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OBJECTIVE: To compare adult rat cardiomyocytes in primary cul-

ture for up to 28 days with those in primary culture for 10 days plus

up to 18 days in a coculture (CC) system. The phenomenon of

‘second-floor’ cells in primary cultures and the behaviour of CC

myocytes were studied over varying times with regard to protein con-

tent and attachment to underlying cells.

METHODS: Qualitative confocal microscopy and quantitation

using the Imaris program (Bitplane, Switzerland) for the measure-

ment of the fluorescence intensity in the confocal microscope were

used. The protein content of actin, myosin, desmin, tubulin, titin,

myomesin, cadherin and connexin was determined. Cell death was

evaluated using the terminal deoxynucleotidyl transferase-mediated

dUTP nick end labelling method for apoptosis and using propidium

iodide applied to unfixed cultures to detect necrosis.

RESULTS: Compared with controls, second-floor cells contained

only 14% of the actin and 4.9% of the tubulin at 10 days, whereas

these proteins were well preserved in CC cells. All other proteins

slowly declined in second-floor cells, whereas they were still present

in normal amounts in CC cells. Cell death was evident in second-

floor cells but absent in CC myocytes. Cellular attachment was

still evident through original in vivo adherens junctions in second-

floor cells but numerous newly developed cadherin- and connexin-

containing junctions were visible in CC cells. It appears from the

present study that second-floor cells are mummified dead cardio-

myocytes, whereas CC myocytes survive and start to dedifferentiate.

CONCLUSION: The absence of actin and tubulin, together with

nuclear changes, are indicators of loss of cell viability despite

preservation of the cells’ rod shape and cross-striation, as observed

in second-floor cells. In contrast, the establishment of a CC system

of cardiomyocytes results in survival and organization of a three-

dimensional cellular system, which may in the future be useful for

tissue engineering attempts for replacement of lost tissue after

myocardial infarction.
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After pioneering work several decades ago (1-4), adult
rat cardiomyocytes (ARC) in culture have become a

widely used model to study myofibrillogenesis, cell substrate
interactions, and cellular growth and adaptation under distinct
experimental circumstances (this topic has been previously
reviewed [5,6]).

The majority of ARC in long-term culture are character-
ized by the transition from an elongated rod-shape to polygonal
spreading cells with numerous extensions, accompanied by
dedifferentiation and redifferentiation processes (7-10).
Another phenotype of myocytes is one in which cells remain
small and rounded up, and where the cells will only spread at
very late stages after initiation in culture (10). A third type of
myocytes are those that do not attach to laminin-coated glass
or plastic. These myocytes have been defined as ‘second-floor’
cells because of their topography (11). Although they are well
known to other investigators (M Eppenberger, personal com-
munication) (12), they have not yet been fully studied and
their importance is unclear. However, the fact that these cells
may show a behaviour different from that of spreading
myocytes may be important under certain experimental condi-
tions. Furthermore, because of the current interest in cocultur-
ing cardiomyocytes with mesenchymal stem cells (13), bone
marrow stromal cells (14), skeletal myoblasts (15,16), fibro-
blasts (17) or endothelial progenitor cells (18), knowledge of
the behaviour of cardiac myocytes in a three-dimensional
culture is necessary.

Therefore, a morphological study that allowed for the
examination of each individual cell in the culture dish was car-
ried out to test the hypothesis that direct contact with the sub-
stratum is a prerequisite for adaptation, transformation and
survival of adult cardiomyocytes in culture. Attachment of
myocytes occurs by cell-matrix contact via the integrins (19-21),
but other factors, such as seeding density, serum concentra-
tion, type of glass or plastic and its coating, influence sur-
vival, adhesion and the course of dedifferentiation and
redifferentiation (4,10,22-24). From this, it is evident that
these second-floor cells (ie, cells not adhering to the glass sur-
face but to underlying myocytes) may show different biological
properties and viability. To test this, quantitative immunocyto-
chemistry using densitometry to determine myocyte protein
content and viability was applied to ARC in culture.

In a second step, the possibility was tested that myocytes
form direct cell-cell contacts when freshly isolated cells are
seeded on a layer of cardiomyocytes already in the state of
redifferentiation.

Therefore, the aim of the present study was to study the
physiological properties of second-floor cells in a primary cul-
ture and in a coculture (CC) system of cardiomyocytes, to
identify reliable indicators of myocyte viability, to determine
and compare the protein content of second-floor cells in pri-
mary cultures with those in a myocyte CC system, and to eval-
uate the mechanism of cell-cell contact formation without
interference from integrins.
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MATERIALS AND METHODS
Isolation and cultivation of myocytes
Freshly isolated ARC were prepared from seven-week-old male

Wistar rats, following standard methods. The animals were deeply

anesthetized with ether. After an injection of heparin (300 U/kg) into

the inferior vena cava, the heart was excised and the aorta was can-

nulated. The heart was perfused retrogradely with a Ca2+-free buffer

followed by perfusion with 0.03% collagenase (CLS 2, Worthington

Biochemical Corporation, USA) containing 0.004% pronase

(Boehringer, Germany), 0.005% trypsin (1:250, Sigma, Germany)

and 0.04 mM CaCl2 in perfusion buffer. After perfusion with collage-

nase solution for 20 min, the ventricles were minced in the above

mentioned collagenase solution containing 1.2% bovine serum albu-

min. After mincing, the myocytes were filtered through a nylon mesh

and centrifuged at 8 g for 3 min. The pellet was washed in perfusion

buffer containing 0.1 mM CaCl2. After separation with 33% Percoll

(Pharmacia, Germany) separation medium, the myocytes were

washed with perfusion buffer. Calcium was then added stepwise up to

a concentration of 1.0 mM. The cells were resuspended in medium

199 (Sigma) containing 5 mM creatine, 2 mM L-carnitine, 5 mM

taurine, 0.1 mM insulin, 10 mM cytosine beta-D-arabinofuranoside,

100 U/mL penicillin-streptomycin and 10% fetal calf serum.

Cardiomyocytes were plated on culture chamber slides (Nunc,

Germany) coated with 5 µg/mL laminin (Sigma) at 3×104 to

5×104 cells per well and incubated in a CO2 incubator at 37°C.

After 3 h, the medium was replaced with the same fresh medium,

and the cells were cultured up to 28 days.

Myocytes for the cocultures were isolated in the same way as

described above. They were added to 10-day-old primary cultures

and kept for a maximum of 18 days in coculture (ie, 28 days in total).

Fixation
At different time points, the cells were fixed in 4% freshly pre-

pared paraformaldehyde (PFA) and prepared for immunomorphol-

ogy as described below.

Propidium iodide for membrane integrity
Propidium iodide (PI) (Molecular Probes, Germany) was used as a

fluorescence marker for membrane integrity. Unfixed ARC were

incubated with PI (0.5 µg/mL in phosphate-buffered saline [PBS])

at room temperature for 30 min. After rinsing in PBS, cells were

fixed in 4% paraformaldehyde and counterstained with fluores-

cein isothiocyanate-labelled phalloidin (Sigma) for 30 min to

visualize the morphology of the contractile apparatus. Directly

after mounting the culture plates with Mowiol (Hoechst,

Germany), microscopic evaluation was performed to prevent

fading of PI labelling.

Apoptosis
The ApoTag in situ apoptosis detection kit (Amersham,

Germany) was used. Visualization of apoptotic cells was performed

using an antidigoxigenin antibody conjugated with fluorescein

isothiocyanate. One negative control for each culture was pre-

pared and incubated in the absence of the enzyme terminal

deoxynucleotidyl transferase. For a positive control, the myocytes

were digested with 1 µg DNase-1 per millilitre of DNase buffer

(Sigma) for 10 min.

Immunofluorescence
Cultured ARC were fixed in 4% PBS for 15 min, and permeabi-

lized for 15 min in 0.05% Triton X (Sigma) in PBS. To ensure the

total penetration of the fluorescent markers, the incubation of

the primary and secondary antibody was carried out at 4°C in a

moist chamber for 24 h using PBS with 0.005% Triton X.

Incubation with Cy2-labelled streptavidin (Dianova, Germany)

was performed at room temperature for 4 h. Between the incuba-

tions, unbound ligands were removed during three 3 min rinsing

steps in PBS. 

The different antibodies are shown in Table 1. For secondary

and tertiary antibodies, antimouse biotin (Dianova) and Cy2-

coupled streptavidin (Dianova) were used, respectively. Nuclei

were stained red with 0.002% 7-aminoactinomycin D (Molecular

Probes) for 30 min. After the last rinsing steps, the culture cham-

ber slides were mounted with coverglasses using Mowiol. Cells

were stored for another 12 h at 4°C in the dark to allow polymer-

ization of the Mowiol. Omission of the primary antibody was per-

formed as a negative control to observe unspecific labelling of the

detection system.

Electron microscopy
Myocytes were fixed overnight with 3% glutaraldehyde in 0.1 M

cacodylate buffer (pH 7.4) and embedded in Epon (Boehringer)

following routine procedures. Semithin sections were stained

with toluidine blue and viewed using a LEICA DM microscope

(Leica Microsystems, Germany). Ultrathin sections were per-

formed on a Reichert-Jung Ultracut E (Leica Microsystems) in

different directions: in parallel or on a right angle to the sub-

strate, or on the longitudinal axis of a particular myocyte.

Sections were stained with uranyl acetate and lead citrate, and

viewed and photographically recorded using a Philips CM 10

electron microscope (Philips Research Technologies, The

Netherlands).

Confocal microscopy, image processing and intensity
measurements
The imaging system consisted of a Leitz DM RBE fluorescence

microscope, a Leica TCS 4D confocal scanner with an argon-

krypton laser (Leica Microsystems) and a Motorola workstation

TABLE 1
Antibodies used in the present study

Primary
antibody Clone Source Antigen

Beta-tubulin Tub 2.1 Sigma (Germany) Rat brain tubulin

Titin T 12 Boehringer Titin from chicken

(Germany) skeletal muscle

Myosin CCM52 Kind gift from MHC from chicken

Dr Decker embryo heart

Myomesin B4 Kind gift from Myomesin from

Drs Perriard and cell culture

Eppenberger

Desmin DEU-10 Sigma (Germany) Desmin from pig

stomach

Alpha-actinin EA-53 Sigma (Germany) Alpha-actinin from 

rabbit skeletal 

muscle

N-Cadherin GC-4 Sigma (Germany) N-Cadherin from 

chicken heart

Desmoplakin DP 1&2-2.15 Boehringer Desmoplakin from

(Germany) bovine epidermins

Connexin 43 1E9 Biotrend (Germany) Oligopeptide (amino

acids 252 to 270

of rat connexin 43)

MHC Myosin heavy chain 
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(Motorola, Germany) for image recording. After data acquisition,

the confocal series were transferred to a Silicon Graphics work-

station (Silicon Graphics Inc, USA). Further restoration,

three-dimensional visualization and archiving of the confocal

images were performed using Imaris and Selima, respectively

(Bitplane, Switzerland).

For quantification of the fluorescence, a volume of interest

(VOI) was defined in a certain myocyte by using the section

mode of Imaris to control the heterogenous distribution of the

fluorescence labelling. VOI represents the number of voxels in

the xy- and z-dimension, where size and resolution depends on

the magnification, the numeral aperture of the objective lens

and the number of layers defined at the time of confocal data

acquisition. Data were expressed as arbitrary units obtained after

calibration and the establishment of a brightness curve including

256 levels of intensity.

RESULTS
Second-floor cells
Morphological appearance: Figure 1 shows the typical appear-
ance of a second-floor cell, which is rod-shaped and cross-
striated. This cell is situated on top of a spreading cell that
shows dedifferentiation. From the upside down projection
shown in Figure 1B, it is evident that no contact with the glass
exists for the cross-striated cell.

At early stages of cocultivation at 10 days plus 3 h, the
appearance of the cardiomyocytes is heterogeneous (Figure 2).
Cells attached to the glass show loss of cross-striation and the
beginning of spreading, whereas cells located on attached
myocytes show the typical second-floor appearance. The pro-
tein content of individual cells, depicted in the small graphs of
Figure 2, was different from one cell to another; the spreading
cells contained more alpha-actinin than actin, the second-
floor cells contained much more alpha-actinin than actin, and
the freshly added myocyte exhibited the highest actin content.
In all measurements, the values obtained from this type of cell
served as control or 100%. This is demonstrated in Figure 3. As
an example, actin at 10 days was only 14% of control and tubu-
lin was 4.9%, whereas alpha-actinin was 250%.

At late stages (ie, 28 days in culture), the difference in
protein content was even more pronounced. The second-floor

Adult rat cardiomyocytes in culture
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Figure 1) Typical appearance of a ‘second-floor’ cell situated on a
spreading myocyte. Ten days in culture. Shadow projection: Red repre-
sents actin and green represents alpha-actinin. Note the rod shape and
distinct cross-striation of the second-floor cardiomyocyte, whereas the
spreading cell is in the phase of dedifferentiation and contains a small
amount of alpha-actinin and much more actin. A View from above.
B View from the bottom

Figure 2) Cardiomyocytes in culture at day 10 plus 3 h coculture.
Shadow projection: Green represents alpha-actinin and red represents
actin. (Cell 1) Spreading cells contain both actin and alpha-actinin, but
more of the latter (histogram). (Cell 2) ‘Second-floor’ cells show only
a small amount of actin but are strongly positive for alpha-actinin. (Cell 3)
Cell was added at day 10 and shows plenty of actin; these cells served
as a control for all measurements. The corresponding coloured boxes
show the volume of interest (VOI) in section mode, with the corre-
sponding xz-plane (below) and the yz-plane (right). The histograms
(ordinate: brightness of fluorescence; abscissa: number of pixels) show
the quantitative evaluation (red represents actin and green represents
alpha-actinin)
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Figure 3) Quantitative evaluation of the brightness of fluorescence at
varying times (in per cent of control [control defined as 100%]).
Measurements were carried out in ‘second-floor’ cells and cocultured
cells served as controls (see Figure 2). Note that actin and tubulin show
a steep decrease, while all other proteins with the exception of alpha-
actinin show a late decline. The significant increase in alpha-actinin flu-
orescence intensity may not reflect the true amount of the protein but
the fact that more alpha-actinin epitopes are accessible for the antibody,
because the actin rapidly disappears (bare Z-line)
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cells showed preserved rod shape and intact cross-striation
(myomesin), whereas the underlying spreading cells contained
a small amount of actin and almost no myomesin (Figure 4A).
Another example is shown in Figure 4B, where the second-
floor cells were almost devoid of tubulin and actin, but alpha-
actinin was still preserved. Figure 4C shows that these
differences in protein content correspond with the ultrastruc-
tural appearance of the cells; the spreading cell at the bottom
is dedifferentiating with intact mitochondria, whereas the
second-floor cell on top shows partially destroyed sarcomeres
and mitochondria, which is typical of necrosis.

From these observations, it becomes evident that second-
floor cells are devoid of actin and tubulin very early, whereas
all other proteins measured decreased very slowly over time,
and alpha-actinin seemed to even increase and only fell at very
late stages. The time courses of these observations were quan-
tified as summarized in Figure 3.
The problem of cell attachment: Second-floor cells may be
regarded as primarily intact cells that are situated by chance on
the myocytes attached to the laminin-coated glass and that are

not washed away because they stick to the underlying cell.
Stickiness may be caused by still existing intercalated disc con-
nections to the underlying cell (Figures 5A and 5D) or by
mechanical engulfment of the second-floor cells by underlying
spreading myocytes (Figure 5B). Figure 5C shows the appearance
of cell arrangement in the light microscope. Second-floor cells
still contained their original cadherin and connexin content and
adhesion plaques (Figure 5D), which were being lost slowly over
time – comparable with the loss of desmin or titin (Figure 3).
Viability of second-floor cells: After isolation, the second-
floor cells appeared to be normal for the first 48 h. However,
between 72 h and 96 h, many cells were either positive for the
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labelling reaction, indicating apoptosis (Figure 6A), or
myocytes showed uptake of PI, indicating necrosis accompa-
nied by leakage of the sarcolemma (Figures 6B and 6C), which
corresponds to the appearance of the nucleus on electron
microscopy. Finally, numerous cells showed the absence of
nuclei (Figures 6F and 6G). From these findings, it was con-
cluded that second-floor cells, despite their apparently normal
cross-striation for alpha-actinin, and their still preserved rod
shape, are dead cells. However, markers for the loss of viability
are not only nuclear changes, but also the significant and early
loss of actin and tubulin. The term ‘mummified’ cells seems to
be justified to describe these cells.

CC experiments
To test the hypothesis that second-floor cells are already dam-
aged cells, and therefore are doomed to die, freshly isolated
cells (CC cells) were added to already spreading cells, that is, a
CC system was used to study the behaviour of these cells by
comparing them with second-floor cells.

Hein et al
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Figure 5) Different modes of attachment of ‘second-floor’ cells to
underlying spreading myocytes. Red represents actin and green repre-
sents alpha-actinin. A Shadow projection. The second-floor cell is
attached with only a small tip of its cytoplasm to the underlying cell
(top left corner). B Shadow projection. Attachment by engulfment of
one second-floor cell by spreading myocytes. C Light microscopy of
semithin sections shows the typical localization of a second-floor cell on
a healthy, dedifferentiating cardiomyocyte (original magnification ×400).
D Electron micrograph showing still existing attachment points between
two myocytes (arrows), one living (bottom) and one dead (top) (origi-
nal magnification ×39,000)

Figure 4) Different protein composition of ‘second-floor’ cells compared
with the underlying cardiomyocytes at 21 days of culture. Red repre-
sents actin and green represents tubulin in (A) and myomesin in (B).
A Section mode. The second-floor cell is situated in the centre and barely
visible because of the lack of actin and tubulin. The presence of a rod-
shaped cell becomes more distinct in the xz-plane (below) in the centre of
the micrograph. B Shadow projection. The rod-shaped second-floor cell
shows intact cross-striation with intense alpha-actinin staining in green.
C Electron microscopy. Different stages of preservation of myocytes.
Bottom: Living cell in the state of dedifferentiation. Top: Necrotic second-
floor cell (original magnification ×24,000)
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Morphological appearance, attachment and viability: The
CC cells were of normal appearance at early stages of coculture
and they showed a rounded-up shape typical of spreading cells
after three days (Figures 1, and 7A and 7B). As time pro-
gressed, it was evident that actin and tubulin remained present
in CC cells, indicating viability (Figures 7B to 7D). Spreading
in CC cells continued, although to a lesser extent than that
observed in the underlying cell layer. Attachment to underly-
ing cells occurred via newly formed connections containing
cadherin and connexin (Figures 7D and 7F). These involved
both cell layers, that is, the cells formed junctions with each
other and with underlying cells wherever they made contact.

Markers for viability (ie, the presence of actin and tubulin)
were positive, and apoptosis and necrosis were absent.

It was concluded that CC cells are living cells with the
potential to survive in a three-dimensional, artificial in vitro
system for at least 18 days.

DISCUSSION
Quantification of fluorescence
The present study reports the use of the Imaris program for
the measurement of fluorescence intensity (FI) in cardio-
myocytes being examined with confocal microscopy (8). This
method allows for multiple determination of FI in small well-
defined volumes (VOI) in single cells, whereby a comparison

of different cellular regions is possible. In addition, this method
permits the comparison of FI from different cells for the same
proteins, and allows conclusions to be made about the functional
state and the viability of cells, as discussed below. Furthermore,
one of the major advantages of this quantitative method is the
possibility of detecting low FI values, and examining these values
in correlation with the predominant fluorescence.

The prerequisite for using this method is the acquisition
and transmission of confocal data sets under strictly defined,

Adult rat cardiomyocytes in culture
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Figure 6) Cell death in ‘second-floor’ cells. A A positive terminal
deoxynucleotidyl transferase-mediated dUTP nick end labelling reaction
indicating apoptosis in the two nuclei of a second-floor cell at an early
stage (72 h) in culture. Red represents actin. B Uptake of propidium
iodide indicating necrosis of a second-floor cell. Red represents pro-
pidium iodide and green represents actin. C By reduction of the laser
intensity in the confocal microscope, it became evident that the second
nucleus was already fading. D Electron microscopy confirms the
necrotic appearance of the nucleus (original magnification
×24,000). E Shadow projection. Absence of nuclei in a rod-shaped,
cross-striated second-floor cell. The underlying spreading cell contains
two intact nuclei. F This is more distinct in a section-mode presenta-
tion, where the xz-plane (below) and the yz-plane (right) clearly show
the unstained nuclear region in the centre of the cell Figure 7) Coculture (CC) of cardiomyocytes. Green represents tubu-

lin and red represents actin. Shadow projection. A At 10 plus three
days of CC, the underlying spreading cells show an intense tubulin net-
work and smaller amounts of actin (cells marked ‘1’), whereas the
myocytes on top are rounded-up and contain large amounts of actin
(cells marked ‘2’). Note the necrotic cells from the first culture (cells
marked ‘3’). B The higher magnification of cells at 10 plus three days
of CC shows that actin and tubulin are present and the CC cell shows
size and shape transformation. C At 10 plus five days of CC, these
transformations are more evident than at 13 days. D At 10 plus 18 days
of CC, the CC cell has spread and contains actin and tubulin (ie, it is
viable). E Section mode. Red represents actin and green represents con-
nexin 43. At 10 plus one day of CC, CC cells show slight rounding up
at the ends, a strong actin labelling and a specific expression of con-
nexin 43 at the crossing point, which is more obvious in the xz-plane
(below) and the yz-plane (right). F Section mode. Red represents actin
and green represents cadherin. At 10 plus three days of CC, the CC cell
shows rounding up and multiple cadherin-containing connection points
with the underlying cell
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standardized conditions. In the confocal microscope, the laser
power, the size of the pinhole, the voltage and the deviations
in the Z-level must be fixed in their dimensions and have to
remain unchanged during the confocal data set acquisition.
Another essential step is a standardized staining procedure,
which requires identical antibody concentrations, permeation
procedures and the use of the same secondary detection system.
When used properly with all precautions taken, this method is
accurate and precise in providing data of individual cells or a
group of cells.

Second-floor cells in primary cultures
The occurrence of so-called second-floor cells in long-term cul-
tures of ARC is described in the present report. Approximately
up to 2% of all cells maintained their original cylindrical
shape, did not participate in the processes of dedifferentiation
and redifferentiation (1,25,26) and adhered strongly to under-
lying healthy myocytes. These myocytes preserved their cross-
striation for proteins of the sarcomeric skeleton, including
myomesin, alpha-actinin and titin, desmin and the membrane-
associated proteins vinculin, dystrophin and talin, but they
lacked tubulin. The contractile protein actin was significantly
reduced, whereas myosin labelling was present.

FI measurements revealed that the actin content was
reduced compared with normal cells, and that tubulin was vir-
tually absent. Unfixed second-floor cells took up PI, indicating
leakage of the sarcolemma and necrosis, or they were posi-
tive for DNA fragmentation, indicating apoptosis. Electron
microscopy confirmed these findings.

There was no evidence of new formation of intercalated
disc components connecting the second-floor cells with under-
lying cardiomyocytes, but the original cadherin or connexin
molecules were still visible. It appears that the second-floor
cells, despite their preserved cross-striation for alpha-actinin,
myomesin or other proteins, are mummified dead cells. They
are kept on top of the cultured cells either by still remaining
cell-cell contacts to underlying spreading myocytes or by
engulfment by spreading myocytes through a mechanism still
unknown. It was concluded from this part of the study that
myocytes need contact with the substratum (eg, laminin-coated
culture dishes) to survive. Consecutively, this hypothesis was
tested in the CC system.

Myocyte viability
Several methods have been recommended for the determina-
tion of myocyte viability (for an overview, see previous work by
our group [27,28]). Even now, with the availability of immuno-
logical or molecular markers for the identification of cell
death, electron microscopy is still the absolute gold standard
because typical ultrastructural alterations of nuclei, mitochon-
dria and the cell membrane can be easily and doubtlessly iden-
tified. In our experience, exclusion of trypan blue seems to be
unreliable and does not provide a clear-cut, yes-or-no answer
(26,29). The uptake of PI, on the other hand, indicates leaky
membranes and cell death (30). Changes of several other differ-
ent proteins have been implicated in the diagnosis of cell dam-
age. Jennings and coworkers (31) reported that vinculin
disappeared at an early time point of ischemic tissue injury and
thereby offered an explanation for the appearance of blebs in
injured myocytes. However, in our experience, vinculin seems
to be a protein that is somewhat resistant to ischemic injury
(32). As described below, strong labelling of alpha-actinin in

a cross-striation pattern is not necessarily a reliable parameter
of cell viability, as was reported earlier (33). Our group has
observed that the sensitivity to ischemia is most pronounced in
myosin and tubulin (32). However, most of the studies cited
here were carried out in myocardial tissue but not in isolated or
cultured cells, and often by the use of polyclonal antibodies
with a high and unspecific background staining pattern.
Although these methods probably allow conclusions to be
made about the ischemic tolerance of cardiac proteins, they do
not permit a clear-cut diagnosis of cell death.

Using quantitative confocal microscopy and the compari-
son of the structural appearance of the cells by electron
microscopy, it was possible to define changes in two proteins
that indicated a loss of cellular viability; specifically, the disap-
pearance of tubulin and the significant reduction of the actin
content were reliable signs that the myocytes suffered severe
injury and were no longer viable. This was evident in the
second-floor cells in primary cultures, as confirmed by electron
microscopy and PI uptake. The alpha and beta heterodimers of
tubulin, with a molecular weight of 55 kDa each, polymerize
and form microtubuli that show an extremely fast turnover of
approximately 10 min by polymerization at the plus-end and
degradation at the minus-end (34). However, the molecule
itself shows a half-life of approximately 24 h. The disappear-
ance of tubulin is caused by either a higher rate of degradation
or a slower rate of polymerization, or both (ie, an imbalance
between synthesis and breakdown). The antibody used in the
present study detects the presence of beta-tubulin. Because the
staining pattern for alpha-tubulin is similar and its disappear-
ance due to injury and cell death is identical, it is sufficient to
stain for only one of the two heterodimers.

Tubulin and desmin are the major components of the
cytoskeleton in myocytes (35). The fact that tubulin disap-
pears in ischemic canine myocardium has been described by
Iwai et al (36), and Ganote and Vander Heide (37) reported
that vinculin and alpha-actinin showed diminished staining
after prolonged ischemia, whereas the cytoskeletal component
desmin remained relatively unchanged. The role of the
cytoskeleton in myocardial injury is still not entirely clear, as
pointed out by Ganote and Armstrong in a comprehensive
review (38). Our group reported that tubulin in myocytes is
sensitive to ischemic injury but that it persisted in vascular
structures (32). Another study showed that adult cardiomyo-
cytes were unable to spread in the absence of microtubules or
microfilaments (39), which confirmed our own findings (40).

Compared with control, the actin content was reduced in
cells lacking tubulin, which is in accordance with Rothen-
Rutishauser et al (39), who showed the lack of sarcomerogen-
esis in cells lacking microfilaments (39). The degradation of
the thin filament complex has been reported in globally
ischemic rat hearts using Western blot (41), but quantitative
confocal data are lacking. The present work is the first to
report such changes in myocytes on both qualitative and quan-
titative levels.

Myocytes in a CC system
When freshly isolated cardiomyocytes were added to cells
already 10 days in culture, they adhered strongly to the already
spreading cells. In contrast to the mummified second-floor
cells, which were also evident in this culture, the newly added
cells formed cell-cell contacts by expressing cadherin, desmo-
plakin and, in a later stage, connexins that appeared on electron
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microscopy as intercalated disc-like structures. Connections
could be formed between newly added myocytes or with the
spreading underlying cells. These junctional proteins were
apparent in any part of the sarcolemma wherever contact was
established, indicating that a site of predetermination for the
formation of the intercalated disc is nonexistent in these
three-dimensional cultures. The cause for this phenomenon
may be the lack of a directed tension on these quiescent non-
contracting myocytes (42).

These newly added cells started to spread after a few days in
culture but spreading was somewhat limited and did not reach
the dimensions of the underlying cardiomyocytes. Actin and
tubulin were preserved in these cells, even at later stages, and
these cardiomyocytes were fully viable cells. In general, these
findings indicate that myocytes can directly attach to other
myocytes by segmental specialization of the sarcolemma,
which is facilitated because isolated cardiomyocytes are free of
any glycocalix material.

In contrast to these cocultured ARC, second-floor cells are
mummified cells. Second-floor cells die very quickly after only
a few hours in culture, retaining their original shape and cross-
striation, whereas myocytes added to an already existing cul-
ture of cardiomyocytes survive and start to dedifferentiate.
There are different possible explanations for this varying
behaviour. First, cardiomyocytes in culture for 10 days are

adapted to this situation, they spread and resynthesize contrac-
tile and cytoskeletal as well as junctional proteins, and there-
fore, they may provide a better environment for newly added
cells attempting to attach. Second, these adapted cardio-
myocytes may secrete survival-promoting growth factors and
cytokines as a conditioned medium, similar to other cell cul-
tures, especially endothelial cells.

The fact that myocytes survive and undergo remodelling
resulting in a three-dimensional structure may be useful for
establishing cell grafts for the treatment of myocyte loss due to
myocardial infarction. It may be possible that by using tissue
engineering techniques, groups of cells may be cultivated in
large numbers and transplanted into endangered regions such
as the border zone of infarcts (33,43).

CONCLUSION
A small number of mummified myocytes can be observed in
the cardiomyocyte cell culture system. The absence of actin
and tubulin, together with nuclear changes, are indicators of
the loss of cell viability, despite preservation of their rod-shape
and cross-striation. On the other hand, the addition of isolated
myocytes to cardiac cells already in culture results in survival
and the organization of a three-dimensional cellular system,
which may in the future be useful for replacement of dead tis-
sue in the myocardium.

Adult rat cardiomyocytes in culture
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