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Nemaline myopathy, the most common non-dystrophic congenital myopathy, is caused by mutations in six
genes, all of which encode thin-filament proteins, including NEB (nebulin) and TPM3 (a tropomyosin). In
contrast to the mechanisms underlying weakness in NEB-based myopathy, which are related to loss of
thin-filament functions normally exerted by nebulin, the pathogenesis of muscle weakness in patients with
TPM3 mutations remains largely unknown. Here, we tested the hypothesis that the contractile phenotype
of TPM3-based myopathy is different from that of NEB-based myopathy and that this phenotype is a direct
consequence of the loss of the specific functions normally exerted by tropomyosin. To test this hypothesis,
we used a multidisciplinary approach, including muscle fiber mechanics and confocal and electron
microscopy to characterize the structural and functional phenotype of muscle fibers from five patients
with TPM3-based myopathy and compared this with that of unaffected control subjects. Our findings demon-
strate that patients with TPM3-based myopathy display a contractile phenotype that is very distinct from that
of patients with NEB-based myopathy. Whereas both show severe myofilament-based muscle weakness, the
contractile dysfunction in TPM3-based myopathy is largely explained by changes in cross-bridge cycling kin-
etics, but not by the dysregulation of sarcomeric thin-filament length that plays a prominent role in NEB-
based myopathy. Interestingly, the loss of force-generating capacity in TPM3-based myopathy appears to
be compensated by enhanced thin-filament activation. These findings provide a scientific basis for differen-
tial therapeutics aimed at restoring contractile performance in patients with TPM3-based versus NEB-based
myopathy.

INTRODUCTION

The skeletal muscle sarcomere consists of thick filaments,
mainly comprised of myosin, and the actin-based thin
filaments. In addition to actin, major components of the thin
filament include tropomyosin (Tm), the troponin complex
and nebulin (1). The thin filament plays several key roles in
the regulation of muscle contraction. First, the length of the

thin filament determines the amount of overlap between the
thick and the thin filaments, which, in turn, determines the
number of myosin–actin interactions (i.e. cross-bridges) and
thus the sarcomere’s force-generating capacity (2). Recent
studies suggest that thin-filament length is regulated by
nebulin, a giant protein that spans the entire length of the
thin filament and that the absence of nebulin causes shortening
and non-uniformity of thin-filament length (3–6). Second, the
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regulatory proteins Tm and troponin control thin-filament acti-
vation by a mechanism in which Ca2+ binding to troponin
moves Tm over the surface of actin to expose myosin
binding sites on actin. Myosin then binds on actin to form
cross-bridges and propel muscle contraction. The key role of
the thin filament in the regulation of muscle contraction has
been emphasized by the identification of mutations within
genes encoding thin filament proteins in patients with conge-
nital myopathies (7).

Nemaline myopathy (NM), the most common non-dystrophic
congenital myopathy, is caused by mutations in six genes, all of
which encode thin filament proteins: ACTA1 (actin), TPM3 and
TPM2 (a- and b-Tm, respectively), TNNT1 (troponin T), CFL2
(cofilin-2) (8) and NEB (nebulin), for a review see Sanoudou and
Beggs (9). Hence, NM is often considered a thin filament myo-
pathy. The main form of NM, likely accounting for �50% of all
NM cases, results from mutations in NEB (10), which encodes
nebulin, a giant protein (MW �800 kDa) that is expressed at
high levels only in skeletal muscle. Recent studies on muscle
fibers from patients suffering from NM due to NEB mutations
revealed that the muscle fiber weakness observed in these
patients can be largely explained by changes in thin filament
length (6), cross-bridge cycling kinetics and Ca2+ sensitivity
(11). This phenotype shows remarkable similarities to that of
myofibers from nebulin KO mice (3,6,12,13), suggesting that
nebulin abnormalities and nebulin absence both cause weakness
through similar pathogenic mechanisms.

Mutations in the Tm 3 gene (TPM3), which encodes for
a-Tmslow, can cause both NM, as well as congenital fiber-type
disproportion (CFTD) (14–19). Similar to the patients with
NEB mutations, the hallmark feature of these patients is skel-
etal muscle weakness. However, in contrast to the mechanisms
underlying weakness in NEB-based myopathy that are related
to loss of thin filament functions normally exerted by nebulin
(6,11), the pathogenesis of muscle weakness in patients with
TPM3 mutations remains largely unknown.

A common histopathological finding in many cases with
TPM3 mutations is selective type 1 fiber hypotrophy/atrophy
(19), presumably because TPM3 is primarily expressed in type
1 fibers. However, this phenotype can only partly explain the
muscle weakness observed in these patients. Considering that
Tm plays distinct roles in thin filament function, we expect
that loss of these functions due to genetic mutations might
very well contribute to thin filament dysfunction and muscle
weakness in patients. Thus, we hypothesize that the contractile
phenotype of TPM3-based myopathy is different from that of
NEB-based myopathy and that this phenotype is a direct conse-
quence of the loss of the specific functions normally exerted by
Tm. To test this hypothesis, we used a multidisciplinary
approach to characterize the structural and functional phenotype
of muscle fibers from patients with TPM3-based myopathy.

RESULTS

Tm protein levels in patients with TPM3-based myopathy

To characterize the effects of the gene mutations on protein
expression, western blot analysis was performed for Tm in
muscle biopsies from five patients with TPM3-based myopa-
thy and four control subjects. Similar to control subjects,

muscle from all five patients showed expression of both a-
and b-Tm (Fig. 1A, bottom panel). However, patients T7
and T261, which had the autosomal recessive mutation
c.857A . C (p.X286SerextX∗57), showed an additional,
novel band �6 kDa larger, representing the additional
57 amino acids following the read-through Stop � Ser
change (16,19). Importantly, the mutations in TPM3 do not
appear to affect the ratio of a-Tm over b-Tm (Fig. 1A, top
left). Also, total Tm normalized to actin was comparable
between patients and controls (Fig. 1A, top right). In
summary, the levels of Tm isoform expression in skeletal
muscle of these five patients with TPM3-based myopathy are
comparable with that found in controls.

Severe muscle fiber weakness in patients with TPM3-based
myopathy

To study whether the muscle weakness observed in patients
with TPM3 mutations is caused by changes in myofilament
function, we studied the force-generating capacity of small
muscle fiber bundles from patients with TPM3-based myopa-
thy and of single muscle fibers from control subjects. We
exposed skinned muscle fibers to a saturating Ca2+ concen-
tration and measured the force response; Figure 2A shows a
typical force response from a control and patient muscle
fiber. As force is proportional to the muscle fiber’s cross-
sectional area (CSA), force was normalized to fiber CSA to
obtain stress. We found that maximal stress generation was
severely reduced in muscle fibers from all five patients with
TPM3 mutations (Fig. 2B). Because Ca2+ handling proteins
are absent in skinned fibers, these findings suggest severely
impaired myofilament function in skeletal muscle from
patients with TPM3-based myopathy. Considering that the
contractile experiments on patient biopsies were performed
using preparations containing multiple (10–20) muscle fibers

Figure 1. (A) The ratio of b-Tm over a-Tm was comparable between the
muscle specimens from controls and those from patients with TPM3-based
myopathy. (B) Total Tm, normalized to actin, was comparable between con-
trols and patients. Bottom: typical Tm western blot result; note the additional
band with higher molecular weight in two patients (T7 and T261) who carry
the c.857A . C mutation that eliminates the stop codon.
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and that type 1 fibers were hypotrophic, the majority of the
preparations’ volume was comprised of type 2A fibers.
Thus, these findings suggest that the functioning of type 2A
fibers is also affected in patients with TPM3-based myopathy.

Preserved thin filament length in myofibrils from patients
with TPM3-based myopathy

Previous work on NM patients with mutations in the gene
encoding nebulin, another major constituent of the sarcomere
thin filament, revealed that the muscle weakness in those
patients was at least partly caused by a reduced length of
the thin filaments of the sarcomere (6). To study whether the
muscle fiber weakness in patients with TPM3-based myopathy
can be explained by similar changes in thin filament length, we
investigated thin filament length using immunofluorescence
confocal scanning laser microscopy on small muscle fiber
bundles. We first localized a-actinin, a Z-disk marker and tro-
pomodulin, a thin filament pointed-end capping protein that
has been used previously by us and by others as a determinant
of thin filament length (5,6,20). a-Actinin staining showed
regular striation patterns in myofibrils from both controls
and patients (Fig. 3A), indicating well-organized myofibrillar
structure. In control myofibrils, tropomodulin staining
showed a distinct doublet in the middle of the sarcomere,
2.66+ 0.08 mm apart (measured across the Z-disk, Fig. 3A).
Similarly, in myofibrils from patients, tropomodulin staining

revealed a doublet in the middle of the sarcomere, 2.50+
0.09 mm apart. This difference between control subjects and
TPM3-based myopathy patients was not significantly different,
suggesting that thin filament lengths are comparable between
patients with TPM3-based myopathy and controls, with an
average length of 1.25–1.30 mm. Note that for these measure-
ments, muscle fiber bundles were studied, which consist of
both type 1 and 2A muscle fibers, and these thin filament
lengths reflect those found in both fiber types.

Confocal microscopy studies with fluorescently labeled
phalloidin (which binds filamentous actin with high affinity)
were also carried out. The labeling patterns of myofibrils
from patients and controls were similar: both patients and con-
trols showed broad actin labeling with uniform intensity,
except for the Z-disk area where actin filaments overlap to
produce stronger intensity (Fig. 3B, left panel). Densitometric
analysis revealed that the width at half-maximal intensity was
2.40+ 0.04 mm for controls and 2.40+ 0.09 mm for myofi-
brils from patients (Fig. 3B, right panel). Thus, in line with
the tropomodulin data, phalloidin staining studies indicate
that thin filament lengths are comparable between myofibrils
from controls and those from patients with TPM3-based
myopathy.

Because sarcomeres generate force in proportion to the
degree of thick and thin filament overlap, a well-defined thin
filament length is an important determinant of proper muscle
function. This is illustrated by the force–sarcomere length
(SL) relation, which is characterized by a force plateau at
optimal filament overlap, followed by a descending limb at
higher SLs as filament overlap decreases. Since thick filaments
are typically of a constant length and thin filament lengths are
comparable between patients and controls (Fig. 3A and B), the
force–SL relations of myofibrils from patients and controls
are expected to overlap. To test this expectation, we con-
structed force–SL relations of control and patient muscle by
activating skinned muscle fiber bundles at various SLs
(Fig. 3C, top panel, shows a typical force response at a
range of SLs). Control fibers showed a characteristic force
plateau up to �2.8 mm, followed by a linear descending
limb (Fig. 3C). Thus, these functional data from control myo-
fibrils are in line with thin filaments of a uniform and well-
defined length. As expected from our confocal imaging data,
fibers from patients exhibit a force–SL relation that is compar-
able with control fibers. Thus, these structural and functional
data suggest that changes in thin filament length cannot
explain the muscle fiber weakness in patients with
TPM3-based myopathy.

Preserved myofibrillar structure in muscle from patients
with TPM3-based myopathy

To test whether the observed muscle fiber weakness is caused by
disorganization or disruption of myofibrillar structure, we per-
formed light- and electron-microscopic analyses. As shown in
Figure 4, and as reported previously (19), patients with
TPM3-based myopathy invariably showed a selective type 1
fiber hypotrophy (Fig. 4Aa and b), and the proportions of type
1 and 2 fibers are often within normal limits or show type 1
fiber predominance. Longitudinal sections of toluidine blue
stained tissue revealed a regular distribution of sarcomeres

Figure 2. (A) Typical force response to saturating Ca2+ levels of a control
fiber and a fiber from a patient with TPM3-based myopathy (T856 is
shown) with similar fiber CSAs. Note the lower maximal force in the fiber
from the patient. (B) The maximal force-generating capacity was significantly
decreased in muscle fiber bundles from patients with TPM3-based myopathy.
Values shown are the mean+SEM. ∗P , 0.05 compared with both type 1 and
2A fibers from controls.
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Figure 4. (A) Muscle histology and ultrastructure in patients with TPM3 mutations. Toluidine blue staining (a–c) of Epon-embedded tissue from biopsy (a and d)
T863, (b and e) T261 and (c and f) T856 reveals increased variation in fiber size, which corresponds to the selective hypotrophy of type 1 fibers on oxidative
stains (a). A subsarcolemmal aggregate of nemaline rods is seen in one fiber from biopsy T856 (c). Ultrastructural examination of muscle from these patients
reveals an appropriate organization of the contractile apparatus (d and e), with the exception of areas containing nemaline rods in biopsy T856 (f). Note that the
“out of register” appearance of the sarcomeres in (e) is a normal finding that is often due to inadequate stretching of the muscle during fixation or the oblique
orientation of the section. Bar ¼ 50 mm for a–c and 500 nm for d–f. (B) Table showing the fiber-type proportions and the relative fiber CSAs for controls and
patients. Note the variable degrees of type 1 predominance, but consistent type 1 fiber hypotrophy in patients. (C) Typical SDS–PAGE result showing the rela-
tive contributions of the various myosin heavy chain (MHC) isoforms in the different biopsies (indicated below). (D) In line with the histology data, quantifi-
cation of the myosin heavy chain isoforms obtained from the SDS–PAGE results revealed a decreased proportion of type 1 isoforms in muscle biopsies from
patients (with the exception of T7), reflecting the type 1 fiber hypotrophy.

Figure 3. (A) Representative images and analysis of myofibrils from controls and patients with TPM3-based myopathy stained for a-actinin and tropomodulin
(Tmod). Left: note the tropomodulin doublet in the middle of the sarcomere in the control and in the patients’ myofibrils (biopsy T239 is shown). Middle: overlay
of line scan intensity profile of a-actinin and tropomodulin. Right: the distance between tropomodulin staining (measured across the Z-disk and indicated as
Tmod-a-actinin-Tmod) is comparable between control and patient myofibrils. (B) Left: actin staining with phalloidin shows broad and homogenous staining
in both control myofibrils and myofibrils from patients with TPM3-based myopathy (note that the fainter phalloidin staining of myofibrils from the TPM3
patient depicted here was not a consistent finding). Middle and right: analysis of phalloidin line scan intensities revealed comparable average thin filament
lengths in control and patient myofibrils. (C) Top: typical force response of a patient’s muscle fiber preparation that was activated at various SLs.
Bottom: the force–SL relation of fiber preparations from patients with TPM3-based myopathy overlap with that from control fibers: both display a characteristic
force plateau followed by a comparable descending limb. NS, not significant. Values shown are the mean+SEM.
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throughout muscle fibers of both types, with the exception of
small areas that were occupied by nemaline rods in the two biop-
sies from patients with NM (Fig. 4Ac). As previously reported,
nemaline rods, where present, were restricted to type 1 fibers and
occupied a very small percentage (estimated at ,5%) of the
fiber CSA on longitudinal sections (19,21). Consistent with
these findings, analysis of myosin heavy chain expression
revealed that, with the exception of T7, which expressed
solely myosin heavy chain type 1, patients had an elevated
proportion of type 2 myosin heavy chain when compared with
controls (Fig. 4C and D), which is likely to be a reflection of
the type 1 fiber hypotrophy.

Ultrastructural examination revealed an appropriate organ-
ization of the contractile apparatus in patients with
TPM3-based myopathy (Fig. 4Ad and e), with the exception
of areas containing nemaline rods in the two patients with
NM (for an example, see Fig. 4A f). Thus, these analyses indi-
cate preserved myofibrillar structure in patients with
TPM3-based myopathy.

Altered cross-bridge cycling kinetics in patients
with TPM3-based myopathy

It is well established that Tm plays an important role in muscle
function by regulating the cyclic interaction between myosin
heads and actin (i.e. cross-bridge cycling kinetics) through
limiting access to myosin head binding sites on the actin fila-
ment (1). To study whether changes in cross-bridge cycling
kinetics play a role in the muscle fiber weakness in patients
with TPM3-based myopathy, we determined the rate of
tension redevelopment (ktr) and the tension cost in muscle
fiber bundles. To determine ktr, muscle fiber preparations
were first isometrically activated at pCa 4.5, and when a
steady tension was reached, cross-bridges were disengaged
by performing a quick release, a brief period of unloaded
shortening and then a rapid restretch to the original length.
Following restretch, tension rebuilds with a time course that
can be fit to a monoexponential with rate constant ktr.
Figure 5A (left panel) illustrates a ktr measurement on a

Figure 5. (A) ktr measurements of fibers from controls and patients with TPM3-based myopathy. Left: example of typical ktr measurements at pCa 4.5 with
superimposed results of a patient fiber bundle (biopsy T239 is shown) and a control fiber. Right: ktr is significantly lower in fibers from patients compared
with control fibers. (B) Tension cost of patient and control myofibers. Left: example of a maximally activated patient fiber bundle (pCa 4.5) with developed
force at the bottom and [ATP] at the top. The slope of the [ATP] versus time trace was divided by fiber volume (in mm3) to determine the ATP consumption
rate. Right: the ATP consumption rate was normalized to tension to determine the tension cost. The tension cost is significantly higher in fibers from patients with
TPM3-based myopathy. Values shown are the mean+SEM. ∗P , 0.05 compared with both type 1 and 2A fibers from controls.
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patient and control fiber preparation, revealing that tension
recovers more slowly in the patient fibers than in the control
fibers. The averaged results from all subjects are shown in
Figure 5A (right panel). ktr is significantly lower in fibers
from all patients with TPM3-based myopathy compared with
control fibers.

The tension cost was determined by the measurement of the
breakdown of nicotinamide adenine dinucleotide (NADH)
simultaneous with force during contraction with NADH
levels enzymatically coupled to adenosine triphosphate
(ATP) utilization (see Materials and methods). An example
of a maximally activated patient’s muscle fiber preparation
with [NADH] falling linearly during the tension plateau is
shown in Figure 5B (left panel). The slope of the [NADH]
versus time curve was normalized by the fiber volume to
obtain ATP consumption rates that can be compared for differ-
ently sized muscle preparations. By normalizing the ATP con-
sumption rates to the tension generated and fiber volume, the
tension cost can be determined. As shown in Figure 5B (right
panel), the tension cost was significantly higher in muscle fiber
preparations from patients compared with those from control

fibers, with the exception of biopsy T261 in which the fibers
showed slightly elevated tension costs that were not statisti-
cally different from controls. Note that as T7 solely expressed
type 1 myosin heavy chains, the tension cost data from this
patient were compared with the data from type 1 fibers from
controls. Thus, these ktr and tension cost data suggest that
cross-bridge cycling kinetics are significantly altered in
muscle fibers from patients with TPM3-based myopathy.

Elevated Ca21 sensitivity of force generation in patients
with TPM3-based myopathy

In vivo, skeletal muscle typically undergoes submaximal acti-
vation. Thus, submaximal parameters of muscle function
provide relevant physiological information. To test whether
submaximal force generation is affected in muscle from
TPM3-based myopathy patients, we measured active force at

a range of Ca2+ levels and expressed force relative to the
maximal force. These experiments were also prompted by
previous studies indicating that Tm plays an important role

Figure 6. Force–Ca2+ characteristics of skinned muscle from patients with TPM3-based myopathy and from control muscle. (A) Typical chart recording
showing the force response to incremental Ca2+ concentrations in a patient’s fiber preparation (biopsy T856 is shown). (B) Left: the relative force generated
in response to incubation with incremental increase of [Ca2+]; note the leftward shift of the force–Ca2+ relationship in patients’ versus control muscle
fibers. Right: same as left panel, but with force normalized to the fiber CSA. The red dotted lines indicate in vivo cytosolic Ca2+ concentrations during activation.
Note that T856 produces higher force at these Ca2+ levels than control fibers. (C) The Ca2+ concentration needed for 50% of maximal force generation was
significantly lower (i.e. higher pCa50) in patient versus control muscle. Values shown are the mean+SEM. ∗P , 0.05 compared with both type 1 and 2A
fibers from controls.
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in regulating Ca2+ sensitivity of force generation (1,22,23).
Figure 6A depicts an example of active force development
of a TPM3-based myopathy muscle fiber preparation in
response to incremental Ca2+. Interestingly, the obtained
force–pCa relations were shifted to the left in muscle fibers
from all TPM3-based myopathy patients (Fig. 6B, left
panel), resulting in significantly increased pCa50 values
(Fig. 6C). Figure 6B (right panel) illustrates that the leftward
shift of the relative force versus pCa relations in patients
results in absolute force generation at submaximal Ca2+ con-
centrations that is quite comparable between patient and
control muscle fiber preparations. [Note that fibers from T7
had too much force rundown (.10%), which might indicate
minor structural damage that was not visible on confocal
and ultrastructural examination and were therefore excluded
from analysis.] Thus, muscle fibers from TPM3-based myopa-
thy patients display significantly elevated Ca2+ sensitivity of
force generation. Interestingly, this contrasts with previous
work on patients with nebulin gene mutations, who displayed
markedly reduced Ca2+ sensitivity of force generation (11).

DISCUSSION

Our findings demonstrate that patients with TPM3-based myo-
pathy display a contractile phenotype that is distinct from that
of patients with NEB-based myopathy. Whereas both show
severe myofilament-based muscle weakness, the contractile
dysfunction in TPM3-based myopathy can be largely explained
by changes in cross-bridge cycling kinetics, whereas dysregula-
tion of thin filament length and altered cross-bridge cycling kin-
etics play a prominent role in NEB-based myopathy (6).
Furthermore, the loss of force-generating capacity in
TPM3-based myopathy appears to be partly compensated by
enhanced thin filament activation, whereas decreased thin fila-
ment activation further depresses the capacity for force pro-
duction in NEB-based myopathy (11).

No major changes in Tm protein in TPM3-based myopathy

Tm are actin-binding, coiled-coil proteins, and their major func-
tion in skeletal muscle is to stabilize actin and to regulate actin–
myosin interactions by limiting access to myosin-binding sites
along the major groove of the actin filament (1). In humans,
Tms are encoded by four genes, TPM1–4, which also
undergo extensive alternative splicing (24). The three major
Tm gene products expressed in skeletal muscle are a-Tmfast

(TPM1), b-Tm (TPM2) and a-Tmslow (TPM3). As the name
implies, the TPM3 gene encodes an isoform that is primarily
expressed in type 1 skeletal fibers, but that is also found in
type 2A fibers (25). Our analysis of Tm expression and
muscle fiber function in five patients with TPM3-based myopa-
thy included three who were diagnosed with CFTD and two with
NM. Clinically, these two groups are indistinguishable, and the
only pathological distinction is whether or not nemaline rods
were present in the muscle biopsy that was obtained. In fact,
in some families segregating a single TPM3 mutation, there
have been multiple affected members with each of these two
diagnoses, suggesting that the underlying pathogenetic mechan-
isms of these conditions are similar (17). In all five muscle

biopsies examined, the mutations in TPM3 did not affect the
ratios of a-Tm expression relative to b-Tm, or total Tm
expression relative to actin, the major constituent of the sarco-
meric thin filament (Fig. 1). Interestingly, this contrasts with a
previous report (26) that the levels of b-Tm were specifically
reduced in murine and patient muscles harboring the TPM3
M9R mutation, a variant not examined in the present study.
Regardless, these findings suggest that mutant a-Tmslow is not
degraded but is incorporated into the thin filament where it
likely exerts its pathogenic influence in a dominant-negative
fashion. Two of the five patients, both described previously
(16,19), harbor a mutation of the normal stop codon leading to
production of an abnormally large protein (Fig. 1A, arrows).
Interestingly, whereas one of these patients was diagnosed
with CFTD, the other carried a diagnosis of NM. Together
with the structural and functional data on the biopsies from
these two patients, as well as those on the other three CFTD
and NM patients, these findings suggest that patients with
TPM3-based CFTD do not display a proteomic or functional
phenotype that is significantly distinct from that of patients
with TPM3-based NM. Moreover, as also reported previously
(17,19,21), the distinctive feature of CFTD, i.e. selective type
1 fiber hypotrophy (type I fibers .47% smaller than type 2
fibers), was indeed observed in both the three TPM3-based
CFTD patients studied here and also in the TPM3-based NM
patients (Fig. 4). As the main distinction between the CFTD
and the NM patients is the presence of nemaline rods within
the muscle fibers of NM patients, we speculate that these rods
might be not much more than a reflection of disease progression
or variability in local pathophysiology from one muscle to the
next. Longitudinal studies on patients with TPM3-based myopa-
thy are needed to test the validity of this speculation.

Dramatic changes in myofilament function in TPM3-based
myopathy

In the present study, we evaluated skeletal muscle function in
demembranated (or skinned) muscle fiber preparations.
Because of the young age of some patients at time of biopsy
(16,19) and the selective hypotrophy of type 1 fibers, most
type 1 fibers were extremely small, precluding experiments
on single muscle fibers. Instead, we used myofiber prep-
arations containing bundles of 10–20 muscle fibers. In
skinned myofibers, the membranous structures, such as the
sarcolemma and sarcoplasmic reticulum, are made permeable,
while leaving the myofilaments intact. By exposing these
skinned fibers to exogenous Ca2+, their contractile perform-
ance was evaluated. These experiments revealed a dramatic
(.50%) reduction in the force-generating capacity of myofila-
ments from patients with TPM3-based myopathy, even when
force was normalized to fiber CSA (Fig. 2). These data demon-
strate that the cause of muscle weakness is primarily
myofilament-based, and not secondary to loss of contractile
apparatus, defects in excitation–contraction coupling or
defects in other aspects of muscle contraction. Furthermore,
the weakness in TPM3-based myopathy is not caused by
major changes in myofibrillar structure, fractional cross-
sectional myofibrillar area, or in thin filament length, as evi-
denced by electron microscopic and functional examination
of patients’ muscle fibers (Figs 3 and 4). de Haan et al. (27)
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have reported reduced isometric force production from intact
muscles of Tpm3 M9R transgenic mice at lower lengths;
however, the identical force–SL relationship observed in the
present study demonstrates that this is not related to pertur-
bations in thin or think filament lengths. Of note, since our
contractile experiments were performed on preparations con-
taining 10–20 muscle fibers and considering that type 1
fibers were hypotrophic (Fig. 4, Table 1), the majority of the
preparations (�75%) were comprised of type 2A fibers.
Although type 2A fibers mainly express a-Tmfast and b-Tm,
they also coexpress a-Tmslow (TPM3) (25). Thus, although
we cannot rule out the possibility of secondary compensatory
or pathological changes in some fast fibers, we propose that
the contractile deficit in type 1 and 2A fibers from patients
with TPM3-based myopathy largely represents a primary
effect of the mutated Tm.

To determine the molecular basis for the myofilament-based
loss of force-generating capacity in TPM3-based myopathy,
we examined cross-bridge cycling kinetics. During this
cycle, unbound non-force-generating cross-bridges move to
an actin-bound force-generating state followed by ATP-driven
cross-bridge release back to the non-force-generating state
(28,29). Thus, the force that a muscle can generate is pro-
portional to the force generated per cross-bridge as well as
to the fraction of cross-bridges that generate force. Whether
the fraction of force-generating cross-bridges is different
between muscle fibers from patients and control subjects can
be evaluated from ktr and tension cost measurements. For
such evaluation, we used the analytical framework proposed
by Brenner and Eisenberg (30). In this model, the tension
cost (ATP consumption rate normalized to tension and fiber
volume) is directly proportional to the detachment rate (gapp)
of myosin cross-bridges from actin. Thus, the increased
tension cost in patient fibers (Fig. 5B) indicates that the
detachment rate is increased in these fibers. In this framework,
the rate constant of force redevelopment (ktr) is proportional to
the attachment rate fapp + gapp, and the fraction of cross-
bridges attached to actin, to fapp/(fapp+ gapp). The decrease in
ktr of fibers from patients with TPM3-based myopathy,
together with the notion that gapp is increased, indicates that
fapp must be reduced and that the reduction must be larger
than the increase in gapp. Overall, this implies that the fraction
of force-generating cross-bridges is reduced in patient fibers,
contributing to the force deficit observed in these muscle.

A surprising finding was the enhanced thin filament acti-
vation, as indicated by the elevated Ca2+ sensitivity of force
generation, in patients with TPM3-based myopathy. As
shown in Figure 6B (left panel), muscle fibers from patients
generated much higher relative force than control subjects at
the same submaximal Ca2+ concentration. In contrast to our
present findings, previous work on TPM1 modeling the
TPM3 NM mutation M9R (22,23), and on NM patients with
a TPM2 mutation (encoding b-Tm) (31), reported a decrease
in the Ca2+ sensitivity of force generation. This discrepancy
between studies might lie in differing effects of the specific
mutations on Tm function, or on the different isoforms and
experimental systems employed, as the other studies either uti-
lized cell-free or cell-based systems with heterologous
expression of cardiac isoforms or, in the case of the TPM2
mutation, caused a change in the relative expression ofT
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b-Tm and a-Tm, whereas such an effect was not observed in
the patients studied here which carried a TPM3 mutation.
Interestingly, cardiac papillary myofiber bundles from transgenic
mice expressing a familial hypertrophic cardiomyopathy-
causing mutation of Tpm1, D175N, exhibited enhanced Ca2+

sensitivity of force generation similar to that observed in our
TPM3-mutated skeletal muscle myofiber bundles, illustrating
that different Tm mutations appear to affect contraction
through different mechanisms (32).

The augmented response to submaximal Ca2+ concentrations
in the patients with TPM3-based myopathy might compensate
for the loss of the myofilaments’ maximal force-generating
capacity. Such a compensatory effect can be illustrated by plot-
ting absolute force (not relative force) against pCa as shown in
Figure 6B (right panel). During maximal tetanic muscle acti-
vation in vivo, the free Ca2+ concentration in the muscle fiber
rises from a resting level of 1027

M (pCa 7) to 1025
M (pCa 5)

at the height of a maximal contraction. However, during
normal daily-life, skeletal muscle typically performs submaxi-
mal contractions during which the intracellular calcium Ca2+

concentration most likely rises to only 1–5 × 1026
M (33).

Due to the pronounced leftward shift of the force–pCa relation-
ship at these Ca2+ concentrations, the loss of force-generating
capacity of muscle fibers from patients with TPM3-based myo-
pathy is blunted. Also note that at these submaximal Ca2+ con-
centrations patient T856 generates force that is very close to the
force generated by controls (Fig. 6B, right panel). Thus, in this
patient, the compensatory effect of increased thin filament acti-
vation is likely to explain the relatively mild phenotype of the
patient. This patient was not diagnosed until the age of 58
years, and the patient remained ambulatory until death from
unrelated causes at age 66, unlike the other four patients who
were diagnosed at childhood and who were non-ambulatory
already at a very young age (Table 1).

Clinical relevance

Although muscle weakness is considered a hallmark feature of
TPM3-based myopathy, its pathogenesis is poorly understood.
The present study is the first to show a genotype–functional
phenotype correlation in patients with different TPM3
mutations. Remarkably, despite the common occurrence of
nemaline rods in both conditions, the mechanical basis for
weakness caused by TPM3 mutations is distinctly different
from that observed in NEB-based myopathy. These findings
provide important novel insights into the pathogenesis of the
muscle weakness associated with TPM3-based myopathy and
provide a scientific basis for differential therapeutics aimed
at restoring contractile performance in patients with
TPM3-based versus NEB-based myopathy. For instance,
patients with NEB-based myopathy might benefit from Ca2+

sensitizers, whereas patients with TPM3-based myopathy
might benefit from pharmaceutical agents that accelerate
cross-bridge cycling kinetics.

MATERIALS AND METHODS

Muscle biopsies from patients with TPM3-based myopathy

Skeletal muscle specimens, remaining from diagnostic pro-
cedures or obtained during clinically indicated surgical

procedures, were collected from five patients following
informed consent supervised by the Children’s Hospital
Boston institutional review board and from four unaffected
control subjects (three males), with ages that range from
31 to 44 years, all quadriceps biopsies, and stored frozen and
unfixed at 2808C until use. For patient characteristics, see
Table 1. All five patients had mutations in the TPM3 gene,
have been described previously by either Wattanasirichaigoon
et al. (Patient 13-2/biopsy T7) (16) or Lawlor et al. (Patient
311-1/biopsy T239; Patient 313-1/biopsy T261; Patient 343-1/
biopsy T856; Patient 913-1/biopsy T863) (19) and have been
entered in the Leiden Open Variation Database (LOVD) avail-
able at http://www.dmd.nl/nmdb2/home.php?select_db=TP
M3 (see Table 1 for a synopsis of clinical findings).

Protein analyses

For Tm expression, western blotting was performed using an
antibody directed against both a- and b-Tm (CH1, Hybridoma
Bank, University of Iowa). Secondary antibodies conjugated
with fluorescent dyes with infrared excitation spectra were
used for detection. One- or two-color infrared western blots
were scanned (Odyssey Infrared Imaging System, Li-Cor Bio-
sciences, NE, USA) and the images analyzed with One-D scan
EX. For myosin heavy chain isoform composition, skeletal
muscles were 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). The gels were run for 24 h at 158C and
a constant voltage of 275 V. Finally, the gels were silver-
stained, scanned and analyzed with One-D scan EX software.

Muscle mechanics

Small strips dissected from muscle biopsies were skinned
overnight. The skinning procedure renders the membranous
structures in the muscle fibers permeable, which enables acti-
vation of the myofilaments with exogenous Ca2+. Preparations
were washed thoroughly with relaxing solution and stored in
50% glycerol/relaxing solution at 2208C for up to
�8 weeks. Muscle fibers or small muscle bundles (diameter
�0.07 mm) were dissected from the skinned strips and were
mounted between a displacement generator and a force trans-
ducer element (AE 801, SensoNor, Norway) using aluminum
T-clips. For all contractile parameters, 6–10 preparations
were analyzed per subject. SL was set using a HeNe laser-
diffraction system. Mechanical experiments on contracting
muscle were carried out at an SL of �2.5 mm. Fiber width
and diameter were measured at three points along the fiber,
and the CSA was determined assuming an elliptical cross-
section. Three different bathing solutions were used during
the experimental protocols: a relaxing solution, a pre-
activating solution with low ethyleneglycotetraacetic acid
(EGTA) concentration, and an activating solution (pCa 4.5).
The composition of these solutions was as described pre-
viously (34). The preparation was activated at pCa 4.5 to
obtain maximal Ca2+-activated force. Maximal stress was
determined by dividing the force generated at pCa 4.5 by
CSA. To determine force–SL relations, the maximal force
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generated at various SLs was determined. SL was measured
with an online laser-diffraction system (35).

Force–pCa relations. To determine the force–pCa relation
(pCa ¼ 2log of molar free Ca2+ concentration), skinned
muscle fiber bundles were sequentially bathed in solutions
with pCa values ranging from 4.5 to 9.0 and the steady-state
force was measured. Measured force values were normalized
to the maximal force obtained at pCa 4.5. The obtained
force–pCa data were fit to the Hill equation, providing
pCa50 (pCa giving 50% maximal active tension) and the Hill
coefficient, nH, an index of myofilament cooperativity.

ktr measurements. To measure the rate of tension redevelop-
ment (ktr) in muscle fiber bundles, we used the large slack/
release approach (30) to disengage force-generating cross-
bridges from the thin filaments, which were isometrically acti-
vated. Fast activation of the fiber was achieved by transferring
the skinned muscle fibers from the pre-activation solution con-
taining a low concentration of EGTA (pCa 9.0) to a pCa 4.5
activating solution. Once the steady-state was reached, a
slack equivalent to 20% of the muscle length was rapidly
induced at one end of the muscle using the motor. This was
followed immediately by an unloaded shortening lasting
30 ms. The remaining bound cross-bridges were mechanically
detached by rapidly (1 ms) restretching the muscle fiber to its
original length, after which tension redevelops. The rate con-
stant of monoexponential tension redevelopment (ktr) was
determined by fitting the rise of tension to the following
equation: F = Fss(1 − e−ktrt), where F is the force at time t,
Fss the steady-state force and ktr the rate constant of tension
redevelopment. (Note that fibers from T856 broke during
these measurements, and, therefore, we could not determine
the ktr values for this patient. Although microscopic examin-
ation indicated normal myofibrillar structure, we cannot rule
out that the minor structural damage in T856 increased the
fibers’ sensitivity to mechanical perturbations.)

Simultaneous force–ATPase measurement. We used the
system described by Stienen et al. (34). To measure the
ATPase activity, a near UV light was projected through
the window of the bath (30 ml volume and temperature con-
trolled at 208C) and detected at 340 nm. The maximum acti-
vation buffer (pCa 4.5) contained 10 mM phosphoenol
pyruvate, with 4 mg ml– 1 pyruvate kinase (500 U mg– 1),
0.24 mg ml– 1 lactate dehydrogenase (870 U mg– 1) and
20 mM diadenosine-5′ pentaphosphate (A2P5). For efficient
mixing, the solution in the bath was continuously stirred by
means of motor-driven vibration of a membrane positioned
at the base of the bath. ATPase activity of the skinned fiber
bundles was measured as follows: ATP regeneration from ade-
nosine diphosphate (ADP) is coupled to the breakdown of
phosphoenol pyruvate to pyruvate and ATP catalyzed by pyr-
uvate kinase, which is linked to the synthesis of lactate cata-
lyzed by lactate dehydrogenase. The breakdown of NADH,
which is proportional to the amount of ATP consumed, is
measured on-line by UV absorbance at 340 nm. The ratio of
light intensity at 340 nm (sensitive to NADH concentration),
and the light intensity at 400 nm (reference signal), is obtained
by means of an analog divider. After each recording, the UV

absorbance signal of NADH was calibrated by multiple rapid
injections of 0.25 nmol of ADP (0.025 ml of 10 mM ADP)
into the bathing solution, with a stepper motor-controlled injec-
tor. The slope of the [ATP] versus time trace during steady-state
tension development of a Ca2+-induced contraction (Fig. 5A)
was determined from a linear fit and the value divided by the
fiber volume (in mm3) to determine the fiber’s ATPase rate.
ATPase rates were corrected for the basal ATPase measured
in relaxing solution. The ATPase rate was divided by tension
(force/CSA) to determine the tension cost.

Immunofluorescence confocal scanning laser microscopy

Small strips were dissected from the biopsies and skinned over-
night at �48C in relaxing solution (in mM; 20 N,N-bis
(2 -hydroxy-ethyl)-2-aminoethanesulfonic acid, 10 EGTA,
6.56 MgCl2, 5.88 NaATP, 1 dithiothreitol, 46.35 K-propionate,
15 creatine phosphate, pH 7.0 at 208C) containing 1% (v/v)
Triton X-100. Immunolabeling and confocal scanning laser
microscopy was performed essentially as described previously
(3). Primary antibodies: anti-a-actinin (mouse monoclonal,
A7811, Sigma-Aldrich), anti-tropomodulin-1 (3) and Alexa
Fluor 488 conjugated phalloidin (A12379, Invitrogen). Second-
ary antibodies: Alexa Fluor 594 (goat anti-mouse, Invitrogen)
and Alexa Fluor 488 (goat anti-rabbit, Invitrogen). Secondary
antibodies did not stain when used without primary antibodies
(data not shown). Images were produced using a Bio-Rad
MRC 1024 confocal laser scanning microscope using the Laser-
SHARP 2000 software package (Hercules, CA, USA). From the
acquired images, thin filament lengths were determined using
ImageJ software (National Institutes of Health). Approximately
three preparations were analyzed per subject.

Pathological evaluation

Muscle biopsy tissue was obtained and prepared using the stan-
dard histological protocols (36). Briefly, fresh muscle was
frozen in isopentane, cooled in liquid nitrogen and stored at
2808C until sectioning. Eight micrometer histological sections
were cut on a cryostat, and sections were stained with either
hematoxylin and eosin, Gomori trichrome, ATPase (at pH 4.3
and 9.2) or NADH. Histological findings in these patients using
these stains have been reported previously (16,19). A small
portion of tissue from four patients (T7, T261, T856 and T863)
was fixed, embedded in Epon and processed for electron
microscopy per standard histological techniques. Epon-embedded
tissue was sectioned at 1 mm thickness and stained with toluidine
blue. Photomicrographs of toluidine blue-stained sections were
obtained using a Nikon Eclipse 50i microscope with SPOT
Insight 4 Meg FW Color Mosaic camera and SPOT 4.5.9.1 soft-
ware from Diagnostic Instruments. Ultrastructural examination
was performed on lead-stained, 95 nm sections at the time of
biopsy and repeated on three patients (T261, T856 and T863)
for preparation of this manuscript. Photographs and a report of
the electron microscopy of tissue from patient T7 were reviewed,
but tissue was not available for additional ultrastructural studies.

Statistical analysis

The data are presented as the mean+SEM. Statistical ana-
lyses were performed by t-test, and where appropriate by
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one-way ANOVA followed by Bonferroni post hoc testing;
P , 0.05 was considered as statistically significant.
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