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Fgf-10 is required for both
limb and lung development
and exhibits striking
functional similarity

to Drosophila branchless
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Fgf-10-deficient mice (Fgf-10~/") were generated to deter-
mine the role(s) of Fgf-10 in vertebrate development.
Limb bud initiation was abolished in Fgf-10~/~ mice.
Strikingly, Fgf-10~/~ fetuses continued to develop until
birth, despite the complete absence of both fore- and
hindlimbs. Fgf-10 is necessary for apical ectodermal
ridge (AER) formation and acts epistatically upstream of
Fgf-8, the earliest known AER marker in mice. Fgf-10~/~
mice exhibited perinatal lethality associated with com-
plete absence of lungs. Although tracheal development
was normal, main-stem bronchial formation, as well as
all subsequent pulmonary branching morphogenesis,
was completely disrupted. The pulmonary phenotype of
Fgf-10~~ mice is strikingly similar to that of the Dro-
sophila mutant branchless, an Fgf homolog.

Received July 23, 1998; revised version accepted August 2,
1998.

Fibroblast growth factor (FGF) family members have
been implicated in multiple aspects of vertebrate embry-
onic development and adult tissue homeostasis (for re-
view, see McKeehan et al. 1998). During development,
FGFs act as essential mediators of mesenchymal-epithe-
lial interactions. Vertebrate limb bud formation is an
excellent example of how such interactions regulate pat-
terning in the developing embryo.

Initiation of limb buds in vertebrate embryos results
from outward proliferation of the lateral plate mesoderm
(for review, see Johnson and Tabin 1997). The distal ec-
toderm surrounding this region is then induced by divid-
ing mesenchymal cells to thicken and form a structure
called the apical ectodermal ridge (AER; Saunders 1948).
Different but interacting signaling pathways specify the
orientation of the expanding limb tissues in all three
dimensions. Molecular interactions between the AER
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and the underlying mesenchyme are important for prox-
imal-distal patterning. FGF-2, -4, and -8 are expressed in
chick AER and can replace the AER to induce underlying
mesenchyme to maintain its distal outgrowth (for re-
view, see Johnson and Tabin 1997; Martin 1998). Ante-
rior-posterior patterning of each limb bud is dictated by
the zone of polarizing activity (ZPA), located at the pos-
terior margin of the limb bud mesenchyme (Saunders
and Gasseling 1968). The secreted factor Sonic hedgehog
(SHh) is believed to be responsible for the morphogenetic
role of the ZPA (Riddle et al. 1993; Chang et al. 1994;
Lopez-Martinez et al. 1995). Transcription factors and
secreted proteins, including Engrailed-1 (En-1), Wnt-7a,
and Lmx-1, play roles in dorsal-ventral specification of
limbs (Parr and McMahon 1995; Riddle et al. 1995; Loo-
mis et al. 1996).

Tissue graft experiments indicate that vertebrate limb
bud formation is initiated by factors from mesoderm
within the limb field (Saunders and Reuss 1974). Implan-
tation of beads soaked in FGFs or FGF-expressing cells
can induce formation of ectopic limbs in chick embryos.
FGF-1, -2, -4, -8, and -10 exhibit limb-inducing activity
(Cohn et al. 1995; Ohuchi et al. 1995; Crossley et al.
1996; Vogel et al. 1996; Ohuchi et al. 1997). However,
only Fgf-8 and Fgf-10 exhibit the correct temporal and
spatial expression that could direct limb bud initiation
(Crossley et al. 1996; Vogel et al. 1996; Ohuchi et al.
1997). Fgf-8 in chick embryos is expressed in intermedi-
ate mesoderm at presumptive limb regions before limb
bud initiation. In contrast, Fgf-10 is expressed in lateral
plate mesoderm within the limb field prior to limb bud
initiation, and the expression persists in the mesen-
chyme under AER after initial limb bud formation.

Interestingly, circumstantial evidence suggests that
FGF-10 may also affect development of the vertebrate
lung. In mice, lung morphogenesis begins with ventral
extension of the laryngotracheal groove from the primi-
tive gut endoderm at E9.5 (Kaufman 1992). Shortly there-
after, the tracheal primordium bifurcates to produce left
and right principal (main-stem) bronchi, around which
the lung buds will differentiate. Further branching mor-
phogenesis results in development of the bronchioles
and alveoli that form mature lung parenchyma. Recent
reports suggest that an FGF-mediated signal transduc-
tion pathway plays an essential role in lung develop-
ment. A splice variant of Fibroblast growth factor recep-
tor 2 (Fgfr2b) is highly expressed in respiratory epithe-
lium during early branching morphogenesis (Orr-
Urtreger et al. 1993). FGF-10, which binds to FGFR2b
and is expressed in lung buds, is a good candidate for a
molecule involved in lung branching morphogenesis
(Bellusci et al. 1997; Igarashi et al. 1998).

To directly examine the physiological role(s) of FGF-10
during vertebrate development, we generated Fgf-10
knockout (Fgf-10~/~) mice. We show that FGF-10 is criti-
cal for both limb and lung development, revealing this
factor as an important developmental mediator of pat-
terning and organogenesis.
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Results

We have shown previously that overexpression of FGF-7
in mice using the human SP-C promotor results in se-
vere pulmonary malformation (Simonet et al. 1995). De-
spite our results and other mounting evidence indicating
that FGF-7 is a potential morphogen for embryonic lung
development (Nogawa and Itoh 1995; Simonet et al.
1995; Post et al. 1996; Cardoso et al. 1997), Fgf-7 knock-
out mice failed to develop any lung defect (Guo et al.
1996). However, overexpression of a dominant-negative
form of FGFR2b (a receptor for FGF-7) under control of
the SP-C promotor resulted in a complete absence of
lung tissue in mice (Peters et al. 1994). Thus, we sought
other FGFs that might function as lung morphogens by
binding to FGFR2b. A promising candidate is FGF-10,
which among FGF family members is most homologous
to FGF-7, binds FGFR2b with high affinity, and is highly
expressed during lung branching morphogenesis (Yama-
saki et al. 1996; Bellusci et al. 1997; Igarashi et al. 1998).
Therefore, we examined the role of FGF-10 in mouse
development by generating Fgf-10-deficient mice.

The strategy for targeted deletion of the endogenous
mouse Fgf-10 gene is outlined in Figure 1 (A-C). The
c¢DNA encoding Fgf-10 has been isolated from rat, hu-
man, and mouse (Yamasaki et al. 1996; Emoto et al.
1997; Tagashira et al. 1997). The nucleotide and deduced
amino acid sequences are highly conserved (90%+ iden-
tity), and no alternative splicing of exons was observed in
any species. Because exon 1 of Fgf-10 encodes the trans-
lation start site, putative signal peptide, and receptor
specificity-conferring region of the mature protein, we
sought to disrupt exon 1 of Fgf-10. Our strategy replaced
a region of exon 1 containing the translation start site
and the putative signal peptide with a PGK-neo cassette
in reverse orientation (Fig. 1A,C). Southern blot geno-
type analysis of E17.5 fetuses revealed expected wild-
type and mutated alleles of 4.3- and 1.4-kb EcoRI frag-
ments, respectively (Fig. 1D). Northern blot analysis of
total RNA from E11.5 embryos showed that Fgf-10 tran-
scripts are absent in Fgf-10~/~ embryos (Fig. 1E).

Fgf-10~~ mice exhibited perinatal lethality. Among
pups born from heterozygote (Fgf-10"/~) matings, at least
seven Fgf-10~/~ newborn pups were found dead in cages
(data not shown). Analysis of 108 surviving mice at
weaning age showed only Fgf-10*/~ (65%) or Fgf-10*/*
(35%) mice. Analysis of 134 conceptuses ranging from
E9.5 to E17.5 showed percentages of 26, 51, and 23 for
+/+, +/-, and /-, respectively. This is close to the ex-
pected Mendelian ratio of 1:2:1, suggesting that Fgf-10~/~
mice are surviving gestation but die immediately after
birth.

Gross examination of Fgf-10~/~ embryos revealed com-
plete absence of budding limbs at E9.5 (Fig. 2A) and E10.5
(data not shown). Consistent with the phenotype of
these earlier embryos, E17.5 fetuses lacked both fore-
and hindlimbs (Fig. 2B). Crown-rump lengths of E17.5
Fgf-10~/- fetuses were, on average, 2.0 mm (12%) shorter
than their wild-type and heterozygote littermates. All
other external structures of Fgf-10~/~ fetuses were nor-

FGF-10 is required for limb and lung development

B ATG

H RI N RI

Figure 1. Targeted disruption of the murine Fgf-10 gene. (A)
Schematic diagram of the Fgf-10 exon 1 (black box) locus in
mice. The translation initiation site (ATG) is indicated by a
bent arrow. Restriction sites are indicated as follows: (H) Hin-
dIII; (RI) EcoRl; (B) BamHI; and (N) Notl. (B) The targeting vec-
tor. The 3.5-kb long arm of homology and the 0.78-kb short arm
of homology are placed flanking the PGK-neo casette, which is
in reverse orientation. The PGK-tk cassette is adjacent to the
short arm. This strategy eliminates the translation initiation
codon (ATG) and the predicted signal peptide and places mul-
tiple stop codons in-frame. (C) The resulting targeted allele after
homologous recombination. (D) Genomic Southern blot using
EcoRI-digested DNA. The wild-type allele is a 4.3-kb fragment,
whereas the targeted allele is a 1.4-kb fragment. The heterozy-
gote mice (+/-) have both alleles. The small open box in A and
C represents DNA probe used for Southern blot experiments. (E)
Northern blot analysis of RNA from embryos (E11.5) derived
from heterozygous matings. Only wild-type and heterozygote
embryos show the 4.0-kb transcript. The same blot is probed
with B-actin as an endogenous control for RNA loading.

mal. These results demonstrate conclusively that FGF-
10 is necessary for limb bud initiation. Although Fgf-10
transcript levels in Fgf-10*/~ embryos were lower com-
pared to the levels in Fgf-10*/* embryos (Fig. 1E), the
heterozygote embryos developed normally.

Bone structure in E18.5 Fgf-10~/~ fetuses was exam-
ined by skeletal double staining (Fig. 2C-H). The shoul-
der region contained a scapula but exhibited no forelimb
development (Fig. 2C,D,F,G). Similarly, the pelvic region
contained only a rudimentary cartilaginous pelvic girdle
with no evidence of hindlimb growth (Fig. 2E,H), indi-
cating that limb formation was completely abolished by
Fgf-10 deficiency.

Fgf-10 expression in chick lateral plate mesoderm
(LPM) precedes FGF-8 expression in the presumptive
limb ectoderm (Ohuchi et al. 1997). Expression of Fgfr2b
is detected in the developing limb epithelium and colo-
calized with Fgf-8 expression in AER of wild-type mouse
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Figure 2. Gross morphology and bone structure of Fgf-107/-
mice. Gross photographs of E9.5 (A) and E17.5 (B) Fgf-10~/~ con-
ceptuses are shown with Fgf-10*/~ and Fgf-10*/* littermates for
comparison. (A, dorsal view) A complete absence of forelimb
buds (arrow) in the Fgf-10~/~ embryo relative to the presence of
a forelimb bud (FB) in Fgf-10*/* and Fgf-10*/~ littermates; (B,
lateral view) complete absence of both limbs in the Fgf-10~/~
near-term fetus; (C-H) Gross photographs of E18.5 term Fgf-
10~~ (F-H) and wild-type (C-E) fetuses that have undergone
skeletal double staining. Both wild-type (C—E) and Fgf-10~/~ (F—
H) fetuses have scapulas with a blue-stained cartilaginous cap (S
in C,D,F, and G) and pelvic girdles (arrowheads in E and H).
However, the Fgf-10~/~ pelvic girdle is rudimentary and entirely
cartilaginous (blue stained), whereas the wild-type pelvic girdle
contains both bone (arrowhead directed at red-stained area) and
cartilage (arrowhead directed at blue-stained area). The head of
the humerus (blue-stained area labeled H) is visible only in the
wild-type fetus (C,D) and obscures the scapula in the ventral
view (D).

limb buds at E9.5 (Fig. 3C,D). Fgf-10 expression was ob-
served in the corresponding underlying mesenchyme
(Fig. 3B). Expectedly, no Fgf-10 expression was observed
in Fgf-10"/~ embryos, although Fgfr2b was expressed in
the presumptive limb regions of Fgf-10~/~ embryos (data
not shown). Fgf-8 expression was analyzed to determine
whether endogenous Fgf-10 expression in murine LPM is
required for Fgf-8 expression in AER. No Fgf-8 expression
was observed in presumptive limb ectoderm of E9.5 Fgf-
10~/- embryos (Fig. 3H), whereas strong Fgf-8 expression
was observed in the emerging AER of wild-type embryos
(Fig. 3D,F). We conclude that Fgf-10 expression in mu-
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rine LPM is both necessary for and acts epistatically up-
stream of Fgf-8 expression in AER.

In contrast to other mouse mutants that lack limb
buds (Chiang et al. 1996; Sanford et al. 1997; Xu et al.
1998), Fgf-107/~ mice, with the exception of being
slightly smaller, exhibit normal external development
through gestation (up to E18.5). However, histological
examination of near-term fetuses on E17.5 revealed that
Fgf-10~/~ mice lacked lungs, whereas Fgf-10"/~ and Fgf-
10*/* fetuses had normal lungs (Fig. 4). Fgf-10~/~ fetuses
showed normal tracheal development, including carti-
lage around the tracheal walls, ciliated pseudostratified
columnar mucosal epithelium, and mucus-secreting

Figure 3. In situ hybridization of the nascent forelimb bud in
E9.5 mouse embryos. (A-D) Limb bud of wild-type embryo (bar,
500 pm). Diffuse Fgf-10 expression occurs in limb bud mesen-
chyme (B). Fgfr2b is expressed throughout the epithelium in the
developing limb region (C), whereas Fgf-8 is specifically ex-
pressed in AER (D). (E-H) Distribution of Fgf-8 mRNA in Fgf-
10*/* (E,F) and Fgf-10~'~ (G,H) embryos (bar, 100 pm). Note the
absence of an Fgf-8 signal near the presumptive site of limb bud
initiation (arrow) in the Fgf-10~/~ embryo. Fgf-8 expression in
both Fgf-107/* and Fgf-10~/~ embryos is similar at other sites
including the neuroectoderm of the rostral telencephalon (open
arrowhead), the junction of the mesencephalon and rhomben-
cephalon (arrowhead), and the pharyngeal epithelium (*).
(A,E,G) Stained with eosin plus hematoxylin in A.



goblet cells (Fig. 4A-C), indicating that FGF-10 is not
necessary for initial extension of the laryngotracheal
groove from the primitive gut endoderm. However, the
trachea of Fgf-10~/~ fetuses terminated at the level of the
thymus. No main-stem bronchi or subsequent pulmo-
nary bronchiolar and alveolar development occurs (Fig.
4D-I). These results indicate that FGF-10 is required for
initial branching of the primordial bronchi during the
early phase of embryonic lung development.

The lungless phenotype of Fgf-10~/~ mice is very remi-
niscent of the Drosophila mutant branchless (bnl), an
Fgf homolog. In bnl mutants, initial budding of tracheal
cells occurs, but further branching is impaired (Suther-
land et al. 1996). A 99-amino-acid stretch of bnl is 30%—
40% identical to several vertebrate Fgfs (Sutherland et al.
1996). Analysis of sequence homology between Dro-
sophila bnl and mouse Fgfs that are expressed during
lung development, namely Fgf-1, Fgf-7, and Fgf-10 (Fu et
al. 1991; Mason et al. 1994, Bellusci et al. 1997), failed to
identify any single murine homolog of bnl. Fgf-1, Fgf-7,
and Fgf-10 show 35%, 33%, and 37% sequence identi-
ties, respectively, to bnl in the 99-amino-acid stretch.
Thus, the percent identities within the core regions of
these murine Fgfs are similar. However, Fgf-10 in mice
and bnl in Drosophila bear striking functional similarity

FGF-10 +/-

FGF-10 --

Figure 4. H&E-stained sections of E17.5 Fgf-10"/~ fetuses (C,F,I) with Fgf-10*/*
(A,D,G) and Fgf-10*/~ (B,E,H) littermates for comparison. (A-C) Fetal cross sections
showing that Fgf-10-/~ fetuses have a normal trachea (Tr) and thymus (Thy). (Insets in
A-C) The tracheal epithelium from Fgf-10/~ fetuses is ciliated pseudostratified co-
lumnar (inset arrowheads indicate cilia) with mucus-secreting goblet cells (clear areas)
and is morphologically identical to tracheal epithelium in wild-type and heterozygous
fetuses. (D-F) Fetal sagittal sections showing that the Fgf-10~/~ fetal trachea termi-
nates blindly just beyond the anterior thymus (arrow in F), whereas the tracheas in
wild-type and heterozygous fetuses continue beyond the thymus and branch to form
main-stem bronchi (E). (G-I) Fetal cross sections showing that Fgf-10~/~ fetuses () fail
to develop main-stem bronchi (Br) or lungs (Lu). (E) Esophagus; and (Ht) heart in A-I.

FGF-10 is required for limb and lung development

in that both are critical for initial pulmonary branching
events.

Discussion

FGFs and their receptors are critical mediators of embry-
onic development and adult tissue homeostasis in verte-
brates. FGF-7 and FGF-10 elicit mesenchymal-epithelial
signaling through a common splice variant of FGFR2
that is widely expressed in epithelial cells of developing
and adult animals. Nevertheless, the roles of these two
growth factors during development of the mammalian
embryo clearly are quite different. Fgf-7-deficient mice
develop normally, indicating that either FGF-7 is not re-
quired for embryonic patterning and development or that
other factors compensate to maintain normal develop-
ment in its absence. Targeted deletion of many FGF fam-
ily members in mice have provided limited biological
insight because of either embryonic lethality or redun-
dancy in FGF signaling pathways (McKeehan et al. 1998).
In contrast, the striking limbless and lungless phenotype
of Fgf-10~~ mice reported here reveals that FGF-10 is
absolutely required for normal patterning and develop-
ment during the early phases of limb bud initiation and
pulmonary branching morphogenesis.

Expression of Fgf-8, one of the earliest
AER markers associated with limb bud
initiation (Crossley et al. 1996; Vogel et
al. 1996), is completely abolished in
presumptive limb ectoderm of Fgf-10~/~
embryos compared to that of wild-type
littermates. Thus, Fgf-10 is required for
induction of Fgf-8 expression in AER
and acts epistatically upstream of Fgf-8
to regulate limb bud initiation. This re-
sult is consistent with expression pat-
terns in chick embryos where Fgf-10 in
lateral plate mesoderm precedes Fgf-8
in AER (Ohuchi et al. 1997). Implanta-
tion studies using Fgf-8 and Fgf-10-ex-
pressing cells suggest that these factors
might work in a reciprocal manner
(Ohuchi et al. 1997). In this model, ini-
tial Fgf-10 expression in LPM induces
Fgf-8 expression in AER, and Fgf-8 in
turn enhances Fgf-10 expression in the
underlying mesenchyme. This hypoth-
esis is reinforced by studies performed
in mouse embryos carrying targeted de-
letions of the immunoglobin domain of
Fgfr2. These embryos lacked limb buds
and failed to form a functional placenta.
They also exhibited no Fgf-8 expression
in presumptive ectoderm and down-
regulation of Fgf-10 in underlying mes-
enchyme (Xu et al. 1998). FGF-10 has
been shown to bind to FGFR2D (Igarashi
et al. 1998). Our data, coupled with
these observations, indicates that FGF-
10 expressed in murine LPM induces
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FGF-8 expression by activating FGFR2b in AER. The
possibility exists that Fgf-8 expression is initiated in pre-
AER cells but is not maintained in AER owing to lack of
Fgf-10.

Both Fgf-8 and Fgf-10 are expressed in intermediate
mesoderm (IM) prior to limb bud initiation, and both are
proposed to be factors involved in limb field specifica-
tion that emanate from this region (Crossley et al. 1996;
Ohuchi et al. 1997). However, it remains controversial
whether contributions from IM are necessary for limb
bud formation (for review, see Johnson and Tabin 1997).
Fgf-8 expression and limb initiation in chick IM have
been proposed to be linked to embryonic kidney devel-
opment (Crossley et al. 1996). However, it is not clear
whether Fgf-10, which is expressed early in the segmen-
tal plate and IM, interacts with FGF-8. Our findings sug-
gest that FGF-10 is not necessary for embryonic kidney
development, as our E17.5 FGF-10"'~ fetuses exhibited
histologically normal kidneys (data not shown).

Fgf-8 expression in other regions of E9.5 Fgf-10~/~ em-
bryos apparently is normal. Fgf-8 is expressed in several
regions of the developing brain and in the pharyngeal
epithelium of both Fgf-10~/~ embryos and their wild-type
littermates (Fig. 3E-H). Therefore, Fgf-10-dependent ex-
pression of Fgf-8 appears to be confined to limb buds.
Consistent with this finding, the Fgf-10~/~ mice do not
show defects in other organ systems, with the exception
of lungs. Other mouse limb mutants exhibit either early
embryonic lethality or severe gross morphologic defects
(Chiang et al. 1996; Sanford et al. 1997; Xu et al. 1998).

Lack of lungs and main-stem bronchi in Fgf-10~/~ mice
is very reminiscent of the Drosophila mutant bnl. Both
genetic and biochemical evidence indicates that bnl is a
ligand for breathless (btl), an Fgf receptor. Drosophila btl
mutants exhibited a phenotype that was very similar to
that of bnl (Sutherland et al. 1996). Mammalian Fgfr2b is
highly expressed in the epithelium throughout embry-
onic lung development (Orr-Urtreger et al. 1993). Trans-
genic mice expressing a dominant-negative form of
FGFR2D splice variant under control of the SP-C promo-
tor exhibited perinatal lethality and failed to develop
lungs, indicating that FGFR2D is a receptor necessary for
pulmonary branching morphogenesis (Peters et al. 1994).
Ligands of this receptor include FGF-1, FGF-7, and FGF-
10 (Ornitz et al. 1996; Igarashi et al. 1998), and all three
have been shown to promote expansion and/or budding
of endodermal cells in lung explant studies (Bellusci et
al. 1997). Fgfr2b transgenic mice exhibited trachea for-
mation and bifurcation of main-stem bronchi (Peters et
al. 1994), unlike the Fgf-10 knockout mice, which only
developed a trachea without further branching. This dif-
ference was most likely caused by spatial and temporal
differences between Fgf-10 expression and SP-C promo-
tor activity. The SP-C promotor drives transgene expres-
sion in distal lung epithelium starting at E10 (Wert et al.
1993). In contrast, Fgf-10 is already expressed in the dis-
tal mesenchymal cells of developing respiratory tract
buds at E9.5 (Bellusci et al. 1997). Presumably, by E10-
E10.5, the formation of the primordial bronchi has al-
ready occurred. The impaired pulmonary development
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observed in Fgfr2b transgenic mice, coupled with simi-
larities in pulmonary phenotypes of Fgf-10 knockout
mice and Drosophila bnl and btl mutants, suggests strik-
ing functional similarities in the signaling pathways of
mammalian Fgf-10 and Drosophila bnl.

Materials and methods

FGEF-10 targeting strategy and generation of knockout mice

A mouse genomic clone that contains Fgf-10 exon 1 was isolated by
screening the 129 SVJ Lambda Fix II library (Stratagene, La Jolla, CA)
with a radiolabeled probe containing a portion of the mouse Fgf-10 cDNA
(nucleotides -108 to +99). The targeting vector (Fig. 1B) was constructed
by placing a 3.5-kb-long arm of homology and 0.78-kb short arm of ho-
mology flanking the PGK-neo casette. The PGK-tk cassette was placed
next to the short arm. This targeting strategy replaces a 294-nucleotide
region of Fgf-10 exon 1 containing the translation initiation site and
putative signal peptide with the PGK-neo casette. About 10 million RW4
ES cells were electroporated with 25 ng of the targeting vector. After
Gancyclovir and G418 selection, 264 surviving colonies were isolated.
Five colonies bearing the targeted allele were identified by both Southern
blot and PCR analyses. Three of the five positive clones were injected
into fertilized C57BL/6 blastocysts to produce chimeric males, and these
males were crossed with either 129 SVJ or Swiss black females. Chimeras
from all three clones exhibited germ-line transmission. Heterozygote
males and females from each clone were crossed to obtain embryos at
E9.5, E10.5, E11.5, E17.5, and E18.5.

Gross and histologic examinations and in situ hybridization

Fgf-10 E9.5-E17.5 null conceptuses with wild-type and heterozygote lit-
termates were harvested and fixed overnight in 10% neutral buffered zinc
formalin (Anatech, Battle Creek, MI). The day on which a copulation
plug was detected was designated gestational day O (EO). Fixed concep-
tuses were grossly examined and photographed. Fixed tissue blocks
(E17.5 fetuses) or whole embryos were then dehydrated, paraffin embed-
ded, and serially sectioned at 3 pm. Selected sections were stained with
hematoxylin and eosin (H&E) for routine histologic examination. All
major organs, including brain, spinal cord, thymus, gastrointestinal tract,
liver, lung, kidney, and skin were examined.

For in situ hybridization, formalin-fixed, paraffin-embedded sections of
E9.5 embryos were hybridized with 3*P-labeled transcripts synthesized
from DNA templates derived from mouse Fgf-10, Fgf-8, and Fgfr2b cDNA
sequences as described (Wilcox 1993). Slides were counterstained with
H&E and photographed using dark-field illumination.

Skeletal double staining of embryos

E18.5 embryos were collected, skinned, eviscerated, and fixed for 24 hr in
95% ethanol. Two modifications were made to a previously published
double staining method (Miller and Tarpley 1996): (1) because only a few
embryos were stained per run, the staining was not automated and agi-
tation was provided by a shaker table; and (2) because mice were used
rather than rats, the concentration of potassium hydroxide was lowered
to 1%. Briefly, the method consists of 24-hr changes of alcian blue, po-
tassium hydroxide, and murexide followed by clearing in glycerin. Pho-
tography was done using a Nikon SMZU dissecting microscope fitted
with a digital camera (Sony DKC-5000).
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