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Abstract

Introduction: The conditional nebulin knockout mouse is a new model mimicking nemaline
myopathy, a rare disease characterized by muscle weakness and rods within muscle fibers. We
investigated the impact of nebulin (NEB) deficiency on muscle function /n vivo.

Methods: Conditional nebulin knockout mice and control littermates were studied at 10 to 12
months. Muscle function (force and fatigue) and anatomy (muscles volume and fat content) were
measured /n vivo. Myosin heavy chain (MHC) composition and nebulin (NEB) protein expression
were assessed by protein electrophoresis.

Results: Conditional nebulin knockout mice displayed a lower NEB level (-90%) leading to a
40% and 45% reduction in specific maximal force production and muscles volume, respectively.
Nebulin deficiency was also associated with higher resistance to fatigue and increased MHC |
content.

Discussion: Adult nebulin-deficient mice displayed severe muscle atrophy and weakness /n vivo
related to a low NEB content but an improved fatigue resistance due to a slower contractile
phenotype.
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1| INTRODUCTION

Nebulin (NEB) is a giant protein (maximal molecular mass ~900 kDa) highly expressed in
skeletal muscle and encoded by the NEB gene (NVEB), which is composed of 183 exons.! It
is a structural component of the sarcomere which extends along the thin filament.2:3 Its C-
terminal region is anchored at the Z-disk level, while its N-terminal end is oriented toward
the thin-filament-pointed end.#> Nebulin is a critical regulator of skeletal muscle function
because NVEB mutations in humans result in nemaline myopathy (NEM).6 In NEB-related
NEM patients, mutations are associated with lowered protein levels, ranging from 10% to
70% of the control value, resulting in skeletal muscle weakness and atrophy.”-9

The physiological function of the nebulin protein has been recently assessed thanks to the
generation of two murine models, one knockout (KO) for the NEB gene(Neb)1011 and one
carrying a deletion of exon 55 in Neb.12 However, those two models show a severely
shortened lifespan, and animals die within few days after birth, which limits investigations
of nebulin’s role during postnatal development and in the pathogenesis in NEB-based NEM.
A conditional KO (cKO) mouse model with a specific deletion of the gene encoding for
NEB in skeletal muscle has been recently developed.13 Despite a very low NEB level (<5%
of control value), mice survive to adulthood but display a severe muscle weakness /n vitro
due to the presence of nemaline bodies, irregular and wavy Z-disks, shortened thin filament
length, reduced force-generating cross-bridges, and a predominance of type | muscle fibers,
the main features of NEM.8.9.14-17 while this model appears relevant for assessing
therapeutic strategies in NEB-based NEM, the impact of the specific deletion of Neb on the
in vivo skeletal muscle function (force and fatigue) has not been studied. In addition, nearly
50% of Neb-cKO mice die within 3 months (median survival, 83 days), while the remaining
mice survive into adulthood. However, the long-term consequences (>6 months) of NEB
deficiency on skeletal muscle have not been characterized. In the present study, we sought to
investigate noninvasively the functional and anatomical alterations in 10- to 12-month-old
Neb-cKO mice.

2| MATERIALS AND METHODS
2.1| Animals

Ten- to 12-month-old NMeb-cKO female mice (n = 17) and female control littermates (n = 18)
were used for experiments. Investigations were performed only in females because many
older Neb-cKO males have a urinary tract obstruction and must be humanely killed for
ethical reasons. Animal experiments were approved by the animal ethics committee CE14 of
Aix-Marseille University (permit number: 1273-2015072809234270 v4). Mice were housed
in an environment-controlled facility (12-hour light—dark cycle, 22°C) and received water
and standard food ad /ibitum.

The conditional mouse model was made in such a way that the translational start codon of
Neb was floxed, and its deletion was conditioned by a muscle creatine kinase (MCK)-Cre
transgene. A targeting vector was made with loxP sites inserted downstream of exon 3 of
Neb (which contains the start codon for nebulin and corresponds to exon 1 of Bang et al%)
and in the 5" untranslated region of exon 2 upstream of the ATG. Floxed mice were bred to
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an MCK-Cre strain (No. 6475; The Jackson Laboratory, Bar Harbor, Maine) that expresses
Cre recombinase under control of the MCK promotor that is expressed in striated muscle.18
Genotyping was used to determine the presence of the MCK-Cre trans-gene and the floxed
nebulin allele. Mice homozygous for the floxed nebulin allele were bred to mice that were
hemizygous for MCK-Cre and heterozygous for the floxed allele (MCKCre*, Neb*/flox),
Offspring which were hemizygous for MCK-Cre and homozygous for the floxed allele
(MCKCre*, Nebflox/floxy yere deficient in NEB and were referred to as Meb-cKO. We used
as controls offspring which had at least one nebulin wild-type (WT) allele and that were
either MCK-Cre positive or negative. Because no difference was found among the control
genotypes, they were grouped as control (WT) mice.13

2.2 | Animal preparation

Mice were anesthetized and individually placed supine in a cradle designed in our laboratory
for the strictly noninvasive functional investigation of the left hindlimb muscles. A custom-
built facemask was incorporated into the cradle and was used to maintain prolonged
anesthesia throughout the experiment. The hindlimb was centered inside a 1H imaging coil.
The foot was positioned on the pedal of an ergometer constructed in our lab with a 90°
flexion ankle joint. Two rod-shaped surface electrodes integrated in the cradle and connected
to an electrical stimulator (Digitimer DS7, Welwyn Garden City, UK) were placed on the
left hindlimb, one at the heel level and the other just above the knee joint.

2.3 | Force output measurements

Plantar flexor muscles (gastrocnemius [Gas], soleus [Sol], and p/antaris) force was measured
with a cradle designed in our laboratory allowing strictly noninvasive functional
investigation of the left hindlimb muscles.19 Skeletal muscle contractions were achieved by
noninvasive transcutaneous electrical stimulation elicited with square-wave pulses (duration
= 0.5-ms). The individual maximal stimulation intensity was determined by progressively
increasing the stimulus intensity until there was no further peak twitch force increase.
Plantar flexion force was assessed in response to a 20, 40, and 150 HZ tetanic stimulation
(duration = 0.75 seconds) as well as during a fatigue protocol (80 contractions, 40 HZ, 1.5
seconds on and 6 seconds off).

2.4 | Magnetic resonance imaging

Magnetic resonance imaging acquisitions were performed in a 4.7-Tesla (T) horizontal
superconducting magnet (47/30 Biospec Avance; Bruker, Ettingen, Germany) equipped with
a Bruker 120 mm BGA12SL (200 mT/m) gradient insert.

Magnetic resonance images were acquired at rest to obtain information about anatomy (7.e.,
hindlimb muscles, intermuscular fat, and subcutaneous fat volumes). Fifteen contiguous
axial slices (thickness = 0.7 mm) covering the region from the knee to the ankle were
acquired by using a spin echo sequence (echo time = 18.2 ms; repetition time = 1000 ms;
number of average = 2; field of view = 30 x 30 mm; matrix size = 256 x 256; acquisition
time = 8 minutes 32 seconds).
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Tissue collection

Mice were weighed and anesthetized. Hindlimb muscles (Gas, Sol, tibialis anterior [TA],
and extensor digitorum longus [EDL]) were harvested, frozen in liquid nitrogen, and
weighed. Plantaris muscle was systematically removed from Gas muscle before freezing and
weighing.

Gel electrophoresis

The tissues were flash-frozen in liquid nitrogen. Tissues were primed at —20°C for a
minimum of 20 minutes and then suspended in 50% urea buffer (in mol/L: 8 urea, 2
thiourea, 0.05 Tris—HCI, 0.075 dithiothreitol with 3% sodium dodecyl sulfate, and 0.03%
bromophenol blue pH 6.8] and 50% glycerol with protease inhibitors (in mmol/L: 0.04 E64,
0.16 leupeptin, and 0.2 phenylmethylsulfonyl fluoride) at 60°C for 10 minutes. Then the
samples were centrifuged at 13 000 revolutions per minute for 5 minutes, aliquoted and
flash-frozen in liquid nitrogen, and stored at —80°C until used for gel electrophoresis.
Nebulin was visualized on 1% agarose gels stained with Coomassie blue, as described
previously.2921 Myosin heavy chain (MHC) isoform composition was visualized by using
8% acrylamide gels stained with Coomassie blue.22 MHC gels were run for 24 hours at
15°C with a constant voltage of 275V.

Data processing

2.7.1| Nebulin protein level and MHC composition—1% agarose gels and 8%
acrylamide gels were analysed with One-D scan EX (Scanalytics Inc.,Rockville, MD, USA).
MHC fiber types were analysed and normalized to the total MHC for each sample. Fiber
type I and 1B can be separated well and were analysed separately. However, due to
overlapping, 1A and 11X were analysed together and the band is referred to as 1HA/X.
Nebulin expression levels were normalized to the MHC content, with final results
normalized to the mean value of the WT samples.

2.7.2| Mechanical performance—The peak force of each contraction was measured.
Regarding the fatigue protocol, the corresponding tetanic force was averaged every five
contractions. Force was normalized with respect to the sum of the Gas and Sol muscles mass
to obtain specific force (in mN/mg). Fatigue index was calculated as the ratio between the
last five and the first five contractions.

2.7.3| Magnetic resonance imaging—The volumes of muscle tissue, intermuscular
adipose tissue (IMAT) and subcutaneous adipose tissue (SAT) were quantified. The border
of the anatomic cross-sectional area of the whole hindlimb muscles was manually delineated
by using FSLview?3 in the two slices located on the proximal and distal parts to separate the
muscle region as a whole and the SAT. Segmentation of the missing intermediate slices was
automatically performed on the basis of registration procedures as previously described.4
From the muscle region, muscle tissue, IMAT, and bone/vessels/connective tissues were
classified according to their respective signal intensities. The volume of the hindlimb
muscles, IMAT, and SAT (mm3) was calculated as the sum of the volume of the 11
consecutive largest slices. Fatty infiltration was quantitated from the ratio between IMAT
and muscles volumes.
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2.8 | Statistical analyses

Statistical analyses were performed in Statistica version 10 (StatSoft, Tulsa, Oklahoma).
Normality was checked by using a Kolmogorov—-Smirnov test. Two-factor (group x time)
analysis of variance with repeated measures on time was used to compare the force time-
dependent changes during the fatigue protocol. When a main effect was found, Tukey’s post
hoc analysis was used. Student’s unpaired #tests were used for other variables. Data are
presented as mean + SEM. Significance was accepted when £ < 0.05.

3| RESULTS

3.1| Nebulin expression

Nebulin protein levels normalized to MHC content were significantly lower in both Gas and
Sol muscles for Neb-cKO mice (0.003 and 0.005, respectively) compared with WT (0.066
and 0.054, respectively). The average NEB levels of Neb-cKO mice were therefore 5% and
10% of WT levels in Gas and Sol muscles, respectively (Figure 1).

3.2| Body mass, muscle mass, and muscle volume

Body mass was two-fold lower (£ <0 .001) for Meb-cKO mice (17.1 = 0.5 g) compared with
WT (34.5 + 1.0 g). Hindlimb muscles volume of Neb-cKO mice (93.1 + 2.3 mm?3) was
significantly lower compared with WT mice (169.3 + 3.8 mm3; Figure 2A,B). Gas, TA and
EDL muscle mass was significantly lower (from ~35% to ~75%) in Neb-cKO mice
compared with WT (Figure 2C). Opposite results were found for Sol, with a 50% larger
mass in Meb-cKO mice compared with WT (Figure 2C).

3.3 | Intramuscular and subcutaneous fat volumes

Subcutaneous adipose tissue volume was significantly lower in Meb-cKO mice compared
with WT (25.1 £ 0.9 mm3 vs. 42.3 + 1.4 mm3, respectively; £< .001). Intermuscular
adipose tissue volume was significantly higher (< .001) in Neb-cKO mice (1.06 £ 0.09
mm?3) in comparison with WT mice (0.55 + 0.04 mm?3). The extent of fatty infiltration,
assessed from the IMAT-to-muscle ratio, was negligible for the two groups even though the
magnitude was slightly higher (£< 0.001) in the Meb-cKO mice (1.17 £ 0.09%) compared
with WT (0.33% + 0.03%).

3.4 | Myosin heavy chain distribution

Wild-type Gas muscle contained mainly MHC 11B (87% of total MHC) and almost no MHC
I (0.3% of total MHC). On the contrary, Gas NMeb-cKO muscle contained a very high
proportion of MHC | (74% of total MHC) and did not express MHC 1IB at all (Figure 3A).
Wild-type Sol muscle contained 68% of MHC | and 32% of MHC I1A, whereas Sol muscle
of Neb-cKO mice was composed almost exclusively of MHC | (99.7% of total MHC; Figure
3B).

3.5| Mechanical performance

Both absolute and specific maximal tetanic force were significantly lower in Neb-cKO mice
(47 £2 mN and 1.13 + 0.04 mN/mg, respectively) in comparison with the WT mice (216 +
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10 mN and 1.88 + 0.05 mN/mg, respectively; Figure 4A,B). The normalized submaximal
force produced at 20 and 40 HZ was significantly higher in Meb-cKO mice (0.45 = 0.03 and
0.90 + 0.02, respectively) compared with WT mice (0.28 £ 0.02 and 0.82 + 0.01,
respectively; Figure 4C,D), providing evidence of a leftward shift in the force-frequency
relation.

During the fatigue protocol, force decreased exponentially in WT mice but remained nearly
constant in Meb-cKO mice (Figure 5A,B). Mean force during the whole fatigue protocol was
significantly higher in Meb-cKO mice than in WT mice (Figure 5C). As a result, Neb-cKO
mice (0.94 £ 0.02) showed a higher fatigue index compared with WT mice (0.30 £ 0.01;
Figure 5D), providing evidence of a lower fatigability in Meb-cKO mice compared with WT
mice.

4| DISCUSSION

In this this study, we sought to characterize /n vivo skeletal muscle function and anatomy in
10- to 12-month-old Neb-cKO mice. We report a drastic reduction in NEB content leading to
(1) severe skeletal muscle weakness and atrophy, (2) minor intramuscular fatty infiltration,
and (3) improved resistance to fatigue in nebulin-deficient mice associated with a slower
phenotype.

Conditional nebulin knockout mice displayed a drastic reduction in NEB levels so that the
average NEB content reached 5% and 10% of WT levels in the Gas and Sol muscles,
respectively. According to these findings, the NEB expression was slightly higher at 12
months (5%-10%) than at 6 months (2%-3%) in the Neb-cKO mice. This difference might
have been related to the MCK-Cre allele that might not express Cre as strongly as what was
previously reported in an earlier study3 or to the fact that the Cre level slightly varies from
mouse to mouse, with long-term survivors expressing relatively low levels. Thus, only the
Neb-cKO mice with relatively low Cre expression (7.e., higher protein levels) survive to 12
months. It should be pointed out that NEM patients with AVEB mutations with proteins level
ranging from ~10% to 30% of control levels have been given diagnoses of a severe form of
the disease,’? whereas NEM patients with NEB levels reaching 70% of control levels have a
typical form of the disease.® Consequently, one can assume that 10- to 12-month-old Neb-
cKO mice mimic faithfully the features observed in severely affected NEM patients due to
NEB mutations. In addition, Meb-cKO mice had a significantly lower body mass (~50%)
compared with WT mice at 12 months that is slightly greater than the ~40% significant
difference in body mass previously reported at 6 months. This discrepancy provides
evidence of a defect in body mass gain in nebulin-deficient mice (7.e., 16 g at 6 months vs.
17 g at 12 months) compared with the normal growth in WT (/.e., 27 g at 6 months vs 35 g
at 12 months).

The lower body mass in Meb-cKO mice was related to a severe skeletal muscle atrophy of
the Gas (-72%), TA (—45%), and EDL (-26%) muscles. In contrast, Sol muscle was
significantly hyper-trophied in Met-cKO mice compared with WT mice (+53%). Similar
findings have been reported for 6-month-old animals.1® Despite the Sol muscle hypertrophy,
the total hindlimb muscles volume was severely reduced in Neb-cKO mice (—45%) in
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comparison with WT mice. Muscle wasting in Meb-cKO mice is higher than the 20% and
15% reduction of hindlimb muscles volume we previously observed in the K1 Acta1740Y and
TgACTAIP286G mouse models, which reproduce severe2® and mild features26 of NEM
patients, respectively. Thus, the Meb-cKO model displayed muscle wasting that is similar to
the younger mice but more severe than the one reported in the two other NEM mouse
models.

We observed that absolute maximal force was 80% lower in AMeb-cKO compared with WT
mice. These findings illustrate a severe muscle weakness in NMeb-cKO mice that largely
exceeds the reduction of absolute maximal force we previously reported in KIActazH40Y
mice, mimicking a severe form of NEM (-40%)2° and in TgACTA1P286G mice that display
a mild form of the disease (-30%).2% Nebulin deficiency also induced a large reduction of
specific maximal force production of 40%, which is greater than reported in the two other
NEM mouse models.2%26 Our results provide clear evidence that the NVes-cKO mouse model
reproduces severe muscle weakness and develops a more severe skeletal muscle phenotype
than that observed in other NEM mouse models. As previously discussed, our results point
out that muscle atrophy does not entirely account for muscle weakness in Neb-cKO mice
and that other physiological processes related to intrinsic muscular properties might be
involved. Shortened thin filament length and altered cross-bridges kinetics leading to a
decreased number of strongly-bound cross-bridges have been identified as mechanisms
involved in the reduced specific force production in Meb-cKO mice.13 Similar findings have
been reported in patients with VEB mutations.8° In addition, myofibrillar integrity was
shown to be relatively well preserved, and no gross disarray was reported at 6 months in
Neb-cKO mice, although rods and irregular and wavy Z-disks were observed.13 It has been
suggested by Li et al. that muscle force deficit is unlikely explained by the presence of the
minor ultrastructural defects, although these variables were not recorded in our study.3 We
observed that the extent of fatty infiltration was negligible for the two groups even though
the magnitude was slightly higher in the Me&-cKO mice compared with WT. Our results are
in line with the small amount of fatty tissue infiltration in the hindlimb muscles (7.¢e., <5%)
of two other NEM mouse models, whereas large fat infiltration has been reported in NEM
patients.2’~2% Therefore, our MRI data provide evidence that the Neb-cKO mouse model
does not reproduce the large fatty infiltration typically observed in NEM patients.

When normalized to maximal force, submaximal force was 10% and 60% higher in Neb-
cKO mice at 40 and 20 HZ, respectively. This reflects a leftward shift of the force frequency
curve in the NMeb-cKO mice, which might be explained by a slower contractile phenotype in
this mouse model. Indeed, we clearly showed a larger proportion of MHC I in both Gas and
Sol Neb-cKO muscles (7.e., 74% and 100%, respectively) compared with WT muscles (/.e.,
0.3% and 68%, respectively). This slower phenotype might contribute to the lower force
measured in NMeb-cKO mice compared with WT mice. This shift toward a slower contractile
phenotype seems even larger in 10- to 12-month-old AMeb-cKO mice than that previously
demonstrated at 6 months (e. g. Sol MHC | distribution of 99.6% vs. 93%, respectively). In
addition, our results are in line with those obtained in NEM patients for whom a
predominance of type | fibers has been reported with a progressive decline in type Il content
with age.14'17*30‘32
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In agreement with a slower contractile phenotype, force developed by the NMeb-cKO mice
during the fatigue protocol was nearly constant, whereas it decreased exponentially in WT
mice. From the first to the last contraction, the force reduction reached 6% and 70% in Neb-
cKO and in WT mice, respectively. This result clearly demonstrates that NEB deficiency
was associated with a large improvement in resistance to fatigue that is related to a higher
MHC I content. A slower phenotype may also have contributed to the improved fatigue
resistance in K1 Acta1m49Y mice.25:33 In this model, fatigue resistance was increased by 35%
in comparison with their control littermates, whereas, in the Meb-cKO model, fatigue
resistance was increased by >200%. Opposite results have been reported in an NEM mouse
model for troponin T in which the 77171 gene was deleted.34 Troponin T deficiency was
associated with a decreased MHC | content and was related to a lower resistance to fatigue.
This provides evidence that mutations in gene coding for thin filament proteins differentially
affect skeletal muscle fatigability.

In this study, plantar flexors force production was recorded in response to electrical stimuli
delivered by using two surface electrodes positioned at the heel level and above the knee
joint. This transcutaneous stimulation preferentially activated the agonist plantar flexors but
also resulted in activation of the antagonist dorsiflexors.19 As a consequence, we actually
measured the difference between the force produced by the agonist plantar flexors (Gas, Sol,
and plantaris muscles) and the antagonist dorsiflexors. The activation of both agonist and
antagonist muscles might therefore contribute to the lower force production we observed in
comparison with force recorded in response to nerve stimulation that specifically targets the
plantar flexors.3 It is, however, noteworthy that in vivo force measurements for the Sol or
EDL muscles!® were not possible with this setup. Although only Sol muscle displayed
hypertrophy at 12 months, a larger Sol muscle mass was associated with a reduced specific
force at 6 months.12 When one considers that Sol muscle hypertrophy, NEB levels, and
MHC distribution are similar at 12 and 6 months, it may be hypothesized that Sol muscle
function would also be altered at 12 months.

In conclusion, we demonstrated that the Meb-cKO mouse model shares the main features
reported in severely affected NEM patients (/.e., muscle weakness and wasting, reduced
NEB content, and slower contractile phenotype). This set of anatomic and functional
information will be relevant for evaluating /7 vivo the effectiveness of potential therapeutic
approaches in MNEB-based NEM. So far, potential therapies seeking to restore or at least
prevent muscle weakness are studied mainly on single muscle fibers or on isolated muscles.
12,33,36.37 Qur jn vivo methodological approach may be used to evaluate whether and to what
extent potential therapies3® such as increasing myofiber size, upregulating of protein
expression, and targeting thin filaments and their interactions with specific pharmacological
compounds or drugs may prevent the large force reduction and/or atrophy typically observed
in Meb-cKO mice. This is particularly relevant when we consider that those mice surviving
to adulthood displayed NEB levels close to those reported in severely affected patients with
NEB mutations.
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Abbreviations:

cKO conditional knockout

EDL extensor digitorum longus

Gas gastrocnemius

IMAT intermuscular adipose tissue

KO knockout

MCK muscle creatine Kinase

MHC myosin heavy chain

NEB nebulin

Neb-cKO conditional nebulin knockout

NEM nemaline myopathy

SAT subcutaneous adipose tissue

Sol soleus

TA tibialis anterior

WT wildtype
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FIGURE 1.
Nebulin protein expression in gastrocnemius and soleus muscles from 12-month-old WT (n

= 6) and Meb-cKO (n = 4-6) mice. A, Example of agarose gels showing nebulin and MHC
(left) and nebulin expression in gastrocnemius muscle (right). B, Example of agarose gels
showing nebulin and MHC (left) and nebulin expression in soleus muscle (right). Values are
mean + SEM. ***P <0 .001, significantly different from WT mice. MHC, myosin heavy
chain; Neb-cKO, conditional nebulin knockout; WT, wildtype
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Hindlimb muscles volume and mass from 12-month-old WT (n = 17) and Meb-cKO mice (n
=17). A, Typical representative axial MR images of hindlimb muscles. B, Hindlimb muscles
volume. C, Muscle mass. Values are mean £ SEM. ***£< 0.001, significantly different
from WT mice. EDL, extensor digitorum longus, Neb-cKO, conditional nebulin knockout;
WT, wildtype
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MHC composition of gastrocnemius and soleus muscles from 12-month-old WT (n = 6) and
Neb-cKO mice (n = 6). A, Example of typical electrophoretic pattern of whole
gastrocnemius muscle lysate (left) and MHC type composition (right). B, Example of typical
electrophoretic pattern of whole sofeus muscle lysate (left) and MHC type composition
(right). Data are presented as percentage of total MHC. Values are mean + SEM. ***p

<0 .001, significantly different from WT mice. cKO, conditional knockout; MHC, myosin
heavy chain; Meb-cKO, conditional nebulin knockout; Sol, soleus, TA, tibialis anterior, WT,

wildtype
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FIGURE 4.

Submaximal and maximal forces from 12-month-old WT (n = 18) and Neb-cKO mice (n =
17). A, Representative force traces of the plantar flexor muscles recorded during a 150-Hz
tetanic stimulation. B, Plantar flexor muscles specific maximal force. C,D Plantar flexor
muscles force recorded during a 20-HZ stimulation (C) and a 40-Hz stimulation (D). Results
in C and D are expressed relative to the maximal tetanic force (measured at 150 Hz). Values

are mean + SEM. ***P < 0.001, significantly different from WT mice. Neb-cKO,

conditional nebulin knockout; WT, wildtype
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Force measurements during the fatigue protocol consisting of 80 contractions performed at
40 Hz (1.5 seconds on and 6 seconds off) in 12-month-old WT (n = 18) and Neb-cKO mice
(n=17). A, Representative force traces of the plantar flexor muscles recorded during the
fatigue protocol in WT mice (top) and NMeb-cKO mice (bottom). B, Plantar flexor muscles
specific force production during the fatigue protocol. C, Mean specific force of the plantar
flexor muscles during the whole fatigue protocol. D, Fatigue index calculated from the ratio
between the last five and the first five contractions of the fatigue protocol. Values are mean +
SEM. ***P <0 .001, significantly different from WT mice. Neb-cKO, conditional nebulin

knockout; WT, wildtype
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