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Abstract

Although numerous molecules required for limb bud formation have recently been identified, the molecular pathways that initiate this 
process and ensure that limb formation occurs at specific axial positions have yet to be fully elucidated. Based on experiments in the chick, 
Fg/8 expression in the intermediate mesoderm (IM) has been proposed to play a critical role in the initiation of limb bud outgrowth via 
restriction of Fgfl 0 expression to the appropriate region of the lateral plate mesoderm. Contrary to the outcome predicted by this model, 
ablation of Fgf8 expression in the intermediate mesoderm before limb bud initiation had no effect on initial limb bud outgrowth or on the 
formation of normal limbs. When their expression patterns were first elucidated, both Fgf4 and Fg/8 were proposed to mediate critical 
functions of the apical ectodermal ridge (AER), which is required for proper limb bud outgrowth. Although mice lacking Fgf4 in the AER 
have normal limbs, limb development is severely affected in Fgf8 mutants and certain skeletal elements are not produced. By creating mice 
lacking both Fgf4 and Fg/8 function in the forelimb AER, we show that limb bud mesenchyme fails to survive in the absence of both FGF 
family members. Thus, Fgf4 is responsible for the partial compensation of distal limb development in the absence of Fg/8. A prolonged 
period of increased apoptosis, beginning at 10 days of gestation in a proximal-dorsal region of the limb bud, leads to the elimination of 
enough mesenchymal cells to preclude formation of distal limb structures. Expression of Shh and Fgfl0 is nearly abolished in double mutant 
limb buds. By using a CRE driver expressed in both forelimb and hindlimb ectoderm to inactivate Fgf4 and Fg/8, we have produced mice 
lacking all limbs, allowing a direct comparison of FGF requirements in the two locations.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

Numerous factors have been proposed to be required for 
the processes of limb bud initiation and outgrowth in the 
mouse and in the chick (Johnson and Tabin, 1997; Martin,
1998). Recent gene knockout experiments in the mouse 
have confirmed the importance of some of these molecules 
and have identified others with unexpected functional roles 
(Niswander, 2003; Tickle, 2003; Tickle and Munsterberg,
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2001). Due to their localization in the apical ectodermal 
ridge (AER), a structure that plays a critical role in 
maintenance of limb bud development, members of the 
FGF family were proposed to be involved in the control of 
limb bud outgrowth and patterning. Moreover, experiments 
in the chick demonstrated that FGFs could indeed substitute 
for the AER (Crossley et al., 1996; Fallon et al., 1994; 
Niswander et al., 1993).

Fg/8 is expressed in the ventral limb ectoderm when the 
limb bud can first be detected, before the appearance of 
transcripts for any other FGF family member, and is 
subsequently expressed throughout the AER. Expression of 
Fgf8 has also been detected in the intermediate mesoderm 
(IM) of both chick and mouse embryos before limb bud 
initiation (Agarwal et al., 2003; Crossley et al., 1996; Vogel et
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al., 1996). Studies in the chick system have pointed to the TM 
as a potential source of the endogenous limb bud inducer 
(Martin, 1998). When the mesonephros is ablated or when 
communication between the mesonephros and the lateral 
plate mesoderm is blocked, wing development is severely 
affected (Geduspan and Solursh, 1992; Stephens and 
McNulty, 1981; Stephens et al., 1993). These studies 
suggested a model in which a signal from the TM or 
mesonephros is required to initiate limb bud formation. 
FgfS expression in the TM ofthe chick correlates spatially and 
temporally with limb bud initiation from the lateral plate 
mesoderm. Based on expression of FgfS in the TM at the 
appropriate developmental time, FGF8 became the favorite 
candidate for such an inducer (Crossley et al., 1996; Vogel et 
al., 1996). Specifically, FgfS has been proposed to be 
required for restriction of FgfJO to the limb bud-forming 
region ofthe lateral plate mesoderm (Ohuchi et al., 1997), and 
FGF8 induction of FgflO is thought to be mediated by 
WNT2b signaling in the chick (Kawakami et al., 2001). 
Therefore, because FgflO is absolutely required for limb bud 
outgrowth (Min et al., 1998; Sekine et al., 1999), the model 
predicts that FgfS is essential for initiation or positioning of 
the forelimb bud as the first step in the cascade. Although it is 
often cited in the literature, not all experimental evidence 
supports this model (Femandez-Teran et al., 1997).

The role of FgfS expressed in the AER in the 
maintenance of limb bud outgrowth has been well estab­
lished (Lewandoski et al., 2000; Moon and Capecchi, 2000). 
Tnterestingly, although limb development is abnormal in 
mouse embryos lacking FgfS expression in the forelimb 
AER, limb bud outgrowth nevertheless continues and the 
ulna and four digits are formed in a relatively normal 
manner (Moon and Capecchi, 2000). Similar findings are 
obtained when FgfS expression is ablated from the hindlimb 
AER (Lewandoski et al., 2000). The sustained development 
of distal limb elements suggests that the loss of FgfS 
expression is partially compensated by the activity of 
another FGF family member in the AER.

Mice lacking limb expression of Fgf4 have normal 
forelimbs and hindlimbs (Moon et al., 2000; Sun and 
Martin, 2000). Nevertheless, the ability of Fgf4 to provide 
AER function in in vitro assays and the observation that 
Fgf4 expression is altered in FgfS limb mutants suggest that 
it may compensate for the lack of FgfS. The fact that 
production of FGF4 by the AER is delayed relative to FGF8 
by approximately 1 day readily explains the failure to rescue 
development of the humerus or the femur. This prediction 
has been tested for the hindlimb, demonstrating that 
outgrowth and skeletal development fail in the absence of 
both Fgf4 and FgfS (Sun et al., 2002). However, forelimb 
expression of FgfS and Fgf4 was not completely ablated in 
this system, and elements of all three segments of the 
forelimb skeleton were still present. Thus, the characteristics 
of the CRE driver used in these experiments precluded a 
comprehensive evaluation ofthe roles of FGF4 and FGF8 in 
forelimb development (Sun et al., 2002).

Tn this manuscript, we investigate the various roles 
suggested for Fgf4 and FgfS in mouse limb bud outgrowth. 
To determine whether FgfS is required for limb bud 
initiation, we have eliminated expression of FgfS in the 
TM. To test the hypothesis that the formation of distal 
forelimb structures in FgfS conditional limb mutants is due 
to compensation by Fgf4, we produced mice that lack 
expression of both Fgf4 and FgfS in the forelimb. More 
importantly, we show that production of CRE from the 
AP2a locus (AP2-Cre) results in recombination-mediated 
inactivation of Fgf4 and FgfS in both forelimb and hindlimb 
ectoderm. Finally, utilization of the AP2-Cre driver has 
allowed us to address the question of differences in FGF 
requirement in formation of forelimb versus hindlimb.

Materials and methods

Generation and genotyping o f  mutant mice

The Fgf4 alleles used to generate double mutant mice 
were the Fgf4 conditional allele (Fgf4AP) described 
previously (Moon et al., 2000) and a “minimal” Fgf4 
conditional allele lacking both the human placental alkaline 
phosphatase (PLAP) reporter and the NEO gene (Fgf4!'R7). 
Both are referred to interchangeably as Fgf4c (Fgf4 condi­
tional). The FgfS conditional alleles (FgfSAP and FgfSGhp, 
called FgfSc) were described previously (Macatee et al., 
2003; Moon and Capecchi, 2000). The RAR-Cre driver and 
the AP2-Cre driver were previously described (Moon et al., 
2000; Macatee et al., 2003; Arenkiel et al., 2004).

The Lefty2-Cre transgene was constructed by placing the 
5.5 kb Lefty2 promoter fragment that was shown to 
reproduce the expression pattern of the endogenous gene 
(Saijoh et al., 1999) upstream of coding sequences for CRE 
recombinase (Sauer and Henderson, 1988).

Immunofluorescence on ayosections and whole embryos

Frozen 10 |j.m sections of mutant and control embtyos 
were subjected to the TUNEL reaction using the Tn Situ 
Cell Death Detection Kit (TMR red, Roche), or stained 
with anti-pHH3 (anti-phospho-Histone H3, rabbit TgG, 
Upstate Biotechnology), anti-Sox 10/9 (kindly provided by 
M. Wegner), or anti-cleaved Caspase-3 (rabbit anti-cleaved 
Caspase-3 (Asp 175), Cell Signaling Technology) anti­
bodies. The anti-Sox 10/9 monoclonal antibody was gen­
erated against Sox 10, but cross-reacts with Sox9. Primary 
antibodies were detected with goat anti-mouse or anti­
rabbit Alexa Fluor 488 or 594 antibodies (Molecular 
Probes).

For whole mount staining of embtyos, an anti-GFP 
primary antibody (rabbit anti-green fluorescent protein. 
Molecular Probes) and a goat anti-rabbit secondary antibody 
(Alexa Fluor 488, Molecular Probes) were used.

Tmages were captured on a BTOR AD con focal microscope.
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Whole mount in situ hybridization and staining for f)-Gal 
and alkaline phosphatase

Whole mount in situ hybridization was carried out as 
described (Boulet and Capecchi, 1996). The FgflO probe 
was obtained from D. Omitz and C. Deng, and the Shh 
probe was provided by A. McMahon. The Sox9 probe was 
described previously (Boulet and Capecchi, 2004).

Staining for human placental alkaline phosphatase and 13- 
Gal was performed as previously described (Moon et al., 
2000).

Skeletal analysis

Alcian blue staining of El 3-13.5 embryos followed the 
protocol described in Wanek et al. (1989), except that

embryos were cleared in 90% glycerol after staining. 
Newborn skeleton preparations were carried out as 
described (Boulet and Capecchi, 2004).

Results

FgfS is not required for initial limb bud outgrowth

FgfS expression is readily detectable in the TM of chick 
embryos between stages 13 and 15 (Crossley et al., 1996; 
Vogel et al., 1996). Although the initial study of the mouse 
FgfS gene reported expression in the nephrogenic cords 
only at E9.5-E10 (Crossley and Martin, 1995), the 
presence of FgfS transcripts in the TM at an earlier stage, 
before limb bud outgrowth (E8.5 to E9.25), has recently

Fig. 1. CRK-mcdiatcd inactivation of FgfS in the intermediate mesoderm. (A) (̂ -Galactosidasc expression shows that the I.efty2-Cre transgcnc mediates 
recombination of the R26R reporter throughout the mesoderm at 1:8.75. fb, forebrain. (B) Section through an 1:9.25 embryo showing I.efty2-Cre-mcd\atcd 
recombination of R26R in the intermediate mesoderm (im) and somitic mesoderm (s), but not in the neural tube (nt). (C and K) GFP expression from the FgfS 
locus activated by ubiquitously expressed Raj-Cre at 1:9.0 (C) and 1:8.75 (I:). GFP expression, detected with the anti-GFP antibody, reproduces the FgfS 
expression pattern. (D and F) GFP expression from the FgfS locus after CRK-mcdiatcd recombination using the I.efty2-C.re transgcnc at 1:9.0 (D) and 1:8.75 
(F). Staining is only seen where FgfS and I.efty2-Cre patterns overlap. (G) /•g/S‘vA; I.efty2-Cre newborn. Limbs arc completely normal. (II) Expression of 
FgflO in a control 1:9.5 embryo. (I) Expression of FgflO in an FgfSc’A; I.efty2-Cre embryo at 1:9.5. (J M) Expression of Thx5 in control 1:9.5 (J and L) and 
FgfSc/A; I.efty2-Cre 1:9.5 (K. and M) embryos. Arrowheads mark forclimb bud expression of FgflO and Thx5.
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been confirmed in mouse embryos (Agarwal et al., 2003). 
To decisively establish whether FgfS plays any role in 
limb bud initiation, we have inactivated FgfS using a Cre 
driver expressed in the IM.

Because detection of FgfS transcripts in the IM of mouse 
embryos by whole mount in situ hybridization is unreliable, 
we visualized FgfS gene expression using the FgfSG!'p allele 
(Macatee et al., 2003). In this allele, expression of GFP 
occurs only in cells in which the FgfS promoter is active and 
CRE has induced recombination between the two loxP sites, 
thereby inactivating the gene. When ubiquitously expressed 
Cre recombinase (Raj-Cre) (Schwenk et al., 1995) was used, 
GFP expression was clearly present in the IM of embryos at 
E8.75 to E9.0 (Figs. 1C and E). To inactivate FgfS in the 
IM, we employed a Lefty2-Cre transgene. Examination of 
the Lefty2-Cre expression pattern using the ROSA26-p-Gal 
reporter line (R26R) (Soriano, 1999) shows that CRE is 
active throughout the mesoderm during the desired devel­
opmental window (Figs. 1A and B). Although Lefty2 is

known as a gene whose expression is restricted to the left 
side of the early embryo, Lefty2 transcripts are initially 
detected in mesoderm emerging from the primitive streak (at 
E7.0) with no apparent left-right asymmetry (Meno et al., 
1997). This aspect of Lefty2 gene expression is likely to 
explain the observed lineage pattern of cells that have 
undergone Cre-mediated recombination. The presence of 
extensive GFP expression in the IM from the FgfSG!'p allele 
after recombination by Lefty2-Cre con finned that the FgfS 
locus was inactivated in the appropriate cells at the 
appropriate time (Figs. ID and F). In spite of FgfS 
inactivation in the IM by Lefty2-Cre, the position and 
timing of forelimb bud initiation were completely unaffected 
and limb bud development proceeded normally (Fig. 1G). 
To ensure that roles proposed for FgfS in the IM were 
carried out in its absence, FgfSc/N; Lefty 2-Cre embryos were 
examined for Tbx5 and FgflO expression. Expression 
patterns of both critical genes were indistinguishable from 
those of control embryos (Figs. 1H-M).

control Fgf4c/c; Fgf8c/c; RAR-Cre

E9.5 E10.0 E10.5 E11.5

Fig. 2. Forelimbs arc absent when both Fgf4 and FgfS are inactivated using RAR-Cre, although forelimb bud initiation is normal. (A) Control newborn. (B) 
v‘ < RAR-C.re mutant newborn. Limb skeleton preparations of (C) control and (D) Fgf4c,c\ Fgf8'~'c\ RAR-Cre newborns. (E II) Control embryos at 

E9.5 (E. inset shows lateral view of same embryo). E10.0 (F). E10.5 (G). and El 1.5 (II) showing normal forelimb bud outgrowth (arrows). (I L \Fgf4‘~'c\ Fgf8‘~'c\ 
RAR-C.re double mutants at E9.5 (I. inset shows lateral view of same embryo). E10.0 (J). E10.5 (K). and El 1.5 (L) with normal limb bud initiation, but no further 
forelimb bud outgrowth (arrows).
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Inactivation of Fgf4 and FgfS by RAR-Cre leads to the 
complete absence of forelimbs in newborns

Although elimination of FgfS expression from the 
forelimb AER using an RAR-Cre transgene causes severe 
defects in the forelimb skeleton, the most distal limb 
elements are still formed (Moon and Capecchi, 2000). 
Expression of other FGF family members in the AER may 
allow continued limb outgrowth in the absence of FgfS. 
When both Fgf4 and FgfS genes were inactivated using 
RAR-Cre, newborns completely lacked forelimbs (Figs. 2A 
and B). The scapula was present, but none of the distal 
skeletal elements were formed (Figs. 2C and D). Because 
expression of RAR-Cre does not encompass the entire 
posterior limb field (Moon et al., 2000), as expected, the 
only defect seen in the hindlimbs of RAR-Cre double 
mutants was the loss of digit 1 (Figs. 2C and D).

Although Fgf4c/c / FgfSc/t; RAR-Cre newborns com­
pletely lacked forelimbs, double mutant embryos at E9.5 
showed normal limb bud initiation (Figs. 2E and I). 
However, by El0.0, when control littermates had forelimb 
buds at stage 2 (Wanek et al., 1989), double mutant 
forelimbs were noticeably smaller than control forelimbs 
(Figs. 2F and J). The difference in forelimb bud size 
between double mutant and control embryos was even more 
striking at El0.5 (Figs. 2G and K). By 11.5, the double 
mutant forelimbs were just a fraction of the size of control 
forelimbs (Figs. 2H and L). Although a small forelimb bud 
still protruded from the body wall at El3, no Alcian blue 
staining was detectable distal to the scapula (Figs. 3A and

E), while Fgf4c/~; FgfSc/c; RAR-Cre specimens and FgfSc/c; 
RAR-Cre single mutants show staining of the ulna by this 
stage (Fig. 3C, data not shown). In /?/f/?-Cre-generated 
mutants, Alcian blue staining of hindlimb stylopod and 
zeugopod cartilage is not significantly different from that of 
control (Figs. 3B, D, and F).

Inactivation of Fgf4 and FgfS with AP2-Cre results in the 
absence o f  both forelimbs and hindlimbs

To inactivate Fgf4 and FgfS in the ectoderm of both 
forelimbs and hindlimbs, we utilized an AP2-Cre line 
(Macatee et al., 2003). p-Gal staining of embryos from 
matings of AP2-Cre males to ROSA26 (R26R) females 
(Soriano, 1999) showed that CRE recombinase was present 
in the limb bud ectoderm of E9.5 embryos (Macatee et al., 
2003). To directly determine the temporal and spatial 
characteristics of AP2-Cre-mediated recombination at the 
FgfS locus, AP2-Cre males were mated to females canying 
conditional alleles of FgfS designed for CRE-inducible 
expression of either human placental alkaline phosphatase 
(PLAP) (Moon and Capecchi, 2000) or GFP (Macatee et al., 
2003). With the GFP or PLAP conditional alleles, the FgfS 
gene is inactivated wherever CRE is present, while the 
reporter will only be activated in sites where both CRE and 
FgfS are expressed (Macatee et al., 2003; Moon and 
Capecchi, 2000). GFP produced from recombination of 
the FgfSOFP allele by AP2-C're was detected in the forelimb 
bud ventral ectoderm when the bud is first discernible (Fig. 
4A). Similarly, PLAP expression was detected in FgfSAP/~;

forelimb hindlimb forelimb hindlimb
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Fig. 3. Alcian blue staining of cartilagc elements in control and mutant limbs. (A) Control H13 forelimb. (B) Control H13 hindlimb. (C and D) Fgf4c/': FgfSc,c: 
RAR-Cre H13 mutant forelimb and hindlimb. No differences were detected between I'gf4''': I'g/S'"': RAR-Cre and Fgf411 : 
and F) I'gf4'~'c\ I'g/S"': RAR-Cre H13 double mutant forelimb and hindlimb. (G and II) Control H13.5 forelimb and hindlimb. fl and J) I'gf4' ' ': I'g/S'' '': AP2-Cre 
H13.5 forelimb and hindlimb. (K and L) I'gf4'~''~\ I'g/S'' '': AP2-Cre H13.5 double mutant forelimb and hindlimb. s, scapula: h, humerus: r, radius: u, ulna: f.

I'g/S''"': RAR-Cre specimens. (I!

femur: f*, femur remnant: t, tibia. No differences in limb development were detected between Fgf4 
specimens.

b'gjS''"': AP2-Cre and Fgf4c/': I'g/S''"': AP2-Cre
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Fig. 4. Inactivation of Fgf4 and FgfS in both forelimb and hindlimb by AP2-Cre causes failure of forelimb and hindlimb outgrowth. (A) FgfS ''; AP2-Cre 
1:9.5 embryo stained with an anti-GFP antibody showing CRH-mediated recombination, detected by induction of GFP expression, in early forelimb bud ventral 
ectoderm (arrow). (B) IU0 embryo showing PLAP activity dependent upon .-IPi-Or-mediated recombination at the FgfS locus in the early hindlimb bud 
(arrow). (C) Hmbryo at H10 in which PLAP activity is derived from an Fg/S'ir allele recombined in the germ line (i.e., CRH independent). Expression of PLAP
in the hindlimb (arrow) directly reflects Fg/S transcription. (D) Control newborn mouse. (I!) Fg/4C''; Fg/S'"c: AP2-Cre newborn. (F) Fgf4c,c:Fg)Sc/c: AP2-Cre
newborn. Newborn skeleton preparations of (G) control forelimb, (II) Fgf4r" ; FgfS'''': AP2-Cre forelimb, (I) Fgf4''"': FgfS'''': AP2-Cre forelimb, (J) control 
hindlimb, (K) Fgf4''''; Fg/S'"c: AP2-Cre hindlimb, and (L) Fgf4'~"~: Fg/S'"'': AP2-Cre pelvic region. Open arrowheads denote the positions of missing skeletal 
elements.

AP2-Cre hindlimb buds as early as in embryos that inherit a 
recombined FgfSAP allele (FgfSAPR) in which PLAP activity 
is detected in all sites of Fgf8 expression (Figs. 4B and C). 
The observation that Fg/8-driven PLAP expression depend­
ent upon AP2-Cre-mediated recombination is detected as 
early as endogenous expression from the FgfS locus 
strongly suggests that the FgfS gene is inactivated before 
its expression in the hindlimb bud ectoderm.

When AP2-Cre was used to inactivate conditional alleles 
of FgfS, forelimbs of single mutant newborns resembled 
those of newborns in which FgfS was inactivated using RAR- 
Cre (Fig. 4E, Moon and Capecchi, 2000), except that the 
humerus was never present (Fig. 411, n = 8). In addition, the 
hindlimbs oi'FgfSc/c; AP2-Cre or Fgf4c/~; FgfSc/c; AP2-Cre

newborns were noticeably affected, with drastic reductions of 
the femur (Figs. 4E and K, data not shown). The femur was 
essentially absent in 75% (9/12) of hindlimbs scored and 
significantly reduced in the remaining cases. In addition, the 
fibula was severely reduced in 11 of 12 hindlimbs examined 
while the tibia was mildly affected in every specimen. This 
hindlimb phenotype is more severe than that observed when 
conditional alleles of FgfS were inactivated using Msx2-Cre 
(Lewandoski et al., 2000). In FgfSc/c; AP2-Cre ôr Fgf4c/~\ 
FgfSc/c\ AP2-Cre specimens at El 3.5, no trace of the 
humerus was detectable by Alcian blue staining in forelimbs 
(Figs. 3G and I, data not shown), while only a reduced femur 
and tibia were evident in hindlimbs (Figs. 311 and J). By 
El5.5, a small tibia and fibula were present, but the shaft of
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the femur was completely absent in FgfBc/c; AP2-Cre mutants 
(data not shown).

When both Fgf4 and FgfB were inactivated using AP2- 
Cre, both forelimbs and hindlimbs were absent from newborn 
specimens (Fig. 4F). In these mutants, no skeletal elements 
were detected distal to the scapula or the pelvis, respectively 
(Figs. 41 and L). As seen with inactivation using RAR-Cre, 
limb buds were present in early /l/>2-Cre-induced double 
mutant embryos, with obvious size reduction visible by E 10- 
El 0.5 (data not shown). At El3.5, no Alcian blue-staining 
cartilage precursors ofthe skeletal elements ofthe forelimb or 
the hindlimb were present (Figs. 3K and L).

Failure of limb bud outgrowth in Fgf4/Fgf8 double 
mutants correlates with excess apoptosis in 
proximal limb mesenchyme

When FgfS is inactivated by RAR-Cre, increased 
apoptosis of proximal-dorsal mesenchyme is observed at

El0.0 (Moon and Capecchi, 2000). In contrast, excessive 
apoptotic cells were not detected in forelimb buds of E9.5 or 
El 1.5 mutants. Loss of mesenchymal cells during this 
period of apoptosis apparently resulted in the loss of 
precursors for the humerus, radius, and digit 1.

As expected, increased apoptosis was also observed in 
Fgf4c/c; FgfBc/c; RAR-Cre double mutant embryos on day 
10 of gestation. However, the period of excessive cell death 
was extended in double mutants. Increased apoptosis was 
first detected at El0-10.5 (Figs. 5A and B), and then 
persisted at Ell and El 1.5 in the AER as well as in the 
proximal-dorsal region (Figs. 5C-F). pHH3 staining and 
BrdU incorporation indicate that cell proliferation in distal 
mesenchyme generally continues even in the absence of 
Fgf4 and FgfS in the AER (Figs. 5B, D, and F; data not 
shown).

A large increase in the number of TUNEL-positive cells 
was also detected in the forelimbs of Fgf4c/c; FgfBc/c; AP2- 
Cre embryos at El0.5 and in hindlimbs at El 1.5 (Figs. 5G

Fgf4c/c; Fgf8c/c; 
RAR-Cre

C D ..v.

Fgf4c,c; Fgf8c,c; 
AP2-Cre

E11.5

E10.5 forelimb

* ,

Fig. 5. Failure of limb outgrowth in embryos lacking Fgf4 and FgfS is due to excess apoptosis. TUNKL assay and phospho-histone H3 (pHH3) antibody 
staining of (A) control 1:10.5 forclimb, (B) 1:10.5 Fgf4FgfS'’''’: RAR-Cre forelimb, (C) 1:11.0 control forclimb region, (D) 1:11.0 Fgf4'’"': FgfS'’''’: RAR-Cre 
forelimbs, (K) forclimb region of 1:11.5 control embryo, (F) forelimbs of Fgf4' "'-, FgfS' "'] RAR-Cre 1:11.5 embryo, (G) forelimb of 1:10.5 Fgf4' "'-, FgfS' "'; AP2- 
Cre mutant embryo, and (H) hindlimb of 1:11.5 Fgf4' "': FgfS' '''; AP2-Cre mutant embryo. Images in A, B, G, and H were captured at 25 x, and those shown in
C, D, K, and F at 10x magnification.
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and H). Because of the more severe phenotype with 
respect to the presence of the humerus in AP2-Cre 
compared to RAR-Cre specimens, we looked for increased 
apoptosis at E9.5 in both genotypes. Neither an increase in 
TUNEL-positive cells nor an increase in the number of 
activated Caspase-3-positive cells relative to controls could 
be detected at the earlier gestational time (data not 
shown).

Expression of FgflO and Shh are drastically reduced in 
double mutant limbs

FgfS and Fgf4 have been proposed to be required for the 
maintenance of FgflO expression in the distal limb bud 
mesenchyme. In Fgf4!Fgf8 double mutants generated with 
RAR-Cre, FgflO was detectable in the most distal portion of 
the forelimb bud at El 0.5, albeit at a lower level than that
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Fig. 6. Reduction or elimination of FgflO and Shh expression in Fgf4; FgfS double mutants. (A-H) Whole mount in situ hybridization with an FgflO probe. 
Black arrows mark forelimbs and black arrowheads mark hindlimbs when visible. White arrows or arrowheads indicate absence of expression. (A) E9.5 control 
embryo, (B) El0.5 control, (C) El 1.5 control, (D) El0.5 Fgf4c/c; FgfSc/c; RAR-Cre embryo, (E) El 1.5 Fgf4c/c; Fgf8c/c; RAR-Cre, (F) E9.5 Fgf4c/c; FgfSc/c; 
AP2-Cre embryo, (G) E10.5 Fgf4c/c; FgfS**; AP2-Cre, (H) El 1.5 Fgf4cJc\ FgfScJc\ AP2-Cre embryo. (I-N) Whole mount in situ hybridization with a Shh 
probe. (I) El0.5 control, (J) E11.5 control embryo, (K) E10.5 Fgf4c/c; Fgf8c/c; RAR-Cre embryo, (L) E11.5 Fgf4c/c; FgfSc/c; RAR-Cre, (M) E10.5 Fgf4c/c; 
FgfSc/c; AP2-Cre embryo, and (N) El 1.5 Fgf4c/c; Fg/Sc/c; AP2-Cre embryo.
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seen in the control embryo (Figs. 6B and D). In tact, FgflO 
expression was still detected at Ell and El 1.5 in the most 
distal tip of the limb bud in double mutants, but the level 
was greatly reduced (Figs. 6C and E; data not shown). 
Essentially identical results were obtained for forelimb bud 
expression of FgflO in Fgf4c/c; Fgf8c/c; AP2-Cre embryos 
(Figs. 6G and II). However, although FgflO transcripts were 
present in hindlimb buds of J_P2-Cre-generated double 
mutants at El 0.5, they were not detectable over background 
at Ell-11.5 (Fig. 611). Correlating with normal limb bud 
initiation, FgflO expression in Fgf4c/c; FgfSc/c; AP2-Cre 
embryos at E9.5 appeared only slightly reduced relative to 
that in controls (Figs. 6A and F).

Although previous models proposed that Shh expression 
was maintained by an Fgf4/Shh feedback loop (Laufer et al., 
1994; Niswander et al., 1994), Shh expression is unaffected 
by the absence of Fgf4 in the AER (Moon et al., 2000; Sun 
and Martin, 2000). In contrast, Shh expression is delayed in 
FgfS mutant hindlimbs (Lewandoski et al., 2000) and 
decreased in FgfS mutant forelimbs at El 1.5, though present 
at nearly normal levels at El 0.5 (Moon and Capecchi, 
2000). Therefore, in forelimbs and hindlimbs, it appears that 
FGF8 is necessary for proper maintenance or initiation of 
Shh expression, respectively, but that other AER FGFs 
partially compensate in the absence of FGF8. To test 
whether FGF4 is critical for Shh expression in the absence 
of FGF8, double mutants generated with RAR-Cre and AP2- 
Cre were hybridized with a Shh probe. Shh expression was 
just barely detectable in double mutant forelimb buds at 
El 0.5 (Figs. 61, K, and M), but was essentially absent by 
El 1-11.5 (Figs. 6J, L, and N). Shh was not detected in the

hindlimbs of double mutants generated with AP2-Cre at any 
stage examined (Figs. 6M and N).

The survival of SOX9-expressing skeletal precursor cells is 
not specifically compromised in Fgf4/Fgf8 double mutants 
at E10.5 or Ell.5

To determine whether Fgf4 and FgfS are required for the 
condensation of limb bud mesenchyme, we examined the 
expression pattern of Sox9. The Sox9 gene is transcribed in 
all chondroprogenitor cells (Ng et al., 1997; Zhao et al., 
1997), and mesenchymal cells lacking SOX9 are excluded 
from chondrogenic condensations (Bi et al., 1999). Whole 
mount in situ analysis showed that Sox9 transcripts were 
still detectable in El 1.5 Fgf4c/c; FgfSc/c\ RAR-Cre double 
mutant forelimbs though the number of So,r9-expressing 
cells was greatly reduced relative to control (Figs. 7A and 
B). Therefore, double mutant limb buds retain some 
capacity to produce condensations of mesenchymal cells. 
To determine whether the apoptotic cell population detected 
in double mutant limb buds included mesenchymal skeletal 
precursor cells, limb sections were double labeled with 
antibodies that recognize SOX9 and activated Caspase-3. At 
El 0.5, only a few cells destined to undergo apoptosis 
(positive for activated Caspase-3) were SOX9-positive 
condensing mesenchymal cells in mutants generated either 
with RAR-Cre or AP2-Cre (Figs. 7C-E). At El 1.5, in the 
Fgf4/FgfS double mutant forelimb, SOX9-positive cells 
were still present and most were not labeled with the anti­
activated Caspase-3 antibody or by the TUNEL reaction 
(data not shown).

Fig. 7. SOX9-positive skeletal precursor cells are present in limb buds of embryos lacking Fgf4 and Fg/X in the AER. (A and B) Whole mount in situ 
hybridization of Ell.5 control (A) and Fgf41'1; Fgffi1'1; RAR-Cre (B> embryos with a Sox9 probe. (C E) Frozen sections of E10.5 (C) control, (D> Fgf41'1; 
Fgfiitn ; R4R-Cre, and (E> Fgf4tn; Fgfiitn ; AP2-Cre embryos stained w'ith SoxlO/9 and anti-activated caspase-3 antibodies.
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Several roles have been proposed for FgfS and Fgf'4 in 
limb bud initiation, growth, and patterning. Using tissue- 
specific inactivation of the FgfS and Fgf'4 genes, we have 
provided verification for some, but not all, of these functions 
in the mouse. Because elimination of FgfS from the 
intermediate mesoderm does not have an effect on limb bud 
initiation or outgrowth, it is unlikely that FgfS plays any role 
in limb bud initiation. Due to the difficulty in detecting FgfS 
expression in the IM, we cannot rule out the presence of a 
veiy low level of FGF8 protein production in this tissue in 
FgfSc/c\ Lefty2-Cre mutants. However, evidence from GFP 
and -̂Galactosidase expression patterns strongly suggests 
that Lefh'2-Cre is active throughout the mesoderm, and 
particularly in the IM, at the appropriate stage. In contrast, 
FgfS and Fgf4 in the AER are essential for the maintenance of 
limb bud outgrowth. As previously shown for the hindlimb 
(Sun et al, 2002), in the absence of both FGF family 
members, extensive apoptosis in proximal limb bud mesen­
chyme precludes the formation of any skeletal elements.

While nascent hindlimb buds in Fgf4/FgfS double 
mutants generated with Msx2-Cre are reduced to 75% of 
normal size (Sun et al., 2002), forelimb buds of double 
mutants generated with either AP2-Cre or RAR-Cre did not 
appear to be smaller than normal. This could represent a 
difference between forelimbs and hindlimbs, but because we 
did not make careful measurements, we cannot exclude the 
existence of a slight reduction in our mutants.

In FgfS limb mutants, a period of extensive apoptosis on 
day 10 of gestation is followed by partial recovery of limb 
bud outgrowth. In forelimbs, the ulna and three or four 
digits are formed even though the humerus, radius, and digit 
1 are absent in FgfSc/c\ AP2-Cre mutants. Because 
apoptosis continues and limb bud outgrowth is completely 
abolished in the absence of both Fgf4 and FgfS, it appears 
that Fgf4 is able to partially compensate for the absence of 
FgfS in the maintenance of limb bud outgrowth/limb 
mesenchyme survival. Fgf9 and Fgf'17, two other FGF 
family members expressed in the AER, are unable to 
substitute for Fgf4 and FgfS in promoting cell survival, 
though they may maintain cell proliferation in the distal 
limb bud mesenchyme (Sun et al., 2002).

Because Fgf4/FgfS double mutants generated using 
either RAR-Cre or AP2-Cre fail to form any cartilage 
precursors that can be detected with Alcian blue distal to the 
pectoral or both pectoral and pelvic girdles, respectively, it 
was somewhat surprising that SOX9-cxprcssing cells were 
detectable in forelimb buds at E10.5 and Ell.5. SOX9 is a 
transcription factor that is essential for chondrocyte differ­
entiation (Bi et al., 1999). Initiation of Sox9 expression is 
the earliest known indication that cells have begun the 
transition to a chondrogenic fate. Therefore, at least before 
El 1.5 in the forelimb, the lack of Fgf4 and FgfS does not 
prevent the differentiation of prechondrogenic cells. Instead, 
it appears that excess apoptosis impedes the production of a

Discussion sufficient number of chondrogenic cells to form mesenchy­
mal condensations of an adequate size to progress through 
the differentiation pathway.

When FgfS is inactivated using Msx2-Cre, hindlimbs 
show a more severe phenotype than forelimbs due to the 
timing of CRE expression relative to FgfS activation 
(Lewandoski et al., 2000 ). Similarly, the phenotype of mice 
in which FgfS was inactivated using RAR-Cre is essentially 
limited to the forelimbs due to the pattern of RAR-Cre 
expression (Moon and Capecchi, 2000). The phenotype 
seen in the hindlimbs of FgfSc/c\ Msx2-Cre mice is less 
severe than that seen in FgfSc/c\ RAR-Cre forelimbs. 
Lewandoski et al. (2000) attribute this difference to the 
longer interval during which FgfS is the only ectodermal 
FGF expressed in the forelimb bud relative to the hindlimb. 
While the femur is affected to a similar extent by 
inactivation using either AP2-Cre or Msx2-Cre, AP2-Cre- 
mediated recombination causes more severe effects on the 
zeugopod elements, particularly the fibula, than Msx2-Cre. 
Nevertheless, while a very small remnant of the radius is 
only rarely present in the forclimb, the fibula was never 
completely lost from the hindlimb. Thus, while Fgf4, with 
possible contributions from Fgf9 or Fgfl 7, is able to rescue 
enough cells to form two zeugopod elements in the 
hindlimb, these FGFs can only veiy rarely rescue even a 
remnant of the radius. This could be the result of timing 
differences as suggested by Lewandoski et al. (2000) or 
could be due to differences between forelimbs and 
hindlimbs in the levels or patterns of Fgf expression or 
even to intrinsic differences in cell survival requirements for 
forclimb versus hindlimb skeletal precursors. In either case, 
although hindlimbs are less severely affected than forelimbs 
in FgfS single mutants, Fgf4/FgfS double mutants entirely 
lack forelimbs and hindlimbs.

A humerus was never formed in FgfS single mutants 
generated using AP2-Cre, whereas only 70% of FgfSc/c\ 
RAR-Cre specimens completely lacked this element. We 
infer that the RAR-Cre driver is not active early enough to 
completely eliminate FGF8 production. The remaining FgfS 
expression must be significantly less than that seen in the 
forelimbs of FgfS; Msx2-Cre mutant embryos, where a brief 
period of readily detectable FgfS expression in the forclimb 
allows nearly normal development of the humerus (Lew­
andoski et al., 2000). In FgfS; Msx2-Cre mutants, residual 
FgfS expression is observed in the ventral ectoderm of the 
forclimb, where FgfS transcripts first appear, and is 
eliminated before AER formation. Early expression in the 
ventral ectoderm is a feature unique to FgfS among the FGF 
family members expressed in the limb. Therefore, we 
propose that, before AER formation, FGF8 produced in 
the ventral ectoderm plays an important role in ensuring the 
survival of skeletal precursors for the humerus.

In several systems, it has now been established that the 
role of FGFs is to promote the survival of specific cell 
populations. In the absence of FGF8, enhanced apoptosis 
causes elimination of the midbrain, isthmus, and cerebellum



A.M. Boulel et al. /Developmental Biology 273 (2004) 361 372 371

(Chi et al., 2003 ). Similarly, disruption of the FgfS gene in 
phatyngeal arch ectoderm results in severe craniofacial and 
cardiovascular defects due at least in part to increased 
apoptosis of different neural-crest-derived mesenchymal 
populations (Frank et al., 2002; Macatee et al., 2003; 
Trumpp et al., 1999). In the presence of such extensive cell 
death, it is difficult to determine whether FGFs are also 
involved in tissue patterning or maintenance of cell 
proliferation. In fact, whereas a drastic reduction in FgfS 
levels in the telencephalon causes greatly increased apop­
tosis, a reduction of only approximately 60% in FgfS 
hypomorphs did not increase cell death, but revealed a role 
in regionalization of the neocortex (Garel et al., 2003). The 
presence of multiple FGF family members also complicates 
interpretation of functional roles. Therefore, it is not 
possible at this time to exclude other potential functions in 
addition to the demonstrated requirement for cell survival.

In conclusion, we have shown that FGFs produced in the 
AER play a critical role in the outgrowth of the forelimb and 
hindlimb. The phenotype resulting from loss of Fgf4 and 
FgfS is not equivalent to that produced by removal of the 
apical ectodermal ridge. When the AER is excised from 
mouse limb buds, extensive cell death of distal limb 
mesenchymal cells is observed (Sun et al., 2002) and, in 
the chick, cell proliferation in the distal limb mesenchyme is 
markedly decreased within 8 h of AER removal (Dudley et 
al., 2002). Therefore, other factors synthesized in the AER, 
possibly including additional members of the FGF family, 
must maintain proliferation and promote cell survival in 
distal limb bud mesenchyme. Finally, we have provided 
further evidence that FgfS expression in the IM is not 
essential for limb bud formation. Other members of the FGF 
family or as yet unidentified signals from the IM or axial 
regions may position the limb field within the lateral plate 
and initiate the process of limb bud formation.
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