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ABSTRACT OF THE THESIS 

 
 

Myosin Regulatory Light Chain Phosphorylation and its Role in Active Mechanics and 
Force Generation of the Heart 

 
 
 

by 
 
 
 

Sejal Patel 
 
 

Master of Science in Bioengineering 
 
 

University of California San Diego, 2009 
 
 

Professor Jeffrey Omens, Chair 
 
 

Mutations that affect basal levels of myosin regulatory light chain (RLC) 

phosphorylation have been implicated in the development of familial hypertrophic 

cardiomyopathy.   Regulatory light chains, one of the two light chain components of the 

myosin molecule, play a significant role in stabilizing the myosin lever arm during force 

transmission.  While phosphorylation of RLCs by myosin light chain kinases have been 

implicated in modulating force development in cardiac muscle, their detailed mechanism 
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and precise role in cardiac function is not well understood as compared to their well-

studied counterparts in skeletal muscle.  In this study, the effects of RLC phosphorylation 

on cardiac force generation were assessed by comparing force generation results from 

wild type mice (~30% phosphorylated RLC) with those from a non-phosphorylatable 

RLC knock-in strain MLC2v (~0% phosphorylated RLC).  Intact papillary muscles were 

isolated from mouse hearts, and placed within a tissue culture chamber system that 

enabled measurement of force within a physiologic environment, i.e. with controlled 

oxygen and superfusate delivery.  This system enabled measurements of force generation 

before and after muscles were subject to an isometric stretch protocol (90% Lmax).  RLC 

phosphorylation at baseline had no statistically significant effect on systolic force 

generation; however there was a profound difference in active stress between wild-type 

and MLC2v knock-in papillary muscles after isometric stretch.  These results suggest that 

RLC phosphorylation potentiates the immediate force response to cardiac lengthening, 

i.e. the Frank Starling mechanism; therefore RLC phosphorylation may involve cross-

bridge dynamics and compensatory protein phosphorylation mechanisms that are more 

complex then previously assumed. 

 

 

 

 

 

 

 

 



  1.  

1. INTRODUCTION  

1.1 STRIATED MUSCLE CONTRACTILE FUNCTION 

 In cardiac muscle, contractile function is a modulated by a complex mechanism 

involving thin and thick filament proteins.  An action potential initiated by pacemaker 

cells in the sinoatrial node is propagated via gap junctions from non-contractile cardiac 

myocytes to contractile cells.  The action potential triggers L-type calcium channels to 

release some calcium into the cell.  This calcium release causes a positive feedback 

mechanism in which intracellular calcium ions trigger activation of ryanodine receptors 

in the sarcoplasmic reticulum membrane.  This activation causes subsequent release of 

high levels of calcium into the cytosol [12,56].     

 Thereafter a complex mechanism involving the thin filament regulatory unit, 

including one troponin (Tn), one tropomyosin (Tm), and seven actin monomers, leads to 

force generation [12].   Tm is a double stranded helix that binds actin, and spans seven 

actin monomers.   The current model of cross-bridge cycling involves calcium dependent 

transitions between three states, i.e. blocked, closed, and open, that lead to at least two 

distinct attached cross-bridge states, i.e. a weak-binding actin– myosin state (A-state) and 

a strong-binding actin–myosin state (R-state) [12,36].     

 In the absence of calcium with physiological MgATP concentrations and ionic 

strength, troponin I (TnI) binds tightly to actin, positioning Tm to block cross-bridge 

binding between actin and myosin (blocked state) [36].  When high levels of calcium are 

available in the cytosol, this causes calcium to bind to the N-terminus of troponin C 

(TnC).  Tm moves toward the actin double helix groove (closed state).  The calcium-TnC 

complex then has increased affinity for TnI, and TnC binds TnI; this allows Tm to move 
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positions on the actin filament.  Once Tm re-positions itself, actin is able to weakly bind 

myosin (A state).  The weakly bound actin-myosin cross-bridge then undergoes 

isomerization to form strong-binding, force-generating cross-bridges (R state).  

During this process, as the Tm is further embedded into the actin filament groove, the 

thin filament regulatory unit more readily moves into the open state.  As more strong 

cross-bridges form, Tm is displaced further and further into the groove, exposing more 

actin sites that can bind myosin heads to form cross-bridges.  This forms a positive 

feedback mechanism as adjacent thin filament regulatory filaments become sequentially 

activated and force generation is propagated [46].  This positive feedback mechanism is 

most pronounced in cardiac muscle where the binding of calcium to TnC and the 

conformation of TnC are further promoted by formation of strong cross-bridges 

[19,35,65]. 

 In addition to the known mechanisms that induce contraction, other factors 

modulate the contractile function of cardiac tissue; for example cooperative interactions 

among proteins of the thin filament, thick-filament accessory proteins like C protein, 

sarcomere length of the muscle and phosphorylation of thick or thin-filament proteins 

like myosin light chains, myosin binding protein C and troponin I (TnI) may potentially 

modify cardiac force generation [40].   

 Phosphorylation of TnI at different sites, serine-43/45 or threonine-144, have 

differential effects on calcium sensitivity [51].  Phosphorylation of TnI at threonine-144 

by PKC-βII has been shown to increase calcium sensitivity in transgenic mice skinned 

myocytes [64] while phosphorylation of TnI at serine-43/45 depresses maximum tension 

and desensitizes the sarcomeres to Ca2+ in skinned mouse cardiac fiber bundles [2]. 
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 Interestingly, TnI phosphorylation overall has been shown to attenuate the length-

dependent tension activation in cardiac muscle [26]. TnI has an inhibitory region that 

interacts with TnC to form a complex that can activate contraction by displacing the TnI 

inhibitory region from the interacting site of actin-Tm filament.  However when TnI is 

phosphorylated, there is an interruption between the interaction of the inhibitory region of 

TnI and TnC and activation is decreased, which results in a rightward shift in the tension-

pCa curve.   When sarcomere lengthening occurs the distance between thick and thin 

filaments decreases; this in turn increases the probability of cross-bridge attachment to 

the thin filament and causes cooperative binding of neighboring cross-bridges leading to 

the development of larger tension.  Phosphorylation of TnI decreases or attenuates the 

length-dependence tension activation (Frank-Starling mechanism) because when TnI is 

phosphorylated the inhibitory effect of TnI, as described above, decreases cross-bridge 

formation resulting in decreased effect of lengthening on tension activation [26].  

 Phosphorylation of myosin binding protein C (cMyBP-C) by calcium/calmodulin-

dependent kinases (modulated by intracellular calcium), and by protein kinase A 

(modulated by ß-adrenergic stimulation), determines the interaction of myosin with 

cMyBP-C [11].  The phosphorylation of cMyBP-C helps to pre-position the myosin head 

with respect to actin such that it facilitates cross-bridge attachment, and may even 

function in maintenance of thick filament spacing [11,19].   

1.2 LENGTH-DEPENDENT ACTIVATION: 

 Length-dependent changes in contractile function are physiologically significant 

in cardiology.  The relationship between ventricular systolic function and end diastolic 

volume modulates cardiac function analogous to the modulation of muscle fiber 
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contractile function by lengthening (Frank-Starling mechanism) [12].  Existing studies 

are still attempting to identify the precise mechanism by which muscle fiber length 

modulates contractile force in striated muscle. 

 It is known that stretch associated reduction of lattice spacing leads to an increase 

in the number of myosin heads in close proximity to actin filaments; this increases the 

probability of actin and myosin forming strong binding interactions [13].  However, the 

mechanism underlying how lengthening results in increased force generation and calcium 

sensitivity is not fully understood [12]. 

 Currently, length-dependent changes in force generation and calcium sensitivity 

are explained by two general themes that may be mutually inclusive [12].  One theme 

delineates that length-dependent changes are associated exclusively with a decrease in 

lattice spacing that directly leads to a closer proximity of actin and myosin heads.  

Subsequently, this leads to a higher probability of cross-bridge formation, and higher 

calcium sensitivity and maximum tension.  However, myosin heads must be within a 

certain proximity of actin in order for stretch-induced reduction of lattice spacing to 

cause an increase in calcium sensitivity.  If myosin heads are too far away from the actin 

molecule, then little or no change in force calcium sensitivity will occur [4].  Furthermore 

studies in skeletal muscle have shown that reduced lattice spacing due to stretch increases 

actin-myosin interaction by specifically increasing transition of cross-bridges and Tm 

dynamically from blocked to closed states [1,16].  

 Furthermore, studies have suggested that the large, elastic protein titin may play a 

role in coupling sarcomere length with a reduction in lattice spacing [14].  Stretch may 
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cause radial force to be transmitted through a strand of titin, and this transmission 

specifically results in a reduction of lattice spacing. 

 On the other hand, several studies have shown that increases in length have 

resulted in an increase in calcium sensitivity while osmotically-induced changes in lattice 

spacing did not.  Consequently, there may be effects of length on actin-myosin kinetics 

that are independent of lattice spacing [27].  These effects of length may be attributed to a 

length sensing element that modulates actin-myosin interaction and increases calcium 

sensitivity and force generation. 

 Length-dependent activation may be exclusively caused by decreases in lattice 

spacing or may also be attributed to the effects of a length sensing element.  Overall, 

lengthening controls the number of cross-bridges formed and therefore modulates 

calcium sensitivity and force generation.  Furthermore, lengthening is influenced by 

factors such as protein phosphorylation, protein isoform expression, and the local physio-

chemical environment (temperature, pH, ionic strength, etc.) [12].  Changes in the Frank-

Starling relationship associated with different conditions of protein phosphorylation have 

not been well studied in cardiac muscle models.  In skeletal models, it has been shown 

that regulatory light chain (RLC phosphorylation) does not have a potentiating effect on 

force generation or calcium sensitivity in fibers with compressed lattice spacing [66].  

Further study regarding the precise effect of basal RLC phosphorylation in length-

dependent activation of cardiac muscle would shed light onto additional mechanisms that 

may potentiate or attenuate this critical response. 
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1.3 CARDIOMYOPATHY AND THE ROLE OF RLC PHOSPHORYLATION: 

 Cardiomyopathy is the leading cause of heart failure in the US and results in over 

26,000 deaths annually, according to the American Heart Association 2005 US statistics. 

Systolic heart failure resulting from cardiomyopathy is the main cause of cardiovascular 

morbidity and mortality in both children and adults [5].  Following coronary artery 

disease, cardiomyopathy is the second most common cause of sudden death in the United 

States.  One in about 500 people has familial hypertrophic cardiomyopathy (FHC), and 5 

to 10% of people with FHC suffer fatal cardiac arrest [5].   

 

Figure 1.1: Regulation of myosin RLC phosphorylation in striated muscle. 
 Increases in intracellular calcium result in the formation of calcium bound calmodulin complexes that in 
turn activate myosin light chain kinases (MLCK). MLCKs then phosphorylate the myosin regulatory light 
chain and enhance systolic function. 
 
 
 Mutations in the ventricular myosin regulatory light chain (RLC), including those 

in close proximity to RLC phosphorylation sites, have been shown to cause familial 

hypertrophic cardiomyopathy; however the detailed mechanism and precise role of RLC 

phosphorylation in modulation of normal cardiac function is not well understood 

[28,60,61].   

 Myosin is an essential molecule of the contractile unit of striated muscle cells in 

vertebrates.  The myosin hexamer is composed of two heavy chains and two light chains.  

Bound to the neck region of the heavy chain, myosin light chains, including an essential 
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and regulatory light chain, stabilize the myosin lever arm during force generation.  RLC 

has been shown to be critical for modulating and maintaining normal cardiac function 

[6,7,18,22,28,30,41,47,50,55].  RLC phosphorylation is regulated by a calcium-

calmodulin dependent mechanism [17].  Increases in intercellular calcium result in the 

formation of calcium-calmodulin complexes that activate myosin light chain kinases 

(MLCK); thereafter MLCKs phosphorylate myosin RLC (Figure 1.1).  When calcium 

concentrations decrease due to calcium re-uptake into the sarcoplasmic reticulum, 

calcium dissociates and inactivates the holoenzyme complex resulting in calmodulin 

dissociating from MLCK.  Myofibrillar protein phosphatases dephosphorylate the myosin 

regulatory light chain. PKC as well as Rho-activated kinase has also been implicated to 

effect phosphorylation of myosin RLC, however the nature and mechanism of these 

interactions remain unclear [51].  

 Basal RLC phosphorylation (~30% phosphorylated RLC [18]) plays a role in 

setting the kinetics of force development and calcium sensitivity in cardiac muscle [41].  

In skinned myocardium, studies have shown that RLC phosphorylation enhances systolic 

function, i.e. increases tension and accelerates the “stretch activation” response [41,55].  

 The stretch activation response is implicated to play an important role in cardiac 

function [3,9,62] and is thought to play an intrinsic role in the oscillatory contraction of 

cardiac muscle [52].  Most dramatic in asynchronous insect flight muscles, stretch-

activation enables continuous activation of the wing muscle to match aerodynamic 

loading [43].  The stretch activation response is important in modulation of cardiac 

muscle to a lesser degree, and may play a significant role in oscillatory power generation 

during systolic ejection.  Stretch-activation is thought to enable cardiac muscle to match 
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increased mechanical loading, i.e. the steep Frank-Starling mechanism [55].  The basis of 

this hypothesis is that strong-binding cross-bridges cooperatively recruit additional 

strong-binding cross-bridges that enhance force generation in response to higher 

mechanical load.  This cooperativity is independent of increasing concentrations of the 

main force-generation activator calcium.  So overall, the response to stretch occurs in 

three phases: immediately after stretch there is an increase in force, force then decays to a 

minimum, and thereafter a redevelopment of force occurs, i.e. stretch-activation, due to 

this cross-bridge cooperativity [55]. 

 Furthermore, while studies show that RLC phosphorylation increases calcium 

sensitivity of force [17,41,48] , accelerates the rate of force development (ktr) in skinned 

skeletal muscle fibers [37,59], and increases maximally activated force  in cardiac 

muscle, [41,55] some studies propose that cardiac RLC phosphorylation has no 

significant effect on maximally activated systolic force generation [39,58].  In addition, 

studies have proposed a transmural, spatial gradient of RLC phosphorylation across the 

ventricular wall and basal levels of RLC phosphorylation in the rat LV begin at ~20% 

RLC phosphorylation in the endocardium and rise to ~40% phosphorylation in the 

epicardium [6].  RLC phosphorylation gradients across the heart have been implicated in 

modulating systolic ejection and cardiac function. 

 Basal RLC phosphorylation has been proposed to increase calcium sensitivity and 

force generation via two underlying mechanisms.  First, RLC phosphorylation causes the 

movement of the myosin head toward actin away from the thick filament backbone; this 

increases the probability of interaction between myosin and actin, and accelerates binding 

and transition of cross-bridges to force generating states [30,37,41,66].  In skeletal 
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muscle, it has been shown RLC phosphorylation causes the myosin head to lose its’ 

nearly helical configuration and take-on a more disordered structure that enables the 

myosin head to be more mobile [66].  Second, RLC phosphorylation slows the rate of 

cross-bridge detachment, thereby decreasing the rate of cross-bridges returning to non-

force generating states, prolonging the duty cycle, and enhancing contractile function 

[41].  This second mechanism is proposed as dominant because RLC phosphorylation 

results in distinctly slowed cycling kinetics [41].     

 Additionally, RLC is an EF-hand calcium-binding protein, like troponin and 

calmodulin.  RLC contains one calcium binding EF-hand domain that enables it to bind 

calcium [55].  RLC phosphorylation has been shown to alter calcium binding properties 

of RLC in order to improve performance of a working muscle, or to restore function upon 

deficiencies caused by RLC mutations near its’ calcium binding sites [60].  Mutations in 

RLC that potentially cause decreases in baseline and length-dependent immediate force 

responses, may be compensated for by phosphorylation of other contractile proteins as 

well, i.e. myosin binding protein C or TnI [50].  

1.4  EXISTING MODELS OF CARDIAC RLC PHOSPHORYLATION: 

 Cardiac and skeletal muscle inherently differ in their mechanisms of force 

regulation.  For example length-dependent changes in myofilament sensitivity are 

expected to play a prominent role in the beat-to-beat regulation only characteristic of 

cardiac muscle contraction, and cardiac TnC has only one calcium binding site while 

skeletal TnC has two which cause differences in activation [58].  Moreover, several 

studies have shown that cardiac and skeletal RLC lead to differing fiber kinetics and 

force generation properties [60].  While detailed mechanisms underlying RLC 
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phosphorylation have been well-studied in skeletal muscle models, the role of RLC 

phosphorylation is not fully understood in cardiac muscle.   

 Skinned muscle preparations are a model system for investigating calcium- 

dependent mechanisms.  Due to free diffusional intracellular access, skinned muscles can 

easily model a precisely defined physiological state [53].  However, skinned preparations 

obscure the interactions between intercellular calcium transients and RLC calcium 

binding.  Owing to the fact that RLC calcium binding sites and phosphorylation sites 

allosterically communicate, skinned preparations may potentially obscure RLC 

phosphorylation and its’ effects on cardiac function.  Additionally, the process of 

skinning a muscle results in fiber swelling that entails differences in lattice spacing, and 

overall may alter the sensitivity and cooperativity of myofilament Ca2+ activation [15].  

Therefore, although the effects of RLC phosphorylation on force and stretch activation 

have been studied in skinned preparations of cardiac muscle [37,59,66], an intact muscle 

preparation, as employed in this study, may be a more physiologic model for studying 

RLC phosphorylation. 

 Extensions of the myocardial wall, papillary muscles are small muscles within the 

heart that anchor the heart valves, and contain 73.5% of cardiac muscle cells by volume 

[34].  Right ventricular papillary muscles have been widely used in functional studies of 

immediate load-induced cardiac mechanical phenomenon and long-term hypertrophy 

[34].  For numerous in vitro studies, a static load is applied to rabbit, mouse, ferrite, or rat 

papillary muscles and changes in force generation properties are examined at specific 

time periods following the application of the load [33].  Furthermore, twitch responses in 

papillary muscles and intact heart showed relatively similar results in steady contractile 
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activation [33].  Therefore in order to eliminate the complex dynamic architecture of the 

intact heart, isolated muscle or trabeculae preparations are ideal.   

 Intact mice papillary muscles or trabeculae have a distinct advantage over isolated 

cardiac myocytes because intercellular connections are maintained, and loaded 

contraction can be more clearly assessed [24].  Isolated papillary muscles will allow for 

controlled loading while maintaining samples at near-physiological conditions.  In 

contrast to isolated stretched neonatal ventricular myocytes, the papillary muscle will 

allow for the continuous monitoring of contractile forces, twitch kinetics, and stress/strain 

relationship.   

   RV papillary muscles are thin (minor diameter: 0.24 +/- 0.03), unbranched, and 

numerous mouse hearts have papillary muscles that are suitable for isolation. 

Preparations of thin mouse ventricular trabeculae may also be applicable for this study, 

however not all mouse hearts have trabeculae suitable for isolation and culture.   

Trabeculae may be better suited for future studies in which specific chemicals, i.e. 

inhibitors or phosphatases, are administered to the muscle because in this case diffusion 

through the thinner surface of trabeculae is particularly beneficial. 

 Murine models are most applicable for this type of study because mice are small, 

prolific, and comprise a well characterized genome from which high-fidelity genetically 

modified models, like the MLC2v-S14/15A knock-in model, can be produced.  A robust 

tool in scientific research, genetically modified mouse models can be employed to 

investigate the contribution of a specific protein in the length-dependent immediate force 

response of the heart, and in the overall mechanical properties of the heart.   The tissue 

culture system employed in this experiment was developed specifically for wild-type and 
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genetically engineered mouse models to study cardiac mechanotransduction mechanisms 

[44].    

 Existing models of RLC phosphorylation modulate RLC phosphorylation levels 

via inhibition, i.e. with ML-9, or via de-phosphorylation, i.e. with BDM; these methods 

are not 100% specific for cardiac tissue MLCK or RLC respectively [18,41].  

Furthermore, transgenic models of RLC phosphorylation have been used as well, but 

these models are not high fidelity.   

1.5  A NOVEL NON-PHOSPHORYLATABLE RLC KNOCK-IN MODEL  

 Dr. Ju Chen has created a novel MLC2v-S14/15A knock-in model, the first high 

fidelity genetic model that results in effectively 0% RLC phosphorylation (unpublished 

data by Ju Chen).  To develop this model, RLC genomic DNA was isolated from a mouse 

genomic DNA library and PCR based mutagenesis was used to generate a mutant gene 

encoding serine to alanine substitutions at positions 14 and 15, two-specific 

phosphorylation sites of RLC.  The mutated DNA was electroporated into embryonic 

stem cells to replace the endogenous MLC2v gene and ES cells were microinjected into 

C57 mice blastocysts and transferred into psuedopregnant recipients.  These recipients 

were repeatedly bred to obtain models with homozygous expression of mutated myosin 

RLC.   Two-dimensional SDS-PAGE gels data on the double mutant mice, show that 

there is evidence of a low degree of phosphorylation at a possible additional 

phosphorylation site at serine-19 of RLC in the MLC2v knock-in model, however the 

amount of phosphorylation was low and insignificant.   

 MLC2v-S14/15A mice develop marked LV dilation and contractile dysfunction 

after 6 months of age (unpublished data from Dr. Ju Chen).  This study employed 
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MLC2v knock-in mice at ages 6 to 8 weeks old, well before phenotypic changes were 

evident, to enable a more accurate investigation of the effects of basal myosin RLC 

phosphorylation.  This study enabled the examination of the function of basal RLC 

phosphorylation via the employment of a novel high fidelity mouse knock-in model in 

which there was specific and complete elimination of cardiac RLC phosphorylation. 

 The interaction between protein phosphorylation and length-dependent activation 

is an area in need of further investigation [12].  While the interaction of phosphorylation 

of troponin I (TnI) with cardiac force-length dynamics have been studied, no published 

studies are available that explore the effects of RLC phosphorylation on cardiac 

lengthening (Frank-Starling mechanism) [12,26].    

 Employing a high-fidelity MLC2v-S14/15A knock-in model, this study novelly 

investigates the effects of basal cardiac RLC phosphorylation (~30% phosphorylated 

RLC [18]) on the force response to muscle lengthening in isolated, intact papillary 

muscles.  This study demonstrates that RLC phosphorylation potentiates force generation 

in response to isometric load in intact mice papillary muscles; therefore non-

phosphorylatable RLC knock-in mice (with effectively 0% RLC phosphorylation) display 

an attenuated immediate force response to isometric stretch.  This attenuated immediate 

force response was manifested as a decrease in active stress.  This study demonstrates 

that basal RLC phosphorylation potentiates the immediate force response to lengthening 

and affects the kinetics of force development in cardiac muscle. 
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1.6 OBJECTIVES 

Mutations that affect basal levels of myosin regulatory light chain (RLC) phosphorylation 

have been implicated in the development of FHC in patients [60,61].  The detailed 

mechanism and precise role of RLC phosphorylation in modulation of normal cardiac 

function is not well understood.  The objective of this thesis is to test the effects of RLC 

phosphorylation on force generation both at baseline and in response to load in intact 

mice papillary muscles; therefore non-phosphorylatable RLC knock-in mice (with 

effectively 0% RLC phosphorylation) were expected to show changes in baseline force 

generation properties and attenuated immediate force response to loading.  Currently, 

scientific evidence has not demonstrated the contribution of RLC phosphorylation to 

lengthening induced immediate force generation, and no studies to-date have used a 

model with effectively 0% RLC phosphorylation.  This study aims to corroborate that 

basal myosin RLC phosphorylation contributes to force development in cardiac muscle 

[6,7,8,18,22,28,41,55] as well as to find where RLC phosphorylation modulates the 

immediate force response to lengthening (Frank-starling mechanism).  Since mutations 

altering RLC phosphorylation levels lead to FHC, understanding the mechanism of RLC 

phosphorylation mechanism can potentially aid in targeted therapy development for FHC. 

Specific Aims of Thesis: 

Aim 1.  To confirm that stretch potentiates force generation in wild-type muscles  

This study will test that in the current experimental paradigm, isometric stretch results in 

enhancement of systolic properties, i.e. an increase in active stress and rate of force 

generation as well as a decrease in time to peak, as expected. 
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Aim 2. To investigate the effects of basal RLC phosphorylation on force generation 

properties near slack length 

This aim examined whether non-phosphorylatable RLC knock-ins display a decrease in 

systolic properties.  A decrease is expected because the lack of RLC phosphorylation 

results in loss of movement of myosin head in closer proximity of actin (resulting in a 

decrease in rate of cross-bridges transitioning to force-generating states) and a more rapid 

rate of cross bridge detachment (resulting in an increase the rate of cross-bridges 

transitioning to non-force generating states) [41].  In addition, compensatory 

mechanisms, such as troponin I and myosin binding C protein phosphorylation may 

affect the force response in the MLC2v knock-in [11,19,28]. 

Aim 3. To investigate the effects of basal RLC phosphorylation on the immediate stretch 

response (1-2 minutes post application of stretch)   

It is hypothesized that the systolic function of isometrically stretched wild-type mice will 

be increased owing to the combined effects of stretch and RLC phosphorylation 

potentiating force development.  Stretch acts to place actin and myosin in closer 

proximity and RLC phosphorylation is expected to slow cross-bridge detachment, and 

leave cross-bridges in force-generating states for a longer time period.  Systolic 

properties of MLC2v knock-ins will increase to a lesser extent due to only the effects of 

stretch [41].   In the MLC2v knock-in, complex compensatory mechanisms of contractile 

protein phosphorylation may be involved in this response as well [11,19,28]. 
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2. METHODS 

2.1 INTACT RV PAPILLARY MUSCLE ISOLATION: 

All animal and experimental procedures were performed and approved according 

to the AAALAC animal guidelines and the guidelines of the University of California, San 

Diego Animal Care and Use Committee. Mice models were employed because mice are 

small, prolific and have a well characterized genome from which genetically modified 

models for phenotypes or disease states can be more easily produced.  In order to 

eliminate the complex dynamic architecture of the intact heart, isolated papillary muscles 

were used.  Isolated mice papillary muscles have a clear advantage over isolated cardiac 

myocytes because intercellular connections are maintained and loaded contraction can be 

assessed [24].  This study employed a mouse tissue culture chamber system (Figure 2.1) 

that allows for the continuous monitoring of contractile forces, twitch kinetics, and 

stress/strain relationship of isolated, adult, mouse cardiac papillary muscle preparations 

[44]. 

 

 

 

Chemical NaCl KCl MgCl2 

    Na 
Acetate Taurine CaCl2 Glucose  Hepes BDM 

Cardiac Arrest 
Soln. (mM 
concentration) 

137.2           15.0         1.2              2.8            10.0              1.0           10.0 10.0 20.0 

Diffusion Soln.  
(mM  
concentration) 

137.2           5.0           1.2              2.8            10.0              2.0           10.0 10.0 N/A 

 

 

Table 2.1: Chemical concentrations of cardiac arrest solution for dissection and chemical 
composition of diffusion solution which runs through tissue culture chamber for experiment 
duration.  

16 
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Owing to availability, initially wild-type (WT) NIH Swiss mice were used to test 

for the effects of stretch, i.e. Specific Aim 1 (n=5).  With a sample size of n=7 for each 

group, WT C57/B6 or MLC2v-S14/15A (C57/B6 background) mice ages 6 to 8 weeks 

were used for experiments thereafter, i.e. Specific Aims 2 and 3.  Non-phosphorylatable 

RLC knock-in strain MLC2v-S14/15A render effectively 0% RLC phosphorylation via 

the replacement of the endogenous MLC2v gene with a mutant gene encoding a 

substitution of serine to alanine at positions 14 and 15.   At age 6 to 8 weeks, phenotype 

changes in the MLC2v-S14/15A knock-in model are not yet evident.  MLC2v-S14/15A 

mice develop marked LV dilation and contractile dysfunction only after 6 months of age 

(unpublished data from Dr. Ju Chen).  Wild-type mice had basal levels of approximately 

30% RLC phosphorylation (unpublished Western Blot data from Dr, Ju Chen) [18]. 

Male C57 mice were anesthetized with Isofluorane.   Cervical dislocation was 

performed, and following this the chest was opened.   The heart was arrested by 

intracardiac injection of cardiac arrest solution (Table 2.1), containing high potassium 

(15mM), low calcium (1 mM) cardioplegic solution containing 20 mM of butanedione 

monoximen (BDM); after which the heart was quickly removed, and cannulated.   

Previously prepared, 10mM Hepes-buffered (pH=7.33) solution containing (mM): 137.2 

NaCl, 15.0 KCl, 1.2 MgCl2, 2.8 Na Acetate, 10 Taurine, 1.0 CaCl2, 10.0 Glucose, and 20 

BDM  in equilibrium with 100% O2  was then retrogradely perfused into the heart via the 

aorta.  The blood was washed out and the right ventricle (RV) was opened.  The RV 

papillary muscle was dissected from the interventricular septum taking care to leave a 

block of RV free wall tissue on one end and a portion of the tricuspid valve on the other.  
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Precautions were taken to avoid disturbance of the papillary muscle and to ensure that the 

chordae tendineae remained intact.   

2.2 MUSCLE CULTURE CHAMBER SYSTEM PROTOCAL: 

Next, the RV papillary muscle was mounted on a custom culture chamber with a 

bath (Figure 2.1) containing the Hepes-buffered cardiac arrest solution used in dissection 

[44].  The muscle is mounted between a stationary titanium hook, and a steel basket 

extension attached to the Harvard Apparatus force transducer (7224490) mounted onto an 

actuator-controlled (Newport CM-12CC), high precision bearing stage (Newport 460P-

xyz).   Muscles are continuously superfused with HEPES buffer solution at room 

temperature, and oxygen is delivered through an inlet tube into the chamber.  The muscle 

was secured in the culture bath and thereafter the Hepes buffer solution was replaced by  

 

 

 

 

 

 

 

 

 

 

 

 

 
                                   

 

 

 

 

 

 

 

Figure 2.1: RV papillary muscle tissue culture chamber system. 
Schematic of experimental set-up with an Isometric Harvard Apparatus force transducer 
(724490) to measure muscle force and a Newport CM-12CC actuator  to adjust muscle length 
when papillary muscle is secured in the tissue bath between a basket and titanium hook.   

 VCR 

Computer 

Force Transducer 

 

Tissue Bath 

Video Camera 
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the diffusion solution (Table 2.1) containing (mM): 137.2 NaCl, 5.0 KCl, 1.2 MgCl2, 2.8 

Na Acetate, 10 Taurine, 2.0 CaCl2, 10 Glucose, and 10 Hepes in equilibrium with 100% 

O2.   To maintain a constant supply of oxygen and nutrients to the muscle, a 100ml 

reservoir of oxygenated diffusion solution was continuously reperfused through the 

chamber at room temperature.  After each experiment, both the cardiac arrest and 

diffusion solutions were sterilized via filtering and the tissue culture system was steam 

sterilized in preparation for subsequent experiments. 

 

   MLC2v        Wild-type 

 

Figure 2.2: MLC2v and wild-type stretched RV papillary muscles mounted in muscle chamber. 
MLC2v and wild-type RV papillary muscle secured in the tissue bath between a basket and titanium hook. 
At age 6 to 8 weeks old, both wild-type and MLC2v papillary muscles are similar in appearance. 
 

Muscles were stretched to 10% Lmax, where Lmax is defined as the length at which 

the muscle produces the greatest developed systolic tension.  Muscles were field 

stimulated to contract between a platinum electrode, positioned within close proximity of 

the base of the muscle, and a titanium hook, near the top of the muscle.  The muscle was 

equilibrated at 0.1 Hz for one hour.  Once the forces stabilized, the stimulation frequency 

was increased to 0.5 Hz, and the muscle was stretched to 90% Lmax; control muscles were 

stretched to 10% Lmax (Figure 2.2).    
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Length changes of the papillary muscle were detected with a linear voltage 

displacement transducer (Omega LD310-10).  Right ventricular papillary muscles, 

marked with titanium dioxide particles (Figure 2.2), enabled recording of local muscle 

deformations by a CCD camera (COHU Inc.) (Figure 2.1).  Forces were recorded during 

continuous stretching of the muscle up to Lmax at 1 Hz.  Afterwards, uniaxial muscle 

forces were recorded prior to and following the application of isometric stretch of the 

papillary muscle at 0.5 Hz.  Signals representing length controller position, force, and 

stimulus voltage were digitized and recorded on a personal computer. Using video 

recording, muscle dimensions were acquired during experimentation.  Following testing, 

the cross sectional area of each preparation was calculated, assuming that the muscle area 

was approximately elliptical in shape.  This was used later to convert force measurements 

into muscle stress for final analysis of the data. 

2.3 DATA ANALYSIS: 

From force and length raw data obtained from experiments, active developed 

stress, maximum rate of force development, and time to peak force were calculated as 

measurements of systolic function [32].  For every data point, five cycles of force data 

tracings were averaged over seven mice.  For each cycle of force measurements, a 

polynomial curve of 5th order was fit to the data and then normalized by the peak force to 

obtain systolic parameters of force generation.   

Active developed stress was calculated as the force at the base of the twitch minus 

the force at the peak of the contractile twitch divided by the area approximation of the 

muscle. The time to peak force was calculated employing the Windaq Waveform 

Browser software, which records real-time measurements as data was acquired.  The 
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maximum rate of force development was determined via 1st order derivative 

approximation of the normalized, 5th order polynomial curve fit to the raw data. 

The papillary muscles were marked with titanium markers prior to mounting into 

the culture chamber system, and deformation of the markers was recorded via a CCD 

video camera (COHU Inc.) (Figure 2.1). Local tissue stretch ratios were obtained by 

calculating the displacement of titanium dioxide markers along the vertical axis of the 

tissue.  These stretch ratios were used to calculate the local Lagrangian surface strain 

measurements.  A simple linear regression based model that correlates surface strain to 

sarcomere length was used as a reference to show that the surface strain values at Lmax, 

length at which maximal tension is produced, were well coordinated with sarcomere 

lengths of 2.2-2.3 μm in published data [25,44]. 

2.4 STATISTICAL ANALYSIS: 

The data was statistically evaluated using repeated measures ANOVA, and two-

tailed un-paired (for WT vs. MLC2v-S14/15A) t-tests and two-tailed paired t-test (for 

10% Lmax, control vs. 90% Lmax, stretch).  This evaluated significance of differences to 

measured quantities at a P-value of 0.05.  All data were expressed as mean +/- SEM, with 

n representing the total number of samples.  

 

 

 

 

 

 



22 
 

 

3. RESULTS 

3.1 STRETCH INDUCED IMMEDIATE FORCE RESPONSE 

 Wild-type NIH Swiss mice muscles were subject to stretch at 90% Lmax and 

compared to control groups (n=5) in order to confirm that stretch had a significant effect 

on systolic function parameters peak active stress, maximum rate of force development 

and time to peak force.  After the application of isometric loading or stretch, an initial 

increase in systolic force generation properties is expected as a result of length-dependent 

activation (the Frank-Starling mechanism) [12].   

 For a 30 minute time period, active properties were monitored to assess a 

significant effect of stretch on cardiac papillary tissue systolic function (Figure 3.1).  

 

 

Figure 3.1: Active stress properties of wild-type mice RV papillary muscles. 
Active stress in wild-type NIH Swiss RV papillary muscle (n=5) control group (10% Lmax) and stretch 
group (90% Lmax) during a 30 minute experimental paradigm at 1Hz .  Data shows statistically significant 
changes in active stress at t=0 and t=30 minutes between control (10% Lmax) and stretch (90% Lmax) groups 
(P<0.05). Data are mean +/- SEM.  
 

 Stretch had a statistically significant effect (P<0.05) on peak active stress 

immediately (t=0) and even after 30 minutes of isometric stretch application (t=30).  

22 
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There was on average an approximately 7.0 ± 2.2 kPa increase in peak active stress 

immediately due to stretch; even up until 30 minutes after isometric stretch application 

there was an approximately 5.6 ± 0.4 kPa  increase in peak active stress.  On average, this 

results in over a 3-fold increase in active stress immediately after stretch and an over 2-

fold increase in active stress even after 30 minutes of stretch, taking fluctuations within 

the 30 minute time period in account.  This immediate increase in active stress in mice 

papillary muscles due to isometric 90% Lmax stretch at 1 Hz stimulation frequency is 

comparable to published reports [57].  Specifically, wild-type muscles had an average 

active stress of 9.45 ± 2.6 kPa comparable to those in previous studies with 0.5 Hz 

frequency and similar loading conditions both in mice and larger animal models 

[7,9,21,25,31,44,45].  Assuming an elliptical shape, the average calculated cross-

sectional area of wild-type papillary muscle was 0.032 ± 0.009 mm2; this was comparable 

to the average area of wild-type papillary muscles in published literature (0.04 ± 0.01 

mm2) determined using similar assumptions [25].  Also Lmax in wild-type papillary 

muscles correlated relatively well with a sarcomere length of 2.2-2.3 μm, which is 

characteristic of most myocardial papillary muscles and trabeculae in published literature 

[44].  Therefore observed changes in systolic properties were not associated with high 

variability in area or amounts of stretch between muscles.   

 Furthermore, the normalized maximum rate of force generation (dF/dt) showed a 

statistically significant (P<0.05) increase with stretch at 90% Lmax (Figure 3.2).   After the 

application of isometric stretch of 90% Lmax, there was approximately a 37% and 47%  

increase in the maximum rate of force development in muscles immediately after stretch 

(t=0) and 30 minutes following application of isometric stretch, respectively.  At t=0, the 
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values for normalized maximum rate of force development (6.4 ± 0.5) in non-stretch 

muscle were comparable to values in published literature [32]. 

 

 

Figure 3.2: Normalized maximum rate of force development of wild-type mice RV papillary muscles. 
Active stress in wild-type NIH Swiss RV papillary muscle (n=5) control group (10% Lmax) and stretch 
group (90% Lmax) during a 30 minute experimental paradigm at 1 Hz.  Data shows statistically significant 
changes in normalized maximum rate of force development (normalized dF/dt) at t=0 and t=30 minutes 
between control (10% Lmax) and stretch (90% Lmax) groups (P<0.05). Data are mean +/- SEM.  
 
 
 Lastly, the systolic parameter of time to peak was measured immediately after the  

 

 

Figure 3.3: Time to peak of normalized force data of wild-type mice RV papillary muscles. 
Time to peak force in wild-type NIH Swiss RV papillary muscle (n=5) control group (10% Lmax) and 
stretch group (90% Lmax) during a 30 minute experimental paradigm at 1 Hz.  Data shows statistically 
significant changes in normalized time to peak at t=0 and t=30 minutes between control (10% Lmax) and 
stretch (90% Lmax) groups (P<0.05). Data are mean +/- SEM.  
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application of stretch at 90% Lmax and after 30 minutes of load application at 90% Lmax 

(Figure 3.3).  Muscles stimulated at 0.5 Hz and stretched to 90% Lmax had an average 

time to peak (0.2 ± 0.04 seconds) and average twitch duration comparable to previous 

studies [24,44].  Wild-type muscles showed on average a 17% decrease in time to peak as 

a result of immediate stretch.  Both twitch duration, and time from activation to peak 

contraction, were also comparable to other studies [17, 37, 38, 39] 

 Isometric stretch or loading causes changes in the systolic function of isolated 

mice papillary muscles.  The data indicate that immediate stretch causes an increase in 

active stress and maximum rate of force development in wild-type isolated mice papillary 

muscle. Furthermore, stretch induces an overall decrease in time to peak of papillary 

muscle contractions.  These findings show that the system can carry out the protocol 

comparably to other studies.  These results show that this preparation displays the well-

studied Frank-Starling mechanism that lengthening or stretch results in immediate and 

significant increases in systolic force generation properties (P<0.05) [12]. 

 Moreover, studies were conducted that showed that longer term stretch had effects 

on systolic function even after the immediate Frank-Starling mechanism.  In these 

studies, muscles were held at 90% Lmax for two hours and systolic force properties were 

measured.  Results indicated that isometric stretch for two hours caused a decline in 

systolic function, i.e. active stress, and maximum rate of force generation (dF/dt max), 

over time which is comparable to data in published reports (Figure 3.4) [23,44].  While 

values at specific time points following stretch showed statistically significant changes in 

active properties, the overall temporal trend of active stress and dF/dt max was not 

statistically significant.  Further investigation is needed to understand why active 
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properties may change when subject to two hours of isometric stretch; these systolic 

function changes may be attributed to contractile protein cell signaling mechanisms that 

occur in response to constant isometric stretch within two hours. 

 

 

Figure 3.4: Active force generation properties of wild-type mice RV papillary muscles over 2 hours. 
Active force generation properties, i.e. active stress (A) and maximum rate of force generation (B) of wild-
type RV papillary muscles (n=5) at baseline (control, 10% Lmax) and after application of isometric load 
(stretch, 90% Lmax) at 1 Hz. Values are expressed as mean SEM. * Indicates statistical significance 
(P<0.05). 
 

3.2 BASAL RLC PHOSPHORYLATION EFFECTS ON BASELINE FORCE  

 To examine the hypothesis that basal RLC phosphorylation plays a role in setting 

the kinetics of force generation in cardiac muscle, the systolic properties of force 

generation, i.e. peak active stress, normalized dF/dt maximum, and time to peak force, 

were measured at baseline in wild-type and non-phosphorylatable MLC2v knock-in mice 

(n=7).  Since the knock-in model effectively has 0% RLC phosphorylation (unpublished 

data by Ju Chen) and RLC phosphorylation is hypothesized to contribute to normal force 

development, it was expected that there would be a significant decrease in systolic 

function parameters. 

 Assuming an elliptical shape, the average calculated cross-section area of wild-

type and knock-in papillary muscles was 0.032 ± 0.009 mm2 and 0.036 ±0.013 mm2 

A. B. 
* 

* 

* * 
* * 
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respectively; these values were similar and comparable to the average area of wild-type 

papillary muscle (0.04 ± 0.01 mm2) using similar assumptions in the literature [25].  

Therefore, observed changes in systolic properties were not associated with variability in 

area between the two models.   

 Results indicated that while there was a decrease peak active stress, normalized 

maximum dF/dt, and time to peak force, these decreases showed no statistically  

 

Table 3.1: Systolic properties of MLC2v knock-in and wild-type mice RV papillary muscles at 
baseline (10% Lmax) stimulated at 1 Hz (n=5). Values are listed as mean SEM. 
 
 

Systolic 
Properties Active Stress dF/dt Maximum Time to peak 

Wild-type 7.96 1.60 9.51 1.01 0.16 0.015 

MLC2v 6.29 1.23 9.13 0.28 0.18 0.011 
 
 

significant difference (Table 3.1).  The active stress values at baseline for the wild-type 

and MLC2v knock-in mice were not significant with a power of 0.84, indicating 

confidence that there is no statistical difference between the values in the two datasets.   

The normalized maximum rate of force generation (dF/dt maximum) did not show a 

statistically significant difference between wild-type and MLC2v knock-in because the 

decrease between these values was relatively small, approximately 4%.   

 Furthermore, the maximum force increase in both the wild-type and MLC2v 

knock-in was determined in order to facilitate comparison to data from existing studies.  

Results indicated an approximately 5.5% increase in maximum force; however as in the 
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case for active stress, this increase in maximum force did not show statistical 

significance.   

 Overall, the data indicated no statistically significant changes in active properties 

between wild-type and MLC2v knock-in mice muscles near slack muscle length. 

3.3 BASAL RLC PHOSPHORYLATION POTENTIATES LENGTH-

DEPENDENT INCREASE IN FORCE GENERATION 

 To evaluate whether RLC phosphorylation does in fact potentiate the length-

activated immediate force response, i.e. the Frank-Starling mechanism,  systolic 

parameters peak active stress, maximum rate of force development and time to peak force 

were calculated for wild-type and MLC2v knock-in muscles (n=7) before (10% Lmax)  

 
 
Table 3.2: Systolic properties of wild-type and MLC2v knock-in mice RV papillary muscles (n=7) at 
baseline (control, 10% Lmax) and after application of isometric load (stretch, 90% Lmax) stimulated at 
0.5 Hz. Values are listed as averages SEM. 
  

 

 

 

 

 

 

 

 

and after the application of isometric stretch (90% Lmax) (Table 3.2).    Again, assuming 

an elliptical shape, the average calculated cross-section area of wild-type and knock-in 

 
                              

Wild-type Active Stress dF/dt Maximum Time to peak 
Control 

(10% Lmax) 7.96 1.60 9.51 1.01 0.16 0.015 
Stretch  

(90% Lmax) 15.23 2.99 9.57 0.96 0.18 0.0203 

 

MLC2v Active Stress dF/dt Maximum Time to peak 
Control 

(10% Lmax) 6.29 1.23 9.13 0.28 0.18 0.011 
Stretch  

(90% Lmax) 8.71 1.3 9.49 0.35 0.19 0.0092 
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papillary muscles was 0.032 ± 0.009 mm2 and 0.036 ±0.013 mm2 respectively; this was 

comparable to the average area of  0.04 ± 0.01 mm2 determined of a wild-type papillary 

muscle using similar assumptions in published literature [25].    Lmax in wild-type 

papillary muscles correlated well with a sarcomere length of 2.2-2.3 μm characteristic of 

most myocardial papillary muscles and trabeculae in published literature [44].  Therefore, 

observed changes in systolic properties were not associated with high variability in area 

or amounts of stretch between wild-type and knock-in muscles.   

 Results indicate that there is a statistically significant difference (P<0.05) in the 

peak active stress values in knock-in mice and wild-type mice immediately after the 

application of isometric stretch (Figure 3.5).   The approximately 2-fold increase in active 

stress due to stretch (90% Lmax) at 0.5 Hz is comparable to data in previous studies  

 

 

Figure 3.5: Peak active stress of MLC2v knock-in and wild-type mice RV papillary muscles. 
Active force generation properties in non-phosphorylatable RLC knock-in strain (MLC2v-S14/15A) and 
wild-type RV papillary muscles (n=7) at baseline (control, 10% Lmax) and after application of isometric 
load (stretch, 90% Lmax) at 0.5 Hz. Values are expressed as mean SEM. * Indicates statistical significance 
(P<0.05). 
 

[8,38].  Peak active stress after the application of stretch in the MLC2v knock-in mouse is 

8.7 ± 1.3 kPa and in the wild-type mouse is 15.2 ± 2.9 kPa, displaying an approximately 

* 

* 
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43% difference in peak active stress after stretch.  Furthermore, the increase in peak 

active stress due to stretch is much greater in wild-type mice RV papillary preparations 

then in MLC2v knock-ins (P<0.05), as indicated by the slopes of the lines in Figure 3.5 

and the values indicated in Figure 3.6.  There was a 90% increase in peak active stress 

 

 

Figure 3.6: Stretch-induced increase in active stress of MLC2v and wild-type mice. 
(A) Increase in peak active stress of wild-type mice RV papillary muscles (n=7) from baseline at 10% Lmax 
(control) to after application of isometric load of 90% Lmax (stretch) at 0.5 Hz. (B) Increase in peak active 
stress of MLC2v knock-in mice RV papillary muscles (n=7) from baseline at 10% Lmax (control) to after 
application of isometric stretch of 90% Lmax (stretch). Values are expressed as mean SEM.             * 
Indicates statistical significance (P<0.05). 
 
 

from control (10% Lmax) to stretch (90% Lmax) states in wild-type muscles (n=7), while 

there was only a 38% increase in peak active stress in MLC2v knock-in mice from 

control to stretch states (Figure 3.7).  Owing to the fact that non-phosphorylatable RLC 

(MLC2v) knock-in mice show a smaller increase in peak active stress due to stretch, this 

suggests that basal RLC phosphorylation potentiates the immediate force response to 

stretch.   

 Furthermore, not only on average but for each individual mouse the data indicates  

A. B. *

 * 
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that there is a greater increase in active stress due to stretch in wild-type muscle versus 
 
 
 
 

 

Figure 3.7: Force generation increases significantly in response to stretch in MLC2v knock-in mice. 
Active stress increases 90% in non-phosphorylatable RLC knock-in strain (MLC2v-S14/15A) while it 
increases only38% in wild-type RV papillary muscles in response to stretch (90% Lmax, n=7) at 0.5 Hz. 
Values are expressed as mean SEM.  
 
 

MLC2v knock-in mice (Figure 3.8).  Data for four sample wild-type and MLC2v knock-

in mice, displayed in Figure 3.8, clearly shows differences in slopes of the two datasets. 

Other systolic parameters, i.e. normalized maximum rate of force generation and the time  

to peak, did not show statistically significant differences between phenotypes in response 

to isometric stretch. 

 Furthermore, after 15 minutes of stretch application, there is a slight increase in 

active stress between the wild-type and MLC2v knock-in models, approximately 5%. 

However this change is not statistically significant and has low power values (less than 

35%).  This suggests that there may be a difference in the active stress that can be 

* 

* 
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detected with a larger sample size.  These differences in active stress after 15 minutes of 

stretch may be attributed to a difference in the magnitude of the slow force response 

between wild-type and MLC2v knock-in mice.  Since it has been proposed that RLC 

phosphorylation may contribute to the slow force response, this is an interesting area for 

further study [29].      

 

 

Figure 3.8: Peak active stress data for individual wild-type and MLC2v knock-in mice.  
Through comparisons of data from individual mice, it is apparent that peak active stress increases with a 
greater slope in response to stretch in wild-type (A) versus MLC2v knock-in (B) mice. 

 

3.4 BASAL RLC PHOSPHORYLATION & DIASTOLIC PROPERTIES 

Although the data showed no statistically significant changes of diastolic properties in 

MLC2v knock-in mice, i.e. end diastolic stress, maximum rate of relaxation, and time to  

90% relaxation, the data indicated low power values (less than 40%) suggesting that 

differences in diastolic properties may be detectable at larger samples sizes.  Diastolic 

properties after stretch in wild-type and MLC2v knock-in muscles showed no significant 

change.  Further investigation of diastolic properties would be of interest to provide more 

insight into the interaction, if any, between RLC phosphorylation and diastolic properties 

of cardiac muscle. 

A. B
. 
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4. DISCUSSION 

Previous studies have highlighted the relationship between protein 

phosphorylation and length-dependent activation as a significant area of study that is 

clearly in need of further investigation [12,18].  The present study is novel because no 

published literature has specifically explored the interaction between cardiac RLC 

phosphorylation and the length-tension relationship.  Overall, the results indicate that 

RLC phosphorylation potentiates the immediate force response to stretch, i.e. the Frank-

Starling mechanism.  There was a statistically significant difference (P<0.05) in the peak 

active stress values in knock-in mice and wild-type mice immediately after the 

application of isometric stretch (Figure 3.5).  Peak active stress after the application of 

stretch in the MLC2v knock-in mouse was 8.7 ± 1.3 kPa and in the wild-type mouse was 

15.2 ± 2.9 kPa, displaying a 43% difference.  Furthermore, there was a 90% increase in 

peak active stress from control (10% Lmax) to stretch (90% Lmax) states in wild-type 

muscles (n=7), while there was only a 38% increase in peak active stress in MLC2v 

muscles from control (10% Lmax) to stretch (90% Lmax) states (Figure 3.7).  This suggests 

that basal RLC phosphorylation plays a significant role in modulating the immediate 

force response to isometric stretch, i.e. the Frank Starling mechanism, in cardiac tissue.   

The results also show that at slack length before samples were stretched, MLC2v 

and wild-type muscles did not have significantly different active stress or systolic 

properties.  Peak active stress of wild-type mice was 7.96 ± 1.60 kPa, while it was 6.29 ± 

1.23 kPa for MLC2v mice (Figure 3.6).   

While some studies have shown that RLC phosphorylation increases calcium 

sensitivity of force [17,41,48], and increases maximally activated force  in cardiac muscle 
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[41,55], other studies have indicated that RLC phosphorylation has no significant effect 

on maximal force or tension in rabbit and porcine skinned myocardium [39,58].  Olsson 

et al. [41] studied the effect of RLC phosphorylation on maximal force and calcium 

sensitivity in rat skinned trabeculae between experimental groups at ~7% phosphorylated 

RLC (post-BDM) and those at ~58% phosphorylated RLC (post-MLCK).  The result of 

this study showed that maximum force increased by 5% and calcium sensitivity of force 

increased by 0.06pCa units.  On the other hand, Morano et al. [39] showed that in porcine 

skinned myocardium, treatment with MLCK to increase RLC phosphorylation led to no 

statistically significant changes in maximal force.  This study detected a 4.4% increase in 

maximal isometric force, however this increase did not show statistical significance.  

Similarly, the results of this study display a statistically insignificant 5.5% increase in 

maximal isometric force as a result of RLC phosphorylation in mice.  Sweeney and Stull 

concluded that in rabbit myocardium RLC phosphorylation also had no significant effect 

on maximal force [58].  In addition, our studies showed that RLC phosphorylation had no 

significant effect on rise time or relaxation time, which concurs with published data in 

skinned trabeculae and other myocardial preparations from rat [41,47].  Lastly, changes 

in diastolic properties, i.e. end diastolic stress, rate of force relaxation, and time to 90% 

relaxation, were not statistically significant among experimental groups as well. 

 The differences in study results may be a result of experimental variables.  Most 

studies described above used different fibers from those used in this study, and the 

majority of existing data on how RLC phosphorylation effects systolic function are from 

skinned preparations.  As mentioned previously, skinned preparations have been shown 

to alter calcium binding of RLC and subsequently affect RLC phosphorylation because 
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RLC phosphorylation and calcium binding sites are shown to communicate allosterically.  

Also skinning a tissue sample can result in fiber swelling, which alters the lattice spacing 

within the tissue.  In this study specifically, skinning can significantly alter the results 

because lattice spacing plays a key role in the lengthening response.   

 High sequence homology is apparent between amino acid sequences of cardiac 

RLC in different species [60].  However variability in data results may be attributed to 

differences in basal levels of RLC phosphorylation by species and ventricular spatial 

location of tissue [51,61].  While humans and large animals have four different isoforms 

of RLC, rodents only have two isoforms of RLC.     The four different isoforms of RLC 

are two ventricular isoforms P1 and P2 and their phosphorylated counterparts P3 and P4 

[51,61].  Therefore myosin RLC protein mechanisms, and levels as well as potency of 

basal RLC phosphorylation may differ between rodent and larger animal models.   

 The results of this study are significant and specifically can be explained by 

underlying mechanisms of cross-bridge dynamics as well as by compensatory protein 

phosphorylation signaling mechanisms in cardiac muscle. At baseline, when RLC 

phosphorylation is eliminated, there is a subsequent lack of RLC phosphorylation 

induced cross-bridge modifications and this results in decreased systolic force generation.  

RLC phosphorylation in cardiac muscle has been shown to cause myosin heads to move 

away from the thick filament backbone and come into closer proximity to actin as well as 

slow the rate of cross-bridge detachment; this results in an increase in the rate of cross-

bridges forming and transitioning to force generating states, and causes a decrease in 

cross-bridges transitioning back to non-force generating states [41].  The net effect of this 

mechanism is to increase systolic force generation.  Therefore, upon elimination of basal 
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RLC phosphorylation it is expected that there will be a subsequent decrease in rate of 

cross-bridges transitioning to force-generating states and an increase the rate of cross-

bridges transitioning to non-force generating states; this causes an overall decrease in 

systolic function.  However, this decrease in systolic function may have been 

compensated by phosphorylation of other contractile proteins, mainly TnI and cMyBP-C 

[11,28,51,61].  As mentioned previously phosphorylation of TnI at threonine-144 by 

PKC-βII has been shown to increase calcium sensitivity in transgenic mice skinned 

myocytes [26].  Also phosphorylation of cMyBP-C by calcium/calmodulin-dependent 

kinases or by protein kinase A can pre-position the myosin head with respect to actin 

such that it facilitates cross-bridge attachment, and increases systolic function [11,19].  

The initial decrease in systolic force may be compensated by the phosphorylation of TnI 

and/or cMyBP-C, which then would bring the net systolic force back up to normal levels. 

This would explain why in this study and in some reports, decreases or elimination of 

RLC phosphorylation did not result in significant changes in systolic properties [17,58]. 

  After sarcomere lengthening, the underlying mechanisms of cross-bridge 

dynamics may be similar, however compensatory protein phosphorylation mechanisms 

may interact differently with cardiac lengthening associated cell signaling changes.  First, 

upon elimination of basal RLC phosphorylation (~30% phosphorylated RLC [18]), it is 

hypothesized that there will still be a subsequent increase in the rate of cross bridge 

detachment resulting in decreased systolic function.  Also, compensatory mechanisms 

such as phosphorylation of cMyBP-C and TnI may still be up-regulated in the knock-in. 

Although stretch may put actin and myosin in closer proximity, these compensatory 

mechanisms may significantly attenuate the length-dependent increase in systolic force.     
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cMyBP-C phosphorylation may contribute to increasing systolic force to baseline 

levels.  However TnI phosphorylation overall has been shown to attenuate the length-

dependent tension activation in cardiac muscle.  Therefore, compensatory increases in 

TnI phosphorylation may contribute to the observed lack of length-dependent increase in 

force generation upon elimination of RLC phosphorylation [26]. Elimination of RLC 

phosphorylation will result in a decrease in systolic force attributed to lack of cross-

bridge attachment enhancement, however compensatory mechanisms, i.e. cMyBP-C, will 

bring the systolic force back to baseline levels.  Other compensatory mechanisms, i.e. TnI 

phosphorylation, may attenuate the force response to cardiac lengthening, resulting in the 

observed lack of significant force increase due to lengthening in the MLC2v model, and 

rather large difference in active stress after the immediate application of stretch between 

the wild-type and MLC2v mice. 

Future studies can elucidate valuable information with respect to the current data, 

and can gain more in-depth information regarding remaining questions.  In order to 

explore these possible compensatory protein signaling mechanisms and their interaction 

with cardiac lengthening, it would be important to investigate the levels and associated 

cross-bridge effects of phosphorylated TnI and MyBP-C after decreases in RLC 

phosphorylation level both at baseline and after stretch.  

 Also, developing a heterozygous knock-in model, with half phosphorylatable and 

non-phosphorylatable RLC, may be an insightful tool for exploring the effects of 

intermediate levels of phosphorylation as well.  Nevertheless when developing these 

MLC2v knock-in models, it is important to keep in mind that substitutions of serine to 

alanine at RLC phosphorylation sites may entail additional effects both related and 
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unrelated to RLC phosphorylation.  For example, this site specific mutation may effect 

the interaction between the calcium binding and phosphorylation sites of RLC, between 

the essential and regulatory light chains, between RLC and the heavy chain, between 

RLC and other contractile proteins, and the RLC protein conformation.  The interactions 

between the regulatory light chain and heavy chain serve to stabilize the alpha-helical 

neck of the myosin head; therefore if this interaction is disturbed then cross-bridge 

cycling may be effected.  Also, since calcium binding and phosphorylation sites on RLC 

may allosterically communicate, changes in RLC phosphorylation levels may affect RLC 

Ca2+ binding.  This can lead to a disturbance of calcium homeostasis during muscle 

contraction and alterations in force generation, similar to those observed in other studies 

employing mice with mutations near the RLC phosphorylation site [60,61].  Furthermore, 

studies by Szczesna et al. [60,61] have demonstrated that mutations near the RLC 

phosphorylation site in mice cardiac muscle have lead to changes in alpha-helical content 

of the protein.  This may also be the case for the mutation used in the present study; 

therefore MLC2v knock-in mutants may have an altered alpha-helical structure that may 

lead to sterical constraints of the molecule.  This can potentially result in protein 

conformation changes or altered motion of the myosin lever arm.  Precise repetitive 

motion of the myosin lever arm and tilt of the light chain domain are critical in enabling 

the myosin head to physically move away from the thick filament backbone towards the 

actin [61].  If mutations disturb this mechanism, then changes in cross-bridge cycling and 

force generation are entailed.  Since charge is unchanged, the substitutions are 

conservative so that they cause minimal effects on RLC domain and protein interactions. 
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 An alternative approach would be to conduct a paired study in which levels of 

RLC phosphorylation were increased and decreased in a single papillary muscle with 

MLCK inhibitors, i.e. ML-9, or molecules that dephosphorylate RLC, i.e. BDM or 

phosphatases.  This type of experiment would be worthwhile because a paired model 

would reduce experimental variability among the control and experimental groups, and 

would facilitate comparison to existing results.  It would be expected that decreasing 

levels of phosphorylation in the wild-type papillary muscles, via employment of 

molecular inhibitors or phosphatases, would render similar results to those of the knock-

in and would align with the current data.  This type of study would also elucidate if 

increased RLC phosphorylation correlates with an even higher increase in systolic force 

generation properties due to stretch.  Trabeculae may be an ideal preparation for these 

types of experiments, not only because they comprise myofilaments that run in parallel 

enabling more uniform stretch, but also because they facilitate easier diffusion of oxygen 

and other molecules, i.e. inhibitors, through their comparatively thinner surface. 

Although average levels of phosphorylation have been determined for wild-type 

and MLC2v mice models in this experiment, it would be advantageous to determine 

levels of phosphorylation of individual papillary muscle prior to experimentation and 

after stretch.  This would minimize potential experimental variability due to differences 

levels of basal RLC phosphorylation by individual mice, spatial location of the tissue 

sample in the ventricular wall, and sarcomere length [6].   

 Moreover for future experimentation with papillary muscles, it may be relevant to 

probe the metabolic state of muscle, to ensure adequate diffusion of oxygen and nutrients 



40 
 

 

within the muscle.  For example, nuclear magnetic resonance imaging or staining can be 

used to identify metabolites for signs of cell death or hypoxia.   

 Lastly, although surface strain at Lmax of papillary muscle tissue samples 

correlated relatively well with a sarcomere length of 2.2-2.3 μm, in order to precisely 

standardize the stretch among the sample set, it may be useful to measure and control 

sarcomere length.  Sarcomere-tension relationships are steeper than length-tension 

relationships, so therefore precise control and measurement of sarcomere length may 

prove insightful for future study.  Sarcomere length can also serve as an experimental 

variant because stretch beyond Lmax can result in the middle portion generating a length-

dependent increase in active force while the ends generate lower active force due to 

overstretch.  This can cause non-homogenous stretch protocols and variability within the 

dataset.  For this experiment, the muscle chamber attachment system was designed such 

that it minimized damage to the ends of the muscle to reduce variability among samples 

and promote standardized results for each experiment.   
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5. CONCLUSIONS 

 The results of this study provide novel insights into the contribution of basal RLC 

phosphorylation to cardiac force generation and the interaction of RLC phosphorylation 

with cardiac lengthening.  We have found that while MLC2v knock-in mice with 

effectively 0% RLC phosphorylation showed similar baseline force generation properties, 

they had attenuated force responses to cardiac lengthening.  These changes were not 

associated with significant differences in post-stretch sarcomere length or muscle area.  

Therefore basal RLC phosphorylation may potentiate the immediate force response to 

stretch, i.e. the Frank Starling mechanism.  The baseline force generation results for 

MLC2v mice correlated well with data from skinned myocardial preparation in rabbit and 

porcine with reduced RLC phosphorylation levels [39,58].   

 While elimination of RLC phosphorylation can lead to cross-bridge modifications 

that result in decreased systolic function, compensatory phosphorylation of other 

contractile proteins, mainly TnI and cMyBP-C, may bring systolic force back to normal 

levels [11,19,20,26,28].  This would explain why no significant differences were 

observed in baseline active stress between wild-type and MLC2v mice.  Also after 

cardiac lengthening, elimination of RLC phosphorylation resulted in a decrease in 

systolic force attributed to a lack of RLC induced cross-bridge enhancement; however 

compensatory mechanisms, i.e. cMyBP-C phosphorylation, may bring the systolic force 

back to baseline levels.  It is possible that an additional compensatory mechanism may 

come into play as well, i.e. TnI phosphorylation, and this mechanism has been shown to 

attenuate the force response to cardiac lengthening [26].  If compensatory increases in 

TnI phosphorylation did occur, this may explain the lack of steep increase in active stress 
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due to lengthening in the MLC2v model, and rather large difference in active stress 

between the wild-type and MLC2v mice after stretch. 

 These results add new insights into the molecular players and potential complex 

signaling events that contribute to baseline and length-dependent force generation. While 

MLC2v mice have a mutant gene encoding serine to alanine substitutions at two specific 

RLC phosphorylation sites, it is important to keep in mind that these substitutions may 

have additional effects on protein conformation, allosteric site interactions and protein-

protein interactions.   

 This study lays a foundation for future studies on RLC phosphorylation and its 

contribution to contractile function of the heart.  Future directions of study may include 

employing a paired model, in which levels of RLC phosphorylation are increased and 

decreased in the same mouse, to compare effects of various levels of RLC 

phosphorylation on the immediate force response to stretch.  Also future studies may 

enable a better understanding of the complex interaction of compensatory protein 

phosphorylation mechanisms and cross-bridge dynamics that may come into play upon 

elimination of basal RLC phosphorylation.  Overall these studies have the potential to 

pave the way for future therapies targeting diseases such as familial hypertrophic 

cardiomyopathy [28,60,61]. 
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