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ABSTRACT 

Rationale: Respiratory muscle weakness is frequently reported as a secondary and independent 

predictor of mortality in patients with Familial Hypertrophic Cardiomyopathy (HCM). The 

mechanism of diaphragm weakness is not yet properly understood. In this study, we investigated 

the contractile properties of the diaphragm in a rabbit model with cardiac mutation (R403Q) that 

leads to HCM. 

Objective: To test the hypothesis that diaphragm muscle fibres from R403Q rabbit model are 

weaker than wild-type (WT) littermates. 

Hypothesis: i) R403Q diaphragm muscle fibres will produce lower isometric force; ii) the force 

drop will be due to changes in the crossbridge kinetics of the diseased diaphragm muscle. 

Method: Five sets of experiments were performed on isolated skinned diaphragm muscle fibres 

of WT (n=21) and R403Q rabbits (n=17), to assess force development, force redevelopment 

following shortening, force enhancement during and after stretch, unloaded velocity and passive 

forces. 

Results: R403Q fibres produced 39% lower force than WT fibres (P<0.05). R403Q fibres also 

reported a drop of 21% and 34% in the forces produced during and after stretch respectively 

(P<0.05). However, these fibres presented a similar kinetics of force redevelopment (ktr) and 

unloaded shortening velocities (Vmax). There was no difference in the passive force – sarcomere 

length (SL) relation between the two groups. 

Conclusion: In accordance with our first hypothesis the diaphragm fibres from R403Q rabbits are 

weaker than WT. However, these alterations could not be explained by crossbridge kinetics alone 

but are likely the result of alterations in the structural composition of the muscle fibres.  
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RÉSUMÉ 

Justification: La faiblesse des muscles respiratoires est citée comme prédicteur de mortalité 

secondaire mais indépendant chez les patients atteints de cardiomyopathie hypertrophique 

familiale (HCM). Pourtant, nous ne comprenons pas encore très bien le mécanisme de faiblesse du 

diaphragme. Dans cette étude, nous avons étudié les propriétés contractiles du diaphragme dans 

un modèle de lapin avec la mutation cardiaque (R403Q) menant à la HCM. 

Objectif: Tester l'hypothèse selon laquelle les fibres musculaires de diaphragme du modèle de 

lapin R403Q sont plus faibles que celles de ses congénères de type sauvage (WT). 

Hypothèses: i) Les fibres musculaires de diaphragme R403Q produiront une force isométrique 

inférieure; ii) la diminution de la force sera due aux altérations de cinétiques de pontages croisés 

du muscle de diaphragme malade. 

Méthode: Cinq séries d'expériences ont été réalisées sur des fibres musculaires de diaphragme 

dépouillées et isolées, de lapins WT (n = 21) et R403Q (n = 17), afin d’évaluer le développement 

de la force; le redéveloppement de la force après raccourcissement; l'augmentation de la force 

pendant et après l’étirement; la vitesse sans charge; et les forces passives. 

Résultats: Les fibres R403Q ont produit 39% moins de force que les fibres WT (P <0,05). Les 

fibres R403Q ont également marqué une baisse de 21% et de 34% des forces produites pendant et 

après l’étirement (P <0,05), respectivement. Cependant, ces fibres présentaient des cinétiques de 

redéveloppement de force (ktr) et des vitesses de raccourcissement sans charge (Vmax) similaires. 

De plus, la relation entre la force passive et la longueur de sarcomère (SL) était la même chez les 

deux groupes. 

Conclusion: Conformément à notre première hypothèse, les fibres de diaphragme des lapins 

R403Q sont plus faibles que celles des WT. Cependant, ces différences n’ont pu être expliquées 

que par les cinétiques de pontages croisés, et sont probablement le résultat de modifications de la 

structure des fibres musculaires. 
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INTRODUCTION 

In mammals, the circulatory system and the respiratory system work in conjunction to 

oxygenate every part of the body. While the respiratory system extracts the oxygen with every 

breath by recruiting inspiratory muscles, the cardiac muscle pumps and delivers the oxygen to 

every cell in the body through the extensive network of the artery, veins, capillaries, and the 

lymphatics. The survival of the organism is dependent on the effective functioning of the 

cardiovascular system as a unit. 

The presence of underlying cardiac anomalies, like cardiomyopathy, increases the load on 

the respiratory muscles 6,7. The heart, with its autonomous conduction system (the sinoatrial node, 

the atrioventricular node, the bundle of HIS, the right and left bundle branches, and the Purkinje 

Fibres), is usually apt to maintain its physiological functions despite a variety of pathological 

problems – genetic or acquired. Nevertheless, the increased strain on the respiratory system 

induces secondary changes in the neurophysiology of the respiratory musculature 7,8, which in turn 

leads to decreased quality of life. 

Cardiomyopathies are diseases resulting from a wide array of conditions that damage the 

heart and other organs and result in cardiac dysfunction including infection, ischemia, congestive 

heart failure and sudden death. Studies of cardiomyopathic patients have demonstrated impaired 

skeletal muscle functions, especially the diaphragm, including muscle atrophy and changes in 

muscle fibre type composition 6,9-11. With the advancement of genetics, animal models of 

cardiomyopathy have emerged as important research tools to study pathophysiology, progression, 

and treatment of respiratory muscle dysfunction in congestive heart failures, one of the major 

clinical findings in cardiomyopathy 12-16. 
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The majority of research on cardiomyopathy indicates that impaired cardiac function may 

not be the only determinant of respiratory muscle weakness and associated exercise intolerance 

and dyspnea with cardiomyopathy 10,17-22. Most of the literature on respiratory muscle adaptations 

in cardiomyopathy are conducted on murine models that manifest two or three of the symptoms 

clinically reported in patients with cardiomyopathy; cardiac hypertrophy, myocyte disarray, 

interstitial fibrosis, ventricular arrhythmias, sudden death or phenotype heterogeneity 23.  However, 

the nature of the respiratory adaptive response to congestive heart failure remains controversial, 

with some mutations reporting increased force generation in diaphragm muscle 24-26 thereby 

indicating a positive adaptation to the disease, while others indicate a decrease in function. 

In order to understand the effects of cardiomyopathy in the respiratory muscles, it is imperative to 

select a mutation and animal model that appropriately recapitulates the phenotypes manifested in 

human cardiomyopathies. Studies in the appropriate animal models will provide a better 

understanding of the pathophysiology and mechanisms of respiratory muscle impairment in 

cardiomyopathy, and thereby help develop targeted therapeutic approaches. 

Hypertrophic cardiomyopathy (HCM)  

 Traditionally, cardiomyopathies are classified according to morphological and functional 

criteria: dilated cardiomyopathy, hypertrophic cardiomyopathy, restrictive cardiomyopathy, and 

arrhythmogenic right ventricular cardiomyopathy 27. Hypertrophic cardiomyopathy (HCM) occurs 

once in every 500 births and is the most common inherited heart disease 28, with diverse genetic 

and phenotypic expression, clinical presentation and natural disease progression. It affects all 

races, both sexes, on all continents 29. HCM is now recognised as the most common cause of 

sudden cardiac death in athletes as well as in adolescents but may present at any age. The European 
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society of cardiology defines HCM as a disease marked by increased left ventricular (LV) wall 

thickness that is not solely explained by abnormal loading conditions 30. Clinically the disease is 

characterised by the asymmetric left and/or right ventricular hypertrophy, usually involving the 

interventricular septum 28. 

2.1 Genetic involvement 

 In 60% of those affected the disease had an autosomal dominant trait caused by mutations 

in any one of 10 genes, each gene encoding cardiac sarcomere protein. Predominantly, mutations 

in the encoding beta-myosin heavy chain (β-MHC) cardiac troponin T and myosin-binding protein 

C, less commonly seen mutations affecting the cardiac troponin I, alpha tropomyosin chain, 

regulatory and essential myosin light chains, titin, alpha-actin and alpha myosin heavy chain (α-

MHC) have also been reported. Individuals with multiple sarcomeric protein mutations (up to 5%) 

present with a more severe phenotype thank those without a mutation 30. The vast heterogeneity 

within the genes itself and missense of over 150 mutations identified compounds the diversity of 

the clinical manifestations observed in HCM patients 28. Thereby establishing that genetic 

involvement which predisposed an individual to HCM. 

2.2 Clinical manifestation 

 One of the important clinical manifestations of HCM is the presence of undialated left 

ventricular (LV) hypertrophy. HCM may be detected early in the presence of a cardiac murmur, 

abnormal electrocardiographic recordings, and a positive family history. The onset and diagnosis 

of HCM are dependent on the severity and type of the gene mutations. In individuals with HCM 

due to cardiac myosin binding protein C or troponin T mutations, the onset of LV hypertrophy 

may occur as late as midlife or even later. Also, a small subset of HCM patients may survive into 
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the end stage (‘burned-out’ phase), which is characterised by LV wall thinning, cavity 

enlargement, and even systolic dysfunction. LV hypertrophy can appear at any age and also 

increase or decrease dynamically throughout life, thereby establishing that HCM is not a static 

disease 28. 

 Histologically, the autopsies obtained from patients show chaotically arranged intercellular 

connections of hypertrophied cardiac muscle cells. This cellular disarray is widely distributed, 

mostly in portions of LV wall and is more extensive in young patients. The presence of abnormally 

thickened coronary artery with increased collagen and narrow lumen adds to the cardiovascular 

structural architecture, leading to impaired coronary circulation and bursts of myocardial ischemia. 

Ischemia-induced death and repair of myocyte results in myocardial scarring, frequently seen 

within the natural history of HCM. The cardiac disarray, myocardial scarring, and the expanded 

interstitial matrix collagen contribute towards impaired diastolic function as well as 

arrhythmogenic substrates. The severity and progression of this complex disorder depend on the 

nature of the mutation itself. In some cases, patient present no symptoms, but sudden death is 

caused by HCM 28,30-32. 

Animal model used for study 

 HCM is a complex and heterogeneous cardiovascular disorder both genetically as well as 

in its clinical manifestations. 70% of patients genotyped successfully have mutations in two genes, 

β-myosin heavy chain (β-MHC) and myosin binding protein C. Troponin T and several other genes 

account for 5% or less, respectively 29. Over 1400 mutations, mostly missense, have been identified 

over the years; most of these mutations are unique to the individual families 31. Though α-myosin 

heavy chain (α-MHC) and titin have also been linked with HCM their pathogenicity reported is 
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not that severe 28. Major advances in technology have resulted in clinical characterization and 

identification of causative gene mutations in patients with HCM. Many questions regarding the 

underlying disease mutation remain unanswered. Animal models of HCM have been developed to 

gain insight into the disease pathogenesis, mechanism, progression of the disease and therapies. 

3.1  R403Q mutation 

 β-MHC mutations account for 30 - 35% of all gene defects in HCM families 32. β -MHC is 

the major contractile protein of the thick sarcomeric filament, responsible for normal cardiac 

contractions. The predominance of MHC isoform (α- or β-) in the heart ventricles varies between 

species. While α-MHC isoform predominates in mice, β isoform is most prevalent in humans and 

rabbits 33. 

 The missense mutation of arginine to glutamine at amino acid 403 (R403Q) in the β-myosin 

heavy chain (MHC) was the first mutation identified to cause HCM 34. It is also the most 

extensively studied of all HCM mutations. R403Q mutation has high penetrance; more than 90% 

individuals carrying the gene express cardiomyopathic phenotype within the first 20 years of birth. 

Almost 50% of affected individuals scum to sudden death by the age of 45 years 35. 

 The first HCM animal model engineered genetically reproduced the R403Q mutation in 

mice 36 and it provided consolidated evidence that sarcomeric gene mutations lead to HCM. It was 

created by introducing the R403Q mutation into one of the endogenous alleles of mouse cardiac 

α-MHC gene. The heterozygous model (α-MHC403/+) recapitulated the phenotype of the human 

disease – mice developing diastolic dysfunction, myocyte hypertrophy, cardiac disarray and 

interstitial fibrosis. Early onset of disease, with left ventricular hypertrophy that was evident by 30 
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weeks; however, the disease severity was age-dependent, and the cardiac systolic dysfunction and 

histopathology worsening with age 37,38. 

3.2  Rationale for using rabbit model 

 Most the existing literature about R403Q induced HCM is based on rodent models. Rodents 

are relatively inexpensive and their short gestation period allows researchers to produce a large 

sample size over a shorter period. However, a major concern with studies on a murine model for 

human HCM caused my β-MHC lies in the cardiac sarcomeric composition. β-MHC protein is the 

predominant protein in the ventricle of humans comprising greater than 95% of the total myosin 

pools, and the murine cardiac ventricle is predominantly α-MHC, and the β-MHC protein is 

expressed as less than 5% of the total cardiac myosin content 39. The major difference between α 

-and β-MHC lies in the actin-activated Mg-ATPase activity and crossbridge cycling rates, with 

ATPase activity being highest for α-MHC and lowest for β-MHC. The duration of force-transients 

in the α-MHC is shorter than in the β-MHC. Physiologically, the mice heart beats 10 times faster 

than the human heart, which in turn influences the refractory period associated with arrhythmia. 

 Since α- and β- myosin isoforms have 93% similarities in amino acid sequencing, it has 

been assumed that the different backbones would have little functional consequences. Lowey et. 

al. developed a transgenic mouse model in which the endogenous α-MHC was replaced with β-

MHC to compare the functional properties of R403Q expressed in β-cardiac MHC with that of the 

α-cardiac MHC 40. The study reported a 30-40% increase in actin filament velocity in the in-vitro 

motility assay of R403Q α-MHC mice compared with wild type. However, there was no 

enhancement in velocity in R403Q β-MHC mutant mice. They also found that the actin-activated 

MgATPase activity was 30% higher in R403Q α-MHC than for wild type, whereas the enzymatic 
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activity was reduced by 10% in β-MHC. In 2013, Lowey et al. used stopped-flow kinetics to 

understand the mechanochemical properties of the myosin mutation in both the isoform backbones 

41. They employed stopped flow kinetics to measure the rate of ADP release from the myosin heads 

and the equilibrium constants. They observed that with the R403Q mutation at the actomyosin 

interface, the α-myosin head released almost 20% more ADP release, whereas the same mutation 

resulted in reduced ADP release in mice with the β-myosin head unit - the affinity of MgADP for 

α-MHC subunit is almost 4-fold weaker than for β-MHC. These studies established that the 

functional effects of R403Q mutation are dependent on the type of MHC isoform affected. 

 The advantage of the rabbit model over the mice model is that the rabbit ventricle is 

predominantly made of β-MHC (greater than 85% of total myosin). Also, the similarities in heart 

rates and cardiac size make rabbit models ideal for physiological studies. Marian et. al. developed 

a transgenic rabbit model for HCM by introducing a point mutation in the β-myosin heavy chain 

(MHC) gene, R400Q 42. Wild-type (R403) and the mutant human β-MHC (Q403) complementary 

DNAs were first cloned 3′ to a 7-kb murine β-MHC promoter. These purified transgenes were then 

injected into fertilised zygotes of donor rabbits, to generate two lines each of the wild-type and 

mutant transgenic rabbits. Northern blotting and 2-dimensional gel electrophoresis followed by 

immunoblotting of the cardiac tissues confirmed the expression of transgene mRNA and protein, 

respectively. Rabbits carrying the mutant transgene showed significant myocyte disarray, 

interstitial collagen expression in their myocardium was reported to be raised to three times in 

comparison with transgenic wild-type and nontransgenic littermates (NLMs) increased up to three 

times. The mean septal thickness of the transgenic mutant was significantly being greater than that 

recorded for transgenic wild-type rabbits and the NLMs, which were comparable. Similarly, the 

posterior wall thickness and left ventricular mass were also increased in the mutant transgenic 
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rabbit relative to transgenic wild-type and NLMs. However, the overall cardiac dimensions 

including left ventricular end diastolic diameter and end systolic diameter were similar across all 

the three groups of rabbits. Premature death was more common in mutant transgenic rabbit than 

in wild-type transgenic rabbits or in NLMs. This high incidence of premature death in the mutant 

rabbit is in accord with a high incidence of sudden cardiac death associated in cardiomyopathic 

patients with the R403Q mutation. All these findings are consistent with the clinical symptoms of 

patients with HCM with R403Q mutation, thereby establishing that the R403Q transgenic rabbit 

model is appropriate to study the pathogenesis of human HCM.  

Respiratory muscle weakness in cardiomyopathy 

 Congestive heart failure (CHF) is one of the most common causes of mortality in patients 

with cardiomyopathy. Patients with CHF frequently complain of breathlessness and shortness of 

breath even with mild exercise and this affects their quality of life 7,43. The diaphragm is the 

primary inspiratory muscle of the respiratory system and a decrease in its efficiency is probably 

due to the reduction in the compliance, increase in airflow resistance and decrease in diffusing 

capacity of the respiratory system 44. The presence of an alteration in respiratory muscle perfusion 

45 and increased ventilator load 22 indicates diaphragm muscle weakness, which contributes to 

breathlessness and respiratory limitation reported in patients with CHF 46. There are evidence of 

sarcolemmal damage and sarcomeric loading resulting from an increase in diaphragmatic 

workload 47,48. Additionally, diaphragm muscle biopsies of patients with CHF show fibre type 

redistribution from fast to slow oxidative fibres 25,49. It has been established that maximal 

inspiratory pressure is reduced in CHF patients, and respiratory muscle strength may serve as an 

independent predictor of disease progression and prognosis after treatment for CHF 50. 
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1.1 Evidence of diaphragm involvement in CHF and cardiomyopathy  

 Müller-Höcker et.al. reported the presence of mitochondrial myopathy in the diaphragm of 

a 5-month old boy who succumbed to cardiomyopathy 51, in 1991. The child reported respiratory 

arrest and seizures as early as 3 days after birth and 3 months later acquired upper respiratory tract 

infection, which progressed to dyspnea. He required continuous respiratory ventilation until he 

died of irreversible cardiac arrest. An autopsy of the heart revealed the absence of necrosis and 

cellular disarray of cardiomyocyte, commonly associated with cardiomyopathy. However, the 

heart showed marked biventricular hypertrophy, the cardiac muscle cells had accumulations of 

enlarged mitochondria and the myofibril content was reduced. Accumulation of lipid droplets and 

abnormal mitochondria led to a loosening of the myofibrils in the diaphragm muscles especially 

those with structural abnormalities. Additionally, cytochrome c oxidase staining and ultra 

cytochemistry revealed that both the heart and diaphragm myocytes had portions of muscles 

devoid of enzyme activity and deficient mitochondrial activity. 

 Evaluation of 47 cardiomyopathy patients with chronic heart failure revealed a reduction 

in lung volumes and diffusion capacity in comparison to healthy subjects 52. A reduction in 

respiratory muscle strength was observed in patients with cardiomyopathy and it was more 

pronounced in those with severe chronic heart failure leading to slight changes in breathing 

patterns. 

 One and two-dimensional electrophoretic techniques were used to investigate myofibrillar 

protein composition in human diaphragm samples obtained from biopsies of 10 CHF patients and 

7 control subjects 49. The percentage of slow MHC I was increased from 43%, observed in control 

subjects to 57% in patients with CHF, while the fast MHC IIb was decreased to 8% from 17%. A 
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similar trend was observed in myosin light chain (MLC) composition with an increase in all slow 

MLC isoforms and a decrease in all fast MLC isoforms. Diaphragm from CHF reported a 

consistent drop in percentages of fast isoforms of Troponin-T and Troponin-I and an increase in 

Troponin-C. 

 These results reveal that CHF induces a fast-to-slow transformation in myosin as well as 

other muscle regulatory proteins. Another study by Tikunov 25 investigated diaphragmatic biopsies 

from 10 patients with cardiomyopathy-induced heart failure and 7 brain-dead organ donors served 

as control subjects. The study established a fast to slow MHC isoforms shift in the diaphragm in 

conjunction with an increase in oxidative capacity and a drop in glycolytic capacity. These results 

are like those elicited during endurance training of the limb muscles in normal subjects. 

 1.2 Respiratory muscle weakness investigated through animal models 

 In 1998, Lecarpentier & Coirault 53, used rabbit diaphragm muscle strips to investigate for 

the first time the myosin-actin crossbridge properties of the inspiratory muscle in congestive heart 

failure. Combined volume and pressure overload were used to induce CHF in 9 rabbits, while 14 

sham-operated rabbits were used as controls. They reported a decrease in the total number of 

crossbridges attached to actin and a significant drop in the force produced by individual 

crossbridges. The drop in peak mechanical efficiency of CHF diaphragm in addition to marked 

changes in crossbridge kinetics added to the disadvantageous energetic conditions of CHF 

diaphragm, resulting in impairment of diaphragmatic performance in the CHF rabbit model. De 

Souza et. al. investigated the diaphragm of CHF rats 8, and reported a marked increase in type I 

and type IIa MHC, thereby establishing an adaptive transformation towards a slow and more 

economic contraction to compensate for the increased workload. However, the maximal oxidative 
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capacity of the permeabilized fibres was considerably reduced in CHF diaphragm, suggesting a 

disease-induced alteration in mitochondrial function. 

 In order to understand the pathophysiology of CHF induced diaphragm weakness, Van 

Hees evaluated single muscle fibres of all the MHC isoforms present in diaphragm 26. The study 

reported a decrease in maximal force generation and a relative loss in myosin heavy chain content 

across all single fibre type – slow, 2a, 2x. Additionally, the rate of force redevelopment of 

diaphragm single muscle fibres and calcium (Ca2+) sensitivity of the fibre were substantially 

reduced. Increased activation of ubiquitin-proteasome pathway and its upstream proteolytic 

enzyme caspase-3 was suggested to be associated with the decrease diaphragm strength and loss 

of myosin heavy content. Another study by Study by Van Hees 54 on CHF rats, demonstrated a 

reduction in isometric force and shortening velocity of diaphragm bundles from CHF rats together 

with structural abnormalities. The study also implied that the diaphragm muscles have decreased 

calcium sensitivity in CHF rats. In addition to myosin loss presence of swollen, degenerating 

mitochondria coincided with impaired contractility in the CHF diaphragm. 

 Lecarpentier examined the load dependence of relaxation in 15 rabbits with artificially 

induced CHF and compared them with 12 sham-operated control rabbits 22. In-vitro analysis of 

isolated muscles strips revealed a drop in isotonic as well as isometric relaxation in the diaphragm 

of CHF rabbits. A cumulative chronic volume and pressure overload resulted in high degree of 

cardiac hypertrophy and heart failure. The CHF diaphragm showed a marked reduction in load 

dependence of relaxation (almost 50%), The fall in LD of relaxation observed in CHF diaphragm 

paralleled that in contractile performance and suggests an abnormality in the sarcoplasmic 

reticulum. 
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 Most of the studies have reported a loss in diaphragm muscle strength and a decrease in 

force generation in the diaphragm of animals with CHF 21,23,26,43,52,53,55-59. Additionally, it is well 

established that there is fibre type shift from fast to slow myosin isoform in the diaphragm of 

individuals suffering from cardiomyopathy induced chronic CHF 6,25,49,60. These adaptive fibre 

type transformations in diaphragm muscle in response to increased loading conditions are similar 

to muscle adaptations in endurance training and are contrary to recordings of lower force 

production. A recent study in our lab reported an increased force production by diaphragm 

myofibrils in a knockout mouse (KO) model with cardiac-specific deletion of arginyl-tRNA 

transferase, which induces cardiomyopathy and symptoms of congestive heart failure 24. The 

myofibrils from the myocardium of the KO mouse reported a reduction in active and passive forces 

at different sarcomere lengths (SL) but there were no associated changes in rates of force 

development, force redevelopment and relaxation in comparison with wild-type myocardium, 

suggesting that the changes in force observed are not due alterations in crossbridge kinetics. 

Interestingly, the increase in active force production in the diaphragm myofibrils of KO mice 

(despite a reduction in myofibrils per muscle fibre) suggests an increased load and drop in the 

number of myofibrils available which induces augmentative adaptation in the molecular 

mechanisms of force production. 

Muscle Contractile Properties 

 Muscles are the basic locomotor units of all vertebrate, where the force produced is used 

to move bones and joints just like the system of levers and pulleys. As shown in Figure 1, 

muscles are made of tubular muscle fibres or myocytes, which in turn are made up of rod-like 

myofibrils. Myofibril contains series of contractile units called sarcomere made of myofilaments 
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actin and myosin proteins responsible for muscle contraction. Muscle generate force during 

isometric contractions, or during active shortening or lengthening.  

 Diaphragm muscle contraction, like other striated muscles, is regulated through the 

interaction of calcium (Ca2+) with the thin filament, composed of actin, tropomyosin, and troponin, 

within every single sarcomere.  

4.1  Force generation and relaxation rates 

 The “crossbridge model” of Huxley and Simmons 61 is the best predictor of the force 

development upon muscle contraction. Huxley postulated that crossbridges are formed between 

myosin and actin filaments in the presence of ATP, which drive these myofilaments to slide past 

Figure 1: Model of a sarcomere. Starting at the level of diaphragm right up to the level of a 

single sarcomere the figure depicts all the organisational levels within a muscle. adapted from 

Ottenheim et al 1 
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each other causing the muscle to contract. Subsequent models have been proposed supporting or 

complementing the crossbridge theory 62-64. In short, the crossbridge model suggests three 

molecular states: 1) Pre-powerstroke – a crossbridge formed by weakly bound myosin-actin 

interaction; 2) post-powerstroke state – a crossbridge formed by strongly attached myosin-actin 

interaction; and 3) a detached state – with no myosin-actin interactions or crossbridges. 

 The myosin head has been compared to a lever arm driven by actin binding and release of 

adenosine diphosphate (ADP) and inorganic phosphate (Pi). The “lever arm hypothesis” suggests 

that the release of ADP and Pi causes myosin head to swing and generate force. The attachment of 

ATP releases the myosin head from actin and forms the detached state. The hydrolysis of ATP 

induces the pre-powerstroke state, and the crossbridge cycle can repeat 65,66. 

 In addition, there is a relationship between the force produced by the muscle and the length 

of the sarcomere 67 - the amount of myosin-actin overlap predicts the amount of force of 

contraction. This force-length relationship is a function of the number of attached crossbridges 

68,69. 

 Skeletal muscle fibre relaxation is governed by Ca2+ transport proteins and sarcomere 

proteins. Experiments with intact muscle preparations have established that fall in calcium ion 

[Ca2+] precedes relaxation and is considerably faster than force decay. Fall Ca2+ is not the sole 

determinant of relaxation rate (kREL). Crossbridge mechanics and kinetics are major determinants 

of time course and “load-dependent” changes in relaxation kinetics. 
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 The time course of relaxation following Ca2+ removal is biphasic. During the slow phase 

of relaxation, initiated by a reduction in calcium, sarcomeres can be maintained isometric for the 

whole transient. Poggesi et. al confirmed that even in the absence of Ca2+, relaxation is achieved  

by blocking crossbridges from entering force-generating states, while the crossbridges that are 

currently in the force generating states decay away, even in the absence of Ca2+. 

 Rapid elongation or “give” in some sarcomeres marks the transition between the slow and 

fast phase of force decay, also called the tension shoulder. At this stage, the average strain of force- 

Figure 2: Schematic representation of molecular states during the crossbridge cycle. A – Actin, 

M – Myosin, ADP – Adenosine diphosphate, ATP – Adenosine triphosphate, Pi – Inorganic 

phosphate. Stage 1 – The powerstroke: Pi and ADP are released from the Actomyosin-ADP-Pi 

complex after completion of powerstroke. Stage 2 – myosin releases ADP, this releases the 

myosin from actin, the same free myosin rebinds to ATP to re-start powerstroke. Stage 3 – the 

myosin head weakly binds to actin, ATP on the myosin head hydrolyzes into ADP and Pi, and 

the energy released can be used for the powerstroke. 
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generating crossbridges escalates the force beyond the threshold, which favours rapid crossbridge 

detachment and “give” of the weakest sarcomeres. Sequential propagation of sarcomere “give” 

from one sarcomere to the next continues even after force becomes negligible, all sarcomeres relax. 

4.2  Force redevelopment following active shortening 

 Studies have investigated crossbridge kinetics using a force redevelopment protocol. In 

this technique, skinned muscle fibre producing a steady-state isometric force is allowed to shorten 

under unloaded conditions for a brief period. and shortly after it is re-stretched to its original length. 

This rapid shortening and re-stretching detaches most of the strongly bound crossbridges. The time 

course over which the crossbridges re-establish the force-generating capacity is a measure of the 

kinetics of crossbridge cycling and force-bearing states 70. 

Figure 3: Biphasic time course of force relaxation initiated by sudden Ca2+ removal. The force 

decay has an initial slow, almost linear phase (slow kREL). then a “shoulder” which is followed 

by a fast, nearly mono-exponential phase (fast kREL). Adapted from Poggesi 2005  4  
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4.2.1  Rate of force redevelopment (ktr) 

 Studies on force redevelopment in skinned muscle fibres have led to the development of 

estimation techniques for rate constant of crossbridge reattachment and force generation. The rate 

of force redevelopment (ktr) after rapid release and restretch in skinned fibres helps one access the 

properties of the myosin at maximal Ca2+ activation 70,71. The rate constant for force redevelopment 

is estimated from the time to half-maximum redeveloped force.  This rapid activation is primarily 

dependent on [Ca2+] and independent of the initial level of force. This is consistent with 

conclusions from the ktr measurements that the activation rate results primarily from the kinetics 

of Ca2+ binding and the subsequent conformational changes of the thin filament. 

4.2.2  The Force-velocity relationship and the maximum velocity of shortening. 

 The muscle adjusts its force to precisely match the load that it experiences during 

shortening by continuously adjusting the speed at which it moves. For a small load, the speed of 

shortening of contraction is fast, accounting for the lower force 72. Conversely, for heavier loads 

the shortening velocity is lowered to produce higher active force. Hill suggested this inverse 

relationship between load and velocity as a primary property of muscle contraction 73. 

 The maximum speed of shortening attained when a muscle is free to shorten at zero loads 

represents the maximum cycling rate of the myosin crossbridges. Studies by Barany 74 and later 

by Edman et. al 3 found that Vmax correlated well with the maximum rate of ATP splitting in whole 

muscle as well as in single fibre level, respectively. 

 Edman et. al 3 conducted detailed studies on single muscle fibres to reveal that the force-

velocity relationship manifests two separate curvatures, with an upward concavity on either side 
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of a breakpoint near 80% of the isometric force (0.8  ). The following empirical equation 

provides an excellent fit to the biphasic experimental data shown in figure 4: 

 

 

where V represents the velocity of shortening, P is the load on the muscle fibre, 𝑃0 denotes the 

measured isometric force. Constants a and b have dimensions of force and velocity, 

respectively; constant 𝑘1 -has dimension of 1/force and determines the steepness of the high-

force curvature; and constant 𝑘2, which is the relative force at which the correction term reaches 

its half value, is dimensionless. The first term represents the force-velocity relation below 0.8 

 and the second term also referred to as ‘correction term’ reduces the V at higher loads for a 

better fit at loads greater than 0.8 . Constants  and  are used when computing Vmax. 

 Edman’s model 75 proposes that there’s a Gaussian position-dependence of the attachment 

rate constant along actin, which provides a region for slow crossbridge attachment during early 

powerstroke. This explains the marked decrease in the number of crossbridges pulling during 

contraction in higher force range and a lower force output per bridge. It has been established that 

in contrast to muscle fibre’s ability to produce force, it’s maximum speed of shortening does not 

depend on the number of myosin bridges that are able to bind with the thin filaments 72, so Vmax is 

independent of the degree of activation of the contractile system. 

 One of the most convenient methods for measuring the speed of shortening at zero loads 

described by Edman 2 is the slack test method. The muscle fibre is quickly released during mid-

contraction thereby causing a rapid slack in the fibre, which leads to an abrupt fall in tension to 
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Figure 4: Equation fitted to force-velocity data derived from a single muscle fibre. Initially the 

first term in Hill’s equation was fitted by least squares method to data truncated at 0.78 𝑃0, 

deriving numerical values for a and b. Thereafter, constants 𝑘1and 𝑘2were determined by fitting 

the equation to all the data points, including loads over 0.78 P0. Inset shows the shaded high-

force portion of the graph in detail. Adapted from Edman 3 

Figure :5: Slack test method: Superimposed data from a single muscle fibre showing three 

slack releases of different amplitudes during the plateau of tetanus contraction. Lower traces: 

release steps calibrated in µm (SL); and upper traces: tension recorded in the fibre. Adapted 

from Edman 2 
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zero. This allows the fibre to shorten actively to take up the slack. Three or more amplitudes of 

release (∆ L) are used. The lowest the time (∆t) measured from slack to the onset of force 

redevelopment is plotted against the release amplitude, and the slope of the straight line so obtained 

(regression analysis) provides a measure of the shortening velocity at zero load. 

 4.3  Force enhancement during stretch 

If a muscle fibre is stretched while activated, there is a notable increase in force without a 

concomitant increase in ATP utilisation 76-79, a phenomenon known as force enhancement during 

stretch. The force rises in two phases following a ramped stretch protocol (Figure 6).The critical 

force (Pc) (transition between these two phases) is associated with the force at which the attached 

crossbridges reach their maximum extension, at a critical SL, before detaching from actin 80. The 

increase in force during a stretch of activated fibre is associated with the pre-powerstroke 

crossbridges. Since these crossbridges are less strained than crossbridges in powerstroke, they 

would not contribute towards isometric force production. Instead, they would resist stretch leading 

to an increase in force during lengthening 81-84 with static tension (non-crossbridge force), 

mechanism independent of the crossbridges.  

 When a muscle fibre is actively stretched, there is an increase in force production explained 

by the strain developed by the crossbridges attached to actin during an active contraction 85. The 

steady-state force achieved is greater than the isometric force at corresponding length, also known 

as the residual force enhancement 83,85,86.  The increase in force during active stretching is 

dependent on the speed of the muscle stretch, but the steady state force enhancement achieved is 

dependent on the magnitude of the stretch 83,87-89. 
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 Residual force enhancement is long lasting and happens at longer SLs along the descending 

limb of the length-tension relation 78,83,90. The mechanism behind the steady state force 

enhancement remains unclear, but the three main theories proposed are: 1) SL non-uniformities 

91,92, which postulates that force developed by one-half of the sarcomere is different from the force 

developed in the other half 89,93-96; 2) an increase in the number and force produced by crossbridges 

in the contractile unit of  the striated muscles 80,97-99; and 3) increase in stiffness and passive force 

arising from involvement of titin molecule. 80,91,99-101. 

Figure 6: Schematic representation of muscle force enhancement during stretch and residual 

force enhancement. Two superimposed contractions from the same muscle as it’s first activated, 

then stretched to a certain final length and finally relaxed (solid lines); and then activated 

isometrically and kept at the same final length before being relaxed again (dashed lines). Top 

panel: force traces. Bottom panel: length traces. Pc : critical force, FE: force enhancement during 

stretch, RFE: residual force enhancement and PFE: passive force enhancement. ‘a’ and ‘b’ 

represent the force transients during stretch. Adapted from Minozzo 5 
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4.4  Passive forces and role of titin 

 When a muscle fibre is stretched passively without being activated (i.e. not being 

stimulated to contract) there is an increase in force that is independent of the crossbridges. Studies 

have found the passive elastic component within the muscle is regulated by the elastic protein titin 

85,102-104. Titin, the largest protein in the muscle, provides structural integrity and noncontractile 

force production. As a structural protein, it spans half the length of the sarcomere and maintains 

the myosin alignment over a dynamic range of SLs in striated muscles 85. Titin molecule has a 

spring-like characteristic that produces passive resistance in response to stretch 103. At high SLs 

where crossbridge interaction is not possible, titin is the primary contributor of noncontractile 

muscle force 90. The importance of titin to passive tension in the muscle is evident in 

developmental and disease states, where changes in titin isoforms lead to consequential changes 

in muscle elastic properties 105-109. Because of its dynamic function in muscle physiology and 

pathophysiology, several recent studies have attempted to elucidate titin's role in the regulation of 

noncontractile force. 

 Most of titin's mass is made up of immunoglobulin domains and PEVK (proline, glutamine, 

valine, and lysine-rich) segment repeats derived from differential splicing of isoforms. Additional 

post-translational modifications and calcium activation can regulate the degree of titin-derived 

static tension 102.  



24 

 

Summary 

Problem: 

 Despite evidence of respiratory muscle weakness in patients with HCM, the responsible 

mechanism is still a matter of debate. Most of the literature supporting impaired respiratory 

function are based on rodent models with surgically induced congestive heart failure. Though CHF 

is one of the most debilitating symptoms of HCM, pathophysiology of HCM is so diverse that 

patients affected never report similar clinical manifestations. Thus, to understand the complete 

mechanism for respiratory weakness in HCM, it is important to study how the HCM mutations 

and progressing cardiac disease affects the diaphragm muscle function. Additionally, since the 

phenotypic expression of HCM mutation, the R403Q mutation, in particular, varies depending on 

the dominant cardiac myosin isoform in the species, selection of an appropriate animal model that 

closely resembles human cardiac myosin composition is important.  

Rationale: 

 The following experimental study aims to evaluate the respiratory adaptations induced in 

HCM. This will be achieved by studying the contractile properties of the diaphragm muscle fibres 

in the rabbits with R403Q mutation induced HCM. To investigate whether alternations in the 

respiratory musculature associated with R403Q mutation are intrinsic to the muscle and not 

secondary to neural adaptive response to the increased oxygen drive, it is necessary to evaluate the 

contractile properties of the diaphragm muscle fibre independently. Thus, by isolating the study to 

isolated muscle fibre we can isolate the mechanism intrinsic to the diaphragm muscle itself.  
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 Therefore, the goals of this study were twofold: (i) to examine if respiratory muscle 

weakness was present in rabbits with the R403Q mutation, and (ii) to examine the mechanism 

responsible for the alteration of force.  

Our hypotheses are: 

1. Diaphragm isolated from R403Q rabbits will be weaker than diaphragm isolated 

from wild-type rabbits. 

2. The weakness observed in the R403Q myofibrils will be due to alterations in 

crossbridge kinetics of the muscle contractile unit. 
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ABSTRACT 

Background: Hypertrophic cardiomyopathy (HCM), induced by a point mutation at residue 403 

(R403Q), is one of the most lethal inherited cardiovascular diseases. Respiratory muscles 

weakness is frequently reported as secondary but independent mortality predictor in patients with 

cardiomyopathy, yet the mechanism of diaphragm weakness is not yet properly understood. In this 

study, we investigated the alterations in contractile properties of respiratory muscle diaphragm in 

hypertrophic cardiomyopathy, using a rabbit model with R403Q mutation. We hypothesised that 

genetically modified R403Q rabbits will show lower force recordings than the age-matched wild-

type (WT) rabbits. 

Method: Five sets of experiments were performed on isolated skinned diaphragm muscle fibres 

of WT and R403Q rabbits, to assess force development, redevelopment, enhancement (crossbridge 

kinetics) and passive forces between the two experimental groups. 

Results: We found that the R403Q fibres were 11.21% weaker for specific force and 33.10% 

weaker when normalised to the crossectional area of the fibres, compared with WT (P<0.05). 

These fibres presented with similar kinetics for force redevelopment (ktr) and unloaded shortening 

velocities (Vmax). Also, R403Q fibres also reported 28.38% and 34.48% drop in force during 

stretch and force enhancement following stretch (P<0.05). However, there was no difference in 

the passive force – SL relation between the two groups. In accordance with our hypothesis the 

diaphragm fibres from R403Q rabbits produce lower absolute and specific forces compared to WT.  

Conclusion: In accordance with our hypothesis the diaphragm fibres from R403Q rabbits produce 

lower force and are weaker than WT and these alterations could be the result of altered crossbridge 

kinetics and calcium sensitivity.  
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INTRODUCTION 

Hypertrophic cardiomyopathy (HCM), inherited as an autosomal dominant trait28 is 

characterised by hypertrophy of the heart and is accompanied by asymmetric thickening of cardiac 

walls, a decrease in cardiac chamber size and impaired muscle relaxation 14,31,33. Histologically, 

the HCM related mutations in cardiac sarcomeric protein particularly affect the cardiac ventricles 

and may lead to cardiac muscle fibrosis and cardiac disarray in later years 110. In addition to cardiac 

symptoms, patients with cardiomyopathies usually report impaired exercise capacity and dyspnea, 

associated with significant altered respiratory musculature 6,22,50,55. Inspiratory muscle weakness 

and reduced maximal inspiratory pressure, secondary to chronic heart failure, has been identified 

as an independent predictor of mortality in patients with hypertrophic cardiomyopathy (HCM) 

9,50,58.  

The diaphragm is the most important respiratory muscle and like the heart, it contracts and 

relaxes continuously throughout life.  Several functional and metabolic studies of diaphragm 

muscles in conditions of cardiomyopathy have reported a decrease in muscle strength, as well as 

a consistent fibre type redistribution, from fast glycolytic towards slow oxidative fibres 6,25,49.  

These studies report a decreased force generation during maximal isometric contraction 10,111 and 

changes in intracellular calcium regulation 17,112,113, which may underlie the mechanisms for 

intrinsic contractile dysfunction of the diaphragm in cardiomyopathic conditions. 

Clinically, the vast heterogeneity of symptoms in individuals with HCM ranges from no 

symptom to ventricular arrhythmias and heart failure 33,114,115. The mutation of arginine to 

glutamine at amino acid 403(R403Q) in the β-myosin heavy chain (MHC) that leads to 

cardiomyopathy has been extensively studied 116. Most of the data on R403Q mutation is based on 
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research on rodent models 117-120. However, there is a predominance of α-MHC in the myocardium 

of the mice, which differs considerably from humans. Recent studies by Lowey et al using R403Q 

mice model showed a strong dependence of the MHC isoforms affected in the contractile function; 

the αMHC and the βMHC present considerable differences in the characteristics of the 

cardiomyopathy 40,41,121. Most specifically, the heart with the αMHC backbone presents a gain in 

function, while the heart with the βMHC presents a loss in function. Such difference may lead to 

different effects on the diaphragm muscles, as a higher or lower blood flow will lead to different 

adaptations of the respiratory pathway. 

 In this study, we used a rabbit model for R403Q, which is better suited for understanding 

the mechanisms of HCM in humans than the mice, as the sarcomeric myosin composition in rabbits 

is marked by predominant expression of β-MHC in ventricles, same as in humans 122. The 

similarities in heart rates and cardiac size also make the rabbit model ideal for most physiological 

studies 33,123,124. We isolated diaphragm muscle fibres from R403Q rabbit models and performed 

experiments with single fibres to test the hypothesis that the diaphragm contractile functions are 

altered because of HCM.  

METHODS 

Muscle fibre preparation 

 Small bundles of rabbit diaphragm muscles (3-4 cm) were dissected, tied to wooden sticks 

and chemically permeabilized according to standard procedure 84,88. These muscles were then 

soaked in rigor solution (pH = 7.0) for 4 hours, after which the samples were transferred to a rigor: 

glycerol (50:50) solution overnight. The samples were then transferred to a new rigor: glycerol 

solution with an additional mixture of protease inhibitors (Roche Diagnostics, USA) and stored in 
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a freezer (-20ᵒC) for at least seven days. The protocol was approved by the McGill University 

Animal Care Committee (protocol #5227) and complied with the guidelines of the Canadian 

Council on Animal Care. 

 

 On the day of the experiment, sliced sections of the sample were transferred to fresh rigor 

solution in 1.5 mL eppendorf tube and placed in the fridge for an hour to defrost. The thawed 

sample was further dissected (~4 mm in length) and fine single muscle fibres were extracted in 

relaxing solution (pH = 7.0) (Figure 7). The fibres were fixed with T-shaped aluminium foil clips 

Figure 7: Photographs of single muscle fibres of the diaphragm in the experimental chamber. 

A typical diaphragm fibre isolated from a wild type (WT) rabbit (A) and from the diaphragm 

of a R403Q rabbit (B). There is no visible difference in the striation pattern and structure of the 

fibre between the two groups. 

A 

B 

40 µm 
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and transferred to a temperature-controlled experimental chamber, hooked between a force 

transducer (403A, Aurora Scientific, Toronto, Canada) and a length controller (Model 312B, 

Aurora Scientific). 

Solutions 

 The rigor solution (pH 7.0) was composed of (in mM): 50 Tris, 100 KCl, 2 MgCl2 and 1 

EGTA. The relaxin solution for dissection (pH 7.0) was composed of (in mM): 100 KCL, 2 EGTA, 

20 Imidazole, 4 ATP and 7 MgCl2. The activating solution was composed of (in mM): 20 

imidazole, 14.5 creatine phosphate, 7 EGTA, 4 MgATP, 1 free Mg2+, 32 μM of free Ca2+ and KCL 

to adjust the ionic strength to 180 mM. A preactivating solution (pH 7.0, pCa2+ 9.0) composed of 

(in mM): 68 KCl, 0.5 EGTA, 20 Imidazole, 14.5 PCr, 4.83 ATP, 0.00137 CaCl2, 5.41 MgCl2 and 

6.5 HDTA (pH 7.0, pCa2+ 9.0) was used immediately before activation of fibres. The final 

concentrations of each metal-ligand complex were calculated using a computer program 125 

Experimental Protocol 

 In the experimental chamber, the average SL of the fibre in relaxing solution was calculated 

using a high-speed video system (HVSL, Aurora Scientific 901A, Toronto, Canada). Images from 

selected region of the fibre were used to calculate SL by Fast Fourier Transform (FFT) analysis, 

which is based on the striation spacing pattern of the dark and light bands of myosin and actin, 

respectively. The length and diameter of the fibre were measured using CCD camera (Go-3, 

QImaging, USA; pixel size: 3.2 µm×3.2 µm). All experiments were performed at 10ºC. 

 Every muscle fibre underwent five experiments protocols during the trial study. The initial 

SL of the fibre was adjusted to 2.5μm (optimal length; Lo) before every experiment. For the first 
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test, the fibre was activated to produce maximal isometric force. The contraction was induced by 

transferring the single fibre preparation to the bath with a pre-activating solution for 5 s, then to 

activating solution (pCa2+ 4.5) for 10 s before allowing deactivation in relaxing solution (pCa2+).  

 The second experiment measured the rate of isometric force re-development (ktr). The fibre 

was activated isometrically at pCa2+ 4.5, and after full force development, the fibre was shortened 

by 15% Lo with 10 Lo˙s
-1 ramp, reducing the force to zero. This momentarily reduces the dynamic 

stiffness and suddenly dissociates all attached crossbridges. The shortening is followed by a rapid 

re-stretch (500 Lo˙s
-1) to initial Lo, forcing disengagement of any remaining attached crossbridges. 

Force re-development after the shortening-stretch protocol is directly related to the re-attachment 

of myosin to actin. 

 The third experiment was performed to measure force enhancement during and after 

stretch. The fibre was first activated at pCa2+ 4.5 and when the force was fully developed, a ramp 

stretch of 10% Lₒ was applied at 5 Lo˙SL-1˙s-1. The fibre was restored to its original length after 

10 seconds and then allowed to relax in the relaxin solution. Residual force enhancement was 

calculated as the difference between force measured after an active stretch and force produced 

during isometric contraction 101. 

 The fourth experiment measured unloaded shortening velocity (Vmax) using slack test 

method. The fibre underwent four separate slack tests, corresponding to length steps of 5, 10, 15 

and 20% Lo. The activated fibre was subjected to predetermine slack step rapidly imposed at 2 ms, 

allowing the muscle to slacken and the force dropped to zero. The force redeveloped over time in 

proportion to the shortening length imposed. Following 10 s the fibre was re-stretch to its initial 

Lo, and then transferred to relaxin for deactivation; the SL was readjusted prior to subsequent 
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activation. The time required for re-development of force, which was relative to the step length 

applied, was plotted and the slope of the linear regression fitting the data represented the Vmax (in 

Lo˙s
-1). 

 For the last protocol, fibres underwent 10 consecutive step-stretches in relaxing solution 

(amplitude of stretch: 10 % initial Lo, duration 1 s, pauses between stretches: 3 seconds, 10 steps) 

the protocol was developed for comparison of passive forces-SL relation 101. 

 The force and length traces were recorded throughout all the experiments at a rate of 10000 

Hz. The maximal force generated by a fibre was measured at the end of the activation period after 

steady-state stabilisation was achieved. In all trials, control contractions at SL of 2.5 µm were 

elicited at the end of the experiments, and if isometric forces decreased by >15% in relation to the 

first isometric contraction, or when the striation pattern corresponding to the SL became unclear, 

the experiments were ended and the data was not used. 

Data analysis 

 Force re-development (ktr) was analysed using the following bi-exponential equation: 

      𝐅 =  {𝐚 ∗  [𝟏 − 𝒆(−𝒌𝒕𝒓 ∗ 𝐭)  − 𝒆(−𝒍 ∗ 𝐭)] + 𝒃}     

where ‘F’ is force, ‘a’ is the amplitude of the exponentials, ‘t’ is time, ‘ktr’ the first exponential 

constant, ‘Ɩ’ the second exponential constant, and ‘b’ is the initial force value. 

 The forces during and after stretch were also calculated as the difference in the peak force 

recorded during and after stretch and the isometric force produced by the fibre.  

 The passive force-SL relation of the two groups was estimated by comparing the peak 

forces during step stretches and the passive forces recorded after the stretches. 
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Statistics 

 The comparisons between the two groups were made using T-test. When appropriate, post 

hoc analyses were made using Man Whitney’s U-test was performed after independent t-test. 

 The passive force-SL relationship was analysed using a two-way ANOVA, where the first 

factor was the type of fibre used (WT or R403Q) and the second factor was the amount of stretch 

that the fibres endured during the protocol. Post hoc analysis using Holm-Sidak method was 

performed. A significance level of p < 0.05 was used for all comparisons. All values are presented 

as mean ± S.E.M. 

RESULTS 

Isometric force: Figure 8 shows typical force readings recorded during isometric contraction of 

single muscle fibre isolated from the diaphragm muscles of WT and R403Q rabbits, respectively. 

The specific force obtained after normalisation with the crossectional area (CSA) was 33.10% 

lower in R403Q fibres (p = 0.045) when compared with WT. Data for CSA of permeabilized 

diaphragm muscle fibres, measured assuming circular symmetry, is presented in Table 1. The CSA 

were different across both the groups. 

    WT R403Q 

  Force (mN) 0.758 ± 0.155 0.673 ± 0.0902 

  CSA (mm2)  6.09*10-3 ± 0.72*10-3 8.33*10-3 ± 0.92*10-3 

  Specific Force (mN/mm2) 117.85 ± 13.41 78.82 ± 12.67* 

        

  * Significantly different from WT  (Mean ± SE)   

Table 1:  Fibre segment cross-sectional area (CSA), force and specific force. 



39 

 

 

Rate of force redevelopment (ktr): Figure 9(A) shows typical force tracings recorded from single 

diaphragm muscles isolated from WT and R403Q, respectively. Although the isometric forces are 

considerably lower for R403Q, the slope of force redevelopment is similar for both WT and R403Q 

(indicated by the arrows). The similar ktr suggests that there is no difference in the crossbridge 

turnover after the shortening-stretch protocol. 

When the results are plotted together (figure 9(B)), statistical analysis confirmed these findings; 

the ktr did not differ between the two groups, with a ktr of 0.87/sec ± 0.35 for the WT fibres and 

1.57/sec± 0.59 for the R403Q fibres (P>0.05). 

Force enhancement during and after stretch of activated fibres: The force produced at the 

peak of the stretch (critical force, Pc), and the force enhancement after stretch, were higher than  

Figure 8: Isometric contractions recorded during typical experiment with WT and R403Q 

diaphragm fibres. These traces are normalized to crossectional area of the respective fibre. Note 

that the isometric force recorded for R403Q is lower than the WT. 
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the steady state force produced during isometric contraction, for both fibres. Figure 10 shows 

typical force traces recorded, note that the steady-state force obtained after stretch is higher than 

isometric force produced by WT and R403Q fibres. Force enhancement after stretch, calculated as 

the difference between this steady stated force and force produced during pure isometric 

contraction was lower for R403Q when compared to WT. Statistically, the force enhancement after 

stretch was 34.49% lower in R403Q (39.92 mN/mm2 ± 4.80) when compared to WT (60.92 

mN/mm2 ± 6.08), and the Pc was 28.37% lower (P<0.05), in R403Q (474.93 mN/mm2± 63.19) 

than WT (663.07 mN/mm2 ± 51.15) as shown in figure 11(A). 

Figure 9: (A) Rate of force redevelopment (ktr). Typical force traces in experiments measuring 

ktr in WT and R403Q muscle fibres. (B) Mean values ktr recorded for both groups. Solid bars are 

the mean data recorded while the extended bars represent the standard error. Note that higher ktr 

would suggest that R403Q redevelops force faster than the wild type, but there is no statistical 

difference in the ktr (Mean ± SE) of both the groups. 

A B 
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 Unloaded shortening velocity (Vmax): Figure 12. shows typical data recorded for slack tests 

performed on diaphragm fibres isolated from R403Q and WT rabbits. There was no statistical 

difference in the unloaded shortening velocity measured with the slack test method between the 

two groups, with a Vmax of 0.42 Lo/s ± 0.12 for WT and 0.40 Lo/s ± 0.08 for R403Q (P>0.05)  

Figure 10: Typical force traces of single muscle fibres isolated from WT (1) and R403Q (2) 

rabbits, showing force enhancement during stretch (P1 and P2) and after stretch (FE 1 and FE 

2). The isometric force and the peak force during the active stretch are lower in the R403Q 

fibre (P2) when compared to the WT fibre (P1). Force enhancement after stretch, calculated as 

the difference in force recorded after stretch and the isometric force produced during 

contraction, was lower for the rabbits with R403Q mutation (FE 2) relative to WT (FE 1)  
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Figure 11: (A) Mean values for force recorded during isometric contraction (Iso), point of maximal 

stretch (Peak) and force enhancement observed after stretch (FE). The force enhancement 

measured during and after stretch of activated fibre is significantly lower in diaphragm fibres 

extracted from R403Q when compared to WT (P<0.05). (B) Mean unloaded shortening velocity. 

There is no statistical difference between unloaded shortening velocity (Vmax) computed for the 

two groups (Mean ± SE). 

B 

A 
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 as evident in figure 11(B).  

Figure 12: Raw data traces showing experiments performed for evaluation of Vmax in diaphragm 

muscle fibre extracted from WT and R403Q fibres. Four separate slack tests, corresponding to 

length steps of 5, 10, 15, 25% Lo, were performed on each fibre. The time required for the force to 

redevelop was plotted relative to the imposed length step. Vmax was derived as the slope of the first 

order least squares regression line fitting the data. Inset: Zoomed view of the unloaded shortening 

velocity traces. 
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Figure 13:(A) Raw data traces for passive force – SL relation of WT and R403Q 

diaphragm muscle fibres. Consecutive stretches performed at pCa2+ 9.0 with individual 

fibres isolated from the diaphragm of WT and R403Q rabbits. The forces produced during 

and after stretches are the same for both the group. The bottom panel shows the step length 

ramp imposed on the fibres for this protocol. (B) Means (± SE) of Passive force - SL 

relation for all fibres investigated in this study. Both the peak forces during stretches 

(triangles – peaks) and the passive forces after stretches (circles – trough) were calculated 

to be similar between the groups. 
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Passive force - SL relation: Figure 13(A) shows a passive force – SL relation for both WT and 

R403Q fibres investigated in this study. Note that critical force recorded during consecutive 

stretches were similar for both R403Q and WT.  

 Holm-Sidak posthoc analysis following two-way ANOVA revealed that there was no 

significant difference in the passive force traces of WT and R403Q fibres. Interestingly, the steady-

state forces attained during stretches were lower in fibres isolated from R403Q diaphragm muscle. 

However, despite subjecting the fibres to high magnitude of stretches, the absence group and 

stretch length interaction established that there was no statistical difference in the passive force-

SL relation between the two groups (P>0.05; figure 13(B)).  

DISCUSSION 

 This study is the first to investigate the contractile properties of diaphragm muscle fibres 

isolated from the R403Q rabbit, a cardiomyopathy model that resembles the human disease. We 

investigated the extent to which this cardiac mutation alters the force, velocity of contraction and 

crossbridge kinetics of the diaphragm. The data from our study shows that the diaphragm fibres of 

R403Q rabbits are weaker in comparison to WT myofibrils. In addition to a reduced force 

generation, these fibres produced a lower force in response to stretch. Taken together with similar 

values for rate of force redevelopment, maximal shortening velocity, and passive forces, these 

findings indicate that the muscle weakness in R403Q rabbit model is not associated with 

impairment in crossbridge kinetics. 
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Comparisons with other studies: 

 Our findings are similar to studies on CHF 6,22,26,59 that reported a loss in maximal force 

generation of the diaphragm secondary to heart failure in rodents. In one of these studies, Van 

Hees et. al. 26 observed lower values for rates of force redevelopment (ktr) in diaphragm isolated 

from rats with surgically induced CHF, in addition to the reduced maximal specific force. This 

change was accompanied by a decrease in α-MHC content as well. Though we observed a decrease 

in maximal force production in our study, there was no difference in ktr of R403Q diaphragm 

relative to wild-type rabbit, even though the mutation and animal selected was a better model of 

HCM for cardiomyopathy. 

 In a previous study from our laboratory, Ribeiro et.al 24 reported an increase in the maximal 

force production and faster rate of relaxation in the diaphragm of affected animals. A knockout 

mouse model with cardiac-specific deletion of arginyl-tRNA-protein transferase was employed to 

reproduce symptoms of cardiomyopathy and CHF. However, even in this study, there was no 

difference in ktr and passive forces in the fibres isolated from diaphragm muscles, despite increased 

loading conditions secondary to chronic cardiac failure.   

Causes of impaired diaphragm muscle fibre contractility: 

 The specific force of fibres isolated from R403Q was lower than that of wild-type. Similar 

values for rate of force redevelopment and maximum velocity of shortening ruled out the 

differences in the in the rate of crossbridge turnover and the speed of myosin crossbridges cycling 

at zero load. Comparable values for passive force-SL relation (at pCa2+ 9.00), between the two 

groups, may rule out the involvement of titin in diaphragm weakness. However, it may be that a 

Ca2+ dependent increase in the stiffness of titin 104,126 may be responsible for changes observed in 
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the total force produced by the diaphragm fibres. Cornachione and Rassier 101 reported an upward 

shift in the passive force-SL relation in the presence of Ca2+, even after blocking the crossbridge 

interactions by removal of the thin filament, and it would be important to study the passive forces-

SL relation in the presence of Ca2+ . 

 Interestingly, the muscle fibres from R403Q diaphragm produced lower force in response 

to stretch after activation both during and after stretch relative to fibres from wild-type. The critical 

force (Pc) was 34% lower for R403Q relative to WT. The Pc is associated with the force at which 

the attached crossbridges reach their maximum extension, before detaching from actin or the ‘pre-

power stroke’ phase 80. This suggests that the pre-power stroke crossbridges are unable to sustain 

the strain of stretching 81,82, thereby resulting in lower Pc observed in the fibre. Since the Pc was 

low to begin with, the force enhancement observed after stretch was also reduced relative to wild 

type.  

Research on patients with early onset cardiomyopathy has indicated that some autosomal dominant 

missense mutation also affects the skeletal muscles 127,128.  Fananapazir et. al. have demonstrated 

that the patients with the R403Q mutation in the β-MHC also show alterations in the myofibrillar 

structure, even in skeletal muscles 128. They reported variations in the fibre sizes and histochemical 

alterations in psoas muscle biopsies of patients with HCM. These studies suggest that mutations 

resulting in cardiomyopathy also affect the sarcomeric integrity of skeletal muscles. Such 

alterations may affect force enhancement during and after stretch 72, and this could provide an 

explanation for the inability of diaphragm muscle fibre to resist to the strain imposed by a stretch. 

 Taken together, these data suggest that intrinsic contractile dysfunction of the diaphragm, 

contributes to inspiratory muscle weakness in HCM. This inspiratory muscle weakness may be 



48 

 

secondary to alterations in the stabilising proteins, due to which the muscle is unable to develop 

tension thereby resulting in lower force production by the contractile apparatus.  

Limitations 

 In the present study, we compared the contractile properties of diaphragm muscle in 

cardiomyopathic rabbits with the R403Q mutation. Although this animal model has better genetic 

and clinical similarities with human than mice models, we lack information on the neurohormonal 

profile of the rabbits following cardiomyopathy.  

Conclusion 

 This results of this study show a lower force production in diaphragm single fibres of 

rabbits with an R403Q mutation in the heart. The results also suggest that HCM indirectly affects 

contractile proteins and passive structures of the diaphragm muscle. However, these abnormalities 

were not accompanied by changes in ktr and Vmax, suggesting that the mutation may not affect 

crossbridge kinetics. Instead, the weakness could be arising from the decrease in passive forces 

originating from titin related stiffness in the diseased muscle fibre and non-crossbridges structures. 
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CHAPTER III: 

CONCLUSION AND FUTURE DIRECTIONS 
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The results of this thesis show that diaphragm muscle fibres in rabbits, with familial 

hypertrophic cardiomyopathy resulting from R403Q mutation, are weaker in comparison to wild-

type rabbits. Lower forces in response to stretch suggest that the weakness may be attributed to 

the passive structures within the muscle. Though R403Q mutation is the most extensively 

researched mutation of HCM, this is the first study to investigate the contractile changes in the 

respiratory muscle of the specific mutation in a large mammal. This study is a step closer to 

understanding HCM further studies will be required to elucidate the exact mechanism. 

There are two main directions to be developed from this thesis for future studies. First, 

although this thesis was successful in establishing respiratory weakness in HCM, further muscle 

biophysics research will be needed to elucidate the exact mechanism responsible for the observed 

drop in forces. Future research testing for calcium sensitivity in R403Q would help us understand 

the muscle fibre’s response while activation, contraction as well as relaxation. The drop in 

isometric force and the force enhancement observed in this study would be justified if the R403Q 

fibres have developed a tolerance to Ca2+ and hence need more calcium ions to illicit isometric 

contractile force.  

Additionally, MHC isoform comparisons and titin isoform comparison of cardiac muscles 

of R403Q rabbits have established fibre-type shifting and lower cardiac functionality. Changes in 

the MHC proteins could explain the drop in isometric force. Investigating the physiological 

alterations in the diaphragm muscle such as fibre typing and mitochondrial function analysis, 

among other, can give a complete view of the underlying adaptations to HCM. 

 One of the main clinical implication of this study is that respiratory weakness reported in 

patients with HCM is independent of the underlying cardiac condition. Since HCM screening is 
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encouraged right from a very young age, respiratory muscle training can improve the survival rate 

of the patient after diagnosis.   
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