
Introduction

Alpha cardiac actin (�CA) and alpha skeletal actin (�SKA) are the
major sarcomeric actin isoforms detected in striated muscle [1, 2].
A sequential activation of alpha actin isoforms has been demon-
strated in several species during the development of the heart
[3–7]. The expression of alpha smooth muscle actin (�SMA)
marks the earliest appearance of embryonic cardiomyocytes, pre-
ceding the co-expression of �SKA and �CA in the developing
myocardium, and finally the predominant expression of �CA in the

adult heart [3]. The expression pattern of actin isoforms varies
between species and is highly influenced by pathological condi-
tions [8]. Increased �SKA expression represents a well-accepted
marker for cardiac hypertrophy in different animal species and
man [6, 9–12]. Skeletal actin mRNA accumulation is observed
during hemodynamic overload of rat hearts [10, 13], during pas-
sive stretch [14] and after administration of compounds such as
�1-adrenergic agonists [15], TGF-�1 or bFGF [16] to cultured
neonatal rat cardiomyocytes.

The re-expression of �SMA is used as a marker for cardiomy-
ocyte dedifferentiation in cardiovascular diseases characterized
by myocardial hibernation [17, 18]. Hibernating cardiomyocytes
show typical cellular alterations such as a redistribution of
nuclear heterochromatin, depletion of sarcomeres, aberrantly
shaped but viable mitochondria and degradation of structured
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sarcoplasmic reticulum in the cardiomyocytes [19–21]. The
expression pattern of several structural proteins resembles that
of embryonic and foetal cardiomyocytes. For example, the highly
organized patterns of cardiotin, titin and desmin disappear or
change and there is an increased deposition of glycogen. The
structural adaptations have been coined as features of pro-
grammed cell survival, a general phenomenon encountered in
various pathological situations as in ischaemia-related chronic
hibernating myocardium [22], infarction border zones [18, 23]
and volume-overloaded myocardium [24].

A goat model of sustained atrial fibrillation (AF) has previously
been developed [17] in which structural changes in the myocardial
cells are comparable to those observed in hibernating myocardium
in man. This model provides the opportunity to study sarcomeric
remodelling in more detail at fixed time-points during AF.

The aim of the present study was to investigate the expression
patterns of �SKA in human left ventricle samples characterized by
chronic hibernating myocardium and in experimental models of
cardiac pathologies. Actin staining patterns of left ventricle sam-
ples taken from pressure- and volume-overloaded rabbit hearts
were compared to atrial samples of chronic AF in goats in which a
time-related up- and down-regulation of �SKA was observed dur-
ing 16 weeks of AF. In addition, the changes in expression of �SKA
in cultured adult rabbit ventricular cardiomyocytes, and the rela-
tion with the presence of �CA stress fibres during the dedifferen-
tiation process are being discussed.

Materials and methods

All experimental procedures and protocols were carried out according to
the Dutch Law on Animal Experimentation (WOD) and approved by the
Animal Investigation Committee of Maastricht University. The investigation
conforms to the Guide for the Care and Use of Laboratory animals pub-
lished by the US National Institutes of Health (NIH Publication No. 85–23
revised 1996). All human patients gave their informed consent and the
study was approved by the local ethical committees for research. The
investigation conforms with the principles outlined in the Declaration of
Helsinki. Detailed information on the myocardial samples and the immuno-
cytochemical procedures can be found in the supplementary data section.

Production and characterization of antibodies

Mouse monoclonal anti-�-skeletal actin (anti-�SKA) and anti-�-cardiac
actin (anti-�CA) antibodies were prepared following the Repetitive
Immunizations at Multiple Sites strategy (RIMMS) [25]. Mice were immu-
nized with the N-terminal nonapeptide of �SKA (Ac-DEDETTALVC-COOH)
or �CA (Ac-DDEETTALVC-COOH) conjugated with keyhole limpet haemo-
cyanin (KLH, Pierce, Thermo Scientific, IL, USA) through the cysteine
residue according to the instructions of the manufacturer. Lymphocytes
from lymph nodes isolated from the immunized mice were fused with NS0
myeloma cells. Hybridoma cells secreting anti-�SKA or anti-�CA were
screened by ELISA, Western blotting and immunocytochemical proce-
dures. Selected hybridomas were cloned twice by limited dilution, and the

final characterization of the antibodies was performed by immunoblotting
of one-dimensional gels containing tissue and cell extracts.
Characterization and specificity of the cardiotin antibody has previously
been described. It was shown that cardiotin is associated with cardiac
mitochondria, and is down-regulated gradually during cardiomyocyte ded-
ifferentiation [17, 26–28].

Gel electrophoretic and immunoblot analysis

Anti-�-SKA and anti-�-CA specificity was determined by immunoblotting
of the following whole tissue homogenates: rat aorta, rat myocardium, rat-
striated muscle, human platelets and chicken gizzard (2 �g/lane). Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was car-
ried out in 10% polyacrylamide gels and proteins were consequently elec-
troblotted to nitrocellulose membranes. These blots were incubated with
anti-�-SKA and anti-�-CA diluted in Tris-buffered saline solution (TBS)
containing 3% BSA and 0.1% Triton X-100 for 2 hrs at room temperature.
After 3 washes with TBS, a second incubation was performed with perox-
idase-conjugated affinity purified goat anti-mouse IgG (Jackson
Immunoresearch Laboratories, West Grove, PA, USA) at a dilution of
1:10,000 in TBS containing 0.1% BSA and 0.1% Triton X-100. A pan-actin
monoclonal antibody (clone C4, Chemicon, Temecula, CA, USA) was used
for normalization. Peroxidase activity was developed using the ECL
Western blotting system (GE Healthcare, Munich, Germany), according to
the instructions of the manufacturer and blots were scanned (Epson
Perfection 4990 Photo, Epson Deutschland GmbH Meerbusch, Germany)
and quantified using densitometric analysis (Optiquant software; Packard
Instrument Co., Meriden, CT, USA).

Myocardial tissue samples

Human coronary artery disease.
The human cardiac material used in this study consisted of transmural left
ventricle biopsies from 4 patients obtained during coronary artery bypass
surgery. The detailed individual patient characteristics are described in pre-
vious papers [19, 21, 22]. Left ventricle biopsies were directly frozen in
isopentane precooled with liquid nitrogen.

Pressure- and volume-overload of rabbit hearts.
Aortic valve insuffiency and aortic banding was induced in 4 adult female
white New Zealand rabbits as described previously [29] and compared to
a group of 5 sham-operated rabbits without aortic interventions.The rab-
bits were bred and housed under specified pathogen-free conditions. The
excised left ventricles were immediately frozen in liquid nitrogen-precooled
isopentane and used for light microscopy and immunohistochemistry.

Chronic atrial fibrillation in goats.
The goat model for chronic AF was described previously [30]. In total, 22
goats were used in this study. The control group (2 animals) was kept in
sinus rhythm, whereas in the other groups (3–4 goats/group) AF was
maintained for 1, 2, 4, 8 and 16 weeks, respectively. At the end of the
experimental period, the goats were anaesthetized and thoracotomy was
performed. The excised right and left appendages were immediately frozen
in liquid nitrogen-precooled isopentane and used for light microscopy and
immunohistochemistry. The material examined in this study was previ-
ously studied for an extensive series of dedifferentiation markers [17].
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Histological analysis

Light microscopic examination of the morphologic changes was per-
formed on 5-�m thick cryosections of rabbit ventricular and goat atrial tis-
sue stained with periodic acid Schiff (PAS) to localize the glycogen content
and counterstained with Mayers haematoxylin (Klinipath, the Netherlands).
Indirect immunofluorescence assays were performed on 5-�m thick
cryosections of human, goat and rabbit myocardial tissue. Goat and rabbit
sections were incubated separately with the primary antibodies against
�SKA (mouse monoclonal IgM) or �CA (mouse monoclonal IgG) and
human sections were incubated simultaneously for �CA and �SKA.
Serially sectioned human samples were also incubated with a primary anti-
body against cardiotin (R2G anti-cardiotin mouse IgM antibody). Nuclei
were routinely stained with 4’-6-diamidine 2-o-phenylindole (DAPI),
diluted 1:10,000 (Sigma Chemicals, St. Louis, MO, USA).

Cell isolation

New Zealand White rabbits (ca. 2 kg) were used for the generation of
myocard cell cultures. Cardiomyocytes and cardiac fibroblasts were iso-
lated from adult rabbits by a retrograde collagenase perfusion as previ-
ously described [31]. The cells were seeded on laminin-coated (10 �g/ml;
Life Technologies, Paisley, Scotland) glass bottom microwell dishes
(MatTek Corporation, Ashland, MA, USA) or cover glasses in petri dishes
at a low density (103 cells/ cm2) to avoid cell–cell contact. Cells were
allowed to attach for 2 hrs. Thereafter, fresh medium supplemented with
20% foetal bovine serum (Hyclone, Logan, UT, USA) was applied onto the
cells. Cells were kept in a humidified incubator (5% CO2, 37�C) and the
medium was replaced every other day. Because of their high proliferative
capacity, rabbit cardiac fibroblasts could be passaged up to 6 times using
0.05% trypsin-EDTA (Life Technologies). Cardiac fibroblasts were added to
the cardiomyocytes in a 1:1 ratio 1 day after suspending in Medium 199 in
order to accelerate the dedifferentiation process [32].

Immunocytochemistry of cultured cells

Separate cover glasses were processed either 3 hrs after seeding (day 0),
or on subsequent days ranging from day 1 to day 5 after seeding. The
medium was discarded and the cells were rinsed with phosphate buffered
saline (PBS). Before immunostaining for �SKA, the cells were fixed in
�20�C methanol (3 � 1 sec.) and aceton (1 sec.), air dried and frozen at
�20�C until further use. For optimal detection of �CA immunostaining,
fibroblast�cardiomyocyte co-cultures were fixed in 4% paraformaldehyde
in PBS for 20 min., autofluorescence was quenched with 0.05 M NH4Cl for
45 min. and incubated in 0.05% Nonidet P40 in PBS during 30 min.
Coverslips were mounted with glycerol containing 0.2 �g/ml propidium
iodide. Double-staining of �CA and �SKA was performed according to the
previously described protocol in the section of the histological analysis.

Confocal scanning laser microscopy

Fluorescent samples of single stained cell cultures were imaged using a
Bio-Rad MRC600 confocal microscope (Bio-Rad Laboratories Ltd, Hemel
Hempstead, UK), equipped with an air-cooled Argon–Krypton mixed 
gas laser and mounted onto an Axiophote microscope (Zeiss, Oberkochen,
Germany), using oil-immersion objectives (40�, NA 3D1.3 or 63�, NA
3D1.4). Fluorescent pictures are depicted as total z-stack images.

Electron microscopy

For transmission electron microscopy, rabbit cardiomyocyte cultures and
goat atrial samples were fixed in 3% glutaraldehyde buffered with 90 mM
KH2PO4, pH 7.4, After rinsing in the same buffer for 24 hrs, the samples
were postfixed for 1 hr in 2% OsO4 (Agar Scientific, Stansted, UK) buffered
to pH 7.4 with 0.1 M veronalacetate. Additional impregnation of cardiomy-
ocyte cultures was performed in 1% uranylacetate (LADD Research
Industries, Burlington, VT, USA) in 0.1 M veronalacetate, pH 5.2. The car-
diomyocyte cultures and atrial samples were dehydrated in graded series
of ethanol and routinely embedded in Epon (LADD Research Industries).
Semi-thin sections of atrial samples were stained with PAS and toluidin
blue for light microscopical evaluation. Ultrathin sections were counter-
stained with uranylacetate and lead citrate, prior to examination in a Philips
CM100 electron microscope.

Results

Specificity of actin antibodies

Western blot analysis of the �CA and �SKA mouse monoclonal
antibodies on respectively rat aorta, rat myocardium, rat skele-
tal muscle, human platelets and chicken gizzard revealed a
strong specificity of �CA for rat myocardium and �SKA for rat
skeletal muscle (Fig. 1). From these results, it becomes obvious
that both monoclonal antibodies do not cross-react with the 
�- and 	-smooth muscle actin isoforms present in the aorta 

Fig. 1 Characterization of anti-�SKA and anti-�CA by immunoblotting on
different tissue or cell extracts: rat aorta (lane 1), rat myocardium (lane 2),
rat skeletal muscle (lane 3), human platelets (lane 4) and chicken gizzard
(lane 5). A pan-actin antibody (total actin) was used for normalization.
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and gizzard samples, nor with the cytoplasmic �- and 	-actin
isoforms present in the platelet sample. Also, no cross-reactivity
of the �CA is observed with �-skeletal actin, nor of the �SKA
with �-cardiac actin.

The peptide sequences to which these two antibodies are
directed are strongly conserved during evolution, resulting in a
reactivity with striated muscle actins from a wide spectrum of ani-
mal species.

Ventricular hibernating myocardium in man

The larger part of the left ventricular tissue of patients suffering
from coronary artery disease showed normal �CA (Fig. 2A and B)
and cardiotin expression (Fig. 2C and D). Some of the cardiomy-
ocytes revealed a minor punctate expression pattern of �SKA in
their cytoplasm (Fig. 2A and B). Twenty to 45% of the total tissue
area revealed a strong re-expression of �SKA. Several of the
affected cells demonstrated an intense patchy localization of �SKA
(Fig. 2E and F) with a concomitant down-regulation of �CA 
(Fig. 2E and F) and cardiotin (Fig. 2G and H). Furthermore,
absence of �SKA (Fig. 2F) and cardiotin (Fig. 2H) was observed in
�CA weak positive cardiomyocytes (Fig. 2F) in other regions of the
same sections.

Pressure- and volume-overloaded rabbit hearts

Longitudinal sections of left ventricle tissue of sham-operated rab-
bits revealed a normal �CA cross-striated pattern in the cardiomy-
ocytes (Fig. 3A). The tissue was devoid of any �SKA expression
(Fig. 3C) and the PAS staining showed no glycogen deposition
(Fig. 3E). After 16 weeks of overload, �CA was still abundantly
expressed (Fig. 3B) but some regions demonstrated an intense
patchy expression of �SKA (between 20% and 40% of total tissue
area) (Fig. 3D). PAS staining of the �SKA-positive regions often
showed an accumulation of glycogen (Fig. 3F), although not all
areas with �SKA-positive cardiomyocytes were PAS-positive.

Actin re-organization in cultured adult 
rabbit cardiomyocytes

In a previous in vitro study, we have classified the progressive
phenotypic adaptations of rabbit cardiomyocytes into 5 consecutive
groups (Groups 1 to 5) [32]. Approximately 3 hrs after isolation,
the cardiomyocytes showed still intact sarcomeric cross-striations
with staircase-like distal ends of the cell (non-differentiated Group
0 cardiomyocytes, Fig. 4A). The first change after 1 day in culture
was a rounding up of the distal ends (Group 1, Fig. 4B), followed

Fig. 2 Detection of �CA (A, B, E, F, red), �SKA (A, B, E, F, green) and cardiotin (C, D, G, H, green) on serial frozen sections from human left ventric-
ular endocardial biopsies after coronary bypass surgery. Control region showing normal expression of �CA (A, B, red) and cardiotin (C, D, green) with
only minor expression of �SKA (B, green). The hibernating region (asterisk) shows increased �SKA staining (E, green), whereas �CA (E) and cardiotin
(G) expression is nearly absent. Inserts (F and H) depict two serially sectioned cardiomyocytes present in a hibernating area: the left cardiomyocyte
shows an apparent up-regulation of �SKA (F), absence of �CA (F) and down-regulation of cardiotin (H), the right cardiomyocyte (#) is nearly negative
for both actins as well as cardiotin. Lipofuscin granules in the sections show an orange autofluorescence signal. Scale bars represent 20 �m (A, C, E,
G) and 50 �m (B, D, F, H).
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by the development of �CA stress fibres in a fan-like distribution
pattern in the spreading processes (Group 2, Fig. 4C). As the ded-
ifferentiation process continued, the spreading with �CA-positive
stress fibres progressed towards the lateral sides of the cell
(Group 3, Fig. 4D). Electron microscopy showed a gradual loss of
sarcomeric myofilaments (Figs. 4E and 6A) and the occurrence of
stress fibres in the spreading areas with residual actin filaments
still visible (Fig. 4E). The complete spreading of the outer plasma
membrane was accompanied by stress fibres all over the outer
surface; remnants of the sarcomeric structure of the myofibrils
were still present at the centre of the cell (Group 4, Fig. 4F).
Finally, the cardiomyocytes showed a rounded appearance with
only a myofibrilar core remaining (Group 5, Fig. 4G). The time
course for fully progressed dedifferentiation in culture covered at
least 4 days.

No �SKA expression was seen at the distal ends of freshly iso-
lated cardiomyocytes after 3 hrs of culture. As soon as the car-
diomyocytes started differentiation after 1 day in co-culture �SKA
expression became visible at the rounded distal ends (Group 1
cells, Fig. 5A). The expression progressively and specifically
increased upon further differentiation. As such, the expression of
�SKA was observed in the cytoplasmic processes at the distal
ends after 2 days (Group 2, Fig. 5B) and was progressively seen in
the spreadings at the lateral sides of the cardiomyocytes (Group 3
and 4, Fig. 5C and E) mainly after 3 and 4 days in co-culture,
respectively. �SKA co-localized with the developing �CA stress
fibres (Fig. 5D) and was characterized by a rather patchy staining
pattern. Upon further dedifferentiation, the rounded cardiomy-

ocytes showed a punctate �SKA positivity throughout the entire
cytoplasm mainly after 4 days in co-culture (Group 4 and 5, 
Fig. 5E and F).

Chronic atrial fibrillation in goats

Atrial cardiomyocytes from goats in sinus rhythm showed lon-
gitudinal myofibres with a regular pattern of sarcomeres
throughout the cytoplasm with parallel rows of mitochondria
and the presence of some distributed glycogen granules (Fig. 6B
and C). During 4 weeks of AF, structural remodelling of the car-
diomyocytes was observed, characterized by gradual disruption
of the sarcomeric apparatus or myolysis and a concomitant
accumulation of glycogen (Fig. 6D). After 16 weeks of AF, the
majority of the myofilaments have been replaced by large glyco-
gen accumulations (Fig. 6E) as verified, in addition, by PAS
staining (Fig. 6F).

Transverse sections of right atrial myocardium from goats in
sinus rhythm showed intense �CA staining in all cardiomyocytes
(Fig. 7A and Table 2). In adjacent serial sections, only very limited
�SKA staining (
1% of total tissue area) (Fig. 7B) and no glyco-
gen accumulation could be detected, as verified by PAS staining
(Fig. 7C). After 1 week of AF, the �CA expression was unaltered
(Fig. 7D) but several areas of atrial muscle tissue displayed an
intense patchy staining of �SKA (15% of total tissue area) in the
cytoplasm of cardiomyocytes (Fig. 7E). PAS staining of the same
regions revealed a minor degree of glycogen deposition (Fig. 7F).

Fig. 3 Detection of �CA (A, B), �SKA (C, D) and periodic acid Schiff (PAS) staining (E, F) in frozen sections from sham left rabbit ventricular myocardium
(A, C, E) and left ventricular tissue after induction of 2 weeks aortic insuffiency and subsequently 16 weeks of banding (B, D, F). Re-expression of �SKA
and presence of glycogen accumulation in the same areas of pressure and volume overloaded myocardium is evident. Scale bars represent 20 �m.



J. Cell. Mol. Med. Vol 13, No 5, 2009

901© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 4 Immunofluorescence imaging of �CA (A, B, C, D, F, G) and electron microscopy (E) of (A) freshly isolated rectangular rabbit cardiomyocytes,
(B) Group 1, (C) Group 2, (D, E) Group 3, (F) Group 4 and (G) Group 5 CMs. Arrows in (C) and (D) point to the distal and lateral protrusions, respec-
tively. * indicates the localization of actin stress fibres (D, E, G). PI counterstaining of nuclei in red. Scale bars represent 20 �m (A, B, F, G), 10 �m
(C and D) and 500 nm (E).
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In the weeks following these initial changes, a gradual increase in
glycogen deposition was observed in �SKA-positive cardiomy-
ocytes (Table 2). After 16 weeks of AF, patchy staining of �SKA in
the cytoplasm (25% of total tissue area) could be observed (Fig.
7G and J). PAS staining of the corresponding myocytes often
showed intense pink deposits, indicating obvious amounts of
glycogen (Fig. 7H and K). However, not all cardiomyocytes accu-
mulating large amounts of PAS-positive glycogen showed also
�SKA staining. Cross-striated �CA staining remained present as
observed in the longitudinal sections (Fig. 7I).

Discussion

In this study, we investigated the re-expression of the sarcomeric
�SKA protein in different pathological models characterized by
cardiomyocyte dedifferentiation and compared the in vivo setting
to that of adult ventricular cardiomyocytes in culture.

In patients suffering from coronary stenosis, we have found an
up-regulation of �SKA in hibernating cardiomyocytes with a
decreased expression of �CA and cardiotin. Down-regulation of
mitochondrial associated cardiotin [26] has previously been
described as an early marker for dedifferentiation in the same
human samples [22, Table 1] and in several animal models of
hibernating myocardium [17, 18, 33]. Abundant expression of
�CA and cardiotin was found in non-hibernating regions showing
only minor expression of �SKA. This diffuse �SKA expression can
be explained by previous studies reporting the age-dependent up-
regulation of �SKA expression increasing steadily during develop-
ment and after birth, becoming a predominant isoform in adult
cardiomyocytes [5] and the localization of �SKA-positive car-
diomyocytes as a transmural gradient mainly in the subendocar-
dial part of the adult human heart [7]. Another possibility might be
that the �SKA-positive cardiomyocytes were in a stage of hyper-
trophy thereby expressing �SKA. The absence of �SKA observed
in �CA and cardiotin-negative cardiomyocytes points to an
advanced stage of hibernation, which is characterized by a high
degree of myolysis [22, Table 1]. Furthermore, co-expression of

Fig. 5 Immunofluorescence imaging of �SKA re-expression in cardiomyocytes of (A) Group 1, (B, D) Group 2, (C) Group 3, (E) Group 4 and (F) Group
5 CMs. (D) Co-localization of actin stress fibres and �SKA expression. PI (A, B, C, E, F, red) and DAPI (D, blue) counterstaining of nuclei. Scale bars
represent 10 �m (D) and 20 �m (A, B, C, E, F).
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�SKA and glycogen was observed in cardiomyocytes from left
ventricles of rabbit hearts suffering from pressure- and volume-
overload. However, only a limited number of glycogen-positive
cells were found suggesting that the myocytes were in a rather
early stage of dedifferentiation and/or myolysis.

Cultured adult rabbit ventricular cardiomyocytes serve as a
valuable experimental model to address some important ques-
tions that are relevant to the structural changes seen during car-
diomyocyte dedifferentiation. The changes in ultrastructure and
expression patterns of structural proteins exhibit similarities with

Fig. 6 Electron microscopy of isolated rabbit ventricular cardiomyocytes after 4 days in culture (A) and goat atrial tissue in sinus rhythm (B, C), after
4 weeks (D) and 16 weeks of chronic atrial fibrillation (E, F). (A) Cultured ventricular cardiomyocyte (*) showing intact myofilaments (my) with longi-
tudinal rows of mitochondria (M) and a dedifferentiating cardiomyocyte (#) with obvious disruption of the sarcomeric apparatus. Atrial cardiomyocytes
in sinus rhythm (B) show well-organized myofilaments (my) with parallel rows of mitochondria (M) and absence of glycogen accumulation. Periodic
acid Schiff (PAS) staining revealed no glycogen in the cardiomyocytes, as evaluated by light microscopy (C). Gradual disruption of myofilaments is
observed during 4 (D) and 16 weeks of AF (E) and is associated with apparent glycogen accumulation (gl). The glycogen stores are clearly seen after
PAS staining (F, arrowhead). Scale bars represent 1 �m (B, D), 2 �m (A, E) and 15 �m (C, F).
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Fig. 7 Detection of �CA (A, D, I), �SKA (B, E, G, J) and periodic acid Schiff (PAS)-positive glycogen (C, F, H, K) on serially frozen sections from a nor-
mal goat atrium in sinus rhythm (A, B, C) and after 1 week (D, E, F) and 16 weeks (G, H, I, J, K) of chronic atrial fibrillation. The absence of �SKA
expression and glycogen accumulation in sinus rhythm, on the one hand, and re-expression of �SKA and glycogen staining in goat atrial fibrillation, on
the other hand, is evident. Scale bars represent 20 �m.



J. Cell. Mol. Med. Vol 13, No 5, 2009

905© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

hibernating cardiomyocytes in vivo [34]. Previously, we have sub-
divided this process of structural adaptation into five successive
morphological steps [32]. The remodelling started at the distal
end of the cardiomyocyte through the disassembly of the interca-
lated disk and the formation of cytoplasmic processes. These
cytoplasmic processes progressively extended over the whole
plasma membrane and caused progressive morphological
changes of the cardiomyocytes from a highly organized cylinder to
a fully flattened cell. Spreading of the cardiomyocytes is charac-
terized by a progressive disruption of the sarcomeric organization
leaving only remnants of �CA-containing thin filaments in the
myolytic regions.

Our study now revealed that the spreading of the plasma mem-
branes coincided with the development of �CA stress fibres in the
posterior protrusions, which progressed towards the lateral sides
of the cells. Peripheral stress fibres attached to membranous ruf-
fles, which are positive for �-actin, have earlier been described in
the pseudopods of embryonic chick cardiomyocytes. These were
shown to interconnect with fine polygonal networks located
between developing myofibrils [35]. Furthermore, the formation of
actin stress fibres containing �SMA was observed in filopodia of
spreading adult rat cardiomyocytes in culture [36, 37]. It has been
postulated that during myofibrillogenesis, �-actin containing
stress fibres can serve as a scaffold to direct the assembly of 
nascent striated myofilaments, which disappear as the myofila-
ments mature [1, 38]. This was evidenced in remodelled adult rat
cardiomyocytes in culture after the administration of insulin-
like growth factor I, which stimulated myofilament development in
the filopodia and caused a down-regulation of the non-sarcomeric
�SMA [35, 39]. In our study, we have demonstrated the 
re-expression of �SKA in posterior and lateral protrusions that
contain �CA stress fibres, and observed also an increased punc-
tate staining towards the centre of the cell in later stages of dedif-
ferentiation. A similar phenomenon was seen in cultured quail
embryonic fibroblasts treated with metabolic inhibitors that
caused the disassembly of all types of actin structures [40]. After
removal of the inhibitors, restoration of the actin cytoskeleton at
the edges of the fibroblasts was observed. This was characterized
by actin polymerization at the cell periphery gradually expanding
towards the centre of the cell. The punctate �SKA staining pattern
in our cardiomyocytes was similar to that seen in the tissue sec-
tions of the rabbit model of pressure- and volume-overloaded
myocardium. A chronology of �SKA incorporation within the sar-
comeres after cardiomyocyte spreading was suggested by
Clément et al. [41], starting from punctate aggregates similar to
those described for other components of myofibrils, such as 
�-actinin forming ‘Z-bodies’ [42–44], followed by an incorporation
into actin stress fibres, which in turn could serve as templates for
myofibrils [45]. Contrary to adult rat cardiomyocytes in long-term
culture, which have the ability to generate new myofibrillar struc-
tures [46], no reassembly of myofilaments was observed in our
co-culture setting. Furthermore, the co-culture system shares a
common denominator with the aforementioned cardiovascular
pathologies in that high levels of passive load or stretch are
imposed onto the cardiomyocytes resulting in gradual disruption

of the sarcomeric apparatus [32]. This phenomenon has also been
observed in the chronic AF goat set up, which is regarded as a
highly suitable model to study dedifferentiation of atrial myocytes
resembling chronic hibernating myocardium of the ventricle.
High-resolution electron microscopy performed as early as 1 week
after AF indicated a homogeneous redistribution of heterochro-
matin throughout the cardiomyocyte nuclei. The first signs of
myolysis and glycogen accumulation occurred after 1–2 weeks of
AF. Thereafter, progressive stages of dedifferentiation were identified
at 4 and 16 weeks of AF showing gradual increase in glycogen
accumulation, myolysis, alterations of the mitochondrial morphol-
ogy and a disorganization of the sarcoplasmic reticulum. These
ultrastructural changes, which have been extensively described in
a previous study [17], are highly comparable with the myolytic
events identified in our cardiomyocyte culture system.

Therefore, we performed alpha-sarcomeric actin immunostain-
ings on the same samples used in the previous study and com-
pared it to the described �SMA expression [17] at the same time
intervals. We did not find significant variations in �CA expression
between normal and pathological samples during 16 weeks of AF.
However, from 1 week of AF onwards an obvious re-expression of
�SKA was seen in some regions of the atrial myocardium, with
similar expression patterns being found during the subsequent 16
weeks of AF. Glycogen accumulation also gradually increased in

Protein Time-period of hibernating myocardium

Normal
myocardium

Early
changes

Late changes

� cardiac actin � � �/�

� skeletal actin � � �/�

� smooth muscle
actin [22]

� � �

Glycogen [19, 22] � � �

Cardiotin [22] � � �

Table 1 Time-related expression of proteins in human hibernating ven-
tricular myocardium

Table 2 Time-related expression of proteins during atrial fibrillation

Protein Time-period of atrial fibrillation (weeks)

0 1 2 4 8 16

� cardiac actin � � � � � �

� skeletal actin � � � � � �

� smooth muscle actin
[17]

� � � � � �

Glycogen � � � � � �

Cardiotin [17] � � � � � �
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the �SKA-positive cardiomyocytes. A gradual re-expression of
�SMA from 2 weeks of AF onwards has been described earlier to
result in increased staining after 8 weeks and 16 weeks [17].
Restoration of the sinus rhythm after 16 weeks of AF caused a
slow recovery from the structural remodelling and was accompa-
nied by a decrease in �SMA positivity from 4 months post-AF
onwards [47]. The re-expression of �SMA in cardiomyocytes with
a hibernating phenotype has also been observed in the left atrial
posterior wall of human patients with chronic AF [48]. Our data
combined with previous results suggest a reverse myofibrillogen-
esis process as indicated by the time-related re-expression of
�SKA followed by that of �SMA (see Table 2). The �SKA positiv-
ity in AF occurred only as diffuse aggregates without any struc-
tural organization into striated myofilaments and is similar to the
staining patterns observed in dedifferentiating ventricular car-
diomyocytes in vitro and in vivo. Since the reactivation of the
foetal cardiac gene program is also a characteristic feature of
hypertrophic cardiomyocytes during heart failure, the main 
distinction between hypertrophy and hibernation under these con-
ditions was made by the presence or absence of glycogen accu-
mulation in the respective pathologies [49]. The reason why in the
goat model also cardiomyocytes could be observed containing
large amounts of glycogen without expression of �SKA may be
that these cells were possibly in an end stage of dedifferentiation
and thereby had lost �SKA expression.

The presence of multiple �-actins appears to provide a diver-
sity in contractile properties that may be related to the physiolog-
ical demand at the level of the cell and tissue. A mutation in the
�CA gene of BALB/c adult mice revealed a correlation between the 

relative actin isoform content and cardiac function. Increased dis-
assembly of �CA-positive sarcomeres was compensated by ele-
vated expression of �SKA and increased contractile function [50].
�SKA up-regulation in dedifferentiating cardiomyocytes can there-
fore be regarded as an adaptation mechanism towards the
impaired contractile function and could serve as a scaffold for
rebuilding the sarcomeric structures during myofibrillogenesis.

Restoration of the blood flow by coronary artery bypass sur-
gery offers hibernating myocardium the opportunity to restore its
contractile function [22, 51]. However, there is often a delayed
recovery ascribed to the increased interstitial tissue or to the far
advanced stage of myolysis of the sarcomeric apparatus [52]. Due
to the early expression of �SKA, it can be hypothesized that the
level of �SKA is a useful determinant for the degree of dedifferen-
tiation in hibernating myocardium and an indicator for possible
redifferentiation.

Our results on �SKA re-expression in the myocardial dedif-
ferentiation models invite for further research into the mecha-
nisms regulating actin isoform expression and can contribute to
the additional understanding of myofilament assembly during
myofibrillogenesis.
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