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ABSTRACT Fibroblast growth factors
(FGFs) are believed to be vital for limb outgrowth
and patterning during embryonic development.
Although the effect of FGFs on the formation of
the skeletal elements has been studied in detail,
their effect on the development of the limbmuscu-
lature is still uncertain. In this study, we used
Blindwell chemotactic chambers to examine the
effect of FGF-2 and FGF-4 on the motility of
myogenic cells obtained from the proximal re-
gion of day 11.5 mouse forelimbs. The limb myo-
genic cells were found to be chemotactically at-
tracted to FGF-2 and FGF-4 at 1–50 ng/ml. Both
FGFs increased myogenic cell migration in a
dose-dependentmanner, withmaximal responses
attained at 10–50 ng/ml for FGF-2 and at 10 ng/ml
for FGF-4; however, FGF-2was found to be amore
potent chemoattractant than FGF-4. It was pos-
sible to inhibit the myogenic cells’ response to
FGF-2 and FGF-4 by the addition of the appropri-
ate neutralizing antibody. The effects of FGF-2 on
cell migration were further investigated by load-
ing this cytokine into Affi-Gel blue beads and
transplanting them into day 11.5 forelimb buds.
The results showed that FGF-2 attracted DiI-
labelled proximal cells to migrate toward the
implanted beads and that the migration was
more extensive than that observed in the absence
of FGF-2.A checkerboard assay was performed in
which various concentrations of FGF-2 andFGF-4
were introduced to both the upper and lower
wells of the Blindwell chambers. The results indi-
cated that both FGF isoforms can stimulate che-
mokinesis as well as chemotaxis in myogenic
cells. In addition, the effect of FGF-2 and FGF-4
on other aspects of skeletal muscle development
was investigated. FGF-2 at 0.1–10 ng/ml stimu-
lated a significant increase in the number of
myocytes expressing sarcomeric myosin on ex-
amination after 48 hr in culture, but the effect of
FGF-4 was negligible at all concentrations ana-
lyzed; however, both FGF-2 and FGF-4 inhibited
myocyte fusion compared with the spontaneous
fusion observed in control cultures. Finally, we
used in situ hybridization and immunohisto-
chemical techniques to determine the distribu-
tion of myogenic cells and FGF-2 protein in the
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INTRODUCTION

During embryogenesis, myogenic precursor cells mi-
grate from the ventrolateral edge of the dermomyotome
to the lateral plate mesoderm of the prospective limb
(Chevallier et al., 1977; Christ et al., 1977; Newman et
al., 1981; Rutz et al., 1982; Lance-Jones, 1988; Schramm
and Solursh, 1990; Lee and Sze, 1993; Sze et al., 1995;
Daston et al., 1996). Within the limb bud, the myogenic
cells retain their invasive property and activelymigrate
in a proximodistal direction to establish the skeletal
muscle pattern of the limb (Brand-Saberi et al., 1989,
1996a; Lee and Ede, 1989a,b, 1990). It has been re-
vealed that this migration is mediated by cell-cell
contacts (Lee and Ede, 1989a; Brand-Saberi et al.,
1996a), cell-matrix interactions (Krenn et al., 1991;
Brand-Saberi et al., 1993), and cell growth-factor inter-
actions (Venkatasubramanian and Solursh, 1984; Bladt
et al., 1995; Brand-Saberi et al., 1996b). All of these
three types of interactions are crucial to the migration
process in the limb. For example, in mutant studies, we
have demonstrated that altered cellular adhesion be-
tween myogenic cells and the connective tissues re-
duced the ability of myogenic cells to migrate (Lee and
Ede, 1989a). Moreover, the myogenic cells require the
presence of extracellular matrix components, such as
fibronectin and hyaluronic acid, to maintain movement
and confer directionality in the limb (Krenn et al., 1991;
Brand-Saberi et al., 1993). Recent gene knockout stud-
ies also implicate the importance of growth factors; for
example, target mutation of the c-met gene in mice
revealed that myogenic precursors will not initiate
migration from the somite in the absence of c-met
receptors (Bladt et al., 1995). Hepatocyte growth factor
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(HGF) is the ligand for the c-met receptor, and Brand-
Saberi et al. (1996b) have demonstrated that ectopic
application of exogenous HGF can induce Pax-31 myo-
genic cells to emigrate from chick somites in vivo.
Many types of growth factors are now known to be

expressed in the developing limb. These include fibro-
blast growth factors (FGFs; Niswnder andMartin 1992;
Dono and Zeller, 1994), HGF (Bladt et al., 1995),
insulin-like growth factors (Dealy and Kosher, 1996),
platelet-derived growth factors (PDGF; Orr-Urtreger
and Lonai, 1992), transforming growth factors (Heine
et al., 1987), and many more. In this study, we have
concentrated on members of the FGF family (FGF-2
and FGF-4), because, during migration, limb myogenic
cells express FREK, which is the FGF receptor (Mar-
celle et al., 1995). FGF-2, FGF-4, and FGF-8 genes are
expressed very early on in limb development by the
apical ectodermal ridge (AER), and it is now believed
that these isoforms are likely candidates for the signal-
ing molecules responsible for many of the inductive
properties of the AER (Niswander and Martin, 1992;
Crossley and Martin, 1995; Savage and Fallon, 1995).
These cytokines can functionally replace the AER by
providing the signals necessary to stimulate both the
outgrowth and the patterning of the limb. For example,
application of beads preadsorbed with either FGF-2,
FGF-4, or FGF-8 to the mesenchyme of the progress
zone following AER removal prevents truncation of the
limb and results in the formation of a virtually normal
limb skeleton in developing chicks (Niswander et al.,
1993; Fallon et al., 1994; Crossley et al., 1996). In
addition, it has recently been demonstrated that these
three isoforms may be involved in initiating limb
development; for example, beads soaked in FGF-2,
FGF-4, or FGF-8 and implanted into nonlimb forming
flank regions of chick embryos induced the production
of ectopic limbs, either wing buds or leg buds, depend-
ing on the location of the implanted bead (Cohn et al.,
1995; Crossley et al., 1996). FGF-2 and FGF-4 are also
involved in maintaining ZPAsignaling and sonic hedge-
hog expression (Niswander et al., 1993; Li et al., 1996).
Aside from the AER, FGF-2 is also present in the early
limb bud associate within the ectoderm, the peripheral
mesenchyme, and migrating myogenic cells (Dono and
Zeller, 1994; Savage and Fallon, 1995).
Although the effect of FGFs on the development of

the limb skeletal elements has been studied in detail
(Vogel and Tickle, 1993; Taylor et al., 1994; Cohn et al.,
1995), their effect on the formation of limb musculature
is still largely undefined. Here, by using Blindwell
chemotactic chambers, we examined the ability of
FGF-2 and FGF-4 to elicit a migratory response in
myogenic cells obtained from the forelimbs of day 11.5
mouse embryos. We have also investigated the stimula-
tory effect of FGF-2 in situ by exogenously applying the
cytokine to limbs in combination with cell labelling
techniques. The effect of FGF-2 and FGF-4 onmyogenic
cell differentiation was also determined by analyzing
the extent of sarcomeric myosin expression and myo-

cyte fusion. Moreover, by immunohistochemistry and in
situ hybridization, we determined the codistribution
pattern of FGF-2 protein and Pax-31 myogenic cells in
the day 11.5 mouse forelimb.

RESULTS
Effect of FGFs on Myogenic Cell Migration

Various concentrations of FGF-2 and FGF-4 were
examined for their ability to stimulate myogenic cell
migration by using the Blindwell chemotaxis cham-
bers. Although the proximal region of the day 11.5
murine limb is enriched with myogenic cells, many
other cell types are also present, so myogenic cells were
identified by immunohistochemistry with the antisarco-
mere myosin antibody, MF-20. The presence of MF-201

cells could not be detected directly at the end of the
chemotaxis incubation period despite the presence of
numerous cells on the lower surface of the filters.
Therefore, the filters containing the migrant cells were
cultured for an additional 20 hr to allow the myogenic
cells to differentiate and to express sarcomeric myosin.
When FGF-2 (1–50 ng/ml) was placed in the lower well
of the Blindwell chamber, myogenic cells, which were
suspended in FGF-free medium in the upper well,
migrated across the Nucleopore polycarbonate filter. At
all concentrations of FGF-2 analyzed (1–50 ng/ml),
myogenic cell migration was significantly greater than
the random migration observed in the absence of this
cytokine (Figs. 1A–C, 2). Migration increased in a
dose-dependent manner from 1 ng/ml to 5 ng/ml, with
an approximate threefold increase in the number of
myogenic cells that migrated across the filter. At 10–50
ng/ml, however, there was no further significant in-
crease in the number of migrating myogenic cells (Fig.
2). FGF-4 also stimulated an increase in limb myogenic
cell migration but to a lesser extent than FGF-2 (Figs.
2, 3A–C). Indeed, at concentrations of 1–5 ng/ml FGF-4
in the lower well, the number of myogenic cells that
migrated was not significantly different from the basal
level of cell migration observed when FGF-4 was absent
(Figs. 2, 3A,B). Significant myogenic cell migration was
observed at 10 ng/ml and 50 ng/ml of FGF-4 in the lower
well, with optimal migration being observed at 10 ng/ml
(Fig. 2, 3C).
The Blindwell assays were repeated using FGFs that

had been neutralized with the appropriate FGF anti-
body (Table 1, Figs. 1D–F, 3D–F). It was possible to
demonstrate that using FGF-2 or FGF-4 at a concentra-
tion of 10 ng/ml, anti-FGF-2 at 0.1–10 µg/ml (Table 1,
Fig. 1D–F), and anti-FGF-4 at 1–50 µg/ml (Table 1, Fig.
3D–F) indeed inhibited myogenic cell migration. In
fact, anti-FGF-2 and anti-FGF-4 at 10 µg/ml neutral-
ized their respective cytokine to levels equivalent to the
basal level of migration exhibited by these cells when
the FGFs were absent from the Blindwell chamber
(compare Fig. 1Awith Fig. 1F and compare Fig. 3Awith
Fig. 3F). Additional tests were performed to determine
whether the ability of the FGF antibodies to reduce
myogenic cell migration could be attributed to the
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neutralization of FGFs or whether the antibodies were
toxic to the myogenic cells. This was realized by adding
FGF antibody in the presence of PDGF-BB, a cytokine
that we have found to stimulate chemotaxis in limb
myogenic cells (unpublished data). It was possible to
demonstrate that the FGF antibodies did not interfere
with myogenic cell migration induced by PDGF-BB
(Table 2). Therefore, it can be concluded indirectly that,
at the concentrations used, the FGF antibodies were
not toxic, and the observed reduction in myogenic cell
migration could be attributed to neutralization of the
FGFs.

Checkerboard analyses incorporating various concen-
trations of FGF-2 or FGF-4 in the upper and lower wells
of the Blindwell chemotaxis chamber were performed to
determine whether these isoforms could stimulate che-
mokinesis as well as chemotaxis of limb myoblasts
(Table 3). It was possible to demonstrate that, in a
uniform concentration of 1 ng/ml of FGF-2 (i.e, 1 ng/ml
of FGF-2 in both the upper and the lower wells of the
chamber), the number of myogenic cells that had
accumulated on the lower surface of the Nucleopore
filter was approximately threefold greater than the
number that had accumulated in a uniform concentra-

Fig. 1. Representative photomicrographs demonstrating the migra-
tion of myogenic cells (arrow) in response to fibroblast growth factor
(FGF-2). Limb cells suspended in Dulbecco’s modified essential medium
(DMEM) minus FGF-2 were placed in the upper well of the Blindwell
chamber after loading the lower well with DMEM alone (A), 1 ng/ml FGF-2

(B), 10 ng/ml FGF-2 (C), 10 ng/ml FGF-2 1 0 µg/ml anti-FGF-2 (D), 10
ng/ml FGF-2 1 0.1 µg/ml anti-FGF-2 (E), or 10 ng/ml FGF-2 1 10 µg/ml
anti-FGF-2 (F). SomeMF-202 cells (triangles) also migrated through the 8
µm pores (arrowhead) of the polycarbonate filter. Scale bar 5 80 µm.
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tion of Dulbecco’s modified essential medium (DMEM)
alone (Table 3). Similarly, in a uniform concentration of
1 ng/ml FGF-4, myogenic cell migration was approxi-
mately twofold greater than in the absence of cytokines
(Table 3).

Effect of FGF Isoforms on Myogenic Cell
Differentiation

The effect of FGF isoforms on sarcomeric myosin
expression, whichwas recognized by immunohistochem-
istry with the MF-20 antibody, and myocyte fusion was
studied. At concentrations of 0.1–10 ng/ml, FGF-2
significantly enhanced the number of MF-201 myogenic
cells when examined after 48 hr in culture, such that, at
10 ng/ml, the total number of nuclei in myogenic cells
was approximately 4.5-fold greater than cells cultured
in the absence of this cytokine. In contrast, FGF-4 was
unable to stimulate a significant increase in these cells
(Fig. 4A); however, both isoforms did stimulate an
increase in the number of connective tissue cells (Fig.
4B). The extent of myocyte fusion was estimated by
calculating the percentage of nuclei found inmultinucle-
ated myotubes (Fig. 4C). In the control cultures, which
were maintained in the absence of FGFs, approxi-
mately 54.7% 6 5.24% of the myogenic nuclei were
present in myotubes. FGF-2 (at 0.1 ng/ml) and FGF-4
(at 0.1–1 ng/ml) had a negligible effect on muscle cell
fusion compared with the spontaneous fusion observed
in the absence of these cytokines. At 1–10 ng/ml of
FGF-2 and 10 ng/ml of FGF-4, however, myogenic cell
fusion was significantly inhibited, such that, at 10
ng/ml, the percentages of nuclei present in myotubes
were 36.14% 6 5.02% and 34.06% 6 4.53% for FGF-2
and FGF-4, respectively (Fig. 4C).

Because FGF-2 stimulated a significant increase in
the number of MF-201 myogenic cells, and because we
did not examine the myogenic cells directly after the
chemotactic assay but had to culture the cells for
another 20 hr, it was necessary to determine whether
the observed effect of FGF-2 on myogenic cell migration
was genuine. To answer this question, cells were plated
out onto fibronectin-coated coverslips in the presence or
absence of 10 ng/ml FGF-2 for 5 hr, the duration that
myogenic cells were exposed to FGF-2 in the Blindwell
chambers. The attached cells were subsequently rinsed
and refed with DMEM/F10 containing 10% fetal bovine
serum (FBS) for another 20 hr. The number of differen-
tiated myogenic cells was identified by staining with
the MF-20 antibody, after which the total number of
MF-201 cells/mm2 was quantified. Averages of 52.7 6
5.70 cells/mm2 and 59.2 6 6.63 cells/mm2 were demon-
strated for cells cultured in the presence of 10 ng/ml
FGF-2 and in the absence of FGF-2, respectively. It was
therefore obvious that a 5 hr ‘‘pulse’’ of FGF-2 was not
sufficient to stimulate either proliferation or the expres-
sion of the myogenic marker recognized by MF-20.
Thus, despite the fact that FGF-2 stimulated an in-
crease in the number of myogenic cells expressing
sarcomeric myosin when cultured for 48 hr, the appar-
ent increase in the number of migrant cells observed
after 5 hr stimulation in the Blindwell chemotaxis
assay could be attributed to a stimulation of migration
alone.

Effect of FGF-2 on Proximal Cell Migration in
the Day 11.5 Limb

To investigate the effects of FGF-2 on cell migration
in the limb, DiI was injected into the proximal regions
of day 11.5 forelimbs. Beads loaded with and without
FGF-2were transplanted into the distal regions approxi-
mately 500–700 µm from the DiI-labelled proximal
cells. The experimental limbs were then cultured for 36
hr. In 6 of 7 specimens examined, the presence of FGF-2
induced DiI-labelled cells to migrate extensively to-
ward the beads. Some of the labelled cells were even
found in the vicinity of the implanted beads (Fig. 5A).
No attempts were made to identify the cells that were
responding to the FGF; however, these cells originated
from the periphery rather than from the central core of
the limb, which suggests that they could be either
fibroblasts or myoblasts or a mixture of both. In all of
the control specimens examined, some labelled cells
dispersed in a distal direction from the original labelled
site, but the migration was not as extensive as that
observed in the presence of FGF-2 (Fig. 5B).

Distribution of Myogenic Cells and FGF-2 in the
Day 11.5 Limb

Desmin transgenic embryos were used to determine
the distribution of myogenic cells in the day 11.5
forelimb. LacZ1 myogenic cells were found in the
proximal regions approximately 350 µm from the limb’s
distal tip (Fig. 6A). In situ hybridization was also

Fig. 2. Effect of FGF-2 and FGF-4 on limb myogenic cell migration.
Limb cells suspended in DMEM alone were placed in the upper well of the
Blindwell chamber after loading the lower well with either FGF-2 (shaded
bars) at 1–50 ng/ml or FGF-4 (open bars) at 10–50 ng/ml. The means and
standard errors of the mean (s.e.m.) experiments are shown for eight
experiments. Asterisks indicate results that were significantly different
from those obtained in the absence of cytokines (represented by the
horizontal dashed line), and the pound symbol indicates values that were
significantly different from the values obtained at the adjacent lower
concentration (Mann-Whitney U-test; P , 0.05).
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performed with DIG-labelled Pax-3 riboprobes to deter-
mine the location of myogenic cells in the day 11.5
mouse forelimb buds (Fig. 6B,C). Pax-3 staining was
detected in the dorsal and ventral regions of the subec-
todermal mesenchyme. The distribution of Pax-3-
expressing myogenic cells was limited to the proximal
regions of the limb; the distal region was totally devoid
of Pax-31 cells (Fig. 6B).
Immunohistochemistry was performed to determine

the distribution FGF-2 protein in the day 11.5 forelimb.
FGF-2 was detected distally in the mesenchyme of the
progressive zone and in the mesenchymal core of the
limb bud (Fig. 6D). The ectoderm was also stained for

FGF-2, but only a very few cells of the AER were
stained. Moreover, clusters of FGF-21 cells were found
in regions that expressed Pax-3, suggesting thatmigrat-
ing myogenic cells were also capable of expressing
FGF-2 protein.

DISCUSSION

FGFs play an important role in inducing limb out-
growth and establishing the limb’s pattern during
embryonic development. Although the importance of
FGF-2, FGF-4, and FGF-8 in the formation of the
chondrogenic elements is already well established for
the developing limb (Riley et al., 1993; Vogel and Tickle,

Fig. 3. Representative photomicrographs demonstrating the migra-
tion of myogenic cells (arrows) in response to FGF-4. Limb cells
suspended in DMEM minus FGF-4 were placed in the upper well of the
Blindwell chamber after loading the lower well with DMEM alone (A), 1
ng/ml FGF-4 (B), 10 ng/ml FGF-4 (C), 10 ng/ml FGF-4 1 0 µg/ml

anti-FGF-4 (D), 10 ng/ml FGF-4 1 1 µg/ml anti-FGF-4 (E), or 10 ng/ml
FGF-4 1 10 µg/ml anti-FGF-4 (F). MF-202 cells (triangles) also migrated
through the 8 µm pores (arrowhead) of the polycarbonate filter. Scale
bar 5 80 µm.
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Fig. 4. Effect of FGF-2 and FGF-4 on the expression of MF-20 and
formation of myotubes. Limb cultures were incubated with 0.1–10 ng/ml
FGF-2 or FGF-4 for 48 hr, after which the myogenic population was
identified with MF-20. A: FGF-2 (solid line) stimulated an increase in the
number of differentiated myocytes expressing sarcomeric myosins,
whereas FGF-4 (broken line) had no significant effect on the number of
MF-201 cells. B: However, both FGF-2 and FGF-4 stimulated a significant
increase in the number of MF-202 limb cells. The plotted values represent
the mean number of MF-201 cells/mm2 and MF-202 cells/mm2, respec-
tively. C: In addition, FGF-2 and FGF-4 both inhibited the fusion of
myocytes to form myotubes; each value represents the percentage of
nuclei in myotubes. The mean and s.e.m. are shown for six experiments.
Values significantly different (Mann-Whitney U-test, P , 0.05) from the
control (horizontal dashed line) are indicated by asterisks.

TABLE 2. Chemotactic Effect of PDGF-BB on
Myogenic Cells Cannot Be Inhibited by Either

Anti-FGF-2 orAnti-FGF-4

Growth factors
Anti-FGF-2
(10 µg/ml)

Anti-FGF-4
(10 µg/ml)

FGF-2 (10 ng/ml) 1.48 6 2.15% ND
FGF-4 (10 ng/ml) ND 6.35 6 6.65%
PDGF-BB (10 ng/ml) 84.17 6 0.72% 79.84 6 1.86%

FGF-2 and FGF-4, both at 10 ng/ml, were incubated with
either anti-FGF-2 or anti-FGF-4 neutralizing antibody at 10
µg/ml for approximately 1 hr at 37°C before being added to the
lower well of the Blindwell chemotaxis chamber. Platelet-
derived growth factor (PDGF)-BB at 10 ng/ml was also
incubated with anti-FGF-2 and anti-FGF-4 neutralizing anti-
bodies at 10 µg/ml. Forelimb cells were suspended in Dulbec-
co’s modified essential medium (DMEM) alone. Results are
expressed as the mean percentage difference in number of
myogenic cells that migrated with respect to the basal level of
migration observed in the absence of cytokines. Mean 6 s.e.m.
of four experiments is shown. ND, not done.

TABLE 3. CheckerboardAnalyses Using Various
Concentrations of FGF-2 or FGF-4 in the Upper and
Lower Well of the Blindwell Chemotaxis Chambera

Lower well Upper well
FGF-2 (ng/ml) 0 1 10

0 21.25 6 5.43 11.0 6 1.42 42.5 6 8.07
1 56.63 6 14.33 69.0 6 10.59 42.25 6 8.07
5 135.8 6 9.76 108.0 6 14.06 45.25 6 8.47
10 165.3 6 28.32 116.75 6 33.9 89.5 6 4.36

FGF-4 (ng/ml) 0 1 10
0 17.0 6 6.54 34.0 6 8.02 36.0 6 8.68
1 16.62 6 4.84 33.25 6 8.63 22.0 6 4.06
5 21.5 6 5.47 40.0 6 4.36 30.5 6 4.18
10 114.4 6 24.49 114.25 6 9.33 66.75 6 5.30

aNumbers in bold indicate cells that migrated along a positive
gradient; underlined numbers indicate random migration in
the absence of a gradient. Results are expressed as mean 6
s.e.m. of four experiments.

TABLE 1. Chemotactic Effect of FGF-2 and FGF-4 on
LimbMyogenic Cells Can Be Inhibited by

Neutralization WithAnti-FGF-2
andAnti-FGF-4, Respectively

Growth factor

Mean number
of migrated

myogenic cells
Number
of assays

Anti-FGF-2 (µg/ml)a
0 123.75 6 20.54 n 5 4
0.1 60.50 6 15.60 n 5 4
1 33.25 6 9.12 n 5 4
10 20.67 6 1.08 n 5 4

Anti-FGF-4 (µg/ml)b
0 98.38 6 4.70 n 5 4
1 71.50 6 12.70 n 5 4
10 19.50 6 5.45 n 5 4
50 22.00 6 6.82 n 5 4

aFGF-2 at 10 ng/ml was incubated with 0.1–10 µg/ml anti-
FGF-2 neutralizing antibody.
bFGF-4, also at 10 ng/ml, was incubated with 1–50 µg/ml
anti-FGF-4 neutralizing antibody. Results are expressed as
mean 6 s.e.m. of four experiments. FGF, fibroblast growth
factor.
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1993; Taylor et al., 1994; Cohn et al., 1995; Crossley et
al., 1996), little is known about the effect of these
cytokines on the development of the skeletal muscula-
ture. In the present study, by using the Blindwell
chemotaxis chamber, we have demonstrated that FGF-2
and FGF-4 can elicit a migratory response in mouse
forelimb myogenic cells in vitro. These myogenic cells
reacted to the FGF isoforms by migrating from low
concentrations to high concentrations of the isoform

across a polycarbonate filter, which had been precoated
with fibronectin. We observed that myogenic cell migra-
tion was dependent on the presence of fibronectin,
because migration was negligible when the filters were
either left untreated or coated with gelatin. It has been
suggested that fibronectin is required in these in vitro
assays to stimulate the initial cell attachment to the
polycarbonate filter (Venkatasubramanian and Sol-
ursh, 1984); however, it is also thought to be important

Fig. 5. Representative appearance of forelimbs that were labelled
proximally with DiI, implanted with beads loaded with or without FGF-2
distally, and cultured for 36 hr. A: In the presence of FGF-2, DiI-labelled
proximal cells migrated extensively towards the beads. B: Proximal cell
migration was less extensive in the absence of FGF-2. i, Injection site; b,
implanted bead. Scale bar 5 300 µm.

Fig. 6. Day 11.5 forelimbs. A: Wholemount of a desmin transgenic
limb showing that the distal region (dis) is devoid of myogenic cells
(arrow). In situ hybridization was also performed on the limb section with

Pax-3 riboprobe to demonstrate the distribution of myogenic cells. B:
Pax-31 cells present in the proximal (m) but not the distal regions of the
limb. C: Sense control. D: Immunohistological staining shows that FGF-2
protein is expressed in the limb ectoderm, the core mesenchyme (cm), the
progress zone (pz), and the myogenic regions (m). Arrows indicate the
possibility that some migrating myogenic cells might also express FGF-2.
No staining was detected in the myogenic pathway (path). Scale bar 5
100 µm.
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for myogenic cell migration in vivo, because the injec-
tion of fibronectin antibodies into the limb inhibits
migration of these cells (Brand-Saberi et al., 1993). The
limb myogenic cells responded to both FGF-2 and
FGF-4; however, compared with FGF-2, FGF-4 was less
effective at stimulating myogenic cell migration. By
treating FGF-2 andFGF-4with their respective neutral-
izing antibodies prior to the initiation of the Blindwell
assay, it was possible to demonstrate that, rather than
a possible contaminant, FGF-2 and FGF-4 alone were
responsible for stimulating the migration observed.
We observed that, in addition to MF-201 myogenic

cells, other limb mesenchymal cells were stimulated by
the FGF isoforms to migrate in vitro. Although no overt
attempt was made to identify these cells, it was obvious
from the different cell morphologies observed that
several cell types were present on the filter. It is
possible that some of these cells are undifferentiated
myogenic cells, whereas others may be endothelial and
neural crest cells, which are known to normally invade
and migrate in the developing limb bud (Beddington
and Martin, 1989; Serbedzija et al., 1990). In addition,
some of the cells may be loose connective tissue cells,
which normally do not migrate in the limb (Brand-
Saberi et al., 1989; Lee and Ede, 1989a) but which may
be able to do so in vitro when constraints, such as cell
contact inhibition of movement, are relaxed.
It is known that many chemoattractants that stimu-

late chemotaxis, or the directed migration of cells along
a concentration gradient, also stimulate chemokinesis,
the nondirectional migration of cells in the absence of a
chemotactic gradient. To differentiate between these
two mechanisms, we performed a standard checker-
board analysis with FGF-2 and FGF-4 (Zigmond and
Hirsch, 1973; Adelmann-Grill and Cully, 1990). It was
found that, when either of the FGFs were present at a
uniform concentration, that is, the same concentration
in both the upper and the lower wells of the Blindwell
chamber, a substantial chemokinetic response was
elicited. It was possible, however, to distinguish the
random migration observed in response to FGF-2 from
the directional migration. In this experiment, the con-
centration of FGF-2 that produced amaximal chemotac-
tic response when it was present in the lower well alone
(10 ng/ml) caused a significantly lower number of cells
to migrate to the lower side of the filter when it was
present as a uniform concentration above and below the
filter. The random migration observed in response to
FGF-4 was also considerable, but, once again, it could
be distinguished from the directed migration. Again, a
concentration of 10 ng/ml in the lower well elicited the
maximal chemotactic response, but, when 10 ng/ml
were present both above and below the filter, a signifi-
cantly lower number of cells migrated across the filter.
Because FGF-2 elicited a greater effect on both

directed and random myogenic cell migration than the
same concentration range of FGF-4, it was of interest to
determine the effect of these two isoforms on other
aspects of myogenesis. It has already been demon-

strated that FGF-2 and FGF-4 can stimulate the early
mouse limb mesenchyme to proliferate (Niswander and
Martin, 1993). We were able to confirm that both
isoforms can stimulate the proliferation of limb cells
not expressing the MF-20 (sarcomeric myosin) myo-
genic marker, and, in addition, we demonstrated that
the effect of FGF-2 was greater than that of FGF-4.
Furthermore, we demonstrated that FGF-2 but not
FGF-4 could stimulate a significant increase in the
number of MF-201 myocytes compared with cells cul-
tured in the absence of cytokines. This increase could be
attributed to FGF-2 either up-regulating sarcomeric
myosin expression or stimulating the proliferation of
the undifferentiated myogenic cells, which subse-
quently express the markers for MF-20, or possibly a
combination of both these processes. In addition, the
effect of FGF-2 and FGF-4 on the fusion of myocytes to
form myotubes was analyzed. We found that both
FGF-2 and FGF-4 inhibited myocyte fusion. Thus, the
difference in potency of FGF-2 and FGF-4 is not unique
to myogenic cell migration but can also be observed in
other, but not all, aspects of skeletal myogenesis in
vitro. These findings agree with previous reports that
FGF-2 maintains myogenic cells in the cell cycle and
prevents myogenic differentiation (Olwin and Haus-
chka, 1988; Seed et al., 1988). Those authors have also
reported that it was possible to activate myogenic cell
differentiation in vitro by withdrawing FGF-2 from the
culture medium. Furthermore, a comparison of FGF-2
and FGF-4 indicated that FGF-4 was less potent at
inhibiting myogenic cell differentiation than FGF-2
(Hannon et al., 1996). The effects of FGFs on myogenic
cells are so distinct that Savage et al. (1993) used
myogenic cell lines as an assay system for determining
the biological activity of FGFs.
In the day 11.5 mouse forelimb, we have detected the

presence of FGF-2 protein in the ectoderm, the core
mesenchyme, the mesenchyme of the progressive zone,
and themyogenic regions. This distribution pattern has
also been observed in chick limbs of equivalent stages of
development (Savage et al., 1993; Dono and Zeller,
1994). We compared the expression pattern of FGF-2
and Pax-3 and found that migrating myogenic cells
were capable of expressing FGF-2.Moreover, these cells
also expressed FREK, the FGF receptor (Marcelle et al.,
1995; Szebenyi et al., 1995). Because our Blindwell
chemotactic assays showed that FGF-2 can stimulate
chemokinesis as well as chemotaxis, it is possible that
myogenic cells maintain their own ability to migrate in
the limb by producing FGF-2, which then acts through
some form of autocrine mechanism.
Li et al. (1996) demonstrated that beads impregnated

with FGF-2 and transplanted into chick limb buds can
induce DiI-labelled proximal limb cells to migrate
towards the beads. However, those authors did not
identify the cell types involved, i.e., whether they were
myogenic cells or fibroblasts. We have reproduced this
result in the mouse and found that proximal cells can
chemotactically respond to FGF-2 over a distance of
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500–700 µm. In the limb,myogenic cells migrate specifi-
cally in a proximodistal direction (Brand-Saberi et al.,
1989; Lee and Ede, 1989b). However, we do not know
whether chemotaxis mediated by FGF-2 plays a role in
directing this migration, because our immunohistologi-
cal staining revealed that FGF-2 protein is expressed in
the progressive zone but not along the myogenic path-
way. Nevertheless, there are currently many models
available that can explain this type of directed cell
migration, such as hyaluronic acid (Krenn et al., 1991),
juvenility factor (Brand-Saberi and Krenn, 1991), and
N-CAM (Brand-Saberi et al., 1996a).

EXPERIMENTAL PROCEDURES
Embryos

Day 11.5 embryos were obtained from pregnant ICR
mice. The presence of a vaginal plug was designated as
embryonic day (E)0.5. The mice were killed by cervical
dislocation, and the embryos were isolated from the
decidua in prewarmed Dulbecco’s phosphate-buffered
saline (PBS; Sigma, St. Louis, MO) containing 0.4%
bovine serum albumin (BSA). The forelimb buds were
removed and subdivided into proximal and distal halves.
Only the proximal portion was used in this study,
because this region is enriched with myogenic cells.

Preparation of Forelimb Cell Suspension

After rinsing the limb fragments with PBS, they were
dissociated by incubation with 0.5% trypsin and 0.25%
pancreatin in MEM-HEPES medium (Sigma) contain-
ing 2.2% sodium bicarbonate for 30 min at 4°C, then for
10 min at room temperature, followed by trituration
with a Pasteur pipette to mechanically disrupt the
tissues. The enzymatic reaction was inhibited by the
addition of FBS (Gibco BRL), and any remaining clumps
of cells were removed by filtration through a Nylon
filter (21 µm pore size) to produce a single-cell suspen-
sion. The dissociated cells were pelleted by centrifuga-
tion at 250g for 3 min and then resuspended in DMEM
(Sigma) containing 10% FBS. Cell concentration was
established with an Improved Neubauer haemocytom-
eter, and viability was assessed with Trypan blue. The
cell suspension was subsequently repelleted and resus-
pended to the required concentration in the medium
appropriate for the experiment.

Effect of FGF-2 and FGF-4 on Myogenic Cell
Migration

Migration assays were performed in Nucleopore
Blindwell chemotaxis chambers (Costar Corporation,
Cambridge, MA) with Nucleopore polycarbonate filters
of 8 µm pore size (Costar) that had been coated with 100
µg/ml human plasma fibronectin (Gibco BRL) overnight
and then air dried. FGF-2 or FGF-4 (R and D Systems,
Inc., Minneapolis, MN) at 1–50 ng/ml in DMEM were
added to the bottom well of each chamber, and each
chamber was assembled with a filter and a filter
retainer. A suspension of limb cells in DMEM contain-
ing 0–10 ng/ml FGF-2 or FGF-4 was then added

to the upper well at 2 3 105 cells/chamber. After
incubation at 37°C and 5% CO2 in a humid incubator
for 5 hr, the chambers were dissembled, and the upper
surface of each filter was wiped with a sterile tissue to
remove cells that had attached but not migrated. The
filters were inverted (so that the cells that had mi-
grated were uppermost), rinsed, and then flooded with
a 1:1 ratio of DMEM/F10 Ham medium (Gibco BRL)
containing 10% FBS. The cells on the filters were
incubated at 37°C for another 20 hr, after which they
were fixed for 30 min with 70% ethanol. The presence of
skeletal myogenic cells was established by immunohis-
tochemistry with themonoclonal antisarcomeremyosin
antibody, MF-20 (Developmental Studies Hybridoma
Bank, Baltimore, MD, and Iowa, IA), which was viewed
with the mouse Vectastain ABC kit (Vector Laborato-
ries, Burlingame, CA) by using a substrate of nickel
chloride-enhanced 3,38-diaminobenzidine tetrahydro-
chloride (DAB; Amersham International, United King-
dom). The extent of myogenic cell migration was subse-
quently determined by quantifying the total number of
nuclei in MF-201 cells in five fields chosen at random
about the center of each filter.

Effect of FGF-2 and FGF-4 Neutralization on
Myogenic Cell Migration

In an attempt to neutralize the effect of FGF-2 and
FGF-4 on limb myogenic cell migration, FGF-2 or
FGF-4 at 10 ng/ml were incubated at 37°C for 60 min in
sterile Eppendorf tubes with 0–10 µg/ml neutralizing
anti-FGF-2 or with 0–50 µg/ml neutralizing anti-FGF-4
(R and D Systems, Inc.). The Blindwell chemotaxis
chambers were subsequently assembled as described
above with the appropriate FGF/anti-FGF solution in
the lower well and the limb cells, suspended in DMEM
alone, in the upper well. At the end of the 5 hr
incubation, the Blindwell chambers were dissembled,
the upper surface of the filters were wiped clean, and
the cells situated on the lower surface of the filter were
returned to culture for another 20 hr, as described in
detail above. Again, the myogenic cells were identified
by immunohistochemistry with MF-20.
To determine whether the anti-FGF antibodies in-

deed neutralized the effect of FGFs on myogenic cell
migration or whether the concentrations of antibodies
used were cytotoxic to the myogenic cells, PDGF-BB (R
and D Systems, Inc.) at 10 ng/ml was incubated with
either neutralizing anti-FGF-2 or neutralizing anti-
FGF-4, both at 10 µg/ml, for 60 min at 37°C prior to the
assembly of the Blindwell chemotaxis chambers.
PDGF-BB was selected for use, because it had previ-
ously been demonstrated to elicit a chemotactic re-
sponse in limb myogenic cells. The chambers were
subsequently assembled with the PDGF-BB/anti-
FGF-2 or PDGF-BB/anti-FGF-4 mixtures in the lower
well and the limb cells, suspended in DMEM alone, in
the upper well. The remainder of the assay was con-
ducted as described above.
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Effect of FGF-2 on Cell Migration in the Limb

Forelimb buds were isolated intact from day 11.5
embryos in PB1 medium. By using a micropipette,
approximately 2–4 µl of 5%DiI fluorescent dye (Molecu-
lar Probe, Eugene, OR) were microinjected into the
proximal regions of the limb. An area 200–300 µm wide
of proximal mesenchyme was labelled by using this
method. Affi-Gel blue beads (150–200 µm size; BioRad)
loaded with 500 µg/ml FGF-2 (R and D Systems, Inc.)
for 3 hr were then implanted approximately 500–700
µm distal to the DiI-labelled cells. Beads loaded with
PB1 medium were used as the control.
After the operation, the limbs were introduced into

25 ml bottles containing 3 ml DMEM/F12 medium
supplemented with 10% heat-inactivated FBS. Four
limbs were placed in each of the bottles. The cultures
were then gassed with 5% CO2, 40% O2 balance in N2,
maintained on a roller incubator rotating at 30 rpm,
and kept at 37°C for 36 hr. Following culture, the limbs
were fixed with 4% paraformaldehyde, cleared in 30%
sucrose, and examined under a fluorescent microscope.

DifferentiationAssays

Differentiation assays were performed in 24-well
tissue culture plates on 13 mm coverslips (Menzel-
Gläser, Germany) that had been precoated with 0.1%
gelatin (Sigma) at 37°C for 24 hr and then air dried. A
single-cell suspension obtained from the proximal re-
gion of day 11.5 mouse embryo forelimbs in DMEM
containing 5% FBS and 0–10 ng/ml FGF-2 or FGF-4
was plated out at 2 3 105 cells/well and incubated at
37°C for 48 hr. The attached cells were then fixed with
acetone for 10 min at room temperature, the myogenic
cells were identified by immunohistochemistry using
the MF-20 antibody as described above, and the MF-
202 cells were detected with eosin. The total number of
nuclei in MF-201 cells/mm2, the number of MF-202

cells/mm2, and the percentage nuclei in myotubes were
subsequently calculated in order to determine the effect
of FGFs on various aspects of myogenic cell differentia-
tion.

In Situ Hybridization

Pax-3 riboprobe (kindly provided by Prof. Peter Gruss)
was used to determine the location of myogenic cells in
paraffin sections of day 11.5 mouse forelimb buds. The
cDNA was linearized, and digoxigenin-labelled anti-
sense riboprobes were produced by using T7 RNA
polymerase (Boehringer Mannheim Biochemica). In
situ hybridization was performed according to protocol
described by Goulding et al. (1994). Briefly, the limb
sections were dewaxed, cleared in xylene, and hy-
drated. The sections were then treated with 10 µg/ml of
proteinase K for 10 min, postfixed in 4% paraformalde-
hyde, and incubated in hybridization buffer containing
1 µg/ml of digoxigenin-labelled antisense riboprobes.
The sense probe was used as the control. Localization of
transcripts was visualized by using alkaline phospha-

tase-conjugated antidigoxigenin Fab fragments with
Nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-
indoyl phosphate as chromagens.

Desmin Transgenic Limbs

Aside from using Pax-3 to determine the location of
myogenic cells, transgenic embryos carrying the regula-
tory sequence of the desmin gene and LacZ marker
were used (Lee et al., 1995). Day 11.5 transgenic
embryos were fixed in 4% paraformaldehyde and incu-
bated in X-gal solution (2 mM 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside, 10 mM potassium chlo-
ride, 10 mM potassium ferricyanide, and 1 mM
magnesium chloride in PBS) at 37°C for 24 hr. The
forelimbs were then excised, wet mounted onto slides,
and photographed.

Immunocytochemistry

Whole forelimbs dissected from embryos at day 11.5
p.c. were fixed overnight in acetone, then embedded in
paraffin wax, and sectioned at 7 µm. Endogenous
peroxidases were blocked with 0.3% hydrogen peroxide
in methanol. After inhibiting nonspecific protein inter-
actions with horse serum, forelimb sections were probed
with a 1:50 dilution of rabbit polyclonal antibody to
human FGF-2 (SeroTec) and then viewed with a rabbit
Vectastain ABC kit using nickel-enhanced DAB as the
peroxidase substrate. Sections treated with PBS in
place of the primary antibody were used as negative
controls.

ACKNOWLEDGMENTS

We thank Professors Cheryl Tickle and KenMuneoka
for their advice on the preparation of this paper;
Professor P. Gruss for the Pax-3 riboprobe; Professors
D. Paulin and Z. Li for the Desmin transgenic mice; and
Charles Cheung, Albert Wong, and Paul Sze for their
technical assistance. The MF-20 antibody was obtained
from theDevelopmental StudiesHybridomaBankmain-
tained by the Department of Pharmacology andMolecu-
lar Sciences, Johns Hopkins University School of Medi-
cine, Baltimore, Maryland, and the Department of
Biological Sciences, University of Iowa, Iowa City, Iowa,
under contract from the NICHD. S.E.W. is a recipient of
a postdoctoral fellowship from the Chinese University
of Hong Kong.

REFERENCES
Adelmann-Grill, B.C., and Cully, Z. (1990) Signal perception of fibro-
blasts for directional migration to platelet-derived growth factor in
Boyden-Type chambers. J. Cell. Physiol. 143:172–177.

Beddington, P.S.P., andMartin, P. (1989)An in situ transgenic enzyme
marker to monitor migration of cells in the mid-gestation mouse
embryo: Somite contribution to the early fore-limb bud. Mol. Biol.
Med. 6:263–274.

Bladt, F., Riethmecher, D., Isenmann, S., Aguzzi, A., and Birchmeier,
C. (1995) Essential role for the c-met receptor in the migration of
myogenic precursor cells into the limb bud. Nature 376:768–771.

Brand-Saberi, B., and Krenn, V. (1991) Observation concerning the
control of directed myogenic cell migration. In: ‘‘Developmental
Patterning of the Vertebrate Limb, NATO ASI Series, Vol. 205.’’

215FGF AND MYOGENIC CELL MIGRATION



Hinchliffe, J.R., Hurle, J., and Summerbell, D. (eds). New York:
Plenum Press, pp. 273–284.

Brand-Saberi, B., Krenn, V., and Christ, B. (1989) The control of
directed myogenic cell migration in the avian limb bud. Anat.
Embryol. 180:555–566.

Brand-Saberi, B., Krenn, V., Grim, M. and Christ, B. (1993) Differ-
ences in the fibronectin-dependence of migrating cell populations.
Anat. Embryol. 187:17–26.

Brand-Saberi, B., Gamel, A.J., Krenn, V., Muller, T.S., Wilting, J., and
Christ, B. (1996a) N-Cadherin is involved in myoblast migration
andmuscle differentiation in the avian limb bud. Dev. Biol. 178:160–
173.

Brand-Saberi, B., Muller, T.S., Wilting, J., Christ, B., and Birchmeier,
C. (1996b) Scatter factor/hepatocyte growth factor (SF/HGF) in-
duces emigration of myogenic cells at the interlimb level in vivo.
Dev. Biol. 179:303–308.

Chevallier, A., Kieny, M., and Mauger, A. (1977) Limb-somite relation-
ship: Origin of the limb musculature. J. Embryol. Exp. Morphol.
41:245–258.

Christ, B., Jacob, H.J., and Jacob, M. (1977) Experimental analysis of
the origin of the wing musculature in avian embryos. Anat. Em-
bryol. 150:171–186.
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