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ABSTRACT

Nemaline myopathy is among the most common non-dystrophic 
congenital myopathies, and is characterized by the presence of 
nemaline rods in skeletal muscles fibers, general muscle weakness, 
and hypotonia. Although respiratory failure is the main cause 
of death in nemaline myopathy, only little is known regarding 
the contractile strength of the diaphragm, the main muscle of 
inspiration. To investigate diaphragm contractility, in the present 
study we took advantage of a mouse model for nebulin-based 
nemaline myopathy that we recently developed. In this mouse 
model, exon 55 of Neb  is deleted (NebΔExon55), a mutation frequently 
found in patients. Diaphragm contractility was determined in 
permeabilized muscle fibers and was compared to the contractility 
of permeabilized fibers from three peripheral skeletal muscles: 
soleus, extensor digitorum longus, and gastrocnemius. The force 
generating capacity of diaphragm muscle fibers of NebΔExon55 mice 
was reduced to 25% of wildtype levels, indicating severe contractile 
weakness. The contractile weakness of diaphragm fibers was more 
pronounced than that observed in soleus muscle, but not more 
pronounced than that observed in extensor digitorum longus and 
gastrocnemius muscles. The reduced muscle contractility was at 
least partly caused by changes in cross-bridge cycling kinetics 
which reduced the number of bound cross-bridges. The severe 
diaphragm weakness likely contributes to the development of 
respiratory failure in NebΔExon55 mice and might explain their early, 
postnatal death.
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INTRODUCTION

Nemaline myopathy (NM) is a non-dystrophic congenital myopathy 
described for the first time in the 1960s1. Eleven genes have been 
implicated in NM. Six of these genes code for components of the 
skeletal muscle thin filament: alpha actin 1 (ACTA1)2,  alpha- 
and beta-tropomyosin (TPM3  and TPM2)3, 4,  nebulin (NEB)5, 
leiomodin-3 (LMOD3)6 and troponin T (TNNT1)7. Four genes code 
for proteins which play a role in the regulation and the stability 
of the thin filament: cofilin 2 (CFL2)8 regulate actin filament 
dynamics; kelch family member 40 (KLHL40) is implicated in 
myogenesis9 and in the stabilization of thin filament proteins9, 10 
and kelch family member 41 (KLHL41) modulates ubiquitination 
of thin filament proteins10, 11.  The role of Kelch repeat and BTB 
(POZ) Domain Containing 13 (KBTBD13) is unclear, but might 
involve a role in the ubiquitin-proteasome pathway12. The most 
recent implicated gene, MYO18B ,  codes for an unconventional 
myosin heavy chain expressed in cardiac and skeletal muscles. Its 
function is incompletely understood13. 

NM affects skeletal muscles, including the muscles of respiration. 
Consequently, patients with NM have reduced spirometric 
values such as forced vital capacity, peak expiratory flow, forced 
expiratory volume in 1 second14-16,  and they may suffer from 
the sensation of dyspnea15-19.  Respiratory failure is the main 
cause of death in NM20, and occurs even in ambulant patients 
who otherwise appear to be only mildly affected; respiratory 
failure may even be the presenting feature. This suggests that 
weakness of respiratory muscles may be much greater than that of 
peripheral skeletal muscles. The pathophysiology of respiratory 
muscle weakness is not completely understood, but might involve 
a dysfunctional diaphragm. The diaphragm is the main muscle of 
inspiration, and weakness of the diaphragm impairs respiration 
and causes dyspnea21. Thus, insights in diaphragm contractility in 
NM is important for developing treatment strategies. 

The little information available regarding diaphragm contractility 
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in NM is a consequence of technical and ethical limitations 
in assessing diaphragm contractility in vivo  and in obtaining 
diaphragm muscle biopsies from patients. Therefore, in the present 
study we took advantage of a mouse model for nebulin-based NM 
that we recently developed22. Mutations in NEB  account for more 
than 50% of the gene mutations reported in NM patients23,  and in 
this mouse model exon 55 of Neb  is deleted a mutation frequently 
found in patients22.  To assess diaphragm contractility, we isolated 
permeabilized muscle fibers from the diaphragm and activated 
the fibers with calcium. Muscle fiber contractility was determined 
and compared to the contractility of muscle fibers of three 
peripheral skeletal muscles: soleus, extensor digitorum longus 
and gastrocnemius. Our results indicate that diaphragm muscle 
fibers of NebΔExon55 mice exhibit severe contractile weakness, a 
weakness that was more pronounced than that observed in soleus 
muscle, but not more pronounced than that in extensor digitorum 
longus (EDL) and gastrocnemius muscles.

MATERIAL & METHODS

Generation of NebΔExon55 mice
The procedure for the generation of the NebΔExon55 mice has been 
previously described22. 

Muscle preparations
For contractility experiments we used diaphragm, soleus  
(slow-twitch), EDL (fast-twitch) and gastrocnemius (fast-twitch) 
muscles from wild-type (Wt) and knock-out littermate NebΔExon55 
mice. The number of mice used is summarized in Table 1. Muscles 
were harvested at day 6, as NebΔExon55 mice die one week after 
birth22. 

Permeabilized muscle fiber contractility
The procedures for permeabilized muscle fiber contractility 
experiments were as described previously, with small 
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modifications22.  Small fiber bundles (diameter ~70μm) were 
dissected from the triton-X permeabilized muscles, and attached 
to aluminum foil clips. 

Diaphragm Soleus EDL Gastrocnemius

Wt 6 6 7 6

Neb
ΔExon55

9 6 9 5

Table 1. Number of animals used, for each muscle-type, in Wt 
and NebΔExon55 mice

The clips were attached to a force transducer (model 403A, 
Aurora Scientific, Ontario, Canada) and length controller (model 
315-CI, Aurora Scientific, Ontario, Canada). We used a setup 
(model 802D, Aurora Scientific) that was mounted on top of an 
inverted microscope (Zeiss Axio Observer A1, Zeiss, Thornwood, 
NY, USA). Sarcomere length was determined using a fast Fourier 
transformation on a region of interest on the real-time camera 
image using ASI 900B software (Aurora Scientific Inc., Ontario, 
Canada). 

Experiments were performed at sarcomere length 2.3μm. The 
width and depth of the muscle bundle was measured with an 40x 
objective. The cross-sectional area (CSA) was calculated from the 
average of three consecutive measurements made along the length 
of the muscle bundle. The temperature was kept constant at 20°C 
using a TEC controller (ASI 825A, Aurora Scientific Inc. Ontario, 
Canada).

Various bathing solutions were used during the experimental 
protocols: a relaxing solution (pCa 9.0), a pre-activating solution 
with low EGTA concentration and several incremental Ca2+ 

solutions (pCa 7.0 to 4.5). Composition of these solutions has 
been described previously24. 

The preparations were activated at pCa 4.5 to obtain maximal 
Ca2+-activated force. Maximal active tension was obtained by 
divided the force generated at pCa 4.5 by CSA.
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Cross-bridge cycling kinetics (Ktr) 
Muscle bundles were first isometrically activated at pCa 4.5, and 
when a steady tension was reached, cross-bridges were disengaged 
by performing a quick release of 30% of the initial length, 
which reduced tension to zero. This was followed by unloaded 
shortening lasting 30ms. The remaining bound cross-bridges 
were mechanically detached by rapidly (1ms) re-stretching the 
muscle fiber bundles to its original length, after which tension 
redevelops. The Ktr was determined by fitting a double exponential 
through the force redevelopment curve (note that only the fast 
rate constant is reported as this is considered to reflect cross-
bridge cycling kinetics). 

Active stiffness
Following the Ktr protocol, active stiffness was determined by 
length variations of 0.3, 0.6 and 0.9% on the fiber, resulting a 
in a force response. Stiffness is represented as the slope of the 
linear regression of the relationship between tension and length. 
A typical force trace, including the force response during the Ktr 

and active stiffness protocol, is shown in Figure 1. 

Calcium sensitivity of force generation
Preparations were in relaxing solution and exposed to pre-
activating solution (pCa 9.0). Then, they were activated with 
solutions with a pCa ranging from 7.0 to 4.5 (Figure 2A). The 
obtained force-pCa relation was fitted with a Hill equation, 
providing pCa50 (pCa giving 50% of maximal active tension) and 
the Hill coefficient, nH, an index of myofilament cooperativity 
(Figure 2B). 

Fiber typing 

As contractility is dependent on the myosin heavy chain (MyHC) 
isoforms expressed in the muscle fibers, a specialized sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
was used to determine the MyHC isoform composition of the muscle 
fiber preparations that we used in our contractilityexperiments.
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Figure 1. Example of a force and length trace of a permeabilized 
fiber bundle activated with exogenous calcium. 

The fiber bundle is exposed to saturating calcium concentration to determine the 
maximal force (Fmax). Second, the fiber is shortened by 30% of the initial length (Lo)  
to determine the rate constant of force redevelopment (Ktr,  red dashed line 
shows the 2nd order exponential fit from which Ktr is determined). Finally, the 
fiber bundle is exposed to length variations of 0.3, 0.6 and 0.9% (blue line) to 
determine the number of attached cross-bridges. 

Muscles fibers were de-natured by boiling at 80C for 2 min in 
SDS sample buffer. The stacking gel contained a 4% acrylamide 
concentration (pH 6.7), and the separating gel contained 7% 
acryl-amide (pH 8.7) with 30% glycerol (v/v). The gels were 
run for 24 h at 15°C and a constant voltage of 275 V. Finally, 
the gels were silver-stained, scanned25, and analyzed with AIDA 
Image Analyzer software (Raytest Isotopenmessgeräte GmbH, 
Straubenhardt, Gemany). 

Statistical Analyses
Data are presented as mean±SEM and % of the Wt. GraphPad Prism 
6 was used to generate statistics. For statistical analyses t-test (Wt 
vs. NebΔexon55 for maximal active tension, Ktr,  active stiffness, nH 
and pCa50) or one-way ANOVA (% of Wt between NebΔexon55) were 
performed. P<0.05 was considered to be statistically significant .
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Figure 2. (A) Typical force trace representing the force 
response to incremental calcium concentrations, and (B) the 
corresponding force-pCa relation. 

The calcium concentration required for half-maximal activation (pCa50) was 
determined by fitting a modified Hill equation thought the data point (blue line 
shows the fit from which Hill coefficient (nH) is determined. 
 

RESULTS

The results are shown in Table 2. Maximal active tension (force 
produced normalized to the cross-sectional area) of diaphragm 
fibers was reduced by 76% in NebΔexon55 compared to Wt mice 
(22.7±2.9 vs. 84.3±2.87 mN/mm2, p<0.0001, respectively). This 
reduction was significantly larger (p<0.05) than the one observed 
in NebΔexon55 soleus muscle (reduction of 60%, 21.8±1.4 vs. 
53.4±3.16 mN/mm2, p<0.0001, respectively) but not significantly 
larger than that in NebΔExon55 EDL (reduction of 66%, 19.8±1.2 vs. 
60.6±3.8 mN/mm2, p<0.0001, respectively) and gastrocnemius 
muscles (reduction of 70%, 10.1±1.3 vs. 33.2±6.0 mN/mm2, 
p=0.0074, respectively). 

Since the maximal tension of diaphragm fibers is reduced, 
and because nebulin affects cross-bridge cycling kinetics, we 
determined the rate constant of force redevelopment (Ktr).  Ktr 

was significantly reduced in diaphragm (8.3±0.4 s-1,  p<0.0001), 
soleus (8.0±0.3 s-1,  p=0.0005), EDL (11.0±0.7 s-1, p<0.0001) and 
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Diaphragm Soleus EDL Gastrocnemius

Wt
(n=30)

NebΔExon55

(n=46) Wt NebΔExon55 Wt NebΔExon55 Wt NebΔExon55

Maximal 
Active          
Tension 
(mN/mm2) 
(% of Wt)

1.00±0.03 0.27±0.03# 1.00±0.06 0.41±0.02 1.00±0.06 0.33± 0.02 1.00±0.18 0.32±0.04

K
tr
 (s-1) 

(% of Wt)
1.00±0.09 0.47±0.08#& 1.00± 0.04 0.62±0.05 1.00± 0.02 0.63± 0.02 1.00± 0.04 0.50±0.06

Active Stiffness 
(mN/mm2) 
(% of Wt)

1.00±0.06 0.25±0.06 1.00±0.13 0.35±0.14 1.00±0.04 0.28±0.03 1.00±0.03 0.27±0.03

Tension/ 
Stiffness ratio 3.6±0.25 3.1±0.21 3.6±0.3 3.0±0.08 3.3±0.26 2.8±0.2 3.2±0.32 2.9±0.31

pCa
50

5.60±0.01 5.50±0.02* 5.86±0.05 5.71±0.05* 5.66±0.04 5.50±0.05* 6.07±0.05 5.91±0.02*

n
H

4.62±0.42 3.66±0.32 1.65±0.17 1.20±0.10 2.22±0.17 1.71±0.17 3.11±0.44 3.08±0.63

n: fiber number; *p<0.05 Wt vs. NebΔExon55; #p<0.05 DIA NebΔExon55 vs. SOL NebΔExon55; 
&p<0.05 DIA NebΔExon55 vs. EDL NebΔExon55

Table 2. Contractility of permeabilized muscle bundles from 
Wt and NebΔExon55 mice
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gastrocnemius (7.0±0.7 s-1, p<0.0001) NebΔExon55 muscles compared to  
the Wt muscles (17.6±1.6, 12.9±1.0, 17.4±0.8, 14.5±0.7, s-1, 
respectively), with the reduction most pronounced in the 
diaphragm (Table 2, p<0.05). 

To investigate whether the changes in cross-bridge cycling kinetics 
reduced the number of attached cross-bridges, we measured the 
active stiffness of the fibers by imposing rapid changes in muscles 
length. We observed a significant decrease of the active stiffness 
in NebΔExon55 diaphragm (7.2±1.2 mN/mm2, p<0.0001), soleus 
(6.3±0.5 mN/mm2, p<0.0001) EDL (6.4±0.6 mN/mm2, p<0.0001) 
and gastrocnemius (3.0±0.3 mN/mm2, p=0.0014) compared to 
Wt muscles (28.0±1.7, 17.9±1.1, 22.8±3.0, 11.6±1.7, mN/mm2, 
respectively), with no differences among muscle types (Table 2). 
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We estimated the force generated by cross-bridge by calculating 
the tension/stiffness ratio. This ratio was not significantly 
different in NebΔExon55 muscles and Wt and among, muscles types: 
diaphragm (3.1±0.21 vs. 3.6±0.25, p=0.2248, respectively), soleus 
(3.0±0.08 vs. 3.6±0.3, p=0.1078, respectively), EDL (2.8±0.2 vs. 
3.3±0.26, p=0.1571, respectively) and gastrocnemius (2.9±0.31 vs. 
3.2±0.32, p=0.4670, respectively). 

To determine the calcium sensitivity of force generation, we 
measured force at a range of calcium concentrations from  
pCa 9.0 to 4.5. A rightward shift of the pCa curve, reflected by a 
decrease of the pCa50, was observed in NebΔExon55  muscles compare 
to Wt (Table 2): diaphragm (5.50±0.02 vs. 5.60±0.01, p=0.0094), 
soleus (5.71±0.05 vs. 5.86±0.05, p=0.022), EDL (5.50±0.05 vs. 
5.66±0.04, p=0.038) and gastrocnemius (5.90±0.03 vs 6.07±0.05, 
p=0.032) (Table. 2), with no difference among muscle types. This 
shift indicates that the calcium sensitivity of force is significantly 
reduced in the NebΔExon55muscles compare to Wt. 

The Hill coefficient, representing the cooperativity of activation, 
is not affected in NebΔExon55 diaphragm (3.66±0.32, p=0.092), 
soleus (1.20±0.05, p=0.050), EDL (1.71±0.17, p=0.051) and 
gastrocnemius (3.01±0.67, p=0.7934) compared to Wt muscles 
(4.60±0.42, 1.65±0.17, 2.22±0.17, 3.11±0.44, respectively), with 
no differences among muscle types. 

As contractility depends on the MyHC isoforms expressed in the 
muscle fibers, we analyzed the composition of MyHC isoforms in 
Wt muscle and NebΔExon55 muscles. Mouse muscle is composed of 
several MyHC isoforms: type 1 (expressed in slow-twitch muscles) 
and three fast isoforms: type 2A, 2X and 2B (expressed in fast-
twitch muscles). The results are shown in Table 3. MyHC type 1 
and 2B are well separated on gels, whereas the top band is likely 
to be majority IIA that overlaps with a small amount of IIX that 
exists in mouse skeletal muscle15.  We attempted to separate IIA 
and IIX bands, but were not successful and instead refer to the 
top band as IIA(X) (Table 3A). 
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We observed that Wt muscles are composed of a majority of 
type 2B, followed by type 2A(X) and type 1 (Table 3B). In the 
NebΔexon55 diaphragm we observed a decrease of 18% of type 2B 
while type 2A(X) increased by 20% compared to Wt. NebΔExon55 
EDL presented a similar pattern with a reduction of 17% of type 2B  
isoform while type 2A(X) increased by 22%. On the other hand, 
soleus and gastrocnemius muscles did not present any change 
in MyHC isoform composition. These findings indicate that a 
change towards slow-type MHC isoforms is not likely to explain 
the force deficit in NebΔexon55 muscle. (Note that previous work on 
permeabilized fibers of slow-twitch soleus and fast-twitch EDL 
muscle showed comparable maximal tension26, further suggesting 
that a difference in fiber type does not contribute to the reduced 
contractility of NebΔexon55 muscle). 

DISCUSSION

In the present study, we investigated the effect of deletion of exon 55  
in the nebulin gene on the contractility of diaphragm muscle 
fibers. Diaphragm muscle fibers of NebΔexon55 mice showed severe 
contractile weakness, a weakness that was more pronounced than 
that observed in soleus muscle, but not more pronounced than 
that in EDL and gastrocnemius muscles. The severe diaphragm 
weakness likely contributes to the development of respiratory 
failure in NebΔexon55 mice and might explain their early, postnatal 
death22. 

Diaphragm weakness in nemaline myopathy
The diaphragm is the main muscle of inspiration, taking up 
approximately seventy percent of the work of breathing in 
humans27. Contraction of diaphragm muscle fibers creates a 
negative thoracic pressure resulting in inspiration. Similar to the 
heart, the diaphragm is highly active with a duty cycle (ratio of 
active to inactive  time) of ~35%28 compared to 2% for the extensor 
digitorum longus and 14% for the soleus29.  The diaphragm is 
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also essential for non-ventilatory behaviors, including expulsive 
behaviors important for airway clearance. In humans, the 
diaphragm consists of approximately equal proportions of slow-
twitch and fast-twitch muscle fibers30,  fibers which are recruited 
in an orderly fashion with the slow-twitch fibers being recruited 
first and the fast-twitch fibers mainly during conditions that 
require high diaphragm force (e.g. during respiratory failure)31. 
Respiratory failure is the main cause of death in NM, and 
inspiratory muscle weakness is considered the main contributor 
to respiratory failure32.  Although it is generally accepted that 
the diaphragm is severely affected in NM, perhaps even much 
more than peripheral muscles32-35 data on diaphragm contractility 
in NM patients is scarce and parallel comparison of diaphragm 
and peripheral muscle strength is, to our knowledge, lacking. 
Measurements of inspiratory muscle function in NM have been 
documented in case reports. For instance, Kelly et al.15 reported 
significantly reduced maximum inspiratory pressures (MIP, a 
parameter of  inspiratory muscle function) in a 44-year old NM-
patient resulting in respiratory failure, and a NM-patient with 
severely reduced MIP was weaned from ventilatory support after 
inspiratory muscle training improved MIP 2-fold36, indicating 
the presence and significance of inspiratory muscle weakness in 
NM. Furthermore, inspiratory muscle weakness in NM has been 
assessed using spirometry, which provides only indirect measures 
of diaphragm function. Thus, the goal of the present study was 
to quantify the magnitude of diaphragm weakness in NM, its 
cellular pathophysiology, and to compare this magnitude to that 
in peripheral skeletal muscles. 

Previous work, from our group and from others, on biopsies 
of peripheral skeletal muscle showed that peripheral muscle 
weakness in NM patients is, at least partly, caused by dysfunction 
of sarcomeric proteins. Whether dysfunction of sarcomeric 
proteins contributes to diaphragm weakness in NM patients has 
not been investigated, as such studies require biopsy specimens 
which are difficult to obtain. Thus, in the present study we made
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Table 3. (A) Example of polyacrylamide gel electrophoresis 
(SDS-PAGE) 

with a homogenate of murine EDL and soleus mixed together and muscle bundles 

use of a mouse model for nebulin-based NM. Mutations in NEB 
account for ~50% of all NM cases and deletion of exon 55 is 
one of the most frequent mutations in NEB reported so far37-39.  
The NebΔexon55 mice recapitulate the main features of human 
NM (including nemaline rods and manifest muscle weakness) 
with significant sarcomeric dysfunction in tibialis cranialis 
muscle22.  In the present study, we investigated the contractility 
of permeabilized muscle fibers, a preparation which allows us to 
assess the functioning of contractile proteins in the absence of 
potential confounding effects of for instance calcium cycling by 
the sarcoplasmic reticulum. These experiments were performed at 
a sarcomere length of 2.3μm. This sarcomere length was chosen 
because previous work form our group showed that NebΔexon55 
muscle has shorter thin filament lengths, and that at this length the 
overlap of the thin and thick filaments is optimal. Consequently, 
weakness in NebΔexon55 diaphragm cannot be attributed to shortened 
thin filament length. Our findings indicate manifest dysfunction 
of sarcomeric proteins in the diaphragm muscle of NebΔExon55 

mice. Maximal tension was reduced to ~25% of Wt levels, a 
reduction at least partly caused by changes in the kinetics of 
cross-bridge cycling, resulting in a lower number of bound cross-
bridges. Note that the tension reduction is more pronounced 

4



120

Muscle weakness in respiratory and peripheral skeletal muscles in a mouse 
model for nebulin-based nemaline myopathy

at submaximal (in vivo) stimulation as the calcium sensitivity 
of force was significantly reduced (Figure 3). Considering that 
transdiaphragm pressure generation (the gold standard for in vivo 
diaphragm force) during quiet breathing is ~25% of the maximal 
transdiaphragm pressure generated during supramaximal 
bilateral phrenic nerve stimulation (data from small rodents40, 41),  
our data suggest that normal breathing in the NebΔexon55 mice 
requires continuous maximal activation of the diaphragm muscle, 
a condition that is unlikely to be compatible with life and will 
likely lead to respiratory failure.

Previous studies on biopsies of NM patients proposed that the 
diaphragm is more affected than peripheral skeletal muscles42,  i .e. 
more nemaline rods were observed in diaphragm than in non-
respiratory muscles. The data of the present study does not support 
this proposition as two out of the three peripheral skeletal muscles 
tested exhibited a magnitude of weakness that was comparable 
to that observed in the diaphragm (Table 2). An explanation for 
this discrepancy might be that diaphragm pathophysiology in 
NebΔexon55 mice does not resemble that of patients. Alternatively, 
one could argue that although the number of rods was higher in 
the diaphragm of patients, the contractility of diaphragm muscle 
fibers in the patients might have been comparable to that of 
peripheral muscles fibers (indeed, the number of rods does not 
seem to correlate with disease severity42).

The diaphragm as therapeutic target in NM
The manifest weakness of the diaphragm and its role in the 
development of respiratory failure in NM make the inspiratory 
muscles an important therapeutic target. The use of (moderate) 
inspiratory muscle strength training has been proven to be 
beneficial in an adolescent with NM36. After two weeks of 
training (threshold loaded breathing training) the patient made 
significant gains in inspiratory performance (MIP), accompanied 
by improvements in resting ventilation. The patient was able to 
meet her ventilatory requirements, with a reduced perception 
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Figure. 3 Curves indicate the absolute force-calcium relation of 
diaphragm bundles of Wt and NebΔExon55 mice. 

Compared to Wt, at physiological calcium concentration (shade region), the 
absolute force is reduced by 88%. At pCa 4.5 there is a force decrease of 75% in 
NebΔExon55 mice compared to Wt. 

Similarly, another class of so-called fast skeletal troponin activators 
induced a large increase in force generation in diaphragm muscle 
fibers of critically ill  patients30,  illustrating the promise of these 
compounds.

Limitations of the study
NebΔexon55 mice die within a week after birth, mimicking the severe 
congenital form of nemaline myopathy44. The severe diaphragm 

of respiratory effort, and the day-time ventilatory support was 
discontinued. Pharmaceutical compounds might be of use as well, 
more specifically drugs that augment the function of contractile 
proteins. In vivo  administration of levosimendan, a drug that 
sensitizes troponin to calcium, improved diaphragm contractility 
in healthy subjects43 by improving neuromechanical efficiency 
and by reducing the development of fatigue.
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weakness in these mice supports respiratory failure as a cause 
of death, however, death from insufficient milk intake due to 
weakness of other muscles (eg. the facial muscle responsible for 
suckling) cannot be ruled out. We attempted to isolated hyoid 
muscles from NebΔexon55 mice for analysis of contractility but were 
unsuccessful. 

In the present study, we measured the contractility of permeabilized 
muscle fibers, a preparation in which only the contractile 
proteins remain functional. This preparation was used because 
NM is known to specifically affect the functioning of contractile 
proteins,22, 45 and because measuring the functioning of intact 
muscle preparations from the diaphragm of six day old mice is 
challenging and to our knowledge unprecedented. Consequently, 
the contribution to weakness of upstream processes in excitation-
contraction coupling, such as sarcoplasmic reticulum calcium 
handling, cannot be ruled out, and the 75% reduction in force in 
permeabilized diaphragm fibers might be an underestimation of 
the reduction in intact diaphragm muscle. 

Typically, patients with NM have a predominance of type 1 muscle 
fibers, a feature that was not apparent in the muscles that were 
studied in the NebΔexon55 mice. We speculate that this discrepancy 
is a result of the young age at which the NebΔexon55 mice were 
studied: the time required for the fiber type shift to occur was 
too short. Indeed, adult mice with nebulin deficiency do show a 
predominance of type 1 muscle fibers26. 

Finally, there was a difference in tension developed by the various 
muscle types of Wt mice (Table 2). The exact cause of this difference 
is unclear, but might involve differences in the developmental 
stage of each muscle type and substantial differences in the area 
occupied by contractile material. Indeed, during isolation of the 
muscle bundles it was obvious that in Wt mice the gastrocnemius 
muscle had more connective tissue than the other muscle types. 
Consequently, a larger fraction of the cross-sectional area to 
which force was normalized was occupied by non-contractile 

122

Muscle weakness in respiratory and peripheral skeletal muscles in a mouse 
model for nebulin-based nemaline myopathy



material. Note that based on visual observation during the fiber 
preparation, we observed no differences in connective tissue 
within muscle types between Wt and NebΔexon55 mice genotypes.

CONCLUSION

Contractile weakness of the diaphragm is prominent in NebΔExon55 
mice, but is not more pronounced than that of most peripheral 
muscle types. Dysfunction of contractile proteins contributes to 
diaphragm weakness in NebΔexon55 mice, and provides a therapeutic 
target to alleviate inspiratory muscle weakness in NM and combat 
respiratory failure. 
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