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Figure 9. Effect of skinning and low trypsin (0.2
�g/ml) treatment on rabbit muscle proteins. (A)
2% SDS-PAGE for titin in psoas, soleus, and
gastrocnemius. T1, intact titin; T2, titin degrada-
tion band. (B) 12.5% SDS-PAGE and intensity
profiles showing no change of protein bands
other than titin after low-trypsin treatment of
skinned psoas muscle.

Figure 10. Collagen fibers in rabbit psoas and soleus. Representative electron micrographs of muscle strips before (A and C) and after (B
and D) exposure to Triton X-100 (skinning) and 0.2 �g/ml trypsin (titin proteolysis), in soleus (A and B) and psoas (C and D). Note the
extensive collagen depositions in intact soleus, which are barely removed during skinning. Psoas contains much less collagen than soleus.
Mechanical measurements had been performed on the treated fiber bundles before preparation for EM. Arrowheads, collagen fibers in
cross section; arrows, in longitudinal section. Bar, 1 �m (for all panels).
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meric (particularly collagen) and myofibrillar (titin) el-
ements contribute substantially to total passive stiffness;
the actual magnitude derived from one or the other
source varies in a muscle-specific manner. As an exam-
ple, rabbit soleus generated up to twice as much total
PT as psoas, particularly at longer SLs (Fig. 8, A and B,
solid curves), but psoas contains much stiffer titin than
soleus (Fig. 8 F). In conclusion, some muscles have
low titin-borne stiffness but high total passive stiffness,
whereas the opposite is true for other muscles.

Passive Stiffness and Fiber/MHC Composition
Using the results shown in Fig. 8 (A–E), we also cor-
related total, titin-based, and extramyofibrillar passive
stiffness with the fiber/MHC composition (Fig. 8 F).
Linear regression analysis revealed a statistically signifi-
cant relationship between titin-based stiffness and the
type-I fiber/MHC-I percentages (R � �0.88; P � 0.05),
as well as the type-IIB/D fiber proportion (R � 0.98;
P � 0.005). (As the five muscles studied contained no
MHC-IIB isoform [Table I], there was also a significant
correlation between titin-based stiffness and the MHC-
IIA/D percentage.) In contrast, no correlations with

the muscle type were found for both total and extramy-
ofibrillar passive stiffness (P �� 0.05 in regression
analyses). Thus, titin-based stiffness tends to be higher
the faster the muscle, but the magnitude of both ex-
tramyofibrillar and total passive stiffness may be inde-
pendent of muscle type.

Obscurin Isoforms Vary in Size in a Muscle Type–
dependent Manner
Finally we investigated the size distribution of obscurin,
a giant protein (Fig. 11 A) that associates with the sar-
comere and is involved in myocyte assembly and signal-
ing (Young et al., 2001). Obscurin is of similar size but
at least 10 times less abundant compared with nebulin
(Young et al., 2001). Therefore the protein was identi-
fied on Western blots prepared from 2.0% SDS-PAGE
gels using two different anti-obscurin antibodies (Fig.
11, B–D). Both antibodies should detect all large ob-
scurin isoforms, as the site of differential splicing in the
obscurin sequence is upstream of the antibody binding
sites (Fig. 11 A). The size variability was moderate in
the 35 rabbit muscles studied, ranging from �680 to
750 kD (Fig. 11, B–D and F). Except for the gastrocne-

Figure 11. Size diversity of obscurin. (A) Domain
structure of obscurin according to Young et al.
(2001). Binding sites of the antibodies used in this
study are indicated. (B–D) Western blots from 2%
SDS-PAGE using (B and C) �-obscurin DH domain
antibodies (asterisks in C, obscurin degradation
bands) or (D) �-obscurin 48/49 antibodies. (E)
Western blots from 12.5% polyacrylamide gels using
�-obscurin DH domain antibodies. No signal was
detectable in the Mw range 6–250 kD. (F) Estimated
molecular weight of obscurin isoforms for 35 different
rabbit muscles.
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mius, which showed two bands of similar intensity on
the blots, the muscles exhibited a clear major obscurin
band. However, sometimes we detected a minor ob-
scurin band of higher electrophoretic mobility com-
pared with the major band (Fig. 11 C, asterisks). As the
minor band was not consistently detectable even in a
given muscle type (compare Fig. 11 B, left, with Fig. 11
C), we consider these signals to most likely represent
degradation forms of obscurin (similar to the T2 bands
of titin).

Small obscurin isoforms generated by differential
splicing have been reported on the cDNA level in hu-
man muscles (Russell et al., 2002). Therefore we tested
the set of rabbit skeletal muscles by Western blotting us-
ing 12.5% SDS-PAGE gels and �-DH antibody This anti-
body potentially detects the small isoforms, which have
been reported to contain the DH domain. However, no
obscurin isoforms were detectable in the molecular
weight range between 6 and 250 kD (Fig. 11 E). Thus,
the small isoforms may not be expressed in detectable
amounts in rabbit muscles.

Given that obscurin may play a role for intermyo-
fibrillar extensibility (Borisov et al., 2004), and thus,
the mechanical properties of muscle, we studied the

protein’s size distribution in relation to the fiber/MHC
proportions and titin isoform size (Fig. 12). The corre-
lation with either the MHC-I isoform or the type-I fiber
proportion was stronger than for titin (correlation co-
efficient, R � 0.6; Fig. 12 A). As with titin, no signifi-
cant relationships were found with any type-II fiber or
MHC-II subtype (unpublished data). In contrast, the
correlation between obscurin size and titin size (Fig. 12
B) was very modest (R � 0.45–0.48), indicating that
there is only a trend for fibers with compliant (long)
titin(s) to express large obscurin isoform.

D I S C U S S I O N

Although titin is the third most abundant protein in
striated muscle cells (Maruyama et al., 1976; Wang et
al., 1979), much less is known about the isoform diver-
sity of this giant polypeptide than is the case for many
of the contractile and regulatory proteins. This work in-
vestigated three previously unresolved issues: (1) the
range of titin isoform sizes expressed in a large set of
adult skeletal muscles; (2) the correlation of titin iso-
form diversity with both titin-based PT development
and titin’s contribution to total passive muscle stiffness;
and (3) the relationship between titin isoform size,
titin-based stiffness, and fiber-type/MHC isoform com-
position.

We found that the size diversity of titin is large, rang-
ing from 3.3 to 3.7 MD. Muscles expressing large titins
have low PT at the single-fiber and myofibril levels,
whereas muscles with relatively small titins have higher
PT. The relationship between titin size and active con-
tractile parameters was very modest, suggesting a trend
for predominantly slow fibers to express long titin iso-
forms. Consistent with this, titin-borne stiffness was
lower the higher the proportion of slow fibers/MHC-I.
In contrast, no significant correlations were found be-
tween titin size and the percentage of the various type-
II fiber/MHC-II subtypes. Thus, besides fiber/MHC
composition, other factors may determine the differen-
tial splicing of titin. We also showed that in whole mus-
cles, a substantial contribution to total passive stiffness
arises not only from titin but also from extramyofi-
brillar structures, particularly collagen. However, titin-
based stiffness and total passive-muscle stiffness do not
necessarily correlate; for instance, a muscle with low
titin-based PT (e.g., soleus) can have greater total PT
than a muscle with high titin-based PT (e.g., psoas). Be-
cause of the highly variable extramyofibrillar stiffness
among muscles, the total passive stiffness does not de-
pend on the muscle type. We conclude that the active
and passive mechanical properties of skeletal muscles
are not strongly correlated.

The idea that muscle type and titin size may be re-
lated had emerged, because the largest titin sequenced

Figure 12. Relationships between obscurin size and (A) the
proportions of type-I fibers (red squares and lines) or MHC-I
isoform (blue circles and lines) and (B) titin size (major band) in
35 rabbit muscles. Linear regressions (results shown in lower right
of each panel) are to all data points (solid lines), and after
omitting points for the three slow muscles (dashed lines).
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to date occurs in human soleus, a muscle containing al-
most exclusively slow fibers, whereas a small titin was
described in psoas, which has predominantly fast fibers
(Freiburg et al., 2000). This work now suggests that the
psoas is not a typical fast muscle in rabbit, as far as titin
expression is concerned. Among the 34 predominantly
fast muscles studied here (most rabbit skeletal muscles
are fast-type), the psoas expresses the very shortest titin
isoform (major, �3.3 MD; minor, �3.4 MD). However,
in the other fast rabbit muscles, the titin size (major iso-
form) varied between 3.40 and 3.67 MD. Clearly, fast
muscles containing predominantly type-II fibers/MHC-
II can express either short or long titin(s). In contrast,
slow muscles with a majority of type-I fibers/MHC-I
only expressed long titin isoform(s). Among the 37
muscles studied only three were slow type. Soleus and
diaphragm are well-known slow muscles and also the
adductor brevis has previously been recognized as a
predominantly slow muscle in rabbits (Hitomi et al.,
2005). As the number of slow muscles in rabbit is ap-
parently limited, it would be useful to study titin-size
expression in larger vertebrate species containing a
higher proportion of slow muscles, which are particu-
larly needed to counterbalance gravity. We predict that
skeletal titin sizes may tend to be greater in large spe-
cies than in small rodents. It will be interesting to see
whether our conclusion that predominantly slow mus-
cles do not express short titin isoforms holds up in
other species. Support for this conclusion comes from
our observation that also the slower ones among the
fast muscles express relatively long titin isoform(s).

We caution that the molecular masses of titin iso-
forms determined by 2% SDS-PAGE may differ some-
what from the true values, given that there are various
factors that can affect the electrophoretic mobility of
solubilized proteins, apart from molecular weight. But
the mobility of titin bands of some muscles (human so-
leus, rabbit psoas, and major bands in rat and human
heart) could be correlated with the isoform size deter-
mined by sequencing (Freiburg et al., 2000; Warren et
al., 2004), thus providing useful markers. Importantly,
differences in the electrophoretic mobility of titin iso-
forms could be detected with high confidence by com-
paring the positions of the titin band(s) of any muscle
with those of the two bands for rabbit psoas titin on the
same gel lane (Fig. 2). Considering the resolution lim-
its of the gel detection system, we estimate that the titin
sizes measured by us may be within �50 kD of the true
sizes. Thus, the true titin isoform sizes in the 37 rabbit
skeletal muscles could range between �3,250 and
3,750 kD, but not beyond.

Ample evidence suggests that the titin isoform size is
a main factor determining the PT level of a skeletal
muscle fiber (Wang et al., 1991; Horowits, 1992) or myo-
fibril (Linke et al., 1996). This notion was confirmed

here by mechanical measurements on skinned single fi-
bers and myofibrils; the PT level correlated inversely
with titin size (Fig. 4 B). Myofibrils from the slow soleus
(Fig. 5 B) and fibers from the predominantly slow dia-
phragm (Fig. 4 A) generated the lowest PT and it is
likely that also other slow type muscles expressing large
titin(s) have low PT. In a representative selection of five
muscles with very different fiber/MHC compositions,
titin-borne stiffness decreased with the percentage of
type-I fibers/MHC-I isoforms (Fig. 8 F). As for the pre-
dominantly fast muscles, we found that even muscles
with similar type-I fiber/MHC-I proportions (such as
EDL and longissimus dorsi) can differ substantially in
the magnitude of PT development (Fig. 4 A). Hence,
this study establishes that titin-based PT depends some-
what on muscle type but is highly variable among the
fast skeletal muscles.

What could be the reason slow muscles contain a low
stiffness titin spring whereas fast muscles exhibit no
preferred titin stiffness? A clue may come from the ob-
servation that titin elasticity is important for the posi-
tional stability of thick filaments during isometric con-
traction (Horowits and Podolsky, 1988). Then, a high
stiffness titin spring would provide a higher stability
than a low stiffness spring. A high stiffness spring may
be required in very fast muscles generating the highest
active tensions very rapidly. Indeed, most muscles with
zero or very low content of type-I fibers/MHCs ex-
pressed short titin(s). This is the main reason why the
relationship between titin size and type-I fiber/MHC
percentage was clearly stronger when only the predom-
inantly fast muscles were included in the analysis than
when all muscles were included (Fig. 7, A and D). Why
the modestly fast muscles (type-1 fiber/MHC-I content
between �5% and 20%) contain either stiff or compli-
ant titin springs, remains a matter for future investiga-
tion. Slow muscles and the slower fast type muscles ex-
pressing long titins may not need a high positional sta-
bility of A bands for optimum performance.

Elegant work by Magid and Law (1985) in an earlier
study on frog had suggested that myofibrils bear most
of the resting tension of whole muscle, but our results
on rabbit muscles do not support this view. Mechanical
measurements of muscle strips before and after skin-
ning, and following titin-specific proteolysis by low dose
trypsin, demonstrated that extramyofibrillar elements
contribute to total passive muscle stiffness on average
no less than the titin filaments (Fig. 8). Along this line,
various studies have shown that the extracellular ma-
trix, especially the collagen content, isoform type, and
collagen cross-linking status, is important for a muscle’s
in situ passive stiffness (Alnaqeeb et al., 1984; Kovanen
et al., 1984a,b; Gosselin et al., 1998; Reich et al., 2000).
In contrast, the contribution of intermediate filaments
to PT (Ansved and Edström, 1991) appears to be very
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small in the physiological SL range up to �3.4 �m
(Salviati et al., 1990; Wang et al., 1993). In our hands,
the collagen network remained in rabbit psoas and so-
leus muscle strips after skinning and trypsin treatment
(Fig. 10), and the residual PT following titin degrada-
tion was most likely due to these abundant collagen
fibers.

The relative importance of titin versus extracellular
(collagen, connective tissue) structures for the total PT
level of whole muscle varied greatly between different
muscle types (Fig. 8). Soleus muscle expressed a com-
pliant titin isoform but contained a more extensive net-
work of collagen fibers than psoas, which in turn ex-
pressed stiffer titin springs. However, the total passive
stiffness of soleus exceeded that of psoas. Our data are
consistent with a recent study on rabbits (Ducomps et
al., 2003) showing that a glycolytic muscle like the
psoas contains far less collagen than a pure oxida-
tive (slow) muscle like the semimembranosus proprius.
Also for rat, it has long been known that soleus con-
tains abundant collagen fibers, making this muscle
stiffer than the psoas (Kovanen et al., 1984a,b). This
notwithstanding, the collagen content of other fast
muscles may be higher than that of psoas. Indeed, the
fast rabbit EDL and rectus femoris muscles were shown
to contain more collagen than the slow semimembra-
nosus proprius, and the collagen content scaled posi-
tively with total passive stiffness (Ducomps et al., 2003).
Similarly, we found that the predominantly slow rabbit
diaphragm exhibits low extramyofibrillar passive stiff-
ness, whereas the predominantly fast EDL and gastroc-
nemius have relatively high extramyofibrillar stiffness
(Fig. 8 F). There is no obvious correlation between ex-
tramyofibrillar passive stiffness and muscle type. Thus,
the relative contribution of the extracellular matrix to
total passive stiffness is unrelated to the active contrac-
tile characteristics.

Evidence has suggested that under unloading condi-
tions or after intense exercise, skeletal muscles exhibit
changes in passive elasticity (Kasper and Xun, 2000;
Reich et al., 2000; Toursel et al., 2002; Goto et al., 2003),
which may in part be caused by titin modifications. Ac-
cumulation of the T2 degradation form of titin takes
place in the hindlimb muscles of rats and humans after
eccentric exercise or power training (Yamaguchi et al.,
1985; Trappe et al., 2002; McBride et al., 2003), al-
though such changes have not always been reported
(McGuigan et al., 2003; Kyrolainen et al., 2005). In
cases where titin was found to be altered, the changes
were explained by decreased titin expression or in-
creased titin degradation, rather than by modification
of titin isoform size. However, considering the resolu-
tion limits for titin size detection by SDS-PAGE, one
cannot discount the possibility that titin isoform alter-
ations nevertheless contribute to the observed stiffness

changes. For instance, a switch toward smaller titin
size(s) could add to the global stiffness changes caused
by accumulation of connective tissue following immobi-
lization, passive stretch, muscle activation, or exercise
(Williams et al., 1988; Gosselin et al., 1998; Gajdosik,
2001; Ducomps et al., 2003). Then, pathological or
physiological stimuli would alter the relative contribu-
tions of titin and the extracellular matrix to total pas-
sive stiffness (Reich et al., 2000; Neagoe et al., 2003).
The large size variability of skeletal titins described in
this study implies a potential for titin size alterations in
health and disease, which may affect passive muscle
stiffness.

Two other giant proteins in skeletal muscles, nebulin
and obscurin, revealed much less size differences than
titin did. The size of nebulin was similar (�700 kD)
among all predominantly fast rabbit muscles, but sub-
stantially increased in the three slow muscles (Fig. 3 C).
Nebulin size was shown to correlate with the thin fila-
ment length in skeletal muscles of different species
(Kruger et al., 1991), and a role for nebulin as a ruler
of the thin filament length has been suggested (Kruger
et al., 1991; Labeit et al., 1991; Pfuhl et al., 1994) and
confirmed recently (McElhinny et al., 2005). Our re-
sults thus raise the possibility that slow muscles contain
longer thin filaments than fast muscles, an issue that re-
quires further study.

Obscurin belongs to the intracellular Ig domain su-
perfamily and associates with sarcomeres in the M line
region (Young et al., 2001; Borisov et al., 2004). The
isoform size of cardiac obscurin is modified in heart de-
velopment and disease (Opitz et al., 2004; Makarenko
et al., 2004) and one could speculate that obscurin size
changes also during maturation of a given skeletal mus-
cle. Here we showed by Western blotting that obscurin
varies in size among normal adult rabbit skeletal
muscles by up to �70 kD (680–750 kD). This size
difference appears to correlate well with the differen-
tial splicing of six immunoglobulin domains near ob-
scurin’s NH2 terminus (Young et al., 2001). Since ob-
scurin is involved in the lateral connection of M bands
to the sarcolemma (Bagnato et al., 2003) and could
also provide an elastic link between adjacent myofibrils
(Borisov et al., 2004), the protein may have a passive
mechanical role, like titin, but in the muscle’s trans-
verse direction. However, the correlation between ob-
scurin size and titin size (and hence, titin-based PT)
was low (Fig. 12 B). Interestingly, a much stronger cor-
relation was found between obscurin size and the per-
centage of type-I fibers/MHC-I isoforms (Fig. 12 A).
Thus, slow muscles tend to express a large obscurin iso-
form, fast muscles a small isoform.

In summary, this study of a set of 37 adult rabbit skel-
etal muscles allows the following conclusions. (a) Titin
isoform size varies between �3.3 and 3.7 MD in differ-
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ent muscles; most muscles express a single titin iso-
form, a few muscles two isoforms. (b) Large titin iso-
form(s) give rise to low PT of the myofibrils/fibers,
smaller titin(s) to higher PT. (c) High titin-based PT
not necessarily implies high total passive stiffness of a
muscle, which is greatly determined also by extramyo-
fibrillar structures, particularly collagen. (d) The rela-
tive importance of titin and the extracellular matrix for
total passive stiffness can be very different in different
muscles. (e) Titin size is modestly correlated with the
proportion of type-I fibers/MHC-I, but not with that of
the various type-II fibers/MHC-II subtypes. (f) Slow
rabbit muscles express long titin isoform(s), whereas
predominantly fast muscles can express shorter or
longer titin(s). (g) Thus, slow muscles have low titin-
based PT but this tension is highly variable in fast mus-
cles. (h) Titin-based stiffness, but not extramyofibrillar
passive stiffness, correlates with the muscle type. (i)
Two other giant proteins, nebulin and obscurin, varied
in size by up to �70 kD in a muscle type–dependent
manner, suggesting that slow muscles usually express a
larger isoform of nebulin and obscurin than predomi-
nantly fast muscles.
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