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ABSTRACT 

Skeletal muscle is composed of repeating units called sarcomeres which contain distinct 

sets of thin and thick filaments that slide past each other during contraction.  In addition to these 

proteins a third filament called titin acts as a molecular spring and prevents overstretching of 

muscle.  In skeletal muscle, titin’s spring-like elements include the PEVK sequence which 

elongates upon stretch and immunoglobulin-like (Ig) domains.  A fourth myofilament, nebulin, is 

anchored into the Z-disk and present along the length of the thin filament.  Nebulin is proposed 

to be a regulator of thin filament length.  These large sarcomeric proteins can be differentially 

spliced to yield proteins of various sizes and properties.  During my graduate career I sought to 

elucidate the role of titin and nebulin in skeletal muscle development and disease.  Firstly, I 

studied if differential splicing of titin and nebulin occurred during development.  Early post-natal 

development is a time of rapid isoform switching and growth, and I hypothesized that these large 

proteins could be affected.  In post-natal development of the mouse, large compliant titin 

molecules are gradually replaced with shorter, stiffer isoforms through removal of PEVK exons.  

In nebulin, C-terminal exons present in the Z-disk are differentially expressed between muscle 

types and throughout development which correlates with differences in Z-disk width.  My 

research has shown that titin and nebulin transcripts are tuned during development with changes 

in titin affecting the I-band region of the molecule and changes in nebulin affecting the Z-disk 

region.    

Secondly, I sought to study the effect of specific titin domains on titin elasticity in 

skeletal muscle.  Changes in titin’s stiffness occur in various myopathies but whether these are a 

cause or an effect of the disease is unknown.   To test this, a genetically engineered mouse model 

was created in which part of the constitutively expressed immunoglobulin-like (Ig) domains of 
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titin (Ig3-11) were removed.  Unexpectedly, the deletion of these domains causes additional 

differential splicing to take place in skeletal muscle and leads to skeletal muscle myopathy.  I 

sought to investigate the mechanism by which this occurs and found that RBM20, a titin splice 

factor, was significantly increased in IG KO mice and additional differential splicing was 

reversed in IG KO mice crossed with a mouse with reduced RBM20 activity.  Through the use of 

this model the mechanisms that underlie titin alternative splicing were explored and 

demonstrated how alternative splicing alters muscle function. 

My third project was to better understand the mechanisms by which nebulin loss causes 

the disease nemaline myopathy (NM).  We generated a mouse model in which nebulin’s exon 55 

is deleted (NEBΔex55) to replicate a founder mutation seen frequently in NM patients with 

Ashkenazi Jewish heritage.  The mice phenocopy pathology of severe myopathy with a short 

lifespan, changes in thin filament length and cross bridge cycling kinetics, and changes in 

calcium sensitivity.  Force generation in this model is improved by the addition of a calcium 

sensitizer and supports the use of these compounds in treating patients with nemaline myopathy.   

In my last project, a second mouse model in which nebulin levels are reduced (NEB 

cKO) was created to study the effects of reduced nebulin levels on survival and pathology of 

skeletal muscle.  NEB cKO mice recapitulate many of the hallmark features of typical congenital 

NM, and mice have muscle type dependent effects on contractility and trophicity.  Most notably, 

the intact EDL muscle had a 84% reduction in maximal active force compared to that of the 

soleus muscle which had a 42% reduction in force.  These differences can be explained in part by 

changes in thin filament length, cross bridge cycling kinetics, and muscle fiber disarray.  In 

conclusion, through the use of genetically engineered mouse models, differential splicing of titin 
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and nebulin during development has been characterized and mechanisms by which mutations in 

these large sarcomeric proteins cause skeletal muscle disease have been elucidated. 
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CHAPTER 1: INTRODUCTION 

 

Explanation of dissertation format 

This dissertation is arranged into two chapters. Chapter 1 provides an introduction 

including an explanation of the problem and a review of the pertinent literature. Chapter 2 

consists of a summary of the current study regarding fiber type dependence of nebulin loss in the 

conditional nebulin KO mouse model.  Chapter 3 describes future directions of my work and of 

the skeletal muscle field.  Previously published manuscripts of the titin IG KO mouse model 

(Appendix A), nebulin exon 55 mouse model (Appendix B), and nebulin alternative splicing 

during development (Appendix C) have been appended to the dissertation.   

Below highlights the contributions to each of the figures.  For Chapter 2.  Figure 2A: 

Doetschman; Fig2B-E Buck; Fig. 3 Frank Li, Fig.4 Lawlor; Fig. 5 Buck; Fig. 6 Yael Escobar; 

Fig. 7A-D Buck; E-F: Josine DeWinter/Ottenheijm; Fig. 8 Justin Kolb; Fig. 9 Justin Kolb. 

Table1 Buck; Table2 Yael Escobar; Table3: Justin Kolb, Table4-6 John Smith; Fig S1A Buck, 

B-C Frank Li; FigS2 Buck; FigS3 Buck; FigS4 John Smith; Fig S5 Frank Li.  For Appendix A 

(IG KO) Fig1 Buck/Granzier; Fig2A-E Yael Escobar, F-I Buck; Fig3A-D Buck; Fig4A-D Buck; 

Fig5A-c Buck; Fig6 Buck; Fig7 Buck; Fig8 Buck; Fig9 Buck; Table1 Buck; Table2 Buck; 

Table3 Buck; Table4 Buck; Table5 Buck; Table6 John Smith; FigS1 Charles Chung; FigS2 

Buck; FigS3 Buck; FigS4 Buck.  For Appendix B (Exon 55) Fig1 Ottenheijm; Fig2A-C 

Ottenheijm, inset Buck; Fig3 Lawlor; Fig 4A-E Buck; Fig5 Adam Hoying; Fig6 Ottenheim; 

Fig7A-B Ottenheijm, C Poggesi Lab; Fig8A-B Ottenheijm/deWinter, C-D Poggesi Lab; Fig9 

deWinter.  For Appendix C(Nebulin Development) Fig1 Buck/Granzier; Fig2 Hoying/Buck; 



12 
 

Fig3 Buck; Fig4 Buck; Fig5 Buck; Fig6 Buck; Fig7 Bryan Hudson; Table1 Adam Hoying; 

Table2 Buck; Table3 Hudson; FigS1 Buck; FigS2 Buck; FigS3 Buck. 

 

Explanation of the Problem 

Titin (3-4MDa) and nebulin (700-900kDa) are large sarcomeric proteins of skeletal muscle.   

Both proteins contain sites of differential splicing throughout their length.  Mutations in these 

proteins have been identified to cause muscle disease1–3 (see introduction below), although the 

mechanism by which these mutations cause disease needs further investigation4.  The large size 

of titin and nebulin has limited our understanding of their function, but through the use of 

genetically engineered mouse models, advances in our understanding of these proteins have been 

made. I sought to gain understanding in the role of titin and nebulin during post-natal muscle 

development in maintaining sarcomeric structure and function.  Additionally, novel mouse 

models in which portions of these proteins (titin or nebulin) were deleted allowed for the 

characterization of pathways that lead to skeletal muscle disease. 

Literature Review 

Titin 

Titin is the largest protein in the body5.  A single titin protein spans half the sarcomere 

with it N-terminal region in the Z-disk and C-terminal region in the M-line6 (Figure 1).  The I-

band sequence of titin is composed of elastic domains which extend in response to stretch.  In 

skeletal muscle these are the immunoglobulin-like (Ig) domains and the unstructured PEVK 

sequences (named so for the high propensity of these amino acids in this region)4.   
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The elasticity of titin can be determined by measuring the resistance of the muscle to 

stretch7.  To determine more directly the contribution of various elastic components of muscle 

(titin and extracellular matrix, ECM), titin can be removed from the sarcomere by addition of 

high salt solutions and stiffness can be re-measured8.  These high salt solutions disrupt titin’s 

anchors in the cell (actin and myosin) and will remove titin leaving the ECM behind.  

Subtracting total force from the ECM contribution of passive force will allow for the 

determination of titin-based passive force in muscle.  

Titin’s elasticity can be altered by alternative splicing of its exons, which will lead to the 

production of titin isoforms with various sizes and passive properties9.  One factor that regulates 

splicing of titin is RBM20, and without RBM20 gigantic titin proteins are produced10.  Different 

skeletal muscles express titin isoforms of a different size and stiffness11, and titin size correlates 

with the expression of RBM20 in the nucleus of the muscle cells12. Titin can also be post-

translationally modified to alter elasticity9 by PKCα in the PEVK domain.  Phosphorylation of 

two serines (PS11878 and PS12022) has previously been shown to significantly increase passive 

stress in cardiac muscle13.  The size, stiffness, and phosphorylation status of titin in skeletal 

muscle in various species and muscle types during development will allow for a more complete 

understanding of the structure and function of titin in striated muscle, and knowing what occurs 

normally is the first step toward understanding what goes erroneous in disease states. 

Diseases caused by mutations in titin in skeletal muscle lead to muscle weakness and a 

variety of myopathies including LGMD2J3,14, centronuclear myopathy2, tibial muscular 

dystrophy15, and core myopathy16, depending on where the mutation in titin is located.  

Additionally, adaptations in titin stiffness can take place in response to disease.  One 

characterized example is facioscapulohumeral muscular dystrophy (FSHD), in which single 
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fibers from patient biopsies show a significant increase in titin-based passive stress17.  In chronic 

obstructive pulmonary disorder (COPD), diaphragm muscle from patients show a decrease in 

passive stress as a result of increased titin size through inclusion of PEVK exons.18,19.  Titin 

plays an important role in passive stretching of skeletal muscle and contributes to muscle 

weakness in titin-associated skeletal muscle diseases20.  Despite this knowledge, it is not well 

understood if changes in titin isoforms are a cause or an effect of the disease.  Studies using 

animal models in which titin size is altered would address this issue. 

Nebulin 

Also present in the skeletal muscle sarcomere is the inextensible filament nebulin, which 

is anchored at the Z-disk and associates along the entire length of thin filament21.  As observed in 

Figure 1, the C-terminal region of nebulin contains binding sites for a barbed end actin capping 

protein, CapZ22, and contains a serine rich and SH3 domain which can associate with N-wasp for 

actin filament formation23.  Twenty-two nebulin super-repeats extend along the length of the thin 

filament with a potential actin binding motif, SDXXYK, and tropomyosin/ troponin binding 

motif, WLKGIGW, in every repeat24.  Each super repeat consists of a 35 amino acid simple 

repeat (~4 kDa) repeated seven times (~29 kDa per super repeat).  The N-terminal region of 

nebulin resides at the pointed end of the thin filament and associates with tropomodulin, a 

pointed-end capping protein for actin25(Figure 1).   

Nebulin’s structure and binding partners make it a strong candidate to be a regulator of 

the thin filament.  The size of nebulin is highly variable (600-900kDa), as a result of differential 

splicing of its numerous exons (183 in human, 166 in mouse)26.  There has been a correlation 

made between nebulin’s size in various species and muscle types and thin filament length27. 
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Without nebulin, thin filament lengths are shorter and more irregular28–30, suggesting that nebulin 

is necessary in specifying thin filament length.  Additionally, patients with nebulin-based 

nemaline myopathy show reduced levels of nebulin protein and dysregulation of thin filament 

lengths31.  Despite much evidence, this hypothesis is still quite controversial.  Deconvolution 

confocal microscopy showed that the N-terminus of nebulin and tropomodulin were not 

colocalized in rabbit skeletal muscle, suggesting that filaments extend beyond that of nebulin32.  

Additionally, when a mini nebulin construct was added in a nebulin null background in cultured 

cells, thin filaments grew beyond that of the mini nebulin33.  Also, in muscle cells, the protein 

leiomodin was found to be an actin nucleator near the pointed end of the thin filament34,35, 

suggesting fine tuning of thin filament length may not be regulated by nebulin.  Understanding 

the mechanisms which underlie normal control of thin filament length will be crucially important 

for assessing and treating patients with dysregulation of thin filament lengths.  More research is 

needed to better understand if nebulin plays a role in specifying thin filament length in vivo 

through the use of genetically engineered mouse models. 

In addition to regulating thin filament length, nebulin has also been proposed to be a 

regulator of Z-disk width.  Nebulin is anchored into this protein-dense structure36, previous 

research has suggested that alternative splicing in the C-terminus of nebulin correlates with Z-

disk width between various muscle types in adult tissue37,38.  An obvious question that arises is to 

consider what happens during development to nebulin differential splicing, and regulation of 

these sarcomeric components.  

Mutations in the nebulin gene can cause nemaline myopathy (NM) which is a rare genetic 

disorder that affects 1 in 50,000 live births39.  Genetic mutations that give rise to NM are mostly 

of thin filament associated proteins which includes nebulin, alpha-actinin, alpha and beta 
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tropomyosin, troponin T1, and KLHL4040.  Nemaline myopathy is diagnosed clinically through 

muscle pathology in which rod-like structures are present in the myofibril41.  Other clinical 

features include type I fiber predominance and Type II fiber atrophy42.  

Nemaline myopathy has marked clinical variability with neonatal lethal and mild non-

progressive congenital forms and subtypes with onset in childhood and adulthood1.  Previous 

work has showed that histological findings don’t correlate to disease severity (# of rods)43.  

Although the same founder mutation is present in all muscles, different muscle groups are 

affected more than others.  Most severe are the muscle in the face, the neck flexors, and the 

proximal limb muscles1. Although much has been learned from biopsies, the disease onset and 

progression, and pathology is not fully characterized.  In my graduate work, I have used mouse 

models in which nebulin protein levels are altered to further characterize the disease progression 

of NM and to characterize in more detail the muscle type dependent effects of nebulin reduction 

in skeletal muscle. 

 



17 
 

 

Figure 1. : Layout of titin and nebulin in the skeletal muscle sarcomere. 
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CHAPTER 2: CURRENT STUDY. MUSCLE TYPE DEPENDENT EFFECTS OF 

NEBULIN LOSS IN MOUSE SKELETAL MUSCLE 

Abstract 

We have created a mouse with reduced nebulin levels by conditionally deleting nebulin 

using MCKCre (muscle creatine kinase promoter) (NEB cKO).  These mice display hallmarks of 

pathology found in patients with reduced nebulin levels who have the disease nemaline 

myopathy.  NEB cKO mice have a reduced body weight and a proportion of these mice survive 

to adulthood.  Histological analysis reveals presence of small basophilic type II fibers and 

nemaline rod bodies.  There is a muscle type dependent effect on trophicity in which some 

muscles are more spared of atrophy (soleus (SOL) and diaphragm (DIA)) than others (extensor 

digitorium longus (EDL), quadricep, tibialis cranialis (TC), gastrocnemius (Gast)).  Intact muscle 

mechanics on EDL and SOL muscle reveals that the NEB cKO EDL is more reduced in force 

compared to the NEB cKO SOL and this is not due to muscle size as normalizing to the cross 

sectional area of the muscle still maintains this difference.  Experiments in which demebranized 

muscle bundles are activated directly by calcium (pCa4.5, SL2.4µm) showed the same finding 

suggesting that differences in calcium handling are not the reason for the differences in force 

generation between the two NEB cKO muscle types.  Actin filament lengths are significantly 

reduced in the NEB cKO, but to a degree that is similar in both muscle types and does not 

explain the differences in force generation between groups.  Finally, image analysis of skinned 

muscle bundles highlights that there is significant disorganization in the NEB cKO tissue as 

compared to controls, and this disorganization is more pronounced in the NEB cKO EDL, 

suggesting this might contribute to differences in force generation.  Microarray analysis reveals a 

set of genes that are upregulated in the NEB cKO soleus that were unchanged in the NEB cKO 
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EDL (as compared to their respective muscle type controls).  From this screen we have identified 

several transcription factors (Atf3, Ankrd1, and Hbegf) and signaling cascades (PKA, 

calmodulin, and TK) which merit further investigation to identify if these processes are 

responsible for maintaining a higher level or muscle organization which would contribute to 

force development.  In conclusion, we have characterized a mouse model with reduced nebulin 

levels and described how this leads to muscle type dependent effects on contractility which are 

potentially relevant to understanding of the disease process that occurs in nemaline myopathy.  
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Introduction 

Nebulin is a large sarcomeric protein which is present along the length of the thin 

filament in skeletal muscle with its C-terminus anchored in the Z-disk and N-terminus near the 

pointed end of the thin filament21.  Its large size makes it difficult to test the role of this protein 

in muscle, although progress has been made through the utilization of genetic mouse models to 

better characterize the role of nebulin.  Nebulin-null mice survive a few days to weeks and have 

reduced thin filament lengths, changes in cross bridge cycling kinetics, and a severe reduction in 

force generation28,29.   

Clinically, the study of nebulin is important as patients with reduced nebulin levels 

develop nemaline myopathy (NM)44.  NM is a rare genetic which has marked clinical variability 

with neonatal lethal and mild non-progressive congenital forms with onset in childhood and 

adulthood1,39.  Although the same founder mutation is present in all muscles, different muscle 

groups are affected more than others.  Most severe are the muscle in the face, the neck flexors, 

and the proximal limb muscles1.  

We sought to test the effect of reduced nebulin levels on muscle trophicity and 

contractility.  Here we show through the utilization of a novel conditional nebulin KO mouse 

model (NEB cKO), that decreasing nebulin levels to 2-10% greatly increases lifespan compared 

to nebulin-null mouse models.  Mice develop pathology similar to that displayed in patients with 

nemaline myopathy.  We have identified that there are muscle type dependent effects of 

trophicity and force generation which can be partially explained by differences in the 

disorganization of sarcomeres.  We have additionally identified candidate genes through 

microarray analysis and identified potential pathways regulating muscle maintenance. 
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Methods 

Animals and Genotyping. 

To create NEB cKO mice, exon 2 was replaced by a Neomycin cassette (NEO) and a 

loxP flanked exon 2 (also called exon 1 by29).  Addition of Cre recombinase initiates removal of 

exon2 thereby eliminating the translation start site resulting in loss of nebulin expression.  

Genotyping was used to determine the presence of the Cre gene and the floxed nebulin allele. 

Two independent lines were made to test nebulin expression levels (Figure S1).  First, 

NEB cKO mice were bred to the MCKCre strain (purchased from Jackson labs).  Muscle 

Creatine Kinase (MCK) is expressed in striated muscle after embryonic day 1345.  After two 

generations of breeding, mice homozygous for the floxed nebulin allele and expressed MCK 

were studied for lifespan, weight, and nebulin expression levels (MCKCre+, NEB flox/flox).  

Concurrently, a second strain was generated in which the MCKCre strain was first bred with the 

conventional nebulin KO, and then bred with the conditional nebulin KO (MCKCre+, NEB -/flox).  

This was done to increase the likelihood of nebulin loss in skeletal muscle as previous studies 

have indicated that mice with one functional nebulin allele (NEB KO heterozygous mice) have 

normal nebulin expression levels46.  Comparing these two strains, there were no significant 

differences in lifespan, mouse weight, or nebulin expression levels (Figure S1) and we have used 

these strains interchangeably throughout the manuscript. All mice were used between 30-40 days 

unless otherwise indicated.  Mice from the control group represent all genotypes possible from 

our breeding scheme other than NEB cKO (Figure S1).  All animal experiments were approved 

by the University of Arizona Institutional Animal Care and Use Committee and followed the 
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U.S. National Institutes of Health “Using Animals in Intramural Research” guidelines for animal 

use. 

Gel Electrophoresis and Western Blotting 

Nebulin was visualized on 0.8% agarose gels stained with commassie blue as described 

previously47.  For western blot experiments, gels were ran for 3 hours at 15mA/gel and 

transferred to PVDF membrane using a semi-dry transfer unit (Bio-Rad, Hercules, CA) for 2.5 

hours at 150mA.  A western blot against tropomodulin was performed with 12% acrylamide gels. 

All transferred blots were stained with PonceauS to visualize total transferred protein.  The blots 

were then probed with primary antibodies at 4 degrees overnight.  To normalize for loading 

differences actin from the PonceauS-stained membrane was used unless otherwise indicated.  

Secondary antibodies conjugated with fluorescent dyes with infrared excitation spectra were 

used for detection.  One-color IR western blots were scanned (Odyssey Infrared Imaging System, 

Li-Cor Biosciences, NE.  USA) and the images analyzed with One-D scan EX  (Scanalytics Inc., 

Rockville, MD, USA).   Myosin heavy chain isoform composition was visualized using 8% 

Acrylamide gels stained with commassie blue.48  

Histology and Electron Microscopy 

Details can be found in49 . Briefly, 5 µm sections of intact isopentane-frozen quadriceps 

muscles at slack length were taken midway down the length of the muscle and stained with 

haematoxylin and eosin, Gomori trichrome, or NADH using standard histochemical techniques. 

Light microscopic images were captured using an Olympus DP72 camera and cellSens Standard 

software (Olympus). For electron microscopy, glutaraldehyde-fixed portions of quadriceps 

muscle were submitted to the Microbiology and Molecular Genetic Electron Microscopy Facility 
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at the Medical College of Wisconsin. Tissue was then fixed in 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer pH 7.4 for 60 min, washed 3 × 10 min in 0.1 M cacodylate buffer, post-fixed 

with 1% potassiµm ferrocyanide reduced OsO4 for 3 h on ice, dehydrated through graded 

methanol, and embedded in EMbed 812 resin (hard). Ultrathin sections (60 nm) were contrasted 

with uranyl acetate and lead citrate and viewed in a Hitachi H600 TEM.  

Fiber Cross-sectional Area (CSA) Analysis 

Detailed methods have been described previously 50. Briefly, Soleus, EDL, and TC muscle 

were dissected from control or NEB cKO mice, quick frozen and sectioned in the mid belly of 

the muscle. Sections were stained with either monoclonal anti-MHC-I (M8421 Sigma Aldrich) 

or MHC-II antibody (M1570 Sigma Aldrich, labels type IIA, IIX, IIB, and neonatal iosmyosins) 

with anti-laminin to mark the cell boundary. Images were collected on a Zeiss Axio Imager M.1 

microscope utilizing a Zeiss Axio Cam MRC.  Cross-sectional area (CSA) and MinFeret distance 

(length of the smallest diameter of the cell) of MHC-I and MHC-II fibers were measured 

manually using the Image-J program.  

Grip Strength Testing 

The grip strength of the forelimbs was measured using a Grip Strength Meter (Columbus 

Instruments, Columbus, OH) as described by Smith et al.51.  The measurements were done with 

the apparatus in the tension mode using a triangular bar. The maximal force (in Newtons) of five 

attempts was averaged. 

Intact Muscle Mechanics 
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Intact muscle mechanics was performed using the Aurora 1200A in vitro test system and has 

been described previously52,53  Briefly, soleus muscle was attached between a combination 

servomotor-force transducer and fixed hook via silk suture in a bath containing oxygenated 

Ringer solution (145mM NaCl, 2.5mM KCL, 1.0mM MgSO4, 1.0mM CaCl2x2H2O, 1.0mM 

HEPES, 10mM glucose, pH 7.4, 30°C).  Measured force in mN was normalized to cross-

sectional area (muscle mass (mg)/ (L0 (mm)*1.056) to obtain stress (mN/mm2).  The optimal 

length (L0) was determined by adjusting muscle length until optimal fiber length for maximal 

twitch force was achieved (pulse duration of 200 μs with biphasic polarity).   

Active stress was determined from a force-frequency protocol  The soleus muscle was 

stimulated at incremental stimulation frequencies 1, 10, 20, 30, 50, 70, 100, and 150 Hz 

waiting 30, 30, 60, 90, 120, 120, 120 seconds, respectively, in between each activation.  The 

EDL protocol matched that of the soleus, except for an additional force measurement at a 

frequency of 200Hz.  From these data, maximal tetanic force, tetanic half-relaxation time, and 

twitch potentiation were calculated.   

A fatigue protocol was performed in which a sub-maximal tetanic stimulation (40 Hz SO, 60 

Hz EDL) was performed for 0.6 sec 75 times waiting 1 second between stimulations.  Maximal 

active tension versus fatigue number was calculated. 

Skinned Muscle Mechanics 

The procedures for skinned muscle contractility were as described previously7,8.  Soleus and 

EDL muscles from control and NEB cKO mice were skinned overnight at ~4°C in relaxing 

solution (in mM; 20 BES, 10 EGTA, 6.56 MgCl2, 5.88 NaATP, 1 DTT, 46.35 K-propionate, 15 

creatine phosphate, pH 7.0 at 20°C) containing 1% (w/v) Triton X-100.  Muscle were then 
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washed thoroughly with relaxing solution and stored in 50% glycerol/relaxing solution at -20°C.  

On the day of an experiment, small strips (cross sectional area (CSA) ∼0.07mm2) were dissected 

from the glycerinated sections and washed thoroughly with relaxing solution. The strips were 

mounted using aluminum T clips between a length motor (ASI 403A, Aurora Scientific Inc, 

Ontario, Canada) and a force transducer element (ASI 315C-I, Aurora Scientific Inc) in a 

skinned fibre apparatus (ASI 802D, Aurora Scientific Inc) that was mounted on an inverted 

microscope (Zeiss Axio Observer A1). Sarcomere length was set using a high speed VSL camera 

and ASI 900B software (Aurora Scientific Inc).  The thickness and width of the preparation were 

measured and the CSA was calculated by assuming an elliptical cross-section. The CSA was 

used to convert measured forces into tension (in mN/mm2).  Muscle bundles were stretched and 

activated in pCa4.5 activating solution (in mM, 40 BES, 10 CaCO3 EGTA, 6.29 MgCl2, 6.12 

Na-ATP, 1 DTT, 45.3 potassium-proprionate, 15 creatine phosphate) and protease inhibitors (in 

mM 0.01 E64, 0.04 Leupeptin and 0.5 PMSF)) at sarcomere length 2.4 µm to record maximal 

active tension.  Specific force was plotted as a function of sarcomere length and averaged 

between preparations. 

Microarray 

Soleus and EDL muscles were collected from control and NEB cKO mice (N=3 each group) 

and stored in RNAlater (Ambion).  RNA was isolated using RNeasy Fibrous Tissue Mini Kit 

(Qiagen) and the RNA quality was assessed by NanoDrop 1000 Spectrophotometer and 2100 

Bioanalyzer (Agilent).  All samples had a RIN>9.0.  Samples were hybridized with the 

GeneChip Mouse Gene 1.0 ST Array (Affymetrix); processing (labeling through scanning) was 

performed by the Genomics Core, University of Arizona, following Affymetrix protocols and 

using Affymetrix supplies and equipment.  Data analysis was conducted using Expression 
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Console (Affymetrix).  The criteria for a significant difference was that the gene was 

significantly changed (p<0.001) and had a fold change greater than two between groups. 

To identify candidate genes to regulate contractility, affymetrix array data was utilized.  First, 

genes were identified which were upregulated in the soleus cKO compared to the soleus control.  

Criteria for significantly upregulated were that the gene changed more than 1.5 fold (Fold 

Change <-1.5) and had a p-value <0.001 (column 3 and 5 respectively, Table 6).  Next, of those 

genes identified, candidates that made the final list were not significantly changed in the EDL 

cKO and had a p-value >0.01 (column 4).  These 8 candidates are ranked by how different they 

are in the soleus cKO compared to the EDL (column 1).   

Statistics 

All data are represented as average ± SEM (standard error of the mean).  For data with 

numbers of mice (N) greater than or equal to eight, an unpaired t-test with a p-value less than 

0.05 considered significant.  For experiments performed with data less than eight, a Mann-

Whitney test which does not assume Gaussian distributions was performed (p<0.05 significant).  

For myosin heavy chain isoform analysis and passive tension analysis two-way ANOVA with a 

Bonferroni post-test was performed (p<0.05 significant).  For all tables and figures *p<0.05, 

**p<0.01, ***p<0.001. 

 

Results 

Generation of NEB cKO mice with reduced nebulin levels. 
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Although several nebulin-deficient models have provided important novel insights into 

the roles of nebulin in muscle function, these mice die at a very young age, limiting their 

usefulness in describing the typical form of NM in which patients survive to adulthood and 

express nebulin at 5-30% of control levels31,54.  To study the effect of reduced nebulin levels on 

skeletal muscle structure and function, we created mice in which nebulin was conditionally 

deleted.  Homologous recombination was utilized to flank endogenous exon 2, which houses the 

translation start site (previously described as exon 129), with loxP sites (Figure 2A).  After 

germline transmission, mice containing the conditional nebulin allele were bred to mice 

expressing Cre recombinase under the muscle creatine kinase promoter (MCK)55 to cause 

deletion of NEB exon 2 and prevent translation of the nebulin protein in striated muscle after 

embryonic day 13.545.  These mice, called NEB cKO, have much reduced nebulin levels on 

commassie stained 2-7% gradient gels (Figure 2B), are smaller in size, and develop a hunchback 

as highlighted by images and video taken from mice at 40 days of age (Figure 2C).   

Initially, about 2/3 of NEB cKO mice die within the first three months of life (1/2 life 45 

days), but 1/3 of the colony survive to adulthood (Figure 2D).  The NEB cKO mice have a 

significant reduction in mass during development (Figure 2E), but the surviving mice are active 

despite the low levels of nebulin expression. This is in stark contrast to the conventional nebulin 

KO mouse which lives several days to several weeks28,29.  40 day old NEB cKO mice have 

reduced grip strength and do not run when placed in a cage with a free running wheel suggesting 

that although these mice can survive to older ages, muscle weakness develops. (Figure S2). 

Muscles were harvested from NEB cKO mice and controls.  All muscles were 

significantly reduced in size (Table 1).  When muscle weights were normalized to the reduced 

size of the animal (either by body weight of tibia length) it is clear that soleus and diaphragm are 
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resistant to the severe atrophy as compared to other muscle types (SOL percent change is -8.7% 

while EDL percent change is -52.1% when normalizing to tibia length).   

This variable degree of atrophy in different muscle types could be due to variation in the 

nebulin expression levels so nebulin protein levels were assayed with antibodies against 

nebulin’s N-terminus.  Irrespective of muscle type, nebulin levels were reduced to an average of 

2-10%. (Figure 3 top).  The TC was significantly more reduced in nebulin expression relative to 

that of the soleus and EDL using a one-way ANOVA with Bonferroni post-test, but no other 

significant differences between each group of muscles were observed. Thus, nebulin expression 

level does not account for the differences in muscle mass in the NEB cKO.   

In addition to performing experiments at day 40, various earlier time points were selected 

to determine the steady state level of nebulin expression. Nebulin protein levels are expected to 

be reduced upon expression of MCK, which occurs late in embryonic development.  We tested 

whether there are still significant levels of nebulin remaining at birth.  This pilot study reveals 

that at day 2 (the earliest time point investigated), nebulin levels are low and not significantly 

different from day 40 (Figure S5), but more work is needed to establish this more firmly.  Our 

data suggest that nebulin levels are unchanged during the time course of which nebulin levels 

were assayed (day 30-40). 

NEB cKO mice display known hallmarks of nemaline myopathy 

 H&E stained sections from cKO mouse fixed quadriceps muscle identifies an increased 

number of centralized nuclei and smaller fiber diameter (Figure 4A).  Muscles from NEB cKO 

mice contained an abundance of nemaline rods in gimori trichrome stain (Figure 4B) and are 
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most clearly identified by electron microscopy as dark, protein rich extensions from the Z-disk 

(Figure 4C).  

Myosin type I fiber predominance and atrophy have also been associated with nemaline 

myopathy which can be caused by a progressive conversion of type 2 to type 1 fibers42,43.  In 

NEB cKO mice myosin heavy chain gel electrophoresis shows an increase in myosin type I 

abundance in soleus, EDL and gatrocnemius muscle (Figure 5 top).  There is also a decrease in 

abundance of myosin type IIB myosin in the solubilized sample and suggests that a conversion 

of fiber types is taking place (Figure 5B). 

To further exam the conversion of fiber types in the NEB cKO mice, we measured cross 

sectional area and fiber type composition of fibers from various muscles of control and NEB 

cKO mice. Muscles were cut at the mid belly and stained with antibodies specific to either 

myosin type I or myosin type II (pan specific for IIA, IIX, IIB, and neonatal isomyosin) and were 

co-stained with anti-laminin antibodies to demarcate the cell boundary (Figure 6).  Both cross 

sectional area and minimum ferret distance (MinFeret) were calculated to estimate cell size. 

(Table 2).  MinFeret is a commonly used morphometric analysis technique and is defined as the 

smallest diameter across an ellipse56.  This measurement is less sensitive to section cutting angle 

than the cross sectional area measurement.  Consistent with the histology performed on 

quadriceps muscle, fibers in the cKO are smaller than those found in the control (Figure 6, panel 

D vs C, panel J vs I).  In the EDL cKO, the myosin type II antibody detected two populations of 

fibers, bright very small fibers, and dimly stained fibers.   

Atrophy was present in type I and type II fibers from the soleus, whereas in the EDL and 

TC atrophy was restricted to type II fibers (Table 2, Figure 6).  This atrophy of type II fibers has 

A 
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been reported previously in human patients with nemaline myopathy57.  It was also observed that 

the total number of fibers in the EDL and TC was the same suggesting that there is a conversion 

of type II fibers to type I fibers (Table 2).  Interestingly, our results suggest that in the soleus 

muscle the total number of fibers present in the NEB cKO was significantly increased leading to 

a total CSA of the whole muscle that is not as severely reduced as expected by the significant 

reduction in fiber size in the NEB cKO SOL muscle (Table 2).   

Muscle-Type Dependent Effects of Nebulin Loss  

To test whether differences in muscle mass lead to changes in contractility of the muscle, 

intact muscle mechanics was performed on soleus and EDL muscle.  These two muscles were 

chosen as they had similar levels of nebulin expression (mean 6% of control levels), had very 

different change in muscle mass as compared to controls (soleus reduced 20%, EDL reduced 

54%), and had very different fiber type composition with soleus muscle containing more MHC 

type I fibers.  Intact muscle mechanics show that NEB cKO mice produced significantly less 

tetanic force as compared to controls (Figure 7A).  Also, force generation from EDL muscle of 

NEB cKO mice was more reduced compared with soleus muscle (Figure 7B).  When 

normalizing force to cross-sectional area, correcting for the small size of the EDL muscle, these 

findings hold true (Figure 7C).  This suggests that there are differences between the EDL and 

soleus in either the contractile machinery or the calcium handling system.  A fatigue protocol 

was performed on soleus and EDL, and findings show that NEB cKO mice were more resistant 

to fatigue when subjected to a repeated submaximal tetanic stimulation (Figure 7D).  This is 

expected as we see a fiber type switching from type IIB to type I which contain more 

mitochondria, are able to regenerate ATP more efficiently to provide sustained force, and thus 

resist fatigue.   
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In intact muscle force generation is related to the amount of calcium released in the 

muscle when it is electrically stimulated to contract.  To test if changes in the calcium handling 

machinery could account for these differences in force generation between groups experiments 

were performed on tissue from which the membrane and calcium handling machinery was 

removed (skinned mechanics).  Demembranated muscle bundles were stretched to known 

sarcomere lengths and maximally activated with pCa4.5 solution.  At a sarcomere length of 

2.4µm maximal active force was reduced in the NEB cKO mice compared to controls, with the 

EDL cKO significantly more reduced in force than the SOL cKO (Figure 7E).  These findings 

are similar to intact muscle mechanics suggesting that differences in calcium handling proteins 

are not the major contributor to differences in force production between the EDL and SOL NEB 

cKO. 

Demembranized muscle bundles were also utilized to perform force-sarcomere length 

studies on soleus muscle.  The EDL NEB cKO muscle tended to break when stretched beyond 

2.4µm and did not yield clear striations so this muscle was not used to make these 

measurements. Studies show that the NEB cKO soleus muscle produces less force than the 

control at all sarcomere lengths (Figure 7F, left).  When normalizing to the maximal force, a 

leftward shift is seen in the descending limb of the NEB cKO (Figure 7F, right).  The descending 

limb reflects the overlap between thick and thin filaments and a leftward shift is indicative of 

shorter thin filaments. 

To test if the differences in the force-sarcomere length relationship are a result of reduced 

thin filament length, actin filaments were measured by immunofluorescence staining using 

Alexafluor 488-phalloidin.  At similar sarcomere length ranges, the actin filament lengths were 

significantly shorter in the NEB cKO as compared to controls (Figure 8, Table 3).  
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 Thin filament length was also assayed by tropomodulin (tmod) staining, however, in the 

NEB cKO tissue, tmod staining was punctate and not localized to the end of the thin filaments in 

most samples (Figure 8, Table 3).  We postulated that the difference in tmod staining could be 

caused by reduced abundance of tmod within the muscle.  Western blots of intact solubilized 

tissue using antibodies against tmod demonstrated that tmod was not significantly different 

between groups (Figure S3). 

 Upon analysis of phalloidin stained myofibers from NEB cKO mice, portions of fibers 

were identified that did not have organized sarcomeric structures (Figure 9).  These areas were 

quantified by counting the number of fibers with striation over the total number of fibers in a 

30µm window (repeated several times per image).  Areas of the muscle bundle that lacked 

proper sarcomeric structure were more abundant in the EDL muscle than the soleus muscle 

(Figure 9).  This observation is consistent with electron microscopy performed on the QUAD 

muscle in which fibers lacking structure and containing membraneous inclusions were found 

(Figure 4C’). 

Using the NEB cKO model to identify molecular mechanisms for muscle weakness 

 Affymetrix microarray analysis was performed in order to compare gene expression of 

our 40 day old control and NEB cKO mice in soleus and EDL muscle.  In the EDL, 26 genes 

were significantly changed (fold change >2, P<0.001) (Table 4).  Of these only a single gene, 

S100A4 was changed similar to that identified for the conventional nebulin KO mouse model29.  

None of the genes in the soleus muscle were similar to the conventional nebulin KO mouse 

model (Table 5).  In both EDL and SOLEUS muscle we found downregulation of the nebulin 

transcript.  Interestingly in the EDL NEB cKO, insulin-like growth factor 1 (IGF1) was 
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significantly upregulated.  IGF1 stimulates muscle hypertrophy in a signaling cascade that 

involves the nebulin protein23.  We did not observe any genes that reflect the transition to a more 

slow fiber type in either the EDL or soleus muscle.  Reducing the stringency (P<0.01, fold 

change 1.5 fold) still did not reveal changes to a more slow fiber type with the exception of 

downregulation of myomesin 2 (myom2, present in fast fibers) in NEB cKO soleus muscle 

(Figure S4).   

Additionally, we compared changes in expression between the soleus and EDL to 

identify genes that had significantly different changes in expression in the soleus cKO but not in 

the EDL cKO (Table 5).  Of the eight genes that were identified, known transcription factors 

including, heparin-binding EGF-like growth factor (Hbegf), activating transcription factor 3 

(Atf3), and ankyrin repeat domain 1 (CARP, Ankrd1) are upregulated.  These genes can regulate 

transcriptional networks which could aid in the prevention of atrophy in the soleus muscle. Also, 

known genes involved in kinase pathways, sperm autoantigenic protein 17 (Spa17-PKA, 

calmodulin) and Src homology 2 domain containing family member four (Shc4-receptor tyrosine 

kinase) and genes involved in cell-cell contact Spa17 and mucin15 were identified through this 

microarray analysis.  

Discussion 

NEB cKO mouse model gives a less severe phenotype than NEB deficient models 

Mice in which nebulin was conditionally deleted by the use of MCKCre (NEB cKO), 

produce a much less severe phenotype than those of previously published nebulin models.  These 

previous models include the NEB∆Ex55 mouse49, and two NEB KO mouse lines28,29. These 

models have virtually no nebulin, and mice die in the first few days to weeks of life.  This is in 
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contrast to our current model in which a proportion of the mice can live to adulthood.  This can 

be explained, in part, by the levels of nebulin that are remaining.   

Force Reduction in the NEB cKO  

Soleus and EDL muscle were chosen to study the effects of reduced nebulin loss on force 

generation.  Intact muscle mechanics was performed on isolated soleus or EDL muscle from 

either control of NEB cKO tissue.  Maximal force generation was decreased by 42% ± 7.1% in 

the soleus cKO, while force generation was decreased by 85% ± 3.1% in the EDL cKO.  This is 

after normalizing to the cross-sectional area of the muscle, as the EDL muscle displayed more 

pronounced atrophy as compared to the soleus muscle.   

We next sought to explain and determine the factors that could account for the 

differences in force production between these two muscle types.  First, we looked into the 

possibility that calcium handling proteins could be involved.  Maximal activation of skinned 

muscle bundles (at SL 2.4µm) had a force reduction of 61% ± 5.3% in the soleus and 95% ± 

0.3% in the EDL.  The force reduction in skinned muscle is greater than that observed by intact 

mechanics and could be explained by the in vivo sarcomere length at L0 in the NEB cKO is 

different from 2.4µm.  Regardless of the cause, these data support that the decrease of force in 

the cKO is a sarcomere-based problem and that changes in calcium handling proteins between 

muscle types are not the major contributor to the differences in force production. 

Secondly, we considered the possibility that differences in thin filament length could 

account for the changes observed in maximal force between soleus and EDL muscle.  

Experiments performed on skinned soleus muscle indicate a leftward shift in the force-SL 

relationship of 0.291µm.  The descending limb of the force-SL relationship is thought to reflect 
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the overlap of thin and thick filaments, where the X-intercept reflects the point of no overlap, and 

thus, no force generation, and these data suggest that in the soleus muscle there will be a 

reduction of thin filament length by ~0.15 µm.  Force-SL experiments of EDL muscle were not 

performed as SL patterns were diffuse and NEB cKO EDL muscles stretched beyond 2.4 µm 

tended to break.  Thin filament length of skinned muscle bundles was measured by phalloidin 

stained myofibrils.    Thin filament length was significantly shorter in both the soleus 0.17µm ± 

0.13µm reduced and EDL muscle 0.07µm ± 0.03µm reduced.  It is well established that the thick 

filament is 1.6µm and the bare zone is 0.16µm58, and with this knowledge, thin filaments would 

need to be 1.12µm for complete overlap of myosin and actin at a sarcomere length of 2.4µm.  

Given the thin filament lengths of the groups, actin filament length differences can explain 20% 

of the force reduction in the soleus muscle and 12% of the force reduction in the EDL muscle.   

Tropomodulin (tmod) location could not be used as an estimation of thin filament length 

as NEB cKO tissues expressed tmod diffusely in sarcomeres.  This is not due to differences in 

the protein levels, as tmod levels are not significantly different.  One explanation is that nebulin 

is required for proper tmod localization in adult tissue, as tmod and the N-terminal sequence of 

nebulin are binding partners25.  This is in contrast to tmod localization in neonatal tissue which 

has been observed to be located at the pointed end in nebulin null tissue49. 

Finally, we sought to determine the level of organization of sarcomeres within the 

muscle.  Analyzing the abundance of fibers with striation from 10X trans-illumination images, 

the EDL muscle had a significantly reduced number of fibers that contained striation in a 30um 

bin window (Figure 9).   
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Taken together, we examined the differences in muscle type dependence of nebulin loss 

at a variety of levels: whole muscle, skinned muscle bundles, sarcomere organization and thin 

filament lengths.  We have associated the relative contribution of each of these differences in 

force generation.  Additional experiments are needed to further quantify the level of organization 

of the NEB cKO tissue, determine the non-fiber CSA, and establish the contribution of cross 

bridge cycling kinetics to see how these factors contribute to the differences in contractility 

between muscle types.  Our findings suggest that muscle type dependent variations can be 

explained, in part, by the amount of sarcomere organization, and could provide important 

insights into the deficit of force observed in patients.  

Future Directions 

These studies highlight the importance of investigating changes in muscle function at 

various levels to identify the contributions of different factors to the pathology of the disease.  

These data suggest that treatments targeted to the maintenance of myofiber structure could 

provide beneficial in the treatment of NM. 

Using microarray analysis, we identified several candidate genes and pathways that could 

be protecting the soleus NEB cKO which are unchanged and not protective of the EDL NEB 

cKO.  These pathways include several transcription factors (Atf3, Ankrd1, and Hbegf) and 

signaling cascades (PKA, calmodulin, and TK) which merit further investigation to identify if 

these processes are responsible for maintaining a higher level or muscle organization which 

would contribute to force development.   

Additionally, nebulin has been implicated in cross-bridge cycling kinetics. Fast and slow 

cycling myosins have different kinetics of force development, and the effect of nebulin loss is 
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likely to be different in muscle fibers containing either fast or slow myosin.  To test this, ktr and 

tension cost experiments on muscle bundles should be performed.  At the level of the myofibril, 

kinetics of force relaxation could be used as a determinant of cross-bridge kinetics as the initial 

slow phase of relaxation is thought to reflect the apparent rate constant of detachment of force 

bearing crossbridges, gapp. 

Finally, more work is needed to characterize these surviving mice to understand the 

mechanisms by which they survive.  This could potentially provide exciting breakthroughs in the 

field if a new candidate gene or pathway is discovered.  In conclusion, we have developed a 

mouse model with reduced nebulin levels that recapitulates much of the pathology observed in 

patients with NM.  We observed muscle type dependent changes in contractility which can be 

explained, in part by changes in the organization of sarcomeric structure.  
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Figure 2. A) Schematic description of the NEB cKO targeting strategy. Exon 2 was replaced by 
a Neomycin cassette (NEO) and a loxP flanked exon 2.  Addition of Cre recombinase initiates 
removal of exon2 and causes a frameshift and loss of translation start site resulting in loss of 
nebulin expression. B) PCR genotyping to confirm presence of cKO allele. C) Photographs of a 
40day control and NEB cKO littermate illustrating the growth retardation in NEB cKO mice. D) 
NEB cKO mice can survive to adulthood, and have a KM50 of 60 days (N=25 cKO dies, N-17 
cKO lived >90 days) E) Body weight of NEB cKO mice is ~40% reduced from that of littermate 
controls (N=101 cKOs) 
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Table 1. Muscle weight measurements taken from control (N=37) or NEB cKO mice (N=27).  
There is a muscle type dependent effect on trophicity. 
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Figure 3. Top) Western blot analysis using antibodies directed againt N-terminal sequences of 
nebulin.  Bottom) Nebulin expression in various muscle types at 40 days. Nebulin levels are 
reduced to 2-10% 
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Figure 4. Histological finding in 30day control and NEB cKO mice. A,A’) Hematoxylin and 
Eosin (H&E) staining of freshly fixed Quadricep muscle shows presence of centralized nuclei 
and small basophilic cells in NEB cKO mice.  B,B’) Gimori trichrome staining shows punctate 
staining within the muscle cell suggestive of protein aggregation and nemaline bodies. C,C’) 
Electron microscopy indicates the presence of nemaline rods in the sarcomeres from the NEB 
cKO mice (controls lack nemaline rods). 
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Figure 5. Gel electrophoresis of myosin isoforms.  Isoform analysis was performed on whole 
muscle lysate and stained with commassie blue.  Top) Increase in the percentage of MHC-I over 
the total amount of MHC.  Bottom) There is a decrease in the glycolytic MHC-IIb percentage. 
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Figure 6. Representative images highlighting a atrophy of fibers in the NEB cKO tissues.  Mid 
belly sections from isopentane frozen skeletal muscle were stained with anti-laminin and either 
MHC-I or MHC-II antibodies. Bar is 100µm. 
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Table 2. Cross sectional area measurements per fiber type in control or NEB cKO mice. 
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Figure 7. Muscle Mechanics reveals EDL cKO muscle produces significantly less force than 
SOL cKO muscle. A-C) Intact muscle mechanics showing force as a function of stimulation 
frequency. D) Fatigue protocol on intact muscle shows NEB cKO muscle is more resistant to 
fatigue E-F) Skinned mechanics showing maximal active force as a function of sarcomere length. 
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Figure 8. Thin filament length measurements using fluorescently labelled phalloidin indicate a 
reduction in length in NEB cKO EDL and SOL muscle. 
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Table 3. Thin filament length measurements quantified by phalloidin staining and tropomodulin 
staining in control and NEB cKO tissue. 
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Figure 9. Transillumination images of fiber bundles from control and NEB cKO tissue.  The 
number of fibers with striation (binned to 30um viewing window, replicates per image) was 
significantly reduce in the NEB cKO EDL muscle. 
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Table 4. EDL muscle affymetrix array results from 30 day control and NEB cKO mice.   
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Table 5. SOL muscle affymetrix array results from 30 day control and NEB cKO mice.   
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Table 6. Using the affymetrix array to probe for candidate genes that alter contractility  between 
NEB cKO SOL and EDL muscle.  Data are shown in fold change.  More details of analysis 
found in methods. 

  

1 2 3 4 5

Gene Description
∆EDL/∆SOL 
(A/B)/(C/D) 

EDL WT/ 
EDL KO   
(A/B)

SOL WT/ 
SOL KO  
(C/D)

t-test      
EDL

t-test      
SOL

mucin 15 (Muc15 ) 6.85 1.55 10.64 0.141 2.50E-03
activating transcription factor 3 (Atf3 ) 5.73 1.91 10.96 0.070 5.69E-04

heparin-binding EGF-like growth factor (Hbegf ) 3.27 1.14 2.85 0.251 2.08E-03
RIKEN cDNA 1190002H23 gene (1190002H23Rik ) 2.55 1.06 2.40 0.744 3.34E-04

predicted gene, OTTMUSG00000014994 (OTTMUSG00000014994 ) 2.26 1.21 2.74 0.249 1.05E-03
SHC (Src homology 2 domain containing) family, member 4 (Shc4 ) 2.23 1.44 3.22 0.042 5.94E-04

ankyrin repeat domain 1 (cardiac muscle) (Ankrd1 ) 2.18 3.62 7.91 0.111 7.03E-03
sperm autoantigenic protein 17 (Spa17 ) 2.17 1.19 1.83 0.218 6.93E-03
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Figure S1. A) Breeding scheme used to generate NEB cKO mice. B) Mice either homozygous 
for the floxed allele or compound heterozygous (with once floxed allele and one allele deleted by 
breeding to the conventional NEB KO mouse) have no significant difference in nebulin 
expression at 40 days of age. C) Nebulin expression is not significantly different between mice at 
day 30 versus mice at day 40. 
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Figure S2. A) NEB cKO mice have a reduced forelimb grip strength. B,C) NEB cKO mice do 
not run when placed in a cage with a free running wheel. 
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Figure S3. Left) There is no significant difference in tmod abundance in NEB cKO mice.  Right) 
Nebulin staining is diffusely expressed in NEB cKO tissues. 
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Figure S4. Microarray analysis identifies changes in sarcomeric proteins.  
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Figure S5. The time course of nebulin loss during development in the quadricep muscle shows 
nebulin levels are reduced. 
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CHAPTER 3: FUTURE DIRECTIONS 

 During my graduate career I have investigated the function of the large sarcomeric 

proteins, titin and nebulin, and have contributed to the understanding the role of these proteins in 

skeletal muscle structure and function.  My work has been aided tremendously by the generation 

of engineered mouse models that alter these proteins expression level or alter the expression of 

specific domains.  Despite this progress, further questions remain.  These involve identifying 

pathways in which nebulin loss affects contractility, the pathways that regulate differential 

splicing of titin and nebulin, and identifying mechanisms by which mutations in these proteins 

lead to mis-regulation of function and cause disease. 

Muscle Type Dependence of Nebulin Loss 

 My current work summarized in chapter 2 described NEB cKO mice with reduced 

nebulin levels.  Interestingly in this model, approximately 1/3 of the colony survives to 

adulthood.  This is in stark contrast to previously published nebulin deficient models in which 

mice live only a few days to weeks28,29.  In the future, it would be important to characterize these 

surviving mice to understand what makes them live longer.  This could potentially provide 

exciting breakthroughs in the field if a new candidate gene or pathway is discovered.  First, it 

would be important to examine in greater detail the cause of death, to determine if there is a non-

striated muscle consequence to the reduced nebulin levels which leads to early mortality of the 

strain.  This would be done by performing histology on organs from post-mortem mice.  Second, 

nebulin expression levels would be performed on tissue harvested from NEB cKO mice at 3-5 

months of age.  If nebulin expression levels are significantly different in mice that survive 

compared to those that do not survive, the reason for increased nebulin levels should be more 
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fully characterized.  This would include studying the expression pattern of nebulin in these 

tissues (to identify if some fibers express nebulin at higher levels than others) and to quantify 

satellite cell number as satellite cells in our model express nebulin until they are activated to fuse 

with fibers and begin to express MCK.  Also, microarray analysis comparing differential gene 

expression of surviving adults versus young mice could potentially identify candidate genes that 

aid in survival despite reduced nebulin levels.  

 A second set of necessary experiments to fully elucidate the mechanisms behind loss of 

contractility in the NEB cKO mouse is to determine cross-bridge cycling kinetics. Changes in the 

proportion of force generating cross-bridges would lead to differences in contractility at maximal 

activation.  Cross bridge cycling kinetics differ between skeletal muscle myosin isoforms59, and 

the effect of nebulin loss on cross bridge cycling kinetics could be postulated to be less effected 

in myosin’s with slower cross bridge cycling kinetics.  The soleus muscle, with a greater 

abundance of MHC-I (slower kinetics) could then by hypothesized to produce a greater force 

despite lower nebulin levels, providing a mechanism for the differences in intact force between 

the EDL and SOL NEB cKO.  

The proportion of force generating cross bridges can be estimated by a simple two state 

model as originally proposed by Huxley in 1957 where cross-bridges cycle between force 

generating and non-force generating states60.  This can be mathematically calculated as 

[αfg=fapp/(fapp+gapp)] were fapp is the apparent rate constant of cross-bridges going from a non-

force generating to a force generating state and gapp is the apparent rate constant for cross bridges 

going back to a non-force generating state.  We can experimentally gain insights to these rate 

constants through several experiments.  First is tension cost can be measured and is proportional 

to the rate constant gapp as described by Brenner 198861.  In these experiments, the force 
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generation of activation in demembranized muscle bundles is measured simultaneously with 

NADH absorbance which is enzymatically linked to ATP consumption.  Tension cost defined as 

the ATPase rate divided by the force generated.  Another experiment that gives us insight to 

cross bridge kinetics is Ktr.  Ktr is known as the rate constant for tension redevelopment.  In this 

experiment the muscle bundle is stretched to 2.4SL then activated following a period of rapid 

shortening and immediate re-stretch to the original overlap. This protocol disengages myosin 

cross bridges bound to actin and the rate at which tension redevelops is described by the rate of 

cross bridge cycling and can be defined by  fapp + gapp.  We hypothesize that the differences in 

maximal active force in SOL and EDL from NEB cKO mice can be explained in part by 

differences in cross-bridge cycling kinetics between myosin heavy chain fiber types in the 

presence of reduced nebulin levels.  Further studies comparing rate constants in the various fiber 

types are needed to determine nebulin’s effects on cross bridge cycling kinetics in different 

muscle types.   

In addition to these experiments, I have performed Affymetrix microarray and identified 

a list of candidate genes which are up-regulated in the soleus cKO and unchanged in the EDL 

cKO, and which may be regulators of muscle mass.  The next step is to confirm these findings at 

the protein level using western blots with antibodies specific against these targets.  Many of the 

targets are transcription factors, which regulate the expression of many proteins.  Western blots 

of transcription factor targets would identify specific protein candidates downstream of the 

transcription factor that effect muscle mass.  Cell culture siRNA of the targets could be used to 

test if the candidate genes regulate size and contractility.  If they are confirmed, the next step 

would be to test these candidates in the cKO animals by injecting and AAV plasmid containing 

the gene of interest into the TC which has atrophy and test if atrophy is inhibited and 



60 
 

contractility is improved.  Finally, if genes are identified which improve contractility, small 

molecule activators could be created in collaboration with biochemists or biotechnology 

companies and then be tested in clinical trials. 

Identifying Pathways that Regulate Differential Splicing of Titin 

 Appendix A describes my published work to elucidate the role of titin in skeletal muscle 

myopathy.  Through this work, we identified in a mouse model in which a small portion of titin 

is deleted (IG KO), the splicing factor RBM20 (RNA binding motif 20) was upregulated and 

caused additional splicing of titin to take place and produced shorter more stiff titin isoforms in 

the soleus muscle.  This additional splicing led to skeletal muscle myopathy and the mechanism 

is incompletely understood.  Future work should determine the pathway by which RBM20 is 

upregulated.  I hypothesize that titin acts as a mechanosensor to relay mechanical stretch to 

transcriptional regulation through titin- associated proteins.  I have observed that additional 

differential splicing also occurs in the PEVK KO, but to a lesser extent, which supports the 

hypothesis that increased strain, rather than something unique to those specific Ig-like domains 

deleted in the IG KO, causes additional differential splicing.  Future work should test if RBM20 

protein is also up-regulated in this mouse model.  In contrast, a third titin-spring KO mouse 

model, the IA KO does not show additional splicing.  The effect of differential splicing seems to 

be dependent on the location of the mutation where N-terminal deletions have a larger effect on 

splicing (IG KO> PEVK KO> IA KO).  This could suggest that signaling at the Z-disk could be 

responsible for regulating expression of titin size. 

There is a potential for titin-based signaling cascades that involve the calpain family 

(calcium dependent proteases, CAPN1, CAPN2, CAPN3), MuRF family (muscle ring finger 
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proteins: MuRF1, MuRF2, MuRF3), or MARP family (muscle ankryn repeat proteins: Ankrd1, 

Ankrd2, Ankrd23) of proteins.  The calpain family is difficult to study as the protein abundance 

and activity are not always correlated63.  In the IG KO, a calpain 1 binding site was removed, but 

there were no changes in the level of the protein by western blot analysis.  There is a potential 

role of CAPN3, as patients and mice with reduced CAPN3 activity develop limb girdle muscular 

dystrophy 2A63.  Additionally, mice in which the N2A region of titin was deleted, mdm mice, 

have a secondary CAPN3 deficiency and develop muscular dystrophy with myositis64.  An 

important question to answer is whether additional differential splicing occurs in any of these 

CAPN3 deficient models.  This would establish whether CAPN3 plays a role in differential 

splicing.  

In the IG KO, changes in active tension also occurred, likely caused by a conversion of 

fiber types toward more slow.  It is surprising that changes in titin lead to changes in gene 

transcription to cause fiber type conversion.  Changes in fiber type composition occur in skeletal 

muscle diseases65, although the specific mechanism by which this occurs is unclear.  My work 

has shown that transcription networks involving Ankrd1 (previously proposed by66 ) do not play 

a role in the fiber type switching, but our affymetrix microarray data show down-regulation of 

myozenin-1 and supports the notion that the calcineurin-NFAT pathway regulates the fiber type 

transition, as is a downstream target of this pathway. 

Identifying Pathways that Regulate Differential Splicing of Nebulin 

To test if the MARP family was involved, I previously crossed IG KO mice to those that 

lack Ankrd1 and found that there was no effect on differential splicing.  This however, does not 

rule out the possibility that other family members play redundant roles in this signaling cascade.  
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To test this, western blot analysis on the protein abundance of the family members should be 

performed.  Additionally, crossing IG KO mice to mice with all three family members deleted 

MARPKO67 would directly test the in vivo consequences of these family members on splicing of 

titin. 

 In addition to understanding the mechanism by which RBM20 is regulated in skeletal 

muscle, a more complete analysis of the IG, RBM20 mouse model would be important.  Muscle 

mechanics experiments would elucidate the functional benefit of upregulated titin size.  

Phenotypically, IG KO mice have a hunchback and atrophy of the soleus muscle.  These analysis 

should also be carried out in the IG KO, RBM20 HET to observe if these mice are more similar 

to WT.  Preliminary data of tissue weights suggest that IG KO, RBM20 HET mice still have 

atrophy of the soleus.  Furthermore, IG KO, RBM20 KO mice are much reduced in body size 

and have more severe atrophy of the soleus than the IG KO alone.  This is in contrast to the IG 

WT, RBM20 KO, and suggests that the IG domains play a role in addition to stiffness in 

regulating muscle mass.  This could be potentially through calpain signaling as the IG KO 

removes a calpain-1 binding site.  Further investigation of calpain levels and activity in these 

double KO mice should be performed to test this hypothesis. 

 In addition to describing the mechanism of differential splicing in titin, Appendix C 

describes changes in differential splicing of nebulin during development.  The mechanism for 

differential splicing of nebulin’s C-terminal exons is unknown.  Candidate splice factors would 

be those known to be differentially expressed, or to have differential activity, during 

development (thus leading to developmental regulated splicing).  RBM20 is a candidate gene to 

regulate splicing of nebulin as it is differentially expressed during development12 Targets for 

RBM20-dependent splicing was performed using deep sequencing of cardiac tissue, and has not 
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been performed on skeletal muscle 10.  More work is needed to determine the mechanism of 

splicing of nebulin. 

Relating Mutations to Disease 

 Predicting the effect of a mutation and creating personalized treatments is the future of 

this field or research.  The first step is to identify mutations in patients, and next generation 

sequencing techniques have provided the identification of many novel disease-causing mutations 

in titin and nebulin68,69.  After mutations have been identified, the next step is to characterize the 

effects of these mutations at various levels, from single molecule AFM studies, to studying 

protein expression patter, and creating animal models to study various mutations.  A more 

complete understanding of genotype to phenotype correlations is needed to determine the best 

treatment course and therapies for patients depending on mutation. 

A single titin gene can produce hundreds to thousands of titin proteins through 

differential splicing.  This splicing is regulated during development and in disease states, but the 

mechanism by which this occurs requires further investigation.  Mutations in both titin and 

nebulin can give rise to skeletal muscle disease, and more work predicting disease outcome from 

mutation is needed. 

Through my research I have characterized differential splicing of titin and nebulin during 

development and how that causes changes in sarcomere structure and function.  I have studied a 

novel mouse model which develops skeletal muscle myopathy caused by removal of proximal 

immunoglobulin-like Ig domain and have shown direct evidence that RBM20 expression levels 

modulate titin stiffness.  I have also characterized two mouse models of reduced nebulin levels 

(NEB∆Ex55 and NEB cKO) which have implications in understanding the molecular mechanisms 
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behind disease progression in nemaline myopathy.  In the future of this work, more effort is 

needed to fully characterize the mechanism of differential splicing upstream of RBM20 and 

mechanisms by which a mutation in titin or nebulin leads to skeletal muscle myopathy. 
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Figure 10. Muscle mass comparisons of 3 Month old IG, RBM20 strain.  
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Abstract  

Titin is a molecular spring that determines the passive stiffness of muscle cells.  Changes in 

titin’s stiffness occur in various myopathies but whether these are a cause or an effect of the 

disease is unknown.  We studied a novel mouse model in which titin’s stiffness was slightly 

increased by deleting nine immunoglobulin-like (Ig) domains from titin’s constitutively 

expressed proximal tandem Ig segment (IG KO).  KO mice displayed mild kyphosis, a 

phenotype commonly associated with skeletal muscle myopathy.  Slow muscles were atrophic 

with alterations in myosin isoform expression; functional studies in soleus muscle revealed a 

reduced specific twitch force.  Exon expression analysis showed that KO mice underwent 

additional changes in titin splicing to yield smaller than expected titin isoforms that were much 

stiffer than expected.   Additionally splicing occurred in the PEVK region of titin, a finding 

confirmed at the protein level.  The titin-binding protein ANKRD1 was highly increased in the 

IG KO but this did not play a role in generating small titin isoforms because titin expression was 

unaltered in IG KO mice crossed with ANKRD1 deficient mice.  On the other hand, the splicing 

factor RBM20 was also significantly increased in IG KO mice and additional differential 

splicing was reversed in IG KO mice crossed with a mouse with reduced RBM20 activity.  Thus, 

increasing titin’s stiffness triggers pathological changes in skeletal muscle with an important role 

played by RBM20.   
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Introduction 

Titin, the largest known protein (3-4MDa), resides in the sarcomere of striated muscle where 

it extends from the Z-disk to the M-band, and is responsible for the intracellular passive stress 

that develops when muscle is stretched (Furst et al., 1988; Linke et al., 1994; Ottenheijm and 

Granzier, 2010).  Titin-based passive stress maintains the central position of the A-band in the 

sarcomere (Horowits and Podolsky, 1987) which is important for efficient contraction, controls 

the physiological sarcomere length range (Granzier et al., 2009), and plays a role in various 

stress-dependent signaling pathways, through its interaction with multiple binding partners 

(Fukuda et al., 2008; LeWinter and Granzier, 2010; Linke and Kruger, 2010; Gautel, 2011).  

Titin is encoded by a single gene and differential splicing of the extensible spring-like segment 

of the titin molecule can vary the passive stress of muscles (Bang et al., 2001; Granzier and 

Labeit, 2007).  The spring segment in skeletal muscle consists of the PEVK region (so named 

because it is rich in proline, glutamic acid, valine, and lysine residues) and the proximal and 

distal tandem immunoglobulin(Ig)-like containing segments, located near the Z-disk and the A-

band, respectively (Labeit and Kolmerer, 1995; Bang et al., 2001) (Figure 1).  Titin’s serially-

linked Ig-like domains have a β-barrel fold characteristic of the intermediate I-set of the 

immunoglobulin superfamily (Pfuhl and Pastore, 1995); their linker sequences unbend upon 

sarcomere stretch giving rise to an increased end-to-end length of the tandem Ig segments.  

Differential splicing of the PEVK and Ig-like regions leads to the production of a titin protein 

that varies in size depending on the species, muscle type, and developmental stage, with a 

decrease in size that is associated with an increase in passive stress in the sarcomere (Prado et al., 

2005; Ottenheijm et al., 2009b).  Advancement in our understanding of the contribution of these 

spring-like elements of titin to the generation of passive stress have been made through the 
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generation of mouse models in which various portions of the spring have been deleted.  These 

include the deletion of exon 49, which encodes the cardiac-specific N2B element (Radke et al., 

2007), exons 219-225, which encode part of the PEVK region (Granzier et al., 2009) and exons 

30-38, which encode 9 of the 15 constitutively expressed proximal tandem Ig domains (Chung et 

al., 2013).  Such models have been used to study the effects of spring element deletion on the 

physiology of cardiac muscle, but an in-depth investigation of the role of titin in skeletal muscle 

has not been performed.  This is an important area of research considering that passive stress is 

altered in various skeletal muscle myopathies (Ottenheijm et al., 2006; Ottenheijm and Granzier, 

2010; van Hees et al., 2010; Ottenheijm et al., 2012; van Hees et al., 2012); it is unknown to 

what extend changes in titin are an effect of the myopathy or can cause myopathic changes.    

Here, we studied how skeletal muscle responds to deleting the constitutively expressed 

proximal Ig domains 3-11 (titin exons 30-38; mouse model referred to as IG KO) using a multi-

disciplinary approach that includes gene expression analysis, titin protein analysis, muscle 

mechanics, and mouse genetics.  We found that in the IG KO mouse skeletal muscle undergoes 

additional differential splicing to yield smaller titin isoforms which results in greatly increased 

passive stress.  Surprisingly there are also changes in muscle trophicity and contractility.  Exon 

expression analysis revealed that the small titin isoforms expressed in IG KO mice are full length 

titins that arise through removal of PEVK sequences.  We analyzed titin-binding proteins and 

found ANKRD1 (also called CARP (cardiac ankyrin repeat protein) or MARP1 (muscle ankyrin 

repeat protein 1)) to be highly upregulated, but by crossing the IG KO mouse with a mouse 

deficient in ANKRD1 obtained conclusive evidence that ANKRD1 is not necessary for 

additional titin splicing to take place.  We also determined the expression level of the recently 

discovered titin splicing factor RNA binding motif protein 20 (RBM20) (Guo et al., 2012) and 
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found it to be upregulated in IG KO soleus muscle.  Reducing RBM20 function in the IG KO 

mouse by breeding mice with a mouse model that is heterozygous for a deletion in RBM20 (IG 

KO, RBM20∆RRM HET) normalized titin isoform expression.  Thus, the reduced size of titin’s 

tandem Ig segment in IG KO mice triggers elevated RBM20 protein levels which further reduces 

the size of titin and increases passive stress.  The implications of these findings for understanding 

and treating skeletal myopathies with altered passive stress are discussed.   
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Materials and Methods 

 

Animals. 

IG KO mice were created by deletion of titin exons 30-38 which correspond to nine proximal 

IG domains (IG3- IG11).  For details see (Chung et al., 2013).  Only male mice were utilized for 

experiments and studied at three months of age unless otherwise indicated.  ANKRD1 mice were 

generated in the UA BIO5 GEMMCore from ES cells obtained from the KOMP consortium 

(http://www.knockoutmouse.org/): the MARP1 gene (encoding the ANKRD1 protein) was 

targeted using the VelociGene technique with the ZEN-UB1 cassette.  RBM20ΔRRM mice were 

made at the UA BIO5 GEMMCore using homologous recombination.  Exons 6 and 7 from the 

RBM20 mouse gene were deleted causing an in-frame deletion of the RNA Recognition Motif 

(RRM).  All mouse strains were backcrossed onto a C57BL/6J genetic background.  All animal 

experiments were approved by the University of Arizona Institutional Animal Care and Use 

Committee and followed the U.S.  National Institutes of Health “Using Animals in Intramural 

Research” guidelines for animal use. 

 

Genotyping 

All mice were genotyped using GoTaq Green Master Mix (Promega).  For IG KO mice the 

following primers were used: Common, 5’-GCAGCTACCCATATCATAGC-3’; KO-specific,5’- 

CACTAGCAGGAACATGTGTC-3’; WT-specific, 5’-GAACGGTGTGGAGATCAAGT-3’--

expected product sizes: 319bp (WT)(319bp)and 268bp(KO). For ANKRD1 mice the following 

primers were used: Common, 5’-TCACTAGAGGATATTTTAACACC-3’; KO-specific, 5’-

TCATTCTCAGTATTGTTTTGCC-3’; WT-specific, 5’- CAGTCACCCGGAAGTCAAA -3’--- 
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expected product sizes:318bp (WT) and 286bp (KO). For RBM20∆RRM the following primers 

were used: Common, 5’- ATATCTGCACCCATGTTTAGTTTCC;-3’, KO-specific, 5’- 

GAAGCCAGTGTGTTGGTATGG-3’; WT-specific, 5’-GTGGCCAGCCACGATAGC-3’--- 

expected sizes 498bp (WT) and 817bp (KO). 

 

Kyphosis Index 

To quantify spinal shape animals were anesthetized with avertin via IP injection.  Animals 

were imaged on a Lunar PIXImus GELunar (Madison WI) and scanned.  Animals were placed 

on their side in a right lateral recumbent position and their ventral side aligned using a straight 

template.  Analysis of the high energy image of a DXA scan was captured using PIXImus 

software analyzed offline by manual tracing of images.  The lower energy image showing body 

composition was not used for this study  Kyphosis Index (KI) was used as described by 

others(Laws and Hoey, 2004) measured as AB/CD where AB is the distance between the 

posterior edge of C7 and posterior edge of L6, while CD is the distance from line AB to the 

distal border of the vertebral body farthest from the line (See Supplemental Figure S1).   

 

Fiber Cross-sectional Area (CSA) Analysis 

The soleus muscle was dissected and pinned onto cork at slack length.  The tissue was then 

covered with OCT (Tissue Tek) and frozen with liquid-nitrogen-cooled isopentane and stored at 

-80oC.  The belly of the muscle was cut crosswise and 8-µm sections were collected on VWR 

glass microscope slides and stored at -20 oC overnight.  The microscope slides were then taken 

out and left to dry for five minutes.  An ImmEdgePen (Vector Laboratories) was used to mark a 

circle around each section collected.  Sections were skinned with 0.2% Triton in PBS for 20 
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minutes, followed by treatment with blocking solution (2% BSA and 1% donkey serum) in PBS 

at 4oC for one hour.  Primary antibodies were then applied to the sections (Supplementary Table 

S1) overnight at 4oC.  The Monoclonal Anti-Myosin (Skeletal, Slow, MHC-I) (M8421 Sigma 

Aldrich) recognizes an epitope located on the heavy meromyosin portion of human adult skeletal 

muscle slow myosin.  The MHC-II antibody (M1570 Sigma Aldrich) stains the fast (type II) and 

neonatal isomyosin molecules found in skeletal muscle.  Following primary incubation, sections 

were washed with PBS 2x 30 min, secondary antibody was applied (2-4 hr at room temperature), 

washed with PBS for 30 mins, and then washed twice with water.  Mounting media (K0424, 

Vector Laboratories) was then added to each section and sealed with a coverglass.   Images were 

collected on a Zeiss Axio Imager M.1 microscope utilizing a Zeiss Axio Cam MRC.  CSA of the 

fibers slow and fast myosin fibers were measured using the Image-J program.  Stained cells were 

traced manually and the cross sectional areas were determined.  The CSA of ~150 fibers of each 

fiber type from the soleus muscle were collected from 2-4 stained sections, and the total number 

of fibers in soleus muscle was counted. 

 

Gel Electrophoresis and Western Blotting 

Titin was visualized on 1% agarose gels (16 x 18 cm) stained with coomassie blue as 

described previously (Warren et al., 2003).  Total titin:MHC ratios and molecular weight 

estimates have been described previously (Buck et al., 2010b).  Myosin heavy chain isoform 

composition was visualized using 8% Acrylamide gels (16 x 18 cm)(Agbulut et al., 2003).  For 

Western blotting of titin, 0.8% agarose gels (16 x 18 cm) were ran 3 hours at 15mA/gel and 

transferred to PVDF membrane using a semi-dry transfer unit (Bio-Rad, Hercules, CA) for 2.5 

hours at 150mA.  Western blots to titin binding proteins were performed with 12% acrylamide 
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gels, except RBM20, calpains, and obscurin in which 4-20% acrylamide gels were utilized (13.3 

x 8.7 cm)  Criterion Cassettes from Biorad, Hercules, CA).  All transferred blots were stained 

with PonceauS to visualize total transferred protein.  The blots were then probed with primary 

antibodies (Supplementary Table S1) at 4 degrees overnight.  To normalize for loading 

differences actin from the PonceauS-stained membrane was used unless otherwise indicated.  

Secondary antibodies conjugated with fluorescent dyes with infrared excitation spectra were 

used for detection.  One-color IR western blots were scanned (Odyssey Infrared Imaging System, 

Li-Cor Biosciences, NE.  USA) and the images analyzed with One-D scan EX  (Scanalytics Inc., 

Rockville, MD, USA).    

 

Microarray 

Soleus muscles were collected from wild-type and IG KO mice (N=3) and stored in 

RNAlater (Ambion).  RNA was isolated using RNeasy Fibrous Tissue Mini Kit (Qiagen).  A 

custom microarray with all titin exons has been described previously(Lahmers et al., 2004; 

Ottenheijm et al., 2009b).  RNA was reverse transcribed and amplified using SenseAmp 

(Genisphere), and SuperScript III (Invitrogen) and dye-coupled with AlexaFluor 555 or 

AlexaFluor 647 (Invitrogen).  Sample pairs were hybridized with 70 SlideHyb Glass Array 

Hybridization Buffer #1 (Ambion) in a GeneTAC Hybridization Station (Genomic Solutions); 

slides were scanned with an Axon GenePix scanner and the results analyzed using the R package 

CARMA(Greer et al., 2006).  For Affymetrix microarray analysis, soleus muscle tissue was 

dissected (N=3) and stored in Ambion RNAlater (Invitrogen).  RNA quality was assessed by 

NanoDrop 1000 Spectrophotometer and 2100 Bioanalyzer (Agilent); all samples had RIN 9.0-

9.3.  Samples were hybridized with the GeneChip Mouse Gene 1.0 ST Array (Affymetrix); 
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processing (labeling through scanning) was performed by the Genomics Core, University of 

Arizona, following Affymetrix protocols and using Affymetrix supplies and equipment.  Data 

analysis was conducted using three different packages: Expression Console (Affymetrix) with 

RMA, BRB-ArrayTools (BRB-NCI) with RMA, and Gene Array Analyzer (http://gaa.mpi-

bn.mpg.de/) with either PLIER or RMA.  The criteria for a significant difference was that the 

gene was significantly changed in analysis with all three packages (p<0.001) and had a fold 

change greater than two between IG KO and wild-type samples.   

 

Passive and active stress characteristics.   

Intact muscle mechanics was performed using the Aurora 1200A in vitro test system and has 

been described previously (Ottenheijm et al., 2009a; Labeit et al., 2010).  Briefly, soleus muscle 

was attached between a combination servomotor-force transducer and fixed hook via silk suture 

in a bath containing oxygenated Ringer solution (145mM NaCl, 2.5mM KCL, 1.0mM MgSO4, 

1.0mM CaCl2x2H2O, 1.0mM HEPES, 10mM glucose, pH 7.4, 30°C).  For passive force the 

muscle was stretched from slack length to 10%, 20% and 30% of the muscle length at 10% per 

sec.  The muscle was held for 60 seconds and then returned to slack length waiting seven 

minutes between each stretch.  Measured force in mN was normalized to cross-sectional area 

(muscle mass (mg)/ (L0 (mm)*1.056) to obtain stress (mN/mm2).   The optimal length (L0) was 

determined by adjusting muscle preload force until optimal fiber length for maximal twitch force 

was achieved (pulse duration of 200 μs with biphasic polarity).   

Active stress was determined from a force-frequency protocol  The muscle was then 

stimulated at incremental stimulation frequencies 1, 10, 20, 30, 50, 70, 100, and 150 Hz 

waiting 30, 30, 60, 90, 120, 120, 120 seconds, respectively, in between each activation.  From 
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these data, maximal tetanic force, tetanic half-relaxation time, and twitch potentiation were 

calculated.   

The procedures for skinned muscle contractility were as described previously (Granzier and 

Irving, 1995; Fukuda and Granzier, 2005), with minor modifications.  Soleus muscles were 

skinned overnight at ~4°C in relaxing solution (in mM; 20 BES, 10 EGTA, 6.56 MgCl2, 5.88 

NaATP, 1 DTT, 46.35 K-propionate, 15 creatine phosphate, pH 7.0 at 20°C) containing 1% 

(w/v) Triton X-100Preparations were washed thoroughly with relaxing solution and stored in 

50% glycerol/relaxing solution at -20°C.  All solutions contained protease inhibitors ([in 

mmol/L] 0.01 E64, 0.04 Leupeptin and 0.5 PMSF).  Small muscle bundles (diameter ~0.06 mm) 

were dissected from the skinned muscles.  Muscle bundles were attached to a strain gauge and a 

high-speed motor using aluminum foil clips.  Experiments were performed at 20°C.  Sarcomere 

length (SL) was measured online by laser-diffraction using a He-Ne laser beam.  The width and 

depth (using a prism) bundle diameters were measured with a 40 x objective.  The muscle bundle 

cross-sectional area (CSA) was calculated from the average of three width and depth 

measurements made along the length of the muscle bundle, and passive stress was determined by 

dividing the passive force by CSA.  Muscle bundles length and activated in pCa4.5 activating 

solution (in mM, 40 BES, 10 CaCO3 EGTA, 6.29 MgCl2, 6.12 Na-ATP, 1 DTT, 45.3 

potassium-proprionate, 15 creatine phosphate) and protease inhibitors (in mM 0.01 E64, 0.04 

Leupeptin and 0.5 PMSF)) at sarcomere length 2.4µm to record maximal active stress.  The 

bundles were then set at slack in relaxing solution and passive force was recorded while SL was 

increased to 3.0 μm (velocity, 0.1 muscle length/s), after which length was held constant for 60 

seconds to observe stress relaxation, followed by a release to slack sarcomere length.   

Subsequently, thick and thin filaments were extracted by immersing the preparation in relaxing 
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solution containing 0.6 M KCl (45 min at 20°C) followed by relaxing solution containing 1.0 M 

KI (45 min at 20°C ).  Following the extraction procedure, the muscle bundles were stretched 

again at the same velocity and the passive force remaining after KCl/KI treatment was assumed 

to be collagen based and titin-based passive force was determined as total passive force minus 

collagen-based passive force. 

 

Statistics 

All data are represented as average ± SEM (standard error of the mean).  For data with 

numbers of mice (N) greater than or equal to eight, an unpaired t-test with a p-value less than 

0.05 considered significant.  For experiments performed with data less than eight, a Mann-

Whitney test which does not assume Gaussian distributions was performed (p<0.05 significant).  

For myosin heavy chain isoform analysis, active specific tension, and passive stress analysis 

two-way ANOVA with a Bonferroni post-test was performed (p<0.05 significant).  For all tables 

and figures *p<0.05, **p<0.01, ***p<0.001. 

 

Online Supplemental Material 

 A description of the antibodies utilized, titin size analysis during development, and the 

kyphosis analysis can be found included in the online supplemental material.  
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Results 

Phenotypic Characterization of IG KO mice 

Mice deficient in Ig domains 3-11 of titin’s proximal tandem Ig segment (IG KO) have 

recently been shown to have a mild cardiac diastolic phenotype (Chung et al., 2013), but the role 

of these proximal Ig domains in skeletal muscle had not been studied.  Upon more detailed 

characterization, it was found that IG KO mice displayed a slight but significant spine curvature 

(kyphosis) as quantified by the kyphosis index22; (Figure S1).  Kyphosis is a commonly 

associated phenotype in mouse models of disease in which skeletal muscles are affected (Laws 

and Hoey, 2004; Witt et al., 2004).  Compared to the kyphosis of other muscle disease models, 

the kyphosis in the IG KO was less prominent but nevertheless suggested that the IG KO mouse 

model outwardly displayed signs which could be associated with skeletal muscle myopathy.  

This prompted us to look at the effect of this deletion in skeletal muscle. 

Analysis of skeletal muscle mass revealed that the soleus and diaphragm muscles from IG 

KO mice were significantly smaller (raw weight and normalized to tibia length) (Table 1) while 

all other muscles exhibited no difference.  In the mouse, most muscle types express mainly fast 

myosin heavy chain.  The two well-known exceptions that express a greater abundance of slow 

myosin heavy chain are the soleus and diaphragm muscle(Agbulut et al., 2003) and this 

suggested that there may be fiber type specificity to the atrophy phenotype whereby slow 

myosin-expressing fibers (type I) were more affected than fast myosin-expressing fibers (type II).  

We therefore measured fiber cross-sectional area of type I and type II fibers from soleus muscle 

using immunofluorescence (Figure 2).  Interestingly, both fast and slow muscles underwent 

similar fiber atrophy (37.9% and 49.7% respectively) indicating that the atrophy observed in the 

soleus muscle was not due to effects specific to slow myosin-expressing muscle.  Additionally 
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we found that the total number of muscle fibers was not different (data not shown) supporting 

that atrophy of the muscle was due to a decrease in the size of fibers.  Gel electrophoresis of 

myosin heavy chain isoforms revealed an increase in slow myosin heavy chain in the IG KO 

soleus muscle (Fig.  2F, Table 2).  This shift in myosin heavy chain isoform composition is likely 

part of a compensatory mechanism that develops postnatally as no shift in myosin heavy chain 

isoform composition was observed in neonatal day five soleus muscle (Table 2).  This isoform 

shift to a slow myosin isoform composition appeared to be soleus muscle specific as a survey of 

various skeletal muscles showed either no significant difference (TC and EDL) or a significant 

decrease in slow myosin heavy chain (diaphragm) (See Figs.  2G-I and Table 2).   

 

Muscle Mechanics Reveals Changes in Skeletal Muscle Contractility 

The changes in myosin heavy chain isoform composition in soleus muscle of IG KO mice 

suggest that there may be changes in contractility of the soleus muscle.  Slow myosin fibers 

differ from fast fibers in that they are more oxidative, have a lower power output, and resist 

fatigue (Rivero et al., 1998).  Results from intact mechanics of soleus muscle showed that IG KO 

mice had a significant decrease in twitch force (Figure 3A, Table 3) and were more resistant to 

fatigue (Figure 3B).  These findings are likely to reflect the change in myosin heavy chain 

isoform composition from fast to slow.  Passive properties of intact muscle were also studied.  

The soleus muscle contains one of the largest titin isoforms of adult striated muscle (Labeit and 

Kolmerer, 1995) and the deletion of nine proximal Ig domains is expected to have a minimal 

effect on passive stress (The effect is a ~2% stress reduction in the much smaller cardiac N2B 

titin (Chung et al., 2013)).  However, passive stress in the intact soleus muscle was significantly 

increased in the KO, when stretched from its slack length, to a level much greater than in wild-
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type muscle (average of 30.9±0.2% change) (Figure 3C).  A similar increase in passive stress 

also occurred in the EDL muscle (data not shown).  Thus, passive stress of skeletal muscle is 

increased in IG KO mice but to an extent greater than expected by the deletion of only nine 

proximal Ig domains.   

At the level of the intact muscle the extracellular matrix (ECM) contributes to passive stress 

in addition to titin and could have been the cause of the greater-than expected increase in passive 

stress.  In order to distinguish between these two contributors, skinned fibers were studied.  

Demembranized fiber bundles were passively stretched to determine the total stress, followed by 

an extraction of thin and thick filament proteins with KCl/KI to remove titin’s anchoring points 

in the sarcomere(Wu et al., 2002).  The fiber bundle was passively stretched again to determine 

the non-titin, ECM passive stress contribution.  Titin-based stress is defined as the difference 

between total stress and ECM-based stress.  No difference in maximal activated stress was 

observed between genotypes consistent with the tetanic stress observed in intact soleus muscle 

(153±7.5 mN/mm2 WT vs 151±13mN/mm2 KO).  The soleus muscle from IG KO mice was 

found to have a significant increase in titin-based passive stress above 2.5 µm sarcomere length 

while the ECM was not significantly increased (Figure 3D).  The average percent change 

(defined as ((KO-WT)/WT)x100) in titin-based passive stress is 30.2±2% similar to that 

observed in intact muscle.  These results indicate that the large increase in passive stress 

observed in intact muscle reflects an increase in titin-based passive stress.    

   

IG KO mice Undergo Additional Alternative Splicing of Titin in Skeletal Muscles 

Titin-based passive stress can vary through alterations in titin size, phosphorylation status, 

and titin:MHC stoichiometry (Watanabe et al., 2002; Hidalgo and Granzier, 2013).  Because a 
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large increase in passive stress was observed in IG KO mice we sought to determine the 

contribution of these various factors to the mechanical properties of muscle.  Large pore agarose 

gels were used to visualize titin isoform size.  The genomic region deleted to produce the IG KO 

was expected to yield a single mutant titin protein 88kDa smaller than wild-type titin.  IG KO 

mice instead contained two faster-migrating bands (N2Amut-1 and N2Amut-2) in the soleus, EDL, 

and diaphragm muscles (Figure 4A).  The second faster-migrating band was most prominent in 

the soleus muscle.  To test if this faster-migrating band (N2Amut-2) was either a titin degradation 

product or a full-length titin isoform, western blots were performed with antibodies raised 

against titin's N-terminus (Z1Z2 antibody) and C-terminus (M8M9 antibody).  The smaller band 

contained both of titin’s ends in both soleus (Figure 4B) and EDL muscle (Figure 4C) and thus it 

is a full-length titin isoform.  The molecular weight of the titin isoforms N2Amut-1 and N2Amut-2 

in the soleus muscle were estimated as described previously(Buck et al., 2010a).  The N2Amut-1 

and N2Amut-2 isoforms were reduced in size by more than the expected 88kDa deletion (Table 4) 

indicating that adaptations in splicing had taken place in the IG KO.  Interestingly, these mutant 

titin isoforms were developmentally regulated; they were not present at birth and the N2Amut-2 

over N2Amut-1 ratio increased with age (Figure S2).  Thus changes in splicing that occur 

postnatally in the IG KO are both progressive and adaptive.   

To more directly observe changes in titin splicing, a titin exon microarray analysis was 

performed on three-month-old soleus muscle.  As expected, the nine Ig domains removed in the 

IG KO (exons 30-38) were absent (Figure 5A).  In the IG KO soleus muscle there was also a 

downregulation in exons that encode PEVK sequences.  This downregulation was confirmed at 

the protein level via western blots performed using the 9D10 antibody (Figure 5B, C).  This 

antibody recognizes repetitive sequences throughout the entire PEVK region (Trombitas et al., 
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1998; Greaser et al., 2000).  There was a decrease in labeling of the two mutant titin isoforms 

with the 9D10 antibody in the IG KO as normalized to total titin (Z1Z2 antibody), supporting 

that the difference in isoform size was due at least in part to additional differential splicing in the 

PEVK region of titin. 

In addition to alternative splicing, titin-based passive stress can also be modulated by 

phosphorylation.  Skeletal muscle titin is a target of phosphorylation by PKCα in the PEVK 

domain.  Phosphorylation of two serines (PS11878 and PS12022) has previously been shown to 

significantly increase passive stress (Hidalgo et al., 2009).  Phosphorylation of titin at serine-

11878 was significantly reduced in IG KO soleus muscle while phosphorylation at serine-12022 

was unchanged (Figure 6); the expected net effect of this reduction in phosphorylation is a lower 

passive stress. This expected effect will partially offset the passive stress increase due to the 

reduction in titin size caused by differential splicing in the IG KO (see also Discussion).   

The amount of titin relative to the sarcomeric protein myosin reflects the stoichiometry of 

titin to thick filaments.  Total titin: myosin heavy chain ratios were not significantly different 

between genotypes in all muscles observed (Table 5).  This indicates that the deletion of Ig 

domains in the IG KO did not affect the number of titin filaments per thick filament.  The titin 

degradation product, T2, was also not significantly altered by Ig domain deletion (Table 5).  In 

summary, soleus muscle titin from IG KO mice undergo additional alternative splicing and 

alterations in phosphorylation.  

 

Titin-Binding Proteins in IG KO Soleus Muscle  

It has been proposed previously that titin binding proteins can function in signalosomes to 

sense strain and modulate protein expression (LeWinter and Granzier, 2010; Linke and Kruger, 
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2010) and it has been hypothesized that changes in these signalosomes could be responsible for 

changes in gene expression.  Titin-binding protein abundance was assayed by western blot 

analysis in the soleus muscle and it was found that proteins which bind in the I-band region were 

differentially regulated while those in the M-line and A-band were less affected (Figure 7 and 

Supplemental Figure S3).  The calpain (CAPN) family are a group of calcium-dependent 

intracellular proteases, some of which bind titin in the N2A region (calpain-3) (Hayashi et al., 

2008) or the proximal Ig domains (calpain-1, binding site deleted in IG KO) (Coulis et al., 2008; 

Sorimachi et al., 2011).  CAPN1 (catalytic subunit of calpain-1) amount was quantified by 

antibodies against the full-length inactive CAPN1 (pre-calpain) and self-autolysis-activated 

CAPN1 (post-calpain) (Saido et al., 1992).  There was no significant difference between active 

and inactive forms of calpain-1 between wild-type and IG KO mice in soleus muscle.  There was 

also no significant difference in the amount of calpain-3 present between genotypes (Figure 7).  

Of the proteins that bind titin’s I-band, FHL-1 and FHL-2 are modestly upregulated while 

ANKRD2 (also called MARP2) and ANKRD23 (DARP/MARP3) were modestly downregulated 

in three-month-old IG KO soleus muscle as compared to wild-type (Figure 7).  Most dramatic 

was the induction of ANKRD1 (CARP-cardiac ankyrin repeat protein) which was upregulated in 

the IG KO soleus muscle over 60-fold (Figure 7).  

 

ANKRD1 Expression is highly increased but does not explain alternative splicing.   

ANKRD1 was considered a candidate for inducing the additional differential splicing of titin 

in IG KO mice for several reasons.  First, ANKRD1 is normally expressed at high levels in 

cardiac muscle where titin size is greatly reduced.  Second, mice deficient in the three muscle 

ankyrin repeat family members, ANKRD1, ANKRD2, and ANDRD23 (MKO), displayed an 
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increase in titin size(Barash et al., 2007).  Finally, ANKRD1 can act as a transcription factor in 

the nucleus to alter gene expression through inhibition of the NFκB pathway (Laure et al., 2010).  

If ANKRD1 upregulation were necessary for additional differential splicing to occur, then titin 

would not undergo additional differential splicing in ANKRD1 deficient IG KO mice.  To test 

this, ANKRD1 KO mice were bred to IG KO mice to produce double KOs.  Mice were studied at 

one month of age, a time when the N2Amut-2 isoform is present.  As highlighted in Figure 8, 

deletion of ANKRD1 did not prevent the additional differential splicing and both N2Amut-1 and 

N2Amut-2 were expressed in the double KO mice.    

 

RBM20 Expression is upregulated in IG KO mice 

Recently it has been uncovered that the splicing factor RBM20 plays a role in regulating 

alternative splicing of titin with an increase in RBM20 expression leading to exclusion of PEVK 

exons in a splice reporter assay (Guo et al., 2012).  A 2.1-fold increase in RBM20 was found in 

IG KO soleus muscle relative to wild-type (Figure 9A-C).   RBM20 expression was normalized 

to both myosin heavy chain and another nuclear splicing factor U2AF65, as done by others(Li et 

al., 2013), but the same result was found.  These findings support that RBM20 upregulation leads 

to exclusion of PEVK exons in titin. 

To identify potential pathways in which increased titin-based stress leads to upregulation 

of RBM20 and additional differential splicing, an Affymetrix GeneChip was utilized.  The 

microarray analysis found 28 mRNA transcripts significantly altered in IG KO mice.  Many of 

the genes identified in the Affymetrix microarray reflect the transition to a more slow fiber 

phenotype.  These include upregulation of mitochondrial gene UCP2, and downregulation of 

genes expressed in fast fiber types including Myoz1, Kcng4, Peg3, Myom2, and Nos1 
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(Grozdanovic and Baumgarten, 1999; Chemello et al., 2011).  Among the 28 differentially 

expressed transcripts, only two transcription factors were found: ANKRD1 and Runx1 (Figure 

10).  Runx1 is a transcription factor that regulates the differentiation of hematopoietic stem 

cells into mature blood cells(Friedman, 2009) and is unlikely to be responsible for changes in 

skeletal muscle titin.  Furthermore, we found no Runx1 binding sites within the RBM20 

promoter region (data not shown).  These data suggest that the transcription factor that is 

responsible for upregulation of RBM20 might not be regulated at the level of mRNA expression.   

 

RBM20 is necessary for the additional differential splicing in IG KO soleus muscle 

To test if RBM20 activity is necessary for additional differential splicing, IG KO mice were 

crossed with mice deficient in the RNA recognition motif (RRM) domain of RBM20 

(RBM20∆RRM).  Mice heterozygous for RBM20∆RRM displayed a single titin band intermediate of 

the titin band in mice that are either wild-type or homozygous for the RBM20∆RRM (Figure 9D).  

This is consistent with what has been shown previously in the rat model with a spontaneous 

mutation in RBM20 (Guo et al., 2012).  These data indicate that RBM20 functions in a dose 

dependent manner to regulate differential splicing of titin.  In three-month-old mice that are 

deficient in Ig3-11 and that are heterozygous for RBM20 (IG KO, RBM20∆RRM HET), only a 

single titin bands appears.  This data support the interpretation that RBM20 upregulation is 

required to cause additional differential splicing of titin in IG KO soleus muscle.     
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Discussion  

We studied skeletal muscle titin in a mouse model deficient in titin’s proximal Ig domains 

Ig3-11 (IG KO) and found that this deletion unexpectedly results in additional differential 

splicing in the PEVK region of titin.  The splicing was prominently found in the soleus muscle 

with the appearance of two mutant titin isoforms.  These isoforms significantly increased passive 

stress of whole muscle and caused altered expression of titin-based signaling proteins with the 

most striking effect being the 60-fold upregulation of the transcription factor ANKRD1.  

However, IG KO mice that were also deficient in ANKRD1 (IG KO, ANKRD1 KO) identified 

that ANKRD1 is not necessary for additional differential splicing.  We also found that the 

additional splicing of titin correlates with an increased level of the RBM20 splicing factor and 

that genetically reducing RBM20 activity in the IG KO mice (IG KO, RBM20∆RRM HET) 

prevents the additional differential splicing from occurring.  Thus RBM20 is a central player in 

differential splicing of titin mRNA and its expression can be modified by changes in titin-based 

passive stress to result in shorter and stiffer titins.  Below we discuss these findings in detail. 

 

Adaptations in Titin Splicing in IG KO Mice 

The most prominent finding from the characterization of skeletal muscles from the IG KO 

mice was that gel electrophoresis revealed titin isoforms that are smaller in the IG KO, but to a 

degree that far exceeded the level expected from the deletion of 9 Ig domains (88kDa).  

Specifically, the soleus muscle contains two smaller titin bands with a reduction in size of 

180kDa and 370kDa, respectively.  A full length shortened titin isoform would be expected to 

contain both of titin’s ends, but lack centrally located sequences, while a degradation product 

would be expected to miss at least one of titin’s ends.  Using antibodies against titin’s N-
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terminus (Z1Z2) or C-terminus (M8M9), it was observed that the two bands in the soleus muscle 

were both full-length titin isoforms.  A titin exon microarray analysis revealed a reduced 

expression of PEVK exons in titin’s I-band region in the IG KO soleus muscle, suggesting that 

the smaller full-length titin isoforms arose at least in part from the elimination of PEVK exons.   

However, the reduction in molecular mass estimated from protein gels (N2Amut-2 370 kDa) 

exceeds the maximal molecular mass of the whole PEVK region (~250 kDa), suggesting that 

other effects might be at play.  One issue to consider is that the mobility of PEVK sequence is 

much slower than that expected based on its molecular mass(Labeit et al., 2003),  leading to an 

overestimation of the molecular mass reduction in the IG KO.   Whether some Ig domains in the 

tandem Ig segments are reduced in expression in the IG KO could be addressed in future studies 

with Ig-domain specific antibodies.  In summary, adaptations in splicing take place in the IG KO 

that decrease titin size in the soleus.  This is an unexpected finding that the muscle adapts to a 

shorter titin by making titin molecules that are even shorter and stiffer.   

Soleus muscle from wild-type mice only displays a single titin isoform, even during 

development.  It is possible that the isoforms of titin observed in the soleus muscle of IG KO 

mice are restricted to a particular fiber type, whereby each fiber only expresses a single titin 

isoform, giving rise to two titin isoforms at the level of the whole muscle.  At three months of 

age the N2Amut-2 to N2Amut-1 ratio was 38%, which resembles very closely the myosin type 1 

content of 37% (Table 2).  To test this, single fibers from the soleus muscle were dissected and 

were individually electrophoresed to separate both titin and myosin heavy chain isoforms.  From 

these experiments, it was found that the titin isoforms were co-expressed in a single fiber and 

indicates that titin isoform expression did not segregate with myosin fiber type (Supplemental 

Figure S4).  Although we currently cannot exclude a specific location of the mutant isoforms 
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within a single muscle fiber we consider it likely that similar to the co-expression of cardiac titin 

isoforms (Trombitas et al., 2001), the mutant skeletal muscle titins are co-expressed at the level 

of the half sarcomere 

In addition to changes at the mRNA level, post-translational modification of titin was found 

to occur in the soleus muscle of IG KO mice which is expected to influence passive stress.   

Specifically, phosphorylation at serine 11878 in the PEVK region was reduced, a site that is a 

target of PKC-alpha signaling (Hidalgo et al., 2009).  Interestingly, phosphorylation at serine 

12022, another PKC-alpha target is not affected in IG KO mice.  The difference in 

phosphorylation of the two PKC sites is not due to a difference in expression of the exons, since 

microarray analysis of the titin exons in which these serines are contained (exon 219 and 225 

respectively) show no change in the expression between genotypes; the difference in 

phosphorylation remains to be explained.  Phosphorylation at both of these sites has been shown 

to increase passive stress of cardiac muscle (Hidalgo et al., 2009; Hudson et al., 2009).  The 

reduced phosphorylation at serine 11878 could then reflect a compensatory mechanism to reduce 

the effects of the increased passive stress caused by additional differential splicing.  However, 

considering that passive stress in IG KO mice is increased this compensatory effect is apparently 

insufficient to counter the increased passive stress due to the deletion of PEVK exons from the 

mutant titins in the IG KO mice. 

 

ANKRD1 is not necessary for additional differential splicing of titin 

Cardiac ankyrin repeat protein (ANKRD1), as its name implies, is found at high levels in 

cardiac muscle, and is present at very low levels in skeletal muscles(Kojic et al., 2011).  In IG 

KO mice, ANKRD1 was found to be significantly induced both at the level of mRNA 
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(Affymetrix microarray) and protein (western blot).  The role of ANKRD1 in differential 

splicing of titin warranted investigation as deletion of ANKRD1 in conjunction with removal of 

family members ANKRD2 and ANKRD23 (DARP/MARP3)  (MKO) causes in skeletal muscle 

an increase in titin size(Barash et al., 2007).  ANKRD1 also is an obvious candidate as it can 

signal from the sarcomere, where it binds titin, and translocate to the nucleus, where it can act as 

a transcription factor to regulate gene expression (Miller et al., 2003; Witt et al., 2004).  To test if 

ANKRD1 was necessary for additional differential splicing, we created an IG, ANKRD1 double 

KO.  Soleus muscle from mice deficient in both ANKRD1 and proximal Ig domains (IG KO, 

ANKRD1 KO) express two mutant titin isoforms just as in IG KO mice indicating that 

ANKRD1 is not necessary for the additional differential splicing of titin.  We cannot rule out that 

redundancy in function of the other ANKRD1 family members, ANKRD2 and ANKRD3, to 

compensate and allow splicing, but have shown that ANKRD1 on its own is not necessary for 

the additional differential splicing of titin.    

It was previously hypothesized by Laure and others that ANKRD1 plays a role in the fiber 

type switching to fast-twitch fibers as ANKRD1 is consistently upregulated in models of 

muscular dystrophy including mice deficient for calpain 3, dysferlin, α-sarcoglycan and 

dystrophin (Laure et al., 2009).  The IG KO mouse model is unique from the muscular dystrophy 

models in that a shift towards slow-twitch fibers is observed in the soleus muscle.  As expected 

by a shift in isoform composition to expression of more slow myosin heavy chain, soleus muscle 

from IG KO mice had a change in mRNA transcript expression that reflects a change in fiber 

type composition to more slow, and a resistance to fatigue as measured by intact muscle 

mechanics.  This finding indicates that ANKRD1 is not responsible for the fiber type switching 

to fast fibers, as the IG KO mouse has ANKRD1 upregulation and a switch towards slow fiber 
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type.  Our Affymetrix microarray data support the notion that calcineurin-NFAT pathway is 

regulating the fiber type transition, through the downregulation of myozenin-1 (also known as 

calsarcin-2, Fatz-1).  Mice deficient in this protein have an increase in calcineurin activity and a 

fiber type switch to type-1 fibers (Frey et al., 2004). 

ANKRD1 also has been previously shown to act as a transcription factor in the nucleus to 

alter gene expression through inhibition of the NFκB pathway (Laure et al., 2010).  Signaling 

through NFκB regulates an array of cellular functions including survival, proliferation, 

inflammation, and apoptosis(Peterson and Guttridge, 2008).  Our Affymetrix microarray results 

are inconsistent with inhibition of the NFκB pathway by ANKRD1.  Although, NOS-1 is 

downregulated as expected (Peterson and Guttridge, 2008), Nrcam (Simpson and Morris, 2000) 

and UCP-2 (Lee et al., 1999), which are transcriptionally activated by NFκB, are upregulated.  

These previous studies were performed in human neuroblastoma SK-N-SH cells, neurons, and 

hepatocytes respectively and NFκB signaling may regulate these genes differently in skeletal 

muscle.  These findings show that while ANKRD1 is upregulated in muscle lysates, it is unlikely 

inhibiting the NFκB pathway to regulate gene expression.   

 

RBM20 expression regulates differential splicing of titin 

RBM20 (RNA binding motif 20) is a splicing factor which has been recently shown to 

affect titin splicing.  RBM20 contains a centrally located RNA-recognition motif (RRM) that 

provides RNA-binding specificity and a C-terminal RS domain (rich in arginine and serine) that 

promotes protein–protein interactions and recruits RBM20 to the spliceosome (Guo et al., 2012; 

Li et al., 2013).   In an in-vitro splice reporter assay, RBM20 levels affect the inclusion of PEVK 

exons (Guo et al., 2012; Li et al., 2013).  Levels of RBM20 protein expression have been 
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previously found to correlate with the changes in titin size that occur during development and 

loss of RBM20 prevents developmentally regulated differential splicing from taking place(Guo 

et al., 2012; Li et al., 2013).  In support of RBM20 being a candidate to affect differential 

splicing of titin, our titin exon microarray revealed that additional differential splicing occurred 

in the PEVK region of titin.  In IG KO soleus muscle at three months of age RBM20 protein 

expression was upregulated 2.1-fold (Fig.  9A-C).  The upregulation of RBM20 is consistent 

with the prediction that more RBM20 leads to more splicing of titin and that RBM20 acts to 

splice in the PEVK region of titin mRNA.    

To test more directly if the increased expression of RBM20 protein is required for 

additional differential splicing to take place, we utilized a novel mouse model in which the RNA 

recognition motif of RBM20 was deleted (RBM20∆RRM).  This model was made to only abolish 

the RNA binding function of RBM20 and not alter the other functional domains within RBM20.     

Mice with a single copy or two copies of RBM20∆RRM display larger titin isoforms than that of 

wild-type mice.  This data supports that RBM20 regulates splicing in a concentration dependent 

manner and that RBM20 is a central player in differential splicing of titin mRNA.  Importantly, 

titin in soleus muscle from IG KO mice that were also heterozygous for RBM20∆RRM 

(IG KO, RBM20∆RRM HET) was present as a single isoform only and was similar in size to wild-

type titin.    Thus, RBM20 protein level can modulate not only the size of titin isoform, but also 

the number of isoforms expressed (two isoforms in IG KO and one isoform in wild-type).  

RBM20 protein expression might provide a possible therapeutic avenue to modulate titin size 

and alter titin-based passive stress.     

 

Relevance to skeletal muscle disease 
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The deletion of proximal Ig domains in skeletal muscle titin is not known to naturally occur, 

but in disease states in which passive stress is increased, pathways similar to those occurring in 

the IG KO could be activated.  One characterized example is facioscapulohumeral muscular 

dystrophy (FSHD), which is the third most common muscular dystrophy after the 

dystrophinopathies and myotonic dystrophy and is associated with a typical pattern of muscle 

weakness (Richards et al., 2012).  Single fibers from patient biopsies show a significant increase 

in titin-based passive stress (Lassche et al., 2013).  The increase in passive stress might be 

caused by the expression of a shorter, stiffer titin molecule by modulation of RBM20 expression.  

There are also several characterized examples of increased muscle stiffness occurring in acquired 

skeletal muscle disorders.  Among these patients with spasticity are cerebral palsy(Friden and 

Lieber, 2003) and spinal cord injured patients (Olsson et al., 2006) as well as acquired 

neuromyotonia (Vincent, 2008).  Patients with these acquired skeletal muscle diseases could 

potentially benefit from alterations in titin-based passive stress to revert the increase stiffness 

observed.   Additionally, chronic obstructive pulmonary disorder (COPD) is a well-studied 

example of reduced passive stress as a result of acquired skeletal muscle disease.  COPD is 

characterized by a limitation of airflow that leads to inspiratory muscle dysfunction (Moore et 

al., 2006).  The diaphragm muscle from patients with COPD show a decrease in passive stress as 

compared to controls that results from an increase in titin size specifically in the PEVK region of 

titin (Moore et al., 2006; Ottenheijm et al., 2006).  In this case, modulation of titin-based passive 

stress to produce a longer and more-compliant titin isoform has occurred.  It is intriguing to 

speculate that by manipulating RBM20 expression levels, titin size and passive stress could be 

normalized in the diaphragm of patients with COPD. 
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Titin plays an important role in passive and active skeletal muscle contractility (Muhle-Goll 

et al., 2001), and contributes to muscle weakness in titin-associated skeletal muscle diseases 

(Granzier and Labeit, 2005).  The mechanism by which RBM20 protein is upregulated to cause 

additional differential splicing in the IG KO soleus muscle merits further investigation.  The IG 

KO model provides a valuable model to understand the regulation of differential splicing that 

ultimately leads to changes titin isoform size and alterations of titin-based passive stress in the 

sarcomere.               
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Footnotes 

Abbreviations: Ig, immunoglobulin-like domain;  ANKRD1, cardiac ankyrin repeat protein 

(ANKRD1);  RBM20, RNA binding motif 20;  FHL,four-and-a-half LIM protein;  SOL, soleus; 

EDL, extensor digitorum longus;  QUAD, quadriceps; GAST, gastrocnemius; PLANT, plantaris; 

DIAPH, diaphragm; CSA, cross-sectional area; SL, sarcomere length; MHC, myosin heavy 

chain;  FSHD, facioscapulohumeral muscular dystrophy;  COPD, chronic obstructive pulmonary 

disorder; HET, heterozygous; HOM, homozygous; Ab, antibody 
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Figure Captions 
 

Figure 1: Layout of titin in the sarcomere.  A single titin molecule spans the half sarcomere and 

its extensible I-band region is composed of immunoglobulin(Ig)-like domains and PEVK 

sequences which are differentially spliced in skeletal muscles to yield titin isoforms of various 

sizes.  The region of titin that is deleted to produce the IG KO are the constitutively expressed 

exons 30-38 (IG 3-11) which is expected to reduce titin size by 88 kDa.     

 

Figure 2: Soleus muscle fibers from IG KO mice have a decrease in fiber cross-sectional area 

(CSA) and an increase in slow myosin heavy chain isoform composition.  (A-D) Fast and slow 

myosin fibers were stained separately (green) with cell boundaries marked by laminin (red).   Bar 

is 50µm.  (E) CSA of muscle fibers was quantified from N=5 wild-type (WT) and N=6 IG KO 

(KO) mice (n=250 fibers per mouse).  (F-I) Myosin heavy chain isoform composition from 

soleus, diaphragm, TC, and EDL .    

 

Figure 3:  Active and passive mechanics from IG KO and wild-type soleus muscle.  (A) Force-

Frequency relation of IG KO (black) and wild-type mice (grey).  (B) IG KO muscle is more 

resistant to fatigue.  (C) Intact soleus muscle passive stress is significantly increased in IG KO 

mice.  (D) Skinned fiber bundles were dissected from the soleus muscle and passively stretched, 

followed by extraction with KCl/KI and were restretched.  Titin-based passive stress is defined 

as total stress minus the extracted stress.  The increase in passive stress in the soleus is attributed 

to an increase in titin-based passive stress. 
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Figure 4: Additional differential splicing occurs in IG KO skeletal muscle.  (A) Agarose gel 

electrophoresis shows additional titin bands present in skeletal muscle from IG KO mice (B) 

These additional bands are positive for titin’s N-terminus (Z1Z2) and C-terminus (M8M9) and 

therefore represent full-length titin isoforms.   

 

Figure 5: PEVK exons are additionally removed in the IG KO mouse.   (A) Custom-made titin 

exon microarray confirms that the constitutively expressed exons 30-38 are deleted in the soleus 

muscle of IG KO mice.  Additional differential expression was also found to occur in the PEVK 

region of the titin transcript.  (B and C) The removal of PEVK exons was confirmed at the 

protein level by a significant reduction in 9D10 antibody labeling which recognizes the highly 

repetitive sequences within the PEVK region of titin.  (For KO samples we summed the signal 

from the two mutant titin isoforms.) 

 

Figure 6: PKCα targets two serines in the PEVK region of titin (S11878 and S12022).  Titin 

phosphorylation at PS11878, but not PS12022, is significantly reduced in IG KO mice.   

 

Figure 7: Survey of titin binding protein expression by western blot analysis.  FHL-1, FHL-2, 

and ANKRD1 were significantly upregulated in IG KO mice, while ANKRD2, MARP3, and 

obscurin were significantly downregulated in IG KO mice.  Data are collected from N=6 WT and 

N=6 KO mice.  Normalized western blot signals were calculated by dividing the ab signal by the 

actin signal and fold change was normalized to wild-type levels.  

.   
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Figure 8: ANKRD1 is not necessary for additional differential splicing in the IG KO mouse.  

(A) Mice deficient in both ANKRD1 and IG domains still have the N2A mutant titin isoforms.  

(B) Western blot analysis that confirms that ANKRD1 is removed in the double KO mouse. 

 

Figure 9: RBM20 is up regulated in IG KO soleus muscle.  (A) Western Blots of the titin 

splicing factor RBM20 with U2AF65 (another splice factor), and MHC (as controls).  RBM20 

expression is significantly up regulated when normalized to (B) U2AF65 or (C) MHC.  (D) IG 

KO mice with mice with reduced RBM 20 activity (IG  KO  x  RBM20∆RRM HET) have a 

normalization of titin size (lane 4) similar to that of wild-type (lane 1). 

 

Figure 10: Affymetrix array results of 3 month old soleus muscle. Changes in gene expression 

reflect the fiber type transition from fast twitch to slow twitch.  

 

Supplemental Figure 1: IG KO mice display mild kyphosis.  (A) High energy images from 

DXA scans of mice highlight an increase in spine curvature in IG KO mice.  (B) Curvature was 

quantified by the kyphosis index (AB/CD) where AB is the distance between the posterior edge 

of C7 and posterior edge of L6, while CD is the distance from line AB to the distal border of the 

vertebral body farthest from the line.  (C) IG KO mice have a more curved spine as indicated by 

a reduction in the kyphosis index. 

 

Supplemental Figure 2:  Additional titin splicing is developmentally regulated.  The second 

titin isoform appears between day 10 and day 30 and persists in the adult.    
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Supplemental Figure 3:  Examples of western blots for titin binding proteins.  Western blots 

were normalized to actin on the PonceauS membrane to normalize for loading.  (Ab-antibody).     

 

Supplemental Figure 4:  Agarose gel electrophoresis of single fibers indicate that both titin 

isoforms of the IG KO soleus muscle are co-expressed in a single fiber. 
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  WT    KO      
% Change               

[(KO-WT)/WT]*100 
Age (days) 94.38 ± 1.2 (41) 93.29 ± 1.2 (43) 
Body Weight (g) 25.2 ± 0.4 (41) 21.6 ± 0.5 (41) *** -13.98 
Tibia Length 
(mm) 17.8 ± 0.03 (21) 17.6 ± 0.06 (21)   -1.02 

Wet Weight 
Soleus (mg) 8.7 ± 0.2 (30) 7.3 ± 0.1 (23) ** -15.65 

TC (mg) 48.3 ± 0.5 (30) 49.3 ± 0.9 (23) 2.07 
Quad (mg) 194 ± 2.7 (30) 184 ± 3.4 (23) -5.39 
EDL (mg) 10.9 ± 0.1 (30) 10.6 ± 0.1 (23) -2.23 
Gast (mg) 127 ± 1.2 (30) 126 ± 1.7 (23) -1.24 
Plant (mg) 16.9 ± 0.2 (30) 16.5 ± 0.2 (21) -2.59 

Diaph (mg) 80.8 ± 2.1 (38) 69.1 ± 1.7 (40) *** -14.42 
Psoas (mg) 82.4 ± 2.2 (16) 77.9 ± 2.6 (14)   -5.42 

Tibia Length Normalized 
Soleus (mg/mm) 0.51 ± 0.013 (21) 0.41 ± 0.009 (21) *** -18.61 

TC  (mg/mm) 2.75 ± 0.03 (21) 2.79 ± 0.04 (21) 1.57 
Quad (mg/mm) 10.9 ± 0.15 (21) 10.4 ± 0.16 (21) -4.41 
EDL  (mg/mm) 0.62 ± 0.005 (21) 0.60 ± 0.009 (21) -3.23 
Gast (mg/mm) 7.29 ± 0.06 (21) 7.16 ± 0.08 (21) -1.81 
Plant (mg/mm) 0.97 ± 0.01 (21) 0.93 ± 0.01 (19) -4.36 
Diaph  (mg/mm) 4.47 ± 0.10 (19) 3.97 ± 0.12 (17) ** -11.20 

Psoas (mg/mm) 4.91 ± 0.11 (9) 4.53 ± 0.14 (14)   -7.81 
Table 1: Muscle weight measurements of wild-type and IG KO mice.  N-values shown in 

brackets.  (TC tibialis cranialis, Quad quadriceps, EDL extensor digitum longus, gast 

gastrocnemius, plant plantaris diaph diaphragm) 
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Muscle Type   IIA+IIX IIB I 
Soleus (3 Mo.) WT 60% ± 2.2% 2% ± 0.5% 37% ± 2.3% 

KO 40% ± 3.1%*** 2% ± 0.4% 57% ± 2.8%*** 
Diaph (3 Mo.) WT 76% ± 2.8% 16% ± 3.4% 6.8% ± 0.9% 

KO 85% ± 4.9% 12% ± 5.1% 1.5% ± 0.5%** 
EDL (3 Mo.) WT 17% ± 1.2% 82% ± 1.2% 0% 

KO 19% ± 1.2% 80% ± 1.2% 0% 
TC (3 Mo.) WT 23% ± 5.1% 76% ± 5.1% 0% 

KO 28% ± 6.7% 71% ± 6.7% 0% 
IIA+IIX N I 

Soleus (5 day) WT 35% ± 1.6% 45% ± 1.4% 18% ± 0.1% 
  KO 34% ± 1.7% 49% ± 1.4% 15% ± 0.2% 

Table 2: Myosin heavy chain isoform composition as quantified by Coommassie stain of protein 

lysates.   Data represented as percentage of total MHC.  (N=8 WT, N=8 KO). 
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    WT (N=9) KO  (N=9) P-value 
Maximal Force (grams) twitch 2.48 ± 0.21 1.20 ± 0.084 *** 

tetanus 16.70 ± 1.36 11.59 ± 0.68 ** 
CSA (mm2) 0.72  ± 0.03 0.63  ± 0.01 ** 
Maximal Stress (mN/mm2) twitch 33.6 ± 2.5 18.9 ± 1.3 *** 

tetanus 226 ± 17 184 ± 13 0.06 
Twitch:Tetanus Ratio 0.134 ± 0.006 0.086 ± 0.004 *** 
Time to Peak (sec) twitch 0.025 ± 0.001 0.026 ± 0.001 0.62 

tetanus 0.844 ± 0.06 0.643 ± 0.06 * 
1/2 Relaxation Time (sec) twitch 0.0275 ± 0.001 0.035 ± 0.002 *** 

tetanus 0.049 ± 0.002 0.055 ± 0.003 0.11 
Post Tetanic Twitch Potentiation 0.96 ± 0.01 0.98 ± 0.01 0.26 
Frequency at 1/2 Max Force (Hz) 76.1 ± 2.28 70.7 ± 5.86 0.43 
% Force Decrease During Fatigue   0.53 ± 0.05 0.27 ± 0.02 *** 

Table 3: Active force mechanics for soleus muscle of IG KO and wild-type mice.  (N=9 WT, 

N=9 KO) 
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  WT  KO  Δ Mw (observed)  

SOLEUS (N2Awt) 3.61 ± 0.057  --- 

SOLEUS (N2Amut-1)  --- 3.43 ± 0.008 * 0.18 

SOLEUS (N2Amut-2)  --- 3.24 ± 0.027 * 0.37 

EDL (N2Awt) 3.66 ± 0.087  --- 

EDL (N2Amut-1)  --- 3.47 ± 0.014 * 0.19 

EDL (N2Amut-2)  --- 3.21 ± 0.003 * 0.42 
Table 4: Average adult molecular weight estimates of titin (MDa) (N=4 WT, N=4 KO). 

 

Total Titin:MHC 
  

T2: Total Titin 
  WT KO     WT KO   

Soleus 0.194 ± 0.019 0.188 ± 0.030 NS 0.012 ± 0.006 0.025 ± 0.004 NS 

TC 0.293 ± 0.025 0.303 ± 0.039 NS 0.224 ± 0.043 0.281 ± 0.031 NS 
EDL 0.183 ± 0.013 0.205 ± 0.008 NS 0.330 ± 0.022 0.296 ± 0.005 NS 

Diaph 0.192 ± 0.028 0.194 ± 0.031 NS   0.200 ± 0.043 0.304 ± 0.156 NS 
Table 5: Stoichiometry of titin.  N=8 per genotype and muscle type.    
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Antibody Source Host Dilution 
αMHC- slow Sigma-Aldrich (M1570) Mouse 1 to 200 
αMHC- fast Sigma-Aldrich (M8421) Mouse 1 to 200 
αLaminin Sigma-Aldrich (L9393) Rabbit 1 to 400 
αZ1Z2 Gift from Dr. Siegfried Labeit Rabbit 1 to 1,000 
αM8M9 BioGenes  Rabbit 1 to 200 

α9D10 Developmental Studies Hybridoma 
Bank (DSHB), University of Iowa Mouse 1 to 500 

αPS11878 GLS Biochem, Shanghai  Rabbit 1 to 1,000 
αPS12022 Genescript  Rabbit 1 to 1,000 
αRBM20 Gift from Dr.Gotthardt, MDC Berlin  Rabbit 1 to 200 

αU2AF65 Santa Cruz Biotechnology (sc-48804) Mouse 1 to 100 

αTCAP Gift from Dr. Siegfried Labeit Rabbit 1 to 500 

αMLP Gift from Dr. Siegfried Labeit (x405-
x406) Rabbit  

αCalpain 1 (Pre) Gift from Dr. Yasuko Ono  Rabbit 1 to 500 
αCalpain 1 (Post) Gift from Dr. Yasuko Ono  Rabbit 1 to 500 
αFHL-1 AbCam (Ab76912) Mouse 1 to 200 
αFHL-2 MBL (K0055-3) Mouse 1 to 200 
αCARP Biogenes (MB423-424) Rabbit 1 to 500 
αAnkrd2 BioGenes  (x467-468) Rabbit 1 to 2,000 
αMARP3 Biogenes Rabbit 1 to 500 
αCalpain 3 Gift from Dr. Siegfried Labeit Rabbit 1 to 100 
αObscurin BioGenes  Rabbit 1 to 500 
Alexa Fluor 488 
goat anti-mouse 
IgG (H + L) Molecular Probes (37977A)  Goat 1 to 200 
Alexa Fluor 594 
goat anti-rabbit IgG 
(H + L) Molecular Probes (65E2-1) Goat 1 to 200 
CF790 goat anti-
mouse IgG (H + L)  Biotium (Cat#30342) Goat 1 to 20,000 
CF680 goat anti-
rabbit IgG (H + L)  Biotium (Cat#20067) Goat 1 to 20,000 

Supplemental Table 1: Antibody list.   
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ABSTRACT 

Nebulin - a giant sarcomeric protein - plays a pivotal role in skeletal muscle 

contractility by specifying thin filament length and function. Although mutations in the 

gene encoding nebulin (NEB) are a frequent cause of nemaline myopathy (NM), the most 

common non-dystrophic congenital myopathy, the mechanisms by which mutations in 

NEB cause muscle weakness remain largely unknown. To better understand these 

mechanisms, we have generated a mouse model in which Neb exon 55 is deleted 

(NebΔex55) to replicate a founder mutation seen frequently in NM patients with Ashkenazi 

Jewish heritage. 

 NebΔex55 mice are born close to Mendelian ratios, but show growth retardation after 

birth. Electron microscopy studies show nemaline bodies – a hallmark feature of NM - in 

muscle fibers from NebΔex55 mice. Western blotting studies with nebulin-specific 

antibodies reveal reduced nebulin levels in muscle from Neb∆Exon55 mice, and 

immunofluorescence confocal microscopy studies with tropomodulin antibodies and 

phalloidin reveal that thin filament length is significantly reduced. In line with reduced 

thin filament length, the maximal force generating capacity of permeabilized muscle 

fibers and single myofibrils is reduced in NebΔex55 mice with a more pronounced 

reduction at longer sarcomere lengths. Finally, in NebΔex55 mice the regulation of 

contraction is impaired, as evidenced by marked changes in cross bridge cycling kinetics 

and by a reduction of the calcium sensitivity of force generation. A novel drug that 

facilitates calcium binding to the thin filament significantly augmented the calcium 

sensitivity of submaximal force to levels that exceed those observed in untreated control 

muscle.  
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In conclusion, we have characterized the first nebulin-based NM model, which 

recapitulates important features of the phenotype observed in patients harboring this 

particular mutation, and which has severe muscle weakness caused by thin filament 

dysfunction. 

Key words: nebulin, nemaline myopathy; muscle fiber weakness; thin filament function 
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INTRODUCTION 

Nemaline myopathy (NM) is the most common non-dystrophic congenital myopathy 

[Sanoudou and Beggs 2001], with hallmark features that include muscle weakness and 

the presence of nemaline bodies in skeletal muscle fibers [North et al. 1997]. To date, 

seven genes have been implicated in NM. Strikingly, six of these genes code for proteins 

of the skeletal muscle thin filament: alpha-tropomyosin-3 and beta-tropomyosin (TPM3 

and TPM2), nebulin (NEB), actin alpha 1 (ACTA1), troponin T type 1 (TNNT1), and 

cofilin-2 (CFL2). The seventh implicated gene, KBTBD13, encodes a ubiquitin ligase 

whose function in skeletal muscle is currently unknown [Sambuughin et al. 

2010;Sambuughin et al. 2012]. With mutations in NEB likely accounting for more than 

50% of NM cases [Pelin et al. 1999], NEB is the most frequently affected gene in NM. 

To date, 64 different mutations in NEB have been reported in NM probands [Pelin, 

Hilpela, Donner, Sewry, Akkari, Wilton, Wattanasirichaigoon, Bang, Centner, Hanefeld, 

Odent, Fardeau, Urtizberea, Muntoni, Dubowitz, Beggs, Laing, Labeit, de la, and 

Wallgren-Pettersson1999;Lehtokari et al. 2009;Lehtokari et al. 2006].  

Nebulin is a giant sarcomeric protein (~800 kDa); its C-terminus is anchored in the 

Z-disk and its N-terminus is located close to the thin filament pointed end. Thus, a single 

nebulin molecule spans nearly the entire length of the thin filament (Fig. 1). Insights in 

the role of nebulin’s functions made a leap forward when two full nebulin KO mouse 

models were published in 2006 [Witt et al. 2006;Bang et al. 2006]. Nebulin plays 

important roles in sarcomeric structure and contractile performance. It stabilizes the thin 

filament and specifies its minimal length [Bang, Li, Littlefield, Bremner, Thor, 

Knowlton, Lieber, and Chen2006;Castillo et al. 2009;Gokhin et al. 2009;Pappas et al. 
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2010;Witt, Burkart, Labeit, McNabb, Wu, Granzier, and Labeit2006]. Recent evidence 

also suggests that nebulin modulates both the kinetics of actomyosin interaction [Bang et 

al. 2009;Chandra et al. 2009] and the calcium sensitivity of force generation [Chandra, 

Mamidi, Ford, Hidalgo, Witt, Ottenheijm, Labeit, and Granzier2009]. Skeletal muscle 

fibers of NM patients with NEB mutations might develop muscle weakness due to loss of 

these functions of nebulin; their myofibers contain shorter thin filaments [Ottenheijm et 

al. 2009b], have altered crossbridge cycling kinetics [Lawlor et al. 2011;Ottenheijm et al. 

2010;Ochala et al. 2011], and their calcium-sensitivity of force generation is reduced 

[Ottenheijm, Hooijman, DeChene, Stienen, Beggs, and Granzier2010]. However, studies 

on muscle fibers from patients are limited due to, for example, the small size of 

diagnostic muscle biopsies and the heterogeneity of the study populations. Consequently, 

our understanding of the mechanisms underlying muscle weakness in NM patients with 

nebulin mutations remains incomplete. To improve this understanding requires the 

development of mouse models that harbor mutations in Neb that are found in patients.  

Here, we have generated a mouse in which Neb exon 55 is deleted (Fig. 1) - an in-

frame deletion - to model a founder mutation frequently seen in NM patients and which 

causes autosomal recessive NM [Anderson et al. 2004;Lehtokari, Greenleaf, DeChene, 

Kellinsalmi, Pelin, Laing, Beggs, and Wallgren-Pettersson2009;Lehtokari, Pelin, 

Sandbacka, Ranta, Donner, Muntoni, Sewry, Angelini, Bushby, Van den, Iannaccone, 

Laing, and Wallgren-Pettersson2006]. This model (Neb∆Exon55) allowed, for the first time, 

for a detailed and comprehensive investigation of the disease mechanisms caused by a 

nebulin mutation and for the evaluation of potential treatments. Our findings reveal that 

homozygous mice have a phenotype that recapitulates important features observed 
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previously in NM patients with deletion of NEB exon 55, including severe muscle 

weakness, and, importantly we show that muscle strength can be restored by a novel fast 

skeletal troponin activator that at submaximal force levels augments the response of the 

thin filament to calcium. 
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METHODS 

Generation of Neb∆Exon55 mice  

Neb∆Exon55 mice were designed to mimic the 2,502-bp deletion that has previously been 

found to cause nemaline myopathy in humans [Anderson, Ekstein, Donnelly, Keefe, 

Toto, LeVoci, and Rubin2004]. Note that Neb exon 55 is the murine equivalent of the 

exon deleted in human patients [Kazmierski et al. 2003]. The construct replaced exon 55 

and parts of introns 54 and 55 with an FRT flanked neomycin cassette. No differences in 

phenotype (life-span, body weight, and nebulin protein levels) were found when the 

neomycin cassette was removed with a FLP deleter strain (B6;SJL-

Tg(ACTFLPe)9205Dym/J- purchased from Jackson Laboratories, Bar Harbor, ME).  

Animals were maintained on a C57/BL6 background.  All experiments were approved by 

IACUC and followed the NIH Guidelines “Using Animals in Intramural Research” for 

animal use. 

A targeting construct was assembled by cloning arms of homology from C57/BL6 

genomic DNA (purchased from Jackson Labs) into a pCKOB vector. The vector was 

introduced into C57BL/6J-Tyrc-2J/J ES cells by electroporation. The deletion was 

introduced by homologous recombination and selected by negative selection against 

thymidine kinase (using Ganciclovir) and positive selection for neomyosin resistance 

(G418). The surviving ES cell clones were verified by long PCR using primers (P1) 5’-

ATTGACAATGCCGATTAACTACTGC-3’ and (P2) 5’-

CTGGCACTCTGTCGATACCC-3’ (left arm) (P3) 5’-

ACACGCGTCACCTTAATATGC-3’ and (P4) 5’-CCCAGCTGCTTACGGTAGCC-3’ 

and used to produce NebΔEx55 mice by injection into C57/BL6 blastocyst. Genotyping was 
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performed using tail digests using Go Taq Green Master Mix (Promega). The following 

primer sets were used: (P5)-reverse 5’-GAAAGGAACTCTGTCCTCTGG-3’; (P6) WT 

forward 5’-GCATTCTTGCTCTTTCTTGTATGG-3’; (P3) NebΔEx55 forward 5’-

ACACGCGTCACCTTAATATGC-3’; (P7) NebΔEx55 neo removed forward 5’-

ACACCCAGGCAGAAGCTAGG-3’. 

 

Histochemistry and EM Cross sections (5 μm) of isopentane-frozen quadriceps muscles 

were taken midway down the length of the muscle and stained with hematoxylin and 

eosin (H and E) or Gomori trichrome using standard histochemical techniques.  For 

Gomori trichrome staining, sections were stained in Harris’ hematoxylin (Richard Allen 

Scientific) for 5 minutes, rinsed, and then stained in Gomori One-Step Light Green 

Solution (Newcomer Supply, Middleton, WI) for 10 minutes.  Following an additional 

rinse and differentiation in 0.2% acetic acid (Newcomer Supply) for 2 minutes, sections 

were dehydrated and coverslipped using standard techniques. Light microscopic images 

were captured using an Olympus DP72 camera and cellSens Standard software 

(Olympus, Center Valley, PA).  For the determination of fiber size in quadriceps muscle 

sections, immunofluorescence was performed using anti-dystrophin antibodies, and a 

representative area of the muscle was photographed using a Zeiss ImagerZ1 microscope 

with an Axiocam HRC camera. The minFeret diameter (the smallest diameter across the 

myofiber) was measured manually in sections from 4 wt mice (range 653 to 862 fibers 

measured) and 3 Neb∆Exon55 mice (range 1003 to 1343 fibers measured) using Zeiss 

Axiovision 4.8 software. For electron microscopy (EM), glutaraldehyde-fixed portions of 

Tibialis Cranialis (TC) muscle were submitted to the Microbiology and Molecular 
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Genetic EM Facility at the Medical College of Wisconsin (MCW).  Tissue was then fixed 

in 2.5% glutaraldehyde in 0.1M cacodylate buffer pH 7.4 for 60 min., washed 3 x 10 min. 

in 0.1M cacodylate buffer, post-fixed with 1% potassium ferrocyanide reduced OsO4 for 

3 hr. on ice, dehydrated through graded methanol, and embedded in Embed 812 resin 

(hard). Ultrathin sections (60nm) were contrasted with uranyl acetate and lead citrate and 

viewed in a Hitachi H600 TEM. 

 

Gel electrophoresis and Western blotting 

Gel electrophoresis of nebulin was with 1% agarose gels and has been described in detail 

previously [Warren et al. 2003]. Muscle samples from 20 wt and 20 Neb∆Exon55 mice were 

flash frozen in liquid nitrogen after dissection. Samples were pulverized to a fine powder, 

solubilized and loaded on 1% agarose gels. Gels were then stained with Coomassie Blue 

and scanned using an Epson expressions scanner. 

For Western blots, samples were loaded in 0.8% SDS-agarose gels and run at 

15mA/gel for 3 hours. Gels were transferred onto 0.45um PVDF membranes (Imobilon) 

using a BioRad semi-dry transfer unit (Bio-Rad, Hercules, CA) at 152mA/gel for 2 hours 

and 30 minutes. Blots were stained using Ponceau S to visualize total protein, dried, and 

imaged. Blots were then rehydrated, blocked with 50% Odyssey Blocking Buffer in PBS 

for 1 hour and incubated with Rabbit anti-nebulin N-terminus (Myomedix, Germany) 

overnight. Primary antibody was then removed and CF680 Goat anti-rabbit from Biotium 

Inc. (Hayward, CA) secondary was added. Blots were scanned and analyzed using an 

Odyssey infrared imaging system (Li-Cor Biosciences, NE, USA). 
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Nebulin transcriptional profiling 

Day 4 longissimus dorsi muscle was isolated from wt and NebΔEx55 mice and stored in 

RNAlater (Ambion). RNA was isolated using RNeasy Fibrous Tissue Mini Kit (Qiagen). 

A custom microarray was prepared by spotting 50-mer oligonucleotides in triplicate onto 

GAPSII amino-silane coated slides (Corning) with a robotic arrayer (Virtek).  

Oligonucleotide sequences for every murine nebulin exon were selected with 45-55%GC 

content, Tm near 70°C, low self-complementarity, and specificity based on NCBI BLAST 

searches with no off-target stretches longer than 25nt with identity greater than 80%; for 

exons shorter than 50nt the selected sequence spans an exon-exon junction. Sequence-

specificity was confirmed by BLAT against the current mouse genome 

(GRCm38/mm10).  For optimizing hybridization conditions, 5bp mismatch controls were 

incorporated. The array had been validated by analyzing transcripts isolated from human 

muscle with known nebulin exon composition. RNA was reverse transcribed and 

amplified using SenseAmp (Genisphere), and SuperScript III (Invitrogen) and dye-

coupled with AlexaFluor 555 or AlexaFluor 647 (Invitrogen). Sample pairs were 

hybridized with SlideHyb Glass Array Hybridization Buffer #1 (Ambion) in a GeneTAC 

Hybridization Station (Genomic Solutions); slides were scanned with an ArrayWoRX 

scanner and the results analyzed using the R package CARMA [Greer et al. 2006].  

 

Immunofluorescence confocal scanning laser microscopy 

Small muscle strips were dissected and permeabilized overnight at ~4°C in relaxing 

solution (in mM; 20 BES, 10 EGTA, 6.56 MgCl2, 5.88 NaATP, 1 DTT, 46.35 K-

propionate, 15 creatine phosphate, pH 7.0 at 20°C) containing 1% (v/v) Triton X-100. 
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Immuno-labeling and confocal scanning laser microscopy was performed essentially as 

described previously [Ottenheijm, Witt, Stienen, Labeit, Beggs, and Granzier2009b]. 

Primary antibodies: anti-α-actinin (mouse monoclonal, A7811, Sigma-Aldrich), anti-

tropomodulin-1 [Witt, Burkart, Labeit, McNabb, Wu, Granzier, and Labeit2006] Alexa 

Fluor 488 conjugated phalloidin (A12379, Invitrogen), anti-CapZα (mouse monoclonal, 

5B12.3, DSHB), and rabbit anti-nebulin N-terminus (Myomedix, Germany). Secondary 

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 LaserSHARP 2000 software package (Hercules, CA, 

USA). From the acquired images, thin filament lengths were determined using ImageJ 

software (National Institutes of Health). 

 

Permeabilized fiber contractility  

For contractility experiments we used tibialis cranialis (TC) muscle; the equivalent of m. 

tibialis anterior in humans, which has been shown to be selectively affected in NM 

patients with nebulin mutations [Jungbluth et al. 2004]. The procedures for permeabilized 

muscle fiber contractility were as described previously [Ottenheijm, Witt, Stienen, 

Labeit, Beggs, and Granzier2009b;Ottenheijm et al. 2009a;Ottenheijm, Hooijman, 

DeChene, Stienen, Beggs, and Granzier2010;Ottenheijm et al. 2011], with minor 

modifications. In short, small strips dissected from muscle from six wt and six NebΔExon55 

mice were permeabilized, or skinned, overnight at ~4°C in relaxing solution (in mM; 20 

BES, 10 EGTA, 6.56 MgCl2, 5.88 NaATP, 1 DTT, 46.35 K-propionate, 15 creatine 
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phosphate, pH 7.0 at 20°C) containing 1% (v/v) Triton X-100. The skinning procedure 

renders the membranous structures in the muscle fibres permeable, which enables 

activation of the myofilaments with exogenous Ca2+. Preparations were washed 

thoroughly with relaxing solution and stored in 50% glycerol/relaxing solution at -20°C. 

Small muscle fiber bundles (diameter ~0.07 mm) were dissected from the permeabilized 

strips, and were attached to a strain gauge and a high-speed motor using aluminium foil 

clips. Experiments were performed at 20°C. The XY (width) and XZ (depth, using a 

prism) dimensions of bundle diameters were measured with a 40X objective. The muscle 

bundle cross-sectional area (CSA) was calculated from the average of three width and 

depth measurements made along the length of the muscle bundle. The preparation was 

activated at pCa 4.5 to obtain maximal Ca2+-activated force. Maximal tension was 

determined by dividing the force generated at pCa 4.5 by CSA. To determine force-

sarcomere length relations, the maximal force generated at various sarcomere lengths was 

determined. Sarcomere length was measured with an on-line laser-diffraction system 

[Granzier and Wang 1993].  

To determine the force-pCa relation (pCa = -log of molar free Ca2+ concentration), 

muscle preparations 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.  

To determine a dose-response curve for the fast skeletal troponin activator CK-

2066260 (Cytokinetics Inc., San Francisco, USA) tissue was exposed to pCa solutions of 
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6.25 with increasing concentrations (1, 2, 5, 10 and 20 μM) of CK-2066260 dissolved in 

1% dimethylsulfoxide DMSO as vehicle. Note that 1% DMSO did not affect muscle fiber 

contractility (data not shown). CK-2066260 enhanced submaximal force generation with 

a maximal effect at 5 μM (data not shown), which is in accordance with previously 

reported dose–response curves of its analogue CK-2017357 [Russell et al. 2012]. 

Accordingly, experiments were conducted with either CK-2066260 (5 μM) or vehicle 

alone (1% DMSO). Force-pCa relations were determined as described above.  

To measure the rate of tension redevelopment (ktr), we used the large slack/release 

approach [Brenner and Eisenberg 1986], to disengage force generating cross bridges from 

the thin filaments, which were isometrically activated. Three different bathing solutions 

were used during the experimental protocols: a relaxing solution, a pre-activating solution 

with low EGTA concentration, and an activating solution. The composition of these 

solutions was as described previously [Stienen et al. 1996].  Fast activation of the fibers 

was achieved by transferring the permeabilized fibers from the pre-activation solution 

containing 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 10% 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 msec. The remaining bound cross-bridges were 

mechanically detached by rapidly (1 msec) restretching the muscle fiber to its original 

length, after which tension redevelops. The rate constant of monoexponential tension 

redevelopment (ktr) was determined by fitting the rise of tension to the following 

equation: F=Fss(1-e-ktr.t), where F is force at time t and  ktr is the rate constant of tension 

redevelopment. 
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To determine force simultaneously with ATP consumption rate, we used the system 

described by Stienen et al [Stienen, Kiers, Bottinelli, and Reggiani1996]. To measure the 

ATPase activity, a near UV light was projected through the quartz window of the bath 

(30 μl volume and temperature controlled at 200C) and detected at 340 nm. The 

maximum activation 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 µM 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 permeabilized fiber bundles was 

measured as follows: ATP regeneration from ADP is coupled to the breakdown of 

phosphoenol pyruvate to pyruvate and ATP catalyzed by pyruvate kinase, which is linked 

to the synthesis of lactate catalyzed 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 410 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 μl of 10 mM ADP) 

into the bathing solution, with a stepper motor-controlled injector. The slope of the 

[NADH] vs. time trace during steady-state tension development of a calcium-induced 

contraction (see Fig. 8B) 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.  
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Myofibril contractility 

Myofibrils were prepared from flash frozen and then thawed TC muscles from 4-7 day 

old wt (n=5) and and homozygous Neb∆Exon55 (n=5) mice, and placed in ice-cold rigor 

solution containing (mM): NaCl 132,KCl 5,MgCl2 1, Tris 10, EGTA 5 (pH 7.1). The 

muscles were incubated for 3h in the same solution added with 1% Triton-X 100. Triton 

was then removed and the muscles teared in rigor solution to produce myofibril 

suspensions. In the present experiments we used previously published techniques [Tesi et 

al. 2002]. Briefly, to study myofibrillar force development a small volume of the 

myofibril suspension was transferred to a temperature-controlled chamber (15°C) filled 

with relaxing solution (pCa 8.0) and mounted on an inverted microscope. Single 

myofibrils or bundles of few myofibrils (25–80 μm long, 1–4 μm wide) were mounted 

horizontally between two glass microtools. One tool was connected to a length-control 

motor that could produce rapid (<1ms) length changes. The second tool was a calibrated 

cantilevered force probe (2–6 nm nN−1; frequency response 2–5 kHz). Force was 

measured from the deflection of the image of the force probe projected on a split 

photodiode. Average sarcomere length and myofibril diameter were measured from 

image analysis. The initial sarcomere length of the preparations was adjusted to 

approximately 2.2 μm. Myofibrils were activated and relaxed by rapidly translating the 

interface between two flowing streams of different pCa solutions across the length of the 

preparation. The solution change took place with a time constant of 2–3 ms and was 

complete in less than 5 ms. Activating and relaxing solutions, calculated as previously 

described [Tesi, Piroddi, Colomo, and Poggesi2002], were at pH 7.00 and contained 
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10mM total EGTA (CaEGTA/EGTA ratio set to obtain pCa 8.0 and 4.5), 5mM MgATP, 

1mM free Mg2+, 10mM Mops, propionate and sulphate to adjust the final solution to an 

ionic strength of 200mM and monovalent cation concentration of 155mM. Creatine 

phosphate (CP; 10mM) and creatine kinase (200 unit ml−1) were added to all solutions. 

Contaminant inorganic phosphate (Pi) from spontaneous breakdown of MgATP and CP 

was reduced to less than 5 μM by a Pi scavenging system (purine-nucleoside-

phosphorylase with substrate 7-methyl-guanosine). All solutions to which the muscles 

and myofibrils were exposed contained a cocktail of protease inhibitors including 

leupeptin (10 μM), pepstatin (5 μM), PMSF (200 μM) and E64 (10 μM), as well as NaN3 

(500 μM) and DTE (2mM). 

 

Statistical analyses 

Data are presented as mean ± SEM. For statistical analyses, t tests were used. The effect 

of CK-2066260 was investigated within individual muscle fiber preparations; a paired t-

test was performed in these analyses. p< 0.05 was considered to be statistically 

significant. 
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RESULTS 

NebΔex55 mice display a phenotype that resembles NM  

Using homologous recombination, we removed exon 55 from the nebulin gene. Mice 

heterozygous for the targeted allele are viable and fertile and survive into adulthood with 

no obvious clinical or contractile phenotype. Homozygous offspring (referred to as 

Neb∆Exon55) are produced at expected Mendelian genetic ratios (~1/4 of total number of 

pups using heterozygous breedings, Fig. 2A), with a weight at birth that is not different 

from that of heterozygous and wt littermates.  However, Neb∆Exon55 mice show severe 

growth retardation after birth (Fig. 2B) and typically do not survive past the first week 

(Fig. 2C).  

Nemaline myopathy in humans is characterized by the presence of nemaline bodies 

(often called nemaline rods when they are rod-shaped), which is often accompanied by 

myofiber hypotrophy. To test whether these histological characteristics of NM are present 

in Neb∆Exon55 mice, we first evaluated sections of quadriceps muscle stained with 

hematoxylin and eosin (H&E) or Gomori trichrome. As shown in Figure 3A (upper 

panel), the H&E stained sections from 6d old wt and Neb∆Exon55 mice reveal smaller 

muscle fibers in Neb∆Exon55 mice. Quantitative analysis revealed that where average fiber 

minFeret diameter was 13.0±0.4 μm in wt mice, this was significantly reduced to 

10.1±0.3 μm in  Neb∆Exon55 mice (p<0.01). Discrete populations of large and small fibers 

were not observed in Neb∆Exon55 mouse muscle.  The number of central nuclei was <1% in 

both wt and Neb∆Exon55 muscle, and Neb∆Exon55 muscle showed no signs of fibrosis. 

Nemaline bodies were not visible at the light microscopic level on Gomori trichrome 

stain (Figure 3A, lower panel) of quadriceps muscle, but electron microscopy revealed 
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electron-dense nemaline bodies at the location of the Z-band (arrows, Fig. 3B) in the 

Tibialis Cranialis (TC, the murine equivalent of tibialis anterior in humans) muscles of 

Neb∆Exon55 mice. These nemaline bodies displayed electron density equivalent to normal 

Z-bands, which differentiates them from the Z-band streaming that can be found in a 

variety of muscle disorders. Nemaline bodies were not seen in wt mouse muscle. Thus, 

Neb∆Exon55 mice display a histological phenotype that resembles NM, including the 

presence of nemaline bodies and hypotrophic fibers.  

 

Deletion of exon 55 results in severely reduced nebulin protein levels 

NEB exon 55 encodes thirty-five amino acids and represents ~4 kDa at the protein 

level. As deletion of exon 55 maintains the reading frame 3’ of exon 55, we expected the 

Neb∆Exon55 mice to express a nebulin isoform that is ~4 kDa smaller than wt nebulin. 

However, SDS-agarose gel analysis showed that, in 5 day old Neb∆Exon55 mice, nebulin 

proteins levels were severely reduced in all muscle types tested (Fig. 4A). Western blot 

experiments using an antibody directed against nebulin’s N-terminus confirmed these 

findings (Fig. 4B).  To evaluate whether the low nebulin protein levels at day 5 (p5) after 

birth were preceded by a gradual decrease from normal levels at birth, we also evaluated 

nebulin levels at day 1 after birth, p1 (Fig. 4C) and at embryonic day 19, E19 (Fig. 4D). 

These experiments showed that nebulin protein levels were severely reduced in 

Neb∆Exon55 muscle at both time points. Nebulin protein levels in Neb∆Exon55 quadriceps 

muscle (normalized to myosin heavy chain) was ~10% of wt values in E19 tissue, 8% of 

wt values in P1 tissue, and decreased to ~2% of wt values in P5 tissue (Fig. 4E). Thus, 

deletion of exon 55 results in severly reduced nebulin protein levels. 
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To evaluate whether the reduced nebulin protein levels were caused by alterations at 

the level of DNA transcription or of mRNA translation, we used a home-made nebulin 

exon microarray to test which of the 166 murine nebulin exons are included in the full-

length nebulin mRNA. As shown in Figure 5, in addition to the expected reduction of 

exon 55 mRNA, transcription of nearly all nebulin exons was significantly reduced in 

Neb∆Exon55 muscle. Thus, these results suggest that the low nebulin protein levels in 

Neb∆Exon55 mice are not caused by defects in the translation of nebulin mRNA into protein 

but rather by changes in transcription of the mutant nebulin gene or in the stability of the 

mutant nebulin mRNA.  

 

Neb∆Exon55 mice have shorter thin filament lengths 

Nebulin plays an important role in specifying thin filament length, and shorter thin 

filaments clearly contribute to reduced sarcomeric force generation in human nebulin-

deficient NM [Ottenheijm, Witt, Stienen, Labeit, Beggs, and Granzier2009b]. Therefore, 

we measured thin filament length in Neb∆Exon55 muscle fibers. Using immunofluorescence 

confocal scanning laser microscopy we determined the location of tropomodulin (a thin 

filament pointed end capping protein) relative to the Z-disk and we measured the width of 

the band obtained using the fluorescently labeled actin-binding protein phalloidin.  

Figure 6A, shows that the staining pattern of fluorescently labeled phalloidin 

differed between myofibrils from Neb∆Exon55 and wt TC muscle; wt myofibrils showed 

broad actin labeling with uniform intensity (except for the Z-disk area where actin 

filaments overlap), whereas in Neb∆Exon55 myofibrils the labelling was narrower, and 
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intensity gradually decreased from the Z-disk towards the middle of the sarcomere. 

Densitometric analysis revealed that the width at half-maximal intensity was 2.25 ± 0.03 

μm for wt and 1.75 ± 0.01 μm for Neb∆Exon55 myofibrils (Fig. 6A, right).  

Tropomodulin staining in wt myofibrils showed a distinct doublet in the middle of 

the sarcomere, 2.03 ± 0.03 µm apart, measured across the Z-disk, whereas in myofibrils 

from Neb∆Exon55 mice this value was only 1.67 ± 0.03 µm (Fig. 6B, lower panels). These 

findings support the results from the phalloidin experiments and suggest that thin 

filament lengths are reduced from ~1.0 µm in wt myofibrils to ~0.85 µm in Neb∆Exon55 

myofibrils.  

The experiments with fluorescently labelled tropomodulin revealed that thin 

filaments are shorter in Neb∆Exon55 myofibrils and suggested that capping at the thin 

filament pointed end by tropomodulin remains intact in these myofibrils. 

Immunofluorescence experiments on CapZ (a thin filament barbed end capping protein) 

showed that capping at the barbed end also remains intact in Neb∆Exon55 myofibrils (Fig. 

6C).  

Finally, the data in Figure 6D, in which an antibody against nebulin’s N-terminus 

was used, show that nebulin is nearly absent from Neb∆Exon55 myofibrils, thereby 

confirming the Western blot experiments (Fig. 4). Thus, immunofluorescence confocal 

microscopy experiments show that in Neb∆Exon55 muscle thin filament capping is intact 

but that thin filament length is significantly reduced. 

 

Neb∆Exon55 mice display severe muscle weakness 
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Force-sarcomere length relation. Because sarcomeres generate force in proportion to 

thick and thin filament overlap, a well-defined thin filament length is an important 

determinant of muscle function. This is illustrated by the force-sarcomere length 

relationship, which is characterized by a force plateau at optimal filament overlap, 

followed by a descending limb at higher sarcomere lengths as filament overlap decreases. 

Shortened thin filaments will reduce thick and thin filament overlap and impair the 

sarcomere’s force generating capacity, which is reflected by a leftward shift of the force-

sarcomere length relationship [Granzier et al. 1991]. Hence we studied whether the 

reduced thin filament length in Neb∆Exon55 myofibrils affects the force generating capacity 

of muscle by determining the force-sarcomere-length relationship in permeabilized fiber 

preparations. Fibers from wt muscle showed a characteristic force plateau up to a 

sarcomere length of ~2.6 μm, followed by a linear descending limb (Fig. 7A). Note that 

the descending limb of wt fibers intercepts the x-axis at ~3.6 μm. Assuming that thick 

filaments are constant at ~1.6 μm, this would suggest that thin filament length is ~1.0 μm, 

which is in line with thin filament lengths as determined by our confocal microscopy 

studies (Fig. 6A and B). Importantly, fibers from Neb∆Exon55 muscle showed a leftward-

shift of the force-sarcomere length relationship, indicating shorter thin filament lengths 

(Fig. 7A). The descending limb of Neb∆Exon55 fibers intercepts the x-axis at a sarcomere 

length of ~3.4 μm, a length that is consistent with thin filament lengths of ~0.9 μm, which 

is close to the length as determined by the confocal microscopy studies (0.85 μm).  

Considering that thin filament length is an important determinant of a muscle’s force 

generating capacity, we also plotted tension (force normalized to fiber cross-sectional 

area) versus sarcomere length (Fig. 7B, upper panel). Importantly, at a sarcomere length 
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of 2.4 μm – a length on the plateau of the Force- SL relation of both  genotypes, absolute 

maximal tension was reduced in fibers from Neb∆Exon55 muscle to ~38% of wt values (Fig. 

7B, lower panel). To study whether the reduced maximal tension of Neb∆Exon55 fibers is 

caused by a reduction in myofibrillar fractional area or rather by changes in myofibrillar 

function, we also determined the contractile force of single myofibrils isolated from 

Neb∆Exon55 and wt muscle fibers. As shown in Figure 7C, the maximal tension generated 

by Neb∆Exon55 myofibrils was reduced to ~36% of wt values, a reduction that is similar in 

magnitude to that observed in Neb∆Exon55 fibers. Thus, these findings indicate that muscle 

from Neb∆Exon55 mice is significantly weakened, that this weakening is primarily caused 

by changes in myofibrillar function, and that reduction of thin filament length contributes 

to weakness especially at longer sarcomere lengths.  

 

Cross bridge cycling kinetics. Recent work has led to the notion that nebulin is important 

for the tuning of cross bridge cycling kinetics to maximize force generation [Ottenheijm 

and Granzier 2010;Chandra, Mamidi, Ford, Hidalgo, Witt, Ottenheijm, Labeit, and 

Granzier2009]. To determine whether changes in cross bridge cycling kinetics contribute 

to the weakness observed in Neb∆Exon55 fibers, we determined the tension cost and the rate 

constant of force redevelopment, ktr, in fibers from Neb∆Exon55 muscle and compared 

results to those from wt muscle. To determine ktr, fibers were first isometrically activated 

at pCa 4.5 and when a steady force 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, force rebuilds with a time course that 

can be fit to a monoexponential with rate constant ktr (see Fig. 8A, left panel, for a typical 
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force response). As shown in Figure 8A, ktr was significantly lower in the Neb∆Exon55 

fibers than in the wt fibers (4.3 ± 0.5 vs. 5.9 ± 0.3 s−1, Neb∆Exon55 vs. wt respectively). 

Tension cost was determined by the simultaneous measurement of the breakdown of 

NADH and force during contraction, with NADH levels enzymatically coupled to ATP 

utilization (see Methods). An example of a maximally-activated Neb∆Exon55 fiber 

preparation with [NADH] falling linearly during the tension plateau is shown in Figure 

8B, left panels. The slope of the [NADH] vs. time curve was normalized by the fiber 

volume to obtain ATP consumption rates that can be compared for differently sized 

muscle preparations. By normalizing ATP consumption rates to the tension generated and 

fiber volume, the tension cost can be determined. As shown in Figure 8B, the tension cost 

was significantly higher in Neb∆Exon55 fibers compared to wt fibers (10.4 ± 1.1 vs. 6.4 ± 

0.4 pmol/mN/mm/s, Neb∆Exon55 vs. wt respectively).  

Next, we determined the activation and relaxation kinetics of single myofibrils 

isolated from Neb∆Exon55 and wt muscle fibers. Due to their small size (diameter: 1-2 μm) 

and when combined with a rapid solution switching mechanism [Tesi, Piroddi, Colomo, 

and Poggesi2002] force activation and relaxation kinetics can be determined. As shown 

in Figure 8C&D, the rate constants of activation (kact) and of force redevelopment 

following a rapid-release-rapid restretch protocol (ktr) were significantly reduced in 

Neb∆Exon55 myofibrils; kact: 1.46 ± 0.07 vs. 2.89 ± 0.21 s-1, Neb∆Exon55 vs. wt respectively; 

ktr: 2.27 ± 0.16 vs. 3.29 ± 0.25 s-1, Neb∆Exon55 vs. wt respectively. Note that the magnitude 

of ktr reduction in myofibrils was in the same order as observed in Neb∆Exon55 fibers. The 

relaxation phase of myofibrils consists of an initial slow phase for which we determined 

the rate constant ‘slow krel’ - which is thought [Poggesi et al. 2005] to reflect the apparent 
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rate constant of detachment of force bearing crossbridges, gapp (tension cost is also 

proportional to gapp). The subsequent fast relaxation phase is characterized by the ‘fast 

krel’. Force relaxation kinetics in the Neb∆Exon55 myofibrils were significantly faster than in 

wt myofibrils: slow krel: 1.17 ± 0.15 vs. 0.56 ± 0.05 s-1, Neb∆Exon55 vs. wt respectively; fast 

krel: 11.0 ± 1.5 vs.  6.0 ± 0.04 s-1 Neb∆Exon55 vs. wt respectively (Fig. 8D). Note that the 

magnitude of increase in slow krel in Neb∆Exon55 myofibrils is close to that of the increase 

in tension cost in fibers.  

Thus, these mechanical studies on both fibers and single myofibrils show that cross 

bridge cycling kinetics are significantly altered in muscle from Neb∆Exon55 mice. 

 

Calcium sensitivity of force. The calcium sensitivity of force generation is also an 

important parameter of muscle function as it reflects the response of force to submaximal 

activation levels, levels at which muscle typically operates in vivo. To determine the 

calcium sensitivity of force, permeabilized fibers from TC muscle were exposed to 

incremental calcium concentrations and the force response was recorded. As shown in 

Figure 9A, the force-pCa curve of Neb∆Exon55 fibers was shifted rightward (reflected by a 

lower pCa50 in Neb∆Exon55 fibers: 6.22 ± 0.02 vs. 6.34 ± 0.01, Neb∆Exon55 vs. wt 

respectively), indicating that the calcium sensitivity of force was significantly reduced in 

fibers from Neb∆Exon55 mice compared to those from wt mice. The cooperativity of 

activation (nH) was not different between groups. Thus, the calcium sensitivity of force is 

reduced in Neb∆Exon55 muscle.  

Next, we studied the ability of the novel compound CK-2066260 to restore the 

calcium sensitivity of force in Neb∆Exon55 fibers from TC muscle. CK-2066260 is a 
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recently developed skeletal muscle troponin activator that amplifies the response of the 

thin filament to calcium in fast skeletal muscle fibers [Russell, Hartman, Hinken, Muci, 

Kawas, Driscoll, Godinez, Lee, Marquez, Browne, Chen, Clarke, Collibee, Garard, 

Hansen, Jia, Lu, Rodriguez, Saikali, Schaletzky, Vijayakumar, Albertus, Claflin, 

Morgans, Morgan, and Malik2012]. As shown in Figure 9B, left panel, 5 μM of CK-

2066260 induced a profound increase in the pCa50, an increase that was comparable 

between Neb∆Exon55 and wt fibers (∆pCa50: 0.26 ± 0.03 vs. 0.29 ± 0.02, Neb∆Exon55 vs. wt 

respectively). Importantly, in Neb∆Exon55 fibers, CK-2066260 increased active tension at 

submaximal [Ca2+] to values that exceeded those of untreated wt fibers (Fig. 9C, right 

panel). These findings show the promise of fast skeletal troponin activation in restoring 

muscle strength in nebulin-based NM. 
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DISCUSSION 

We generated the first mouse model for nebulin-based nemaline myopathy by 

targeted deletion of Neb exon 55. Our findings show that muscle from Neb∆Exon55 mice is 

severely weakened and contains nemaline rods, both hallmark features of NM. The 

muscle weakness in Neb∆Exon55 mice is caused by hypotrophy of muscle fibers, and by the 

muscle fibers having shorter thin filaments, changes in cross bridge cycling kinetics and 

reduced calcium sensitivity of force generation. A novel drug that facilitates calcium 

binding to the thin filament significantly augmented muscle force, to levels that exceed 

those observed in untreated control muscle. As we discuss in detail below, the overall 

phenotype of this new mouse model recapitulates important features observed previously 

in NM patients with deletion of Neb exon 55.  

 

Deletion of exon 55 leads to severely reduced nebulin protein levels.  

Nebulin is a giant protein expressed at high levels in skeletal muscle. Most of the 

molecule is comprised of centrally located modules (M9 to M162) that are organized into 

seven-module super-repeats that match the repeat of the actin filament (Fig. 1). This 

precise arrangement is thought to allow each nebulin module to interact with a single 

monomer of the actin filament [Labeit et al. 1991;Labeit and Kolmerer 1995], and each 

nebulin super-repeat to associate with a single tropomyosin (Tm)/troponin (Tn) complex 

[Ogut et al. 2003;Jin and Wang 1991;McElhinny et al. 2003]. NEB exon 55 encodes 35 

amino acids that are part of modules 69 and 70 in super-repeat 9 (Fig. 1). The absence of 

exon 55 in the nebulin transcript does not generate a frameshift, and the transcript is 

predicted to encode a protein that is 35 amino acids smaller than the normal gene product. 
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However, as two of the encoded 35 amino acid modules of nebulin are interrupted by the 

deletion of exon 55, this results in the disruption of the seven-module set of super-repeat 

9 [Labeit and Kolmerer1995]. It has been proposed that this disruption causes a mismatch 

between nebulin and its binding sites on actin [Anderson, Ekstein, Donnelly, Keefe, Toto, 

LeVoci, and Rubin2004], thereby preventing the incorporation of mutant nebulin 

molecules and leading to their degradation [Ottenheijm, Witt, Stienen, Labeit, Beggs, and 

Granzier2009b]. In line with this proposition, recent work from our group on five patients 

homozygous for deletion of NEB exon 55 showed that the muscle fibers of these patients 

have nebulin levels that are less than 15% of normal values [Ottenheijm, Witt, Stienen, 

Labeit, Beggs, and Granzier2009b]. The present work shows that nebulin protein was 

severely reduced in all muscle types tested from Neb∆Exon55 mice, including in embryonic 

muscle (Fig. 4), suggesting that muscle loading after birth did not greatly accelerate the 

loss of nebulin protein. Hence, the proteomic phenotype of Neb∆Exon55 mice resembles that 

of the full nebulin knockout models [Bang, Li, Littlefield, Bremner, Thor, Knowlton, 

Lieber, and Chen2006;Witt, Burkart, Labeit, McNabb, Wu, Granzier, and Labeit2006], 

although nebulin protein levels in the Neb∆Exon55 mice are slightly higher and more similar 

to those observed in patients [Ottenheijm, Witt, Stienen, Labeit, Beggs, and 

Granzier2009b]. The nebulin exon microarray studies (Fig. 5) revealed the 

downregulation of nearly all nebulin exons at the RNA level, not only exon 55. Thus, the 

low nebulin protein levels appear to be caused by defects at the transcript level, rather 

than by degradation of mutant nebulin protein. The mechanisms underlying the more 

severe reduction of nebulin levels in Neb∆Exon55 mice compared to humans with the same 

mutation is unclear. An explanation could be that most patients with NEB exon 55 
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deletion also have very little nebulin protein and that they die in utero. However, the rate 

of miscarriage in the families that carry the NEB exon 55 mutation appears to be within 

the normal range (Beggs et al., unpublished data) making this explanation not likely. 

Alternatively, nebulin isoform composition might play a role: if inclusion of exon 55 is 

mandatory in the mouse and less so in humans, then this would more severely affect 

nebulin protein levels in Neb∆Exon55 mice. Transcript studies in the mouse showed no 

differential splicing of exon 55 [Buck et al. 2010], consistent with the absence of nebulin 

expression in any of the muscle types that we studied (Fig. 4A and 4 B). Thus if 

alternative splicing of human nebulin transcripts were to occur that can produce some 

functional nebulin isoforms devoid exon 55, this could explain why nebulin levels in 

Neb∆Exon55 mice are more severely reduced than in humans with the same mutation.  

 

Severe weakness of muscle fibers caused by thin filament dysfunction. 

A hallmark feature of patients with NM is muscle weakness, greatly affecting daily 

life-activities and negatively impacting the quality of life [North, Laing, and Wallgren-

Pettersson1997]. At the structural level, NM is characterized by myofibrillar disarray 

originating from the Z-disk and culminating in nemaline rods, which consist of thin 

filament and Z-disk proteins [Sanoudou and Beggs2001;Morris et al. 1990;North, Laing, 

and Wallgren-Pettersson1997;Yamaguchi et al. 1982;Yamaguchi et al. 1978;Engel and 

Gomez 1967]. Importantly, the number of nemaline rods in muscle biopsies does not 

correlate with muscle weakness in patients with NM [Shimomura and Nonaka 1989;Ryan 

et al. 2003]. This suggests that myofibrillar disarray and nemaline rods are a secondary 

phenotype and are not the sole contributors to the muscle weakness associated with NM. 



158 
 

 

The Neb∆Exon55 model has a relative paucity of rod bodies yet muscle weakness is severe, 

supporting the notion that muscle weakness in NM with nebulin mutations is caused 

primarily by changes in myofilament function.  

 

The maximal tension generated by muscle fibers from Neb∆Exon55 mice was severely 

reduced (Fig. 7B and 9B), and based on electron microscopy studies this reduction is 

unlikely due to myofibrillar disarray (Fig. 3B). This conclusion is supported by the 

studies on the maximal tension generation of single myofibrils (Fig. 7C): the magnitude 

of tension reduction in Neb∆Exon55 myofibrils was similar to that in Neb∆Exon55 fibers (62 

and 64%, respectively). Thus, the weakness of muscle fibers in Neb∆Exon55 mice can be 

attributed to changes in myofibrillar function, rather than by myofibrillar disarray or by a 

reduced myofibrillar fractional area. Note that the maximal tension generated by 

myofibrils was higher than that by muscle fibers, both in wt and Neb∆Exon55 mice, and that 

this is caused by the tension in fibers being normalized to a cross sectional area that 

comprises myofibrils plus non-contractile material such as mitochondria, glycogen 

granules, and sarcoplasmic reticulum. The 64% reduction in tension generation by fibers 

from Neb∆Exon55 muscle, combined with the reduction in fiber diameter of 23%, results in 

a total force loss of more than 80% in Neb∆Exon55 fibers when compared to wt fibers. This 

severe muscle fiber weakness in Neb∆Exon55 mice explains why the mice die within several 

days after birth, as this will severely hamper both feeding (the stomachs of Neb∆Exon55 

mice are typically devoid of milk) and breathing. That many patients homozygous for 

deletion of NEB exon 55 have been shown to survive past the neonatal phase 

[Ottenheijm, Witt, Stienen, Labeit, Beggs, and Granzier2009b;Anderson, Ekstein, 
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Donnelly, Keefe, Toto, LeVoci, and Rubin2004;Ottenheijm, Hooijman, DeChene, 

Stienen, Beggs, and Granzier2010;Lehtokari, Greenleaf, DeChene, Kellinsalmi, Pelin, 

Laing, Beggs, and Wallgren-Pettersson2009;Lehtokari, Pelin, Sandbacka, Ranta, Donner, 

Muntoni, Sewry, Angelini, Bushby, Van den, Iannaccone, Laing, and Wallgren-

Pettersson2006] is likely partly due to the extensive medical care that includes gastro-

nasal feeding and mechanical ventilation. It should be noted, that some patients with 

deletion of NEB exon 55, those with the typical form of NM, remain ambulant into 

adolescence or beyond. Future studies should address whether these patients have higher 

nebulin protein levels and a better preserved myofibrillar function. 

 

The reduction in tension that we found in the mouse might be due to any of the 

myofibrillar functions that nebulin has been proposed to play: (1) specifying thin filament 

length; (2) regulating the interaction between myosin-based cross bridges and the thin 

filament; and (3) tuning the response of the thin filament to calcium [Chandra, Mamidi, 

Ford, Hidalgo, Witt, Ottenheijm, Labeit, and Granzier2009;Ottenheijm and 

Granzier2010;Bang, Caremani, Brunello, Littlefield, Lieber, Chen, Lombardi, and 

Linari2009]. Our work on the Neb∆Exon55 mice indicate that all three mechanisms are 

disturbed upon deletion of Neb exon 55, and contribute to the development of muscle 

weakness.  

 

In skeletal muscle, thin filament lengths are fine-tuned at ~1.1-1.3 µm (depending on 

species and muscle type [Littlefield and Fowler 2008]) to overlap with thick filaments 

and to meet the muscle’s contractile requirements [Littlefield and 
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Fowler2008;Burkholder et al. 1994]. The extent of overlap between thick and thin 

filaments determines the sarcomere’s force generating capacity: short thin filaments 

reduce overlap and impair force generation. Thus, thin filament length is a key aspect of 

muscle function, and recent work indicates that nebulin is involved in specifying this 

length [Witt, Burkart, Labeit, McNabb, Wu, Granzier, and Labeit2006;Bang, Li, 

Littlefield, Bremner, Thor, Knowlton, Lieber, and Chen2006]. Our immunofluorescence 

confocal microscopy studies revealed that thin filament length is significantly reduced 

from 1.0 μm in wt muscle to 0.85 μm in Neb∆Exon55 muscle. These structural studies were 

corroborated by mechanical studies, which revealed a leftward shift (at sarcomere lengths 

of 2.4 μm and longer) of the force-sarcomere length relation in Neb∆Exon55 muscle fibers. 

Thus, deletion of Neb exon 55 results in shorter thin filament lengths, contributing to 

muscle weakness at longer sarcomere lengths.  

Weakness of Neb∆Exon55 fibers was also apparent at sarcomere lengths shorter than 

2.4 μm (Fig. 7B), suggesting that the reduction of thin filament length is not the only 

mechanism for weakness in Neb∆Exon55 mice. Our findings show that cross bridge cycling 

kinetics in Neb∆Exon55 fibers are altered, and that this contributes to muscle weakness. 

Neb∆Exon55 muscle fibers had significantly higher tension cost compared to wt fibers (Fig. 

8B), which indicates that the cross bridge detachment rate is higher [Stienen, Kiers, 

Bottinelli, and Reggiani1996]. In combination with the observation that ktr was slower in 

Neb∆Exon55  fibers (Fig. 8A), these findings lead to the conclusion that the rate of cross 

bridge attachment is slower in Neb∆Exon55 fibers. Cconsequently, the fraction of force 

generating cross bridges is significantly reduced in Neb∆Exon55 muscle. Importantly, these 

findings on Neb∆Exon55 fibers were strongly supported by results from studies on single 
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myobrils (Fig. 8C&D). The advantages of studies on myofibrils include that due to their 

small size they instantly equilibrate with the bathing solution making it possible study 

force relaxation kinetics. Furthermore, as myofibrillar damage typically results in 

breakage of the myofibrils during activation, the data obtained from myofibrils reflect 

direct effects of the mutated protein on cross bridge cycling kinetics without potential 

confounding effects of myofibrillar damage. Importantly, the magnitude of the ktr 

changes in myofibrils were similar to that in fibers and the changes in slow krel of 

myofibrils are similar to that of the tension cost measured in fibers. Thus, measurement at 

two distinct levels of organization (myofibrils and fibers) and using distinct techniques 

(tension cost measurements and force relaxation kinetics) support that alterations in cross 

bridge cycling kinetics greatly contribute to the observed weakness of Neb∆Exon55 muscle.   

The studies discussed above were carried out at a maximal activating calcium level.   

However, in vivo, skeletal muscle typically is submaximally activated. Thus, submaximal 

parameters of muscle function provide relevant physiological information. To test 

whether submaximal force generation was affected in Neb∆Exon55 fibers, we exposed 

permeabilized fibers to various calcium concentrations and determined the ensuing force 

level. We found that the calcium sensitivity of force generation was significantly reduced 

in Neb∆Exon55 fibers, suggesting that in addition to maximal force generation, the capacity 

for submaximal force generation is greatly impaired in Neb∆Exon55 mice. 

 

In summary, muscle of Neb∆Exon55 mice is nebulin-deficient and produces weakness 

by shortening thin filament lengths, reducing the fraction of cross bridges in the force 

generating state, and reducing the force response to submaximal calcium concentrations.  
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Troponin activation: a therapeutic mechanisms to improve muscle strength? 

To date, no therapy exists that enhances force generation in NM patients with 

nebulin mutations. Strategies to restore thin filament length or cross bridge cycling 

kinetics currently do not exist for skeletal muscle, and, in part due to the extremely large 

size of the nebulin gene and protein, effective genetic strategies to combat these effects 

through gene therapy are likely far off in the future. However, the lower calcium 

sensitivity of force generation in NM patients with nebulin mutations [Ottenheijm, 

Hooijman, DeChene, Stienen, Beggs, and Granzier2010] might offer a more immediate 

therapeutic target, as recently a fast skeletal muscle troponin activator has been 

developed that amplifies the response of the thin filament to calcium in fast skeletal 

muscle fibers [Russell, Hartman, Hinken, Muci, Kawas, Driscoll, Godinez, Lee, 

Marquez, Browne, Chen, Clarke, Collibee, Garard, Hansen, Jia, Lu, Rodriguez, Saikali, 

Schaletzky, Vijayakumar, Albertus, Claflin, Morgans, Morgan, and Malik2012]. The fast 

skeletal muscle troponin activator tirasemtiv (formerly CK-2017357) was shown to 

greatly increase the calcium-sensitivity of force generation in healthy rat skeletal muscle 

fibers [Russell, Hartman, Hinken, Muci, Kawas, Driscoll, Godinez, Lee, Marquez, 

Browne, Chen, Clarke, Collibee, Garard, Hansen, Jia, Lu, Rodriguez, Saikali, Schaletzky, 

Vijayakumar, Albertus, Claflin, Morgans, Morgan, and Malik2012], and is currently in 

Phase IIa clinical studies for generalized myasthenia gravis, and IIb clinical trials for 

amyotrophic lateral sclerosis [Shefner et al. 2012].  

Here we took advantage of the novel Neb∆Exon55 model to test the ability of the fast 

skeletal troponin activator CK-2066260 to improve muscle fiber strength in Neb∆Exon55 

fibers. CK-2066260 is a close structural analog of tirasemtiv and the pharmacology of the 
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two compounds is the same in vitro and in vivo. Our findings indicate that CK-2066260 

greatly increases force generation in Neb∆Exon55 fibers to levels that even exceed those 

observed in untreated muscle cells from wt mice (Fig. 9B). Thus, fast skeletal troponin 

activation might offer a therapeutic strategy for the restoration of muscle strength in NM 

patients with deletion of nebulin exon 55, and possibly in patients with other nebulin 

mutations. Future studies should address whether the in vivo administration of troponin 

activators to nebulin KO mouse models, such as the Neb∆Exon55 mice, improves their 

survival. 

.  

In conclusion, we have generated a mouse model in which Neb exon 55 is deleted to 

model a founder mutation seen frequently in NM patients. This is the first nebulin-based 

model for NM. Our data indicate that the phenotype of Neb∆Exon55 mice recapitulates 

important features that we observed previously in patients harboring this particular 

mutation. This severe muscle weakness that characterizes the phenotype of both the 

mouse model and patients can be restored by a novel compound that augments the 

response of the thin filament to calcium.  
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FIGURE LEGENDS 
FIGURE 1. Top: Schematic of the location of nebulin in the sarcomere. Bottom: 

Schematic of the nebulin protein. Nebulin has a highly modular structure, with in the 

central region (M9-M162) seven modular repeats arranged into twenty-two super-repeats. 

Exon 55 codes for 35 amino acids that are part of repeat 5 and 6 (super-repeat 9). Note 

that exon 55 in the human and murine nebulin gene are equivalent.  

 

FIGURE 2. A) Homozygous (Neb∆Exon55) mice are born close to Medelian ratio: 14 

homozygous mice out of total 57 pups when using heterozygous breedings. (B) Body 

weight of Neb∆Exon55 mice at birth is not different from that of HET and wt littermates. 

Neb∆Exon55 mice show severe growth retardation after birth, and (C) typically do not 

survive past the first week (survival curve based on 57 pups). Inset: photograph of a 

Neb∆Exon55 (HOM) and a wt littermate mouse illustrating the growth retardation in 

Neb∆Exon55 mice. 

 

FIGURE 3. Histological findings in 6d old wt and Neb∆Exon55 mice. Hematoxylin and 

Eosin (H&E) stained sections of quadriceps muscle from wild type (wt) and Neb∆Exon55 

mice reveal smaller muscle fibers in Neb∆Exon55 mice.  Nemaline rods were not visible at 

the light microscopic level on Gomori trichrome stain, but electron-dense nemaline 

bodies (arrows) were seen on electron microscopy (EM) in the Tibialis Cranialis (TC) 

muscle from all Neb∆Exon55 mice.  Nemaline bodies were not seen in wt mouse muscle.  

Bar = 40 m for H&E and Gomori trichrome pictures, 2 m for 5000x EM pictures, and 

500 nm for the 30000x EM picture.   
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FIGURE 4. A) SDS-agarose gel electrophoresis reveals severely reduced nebulin protein 

levels in Neb∆Exon55 mice in all skeletal muscle types tested, whereas myosin heavy chain 

(MHC) and titin levels are unaltered. Muscles are obtained from 5d old mice. Quad: m. 

quadriceps; EDL: extensor digitorum longus; Psoas: m. psoas major; Diaph: m. 

diaphragm; Long: m longissimus dorsi; Pect: m. pectoralis major. (B) Quantitative 

Western blotting studies with an antibody against nebulin’s N-terminus shows that 

nebulin protein levels are ~2% of wt levels. Western blotting studies with the same 

antibody on muscle from from embryonic E19 mice (C) and 1d (p1) old mice (D) and 

show that nebulin protein is 10% of wt values at E19 and 8% of wt values at d1 (E). Gast: 

m. gastrocnemius. *: p<0.05. 

 

FIGURE 5. Microarray-based gene expression analysis of nebulin exon expression of m. 

longissimus dorsi in Neb∆Exon55 mice compared to wt mice at 4 days of age. The array 

contains all 166 murine nebulin exons. Nearly all nebulin exons are downregulated in 

Neb∆Exon55 mice. 

 

FIGURE 6. A) Left: Actin staining with phalloidin-AlexaFluor 488 in 6d TC myofibrils 

from Neb∆Exon55 and wt mice shows broad staining in wt myofibrils (top), whereas this 

staining is narrowed in Neb∆Exon55 myofibrils (bottom) Right: Analysis of phalloidin line 

scan intensities revealed significantly reduced average thin filament lengths in Neb∆Exon55 

myofibrils. B) Left: Neb∆Exon55 and wt myofibrils stained for α-actinin and tropomodulin 

(Tmod1). Right: overlay of line scan intensity profile of α-actinin and tropomodulin. The 

distance between tropomodulin staining (measured across the Z-disk, and indicated as 
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Tmod-α-actinin-Tmod) is significantly reduced in Neb∆Exon55 myofibrils. C) CapZ 

staining of Neb∆Exon55 and wt myofibrils. Staining of Neb∆Exon55 myofibrils is similar to the 

staining pattern of wt myofibrils. D) Left: 6d old Neb∆Exon55 and wt myofibrils stained for 

α-actinin and nebuln’s N-terminus (Neb N). Right: analysis of line scan intensities. Note 

that Neb N staining is nearly absent in Neb∆Exon55 myofibrils. *: p<0.05. 

 

FIGURE 7. A) The force-sarcomere length relation of TC fibers from 6d old Neb∆Exon55 

and wt mice, with force normalized to maximal force at the optimal length: the relation is 

shifted leftward in Neb∆Exon55 fibers suggesting shorter thin filaments in Neb∆Exon55 fibers. 

B) Upper panel: the maximal tension-sarcomere length relation of Neb∆Exon55 and wt 

fibers, illustrating that Neb∆Exon55 fibers develop at all sarcomere lengths a reduced level 

of force. This indicates that other factors, in addition to shorter thin filaments, contribute 

to the weakness of Neb∆Exon55 muscle; lower panel: at a sarcomere length of 2.4 μm, 

maximal tension is reduced in fibers from Neb∆Exon55 muscle to ~38% of wt values. C) 

Left panel: Force tracing of activated single myofibrils from wt and Neb∆Exon55 muscle. 

Right panel: maximal tension of Neb∆Exon55 myofibrils is reduced to ~36% of wt values. 

 

FIGURE 8: A) ktr measurements in 6d old Neb∆Exon55 and wt fibers. Left panel: example 

of a ktr protocol in a Neb∆Exon55 fiber preparation; right panel: ktr is significantly lower in 

Neb∆Exon55 compared to wt fibers. B) Tension cost measurements in Neb∆Exon55 and wt 

fibers. Left panel: example of maximally activated Neb∆Exon55 fibers with developed force 

at the bottom and [ATP] at the top. The slope of the [ATP] vs time trace was divided by 

fiber volume (in mm3) to determine ATP consumption rate. ATP consumption rate was 
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normalized to tension to determine the tension cost. Right panel: tension cost is 

significantly higher in Neb∆Exon55 compared to wt fibers. C) An example of a protocol to 

determine cross bridge cycling kinetics in a myofibril. Myofibrils are rapidly activated 

(pCa 4.5), followed by rapid relaxation (pCa 8.0) after steady state tension is reached. 

From the force tracings, the rate constants of activation (kact) and relaxation are 

determined. Relaxation consists of an initial slow phase (slow krel) followed by a fast 

phase (fast krel). ktr is determined during a separate protocol that is similar to that applied 

on fibers. D) Both kact and ktr are significantly lower in Neb∆Exon55 compared to wt 

myofibrils, whereas slow and fast krel are significantly higher in Neb∆Exon55 compared to 

wt myofibrils. 

 

FIGURE 9: A) Force–Ca2+ characteristics of TC fibers from 5d old Neb∆Exon55 and wt 

mice; Left panel: note the rightward shift of the force–pCa relationship in Neb∆Exon55 

compared to wt fibers; Middle panel, the Ca2+ concentration needed for 50% of maximal 

force generation was significantly higher (i.e., lower pCa50) in Neb∆Exon55 vs. wt fibers, 

whereas no difference was found in the Hill coefficient (nH, right panel). B) The effect of 

the fast troponin activator CK-2066260 on the force-Ca2+ characteristics in Neb∆Exon55 and 

wt fibers. Left panel: 5 μM of CK-2066260 induced a large increase in the pCa50, an 

increase that was comparable between Neb∆Exon55 and wt fibers. Right panel: in Neb∆Exon55 

fibers, 5 μM CK-2066260 increased active tension at submaximal [Ca2+] to values that 

exceeded those of untreated wt fibers. 
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Abstract 

We studied differential splicing of nebulin, a giant filamentous F-actin binding protein 

(Mr ~700-800 kDa) that is found in skeletal muscle.  Nebulin spans the thin filament 

length, its C-terminus is anchored in the Z-disc, and its N-terminal region is located 

toward the thin filament pointed end. Various lines of evidence indicate that nebulin 

plays important roles in thin filament and Z-disc structure in skeletal muscle.  In the 

present work we studied nebulin in a range of muscle types during postnatal development 

and performed transcript studies with a mouse nebulin exon microarray, developed by us, 

whose results were confirmed by RT-PCR.  We also performed protein studies with high-

resolution SDS-agarose gels and Western blots, and structural studies with electron 

microscopy.  We found during postnatal development of the soleus muscle major changes 

in splicing in both the super-repeat region and the Z-disc region of nebulin; interestingly, 

these changes were absent in other muscle types.   Three novel Z-disc exons, previously 

described in the mouse gene, were upregulated during postnatal development of soleus 

muscle and this was correlated with a significant increase in Z-disc width.  These 

findings support the view that nebulin plays an important role in Z-disc width regulation.  

In summary, we discovered changes in both the super-repeat region and the Z-disc region 

of nebulin, that these changes are muscle-type specific, and that they correlate with 

differences in sarcomere structure.  
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Introduction 

Major changes in the structural and functional characteristics of skeletal muscle take 

place during postnatal development, as reflected by the altered expression of isoforms of 

many of the sarcomeric proteins (1). Recently it was shown that during postnatal 

development of skeletal muscle, passive stiffness increases through a decrease in titin 

isoform size, due mainly to a marked restructuring of its spring region (2).  Because it is 

likely that the function of titin is coordinated with that of nebulin, we focused here on 

nebulin expression during postnatal development of various skeletal muscles of the 

mouse.    

 

Nebulin is a giant filamentous F-actin binding protein (Mr ~700-800 kDa) that is one of 

the least well understood major muscle proteins (3). Nebulin spans the thin filament 

length, with its C-terminus anchored in the Z-disc, and its N-terminal region located 

toward the thin filament pointed end (4,5). The majority of nebulin’s sequence is 

comprised of ~35 aa modules, with the central M9 through M162 modules arranged into 

seven-module super-repeats (figure 1) (6-8). This arrangement enables a single nebulin 

module to interact with a single actin monomer, and each nebulin super-repeat to 

associate with a single Tropomyosin(Tm)/Troponin(Tn) complex (8-10). Evidence for a 

role for nebulin in establishing thin filament length was obtained in earlier studies that 

revealed that the electrophoretic mobility of nebulin from different muscle types 

correlates with thin filament length (4,5).  The subsequent analysis of nebulin’s cDNA 

sequence corroborated this notion because it revealed that the bulk of the molecule is 

comprised of modules that are organized into super-repeats that match the repeat of the 
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actin filament (7).  Further support was obtained in studies on nebulin knockout (KO) 

mice that had thin filament lengths that were shorter than normal (11,12).   

 

Immunoelectron-microscopy has shown that the C-terminal ~30 kDa of nebulin 

integrates into the Z-disc lattice and c-DNA sequencing of rabbit nebulin has 

demonstrated that the Z-disc region of nebulin is differentially expressed (13).  Several 

different isoforms were identified that result from the skipping of various combinations 

of the modules M176 to M182 (13).  It has therefore been suggested that nebulin is one of 

several proteins that are important for Z-disc width regulation (13).    

 

Recent work revealed that mutations in the nebulin gene are a common cause of nemaline 

myopathy (NM), accounting for ~50% of all NM cases (14), further supporting the 

importance of nebulin in muscle function.  We have shown that similar to the nebulin KO 

mouse model, human NM patients with nebulin-deficiency also have shorter and non-

uniform thin filament lengths, and that this can partly account for the observed muscle 

weakness in nebulin-based NM [9].  Considering the evidence of nebulin's importance in 

thin filament and Z-disc structure in skeletal muscle, and the possibility for extensive 

differential splicing, we studied in the present work nebulin during postnatal 

development, using a range of muscle types. We performed transcript studies with a 

novel mouse nebulin exon microarray and validated results with quantitative real time 

PCR (qPCR), carried out protein studies with high-resolution SDS-agarose gels and 

Western blots, and performed structural studies with electron microscopy.   
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Methods 

Tissue harvesting 

BL6 mice of various ages were anesthetized using isoflurane and the m. soleus (SOL), 

tibialis cranialis (TC), extensor digitorum longus (EDL), gastrocnemius (GAST), 

quadriceps (QUAD), and diaphragm (DIAPH) were rapidly dissected. For microarray and 

qPCR studies, muscles were dissected and stored in RNAlater (Ambion Inc., Austin, TX, 

USA); for gel-electrophoresis studies, muscles were quick-frozen in liquid nitrogen and 

stored at -80oC. For electron microscopy studies the soleus and TC were rapidly dissected 

in oxygenated HEPES (NaCl, 133.5 mM; KCl, 5mM; NaH2PO4, 1.2mM; MgSO4, 

1.2mM; HEPES, 10mM). The tissue was skinned in  relaxing solution (BES 40 mM, 

EGTA 10 mM, MgCl2 6.56 mM, ATP 5.88 mM, DTT 1 mM, K-propionate 46.35 mM, 

creatine phosphate 15 mM, pH 7.0) (chemicals from Sigma-Aldrich, MO, USA) with 1% 

Triton-X-100 (Pierce, IL, USA) overnight at 4ºC.  Muscles were then washed thoroughly 

with relaxing solution and stored at -20ºC in relaxing solution containing 50% (v/v) 

glycerol. All solutions contained protease inhibitors (phenylmethylsulfonyl fluoride 

(PMSF), 0.5 mM; Leupeptin, 0.04 mM; E64, 0.01 mM). All experiments were approved 

by IACUC and followed the NIH Guidelines “Using Animals in Intramural Research” for 

animal use. 

 

Gel-electrophoresis    

SDS-agarose electrophoresis was performed as previously described (15,16). Briefly, 

muscle samples were solubilized in a urea and glycerol buffer and analyzed by vertical 

SDS-agarose electrophoresis. The 1% agarose gels were run at 15mA per gel for 3 hours 

and 20 minutes.  The gels were stained with coomassie brilliant blue (CBB), and 



187 

 

subsequently scanned and analyzed using One-D scan EX (Scanalytics Inc., Rockville, 

MD, USA) software.  To determine the molecular weights of nebulin isoform and 

stoichiometry, samples of interest were co-electrophoresed together with titin, nebulin 

and myosin heavy chain (MHC) of known sizes from human soleus (titin 3.82 MDa; 

nebulin: 773kDa, MHC 223kDa (top MHC seen on the agarose gels) and human left 

ventricle (N2B titin 2.97 MDa) samples. Plotting the logarithm of the molecular weight 

vs. migration distance on the gel yields a linear relationship, as shown previously(17), 

and allowed us to estimate the Mw of the proteins of interest from their migration 

distance (see Figure 2 for further explanation). The integrated optical density of nebulin 

and MHC was determined as a function of the volume of solubilized protein sample that 

was loaded (a range of volumes was loaded on each gel). The slope of the linear range of 

the relationship between integrated optical density and loaded volume was obtained for 

each protein.  To verify the nebulin mobility differences that were found, samples were 

fluorescently labeled using Amersham CyDye DIGE Fluors (GE healthcare).  Two 

samples of interest, with different fluorescent labels, were run side-by-side as well as 

mixed on a 1% agarose gel; the gel was scanned using a Typhoon 9400 Scanner (GE 

Healthcare).  

 

Western Blot 

For Western blotting of nebulin’s M176-M181 (exons 151-158), soleus samples were run 

on 1% agarose gels, and transferred to PVDF membrane using a semi-dry transfer unit 

(Bio-Rad, Hercules, CA). The blots were stained with PonceauS to visualize total 

transferred protein. The blots were then probed with rabbit polyclonal antibodies against 
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M176-M181 which corresponds to exons 151-158 and antibodies against the serine rich 

domain exon 164 (Millevoi et al JMB 1998, 282,111). To normalize for loading 

differences, M176-M181 labeling was normalized to total nebulin protein, determined 

from the PonceauS-stained membrane. Secondary antibodies conjugated with fluorescent 

dyes with infrared excitation spectra were used for detection. One-color IR western blots 

were scanned (Odyssey Infrared Imaging System, Li-Cor Biosciences, NE. USA) and the 

images analyzed with One-D scan EX.  

 

Microarray studies  

We dissected mouse soleus and TC muscles from neonatal (day 5) and adult (typically 

day 100).  Due to the small size of the soleus muscle it was not practical to use mice 

younger than 5 day.   We pooled muscles from 6 mice and did this 4 times (total number 

of mice 24) to provide us 4 independent pools per age group for soleus and 4 pools for 

TC.  The microarray experiments were performed as described previously (2).  Briefly, 

RNA was isolated using the Qiagen RNeasy Fibrous Tissue Mini Kit. RNA was 

amplified using the SenseAmp kit from Genisphere and Superscript III reverse 

transcriptase enzyme from Invitrogen. Reverse transcription and dye coupling (Alexa 

Fluor 555 and Alexa Fluor 647 were used) was done using Invitrogen’s superscript plus 

indirect cDNA labeling module. Half of each sample was incorporated with Alexa Fluor 

555 and the other with Alexa Fluor 647. All the mouse nebulin (50mer oligonucleotides) 

were spotted in triplicate on Corning Ultra GAPS glass slides. Note that the arrays were 

made prior to the discovery by Donner et al (18) of a new exon, and that this exon is 

therefore not represented on the microarray.  Donner et al. (18) numbered this exon 127 
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and incremented all upstream exon numbers by one. In this work we first show the old 

exon numbering based on Kazmierski et al (19) and in parenthesis the new numbers 

based on Donner et al. Slides were then baked at 90oC for 90 minutes and stored in a non-

electric desiccator.  For each sample 750ng of cDNA (Nanodrop, Thermo scientific) from 

each sample was hybridized (Ambion: Slide-Hyb buffer #1) for 16 hours at 42oC after 

which slides were scanned at 595 nm and 685 nm with an Array WoRx scanner. Spot 

finding was done with SoftWoRx Tracker and spot analysis with CARMA(20).  The 

analysis detects relative changes in the fluorescence of a probe (adult as compared to 

neonate).  These changes are represented as a fold-difference and reflect the ratio of adult 

exon expression to neonate exon expression.  A positive fold change (shown in the 

Results in green) indicates an increase in expression in adult relative to the neonate.  A 

negative fold change (shown in the Results in red) indicates an increase in expression in 

neonate relative to the adult sample.  To calculate the predicted molecular weight 

difference caused by the up/down regulated exons we assumed that the exon is expressed 

in both neonate and adult but at different levels, i.e., some of the nebulin molecules in a 

particular sample have the exon expressed and others do not  (Western blots studies 

confirm this assumption, see Results).   We set the expression level at 100% for the 

sample with the highest expression and calculated the expected molecular weight 

difference accordingly.  For example, an exon that is two-fold upregulated in the adult 

and that encodes a 4 kDa protein results in a predicted molecular weight increase in the 

adult of 2 kDa, (i.e., 1.0 x 4 kDa – 0.5 x 4 kDa).   (In contrast, if the exon were to be ‘on-

off’ it would cause a molecular weight difference of 4 kDa.)  Table 1 shows both the ‘on-
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off’ change in molecular weight and the predicted change in molecular weight following 

the calculation explained above.    

 

RT-PCR 

Primers were designed to single exons of nebulin.  Other than a smaller product size 

range of 60bp to 100bp, the standard settings were used with Primer3 software (Steve 

Rozen, Helen J. Skaletsky (1998) Primer3. Code available at http://www-

genome.wi.mit.edu/genome_software/other/primer3.html. ).  Amplified RNA (prepared in 

the same way as microarray) was converted to cDNA using SuperScript III First-Strand 

Synthesis System (Invitrogen). The cDNA was used in the qPCR reaction kit, Maxima 

SYBR Green qPCR (Fermentas), and placed in the Roto Gene Q machine (Qiagen). Roto 

Gene 6000 software (Qiagen) was used to process the qPCR reactions and results. The 

standard software settings were used for all reactions and GAPDH was used as a 

reference to normalize each reaction set. 

 

Electron Microscopy  

Skinned skeletal muscle bundles were stretched (at ~0.25 µm/sarcomere) in relaxing 

solution to 120% of their original length, held in that state for 5 minutes and then fixed, 

embedded, and processed for electron microscopy as explained earlier (21).  Briefly, the 

samples were fixed in 3% paraformaldehyde/PBS solution for 30 minutes at 4oC, then 

washed in PBS plus inhibitors for 3 X 15 minutes at 4oC.  The samples were then fixed in 

3% glutaraldehyde + 2% tannic acid in PBS for 1 hour at 4oC,  rinsed in PBS 3 times for 

5 minutes each, then washed in PBS + inhibitors overnight again at 4oC.  The next 

http://www-genome.wi.mit.edu/genome_software/other/primer3.html
http://www-genome.wi.mit.edu/genome_software/other/primer3.html
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morning, samples were postfixed in 1% OsO4 in PBS for 3 minutes at 4oC and then 

washed and embedded in araldite. Sections were cut using a Leica microtome, stained 

with 2% potassium permanganate and lead citrate, and imaged at 88,000-110,000X using 

a Phillips CM-12 electron microscope. Z-disc width measurements were made by 

importing the Z-disc image into ImageJ and generating a histogram plot of the grey value 

versus the distance in pixels. The histogram was then fit by a Gaussian curve in a 

program created in LabView. The full width at the baseline of the Gaussian curve was 

determined to be the Z-disc width.   

 

Statistics 

Data are presented as mean ± SEM.  Significance was defined using the Student’s t-test 

and probability values <0.05 were taken as significant and are indicated on Figures as: * 

p<0.05; ** p<0.01; *** p<0.001. ANOVA with a linear model that incorporates terms to 

account for experimental variability was used in analysis of microarray data (for details 

see(20)). 
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Results  

Recently it was discovered that large changes take place in transcript splicing of the 

sarcomeric protein titin (2).  Like titin, nebulin is a candidate for functional modification 

through differential splicing (the nebulin gene contains 166 exons in mouse (19) and 183 

in human (22)); here we address whether changes in nebulin due to differential splicing 

take place during neonatal development (this is when extensive changes in splicing takes 

place in titin). For this work we developed a microarray which represents all of the 

murine nebulin exons.  The layout of nebulin in the sarcomere is shown in figure 1. (The 

color coding of the various regions in the schematic are carried over to colored areas of 

table 1 for easier identification.) We first studied the soleus muscle and compared 5 day 

old neonatal with adult mice. The array included probes that represent the nebulin 

binding proteins, CapZ, desmin, myopalladin and tropomodulin (both tropomodulin 1 

and tropomodulin 4).  None of these were significantly up/down regulated. Of the nebulin 

exons, we observed 25 exons with significantly different expression levels expression 

levels all of which  were >2 fold different between neonatal and adults (table 1). This 

indicates that the adult expression relative to the neonate expression is 2 or more times 

greater (indicated by positive values, exons are highlighted in green) or 2 or more times 

less (exons indicated in red). The differential exons appear to be grouped in clusters with 

a cluster of exons down regulated in the adult, demarcated by exons 13 and 26, encoding 

exons for super repeat 1 and 2, and several clusters up regulated in the adult, exons 133 – 

138(139), exons 153(154)-155(156), and 163(164)-165(166), encoding super repeat 22, 

Z-disc repeats, and serine rich/SH3 domains respectively (Table 1). (The first shown 
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exon number is based on Kazmierski et al (19) and the number in parenthesis is based on 

Donner et al. (18), see Methods for details).   

 

qPCR was used to validate representative results obtained in the microarray studies.  (To 

keep the experiments manageable we studied 8 exons, representing exons that were 

unchanged, reduced, or increased on the microarray).   Obtained results were similar to 

those obtained with the microarray (Figure 2).  Of the tested exons, upregulated in the 

adult were exons 154(155), 155(156), 163(164), 164(165), and 165(166).   We further 

verified these findings at the protein levels by performing Western Blot studies with an 

antibody raised against nebulin repeats M176-181 (encode by Z-disc repeat exons) and 

the serine-rich domain.  Results reveal significant upregulation in the adult (Fig. 3), 

consistent with the transcript findings. 

 

Although it is difficult to correlate transcript changes with changes in protein, if we 

assume that the differential exons are ‘on-off’ in the protein, the combined predicted 

effect of the identified differentially expressed exons is 20.4 kDa.  However the measured 

expression ratios are only 2-4 fold  (‘on-off’ would result in much larger ratios) and 

therefore we calculated the change in molecular weight taking the measured expression 

ratio into account.  We obtained a 13.1 kDa larger protein in the adult (Table 1).  This 

value was calculated assuming that exons are expressed in both neonate and adult but at 

different levels (Western blots studies confirm thus assumption, see below), with the 

calculation carried out as explained in the Methods section (under heading Microarray 

studies). Thus the effect of the identified exons with different expression levels in 
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neonate and adult is 20.4 kDa when assuming that in the protein they are ‘on-off’ and 

13.1 kDa assuming that in the protein they have an expression ratio as identified for the 

transcript.    

 

Next, we investigated whether the changes in transcript found in the soleus also occur in 

different muscle types, and studied the tibialis cranialis (TC) muscle, a fast twitch 

muscle. Surprisingly, only exon 127 (128) was upregulated (~7 fold) in the adult vs 5 day 

old TC mice (figure 1C, bottom).  

 

The transcript results suggest that differential splicing of nebulin has a limited effect on 

the molecular mass of nebulin.  Because this contrasts with previous protein work where 

large differences in the size of nebulin were detected (4), we also performed a protein 

analysis of nebulin expression, using 1% agarose gels. We co-electrophoresed human 

soleus (HS) and human heart (HH) standards on the same gel because they express titin 

and nebulin of known molecular weights, providing molecular weight markers. Figure 4 

shows an example of a gel used for analysis of nebulin expression in mouse soleus (MS) 

muscle (additional examples are shown in the supplemental figures S1 and S2).  .Note 

that at day 1, MS titin has a mobility that is indistinguishable from adult HS titin and that 

MS titin has a much faster mobility than HS in adults (reflecting massive differential 

splicing in titin’s spring region(2)). Nebulin of both neonatal and adult mice was much 

smaller in size than HS nebulin, with little difference visually noticeable between day 1 

and adult MS muscles.   Densitometry, however, revealed that the adult soleus nebulin 

had a slightly lower mobility than neonatal samples. Additionally, neonatal day 1 and 
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adult (4 mo.) were fluorescently labeled with Cy 3 and Cy 5, respectively, and co-

electrophoresed on a 1% agarose gel.  Two distinct nebulin bands were observed (Fig. 

5A).  Analysis of several neonatal and adult samples revealed that this slight mobility 

difference corresponds to a molecular mass difference between the neonatal and adult 

muscles of 16 kDa (Table 1) which is slightly larger than that predicted from the 

transcript data (see Discussion for details). We also studied several other skeletal muscle 

types and included the TC (studied by microarray), as well as the extensor digitorum 

longus (EDL), gastrocnemius (GAST), quadriceps (QUAD), and diaphragm (DIAPH).  

We found that all of the muscle types had only small differences is molecular weight 

when comparing adult vs. neonatal samples and that they were typically 10-20 kDa 

smaller in the adult  (Table 2; supplementary figure 3). It is also of interest to note that in 

adult mice, TC, EDL, GAST, QUAD, muscles all express nebulin that is similar in size 

(~700-710 kDa) but that nebulin size in the slow twitch soleus muscle and the mixed 

fiber type DIAPH is somewhat larger (740-750 kDa).  This can be visualized in figure 5B 

which shows a co-electrophoresis of Cy3 labeled adult soleus and Cy2 labeled adult 

EDL.  

 

We also analyzed the width of the nebulin bands to infer changes in isoform composition 

in the neonatal and adult muscle (with the idea that changes in band width reflect changes 

in isoform composition).  We fitted the bands in soleus and TC muscle (n=4 each) with a 

Gaussian and determined the width at half height and at the base.  No significant 

differences in the width were found between neonatal and adult muscle samples (results 
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not shown).   These results do not rule out that the band contains different isoforms and 

that during development the composition changes but the width stays the same.   

 

The agarose gel based data indicate that at the protein level soleus and TC are 16 kDa 

larger and 8 KDa smaller in the adult than the neonate, respectively.  The transcript data 

predict 13 kDa larger and 3.6 kDa larger, respectively.  One hypothesis for the difference 

in the observed molecular weight on protein gels versus the expected molecular weight 

observed from our microarray is that the difference in size of the protein is due to post-

translational modifications.  Phosphorylation is a good starting point for this hypothesis 

as the nebulin sequence is predicted to have ~200 phosphorylation sites (Buck et al. 

unpublished observations). To determine if some of the discrepancies in the molecular 

weight might be due to differences in phosphorylation we evaluated the phosphorylation 

status of nebulin using the ProQ Diamond stain.  In both soleus and TC muscle there was 

a significant decrease in the relative level of phosphorylation in the adult versus the 

neonate (Figure 6).  This decrease can partially explain why in the TC muscle the 

estimated molecular weight of nebulin is slightly less in the adult than in the neonate 

(Table 2), whereas transcript data predict a slight increase (Table 1, bottom) .   However, 

for the soleus muscle the reduced phosphorylation of the adult is expected to decrease the 

molecular weight of the adult protein and  phosphorylation can not explain why the 

protein increase (16 kDa) is large than that based on the microarray (13 kDa).  Thus, 

changes in phosphorylation status do not provide a unifying explanation for the protein 

and transcript differences. 
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Finally, we also used gel electrophoresis to determine the expression ratio of nebulin 

relative to MHC (the main protein visible on the agarose gels; actin was run off). This 

was explored in the muscle types of soleus, TC, EDL, GAST, QUAD, and DIAPH and in 

various ages day 1 to adult (~10 ages). We found that the nebulin:MHC ratio was not 

dependent on age or on muscle type (Supplemental figure 3) and that the ratio was on 

average 0.06.  Thus our protein analysis revealed only minor differences in nebulin size 

during neonatal development, that in the adult animal nebulin size is similar in fast twitch 

(EDL), slower twitch (DIAPH), and mixed muscles (QUAD and GAST), but slightly 

larger in slow twitch muscle (soleus) and that the stoichiometry of nebulin does not vary 

with development stage nor with muscle type.  

 

Since we had found differential splicing in the Z-disc region of nebulin in soleus muscle, 

and because it had been previously proposed that nebulin plays a role in setting the width 

of the Z-disc (13), we performed electron microscopy on soleus muscle from neonatal 

day 1, 5, and adult mice and measured Z-disc widths.  Representative results are shown in 

figure 7A, left and analyzed results in 7B.  Interestingly, the soleus Z-disc is wider in the 

adult than in the neonates, see example micrographs of figure 7A bottom and the 

histograms of measurements in figure 7B. The mean width of the Z-disc increased from 

151 nm in day 1 soleus to 156 nm in day 5 soleus and 170 nm in the adult (p<0.001) 

(Table 3).  To further test the correlation between differential Z-disc exon splicing and Z-

disc width we also studied the TC muscle, where few differences exist in Z-disc exon 

composition when comparing neonates with adult muscle (see above).  Data are shown in 

figure 7A right, figure 7C and Table 2. The TC muscle had a mean Z-disc width of 120 
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nm in the day 1 neonate, 120 nm in the day 5 neonate and 117 nm in the adult 

(differences are not significant).  This data therefore confers a correlation between Z-disc 

width and the isoform shift in nebulin consistent with previous work.  
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Discussion 

We recently reported that due to extensive differential splicing during postnatal 

development of skeletal muscle, titin is ~50 exons smaller (representing ~200 kDa in 

protein) in adult mice than in neonates (2).  Similar to titin, nebulin also contains a large 

number of exons (166 in mice) and here we studied differential splicing of nebulin during 

skeletal muscle development, using a novel home-made nebulin exon microarray. We 

focused on two different muscle types, the soleus and tibialis cranialis (TC) muscles, 

representatives of slow and fast twitch muscle types, respectively, and studied muscles 

from neonatal and adult mice. The soleus muscle had 25 exons differentially spliced 

between 5 day old neonates and adults, with differences in the super-repeat region and 

the Z-disc region of nebulin.  Far fewer changes were found in the TC muscle where only 

one exon was differentially spliced (comparing 5 day old and adult mice). These 

differences in splicing between soleus and TC muscle during development correlate with 

changes in Z-disc width, as shown by electron microscopy. Below we discuss these 

findings in detail.       

 

Nebulin’s N-terminal modules (M1-M8) contain binding sites for the thin filament 

pointed-end capping protein tropomodulin, and the C-terminal modules M163 through 

M185 are located in and near the Z-disc (8). The large central region of the nebulin gene 

contains exons that code for a highly modular structure, the so-called SDXXYK-repeat 

modulus that are each thought to represent individual actin-binding motifs. These motifs 

are organized into seven-module super-repeats (figure 1A), characterized by the Tm/Tn 

binding motif, WLKGIGW, that match the 38.5 nm repeat of the actin filament 
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(7,8,19,22). This arrangement enables a single nebulin module to interact with a single 

actin monomer, and each nebulin super-repeat to associate with a single Tm/Tn complex 

(8-10).  We found that most of the exons that code for super-repeat 1 and 2 are down 

regulated in adult soleus muscle (figure 1C), suggesting that the N-terminal end of 

nebulin’s super-repeat region might be 2 x 38.5 nm shorter in the adult soleus muscle. On 

the other hand, most exons that represent super-repeat 22 are upregulated in adult soleus 

muscle (figure 1C), indicating that the near Z-disc region of nebulin’s super-repeat region 

is 38.5 nm longer. The combined effect of these two differentially spliced regions is a 

super-repeat region that is expected to be 38.5 nm shorter in adult soleus muscle.    

 

The differences in the super-repeat region of soleus nebulin suggest that the thin 

filaments are slightly shorter in adult soleus muscle. Thin filament length is not an 

intrinsic property of actin filaments (actin monomers assemble in vitro to highly variable 

polymer lengths), and nebulin has been long considered a likely candidate that is 

involved in thin filament length control (5,23). Evidence for a role for nebulin in 

establishing thin filament length was obtained in earlier studies that revealed that the 

electrophoretic mobility of nebulin from different muscle types correlates with thin 

filament length (4).  The recent work on nebulin KO models revealed that in nebulin-

deficient muscle the thin filaments are on average shorter, thus further supporting a role 

for nebulin in the in vivo regulation of thin filament length (11,12).  Thin filament length 

is a key aspect of muscle function and the extent of overlap between thick and thin 

filaments determines the sarcomere’s force generating capacity (24,25).  For muscles that 

work on the descending limb of the force-sarcomere length relationship short thin-
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filaments reduce overlap and this lowers force generation, which is disadvantageous (24).  

However for muscles that work on the ascending limb, shorter thin filaments can increase 

force production, because the overlap zone of thin filaments in the center of the 

sarcomere will be reduced (force production is greatly reduced in the thin filament 

overlap region, see (24)).  Thus, the reduction in thin filament length during postnatal 

development of soleus muscle, that is implied by our microarray data, might reflect a 

reduction in the working range of the sarcomere (note that a reduction in working range 

is consistent with the reduction in the length of the titin’s spring region that occurs during 

postnatal development (2)).   If these changes in nebulin also relate to changes in myosin 

isoform expression which are known to take place during postnatal development 

(Agbulut, 2003) remains to be established.  

 

Because no major changes were found in the super-repeat region of the nebulin gene in 

the TC muscle changes in thin filament length during postnatal development are unlikely 

to take place in this muscle type.  It is noteworthy that exon 127(128) was greatly 

upregulated (>7-fold) in adult TC when compared to neonatal TC, and that this was 

absent in the soleus. This exon was also identified by Donner et al (18) as differentially 

spliced during murine muscle development. Donner et al (18) refer to this exon as exon 

128 (their numbering is shown in our manuscript in parenthesis), because of a new exon 

that they identified and numbered exon 127. (Note that their exon 127 is not represented 

on our array because it was discovered after the array was designed.)  Donner et al (18) 

showed that exon 127(128) in TC muscle is >10-fold increased during the first 6 weeks 

after birth, whereas in the soleus it is less than 2-fold increased.  Our microarray findings 
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are consistent with the proposal of Donner et al. that exon 127(128) has a muscle-specific 

regulatory function that is utilized during muscle development. 

 

Additionally, we found that the stoichiometry of nebulin was independent of muscle type 

and developmental stage, and that the nebulin:MHC ratio was on average 0.06 

(supplemental Fig. 3).  Considering that there are 300 MHC molecules per half sarcomere 

(26), the measured nebulin:MHC ratio of 0.06, the 223 kDa molecular mass for MHC and 

~710 kDa for nebulin (Table 1), and that there are twice as many thin than thick filament 

(26), makes it possible to calculate that there are ~2.8 nebulin molecules per thin 

filament.  Because of the two-fold symmetry of F-actin (26) it seems likely that the 

number of molecules of nebulin bound to F-actin is an even number and we assume 

therefore that the real number is 2 (the somewhat higher value that we found could be 

explained by, for example, a binding affinity for Coommassie Blue that is higher for 

nebulin than MHC, or by a thin:thick filament ratio that is slightly higher than 2). Our 

finding of a nebulin stoichiometry that is independent of muscle type and developmental 

stage is consistent with a structural function for nebulin that needs to be constant during 

muscle development.  

 

We found a ~20 nm increase in the Z-disc width during postnatal development of soleus 

muscle, but no changes in the Z-disc of the TC muscle (Table 2).  Nebulin’s Z-disc 

modules M176 to M181 are known to be differentially spliced and different isoforms 

have previously been identified that result from the skipping of various combinations of 

the M176-181 modules(13).  Importantly, the number of modules has been shown to be 
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positively correlated with the Z-disc width of different rabbit and human muscle types 

(13).  We earlier proposed that these nebulin modules play a role in terminating the Z-

disc structure and establishing the transition to the I-band region of the sarcomere (13).  

In this differentially spliced region, the mouse nebulin gene has 3 additional exons 

inserted that have been named M177/M178b, M177/M178c, and M177/M178d(19).   

Interestingly all three novel exons are upregulated in the adult soleus relative to 5 day old 

neonates (table 1), whereas they are not differential in the TC. These findings are 

consistent with our earlier reported positive correlation between the number of M176-

M82 modules and the Z-disc width.  Thus our present findings support the view that 

differentially expressed Z-disc modules of nebulin play a critical role in determining the 

Z-disc width of the sarcomere.  Future work is needed to directly test this by gene 

targeting experiments that delete nebulin Z-disc modules. 

 

Both microarray analysis and qPCR show an increase in expression of the SH3 domain in 

the adult soleus muscle. Interestingly, a mouse model in which the SH3 domain is deleted 

shows that the SH3 domain is dispensable for muscle development and isometric stress 

production. (Gokhin et al. Biophys. J. Volume 96, Issue 3, Pages 213a-213a).  The 

functional significance for the altered expression during development remains to be 

established. 

 

The Z-disc plays a fundamental role in transmission of active and passive forces that are 

generated within the sarcomere; differences in Z-disc width in different muscle types 

have been proposed to reflect differences in mechanical stress levels experienced by their 
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Z-discs (Vigoreaux JO, 1994).  It seems likely therefore that the increase in the Z-disc 

width of the soleus muscle (Fig. 7) reflects the weight bearing function of this muscle and 

the increasing stress exerted on this muscle due to the rapid increase in body weight 

during postnatal development.   Furthermore, these stresses have to be withstood for long 

periods of time and, thus, the ‘stress-time integral’ is high for the soleus muscle, in 

contrast to fast twitch muscles such as the TC which are typically active for short periods 

only.   Thus we propose that the increased Z-disc width of the soleus muscle that we 

found reflects the increasing mechanical demands on solues muscle during postnatal 

development.   

 

In summary, transcript studies with a newly developed mouse nebulin exon microarray 

and the supportive qPCR, revealed during postnatal development muscle-type specific 

changes in splicing in both the super-repeat region and the Z-disc region of nebulin.   

Three novel Z-disc exons were upregulated during postnatal development of soleus 

muscle and this was correlated with a significant increase in Z-disc width.  These 

findings suggest that nebulin plays an important role in Z-disc width regulation by 

terminating the Z-disc and establishing the transition to the I-band region of the 

sarcomere.  Consistent with this view are the pathologically wide Z-discs found in muscle 

from nebulin deficient mice(11) and nebulin deficient nemaline myopathy patients (27).  

Thus, we discovered during postnatal development changes in both the super-repeat 

region and the Z-disc region of nebulin, that these changes are muscle-type specific, and 

that they correlate with differences in sarcomere structure.  
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Figure Legends 

Figure 1. Top: Layout of nebulin in the sarcomere.  Bottom: domain composition of 

nebulin.   

 

Figure 2. qPCR experiments to validate microarray results.  Exon 1 and 21 were selected 

for qPCR analysis because microarray analysis revealed no difference (exon 1) or down 

regulation in the adult vs. neonate (exon 21).  Exons encoding the z-disc repeat  (153-

155), serine rich (exon 163 and 164), and SH3 (exon 165) domains were chosen because 

the microarray had revealed upregulation in the adult .  Results with the two techniques 

are similar.  (n=3 for neonate and adult).    

 

Figure 3.  Western blot against A) nebulin Z-repeats M176-M181 and B) serine rich 

domain, performed on neonatal day 5 samples (n=4) versus adult (4 mo. n=6). Both 

M176-181 and the serine rich domain are significantly upregulated in the adult.   

Example result is shown in inset.  N=neonate, A=adult. 

 

Figure 4.  Nebulin size analysis.  Left Panel) SDS-agarose gel electrophoresis from day 1 

(d1) and adult (d300) mouse soleus.  The sample was co-electrophoresed with human 

soleus titin and human heart to compare nebulin isoform size. Right panel) Densitometry 

scan of two lanes (shown at the left) superimposed.  Adult soleus nebulin (broken line) is 

larger in size than the neonate soleus (solid line) as observed by the reduced distance to 

human soleus nebulin.  Bottom: distance of protein bands from top of gel vs log Mw.  
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The known co-electrophoresed standards were used to determine the shown calibration 

line and this line was then used to estimate the Mw of the mouse soleus (MS) nebulins.   

 

Figure 5. Co-electrophoresis of two samples with different fluorescent labeling.  A) Day 

1 neonatal soleus (green) and adult soleus (red) were co-electrophoresed, and two distinct 

nebulin isoforms were observed with adult nebulin having a lower mobility than neonatal 

nebulin (see enlarged inset).  B) Adult (4 month) soleus and EDL which have the highest 

and lowest nebulin molecular weight of the studied muscle types, respectively, were co-

electrophoresed and  show distinct differences in nebulin mobility. 

 

Figure 6. Phosphorylation analysis using ProQ Diamond stain.  The ratio of ProQ 

Diamond florescence staining over total nebulin protein staining (with coomassie blue) in 

the soleus and TC muscle indicate that there is a significant increase in the level of 

phosphorylation in the neonates as compared to the adults. (n=4 neonates, n=5 adults.) 

 

Figure 7.  Z-disc width measurement in neonatal (day 1 and day 5) and adult mice.  A) 

Examples of micrographs for soleus (left) and TC (right) muscle.  Bar is 100 nm. B and 

C) histograms of Z-disc width measurements.  Data were binned in 10 nm wide Z-disc 

bins and each value represents the number of measurements that falls within the bin.  

(The values are expressed as a fraction of value in the bin with the most measurements).  
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Supplemental Figures.   

S1.  Left Panel) SDS-agarose gel electrophoresis from day 1 (d1) and adult (d300) mouse 

soleus (top left) TC (top right), EDL (bottom left) and GAST (bottom right).  The 

samples was co-electrophoresed with human soleus titin and human heart to compare 

nebulin isoform size. Right panels:  Densitometry scan of two lanes (shown at the left) 

superimposed.   

 

S2.  Neonatal and adults samples from a range of muscles electrophoresed on the  same 

gel .  Samples were mixed with human soleus (HS) and human heart (HH) to have size 

markers.  

 

S3.  Nebulin expression relative to myosin heavy chain (MHC) of soleus, TC, EDL , 

GAST, and QUAD.  Neonates (light grey, 1-5 days old), juvenile (white, 8-50 days old), 

and adult (dark grey, 100-300 days old).  The expression ratios did not vary significantly 

with age or muscle type. 

 

Tables. 

Table 1. Transcript analysis in soleus and TC muscle.  Adult expression is shown relative 

to that of the neonate with exons that are up-regulated shown in green (and with positive 

values) and exons that are down-regulated  in red (and with negative values).  The protein 

modules encoded by the exons colored in correspondence to the regions of nebulin in 

Figure 1 bottom; their molecular weight is shown in kDa.  Nomenclature adapted 

from(28) and(19). (Exon numbers in parenthesis are according to(18), see Methods for 
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details.)  The expected differences in the average molecular weight of adult nebulins is  

calculated based on the fold difference (See Methods for details).  According to these 

results, the nebulin transcript is larger in the adult than in the neonate and is predicted to 

result in a nebulin protein that is 13.1 kDa larger in the soleus and 3.6 kDa in the TC.  

 

Table 2. Molecular weight estimates based on gel electrophoresis. * P<0.05 neonates 

versus adults. (n=3-5  for neonatal samples;  n=5-6 for adult samples). 

 

Table 3.  Z-disc width measurements in soleus and TC muscles.  *** P<0.001 neonates 

(day 1 or 5) versus adults. 
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                                   Table 3
Sample Z-disc Width N Size

SOLEUS Day 1 151 ± 28 nm 139
Day 5 156 ± 20 nm 280
Adult 170 ± 20 nm 179

TC Day 1 120 ± 24 nm 138
Day 5 120 ± 26 nm 124
Adult 117 ± 14 nm 164

***
***
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