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SHORT COMMUNICATION

Muscle fibers bear a larger fraction of passive muscle tension
in frogs compared with mice

ABSTRACT
Differences in passive muscle mechanical properties between
amphibians and mammals have led to differing hypotheses on the
functional role of titin in skeletal muscle. Early studies of frog muscle
clearly demonstrated intracellular load bearing by titin, but more
recent structural and biological studies in mice have shown that titin
may serve other functions. Here, we present biomechanical studies of
isolated frog and mouse fibers, and fiber bundles to compare the
relative importance of intracellular versus extracellular load bearing in
these species. Mouse bundles exhibited increased modulus
compared with fibers on the descending limb of the length–tension
curve, reaching a 2.4-fold elevation at the longest sarcomere lengths.
By contrast, frog fibers and bundles had approximately the same
modulus at all sarcomere lengths tested. These findings suggest that
in the mouse, both muscle fibers and the ECM are involved in bearing
whole muscle passive tension, which is distinct from the load bearing
process in frog muscle, where titin bears the majority of whole muscle
passive tension.
KEY WORDS: Muscle mechanics, Passive stiffness, Comparative
biomechanics, Titin

INTRODUCTION

Mechanical properties of skeletal muscle, specifically length–
tension and force–velocity relationships, were first elucidated
in frog skeletal muscle (Edman, 1966; Gordon et al., 1966a; Hill,
1938, 1953). Frog muscle provides a clear experimental advantage
over mammalian muscle: the ability to dissect individual, intact
muscle fibers from tendon to tendon, enabling study of the smallest
intact muscle unit that includes both the excitation and contraction
systems. Thus, our detailed knowledge of muscle mechanics is
largely based on high-resolution experiments, performed several
decades ago, on isolated intact frog muscle fibers (Edman, 1979;
Gordon et al., 1966b).
A seminal discovery made in frog muscle was that most of the
passive load-bearing structures were intracellular and distinct from
the extracellular matrix (ECM) (Magid and Law, 1985). This
finding led to the identification and detailed studies of the giant
intramuscular protein titin (also called connectin; Horowits et al.,
1986; Maruyama et al., 1984). Titin plays several key biological
and mechanical roles in skeletal muscle, including stabilizing the
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A-band at the center of the sarcomere (Horowits et al., 1986),
providing a template for sarcomere structure (Labeit and Kolmerer,
1995), stretch-dependent signaling (Knöll et al., 2002; Lange et al.,
2005) and regulation of myosin filament length (Tonino et al.,
2017). Titin also plays a key role as a passive elastic element based
on its strategic location – extending from the middle of the M-line
to the Z-line (Granzier and Labeit, 2007; Wang et al., 1993) – and
structural features, enabling reversible unfolding as an entropic
spring (Linke et al., 1998; Oberhauser et al., 2001; Rief et al., 1997).
However, while the importance of titin’s role in muscle is beyond
dispute, its functional role in bearing passive tension within muscles
during normal movement remains unclear. Titin has been purported
to act as a ‘tunable spring’ that affects muscle function (Hessel et al.,
2017) and a discussion of its significance often includes its role in
regulating passive mechanical properties in normal muscle
(Anderson and Granzier, 2012; Granzier and Labeit, 2007).
Clearly, if muscles can regulate titin to directly affect passive
stiffness, it would represent a potential strategic target for
therapeutic intervention. However, a number of recent studies in
mammalian muscle call titin’s role in functional passive load
bearing into question (Meyer and Lieber, 2011; Smith et al., 2011;
Wood et al., 2014). These conflicting reports suggest that the
structural mechanisms that regulate passive muscle stiffness may
fundamentally differ between amphibians and mammals.
Direct comparison between frog and mouse studies is
complicated by the numerous ways that these properties are
quantified in different studies (Table 1). Muscle tensions are
reported using different units of mass (e.g. kg, oz), force (e.g. N,
dynes) and are normalized to specimen size either by cross-sectional
area (e.g. g cm−2, N m−2 or Pascals) or muscle mass (e.g. g g−1
muscle mass, mg g−1 body mass), depending on the study. Modulus
and stiffness values are also highly dependent on the experimental
approach used, especially when modulus–length relationships are
nonlinear, as in composite muscle specimens such as fiber bundles
and whole muscles (Lieber et al., 2003). Although literature
comparisons of frog and mammalian muscle suggest that there may
be species-specific differences in passive material properties (Azizi
and Roberts, 2010; Brown et al., 1996), no study to date has directly
compared between species using consistent testing methodology
and analytical strategies to quantify the cellular and extracellular
bases for any differences.
In this short report, we measured the passive modulus of muscle
from two specific muscles – one in frog and one in mouse – at two
size scales: frog muscle fibers (n=14), frog muscle fiber bundles
(n=9), mouse muscle fibers (n=17) and mouse muscle fiber bundles
(n=10). We used the same experimental protocol, instrumentation
and analysis for both species to enable rigorous comparison
between the mechanical properties. If titin is the primary contributor
to the passive modulus, then muscle fibers and muscle fiber bundles
will have similar moduli as a function of sarcomere length whereas
if ECM plays a major load bearing role, fiber bundles will have a
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Table 1. Definitions and examples of passive mechanical properties
Passive
mechanical
property

Definition

Examples

Passive tension

Tension (force) sustained at a Anderson et al., 2001;
given strain or sarcomere
Bensamoun et al., 2006;
length
Prado et al., 2005

Passive stress

Passive tension divided by
Anderson et al., 2001;
specimen cross-sectional area Bensamoun et al., 2006

Young’s (elastic)
modulus

Slope of a linear elastic
stress–strain or stress–
sarcomere length curve

Regional elastic
modulus

Slope of a non-linear stress– Magid and Law, 1985;
Jewell and Wilkie, 1958;
strain or stress–sarcomere
length curve over a region that Rowe et al., 2010
exhibits linearity

Bensamoun et al., 2006;
Lakie and Robson, 1988;
Wolff et al., 2006

Tangent
modulus

Slope of a non-linear stress–
strain or stress–sarcomere
length curve at a given strain
or sarcomere length

Smith et al., 2011; Meyer
and Lieber, 2011; Wood
et al., 2014

Modulus
coefficient(s)

Coefficient(s) obtained by
regression of a stress–strain
or stress–sarcomere length
curve to a nonlinear model
(typically polynomial,
exponential or strain–energy
density functions)

Magid and Law, 1985; Best
et al., 1994; Sarver et al.,
2003

much larger modulus compared with single fibers and this
difference will become greater with increasing sarcomere length
because of the nonlinearity of ECM elasticity.

power laser diode, provided objective assessments of muscle strain
and myofibrillar array quality (Lieber et al., 1984).
Passive mechanical properties were derived using an incremental
stress relaxation protocol. Specimens were stretched in ∼10% strain
increments at 2000% per second to impose a ∼0.25 μm sarcomere
length change, which was maintained for 3 min to allow stress
relaxation. Passive elastic properties were determined from data
from fully stress-relaxed muscle with exponential fits (Fig. 1) for
consistency with previously the three published analytical
approaches (Azizi and Roberts, 2010; Brown et al., 1996; Magid
and Law, 1985). The form of the equation was:
a
y ¼ ðebx  1Þ:
b
Tangent modulus was calculated as the slope of the tangent to these
curves at various sarcomere lengths and values are expressed in
kPa µm−1 (Table 1). This is because, for skeletal muscle, plotting
stress against sarcomere length rather than strain allows
physiological comparisons among muscles and species since
tangent moduli at different points of the length-tension curve or
sarcomere lengths at different joint angles can be investigated; this
information is lost with traditional engineering normalization
approaches. Typically, modulus is expressed as a ratio of stress to
strain in units of kPa, which works quite well for comparisons
between materials for which a zero-stress point can be reliably
established and the point of desired comparison can be defined
relative to that zero-stress state. In our experiments, our zero-stress
point (fiber or bundle slack length) was determined by positioning
the fiber such that it was visibly buckled then increasing length until
the force reading on the transducer crossed a defined threshold. As
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Experiments were performed on isolated single muscle fibers
and muscle fiber bundles from the anterior head of the frog [Rana
pipiens (Schreber 1782); Carolina Biological Supply]
semitendinosus muscle or on single muscle fibers and muscle
fiber bundles from the 5th toe of the extensor digitorum longus
(EDL) muscle of mice (Mus musculus, strain 129/Sv 7–9 weeks old;
Taconic Farms, Germantown, NY, USA). All procedures were
performed in accordance with the NIH Guide for the Use and Care
of Laboratory Animals and were approved by the University of
California and Department of Veteran’s Affairs Committees on the
Use of Animal Subjects in Research.
Details of the dissection procedures used have been described
previously for both frog (Lieber and Baskin, 1983) and mouse
(Meyer and Lieber, 2011; Shah and Lieber, 2003). Briefly, frog
semitendinosus muscles and mouse EDL muscles were dissected
and skinned overnight in a glycerinated relaxing solution. Single
fibers and fiber bundles (10–20 fibers) were dissected in a chilled
relaxing solution [containing (in mmol l−1): EGTA (7.5), potassium
propionate (170), magnesium acetate (2), imidazole (5), creatine
phosphate (10) and ATP (4), with leupeptin (17 µg ml−1) and
E64 (4 µg ml−1) to prevent protein degradation] under a
stereomicroscope (MZ12.5, Leica, Deerfield, IL, USA) equipped
with a transmitted light base for darkfield imaging. After dissection,
one end of the specimen (frog fiber or fiber bundle; mouse fiber or
fiber bundle) was attached via a 10-0 suture to a motor arm
(Newport MT-RS; Irvine, CA, USA), which controlled specimen
length, and the other end was attached to a force transducer (Aurora
Scientific 405A; Aurora, Ontario, Canada). Sarcomere length,
measured by laser diffraction using transillumination with a low
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2

Fig. 1. Raw stress–sarcomere length curves from frog and mouse
muscle. Stress versus length curves for frog and mouse single muscle fibers
(A) and fiber bundles (B). Representative data from one experiment. Data are
plotted in terms of sarcomere length to enable comparison across species and
on different portions of the sarcomere length–tension curves.
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frog fibers are both larger in cross section and stiffer than mouse,
normalizing to this value could also confound our comparison.
Data were compared across species and sample type by two-way
ANOVA and considered significant (α) at P<0.05. Individual
groups were compared using Tukey’s multiple comparison test.
Data are presented as means±s.e.m.

Frog
Fibers
Bundles

450

3.21 µm
Tangent modulus (kPa µm–1)

Sarcomere length–stress relationships for all mouse single fibers
tested were highly linear with ∼98% of the experimental variation
explained by a linear relationship. However, frog fibers exhibited
nonlinearity in their sarcomere length-stress relationships with
only ∼86% of the experimental variation explained by the linear fit
(compared to >95% with an exponential fit). To account for this
nonlinearity and to enable consistent comparisons across samples,
all data were fit with an exponential function. For frog muscle,
modulus increased with increasing sarcomere length and was
identical for fibers and bundles (Fig. 2A). However, for mouse
muscle, bundle moduli diverged from fibers at a sarcomere length
of about 3.2 µm and this difference became more pronounced with
increasing sarcomere length, more than doubling the modulus of
mouse fibers at the longest sarcomere lengths tested (Fig. 2B). As
expected, two-way ANOVA comparing fibers and bundles within
a species found a significant effect of sarcomere length on tangent
modulus for specimens of both species (P<0.0001). However,
only in the mouse samples was there a significant effect of
specimen type (P<0.01) and a significant specimen to sarcomere
length interaction (P<0.0001), demonstrating different passive
mechanical properties between fibers and bundles in mouse but
not in frog.
Species-specific comparisons can be derived from these tangent
modulus versus sarcomere length plots at a single sarcomere length,
a relative position on the sarcomere length–tension curve, or a
relative position in a specific muscle’s sarcomere length operating
range. Since the muscles used in this study were functionally
different (ankle/toe dorsiflexor versus hip extensor/knee flexor), we
chose to compare them at the same relative locations on their
length–tension curve: 75% down the descending limb for each
species (3.47 μm for mouse; 3.21 μm for frog). At these sarcomere
lengths, frog fibers were much stiffer than mouse fibers: frog
modulus (135±25 kPa µm−1) exceeded mouse modulus (42±
3.7 kPa µm−1) by over three-fold (Fig. 2C). Similarly, frog
bundles were stiffer than mouse bundles, but the difference at
these sarcomere lengths was only about 1.5-fold (Fig. 2C). This
difference arises from the fact that mouse bundle moduli were
around double the mouse fiber moduli, but frog bundle moduli were
actually slightly lower than fiber moduli. As expected based on
these observations, two-way ANOVA found a significant
species×size scale interaction (P<0.01) explicitly demonstrating a
species-dependent effect on scaling passive muscle tension.
This study demonstrates that the passive elastic tensile load born
by frog fibers is almost exclusively borne by the muscle fibers
themselves rather than by the ECM (as demonstrated in the
landmark paper of Magid and Law, 1985) while the ECM bears the
majority of the passive elastic tensile load in mouse fiber bundles,
with a ratio of ECM:muscle fiber load bearing of about 55:45 at a
sarcomere length of 3.47 μm (Fig. 3). The calculations are based on
the area fraction of ECM and muscle fibers (Af ) as well as the
moduli of the ECM (Em) and fibers (Ef ) structures as previously
reported (Meyer and Lieber, 2012). This calculation was made by
assuming that bundle, fiber and matrix strain are all identical. Then,
using the definition of stress, and the law of mixtures, load borne by
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Fig. 2. Tangent modulus for frog and mouse fibers and bundles as a
function of sarcomere length. Tangent modulus for fibers and bundles in frog
(A) and mouse (B) as a function of sarcomere length. Tangent moduli were
calculated at sarcomere lengths across the plateau and descending limb of the
length-tension curve for each species in 0.25 µm increments (means±s.e.m.,
n=9–17 per group). Vertical dotted line is placed at the species-specific 75%
point on the descending limb and this value is plotted in C. (C) Modulus values
from frog and mouse single fibers and fiber bundles at the sarcomere length
denoted by vertical dotted lines in A and B. Two-way ANOVA found a
significant species×size scale interaction (P<0.01) explicitly demonstrating a
species-dependent effect on scaling of passive tension (means±s.e.m., n=9–
17 per group).

the matrix (Fm) relative to load borne by fibers (Ff ) is:
Fm
Em
ð1  Af Þ
:
¼

Ff
Ef
ðAf Þ
In contrast, this calculation predicts that frog fibers bear nearly all of
the passive load at a sarcomere length of 3.21 μm (the same relative
position on their length–tension curve as mouse; Fig. 3) assuming a
similar area fraction of ECM and muscle fibers. Furthermore, the
coefficient b, which represents the curvature of the exponential data,
is significantly higher in mouse bundles (1.73±0.06) compared with
mouse fibers (1.16±0.05), but is not significantly different between
3
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Fig. 3. Fraction of passive load borne by frog and mouse muscle fibers.
Values are predicted by the rule of mixtures assuming these muscles are a
continuous composite of 90% unidirectional fibers and 10% extracellular matrix
(Meyer and Lieber, 2012) using the fiber and bundle moduli presented in this
report.

frog bundles (2.26±0.15) and frog fibers (2.03±0.15). This indicates
that not only the tangent stiffness but also the nonlinearity of the
passive stress–sarcomere length relationship in frogs is dominated
by the fibers (consistent with the landmark paper of Magid and Law,
1985). This is clearly not the case for mouse muscle.
These data from frog and mouse reflect different distributions of
passive load bearing between species, with frog muscle relying
almost solely on fibers and mouse distributing passive tensile load
between fibers and the surrounding ECM. The structural basis for
these differences could lie either in titin or the ECM. Frog isoforms
of titin may be shorter (and therefore stiffer) and more non-linearly
elastic than mouse. On the other hand, frog muscle may have a more
integrated endomysium that remains with dissected individual
fibers and bears a portion of passive tension. While the teleological
explanation is unclear, these results are unsurprising to researchers
who have attempted to dissect intact single cells from both species.
While intact frog single fiber dissections are challenging, they are
easily learned with practice. In contrast, the only mouse muscle for
which intact fibers can be reliably dissected is the intrinsic muscle of
the foot, the flexor digitorum brevis (FDB) muscle, which has a very
low connective tissue content. Even so, partial collagen digestion
with collagenase is required to free muscle fibers from the ECM
without mechanical damage (Cheng and Westerblad, 2017).
It has been demonstrated in mammalian muscle cells, that titin
bears from 10 to 50% of single fiber tension (Prado et al., 2005).
Since we show here that mammalian fibers bear about 45% of
bundle tension (Fig. 3), this leads to the conclusion that titin bears at
most about 22.5% of fiber bundle tension (50% of 45%). Scaling the
results of this study to whole muscle properties is complicated by
various levels of fiber and ECM organization. However, the
perimysium with its larger quantities of connective tissue and
unique collagen ultrastructure (Gillies and Lieber, 2011) likely
increases the role of the ECM in passive whole muscle loadbearing.
Literature reports of increased passive stiffness in mammalian
muscle compared with frog (Azizi, 2014; Brown et al., 1996) are
consistent with this hypothesis. Although we find that frog fibers are
substantially stiffer than mouse, most of this difference is eliminated
at the bundle level. We predict that at higher levels of mammalian
muscle organization the contribution of the ECM will supersede that
of the fibers. In support of this, our recent report that fiber bundles
bear only 5–10% of the passive stiffness of whole muscles (T. M.
Winters and S. R. Ward, personal communication) implies that titin
would bear only 1–2% of whole muscle tension in mammalian
muscle (5–10% of 22.5%), which is not likely to be functionally
important, even if titin stiffness changed by orders of magnitude.

Taken together, these experiments contradict the hypothesis that
titin is functionally load bearing at the whole muscle level in
mammalian skeletal muscle.
It should be noted that these arguments are only valid, strictly
speaking, for these specific mouse and frog muscles. While other
measurements of frog and mouse muscle are consistent with these
findings, the strict comparison can only be made for these two
muscles. It has been shown that, for whole muscles, passive
mechanical properties can vary within a species (Azizi, 2014;
Brown et al., 1996) but the structural basis for this observation is not
known. It is clear that skeletal muscles among species can use a
variety of strategies to modulate passive mechanical properties and
these strategies are related in some way, to that particular muscle’s
function.
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