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SUMMARY

A central feature of the tetrapod body plan is that two pairs
of limbs develop at specific positions along the head-to-tail
axis. However, the potential to form limbs in chick embryos
is more widespread. This could have implications for
understanding the basis of limb abnormalities. Here we
extend the analysis to mouse embryos and examine
systematically the potential of tissues in different regions

either to expressShh or to induce Shh expression. We also
show that cells from chick tail can give rise to limb
structures. Taken together these observations suggest that
naturally occurring polydactyly could involve recruitment

of cells from regions adjacent to the limb buds. We show
that cells from neck, flank and tail can migrate into limb
buds in response to FGF4, which mimics extension of the

outside the limbs to contribute to limb structures. We show
that the ability of ectoderm to form an apical ridge in
response to FGF4 in both mouse and chick embryos exists
throughout the flank as does ability of mesenchyme to
provide a polarizing region signal. In addition, neck tissue
has weak polarizing activity. We show, in chick embryos,
that polarizing activity of tissues correlates with the ability

apical ectodermal ridge. Furthermore, when we apply
simultaneously a polarizing signal and a limb induction
signal to early chick flank, this leads to limb duplications.

Key words: Polarizing activity, Apical ectodermal ridge, Chick,
Mouse, Limb,Shh FGF4

INTRODUCTION second bud, extra digits are induced. Signalling regions in the
limb are conserved between mouse and chick. Posterior cells
In tetrapods, two pairs of limb buds develop at specifidrom a mouse limb bud, when grafted to the anterior margin of
positions along the head-to-tail axis of the embryo. Howeveghick limb buds, lead to formation of extra digits and a rat
it is well-known, both from classical work in amphibians andapical ridge can support outgrowth of chick limb mesenchyme
more recent studies in chick embryos, that the potential to forifTickle et al., 1976; Fallon and Crosby, 1977; Wanek and
limbs is much more widespread throughout the body. This maBryant, 1991; Jorquera and Pugin, 1971).
be a legacy from ancestral vertebrates from which present dayThe ability of tissues to induce extra digits when placed
vertebrates evolved. This potential could also be important ianteriorly in chick wing buds is known as polarizing activity and,
genesis of limb abnormalities. Here we explore limb-formingnore recently, molecules with this property have been
potential in mouse and chick embryos and suggest models fdiscovered. Retinoic acid was the first molecule to be identified
the origin of polydactyly. with polarizing activity (Tickle et al., 1982) but is now thought
Limbs develop from small buds of mesenchyme envelopetb act via induction of expression®bnic hedgeho@hh Riddle
in ectoderm. Bud outgrowth is controlled by the apicalet al., 1993).Shhis expressed in the polarizing region in the
ectodermal ridge, the ectodermal thickening around the limbrormal limb bud and its expression corresponds to maps of
bud tip. The apical ridge forms from ectoderm overlying thepolarizing activity (MacCabe et al., 1973; Honig and
limb-forming region in response to signals from the mesoderrBummerbell, 1985). WhenShh is ectopically expressed
and, subsequently, mediates outgrowth through production afteriorly, this leads to extra digits. Several non-limb tissues have
FGFs. A second signalling centre, the polarizing region, thebeen shown to have polarizing activity and this has also been
forms at the posterior edge of the apical ridge. Signals frorfound to be associated wiBhhexpression (Riddle et al., 1993).
the polarizing region control anteroposterior digit pattern The flank (interlimb) region of vertebrate embryos is known
(Saunders and Gasseling, 1968). When the polarizing regida have limb-forming potential. This was first demonstrated in
from one chick wing bud is grafted to the anterior margin of aewts in response to nasal placode grafts (Balinsky, 1965).
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More recently, it was shown that a single application of FGF ttMATERIALS AND METHODS

the presumptive flank region of chick embryos leads to

induction of an ectopic apical ridge, expresdigds, followed  Source of animals

by induction of a polarizing region, expressighh and Mice (C57, Balb-C and CD-1; Harlan) were maintained at constant
formation of an additional limb (Cohn et al., 1995; Ohuchi etemperature (21+2°C) with 12 hours of light 6 a.m.-6 p.m. Mated
al., 1995, 1997; Crossley et al., 1996; Vogel et al., 1996; Yonefemales were checked for vaginal plugs three times a day (9 a.m., 2
Tamura et al., 1999). It is also known from grafting experiment8:m- and 5 p.m.). Fertilized White Leghorn chicken eggs were
that cells in chick flank have polarizing activity (Hornbruch ancPPtained from Poyndon Farm, Waltham Cross, Hertfordshire, UK.
Wolpert, 1991; Yonei et al., 1995). In chimeric mouse embryo\sNhole mouse embryo culture and insertion of FGF-

Cimall budIike strustures. develop fom the flank and thesEo2ked Deads o the fiank of E9 mouse embryos
P EQ mouse embryos were cultured in rat serum with closed yolk sacs

buﬁ:reexxge%fggﬁgwsiﬁlEfett);ﬁj etkgl.’p](;?(gr?t)iél of cells an s desc_ribe_d by Mart_in and Cockroft (1999). Heparin-acrylic beads
) . " ) ' . 50 um in diameter; Sigma, H5263) were soaked in 0.7 mg/ml FGF-
tissues at different positions in both mouse and chick embryQs, pgs as previously described (Cohn et al., 1995). After removal
to contribute to limb structures. We find widespread potentiadf Reichert's membrane, a small slit was made in the yolk sac, amnion
to form both signalling regions and/or limb structures. Thes@nd flank lateral plate. The FGF4- or PBS-soaked bead was implanted
observations suggest that polydactyly could result froninto the small slit in the flank and the embryonic membranes were
recruitment of non-limb cells into limb buds. Our analysis ofthen pinched closed. Immediately after bead implantation, embryos
mouse embryos is particularly important because there avéere placed in a warmed tube with 1 ml of warmed rat serum per
mouse polydactylous mutants that resemble human conditio§101y0. The tube was then gassed with 20%65% CQ and 75%
Wil i abnomalties. In_many- poydachious. mouseh S s placed il o lertube o e ot 7.C A
mutants,S_hhhaS been shown to be expressed anteriorly as We?g, 5% dQ and 55% N. Emb?yos were Karvested af?er 48 hours of ’
as posterlorly (Masuya et al., 1995, 1997) but the origin o ulture and then fixed in 4% paraformaldehyde (PFA) for in situ
these cells is not known. hybridization.

Li and Muneoka (1999) have shown that FGF4, which is
produced by the apical ridge, acts as chemoattractant to limpmbryo manipulations
bud cells. Therefore we implanted FGF4-soaked beads at thgsaying for polarizing activity in embryonic chick and mouse
edges of the apical ridge in chick limb buds to imitate ridg&imb bud and flank
elongation and tested whether nearby non-limb cells migraig e first grafting procedure, tissues of chick or mouse embryos

into the buds. We also applied a ridge induction signal togeth@fere dissected and placed in 1% trypsin, for 10-30 minutes at 4°C
with a polarizing region signal to the flank of early chickto loosen the ectoderm from the underlying mesoderm. The wedges

embryos and showed that this led to limb polydactyly. of tissue to be grafted were then transferred to tissue-culture medium
a v:
b
%
—_—

Fig. 1. (a,b) Diagram of experimental manipulations carried out with stage 20 wing buds. Grafted tissue is shaded. (a) Graftireg procedu
(Saunders, 1977; Tickle, 1981; Hornbruch and Wolpert, 1991) in which a cut was made along the base of the apical ectedeveraiiréd
anterior part of the host bud. The apical ectodermal ridge was raised up from the underlying mesenchyme and the grisifictigsue (w
ectoderm) was placed between ridge and mesenchyme. (b) Grafting procedure (Saunders and Gasseling, 1968; MacCab@ethkich1973)
a piece of mesenchyme plus overlying apical ridge was removed from the anterior margin of the host limb bud and the ¢nattissu
ectoderm) was placed in the hole and pinned. (c-f) Dorsal views of whole mounts of chick wings obtained after transdlahtekiqnadt

tissue under the host anterior apical ridge. (c) Wing resulting from grafting of tissue from anterior margin of the lidilvdgidr(). Digit
pattern234. (d) Wing resulting from grafting of tissue from posterior margin of the limb bud (‘H’ region). Digit p48284 (e) Wing

resulting from grafting of tissue from central region of the limb bud (‘P’ region). Digit p&&84 (f) Wing resulting from grafting of the

tissue from flank (‘X’ region). Digit patter8234
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(MEM or DMEM+10% foetal calf serum (FCS); Gibco: Biocult) at Dil application to track cells

4°C and the ectoderm removed. The graft site in the host chick wingmall deposits of Dil (3 mg/ml in dimethylformamide) were injected
bud was prepared by lifting the apical ectodermal ridge along thgia microelectrodes into mesoderm, in ovo, using a picospritzer
anterior margin of the wing bud of stage 19-20 host chick embryogyargesson et al., 1997). Microelectrodes, with a tip diametepof,3
The graft tissue was then implanted under the ridge (Saunders, 19%ygre filled at their tip with a small quantity of tracer and backfilled
Fig. 1a). with 1 M lithium chloride. In each embryo, the location of Dil was

In a second grafting procedure to assay polarizing activity, blockghotographed first at 0 hours, and then later at 24 hours using a Leica
of tissues (mesenchyme plus ectoderm) from chick embryos welgz FLIII microscope.

dissected in tissue-culture medium. The tissue block was grafted to

a hole cut at the anterior margin of a host chick wing bud of stagenmunohistochemistry

19-20 (Hamburger and Hamilton, 1951). The graft site in the host days after transplantation of quail tail tissue into chick wing buds,

was prepared by removal of a comparably sized piece of apicambryos were fixed in 4% PFA in PBS, embedded in O.C.T.

mesoderm and overlying ectodermal ridge from the anterior wingompound (Miles), frozen and then serially sectioned a0

bud. The graft tissue was then secured into the host wing bud witections were blocked for 1 hour in 5% heat-inactivated goat serum

a fine tungsten pin (Saunders and Gasseling, 1968; MacCabe et al.5 mg/ml bovine serum albumin (Sigma) in PBS, incubated for 1

1973; Fig. 1b). o _ _ hour in QCPN anti-quail monoclonal antibody (Developmental
In the normal chick wing, the digit pattern284 (reading anterior  studies Hybridoma Bank, University of lowa), washed five times for

to posterior, Fig. 1c). Tissue with high polarizing activity induces thepo minutes in PBS, incubated for 1 hour in 1:400 horseradish

formation of an extra posterior digit, digit as in digit patterns such peroxidase-conjugated goat anti-mouse IgG (Sigma), washed as

43234 0r 4334 (Fig. 1d; 43239, whereas weak polarizing activity pefore with second antibody, and then developed in 0.25 mg/ml

induces only an extra anterior digit, didit(Fig. 1le; 2234, and  diaminobenzidine in PBS with synchronous addition of 0.03%;H

moderate polarizing activity specifies an extra d&jitFig. 1f; for  The reaction was stopped by addition of excess PBS.
example3234.

Patterns were assigned a score (S) based on the extra digit withsitu hybridization
most-posterior identity that develops. When an extra digitas  The Thx4 probe was transcribed from Hindlll fragment by T3
produced, S was 4. When the dlglt with the most pOSteriOf identitbowmerase (|saac et a|., 1998) and mprobe was transcribed
was a3 or a2, S was 2 or 1 respectively. When there were no anteriofrom aXhd fragment by T3 polymerase (Riddle et al., 199&)xc9
digits, S was 0. These scores were used to calculate the ‘percentagsNA-containing plasmid was generously supplied by Cliff Tabin and
.respecmcatlon’: where. percentage respecificatiod88/4xn, and n probe was transcribed from EcoRl fragment by T3 polymerase
is number of wings (Tickle et al., 1985). (Nelson et al., 1996). In situ hybridization was performed as

Insertion of heparin beads into chick embryos previously described (Wilkinson, 1992).

Heparin-acrylic beads were loaded with FGF4 (PBS soaked as Alcian blue staining
control) as described above then inserted into slits in wing buds @jost chick embryos were incubated until day 9-10. The embryos were
flank regions or tail regions of stage 20 chick embryos. Embryos Wekgen fixed in 5% TCA, stained in 0.1% Alcian blue in 70% acid

fixed 16 hours later in 4% PFA and then subjected to in siticonol, dehydrated in ethanol and cleared in methy! salicylate.
hybridization forShh

Insertion of tail or leg tissue into wing buds of chick embryos
Tail tissues opposite somite 32 to 35 or mesenchyme from dist
central regions of leg buds of stage 20 chick or quail embryos Werf,h
dissected and placed in 1% trypsin, for 10 minutes at 4°C to loosehh€ future flank of mouse embryos can form an
the ectoderm and endoderm from the mesoderm, then transferreda@gical ectodermal ridge
tissue culture medium at 4°C and the ectoderm and endoderfo test whether mouse flank is competent to respond to FGF
removed. The mesoderm was then grafted to host chick wing budgnd form limb buds, we implanted FGF4-soaked beads into
The gratft site in the host chick wing bud was prepared by lifting thehe flank lateral plate mesoderm of 14-somite-stage mouse
apical ectodermal ridge (AER) along the posterior margin of W'”%mbryos (embryonic day 9, E9, before limb buds have
buds of stage 19-20 host chick embryos. developed : ’ ! ;
ped). Manipulated mouse embryos were then cultured in
Insertion of beads into prelimb-bud-stage chick flank rat serum with special gas mixtures for 48 hours. After this
Heparin-acrylic beads were soaked in 1 mg/ml FGF2 (R&D Systemdgngth of time in culture, most of the 13 embryos that had
as previously described (Cohn et al., 1995). Mouse Shh protein w&sirvived, had developed both forelimb and hindlimb buds but
kindly provided by Andy McMahon. Affigel CM beads were soakedsome embryos had forelimb buds only. Implantation of an
in 16 mg/ml Shh as previously described (Yang et al., 1997). BeadsGF4-soaked bead to the flank led either to enlargement of the
were inserted into slits made in flank ectoderm and pushed into tfgrelimb bud towards the flank on the manipulated side (10 out
mesoderm. Embryos were then incubated for a total of 9-10 days. of 13 embryos) or to ectopic limb-bud formation in the flank
(3 out of 13 embryos).
In order to examine apical ridge formation in treated
embryos, we examined the pattern of transcripEgf, a gene

§ESU LTS

Dil labelling and application
Dil labelling of grafts

Mesenchymal tissues to be grafted were labelled by immersion in ; ; ; ; ;
ug/ml Dil (L.1-dioctadecyl-3,3,33 -tetramethylindocarbocyanine that is expressed in the apical ectodermal ridge of developing

perchlorate; 3 mg/ml stock in dimethylformamide was diluted inl!mb buds. In bead-treat_ed embryos where a m_orphologlcal
MEM + 10% FCS) at 37°C for 30 minutes. Dil-labelled tissues werdIMb bud extends posteriorly (_:iown the embryonic flank, we
then grafted under anterior apical ridge as described (Fig. lgz.?‘w punctuated linear expressiort-gf8 throughout flank and

Embryos were fixed 24 hours later in 4% PFA, and photographe@indlimb regions (Fig. 2a,b). Thus the ectoderm all the way
under a Leica MZ FLIII microscope. Specimens were then subjecte@dlong the flank of mouse embryos is competent to form an
to in situ hybridization foShh apical ridge. When the FGF bead triggered outgrowth of an
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Fig. 2. Expression ofgf8in cultured mouse embryos 48
hours after FGF4- or PBS-soaked bead implantation. (a,b)
Expression ofFgf8is observed continuously from apical
ridge of forelimb bud to hindlimb bud throughout the flank
(arrows) after implantation of an FGF4-soaked bead
(asterisk). F, flank; H, hindlimb. (c) Ectopic expression of
Fgf8is observed in the apical ridge of an additional limb bud
(arrows) that developed in the flank after implantation of a
FGF4-soaked bead (asterisk). (d) No ectégit8 expression
was observed after the implantation of a PBS-soaked bead
(asterisk).

additional limb bud, ectopic expressionkgf8 was confined ectodermal ridge at the anterior margin of a stage 20 chick
to the apical ridge of the new limb bud (Fig. 2c). Implantatiorwing bud (Fig. 1a). Limb-bud and flank tissues to be used as
of PBS-soaked beads never induced extended apical ridgeafts were excised from mouse embryos as shown in Fig. 3.

formation or outgrowth of ectopic limb buds (0 out of 8; Fig. In 14-somite-stage (E9) mouse embryos, we observed weak
2d). polarizing activity in presumptive forelimb (‘A’ and ‘B’ region)

o o o and most anterior flank region (‘C’ region; Fig. 3a,d). Grafts
Polarizing activity can be detected in limb bud and of mesenchyme from these regions induced extra @it
flank of mouse embryos However, grafts of mesenchyme from posterior flank (‘D’
Polarizing activity of lateral plate mesoderm of mouseregion) and presumptive hind limb (‘E’ and ‘F’ region) showed
embryos at various stages and from various locations wam polarizing activity.
measured by grafting the mesenchyme under the apical In older mouse embryos at early limb-bud stage (E10.5), we

a d
Digit patterns resulting from mouse tissue ion by Fig. 1a p
Age Tissue % Digit Patiern n Aga Tissue % Digit Pattem n
Di block bilock ification
2.0 A 135 2234 7 1.0 c 58.3 4334 2
- 234 3 32234 1
B B 83 2234 4 3234 1
A 234 8 d2234 1
9) [+ 63 2234 2! 2234 1
[10] 234 8 F 125 2234 3
— D 0 234 3 234 3
[11] E 0 234 7 G 71 2234 2
12]| B F 0 234 ] 234 5
105 A o 234 12 558 432234 1
13 B 0 234 10 443234 1
14 [~ 57.0 432234 1 43234 1
c 43234 1 44334 1
32234 3 432234 1
- 2234 2 dd3d34 1
D 4.1 3234 1 dd334 2
D 2234 1 4334 2
234 16 dd2234 1
] E 0 234 1 ddd234 1
234 15 da234 1
E F 19 2234 1
234 12
— F G 0 234 18
H a1 2234 1
E 234 7
| 200 d3d234 1
e 32234 1
1| G 234 3
J 78.1 422334 1
434304334 1
[]o 2424234 1
0-20 4432234 1
20~40 i \
40-60 323234 :
60-80 2234 1
% respecification Ne 50 e 1
234 4

Fig. 3. Diagram of (a) E9, (b) E10.5 and (c) E11.0 mouse embryos. Pieces of mesenchyme were cut as shown in diagrams and assayed for
polarizing activity by grafting to the anterior margin of a host chick wing bud as in Fig. 1a. (d) Digit patterns and pgerespéaification
values resulting from mouse tissue transplants. n, number of cases.
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found that polarizing activity was now more widespread andimilar activity, proximal tissue more anteriorly (for example
could be detected in anterior to mid-flank (‘D’ and ‘F’ region), ‘I’ region) has weaker activity. None of these proximal regions
although the most posterior region of the flank still did notn the normal chick limb express&sh

show any polarizing activity (‘G’ region; Fig. 3b,d). Very weak There are some discrepancies between our maps of
polarizing activity could also be detected in mesenchyme frorpolarizing activity in the chick limb bud and those of MacCabe
the posterior neck region (‘Ne’ region). Grafts from theet al. (1973). We therefore repeated MacCabe’s mapping
posterior margin of both forelimb bud and hindlimb bud whergrocedures in which mesenchyme plus ectoderm was grafted
the polarizing region is known to be located (‘C’ and ‘J’ region)to a hole at the anterior margin of a host chick wing bud (Fig.
had very strong polarizing activity. More unexpectedly,1b). Using this approach, we too found that while posterior
mesenchyme from proximal forelimb bud showed strongnargin grafts from a stage 20 chick wing buds (‘H’ region)
polarizing activity posteriorly (‘I' region) and weak activity showed very strong polarizing activity (5/5 wings with extra
anteriorly (‘H’ region). digit 4), grafts from the proximal center of the limb bud (‘O’

In still older mouse embryos (E11.0), polarizing activityregion) had hardly any polarizing activity (1/7 wing had an
could now be detected in the most posterior part of the flanknidentified element, 6/7 wings were normal). To test whether
just anterior to the hindlimb bud (‘G’ region; Fig. 3c,d). Thethis difference between our results and those of MacCabe was
posterior margin of the forelimb bud and hindlimb bud alscsimply due to presence or absence of overlying ectoderm, we

still had strong polarizing activity (‘C’ and ‘J’ region). implanted tissue from ‘O’ region without removal of the
S o S _ ectoderm under an intact apical ridge, but these grafts again

Distribution of polarizing activity in chick embryos showed strong polarizing activity (4/4 wings with extra digit

is similar to that in mouse embryos 4). These data suggest that our assay may detect additional

In parallel with our map of polarizing activity in mouse sources of polarizing activity.

embryos, we also prepared a more detailed map of polarizingUsing our grafting assay, we also found that when we
activity in chick embryos (Fig. 4a,b). In general, the two mapslissected all the regions in the limb bud with polarizing activity
are similar, although there are some important differences. Asto dorsal and ventral halves, the dorsal half always had
in MacCabe’s map of the chick wing bud (MacCabe et al.stronger polarizing activity than the ventral half. Thus for
1973), mesenchyme from the posterior ‘H’ region, which isexample, dorsal tissue from the proximal posterior region (S-
now known to expresShh(Riddle et al., 1993), had very high Dorsal) often induced dig#, while ventral tissue (S-Ventral)
polarizing activity and always specified an extra digit never specified additional digits (or ectopic cartilage).
However, in contrast to MacCabe’s map, strong polarizing Our maps do reveal one area of the embryo with
activity was also detected in the proximal central region of thdramatically different polarizing activities between chick and
chick limb bud. For example, grafts from this region of themouse. We found that posterior flank of early limb-bud-stage
developing bud (‘O’ region) generally induced formation of anmouse embryos (E10.5), has no activity (Fig. 3d) and yet our
extra digit4. While proximal posterior tissue (‘S’ region) has grafts revealed that the entire flank of a chick embryo at an

a b Digit patterns resulting from tissue transplantation.
Tissue % Digit n Tissue % Digit n
block respecification Pattern block respecification Pattemn

A 0 234 7 s 65.0 432234 1

B o 234 & 43234 2

c 0 234 -] 4334 3

D o 234 5 2334 2

E 0 d234 1 234 2

234 B T 65.0 432234 1

F 158 43234 1 43234 1

2234 1 4334 1

234 B d2234 1

G T0.6 432234 1 234 1

43234 1 u 62.5 43234 1

4334 5 4334 1

234 3 d3234 1

H 100 43234 4 234 1

4334 2 v 25.0 43234 2

| 8.3 2204 2 2234 a4

234 4 234 [

J 4.2 2204 1 w 50.0 4334 2

234 5 d2234 1

K a 234 5 2234 1

L 10.7 32234 1 234 1

. . ) 2234 1 X 55.6 432234 1

Fig. 4.(a) Diagram of stage 20 chick d2s4 1 43234 1

. . 234 4 4334 2

posterior neck, wing bud and flank. M 0 234 & 3234 2

i i M a 234 a 234 3

Pieces of neck, wing bud and flank B e o ’ - . s :

mesenchyme were cut as shown in 4334 1 4334 1

diagrams and assayed for polarizing 26 i ! o g

d2234 1 Z ana 43234 1

i i i 234 1 4334 1

activity by grafting to the anterior g e - ; i ]

margin of a host wing bud as in Fig. 0 2234 3 234 4

1 b D t tt d t 0-25 234 a Ne 83 d3d234 1

a. (b) Digit patterns and percentage e & 3 =g 5 5231 1

respecification value resulting from B 075 R a5 tgeet ! 234 7
stage 20 chick neck, wing bud and B 75-100 4334 1
flank tissue transplants, number of % respecifcaton et :
1

cases.
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Fig. 5. Shhexpression in flank region (a-d) and wing buds (e,f) 16
hours after insertion of an FGF4- (a,c,e,f) or PBS- (b,d) soaked
heparin bead indicated by an asterisk. (a,b) Bead inserted in anteric | g
flank (‘U’ region). (c,d) Bead inserted in posterior flank (‘Z’ region). ==
(e,f) Bead inserted in proximal posterior region (‘S’ region). Arrows
show ectopicShhexpression. D, dorsal; V, ventral.

equivalent stage has very high activity with the capacity t
induce digit4 (Fig. 4b), as previously described (Yonei et al.,
1995).

Relationship between polarizing activity and
expression of Shh

Without exception all mouse and chick tissues from region
whereShhis expressed have polarizing activity. However, the
converse is not trueShhis not expressed in flank, nor in
proximal posterior and central regions of the limb, all of which
have polarizing activity. It is already known that proximal
posterior wing (Yang and Niswander, 1995) and prelimb-bud
stage flank (Cohn et al., 1995) of chick embryos can expre:
Shh.Wh?” FGF4 is applied. '_I'I_’lerefore,. we tested WhethelEi . 6.Wing buds following grafting of a Dil labeled tissue (asterisk
application of FGF4 to the additional regions that we found t%sgshown |§r]1 Fig. 1a. (a-c)gD%rsal \?iew of wing bud followin(g graftin)g
have polarizing activity resulted in induction $hh(Fig. 5).  of ‘0’ region of chick wing bud. (a) Bright field; (b) fluorescence
We found that strong expression $fihcould be induced in  confirming the position of the Dil-labelled graBthhexpression (c)
the anterior flank (‘U’ region; Fig. 5a) while weaker expressiorin same wing bud; (d) in section. (e,f) Dorsal view of wing buds
was induced in posterior flank (Fig. 5¢). Control beads did ndbllowing grafting of ‘H’ region of chick wing bud. (g,h) Ventral
result in ectopic expression 8hhin either zone (Fig. 5b,d). View of wing buds following grafting of ‘S’ region of the chick wing
We also showed that FGF4 beads in proximal-posterigpud. (i.j) Dorsal view of wing buds following grafting of ‘U’ region
mesenchyme ('S’ region) led to induction of ectoghh of the chick flankShhexpression (e,g,i) bright field; (f,h,j)
expression dorsally but not ventrally (Fig. 5e,f; see also Yangég\:\?i%i':]%%rggo&f;:;‘:v ?gtf?gjbr?]ee);%rgsﬁfgh g?]t;i? lines
and Niswander, 1995). In contrast, FGF4 beads grafted into 9 ’
proximal-central mesoderm (‘O’ region) did not indusleh
although we had found that these regions have stroril prior to grafting it to the anterior margin of stage 20 host
polarizing activity. wing bud. 24 hours after grafting, we observed ect&@bib

In order to determine whether the polarizing activity ofexpressed in the host wing bud adjacent to the grafted tissue,
proximal central limb-bud tissue is via its capacity to inducebut not in the grafted tissue itself (Fig. 6a-d). This contrasts
Shhexpression in host limb buds, we labelled this tissue withvith grafts taken from the posterior margin of the wing bud
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(‘H’ region), the proximal posterior region of the wing ('S’ soaked beads in the tail bud. When the FGF4 bead was placed
region) and the anterior flank region (‘U’ region), in which itin the tail just posterior to the leg bu@bx4 expression

is clear, from comparing the locations of Dil-labelled tissueexpanded from the leg bud into the anterior part of the tail.
with the Shhexpression patterns, th8hhis expressed in the However, when the FGF4 bead was placed mid-way down the
graft itself (compare Fig. 6e and f;, g and h; i and jtail, no ectopicTbx4expression was induced.

respectively). ) ) )
Cells from neck, flank and tail can migrate into the

Tail cells can give rise to toes limb bud in response to FGF4

Our previous studies have shown that flank tissues between t8&nce tissues surrounding the limb buds have the potential to
normal limb-forming regions have the potential to form limbparticipate in limb development, this raises the possibility that
structures. We were therefore interested to find out wheth@reaxial and postaxial polydactyly in limbs could arise due to
other tissues adjacent to the limbs might also have this capaciitycorporation of cells from neck, flank and tail in response to
We tested whether tail tissue has the ability to respond to limén extended apical ridge. To test this possibity, we labelled
signals by implanting chick tail tissue under the apical ridge ateck, flank and tail cells of stage 20 chick embryos with Dil
the posterior edge of a stage 20 chick wing bud. In several ahd simultaneously implanted an FGF4-soaked bead at the end
the wings that developed, we could see digits with extraf apical ridge of the nearby limb bud. As controls, PBS beads
phalanges that resembled toes (3/10; Fig. 7d). Similar toe-likeere implanted. We then examined the embryos 24 hours later.
digits are routinely obtained when tissue from the tip of a leg This series of experiments showed that cells both anterior
bud is implanted into wing (4/4; Fig. 7c) as already shown bynd posterior to limb buds can migrate into the adjacent bud
Saunders et al. (1959). when an FGF4 bead is implanted. Thus, Dil-labelled neck cells

To determine whether the tail tissue had indeed formed thedjacent to somite 14 (Fig. 8a) migrated into the wing bud
toe-like digit(s) in this experiment, we implanted quail tailtowards an FGF4-soaked bead implanted at the anterior edge
tissue under the apical ridge in the posterior edge of stage 20the apical ridge (Fig. 8b; 3/3 cases), but were not attracted
chick wing bud. 6/10 of the chick wings with quail grafts hadtowards a control PBS-soaked bead (Fig. 8c; 1 case). Similarly,
an elongated digit with additional phalanges. When these Dil-labelled anterior flank cells and posterior flank cells
wings were sectioned and stained with the quail-specifimigrated into nearby limb buds towards an FGF4-soaked bead
monoclonal antibody (QCPN) to distinguish between hosplaced at the edge of the apical ridge (Fig. 8e and h
(chick) cells and graft (quail) cells, we found that the elongatecespectively; 4/4 cases). Finally, when tail tissue opposite
digit 4 was composed of quail cells (arrows; Fig. 7e). We alssomite 32 was labelled with Dil, many dispersed labelled cells
observed the expression patternTdfk4 in tail tissue grafts, were found in the posterior part of the leg bud (Fig. 8j; 1 case).
since this gene is a marker of hindlimbs and not wina.
Tail tissue does not expreEbx4at the time of graftin
but 24 hours after implantation into the wing t
however, we now see strong expressioftm{4in the
graft (arrows; Fig. 7f). We also monitorddoxc¢
expression in tail graftddoxc9is expressed in flan
proximal anterior part of leg bud and tail but no
posterior leg bud or in wing bud at stage 20. 2
after implantation of tail tissue into wing budpxc¢
expression persisted but had disappeared in the ¢
tail tissue by 24h (5/5 cases). These patterns of
expression in the tail graft are the same as -
normally found in the posterior part of the leg.

In order to test whether activationhx4expressio
in the tail tissue grafted into the wing bud i
consequence of exposure to FGFs, we placed F

Fig. 7. Dorsal views of whole mounts of chick wings and
leg. (a) Normal wing; digit patter234. (b) Normal leg; digit
patternl [I 1l IV . (c) Wing resulting after grafting tissue e = 1
from the central distal region of stage 20 chick leg bud underC - d ryn
the posterior apical ectodermal ridge of a chick wing bud. ¥
Arrows indicate toe. (d) Wing resulting after grafting tail
tissue (opposite somite 32-35 level) under the posterior part
of the apical ectodermal ridge of chick wing bud. Arrows .
indicate a digit that has more phalanges than a normal wing|
digit and thus distally resembles a toe.

(e) Immunohistochemistry using quail-specific antibody
QCPN to show position of grafted quail tail tissue. Quail
cells were observed in the posterior digit (arrows). (f)
Expression off bx4(arrows) in a graft of tail tissue, 24 hours
after the implantation of the gratft.
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Fig. 8. Cells from neck, flank and tail migrate into limb bud in response to FGF4. (a) Neck cells opposite somite 14 were labBllezhaith
FGF4-soaked bead implanted at anterior end of wing apical ridge at time zero. (b) 24 hours later. (c) Control in whidé weok ledlelled
with Dil and a PBS-soaked bead was implanted at anterior end of wing apical ridge. (d) Anterior flank cells opposite senstaelied
with Dil and an FGF4-soaked bead was implanted at the posterior end of wing apical ridge. (e) 24 hours later. (f) Coictrcritevibr
flank cells were labelled with Dil and a PBS-soaked bead was implanted at posterior end of wing apical ridge. (g) Postwlils digpdsite
somite 26 were labelled with Dil and an FGF4-soaked bead was implanted at the anterior end of leg apical ridge. (h)t24 (ipTeslleells
opposite somite 32 were labelled with Dil and FGF4-soaked bead was implanted at posterior end of leg apical ridge. (x4 hours

(k) Proximal central wing bud cells were labelled with Dil and FGF4-soaked bead was implanted at the anterior end of wiiigep{h24
hours later. Implanted beads indicated by asterisks. Dil-labelled cells were indicated by arrows. (a,d,g,i,k) Limb bed20ofisigigembryos
bright field; (b,c,e,f,h,j,I) Composite picture with fluorescence picture using FITC/rhodamine filter of limb buds.

In contrast, Dil-labelled proximal central limb cells showed nol7 chick embryos, an ectopic apical ridge developed and extra
tendency to migrate towards an anteriorly grafted FGF beddnbs were produced from the flank anterior to the bead (Cohn

(Fig. 8I; 0/7 cases). et al.,, 1997; Fig. 9a). In contrast, when an Shh bead was
o ) implanted opposite somite level 23-25, no additional limbs
Extra digits versus extra limbs were produced (0/11 cases) and very occassionally legs with

Our experiments in mouse and chick embryos show that tissuestra digits (2/11 cases; Fig. 9a). Unexpectedly, when an Shh

in the flank can form new limb signalling regions. Moreoverbead was implanted just anterior to an FGF bead in posterior

in both chick and mouse embryos extra limb buds can biank, then, in most embryos (4/5 cases), we now observed legs

induced from the flank when FGF beads are added at eanlith extra digits resembling polydactyly (Fig. 9a,b).

stages. In chick embryos, these FGF-induced buds develop into

limbs with reversed anteroposterior polarity (Cohn et al.,

1995). We therefore tested whether grafting of an Shh-soakédSCUSSION

bead lead into the flank alongside the limb-inducing FGF bead ) ) )

might alter the anteroposterior pattern of the extra limb. Thes@idespread potential for limb formation

experiments revealed that Shh appears to restrict apical ridyée have shown, in both mouse and chick embryos, that flank

formation in the flank and trigger polydactyly rather thanectoderm can form an apical ridge. In addition, both mouse and

formation of extra limbs. chick flank mesoderm has substantial polarizing activity, while
As previously reported, when an FGF bead was implantedeck has weak activity. Cells from the tail of chick embryos can

opposite somite level 23-25 in the posterior flank of stage 14erm toes when transplanted to the wing bud. Thus the potential
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a b
Effects of SHH and FGF2 beads applied to posterior flank mesoderm of
stage 14-17 chick embryos

Protein  Bead position (somite)  Additional limb  Duplicated leg

SHH 23-25 0/11 211
FGF2 23-25 36/48 0/48
FGF2 FGF 24-25

+ + 1/5 4/5

SHH SHH 23-24

Fig. 9.(a) Effects of SHH and FGF2 beads applied to flank of stage 14-17 chick embryos. (b) Simultaneous application of an FGF bead
opposite somite 25 and a SHH bead opposite somite 24 at stage 15 resulted in leg with extialdigits (Il IV ). T, tibia; F, fibula.

of cells to form limb structures and limb-signalling regions isbasis of this regional expression of EN in the ectoderm is
widespread and not confined just to the limb-forming regionsunknown but is probably controlled by the underlying
The existence of such widespread limb potential may be mesenchyme.
legacy from an ancestral vertebrate. It could be related to the
way in which mesodermal patterns of expressiohiaf and ~ Models for polydactyly
Tbxgenes, which are thought to encode positional informatiolVe have shown that non-limb cells adjacent to normal limb-
about limb position and identity, are established along th&rming regions have the potential both to form signalling
head-to-tail axis of the embryo. For examflex4is expressed
throughout the posterior end of the early embryo and late
becomes restricted to the leg bud. We have shown that, wh A
cells from the anterior part of the tail are transplanted to a lim
bud, they can re-expresBbx4 and form toes.Hoxc9 is
expressed in tail bud and anterior leg bud but not in wing buc
We have shown that, when anterior tail cells are transplante
to a wing budHoxc9expression in the graft disappears. This
loss of Hoxc9 expression suggests that the grafted tail cell
have lost tail identity. We have found that FGF-4 beads ca
induce Thx4 expression in anterior tail bud and therefore it
seems likely that the changes in gene expression seen in f
grafted tail tissue are due, at least in part, to FGF signals in tl
wing bud.
Our data show that polarizing potential throughout the flanl
is not confined to the polarizing regions of the limb buds
Polarizing potential based on the ability to exp&iskextends
into the flank. The ability of tissues to expr&hin forelimb
bud and flank has been linked Hoxb8 expression in lateral
plate mesoderm (Charite et al., 1994; Stratford et al., 1997) al
thus to anteroposterior patterning of the main axis of the bod
Polarizing activity can also be detected in proximal forelimk
bud, which appears to be unable to expf&ss In this case,
polarizing activity is correlated with the ability of this tissue
to induceShhexpression in anterior mesenchyme. Induction
of Shhcould be via the production of retinoic acid since
retinoids and transcripts of a retinoic-acid responsive genigig. 10.Models for the polydactyly. (A) Characteristics of different
Stra6have been detected in this area of mouse limb buds (Arrggions of normal mouse and chick embryos with respect to
et al., 1996; Rossant et al., 1991; Bouillet et al., 1995, 199]zijstribution of polarizing activity and potential for limb formation.
Chazaud et al., 1996). (@) Posterior neck with vyeak pollar_izing a.c;ivity. (b) P.r.oximql central
Finally, we have shown that the entire flank ectoderm, ife9ion of the limb bud with polarizing activity and ability to induce
addition to the ectoderm in the limb regions, in mouse an hh (c) Proximal posterior of the limb bud with polarizing activity.

) . - . ) Polarizing region. (e) Flank with ability to form apical ridge and
chick embryos has the potential to form an apical ridge (s larizing activity. (f) Anterior part of tail with potential to form

also the work of Yonei-Tamura et al., 1999 in chick embryos)gigits. (B) Types of polydactyly that could arise due to distribution of
The region of the body where an apical ectodermal ridge Cablarizing activity and potential for limb formation indicated in A.

form appears to correspond precisely to the region where E¢klls could be recruited into limb buds as indicated by red arrows due
is expressed in the ventral ectoderm (Davis et al., 1991). The extension of the apical ridge of nearby limb bud indicated in red.

Preaxial polydactyly
in the forelimb

Double dorsal polydactyly

Postaxial polydactyly
in the forelimb

Preaxial polydactyly
in the hindlimb

Postaxial polydactyly
in the hindlimb
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regions and extra limb structures. Furthermore we have alsoHeath, J. K. (1996). Ectopic expression of Fgf-4 in chimeric mouse

shown that cells from surrounding regions, neck, flank and tail, ehmt:fyos :ndduces the expression of early markers of limb development in
; ; ; sinli the lateral ridgeDev. Genetl19, 51-65.

can m_|grate into I.Imb .bUdS toward FG.F4. bead mImICkmgAng, H. L., Deltour, L., Hayamizu, T. F., Zgombic-Knight, M. and Duester,

extension of th_e aplcal r_|dge. These tWO flndlngs taken tpgetherG. (1996). Retinoic acid synthesis in mouse embryos during gastrulation

suggest that tissue adjacent to the limbs could contribute toand dehydrogenase gene expressiosiol. Chem271, 9526-9534.

both preaxial polydactyly, where extra digits arise at theBalinsky, B. I. (1965). An Introduction to EmbryologyLondon: W. B.

anterior margin and postaxial polydactyly, where these arisg Sé}:ﬂgdgfsb lad-Abdelahani. M. Vicaire. S. Garnier. 3. M.. Schuhb
pOSteriorly (Flg 10) oulllet, ., Oulad-, elghani, M., Vicalre, o., Garnier, J. V., schunbaur,

. . B., Dolle, P. and Chambon, P(1995). Efficient cloning of cDNAs of

In most of the mouse mutants with preaxial polydactyly, retinoic acid-responsive genes in P19 embryonal carcinoma cells and
(Extra toes (Xt), Recombination induced mutan{&Rim4, characterization of a novel mouse gene, STRAL (mouse LERRR).
Strong’s luxoid(lst), luxate (Ix), X-linked polydactyly(Xpl), Biol. 170, 420-433. _
Sasquatcf(Ssc)), Shhis expressed ectopically at the ameriorBounlet, P., Sapin, V., Chazaud, C., Messaddeq, N., Decimo, D., Dolle, P.

. . . and Chambon, P.(1997). Developmental expression pattern of Stra6, a
of the developlng limb bud (MaSUya etal.,, 1995, 1997; Sharpe retinoic acid-responsive gene encoding a new type of membrane protein.

et al.,, 1999). Since we have shown that posterior neck andwech. Deve3 173-186.
posterior flank tissue have polarizing activity in both chick andcharite, J., de Graaff, W., Shen, S. and Deschamps, §1994. Ectopic
mouse, one possiblity is that these non-limb-bud cells are expression oHoxb-8 causes duplication of the ZPA in the forelimb and

recruited into the limb bud and make an anterior polarizing:hh;’z";ﬁgt'ccnagfgﬁgf“‘g” gjgg:g;“eﬁ;“ggﬁ” 8 :ngdg'ggﬁe P(1956)

_region. Neck cells eXhib_it weaker p'olarizing aCtiVit.y than flank Restricted expression of a novel retinoic acid responsive gene during limb
in both mouse and chick and this could explain the lower pbud dorsoventral patterning and endochondral ossificdlien. Genet19,
frequency of preaxial polydactyly in forelimbs as compared 66-73.

wih indimbs in these mouse mutans. The fact that wéolm .4 EBSEIHNONE 0, M Mt Kol Tk
.. .. . . . .l Inau 1Tl | 'V
observe polarizing activity from posterior neck and flank tissue ¢ =" "o L embryogell 80, 739-746.

only after E10.5 in mouse also fits with this explanation sinCegonn M. J., Patel, K., Krumlauf, R., Wilkinson, D. G., Clarke, J. D. and
in mouse preaxial polydactyly mutants, expression of ectopic Tickle, C. (1997). Hox9 genes and vertebrate limb specificaiitature
anterior Shhlags behind the normabhh expression at the 387 97-101.

; i Crossley, P. H., Minowada, G., MacArthur, C. A. and Martin, G. R.(1996).
po\?\';erlrc])r marlgm ('\rqlaSUy?hett a|.,h1992,hﬁ9t?7).d lied t Roles for FGF8 in the induction, initiation, and maintenance of chick limb
e Nnave also snown at, when eads are applie QJevelopmentCeII 84, 127-136.

the posterior flank together with FGF beads, this leads tpavis, C. A., Holmyard, D. P., Millen, K. J. and Joyner, A. L.(1991).
polydactyly in the leg and not ectopic limb formation. We Examining pattern formation in mouse, chicken and frog embryos with an
interpret this as being to due to Shh acting to restrict apical En-specific antiserunDevelopment11, 287-298.

; ; ; Souza, D., McDiamid, J. and Tickle, C.(1998). A polydactylous human
ridge formation to the region of flank between the beads a foot with ‘double-dorsal’ toes). Anat 193 121-130.

the nearby leg buq- This _|Oca”y induced apical ridge in th@gjon, J. F. and Crosby, G. M.(1977). Polarising zone activity in limb buds
flank then fuses with the ridge of the nearby leg bud. of amniotes. Invertebrate Limb and Somite Morphogengeis Ede, D. A.,

Our experiments suggest that extra digits in postaxial Hinchliffe, J. R. and Balls, §, pp. 55-69. Cambridge, UK: University of
polydactyly could be derived from anterior flank in upper limbs  ambridge Press.

: o . . . amburger, V. and Hamilton, H. (1951). A series of normal stages in the
and anterior tail tissue in lower limbs since both flank and tafl development of the chick embrya. Morph.88, 49-92.

Ce!ls can form digits. Flank ectoderm ha_S the' ability to formﬂayes, C., Lyon, M. F. and Morriss-Kay, G. M.(1998). Morphogenesis of
apical ridge and therefore elongation of ridge into the anterior Doublefoot (Dbf), a mouse mutant with polydactyly and craniofacial
flank ectoderm could attract anterior flank tissue into the defectsJ. Anat.193 81-91.

; ; ; i4flonig, L. S. and Summerbell, D.(1985). Maps of strength of positional
posterior part of the forelimb. The higher frequency of postaxdl‘ signaling activity in the developing chick embryo Embryol. Exp. Morph.

polydactyly in forelimbs as compared with hindlimbs could be g7 159175,

related to the special ability of the flank to form an apical ridge-ombruch, A. and Wolpert, L. (1991). The spatial and temporal distribution
This demonstration that limb-forming potential is widespread of polarizing activity in the flank of the pre-limb-bud stages in the chick

throughout the trunk of vertebrate embryos suggests some neygmbryo.Developmeni1l, 725-731.

: - i nhissac, A., Rodriguez-Esteban, C., Ryan, A., Altabef, M., Tsukui, T., Patel,
ideas about how p0|ydaCtny could arise. Our data on limb K., Tickle, C. and Izpisua-Belmonte, J.-C.(1998). Tbx genes and limb

forming potential in normal mouse embryos provide a igentity in chick embryo developmer@evelopment 25 1867-1875.

foundation for future work, in which limb-forming potential Jorquera, B. and Pugin, E.(1971). Behavior of the mesoderm and ectoderm

could be assayed directly in mutant and knock-out mice. of the limb bud in the exchanges between chicken an€ra. Acad. Sci.
hebd Seances Acad Sci2D2, 1522-1525.

; ; i, S. and Muneoka, K.(1999). Cell migration and chick limb development:
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