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ABSTRACT During postnatal development, major changes in mechanical properties of skeletal muscle occur. We investigated
passive properties of skeletal muscle in mice and rabbits that varied in age from 1 day to ~1 year. Neonatal skeletal muscle
expressed large titin isoforms directly after birth, followed by a gradual switch toward progressively smaller isoforms that required
weeks-to-months to be completed. This suggests an extremely high plasticity of titin splicing during skeletal muscle development.
Titin exon microarray analysis showed increased expression of a large group of exons in neonatal muscle, when compared to
adult muscle transcripts, with the majority of upregulated exons coding for the elastic proline-glutamate-valine-lysine (PEVK)
region of titin. Protein analysis supported expression of a significantly larger PEVK segment in neonatal muscle. In line with these
findings, we found >50% lower titin-based passive stiffness of neonatal muscle when compared to adult muscle. Inhibiting
3,5,30-tri-iodo-L-thyronine and 3,5,30,50-tetra-iodo-L-thyronine secretion did not alter isoform switching, suggesting no major
role for thyroid hormones in regulating differential titin splicing during postnatal development. In summary, our work shows
that stiffening of skeletal muscle during postnatal development occurs through a decrease in titin isoform size, due mainly to
a marked restructuring of the PEVK region of titin.
INTRODUCTION

Major changes in biomechanical characteristics in skeletal

muscle take place during postnatal development, as reflected

in adaptations in expression of isoforms of many of the

proteins that make up the contractile machinery (1). Changes

in proteins that determine passive stiffness have been poorly

investigated. Muscle stiffness has important functional

consequences in terms of movement control, and thus

changes in passive stiffness during development need to be

well understood. It is known that the stiffness of the mus-

culo-tendon complex increases with age and body size

(2,3) due to stiffening of tendons (4–6), but it is unclear to

what extent titin, a major determinant of intracellular passive

tension (7), is involved. A potential role for titin is suggested

by previous work that showed an increase in resting tension

of differentiating skeletal muscle fibers of the rat (8). Titin is

a giant protein (~3–4 MDa) that is considered the third fila-

ment of the sarcomere, after the thick and thin filaments (9).

Titin N-terminus is anchored in the Z-disc and its C-terminus

extends to the M-line region of the sarcomere. The A-band

region of titin is inextensible due to its interaction with the

thick filament whereas the majority of the titin I-band region

is extensible and functions as a molecular spring. This spring

maintains the precise structural arrangement of thick and thin
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filaments (10) and gives rise to the passive stiffness of

stretched sarcomeres (7).

In this study, we focused on skeletal muscle development

and studied the remodeling of titin’s spring region that is

comprised of serially linked immunoglobulin (Ig)-like

domains that make up the so-called tandem Ig segments,

and a segment that is rich in proline-glutamate-valine-lysine

(PEVK) residues (11). Titin is encoded by a single gene

containing 363 exons in humans (12) and 358 exons in the

mouse (13); alternative splicing leads to isoforms with

distinct spring compositions (12). During cardiac develop-

ment large compliant fetal titin isoforms switch to smaller

stiff adult isoforms (14–17). Thus, titin is considered an

adjustable molecular spring, with mechanical properties

that can be tuned according to the mechanical demands

placed on muscle. We characterized the titin isoforms

expressed in various skeletal muscles of rabbit and mouse

at ages that ranged from 1 day to ~1 year, using transcript,

protein, and functional techniques. In addition, we studied

the muscle ankyrin repeat proteins (MARPs), which bind

to titin’s extensible region, because recent knock-out studies

showed that when MARPs are absent, skeletal muscle has

reduced passive stiffness and expresses larger titin isoforms

(18), suggesting that MARPs could play a role in the changes

during development in passive mechanical behavior of

muscle. We also studied whether reducing thyroid hormone

levels impact on differential splicing of skeletal muscle titin

during development. These experiments were motivated by

recent work on titin expression in adult rat hearts (19) and

cell culture studies with rat cardiac myocytes (17) that
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indicate that thyroid hormones alters splicing of cardiac titin.

Our results implicate different mechanisms during skeletal

muscle postnatal development that allow for an intriguing

degree of titin isoform diversity.

METHODS

Tissue harvesting

BL6 mice and New Zealand White rabbits of various ages (ranging from 1 day

to ~1 year old) were anesthetized using isoflurane and the musculus quadri-

ceps, gastrocnemius, tibialis cranialis (TC), extensor digitorum longus

(EDL), and soleus were dissected. For transcript studies, muscles were

dissected (1 day, and 105 days old) and stored in RNAlater (Ambion, Austin,

TX). For gel-electrophoresis studies, muscles were quick-frozen in liquid

nitrogen and stored at�80�C. All animal experiments were approved by Insti-

tutional Animal Care and Use Committee and followed the National Institutes

of Health Guidelines, ‘‘Using Animals in Intramural Research’’, for animal use.

Gel-electrophoresis

For titin mobility studies, sodium dodecyl sulfate (SDS)-agarose electropho-

resis was carried out as described previously (20). Briefly, muscle samples

were pulverized to a fine powder and then rapidly solubilized and analyzed

by vertical SDS-agarose electrophoresis (gastrocnemius homogenates con-

tained a mixture of both the superficial white layers as well as the deep red

layers). For estimation of molecular mass (Mr) of titin isoforms, the samples

of interest were coelectrophoresed together with human soleus and left

ventricle samples as these contain titin, nebulin and myosin heavy chain

(MHC) isoforms of known sizes (human soleus titin T1: 3.82 MDa; nebulin:

773 kDa, respectively, and human left ventricle (LV) N2B T1: 2.97 MDa) (Mr

from Labeit and Kolmerer (21,22)). Because migration distance in the gel

scales with the logarithm of Mr, we could estimate the Mr of the proteins based

on their migration distance, as shown previously (7,20). For some muscle

samples from 1 day old animals, the titin Mr was similar to that of human

soleus and appeared as one band in these gels. To estimate titin Mr from these

samples, human soleus and LV were run adjacent to the sample of interest.

For determination of the time course of titin size transition during devel-

opment, we quantified titin mobility by mixing samples of interest with

chicken pectoralis, providing two constant mobility markers in the form of

chicken pectoralis T1 and chicken pectoralis nebulin (see Fig. 2 A for further

explanation). This relative titin size was plotted against animal age and fitted

with a mono-exponential decay function. For determination of the total titin/

MHC ratio the integrated optical density of total titin and MHC were deter-

mined as a function of the volume of solubilized protein sample that was

loaded (a range of volumes was loaded on each gel). The slope of the linear

range of the relation between integrated optical density and loaded volume

was obtained for each protein. For determination of myosin heavy chain iso-

form composition, quick-frozen soleus samples were placed in SDS sample

buffer containing 62.5 mM Tris-HCL, 2% (w/v) SDS, 10% (v/v) glycerol,

and 0.001% (w/v) bromophenol blue at a pH of 6.8, and denatured by

boiling for 2 min. The stacking gel contained a 4% acrylamide concentration

(pH 6.7), and the separating gel contained 7% acrylamide (pH 8.7) with 30%

glycerol (v/v). Control samples of mouse soleus and TC muscle were run on

the gels for comparison of migration patterns of the myosin heavy chain iso-

forms. Sample volumes of 10 mL were loaded per lane. The gels were run for

24 h at 15�C and a constant voltage of 275 V. Gels were Coomassie-blue

stained, and were scanned and analyzed with One-D scan EX (Scanalytics,

Rockville, MD) software.

Western blotting

See the Supporting Material for a detailed description of the Western

blotting methods.
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Passive tension characteristics

The procedures for skinned muscle contractility were as described previ-

ously (7,23) with minor modifications. See the Supporting Material for a

detailed description.

Transcript studies

See the Supporting Material for a detailed description of the transcript

studies.

Thyroid hormone levels

For determination of baseline thyroid hormone levels, blood was removed

from control mice at day 5, 10, 16, 20, 25, and 40, and centrifuged

at 4�C. Serum was analyzed for 3,5,30-tri-iodo-L-thyronine (T3), and

3,5,30,50-tetra-iodo-L-thyronine (T4) content by Antech Diagnostics (Mor-

risville, NC). Pharmacologically-induced congenital hypothyroidism was

achieved as described previously with minor modifications (24). Briefly,

0.2% 2-mercapto-1-methylimidazole (MMI; Sigma-Aldrich, St. Louis,

MO) was administered to the drinking water of pregnant BL6 mice, starting

at day 10 of gestation. From birth until day 16 (the day of sacrifice) all

animals were provided only drinking water with MMI.

Statistical analysis

For muscle mechanics experiments, typically 3–4 muscle preparations were

studied per mouse with 5–6 mice per group. For the transcript and Western

blotting studies typically five mice were analyzed per group. The data are

presented as mean 5 SE. Statistical analyses were carried out by t-test

between neonatal and control mice; p < 0.05 was considered statistically

significant.

RESULTS

Titin isoform switch during skeletal
muscle development

To study titin isoform expression during skeletal muscle

development we used SDS-agarose gel analysis of muscles

from mice and rabbits of various ages. All samples showed

well-resolved T1 and T2 titin bands (T1 is the full-length

molecule and T2 a large degradation product comprising

mainly the A-band segment of titin, which in most samples

was barely detectable). A consistent finding in both species

and in all muscle types studied (soleus, TC, EDL, gastrocne-

mius, and quadriceps) was slower migrating titin (T1) in

neonatal samples (Fig. 1 A). To estimate the Mr of the

neonatal and adult titin isoforms, we coelectrophoresed the

neonate and adult samples of interest together with titin, neb-

ulin, and MHC of known sizes, and used for this human

soleus (T1: 3.82 MDa; nebulin: 773 kDa; MHC: 223 kDa,

respectively; note that some muscles also had a lower

MHC band and that although using the upper or lower

MHC band had a negligible effect on the outcome, the upper

band was used for consistency) and human left ventricle

(N2B T1: 2.97 MDa; a-MHC: 223 kDa, Mr from Labeit

and Kolmerer (21,22)). In neonatal tissue, titin was largest

in murine quadriceps (3.89 MDa) and rabbit soleus (3.92

MDa), and in both mouse and rabbit titin was smallest in

adult TC (3.24 and 3.34 MDa, respectively) (Fig. 1 B).
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FIGURE 1 (A) SDS-agarose gel elec-

trophoresis of skeletal muscle from

mouse (left panel) and rabbit (right

panel) of day 5 (d5) and adult animals.

In both species, and all muscle studied,

neonatal muscle expressed a slower

migrating titin isoform. T1, full length

molecule; T2, degradation product, con-

taining mainly titin’s A-band segment;

Gastroc, m. gastrocnemius; TC, m.

tibialis cranialis; EDL, m. extensor dig-

itorum longus; quad, m. quadriceps. (B)

Estimated Mr of titin isoforms (in MDa)

in neonatal and adult skeletal muscles

(values obtained by coelectrophoresing

the samples of interest with titin, nebu-

lin, and MHC isoforms of known sizes

(see Methods for details).
A consistent finding was that within muscle types, titin iso-

form size was larger in rabbits than in mice, both in adults

and neonates (with the exception of neonatal TC, and adult

EDL and quadriceps).

To investigate the time course of the titin isoform switch

we evaluated titin migration using animals that varied in age

from 1 day to ~1 year. Because there is a slight gel-to-gel

variation in migration patterns we quantified titin mobility

by mixing samples of interest with chicken pectoralis,

providing two constant mobility markers in the form of

chicken pectoralis T1 (Mr 3.0 MDa (13)), and chicken pec-

toralis nebulin that were used to define relative titin size as

shown in Fig. 2 A, inset. Thus, relative titin size was defined

as the ratio of A (the distance between T1 of the muscle of

interest and chicken pectoralis nebulin) and B (the distance

between T1 and nebulin of chicken pectoralis). The ob-

tained values for relative titin size were insensitive to gel-

to-gel variation (as determined by using identical samples

on gels that were electrophoresed for greatly differing

times). Fig. 2 A shows time course results for mouse (left)
and rabbit (right). A surprising finding was that, with the

exception of mouse TC and quadriceps, all muscle types

only expressed a single titin isoform that gradually

decreased in size (i.e., increased in mobility) suggesting

a wide range of isoform sizes (see also Discussion). The

expression pattern of mouse TC and quadriceps is more

complex. In TC, after birth there is initially a single large

isoform that within several days decreases in size and that

later during development (~day 75) disappears. In TC of

mice older than ~5 days an adult size isoform is also found

that initially is coexpressed with neonatal titin, and after
~75 days is the sole isoform (Fig. 2, TC, left panel). In

murine quadriceps, initially only a single isoform is ex-

pressed that decreases in size during development and

remains of constant size in adults starting at ~100 days, at

which age a second adult titin isoform of lower molecular

mass is expressed (Fig. 2, quadriceps, left panel, light
gray diamonds).

In all muscle types the neonatal to adult titin isoform tran-

sition can be fit well with a mono-exponential decay function

(R2 typically>0.9). The fits were used to derive the half tran-

sition time (T1/2) from neonatal to adult titin (Fig. 2 B). The

fastest transition occurred in soleus of rabbit (T1/2 5 days)

and slowest in TC of rabbit (T1/2 30 days). Times for the

same muscle type in different species varied and although

T1/2 times in rabbit tended to be longer, the difference was

not significant.

To examine whether the change in titin isoform size

during development is triggered by birth or instead already

starts in utero, we determined relative titin size in E16 and

E18 murine quadriceps (gastrocnemius, TC, soleus, and

EDL were too small at E16 to isolate as a single muscle)

and found that titin size in the embryonic tissue was compa-

rable to early neonatal tissue (Fig. 2, quadriceps, left panel
inset).

T2 titin was just detectable in most mouse tissues, but

undetectable in mouse soleus and the vast majority of rabbit

muscles. When measurable, the T2/T1 ratios were ~0.2 on

average, and were independent of age, muscle type, and

species. We also measured the titin/myosin (MHC) ratio

for the various muscle types at different ages in the two

species. The large variation in the titin/MHC ratios
Biophysical Journal 97(8) 2277–2286



2280 Ottenheijm et al.
FIGURE 2 (A) Relative titin size as a function of age. To correct for slight

gel-to-gel variations in migration patterns we quantified titin mobility by mix-

ing samples of interest with chicken pectoralis, providing two constant

mobility markers in the form of chicken pectoralis T1 and chicken pectoralis

nebulin that were used to define relative titin size as the ratio of A/B (inset

shows typical gel-result for neonatal gastrocnemius, and illustrates how A

and B were determined). The neonatal to adult isoform transition was fit

with a mono-exponential decay function. Note the decrease in titin isoform

size with increasing age. For murine TC and quadriceps, only the large neonatal

titin isoform that decreased in size over time was analyzed (see also text).

Murine quadriceps, inset: analysis of embryonic tissue (E16 and E18) showed

titin isoform size to be comparable between embryonic and early neonatal

tissue. (B) Table showing the half-transition time of the titin isoform switch

during skeletal muscle development (half-transition time obtained from the

mono-exponential decay function and defined as time-constant of fit times ln2).
Biophysical Journal 97(8) 2277–2286
(Fig. 3), especially in the neonatal samples, might reflect

biological variation, but also the challenging nature of quan-

titative gel analysis, especially when analyzing degradation-

sensitive proteins like titin. The expression ratio, averaged

over all ages, was 0.22 5 0.01 and this ratio was not

different between muscle types or species.

In summary, the gel-electrophoresis studies indicate that

titin isoform size decreases during skeletal muscle develop-

ment, and that this transition from neonatal to adult takes

place during the first weeks–months after birth.

Restructuring of titin spring region
during postnatal development

To study whether the change in titin isoform size during skel-

etal muscle development is due to altered expression of

specific titin domains, we used a mouse titin exon microarray

that represents all of the 358 mouse titin exons (see the

Supporting Material for an example of a microarray chip

hybridized with cDNA). Experiments were carried out on

gastrocnemius, TC, and quadriceps muscles from adult and

neonatal mice (day 1). Results are shown in Fig. 4, left, color

coded with exons upregulated in the neonate by >2-fold in

red and downregulated by >2-fold in green. The p-values

for each exon are also shown with the p ¼ 0.05 and 0.01

levels indicated by broken lines in Fig. 4, right. In all three

muscle types many upregulated exons were found, a small

group of which in TC muscle consisted of Ig domains that

are part of the proximal tandem Ig segment but the majority

of which in all muscle types were localized in the PEVK

region of titin (Fig. 4) (microarray studies on day 5 soleus

(at day 1, soleus was too small for these experiments)

showed significant upregulation of PEVK exons as well,

data not shown). Thus, the spring region is a prime site for

differential splicing during neonatal development, and

elevated expression of PEVK domains is an important

contributor to the lower electrophoretic mobility of neonatal

titin (see Fig. 1).

To test for elevated expression of PEVK at the protein

level, we used the anti-titin antibody 9D10 (previous work

showed that 9D10 exclusively labels the PEVK segment

from close to its N-terminal end to its C-terminal (25,26)).

Consistent with our transcript data, Western blotting studies

with 9D10 showed that relative to total titin (obtained from

the PonceauS stained blot) expression of PEVK domains is

upregulated in neonatal compared to muscle (Fig. 5). More-

over, we compared 9D10 staining between different adult

skeletal muscles to test whether the differences in Mr

between the small titin isoform in TC versus the larger iso-

forms in soleus, gastrocnemius and EDL are due to the TC

having a relatively short PEVK segment. Normalized to

TC, the 9D10/total titin ratio for EDL, soleus, and gastrocne-

mius were 225 5 43%, 240 5 85%, and 278 5 70%,

respectively (n ¼ 4), suggesting that the TC has a relatively

short PEVK segment.
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FIGURE 3 Titin expression, relative to MHC, as a func-

tion of age in murine and rabbit muscle. Data of each

muscle was fitted with linear line. The obtained slopes

were not significantly different from zero.
Passive stiffness increases during skeletal
muscle development

The presence of additional PEVK sequences in neonatal

skeletal muscle is predicted to result in lower titin-based

stiffness, because of a reduced fractional extension of titin’s

extensible region for a given increase in sarcomere length.

To examine the effect of upregulated PEVK exons on titin

stiffness, we measured passive tension of skinned soleus

and TC muscle dissected from neonatal (d5) and adult

mice. Total passive tension was significantly lower in

neonatal compared to adult muscle, in both soleus and TC

(Fig. 6 A). Determining the collagen-based and the titin-

based passive tension (see Methods) showed that the lower

passive tension in neonatal skeletal muscle can be attributed

to mainly lower titin-based passive tension (>50% reduced;

this number was derived from the ratio of titin-based passive

stiffness in neonatal muscle over titin-based stiffness in adult

muscle) at all sarcomere lengths, with only a minor contribu-

tion from collagen that was only significant at the longer

sarcomere lengths in soleus muscle (Fig. 6, B and C). More-

over, we also determined the stress-relaxation for 30 s

while muscle length was held constant at the stretched length.

The titin-based stress-relaxation phase was fit with a double-

exponential decay function, and we found that the obtained

time constants were not different between neonatal and adult

skeletal muscle (soleus t1: 0.85 5 0.06 vs. 0.75 5 0.07 s�1;

t2: 10.5 5 0.8 vs. 10.0 5 0.7 s�1, and TC t1: 0.77 5 0.05 vs.

0.91 5 0.05 s�1; t2: 10.7 5 0.2 vs. 10.7 5 0.5 s�1, d5

versus adult, respectively). The passive tension at the end of

the 30-s hold was significantly lower in neonatal compared

to adult skeletal muscle, in both soleus and TC, with the differ-

ence due to reduced titin-based passive tension (soleus: 20 5

5 vs. 35 5 4 mN/mm2, and TC: 19 5 7 vs. 61 5 11 mN/mm2,
d5 versus adult, respectively). Thus, the mechanical

studies revealed that during development, passive skeletal

muscle becomes stiffer, due mainly to increased titin-based

stiffness.

MARP expression changes during skeletal
muscle development

MARPs are a family of muscle ankyrin repeat proteins that

consists of CARP, Ankrd2, and DARP, all of which bind

titin’s N2A domain (27), located in the extensible region

of titin directly proximal to the PEVK region. Recent work

on MARP KO mice indicated that MARP expression might

regulate titin isoform expression and passive properties of

skeletal muscle (18). These findings prompted us to study

MARP expression levels in neonatal and adult skeletal

muscle. Western blotting showed in neonatal muscle in-

creased expression (compared to adult mice) of Ankrd2 in

gastrocnemius, but lower expression in soleus, with no

change in TC. DARP expression was elevated in neonatal

mice in both gastrocnemius and soleus muscle when com-

pared to adults, again with no change in TC (Fig. 7).

CARP expression was not detectable in adult skeletal

muscle, in line with previous reports (28), and was also not

detectable in neonatal skeletal muscle.

Inhibition of thyroid hormone secretion
during skeletal muscle development

Previous work from our lab has shown that hypothyroidism

in adult rats induces a switch from small adult cardiac titin

back to large fetal titin isoforms, suggesting a role for thyroid

hormones in regulating titin isoform expression (19). Subse-

quent in vitro studies also showed that the developmental
Biophysical Journal 97(8) 2277–2286
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FIGURE 4 (Left panels) Titin exon

composition of gastrocnemius, TC,

and quadriceps muscle from neonatal

(day 1) and adult mice. Exons >2-fold

up- or downregulated are shown in

red. Note the upregulation of PEVK

exons in neonatal muscle. (Right
panels) Bar graphs illustrating the

statistical significance of the differences

in exon composition between neonatal

and adult skeletal muscle.
switch from large to smaller cardiac titin isoforms is regu-

lated by thyroid hormones (17). These findings stimulated

us to investigate the role of thyroid hormones in the titin iso-

form switch during in vivo skeletal muscle development. In

line with previous work (29), serum concentrations of both

T3 (active form) and T4 (prohormone, less active) were

low at birth but increased rapidly with increasing age, peak-

ing at ~16 days after birth. We achieved pharmacologically-

induced congenital hypothyroidism by administrating MMI

to the drinking water of pregnant mice starting at day 10

of gestation (24). (Note that MMI passes the placental barrier

(29), unlike PTU that is used commonly in adult animals to

cause hypothyroidism.) Neonatal mice stayed on MMI until

16 days after birth, at which time T3 levels were significantly
decreased to ~50% of the concentration measured in non-

treated mice (Fig. 8 A, left panel), and T4 levels were unde-

tectable (<0.7 ng/dL; Fig. 8 A, right panel). This inhibition

of thyroid hormone levels induced reexpression of neonatal

MHC isoforms in skeletal muscle as well as beta myosin

heavy chain isoforms in cardiac tissue (data not shown),

which is in line with previous reports (19). Although

16-day control mice had rapidly changing skeletal muscle ti-

tin isoform expression (Fig. 2) and retarding the isoform switch

should be most pronounced at this time, hypothyroidism did

not significantly affect titin isoform expression in neither of

the muscle types studied (Fig. 8 B). Thus, these findings do

not support a major role for thyroid hormones in titin isoform

switching during neonatal skeletal muscle development.
FIGURE 5 Western blotting studies on murine gastroc-

nemius with the PEVK-specific anti-titin antibody 9D10.

(Left panel) Typical Western blot result with 9D10 labeling

and PonceauS (PonS) staining of total titin. Note the

stronger 9D10 labeling in neonatal (d5) versus adult

gastrocnemius. (Right panel) Quantitative analysis of

9D10 labeling (normalized to protein levels obtained

from the PonceauS membrane) in neonates as a percentage

of labeling in adults. *Significantly different from adult,

p < 0.05.

Biophysical Journal 97(8) 2277–2286
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FIGURE 6 Passive mechanics of neonatal (d5) and adult

murine skinned soleus and TC muscle. (A) Total passive

tension as a function of sarcomere length. (B) Passive

tension after extraction of thick and thin filaments with

KCL/KI treatment (see Methods), defined as collagen-

based passive tension. (C) Passive tension decrease after

KI/KCl treatment, defined as titin-based passive tension.

Note the significantly higher total passive tension and

titin-based passive tension in adult muscle. *Significantly

different from neonate, p < 0.05.
DISCUSSION

We used a multidisciplinary approach to address the role of

titin in the change in skeletal muscle stiffness during post-

natal development. Protein gels showed that skeletal muscles

express large titin isoforms directly after birth, followed by a

gradual switch toward progressively smaller isoforms. Titin

exon microarray studies showed that reduced expression of

exons coding for the extensible I-band region of titin, in

particular PEVK exons, is an important contributor to this

isoform switch. In line with these findings, muscle

mechanics revealed that the increase of skeletal muscle stiff-

ness during postnatal development is largely titin-based.

Below we discuss these findings in detail.
Expression of a wide range of titin isoform sizes
during neonatal skeletal muscle development

SDS-agarose studies showed that in various skeletal muscles

from both mice and rabbits, titin isoform size decreases from

large isoforms at birth to smaller isoforms in adults. We

expected to see during development coexpression of large

and small isoforms that remain of the same size but whose

expression ratio shifts toward that of the adult, as observed

in developing cardiac muscle (14–17). Instead, we observed

on protein gels that neonatal skeletal muscle expresses a

single titin band that gradually increases its mobility (mouse

TC and quadriceps are the exception). This finding implies

that during skeletal muscle development, many titin isoforms
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FIGURE 7 Expression of the MARP proteins (A)

Ankrd2 and (B) DARP in neonatal and adult skeletal

muscle from mouse. (Top panels) Typical Western blot

results for Ankrd2 and DARP expression in m. gastrocne-

mius. Actin labeling shows protein loading. (Bottom

panels) Both Ankrd2 (A) and DARP (B), normalized to

actin, are upregulated in neonatal gastrocnemius and soleus

muscle (except for Ankrd2 in soleus). Expression in TC

was comparable between neonatal and adult muscle.

*Significantly different from adult, p < 0.05.
Biophysical Journal 97(8) 2277–2286
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FIGURE 8 (A) Expression of thyroid hormones T3 and

T4 as a function of age (gray). Note the reduction of T3

and T4 levels at day 16 (black) due to pharmacologi-

cally-induced congenital hypothyroidism through inhibi-

tion of thyroid hormone expression with MMI (added to

the drinking water). ND, not detectable. (B) Hypothy-

roidism did not affect titin isoform switching in gastrocne-

mius, TC, and soleus of 16-day-old mice. (Left) Typical gel

result of gastrocnemius. CP, chicken pectoralis titin (as

mobility standard). (Right) Quantification of relative titin

size in gastrocnemius (gast), TC, and soleus.
can be expressed that are close in mobility and that gradually

shift from large to small. Titin exon microarray studies on

neonatal and adult mouse muscles revealed that the decrease

in titin isoform size during development is at least in part

caused by restructuring of titin’s extensible I-band region,

in particular the PEVK segment (Fig. 3). Apparently, the

number of splice pathways is not restricted to a few, but a

large number of pathways exist in the PEVK region of the

titin gene, thereby rendering titin isoforms that can differ

several hundred kDa in size (Fig. 1 D). Thus, a remarkable

restructuring of titin’s spring region takes place during the

first weeks after birth, replacing compliant neonatal titin

isoforms with stiffer adult isoforms.

It should be noted that the reduction in titin molecular

mass during development is ~200 kDa (Fig. 1 B), which

exceeds the molecular mass of the differentially spliced

exons (~150 kDa). An explanation for this discrepancy is

that the gel-based decrease of titin molecular mass during

development slightly overestimates the actual decrease, or

likewise the microarray data might underestimate the actual

decrease of molecular mass.

To analyze whether a pattern exists in the differential

splicing of PEVK exons during development, we compared

exon expression between different muscle types. Quadri-

ceps, gastrocnemius, and TC show >2-fold upregulation of

61, 49, and 50 PEVK exons, respectively. Of the upregulated

exons, two are specific to soleus, one is specific to gastrocne-

mius, and 14 exons are specific to TC. Thirty exons were up-

regulated across the three muscles types, all 30 (except one,

exon 156) coding for the so-called PPAK repeats (12,30).

Thus, during skeletal muscle development PPAK repeats

appear to be spliced out of the titin molecule thereby

Biophysical Journal 97(8) 2277–2286
increasing the proportion of E-rich motifs in the PEVK

segment. The functional significance of this remains to be

established, but considering that Ca2þ binding to E-rich

motifs in the PEVK segment increases its bending rigidity

(31) it could be speculated that a higher proportion of

E-rich motifs in the PEVK segment elevates the Ca2þ-

responsiveness of titin-based passive stiffness in adult

muscle fibers. Furthermore, titin’s PEVK domain has been

shown to extend hierarchical on sarcomere stretch (32).

This led Nagy et al. (32) to propose that PEVK-bound

Ca2þ might dissociate gradually from titin’s PEVK region

driven by its magnitude of extension, thereby providing a

means to monitor sarcomere length. Thus, increasing the

proportion of Ca2þ binding E-rich motifs might sensitize

this PEVK-based sensing of sarcomere stretch during skeletal

muscle development. We propose that alternative splicing of

titin during development renders stiffer titin isoforms with

elevated Ca2þ responsiveness and that this improves fine

motor control during muscle during development.

The fewer PEVK exons of adult titin will result in a shorter

contour length of the extensible region, relative to that of

neonatal titin, and as a result the fractional extension at a

given sarcomere length will be higher. Because fractional

extension is a main determinant of titin-based passive

tension (33) adult titin is expected to be stiffer than neonatal

titin. We tested this in both murine slow-twitch soleus and

fast-twitch TC muscle. Across the sarcomere length range

studied (~1.9–3.2 mm) titin was the major contributor to

passive tension (soleus: 67% vs. 33% due to collagen; TC:

60% vs. 40% due to collagen), and this did not differ

between adult and neonatal skeletal muscles. As predicted

from the microarray studies, passive stiffness was
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significantly larger at a wide range of sarcomere lengths in

adult muscle, with most of the difference due to titin and

only a minor role for collagen (Fig. 6). Overall, the increased

titin-based passive tension during skeletal muscle develop-

ment is consistent with the increase in stiffness during post-

natal development that has been reported previously in

cardiac muscle (14,16,34). Our work shows that the replace-

ment of compliant titin with stiffer titin is a major factor that

underlies the increase in titin-based stiffness during striated

muscle development.

Mechanisms underlying the titin isoform switch
during postnatal skeletal muscle development

Little is known regarding the molecular mechanisms driving

titin isoform switching in striated muscle. Previous work in

rat myocardium showed that hypothyroidism triggers a

switch from small adult titin isoforms to large fetal isoforms

(19). Moreover, Kruger et al. (17) showed that cultured

cardiomyocytes respond to increased levels of thyroid

hormones in the culture medium by switching from small

cardiac titin isoforms to larger isoforms. Thus, we tested

whether thyroid hormones are involved in the developmental

titin isoform switch in skeletal muscle as well. We sup-

pressed thyroid hormone production by >50% for T3 and

>90% for T4 (further reduction in hormone levels resulted

in a high death rate), which is considered severe hypothy-

roidism (35). Severe hypothyroidism is also suggested by

our finding that MHC isoforms were switched toward fetal

isoforms in skeletal muscle and b-MHC in murine LV

muscle, a switch that is well established to occur in response

to hypothyroidism (19,36). Despite the hypothyroidism we

did not observe titin isoform switching in skeletal muscle.

Thus, our results do not support a major role for thyroid

hormones in titin isoform switching in skeletal muscle. As

an alterative mechanism we studied the possible involvement

of some of the structural and signaling proteins that are

known to bind to titin. We focused on the proteins that

bind to titin’s extensible region and in particular the MARPs.

Recent work suggested that MARPs (CARP, DARP, and

Ankrd2), which bind to titin’s N2A domain just proximal

of the PEVK domain, are regulated by stretch and that this

links titin-based myofibrillar stress/strain signals to a

MARP-based regulation of muscle gene expression (27).

Furthermore, a recent study by Barash et al. (18) showed

that MARP-deficient skeletal muscle is less stiff and

expresses large titin isoforms, and the authors suggested

that MARPs might be involved in regulating titin isoform

expression. These findings stimulated us to investigate

MARP expression as a regulator of titin isoform switching

during skeletal muscle development, and we hypothesized

MARP expression to be upregulated during development.

However, instead of upregulation during development we

found general downregulation of both Ankrd2 and DARP

(murine soleus and gastrocnemius muscle) or no change
(TC). We confirmed previous reports that CARP expression

was not detectable in adult or neonatal skeletal muscle (28).

Thus, MARPs are unlikely to play a direct role in titin

isoform switching and increased stiffness during muscle

development. That titin isoform size in embryonic tissue

was comparable to early neonatal tissue (see Fig. 2 A, murine

quadriceps) suggests that titin isoform switching might be

triggered by the increased muscle loading after birth. Clearly,

unraveling the mechanisms driving alternative splicing of the

titin gene needs further studies. Our finding of a gradual shift

in titin isoform expression during development suggest that

many splice pathways are possible, and that yet to be identi-

fied splice factors precisely fine-tune titin isoform character-

istics to meet changes in mechanical load placed on skeletal

muscle, such as occur during development.

CONCLUSION

Our work showed that during neonatal skeletal muscle devel-

opment titin isoform size decreases, due mainly to restructur-

ing of titin’s I-band region, and in particular the PEVK

region. Mechanical studies showed that titin isoform size

reduction is a main contributor to the increase of muscle stiff-

ness during skeletal muscle development. The underlying

mechanisms are unlikely to involve thyroid hormone levels

or changes in MARP expression. Titin stiffening, both in

flexor and extensor muscles during neonatal development,

likely contributes to stiffening of the musculo-tendon

complex associated with postnatal development, and this is

likely to be a significant factor in improving joint stability

and motor control.
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