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Abstract. To test whether cardiac muscle is a target for regulation by peptide growth
factors, we analyzed the effects of two growth factors on actin and a-actinin expres-
sion at the subcellular level. Sodium dodecyl sulfate-gel electrophoresis, immuno-
blotting, and fluorescense-activated cell sorter analysis were used to quantify the
effects of basic fibroblast growth factor and platelet-derived growth factor on cultures
of chick myocardiocytes during development. Cytoplasmic and cytoskeletal concen-
trations of actin and «-actinin were dependent on the stage of embryonic development
and on the type of growth factor added to the culture. The most significant finding was
the increase in actin and a-actinin expression in the cytoplasmic compartment after
treatment with basic fibroblast growth factor of chick heart cells at Hamburger and
Hamilton’s stage 19. At stage 39, basic fibroblast growth factor induced less marked
changes in the accumulation of actin and «-actinin. Platelet-derived growth factor
decreased a-actinin expression slightly in the cytoskeletal compartment in more ma-
ture stages of heart development. Our findings support the hypothesis that basic
fibroblast growth factor plays a role in cardiomyocyte differentiation during the early

stages of development.
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the processes that regulate cell growth and dif-

ferentiation: the discovery of cellular onco-
genes which encode mitogenic peptides and their re-
ceptors, and the elucidation of the effects of growth
factors, which induce signals that are transmitted from
the surface of the cell membrane to the nucleus (1).
Growth factors are soluble polypeptides (molecular
weight 5,000-35,000) with a range of multifunctional
activities, including both stimulation and inhibition of

r I Ywo factors have enhanced our understanding of
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cell proliferation (2). These factors act by binding to
specific receptors on the cell surface and triggering a
cascade of intracellular events such as hypertrophy or
hyperplasia, or by blocking differentiation, and are
thus closely related with phenomena of cell transfor-
mation (3).

Highly vascularized tissues, including heart mus-
cle, contain large amounts of heparin-linked factors
(4). Two different types of mitogens can bind heparin
with physiological ionic strength: fibroblast growth
factor (FGF) and platelet-derived growth factor
(PDGF). These growth factors are involved in embryo-
genesis, angiogenesis, and several pathological situa-
tions such as atherogenesis, hypertrophy, and healing
infarction (5).

Basic fibroblast growth factor (bFGF) is a potent
mitogen for a wide range of cells. Although originally
found in cells of mesodermal origin, recent biochemi-
cal and immunohistochemical findings have detected
bFGF in most tissues, but not in serum (6). This
growth factor has been identified in heart tissues from
mammals and other vertebrates, as well as in rat and
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chick heart cells (7-9). The widespread distribution of
bFGF in the developing rat heart suggests that this
growth factor plays an important role in heart cyto-
differentiation and morphogenesis (7). In vitro studies
have shown that bFGF exerts a regulatory effect on
cell proliferation and differentiation; this factor stim-
ulates DNA synthesis in rat ventricular myocardio-
cytes (9). In addition, a functional role has been attrib-
uted to this peptide in the fully differentiated myocar-
dium; this finding was supported by the appearance of
augmented expression during myocardial ischemia and
infarction, and in response to loading (5).

Platelet-derived growth factor is an active mitogen
that acts through a receptor present on different target
cells, including muscle cells. Results obtained in vitro
have shown PDGF to be a potent growth factor for
cells of mesenchymal origin (10). The biochemical
mechanism by which PDGF regulates the growth of
cells is not known. In the developing rat, this factor is
thought to be involved in myoblast proliferation and
differentiation (11), and PDGF-like mitogenic activity
was reported in cultured chicken embryonic limb buds
(12). This factor has been implicated as a possible
modulator of embryonic differentiation in a variety of
systems (13). Potts et al. (14) identified PDGF « re-
ceptor during chicken development, whereas another
study found no measurable PDGF receptor in adult rat
muscle (10). Together, these findings indicate that PDGF
plays a role in tissue muscle function only during embry-
onic growth or during muscle regeneration (15).

The present study focuses on actin and a-actinin,
two fundamental components for the correct function-
ing of the myocardial contractile apparatus (16, 17).
Actin comprises up to 20% of the total protein content
in muscle tissue and contributes to the structure and
consistency of the cytoplasm; this protein also forms
part of the thin muscular filaments, providing the me-
chanical and chemical foundation for muscle contrac-
tion (18). a-Actinin is a major component of the Z line
in skeletal muscle (19). In vitro studies have shown
that a-actinin is linked to the ends of actin filaments
and is specifically located in muscle cell Z lines, sug-
gesting that this protein bundles actin filaments within
the Z line (20).

The present study was designed to investigate the
effect of bFGF and PDGF on the expression and sub-
cellular compartmentalization of actin and a-actinin in
cultured chick embryo myocardiocytes in different
stages of development. Our purpose was to trace the
modifications induced by these growth factor at differ-
ent stages of cardiomyocyte differentiation.

Material and Methods

Chick Embryo Heart Cell Culture. Chick myo-
cardiocytes (CMC) were isolated and cultured accord-
ing to the method described by Cole et al. (21) as mod-

ified in our laboratory (16). Hearts were ablated from
the embryos after 3.5, 6.5, and 13-13.5 days of incu-
bation, when the embryos had reached stage 19, 29,
and 39 of Hamburger and Hamilton (HH19, HH29,
HH39) (22). The hearts were removed and chopped
into pieces measuring approximately 2-4 mm square.
The pieces were placed in trypsin (0.05%) (Sigma
Chemical Co. St. Louis, MO) in phosphate-buffered
saline (137 mmol NaCl, 2.7 mmol KCl, 1.5 mmol
KH,PO,, 8 mmol Na,HPO,, pH 7.3) for 15-20 min, at
a concentration of 1 ml trypsin per 100 mg tissue sus-
pension, after which the supernatant was discarded
(23). The suspension was kept at 36.5°C for 30 min,
and immediately thereafter 2 ml of Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Flow Laboratories,
Irvine, CA) supplemented with 20% fetal bovine se-
rum (Flow Laboratories) was added. The tissues were
disaggregated by repeatedly taking up and expelling
the suspension through a pasteur pipet. The cells were
seeded at a rate of 1 x 10° cells/ml in 25 cm? culture
flasks (Greiner, Niirtingen, Germany) pretreated with
collagen (6 pg/cm?) (Sigma). After incubation for 4
days in an incubator with a saturated atmosphere of
95% 0, and 5% CO,, the cells had formed a thick
monolayer. Contamination by nonmuscle cells was
avoided by adding 10 pM cytosine-B-D-arabinofurano-
side (Sigma) on Day 1 and 3 of culture (24).

Treatment of Chick Embryo Myocardial Cells
with bFGF and PDGF. On Day 4 of culture, when
the monolayer had formed, the medium was decanted
from each flask and replaced with 10 ml of fresh
medium containing one of the growth factors. Three
different treatments were studied: Group 1 (control)
received DMEM supplemented with 10% fetal bo-
vine serum (FBS); Group 2 received DMEM, 10%
FBS, and 10 ng/ml bFGF (Sigma), Group 3 re-
ceived DMEM, 10% FBS, and 3.64 ng/ml PDGF
(Sigma).

Processing CMC Extracts for Sodium Dodecyl-
sulfate Polyacrylamide Gel Electrophoresis. The
CMC were processed according to methods estab-
lished by Lewis et al. (25, 26). The medium was de-
canted after 48 hr, and the cells washed three times
with 2 ml of 40 mM NaCl at 4°C. To 8 x 10° cells from
each sample we added 1 ml of buffer F (2 mM Tris
[BioRad, Richmond, CA], 0.2 mM CaCl, [Merck,
Darmstadt, Germany], 0.2 mM ATP [Sigma], and 0.2
mM 2-mercaptoethanol {BioRad, Richmond, CA], pH
8.0) containing 0.1% Triton X-100 (Sigma). Cells were
harvested immediately with a curved pasteur pipet and
homogenized in a glass-glass manual homogenizer set
in crushed ice (4°C) for 30 sec at 60 strokes/min. The
suspensions were centrifuged for 5 min at 13000g in a
microcentrifuge (BHG-Hermle, Gosheim, Germany)
at 4°C.

Pellet (Triton X-100-insoluble) fractions from cen-
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trifuged CMC extracts were washed five times in
buffer F (500 nl) and centrifuged at 13000g for 5 min at
4°C. The supernatants were discarded and the residues
were resuspended in 500 pl of diluted Laemmli’s sam-
ple buffer (27) without bromophenol blue or 2-mercap-
toethanol. All steps in the process were done at 4°C to
avoid the action of cellular proteases (28).

Protein content in the homogenate and cell sub-
fractions was determined in 100-pl aliquots by the
Bradford technique (29). Appropriate volumes of
Laemmli’s sample buffer were added to each fraction
to a final concentration of 1 pg protein/pl. The samples
were placed in a boiling water bath for 3 min and cen-
trifuged at 13000g for 5 min at room temperature.

SDS-PAGE and Immunoblotting; Densitomet-
ric Study of CMC Fractions. The Triton X-100- and
SDS-soluble fractions (15 pl, 1 pg protein/pl) were
separated by 12% SDS-PAGE (Mini Protean II cell,
BioRad) at 60 mA for 1 hr at room temperature,
stained with Coomassie brilliant blue R-250, and de-
stained with the methods described by Laemmli et al.
(27). The gels were dried on filter paper (Whatman,
Maisdtone, United Kingdom) with a BioRad model
583 drier. All reagents were from BioRad.

The protein bands (stained with Coomassie bril-
liant blue) in the different lanes were evaluated by
densitometry (Beckman Appraise, Brea, CA) at 540
nm with an integrating computer, using a slit width of
4 mm.

After electrophoretic separation, the polypeptides
were transferred electrophoretically onto nitrocellu-
lose paper (30). The blots were treated with a blocking
solution (20 mM Tris, 0.9% NaCl, 10% nonfat milk),
then reacted with a 1:200 dilution of anti-a-actinin
monoclonal antibody (mAb) (clone no. BM-75.2,
Sigma) and anti-L sarcomeric actin mAb (clone No.
A-2172, Sigma). To visualize specific antigen-antibody
reactions, we used a commercial enzyme immunoas-
say kit and protocol (BioRad Immunoblot AGR-HRP
Assay Kit). The protein bands were evaluated by den-
sitometry, under the same conditions as described
above.

Preparation of Cells for Fluorescence-acti-
vated Cell Sorting. After 48 hr of treatment, cells
were harvested with PBS-EDTA (0.02%) and trans-
ferred to universal screw cap tubes containing sterile
PBS, then washed and centrifuged at 225¢ for 5 min,
discarding the supernatant. The washing and centrifu-
gation steps were repeated once or twice. The cells
were permeabilized with methanol for 10 min, then
washed three times in PBS and once in distilled water.
After incubation at a concentration of 1 x 10° cells/ml
for 30 min at 4°C with the anti-L sarcomeric actin (di-
lution 1:200) and anti-a-actinin (dilution 1:200) mAbs,
the cells were washed twice in cold PBS and reincu-
bated with fluorescein isothiocyanate (FITC)-
conjugated antimouse IgG at a dilution of 1:50 for flu-
orescence-activated cell sorter (FACS) analysis.

Results

Chick Heart Cell Cultures. The primary cultures
of chick heart cells grew well after isolation and seed-
ing. After 48-72 hr, the cells were clearly confluent,
and after 4 days a uniform monolayer had formed.
Individual cells showed spontaneous beating at room
temperature under light microscope, and in monolay-
ers, specific zones showed synchronous beating. Non-
muscular cells made up less than 5% of the entire
population.

CMC Treated with Basic Fibroblast Growth
Factor. Table I and II, and Figure 1 and 2 show the
results of the densitometric quantitation of actin and
a-actinin protein from immunoblotting assays after 48
hr of treatment with growth factors. Treatment with a
growth factor for 48 hr had different effects on actin
levels (Table I). Actin expression at HH19 was 15.80%
according to immunoblot results in the cytoplasmic
(CP) subfraction, and 12% in the cytoskeletal (CS)
subfraction. In the group treated with bFGF in this
stage, a-actin expression increased by 21% in the cy-
toplasm (P < 0.001) and by 16% in the cytoskeleton (P
< 0.01). In control cultures at HH29, actin expression
was 31.08% in the CP compartment and 24.5% in the
CS subfraction. Exposure to bFGF increased this pro-

Table I. Effect of Treatment for 48 hr with Growth Factors on Actin Protein Levels in Cultured Chick
Myocardiocytes at Hamburger and Hamilton’s Stages 19, 29, and 39

Fraction Stage Control bFGF PDGF
Cytoplasmic 19 HH 15.80 = 0.14 19.18 + 0.06% mf 21% 14.01 = 0.11° mf —9%
29 HH 3237 + 0.12 37.00 = 0.15° mf 14% 30.02 £ 0.13° mf —7%
39 HH 33.05 + 0.11 35.95 + 0.09° mf 9% 30.5 + 0.06° mf —7%
Cytoskeletal 19 HH 12.27 = 0.15 14.00 = 0.09° mf 16% 11.12 £ 0.06° mf —7%
29 HH 2452 + 0.24 26.95 = 0.11° mf 10% 23.71 £ 0.09 mf —3%
39 HH 23.57 = 0.11 26.07 + 0.07° mf 1% 23.03 = 0.06 mf -2%

Note. All data are means * SEM of three independent determinations. Data are percentage values of protein content calculated
automatically from densitometric readings of the bands obtained by immunoblotting. bFGF, basic fibroblast growth factor; PDGF,
platelet-derived growth factor; mf, relative percentage modification with respect to controls, calculated as protein concentration after
treatment x 100/protein concentration of untreated CMC. Significance of the differences was checked with Student’s t test. A
significant difference was said to exist when ¢P < 0.001, °P < 0.01 or °P < 0.05.
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Table Il. Effect of Treatment for 48 hr with Growth Factors on a-Actinin Protein Levels in Cultured
Chick Myocardiocytes at Hamburger and Hamilton’s Stages 19, 29, and 39

Fraction Stage Control bFGF PDGF
Cytoplasmic 19 HH 9.95 + 0.07 13.52 + 0.05% mf 36% 8.95 + 0.10° mf —10%
29 HH 17.93 + 0.05 22.40 = 0.04* mf 25% 17.02 = 0.09° mf —5%
39 HH 19.27 = 0.12 21.57 £ 0.17° mf 12% 18.30 = 0.09° mf —5%
Cytoskeletal 19 HH 9.62 + 0.10 9.9 * 0.06° mf 29% 8.92 = 0.09° mf -7%
29 HH 16.70 = 0.08 19.02 + 0.09° mf 14% 14.35 = 0.04° mf ~14%
39 HH 16.95 + 0.09 18.63 = 0.09° mf 10% 14.40 + 0.12° mf —15%

Note. All data are means + SEM of three independent determinations. Data are percent values of protein content calculated
automatically from densitometric readings of the bands obtained by immunoblotting. Abbreviations are as in the footnote to Table
I. Significance of the differences was checked with Student’s t test. A significant difference was said to exist when P < 0.001, °P <

0.01 or °P < 0.05.
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Figure 1. A representative selection of immunoblotting bands
used in the densitometric analyses of actin protein in cultured
chick myocardial cells treated with basic fibroblast growth fac-
tor (bFGF) and platelet-derived growth factor (PDGF) for 48 hr at
Hamburger and Hamilton’s (HH) stage 19. MW, molecular weight
control; Cont, control cultures; CP, Triton X-100-soluble cyto-
plasmic fraction; CS, SDS-soluble cytoskeletal fraction.

tein by 14% in the CP subfraction and by 10% in the
CS (both P < 0.01), in comparison with control cul-
tures. After 48 hr of treatment with bFGF at HH39,
densitometric analyses of the bands representing actin
showed increases in protein content of 9% in the CP
subfraction and 11% in the cytoskeleton (both P <
0.01).

In untreated control cultures, a-actinin expression
at HH19 was 9.95% in the CP subfraction, and 9.62%
in the CS subfraction (Table II). Treatment with bFGF
in this stage increased a-actinin expression by 36% in
the cytoplasm, and by 29% in the cytoskeleton (both P
< 0.001). In control cultures at HH29, a-actinin ex-
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Figure 2. A representative selection of immunoblotting bands
used in the densitometric analyses of a-actinin protein in cul-
tured chickmyocardial cells treated with basic fibroblast growth
factor (bFGF) and platelet-derived growth factor (PDGF) for 48
hr at Hamburger and Hamilton’s (HH) stage 19 and 39. MW,
molecular weight control; Cont, control cultures; CP, Triton
X-100-soluble cytoplasmic fraction; CS, SDS-soluble cytoskele-
tal fraction.

pression was 17.93% in the CP compartment and
16.7% in the CS subfraction. After 48 hr of exposure to
bFGF, the concentration of this protein increased by
25% in the CP subfraction (P < 0.001) and by 14% in
the cytoskeleton (P < 0.01), in comparison with con-
trol cultures. Treatment with bFGF at HH39 led to
increases in a-actinin content of 12% in the CP sub-
fraction and 10% in the cytoskeleton (both P < 0.01).

CMC Treated with Platelet-Derived Growth Fac-
tor. Exposure to PDGF at HH19 reduced the concen-
tration of actin in cultured myocardiocytes. This con-
tractile protein decreased by 9% in the cytoplasm (P <

60 BFGF AND PDGF IN MYOCARDIOCYTE DEVELOPMENT



0.01), and by 7% in the cytoskeleton (P < 0.05) (Table
I). At HH29, the levels of actin decreased by 7% (P <
0.01) and 3% (nonsignificant) in the CP and CS sub-
fractions respectively. In cultures treated at HH39, the
concentration of actin decreased by 7% (P < 0.05) in
the cytoplasm, and showed a nonsignificant decrease
in the cytoskeleton.

Treatment with PDGF at HH19 decreased a-acti-
nin expression by 10% in the cytoplasm (P < 0.01) and
by 7% in the cytoskeleton (P < 0.05) (Table II). After
48 hr of exposure to PDGF, the concentration of this
protein decreased by 5% in the cytoplasmic fraction (P
< 0.05) and by 14% in the cytoskeleton (P < 0.01), in
comparison with control cultures (HH29). At HH39
densitometric analyses of the bands representing a-ac-
tinin showed a 5% reduction in the CP fraction (P <
0.05) and a 15% decrease in the cytoskeleton (P <
0.01).

FACS Analysis. Quantitative data on the changes
in expression of the actin and a-actinin in CMC after
treatment with bFGF and PDGF were provided by
FACS analysis (Fig. 3). Mean fluoresence measured
with actin increased significantly in early stages of de-
velopment with bGF (320.74 + 3.4 in HH19 and 618.28
+ 3.8 HH29); mean fluorescense produced by a-acti-
nin also increased (to 250.81 = 3.7 in HH19 and 400.50
* 4.5 in HH29). Treatment with PDGF slightly de-
creased mean fluorescense with both proteins.

Discussion

The biochemical mechanisms that regulate cell
growth and differentiation are unknown. The use of
growth factors in conjunction with tissue and cells cul-
ture has made it possible to study biochemical changes
associated with differentiation. In this study, we ex-
amine how bFGF and PDGF modulate the expression
of actin and a-actinin proteins in cultured chick myo-
cardial cells during development, and focus on alter-
ations in these proteins at the subcellular level.

In our cell cultures, the specific response to bFGF
was dependent on the stage of development of myo-
cardiocytes. We found a progressive deceleration in
the rate of increase in these proteins after treatment
with this growth factor, with greater effects in less
differentiated than in more differentiated stages of de-
velopment. These findings are in accordance with
Consigli and Joseph-Silverstein (31), who observed a
progressive decrease in bFGF expression in the myo-
cardium of the developing chick heart, and with the
observations of Abraham et al. (32), who found
weaker levels of bFGF mRNA expression than in
many adult tissues. Less differentiated stages re-
sponded by significantly increasing the concentration
of actin and a-actinin. Lathrop et al. (33) suggested
that, during embryonic development, this growth fac-
tor induces differentiation of mesodermal tissues and
represses terminal muscle cell differentiation and the
expression of muscle-specific proteins. These authors
found that FGF decreased the synthesis of creatine
phosphokinase (CPK) in the muscle cell line BC;-H1.
bFGF might promote differentiation of early cardio-
myocytes, but may also antagonize differentiation in a
cell line selected for continuous growth in a culture
medium.

Adequate expression of a-actinin is fundamental
for the correct development of the contractile appara-
tus of myocardiocytes (19, 34). In previous studies, we
reported a significant increase in a-actinin expression
throughout heart development in the chick embryo,
with greater increases occurring in the cytoplasmic
compartment in early stages. The CP/CS ratio for
a-actinin changes as the heart matures, due to the
steady accumulation of this protein in the cytoskeletal
compartment as cardiac differentiation progresses
(34). In our study, bFGF led to greater increases in
a-actinin expression in early than in late stages, fun-
damentally in the cytoplasmic compartment. As devel-
opment progressed, the rate of increase in a-actinin

Figure 3. Fluorescence-activated cell

sorting analysis. Modifications in
mean fluorescence in chick myocardi-
al cells in Hamburger and Hamilton's
stages 19, 29, and 39, incubated with
anti-actin and anti-a-actinin monoclo-
nal antibodies after 48 hr of treatment
of cell cultures with bFGF or PDGF.
Basal, levels of actin and a-actinin in
untreated myocardiocyte cultures;
bFGF, treated with 10 ng/ml basic fi-
broblast growth factor; PDGF, treated
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with 3.64 ng/ml platelet-derived
growth factor. All data are means *
SEM of three measurements (Stu-
dent’s t test).
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became similar in both subfractions. Overproduction
of a-actinin is known to cause some myopathies (35),
and this protein may play-a role either in the organi-
zation of microfilaments or in their interactions with
the membrane to keep it polarized (36). These relation-
ships lend support to the notion that changes in the
compartmentalization of a-actinin at the subcellular
level may affect the normal functioning of the contrac-
tile apparatus.

In cultures of neonatal rat cardiac myocytes,
Parker et al. (37) found that bFGF had the paradoxical
effect of stimulating transcription of skeletal a-actin.
This factor modified the levels of actin in cultured
myocardiocytes at all stages of development investi-
gated in the present study. The changes in actin after
treatment were similar to those in a-actinin, although
less marked in the cytoplasmic compartment. The par-
allel increase in protein in both subcellular fractions
after exposure suggests an equilibrium between the
rate of synthesis (cytoplasm) and the rate of integra-
tion into the cytoskeleton. These findings are in agree-
ment with those of Joseph-Silverstein et al. (8), who
found that bFGF levels in the chick embryo decreased
as muscle cell differentiation progressed, suggesting
that bFGF plays a regulatory role in embryonic muscle
development. During the prenatal period, bFGF may
be an indispensable factor in the measurable increase
in protein accumulation in fetal myocardiocytes. The
presence of fewer receptors for this growth factor in
mature heart tissue (38) may account for the weaker
effects of growth factors on actin and o-actinin con-
centration in more advanced stages of embryogenesis
in the present study.

Kardami and Fandrich (4) reported that cultures of
chick skeletal myoblasts did not respond to PDGF. In
contrast, in our cultures of CMC, this growth factor
slightly reduced actin and a-actinin concentrations at
all stages of development analyzed. Actin decreased in
the cytoplasmic fraction more than in the cytoskeletal
fraction, whereas a-actinin decreased mainly in the
cytoskeletal subfraction, especially in more advanced
stages. Yablonka-Reuveni et al. (39) showed that in
adult mouse skeletal muscle the presence of PDGF
was associated with a decrease in the number of my-
osin-positive cells, and that myoblasts from different
developmental and physiological stages may respond
differently to PDGF. Our findings are in consonance
with those of Herman and Pledger (40), who found that
treatment with PDGF altered vinculin distribution and
disrupted actin filaments in BALB/c-3T3 fibroblast
cells. Moreover, Sarzani et al. (41) found that PDGF
receptors decreased with age in rat myocardiocytes.
These findings suggest that more mature cells lack the
receptors or the mechanisms necessary for an induced
signal to be transmitted to the cytoplasm. In our myo-
cardial cell cultures, PDGF lowered the concentration

of actin and a-actinin proteins, suggesting that the
cells reverted to a less differentiated stage of develop-
ment (16, 17).

Our data provide evidence that the modulating ef-
fects of these growth factors on the levels of actin and
o-actinin depend on the stage of development ana-
lyzed. Because the loss of receptor for bFGF from the
cell surface correlates with the degree of terminal dif-
ferentiation (8), our findings support the hypothesis
that bFGF plays a role in cardiomyocyte differentia-
tion during the early stages of development.
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