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FGF8 initiates inner ear induction
in chick and mouse
Raj K. Ladher,1,2,6,7 Tracy J. Wright,4,6 Anne M. Moon,2,5 Suzanne L. Mansour,2,4 and
Gary C. Schoenwolf2,3

1Sensory Development, Riken Center for Developmental Biology, Chuo-ku, Kobe 650-0047, Japan; 2Department
of Neurobiology and Anatomy and 3Children’s Health Research Center, University of Utah School of Medicine,
Salt Lake City, Utah 84132-3401, USA; 4Department of Human Genetics and 5Program in Human Molecular Biology
and Genetics, University of Utah, Salt Lake City, Utah 84112-5330, USA

In both chick and mouse, the otic placode, the rudiment of the inner ear, is induced by at least two signals,
one from the cephalic paraxial mesoderm and the other from the neural ectoderm. In chick, the mesodermal
signal, FGF19, induces neural ectoderm to express additional signals, including WNT8c and FGF3, resulting in
induction of the otic placode. In mouse, mesodermal Fgf10 acting redundantly with neural Fgf3 is required for
induction of the placode. To determine how the mesodermal inducers of the otic placode are localized, we
took advantage of the unique strengths of the two model organisms. We show that endoderm is necessary for
otic induction in the chick and that Fgf8, expressed in the chick endoderm subjacent to Fgf19, is both
sufficient and necessary for the expression of Fgf19 in the mesoderm. In the mouse, Fgf8 is also expressed in
endoderm as well as in other germ layers in the periotic placode region. We show that otic induction fails in
embryos null for Fgf3 and hypomorphic for Fgf8 and expression of mesodermal Fgf10 is reduced. Thus, Fgf8
plays a critical upstream role in an FGF signaling cascade required for otic induction in chick and mouse.
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The inner ear is derived from the otic placode, a thick-
ened disc of nonneural ectoderm that appears early in
development and lies adjacent to the caudal hindbrain.
In both chick and mouse embryos, the placode is mor-
phologically visible lateral to the fifth and sixth rhom-
bomeres (r) at approximately the eight-somite stage (An-
niko and Wikstrom 1984; Alvarez and Navascues 1990),
but is specified earlier. Namely, in explants of chick
head ectoderm at the five-somite stage (stage 8+), the otic
ectoderm is already specified with respect to Pax2 ex-
pression (Groves and Bronner-Fraser 2000). Although
similar culture experiments have not been performed in
other species, it is clear from these experiments that in-
duction of the otic placode occurs soon after neurulation
is initiated.

A rich history of embryological manipulations has led
to a well-understood pattern of tissue interactions during
otic placode induction (for reviews, see Jacobson 1966;
Baker and Bronner-Fraser 2001; Riley and Phillips 2003).
These studies, performed in either amphibian or avian
embryos, suggest a two-signal model for otic induction
in which otic inducers located in the head mesoderm and

neural ectoderm (caudal hindbrain) are required and act
in concert for complete otocyst development.

Numerous molecular candidates have been postulated
as either neural or mesodermal inducers of the otic plac-
ode. Different species seem to use different molecules.
However, most are members of the fibroblast growth fac-
tor (FGF) family of secreted signaling proteins, which
communicate with nearby cells by activating FGF recep-
tor tyrosine kinases. In the chick, one such member,
Fgf19, is localized to the cranial paraxial mesoderm at
the otic placode-forming level, where it initiates a net-
work of signaling interactions that results in otic induc-
tion. By signaling to the neural ectoderm, FGF19 induces
the expression of Wnt8c. Together these molecules syn-
ergize to induce the otic placode (Ladher et al. 2000).
Overexpression studies (Vendrell et al. 2000) also show a
role for Fgf3 in the induction of an otic fate. Fgf3 can
induce adjacent ectoderm to form small ectopic otocysts
(Vendrell et al. 2000), whereas reducing Fgf3 action re-
sults in a hypoplastic vesicle (Represa et al. 1991). How-
ever, as these latter experiments were performed after
the otic placode had already formed, it is unclear where
Fgf3 normally belongs in the signaling hierarchy for plac-
ode induction in the chick. Gain-of-function experi-
ments also suggest a role for FGF2 and FGF8 during otic
development. Beads soaked in FGF2 induced patches of
hypoplastic otocysts (Adamska et al. 2001). The ubiqui-
tous expression of Fgf2 at these stages (Karabagli et al.
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2002) makes the exact role of this factor difficult to de-
termine. In the study of Adamska et al. (2001), FGF8
beads were also tested, and these caused an enlargement
of the otic placode and an alteration of the pattern of
gene expression within the otocyst, but did not induce
ectopic otocysts. As Fgf8 is expressed transiently in the
otic cup and otocyst, these findings suggest that Fgf8
might function in later otic patterning.

The murine ortholog of Fgf19 is Fgf15. However, its
expression pattern does not obviously suggest a role in
otic induction. Moreover, Fgf15 null mutants do not
show overt otic abnormalities (Wright et al. 2004). In-
stead, Fgf10 expressed in the periotic mesoderm, to-
gether with Fgf3 expressed in the caudal hindbrain, are
required redundantly to induce the mouse otic placode
(Wright and Mansour 2003a).

The mechanism of otic induction by FGFs in zebrafish
seems to be different. In this species, Fgf3 and Fgf8 are
required redundantly for otic induction (Phillips et al.
2001; Leger and Brand 2002; Maroon et al. 2002). Both
genes are expressed in the involuting germ ring of the
gastrula. In contrast to Fgf8, Fgf3 expression persists in
the prechordal mesoderm and cephalic paraxial meso-
derm at 80% epiboly (Phillips et al. 2001). Both Fgf3 and
Fgf8 are then expressed in r4, near the site at which the
otic placode forms. Fgf8 is also expressed in the cardiac
mesoderm, which lies anterior to, but in close proximity
to, the future otic placode (Reifers et al. 1998, 2000).
Thus, there are several sites from which Fgf3 and Fgf8
might influence zebrafish otic induction. In contrast to
zebrafish, expression of Fgf8 in chick or mouse paraotic
hindbrain has not been reported, and, consequently, po-
tential requirements for Fgf8 in otic placode induction
have not been addressed previously in these species.

We report here that Fgf8 has an early role in otic in-
duction in both chick and mouse. We show that endo-
derm is necessary for otic induction in the chick and that
Fgf8, expressed in the chick endoderm subjacent to
Fgf19, is both sufficient and necessary for the expression
of Fgf19 in the mesoderm. We extend these results to the
mouse and show that Fgf8 is expressed in the prospective
otic placode, as well as in the subjacent head mesen-
chyme and endoderm. Otic induction fails in embryos
lacking Fgf3 and having severely reduced levels of Fgf8.
Furthermore, the otic phenotypes of embryos with both
combinations of three mutant Fgf3 and Fgf8 alleles are
very similar to those of embryos with analogous combi-
nations of Fgf3 and Fgf10 null alleles. Finally, we show
that Fgf8 is required redundantly with Fgf3 for normal
expression of the murine mesodermal otic inducer,
Fgf10. Thus in both species, Fgf8 plays a critical role in
induction of the mesodermal otic inducer.

Results

Endoderm is required for otic induction

We have previously described roles for Fgf19-expressing
mesoderm and Wnt8c-expressing neural ectoderm in in-
duction of chick otic placode (Ladher et al. 2000). A third

tissue, the endoderm, lies in close proximity to these
tissues. To assess the role of endoderm in otic induction,
we unilaterally ablated the cranial endoderm, including
that located beneath the Fgf19-expressing region, and we
examined otic development morphologically and with
the otic marker Pax2. Endoderm was ablated at stage 5,
prior to otic induction (Fig. 1A), resulting in a hypoplas-
tic or absent otic placode on the operated side (n = 23/40;
Fig. 1B,C). Typically, endoderm removal did not cause
complete loss of the otocyst or Pax2 labeling, presum-
ably because the endoderm rapidly regenerated, as re-
vealed in serial sections (data not shown). The high fre-
quency of otocyst loss following endoderm ablation
strongly indicates that endoderm is necessary for inner
ear induction.

Endoderm induces chick mesodermal Fgf19 expression

The endoderm is not in contact with the prospective or
definitive otic placode, suggesting that its role in otic
induction is indirect. To ask whether endoderm induced
expression of the mesodermal inducer, Fgf19, we used
tissue explants. Anterior mesoderm was isolated from
stage 5 embryos and stripped of adhering ectoderm and
endoderm (Fig. 2A, left panel). Fgf19 was not expressed in
these isolates (n = 0/12; Fig. 2B), even after 8 h of culture,
a stage at which unstripped mesoderm expressed Fgf19
(n = 3/4; data not shown). We next used this assay to test
the ability of quail endoderm to induce Fgf19. To ensure
that only mesodermal and not endodermal Fgf19 expres-
sion was detected, we prepared quail endoderm–chick
mesoderm chimeric explants and used a probe directed
against the 3� UTR of chick Fgf19. For ease of endoderm
dissection we used stage 4 quail donors and isolated an-
terior and posterior endoderm (Fig. 2A, right panel). Only

Figure 1. Endoderm ablation blocks otic development. The en-
doderm was removed unilaterally from chick embryos, which
were cultured for 24–36 h and then assayed for the otic marker,
Pax2. (A) Diagram illustrating endoderm removal (box). (B) Dor-
sal view showing a smaller otic domain of Pax2 on the operated
(left) side. Black line indicates axial level of section in C. (C)
Section showing the smaller left otic placode (arrow).
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the posterior endoderm is fated to underlie the Fgf19-
expressing mesoderm; the more rostral endoderm is dis-
placed more anteriorly (Lawson and Schoenwolf 2003).
Chick mesodermal Fgf19 expression occurred when
chick mesoderm was recombined with posterior quail
endoderm (n = 6/8; Fig. 2C). In contrast, anterior quail
endoderm did not induce Fgf19 expression (n = 0/8; Fig.
2D). Thus, the endoderm underlying the otic-inducing
mesoderm is sufficient to induce Fgf19 expression,
thereby initiating otic induction.

Expression of Fgf8 is spatially and temporally
appropriate for a role in mesodermal Fgf19 induction

We next considered which endodermally expressed sig-
naling molecules might be candidates for the inducer
of mesodermal Fgf19. We focused on Fgf8. Beginning
at stage 6, Fgf8 was expressed in the cranial endoderm in
two domains (Fig. 3A). The most obvious domain
marked the endoderm in a horseshoe-shaped region un-
derlying the developing heart rudiments. The second do-
main marked a transverse stripe of endoderm, rostral to
the primitive streak (Fig. 3A,B). This latter domain was
subjacent to the Fgf19-expressing mesoderm (Fig. 3, cf.
A,B and C,D). Fgf8 expression in the transverse domain
became stronger as the embryo aged, and it changed from
a punctate pattern to a uniform and strong expression
domain at stage 8 (Fig. 3E). The transverse endodermal

domain of Fgf8 expression remained subjacent to the
Fgf19-expressing mesoderm during subsequent develop-
ment (Fig. 3, cf. E and F).

FGF8 induces Fgf19 in chick mesodermal isolates

To determine whether FGF8 induces mesodermal Fgf19,
we cocultured mesodermal explants with heparin beads
soaked in FGF4 or FGF8 for 6–8 h. Isolates cultured alone
(n = 0/15; Fig. 4A) or with FGF4 (n = 2/16; Fig. 4B) did not
express Fgf19. In contrast, isolates cultured with FGF8
expressed Fgf19 (n = 16/20; Fig. 4C). These results show
that FGF8 is sufficient for induction of Fgf19.

Fgf8 is necessary for initial chick mesodermal
Fgf19 expression and otic placode induction

We next asked whether endodermal Fgf8 is necessary for
induction of mesodermal Fgf19 by inhibiting FGF8 ex-
pression in vivo. We unilaterally introduced an Fgf8 hair-
pin RNA-expressing vector together with a Venus tracer
plasmid (Fig. 5A). The vector-derived Fgf8 siRNA effec-
tively targeted endogenous Fgf8 mRNA for destruction
(n = 12/14; Fig. 5B). In embryos where Venus was ex-
pressed in the presumptive otic-inducing region, Fgf19
transcripts were down-regulated by 6–12 h (n = 16/22;
Fig. 5C–E). When cultured to stage 12, the embryos ex-
pressing Fgf8 siRNA had a reduced or absent otic placode

Figure 3. Chick Fgf8 is expressed in the endoderm underlying
mesodermal Fgf19. Chick embryos processed for in situ hybrid-
ization with the indicated probes. Lines in A and C indicate the
levels of the sections shown in B and D, respectively. (A) Dorsal
view of a stage 6 (zero-somite) embryo showing two expression
domains of Fgf8 in the cranial endoderm: a horseshoe-shaped
area underlying the developing heart rudiments (h) and a trans-
verse domain rostral to the primitive streak (ps). (B) Section
showing Fgf8 expression in transverse endodermal domain (ar-
rows). (C) Dorsal view of a stage 6 embryo showing Fgf19 ex-
pression in the primitive streak (ps) and in bilateral patches of
paraxial mesoderm overlying the Fgf8 transverse-endodermal
domain. (D) Section showing bilateral Fgf19 expression in the
paraxial mesoderm (arrows). (E) Dorsal view of a stage 8 (three-
somite) embryo showing Fgf8 expression in the primitive streak
(ps), cranial endodermal domains, and endoderm underlying
heart rudiments (h). Note the transverse stripe of endodermal
expression (arrows) just rostral to the first pair of somites. (F)
Dorsal view of a stage 8 embryo showing Fgf19 expression in the
primitive streak (ps) and bilateral paraxial mesodermal patches
(arrows) just rostral to the first pair of somites.

Figure 2. Mesodermal Fgf19 expression requires subjacent en-
doderm. Explanted stage 5 rostral chick mesoderm was cultured
alone or with stage 4 quail endoderm. Explants were fixed when
staged-matched whole-embryo controls had reached stage 8−
and then hybridized with a chick-specific Fgf19 probe. (A) Box in
left diagram indicates the mesoderm explanted. Boxes in right
diagram indicate the endoderm explanted. (B) Mesodermal ex-
plants stripped of ectoderm and endoderm show only back-
ground labeling. (C) When recombined with caudal endoderm,
mesodermal explants express Fgf19 (boxed). (D) Rostral endo-
derm fails to induce Fgf19.
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on the electroporated side, as indicated by a reduction in
Pax2 expression and the absence of normal placodal mor-
phology (n = 18/25; Fig. 5F–H). In controls, using either
the Venus construct alone or an siRNA vector contain-
ing a scrambled Fgf8 hairpin construct, Fgf19 expression
and the otic placode were unaffected (data not shown).
Thus Fgf8 is required for Fgf19 expression and otic in-
duction.

Fgf8 mediates otic induction
through induction of Fgf19

To determine whether loss of Fgf19 was responsible for
the block to otic development, we electroporated the
Fgf8 siRNA construct as before, explanted the three-lay-
ered presumptive otic/periotic region (Fig. 5I; explant
“a” of Ladher et al. [2000]), cultured it in the presence or
absence of FGF19 beads, and assayed for Pax2 expres-
sion. An unelectroporated control explant expressed
Pax2 as expected (Fig. 5J). In the absence of FGF19, the
Fgf8 siRNA-exposed explants failed to express Pax2 (Fig.
5K; n = 4/6 explants negative for Pax2), whereas similar
explants treated with FGF19 expressed Pax2 (Fig. 5L;
n = 4/6 explants positive for Pax2). Thus, FGF19 rescues
Pax2 expression, indicating that Fgf8 acts indirectly on
otic induction.

Fgf8 is also expressed in a pattern consistent
with a role in early mouse otic development

We show above that Fgf8 is both sufficient and necessary
for the expression of the chick mesodermal otic inducer,
Fgf19. To determine whether this role for Fgf8 was con-
served in the mouse we focused attention on the early

expression domains relative to the developing otic plac-
ode using both in situ hybridization to Fgf8 mRNA in
wild-type embryos and immunohistochemistry to an
FGF8/GFP fusion protein expressed from a targeted Fgf8
allele (Macatee et al. 2003). At embryonic day 7.0 (E7.0),
Fgf8 transcripts were found in the primitive streak and in
mesoderm underlying the lateral neural plate (Fig. 6A,B).
By E8.0, just before the embryo developed its first so-
mite, Fgf8 expression in the primitive streak expanded
and was also apparent in the splanchnic (heart-forming)
mesoderm, which lies lateral and ventral to the preplaco-
dal ectoderm (Fig. 6C,D). By the three-somite stage, all
mesenchyme underlying the prospective placode ex-
pressed the FGF8/GFP fusion protein (Fig. 6E). At the
four-somite stage, Fgf8 transcripts were found in pre-
placodal ectoderm, as well as in more ventral ectoderm,

Figure 5. FGF8 is necessary for Fgf19 expression and inner ear
induction. Two plasmids, a Histone-2B/Venus fusion construct
and pSilencer–Fgf8, were coelectroporated on one side of stage 4
chick embryos. Treated embryos were cultured for 4–8 or 24–
36 h, observed with fluorescent illumination, and then pro-
cessed for in situ hybridization with probes as indicated. (A)
Venus fluorescence (yellow) indicates the electroporated area.
(B) Fgf8 transcripts are down-regulated in the region of Venus
expression (arrow). (C–E) At stage 7, 4–8 h after electroporation,
embryos treated with the pSilencer–Fgf8 vector show a lateral
reduction in Fgf19 expression. (C) Only embryos that showed
appropriately targeted Venus fluorescence (yellow) were ana-
lyzed. (D) Whole mount showing a loss of lateral Fgf19 expres-
sion on the electroporated (left) side. Arrows in D and E mark
the medial–lateral extent of expression on both the right and left
sides. Line marks the level of the section in E. (E) Section show-
ing loss of Fgf19 expression in the lateral paraxial mesoderm on
the electroporated (left) side. (F–H) At stages 12–14 (24–36 h
after electroporation), embryos treated with the pSilencer–Fgf8
vector show a loss of Pax2 expression and failure of placodal
morphology to form on the electroporated (left) side. (F) Only
embryos that showed appropriately targeted Venus fluorescence
(yellow) were analyzed. (G) Whole mount showing a loss of Pax2
expression on the electroporated side. Line marks the level of
the section in H. (H) Section showing loss of Pax2 expression on
the electroporated (left) side. In addition, placodal morphology
fails to form (arrow), as is evident when compared with the
normal Pax2-expressing placode on the right side. (I) Location of
three-layered explants (boxed) used in rescue experiments. (J)
Control explants express Pax2. (K) Fgf8 siRNA electroporated
explants fail to express Pax2. (L) Electroporated explants treated
with FGF19 beads (asterisks) express Pax2 (arrows).

Figure 4. FGF8 is sufficient for Fgf19 expression. Stripped stage
5 chick mesoderm was cultured in isolation or in the presence
of either FGF4 or FGF8. (A) Untreated mesodermal explants fail
to express Fgf19 after 8 h of culture. (B) Mesodermal explants
treated with FGF4 beads also do not express Fgf19. (C) Meso-
dermal explants treated with FGF8 beads express Fgf19 (arrow).
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splanchnic mesoderm, and underlying pharyngeal endo-
derm (Fig. 6F,G); this pattern was unchanged at the six-
somite stage (Fig. 6I,J). In addition to ectodermal and
endodermal FGF8/GFP expression, even stronger and
more dorsally situated expression occurred in the mes-
enchyme of embryos at the five- and six-somite stages
(Fig. 6H,K). This localization of FGF8/GFP to the otic
region was confirmed by colocalization of the ectoder-
mal expression domain with PAX2 (Fig. 6K,L). By the
eight-somite stage, Fgf8 transcripts still remained in sur-
face ectoderm ventral to the placodal ectoderm, but were

no longer found in the otic placode (Fig. 6M,N). In addi-
tion, Fgf8 expression was detected in the pharyngeal en-
doderm and in the intervening mesoderm (Fig. 6M,N).
Thus, during the period of otic induction, Fgf8 was ex-
pressed in or in close proximity to tissues required for
otic induction, as well as briefly in the preplacodal ecto-
derm itself. Unlike in zebrafish embryos (Phillips et al.
2001; Leger and Brand 2002; Maves et al. 2002), mouse
Fgf8 transcripts were never detected in the hindbrain.

Fgf8 is required redundantly
with Fgf3 for mouse otic induction

Fgf8 null embryos die during gastrulation, precluding
analysis of otic development (Sun et al. 1999). We asked
whether Fgf8 plays a role in otic induction in the mouse
by drastically reducing its expression in embryos using
hypomorphic (Fgf8H) and null (Fgf8−) alleles. Fgf8H/−

pups survive until shortly after birth, when they die of
heart defects (Moon and Capecchi 2000). Because the sig-
nals required for otic induction are redundant, we also
removed Fgf3 to reveal a function for Fgf8. Therefore,
Fgf3+/−;Fgf8+/H and Fgf3+/−;Fgf8+/− animals were inter-
crossed and offspring were collected between E8.0 and
E9.5 and genotyped. Of 305 total offspring, 19 had the
Fgf3−/−;Fgf8H/− genotype (referred to subsequently as
Fgf3/Fgf8 “double mutants”), which is the expected
number. This suggests that the levels of Fgf8, even in the
absence of Fgf3, are sufficient to support development
through the stages of interest.

Otic development was assessed at the vesicle stage
using Pax2 as a marker. Control E9.5 Fgf3+/−;Fgf8+/− em-
bryos formed normal otic vesicles expressing Pax2 in a
medial domain (Fig. 7A,B). Fgf3+/+;Fgf8H/− or Fgf3−/−;Fgf8+/+

embryos also formed otic vesicles with appropriately local-
ized Pax2 expression (Fig. 7C–F). In striking contrast, all
five E9.5 Fgf3/Fgf8 double mutants failed to form otic
vesicles (Fig. 7G,H), showing that Fgf3 and Fgf8 are re-
quired redundantly for mouse otic vesicle formation.

Next, we examined a panel of otic markers on control
and Fgf3/Fgf8 double-mutant embryos at E8.0, when the
otic placode was forming. In control embryos, Pax2 was
expressed as normal in a domain encompassing the ear-
forming region that in cross-section marked the surface
ectoderm (Fig. 7I,J); the dorsal region of this domain
forms the otic placode. In double-mutant embryos, Pax2
was expressed in the ventral ectoderm, but not in the
dorsal, ear-forming region of the ectoderm (Fig. 7K,L).
Similarly, another early marker of the otic placode, Pax8,
was expressed throughout the ectoderm of control em-
bryos (Fig. 7M,N), but was excluded from the dorsal ec-
toderm of double-mutant embryos (Fig. 7O,P). The dorsal
surface ectoderm of the double-mutant embryos was
thin, characteristic of uninduced ectoderm (Fig. 7O,P).
Similarly staged embryos with the Fgf3−/−;Fgf8+/− or
Fgf3+/−;Fgf8H/− genotype had normal patterns of Pax2
and Pax8 expression (data not shown). In summary, our
results show that the earliest stages of otic induction
require both Fgf3 and Fgf8.

Figure 6. Mouse Fgf8 is expressed in tissues relevant to early
otic development. (A,C,F,I,M) E7.0–E8.0 mouse embryos hy-
bridized with an Fgf8 probe and sectioned in the transverse
plane. (B,D,G,J,N) Sections through the otic region (the plane is
indicated by a line through each embryo) are shown in the panel
to the right of each whole embryo. Whole-mount images are
shown in the dorsal (A,C,I) or lateral (F,M) views. Anterior is to
the right. (E,H,K) Mouse embryos bearing the Fgf8GFPR allele
were sectioned and the FGF8/GFP fusion protein was detected
using immunohistochemsitry directed against GFP (green). (L)
PAX2 immunohistochemistry (red) was performed on a section
adjacent to that shown in K. (A,B) At E7, Fgf8 is expressed in the
heart mesoderm (m) and in the primitive streak (ps). (C,D) Fgf8
expression at zero somites in splanchnic mesoderm (m) and
primitive streak (ps). (E) At the three-somite stage, the FGF8/
GFP fusion protein is localized to splanchnic mesoderm. (F–K)
At four to six somites, Fgf8 transcripts and the FGF8/GFP fusion
protein are expressed throughout the surface ectoderm, includ-
ing the prospective placode (pp), pharyngeal endoderm (e), and
the splanchnic as well as more dorsal, paraxial, mesoderm (m)
and in the primitive streak (ps). At these stages, Fgf8 is also
expressed in pharyngeal endoderm (e) and splanchnic as well as
more dorsal, paraxial, mesoderm (m) and in the primitive streak
(ps). (L) In six-somite embryos, PAX2 expression in the ecto-
derm of the prospective placode (pp) colocalizes with ectoder-
mal expression of the FGF8/GFP fusion protein in K. (M,N) By
eight somites, Fgf8 expression in the surface ectoderm is ex-
cluded from the dorsal otic placode (pp) but is maintained in the
ventral ectoderm. Expression in the pharyngeal endoderm (e) is
maintained. Expression is additionally detected in the telen-
cephalon (t). Expression is absent from hindbrain neural ecto-
derm (n).
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Hindbrain patterning is normal
in Fgf3/Fgf8 double-mutant mouse embryos

Simultaneous loss of Fgf3 from the hindbrain and Fgf10
from the mesoderm underlying the otic placode also
blocks mouse otic induction and does so in the absence
of major hindbrain patterning defects (Wright and Man-
sour 2003a). In contrast, simultaneous depletion of ze-
brafish Fgf3 and Fgf8, both of which are expressed in the
hindbrain and are required redundantly for otic induc-

tion, has major effects on hindbrain patterning (Maves
et al. 2002; Walshe et al. 2002). To determine whether
loss of mouse Fgf3 and Fgf8 affects otic vesicle formation
via effects on the hindbrain, we used a panel of hindbrain
markers: Hoxb1 to mark r4 (Fig. 7I–L), Krox20 to mark r3
and r5 (Fig. 7Q–T), and Kr/Mafb to mark r5 and r6 (Fig.
7U–X). The labeling of double-mutant embryos could
not be distinguished from that of control embryos, sug-
gesting that hindbrain patterning defects are not respon-
sible for the failure of otic induction in Fgf3/Fgf8 double-
mutant embryos.

Progressive reduction of Fgf3 expression in the Fgf8
hypomorphic background has quantitative effects
on mouse otic induction that are similar to those
in the Fgf10 mutant background

Fgf3 and Fgf10 play quantitative and distinct roles in otic
induction. Examination of embryos with both combina-
tions of three mutant alleles using ventromedial (Pax2)
and dorsal (Dlx5) markers showed that loss of Fgf3 af-
fects otic gene expression and vesicle position and size
more severely than does loss of Fgf10 (Wright and Man-
sour 2003a). To determine whether the same is true for
Fgf3 and Fgf8, we hybridized similarly staged embryos
(21–25 somites) of all relevant intermediate genotypes
with Gbx2, a marker of the dorsomedial otic cup and
vesicle, and compared these to each other as well as to a
matched set of slightly younger (17–19 somites) Fgf3 and
Fgf10 mutant embryos. As expected, just after otic
vesicle closure, Gbx2 was detected in the dorsomedial
region of control vesicles, which were of normal size and
dorsal position (Fig. 8A,B). The normal dorsomedial lo-
calization of Gbx2 expression and dorsal position of the
otic vesicle was seen in embryos with strongly reduced
levels of Fgf8 and normal or 50% reduced levels of Fgf3,
although both the latter embryos and vesicles were small
relative to the control (Fig. 8C,D,G,H). In contrast, otic
expression of Gbx2 was diminished, but still appropri-
ately localized, in embryos lacking Fgf3 only, and these
vesicles had a slightly ventralized position (Fig. 8E,F).
Gbx2 expression was entirely absent from the otic
vesicles of embryos lacking Fgf3 and having only 50% of
normal Fgf8 levels, and in these embryos the position of
the vesicle was even more ventral and the size was
clearly reduced (Fig. 8I,J). Finally, Fgf3/Fgf8 double mu-
tants did not express Gbx2 in the “otic” region because
they failed to form otic vesicles (Fig. 8K,L). Thus, Fgf3
and Fgf8 have quantitative and distinct roles in otic ves-
icle formation.

Gbx2 expression and otic morphology were also exam-
ined at the late otic cup stage in a group of embryos
having similar combinations of Fgf3 and Fgf10 null al-
leles. As expected, double heterozygotes showed robust
expression of Gbx2 in the dorsomedial otic cup (Fig.
8M,N). The same results were obtained in embryos lack-
ing Fgf10 and having normal (Fig. 8O,P) or 50% reduced
levels of Fgf3 (Fig. 8S,T). The embryo lacking Fgf3 only
had little expression of Gbx2 in one otic vesicle and nor-
mal expression in the other (Fig. 8Q,R). This variable

Figure 7. Otic, but not hindbrain, development is blocked in
Fgf3/Fgf8 double-mutant embryos. (A,C,E,G,I,K,M,O,Q,S,U,W)
E8.5–9.5 control and mutant embryos were processed for in situ
hybridization with the probes indicated to the left of each row.
Embryos were sectioned in either the coronal (B,D,F,H,R,T,V,X)
or the transverse plane (J,L,N,P). The section taken through the
otic region (the plane is indicated by a line through each em-
bryo) is shown in the panel to the right of each whole embryo.
Whole-mount images are shown in the lateral view with rostral
to the right. The genotype of each embryo is indicated to the
bottom right of each whole-mount panel. (A–H) E9.5 Fgf3/Fgf8
double mutants, but not Fgf3−/− or Fgf8H/− mutants, fail to de-
velop otic vesicles (ov) or express Pax2 in the otic region. The Kr
probe also included in this experiment was unsuccessful in la-
beling the control hindbrain (A,B), so its absence in the Fgf3
mutant (E,F) could not be interpreted. However, the Kr probe did
label the Fgf8 mutant (C,D) and double-mutant (G,H) hind-
brains, suggesting that r5 and r6 were normal in these embryos.
(I–L) In E8.5 control embryos, Pax2 is expressed throughout the
otic placode (op) and ventral surface ectoderm (se). In Fgf3/Fgf8
double mutants, Pax2 expression is lost in the dorsal surface
ectoderm (indicated by a bracket). Hoxb1 expression in r4 is not
affected in Fgf3/Fgf8 double mutants. (M–P) At E8.5, Pax8 ex-
pression occurs throughout the otic placode (op) and ventral
surface ectoderm (se) of control embryos. In Fgf3/Fgf8 double
mutants, Pax8 expression is lost in the dorsal surface ectoderm
(indicated by a bracket). (Q–T) Krox20 expression in r3 and r5 is
not affected in Fgf3/Fgf8 double mutants. (U–X) Kr expression in
r6 and r5 is not affected in Fgf3/Fgf8 double mutants. (pn) Pro-
nephros; (i) isthmus; (e) eye; (n) neural ectoderm.
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expressivity of the Fgf3 allele has been shown previously
(Mansour et al. 1993; Wright and Mansour 2003a). No-
tably, the embryo lacking Fgf3 and with 50% reduced
levels of Fgf10 (Fig. 8U,V) showed no otic expression of
Gbx2 and had otic cups that were relatively small and
ventrally and laterally displaced from the hindbrain. Fi-
nally, as expected, otic development was severely dis-
rupted in the Fgf3/Fgf10 double-mutant embryo (Fig.
8W,X). One side of the embryo showed no otic develop-
ment and the other side had some organized epithelial
tissue that was larger, but less well organized than the
microvesicles previously found in 50% of Fgf3/Fgf10
double-mutant embryos (Wright and Mansour 2003a).

No otic expression of Gbx2 was detected in this embryo.
Thus, with reduced or absent Fgf3, loss of Fgf8 or Fgf10
has similar consequences to otic development.

Induction or maintenance of mouse mesenchymal
Fgf10 expression depends on Fgf3 and Fgf8

One explanation for the similarity between Fgf3/Fgf8
and Fgf3/Fgf10 intermediate and double-mutant pheno-
types is that mouse Fgf8, like chick Fgf8, is required for
normal expression of the mouse mesodermal otic in-
ducer, FGF10. Thus, we evaluated Fgf10 expression in
Fgf3/Fgf8 double-mutant embryos. At both preplacodal
stages examined (zero and eight somites), there was a
clear reduction of mesenchymal Fgf10 in double-mutant
embryos relative to control embryos (Fig. 9, cf. A,C and
B,D). Although Fgf10 expression was not completely
lost, it was clear that the most dorsal regions of the mes-
enchyme, underlying the preplacodal ectoderm, was free
of Fgf10 transcripts. In contrast, mesenchymal expres-
sion of Gbx2 was not affected in double-mutant embryos
(Fig. 9E,F), suggesting that Fgf3 and Fgf8 are required re-
dundantly to induce or maintain normal levels of mes-
enchymal Fgf10 expression, but that mesenchymal gene
expression is not globally dependent on these signals.

Discussion

Induction and early development of the inner ear are
regulated by the expression of genes in the adjacent neu-
ral ectoderm and mesoderm. In chick and mouse, both
inducing tissues provide FGF signals that are required for
or are strongly implicated in otic induction. We show
that in chick, a third tissue, the endoderm, is also re-

Figure 8. In the absence of Fgf3, otic development has a similar
dependence on Fgf8 and Fgf10. E9.5 embryos isolated from in-
tercrosses of the Fgf3 and Fgf8 alleles or the Fgf3 and Fgf10
alleles were processed for in situ hybridization with a Gbx2
probe and sectioned in the transverse plane. A section taken
through the otic region (the plane is indicated by a line through
each embryo) is shown in the panel to the right of each whole
embryo. Whole-mount images are labeled with the genotype
and somite (som) number and shown in the lateral view with
rostral to the right. (A–L) In control, Fgf3+/+;Fgf8H/−, and
Fgf3+/−;Fgf8H/− embryos, Gbx2 is expressed normally in the dor-
somedial aspect of the otic vesicle (ov). In Fgf3−/−;Fgf8+/+ and
Fgf3−/−;Fgf8+/− embryos, Gbx2 expression is diminished and
absent, respectively. In Fgf3/Fgf8 double mutants, no otic
vesicle and no Gbx2 expression is detected. (M–X) In control,
Fgf3+/+;Fgf10−/−, and Fgf3+/−;Fgf10−/− embryos Gbx2 is expressed
normally in the dorsomedial region of the otic cup (oc). In the
Fgf3−/−;Fgf10+/+ embryo the level of Gbx2 expression is dimin-
ished in one otic cup, illustrating the variable expressivity of
this phenotype. In Fgf3−/−;Fgf10+/− and Fgf3/Fgf10 double-mu-
tant embryos Gbx2 expression is absent from the otic region. In
Fgf3/Fgf8 double mutants (K), this absence of Gbx2 expression
is coincident with the complete loss of recognizable otic tissue.
However, some disorganised ectodermal tissue (devoid of Gbx2
expression) is seen in the Fgf3−/−;Fgf10−/− embryo (arrowhead).
(n) Neural ectoderm.

Figure 9. The expression of mesodermal Fgf10 is reduced in
Fgf3/Fgf8 double mutants. Preplacodal control (A,C,E) and Fgf3/
Fgf8 double-mutant (B,D,F) mouse embryos were hybridized
with Fgf10 or Gbx2 as indicated in each panel and sectioned in
the transverse plane. (A,B) Sections taken through the otic re-
gion of zero somite embryos show a reduction in Fgf10 expres-
sion in the medial mesoderm (indicated with a bracket). (C,D)
Sections taken through the otic region of eight-somite embryos
show a reduction in Fgf10 expression in the mesenchyme un-
derlying the dorsal ectoderm, where the otic placode is expected
to form. (E,F) Sections taken through the otic region of zero-
somite embryos show that mesodermal Gbx2 expression is un-
affected in Fgf3/Fgf8 double-mutant embryos.
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quired for otic induction. This tissue expresses Fgf8, and
our experiments provide evidence that FGF8 is both suf-
ficient and necessary for normal expression of the gene
encoding the mesodermal otic inducer, FGF19, thereby
initiating otic development. In mouse, Fgf8 is expressed
by the endoderm, as well as by other otic-inducing re-
gions, and it is required, in addition to Fgf3, for expres-
sion of the gene encoding the mesodermal otic inducer,
FGF10, and for subsequent otic induction. Thus, in both
species, a cascade of FGF signals drives otic develop-
ment.

The tissue sources of FGF signals potentially
relevant for initiating otic induction

It is now well established that the hindbrain and under-
lying mesoderm are major sources of otic-inducing sig-
nals. Tissue ablation and transplantation studies, as well
as observations of classic and targeted mutants, show
that these tissues are necessary and sufficient for induc-
tion of otic placode gene expression and for induction
of placodal morphology and subsequent development
(for reviews, see Baker and Bronner-Fraser 2001; Kiernan
et al. 2002; Riley and Phillips 2003). FGF signals are
clearly required for the earliest stages of otic induction as
well as for subsequent development of the otic placode
and vesicle (for reviews, see Riley and Phillips 2003;
Wright and Mansour 2003b; Mansour and Schoenwolf
2005). The four major vertebrate models (Xenopus, ze-
brafish, chick, and mouse) all express Fgf3 in dorsal neu-
ral ectoderm adjacent to preplacodal tissue (Wilkinson
et al. 1988; Tannahill et al. 1992; Mahmood et al. 1995;
Raible and Brand 2001), and at least in zebrafish and
mice, an FGF3 signal is required (redundantly with an-
other FGF signal) for induction of the otic placode. In
zebrafish, Fgf3 is partially redundant for otic placode in-
duction with Fgf8, which is coexpressed in the hindbrain
(Phillips et al. 2001; Leger and Brand 2002; Maroon et al.
2002). In mouse, Fgf3 is required redundantly for otic
placode induction with Fgf10, which is expressed weakly
and mainly ventrally in neural ectoderm, and is more
strongly expressed in mesenchyme underlying the devel-
oping neural ectoderm and preplacodal ectoderm (Al-
varez et al. 2003; Wright and Mansour 2003a). Fgf3 is also
expressed in the chick hindbrain and can induce some
aspects of otic development (Mahmood et al. 1995; Ven-
drell et al. 2000), but its requirement for otic induction
in this species remains to be tested. The role of Fgf3 in
Xenopus ear development has not been addressed.

The mesoderm underlying the preplacodal ectoderm is
also a source of FGF signals, at least in chick and mouse.
Mesodermal FGF19, in synergy with a WNT8c signal,
induces chick otic gene expression (Ladher et al. 2000).
Genetic and expression analyses suggest that mesenchy-
mal Fgf10 may assume this role in mouse (Wright and
Mansour 2003a). Zebrafish mutants deficient in meso-
derm have abnormal otic phenotypes (Mendonsa and Ri-
ley 1999; Leger and Brand 2002). As the mutated genes
are required to specify mesendoderm, any structure de-
pendent on mesodermal signals would be affected indi-

rectly. Obvious candidates for direct otic-inducing sig-
nals include zebrafish FGF19 and FGF10 (Ng et al. 2002;
Katoh 2003). Another possibility is FGF8, which in ad-
dition to its role as a neural ectodermal otic inducer, is
expressed in cranial paraxial mesoderm (Reifers et al.
2000; Thisse et al. 2001).

We have identified a third tissue in chick otic placode
induction. Endoderm ablation routinely reduced the size
of the otic placode. The failure to completely eliminate
otic induction suggests either that other tissues supply
redundant otic-inducing signals and/or regeneration re-
stores the required signal. Jacobson (1963) similarly con-
cluded that the endoderm was required for otic induction
when he found that explanted preplacodal ectoderm was
most effectively induced as ear when endoderm was in-
cluded with mesoderm and neural ectoderm. Other ex-
amples of inductive signaling by endoderm include de-
velopment of the pharyngeal cartilage (Couly et al. 2002;
David et al. 2002; Ruhin et al. 2003) and epibranchial
placodes (Begbie et al. 1999). However, it is unlikely
that endoderm plays a direct role in otic induction;
rather, it does so by inducing mesodermal otic-inducing
signals.

FGF8 as an initiator of otic development
acting to induce mesodermal FGFs

Several lines of evidence implicate FGF8 as an inducer of
mesodermal FGFs functioning in otic placode induction.
Prior to otic induction, chick Fgf8 is expressed in the
same endodermal tissue required for otic induction, but
not in other otic-inducing tissues. Furthermore, knock-
down of chick Fgf8 reduced expression of mesodermal
Fgf19 and inhibited otic placode formation. Rescue of
Pax2 expression by FGF19 shows not only that Fgf8 acts
indirectly in otic induction, but also that FGF19 is re-
quired.

In mouse, the expression pattern of Fgf8 is more com-
plex than in chick. Fgf8 is detected in the periotic region
in endoderm, mesenchyme, and preplacodal ectoderm
during the four- to six-somite stages, just prior to the
appearance of the otic placode. However, mesenchymal
expression of Fgf8 actually begins much earlier, in the
cardiac crescent (splanchnic mesoderm), whose caudal
extremes lie in close proximity to the developing otic
regions. Our genetic data reveal that mouse Fgf8 is re-
quired redundantly with Fgf3 for otic induction. The
similarity of the Fgf3/Fgf8 and Fgf3/Fgf10 double-mutant
otic phenotypes and intermediate three mutant allele
phenotypes, coupled with the reduction of Fgf10 in the
Fgf3/Fgf8 double-mutant embryos, argues that mouse
FGF8 functions to induce or maintain mesenchymal
Fgf10 expression, much as chick FGF8 induces mesoder-
mal Fgf19 expression. FGF8 may mediate this effect at
least in part through one of its preferred receptors,
FGFR3c, which is expressed in the mesenchyme (data
not shown). FGF8 is unlikely to signal directly to the
preplacodal ectoderm, as this tissue does not express ap-
propriate receptors (Ornitz et al. 1996; Wright and Man-

Ladher et al.

610 GENES & DEVELOPMENT

 on June 14, 2007 www.genesdev.orgDownloaded from 

http://www.genesdev.org


sour 2003a). Experiments to determine the tissue source
of Fgf8 required for mouse otic induction are underway.

Common features of FGF signaling in otic
induction among species and similarities
to the roles of FGF signaling in limb development

We propose that there are both serial and parallel FGF
signals required for otic induction and that a generally
similar scheme applies to all vertebrate species. The first
FGF signal acts on the mesoderm to induce a second FGF
signal. In chick, the first signal (FGF8) arises from the
endoderm, whereas in mouse, the FGF8 signal could
arise from any of the three periotic germ layers. Func-
tional evidence for the initiating FGF signal remains to
be obtained in other species. The second FGF signal,
FGF19 in chick and FGF10 in mouse, acts in parallel
with a third signal from the hindbrain. In chick, WNT8c,
expressed by the hindbrain, acts synergistically with
FGF19 to induce the otic placode, suggesting that
WNT8c is a hindbrain signal for otic induction. How-
ever, Fgf3 is also expressed in the chick hindbrain, where
it could also function as a hindbrain signal. In mouse,
FGF3 and FGF10 are required redundantly for otic plac-
ode induction, and FGF3 likely functions as a hindbrain
signal since global (Mansour et al. 1993) or hindbrain-
specific FGF3 reduction (McKay et al. 1996) have similar
effects on otic vesicle development. In addition, the
Hoxa1 null otic abnormalities can be rescued with reti-
noic acid, which induces hindbrain, but not otic, Fgf3
expression (Pasqualetti et al. 2001). In zebrafish, as dis-
cussed earlier, the identity of the mesodermal signal is
unknown, but Fgf3 and Fgf8 encode redundant hindbrain
signals for otic induction and hindbrain patterning. To-
gether, the hindbrain and mesodermal FGFs induce the
placodal genes required for this tissue to take on an otic
fate.

Serial and parallel FGF signaling also characterize limb
development. Studies of chick and mouse embryos show
that FGF8 and possibly another FGF from the interme-
diate mesoderm induce FGF10 expression in the lateral
plate mesoderm, which grows out during limb bud for-
mation. Mesodermal FGF10 is in turn required to induce
FGF8 in the limb apical ectodermal ridge (AER), and
these two factors are subsequently required to maintain
each other’s expression while the limb bud grows and is
patterned (for reviews, see Martin 1998; Capdevila and
Izpisua Belmonte 2001). Furthermore, some of AER FGF8
function is redundant with FGF4 (Sun et al. 2002; Boulet
et al. 2004). A generally similar scheme also acts during
zebrafish fin development. Recently, a new mesenchy-
mal Fgf gene, Fgf24, has been placed upstream of Fgf10
during the very earliest stages of fin bud initiation
(Fischer et al. 2003). It will be interesting to explore in
greater detail other potential parallels between ear
and limb development, including whether otic induc-
tion, like limb induction, involves positive and negative
feedback loops and the same downstream targets, apply-
ing what we learn from one system to understand the
other.

Materials and methods

Endoderm extirpations

Extirpations of regions of chick embryos at stages 4 and 5 (Ham-
burger and Hamilton 1951) were performed in Early Chick (EC)
culture. Using an eyebrow knife, tissue was removed and drawn
away from the embryo by aspiration ablating the endoderm
fated to underlie the otic-inducing mesoderm. Embryos were
then placed into a humidified incubator at 37°C for either 8 h
until stage 7 or 8 to assess changes to Fgf19 expression or for
36 h to monitor otic induction using Pax2 as a marker for the
inner ear primordium.

Tissue recombinations

Preparations of endoderm or mesoderm were isolated from ex-
plants using 5 U/mL of dispase for 2 min followed by manual
dissection in saline containing 2% fetal bovine serum. These
were recombined in a collagen drop (Ladher et al. 2000) and
cultured for 8 h. Rostral endoderm from stage 4 quail embryos
was defined as that endoderm anterior to Hensen’s node. Caudal
endoderm was defined as endoderm posterior to Hensen’s node.
Chick mesoderm was explanted at stage 5.

Protein treatment

Chick stage 5 rostral mesoderm was isolated from explants us-
ing dispase treatment as described above. FGF4 and FGF8 (both
obtained from R&D Systems) were applied individually to hepa-
rin-coated acrylic beads at a concentration of 500 µg/mL. Ex-
plants treated with protein-coated beads were grown in Neuro-
basal media with B27 supplement at 37°C in 5% CO2.

Electroporation

A pSilencer 1.0 vector (Ambion) containing an Fgf8 cDNA con-
struct was introduced into chick embryos. The construct con-
taining a DNA duplex formed from two oligonucleotides (5�-
GCACGTGCAGATCTTGGACTTCAAGAGAAGTCCAAGA
TCTGCACGTGCTTTTTT-3� and 5�-AATTAAAAAAGCACG
TGCAGATCTTGGACTCTCTTGAAGTCCAAGATCTGCA
CGTGCGGCC-3�), when transcribed from the U6 promoter,
formed an Fgf8 hairpin RNA. The Fgf8-interfering construct and
a Venus-tagged Histone for use as a tracer (Okita et al. 2004)
were injected subendodermally into stage 4 chick embryos. Five
7-V pulses of 50 msec each, with 100-msec intervals, were ap-
plied using a CUY-21 electroporator (Nepagene) through flat
paddle-shaped electrodes. The embryos were cultured for an ad-
ditional 4–36 h.

Rescue of Fgf8 siRNA effects was tested by using three-lay-
ered tissue explants (Ladher et al. 2000; explant “a”) of electro-
porated embryos; unelectroporated explants served as positive
controls. Electroporated explants were treated with FGF19
beads as described previously (Ladher et al. 2000).

Whole-mount in situ hybridization

Chick and mouse embryos were stained in whole mount with
digoxigenin-labeled RNA probes and 14-µm frozen sections
were prepared as described previously (Ladher et al. 2000;
Wright and Mansour 2003a). Chick Fgf8 expression was de-
tected using a probe described previously (Crossley et al. 1996).
A species-specific probe derived from the 3� UTR was used to
detect expression of chick Fgf19 (Ladher et al. 2000). This probe
did not cross-react with quail mRNA (data not shown). Chick
otic development was assessed using Pax2 (Ladher et al. 2000).
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Mouse Fgf8 expression was determined by staining wild-type
CD-1 embryos staged according to the day following detection
of a vaginal plug and/or by counting somites with an Fgf8 exon
5 probe (Moon and Capecchi 2000). Use and origins of the other
mouse in situ probes were as described previously (Wright and
Mansour 2003a).

Fluorescent immunohistochemistry
for detection of FGF8 expression

Fgf8GFP/GFP homozygous males (Macatee et al. 2003) were
mated to HPRT-Cre females (Tang et al. 2002) to generate em-
bryos bearing a recombined Fgf8GFPR allele. These embryos pro-
duced a hybrid FGF8–GFP fusion protein in all Fgf8 mRNA-ex-
pressing cells (Macatee et al. 2003). Adjacent 9-µm sections
were analyzed for GFP or PAX2 protein localization. GFP was
detected with rabbit anti-GFP primary antiserum in combina-
tion with a FITC-conjugated secondary antibody (1:1000 and
1:500, respectively, both from Molecular Probes). PAX2 was de-
tected in adjacent sections by using a rabbit polyclonal primary
antiserum (Covance, 1:50) and Texas Red-conjugated secondary
antibody (Molecular Probes, 1:500). Immunohistochemical de-
tection of the fusion protein was vastly more sensitive than was
in situ hybridization to Fgf8 mRNA.

Generation of Fgf3/Fgf8-deficient mice

The targeted alleles of Fgf3 (Fgf3−, presumptive null) and Fgf8
(Fgf8H, hypomorphic and Fgf8−, null) alleles were described
previously (Mansour et al. 1993; Moon and Capecchi 2000).
Fgf3+/−;Fgf8+/− and Fgf3+/−;Fgf8+/H parents were intercrossed to
generate experimental embryos. Genotypes for Fgf3 and Fgf8
alleles were determined using PCR amplification of yolk sac or
tail DNA as described previously (Moon and Capecchi 2000;
Wright and Mansour 2003a). All crosses and genotyping of Fgf3
and Fgf10 mutant alleles were performed as described previ-
ously (Wright and Mansour 2003a).
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