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In this study, the differentiation of C2C12 cells, a primary
line of murine myoblasts, was investigated by a multiple
technical approach. Undifferentiated cells, and those at
intermediate and final differentiation times, were studied at
the reverted microscope, by conventional and confocal
immunofluorescence, and by transmission and scanning
electron microscopy. The general monolayer architecture
changed during differentiation from fusiform or star-shaped
cells to elongated confluent cells, finally originating long,
multinucleated myotubes. Sarcomeric actin and myosin are
present also in undifferentiated myoblasts, but progressively
acquire a structured pattern up to the appearance of sar-
comeres and myofibrils at about 5 days after differentiation
induction. Myotubes show a particular positivity for actin and
myosin, and M-cadherin, an adhesion molecule characteris-
tic, as known, of satellite cells, also seems to be involved in
their assembling. Rare apoptotic patterns, as evidenced by
the TUNEL technique, appear during myoblast maturation.
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M
ammalian skeletal myogenesis is a com-
plex phenomenon, taking place from the
first weeks of embryonic development.

Totipotential mesenchymal cells provide a popula-
tion of mononucleated fusiform cells, named
myoblasts and known to be the precursors of con-
tractile muscle cells. Myoblasts progressively fuse to
form plurinucleate syncytia, the myotubes (Lawson
and Purslaw 2000), which furtherly differentiate to
acquire the final morpho-functional features of the
muscle cells (Ordahl 1993; Carozzi et al. 2000).
Under the control of regulatory proteins and as a

consequence of neural and/or hormonal actions, the
skeletal muscle fibre enlarges and displays contrac-
tile structures and functions (Ogilvie et al. 2000).
MRFs (myogenic regulatory factors) are proteins

exclusively expressed in cells committed to the myo-
genic lineage which alternately appear and disap-
pear during differentiation. Myo-D, Myf-5, MRF-4
and myogenin are, to date, the best characterized,
and become active in a space and time-correlated
manner (Krempler and Breing 1999; Delgado et al.
2003).
Myo-D seems to activate the transcription pro-

gram of muscle-specific genes, but also permanent-
ly arrests the cell cycle by inhibiting transcription
factors (Kataoka et al. 2003). It is known that
Myo-D and Myf-5 regulate paraxial muscles
(migratory and limb muscles, diaphragm, surface
trunk muscle, respiratory and deep trunk muscles)
(Pownall and Emerson 1992a,b). Both genes acti-
vate myogenin, which is associated with final muscle
differentiation processes (Thayer et al. 1989).
MRF-4 (Rhodes and Konieczny 1989) may play a
role in the regulation of muscle fiber phenotype in
postnatal life, especially in maintaining the slow
phenotype (Walthers et al. 2000).
MRFs induce the expression of other muscle spe-

cific proteins, such as alpha-actin, myosin heavy and
light chains, tropomyosin, troponin-C and troponin-
I.
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Most MRFs, when overexpressed in fibroblasts,
nerve cells, liver cells and adipocytes, induce these
cells, of mesodermal origin, to become muscle cells.
They thus have a definite myogenic activity (Dedieu
et al. 2002).
A number of hormones have been also demon-

strated to affect muscle development and function.
Myofibers have insulin receptors, and the effects of
this hormone have been widely reported (Goel and
Dey 2002). Resting muscle indeed needs insulin to
increase in size (Conejo and Lorenzo 2001): when
the hormone is secreted, excess nutrients can be
stored in muscle; if insulin concentration is low,
protein stores are progressively mobilized and mus-
cle atrophy may ensue.
Thyroid hormones are required for myofiber mat-

uration (Merkulova et al. 2000); differently,
autocrine growth hormone production has been
recently reported to inhibit differentiation (Segard
et al. 2003).
Androgens and estrogens, whose receptors are

present in skeletal myofibers, seem to stimulate
muscle protein synthesis (Lee et al. 2003) and glu-
cocorticoid hormone stimulates mitochondrial bio-
genesis (Weber et al. 2002).
Aside from muscle differentiation, a number of

residual myoblasts escape skeletal muscle develop-
ment and persist in adult muscles as “satellite
cells”, localized between the sarcolemma and the
basal membrane of muscle fibers (Cooper et al.
1999). In particular conditions, such as denerva-
tion, physical exercise stress, muscle damage, oth-
ers, they proliferate, differentiate and fuse to form
fiber cells for the repair of damaged muscle tissue
(Morgan and Partridge 2003). Satellite cells medi-
ate postnatal muscle growth, and their population
decreases with age. In the quiescent stage, they
appear rounded and mononucleated, and do not
express relevant amounts of myogenic proteins.
C2C12 are murine myoblast cells derived from

satellite cells, whose behavior corresponds to that
of progenitor lineage. These cells are a subclone of
C2 myoblasts (Yaffe and Saxel 1977) which spon-
taneously differentiate in culture after serum
removal (Blau et al. 1983). Cycling myoblasts are
comparable to activated satellite cells in muscle
fibers, while the cells referred to as “resting”
(Yoshida et al. 1998), correspond to the quiescent
satellite cells.
In this study, we characterized the C2C12

myoblast cells during myogenic differentiation. The

time-course of their general behavior was followed
by frequent reverted microscope observations; actin
and myosin arrangement was monitored by
immunofluorescence; surface cell features were
described by scanning electron microscopy; and
structural details of inner cells were analyzed by
transmission electron microscopy. M-cadherin was
also investigated and, finally the role of pro-
grammed cell death during differentiation was con-
sidered.

Materials and Methods

Cell Culture
C2C12 mouse adherent myoblasts were grown in

Dulbecco's modified Eagle's medium (DMEM) sup-
plemented with heat-inactivated 10% fetal bovine
serum, 2mM glutamine, 1% antibiotics, 0.5% anti-
mycoplasm and 25mM Hepes, pH 7.5. The cell line
was maintained in a 5% CO2 atmosphere at 37°C
and cell viability was assessed by the Trypan Blue
exclusion test (Luchetti et al. 2003). To induce
myogenic differentiation, when about 80% cell
confluence was attained, the medium containing
10% fetal calf serum was substituted with 1%
fetal calf serum (Lattanzi et al. 2000; Columbaro
et al. 2001; Faenza et al. 2003).
The cells were observed at critical time intervals,

i.e. at the undifferentiated stage and at 3, 5, 7, 10
days of differentiation, with a Nikon Eclipse TE
2000-S reverted microscope (RM) and pho-
tographed with a digital DN 100 Nikon system.

Immunofluorescence (actin, myosin, M-cadherin,
TUNEL) 
Immunofluorescence (IF) techniques were car-

ried out directly in dishes containing a cover slide,
where cells had been seeded and became adherent.
IF analysis was performed on the undifferentiat-

ed cells and at all times of the differentiation
course. Cells were rinsed with 0.1M PBS, pH 7.4,
fixed with 4% paraformaldehyde in PBS for 30
minutes at room temperature (R.T.), again washed
with PBS and stored at 4°C until all time points
were collected.
Cells were permeabilized with 0.2% Triton X-100

in PBS for 10 minutes at R.T., rinsed with PBS and
afterwards prepared for immunocytochemical or
cytochemical techniques for the detection of the
markers as described below.
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For labelling of muscle actin (Luchetti et al.
2002), cells were treated with 5% normal horse
serum (D.B.A.) and 2% bovine serum albumin
(BSA; Sigma) in PBS for 30 minutes at R.T. and
then incubated with a mouse antibody against α-
sarcomeric actin (Sigma; 1:100 in PBS) overnight
at 4°C. After rinsing in PBS, the specimens were
incubated with a FITC-conjugated horse anti-
mouse secondary antibody (D.B.A., Vector; 1:50 in
PBS) for 1 hour at R.T., stained with propidium
iodide (PI), 1 μg/ml in PBS for 5 minutes and
mounted with an antifading medium.
A cytochemical technique was used for the visu-

alization of actin filaments. Cells were permeabi-
lized with 0.2% Triton X-100 in PBS for 10 min-
utes at R.T. and rinsed with PBS. Successively, they
were treated with FITC-conjugated-phalloidin
(Sigma), 25 μg/mL for 60 minutes at R.T. and
counterstained with with PI, 1 µg/mL in PBS for 5
minutes.
For the detection of myosin, cells were treated

with 5% normal goat serum (D.B.A.) and 2%
BSA in PBS for 30 minutes at R.T. and then the
cells were incubated with a rabbit anti-skeletal
myosin (Sigma, M7523; 1:50 in PBS) overnight at
4°C. This antibody recognizes both light and heavy
chains. After rinsing in PBS, cells were incubated
with a FITC-conjugated anti-rabbit (D.B.A.,
Vector, 1:50 in PBS) for 1 hour at R.T. and stained
with PI, 1 μg/mL in PBS for 5 minutes.
The expression of M-cadherin was investigated

with an immunohistochemical technique. Cells were
treated with 5% normal goat serum (D.B.A.) and
2% BSA in PBS for 30 minutes at R.T. and then
incubated with a rabbit anti-M-cadherin antibody
(Santa Cruz; 1:200 in PBS) overnight at 4°C. After
washing in PBS, cells were incubated with a FITC-
conjugated goat anti-rabbit secondary antibody
(D.B.A., Vector; 1:50 in PBS) for 1 hour at R.T.
and stained with PI, 1ºg/ml in PBS, for 5 minutes.
For TUNEL staining, cells were permeabilized

with 0.2% Triton X-100 as previously described.
Apoptotic cells were detected by DNA fragmenta-
tion using the TUNEL method, which specifically
labels the 3'-hydroxyl termini of DNA strand breaks
(Gavrieli et al. 1992). For the TUNEL procedure,
all reagents were part of a kit (Apoptag Plus,
D.B.A., Oncor) which utilizes a digoxigenin-conju-
gated dUTP, followed by a FITC-conjugated anti-
digoxigenin antibody. All the procedures were per-
formed according to the manufacturer's instruc-

tions and, finally, cells were stained with PI, 1
μg/mL in PBS for 5 minutes at R.T. and mounted
with an antifading medium.
All specimens were observed and photographed

with a fluorescence microscope (Vanox Olympus
MI, Italy): for viewing both FITC and PI fluores-
cence, a combination of BP 490 and EY 455 exci-
tation filters were used. Slides for M-cadherin
analysis and TUNEL detection were observed by
means of an Olympus FV300 laser-scanning micro-
scope (Olympus MI, Italy).

Scanning Electron Microscopy (SEM)
Cells were directly cultured on cover slides inside

Petri dishes. After careful washing with phosphate
buffer, monolayers were fixed with 2.5% glu-
taraldehyde in 0.1 M phosphate buffer for 1 hour
quickly washed and post-fixed with 1% OsO4 in the
same buffer for 1 hour. After alcohol dehydration,
they were critical point dried, gold sputtered
(Luchetti et al. 2003) and observed with a Philips
515 scanning electron microscope.

Transmission Electron Microscopy (TEM)
C2C12 cells growing in flasks were washed and

immediately fixed with 2.5% glutaraldeyde in
0.1M phosphate buffer for 15 min, gently scraped
and centrifuged at 1200 rpm. Pellets were addi-
tionally fixed for 1 hour, alcohol dehydrated, and
embedded in araldite (Falcieri et al. 2003). This
procedure allowed a good maintenance of the cell
shape and prevented direct TEM of cell monolayers
which, even if possible, provides limited information
and is technically difficult to carry out. Thin sec-
tioning was preceded by the analysis of toluidine
blue-stained semithin sections (Falcieri et al.,
2000b) which allowed an overall specimen view.
Thin sections were stained with uranyl acetate and
lead citrate and analysed with a Philips CM10 elec-
tron microscope.

Results 
Monolayer study was carried out at the undiffer-

entiated stage, i.e. 1-2 days after plating, and at 3,
5, 7 and 10 days after differentiation induction, the
undifferentiated condition, the intermediate matu-
ration period and the final differentiation time
being the most critical experimental steps to which
the cell images are referred. 
Careful cell monitoring was performed at the RM
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to assess the effectiveness of the differentiation
induction and to choose the experimental points to
investigate. IF was utilized to identify actin and
myosin arrangement and localization, as well as M-
cadherin-positive cells, which were better charac-
terized by confocal microscopy. IF was also per-
formed to identify DNA fragmentation by the
TUNEL reaction. SEM allowed description of
monolayer surfaces and cell interactions during dif-
ferentiation. TEM provided a detailed cell insight,
with particular regard to appearance and organiza-
tion of contractile structures and to events corre-

lated with myotube formation.
Undifferentiated cells, when observed at the RM,

show a 20-80 µm size, appear flat, not confluent
and closely adherent to the substrate. They are star-
shaped or fusiform, rigorously showing one central
nucleus, with numerous nucleoli (Figure 1A). A
number of cells, in different mitotic phases, can also
be found (Figure 1B).
SEM reveals cell phillopodia and large intercellu-

lar free spaces (Figure 1C). At lower magnification,
in cell contact areas, a tendency to cellular over-
lapping appears, but cell rounding and detachment
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Figure 1. Undifferentiated
C2C12 cells monolayers at
RM (A,B), SEM (C,D) and
TEM (E,F): they appear star-
shaped or fusiform (A,B) and
closely adherent to the sub-
strate (C). Mitoses (B), with
progressive cell rounding and
detachment (D) are clearly
identifiable. Stress fibers
(→) also appear, as bundles
of thin filaments in subsar-
colemmal areas (E); an abun-
dant, slightly dilated, rough
endoplasmic reticulum, is
also present (F). A,B, bar =
25 µm; C,D, bar = 23 µm; E,
bar = 1 µm; F, bar = 0.5 µm.



seem to be exclusively associated to mitotic cell
rearrangement (Figure 1D).
Bundles of stress-fibers (Langanger et al. 1984),

in sub-sarcolemmal domains also appear at TEM
observation (Figure 1E) and rough endoplasmic
reticulum, slightly dilated, is still widely identifiable
at this stage (Figure 1F). At the undifferentiated
stage, actin appears diffusely distributed through-
out the cytoplasm (Figure 2A,B). In fact, the anti-
body recognizes α-sarcomeric actin and thus also
binds to cardiac actin, which is largely expressed at
this stage (Bains et al. 1984). PI nuclear staining
very rarely shows apoptotic or necrotic patterns,
while mitoses can be promptly identified in yellow
because of the red-green simultaneous fluorescence

(Figure 2A, arrows). Areas characterized by a more
concentrated assembly of actin bundles appear,
after phalloidin staining, at the cell periphery, prob-
ably correlated to stress fiber presence (Figure 2C,
arrows) (Coghill et al. 2003).
Myosin is also widely expressed: however, it shows

a more homogeneous localization and, differently
from actin, seems more concentrated around the
nucleus (Figure 2D, arrow).
At the intermediate differentiation stage, cells

tend to acquire a mainly elongated shape, intercel-
lular spaces progressively recede and initial conflu-
ence patterns can be observed throughout the
monolayer, both at RM (Figure 3A) and SEM
(Figure 3B).
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Figure 2. IF of undifferenti-
ated C2C12 cells labelled
with anti-actin antibody
(A,B), phalloidin (C) and
anti-myosin antibody (D):
mitoses are clearly identi-
fiable (A, →) and a diffuse
actin distribution (A,B),
more evident in subsar-
colemmal regions (C, →),
appear. Myosin shows an
initial localization in perin-
uclear areas (D, →). A,
bar= 50 µm; B,D, bar = 20
µm; C, bar = 10 µm.



Ultrastructural analysis of C2C12 cell cytoplasm
reveals an initial myofibril arrangement. Pro -
gressive spatial organization of thin filaments
occurs and Z-bodies, known as the primitive actin
anchoration structures (Sanger et al. 2002), can be
revealed (Figure 3C). In cytoplasm, mitochondria
and rough endoplasmic reticulum are observable.
At high cell differentiation conditions, myotubes

appear. They are 100-600 µm long, 30-50 µm
thick, fusiform structures (Figure 4A), frequently
also elongated in three-four directions (Figure 4B).
They show numerous (even more than 20) nuclei,
centrally localized and clumped or distributed all
along their extension, as PI staining shows in detail
(Figure 4C). 
TEM confirms C2C12 maturation. Within cyto-

plasmic thin filaments, thicker ones appear and
both organize to form sarcomeres and myofibrils.
Cross sections show in detail the relationships
between thin and thick filaments, which appear
closely comparable to those typical of adult skele-
tal muscle (Figure 4D, E, F).
C2C12 myotubes appear strongly actin-positive,

and are promptly recognized from the surrounding
single cell monolayer (Figure 5A, B, C). Curiously,
some of them occasionally show a sort of sar-
colemmal blebbing, which may be correlated, also
considering electrophysiological membrane pat-
terns (data not shown) to initial contractions
(Figure 5D, arrows). Myosin, similarly to actin,

seems to label myotubes much more avidly than it
labels mononucleated cells (Figure 5E), and is
again well recognizable in mononucleated cells in
perinuclear areas (Figure 5F, arrows).
Myotube formation has been also investigated by

characterizing M-cadherin behavior. This protein,
involved in adhesion mechanisms (Donalies et al.
1991; Kaufmann et al. 1999a), occasionally
appears in C2C12 myoblasts. Rare positive, curi-
ously elongated, cells can be found indeed in the
early differentiation condition (Figure 6A). To bet-
ter investigate this phenomenon, confocal micro -
scopy was used, which showed at intermediate dif-
ferentiation times a relevant M-cadherin positivity
in plurinucleated, myotube-forming, cells (Figure
6B).
Apoptosis can also be identified in middle and

final maturation conditions. DNA fragmentation
appears indeed “in situ” after TUNEL reaction at
confocal microscopy (Figure 6C) and at the ultra-
structural level (data not shown).
Giant cells, strongly positive for actin and myosin,

are a peculiarity occurring all along C2C12 differ-
entiation (Figure 6D,E,F,G).

Discussion
This morphological approach to the study of

C2C12 myoblasts maturation in vitro demonstrates
the effectiveness of the culture technique. In fact,
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Figure 3. Intermediate differentiation stage: C2C12 cells become more elongated and, progressively, confluent, both at RM (A) and
SEM (B). Promyofibrils and z-bodies (→) appear at TEM (C). A, bar = 50 µm; B, bar = 20 µm; C, bar = 0.5 µm.



starting from an apparently homogeneous undiffer-
entiated myogenic line, a population, numerically
around 50% of cells, differentiate (Yoshida et al.
1998). The remaining cells presumably remain in a
quiescent myoblastic state.
In the undifferentiated condition, the C2C12

myoblasts are flat, fusiform or star-shaped mono -
nucleated cells. They express sarcomeric and fila-
mentous actin, mainly localized at the cell periph-
ery and focal contacts; they also appear positive for
skeletal myosin (Kataoka et al. 2003). Although
myosin is one of the main components of the con-
tractile apparatus to become well structured in late
differentiation, its presence in undifferentiated cells
is a well-documented phenomenon both in myo -

blasts (Salamon et al. 2003) and in other cell lines
(Ezzel et al. 1992).
Myogenic differentiation is recognizable by a pro-

gressive change in cell shape and monolayer organ-
ization. The cells become elongated, and structures
involved in contraction progressively assemble.
Bundles of thin filaments, closely associated to Z
bodies, known as the primordial actin anchoration
sites (Sanger et al. 2002), can be revealed.
The presence of elongated, M-cadherin-positive

cells is an intriguing observation. It is indeed well
known that this adhesion molecule, which mediates
cell-cell adhesion relationships (Kaufmann et al.
1999a), can be considered a satellite cell marker
(Cooper et al. 1999). Moreover, the appearance of
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Figure 4. In high differentiation phases, elongated (A) or y-shaped (B) myotubes appear at RM (A,B) and IF (C); after PI staining, the
numerous nuclei are clearly visible (C). Thin and thick filaments, organized in sarcomeres and myofibrils (D,E) appear. The reciprocal
space organization is visible in cross section (F). A,B, bar = 100 µm; C, bar = 50 µm; D, bar = 0.5 µm; E,F, bar = 0.2 µm.



this molecule in assembling myotubes, as shown by
confocal microscopy, suggests its correlation with
myotube formation. On the other hand, neither IF
nor even ultrastructural analysis have ever permit-
ted precise characterization of the very early phe-
nomenon of muscular syncytia formation. It is,
however, reasonable that an adhesion molecule,
such as M-cadherin, has a role in their assembling.
Therefore, its presence in plurinucleated myotube-

forming cells suggests its possible role also in mus-
cular syncythia biogenesis as previously reported in
other experimental models (Kaufmann et al.
1999b).
Myotubes appear from 5 days of differentiation in

our system. They are elongated (100-600 µm),
thick (30-50 µm) syncythia with more than 20
nuclei and occasionally show a Y-shape (Figure 4B,
5B). They show a certain rigidity, frequently deter-
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Figure 5. High differentiation times: myotubes are intensely positive for actin (A, →),B,C,D) and for myosin (E), more than are under-
lying mononucleated cells. Surface blebs (D, →) frequently appear. Myosin staining, in mononucleated cells (F, →) appear, again, main-
ly in the perinuclear region. 



mining their detachment from the monolayer.
Actin and myosin, when monitored by fluores-

cence methods, appear much more concentrated in
the myotubes than in mononuclear cells.
Nevertheless, sarcomeric and myofibrillar assem-
bling does not seem necessarily correlated to cell
fusion. Mature contractile structures appear,
indeed, in mononuclear cells, and, differently, large
myotubes without myofibrils but containing masses
of disorderly clumped filaments, have been
described (Berendse et al. 2003).
Curious features of membrane ruffling or bleb-

bing (Figure 5D) can be also observed at final dif-
ferentiation times: this membrane behavior seems
suggestive of primordial cell contractions.
In the absence of innervation, this hypothesis

must be considered still speculative (Formigli et al.

2002). Nevertheless, monolayer movements can be
occasionally observed at the RM and a relevant
increase in Ca2+ channel number is revealed from
electrophysiological membrane patterns (data not
shown)
Substrates and structures for potential muscular

contraction seem also to be present in our model.
Apoptosis has been widely described in differenti-

ating systems (Luchetti et al.1998; Falcieri et al.
2000a; Luchetti et al. 2002; Burattini et al. 2003;
Zamai et al. 2004) where it seems to balance cell
proliferation during maturative progression. In par-
ticular stimulating conditions (Ceruti et al. 2000;
Querfurth et al. 2001; Shiokawa et al. 2002), it has
also been observed in muscle cell cultures. In our
C2C12 model, it is scarcely, but consistently pres-
ent even in reproducibly optimal culture and differ-
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Figure 6. M-cadherin local -
ization (A,B), TUNEL reac-
tion (C) and giant cells
(D,E,F,G) at undifferentiat-
ed (A) and intermediate
(B,C,D,E,F,G) stages of dif-
ferentiation. M-cadherin
appears in elongated cells
(A) and in forming myo -
tubes (B, confocal micro -
scopy: on the left above,
M-cadherin-immu no pos -
itivity in green; on the
right above, PI staining in
red; below, merging of the
two signals shows M-cad-
herin-immunopositivity in
green and PI staining in
red; n= nuclei). Apoptotic
nuclei appear during differ-
entiation times (C, confo-
cal micro scopy of TUNEL
assay: merging of the two
signals shows TUNEL-posi-
tivity in green and PI stain-
ing in red). Giant cells
appear at RM (D) and by
means of IF, with anti-actin
(E), phalloidin (F) and anti-
myosin (G) staining.
A,C,D,F,G, bar=20 µm; B,E,
bar=10 µm.



entiation conditions, and so may be considered as
an intrinsic cell line behaviour rather than the con-
sequence of inadequate experimental conditions
(van den Ejinde et al. 2001). Interestingly, and in
contrast with our predictions, it affects both early
and late differentiated cells (apparently not
myotubes), suggesting a certain C2C12 apoptotic
commitment. Further experiments are necessary to
better characterize the apoptotic phenomen and to
highlight its possible role in pathology.
Giant cells represent a very particular feature,

well identifiable at RM and after IF. They show an
isodiametric, sometimes rounding, profile with a
very large, undoubtedly polyploid, nucleus. They
appear as actin- and myosin-positive, thus revealing
morpho-functional features typical of differentiat-
ing muscle cells. It has been reported (Hieter and
Griffiths 1999) that polyploidy is a naturally-
occurring phenomenon which accompanies the dif-
ferentiation process. Little is known about it, even
if it is generally accepted that it could play roles in
gene amplification, genome restructuring, chromo-
some interactions, and cell longevity (Hieter and
Griffiths 1999; Leitch 2000). In our system, giant
cell presence could be, in some way, correlated to
initial myotube formation or to phenomena of
myotube dedifferentiation, as has also been recent-
ly described (McGann et al. 2001). A technical
approach aimed at myotube isolation is in progress
in order to study them by means of flow cytometry
and biochemical techniques, also in relationship
with giant cells.
To conclude, our data demonstrate by a multiple

technical approach the effectiveness of this differ-
entiation system, which progressively transforms
undifferentiated, fusiform or star-shaped myo -
blasts, into long multinucleated myotubes, which
show the majority of contractile muscle cell fea-
tures.

Acknowledgements 
The authors are grateful to Dr. M. Fraternale, Mr.

F. Bastianelli, Mr. M. Maselli and Mr. A. Valmori for
skillful technical help. Olympus s.r.l. is also thanked
for confocal microscopy facilities provided during
the Workshop “The cell surface: from molecules to
shape”, Urbino, September 25-27, 2003 (Batti -
stelli et al., 2003). The research was supported by
MIUR, COFIN, 40% and Urbino University.

References

Bains W, Ponte P, Blau H, Kedes L. Cardiac actin is a major actin gene
product in skeletal muscle cell differentiation in vitro. Mol Cell Biol
1984; 4:1449-1453.

Battistelli M, Burattini S, Falcieri E. Proceedigs of the Workshop “The
cell surface: from molecules to shape”, Urbino, September 25-27,
2003. Eur J Histochem 2003;47:265-278.

Berendse M, Grounds MD, Lloyd CM. Myoblast structure affects sub-
sequent skeletal myotube morphology and sarcomere assembly. Exp
Cell Res 2003; 291:435-50. 

Blau HM, Chiu CP, Webster C. Cytoplasmic activation of human
nuclear genes in stable heterocaryons. Cell 1983; 32:1171-1180.

Burattini S, Luchetti F, Battistelli M, Della Felice M, Papa S, Piersanti
G, Tarzia G, Falcieri E. 5-(2-Ethyl-phenyl)-3-(3-methoxy-phenyl)-
1H-[1,2,4]triazole (DL-111-IT) and related compounds induce
morphological apoptotic patterns in cultures of human tumor cell
lines. J Biol Reg Homeost Agents 2003; 17:348-57.

Carozzi AJ, Ikonen E, Lindsay MR, Parton RG. Role of cholesterol in
developing T-tubules: analogous mechanisms for T-Tubule and cave-
olae biogenesis. Traffic 2000; 1:326-341. 

Ceruti S, Giammarioli AM, Camurri A, Falzano L, Rufini S, Frank C,
Fiorentini C, Malorni W, Abbracchio MP. Adenosine- and 2 chloro-
adenosine-induced cytopathic effects on myoblastic cells and
myotubes: involvement of different intracellular mechanisms.
Neuromuscul Disord 2000; 10:436-446.

Coghill ID, Brown S, Cottle DL, McGrath MJ, Robinson PA, Nan -
durkar HH, Dyson JM, Mitchell CA. FHL3 is an actin-binding pro-
tein that regulates alpha-actinin-mediated actin bundling: FHL3
localizes to actin stress fibers and enhances cell spreading and stress
fiber disassembly. J Biol Chem 2003; 27: 24139-24152. 

Columbaro M, Mattioli E, Lattanzi G, Rutigliano C, Ognibene A,
Maraldi NM, Squarzoni S. Staurosporine treatment and serum star-
vation promote the cleavage of emerin in cultured mouse myoblasts:
involvement of a caspase-dependent mechanism. FEBS Lett 2001;
509:423-429.

ConejoR, Lorenzo M. Insulin signaling leading to proliferation, survival,
and membrane ruffling in C2C12 myoblasts. J Cell Physiol 2001;
187:96-108.

Cooper RN, Tajbakhsh S, Mouly G, Cossu G, Buckingham M, Butler-
Browne GS. In vivo satellite cell activation via Myf5 and MyoD in
regenerating mouse skeletal muscle. J Cell Sci 1999; 112:2895-
2901.

Dedieu S, Mazeres G, Cottin P, Brustis JJ. Involvement of myogenic
regulator factors during fusion in the cell line C2C12. Int J Dev Biol
2002; 46:235-241.

Delgado I, Huang X, Jones S, Zhang L, Hatcher R, Gao B, Zhang P.
Dynamic gene expression during the onset of myoblast differentia-
tion in vitro. Genomics 2003; 82:109-121.

Ezzell RM, Leung J, Collins K, Chafel MM, Cardozo TJ, Matsudaira
PT. Expression and localization of villin, fimbrin, and myosin I in dif-
ferentiating mouse F9 teratocarcinoma cells. Dev Biol 1992;
151:575-585.

Faenza I, Bavelloni A, Fiume R, Lattanzi G, Maraldi NM, Gilmour RS,
Martelli AM, Suh PG, Billi AM, Cocco L. Up-regulation of nuclear
PLCß1 in myogenic differentiation. J Cell Physiol 2003; 195:446-
452.

Falcieri E, Bassini A, Pierpaoli S, Luchetti F, Zamai L, Vitale M,
Guidotti L, Zauli G. Ultrastructural characterization of maturation,
platelet release, and senescence of human cultured megakaryocytes.
Anat Rec 2000a; 253:90-99. 

Falcieri E, Luchetti F, Burattini S, Canonico B, Santi S, Papa S.
Lineage-related sensitivity to apoptosis in human tumor cells under-
going hyperthermia. Histochem Cell Biol 2000b; 113:135-144.

Falcieri E, Burattini S, Bortul R, Luchetti F, Tabellini G, Tazzari PL,
Cappellini A, Cocco L, Martelli AM. Intranucleolar localization of
DNA topoisomerase IIalpha is a distinctive feature of necrotic, but
not of apoptotic, Jurkat T-cells. Microsc Res Tech 2003; 15:192-
200.

Formigli L, Francini F, Meacci E, Vassalli M, Nosi D, Quercioli F,
Tiribilli B, Bencini C, Piperno C, Bruni P, Orlandini SZ. Sphingosine
1-phosphate induces Ca2+ transients and cytoskeletal rearrange-
ment in C2C12 myoblastic cells. Am J Physiol Cell Physiol 2002;
28:C1361-1373.

232

S. Burattini et al.



Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of programmed
cell death in situ via specific labeling of nuclear DNA fragmentation.
J Cell Biol 1992; 119:493-501.

Goel HL, Dey CS. Focal adhesion kinase tyrosine phosphorylation is
associated with myogenesis and modulated by insulin. Cell Prolif
2002; 35:131-142.

Hieter P, Griffiths T. Polyploidy-more is more or less. Science 1999;
285:210-211.

Kataoka Y, Matsumura I, Ezoe S, Nakata S, Takigawa E, Sato Y,
Kawasaki A, Yokota T, Nakajima K, Felsani A, Kanakura Y.
Reciprocal inhibition between MyoD and STAT3 in the regulation of
growth and differentiation of myoblasts. J Biol Chem 2003; 278:
44178-44187.

Kaufmann U, Martin B, Link D, Witt K, Zeitler R, Reinhard S,
Starzinski-Powitz A. M-cadherin and its sisters in development of
striated muscle. Cell Tissue Res 1999a; 296:191-198.

Kaufmann U, Kirsch J, Irintchev A, Wernig A, Starzinski-Powitz A. The
M-cadherin catenin complex interacts with microtubules in skeletal
muscle cells: implications for the fusion of myoblasts. J Cell Sci
1999b; 112:55-68.

Krempler A, Breing B. Zinc finger proteins: watchdog in muscle devel-
opment. Mol Gen Genet 1999; 261:209-215.

Langanger G, de Mey J, Moeremans M, Daneels G, de Brabander M,
Small JV. Ultrastructural localization of alpha-actinin and filamin
in cultured cells with the immunogold staining (IGS) method. J Cell
Biol 1984;99:1324-34.

Lattanzi G, Ognibene A, Sabatelli P, Capanni C, Toniolo D, Columbaro
M, Santi S, Riccio M, Merlini L, Maraldi NM, Squarzoni S. Emerin
expression at the early stages of myogenic differentiation.
Differentiation 2000; 66:208-217.

Lawson MA, Purslow PP. Differentiation of myoblasts in serum-free
media: effects of modified media are cell line-specific. Cells Tissues
Organs 2000; 167:130-137. 

Lee WJ, Thompson RW, McClung JM, Carson JA. Regulation of andro-
gen receptor expression at the onset of functional overload in rat
plantaris muscle. Am J Physiol Regul Integr Comp Physiol 2003;
285:R1076-1085.

Leitch AR. Higher levels of organization in the interphase nucleus of
cycling and differentiated cells. Microbiol Mol Biol Rev 2000;
64:138-152.

Luchetti F, Gregorini A, Papa S, Burattini S, Canonico B, Valentini M,
Falcieri E. The K562 chronic myeloid cell line undergoes apoptosis
in response to interferon-α. Haematologica 1998; 83:974-980. 

Luchetti F, Burattini S, Ferri P, Papa S, Falcieri E. Actin involvement
in apoptotic chromatin changes of hemopoietic cells undergoing
hyperthermia. Apoptosis 2002; 7:143-152.

Luchetti F, Canonico B, Della Felice M, Burattini S, Battistelli S, Papa
S, Falcieri E. Hyperthermia triggers apoptosis and affects cell adhe-
siveness in human neuroblastoma cells. Histol Histopathol 2003;
18:1041-1052.

McGann CJ, Odelberg SJ, Keating MT. Mammalian myotube dediffer-
entiation induced by newt regeneration extract. Proc Natl Acad Sci
2001; 20:13699-704.

Merkulova T, Keller A, Oliviero P, Marotte F, Samuel JL, Rappaport L,
Lamand N, Lucas M. Thyroid hormones differentially modulate eno-
lase isozymes during skeletal and cardiac muscle development. Am
J Physiol Endocrinol Metab 2000; 278:E330-339.

Morgan JE, Partridge TA. Muscle satellite cells. Int J Biochem Cell
Biol 2003 ; 35 :1151-1156.

Ogilvie M, Yu X, Nicolas-Metral V, Pulido SM, Liu C, Ruegg UT,
Noguchi TN. Erythropoietin stimulates proliferation and interferes
with differentiation of myoblasts. J Biol Chem 2000; 275:39754-
39761.

Ordahl CP. Myogenic lineage within the developing somite. In: Bernfield
M (ed.) Molecular basis of morphogenesis. Wiley-Liss, New York
1993; 165-170.

Pownall ME, Emerson CP Jr. Sequential activation of three myogenic
regulatory genes during somite morphogenesis in quail embryos. Dev
Biol 1992a; 151:67-79.

Pownall ME, Emerson CP Jr. Molecular and embryological studies of
avian myogenesis. Semin Dev Biol 1992b; 3:229-241.

Querfurth HW, Suhara T, Rosen KM, McPhie DL, Fujio Y, Tejada G,
Neve RL, Adelman LS, Walsh K. Beta-amyloid peptide expression is
sufficient for myotube death: implications for human inclusion body
myophathy. Mol Cell Neurosci 2001; 17:793-810.

Rhodes SJ, Konieczny SF. Identification of MRF4: a new member of
the muscle regulatory factor gene family. Genes and Dev 1989; 3:
2050-2061.

Salamon M, Millino C, Raffaello A, Mongillo M, Sandri C, Bean C,
Negrisolo E, Pallavicini A, Valle G, Zaccolo M, Schiaffino S,
Lanfranchi G. Human MYO18B, a novel unconventional myosin
heavy chain expressed in striated muscles moves into the myonuclei
upon differentiation. J Mol Biol 2003; 326:137-149.

Sanger JW, Chowrashi P, Shaner NC, Spalthoff S, Wang J, Freeman
NL, Sanger JM. Myofibrillogenesis in skeletal muscle cells. Clin
Orthop 2002; 403:S153-162.

Segard HB, Moulin S, Boumard S, Augier de Cremiers C, Kelly PA,
Finidori J. Autocrine growth hormone production prevents apoptosis
and inhibits differentiation in C2C12 myoblasts. Cell Signal 2003;
15:615-623.

Thayer MJ, Tapscott SJ, Davis RL, Wright WE, Lassar AB, Weintraub
H. Positive autoregulation of the myogenic determination gene
MyoD1. Cell 1989; 58:241-248. 

van den Ejinde SM, van den Hoff MJB, Reutelingsperger CPM, van
Heerde WL, Henfling MER, Vermeij-Keers C, Schutte B, Borgers M,
Ramaekers FCS. Transient expression of phpsphatidylserine at cell-
cell contact areas is required for myotube formation. J Cell Sci
2001; 114:3631-3642.

Walters EH, Stickland NC, Loughna PT. MRF-4 exhibits fiber type-
and muscle-specific pattern of expression in postnatal rat muscle.
Am J Physiol Regul Integr Comp Physiol 2000; 278:R1381-1384.

Weber K, Bruck P, Mikes Z, Kupper JH, Klingenspor M, Wiesner R.
Glucocorticoid hormone stimulates mitochondrial biogenesis specif-
ically in skeletal muscle. Endocrinol 2002; 143:177-184.

Yaffe D, Saxel O. Serial passaging and differentiation of myogenic cells
isolated from dystrophic mouse muscle. Nature 1977; 270:725-
727.

Yoshida N, Yoshida S, Koishi K, Masuda K, Nabeshima Y. Cell hetero-
geneity upon myogenic differentiation: down-regulation of MyoD
and Myf-5 generates 'reserve cells'. J Cell Sci 1998; 111:769-779.

Zamai L, Burattini S, Luchetti F, Canonico B, Ferri P, Melloni E,
Gonelli A, Guidotti L, Papa S, Falcieri E. In vitro apoptotic cell
death during erythroid differentiation. Apoptosis. 2004; 9:235-46.

233

Original Paper


