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The positional signaling along the anteroposterior axis of the developing vertebrate limb is provided by the 

zone of polarizing activity (ZPA) located at the posterior margin. Recently, it was established that the Sonic 

hedgehog (Shh) mediates ZPA activity. Here we report that a new mouse mutant, Recombination induced 

mutant 4 (R/m4), and two old mutants, Hemimelic extra toes (Hx) and Extra toes (Xt), exhibit mirror-image 

duplications of the skeletal pattern of the digits. In situ hybridization of the embryos of these mutants 

revealed ectopic expression of Shh and fibroblast growth factor-4 (Fgf-4) genes at the anterior margin of limb 

buds. The new mutation, R/m4, was mapped to chromosome 6 with linkage to HoxAbut segregated from 

HoxA. No linkage to other known polydactylous mutations was detected. In this mutant, ectopic expression 

of the Hoxdoll gene, thought to be downstream of ZPA, was also observed at the anterior margin of the limb 

buds. All results indicate the presence of an additional ZPA at the anterior margin of limb buds in these 

mutants. Thus, it appears that multiple endogenous genes regulate the spatial localization of the ZPA in the 

developing mouse limb bud. 
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In the vertebrate tetrapod limbs, each skeletal element 

shows a sequential pattern along the anteroposterior and 

proximodistal axes. The pattern formation along the two 

axes is controlled by the two signaling centers. Signaling 

along the anteroposterior axis is provided from the zone 

of polarizing activity (ZPA) at the posterior margin of 

limb bud mesoderm. The grafting of ZPA to the anterior 

margin of the second limb bud induces additional digits 

in a mirror-image sequence along the anteroposterior 

axis (Saunders and Gasseling 1968; Tickle et al. 1975; 

Tickle 1981 ). The pattern along the proximodistal axis is 

controlled by the signaling from the apical ectodermal 

ridge (AER). 

It is postulated that Sonic hedgehog (Shh), a homolog 

of the segment polarity gene hedgehog in Drosophila, 
mediates ZPA activity (Echelard et al. 1993; Riddle et al. 

1993; Chang et al. 1994). Activity downstream of ZPA is 

thought to be performed by genes such as Hoxd and bone 
morphogenic protein-2 (Bmp-2), which may direct posi- 

tional specification during pattern formation in the 

limbs (Doll4 et al. 1989; Izpistia-Belmonte et al. 1991; 

Nohno et al. 1991; Morgan et al. 1992; Niswander et al. 

1993; Francis et al. 1994). It is also known that some 

members of the fibroblast growht factor (FGF) family ex- 

pressed in the AER can functionally replace the AER 

(Niswander et al. 1993; Fallon et al. 1994). It has been 

evident for a long time that ZPA stimulates signaling of 
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the AER, whereas the posterior portion of the AER main- 

tains a functional ZPA in the posterior mesoderm (Todt 

and Fallon 1987). Recently, it was established that there 

is a positive feedback loop operating between the ZPA 

and the posterior AER, and expression of Shh and fibro- 

blast growth factor-4 (Fgf-4) is coordinately regulated by 

this positive feedback (Laufer et al. 1994; Niswander et 

al. 1994). 

It has been reported that retinoic acid (RA) converts 

cells in the anterior region of limb buds to cells with 

ZPA activity and that application of a bead soaked in RA 

to the anterior margin of limb bud induces mirror-image 

duplication of the limb as is observed in grafting ZPA to 

the anterior region (Tickle et al. 1982; Noji et al. 1991; 

Wanek et al. 1991; Tamura et al. 1993). It was proposed 

that application of RA beads to the anterior limb bud 

induces ectopic expression of Fgf-4 in the anterior ridge. 

Then, FGF-4 and RA coordinately elicit Shh expression 

at the anterior margin of the limb bud (Niswander et al. 

1994). 

On the other hand, the cells at the anterior margin of 

the limb bud acquire the ZPA activity under microdis- 

sociation conditions or in vivo removal of AER (Ander- 

son et al. 1994). There is, however, very little informa- 

tion on which endogenous genes regulate the spatial and 

temporal specificity of the ZPA and are involved in this 

conversion of the cells at the anterior margin to acquire 

ectopic ZPA activity. 

In vertebrate tetrapods, there are many congenital ab- 
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normalities affecting the pattern formation of limbs. Pre- 

axial polydactyly, which causes extra digits on the side 

of digit 1, is one of the major abnormalities. Hyperpha- 

langy (triphalangeal thumb) is also a major abnormality 

of limb pattern formation in mammals. It mainly in- 

volves transformation of diphalangeal digit 1 to a tripha- 

langeal digit. Preaxial polydactyly is often coupled with 

hyperphalangy and malformation of the tibia (Yujnovsky 

et al. 1974; Atasu 1976; Canun et al. 1984). It is also 

associated with duplication of digits in a mirror-image 

along the anteroposterior axis in some cases (Landauer 

1956; Forsthoefel 1958; Forsthoefel 1962). The molecu- 

lar mechanisms by which these abnormalities of preaxial 

polydactyly are induced is poorly understood. 

Many mouse mutants with the phenotype of preaxial 

polydactyly have already been described and have been 

genetically mapped. In this study we present character- 

ization of a new polydactylous mutant, Recombination 

induced mutant  4 (Rim4), and two old polydactylous 

mutants, H e m i m e l i c  extra toes and Extra toes (Hx and 

Xt, respectively) all of which exhibit preaxial polydac- 

tyly. The R i m 4  mutation arose spontaneously from an 

intra-major histocompatibility complex (MHC)recombi- 

nant established from crosses between a wild-type 

mouse-derived MHC congenic strain (Shiroishi et al. 

1982) and standard MHC congenic strain B10. A (Shi- 

roishi et al. 1987a, b) R i m 4  shows preaxial polydactyly, 

which is inherited dominantly. 

The Hx mutation induces preaxial polydactyly and hy- 

perphalangy in all four feet, and malformation of the 

radius and tibia. Homozygotes of Hx probably die early 

during embryogenesis (Green 1989). Hx has been mapped 

to the proximal region of chromosome 5 (Fig. 1C), where 

the Shh gene was recently mapped (Chang et al. 1994). 

This chromosomal region is homologous to a segment of 

the long arm of human chromosome 7, where the genes 

responsible for a congenital polysyndactyly and tripha- 

langeal thumb were mapped (Heutink et al. 1994; 

Tsukurov et al. 1994). 

Xt  is a semidominant mutation mapped to chromo- 

some 13 (Lyon et al. 1967; Lyon and Meredith 1969) (Fig. 

1C). This mutation affects the Gli-3 gene (Schimmang et 

al. 1992, 1993, 1994; Vortkamp et al. 1992), which is a 

mouse homolog of the Drosophila segment polarity gene 

cubi tus  in terruptus  (Orenic et al. 1990; Hui et al. 1994). 

One of the mutant  alleles, Xt  I, was caused by deletion of 

a DNA segment including the coding region (Hui and 

Joyner 1993). The heterozygotes of Xt  I show preaxial 

polydactyly of the hind feet with duplication of digit 1 

(thumb polydactyly). Homozygotes die in utero or at 

birth with multiple abnormalities. The late-stage em- 

bryo of the homozygote shows preaxial polydactyly and 

hyperphalangy in all four limbs. In humans, deficiency of 

the GLI3 gene results in the Greig cephalopolysyndac o 

tyly syndrome (GCPS) affecting limb and craniofacial de- 

velopment (Vortkamp et al. 1991}. 

Here, we demonstrate that three mouse mutants, 

Rim4,  Hx  and Xt  I, exhibit mirror-image duplication of 

the limb skeleton. Furthermore, Shh and Fgf-4 are ectop- 

ically expressed at the anterior margin of the limb bud of 

Figure 1. Genetic maps of three mouse mutants. (A) Mapping of Rim4 to chromosome 6. The linkage data from the two backcrosses 
were compiled to construct the genetic map of Rim4. The number of recombinants between each marker and Rim4 and the number 
of progeny screened are indicated in parentheses. (B) Segregation panels of cross 1 (C57BL/lOJ-Rim4/+ x DBA/2J)F~ x C57BL/10J, and 
cross 2 (C57BL/lOJ-Rim4/+ x NZB)F~ x C57BL/10J. The progeny from these two crosses were typed for loci listed at the left of each 
panel. The number of offspring inheriting each type of chromosome is listed at the bottom of each column. (Solid box) B10; (open box) 
DBA; (shaded box) NZB. (C) Chromosomal locations of Hx and Xt mutant genes in chromosomes 5 and 13, according to the gene 
mapping of Hx (Robert et al. 1994) and Xt (Lyon and Meredith 1969). 
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these mutants. On the basis of these findings, it appears 

that the additional ZPA is present in the anterior limb 

buds of these mutants. The results suggest that a major 

form of preaxial polydactylous mutations is caused by a 

duplicated ZPA at the anterior margin of the limb buds. 

Thus, these mutants should provide a clue to identify 

endogenous genes involved in regulation of the spatial 

localization of ZPA in limb development. 

Results 

Genetic mapping of Rim4 

To determine the chromosomal location of the Rim4 

gene and to analyze potential linkage with other mouse 

polydactylous mutants and other known genes, we car- 

ried out linkage analysis of Rim4 in crosses with two 

laboratory strains, DBA/2J and NZB. Because the pene- 

trance of Rim4 was incomplete, we used only the back- 

cross progeny, which showed polydactyly. As a result, 

Rim4 was mapped to chromosome 6 and found to be 

tightly linked to HoxA, D6Mitl6, and D6Mitl 7 (Fig. 1A). 

The Hoxa gene cluster is involved in limb development 

and has been mapped closely to cbl-1 (Moore et al. 1992). 

In the present linkage analysis, HoxA was tightly 

linked to D6Mit33, and three recombinants were ob- 

tained between HoxA and Rim4, indicating that Rim4 is 

separate from HoxA (Fig. 1). In the proximal region of 

chromosome 6, the hop-sterile {hop) mutation, which is 

associated with preaxial polydactyly of both fore- and 

hindfeet, was mapped between sightless (Sig) and Hypo- 

dactyly (Hd) loci in the following gene order from prox- 

imal to distal; Sig-( 15.8• 1.7 cM)-hop-(9.6 + - 1.5 cM}-Hd 

(Hollander 1976). Hd was mapped to 1.5 cM proximal to 

Hoxa3 (Mock et al. 1987), indicating that the Rim4 gene 

is distinct from the hop gene and located at a distance of 

15 cM from hop. Because the position of Rim4 does not 

overlap with the other mutant loci associated with poly- 

dactyly, Rim4 appears to be a novel mutation at a new 

locus that affects limb pattern formation. 

Skeletal phenotypes of Rim4; homozygotes 

and heterozygotes 

On the basis of the genotyping with the microsatellite 

marker loci that are linked to Rim4, we were able to 

distinguish homozygotes from heterozygotes. The geno- 

types of progeny obtained from intercross of F1 mice be- 

tween C57BL/lO-Rim4/+ stock and the NZB strain 

were determined with appropriate microsatellite mark- 

ers. A typical phenotype of Rim4 heterozygotes is a 

triphalangeal extra digit located on the preaxial side of 

digit 1 of the hindlimbs (Fig. 2B,E). Duplication of the 

digit in the heterozygotes varied from thickening of 

diphalangeal digit 1 to branching of triphalangeal extra 

digits, which resulted in a total of seven toes. The digit 

duplication was restricted in autopods of the hindlimbs. 

In the homozygotes, the affected domain was enlarged 

to more proximal elements than heterozygotes, namely 

zeugopods and autopods. The forelimbs were also af- 

fected, but the penetrance was incomplete and the poly- 

dactyly was less extreme than that of the hindlimbs. The 

affected domain was restricted in autopods in the fore- 

limbs. In most cases, the distal portion of the tibia was 

reduced in length and the ankle joint was disturbed (Fig. 

3F). Digit 1 was lost and there were two or more tripha- 

langeal extra digits. The digits of the mouse, except for 

digit 1, did not appear to be as distinct. Because the sec- 

ond and third tarsal bones were duplicated in mirror im- 

age (Fig. 2C, F), the digit pattern of Rim4 homozygotes 

was concluded to be (IV-)III-II-II-III-IV-V. Variations in 

affected tibia ranged from only shortening or thinning of 

the distal end of the tibia to complete absence of the 

tibia. The total number of digits on a limb varied from 

five to seven. With respect to the axial structure, trans- 

formation of the presacral vertebrae to sacrum was often 

observed in homozygotes (data not shown). Many vari- 

ants of the phenotype were found in both heterozygotes 

and homozygotes with the same genetic background, 

and the right and left limbs were affected independently. 

The defect in the limb skeleton of Rim4 homozygotes 

resembles those of homozygotes of luxate (lx) mapped to 

chromosome 5 (Carter 1951), heterozygotes of Hx 

mapped to chromosome 5 (Knundsen and Kochhar 1981 ), 

and hetero- and hemizygotes of X-linked polydactyly 

(Xpl) mapped to chromosome X (Sweet and Lane 1980). 

The skeletal phenotype of lx in particular resembles that 

of Rim4 in both heterozygotes and homozygotes (Carter 

19511. Abnormalities of the kidney, reported in lx or Xpl 

mice (Carter 1954; Sweet and Lane 1980) were not ob- 

served. 

To ascertain when the polydactyly of Rim4 occurred 

in the developmental stages, we characterized the skel- 

etal phenotype of Rim4 embryos according to the devel- 

opmental stages. In the embryos of Rim4 homozygotes, 

there were individuals with phenotypes that were much 

more severe than those observed in adult mice. In the 

most extreme case, a fibula-like element was formed on 

the anterior side and the calcaneus was duplicated (Fig. 

3D,F). The polydactyly could be already recognized at 

the initial stage of condensation of cartilage when out- 

growth had been induced ectopically in the anterior por- 

tion of the limb bud at 13 days [stage 7 of the staging 

system for mouse limb development (Fig. 3B; Wanek et 

al. 1989)[. 

Duplicated ZPA in Rim4 

To examine whether the mirror-image duplication is 

caused by ectopic ZPA activity at the anterior region of 

the limb buds, we carried out whole-mount in situ hy- 

bridization of Rim4 embryos using riboprobes of the Shh, 

Fgf-4, and hoxd11 genes. The genotypes of the embryos 

from intercrosses of F 1 mice between C57BL/10- 

Rim4~ + stock and NZB strain were identified by micro- 

satellite DNA markers, as was done in characterization 

of the skeletal phenotype. 

In the wild-type embryos, Shh was expressed in the 

mesoderm exclusively at the posterior margin of both 

the fore- and hindlimbs from stage 1 of limb develop- 
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Figure 2. Skeletal phenotypes of the hindlimbs of Rim4 mice. Dorsal view of the hindlimbs stained with alcian blue and alizarin red. 
Wild-type digits are numbered I-V from anterior to posterior, and the first to fourth tarsal bones are numbered 1-4. Duplicated digits 
are indicated by asterisks. IA-F) Left hindlimbs of adult mice. (D-F) Magnifications of feet shown in A-C. (A,D) Wild-type foot plate 
of a mouse obtained from the backcross NZBx(NZBxC57BL/lO-Rim4/+ ) F~. (B,E) Typical phenotype of the foot plate of a Rim4 
heterozygote, C57BL/lOJ-Rim4/+. (C,F) Typical phenotype of the foot plate of a Rim4 homozygote obtained from the intercross of 
(NZB x C57BL/1 O-Rim4/+ )F~. (F) Second and third tarsal bones of the homozygotes were duplicated in a mirror image. Bars, 1.0 mm. 

ment  (10 days for the hindlimb) to stage 7 (13 days for the 

hindlimb). Fgf-4 was expressed in the central-posterior 

portion of AER from stages 1 to 7. The expression do- 

main  of Fgf-4 overlays in part that of Shh at the posterior 

l imb bud. In stage 5 (12 days for hindlimb) the expression 

of hoxdl l  spread over the posterior and distal regions 

(Fig. 4). 

In homozygotes of Rim4, Shh and Fgf-4 were expressed 

ectopically at the anterior portion of the h indl imbs  from 

stage 3 (11 days for the hindlimb) to stage 7 (Fig. 4). 

Ectopic expression of Shh was restricted to a relatively 

small  region when  compared with the normal expression 

at the posterior margin. The domain of ectopic expres- 

sion of Fgf-4 gene might  be small  as well. Endogenous 

and ectopic expression domain of Fgf-4 might  join at the 

anterior boundary of the endogenous expression, leading 

to the prolonged expression domain of Fgf-4 (Fig. 4H). 

The ectopic expression of Shh and Fgf-4 was prominent  

in stage 5 or 6 (12 days for the h ind l imb and 11 days for 

the forelimb), in contrast to endogenous expression in 

the stage 3 or 4 ( 11 days for the h ind l imb and 10 days for 

the forelimb). Hoxcll 1 was expressed in both the anterior 

and posterior regions (Fig. 4D). 

The ectopic expression of the Shh, Fgf-4, and the 

hoxdl 1 genes at the anterior part of the limb, as well  as 

the mirror-image duplication of the skeletal pattern, in- 

dicated that there was an additional ZPA located at the 

anterior margin of the h ind l imb buds of the Rim4 em- 

bryos. Ectopic outgrowth of this region was observed in 

sequential stages (Fig. 4D,F). 

In the heterozygotes, the phenotype of the h ind l imbs  

was less extreme than that of homozygotes, but ectopic 

expression of Shh and Fgf-4 was also observed. The ex- 

pression domains of these genes in the heterozygotes 

were narrower than those of the homozygotes, being re- 

stricted to the pinpoint  regions at the anterior margin of 

the l imb buds (data not shown). 

Duplicated ZPA in two old polydactylous mutants 

We also carried out characterization of skeletal pheno- 

types and whole-mount  in situ hybridizat ion of embryos 

of two other mutants,  Hx and Xt, which show preaxial 

polydactyly similar  to Rim4, using probes of the Shh and 

Fgf-4 genes. 

The embryos were obtained from the backcross of Hx 

heterozygotes to wild-type C57BL10 mice. The heterozy- 

gotes of Hx show preaxial polydactyly and hyperpha- 

langy in all four feet, and malformat ion of the radius and 

tibia (Knundsen and Kochhar 1981). Skeletal phenotypes 
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Figure 3. Skeletal phenotypes of Rim4 
embryos in various developmental stages. 
Dorsal view of the hindlimbs stained with 
alcian blue and alizarin red. (A,C,E) Skele- 
tons of the wild-type embryos; (B,D,F) the 
skeletons of Rim4 homozygotes. (A,B) 
13.5-day (stage 8) embryo; (C,D) 15.5-day 
(stage 11)embryo; (E,F) 19.5-day (stage 13) 
embryo. (B) The arrow indicates the out- 
growth at the anterior margin of the hind- 
limb bud of a Rim4 homozygote. (D,F)Ar- 
rowheads indicate a fibula-like element 
formed on the anterior side of a reduced 
tibia. (D)Calcaneus was duplicated. Wild- 
type digits are numbered in the same way 
as in Fig. 1. Bars, 1.0 mm. 

of the hindlimb of the Hx heterozygotes resemble the 

Rim4 homozygotes with a III-II-II-III-IV-V digit pattern 

and mirror-image duplication of the second and third 

tarsal bones. They differ from Rim4 in that the autopods 

of the forelimbs and hindlimbs are equally affected. Of 

nine embryos examined, five ectopically expressed Shh 

and Fgf-4 at anterior margin of fore- and hindlimb buds at 

stage 6 (Fig. 5C, E). Ectopic expression of Shh spread more 

widely than that of Rim4 homozygotes (data not shown). 

The embryos were obtained from intercross of Xt I het- 

erozygotes. The heterozygotes showed duplication of 

digit 1 (thumb polydactyly) of the hindlimbs, which was 

less extreme than the phenotype of Rim4 heterozygotes. 

The late-stage embryos of the homozygotes showed mir- 

ror-image duplication of digits in all four limbs and re- 

duction of the tibia as was seen in Rim4 homozygotes 

(Fig. 5B). We found that 1 of the 10 embryos expressed 

Shh ectopically at the anterior mesoderm of all four limb 

buds. Ectopic expression of Fgf-4 was also observed in 

one embryo in the anterior AER in stage 5 (Fig. 5D, F). 

D i s c u s s i o n  

Preaxial polydactyly and duplication of ZPA 

Preaxial polydactyly with hyperphalangy and malforma- 

tion of the tibia represents a major group of congenital 

abnormalities of limbs in mice. In this study we showed 

that three polydactylous mouse mutations, Rim4, Hx 

and Xt, exhibit mirror-image duplication of the anterior- 

distal part of the limbs, which was caused by duplication 

of the ZPA at the anterior margin of the limb bud. The 

skeleton of the autopod of these mutants showed com- 

plete or slightly disturbed mirror-image duplication. In 

the same way, more proximal elements such as the fib- 

ula were sometimes duplicated in a mirror image. In 

many cases, however, the tibia was reduced in length, 

and in the most severe case, it was completely absent. In 

Hx heterozygotes, it was reported that this reduction of 

the tibia is caused by necrosis of presumptive tibial 

chondroblasts (Knundsen and Kochhar 1981). This ne- 

crosis may result from the disruption of the positional 

value of the region where the tibia is formed in limb 

development, which is caused by ectopic positional sig- 

naling from duplicated ZPA. 

In mice, other polydactylous mutants, such as luxoid 

(lu), Strong's luxoid (lst), lx, and Xpl, also show mirror- 

image duplication of digits along the anteroposterior axis 

(Carter 1951, 1954; Forsthoefel 1958, 1962; Sweet and 

Lane 1980). In humans congenital preaxial polydactyly 

has been classified into four types: (1) thumb polydac- 

tyly, (2)polydactyly of the triphalangeal thumb, (3) poly- 

dactyly of the index finger, and (4) polysyndactyly (McK- 

usick 1990). They can be regarded as morphogenic ab- 

normalities along the anteroposterior axis of limb 

development. Preaxial polydactyly with hyperphalangy 

is a major group among these abnormalities, in which 
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Figure 4. Expression patterns of Shh, Fgf-4, and hoxd-11 genes in wild- 
type and Rim4 homozygotes. (A,C,E,G,I) Wild-type embryos~ (B,D,F,H,J) 
Rim4 homozygotes. Close-up view of whole-mount in situ hybridization 
of the left hindlimb buds, in stage 3 (11 day embryo)(A-D) and stage 6 (12 
days) [E-l), using riboprobes for Shh (A,B.E,F), Fgf-4 (C,D,G,H), and hoxd- 
11 (I,J). Ectopic expression in stage 3 is indicated by arrows. At stage 6, 
ectopic expression of Shh, Fgf-4, and hoxd-11 genes is clearly observed at 
the anterior margin of limb buds. Bars, 0.25 mm. 

hypoplasia or duplication of the tibia and radius is 

present in some cases. Their pattern of digits appears to 

be mirror-image duplication (Yujnovsky et al. 1974; Ca- 

nun et al. 1984). Our results from this study suggest that 

most of this congenital polydactyly can be caused by 

duplication of ZPA at the anterior margin of the l imb 

bud. 

Temporal expression pattern of Shh and Fgf-4 genes 

in Rim4 

In the Rim4 mutant ,  the first ectopic expressions of Shh 

and Fgf-4 genes were detected at the same time, in stage 

3. This is different from RA application, in which ectopic 

expression of Fgf-4 precedes that of Shh. In the earlier 

stage, the ectopic expression of Shh and Fgf-4 could not 

be detected in Rim4. At stage 3, the domains of ectopic 

expression of Shh and Fgf-4 were restricted in the pin- 

point region at the anterior margin of l imb buds. The 

Rim4 mutat ion  may  induce ectopic ZPA in a small  re- 

gion. Once ectopic ZPA is induced, a positive feedback 

loop between ZPA and AER may enlarge both ectopic 

ZPA and posteriorized AER at the anterior l imb bud. 

Genetic regulation localizing ZPA to the posterior 

limb bud 

It was reported recently that ectopic expression of the 

Hoxb-8 transgene caused posterior homeotic  transforma- 

tion of axial structures (Charit6 et al. 1994). In addition, 

mirror-image duplication of the digits of the forelimbs 

accompanied by ectopic expression of the Shh and Fgf-4 

gene at the anterior margin of the l imb buds was ob- 

served in transgenic mice. This phenotype is very s imilar  

to those in mouse mutants  Rim4, Hx, and Xt, in that 

ectopic ZPA was observed at the anterior margin of l imb 

buds. 

It is clear that the regulation polarizing ZPA only at 

the posterior margin of l imb buds was affected in the 

mutat ions that occurred in Hoxb-8 transgenic mouse. At 

least three possibilities explain the cause of polydactyly 

appearing in these mutants .  First, the mutat ions  affect 

the regulatory region of the Shh gene, which  results in 

induction of ectopic Shh expression at the anterior mar- 

gin of the l imb bud in addition to normal expression. 

Recently, the mouse Shh gene, Hhg-1, was mapped to 

the proximal region of chromosome 5 where Hx had 

been mapped (Chang et al. 1994). It is possible that the 

Hx mutat ion alters the spatial pattern of the expression 

of the Shh gene so that it is expressed ectopically at the 

anterior margin of the l imb bud. Fine linkage analysis 

between Hhg-1 and Hx, and molecular  characterization 

of the Hhg-1 gene from Hx mutan t  would address this 

possibility. 

Second, as was shown in Hoxb-8 transgenic mice, it is 

l ikely that ectopic expression of some member  of Hox 

gene clusters may elicit a duplicated ZPA at the anterior 

margin of the l imb bud. From the data of genetic linkage 

of the three mutat ions Rim4, Hx, and Xt, none of them 
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Figure 5. Mirror-image duplication and ectopic expression of 

Shh and Fgf-4 in Hx and Xt. {A,C,E) Hx heterozygotes; (B,D,F) Xt 

homozygotes. Dorsal view of the left hindlimbs of adults 

stained with alcian blue and alizarin red (A,B), and whole- 

mount in situ hybridization of the embryos (C-F) at stage 5 or 6 

{12-day embryo), using riboprobes for Shh (C,D) and Fgf-4 (E,F). 

Wild-type digits are numbered in the same way as in Fig. 1. Bars, 
0.25 ram. 

appears to be closely l inked  wi th  the Hox gene clusters. 

Therefore,  the  poss ib i l i ty  tha t  the  m u t a t i o n s  occur in 

the Hox gene clusters per se can be excluded. 

The  th i rd  poss ibi l i ty  is tha t  the wild- type genes of the  

m u t a n t  loci down-regula te  ZPA ac t iv i ty  in a region-spe- 

cific manner .  The  m u t a t i o n s  migh t  affect the region-spe- 

cific suppression of ZPA ac t iv i ty  and induce  ectopic ex- 

pression of ZPA at the anter ior  margin  of l imb buds, 

f inal ly leading to bi lateral  ZPA in l imb  buds. It was re- 

ported tha t  cells in  an ter ior  l imb buds possess po ten t ia l  

ZPA ac t iv i ty  w h e n  they  are cul tured  under  microdisso-  

c ia t ion  condi t ions  or in vivo removal  of the AER (Ander- 

son et al. 1994). Such po ten t ia l  ZPA act iv i ty  at the  an- 

terior margin  m u s t  be suppressed in normal  l imb devel- 

o p m e n t  under  the anter ior  part  of the AER. The  wild- 

type alleles of Rim4, Hx, and Xt loci migh t  be involved 
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in  a cascade of down-regula t ion  of the  ac t iv i ty  of ZPA 

specifically at the  anter ior  margins  of the  l imb  buds. In 

this  context ,  it  is of in teres t  to note  tha t  the  X d  muta-  

t ion  has a de le t ion  inc luding  the  zinc finger doma in  of 

the Gli-3 gene wh ich  encodes a t ranscr ip t ion  factor, re- 

sul t ing in loss of func t ion  of this  gene. This  suggests the 

exis tence of a genetic  pa thway  tha t  suppresses the ZPA 

act iv i ty  specifically at the anter ior  marg in  of the  l imb 

bud in no rma l  mouse  embryos.  

As stated above, there  are m a n y  other  po lydac ty lous  

m u t a n t s  tha t  exhibi t  hyperpha langy  and m a l f o r m a t i o n  

of the tibia, whose  phenotypes  resemble  those  of Rim4, 

Hx, and Xt (Carter 1951, 1954; Forsthoefel  1958, 1962). 

In some cases, mirror- image dupl ica t ion  of digits is ob- 

served. This  s tudy suggests tha t  m a n y  o ther  genes may  

have func t ions  to down-regulate  ZPA ac t iv i ty  at the an- 

terior margin  of l imb buds. 

Mater ia l s  and m e t h o d s  

Mice 

Multiple visible mutants arose spontaneously from intra-MHC 

recombinants established from crosses between a wild-type 

mouse-derived MHC congenic strain, B10.MOL-SGR (Shiroishi 

et al. 1982) and standard MHC congenic strain B10. A (Shiroishi 

et al. 1987a,b). They were designated recombination-induced 

mutants (Rim; T. Shiroishi, T. Sagai, M. Yoshino, H. Masuya, 

M. Maeda, S. Wakana, and K. Moriwaki, in prep.). One of them, 

Rim4, exhibits preaxial polydactyly of the hind feet and occa- 

sional malformation of the tibia. The mutant was backcrossed 

to the C57BL/10 strain and the mutant gene was maintained in 

this genetic background. 

Hx mice, BIO.D2/nSn-Hx/+, were purchased from the Jack- 

son Laboratory. To maintain the Hx mutant gene, the heterozy- 

gotes were backcrossed to the wild-type, B10.D2/nSn-+/+,  

mice. For whole-mount in situ hybridization, embryos were ob- 

tained from the crossing of Hx male mice and C57BL/10 female 

mice. 
Xt mice, C3HeB/FeJ-ES~ s~ XtJ/+, were purchased from the 

Jackson Laboratory. To maintain the Xt mutant gene, the het- 

erozygotes were intercrossed. For whole-mount in situ hybrid- 

ization, embryos were obtained from the intercrossing of the 

heterozygotes. 

Linkage analysis 

Linkage analysis was carried out using two types of backcrosses: 

(C57BL/lO-Rim4/ + xDBA/2J)FI and (C57BL/lO-Rim4/ 

+ xNZB)F l were backcrossed to C57BL/10J. They were desig- 

nated backcrosses 1 and 2, respectively. In the analysis, the 

penetrance of Rim4 was incomplete. In backcross 1, the pene- 

trance was 71.1%, and in backcross 2, it was 92.8%. Seventy- 

nine and 38 offspring that exhibited polydactyly from back- 

crosses 1 and 2, respectively, were used in the linkage analysis. 

Genomic DNA was prepared from the liver or tail of the back- 

crossed progeny. The microsatellite marker loci were typed by 

simple sequence length polymorphism (SSLP) according to the 

protocol of Research Genetics (Huntsville, AL). The Hoxa gene 

was typed by Southern analysis using a 3.7-kb genomic DNA 

probe that contains the 3' end of the Hoxa-6 gene and the 5' end 

of the Hoxa-5 gene (Odenwald et al. 1987; Fibi et al. 1988). 

Digestion with HinfI gave RFLP fragments of 0.15 kb for 

C57BL/10J and 0.2 kb for DBA/2J. The linkage data from these 

two crosses were compiled to construct the genetic map of 

Rim4. 

GENES & DEVELOPMENT 1651 

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Masuya et al. 

Genotyping of Rim4 mice 

For analysis of the Rim4 phenotype, the progeny obtained from 

the intercross of (NZBxC57BL/lO--Rim4/+ )F~ was genotyped. 

Genomic DNA was prepared from the liver of the adult mice or 

the head of the embryos after whole-mount in situ hybridiza- 

tion. The genotype of the progeny was determined by reference 

to microsatellite markers D6Mit9, D6Mit33, and D6Mit98. 

Skeletal preparations 

Double staining of the skeleton with alcian blue and alizarin red 

was performed essentially as described elsewhere (Wallin et al. 

1994]. 

In situ hybridization 

Whole-mount in situ hybridization using digoxygenin-labeled 

RNA was performed essentially as described elsewhere {Wilkin- 

son 19921. For the detection of weak expression, color reaction 

using X-phosphate and NBT was performed for a total of 6 hr 

{1.5 hrx4 reactionsl. The probe for Shh was transcribed from a 

642-bp EcoRI fragment by T3 polymerase {Echelard et al. 1993), 

and the probe for Fgf-4 was transcribed from a 620-bp fragment 

by T3 polymerase (Niswander et al. 1992). The hoxdl  1 probe 

was a 300-bp transcript generated by T7 polymerase {Izpistla- 

Belmonte et al. 19911. 
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