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SUMMARY
We have analyzed the pattern of expression of several genes
implicated in limb initiation and outgrowth using limbless
chicken embryos. We demonstrate that the expressions of
the apical ridge associated genes, Fgf-8, Fgf-4, Bmp-2 and
Bmp-4, are undetectable in limbless limb bud ectoderm;
however, FGF2 protein is present in the limb bud
ectoderm. Shh expression is undetectable in limbless limb
bud mesoderm. Nevertheless, limbless limb bud mesoderm
shows polarization manifested by the asymmetric
expression of Hoxd-11, -12 and -13, Wnt-5a and Bmp-4
genes. The posterior limbless limb bud mesoderm, although
not actually expressing Shh, is competent to express it if
supplied with exogenous FGF or transplanted to a normal
apical ridge environment, providing further evidence of
mesodermal asymmetry. Exogenous FGF applied to
limbless limb buds permits further growth and determination of recognizable skeletal elements, without the development of an apical ridge. However, the cells competent to
express Shh do so at reduced levels; nevertheless, Bmp-2 is
then rapidly expressed in the posterior limbless mesoderm.
limbless limb buds appear as bi-dorsal structures, as the
entire limb bud ectoderm expresses Wnt-7a, a marker for
dorsal limb bud ectoderm; the ectoderm fails to express
En-1, a marker of ventral ectoderm. As expected, C-Lmx1,
which is downstream of Wnt-7a, is expressed in the entire

INTRODUCTION
The first indication of the chick wing bud is a condensation of
somatopleural mesoderm opposite somites 15-20 at Hamburger
and Hamilton stage 16 (Hamburger and Hamilton, 1951). The
initial wing bud appears during stage 17 covered by a simple
cuboidal epithelium (Todt and Fallon, 1984). During stage 18,
the ectoderm at the distal margin of the bud differentiates into a
pseudostratified columnar epithelium that is called the apical
ectodermal ridge (Saunders, 1948; Todt and Fallon, 1984).

limbless limb bud mesoderm. We conclude that anteroposterior polarity is established in the initial limb bud prior to
Shh expression, apical ridge gene expression or dorsalventral asymmetry. We propose that the initial pattern of
gene expressions in the emergent limb bud is established by
axial influences on the limb field. These permit the bud to
emerge with asymmetric gene expression before Shh and
the apical ridge appear. We report that expression of Fgf8 by the limb ectoderm is not required for the initiation of
the limb bud. The gene expressions in the pre-ridge limb
bud mesoderm, as in the limb bud itself, are unstable
without stimulation from the apical ridge and the polarizing region (Shh) after budding is initiated. We propose that
the defect in limbless limb buds is the lack of a dorsalventral interface in the limb bud ectoderm where the apical
ridge induction signal would be received and an apical
ridge formed. These observations provide evidence for the
hypothesis that the dorsal-ventral ectoderm interface is a
precondition for apical ridge formation.

Key words: pattern formation, limb initiation, axial influence,
dorsoventral compartments, Fibroblast Growth Factors, Hoxd genes,
Sonic Hedgehog, Bone Morphogenetic Proteins, Wnt-7a, C-Lmx1,
Engrailed-1

Classical transplantation experiments have shown that the limb
mesoderm induces the apical ridge in the overlying ectoderm
and that the flank ectoderm also has the ability to form an apical
ridge when in contact with limb field mesoderm (Kieny 1960,
1968; Saunders and Reuss, 1974; Carrington and Fallon, 1984a).
If the apical ridge is surgically removed it does not regenerate
and predictable proximodistal truncations result in the limb that
develops (Saunders, 1948; Summerbell, 1974; Rowe and Fallon,
1982). A variety of experiments demonstrate that the apical ridge
gives a permissive signal that maintains the cells beneath it in
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an undifferentiated and replicating state (Zwilling, 1955; Rubin
and Saunders, 1972). The ridge then permits limb bud elongation
and it is proposed that as cells leave apical ridge influence they
differentiate (Summerbell et al., 1973).
Two other signaling centers corresponding to the anteroposterior and dorsoventral limb axes have been described. The
anteroposterior limb axis is assumed to be controlled by a
region of mesoderm along the posterior border of the limb bud;
these cells will induce mirror-image duplications of the anteroposterior axis if grafted to the anterior margin of the wing
(Saunders and Gasseling, 1968; Tickle et al., 1975). The third
signaling center is the ectoderm that appears to mediate patterning of the dorsoventral axis (Pautou and Kieny, 1973;
MacCabe et al., 1974; Riddle et al., 1995; Vogel et al., 1995).
Several genes have been identified whose products are related
to the activities of these signaling centers. Members of the
fibroblast growth factor (FGF) family are expressed by the apical
ridge, including Fgf-2 (Savage et al., 1993; Dono and Zeller,
1994; Savage and Fallon, 1995), Fgf-4 (Suzuki et al., 1992;
Niswander and Martin, 1992) and Fgf-8 (Heikinheimo et al.,
1994; Ohuchi et al., 1994; Mahmood et al., 1995; Crossley and
Martin, 1995; Crossley et al., 1996; Vogel et al., 1996). Each of
the three proteins functionally substitute for the apical ridge
(Niswander et al. 1993; Fallon et al., 1994; Mahmood et al.,
1995; Crossley et al., 1996; Vogel et al., 1996). The expression
of Sonic hedgehog (Shh) in the limb bud spatially and temporally colocalizes with the mapped polarizing region (Riddle et
al., 1993). Ectopic expression of Shh (Riddle et al., 1993; Chang
et al., 1994) or application of N-SHH protein (López-Martínez
et al., 1995) at the anterior border of the limb causes duplications comparable to polarizing region grafts. Consequently, Shh
is envisaged as the endogenous polarizing region signal. Finally,
WNT-7a has been proposed as the factor responsible for the
action of the dorsal ectoderm on dorsoventral patterning through
the induction of the LIM homeobox gene C-Lmx1 (Parr and
McMahon, 1995; Yang and Niswander, 1995; Riddle et al.,
1995; Vogel et al., 1995). It is proposed that the three signaling
centers act in feedback loops that maintain their own unique
syntheses and activate or maintain downstream gene expression
(Laufer et al., 1994; Niswander et al., 1994).
Recent approaches have focused attention on the limb field
and how initiation or budding of the limb bud is accomplished.
Application of FGF1, 2, 4 or 8 to the embryonic chick flank
results in ectopic limb induction (Cohn et al., 1995; Mima et
al., 1995; Ohuchi et al., 1995; Crossley et al., 1996; Vogel et
al., 1996). This suggests that one or more of the FGFs may be
the endogenous signal responsible for limb induction, and when
applied to a responsive tissue, initiates a cascade of events that
results in the development of an additional limb. Of the different
FGFs, FGF2 may be a candidate for the initial signal because
it is expressed in the ectoderm, although its expression is widespread (Savage et al., 1993; Savage and Fallon, 1995). FGF4 is
unlikely to be the endogenous signal because it is expressed in
the posterior apical ridge only after the limb bud is initiated and
the apical ridge is formed (Niswander and Martin, 1992; Laufer
et al., 1994). Fgf-8 is expressed throughout the limb field
ectoderm very early, before apical ridge formation, leading to
the hypothesis that it is required for limb initiation (Heikinheimo et al., 1994; Mahmood et al., 1995; Crossley and Martin,
1995; Crossley et al., 1996; Vogel et al., 1996).
Useful information regarding gene expression associated

with budding may be obtained by study of the limbless mutant.
limbless is a simple Mendelian autosomal recessive mutation
that in the homozygous condition is characterized by chicks that
lack wings and legs (complete amelia, Prahlad et al., 1979).
Although the mutation causes defects in no other organs, it is
effectively lethal because the chicks are unable to hatch without
legs (Carrington and Fallon, 1984b; Lanser and Fallon, 1984).
Previous studies have shown that limb buds arise normally in
limbless embryos and are morphologically indistinguishable
from normal embryos until stage 19. However, no apical ridge
forms and the entire limb bud mesoderm undergoes cell death
beginning at stage 19-20, such that all signs of the buds have
disappeared by stage 24 (Fallon et al., 1983). Experiments
recombining limbless limb bud or limb field mesoderm with
normal ectoderm and vice versa demonstrated that the limbless
mesoderm was able to induce and maintain an apical ridge
(Fallon et al., 1983; Carrington and Fallon, 1988). This and
other evidence leads to the conclusion that the limbless defect
is in the ability to form an apical ridge. The unique properties
of limbless embryos provide an excellent model for dissecting
molecular mechanisms governing limb initiation.
MATERIALS AND METHODS
Manipulation of chick limbless mutant embryos
limbless mutant and normal embryos were obtained from a heterozygous mating flock maintained at the University of Wisconsin Poultry
Science Department (Madison, WI). Homozygous mutant embryos
have the limbless phenotype while heterozygous and homozygous
wild type embryos have the normal phenotype. Eggs were routinely
incubated and opened with a dental drill and sealed with Scotch Magic
Transparent tape. At the earlier stages of limb development (up to
stage 19) the limbless phenotype is not recognizable. To analyze gene
expression in limbless embryos before the phenotype is recognizable,
we removed the right wing buds from embryos at the appropriate
stages, and allowed the embryo to develop to show the phenotype.
Alternatively, for whole-mount in situ hybridization, we used large
numbers of embryos of the appropriate stage where approximately
one quarter of these embryos should be homozygous for the limbless
gene. These two methods always gave the same results.
Polarizing activity assay
The limbless phenotype can be clearly recognized during stage 19.
We assayed for polarizing activity in the posterior mesoderm of either
wings or legs of stage 20 limbless embryos; both gave the same
results. Two facts were noted: cell death begins in the mid-distal
limbless mesoderm away from the posterior mesoderm; stage 20
limbless limb buds provided with a normal ectodermal jacket with a
ridge will form limbs (Fallon et al., 1983). A small piece of limbless
mesoderm from the region of maximal polarizing activity was grafted
under the anterior apical ridge of stages 20-21 normal wing buds
following the procedure of Tickle (1981). Similar pieces of mesoderm
taken from the anterior margin of the limb bud were used as controls.
After 7 more days of incubation the embryos were fixed, stained with
Victoria blue and the digit pattern analyzed. The expression of Shh in
the grafted tissue was analyzed 24 hours after the operation.
Polarizing activity was quantified by the method described by
Vogel and Tickle (1993). An extra digit 4 was scored as 1.0, digit 3
as 0.67, digit 2 as 0.33 and an extra cartilage as 0.13. Only the most
posterior digit was scored for each graft and the activity for a particular set was obtained by averaging.
Applications of FGF-soaked beads to limbless embryos
Affigel-blue beads (BioRad, 153-7301) or heparin acrylic beads
(Sigma, H5263) were soaked in FGF1, FGF2 (0.5 mg/ml, and
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1 mg/ml; gifts from B. B. Olwin), FGF8 (0.5 mg/ml; Vogel et al.,
1996) or FGF4 (0.85 mg/ml; a gift from Genetics Research Institute,
Cambridge, MA) for 1 hour. The beads were grafted mid-distally in
the limb field of limbless embryos. The embryos were either allowed
to develop for whole-mount cartilage staining, or fixed at succeeding
times in 4% paraformaldehyde in phosphate-buffered saline for in situ
hybridization.

condition, we expected that approximately 25% of the embryos
would be homozygous and later display the limbless
phenotype. Accordingly, we found that approximately 75% of
the embryos exhibited the normal pattern of expression of Fgf4, Fgf-8, Bmp-2 and Bmp-4 (Fig. 1; normal) while 21% (15 of

In situ hybridization, whole mounts and
tissue sections
Digoxigenin-labeled antisense riboprobes were
prepared and used for whole-mount in situ hybridization according to the procedure of Nieto et al. (1995).
35S-labeled riboprobes were prepared and the hybridization to tissue sections performed essentially as
described by Wilkinson and Nieto (1993). The probes
used were Shh (kindly provided by J. Dodd), Fgf-4,
Bmp-2, Bmp-4, Wnt-7a, Wnt-5a, Hoxd-11, Hoxd-12
and Hoxd-13 (kindly provided by C. Tabin), Fgf-8
and C-Lmx1 (isolated by us), En-1 (kindly provided
by A. Joyner).
Immunohistochemical localization of FGF2
Performed as described by Savage et al. (1993) using
monoclonal antibody 148.2.1.1. Briefly, paraffin
sections were covered with primary antibody at a
dilution of 1:1000 and incubated overnight in a humid
chamber at 4˚C. After washing, biotinylated goat antimouse secondary antibody was applied. The slides
were washed and incubated with streptavidin peroxidase according to the Vector protocol. Antibody
localization was visualized using diaminobenzidine.
As a control, the procedure was run without the
primary antibody; these were always negative.

RESULTS

limbless ectoderm does not express
apical ridge markers, but both dorsal
and ventral ectoderm express Wnt-7a
and FGF2 protein is present
In the normal chick limb bud Fgf-4, Fgf-8, Bmp2 and Bmp-4 are expressed in the apical ridge.
Fgf-8, Bmp-2 and Bmp-4 transcripts are detected
throughout the length of the apical ridge while
Fgf-4 expression is restricted to the posterior
apical ridge (Francis et al., 1994; Niswander and
Martin, 1992; Laufer et al., 1994; Mahmood et
al., 1995). Fgf-8 is normally expressed in the
ectoderm of the prospective limb territory and
becomes progressively confined to the distal
pre-ridge ectoderm and eventually to the ridge
as it develops (Mahmood et al., 1995; Crossley
et al., 1996; Vogel et al., 1996). We have
analyzed the expression of these four apical
ridge markers in limbless embryos from stage 16
through stage 20. The limbless phenotype is not
discernible up to stage 19; consequently, for
each of the above mentioned genes, we
hybridized several dozen embryos of the
limbless heterozygote matings before their
phenotype was discernible. As the limbless
mutation is only manifested in the homozygous

Fig. 1. Expression pattern of Shh, Fgf-4, FGF2, Bmp-2 and Fgf-8 in normal and
limbless embryos. (A) Expression of Shh and Fgf-4 in a normal chick embryo. The
hybridization was performed for both genes with the same stain in order to allow better
comparison of the results. Arrows indicate Fgf-4 in the apical ridge. (B) Shh and Fgf-4
pattern of expression in a limbless embryo. Note normal expression of Shh in floorplate
(arrowheads) and of Fgf-4 in somitic mesoderm (arrows) while there is no detectable
expression of these genes at the level of the limbless wing buds. (C) Expression of
FGF2 in normal and limbless embryos. Arrows indicate staining in the myotome and
arrowheads indicate ectodermal staining. (D) Expression of Bmp-2 in a normal chick
embryo. Arrows indicate apical ectodermal ridge expression. (E) There is no detectable
expression of Bmp-2 in the limbless wing buds. (F) Bmp-2 expression is normal on the
growing atrio-ventricular cushions (arrows) of the same limbless embryo.
(G) Expression of Fgf-8 mRNA in a normal chick embryo. (H) Expression of Fgf-8 in
a limbless chick embryo showing no detectable expression at the level of the wing
buds, while expression is normal in somitic mesoderm (arrows). (I) Expression of Fgf8 in a 29 somite limbless embryo showing normal expression in somites (arrows
indicate somite 16 and 17) and intermediate mesoderm (mesonephros, arrowheads).
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71) of the embryos lacked or showed altered expression of
mouse and chick (Davis et al., 1991; Gardner and Barald,
these genes in the developing limb (Fig. 1; limbless). Since this
1992). We found that expression of En-1 in limbless wing buds
percentage corresponded to the predicted number of homozywas undetectable while it was at the normal level in the ventral
gous embryos and only the limb buds showed abnormal gene
body ectoderm and mesoderm (Fig. 2E, compare with 2F). The
expression patterns, we inferred that the embryos lacking
expression of Wnt-7a throughout the limbless wing bud
expression of these genes were the limbless embryos. Furtherectoderm and C-Lmx1 throughout the mesoderm, together with
more, the lack of expression of Fgf-4, Fgf-8 and Bmp-2 was
the absence of En-1 indicates there is a lack of a dorsal-ventral
confirmed in limbless wings isolated from the embryo in ovo
boundary in the limbless wing bud and that it is a bi-dorsal
and fixed at stage 17, 18 or 19 and the embryo allowed to
structure.
develop to confirm the phenotype (see Materials and Methods).
limbless posterior wing bud mesoderm does not
This failure of expression in the homozygous limbless embryos
express detectable levels of Shh in situ, but exhibits
was restricted to the limb, since expression of these genes in
polarizing activity
all other embryonic structures was indistinguishable from
normal embryos (Fig. 1). For example, for Fig. 1A,B we
In the normal wing bud, Shh mRNA is first detected in the
performed in situ hybridization for Fgf-4 and Shh on the same
posterior limb bud mesoderm of stage 17 embryos and coloembryos; the normal expression of Fgf-4 in the somites
calizes with the mapped polarizing region through stage 29
(arrows) contrasts with the lack of expression in the limb of
(Riddle et al., 1993). In contrast, Shh expression was never
limbless embryos. Similarly, Shh is normally expressed
detected by in situ hybridization in the wing bud mesoderm of
throughout the embryo e.g. the notochord, floor plate of the
stage 16 to 24 limbless embryos analyzed both in whole mount
neural tube, gut and developing brain (not shown).
and in sections (Figs 1A and 4A). As noted above, this lack of
Because it is known that limbless embryos do not form an
an endogenous Shh expression domain was specific to the limb
bud.
apical ridge, we expected the lack of Fgf-4 expression in the
The absence of Shh transcripts in limbless limb mesoderm
limbless limb ectoderm. However, it was not expected that
limbless presumptive limb ectoderm would lack
expression of Fgf-8 because limbless embryos
do initiate limb bud development. These results
demonstrate that Fgf-8 expression in the limb
ectoderm is not required for limb bud initiation.
Using a specific antibody, we found that the
entire limbless limb bud ectoderm expressed
FGF2 protein (Fig. 1C; Savage et al., 1993).
Bmp-2 and Bmp-4 are also expressed in the
normal limb apical ectoderm at very early stages
(Francis et al., 1994). The absence of expression
of Fgf-8, together with the absence of Bmp-2 and
Bmp-4, indicates that limbless embryos lack
apical ridge markers from the earliest stages of
limb development. It is important to note that
Fgf-8 expression was indistinguishable in
normal and limbless mesonephros (Fig. 1I).
The dorsal ectoderm also plays an important
role during limb development, controlling patterning along the dorsoventral axis. Its action
appears to be mediated by Wnt-7a (Yang and
Niswander, 1995; Parr and McMahon, 1995;
Riddle et al., 1995; Vogel et al., 1995). Wnt-7a
is normally expressed in the entire dorsal
ectoderm of the developing limb, but not
including the apical ridge (Dealy et al., 1993;
Fig. 2A). In limbless embryos, Wnt-7a was Fig. 2. Distribution of Wnt-7a, C-Lmx1 and En-1 transcripts in limbless and normal
expressed in both dorsal and ventral ectoderm embryos. Dark-field micrographs of in situ hybridizations of adjacent cross sections of
(Fig. 2A; compare with 2B). Further, the a limbless (left panels) and a normal embryo (right panels) at the level of the wings.
expression of C-Lmx1, which is downstream of The specific probe used is marked on the left. (A) Note that the expression of Wnt-7a
Wnt-7a and normally restricted to the dorsal limb in limbless embryo spans the entire limb ectoderm from the dorsal body wall to close
bud mesoderm (Riddle et al., 1995; Vogel et al., to the ventral body wall; (B) while in the normal embryo expression is found only in
the dorsal ectoderm. (C) Accordingly, C-Lmx1 expression is found in the whole
1995), spanned the whole limbless limb limbless limb mesoderm and (D) only in the dorsal mesoderm of the normal embryo.
mesoderm (Fig. 2C, compare with 2D). This led Arrows indicate C-Lmx1 mRNA in the mesonephros of both the limbless and normal
us to investigate the pattern of expression of En- embryos. (E) En-1 transcripts are undetectable in limbless ventral limb ectoderm; note
1 in limbless. En-1 is a limb ectoderm ventral the normal expression of En-1 in the body wall ectoderm and mesoderm (arrow).
marker and its protein product has been shown Arrowheads indicate En-1 mRNA in somites of the limbless embryo. (F) En-1 is
to localize to the ventral limb ectoderm both in expressed in the ventral limb bud ectoderm of the normal embryo.
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was a surprising result because it has been shown that posterior
limbless mesoderm has polarizing activity (Fallon et al., 1983).
To examine this further, we grafted limbless posterior limb bud
mesoderm under the anterior apical ridge of stage 20-21
normal limb buds and scored the ability of the grafts to induce
duplications, as described in Materials and Methods. We found
that 100% of the grafts had polarizing activity with an average
polarizing index of 0.62 (Fig. 3B). We tested for the presence
of Shh mRNA in limbless posterior mesoderm grafted under a
normal apical ridge by whole-mount in situ hybridization, and
detected Shh transcripts in the grafted tissue 24 hours after the
operation (100%, n=7). Control anterior limbless mesoderm
did not express Shh under the same conditions (0%, n=4)
(compare Fig. 3A and B). These studies confirm that the polarizing activity exhibited by posterior limbless mesoderm was
most likely mediated by Shh.

Shh and apical ridge growth factor expression are
not required for asymmetric expression of 5′ Hoxd
genes, Bmp-4 or Wnt-5a
It has been proposed that the expression of the most 5′ genes of
the Hoxd cluster occurs downstream of Shh (Laufer et al., 1994).
We have demonstrated that limbless wing bud mesoderm does
not express detectable levels of Shh; however, limbless wing buds
show sequential colinear activation of the most 5′ Hoxd genes
(Fig. 4B-D). Hoxd-11 and Hoxd-12 expression was detected at
normal levels in posterior limbless mesoderm (Fig. 4B,C). Hoxd13 expression was detected in the distal posterior mesoderm but
always at significantly reduced levels relative to normal limb
buds (Fig. 4D). This asymmetry is dramatically shown in the
whole-mount in situ for Hoxd-12 (Fig. 4G). This result clearly
demonstrates that in the limbless limb mesoderm the Hoxd-11,
-12 and -13 gene expressions are activated in the correct
spatiotemporal fashion, and in the absence of Shh or the apical
ridge. We have also observed that Bmp-4 is expressed asymmetrically in the anterior limbless wing bud mesoderm (Fig. 4H).
The limb bud mesodermal expression of Bmp-2 has been
proposed to be downstream of Shh (Francis et al., 1994; Laufer
et al., 1994). Bmp-2 is normally expressed in the distal ectoderm
and also in the posterior limb mesoderm, in an area overlapping,
but extending further anteriorly and distally than Shh (Francis et
al., 1994). As indicated above, and illustrated in Figs 1E and 4E,
both ectodermal and mesodermal domains of expression of
Bmp-2 were absent in the limbless wing buds. However, the
other endogenous domains of expression of Bmp-2, aside from
the limb buds, were normal in limbless embryos (e.g. Fig. 1E).
The concomitant lack of Bmp-2 and Shh expression in limbless
embryos supports the proposed hypothesis that Bmp-2 is under
the control of Shh expression (Laufer et al., 1994).
Finally, we have examined Wnt-5a expression in limbless
wing buds. Normally Wnt-5a is expressed in the limb
mesoderm in an anteroposteriorly graded fashion, with the
highest expression biased posteriorly (Dealy et al., 1993). As
can be seen in Fig. 4F, Wnt-5a expression in limbless limb buds
was similar to the normal expression pattern. This result
provided an additional demonstration of the inherent
asymmetry of limbless wing bud mesoderm.
FGF-soaked beads permit elaboration of patterned
skeletal development by limbless mesoderm
We have shown that the distal limb bud ectoderm in limbless

lacks expression of Fgf-8 and Fgf-4. Consequently, in an
attempt to rescue the limbless phenotype and substitute for the
action of the apical ridge, we exogenously administered FGFs.
Preliminary experiments demonstrated that Affigel blue or
heparin acrylic beads loaded with FGF1, 2, 4 or 8 inserted into
stage 17 through 20 limbless wing or leg buds would permit
further development and the formation of at least a partial long
bone (humerus or femur) in all of the cases surviving to 10
days of development. Because the results were indistinguishable for all FGFs, we chose to work with FGF2 in the wing
bud. A bead soaked in FGF2 (1 mg/ml, n=4; 0.5 mg/ml, n=18)
was placed in the pre-limb mesoderm (opposite somites 15-20)
or into the distal limb bud mesoderm at various times ranging
from stage 14 to 19. After receiving the FGF bead, the embryos
were allowed to develop until day 10 or sequentially fixed for
analysis of gene expression. The FGF beads prevented the cell
death that normally begins in limbless at about stage 19, and
permitted elongation of the limbless wing bud with formation
of the wing skeleton (Fig. 5).
FGF2, FGF4 and FGF8 have been shown to induce the
development of extra limbs from the flank region (Cohn et al.,
1995; Mima et al., 1995; Ohuchi et al., 1995; Crossley et al.,
1996; Vogel et al., 1996), and these extra limbs exhibited a
normal apical ridge. Consequently, the possibility existed that
the FGF beads implanted in limbless limb territory could
induce the formation of an apical ridge and subsequent development be dependent on the presence of such an apical ridge.
The FGF2-induced limbless limbs were periodically examined
and many were sectioned for in situ hybridization (n=20, see
Fig. 6). The histological examination and the analysis for the
expression of apical ridge factors always confirmed that these
outgrowths lacked an apical ridge. We conclude that either the
ectopic FGFs were not sufficient to induce an apical ridge in
limbless limb ectoderm or limbless ectoderm was not able to
respond to the inducing signal.
In the best cases, the limbless wing buds that developed after
local FGF administration formed a humerus, one or two
forearm bones and short distal elements (Fig. 5A,B,D). In some
cases a humerus and two short forearm bones formed and in
all the other cases at least a humerus developed (Fig. 5E). In
40% of the FGF-induced limbs in limbless embryos the development was to the autopod level, in 45% development was to
the zeugopod level and in 15% to the stylopod level (n=13).
The proximal cartilaginous elements that developed in the
FGF-induced limbless wings more closely resembled normal
morphology than the distal elements that formed. In many
cases the humerus displayed a normal morphology (Fig. 5D,E).
However, distal elements in the zeugopod and autopod were
less clearly identifiable (Fig. 5A,B). In these limbs the normal
rotation from the shoulder and elbow flexion did not occur. The
pattern of feather distribution was not normal and in many
cases it appeared that feathers covered the entire surface of the
zeugopod and autopod (Fig. 5C). FGFs alone did not substitute for the apical ridge and permit the limbless mesoderm to
produce a normal limb as in the recombinant experiments
where limbless ectoderm was replaced with normal flank
ectoderm (compare Fig. 5A and F and see Carrington and
Fallon, 1988).
After apical ridge removal in normal limbs, FGF2 is able to
substitute for ridge function; but in order to obtain a complete
limb a continuous supply of FGF2 is needed (Fallon et al.,
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Fig. 3. Analysis of the effect of grafting posterior
limbless mesoderm to anterior border of normal limb
buds. The drawings at the left illustrate the
experimental manipulation performed. The middle
panels are whole-mount in situ hybridizations with
Shh 24 hours after the experimental manipulation. The
right panel is an example of the resulting limb bud at
10 days of development. When anterior limbless
mesoderm was grafted under the anterior apical ridge
of normal embryos, (A) Shh expression was not
expressed in the graft (arrows) of anterior limbless
mesoderm and no polarizing activity was manifested;
example of resulting wing has digits 2-3-4. However,
posterior limbless mesoderm grafted under the anterior
apical ridge of a normal embryo (B) showed Shh
expression (arrows) within 24 hours, together with
strong polarizing activity; example of resulting wing has digits 4-3-2-3-4. The strength of the polarizing activity of the posterior limbless
mesoderm was 62% (determined as described by Vogel and Tickle, 1993).

1994). As several of the FGF-induced limbless limbs were
truncated at the level of the stylopodium or zeugopodium (Fig.
5) we wanted to provide limbless mesoderm with a source of
FGF for longer periods; therefore, some limbless embryos
received a second bead 24 hours after the first was grafted.
Although several embryos with two sequential FGF2 beads
were fixed for in situ hybridization, unfortunately only one
survived to 10 days. The limb this embryo exhibited was no
more complete than limbs receiving one bead suggesting that
the two sequential beads had no additional effect.
Grafting of the beads, in some cases, was performed in the
embryos of the limbless heterozygous cross at stages when the
limbless phenotype was not distinguishable. Approximately
three quarters of the embryos that received the beads had a
normal phenotype and the beads ended up in normal developing limbs. It should be mentioned that in these cases the FGF
beads strongly inhibited normal development, leading in many
cases to truncated limbs (data not shown but similar to Cohn
et al., 1995 and Vogel et al., 1996).
When FGF2-induced limbless wing buds were examined for
Shh expression at 24 through 48 hours after the bead was
grafted, generally no Shh transcripts were detected along the
Fig. 4. Mesodermal gene expression in limbless limb buds. (AF) Dark-field micrographs of cross sections through a stage 19
limbless embryo at the level of the wings. The specific hybridization
is indicated in each panel. The level of each particular section varies
slightly to show the most representative section for each gene
analyzed. (A) Note the absence of Shh expression in limbless limb
buds while the expression is normal in the notochord and floor plate.
The expression of (B) Hoxd-11 and (C) Hoxd-12 are similar to
normal. (D) The arrow points to the weak expression of Hoxd-13 in
limbless wing buds. (F) Bmp-2 is undetectable in limbless limb buds
while (F) Wnt-5a is expressed at a normal level in the posterior
limbless limb mesoderm. (G) Whole-mount in situ hybridization
showing asymmetric distribution of Hoxd-12 in wing buds of a stage
19 limbless embryo. Note the flat distal aspect of the wing buds
between the arrows, the first indication of the limbless phenotype.
These wing buds do not have an apical ridge. Nt is neural tube and
left eye is labeled. (H) Whole-mount in situ hybridization showing
asymmetric expression of Bmp-4 in the anterior limbless limb bud
mesoderm. Arrows indicate anterior and posterior limits of the bud.
White arrow indicates the apical ectoderm which has failed to
express Bmp-4.

posterior border (Fig. 5G). However, in a percentage of cases
(22%; 4 out of 18) we could detect Shh expression in posterior
limbless mesoderm, although at low levels in comparison with
normal limb buds (Figs 5H and 6A). This is a very important
observation because it indicates that posterior limbless
mesoderm is competent to express Shh in situ and that FGF2
is able to induce it at the exogenous doses administered here.
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The observation that Shh pattern of expression in limbless
In particular, Fgf-8 expression by the limb field ectoderm
limbs after the FGF2 application is restricted to posterior
appears to be dispensable for the initiation of the bud.
mesoderm reveals the earlier specification of a region with
However, FGF2 was present. Furthermore, the initial limbless
competence to express Shh in limbless mesoderm.
limb bud shows mesodermal anteroposterior polarity as maniAnother set of 20 limbless embryos that had FGF2-induced
fested by the asymmetric expression of the most 5′ Hoxd genes
wing buds were sequentially fixed to analyze gene expression.
together with Bmp-4 and Wnt-5a. Finally, limbless limb buds
We found that all of the outgrowths, independent of apparent
are bi-dorsal structures expressing Wnt-7a in the entire
Shh expression, developed with nested expression of the three
ectoderm and C-Lmx1 in the entire mesoderm. We propose that
most 5′ Hoxd genes. FGF2 permitted maintenance and subsethe defect in this mutant is the lack of a dorsal-ventral ectoquent upregulation of the expression of the three most 5′ Hoxd
dermal interface where the apical ridge would normally
family members with Hoxd-13 achieving a level of expression
develop.
similar to normal (Fig. 6B). However, the pattern of expression
Asymmetry is intrinsic to limb mesoderm prior to
of these genes was similar to normal only in some specimens
Shh expression and apical ridge development
while in others their expression appeared poorly developed.
This may correlate with the variability in the morphogenesis
In normal wing buds Shh is first detected at stage 17 (Riddle
obtained in the FGF2-induced limbs noted above. We stress
et al., 1993) concomitant with initiation of expression of the
that Bmp-2 was expressed in the posterior mesoderm in every
most 5′ Hoxd genes (Izpisúa-Belmonte et al., 1991). Because
case analyzed, independent of detectable Shh expression
of Shh’s ability to initiate ectopic expression of Hoxd genes
(compare Fig. 6C with E). This result suggested that either
when misexpressed on the anterior border, it has been assumed
expression of Bmp-2 may be so
sensitive to the presence of Shh that
levels of Shh at or near background
activate Bmp-2 or that alternative ways
of activating Bmp-2 expression, independent of Shh, may exist.
The expression of Wnt-7a, C-Lmx1
and En-1 was also analyzed in FGF2treated limbless wing buds. In these
limbs Wnt-7a continued to be
expressed both dorsally and ventrally,
although the level of expression in the
ventral ectoderm was decreased or
down regulated (Fig. 6F). In accordance with Wnt-7a expression, C-Lmx1
was expressed peripherally in the limb
under dorsal and ventral ectoderm with
the central part of the limb lacking
expression of this gene (Fig. 6G).
Finally, our analysis demonstrates that
the FGF-induced outgrowths occurred
without expression of En-1 in what
should become the ventral ectoderm
(Fig. 6H). These data indicate that the
FGF-induced limbs in limbless develop
as bi-dorsal structures when the mutant
buds elongate, which correlates with Fig. 5. FGF2-induced limbs in limbless. (A) limbless homozygous embryo that received an
the pattern of feathers exhibited by FGF2 bead at the wing level at stage 17. The limb that developed shows cartilage elements
some specimens and described above.
arranged in three proximodistal levels. This should be compared with the distally complete limb
DISCUSSION
Although limbless homozygotes lack
limbs, initial limb budding occurs
normally in this mutant. Our analysis of
gene expression during the initial
formation of limb buds in limbless
indicate that the emergence of the limb
bud is independent of the expression of
apical ectoderm associated genes such
as Fgf-4, Fgf-8 and Bmp-2 and of Shh.

in F. (B) A higher magnification of the wing shown in A, note that proximal elements exhibit
better morphogenesis than distal ones. (C) The feather patterns of the same limb indicate its bidorsal character. (D,E) Two different FGF2-induced limbs in limbless with less distal
development than in the limb in A (in 40% of the FGF2-induced limbs in limbless the
development was to the autopod level, in 45% development was to the zeugopod level and in
15% to the stylopod level). The humerus in both B and D clearly exhibits the condilar process.
(F) A limbless homozygous embryo which received a graft of normal flank ectoderm to the wing
field at stage 15. limbless mesoderm induced and maintained an apical ridge in the donor
ectoderm and a normal limb developed including normal feather bud patterns. (G) Hybridization
with Shh probe demonstrated that some of these FGF2-induced outgrowths developed without
detectable expression of Shh. (H) Others had Shh expression, although at lower levels than in
normal embryos (see also Fig. 6). This specimen received two sequentially placed FGF2 beads
(arrows). The posteriorly placed bead shows weak induction of Shh around it. (I) For
comparison, the expression of Shh in a normal wing bud that received an FGF2 bead is shown.
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Fig. 6. Gene expression in FGF2 induced limbless limbs. Dark-field
micrographs of in situ hybridizations of two FGF2-induced
outgrowths 24 hours (A,B; coronal sections) and 18 hours (C-H;
cross sections) after the application of the bead (indicated by the
asterisk). (A) Shh has been induced by FGF in the posterior limbless
mesoderm; N is the notochord. (B) Hoxd-13 expression upregulated
to normal levels. (C) Shh expression continues to be undetectable in
this outgrowth while (D) Hoxd-13 has been clearly upregulated to
normal levels and (E) Bmp-2 is expressed. As the limb elongates the
bi-dorsal character is maintained with (F) Wnt-7a being expressed in
both dorsal and ventral ectoderm. (G) C-Lmx1 is expressed in the
mesoderm subjacent to Wnt-7a-expressing ectoderm and (H) En-1
remains undetectable in what should be the ventral limb ectoderm.
Note normal expression in the somites.

that Shh is upstream of the most 5′ Hoxd genes (Riddle et al.,
1993; Chang et al., 1994; Laufer et al., 1994; López-Martínez
et al., 1995). However, asymmetric expression of the most 5′
Hoxd genes occurs in limbless mesoderm without apical ridge
influence and without detectable Shh expression, suggesting
that initial activation of Hoxd-11, -12 and 13 is not downstream
of Shh during normal limb bud development. The independence of Hoxd-11, -12 and 13 from Shh is similar in recombi-

nant limbs made with anterior mesoderm where 5′ Hoxd gene
expression occurs without detectable levels of Shh (Ros et al.,
1994; Hardy et al., 1995). This is also the case in talpid2,
talpid3, diplopodia and diplopodia4 chick mutants where Hoxd
expression occurs at the anterior border of the mutant limb bud
in the absence of Shh expression (Francis-West et al., 1995;
Rodriguez et al., 1996). It has also been suggested that activation of Hoxd-13 may be dependent upon Bmp-2 expression
(Francis et al., 1994). In limbless, Hoxd-13 is expressed
without detectable expression of Bmp-2, indicating that activation of this gene is independent of both Shh and Bmp-2. At
present, the factor or factors responsible for the asymmetric
initial expression of Hoxd-11, -12 and -13 genes in limb
mesoderm are unknown. It could be speculated that these are
the same factors that define the competence to express Shh,
although Shh activation would require additional influence,
probably from the apical pre-ridge ectoderm and apical ectodermal ridge.
The reduced levels of expression of the most posterior gene
of the complex, Hoxd-13, in limbless embryos also suggest that
Shh and/or apical ridge factors, although not necessary for the
activation of this gene, are needed for the elaboration of the
normal pattern of expression. Regulation of the expression of
the most 5′ Hoxd genes during stages subsequent to limb
initiation are under the coordinated control of apical ridge and
polarizing region signals (Izpisúa Belmonte et al., 1992; Laufer
et al., 1994; Ros et al., 1994). In limbless, exogenous FGF
permits maintenance and elaboration of the most 5′ Hoxd
patterns of expression.
The demonstration that limbless limb bud mesoderm asymmetrically expresses the three most 5′ Hoxd genes without an
apical ridge or a polarizing region strongly supports the
hypothesis that expression of these genes is an intrinsic
property of growing limb mesoderm (Ros et al., 1994;
Duboule, 1994a). This suggests that proliferative signals
resulting in the unique limb level cell cycle (Searls and Janners,
1971) must exist before the apical ridge develops. The inductions of the proliferative signals may originate axially (Pinot,
1970; Stephens et al., 1991) and likely involve the axial,
paraxial and intermediate mesoderm. In particular, the
mesonephros has been implicated recently in limb bud
outgrowth. Insulin-like growth factors (IGF) (Geduspan and
Solursh, 1993; Dealy and Kosher, 1995, 1996; Bhaumick and
Bala, 1987; Streck et al., 1992) and FGF8 (Crossley et al.,
1996; Vogel et al., 1996) have been proposed as candidate
molecules. We stress here that the expression of FGF8 appears
normal in the limbless mesonephros. However, there is no
evidence one way or the other whether FGF8 from the
mesonephros could by itself cause limb initiation (cf. Crossley
and Martin, 1995; Vogel et al., 1996). We have not analyzed
IGF and it remains to be seen if it is normally expressed in the
limbless mesonephros (however, see Dealy and Kosher, 1996).
Many other growth factors and signaling molecules are
expressed in the axial and intermediate mesoderm and it is not
known which, or more probably, which combination of them,
are responsible for limb field specification and/or limb bud
initiation.

limbless defect localizes in the ectoderm
Previous work performed with the limbless mutant demonstrated that the defect was in the limb ectoderm which is unable
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to develop an apical ridge (Carrington and Fallon, 1988). In
the present study we have confirmed and extended these results
(Fig. 5F). The limbless limb ectoderm lacks expression of
apical ridge genes such as Fgf-4, Fgf-8, Bmp-2, Bmp-4 (this
work) and Msx-2 (Coelho et al., 1991; Robert et al., 1991). In
contrast with Fgf-4, whose expression is restricted to the
posterior apical ridge, Fgf-2, Fgf-8, Bmp-2 and Bmp-4 are
normally expressed before a morphologically identifiable
apical ridge has developed (Savage and Fallon, 1995; Francis
et al., 1994; Mahmood et al., 1995; Crossley et al., 1996). The
observation that Fgf-8 was not expressed in limbless ectoderm
was unexpected because it has been considered as the prime
candidate to control initial limb bud outgrowth (Crossley and
Martin, 1995; Mahmood et al., 1995; Crossley et al., 1996;
Vogel et al., 1996). limbless embryos do initiate a limb and we
can conclude that Fgf-8 expression by the limb ectoderm is not
required for limb bud initiation.
limbless limb bud mesoderm appears morphologically
normal up to stage 19, when cell death begins. As discussed
above, the expressions of the most 5′ Hoxd genes, anterior
Bmp-4 and of posterior Wnt-5a expressions are virtually
normal in limbless mesoderm. However, limbless mesoderm
does not express Shh or Bmp-2. Our data indicate that the lack
of expression of these genes is not intrinsic to the mesoderm,
since a normal apical ridge environment permits posterior
limbless mesoderm to express Shh and exert polarizing
activity. Similarly, limbless posterior mesoderm is competent
to express Shh, in situ, and then sequentially Bmp-2, after
exogenous FGF2 administration. In this context, Hornbruch
and Wolpert’s (1991) study on polarizing activity in pre-limb
bud stages may be interpreted as a documentation of the spatial
and temporal distribution of the competence to express Shh.
Taken together, our data indicate that the lack of Shh
expression in limbless posterior mesoderm is due to the lack
of signals emanating from the ectoderm, that are not expressed
in the limbless limb bud ectoderm. This supports the hypothesis that Shh expression in normal embryos depends on apical
ectoderm signals, possibly Fgf-8 (Crossley et al., 1996). It is
clear that, at the concentrations administered here, FGF can
mimic the endogenous signals normally emanating from the
pre-ridge ectoderm and responsible for normal Shh induction
in the already specified region of high potential polarizing
activity. It is likely that the maintenance of that expression
involves WNT7a and FGF4 activities (Laufer et al., 1994;
Niswander et al., 1994).

limbless limb buds are bi-dorsal structures
A secreted signaling molecule, WNT7a has been shown to be
necessary and sufficient to regulate dorsoventral patterning
(Riddle et al., 1995; Vogel et al., 1995). In normal limbs Wnt7a is expressed by the limb dorsal ectoderm (Dealy et al., 1993;
Riddle et al., 1995; Vogel et al., 1995) and induces the
expression of C-Lmx1 in the subjacent limb mesoderm. CLMX1 is sufficient to impose dorsal pattern on limb
mesoderm. In contrast, the entire limb ectoderm in limbless
expresses Wnt-7a and consequently the whole mesoderm
expresses C-Lmx1, indicating that these limbs are bi-dorsal
structures. En-1, a marker of ventral limb ectoderm, is not
expressed in the limbless limb bud ectoderm indicating that
Wnt-7a and En-1 ectodermal domains of expression may be

mutually exclusive. We confirm the observation of Riddle et
al. (1995) that Wnt-7a is not sufficient to induce Shh.
Of particular interest for this discussion is the conclusion
drawn by Rosenquist (p. 94, 1971) that during stages 8 and 9
the ‘premesoderm destined for the dorsal portion of each limb
may be anteromedial to premesoderm destined for the ventral
portion of each limb’. This is important since the available data
indicate that the initial limb field dorsal-ventral information
resides in the mesoderm prior to stage 14; this information is
transferred to the limb field ectoderm during stages 14-16. In
parallel, the limb field mesoderm loses the ability to transfer
dorsal-ventral information to the ectoderm. Subsequently, it is
the ectoderm that establishes dorsal-ventral polarity in the
mesoderm of the elongating limb bud (Geduspan and
MacCabe, 1987, 1989). The past history of the dorsal and
ventral lateral plate mesoderm (e.g. Rosenquist, 1971) must
account for their unique abilities to influence the overlying
ectoderm. These observations combined with recent data on
specific gene markers certainly implicate the compartmentalization of the ectoderm into regions expressing WNT7a, FGFs
and EN-1. These compartments do not form in limbless wing
buds. As the initiation of Wnt-7a and En-1 expression by the
pre-limb ectoderm occurs at stages prior to the initiation of
expression of Fgf-8 (compare Riddle et al., 1995 and Vogel et
al., 1995 with Crossley et al., 1996 and Vogel et al., 1996) we
suggest the existence of a distal ectodermal gene expressed
prior to Fgf-8 that delimits the boundary between dorsal and
ventral ectoderm and this expression would be absent in
limbless. The failure of limbless limb bud development can not
be attributed simply to the bi-dorsal character of these limbs,
since bi-dorsal limbs will grow and develop (Saunders et al.,
1976; Carrington and Fallon, 1986; Robert et al., 1991; Riddle
et al., 1995; Vogel et al., 1995; this report). It has been
suggested on theoretical grounds that the dorsal-ventral juxtaposition in the chick limb bud ectoderm is a precondition for
apical ectodermal ridge formation (Meinhardt, 1983, p. 122;
see also Martin, 1995). Our data in limbless limb buds support
this hypothesis and we propose the defect in limbless is the
lack of a dorsal-ventral interface in the limb bud ectoderm
where the ridge induction signal from the mesoderm would be
received and an apical ridge formed. This failure of a functional ridge to form and the absence of its growth signals is the
reason limbless limb buds regress.
Limb field specification and limb bud initiation
The analysis of the influence of axial, paraxial and intermediate mesoderm structures on the limb field dates back to seminal
studies by Harrison (1918, 1921; reviewed by Stocum and
Fallon, 1982) on the urodele limb. In the chick embryo, it is
possible that sequential influences from Hensen’s node
(Stephens et al., 1991) the segmental plate (somites; Kieny,
1969, 1971; Pinot, 1970) and the intermediate mesoderm
(mesonephros; Stephens and McNulty, 1981; Geduspan and
Solursh, 1992, 1993) determine the limb field mesoderm and
permit budding. In parallel, the evidence that limb field
mesoderm initiates dorsal-ventral asymmetry (see above),
likely reflects the past influences on the limb field mesoderm
that distinguish dorsal from ventral. The sum total of these
influences on the prospective limb field not only determines
what Zwilling (1968) called ‘limbness’ but also specifies the
asymmetry of the forming limb field, resulting in a specific
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region of the somatopleure with potential for heterogeneous
gene expression and specific patterning. The classic limb
development signaling centers subsequently influence the prepatterned limb bud mesoderm, stabilizing and augmenting the
existing gene expressions and initiating new cascades of gene
expressions that result in elongation of the bud and the
patterned limb. This would mean that the initial steps of the
‘limb plan’ suggested by Duboule (1994b) would be set in the
limb field; the signaling centers of the limb bud would build
on that foundation. This view fits nicely with and extends evolutionary considerations of appendage development offered by
Duboule (1994b) and others (e.g. Shubin and Alberch, 1986;
Shubin, 1991; Coates 1993, 1994). This also directs attention
to the fact that even prior to limb bud formation, the limb field
mesoderm is determined to be forelimb or hindlimb
(Hamburger, 1938; Rudnick, 1945; Lewis and Wolpert, 1976;
Krabbenhoft and Fallon, 1989; Stephens et al., 1993). The axial
influences and gene expressions that establish the forelimbversus-hindlimb identity of the limb fields are not known.
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