 (Fig. 4). Most
Fig. 5. BMP/SMAD signaling induces SOX9 and inhibits cell proliferation. (A) Digit cartila
developing digit III of a HH28 autopod. (B, C) Confocal images showing strong promotion of a
III of a stage HH28 embryo. (D–D″) Double immunolabeling for SOX9 (green) and BrdU (red
distal and lateral expansion (arrow) of the domain of low proliferation ratio. Arrowhead in
Panel D″ shows that SOX9 expression is intensely expanded toward the lateral regions (arro
digit tip 12 h after application of a BMP-bead showing TUNEL positive cell death in the dist
the experimental (F) and the contralateral control limb (G) 20 h after treatment at stage 28 w
Asterisks indicate bead position in all panels.
cells in the autopod appeared positive for BrdU immunolabeling
(Fig. 4A); however, we always found a region occupying the tip of
the differentiating digits with reduced proliferation (arrowheads in
Figs. 4A′–A″). Double labeling for cell proliferation and either SOX9
(Figs. 4B–B″) or p-SMAD1,5,8 (Figs. 4C–C″) revealed that regions of
low proliferation rate at the tip of the digit are coincident with the
DC and corresponded with cells beginning to express SOX9.

To explore whether BMP signaling is responsible for the inhibition
of cell proliferation and/or the initiation of SOX9 expression we
overexpressed BMP at the tip of the digit by implanting a BMP7 soaked
bead. This treatment blocked digit outgrowth but at the same time
caused a dramatic enlargement of the treated developing phalanx (Fig.
5A). As expected, BMP overexpression strongly promoted the
activation of the SMAD1,5,8 (Figs. 5B, C) causing an expansion of the
DC domain (arrows in Figs. 5B, C). The extended BMP activation was
accompanied by an enlargement of the area of reduced proliferation
(Figs. 5D–D′). This reduced proliferation includes not only the region
of increased size of the cartilage but also the progress zone mesoderm
which undergoes cell death in the following hours (see below). Sox 9
expression underwent a considerable induction at the same timewith
this treatment (green in Figs. 5D and D″) but interestingly, although
ectopic BMP activity was also expanded towards the progress zone
(see arrows in Figs. 5B, C), expression of SOX9 was promoted only
proximo-laterally (arrows in Fig. 5D″). The progress zone mesoderm
distal to the BMP-bead remained unspecified but non-proliferating,
and by 10 to 12 h after the treatment underwent massive apoptosis
(Figs. 5E, F). Hence this finding does not allow to discard the possibility
ge enlargement 4 days after implantation of a BMP7 soaked bead at the tip of the
ctivation of SMAD1,5,8 at 2 (B) and 6 (C) h after BMP-bead application at the tip of digit
) 6 h after application of a BMP-bead at the tip of digit III. Panel D′ illustrates the strong
panel D′ indicates the physiologic inhibition of cell proliferation at the tip of digit IV.
ws) while the region distal to the bead remains SOX9 negative. (E) Paraffin section of a
al mesenchyme (arrowhead). (F, G) Whole mount neutral red staining for cell death of
ith a BMP-bead. Note the intense distal induction of cell death (arrowhead in panel F).
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that reduced cell proliferation induced by BMP treatment might in
part reflect a precocious step in the apoptotic pathway of the cell
unable to express SOX9.

In a complementary fashion, application of Noggin-beads at the tip
of the prospective digit abolished the DC (Fig. 6A compared with
control in Fig. 6B) and was followed by digit truncation (Fig. 6C). In
these experiments, expression of SOX 9 was inhibited distally to the
bead (Figs. 6D–F), but cells located proximally to the bead remained
positive for this cartilage marker (Fig. 6G). These results indicate that
BMP signaling is necessary for induction of SOX9 in prechondrogenic
mesenchymal cells but not for the maintenance of this factor. In
relation with cell proliferation we observed at all time points studied
that BrdU incorporation around the bead was similar to that of the
physiologic progress zone (Fig. 6H compared with control cell
proliferation in 6I). This reinforces the hypothesis that DC accounts
for the reduced proliferation rate at the tip of the digits.

In short all these results suggest that the DC domains of
p-SMAD1,5,8 signaling are responsible for the loss of the undiffer-
entiated and proliferating state of cells that abandon the progress
zone as they integrate into the digit territories.

Maintenance of DC requires the integrity of interdigits and AER

By using surgical manipulations we have explored regions
responsible for the maintenance of the DC at the tip of the developing
digits. At the stages under study in this work BMP ligands may be
produced by both the AER and the interdigital mesenchyme (Macias et
al., 1997; Pizette and Niswander, 1999; Montero and Hurle, 2007). In
Fig. 6. BMPs are required for the expression of SOX9 at the tip of the growing digits. (A, B) Imm
of a Noggin-bead (A) and in the contralateral control digit (B). (C) Alcian green staining showin
the absence of further physiologic SOX9 expression 10 h after Noggin treatment. Panel E is a
section counterstained with actin. Panel F shows the distal region of the bead were inhibitio
SOX9 labeling (green) is maintained. (H, I) Double immunolabeling for BrdU (red) and SOX
treatments (asterisk). Panel I shows proliferation ratio in the contralateral control limb at s
addition the AER is also the source of fibroblast growth factors (FGFs),
which are required to maintain digit outgrowth. For this reason we
performed surgical ablations of either the interdigital tissue or the
AER facing the developing digit and analyzed the effects on SMAD1,5,8
activation at the DC.Wewill describe below the results obtainedwhen
these experiments were performed at stage HH28 since they cover the
different findings along the stages studied in ablation experiments
(stages HH26–31).

When ablations were practiced in the second interdigit, 6 h after
manipulation the DC of digit II was missing in 50% of the cases (arrow
in Fig. 7C; n=12 out of 24) and 3 days later digit II appeared shortened
due to the loss of one phalanx (arrow in Fig. 7B compared with control
in 7A; n=9 out of 20). Removal of the third interdigit at stage 28 had
little effect on the appearance of the DC (Fig. 7F; n=18) and the
chondrogenic outcome of digits III or IV was normal (Figs. 7D, E;
n=17), while when performed at earlier stages results were similar to
that described for the second interdigit, altering the DC of the digit III
and causing a phalanx loss in digit III.

In experiments where removal of the AER from the tip of the digits
was practiced, we always found at any stage a rapid (6 h) and complete
loss of the DC (arrowhead in Fig. 7H; n=14). This manipulation caused
in all cases the truncation of the developing digit (Fig. 7G).

In both types of experiments, analysis of tissue sections by TUNEL
assay revealed a considerable intensity of cell death appearing after
the disappearance of the DC.When the second interdigit was removed
we found a moderate amount of dead cells (10–15 per section) in
the mesenchymal tissue located between the surgical incision and
the posterior margin of the tip of digit II and in the AER anterior to
unolabeling of p-SMAD1,5,8 at the tip of digit III, 10 h after the application at stage HH28
g digit truncation 4 days after Noggin application. (D, E) SOX9 immunolabeling showing
detailed view of a treated digit III. (F, G) Detailed views of the Noggin-bead region in a
n of SOX9 (green) is appreciable. Panel G shows the proximal region of the bead where
9 (green). Panel H shows that proliferation was maintained at high levels after Noggin
ame level of tip of digit III.



Fig. 7. Apical ectodermal ridge and interdigital tissue regulate the DC. (A–C) Contralateral control (A) and experimental (B) autopods four days after surgical removal of the second
interdigit at stage HH28. Panel B shows a characteristic example of phalanx loss in digit II after interdigit ablation (arrow), while digit III remains intact. Panel C shows the pattern of p-
SMAD immunolabeling 6 h after surgical removal of the second interdigit. Note that in concordance with the phenotype illustrated in panel B, DC is lost in digit II but not in digit III.
(D–F) Contralateral control (D) and experimental (E) autopods four days after removal of the third interdigit at stage HH 28,5 illustrating the absence of skeletal alterations in the
developing digits. Panel F shows the maintenance of the DC domain 6 h after surgery (arrow). (G) Digit truncation observed 4 days after ablation of the apical ectodermal ridge in a
stage HH28 embryo at the level of digit III (arrow). Panel H shows the absence of p-SMAD1,5,8 in the DC domain 6 h after AER removal (arrowhead). (I, J) TUNEL staining for apoptotic
cell death 6 h after interdigit removal (I) and 12 h after AER removal (J). Note scattered apoptotic cells in the posterior peridigital mesenchyme of digit II after surgical removal of the
second interdigit (I) and apoptosis promoted in the progress zone of the region corresponding to AER removal (arrowheads) from the tip of the digit III (J). Inset in panel J shows
physiological cell death occurring at the tip of digit II associated with the culmination of digit outgrowth (stage HH33).
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the wound (arrow and arrowhead in Fig. 7I). This cell death process
was detected by 6 h after surgery and their intensity decreased in
subsequent stages. The possible contribution of this cell death
process to the phalanx loss described above remains uncertain as
the apoptotic intensity is rather low. In contrast, cell death following
AER removal (arrowheads in 7J) appeared 12 h or later after surgery
and dying intensity was higher (Fig. 7J). The similarity of this cell
death process with that observed in physiological conditions at the
tip of the digits at stage HH33 (inset in Fig. 7J), coincidently with
the end of the digit outgrowth period, suggests a primary role of
apoptosis in digit truncation following AER removal.

Digit and interdigit fates are not irreversibly committed in the progress
zone mesoderm

It has been previously found that the interdigital mesoderm retains
potential to develop ectopic digits (Ganan et al., 1996; Merino et al.,
1999b), suggesting that the apoptotic fate of the interdigits is a default
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process caused by the absence of a proximally acting chondrogenic
signal. The precocious appearance of DC at the tip of the forming digits
makes this domain a good candidate to establish the digit identity of
the cells incorporated from the progress zone mesoderm. However, it
is not known whether the digit forming domains are previously
established in the PZ mesoderm. Hence, to check a possible proximal
influence in the commitment of the mesoderm to form digits we
designed experiments to interfere with such possible proximal signal.
We chose stage HH27 for these experiments, because at later stages
wounding of the interdigital tissue causes the formation of ectopic
cartilages (Hurle and Ganan, 1986).

As shown in Fig. 8A barriers implanted at the tip of the growing
digits caused the bifurcation of the digit rudiment (6 out of 12
experiments) accompanied by the establishment of an extra ectopic
interdigit which undergoes cell death (Fig. 8B). In a second series of
experiments (see Fig. 8C) we observed that a rudimentary digit 3
develops at its normal position (7 out of 19 embryos operated at stage
HH27; Fig. 8D) when a thin layer of tissue containing the AER and
progress zone mesoderm covering digit III and the third interdigit is
removed and re-implanted in an antero-posterior inverted position.
Finally, when the AER and progress zone mesoderm of the third
interdigit is substituted by the AER and progress zone mesoderm of
Fig. 8. Absence of commitment of the progress zonemesoderm. (A, B) Digit III bifurcation
after the implantation of a glass barrier (arrows) at the tip of the digit blastema. Panel A
illustrates the digit phenotype 3,5 days after manipulation. (B) Neutral red vital staining
for cell death showing the occurrence of apoptosis in the newly formed interdigit
(arrowhead) encompassed by the bifurcated digit III. (C, D) Apical ectodermal ridge
(AER)-progress zone (PZ) inversion at the tip of the digit III and third interdigit. The
schematic diagram in panel C illustrates surgical manipulations practiced at stage HH27,
consisting of removal of the AER (red) and subjacent PZ (light and dark green), rotation
along the antero-posterior axis and re-implantation. Note that the PZ (dark green)
initially facing the digit blastema (DG) is re-located in the interdigital region (ID) and vice
versa. Panel D illustrates the digit morphology 4 days after the operation. Panel E shows
normal interdigit regression when the AER and progress zone of the third interdigit is
substituted for that of the tip of digit III of a donor embryo.
digit III of a donor limb, the interdigit undergoes normal regression
(n=8, Fig. 8E). All these results are in concordance and extend
previous findings showing the chondrogenic potential of the inter-
digital tissue (Ganan et al., 1994).

Activin/TGFβ signaling regulates the digit crescent domain

The DC domain constitutes a precocious molecular marker of the
divergent fate of the cells incorporated from the progress zone
mesoderm in the digit regions versus interdigits. Hence, since Activin/
TGFβ were proposed as being the digit-inducing signal in the
developing autopod (Ganan et al., 1996; Merino et al., 1999b), we
explored the possible influence of this signaling pathway in the
establishment of the DC.

In previous studies we found that interdigital implantation of
beads bearing either TGFβ or Activin results in the formation of an
ectopic digit (see Fig. 9H). Here we have observed a strong activation
around the bead of SMAD2 only 30min after interdigital application of
Activin/TGFβ beads (green in Fig. 9A) accompanied by a rapid
induction of SOX9 (Fig. 9B), and a noticeable increase in the
interdigital activation of SMAD1,5,8 (Figs. 9C, D). This pattern of
SMAD1,5,8 activation has similar intensity to that found in the
physiological digit crescent (arrowhead in 9D compared with
physiologic domain of digit IV pointed by an arrow). This result
suggests that Activin/TGFβ sensitize autopodial cells to BMP signaling.
In this regard, interdigital induced SMAD2 activation after Activin/
TGFβ treatment (arrow in Fig. 9E) was also similar to that of the
physiologic p-SMAD2 domain at the tip of the developing digit
(arrowhead in Fig. 9E). In fact we performed a careful analysis of the
pattern of expression of Activinβa (Fig. 9F) and Tgfβ2 (Fig. 9G) in
sections of the autopod, and we found that these factors also display
crescent domains at the tip of the developing digit, suggesting that
both signaling pathways might actuate in a synergistic manner. In
accordance with this hypothesis, interdigital application of Activin or
TGFβ beads fail to induce an ectopic digit when BMP signaling is
blocked by implanting at the same time a Noggin-bead (Fig. 9I
compared to Fig. 9H; n=19 out of 26). We did, however, always find a
condensed tissue aggregation in the treated region.

Since Activinβa expression in association with the DC domain was
more intense than that of Tgfβ2 (Figs. 9F, G), we evaluated changes in
BMP activity at the DC after treatments with the high affinity Activin
antagonist Follistatin (Harrington et al., 2006). Implantation of
Follistatin beads in proximal regions close to the developing digit
rays had no effect on the physiologic p-SMAD1,5,8 domains of the
undifferentiated phalanges and interdigital tissue (Figs. 10A, A′),
discarding a significant direct inhibitory effect of Follistatin on BMP
signaling observed in other model systems (Iemura et al., 1998;
Amthor et al., 2002; Glister et al., 2004). Furthermore, Follistatin
treatments, unlike specific BMP antagonists such as Noggin or
Gremlin, were not able to inhibit apoptotic cell death in the
interdigital tissue (Fig. 10B; n=26). However when Follistatin beads
were implanted at the tip of the digit the DC domain of p-SMAD1,5,8
was abolished (Figs. 10C, C′), preceding digit truncation (arrow in Fig.
10D; n=15 out of 17). Interestingly p-SMAD1,5,8 activity was not
altered in other regions neighboring to the bead including the
interdigit or the progress zone mesoderm (arrows in Fig. 10C′).
Expression of BMP regulatory Smad genes was also downregulated by
follistatin at the DC domain (Fig. 10F compared with control digit in
10H). In consistence with a role for Activin controlling the position of
the digits, the undifferentiated mesenchyme accumulated at the tip of
the truncated digit after Follistatin application behaved as interdigital
tissue undergoing massive cell death 30 h after treatment (arrowhead
in Fig. 10E; n=20).

All the effects described above by Follistatin treatments are
preceded by downregulation of the distal digital domain of acti-
vation of SMAD2 (Figs. 10G, G′ compared with physiologic domain in



Fig. 9. Activin/TGFβ promote chondrogenesis through BMP signaling. (A) Vibratome section of the third interdigit immunolabeled for p-SMAD2 (green), 30 min after implantation of
an Activin-bead (asterisk). Counterstain in red corresponds to actin. (B) Induction of SOX9, 2 h after interdigital implantation of an Activin-bead. (C, D) p-SMAD1,5,8 immunolabeling
2 h after interdigital implantation of an Activin-bead. Panel D is a magnification of panel C showing that labeling intensity around the bead (arrowhead) is similar to that at the
physiologic DC in the neighboring digit (arrow). (E) p-SMAD2 immunolabeling (green) showing the activation induced in the third interdigit by the Activin-bead. Note that the level
of ectopic interdigital SMAD2 activation (arrow) is similar to that at the tip of digit III (arrowhead). (F, G) In situ hybridization in vibratome sections of the limb autopod of stage HH28,
showing the pattern of expression of Activinβa (F) and Tgfβ2 (G). Both genes show clear domains of expression at the tip of the developing digits in a crescent-like shape, although
Tgfβ2 expression is weaker than in other regions including the tendinous blastemas (arrow) and developing joints (arrowhead). (H, I) Autopods showing digital phenotypes 4 days
after interdigital implantation of an Activin-bead alone (H) or together with a Noggin-bead (I). While Activin A alone causes the induction of an ectopic digit (arrow in panel H),
double treatment causes the formation of a small condensation almost negative for alcian green staining (arrow in panel I).
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Figs. 10I, I′), reinforcing the role of Activin/TGFβ signaling in the
establishment of the DC.

Activin/TGFβ signaling negatively regulates Smad6 and Bambi

As previously mentioned, our findings indicate that Activin/TGFβ
signaling synergizes with BMPs to form the digit blastemas. We
hypothesize that these effects could be mediated by a negative
influence of Activin/TGFβ on the expression of BMP antagonists. In
preliminary experiments we observed that Bambi and Smad6 were
downregulated in limb micromass cultures treated with TGFβ1
protein (not shown). Since both BMP antagonists (Grotewold et al.,
2001; Zuzarte-Luis et al., 2004) exhibit intense expression domains in
the interdigital regions and progress zone mesoderm (Grotewold et
al., 2001; Zuzarte-Luis et al., 2004), we analyzed their regulation in
vivo when Activin or TGFβ beads were implanted in the interdigital
regions. As shown in Figs. 11A and B, expressions of these genes were
fully inhibited around the bead.

The above mentioned results can be interpreted by two, not
necessarily mutually exclusive, ways. Firstly, it is possible that the
chondrogenic versus the apoptotic fates induced by BMPs might be
due to quantitative differences in BMP activity, with lower levels
inducing apoptosis and higher levels inducing cartilage differentia-
tion. The other possibility is that formation of cartilage versus
apoptosis requires the interplay between BMPs and Activins/TGFβs.
To discern between these two possibilities we analyzedmolecular and
cellular events occurring at the tip of the digit after implanting a BMP-
bead. These treatments resulted in overgrowth of the tip of the digit
cartilage accompanied by massive cell death of the undifferentiated
progress zone mesenchyme distal to the bead (see Fig. 5). Interest-
ingly, these changes were preceded by a precise and asymmetric
regulation of Smad and Activin genes (Figs. 11C, D). Thus, Smad8
overexpression occurs uniformly around the bead, including the distal
apoptotic and the proximal chondrogenic domains (Fig. 11C). In
contrast Activinβa appeared intensely regulated only in the proximal
chondrogenic domain, marking precisely the divergent chondrogenic
versus apoptotic fate (Fig. 11D compared with induction of SOX9 in
Fig. 5D″). Accordingly, lysosomal genes involved in cell death
(Zuzarte-Luis et al., 2007) were upregulated in the area of influence
of the BMP-bead lacking Activin expression (Fig. 11E). This asym-
metric induction of Activinβa by BMP treatments might be explained
by the inhibitory effect of FGFs on the expression of Activinβa gene
(Merino et al., 1999b). It must be taken into account that FGFs
delivered by the AER are survival signals for the underlying
mesoderm but, at the same time, sensitize the mesodermal tissue
to the pro-apoptotic effects of BMPs (Montero et al., 2001). In



Fig. 10. Follistatin treatments inhibit the DC. (A–A′) View of the digit III immunolabeled for p-SMAD1,5,8 (green) and actin (red in panel A) treated with Follistatin (asterisks) at stage
HH28 at proximal positions in the peridigital region. Note the absence of changes in the SMAD1,5,8 activation pattern, 12 h after application of a Follistatin soaked bead (asterisk)
adjacent to the proximal regions of the digit. Neither interdigital nor phalanx labeling is altered. (B) Neutral red vital staining 24 h after treatment with a Follistatin soaked bead
(asterisk) in the interdigital tissue at stage HH28. This treatment does not abolish the BMP mediated physiological interdigital cell death (arrowhead). (C–C′) View of digit III
immunolabeled for p-SMAD1,5,8 (green) and actin (red in panel C) treated with Follistatin (asterisks) at stage HH28 at the tip of the digit. The abolishment of the DC domain of p-
SMAD1,5,8 by 12 h after treatment is appreciable. Note also that these treatments do not block signaling in neighboring regions of the interdigit and the progress zone mesenchyme
(arrows in panel C′). (D) Alcian green staining of a limb autopod 4 days after Follistatin treatment at the tip of digit III of a stage HH28 embryo. Arrow points to the digit truncation
obtained in these experiments. (E) Neutral red staining illustrating distal promotion of cell death (arrowhead), 48 h after the application of a Follistatin bead at stage HH28. (F) In situ
hybridization to show the pattern of expression of Smad8 at the digit tip 12 h after application of a Follistatin soaked bead (asterisk) at stage HH28. The DC domain of expressionwas
completely abolished in this treatment. (G, G′) Immunolabeling for p-SMAD2 (green) showing the inhibition at the tip of the digit III after a Follistatin bead application (asterisk).
Counterstain in G corresponds to actin labeling (red). Arrow in panel G′ points to the area of inhibition of p-SMAD2 activation after 5 h of treatment. (H–I′) This set of images
corresponds to the contralateral control limb visions for panels F, G and G′ respectively.
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accordance with this interpretation the DC is transiently down-
regulated following implantation of an FGF-bead at the tip of the
digit (Fig. 11F).

Discussion

BMP signaling has many regulatory mechanisms acting at different
steps of the cascade. Out of these regulatory mechanisms it can be
mentioned: 1) secreted antagonists which impair binding with
receptors such as Noggin, Gremlin, or Ventroptin (Zimmerman et al.,
1996; Hsu et al., 1998; Sakuta et al., 2001); 2) unactive receptor
molecules such as BAMBI which compete for ligand binding
(Onichtchouk et al., 1999); 3) regulatory intracellular factors including
i-SMADs and other cytoplasmic or nuclear membrane proteins (i.e.
MAN, Osada et al., 2003; Endofin, Shi et al., 2007; Smurf, Zhu et al.,
1999) that impair or favor activation, traffic or degradation of SMADs
1,5 and 8; 4) the presence of positive or negative transcription factors
which act together with p-SMADs for binding to DNA sequences
(Takeda et al., 2004; Alliston et al., 2005); and 5) matrix components
regulating the extracellular delivery of BMPs (Fisher et al., 2006; Jiao



Fig. 11. BMP requires Activin to promote chondrogenic fate in the undifferentiated limbmesenchymewhich in turn modulates BMP inhibitors. (A, B) Inhibition of Smad6 (A) or Bambi
(B) 12 h after application of a TGFβ (A) and Activin A (B) soaked bead in the interdigital tissue preceding the formation of an ectopic digit. (C, D) In situ hybridization showing the
expansion of the expression of Smad8 (C) and Activinβa (D) 8 h after application of a BMP7-bead at the tip of the digit III. Note that while Smad8 is stimulated all around the bead,
Activinβa is only promoted proximally and laterally, but not distally, by the BMP treatment. (E) Ectopic induction of Cathepsin D distally to the bead 16 h after application of a BMP7
bead. (F) p-SMAD1,5,8 immunolabeling showing the inhibition of the DC domain at the tip of digit III (arrowhead) 12 h after application of a FGF2 soaked bead. Asterisks in all panels
indicate beads position.
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et al., 2007). The complexity of these regulatory processes makes it
difficult to clarify the precise spatial distribution of BMP activity in “in
vivo embryonic systems”, and suggests the occurrence of functional
interplay with other signaling pathways.

In the developing limb, numerous experimental and genetic
approaches have revealed a major role of BMPs in the formation of
the digit cartilages and in the establishment of the areas of
interdigital cell death (Ganan et al., 1996; Zou and Niswander,
1996; Macias et al., 1997; Merino et al., 1999a; Yi et al., 2000;
Rountree et al., 2004; Selever et al., 2004; Zuzarte-Luis et al., 2004;
Kobayashi et al., 2005; Yoon et al., 2005; Bandyopadhyay et al., 2006;
Barna and Niswander, 2007). However, the spatial distribution of
BMP signaling in the autopodial tissues and the basis for the opposite,
apoptotic versus chondrogenic, effects remain unknown. It must be
taken into account that the autopodial cells responding in such
contrasting fashion to BMPs have a common origin in the progress
zone mesoderm. Here we have analyzed active regions of BMP
signaling during the morphogenesis of the autopod by exploring the
distribution of p-SMAD1,5,8. Our study shows that the developing
autopod exhibits well-defined domains of active signaling with
remarkable differences in intensity. These domains included zones of
active signaling in the progress zone mesoderm, the tip of the digit
blastemas, the differentiating phalanxes and the interdigital regions
and zones totally silent for BMPs, including the contours of the digits
and the developing interphalangeal joints. Interestingly, neither the
pattern of expression of BMP receptors (Kawakami et al., 1996; Zou et
al., 1997; Merino et al., 1998; Haaijman et al., 2000) nor of the BMP
ligands (Macias et al., 1997; Merino et al., 1999a; Pizette and
Niswander, 1999; Montero and Hurle, 2007) reflects a possible
explanation for such differential distribution of the signal, especially
at the tip of the digit blastemas. In contrast, the zones positive for p-
SMAD1,5,8 immunolabeling parallel the pattern of expression of
Smad 1,5 and 8 genes. Moreover, some of the p-SMAD1,5,8 negative
regions, as the peridigital mesenchyme or the developing joints,
correlate with zones of p38 MAPK activity. The possible significance
of these results for the understanding of the regulation of BMP
signaling in our model requires additional studies.
It is remarkable from our study that the progress zone mesoderm
and the interdigital mesoderm prior to cell death exhibit considerable
levels of BMP signaling that do not imply either differentiation or
apoptosis, as cells in these regions remain undifferentiated and in
proliferation. In contrast with these regions, the tip of the digit
blastemas are covered by very well-defined crescent domains of
higher BMP activity precociously downregulated in all experiments
causing digit truncations. At the cellular level these domains
correspond with zones where proliferation is reduced and chondro-
genic differentiation starts, as deduced by the initiation of the
expression of the chondrogenic marker SOX9. These findings indicate
that the response of cells to BMPs is influenced by the intensity of the
signal. Actually, our experiments of gain- and loss-of-function by
application of BMP- or Noggin-beads clearly established a direct
correlation between increased BMP signaling, reduced proliferation
and SOX9 expression when treatment is applied at the tip of the digit,
or cell death when treatment is applied in the interdigital tissue.
Further evidence of the importance of spatial variations in the level of
BMP signal is suggested by the presence of silent domains bordering
the digit crescent, the lateral margins of the digit blastemas, and in the
prospective joint regions. These silent domains appear to establish
sharp functional signaling borderlines. Interestingly, some of the silent
regions are in fact zones with elevated levels of expression of bmp2,
bmp4, bmp5, bmp7 and gdf5 genes (see Montero and Hurle, 2007).
However, the apoptotic versus the chondrogenic responses to BMPs
cannot be explained only by differences in signal intensity. In this
regard, the experiments of implanting a BMP-bead at the tip of the
digit, which causes at the same time cell death distally and massive
chondrogenesis proximally (see Fig. 5), illustrates such interpretation
very well. These experiments suggest that the differential response of
the cells might be conditioned by other signaling pathways providing
a different context to the cells. In a previous work we have shown that
Fibroblast Growth Factors (FGFs) are required for the apoptotic role of
BMP during limb development (Montero et al., 2001). In the absence
of FGF signaling apoptotic target genes of BMPs are not activated in the
interdigital mesenchyme and cell death does not take place, there
appearing syndactyly phenotypes. Our findings here suggest that the
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chondrogenic role of BMPs in the digital mesenchyme may be favored
by a second factor expressed at the digit tip.

Activins and TGFβ expressions are precocious markers of the digit
blastemas, and their ectopic application in the interdigits induces
extradigits (Ganan et al., 1996; Merino et al., 1999b). These factors are
also members of the TGFβ superfamily, but their downstream
effectors are SMAD2 and SMAD3. While mice lacking Smad3 do not
have digit phenotype (Zhu et al., 1998), Smad2 null mice die before
limb development (Nomura and Li, 1998). However, severe digit
disorders including polydactyly, camptodactyly or arachnodactyly
have been associated to altered SMAD2mediated signaling in humans
(Loeys et al., 2005). These findings make this pathway a good
candidate to regulate BMP signaling in the establishment of the digit
cartilages. Here we have found that Activin/TGFβ display domains of
expression in the tip of the digits mimicking the characteristic
crescent domain of p-SMAD1,5,8. Furthermore, we have shown that
interdigital application of those factors causes a rapid increase in the
activation of SMAD1,5,8 preceding the establishment of an ectopic
cartilage. According to our results this effect may be caused by
repression of the expression of Smad6 and Bambi, which are well
known inhibitors of the BMP pathway (Hata et al., 1998; Onichtchouk
et al., 1999; Goto et al., 2007). In this regard it is important to note that
both genes are highly expressed in the interdigital tissue during limb
development but completely excluded from the digit territory
(Grotewold et al., 2001; Zuzarte-Luis et al., 2004).

The function of Activins/TGFβ as modulators of the BMP pathway
during digit chondrogenesis appears more complex than only
increasing BMP signaling. From our study it is likely that both
pathways act in a synergic fashion promoting chondrogenic differ-
entiation. In fact Activin/TGFβ and BMP signaling pathways have been
independently involved in prechondrogenic aggregation and Sox9
induction (Chimal-Monroy et al., 2003; Barna and Niswander, 2007).
In our experiments we show that Activin/TGFβ requires BMPs to
regulate SOX9, as noggin treatments impair Activin/TGFβ digit
induction in the interdigital tissue or physiologic SOX9 expression at
the tip of the digits. In turn, BMP-beads at the tip of the digit expand
the domain of SOX9 expression only laterally and not distally, in
coincidence with the area were BMP ectopically induces Activin
expression (Fig. 11D). Thus, distally to the bead, where no Activin is
promoted in response to BMP signaling, lysosomal genes and cell
death are induced. Furthermore, the high affinity Activin antagonist
Follistatin (Thompson et al., 2005; Harrington et al., 2006), specifically
blocks signaling in the DC followed by digit truncation but does not
impair BMP mediated apoptotic cell death. Taking into account that
Follistatin is also able to bind with lower affinity to the BMPs
expressed in the interdigits (Thompson et al., 2005; Harrington et al.,
2006), the absence of effects of Follistatin in the interdigital tissue
emphasizes the importance of Activin as promotor of BMP mediated
chondrogenesis. Together all these results indicate that Activin/TGFβ
and BMP signaling act synergistically in order to modulate the
chondrogenic fate that originates digit morphogenesis. Similar
regulatory interactions have been proposed in a chondrogenic
model in vitro based on human mesenchymal stem cells (Xu et al.,
2006).

As for the potential influence of DC in digit morphogenesis, we
have observed that the maintenance of the DC requires both the
adjacent interdigit and the function of the AER. Thus, surgical
removal of any of these structures causes a rapid disappearance of
the DC followed by a defective development of the digits. We have
discarded a role of cell death in the disappearance of the DC. We
did, however, note specific patterns of mesenchymal cell death after
each surgical manipulation, which correlates with the different
defective morphology observed in the digits (digit shortening and
digit truncations).

In conclusion this study indicates that formation of the digit
aggregates is directed by a local increase in the basal level of BMP
signaling in the cells leaving the progress zone in a specific domain at
the tip of the digit blastema that we termed digit crescent domain.
This finding correlates with the Brachydactyly phenotype character-
ized by digit shortening described in mice and human mutants with
defective BMP pathway (Baur et al., 2000; Yi et al., 2000; Lehmann et
al., 2003; Demirhan et al., 2005; Seemann et al., 2005). Furthermore,
we provide experimental evidence for a double role of Activins/TGFβs
expressed at the tip of the digit blastemas downregulating Smad6 and
Bambi to increase the BMP signal and modulating the response of the
cells toward chondrogenesis instead of apoptosis. This signaling
network would be coupled with FGF signaling provided by the AER,
which would act as an antagonistic influence to that of BMPs,
inhibiting differentiation and promoting proliferation.

During the revision process of this manuscript, Suzuki, Hasso and
Fallon (Suzuki et al., 2008) have published an experimental analysis to
dissect out themolecular basis accounting for the establishment of the
digit identity (i.e. the establishment of the specific number of,
phalanxes in each digit, see Dahn and Fallon, 2000). In accordance
with the results reported here, they show that the specific domain of
BMP signaling at the tip of the digits, that here we call the DC, is
responsible to initiate the chondrogenic differentiation of the cells
displaced from the progress zone.
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