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SUMMARY
Mutations in the murine limb deformity (ld) gene disrupt
differentiation of the Apical Ectodermal Ridge (AER) and
patterning of distal limb structures. However, initial
outgrowth of the limb bud is not affected, suggesting that
early and late functions of the AER are uncoupled.
Similarly, activation of the 5′ members of the HoxD gene
cluster (Hoxd-11 to Hoxd-13) is not affected in ld mutant
posterior limb bud mesenchyme, but the subsequent
anteriorization of 5′ HoxD domains is delayed by about 12
hours and is associated with reduced levels of polarising
activity. These results indicate that the ld gene products act
upstream of 5′ HoxD genes during patterning of the
autopod. Expression of the signalling molecule Sonic
hedgehog (Shh) in the posterior limb bud mesenchyme is
initiated normally, but ceases prematurely indicating a

defect in maintenance of Shh by the ld mutant AER. Furthermore, no Fgf-4 transcripts are detected in the ld
mutant AER, whereas Fgf-8 transcripts remain expressed.
However, Shh expression can be rescued by heterospecific
grafting of ld mutant posterior mesenchyme under a wildtype chicken AER. These studies show that the AER defect
in ld homozygous limb buds causes disruption of the FGF4/SHH feedback loop and support the proposed essential
role for FGF-4 in maintaining Shh expression during limb
pattern formation.

INTRODUCTION

(Niswander and Martin, 1993; Niswander et al., 1993; Vogel
and Tickle, 1993). The polarising region cells express Sonic
hedgehog (Shh), a signalling molecule that induces mirrorimage digit duplications when expressed ectopically in the
anterior limb bud mesenchyme (Riddle et al., 1993; reviewed
by Johnson and Tabin, 1995). Experimental manipulation of
chicken limb buds has shown that SHH and FGF-4 are part of
a positive feedback loop between mesenchyme and AER that
regulates limb morphogenesis (Laufer et al., 1994; Niswander
et al., 1994).
Furthermore, SHH participates in regulating expression of
5′ (posterior) members of the HoxD gene cluster (Riddle et al.,
1993; Laufer et al., 1994). Genetic analysis has shown that 5′
members of both the HoxD and HoxA gene clusters are
involved in determining positional identities of limb bud mesenchymal cells (see e.g. Dollé et al., 1993; Davis and Capecchi,
1994). The establishment of the nested expression domains of
the Hoxd-10 to Hoxd-13 genes in the limb bud is controlled by
their position within the cluster (spatial and temporal colinearity; for details see Duboule, 1994b). Initially, their transcripts are restricted posteriorly (early domains), but subsequently their domains extend anteriorly in the distal part of the
limb bud (late domains). Recent studies by Sordino et al.
(1995) suggest that the late domains function in morphogenesis of vertebrate autopods (hand- and foot plates). Indeed,
inactivation of the most 5′ member of the HoxD gene cluster

Growth and patterning of the vertebrate limb is regulated by
two main signalling centres (reviewed by Tickle and Eichele,
1994). One, the apical ectodermal ridge (AER), extends along
the distal tip of the limb bud and its signals act on the underlying mesenchyme. AER signals promote proximo-distal
outgrowth by maintaining the distal limb bud mesenchyme
(progress zone) in a proliferative state (Summerbell et al.,
1973) and maintain the posterior mesenchymal cells of the
polarising region (ZPA) in an active signalling state
(Niswander et al., 1993; Todt and Fallon, 1987). The polarising region cells in turn function as a limb bud organiser by
emitting signals that control establishment of antero-posterior
limb axis polarity (Tabin, 1991; Tickle, 1991). Therefore, limb
bud outgrowth and patterning are mutually dependent and coordinated by signals emanating from the AER and polarising
region.
Several signalling molecules mediating interactions between
AER and the limb bud mesenchyme have been identified. In
particular, members of the fibroblast growth factor (FGF) gene
family are expressed in the AER during its differentiation and
functioning (for details see Crossley and Martin, 1995; Dono
and Zeller, 1994; Mahmood et al., 1995; Niswander and
Martin, 1992). One member, FGF-4 can promote limb bud
outgrowth and maintain activity of polarising region cells
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(Hoxd-13) causes a neotenic delay in differentiation of all
autopodal skeletal elements (Dollé et al., 1993).
Patterning of the autopod is also severely affected by
mutations of the murine limb deformity (ld) locus. Five
recessive ld alleles have been isolated which cause oligodactyly and syndactyly of autopod skeletal elements (Kleinebrecht et al., 1982; Woychik et al., 1985). Ulna and radius
primordia fuse during ossification (secondary fusion), whereas
tibia and fibula form as one primordium (Kleinebrecht et al.,
1982; Zeller et al., 1989). This phenotype first manifests itself
during early limb bud morphogenesis by a failure of the AER
cells to differentiate into the characteristic columnar epithelium and leads to severe truncations of the autopod (Zeller et
al., 1989). These studies indicated a pivotal role for ld gene
products in the co-ordination of limb bud outgrowth and patterning. The ld gene gives rise to several alternatively spliced
transcripts that are expressed during embryogenesis and in
specific adult tissues (Maas et al., 1990; Woychik et al., 1990a;
Jackson-Grusby et al., 1992). The corresponding Ld proteins
(or formins) are nuclear proteins expressed in a variety of celltypes from gastrulation onwards (de la Pompa et al., 1995;
Trumpp et al., 1992). Their distribution in the developing limb
bud is confined to the differentiating AER and shows a
dynamic pattern in the mesenchyme (Trumpp et al., 1992) consistent with roles in both AER differentiation and patterning of
the limb bud mesenchyme.
We have used two ld alleles (ldIn2, Woychik et al., 1990b;
ldJ, Green, 1962) as genetic tools to investigate the molecular
pathways that regulate vertebrate limb pattern formation. In
limb buds of ld homozygous embryos, the establishment of the
anteriorly expanded and distally shifted Hoxd-11 to Hoxd-13
expression domains was delayed by approximately 12 hours.
Concurrently, polarising activity and Shh expression were not
maintained in the posterior mesenchyme. Interestingly, FGF4, the candidate Shh maintenance factor, was not expressed by
the ld mutant AER. However, Shh expression could be rescued
by heterospecific grafting of ld mutant mouse posterior limb
bud mesenchyme under a wild-type chicken AER. These
results demonstrate that the defect leading to disruption of the
FGF-4/SHH feedback loop resides in the ld mutant AER. The
ld gene products act upstream of the HoxD genes and interact
with both the epithelial and mesenchymal signals that control
growth and patterning of the distal limb bud compartment.
MATERIALS AND METHODS
Genetic crosses and staging of mouse embryos
Mice strains were maintained by crossing B6/SJLF1 wild-type mice
to either the homozygous or heterozygous ldIs1Gso (ldIn2, Woychik et
al., 1990b; provided by Oak Ridge National Laboratory) or ldJ (Green,
1962; provided by Jackson Laboratories) mice. To isolate embryos,
timed pregnancies were set and the day of the vaginal plug was considered as gestational day zero. The somites of all isolated embryos
were counted and the embryonic stages were determined according to
Martin (1990). For all experiments described in this study, agematched embryos with an equal number of somites (variation: ± one
somite) were used. All results shown are based on analysis of at least
three embryos per developmental stage and genotype.
Genotyping of embryos
The genotypes of embryos were determined using genomic DNA

isolated from their extra-embryonic membranes and/or heads (Zeller
et al., 1989). The genotypes of embryos from the ldJ line were determined using Southern Blot analysis as described by Woychik et al.
(1985), whereas embryos from the ldIn2 strain were genotyped using
PCR amplification. To obtain heterozygous and homozygous embryos
of the ldIn2 strain, ldIn2/+ females were mated with ldIn2/ldIn2 males,
therefore PCR primers were designed to detect the wild-type allele.
PCR primers were derived from a subclone of plasmid pLE1-5.5-11,
which encompasses the breakpoint of ldIn2 allele (ldIS1Gso; Bultman
et al., 1991). A PstI-BamHI fragment from pLE1-5.5-11 was
subcloned, partially sequenced and two primers were designed for
genotyping (wt4as : 5′TGCCATGCTCAGCTAACAGTA3′; wt4s:
5′ACTACAAACCTTCCATCCT CC3′). These primers give rise to a
782 bp PCR product marking the wild-type allele. To exclude false
negative samples, the integrity of DNA was checked using a second
set of primers against a region common to both the wild-type and ldIn2
alleles (wt4as: see above; JP1: 5′TCATGGCTATCCTAAACTACC
T3′). These primers produced a 300 bp PCR product in all samples.
Whole-mount in situ hybridisation
Whole-mount in situ hybridisation was performed using a protocol
adapted and modified from those of Wilkinson (1993; see also
Harland 1991). Embryos were fixed in 4% paraformaldehyde and
stored until further use as described by Wilkinson (1993). For hybridisations, embryos were rehydrated into PBS plus 0.1% Tween 20
(PBT) and bleached with 6% hydrogen peroxide in PBT for 15
minutes. After three PBT washes, the embryos were digested for 20
minutes with Proteinase K (Merck 10 µg /ml in PBT) at room temperature. When using Fgf-4 and Fgf-8 riboprobes, embryos were
digested with only 5 µg/ml Proteinase K for 4 minutes to preserve the
limb ectoderm (Crossley and Martin, 1995). Following postfixation
for 20 minutes in 0.2% glutaraldehyde/4% paraformaldehyde in PBT,
embryos were prehybridized at 65°C for 4 hours in prehybridisation
mix (modified from Wilkinson, 1993 as follows: 2% blocking powder
(Boehringer Mannheim), 0.1% Tween 20, 0.5% CHAPS (Sigma) and
5 mM EDTA were added to the prehybridisation mix, whereas SDS
was omitted). Following addition of digoxigenin-labelled riboprobes
to 1 µg/ml, the embryos were hybridised overnight at 70°C. Subsequent washes were carried out in the following solutions at 70°C for
5 minutes each: 100% prehybridization mix; 75% prehybridization
mix/25% 2× SSC pH 4.5; 50% prehybridization mix/50% 2× SSC;
25% prehybridization mix/75% 2× SSC. Embryos were then washed
twice in 2× SSC containing 0.1% CHAPS for 30 minutes at 70°C.
After RNase A treatment (20 µg/ml for 1 hour), embryos were washed
twice for 10 minutes in 100 mM maleic acid/150 mM NaCl (pH 7.5)
at room temperature and twice at 70°C in the same solution. After two
washes in PBS (10 minutes at room temperature) and one in PBT, the
embryos were preblocked in PBT containing 10% heat-inactivated
sheep serum and 1% BSA for 4 hours at room temperature. The
anti-digoxigenin Fab alkaline phosphatase conjugate (Boehringer
Mannheim) was preabsorbed in a solution containing 0.3% heat-inactivated mouse embryo powder (or 0.2% chicken plus 0.1% mouse
embryo powder for chicken embryos with mouse grafts), 10% heatinactivated sheep serum and 1% BSA in PBT for 4 hours at 4°C.
Embryos were incubated overnight with the preabsorbed antibody
(4°C), and washed five times for 45 minutes each with PBT containing 0.1% BSA (room temperature) and twice for 30 minutes each with
PBT. Subsequently, the detection reaction was performed as described
by Wilkinson (1993) and embryos were stored in PBT at 4°C. All
embryos directly compared in this study were treated in exactly the
same way.
Antisense riboprobes used for whole-mount in situ
hybridisation
The murine Hoxd-11, Hoxd-12 and Hoxd-13 probes were used as
described by Dollé et al. (1989). The murine Shh riboprobe corresponds to the 0.6 kb partial cDNA clone described by Echelard et al.
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Fig. 1. Up-regulation and establishment of distal Hoxd-12 expression domains is delayed in ld homozygous limb buds. Whole-mount in situ
hybridisation study of the Hoxd-12 transcripts in forelimb buds of embryonic day 10-12. Left panels (A,C,E,G): heterozygous embryos; right
panels (B,D,F,H): homozygous embryos. Arrowheads indicate Hoxd-12 expression domains in the limb bud mesenchyme. Asterisks indicate
anterior margins of forelimb buds. Small arrows indicate Hoxd-12 expression in the tail buds. (A) ld/+ embryo (E10.25, 31 somites). (B) ld/ld
embryo (E10.25, 32 somites). Note that transcriptional activation in the limb bud is not affected (arrowhead). (C) ld/+ embryo (E10.5, 34
somites). (D) ld/ld embryo (E10.5, 34 somites). Note that Hoxd-12 expression in the limb bud (arrowhead) remains at low levels. (E) ld/+
embryo (E10.75, 38 somites). Note the onset of anterior expansion in the distal compartment (arrowhead). (F) ld/ld embryo (E10.75, 38
somites). Note that expression of Hoxd-12 remains low and posteriorly restricted (arrowhead). (G) ld/+ embryo (E12). (H) ld/ld embryo (E12).
Arrowheads in G and H indicate the approximate posterior and anterior boundaries of Hoxd-12 expression.

Fig. 2. Up-regulation and onset of anterior expansion of the 5′ HoxD genes is altered in ld homozygous forelimb buds. (A) Hoxd-11 expression
in a ld/+ embryo (E10.5, 35 somites). (B) Hoxd-12 expression in a ld/+ embryo (E11, about 40 somites). (C) Hoxd-13 expression in a ld/+
embryo (E11, about 40 somites). (D) Hoxd-11 expression in a ld/ld embryo (E10.5, 35 somites). (E) Hoxd-12 expression in a ld/ld embryo
(E11, about 40 somites). (F) Hoxd-13 expression in a ld/ld embryo (E11, about 40 somites). Black arrowheads indicate the anterior boundaries
of the expression domains. The white arrowheads in A-C indicate the approximate superimposition of the ld mutant anterior boundaries (D-F)
onto the wild-type forelimb buds to reveal the delay in anterior expansion. Asterisks indicate the anterior margins of forelimb buds.
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(1993). The Fgf-4 riboprobe was synthesised from a cDNA clone containing the entire coding region (Hebert et al., 1990; Niswander and
Martin, 1992). The Fgf-8 riboprobe was derived from a 400 bp partial
cDNA clone containing the 3′ UTR and carboxy-terminal coding
sequences (Crossley and Martin, 1995). Antisense riboprobes were
synthesised as described by Wilkinson (1993).
Grafts of mouse posterior limb bud mesenchyme to
chicken limb buds
The posterior halves of mouse limb buds (right side of embryo) were
isolated from embryonic day 10.5-11 mouse embryos (age-matched)
produced from mating either ldIn2 or ldJ strains. The mouse tissue was
placed in 2% trypsin (Sigma) for 1 hour at 4°C. Extraembryonic
membranes and heads were frozen in liquid nitrogen to prepare
genomic DNA for genotyping. Following trypsinization, the limb bud
tissue was placed in minimal essential medium (MEM) plus 10% FCS
at 4°C and the ectoderm was removed. To map polarising activity of
mouse posterior mesenchyme, pieces of about 200 µm size (corresponding to approximately regions A-D, Fig. 3A) were cut out and
individually grafted to the anterior margin of limb buds (right side)
of stage 19-20 chicken embryos (Hamburger and Hamilton, 1951).
The grafts of mouse mesenchyme were held in a loop made by stretching the AER (for details see Tickle, 1981). The host chicken embryos
were incubated in a humidified incubator at 38°C for 6 days and the
pattern of cartilage elements was visualised by Alcian green staining.
Polarising activity of mouse mesenchyme was scored as described by
Vogel and Tickle (1993; see also Tickle, 1981).
To assay Shh expression following grafting to chicken limb buds,
mouse embryos of embryonic day 10.5-11 were isolated and posterior
mesenchyme from right limb buds was grafted as described above.
The remaining left side of the mouse embryo was fixed in 4%
paraformaldehyde and processed for whole-mount in situ hybridisation. Posterior pieces of limb bud mesenchyme tissue encompassing
the Shh expression domain (regions A and B, Fig. 3A) were grafted
either anteriorly or posteriorly under the AER of host chicken limb
buds (see above). Following manipulation, the host chicken embryos
were incubated at 38°C for the appropriate time period (6, 12, 15, 18,
21, 24 or 42 hours) and fixed for about 4 hours in 4% paraformaldehyde. Subsequently, the embryos were processed for whole-mount in
situ hybridisation with the murine Shh riboprobe as described above.

RESULTS
All five ld alleles show complete penetrance of the limb
phenotype, whereas the severity of the associated renal
agenesis varies in an allele-dependent manner (Maas et al.,
1994). Therefore, all our studies were performed using both
the ldIn2 (low penetrance of renal agenesis) and ldJ alleles
(highest penetrance) to reveal any possible allele-specific differences. The results were the same for both ld alleles, except
for the two differences mentioned below. All embryos shown
in Figs 1-6 carry the ldIn2 allele, except where mentioned
otherwise (Fig. 3).
Establishment of the distal expression domains of
the Hoxd-11 to Hoxd-13 genes is delayed in ld
mutant limb buds
To investigate whether the ld gene products act up- or downstream of 5′ HoxD gene products, the distribution of Hoxd-11
to Hoxd-13 transcripts in wild-type and ld mutant limb buds
from embryonic days 9.5-12 (E9.5-E12) was compared using
whole-mount in situ hybridisation analysis. The distribution of
Hoxd-12 transcripts in heterozygous (phenotypically wild-

type) and ld homozygous forelimb buds from embryonic day
10-12 is shown in Fig. 1 (analysis of hindlimb buds yielded
similar results; data not shown). Hoxd-12 transcription starts
in the proximal part of the posterior limb bud and is upregulated before anterior expansion of its domain (E10-E10.75;
arrowheads, Fig. 1A,C,E; see also Dollé et al., 1989; IzpisúaBelmonte et al., 1991). Anterior expansion of the Hoxd-12
domain occurs during formation of the autopod simultaneously
with its distal restriction of expression (late Hoxd-12
expression domain; arrowheads, Fig. 1G). Transcriptional activation of the Hoxd-12 gene was normal in ld homozygous limb
buds (E10; compare arrowheads, Fig. 1A,B) but subsequent
up-regulation and onset of anterior expansion were severely
delayed (E10.5-E10.75; compare arrowheads Fig. 1C,D and
Fig. 1E,F). In striking contrast to the wild-type pattern, Hoxd12 expression remained at low levels and more posteriorly
restricted in ld mutant limb buds during embryonic days 10.7511 (arrowheads, Figs 1F, 2E). Only during formation of the
malformed ld mutant autopod, did expression levels become
comparable to the wild-type and the Hoxd-12 domain
expanded anteriorly in the distal compartment (E11.5-E12;
compare Fig. 1G with 1H). These results reveal a delay of
approximately 12 hours in the up-regulation and establishment
of the late Hoxd-12 expression domains in ld mutant limb buds.
Sequential colinear activation of Hoxd-11 to Hoxd-13 transcripts occurred normally in ld mutant forelimb buds (data not
shown). In wild-type limb buds, up-regulation and anterior
expansion of the Hoxd-11 domain (E10.5; Fig. 2A) precedes
the Hoxd-12 and Hoxd-13 domains (E11, Fig. 2B,C; see also
Dollé et al., 1989). In ld mutant limb buds up-regulation and
anterior expansion of the Hoxd-11 and Hoxd-13 expression
domains was delayed in a similar manner to Hoxd-12 (arrowheads; Fig. 2D-F; white arrowheads in Fig. 2A-C superimpose
the relative anterior expansion in ld mutant limb buds onto
their wild-type counterparts). This temporal delay was limb
bud specific, since expression of the three 5′ HoxD genes was
normal in all other structures in ld homozygous embryos (Fig.
1 and data not shown).
Polarising activity is reduced in ld homozygous limb
buds
The observed temporal changes in the establishment of the late
5′ HoxD domains (Figs 1, 2) suggested that the ld gene
products act upstream of these genes. Previous studies showed
that signals from the polarising region regulate expression of
5′ HoxD genes in the limb bud (Izpisúa-Belmonte et al., 1992;
Nohno et al., 1991). Therefore, the signalling activity of
posterior limb bud mesenchyme from wild-type (ld/+) and ld
homozygous embryos was determined by grafting donor tissue
into recipient chicken limb buds as described in Materials and
Methods. Signalling strength of the grafted tissue was scored
by its ability to induce duplications of the wing digit pattern.
A complete duplication (digit 4) scores 100%, duplication of
digit 3 scores 50%, duplication of digit 2 scores 25% and an
extra cartilage nodule 12.5% (see Vogel and Tickle, 1993).
Polarising activity was assayed for limb buds of the ldIn2 and
J
ld alleles and the results of the analysis between embryonic
days 10.5-11 are summarised in Fig. 3. Tissue grafts from heterozygous limb buds revealed that polarising activity was
mainly localised in regions A and B of the posterior limb bud
mesenchyme (Fig. 3A). Polarising activity was very similar in
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heterozygous limb buds of both ld alleles (Fig. 3A,C) and comparable to the strength previously reported for wild-type
murine polarising region grafts (Wanek and Bryant, 1991). In
contrast, polarising activity of ld homozygous limb buds from
both alleles was markedly reduced, but sufficient to induce
duplications of mostly digit 2 (ldJ/ldJ; Fig. 3D) and sometimes
digit 3 (ldIn2/ldIn2; Fig. 3B) in chicken wing buds (compare to
Fig. 6 and Discussion). Mesenchyme (regions A and B) from
ldJ homozygous limb buds always exhibited significantly lower
polarising activity (Fig. 3D) than the corresponding tissue from
ldIn2 homozygous limb buds (Fig. 3B). Furthermore, these
studies showed that the residual polarising activity was
correctly localised to the posterior mesenchyme of ld homozygous limb buds (compare Fig. 3A,C to B,D).

Shh expression is not maintained in limb buds of ld
homozygous embryos
The Shh expression domain marks polarising region cells
(Riddle et al., 1993). In wild-type limb buds, Shh was activated
in the proximal posterior mesenchyme (E10; arrowhead, Fig.
4A) and extended distally as limb bud outgrowth proceeds
(E10.5-E10.75; Fig. 4C,E). Between embryonic day 10.5 and
10.75, the levels of Shh transcripts increased in the distal part
of the posterior limb bud mesenchyme (arrowheads, Fig.
4C,E). In ld mutant limb buds, Shh was activated normally
(arrowhead, Fig. 4B and data not shown) and began to extend
distally by embryonic day 10.5 (arrowhead, Fig. 4D). In
contrast to the wild-type, expression decreased rapidly and Shh
became low or undetectable by embryonic day 10.75-11
(arrowhead, Fig. 4F, see also Fig. 6B). Expression was never
detected in limb buds of ld homozygous embryos older than
day 11 (data not shown). These results show that Shh was
activated but not maintained in ld homozygous limb buds,
whereas expression was normal in other embryonic structures
(e.g. notochord and floorplate; see arrows Fig. 4).

Fig. 3. Polarizing activity is reduced in ld homozygous posterior
limb bud mesenchyme from embryonic day 10.5-11. Posterior
mesenchyme from wild-type (A,C) or ld mutant limb buds (B,D) was
isolated (see Materials and Methods) and the area from the posterior
margin to the apex was divided in four pieces of about 200 µm prior
to grafting (schematically indicated as regions A-D; for details see
Materials and Methods). The strength of polarizing activity was
determined as described by Vogel and Tickle (1993).
(A,B) Summary of the results obtained by analysis of heterozygous
and homozygous limb buds of the ldIn2 allele. Note that most of the
polarizing activity is located in regions A and B in both ld/+ and
ld/ld tissue. Representative duplications obtained after grafting of
either ld/+ (A) or ld/ld (B) posterior mesenchyme (region A) are
shown below the schemes. Digit 3r: partial duplication of digit 3.
(C,D) Summary of the results obtained by analysis of heterozygous
and homozygous limb buds of the ldJ allele. Only regions A and B
were assayed for polarizing activity. Representative duplications
obtained after grafting of either ld/+ (C) or ld/ld posterior
mesenchyme (D) are shown below the schemes. Digit 4r, partial
duplication of digit 4.

The defective AER of ld homozygous limb buds
expresses the FGF-8, but not FGF-4 signalling
molecule
FGF-4 has been implicated in maintaining Shh expression in
the limb bud mesenchyme (Laufer et al., 1994; Niswander et
al., 1994), whereas FGF-8 seems to play a role in initiating
limb bud outgrowth (Crossley et al., 1995, Mahmood et al.,
1995). Because Shh expression was not maintained in ld
mutant limb buds, the distribution of Fgf-4 and Fgf-8 transcripts in the AER was investigated between embryonic days
9.5 and 12. Fig. 5 shows the alterations of the Fgf-4 and Fgf8 expression domains in ld homozygous limb buds at
embryonic day 10.75, by which time the Shh transcripts
become low or undetectable in ld mutant limb buds (Figs 4F
and 6B).
No Fgf-4 transcripts were detected in the ld mutant AER
during all stages of development (Fig. 5B, and data not shown),
indicating that Fgf-4 is not expressed by the defective AER of
ld mutant limb buds. In contrast, the temporal distribution of
Fgf-8 transcripts was normal in ld mutant limb buds (data not
shown), whereas their spatial distribution was affected
(compare Fig. 5C to 5D). Fgf-8 expression was lower and
patchy in the anterior part of the ld mutant AER (arrowheads,
Fig. 5D), whereas higher and more uniform levels were
detected posteriorly. In general, the spatial distribution of Fgf-
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Fig. 4. Shh expression is not maintained in ld homozygous limb
buds. Whole-mount in situ hybridisation to detect Shh transcripts.
(A,C,E) Wild-type embryos and (B,D,F) homozygous embryos.
Arrowheads indicate the Shh expression domain in the forelimb
buds, whereas arrows indicate Shh expression in the notochord and
floor plate. (A) +/+ embryo (E10.25, 32 somites). (B) ld/ld embryo
(E10.25, 33 somites). Note the activation of Shh expression in the
posterior mesenchyme (arrowhead). (C) ld/+ embryo (E10.5, 35
somites). (D) ld/ld embryo (E10.5, 35 somites). (E) ld/+ embryo
(E10.75, 38 somites). (F) ld/ld embryo (E10.75, 38 somites). Shh
transcripts were no longer detected (arrowhead indicates the
corresponding region).

8 transcripts was slightly more patchy in ldJ than ldIn2 homozygous limb buds (data not shown). The patchy distribution of
Fgf-8 transcripts probably directly reflects the morphology of
the ld mutant AER. Previous analysis had revealed that the
height and dorso-ventral width of the ld mutant AER varied,
rendering its appearance patchy (Zeller et al., 1989).

Shh expression in ld mutant posterior mesenchyme
is rescued by wild-type AER signals
The lack of Fgf-4 expression in the ld mutant AER suggested
that the defect leading to loss of mesenchymal Shh expression
resides in the AER. This hypothesis was tested by grafting
pieces of posterior mesodermal tissue from heterozygous and
ld mutant limb buds (E10.5-E11) to either the posterior or
anterior margin of host chicken wing buds (stage 19-20; for
details see Materials and Methods). Initial experiments showed
that Shh was not detectable in murine tissue 6 hours after
grafting, but was re-expressed after 12 hours (data not shown).
Shh expression was assessed 12-21 hours after grafting
and representative results are shown in Fig. 6. Heterozygous
(E10.75; Fig. 6A) and ld homozygous limb bud mesenchyme
(E10.75; Fig. 6B) was isolated and pieces of posterior tissue
(corresponding to approximately regions A or B; Fig. 3) were
grafted individually either anteriorly (Fig. 6C,D) or posteriorly

Fig. 5. The defective AER of ld mutant limb buds fails to express
Fgf-4, whereas Fgf-8 transcripts remain expressed. Fgf-4 (A,B) and
Fgf-8 (C,D) expression in the AER of heterozygous and homozygous
forelimb buds during embryonic day 10.75 (about 38 somites). The
embryos shown in A and B were dissected prior to photography. (A)
ld/+ embryo. (B) ld/ld embryo. (C) ld/+ embryo. (D) ld/ld embryo.
Arrowheads indicate the patchy Fgf-8 distribution in the anterior part
of the ld mutant AER.

(Fig. 6E,F) to host chicken wing buds and analysed about 12
hours following grafting. Shh was expressed at similar levels
in anterior grafts of both heterozygous (arrowhead, Fig. 6C)
and ld mutant mouse polarising region tissue (arrowhead, Fig.
6D). Heterozygous or ld mutant tissue grafted under the
posterior AER expressed similar levels of murine Shh transcripts as anterior grafts (compare arrowheads, Figs 6C,D to
E,F). However, a few heterozygous grafts placed posteriorly
expressed higher levels of Shh transcripts than compared ld
mutant grafts (data not shown). In the grafted mouse tissue, the
highest Shh levels were detected in the distal cells located
closest to the host AER, whereas grafts placed away from the
AER never expressed Shh transcripts (data not shown). These
results indicated that ld mutant posterior mesenchyme is
competent to respond to signals from a wild-type chicken AER
that led to rescue of Shh expression.
DISCUSSION
A role for ld gene products in the establishment of 5′
HoxD domains and formation of the vertebrate
autopod
The ld alleles affect patterning of the distal-most limb skeletal
structures of the autopod (Kleinebrecht et al., 1992; Zeller et
al., 1989). The most 5′ members of the HoxD gene cluster
(Hoxd-11 to Hoxd-13) have been implicated in morphogenesis of distal limb structures by genetic alterations of mouse
(Dollé et al., 1993; Davis and Capecchi, 1994; Favier et al.,
1995) and chicken embryos (Morgan et al., 1992). Expression
of 5′ HoxD genes during limb morphogenesis can be divided
into two distinct phases. Their initially nested and posteriorly
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that, in the limb bud, the ld gene products act upstream of the
5′ HoxD genes. They seem necessary to correctly initiate the
temporal transition from early to late 5′ HoxD expression
domains during patterning of the autopod. Duboule (1994b)
postulated that the timing of colinear 5′ HoxD gene expression
is regulated by the mitotic rates of progenitor cells. Interestingly, previous morphological analysis of ld homozygous limb
buds provided evidence that the observed patterning defects
could be a consequence of affecting proliferation of mesenchymal cells (Zeller et al., 1989). It is therefore possible that
the observed temporal alterations of the late 5′ HoxD domains
in ld mutant limb buds reflect altered mitotic rates of the undetermined mesenchymal progenitors.

Fig. 6. Signals from a wild-type chicken AER rescue Shh expression
in ld mutant posterior mesenchyme. (A,B) Representative levels of
Shh expression in donor mouse forelimb buds (E10.75, 38 somites).
(A) ld/+ forelimb bud. (B) ld/ld forelimb bud. Arrowheads in A and
B indicate the Shh domains in the posterior limb bud mesenchyme.
(C-F) Expression of the murine Shh transcripts in grafts of mouse
posterior limb bud mesenchyme to chicken wing buds after 12 to 15
hours (see Materials and Methods). Note that the Shh probe detects
both the murine and chicken transcripts. Arrowheads indicate Shh
expression in the grafted mouse posterior limb bud mesenchyme.
Small arrows indicate the endogenous chicken Shh transcripts
located in the posterior wing bud mesenchyme. (C) Anterior graft of
ld/+ polarising region tissue (derived from the embryo shown in A).
(D) Anterior graft of ld/ld polarising region tissue (derived from the
embryo shown in B). (E) Posterior graft of ld/+ polarising region
tissue (38 somites). (F) Posterior graft of ld/ld polarising region
tissue (also derived from the embryo shown in B)

restricted domains (or early domains) correlate with patterning
of proximal axial structures, whereas the subsequent anterior
expansion of the distal domains (or late domains) seem to
function in patterning of the postaxial structures forming the
autopod (reviewed by Duboule, 1994a). Little is known about
the regulation of this biphasic expression, but Sordino et al.
(1995) have provided evidence that sustained AER signalling
is important for establishing the late 5′ HoxD domains in vertebrate autopods. The late AER signalling functions are
impaired in limb buds of ld mutant embryos (see below). Our
study shows that the temporal transition from early to late 5′
HoxD domains is substantially delayed. These results indicate

Shh expression and polarising activity in ld mutant
limb bud mesenchyme
The results of this study show that Shh expression is not maintained in posterior mesenchyme of ld homozygous limb buds.
These results seem to match the reduced levels of polarising
activity observed following heterospecific grafting of ld mutant
posterior limb bud mesenchyme to chicken limb buds.
However, analysis of Shh expression revealed similar transcript levels in both ld mutant and wild-type mesenchyme
about 12 to 21 hours following grafting (see below). This
apparent discrepancy between Shh levels and polarising
activity can be explained if the ld mutations also affect mesenchymal response to SHH signalling (Laufer et al., 1994).
Indeed, the ld gene products are expressed by both limb bud
compartments (Jackson-Grusby et al., 1992; Trumpp et al.,
1992; Zeller et al., 1989) and the molecularly characterised ld
alleles were shown to truncate all known Ld protein isoforms
(ldIn2, ldTgHd, Maas et al., 1990; ldTgBri, Vogt et al., 1992;
James and Zeller, unpublished). Therefore, the nuclear Ld
proteins most likely function in both the AER and mesenchyme
and the ld mutations affect both limb bud compartments.
The SHH/FGF-4 feedback loop is disrupted by the
defect in differentiation of the ld mutant AER
Shh expression is activated in the posterior limb bud mesenchyme during early limb bud outgrowth in response to
unknown factors. SHH signalling induces Fgf-4 expression in
the posterior part of the AER, which in turn maintains Shh
expression in the underlying mesenchyme and establishes a
positive feedback loop (Riddle et al., 1993; Laufer et al., 1994;
Niswander et al., 1994). The results of the present study show
that defective AER in ld mutant limb buds does not express
Fgf-4 and that Shh is activated but not maintained in the
posterior mesenchyme. Heterospecific grafting experiments
revealed that wild-type AER signals can be received by ld
mutant posterior mesenchyme to rescue Shh expression. These
results indicate that the defect causing disruption of the
SHH/FGF-4 feedback loop resides in the ectodermal compartment of ld mutant limb buds.
However, some functional signalling between the defective
AER and the distal limb bud mesenchyme must still occur in
ld mutant limb buds for the following reasons. The ld
mutations predominantly disrupt formation of the autopod,
whereas initial limb bud outgrowth and patterning of
proximal structures are unaffected (Kleinebrecht et al.,
1982; Zeller et al., 1989). Furthermore, the defective AER
continues to express the FGF-8 signalling molecule, which
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seems to be involved in triggering limb bud outgrowth (Cohn
et al., 1995; Crossley and Martin, 1995; Mahmood et al.,
1995). These results provide molecular evidence that signalling by the ld mutant AER is unaffected during early morphogenesis (i.e. FGF-8), whereas the late signalling functions
are impaired (i.e. FGF-4). Incomplete AER differentiation
could impair its cell to cell communication (Tickle et al.,
1989) and polarisation by signals from the underlying mesenchyme (i.e. SHH; Laufer et al., 1994; Niswander et al.,
1994). This failure would prevent localised Fgf-4 expression
in the AER and establishment of the SHH/FGF-4 feedback
loop. This study supports a proposed essential role for FGF4 in maintaining Shh expression and polarising activity in the
posterior limb bud mesenchyme (Niswander et al., 1993;
Vogel and Tickle, 1993; Laufer et al., 1994; Niswander et al.,
1994). Furthermore, FGF-8 seems unable to compensate for
the lack of FGF-4 signalling in ld homozygous limb buds,
which provides evidence for distinct, non-complementary
functions of these two FGFs during limb bud morphogenesis. Interestingly, exogenously applied FGF-8 is unable to
maintain Shh expression in chicken limb bud mesenchyme
after AER removal (Mahmood et al. 1995). Taken together,
the results of our study provide insight into the molecular
defects causing the ld limb phenotype and show that the ld
gene products interact with the molecular signals that control
patterning of the autopod. Therefore, the existing ld alleles
provide a valuable tool for the continued investigation of the
roles of the Ld proteins in AER function and the signalling
cascades that co-ordinate growth and patterning of postaxial
limb structures.
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