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Effect of platelet-derived growth factor isoforms on the
migration of mouse embryo limb myogenic cells

SARAH E. WEBB and KENNETH K.H. LEE'
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ABSTRACT The effect of platelet-derived growth factor IPDGF) isoforms on limb myoblast
migration was examined in vitro. Using Blindwell Chemotaxis chambers, the ability of PDGF-AA,
-AS and -BB to stimulate the migration of myoblasts, obtained from the proximal region of 11.5 day
mouse forelimb buds, was examined. Immunocytochemistry, with the anti-sarcomeric myosin
antibody MF-20, was used to identify the myogenic cells in the heterogeneous cell population.
Myoblasts, suspended in PDGF-free medium inthe upper chamber, migrated across the polycarbonate
filter of the Blindwell chamber to 1-10 ng/ml PDGF-AB and 1-100 ng/ml PDGF-BB situated in the
lower well. At '-10 ng/ml of either PDGF-AB or -BB migration increased in a dose-dependent
manner. PDGF-AA, however, was unable to elicit a significant locomotory response in forelimb
myoblasts. A Checkerboard assay, with various concentrations of PDGF.AA, -AS or -BB in the upper
and lower wells of the chamber, indicated that -AB and -BB but not -AA stimulated the random
migration of limb myoblasts. The differential effect of PDGF isoforms on myoblast migration was
compared with other aspects of skeletal muscle development. At 0.1-10 ng/ml all three isoforms
were able to stimulate an increase in the number of differentiated myoblasts, indicated by the
expression of sarcomeric myosin, on examination after 48 h when cultured at low density. In high
density cultures, however, these isoforms inhibited myoblast fusion when compared to the
spontaneous fusion observed in untreated cultures. Immunohistochemical studies of both cultured
limb cells and cryoseolions of 11.5 day whole limbs revealed that myoblasts expressed both PDGFa-
and ~-receptors which suggests that the action of PDGF isoforms on limb myoblasts is receptor-
mediated. Finally, having demonstrated that the PDGF-B monomer stimulates migration in limb
myoblasts, by immunohistochemistry, the presence of PDGF-B was confirmed and its distribution
examined in the 11.5 day forelimb.
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Introduction

It has been clearly established. from chick/quail somite trans-
plantation experiments, that cells from the somites adjacent to the

limb regions of avian embryos invade the somatopleure of the
limb and differentiate exclusively into skeletal muscle cells
(Chevallier et al., 1977; Christ et al., 1977; Newman et al., 1981;
Lance-Jones. 1988; Schramm and Solursh. 1990). In addition, we
have recently demonstrated this morphological event in murine
embryos by grafting Dil-Iabeled and desmin transgenic somites in
unlabeled hosts (Lee and Sze, 1993; Sze et al.. 1995). In these
embryos, the myogenic precursors migrate from the ventral
lateral edge of the dermomyotome to the forelimb bud at the 22-
somite stage (approximately 9.5 day p.c.). It has been demon-
strated that this process involves active rather than passive
movement (Sze et al., 1995).

Within the limb. the myogenic cells retain their invasive property
and actively colonize the limb in a proximo-distal direction to
establish the pattern of skeletal musculature (Brand-Saberi et a/"
1989; Lee and Ede 1989a,b. 1990). In contrast. cells such as
chondrocytes and soft connective tissue cells, derived from the
somatopleure. do not migrate (Lee and Ede 1g8ga.b. 1990).
Various mechanisms have already been proposed to explain the
proximo-distal migration of myogenic cells in the limb. Interaction
with the extracellular matrix, such as collagen (Stopak and Harris.
1982), fibronectin (Chiquet et al., 1981) and hyaluronic acid (Krenn

et al., 1991) produced by the connective tissue have been impli-
cated both in vitro and in vivo. Another mechanism by which
myogenic cells may undergo a unidirectional migration in the limb
is via chemotaxis. Signals produced by the apical ectodermal ridge
(AER) are thought to be responsible for maintaining limb develop-
ment, especially proximo-distai outgrowth; removal of the AER
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Fig. 1. The effect of PDGF-AA, PDGF-AB and PDGF-BB on limb myo-
blast migration. Results are ex.pressed as meant SEM of 6 experiments.
"indicatesvalueswhichare significantly different to those obtained in the
absence of PDGF, represented by the horizontal dotted line, and # indicates
values which are significantly different from the values obtained at rhe
adjacent lower concentration (Mann-Whitney U-resr. P<O.05J.

results in the truncation of the limb along the proximo-distal axis as
limb outgrowth is arrested (Gumpel-Pinot el al., 1984). The iden-
tification of the AER signal is still unknown although various growth
factors, including FGF-2, FGF-4, FGF-8, and the A-chain of plate-
let-derived growth factor (PDGF) are known to be expressed by
this region of the limb (Niswander and Martin, 1992; Orr-Urtreger
and Lonai, 1992; Savage et al., 1993; Crossley and Martin, 1995).
Long before the PDGF-A monomer was demonstrated to be
produced by the AER, Venkatasubramanian and Solursh (1984)
showed that PDGF was chemoattractive to chick limb myogenic
cells. They subsequently suggested that muscle pattern is estab-
lished via the chemotactic influence of PDGF synthesized by the
endothelial cells lining blood vessels, as they and others noted that
in the chick there is a close correlation between the distribution of
skeletal myogenic cells and the vasculature (Caplan, 1981 ;Solursh
and Meier, 1986).

In this study, Solursh's pioneering work has been re-evaluated
because it is now known that PDGF is far more complex than was
originally recognized; the cytokine can exist in 3 possible disul-
phide-linked dimeric forms, AA, AB and BB via the combination of
two polypeptide chains, A and B (reviewed in Ross et al., 1986).
These isoforms interact with different affinities with two distinct
receptors, a- and po. PDGFa-receptors recognize both A and B
chains whereas POGF~-receptors only recognize the B chain
(Bowen-Pope el al., 1989; Heldin and Westermark, 1989). The
receptors are present in differing amounts on different cell types,
many cells such as NIH 3T3 fibroblasts (Grotendorst et al., 1991)
express both (t- and p-receptors but some only express one type
of PDGF receptor; human skin fibroblasts and fetal bovine aortic
smooth muscle cells, for example only express the PDGFp-
receptor (Grotendorst et al., 1991).

It is known that during development, PDGF and its receptors are
often expressed by adjacent cell layers, with epithelial cells secret-
ing the cytokine and their neighboring mesenchymal cells express-

ing the PDGF receptors (Orr-Urtreger and Lonai, 1992). Some-
times PDGF and its receptors are expressed by the same cells in
which case PDGF has an autocrine effect (Koyama et al., 1994).
It has already been demonstrated that in the day 11.5 mouse limb
bud, PDGF-A mRNA is expressed in the myogenic primordia,
ectoderm and AER while its receptor is distributed profusely at all

levels in the limb (Orr-Urtreger and Lonai, 1992). However, the
distribution of PDGF-B and the PDGFp-receptor in the developing
mouse limb has still not been established. Since as yet little is
known about the action of the different PDGF isoforms on limb
myogenic cells, we examined: (1) the ability of PDGF-AA, -AB and
-B8to elicit a locomotory response in myoblasts obtained from the
forelimbs of day 11.5 mouse embryos and the results were
compared with the effect of PDGF isoforms on differentiation,
determined by analyzing sarcomeric myosin expression and the
formation of myotubes, (2) the distribution of PDGF(t- and p-
receptors in the limb with respect to the developing skeletal
musculature and (3) the distribution of the PDGF-B monomer in
the limb.

Results

PDGF-AB and PDGF-BB stimulate myoblast migration
The effect of PDGF isoforms on myoblast motility in the mouse

embryo forelimb was studied. Initially, the day 11.5 limb was
divided into proximal and distal regions, the cells from each region
were cultured for 24 h, the myoblasts identified with MF-20 and
then quantified (Table 1). As a significantly greater number of
myoblasts were found to be located in the proximal region as
compared with the distal region, this area alone was used for
experimental studies on myoblast motility.

Using a 81indwell chemotaxis chamber, various concentrations
of PDGF-AA, -AB and -BB (ranging from 1-100 ng/ml) were
examined for their ability to attract limb myoblasts. PDGF-AA did
not appear to significantly stimulate the migration of proximal
forelimb myoblasts isolated from 11.5 day ICR embryos (Fig. 1).
However, these cells migrated in a dose-dependent manner in
response to 1-10 ng/ml of PDGF-AB and -BB, with optimal migra-
tion noted at 1a ng/ml of each isoform (Figs. 1 and 2). Cell migration
decreased, however, at higher concentrations (100 ng/ml) of
PDGF-AB or -BB, so that the response to PDGF-AB was not
significantly different from the background level of migration meas-
ured when this cytokine was absent (Fig. 1).

It was necessary to determine whether the observed effect of
PDGF-AB and -BB on myoblast migration was real, or whether the
cytokines either stimulated the growth of cells which subsequently
migrated across the filter stochastically, or enhanced the expres-

TABLE 1

QUANTIFICATION OF THE PERCENTAGE OF MYOGENIC CELLS
FOUND IN THE PROXIMAL AND DISTAL REGIONS OF THE 11.5

DAY MOUSE FORELIMB

Region of limb

bud studied
Number of assays 0/0of myogenic

cells:tSEM

Distal
Proximal

4
4

4.B3t0.44
17.32:t2.69



Fig. 2. Scanning electron micrographs (A and B! of the underside of
Nuclepore filters on completion of the Blindwell assay. IAI Forelimb
cells have migrated through the Mer after stimulation with 10 nglml PDGF-
BB andlB) migration is negligible when PDGF-BB is absent from the lower
well. IC) MF-20 staining of cells which have migrated to the lower surface
of a polycarbonate filter after stimulation with 10 ng/ml POGF-BB demon-
strating the presence of myoblasts (arrows). MF-20-negative limb cells are
stained with eosin {arrowheads}. Bar. 50 ~lm.
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sion of sarcomeric myosins recognized by the MF-20 antibody. To
account for these possible complications, limb cells, suspended in
DMEM in the presence or absence of 10 ng/ml PDGF-AB or -BB,
were plated onto coverslips which had been pre-coated with 100
~g/ml fibronectin. The cells were incubated at 37'C for 5 h after
which the attached cells were rinsed with PBS and re-fed with
DMEM containing 10% FBS for a further 20 h. It was possible to
demonstrate that a 5 hour 'pulse' of either PDGF-AB or -BB was
insufficient to stimulate an increase in the number of MF-20
myoblasts (22ct2, 20I2, 20ct1 myoblasts/mm', control, PDGF-AB,
PDGF-BB, respectively).

Checkerboard analyses incorporating various concentrations
of PDGF-AA, -AB or -BB in the upper and lower wells of the
Blindwell chemotaxis chamber, were performed to determine
whether these isoforms could stimulate an increase in non-direc-
tional migration (chemokinesis) of limb myoblasts (Table 2A and
2B). Again PDGF-AA had no significant effect on cell migration
(data not shown), however, it was possible to demonstrate that in
a uniform concentration of 10 ng/ml PDGF-AB, for example, the
numberof myoblasts which had accumulated on the lower surface
of the Nuclepore filter (13ct3.69 myoblasts/5 mm') was approxi-
mately 3-fold greater than the number which accumulated in a
uniform concentration of DMEM alone (4.33ct1.13 myoblasts/5

mm', Table2A).lnaddition, small numbers of myoblasts (7.83ct3.19/
5 mm2) were also observed on the lower surface of the filter even
when subjected to a negative gradient of PDGF-AB (10 ng/ml)
although these were significantly lower than cells subjected to a
positive gradient of either cytokines. PDGF-88 also stimulated
chemokinesis sothat in a uniform concentration of 1 0 ng/ml PDGF-
SS there was greater than an 8-fold increase in the number of
myogenic cells which had accumulated on the lower surface of the
filter when compared to the number which accumulated in a
uniform concentration of DMEM alone (Table 2B). Although the
random migration observed in response to PDGF-S8 was consid-
erable, it was still possible to distinguish directed migration (chemo-
taxis) - as PDGF-BB at 10 ng/ml in the lower well alone produced
the maximal chemotactic response (48.50ct6.22 myoblasts/5 mm'),
but at 10 ng/ml both above and below the filter no more than
35.30I4.62 myoblasts/5 mm' migrated across the filter. Similar
results were also obtained for PDGF-AB (Table 2A).

PDGFisoforms Influence the expression of sarcomeric myosin
and fusion of myoblasts

PDGF isoforms at concentrations of 0.1-10 ng/ml, were tested
for their ability to regulate other aspects of limb myoblast behavior
(Fig. 3A and 3B). When cells were cultured at low density for 48 h,
all POGF isoforms stimulated an increase in the number of MF-20-
positive cells when compared to control cultures (incubated for 48
h in the absence of PDGF). PDGF-AA had the most profound
effect, stimulating almost a 100% increase in the number of
myogenic cells which expressed MF-20at 10 ng/ml. PDGF-AB and

-BB also enhanced the number of MF-20-positive cells but were
less potent than PDGF-AA, for example, 10 ng/ml of either -AB or
-SS stimulated less than a 50% increase in the number of myogenic
cells which expressed MF-20 (Fig. 3A).

When limb cells were cultured at a higher density it was possible
to determine the effect of the PDGF isoforms on the formation of
myotubes (Fig. 38). In the control cultures (cultured in the absence
of PDGF) approximately 40.9ct1.01 % of the MF-20-positive nuclei
were present in myotubes. PDGF-AB and -BB both appeared to be



TABLE 2

CHECKERBOARD ANALYSIS OF PDGF.AB AND PDGF.BB

Upper well

IPDGF-ABI Inglmll 0 100;

~~0 433+1 13 3.00t 1.92 7.B3t3.19
~1 B.50ct1.B9 733+?39 6.83t3.320

10 24.50I5.30
"

.50I3.22 1300+3,69
~<t

Upper well

IPDGF.BBllng/mll 0 100;

~'" 0 4 33:t1 13 14.00:t4.72 14.33t2.63
~1 ,4.33I3.65 ?3 A3:t6,57 23.00t3.420

10 4B.50Iti.22 49.25Iti.09 3550+4 67~CD
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Fig. 3. PDGF isoforms stimulate expression of sarcomeric myosins.

recognized by the MF-20 antibody. in myoblasts but inhibit myoblast
fusion. Limb cultures were incubated either at lowor high density with O. l-
ID nglml PDGF-AA, PDGF-AB or PDGF-BB for 48 h after which the
myogenic population was identified wirh MF-20. At low density (A) the
plotted values represent the percentage difference in the number of MF-
20-positive cells/mrn2 when cultured In the presence of each POGF
isoform with respect to the number of cells culrured in the absence of
cytokine. Ar higher cell culture density (BL each value represents the
percentage of nuclei in myotubes. The mean and SEM of 6 experiments are
shown.

potent inhibitors of myogenic cell fusion such that at 10 nglml of
PDGF-AB and -BB the percentage of nuclei in myotubes was only
22.38ct1.16% and 28.62ct1.27%, respectively. PDGF-AA, how-
ever, had negligible effect on cell fusion at 0.1 and 1 ngiml, when
compared to the spontaneous fusion observed in the absence of
cytokines, although at 10 nglml fusion was inhibited by approxi-
mately 8.5% such that there were approximately 37.5:t2.08%
nuclei in myotubes (Fig. 3B).

Expression of PDGFa- and PDGFfJ-receptors in the limb
Immunohistochemistry was used to study the expression pat-

tern of the PDGFa- and ~-receptors in the limb in an attempf to
determine the likelihood of the observed effects of the various
PDGF isoforms being receptor-mediated (Fig. 4). Using MF-20 to
identify myoblasts in a heterogeneous limb culture (Fig. 4B,D) it

was possible to demonstrate that the myogenic population, as well
as the other limb mesenchyme which were cultured for 24 h,
expressed both PDGFa- and ~-receptors (Fig. 4A,C). These
results were further confirmed on cryosections of 11.5 day limbs,
which demonstrated that both a- and p-receptors were expressed,
non-5pecifically, throughout the whole 11.5 day forelimb (Fig. 5).

Distribution of PDGF-B in the limb
As both PDGF-AB and -BB had a significant effect on myogenic

cell migration, it was important to establish whether the PDGF.B
chain was present in the 11.5 day limb. Using immunohistochem-
istry, the presence of the -8 monomer in the limb bud was

determined (Fig. 6). PDGF-B was strongly expressed in the AER,
ectoderm and the mesenchyme of the progress zone (Fig. 6B).
PDGF-B was also expressed in the myogenic regions (Fig. 6C).
The chondrogenic regions were weakly stained for PDGF-B.

Discussion

In avian and mammalian embryos, myoblasts normally
translocate over considerable distances from the so mites to the
limb bud and in the limb bud itself during morphogenesis (Lee and
Ede, 1990; Lee and Sze, 1993; Hayashi and Ozawa, 1995; Sze et
al., 1995). These cells migrate exclusively in a proximo-distal
direction in the chick limb bud during normal limb development and
become localized into dorsal and ventral muscle masses (Brand-
Saberi etal., 1989; Lee and Ede, 1989b).ln contrast, chondrocytes
and soft connective tissue cells in the limb do not migrate (Solursh,
1984; Lee and Ede 1989a,b, 1990). Whilst the capacity of skeletal
myogenic cells to migrate both in vitro and in vivo is well estab-
lished, little is known as yet about the factors responsible for
regulating the direction and pattern of muscle cell migration. A
number of growth factors are known to be localized in the distal
region in and adjacent to the AER (Niswander and Martin, 1992;
Orr.Utreger and Lonai, 1992; Savage et al., 1993; Crossley and

Myoblast migration in response to (A) PDGF-AB and (B) PDGF-BB which
were placed at various concentrations above and below the filter of the
Blindwell chamber. The results are expressed as mean number of myoblastsl
5 mm2::tSEM of 6 expenments.
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Martin, 1995), and currently it is be-

lieved that these growth factors inter-
act with the zone of polarizing activity
to induce the release of a morphogen
or group of morphogens, which form a
diffusible signal, responsible for regu-
lating the chondrogenic and muscle
pattern in the limb. Moreover, the re-
moval of the AER trom the avian limb
inhibits myogenic cell migration (Gum-
pei-Pinot el al., 1984).

The PDGF-A chain is known to be
expressed in the AER and so PDGF
isoforms may play an important role in
muscle patterning. Our present study,
using the Blindwell chemotaxis assay
system, demonstrates that of the 3

PDGF isoforms, only PDGF-AB and
-BB (at 1-100 ng/ml) can elicit a migra-
tory response in murine forelimb myo-
genic cells in vitro. These, and other

unidentified cells derived from the proxi-
mal forelimb, reacted to both isoforms
by migrating from low to high concen-

trations of the isoform across a poly-
carbonate filter coated with fibronectin,
the fibronectin being vital for the initial
cell attachment priorto migration (Ven-
katasubramanian and Solursh, 1984).
The absolute concentration of PDGF
in the developing mouse forelimb has
not as yet been determined, however,
it is known that the concentration of
total PDGF in adult BALB/c mouse
serum is 11-21 ng/ml and the concen.
tration of PDGF released from different
endotheliai cell types ranges from 1-7
ng/ml (Bowen-Pope el al., 1989).
Therefore, the concentration range of
PDGF which was used in this study is
likely to represent, at least approxi-
mately, the physiological concentra-
tion available to responsive cells in the
developing limb bud.

At 1-10 ng/ml of PDGF-BB in the
lower well of the Blindwell chamber,
myoblast migration was dose-depend-

ent with maximal migration occurring
at 1a ng/ml. At 100 ng/ml PDGF-BBthe
migratory response was still signifi-
cantly greater than the background
level of migration but it was much lower
than that observed at 10 ng/ml. The
migration in response to a gradient of
PDGF-AB was not as dramatic but followed a similar pattern to that
observed for PDGF-BB with a dose-dependent increase in migra-
tion from 1-10 ng/ml and optimal migration occurring at 10 ng/ml.
Such bell-shaped response curves appear to be common in other

cell types, having also been demonstrated for the migration of rat

Fig. 4. Expression of PDGFa (AJ and PDGFp (C) receptors in 11.5 day forelimb cells, cultured for 24

h on gelatin-coated coverslips. Myoblasts (arrowheads) are identified by MF-20, anti-sarcomere
myosin antibody (B,D). Controls (E-L) viewed with a blue filter (F,H,I,K) and a qreen filter (E,G,J,ll. No
antibodies (E,FJ. MF20alone (G,H), PDGFa alone (I,J) and PDGFf3 alone (K,l). MF-20-negarive cells-X

Bar, 50 tH11

vascular smooth muscle cells and rabbit retinal endothelial cells in
response to PDGF and to FGF-2 (Koyama el al., 1992, 1994).

Normally, cells that are receptive to chemoattractants can

respond by chemotaxis (directed migration along a concentration
gradient), by chemokinesis (random migration observed in the



the same concentration in the upper and lower
compartments of the Blindwell chamber. can
induce a significant migratory response. How-
ever, this response was not as great as if
PDGF-BB was present alone in the lower com-
partment. In the presence of a negative gradi-
ent (i.e. PDGF-BB present only in the upper
compartment) a significant migratory response
was also induced. Similar observations were
also attained with PDGF-AB. These results
suggest that PDGF-AB and -BB can simultane-
ously induce both chemokinesis and chemo-
taxis in limb myogenic cells.

We have found that, apart from myoblasts,
other limb mesenchymal cells are able to mi-
grate in response to PDGF-BB in vitro. We
have not attempted to identify the non-myo-
genic cells in this study but it has been reported
from quail/chick transplantation experiments
that angioblasts, melanoblasts and Schwann
cells normally migrate in the developing limb
(Krenn al al., 1991; Brand-Saberi at al., 1995).
Therefore, some of the non-myogenic cells
which migrated in our assay system may repre-
sent cell types originating from these
populations. In addition, some of these cells
may be loose connective tissue cells, which
normally do not migrate in the limb (Lee and
Ede, 1989b), but which may be able to do so in
vitro when constraints such as cell contact
inhibition of movement are relaxed.

Whilst PDGF-AA had a negligible effect on
myoblast migration, it was possible to demon-
strate that this isoform, along with PDGF-AB
and -BB stimulated an increase in the number
of differentiated (MF-20-positive) myoblasts
when cultured at low density. This effect could
be attributed to PDGF either upregulating sar-
comeric myosin expression or stimulating pro-
liferation of undifferentiated myoblasts which
subsequently expressed the markers for MF-
20, or possibly a combination of both these
processes. In addition, all three isoforms inhib-
ited the formation of myotubes. Ideally, myo-
blast fusion should be studied with confluent
myogenic cell cultures which are then main-
tained over a period of several weeks in differ-
entiation medium (Jin al al., 1991). However, in
our experiments using high density short-term
cultures, it was still possible to demonstrate
that all three PDGF isoforms inhibited the spon-
taneous fusion of myoblasts during the early
stages of myotube formation.

It has been suggested that the PDGFa- and
~-receptors may use different signal-transduc-

tion pathways and have different functions, the ~-receptor being
concerned primarily with cell migration, whilst the a-receptor is
perhaps associated with other biological actions, such as prolifera-
tion and differentiation (Yablonka-Reuveni al al., 1990). It is well
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Fig. 5. Immunolocalization of PDGF receptors in the 11.5 day mouse forelimb bud.
Representative longitudinal sections of the proximal region of 11.5 day forelimbs to demon-
strate the expression of POGFalAJ and POGF{JICI receptors bymyogeniccells (X). which have
been identified by the anti-sarcomere myosin antibody, MF-20 (8 and DI. Controls (E-LI.
viewed wIth a blue filterIF,H,I.KI and a green fIlter !E,G,J,LI, No antibodies (E,F), MF20 alone
IG,HI, PDGF" alone II,JI and POGF~ alone IK,ll. Bar, 50 ~m.

absence of a gradient), or a combination of both these processes.
It is possible to distinguish chemokinesis from chemotaxis by
performing a checkerboard analysis (Venkatasubramanian and
Solursh, 1984). Our analysis shows PDGF-BB, when present at
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Fig. 6.lmmunolocalization of PDGF-B in the 11.5 day mouse fore-limb

bud. (AI Negative control. (B) PDGF-B ISexpressed in the AfR, ectoderm.
mesenchyme of progressive zone (pz) and myogenic regions (MJ. Chon-
drogenic regions ICI expressed very low levels of PDGF-B. (C) Enlarge-

ment of myogenic regIOns (M), showing myogenic cells expressing PDGF-

B peptide (arrows). Bars, 50 ~m.

known that ~.receptors bind PDGF-BB with high affinity and -AB
with low affinity but do not bind the -AA is%rm (Heldin et al., 1988).
Thus, even though limb myoblasts express both cr-and ~-receptors,
the fact that PDGF-BB stimulated a greater migratory response in
these cells than PDGF-AB, and PDGF-AA had a negligible effect
on myoblast migration suggests that this process is mediated via
the ~-receptors alone. Furthermore, our results support the view
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that the a-receptors. which bind all three PDGF isoforms. are
involved with non-locomotory activity in limb myoblasts as PDGF-
AA, as well as PDGF-AB and -BB, stimulated an increase in the
number of MF-20-positive myogenic cells and inhibited myotube
formation.

Using in situ hybridization techniques, the expression pattern of
the PDGF-A gene has already been reported in the 11.5day mouse
where it is expressed in the muscle anlagen, ectoderm and AER of
the forelimb (Orr-Urtreger and Lonai, 1992). We demonstrated, by
immunohistochemistry, that the PDGF-B monomer is also located
in the 11.5 day forelimb. It appears to be particularly concentrated
in the mesenchyme of the progress zone, the AER, ectoderm and
the myogenic regions, with very low levels being found in the
presumptive chondrogenic regions. This latter observation corre-
lates with results obtained by Chen et al. (1992) who demonstrated
that PDGF actually inhibits chondrogenesis in vitro. As all three
PDGF isoforms have a significant effect on limb myoblast differen-
tiation and migration in vitro,and both PDGF-A and PDGF-B can
be detected in the 11.5 day limb, we believe that PDGF may play
an important role in the development of the limb musculature in
vivo. For example, the presence of PDGF-B peptide in the myo-
genic regions may actto stimulate chemokinesis in limb myoblasts

- thereby sustaining myoblast migration in the limb. Moreover,
PDGF-B's presence in the progress zone may act to chemotacti-
cally direct myoblasts to move in a proximo-distal fashion.

It is now well estabiished that members of other growth factor
families are also expressed in the limb, these include various
members of the FGF family and hepatocyte growth factor (HGF)
(Niswander and Martin, 1992; Savage et al" 1993; Myokai et at"
1995). It has been revealed that FGF-2 and -4 can chemotactically
stimulate proximal limb cells to migrate in the chick (Li et a/" 1996;

Li and Muneoka, personal communication) and mouse (Webb et
al., 1997) limbs. Similar effects have also been obtained for TGF~
on chick limb cells (Lucas and Caplan, 1988). Moreover, it has
recently been demonstrated that knocking out the c-met receptor
for HGF completely inhibits the migration of myogenic precursors
from the somite to the limb bud (Bladt et al" 1995; Maina et al.,

1996). Thus, we believe that rather than a single growth factor
acting as a diffusible signal to stimulate the proximo-distal migra-
tion of myogenic precursor cells, the development of the limb
musculature is probably regulated by a complex interaction of
several cytokines which stimulate the proliferation and differentia-
tion as well as migration of myogenic cells.

Materials and Methods

Embryos
Day 11.5 embryos were obtained from pregnantlCR mice, the presence

of a vaginal plug being designated as embryonic day 0.5. The mice were
killed by cervical dislocation and the embryos were isolated from the

decidua in pre-warmed Dulbecco's phosphate-buffered saline (Sigma, St.
Louis, MO, USA) containing 0.4% bovine serum albumin.

Preparation of a limb cell suspension
Using sharp forceps, the forelimbs were removed and by further

dissection the distal and proximal halves of each limb bud were isolated.
Initially the two groups of limb bud sections were rinsed with PBS minus
BSA. The tissues were then dissociated by incubation with 0.5% trypsin and
0.25% pancreatin in MEM.HEPES medium (Sigma) containing 2.2%
sodium bicarbonate, for 30 min at 4°C and 10 min at 37°C followed by



--

604 S.£. IVe"" alld K.K.H. Lee

trituration with a Pasteur pipet1e to mechanically disrupt the tissues. The
trypsin was inhibited by the addition of fetal bovine serum (FBS) and any
remaining clumps of cells were removed by filtration through a Nylon filter
(21 11m pore size) to produce a single cell suspension. The cells were

pelleted by centrifugation at 250g for 3 min, then resuspended in DMEM

medium containing 5% serum. Cell concentration was determined using an
Improved Neubauer hemocytometer (American Optical, Buffalo, NY, USA)

and cell viability was analyzed with Trypan blue. The cell suspension was
then repelleted and resuspended to the required concentration in the
medium appropriate for the assay under investigation.

Blindwell cell migration assay
Migration assays were pertormed using Nuclepore Blindwell chemo-

taxis chambers (Costar Scientific Corporation, Cambridge). Nuclepore
polycarbonate filters of 8.0)lm pore size (Costar), which had been sterilized
by UV-irradiation, were incubated with 100 )lg/ml fibronectin solution (Life

Technologies Inc., Grand Island) overnight at 4°C and then air-dried. In a
typical experiment POGF-AA, PDGF-AB or PDGF-BB (R and D Systems
Inc., Minneapolis) was prepared in OM EM minus FBS at 1-100 nglml and

added to the lower well of each Blindwell chamber. Each chamber was
assembled with a fibronectin-coated filter and filter retainer, and 200 III cell
suspension, at 1x1 06 cells/ml in DMEM medium minus FBS, but containing

the appropriate concentration of POGF isoform, was added to the upper
well. The chambers were then incubated at 3rC and 5% C02 in air, in a
humidified incubator for 5 h. Approximately 3.6x1 03 cells will coat the upper
surtace of the Nuclepore filters after 1 h incubation.

At the end of the incubation period, the chambers were dismantled and
the uppersurtace of each fitter was wiped with sterile tissues to remove cells
which had attached but which had not migrated through to the lower
sur1ace. Cells which had migrated were either: a) prepared directly for
scanning electron microscopy by fixation with 2.5% glutaraldehyde; or b)

cultured on the filters and maintained for20 h in DMEM containing 10% FBS
at 37°C and 5% C02' after which they were fixed for 30 min with 70%
ethanol at room temperature. The presence of myoblasts was then deter-
mined by immunohistochemistry using a monoclonal anti-sarcomere myosin
antibody, MF-20 (Developmental Studies Hybridoma Bank) diluted 1:300

in antibody buffer (PBS) which was viewed by the Vectastain ABC kit
(Vector Laboratories, Burlingame) using metal-enhanced DAB (Amersham,
Buckinghamshire). Eosin was used as a counterstain for MF-20-negative
mesenchyme cells.

Scanning electron mIcroscopy
Cells which had migrated to the lower surface of Nuclepore filters during

the Blindwell Chemotaxis assay were initially fixed with 2.5% glutaralde-
hyde, made up in 0.1 M cacodylate buffer at 4cC for 2 h. They were then

rinsed with 0.1 M cacodylate buffer, post-fixed with 1% osmium tetroxide for
15 min at room temperature and dehydrated through a series of increasing
concentrations of ethanol. The filters were critical point dried with freon as
the transitional fluid and sputter-coated with palladium gold. Specimens
were then examined with a JEOL JSM-35CF scanning electron microscope
at 10 KV.

Effect of PDGF isoforms on termInal differentiation and fusion of
myoblasts

A single-cell suspension of the proximal regions of 11.5 day mouse
embryo forelimbs was obtained as described above. Cells suspended in
DMEM/F12 medium (Sigma) containing 1% FBS and 0, 0.1, 1 or 10 ng/ml
PDGF-AA, -AB or -BB, were plated out at either 1.4x103 cells/mm2 onto 13
mm coverslips in 24-well tissue culture plates (Nunc, Roskilde). or 2.8x103
cells/mm2 into 16-well tissue culture chambers (Nunc), all of which had

been pre-coated with 0.1 % gelatin (Sigma) for 24 h at 37°C and then air-
dried. The cells were incubated for48 h at37CC and 5% C02 in air, in humid
conditions after which they were fixed with 95% ethanol/acetic acid (at a
95:5 ratio) for 20 min and the myoblasts and myotubes were identified by
immunohistochemistry, using MF-20 (procedure described above). The
low density cultures grown on the coverslips were viewed at a x40

magnification and the number of myogenic cells was quantified by calcu-
lating the total number of nuclei in MF-20-positive cells per mm2. Subse-
quently, the percentage difference in myogenic cell number, compared to
parallel cultures incubated in the absence of POGF, was determined. The

cultures plated at a higher density were viewed at 20x magnification and the
percentage of nuclei in myotubes was calculated.

Detection of PDGF and PDGFR

A proximal limb bud cell suspension was prepared as described above,
to give a concentration of 1x106cells/ml in OM EM containing 5% FBS. The
cells were grown on gelatin-coated coverslips and maintained at 3rC and
5% C02 in air under humid conditions for 24 h, they were then fixed in
acetone for 30 sec at room temperature. Whole forelimbs dissected from
11.5 day embryos were either embedded in TissueTek OCT compound
(Miles Inc., Elkhart, IN, USA) and cryosectioned at 10 ).lm, after which they

were fixed in acetone, again for 30 sec at room temperature, or else they
were fixed with 4% paraformaldehyde prior to embedding in wax and
sectioning at 7 ).lm.

A double-labeling technique was pertormed on both the cultured fore-
limb cells and the cryosectioned entire forelimbs in order to identify the
location of PDGF-a and PDGFp-receptor expression with respect to the
myogenic cell population in the limb. MF-20 was used, in conjunction with

Texas Red-conjugated anti-mouse IgG (Vector Laboratories) to identify the
myogenic population. In addition, either anti-POGF{R)-A(951) (at 1:25
dilution; Santa Cruz Biotechnology, Inc.) or anti-POGF(R)-B(958) (1 :25
dilution; Santa Cruz Biotechnology, Inc.) was used, along with a secondary
antibody of FITC-conjugated anti-rabbit IgG (Sigma). to identify the location
of the PDGFcr.- and p-receptors respectively. The specimens were then
examined using a 40x objective under the Zeiss fluorescent microscope.

As well as having a simple conjugate control (no primary antibody),
some of the specimens were treated with MF-20 alone and others with the
appropriate anti-PDGF receptor antibody alone, along with both the FITC

and Texas Red secondary antibodies in order to eliminate the possibility of
obtaining false-positive results. All these control specimens were viewed

with the excitation filters for both FITC and Texas Red in the same way that
the experimental specimens were examined.

The presence of PDGF-B was also determined immunohistochemically
using wax-sections of whole 11.5 day forelimbs. Endogenous peroxidases

were blocked with 0.3% hydrogen peroxide in methanol. After inhibiting
non-specific protein interactions with goat serum, forelimb sections were
probed with rabbit anti-PDGF-B (N-30) (Santa Cruz Biotechnology, Inc.) at
a 1: 10 dilution in PBS and then viewed with the rabbit Vectastain ABC kits
using nickel-enhanced DAB as the peroxidase substrate. Antigen specificity

was ensured by replacing the primary antibody either with PBS or with
normal rabbit antiserum.
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