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SUMMARY

Proximal-to-distal growth of the embryonic limbs requires  is an underlying cause of theGaslmutant phenotype, we
Fgfl0 in the mesenchyme to activatd-gf8 in the apical employed a limb culture system in conjunction with
ectodermal ridge (AER), which in turn promotes microinjection of recombinant proteins. In this system,
mesenchymal outgrowth. We show here that thgrowth ~ FGF10 but not FGF8 protein injected into the mutant distal
arrest specific gene (Gas) is required in the mesenchyme tip mesenchyme restore$gf8 expression in the AER. Our
for the normal regulation of Fgfl0/Fgf8. Gasl mutant data provide evidence thatGaslacts to maintain high levels
limbs have defects in the proliferation of the AER and the of FGF10 at the tip mesenchyme and support the proposal
mesenchyme and develop with small autopods, missing that Fgfl0 expression in this region is crucial for
phalanges and anterior digit syndactyly. At the molecular maintaining Fgf8 expression in the AER.

level, Fgf10 expression at the distal tip mesenchyme

immediately underneath the AER is preferentially affected

in the mutant limb, coinciding with the loss of Fgf8  Key words:Gas1 Fgf8, Fgf1Q Limb, Growth, Apical ectodermal
expression in the AER. To test whether FGF10 deficiency ridge, Mouse

INTRODUCTION generate the appropriate amount of cellular mass for the
formation of all the limb skeletal elements.
In vertebrates, limb buds are formed from the lateral plate There are many modulators of AER functi®hh,expressed
mesoderm by an early induction from the adjacent somites aril the zone of polarizing activity (ZPA), regulatégf4 in the
intermediate mesoderm (Harrison, 1921) (reviewed by Stocuiposterior AER by acting through the intermediate component
and Fallon, 1982). The limb mesoderm then induces th&remlin, a BMP inhibitor (Zuniga et al., 1999). Inhibition of
overlying ectoderm to thicken and form the apical ectoderma@MP signaling also can increase the thickness of the AER
ridge (AER) (Zwilling, 1961). The AER in turn provides (Pizette and Niswander, 1999). These studies indicate that
signals that drive limb outgrowth (Saunders, 1948) along thBMP negatively modulates AER function and that SHH
proximodistal (PD) axis. The signals responsible for theseounteracts this by modulating the BMP signal. However, at
activities have been assigned molecularly (reviewed by Martiran earlier stage, BMP signaling is necessary for AER
1998). Fgf8 expressed in the somitic and intermediateformation (Ahn et al., 2001; Pizette et al., 206Fgf10appears
mesoderm is presumed to be the limb bud initiation signab act through th&Vvnt/3-cateninpathway in the ectoderm to
(Crossley et al., 1996; Vogel et al., 1996); it consolidates thactivate Fgf8 in the AER (Kawakami et al.,, 2001).
expression ofFgf10 in the lateral plate mesoderm to the Consistently, the null mutant mouse embryo$aiflandLef1,
prospective limb domains (Ohuchi et al., 1999f10in the  theWntdownstream mediators, do not expregi8in the AER
limb mesenchyme then induces the AER-speckigf8 (Galceran et al., 1999). FGFs from the AER serve to maintain
expression (Ohuchi et al., 1997; Min et al., 1998; Sekine et alFgf1l0expression in the mesenchyme, but whether they are the
1999).Fgf8in the AER in turn maintainsgf10expression in  sole and direct input or require additional modulators and
the mesoderm (Mahmood et al., 1995; Vogel et al., 1996ntermediate components is not yet known.
Ohuchi et al., 1997; Moon and Capecchi, 200@f4, Fgf9 Sufficient mesenchymal mass is required for the formation
andFgfl7 are expressed in the posterior AER and likely joinof the skeletal elements of the appropriate humber and size.
forces withFgf8to act upon the mesenchyme (Lewandoski efThe aforementioned growth regulators are important in the
al., 2000; Sun et al., 2002). Thef8/Fgf10 regulatory loop generation of a defined amount of mesenchymal mass. From
thus fulfills the documented mutual interactions between ththis will be produced the mesenchymal condensations
mesenchyme and the AER to stimulate limb outgrowth andepresenting the limb skeletal elements, including the proximal
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segment (stylopod; femur/humerus), the medial segmensing the In Situ Cell Death Detection Kit, Fluorescein (Boehringer
(zeugopod) with two elements (tibia-fibula/radius-ulna), andvannheim) according to the manufacture’s protocol.

the distal segment (autopod) with, in the mouse, the fivF .

elements (digits) (Hinchliffe and Griffiths, 1983; Shubin and'" Vitr© imb culture _ _ _
Alberch, 1986). These skeletal elements arise by endochondll%g]bryonlc limbs were cultured as described previously (Zuniga et al.,

: . . . 99). E9.75-E11.5 embryos from heterozygous mating were
cartilage formation, starting with a group of mesenchymal Ce”%isse)cted in L-15 mediumryThe heads and ta}illg"s were remgved for

that condense and differentiate 'mo_ chondrocytes (ErlebaChI%Enotyping and the trunks including forelimbs were used for injection.

et al, 1995). The growth and size of each element agecombinant FGF10 and FGF8 proteins (Research Diagnostic Inc.)

then coordinately regulated by successive transitions ifesuspended in PBS were delivered by glass needlespd/@s of

differentiation that are locally controlled, for example, throughFGF10 and 1-10Qg/ml of FGF8 were used for injection and a pulse

the activities of BMP and of IHH, which activates a negativeof 9.2 nl was injected into the right forelimb mesenchyme underneath

feedback relay system by regulating PTHrP (a negative growthe AER. The left forelimb was not injected and served as an internal

regulator) (Ganan et al., 1996; Vortkamp et al., 1996; Zou ewntrol. Mock injection was performed using PBS. The injected limb

al., 1997; St-Jacques et al., 1999). buqs were cultured in BGJb medium W|t_h 0.2 mg/_ml ascorbic acid

We have previously proposed that GAS1, a GPl-anchore ibco/BRL) at 37°C/5% C© After overnight culturing, the trunk

membrane glycoprotein (Stebel et al., 2000), acts as froments were fixed and subjected to whole-mount ISH.

inhibitor of SHH via direct physical interaction (Lee et al.,

2001a). HoweveGas1imutant mice do not display phenotypes

related to those of SHH overexpression (Lee et al., 2001b; LBESULTS

et al., 2001). Instead, we report here Bas1mutant limbs

have defects caused by reduced proliferation in the AER andasl mRNA exhibits a dynamic expression pattern

mesenchyme, and develop with small autopods, missinig the developing limb

phalanges and anterior digit syndactyly. We provide severathe mouseGas1transcript is detected in the early limb bud

lines of experimental evidence supporting the model@aatl.  (Lee and Fan, 2001; Lee et al., 2001c). Here we extend

is a necessary mesenchymal factor that positively regulatéise documentation by whole-mount and section in situ

Fgf10in a regional- and temporal-specific manner to maintaimybridization (ISH). At E9.25 and E9.&aslis expressed in

the Fgf10/Fgf8regulatory loop. the entire lateral plate mesoderm and in the forelimb bud (Fig.
1A,B). It is preferentially expressed in the anterior part of the
limb mesenchyme. This asymmetric pattern continues to E10.5

MATERIALS AND METHODS (Fig. 1C) and is also observed in the hindlimb (not shown).
- Sections through various planes of the limb bud indicate that
Gas1™~ mice Gaslis expressed in approximately the anterior two-thirds of

Gaslmutant mice were described previously (Lee et al., 2001b). Aftethe mesenchyme. Adjacent sections of an E10.5 forelimb
backcrossing to CD1 and to 129sv females for five successigypridized toGasland Fgf8, an AER marker, confirm that

generations, the mutant limb defects remained in both backcross aslis expressed up to the distal tip of the mesenchyme
For this study, animals used were from the CD1 backcrosses becal . e . .
the mutants were viable in this background. PCR was used 't??uttmg the anterior-to-central AER but not in the AER (Fig.

determine the genotype (Lee et al., 2001b). H). At E11.5,Gaslexpression retains its anterior preferencg

and apparently corresponds to the mesenchymal condensations
Skeletal preparation of the radius and ulna (Fig. 1D). At E12Gaslis expressed
Skin and internal viscera were removed and the bodies fixed overnighit the condensing mesenchyme and the interdigital
by St. Marie’s fluid, followed by standard Alcian Blue and Alizarin mesenchyme (Fig. 1E,l) (Lee and Fan, 2001; Lee et al., 2001c).
Red staining procedures (Bancroft and Cook, 1994). Whole-mour®ne day later, it is expressed at the outer edges of the
fetal Alcian Blue staining was performed according to the samgondensed digital rays, the prospective joints, and weakly in
protocol omitting the Alizarin Red. the interdigits (Fig. 1F,J) (Lee and Fan, 2001; Lee et al.,
In situ hybridization (ISH) 20010)._ From E14.5 to E15.5, its transcripts are r_es_tricted_ to

the perichondrium, the articular surface and the joints (Fig.
044G, K). Its mesenchymal expression pattern suggests its role in
j}gnb growth, patterning and/or skeletogenesis.

ISH on paraffin sections (8m) with 35S-UTP-labeled probes was
performed as described previously (Fan and Tesseir-Lavigne, 19
Photographs of the detected transcripts were taken as dark-fi
images with a red filter. Phase images were taken with a blug . . .,
filter and overlayed with the dark-field images. Whole-mount ISHGas1 mutant mice have limb abnormalities
using DIG-labeled probes was performed following standardlo define the role oBaslin limb development, we analyzed
procedures (Wilkinson, 1992). Probes used w&asl(Lee and the limb phenotype oGaslnull mutant Gasl-/-) mice (Lee
Fan, 2001),Shh (gift from Dr McMahon), Fgf8 (gift from Dr et al., 2001b). Newborast’~ mice have smaller fore- and
Martin), Fgf4, GIi3 (gift from Dr Hui), Fgf9, Fgfl7(gift from Dr hing-limb paws (Fig. 2A-B’). Skeletal preparation using the
fom'tzt))' BzmIﬁ)Z’ E'mp;'é Bl_Tpggl'ﬂ f.rf?”f” Dr gogDa”g'Glrem"”d&?'fi dyes Alcian Blue (for cartilage) and Alizarin Red (for calcified
(rgci)fororm gre\/r\)/ilsd%);w), oxd13gift from Dr Duboule) andAlx4 o0y revealed that this is due to a size reduction of all
' phalanges, metacarpals and metatarsals (Fig. 2C-D’). The
BrdU and TUNEL assays calcified regions were of normal size but the chondrogenic
Mice were injected with 10 mg/ml BrdU (Sigma) at 0.01 ml/g bodyr€gions were reduced in proportion. Digits I-lll were
weight, 1 hour before sacrifice. BrdU-positive cells were detected bglisproportionately reduced in size. In addition, the second
using a BrdU staining kit (Zymed). Cell death assays were performeghalange of digit Il was greatly reduced (Fig. 2C’) or absent



Fig. 1. Gasltranscripts are detected in developing
limbs. Expression dbaslwas examined by ISH.
(A-C) Dorsal view of the forelimbs at E9.25, E9.5 and
E10.5. Anterior (a) is at top and posterior (p) at
bottom; flb, forelimb budGas1lis expressed in the
lateral plate mesoderm and asymmetrically in the
limbs with higher levels anteriorly. (D-G) Whole-
mount ISH of E11.5-E14.5 forelimbs shows
expression in the autopod (dorsal view, anterior at
top). White arrowheads indicate the interdigital
regions; open arrowheads, perichondorgenic regions;
asterisks, joints or prospective joints. (H¥&$-ISH
of E10.5-E15.5 forelimbs (horizontal sections, anterio
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at top). (H) Superimposed images from adjacent
sections of E10.&aslexpression (red) in anterior

A a C,
fib
E9S.5 E1 1
two-thirds of the mesenchyme but not in AER

(visualized byFgf8 expression (green) in the adjacent H '
section). At E12.5 (I)Gasltranscripts (pink granules)
are prominent in the prechondrogenic region (black
arrowheads) and the interdigits (white arrowheads). Al
E13.5 (J)Gaslis expressed in the interdigits (much
weaker than at E12.5) and prospective joints
(asterisks). At E15.5 (K)Yzaslis localized to
perichondrium lining the joint cavities (asterisks). green=Fgf8

(Fig. 2D’), and there was a high rate of soft tissue fusionthe ossification assumes, the bone segments appear normal in
between digits Il and Ill (Fig. 2A,B’). Syndactyly between size at the expense of the chondrogenic domains (Fig. 2C’, Fig.
digits 1l and 11l was also observed by histology (Fig. 2D’) and2D’, Fig. 3F’). The mutant hindlimb phenotype is similar (Fig.

by X-ray imaging (not shown). The frequency of these defect®E). These manifestations suggest t@atst’~ limbs have

is summarized in Fig. 2E. The front and hind paws of the adufeduced mesenchymal mass as early as E11.5, which at least
Gast’~ mice were almost of normal size (not shown),in part leads to the small and delayed condensations. Delayed
indicating a compensatory growth postnatally. Carpals, tarsaty absent joint formation may affect the size of the
and long bones (radius, ulna, tibia, fibula) were either slightlghondrogenic region, butGasl is not essential for
shorter or not affected. Macroscopic and histological analyseshondrogenic differentiation.

revealed no apparent defects in the patterns of muscles and ) o ]

tendons (not ShOWI’]). Thuszasl contributes to proper Reduced cell prollferatlon |_n the AER and distal

formation of the autopodial skeletal elements, in particular thexesenchyme in - Gas1-~limbs

phalangeal elements and the anterior digits. To detect alterations in cell proliferation, we assayed
S ) bromodeoxyuridine (BrdU) incorporation in vivo. At E10.5,
The Gas1 mutant has a delay in digit formation the rate of BrdU incorporation in the limb mesenchyme

We next determined the ontogeny of the mutant phenotype tadjacent to the AER (cells within 130n of the AER were
histology (Fig. 3). As early as E11.5, the mutant limb buctounted and compared) was not altered in the mutant (Fig.
width across the AP axis is noticeably reduced (Fig. 4B’). ThdA,A). Note that the mutant AER is present but thinner than
prechondrogenic condensations of digits II-IV in the forelimbnormal. AER morphology was confirmed by scanning electron
are normally visible by E12.5 (Fig. 3A). In the mutant, microscopy (not shown). Importantly, the mutant AER has
condensations of digits Ill and IV are smaller and digit Il isfewer BrdU cells (Fig. 4A,D), indicating a non cell-
less evident (Fig. 3A); the autopod is also narrower along thautonomous effect oGaslon the AER. The most marked
AP axis and shorter along the PD axis. At E13.5, thalifference in the mesenchymal proliferation rate is observed at
metacarpals and first phalange are individualized by the onsgfi1.5 (Fig. 4B,B’,D). The reduction is observed preferentially
of joint formation (Fig. 3B). In the mutant, separation of thein the distal mesenchyme at the anterior-to-central portion of
phalanges is ill-defined and the phalanges of digit Il antghe mutant limb: mild anteriorly and severe in the central
metacarpal | are not apparent (Fig. 3B’). From E13.75 teegion (Fig. 4D). This cellular mass reduction prefigures the
E14.5, the third and second phalanges of all digits becondelay in digit formation. When the digit ray is visible at E12.5,
clearly defined (Fig. 3C,D); whereas in the mutant, the seconde found no marked difference in the rate of proliferation
phalanges of digits Il and Ill are not individualized (Fig.between digit IllI/IV and digit IV/V of mutant and control
3C'\D). limbs. However, between digit II/lll, there was a significant
At E16.5, ossification of metacarpals 11l and 1V is delayedreduction (~10%) in proliferation rate in the mutant (Fig.
in the mutant (Fig. 3E,E’). At E17.5, ossification of the first4C,C’,D). This regional-specific defect is surprising given the
phalanges of digits Ill and IV (Fig. 3F,F) is clearly delayed.more generalGaslexpression in all interdigits at this stage.
While ossification of digit Il second phalange is delayed byThese findings suggest that the main proliferation defect occurs
about 24 hours, digit Il second phalange does not appear amound E11.5 and the perduring smallness of the embryonic
ever ossify (Fig. 3F’ and not shown). Intriguingly, as soon aiimb is due to this early deficiency of precursor population.
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Programmed cell death (PCD) is reduced in the
Gas1- limb

and the joints (E13.5-E15.5) (see also Lee and Fan, 2001; Lee
et al., 2001c). Furthermore, overexpressioGa$lcan trigger

PCD is found in the following areas of the developing chickPCD in cultured limb mesenchymal cells (Lee et al., 2001c).
limb: anterior and posterior necrotic zones, the opaque patchip assess wheth&asl normally plays a role in PCD, we

the interdigital mesenchymes and the joints (Hinchliffe, 1982performed TUNEL-fluorescence labeling. At E11.5, fewer
Hurle et al., 1996)Gaslexpression overlaps with the opaque apoptotic cells were detected in the central mesenchyme area
patch at E11.5, the interdigits at E12.5-13.5 (albeit weakly)opaque patch) in the mutant compared to control forelimb

Forelimb Hindlimb

con

con

i | _
E. Summary of Gas1 mutant limb phenotype*

digit Il phal 2 Scftrasus syndactyly
. igitil phalange 2 gynpdactyly
Gas1' Py iqit 11-
duced/ (digit lI-111)
reduced/missing (digit I1-1l) 9
Forelimbs 56/56** 41/56 13/56
Hindlimbs 56/56 45/56 18/56
Both 56/56 39/56 12/56

*All mutant limbs had small paws and their digits I-1ll were dispropor-

tionally reduced in size.

**56 mutant animals were examined. Visual examination was used
to determine soft tissue syndactyly. Alcian blue-alizarin red skeletal
preparation was used to determine the skeletal phenotype.

Fig. 2. Gast’~has limb abnormalities. Dorsal view of the newborn
forelimb (A,A,C,C’) and hindlimb (B,B’,D,D’) paws of a control (con;
A-D) and aGaslmutant (-/—; A-D’) animalGasT’~forelimb and

hindlimb paws are overall smaller and have syndactyly between digits Il

and Il (A',B’). White arrows indicate soft tissue fusions and white

arrowheads, disproportionally reduced digits. (C-D’) Skeleton of the paw

(Fig. 5A,A), even though the limb is already smaller. In
the control E13.5 forelimbs, cell death was observed in the
interdigital zones and the prospective joints of the digits
(Fig. 5B). Interdigital cell death iGas1’~forelimbs was
relatively normal posterior to digit 11l but greatly reduced
anterior to digit lll (Fig. 5B"), correlating with the anterior
soft tissue syndactyly. Joint PCD was delayed in digits Il
and Il in the mutant, consistent with the delay in phalange
separation seen histologically. Since the mutant limbs
appear delayed in development, we also examined PCD at
E14.0. There was still little PCD between digits Il and llI,
but PCD appeared relatively normal between other digits
(compare Fig. 5B,C,C’). By contrast, PCD in the mutant
joints at this time appeared at a higher rate than those of
the wild type at E13.5 and E14.0 (of digits lI-1V in Fig.
5C).

Reduced PCD between digits Il and IIl suggests that
Gaslnormally facilitates PCD and supports the claim by
Lee et al. (Lee et al., 2001c), but in other interdigits, PCD
appeared to be relatively normal. However, more apoptotic
cells were detected in the mutant joints, suggesting that
Gaslis anti-apoptotic. In other affected regions of the
Gaslmutant, such as the eyes and the cerebellum (Lee et
al., 2001b; Liu et al., 2001), the PCD rate is not altered.
Either Gasl regulates PCD in a cell-context-dependent
manner or these region-specific alterations of PCD are a
secondary consequence of deregulated growth and
heterochrony of the mutant limb.

Expression of patterning genes is not obviously
affected in the Gas1~~ limbs

Owing to the fact that GAS1 can physically interact with
SHH and IHH (Lee et al., 2001a), we examined whether
there are patterning abnormalities related to deregulated
SHH signaling in theGasl mutant, using a battery of
functional marker genes in the SHH pathway. However,
we did not observe expression pattern chang#th
expression in the ZPA (Riddle et al., 1993; Echelard et al.,
1993) was activated and maintained correctly at E10 and
E10.5 (Fig. 6A and not shownyremlin, a downstream
target ofShh(Zuniga et al., 1999), was expressed in the
normal posterior domain albeit at apparently reduced
levels (Fig. 6B’). The expression Bmp2andBmp4in the

AER and the mesenchyme (reviewed by Hogan, 1996) was
also apparently normal in positions and levels (Fig.
6C’,D"). These results suggest that the thinner AER is not
due to misregulation oBmpsor gremlin Expression of
Ptc1 (Ptch) (Fig. 6E’) (Marigo et al., 1996) ar@lil (not
shown) (Hui et al., 1994) also appeared normal in the
posterior domainAlx4 (Qu et al., 1997) an@li3 (Hui et

stained with Alcian Blue and Alizarin red. Black arrowheads indicate the@l-» 1994) expression was confined to the anterior domain

reduction (C’) or lack of (D’) the second phalange of digit II; black

in the mutant as in the control (not shown). These analyses

arrows, syndactyly of digits Il and 11l (D’). (E) A table summarizing the Wwere extended to E11.5 and E12.5 and no obvious

frequency of these skeletal defects in@as1lmutants.

alterations in these expression patterns were found. Lastly,



Gas1 regulates Fgf8 and Fgf10in the limb 5293

E12.5 E1 .5 E14.5 E16.5 E17.5

con

Fig. 3. Gast’~limbs display a delay in chondrogenesis and ossification. Whole-mount Alcian Blue (for cartilage) and Alizarin Red (for
calcified bones) staining of control (con; A-F) &ast’~ (—/—; A-F’) embryonic limbs (dorsal view) at the indicated stages. In all panels, digit
I is on the left, and digit V, on the right, as labeled. Arrowheads indicate delayed cartilage condensation (A',B’); daywasodiack of
phalangeal separation (C',D’); open arrows, delayed ossification of the phalanges (F’); open arrowheads, the normalfisiagoof oktie
metacarpals (F,F’); m, metacarpal; p, phalange.

Hoxd13(Dolle et al., 1993) (Fig. 6F’) andoxb8(Charite et when observed, it was most frequent in the posterior region,
al.,, 1994) (not shown) expression was activated at a normedrely in the anterior region, and never in the central AER. Loss
distal position in th&ast/-limbs at E10.5 (not shown), E11.5 of the FGF8 input from the AER may be the main cause of the
and E12.5 (not shown). The smaller domains of expressioBaslmutant limb defects.
appear to be proportional to the smaller size of the limb bud. o ) . )
Since in the mutant autopod chondrogenesis is delayed, Wef10 expression is reduced in the distal tip

examined the expression patternghsf Bmp2, Bmp4, Bmp7 mesenchyme of the mutant limb
BmpRIA, BmpRIBNd PTHrP (reviewed by Hogan, 1996) in Fgfl0is necessary and sufficient to initidgf8 expression in
the developing cartilage. Their expression was delayethe AER (Ohuchi et al., 1997; Min et al., 1998; Sekine et al.,
corresponding to the delayed progression of the limb (by ~12999). Whether it is continuously required to maintagf8 in
hours). Once initiated, these genes were expressed in norntiaé AER has not been established. It is possible Gzl
patterns with proportionally smaller domains (data not shown)naintaing=gf10, which in turn maintainggf8in the AER. We
As Gas1'~ displays neither expanded nor reduced expressiotherefore examined whethEgf10expression is altered in the
domains ofShhandlhh downstream reporters and tBast’~ mutant. A small region of cells at the most distal tip
limb phenotype is unrelated to thoseSifh’~ (Chiang et al., mesenchyme immediately underneath the AER showed a clear
2001) andlhh™= (St-Jacques et al., 1999gas1 does not absence ofgf10 expression at E9.5 both in the control and
appear to modulate the activity of the hedgehog pathway in thautant forelimb (Fig. 8A,A). At E10.0 and E10.5 (Fig.
limb. 8B,B’,D,D’"), Fgfl0expression extended to the extreme tip of

) o o the control limb mesenchyme, whereas mutant cells located at
Gasl mutant limbs are defective in maintaining ~ Fgf8  the distal tip mesenchyme lackdeyf10 expression. This
expression reduction of Fgf10 expression could also be observed by
Because theGasl mutant AER is thinner (Fig. 4A) and whole-mount ISH (Fig. 8C',E’), but only in very few mutant
compromised AER function is a potential cause of reducetimbs (~8% of the mutant limbs) — in these casesFifi@0
mesenchymal mass (reviewed by Martin, 1998), we reasonéolss appeared to be more extensive than that seen in sections.
that expression of the AER-specifigffs may be affected in We reasoned that most mutants had a small affected domain
the Gas1lmutant.Fgf4, Fgf9 andFgfl7expression in the AER (consistently detected by section ISH) which was not easily
at E10.5 (Fig. 7A-C) and E11.5 (not shown) was normal in thdiscerned by whole-mount ISH. Note that the antefigil0
mutants when compared to the controls (not shown). lexpression domain was also slightly down regulated in the
addition, Fgf8 expression at E9.5 was also normally initiatedmutant. At E11.5, there was a moderate recover{giio
(Fig. 7D,D’). However, at E10.0 and E10.5, AER-spe¢ifif8  expression in the mutant distal mesenchyme (Fig. 8F),
expression was lost in the mutant (Fig. 7E’,F’). At E11.5temporally corresponding to the reappearance of small patches
variable small patches &Qf8 expression were regained in the of Fgf8 expression in the AER. These results support a model
mutant AER (Fig. 7G’). Thiggf8reappearance was restricted: in which Gaslis required to activatEgfl0 expression in the
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distal tip mesenchyme amaf10in this distal tip mesenchyme applied FGF10 protein to the distal tip region of thasl

is crucial for maintainind-gf8 expression in the AER. mutant limb and examined restorationFagff8 expression in
S o the AER. The trunk segments containing the forelimbs of

FGF10 injection restores  Fgf8 expression in  Gasl embryos between E9.75 and E11.5 were cultured using an in

mutant limb vitro system (Zuniga et al., 1999). At E9.75-E10ryfg

In the above model, GAS1 deficiency should be overcome hig already lost in the mutant AER), FGF10 protein ranging
supplementing FGF10 at the tip region. To test this, wérom 9.2 to 230 pg was delivered into the anterior-central
mesenchymal tip region (wheaslis normally expressed)
underneath the AER, by microinjection. Only the right limb
con was injected, hence the left limb served as an internal control.
The injected embryo trunks were cultured for 16 hours before
harvesting for assessmentraff8 expression (diagram in Fig.
9A). Injection of PBS into control (Fig. 9B) and mutant (Fig.
9E) right limbs did not alter theiFgf8 expression when
compared to the uninjected left side. Injection of 9.2 pg
FGF10 protein (but not lower amounts) into the mutant right
forelimb rescuedrFgf8 expression in the AER (Fig. 9F), while
the uninjected side showed regf8 expression. At this
amount of FGF10, only a weak and small domair-gf8
expression was observed in the central AER of the mutant
limbs. At 230 pg, FGF10 caused the entire length of the
mutant AER to express high levels B§f8 similar to the
control limb injected with the same amount of FGF10 (Fig.

D. Cell proliferation rate in the AER, distal mesenchyme, and
interdigital mesenchyme*

cells p value
Age/Structure Control Gas1-- cauiritad ¢ ttest)
E10.5 AER 54.1+2.7% 23.3+41.8% 120 < 0.001
E11.5 distal
mesenchyme
anterior 1/3 31.5+2.1% 271+1.5% 1000 < 0.05
central 1/3 29.742.4% 17.842.3 % 1000 < 0.001
posterior 1/3 37.147.8% 34.941.6 % 1000 =01
E12.5 interdigital
between lland Il  32.441.8% 22.3+4.7% 1500 < 0.001
between llland IV 21.745.6% 20.3+1.8% 1500 >0.41
between IVandV  28.0+1.4% 29.442.2% 1500 =01

* BrdU-positive cell counts are averages from three mutant and control forelimbs and shown
as percentages of positive / total counted cells to represent the rate of proliferation.

Fig. 4. Gast’~limbs display defective cell proliferation in the AER
and distal mesenchyme. In vivo BrdU labeling of control (con; A-(]
andGast’- (-/—; A-C’) embryonic forelimbs. (A,A) At E10.5,
BrdU-positive cells were markedly reduced in the mutant AER.  Fig. 5. Gast’~limbs have altered programmed cell death (PCD)

(B,B’) At E11.5, BrdU-positive cells were reduced in the region of patterns. PCD during limb development was assessed by TUNEL
distal mesenchyme (asterisk)@ast’~. At E12.5, control (C) and fluorescent labeling. IGast’~ (-/-), the TUNEL assay shows reduced
GasT’~(C’) have similar rates of cell proliferation in the interdigits and delayed PCD relative to control (con) at E11.5 (A,A), E13.5
between digits IlI/IV and IV/V, but reduced proliferation between (B,B’) and E14.0 (C,C’). White solid arrows indicate cell death at the
digits II/11l. Limbs were sectioned horizontally with the anterior at opaque patch; white open arrows, the anterior margin; open

top. Note that the chondrogenic regions of digits Ill and IV have aarrowheads, the interdigital mesenchyme; white arrowheads, the
lower rate of proliferation in the mutant (C’). (D) A table forming joints. The limbs were sectioned horizontally and the digits are
summarizing the BrdU counts of each stage. as labeled (I-V).
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9D,G). There was also a FGF10 dosage-dependent increasgression was lost for more than a day in the mutant, FGF10
in AER height in the injected mutant limbs. Notably, highinjection still rescued its expression (Fig. 91), indicating that
levels of FGF10 injected into control limbs caused arFgf8 expression in the AER requires continuous input of
increase irFgf8 expression as well as AER height compared=GF10. Injection of FGF10 to the proximal region (~200
to the uninjected side (Fig. 9D). At E11.5, after #gf8  from the AER) did not resculégf8 expression (not shown).
Finally, injection of FGF8 protein (up to 1.8 ng) into the
E9.75-E10.5 mutant limb did not rescue its own expression
con afe in the AER (Fig. 9J and not shown), suggesting that FGF8
_ cannot restoreFgf10 expression at the distal tip. Thus,
supplementation with FGF10, but not FGF8, at the distal tip
mesenchyme can overcome the requireme@asl

Hoxd13

Fig. 6.Molecular analysis oBast’~limbs for patterning genes.
Control (con; A-E) an@cas1imutant (—/—; A-E’) forelimbs were
compared for expression 8hh gremlin Bmp2, Bmp4andPtclby Fig. 7.1SH of Fgf expression in th&ast’~ AER. (A-C) Fgf4, Fgf9
ISH at E10.5. (A,A)Shhexpression appears normalGast’~ andFgf17gene expression (arrows) is norma@ast’~limb at

limbs. (C,C")Bmp2 (D,D’) Bmp4 and (E,E’)Ptclexpression is not  E10.5 as determined BYS-ISH on horizontal sections; anterior at
obviously altered. (B,B'remlinexpression appears to be slightly  top. Control (con; D-G) anGas-T'- (—/—; D’-G’) collected at E9.5
reduced in the limb mesenchyme in the mutidlokd13expression (D,D"), E10.0 (E,E"), E10.5 (F,F’) and E11.5 (G,G’) were analyzed
was examined at E11.5 (F,F’) and found to be normal in the mutant for Fgf8 expression by whole-mount ISHgf8 expression is

in a smaller domain proportional to the smaller size of the limb. initiated but not maintained. Black arrowheads indicate the location
Expression oPtcl(dorsal view) andHoxd13(lateral view, of the AER; white arrowheadBgf8 expression in other regions as
arrowheads indicate the forelimb expression) was assessed by whob internal control (in the tailbud in E and E’ and branchial arches in
mount ISH; the others, BS-ISH on horizontal sections with F’ and G’); open arrowheads, reappearance of small patcleg8of

anterior at top. expression in the posterior AER (G’); flb, forelimb; hib, hindlimb.
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E9.5

E10.0|

E10.5

E11.5

Fig. 8. Analysis ofFgfl0expression irGast’~limbs. Fgf10
expression was detected #38-ISH in control (con; A,B,D,F) and
Gast'~ (-/—; A,B’,D’,F’) forelimb buds at E9.5, E10.0, E10.5 and
E11.5 in horizontal sections<4). Arrowheads indicate the distal

DISCUSSION

We report here the limb defects of t@@asl null mutant
mouse. Deregulation ¢fgf10in the mesenchyme and loss
of Fgf8in the AER correlate with the proliferation defect
and developmental delay of ti®ast’~ limb. Our data
support a model in whiclbaslacts as a novel regulator
to maintain optimal levels ofFgfl0 in a previously
unappreciated and specialized mesenchymal region to
maintain Fgf8 in the AER. These results provide several
novel insights into limb development.

Gas1 plays a role in regulating proliferation of the
developing limb through regulating  Fgf8 and

Fgfi0

GasT’~ limbs display reduced proliferation preferentially
in the anterioito-central limb bud around E11.%5asl

is normally expressed in the anterior-to-central region
between E9.5-E11.5. Superficiallzasl appears to be

a cell autonomous positive regulator of proliferation.
ParadoxicallyGasloverexpression is known to inhibit the
cell cycle in cultured fibroblast (Del Sal et al.,, 1992).
However, reduced proliferation in tk&as1’~limb does not
completely correlate with the time and pattern Gdisl
expression. Reduced proliferation only became measurable
after theFgf8 expression in the AER was lost, indicating that
the proliferation defect is more likely the consequence of
compromised AER function (reviewed by Johnson and
Tabin, 1997). The preferential reduction in the anterior-to-
central domain may reflect the fact tikajf4, 9 and17 are

all expressed in their normal posterior AER domain,
whereasFgf8 is lost throughout the AER and thus the
anterior-to-central domain does not continue to receive the
FGF signal. However, we cannot exclude the possibility that
Gaslalso directly contributes to anterior limb mesenchyme
proliferation.

The mutant AER also has a decreased rate of
proliferation. Our data suggest tiaaslacts indirectly to
promote AER proliferation by establishing high levels of
FGF10 at the distal tip mesenchyme. Consistently, injection
of FGF10 at a high dosage can rescue the mutant AER such
that it corresponds to wild-type AER in height and levels of
Fgf8 expression (Fig. 9G). This increase of AER height
leads us to propose that FGF10 regulates not only the level
of Fgf8 expression in the AER but also the proliferation of
the AER.

The continuous requirement of FGF10 for

maintaining Fgf8 expression in the AER

Both gain-of-function (Ohuchi et al., 1997) and gene
inactivation studies (Min et al., 1998; Sekine et al., 1999)
have provided evidence thiagjf8 activation require&gf10

tip mesenchyme underneath the AER; brackets, the region of distalyg\wever. it was not clear wheth&gf10 continues to be

tip mesenchyme with reducé&adf10expression in the mutant;

white arrowhead, moderately recovefegfl0expression at the

distal region at E11.3=gf10expression was also assessed by
whole-mount ISH in control (C,E) ar@ast/-(C’,E’) forelimbs

at E10.0 and E10.5 (dorsal and dorsal-lateral views, respectively).
Only 2 out of 12 E10.0 and 2 out of 13 E10.5 embryos showed
clear defects oFgfl0expression in one of the limbs by whole
mount.

required to maintainFgf8 expression in the AER after
initiation. The loss ofFgf1QFgf8 in the Gast’~ limb and
our FGF10 injection data in tii@as1/~background strongly
indicate thatFgfl0 at the distal region is continuously
required forFgf8 expression and that the AER retains the
potential to respond to FGF10 long after the los&gfB
expression.



Fig. 9. FGF10 restoreEgF8 expression irGast’~

limbs. Mouse trunk fragments containing forelimbs
were isolated from E9.75-E11.5 control (con; B-D) and
mutant (—/—; E-G) embryos. (A) Diagram of FGF10
injection in anterior tip domain of the mesenchyme in
the right limb. The injected embryo fragments were
cultured for 16 hours and then subjected to whole-
mount ISH to assay fd¥gf8 expression in the AER.
(B,E) PBS-injected, (C,D,F,G) injected with
recombinant human FGF10 protein: (C,F) 9.2 pg and
(D,G) 230 pg. Note that in D and G, the color was
developed for 20 minutes to reveal the upregulation of
Fgf8in the injected wild-type limb (open arrowhead in
D). The others were developed for 90 minutes. /-
(J) Mutant E9.75 forelimb injected with 560 pg of

FGF8 did not show any rescueFkaff8 expression in the
AER. (H,]) Mutant E11.5 forelimbs were injected with

PBS (H) or 230 pg of FGF10 (lFgf8 expression in the

AER was rescued in the FGF10-injected samples
(arrowheads in F,G,I). Owing to the angle of the limbs
relative to the body at this stage, the image was taken irr/-
a ventral view with the anterior pointing down. The

control E11.5 limbs retaindegf8 expression in the

AER after culture (not shown).

con

L}

The Gasl mutant defines a domain of
distal tip mesenchyme required for
maintenance

Gasl is required forFgfl0 transcription at the distal tip

Fgf10 in the
Fgf8

+ FGF
712 16hrs

E9 75-E11.0
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>;

E10 25-E11.5

H C

Assay for Fgf8
expression by
whole mount in situ

~

FGF10(230pg)

FGF10 (9.2pg)

-*'-o"".

FGF10(230pg) FGF8(560pg)

posterior borders next to the ectoderm, it is not sufficient to
maintainFgf8there. ThirdFgf4, 9 and17 expression is present

in the mutant, suggesting that either the FGF10 in the proximal
region is sufficient to maintain their expression or their

mesenchyme of the limb between E10 and E11.5. Normallgxpression does not depend on FGF10. One possible
from E10,Fgfl0is expressed in a broad contiguous domairmechanism whereby the thrdegfs are expressed in the

directly underneath and extending 150-200 away from the

absence of the distal FGF10 is that they are regulated by

AER. In Gast’~ limbs, Fgf10 expression is lost in the distal- SHH/ZPA.
most 3-5 cell layers (or more cell layers in rare cases) next to

the AER (Fig. 8BE'). In the chick, FGF8 or AER signals The relationship between

including a combination of FGFs induEgf10expression over
a broad domain (Ohuchi et al., 1997). Gast’~ limbs, the

Gasl1 and the Fgf8 and
Fgf10 regulatory loop

Gaslmaintaing=gfl0expression at the tip mesenchyme, either

proximal Fgf10 domain is relatively normal (though weaker directly or indirectly. Gasl is normally expressed in the
anteriorly), suggesting that the remaining AER FGFs can stiknterior two-thirds of the limb (Fig. 1H). It is possible that
act over a long distance. However, it also indicates that thesgas1directly controls distaFgf10 expression in this region

remaining FGFs are not sufficient to maint&gfl10 at the

(Fig. 10, model a). In this model, two signals are required to

distal tip, even though FGFRI expression is normal (includingnaintain Fgf10 at the tip,Gaslin the mesenchyme and the
the tip region, not shown) in the mutant limb. Reciprocally, ouFgf8in the AER. In a model of indirect contréaslmay help
data indicate that the distal tigf10 expression is necessary to mediateFgf8s feedback regulatory loop, which maintains
and sufficient, as shown by FGF10 rescue injection, tdhe tip Fgfl10 expression (Fig. 10, model b). In this model,
maintainFgf8. ThusGaslis necessary to maintain the distal GAS1 is an obligatory component of FGF8 signaling as

Fgfl0domain and this is required to maint&gf8 expression
in the AER.

injection of high doses of FGFS8 fails to overcome @as1/-
phenotype. However, it should be noted that except for their

This finding provides several novel insights (Fig. 10). Firstsimilar limb defectsGasl mutants and-gf mutants do not

there are two distinct regulatory mechanisms Fgfl0

expression in the limb mesenchyme: the distal tip domair(Sun et al.,

share any common defects in other tissues outside of the limb
1999), suggesting a specialized functioBasl

which requiressasi1function, and the proximal larger domain, in the limb in relation td=gf8. In either model, it is intriguing

which does not. Second, only this tip region B§f10
expression is responsible for maintenance of B8
expression in the entire AER. Although the proxirkgf10

that theFgfl0expression is more affected in the central tip than
the anterior region in th&as1’/~limb and that this causes the
entire domain oFgf8-AER expression to be lost. Nonetheless,

expression domain in the mutant extends to the anterior aride discovery thaGaslin the mesenchyme is an additional
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wt models for regulation of distal Fgf10

Fig. 10.Proposed models f@saslaction and~gf10
regulation in the developing limb. At the early phase
of limb formation,Gas1lis not required for

Fgf10'Fgf8 expression in the proximal mesenchyme
and the AER, respectively (left). In the wild type (wt),
Gaslis expressed in the anterior two-thirds of the
mesenchymergfl0in a large contiguous domain of
the limb mesenchyme composed of a proximal and a
distal domain, anégf8in the AER. In theGasl
mutant,Fgfl0expression is lacking at the distal
domain,Fgf8is not maintained and the AER is
thinner (bottom panel). Our FGF10 rescue injection
data indicate that FGF10 at the distal mesenchyme is
continuously required to maintalfgf8 expression
(black arrow). We propose thagf10expression in

the distal mesenchyme is either directly regulated by

Gasland AERFgf8,in parallel (red arrows; model a)

or by Fgf8in the AER through a pathway that

requiresGaslactivity (converged red arrow; model

b). We also propose that the proximal domain of

FgflOexpression can be maintained (purple arrow) by

Fgf4, 9 and17in the posterior AER in the absence of

Fgf8. Fgf8 may also contribute to this regulation

normally. The color code for each gene expression

domain is at the right bottom corner.

R
NN

0o

gf8

Gas1--

Gas1
Proximal Fgf10
Fgf4, 9, 17 Distal Fgfio
Fgf8
Fgf4, 9,17

component in the regulatory loop betweRgf10Fgf8 adds a  Reduced proliferation and digit malformation

new dimension to this molecular network. Missing phalanges and syndactyly, the phenotyp&ast’-,

can also be induced by chemical inhibitors of proliferation,
The differences between Gasl mutant and Fgf8 presumably because the autopod elements are most vulnerable
AER-knock-out mutants as they are formed late (Shubin and Alberch, 1986). The

@Qterior digit condensations appear even later than the posterior
ones (Burke and Alberch, 1985), making them more sensitive

forelimb phenotype is discussed. WhEgf8 is inactivated to growth disruption. The small phalanges and metacarpals in

. € sm
prior to its expression in the AER (Moon and Capecchi, 2000§1€_forelimb of Hoxd13'= mice (Dolle et al., 1993) were

there is a severe growth defect and a logBgf0 expression attributed to decrez?_sed proliferation (Duboule, 1995). We
in the anterior limb. WheRgf8 is inactivated shortly after its propose that th€as1™autopod defects are also a consequence

initiation (Lewandoski et al., 2000), the limb defect is milderOf insufficient precursor mesenchyme generated earlier, thereby

and the Fgfl0 expression is normal. In both cases thecausing delayed chondrogenesis and small condensation sizes.

forelimbs are observably smaller at E10.5 and develop witﬂ—he”""mer'orld'gf't defects hmay lthus"bebdue tol deplet(ljon of a
shortened or missing proximal bones in addition to the autopog 'a"€" POl 01 mesenchymal cells by €arly condensing
defects. In contrast, th8as1mutant's limb size reduction is posterior elements. Since the alterations of the proliferation and

not measurable prior to E10.5 and the phenotype is restrictéd- 2 Patterns in the mutant do not strictly correlate Witis1

to the autopod. One possible explanation is thatGael ©XPression, we suggest that they reflect a secondary
mutant losesFgf8 expression later and has higher levels ofconsequence of the heterochrony of the mutant limb caused by

; the deregulation dfgf8. The loss of-gf8 expression may also
residual FGF8 than botRgfAER-KO mutants. The three
mutants may thus represdfyf8 deficiency at different stages account for reduced PCD at E11.5 (Montero et al.,, 2001).
and/or of different levels. Together, these data suggest If,j{nally, 'ghe relatively normal patterns of the condensatlo_ns and
progressively diminishing requirement®§f8 activity for the ~ €xPression oBmp2 Bmp4 Bmp7 BmpRIB Ihh, andPTHrPin

I—1; .
proximal elements during the PD growth and patterning of th1€Gas ~limb further argue for a defect in early mesenchymal
limb. mass rather than a disruption in patterning or bone growth per

One difference between th@asland theFgf/AER-KO ~ SE: AS the chondrogenic growth regulatory network appears
mutants is puzzling: high levels 64 are activated in the relatively normal, this may explain the post-natal compensatory

entire AER in both types ¢fgf8/AER-KO mutants (Moon and  9rowth of the mutant autopod elements.
Capecchi, 2000; Lewandoski et al., 2000). This does not occur
In theGas1mutant. While the precise reason for this dlfferenansights to help us to complete this project, and her tireless effort to
1S unknqwn, we suggest t_hat activation of compenséﬁgfy . correct the manuscript. We also thank Drs A. Fire, D. Koshland and
expression along the entire length of the AER still requireg memper of the Tabin lab for critical reading of the manuscript. This
Fgf10 at the specialized distal tip mesenchyme, which isvork is supported by the Beckman Foundation, the Dammon-Runyon
missing only in theGaslmutant. Cancer Research Fund and an NIH grant (RO1-HD 35596).

TheGaslmutant has phenotypes less severe than the two typ
of Fgf&/AER-KO mutants reported. For simplicity, only the

We are in debt to Dr Lee Niswander for her encouragement and
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