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Targeted inactivation of the murine gene encoding the transcription factor LEF-1 abrogates the formation of 
organs that depend on epithelial-mesenchymal tissue interactions. In this study we have recombined 
epithelial and mesenchymal tissues from normal and LEF-1-deficient embryos at different stages of 
development to define the LEF-1-dependent steps in tooth and whisker organogenesis. At the initiation of 
organ development, formation of the epithelial primordium of the whisker but not tooth is dependent on 
mesenchymal Left gene expression. Subsequent formation of a whisker and tooth mesenchymal papilla and 
completion of organogenesis require transient expression of Lefl in the epithelium. These experiments 
indicate that the effect of Lefl expression is transmitted from one tissue to the other. In addition, the finding 
that the expression of Lefl can be activated by bone morphogenetic protein 4 (BMP-4) suggests a regulatory 
role of this transcription factor in BMP-mediated inductive tissue interactions. 
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Vertebrate organs are typically composed of two dissim­
ilar tissues, most commonly an epithelium and mesen­
chyme, which influence each other during organogene­
sis. Inductive interactions between these tissues govern 
the initiation of organ development, subsequent mor­
phogenesis and terminal cytodifferentiation (for review, 
see Grobstein 1967; Gurdon 1992). Initiation of morpho­
logically visible organ formation is frequently marked by 
local thickening of the epithelium and condensation of 
subjacent mesenchymal cells. Morphogenesis subse­
quently involves complex growth of the epithelium, 
which either branches within the mesenchyme or folds 
around the mesenchymal condensation forming a papil­
lary structure. Finally, terminal differentiation of cells of 
both epithelial and mesenchymal lineages governs the 
synthesis of gene products specific for organ function. 

The importance of tissue interactions for organ mor­
phogenesis has been demonstrated by classical embryo-
logical experiments involving the separation of epitheli­
al and mesenchymal tissues and subsequent recombina­
tion with heterologous partner tissue (Grobstein 1967; 
Saxen 1977; Kollar 1983; Kratochwil 1986). These stud­
ies indicated that epithelial-mesenchymal interactions 
are reciprocal and sequential, and that either component 
may play the dominant role in organogenesis, depending 
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on the organ system and the developmental stage. De­
velopment of teeth and skin appendages (whiskers, hairs, 
feathers, and scales) has been studied extensively and 
shown to share several features (for review, see Slavkin 
1974; Sengel 1976; Thesleff and Humerinta 1981; Kollar 
1983; Thesleff et al. 1995). In both tooth and whisker 
development, an ectodermally derived epithelium inter­
acts with mesenchyme that originates from neural crest 
cells of the first branchial arch (LeDouarin 1982; Lums-
den 1988; Noden 1988). In each case, the invaginating 
epithelium embraces part of the condensed mesenchyme 
which forms a characteristic mesenchymal papilla dur­
ing early morphogenesis. Studies aimed at gaining in­
sight into the mechanisms of tooth and hair follicle de­
velopment have focused on the analysis of the expres­
sion patterns of candidate regulatory genes encoding 
transcription factors, cell surface molecules, and growth 
factors (Panaretto 1993; Thesleff et al. 1995). Many of 
these genes were found to be expressed in spatially and 
temporally defined patterns that reflect inductive tissue 
interactions (Jones et al. 1991; Lyons et al. 1991; Mac-
Kenzie et al. 1991; Jowett et al. 1993; Vainio et al. 1993; 
Hogan et al. 1994; Parr and McMahon 1994). Moreover, 
some growth factors, such as bone morphogenetic pro­
tein 4 (BMP-4) and fibroblast growth factor-4 (FGF-4), 
have been found to mimic the effects of dental epithe­
lium by inducing the expression of specific genes in the 
mesenchyme of tooth germs cultured in vitro (Vainio et 
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al. 1993; Jemvall et al. 1994). Recently, experimentally 
induced mutations in the transcription factor genes 
Msxl and Lefl revealed a role of these regulatory genes 
in tooth development (Satokata and Maas 1994; van 
Genderen et al. 1994). 

Lymphoid enhancer-binding factor 1 (LEF-1) is a cell 
type-specific transcription factor expressed in lympho­
cytes of the adult mouse, and in the neural crest, 
mesencephalon, tooth germs, whisker follicles, and 
other sites during embryogenesis (Travis et al. 1991; 
Waterman et al. 1991; Oosterwegel et al. 1993; van 
Genderen et al. 1994; Zhou et al. 1995). LEF-1 is a mem­
ber of the family of high mobility group (HMG) proteins 
which has the capacity to induce a sharp bend in 
the DNA helix (Giese et al. 1992; Love et al. 1995). In 
addition, LEF-1 activates transcription only in collabora­
tion with other DNA-binding proteins (Giese and Gross-
chedl 1993; Carlsson et al. 1993). In the context of the 
T-cell receptor a enhancer, LEF-1 protein appears to play 
an architectural role, promoting the assembly of a 
higher-order nucleoprotein complex by juxtaposing non-
adjacent factor binding sites (Giese et al. 1995). In addi­
tion, LEF-1 has been shown to activate the human im­
munodeficiency virus-1 enhancer in the context of nu-
cleosomal DNA templates suggesting a role of this 
transcription factor in nucleosomal derepression (Sheri­
dan et al. 1995). 

Targeted inactivation of the Lefl gene in the mouse 
germ line resulted in a pleiotropic phenotype in which 
the development of teeth, whiskers, hair follicles, and 
mammary glands was found to be severely impaired (van 
Genderen et al. 1994). Tooth development is initiated in 
Lefl ~' ~ embryos; however it is arrested before the for­
mation of a mesenchymal dental papilla. Likewise, de­
velopment of body hair follicles and mammary glands is 
incomplete or abrogated before morphogenesis. All or­
gans that are affected by the mutation in the Lefl gene 
share a requirement for tissue interactions between ec­
toderm-derived epithelium and mesenchyme. Thus, the 
phenotype of this mutant mouse raised the interesting 
possibility that LEF-1 plays a general regulatory role in 
ectodermal-mesenchymal tissue interactions (van Gen­
deren et al. 1994). Moreover, forced expression of LEF-1 
in the skin of transgenic mice was recently found to 
result in abnormalities in the orientation of hair follicles 
and occasionally in ectopic formation of hair follicles 
(Zhou et al. 1995). 

In the present study, we applied classical tissue-re­
combination techniques to define the function of Lefl in 
tooth and whisker development. Experimental combina­
tions of epithelial and mesenchymal tissues from normal 
and Lefl'' ~ mutant embryos allowed us to determine 
the tissue type and developmental stages in which Lefl 
is critical for morphogenesis of both organs. These ex­
periments indicated that Lefl expression is required only 
transiently in one tissue to induce a specific morphoge-
netic event in the other tissue. Moreover, expression of 
Lefl is activated in presumptive dental mesenchyme by 
BMP-4, suggesting that this transcription factor acts in a 
BMP-mediated signaling pathway. 

Results 

Lefl is expressed in a stage- and tissue-specific 
pattern during tooth development 
We analyzed Lefl gene expression in embryos between 
days 10 and 16 of gestation (E10-E16) by in situ hybrid­
ization and immunohistochemistry. Consistent with 
previous observations (Oosterwegel et al. 1993), Lefl was 
found strongly expressed in the thickened oral epithe­
lium at the initiation of visible tooth development be­
tween ElO and Ell (Fig. I A). At Ell, expression of Lefl 
shifts to the condensing mesenchyme around the invagi-
nated epithelial tooth bud (Fig. IB). Beginning morpho­
genesis at E13 is accompanied by expression of Lefl both 
in the mesenchymal condensation and in the immedi­
ately adjacent basal cells of the epithelium (Fig. IC). 
These epithelial cells differ in their proliferation and sig­
naling properties from other epithelial cells and form the 
future enamel knot (Jemvall et al. 1994; Vaahtokari et al. 
1996). During the subsequent cap and bell stages of tooth 
development (E14-E16), Lefl transcripts are continu­
ously detected in both tissues, including the mesenchy­
mal papilla and preodontoblasts, and in the epithelium-
derived preameloblasts (data not shown). This pattern of 
expression was confirmed by immunohistochemistry 
(Fig. ID). 

Although Lefl is expressed at the earliest stages of 
tooth development, Lefl ~' ~ mouse embryos initiate the 
formation of tooth germs (van Genderen et al. 1994). The 
first visible defect in tooth development of Le/2-deficient 
embryos can be detected at the late bud stage around E13 
when the dental papilla fails to form (Fig. 1E,F). In par­
ticular, the mutant dental epithelium does not form the 
enamel knot and fails to adopt the shape of a cap at later 
stages (van Genderen et al. 1994), although the mutant 
tooth bud persists at least until birth. This mutant phe­
notype suggests that E13 may be the critical stage for 
LEF-1 action in tooth development. 

Formation of the mesenchymal dental papilla depends 
on epithelial Lefl expression 
The sequential shifts in the pattern of gene expression 
between epithelial and mesenchymal tissues and the ar­
rest in tooth development at the bud stage suggested a 
regulatory role for Lefl in odontogenesis. To define the 
Lefl -dependent step in this process, we performed tissue 
combinations of presumptive dental epithelium and 
mesenchyme from normal and homozygous mutant 
( - / - ) embryos. Normal tissues were obtained from 
wild-type and heterozygous embryos which are pheno-
typically indistinguishable. For the tissue recombina­
tions, we dissected tooth anlagen or tooth germs from 
embryos at different stages of development (E10-E17), 
separated the epithelial and mesenchymal components 
and reassociated normal and mutant partner tissues in 
both combinations. The tissue recombinants were ini­
tially incubated in vitro but subsequently transplanted 
under the kidney capsule for completion of organogene­
sis and terminal cytodifferentiation. Tooth development 
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Figure 1. Pattern of Lefl expression and 
Lefl"'' phenotype in early tooth develop­
ment. Coronal sections of Ell to E15 wild-
type embryos were either hybridized with a 
Le/1-specific RNA probe or immuno-
stained with anti-LEF-1 antibodies. \A] Oral 
cavity of an El 1 embryo showing Lefl tran­
scription in the thickened presumptive 
dental epithelium (de). (e) Oral epithelium; 
(m) mesenchyme. (B) Invagination of dental 
epithelium at E12 and shift of Lefl expres­
sion to the underlying mesenchyme (m). 
(C) E13 molar tooth germ containing abun­
dant Lejl transcripts in the condensing 
dental mesenchyme (m) and in epithelial 
cells at the base of the tooth bud. (D) Molar 
tooth germ at the cap stage (El5), in which 
LEF-1 is expressed in the nuclei of cells in 
the dental papilla (dp) and epithelial cells of 
the enamel knot. (£,P) Plastic sections 
through the molar anlage of a late E13 wild-
type (+ / -I-) embryo (£) and mutant ( - / - ) 
littermate (f). Cells of the mesenchymal 
condensation arrange for the future dental 
papilla in the wild-type tooth (£), but not in 
the mutant (F) in which the mesenchyme (m) seems more condensed and undifferentiated. The dental epithelium (de) remains 
bud-shaped in the mutant (f), whereas it begins basal flattening (arrow) for the eventual formation of the cap in the wild-type tooth 
(£). Bars, \A-D] 100 |xm; (£-£) 50 M-m. 

'^fw'' 

was assessed in histological sections of explanted tissue 
recombinants. 

All combinations of normal epithelium and mutant 
mesenchyme produced teeth at high frequency, irrespec­
tive of the stage of the donor embryos (Fig. 2A). Tooth 
morphogenesis was normal and both tissues completed 
cytodifferentiation including the secretion of dentin by 
mutant odontoblasts and enamel by ameloblasts (Fig. 
2C,D). By contrast, odontogenesis in reciprocal associa­
tions of mutant epithelium and normal mesenchyme 
was dependent on the stage of the donor embryos (Fig. 
2B). No teeth developed from tissues of E10-E12 em­
bryos (Fig. 2F), the mutant epithelium instead forming 
only large keratinizing cysts and the normal mesen­
chyme empty alveolar bone. Recombinations of E13 den­
tal tissues developed very few tooth-like structures, 
whereas those of E14-E17 tissues yielded morphologi­
cally normal teeth at high frequency (Fig. 2B,G). Nota­
bly, the mutant dental epithelium differentiated into a 
normal ameloblast cell layer. These tissue combinations 
indicate that Lejl expression is required only in the ep­
ithelium to allow for morphologically normal tooth de­
velopment. However, dental mesenchyme from normal 
E14 or older embryos which was exposed to Ie/7-ex­
pressing epithelium before tissue separation was capable 
of developing teeth in association with mutant epithe­
lium. Control transplants of unmanipulated mutant 
tooth germs never developed teeth in organ culture or as 
a subrenal graft suggesting that soluble factors present in 
serum or in wild-type mice can not compensate for the 
Lejl deficiency. Taken together, these data suggest that 
epithelial Lejl expression is necessary for the induction 

of the mesenchyme, presumably for the formation of the 
dental papilla, but is dispensable for further cytodiffer­
entiation. 

Previous recombination studies with normal tissues 
indicated that the different shapes of the incisor and mo­
lar teeth are determined by the mesenchyme after E l l 
(KoUar and Baird 1969; Lumsden 1979; Kollar and Mina 
1991). To examine whether Lejl participates in the de­
termination of tooth shape, we combined normal epithe­
lium of the E13 incisor anlage with mutant mesenchyme 
of an E13 molar anlage and vice versa. In both types of 
recombinations, the Le/1-deficient mesenchyme was 
still capable of determining the final shape of the tooth 
(Fig. 2E,H), indicating that specification of the type of the 
dental papilla is independent of Lejl. 

Lefl gene expression during whisker development 

Whiskers (vibrissae) are specialized skin appendages that 
differ from body hair by their size, morphology, and func­
tion (Davidson and Hardy 1952; Hardy 1992). Before vis­
ible whisker development, LEF-1 protein is detected by 
immunohistochemistry exclusively in the mesenchyme 
of the whisker pad of E l l embryos (Fig. 3A). Initiation of 
whisker development at El2 is accompanied by addi­
tional LEF-1 protein expression in the epithelial placodes 
(Fig. 3B1. With the formation of invaginated whisker pegs 
at El3, both cells of the condensed mesenchyme and the 
immediately adjacent epithelial cell layer express LEF-1 
protein (Fig. 3C). In stage E15 embryos, LEF-1 is ex­
pressed in cells of the mesenchymally derived dermal 
papilla and in matrix cells of the forming epithelial hair 
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Figuie 2. Tooth development in experi­
mental combinations of dental tissues from 
normal ( + ) and Lefl ''' mutant (-) em­
bryos. Presumptive dental epithelium and 
mesenchyme were separated at the stages 
indicated (E10-E17) and associated in both 
combinations [A,B]. The numbers in the 
boxes indicate the number of experiments 
that yielded well formed teeth out of the 
total number of recombinations performed. 
(A) Combinations of normal epithelium 
with mutant mesenchyme yielded teeth, ir­
respective of the stage of the donor embryo. 
(B) In the reciprocal recombination, teeth 
formed only with tissues from embryos 
older than E13. [C,D,¥,G\ Representative 
sections through recombined tissues after 
complete development as subrenal grafts. 
[C,D\ Molars formed in combinations of 
normal epithelium with mutant mesen­
chyme from ElO (C) and E14 (D) embryos. 
Note typical cytodifferentiation of mutant 
odontoblasts (od) secreting predentin (dt). 
(am) Ameloblasts; (en) enamel. (f,G) Devel­
opment of combinations of mutant epithe­
lium with normal mesenchyme. Tissue re­
combinant from ElO embryos (F) showing 
an empty alveolar bone (ab) and keratinizing 
epithelial cysts, and from E14 embryos (G) 
showing normal tooth morphology, includ­
ing differentiation of an ameloblast layer by 
mutant epithelium. (£) Typical molar tooth 
produced in a recombination of normal E13 
epithelium of the incisor anlage with mu­
tant mesenchyme of the molar anlage (-f-in/ 
- m o ) . [H\ The combination of normal epi­

thelium of the molar anlage with mutant mesenchyme of the incisor anlage (- i-mo/-in) produces incisors with the characteristic 
simpler crown morphology and the characteristic asymmetric deposition of dentin and enamel. Sections in C and F were stained with 
hematoxylin-eosin, and all others with the Azan dichromic stain to differentially stain dentin (blue) and enamel (red). Bar, 200 n-m. 

bu lb (Fig. 3D). In addi t ion , LEF-1 express ion can be de­
tected in cells of the basal layer of the epidermis at this 
stage (Fig. 3D). The pattern of LEF-1 protein expression 
in the primordia of body hair follicles of E15 embryos is 
very similar to that of early whisker pegs (Fig 3E,F), con­
sistent with the recently reported distribution of Lefl 
transcripts (Zhou et al. 1995). 

In contrast to tooth development, which is arrested 
after formation of the primordium, whisker develop­
ment is not even initiated in Le/I ~'' ~ embryos. No 
whisker placodes and whisker pegs can be detected in 
mutant embryos at EI2 and EI3 (Fig. 3H), whereas in 
normal embryos the local condensations of the mesen­
chyme and invagination of the epithelium are clearly 
visible (Fig. 3G). Mutant embryos, however, develop ru­
dimentary body hair follicles at a reduced number (van 
Genderen et al. 1994). 

Initiation of whisker development requires 
mesenchymal Lefl expression 

To define the dependence of whisker development on 
Lefl function, we combined epithelium and mesen­

chyme of normal and mutant whisker pads at embryonic 
stages EI I -EI3 . The appearance of whisker placodes and 
pegs was monitored in vitro. Some recombined tissues 
were subsequently transplanted under the kidney cap­
sule to allow for complete whisker development. Be­
tween E l l and El3, all combinations of normal whisker 
pad mesenchyme with mutant epithelium developed 
characteristic whisker follicles at high frequency, to­
gether with pelage hair follicles (Fig. 4A). The morphol­
ogy of the whisker follicles was normal, including the 
formation of mesenchymally derived dermal papilla, der­
mal sheath and blood sinus, and the epidermally derived 
root sheaths and hair shaft (Fig. 4C,D). As a control, un-
manipulated snout pads from mutant embryos did not 
form whiskers in subrenal grafts although they devel­
oped some pelage hair (data not shown). 

The development of reciprocal tissue combinations in 
which mutant whisker pad mesenchyme was associated 
with normal epithelium was dependent on the stage of 
the embryo (Fig. 4B). Recombinations with tissues from 
E12 and E13 embryos developed complete whisker folli­
cles (Fig. 4E,F), but none of the tissue recombinations 
using E l l epithelium formed whiskers. In these recom-

GENES & DEVELOPMENT 1385 

 Cold Spring Harbor Laboratory Press on June 3, 2024 - Published by genesdev.cshlp.orgDownloaded from 

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


Kiatochwil et al. 

Figure 3. Pattern of expression of LEF-1 
and Lefl ~'" phenotype in whisker devel­
opment. Coronal sections through the 
whisker pad were immunostained with 
anti-LEF-1 antibodies. (A) At Ell, before 
the appearance of whisker anlagen, LEF-1 
is restricted to the mesenchyme (m), with 
no protein detectable in the epithelium (e). 
(B) Expression of LEF-1 protein at E12 is 
still present in mesenchymal cells, espe­
cially in those condensing under the epi­
thelium to form a papilla anlage (pa). In 
addition, strong expression is seen in the 
nuclei of cells in the epithelial thickenings 
or placodes (ep). (C) Invaginating whisker 
peg of an E13 embryo showing intensive 
staining for LEF-1 in mesenchymal cells of 
the developing whisker papilla (pa) and in 
adjacent basal epithelial (e) cells. (D) 
Whisker follicle from an E15 embryo, ex­
pressing LEF-1 in the hair bulb (hb), includ­
ing mesenchymal cells of the dermal 
whisker papilla (p) and proliferating matrix 
cells of the epithelium (mc). At this stage, 
cells in the basal layer of the epidermis (b) 
also express LEF-1. (£,F) E15 body hair fol­
licles at different stages of development ex­
press LEF-1 both in the epithelial placode 
(ep) and in the mesenchymal papilla anlage jpa) 
pads of E13 wild-type (-!-/-(-, G) and mutant (-
chymal papilla anlage (pa) are only seen in the 

that is condensating immediately underneath. \G,H) Plastic sections through whisker 
- / - , H] embryos. Invagination of the epithelium (e) and organization of the mesen-
wild-type embryo. Bars, 50 (xm. 

binations not even placodes or pegs vv̂ ere detected. Thus, 
mesenchymal Lefl expression appears to be required for 
the initiation of whisker development between E l l and 
E12. After the formation of whisker primordia, either 
tissue is competent to mediate organogenesis in combi­
nation with a Le/2-deficient partner tissue. Notably, 
both tissues can undergo full cytodifferentiation in the 
absence of a functional l e / I gene. 

Transient requirement of epithelial Lefl function 
in tooth and whisker development 

To further define the role of Lefl in inductive tissue 
interactions, we designed double recombination experi­
ments in which either mutant mesenchyme or mutant 
epithelium was associated with normal partner tissue 
transiently, during the critical Lefl -dependent period of 
organ development (Fig. 5). Toward this goal, epithelium 
and mesenchyme from normal and mutant embryos 
were first associated in either combination, v^fter 36 or 
48 hr of in vitro culture, the tissues were separated again 
and the normal tissue was replaced with the equivalent 
mutant tissue. Thus, the resulting tissue recombinants 
were completely mutant, but one component had been 
exposed for a short t ime to normal partner tissue. 

Double recombinations of tooth germs, in which mu­
tant E14 molar mesenchyme was transiently associated 
with normal E14 molar epithelium and subsequently 
combined with mutant epithelium, developed in subre­

nal grafts morphogically normal teeth in 6 out of 10 com­
binations (Fig. 5A). The reciprocal double recombina­
tion, in which mutant E14 epithelium was transiently 
associated with normal E14 dental mesenchyme, failed 
to develop teeth and formed only keratinized cysts 
within alveolar bone (Fig. 5B). Double recombinations of 
whisker pads, in which mutant E12 mesenchyme was 
exposed to normal £12 epithelium and subsequently as­
sociated with mutant epithelium, developed whisker fol­
licles of relatively normal morphology (Fig. 5C). The re­
ciprocal double recombination, in which mutant E12 ep­
ithelium was transiently exposed to normal E12 
mesenchyme formed only rudimentary whiskers. Short 
and unstructured epidermal ingrowths with a fully dif­
ferentiated sebaceous gland were surrounded by a dermal 
capsule and occasionally by a small blood sinus, whereas 
the most essential structures of the follicle, the root 
sheaths, hair shaft and dermal papilla, were missing (Fig. 
5D). Control double recombinations, in which mutant 
epithelium was combined with normal mesenchyme in 
both primary and secondary association, developed typ­
ical whisker follicles, indicating that the double manip­
ulation did not affect the developmental capacity of the 
explants (data not shown). 

These data, together with those from the single recom­
binations, indicate that transient expression of Lefl in 
the epithelium is sufficient for both tooth and whisker 
morphogenesis after the initiation of organogenesis. Pre­
sumably, epithelial Lefl expression provides a develop-
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Figure 4. Whisker development in exper­
imental combinations of whisker pad epi­
thelium and mesenchyme from normal 
(-I-1 and Lefl ~'' mutant (-) embryos. Tis­
sues were separated at the stages indicated 
(E11-E13) and recombined in both ways 
(A,B). The numbers in the boxes indicate 
the number of experiments that produced 
whiskers out of the total number of re­
combinations performed. [A] All combina­
tions containing normal mesenchyme de­
veloped whiskers. (B) In the reciprocal re­
combination, whisker formation only 
occurred if the donor embryo was at least 
12 days old. \C-¥\ Sections of £12 tissue 
combinations that were allowed to de­
velop completely. \C,D,G\ Mutant epithe­
lium combined with normal mesen­
chyme. Whisker follicles, among body hair 
follicles, shown in cross and in longitudi­
nal section exhibit characteristic struc­
tures such as inner (irs) and outer (ors) root 
sheaths, hair shaft (hs), sebaceous gland 
(sg), blood sinus (bs), outer dermal sheath 
(d), hair bulb and dermal papilla (p). [E,f,H] 
Combinations of normal epithelium with 
mutant mesenchyme (both El2) develop 
normal follicles in which dermal struc­
tures, including papilla (p) are formed by 
mutant mesenchyme. (G,H) Whisker sec­
tions of tissue recombinants hybridized 
with a probe for hair keratin Al (HK-Al) 
showing intense transcription also in cells 
derived from Lefl~'~ epithelium (G). 
Bars, 200 |xm. 

mental signal that is required for the formation of the 
dental and dermal papilla respectively. Although ŵ e can 
not rule out the formal possibility that the normal epi­
thelium deposits extracellular matrix components on 
the mutant mesenchyme which then allows develop­
ment of the mutant epithelium in the second recombi­
nation, we consider it unlikely that such material with­
stands enzymatic tissue separation. In contrast to tooth 
development, additional Lefl expression in the mesen­
chyme is necessary for the initiation of whisker devel­
opment. Although continuous mesenchymal Lefl ex­
pression can also allow for further whisker morphogen­
esis, even in combination with mutant epithelium, 
transient mesenchymal Lefl expression alone is not suf­
ficient for complete organ formation. 

Epidermal cytodifferentiation in the absence 
of functional Lefl 

In addition to whiskers, normal pelage hair developed in 
both types of epithelial-mesenchymal tissue combina­
tions. The number of hair follicles was significantly 
lower in combinations of mutant epithelium with nor­
mal mesenchyme as compared to the reciprocal recom­
bination (Fig. 4). This is consistent with the previously 

reported reduction of the number of body hair follicles in 
Lefl ~' ~ mice to about one-third relative to wild type 
(van Genderen et al. 1994). Moreover, keratinization of 
hair shafts appeared to be less pronounced in the combi­
nation of mutant epithelium and normal mesenchyme, 
indicating that epithelial Lefl expression may have an 
additional function in pelage hair development. Hair ker­
atins are synthesized during terminal differentiation of 
epithelial cortex cells (Kopan and Fuchs 1989; Powell et 
al. 1991). A putative role of LEF-1 protein in the regula­
tion of hair keratin genes was inferred from the identifi­
cation of multiple LEF-I binding sites in the promoters 
of these genes (Zhou et al. 1995). Therefore, we exam­
ined the whisker follicles formed in both recombinations 
for the expression of hair keratin (HK)-Al by in situ hy­
bridization (Fig. 4G,H). HK-Al expression was detected 
in both types of recombinations suggesting that LEF-I 
may be dispensable for this particular terminal cytodif­
ferentiation. The rudimentary body hair follicles of 
Lefl ''~ mice, however, fail to express HK-Al at detect­
able levels (data not shown), presumably because of in­
complete organogenesis. 

Lefl expression is activated by BMP-4 

Many genes encoding transcription factors, growth fac-
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A Tooth B Tooth C Whisker D Whisker Figure 5. Transient expression of Lefl in 
the epithelium is sufficient for tooth and 
whisker morphogenesis. Schematic repre­
sentation and results of double recombina­
tion experiments. In the first recombina­
tion, the normal tissue (crosshatched) was 
combined with the mutant tissue. The ge­
notype of the tissues, [normal (-I-); 
Le/2"'" mutant (-)], and the embryonic 
stages are indicated. In the second recom­
bination the normal tissue was replaced 
with an equivalent mutant tissue. {A,B) 
Tooth development; {C,D] whisker devel­
opment. [A] Mutant E14 dental mesen­
chyme was first cultured in association 
with E14 normal epithelium for 48 hr, then 
recombined with E13 or E14 mutant dental 
epithelium. Although neither tissue con­
tains a functional Lefl gene, these combi­
nations yielded well-formed teeth. [B] The 
reciprocal double combination of dental tis­
sues (mutant epithelium transiently ex­
posed to normal mesenchyme, then recom­
bined with mutant mesenchyme) failed to 
form teeth and developed only keratinizing 
cysts within alveolar bone. (C) Mutant E12 
whisker pad mesenchyme was first associ­
ated with normal E12 whisker epidermis 
(carrying whisker pegs), then recombined 
with mutant epidermis. Normal whisker 
structures developed from this type of dou­
ble recombination, (hs) Hair shaft; (irs) in­
ner root sheath; (ors) outer root sheath; (d) 
dermal sheath; (p) papilla. (D) Mutant E12 
snout epidermis first combined with nor­
mal El2 whisker pad mesenchyme. After 
36 hr (and formation of epidermal whisker pegs), the normal mesenchyme was replaced by mutant E12 mesenchyme. Whisker 
development continued to some extent (note outer dermal sheath) but remained mcomplete (note absence of epidermal differentiation 
and of a dermal papilla), (d) dermal sheath; (sg) sebaceous gland. Bars, [A-C] 200 |j,m; (D) 100 |xm. 

tors, and extracellular matrix molecules have previously 
been shov^n to be expressed in spatial and temporal pat­
terns consistent v^ith inductive tissue interactions dur­
ing organogenesis (Vainio et al. 1989, 1993; Jones et al. 
1991; Lyons et al. 1991; MacKenzie et al. 1991; Jowett et 
al. 1993; Bitgood and McMahon 1995). With the aim of 
gaining insight into a putative relationship of some of 
these molecules with Lefl, we initially examined their 
expression in Lefl ~'~ embryos. Transcripts of the tran­
scription factor gene Msxl, w^hose targeted inactivation 
also results in an arrest of tooth development at E13 
(Satokata and Maas 1994), were detected at a similar 
level in normal and Lefl "'" tooth germs (Fig. 6A). Thus, 
M&xl may act either upstream of Lefl in a putative ge­
netic hierarchy or, alternatively, in a different pathway. 
Moreover, as shown in Figure 6A, the Lefl ~' ~ mutation 
did not alter the expression of Bmp4, encoding a TGF-(3-
like signaling molecule that had been previously shown 
to activate Msxl expression in presumptive dental mes­
enchyme (Vainio et al. 1993). Likewise, expression of the 
related Bmp2 gene can be detected in the dental epithe­
lium of Lefl~^~ embryos at E13 (data not shown). In 

addition, we examined the expression of the transcrip­
tion factor genes Msx2, AP2, and that of another TGF-p-
like signaling molecule, activin pA, which has been re­
cently shown to regulate tooth development (Matzuk et 
al. 1995). Expression of these genes in Lefl"'^ tooth 
germs was unchanged relative to normal embryos (data 
not shown). 

BMP-4 has been previously proposed to represent a 
morphogenetic signal that mediates epithelial-mesen-
chymal interactions during tooth development (Vainio 
et al. 1993). Local application of BMP-4-containing aga­
rose beads to presumptive dental mesenchyme of E l l 
embryos mediates morphogenetic and molecular 
changes that resemble the effects of dental epithelium, 
including the transcriptional activation of the Msxl and 
Msx2 genes (Vainio et al. 1993). Lefl is expressed during 
early tooth development in a pattern similar to that of 
Bmp2 and Bmp4, suggesting that these genes may par­
ticipate in a common regulatory pathway (Vainio et al. 
1993; van Genderen et al. 1994). The apparently normal 
expression of both Bmp2 and Bmp4 in Lefl -deficient em­
bryos, however, suggested that BMPs may not be regu-
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Figure 6. Lefl may act downstream of Bmp4. [A] Expression of 
Lefl, Msxl, and Bmp4 in wild-type ( + / + ) and mutant ( - / - ) 
tooth germs of E13 embryos. Coronal sections were hybridized 
with specific RNA probes. Prominent expression of all three 
genes is detected in the condensing mesenchyme around the 
tooth buds of wild type and mutant embryos. Bar, 200 (xm. (B) 
BMP-4 activates Lefl gene expression in dental mesenchyme. 
The presumptive dental mesenchyme (Ell) was cultured for 
18-24 hr with beads soaked in BMP-4 (100 ng/ml) or BSA (100 
ng/ml). Expression of Lefl and Msxl was examined by whole-
mount in situ hybridization. Diameter of beads (75-100 \i.m). A 
scheme of the putative regulatory hierarchy of Bmp4, Lefl, and 
Msxl is shown on the right. 

lated by Lefl. Therefore, we examined the possibility 
that BMPs regulate the expression of Lefl. Bmp4 is ex­
pressed in the dental epithelium of ElO embryos and 
mesenchyme of E13 and older embryos, v^hereas dental 
epithelial cells of the enamel knot express both Bmp2 
and Bmp4 at E13/E14 (Vaahtokari et al. 1996). Although 
our tissue recombinations indicated that Lefl function is 
restricted to the epithelium, we could not examine the 
effects of BMP-containing beads on Lefl expression in 
dental epithelium because this tissue cannot be cultured 
in the absence of mesenchyme. For this reason, we ex­
amined the potential of recombinant BMP-4 to induce 
Lefl expression in presumptive dental mesenchyme of 
Ell embryos (Fig. 6B). Lefl transcripts were detected by 
whole mount in situ hybridization in the area around the 

BMP-4 beads. Lefl was never detected in Ell mesen­
chyme cultures exposed to BSA-containing agarose 
beads, indicating that the effect of BMP-4 on Lefl expres­
sion is specific. To examine the relationship between 
Lefl and Msxl in this BMP-4 mediated signaling path­
way, we analyzed the BMP-4-induced expression of Msxl 
in presumptive dental mesenchyme from normal and 
Lefl "'" embryos. Msxl transcripts were induced irre­
spective of the genotype of the embryo (Fig. 6B). Taken 
together, these data suggest that Lefl acts downstream of 
a BMP-4 signal and may be activated either via Msxl or 
via an independent pathway. 

Developmental decisions are often stabilized by posi­
tive feedback loops in which cell type-specific transcrip­
tion or growth factors autoregulate their own expression 
(Bienz 1992). In particular, BMP-4 was shown to autoreg­
ulate its own expression (Vainio et al. 1993). To examine 
whether LEF-1 protein regulates the synthesis of its 
mRNA, we analyzed normal and mutant E13 embryos 
for the presence of Lefl transcripts by in situ hybridiza­
tion. In the Lefl ''" mice, the insertion of the neo^ gene 
into an exon encoding part of the HMG domain of LEF-1 
interferes with protein expression and function (van 
Genderen et al. 1994), but allows for accumulation of 
detectable Lefl transcripts from the mutant allele. Sim­
ilar levels of Lefl transcripts were detected in normal 
and mutant tooth germs (Fig. 6A), and no change in the 
distribution of Lefl transcripts in whole embryo sections 
was detectable (data not shown). Thus, the developmen­
tal regulation of Lefl gene expression is independent of 
the synthesis of functional LEF-1 protein. 

Discussion 

We have previously shown by targeted gene inactivation 
in the mouse that Lefl is essential for the development 
of teeth, hair follicles, and mammary glands (van Gen­
deren et al. 1994). The dependence of the development of 
these organs on interactions between epithelial and mes­
enchymal tissues raised the possibility that Lefl partic­
ipates in the control of inductive tissue interactions. In 
this study, we have performed heterologous combina­
tions between normal and Lefl ~' ~ tissues to identify 
the tissue type and the developmental stage of function­
ally important Lefl expression in tooth and whisker or­
ganogenesis. The results of these experiments provide 
strong evidence for a direct role of Lefl in the transcrip­
tional control of inductive tissue interactions. First, 
tooth and whisker formation is dependent on Lefl ex­
pression in only one tissue although LEF-1 protein can be 
detected in both the epithelium and the mesenchyme 
throughout organogenesis. Tooth and whisker develop­
ment depends on Lefl expression in the epithelium, 
whereas Lefl expression in the mesenchyme is also es­
sential for the initiation of whisker development. Sec­
ond, after the critical stage of Lefl expression in one 
tissue, the partner tissue acquires the capacity to form 
normal organs in combination with mutant tissue, sug­
gesting that the effect of this transcription factor has 
been transmitted from one tissue to the other. Moreover, 
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the Le/1-dependent events in both tooth and whisker 
development, that is, the formation of the mesenchymal 
dental and dermal papillae and of epidermal whisker pla­
codes, occur in the tissues in which the endogenous Lefl 
gene is dispensable for organogenesis. Finally, Lefl ex­
pression is required only transiently during specific in­
ductive events in the initiation of organ development 
and/or morphogenesis but is dispensable for cytodiffer-
entiation of either tissue. 

Role of Lefl in tooth development 

Targeted inactivation of the Lefl gene resulted in an ar­
rest of early tooth development at E13, after formation of 
the epithelial tooth bud and mesenchymal condensation 
but before morphogenesis, that is, folding of the epithe­
lium and formation of the mesenchymal papilla (van 
Genderen et al. 1994). Our tissue recombination experi­
ments now indicate that Lefl expression in the dental 
epithelium is necessary and sufficient to overcome the 
developmental arrest in odontogenesis. However, after 
the formation of a mesenchymal dental papilla between 
E13 and El4, epithelial Lefl expression is no longer 
needed for further morphogenesis. Moreover, the devel­
opment of morphologically normal teeth in double re­
combinations, in which both tissues are eventually Lefl -
deficient, demonstrates that the requirement for LEF-1 
action is both transient and non-cell-autonomous. To­
gether, these observations suggest that Lefl expression 
in the epithelium is critical for the induction of the mes­
enchyme between E13 and E14 to form a dental papilla, 
but is dispensable for both the initiation of tooth devel­
opment and the epithelial and mesenchymal cytodiffer-
entiation. 

Classical tissue recombination experiments have re­

vealed sequential and reciprocal epithelial-mesenchy-
mal interactions in tooth development (Fig. 7A; for re­
view, see Thesleff and Hurmerinta 1981; Lumsden 
1988). It is generally assumed that odontogenesis is ini­
tiated by signals from oral epithelium to the neural crest-
derived mesenchyme of the first branchial arch. There­
after, the mesenchyme remains committed to its odon­
togenic fate, and capable of dictating further tooth 
development as shown by its ability to induce formation 
of an enamel organ in nonodontogenic epithelium (Mina 
and Kollar 1987). This transition from epithelial to mes­
enchymal dominance takes place around E11/E12, well 
before the mesenchyme becomes independent of Lefl-
expressing epithelium (Mina and Kollar 1987; Lumsden 
1988). It is therefore unlikely that Lefl is involved in this 
early action of the epithelium on the mesenchyme. 
Moreover, the results of our E13 molar/incisor combi­
nations with mutant mesenchyme indicate that mesen­
chymal commitment for the type of tooth (i.e., molar vs. 
incisor) had occurred either before, or at least indepen­
dently of, the Le/2-dependent epithelial induction of the 
mesenchymal dental papilla. 

The requirement for Lefl function in the developing 
tooth germ is much more limited than anticipated from 
the complex spatial and temporal expression pattem of 
the gene. From El0 to E l l , Lefl transcripts are detected 
initially in the epithelium and subsequently in the mes­
enchyme, consistent with the change in the develop­
mental dominance of these tissues (schematically sum­
marized in Fig. 7A). However, an essential function for 
Lefl expression could be demonstrated only in the dental 
epithelium between E13 and El4, which coincides with 
the presence of Lefl transcripts in the most basal cells of 
the epithelial tooth bud, the future enamel knot. This 
structure has been proposed to function as a signaling 

Figure 7. Schematic diagram of tissue in­
teractions and Lefl function during tooth 
and whisker follicle development. Vertical 
lines indicate progressive organogenesis. 
Horizontal lines indicate tissue interac­
tions with the directionality of the induc­
tive events shown. The change in the shape 
of epithelial and mesenchymal tissues dur­
ing organogenesis is schematically pre­
sented. Expression of the Lefl gene in epi­
thelial and/or mesenchymal cells is shown 
by shading. [A] Scheme of putative tissue 
interactions during tooth development 
(based on Thesleff and Hurmerinta 1981, 
and Lumsden 1988). The Le/?-dependent 
induction of the dental papilla by basal cells 
in the epithelium is shown by a thick ar­
row. (B) Scheme of suggested tissue interac­
tions during whisker follicle development. 
The determination of whisker pad mesen­
chyme and the induction of the dermal pa­
pilla are Lcf J-dependent. 
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center for tooth morphogenesis (Jernvall et al. 1994; 
Vaahtokari et al. 1996), and our data suggest that LEF-1 
may regulate this signaling activity. 

Role of Lefl in whisker development 
The absence of visible whisker placodes and pegs in 
Lefl ~' ~ embryos indicates that Lefl is essential for the 
initiation of whisker development. Our tissue recombi­
nations have now identified the mesenchyme as the tis­
sue which has to express Lefl for the initiation of whisk­
er development. At Ell, whisker follicles were obtained 
only in combinations containing normal mesenchyme, 
indicating that mesenchymal Lefl expression is suffi­
cient at this early stage. This finding is consistent with 
results of classical experiments which suggested that the 
dermis initiates the development of skin appendages by 
induction of the epidermis (for review, see Sengel 1976). 
Dermal condensations within the whisker pad are ob­
served before the formation of epidermal placodes and 
represent the first morphologically visible event in 
whisker development (Wessells and Roessner 1965). 
Moreover, mesenchymal condensations can induce hair 
follicle formation in transplantation under hairless epi­
thelium (Kollar 1970). Thereafter, the epidermal pla­
codes interact with subjacent mesenchyme by inducing 
the formation of dermal papillae as demonstrated by 
combining epidermal feather placodes of chick embryos 
with either immature or genetically incompetent dermis 
(Sengel 1958; Sengel and Abbott 1963). 

In the initiation of whisker development, Lefl could 
be involved either in the determination and organization 
of the mesenchyme or directly in the induction of the 
epithelium to form placodes. The results of the double 
recombination in which mutant mesenchyme was tran­
siently exposed to normal E12 epithelium and subse­
quently combined with mutant epithelium indicate that 
induced mesenchyme can mediate whisker formation in 
the absence of functional LEF-1 protein. Therefore, it is 
unlikely that mesenchymal Lefl expression is directly 
involved in the induction of epithelial whisker placodes, 
and we favor the view that Lefl participates in the pre­
ceding determination of the mesenchyme. 

The full development of whisker follicles, however, is 
dependent on at least one other step that is controlled by 
Lefl. The double recombination in which normal mes­
enchyme was replaced by mutant tissue, after induction 
of the epithelial whisker pegs, allowed only for incom­
plete morphogenesis. In addition, the reciprocal double 
recombination in which mutant E12 mesenchyme was 
transiently exposed to normal E12 epithelial whisker 
pegs developed relatively normal whisker follicles, re­
vealing a requirement for epithelial Lefl expression. In 
contrast, single recombinations in which normal mesen­
chyme was associated with mutant epithelium devel­
oped normal whiskers. Thus, epithelial induction of the 
mesenchyme to form a whisker papilla requires either 
continuous LEF-1 action in the mesenchyme or Lefl ex­
pression in the epithelial placodes and pegs (Fig. 7B). 
Taken together, these observations suggest that in nor­

mal whisker development a second Lefl -mediated signal 
from the epithelium may help to stabilize the mesen­
chymal commitment to form a whisker papilla. 

The functions of Lefl in tooth and whisker develop­
ment appear to be similar in several aspects. In both 
organs, Lefl is required for the induction of a mesenchy­
mal papilla by an invaginated epithelial bud without a 
need for mesenchymal Lefl expression. Moreover, epi-
thelia in both cases express Lefl in their basal cell layer 
which is in immediate contact with a condensed mes­
enchyme. Finally, in both organs LEF-1 independence is 
reached with the formation of a mesenchymal papilla, 
and further morphogenesis and cytodifferentiation do 
not require Lefl despite its continuing expression. How­
ever, the role of Lefl in tooth and whisker organogenesis 
differs in at least one aspect. Formation of the epithelial 
whisker placodes and pegs is completely dependent upon 
prior expression of Lefl in the mesenchyme, whereas 
epithelial tooth buds are formed in Lefl''' embryos. In 
this regard, tooth development resembles the formation 
of mammary glands and of body hair follicles, which are 
arrested at early stages (van Genderen et al. 1994). The 
difference in the requirement for Lefl expression in the 
initiation of organogenesis is unclear but it may reflect a 
partial redundancy of Lefl in some organ systems. For 
example, Lefl may be redundant with the closely related 
Tcfl gene (Travis et al. 1991; Waterman et al. 1991; van 
de Wetering et al. 1991). In developing tooth germs, how­
ever, the expression of Tcfl does not overlap with that of 
Lefl and, therefore, the initiation of tooth development 
may be independent of both Lefl and Tcfl. 

Lefl is part of a BMP-mediated pathway in inductive 
tissue interactions 
Three mechanisms have been proposed for the transmis­
sion of inductive signals in organogenetic tissue interac­
tions: diffusible factors, cell-cell contacts, and interac­
tions mediated by the extracellular matrix (for review, 
see Grobstein 1967; Saxen et al. 1976; Birchmeier and 
Birchmeier 1993). Our tissue recombination experi­
ments indicate that LEF-1 regulates an inductive process 
in tooth and whisker organogenesis, although the eluci­
dation of the precise mechanism of LEF-I action will 
have to await the identification of genetic targets of Lefl. 
The observation that Lefl expression can be activated in 
presumptive dental mesenchyme by the signaling mole­
cule BMP-4 suggests that Lefl may function downstream 
of Bmp4 in a putative regulatory pathway. However, we 
cannot rule out the possibility that Lefl also regulates 
the expression of Bmp4 in a feedback loop. According to 
this view, Lefl would be redundant with another tran­
scription factor because Bmp4 transcripts can be de­
tected in the dental mesenchyme of Le/i-deficient em­
bryos at normal levels. BMP-4 was also shown to acti­
vate the expression of the transcription factor gene Msxl 
(Vainio et al. 1993), whose inactivation results in arrest 
of tooth development at precisely the same stage as in 
Lefl ~' ~ embryos (Satokata and Maas 1994). Thus, BMPs 
may act on both Lefl and Msxl. In this scheme, Msxl 
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may function upstream of Lefl or in parallel because the 
expression of Msxl is activated by BMP-4 in Lefl ^ ^ ~ 
embryos. 

A role of BMPs in organogenesis was inferred from 
experiments in which Bmp4 was misexpressed in the 
outer sheath of hair and whisker follicles, resulting in 
the perturbation of hair follicle development and loss of 
cell proliferation (Blessing et al. 1993). In tooth develop­
ment, Bmp2 and Bmp4 are expressed in spatial and tem­
poral patterns which together could account for the de­
velopmental expression pattern of Lefl (Lyons et al. 
1990; Jones et al. 1991; Vainio et al. 1993; Vaahtokari et 
al. 1996). BMP-2 and BMP-4 have been shown to have 
overlapping and complementary functions in various de­
velopmental processes. BMP-4 can act as a posterior-
ventralizing factor in mesoderm induction (Dale et al. 
1992; Jones et al. 1992; Graff et al. 1994; Winnier et al. 
1995) whereas BMP-2 may provide an epithelial signal in 
limb development (Niswander and Martin 1993; Francis 
et al. 1994). The identification of the functionally impor­
tant BMP in Le/1-mediated regulation of tooth develop­
ment, however, will require further in vivo analysis be­
cause BMP-2 and BMP-4 are interchangeable in stimu­
lating gene expression in vitro (Vainio et al. 1993). 
Moreover, the mechanism of BMP-mediated signaling in 
organogenesis is unclear, but it may involve diffusion in 
the responding tissue or propagation of the inductive sig­
nal by a relay-like series of cell-cell interactions (Gurdon 
1992). In conclusion, our data suggests that Lefl may 
function in a BMP-mediated signaling pathway and we 
have now formally identified LEF-1 as a transcription 
factor that regulates inductive tissue interactions in at 
least two epithelial-mesenchymal organ systems. 

Materials and methods 

Mice 

The generation and analysis of the LEF-1 null mutant mice has 
been described previously (van Genderen et al. 1994). Timed 
embryos were obtained by crossing Lefl "̂ '' ~ heterozygous mice 
counting the vaginal plug as day 0.5. The embryonic stages were 
confirmed by morphological criteria. Homozygous mutant mice 
can easily be identified by E12 because they lack characteristic 
whisker hillocks on the snout. The genotypes of all embryos 
were confirmed by polymerase chain reaction (PCRj analysis as 
described (van Genderen et al. 1994). Both wild-type and het­
erozygous embryos were used as donors for normal tissue. 

Tissue dissection and recombination 

Embryos were dissected in Dulbecco's PBS. Tooth anlagen were 
taken from the lower jaw. From ElO to E12, the entire jaw (oral 
face) was used, at E13 the incisor pair and the individual molar 
rudiments were prepared separately. From E14 onwards, only 
the molar anlagen were used because of the difficulties in iso­
lating the deeply invaginated incisor epithelium from normal 
embryos. Dental epithelium and mesenchyme were mechani­
cally separated after incubation in 0.1% crude collagenase 
(Sigma type I) in Dulbecco's minimal essential medium 
(DMEM) for 20 min at 37°C. Whisker pads were taken from El 1 
to E13 embryos; E13 is the latest stage at which clean dermal-
epidermal separation can be achieved in normal embryos (due to 

the rapid ingrowth of the whisker). The tissues were separated 
after incubation in 2.25% crude trypsin (Sigma type II) and 
0.75% pancreatin (Difco N.F.) in PBS for 15-30 min on ice; 
protease digestion was stopped in 30% horse serum. For recom­
bination, epithelium and mesenchyme were aligned in the right 
orientation on top of Nuclepore membrane filters (pore size 0.1 
|xm, Costar), and subsequently cultured in DMEM supple­
mented with 10% fetal calf serum and 10% chick embryo ex­
tract. After 2 days in vitro, the recombinations were trans­
planted under the kidney capsule of adult mice for 8-12 days, to 
allow for full development of teeth or whiskers. 

Histological procedures 
The explanted tissue recombinants were fixed in Bouin's solu­
tion, embedded in paraffin, serially sectioned at 7 |xm, and 
stained with hematoxylin-eosin or Azan stain according to 
standard procedures. For plastic sections, dental areas and 
whisker pads from wild-type and mutant animals were fixed in 
4% paraformaldehyde and 2% glutaraldehyde in 0.1M phosphate 
buffer, postfixed in 2% osmium tetroxide, embedded in epoxi 
resin, sectioned at I fjim, and stained with 1% toluidine blue. 

In situ hybridization and immunocytochemistry 

For in situ hybridization, embryos or recombination explants 
were fixed in 4% paraformaldehyde in PBS, embedded in paraf­
fin, and sectioned at 7 fjim. The preparation of the RNA probes 
and the hybridization conditions have been described previ­
ously (van Genderen et al. 1994). The Lefl probe included nu­
cleotides 1158-1517 (Travis et al. 1991). The Bmp4 probe con­
sisted of a 285-bp PstI-£coRI fragment (Wozney et al. 1988; 
Vainio et al. 1993), the Msxl probe of a 700-bp £coRI-BgiII 
fragment (MacKenzie et al. 1991). The probe for hair keratin Al 
was prepared by reverse transcriptase-based PCR and cloning 
and comprised of nucleotides 1009-1127 (Kaytes et al. 1991). 

Immunocytochemistry was performed on 10-|xm-thick cryo-
sections from embryos fixed in 4% paraformaldehyde in PBS, 
cryoprotected in 30% sucrose/PBS, and frozen with dry ice. 
Rabbit anti-murine LEF-1 antibodies were used at 1:100, and 
rabbit anti-syndecan (Pharmingen) at 1:1000. The ABC method 
was used for immunodetection as described (van Genderen et al. 
1994). 

Incubation of tissue explants with agarose beads 
Freshly dissected presumptive dental mesenchyme from the 
lower jaw of Ell embryos was incubated for 18-24 hr with 
Affigel blue agarose beads (100-200 mesh, 75-150 ixm diam.; 
Bio-Rad) soaked with recombinant BMP-4 protein (100 ng/ml; 
gift of E. Wang, Genetics Institute) or BSA (100 ng/ml) as de­
scribed by Vainio et al. (1993). The tissue explants were subse­
quently fixed in 100% methanol and the expression of Lefl and 
Msxl was determined by whole-mount in situ hybridization 
(Wilkinson and Nieto 1993). 
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