Developmentally Regulated Switching of Titin Size Alters
Myofibrillar Stiffness in the Perinatal Heart
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Abstract—Before birth, the compliance of the heart is limited predominantly by extracardiac constraint. Reduction of this
constraint at birth requires that myocardial compliance be determined mainly by the heart’s own constituents. Because
titin is a principal contributor to ventricular passive tension (PT), we studied the expression and mechanics of
cardiac-titin isoforms during perinatal rat heart development. Gel electrophoresis and immunoblotting revealed asingle,
3.7-MDa, N2BA isoform present 6 days before birth and an additional, also previously unknown, N2BA isoform of 3.5
to 3.6 MDa expressed in the near-term fetus. These large isoforms rapidly disappear after birth and are replaced by a
small N2B isoform (3.0 MDa) predominating in 1-week-old and adult rats. In addition, neonatal pig hearts showed large
N2BA-titin isoforms distinct from those present in the adult porcine myocardium. By quantitative reverse transcriptase—
polymerase chain reaction, developmentally expressed titin-mRNA species were detected in rat heart. Titin-based PT
was much lower (=15 times) in fetal than adult rat cardiomyocytes, and measured PT levels were readily predictable
with a model of worm-like chain titin elasticity. Immunofluorescence microscopy showed the extensibility of the
differentially spliced molecular spring regions of fetal/neonatal titin isoforms in isolated rat cardiomyofibrils. Whereas
the titin-isoform shift by 700 kDa ensures high passive stiffness of the postnatal cardiac myofibrils, the expression of
specific fetal/neonatal cardiac-titin isoforms may also have important functions for contractile properties, myofibril
assembly or turnover, and myocardial signaling during perinatal heart development. (Circ Res. 2004;94:967-975.)
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n the developing heart, many myofibrillar proteins show

stage-specific isoform expresson patterns, with a maor
isoform switch occurring at approximately the time of birth. In
rat ventricle, the B-myosin heavy chain, the predominant fetal
isoform, is replaced during early postnatal development by
a-myosin heavy chain,® and the atria/embryonic myosin light
chain-1, present in feta ventricles, disappears after birth.2 At
approximately the time of birth, both the cardiac (60% to 70%)
and the skeletal (30% to 40%) a-actin isoforms are expressed in
rat heart, but in adult rat myocardium, mostly the cardiac a-actin
(95%) is present.3 Similarly, troponin-I and troponin-T isoforms
of rat ventricles switch shortly after birth,* as do tropomyosin
isoforms> All of these changes have a large effect on the
contractile properties of the postnatal heart.

In addition, sarcomere proteins not immediately involved
in active contractile processes undergo perinatal changes. For
instance, the embryonic isoform of a structural protein of the
sarcomeric M-line, EH-myomesin, is quickly replaced by
adult S-myomesin at approximately the time of birth.6 Titinis
an abundant protein of the sarcomere, which is important in
myofibrillar assembly and structure.” The giant molecules
(3.0to 3.7 MDa) span half-sarcomeres from the Z-disk to the
M-line and are functionally élastic in the I-band.”™@ As a

molecular spring, titinisamain player in determining passive
muscle mechanics by developing passive tension (PT) in
stretched nonactivated muscle,”-2° having a high elastic-recail
speed,!t and contributing to the viscoelastic properties of the
muscle.112 Considering the many functions of titin, espe-
cialy the important mechanical role, it is not unrealistic to
expect changes in titin-isoform expression if the global
mechanical conditions, such as heart rate, left ventricular
dimensions, end-diastolic pressure, and stroke volume,
change drastically in the development of the perinatal heart.

Different-length isoforms of titin are generated by alterna-
tive splicing of the transcript of a single titin gene.” The
splicing activity is mainly restricted to the elastic I-band part
of titin. In cardiac titin, this elastic part consists of three
structurally distinct segments®3: Ig-domain regions, a PEVK
segment rich in proline (P), glutamic-acid (E), valine (V), and
lysine (K) residues, and a long unique N2B sequence (see
Figure 2A). Differential splicing of cardiac titin occursin the
PEVK segment and the mid-Ig region.’ In mammalian
myocardium, two principal titin isoforms are coexpressed in
half-sarcomeres: shorter, stiffer N2B-isoform and longer,
more compliant N2BA-isoform.** The expression pattern of
cardiac-titin isoforms varies from predominantly N2B in
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small adult rodents to predominantly N2BA in bovine atrium,
with many large mammals (including humans) expressing
intermediate levels of both isoforms.”.2

Titin-based PT in the heart may be tuned in two ways: cardiac
sarcomeres may express different-length I-band titin, or the
N2BA:N2B expression ratio may be modified.® When examin-
ing titin expression and mechanica function in the perinatal rat
heart, we find that fetd titin isoforms of the N2BA-type exigt,
these isoforms are larger than al titin isoforms previoudy
detected in cardiac tissue, and the expression of titin isoforms of
different lengths rapidly adjusts the extensibility and PT of
cardiomyofibrils to the prevailing globa hemodynamic condi-
tions. Different-size fetal/neonatal titin isoforms expressed in
perinatal heart development may aso aid sarcomere assembly
and turnover and myocardia signaling.

Materials and Methods

Heart Tissue

Heart tissue from Sprague-Dawley rats was obtained from the
university’s animal house, and pig heart tissue was obtained from
local slaughterhouses. The hearts were immediately frozen in liquid
nitrogen and stored at —80°C. Frozen human heart tissue was kindly
provided by Drs R. Hajar and F. del Monte (Cardiovascular
Research Center, Massachusetts General Hospital, Boston, Mass).
All procedures were carried out in accordance with institutional
guidelines.

SDS-PAGE and Western Blotting
Agarose-strengthened 2% SDS-polyacrylamide gels, optimized to
detect the 3- to 4-MDattitin isoforms with an estimated resolution of
~100 kDa, were prepared as described.®1516 |[mmunoblotting was
done with a chemiluminescent reaction kit (ECL-system, Amersham
Pharmacia) according to standard protocols.

Antibodies

The titin antibodies used have been described before and are
indicated in Figures 2 and 5. For additional details, see the online
data supplement, available at http://circres.ahgjournals.org.

Reverse Transcriptase—Polymerase Chain Reaction
Total RNA was isolated from rat hearts using Trizol (Invitrogen)
according to standard protocols. cDNA was synthesized from 1 ug total
RNA with the Superscript Choice System for cDNA synthesis (Invitro-
gen) using random hexamers. Quantitative reverse transcriptase—poly-
merase chain reaction (RT-PCR) was performed using 25 uL SYBR-
Green PCR-Mastermix (Applied Biosystems), 3 uL of 5 umol/L
forward and reverse primer each, 1 uL cDNA template, and 18 uL H,O
and was conducted in an ABI 7000 thermal cycler. The PCR reactions
were checked both by melting curve and by gel analysis. Whereas
standard curves are widely used for calculating amplification, a recent
evaluation of this method!” showed that it is less erroneous and more
practical to directly compare experimenta samples against controls.
Therefore, the samples were directly compared with one another.

Sample Preparation for Mechanical M easurements
Myofibrils or muscle-cell fragments of adult rat myocardium to be
used for force measurements or immunofluorescence (IF) were
prepared from triton X-100—skinned tissue as described.121516

I mmunofluor escence Micr oscopy

IF measurements on stretched myofibrils were performed with the
aid of hydraulic micromanipulators (Narishige) under a Zeiss Axio-
vert 135 inverted microscope (epifluorescence mode; X100, 1.4-NA
objective) using a Sony color CCD camera.13.15 For staining proto-
cols, see the online data supplement.

Force Measurements

Skinned cell fragments (diameter, 5 to 8 um) were suspended
between micromanipulator-positioned glass needles attached to a
piezoelectric actuator (Physik Instrumented) and afiber optic—based
force transducer (home-built) with nanonewton resolution.1*16 For
details of the stretch protocols, see the online data supplement.

Modeling Titin-Based Stiffness and Stretch-Force
Dependence of Epitope Positions
The contribution of the elastic | band titin to myofibrillar passive
tension and sarcomeric extensibility was modeled (see the online
data supplement) as three worm-like chains (WLCs) acting indepen-
dently and in series.®

An expanded Materials and Methods can be found in the online
data supplement, available at http://circres.ahgjournas.org.

Results

N2BA and N2B Titin Expression During Perinatal
Heart Development

High-resolution gel electrophoresis was performed to detect
titin isoforms N2B and N2BA (see domain structure in Figure
2A) in embryonic/fetal and postnatal rat heart (Figure 1A).
The distribution and amount of these isoforms during peri-
natal development and in adulthood were measured in four
hearts (at each stage) by analyzing the intensity profiles of
titin bands (Figure 1B). The scheme in Figure 1D summarizes
the results. Fetal hearts 6 days before birth (el6) expressed
almost exclusively a 3700-kDa N2BA-1 isoform. Three days
before birth (e19), a 3500- to 3600-kDa N2BA-2 isoform
(20%) and the short N2B-isoform (10%) appeared in addition
to the N2BA-1 isoform (70%) (also see Figure 1C, left). On
the day of birth (1d), the relative proportion of the N2BA-1
isoform had decreased to ~20%, whereas N2BA-2 and N2B
each congtituted ~40% of total T1-titin (also see Figure 1C).
Two days after birth (2d), the N2BA-1 isoform disappeared
amost completely, and more N2B (55%) than N2BA-2 (40%)
was expressed. From 5d to 12d, the amount of N2B-titin rose
from 80% to 94%, reaching the level of N2B expression in adult
rat heart (Figure 1D). Adult rat heart expresses 93% to 94%
N2B-titin, 2% to 3% ~3400-kDa N2BA-3-titin, and 4% 3200-
kDa N2BA-4-titin (Figures 1A and 1D).

The isoform switch was confirmed by Western blotting
(Figures 2B and 2C) using the anti-titin antibodies N2B and
125, which stain all cardiac titin isoforms (Figure 2A). Also,
the anti-titin antibody MG1 was used, which binds to the
N2-A region and thus stains N2BA isoforms only (Figure
2A). The N2BA isoforms expressed in fetal and neonatal rat
heart (N2BA-1 and N2BA-2) were larger than the low-
abundant N2BA isoforms expressed in adult rat heart
(N2BA-3 and N2BA-4, Figure 1D) and in adult human heart
(Figure 2B, far right panels). In contrast, the molecular
weights of the N2B isoform of fetal/neonatal and adult rat
hearts were indistinguishable.

For comparison, we examined titin-isoform expression in the
left ventricle of neonata and adult pig (Figure 1C, right two
lanes and intensity profiles). Adult pig heart showed a clear
doublet N2BA-titin band. In neonatal pig heart, the proportion of
N2BA-titin was increased and additional N2BA isoforms of
higher molecular weight than in adult heart were expressed.
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Figure 1. Analysis of titin-isoform expression in developing
hearts by 2% SDS-PAGE. Gel lanes (A) and corresponding
intensity profiles (B) of T1-titin bands at different time points of
rat heart development compared with those of adult rat heart. In
adult rabbit-soleus tissue, added for comparison of molecular
weight, titin is 3.7 MDa. C, Higher-magnification gel image com-
paring titin expression pattern of perinatal rat left ventricle (LV)
with that of neonatal and adult pig LV. D, Summary scheme
showing average proportion of titin isoforms
(N2BA+N2B=100%) and their distribution in developing and
adult rat heart and titin-degradation band T2. T2 is shown as
percentage of N2BA+N2B (=T1). Four hearts were analyzed at
each developmental stage. N2BA-1 and N2BA-2 are fetal iso-
forms; N2BA-3 and N2BA-4 are adult isoforms. e indicates ges-
tational day; d, postnatal day.

Strong T2-Bands May Indicate High Titin-1soform

Turnover During Heart Development

Although al tissue samples were handled identically, samples
of developing heart showed very strong T2-titin degradation
bands, whereas T2-bands of adult rat myocardium were faint
(Figure 1A). The T2-band intensity reached between 50% and
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60% of the combined T1-band intensities (N2B+N2BA) at
approximately the time of birth and increased to ~80% at 12d
(Figure 1D). This compares to 10% of T2-titin found in adult
rat heart. Probably the strong T2 bands in developing heart
reflect a high turnover of titin protein. On Western blots,
T2-bands were stained with BD6 antibody, which marks titin
at the A-band ends, but not with the I-band-titin antibodies
used (Figure 2B). With an estimated molecular weight of
2200 to 2300 kDa, T2-titin is likely to contain the 2100-kDa
A-band titin° plus 100 to 200 kDa of the distal Ig region.

The ~900-kDa Protein Obscurin Is Upregulated
During Heart Development

Strong bands appeared on SDS-polyacrylamide gels of de-
veloping rat heart tissue slightly above the nebulin band of
rabbit soleus at an estimated molecular weight of 900 kDa
(Figure 1A). Because these bands are unlikely to be titin
degradation bands (no anti-titin antibody used by us stained
the bands; see, for example, Figure 2C), we hypothesized that
they could represent either obscurin or some presently un-
known, long, cardiac-nebulin isoform. When performing
Western blots with the respective antibodies, obscurin-
specific antibodies recognized the bands, whereas anti-
nebulin antibodies showed no staining (Figure 2B, bottom
two rows). Obscurin protein was also detected by immuno-
blotting in adult rat and human heart (Figure 2B). Whether
the high expression level of obscurin—a titin-binding pro-
tein’®—in perinatal heart is related to the expression of fetal
titin isoforms is a matter of future study.

Developmental Expression of Titin mRNAS

The levels of titin mMRNASs in rat heart tissue at stages €10,
el6, 1d, 7d, 16d, and adult were measured by quantitative
real-time RT-PCR using the DNA-binding dye SYBR
green.’® Two hearts at each developmental stage were ana-
lyzed in quadruplicate.

Because al titin isoforms expressed in the heart (except the
truncated novex-3 titin, which was not the subject of this
study) contain exons 49 and 50,2° a primer pair spanning
these exons in the rat sequence?t (Figure 2A) was used to
quantify total (N2B+N2BA) cardiac titin. The mRNA level
of total cardiac titin stayed more or less the same throughout
al developmental stages, except for a small but significant
increase on 1d (Figure 3B). Totd cardiac titin-mRNA levels
were very similar to the levels of N2BA-mRNA. N2BA-
mRNA was quantified by using a primer pair that yielded a
110-bp product spanning exons 107 and 108 of the rat-titin
N2-A region (Figures 2A and 3A). N2BA-mRNA levelswere
essentially constant from €10 until adulthood (Figure 3B);
only on 1d was a statistically significant increase observable.
Similar results were obtained by using another N2BA primer
pair that amplified a 71-bp product located on rat-titin exon
108 (Figures 2A and 3A). A primer pair that amplified a
93-bp product spanning rat-titin exons 50 and 219 (Figures
2A and 3A) was used to measure the amount of N2B-mRNA.
A great increase in N2B-mRNA was observed from €10 to
16d (Figure 3B). In adulthood, the level of N2B-mRNA
expression dropped again. Surprisingly, much less N2B than
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N2BA mRNA was detected in al hearts analyzed at each
stage of development (Figure 3B).

Using three primer pairs spanning rat-titin exons 50 to 71,
50 to 80, and 50 to 91 in the variable-length mid-1g region of
N2BA titins (Figure 2A), different N2BA-mRNA splice
variants were discriminated (Figure 3C). The lengths of the
amplified products, 82, 140, and 121 bp, correspond to the
predicted lengths of exon 50 spliced directly to exons 71, 80,
and 91, respectively. Detection of N2BA splice variants with
al three primer pairs confirms'421 a very high activity of
aternative splicing in the mid-lg region.

Thethree individual N2BA splice variants constituted only
aminute fraction of the total N2BA transcripts detected with
the primers for the N2-A region (Figure 3). The amount of the
product amplified by the primer pair spanning exons 50 to 71
was low before birth, increased at around birth, and decreased
again in adulthood (Figure 3C). In contrast, the transcript
amplified by the primer pair spanning exons 50 to 80 was
abundant before birth and then decreased. The amount of the
product amplified by the primers to exons 50 to 91 varied
dlightly at different stages of heart development and was
reduced in the adult heart (Figure 3C).

Titin-Isoform Switching Greatly Increases
Myofibrillar Passive Tension in Postnatal Hearts
Force measurements were carried out on nonactivated cardiac
myocyte fragments obtained from four adult and four fetal
(e16) rat hearts. Force was measured during stepwise stretch-
ing of myocyte fragments (skinned myofibril bundles, 5 to 8
wm in diameter), and PT was recorded after 4 seconds of
stress relaxation, as demonstrated in Figure 4A. A summary
of results (Figure 4B) shows that fetal myocyte fragments

developed 15 to 20 times less PT than adult rat hearts at the
same sarcomere length (SL).

PT of Cardiomyocytes Is Predictable From the
Molecular Weight of Titin Isoforms
The results of the gel-electrophoretic titin analysis were used
to predict titin-derived passive force at different stages of
perinatal heart development. Predictions of stretch-dependent
titin spring force were made by applying a model of titin
elasticity encompassing three independent WLCs in series®
(see the online data supplement). The N2B isoform was
modeled as containing 526 residues in the N2-B—unique
sequence and 184 PEVK residues2t The N2BA-1 and
N2BA-2 isoforms were modeled as containing 1995/1216
PEVK residues and 44/30 mid-lg domains, respectively, in
addition to the domains/residues of N2B-titin. The force
extension behavior of al titin segments was predicted based
on the mechanical properties of individua titin domains
measured by single-molecule force spectroscopy.8 The total
force of titin at each given extension was assumed to be the
sum of the three force extension relations (Ig regions, PEVK,
and N2-B), weighted in proportion to the amount of T1
isoform at the respective developmental stage (Figure 1D).
Modeling results were confirmed by comparing predicted
force (Figure 4B, strong, solid lines) to the measured passive
force in myocyte fragments. To reconstruct PT, a factor
equivalent to the cross-sectional packing density of titinin the
myofibril of 2.4x10° titin moleculessmm? suggested by
others,2223 was applied. In addition, calculated PT data were
multiplied by a scaling factor accounting for the myofibrillar
volume density in myocytes. The measured data (mean PT
curves) could be well reproduced using a value of 39% and
50% muyofibrillar volume in fetal and adult heart tissue,
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Figure 3. Relative levels of titin-mRNA splice variants from rat
heart tissue at stages e10, €16, 1d, 7d, 16d, and adult, mea-
sured by real-time RT-PCR using the DNA-binding dye SYBR
green. A, Typical amplification curves of exon 49 to 50 (total
cardiac titin, N2B+N2BA), exon 50 to 219 (N2B-titin), and exon
107 to 108 (N2BA-titin) rat cDNA (H,O was used as negative
control). Insets, top, Agarose gel to confirm the predicted length
of each product; bottom, enlargement (logarithmic scale) of the
region where signal intensities crossed the threshold. B, Mean
levels and error estimates for titin-exon 49 to 50, 50 to 219, and
107 to 108 mRNA expression. C, Mean levels and error esti-
mates of N2BA-mRNA variants using primer pairs spanning
mid-lg exons 50 to 71, 50 to 80, and 50 to 91 (see Figure 2A).

respectively (Figure 4B). These values are in agreement with
those found by others in adult and fetal cardiac myocytes.24

Extensibility of Differentially Spliced M olecular
Spring Regions of Fetal/Neonatal |soforms

We wanted to know the extensibility of the differentialy
spliced titin segments (mid-1g region, PEVK domain) in the
I-bands of fetal and neonatal rat heart sarcomeres. Myofibrils
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Figure 4. Force measurements on skinned, nonactivated myo-
cyte fragments from fetal (€16) and adult rat heart. A, Stretch
protocol (top; SL [micrometer] is indicated) and passive force
(lower part) in a fetal (e16) sample. B, Results of PT recordings
on 4 fetal (e16) and 4 adult cardiac myocyte fragments. Data
points for each sample were fitted by third-order regression.
Dotted line is the mean of 4 measurements. Strong solid lines
are predictions of PT based on titin-isoform composition, made
by applying the WLC model® (see the online data supplement).
Adult data were reconstituted using 93% N2B isoform content,
the remainder taken as N2BA-titin; e16 data were reconstituted
using 100% N2BA-1 content. Predictions fitted average mea-
sured PT well, assuming 39% and 50% myofibrillar volume in
fetal and adult hearts, respectively.

were isolated from el6, 1d, and adult rat hearts, and IF
microscopy with titin-specific antibodies'3 marking the ends
of each segment (Figure 5A) revealed the antibody-epitope
positions at different degrees of sarcomere stretch (Figure
5B). The distance between two epitopes measured across the
Z-disk was divided by 2 to obtain the Z-disk center to epitope
distance. This parameter was plotted against SL in Figures 6A
through 6D (symbols).

The epitope positions of al three antibodies moved away
from the Z-line with increasing SL, but there were age-
dependent and antibody type—dependent differences (Figures
6A through 6D). The 127 epitope moved less in €16 myofi-
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Figure 5. Immunofluorescence microscopy on isolated rat heart myofibrils. A, Schemes of elastic I-band region in cardiac N2B and
N2BA isoforms. The anti-titin antibodies used are indicated (boxes+arrowheads). B, Examples of IF images of neonatal (1d) myofibrils
extended to different SLs (micrometer, indicated at right of each panel) and stained with the respective primary antibody and Cy3-
conjugated secondary antibody. Z indicates Z-line position, determined on phase-contrast (pc) images.

brils expressing nearly 100% N2BA-1 isoform than in 1d
samples expressing a mix of isoforms (Figure 6A) over the
entire range of SLsinvestigated (2.0 to 3.5 um). With MG1,
lower mobility of €16 compared with 1d myofibrils was seen
only at higher SLs (Figure 6B). The mobility of the 184/86
epitope was not measured in €16 myofibrils, because we did
not expect differences to 1d sarcomeres (see below). In adult
myofibrils expressing mainly the N2B isoform (which has no
mid-1g region; Figure 5A), we measured the mobility of the
PEVK-flanking epitopes 127 and 184/86. Up to the maximum
SL studied in adult myofibrils (2.9 wm), the stretch-
dependent behavior of both 127 and 184/86 (Figure 6D) was
indistinguishable from that in 1d samples.

Again, using previously established information on titin-
domain mechanics® and the available rat titin-sequence da-
ta,2t we applied the WL C model— but without the need to use
any scaling factor—to predict the SL-dependent behavior of
titin-antibody epitopes (127, 184/86, and MGL1) in €16, 1d, and

adult cardiomyofibrils (curves in Figures 6A through 6D).
The approach is explained in the online data supplement. The
calculations suggested that the epitope mobility of the 127
antibody should depend on whether the sarcomeres contain
N2BA-1, N2BA-2, or N2B titin isoform (Figure 6A).
Isoform-related differences in mobility were predicted also
for the MGL1 antibody, abeit only at higher SLs (Figure 6B),
whereas for 184/86, predictions showed amost no difference
between the three isoforms (Figure 6C). Thus, the WLC
modeling essentialy confirmed the measured |F data and
suggested that age-dependent differences in antibody mobil-
ity are attributable to the presence of different-length titin
isoforms in fetal, neonatal, and adult sarcomeres.

The model was then used to determine the extensibility of
the mid-1g and PEVK segmentsin the N2BA-1, N2BA-2, and
N2B isoforms by calculating the distances between the
respective epitope mobility curves (Figures 6E and 6F).
Extension of the mid-lg segment of the N2BA isoforms
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began at short SL but then approached a plateau; the segment
length near the plateau was longer for N2BA-1 than for
N2BA-2 (Figure 6E). Also, the PEVK region of N2BA-1 titin
extended more highly than that of the N2BA-2 isoform
(Figure 6F), but a plateau was not reached within the SL
range studied. In contrast, extension of the PEVK domain of
N2B titin leveled out at modest SLs, confirming previous
observations.213 Taken together, the IF measurements and
WLC modeling revealed an isoform dependency in the
mechanical behavior of the differentially spliced I-band titin
segments: the N2BA-1 isoform contains the most extensible
mid-lg and PEVK segments, N2BA-2 segments show inter-
mediate extensibility, and N2B segments (PEVK only) show
lowest extensibility.

Discussion
Shifts in the ratios between the two main cardiac-titin
isoforms, N2B and N2BA, have previously been observed in
diseased myocardium. Decreased proportions of N2BA titin
were found in a pacing-induced canine model of dilated
cardiomyopathy.2> In end-stage failing human hearts with
severe coronary artery disease and in arat model of chronic
myocardia infarction, we reported an increase in N2BA
versus N2B isoform.25 This titin-isoform switching was
proposed to help the failing human heart to counteract the
increased global stiffening.’> The cardiac titin-isoform
switching observed now in developing rat heart is much more
dramatic than the shifts observed in diseased myocardium;
within 2 weeks of perinatal development, large 3.7-MDa
N2BA isoform is replaced by small 3.0-MDa N2B isoform.

Titin and collagen are known to be the main contributors to
passive stiffness in the adult myocardium.26.27 In the embry-
onic heart, much less is known about the structures poten-
tially contributing to passive stiffness, ie, intermediate fila-
ments, extracellular matrix material (including collagen),
microtubules, or adherence junctions, in addition to titin. The
important role of collagen has been explored previously.2829
This work now suggests that titin is a principal factor in
determining passive stiffness in the perinatal rat heart; be-
cause of the isoform shift, the mechanical properties of titin
change dramatically within a few days at approximately the
time of birth.

The results of the present study thus represent a convincing
confirmation of the hypothesis'>2 that the heart is able to
adjust itstitin-based passive stiffness by titin-isoform switch-
ing (Figure 7). Before birth, when the compliance of the heart
is restricted by significant extracardiac constraint,3° a very
long N2BA-1 titin isoform is expressed to keep titin-based PT
as low as possible (Figures 7A and 7B, left). At birth, the
heart suddenly experiences much-increased filling pressures
and significantly reduced extracardiac constraint.303* There-
fore, to limit the extensibility and increase titin-based PT,
N2B isoform expression is quickly upregulated in the new-
born heart; coexpression of N2BA-1, N2BA-2, and N2B
isoforms (most likely at the level of the half-sarcomere)is32
greatly increases titin-based PT (Figures 7A and 7B, middle).
Little more than 1 week after birth, the adult levels of N2B
expression are reached; the preponderance of N2B isoforms
leads to an additional rise in myofibrillar PT (Figures 7A and
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Figure 7. Summary figure showing titin isoform expression in
developing rat hearts and consequences for myofibrillar passive
stiffness. Top, 2% SDS-PAGE lanes showing perinatal titin-
isoform switching. A, Simplistic representation of titin-isoforms
in a half-sarcomere at different stages of heart development. B,
Predictions of average force per 1000 titin molecules using the
WLC model and considering the proportions of N2BA isoforms
and N2B isoform at each developmental stage.

7B, right). Thus, titin-based PT increases between €16 and
12d by afactor of >15. We conclude that, after birth, rapid
upregulation of N2B titin acts in concert with increased
collagen expression?22° to prevent overextension of the rat
heart. Furthermore, the titin-isoform switching may impact
the heart’s active contractile properties; short titin isoforms
have been suggested to play a more prominent role in the SL
dependence of myofibrillar Ca2* sensitivity than long iso-
forms.33 The switch to stiff N2B titin at approximately the
time of birth will also increase the proposed contribution of
titin elastic recoil to myocardial systolic shortening.t Similar
to the rat, structural and most likely functiona changes in
cardiac titin may also take place during perinatal develop-
ment of larger mammals, such as pigs (Figure 1C).

How the titin-isoform shift is regulated remains unknown,
but our MRNA expression measurements could provide some
hints. Because N2B-mRNA and N2B-protein expression
correspond well, the developmental expression pattern of the
N2B isoform may be regulated at the level of alternative
splicing. For the N2BA isoforms, the pictureislessclear. Part
of this stems from the fact that cardiac titin shows many
different N2BA splice pathways (>10 only in the mid-Ig
region).421 A plethora of N2BA isoforms is detectable even
by SDS-PAGE: fuzzy N2BA bands are observed in neonatal
pig heart (Figure 1C) and in diseased (adult) human heart,'s
likely attributable to the expression of many |ow-abundant
N2BA isoforms of varying molecular weight. For the fetal/
neonatal and adult rat hearts studied here, the excess of total
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N2BA transcript over N2BA protein suggests regulation of
N2BA titin at a level downstream of alternative splicing.
However, when monitoring three individual N2BA-mRNA
splice variants using primers to the mid-lg region, these
variants were low abundant and developmentally regulated
(Figure 3C). Could individual splice variants therefore be
regulated at the level of aternative splicing?

Indeed, at least a few mMRNA splice variants could be
regulated only at this level. For example, the product of the
primers spanning exons 50 to 71 showed a developmental
expression pattern similar to the protein expression levels of
the N2BA-2 isoform. A rat N2BA species containing exon 50
spliced to exon 71 has been sequenced?! and is believed to
contain all of the mid-lIg exons between exons 71 and 102.
Because one exon usually encodes one Ig domain,” ~30
mid-lg domains would be present in the N2BA-2 isoform if
the detected transcript indeed encoded this isoform. There-
fore, we tentatively used a value of 30 mid-lg domainsin the
WLC model predictions of N2BA-2 isoform extensibility
(Figure 6) and the simulations of titin spring force (Figures
7B, middie).

However, not al splice variants can be regulated only at
the level of aternative splicing, because then we would see a
better correlation between total N2BA-mRNA and N2BA
protein. Therefore, some splice variants are likely to be
regulated through other mechanisms, including one or a
combination of the following. N2BA splice variants (1) may
have a very short haf-life (MRNA stability is low), (2) may
not be translated into protein, or (3) could show low transa-
tional efficiency. Along this line, many recent studies have
suggested that the correlation between RNA and protein
levels is not always very good.34

Asan additional factor, at least in developing heart, protein
turnover seems to be very high (fetal N2BA isoforms disap-
pear within a few days, and strong T2 degradation bands are
found on gels), and relatively more N2BA-mRNA may be
needed to express a given amount of protein. In adult rat
heart, T2 degradation bands were much less obvious, and
high protein turnover is unlikely to be a cause for the
extremely low N2BA protein level compared with the N2BA
transcript level. Obviously, additional work is needed to
elucidate the mechanisms responsible for the mismatch be-
tween total N2BA-mRNA and N2BA protein.

Finally, I-band titin has been proposed to be involved also
in signaling processes, because it is phosphorylatable” and
binds to various proteins important for intracellular signaling,
energy supply to the contractile apparatus, protein turnover,
and folding.”35-3° Although speculative at this moment, one
can envision that in particular the switch from N2BA-1 to
N2BA-2 isoform at approximately the time of birth, aswell as
the presence of developmentally regulated N2BA isoforms
detected by quantitative RT-PCR, play arole far beyond that
of mere PT adjustment; these phenomena may well be related
to assembly/turnover or signaling processes that optimize
perinatal cardiac muscle development.
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