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Krüger, Martina, Thomas Kohl, and Wolfgang A. Linke. Developmental changes in passive stiffness and myofilament Ca2⫹ sensitivity
due to titin and troponin-I isoform switching are not critically triggered by
birth. Am J Physiol Heart Circ Physiol 291: H496 –H506, 2006. First
published May 5, 2006; doi:10.1152/ajpheart.00114.2006.—The giant
protein titin, a major contributor to myocardial mechanics, is expressed in two main cardiac isoforms: stiff N2B (3.0 MDa) and more
compliant N2BA (⬎3.2 MDa). Fetal hearts of mice, rats, and pigs
express a unique N2BA isoform (⬃3.7 MDa) but no N2B. Around
birth the fetal N2BA titin is replaced by smaller-size N2BA isoforms
and N2B, which predominates in adult hearts, stiffening their sarcomeres. Here we show that perinatal titin-isoform switching and
corresponding passive stiffness (STp) changes do not occur in the
hearts of guinea pig and sheep. In these species the shift toward
“adult” proportions of N2B isoform is almost completed by midgestation. The relative contributions of titin and collagen to STp were
estimated in force measurements on skinned cardiac muscle strips by
selective titin proteolysis, leaving the collagen matrix unaffected.
Titin-based STp contributed between 42% and 58% to total STp in
late-fetal and adult sheep/guinea pigs and adult rats. However, only
⬃20% of total STp was titin based in late-fetal rat. Titin-borne passive
tension and the proportion of titin-based STp generally scaled with the
N2B isoform percentage. The titin isoform transitions were correlated
to a switch in troponin-I (TnI) isoform expression. In rats, fetal slow
skeletal TnI (ssTnI) was replaced by adult carciac TnI (cTnI) shortly
after birth, thereby reducing the Ca2⫹ sensitivity of force development. In contrast, guinea pig and sheep coexpressed ssTnI and cTnI in
fetal hearts, and skinned fibers from guinea pig showed almost no
perinatal shift in Ca2⫹ sensitivity. We conclude that TnI-isoform and
titin-isoform switching and corresponding functional changes during
heart development are not initiated by birth but are genetically
programmed, species-specific regulated events.

BIRTH IS A DRAMATIC EVENT in mammalian heart development.
With the newborn’s first breaths of air, the fetal circulation
changes, and cardiac pump function is intensified to keep up
with the increased power requirements of the newborn that
suddenly lacks placental nurturing and oxygen supply. Heart
rate, end-diastolic pressure, stroke volume, and left ventricular

(LV) dimensions all increase to meet the metabolic demands of
newborn life (4, 26). During perinatal development of myocardium, many sarcomere proteins alter their isoform pattern
rather rapidly. Among them are the contractile proteins myosin
heavy chain (MyHC) (9, 22, 32, 53) and ␣-actin (10); regulatory proteins, including troponin-I (TnI), troponin-T (TnT),
tropomyosin (36, 46, 51–53), and myosin light chain-1 (60);
and scaffolding proteins such as myomesin (1) and titin (27,
41, 43, 56). However, as these studies have usually been
performed on altricial mammals (e.g., rats and mice) that
remain nestlings until fetal development is completed a week
after birth, it is not immediately obvious whether the event of
birth actually is the trigger for such adaptations.
The giant polypeptide titin is one of the most abundant
proteins in striated muscle cells with a huge molecular mass of
3.7 to 3.0 MDa. Titin molecules span half sarcomeres from the
Z-disc to the M-line, integrate the actin and myosin filament
systems, and play important roles in myofibrillar assembly,
structure, and mechanics (20, 29, 42). The I-band part of the
molecule harbors various elastic regions, including the socalled PEVK domain, two to three segments containing serially
linked tandem-Ig-domains, and the unique N2B sequence (20,
28, 31) (Fig. 1). In mammalian hearts, titin is expressed in two
principal isoforms (Fig. 1), the small and relatively stiff N2B
isoform (3.0 MDa) and the larger and more compliant N2BA
titin (⬎3.2 MDa) (13, 40). The expression ratio of N2BA to
N2B, along with the content, cross-linking status, and isoform
type of the major extracellular matrix (ECM) protein collagen,
is a major determinant of the passive tension (PT) level in
myocardium (33, 40). Alterations in titin-isoform composition
are expected to have substantial effects on cardiac mechanics.
Indeed, elevated N2BA:N2B isoform ratios were observed in
end-stage failing hearts from patients with dilated or ischemic
cardiomyopathy, and the myofibrils of these hearts exhibited
lowered passive stiffness (STp) (33, 38, 39). A dramatic shift in
cardiac titin-isoform expression and titin-based stiffness occurs
during perinatal heart development of mice, rats, rabbits, and
pigs (27, 41, 43, 56). Well before birth, the hearts of these
species express a unique fetal N2BA isoform (⬃3.7 MDa) but
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no N2B isoform. Around the time of birth and shortly thereafter, this large N2BA isoform is replaced by smaller-size, less
extensible N2BA isoforms and the stiff N2B isoform, which
then predominates in adult hearts (27, 41, 43, 56). Consequently, the fetal or neonatal cardiac sarcomeres of these
species are much more compliant than the adult sarcomeres
(27, 43, 56).
In surprising contrast to these findings are earlier observations in various species suggesting that the fetal ventricle is
stiffer than the mature myocardium (Ref. 44, and references
therein). For instance, in sheep the ventricular compliance and
distensibility increase from the fetal to the adult stage (48, 49)
while during this period the myocyte volume density rises from
⬃40% to ⬃60% (54). Because ECM-based proteins, particularly collagen, greatly contribute to STp (27, 33, 61), it is
possible that developmental changes in collagen-borne stiffness may add to alterations in myocardial compliance, either
counteracting or complementing the changes in titin-based
stiffness. Here we wanted to know whether perinatal changes
in cardiac titin expression and mechanical function take place
in guinea pig and sheep, which are nest quitters or nidifugous
mammals and develop almost to the weaning stage before
birth. The structural development of the hearts of these species
is much advanced already by the end of the gestation period
(65 days in guinea pig, ⬃150 days in sheep), in contrast to rats
(gestation period, 22 days) (21, 54). Besides comparing the
pattern of cardiac titin-isoform transitions during heart development in these three species, we also aimed at elucidating
developmental changes in the relative importance of ECM
structures and titin for myocardial STp.
The cardiac titin-isoform shift during perinatal heart development of rats closely correlates with a switch in TnI-isoform
composition (56). TnI is part of the troponin complex that
together with tropomyosin regulates actomyosin interaction.
Like many other sarcomere proteins, TnI exists in multiple
isoforms. Fetal rat hearts express a TnI isoform that is similar
to the slow skeletal troponin I (ssTnI) isoform, which is
replaced by a cardiac TnI (cTnI) isoform at around the time of
birth (5, 7, 15, 24, 50, 52). This isoform shift is linked to a
marked decrease in Ca2⫹ sensitivity of force development
occurring in rats (and mice) during the postnatal period (16, 46,
AJP-Heart Circ Physiol • VOL

53, 59). Again, the identity of the trigger(s) responsible for a
coordinated isoform switching of several sarcomere proteins,
including titin and TnI, has remained obscure, although available data perhaps suggested a signaling cascade that is somehow initiated by birth. Here we report that, unlike rat hearts,
guinea pig and sheep hearts do not show the dramatic perinatal
isoform switch of TnI and titin. The interspecies differences in
isoform shifting are found to be correlated with differences in
the developmental changes of STp and Ca2⫹ sensitivity of
active force. We conclude that the developmental transitions in
mechanical properties following from titin- and TnI-isoform
switching are not critically triggered by the event of birth.
MATERIALS AND METHODS

Heart tissue. Heart tissue was obtained from adult pregnant
Sprague-Dawley rats, fetal rats at 18 days of gestation (E18), and
newborn rats 1 day after birth (each group, n ⫽ 4). The animals were
anesthetized with ether and killed by decapitation; the complete hearts
were removed, immediately frozen in liquid nitrogen, and stored at
⫺80°C. Pregnant guinea pigs (adult, n ⫽ 2) (Cavia aperea), fetal
animals at day 35 (E35, n ⫽ 2) and day 55 (E55, n ⫽ 2) of gestation,
and a neonatal (1 day) guinea pig (24 h after delivery) were kindly
provided by Prof. Dr. N. Sachser (Univ. of Muenster, Muenster,
Germany) (25). The guinea pigs were anesthetized and killed by
exsanguination, and the hearts were excised and immediately frozen
in liquid nitrogen before storage at ⫺80°C until usage. Frozen heart
tissue from fetal (E82, E112, E119, E135, n ⫽ 2–3, for each stage)
and adult sheep (n ⫽ 2) was provided by the animal house of the
University of Bonn (Germany). From all hearts we analyzed the free
wall of the LVs (anterolateral-midwall region). All procedures were
conducted in accordance with the guidelines of the local Animal Care
and Use Committees. Protocols were approved by the Bezirksregierung Koeln (license no. 50.203.Bn_38,_28/04).
Preparation of skinned cardiac fibers. For tension measurements
small muscle strips were prepared from the LVs of frozen hearts and
skinned overnight in relaxing solution containing 40 g/ml leupeptin,
30 mM 2,3-butanedione monoxime (BDM), and 0.5% wt/vol Triton
X-100 on ice. The skinned tissue was extensively washed in the same
buffer without Triton X-100, and small fiber bundles with diameters
of 200 –300 m and a length of 1.0 –2.5 mm were dissected. Dissected
and skinned fibers were placed on ice in detergent-free relaxing
solution and were used either for mechanical measurements or frozen
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Fig. 1. Schematics of the I-band segments of the 2 principal titin isoforms, N2B and N2BA, in cardiac muscle. Structurally different regions are indicated. Size
differences arise mainly from differential splicing of the middle Ig-domain region and the PEVK domain. Ig, immunoglobulin-like domain region; N2A, titin
region expressed in N2BA, but not N2B, isoforms; PEVK, unique sequence rich in proline (P), glutamate (E), valine (V), and lysine (K).
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IgG-horseradish peroxidase served as secondary antibody. Enzymatic
activity was detected using an ECL Kit (Amersham Biosciences,
Freiburg, Germany). Attempts were made to load all lanes with equal
amounts of solubilized protein after spectrophotometric analysis
(Bradford method).
Histological analysis and transmission electron microscopy. LV
fibers were freshly dissected from rat and guinea pig hearts and fixed
in 4% paraformaldehyde (PFA). From frozen sheep heart, small
muscle strips were cut and also fixed in 4% PFA. Fixed fibers were
processed for histological and electron microscopic analysis according to standard protocols and were sectioned by using a Reichert
ultramicrotome. Semithin (3 m) sections of LV tissue were stained
with azocarmine and aniline blue/golden orange (azan stain) to distinguish nuclei and contractile elements in the cytoplasm (red) from
ECM (blue). Images were recorded with a color-CCD camera (Sony)
under a Zeiss Axiovert 135 inverted microscope using 20⫻ or 40⫻
objectives. ECM (collagen) area density was estimated from digital
images by using AxioVision LE software (Zeiss, Jena, Germany).
Transmission electron micrographs of ultrathin sections were taken
with a Zeiss EM 900 at 80 kV (45).
Statistics. To test for statistically significant differences, we used
the unpaired Student’s t-test. P values ⬍0.05 were taken as indicating
significant differences.
RESULTS

Developmental transitions in titin-isoform expression in
guinea pig and sheep hearts occur already during midgestation. The proportions of the major intact-titin (T1) isoforms,
N2BA and N2B, were detected by 2% SDS-PAGE in fetal,
neonatal, and adult LV tissue samples from rat, guinea pig, and
sheep (Fig. 2). As reported earlier for fetal rat hearts (43, 56),
4 days before birth (E18), a 3,600- to 3,700-kDa N2BA-1
isoform (60%) and a 3,500-kDa N2BA-2 isoform (30 –35%)
predominated, but almost no 3,000-kDa N2B titin was detectable at this developmental stage (Fig. 2, A and C). Shortly after
birth (1 day), N2BA-1 titin decreased to ⬍5%, and the proportions of N2BA-2 and N2B increased to ⬃40% and ⬃60%,
respectively. Adult rat hearts expressed mainly N2B titin
(⬎90%), whereas N2BA-1 and N2BA-2 were completely replaced by smaller-size, low-level N2BA isoforms of 3,400 kDa
(N2BA-3) and 3,200 kDa (N2BA-4) (Fig. 2, A and C). The
identity of the titin isoforms on the gels was confirmed by us
previously by using Western blotting (43).
In fetal guinea pig hearts about halfway through the gestation period (E35), two large N2BA isoforms (3,600 kDa; 3,500
kDa) were expressed (Fig. 2A), each constituting 35– 40% of
total T1-titin, whereas N2B was still relatively scarce (25 ⫾
4%). In the perinatal period, 10 days before birth (E55), the
proportion of N2B-titin was already ⬃60% (Fig. 2, A and C).
Thus there is a titin-isoform switch already at relatively early
developmental stages. At stage E55, at least three N2BA
isoforms could be distinguished that made up ⬃10% [size,
⬃3,600 kDa (N2BA3600)] and twice ⬃15% [⬃3,500 kDa
(N2BA3500); ⬃3,300 kDa (N2BA3300)] of the total T1-titin.
This isoform pattern was not significantly altered in neonatal (1
day) guinea pig hearts, which expressed ⬃60% N2B titin,
⬃5% N2BA3600, ⬃20% N2BA3500, and ⬃15% N2BA3300
(Fig. 2, A and C). In adult guinea pig hearts, the two largest
N2BA isoforms almost completely disappeared, but the
N2BA3300 isoform still constituted 25–30% of the T1-titin,
with the remainder (⬃70%) representing the N2B-isoform
(Fig. 2, A and C). In summary, the average N2BA:N2B
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in liquid nitrogen and stored at ⫺80°C for gel electrophoresis and
electron microscopy.
Mechanical measurements. Force measurements were performed
with a muscle mechanics workstation (Scientific Instruments, Heidelberg, Germany) at room temperature (33, 39). Skinned LV fiber
bundles were bathed in relaxing solution (7.8 mM ATP, 20 mM
creatine phosphate, 20 mM imidazole, 4 mM EGTA, 12 mM Mgproprionate, 97.6 mM K-proprionate, pH 7.0, 40 g/ml leupeptin, 30
mM BDM) and mounted to the motor arm and force transducer
between stainless steel clips. For STp measurements, stretch-release
loops (1 Hz, 5 consecutive cycles at 5-min intervals) were performed,
beginning at slack length and stretching the fibers to a maximum of
130% of their slack length (33). Sarcomere length (SL) could sometimes be detected in adult preparations by laser diffractometry (45) but
not in fibers of fetal animals. However, slack SL was determined on
histological (longitudinal) sections of unstretched fiber bundles or in
preparations of freshly isolated myofibrillar bundles, by using a
phase-contrast microscope (Zeiss Axiovert 135, ⫻20 objective). Fetal
and adult fibers of all species had an average slack SL of 1.8 –1.9 m.
Passive force was related to cross-sectional area (PT) determined from
the diameter of the specimens (by assuming a cylindrical shape and
circular cross-sectional area).
Titin degradation was achieved by exposing the fibers to low doses
of trypsin (2 g/ml) in relaxing buffer (without leupeptin) for up to
⬃1 h (30, 57). The extent of titin degradation was tested by gel
electrophoresis (see below) every 10 –20 min during exposure to
trypsin (data not shown), and complete titin extraction was confirmed
after 45–50 min of low-trypsin treatment. Passive forces were measured before and every 5 min during the titin-degradation procedure.
As a measure of STp, we calculated the integral under the fifth
stretch-release curve. STp was then expressed relative to the initial
stiffness before addition of trypsin (33), minus the small drop in STp
found during the ⬃1-h measurement period in “control” fibers not
treated with trypsin, which is due to “normal” tissue softening.
To measure the Ca2⫹-sensitivity of force development, skinned
fiber bundles were mounted in relaxing solution (pCa 8.0) supplemented with 40 g/ml leupeptin but no BDM and were prestretched
by 10% of their slack length. Force-pCa relations were determined by
sequentially increasing Ca2⫹ concentration to pCa 4.0. Averaged data
(means ⫾ SE) on relative-force vs. pCa diagrams were fitted by using
the Hill equation. Maximum active force (⫽100% relative force) was
usually developed at pCa 4.5.
SDS-PAGE. Tissue strips were homogenized in sample buffer
containing 8 M urea, 2 M thiourea, 3% SDS (wt/vol), 75 mM DTT,
0.03% bromophenol blue, 10% glycerol, and 0.05 M Tris 䡠 HCl, pH 6.8
(57). Samples were incubated for 5 min on ice and boiled for 5 min
at 95°C, followed by centrifugation. For details of sample preparation,
see Refs. 39 and 43.
Conventional 10% and 15% SDS-PAGE to separate proteins in the
range of 15–220 kDa was carried out according to standard protocols.
For investigation of titin isoforms, agarose-strengthened SDS-PAGE
with a 2% polyacrylamide concentration was performed (30, 39) by
using a Laemmli buffer system and a Biometra minigel apparatus.
Protein bands were visualized with Coomassie brilliant blue or by
silver staining, and gels were digitized by multiple scanning by using
a CanoScan 9900F scanner (Canon). Densitometry analyses were
performed only on Coomassie-stained gels with the use of TotalLab
software (Phoretix, Newcastle, UK). At least three gel lanes from a
minimum of two hearts per developmental stage and species were
analyzed, and the average titin compositions were calculated.
Immunoblotting. For Western blot analysis, protein components
were separated by 15% SDS-PAGE, transferred onto a polyvinylidene
difluoride membrane (Millipore, Schwalbach, Germany) by standard
semidry Western blotting, and probed by monoclonal antibodies
against cTnI (8I-7, Spectral Diagnostics; alternatively, H86550,
BioDesign International) (39), which recognize both cTnI and ssTnI.
Results were similar with the two primary antibodies. Anti-mouse
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titin-expression ratio of guinea pig hearts changed significantly
during midgestation, but not in late-fetal stages and during the
perinatal period, and only little thereafter (the difference between 1 day and adult was not significant; P ⬎ 0.05 in
Student’s t-test).
Similar analyses of fetal and adult sheep hearts showed that
also this species exhibits titin-isoform switching rather early
during fetal development (Fig. 2). At midgestation (E82), fetal
lamb hearts expressed at least two N2BA isoforms of ⬃3,600
and ⬃3,500 kDa, each constituting ⬃30% of the total titin; the
remainder (⬃40%) was N2B isoform. Later in development,
fetal lambs at stages E112, E119, and E135 (Fig. 2A) all
expressed relatively high proportions of cardiac N2B titin,
55– 60% (Fig. 2C). A strong N2BA band (30 –35% of T1-titin)
appeared at ⬃3,300 kDa, whereas the larger N2BA isoforms,
now only faintly visible (Fig. 2, A and B), together made up the
remaining 5–10%. In adult sheep heart, the low-level, largersize N2BA isoforms disappeared, and the strong ⬃3,300-kDa
variant remained as the only N2BA isoform (Fig. 2, A and B).
The average N2BA:N2B ratio was approximately 30:70 (Fig.
2C). The difference in the mean N2BA:N2B ratio between
fetal (E135) and adult sheep hearts was statistically significant
(P ⫽ 0.035 in Student’s t-test). In summary, unlike rat hearts,
guinea pig and sheep hearts establish the “adult” proportions of
N2B-titin isoform already well before birth.
AJP-Heart Circ Physiol • VOL

Developmental alterations in the contribution of titin to total
PT and STp.We wanted to know whether the importance of
titin for total passive myocardial stiffness, compared with that
of extramyofibrillar elements, changes from the fetal to the
adult stage. A selective titin-degradation protocol (33, 61) was
applied, in which skinned cardiac-fiber bundles were incubated
with minute doses of trypsin for up to ⬃1 h and the concomitant decrease in STp was recorded during repeated stretchrelease cycles (Fig. 3A) applied every 5 min. After the mechanical measurements, complete titin proteolysis was confirmed by 2% SDS-PAGE. In the gel examples shown in Fig.
4A (fetal E135 and adult sheep hearts), complete loss of intact
titin (N2BA and N2B) is evident and the characteristic titindegradation bands (T2 and T3) have appeared. In an attempt to
test for the specificity of the mild-trypsin treatment, we studied
the preservation of smaller muscle proteins with a molecular
mass up to 250 kDa by 12.5% SDS-PAGE (examples for fetal
E135 and adult sheep hearts are shown in Fig. 4B) and indeed
could not detect an effect on these proteins, confirming earlier
reports (33, 61). The trypsin-treated muscle strips, as well as
nontreated hearts, were also investigated by electron microscopy for a possible effect on collagen, but no obvious effects
on the appearance or abundance of collagen fibers were found
(data not shown). The mild trypsin treatment is likely to leave
the collagen fibers unaffected. The decrease in STp upon
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Fig. 2. Titin isoform composition in developing rat, guinea pig,
and sheep left ventricle. A: high-resolution SDS-PAGE (2%) of
tissue samples from late fetal [gestational day 18 (E18)],
neonatal [1 day (1d)] and adult rat; midgestation (E35), latefetal (E55), neonatal (1 day), and adult guinea pig; and midgestation (E82), mid- to-late fetal (E112, E119, E135), and adult
sheep. Titin isoforms N2BA and N2B, as well as the titindegradation band, T2, are indicated. Coomassie staining. B:
silver-stained 2% SDS-PAGE of fetal (E112) and adult sheep
hearts also showing lanes loaded with adult rat heart (titin,
3,000 kDa) and adult rabbit soleus (titin, 3,600 kDa), for size
comparison. C: mean titin-isoform compositions in the hearts of
the 3 species at various developmental stages, shown as percentage of the total intact titin (N2B ⫹ N2BA isoforms). Data
are means ⫾ SE. *P ⬍ 0.05 in Student’s t-test.
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trypsin treatment leveled out after ⬃45 min in fetal and adult
cardiac fibers of all three species (Fig. 3, C–E). Measurements
on fibers that had not been treated with trypsin (control)
revealed a slight STp decrease of no more than 15% during a
time period of ⬃1 h (Fig. 3, C–E). This “normal” stiffness
decrease was taken into account for the calculation of the
trypsin effect. With the disruption of titin, STp decreased
within 45 min to 40 –50% of the level before trypsin application in the adult tissue of all three species (Fig. 3). Also cardiac
strips from fetal guinea pig (E55) and lamb (E135) exhibited a
substantial reduction in STp to ⬃55% of the value before
trypsin treatment (Fig. 3, D and E). The deduced proportions of
titin-based STp showed only minor variability, 42–58%, between fetal and adult sheep, fetal and adult guinea pig, and
adult rat heart (Fig. 3F). A somewhat elevated percentage of
titin-borne STp was seen in adult sheep compared with fetal
lamb (P ⫽ 0.025 in Student’s t-test). In contrast, fibers from
fetal rat heart (E18) were much less affected by trypsin, and
STp decreased only to ⬃80% of the initial value (Fig. 3C).
Hence, only 20% of the total STp was titin-based in fetal rat
heart, significantly less (P ⬍ 0.01 in Student’s t-test) than in
adult rat heart (48%). A summary of results (Fig. 3F) shows
that the trypsin-insensitive components, most probably the
AJP-Heart Circ Physiol • VOL
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Fig. 3. Passive tension and passive stiffness
(STp) of skinned cardiac-fiber bundles during stretch-release cycles before and after
proteolytic degradation of titin. A: experimental protocol. Asterisk denotes the 5th
stretch-release cycle, from which passive
tension and STp were calculated. B: titinborne (trypsin sensitive) passive tension at
30% stretch (means ⫾ SE, n ⫽ 3– 4 per bar).
C–E: relative STp of fetal and adult fiber
bundles from rat, guinea pig, and sheep during 45-min-long treatment with low-dose
trypsin. Control ⫽ tissue (adult) not treated
with trypsin. F: relative contribution of titin
to total STp compared with that of trypsininsensitive extramyofibrillar structures (e.g.,
mainly collagen). Values are means ⫾ SE
(n ⫽ 3– 6 per bar). The respective fetal
stages are indicated. *P ⬍ 0.05 in Student’s
t-test.

Fig. 4. Impact of trypsin treatment on protein expression. A: titin proteolysis
detected by 2% SDS-PAGE. Example is shown for skinned cardiac-fiber
bundles from fetal (E135) lamb (top) and adult sheep (bottom). After 45-min
trypsin treatment, the titin-degradation bands T2 and T3 appear; essentially no
intact titin remains. Coomassie staining. B: proteins in the lower-molecularmass range in skinned fiber bundles from fetal (E135) lamb (left two lanes) and
adult sheep (right two lanes) before and after 45-min-long trypsin treatment.
No significant changes of muscle proteins ⬍250 kDa are detectable. Coomassie staining, 12.5% SDS-PAGE.
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collagen fibers, contributed between ⬃40% and ⬃60% to total
STp in all tissues at both developmental stages, except in fetal
rat heart, where they contributed 80%. Interestingly, the relative importance of titin for total STp scaled with the proportion
of stiff N2B-titin isoform expressed (compare Fig. 3F and Fig.
2C). A correlation with the titin-isoform composition (Fig. 2C)
is also evident for titin-borne PT (Fig. 3B). Analysis of the
trypsin-sensitive (⫽titin-borne) PT level at 30% stretch demonstrated that in guinea pig and sheep, this PT component is
independent of the developmental stage, which fits with the
similar N2BA:N2B ratios in these species at those stages. In
contrast, a large increase in titin-borne PT occurs in rat from

H501

stages E18 to adult (Fig. 3B), consistent with the rise in N2B
isoform percentage.
Myocyte ultrastructure, MyHC, and collagen density
changes during cardiac development. To gain insights into
ultrastructural differences between the tissue types, we prepared electron micrographs of fetal and adult heart samples
from rat, guinea pig, and sheep. Figure 5 (main panels) shows
representative images. Regular striations indicating well-defined sarcomere structure were only beginning to appear in
fetal (E18) rat hearts (Fig. 5A, left) but were readily seen in
fetal guinea pig (E55) (Fig. 5B, left) and sheep (E112) hearts
(Fig. 5B, left). The abundance and alignment of myofibrils was

AJP-Heart Circ Physiol • VOL
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Fig. 5. Myocyte ultrastructure and collagen
distribution in heart tissue of fetal (left) and
adult (right) rat (A), guinea pig (B), and
sheep (C). Fetal tissue was analyzed at E18
(rat), E55 (guinea pig), and E112 (lamb),
respectively. Note clear striation pattern and
abundance of myofibrils in fetal guinea pig
and sheep in contrast to fetal rat. Collagen
depositions (c) on electron micrographs are
depicted by arrows; n, nucleus; m, mitochondria; scale bars, 6 m. Insets: histological
analysis by Azan staining on semithin sections of fetal and adult fibers to distinguish
cardiomyocytes (red-pink) from connective
tissue (blue). Scale bars, 100 m. From these
and similar images the average collagen area
density was estimated; results are depicted in
the graphs (data are means ⫾ SE, n ⫽ 4
images per group; *P ⬍ 0.05 in Student’s
t-test).
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Table 1. MyHC content relative to total protein content
Species/Developmental Stage

Rat
E18 (late fetal)
1 Day
Adult
Guinea pig
E35 (midgestation)
E55 (late fetal)
1 Day
Adult
Sheep
E82 (midgestation)
E135 (late fetal)
Adult

MyHC, % of Total Protein

12⫾1
18⫾0.2
17⫾0.3

to a shift in the Ca2⫹ sensitivity of force generation (16, 46,
53). To test if a switch from ssTnI to cTnI around birth takes
place in those hearts that lack a characteristic shift in titin
isoforms at that time, we performed Western blot analysis with
anti-cTnI antibody (8I-7) on tissue samples from fetal and adult
hearts of guinea pig and sheep compared with rat (Fig. 6A).
Fetal rat hearts (E18) almost exclusively expressed the ssTnI,
which was subsequently replaced by cTnI during and after
birth, confirming earlier data (56). In contrast, cTnI was
strongly expressed in guinea pig hearts at all developmental
stages (Fig. 6A). At gestational days E35 and E55, cTnI and
ssTnI were present in a near-equimolar ratio. In neonatal
guinea pig, cTnI was somewhat more prominent than ssTnI,
whereas in adult hearts, no ssTnI was detectable. Similar
results were obtained for sheep, where both isoforms were
expressed in the fetal (E82 and E135) heart and a complete
Table 2. Parameters for Ca2⫹ sensitivity of active force
development in skinned muscle strips from
rat and guinea pig heart

16⫾1
15⫾3
16⫾2
19⫾1.5
10⫾1
14.5⫾0.5
19⫾1

Values are means ⫾ SE; n ⫽ 2–3 animals (neonatal guinea pig, n ⫽ 1), with
3 gel lanes each. MyHC, myosin heavy chain; E18, E35, E55, E82, and E135
refer to gestational days 18, 35, 55, 82, and 135, respectively; 1 Day refers to
neonatal animal 1 day after birth.
AJP-Heart Circ Physiol • VOL

Fig. 6. Developmental changes in troponin-I (TnI) isoform pattern and Ca2⫹
sensitivity of force development. A: cardiac (cTnI) and slow skeletal TnI
(ssTnI) expression detected by Western blot analysis in late-fetal (E18),
neonatal (1 day), and adult rat; in midgestation (E35), late-fetal (E55), neonatal
(1 day), and adult guinea pig; and in midgestation (E82), fetal (E135), and
adult sheep hearts. B: force-pCa-relationships of skinned cardiac fiber bundles
from fetal (E18) and adult rats and from fetal (E55) and adult guinea pigs (gp).
Force was normalized to Fmax of each fiber. Data are means ⫾ SE (3– 6 fibers
per group). Lines indicate best fits using the Hill equation.

pCa50, ⫺log[Ca2⫹]M⫺1

Hill Coefficient, nH

5.81⫾0.03†
5.36⫾0.05
5.48⫾0.02*
5.34⫾0.05

6.1⫾0.3
6.2⫾0.4
5.4⫾0.3
4.9⫾0.9

Rat fetus (E18)
Rat adult
Guinea pig fetus (E55)
Guinea pig adult

Values are means ⫾ SE; n ⫽ 3– 6 per group. *P ⬍ 0.05, †P ⬍ 0.001
compared with the adult stage in Student’s t-test. pCa50, pCa at half-maximum
active force level.
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more similar in fetal and adult hearts of guinea pig or sheep
than in those of rat (compare left panels vs. right panels in Fig.
5). Furthermore, the difference in the number of mitochondria
was large in fetal compared with adult rat but smaller between
fetal and adult guinea pig/sheep (data not shown). In contrast,
no obvious differences were detectable between the respective
fetal and adult tissues with regard to the appearance of collagen
fibers.
To further demonstrate developmental differences in the
abundance of myofibrils, we analyzed the MyHC content
relative to the total protein content by 10% SDS-PAGE (Table
1). The percentage of MyHC was much lower in E18 rat and
E82 sheep hearts than in adult rat and sheep but showed only
a minor increase from the fetal to the adult stage in guinea pig
hearts. Neonatal (1 day) rat already had a MyHC proportion
similar to adult rat, and late-fetal (E135) sheep hearts expressed MyHC at levels intermediate between those of E82 and
adult sheep. These results support the notion that fetal (E18) rat
hearts are still lacking an abundant myofibrillar network,
whereas a relatively high occupancy with myofibrils is characteristic of guinea pig heart tissue already during mid gestation and sheep heart tissue at late-fetal stages.
Azan staining of semithin sections was used to distinguish
cardiomyocytes (pink-red) from collageneous tissue (blue)
(Fig. 5, A–C, insets). Again, the higher degree of tissue organization in adult compared with fetal hearts was particularly
obvious for rat. Density calculations of the area occupied by
collagen in fetal vs. adult hearts showed differences between
species (Fig. 5, A–C, graphs). No difference was seen in guinea
pig (Fig. 5B), whereas the collagen area density tended to be
slightly higher in fetal (E18) than in adult rats; however, the
difference did not reach statistical significance (Fig. 5A). In
contrast, collagen occupied twice as much area (⬃4% vs.
⬃2%; P ⬍ 0.05 in Student’s t-test) in fetal (E112) lambs
compared with adult sheep (Fig. 5C).
Alterations in isoform expression of TnI and Ca2⫹ sensitivity
of force development. Titin-isoform switching during perinatal
rat heart development occurs with a similar time course as the
isoform shifting of other sarcomere proteins, as shown for TnI
(56). A switch in isoform expression during perinatal cardiac
development from ssTnI to cTnI has previously been correlated
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DISCUSSION

We have analyzed the expression of titin isoforms in LV
tissue samples from fetal, newborn, and adult rat, guinea pig,
and sheep. As previously described (27, 43, 56), titin in rat
hearts switched from larger and more compliant N2BA isoforms in the fetus and neonate to the shorter and stiffer N2B
isoform, which is the predominant isoform during adulthood,
replacing N2BA-titin almost completely. Elsewhere we speculated (41, 43) that large cardiac N2BA isoforms in the fetus
may be needed to keep titin-based PT low during fetal development when the compliance of the heart is restricted by
extracardiac constraint (19). Myocardial passive stiffening at
around the time of birth could be useful to balance the reduced
extracardiac constraint at birth (19) and counteract the increased inflow of blood associated with the suddenly higher
power requirements of the newborn heart (43). We now report
that this kind of perinatal titin-isoform shift does not occur in
the hearts of the nidifugous guinea pig and sheep, in which the
compliant fetal N2BA isoforms are partly replaced by the
stiffer N2B isoform already during earlier fetal stages. We now
propose that the event of birth is not the critical trigger for the
titin-isoform shift during cardiac development. Rather, speciesspecific factors and genetic programming most probably cause
large interspecies variability in the time course of developmental titin-isoform transitions.
In mice and rats with a gestation period of ⬃3 wk, it takes
only 2 wk from the time of conception to complete cardiac
septation (the remodeling of the heart from a single-channel
pump to a dual-channel, synchronously contracting device).
Before birth, the rat/mouse fetus has very little time to complete the development of essential organs, and in the early
neonates, major developmental transitions are still in progress
(58). A different scenario holds true for the nest quitters,
guinea pig and sheep, where pregnancy lasts 65– 68 and ⬃150
days, respectively, and where ultrastructure and contractile
properties of the late-embryonic heart are already more similar
to those of the adult heart (2, 14). Another animal in which
cardiac titin-isoform changes have been studied, the pig (27,
AJP-Heart Circ Physiol • VOL

41), has a gestation period of ⬃4 mo (shorter than the 5 mo of
sheep) and is a secondary altricial mammal still deaf and blind
at birth. Titin-isoform analyses in pig hearts suggested there is
a single large isoform of the N2BA type expressed several
weeks before birth (41), which is gradually replaced by
smaller-size N2BA isoforms and a high proportion of N2Btitin around the time of birth and thereafter (27, 41). This kind
of perinatal titin-isoform switching resembles that of rat and
mouse heart, although the sequence of transitions is slowed
down. Taken together with the present results, it is not unreasonable to assume a more general scenario in which mammals
that are still helpless at the time of birth do switch their titin
isoforms at approximately the time of birth. In contrast, mammals developing to near the weaning stage before birth show
little or no perinatal titin-isoform shift; such a shift may occur
much earlier during gestation.
Although we have demonstrated here that a cardiac titinisoform shift toward increased proportions of N2B takes place
during midgestation in sheep and guinea pig, it remains to be
seen whether this switch begins with a unique N2BA isoform
and no N2B, as in rat heart (43, 56), or whether there is always
some percentage of N2B isoform present. Our data suggest that
the starting point for the switch in the nest-quitter species is
during the first half of the gestation period. Finding out how
early the switching begins remains to be studied in future
investigations.
Evidence from previous studies suggests that in rats, fetal
cardiac sarcomeres are much more compliant than adult sarcomeres, which is consistent with the predominant expression
of large N2BA isoforms in fetal hearts and short, stiff N2Btitin in adult hearts (43, 56). Owing to their switch toward
higher N2B-titin proportions, the myocardium of pigs also
stiffens from the neonatal (1 day) to the adult stage (27, 41,
43). Here, sheep and guinea pig hearts showed very little or no
titin-isoform transition during the perinatal period (Fig. 2), and,
consequently, titin-borne PT was similar in these species before and after birth (Fig. 3B).
We also investigated by using selective titin degradation
whether titin’s relative importance for passive myocardial
stiffness, STp, varies during heart development (Fig. 3). Titin
contributed to a similar degree to total STp in fetal (E55) and
adult guinea pig hearts. In sheep hearts, the proportion of
titin-based STp increased by a mere 15% from the fetal (E135)
to the adult stage, concomitant with the ⬃15% increase in
N2B-titin percentage. The largest rise in relative titin stiffness
was seen in rat hearts, from 20% in the fetus (E18) to ⬃50%
in the adult, demonstrating a much-increased importance of
titin for total STp after birth. Electron micrographs of fetal
(E18) rat hearts showed immature and scarce myofibrils,
whereas fetal (E112) sheep and fetal (E55) guinea pig hearts
contained well-structured myocytes with abundant myofibrils
(Fig. 5). Also the results of our analysis of the relative MyHC
content (Table 1) supported the notion that late-fetal sheep
hearts or guinea pig hearts at midgestation already contain an
abundant myofibrillar network that is still about to be formed
in fetal (E18) rat hearts. Incomplete myofibrillogenesis in fetal
rat hearts may add to the low proportion of titin-based stiffness
in this tissue type because relatively fewer titin springs per
cross-sectional area exist than in fetal sheep and guinea pig
hearts, which contain larger numbers of well-developed sarcomeres. In summary, this work suggests two likely reasons for
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replacement of ssTnI by cTnI took place until adulthood
(Fig. 6A).
To study how the developmental changes in TnI expression
alter the Ca2⫹ sensitivity of force development, we measured
the force-pCa relationships in skinned cardiac-fiber bundles
from fetal and adult rat and guinea pig (Fig. 6B). Maximum
force development per cross-sectional area was similar in adult
rat and fetal (E55) and adult guinea pig but much smaller in
fetal (E18) rat hearts (data not shown). Parameters of the Hill
fit to the averaged relative force data are shown in Table 2. In
the adult tissue of both species, we found no difference in the
Ca2⫹ sensitivity of force development, with average pCa50
values of 5.34 (guinea pig) and 5.36 (rat). The pCa50 of adult
guinea pig fibers was lower by 0.14 pCa units (P ⬍ 0.05 in
Student’s t-test) compared with the fetal (E55) stage. However,
the difference was much more pronounced in the rat, in which
pCa50 was lower by 0.45 pCa units in adult compared with fetal
(E18) hearts (Fig. 6B). No significant differences in the cooperativity of active force development were observed between
fetal and adult fibers from rat or guinea pig, as indicated by the
similar Hill coefficients (Table 2).
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(7). Thus, also in terms of TnI expression, the fetal hearts of
guinea pig and sheep are more similar to their adult counterparts than the fetal rat heart is to the adult rat heart.
By measuring the Ca2⫹ sensitivity of force development in
skinned cardiac fiber bundles, we confirmed the marked decrease by ⬃0.45 pCa units that has previously been reported
for adult compared with fetal rat hearts (35, 46). The perinatal
decrease in Ca2⫹ sensitivity was much smaller, 0.14 pCa units,
in fibers from guinea pig, in which cTnI and ssTnI are coexpressed before birth. In this nest-quitter species, the developmental transition in Ca2⫹ sensitivity apparently was nearly
completed already before birth.
One can speculate that the coordinated developmental
changes in TnI and titin isoform expression, STp, and Ca2⫹
sensitivity depend on common intracellular or extracellular
signals that trigger a timed transition in many proteins and
diverse functional properties. As yet, the presence of such
possible trigger(s) remains obscure. Several reports revealed a
crucial role for thyroid hormone in regulating TnI-isoform
expression in developing rat ventricles and tissue cultures (6,
11). Thyroid hormone influences cTnI expression mainly in
postnatal and young adult rats, and hypothyroidism can be
associated with a delay in TnI-isoform switching (6, 11). In
other studies, thyroid hormone was shown to inhibit slow
skeletal TnI expression in myocardial cells of a murine cTnInull model (23, 47). Whether upregulation of thyroid hormone
during fetal development also contributes to the mechanisms
that regulate the expression pattern of titin isoforms remains to
be seen. This work, however, suggests that the event of birth is
not the critical trigger for perinatal TnI and titin isoform shifts
and related functional transitions. Future studies need to unravel the complex mechanisms that tightly regulate protein
expression and adaptation of passive and active properties
during development in a species-specific manner.
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