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ABSTRACT 

Congestive heart failure represents one of the leading causes of death in industrialized 

countries. A subset of heart failure situations are linked to genetic mutations, many of 

which reside in sarcomeric proteins. With the prevalence of mutations as approximately 

1:500, the location of a mutation plays a direct role in the severity and lethality of the 

resulting disease state. The point mutation Arg403Glu (R403Q) located on the myosin 

heavy chain molecule is no exception with a resulting development of left ventricular 

hypertrophy, myocyte disarray, and increased cellular fibrosis. Given the severity of this 

mutation in humans, a mouse model was developed to recapitulate these phenotypic 

characteristics.  An additional confounding factor often overlooked when studying the 

effects of cardiac disease is the role of biological sex. We, therefore, tested the 

hypothesis that R403Q mice will display altered crossbridge kinetics, specifically an 

increase in functioning at the expense of energy efficiency, and that biological sex will 

impact the cardiac response to the R403Q mutation in terms of both crossbridge 

functioning and post-translational modifications. To do this, we used both male and 

female R403Q transgenic mice and quantified myofilament mechanical properties 

including Ca2+ sensitivity, crossbridge cycling kinetics, and tension cost of contraction. In 

addition, phosphorylation patterning was quantified for one of the central, sarcomeric 

regulatory proteins, cardiac troponin I. We used 2 month animals which do not display 

overt pathology in the form of hypertrophy in order to minimize downstream, confounding 

effects. We were able to find that disease and biological sex played an important role in 

defining these parameters and suggests females are able to better compensate to the 

presence of altered sarcomeric interactions. Future investigations should focus on 

altered kinase activity, possibly driven by interactions with estrogen, in order to better 

define how females can retain cardiac functioning given a disease condition.   
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1.0 Introduction to the Literature 

The overall goal of this research is to quantify the impact of biological sex and disease 

on myofilament functioning and post-translational modifications (PTM). As such, this 

overview will focus on the following topics: energy usage in the heart, disease effects on 

energetics, the impact of biological sex on disease outcomes and its potential impact on 

energetics, and finally, the impact of the R403Q mutation on energetics in human and 

animal studies. This overview will begin by discussing the complex interactions of the 

motor unit of the myofilament, myosin, along with the basic principles of energy 

production and usage in the heart.  Many cardiac disease states have some evidence 

suggesting an alteration in energy production or usage in the myocardium. This may be 

a helpful modification or a vicious cycle that could ultimately contribute to a worsening 

phenotype.  It is well known there are differences in outcomes of many forms of cardiac 

disease for males versus females, a phenomenon that persists in humans as well as 

many animal models of cardiac disease.  However, attributing these differences to a 

specific molecular mechanism is difficult.  In addition, this project focuses on a particular 

cardiomyopathy: genetically linked hypertrophy from the myosin heavy chain R403Q 

point mutation. Using a transgenic R403Q mouse model, it is the goal of this research to 

elucidate a role for biological sex in myofilament mechanical and kinetic function as well 

as PTM on cardiac troponin I.  
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1.1 The Cross Bridge Cycle: A major consumer of ATP 

1.1.1 Kinetic Interaction between myosin and actin 

Striated muscle is a highly organized tissue designed to convert chemical energy into a 

mechanical output. The striated patterns observed in muscle are due to the basic unit of 

contraction, the sarcomere which consists primarily of the thin and thick filaments. It is 

widely accepted that in order for the sarcomere to shorten and thus allow for cellular 

contraction, the sliding filament theory ensues[1]. The sliding filament theory explains 

many observations of the length-tension relationship. It simply concludes that in order for 

force to be generated in a sarcomere, the thick filament (myosin) pulls the thin filament 

(actin) along itself and thus applies tension on the thin filament generating force. A 

crossbridge forms when the globular head of myosin has bound to actin and the total 

amount of force generated is proportional to the number of crossbridges formed[2]. The 

degree of crossbridge formation is dependent on several factors including free [Ca2+], 

cooperativity of myosin molecules, phosphorylation status of regulatory proteins, and 

concentrations of energetic molecules such as ATP and ADP + Pi.  In order for myosin to 

bind to actin, Ca2+, the physiological activator of contraction, must be present in the 

system. Under relaxed conditions when Ca2+ is sequestered, myosin is sterically blocked 

from binding to actin by the troponin complex (specifically troponin I).  The binding of 

Ca2+ to the troponin complex (specifically troponin C) causes a conformational change of 

the complex [3]. This rearrangement of the troponin complex exposes potential binding 

sites on actin, allowing myosin to bind. The crossbridge cycle that generates tension in 

the cell is as follows:  
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1. Upon Ca2+ binding to troponin C, the inhibitory troponin unit (troponin I) 

undergoes an allosteric rearrangement which exposes a potential binding site 

on actin.  

2. Myosin can then bind to actin via the conversion of ATP to ADP + Pi. This is 

denoted as a strongly bound state. 

3. The release of Pi causes a conformational change in the myosin head 

denoted as the “power stroke” which slides the actin filament across the thick 

filament. 

4. In order for myosin to detach from actin, ADP must be released and ATP 

must bind to the globular myosin head.  
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Figure 1.0: The Myofilament Contractile Unit. The sarcomere is the contractile unit of 

the muscle cell. It primarily consists of thin and thick filaments interwoven with many 

regulatory proteins. The binding of Ca2+ to Tn-C causes an allosteric change of the 

troponin complex that removes the inhibition of Tn-I and tropomyosin exposing actin 

binding sites to myosin. This allows the myosin head to bind to actin and convert ATP to 

ADP + Pi. The release of the Pi imparts the energy to the myosin head to perform the 

power stroke, sliding the actin filament along the thick filament.  
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Contraction will continue as long as Ca2+ is present in the cytosol and ATP is available to 

bind to the thick filament. It is clear from the crossbridge cycle that muscle requires a 

constant supply of ATP and generates constant by-products of ADP + Pi. Indeed, the 

heart has particularly high energy demands given that contraction must occur roughly 

once a second and must continue over a lifetime. Perturbations in either the supply or 

consumption of ATP in the heart could lead to imbalanced energetics that could alter 

contractile functioning. As will be discussed below, alterations in energetics is often 

observed in disease states of the heart.   

1.1.2 The Two-State Model 

Given this project’s focus on kinetic and energetic parameters of cardiac muscle, it 

becomes necessary to describe some of the assumptions made when describing 

parameters of the crossbridge cycle.  

With the understanding of the crossbridge cycle in mind, it is clear that certain rate 

constants can be described to govern the various states myosin can exist in at a given 

time. A simplified model was proposed by Huxley to describe the crossbridge model with 

a forward and reverse rate constant, dubbed the two state model[4]. This model 

assumes myosin can exist in either a force generating state governed by a forward rate 

constant fapp, or a non-force generating state governed by a reverse rate constant gapp. 

These rate constants, fapp and gapp are also referred to as the “on” and “off” rates 

respectively. This simplified model is used to describe results of experiments such as 

tension redevelopment (described as fapp + gapp ) and ATP hydrolysis or tension cost 

(proportional to gapp)[5]. Tension developed is also proportional to fapp/(fapp+gapp). This is 

also labeled αf and is the fraction of crossbridges existing in a force generating state. 

This model has been in use for decades and is highly useful for describing the incredibly 
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complex interactions that occurs between myosin and actin (see limitations in chapter 5 

for a discussion on the limits of the two-state model).  

1.1.3 ATP consumption in the sarcomere 

Given knowledge of the crossbridge cycle and the requirement of ATP for force 

generation, it is not surprising that the heart is the largest consumer of ATP in the body. 

In addition, there is only enough ATP freely available in the heart to sustain a few 

seconds of contraction [6].  Clearly, for contraction to run continuously ATP must be 

constantly produced and the myocyte accomplishes this by constantly re-synthesizing 

ATP through various mechanisms a few of which will be highlighted below. The 

crossbridge cycle is the major consumer of ATP in the heart followed by other proteins 

such as SERCA2a in the SR and Na/K ATPase exchangers [7]. It is remarkable then 

that the heart maintains a constant cellular level of ATP available (10mM) even under 

increased demand [6]. If the balance of production or consumption of ATP is disturbed, 

severe alterations in contraction at the level of the myofilament can ensue. For example, 

the rate at which ADP is released will dictate how fast the crossbridge cycle can be 

completed. The more ADP present, the slower the cycle since ADP will compete with 

ATP for binding sites in myosin [8]. Therefore, the balance between [ATP]/[ADP] is 

crucial for normal cardiac function. In addition, mitochondria are of particular importance 

for the constant energy consuming heart cells. Mitochondria generate up to 90% of the 

ATP in the heart and occupy almost 1/3 of the cell volume of a cardiomyocyte. 

Additionally, the membrane of the mitochondria uses up to 90% of the O2 consumed by 

the cell to mediate oxidative phosphorylation which couples substrate oxidation to ATP 

synthesis [9]. 
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1.2 ATP Production Cycle 

Given the constant energy demand of the cardiac myofilament, a brief review of crucial 

ATP production mechanisms is necessary. Understanding these pathways, including 

which can be long or short term responses, which require O2, and which are the most 

efficient reactions is critical for a fuller understanding of pathologic outcomes in the heart 

(discussed in section 1.3).  

1.2.1 Phosphotransfer System 

Given that there is only enough freely available ATP in the heart for a few seconds of 

contraction, an immediate source for the generation of ATP is essential to maintain 

cardiac output. This is especially useful given situations where demand has increased, 

but not enough time has passed for more long term processes to increase the 

generation of ATP. This involves the phosphocreatine (PCr)/ creatine kinase (CK) 

pathway and is the main ATP reserve utilized in the heart. Muscle cells can rapidly 

regenerate ATP through the transfer of energy from the phosphate bond of PCr. This 

reaction is catalyzed by CK as such: 

𝐴𝐷𝑃 + 𝑃𝐶𝑟 
𝐶𝐾
→  𝐴𝑇𝑃 + 𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒 

This CK driven reaction is ten times faster than oxidative phosphorylation and can 

optimize the free energy created by ATP hydrolysis. PCr levels are present at twice that 

of ATP levels and serve as the main energetic reserve in the heart [10]. 

If ADP levels begin to rise, another phosphotransfer pathway can be utilized to 

regenerate ATP. This is accomplished through adenylate kinase (AK) which transfers 

one phosphate group from an ADP molecule to another. 
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𝐴𝐷𝑃 + 𝐴𝐷𝑃 
𝐴𝐾
→ 𝐴𝑇𝑃 + 𝐴𝑀𝑃 

Under normal conditions, the cellular concentration of ATP changes very little since the 

by-products of ATP hydrolysis (ADP, AMP, Pi) are potent signals for the stimulation of 

these and other metabolic pathways. These phosphotransfer systems are crucial for 

maintaining energetic reserves in the heart and to buffer increasing levels of ADP. 

1.2.2 Carbohydrate Metabolism 

Another rapid ATP regeneration method is through anaerobic glycolysis. Muscle fibers 

store carbohydrates in the form of glycogen which can be cleaved into glucose units via 

glycogen phosphorylase. Since O2 is not required for this process, it is often utilized 

when increased demand has exceeded the regeneration capacity of the phosphotransfer 

pathways. Briefly, once glycogen has been cleaved into glucose units, it can be 

converted to lactic acid which readily dissociates into lactate and H+: 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 2 𝐴𝐷𝑃 + 2𝑃𝑖  →  𝐿𝑎𝑐𝑡𝑎𝑡𝑒 + 2 𝐴𝑇𝑃 + 2 𝐻
+ + ℎ𝑒𝑎𝑡 

The anaerobic regeneration of ATP provides more energy than the breakdown of PCr 

and importantly does not require O2; however it captures only a fraction of the energy 

stored in glucose. In addition, this process has potentially harmful breakdown products 

since the generation of hydrogen ions can lower the surrounding pH which can inhibit 

further glycolysis. Glucose can be metabolized by an aerobic mechanism as well which, 

although slower than anaerobic processes, generates far more ATP molecules per 

glucose molecule. 

Other organs, such as the brain, rely heavily on glucose metabolism. The heart utilizes 

glucose as a secondary pathway for ATP generation. Given the extreme demands of 

energy in the heart, glucose, although more plentiful than the phosphotransfer systems, 
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is not the most efficient mechanism for long term, high ATP regeneration. An efficient, 

high yield ATP regeneration pathway is necessary for long term maintenance of ATP 

pools in the heart.  

1.2.3 Lipid Metabolism 

To meet long term energy demands, both cardiac and skeletal muscle rely primarily on 

lipid metabolism. Consumed lipids are digested and broken down into fatty acids (FA). 

FAs are composed of long carbon chains with a carboxyl terminus. FAs provide a highly 

efficient mode of energy storage and yield the most energy in the form of ATP per 

molecule when compared to other metabolic pathways.  Fatty acid oxidation (FAO) 

occurs in the mitochondrial matrix and releases other oxidative compounds like NADH 

and FADH2. The energy density of lipid metabolism is over twice that of carbohydrates, 

however oxidation in the form of FAs requires the presence of O2. An example is below: 

𝑃𝑎𝑙𝑚𝑖𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 + 23 𝑂2 + 106 𝐴𝐷𝑃 + 106 𝑃𝑖  →  16 𝐶𝑂2 + 16 𝐻2𝑂 + 106 𝐴𝑇𝑃 + ℎ𝑒𝑎𝑡 

Given the constant demand for energy production, a healthy heart will primarily rely on 

FAO (60-90%) and relies secondarily on glucose metabolism (10-40%) in addition to 

other lesser used substrates such as lactate and ketones[11].  Rat heart cells will oxidize 

FAs at a parallel rate to cellular ATP production thus highlighting the tight 

relationship[12]. The two major molecular regulators of FAO are Ca2+ and ADP via 

stimulation of the Krebs cycle and cellular respiration respectively[13]. 

 The heart is able to adjust the balance of substrate preference given altered 

physiological loads or pathology. An increased workload is accompanied by a higher 

energy demand and therefore an increased production of ATP. The increased 

production of ATP coupled with matching efficiency of ATP use is critical to maintain 

normal cardiac function.  
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1.3 Effect of Cardiac Disease on Energetics 

As discussed above, the heart has high energy demands. The crossbridge cycle is the 

primary source of ATP consumption and several metabolic pathways including rapid 

phosphotransfer systems and slower but high output FAO are utilized to maintain 

constant cellular ATP levels. These levels are maintained even given increased demand 

or stress. An uncoupling between ATP production and consumption could have 

deleterious effects on the heart’s ability to maintain a suitable output. Given the animal 

model used in this project focuses on the effects of a crossbridge perturbation, a review 

of the effects of disease states on energetics is necessary.  

1.3.1 Alterations in ATP production 

1.3.1.1 Global reduction in [ATP] 

Congestive heart failure is the leading cause of mortality worldwide and represents a 

significant economic burden. Heart failure at the level of the myocyte has been 

associated with defects such as disturbed excitation-contraction coupling, energetic 

deficits, and oxidative stress[13].  It is also known that in the failing heart, energy 

metabolism is altered resulting in a progressive loss of [ATP].  Generally, this observed 

drop in ATP typically starts with a drop in creatine levels and subsequent reduction of 

CK activity leading to an increase in [ADP] and [AMP] due to decreased activity of the 

PCr/CK pathway and ultimately an increase in glucose uptake and utilization [6]. FAO 

either remains the same or decreases [6]. Collectively, these alterations contribute to a 

reduction in energy reserves which ultimately lead to a progressive loss of [ATP].  

Murine heart failure models (such as TAC or induced myocardial infarctions) recapitulate 

human disease and display alterations in energy regulation such as decreased CK 

activity and CK reaction velocity [14]. Interestingly, AK activity has either been reported 
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as unchanged[14] or increased[15] in situations of heart failure highlighting that the 

response of phosphotransfer pathways is dependent on the type of cardiac disease 

present.  It is widely accepted that there is a concomitant switch in substrate preference 

from FAO to glucose metabolism with the development of heart failure. This has long 

been interpreted as an oxygen sparing mechanism and inhibition of FAO has been an 

approach to treat heart failure[11]. FAO is an oxygen inefficient process but highly 

efficient at generating ATP when compared to glycolysis which uses glucose as a 

substrate. Therefore, if the heart shifts away from FAO towards glycolysis, a substantial 

increase in glucose metabolism is required to equal the ATP generating capability of 

FAO. This shift towards glucose metabolism may not be able to meet the ATP 

generating capacity of FAO which could leave the heart in an ATP deficient state. 

However, whether the shift towards glucose metabolism is beneficial or detrimental to a 

diseased heart remains unclear.  

1.3.1.2 Alterations in Mitochondrial Energy production 

One mechanism through which substrate preference is altered is through the 

mitochondria.  Mitochondria play a key role in cardiac energetics and their alterations 

under disease conditions is worth exploring. The importance of mitochondria is 

highlighted by their location and size: they are physically close to sarcomere units and 

occupy nearly 1/3 the volume of the myocyte. They primarily regulate energy 

homeostasis, metabolism, and cell death. Changes in cytosolic Ca2+ and oxidative stress 

observed in some forms of heart disease (particularly ischemia) can cause an increase 

in mitochondria membrane permeability. This can lead to a loss of membrane potential 

and an uncoupling of oxidative phosphorylation resulting in a loss of ATP[7]. The 

mitochondria and its aberrations may be a critical contributor to the altered energetic 

landscape so often observed with many forms of heart disease and failure. Often in 
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heart failure there is a discrepancy between free fatty acid (FFA) uptake by the myocyte 

and utilization of FFAs by the mitochondria which leads to a reduction of FAO[13]. The 

accumulation of lipids in the cytosol are either stored in vesicles or are shunted to non-

oxidative pathways which can result in maladaptive remodeling through the production of 

reactive oxygen species (ROS) [13]. This is also observed with glucose metabolism 

where glycogen breakdown is increased but glucose oxidation is not[16]. Therefore, 

problems can occur when there is an uncoupling between production and oxidation of 

either glucose or FAs resulting in the build-up of harmful metabolites such as 

triglycerides (from FAO) or lactate (from glucose). A high level of energy is required to 

remove these metabolites from the cytosol to restore balance[11]. If a heart is in a state 

of pathology, this extra energy demand can have deleterious effects.  

It is clear that the balance of energy production and consumption is critical in the heart 

and involves many players. The question of whether the altered energetic landscape is 

the cause or consequence of a failing heart still remains unanswered. However, it is 

clear that the tight regulation of ATP levels in the heart is of critical importance to 

maintain normal myocyte functioning.  

1.3.2 Effect of R403Q mutation on energetics 

The animal model utilized in this project is transgenic for a mutation that results in 

cardiac hypertrophy. This section will now focus on this specific mutation and resulting 

disease state and its impact on energetics and crossbridge cycling efficiency. The 

significance of this mutation in the human population will also be discussed.  

1.3.2.1 Human R403Q cases 

Over twenty years ago, two families were shown to have mutations in the beta cardiac 

myosin heavy chain gene and the hypertrophic cardiomyopathy (HCM) observed in 
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these separate families was identified as genetically based [17].   Furthermore, the 

family that had the arginine 403 to glutamine (R403Q) mutation showed 100% disease 

penetrance (measured by left ventricular hypertrophy (LVH)) with all adults showing 

symptoms. This study concluded the location of these point mutations even in the same 

molecule (β-MHC) can alter the severity of disease. The R403Q mutation results in a 

very severe disease state with several premature sudden deaths occurring in this family 

[18]. It has been reported that approximately half the individuals with this mutation die by 

the age of 45, primarily due to sudden death [19]. This mutation presented clinical 

symptoms of left ventricular hypertrophy and abnormal ECG patterns. Patients in the 

family began showing abnormal echocardiograms as young as 8 years, thus highlighting 

the early onset of pathology associated with this mutation. Syncope and pre-syncope 

was also noted in these patients. In addition, increased cardiac cell cross sectional area 

and increased cardiac fibrosis has been noted in R403Q patients as well [20]. 

1.3.2.2 R403Q mouse models 

In order to more fully understand the resulting disease pathology of R403Q patients, 

transgenic mouse models were developed for study. A notable model developed by 

Vikstrom et al replicated a similar phenotype to that of human patients. The R403Q 

mutation consists of a point mutation (arginine replaced with glutamine) at position 403 

on the actin binding pocket of the myosin heavy chain molecule. This model consisted of 

transgenic mice that contained the R403Q point mutation with an additional amino acid 

deletion and insertion of non-myosin amino acids in the myosin heavy chain[21]. This 

model was constructed to produce a mutant myosin that would have a strongly altered 

interaction with actin. The development of this model was based on the hypothesis that 

genetically linked HCM is a disease of the sarcomere, whereby alterations in crossbridge 

interactions can lead to further downstream effects that ultimately generate a 
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hypertrophic phenotype.  This study concluded that only a small percent of MHC 

contained the mutation (1-12%) but a similar histopathology to human patients was 

observed. By 12-14 weeks common pathologic features were apparent including 

hypertrophied cells, myocellular disarray and LV hypertrophy. 

Another mouse model was developed that included only the R403Q point mutation. Mice 

homozygous for the mutation died at day 7; however heterozygous mice survived for 1 

year. After 15 weeks of age, these R403Q mice showed similar pathology to R403Q 

human patients including myocyte disarray and interstitial fibrosis. In addition, these 

pathologies increased with age [22]. However, the major difference in this model was the 

presentation of left atrial enlargement rather than LV hypertrophy observed in humans. 

1.3.2.3 R403Q altered energetics 

Given the location of the R403Q mutation, it has been hypothesized that the interaction 

of myosin with actin will be altered. How this alteration in interaction effects kinetic 

parameters and energetic status has been the subject of several studies. Mice with the 

R403Q point mutation were studied using NMR. The hearts of R403Q mice were found 

to have decreased phosphocreatine and increased inorganic phosphate (Pi) levels with 

maintained ATP which would result in a decrease in the free energy released from ATP 

[19]. As discussed previously, the PCr/CK pathway is critical to maintain ATP levels, so 

a lack of PCr suggests a severely altered energetic landscape.  In addition, a study 

using human cardiac tissue with the R403Q mutation found the rate of tension 

generation and relaxation was much faster in the R403Q sample compared to healthy 

controls [23]. A faster rate of relaxation implies increased usage of ATP given that this is 

required for detachment.   This study concluded the R403Q mutation may lead to an 

apparent gain in function with a higher energetic cost.  Further studies with human tissue 
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confirmed this finding by direct measurement the cost of contraction by ATP hydrolysis. 

A correlation was found between a higher rate of relaxation and an increased tension 

cost [20]. This increased tension cost indicates that R403Q myosin is using more ATP 

than normal for a given force output making it less efficient. Furthermore, the degree of 

decreased efficiency is directly related to the location of the mutation on myosin[24].   

Overall, studies have found that R403Q hearts appear to have a gain in function with a 

higher energetic cost. This correlates well with other studies that report an association 

between decreased PCr/ATP and patients with HCM who are either asymptomatic or 

with known HCM mutations[25]. It is therefore a common hypothesis that HCM 

mutations result in a lower efficiency of contraction (higher tension cost) and the severity 

of this effect is location specific. 

1.4 Influence of Biological Sex on cardiovascular disease 

Given that differential outcomes of heart disease are often seen between men and 

women, a review of the role biological sex plays in cardiac function is merited. In 

addition, the R403Q model used in this project exhibits a strong sex dimorphism 

(discussed in detail below) and the resulting influence of biological sex is central to the 

aims of this project.  

1.4.1 Male and Female Hearts: Disease outcomes 

Before puberty is reached, no difference in heart size is seen between males and 

females. This implies that both men and women are born with the same number and 

size of cardiomyocytes. After puberty, male heart mass is 15-20% larger than age 

matched females[26] suggesting male hearts hypertrophy more than female hearts. This 

hypertrophy is symmetric as there is no sex based difference in septal wall size.  As men 

and women age, there are some clear differences in the properties of their 
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cardiomyocytes, even under healthy conditions. As females age they retain ventricular 

mass, number of myocytes, and average cell diameter and volume. In contrast, male 

hearts lose myocardium mass at a rate of roughly 1 gram/year[27] resulting in a 

compensatory increase in cell size of remaining cardiomyocytes. This highlights the 

differential nature of male and female hearts and their response to normal aging. 

Women, in general, have a better prognosis when it comes to diseases such as 

hypertension, aortic stenosis and HCM. Women maintain cardiac function whereas men 

generally have poorer cardiac output and more wall thinning under these conditions [28]. 

However, age and hormonal status i.e  pre- or postmenopausal, has a considerable 

effect on cardiac disease outcome. The National Center for Health Statistics reports that 

more men than women die from CVD between the ages of 45 to 64, however, after age 

65 more women die than men[28]. In addition, heart failure with preserved ejection 

fraction is more commonly found in women than men [29]. It is worth noting that some 

studies do not analyze in detail the interaction between gender and age. Additionally, the 

distinction between pre- and post-menopausal women is not made in some cases [29].  

Even so, other factors that can contribute to heart failure are observed to have a 

different prevalence in men and women. For example, hypertension is more often seen 

in women of old age than men. Women with hypertension have increased LV wall 

thickness without chamber enlargement whereas men with hypertension have LV 

dilation[30]. The incidence of women with congestive heart failure (CHF) is lower in 

females across ages[31]; however, the mortality risk from CHF in women is higher [32]. 

This implies that women, in general, are less susceptible to cardiac disease; however, 

women have a higher mortality for some forms of cardiac disease. The underlying 

mechanisms involved in this differential outcome will be discussed in more detail below. 
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As seen in human studies, sex differences are apparent in animal models as well, with 

females often faring better. For example, both male and female salt-sensitive Dahl rats 

develop hypertension and ultimately result in hypertrophy. While male rat hearts undergo 

dilation, female rat hearts maintain hypertrophy without dilation and increased 

contractility compared to males[33]. 

These studies highlight the differential outcomes often seen in many forms of heart 

disease and failure for men and women. It is generally accepted that women have better 

cardiac function and survival of cardiovascular disease (CVD) when compared to men. 

However, this effect appears to reverse for post-menopausal women when compared to 

age-matched men. Clearly, circulating hormones such as estrogen and testosterone 

could be major players in the varying outcomes of CVD for men and women. 

1.4.2 The effect of estrogen in the heart 

The role of sex steroids in cardiac function has been the subject of many studies. Sex 

steroids can directly affect the heart and indeed, receptors for estrogen, progesterone, 

and androgens are present in cardiac tissue in humans and animal models [34-36]. 

Males and females differ most notably in their levels of sex steroids. Pre-menopausal 

women have roughly 1/10 the amount of testosterone but 10-20 times the amount of 

estrogen as men. In contrast, post-menopausal women have roughly the same levels of 

estrogen as men[36]. 

Sex based differences have been found in phenomena such as telomerase activity, 

excitation-contraction coupling, and intracellular K+ currents[37]. There are also 

mitochondrial differences between the sexes exemplified by the fact that female rats 

have a lower density of mitochondria but a higher efficiency of energy production [38]. 

This leads to less ROS generation and less oxidative damage at the cellular level in 
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female hearts.  In addition, female cardiomyocytes were found to have a lower density of 

beta-adrenergic receptors and thus a lower ionotropic response upon the stimulation of 

these receptors[39].  

Differences in substrate preference, critical to maintain energy homeostasis in the heart, 

were observed for males and females in both animal and human studies. For example, 

fatty acid metabolism was altered in young and adult rats between males and females. 

Many genes associated with FA metabolism were more highly expressed in young 

females than age matched males[40]. This study surmised that the energy requirement 

in young female hearts may be higher than in young males and is met by increased 

transcription of genes associated with FA metabolism. In addition, aged female rats 

exhibited better cardiac potential for ATP production as seen by increased expression of 

genes associated with oxidative phosphorylation versus aged males. Females also had 

less pro-apoptotic gene expression supporting the theory that females are able to retain 

more cardiac mass throughout a lifetime[40].  

In general, estrogen is commonly seen as a cardio-protective agent whereas 

testosterone is thought to be detrimental to cardiac function.  However, estrogen is 

believed to be cardioprotective only prior to the onset of heart disease. Once disease 

has presented, there is evidence that estrogen can have an undesirable effect under 

some disease conditions [36].   Females are commonly seen to have higher cardiac 

function compared to age matched males. One possible mode of explanation is the 

observation that estrogen can down-regulate myocardial glucose uptake [36], thus 

increasing the reliance on FAO. Indeed, PET scans have shown that in a young healthy 

human population, females used less glucose and more oxygen than age matched 

males[41]. Furthermore, animal studies have found that in skeletal muscle, estrogen 

increases FAO while decreasing glucose metabolic processes including glucose 
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oxidation and glycogenolysis [42]. It is possible that female hearts rely more heavily on 

FAO due to the higher levels of estrogen present. This is the most efficient mode of 

energy production given O2 is readily available. Therefore, if a disease state presents 

itself, females could be at a greater risk given a heavier reliance on FAO and would have 

a harder time compensating with increased metabolism of glucose[36]. This is supported 

by data showing that the onset of heart disease occurs later in females, but once 

disease is present, the mortality rate is higher.  

1.4.3 Effect of Testosterone in the heart 

The role of testosterone in cardiac metabolism and energetic homeostasis is far less 

researched than that of estrogen and represents a significant gap in the knowledge of 

sex dimorphisms observed heart disease. For completeness of the sex steroid story, it is 

worth summarizing some of the studies that focused on the effects of testosterone. It has 

been found that after MI, mice that were administered testosterone had increased 

chronic remodeling resulting in greater cardiac dysfunction [43]. Additionally, 

testosterone has been linked to increased activity of enzymes responsible for cross-

linking collagen [44] suggesting that testosterone may impact the fibrous structure of the 

heart thus playing a role in the etiology of pathology. However, some studies have 

shown that the removal of testosterone or chronic low levels leads to a  worsening in 

cardiac phenotypes in males[36]. It is clear that the role of testosterone in the heart is 

complicated and may be beneficial or detrimental depending on disease state.  

1.4.4 Sex dimorphism in R403Q hearts 

As discussed above, R403Q mouse models were constructed to further understand the 

development of pathology in hypertrophic hearts. The studies discussed herein utilize 

the R403Q transgenic mouse model developed by Vikstrom et al which aimed to have a 
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model with a severely altered interaction between myosin and actin. An interesting 

outcome observed in this model was a pronounced sex dimorphism. As mentioned 

before, ventricular hypertrophy begins at 12 weeks which progresses with age in both 

males and females. However, by 8-10 months of age the male R403Q mice begin to 

show signs of ventricular dilation whereas females retain hypertrophy[21]. Further sex 

differences were observed in myofilament function in this model.  For example, 10-12 

month R403Q female mice had proportionally larger hearts than age matched males. In 

addition it was found that R403Q female hearts were more sensitive to Ca2+ than WT 

counterparts and R403Q males which displayed no alterations in Ca2+ sensitivity[45]. At 

the molecular level, R403Q females had elevated levels of SERCA2a and β-MHC 

compared to males[45].  

The R403Q model that consists of only the point mutation does not however show any 

sex dimorphism in mechanical function. The only sex dimorphism that is apparent is 

male mice develop hypertrophy by 30 weeks whereas females do not [22]. The presence 

of the R403Q mutation impacted mechanical performance with higher mechanical power 

output and higher shortening velocity in a sex-independent manner [46]. However, an 

interesting aspect of this R403Q model is that although it is genetically identical to what 

is observed in humans, it is phenotypically different. Profound left atrial enlargement in 

the absence of ventricular hypertrophy is observed in this model [22]. Therefore the 

nature of the animal model and its intrinsic differences from humans must be taken into 

consideration. Both R403Q models are useful for the study of crossbridge perturbations 

on mechanical/kinetic parameters and sex dimorphisms; however both must be viewed 

as unique and distinct from each other.   
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1.5 Objectives and Specific Aims 

This project has focused on defining the mechanical and energetic properties of R403Q 

transgenic mice at an early age of 2 months when no overt pathology is observed. There 

are two, intertwined pillars to the general hypothesis of this project. The first focuses on 

the effect of disease on parameters such as myosin-actin kinetics, myosin efficiency, 

and post-translational effects on cTnI. The second pillar explores the impact of biological 

sex on these aforementioned parameters in the context of whether a disease state is 

present or not.  We hypothesize that the R403Q mutation will impact mechanical and 

energetic performance of the myofilament in a sex specific manner. The specific aims for 

this project are as follows: 

Aim I: To compare isometric, kinetic, and energetic properties of isolated cardiac muscle 

in male and female mice with and without the R043Q mutation 

It is hypothesized that differences in these mechanical parameters will be observed 

between R403Q and WT mice, with R403Q mice showing indications of enhanced 

functioning at the cost of energetics. We also hypothesize that given the significant 

difference in phenotype between R403Q males and females, a difference in mechanical 

and energetic parameters will be observed with R403Q females showing parameters 

closer to WT values.  

Aim II: To determine if any differential post translation modifications (PTM) of 

myofilament proteins exist in mice with the R403Q mutation compared to WT 

counterparts.  

If mechanical function is different between R403Q and WT mice, the effect of PTM on 

sarcomeric proteins will be different between the two groups. This will result in 

differential signaling and phosphorylation patterning in cTnI since it is a central regulator 

of myofilament function. In addition, cTnI has several well defined phosphorylation sites 
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with known effects on sarcomeric function [47, 48]. The determination of phosphorylation 

patterning on cTnI will also reveal sex specific and disease specific patterning.  
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Chapter 2 

Materials and Methods 
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2.1 Animal Model 

The experimental transgenic mouse model used for this project consists of male and 

female mice heterozygous for the R403Q transgene. There are several differences to 

note between human R403Q patients and these R403Q mice. First, the R403Q 

transgene is present in the α-myosin heavy chain (MHC) isoform in the murine model. 

This is unlike humans where the R403Q mutation resides in the β-MHC isoform. This is 

a more physiologic representation of a hypertrophic phenotype in a mouse since mouse 

cardiac tissue primarily consists of the α-MHC isoform whereas humans are 

predominantly of the β-MHC isoform. Second, this murine model includes a large amino 

acid deletion (AA 468-527) in the actin-binding domain of myosin and is bridged by the 

addition of 9 non-myosin amino acids (SerSerLeuProHisLeuLysLeu). This murine model 

was developed to recapitulate the human disease progression and shows many 

phenotypic similarities including pathological disease spectrum, histological and 

physiological characteristics, and course of disease progression including sex 

dimorphisms [21]. All mice studied were 8-10 weeks of age. All experiments performed 

were approved protocols and adhered to guidelines established by the Institutional 

Animal Care and Use Committee at the University of Arizona. 

 

2.2 Isolation of cardiac trabeculae 

Mice were deeply anesthetized using isoflurane and hearts were rapidly excised and 

cannulated through the aortic stump. The heart was then retrogradely perfused in an ice 

cold modified Krebs/Henseleit solution[49] with the addition of 20 mM 2,3-Butanedione 

monoxime (BDM) to prevent beating of the heart during dissection. The right ventricle 

was then flayed open such to reveal the free wall. Unbranched, free standing trabeculae 

fibers were then carefully cut away and placed into ice cold relax solution with 1% Triton 

X-100 overnight for removal of membrane-bound organelles. A great amount of care 
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was taken not to overstretch or touch the free standing fiber during all stages of handling 

in order to preserve a high level of integrity of the fiber. Skinned fibers were stored at 4 

C° in relaxation solution for no more than 5 days. 

2.3 Free [Ca2+] solutions and compositions 

For the extraction of trabeculae, a modified Krebs-Heinslet was used that contained (in 

mmol/L): NaCL 118.5; KCl 5.0; MgSO4 1.2; NaH2PO4 2.0; D(+)-glucose 10.0; NaHCO3 

25; CaCl2 0.7; Pyruvic acid 1.5; EDTA 0.5. The K-H solution was kept in equilibrium with 

a 95/5% O2/CO2 to obtain a pH of 7.35-7.4. All perfusions were performed with ice cold 

K-H.  

Each trabeculae was bathed in relaxing/pre-activating/activating solutions (Table 1). The 

ionic strength was kept at 180mmol/L by adding the appropriate amount of potassium 

propionate. The ionic composition of these solutions is shown in Table 1. The pH was 

adjusted to 7.0 at 15°C with KOH. Ca-EGTA is made by mixing equimolar amounts of 

CaCl2 and EGTA. The following cocktail of protease inhibitors was added: 4ul/ml 

protease inhibitor cocktail (Sigma), 1 mM DTT, 7.2mg/ml TPCK, 7.2mg/ml TLCK, 0.1mM 

phenylmethylsulfonyl fluoride (PMSF) and 4 U/ml creatine phosphokinase. 

In addition, the solutions used for ATP hydrolysis analysis contained (in mM): 5.0 NaN3, 

10.0 phosphoenol pyruvate (PEP), 0.2 A2P5, 1.0 oligomycin, 0.8mg/ml pyruvate kinase 

(PK), and 0.05mg/ml lactate dehydrogenase (LDH).  
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Table 1 Composition of relaxing, activating, and preactivating solutions: In addition 

to the above constituents all solutions contained the following (mM): phosphocreatine 

10, N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) 100, dithiothreitol (DTT) 

1, 50 U/ mL creatine phosphokinase. 

 

 

 

 

 

 

 

 

 

 

Solution Na2ATP MgCl2 EGTA HDTA Ca-EGTA Kprop 

Relaxing 
5.95 6.41 10 -- -- 50.25 

Preactivating 
5.95 6.25 -- 10 -- 50.51 

Activating 
6.08 6.20 -- -- 10 29.98 
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2.4 Experimental Apparatus 

2.4.1 Cardiac Trabeculae Mechanical Measurements 

For mechanical measurements of cardiac trabeculae, each fiber had an aluminum T-clip 

carefully wrapped around both ends. Gentle pressure was applied to the back of each 

clip to ensure the fiber was securely held. Great care was taken to ensure just the right 

pressure was used to hold the fiber, too little and the fiber would easily slip out upon 

contraction, and too much could damage the end of the fiber resulting in poor quality of 

the experiment. The demembranated fibers were then attached on a separate 

attachment stage using the aluminum T-clips to a high-speed length controller (Aurora 

Scientific model 315C; 0.25 msec step response) and a silicon strain gauge force 

transducer (Kronex Technologies, model kx801). Both the length controller and the force 

transducer are attached to X-Y-Z manipulators mounted on a movable microscope stage 

that is temperature controlled ( 0.1 C) via a water circulator. This allowed the hooked 

fiber to be moved into separate wells containing different solutions. All experiments were 

performed at 20 °C. A large well with clear windows on either side was used to visualize 

the fiber and for sarcomere length determination.  In order to accurately calculate area 

and volume, fiber dimensions were measured directly through a microscope reticle once 

set to the appropriate sarcomere length.  Sarcomere length was measured via laser 

diffraction as detailed below and in figure 2.0.  Force was recorded by a personal 

computer equipped with an A/D converter using custom LabView software for off-line 

analysis.  

2.4.2 Sarcomere Length Measurement by Laser Diffraction 

The sarcomere length (SL) was measured directly by a He–Ne laser as previously 

described in detail [5]. Striated muscle acts as an optical grating, diffracting incident light. 
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A 10mW He-Ne laser was reflected such that it passed perpendicular through a fiber 

suspended in a well. A variable neutral density filter was placed in the path of the laser 

to adjust the intensity. The muscle fiber diffracts the light such that a zero order band 

and multiple higher order bands can be seen projected onto a board. The angle between 

the first order and the zero order band follows Bragg’s law of diffracted light through a 

crystal lattice: 

𝑛𝜆 = 𝑑𝑠𝑖𝑛𝜃 

where n is the diffraction order, 𝜆 is the wavelength (in this case 633nm), d is the 

distance between the slits, and 𝜃 is the diffraction angle. Since 𝜃 is a difficult parameter 

to measure, it is easier to mathematically derive it.  This can be done if the diffraction 

pattern is projected onto a screen that is parallel to the fiber and a known distance, h, 

away.  We can then measure the distance between the zero order and nth order band, 

xn. Since xn and h are perpendicular to one another, a right triangle can be formed and 

using trigonometry, 𝜃 can be found as : 

 

𝜃 𝑛 = tan
−1 𝑥𝑛

ℎ⁄   

This can be substituted into Bragg’s law giving: 

𝑛𝜆 =  𝑑𝑠𝑖𝑛(tan−1
𝑥𝑛
ℎ⁄ ) 

We can then exploit the fact that the sarcomere length is really the distance between two 

slits, or d in the equation above. Therefore, given a known distance between the zero 

and first order band (x1) and a known distance from the fiber to the board (h) it is 

possible to calculate the SL as: 

𝑆𝐿 = 𝑑 =
𝑛𝜆

𝑠𝑖𝑛(tan−1
𝑥𝑛
ℎ⁄ )
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Therefore, using this equation, a board was constructed that had various SL (1.8, 2.0, 

2.2 μm etc) marked so that the sarcomere length could easily be set for each fiber. A 

confirmation of accuracy was performed using a grating with known slit distances.  

Figure 2.0 illustrates the method used to set the sarcomere length for each fiber.  
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Figure 2.0: Diffraction patterning for SL measurement. Illustration showing how the 

sarcomere length was measured using a board marked with known sarcomere lengths. 

The fiber serves as an optical grating and given a known distance,h, and a known 

distance between grating bands, xn, it is possible to calculate the SL. This technique 

employs the principle of diffraction through a crystal structure as described in Bragg’s 

law. 
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2.5 Experimental Protocol  

2.5.1 Ca2+ sensitivity of Tension in Skinned Trabeculae 

All procedures were performed at a SL of 2.2μm unless otherwise noted. The SL was 

initially set then two maximal activations were performed checking the SL after each one 

to ensure the fiber generated adequate force and maintained a strong sarcomere 

diffraction band. Since this set up does not allow for continuous, on-line analysis of the 

SL during activation, the SL was therefore checked after each round of activation to 

ensure the fiber remained at the correct length. Ca2+-dependent force is determined by a 

series of pre-activating-activating-relaxation cycles (see section 2.3). For determination 

of the Ca2+ sensitivity of tension, the fiber was moved from a bath containing relax 

solution (Ca2+free) to a bath with either saturating or sub-saturating amounts of Ca2+. 

Fibers were allowed to reach steady state activation (plateau in force generation) before 

a step release of 15% the fiber length prior to relaxation. This step release identifies the 

zero force level. Therefore, total force was calculated as the difference between steady 

state activation and zero force level. Total force was then calculated for multiple 

submaximal Ca2+ levels as indicated in the graph. The amount of active tension was also 

calculated by subtracting passive tension from the total tension at the given sarcomere 

length. The active tension was then plotted against corresponding Ca2+ concentrations to 

give the force- Ca2+ relationship. A range of free [Ca2+] in the activating solution is 

achieved by mixing in the appropriate amount of relaxing solution.  
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Figure 2.1: Mechanical protocol used to determine Ca2+ sensitivity of tension. 

Fibers were allowed to reach steady state activation before a step release of 15% the 

fiber length prior to relaxation. This step release identifies the zero force level. Therefore, 

total force was calculated as the difference between steady state activation and zero 

force level. Total force was then calculated for multiple submaximal Ca2+ levels as 

indicated in the graph. The amount of active tension was also calculated by subtracting 

passive tension from the total tension at the given sarcomere length. The active tension 

was then plotted against corresponding Ca2+ concentrations to give the force- Ca2+ 

relationship.  
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To determine any decline in function, fibers were maximally activated at the beginning 

and the end of each experiment. If a fiber did not maintain 80% of initial maximal force 

then the data was discarded. In addition, if the sarcomere diffraction band was lost or 

became very diffuse during the experiment the data was not used. Approximately one 

out of every five fibers maintained these standards. Submaximal tensions were 

expressed as a fraction of the maximal tension. In addition, the submaximal activations 

were performed in a random order. Each curve was fit to a modified Hill equation (see 

section on Data analysis) 

2.5.2 Rate of Tension Redevelopment- Ktr 

In order to measure the rate constants that govern crossbridge interactions (see 

introduction section 1.1.2 for detailed information) the rate of tension redevelopment (ktr) 

test was used on skinned trabeculae. Once the fiber has reached steady-state force 

generation, a rapid release (or inward step of the motor arm) of 15% of the muscle 

length ensues. This is quickly (5 msec) followed by a rapid stretch 15% beyond the 

original fiber length. Immediately following the stretch (1 msec) the fiber is returned to 

the original length and allowed to regenerate force (figure 2.1). This rapid 

release/restretch serves to remove myosin from actin, including weakly bound states.  

This test is useful given the assumption of the two-state model of crossbridge cycling. In 

this model, a simple assumption is made that myosin exists in either a force generating 

or non-force generating state. These two states are governed by their respective rate 

constants, fapp for the forward or entering rate and gapp for the reverse or exiting rate. By 

assuming all myosin has been removed from interacting with actin, the rate at which the 

force is regenerated would be a pure measure of fapp + gapp.  Ktr (s
-1) is therefore the 
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summed rate of crossbridges entering (fapp) and exiting (gapp) a force generating state. 

This protocol was then applied to maximal as well as submaximal activations. A good 

quality ktr experiment is characterized by the initial drop in force and the redevelopment 

of force being at or very near zero. The total amount of force redeveloped should also be 

very close (within 80%) of the initial force developed at steady state.  
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Figure 2.2. Ktr Protocol. Raw data trace showing the result of a ktr test. The force trace 

shows how once steady state force has been achieved, the rapid restretch maneuver 

can ensue which causes a drop in force to near zero. The subsequent redevelopment of 

force after the restretch also starts from close to zero force level and follows an 

exponential form.  
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2.5.3 ATP Hydrolysis 

The ATPase activity of the skinned trabecula is measured on-line by means of an 

enzyme-coupled assay as previously described [5, 50]. A more detailed discussion 

involving the workings of the ATPase setup is described in chapter 3. Briefly, a broad 

spectrum light source is projected into the muscle bath and is split using a dichroic mirror 

toward a 340nm and 400nm wavelength detector. Formation of ADP by the muscle is 

stoichiometrically coupled first to the synthesis of pyruvate and ATP from 

phosphoenolpyruvate. This reaction is catalyzed by the enzyme pyruvate kinase, and 

leads to the synthesis of lactate, a reaction that is then catalyzed by the enzyme lactate 

dehydrogenase and during which NADH is oxidized to NAD+. NADH absorbs light at 

340nm and is subsequently added drop-wise to each activating solution to reduce the 

signal sufficiently for the subsequent fiber induced reaction. 400nm wavelength is 

insensitive to NADH and serves as a reference signal. Therefore, the activation of a fiber 

produces a signal proportional to the amount of ATP consumed (i.e. amount NADH 

oxidized). Changes in the 340nm wavelength due to NADH oxidation are calibrated by 

injecting 0.5 nmol of ADP in a stepwise fashion. 

 

2.5.4 Protocols for Measurements of Post Translational Modifications 

This project involved a significant amount of work with proteomics and gel 

electrophoresis. It is therefore worth mentioning the methods used to make tissue 

samples and subsequently probe them for various contents including phosphorylation 

events on cTnI. 

 



47 
 

 

2.5.4.1 Mouse Cardiac Samples for SDS PAGE 

A small portion of right ventricular tissue was broken off using a liquid nitrogen cooled 

motar and pestel (5-12mg). The cardiac tissue was homogenized in high urea buffer (8M 

Urea, 2M Thiourea, 3% SDS, 0,05M Tris-HCl 0.03% bromophenol blue). After 

homogenization, samples were centrifuged at max speed for 30 seconds and sample 

buffer was added to bring the final volume to 20x the cardiac tissue mass. Samples were 

incubated at 95°C for 5 mins then aliquots were frozen at -80°C. 

2.5.4.2 Western Blot Analysis 
 
SDS-PAGE was used to separate myofibrillar samples. After transfer, total protein was 

measured with Ponceau S stain (Sigma). Antibodies were used to probe for total cTnI 

(AbCam Cambridge, UK; 1:5000), phospho-ser23/24 cTnI (Cell Signaling, Beverly, MA; 

1:1000), phospho-ser150 cTnI (AbCam, 1:200). Protein optical densities were quantified 

using LabImage 1D software and normalized to total protein to adjust for alterations in 

loading parameters. Normalized optical densities from phospho-ser23/24cTnI, phospho-

ser150cTnI were divided by the total cTnI optical density. In the case of phospho-ser150 

cTnI , the secondary antibodies were conjugated with fluorescent dyes with infrared 

excitation spectra and were used for detection.  IR western blots were analyzed using 

Odyssey Infrared Imaging System (Li-Cor Biosciences, NE.  USA) 

2.5.4.3 Phospho-affinity SDS PAGE (PhosTag™) 

Phospho-affinity SDS PAGE was used to separate out cardiac sample by level of 

phosphorylation. Hand cast phosphate-affinity SDS-PAGE gels compositions were as 

follows: 5% acrylamide (stacking gel; 29:1 acrylamide: bis-acrylamide), 0.1% SDS, 0.1% 

APS, 0.1% TEMED, 0.125 M Tris pH 6.8; 11% acrylamide (resolving gel; 29:1 
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acrylamide: bis-acrylamide), 0.1% SDS, 0.15% APS, 0.3% TEMED, 0.4 M Tris pH 8.8, 

0.2 mM MnCl2, 0.1 mM Mn-Phos-tag™-acrylamide. Approximately 30 ug of total protein 

was loaded onto each lane. Gels were run using the Criterion system on ice, in cold 

running buffer (2.5 mM Tris, 19mM glycine, 0.35mM SDS). Proteins were transferred to 

polyvinylidene fluoride (PVDF) membranes using the Trans-Blot system (BioRad). 

Membranes were probed using the following antibodies: total cTnI (AbCam; 1:10,000); 

cTnI-ser23/24 (Cell Signaling; 1:1000). Total protein was measured by SYPRO Ruby stain 

(BioRad). Human recombinant cardiac Troponin I (hcTnI, kindly provided by Dr. Jil 

Tardiff) and mouse cardiomyocytes treated with protein kinase A (PKA catalytic subunit; 

1 U/μL) were used as relative standards to identify different phosphospecie populations. 

 

2.5.4.4 ProQ Diamond Phosphoprotein Stain 

 Briefly the composition of SDS PAGE gels were as follows: stacking gel: 5% acrylamide 

(29:1 acrylamide: bis-acrylamide), 0.1% SDS, 0.1% APS, 0.1% TEMED, 0.125 M Tris 

pH 6.8; resolving gel: 12% acrylamide (29:1 acrylamide: bis-acrylamide), 0.1% SDS, 

0.1% APS, 0.06% TEMED, 0.375 M Tris pH 8.8. Gels were run using the Criterion 

system in ice cold running buffer (2.5 mM Tris, 19 mM glycine, 0.35 mM SDS) and at 

constant current (30 mA per gel). Gels were then fixed and stained according to 

manufacturer’s instructions (Invitrogen). Following ProQ Diamond staining, gels were 

stained for total protein content using Coomassie Brillant Blue. Optical densities of 

phosphorylated proteins were quantified using LabImage 1D software and were 

normalized to their respective Coomassie stained total protein bands. 

2.5.4.5 Separation of myosin heavy chain (MyHC) isoforms 
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Frozen cardiac samples were prepared as detailed for SDS-PAGE to determine relative 

cardiac MyHC content as previously described [51]. Gels were silver stained and 

analyzed using a Umax PowerLook 1120 flatbed scanner with 1200 x 2400 dpi and 3.7 

Dmax. To determine relative MyHC content, several dilutions of each sample were 

analyzed to stay in the linear densitometric range. A linear relationship was determined 

for each MyHC isoform allowing the relative MyHC content of each isoform to be 

extrapolated. Soleus muscle (consisting of primarily β-MyHC and type IIa MyHC) was 

used as a standard expression of both isoforms.  

 

2.6 Data and Statistical Analysis 

Each individual Ca2+-force relationship was fit to the Hill equation:  

𝐹𝑟𝑒𝑙  =  
[𝐶𝑎2+]𝑛

( 𝐸𝐶50𝑛  +  [𝐶𝑎2+]𝑛)
 

In the equation above,  Frel is the force relative to maximum Ca2+ saturated force, EC50 is 

the [Ca2+] at which force is half-maximal, and n is slope of the Ca2+-force relationship 

(Hill coefficient). Similarly, the Hill equation can be rewritten as  

𝐹 =  
𝐹𝑚𝑎𝑥[𝐶𝑎2+]

𝑛

( 𝐸𝐶50𝑛  +  [𝐶𝑎2+]𝑛)
 

where F is steady state force, Fmax is maximum saturated force, EC50 is the [Ca2+] at 

which force is half-maximal, and n is slope of the Ca2+-force relationship. The Hill 

equation and raw data is then plotted on a logarithmic scale. Length dependent 

activation was expressed as the ΔEC50 which was calculated as the difference between 

EC50 at SL 2.0 μm and 2.2 μm for each experiment. The regeneration of force following a 

tension redevelopment experiment can be fit by a mono-exponential and the rate 

constant, ktr, can be calculated as 
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𝐹 =  (𝐹𝑜 – 𝐹𝑟𝑒𝑠)(1 − 𝑒
𝑘𝑡𝑟𝑡)𝐹𝑟𝑒𝑠 

 

Fo is the steady state isometric force, Fres is the residual force from which redevelopment 

of tension occurs and t is time.1-way ANOVA with a Tukey post-hoc test was used for 

statistical analysis. Data is presented as mean±SEM. A value of p˂0.05 was considered 

significant.  
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Chapter 3 

Instrumentation and application 
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3.1 Description and Workings of ATPase Setup 

3.1.1 Well design and mixing process 

The ATPase activity of the skinned trabecula is measured on-line by means of an 

enzyme-coupled assay as previously described [5, 50]. Given that this project was 

heavily involved in building, re-building, and fixing multiple components of this system, a 

detailed review of its workings is prudent. A broad spectrum light source is projected into 

the muscle bath and is split using a dichroic mirror toward a 340nm and 400nm 

wavelength detector (figure 3.1). The fiber sits in a small well (25 μl) which is equipped 

with two key features. First, there are two clear quartz windows on either side to allow 

the light from a broad spectrum source to illuminate the well. This light is then directed 

via a series of mirrors towards wavelength specific detectors. Second, the bottom of the 

well is equipped with a special mixing chamber. The mixing works as such: a small 

motor and custom piston feed into a small water chamber. This water chamber is 

connected via water filled tubing to the bottom of the mixing well. The mixing well 

consists of a small brass cup that holds a silicone disk to serve as the mixing membrane. 

Therefore when the motor is turned on, the piston pumps the water back and forth, 

allowing the silicone membrane to be moved up and down like a diaphragm. A tight seal 

is crucial, which prevents any water from mixing with the activation solutions present in 

the well. In addition, the condition of the membrane must be monitored. Any crazing 

which can occur if a polymer is old (especially in the extremely dry Tucson desert) can 

have a poor seal which results in leakage of the solution chamber. A proper seal is also 

accomplished by screwing in the bottom plate to the top chamber. It is helpful to only 

partially tighten the screws initially then do a final tightening by following an X pattern. 

This helps to tighten the screws evenly which ensures a snug fit with the membrane. In 
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addition, a very smooth polymer must be used to make the membrane. An ultra-smooth 

silicone sheet from McMaster Carr worked for this project when the original membrane 

began developing leaks. In order to make the membrane, a dye punch and hammer is 

used. Figure 3.0 shows an expanded view of the mixing chamber.  A water filled syringe 

placed at the water/piston chamber acts as a pressure controller.  Appropriate mixing is 

achieved by adjusting the motor speed (6 volts was used for all experiments) and the 

pressure control.   
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Figure 3.0: ATP Hydrolysis Well. A side view, cross-sectional diagram showing the 

placement of the silicone membrane and its fitting to the bottom brass cup and cover 

plate. The entire assembly is held together with four small screws. The bottom of the 

brass cup is connected to the water line for mixing control pressure.  
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3.1.2 Enzymatic Process and Data collection 

The enzymatically linked process for the measurement of ATP hydrolysis is as follows 

(see figure 3.2): formation of ADP by the muscle is stoichiometrically coupled first to the 

synthesis of pyruvate and ATP from phosphoenolpyruvate. This reaction is catalyzed by 

the enzyme pyruvate kinase, and leads to the synthesis of lactate, a reaction that is then 

catalyzed by the enzyme lactate dehydrogenase and during which NADH is oxidized to 

NAD+. NADH absorbs light at 340nm and is subsequently added drop-wise to each 

activating solution to reduce the signal sufficiently for the subsequent fiber induced 

reaction. 400nm wavelength is insensitive to NADH and serves as a reference signal. 

The output that is measured is a log ratio of the 340nm and 400nm signal. Therefore, the 

activation of a fiber produces a signal proportional to the amount of ATP consumed (i.e. 

amount NADH oxidized). A calibration is performed at the beginning of each experiment 

by injecting 50 nL of 10 mM ADP. This simulates activation and drops the NADH signal. 

Multiple injections are done to produce a stepwise change in voltage. Custom LabView 

software is used for recording signal and calculating calibration factors and hydrolysis 

rates.  

The process for collecting experimental data is as follows: before a fiber is placed in the 

mixing well, an appropriate amount of NADH is added to the mixing solution to drop the 

signal to 20% of the original voltage signal. Right before the fiber is added, the ratio 

signal is set close to zero to allow for the full range of voltage change to occur as the 

fiber activates. As the fiber is added, mixing and data collection is continuous. The fiber 

is allowed to come to steady state force and a steady drop in voltage from the ratio 

signal should be observed. Data is usually collected for a total of 1-1 ½ minutes. The 

fiber is then placed into relaxation solution while hydrolysis data is still collected. This 

signal change that occurs without the fiber present in the well is the drift signal which is 
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collected with each activation and is subtracted out in the final analysis.  Hydrolysis data 

is collected at maximal, a minimum of two submaximal, and passive tension. Each 

activation results in a value of pmol s-1 mm-3 which is then plotted against tension 

generated in mN mm-2. This is then fit with a linear regression where the slope of the fit 

is the tension cost. In addition to previous requirements for an acceptable experiment 

described in the chapter 2, tension cost values were only used if the linear fit had an R2 

≥ 0.8.  
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Figure 3.1: Schematic side view of the ATPase system. The muscle fiber sits in a 

small well with windows on either side which allows a broad spectrum light source to 

pass through. This is then met by a beam splitter or dichroic mirror which splits 340nm 

and less light towards a 340nm bandpass optical filter. The rest of the light is directed 

towards a 400 nm bandpass optical filter. These two signals are then integrated into a 

log ratio signal and converted to a voltage.   
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Figure 3.2: ATP hydrolysis enzyme reaction. Illustration showing the enzyme coupled 

reaction used in the ATPase experiments to measure [ATP] hydrolyzed during an 

activation of a fiber. The components in red are present in the ATPase solutions with the 

exception of ADP which is only added for calibration experiments.  
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3.2 Limits of Detection 

Work was done measuring the ATP hydrolysis rate of nebulin deficient mice from Dr. 

Henk Granzier’s lab. Initially, the goal was to use single skeletal muscle fibers in order to 

measure the hydrolysis in a pure fiber type population. This presented a significant 

challenge with the limits of detection and highlights the importance of recognizing if the 

signal is strong enough for reliable collection and analysis. The fibers from Neb cKO 

mice were nearly pure type I (coming from the soleus), therefore it was desirable to have 

control fibers be of pure type I. Single skeletal fibers from control mice were initially used 

on the ATPase setup, however it became clear that below maximal tension levels, the 

hydrolysis signal was too weak to be distinguished from normal noise. Hydrolysis was 

only measurable at maximal and roughly 70-80% maximal tension. Since lower 

activations and passive hydrolysis measures were not possible, a complete tension cost 

curve cannot be generated.  The average single fiber dimensions were 0.05 x 0.05 x 

2.2mm giving an average volume of 0.005 mm3. This size proved to be below the limits 

of detection for submaximal activations. In order to increase the sensitivity of the 

ATPase setup, a longer path length could be utilized. Given that absorption is 

proportional to path length, a longer path length would yield higher absorption. This 

could increase the sensitivity for small fiber preparations and could be accomplished by 

modifications to the well. Another option to increase sensitivity would be to alter the 

concentration of the solution components. Increasing the amount of PEP, PK and LDH 

would then increase the probability of linking the production of ADP to the reduction of 

NADH, thus boosting signal performance. Altering the well size and the enzyme 

concentrations would be a simple first step to optimizing the hydrolysis reaction for a 

specific tissue type and size. The limits of detection are in many ways set by how much 

noise is in the system and the sensitivity of the photodiode arrays. The best way to 
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increase signal sensitivity is to increase the relevant signal and decrease noise. One 

possible avenue that could increase signal generation would be to use a low wavelength 

light source.  If more photons are hitting the solution at 340nm, this would increase the 

amount of signal measured. There may be some limitations to this approach as a low 

wavelength light source, such as a UV light could produce undesirable effects to the 

tissue and enzymes. You may also run into a photo bleaching effect if too much UV 

signal is hitting the NADH. Nevertheless, it may be possible to optimize the light source 

from a white light to a narrower wavelength that could boost signal. Another critical issue 

to signal detection is the optical filters in front of the photodiodes, with the 340nm filter 

being the most critical. Initially, the optical filter had a very narrow bandwidth (340nm ± 

5nm). This may seem like an advantage, with a narrower bandwidth having less noise. 

However, upon conversations with Dr. Peiter de Tombe it became clear that this narrow 

bandwidth does not let enough signal in and can result in a poor quality of calibration 

experiments. Therefore, new bandpass filters were utilized that had a larger range (or 

full-width half maximum FWHM) of 340 nm ± 40 nm and 400 ± 40nm which resulted in 

the appropriate linear relationship between [NADH] and voltage out.  Again, this was all 

utilized with a broad spectrum, white light source. Therefore, if a narrower light source is 

utilized, it may be possible to use narrower bandwidth filters for less noise.   Another 

observation made with the single skeletal fibers was the unavoidable but brief exposure 

to air and its effect on tension generation. The ATPase setup allows a fiber to be 

transferred between wells by lifting the fiber out of a well, moved over and placed into 

another. Although this transfer is very brief (~1 sec) it appeared to impact the max 

tension generation capacity of the single fibers. These single fibers consistently had 

roughly half the max force they would be expected to generate. Once fiber bundles were 

used, this effect was no longer observed. A small amount of liquid covers the fiber as it 
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is lifted out of the well, however the single fibers proved too thin and it appeared this 

brief air exposure was detrimental to performance.  
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Figure 3.3: ATP hydrolysis study on Neb cKO mice. The resulting tension cost was 

found to be higher in Neb cKO mice compared to their controls. A raw trace of ATP 

hydrolysis as force is generated is depicted on the left. The fiber isoform type content 

plays an important role in dictating crossbridge cycling and therefore the economy of 

tension.  
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3.3 Data Analysis for ATP hydrolysis 

The first step to perform the data analysis is to enter the calibration steps generated by 

injecting known amounts of ADP into the solution. This generates a step wise change in 

signal with every injection. The voltage change of each injection is input into a custom 

LabView VI that graphically records the change in signal. The VI gives you the average 

step change (typically 1-2 volts) and this is then used to calculate the slope value for a 

given experiment. It is important to note this analysis VI allows you to enter how much 

ADP was injected with each step; therefore this should be checked if the amount of ADP 

injected is more or less than the default setting. For each experiment, a smooth, linear 

curve from the output signal should be recorded as the muscle generates force (see left 

panel figure 3.3). The VI has a function given the placement of two markers where the 

slope of the line will be given. Before this can be calculated, any drift signal must be 

canceled out using the photo bleaching correction tool. This is why signal is collected 

after each round of activation with the fiber out of the well. After drift has been corrected 

for, the slope can be calculated. Typically, the slope is not constant in the first few 

seconds of the muscle generating tension. For this reason, data is collected for a longer 

period (90 secs) even though the fiber has typically reached a steady force after 5-10 

seconds. For nearly all experiments, data was collected for the same amount of time and 

the slope was then calculated from the same temporal place typically the last 10 

seconds. During this first 90 seconds of tension generation, the slope of hydrolysis 

typically becomes very steady and linear. All this was in effort to keep the analysis of the 

slope consistent across experiments. This highlights the importance of similarly sized 

fibers as well. Typically trabeculae fibers from mice that are suitable for experiments are 

roughly the same size and volume and all reached steady state tension within a few 

seconds. However, if other fibers such as cut papillary fibers were to be used, it would 
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be easy to have a variety of thick and thin specimens. A thick fiber is going to take a 

longer time to reach steady state force and therefore for the hydrolysis to reach a steady 

linear rate compared to a very thin fiber. Therefore, if other fiber sources are used, 

similar sizing is helpful to keep the method of hydrolysis analysis consistent. It is 

important to note that the slope is given in pmol s-1 and must be divided by the fiber 

volume to yield pmol s-1 mm-3 which can then be plotted against tension generated ( in 

mN mm-2) to yield the tension cost.  
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Figure 3.4: ATP hydrolysis analysis VI. Screen shot of analysis VI used to calculate 

the slope.  The rate of hydrolysis becomes a steady linear drop after tension has 

reached a steady state.   
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Chapter 4 
 

Sex-Dimorphisms of Crossbridge Cycling Kinetics in Transgenic 

Hypertrophic Cardiomyopathy Mice 
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4.1 Abstract 
 

Familial hypertrophic cardiomyopathy (HCM) is a disease of the sarcomere and 

may lead to hypertrophic, dilated, restrictive, and/or arrhythmogenic 

cardiomyopathy, congestive heart failure, or sudden cardiac death. Using 

transgenic HCM mice harboring mutant myosin heavy chain that recapitulates 

human disease progression including the sex dimorphism, we hypothesized that 

the HCM hearts increase the energetic cost of contraction in a sex-specific 

manner. To do this, we assessed Ca2+-sensitivity of tension and crossbridge 

kinetics in de-membranated cardiac trabeculae from male and female wild-type 

(WT) and HCM hearts at 2 months of age. Male, but not female, HCM mice 

displayed a decrease in Ca2+-sensitivity compared to WT males and females. 

HCM male trabeculae had a higher rate of force redevelopment (ktr) as 

determined by a rapid release-restretch protocol compared to WT counterparts. 

Similarly, simultaneous measurement of isometric force and ATPase 

activity revealed that HCM males had an increased tension cost when compared 

to WT counterparts. Notably, tension cost of HCM female trabeculae was lower 

when compared to WT females. We additionally probed for several phospho-

specific sites on cardiac troponin I (cTnI), a sarcomeric protein targeted by many 

signaling kinases. We found sex-specific as well as mutation-specific 

phosphorylation patterning on cTnI. Similar activation of glycogen phosphorylase 

suggests both HCM males and females are under energetic stress at an early 

timepoint (2 months of age) where HCM hearts display no overt pathology. 
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4.2 Introduction 
 

Cardiomyopathies critically underlie heart failure and can be characterized 

as hypertrophic, dilated, restrictive, and/or arrhythmogenic [52]. Many of these 

cardiomyopathies are genetically linked with a reported frequency of 

approximately <1:500 in the general population. Familial hypertrophic 

cardiomyopathy (FHC) is a genetically influenced disease and is associated with 

mutations in numerous sarcomeric proteins... One of the most severe mutations and the 

first to be identified as genetically linked is the R403Q point mutation in the β-myosin 

heavy chain (MHC) [53]. Using a murine R403Q model that recapitulates human disease 

progression including sex dimorphisms, we hypothesized that the R403Q mutation 

increases the energetic cost of contraction and that the myofilament mechanical and 

kinetic parameters will be dependent on biological sex. This transgenic model consists of 

an α-MHC point mutation in Arg403Gln and a deletion in the actin binding domain and 

possesses multiple phenotypic similarities to human counterparts including pathological 

disease spectrum, histological and physiological characteristics, and disease 

progression [21].  

It is now clear that the dynamics of cardiac contraction and relaxation 

during HCM are governed by downstream mechanisms, particularly the kinetics 

and energetics of the crossbridge cycle [54]. In vitro analysis of R403Q myosin 

kinetics yields inconsistent results such as reduced [55] or enhanced [56] actin filament 

velocity and reduced [57] or enhanced [58] actin activated ATPase. However, myosin 

isolated from mouse hearts shows increased actin velocity and actin-activated ATPase 

[59] and human R403Q samples have been shown to have increased ATP hydrolysis 

rates [20]. Therefore, regardless of the measurement or model used, presence of the 
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R403Q mutation is suggested to alter the energetic state by altering crossbridge cycling 

of the myofilament.  

The potential altered energetic state of an R403Q containing cardiomyocyte is 

particularly interesting as diseased myocardium will undergo cellular and molecular 

remodeling that will lead to an altered metabolic and energetic landscape[60]. Many of 

the metabolic derangements observed in cardiac disease reside in changes to the 

mediators of ATP generation, utilization, and delivery. Given the extremely high demand 

for ATP in the heart [61], small derangements in basal [ATP] or its utilization could lead 

to metabolic and energetic deficiencies [62, 63]. Indeed, a study using nuclear magnetic 

resonance (NMR) on murine male R403Q hearts found decreased levels of 

phosphocreatine (PCr) and increased levels of inorganic phosphate compared to WT 

littermates [19]. The PCr energetic pathway is essential for rapid regeneration of ATP 

from ADP through a phosphate transfer. Finding decreased levels of PCr would indicate 

less energetic reserve is available for immediate ATP regeneration. This would imply a 

strongly altered energetic landscape in R403Q mice with alterations in ATP generation 

and perhaps an alteration in kinetics between myosin and actin.  

An additional confounding aspect of cardiac disease and this model in particular 

is the impact of biological sex. It is well known that premenopausal women show 

consistently better outcomes with many forms of cardiac disease including hypertension, 

myocardial infarction, and hypertrophic cardiomyopathies (HCM) [64] [65]. It has also 

been noted that sex differences can become more apparent with age in human studies 

of HCM which highlights the progressive nature of this form of cardiac disease [65]. In 

this R403Q murine model, both males and females develop hypertrophy at 4 months 

and of similar severity, however at 10 months, males begin to show signs of left 

ventricular dilation and systolic impairment but females retain left ventricular concentric 

hypertrophy and maintain normal systolic function [66].  
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In addition to mechanical and kinetic parameters of the crossbridge, it is necessary to 

explore the post-translational impact of the R403Q mutation in order to more fully 

understand why there is a sex-based difference in response to this mutation. The direct 

effect of post-translational modifications (PTM) on sarcomere function is of paramount 

importance to the global functioning of the heart. PTM are a key aspect to understanding 

the modifications that occur on the short and long term scale of disease development 

and progression [67]. Indeed, work in our lab has found differential phosphorylation 

patterning between the sexes in 10 month R403Q mice [45]. The investigation of 

phosphorylation status of sarcomeric proteins has served as a useful tool to relate 

mechanical functioning of the sarcomere to molecular signaling. Cardiac troponin I (cTnI) 

was chosen as the site of interest for PTMs given it is a well-established site for 

phosphorylation events. In addition, phosphorylation of cTnI is known to impact 

myofilament function directly. We probed for phosphorylation of cTnI on ser23/24 and 

ser150 given this is the known cAMP-protein kinase A (PKA) and AMP activated kinase 

(AMPK) phosphorylation site respectively [47, 48]. Both PKA and AMPK are well defined 

modifiers of the myofilament and their ability to alter cTnI phosphorylation status can 

contribute to understanding the mechanical parameters measured herein.  

We tested the hypothesis that the R403Q mutation will alter the utilization of ATP by 

myosin and will impact the kinetics of the myosin-actin interaction in a sex- dependent 

manner. In addition we sought to explore the gradient nature of HCM by choosing 2 

month animals and exploring their patterning of PTM in order to gain insight on sex 

dimorphic disease progression 

4.3 Results  

4.3.1 Ca2+-sensitivity of Tension Generation 
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Previous work has observed females to be differently effected by the R403Q transgene 

when compared to males [21, 45]. We asked whether the presence of this sarcomeric 

disease state would differentially impact the Ca2+-tension relationship in a sex-specific 

manner. In addition, this study used only 2 month animals since our goal was to study 

sarcomeric properties in the presence of minimal pathology. This model is observed to 

form hypertrophy at 4 months of age, therefore the experiments performed in this study 

are at an early disease state. Figure 4.1 shows the Ca2+-sensitivity of tension for HCM 

and WT males and females at a SL of 2.2 μm. We found that HCM males are 

significantly desensitized to Ca2+ compared to all other groups (Fig 4.1B) as indicated by 

a right-shifted curve. Interestingly, HCM females had the same sensitivity as both WT 

males and females (Fig 4.1A). In addition, there was no sex-specific difference in Ca2+ 

sensitivity between WT males and females. This may indicate that HCM males have a 

basally different contractility compared to HCM females. However, in order to test for 

length-dependent activation, an indicator of the Frank-Starling law of the heart, the Ca2+-

sensitivity of tension was collected at a shorter SL of 2.0 μm. Length-dependent 

activation was not found to be different between any group (ΔEC50, Table 4.1), however 

HCM males were depressed compared to all other groups but did not reach significance. 

In addition, cooperativity, as measured by the Hill coefficient and maximum tension 

generated was not different for the groups studied.  

4.3.2 Rate of Tension Redevelopment 

Considering that human studies have observed increased rates of force generation and 

relaxation [20, 23], we sought to determine the impact of this murine model’s mutation 

and sex on cross-bridge binding kinetics. The rate of tension redevelopment (ktr) is a 

measure of the sum of cross bridges entering and exiting a force generating state and is 

applied in light of the assumed, simplified two-state model[23]. Ktr at maximum tension 
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was not significantly different for any group studied. However, given that maximum 

tension is generated at a relatively non-physiological level of Ca2+, and as ktr is 

dependent on both levels of activating Ca2+ and strongly bound cross-bridges, we 

determined ktr over a range of submaximal activating Ca2+, plotted against relative 

tension (Fig 4.2) and fit by linear regression (table 4.1). In addition to a decrease in Ca2+ 

sensitivity, HCM males showed a significantly decreased (or less steep) slope compared 

to WT males (Fig 4.2A). Since ktr is a measure of total crossbridge cycling, a decreased 

or less steep slope would indicate increased cycling (entering and exiting) of 

crossbridges at a given force. Interestingly, HCM females did not have a significant 

change in slope compared to WT females (Fig 4.2B), although they trended towards 

HCM male values. Again, as observed in the Ca2+-tension results, there was no 

difference in ktr between WT males and females.  

4.3.3 ATP Hydrolysis and Tension Cost 

Given the apparent differences in crossbridge cycling rates for HCM males and the 

trending values in HCM females, it was necessary to directly measure the rate of ATP 

hydrolysis (Fig 4.3). Given that ATP binding is required for myosin to detach from actin, 

this technique is a direct measure of the off rate for the crossbridge cycle. In addition, 

this technique also reveals the “fuel efficiency” of contraction for the myofilament 

(tension cost). The tension cost is the slope relationship between ATP hydrolyzed (in 

pmol s-1 mm-3) and tension generated (in mN mm-2). Using the two-state model, the 

overall higher ktr observed in HCM males would suggest a higher rate of crossbridge 

cycling and therefore a higher usage of ATP.  Indeed, previous work using human 

R403Q tissue samples found that an increased rate of relaxation correlated with an 

increased tension cost [20]. All ATP hydrolysis data was collected at a SL of 2.2μm. 

Using 2-way ANOVA analysis revealed that the effect of the disease state was different 



73 
 

between the genders for tension cost. In agreement with the ktr results, HCM males were 

found to have an increased tension cost when compared to WT males (Fig 4.3A). This 

would be indicative of a higher “off” rate and a more inefficient use of ATP at a given 

force. In contrast, HCM female hydrolysis was not different compared to WT females 

and is in agreement with the ktr results. In addition, the rate of hydrolysis at maximal 

tension was not different between any groups. 
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Figure 4.1: Ca2+ Sensitivity of Tension.  Panels A and B: All four groups are 

represented in both panels. Panel A highlights male data showing HCM males are 

significantly right shifted compared to all other groups (p<0.01). Panel B highlights 

female data showing HCM females do not have significantly different Ca2+ sensitivity 

compared to WT males and females. Sarcomere length was set to 2.2 μm and all data 

was normalized to saturating Ca2+ (maximum) tension. 
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 Figure 4.2: Rate of Tension Redevelopment. Ktr plotted as a function of normalized 

tension for male and female fibers. Data was binned and linearly fit. A and B: HCM 

males show a significantly decreased slope compared to WT counterparts. HCM 

females are not different in slope compared to WT females; however they trend towards 

HCM male values. HCM females do show a significantly decreased slope when 

compared to WT M. C and D: Raw ktr data plotted as a function of normalized tension for 

males and females. All ktr data was collected at SL of 2.2 μm. 
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TABLE 4.1                                  Ca2+-FORCE CURVES 

  F-HCM M-HCM F-WT M-WT 
(n= 6) (n=6) (n=4) (n=4) 

EC50 (µM)  1.71 ± 0.08 2.08 ± 0.09* 1.53 ± 0.08 1.62 ± 0.09 

PCa50(µM)  5.77 ± 0.02 5.68 ± 0.02* 5.82 ± 0.02 5.79 ± 0.02 

Hill Coefficient 4.18 ± 0.40 4.19 ± 0.36 5.93 ± 1.7 4.22 ± 0.44 
ΔEC50 0.54 ± 0.08 0.36 ± 0.08 0.63 ± 0.07 0.55 ± 0.09 
ΔPCa50 0.12 ± 0.03 0.07 ± 0.01 0.15 ± 0.01 0.13 ± 0.01 
Maximum Tension 
(mN/mm2) 

39.45 ± 5.1 39.56 ± 4.7 32.92 ± 2.3 34.27 ± 3.2 

           

TENSION REDEVELOPMENT 

  F-HCM M-HCM F-WT M-WT 
(n=9) (n=6) (n=11) (n=10) 

Ktr Max (s-1) 11.24 ± 0.6 11.06 ± 0.6 11.57 ± 0.4 13.24 ± 1.5 

Linear fit (s-1/P/p0) 9.5 ± 1.2 9.3  ± 1.1* 11.97 ± 1.0 13.27 ± 0.98* 
R2 0.99 0.93 0.98 0.97 

 

Table 4.1: Mean values for Ca2+ sensitivity parameters and tension redevelopment. 

Data is presented as mean ±SEM. The Ca2+ sensitivity is indicated for each group by 

EC50 (μM) and pCa50.  HCM males are significantly desensitized compared to both WT 

males and females (p ˂ 0.01) and HCM F (p˂ 0.05) in both EC50 and PCA50 at a SL 2.2 

μm. As a measure of length dependent activation, the ΔEC50 and ΔPCa50 (SL 2.2μm and 

SL 2.0μm) was not different for any group. Coopertivity as indicated by the Hill 

coefficient and maximum tension generation was not different amongst all groups. In an 

additional set of skinned fibers, the relationship between ktr and tension was determined 

with a linear fit. Ktr at maximum tension was not different for all groups, however the 

slope relationship (as indicated by the linear fit) between ktr and tension was significantly 

lower for HCM males compared to WT males (p ˂0.05). The linear fit between each 

female group was not significantly different. *, indicates statistically significant difference.  
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 Figure 4.3: ATP Hydrolysis and Tension Cost. Tension cost is the slope relationship 

between amount of ATP hydrolyzed and tension generated. A: Bar graphs representing 

mean tension cost for each group. 2-way ANOVA analysis found a strong disease 

dependent effect within the sexes with HCM males having a higher tension cost 

compared to WT males. HCM females were not different compared to WT counterparts 

B and C: Binned ATP hydrolysis data plotted as a function of normalized tension. All 

hydrolysis data was collected at SL 2.2 μm 

  



78 
 

 

 

 

TABLE 4.2                                              TENSION COST 

  HCM F HCM M WT F WT M 

(n=10) (n=10) (n=8) (n=8) 

Tension cost  
(pmol s

-1
 mN

-1
 mm

-1) 
4.27 ± 0.37# 5.967 ± 0.77* 6.02 ± 0.39# 3.77 ±  0.52* 

Max Hydrolysis 209.5 ± 27 300.8 ± 35 317.9 ± 42 258.1 ± 38 

(pmol s
-1

 mm
-3) 

  

Table 4.2: Mean values of tension cost. Data is presented as mean ±SEM. 2-way 

ANOVA analysis revealed a strong (statistically significant, p<0.001) interaction between 

sex and the presence of the mutation with regards to tension cost. HCM males had a 

significantly higher tension cost compared to WT males. HCM females were found to 

have a lower tension cost compared to WT females. ATP hydrolysis at max tension was 

not different for any group. * and # indicates statistically significant difference.[68] 
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4.3.4 Isoform Content and Global Phosphorylation Status  

Given that previous work has shown the importance of MHC isoform content in the 

context of disease progression, as well as myosin ATPase efficiency [69, 70], it was 

necessary to quantify if these HCM mice had a shift from α to β-MHC and if there was a 

differential expression between the sexes (Fig 4.4). In line with previous work[21], β-

MHC was not present in either RV or LV samples for HCM mice of either sex (<1% ). 

Therefore, the mechanical and kinetic differences seen cannot be attributed to a 

detrimental isoform shift occurring. This result is not surprising given the age these 

animals, but is a necessary confirmation nonetheless.  

Sarcomeric proteins are targets for many kinases and remain a central site for 

integration of regulatory signaling. As a result of this regulatory signaling, PTM of 

myofilament proteins has known effects on Ca2+ sensitivity [47] and crossbridge cycling 

rates [48]. Considering the differential Ca2+-sensitivity, ktr, and tension cost observed, we 

predicted that HCM males and females would have altered global phosphorylation 

patterning. Using SDS-PAGE followed by ProQ Diamond phosphoprotein staining, we 

were able to quantify global phosphorylation levels for sarcomeric proteins including 

cardiac troponin I (cTnI), cardiac troponin T (cTnT), myosin binding protein C (MyBPC), 

and desmin. We found decreased phosphorylation of both cTnI and cTnT in WT females 

compared to WT males and HCM females. In other words, it appears that HCM females 

show an increase in global phosphorylation of cTnI and cTnT when compared to WT 

female controls. We also found HCM males to have increased phosphorylation of 

MyBPC when compared to both WT and HCM females. Of particular interest was the 

stark increase in phosphorylation for protein at 97 kDa for both HCM males and females 

(Figure 4.5). Mass spectrometry analysis of this protein revealed the increased 

phosphorylation to be on glycogen phosphorylase, a key energy regulating protein that 

acts as the rate-limiting step in glycogenolysis by breaking up glycogen into glucose 
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subunits. This indicates an elevated level of the activated glycogen phosphorylase 

compared to WT counterparts suggesting that HCM mice are under metabolic stress 

even at a younger age.  
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Figure 4.4: α-β Myosin Heavy Chain (MyHC) isoform distribution. Several dilutions 

of the same sample are used in order to capture both α and β-MyHC in the linear 

densiometric range. Skeletal soleus muscle is used as a standard to visualize separation 

of α (top band) and β (bottom band) isoforms. At 2-months, neither WT nor HCM mice of 

either sex display any significant expression of β-MyHC (<1%) and is below the limits of 

detection. 
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Figure 4.5: ProQ Diamond phosphoprotein stain. Figure 4: ProQ Diamond 

phosphoprotein stain. Representative lanes (n=4 per group) cropped from the same 

gel stained first for phosphorylation (ProQ Diamond) and then for total protein 

(Coomassie). A significant increase in phosphorylation compared to WTs for both HCM 

males and HCM females was observed at the 97 kDa marker (p<0.001). Since this 

molecular weight does not correlate to any known sarcomeric proteins, mass 

spectrometry was used to ascertain the identity of this protein. Mass spectrometry 

revealed this increase in phosphorylation to likely be occurring on glycogen 

phosphorylase, a critical metabolic regulation enzyme. In addition, we also found HCM 

males to have increased phosphorylation of MyBPC when compared to both WT and 

HCM females. We also found decreased phosphorylation of both cTnI and cTnT in WT 

females compared to WT males and HCM females. 
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 4.3.5 Western Blot Site-Specific Phosphorylation 
 
Given the kinetic and energetic differences observed between the sexes and disease, it 

was necessary to probe for known site-specific modifications on cTnI. cTnI harbors 

multiple phosphorylation sites including the PKA phosphorylated site, ser23/24, and the p-

21 activated kinase/AMP-kinase site ser150 [71] with known sarcomeric consequences 

such as increased [47] or decreased [48] Ca2+ sensitivity. Given that HCM males appear 

desensitized and have increased cycling kinetics, we probed for phospho-ser23/24 on 

cTnI, a known modification site of PKA, using Western blot analysis. We observed a sex 

specific effect with males having less phospho-ser23/24 content than females (Fig 4.6 A). 

Phospho-ser23/24 content was independent of disease state. Additionally, we probed for 

phospho-ser150 on cTnI which is known to be the preferential site for modification by 

AMPK (Fig 4.6 B). We did not observe any difference between sex and disease in 

phospho-ser150 content. Thus, these two well defined modification sites of cTnI may not 

be the route whereby PTM is occurring and contributing to the observed alterations in 

crossbridge properties. 

4.3.6 Phosphate Affinity SDS PAGE  

 
However, it has also been suggested that the specific distribution of phosphorylation on 

cTnI can differentially impact myofilament function [72, 73]. We were therefore interested 

if the HCM transgene or biological sex had an impact on the overall phosphospecies 

distribution on cTnI. To accomplish this, we used the Phosphate Affinity SDS PAGE 

(PhosTag™) system accompanied by site-specific phospho antibodies in order to 

separate and quantify the distribution of phosphorylated species on cTnI.  

We used an antibody that recognizes total phosphorylation distribution for cTnI. Three 

distinct bands were found that have been designated by convention to represent the 

unphosphorylated (0P), mono-phosphorylated (1P), and bis-phosphorylated (2P) 

species of phospho-cTnI (Fig 4.7). As expected, we found the summed densitometry of 
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all three cTnI bands was not different among the groups studied. We found that HCM 

males were shifted away from the 1P state compared to compared to WT males and 

females. In addition, HCM females were shifted away from the 1P state compared to WT 

females.  

Phosphate affinity SDS PAGE was performed again using a site specific antibody for 

phospho-ser23/24. Previous work in our lab has shown that human cTnI samples have 

cross-reactivity with the phospho-ser23/24 antibody at high concentrations [68] and 

identifies the 0P band and indicates phospho-ser23/24 cTnI in the 1P and 2P states. HCM 

males had significantly less 2P compared to all other groups and had significantly less 

1P compared to WT males (Fig 4.7). HCM females had no significant difference in 

distribution compared to all other groups. Interestingly, WT females had significantly less 

1P and 2P compared to WT males. 
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Figure 4.6: Western blot analysis of phospho-ser23/24 and phospho-ser150 cTnI. The 

Western blot depicts phospho-cTnI in heart homogenates from male, female, WT, or 

HCM animals with the corresponding normalized optical densities plotted on the right. 

Panel A: Phospho-ser23/24 cTnI was measured and a sex-specific patterning was 

observed. Both HCM and WT males had significantly less phospho-ser23/24 cTnI present 

compared to HCM and WT females (p<0.001). HCM females were close to significance 

when compared to WT females (p=0.051). HCM males were observed to have less 

phospho-ser23/24 when compared to WT males (p<0.05). Panel B: Phospho-ser150 cTnI 

was measured and no difference between sex or disease state was observed. 
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Figure 4.7: Phosphate affinity SDS-PAGE (PhosTag™): Total cTnI Phosphospecies 

Distribution. Top Panel: Separation of total cTnI into distinct phosphospecies (0P- 

unphosphorylated, 1P- monophosphorylated, 2P- bisphosphorylated) by phospho-affinity 

PhosTag™ acrylamide addition followed by Western blot analysis with total cTnI antibody 

illustrates three distinct bands (top to bottom) conventionally described as 0P, 1P, and 

2P. Human recombinant cTnI (hcTnI) and protein kinase A (PKA) treated samples were 

used to confirm distribution of phosphospecies. Bottom Panel: Stacked bar graph 

illustrating the relative distribution of each phosphospecies per group. HCM males had 

significantly less 1P than both WT males and WT females (p<0.05 and p<0.01 

respectively). HCM females were found to have significantly less 1P than WT females 

(p<0.05). 
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Figure 4.8. Phosphate affinity SDS PAGE (PhosTag™): Phospho-ser23/24 cTnI 

phosphospecies distribution. Distribution of phosphospecies on cTnI into un-, mono-, 

or bis-phosphorylated (0P, 1P, and 2P respectively) followed by Western blot analysis 

with phospho- ser23/24 cTnI antibody. Top Panel: Representative SDS PAGE PhosTag™ 

illustrating 2-3 bands corresponding to 0P, 1P or 2P. Human recombinant cTnI (hcTnI) 

and protein kinase A (PKA) treated samples were used to confirm distribution of 

phosphospecies. Bottom Panel: Stacked bar graph illustrating the relative distribution of 

each phosphospecies per group. HCM males had significantly less 2P compared to all 

groups (p<0.05) and had significantly less 1P compared to WT males (p<0.05). WT 

females had significantly less 2P (p<0.01) and 1P (p<0.05) compared to WT males. 
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TABLE 4.3       SUMMARY OF PHOSPHORYLATION CHANGES 

  
WT M WT F HCM M HCM F 

(1) (2) (3) (4) 

Glycogen 
Phosphorylase 

- - 
↑ ↑ 

(1,2) (1,2) 

Phospho-cTnI - 
↓ 

- 
↑ 

(1) (2) 

Phospho-cTnT - 
↓ 

- 
↑ 

(1) (2) 

MyBPC - - 
↑ 

- 
(2,4) 

Phospho-ser23/24 
↓ 

- 
↓ 

- 
(2,4) (1,2,4) 

Phospho-ser150 - - - - 

SUMMARY OF KINETIC/ ENERGETIC CHANGES 

  
WT M WT F HCM M HCM F 

(1) (2) (3) (4) 

Ca2+ Sensitivity - - 
↓ 

- 
(1,2,4) 

Ktr Slope - - 
↓ ↓ 

(1) (1) 

Tension Cost - - 
↑ ↓ 

(1) (2) 

Table 4.3: Summary of Disease- or Sex-Specific Effects. This summarizes the 

observed disease or sex-specific effects for WT, HCM, male, and female mice. Either an 

increase (↑), decrease (↓), or no change (-) was observed in phospho-content and 

mechanical properties. Which group(s) a change was statistically different from is 

indicated by the designated number. 
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5.1 General Discussion 

The initial goal of this study was to examine the relationship between cardiac disease 

and biological sex from a kinetic/energetic point of view. Gender has increasingly been 

accepted as a potent factor involved in cardiac disease progression and severity. Our 

study supports this notion with several key findings but also points to the difficulty of 

attributing sex dimorphisms to a central cellular and/or molecular mechanism.   

In this study, we sought to quantify the mechanical, kinetic, and energetic properties of 

cardiac tissue in this transgenic mouse model of HCM. By using 2-month old animals, 

our goal was to elucidate the impact of this mutation model while minimizing 

confounding, downstream factors that could occur if a pronounced form of disease was 

present. The major findings of this study are 1) HCM males show decreased Ca2+ 

sensitivity, increased crossbridge cycling, and increased tension cost, 2) HCM females 

consistently fall in between WT and HCM male values but do not reach significant 

difference, 3) Both HCM males and females display a “stressed” metabolic response via 

the increase in glycogen phosphorylase, and 4) both gender, disease, and age influence 

phosphorylation content and patterning on cTnI. Previous studies involving the R403Q 

mutation either from human tissue or mouse models point towards an increase in 

function at the expense of a higher energetic cost [20, 23, 46]. The findings herein 

suggest that hearts from male HCM mice are consistent with previous observations 

indicated by increased crossbridge cycling rates and a higher tension cost. Moreover, 

this finding is particularly important given these mice are young (2 months of age) with 

no overt pathology present at this time point. This highlights the intrinsic effect of an 

altered myosin-actin interaction with minimal pathophysiological downstream effects. 

However, of great interest is the observed effect of biological sex of the R403Q mutation. 

We found key differences in cardiac trabeculae Ca2+ sensitivity between HCM males and 

HCM females. HCM male mice had a Ca2+ desensitization compared to WT counterparts 
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whereas HCM females did not display this effect. One of the most obvious players that 

could cause this desensitization is stimulation of the β-adrenergic pathway and resultant 

increase of PKA mediated effects. PKA is known to phosphorylate cTnI at ser23/24 and 

cause a decrease in sensitivity of Ca2+ [74]. The level of phospho-cTnI at ser23/24 was 

detected by Western blot and PhosTag™ techniques. However, what was observed was 

a substantial decrease in phosphorylation on ser23/24 for both HCM and WT males, 

suggesting that PKA phosphorylation of cTnI is not the source of the observed Ca2+ 

desensitization. In addition, we did not find any differences on the AMPK modification 

site of cTnI, phospho-ser150. However, other pathways and modifications of sarcomeric 

proteins can contribute to the observed crossbridge effects. Human heart samples 

treated with two isoforms of PKC found that PKC can phosphorylate cTnI and MyBPC in 

a PKA-independent manner and can increase phosphorylation on cTnT resulting in a 

decrease in Ca2+ sensitivity [75]. It is therefore quite possible that the observed HCM 

male Ca2+ desensitization may in part be due to other kinase activity such as PKC.  

Although a previous study using an R403Q model found no sex dependent differences in 

sensitivity and kinetic parameters at 10-20 weeks, they did observe some sex specific 

differences such as a lack of enhanced LV systolic performance and a greater sensitivity 

to mechanical load in HCM females [46]. A potential cause for this discrepancy is that 

this study used a model with only the R403Q point mutation present in the myosin heavy 

chain, which differs from this study’s model that includes a large amino acid deletion in 

the actin-binding domain in addition to the point mutation. While this point mutation 

R403Q model is genetically identical to the disease present in humans, it is 

phenotypically different displaying primarily left atrial (LA) enlargement [22].  Moreover, 

sex dimorphisms are observed in this model: males display LA hypertrophy at 30 weeks 

whereas females do not [22]. Therefore the impact of sex on certain mechanical 

parameters cannot be directly compared between the R403Q point mutation model and 
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the R403Q transgenic model. In addition, previous work concluded the R403Q point 

mutation leads to an increase in function by increasing kinetic parameters [46]. Our 

results are in agreement with this as we see HCM male mice consistently show 

increased kinetic and energetic parameters.  

To further investigate sarcomeric properties, we tested the kinetic parameters of the 

crossbridge cyle through the tension redevelopment rate (ktr). The important notion for 

the ktr test is the submaximal slope relationship between tension generated and rate of 

tension redeveloped. We found that HCM males had less steep slopes compared to WT 

males which yields an overall increased submaximal ktr. Considering that maximal ktr 

was not different for any group, the net result of an increased submaximal ktr is a less 

steep tension-ktr relationship. This indicates that at a given force, myosin of HCM males 

must cycle more than that of WT males. Interestingly, HCM females were only 

significantly different from WT males and not WT females. Previous work on human 

heart samples carrying the R403Q mutation also observed increased rates of cycling 

[23]. This observation of increased cycling rates suggests inefficiency in force generation 

and merits the direct measurement of the tension cost. 

To further explore the energetic properties of HCM mice, we measured ATP hydrolysis 

during tension development at varying [Ca2+] concentrations in order to determine the 

tension cost of contraction. We found a strong sex dependent outcome for HCM mice. 2-

way ANOVA analysis indicated that HCM males had a significantly increased tension 

cost when compared to WT counterparts. This would indicate HCM males have an 

increased rate of consumption of ATP for a given force, and is concordant with what was 

observed under the ktr test and with previous human R403Q studies [20]. Interestingly, 

HCM female tension cost was not different from WT counterparts. In addition, maximal 

ATP consumption was not different for any group studied. This observation shows that 

less mechanical energy can be extracted from ATP in the male but not female HCM 
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mice. This inefficient use of ATP may contribute to downstream effects via alterations in 

the balance between [ATP]/[ADP]. A higher rate of ATP consumption could lead to 

increasing [ADP] and [AMP]. This could be detrimental to myofilament function, as 

previous work has shown HCM male mice have lower levels of phosphocreatine (PCr), 

the main ATP reserve utilized in the heart [19]. A high tension cost combined with 

decreased levels of PCr would lead to a severely altered energetic landscape. Indeed, 

our lab has reported previously that 2 month HCM male mice have reduced activity of 

AMP-activated protein kinase (AMPK) and its downstream signaling modifier Acetyl CoA 

carboxylase (ACC) [76] whereas HCM females do not have altered activity of AMPK and 

ACC compared to WT counterparts (unpublished observations). Given AMPK promotes 

ATP production pathways, this reduction in AMPK activity for HCM males may be 

contributing to the worsening phenotype of HCM males as they have a reduced capacity 

to compensate for the inefficient use of ATP.   

The significance of these findings can also be illustrated using the two state crossbridge 

model where ktr is thought to represent the summed rate of myosin entering and exiting 

(fapp + gapp, respectively) a force generating state [77].    It was found that HCM males 

had an altered Ca2+ dependent ktr  relationship as indicated by an overall higher ktr for a 

given force level. Given the two-state model, this would indicate that either fapp or gapp (or 

both) are increased for HCM males. In the two state model, tension cost is proportional 

to gapp [2] and was found to be higher for HCM male versus WT males. Given the 

increased ktr (fapp + gapp ) and increased tension cost for HCM males, the rate of 

crossbridges exiting a force state, gapp must be increasing. In the two-state crossbridge 

model, the fraction of crossbridges that generate force (α) corresponds to fapp / (fapp + 

gapp). The increase in gapp for HCM males may correspond to a decreased α compared to 

WT males. This may indicate that more crossbridges exist in the non-force generating 

state for HCM males compared to their WT counterparts. Given that ATP hydrolysis is 
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increased in combination with previous findings that HCM males have decreased PCr 

levels and AMPK activity, a rise in ADP pools is possible for these HCM male mice. The 

release of ADP is the rate limiting step in the crossbridge cycle and determines how 

quickly myosin can bind and generate force [8]. Therefore, if ADP levels are increasing, 

this could alter the interaction of myosin with actin and could explain the decreased α.  

There are additional kinase effects that can influence the crossbridge cycle further. 

Specifically, phosphorylation of myosin binding protein C (MyBPC) by PKD was shown 

to increase the rate of crossbridge cycling [78]. Therefore, it is also possible that HCM 

males have increased PKD activity on MyBPC thus contributing to altered crossbridge 

kinetics. Exploration into MyBPC phosphorylation status would be a logical next step to 

further define the observed sex differences in myofilament function. The overall effect of 

altered crossbridge cycling for HCM males is most probably a combination of both an 

altered energetic environment and altered kinase activity.  

Previous work in our lab assessed various mechanical and proteomic aspects in HCM 

10-12 month animals [45]. This study found no difference in Ca2+ sensitivity between 

HCM and WT males but found HCM females were significantly more sensitive than 

anyone else. This suggests that with age, there is an increase in Ca2+ sensitivity in both 

male and female HCM mice. The ΔEC50 between 2 and 10 months may be the same for 

both HCM males and HCM females. In other words, their ability to increase Ca2+ 

sensitivity with age may be the same. However the starting point (2 month EC50) is 

different for HCM males and HCM females, thus leading to HCM females having an 

increased Ca2+ sensitivity compared to HCM males at 10 months.  This suggests that 

HCM males may be at a functional disadvantage, however it is difficult to attribute 

differences in gross cardiac pathology to a single mechanical parameter of the 

myofilament. Therefore, this difference in Ca2+ sensitivity that persists with age may only 

be a sign of altered disease handling for males and females.  Some discrepancies in 
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kinetics and energetics may be, in part, due to the assumption of the 2-state model. 

Modeling work done by Rice et al. [79] predicts that myosin may be able to exist in 

several different states each governed by its own rate constant and many of which are 

bidirectional. This is further complicated by the fact that many states of crossbridge 

existence are influenced by the presence or absence of other outside modifiers such as 

free [Ca2+], inorganic phosphate, and ATP.  Therefore the two state model is a highly 

simplified, albeit useful, assumption used to explain the results of tests such as the ktr or 

ATP hydrolysis. It is quite possible that other factors involved in the myosin-actin 

mechanical interaction are at play and may be contributing to some of the discrepancies 

observed. 

Post-translation modifications (PTMs) on specific serine/threonine residues are known to 

play a critical role in regulation of myofilament function including Ca2+ sensitivity and 

crossbridge cycling[74]. Therefore, we used SDS-PAGE PhosTag™ gels to further 

exploit the fact that cTnI has multiple phosphorylation sites including PKA site ser23/24 

and p-21 activated kinase/AMP-kinase site ser150 [71]. Using this technique coupled with 

Western blotting using phospho-specific antibodies, we were able to detect three bands 

that by convention have been designated the un-, mono-, and bis-phosphorylated states 

(0, 1, and 2P respectively with 2P containing the largest phospho-cTnI population [45, 

80]). We found HCM males and females have less phosphorylation in the 1P state on 

total cTnI compared to WT males and females.  

When probing for cTnI ser 23/24 phosphodistribution, our lab’s previous study using 10-12 

month mice found HCM males have more 2P than WT males and HCM females. HCM 

males also had the least amount of 1P compared to HCM females and WT males.  

This is interesting since we see in the current study that at 2 months, HCM males have 

less 2P compared to all groups for cTnI ser23/24 phosphodistribution. This illustrates a 

shift with age in the HCM males toward the 2P state. Additionally, cTnI ser23/24 
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phosphodistribution in HCM females at 2 months was not different compared to WT 

females or HCM males, but at 10 months HCM females had more 1P than WT females 

and HCM males. This illustrates that HCM females shift towards the 1P of cTnI 

ser23/24state with age. These results indicate that the patterning of phosphorylation 

depends not only on disease state and sex, but also on age. By comparing between 2 

and 10 month animals we can see how the phosphorylation patterning changes on cTnI. 

This comparison highlights an interesting sex difference between 2 and 10 month HCM 

mice. HCM males appear to shift towards the 2P state whereas HCM females shift 

towards the 1P state with age of cTnI ser23/24. Since multiple kinase pathways converge 

on cTnI resulting in at least 10 possible phosphorylation sites [72], it is important to note 

that while the PhosTag™ technique is highly useful for providing information on 

phosphorylation distribution, it is quite probable that more than three states exist, given 

that this technique only has the resolution for the most prevalent states in the 

densiometric range. 

Of particular interest is this sex dimorphism in force-dependent ATP utilization especially 

since these mice are age matched (2 months) where there is little evidence of 

pathological cardiac remodeling. Hallmarks of cardiac remodeling include a 

recapitulation of the fetal gene program that includes elevated expression of the -

isoform of myosin heavy chain (-MHC) [81]. Expression of -MHC can negatively 

impact cardiac performance [82] by decreasing power output [83] or increasing the Ca2+-

sensitivity of tension development [69, 84]. On the other hand, fibers expressing -MHC 

have an improved tension cost [85]. Interestingly, female HCM hearts express little, if 

any, -MHC similar to WT females despite having improved tension cost. 

It was also observed through ProQ Diamond global phosphorylation staining that HCM 

males and females have an increase in phosphorylation on glycogen phosphorylase. 
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Glycogen phosphorylase functions to catalyze the cleavage of glycogen into glucose 

units, and can be activated either allosterically or by phosphorylation. This increase in 

activity indicates that both HCM males and females are increasing glucose metabolism, 

possibly as a compensatory mechanism as a result of the mutation. This is an interesting 

result as we see only HCM males exhibit altered crossbridge kinetics that could be 

contributing to alterations in the energetic landscape. HCM females may have 

compensatory mechanisms in place that allow for modification of the myofilament 

therefore altering crossbridge interaction sufficiently to counteract the effect of the 

mutation. Exactly how this may be occurring is unknown and should be studied in the 

future. However, given our lab’s observation that AMPK activity is unaltered in HCM 

females and that AMPK is a known regulator of cellular energetics, the effect of AMPK 

on the crossbridge cycle, specifically the tension cost, may be a mechanism by which 

HCM females can maintain contractile function and should be investigated in the future.  

 

Given the same transgene mutation, HCM males and females respond drastically 

different to the initial insult in terms of both functional parameters and PTM. In addition, 

even without overt pathology, there is an altered energetic phenotype seen in both HCM 

males and females. This is illustrated by both HCM males and females requiring greater 

access to their glycogen stores in conjunction with either an increased (HCM male) or 

unaltered (HCM female) tension cost. This study also illustrates the impact of age on 

mechanical parameters and PTM patterning and highlights that HCM is a progressive 

disease with each time point studied providing a single point in a matrix.  

 

5.2 Physiological Implications and Future Directions 

This project served to profile young mice with or without a disease causing transgene. 

This profile included the direct measurement of energy usage during tension generation. 
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Importantly, both male and female mice were utilized in order to quantify any kinetic and 

energetic sex dimorphisms that may occur. The age of these mice is another important 

aspect, since at 2 months, these mice are still relatively young and the diseased mice do 

not display obvious pathologic phenotypes such as hypertrophy. Therefore, this project 

laid an important foundation by quantifying kinetic, energetic, and proteomic parameters 

for both sexes before a severe disease state has developed. The observed sex 

differences from this project raise interesting questions and merit future studies. The 

various routes of investigation that could potentially help explain the results found in this 

project and further the knowledge of the impact of biological sex on cardiac disease will 

be discussed in detail below.  

Of particular interest is the effect of cellular metabolism on myocyte functioning. Cell 

metabolism involves mainly the functioning of the mitochondria in order to support long 

term energy demands. As discussed in the introduction, cardiac cells have enormous 

energy requirements, and the function (or dysfunction) of mitochondria could potentially 

impact the myocyte through contractility and kinase signaling. By looking into cell 

metabolism, one can begin to understand two key points involved in cellular energetics. 

First, which substrate is being used reveals information on the efficiency of ATP 

production. Secondly, and intrinsically tied to the first point, is what level of by-products 

are generated in the form of ROS and therefore, what level of oxidative stress is the 

myocyte exposed to. Clearly, we can see from this study that 2-month HCM males and 

females already have an altered metabolism compared to WT counterparts given the 

increased activity of glucose metabolism. This raises the interesting question of whether 

HCM males and females also have different levels of oxidative stress and the particular 

impact this could have on the myofilament is discussed in section 5.2.1.1. Additionally, 

this study found almost all parameters explored for the HCM mice were impacted by 

biological sex. The results discussed in section 5.1 appear to suggest HCM females are 
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better able to handle the disease presence in terms of the mechanical parameters 

measured. Given the specific effects of altered cell metabolism, estrogen and its 

metabolic impact is an obvious candidate for exploration. Estrogen and its related 

receptors are known to be established players in regulating cell metabolism and 

oxidative stress, and therefore the specific estrogen driven metabolic effect on the 

myofilament is discussed in detail in section 5.2.1.2.  

Given the observed opposite tension cost and crossbridge cycling kinetics between 

HCM males and HCM females, energy sensing kinases and their impact on myofilament 

ATP usage are the next step to establish why these difference were observed. AMP-

kinase (AMPK) should be the kinase of focus given it is a well-established regulator of 

ATP production/consumption and has an established impact directly on the myofilament 

through increased Ca2+ sensitivity. A gap of knowledge exists with AMPK as it not known 

if AMPK can impact the tension cost of contraction. Given previous work performed in 

our lab involving AMPK activity in HCM mice and the results of this study, the direct 

impact of AMPK on tension cost is the next step to establish a mechanism for the 

tension cost results and is discussed in detail in section 5.2.2. Furthermore, previous 

work in our lab has established that the upstream activator of AMPK, the LKB1 complex, 

can directly impact myofilament Ca2+ sensitivity and crossbridge cycling kinetics in a 

manner opposite to AMPK. Given such different mechanical parameters for HCM males 

and HCM females, the activity and impact of the LKB1 complex on myofilament energy 

efficiency is worth exploring in addition to AMPK and is discussed in detail in section 

5.2.2.1.  

The mechanisms underlying the observed sex dimorphisms of this study certainly could 

be a combination of altered metabolic parameters, altered kinase signaling, and perhaps 

a differential impact of estrogen on metabolism and energy regulating pathways. Section 

5.2.2.2 therefore explores in detail the combination of estrogen driven effects on energy 
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regulating pathways, specifically the AMPK/LKB1 pathway. Given previous work 

showing interaction between estrogen and AMPK, it is the general hypothesis of this 

future directions discussion that females, by high expression of estrogen, have altered 

activity of energy regulation such that they are predisposed to a higher efficiency of 

energy production and consumption. Therefore, in certain forms of disease where there 

is a chronic alteration in energy demand, females are more capable of compensation 

given a beneficially altered energetic “baseline” when compared to males.  

The future directions discussed in detail below highlight the current state of knowledge, 

where the knowledge specifically needs to be advanced, and how an experiment could 

be devised to do so in order to confront the hypothesis that females have altered 

metabolism and energy signaling pathways thus allowing for a beneficial compensation 

when faced with chronic energetic alterations.  

 

5.2.1 The role of cellular metabolism 

As discussed in chapter 1, males and females differ basally in their cellular metabolism. 

The role of cellular metabolism in diseased and end stage failing hearts has been the 

focus of many studies. However, the basal difference between male and female 

metabolism is often only studied in healthy populations. The combination of metabolic 

differences due to biological sex and heart disease is often overlooked and represents a 

gap in knowledge of the impact of biological sex on disease outcomes. Therefore future 

directions involving metabolism and sex dimorphisms in heart disease will be discussed 

below.  

 

5.2.1.1 Oxidative Stress Response 

As discussed in chapter 1, certain forms of heart failure result in oxidative stress and 

mitochondrial dysfunction [7, 11, 13]. The impact of reactive oxygen species (ROS) on 
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myofilament function has not been thoroughly studied and the role of an oxidative 

damage control peptide, glutathione has recently emerged as a potential modifier of the 

myofilament. 

Glutathione is a ubiquitous, cysteine containing tripeptide (γ- Glu- Cys-Glys) and is 

abundant in most eukaryote cells. Glutathione cellular concentrations range from 0.1 to 

10mM and a complete lack of it is incompatible with long term cell survival [86]. 

Glutathione reacts with free radicals and generates glutathionyl radicals which can 

combine with one another to form oxidized glutathione. The radical induced oxidation of 

ascorbic acid can be reversed through reduction by glutathione. For these reasons 

highlighted, glutathione is often seen as the first line of defense against oxidative 

damage and is thought to be the ultimate radical sink [86]. Proteins can interact with 

glutathioine via cysteine residues and those that are bound to glutathione are referred to 

as glutathiolated. Glutathiolated proteins have been detected in several cell and tissue 

types. Nitric oxide (NO) and ROS can promote the formation of these glutathiolated 

proteins. Modification of the cysteine residue on these proteins results in altered protein 

function which suggests PTM by glutathiolation can occur and may be a mechanism 

involved in redox regulation [86].  

A study was performed using a diastolic dysfunction animal model (DOCA-salt mice) to 

measure the levels of glutathionylation. This animal model was shown to produce 

oxidative stress in the heart with preserved ejection fraction. It was found that an 

increase in glutathiolation occurred on cardiac myosin binding protein C (cMyBPC) in 

DOCA-salt mice.  Oxidative stress can therefore directly impact sarcomeric function 

through the modification of sarcomeric proteins by oxidative-linked peptides such as 

glutathione [87].  

To further understand the effect of glutathiolation of cMyBPC, myofilament properties 

have been measured. Glutathione was found to modify three cysteine residues in 
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cMyBPC and resulted in mechanical alterations of the crossbridge. Notably, an increase 

in Ca2+ sensitivity was observed both in an acto-myosin ATPase motility assay and in 

skinned fibers upon glutathiolation of cMyBPC [88].  These two studies highlight an often 

overlooked effect of a disease state: oxidative stress and its impact on contractile 

functioning. Given the contractile differences observed between males and females in 

the R403Q disease model, it would be an interesting next step to probe both males and 

females for levels of glutathione: specifically if there is a differential modification to 

cMyBPC. Females are known to have different basal cellular metabolism (estrogen is 

known to increase FAO for example); therefore perhaps females can respond to 

oxidative stress better through an increased activity of glutathione. Another possibility is 

that female hearts may not generate as much ROS suggested by studies that showed 

female rats had lower mitochondrial density [38]. ROS and the proteins involved in their 

regulation may play a critical role in the progression of heart disease. Failing hearts are 

often viewed as “an engine out of fuel” and alterations in mitochondrial production of 

ATP and subsequent production of ROS may be a mechanism that impacts contractile 

function over time. Glutathione-modified sarcomeric proteins may emerge as important 

players in the myofilament response to a disease state and may contribute to the 

explanation of observed sex dimorphisms in disease models.  

 

5.2.1.2 Estrogen Mediated Effects on Metabolism 

Despite an increasing appreciation and knowledge regarding sex dimorphisms in the 

pathophysiology of CVD, many inconsistencies plague the cellular and molecular 

mechanisms underlying these differences. Many signaling pathways have been 

identified as mediating, at least in part, physiological [89-91] and pathophysiological[92-

94] cardiac adaptation in a sex-specific manner. Estrogen is positioned to play a unique 

role in CVD since estrogen can respond to environmental, genetic and non-genetic cues 
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to impact genetic expression and cellular signaling [93]. However, human studies that 

show a benefit to hormone replacement therapy [95] are challenged by studies that do 

not [96-98]. Rodent studies typically demonstrate a benefit of estrogen replacement in 

gonadectomized rats and mice subjected to different cardiac pathological stimuli [43, 99, 

100] [101, 102]. Taken together, these data highlight the necessity of understanding the 

cellular and molecular actions of estrogen and how this relates to the sex dimorphisms in 

CVD. 

Sex dimorphisms in mitochondrial functioning have been well documented. Moreover, 

the role that estrogen can play in metabolism is becoming increasingly important. 

Ovariectomized rats which received estrogen (specifically, 17-β estradiol or E2) revealed 

that E2 enhanced mitochondrial function and diminished oxidative stress in skeletal 

tissue [103]. This study supports previous works showing mitochondrial sex dimorphisms 

and indicates that E2 is the main driver of this effect. Furthermore, a distinct metabolic 

profile involving mitochondria and estrogen has been found in human failing heart 

samples. In line with other heart failure studies, increased pyruvate concentrations were 

found with decreased Krebs cycle intermediates which suggested a global reduction in 

substrate oxidation.  Interestingly, transcription levels of mitochondrial metabolism 

proteins and estrogen related receptors were decreased [104]. These studies highlight 

the important role of estrogen in the functioning of mitochondrial metabolism. What then 

is the specific effect of estrogen on mitochondrial functioning?  Further, can the effect of 

estrogen on mitochondrial function contribute to the overall explanation of sex 

dimorphisms observed in cardiac disease for both animal models and humans? 

Estrogen receptors (ER) and estrogen-related receptors (ERR) were found to regulate 

metabolism of fats and glucose, both of which can be activated by estrogen. 

Furthermore, high expression levels of ERR were found in high energy demand tissues 

such as the heart [105]. ERRs in particular have been found to control mitochondrial 
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pathways including FAO, the Krebs cycle, and oxidative phosphorylation [105]. ERRs 

have been described as a crucial regulatory pathway for keeping mitochondrial activity 

within healthy limits. Reduced activity of the mitochondria could contribute to too little 

energy production in the form of ATP. In contrast, too much activity could result in a high 

level of ROS generation and apoptotic signaling. In addition, ERRs have been shown to 

play a central role in heart failure situations [106, 107]. ERRs are associated with 

maintaining cardiac function and work in cooperation with other energy regulating 

molecules. Studies using human failing heart samples found a decrease in ERR levels 

by up to 50% [108]. Furthermore, estrogen may also play a role in altering mitochondrial 

ROS formation and could induce an antioxidant response [109, 110]. Male mouse 

cardiomyocytes that underwent metabolic inhibition showed estrogen may stimulate an 

antioxidant response of the mitochondria independent of ERs [110]. Therefore, it is clear 

that estrogen and its related receptors (ER and ERR) are crucial in maintaining cellular 

energetics through both genomic and non-genomic processes. Given this knowledge of 

estrogen’s role in modulating cellular energetics, future studies could include probing for 

specific effects of myofilament functioning given an artificially altered metabolic 

environment. A study could be devised using cardiac cells from both male and female 

mouse hearts. Metabolic inhibition could be induced as described in Sugishita et al 

[110]. Given a suppressed metabolic environment, cardiomyocytes from both male and 

female mice treated with or without estrogen could then undergo Ca2+ sensitivity 

experiments. This type of experiment would answer if altered cellular metabolism affects 

myofilament mechanical properties differently for males and females. Additionally, 

treatment with estrogen would provide information on whether this beneficially impacts 

the myofilament mechanical parameters and if females are already “maximally” affected 

by estrogen.  
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It may also be possible to do this type of test on small, thin trabeculae preparations if 

other myofilament parameters such as the energetic cost of contraction were desired. In 

addition to mechanical parameters, mitochondrial markers could be measured. 

Specifically, mitochondrial enzyme activity could be measured from heart homogenates 

using an optical density assay [111]. Additionally, hearts incubated with or without 

estrogen and then fixed could have mitochondrial morphology quantified using confocal 

microscopy techniques. The combination of inducing metabolic inhibition and incubation 

with estrogen would be an interesting test to perform for both male and female hearts, as 

this would help define further if estrogen mediated metabolic alterations directly affect 

the myofilament and therefore contractility.  

An additional aspect worth mentioning is the temporal component of CVD. Many studies 

involve genetic and metabolic profiling at late stage heart failure. When transcriptional 

regulation was monitored over three time points in heart failure mice (pre, early, and 

post-heart failure), many transcriptional factors followed a more biphasic patterning with 

an early decline followed by a late increase in transcription often observed [112]. 

Interestingly, this study found metabolic pathways were downregulated early and this 

downregulation was sustained into late heart failure. Metabolic signaling may be affected 

differently throughout the course of disease progression and may be one of the main 

drivers of cardiac dysfunction given the normal high energy demands and tight control 

utilized in the heart. In addition, with age comes an increase in ROS and an increase in 

“frail” mitochondria as measured by membrane potential [109]. Therefore, age is an 

important factor that must be taken into consideration when designing experiments.   

 

 5.2.2 Role of AMPK in Sex Dimorphisms 

Central to cellular energy sensing is the adenosine monophosphate-activated kinase 

(AMPK) signaling network. AMPK plays a central role in maintaining energetic 
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homeostasis of the cell by sensing, or being activated by rising levels of AMP. AMPK is 

a phylogenetically conserved heterotrimeric complex consisting of a catalytic α subunit 

and regulatory β and γ subunits [113]. An increase in myocellular AMP allosterically 

activates AMPK and permits phosphorylation of the α catalytic subunit at Thr172 by the 

upstream Liver Kinase B1 (LKB1) kinase complex [114-116]. LKB1 acts in concert with 

Mo25 (mouse protein 25) and STRAD (ste-related adaptor protein) to phosphorylate 

AMPK potentiating its activity and promoting ATP producing pathways while inhibiting 

ATP consuming pathways [114, 116]. In addition, AMPK targets ser150 of Troponin I and 

subsequently increases myofilament sensitivity to Ca2+ [47, 68, 117]. For this reason, 

AMPK acts as a nodal point for sensing changes in the ATP pool and can directly tune 

myofilament function to the energetic demand through post-translational modifications. 

Why AMPK should be a kinase of interest when it comes to sex/disease studies is 

related to the often observed energetic alterations associated with various forms of 

cardiac disease. Recall that many forms of cardiac disease see global reductions in ATP 

levels and an associated reduction in ATP reserve pathways such as the PCr/CK system 

[6]. Although this project did not focus directly on the impact of AMPK activity in the 

myofilament, how AMPK activity is impacted by biological sex and disease represents a 

gap in the current state of knowledge. Specifically, defining how AMPK interacts with the 

myofilament structure in a sex-hormone dependent manner has yet to be studied. Our 

lab has previously hypothesized that females are more capable of mobilizing and 

activating AMPK during cardiac stress as a result of elevated levels of circulating 

estrogens than their male counterparts [93]. In support of this hypothesis, several 

studies [118-120] demonstrate that estrogen in the form of 17β-estradiol (E2) directly 

and rapidly activates AMPK in multiple cell types. Our lab has also found using the 

R403Q model a clear sex difference in AMPK expression and activity. 2 month HCM 

males have a decrease in activity of AMPK as measured by phosphorylation on Thr172 
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[76] whereas HCM female AMPK activity remains unchanged from WT counterparts 

(unpublished observations). Furthermore, it has been found that the loss of estrogen 

through chemical depletion dampens the AMPK signaling axis [91]. Clearly there is 

preliminary evidence suggesting a differential in AMPK activity amongst males and 

females with the HCM transgene. In addition, this project found a sex dimorphism in 

myofilament function, specifically HCM males had a higher tension cost whereas HCM 

females did not. A higher tension cost combined with a decrease in AMPK activity 

translates to rising pools of AMP and ADP which could severely alter crossbridge 

interactions. The question still remains however, if females have maintained AMPK 

activity, does this explain the maintained tension cost? In other words, does activated 

AMPK affect the myofilament not only by altering Ca2+ sensitivity, but can it also impact 

the energetic cost of contraction through an ATP sparing mechanism? Future studies 

whereby cardiac fibers are treated with AMPK and tension cost is measured are 

certainly merited and are a logical next step to further define how females can retain 

cardiac function under a disease condition. This may indeed be one of the mechanisms 

by which females can compensate for altered crossbridge interactions and is supported 

by previous work in our lab. Male rat trabeculae treated with AMPK and run through a 

series of ktr protocols at varying [Ca2+] were observed to have an overall decreased ktr 

compared to control fibers [68]. This would imply AMPK effects the crossbridge directly 

through fewer cycles per second which can be interpreted as less ATP consumed per 

second. However, direct measurement of the tension cost is necessary to confirm this 

finding since ktr is a summed rate measurement and cannot distinguish between rate of 

attachment and detachment.  

 

5.2.2.1 Upstream activation of AMPK: Implications for Crossbridge Kinetics 
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The role of AMPK in modifying the energetic pathways and the myofilament is 

complicated by the fact that in order for full AMPK activation, phosphorylation of the 

catalytic subunit at Thr172 by the upstream kinase complex, LKB1/Mo25/STRAD must 

ensue [121]. Evidence exists to support the idea that AMP binding to AMPK initiates 

assembly of an activating complex that brings LKB1/Mo25/STRAD into close association 

with AMPK allowing phosphorylation of Thr172 on AMPKα by LKB1/Mo25/STRAD [122]. 

Therefore, the AMPK/LKB1 signaling pathway is subject to regulation by not only AMP 

pools but also to alterations in the subcellular association of AMPK and 

LKB1/Mo25/STRAD within the microdomain of the myofilament. LKB1 is a 

serine/threonine kinase that is active when bound to both the scaffolding protein Mo25 

and the pseudokinase STRAD [123]. LKB1 has known functions as a tumor suppressor, 

a mediator of cell polarity, and in conjunction with AMPK, a regulator of cell metabolism 

[124]. The upstream regulation of LKB1, in addition to its complex partners Mo25 and 

STRAD, is not particularly well known, especially in the heart. There is speculation that 

once the components of the upstream kinase complex are bound together 

LKB1/Mo25/STRAD becomes constitutively active [125]. Therefore, controlling when and 

where the subunits of the LKB1/Mo25/STRAD complex are expressed is key to 

regulating its function. Indeed, there have been some studies in adipocytes and skeletal 

muscle that suggest posttranslational modification of LKB1 leads to alterations in 

subcellular localization [126, 127]. Previous work in our lab has identified that the ratio of 

AMPK:LKB1 complex can influence myofilament mechanical and kinetic properties [68]. 

Skinned trabeculae were incubated with vary amounts of AMPK to LKB1. Specifically, a 

high amount of LKB1 to AMPK and LKB1 alone decreased myofilament Ca2+ sensitivity. 

Additionally, LKB1 alone increased submaximal ktr. This would indicate a possible 

alteration in contractility and increase in tension cost associated with LKB1 incubation. 

Given this dramatic impact on myofilament function, future studies should include 
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incubating trabeculae with LKB1 and directly measuring the tension cost. Furthermore, 

previous work from our lab has found that upon incubation and vigorous washing 

protocols to remove exogenous kinase, LKB1 remains in the myofilament as observed 

through western blot analysis (unpublished observations). This implies LKB1 may be 

associating directly with the myofilament. Initial studies could be performed using healthy 

male and female rat trabeculae treated with LKB1 and AMPK for measurement of the 

tension cost. This initial study would define the inherit effects of LKB1 and AMPK on 

crossbridge kinetics for a healthy animal and if biological sex impacts either of these 

kinases. The incubation of cardiac fibers with LKB1 also showed an increase in 

phosphorylation on cMyBPC through the global phosphorylation stain, ProQ Diamond. 

To take this further, phosphorylation was probed for at ser282 of cMyBPC. Interestingly, 

only the low amount of LKB1 to AMPK incubation resulted in an increase in 

phosphorylation at ser282  and LKB1 treatment alone did not affect phospho-ser282 [68].  

However, this was the only phosphorylation site on cMyBPC explored. Other sites such 

as ser315 and ser302 are known to be modified by PKD and PKA respectively and result in 

increased crossbridge cycling kinetics [72, 78]. Given that LKB1 treatment increased 

overall ktr values, it may be possible that LKB1 can modify one of these other residues 

on cMyBPC, thus resulting in the altered crossbridge cycling. Future work probing for the 

specific phosphorylation site on cMyBPC utilized by LKB1 is certainly merited. This 

would involve the incubation of skinned cardiac tissue in the presence of the LKB1 

complex followed by several washing iterations and could be performed concurrent to 

LKB1 tension cost procedures. This type of study would explore the intrinsic differences 

between males and females for the effect of the AMPK/LKB1 energetic pathway on the 

myofilament. 

Based on the ktr findings, one could hypothesize that AMPK causes a decrease in 

tension cost whereas LKB1 alone will cause an increase in tension cost. Perhaps the 
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relationship between AMPK and LKB1 serves to regulate myofilament function by 

keeping the effect of one another in check. In addition, modification to other sarcomeric 

proteins like cMyBPC via LKB1 alone may contribute to altered contractile properties 

given a state of energetic stress. Additionally, other molecules may act to regulate the 

effect of AMPK and LKB1 thus serving as a “hand on the throttle” to maintain proper 

myofilament energetics.   

 

5.2.2.2 The Impact of Estrogen on AMPK Signaling 

Given this project’s focus on the impact of biological sex, an obvious candidate that 

could contribute to the regulation of AMPK/LKB1 is estrogen. The fact that pre-

menopausal females have roughly ten times the amount of estrogen than males 

combined with the established presence of ERs and ERRs in the heart contributes to the 

growing opinion that estrogen plays a central role in cellular function. Moreover, this is 

supported by the notion that from an evolutionary point of view, estrogen and its 

receptors have been present in the animal kingdom long before other sex steroids such 

as progesterone and testosterone [105] . In addition, estrogen, ERs, and in particular 

ERRs are present in both vertebrates and invertebrates, including simple multicellular 

organisms. This has some arguing that they (estrogen, ERs, and ERRs) should not be 

viewed as traditional sex steroids and sex steroid receptors, rather estrogen and its 

receptors should be viewed as energy regulators for the cell [105]. This is a critical point 

that may help to explain the male/female differences in disease response so often 

observed in the heart.  

To highlight this role of estrogen and cellular energy regulation, several studies have 

shown that 17-β-estradiol (E2) activates AMPK by increasing the phosphorylation of the 

AMPK α catalytic subunit [118-120]. However the mechanism that leads to E2-induced 

increase in AMPK phosphorylation remains unknown. E2 is one of the three major 
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naturally occurring hormones in women whose effects are mediated by the intracellular 

estrogen receptors (ER) and by a membrane estrogen-binding element [128]. E2-

induced changes are primarily mediated through the two classical estrogen receptors 

(ERα and ERβ) found in the nucleus and discrete cellular pools in the cytoplasm, which 

after binding to E2 orchestrate genomic (transcriptional) and non-genomic functions. 

Previous work in our lab has found that estrogen mediated activation of AMPK is an 

ERα-dependent event (unpublished observations). Given estrogen and its associated 

receptors can act in a non-genomic way and that estrogen can directly affect AMPK, the 

question still remains if the combination of E2 mediated activity of AMPK can beneficially 

impact the myofilament in a disease state.  

Given that E2 has been found to directly activate AMPK and given the finding that the 

LKB1 complex can impact the myofilament itself, further studies are necessary to fully 

understand E2 effects on the myofilament via the AMPK/LKB1 pathway. To support the 

need for these future studies, interesting associations have been found for R403Q male 

mice with the LKB1 complex which could produce another mechanistic path that could 

impact contractile function in a disease state. Cardiac samples underwent a myofibril 

preparation which essentially strips all components away except those bound to the rigor 

complex. This essentially separates myofilament proteins from energetic substrates and 

eliminates confounding energetic factors that could influence treatment results. These 

myofibril preparations were then treated with AICAR, an AMP mimetic that can increase 

AMPK activity and simulates an acute energetic demand. AICAR treatment reduced 

myofibrillar association with all members of the AMPK/LKB1 signaling axis (pAMPK 

Thr172, AMPKα, Mo25, and LKB1). However, to simulate a more chronic energy demand 

4 month R403Q male mice hearts underwent the same myofibril preparation and were 

probed for the same AMPK/LKB1 signaling components. In contrast to AICAR treatment, 

there was an increase in association of Mo25 and LKB1 for the R403Q samples 
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(unpublished observations). Because the myofibrillar preparation is designed to more 

completely separate energetic substrates from the myofibrillar proteins, the above 

preliminary data demonstrates the AMPK/LKB1 signaling axis is sensitive to the 

energetic status of the myofilament proteins. The relationship between AMPK and LKB1 

is a thoroughly unexplored dynamic when it comes to male/female dimorphisms. It would 

be an interesting study to use 4 month R403Q females and probe for the same 

AMPK/LKB1 signaling components.  

Now, considering that AMPK is regulated by E2 by direct binding of ERs, the questions 

become (1) how E2/ERdependent activation of AMPK impacts downstream AMPK 

targeting of the myofilaments in response to energetic stress, (2) how E2/ERdependent 

activation of AMPK regulates AMPK/LKB1 association with the myofilament, and (3) Can 

the higher expression of E2 in females result in altered AMPK/LKB1 association/activity 

that is beneficial to energetic maintenance in a chronic disease state? In order to answer 

these questions, future studies could include using cardiac cell systems as a means to 

initially establish the effect of E2 on AMPK/LKB1 association/activity. Cardiac cells could 

undergo AICAR treatment as an inducer of “physiological” energetic stress or to carbonyl 

cyanideptrifluoromethoxyphenylhydrazone (FCCP), a potent uncoupler of oxidative 

phosphorylation in mitochondria resulting in a “pathological” energetic stress [129, 130]. 

This would be done either in the presence or absence of E2. Following the treatment 

protocol, cells would be analyzed for AMPK activity using the “readouts” of p-AMPK at 

Thr172, p-ACC, and p-cTnI at ser150.The use of FCCP would provide additional 

information on how AMPK is altered given energetic stress and whether E2 has an effect 

on this response.  In addition, cells could either be demembranated or prepared for 

myofibrils to be subjected to SDS-PAGE and Co-IP with each component of the 

AMPK/LKB1 signaling axis followed by SDS-PAGE. This step will identify protein 

interactions that occur in response to energetic stress and/or E2 treatment. These 
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proteins could be determined by LCMS/ MS and interrogated for binding sites. To further 

screen for novel binding partners a biotin ligase named BioID [131-133] exploits a 

promiscuous E. Coli biotin protein ligase fused to a targeting protein of interest. This 

technique biotinylates proximity proteins that are near-neighbors and is an approach that 

has been used to screen for novel proximity binding partners[132]. This approach could 

be used with AMPK, LKB1, and ER constructs fused with a promiscuous biotin ligase. 

Therefore, cardiac cells could then be infected with adeno-viral expression vectors 

containing the AMPK pathway protein of interest fused to the BioID. Co-IP experiments 

could then be performed to purify biotinylated proteins using magnetic streptavidin beads 

and then identified by LC-MS/MS.  To further define how E2 interacts with AMPK, 

studies could determine the specific binding sites between ERα and AMPK. Our lab has 

already identified the specific domain (unpublished observations) and a mutagenesis 

strategy could be used to determine the specific interacting amino acids. This could be 

accomplished by cloning ER constructs with key substitutions that disrupt ER-AMPK 

association into adeno-viral constructs for infection into cardiac cells. For these 

experiments, adult rat cardiomyocytes isolated from commercially available male ERα- 

and ERβ-null mice can be used to eliminate endogenous ERs from confounding the 

results. Cells could then be subjected to the same protocol as described above probing 

for components of AMPK/LKB1 activity. Finally, the above experiments should be 

performed at a single timepoint that would be based on optimal physiological AMPK 

activity. However, FCCP treatment of neurons leads to a rapid increase in p-AMPK 

Thr172 within 5 minutes [130]. In addition, because the phosphotransfer systems respond 

to the beat-to-beat energetic demand of the myofilaments, it becomes critical to study 

the time-dependence of AMPK /LKB1 pathway targeting. Therefore, one could also 

perform a time-dependent experiment with AMPK- and LKB1-BioID fusion proteins with 

and without E2. To do this, cells could be collected at regular intervals following the 
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initiation of AICAR or FCCP treatment. Biotinylated proteins could then be purified using 

magnetic streptavidin beads and then identified by LC-MS/MS. This type of cell study 

discussed above would result in novel and foundational knowledge of the estrogen 

dependent regulation of AMPK and its signaling network in the microdomain of the 

myofilament.  

Concurrent to these cardiac cell studies could be a series of experiments that focus on 

whole heart effects. Hearts could be perfused with the addition of either AICAR or FCCP 

in both male and female mice. WT mice with established basal mechanical parameters 

could undergo these treatments and by utilizing trabeculae fibers could be run through 

the mechanical protocols used in this project to establish an energetic/kinetic profile 

(Ca2+ sensitivity, ktr profile, and tension cost). This type of study would help identify the 

role of estrogen in cardiac energetic maintenance and how this relates to sarcomeric 

function. Along with this treatment study, demembranated and myofibrilar preparations 

could be made and probed for pAMPK, pACC, LKB1 and Mo25.This study would answer 

whether, (1) Does the presence of estrogen (by female sex) respond differently to acute 

physiological vs acute pathological energetic alterations in terms of myofilament 

function, (2) Does the presence of estrogen alter the energetic “profile” (pAMPK, pACC, 

LKB1, and Mo25), and 3) does estrogen alter how this energetic “profile” is associated 

with the myofilament in a physiological and pathological energetic demand 

(demembranted vs myofibril preparations).  The cell studies discussed previously would 

provide a wealth of information on how AMPK, LKB1 and ER interact with each other at 

the amino acid level. These cell studies combined with cardiac fiber studies would yield 

a well-defined picture for 1) how E2 effects the AMPK/LKB1 pathway, 2) what, if any, are 

the binding partners for AMPK, LKB1, and ER 3) How does the ER exactly associate 

with AMPK , 4) does the AMPK/LKB1 pathway change association with and differentially 
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effect the myofilament with different cellular stress, and 5) does the presence of E2 in 

females alter the AMPK/LKB1 association with, and effect on, the myofilament.  

 

5.2.3 Summary and Conclusion 

The response to oxidative stress has emerged as a key player and may represent a 

fundamental difference between male and female cardiac adaptation. Sex dimorphisms 

in cardiac metabolism and disease response still have many possible mechanisms to be 

explored. The role of “radical sink” proteins such as glutathione are becoming more 

important as modifiers of the myofilament and may offer new, unexplored modification 

pathways that could contribute to understanding how oxidative stress impacts the 

myofilament directly.  Estrogen clearly effects cell metabolism through the mitochondria 

and may play a role by increasing the anti-oxidant response of the cell. One could 

hypothesize that the complicated interactions between estrogen, the mitochondria, and 

the myofilament may be an important mechanism that could contribute to the observed 

cardiac disease sex dimorphisms.  

The cell energy sensing kinase, AMPK has been observed to have differential activity 

with R403Q males and females. This combined with evidence suggesting AMPK can 

reduce crossbridge cycles, strongly merits exploration into the effect of AMPK on the 

myofilament tension cost. Likewise, the upstream activator of AMPK, LKB1 has also 

been found to modify the myofilament. How both of these kinases affect myofilament 

kinetics through tension cost and if biological sex impacts their activity or association is a 

future direction that should be pursued. Furthermore, estrogen and its associated 

receptors have evidence suggesting they play a central role in maintaining cell 

energetics. This is accomplished by several ways such as regulation of lipid and glucose 

metabolism and through modification to AMPK and potentially through LKB1. The cell 

studies proposed in this discussion would provide information regarding how estrogen 
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interacts with these kinases and if this is altered in the presence of different types of 

cellular stress. Furthermore, studies are needed that explore this dynamic in whole 

hearts. This would yield information on how myofilament energetic and kinetic 

parameters are impacted by estrogen and if this is mediated through AMPK and LKB1. 

Central to this discussion is the impact of biological sex on cellular energetics whether 

that is in the form of metabolism via the mitochondria, or in tension cost, or in activity of 

AMPK. One can hypothesize that in general, females, by high levels of estrogen, have 

altered cellular energetics compared to males. This may be a core mechanism by which 

females can adapt to energetic stress and therefore certain forms of cardiac disease. 

Clearly, cardiac disease is a time dependent, complicated event with many factors both 

physiological and environmental playing a role in the overall outcome. However, the 

evidence presented herein suggests that females are in an overall better position than 

their male counterparts to respond to energetic stress potentially through altered 

regulation of cellular energetics. Despite the many questions raised by this project, a 

foundation has been laid quantifying the kinetic/energetic profile of young male and 

female mice with and without cardiac disease. Future studies should focus on probing 

for more specific estrogen driven effects in the heart and how this may relate to the 

progression of cardiac disease 

 

5.3 Methodological Considerations: Limitations and Interpretations 

The major focus of this work involves three relationships 1) the relationship between 

disease state and myofilament mechanical/kinetic performance. 2) Quantifying the 

impact of biological sex on myofilament performance. 3) Profiling phosphorylation status 

as it relates to disease state and biological sex. An accurate understanding of the 

methodological approaches is critical to the interpretation of the results obtained from 

these measurements. The methods used to measure sarcomere length, ATP hydrolysis, 
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and even animal housing can have a considerable impact on the resulting data. If 

understood properly, these techniques can reveal important properties within the context 

and limitations of each technique. This section will discuss and assess the specific 

limitations of each method as well as other “outside” parameters such as animal 

handling. 

 

5.3.1 Measurement of Sarcomere Length 

Correct assessment of sarcomere length (SL) is critical to understand the functioning of 

cardiac tissue as well as the correct assessment of resulting data such as Ca sensitivity. 

Small preparations, such as cardiac myocytes, have striation patterns that can be 

visualized through light microscopy. Larger, thicker preparations such as skeletal muscle 

fibers and cardiac trabeculae must have their SL visualized by other means. Therefore, 

laser diffraction is employed to measure the SL of these larger tissue preparations. High 

intensity monochromatic light (helium-neon in this project) can be diffracted into multiple 

order bands as if through a grating, thus representing the distance between sarcomeres 

(see Chapter 2 for a more detailed discussion). Changes in the sarcomere length are 

represented as changes in position of the first order diffraction peak. Very rarely in 

cardiac trabeculae more than the second order diffraction band is visualized. It has been 

shown that an excellent correlation exists between SL measured by laser diffraction and 

light microscopy [134]. However, several technical issues must be addressed in order to 

obtain an accurate value for the first order diffraction peak. The most commonly used 

light source for laser diffraction is the He-Ne laser, emitting monochrome light at 632.8 

nm (visible red). The intensity of the laser beam must be adjustable so as to increase the 

signal-to-noise ratio. This can be accomplished by placing a gradient neutral density 

filter between the laser and the muscle preparation.  
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Perhaps one of the most vital aspects to the accurate determination of sarcomere length 

(and for quality experiments) is sample preparation. There is a considerable variability of 

SLs throughout a preparation. In addition, not only is there variability of SL in a certain 

part of the preparation, but the intensity of striation pattern is determined by the amount 

of diffracting material [135, 136]. Very thin muscle preparations can lack sufficient 

diffractive material and therefore have very weak SL diffraction patterns which can make 

determination of the SL difficult. On the other hand, very large preparations can have 

wide populations of SLs and therefore produce too wide a population for accurate 

determination. In addition, thick preparations can block some of the laser light in addition 

to containing a wide array of SL populations which can lead to broad, diffuse diffraction 

patterns.  These situations usually lead to too little signal-to-noise ratio thus making 

accurate determinations of the SL difficult at best. This project focused on cardiac 

trabeculae from mice which typically displayed the problem of being too thin and small. 

Therefore, approximately only 1 fiber per animal was of the right length and thickness to 

yield a high intensity, relatively narrow diffraction pattern. Another complication that must 

be taken into consideration is the attachment of the sample to the apparatus. For this 

project, attachment was accomplished using aluminum T-clips. By holding the fiber in T-

clips, the sarcomeres within the clip are damaged and consequently unable to shorten. 

Therefore, when activated these sarcomeres are stretched. Because of this damaged-

end compliance, the sarcomeres in the central unclamped part of the preparation will 

shorten while the damaged sarcomeres at the end of the preparations will be 

stretched[135, 137]. This problem can only be circumvented by stretching the muscle 

manually while it is activating to remove any internal shortening and maintain the muscle 

at the appropriate length. This is key, since the set up used for ATP hydrolysis collection 

is not designed for monitoring sarcomere length during activation. It is only possible to 

see the diffraction pattern when placed in relax. Since this problem is not possible to 
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completely eliminate, certain steps can be taken to ensure the data is as accurate as 

possible. The SL for this project was therefore checked immediately before and after 

activation and any shifting of the SL was then set to the correct place. Moreover, a good 

fiber preparation typically had a shifted SL after the first two activations and from then on 

remained steady after any subsequent activation. This also involved the user “getting the 

feel” for where the data (typically the Ca2+ sensitivity even if this was not the parameter 

of interest being collected) should be sitting for a given SL. If a fiber displayed a 

sensitivity that appeared wildly off from other experiments, or if the SL continued to shift 

after several activation it was thrown out.  

An additional aspect that cannot be overlooked is the alignment of the laser beam with 

the muscle preparation. The laser light should intersect the preparation at exactly 90°. 

Given that the set up used does not allow for the laser to illuminate the muscle directly, a 

series of two small mirrors is used to reflect the laser light towards the muscle 

preparation. The relaxation well was constructed by yours truly with glass cover slip 

windows on either side. This allows for an undisturbed pathway for the laser light.  

Not only is the alignment of the laser of critical importance for accurate SL detection, but 

also the alignment of the muscle in the relaxation well. The muscle should be aligned 

properly in the X-Y plane and neither axis of the muscle should intersect the beam at an 

oblique or slanted angle as this will skew the diffraction beam leading to inaccurate SL 

readings (see figure 5.0). If a population of sarcomeres is at an angle with respect to the 

longitudinal axis of the fiber, an asymmetric diffraction pattern will ensue. This is often 

termed the Bragg angle reflection and could give rise to erroneous SL measurements. 

One advantage of the set up used in this project is the ATPase well is very small and 

just does fit both the force transducer and motor hooks. This means that if the two hooks 

can fit in the well, they are properly in line with one another and therefore the fiber will be 

aligned straight between the two hooks. Also, given the large windows of the relaxation 
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well, it is easy to see the side of the fiber using a hand held mirror, therefore if the fiber is 

not level in the z-direction, this can easily be seen and corrected for. Calibration of the 

SL is accomplished by placing an optical grating with known slit distances in place of the 

fiber and confirming the placement of SL markers on the board. 

 

 

 

 

 

  



121 
 

 

 

 

 

 

 

  

 

Figure 5.0: Laser setup. Schematic illustrating a top-down view of the laser system 

used to visualize the SL. This illustration highlights the importance of ensuring the laser 

beam hits the fiber at a 90° angle and that the fiber is not skewed for an accurate SL 

measurement. 
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5.3.2 Animal Housing and Handling 

Another aspect critical to repeatable data is the method of housing and handling 

animals. Unfortunately, this is an aspect that is easy to overlook. In order to ensure data 

from cardiac tissue is repeatable and accurate, the method of handling animals must be 

done the same way each time tissue is collected. For this project, perfusions using a 

modified Krebs solution of the heart were performed prior to extracting trabeculae. 

Consistency is key. The animals were always brought up from the downstairs animal 

facility in disposable caging that included water and food and were left alone in a quiet 

area for several hours prior to anesthetizing. Each mouse was quickly put to sleep using 

isoflurane and an effort to minimize distress while transferring to the isoflurane chamber 

was taken. This includes handling the animals gently. This may seem like an 

insignificant aspect, but if the animals are greatly stressed, this could change the 

chemistry (like β-adrenergic stimulation) of the heart and has the potential to impact the 

parameters being measured. When using both male and female mice, other biochemical 

aspects might need to be taken into account as well. For example, a study by 

MacDonald et al [138]found that the Ca2+ sensitivity of cardiac fibers fluctuates with the 

estrous cycle in young adult female mice. They noted that regular estrous cycles were 

only notable when female mice were exposed to male pheromones in their cage 

bedding. Therefore, if females are housed in groups under conventional conditions such 

as used in this study, this effect should be minimal. However it is critical to keep aware 

of these effects when it comes to studies involving both sexes.  

 

5.3.3 Preparation of Solutions 

Besides proper preparation of tissue samples, the solutions used to perform the 

experiments are perhaps the single most important variable to consider. This includes 

not just the obvious correct following of given protocols, but having the attention to detail 
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when making these solutions. The solutions used for mechanics must first and foremost 

be free of contaminants that could alter the properties such as the ionic strength. This 

includes being aware of contamination from any source of hard water (high in calcium 

and other minerals). This means washing the glassware used for the perfusion and 

solution making with DI water only to prevent any mineral contamination. In addition, a 

critical aspect to proper solutions is pure H2O. In the course of this project, an ancient 

and therefore very contaminated filter on a supposed high purity DI water source 

completely prevented the generation of quality data and took a month to figure out the 

source of the problem. In summary, close attention to detail, clean glassware, and a 

pure water source are required for proper solutions.  

 

5.3.4 Limits of the assumed two-state model 

As discussed in chapter 1, the two-state model assumes a crossbridge can exist in 

either a bound, force generating state or an un-bound, non-force generating state. These 

two states can be described as a s-1 rate denoted fapp or the forward apparent rate and 

gapp or the reverse apparent rate. Experimental procedures such as the ktr test provide 

information on the summed rate or fapp + gapp given the assumption that all the 

crossbridges are starting in a non-force generating state. Likewise, the measurement of 

ATP hydrolysis is equivalent to gapp since ATP is required for myosin to disengage from 

actin.  This simplified model proposed by Huxely nearly sixty years ago describes 

attached crossbridges to act like simple springs. The main finding is that an increase in 

contraction velocity will result in a decrease of force by decreasing the fraction of 

attached crossbridges [139]. While this model provides a foundation to understand 

complicated interactions, it falls short of describing other phenomena. For example, this 

model would predict an increase in ATP hydrolysis given active stretching of the muscle 

since it assumes crossbridges can only detach through an ATP consuming step. Studies 
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that have probed crossbridge parameters from macroscopic structures (cell or myofibril) 

have inferred much more than two or three energetic states. It may seem like an obvious 

choice to develop more complicated models with increasing variables assigned to 

describe a particular state of existence of the crossbridge. This approach however could 

get incredibly complicated very quickly and would also be difficult to reproduce 

experimentally given observations would be dependent on the consistency of multiple 

variables such as temperature, pH, tension, and Ca2+ concentrations. Hence there is a 

trade-off between increasing detail of the model and the ability to apply the model to 

various situations (see Rice et al [139] for an excellent review on approaches to 

modeling). In general, the compromise chosen is usually the minimum level of detail 

needed to describe the phenomenon of interest.  Nevertheless, while the use of the two-

state model in the experiments performed in this project is sufficient, it is worth 

describing some of the current knowledge on how crossbridges are formed and the 

resulting states of regulation. This is necessary since knowledge beyond the two-state 

model can assist in describing and explaining any discrepancies observed. 

It is now known that Ca2+ binding to the troponin complex will alter not only TnI but also 

leads to conformational changes in tropomyosin, the coiled-coil protein that runs along 

the length of the thin filament. Structural studies have revealed that tropomyosin can 

exist in three distinct positions along actin [140]. This means that tropomyosin interacts 

with myosin binding by various degrees of interference, depending on tropomyosin 

position along actin. Since tropomyosin runs the length of the thin filament, this can 

result in a method of myosin binding “communication” to neighboring myosin molecules 

[141]. An in vitro study using fluorescent tagged single molecule imaging techniques 

further describes what is required for active crossbridge formation to occur. It was 

observed that Ca2+ will only partially activate the thin filament and only the addition of 

myosin results in full activation. In addition, this study inferred from the use of imaging 
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and mathematical models that two myosin heads are required to fully activate a local 

portion of the thin filament [142]. Once these two myosin heads have bound, a cascade 

effect can ensue where neighboring myosin molecules are able to bind. This is an 

important finding since many models do not take into consideration that myosin contains 

two globular heads. How these two globular heads interact with the thin filament and 

how they impact the crossbridge cycle is poorly understood and perhaps with advancing 

imaging and modeling techniques, this will be an area of focus.  This study also 

observed that submaximal Ca2+ levels impacted the ability of myosin to fully activate the 

thin filament. It was observed that the combination of both enough Ca2+ present and 

enough bound myosin is required to fully activate the thin filament. Therefore at 

submaximal levels the thin filament appears to always be on the verge of turning off. 

This is an interesting point to note as many studies focus on kinetic or energetic effects 

at saturating levels of Ca2+ and thus maximal force generation. This highlights the need 

to include submaximal and therefore more physiological Ca2+ levels in any study 

involving crossbridge dynamics.  
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APPENDIX B- INSTRUCTIONS FOR ATP HYDROLYSIS 

EXPERIMENT 
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Steps for ATP hydrolysis collection 

Step 1: ADP calibration 

 Before adding any fluid to the chamber, remove the plastic cap on the side port 

and push some water from the syringe through the tubing until it comes out the 

side port. This helps eliminate any air pockets that may have formed which can 

mess up the mixing.  

 Using the nanofil syringe, draw up ~3-4 ul of ADP and set in auto injector 

 Wash chamber with H2O (by turning on motor for mixing) 

o Adjust the pressure control with the syringe to achieve good mixing, often 

times you will have to push the syringe down a good bit to push any 

bubbles out of the membrane pocket when you are using it for the first 

time each day. Once the bubbles are gone you will notice it is easy to 

achieve the right mixing with the syringe pushed to the middle of the 

range (too little pressure, no mixing, too much, mixing stops or some 

water leaks out the side). Good mixing shouldn’t have water leaking out 

the side at the membrane interface. Keep playing with the pressure 

control to get the feel for optimal mixing. 

 Once good mixing is established with H2O, add activate and mix a few times to 

wash. 

 Fill with activate again and while mixing inject enough NADH to drop the signal to 

20-30% of the original signal (ie, from 9.5V to around 1.8-1.9 V) This should be a 

few drops (4-5) of NADH, if you feel like you have to dump a bunch of NADH to 

get the signal to drop, I have noticed this often means you need a new aliquot of 

NADH. NADH is extremely hygroscopic and is degraded by light, so using the 

same tube over and over seems to lessen its viability.  
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 Once the signal has been reduced sufficiently (and the OUT signal is close-ish to 

0), turn on the Labview ATPase VI, and inject 8 times of ADP. This will produce a 

large signal drop (or increase depending on whether you are watching the VI or 

the OUT display). Once the signal has stabilized a bit, reset the ratio signal 

(OUT) to zero or as close as you can. Allow signal to be collected for ~30 secs. 

This is your inherent drift signal you will use to correct with when calculating the 

steps in the analysis VI. After 30 secs, inject ADP in a stepwise fashion until you 

reach close to saturation signal (10.63 V) For our solutions, I have always had to 

use 50 nL injects to achieve steps of approximately 1-2 Volts.  

 Make sure the mixing motor is at a speed of 6 Volts. This worked optimally for my 

solutions 

o Note: The analysis VI is default set to a step of 250 pmol (or 25 nl). 

However much ADP you inject is slightly arbitrary as you can change this 

number to whatever your step injection is. Make sure to change to 500 

pmol for accurate slope calculation. 

o Also note, your steps should respond pretty much immediately to you 

injecting ADP and should only take 2-3 secs to complete the step 

o If your steps are very small, or they do not respond quickly, or they take a 

long time to finish, here are some things to try:  

 Try a new aliquot of ADP or NADH. I found that eventually I 

needed fresh aliquots that hadn’t been freeze/thawed and 9 times 

out of 10 this solved a less than desirable calibration performance. 

 If this doesn’t work, make sure your mixing is vigorous, slow 

mixing or too fast mixing will slow the signal response. 

 Lastly, and the worst thing to tackle , there may be a problem 

with the enzymes in the actual activate solution. If nothing seems 
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to solve poor calibrations and you are starting to pull your hair out, 

just bite the bullet and remake your solutions. 

 

Step 2: Hydrolysis collection 

 Once you have a successful calibration (1-2 volt steps, fast response 

time) you are ready to use a fiber. 

 Add 135 ul of relax and jump to their wells. Add 4 ul of NADH to each 

well.  

 Basic step for all points with the mixing well is as follows: 

o Rinse with H2O until signal returns to baseline to ensure it is clean 

(usually 2-3 times) 

o Add solution and rinse 

o Add solution and add NADH 

 Make sure to rinse your solution syringe between different solutions. 

o After rinsing, suck up a small amount of whatever solution (<10ul) 

draw this up through the syringe and then discard out. This 
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ensures to remove any H2O in the syringe so you don’t cross 

contaminate. 

 Timing can feel a bit hectic at first since this setup is built where the motor 

will block your view of the mixing well when the fiber is sitting in relax or 

jump.  

 Before a fiber is put in relax well, get the mixing well ready to go (drop 

signal with NADH). 

o Allow fiber to sit in ATP relax for ~30secs, then move to ATP jump 

for ~1min. I use a timer so I don’t lose track. Sitting in ATP relax 

and adding ATP enzymes to jump allow those enzyme to soak 

through fiber before it is submereged into the activating solution. 

o Make sure the OUT signal is close to zero to allow for the full 

range of voltage change to collect data. 

 Once moved to the mixing well, collect ATPase signal for ~1 min at 

steady state force, then move to relax and continue collecting ATPase 

signal for another ~30secs (this is your drift signal for each activation and 

is used for photobleach correction in the analysis VI) 

 Repeat for each submaximal activation level and do not forget to collect 

hydrolysis when the fiber is in relax as well.  
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Solution Protocol: 

Add per 100ml of Relax, Activate, and Jump 

 MW/stock Amount Added (g) 

NaN3 (sodium azide) 65.01 g/mol (5mM) 0.0325  

PEP 206.14 g/mol (10mM) 0.20614 

A2P5 1026.28 g/mol (0.2 mM) 0.0205 

Pyruvate Kinase 0.8 mg/ml @ 500 U/mg  

For 375 U/mg Check activity   

 

0.1066 

LDH 0.05 mg/ml @ 870U/mg 

For 661 U/mg Check activity 

 

0.00658 

Oligomycin 1 mM stock (10 μM) 1 ml 

 

Other Stocks: 

 MW/stock Amount added 

TES 229.2 g/mol 0.02292 g to 100 ml DI  

NADH 709.4 g/mol (32mM) 0.2316 g in 10 ml 1 mM TES# 

ADP 427.2 g/mol (10mM) 0.02535 g in 5 ml 1 mM TES 

Oligomycin B 805.1 g/mol (1 mM) 8.374 mg to 10 mL ETOH* 

*Check to see what % is oligomycin A and B and correct the weights accordingly 

#Store NADH in 500 ul aliquots in black tubes-light sensitive and very hygroscopic 
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