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Local origin of cells in FGF-4 - induced outgrowth
of amputated chick wing bud stumps
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ABSTRACT Urodele amphibians are the only vertebrates that can regenerate amputated limbs,
even as adults. However, we have previously shown that amputated chick wing bud stumps can be
induced to «regenerate» and to form a complete set of correctly-patterned skeletal elements,
following implantation of beads soaked in fibroblast growth factor-4 (FGF-4). We have now
performed Dil injection experiments to determine which cells contribute to FGF-4-induced chick
wing bud «regenerates». We show that the FGF-4-induced outgrowth of the regenerating wing bud
stump is comprised of mesenchyme cells that originate from a region within 200 . im of the FGF-4
bead, and that cells proximal to the bead move distally.
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Adult urodele amphibians have the remarkable capacity to
regenerate their limbs. One important question is why other verte-
brates do not have this capacity. It has recently been found that
treating stumps of amputated chick embryo wing buds with fibroblast
growth factors (FGFs) can induce them to «regenerate» and form
a full set of skeletal elements (Taylor et al., 1994; Kostakopoulou
et al., 1996). This «regeneration» appears to depend upon the
ability of FGF to re-establish the signaling network that acts during
normal development to produce limb pattern, implying that regen-
eration of adult urodele limbs may also involve the reiteration of
processes that occur during limb development. It is not clear,
however, to what extent the regeneration of embryonic chick limbs,
induced by FGFs, parallels the regeneration of adult urodele limbs.

A key feature in regeneration is the formation of a mass of
undifferentiated mesenchyme cells, which then undergo prolifera-
tion and patterning to replace missing structures. In adult urodeles,
this mass of cells is known as the blastema and appears to arise
as a result of de-differentiation of cells in the immediate vicinity of
the cut surface (reviewed by Ferretti and Brockes, 1991). In the
present study, we have mapped the precise origin of the cells that
contribute to the FGF-4-induced outgrowth of amputated chick
wing bud stumps, by labeling small populations of wing bud
mesenchymal cells with the fluorescent lipophylic dye, Dil.

Amputation at 300-400 pm from the tip of wing buds at stage 23-
24 leads to truncation at the level of ulna and radius. Such stumps
can be rescued by posterior application of FGF-4, so that complete
ulna, radius and digits develop. Injections of Dil were made at a
number of different locations in wing bud stumps with FGF-4- or

PBS-soaked control beads stapled posteriorly, as illustrated in Fig.
1. The stage of the embryo (23-24), the amputation level (300 um
from the tip), the time of injection (2 h after bead implantation) and
the volume of Dil injected were the same in each case.

To check the position and number of cells initially labeled,
embryos were fixed immediately after Dil injection 0-50 um proxi-
mal to the bead. Labeled cells formed a discrete population
proximal to the bead (Fig. 2A). To reveal the spatial and temporal
pattern of cell contribution to the regenerating wing buds, embryos
were fixed 48 h after Dil injection. In control amputated wing buds,
in which a PBS-soaked bead had been implanted and Dil injected
0-50 pm proximal to the bead (n=5), labeled cells remained as a
discrete population behind the bead 48 h later (Fig. 2B). A similar
result was obtained when Dil was injected at each of the other
positions (Fig.1) in amputated wing buds implanted with PBS-
soaked beads (data not shown, n=5 for each injection site). In all
of these control specimens, there was a relatively small number of
labeled cells scattered outside the main region of labeling (Fig. 2B).
Similar scattered cells were also seen in all experimental speci-
mens. The identity of these cells is unknown, but they could be
macrophages that have moved away from the site of Dil injection
(Vargesson et al., 1997).

We nextinjected Dil into a series of sites at the posterior margin
of amputated wing buds that were treated with FGF-4. When Dil

Abbreviations used in this paper: Dil, 1.1 dioctadecyl-3,3.3" 3" tetramethylindo-
carbocvanine perchloride; FGF, fibroblast growth factor; PBS, phosphate-
buffered saline.
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Fig. 1. Positions of Dil injections in limb buds after amputation and
application of FGF-4 bead (large shaded circle) to the posterior of the
stump. Black circle, site at which essentially all labelled cells were found
in the FGF-4-induced outgrowth; stippled circles, sites at which only a small
number of labelled cells were found in the FGF-4-induced outgrowth, clear
circles, sites at which no labelled cells were found in the FGF-4-induced
outgrowth. The scales indicate distances from the FGF-4 bead, along the
distal-proximal (nght to left) and posterior-anterior (bottom to top) axes of
the bud.

was injected at the posterior margin of the bud, 0-50 um proximal
to an FGF-4 bead (Fig. 1, black circle), a stream of Dil-labeled cells
was distributed evenly throughout the mesenchyme distal to the
bead, right to the tip of the outgrowth (n=7; Fig. 2C). When Dil was
injected at the posterior margin of the bud, 200 um proximal to the
FGF-4 bead, a long stream of labeled cells was found in proximal
parts of the stump and, in addition, a few scattered labeled cells
were found in the new outgrowth (n=6; Fig. 2D). However, when Dil
was injected at the posterior margin of the bud, 400 um proximal to
the FGF-4 bead, no labeled cells were found in the outgrowth, with
most cells remaining at the site of injection (n=5; Fig. 2E).

Dil was then injected into a series of sites at the plane of
amputation in wing buds treated with FGF-4. When Dil was
injected 0-50 um anterior to the FGF-4 bead, most of the labeled
cells remained at the injection site, but a small number of labeled
cells were found in the outgrowth (n=5; Fig. 2F). A similar result
was found when Dil was injected 100 um anterior to the FGF-4
bead at the plane of amputation (n=5; data not shown) or 100 um
proximal to the anterior edge of the FGF-4 bead (n=3; data not
shown). However, when Dil was injected 200 um anterior to the
FGF-4 bead, at the plane of amputation, no labeled cells were
found in the outgrowth, and virtually all cells were distributed as
around patchin the future ulna/radius region of the wing (n=7; Fig.
2G). Similarly, when Dil was injected 400 um from the FGF-4
bead, at the plane of amputation, labeled cells did not contribute
to the outgrowth but rather remained as a round patch in the

anterior of the wing, with a few scattered cells being found more
centrally (n=5; Fig. 2H).

Finally, we injected Dil into central regions of the bud, where
differentiation is already beginning to occur at stage 23-24. At
injection sites 200 um (n=7) or 400 um (n=5) from the amputation
plane, labeled cells did not contribute to the outgrowth but rather
remained as a round patch in the region of the future elbow or
humerus, respectively.

This analysis shows that the limb bud «regenerate» is formed
from cells in the immediate vicinity of the FGF-4 bead. The region
within which cells can contribute to the outgrowth extends approxi-
mately 200 um proximally along the posterior margin of the bud,
and approximately 100 um anteriorly along the amputation plane.
Cells proximal to the bead, within this region, can move distally.
Cells in other regions of the stump do not enter the outgrowth. In
regenerating adult amphibian limbs, localized irradiation experi-
ments and descriptive studies show that the blastema is also local
in origin and that there is no migration of cells from the rest of the
body (reviewed by Wallace, 1981). Thus, regeneration is not
affected by irradiation of tissue behind the amputation surface, as
long as the tissue immediately below the surface is not irradiated.
Furthermore, DNA synthesis, as measured by incorporation of
tritiated thymidine, is restricted to the region immediately beneath
the amputation plane.

The finding that participation in outgrowth is restricted to cells
close to the FGF-4 bead could reflect an inherent inability of more
distant cells to participate in forming new structures. However, this
possibility can be discounted, since although only cells immedi-
ately adjacent to the bead contributed to outgrowth of a wing bud
stump amputated 300 um from the tip of the bud, our previous work
has shown that FGF-4 can induce outgrowth of wing bud stumps
amputated up to 500 um from the tip. It is therefore likely that the
local recruitment of cells in FGF-4-treated wing bud stumps is due
to the limited range of influence of the FGF signal. Similarly, in
regenerating amphibian limbs, amputation at any position along
the proximo-distal axis leads to blastema formation, but only local
cells contribute to the blastema at any given level.

We have shown previously that cells in the FGF-4-induced
outgrowth of amputated wing bud stumps express Msx-1
(Kostakopoulou et al., 1996). During limb development, Msx-1 is
expressed in undifferentiated mesenchyme cells at the tip of the limb
bud. It has been suggested that Msx-1 functions to maintain cell
lability and responsiveness to positional cues, and that Msx-1 is
switched off as cells become specified (reviewed by Davidson,
1995). Since we have now shown that the outgrowth arises from cells
immediately adjacent to the implanted FGF-4 bead, which do not
express Msx-Tinitially, itis clear that outgrowth involves activation of
Msx-1 expression, probably in cells that had previously switched off
Msx-1 expression. Indeed, while FGF-4 beads placed in posterior
mesenchyme can reactivate expression of both Msx-1 and Sonic
hedgehog, FGF-4 beads placed in central mesenchyme cannot
(Kostakopoulou, 1996). Whilst our results therefore indicate that
FGF-4-induced regeneration involves the re-programming of gene
expression in mesenchymal cells adjacent to the bead, there is no
reason to believe that fully differentiated cells within the wing bud
stump, such as chondrocytes or myocytes, de-differentiate and
contribute to the outgrowth. This contrasts with amphibian limb
regeneration, where de-differentiation of tissues to contribute cells to
the blastema is well-established (Steen, 1968: Namenwirth, 1974;
Maden and Wallace, 1975; Casimir et al., 1988; Lo et al., 1993).



Fig. 2. Origin of cells contributing to
regenerating chick wing buds after
amputation 300 um from the tip of
the bud at stage 23-24, application of
FGF-4 and injection of Dil. (A) Embryo
fixed immediately after FGF-4 applica-
tion and Dil injection. (B) Embryo fixed
48 h after application of a PBS-soaked
bead and Dil injection 0-560 um proximal
to the bead, at the posterior margin of
the bud. (C-H) Embryos fixed 48 h after
FGF-4 application and Dil injection 0-50
um proximal to the bead, at the poste-
rior margin of the bud (C); 200 um
proximal to the bead, at the posterior
margin of the bud (D); 400 um proximal
to the bead, at the posterior margin of
the bud (E); 0-50 um anterior to the
bead, along the plane of amputation (F);
200 um anterior to the bead, along the
plane of amputation (G); 400 um ante-
rior to the bead, along the plane of
amputation (H). Regions distal to the
dotted lines constitute the outgrowth
stimulated by the FGF-4 bead after48 h.
FGF-4 beads are indicated by arrow
heads. Photographs were taken under
bright-field (A) or dark-field (B-H) illumi-
nation.

Experimental procedures

Limb bud amputation and FGF-4 application

White Leghorn chicken eggs were incubated at 38°C until stage 24
(Hamburger and Hamilton, 1951). Eggs were windowed and membranes
covering the embryo were slit and pulled back to expose the wing bud.
Amputations were carried out by making an anterior-posterior incision
through the limb bud with fine needles and removing the distal tissue with
fine forceps. The level of amputation was measured using an eyepiece
graticule. For FGF-4 application, heparin acrylic beads (H5263, Sigma),
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FGF-induced outgrowth of amputated limb buds

200-250 pmin diameter, were soaked in 2ul of 700 pg/ml FGF-4 (a kind gift
from John Heath) for 1 h at rcom temperature before application to the
amputated mesenchyme of the limb. Control beads were soaked in PBS
before application. Beads were kept in place with staples made of platinum
wire (0.025 mm?, Goodfellow Metals). Embryos were then fixed in either 5%
(w/v) trichloroacetic acid or 4% (w/v) paraformaldehyde.

Dil infection
Amputated stumps were injected with the lipophylic dye Dil (1,1
dioctadecyl-3,3,3', 3"-tetramethylindo-carbocyanine perchloride, Molecular



750 K. Kostakopoulou et al.

Prabes) at a concentration of 3 mg/mi in dimethyl formamide, using a
pressure injector. The position of the injection site was determined usingan
eyepiece graticule. Dil is taken up by cells and passed on to their progeny,
but is not passed to neighbouring cells and is not toxic (Honig and Hume,
1989; Vargesson ef al., 1997). Injected embryos were incubated for a
further 48 h, fixed overnight in 4% (w/v) paraformaldehyde and examined
by epifluorescence microscopy to visualize labeled cells.
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