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Summary

Fibroblast growth factor 8 (Fgf8) is expressed in many
domains of the developing embryo. Globally decreased
FGF8 signaling during murine embryogenesis results in a
hypomorphic phenotype with a constellation of heart,
outflow tract, great vessel and pharyngeal gland defects

vascular defects reported in Fgf8 hypomorphs.
Surprisingly, no cardiac, outflow tract or glandular defects
were found in ectodermal-domain mutants, indicating that
ectodermally derived FGF8 has essential roles during
pharyngeal arch vascular development distinct from

that phenocopies human deletion 22q11 syndromes, such asthose in cardiac, outflow tract and pharyngeal gland

DiGeorge. We postulate that theseFgf8 hypomorphic
phenotypes result from disruption of local FGF8 signaling
from pharyngeal arch epithelia to mesenchymal cells
populating and migrating through the third and fourth
pharyngeal arches.

To test our hypothesis, and to determine whether the
pharyngeal ectoderm and endodermFgf8 expression
domains have discrete functional roles, we performed
conditional mutagenesis of Fgf8 using novel Cre-
recombinase drivers to achieve domain-specific ablation of
Fgf8 gene function in the pharyngeal arch ectoderm and
endoderm.

Remarkably, ablating FGF8 protein in the pharyngeal
arch ectoderm causes failure of formation of the fourth
pharyngeal arch artery that results in aortic arch and
subclavian artery anomalies in 95% of mutants; these
defects recapitulate the spectrum and frequency of

morphogenesis. By contrast, ablation of FGF8 in the third
and fourth pharyngeal endoderm and ectoderm caused
glandular defects and bicuspid aortic valve, which indicates
that the FGF8 endodermal domain has discrete roles in
pharyngeal and valvar development. These results support
our hypotheses that local FGF8 signaling from the
pharyngeal epithelia is required for pharyngeal vascular
and glandular development, and that the pharyngeal
ectodermal and endodermal domains of FGF8 have
separate functions.

Key words: Cardiovascular development, Pharyngeal arch, FGF8,
Endoderm, Heart field, Pharyngeal arch artery, Congenital heart
disease, Vasculogenesis, Aortic arch, Outflow tract, Coronary artery,
Thymus, Parathyroid, 22g11 deletion syndrome, DiGeorge
Syndrome

Introduction

initially symmetric vascular array is extensively remodeled

The pharyngeal arches (PAs) consist of mesenchyme enca&fing development.  This morphogenetic process is
in ectoderm and endoderm. PA mesenchyme is derived frogPordinately regulated by a number of signaling pathways that,
paraxial mesoderm and neural crest (NC, ectomesenchymg)PeftUVbed, can result in aberrant format|_on and/or remodellng
Mesoderm-derived mesenchyme contributes muscular artf the PAAs and lethal congenital cardiovascular
endothelial precursors to the PAs. Some of theénalformations.

ectomesenchyme gives rise to skeletal structures, and toFgf8 encodes a crucial member of the FGF family
pericytes and smooth muscle cells of the pharyngeal ardMacArthur et al., 1995). Secreted FGF8 protein provides
arteries (PAAs), while a different population traverses the PAsurvival, mitogenic, anti/pro-differentiation and patterning
en route to forming parts of the outflow tract (OFT) and hearsignals to adjacent tissues, and may also have autocrine
(Jiang et al., 2000; Li et al., 2000). A PAA forms within eachactivity. Complete ablation d¥gf8 function in mice results in
arch, connecting the heart to the bilateral dorsal aortae; théarly embryonic lethality at approximately embryonic day (E)
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8.5 (Meyers et al., 1998; Moon and Capecchi, 2000; Sun et aMaterials and methods
1999). We and others have thus employed hypomorphic angtant mouse strains

cond_itional alleles to study its role in limb, face, braln’The strategy for homologous recombination in ES cells used to target
cardiovascular and pharyngeal development (Abu-Issa et akgfg and the other loci noted below, was as previously described
2002; Frank et al., 2002; Garel et al., 2003; Meyers et al., 1998vio0n et al., 2000).

Meyers and Martin, 1999; Moon et al.,, 2000; Moon and

Capecchi, 2000; Storm et al., 2003; Sun et al., 2000; Trumgponditional alleles of = Fgf8

et al., 1999). The conditional alleles employed in this study are shown
Fgf8 mutations in several species demonstrate its ro|e(§chematically in_Fig. 1. Insertion of the GFP reporter gene into’ the 3

in early cardiovascular and PA development. Zebrafisiintranslated region ¢fgf8 was performed as previously described for

acerebellar Fgf8 mutants have abnormal cardiogenesis the Fgf8PN hypomorphic, conditional reporter allele (Frank et al.,

. . . : 4 '2002; Moon and Capecchi, 2000). Tigfg"u!l allele, resulting from
ventricular hypoplasia and circulatory failure (Reifers etrzemoval of exon 5, has also been reported (Moon and Capecchi,

al., 2000). 'Removal 0Fgf8gxpre§smg endoderm adjqcent 000). Mutant embryos are in a 75% Cb57BI6, 25% SV129
to precardiac mesoderm in chicks alters expression Qfackground.

cardiac markers such askx2.5 (Alsan and Schultheiss,
2002). AP20a-IRESCre driver

In the mouseFgf8 is expressed in several temporospatialAn ectodermal domain-specific ‘Cre driver' was generated by
domains that are potentially relevant to cardiovascular angrgeting an IRESCre cassette into thei@ranslated region of the
pharyngeal development. These include the precardid&PZﬂ Iopus (Fig. 2A). This cassette contains an Intemal Ribosomal
mesoderm (Crossley and Martin, 1995), the early foreguet"y Site, IRES (Jackson et al., 1990; Jang and Wimmer, 1990),
endoderm and later, in restricted regions of PA endoderf{pstream of the Cre recombinase gene (Sauer and Henderson, 1988)
and ectoderm. MurineFgf8 hypomorphic mutants (mice and an frt-flanked neomycin phosphotransferase gene (Fig. 2A).

. . . Placing the IRESCre cassette between the stop codon and the
with globally decreased FGF8 signaling throthOUtenEogenous poly-adenylation signal allows regulation of Cre

embryogenesis) have severe cardiovascular and pharyng@gfression by théP2a locus with intactAP2a gene function.
defects, including altered cardiac outflow tract (OFT)

alignment and septation, disrupted pharyngeal vasculdtoxa3-IRESCre driver

development, and abnormal formation of the thymus ando ablate FGF8 in both the endoderm and ectoderm of PAs 3-6, we
parathyroids (Abu-Issa et al., 2002; Frank et al., 2002). Thegargeted the IRESCre cassette intottbga3locus in a genomiépal

Fgf8 hypomorphs phenocopy human syndromes associatétie located 3of the stop codon (Fig. 3A).

with deletion of chromosome 22q11 (del22qll) such a . -
DiGeorge syndrome (Epstein, 2001; Frank et al., 200 A:tz:::g pﬂgzpzzgzg 22::::9 was performed as previously described
Lindsay, 2001; Scambler, 2000). Furthermor&gf8 (Moon etpal 2000) 9 P P y
genetically interacts witflTbx1 (Vitelli et al., 2002), a gene v ’

located in the human del22g11 region known to play a cruciatUNEL analysis and immunohistochemistry

role in generating human del22q11 phenotypes (Jerome aR@mite/stage-matched embryos were fixed and whole mount terminal
Papaioannou, 2001; Lindsay et al., 2001; Merscher et alyTP nick end labeled (TUNEL) assays performed as described
2001). Thus, delineating the function of specific FGF8previously (Frank et al., 2002; Stadler et al., 2001).

signaling domains and downstream pathways will provide Whole-mount green fluorescent protein (GFP) detection was
insight into how their dysfunction results in the spectrum opPerformed on whole embryos using a rabbit anti-GFP and FITC-
birth defects seen in human del22g11syndromes. conjugated anti-rabbit IgG secondary antibodies (1:1000 and 1:500,

Although theFgf8 hypomorphic model provides enormous "SPECtively, both from Molecular Probes). .
insight into the importance of FGF8 signaling during For cryosectioned specimens, embryos were protected in sucrose

di | d oh ld | t it d t all and gelatin-embedded. Cryosections () were cut transversely,
cardiovascular and pharyngeal development, it does not a og\érallel to the third PAA. The Ap2transcription factor, which is
X

us to test the role of local (pharyngeally produced) FGF8 i pressed in neural crest and ectoderm, was detected with a mouse

development of the pharynx or cardiovascular system, or t@onoclonal anti-AP&-antibody (1:25, 3B5, Developmental Studies

dissect the respective role(s) of differedfgf8 expression Hybridoma Bank) and a FITC-conjugated anti-mouse IgG secondary

domains that are relevant to these morphogenetic processgis500, Molecular Probes). Simultaneous TUNEL was performed by

Furthermore, analyses of the molecular and cellular pathwayslding the TMR Red in situ cell death detection reagents (Roche)

that are disrupted by loss of a spedff8 expression domain to secondary antibody incubation. Sections were preserved in

cannot be assessed with this system. Fluoromount-G (Southern Biotechnology Associates) and analyzed
We have postulated that thgf hypomorph cardiovascular i T8 3 (Hetet e B e e ntocal maging

a_nd p_haryngeal phen_otyp_es result from disrupted local FGFrsgglstem fitted to a Leitz Aristoplan microscope. A digital Kalman

S|gnaI|n.g from the ?p'th.e“a of PAs 3-6 to mesenchymal C?”%veraging filter was used to reduce background fluorescence.

populating and migrating through these arches, including

cardiac neural crest en route to the OFT (Frank et al., 2002).

To test this hypothesis, and to determine whether FGF8 signgises|ts

emanating from the pharyngeal ectoderm and endoder . .

perform discrete functions, we generated a unique series E}ements of the conditional mutagenesis system

Fgf8 conditional alleles and Cre recombinase-expressin§onditional alleles of Fgf8

drivers designed to ablate FGF8 in different pharyngeabince Fgf8 null homozygotes die at approximately E8.5 due

epithelial domains. to defects in gastrulation (Meyers et al., 1998; Moon and
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Capecchi, 2000; Sun et al., 1999), conditional mutagenesis A Fgfs#~ o Fgf8sN conditional alleles: hypomorphic
required to study the different roles of this protein during -
murine development. L :

We previously described a conditional reporter allele @ P loxP site
Fgf8APN that is hypomorphic due to the presence of d nec == I frt site
gene in the Buntranslated region of thegf8 locus (Frank et B Fgf8*® o Fgfas conditional alleles: nonhypomorphic

al., 2002; Moon and Capecchi, 2000) (Fig. 1A). Mice bearin( B34 5 H
this allele and a null allele ¢fgf8 are hypomorphs (genotype -
FgfgAPNnul) and die at birth with the aforementioned complex l

phenotype (Frank et al., 2002).

For the current study, we modified tRgf8 PN allele by
removing the frt-flanked néogene with flp-mediated —EE .
recombination in the germline of founder animals (DymeckiFi 1 Nonhvoomorohic. conditional reporter alleles=aff8 used
1996) (Fig. 1B). /T|k|1e resultingFgf8*" allele is _not fo?domain-sy[?ecific gb|aﬁ0n experimen?s. (A) DifferSlej:%‘tf cassettes
hypomorphmng&AP nulcompound heterozygotes survive andere inserted into the 8 TR of Fgf8to generate thEgf8*PN and
are phenotypically normal (see Fig. 4A). THaf8*Pallele was  FgfgeFPNalleles. An in-frame splice acceptor and the alkaline
also designed as a conditional reporter allele: exon 5 is flank@tlosphatase (AP) or green fluorescent protein (GFP) reporter genes
with loxP sites and coding sequences for human alkalin@reen boxes) were positioned downstream of thex® site (red
phosphatase (AP) are positioned in th&r@ranslated region arrowhgads) an(_j an frt-flanked hgene (green bars flanking labeled
of Fgf8. Cre-mediated recombination of this allele removegrow) in aSpé site located in the’®TR of Fgf8. These alleles are

exon 5 and allows expression of the AP reporter gene undByPomorphic because the presence of.riélp-mediated
control of theFgf8 promoter. recombination (purple arrow) of frt sites (green bars) deletes tfie neo

We also generated a second nonhypomorphic conditionggne and generates nonhypomorphic conditional reporter alleles,

> . f8AP andFgfg8CeFP. FgfgAP andFgf8CFP alleles are inactivated with
FP
reporter allele Fgf8°FP, using the strategy described for therespect to production of functiona$f8 message when Cre (large red

Fgf8 allele. Fgf85FP functions identically td=gf8"" except  arrow) recombines the loxP sites (red arrowheads) to delete exon 5
that green fluorescent protein (GFP) is produced upon Crémoon and Capecchi, 2000). Recombination results in expression of
mediated recombination of the allele. the AP or GFP reporter gene under contrdfghiB regulatory
Expression of either reporter gene depends on: (1) Creequencesgf8APR Fgf8FPR), allowing detection of functionally

mediated recombination &igf8“P or Fgf8SFP to generate the relevant recombination ¢#gf8 (i.e. inactivation ofFgf8in cells in
Fgf8\PR and Fgf8SFPR null reporter alleles (Fig. 1C) and (2) Whichitis expressed).
activity of the Fgf8 locus. These reporters permit precise
determination of the temporospatial inactivation Fgff8 in
cells in which it is expressed (Moon et al., 2000; Moon andl., 1991), including pharyngeal NC and ectoderm (Brewer et
Capecchi, 2000). al., 2002). Lineage analyses of the2a-IRESCredriver in the

PAs were performed by crossing this allele into mice bearing
Domain-specific Cre-recombinase drivers for conditional the Rosa26<Z allele (genotype AP'RESCre/* Rosa2éicZ/+,
ablation of FGF8 in the pharyngeal epithelia Fig. 2C).B-Galactosidase activity is detectable in developing
Deletion of exon 5 from the d¥gf8*P or Fgf8SFP conditional  PAsl1 and 2, indicating that onset of Cre activity occurred at
alleles depends on expression and activity of Cre-recombinasgpproximately the 10 somite stage (ss, indicated in lower right
We obtained spatial and temporal control over Cre by insertingorner of each panel). Caudal ectoderm over the region that
an IRES followed by Cre-encoding sequences into the 3will form PAs3-6 is also stained prior to definitive arch
untranslated region of two genes that are expressed formation (Fig. 2C, large red arrowheads).
pharyngeal domains of interest, thp2a andhoxa3loci (see Cells that express botP2a-IRESCre and Fgf8 were
Materials and methods; Fig. 2A, Fig. 3A). As described iridentified by staining for alkaline phosphatase (AP) activity in
detail below, to determine whether expression of these targeted Fgf8AP/*; AP2a!RES-Cre/+ 21 ss embryo. Analysis of whole
Cre drivers recapitulated the pattern of the endogenous loci, weount and coronal sections demonstrates that AP is expressed
examined the expression of the global Cre reporter genspecifically in the ectoderm of PAs 1-3 (Fig. 2D). This
Rosa28<Z (Soriano, 1999). Cre-mediated recombination ofexpression pattern reflects cells of the A&Pfheage that
theRosa2&<Z allele results ifB-galactosidase production from expressFgf8 PR (generated byAP2a-IRESCreactivity), and
the recombined, constituitively expressdtbsa26 locus. defines the functionally relevant domainsFoff8 inactivation.
Furthermore, we determined the domains of functionally We confirmed thaAP2a-IRESCreablates Fgf8 throughout
relevant recombination ¢fgf8 obtained with these Cre drivers its ectodermal expression domains by comparing expression
by characterizing expression of recombirfgf8 conditional of GFP in Fgf8SFP/+;AP2a/RES-Crel+  embryos  versus

C Fgf8APR or FgfBSFPR reporter alleles: Fgf8 null, expresses reporter

reporter alleles in the developing PAs. Fgf8CFP/+:deleterCreembryos (Fig. 2E, left and right panels,
respectively). TheleleterCretransgene is active in germ cells

APZ2a-IRESCre ablates FGF8 signaling from the PA so Fgf8®FPis recombined in all cells of the embryo from the

ectoderm earliest developmental stages (Schwenk et al., 1995).

We ablatedgf8 gene function in its PA ectodermal expressionTherefore, GFP expression kgf8cFP/+;deleterCreembryos
domains from the time of PA formation with the targeteddepends only on the activity of th&yf8 locus. Importantly,
AP20-IRESCre driver (Fig. 2A,B). The AP2a gene is Fgf8GFPRexpression in the PA ectoderm is the same whether
expressed in many regions of the mouse embryo (Mitchell étresults from the action &P2a-IRESCreor deleterCre(Fig.
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Fig. 2. The Ap2a-IRESCre driver ablate
FGF8 in the developing pharyngeal ar(
(PA) ectoderm. (A) A 12 kb genomic
fragment containing exons 6, 7, tHe 3
UTR and polyadenylation signal from t
ApZ2a locus was used to generate the
targeting vector for homologous
recombination in ES cells. (B) The
targeted allele contains the IRESCre

. Not1
cassette (see Materials and methods), .

B targeted AP20-IRESCre allele

|é’ :

Research article

[l frt site
@ translation stop

Xhol

Ascl Ascl

positioned 198 bp'3f the translation ; -
stop in an engineerekkd site. it f
(C) AP20-IRESCrewas tested for Cre
activity by crossing to thRosa2&cZ
reporter strain. 12, 21 and 35 somite
stage embryos, with the genotype
AP2q'RESCre/+ Rosa2&cZ/* were
assayed foB-galactosidase activity (blu
staining). Somite stages (ss) are label
in the lower right corner of each panel

and PAs are numbered. Blue staining,
both yellow and red arrowheads denot
regions of Cre activity in the ectoderm
the PAs as they develop; Cre activity ir
the caudal ectoderm that will form PAs
6 is highlighted by the large red

arrowhead in the 12 and 21 ss embryc
(D) Functionally relevant recombinatiol
of the Fgf8AP conditional reporter allele

in the developing PA ectoderm by tAR2a-IRESCredriver. A whole-mount, 21 $5gf8AP/*; AP2arIRESCrel+empryo is shown in the left panel
after assaying for alkaline phosphatase activity. The black line indicates the plane of the coronal section shown eifel.rifi ectoderm
of developing PA 3, and that of PAs 1 and 2, are stained violet becaegi8tiR activity. AlthoughAP2a-IRESCreis expressed in neural

crest, the ectomesenchyme of the PAs is not stained bdegidss not expressed in these cells. fB)2a0-IRESCreablated=gf8 function
throughout its expression domains in the PA ectoderm. ExpressiigsfPRafter recombination with tha@P2a-IRESCre(left panel) versus
universal ‘deleter’ Cre driver (right panel) (Schwenk et al., 1995), was assessed by whole-mount anti-GFP immunohistatizhsstry
stage-matched embryos (ss in lower right corner). The domakgf®inactivation resulting from thAP2a-IRESCredriver are the same
ectodermal domains detected with the universal ‘deleter’ Fg)f8SFFPRis expressed in caudal ectoderm that will form PAs 3-6. (F,G) Coronal
sections through PAs 1 and 2, and the developing third arch region of a 20 ss &miasfd/+;AP20'RESCre*empryo (G) revealsgfeSFPR
expression throughout the ectoderm of the developing third arch and cleft.

2E). AlthoughFgf8 is also expressed in the PA endoderm aectoderm of PAs 3-6 (see Fig. 3C, sectioned 20 ss and 23 ss

this stage (discussed below), the endodermal domain of GFEnbryos).

expression in th&gfgeFP/*;deleterCreembryo (Fig. 2E, right

EctodermallacZ staining is lighter than in
mesenchyme (which may explain inability to detect this

panel) is obscured by overlying ectodermal signal. Coronalomain ofhoxa3mRNA by in situ hybridization). Ectodermal

sections of a 20 sBgf8SFP/*; AP2a'RES-Cre+ empryo (Fig.

2F,G) reveal thaAP2a-IRESCreis not active in the endoderm,

expression was consistent in all embryos and was also
confirmed using th&gf8CFP reporter allele.

and that the ectoderm of PAs 1, 2 and developing PA3 expressTo evaluate functionally relevant activity ofioxa3

GFP.

All of these data provide confirm that iRgf8AP20-
IRESCre conditional mutants Hgf8SFP/null - Ap2IRES-Cre)
FGF8 is ablated specifically in the PA ectoderm.

hoxa3-IRESCre ablates FGF8 signaling from the PA
endoderm and ectoderm

To simultaneously ablaté&gf8 gene function in both the
endoderm and ectoderm of PAs 3-6, we used hibea3
IRESCre driver (Fig. 3A,B). Lineage analysis dfoxa3-

IRESCrein Fgf8-expressing cells, we analyzdehfg8GFPR
expression irFgf8eFP/+: hoxa3RESCre/*coronally sectioned
embryos (Fig. 3D) in comparison wifgf8GFP/*:deleterCre
embryos (Fig. 3E). The relative planes of ventral and dorsal
coronal sections are demonstrated by the black lines labeled
v and d in the 20 ss whole mount in Fig. F@f8SFPR s
clearly expressed in the endoderm and ectoderm of
developing PAs 3-6, including pharyngeal pouches and clefts.
At the 20 ss, ventral and dorsal sections (Fig. 3D, 20v and
20d, respectively) showgf8GFPR expression throughout the

IRESCrein hoxa3RESCre/+ Rosa2&°Z* embryos shows that PA3 endoderm, including the developing third pouch (3p),
hoxa3-IRESCreecapitulates the caudal to rostral progressiorand ectoderm. By the 24 s$gf8SFPR expression is
of the endogenousoxa3locus (Fig. 3C, 10-28 ss whole-mount decreasing in the rostral endoderm of PA3, but persists in

panels). Previous reports describbdxa3 expression in

caudal endoderm and pouch (Fig. 3D, 24v and 24d, yellow

endoderm and mesenchyme of PAs3 and 4 (Manley armtrowheads). At the 27 ss, GFP is detected throughout

Capecchi, 1995), but we also four@cZ staining in the

endoderm and ectoderm of PA4 as it forms. Remarkably,
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Fig. 3.hoxa3IRESCreablated-gf8 function A genomic Hoxa3 wild type locus
in the third and fourth PA endoderm and

. ATG polyA
ectoderm. (A) 11 kb of murineoxa3 | |
genomic sequence extending from'a 5 sau3A pal ' EcoRl
Sau®\l site to anEcaRl site 3 of the stop
codon in exon 2 was used to create the I frtsite
targeting vector. (B) The targeted allele B targeted Hoxa3-IRESCre allele @ translation stop

contains the IRESCre cassette (red box) ATG polyA
inserted in ar\pa site four bases'df the } 7
stop codon. Function of th®xa3-IRESCre BETER EcoRl
allele assayed with tHeosa28<Z reporter. !
(C) Whole-mount and sectioned preparati

of Rosa26°Z+; hoxa3RESCrel+embryos

stained foi3-galactosidase activity (blue
staining) at the 10, 16, 20, 23 and 26-28 ¢
reveal the caudal-to-rostral progression of
hoxa3|IRESCreactivity and anterior limit at

the rhombomere 4/5 boundary and the
anterior border of PA3. The relatively dors D
plane of the coronal sections through the

is demonstrated by the black line labeled
whole-mount panel 20. These results
demonstratéioxa3IRESCreactivity in all

three tissue layers of developing PAs 3-6.

PAs are numbered; ss are noted in lower
corner of each panel. 2p, PA2 pouch; en,
endoderm. (D,E) Functionally relevant
recombination oFgf8FF in the developing

PA epithelia byhoxa3IRESCreoccurs 24y

4 24d
throughout thé-gf8 PA3-6 epithelial E
expression domains. (D) Coronal sections
through the PAs of different staggfgcFP/+; 2 2
hoxa3RESCre/*embryos were assayed for »
GFP using fluorescent
immunohistochemistry. Somite stages (ss 3 3
are labeled in the lower right corner of ear
panel followed by a letter indicating relativ
plane of each section within the arch of 3p 3p
interest; v, ventral; d, dorsal (plane illustra
in Fig. 3C, whole-mount panel 20, black 20d 24v 24d

lines labeled v or d). PAs are numbered; &y,
PA3 pouch, etd=gf8éFPRexpression is initially detected throughout the epithelia of developing PA3 and then is lost from the rostral endoderm
(yellow arrowheads, sections 24v, d and 27v, d). Becauseosa28<Z reporter studies in Fig. 3C indicate thaxa3|RESCres active

throughout the endoderm of PA3 from the 20 ss, this loBgf@FFPRexpression in rostral endoderm reflects a change iRgf8expression

domain, not failure ohoxa3-IRESCrexpression in these cells. (E) GFP expression was assayed in coronal se@gd83f*; deleterCre

embryos. Stage-matched embryos to those shown in D were assayed for GFP. Note that the expression of GFP from themluibally reco
Fgf8GFPRallele entirely recapitulates that seen in the PABgH8SFP/*; hoxa3RESCrel*embryos, including the loss of expression at later stages

in the rostral endoderm of PA3 (yellow arrowheads, sections 24v,d and 27v,d). These studies cohfira3H&ESCrablated=gf8 function
throughout its PA epithelial expression domains from at least 20 ss. Labels are as noted for D.

the expression pattern of GFP was the same i1995). These are the relevant domainshoka3-IRESCre
Fgf8CFP/* deleterCreandFgf8GFP/*; hoxa3RESCre/*embryos.  activity.

Note thatFgf8 is not expressed in PA mesenchyme (Fig.

2D.F.G: Figg 3DI,E). P ! y (Fig Phenotypes of Fgf8 domain-specific conditional

In concert, the data in Fig. 3 clearly show that inMutants
FgfgeFPnull HoxadRES-Crel+ mutants Egf8;hoxa3-IRESCre Ablation of FGF8 from the PA ectoderm causes vascular
mutants), FGF8 is ablated throughout its expression domairiefects
in endoderm and ectoderm of developing PAs 3®a3- The consequence of specifically ablating FGF8 in the PA
IRESCreactivity is reproducibly present in the endoderm fromectoderm was determined by comparigf8,AP2a-IRESCre
the 18-19 ss, and from the 16 ss in the ectoderm (data nettodermal domain mutants (genotyfpgf8SFP/null or AP/null
shown). Note that thymic and parathyroid epithelia arise from\P2a!RES-Cre/d with controls (genotypeBgf8**, FgféAP/*, or
the third endodermal pouch, and that ‘cardiac’ neural cresigfgt/null) and Fgf8 hypomorphs (genotyp&gfeAPN/nulh gt
migrates from rhombomeres 6-8 through PAs 3-6 into the OFmultiple developmental stages using anatomic and molecular
(Kirby et al., 1997; Kirby and Waldo, 1990; Kirby and Waldo, assays (Figs 4-7).
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Fig. 4. Ablation of FGF8 in the PA
ectoderm withAP2a-IRESCrereveals a
unique and required role for FGF8
during PA vascular development,
separate from its role in glandular anc
outflow tract development. (A-D) Gros
morphology of perinatal control and
mutant embryos. (AFgfé*PNnewborn
control; note that in the absence of ar
source of Cre, embryogenesis occurs
normally with only one functional,
nonhypomorphic allele d¥gf8.

(B) Fgf8 newborn hypomorphic mutan
(Fgf8APN/N: the decrease iRgf8
mRNA produced by thEgfg*PNallele
cannot support normal development )

resulting in neonatal death, growth wild type embryo mutant:IAAB and normal thymus ~ mutant: right aa
delay, edema, cyanosis, craniofacial . e
malformations (red arrowhead) and
cardiovascular defects. (Epf8/AP2x-
IRESCreE18.5 mutant; note absence
the lower jaw (red arrowhead) and
bulging eyes, showing that complete
ablation of FGF8 in PA1 results in a r
much more severe craniofacial defect ! . e =2
than FGF8 deficiency in the hypomor
(red arrowhead). (DFgf8/hoxa3
IRESCrenewborn has normal
craniofacial development because Cr
not expressed anterior to PA3.

(E-1) Thoracic dissections of control a
Fgf8/AP2x-IRESCremutant newborns.
(E) Wild-type specimen with normal
ascending aorta and left aortic arch
(Ao, arrowhead), left ductus arteriosu
(DA, arrowhead), right common carot
(rcc), left common carotid (Icc), right
subclavian artery (rsa), left subclaviar
artery (Isa), trachea (tr); the right
brachiocephalic artery (rbc) branches
form the rsa and rcc. (F) Normal bi-
lobed thymus (th) in wild-type animal.
(G) Removal of the thymus (see H) fr
anFgf8/AP2x-IRESCremutant reveals
interrupted aortic arch type B (IAAB, 1|
transverse aortic arch, black arrowhead), a left DA and an abnormal isolated Isa. (H) The same mutant shown in G haymunsiRidh
IRESCremediated ablation of FGF8 separates vascular from outflow tract and pharyngeal gland defects that result flegfBglefielency.
(I) Fgf&AP2a-IRESCremutant after removal of the thymus; in this case there is a right aortic arch (Ao, arrowhead) and a right DA
(arrowhead). (J-L) Transverse sections of a wild-type animal showing the normal progression (slides shown from rostitalotfoticainad
and neck vessels arising from the transverse left aortic arch. (J,K) Normal junction of rbc and Icc to Isc to form th&lbaaa(lgscending
Ao and junction of DA to descending aorta (dA). (M) Normal right and left coronary arteries (rca, Ica) arising from tloerigfit @usps of
the aortic valve. (N-SFgf&/AP2a-IRESCremutants have multiple vascular anomalies caused by abnormal formation of the fourth PAAs.
(N) Single coronary artery with abnormal origin of Ica from right cusp of aortic valve; the rca branches off this vessetiosaidab location.
(O) Circumflex right aa (circ raa) joining Isa after a retroesophageal route; the DA also joins the Isa to form a left dészéndirshown).
(P,Q) IAAB: the ascending aorta gives rise to the junction of the rbc and Icc (see also E). The transverse aortic antiedd) amd
descending Ao (Q, arrow) are absent, resulting in an isolated Isa that only connects with the DA (Q) to form the leftglasden(hiat
shown); this lesion is lethal. (R,S) A differdfgf8/AP2a-IRESCremutant with right aortic arch: the Icc joins the rbc to form the transverse
region of the right-sided arch (aa). A right DA, right descending aorta (dA) and an aberrant Isa are also seen in tt8$. mutant (

Fgf8 hypomorphs survive to birth, but 100% die in thepharyngeal arch artery (PAA) (Abu-Issa et al., 2002; Frank et
neonatal period with a complex phenotype that includeal., 2002).
growth delay, cyanosis, craniofacial, cardiovascular and By contrast, only 75% of-gf8AP2a-IRESCre mutants
pharyngeal gland defects (Fig. 4B). Hypomorphs have severeirvive to birth and the rest die postnatally due to lethal
cardiac OFT septation and alignment defects. Their vasculaascular defects in 30% and severe craniofacial malformation
abnormalities result from abnormal development of the fourtin 100%. The craniofacial defect results from complete
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wild type mutant

'B.

Fig. 5.Pharyngeal arch artery defectdHgf8 domain-
specific mutants at E10.5. Stage-matched embryos are
shown photographed at the same magnification.

(A,B) Ventrolateral views of the right (A) and left (B)
sides of an ink injected E10.5 control embryo.
Remodeling toward a left dominant system is already
evident. Pharyngeal arch arteries (PAAs) are numbere
the dorsal aorta and aortic sac are labeled (DoA, AS
respectively). (C,D) Afrgf8/AP2a-IRESCre mutant

with bilateral aplasia of the fourth and sixth PAAs. The - X ‘\
third PAA is abnormally enlarged and provides blood
flow from the heart to the DoA (see also Fig. 7, rows K,* *
L). There are sprouts from the DoA visible on the left !
side (red arrowheads). (E-Ryf8AP20-IRESCre .,-~
mutants with bilateral hypoplasia of the entire PAA .
system (E,F), or aplasia of the fourth PAAs (G,H); the %
red arrowhead highlights a sprout from the AS on the
left side.

Table 1. Cardiovascular phenotypes ofFgf8 domain-specific mutants: sectioned specimens at E18.5

Phenotype
Circumflex/ Coronary artery Bicuspid
Genotype Normal IAAB RAA RERSCA/abnormal SCA anontaly aortic valve Other
AP/+ or +/N (=40) 40 (100%) 0 0 0 0 0 0
AP/N (n=15) 15 (100%) 0 0 0 0 0 0
AP/N; AP20-ICre (n=24) 1 (5%) 7 (30%) 3 (13%) Nineteen associated (80%), 11 (46%) 0 4 (16%)
four isolated (17%)
AP/N; hoxa3ICre (1=33) 2 (6%) 5 (15%) 3 (9%) Seventeen associated (52%), 18 (55%) 7 (23%) 4 (13%)
five isolated (15%)
P value @p2a versus NS NS NS 0.05 NS <0.02 NS

hoxa3mutants}

IAAB, interrupted aortic arch type B; circumflex/RA, circumflex right aortic arch or right aortic arch; RERSCA/abnormal Sse&pp#tageal right
subclavian artery, abnormal subclavian branching, including right and/or left subclavian arteries.

*Majority in all genotypes was single coronary off right anterior cusp.

TFisher’s exact test, two-tailed.

Some category numbers exceed the total number examined because of multiple phenotypes in single animals.

ablation of FGF8 in PA1 (Fig. 4C). The pharyngeal phenotyp®AAs, a phenotype we did not observeFgf8 hypomorphs
is detected as early as E9.5 as severe PA1l hypoplasia gftlank et al., 2002). The incidence of bilateral aplasia of PAAs
hypoplasia and fusion of more caudal PAs (data not shown)4 and 6 at E10.5 (33%), compared with survival of mutants to
The fourth PAAs form between E9.5-10.0 (25-29 ss); thévirth (75%), reveals that some embryos with this lesion at
right fourth PAA forms the proximal right subclavian artery, E10.5 survive. Thirty-three percent of these mutants display
while the left fourth PAA becomes the aortic arch between thbilateral PAA4 aplasia (Fig. 5, Table 2). Recovery of the fourth
left common carotid and left subclavian arteries (the segmeiind/or sixth PAAs by vascular remodeling was noted in some
of aorta missing in IAAB). Ninety-five percent B§f8AP2a- E11.5 mutants (data not shown).
IRESCremutants have vascular defects at birth resulting from Overall, the incidence of defects attributable to abnormal
abnormal formation of the fourth PAAs (Fig. 4G,0-S; Fig. 5;fourth PAA formation, such as IAAB, RAA or aberrant
Tables 1 and 2). Thirty percent B§f8;AP2a-IRESCreE18.5 subclavian artery, is the same kgf8 hypomorphs and
conditional mutants have the postnatally lethal vasculaFgf8AP20-IRESCre mutants. However, the severity of the
malformation, interrupted aortic arch type B (IAAB, Fig. defects at E10.5 resulting from complete ablation of FGF8 in
4G,P,Q). In addition to IAAB and subclavian artery anomaliesthe PA ectoderm is much greater kgf8AP20-IRESCre
we observed circumflex right aortic arch (RAA, Fig. 40) andmutants when compared with the globally deficient
RAA with right ductus arteriosus (Fig. 4E,R,S) in thesehypomorphs. This indicates that the pharyngeal FGF8
mutants; defects also attributable to failed left PAA4 formationectodermal domain has required function(s) during PAA4
To evaluate fourth PAA formation in these mutants, wevasculogenesis.
performed ink injections in E10.5 embryos. Ninety-five percent We have previously shown that PAA4 vasculogenesis is
of Fgf8AP2a-IRESCreembryos have abnormal fourth PAA specifically disrupted irFgf8 hypomorphs: endothelial cells
formation: 33% display bilateral aplasia of the fourth and sixt{ECs) are specified and differentiated in the fourth PA as they
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Table 2. Pharyngeal arch artery (PAA) development ifFgf8/AP2a-Cre mutants: assessed by India ink injection at

E10.5-11
Phenotype
Aplastic Aplastic PAA Hypoplasia Hypo/aplastic Hypo/aplastic
Genotype Normal PAAs 4 and 6 4 bilateral PAA 4 bilateral PAA 4, L PAA 4, R
AP/+ (n=41) 41 (100%) 0 0 0 0 0
AP/+; AP2a-ICre (n=40) 40 (100%) 0 0 0 0 0
AP/N (n=38) 24 (64%) 0 0 0 8 (21%)* 6 (16%)
AP/N; AP2a-ICre (0=37) 2 (6%) 12 (33%) 12 (33%) 4 (12%) 4 (12%) 3 (8%

*Four embryos had left PAA, four had hypoplasia and 4 had aplasia (nonpatent to ink).

TMost of these are probably attributable to normal remodeling to the left-side dominant system, which we have observes wadgcas E10.5 in the
C57BI6 background; one embryo had an aplastic right PAA 4.

*Eleven embryos had bilateral aplasia of PAAs 4 and 6; two embryos had aplasia of PAAs 4 and 6 on the right with PAA @ thpldsia o

8Three embryos were aplastic.

One aplastic.

These results indicate that the ectodermal domain of FGF8 is specifically required for correct formation of the fourth Ipdratyageay (PAA).
Remodeling and recovery from these fourth PAA defects results in the array of vascular defectBgi&pi2o-Cre mutants at birth.

Table 3. Glandular phenotypes ofgf8 domain-specific mutants: sectioned specimens at E18.5

Normal Ectopic Hypoplastic Absent
Normal Ectopic Hypoplastic parathyroid parathyroid parathyroid parathyroid

Genotype thymus thymus thymus glands* glands glands glands
AP/+ or +/N (1=40) 38 (95%) 2 (5%) 0 76 (100%) 3 (4%) 1 (1%) 0

AP/N (n=15) 15 (100%0) 0 0 30 (100%) 0 0 0

AP/N; AP20-ICre (n=24) 22 (92%) 2 (8%) 0 44 (92%) 2 (4%) 2 (4%) 0

AP/N: hoxa3ICre (1=33) 10 (31%) 17 (51%) 13 (41%¥ 20 (32%) 31 (48%) 38 (58%) 18 (285%6)

P valueAp2a versushoxa3 0.05 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

mutants

*Note individual glands were scored.

TEight animals had isolated ectopic lobes; nine had ectopic lobes in combination with hypoplasia of one or both lobest Pixtyesighad markedly
abnormal migration and/or hypoplasia of thymic tissue.

*Five animals had isolated hypoplastic lobes; nine had hypoplastic lobes in combination with ectopy of one or both lobes.

867% were abnormal overall. Ten animals had bilaterally normal parathyroids; seven had unilateral defects and 15 haefedtese garathyroids may
be found embedded in, posterior-lateral to, or anterior-lateral to the thyroids in normal animals at this age, ectopylwa$ystargland was estimated to be
less than 50% the size of a normal gland.

These data indicate that the pharyngeal endodermal domain of FGF8 has a required separable role in thymic and parathgemeésisrahd that the
ectodermal domain does not contribute to these processes.

express the VEGF receptor, FIkl and the cell adhesioRgf8AP2a-IRESCre mutants also have coronary artery

molecule PECAM (Cleaver and Krieg, 1999). However, theanomalies (Fig. 4M,N), in isolation or associated with other

ECs fail to organize into primitive vascular tubes (Frank et al.yascular defects (Table 1).

2002). To evaluate vasculogenesis Fgf8AP2a-IRESCre In further contrast toFgf8 hypomorphs, Fgf8AP2a-

mutants, we examined whether migration and specification dRESCremutants have normal thymic and parathyroid glands

ECs in the fourth PA proceeds normally. FIkI/PECAM-(Fig. 4H, Table 1, Table 3).

expressing cells were detected in hypoplastic fourth PAs of The presence of vascular phenotypes and the absence of

Fgf8,AP20-IRESCremutants at the 25-27 ss (during PAA4 OFT or glandular defects ifrgf8AP2a-IRESCre mutants

formation) in clusters that are indistinguishable from controlsteveal a distinct functional and anatomic FGF8 signaling

Fgf8 hypomorphs, orhoxa3IRESCre mutants (discussed domain that is essential for PAA formation and separable

below, and data not shown). However, in all classeBgb8  from the FGF8 expression domains required for OFT and

mutants at the 35-37 ss, ECs in PAA4 remain disorganized aiptharyngeal gland development.

fail to form primitive vascular tubes, long after this vessel is )

patent and pericyte recruitment is under way in controls (datAblation of FGF8 from the PA endoderm causes

not shown) (Frank et al., 2002). Thus, migration and earlglandular and aortic valve defects

differentiation of PAA4 ECs occurs normally in the absence ofWe used thdéioxa3-IRESCralriver to ablate FGF8 from both

FGF8, but subsequent vascular organization fails. the endoderm and ectoderm of PAs 3-6 as they develop. In
Remarkably, and unlike=gf8 hypomorphs, Fgf8AP2a- marked contrast to botRgf8 hypomorphs and-gf8;AP2a-

IRESCre mutants have normal OFT development: that is]RESCremutants, alFgf8;hoxa3-IRESCrenutants survive to

alignment, septation and rotation of the aortic and pulmonarirth and most survive beyond the neonatal period. These

arteries are normal. In the mutant shown in Fig. 4G, the aortautants have normal craniofacial morphology bec#igg®@ is

and ductus arteriosus/pulmonary artery are normally aligneidtact anterior to PA3 (Fig. 4D). Thirty percentraff8;hoxa3-

and septated, but the mutant has the IAAB vascular defedRESCremutants die as neonates because of the same lethal
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mutant mutant mutant
Fig. 6. Ablation of FGF8 in the PA endoderm and ectodermx: TR o ; S e
by hoxa3-IRESCreeveals that endodermal domain-specifi
FGF8 activity is required for thymic, parathyroid and aortic jg
valve formation. (A) Sections through neck of E18.5 .-
control. Note the large parathyroid gland (pth) embedded i
posterior-lateral aspect of thyroid (tyr). e, esophagus; tr,
trachea. (B-D) Parathyroid ectopy and/or hypoplasia in
Fgf8/hoxa3IRESCremutants. c, clavicle. (E) Wild-type
control with normal bi-lobed thymus. (F,G) Thymic
hypoplasia and migration defectsHgf8/Hoxa3IRESCre
mutants. (F) Hypoplastic left thymus in association with a
right aortic arch (raa). (G) Monolobed ectopic gland.
(H) Cross-section of normal aortic valve in control animal,
anterior is towards the left; note three cusps: right (R), left
(L), posterior (P). (I-K) Bicuspid aortic valves in
Fgf8/Hoxa3IRESCremutants. (L) Cross-section through
the right ventricular outflow tract of a control embryo
showing the relationship of the aorta (Ao), pulmonary valve
(PV) and right ventricle (RV). (M-O) Sections through an
animal with Tetralogy of Fallot (TOF). (M) Dysplastic PV
and severe subvalvar and infundibular stenosis. (N) Cross
section of the left ventricular outflow tract (LVOT), right
ventricle (RV) and intact ventricular septum in a wild type
animal; there is continuity between the aortic (Ao) and
mitral (mv) valves. Note thickness of right ventricular free
wall and ventricular septum (yellow bidirectional arrows);
the heart is fixed in late systole (mitral valve is closed).
(O) The mutant displays overriding aorta (both the right anﬂT -
left ventricular outflow tracts empty through the aortic
valve), right ventricular hyperplasia with marked increase if"™
thickness of the right ventricular wall and ventricular -
septum (yellow bidirectional arrows, heart in late systole), -
and a large membranous ventricular septal defect (red J
arrowhead).

wild type

cardiovascular malformations described IRgf8AP2a-  same defect in vascular tube formation in the fourth PA described
IRESCre(Table 1 and below). in Fgf8 hypomorphs ané&gf8AP2a-IRESCremutants was also
Notably, Fgf8hoxa3-IRESCremutants display thymic detected irfFgf8;hoxa3IRESCrenutants. These findings confirm
ectopy and hypoplasia and parathyroid ectopy, hypoplasia atidat the ectodermal domain of FGF8 is specifically required for
aplasia (Table 3, Fig. 6A-G). Parathyroid and thymic epithelianormal PAA and coronary vascular development.
are derived from the anterior and posterior third pouch Twenty-three percent ¢fgf8hoxa3-IRESCrenutants (Fig.
endoderm, respectively. The incidence of abnormal thymic angl-K, Table 1) had bicuspid aortic valves (BAV). By contrast,
parathyroid development irFgf8hoxa3-IRESCremutants BAV was not seen iFgf8;AP20-IRESCremutants and was
(Table 3) was comparable with thatcgf8 hypomorphs (Frank found in Fgf8 hypomorphs in association with severe OFT
et al., 2002). However, the severity of these defectoxa3- lesions. Given the high frequency of BAV kgf8hoxa3-
IRESCre mutants was less than in globally deficientIRESCremutants, we were surprised to find that only 1/33 of
hypomorphs because hoxa3-IRESCrenutants had bilateral these mutants had severe perturbation of OFT septation and
thymic or parathyroid aplasia, which occurred frequently inalignment (Tetralogy of Fallot and BAV, Fig. 6J,M,0).
Fgf8 hypomorphs. Fourth pouch-derived thyroid C-cells were The glandular and valvar phenotypes B{f8hoxa3-
detected normally inFgf8hoxa3-IRESCremutants, Fgf8  IRESCremutants indicate that the FGF8 endodermal domain
hypomorphs and controls, as assessed by anti-calcitonablated byhoxa3-IRESCrehas distinct functional roles in
immunohistochemistry (data not shown). Notably, glandulapharyngeal and aortic valve development.
defects are not seen kyf8AP2a-IRESCremutants (Fig. 4G, ) ) ) ) )
versus Fig. 6A-G, Table 3). Differential survival of neural crest is not the mechanism
As FGF8 is also ablated in the ectoderm of PAS 3-6 iffor the distinct phenotypes of Fgf8 hypomorphic and
Fgf8hoxa3IRESCremutants, it was not surprising to find the domain-specific, AP2a-IRESCre ectodermal and
same PAA and coronary vascular defects in these mutants s€e@8;10xa3-IRESCre mutants
in Fgf8;AP20-IRESCre mutants (see above and Table 1).We previously reported that neural crest (NC) cells in
However, it is quite remarkable that ablation of FGF8 in both theeveloping PAs 3-6 undergo abnormal apoptosis at the 25-29
endoderm and ectoderm igfghoxa3IRESCremutants does ss in Fgf8 hypomorphs (Frank et al.,, 2002). As the
not increase either incidence or severity of PAA or coronargardiovascular features of hypomorphs recapitulate those of
vascular defects at any developmental stage (Tables 1, 2, 4). TH€-ablated chicks (Kirby et al., 1985), we hypothesized that
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Table 4. Pharyngeal arch artery (PAA) development if-gf8/hoxa3IRESCre mutants: assessed by India ink injection at

E10.5
Aplastic Aplastic PAA Hypoplasia Hypo/aplastic Hypo/aplastic
Genotype Normal PAAs 4 and 6 4 bilateral PAA 4 bilateral PAA 4, L PAA 4, R
AP/+ (n=19) 19 (100%) 0 0 0 0 0
AP/+; hoxa3ICre (=19) 19 (100%) 0 0 0 0 0
AP/N (n=17) 11 (65%) 0 0 0 1 (6%)* 6 (34%)
AP/N; hoxa3ICre (n=18) 0 5 (24%) 6 (28%) 4 (2099 3 (15%] 3 (15%)**

*Severe hypoplasia.

TMost of these are probably attributable to normal remodeling to the left-side dominant system, which we have observed trdygcas E10.5 in the
C57BI6 background; one embryo had right PAA 4 aplasia.

*Three embryos had bilateral PAA 4 and 6 aplasia; two had PAA 4 and 6 aplasia on the right with PAA 4 aplasia on the left.

8Two embryos had severe hypoplasia of the entire left sided system.

fOne embryo was aplastic.

**All three embryos were aplastic.

These results show that there is no increase in incidence or severity of fourth PAA defects when FGF8 is ablated fromrthal efwodin in addition to
the ectodermal domain, and support our conclusion that the ectoderm supplies the required signal for fourth PAA vasculogenesis.

the high incidence of severe OFT defects in hypomorphBuman del22gl11l phenotypes (Frank et al., 2002). This
(85%), resulted from abnormal NC survival in PAs 3-6 prior tohypothesis has subsequently been supported by a description
entering the OFT (Frank et al., 2002). As we have nowof a genetic interaction betweegf8 andTbx1, a gene located
demonstrated that differential ablation of FGF8 in PA ectoderrwithin the del22q11 region (Vitelli et al., 2002).
and endoderm separates vascular from glandular and OFTTo determine if local FGF8 signals in the arches contribute
defects, we questioned whether domain-specific mutant® normal pharyngeal and cardiovascular development, and
would display unique patterns of NC apoptosis. Therefore, w® evaluate which of the many potentially relevdgf8
compared apoptosis in all three classed-@f8 mutants by expression domains might be responsible for different
whole-mount TUNEL. We detected the same abnormal areaspects of-gf8 hypomorphic pharyngeal and cardiovascular
of apoptosis in PA3 and developing PAs 4 and &@i8  phenotypes, we generated a system of nonhypomoFRgi&
hypomorphs and domain-specific mutants (Fig. 7A-Hconditional reporter alleles and domain-specific Cre-
compare white circled regions and white arrowheads imecombinase drivers. Appropriate combinations of these alleles
controls with yellow arrowheads in mutants). Note that similain murine embryos allowed us to differentially ablate FGF8 in
domains of normal (transient, stage specific) apoptosis adistinct temporospatial expression domains in the developing
present in the otocysts of all embryos, indicating appropriatBAs.
stage matching. AP2a-IRESCreunequivocally ablates FGF8 throughout its
These observations were confirmed by assaying foexpression domains in PA ectoderm from the time of PA
apoptosis and expression of the transcription factoroAp2 formation, at least by the 10-somite stage. By conthasia3-
(labels NC) using double fluorescent immunohistochemistryRESCreis active in all three germ layers of developing PAs
on serial cryosections of 25 ss embryos (Fig. 7I-L). Minimal3-6 from the 16 ss in the ectoderm and the 18-19 ss in the
NC apoptosis was detected in controls (Fig. 7, row I), whereaandoderm.
all three mutant classes had large abnormal domains of These detailed expression analyses allowed us to determine
apoptosis in NC migrating from rhombomeres 6-8 into thehe precise location and timing of overlap betwdayf8
lateral regions of PA3, and developing PAs 4 and 6 (yellovexpression an@re expressed by the different temporospatially
arrowheads). The hypomorph shown had hypoplastic thirdestricted drivers. This is crucial to discerning how ablation of
PAAs (Fig. 7, row J) and large domains of abnormal apoptosi&GF8 in a given domain relates to the distinct phenotypes
Note the abnormally large third PAA kgf8AP2a-IRESCre  obtained by domain-specific conditional mutagenesis and in
and Fgf8hoxa3-IRESCremutants (Fig. 7, rows K and L, comparison with the compldxgf8 hypomorphic phenotype.
respectively; white asterisks mark third PAAS); consistent with ) ~ o
abnormal persistence and enlargement of the third PAA iRomain-specific phenotypes reveal distinct,

mutants when the fourth PAAs do not form (see Fig. 5C).  essential functions of local FGF8 signals in
cardiovascular and pharyngeal development

. ‘ Fgf8 domain-specific mutants display vascular, coronary
Discussion .

; _ ) o ) artery, aortic valve and pharyngeal gland phenotypes due to
Dissecting functions of individual  Fgf8 expression loss of specific, local FGF8 signals from separate expression
domains domains in the PA ectoderm and endoderm.

Mice with globally decreased FGF8 signaling throughout Our Fgf8 allelic series and conditional mutagenesis system
embryogenesis Fgf8 hypomorphs) display severe reveals a remarkable dosage sensitivity of regional vascular
cardiovascular and pharyngeal defects, and phenocopy thevelopment to FGF8 levels in the caudal PA ectoderm. This
cardiovascular, craniofacial and glandular abnormalities seettomain of expression is required for normal formation of the
in humans with del22q11 syndromes (Abu-lssa et al., 2002purth (and frequently sixth) PAA (Tables 1, 2, Figs 4, 5).
Frank et al., 2002). We previously postulated thgi8 may  Although the overall incidence of PAA4-related vascular
play a role in the developmental dysfunction that results inlefects (IAAB, RAA, subclavian artery anomalies) was the
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Fig. 7. TUNEL analysis of whole- wild type
mount and sectioned preparations
specimens reveals similar patterns o
abnormal neural crest apoptosid-gf8
hypopmorphskFgf8AP2a-IRESCre
andFgf8/HoxA3IRESCremutants.
Both experiments were repeated thre
times with comparable results. The
whole-mount experiment was
performed with all embryos in the sa
tube; the sectioned specimens were
processed simultaneously. PAs are
numbered; o, otocyst. (A-H) Right an
left views of 25-26 ss stage-matched
embryos. (A,E) A wild-type embryo
has minimal apoptosis in the region «
PAs 3-6 (white ovals, white
arrowhead). The white line indicates
plane of section for fluorescent
immunohistochemical analysis show
in I-L. (B,F) An Fgf8 hypomorph _
replicates our previous finding of :

abnormal domains of apoptosis in P/ wild fype
3-6 (yellow arrowheads) (Frank et al.
2002). (C,GFgf8/AP2a-IRESCreand
(D,H) Fgf8/hoxa3IRESCremutants
have increased NC apoptosis in the
same regions noted in the hypomorp
(yellow arrowheads). (I-L) Fluorescel
immunohistochemistry was performe .
cryosectioned 25 ss, stage-matched  hypomorph
control versus hypomorphic and

domain-specific mutants using a

combination of anti-AP@/FITC (green

fluorescence) to detect neural crest ¢

(NC) and TUNEL/Texas red (red

fluorescence). Embryos were sectior

transversely in parallel with the third AP20—
PA (see white line in A). Each row IRESCre
shows a representative section from
single embryo, proceeding from
anterior to posterior through the post
otic region (from the third PAA to the
developing fourth and sixth arch
region). Sections were carefully
matched to represent the same regic !
each embryo in each column, taking IRESCre i
into consideration the profoundly X
perturbed anatomy and severe
pharyngeal hypoplasia égf8
hypmorphic and-gf8/AP2a-IRESCre
mutants. White asterisks indicate the
third PAA in parallel (not present in all sections), yellow arrowheads indicate regions of abnormal apoptosis and dyingldi€alTdmta is

labeled (ao). (I) A control embryo has minimal apoptosis in NC migrating into the third PA or region of the developingdosirth PAs.

(J) AnFgf8 hypomorph has large domains of abnormal apoptosis. Double-labeled NC are migrating from rhombomere 6 into the lateral third
arch. Note that the pharynx is poorly segmented and that the PAs and third PAA are hypopldsgi&/ ARPa-IRESCreand (L)Fgf8/hoxa3
IRESCremutants have NC apoptosis in the same domains as the hypomorph. In these examples, the third PAA is pathologicallyenlarged (se
also Fig. 5C,D).

hoxa3-

same in Fgf8;AP20-IRESCre mutants and FGF8-deficient defects a&gf8;AP20-IRESCremutants, in spite of the fact that
hypomorphs, the severity of PAA defects at E10.5 was muchGF8 was ablated in both the PA endoderm and ectoderm
greater inFgf8;AP20-IRESCremutants because of complete (Tables 1, 2, 4). Ablation of FGF8 withTdox1Cretransgene
absence of FGF8 in the PA ectoderm from the earliest stagésat is active in early endoderm and precardiac mesoderm (but
of PA formation hoxa3IRESCramutants had (statistically) the not in arch ectoderm) results in OFT and glandular defects, but
same incidence and severity of PAA and coronary vascularo fourth PAA-related vascular defects (J. Epstein, personal
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communication). These observations indicate that FGFBEO-derived cells in the region of the developing CAs and
signaling from PA ectoderm is critical for normal PAA4 aortic valve (Li et al., 2002). FGF8 is produced in PA ectoderm
development and that the vascular defects seen in all classesadfacent to the PEO; deficiency or ablation of FGF8 in this
Fgf8 mutants are attributable to FGF8 deficiency in the PAdomain may have similar effects. Further investigation of the
ectoderm. entire cardiac vasculature and expression of Cx43 and other
By contrast, FGF8 ablation from the endoderm of PAs 3-éntercellular adhesion molecules that participate in CA
in Fgf8; hoxa3IRESCremutants results in thymic, parathyroid development, such as4-integrin or VCAM1 (Kwee et al.,
and BAV defects. Thus the FGF8 endodermal domain make995; Yang et al., 1996) ikgf8 mutants is warranted, in
important and distinct contributions to development of thesaddition to examination of survival, proliferation and
structures. Thyroid, parathyroid and thymic epithelial cells arelifferentiation of PEO cells. We have not yet determined if
derived from pharyngeal pouch endoderm; these glandsgf8 or our Cre-drivers are expressed in the proepicardial
initially have a NC component, and interactions between N@rgan; if so, FGF8 autocrine or paracrine actions could play a
and endoderm play an important role in early thymic andole in coronary vascular development.
parathyroid development (Auerbach, 1960; Bockman and Bicuspid aortic valve (BAV) is a mild form of OFT defect
Kirby, 1984; Graham, 2001; Graham and Smith, 2001and is the most common human congenital cardiac
LeDouarin and Jotereau, 1975; Lelievre and LeDouarinmalformation. Semilunar (aortic and pulmonary) valve
1975). Because FGF8 is ablated from both epithelial layers dbrmation requires interactions between endocardial and NC-
the third pouch/cleft ofFgf8;hoxa3IRESCremutants, it is derived mesenchymal cells and myocardium (Ya et al., 1998).
possible that glandular hypoplasia and ectopy in these mutat&C progeny are present during formation of the aortic valve
represents a combined effect of absence of FGF8 in bothaflets at E13.5 and postnatally in the leaflets and tissues
domains. This is unlikely given that the glandular hypoplasiadjacent to the CA orifices (Jiang et al., 2000). NC ablation or
and ectopy resulting from complete ablation of FGH8xa3  dysfunction results in severe OFT defects and mild semilunar
IRESCre mutants is less severe when compared with th&alve defects, such as BAV. However, existing mouse models
frequent glandular aplasia seerrgf8 hypomorphs. Itis likely of abnormal semilunar valve development result from
that an earlier endodermal FGF8 domain has a crucial influendésruption of endocardially expressed genes (de la Pompa et
on the earliest precursors of these glands. Indeed, tla., 1998; Lee et al., 2000; Ranger et al., 1998; Ya et al., 1998).
aforementionedrgf8, Tbx1Cremutants have thymic aplasia (J. BAV in Fgf8;hoxa3-IRESCrenutants is attributable to FGF8

Epstein, personal communication). ablation in the endoderm sinégf8;AP2x-IRESCre mutants

have normal aortic valves. However, the cellular and molecular
Fgf8é mutants reveal a role for neural crest in PA and etiologies of this defect require further investigation in the
coronary vascular development context of altered FGF8 signaling.

The same regions of abnormal NC apoptosis are observed inThe OFT septum is derived largely from NC, and ablation
the PAs of all classes &fgf8 mutants. Importantly, the only or dysfunction of NC results in severe OFT defects (Bockman
abnormal phenotypes common to these different mutants ae¢ al., 1989; Conway et al., 1997a; Conway et al., 1997b;
PAA4-derived defects and coronary vascular anomalieConway et al., 1997c; Epstein et al., 2000; Franz, 1989;
We hypothesize that signaling between NC-derivedGoulding et al., 1993; Jiang et al., 2000; Kirby and Waldo,
ectomesenchyme and endothelial cells (ECs) is required fd990). Whole-mount TUNEL and analyses of NC apoptosis in
normal PA vascular development prior to differentiation of NCthe different classes &igf8 mutants presented herein indicate
into the vascular smooth muscle cells (VSMC) and pericytethat abnormal NC apoptosis at the 25-27 ss does not cause the
supporting the PAAs. This signaling may be perturbed bygevere OFT defects observedrgf8 hypomorphs. Most NC
abnormal death of NC migrating from rhombomeres 6-8 intalestined for the OFT may have already traversed PAs 3-6 by
and through PAs 3-6 ifrgf8 mutants. Disruption of EC/ this somite stage, although OFT septation has not begun. In
ectomesenchymal interactions may contribute to both the PAfact, separation of severe OFT defects (which probably involve
and coronary vascular defects seen in all classeBgtf = some manner of NC dysfunction) from glandular and vascular
mutants in our series. defects in different classes Bff8 mutants, implies that FGF8
Approximately 50% of Fgf8;AP20-IRESCre and influences on NC are location and time dependent. This raises
Fgf8;hoxa3IRESCre mutants have coronary artery (CA) the exciting possibility that subsets of NC, with distinct
defects. Most commonly, we see a single CA arising from thstructural fates, migrate through the PAs at different times and
right cusp of a normal aortic valve. Coronary vessels arare supported by distinct domains of FGF8 expression.
derived from cells in the proepicardial organ (PEO, a hepatic- o
derived structure) that invade the tubular heart and beconfutflow tract formation is not dependenton  Fgf8
ECs, VSMCs and pericytes of the coronary vasculature ar@kpression in the PA epithelia
main CAs (Mikawa and Gourdie, 1996). Although NC doesOur findings indicate that the frequent, severe defects in
not contribute structurally to the CAs (Jiang et al., 2000; Li etardiac OFT alignment, septation and growth seefgf8
al., 2002), CA defects have been described in NC-ablatddypomorphs result from altered FGF8 signaling at an earlier
chicks (Hood and Rosenquist, 1992; Waldo et al., 1994) anstage in the endoderm, or from abnormalities resulting from
in murine mutants of Connexin43 (Li et al., 2002). Cx43 isdecreased FGF8 in the primary and/or putative secondary heart
expressed in both NC and PEO cells; however, the phenotyfield. Because only one out of Bgf8;hoxa3-IRESCrenutants
of Cx43-null mice suggests that the CA defects are due toad a severe OFT defect and BAV, we hypothesize that onset
abnormal migration and/or survival of PEO-derived VSMCs inof hoxa3-IRESCrectivity in the endoderm (at approximately
combination with perturbed interactions between NC andhe 18 ss) may be at a relatively late stage of endoderm function
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during OFT development, and that BAV is a manifestation obymecki, S. M.(1996). Flp recombinase promotes site-specific recombination
late endodermal FGF8 deficiency (similar to our hypothesis inlgT%?'ggic stem cells and transgenic mRxc. Natl. Acad. Sci. US3,
‘regardlr]g_ the. gla_ndul_ar defects in these mUta.‘mS)' EXPeCtFE%fsstein, J. A. (2001). Developing models of DiGeorge syndrormignds
wobble’ in this biological system could result in occasional Genet.17, S13-S17.
earlier Cre activity in the endoderm and the rare occurrence @fstein, J. A., Li, J., Lang, D., Chen, F., Brown, C. B., Jin, F., Lu, M. M.,
more severe OFT defects. Thomas, M., Liu, E., Wessels, A. et a[2000). Migration of cardiac neural
Ablation of FGF8 in early endoderm and cardiac mesoderrlrgrg:]ist SGPJS iEofﬁé?itﬁhhznbfﬁ'dievgﬁm?HJHII 13?19];1818'3 Tstan

(but not PA ectoderm) with Ebx1Cretransgene results in sevgre Firo’uzil, M Capecc%i, M.’ R.. aHd Mooni A M (20(9)2).’ Aﬁ I;gf8 mouse
OFT defects, but .normal development Qf f‘?urth PAA'derNeq mutant phenocopies human 22q11 deletion syndr@weegelopmentl29,
vessels (J. Epstein, personal communication). Although this 4591-4603.
experiment confirms the crucial roles of distiRgf8 expression  Franz, T. (1989). Persistent truncus arteriosus in the Splotch mutant mouse.
domains in different aspects of pharyngeal and cardiovascularAnat. Embryol180, 457-464. _
morphogenesis, the question remains whether the crucial soufé@®: S Huffman, K. J. and Rubenstein, J. L.(2003). Molecular

. . regionalization of the neocortex is disrupted in Fgf8 hypomorphic mutants.
of FGF8 for OFT development is derived from mesoderm or peyelopment 30, 1903-1914.
endoderm. Other groups have reportedThaflis not expressed  Goulding, M., Sterrer, S., Fleming, J., Balling, R., Nadeau, J., Moore, K.
in precardiac mesoderm (Yamagishi et al., 2003), which would J., Brown, S. D., Steel, K. P. and Gruss, P1993). Analysis of the Pax-3
suggest that early endoderm is the requisite source. We aréene in the mouse mutant splot@enomicsl?, 355-363.

: _ e : aham, A. (2001). The development and evolution of the pharyngeal arches.
developing early endoderm-specific and precardiac mesoder?ﬁj_ Anat199, 133.141.

Cre drivers to definitively address this question. Graham, A. and Smith, A. (2001). Patterning the pharyngeal arches.

BioEssay<3, 54-61.

We thank Ethan Reichert, Tyler Gasser and Jennetta Hammond fbod, L. C. and Rosenquist, T. H(1992). Coronary artery development in
technical assistance; Dr Mario Capecchi and the Capecchi laboratorythe chick: origin and deployment of smooth muscle cells, and the effects of
for helpful discussions and support; Dr Gary Schoenwolf, Dr Kirk neural crest ablatiorAnat. Rec234, 291-300.

Thomas, Dr Lisa Urness, Dr Guy Zimmerman and members of the 1Jackson, R. J.,, Howell, M. T. and Kaminski, A.(1990). The novel
laboratory for critical reading of the manuscript; Karl Lustig, Carol Mechanism of initiation of picornavirus RNA translatidirends Biochem

Lenz, Gail Peterson, Sheila Barnett and Julie Tomlin and all vivarium S¢i-15 477-483.
‘ ; r&ang, S. K. and Wimmer, E. (1990). Cap-independent translation of

staff for their expertise. B.H. and D.F. are supported by the Universi hal ditis vi RNA: | ol f the i |

f Utah Children’s Health Research Center. A.M.M. is supported by encephalomyocarditis virus : structural elements of the interna
0 . - T ribosomal entry site and involvement of a cellular 57-kD RNA-binding
the Program in Human Molecular Biology and Genetics, and NIH protein.Genes Dewd, 1560-1572.

R01HDO044157-01. Jerome, L. A. and Papaioannou, V. E.(2001). DiGeorge syndrome
phenotype in mice mutant for the T-box gene, Thxat. Genet27, 286-
291.

References Jiang, X., Rowitch, D. H., Soriano, P., McMahon, A. P. and Sucov, H. M.

Abu-Issa, R., Smyth, G., Smoak, I, Yamamura, K. and Mevers, E. N. (2000). Fate of the mammalian cardiac neural ciestelopment27, 1607-

(2002). Fgf8 is required for pharyngeal arch and cardiovascular developmenthlG'

in the mouseDevelopment29, 4613-4625. Kirby, M. L. and Waldo, K. L. (1990). Role of neural crest in congenital

Alsan, B. H. and Schultheiss, T. M(2002). Regulation of avian cardiogenesis _heart diseaseCirculation 82, 332-340. _
by Fgf8 signalingDevelopmeni.29 1935-1943. Kirby, M._ L. a_nd Waldo, K. L. (1995). Neural crest and cardiovascular

Auerbach, R. (1960). Morphogenetic interactions in the development of hte _PattemingCirc. Res.77, 211-215. o
mouse thymus glandev. Biol.2, 271-284. Kirby, M. L., Turnage, K. L., 3rd and Hays, B. M. (1985). Characterization

Bockman, D. E. and Kirby, M. L. (1984). Dependence of thymus of conotruncal malformations following ablation of ‘cardiac’ neural crest.
development on derivatives of the neural crBstence223 498-500. ‘Anat. Rec213 87-93.

Bockman, D. E., Redmond, M. E. and Kirby, M. L.(1989). Alteration of ~ Kirby, M. L., Hunt, P, Wallis, K. and Thorogood, P. (1997). Abnormal
early vascular development after ablation of cranial neural éxeat. Rec. patterning of the aortic arch arteries does not evoke cardiac malformations.
225 209-217. Dev. Dyn.208, 34-47.

Brewer, S., Jiang, X., Donaldson, S., Willams, T. and Sucov, H. N2002). ~ Kwee, L., Baldwin, H. S., Shen, H. M., Stewart, C. L., Buck, C., Buck, C.
Requirement for AP-2alpha in cardiac outflow tract morphogeridsish. A.and Labow, M. A. (1995). Defective development of the embryonic and
Dev.110, 139-149. extraembryonic circulatory systems in vascular cell adhesion molecule

Cleaver, O. and Krieg, P. A.(1999). Molecular mechanisms of vascular ~ (VCAM-1) deficient mice Developmeni21, 489-503. _
development. IHeart Developmented. N. Rosenthal and R. P. Harvey), LeDouarin, N. and Jotereau, F. V.(1975). Tracing of cells of the avian

pp. 221-252. San Diego: Academic Press. thymus through embryonic life in interspecific chimedagxp. Med142
Conway, S. J., Godt, R. E. Hatcher, C. J., Leatherbury, L., Lee, T. C., Zhao, Y. D., Courtman, D. W. and Stewart, D. J(2000).

Zolotouchnikov, V. V., Brotto, M. A., Copp, A. J., Kirby, M. L. and Abnormal aortic valve development in mice lacking endothelial nitric oxide

Creazzo, T. L.(1997a). Neural crest is involved in development of abnormal ~ synthaseCirculation 101, 2345-2348.

myocardial functionJ. Mol. Cell. Cardiol.29, 2675-2685. LeLievre, C. S. and LeDouarin, N.(1975). Mesenchymal derivatives of the
Conway, S. J., Henderson, D. J. and Copp, A. §1997b). Pax3 is required neural crest: analysis of chimaeric quail and chick embryiloEmbryol.

for cardiac neural crest migration in the mouse: evidence from the splotch Exp. Morphol.34, 125-154.

(Sp2H) mutantDevelopmenti24, 505-514. Li, J., Chen, F. and Epstein, J. A.(2000). Neural crest expression of Cre
Conway, S. J., Henderson, D. J., Kirby, M. L., Anderson, R. H. and Copp, recombinase directed by the proximal Pax3 promoter in transgenic mice.

A. J. (1997c). Development of a lethal congenital heart defect in the splotch Genesis26, 162-164.

(Pax3) mutant mous€ardiovasc. Res36, 163-173. Li, W. E., Waldo, K., Linask, K. L., Chen, T., Wessels, A., Parmacek, M.

Crossley, P. H. and Martin, G. R.(1995). The mouse Fgf8 gene encodes a S., Kirby, M. L. and Lo, C. W. (2002). An essential role for connexin43
family of polypeptides and is expressed in regions that direct outgrowth and gap junctions in mouse coronary artery developmBetelopmentl29,
patterning in the developing embryDevelopmeni21, 439-451. 2031-2042.

de la Pompa, J. L., Timmerman, L. A, Takimoto, H., Yoshida, H., Elia, Lindsay, E. (2001). Chromosomal microdeletions: dissecting del22qll
A. J., Samper, E., Potter, J., Wakeham, A., Marengere, L., Langille, B. syndromeNat. Rev. Gel2, 858-868.

L. et al. (1998). Role of the NF-ATc transcription factor in morphogenesisLindsay, E. A., Vitelli, F., Su, H., Morishima, M., Huynh, T., Pramparo,
of cardiac valves and septuiature 392, 182-186. T., Jurecic, V., Ogunrinu, G., Sutherland, H. F., Scambler, P. J. et al.



6374 Development 130 (25) Research article

(2001). Thx1 haploinsufficiency in the DiGeorge syndrome region causeScambler, P. J.(2000). The 22q11 deletion syndromelsim. Mol. Genet9,
aortic arch defects in micélature410, 97-101. 2421-2426.

MacArthur, C. A., Lawshe, A., Xu, J., Santos-Ocampo, S., Heikinheimo,  Schwenk, F., Baron, U. and Rajewsky, K(1995). A cre-transgenic mouse
M., Chellaiah, A. T. and Ornitz, D. M. (1995). FGF-8 isoforms activate strain for the ubiquitous deletion of loxP-flanked gene segments including
receptor splice forms that are expressed in mesenchymal regions of mouseleletion in germ celldNucleic Acids Re®3, 5080-5081.

developmentDevelopmeni21, 3603-3613. Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre
Manley, N. R. and Capecchi, M. R(1995). The role of Hoxa-3 in mouse reporter strainNat. Genet21, 70-71.

thymus and thyroid developmeiievelopmeni21, 1989-2003. Stadler, H. S., Higgins, K. M. and Capecchi, M. R(2001). Loss of Eph-
Merscher, S., Funke, B., Epstein, J. A., Heyer, J., Puech, A., Lu, M. M., receptor expression correlates with loss of cell adhesion and chondrogenic

Xavier, R. J., Demay, M. B., Russell, R. G., Factor, S. et §001). TBX1 capacity in Hoxal3 mutant limbBevelopmenii28 4177-4188.

is responsible for cardiovascular defects in velo-cardio-facial/DiGeorgestorm, E. E., Rubenstein, J. L. and Martin, G. R(2003). Dosage of Fgf8

syndromeCell 104, 619-629. determines whether cell survival is positively or negatively regulated in the

Meyers, E. N. and Martin, G. R. (1999). Differences in left-right axis developing forebrainProc. Natl. Acad. Sci. USR00, 1757-1762.
pathways in mouse and chick: functions of FGF8 and Sstlience285 Sun, X., Meyers, E. N., Lewandoski, M. and Martin, G. R(1999). Targeted
403-406. disruption of Fgf8 causes failure of cell migration in the gastrulating mouse
Meyers, E. N., Lewandoski, M. and Martin, G. R.(1998). An Fgf8 mutant embryo.Genes Devl3, 1834-1846.
allelic series generated by Cre- and Flp-mediated recombinadtian. Sun, X., Lewandoski, M., Meyers, E. N., Liu, Y. H., Maxson, R. E., Jr and
Genet.18, 136-141. Martin, G. R. (2000). Conditional inactivation of Fgf4 reveals complexity
Mikawa, T. and Gourdie, R. G. (1996). Pericardial mesoderm generates a of signalling during limb bud developmeitat. Genet25, 83-86.
population of coronary smooth muscle cells migrating into the heart alongrumpp, A., Depew, M. J., Rubenstein, J. L., Bishop, J. M. and Martin,

with ingrowth of the epicardial orgabev. Biol.174, 221-232. G. R. (1999). Cre-mediated gene inactivation demonstrates that FGF8 is

Mitchell, P. J., Timmons, P. M., Hebert, J. M., Rigby, P. W. and Tjian, R. required for cell survival and patterning of the first branchial a&emnes
(1991). Transcription factor AP-2 is expressed in neural crest cell lineages Dev 13, 3136-3148.
during mouse embryogenesBenes DeVs, 105-119. Vitelli, F., Taddei, I., Morishima, M., Meyers, E. N., Lindsay, E. A. and

Moon, A. M., Boulet, A. M. and Capecchi, M. R.(2000). Normal Baldini, A. (2002). A genetic link between Tbhx1 and fibroblast growth
limb development in conditional mutants of FgBlevelopmeni27, 989- factor signalingDevelopmeni29 4605-4611.

996. Waldo, K. L., Kumiski, D. H. and Kirby, M. L. (1994). Association of the

Moon, A. M. and Capecchi, M. R.(2000). FGF8 is required for outgrowth cardiac neural crest with development of the coronary arteries in the chick
and patterning of the limbslat. Genet26, 455-459. embryo.Anat. Rec239, 315-331.

Ranger, A. M., Grusby, M. J., Hodge, M. R., Gravallese, E. M., de la Ya, J., Schilham, M. W., de Boer, P. A., Moorman, A. F., Clevers, H. and
Brousse, F. C., Hoey, T., Mickanin, C., Baldwin, H. S. and Glimcher, L. Lamers, W. H. (1998). Sox4-deficiency syndrome in mice is an animal
H. (1998). The transcription factor NF-ATc is essential for cardiac valve model for common trunkCirc. Res.83, 986-994.
formation.Nature 392, 186-190. Yamagishi, H., Maeda, J., Hu, T., McAnally, J., Conway, S. J., Kume, T,

Reifers, F., Walsh, E. C., Leger, S., Stainier, D. Y. and Brand, M2000). Meyers, E. N., Yamagishi, C. and Srivastava, [§2003). Tbhx1 is regulated
Induction and differentiation of the zebrafish heart requires fibroblast growth by tissue-specific forkhead proteins through a common Sonic hedgehog-
factor 8 (fgf8/acerebellarPevelopmenii27, 225-235. responsive enhancésenes Devl7, 269-281.

Sauer, B. and Henderson, N(1988). Site-specific DNA recombination in Yang, J. T., Rando, T. A., Mohler, W. A., Rayburn, H., Blau, H. M. and
mammalian cells by the Cre recombinase of bacteriophager&d.. Natl. Hynes, R. 0.(1996). Genetic analysis of alpha 4 integrin functions in the

Acad. Sci. USR5, 5166-5170. development of mouse skeletal musdleCell Biol. 135 829-835.



