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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 inportance 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 ectodermel
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 subbstitute
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
sulbsequently 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., 199). Studies inthe chick system have pointed to the TM
as a potential source of the e limb bud inducer
(Mertin, 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 T™M or
mesonephros is required to initiate limb bud formetion.
FgfS expression inthe TMofthe chick correlates spatially and
temporally with limb bud initiation from the lateral plate
mesoderm. Based on expression of FgfS in the TMat the
appropriate developmental time, FGF8 becare the favorite
candidate for such an inducer (Crossley et al., 1996; Vogel et
al., 199%). Specifically, FgfS has been proposed to be
required for restriction of FgfJO to the limb bud-forming
region ofthe lateral plate mesoderm (Ohuchi etal., 1997), and
FGR8 induction of FgflO is thought to be mediated by
VWNIT2b signaling in the chick (Kawekami et al., 2001).
Therefore, because FgflO is absolutely required for linb bud
outgronth (Min et al., 1998; Sekire et al., 1999), the model
predicts that FgfS is essential for initiation or positioning of
the forelimb bud as the first step inthe cascade. Although it is
often cited in the literature, not all experimental evidence
supports this model (Femendez-Teran et al., 1997).

The role of FgfS expressed in the AER in the
maintenance of limb bud outgronth has been well estab-
lished (Lewandoski et al., 2000; Moon and Capecchi, 2000).
Trterestingly, although limb development is abnormal in
mouse e lacking FgfS expression in the forelimb
AER, limb bud outgronth nevertheless continues and the
ulna and four digits are formed in a relatively normel
manner (Moon and Capecchi, 2000). Similar findings are
obtained when FgfS expression is ablated fromthe 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 nomel
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 FGR8
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
outgronth and skeletal development fail in the absence of
both Fgf4 and FgfS (Sun et al., 2002). However, forelimb
expression of FgfS and Fgf4 wes 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 FGH4 and FGR8 in
forelimb development (Sun et al., 2002).

Th 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
T™ To test the hypothesis that the formetion 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 FofS 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 Fnally, utilization of the AP2-Cre driver has
alloned us to address the question of differences in FGF
requirement in formetion of forelimb versus hindlinb.

Materials and methods
Generation and genotyping of 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 (Fgfa!RY).
Both are referred to interchangeably as Fgfac (Fgf4 condi-
tional). The FgfS conditional alleles (FgfSAP and FgfSGp,
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; Mecatee et al., 2003; Arenkiel et al., 2004).

The Lefty2-Cre transgene wes constructed by placing the
55 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, 1989).

Immunofluorescence on ayosections and whole embryos

Frozen 10 |jm sections of mutant and control embtyos
were subjected to the TUNEL reaction using the Th Situ
Cell Death Detection Kit (TMR red, Roche), or stained
with antipHH3  (anti-phospho-Histone H3, rabbit TgG
Upstate Biotechnology), anti-Sox10/9 (kindly provided by
M Wegner), or anti-cleaved 3 (rabbit anti-cleaved
Caspase-3 (Aspl75), Cell Signaling Technology) anti-
bodies. The anti-Sox10/9 monoclonal antibody wes gen-
erated against Sox10, 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 antibodly
(Alexa Huor 488, Molecular Probes) were used.

Trreges were captured on a BTORAD confocal 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
wes obtained from D. Omitz and C. Deng, and the Shh
probe wes provided by A McMahon. The Sox9 probe wes
described previously (Boulet and Capecchi, 2004).

Staining for hurmen placental alkaline phosphatase and 13
G \)I\BS performed as previously described (IMoon 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
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embryos were cleared in 90% glycerol after staining.
Newborn skeleton preparations were carried out as
described (Boulet and Capecchi, 2004).

Results
FofS is not requiredfor initial limb bud outgrowth

FofS expression is readily detectable in the TMof chick
embryos between stages 13 and 15 (Crossley et al., 199%;
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 TMat an earlier stage,
pefore limb bud outgrowth (E85 to E9.25), has recently
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been confirmed in mouse embryos (Aganwal 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 FgfSA'p allele
(Mecatee et al., 2003). In this allele, expression of GFP
occurs only in cells inwhich the FgfS promoter is active and
CRE has induced recombination between the two loxP sites,
thereby inactivating the gere. WWhen ubiquitously expressed
Cre recombinase (Raj-Cre) (Schwenk et al., 1995) was used,
GFP expression waes clearly present in the IM of embryos a
E8.75 to E9.0 (Ags. 1C and E). To inactivate FgfS in the
IM we employed a Lefty2-Cre transgene. Examination of
the Lefty2-Cre expression pattemn using the ROSA26-p-Gal
reporter line (R26R) (Soriano, 1999) shows that CRE is
active throughout the mesoderm during the desired devel-
opmental window (Fgs. 1A and B). Although Lefty? is

control
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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 FgfSQ@'p allele
after recombination by Lefty2-Cre confinned 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 normelly (Fg. 1G).
To ensure that roles proposed for FgfS in the IM were
carried out in its absence, FgfSo/N; Lefty2-Cre embryos were
examined for Toxs5 and FgflO expression. Expression
patterns of both critical genes were indistinguishable from
those of control embryos (Figs. 1HM).
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Inactivation of Fgf4 and FgfS by RAR-Cre leads to the
complete absence offorelimbs 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 linb
elements are still formed (IMoon and Capecchi, 2000).
Expression of other FGF family members in the AER may
allow continued limb outgronth 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 wes 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 (IMoon et al., 2000), as expected, the
only defect seen in the hindlimbs of RAR-Cre double
mutants wes the loss of digit 1 (Figs. 2C and D).

Although Fgf4dc/ FgfScit; RAR-Cre newborns com-
pletely lacked forelimbs, double mutant embryos at E9.5
showed normal limb bud initiation (Figs. 2E and 1).
However, by E10.0, when control littermates had forelinb
buds at stage 2 (Wanek et al., 1989), double mutant
forelimbs were noticeably smaller than control forelimbs
(Fgs. 2F and J). The difference in forelimb bud size
between double mutant and control embryos wes even more
striking at EI105 (Figs. 2G and K). By 115, the double
mutant forelims were just a fraction of the size of control
forelimbs (Figs. 2H and L). Although a smmell forelimb bud
gtill protruded from the body wall at EI3, no Alcian blue
staining wes detectable distal to the scapula (Figs. 3A and

E), while Fgf4d~; FgfSac; RAR-Cre specimens and FgfSd/c;
RAR-Cre single mutants show staining of the ulna by this
stage (Hg. 3C, data not shown). In /?/?-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 of both forelimbs and hindlimbs

To inactivate Fgf4 and FgfS in the ectoderm of bath
forelimbos and hindlimbs, we utilized an AP2-Cre lire
(Macatee et al., 2003). p-Gal staining of embryos from
metings of AP2-Cre meles to ROSA26 (R26R) ferreles
(Soriano, 1999) showed that CRE recombinase Wes 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
FofS locus, AP2-Cre meles were mated to fermales canying
conditional alleles of FgfS designed for CRE-inducible
expression of either human placental alkaline phosphatase
(PLAP) (Moon and Capecchi, 2000) or GFP (Mecatee et al.,
2003). With the GFP or PLAP conditional alleles, the FgfS
gere is inactivated wherever CRE is present, while the
reporter will only be activated in sites where both CRE and
FofS are expressed (Mecatee et al., 2003; Moon and
Capecchi, 2000). GFP produced from recombination of
the FgfSCRP allele by AP2-C're wes detected in the forelimb
bud ventral ectoderm when the bud is first discermnible (Fig.
4A). Similarly, PLAP expression wes detected in FgfSAY~;
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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 O).
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 Wes used to inactivate conditional alleles
of FgfS, forelimbs of single mutant newborns resembled
those of newborns inwhich FgfS wes inactivated using RAR-
Cre (Hg. 4E, Moon and Capecchi, 2000), except thet the
humerus wes never present (Hg. 411, n = 8). In addition, the
hindlimbs oi'FgfSc/c; AP2-Cre or Fgf4d~; FgfSalc; AP2-Cre

newborns were naticeably affected, with drastic reductions of
the femur (Figs. 4E and K data not shown). The fermur wes
essentially absent in 75% (9/12) of hindlimbs scored and
significantly reduced in the remaining cases. In addition, the
fibula wes severely reduced in 11 of 12 hindlimbs examined
while the tibia wes mildly affected in every specimen. This
hindlimb phenoatype 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”or Fgfad-\
FgfSc/c\ AP2-Cre specimens at ElI 35, no trace of the
humerus wes detectable by Alcian blue staining in forelims
(Ags. 3Gand |, data not shown), while only a reduced femur
and tibia were evident in hindlimbs (Fgs. 311 and J). By
EI55, asmall tibia and fibula were present, but the shaft of
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the fermurwas conpletely 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 fromnewborn
specimens (Fig. 4F). In these mutants, no skeletal elements
were detected distal to the scapula or the pelvis, respectively
(Hgs. 4L and ). As seen with inactivation using RAR-Cre,
limb buds were present in early /I/22-Cre-induced double
mutant embryos, with obvious size reduction visible by E10-
EI0S5 (data not shown). At EI3.5, no Alcian blue-staining
cartilage precursors ofthe skeletal elements ofthe forelimb or
the hindlimb were present (Fgs. 3Kand 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 a

EI10.0 (Moon and Capecchi, 2000). In contrast, excessive
apoptotic cells were not detected in forelinb buds of E9.5 or
El15 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
Fgf4dlc; FgfBd/c; RAR-Cre double mutant enmbryos on day
10 of gestation. However, the period of excessive cell death
wes extended in double mutants. Increased apoptosis wes
first detected at EI0-105 (Fgs. 5A and B), and then
persisted at EIl and EI 15 in the AER as well as in the
proximal-dorsal region (Fgs. 5C-F). pHH3 staining and
BrdU incorporation indicate that cell proliferation in distal
mesenchyme gererally continues even in the absence of
Fgf4 and FgfS in the AER (Fgs. 5B, D, and F; data not
shown).

A large increase in the number of TUNEL-positive cells
was also detected in the forelimbs of Fgfac/c; FgfBa/c; AP2-
Cre embryos at E10.5 and in hindlimbs at EI 15 (Figs. 5G
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and H). Because of the nmore severe phenctype 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

FofS 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 wes detectable in the most distal portion of
the forelimb bud at E10.5, albeit at a lower level than that
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seen in the control embryo (Fgs. 6B and D). In tact, FgflO
expression wes still detected at EIl and EI 15 in the most
distal tip of the limb bud in double mutants, but the level
wes greatly reduced (Hgs. 6C and E data not shown).
Essentially identical results were obtained for forelimb bud
expression of FgflO in Fgf4dlc; Fgf8alc; AP2-Cre embryos
(Ags. 6Gand I1). 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 (Hg. 611). Correlating with normal limb bud
initiation, FgflO expression in Fgf4dC, FgfSac; 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 feedoack loop (Laufer et al.,
1994; Niswander et al., 1994), Shh expression is unaffected
by the absence of Fgf4 inthe AER (Mbon et al., 2000; Sun
and Martin, 2000). In contrast, Shh expression is delayed in
FofS mutant hindlimbs (Lewandoski et al., 2000) and
decreased in FgfS mutant forelimbs at El 1.5, though present
at nearly nomel levels at E105 (Moon and Capecchi,
2000). Therefore, in forelimbs and hindlimbs, it appears that
FGR8 is necessary for proper meintenance or initiation of
Shh expression, respectively, but that other AER FGFs
partially compensate in the absence of FGF8. To test
whether FGH4 is critical for Shh expression in the absence
of FGR8, double mutants generated with RAR-Cre and AP2-
Cre were hybridized with a Shh probe. Shh expression wes
just barely detectable in double mutant forelimb buds at
El05 (Fgs. 61, K and M), but wes essentially absent by
El 1-11.5 (Fgs. 6J, L, and N). Shh was not detected in the
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hindlimbs of double mutants generated with AP2-Cre at any
stage examined (Figs. 6Mand 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 gere s 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
gtill detectable in El 15 Fgfadc; FgfScid RAR-Cre double
mutant forelinbs though the number of So,r9-expressing
cells wes 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 mesenchymel skeletal
precursor cells, limb sections were double labeled with
antibodies that recognize SOX9 and activated Caspase-3. At
EI05, 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 (Hgs. 7C-E). At El 15, inthe
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).

mtheAER Aaml \Whde mourt in Situ
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Discussion

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
vely low level of FGR8 protein production in this tissue in
FgfSc/c\ Lefty2-Cre mutants. However, evidence from GFP
and "Galactosidase expression patterns strongly suggests
that Lefn'2-Cre is active throughout the mesoderm, and
particularly in the IM at the appropriate stage. In contrast,
FgfS andFgf4 inthe 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 proximel linb 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
normel size (Sun et al., 2002), forelimb buds of double
mutants generated with either AP2-Cre or RAR-Cre did not
a to be smaller than normal. This could represent a
fference 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 apoptasis on
day 10 of gestation is followed by partial recovery of limb
bud outgronth. 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
tosis 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 outgrowmthVlimb
mesenchyme survival. Fgf9 and Fgf'17, two other FGF
family members expressed in the AER, are unable to
Subbstitute 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-cxpressing cells were
detectable in forelimb buds at E10.5 and EI1.5. SOX9 is a
transcription factor thet 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 15 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

=

sufficient number of chondrogenic cells to form mesenchy-
mal condensations of an adeguate 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 wes 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/ic. Msx2-Cre mice is less
severe than that seen in FgfSc/dd 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 wes never
completely lost from the hindlimb. Thus, while Fgf4, with
passible contributions from Fgfo or Fgfl 7, is able to rescue
enough cells to form two zeugopod elements in the
hindlimb, these FGFs can only ely 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 requirerments for
forclimb versus hindlimb skeletal precursors. In either case,
although hindlimbs are less severely affected than forelimbos
in FgfS single mutants, Fgf4/FgfS double mutants entirely
lack forelimbs and hindlimbs.

A humerus wes never formed in FgfS single mutants
generated using AP2-Cre, Whereas only 70% of FgfScic\
RAR-Cre specimens completely lacked this element. e
infer that the RAR-Cre driver is not active early enough to
completely eliminate FGR8 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
allons nearly normal development of the humerus (Lew
andoski et al., 2000). In FgfS; Msx2-Cre mutants, residual
FofS expression is observed in the ventral ectoderm of the
forclimb, where FgfS transcripts first appear, and is
eliminated before AER formetion. 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, FGR8 produced in
the ventral ectoderm plays an important role in ensuring the
survival of skeletal precursors for the humerus.

In several systenrs, 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, isthimus, and cerebellum
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(Cni 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 conplicates
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 forelinb and
hindlimb. The phenotype resulting from loss of Fgf4 and
FgfS is not equivalent to that produced by removal of the
apical ectodermel ridge. When the AER is excised from
mouse limb buds, extensive cell death of distal limb
mesenchymal cells is obsenved (Sun et al., 2002) and, in
the chick, cell proliferation in the distal limb mesenchyne is
markedly decreased within 8 h of AER removal (Dudley et
al., 2002). Therefore, other factors synthesized in the AER,
passibly including additional members of the FGF famly,
must meintain proliferation and promote cell survival in
distal limb bud mesenchyme. Fnally, 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 formetion.
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