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In the final stages of limb morphogenesis, autopodial cells leaving the progress zone differentiate into cartilage or undergo
apoptotic cell death, depending on whether they are incorporated into the digital rays or interdigital spaces. Most evidence
indicates that these two opposite fates of the autopodial mesoderm are controlled by BMP signaling. However, the
molecular basis for these two distinct actions of BMPs, including the receptors involved in the process, is controversial. In
this study we have addressed this question by exploring the presence in the developing autopod of diffusible signals able to
modulate BMP function and by analyzing the effects of their exogenous administration on the pattern of expression of BMP
receptor genes. Our findings show that tgfB2 and noggin genes are expressed in the condensing region of the developing
digital rays in addition to the well-known distribution in the autopodial tissues of FGFs (apical ectodermal ridge, AER) and
BMPs (AER, progress zone mesoderm, and interdigital regions). Exogenous administration of all the factors causes changes
in the expression of the bmpR-1b gene which are followed by parallel alterations of the skeletal phenotype: FGFs inhibit the
expression of bmpR-1b compatible with their function in the maintenance of the progress zone mesoderm in an
undifferentiated state; and TGFBs induce the expression of bmpR-1b and promote ectopic chondrogenesis, compatible with
a function in the establishment of the position of the digital rays. In addition we provide evidence for the occurrence of an
interactive loop between BMPs and noggin accounting for the spatial distribution of bmpR-1b which may control the size
and shape of the skeletal pieces. In contrast to the bmpR-1b gene, the bmpR-1a gene is expressed at low levels in the
autopodial mesoderm and its expression is not modified by any of the tested factors regardless of their effects on
chondrogenesis or cell death. Finally, the role of BMPs in programmed cell death is confirmed here by the intense inhibitory
effect of noggin on apoptosis, but the lack of correlation between changes in the pattern of cell death induced by treatment
with the studied factors and the expression of either bmpR-1a or bmpR-1b genes suggest that a still-unidentified BMP
receptor may account for this BMP function. © 1998 Academic Press
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INTRODUCTION

In the final stages of limb morphogenesis, the cells
leaving the progress zone in the distal region of the limb
bud (autopod) can have two different fates, chondrogenesis
or apoptotic cell death, depending on whether they are
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incorporated into the digital rays or into the interdigital
regions. In the past few years, considerable evidence has
been found indicating that BMPs are essential mediators in
the specification of these two fates of the autopodial meso-
derm. Three members of this family, BMP-2, BMP-4, and
BMP-7 (OP-1), are coexpressed in the interdigital regions
and in the progress zone mesoderm of the autopod (Francis
etal., 1994; Lyons et al., 1995; Macias et al., 1997; Laufer et
al., 1997). Blocking BMP signaling in limb buds after
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infection with retroviruses carrying dominant negative
BMP receptors results in digit truncation and inhibition of
interdigital cell death (Zou and Niswander, 1996; Yokouchi
et al., 1996). In addition, exogenous administration of
human BMP recombinant proteins promotes cell death or
cartilage overgrowth depending on whether they are applied
to the undifferentiated limb mesoderm or to the prechon-
drogenic blastemas (Macias et al., 1997). The basis for these
two distinct actions of BMPs remains unclear. The involve-
ment of different types of BMP receptors and/or possible
interactions between BMPs and other local soluble factors
might account for such different actions of BMPs.

BMP signaling requires the formation of heterodimers
between protein kinase type | and type Il BMP receptors. At
present, two type | receptors, BMPR-la (BRK-1) and
BMPR-1b (BRK-2), and one type Il receptor (BRK-3) have
been identified although BMPs may also signal through
other TGFpB-related receptors (Yamashita et al., 1995;
Chang et al., 1997). The BmpR-1a gene is expressed at low
levels in the undifferentiated limb mesoderm (Kawakami et
al., 1996; Zou et al., 1997), while the bmpR-1b gene
exhibits well-defined domains of expression in the prechon-
drogenic blastemas (Kawakami et al., 1996; Zou et al.,
1997). It has been proposed that BMPR-1a receptors are
involved in interdigital cell death while BMPR-1b receptors
participate in chondrogenesis (Kawakami et al., 1996;
Enomoto-lwamoto et al., 1998). However, experiments
blocking BMP signaling by retrovirus-induced overexpres-
sion of dominant negative constructs of either one of the
two type | BMP receptors (Zou and Niswander, 1996;
Yokouchi et al., 1996) produce similar effects, including
defective digit growth and inhibition of interdigital cell
death. Whether this apparently contradictory finding might
be explained by secondary sequestration of BMP molecules
by the overexpressed receptor remains to be clarified. More
recently, Zou et al. (1997) using retroviruses carrying a
dominant active or negative BMP type | receptor gene have
reported a double role for bmpR-1b controlling both chon-
drogenesis and cell death. In these experiments misexpres-
sion of either dominant active bmpR-1a or dominant active
bmpR-1b promoted intense chondrogenesis, but only
misexpression of the dominant active bmpR-1b increased
cell death in the undifferentiated mesenchyme. However,
this last effect was only observed when the limbs were
infected at very early stages (before stage 17), although
interdigital regions appeared to regress precociously in
limbs infected at later stages. Unlike the chondrogenic
blastemas, the prospective areas of cell death lack specific
domains of bmpR-1b expression identifiable by in situ
hybridization. Therefore, a question that requires clarifica-
tion is whether cell death induced in those experiments
reflects a physiological function of the bmpR-1b gene.

This study explores a possible explanation for the dual
role of BMPs, promoting chondrogenesis in the digital rays
and cell death in the interdigits, namely that BMP function
is regulated locally by other diffusible molecules able to
influence cell death and/or chondrogenic differentiation.
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Investigation of these hypothetical interactions between
BMPs and other diffusible signals present in the autopod
and their effects on the regulation of BMP-receptor gene
expression may help to clarify the BMP receptor responsible
for each BMP function. Among the possible signaling mol-
ecules which may influence the action of BMPs in the
autopod are FGFs, TGFps, and secreted proteins antagonis-
tic to BMP function. FGFs, which are delivered by the AER,
maintain the progress zone mesoderm in an undifferenti-
ated state (Niswander et al., 1993; Fallon et al., 1994;
Mahmood et al., 1995; Crossley et al., 1996) and local
administration of FGFs to the autopod prevents induced
ectopic chondrogenesis (Gaflan et al., 1996) and delays
interdigital cell death (Macias et al., 1996). TGFBs are
strong chondrogenic signals (Kulyk et al., 1989; Schofield
and Wolpert, 1990; Leonard et al., 1991) and their local
application to the interdigital regions inhibits interdigital
cell death and induces the formation of extra digits (Gafan
et al., 1996). Thus, TGFBs are good candidate signals for
switching BMP function to chondrogenesis instead of apo-
ptosis. However, it is not yet clear if the pattern of expres-
sion of tgfBs in the autopod is compatible with that func-
tion or if the chondrogenic effect of TGFBs is related with
BMP signaling. Finally, several BMP antagonistic secreted
proteins, such as noggin (Zimmerman et al., 1996), chordin
(Piccolo et al., 1996), and follistatin (Feijen et al., 1994;
Fainsod et al., 1997) have been identified in a variety of
embryonic organs. These proteins appear to operate by
binding to specific BMPs, thus avoiding interaction with
their cognate receptors. Whether any of these proteins play
a role in limb morphogenesis modulating BMP function
awaits clarification.

In this study, we have analyzed whether changes in the
pattern of differentiation of the autopodial mesoderm
caused by ectopic administration of growth factors with a
presumed physiological function in limb bud morphogen-
esis, including FGFs, TGFBs, and BMPs themselves, influ-
ence the pattern of expression of BMP receptor genes. In
addition, we have explored the possible involvement of
noggin as a modulator of BMP function during the stages of
digit formation.

MATERIAL AND METHODS

We have employed Rhode Island chick embryos ranging from
days 3.5 to 9 of incubation (stages 22-35; Hamburger and Hamilton,
1951). Eggs were windowed at the desired stages and the right leg
bud was exposed. Heparin or Affi-Gel blue beads incubated in PBS
or in the selected recombinant human protein solutions (see below)
were implanted into the limb mesenchyme. Most experiments
were performed at stages 28-29 and the beads were implanted at
the tip of digit Ill or in the third interdigital space.

The morphology of the limbs was studied after cartilage staining
with Alcian green as described previously (Gafian et al., 1996). The
pattern of cell death was analyzed by vital staining with neutral red
and by Tdt-mediated dUTP nick end labeling (TUNEL) in tissue
sections as described previously (Macias et al., 1997).
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Preparation of Beads

Affi-Gel blue (Bio-Rad) or heparin acrylic beads (Sigma) were
employed as carriers for administration of the selected proteins.
Beads of diameter ranging between 80 and 150 um were selected,
washed in PBS, and incubated for 1 h at room temperature in the
selected protein solution. Recombinant human TGFB1 and TGFg2
(both from R & D Systems) were employed at a concentration of 10
ng/ml. Recombinant human FGF-2 and FGF-4 (R & D Systems)
were employed at 1 mg/ml. The following human recombinant
BMPs (Creative Biomolecules, Hopkinton, MA) were employed at
the indicated concentrations: BMP-2, 1 mg/ml; BMP-4, 0.33 mg/ml;
and OP-1 (BMP-7), 0.5 mg/ml. Human recombinant noggin (Regen-
eron Pharm Inc., Tarrytown, NY; Lot No. 970127) was employed at
1.05 mg/ml.

Probes and in Situ Hybridization

Specific probes for bmpR-1a (BRK-1) and bmpR-1b (BRK-2) were
provided by L. Niswander and T. Nohno. Ck-erg probe was pro-
vided by M. Duterque. Fragments of chicken tgfg2 (743 bp), tgf33
(742 bp), and noggin (667 bp) genes were obtained by RT-PCR.
First-strand cDNA was synthesized with a mixture of random
hexamers (Promega) and 1 ug of total RNA from a day 7.5 autopod.
The following primers (5' to 3’) were used: for chicken tgfp2 gene,
5" primer 5-ATGCACTGCTATCTCCTGAG-3' and 3' primer
5'-CAGGCAGCAATTATCCTGCA-3’; for chicken tgfB83 gene, 5’
primer 5'-TGACAGTGAAGATGACTATG-3' and 3’ primer 5'-
TCTTCCGCATCAACTGT CCA-3’; and for chicken noggin gene,
5" primer 5-AAGGATGGATCATTCCCAGT-3' and 3’ primer
5'-CTAGCAGGAGCACTTGCACT-3'. PCR were performed in a
total volume of 100 wl using Tag DNA polymerase (Gibco BRL).
The cycling conditions were 1 min at 94°C for denaturation, 2 min
at 55°C for annealing, 3 min at 72°C for elongation, and then 10 min
at 72°C after the last cycle (35 cycles). The PCR products were
subsequently cloned into pBluescript SK (Strategene) and the authen-
ticity of the fragments was confirmed by dideoxy sequencing.

In situ hybridization was performed on whole-mount specimens
(see details in Gafan et al.,, 1998) and in tissue sections. For
whole-mount in situ hybridization, samples were treated with
concentrations of proteinase K ranging from 10 to 40 pg/ml for 30
min at 20°C. Best results were obtained with proteinase K at 30
ng/ml. Hybridization with digoxigenin-labeled antisense RNA
probes was performed at 68°C. Reactions were developed with
BCIP/NBT substrate or with purple AP substrate (Boehringer-
Mannheim). In situ hybridization in tissue sections was performed
using digoxigenin-labeled antisense RNA probes as described by
Zou et al. (1997). Specificity of labeling was controlled using sense
RNA probes.

RESULTS

1. Regulation of BMP-Receptor Gene Expression by
TGFBs, FGFs, and BMPs

In the stages of digit formation bmpR-1a and bmpR-1b
genes exhibit distinct patterns of expression in the autopod.
BmpR-1a is expressed at low levels in the undifferentiated
mesenchyme subjacent to the AER, both at the level of the
digital rays and in the interdigital regions (Fig. 1A).
bmpR-1b exhibits well-defined domains of expression in
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the condensing mesenchyme of the digital rays but is not
expressed in the interdigital regions (Figs. 1B-1D). All the
growth factors tested in this study showed prominent
effects on the pattern of expression of bmpR-1b consistent
with their effects on the differentiation of cartilage. By
contrast, none of these factors caused significant modifica-
tions in the expression of bmpR-1a.

At stages 28-29, implantation of beads bearing TGFB1 or
TGFB2 in the interdigital regions blocks interdigital cell death
and promotes the formation of ectopic extra digits (Gafian et
al., 1996). In this study the appearance of these interdigital
cartilages was preceded by the induction of an ectopic domain
of bmpR-1b gene expression (n = 16), first identifiable 10-15
h after the implantation of the bead (10-14 h prior to the
identification of the cartilage with Alcian green). This induced
expression of bmpR-1b followed a precise temporo-spatial
pattern of distribution (Figs. 1E-1G). Initial expression of
bmpR-1b was in the mesenchyme immediately proximal to
the bead (Fig. 1E). In the course of development, expression of
bmpR-1b shifted distally (Fig. 1F) taking by 24-30 h a charac-
teristically elongated shape reminiscent of the distal phalanx
of a digit (Fig. 1G) suggesting that progress zone cells are
recruited into this domain of expression as they lose the
influence of the AER. To discard the possibility that this
pattern of expression was related with an irregular diffusion of
the growth factor from the bead we compared the expression
of bmpR-1b with that of ck-erg, a gene related with the early
events of chondrogenesis also induced by TGFgs (Gafan et al.,
1996). As can be seen in Fig. 1H, ck-erg expression exhibited a
precise concentric distribution around the bead which con-
trasted with the elongated pattern of bmpR-1b expression at
the same interval after implantation of the bead (n = 5).

FGFs constitute the distal signal of the limb bud respon-
sible for the maintenance of the progress zone. Previously,
we reported that implantation of FGF beads delayed inter-
digital cell death and inhibited the chondrogenic effect of
TGFBs (Macias et al., 1996; Gafan et al., 1996). In this
study implantation of FGF beads in the interdigital regions
(n = 9) did not cause modifications in the normal pattern of
expression of BMP-receptor genes in spite of its inhibitory
effect on apoptosis. In contrast, when an FGF bead was
implanted at the tip of the growing digit (n = 18) bmpR-1b
expression was severely inhibited (Fig. 11) and chondrogen-
esis was delayed (not shown). The inhibitory effect of FGFs
on chondrogenesis and bmpR-1b expression was addition-
ally confirmed by performing side-by-side implantation of
one FGF bead and one TGFB bead in the same interdigit
(n = 6). In this experiment interdigital induction of
bmpR-1b by TGFB beads was inhibited (Fig. 1J).

In previous studies we observed that implantation of beads
bearing BMP-2, -4, or -7 in the limb bud was followed by a
dramatic enlargement of the cartilages or by apoptotic cell
death, depending on the stage of mesoderm in the zone of
implantation of the beads (Gafian et al., 1996; Macias et al.,
1997). Our present observations showed that when BMP beads
were implanted at the tip of the growing digits expression of
bmpR-1b was upregulated around the bead except in the
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FIG. 1. (A) In situ hybridization showing the expression of bmpR-1a at stage 30. (B-D) In situ hybridizations showing the expression of
bmpR-1b in the developing autopod at stages 27 (B), 28 (C), and 30 (D). Note the precise domains of bmpR-1b in the digital blastemas except
at the zones of joint formation (arrows) and the low expression of bmpR-1a in the subridge mesoderm and undifferentiated mesenchyme.
(E-G) Ectopic interdigital expression of bmpR-1b gene 15 (E), 20 (F), and 24 h (G) after implantation of a TGFf bead (arrow) in the third
interdigit at stage 28. Note the progressive distal displacement of the induced domain of bmpR-1b gene expression in the course of
development. (H) In situ hybridization with ck-erg in a leg bud autopod 24 h after implantation of a TGF bead in the third interdigit. Note
the precise concentric distribution around the bead of this gene (arrow) in contrast to the distribution of bmpR-1b (G) at the same interval
after implantation of the TGFB bead. (I) Expression of the bmpR-1b gene 24 h after implantation of a FGF bead at the tip of digit Ill. Note
that the distal distribution of this gene is inhibited by the FGF bead (compare with D). (J) Expression of the bmpR-1b gene 24 h after
implantation in the third interdigit of one TGFp bead (white bead, arrow) and a FGF bead (blue bead, arrow). Note that under this condition
TGFB beads fail to induce the expression of bmpR-1b in comparison with the large ectopic expression domain of this gene illustrated in
G. (K) Expression of bmpR-1b 18 h after the implantation of a BMP bead at the tip of digit Ill. Note the intense upregulation of this gene
by the bead and the absence of gene expression in the mesenchyme distal to the bead (arrow). (L) bmpR-1b expression 24 h after the
implantation of a BMP bead in the third interdigit at stage 29 (arrow). Note that there is not ectopic interdigital expression of bmpR-1b
around the bead, and gene expression in the adjacent digits appears displaced from the axis of the phalanges toward their interdigital margin
lacking the joint interruptions observed in normal limbs (compare with D).
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undifferentiated distal mesenchyme which underwent cell
death (Fig. 1K; n = 12). In agreement with previous results,
BMP beads implanted in the interdigits accelerated pro-
grammed cell death but neither bmpR-1a nor bmpR-1b was
induced in the interdigital mesenchyme (Fig. 1L; n = 16).
However, there was a significant modification in the expres-
sion of the bmpR-1b gene in the adjacent digits, with the
spatial distribution appearing displaced toward the margin of
the digits adjacent to the bead (Fig. 1L).

2. TgfB2 Gene Is Expressed in the Digital Rays and
Is Regulated by TGFBs, FGFs, and BMPs

In view of the ability of TGFBs to induce ectopic extra-
digits, we analyzed the expression of tgfg2 and tgfB3 genes
in the course of digit morphogenesis. Tgf32 was the only
one of these genes that exhibited a pattern of expression
compatible with a role in digit morphogenesis. Transcripts
of this gene were associated with the digital rays from stage
26. As shown in Figs. 2A-2C, the tgfB2 gene was first
expressed in the mesenchyme running dorsally and ven-
trally to the condensing digital blastemas and by stages
28-29, tgfB2 transcripts were distributed in the anlage of
the tendons, the zones of interphalangeal joint formation,
and in the distal tip of the growing digits (Figs. 2C and 3).
TgfB-3 was only expressed in the developing tendons (not
shown). Implantation of TGFB beads in the interdigital
region was followed by upregulation of the tgfp2 gene in a
temporal and spatial pattern similar to that of bmpR-1b
(Figs. 2D-2F; n = 16).

As observed in the case of the bmpR-1b gene, tgfp2 is
upregulated at the tip of digits after treatments with BMP
beads (n = 9) and the expanded domain also excludes the
most distal mesenchyme (Fig. 2G) which undergoes cell
death after this treatment (Ganan et al., 1996). The pheno-
type of the digits following this BMP treatment (Fig. 2H)
was fully consistent with the new pattern of tgfp2 (Fig. 2G)
and bmpR-1b (Fig. 1K) gene expression.

Also as observed for bmpR-1b, FGFs implanted at the tip
of the digits delayed the distal progress of tgf32 expression
at the tip of the digits (Fig. 21).

3. Noggin Is Expressed in the Developing Autopod
and Blocks Digit Growth and Interdigital Cell
Death

Implantation of noggin beads at the tip of the growing
digits caused digit truncation (Fig. 4A). During the first
20-40 h after the implantation of the beads the progress
zone cells accumulated at the tip of the digit without
differentiating (Fig. 4B). By 48 h after the implantation of
the bead these cells underwent massive cell death by
apoptosis (Figs. 4C and 4D). In correlation with this anti-
chondrogenic effect of noggin, bmpR-1b expression at the
tip of the treated digit was downregulated 20 h after the
implantation of the noggin bead (Fig. 4E). We then ad-
dressed the question of whether noggin beads were able to
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block ectopic TGFB-induced chondrogenesis. To this end,
one TGFpB bead and one noggin bead were implanted in the
same interdigit. Under these conditions ectopic chondro-
genesis was not blocked but significantly impaired as de-
duced by the absence of formation of extra digits and by the
reduced size of the ectopic cartilages (not shown). Implan-
tation of noggin beads in the interdigital regions did not
cause modifications in the pattern of BMP-receptor genes
but was followed by an intense temporal inhibition of
interdigital cell death (Figs. 4F and 4H-4K). This inhibitory
effect was transient and cell death was restored 40 h after
the implantation of the beads (Fig. 4G) when cell death was
no longer present in the control limbs (Fig. 4D).

In view of the effects of exogenous noggin in digit
morphogenesis we analyzed its expression in the course of
digit development (Figs. 5A-5E). Noggin gene exhibited a
precise pattern of distribution in the developing limb from
stage 25 to 26 coincidentally with the formation of the
digits. At these stages noggin expression was intense in the
condensing digital rays and in the anterior and posterior
margins of the zeugopod (Fig. 5A). A small domain of noggin
expression which was maintained up to stage 30 was also
detected in the posterior margin of the autopod (Figs. 5A
and 5B). From stage 29 to 30, noggin transcripts localized
through the whole extension of the cartilage elements of
the autopod except at the joint-forming regions (Figs. 5B and
5C). Later in development (from stage 32 to 33) noggin
expression concentrated at the prehypertrophic cartilage of
the developing diaphyses and in the interzone mesenchyme
of the differentiating joints (Figs. 5D and 5E). At these
stages noggin was also expressed in the differentiating
muscles (not shown).

4. FGF and BMPs Regulate noggin Expression

Possible interactions between noggin and the other
growth factors present in the autopod were studied by
analyzing the influence of beads bearing FGF, TGFgs, or
BMPs on the pattern of noggin expression. FGF beads
implanted at the tip of the growing digits inhibited the
expression of noggin (Fig. 5F; n = 5). BMP beads implanted
at the tip of the digits caused a prominent expansion of the
domain of noggin expression identifiable 12-14 h after
implantation of the beads (Fig. 5G; n = 9). By contrast, BMP
beads were unable to induce an ectopic expression of noggin
when they were implanted in the interdigital regions (not
shown). When TGFf beads were implanted in the interdigi-
tal regions, noggin was detected 30 h after treatment, when
the ectopic digit was formed, but not earlier (Fig. 4H; n = 8),
in contrast with the early induction of bmpR-1b which was
evidenced as soon as 10 h after implantation of TGFS beads.

DISCUSSION

The formation of limb skeleton constitutes a paradig-
matic model for analyzing the molecular basis of morpho-
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FIG. 2.

(A-C) In situ hybridizations showing the expression of the tgfB2 gene in the developing leg bud at stages 28 (A), 30 (B), and 31 (C).

All the specimens are viewed from the dorsal surface. Positivity is observed in the developing tendons, joints (arrows), and in the distal tip
of the growing digits (arrowheads). (D-F) Ectopic interdigital expression of the tgf32 gene 16 (D), 20 (E), and 24 h (F) after the implantation
of a TGFB bead in the third interdigit (arrow) at stage 28. Note that the ectopic distribution of this gene is similar to that of bmpR-1b (Figs.
1E-1G). (G) Expression of the tgf32 gene 24 h after implantation of a BMP bead at the tip of digit Ill. Note the intense upregulation induced
by the bead which shows a pattern similar to that observed for bmpR-1b following the same treatment (Fig. 1K). (H) Whole-mount
cartilage-stained leg bud autopod showing the morphology of digit Il after implantation at stage 28 of a BMP bead (arrow) at its distal tip.
Note the enlargement of the phalanx around the bead and the distal bifurcation of the digit. (I) Expression of the tgfp2 gene 22 h after
implantation of a FGF bead at the tip of digit Ill. Note the intense inhibition of tgf32 gene expression in the treated digit (compare with B).

genesis in vertebrates. Information accumulated over the
past decade provides detailed knowledge of the molecular
basis for the establishment of spatial coordinates within the
early limb bud which precedes and controls the subsequent
appearance of the skeleton (see review by Tickle and
Eichele, 1994). How these early signals are later translated

into particular skeletal morphologies remains largely un-
known, but diffusible signals regulating proliferation, dif-
ferentiation, and cell death are the most likely candidate
molecules for this function. In this study we show that in
the autopodial plate of the developing limb bud there are
well-defined domains of tgf32 and noggin in the digital rays,
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A

.

FIG. 3. tgfB2 gene expression in transverse (A) and longitudinal (B)
sections of leg bud autopods at stages 30 (A) and 31 (B). Positive
staining is observed at the distal tip of the developing digits (arrow)
and developing joints (arrowheads) as well as in the developing
tendons.

in addition to the well-characterized distribution of FGFs in
the AER (Mahmood et al., 1995; Vogel et al., 1996) and
BMPs in the progress zone and interdigital regions (Francis
et al., 1994; Laufer et al., 1997). Furthermore, we provide
evidence showing that the formation of the digital rays is
controlled by interactions among all these diffusible sig-
nals. These interactions regulate the spatial distribution of
bmpR-1b gene expression in the digit-forming mesen-
chyme, which prefigures the morphology of the future digit
(summarized in Fig. 6). In contrast, expression of bmpR-1a
is not modified by the growth factors affecting the estab-
lishment of the digital rays. This indicates that the chon-
drogenic influence of this receptor occurs at later stages of
cartilage maturation in agreement with Zou et al. (1997).
The involvement of bmpR-1b in digit chondrogenesis has
been recently proposed on the basis of its pattern of expres-
sion in the limb bud and by functional studies using
retroviruses carrying dominant negative or dominant active
constructs of this gene (Kawakami et al., 1996; Zou et al.,
1997). Our present observations show that the effects on
chondrogenesis induced by exogenous administration of
FGFs, TGFBs, and BMPs are preceded by changes in the
expression of bmpR-1b consistent with a role of this recep-
tor in the onset of chondrogenesis. In addition, digit forma-
tion is blocked by exogenous administration of noggin, a
BMP antagonist that inhibits the binding of BMP-2, -4, and
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-7 to their receptors (Zimmerman et al., 1996). All these
findings indicate that bmpR-1b is a physiological trans-
ducer for the formation of digital cartilages, rather than a
circumstantial molecular marker of chondrogenesis.

A basic requirement for the maintenance of limb outgrowth
is that the distal mesoderm remains in an undifferentiated and
proliferating state. There is a great deal of evidence indicating
that FGFs are the AER signals which serve these functions
(Niswander et al., 1993; Fallon et al., 1994; Mahmood et al.,
1995; Vogel et al., 1996). Accordingly, exogenous administra-
tion of FGFs inhibits ectopic TGFB-induced chondrogenesis
(Gafnan et al., 1996). Our present findings showing that FGFs
downregulate bmpR-1b at the tip of the digit and block its
ectopic induction by TGFfs provide mechanistic evidence for
the above-mentioned effect of FGFs. In addition, FGF beads
inhibit the expression of noggin and tgfB2 at the tip of the
digits. The inhibitory effect of FGFs on the expression of genes
associated with digit-forming regions is compatible with a role
of this factor in the induction of msx genes (Kostakopoulou et
al., 1997) which are transcriptional repressors characteristi-
cally expressed in the progress zone and interdigital meso-
derm.

TGFpBs are able to induce ectopic extra digits when they
are administered to the interdigital mesoderm (Gafian et al.,
1996) suggesting that members of this family may serve as
chondrogenic proximal signals opposite to FGFs responsible
for the establishment of the digital rays. In this study we
show that tgfp2 exhibits a pattern of expression in the
growing digits compatible with a function in the control of
digit chondrogenesis and joint and tendon formation. In
accordance with this finding, mice deficient in TGFB2
exhibit limb skeletal abnormalities (Sanford et al., 1997)
and targeted disruption of TGFgB signaling causes severe
joint alterations (Serra et al., 1997). However, gross digital
alterations are not present in these mutant mice. This could
be explained by a functional redundancy between different
TGFBs, since several TGFB isoforms are expressed during
the early stages of chondrocyte differentiation in the mouse
and human (Sandberg et al., 1988; Gatherer et al., 1990;
Pelton et al., 1990; Millan et al., 1991). Our study also
shows that ectopic chondrogenesis induced by TGFB beads
is preceded by the induction of bmpR-1b suggesting that
chondrogenesis by TGFfs is mediated through BMP signal-
ing. In accordance, noggin, which inhibits BMPs but not
TGFBs (Zimmerman et al., 1996), significantly reduces the
size of cartilages induced by TGFB beads.

In addition to the observation showing the influence of
FGFs and TGFs through bmpR-1b in the establishment of
the digital rays as discussed above, we have found evidence
for an interactive feedback loop between noggin and BMPs
which controls digit skeletogenesis. The noggin gene is
coexpressed with bmpR-1b in the condensing region of the
growing digits and exogenous noggin downregulates
bmpR-1b and blocks digit formation. Since all data avail-
able show that noggin functions by interacting with and
inhibiting BMPs, the observed downregulation of bmpR-1b
by noggin indicates that stimulation of BMPR-1b receptor
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FIG. 4. (A) Whole-mount cartilage-stained leg bud autopod illustrating the phenotype of the autopod after the implantation at stage 28 of
anoggin bead at the tip of digit I1l. Note the severe truncation of the treated digit. Arrow shows the position of the bead. (B) Leg bud autopod
24 h after the implantation of a noggin bead at the tip of digit 11l (arrow) vital stained with neutral red. Note that mesodermal cells around
the bead remain undifferentiated and healthy. (C, D) Experimental (C) and control (D) autopods 50 h after the implantation of a noggin bead
at the tip of digit 1, vital stained with neutral red. Note the area of cell death at the tip of the treated digit. (E) Expression of bmpR-1b in
an experimental autopod 22 h after implantation of noggin beads at the tip of digit Ill. (F) Detailed view of control and experimental
autopods showing the inhibition of interdigital cell death by noggin. The limbs were stained with neutral red 20 h after implantation of a
noggin bead (arrow) in the third interdigit at stage 30. (G) Experimental leg bud 48 h after the implantation of a noggin bead in the third
interdigit (arrow) vital stained with neutral red. Note that cell death is now restored in the interdigital mesenchyme (compare with D,
which is a control limb of an equivalent stage). (H-K) Illustrations showing the inhibitory effect of noggin on interdigital cell death by
means of TUNEL assay. H and | are control (H) and experimental (1) interdigits of the same embryo 18 h after implantation of a noggin bead
(arrowhead) at stage 30. Arrows show the areas of physiological cell death in the developing joints of digit Ill. J and K are detailed views
showing the pattern of interdigital apoptosis 20 h after the implantation of a noggin bead (J) and a control bead soaked in PBS (K). Note the
intense inhibition of apoptosis around the bead in J in comparison with the normal pattern of cell death observed in K.
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FIG.5. (A, B)Whole-mount in situ hybridizations showing the expression of noggin in the leg bud autopod at stages 26 (A) and 30 (B). Note
that the expression of this gene in the developing digital rays is coincident with that of bmpR-1b (compare B with Fig. 1B) (C) Expression
of noggin in a tissue section of the leg bud autopod at stage 31. Note that expression is high through the cartilaginous elements of the digital
rays and absent from the zones of joint formation (arrows). (D) Longitudinal section of digit IV at stage 32 showing the appearance of noggin
transcripts in the differentiating interphalangeal joints (arrows) at this stage. (E) Longitudinal section of the proximal phalanx of digit Il at
stage 34 showing the accumulation of noggin transcripts in the cartilage in the course of hypertrophic differentiation at the central region
of the diaphysis and in the differentiating joint tissues (arrows). (F, G) Regulation of noggin expression by FGF-2 (F) and BMP-2 (G) 20 h after
the implantation of beads at the tip of digit Ill. Note the intense downregulation caused by the FGF bead (F) and the upregulation caused
by the BMP bead (G). Note that as observed for bmpR-1b, upregulation of noggin is not observed in the mesenchyme distal to the BMP bead
(G, arrow). (H) Expression of noggin 24 h after the implantation of a TGF bead in the third interdigit. Note that noggin is not yet expressed
in association with the bead, although the ectopic cartilage induced by the bead is already present.

upregulates its own gene expression. The observed upregu- developing cartilages (Duprez et al., 1996; Macias et al.,

lation of bmpR-1b following treatment with BMPs also
supports this interpretation. However, BMPs also upregu-
late the noggin gene, thus forming an interactive loop
which may control the size and shape of the developing
cartilages. Such a mechanism would avoid the formation of
abnormally large cartilages, which happens in experiments
when the local concentration of BMPs is increased in the

1997). All these findings provide a molecular basis for the
mechanisms regulating chondrogenesis in the autopod
which is summarized in Fig. 6.

The inhibition of cell death observed here following
implantation of noggin beads in the interdigital regions
supports previous studies implicating BMPs in this func-
tion (Zou and Niswander, 1996; Gafan et al., 1996; Yoko-
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FIG. 6. (A) Model of interactions between the secreted signals

present in the autopod in the course of digit formation. (B) Sche-
matic representation of the tip of a growing digit and its adjacent
regions showing the topographical distribution of the signals indi-
cated in A.

uchi et al., 1996; Kawakami et al., 1996; Macias et al.,
1997). Previous experiments overexpressing modified type |
BMP receptors in the limb bud provided contradictory
results concerning the BMP receptor involved in cell death
(Zou and Niswander, 1996; Yokouchi et al., 1996). Zou et
al. (1997) recently reported that infection of early limb buds
with retroviruses carrying a dominant active bmpR-1b gene
is followed by massive cell death suggesting a role for this
receptor in the physiological control of cell death. In accor-
dance with the absence of expression of bmpR-1b in the
interdigital regions, our findings argue against that interpre-
tation. As discussed above, inhibition of interdigital cell
death by TGFBs was accompanied by the formation of an
ectopic domain of bmpR-1b. In addition, upregulation of
bmpR-1b after the implantation of BMP beads at the tip of
the digits characteristically excludes the area of cell death
induced at the tip of the digit by this treatment (Macias et
al., 1997). Thus, cell death caused by overexpression of the
dominant active bmpR-1b may not be a physiological

Merino et al.

response of the undifferentiated limb mesoderm. However,
we have not found evidence supporting the alternative
implication of bmpR-1a in cell death (Kawakami et al.,
1996; Yokouchi et al., 1996). None of the treatments
causing modifications in the pattern of cell death were
accompanied by changes in the expression of this gene,
including inhibition of cell death by FGFs or by TGFfBs or
induction of cell death by BMPs. In this case, our observa-
tions are in agreement with the lack of cell death observed
in experiments of overexpression of a dominant active
bmpR-1a (Zou et al., 1997). A tempting hypothesis which
would explain these contradictory findings is the existence
of a still unidentified BMP receptor containing the charac-
teristic death domain present in other proapoptotic recep-
tors (see Wallach, 1997) which may be responsible for this
BMP function, as has been observed for the neurotrophins
(see Dechant and Barde, 1997).
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