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SUMMARY

It has been reported that members of the fibroblast growth
factor (FGF) family can induce additional limb formation
in the flank of chick embryos. The phenotype of the ectopic
limb depends on the somite level at which it forms: limbs
in the anterior flank resemble wings, whereas those in the
posterior flank resemble legs. Ectopic limbs located in the
mid-flank appear chimeric, possessing characteristics of
both wings and legs; feather buds are present in the
anterior halves with scales and claws in the posterior
halves. To study the mechanisms underlying the chimerism
of these additional limbs, we cloned chickbx5 and Thx4
to use as forelimb and hindlimb markers and examined
their expression patterns in FGF-induced limb buds. We
found that Thx5 and Thx4 were differentially expressed in
the anterior and posterior halves of additional limb buds
in the mid-flank, respectively, consistent with the chimeric

patterns of the integument. A boundary ofTbx5/Thx4exists
in all ectopic limbs, indicating that the additional limbs are
essentially chimeric, although the degree of chimerism is
dependent on the position. The boundary offbx5/Thx4
expression is not fixed at a specific position within the
interlimb region, but dependent upon where FGF was
applied. Since the ectopic expression patterns ®bx5/Thx4
in the additional limbs are closely correlated with the
patterns of their chimeric phenotypes, it is likely thatThx5
and Tbhx4 expression in the limb bud is involved in
determination of the forelimb and hindlimb identities,
respectively, in vertebrates.

Key words: Fibroblast growth factor, FGF, Limb identity, T-box
genes;Thx4 Thx5 Chick, Additional limb

INTRODUCTION This suggests that determination of limb identity may depend
on the axial level of the limb. Furthermore, Cohn et al. (1997)
In vertebrates, two pairs of limb buds are formed from theecently showed that activation of the expression of a certain set
lateral plate mesoderm at specific anteroposterior positions anfiHox9paralogous genes in the lateral plate mesoderm may be
grow out to form the limbs. The morphology of the anteriorcorrelated with the specification of each limb.
limb, the forelimb, is quite diverse among vertebrates; from In addition, several factors have been found to exist
wings in birds to hands in primates. Although the differencespecifically in the forelimb or hindlimb region. For example,
between the forelimb and the posterior limb, the hindlimbpne of theHox gene products, Hoxc-6 protein is specifically
appears small in rodents, the hindlimb is usually larger than ttdistributed in the forelimb region (Oliver et al., 1988; Nelson
forelimb as it serves to support the body, especially in aviaret al., 1996), whereabloxc-9, Hoxc-10and Hoxc-11 are
and humans. expressed in the hindlimb bud (Peterson et al., 1994, Nelson et
One of the important questions in phylogeny andal.,, 1996). However, the expression of these Hox proteins or
developmental biology has been how morphological an&kNA are further restricted within the limb bud, for example,
functional differences among different limbs are determinedo either the anterior or posterior region. Recently it has been
Interesting implications can be drawn from recent experimentshown that some T-box genes are expressed throughout the
using chick embryos in which ectopic limb formation is inducedentire domain of either limb bud. The T-box genes belong to a
in the flank by application of members of the fibroblast growtfamily of putative transcription factors, characterized by a
factor (FGF) family (for a review; Cohn and Tickle, 1996). Theregion of homology to th& (Brachyury locus gene product
extra limbs thus formed exhibited wing-like phenotypes wherfHerrmann et al., 1990; Bollag et al., 1994). It was found that
induced in the anterior flank, whereas those in the posterithe expression of two vertebrate T-box geffés5and Thx4
flank resemble legs (Cohn et al., 1995; Ohuchi et al., 19953re predominantly restricted to the forelimb and hindlimb buds,
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respectively (Chapman et al., 1996; Gibson-Brown et al., 199@nteroposterior position. Embryos were incubated for a further 7-11
Simon et al., 1997). FurthermorEBX5mutations have been days for cartilage staining or observation of cutaneous structures. To
reported to cause Holt-Oram syndrome, resulting in somebserve the e_pithe_lial patterns of extra limbs, t_he manipulated
defects of the upper limb (Basson et al., 1997; Li et al., 1997§e,mb_ryos were fixed in 4% formaldehyde at embryo_nlc day 12-13. We
mplying tha TbS may be nvolved in foelimb development <NMed hat FGF2soaked beads Sherpressing cele nave,
Tbx5 _and_ Tbx_4 thu_s represen_t good marker genes for fore"mﬁ reported previously (Crossley et al., 1996; Vogel et al., 1996;
and hindlimb identity, respectively. Ohuchi et al., 1997b)

To understand the mechanisms of determination of limb B '
identity, we analyzed the phenotypes of the additional limiCartilage staining
induced by FGF in the flank. We found that the anterior halffter manipulation, embryos were allowed to develop for 7-9 days,
of an ectopic limb has characteristics of the forelimb, whereasen fixed in 4% paraformaldehyde and stained for cartilage using
hindlimb features are present in the posterior half0.1% alcian blue. After dehydrating and clearing with methyl
demonstrating the chimeric character of the ectopic limb. Wealicylate, the cartilage structures of the embryos were observed with
usedTbx5and Tbx4as marker genes to examine the identity? L€ica MZ-series microscope.
of the additional Iimbs. We found that the expression of bothy | tion of chick  Thx cDNAs
Tb.X5 and Tbx4re induced by FGF in the flank and' that therel.o isolate chicklTlbx5cDNA, mRNA was extracted from chick wing
exists a clegr boundary b.etweé'bXSITbxflexpressmg and buds at embryonic day 3 using the QuickPrep Micro mRNA
non-expressing domains in the extra limb bud. THeX  pyyification Kit (Pharmacia Biotech). ig mMRNA was reverse
expression boundary in the additional limb appears t@anscribed using the Ready-To-Go T-Primed First-Strand Kit
correspond to its future line of demarcation between the win@Pharmacia Biotech). Polymerase chain reaction (PCR) was
and leg phenotypes. Thus, thbx5/Tbx4expression appears performed using degenerate oligonucleotide primers, which were
correlated with the limb identity in the additional limb, derived from highly conserved regions within the T-box and

suggesting thalTbx5/Thx4may be involved in determination correspond to the following peptide sequences: YVHPDSP for sense
of limb identity in vertebrates. and AVTSYQN for antisense (Agulnik et al., 1996). PCR products
were gel purified, cloned into pCR2.1 according to the manufacturer’s
instructions (TA cloning Kit, Invitrogen Corporation). Sequencing
analysis revealed that one of the plasmids contained a 252 bp fragment
of chick Tbx5 cDNA. To obtain a longerTbx5 clone, rapid
amplification of cDNA ends (Frohman et al., 1988) was performed

MATERIALS AND METHODS

Retrovirus productio_n _ using the Marathon Kit (Clontech Laboratories, Inc.). The resultant
Two types of retroviruses were used for the present study, one is1a kb clonecThx5-3was used for in situ hybridization analysis.
replication-afective variant of thepdeen _recrosis_irus (RDSNV; Chick Thx4 cDNA was obtained by screening a chick limb bud

Dougherty and Temin, 1986), and the otheeplication-ompetent  (stage 20-23) cDNA library prepared in lambda ZAPII phage vector
variant of the_aian leukemia virus withdice acceptor site, an  (Stratagene) with a humaFbx2 cDNA clone (a kind gift from Dr
high titer lymerase, and_Anvelope subgroup (RCASBP(A); Christine E. Campbell). Among the 13 positive clones isolated was a
Hughes et al., 1987). Construction of the RDSNV containing thelone for chickTbx4 (cTbx4-N;2.3 kb). Tbx4 RNA riboprobe was
humanFgf4 cDNA and propagation of the recombinant viruses andsynthesized froncTbx4-Nfor in situ hybridization analysis.
that of the RCASBP(A) containing the chidkgf8 cDNA were
described previously (Ohuchi et al., 1995, 1997a; Itoh et al., 1996) Whole-mount in situ hybridization

. Embryos were fixed in 4% paraformaldehyde 48 hours after surgical
Cell grafting manipulation and prepared for whole-mount in situ hybridization,
Fertilized chick eggs were purchased from Yamagishi Co. (Tokushimavhich was performed according to Wilkinson (1992) with minor
Japan) or from Nisseiken Co. (for specific pathogen free chicks, linmodifications (Ohuchi et al, 1997b). Digoxigenin-UTP riboprobes
M; Yamanashi, Japan) and incubated at 37.5-38.5°C until the desirggere generated from the T-box sequence, coding sequeroethd
stages (Hamburger and Hamilton, 1951). Chick embryonic fibroblasts-box, and 3 untranslated sequences @fbx4-Nand cTbx5-3 To
(CEFs) were grown as described previously (Ohuchi et al., 1997b). Fefsualize the somites, a chick cDNA encoding a muscle transcription
grafting experiments, CEFs were first infected with the virusesfactor, MRF4 (1.1 kb; Fujisawa-Sehara et al., 1992) was used.
cultured for 3 days, and harvested by a light trypsinization ang\ccording to Burke et al. (1995), the chick forelimb bud extends from
centrifugation for 5 minutes at 800 revs/minute. The resulting celsomites 18-19 through somites 21-22 by stage 24. \Whéh was
pellet was then cut into pieces using tungsten needles. Before graftingsed for a somite marker, the posterior-most level of the forelimb bud
sterile black ink (Pelikan, 1:20 dilution) was injected below thewas counted as somites 20-21 in the stage 22-24 embryos that we
blastoderm to visualize the embryo. Using fine tungsten needles,examined. Therefore the somite levels reported here can be calibrated,
small slit was made into the appropriate place of the lateral platglus one somite, compared with the report by Burke et al (1995).
mesoderm and a piece of cell pellet was grafted into the prepared slit.To identify feather buds, a probe for chiBknic hedgeho¢Shh
The eggs were resealed and returned to the incubator. Embryos wete3 kb; Ohuchi et al., 1997a) was used on 10-day additional limbs
incubated for further 48 hours to 11 days depending on the experimeaid contralateral wings and legs as reported previously (Nohno et al.,
FGF2-bead implantation 1999)
Heparin acrylic beads (H5263, Sigma), 125-p&0in diameter, were
soaked in 10ul of human recombinant FGF2 (1 mg/ml; kindly RESULTS
provided by Takeda Pharmaceutical Company) for 1 hour at room
temperature prior to implantation. Just before application to th .
embryos, the FGF2 beads were transferred to tissue culture medie‘mrefe types of skeletal patterns of the additional
to avoid application of highly concentrated FGF2-drops. A bead W;leb in the flank
inserted into the slit in the lateral plate mesoderm at the appropriaWé/e designated the FGF-induced extra limb in the flank as
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Dasoku(snake leg); a Japanese word for a superfluous limb of Table 1. Cartilage pattern of FGF-induced additional

the snake (Ohuchi et al., 1995). To analyze the patterns of limbs

cartilage and integument of theBasokus we implanted-gf- FGFa FGFs Total
expressing cells (FGF4-cells or FGF8-cells) or an FGF2- Phenotypes n n n
soaked bead in the prospective _mterhmb region of stage 13-15 Wing type 7 2 11
chick embryos. At 7 days after implantation, we analyzed the truncation 1 2 3
cartilage pattern of thBasokus As reported previously (Cohn duplication 6 2 8
et al.,, 1995; Ohuchi et al., 1999)asokusexhibit reversed Intermediate type 3 2 5
anteroposterior polarity, e.g., the sequence of digidasokus Leg type 13 5 18
read 4-3-2 from anterior to posterior, which is reversed Total 23 11 34

compared with the sequence of normal wing digi3-4.
Furthermore, the skeletal pattern dasokus changes n, number of experimental samples. _
according to their positions along the anteroposterior bodg FGF was applied to the lateral plate mesoderm at the level of somite 22/23
. oo . f stage 14-15 embryos.
axis. V_Ve classn‘_led 68 cases Bhsokus'nto three Wpes Definition of phenotypes: Wing type Dasokuarticulating with an
according to their skeletal patterns; wing-type is defined as adthentic forelimb skeletal element; Intermediate typzasokuarticulating
Dasoku articulating with an authentic forelimb skeletal with fused fibs; Leg type, Basokuarticulating with an authentic hindlimb
element such as scapula or humerus (Fig. 1A,B), intermediatke'etal element.
type as @Dasokuwhich does not articulate with a forelimb or
hindlimb element, but with fused ribs (Fig. 1C,D), and leg-type
as aDasokuarticulating with an authentic hindlimb element elements from humerus to digits were formed in the wing-type
such as pelvis or femur (Fig. 1F,G,H). All the FGF member®asokus.Many exhibited duplication of the humerus and
that we examined, FGF2, FGF4 and FGF8, were similarlyadius, and thickening of the ulna (Fig. 1B). In 3 out of 34
effective in the induction of all three types of additional limbs.cases, the wing on the implanted side was truncated (Table 1;
It is noticeable that when FGF-cells were applied in the flankata not shown), possibly due to the action of FGF within the
at the level of somites 22-23 of stage 14-15 embryos (34 casesjing territory, as mentioned previously (Vogel et al., 1996). In
all three types oDasokuswere formed (Table 1). A possible the leg-typeDasokus a full range of skeletal elements from
explanation may be that, because of the very rapid growth rapelvic girdle to digits were formed in which the ectopic femur
of the embryonic cells, it was too difficult for us to apply FGFarticulated with an enlarged pelvic girdle (Fig. 1G,H). In the
to the embryos under the exact conditions every time. Sindatermediate typdasokus skeletal elements from stylopods
the competence of the lateral plate mesoderm to respond to tlee autopods were formed, with the stylopods usually
FGF signal may change along the body axis due to tharticulating directly with the fused ribs (Fig. 1D). In normal
cephalocaudal gradient, i.e., the competence is lost earlier ahick embryos, the ribs (which do not fuse) articulate directly
more anterior flank, FGF could therefore induce a more legwnith the sternum (data not shown). Occasionally, a small
like extra limb even if FGF was applied to the relativelycartilage fragment was formed independently between two
anterior flank of a more developed embryo. costal bones, which seemed to be an extra girdle (data not
Cartilage staining revealed that a full range of skeletathown). In contrast to the 3 digits of the normal wing and the

Fig. 1. Phenotypes of FGF4- (A,B,C,F) and
FGF8- (D,E,G,H) induced additional limbs in the
flank. (A,C,F) Whole-mount preparation of
manipulated embryos at embryonic day 9 (E9),
showing a wing-type (A), intermediate-type

(C) and leg-type (FIpasoks (asterisks). w, wing;
le, leg. (B,D,E,G) Skeletal patterns of three types
of additional limbs. (B) Wing-typ®asokufused
with the wing, having two humeri (h;)htwo
radiuses (r,'y and a thickened ulna'ju

(D) Intermediate-typ®asokuy showing that an
additional stylopod articulates with the fused ribs
(arrowhead). (E) Additional limb (arrow) in D,
with four digits. (G) Leg-typ®asoku(arrow).

(H) Higher magnification of the pelvic girdle in G.
An extra femur-like limb (f§ articulates with an
enlarged girdle with an additional ilio-ischial
foramen (asterisk). The arrowhead indicates the
authentic foramen. fe, femur. (1) Normal hip joint.
The arrowhead indicates the ilio-ischial foramen.
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Fig. 2. Epithelial patterns of
normal limbs (A-C) and
three types of FGF2-induce
additional limbs (D-I).
Embryonic stage is day 13
unless otherwise indicated.
Anterior is to the top.

(A) Dorsal view of a normal
wing with feather buds and
three digits 2 to 4).

(B) Dorsolateral view of a
normal leg showing the
ventral curvature of the toe
region. The dorsal side of tl
leg digits is covered with
large scales called scuta
(blue asterisks) and the
ventral side with phalangee
pads (red asterisks).
Developing claws are
indicated by arrowheads.
(C) Shhexpression in feathe
buds in the proximal region
of a 10-day normal leg. To
facilitate comparison, the
photo of the unoperated lef
leg was reversed for
developing. The arrowheac..
indicate the distalmost expressionSifh (D) Wing-typeDasokuwith three additional digits3(, 2', X). The authentic digi is not seen from

this angle. No feather buds are seen in the caudal region of the limb, but instead, flat phalangeal pad-like structukes lifteibdicates

the likely boundary between wing and leg phenotypes. (E) Intermediat®agoku(arrow). w, wing; le, leg. (F) Higher magnification of the
Dasokuin E. The cephalic region of tli#gasokuhas feather buds, whereas its caudal region has ventral phalangeal pads (red asterisks), dorsal
scuta (blue asterisk) and developing claws (arrowheads). (G,H) Le@agoku(arrow) with three claws (arrowheads) and phalangeal pads
(asterisks). The cephalic region of tBiasokuhas both feather buds and a clawSfihexpression in the feather buds of a 10-Bagoku The

arrow indicates the distalmost position of the posterior leg-type region whesbhbgpression fades out. The arrowheads indicate the
caudalmost feather buds in the wing-type autopod region.

4 digits of the normal leg, the intermediate-typesokushad  the anterior half nearest the authentic wing had feather buds,
2 to 5 digits (Fig. 1E), whose patterns do not seem to resemhihereas the posterior half near to the authentic leg had scales
either those of the wing or the leg. Eleven other cases displayadd claws (Fig. 2E,F). Interestingly, we found that even the
a combination of these phenotypes, such as formation of amng-typeDasokushad phalangeal pad-like structures in their
additional humerus, thickening of the ulna, bifurcation of thecaudal margins, which are absent from feather buds (Fig. 2D)
tibia and presence of 5 digits in the common autopod of thend the leg-typdasokushad feather buds in their cephalic

duplicated wing and leg (data not shown). distal margins (Fig. 2G-I). In most cases, these feather bud and
o o N . leg structure domains appeared to be separated by a boundary
Epithelial characteristics of the additional limb (Fig. 2D,FH,l). It is noteworthy that the region of this

Since the forelimb (wing) and the hindlimb (leg) in chicks carboundary occasionally had characteristics of both wings and
be discriminated more effectively by cutaneous structures thdags: there were feather buds in the autopod region and a claw
with the skeletal patterns, we examined the epithelial patterris the distal tip of the digit (Fig. 2H). Although chimerism was
of additional limbs at embryonic days 10-13. The normal chickhot so obvious in the wing- or leg-typBasokus by
embryonic wing has feather buds on the dorsal side of the distalacroscopic observations of cartilage patterns, these epithelial
autopod region in addition to the more proximal region (Figcharacteristics of additional limbs indicated that the ectopic
2A). By contrast, no feather buds are present in the autopdichb may be essentially a chimera of the forelimb and
region of the normal leg (Fig. 2B,C). The distal autopod regiomlindlimb.
of the leg has several characteristics not found in the win
scales, claws, ventral phalangeal pads and a ventral curvat tae chick Tbx5 and Thx4 genes are differentially
of the toe region (Fig. 2B). In addition to the morphologicalexpressed in the prospective and definitive limb
analyses of epithelial structures in ectopic 13-day limbs, wggIions
examined ectopic 10-day limbs for feather bud formation byfo further verify their chimeric character, we wished to
use of a molecular markeBhh(Fig. 2I), sinceShhhas been examine the expression patterns of wing- or leg-specific genes
reported to be expressed in the feather bud epithelium (NohimotheDasokuimb buds. It has been reported that two members
et al., 1995; Ting-Berreth and Chuong, 1996). of the T-box gene familyTbx5andTbhx4 are expressed in the

In the intermediate-typB®asokusformed in the mid-flank, mouse forelimb and hindlimb buds, respectively (Chapman et
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MTbXx4 ~  cecmmeem M | TKAGRRMFPSYKVKVTGUNPKTKY! LL VPADDHRYK@ GKAEP. MP
cTbx4 LVWKKFHEAGTEM | TKAGRRVFPSYKVKVTGMNPKTKYI LLI DI VPADDHRYK| GKAEPAMP
nTbx5 LW.KFRSGVTEM | TKAGGRMFPSYKVKVTGAINPKTKYI LL VPADDHRYKm GKAEPAMP
cTbx5 LW.KFHEVGTEM | TKAGRRVFPSYKVKVTGLUNPKTKY! LLIMDI VPADDHRYK| GKAKPAMP
Fig. 3. The deduced amino nTbx4 GRL YVHPDSPATGAHWWRQL VSFQKL KL TNNHLDPFGHI | LNSMHKYQPRLHI VKADENNAFGSKNTAFC
acid alignment of the T- cThx4 GRL YVHPDSPATGAHWWRQL VSFQKL KL TNNHLDPFGHI | LNSMHKYQPRLHI VKADENNAFGSKNTAFC
domains of chickeifbx4and nTbx5 GRL YVHPDSPAT GAHWRQL VSFQKL KL TNNHLDPFGHI | LNSMHKYQPRLHI VKADENNGFGSKNTAFC
Thx5genes with the mouse cTbx5 GRL YVHPDSPATGAHWVRQL VSFQKL KL TNNHLDPFGHI | LNSVHKYQPRLHI VKADENNGFGSKNTAFC
Tbxgenes. Shaded boxes
indicate amino acids
characteristic oTbx4and
Thx5 (MTbx4 and mMThx5 nTbx4 TI-NFPE::@FI @//TTSYQ\IHKI TQLKI ENNPFAKGFRGS
sequences have GenBank, cThx4 THVFPI Fl SYQN\HKI TQLKI ENNPFAKGFRGS
accession numbers U57329 nrbx5 THVFP | SYONHKI TQLKI ENNPFAKGFRGSI -
and U57330, respectively.) cTbx5 THVFPE@E WSYQ\‘H” TQKI ENNPFAK@RGS%@M

al., 1996; Gibson-Brown et al., 1996), so we decided to usgtage 12/13Tbx5expression became detectable in the lateral
theseTbx genes as wing- and leg-specific markers. To obtaiplate mesoderm at and below the level of the heart, and in the
the chickTbx genes, we employed RT-PCR using degeneratprospective wing mesoderm (Fig. 4A). The onsetTbk4
oligonucleotide primers in addition to cDNA library screening.expression began slightly later, at stage 13, in the caudal-most
Fig. 3 shows the deduced amino acid sequences of the chigion of the lateral plate mesoderm (data not shown; Fig. 3F
Thx4 and 5 T-box region, aligned with those of the mousat stage 14). By stages 14-15, before demarcation of the wing
homologues. Within this conserved region, the amino acidnd leg bud from the lateral plate mesoderm, high levels of
identity for each gene compared with the corresponding moudéx5andThx4 expression can be seen in the prospective wing
homologue is 99% fofbx5and Thx4 and leg mesoderm, respectively (Fig. 4B,C,G). At stages 17-
Prior to analysis of their expression in ectopically induced.8, when the limb buds have begun bulging outwards, these
limb buds, we checked the mRNA localization of hex5and  two Thxgenes are differentially expressed in the wing and leg
Thx4 genes during normal chick limb development. At stagéuds, respectively (Fig. 4D,H). Transverse sections of embryos
11, the earliest stage examindthx5 was expressed in the stained by whole-mount situ hybridization revealed that neither
developing heart but not in the lateral plate mesoderm, whil@bx5nor Thx4are expressed in the limb bud epithelium (data
Tbx4 expression was not yet detectable (data not shown). Byot shown). In contrast with the reported sustained expression

Fig. 4. Expression offbx5
(A-E) andTbx4(F-J) in normal
chick embryos. Embryonic
stages are indicated in the
bottom corners of each panel
Anterior is to the top.

(A-C) Thx5expression is
detected in the prospective
wing region (w), the
developing heart (h) and the
developing eye (e). At stages
12-16,Tbhx5is also expressed
in the lateral plate mesoderm
and below the somite levels c
the heart. Somite 15 is
indicated by an asterisk in A.
(C) Expression in the eye
becomes restricted to the dor
retina. (D)Thx5expression in
the early wing bud, the
ventricle (v), foregut
mesenchyme (arrow) and the eye. TBx5expression in the wing bud, flank mesenchyme, the ventricle, and lung and tracheal mesenchyme
(arrow). The arrowheads indicate the anterior and posterior limitsxdexpression in the wing and flank mesenchyme, respectiu®t
expression in the flank mesenchyme disappears by stage Pax4EXxpression begins in the posteriormost region of the lateral plate
mesoderm and appears in the prospective leg mesenchyme at the level of somite 26-29 (G). This expression expands &y thed\ibl®) .|

(I) Tox4expression in the leg (le) and lung (lu) mesenchyme. The arrowhead indicates the anteriol br#tegpression in the flank.

(J) Higher magnification of the leg bud in I. The arrowheads indicate the anterior and posterior Tiinkéexfpression in the flank and in the
mesoderm caudal to the leg bud, respectively. In contrast to the strong signals in the mesenchyme, neither gene was tepAdsReat iin

the ectoderm of wing and leg buds (J) throughout all stages of limb bud development.
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of Tbx4in mouse tail mesenchyme (Chapman et al., 1996
expression of chickbx4in the tail bud significantly decreased
from stage 18 onwards (Fig. 4H-J). This is interesting from th
view of comparable biology, because chickens lack tail:
whereas mice have quite prominent tails. At stagd@85and
Thx4are still specifically expressed in the prominent wing anc
leg buds, respectively (Fig. 4E,l,J), but not in the apica
ectodermal ridge (AER) (Fig. 4E,J), as reported in the mous
(Gibson-Brown et al., 1996). In 4-day embryosbx5
expression was also present in the flank mesoderm at a
anterior to the level of somite 25-26 (Fig. 4E). In contrEsx4
expression was restricted to the mesenchyme in the vicinity «
the leg bud at this stage (Fig. 4J).

As has been observed in mouse embryos (Chapman et
1996), chickTbx5is also expressed in the developing eye ant
the mesenchyme surrounding the foregut, lung buds ar
trachea (Fig. 4A-E), andbx4 in the lung and tracheal
mesenchyme (Fig. 4l).

Both Tbx5 and Tbx4 are differentially expressed in i ] )
the additional limb bud Fig. 5.Expression off bx5(A-C) andThx4(D-F) in three types of

. . . . Dasokis induced by FGF8. As judged from their positions, (A,D) are
Since the normal expression pattern§lu»t5and_Tbx4|n c_h|ck wing-type, (B,E) are intermediate-type and (C,F) are leg-type. w, wing
embryos correlate well with those observed in mice, it appeafyq: d,Dasokulimb bud: le, leg bud. Anterior is to the top. (FYx5is

that thes&lbxgenes can function as good wing- or leg-specificexpressed in the wing afthsokulimb buds. The arrowhead indicates
markers. We next examined their expression patterns in thréig posterior limit offbx5expression in the flank. (B,3px5is

types of FGF-induced extra limb bud®x5was expressed in expressed in the cephalic region of Besokulimb buds. The

the cephalic half of the intermediate-typasokulimb bud, arrowheads indicafEbx5expression in the flank. (D,Epbx4is

while Tbx4 was expressed in its caudal half (Fig. 5B,E).expressed in the leg bud and caudal region db#sakulimb buds.
Although we had speculated thtx4would not be expressed Thx4is not expressed in the flank between@asokuand the leg bud
in the wing-typeDasokuandTbx5absent from the leg-type, we (&rrow in D). (F) Ventral view of an embryo wittDasokuon the right
observedbx4expression in the caudal margin of the Wing-typeS'de'TbX4'S expressed in the leg abasokulimb buds.Tbx4

. ; . ’ P expression appears weak in the cephalic margin dasekulimb
Dasoky in which Tbx5 was predominantly expressed (Fig. bud (arrowhead). The broken line indicates the expanded domain of

5A,D). Correspondingly, Tbx5 was also expressed in the Thygexpression on the right side, compared with the left.
cephalic margin of the leg-typ®asoky which otherwise

almost entirely expressetbx4 (Fig. 5C,F). Thes&bx5/Thx4
expression patterns imply that the cephalic region of thkindlimb boundary is not fixed at a particular somite level. We
additional limb identifies itself as a forelimb, but its caudalalso defined the position of the additional limb bud as the
region as a hindlimb, and that all of these FGF-induced extrsomite level corresponding to the middle of the additional limb
limbs in the flank may be more or less chimeric even thoskud and examined its correlation with the level of the boundary.
formed near the authentic limb. In addition, this result indicateés shown in Fig. 7, the extent of the expression domains of
that FGF can induce or maintain expressioitm5andThx4  Tbx5andTbx4genes are limitedibx5can be expressed in the
genes in the flank mesenchymal cells, which are usually natuthentic forelimb region through the flank region to somite
expressed in the flank at such high levels (Fig. 4E,l). Since tI#6, whereas'bx4 can be expressed in the flank region from
differential expression patterns dafbx5 and Tbhx4 in the  somite 22 through the leg region. We found that the somite
additional limb buds correlates well with the chimericlevel of the boundary varies depending upon the position of the
characteristics of their future morphology, it is likely tiak5  additional limb bud; when the extra limb is formed in more
and4 genes are involved in determination of chick limb identity.anterior flank, the boundary exists at a more anterior somite
level, whereas when the additional limb is established in the

The axial level of the boundary between the forelimb more posterior flank, the boundary exists at more posterior
phenotype ( Tbx5-expressing domain) and hindlimb somite levels (Fig. 7). The boundary of thex5 expression
phenotype ( Tbx4-expressing domain) is not fixed (open circles in Fig. 7) differs slightly from that &bx4
but can be altered by FGF expression (closed circles in Fig. 7). This result implies that

To examine whether the somite level of the phenotypithe expression domain dfbx5can slightly overlap with that
boundary built by FGF application is fixed or variable, weof Tbx4 This is consistent with the fact that the wing-leg
performed in situ hybridization ddasokuembryos usingbx5  boundary regions ddasokusoccasionally exhibit a mixture of
andThx4RNA probes, together with a myotome marker genebpoth limb phenotypes (Fig. 2H).

Mrf4, to mark the somites (Fujisawa-Sehara et al., 1992). We Since the posterior end of the chick wing bud is at the level
could thereby determine the level of the somite opposite thef somite 21-22 and the anterior end of the leg bud is at somite
boundary inDasokulimb buds. Typical results are shown in 29-30 by stage 24 (Burke et al., 1995), our results indicate that
Fig. 6, where the boundary is seen at somite 23 (Fig. 6B), 23/2de somite level of the FGF-induced forelimb-hindlimb
(Fig. 6D) or 25/26 (Fig. 6F), indicating that the forelimb- boundary can be altered within the interlimb region between
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Fig. 7.Dependence of the somite level of the boundary betWbzn
expressing and non-expressing cell®asokulimb buds on their
anteroposterior positions. FGF2 or FGF8 was applied to the flank
cells. To determine the somite level of the boundary (abscissa), we
examinedTbx5expression (open circles) in 9 case®aboku

embryos and bx4expression (closed circles) in another 10 cases.
The ordinate shows the position@&sokulimb buds, defined as the
level of opposite somites corresponding to the middle of the limb
bud. For reference, the thoracic-lumbar boundary (Burke et al., 1995)
is shown by the broken line. The dotted line indicates the ideal linear
relation between thBasokuposition and the axial level of the
boundary, which exists in the mid-level of the additional limb bud.

additional limbs, wing-type, leg-type and intermediate-type
can be formed by ectopic application of FGF in the chick
embryonic flank. Although the wing-leg phenotypic boundary
is not clear in skeletal elements, most of the FGF-induced
limbs were found to be chimeric in integumental characteristics
and to exhibit a clear boundary in the integumental pattern. We
also showed that the anterior half of the additional limb

Fig. 6. TbxsandMrf4 expression in embryos with FGF8-induced ~ €xpresse§bx3 whereas the posterior half expres$es4in

additional limb buds in the right flank. (A,C,E) Posterior views. the intermediate type. Since the expression domaiixs
(B,D,F) Lateral views of the embryos in A,C,E, respectively. andThbx4in the extra limb bud seem to correspond to the future
Anterior is to the top. The arrowheads indicate the boundaries in thecephalic wing-like limb and the caudal leg-like limb,
additional limb buds betweérbx5 (A,B,E,F) orThx4 (C,D) respectively, concomitant expressionfix5andThx4may be

expressing and non-expressing domains. The arrows indicate the jnvolved in forelimb and hindlimb chimerism.
anteriormost somites that exprésdg4. w, wing bud; le, leg bud. The The expression ofTbx5/Thx4 genes could be closely
numbers in B,D,F indicate the somite level along the anteroposteriog,rg|ated to establishment of the ectodermal structures rather

axis. Judged from their position, (A,B) are wing-type, (C,D) - ) o
intermediate-type and (E,F) leg-type. The boundaries are at the Ieveq1an that of limb-type-specific skeletal features, because

of somite 23 (A,B), somite 23/24 (C,D) and somite 25/26 (E,F). chim_erism is not so obvi_ous in cartilaginous_eler_nents (Table
1; Fig. 1), as observed in the pattern of epithelial structures

) ) ) Fig. 2) and the pattern afbx5/Tbx4expression (Fig. 5) in
the level of somites 22-26 (Fig. 7). This suggests that FGhdditional limbs. However, the skeletal patterns of the
signaling is required fofbx5andThx4to be expressed in the additional limbs are clearly different from those of the wing
prospective limb regions, but the expression domains of eaghd leg, especially in intermediate-tyBasokus (Fig. 1),
Tbxgene are further determined by additional factors although it is difficult to verify their chimerism. If there were

any appropriate molecular markers for limb-type-specific
cartilaginous elements, one might be able to clarify whether

DISCUSSION Tbx5/Thx4 specifies limb-type skeletal pattern. This idea is
) ) o ) supported by the fact that skeletal abnormalities affect the

Tbx5/Tbx4 may be involved in determination of limb upper limbs in Holt-Oram syndrome, caused by mutations in

identity the humanTBX5gene (Basson et al., 1997; Li et al., 1997)

We demonstrated that three types of skeletal patterns @hus, Tbx5/Tbx4dmay also be involved in specification of the
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skeletal pattern. Taken together with the expression pattern ieview see Gilbert, 1994). We showed that the mesenchymal
normal chick (this study) and mouse embryos (Gibson-Browexpression patterns ofbx5/Tbhx4 closely correlate to its

et al., 1996), Thx5 in the forelimb and Tbx4 in the hindlimbepithelial pattern: cephalic wing epithelium (feather buds) and
are most likely to be involved in determination of normal limbcaudal leg epithelial structures (scales, claws, etc). This

identity. observation suggests that the forelimb and hindlimb epithelial

) ) phenotypes may be specified by mesenchymal factors induced
FGF may change the axial level of the limb through by Tbx5/Tbx4. Therefore, it is likely that Tbx5 and Thx4
activation of  Thx5/Tbx4 regulate particular downstream secreting factors to specify
We found that a boundary exists between Tex5/Tbx4  limb epithelium. Recently, it was shown that bone

expressing and non-expressing domains in the additional liminorphogenetic protein (BMP) signaling is required for scale
bud in the flank. In normal chick embryos by stage 24, the moftrmation in chicks (Zou and Niswander, 1996). In addition, a
posterior end ofTbx5 expression domain in the flank is at Thx homologous genepptomotor-blind was found to be
somite level 25/26 (Fig. 4E). This axial level corresponds t@egulated by decapentaplegic (@ Bmp homologue) in

the thoracolumbar transition site of chick vertebrae by stage 2Brosophila (Grimm and Pflugfelder; 1996). Since such
(Burke et al., 1995). Therefore, we expected that the axial levebmologous gene sets seem to be used in many developmental
of the Tbx expression boundary would be fixed at the level ofrocesses in insects and vertebrates, it is reasonable to predict
the thoracolumbar transition even in the induced flank limBmp as a candidate target gene for Thx4. It has also been
bud. However, we found that the level of this boundary varieshown that FGF signaling is involved in feather bud
with the site of FGF application between the levels of somitedevelopment in chicks (Noji et al., 1993; Song et al., 1996;
22 and 26, not necessarily coinciding with the thoracolumbawidelitz et al., 1996). Therefore, FGF stands as another
boundary in the paraxial mesoderm. Thus, it appears that F@&&andidate target factor of Tbx5, at least in the case of wing
activation of Tbx5and Tbx4 gene transcription in the lateral epithelial specification. Since there exists a clear boundary
plate mesoderm occurs independently of influence from thieetween wing- and leg-epithelial phenotypes and betwben
paraxial mesoderm. Furthermore, this implies that the position

of the forelimb and hindlimb in tetrapods may be determiner

according to the site of FGF action in the lateral platt o5 | py

mesoderm. Recently, Cohn et al. (1997) showed that FGF ci

induce particular combinations dflox9 paralogous gene (19 _
expression in the lateral plate mesoderm reflecting the types 8 W Hox (F]E’;ftgpg
additional limbs formed in the flank. Therefore, it is likely that | Y Forelimb
a Hox code may also constitute this FGF-Tbx signaling (19 | N F?F A _)_) phenotype
ca(s:cade. _ _ o ® 6| N ome
orrelation of FGF with activation of thEbx5 and Thx4 (20 factors?
genes is reminiscent of the upregulation of expression of oth: (7)) [ F| :
T-box-containing genes, such abxT and Thx6L, by FGF4 O |L
(Knezevic et al., 1997). Furthermore, another T-box-containin () |A
geneBrachyuryand embryonic FGF (eFGF) were shown to be () IN
components of the same regulatory looXenopugSchulte- O |k
Merker and Smith, 1995). Although T-box-containing genes @ | |
are quite divergent outside of the T-box, it is possible tha @) |L
similar reciprocal interactions might be present between FG 29 Hox (Hfin(t:itlimgJ
and Tbx5/Tbx4cognates in vertebrate limb specification. Y actors) Mindlimb
Pinot (1970) reported that the prospective limb mesoderr g E F,_GF T > 77 | phenotype
can autonomously form a limb and determine its own limk G U Other
identity depending upon its origin, but the prospective flanl @) G factors
mesoderm cannot form a limb by itself nor specify limb L (P-0tx/Ptx17?)

identity. This phenomenon may be explained as follows: th

prospective limb mesodermal cells can induce a limb bud ijg g A model for roles of FGF, Thx5 and Thx4 in determination of
the presence of a mesenchymal FGF, such as FGF10 (Ohughib identity. FGF upregulates expressiorTok5andThx4in the

et al., 1997), and determine limb identity by FGF-activategrospective wing (forelimb) and leg (hindlimb) mesoderm,
Tbx5/Thx4expression. By contrast, the flank mesodermal cellgespectively. WhiciTbxexpression is upregulated may be

could form aDasokuif they were supplied with FGF, thus determined by Hox codes and other factors. According to Cohn et al.

inducing the concomitant expressionTdfx5and Tbhx4 (1997), vertebrate limb position may be determined by a particular
combinational expression bfox9 paralogous genes, which can be

Tbx5/Thx4 may regulate production of secreting induced by FGF. By contrast, Tbx5/Thx4 specifies each limb

factors to specify epithelial phenotype phenotype such as skeletal and integumental elements via subsequent

. . . signalling cascade. In the hindlim®Bsotx/Ptxmay be included in
Classical experiments demonstrated that transplantation of I& o factors’ because of its expression pattern (Szeto et al., 1996;

mesoderm underneath the wing AER produces a leg distghnctot et al., 1997) and FGF activation (our unpublished results).
structure in the host wing (Saunders et al., 1959). This impliedonstant reciprocal interactions between limb mesenchyme and
that a secreted molecule(s) derived from limb mesoderm magpithelia may be crucial for establishment of each limb phenotype.
be directly responsible for limb epithelial specification (forSO, somites; LPM, lateral plate mesoderm.
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expressing domain and non-expressing domain in addition&linds for Promoting Science and Technology from Science and
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