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a b s t r a c t

Fibroblast growth factor (FGF) signaling has been shown to play critical roles in vertebrate segmenta-

tion and elongation of the embryonic axis. Neither the exact roles of FGF signaling, nor the identity of

the FGF ligands involved in these processes, has been conclusively determined. Fgf8 is required for cell

migration away from the primitive streak when gastrulation initiates, but previous studies have shown

that drastically reducing the level of FGF8 later in gastrulation has no apparent effect on somitogenesis

or elongation of the embryo. In this study, we demonstrate that loss of both Fgf8 and Fgf4 expression

during late gastrulation resulted in a dramatic skeletal phenotype. Thoracic vertebrae and ribs had

abnormal morphology, lumbar and sacral vertebrae were malformed or completely absent, and no tail

vertebrae were present. The expression of Wnt3a in the tail and the amount of nascent mesoderm

expressing Brachyury were both severely reduced. Expression of genes in the NOTCH signaling pathway

involved in segmentation was significantly affected, and somite formation ceased after the production

of about 15–20 somites. Defects seen in the mutants appear to result from a failure to produce

sufficient paraxial mesoderm, rather than a failure of mesoderm precursors to migrate away from the

primitive streak. Although the epiblast prematurely decreases in size, we did not detect evidence of a

change in the proliferation rate of cells in the tail region or excessive apoptosis of epiblast or mesoderm

cells. We propose that FGF4 and FGF8 are required to maintain a population of progenitor cells in the

epiblast that generates mesoderm and contributes to the stem cell population that is incorporated in

the tailbud and required for axial elongation of the mouse embryo after gastrulation.

& 2012 Elsevier Inc. All rights reserved.
Introduction

During gastrulation, epiblast cells are recruited to the primi-
tive streak, undergo an epithelial to mesenchyme transition, and
ingress through the streak to establish the mesodermal and
endodermal germ layers of the embryo. Elongation of the body
axis continues from the tail bud after closure of the posterior
neuropore. The existence of long term progenitors in the E8.5
mouse primitive streak is strongly suggested by the results of DiI
lineage tracing: While most labeled cells exit from the primitive
streak, some are maintained in the tailbud for upto 48 h (Wilson
and Beddington, 1996). Subsequent analyses have provided
experimental evidence that multipotent stem cells contribute to
the production of neural tube, notochord and somites in the chick
and the mouse (reviewed in (Wilson et al., 2009)). Further
studies in the mouse suggest that self-renewing stem cell
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populations exist in the primitive streak region during gastrula-
tion and in the chordoneural hinge (CNH) after tail bud formation
at about the 30 somite stage (Cambray and Wilson, 2002, 2007;
Tzouanacou et al., 2009).

The clock and wavefront model has been proposed as a
mechanism to explain the orderly formation of somites from
the presomitic mesoderm (PSM) (reviewed in (Pourquie, 2001)).
The correct timing of segment formation requires oscillations of
NOTCH pathway activity, which comprise the segmentation clock,
while the wavefront maintains PSM cells in an undifferentiated
state. The wavefront appears to be established by opposition of
the posterior activity of WNT and FGF/MAPK pathways and
rostral retinoic acid pathway activity (Aulehla et al., 2003; Diez
del Corral and Storey, 2004; Dubrulle et al., 2001; Dubrulle and
Pourquie, 2004; Sawada et al., 2001). Adding another layer of
complexity, the clock and wavefront elements are not indepen-
dent of one another. Some components of the FGF and WNT/
b-catenin pathways show oscillating expression (Aulehla et al.,
2003; Dequeant et al., 2006; Niwa et al., 2007), and mutations in
these pathways affect oscillating expression of the NOTCH path-
way components (Aulehla et al., 2003; Dunty et al., 2008; Niwa
et al., 2007; Wahl et al., 2007). Mutations in the FGF pathway also
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Fig. 1. Loss of Fgf4 and Fgf8 expression after recombination mediated by B1iCre results in a reduction in FGF signaling in the posterior embryo. (A–F) Whole mount in situ

hybridization with an Fgf8 probe to E8.75 control (A) and F8/B1iCre mutant (B), E9.25 control (C) and F8/B1iCre mutant (D), and E9.5 control (E) and F8/B1iCre mutant

(F) embryos. Arrow in (F) points to hindgut. (G–L) Fgf4 expression in E8.5 control (G) and F4/B1iCre mutant (H), E8.75 control (I) and F4/B1iCre mutant (J), and E9 control

(K) and F4/B1iCre mutant (L) embryos. Arrows in (G), (H), (I) and (J) point to the site of Fgf4 expression in the primitive streak. (M–T) Etv4 expression, detected by whole

mount in situ hybridization, in control embryos at E8.5 (M and N), E8.75 (O), and E9.5 (P), and F4/F8/B1iCre mutant embryos at E8.5 (Q and R), E8.75 (S), and E9.5 (T).

(M) and (Q) are ventral views of the primitive streak region; (O) and (S) are dorsal views; and (N), (P), (R) and (T) are lateral views.
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affect oscillations of WNT/b-catenin pathway components (Wahl
et al., 2007). These observations suggest complex interactions
among all three pathways involved in segmentation.

Several lines of evidence indicate that FGF signaling is required
for proper segmentation of the mouse embryonic axis. Although Fgf

receptor 1 (Fgfr1) null mutants fail to produce mesoderm because
primitive streak cells are unable make the epithelial to mesenchy-
mal transition (EMT), hypomorphic or isoform-specific mutants of
Fgfr1 show defects in development of the posterior mesoderm
(Partanen et al., 1998; Xu et al., 1999). Extensive analysis in chick
and mouse has suggested that Fgf8 plays a critical role in positioning
the formation of somites from the PSM (Dubrulle et al., 2001).
A posterior to anterior gradient of FGF protein results from Fgf8

transcription at the posterior end of the embryo and subsequent
degradation of the mRNA as the axis extends. The clock and
wavefront model proposes that a specific level of FGF8 maintains
PSM cells in an undifferentiated state. When cells are released from
the influence of FGF8 as the axis extends, they form the next somite
according to the timing established by the segmentation clock.
The role of FGF8 cannot be tested directly in Fgf8 null mutants as
they are unable to complete gastrulation (Sun et al., 1999). However,
when Fgf8 expression was eliminated in the mesoderm of early
embryos (E7.5-8), no defect in the formation of posterior somites
was detectable (Perantoni et al., 2005).

In addition to a proposed role in somite segmentation, FGF
signaling also clearly plays a role in axis elongation. Whereas Fgfr1

null mutants fail to form mesoderm, posterior skeletal truncations are
seen in Fgfr1 hypomorphs (Partanen et al., 1998). Posterior truncation
is also observed in embryos lacking FGFR1a isoforms, and these
defects were attributed to defective migration of axial mesoderm
(notochord) progenitors (Xu et al., 1999). Truncations in the sacral
and tail regions of the vertebral column were reported for a
conditional knockout of Fgfr1 in the PSM (Wahl et al., 2007). Finally,
severe axis truncation, accompanied by premature mesoderm
differentiation, resulted from conditional mutation of Fgf4 and Fgf8

using T-Cre (Naiche et al., 2011). The early lethality and complex
phenotype of these mutants precludes a detailed study of the role of
Fgf4 and Fgf8 in axial elongation.

We have produced double mutants lacking both Fgf4 and Fgf8

expression in the primitive streak beginning at about E8.5. Loss of
expression of both FGF family members in the posterior embryo
causes severe defects in the formation of paraxial mesoderm.
Although these mutants are able to survive until birth, vertebral
condensations and ribs are disorganized and reduced in size or
completely absent, and the neural tube is truncated in the lumbar
region. The ability to allow FGF function during early gastrulation,
followed by restricted gene inactivation has uncovered additional
novel roles for signaling by FGF4 and FGF8 in late gastrulation.
Materials and methods

Mice

The Fgf4 and Fgf8 conditional and null alleles (Boulet et al., 2004;
Moon et al., 2000; Moon and Capecchi, 2000), and the hoxb1-IRES-Cre
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driver (Arenkiel et al., 2003) were previously described. Skeleton
preparations were performed as previously described (Boulet and
Capecchi, 2004). Development of appendicular skeletal structures was
affected because the hoxb1-IRES-Cre driver reduces Fgf4 and Fgf8

expression in the AER of the limb bud.

Whole mount in situ hybridization and immunofluorescence

Whole mount in situs were performed as previously described
(Boulet and Capecchi, 1996), except that proteinase K digestion
was omitted and post hybridization washes were with 50%
formamide, 2X SSC, 1% SDS without RNAse treatment for embryos
from E8.5-E9. Template plasmids for riboprobe preparation were
generated in the Capecchi lab (Fgf4, Fgf8, Raldh2, Mesp2, Uncx4.1,
Cyp26A1) or kindly provided by C. Murtaugh (mNotch1), D. Wu
(Lfng), B. Herrmann (Brachyury), S. Arber (Etv4), T. Gridley (snail),
or A. McMahon (Wnt3a and Shh). Whole mount in situ-stained
embryos were re-fixed, embedded in paraffin by standard proto-
cols, sectioned and mounted in Fluormount G (Southern Biotech).

Immunofluorescence was performed on 10 mm cryosections.
Antibodies used were anti-E-cadherin (SIGMA), anti-Brachyury
(N19, Santa Cruz), anti-pHH3 (Upstate Biotechnology), and anti-
laminin (SIGMA). Secondary antibodies were conjugated with
Alexa fluor 488, 546 or 594 (Molecular Probes). TUNEL assay
was performed using the In Situ Cell Death Detection kit (TMR
red, Roche). Whole mount TUNEL assays were performed as
previously described (Stadler et al., 2001).
Fig. 2. F4/F8/B1iCre embryos show obvious morphological defects and loss of

Wnt5b expression in the tail. E9.5 control (A) and double mutant (B) embryos.

E10.5 control (C) and F4/F8/B1iCre mutant (D) embryos hybridized with a Wnt5b

probe. Control (E) and double mutant (F) embryos at E11.5. Arrowheads point to

the tip of the tail in (C), (D), (E), and (F). E15.5 control (G) and double mutant

(H) embryos. Insets in (G) and (H) are higher magnification dorsal views of the

lumbar region showing truncation of the neural tube in the mutant (H inset). Large

arrow in (H) marks the level of neural tube truncation. Small arrows in (H inset)

outline the posterior end of the neural tube.
Results

Conditional inactivation of Fgf4 and Fgf8 using hoxB1-IRES-Cre

causes posterior truncation

To gain insight into the roles of Fgf4 and Fgf8 in posterior
development, the hoxB1-IRES-Cre driver (B1iCre) (Arenkiel et al.,
2003) was used to inactivate conditional alleles of Fgf4 and Fgf8 in
posterior regions of the embryo. In crosses of B1iCre to the ROSA26-

lacZ reporter, X-gal staining was first detected in the caudal
primitive streak at E7 ((Arenkiel et al., 2003), Supplementary Fig. 1).

When B1iCre was used to inactivate Fgf4 and Fgf8, noticeable
decreases in the amount of Fgf4 and Fgf8 mRNAs in the posterior
expression domains were detectable by E8.5 to E8.75 (Fig. 1A, B,
G–J). By E9 to E9.5, Fgf4 and Fgf8 transcripts were essentially
undetectable in the tail ectoderm and nascent mesoderm
(Fig. 1C–F, K and L). Fgf8 transcripts were still present in a small
region corresponding to the hindgut at E9.5 (Fig. 1E and F;
Supplementary Fig. 2).

We verified the reduction in FGF signaling in mutant embryos
by examining the expression of the FGF target gene Etv4. Etv4

gene expression was noticeably reduced at E8.5 and E8.75, and
absent from the tail region of Fgf4c/null; Fgf8c/null; hoxb1IRESCre/þ

(F4/F8/B1iCre) mutant embryos by E9.5 (Fig. 1M–T).
Inactivation of only the Fgf8 gene in the hoxB1 domain did not

result in any visible defect in axial elongation or vertebral
morphology, in agreement with previously published data
(Perantoni et al., 2005). Similarly, embryos with a conditional
deletion of only Fgf4 in the hoxB1 domain appeared normal.
In contrast, F4/F8/B1iCre double mutant embryos exhibit striking
defects in posterior development. Mutant embryos at E9.5 could
be distinguished from their litter mates by shorter tails and a
reduced number of somites (Fig. 2A and B) and at E11.5, by a
severely truncated tail (Fig. 2E and F). F4/F8/B1iCre mutant
embryos at E15.5 completely lacked a tail (Fig. 2G and H). Wnt5b

expression marks the most caudal region of the embryo at E10.5,
including tail bud mesenchyme, the caudal neuropore and the
caudal hindgut (Gofflot et al., 1997). Wnt5b expression is unde-
tectable in E10.5 F4/F8/B1iCre mutant embryos (Fig. 2C and D).

In spite of the dramatic reduction in the development of
posterior structures during gestation, mutant embryos survived
until birth. Although cervical vertebrae formed normally, the
thoracic skeleton showed multiple defects (Fig. 3A, C–E, G
and H). The number of ribs was reduced from 13 to 7 or 8, with
only 6 vertebrosternal ribs instead of 7 (Fig. 3C, D, G and H). The
rib cage was reduced in size and abnormal in shape, and the ribs
projected from the vertebral bodies at a peculiar angle (Fig. 3C
and G). A partial transformation of T1 to C7 was observed in
mutants, and the T1 rib often failed to reach the sternum instead
fusing to the T2 rib in some cases (Fig. 3G; data not shown). Only
remnants of the lumbar and sacral vertebrae were observed and
no caudal tail vertebrae were present (Fig. 3A, B, E and F). Since
AER expression of Fgf4 and Fgf8 is partially removed by hoxB1-

IRES-Cre, limb development is affected in the mutants with
variable expressivity (Fig. 2F and H).

Mutations that cause alterations in the distribution of retinoic
acid (RA) or activity of the retinoic acid pathway affect axial
skeletal development and rostral-caudal identity of vertebral
elements (Lohnes et al., 1994). In particular, treatment of preg-
nant mice at 9.5 days of gestation with RA can cause severe axial
truncations (Shum and Copp, 1996; Shum et al., 1999), and
mutations in the RA-metabolizing cytochrome P450, Cyp26A1,
cause tail truncations (Abu-Abed et al., 2001; Sakai et al., 2001).
To determine whether an alteration in the retinoic acid pathway
could contribute to the phenotype of F4/F8/B1iCre mutant



Fig. 3. F4/F8/B1iCre mutants show severe skeletal defects and reduction of Cyp26A1 expression. Skeleton preparations of control (A–D) and F4/F8/B1iCre mutant newborns

(E–H). (B and F) Higher magnification ventral views of lumbar/sacral region. Lateral views (C and G) and ventral views (D and H) of thoracic region. (I and J) Whole mount

in situ hybridization with a Raldh2 probe to control (I) and F4/F8/B1iCre mutant (J) E9.5 embryos. (K and L) Expression of the Cyp26A1 gene in control (K) and F4/F8/B1iCre

mutant (L) E9 embryos. (M–P) X-gal stained E9.5 control (M), E9.5 mutant (N), E10.5 control (O) and E10.5 mutant (P) embryos carrying the RARE-lacZ transgene for

detection of endogenous RA activity.
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embryos, we examined the expression of Cyp26A1 and Raldh2.
The expression pattern of Raldh2, the primary RA-synthesizing
enzyme, did not show expansion into posterior regions of the
mutant embryo (Fig. 3I and J), but the expression of Cyp26A1 was
undetectable in mutant embryos by E9 (Fig. 3K and L). The level of
retinoic acid signaling in the posterior embryo was examined
using the RA activity reporter RARE-lacZ. At E9.5, the posterior
limit of endogenous RA activity in mutant embryos was slightly
closer to the tip of the tail than in the control, but at approxi-
mately the same position with respect to somite number, (Fig. 3M
and N). At E10.5, although the area lacking RA activity is reduced
in mutant embryos due to the reduced tail length (Fig. 3O and P),
the posterior border is just caudal to the hindlimb buds as in the
control, and there is still clearly a zone that lacks RA activity.

Development of the neural tube was abnormal in F4/F8/B1iCre

mutants. The neural tube often had a twisted appearance as early
as E8.5 (data not shown), and H&E stained sections revealed
abnormal morphology at E9.5 and E10.5 (Fig. 6B, D and D’).
The neural tube was truncated in E15.5 mutant embryos in
the posterior thoracic or lumbar region (Fig. 2H).

Paraxial mesoderm production in the late primitive streak requires

signaling by Fgf4 and Fgf8

Although Fgf8 is required during early gastrulation for migra-
tion of mesoderm precursors away from the primitive streak (Sun
et al., 1999), loss of only Fgf8 at later stages does not affect the
production of mesoderm (Perantoni et al., 2005). However, with
the additional loss of Fgf4 in F4/F8/B1iCre mutant embryos, the
generation of paraxial mesoderm is increasingly affected as the
body axis extends. Although rostral regions of mutant embryos at
E9.0 (13 somite stage) show apparently normal somite formation
(Fig. 4A and B), in more caudal regions, somites that do form are
smaller or misshapen due to a progressive reduction in paraxial
mesoderm (Fig. 4C–F), and a reduced amount of presomitic
mesoderm is apparent in more posterior sections (Fig. 4G–N).
Strikingly, the width of the primitive streak/neural plate of
mutant embryos was greatly reduced compared to control
embryos (Fig. 4I–N).

In F4/F8/B1iCre mutants, the first 12–13 somites showed
characteristic stripes of Uncx4.1 expression in the posterior
compartment of each somite (Fig. 4O and P). In contrast, stripes
of Uncx4.1 expression in the more caudal paraxial region were
irregularly spaced and often reduced in medial–lateral width
(Fig. 4O–R). Some of the stripes appeared closer together, but in
other cases, stripes were more widely separated, giving the
appearance of an enlarged somite. In a few mutant embryos,
posterior Uncx4.1 stripes were asymmetrically positioned on each
side of the neural tube (Fig. 4R), and in some cases Uncx4.1

expression was seen at the midline at the most posterior end of
the tail (Fig. 4T). The PSM of control embryos corresponds to the
region between the most posterior Uncx4.1 stripe and the tip of
the tail. Uncx4.1 expression in the mutants extends almost to the
tip of the tail, indicating that the amount of PSM is severely
decreased.

The expression of the PSM markers Tbx6 and Msgn1 was
examined by whole mount in situ hybridization to visualize the
extent of mesoderm loss in mutant embryos (Fig. 4U–Z). Severe
reduction in the levels of Tbx6 and Msgn1 throughout the poster-
ior end was observed, suggesting either a drastic reduction in the
amount of PSM or a loss of PSM identity or both.

Reduction in expression of Brachyury and Wnt3a in F4/F8/B1iCre

mutants

The Wnt3a and Brachyury gene products are required for
continuous elongation of the embryonic axis (Beddington et al.,
1992; Takada et al., 1994). In homozygous Brachyury mutants,



Fig. 4. Reduction in paraxial mesoderm and segmentation defects in F4/F8/B1iCre mutant embryos. H&E-stained longitudinal (A and B) or transverse (C–N) sections of

control (A, C, E, G, I, K and M) and F4/F8/B1iCre mutant (B, D, F, H, J, L and N) embryos at E9 (13 somite stage). Arrows in (A–D) point to somites (so). Lines in (K) and

(L) highlight difference in epiblast width between control and double mutant. (O, Q and S) Whole mount in situ hybridization of the Uncx4.1 probe to control E9.5 embryos.

(P, R and T) Expression of Uncx4.1 in F4/F8/B1iCre mutant E9.5 embryos. (O and P) Lateral views and (Q–T) dorsal views of posterior embryo at higher magnification. Arrow

in (R) points to region where Uncx4.1 stripes are asymmetric. Arrowheads in (S and T) mark the tip of the tail. (U–X) Msgn1 expression in E8.5 control (U and W) and F4/F8/

B1iCre mutant (V and X) embryos. (U and V) Dorsal views and (W and X) dorsal-lateral views of primitive streak region. (Y and Z) Expression of Tbx6 in control (Y) and

F4/F8/B1iCre mutant (Z) embryos at E8.5.
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development rostral to the forelimb appears normal, but in more
caudal regions of the embryo, the notochord is absent and the
neural tube and somites are abnormal ((Beddington et al., 1992)
and references therein). Wnt3a null mutants are truncated rostral
to the hindlimb and have a kinked neural tube (Takada et al.,
1994). Wnt3a hypomorphs (Wnt3avt/vt) lack caudal vertebrae
while Wnt3anull/vt embryos are truncated within the lumbar
region (Greco et al., 1996).

When Brachyury expression was examined by whole mount
in situ hybidization, reduced staining was seen lateral to the
primitive streak in E8.5 F4/F8/B1iCre mutants relative to control
embryos (Fig. 5A and B). At E9.5, there was a significant reduction
in the amount of Brachyury mRNA detectable in the tail tip
whereas notochord expression was not reduced (Fig. 5C and D).
To investigate the reduced Brachyury signal in more detail, we
used an anti-Brachyury antibody to examine protein expression
in 9–10 somite stage embryos. Expression of Brachyury protein in
the notochord was unaffected by the reduction in posterior FGF
signaling in mutant embryos (Fig. 5E,F). In contrast, F4/F8/B1iCre
embryos had significantly fewer Brachyury-expressing nascent
mesoderm cells in the tail region (Fig. 5G and H).

Because several aspects of the F4/F8/B1iCre phenotype
resembled that of Wnt3a null and hypomorphic mutants, we
examined the expression of Wnt3a. In control embryos at E8.5,
Wnt3a is expressed in the primitive streak in the ectodermal
layer, but not in the migrating mesoderm cells, while Wnt3a

transcripts are detected at the very tip of the tail at E9.5
((Yoshikawa et al., 1997), Fig. 5I and K). In F4/F8/B1iCre mutant
embryos, the level of Wnt3a expression was already noticeably
reduced at E8.5 (Fig. 5J). By E9.5, little or no Wnt3a expression
could be detected in the tail while expression in the brain and
spinal cord was unaffected (Fig. 5L).

Abnormal neural tube development in F4/F8/B1iCre mutants

In Wnt3a null embryos, cells which have ingressed through the
primitive streak do not migrate laterally, but instead remain
under the streak and form ectopic neural tube-like structures



Fig. 5. Expression of Brachyury and Wnt3a in F4/F8/B1iCre mutant embryos. (A–D)

Whole mount in situ hybridization of E8.5 control (A), E8.5 F4/F8/B1iCre mutant

(B), E9.5 control (C) and E9.5 mutant (D) embryos with a Brachyury probe. Black

arrows in (A) and (B) point to nascent mesoderm emerging from the primitive

streak. (E–H) Immunofluorescence of control (E and G) and mutant (F and H)

cryosections of 9–10 somite stage embryos stained with an anti-Brachyury

antibody (green). The anti-Brachyury antibody gives backgound staining in

epithelial tissues which is readily distinguished from the nuclear Brachyury

staining. Sections were counterstained with DAPI (blue). White arows point to

nascent mesoderm beneath the primitive streak expressing Brachyury protein. n,

notochord. (I–L) Expression of Wnt3a in E8.5 control (I), E8.5 F4/F8/B1iCre mutant

(J), E9.5 control (K), and E9.5 mutant (L) embryos. Arrowheads in (K) and (L) point

to expression of Wnt3a in the tail.
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(Yoshikawa et al., 1997). Furthermore, Fgfr1-null cells form
ectopic neural tubes in chimeric embryos (Ciruna et al., 1997).
In F4/F8/B1iCre mutant embryos at E9.5 and E10.5, structures
that appear to be secondary neural tubes can be detected in
H&E-stained sections (Fig. 6A–D’). Anti-Sox2 antibody staining of
cryosections of control and mutant E9.5 embryos showed ectopic
Sox2 expression in structures resembling secondary neural tubes
in the posterior embryo (Fig. 6J). At 11.5, Sox2 whole mount
in situ hybridization showed expanded posterior neural tissue,
curvature of the spinal cord and occasional failure of neural tube
closure (Fig. 6K–N; data not shown). Similar to RA-treated
embryos (Shum et al., 1999), which have a reduction in the level
of Wnt3a, F4/F8/B1iCre mutant spinal cords were truncated at a
position anterior to the hind limbs at E15.5, and an expanded loop
of neural tissue was observed at the posterior end (Fig. 2H).
Ectopic neural tubes were not detected histologically at E13.5,
although the posterior neural tube of mutant embryos showed
abnormal morphology (Fig. 6F) in comparison to the character-
istic structure seen in the control (Fig. 6E).

Posterior notochord expansion revealed by Shh expression

When the production of FGFR1alpha isoforms was specifically
disrupted in the mouse, posteriorly directed axial mesoderm
migration did not occur, resulting in a failure to form the
posterior notochord and truncation of mutant embryos (Xu
et al., 1999). The notochord was examined in F4/F8/B1iCre mutant
embryos using whole mount in situ hybridization with a Shh

probe. In E9.5 mutant embryos, the Shh expression pattern
indicated that anterior notochord formation was undisturbed
(Fig. 6O and P). In E10.5 mutant embryos there was no evidence
of a failure to form posterior notochord, but rather an expansion
of the most caudal Shh-expressing tissue (Fig. 6Q and R). In
sections of whole mount in situ-stained E10.5 embryos, Shh

appeared to be expressed in two notochords at some levels, both
associated with the primary neural tube (Fig. 6S and T).

Expression of Notch, Lunatic fringe and Mesp2

FGF signaling plays a critical role in segmentation of the
vertebrate embryo (Dubrulle et al., 2001; Dubrulle and
Pourquie, 2004; Naiche et al.; Wahl et al., 2007). In the clock
and wavefront model, the wavefront appears to be established by
opposition of the posterior activity of WNT and FGF/MAPK path-
ways and rostral retinoic acid pathway activity (Wahl et al.,
2007). A recent study using conditional ablation of Fgfr1 in the
PSM showed that FGF signaling is required for oscillating gene
expression and somite formation, acting upstream of the NOTCH
and WNT pathways (Wahl et al., 2007). Expression of Notch1,
Lunatic fringe (Lfng) and Mesp2 were examined in F4/F8/B1iCre

embryos to investigate the role of the FGF4 and FGF8 ligands in
the control of the segmentation clock.

Mesp2 is expressed in a single stripe in the rostral PSM in the
region that will form the next somite and is downregulated
immediately after somite formation. At E8.5-8.75, weak stripes
of Mesp2 expression were detectable in mutant embryos (Fig. 7A
and B). Mesp2 expression was undetectable in F4/F8/B1iCre

mutant embryos at E9-9.5 (Fig. 7C and D; 4/4 controls and 0/5
mutants showed Mesp2 stripes).

Lunatic fringe (Lfng) is expressed in the presomitic mesoderm
in an oscillating pattern. In the presomitic mesoderm of F4/F8/
B1iCre mutant embryos, only extremely low levels of Lfng tran-
scripts were detectable, even in the youngest embryos examined
(E8.75), and the weak expression pattern did not resemble any
stage of the normal oscillating pattern (Fig. 7G–L).

Expression of the Notch1 gene and subsequent cleavage of the
Notch receptor into the active form play a central role in embryo
segmentation. In Notch1 mutant embryos, somitogenesis ceases
after the production of the first 14 somites (Conlon et al., 1995). In
control embryos, Notch1 transcripts are present at high levels in
the anterior presomitic mesoderm, and at lower levels in the
nervous system. In most F4/F8/B1iCre mutant embryos examined
at E9-9.5, expression of Notch1 was detected in a pattern
similar to controls, but reflecting the reduced size of the PSM
(Fig. 7E and F).

E-cadherin expression is down-regulated normally in the mutant

primitive streak but epiblast width is drastically reduced

In Fgfr1 mutants, Snail expression in the primitive streak is
significantly reduced and, as in Snail mutants (Carver et al., 2001),
E-cadherin expression is not down regulated, cells fail to undergo
the EMT, and cannot migrate away from the streak (Ciruna and
Rossant, 2001). Expression of Snail was examined by whole
mount in situ hybridization. Snail expression could be detected
in the presomitic mesoderm of E8.5 mutant embryos although the
level of expression appeared significantly lower than that of
controls (Fig. 8A and B). At E9, the level of Snail transcripts was
decreased in mutant embryos and the pattern of expression did
not resemble any of the phases of cyclic Snail expression seen in
wild type embryos (Dale et al., 2006) (Fig. 8C and D). Although
Snail expression appears to be decreased, extensive cell accumu-
lation beneath the primitive streak or at the tail end of the
embryo was not observed in F4/F8/B1iCre mutant embryos
between the 4 and 10 somite stage (Fig. 5H, Fig. 8F, H and J).

To test whether the paraxial mesoderm defects in F4/F8/B1iCre

mutants could be due to a failure to down regulate E-cadherin at
the late primitive streak, cryosections of E8.5 to E9 F4/F8/B1iCre



Fig. 7. Expression of segmentation clock components is altered in F4/F8/B1iCre mutant embryos. (A–D) Whole mount in situ hybridization of E8.5 control (A) and F4/F8/

B1iCre mutant (B), and E9 control (C) and mutant (D) embryos with the Mesp2 probe. Arrows in (A) and (B) point to stripes of Mesp2 expression. (E and F) Notch1 expression

in E9 control (E) and E9 mutant (F) embryos. (G–L) Expression of Lunatic fringe (Lfng) in E8.75 control (G), E8.75 mutant (H), E9 control (I), E9 mutant (J), E9.5 control

(K) and E9.5 mutant (L) embryos. Arrowheads in (H), (J), and (L) point to regions of weak Lfng expression in F4/F8/B1iCre mutants.

Fig. 6. Neural tube and notochord abnormalities in F4/F8/B1iCre mutants. (A–F) H&E-stained paraffin sections of E9.5 control (A), E9.5 F4/F8/B1iCre mutant (B), E10.5

control (C), E10.5 mutant (D, D’), E13.5 control (E), and E13.5 mutant (F) embryos. Arrows in (B), (D) and (D’) mark structures resembling ectopic neural tubes. (G–J) Sox2

protein expression in cryosections of control (G and I) and F4/F8/B1iCre mutant (H and J) E10.5 embryos. Large white arrow in (J) points to structure resembling an ectopic

neural tube. Small white arrows in (I and J) point to blood cells (b). n, notochord; g, hindgut. (K–N) Sox2 expression in E11.5 control (K and M) and E11.5 F4/F8/B1iCre

mutant (L and N) embryos. (K and L) lateral views and (M and N) dorsal views of tail region. Small arrows in (K) and (L) point to posterior edge of hind limb bud and

arrowheads point to tip of the tail. (O–R) Shh expression in E9.5 (O) and E10.5 (Q) control embryos and E9.5 (P) and E10.5 (R) F4/F8/B1iCre mutant embryos. Arrowheads in

(R) delimit expanded region of Shh expression. (S and T) Sections from whole mount E10.5 control (S) and mutant (T) embryos hybridized with the Shh probe.
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mutant embryos were stained with an anti-E-cadherin antibody.
We were unable to detect any evidence of ectopic E-cadherin
expression in cells at the primitive streak in embryos at the
7 somite stage (Fig. 8E–H). Furthermore, anti-laminin staining of
the primitive streak region at the 8 somite stage indicates that
cells continue to ingress through the primitive streak in mutant
embryos (Fig. 8I and J). The anti-laminin antibody stains the
basement membrane separating epiblast from mesoderm, and a
gap in laminin marks the position of the primitive streak. Since
six prospective somites are present in the mouse PSM (reviewed
in (Pourquie, 2001)), the precursors of somites 13–14 should be
exiting the primitive streak of 7–8 somite stage embryos, and a
defect in mesoderm production at the primitive streak should be
visible in F4/F8/B1iCre mutant embryos by this stage.

The tail region, consisting of late primitive streak and pre-
cursors of the posterior spinal cord, of 13 somite stage F4/F8/
B1iCre mutant embryos was considerably narrower than that of
control embryos (Fig. 4I–N). A significant reduction in epiblast



Fig. 8. Expression of Snail mRNA and E-cadherin protein in F4/F8/B1iCre mutant embryos. (A–D) Snail expression in E8.5 control (A), E8.5 mutant (B), E9 control (C) and E9

mutant (D) embryos hybridized with a Snail probe. (E–H) Anti-E-cadherin antibody (green) staining of cryosections of control (E and G, rostral to caudal) and F4/F8/B1iCre

mutant (F and H, rostral to caudal) embryos at the 7 somite stage with DAPI counterstain (blue). (I and J) Anti-laminin staining (green) of sections from control (I) and

mutant (J) embryos at the 8 somite stage, counterstained with DAPI (blue). White arrows mark the primitive streak region.

A.M. Boulet, M.R. Capecchi / Developmental Biology 371 (2012) 235–245242
width was seen in 9–10 somite stage mutant embryos relative to
controls (Fig. 5G and H), and a slight reduction was detectable in
some mutant embryos at the 7–8 somite stage (Fig. 8G–J). To
more carefully examine the change in epiblast width, mutant and
control embryos at the 4 to 8 somite stage were collected.
Embryos were matched by somite number as well as by size.
Embryos were stained with anti-laminin and anti-brachyury
antibodies to aid in identification of the primitive streak and the
node. In most cases, the area of the epiblast was significantly
smaller in the mutant embryo than in the control, from the node
region to the posterior end (Supplementary Fig. 3). Size differ-
ences were more striking at a greater distance from the node and
in older embryos.

Apoptosis and proliferation are not altered in F4/F8/B1iCre mutants

The progressive reduction in the amount of paraxial mesoderm
produced in F4/F8/B1iCre mutant embryos could be due to
reduced cell proliferation, increased cell death, failure to maintain
a stem cell population, aberrant differentiation of prospective
paraxial mesoderm cells, or a combination of some or all of these
factors. As a reduction in the width of the epiblast was obvious by
about the 10 somite stage, cell proliferation was measured in
embryos at a slightly earlier time point (6–7 somite stage) by
counting phospho-histone H3-positive cells. In mutant embryos
at the 6–7 somite stage, no reduction in percentage of phh3-
positive cells in the primitive streak/epiblast could be detected
(Supplementary Table 1).

Fgf4 and Fgf8 are required for cell survival in the developing
limb buds, and increased apoptosis correlates with the lack of
limb skeletal elements in mice lacking AER expression of these
FGF ligands (Boulet et al., 2004; Sun et al., 2002). A cell survival
role has also been demonstrated for Fgf8 in midbrain and
forebrain development (Chi et al., 2003; Storm et al., 2006),
differentiation of pharyngeal arch-derived structures (Frank
et al., 2002; Macatee et al., 2003), and kidney development
(Grieshammer et al., 2005; Perantoni et al., 2005). However, no
increase in apoptosis in the primitive streak of F4/F8/B1iCre

mutant embryos could be detected prior to the appearance of
mesoderm reduction (Supplementary Table 1).
Discussion

The loss of signaling by FGF4 and FGF8 during late gastrulation
severely curtails the further production of paraxial mesoderm in
F4/F8/B1iCre mutant embryos. Although mesoderm precursors fail
to migrate away from the primitive streak in Fgf8 or Fgfr1 null
mutants, this does not appear to be the case when signaling by
FGF4 and FGF8 is lost during late gastrulation. In F4/F8/B1iCre

mutants, there is no evidence for failure to down-regulate
E-cadherin expression at the primitive streak that would lead to
inability of the cells to undergo EMT, nor is there noticeable
accumulation of cells that are unable to migrate away from the
primitive streak. Instead, the primary defect appears to be a
progressive reduction in the width of the primitive streak ecto-
derm or epiblast, leading to a reduction in precursors for paraxial
mesoderm. Interestingly, the presence of hindlimbs in F4/F8/
B1iCre mutants indicates that the production of lateral mesoderm
is not as strongly affected as paraxial mesoderm. This correlates
with the ability of Fgfr1 mutant cells in chimeras to contribute
effectively to lateral mesoderm, but not paraxial mesoderm
(Ciruna et al., 1997). Likewise, the presence of kidneys in F4/F8/
B1iCre mutant embryos establishes that at least some derivatives
of intermediate mesoderm are also produced (data not shown).
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Despite the decreased epiblast size, we were unable to detect
alterations in cell proliferation or apoptosis. It is possible that
changes in proliferation rate or apoptosis occur during a very
short time interval that was not sampled in our study. Stem cells
may occupy only a small region of the epiblast such that loss of
self-renewing divisions would not be readily detectable. Although
there was some abnormal differentiation of mesoderm cells into
neural tissue as well as expanded axial mesoderm, this does not
account for the overall reduction in posterior tissue produced nor
does it explain the reduction in epiblast size. There is accumulat-
ing experimental evidence in mouse and chick that axial tissues of
the embryo are derived from stem cells (reviewed in (Tzouanacou
et al., 2009; Wilson et al., 2009)). Cambray and Wilson, 2007 have
shown that cells from the E8.5 mouse embryo node-streak border
and ectoderm lateral to the primitive streak contribute to the
developing axis and to the chordoneural hinge (CNH) in the tail
bud of E10.5 embryos. The CNH has been shown to contain long-
term axial progenitors capable of contributing to both mesoder-
mal and neural tissues, which therefore show stem cell-like
properties (Cambray and Wilson, 2002). FGF signaling may be
required for the maintenance of a stem cell population in the
epiblast. In the absence of FGF4 and FGF8, stem cells would not be
renewed and the supply of epiblast cells that undergo EMT,
ingress through the primitive streak and become paraxial meso-
derm is prematurely exhausted.

The expression patterns of Brachyury and Wnt3a, two key
genes required for posterior elongation of the mouse embryo,
were dramatically affected in F4/F8/B1iCre mutants. The nascent
mesoderm cells which express Brachyury were progressively
eliminated while epiblast and notochord cells continue to express
the gene. FGF signaling via FGF4 and FGF8 is therefore required
for the production of Brachyury-expressing mesoderm cells at the
primitive streak, but does not appear to be required for Brachyury

expression in the epiblast or the notochord.
Wnt3a mutant embryos appear superficially similar to the

F4/F8/B1iCre mutants in that Wnt3a mutants show significant
narrowing of the primitive streak by the 10 somite stage and have
a shortened axis at E9.5 (Takada et al., 1994). However, Wnt3a null
mutants lack somites posterior to the forelimb level (after about
somite 9) and do not form any caudal structures while F4/F8/B1iCre

mutants have ventral posterior mesoderm-derived structures and
hind limbs. Wnt3a expression in Wnt3a hypomorphs (vt/vt) is barely
detectable in the tail bud at E9.5 similar to F4/F8/B1iCre mutants.
However, Notch and Lunatic fringe expression in the tail region is
maintained in vt/vt embryos in the absence of detectable Wnt3a

expression (Aulehla et al., 2003). Therefore, the phenotype obtained
upon loss of FGF4/FGF8 signaling during late gastrulation does not
simply recapitulate the phenotype caused by loss or severe reduc-
tion of Wnt3a expression.

Wnt3a mutants and Tbx6 mutants show differentiation of
presumptive mesoderm into ectopic neural tissue (Chapman
and Papaioannou, 1998; Yoshikawa et al., 1997). Similarly,
F4/F8/B1iCre mutant embryos appear to have ectopic neural tubes.
The patches of Sox2-positive cells indicate that a small number of
mesodermal cells have taken on a neural fate. In the same way,
expansion of the Shh-expressing tissue could be the result of
continued production of axial progenitors without adequate
elongation of the axis.

WNT signaling is required for Fgf8 expression during gastrula-
tion: Fgf8 expression is down-regulated in b-catenin mutant
embryos at E6.5 (Morkel et al., 2003) and absent from E8.5
embryos in which b-catenin was inactivated in the primitive
streak using T-cre (Dunty et al., 2008). In addition, Fgf8 expression
in the tail is significantly decreased in Wnt3a hypomorphs (vt/vt)
at E10.25 (Aulehla et al., 2003). These observations strongly
suggest that Fgf8 is downstream of WNT signaling in the early
embryo. On the other hand, Wnt3a expression is almost comple-
tely lost in F4/F8/B1iCre mutants. To some extent, this could be
due to the loss of the posterior epiblast and nascent mesoderm in
mutant embryos, the sites of strongest Wnt3a expression at the
stages examined (Nowotschin et al. 2012).

Overall, the phenotypic similarities of mutants in the FGF and
WNT signaling pathways and the complex regulatory relationship
suggest that these two pathways act together in promoting
elongation of the body axis. Recent studies in the mouse limb
show that WNT and FGF signaling act synergistically to promote
proliferation and maintain multipotent progenitor cells in an
undifferentiated state (ten Berge et al., 2008). In a similar manner,
these two signaling pathways may act together in body elonga-
tion to promote growth while maintaining a stem cell population
in the epiblast.

In chick embryos, RA attenuates FGF signaling in the paraxial
mesoderm and FGF signaling regulates RA synthesis in the
paraxial mesoderm through an effect on the expression of Raldh2

(Diez del Corral et al., 2003). In the mouse, Raldh2� /� embryos
show an anterior shift in the expression of Fgf8 and subsequently,
asymmetric somite formation (Vermot et al., 2005). Fgfr1 condi-
tional mutants show a loss of Cyp26A1 expression in the tail as
seen in F4/F8/B1iCre embryos, but do not show an increase in RA
activity as determined by use of the RARE-lacZ reporter or a
posterior expansion of the Raldh2 expression pattern at the stages
examined (Wahl et al., 2007). Similarly, F4/F8/B1iCre mutants also
do not show a posterior expansion of the Raldh2 expression
domain or RA activity, indicating that FGF signaling via FGF4
and FGF8 is not likely to be required to limit the extent of
RA-synthesizing activity along the embryonic axis. A recent study
of the role of RA signaling in the termination of body axis
extension (Cunningham et al., 2011) shows that Cyp26A1 expres-
sion in the tailbud at E10.5 or later is unnecessary for RA
degradation. However, the contribution of the absence of Cyp26A1

expression to the phenotype of F4/F8/B1ic mutants cannot be
conclusively determined at this time.

In the clock and wavefront model of somitogenesis, the FGF8
protein gradient has been proposed to provide the wavefront,
perhaps in concert with other factors, such as WNT3a. As the
embryonic axis extends, cells in the anterior PSM are exposed to a
decreasing level of FGF (Dubrulle and Pourquie, 2004). When the
level of FGF signaling to which the cells are exposed falls below a
threshold at the ‘‘determination front’’, the cells are no longer
maintained in the undifferentiated state and are then able to
respond to the segmentation clock and form somites. It is clear
that FGF8 alone does not provide this function as segmentation
proceeds normally in embryos in which Fgf8 expression has been
eliminated from the posterior embryo (Perantoni et al., 2005).
FGF4 is able to partially compensate for the absence of FGF8 in
the AER during limb bud development (Lewandoski et al., 2000;
Moon and Capecchi, 2000), and may similarly compensate for the
absence of FGF8 in posterior development of the embryo. Indeed,
double Fgf4/Fgf8 mutants described in this study show severe
defects in embryo elongation, and are clearly required for proper
expression of segmentation clock genes as shown previously for
Fgfr1 mutants (Wahl et al., 2007). However, due to the failure of
these mutants to produce sufficient PSM for the continued
production of somites, interpretation of the phenotype with
respect to the role of FGFs in establishment of the determination
front is very difficult. In a similar study in which Fgf4 and Fgf8

were inactivated by T-Cre rather than hoxB1-IRES-Cre, premature
differentiation of the PSM was observed (Naiche et al., 2011). This
supports a role for Fgf4 and Fgf8 in wavefront establishment.

In summary, the FGF signaling pathway plays multiple roles
in axial elongation of the mouse embryo. The earliest role is in
the epithelial to mesenchyme transition and subsequent cell
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migration at the primitive streak (Ciruna and Rossant, 2001).
Fgf4 and Fgf8 are subsequently required to maintain the expression
of genes critical for paraxial mesoderm formation and the expres-
sion of segmentation clock genes, as well as for wavefront activity as
described above (Naiche et al. 2011). The results of our study
support and extend these findings, uncovering a later role of FGF
signaling. Fgf4 and Fgf8 are required for the maintenance of stem or
progenitor cells in the late gastrulation epiblast. Failure to maintain
the epiblast layer results in a severe deficit in the production of
paraxial mesoderm at the posterior end of the embryo, and the
failure of stem cells to be incorporated in a tail bud structure,
ultimately resulting in premature termination of axial elongation.
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