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SUMMARY
An essential role of titin as a molecular ruler in
sarcomerogenesis has been frequently discussed. In this
study, we tested the hypothesis that the expression of
titin is a prerequisite for thick filament incorporation
into sarcomeres by using an antisense oligonucleotide
approach to interfere with titin translation in the de-/
redifferentiation model of adult rat cardiomyocytes (ARC)
in long-term culture. As a first step, the growth pattern
ranging from rod shape to round and later to spreading
cells and the cell surface area of ARC were quantitatively
evaluated and standardized. This represents the basis for
experiments interfering with sarcomere formation using
three different antisense phosphorothioate oligonucleotides
(S-ODN) at a dosage of 10 µM specific for titin mRNA.
Presence of fluorescein labeled S-ODN in ARC indicated
cellular uptake and both, antisense and random S-ODN,

induced a significant increase in cell size as compared with
control untreated ARC. At days 12 and 16 in culture,
antisense S-ODN treatment resulted in reduced expression
of titin and disturbance of myosin incorporation into
sarcomeres, evident by diffuse myosin labeling and a
significantly decreased area of regular myosin crossstriation (control 75%, day 12 S-ODN 20%, day 16 14%)
shown by laser scanning confocal microscopy. Cellular
integrity indicated by presence of α-actinin was not
disturbed. These findings provide evidence for the role of
titin as a template for myosin incorporation and therefore
as a prerequisite for sarcomerogenesis.

INTRODUCTION

filament (Bennett and Gautel, 1996; Labeit et al., 1992; Labeit
and Kolmerer, 1995). Also, the early expression of titin may
point towards contributions during myogenesis as a molecular
blueprint for the sarcomeric layout, thereby directing the
sequential events in sarcomere assembly (Fulton and Isaacs,
1991; Gregorio et al., 1999; Tokuyasu and Maher, 1987;
Turnacioglu et al., 1997; Wang et al., 1988). Finally, titin has
been implicated in determining chromosomal structure and
elasticity, as well as specifying myosin II assemblies in nonmuscle cells (Eilertsen et al., 1994; Machado et al., 1998).
Studies in failing human hearts with dilated cardiomyopathy
show numerous morphological changes including degenerative
alterations, lack of contractile elements and marked
disorganization and reduction of titin. These changes suggest
that defects or a lack of titin leads not only to decreased
elastic properties of the sarcomere but also to disturbances in
sarcomerogenesis (Hein et al., 1994).
The next logical step is to test the role of titin in living cells.
Recently, we postulated that the expression of titin is the
prerequisite for myosin incorporation into sarcomeres in
cultured ARC (Person et al., 1999). To elucidate this
hypothesis, we used an antisense approach to inhibit titin
translation in ARC in long-term culture. This model has been

Titin, also called connectin (Maruyama et al., 1977; Wang et
al., 1979), with a molecular mass of 3-3.7 MDa and a length
of 1 µm is the largest polypeptide so far discovered. It is the
third most abundant protein (8-10%) after myosin (43%) and
actin (22%) in striated muscle (Yates and Greaser, 1983) and
spans from the Z- to the M-line of each sarcomere directly
interacting with several A-band proteins like myosin and
myosin-associated proteins (Labeit et al., 1992; Obermann et
al., 1997).
Titin has been implicated in a large variety of diverse
functions (reviewed by Trinick and Tskhovrebova, 1999). To
date, the contribution of titin to passive tension generation
because of its elastic I-band segment appears to be well
established (Helmes et al., 1999; Horowits, 1992; Linke et al.,
1998). It has been speculated that titin acts as a structural
template for thick filament assembly because titin and the
myosin tail contain substructures with similar periodicities
(Whiting et al., 1989). Subsequently, it was shown that the Aband region of titin contains immunoglobulin (Ig)-like and
fibronectin-3 (Fn3)-like domains which are arranged in regular
patterns in correlation with the ultrastructure of the thick
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shown to be a suitable in vitro system to study
sarcomerogenesis. Cells undergo a complex dedifferentiation
(with a loss of sarcomeres resulting in quiescent cells) and
redifferentiation process with de novo myofibrillogenesis and
renewed contraction (for review see Mitcheson et al., 1998).
In the present study, we used three different antisense
phosphorothioate oligonucleotides (S-ODN) specific for titin
mRNA. We provide evidence that these S-ODN are taken up
by ARC and that they have a significant effect on the spatial
arrangement of myosin filaments into sarcomeres implying a
role for titin as a prerequisite in the sarcomerogenesis process.

MATERIALS AND METHODS

chosen, i.e. 3600 cells per culture. Values were expressed as
percentage of total cell number.
Antisense inhibition approach
Evaluation of the dose-effect relationship of antisense S-ODN
revealed that 10 µmol S-ODN every 48 hours caused the most
significant effects on ARC including considerably decreased titin
labeling and altered thick filament formation and as well ensured
long-term survival of cells exposed to this dosage. Lower dosages
were less effective concerning the endpoint of this study. Dosages
higher than 10 µMol showed poisoning effects evident in formation
of numerous cellular vacuoles and decreased survival time. Toxic
effects at higher dosages were also present with random S-ODN.
Therefore, a dosage of 10 µmol S-ODN was chosen for all
experiments.

Cellular uptake
Isolation and culture of ARC
Fluorescein labeled S-ODN (5′ labeled FITC-S-ODN) were directly
added to the medium. ARC exposed to these S-ODN were stained for
Hearts of deeply anesthetized (diethyl ether) 8-10 week old Wistar
titin, myosin, and α-actinin. Cells showing fluorescent signals
rats were excised and perfused retrogradely in a Langendorff system.
intracellularly were counted in the microscope.
Perfusion was performed at 37°C with a gas of 95% O2/5% CO2
supplied to the system. For the first 5 minutes, a Ca2+-free perfusion
Oligonucleotides
buffer (pH 7.4) containing 110 mM NaCl, 2.6 mM KCl, 1.2 mM
In three consecutive cultures, we tested three antisense S-ODN, which
MgSO4, 1.2 mM KH2PO4, 11 mM glucose and 10 mM HEPES was
are complementary to titin mRNA and anneal to two different regions
used to wash out the blood. As soon as the eluate became clear, the
of the transcript. Rat titin cDNA sequences for the central I-band
heart was perfused for 20 minutes with a collagenase solution
region were isolated from a rat skeletal muscle library (Clontech,
that consists of perfusion buffer with 0.03% collagenase (CLS 2,
RL3003b). A 1086 bp fragment has been deposited in EMBL data
Worthington
Biochemical
Corporation),
0.004%
pronase
library under accession AJ401157, from which S-ODN I and II are
(Boehringer), 0.005% trypsin (Sigma) and 0.04 mM CaCl2. The heart
derived. These two 21mers with average GC-content were chosen
was then taken off the system and the atria were removed. The
from the N2B-flanking region of the central I-band: antisense S-ODN
ventricles were minced and the cut pieces were added to the
I: 5′-AGG TGA ATT TGG CTA GGT GGC-3′ and antisense S-ODN
collagenase solution containing 1.2% BSA (Sigma) for further
II: 5′-GTA AGT TCC TTC GTC CTC AGG-3′. The annotations to
digestion, 5 minutes at 37°C. After filtration through a nylon mesh,
AJ401157 indicate the location of the partial rat cDNA within the Ithe cells were centrifuged at 220 rpm for 3 minutes. The pellet
band titin and allow to align AJ401157 rapidly to the human titin
was washed in perfusion buffer containing 0.1 mM CaCl2 and
sequences x90568 and x90569 (Labeit and Kolmerer, 1995). The
subsequently separated by a 33% Percoll (AmershamPharmacia
fragment is coding for the Ig domains I15-I27 described by Freiburg
Biotech AB) gradient. Calcium was added in three increments until a
et al. (Freiburg et al., 2000). Antisense S-ODN I corresponds to the
final concentration of 1.0 mM was reached. The cardiomyocytes were
Ig domain I27 and antisense S-ODN II to I15. A third antisense
resuspended in culture medium (Medium 199, Sigma) enriched with
S-ODN to the rat titin was designed from EMBL data library:
5 mM creatine, 2 mM L-carnitine, 5 mM taurine, 0.1 mM insulin, 10
Accession L 38717 (Jin, 1995). ODN AS III: 5′-GAC CGT TGC
mM cytosine arabinoside, 100 IU/ml penicillin/streptomycin and 10%
AGG GGC AGA CAT-3′ codes for Ig/FN3 domains within the A-Ifetal calf serum (all reagents purchased from Sigma). Cells were
junction region of titin (Fig. 1).
plated on 8-well chamber slides (Labtec, Nunc®) coated with 25
µg/ml laminin (Bekton Dickinson) in a concentration of
2×104 cells/well and kept in a 95% O2/5% CO2-incubator at
Z
I
A
I
Z
37°C. After 3 hours, the medium was replaced with fresh
culture medium. Further medium changes were carried out
M
every two days for long-term cultures. The method for
α -actinin
myomesin
evaluating cell cultures was to quantify the different cell
phenotypes using immunocytochemistry and laser scanning
myosin
confocal microscopy as described below.
Analysis of ARC growth pattern in long-term
culture
ARC of three consecutive cultures were incubated for 28
days as described above. At nine different time points, ARC
were harvested, double-stained for F-actin with TRITC
conjugated phalloidin to reveal total cellular area and αactinin, myosin, titin or myomesin to show sarcomeric
integrity and investigated with laser scanning confocal
microscopy. Cells were divided into following groups
according to their shapes and sizes: rod-shaped, rounded and
cells with total cellular areas of 500-6000 µm2, 6001-12000
µm2 and >12000 µm2 (LEICA SCANware 05.1b software
for determination of cellular surfaces). Of each of the
four stainings and for every time point, at least 100
cardiomyocytes were counted in 10 fields of vision randomly

actin
N2B
PEVK
z1z2

titin
T42

S-ODN III
S-ODN II
S-ODN I

Fig. 1. Structure of a sarcomere. Schematic drawing of a half-sarcomere in
which the proteins investigated are registered. T42 and z1z2 are both titin
antibodies from different epitopes. Furthermore, the main parts of titin are
shown: A-band titin and the elastic I-band region with two of its unique
sequences, the N2B and PEVK regions. The antisense oligonucleotides
S-ODN I-III are listed at their positions where they presumably inhibit
translation. S-ODN I and II flank the N2B region, S-ODN III is located at the
A-I-junction.
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Table 1. Protocol of S-ODN treatment
Day
Med. change*
10 µmol S-ODN
Investigation

0

3h
×

1

2
×

3

4

5

6

×
×

7
×
×

8

9

10

×
×

×

11
×
×

12

×

13

14

×
×

15
×
×

16

×

*Med. change, medium change.

Cells of one isolation were divided into three groups to separately
investigate the effects of these different S-ODN. They were cultured
according to the scheme in Table 1 and S-ODN were directly added
to the culture medium. Cells either treated with random S-ODN (RD
I, II or III) or untreated cells served as controls. Random S-ODN were
composed of the same base composition like the antisense S-ODN,
but in a random order. ARC were stained for titin, myosin, α-actinin,
and for F-actin using phalloidin.
Quantitative analysis of S-ODN effects
Incorporation of myosin filaments in sarcomeres results in a regular
cross-stration pattern. Inhibition of the incorporation process by
antisense S-ODN was the endpoint of the present study. Therefore,
the area of myosin cross-striation was determined as percentage of
the whole cellular area of 40 cells of each group (either antisense SODN treated, random S-ODN treated or untreated cells) on day 12
and 16 was determined. Ten fields of vision (objective ×40) were
randomly chosen and 4 cells in each field fulfilling our criteria
(spread >1000 µm2, phalloidin (F-actin) positive, presence of
myosin in cross-striated pattern) were investigated using LEICA
SCANware 05.1b software. The results of the different groups were
compared.
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde (Merck) for 5 minutes
and permeabilized for 25 minutes by using 0.05% Triton-X (Sigma)
in PBS, followed by 15 minutes of 0.1% BSA. Furthermore,
cardiomyocytes were exposed to the first antibody for 18 hours at
4°C (Table 2), to the second antibody for 3 hours and in the case
of biotinylated secondary antibodies to Cy-2 conjugated
streptavidin for 2 hours, all at room temperature. In the experiment
using 5′ labeled FITC-S-ODN, cells were incubated with primary
antibodies from mice or rabbits (Table 2) followed by goat antimouse antiserum conjugated with rhodamine (Jackson
ImmunoResearch) or donkey anti-rabbit antiserum conjugated with
Cy-3 (Chemicon). In double-labeling experiments, TRITCconjugated phalloidin (Sigma) for F-actin staining was used
simultaneously with the second antibody, which was either
biotinylated donkey anti-mouse or donkey anti-rabbit antisera
(Dianova) followed by Cy-2-conjugated streptavidin (Rockland).
Between all steps, cells were washed 3 times for 3 minutes with
PBS (pH 7.4). Slides were mounted with Mowiol (Hoechst).
Omission of the primary antibody served as negative control for this
technique.
Confocal microscopy
Cells were examined using laser scanning confocal microscopy
(LEICA TCS 4D or LEICA TCS SP). Series of confocal sections (0.51 µm interval) were taken through the cardiomyocytes for consecutive
three-dimensional reconstruction at a Silicon Graphics Indy
workstation using 3-D multichannel image processing software
‘Imaris’ (Bitplane).
Statistical analysis
Analysis of the data was performed using either ANOVA and
subsequent Bonferroni’s Multiple Comparison Test or Kruskal-Wallis
Test with subsequent multiple comparisons by Dunn’s Test.
Differences between groups were considered significant at P<0.05.

Table 2. Primary antibodies
Name

Clone

Host

Conc* Company

α-Actinin
Titin
Titin
Myomesin
Myosin

EA-53
T42
Anti-Z1-Z2
B4
NOQ7.5.4D

Mouse
Mouse
Rabbit
Mouse
Mouse

1:200
1:5
1:10
1:5
1:250

Sigma
Provided by Prof. Fürst
Provided by Prof. Labeit
Provided by Prof. Eppenberger
Sigma

*Conc, concentration.

RESULTS
Analysis of ARC growth and sarcomeric pattern in
culture
Quantitative analysis of ARC growth
As established in the present study, as well as in many other
studies (Eppenberger et al., 1987; Nag et al., 1996), ARC in
culture undergo a complex de-/redifferentiation process with a
distinct transformation in size and shape from the initial rodshaped structure to a flat polygonal phenotype with numerous
new sarcomeres. Fig. 2A-F shows representative micrographs
of changes in morphology of the ARC structure from the time
of cell isolation and during subsequent maintainance in culture
and Fig. 2G summarizes the evaluation of three consecutive
cultures (mean ± s.d.). These showed a heterogeneous
distribution and frequency of cellular phenotypes and were
therefore quantitatively analyzed at different time points in
long-term culture. Shortly after plating (day 0), there were
about 80% rod-shaped cells with typically stair-like ends (Fig.
2A) and 20% round cells (data not shown), then the majority
of cells started to round and at day 3 we found 13±5% rodshaped cells with smooth ends (Fig. 2B), 24±6% rounded and
62±11% spread cells with a total cellular area of <6000 µm2
(most of them around 500 µm2). Rod-shaped cells disappeared
after 5 days with the exception of some dead rod-shaped cells,
the so-called second layer cells (Fig. 2E). Due to the fact that
dead cells do not stain with TRITC-conjugated phalloidin for
F-actin, they could easily be distinguished from living cells.
The second-layer cells persisted in this shape for 28 days when
still approximately 3% were present in culture. The number of
rounded cells gradually decreased until a complete
disappearance was seen at day 24. The number of cells with a
surface of 6000-12000 µm2 increased from 4±3% at day 5 to
49±5% at day 28. ARC with a surface of >12000 µm2 first
appeared at day 8 at 8±1% reaching 27±3% at day 28. This
evaluation served as standardization for all following
experiments as described below.
Sarcomerogenesis in ARC in culture
Freshly isolated rod-shaped cells showed distinct cross-striation
throughout the entire cell for the different antibodies. Fig. 2A
gives an example of T42 staining. At day 3, rod-shaped cells
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G

Quantitative analysis of ARC phenotypes in culture
80

rod-shaped
round
< 6000 µm2
6000 - 12000 µm2
> 12000 µm2

60

percentage

Fig. 2. Representative confocal images
showing the changes in ARC
phenotype and quantitative analysis of
ARC in long-term cultures. Different
sarcomeric proteins are stained in
green. In picture A, the nuclei are
stained red with propidium iodide and
in picture B-F, F-actin is stained with
TRITC-phalloidin (red). (A) Freshly
isolated (day 0) binucleated myocyte
with a characteristic rod-shaped form
and blunt ends (green: T42). (B) Rodshaped ARC displays smooth ends at
day 3 (green: T42). (C) Different
patterns of cellular spreading at day 8:
the left cell is rounded with a
concentration of sarcomeric material in
the center and a small hem of
pseudopods in a circular array, the
right cell is presumably elongated
from the attached rod-shaped form
(green: α-actinin). (D) Two spreading
ARC at day 10 show intercellular
contact (green: myosin). (E) Clear
demonstration of the change in
phenotype at day 12: on the left are
two spreading ARC, on the right is a
so-called second layer cell that did not
stain for F-actin (green: myosin).
(F) ARC showing high confluency at
day 16 (green: α-actinin).
(G) Quantitative analysis of ARC at
different time points shows a decline in
the number of rod-shaped and rounded
cells and an increase of large spreading
myocytes. Results are expressed as the
mean ± s.d.

40

20

0
3

5

with the typical smooth ends still displayed a clear cross-striation
throughout the whole cell (Fig. 2B). However, myofibrils of
rounded cells stained as a fibroamorphous mass and only rare
showed a cross-striated pattern (Fig. 2C, left cell). It is typical of
this dedifferentiation phase to see a loss of myofibrils. Spreading
started either from rod-shaped, in most cases, or from rounded
myocytes. Redifferentiation was characterized by the formation
of new sarcomeres in spreading cells. These cells showed a
distinct punctate pattern of α-actinin in their extensions (Fig.
3A,B). Titin appeared in a cross-striated or punctate pattern (Fig.
3C,D) but myomesin (Fig. 3E,F) as well as myosin (Fig. 3G,H)
could not be detected in these first pseudopods. It was evident
that during the phase of redifferentiation, α-actinin was the first

8

10

12

16

20

24

28

days in culture
protein to appear along the already existing stress-fiber-likestructures (SFLS) and that titin as well as myosin appearance
occurred later. As described in Fig. 3E,G, redifferentiation starts
in the center extending to the periphery (Fig. 3A,C).
Contractility of ARC in culture
A small number of freshly isolated cells still contracted shortly
after isolation but became quiescent a few hours later. Cells
remained in this quiescent state until day 8 where some of
them started to beat again depending on their degree of
redifferentiation. At later time points (day 12 onwards), cells
often contracted synchroneously due to their reestablished
cell-cell contacts (intercalated disk-like structures).
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Fig. 3. Sarcomerogenesis: Confocal micrographs of ARC at day 12
stained for the different sarcomeric proteins (green) revealed an order
of their appearance in the myofibril assembly with α-actinin coming
first followed by titin, myomesin, and myosin. F-actin is stained red
with TRITC-phalloidin. (A) Cell displaying numerous myofibrils
with a distinct cross-striation for α-actinin. The extensions of this
cell show a typical punctate pattern for this protein. (B) High
magnification of a cell extension shows the transition of bead-like
structures to the cross-striated pattern of α-actinin. (C) Titin (z1z2) is
present in distinct cross-striation almost reaching the cellular
periphery. (D) High magnification of the transition of striated to nonstriated myofibrils reveals a punctate staining weaker than that of αactinin. (E) Cell stained for myomesin. The cross-striated pattern is
located in the center of the cell indicating that sarcomerogenesis
starts in the center extending to the periphery. A punctate pattern is
absent. (F) High magnification shows the almost abrupt stop of
myomesin labeling on stress-fiber-like-structures. (G) Cell stained
for myosin shows a similar extension of the labeling area like the
myomesin stained cell. Apart from the central location of the
formation of new sarcomeres, there are a few spots near the
periphery where regular labeling can also be detected. (H) High
magnification reveals the broad regular weaving pattern for myosin.
There is no punctate staining visible. The stress-fiber-like-structures
seem to serve as scaffolds in the process of myofibril assembly
because the proteins appear to be anchored to these structures.

Antisense oligonucleotide approach
Cellular uptake of 5′-labeled FITC-S-ODN
FITC-S-ODN 5′ labeled entered ARC: at day 8, fluorescent
signals were present in the cytoplasm of some ARC, while at
day 12 and 16, the majority of ARC displayed strong positive
signals of S-ODN in the cytoplasm and/or in the nuclei (Fig.
4A,B).
Effects of S-ODN treatment on ARC
In Fig. 4, the effects of S-ODN treatment on cardiomyocytes
are presented. The confocal images were taken from cells that
had been treated with antisense S-ODN I and random S-ODN
I, respectively. The results shown in these pictures are
representative for all the S-ODN (antisense and random
S-ODN I-III) used in this study. α-Actinin staining serving as

control for cell integrity was not affected by antisense
treatment (Fig. 4A), whereas the area of titin labeling was
markedly diminished by the exposure to antisense S-ODN
as compared to control cells (Fig. 4C,D). The degree of
incorporation of myosin filaments into sarcomeres was used as
an indicator for sarcomerogenesis (myofibrillogenesis). At
day 8, differences between ARC exposed to either antisense
S-ODN, random S-ODN or untreated cells were absent. At day
12 and 16, control cells (untreated and cells treated with
random S-ODN) showed a distinct cross-striated pattern of
myosin labeling (Fig. 4E). In contrast, the majority of ARC
exposed to antisense S-ODN I, II or III showed diffuse myosin
labeling, whereas a cross-striated pattern of myosin was
absent (Fig. 4F). However, the area of this diffuse labeling
corresponded to the area of myosin cross-striation of control
cells. Other cells treated with antisense S-ODN showed a very
limited area of cross-striated myosin surrounded by diffuse
myosin labeling. The formation of SFLS was not influenced by
the antisense S-ODN treatment (Fig. 4D,F). A cross-striated
pattern of F-actin was sometimes present but only in the limited
area of myosin cross-striation, and mainly found in the center
of cells.
Quantitative analysis of the area of myosin cross-striation in
percentage of the total cellular area at day 12 showed a
decrease from 75±4% in control cells to 47.6% in cells treated
with S-ODN III and 20±3% in cells treated with either S-ODN
I and II (Fig. 5A). At day 16, there was a further reduction of
this ratio in cells exposed to the different antisense S-ODN
(mean ± s.e.m.; Fig. 5B). In addition, ARC exposed to
antisense S-ODN did not show any beating activity in culture
after day 12 compared to random S-ODN treated and untreated
cells.
Furthermore, ARC maintained in culture for 12-16 days and
exposed during this time to either antisense or random S-ODN
showed a significant 1.5- to 2.0-fold increase in cell size as
compared to untreated cells (mean ± s.e.m.; Fig. 5C,D).
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DISCUSSION
In the present paper, we tested the hypothesis that titin
expression is essential for the formation of new sarcomeres in
ARC in long-term culture by using an antisense
oligonucleotide approach. The results showed for the first time
that the interference with titin translation by antisense S-ODN
consistently disturbes incorporation of myosin filaments into
sarcomeres. These data provide substantial support to the
proposal that titin may act as a molecular ruler directing the
sequential events in sarcomerogenesis (Labeit et al., 1997) and
confirm the hypothesis put forward by our group that titin is a
prerequisite for myosin incorporation into sarcomeres and is
essential for sarcomerogenesis. Several studies have reported
effects of ODN on neonatal cardiomyocytes in culture
(Shiraishi et al., 1997; Takahashi et al., 1999) but the present
study is the first to describe effects of antisense ODN on
sarcomerogenesis in adult rat cardiomyocytes in culture.
In the de-/redifferentiation model, cells undergo
a distinct morphological transformation in size
and shape by rounding and spreading from the
initial rod-shaped in vivo structure to a flat
polygonal phenotype (reviewed by Schaub et
al., 1997). This model is suitable for the study
of sarcomerogenesis, because after initial
disassembly of the myofibrillar apparatus new
sarcomeres develop during the redifferentiation
process. Since it has been reported that this
process is heterogeneous with regard to spreading
and the reappearance of sarcomeric structures,
we carried out a quantitative analysis of ARC
phenotypes at distinct time points to reveal the
typical growth pattern of these cells. The
quantitative data complemented the data on the
expression of specific markers of the contractile

Fig. 4. Confocal images of ARC at day 12
demonstrating the uptake of S-ODN and the effects of
oligonucleotide treatment on titin and on the
incorporation of myosin filaments into sarcomeres. The
images were taken from cells treated with antisense
S-ODN I and random S-ODN I, respectively, and they
are representative for all the S-ODN used (antisense
and random S-ODN I-III). (A) ARC treated with FITC
labeled antisense S-ODN shows uptake of S-ODN in
cytoplasm and nucleus (green) and cellular integrity by
α-actinin staining. (B) Subregion of Fig. A (see box).
Sections (XZ- and YZ-axes) through the cell clearly
demonstrate S-ODN uptake into the nucleus.
(C) Control cell (treated with random S-ODN) with
numerous myofibrils exhibiting a distinct cross-striated
pattern for titin (z1z2) (green). F-actin is stained red
with TRITC-phalloidin. (D) Cell exposed to antisense
S-ODN contains only a very small area of titin (z1z2)
labeling in the center. SFLS (red) appear normal.
(E) Random S-ODN treated control cell displaying a
regular cross-striated pattern of myosin (green). F-actin
in red. (F) Cell treated with antisense S-ODN shows
diffuse myosin labeling corresponding to the area of
myosin cross-striation of the control cell. F-actin
labeling (red) is not changed by the antisense S-ODN
treatment, SFLS are visible throughout the cell.

apparatus and regained beating activity indicated the onset of
redifferentiation after one week in culture confirming the
results of other groups (Claycomb and Palazzo, 1980; Nag et
al., 1996). Our observations concerning the sarcomeric pattern
of the different antibodies used in this study with α-actinin
appearing first followed by titin, myosin and myomesin
correspond to the findings of other groups (Nag et al., 1996;
Eppenberger et al., 1988; reviewed by Fulton, 1999).
Precise quantitative determination of the myocyte growth
pattern as a function of time and its standardization
represent the basis for investigating the effects of ODN
on sarcomerogenesis. As a first step of the antisense
oligonucleotides approach, we aimed to clarify whether
S-ODN are taken up by adult cardiomyocytes. Therefore, we
used fluorescein labeled S-ODN that could be conspicuously
observed in the cytoplasm and nuclei in the majority of ARC
indicating an active transport mechanism. ODN probably enter
cells through receptor-mediated endocytosis after binding to
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Fig. 5. Quantitiative analysis of the rate of
myosin incorporation and myocyte size after
treatment with S-ODN. (AS means antisense
and RD random). (A,B) Significant decrease of
area of myosin cross-striation as percentage of
total cell area after S-ODN treatment at day 12
(A) and day 16 (B). Effects of AS S-ODN I-II
were more pronounced than that of antisense AS
S-ODN III, RD effects were not different from
control. (C,D) Significant 1.5-to 2.0-fold
increase in cellular size of cells exposed to
antisense or random S-ODN compared to
untreated cells at day 12 (C) and day 16 (D). All
values represent the mean ± s.e.m.
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cell surface proteins (Akhtar and Juliano, 1992; Loke et al.,
1989). In order to improve the efficiency of ODN uptake, we
used phosphorothioate ODN (S-ODN), because they have a
higher resistance to nucleases (Shaw et al., 1991) and are
supposed to enter cells more easily, which is confirmed by our
data. ODN are able to inhibit or alter the expression of specific
target genes by an antisense mechanism, i.e. to interfere with
gene expression at the level of single stranded RNA (premRNA or mRNA). Several mechanisms of antisense inhibition
of gene expression have been discussed, e.g. inhibition of
protein elongation by a steric block of the ribosome by ODN
(translation arrest) (reviewed by Jansen et al., 1995). Other
possibilities are targeting of the initiation area of the mRNA
that prevents the constitution of the ribosomal complex or that
the mRNA may become a substrate for the enzyme RNase H,
which is known to cleave the mRNA strand while leaving the
DNA oligonucleotide intact (reviewed by Calogero et al., 1997;
Scanlon et al., 1995). Blocking the expression of titin enabled
us to investigate whether this process influences synthesis and
accumulation of other muscle proteins.
Incorporation of myosin filaments into sarcomeres as the
endpoint of our study was chosen because myosin appearing
late in sarcomerogenesis indicates the completion of this
process. The late appearance of myosin was described in
various studies, for example in cultured cardiomyocytes
(results described in this study; Nag et al., 1996) and in skeletal
muscle during embryogenesis (Furst et al., 1989).
The present S-ODN experiments resulted in a significantly
decreased titin occurrence. In most of the cells, we still found
a small amount of titin, the reason for this may be the low turnover of preexisting protein from the original rod-shaped cell,
because antisense S-ODN suppress only de novo synthesis. In
contrast, the cross-striated pattern of α-actinin serving as an
indicator of cellular integrity, was not influenced by this
treatment which supports the hypothesis that the assembly of
I-Z-I structures occurs independently from thick filament
structures (Holtzer et al., 1997). Apart from sarcomeric F-actin

S-ODN-II S-ODN-III

control S-ODN-I

S-ODN-II S-ODN-III

which was only present in the limited area of myosin crossstriation in the center of cells, the formation of SFLS was also
not influenced by the antisense S-ODN treatment indicating
cellular integrity and normal development of the cytoskeleton.
Myosin incorporation visible as cross-striation was minimal
in antisense treated cells, but the area of diffuse myosin
labeling corresponded to the area of myosin cross-striation of
control cells indicating that myosin expression is undisturbed
by the treatment but the filament arrangement is lacking.
Cardiomyocytes without functional sarcomeres are not able to
contract in cultures which confirms our findings of non-beating
cells after 12 days that were exposed to antisense S-ODN. The
decrease in the area of the myosin cross-striation was more
pronounced after treatment with S-ODN I and II indicating that
the two S-ODN from the central I-band region of titin exert
a greater influence on the incorporation of myosin into
sarcomeres than the S-ODN from the A-I-junction region. The
reason for this discrepancy is unknown, however, the important
fact is that the amount of titin protein is significantly reduced,
so that we can draw conclusions on the role of titin in
sarcomerogenesis using myosin incorporation in sarcomeres as
the endpoint of the study. Ehler et al. (Ehler et al., 1999)
postulated in their study on embryonic chicken hearts that titin
functions as a ruler for sarcomere assembly as soon as its Ctermini have become localized. They suggest that titin links
thick filaments to complexes made up of titin, α-actinin and
actin filaments that served as the first organized structures
during myofibrillogenesis. This corresponds to a model
proposed a decade ago in cultured embryonic cardiac muscle
cells (Komiyama et al., 1993; Schultheiss et al., 1990). Our
antisense inhibition experiments support this hypothesis.
Apart from the lack of myosin incorporation, we detected a
1.5- to 2-fold increase in cell size in ARC treated with both,
antisense and random S-ODN. Effects of antisense and random
S-ODN were similar with regard to the occurrence of
hypertrophy and they were also comparable at dosages higher
than 10 µM with regard to their toxic effects. The reason for
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the hypertrophy observed in this study might be that S-ODN
are charged polyanions and can change cell morphology and
proliferation. Antisense S-ODN can also cleave non-target
mRNA when used in a very high concentration. Another
explanation could be that S-ODN can bind to cellular proteins
in a sequence specific manner and alter cell behavior (reviewed
by Stein, 1996), but since all S-ODN elicited the same effect
it is rather unlikely that they bind in this way. We also have to
take into consideration that cellular hypertrophy may be due to
a poisoning effect. The cells, however, survived until the end
of the experiment and looked intact. Hence, it is likely that
oligonucleotides exert a growth stimulating effect on ARC.
The results presented in this study are important for the
interpretation of structural alterations observed in human
hearts that fail because of dilated cardiomyopathy
characterized by lack of myofibrils and titin filaments (Hein et
al., 1994; Morano et al., 1994). On the basis of these studies it
was postulated that changes of the elastic sarcomeric protein
titin play a major role as causative elements of structural
deterioration eventually causing functional deficiencies of the
heart. Our results support this proposal. If there is a lack or
insufficiency in titin, sarcomerogenesis is disturbed and
sarcomeres are not able to function properly finally resulting
in heart failure.
In conclusion, the present data demonstrate that S-ODN are
useful and effective tools to study physiological cellular
processes such as myofibrillogenesis in the redifferentiation
model of adult rat cardiomyocytes in long-term cultures.
Interference with titin translation by antisense S-ODN
treatment results in disturbance of myosin filament deposition
in sarcomeres, evident by a limited area of myosin in a crossstriated pattern and/or myosin in diffuse appearance. These
findings provide evidence for titin as a prerequisite for
sarcomerogenesis by coordinating myosin arrangement into
sarcomeres.
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