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Abstract
Many sarcomeric proteins in the myocardium alter their isoform pattern during perinatal development to adjust to
the intensiﬁed pump function of the postnatal heart. These changes also involve the giant protein titin/connectin.
Here we show by low-percentage polyacrylamide-gel electrophoresis that developmentally regulated switching of
cardiac titin/connectin size occurs in the hearts of mouse, rat, pig, and chicken. Mammalian hearts express, well
before birth, large foetal (3.7 MDa) N2BA-titin/connectin isoform but no N2B-isoform (3.0 MDa). During
perinatal heart development the 3.7-MDa N2BA-isoform is replaced by a mix of smaller isoforms. At birth a
plethora of intermediate-size N2BA-isoforms appears together with the N2B-isoform. In postnatal heart development the larger-size N2BA-isoforms disappear and smaller-size N2BA-isoforms are upregulated, whereas the
proportion of N2B-titin/connectin increases to species-speciﬁc adult levels. The time courses of isoform switching
are faster in small than in large mammals. Titin/connectin isoform switching also takes place in developing chicken
hearts, but the largest embryonic isoform found here was less than 3.4 MDa. At hatching, various smaller-size
isoforms appeared and within a week the adult expression pattern was established representing a major 3.0-MDa
isoform and a minor 3.15-MDa isoform. The ratio between the two adult isoforms diﬀered between the left ventricle
and the right atrium. The perinatal changes toward smaller cardiac titin/connectin isoforms in mammals and
chicken greatly increase the myoﬁbrillar passive tension of postnatal hearts. Plasticity of titin/connectin at
approximately the time of birth thus aﬀects myocardial mechanics but could also be an important factor in
developmentally regulated assembly and signalling processes.

Introduction
In a human fetus the heart starts to beat at gestational
day 22 and from then on does not stop sometimes for
even 100 years. Of course a dramatic event in mammalian heart development is birth. With the ﬁrst breaths
of air the newborn takes, the foetal circulation changes
and myocardial pump function must be intensiﬁed
quickly to keep up with the increased power requirements of the newborn that suddenly lacks placental
nurturing and oxygen supply. At birth the foetal heart
also experiences great changes in mechanical constraints. In utero, extracardiac constraints are imposed
by the liquid-ﬁlled lungs, the pericardium and a restricted space for thoracic movements, which together
limit the extensibility of the foetal heart (Grant et al.,
1992, 2001). With birth and with the aeration of the
lungs, the extracardiac constraints are substantially
reduced (Grant and Walker, 1996). Heart rate, left
ventricular (LV) dimensions, end-diastolic pressure,
and stroke volume all increase to meet the metabolic
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demands of newborn life (Kirkpatrick et al., 1973,
Anderson et al., 1982). As predicted by the law of
Laplace, the enlargement of the LV cavity elevates the
levels of LV wall stress in the neonate. Although the
pericardium poses limits to the overall extensibility of
the ventricles, the reduction in extracardiac constraints
at birth may require the postnatal heart to protect itself from damaging mechanical forces by increasing its
own mechanical strength and stiﬀness.
Myocardium responds to this situation with relatively rapid changes in protein expression patterns. At
the myoﬁbril level, many proteins have been shown
to switch their isoform type at approximately the
time of birth. For instance, in rat ventricle the bmyosin heavy chain (b-MHC), the predominant foetal
isoform, is largely replaced during early postnatal
development by a-MHC (Hoh et al., 1978; Lompré
et al., 1984; Capelli et al., 1989) and the atrial/embryonic myosin light chain-1 present in foetal ventricles
disappears after birth (Whalen and Sell, 1980). Similarly, both the cardiac (60–70%) and the skeletal (30–
40%) a-actin isoforms are expressed before birth,
whereas mainly the cardiac a-actin (95%) is found in
the adult rat heart (Carrier et al., 1992). Many other
proteins, including troponin-I, troponin-T, tropomyosin, and myomesin, switch isoforms shortly after birth
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(Saggin et al., 1988, 1989, Reiser et al., 1994; Agarkova et al., 2000;Metzger et al., 2003;). Developmental
changes in myocardial contractile and regulatory protein expression have also been described for many
other mammalian species (Fisher and Towbin, 1988;
Lyons et al., 1990; Murphy, 1996; Morimoto and
Goto, 2000; Siedner et al., 2003) and for chicken
hearts (Lim et al., 1983; Sabry and Dhoot, 1989;
Godt et al., 1993 In perinatal heart development
essentially most proteins involved in active force generation and various proteins involved in myoﬁbrillar
force transmission undergo isoform switching.
We (Opitz et al., 2004) and others (Lahmers et al.,
2004; Warren et al., 2004) have shown recently that
also the giant sarcomeric protein connectin (Maruyama et al., 1976; 1977a, b), which is often called titin
(Wang et al., 1979, 1984; Trinick et al., 1984), alters its
cardiac-isoform pattern at approximately the time of
birth. Titin/connectin, the largest protein known to
date (3-4 MDa; Labeit and Kolmerer, 1995; Tskhovrebova and Trinick, 2003), provides the sarcomere
with a structural framework through association with
many other myoﬁbrillar, cytoskeletal, and cytosolic
proteins (Miller et al., 2004). The >1-lm-long molecules span half-sarcomeres (Fürst et al., 1988; Itoh
et al., 1988) and help centre the A-band in the sarcomere during and after active contraction (Horowits
et al., 1986). The I-band portion of titin/connectin
(Figure 1) determines passive-tension development and
elasticity of cardiac myoﬁbrils (Funatsu et al., 1993;
Linke et al., 1994, 1999; Trombitas et al., 1995; Kulke
et al., 2001; Granzier and Labeit, 2004), acts as a rapidly recoiling spring during muscle shortening (Opitz
et al., 2003), and may have a role in the Frank-Starling mechanism of the heart (Cazorla et al., 2001;

Fukuda et al., 2001, 2003). The functionally elastic
cardiac titin/connectin segment consists of three structurally distinct segments (Labeit and Kolmerer, 1995,
Linke et al., 1999): Ig-domain regions (red colour in
Figure 1), the PEVK-domain (yellow colour), and a
‘‘unique N2B-sequence’’ (blue colour in Figure 1).
Upon muscle stretching from slack sarcomere length
(SL), the Ig-domain regions extend ﬁrst, presumably
by straightening interdomain linkers (Gautel et al.,
1996; Linke et al., 1996). Modest but still physiological
forces are needed to extend both the PEVK-domain
and the unique N2B-insertion (Linke et al., 1998,
1999; Trombitas et al., 1999; Linke and Fernandez,
2002). Unfolding of Ig-domains (Kellermayer et al.,
1997; Rief et al., 1997; Tskhovrebova et al., 1997; Li
et al., 2002) could take place to a very limited degree
in cardiac sarcomeres (Linke and Leake, 2004), but the
issue is still controversial (Minajeva et al., 2001;
Trombitas et al., 2003). In mammalian myocardium,
two principal isoforms of titin/connectin, the so-called
‘‘N2B’’ and ‘‘N2BA’’ isoforms (Figure 1), are generated by alternative splicing of the transcript of a single
gene of titin/connectin (Labeit and Kolmerer, 1995;
Freiburg et al., 2000; Greaser et al., 2002). The diﬀerentially spliced segments encompass the ‘‘mid-Ig region’’ and the PEVK domain (Figure 1). In addition, a
so-called N2-A segment is present in all N2BA-isoforms, but not in the N2B-isoform. The N2B and
N2BA isoforms are incorporated both into the same
sarcomere (Linke et al., 1996; Trombitas et al., 2001;
Neagoe et al., 2002). The proportions of these isoforms are now known to be variable in the heart under both physiological and pathological conditions.
Expression of cardiac titin/connectin isoforms varies
from predominantly N2B in small adult rodents, such

Fig. 1. Domain structure of I-band titin/connectin isoforms in a cardiac sarcomere according to Freiburg et al. (2000). The elastic region of
the molecule encompasses three structurally distinct segments: serially linked tandem-Ig domains, the PEVK-domain, and the N2B-unique sequence. Two principal isoforms, N2B and N2BA, are co-expressed in the same half-sarcomere and may extend independently. The length differences between the two main cardiac isoforms are caused by alternative splicing of the mid-Ig domains and PEVK exons. For clarity, the
sarcomere model (bottom) does not show the real number of titin/connectin domains known from sequence studies.
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as rat, to predominantly N2BA in large mammals, such
as cow (Cazorla et al., 2000; Neagoe et al., 2003). In
normal human myocardium the N2B:N2BA-ratio is
approximately 70:30 (Neagoe et al., 2002; Makarenko
et al., 2004). Co-expression of titin/connectin isoforms
at various ratios in the heart is an eﬀective means for
tuning titin/connectin-based passive tension. In normal
adult human heart, titin/connectin-based stiﬀness constitutes a major proportion of total myocardial passive
stiﬀness (Makarenko et al., 2004); the contribution of
titin/connectin to total passive stiﬀness surpasses that
of extracellular matrix material, including collagen. In
chronic human heart disease, the titin/connectin-based
contribution to total myocardial stiﬀness is signiﬁcantly
reduced and much of this eﬀect stems from an increase
in the proportion of longer, more compliant, N2BAisoforms (Neagoe et al., 2002; Makarenko et al., 2004;
Nagueh et al., 2004). These changes beneﬁt myocardial
diastolic function. Modiﬁcations in cardiac N2B:N2BA
protein ratios have also been observed in cardiomyopathic hearts of rat (Neagoe et al., 2002; Warren et al.,
2003) and dog (Wu et al., 2002).
During development the heart experiences even
greater and more rapid alterations of dimensions and
hemodynamics than during disease. Therefore it may
be expected that at approximately the time of birth,
the heart also needs to modify the mechanical properties of the titin/connectin spring to adjust to the global
mechanical requirements. Here we have analyzed the
perinatal and adult isoform-expression pattern of cardiac titin/connectin in the hearts of three mammalian
species, mouse, rat, and pig, and of chicken heart. A
bird species was included, because the changes in
blood circulation and myocardial pump function at
hatching are quite diﬀerent from those taking place at
birth of a mammal. We found that all mammalian
hearts studied express, well before birth, large (approximately 3.7 MDa) foetal titin/connectin isoforms, but
no N2B-isoform (3.0 MDa). During perinatal development the highly extensible 3.7-MDa N2BA-isoforms
are gradually replaced by smaller-size, less extensible,
N2BA-isoforms and the least extensible N2B-isoform.
A similar kind of titin/connectin-isoform switching
was observed in chicken hearts, but even the largest
embryonic isoform found here was no greater than
3.4 MDa. The perinatal titin/connectin-isoform switching may be a general property of mammalian and bird
hearts, but the alterations in expression patterns occur
with species-speciﬁc time courses and involve many
diﬀerent size classes of titin/connectin.

Materials and methods
Heart tissue
Foetal, neonatal, and adult rat (Sprague-Dawley) and
laboratory mouse hearts were obtained from the university’s animal house, in accordance with institutional

guidelines. The hearts of neonatal and adult domesticated pigs were obtained from a local slaughterhouse.
A pregnant wild boar was provided by a local hunter
(we thank Anita Kühner for accessing and handling
the heart tissue). The fetus of the wild boar was estimated to be at a stage approximately three weeks before birth. Chicken hens of the strain ‘‘Tetrabrown’’
were obtained from a local provider (Müller, Eppingen-Elsenz, Germany). Chicken eggs were hatched in
an incubator at 37°C and embryonic and neonatal
hearts were removed according to institutional guidelines. The explanted hearts were immediately frozen in
liquid nitrogen and stored for less than 4 weeks at
)80°C. In the case of the pregnant wild boar, the
hearts were frozen within 1 h after death.
Sodium dodecyl sulphate polyacrylamide-gel
electrophoresis (SDS-PAGE)
To investigate titin/connectin expression in cardiac
muscles at various time points during development,
frozen whole hearts or if dissectible, left ventricles,
were homogenised in ice-cold salt buﬀer supplemented
with 40 lg/ml leupeptin. For details, see Neagoe et al.
(2002), Opitz et al. (2004), Makarenko et al. (2004).
After brief centrifugation, solubilisation buﬀer (1%
SDS, 1% 2-mercaptoethanol, 10% glycerol, 8 lg/ml
leupeptin, 6 lM bromphenol blue, 4.3 mM Tris–HCl,
pH 8.8, 4.3 mM EDTA) was added to the pellet, samples were incubated for 5 min on ice and then boiled
for 3 min. Total protein content in solubilised samples
was determined spectrophotometrically. Attempts were
made to load the lanes on gels with approximately
equal amounts of solubilised protein.
Agarose-strengthened SDS-PAGE (polyacrylamide
concentration, 2%) was done as described (Linke
et al., 1997; Neagoe et al., 2002, 2003) using a Laemmli buﬀer system (Tatsumi and Hattori, 1995).
Protein bands were visualised with Coomassie brilliant blue R or by silver staining. Gels were digitised
and densitometric measurements were performed
using TotalLab software (Phoretix, Newcastle, UK).
Western blotting has been employed in earlier studies from our laboratory to identify the isoform types
of titin/connectin in mammalian tissues (Neagoe
et al., 2002; Makarenko et al., 2004; Opitz et al.,
2004).

Results and discussion
The aim of this study was to establish similarities and
diﬀerences in cardiac titin/connectin isoform switching
during perinatal heart development of mammalian species of diﬀerent body size and of chicken. We report
dramatic alterations in titin/connectin isoform size in
developing chicken, mouse and pig hearts and compare them with those reported previously for rat myocardium (Lahmers et al., 2004; Opitz et al., 2004;
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Warren et al., 2004). We begin by reviewing the current state of knowledge regarding isoform shifts in
developing rat heart.
Titin/connectin in rat heart development
Figure 2 summarises the time course of cardiac titin/
connectin isoform switching in perinatal development
and the consequences for myoﬁbrillar passive tension,
based on the results of Opitz et al. (2004). Foetal
hearts six days before birth (e16) show a single titin/
connectin band at 3.7 MDa, which is of the N2BAtype (Opitz et al., 2004; Warren et al., 2004) and is
termed N2BA-3700 isoform (Figure 2c). In foetal-e16
rat hearts no N2B-isoform band is detectable, as reported previously by Opitz et al. (2004) and Warren
et al. (2004). There appear, however, relatively strong
bands at 2.2–2.3 MDa, which are truncated forms of
titin/connectin probably resulting from protein degradation (Figure 2a–c). These ‘‘T2-titin’’ or ‘‘b-connectin’’ bands can be marked on Western blots by
antibodies to A-band titin/connectin, but not by Iband titin/connectin antibodies N-terminal to the
PEVK-domain (Opitz et al., 2004). The T2-titin/b-connectin bands thus contain the A-band segment of titin/
connectin and probably the distal tandem-Ig region
(Figure 1); the proteolysis site is likely to be within the
PEVK-domain. It has been speculated (Opitz et al.,
2004) that the strong T2-titin/b-connectin bands could
be indicative of a high protein turnover rate.
About three days before birth (stage e19) a 3.6MDa titin/connectin isoform (N2BA-3600) appears
together with the 3.0-MDa N2B-isoform (Figure 2b).
The ratio of N2BA-3700 to N2BA-3600 to N2B is
approximately 70:20:10 (Figure 2c). On the day of
birth this ratio switches to 20:40:40 (Figure 2c) or similar values (Lahmers et al., 2004; Warren et al., 2004).
Following birth, the N2BA-3700 isoform disappears
within 7-10 days (Opitz et al., 2004; Warren et al.,
2004), but also N2BA-3600 decreases gradually and is
undetectable three weeks after birth (21 d), whereas
N2B quickly becomes the predominant isoform of the
postnatal left ventricle (Figure 2c). Between 10d and
15d, an N2BA-isoform of 3.4 MDa (N2BA-3400) appears and is soon followed by another, even smaller,
adult N2BA-isoform of 3.2 MDa (N2BA-3200). The
adult rat left ventricle contains less than 10% of these
N2BA-isoforms, the remainder being N2B-isoform.
This time course of titin/connectin isoform switching is
similar to that occurring with myosin and troponin-I
in rat-heart development (Warren et al., 2004).
The changes in titin/connectin size have great consequences for myoﬁbrillar passive tension development
(Figure 2d). There is agreement that the switch toward smaller titin/connectin isoforms in postnatal
myocardium elevates the titin/connectin-based passive
tension (Lahmers et al., 2004; Opitz et al., 2004; Warren et al., 2004). Between foetal-e16 and adult rat cardiomyoﬁbrils the passive tension level increases at

Fig. 2. Titin/connectin-isoform expression in developing rat hearts
and consequences for myoﬁbrillar passive tension. (a) 2% SDS-polyacrylamide gels showing the perinatal switching of rat cardiac
isoforms. In adult rabbit-soleus tissue, titin/connectin is 3.7 MDa.
(b) Higher-magniﬁcation gel image (rat left ventricles). (c) Summary
scheme showing developmental changes in the composition of rat
cardiac titin/connectin isoforms. Data are given in %
(N2BA+N2B=100%). ‘‘T2’’ indicates degradation band(s), T2-titin
or b-connectin, and is shown as percentage of N2BA+N2B. (d) Differences in passive-tension development in myoﬁbrils of foetal, neonatal and adult heart. Data were compiled from Opitz et al. (2004),
Figures 4+7. e, gestational day; d, postnatal day.

least by an order of magnitude (Figure 2D; Opitz
et al., 2004). These changes in titin/connectin-based
passive tension can be explained by a decrease in the
lengths of the extensible spring elements in the sarcomeres during development: foetal and neonatal titin/
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connectin isoforms contain a greater number of midIg domains and express more PEVK exons than adult
isoforms (Lahmers et al., 2004; Warren et al., 2004).
This scenario holds true for animal species as well as
humans (Lahmers et al., 2004). In rat heart, the
N2BA-3700 isoform has highly extensible mid-Ig and
PEVK segments, whereas the N2BA-3600 isoform
contains somewhat less extensible segments (Opitz
et al., 2004). The least extensible isoform is N2B,
which lacks the mid-Ig region and has a very short
PEVK-domain. In sarcomeres with long spring elements, as in foetal heart, a given stretch results in a
relatively low fractional extension (actual extension
over maximum extension or contour length) and this
causes low passive tension (Lahmers et al., 2004;
Opitz et al., 2004). If the sarcomeres express mainly
the short spring elements, as in adult rat heart, high
passive tension is generated. These ﬁndings suggest
that the replacement of compliant foetal titin/connectin with stiﬀ N2B-isoform during perinatal development may be important to provide the postnatal heart
with elevated passive stiﬀness.
Titin/connectin is not the sole determinant of
passive stiﬀness in the heart, as the extracellular
matrix (mainly collagen) also plays an important role
(Linke et al., 1994; Granzier and Irving, 1995; Wu
et al., 2000). In the hearts of adult rodents, including
rat (Granzier and Irving, 1995) and rabbit (Linke
et al., 1994), collagen dominates passive-tension
development when sarcomeres are stretched above
2.15–2.2 lm. At shorter sarcomere lengths, collagen
contributes much less than titin/connectin to the
passive stiﬀness (Granzier and Irving, 1995). Also
the contribution from intermediate ﬁlaments is minor,
as they generate only <10% of the total passive tension (Granzier and Irving, 1995). Several studies have
shown that interstitial collagen accumulates in developing heart immediately following birth (Borg et al.,
1982; Carver et al., 1993; Engelmann, 1993) It is thus
possible that titin/connectin and collagen act synergistically to increase passive stiﬀness in postnatal myocardium. However, the role of titin/connectin in
postnatal stiﬀening is probably no less important
than that of collagen (Lahmers et al., 2004). Additional studies are necessary to determine whether the
rapid increase in titin/connectin-based passive stiﬀness
at approximately the time of birth is a pre-requisite
for normal mechanical function of the postnatal
heart.

high-resolution SDS-PAGE we ﬁnd that mouse hearts
express, at embryonic day e14, a single large titin/connectin band of 3.7 MDa (Figure 3). At this early
developmental stage essentially no N2B-isoform is
detectable, whereas degradation bands (‘‘T2’’,
Figure 3) are relatively strong. In 1d-old newborn
mouse hearts, at least three large to mid-size titin/connectin isoforms, most probably of the N2BA-type,
appear together with an already strong N2B-band
(Figure 3a). On silver-stained SDS-polyacrylamide
gels, the N2BA-isoforms at 1 d often appeared as a
very broad band (Figure 3b) indicating the presence of
multiple isoforms covering a size-range of approximately 3.3-3.7 MDa. In adult mouse heart we detected
a single minor N2BA band (3.25 MDa) and the
major N2B band (3.0 MDa) at a ratio of approximately 20:80 (Figure 3), in agreement with previous
ﬁndings (Neagoe et al., 2003).
The foetal 3700-kDa isoform expressed in e14mouse hearts decreased already before birth and made
up only 10% of all titin/connectin isoforms on the
day of birth (Figure 3). A comparable prenatal reduction of the 3700-kDa isoform occurs in rat heart (Figure 2c). The postnatal time course of decrease of

Mouse heart
By microarray analysis Lahmers et al. (2004) demonstrated that neonatal mouse hearts upregulate speciﬁcally the mid-Ig and PEVK exons when compared to
left ventricles of adult mice. Newborn mouse hearts
expressed both the N2BA and N2B titin/connectin isoforms, but the N2BA:N2B ratio decreased from
1.2 at birth to 0.2 in 4 d-old neonates. By using

Fig. 3. Developmentally regulated switching of giant proteins in
mouse myocardium analysed by 2% SDS-PAGE. (a) Coomassieblue-stained gel showing perinatal switch of titin/connectin isoforms.
(b) Silver-stained gel. Adult rabbit soleus muscle (3.7 MDa) was added for comparison of molecular weight.
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N2BA isoforms was not investigated by us in mouse
hearts. Elsewhere, Lahmers et al. (2004) have shown
that the time required for a 50% reduction in N2BA
titin/connectin isoforms is 2.5 days for neonatal mouse
heart. Considering these ﬁndings, it appears that the
postnatal titin/connectin isoform switching occurs
slightly faster in mouse than in rat hearts: Figure 2c
indicated that the predominant neonatal N2BA isoform in rat heart – 3600 kDa – decreases by 50%
within four days, longer than the 2.5 days reported for
mouse (Lahmers et al., 2004). In turn, the time course
for rat (4 days) is shorter than the 7 days reported for
rabbit (Lahmers et al., 2004). Comparing the three rodent species, the rate of early postnatal isoform
switching is fastest in mouse, slower in rat and slowest
in rabbit hearts.
We conclude that also mouse hearts switch from a
large, 3.7-MDa, early foetal N2BA-isoform to predominantly small, 3.0-MDa N2B-isoform shortly after
birth. It is likely that these changes quickly increase
the titin/connectin-based passive stiﬀness of the neonatal mouse heart by a factor similar in magnitude to
that found in perinatal rat myocardium (see Figure 2d).
Obscurin
Other high-molecular-weight proteins appearing on
2% SDS-polyacrylamide gels may also undergo developmentally regulated isoform switching. One of these
proteins may be the 900–1000-kDa obscurin (Figure 3b), a large modular polypeptide involved in muscle assembly and signalling processes (Young et al.,
2002). Elsewhere we have shown that obscurin is
downregulated in adult compared to foetal/neonatal
heart tissue (Opitz et al., 2004). This study’s results
conﬁrm and extend the earlier ﬁndings (see Figures 2a,
3b, and 4).
Pig heart
The protein composition of pigs is considered to be
similar to that of humans and here we chose porcine
heart to study whether cardiac titin/connectin isoforms
switch from large foetal to smaller postnatal size also
in large mammals (Figure 4). We obtained neonatal
(1–2 day-old) and adult left ventricular tissue of
domesticated pigs from a local slaughterhouse,
whereas foetal (about three weeks prior to birth) and
adult hearts of wild boar were provided by a local
hunter. As reported previously (Lahmers et al., 2004;
Opitz et al., 2004), neonatal pig hearts expressed a mix
of intermediate-size N2BA-isoforms, which made up
the majority of total titin/connectin protein, as well as
less-abundant N2B-isoform (Figure 4a). In adult pig
hearts N2BA migrated as a doublet band and there
was still relatively more N2BA than N2B-isoform
apparent. In the foetal left ventricle of wild boar we
detected a strong band at 3.7 MDa but almost no

Fig. 4. Changes in titin/connectin and obscurin isoform expression
in developing pig hearts (2% SDS-polyacrylamide gels). (a) Postnatal
left ventricles of domesticated pigs. The neonatal heart was from a
1-2-day-old animal. Adult rabbit soleus (3.7 MDa) was added for
comparison of molecular weight. (b) Foetal and adult left ventricles
obtained from pregnant wild boar approximately three weeks before
birth.

additional intact titin/connectin (Figure 4b). Adult
wild boar showed a single mid-size isoform (most likely N2BA) at 3.4 MDa and the N2B-isoform at a ratio of approximately 40:60. Degradation bands (‘‘T2’’)
were of similar intensities in both foetal and adult tissues (Figure 4b).
These results suggest that large mammals express,
relatively early in foetal heart development, a single
cardiac N2BA-isoform of 3.7 MDa, which is later
replaced by smaller-size neonatal and adult N2BAisoforms and the N2B-isoform. The time course of
prenatal cardiac-isoform switching appears to be
much slower in pigs than in smaller mammals (a
fact probably related to the longer gestation period),
as there were already various minor titin/connectin
isoforms bands appearing below the major 3.7 MDa
band in the foetal pig heart three weeks prior to
birth (Figure 4b). Early foetal mouse and rat hearts
never showed such bands. The postnatal titin-isoform switching was not studied here in pig heart,
but Lahmers et al. (2004) found that the shift toward smaller isoforms also occurs at a much slower
rate than in rodents; the time required to reduce
expression of the N2BA isoforms by 50% was 18
days.
Why the adult hearts of pig and wild boar (and of
other large mammals; Cazorla et al., 2000; Neagoe
et al., 2003) express a relatively high proportion of
N2BA-isoform(s) compared to those of smaller mammals, is not clear at this time. However, it is possible
that large-size hearts may require lower passive wall
stiﬀness than small-size hearts for optimum mechanical performance. The titin/connectin-isoform size
would be adjusted accordingly. But no matter what
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the isoform composition in adult heart, the foetal
hearts of all mammals studied here express, well before
birth, a very compliant N2BA-isoform of common
size. This highly extensible isoform may act as a lowstiﬀness spring in foetal cardiac myoﬁbrils. It will be
interesting to see whether the presence of a 3.7 MDa
foetal titin/connectin isoform is a general property of
mammalian hearts.
Chicken heart
We wanted to know whether titin/connectin-isoform
switching also takes place in embryonic/neonatal bird
heart. Chicken hearts were dissected at 2-day intervals
beginning at embryonic stage e12 (no titin/connectin
bands were detectable by SDS-PAGE at stages e8–
e10), up to several days after hatching. Embryonic
hearts at stage e12 expressed a relatively broad, inter-

mediate-size, titin/connectin band, the size and appearance of which changed little until stage e16 (Figure 5a,
c). Interestingly, the embryonic isoform(s) size was always less than 3.4 MDa (Figure 5c). At day e18 a mix
of even smaller-size isoforms appeared and from then
on a rapid shift toward small isoforms was evident,
which continued beyond hatching (Figure 5b, left two
lanes; Figure 5c). Only a few days after hatching (4d),
the adult expression pattern was established representing a major 3.0-MDa isoform and a minor 3.15-MDa
isoform (Figure 5a–c). All developmental stages,
including adult, were characterised by relatively strong
‘‘T2’’ degradation band(s) of comparable intensity. To
verify the molecular masses, we mixed either neonatal
(1d) or adult chicken-heart tissue together with rabbit
soleus muscle, the latter of which expresses 3.7-MDa
titin/connectin isoform, and loaded the tissue mix on
the same gel lanes (Figure 5a, right three lanes). The

Fig. 5. Plasticity of titin/connectin in developing chicken hearts studied by 2% SDS-PAGE. (a) Time series showing isoform switching from
stages e12 to adult. Adult rabbit-soleus muscle (3.7 MDa) and adult rat heart (major titin/connectin isoform, 3.0 MDa) were used to identify
molecular masses. In the right two lanes, rabbit soleus was mixed together with neonatal or adult chicken-heart tissue, and the mix was
charged to the same gel lanes. (b) Higher-magniﬁcation gel image showing titin/connectin bands of newborn and adult chicken hearts. LV,
left ventricle; RV, right ventricle; RA, right atrium. (c) Summary scheme demonstrating the changes in isoform size and isoform composition
during chicken-heart development. Grey bars on bottom indicate degradation bands (‘‘T2’’).
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chicken isoforms migrated faster than the soleus titin/
connectin, indicating their lower molecular size. These
ﬁndings establish that also chicken hearts show developmentally regulated titin/connectin isoform switching,
but the largest detectable embryonic isoform is less
than 3.4 MDa, much smaller than in foetal mammalian hearts. Most of the isoform shifting in perinatal
chicken hearts occurs rapidly and is completed within
approximately one week at around the time of hatching (Figure 5c).
In adult chicken hearts we also distinguished the left
and the right ventricle and the right atrium. Both ventricles expressed a similar ratio between the two adult
titin/connectin isoforms, whereas the right atrium
showed a higher proportion of the lower-mobility
(3.15 MDa) isoform (Figure 5B). This diﬀerence
resembles that seen in adult mammalian hearts
(Cazorla et al., 2000).
Conclusions and outlook
In this study we have provided evidence that during
development from the embryonic to the neonatal to
the adult stage, chicken hearts switch their cardiac titin/connectin isoform composition in a manner similar
to that of mouse, rat, and pig hearts. However, the
alterations in protein-expression patterns take place
with species-speciﬁc time courses and involve many
diﬀerent titin/connectin size classes. A main diﬀerence
between the bird and the mammalian species is that
embryonic chicken titin/connectin never reaches the
large size of the early foetal mammalian isoform
(3.7 MDa), and is always smaller than 3.4 MDa. In
this context we note that an earlier study reported
developmental changes in titin/connectin isoforms of
chicken breast muscle (Hattori et al., 1995), but comparisons of isoform size with the current work are difﬁcult. Although the chicken titin/connectin sequence is
not yet published, preliminary evidence (communicated
by Dr. S. Labeit at the Chiba meeting, November
2004) indicates that chicken contains almost all the
exons characteristic of the human titin/connectin
sequence (Bang et al., 2001), but lacks a substantial
number of PEVK exons. This raises the possibility
that a much-reduced length of the chicken PEVKdomain can explain, at least in part, the relatively
small size of the largest embryonic isoform in this
species. It remains to be seen if the ﬁndings from
mammalian heart can be extrapolated to chicken
heart, in that diﬀerences in cardiac titin/connectin size
between foetal, neonatal, and adult isoforms arise
from alternative splicing of both the mid-Ig-domain
region and the PEVK-segment.
Currently it is unknown which factors and signalling
events could regulate the cardiac titin/connectin-isoform switching at approximately the time of birth.
Some hints were provided by Opitz et al. (2004), who
compared titin/connectin expression in developing rat
hearts at the protein and mRNA-transcript levels. We

proposed that the developmental expression pattern of
the N2B-isoform may be regulated through alternative
splicing, since there was a reasonable match between
N2B-transcript and N2B-protein levels, at all developmental stages. As for the N2BA-isoforms, there was
an excess of total N2BA-transcript over total N2BAprotein, which suggested regulation of N2BA expression at a level downstream of alternative splicing. We
speculated that at least some N2BA-splice variants
may have a very short half-life (mRNA stability is
low), may not be translated into protein, and/or could
show low translational eﬃciency. In any case, a challenge for future work is to ﬁnd out how cardiac cells
accomplish the dramatic perinatal switch of titin/connectin size by up to 700 kDa in such a short period of
time. It can also be anticipated that further studies
would reveal additional roles for the isoform shift,
beyond the mechanical aspect. The plasticity of titin/
connectin could well be an important factor in developmentally regulated muscle assembly and in myocardial signalling processes.

Acknowledgements
We would like to thank Dr. Uta Opitz for continuous
encouragement and the former members of the Linke
lab in Heidelberg for their excellent work, which the
present study is built upon. We gratefully acknowledge
ﬁnancial support of the Deutsche Forschungsgemeinschaft (grants Li 690/2-3, Li 690/6-2, SFB 629).
References
Agarkova I, Auerbach D, Ehler E and Perriard JC (2000) A novel
marker for vertebrate embryonic heart, the EH-myomesin isoform.
J Biol Chem 275: 10256–10264.
Anderson PA, Manring A, Glick KL and Crenshaw CC Jr (1982)
Biophysics of the developing heart III. A comparison of the left
ventricular dynamics of the foetal and neonatal lamb heart. Am J
Obstet Gynecol 143: 195–203.
Bang ML, Centner T, Fornoﬀ F, Geach AJ, Gotthardt M, McNabb
M, Witt CC, Labeit D, Gregorio CC, Granzier H and Labeit S
(2001) The complete gene sequence of titin, expression of an
unusual approximately 700-kDa titin isoform, and its interaction
with obscurin identify a novel Z-line to I-band linking system. Circ
Res 89: 1065–1072.
Borg TK, Gay RE and Johnson LD (1982) Changes in the distribution
of ﬁbronectin and collagen during development of neonatal rat
heart. Coll Relat Res 2: 211–218.
Cappelli V, Bottinelli R, Poggesi C, Moggio R and Reggiani C (1989)
Shortening velocity and myosin and myoﬁbrillar ATPase activity
related to myosin isoenzyme composition during postnatal development in rat myocardium. Circ Res 65: 446–457.
Carrier L, Boheler KR, Chassagne C, de la Bastie D, Wisnewsky C,
Lakatta EG and Schwartz K (1992) Expression of sarcomeric actin
isogenes in the rat heart with development and senescence. Circ Res
70: 999–1005.
Carver W, Terracio L and Borg TK (1993) Expression and accumulation of interstitial collagen in the neonatal rat heart. Anat Rec
236: 511–520.
Cazorla O, Freiburg A, Helmes M, Centner T, McNabb M, Wu Y,
Trombitas K, Labeit S and Granzier H (2000) Diﬀerential

341
expression of cardiac titin isoforms and modulation of cellular
stiﬀness. Circ Res 86: 59–67.
Cazorla O, Wu Y, Irving TC and Granzier H (2001) Titin-based
modulation of calcium sensitivity of active tension in mouse
skinned cardiac myocytes. Circ Res 88: 1028–1035.
Engelmann GL (1993) Coordinate gene expression during neonatal rat
heart development. A possible role for the myocyte in extracellular
matrix biogenesis and capillary angiogenesis. Cardiovasc Res 27:
1598–1605.
Fisher DJ and Towbin J (1988) Maturation of the heart. Clin Perinatol
15: 421–446.
Freiburg A, Trombitas K, Hell W, Cazorla O, Fougerousse F, Centner
T, Kolmerer B, Witt C, Beckmann JS, Gregorio CC, Granzier H
and Labeit S (2000) Series of exon-skipping events in the elastic
spring region of titin as the structural basis for myoﬁbrillar elastic
diversity. Circ Res 86: 1114–1121.
Fukuda N, Sasaki D, Ishiwata S and Kurihara S (2001) Length
dependence of tension generation in rat skinned cardiac muscle:
role of titin in the Frank-Starling mechanism of the heart.
Circulation 104: 1639–1645.
Fukuda N, Wu Y, Farman G, Irving TC and Granzier HL (2003) Titin
isoform variance and length dependence of activation in skinned
bovine cardiac muscle. J Physiol 553: 147–154.
Funatsu T, Kono E, Higuchi H, Kimura S, Ishiwata S, Yoshioka T,
Maruyama K and Tsukita S (1993) Elastic ﬁlaments in situ in
cardiac muscle: deep-etch replica analysis in combination with
selective removal of actin and myosin ﬁlaments. J Cell Biol 120:
711–724.
Fürst DO, Osborn M, Nave R and Weber K (1988) The organization
of titin ﬁlaments in the half-sarcomere revealed by monoclonal
antibodies in immunoelectron microscopy: a map of ten nonrepetitive epitopes starting at the Z line extends close to the M line.
J Cell Biol 106: 1563–1572.
Gautel M, Lehtonen E and Pietruschka F (1996) Assembly of the
cardiac I-band region of titin/connectin: expression of the cardiacspeciﬁc regions and their relation to the elastic segments. J Muscle
Res Cell Motil 17: 449–461.
Godt RE, Fogaca RT, Silva IK and Nosek TM (1993) Contraction of
developing avian heart muscle. Comp Biochem Physiol A Mol
Integr Physiol 105: 213–218.
Grant DA and Walker AM (1996) Pleural and pericardial pressures
limit foetal right ventricular output. Circulation 94: 555–561.
Grant DA, Fauhere JC, Eede KJ, Tyberg JV and Walker AM (2001)
Left ventricular stroke volume in the foetal sheep is limited by
extracardiac constraint and arterial pressure. J Physiol 535: 231–
239.
Grant DA, Kondo CS, Maloney JE, Walker AM and Tyberg JV
(1992) Pulmonary and pericardial limitations to diastolic ﬁlling of
the left ventricle in lamb. Circulation 86: 1615–1621.
Granzier HL and Irving TC (1995) Passive tension in cardiac muscle:
contribution of collagen, titin, microtubules, and intermediate
ﬁlaments. Biophys J 68: 1027–1044.
Granzier HL and Labeit S (2004) The giant protein titin: a major
player in myocardial mechanics, signaling, and disease. Circ Res 94:
284–295.
Greaser ML, Berri M, Warren CM and Mozdziak PE (2002) Species
variations in cDNA sequence and exon splicing patterns in the
extensible I-band region of cardiac titin: relation to passive tension.
J Muscle Res Cell Motil 23: 473–482.
Hattori A, Ishii T, Tatsumi R and Takahashi K (1995) Changes in the
molecular types of connectin and nebulin during development of
chicken skeletal muscle. Biochim Biophys Acta 1244: 179–184.
Hoh JF, McGrath PA and Hale PT (1978) Electrophoretic analysis of
multiple forms of rat cardiac myosin: eﬀects of hypophysectomy
and thyroxine replacement. J Mol Cell Cardiol 10: 1053–1076.
Horowits R, Kempner ES, Bisher ME and Podolsky RJ (1986) A
physiological role for titin and nebulin in skeletal muscle. Nature
323: 160–164.
Itoh Y, Suzuki T, Kimura S, Ohashi K, Higuchi H, Sawada H,
Shimizu T, Shibata M and Maruyama K (1988) Extensible and

less-extensible domains of connectin ﬁlaments in stretched vertebrate skeletal muscle sarcomeres as detected by immunoﬂuorescence and immunoelectron microscopy using monoclonal
antibodies. J Biochem 104: 504–508.
Kellermayer MS, Smith SB, Granzier HL and Bustamante C (1997)
Folding-unfolding transitions in single titin molecules characterized with laser tweezers. Science 276: 1112–1116.
Kirkpatrick SE, Covell JW and Friedman WF (1973) A new technique
for the continuous assessment of foetal and neonatal heart
performance. Am J Obstet Gynecol 116: 963–972.
Kulke M, Fujita-Becker S, Rostkova E, Neagoe C, Labeit D,
Manstein DJ, Gautel M and Linke WA (2001) Interaction between
PEVK-titin and actin ﬁlaments: origin of a viscous force component in cardiac myoﬁbrils. Circ Res 89: 874–881.
Labeit S and Kolmerer B (1995) Titins, giant proteins in charge of
muscle ultrastructure and elasticity. Science 270: 293–296.
Lahmers S, Wu Y, Call DR, Labeit S and Granzier H (2004)
Developmental control of titin isoform expression and passive
stiﬀness in foetal and neonatal myocardium. Circ Res 94: 505–513.
Li H, Linke WA, Oberhauser AF, Carrion-Vazquez M, Kerkvliet JG,
Lu H, Marszalek PE and Fernandez JM (2002) Reverse engineering of the giant muscle protein titin. Nature 418: 998–1002.
Lim SS, Woodroofe MN and Lemanski LF (1983) An analysis of
contractile proteins in developing chick heart by SDS polyacrylamide gel electrophoresis and electron microscopy. J Embryol Exp
Morphol 77: 1–14.
Linke WA and Fernandez JM (2002) Cardiac titin: Molecular basis of
elasticity and cellular contribution to elastic and viscous stiﬀness
components in myocardium. J Muscle Res Cell Motil 23: 483–497.
Linke WA and Leake MC (2004) Multiple sources of passive stress
relaxation in muscle ﬁbers. Phys Med Biol 49: 3613–3627.
Linke WA, Ivemeyer M, Labeit S, Hinssen H, Rüegg JC and Gautel M
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