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Abstract
Recently we demonstrated that in an in vitro culture where both myoblasts and macrophages
were grown together, the myotube formation is strongly increased by the presence of an acid
stable, heat-labile, soluble growth factor(s) secreted by macrophages. We now present new
data concerning the culture medium and the role of macrophages in myoblast proliferation, and
in particular we demonstrate that: i) macrophages also release the factor in a totally serum-free
medium; ii) muscle growth induced by macrophages is mainly the consequence of an increased
myoblast proliferation as revealed by the presence of an increased number of MyoD-positive
myonuclei, while fibroblasts show no increase; iii) the muscle specific cytokine(s) released by
activated macrophages has a molecular mass in the range 50-10 kDa as determined by both
microfiltration and chromatographic experiments.
Key words: macrophage cytokines; MyoD; muscle regeneration; heparin affinity
chromatography; myoblast cultures.
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In response to a variety of injuries such as those
caused by mechanical damage or by chemical or
biological agents adult skeletal muscle is able to
regenerate by the activation of a special type of cells,
named satellite cells, which in only a few days after
injury strongly proliferate and fuse to form new
myofibres [8, 9, 33]. The success of correct muscle
repair is related to the size of the injury, since an
extensive destruction of the external lamina of muscle
fibres favours the formation of connective tissue. The
successive innervation of the newly formed fibres results
in a new functional muscle [1, 23, 36, 46]. Muscle
destruction and successive regeneration is accompanied
in vivo, during the early stages, by an inflammatory
process in which macrophages play a key role in muscle
integrity reconstitution, at first by removing the cellular
debris [25, 41, 43]. As macrophages are known to
produce a variety of cytokines responsible for mitosis
activation and chemotaxis of a variety of cells ([44], for
a review see ref. [26, 37]), in recent years we have
grown myoblasts (from both man and rat) in the
presence of macrophages obtained from a peritoneal

exudate: the result was a great increase of satellite cell
proliferation. Successive experiments have suggested
that the growth factor(s) released by macrophages is a
soluble factor that displays the characteristic chemical
properties of cytokines [11, 12]. This factor has up to
now been only partially purified mainly due to its low
abundance in a complex mixture, such as cell culture
medium that contains very high levels of serum proteins
(for instance, from fetal calf serum) [17].

Recent studies in a rat model showed that in the
injured muscle macrophages infiltrating necrotic fibres
are a population distinct from those accumulated during
the regeneration of muscle fibres [18, 34, 49]. In
addition we demonstrated that this population, that is
immunologically characterized as an ED2+ macrophage
subpopulation, is really involved in the increased
proliferation of myoblasts [32].

With regard to the myogenic specific growth factors
released directly by macrophages or induced by them
from other cells present in the damaged site, such as
endothelial cells and/or fibroblasts, of particular interest
are known growth factors such as fibroblast growth
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factor (FGF) [2, 16, 24, 38, 42, 47], insulin-like growth
factor (IGF) [20, 21], transforming growth factor-b
(TGFb) [31, 40], interleukine-6 (IL6) [5, 7, 13],
leukemia inhibitory factor (LIF) [4, 6], platelet-derived
growth factor (PDGF) [52, 53], colony stimulating
factor-1 (CSF-1) [27], hepatocyte growth factor (HGF)
[3] which have been demonstrated to have specific
effects on muscle growth in vitro and more recently also
in vivo (for a review see [10, 20, 26, 37, 39]).

In this paper we present new data concerning the role
of macrophages in myoblast proliferation, in particular
we demonstrate: i) macrophages also release the factor
in a totally serum-free medium; ii) the effective increase
of MyoD positive cells in primary muscle cultures, with
respect to fibroblasts which show no increase; iii) the
muscle specific cytokine released by activated
macrophages has a molecular mass in the range 50-10
kDa as determined by microfiltration and
chromatographic experiments.

Materials and Methods

Macrophage cultures

Macrophages were obtained from rat peritoneum after
the injection of thioglycollate broth. The fluid was
collected one day later, centrifuged at 400xg and the cell
sediment was resuspended in a complete medium
(Dulbecco’s modified Eagle medium (DMEM)) added
with 10% fetal calf serum (FCS). Cells were seeded in
flasks and after adhesion, cultures were washed three
times by shaking with phosphate buffer solution (PBS)
to remove non-adherent cells. Adherent cells (mainly
macrophages) were cultured in i) serum-containing
(10% FCS) DMEM (scMCM) or ii) serum-free DMEM
(sfMCM). The culture medium (macrophage
conditioned medium, MCM) was harvested at 48 hr
[11].

Membrane fractionation of MCM

To identify the range of molecular mass of the growth
factor present in MCM we sequentially fractionated the
medium by a membrane filtration system (Sartocon
micro) in four fractions characterized by the following
nominal molecular mass: >100, 100-50, 50-10, <10
kDa. Each fraction obtained was restored to the initial
volume and used in a myoblast proliferation assay as
described below.

Primary muscle cell cultures

Myoblasts were obtained from the legs of euthanized
newborn rats (Wistar) by enzymatic digestion with
trypsin. Cell suspension, after cell pre-plating to
eliminate most fibroblasts, was cultured in plastic 12-
well plates at a density of 105 cells per cm2 in DMEM
supplied with 10% FCS, 100 U/ml penicillin and 100
ug/ml streptomycin for 60h (before myoblast fusion) and
for 5 days (after myoblast fusion to form myotubes).

The wells contain a glass coverslip coated with gelatin.
This culture was used as control. Identical sets of
primary muscle cell cultures were grown in complete
medium supplied with 20% of MCM or fractions
obtained after filtration on membrane system or
fractions derived from chromatographic experiments
(we added MCM only once, at the beginning of the
experiment).

Muscle cell staining

Desmin/propidium iodide

Five-day-old differentiated muscle cell cultures
(myotubes) were washed twice with PBS and fixed with
cold acetone for 10 min, air-dried and then incubated for
60 min. at 37 oC with an anti-desmin mAb (Boehringer,
U.S.A.) diluted five times with 0.5% BSA in PBS. An
anti-mouse IgG secondary antibody fluorescein-labeled
was used to reveal differentiated myotubes.

To highlight nuclei we stained the cultures with
propidium iodide (PI) 4 microg /ml in PBS containing
100 microg/ml of DNAse-free RNAse A for 30 min at
37 oC according to [32]. Cultures were observed under a
fluorescence microscope: both myotubes and PI positive
nuclei into myotubes were counted.

MyoD/Hoechst No 33258

Primary muscle cell cultures before myoblast fusion
(60 hours) were washed twice with PBS, and fixed with
paraformaldehyde 2% in PBS for 20 min. After PBS
washing and quenching with NH4Cl 50 mM for 10 min,
cells were permeabilized with Triton 0.5% in PBS for
10 min. Cells were incubated overnight at 4°C with a
rabbit anti-MyoD polyclonal antibody specific for
skeletal muscle nuclei (Santa Cruz Biotechnology,
USA). After PBS washing a rhodamine-conjugated
secondary antibody was used. Cultures were observed
by fluorescence microscope to reveal MyoD positive
nuclei.

After Myo D staining cells were labeled with Hoechst
No 33258 diluted in PBS for 5 min at room temperature,
washed twice with PBS and mounted in Elvanol. This
second staining allows us to count the number of total
nuclei in cultures. Slides were observed by fluorescence
microscopy.

Myoblast proliferation assay

Control cultures, scMCM, sfMCM treated muscle
cultures and membrane-fractions derived treated
cultures before (60 h) myoblast fusion were used. In
unfused muscle cultures both MyoD positive nuclei and
positive Hoechst nuclei were counted. Three different
experiments were performed and 6 different microscopic
fields were analyzed for each kind of experiment.
Statistical significance was calculated using the
Student’s t-test.
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Heparin-sepharose affinity chromatography

MCMs (25 ml) were applied to a HiTrap Heparin
column (5 ml) (Pharmacia, Uppsala, Sweden),
equilibrated with buffer PBS, flow rate 2 ml/min. After
the sample was loaded the column was washed with
buffer PBS until the UV absorbance at 280 nm returned
to baseline (unretained material). The factor was eluted
with a step of PBS containing 0.5 M NaCl and about 3
ml were obtained (retained material). The column was
washed with high salt (2M NaCl) before re-use; in this
step no protein was released and detected.

High-performance liquid chromatography

250 ml of MCMs, unretained and retained material by
Heparin column were loaded on a Superdex 75 HR
10/30 column (300 x 10 mm I.D.) (Pharmacia, Uppsala,
Sweden) connected to a Bio-Rad (Richmond, CA, USA)
high-performance liquid chromatographic system,
equipped with a Model UV-1806 variable-wavelength
detector from Bio-Rad (set at 220 nm) and a Rheodyne
Model 7125 sample injector (1-ml loop). The eluent was
PBS at a flow rate of 1.0 ml/min.

The water used for chromatography was HPLC-grade
and all solutions were degassed and passed through a
0.45-µm Millipore filter prior to chromatography. All
reagents used were of analytical-reagent grade.

SDS PAGE

The one dimensional SDS PAGE of MCM and of the
fractions from it derived was carried out according to
[29]. Electrophoresis was carried out in 12.5 %
polyacrylamide gel. Slabs were stained with the
sensitive silver method [35].

Results

We have previously demonstrated that rat peritoneal
exudate contains a variety of cells, mainly macrophages
that are involved in the secretion of muscle growth
factors when co-cultured with myoblasts. In addition we
also observed an increased muscle growth in muscle
cultures treated with MCM [11, 12, 32]. In our opinion
the increased muscle growth in culture is a consequence
of an increased myoblast proliferation. Indeed the
number of PI positive nuclei into myotubes grown in the
presence of MCM, both serum-containing and serum-
free medium, is increased (Fig. 1). To eliminate the
possibility that MCMs favour the fusion of myoblasts
instead of stimulate their proliferation we counted the
MyoD positive nuclei (myoblasts) before fusion (60
hours). Figure 2 shows a typical experiment. The
number of MyoD+ nuclei (myoblasts) markedly
increased in both MCMs treated cultures as compared to
controls. It is evident that MyoD+ nuclei almost doubled
in treated cultures. In table Ia are summarized the results
of three different experiments.

Total nuclei were also counted: by subtracting MyoD+
nuclei number (panels a, c, e) from total nuclei number
(panels b, d, f) we obtained the number of fibroblast-like
cell nuclei (Table Ib). This value is almost similar in
treated and control cultures.

Since both scMCM and sfMCM gave the same results
in terms of myoblast increased proliferation we used
sfMCM to avoid the high levels of interfering serum
proteins in the experiments described below.

For the identification of the factor involved in
increased muscle cell proliferation, in the first step we
tried to separate by means of a filtration system sfMCM
in distinct fractions containing proteins with Mw: >100,
100-50, 50-10, <10.

Biological assays on muscle cultures with molecular
weight defined fractions were performed by counting PI
positive nuclei into desmin labeled myotubes (a
technique faster and more easy than MyoD staining).
Results are shown in Fig. 3. It is evident that the myo-
mitogenic factor(s) is present in the fraction
characterized by Mw in the range 50-10 kDa. The
number of fibroblasts did not increase.

We have already demonstrated that the factor involved
in increased muscle cell proliferation has a strong
affinity for heparin like many growth factors [17]. The
fractions of sfMCM obtained after affinity
chromatography on HiTrap Heparin column, both
retained and unretained ones, were analyzed in detail by
means of size-exclusion chromatography. Superdex 75
HR, a crosslinked agarose-based medium is particularly
suitable for high-performance gel permeation of
biomolecules, characterized by a molecular mass
operating range from 1 to 70 kDa. Calibration results
were as follows: bovine serum albumin with Mr 67 kDa,
7.5 min; lactalbumin with Mr 35 kDa, 8.5 min;
cytochrome c with Mr 12 kDa, 12 min; vitamin B12

Figure 1. Percentage of PI positive myonuclei present
in 5-day myotube cultures in presence of control
medium; scMCM, conditioned medium serum-
containing; sfMCM, conditioned medium serum-
free. The cultures were labeled with PI and anti-
desmin antibody.
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with Mr 376 Da, 23 min. Figure 4 shows the three
chromatograms obtained from sfMCM, heparin-retained
and heparin-unretained material. The chromatograms of
sfMCM and heparin-unretained material are
characterized by the presence of several peaks and are
indeed very similar (Fig. 4, panels a and b). By contrast
the chromatogram of heparin-retained material (Fig. 4
panel c) contains less peaks the majority of which have
retention times corresponding to a molecular mass range
50-10 kDa. When examined by SDS-PAGE these
column fractions (peaks A, B, C and D) revealed the
presence of proteins characterized by a molecular mass
range 50 to 10 kDa (Fig. 5). Peaks E and F did not
contain sufficient material to be revealed even by the
highly sensitive silver staining and therefore are not
shown.

Discussion

During muscle regeneration macrophages infiltrate the
muscle at the site of damage to phagocytose necrotic
tissue and secrete growth factors which stimulate the

satellite cell proliferation [22, 25, 36, 41]. In rat it has
been demonstrated that an ED2+ macrophage
subpopulation is responsible for this event [25, 32]. So
far as the relationship between satellite cells and
macrophages during muscle regeneration is concerned,
we showed that cultures obtained from injured muscle
contain almost exclusively proliferating myoblasts and
that myoblast proliferation in vitro is maximally
activated when macrophage infiltration in vivo reaches
its peak [12, 14]. We have also shown that macrophages
co-cultured with either embryonic myoblasts or satellite
cells increase myotube formation in vitro by secretion of
growth factor(s) [11, 12].

In this study we present evidence that growth factor(s)
released by macrophages is characterized by a molecular
mass range 50 to 10 kDa and is specifically involved in
mitosis regulation of myoblasts increasing MyoD
positive cells in vitro as compared to fibroblast-like
cells, which do not increase.

The increased muscle growth induced by macrophages
may be a consequence of either an accelerated myoblast
fusion (differentiative effect) or an increased myoblast
proliferation (proliferative effect) or both. To answer
this question in the past we have estimated the number
of myoblasts by counting MyoD positive nuclei [32, 50,
51] in muscle cell cultures grown in the presence of
MCM before myoblast fusion. Here we confirm the
highest myonuclei (MyoD+) number in treated muscle
cultures before myoblast fusion and, in addition, we
show that the number of fibroblast-like cells does not
vary significantly in MCM treated cultures. These
results support our hypothesis that activated
macrophages possess a muscle specific proliferative
effect. Kaufman’s laboratory showed that MyoD
negative myoblasts could be observed in primary rat

Figure 2. scMCM and sfMCM treated primary muscle
culture after 60 hours. Cultures were stained
with anti MyoD polyclonal antibodies (a, c, e)
and sequentially with Hoechst No 33258 (b, d, f).
Control (a, b); scMCM treated cultures (c, d);
sfMCM treated cultures (e, f). Bar = 29 µm.

Figure 3. Percentage of nuclei desmin-positive and
fibroblast-like nuclei present in myotubes at 5
days in presence of sfMCM fractions obtained by
microfiltration. In fractions 50 to 10 kDa
(asterisks) it is evident myoblast enhanced
proliferation.
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able I. Percentage of MyoD+ positive nuclei and fibroblast-like nuclei present in 60 h primary muscle cell cultures (before
fusion).

(a) MyoD+ nuclei

 Control MCM(sc) MCM(sf) ∆MCM(sc)% ∆MCM(sf)%

xp.1 18 ± 4 46 ± 8 61 ±   8 155 238
xp.2 23 ± 7 52 ± 7 63 ± 10 126 173
xp.3 20 ± 6 50 ± 9 59 ±   8 150 195

∆=143 ∆=202

ote. Results are the mean of six different microscopic fields for each experiment. It is evident that myonuclei strongly
ncrease in both MCM(sc) and MCM(sf) treated cultures as compared with controls.

(b) Fibroblast-like cell nuclei

Control MCM(sc) MCM(sf) ∆MCM(sc)% ∆MCM(sf)%

xp.1 28 ± 7 33 ± 9 35 ± 7   18   25
xp.2 31 ± 8 37 ± 7 39 ± 8   19   26
xp.3 28 ± 6 35 ± 6 37 ± 7   25   32

∆=21 ∆=28

ote. Results are the mean of six different microscopic fields for each experiment. It is evident that fibroblast-like cell nuclei
re almost similar in both MCMs and in control cultures.
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ultures [28]. At the light of this observation the MyoD
ositive cells we counted did not represent all myoblasts
nd therefore in our experiments myoblasts would be
nderestimated. We are aware that the MCM could
avour the transition MyoD-/MyoD+ (differentiative
ffect) with a final increased number of MyoD positive
ells. However we reported that clonal assays using
CM treated satellite cells demonstrated a proliferative

ffect [12]. Taken together, all the reported data support
ur hypothesis on proliferative effect of MCM instead of

differentiative effect. To definitively clarify this point
additional experiments are necessary.

Since our final goal is to isolate and characterize this
myo-mitogenic factor, we have cultured exudate
macrophages in a serum-free medium to eliminate
interfering serum components. In fact our standard
macrophage-conditioned culture media contained many

igure 4. Chromatograms obtained on a Superdex 75
column with detection at 220 nm. Eluent: PBS;
flow-rate: 1.0 ml/min. (a) 150 mg of sfMCM; (b)
120 mg of fraction unretained by heparin
column; (c) 30 mg of fraction retained by
heparin. In panel (c) letters label the major
peaks; arrows indicate the elution position of
molecular mass markers. Absorbance full scale
is 0.1 in (a) and (b), 0.005 in (c).

Figure 5. SDS-PAGE of Superdex 75 derived fractions.
(a) sfMCM; (b) heparin-unretained material; (c)
heparin-retained material; (d) peak A; (e) peak
B; (f) peak C; (g) shoulder D. (a), (b), (c): 8 mg;
(d) to (g): 0.2 mg. Gel was stained by the silver
technique.
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peptide components, some of which are serum
components, while others are secreted by cells
themselves. Therefore we repeated the experiments
using a MCM obtained from macrophages cultured in
serum-free medium. In these latter conditions the
increased number of MyoD positive cells was still
observed and was in fact even greater than with MCM
derived from macrophages cultured in the presence of
serum. It has been reported that the majority of primary
cultures grown in vitro need serum components (growth
factors) for survival and proliferation and it has also
been reported that myoblasts cultured in a serum-free
medium undergo apoptosis [19, 30, 45, 48]. Our
experiments, however, demonstrate that macrophages
cultured in a serum-free medium, not only survive for
some days but also produce a MCM highly mitogenic
for myoblasts.

In order to obtain information about the molecular
mass of the muscle specific factor we sequentially
fractionated the sfMCM by a membrane filtration
system. The myo-mitogenic factor is present in the
fraction characterized by a Mw in the range 50 to 10
kDa, which is typical for known growth factors. Our
data also demonstrate that the MCM active fraction is
able to induce myoblast and not fibroblast over-
stimulation in the same culture.

The electrophoretic analyses of fractions obtained by
the microfiltration system failed to give clear results
about the precise molecular mass of the proteins they
contained. In fact molecular mass cutoff of the
membranes used is only nominal. Due to this drawback
some parameters such as protein concentration, protein-
protein interaction, size or conformation of the molecule
may affect the membrane performance. Therefore in
parallel we analyzed the MCM by means of size-
exclusion chromatography.

Since we and other have demonstrated that heparin has
strong affinity for myoblast mitogens [15, 17] we here
show that in the fraction retained by the heparin column,
proteins of molecular mass range 50 to 10 kDa are
indeed present, as revealed by both electrophoretic and
size-esclusion chromatography experiments. The
abundance of this factor can be roughly determined as
0.04 - 0.08 mg/ml, from the amount of medium utilized
for the purification and from the estimated sensitivity of
the silver staining method used for detection of proteins
on SDS-PAGE gels (0.05 - 0.1 mg/band).

We do not know whether this mitogen released by
macrophages is one of the known growth factors or an
as yet unidentified one. Further experiments are needed
in order to clarify this point.

In conclusion these results stimulate further researches
to characterize more precisely the nature of this muscle
growth factor with a view to using it to selectively
increase myoblast proliferation in situations such as

muscle repair, muscle cell transplantation and gene
therapy via myoblasts.
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