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SUMMARY 

 This thesis is aimed at globally examining the regulation of cardiac 

contractility through charge modifications of the sarcomere.  Specifically, our data 

address how acutely, ceramide accumulation associated with altered lipid uptake can 

directly regulate cardiomyocyte contractile function through post-translational 

modifications of the sarcomeric proteins and how long-term charge modifications of the 

sarcomere can trigger maladaptive remodeling leading to cardiac disease and 

increased risk for sudden cardiac death. 

 Metabolic perturbations associated with obesity and type 2 diabetes are 

emerging as a major contributor to heart disease, termed cardiac lipotoxicity, particularly 

in industrialized countries.  Increases in circulating lipids promote greater uptake of fatty 

acids in excess of mitochondrial fatty acid oxidation.  As a result, fatty acids are shuttled 

to non-oxidative pathways resulting in the accumulation of triglycerides and ceramide.  

These toxic lipid intermediates have been associated with reduced contractile function 

and disease pathogenesis, yet a direct link is lacking.   The first part of this thesis test 

the hypothesis that increased ceramide can directly alter cardiomyocyte contractility 

through transient modifications of the myofilament proteins.  Studies preformed herein 

demonstrate that ceramide treatment to isolated ventricular cardiomyocytes leads to a 

depression in both the peak and the rate of cell shortening without altering intracellular 

Ca2+ transients.  These functional effects were associated with PKCε-dependent 

phosphorylation of the myofilament proteins troponin I, troponin T and myosin binding 

protein-C.  Our data provide the first evidence that ceramide can directly depress  
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SUMMARY (continued) 

contractility and further suggest that ceramide be considered as a significant contributor 

to the contractile dysfunction ascribed to cardiac lipotoxicity. 

 The second part of this thesis sought to test the hypothesis that chronic 

increases in myofilament Ca2+ sensitivity due to the HCM-linked missense mutation in 

tropomyosin at position 70 (Tm70) is causal of arrhythmias and increased risk for 

sudden cardiac death apart from the development of hypertrophy and fibrosis.  HCM is 

a genetically-linked form of cardiomyopathy linked to mutations primarily in sarcomeric 

proteins.  It remains today the leading cause of sudden cardiac death in young 

individuals, yet the clinical phenotype is heterogeneous making understanding the 

pathogenesis of disease development uncertain.  Our findings from Tm70 transgenic 

mice not only recapitulates the human disease phenotype but further demonstrate that 

persistence of a single charge change within the tropomyosin coiled-coil structure is 

sufficient to alter the inherent myofilament response to Ca2+ leading to age-dependent 

alterations in diastolic dysfunction, intracellular Ca2+ homeostasis and increased 

susceptibility to arrhythmia.  Moreover our data show a gender-dependent difference in 

disease onset and severity. 

 On the whole, this collective work demonstrates the cross-talk that exists within 

the cardiomyocyte, such that changes in intracellular processes can signal to the 

sarcomere to alter cardiac function and show that the reciprocal occurs as well.  

Understanding the interdependence of these processes will provide us with critical  
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information on which to design successful treatment modalities for cardiac disorders in 

the future. 
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CHAPTER I 

INTRODUCTION 

 

Regulation of cardiac pump function is an incredibly dynamic process in which the 

heart can adapt to various stressors to maintain overall cardiovascular homeostasis.  

The heart differs from other muscle types in that it is terminally differentiated and further 

lacks a significant pool of resident stem cells to permit repair and growth.  For this 

reason, it employs distinct regulatory mechanisms to allow for continual adaption to the 

ever-changing hemodynamic demands, both acutely and chronically.  Under 

physiological stress, such as exercise, an increase in venous return is compensated for 

by an increase in the rate and force of contraction, along with an enhanced rate of 

relaxation, thereby increasing heart rate and permitting cardiac output to increase.  This 

is all accomplished through various mechanical and neurohormonal strains on the heart 

that initiate signal transduction mechanisms which, acutely, lead to transient post-

translational modifications of proteins critical to cardiac excitation-contraction coupling.  

If the stressor persists (i.e. endurance exercise training) these signaling cascades 

promote transcription, translation and assembly of new proteins leading to hypertrophic 

growth and remodeling.   All of this is done as a compensatory response to the extrinsic 

stressor, allowing for the maintenance of normal cardiac function (177).     

Central to the regulation of normal cardiac function is the sarcomere.  Given the 

critical importance of the contractile machinery in maintaining adequate pump function 

and, therefore, systemic perfusion, one can easily argue that regulation of cardiac 

function is dominated by alterations in intrinsic myofilament properties.  The kinetics of 
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both Ca2+ binding to troponin C (cTnC) to activate the thin filament and crossbridges 

interacting with actin are crucial for pressure development, ejection and ventricular 

filling.  These kinetics can be influenced by several factors including, but by no means 

limited to, temperature, pH, the concentration of Ca2+ ([Ca2+]) and the concentration of 

ATP ([ATP]), their maintenance, therefore, is imperative for continual mechanical force 

production by the sarcomere.   

Concentrations of intracellular Ca2+ and pH are regulated by ion channels and 

pumps confined to membrane structures, while ATP concentrations are maintained by 

mitochondrial respiration.  Perhaps less apparent is the fact that the sarcomeres 

themselves play a vital role in regulation of [Ca2+] and [ATP].  ATP utilization by the 

sarcomere accounts for 85% of the total ATP consumed by the myocyte (21) and 

therefore, any change in the actomyosin ATPase activity can affect the intracellular 

[ATP].  Likewise, since cTnC serves as a major buffer of intracellular [Ca2+] (176), 

changes in the inherent binding kinetics of Ca2+ to cTnC can alter intracellular [Ca2+].  

Despite this highly interdependent nature, how this cross-talk occurs and changes 

during disease development is not fully understood. 

Collectively, this thesis provides new insight into the reciprocity between the 

sarcomere and the intracellular environment.  It demonstrates how acute alterations of 

metabolism can directly regulate contractile function through post-translational 

modifications of the sarcomeric proteins and how long-term charge modifications within 

the sarcomere can provoke maladaptive remodeling leading to cardiac disease and 

increased risk for sudden cardiac death.  In this introduction I wish to provide the reader 
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with a brief overview of cardiac physiology focused on processes fundamental to 

concepts discussed herein.   

A. Energy Supply of Cardiac Muscle 

The myocardium is an highly oxidative tissue with roughly 90% of its energy 

coming from mitochondrial respiration (211).  Mitochondria are found woven 

throughout the myocyte in close proximity to the myofilament, and occupy nearly 

40% of the cardiomyocyte’s intracellular space (140).  ATP is generated primarily 

through β-oxidation of fatty acids supplied to the heart, with a much smaller 

contribution (<5%) derived from glycolysis and GTP from the tricarboxylic acid (TCA) 

cycle (103).  The extent of fatty acid breakdown through β-oxidation is dictated by 

many factors, including fatty acid uptake across the plasma membrane as well as 

into the mitochondria, oxygen supply, overall mitochondrial function, competing 

energy substrates (glucose, lactate, etc.), and transcriptional regulation of key 

enzymes involved in β-oxidation.  Supply is also largely dependent on energy 

demand and energetic matching is critical for maintaining normal cardiac function. 

1. Fatty Acid β-Oxidation 

Fatty acids circulating in the form of free fatty acids bound to albumin or those 

released from triacylglycerol (TAG) of the lipoproteins are taken up either passively 

through the lipid bilayer or by two major fatty acid transporters, the fatty acid 

translocase, CD36, and the fatty acid transporter protein FATP1/6.  Protein-

facilitated transfer of fatty acids appears to be the predominent means of 

myocardial uptake (64).  Prior to uptake, TAG from lipoproteins must first be 

hydrolyzed by endogenous lipoprotein lipases to generate free fatty acids.  Once 
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inside the cell, fatty acids are converted to long-chain acyl CoAs which can then be 

transported more readily into the mitochondria and oxidized (See Figure 1).  

However, long-chain acyl CoAs represent a cross-road in fatty acid fate, inasmuch 

as these intramyocardial fatty acids can also be converted into TAG and shuttled 

into liable intracellular TAG pools, or they may be used to form lipid intermediates, 

such as the sphingolipid ceramide, through non-oxidative pathways.   

2. Sphingolipid Metabolism 

Sphingolipids are a class of polar, mostly membrane-restricted lipids that are 

defined by the presence of a sphingoid base, 18-carbons in length.  They are one 

of the major components of cellular membranes (125) and can participate in 

bioactive signaling in response to stress.  One such bioactive sphingolipid is 

ceramide.  Ceramide is composed of a sphingoid base with an acyl chain of 

varying lengths (ranging from 14-28 carbons in length, with the most abundant 

species being C16-ceramide at 27% in left ventricle (137)) linked to the primary 

amine.  Its de novo biosynthesis utilizes the 16-carbon long acyl CoA, palmityl 

CoA, generated from fatty acids taken up into the myocyte (as just described).  

Figure 2 shows a general schematic of sphingolipid biosynthesis.  Condensation of 

palmityl CoA with serine within the endoplasmic reticulum generates 3-

ketosphiganine, which then undergoes reduction to form sphinganine in the golgi 

(this reduction is coupled to NADPH oxidation to NADP+).  This is followed by 

addition of an acyl chain to the amine of sphinganine to form dihydroceramide 

(also known as N-acylsphinganine).  Finally, dihydroceramide is desaturated by 

dihydroceramide desaturase to form ceramide, which is present on the plasma  



LpL 

CD36 FATP 

Fatty Acids 

Long-chain Acyl CoA 

Acylcarnitine 

DAG 

Ceramide 

TAG Pools 

Acylcarnitine 

Carnitine 

Carnitine 

Long-chain Acyl CoA 

CPT2 
CPT1 

β-Oxidation MITOCHONDRIA 

CYTOSOL 

TCA Cycle 

Electron Transport Chain 

ATP 

Acyl CoA NADH & FADH2 

Figure 1: Fatty acid metabolism in the heart.  The cartoon depicts the processes 

involved in fatty acid uptake and metabolism in the heart. See text for more detail.  

LpL, lipoprotein lipase; FATP, fatty acid transport protein 1/6; CD36, fatty acid 

translocase; DAG, diacylglycerol; TAG; triacylglycerol; CTP1 & 2, carnitine palmitoyl 

transferase; TCA, tricarboxylic acid cycle. 
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Figure 2: De novo biosynthesis and metabolism of ceramide.  Generation of 

ceramide at the plasma membrane can occur through de novo synthesis beginning 

with the condensation of  palmitoyl coA with serine in the sarcoplasmic/endoplasmic 

reticulum.  Breakdown of plasma membrane pools of sphingomyelinase can also lead 

to the formation of ceramide and subsequent formation of sphingosine and 

sphingosine-1-phosphate.  The enzymes that facilitate each reaction are shown in the 

boxes. 
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membrane.  Ceramide can also be generated directly on the plasma membrane 

through breakdown of sphingomyelin pools by the enzyme sphingomyelinase 

(either neutral or acidic sphingomyelinases; N- or A-SMase).  Ceramide can then 

further undergo deacylation to sphingosine, which is rapidly phosphorylated by 

sphingosine kinase to generate sphingosine-1-phosphate (33, 66-67, 114).  Given 

that the rate of de novo ceramide synthesis is coupled to the relative concentration 

of intramyocardial fatty acid, changes in fatty acid uptake or utilization can have a 

direct effect on the amount of ceramide present.  This has received considerable 

interest recently, as accumulation of ceramide has been linked to the development 

of cardiac disease (24, 78, 142, 217), which will be discussed in subsequent 

sections.   

B. The Sarcomere and Energy Utilization 

1. Excitation-Contraction Coupling 

Excitation-contraction coupling is the process by which electrical impulses are 

propagated inward to allow for rapid mechanical force production.  The “system” is 

designed such that the physico-chemical process is not limited by the properties of 

diffusion, an idea first recognized by A.V. Hill in 1949 (76).  Action potentials are 

transmitted inward through the t-tubule system (41) where they promote Ca2+-

induced Ca2+ release from abutting subsarcolemmal cisternae.  The local 

concentration of ion channels and pumps act as a functional cluster (51) and 

further highlight the interdependent nature of the excitation-contraction coupling 

process (185).   
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Generation of the cardiac action potential occurs through a coordinated 

sequence of sodium (Na+), Ca2+ and potassium (K+) fluxes across the plasma 

membrane, leading to opening of the L-type Ca2+ channel found in the t-tubular 

network.  Voltage-dependent conformational changes in the L-type channel allow 

for a relatively small influx of Ca2+ that promotes opening of the sarcoplasmic 

reticulum (SR)-bound ryanidine receptor (RyR).  This, in turn, causes a rapid and 

substantial release of Ca2+ from the SR pools through the process collectively 

referred to as Ca2+-induced Ca2+ release (42).  Intracellular Ca2+ then binds to 

cTnC, inducing a series of conformational change within the thin filament proteins.  

These conformational changes promote force generation through the strong 

binding of myosin cross-bridges to actin.   

During the transition to diastole, Ca2+ is removed from the cytosolic 

compartment to facilitate relaxation.  Densely packed SR Ca2+ ATPase 

(SERCA2a) pumps located on the sarcotubular network aid in cytosolic Ca2+ 

removal by promoting re-uptake of Ca2+ into the SR.  Unphosphorylated 

phospholamban pentamers bound to SERCA2a regulate this process and further 

provide a mechanism for regulation of Ca2+ fluxing by signaling molecules.  

Extrusion of cytosolic Ca2+ also occurs through the Na+/Ca2+ exchanger (NCX), 

whose ability to transport Ca2+ back into the extracellular milieu is driven by the 

electrogenicity of the myocyte.  This is important to note, as changes in 

intracellular Na+, K+ or Ca2+ concentrations can affect the direction of transport 

through the NCX (10).  While these two transporters are the major means for Ca2+ 

removal from the cytosol, plasma membrane Ca2+ pumps and mitochondrial 
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uptake of Ca2+ also play minor roles in reducing cytosolic Ca2+ during diastole.  

Interestingly, mitochondrial Ca2+ concentrations are known to regulate oxidative 

phosphorylation (13, 26) and mitochondrial transport of Ca2+ could have a 

significant impact on energy supply in the context of the Ca2+ overloaded myocyte.   

While it is clear that the processes of excitation-contraction coupling consume 

large amounts of energy in the form of ATP, as mentioned before, energy 

consumption by the contractile machinery account for majority of this expenditure.  

In the next section, I will introduce the sarcomere in more detail and elaborate on 

the cross-bridge cycle, which is the dynamic process whereby the sarcomeric 

energy demands are made. 

2. Sarcomeric Structure 

The myofilaments consist of highly organized thick and thin filament proteins 

that facilitate, in a Ca2+-dependent manner, contraction and relaxation of the 

sarcomere (Figure 3). Through the hydrolysis of ATP and resulting cross-bridge 

cycling, the cardiac sarcomere elegantly coordinates the transduction of elevated 

intracellular Ca2+ into the mechanical work of contraction and relaxation necessary 

for proper cardiac pump function.   

The myofilaments consist of both thick and thin filament proteins that span 

the sarcomere.  The hexameric myosin macromolecular complex is the major 

component of the thick filament, accounting for roughly 30% of the sarcomeric 

mass (196).   Each individual complex of myosin consists of two globular heavy 

chains (containing S1 and S2 regions) and two pair of light chains (essential light 
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chain, MLC1, and regulatory light chain, MLC2), extending from the coiled-coil tail 

domain to the globular N-terminal head region.  Within the “rod-like” structure of 

the coiled-coil tail domain, neighboring myosin molecules anneal to form the thick 

filament backbone.  Within the bare zone, or M-line, myosin molecules overlap one 

another in an anti-parallel fashion, resulting in myosin heads that project from the 

backbone with opposite polarity.  This unique organization allows for shortening of 

the sarcomere during cross-bridge cycling.   

Further regulation of myosin structure and function occurs via the myosin 

associated proteins, myosin binding protein-C (cMyBP-C) and titin.  cMyBP-C 

collars the myosin head and acts to both tether the cross-bridge to the tail region, 

promoting greater order of the myosin heads along the thick filament (119), and 

connects myosin to the cytoskeletal proteins through titin binding.  As a 

consequence of binding to cMyBP-C, myosin’s kinetics are constrained (92, 183-

184).  Titin is a giant filamentous protein that extends from the Z-disk to the center 

of the sarcomere, where it interacts with myosin within the M line (60, 116).  Titin 

also provides elasticity and is further responsible for most of the passive tension 

within the sarcomere (58-59). 

Actin monomers, self-assembled into a filamentous structure, form the major 

portion of the thin filament and are critical for enhancing myosin ATPase activity 

during cross-bridge cycling. The functional unit of the thin filament is comprised of 

seven actin monomers, one tropomyosin (Tm) dimer and one troponin complex 

(cTn) that includes the Ca2+-binding subunit, cTnC, the inhibitory subunit, troponin I 

(cTnI) and the tropomyosin binding subunit, troponin T (cTnT).  This  
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multimeric cTn complex is crucial for binding Ca2+ and allowing for the regulation of 

cross-bridge cycling in a Ca2+-dependent manner, which it does by modulating 

Tm’s position on the actin thin filament.   

During diastole, intracellular Ca2+ concentrations are low and the binding of 

Ca2+ to the regulatory site on cTnC is not favored.  Furthermore, in this state the 

cTn complex acts to prevent actomyosin formation via cTn-Tm interactions that 

form an ordered structure along the actin filament.  This structure promotes the 

positioning of Tm along the actin groove, resulting in either blockage of myosin 

binding to actin (“blocked” state) or weak cross-bridge attachment (“closed” state) 

(118).  As suggested by the three-state model of muscle contraction (123), such 

positioning of Tm does not allow for significant force generation and the 

requirement of ATP for myosin binding and hydrolysis is minimal.  It is also 

possible that the cTn complex itself may block the interaction between actin and 

myosin directly (202).   

During systole, intracellular Ca2+ levels rise promoting the binding of Ca2+ to 

cTnC.  This binding induces a conformational change within the cTn complex 

resulting in strong binding of cTnI, both the inhibitory region and the C-terminal 

domain, to cTnC.  As a result, cTnI is released from actin and the interaction 

between cTnT and Tm becomes significantly weaker (178).  This change in cTnT-

Tm interaction facilitates the movement of Tm into the “open” state.  In this state, 

myosin binding sites on actin are exposed allowing for the strong binding of myosin 

cross-bridges to actin, which greatly enhances actomyosin ATPase activity leading 

to cross-bridge cycling and force generation (29, 97, 118).  The formation of 
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strong, force generating cross-bridges also promotes the binding of additional 

cross-bridges and enhances Ca2+ binding to cTnC (141).  This interdependence 

results in a relationship between Ca2+ concentration and isometric force that is very 

steep and shows a highly cooperative character. 

The interaction between the thick and thin filament is dependent on both the 

intracellular milieu, as well as the state of each protein within the sarcomere.  

Moreover, the functional interaction of these proteins involves multiple 

mechanisms, including allosteric, steric and cooperative activation.  It is this 

complex relationship within the sarcomere that makes the transition of the 

myofilaments from the relaxed state to the contractile (or activated) state highly 

sensitive to regulation at multiple points.  Moreover, alterations in sarcomeric 

function can occur via regulation of practically any of the sarcomeric proteins. 

3. The Cross-bridge Cycle 

The cross-bridge cycle is the means by which the heart couples the 

hydrolysis of ATP to positive work production and produces force.  It is driven by 

several thermodynamically favorable reactions. Cross-bridge cycling is dependent 

upon the ability of the myocyte to maintain sufficient levels of reactants (MgATP 

and H2O) and products (MgADP, Pi and H+), thereby generating continual force 

production.  A simplified schematic of the critical steps involved in cross-bridge 

cycling are shown in Figure 4.   

As mentioned, the myosin globular head domain contains an S1 region where 

both nucleotide binding and subsequent hydrolysis occurs (Figure 4, Step 1).  At 
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this point, myosin remains bound to the hydrolysis products, MgADP and inorganic 

phosphate (Pi), with some myosin S1 heads binding weakly to actin.  According to 

the three-state model of thin filament activation, this state of weakly bound myosin 

with a strongly bound nucleotide represents the “closed” state (122).  Further 

isomerization of the myosin head results in stronger binding to actin and a 

weakening of the associated nucleotide to form the “open” state.  It is this transition 

from the closed to the open state that is regulated by the binding of Ca2+ to cTnC 

and subsequent movement of Tm away from myosin’s binding sites along the actin 

thin filament (72, 123).  Following formation of the open state, Pi is quickly released 

from the actomyosin complex (Figure 4, Step 2).  At this step along the cross-

bridge cycle the potential energy generated from ATP hydrolysis is transferred to 

the myosin “lever arm” and harnessed to produce the power stroke, which drives 

sliding of the thick and thin filament past one another (155, 205). Under steady-

state isometric force, ADP release from the actomyosin complex is rate-limiting 

and results in the formation of a rigor cross-bridge (Figure 4, Step 3).  At this point, 

given the high local concentration of MgATP, myosin undergoes rapid nucleotide 

binding followed by detachment of the myosin head from actin (Figure 4, Step 4). 

Modulation of the parameters that define cross-bridge dynamics can be both 

Ca2+-dependent and Ca2+-independent. MgATP binding and the resulting 

detachment of myosin from actin determines the maximal velocity of the cross-

bridge cycling.  The regulation of this process is Ca2+-independent and depends on 

the ability of the myocyte to maintain high levels of MgATP and low levels of  
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MgADP, Pi and H+ (116).  In a state of energy deprivation, as observed in end-

stage heart failure, the altered velocity of cross-bridge cycling becomes a 

significant contributor to the overall contractile dysfunction (63).  Maximal force 

production is determined by Ca2+ regulated mechanisms that include the number 

of rigor cross-bridges formed and the time these cross-bridges spend in the rigor 

state (known as the duty ratio).  Any observed change in contractile function 

associated with the sarcomere ultimately alters cross-bridge dynamics (kinetic 

properties of the cross-bridge cycle).  These properties include changes to the 

velocity of shortening, the duty cycle and/or the unitary force generated by the 

strongly bound cross-bridges, intrinsically related to the state of both the thick and 

thin filament.   

C. Heart Disease  

Shown in Figure 5 is a schematic representation of the myocardial responses to 

physiological stress, as mentioned at the beginning (see figure legend for further 

details).  In pathological states, we see a failure of these responses to compensate for 

the presence the stressor, leading to decompensation, exacerbation of the stress and 

abnormal cardiac function.  Late-stage heart failure is associated with abnormalities in 

all of the above mentioned processes (energy production, excitation-contraction 

coupling, modifications to the sarcomere) as a result of the progressively declining 

ability for the heart to compensate for persistent hemodynamic stress (in the case of 

non-ischemic heart disease) or for the loss of viable myocardial cells (in the case of 

ischemic heart disease).  Alterations in myofilament protein modifications are believed 

to play a significant role in the development of cardiac dysfunction underlying the  



Myosin  +  ATP Actomyosin  +  ADP+Pi 

Actomyosin  +  ADP 

Actomyosin  ADP  

Pi  

ADP  

ATP  

Actomyosin  

1.  ATP HYDROLYSIS 

3.  RIGOR FORMATION 

Myosin  +  ADP+Pi “Blocked” State “Closed” State 

“Open” State 
Pi  

4. DETACHMENT 

2.  STRONG CROSS-

BRIDGE BINDING 

Figure 4: Schematic diagram of crossbridge cycling.  The 4-step process for 

actomyosin ATPase-dependent cycling.  Step 1 begins with hydrolysis of myosin-

bound ATP and transition of the thin filament to the closed state allowing for weak 

actomyosin interaction.  Step 2 proceeds with the transfer of energy of the nucleotide 

to facilitate strong cross-bridge binding and transition of the thin filament to the open, 

fully activated state.  The release of ADP in Step 3 allows for the myosin power stroke, 

rigor cross-bridge formation and the production of work followed by the binding of ATP 

to the actomyosin complex in Step 4, resulting in dissociation of the myosin head from 

actin. 
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progression to heart failure (37).  Moreover, our understanding of the mechanisms 

underlying cardiac dysfunction associated with heart failure have broadened in recent 

years to include maladaptive changes to the sarcomere and cross-bridge dynamics 

caused by genetically-linked mutations, or so-called intrinsic stressors.   

1. Hypertrophic Cardiomyopathy 

Hypertrophic cardiomyopathy is defined clinically by the presence of 

unexplained hypertrophy (wall thickness >15 mm) which may be accompanied by 

myocyte disarray, fibrosis and diastolic dysfunction.  This disease affects roughly 1 

in 500 people (109) and is the leading cause of sudden cardiac death (SCD) in 

young individuals (111-112).  Although first described in 1986 by Teare (198), it 

was not linked to mutations in sarcomeric proteins until 4 years later, with the 

identification of a HCM-causing mutation in β-MHC (54).  Today, there are more 

than 1,400 disease causing mutations identified, with majority linked to missesnse 

mutations, deletions or truncations in sarcomeric proteins (110).  However, despite 

our rapidly growing body of knowledge with regard to HCM, the mechanistic links 

which underlie the disease are still unclear.   

Our understanding of the genotype-phenotype relation is muddled by the fact 

that the same mutation can induce differing phenotypes (107) and by the finding 

that the disease severity can depend on the specific amino acid substituted at a 

particular site (49, 160).  Nevertheless, several mechanisms have been proposed 

to underlie HCM phenotype, including: 1) higher energetic cost independent of 

hypertrophy, 2) alterations in Ca2+ buffering by the myofilament, 3) poison peptide 

(dominate negative function of mutant protein), and 4) haploinsufficiency 
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(insufficient quantity of sarcomere protein) (5, 30, 87, 89, 113, 172).  The 

commonality among these mechanisms is their relation to altered properties 

inherent to sarcomeric function, but our global understanding of how this relates to 

phenotype is superficial at best.  Ultimately, deciphering the genotype-phenotype 

link at a molecular level will serve to enhnace our ability to increase risk 

assessment and help implement specific treatments for delaying or preventing 

HCM.     

Of relevance to this thesis is HCM associated with mutations in Tm.  As 

mentioned earlier, Tm is a coiled coil protein that lays along the actin filament 

grooves where it serves to regulate actin-myosin interactions in a Ca2+-dependent 

manner.  In order to form a continuous strand neighboring Tm form head-to-tail 

overlaps of 8-9 amino acid residues (96).  Characteristic of coiled-coiled structures, 

Tm contains heptad repeats of nonpolar and polar amino acid (designated a, b, c, 

d, e, f, and g – see Figure 6).  The arrangement of these amino acid repeats is 

such that polar and ionic side chains (b, c and f position) situate themselves on the 

exterior of the coiled-coil where they are able to interact with proteins and solvent.  

Nonpolar amino acids (a and d position) pack the interior forming a hydrophobic 

core, while charged amino acids (e and g position) stabilize the coiled-coil 

structure by forming interhelical salt bridges (15, 186).  A strand of Tm also has 7 

“zones” that facilitate actin binding (15).  Unlike other coiled-coils, however, Tm 

has two highly conserved residues (D137 and E218 in the a and d positions, 

respectively) that act to increase Tm flexibility which allows for a bent conformation 

thought to be important for winding of Tm along the actin thin  



Figure 5: Regulatory mechanisms of cardiac function by extrinsic and intrinsic 

stressors.  Left, The presence of extrinsic stressors evoke signal transduction 

mechanism which alter the  post-translational state of proteins of the myofilament, as 

well as proteins involved in excitation-contraction coupling, therby altering the dynamic 
interactions between the sarcomere and the intracellular milieu. All of this is done as a 
compensatory response to the extrinsic stressor, allowing for the maintenance of normal 
cardiac function. However, in the pathological state, we see a failure of these responses to 
compensate for the extrinsic stress, leading to decompensation, exacerbation of the stress 
and transition to abnormal cardiac function. Right, this can also be observed in response to 
intrinsic stressors, as in the case of hypertrophic cardiomyopathy (HCM) and dilated 
cardiomyopathy (DCM)-linked mutations, which are, most often sarcomeric  single point 
mutations or trunctions.   (Figure modified from Solaro & de Tombe (2008) Cardiovasc Res) 

19 



Figure 6: Tropomyosin structure and mutations linked to hypertrophic 

cardiomyopathies.  A, Orientation  of side chains within the tropomyosin α-helices as 

viewed from  the N-terminus looking end-on.  The hashed area represents interhelical 

interactions between  non-polar side chains in positions a and d. (Stewart (2001) Proc 

Natl Acad Sci).  The tropomyosin coiled-coil structure is shown in the box, 

emphasizing the location of periods 2 (P2) and period 5 (P5) where HCM-linked 

mutations cluster.  B,   Tropomyosin exons and periods of amino acid repeats (gray 

periods represent  the 2 primary actin binding regions).  HCM and DCM (bolded) 

mutations are indicated.  (Tardiff (2011) Circ Res). 

A. 

B. 
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filament (15, 131, 192).  Moreover, changes in Tm’s inherent flexibility have been 

shown to be important in the mechanism by which Tm mutations cause HCM, the 

specifics of which will be discussed further in Chapter IV.       

2. Cardiac Lipotoxicity 

With the increasing rate of obesity in industrialized countries, the incidence of 

heart disease due to increased intramyocardial lipid accumulation is growing at 

an alarming rate.  In 2001 it was estimated that half of all Americans were 

overweight, however this number is likely to be higher now (181).  Lipotoxicity, in 

general is associated lipid-induced dysfunction occurring in any non-adipose 

tissue; however, important to this thesis is lipotoxicity of the heart, or cardiac 

lipotoxicity.  Clinically, cardiac lipotoxicity is more loosely described as heart 

disease associated with the metabolic syndrome (hyperlipidemia, 

cardiomyopathy, insulin resistance and diabetes), while in animal models, 

cardiac lipotoxicity is much more clearly defined as the cardiac phenotype 

associated with models in which fatty acid uptake is increased (206).  These 

lipotoxic models have provided key insights into the mechanisms involved in 

altered lipid handling, insulin resistance and myocardial loss and have defined a 

causal role for ceramide in mediating these effects (180, 217, 224). 

As mentioned earlier, increases in fatty acid uptake, either through transport-

mediated uptake or by an increase in fatty acid flip-flop, results in accumulation 

of long-chain acyl CoA and intramyocardial TAG.  When uptake exceeds the 

ability for the mitochondria to oxidize the intramyocardial TAG, non-oxidative 
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intermediates, such as ceramide, begin to accumulate.  While not all studies 

have assessed ceramide levels in the lipotoxic heart, elevations in TAG are 

clearly associated with the depressed contractile function characteristic of the 

disease (106, 130, 224, 228).  In most cases, the cardiomyopathy is associated 

with apoptosis and is linked to or suggested to be due to accumulation of 

ceramide.  Despite this, Chiu et al (22) demonstrated that in transgenic mice 

overexpressing FATP, increases in fatty acid uptake were associated with altered 

electrical conductance and diastolic dysfunction without apoptotic induction.  This 

model suggests that alterations in contractile function observed under states of 

high intramyocardial fatty acids are not solely dependent on myocardial loss.  

However, no studies have been conducted to date to determine the underlying 

cause of contractile impairment in cardiac lipotoxic models.   

In humans, increases in either TAG or ceramide are associated with systolic 

impairment as a result of diabetes (120) or obesity (108).  Ceramide has also 

been shown to underlie insulin resistance in late-stage heart failure patients, by 

inhibiting insulin-dependent signaling through activation of protein kinase C 

(PKC) (24).  Interestingly, in the same study unloading of hearts with a left 

ventricular assisted device (LVAD) reduced ceramide levels, ameliorated insulin 

resistance and improved contractile function.  In mice with angiotensin II-induced 

heart failure, high-fat feeding resulted in ceramide accumulation and further 

contractile dysfunction (144).  It seems that in both instances an overall reduction 

in β-oxidation in the failing heart contributed to the intramyocardial lipid 

imbalance, whereas lipid imbalance associated with metabolic syndrome is due 
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to elevations in lipid availability to a degree which exceeds the hearts capacity to 

oxidize fatty acids.   

These “newly” defined cardiac disorders (by new I mean that we have only begun to 

discover their pathogenesis and clinical relevance) have already provided insight into 

the cross-talk that exists between processes within the heart.  However, we have far 

more to learn.  The objective of this thesis was to define how alterations in the post-

translational state of the myofilament proteins play a role in regulation of cardiac 

function when cardiomyocytes are exposed to ceramide (Chapters II and III) or when 

charge changes due to HCM mutations alter thin filament structure (Chapter IV). 
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CHAPTER II 

ACUTE EXPOSURE OF CARDIOMYOCYTES TO CERAMIDE CAUSES 

NEGATIVE INOTROPY MEDIATED BY PKCε 

 

A. Introduction 

There is emerging evidence that increased myocardial lipid accumulation is 

correlated to the increased incidence of heart failure associated with obesity and 

diabetes mellitus. Ceramide, which has been deemed a cardiotoxin, is elevated in 

animal models of obesity (23, 142, 228) as well as in heart failure patients (24).  In 

addition, studies have identified ceramide as a significant contributor to the 

development of dilated cardiomyopathy in animal models of lipotoxicity (142), as well as 

to the worsening of contractile impairment in the progressively failing heart under high 

levels of circulating fatty acids (144).  Despite these findings, surprisingly little is known 

about ceramide’s effects in directly altering cardiac contractility. 

Our current knowledge of ceramide’s ability to alter myocellular mechanics is based 

on studies using exogenous application of the short-chain analog C2-ceramide to 

isolated rat cardiomyocytes.   These studies reported a positive inotropic response to 

ceramide treatment, which was associated with both alterations in Ca2+ fluxes and the 

sensitivity of the myofilaments to Ca2+ (101, 158).  However, these studies were unable 

to determine the mechanism underlying such alterations.  Moreover, treatment of cells 

with C2-ceramide has been shown to produce effects that are either less potent than 

endogenous ceramide (65) or non-specific due to its highly hydrophilic nature (9, 214).    

C6-ceramide, which mimics endogenous ceramide generation (44), is now recognized 
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as a more physiologically-relevant means to assess the effects of ceramide in vitro.  

Studies in skeletal muscle using either C6-ceramide or endogenously generated 

ceramide have shown reductions in maximal tetanic force production (44-45), findings 

that are more consistent with the depressed contractile force typically associated with 

myocardial ceramide accumulation.   

B. Materials and Methods 

1. Isolation of Adult Rat Cardiomyocytes   

Adult male Sprague-Dawley rats (Harlan) between 180-200 g were used for 

cell isolation experiments.  All animal procedures were conducted according to the 

guidelines instituted by the Animal Care and Use Committee at the University of 

Illinois at Chicago (ACC# 11-229).  Myocytes were isolated as previously 

described by (104).  Rats were injected intraperitoneally with heparin sulfate (5000 

U/kg BW) and then 30 mins later were anesthetized by intraperitoneal injection of 

pentobarbital sodium (100 mg/kg BW).  Animals were assessed for proper depth of 

anesthesia and then hearts were quickly excised, weighed in a pre-tared petri dish 

and then cannulated via the ascending aorta.  Hearts were perfused at 37°C for 3 

mins with a Ca2+-free control solution (BSA-CS) containing 133.5 mM NaCl, 4 mM 

KCl, 1.2 mM NaH2PO4, 10 mM HEPES, 1.2 mM MgSO4, 11.1 mM glucose (pH 7.4 

using NaOH) with addition of bovine serum albumin (1 mg/mL).  Hearts were then 

perfused with oxygenated BSA-CS containing 0.25 mg/mL type II collagenase 

(Worthington Biochemical) and 0.03 mg/mL protease (Sigma-Aldrich) for 15 to 20 

mins (perfusion time = 16 min/mg heart weight).  After the heart was well-digested, 

the ventricles were removed, collected in a petri dish containing BSA-CS with 50 
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μM Ca2, and cut into small pieces.  The ventricles were then incubated for 10 mins 

at 37˚C, at which time they were gently triturated with a transfer pipette.  Following 

this, the resulting cell suspension was filtered through a 250 μm mesh collector 

and transferred into centrifuge tubes.  The cells were allowed to sediment by 

gravity for 7 mins, the supernatant fraction was removed, and cells were 

resuspended in fresh BSA-CS containing 100 μM Ca2+.  Sedimentation was 

repeated 3 more times with the cells introduced to sequentially higher 

concentrations of Ca2+  (200 μM, 500 μM, and finally 1 mM Ca2+) each time.   

2. Perfusion Solutions 

The cell-permeable ceramide analog C6-ceramide (N-hexanoyl-D-erythro-

sphingosine, Sigma-Aldrich) and the inactive ceramide analog C6-dihydroceramide 

(N-hexanoyl-D-erythro-shinganine, Avanti Polar Lipids) were exogenously applied 

to cardiomyocytes at the indicated concentrations.  Both stock solutions of 10 mM 

C6-ceramide and 10 mM C6-dihydroceramide were prepared using 100% dimethyl-

sulfoxide (DMSO).  Two inhibitors were used to assess the role of PKC in 

mediating C6-ceramide’s functional effects.  The general PKC inhibitor 

Chelerythrine chloride (Sigma-Aldrich) was used at a concentration of 1 μM diluted 

from a stock solution prepared in distilled water.  This concentration has been 

shown to be sufficient to inhibit PKCα, δ and ε translocation in the rat myocardium 

(86).  Go6976 (Tocaris) is a selective inhibitor for Ca2+-dependent isoforms of PKC 

(PKCα and PKCβI) and was used at a concentration of 5 μM diluted from a stock 

solution prepared in 100% DMSO.     
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3. Simultaneous Cell Shortening and Ca2+ Transient Measurements 

After isolation an aliquot of cells was placed in a small perfusion chamber 

mounted on the stage of an inverted microscope, the cells were allowed to settle to 

the bottom and any unattached cells were washed off with dye-free Control 

Solution (CS) containing 133.5 mM NaCl, 4 mM KCl, 1.2 mM NaH2PO4, 10 mM 

HEPES, 1.2 mM MgSO4, 11.1 mM glucose (pH 7.4 using NaOH) and 1.5 mM Ca2+.  

A background fluorescent recording was taken and used for each emission spectra 

to reduce noise.  The perfusion chamber was then cleaned of the cells and washed 

briefly to remove any debris.  An aliquot of cells was then loaded within the 

perfusion chamber for 10 mins with 3 μM fura 2-AM (Invitrogen), which was made 

from a DMSO-based stock, diluted in 1 mM Ca2+ containing CS-BSA.  Following 

loading, de-esterificaiton of the fura 2 indicator was accomplished with a 10 min 

perfusion with CS.  Cells were field stimulated at 0.5 Hz using parallel platinum 

electrodes submerged in the bathing solution and base-line intracellular Ca2+ 

([Ca2+]i) transients and unloaded cell shortening were recorded simultaneously.  

For [Ca2+]i transient measurements, myocytes were alternately excited with light at 

a wavelength of 340 and 380 nm and the emitted fluorescence was collected at a 

wavelength of 505 nm by a photomultiplier tube.  Unloaded cell shortening 

assessment was carried out using edge detection.  Cell images were collected by 

the 40X Nikon objective and transferred to a multi-image module.  From here, 

images were separated from the fluorescence using a 580-nm dichroic mirror and 

projected onto a TV monitor.  A video-edge detector (Crescent Electronics) was 
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used to monitor cell length and recordings were stored in an acquisition software 

program (Felix32, Photon Technology International) for later analysis offline.   

4. Treatment of Isolated Cardiomyocytes  

To measure the direct effects of C6-ceramide on cell shortening and [Ca2+]i 

transients, treatment was carried out on the same cell following base-line 

measurements.  Initial experiments were performed with different concentrations of 

ceramide (between 1-5 μM) to determine the concentration and time for treatment. 

All further studies were carried out with 5 μM C6-ceramide (or DMSO control) for a 

period of 2 mins.  In separate experiments, cells were also exposed to the inactive 

ceramide analog  C6-dihydroceramide (5 μM) to assess the bioactive specificity of 

C6-ceramide treatment (8).  Likewise, to measure the role of PKC in mediating 

ceramide’s effects, following base-line measures cells were exposed to inhibitor 

only (either 1 μM Chelerythrine chloride or 5 μM Go6976) and measurements were 

taken after 2 minutes.  After 5 mins of exposure to the inhibitor, the perfusion 

solution was changed to inhibitor + 5 μM C6-ceramide and measurements were 

repeated after 2 minutes.   

5. Cell Shortening and Ca2+ Transient Analysis 

The peak percentage of cell shortening was calculated from 5 individual 

shortening peaks and expressed as an average percentage of shortening.  To 

determine the shortening and relengthening velocities, the first derivative of the cell 

shortening trace was calculated using Felix32 (Photon Technology International), 

and the maximal velocity peak was determined from the average of 5 individual 
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peaks.  The [Ca2+]i transient was measured as a function of the ratio of emissions 

from 340/380 excitation wavelength after subtraction of the background 

fluorescence.  The baseline and peak [Ca2+]i transient was manually determined 

from the average of 5 individual tracings.  The decay times (τdecay, ms) were 

evaluated by a monoexponential fit to the declining phase of the [Ca2+]i transient 

using pClamp 9.0 (Molecular Devices).    

6. Cell Culturing and Treatment 

Short term culturing conditions follow methods previously established (104).  

Isolated cells were plated on 60-mm dishes pre-coated with 10 µg/µL mouse 

laminin (Sigma-Aldrich) for 1 hr in Medium 199, Cellgrow) supplemented with 5 

mM creatine, 2 mM L-carnitine, 5 mM taurine, 10 mM Na2HCO3, 10 mM HEPES, 

50 U/mL penicillin and 50 U/mL streptomycin (pH 7.4) to make creatine-carnitine-

taurine (CCT) medium.  After the initial plating time, plates were washed twice with 

CCT medium to remove any unattached cells and the medium was replaced with 

either 10 μM C6-ceramide treatment medium, 100 nM phorbol 12-myristate 13-

acetate (PMA), or normal CCT.  Plates were incubated for 5 mins in the selected 

condition medium at 37°C, 5% CO2.  

7. Subcellular Fractionation of Adult Rat Cardiomyocytes   

Subcellular fractionation methods were modified from (182), and all steps were 

carried out on ice or at 4°C.  Following treatment, cells were quickly washed in with 

CCT and then manually scraped using 120 μL of ice cold fractionation buffer (FB; 

20 mM Tris-HCl, 2 mM EDTA, 0.5 mM EGTA, 0.3 mM sucrose, pH 7.4 with 
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mammalian protease inhibitor cocktail (Sigma, 1:100) and phosphatase inhibitor 

cocktail (Calbiochem, 1:100)) and centrifuged for 5 mins at 20,000 x g to wash and 

collect cells.  The supernatant was removed and cell pellets were resuspended in 

30 μL of FB.  Samples were then homogenized with a micro ground glass Duall 

homogenizer for 1 min (Fraction a – whole cell homogenate) and centrifuged at 

1,000 x g for 5 mins.  The supernatant fraction was saved and the pellet re-

homogenized 3 additional times with the final pellet (Fraction b – nuclear and 

sarcomeric) ultimately discarded.  Supernatant fractions from each homogenization 

were pooled together (Fraction c – enriched sample).  Cytosolic and particulate 

fractions were then separated by ultracentrifugation at 40,000 x g for 30 mins.  The 

resulting supernatant fraction was kept as the cytosolic fraction (Fraction d – 

cytosolic) and the pellet was resuspended in sucrose-free FB with 1% Triton, 

incubated for 1 hr (Fraction e – particulate), then centrifuged at 80,000 x g for 15 

mins. The resulting supernatant fraction was kept as the membrane fraction 

(Fraction f – membrane) and pellets were discarded (Fraction g – insoluble 

particulate).  Prior to experimentation, successful fractionation of the cytosol and 

membrane was confirmed using Western blotting with antibodies against the 

cytosolic protein GAPDH (Santa Cruz; 1:500) and the membrane protein Na+/K+ 

ATPase (Millipore; 1:5,000) (See Figure 7).  Protein samples (20 μg) of cytosolic 

and membrane fractions were separated by SDS-PAGE and protein was 

transferred to 0.2 μm nitrocellulose membrane.  Membranes were stained with 

MemCode (Pierce Biotechnology) and imaged on a Chemidoc XRS+ imager 

(BioRad) to quantitate total protein.   After the stain was removed, membranes 
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were blocked in 5% milk in TBS-T and then incubated overnight at 4°C in primary 

antibody [PKCε (Millipore), 1:1,500; PKCδ (Santa Cruz), 1:500; PKCζ (Santa 

Cruz), 1:500] diluted in TBS-T with 2.5% milk.  Membranes were washed for 30 

mins in TBS-T and incubated in secondary antibody (goat anti-mouse (Sigma) 

1:50,000 for Na+/K+ ATPase; goat anti-rabbit (GE Healthcare), 1:40,000 for all 

others) conjugated to horseradish peroxidase for 1 hr at room temperature.  

Membranes were then washed for 30 mins in TBS-T and developed by ECL Plus 

on the ChemiDoc XRS+ imager (BioRad).  Band densities were analyzed using 

ImageLab software (BioRad) and normalized to the total protein density in each 

respective lane, acquired from the MemCode stained images.  Cytosolic and 

membrane fractions from each sample were expressed as the percentage of total 

(i.e. % cytosolic = density of band in cytosolic fraction/(density of cytosolic + 

membrane fraction bands). 

8. Statistical Analysis 

Values are expressed as mean ± S.E.  For measures of unloaded cell 

shortening and [Ca2+]i transients where 3 or more groups were compared statistical 

analyses were performed using one-way ANOVA along with a multi-comparison 

Newman-Keul’s post-hoc test to make comparisons among groups.  Statistical 

differences for all other functional data were determined using a paired Student’s t 

test.  For subcellular fractionations, statistical differences between the percentage 

of PKC isoform within the cytosolic or membrane fraction were compared using an 

unpaired Student’s t test.  A level of p < 0.05 was considered significant 

throughout. 
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Figure 7: Preparation of subcellular fractions from isolated rat 

cardiomyocytes.  A, Schematic of the protocol developed for subcellular 

fractionation of adult rat cardiomyocytes.  The letters in parentheses correspond to 

each fraction used for Western blotting.  B, Representative Western blot of GAPDH 

and Na+/K+ ATPase performed on samples taken during each step of the subcellular 

fractionation protocol (see Materials and Methods).  The presence of GAPDH 
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fractionation. 
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C. Results 

1. Acute ceramide treatment of isolated cardiomyocytes depresses 

contractility without altering Ca2+ transients 

First we assessed the functional consequence of exogenous ceramide exposure 

in both a concentration-dependent and a time-dependent manner.  As depicted in 

Figure 8, treatment of isolated rat cardiomyocytes for 2 min with C6-ceramide 

decreased the peak amplitude of cell shortening in a concentration-dependent 

manner, with a maximal decrease of 26.7 ± 4.0% at 5 μM concentration.  

Importantly, treatment with vehicle (0.05% DMSO) had no effect on cell shortening 

(see also Figure 11 for more details). The ceramide-mediated decrease in peak 

amplitude of shortening was also time-dependent, as shown in Figure 9.  Regardless 

of time or concentration studied, ceramide exposure had no effect on the peak Ca2+ 

transient or the rate of transient decline (τ), as assessed by the Fura 2 ratio  (Figure 

8A Insert).  Based on these initial studies, further characterization of the functional 

effects of ceramide on cell mechanics and intracellular [Ca2+] was conducted using 2 

min exposure of myocytes to 5 μM C6-ceramide. 

After establishing the dose and time course for treatment, we preformed further 

experiments for a more complete characterization of ceramide-mediated effects.  

Figure 10A shows an overlay of pacing-stimulated cell shortening and [Ca2+]i 

transient measures taken simultaneously in the same cell at base-line (control) and 

after ceramide treatment.  In these experiments, the average cell length at base-line 

was 103.5 ± 7.3 μm and did not differ with ceramide treatment.  Acute exposure of 

isolated cardiomyocytes to ceramide resulted in a significant depression in the peak 
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amplitude of unloaded cell shortening (base-line = 11.4 ± 0.8% vs. ceramide = 9.8 ± 

0.9%).  The peak rate of contraction was also reduced following ceramide treatment 

(base-line = 109.5 ± 6.7 μm/s vs. ceramide = 96.3 ± 6.9 μm/s), whereas the peak 

rate of relaxation remained unaltered (base-line = 65.6 ± 9.6 μm/s vs ceramide = 

59.2 ± 9.7 μm/s) (Figure 10B).  These changes in cellular mechanics following 

ceramide treatment occurred independent of changes in  [Ca2+]i, demonstrated by 

the lack of an effect of ceramide treatment on the resting [Ca2+]i (base-line = 0.31 ± 

0.03 vs ceramide = 0.31 ± 0.03), peak [Ca2+]i amplitude (Δ fura ratio; base-line = 

0.34 ± 0.06 vs ceramide = 0.36 ± 0.07) and the decay time constant, τ (base-line = 

808.5 ± 81.2 ms vs ceramide = 839.0 ± 75.1 ms) (Figure 10C).  Table I shows the 

effects of ceramide, along with treatments discussed in subsequent sections, on the 

parameters of cell shortening and [Ca2+]i expressed as a percentage of base-line 

measures. 

2. Ceramide-mediated effects are specific to ceramide’s known bioactivity 

 To test the specificity of ceramide’s functional effect, we exposed cardiomyocytes 

to C6-dihydroceramide, an inactive ceramide analog (8), or 0.05% DMSO (the 

concentration of DMSO present in the dihydroceramide perfusion buffer) and 

measured cell shortening and [Ca2+]i transients.  As shown in Figure 11, both DMSO 

and dihydroceramide failed to alter any of the parameters of cell shortening or [Ca2+]i 

transients.  These findings indicate that the negative inotropic response, in the 

presence of unaltered [Ca2+]i, induced by ceramide is specific to ceramide’s known 

bioactivity. 
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3. PKCε mediates ceramide’s negative inotropic response 

 To examine the potential involvement of PKC in the ceramide-mediated effects 

we repeated measures of intact cell shortening and [Ca2+]i  transients in isolated 

myocytes in the presence of ceramide + the general PKC inhibitor chelerythrine 

chloride.  Cardiomyocyte contractile parameters were unchanged from base-line 

levels when exposed to ceramide in the presence of chelerythrine chloride (Figure 

12A; peak shortening = 10.7 ± 1.2%, vs base-line = 10.5 ± 1.5%), demonstrating the 

global inhibition of PKC attenuates the ceramide-mediated depression of 

cardiomyocyte contractility.  Measurements of [Ca2+]i transients were also 

unchanged among all groups (See Figure 12B and Table I).  Through use of the 

conventional PKC inhibitor, Go6976, we were able to demonstrate that ceramide 

mediates its negative inotropic effects through one of the Ca2+-independent isoforms 

of PKC (Figure 13).  Treatment of cardiomyocytes with Go6976 alone had no effect 

on cell shortening parameters (peak shortening = 8.6 ± 0.8% vs base-line = 8.9 ± 

0.8%, velocity of shortening = 98.9 ± 10.2 μm/s vs. base-line = 100.3 ± 9.9 μm/s, 

velocity of relengthening = 76.6 ± 11.6 μm/s vs base-line = 75.8 ± 11.1 μm/s) or 

[Ca2+]i transients (peak fura amplitude = 0.44 ± 0.07 vs base-line = 0.43 ± 0.06, 

decay time constant (τ) = 685.1 ± 54.1 ms vs base-line = 640.7 ± 45.3 ms).  

Moreover, Go6976 was unable to block ceramide’s functional effects when cells 

were exposed to Go6976 + ceramide.  This is observed by ceramide’s ability to 

depress peak shortening amplitude (7.2 ± 0.8% vs base-line = 8.9 ± 0.8%) and the 

maximal velocity of shortening (83.5 ± 10.3 μm/s vs base-line = 100.3 ± 9.9 μm/s) 

with no change in the relengthening velocity (ceramide + Go6976 = 66.0 ± 10.6 μm/s 
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vs base-line = 75.8 ± 11.1 μm/s) or [Ca2+]i transient (peak fura amplitude for 

ceramide + Go6976 =0.41 ± 0.06 vs base-line = 0.43 ± 0.06, decay time constant (τ) 

for ceramide + Go6976 = 709.1 ± 56.9 vs base-line = 640.7 ± 45.3 ms) in the 

presence of Go6976.  

Based on these findings, we assessed activation of the Ca2+-independent PKC 

isoforms following ceramide treatment of isolated cardiomyocytes.  Inactive PKCs 

are found predominately in the cytosol and require membrane translocation for 

activation (79).  Therefore, use of subcellular fractionation and immunoblotting of the 

Ca2+-independent PKC isoforms were used to indirectly measure PKC activation 

through translocation in untreated and C6-ceramide treated myocytes.  Our values 

for subcellular distribution of untreated (control) samples shown here are consistent 

with values previously published (148).  Cardiomyocytes were also treated with 

PMA, a potent activator of conventional and novel PKCs, as a positive control for 

PKCδ and ε.  As expected, treatment of cardiomyocytes with 100 nM PMA resulted 

in translocation of virtually all of PKCε and PKCδ into the membrane fraction (98.60 

± 0.58% and 91.50 ± 0.05%, respectively), while the subcellular distribution of PKCζ 

remained unchanged by PMA treatment (membrane fraction = 33.60 ± 2.92%) 

(Figure 14A).  Interestingly, ceramide treatment resulted in a significant shift in the 

subcellular distribution of PKCε, with 28.80 ± 3.80% localized within the membrane 

fraction compared to 16.67 ± 1.90% in untreated (control) samples.  The distribution 

of PKCδ (membrane fraction = 55.32 ± 3.60% in ceramide treated vs 63.01 ± 2.60% 

in untreated controls) and PKCζ (membrane fraction = 20.23 ± 6.72% in ceramide 

treated vs 37.53 ± 8.51% in untreated controls) within the myocytes remained 
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Figure 8: Concentration-dependent effects of exogenous C6-ceramide 

treatment on contractile mechanics and [Ca2+]i in ventricular cardiomyocytes.  

A, Overlay of unloaded cell shortening measurements from a single cardiomyocyte 

under field stimulation at 0.5 Hz at base-line (control) and during treatment with 

sequentially increasing concentrations of C6-ceramide.  Insert, overlay of 

simultaneous Ca2+-transient measures corresponding to each cell shortening 

measure. No difference was observed in the peak amplitude or time for decay 
between groups.  B, The quantified change in the percentage of cell shortening 

relative to control following treatment with vehicle (DMSO) and each concentration 

of C6-ceramide. F(3,15) = 10.32, * p < 0.05 vs DMSO; n = 4. 
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Figure 9: Time-dependent effects of exogenous C6-ceramide treatment on 

contractile mechanics in ventricular cardiomyocytes.  A, Representative cell 

shortening measurements taken under steady-state pacing at base-line conditions 

and following 30 sec, 2 min and 5 min of exogenous C6-ceramide treatment.  B, The 

quantified change in the percentage of cell shortening relative to control during the 

time course for C6-ceramide treatment. F(3,12) = 16.70 *p>0.05 vs. Base-line, 
#p<0.05 vs. 1.25 μM C6-ceramide,  †p<0.05 vs. 2.5 μM C6-ceramide,  n = 3. 
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Figure 10: Effects of acute C6-ceramide treatment on contractile mechanics 

and [Ca2+]i in ventricular cardiomyocytes.  A, Overlay of representative unloaded 

cell shortening measurements with simultaneous Ca2+ transient measurements in a 

single cardiomyocyte under field stimulation (0.5 Hz) before (black) and after (red) 

exogenous treatment with 5 μM C6-ceramide.  B, Quantification of the contractile 

parameters (percent of shortening and maximal rates of contraction and relaxation) 

and C, Ca2+ transient parameters (peak amplitude of the Fura ratio (340 nm/380 nm) 

and the time constant, τ, for the declining phase of the transient).  *p<0.05 vs 

Control; n=6. 
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Figure 11: Assessment of functional specificity using the non-bioactive 

sphingolipid C6-dihydroceramide.  A, Quantification of the percent of cell 

shortening and the maximal rates of contraction and relaxation before treatment, 

with 0.05% DMSO (vehicle) and then following treatment with 5 μM C6-

dihydroceramide.  B, Quantification of the Ca2+ transient peak amplitude (Δ Fura 

ratio, 340 nm/380 nm) and the time constant, τ, for the declining phase of the 

transient before treatment, with 0.05% DMSO and then following treatment with 5 

μM C6-dihydroceramide. F(2,12) = 0.05, n = 4. 
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Figure 12: Attenuation of the functional effects of acute C6-ceramide treatment 

by inhibition of PKCs. A, Quantification of the percent of cell shortening and the 

maximal rates of contraction and relaxation before treatment, with 1 μM 

chelerythrine chloride and then following treatment with 1 μM chelerythrine chloride 

+ 5 μM C6-ceramide.  B, Quantification of the Ca2+ transient peak amplitude (Δ Fura 

ratio, 340 nm/380 nm) and the time constant, τ, for the declining phase of the 

transient before treatment, with 1 μM chelerythrine chloride and then following 

treatment with 1 μM chelerythrine chloride + 5 μM C6-ceramide. F(2,12) = 1.01, n = 4. 
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Figure 13: Inhibition of Ca2+-dependent PKCs in the presence of C6-ceramide 

has no effect on cardiomyocyte shortening or  [Ca2+]i.  A, Quantification of the 

percent of cell shortening and the maximal rates of contraction and relaxation before 

treatment, with 5 μM Gö6976 and then following treatment with 5 μM Gö6976 + 5 

μM C6-ceramide.  B, Quantification of the Ca2+ transient peak amplitude (Δ Fura 

ratio, 340 nm/380 nm) and the time constant, τ, for the declining phase of the 

transient before treatment, with 5 μM Gö6976 and then following treatment with 5 

μM Gö6976 + 5 μM C6-ceramide. F(2,16) = 28.89, *p<0.05 vs Control; n = 6. 
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Results are means ± S.E.M. * p<0.05 where paired observations are found to be statistically different 

based on  a one-way ANOVA with a Newmann-Keuhl’s post-hoc analysis. 
 

Table B: Parameters of Cellular Mechanics and Intracellular Ca2+ Transients (% Control) 

  DMSO 

5 μM C6-

dihydroceramide 

5 μM C6-

ceramide 

1 μM 

Chelerythrine Cl 

5 μM C6-ceramide 

+ Chelerythrine Cl 

5 μM 

Go6976 

5 μM C6-ceramide 

+  5 μM Go6976 

(n = 5) (n = 5) (n = 6) (n = 4) (n = 4) (n = 6) (n = 6) 

Peak 

Shortening  
   98.9 ± 1.3 103.0 ± 1.8    82.7 ± 3.3*    93.4 ± 2.6   93.4 ± 3.1   96.3 ± 1.5       80.4 ±  3.4* 

- dL/dt  101.2 ± 1.8 106.0 ± 6.12     85.7 ± 3.6*     96.1 ± 2.8    97.8 ± 2.0    98.7 ± 2.1      81.9 ± 4.1* 

+ dL/dt  105.2 ± 3.5 110.3 ± 7.9   89.9 ± 3.3    96.0 ± 4.5   98.6 ± 4.7   98.2 ± 3.6    89.6 ± 5.2 

Peak [Ca2+] 

Amplitude  
  99.9 ± 2.9 102.0 ± 5.0 102.0 ± 3.9 102.5 ± 2.6 108.3 ± 4.1 102.1 ± 4.7  100.3 ± 7.8 

Tau (τ)    98.4 ± 2.4  102.4 ± 6.2  105.6 ± 5.6 116.5 ± 8.6    110.4 ± 12.2 107.7 ± 5.8   111.1 ± 6.3  

4
3

 



PKC

Control Ceramide
0

20

40

60

80

100

*

S
u

b
c
e
ll
u

la
r

D
is

tr
ib

u
ti
o

n
 (
%

)

PKC

Control Ceramide
0

20

40

60

80

100

S
u

b
c
e
ll
u

la
r

D
is

tr
ib

u
ti
o

n
 (
%

)

PKC

Control Ceramide
0

20

40

60

80

100

S
u

b
c
e
ll
u

la
r

D
is

tr
ib

u
ti
o

n
 (
%

)

Cytosolic 

Membrane 

PKCζ 

75 kD 

100 kD 

Cytosolic 
75 kD 

100 kD 

Membrane 

PKCδ 

Cytosolic 

75 kD 

100 kD 

Membrane 

PKCε 

A. 

Figure 14: Translocation of the Ca2+-independent PKC isoforms. A,  

Representative Western blots of the Ca2+-independent PKC isoforms in the cytosolic 

and membrane subcellular fractions of isolated cardiomyocytes treated with medium 

only (control), myocytes treated with 100 nM PMA, and myocytes treated with 10 μM 

C6-ceramide.  B, Quantification of the cytosolic and membrane subcellular fractions 

from control and C6-ceramide treated samples. White bars represent the amount of 

PKC in the cytosolic fraction and grey bars represent the amount of PKC within the 

membrane fraction.  Each band density was normalized to the total protein within 

that lane.  An n=3, *p<0.05 vs Control. 
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insignificant by ceramide treatment (Figure 14B).  These results suggest that 

ceramide signals through PKCε to alter myofilament properties and depress 

contractility. 

D. Discussion 

Although ceramide accumulation in the heart is known to adversely affect cardiac 

function, the present study demonstrates for the first time that ceramide directly alters 

cardiomyocyte contractility through ceramide signaling to the myofilament via PKCε.  

Previous studies have concluded that depressions in contractility observed when 

ceramide levels are elevated are due primarily to cell death via ceramide-stimulated 

apoptosis.  However, our functional observations in intact cardiomyocytes revealed that 

ceramide directly regulates contractile function.  This was demonstrated by a 

depression in shortening amplitude and velocity following ceramide exposure, which 

occurred despite unaltered [Ca2+]i levels or kinetics.  While these changes were modest 

(15-20% reduction), these observations would be projected to reduce force production 

and power output (the product of force and velocity) in the intact myocardium and 

contribute significantly to depressed contractile function.   

The mechanism by which ceramide-mediated activation of PKC might alter 

contractile mechanics is likely to involve both the allosteric regulation of crossbridges 

reacting with the thin filament and crossbridge dynamics independent of thin filament 

activation.  PKC dependent phosphorylation of the myofilament in vitro has been shown 

to reduce Ca2+-activated actomyosin ATPase, myofilament Ca2+ sensitivity and 

cooperativity with observed depressions in the maximal tension generation (17, 83, 91, 

126, 133-136, 152, 190).  Functionally, these changes are associated with reduced 
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force production and shortening velocity, both loaded and unloaded (98, 187), resulting 

in depressed power output (77).  While reductions in isometric tension generation can 

be attributed to an altered activation state of the myofilament, previous studies 

demonstrate that shortening velocities at zero load are unaffected by myofilament 

activation (40, 57) and are more likely to depend on crossbridge cycling (80).  However, 

exactly how PKC-dependent phosphorylation of the myofilament modifies crossbridge 

dynamics is unclear.  Whereas earlier studies by Pyle et al (153) identify PKC-mediated 

effects on crossbridge detachment rates, as demonstrated by increased tension cost 

(an estimate of the crossbridge detachment rate (14, 36)) in transgenic mice expressing 

an unphosphorylatable mutant cTnI (cTnI-S43A/45A), more recent studies have shown 

unaltered tension costs, and therefore unaltered crossbridge detachment rates in 

transgenic (TG) mice in which all 3 PKC sites were psuedophosphoylated by glutamic 

acid substitution (88).  The authors, instead, attributed the negative inotropic response 

in TG mice to a decreased rate of crossbridge formation and a Ca2+-independent 

persistence of the active state.  Despite the discrepancy, in general PKC-mediated 

phosphorylation has been shown to reduce crossbridge cycling rate (133-134, 136) and 

would be expected to prolong the duty cycle, consequently reducing shortening kinetics 

during ejection.  This is likely also to be true for the PKC-dependent effects we 

observed following ceramide treatment.  Moreover, evidence from others would suggest 

that the effects we observed in isolated cardiomyocytes may be more pronounced in the 

intact, auxotonically-loaded heart (95), translating to a marked reduction in pressure 

development, decreased extent of shortening during ejection and overall impairment of 

systolic function.     
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Beyond the acute effects shown here, ceramide-induced activation of PKC may also 

be of significance in cardiac remodeling and the development of dilated cardiomyopathy 

associated with long-term elevations in ceramide (46, 142, 224, 228).  Activation of 

PKCs directly by ceramide has been shown to occur in the heart, leading to both insulin 

resistance (24) and reduced β-adrenergic signaling (38).  Likewise, it is well known that 

PKC activation induces hypertrophic growth within the heart (12, 159, 194, 218) and 

may further play a role in modifying actin capping dynamics (69) to promote addition of 

new sarcomeres into the myofilament lattice.  It is enticing, therefore, to speculate that 

chronic elevations in ceramide may be one of the mechanistic triggers of cardiac 

decompensation which leads to contractile dysfunction, ventricular dilation and the 

progression to failure.  This hypothesis is certainly supported by studies from Park et al 

(142) who found that inhibition of de novo ceramide biosynthesis  in  LpLGPI 

overexpressing mice, which develop lipotoxic-induced dilated cardiomyopathy, resulted 

in reduced apoptosis, enhanced myocardial energetic and improved overall systolic 

function and survival.  Interestingly, in a rat model of metabolic syndrome, elevations in 

TAG and long-chain acyl CoAs (ceramide content was not measured) caused 

membrane translocation and activation of PKCε leading to contractile dysfunction (34).  

Nevertheless, future studies examining ceramide accumulation in human diseases of 

cardiac lipotoxicity will be critical for establishing a role for ceramide as a lipotoxic 

mediator in human pathology. 

Although novel, these findings are limited by the use of exogenous treatment of a 

non-biological ceramide analog.  While use of C6-ceramide has been shown to illicit 

responses similar to endogenously generated ceramide (45), we do not assess the 
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functional effects of naturally generated ceramide in these studies.  Future studies 

aimed at assessing the functional effects of endogenously generated ceramide, through 

use of ceramidase inhibitors (i.e. DMAPP) or compounds that inhibit the conversion of 

ceramide to sphingomyelinase (i.e. D609), would serve to overcome this limitation. 
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CHAPTER III 

IDENTIFICATION OF POST-TRANSLATIONAL MODIFICATIONS TO 

MYOFILAMENT PROTEINS FOLLOWING CERAMIDE TREATMENT 

 

A. Introduction 

Charge modifications, such as phosphorylation, are known to alter the protein-

protein interactions within the sarcomere and are well correlated with altered myocardial 

dynamics (including the myofilament response to Ca2+ and cross-bridge cycling rate).  In 

the healthy heart, this helps to finely tune cardiac performance on a beat-to-beat basis; 

however, persistence of myofilament protein phosphorylation has been shown to 

contribute greatly to the decline in cardiac function associated with cardiac disorders (6, 

91, 208).  Disturbances in myocardial metabolism leading to accumulation of ceramide 

have been linked to cardiac dysfunction and our work presented in Chapter 2 of this 

thesis provides evidence in support of altered myofilament mechanics as the underlying 

cause.  Moreover, the rapid responses to ceramide treatment we observed point to 

transient changes in the post-translational state of the myofilament proteins.   

We have hypothesized that ceramide confers its negative inotropic response through 

enhanced phosphorylation of the myofilament, specifically at PKC sites.  Evidence 

indicates that phosphorylation of the myofilament by PKC can have differential effects 

on contractile mechanics, depending on the specific PKC isoform.  PKCδ is unique in its 

ability to phosphorylate cTnI at the conventional PKA-specific sites, serine 23/24, 

leading to reduced Ca2+-sensitivity (83).  Phosphorylation of these sites is believed to be 

critical for the increased maximal force and enhanced relaxation kinetics associated 
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with adrenergic stimulation.  PKCδ is also able to phosphorylate cTnI at Ser-43 and 45, 

as well as cTnT (83), modifications that have been shown to reduce contractility (88, 

153, 190).  PKCε and α target for phosphorylation cTnI, specifically at Ser-43/45, cTnT 

and cMyBP-C (152, 190, 219).  Phosphorylation of the myofilament proteins by either 

PKCα or ε in vitro reduces maximum Ca2+-activated force and shortening kinetics (83, 

91, 98, 136).  Transgenic mouse models have confirmed many of these in vitro findings 

and further indicate that persistent phosphorylation of the myofilament leads to the 

development of dilated cardiomyopathy (55, 174).  The significant contribution of PKC-

mediated myofilament phosphorylation to depressions in tension generation is further 

emphasized by studies in failing human hearts (11, 91). 

Here we provide new evidence on the role of ceramide in regulating myofilament 

phosphorylation.  We determined the extent to which ceramide may alter the 

phosphorylation state of the myofilament proteins by both 2-dimensional difference in-

gel electrophoresis (2D-DIGE) and Western blotting.  Our data show that ceramide 

mediates the decline in cardiomyocyte function through PKC-dependent 

phosphorylation of cTnI, cTnT and cMyBP-C, providing a novel mechanism by which 

ceramide may depress cardiac contractility. 

B. Materials and Methods 

1. Isolation of Adult Rat Cardiomyocytes 

Rat ventricular cardiomyocytes were isolated from adult male Sprague-Dawley 

rats (Harlan) weighing between 180 - 200 g as previously described (See Chapter 

2 and (104)).  In brief, cells were isolated from excised hearts that were cannulated 

via the ascending aorta onto a Langendorff apparatus.  Initially, hearts were 
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perfused for 3 mins with a Ca2+-free control solution (BSA-CS) containing 133.5 

mM NaCl, 4 mM KCl, 1.2 mM NaH2PO4, 10 mM HEPES, 1.2 mM MgSO4, 11.1 

mM glucose (pH 7.4 using NaOH) wirh added bovine serum albumin (1 mg/mL), 

followed by perfusion with oxygenated BSA-CS containing 0.25 mg/mL type II 

collagenase (Worthington Biochemical) and 0.03 mg/mL protease (Sigma-Aldrich) 

for 15 to 20 mins (perfusion time = 16 min/mg heart weight).  Following digestion, 

myocytes are re-introduced to Ca2+ in a step-wise fashion with BSA-CS containing 

Ca2+ in concentrations of 50 µM through to a final concentration of 1 mM. 

2. Cell Culturing and Treatment 

Short term culturing conditions follow methods previously established (104).  

Isolated cells were plated on 60-mm dishes pre-coated with 10 µg/µL mouse 

laminin (Sigma-Aldrich) for 1 hr in Medium 199 (Cellgrow) supplemented with 5 

mM creatine, 2 mM L-carnitine, 5 mM taurine, 10 mM Na2HCO3, 10 mM HEPES, 

50 U/mL penicillin and 50 U/mL streptomycin (pH 7.4) to make creatine-carnitine-

taurine (CCT) medium.  After the initial plating time, plates were washed twice with 

CCT medium to remove any unattached cells and the medium was replaced with 

either 10 μM C6-ceramide treatment medium or normal CCT.  Plates were 

incubated for 5 mins in the selected condition medium at 37°C, 5% CO2, at which 

time the treatment was removed and cells were washed quickly with PBS.  In later 

experiments, an additional treatment group was added with cells pre-treated for 10 

mins with 1 μM Chelerythrine chloride followed by 5 mins of treatment with 1 μM 

Chelerythrine chloride + 10 μM C6-ceramide. 
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3. Western Blot   

a. Preparation of Protein for Biochemical Analysis 

Cell culture plates were manually scraped in 500 mL of ice-cold CCT and 

the resulting suspension was transferred into a 1.5 mL microcentrifuge tube 

and pelleted by centrifugation at 12,000 rpm for 5 mins.  The pellets were lysed 

in UTC Buffer (8 M urea, 2 M thiourea, 4% CHAPS) with bath sonication.  

Sample protein concentrations were determined using a modified Lowry’s 

protein assay (RC-DC Assay, BioRad) and concentrated samples were stored 

at -80°C until used.   

b. SDS-PAGE and Western Blot 

Protein lysates (20μg) from cells were separated on 12% SDS gels 

followed by transfer of the protein to a 0.2 μm polyvinylidene difluoride (PVDF) 

membrane for Western blot analysis.  Membranes were blocked in 5% milk in 

Tris-Buffered saline with 0.1% Tween-20 (TBS-T) and then incubated overnight 

at 4°C in primary antibody, with the exception of phospho-Tm which was 

incubated for 1 hr at room temperature  [GAPDH (Santa Cruz) 1:500; phospho-

cTnI (Ser23/24) (Cell Signaling), 1:400; cTnI (C5 clone, Fitzgerald) 1:5,000; 

phospho-Tm (Ser283) 1:10,000; Tm (CH-1, Iowa Hybridoma) 1:1,000].   

Following incubation, membranes were washed for 30 mins in TBS-T and then 

incubated in secondary antibody [goat anti-mouse (Sigma-Aldrich) 1:40,000 for 

cTnI; goat anti-rabbit (GE Healthcare) 1:20,000 for all others] conjugated to 

horseradish peroxidase for 1 hr at room temperature.  Membranes were then 
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washed for 30 mins in TBS-T and developed by enhanced chemiluminescence 

(ECL Plus, GE Healthcare) on a ChemiDoc XRS+ imager (BioRad).  Band 

densities were analyzed using ImageLab software (BioRad).  

c. Myosin Binding Protein-C Western Blot 

Following cell culture treatment, the plates were washed once with PBS 

and 60 μL of Urea buffer (50 mM Tris-HCl, pH 7.5, 4 M urea, 1 M thiourea, 

0.4% CHAPS, 20 mM Spermine, 20 mM DTT) was added, plates were 

manually scraped and cells were lysed by sonication.  Lysates were centrifuged 

for 10 mins at 14,000 rpm and the supernatant fraction was removed and kept 

as sample.  Sample protein concentration was determined using the Bradford 

assay.  Protein (10 μg) was then loaded onto 4-15% gradient SDS gels 

followed by transfer to 0.45 μm nitrocellulose membrane for Western blot 

analysis.  Membranes were blocked in 1X Roche Western Blocking Reagent 

(Roche) diluted in TBS-T and then incubated overnight at room temperature 

(22-23°C) in primary antibody [cMyBP-C (C0-C1), 1:10,000; phospho-cMyBP-C 

(Ser273), 1:2,000; phospho-cMyBP-C (Ser282), 1:2,000; phospho-cMyBP-C 

(Ser302), 1,10,000 all a generous gift from Dr. Sakthivel Sadayappan at Loyola 

University Chicago; GAPDH (Santa Cruz), 1:1,000] diluted in 1X Blocking 

Reagent in TBS-T.  Membranes were washed for 30 mins in TBS-T and then 

incubated in secondary antibody [donkey anti-rabbit (Santa Cruz) 1:10,000 for 

phospho-cMyBP-C (Ser273), and 1:20,000 for all others] conjugated to 

horseradish peroxidase for 1 hr at room temperature.  Membranes were 

washed for 30 minutes in TBS and developed by ECL Plus on a ChemiDoc 
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XRS+ imager (BioRad).  Band densities were analyzed using ImageLab 

software (BioRad). 

4. 2-Dimensional Difference In-Gel Electrophoresis (2-D DIGE)     

Protein lysates (100 μg) were cleaned of any interfering substances that 

would produce high conductivity during isoelectric focusing using a 2D Clean-up 

Kit (GE Healthcare) and the precipitated protein was resuspended in UTC buffer.  

Samples were then labeled for 2 hrs with cyanine dyes (CyDye, GE Healthcare) at 

100 pmol/50 µg of protein.  In individual experiments CyDye labeling was 

randomized to eliminate bias based on dye affinity or sensitivity. Reactions were 

quenched on ice with 0.2 mM of L-lysine and 40 μg of each sample was mixed with 

IEF buffer containing 8 M urea, 2 M thiourea, 4% (w/v) Chaps, 130 mM DTT, 1% 

(v/v) Destreak (GE Healthcare), plus 0.25% (v/v) immobilized pH gradient (IPG) 7-

11 ampholytes (for IPG 7-11 pH strips) or 0.5% (v/v) IPG 3-11 ampholytes (for IPG 

3-11 pH strips) and loaded onto the Protean IEF tray.  Both Nonlinear 3-11 IPG 

strips and 7-11 IPG strips (GE Healthcare) were passively re-hydrated for 10 hrs at 

50 V and 20 °C and proteins were focused using a linear method [250 V for 15 

mins, 10,000 V for 3 hrs, 10,000 V until 60,000 Vh].  For 7-11 pH strips, a wick 

soaked in 5% (w/v) DTT was added at 55,000 Vhrs to the negative end of the strip 

for 5 mins to replenish DTT at the basic end of the IPG strip. After focusing, 

samples were equilibrated in 1% DTT (w/v) dissolved in IEF Equilibration buffer 

(IEF-EQ; 6 M Urea, 5% SDS (w/v), 30% glycerol (v/v)) for 10 mins then in 2.5% 

iodoacetamide (w/v) dissolved in IEF-EQ.  The second dimension electrophoresis 

was run on a 12% total acrylamide (0.5% crosslinking) SDS resolving gel.  After 
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running, the gels were washed in ddH2O for 30 mins and imaged using a Typhoon 

9410 Imager (GE Healthcare) with Cy3 (532-nm laser), Cy5 (633-nm laser) and 

Cy2 (488-nm laser).  Images were analyzed using PDQuest v8 advanced (Biorad), 

with spot intensities normalized to total gel density to reduce gel-to-gel variability.  

Percent phosphorylation was calculated using ratiometric analysis (% of 

phosphorylation = density of spot/total density of all spots for a given myofilament 

protein). 

5. Statistical Analysis 

Values are expressed as mean ± S.E.  For measures of unloaded cell 

shortening and [Ca2+]i transients where 3 groups were compared, statistical 

analyses were performed using one-way ANOVA along with a multi-comparison 

Newman-Keul’s post-hoc test to make comparisons among groups.  Statistical 

differences for all other data were determined using an unpaired Student’s t test.  A 

level of p < 0.05 was considered significant throughout. 

C. Results 

We tested whether acute exposure of cardiomyocytes to ceramide had an effect on 

the post-translational state of myofilament proteins using 2D-DIGE, which allows for 

analysis of the post-translational state of the sarcomeric proteome on a global level. 

Figure 15 shows merged images of regions of interest from representative 2D-DIGE 

scans of a Cy3-labeled untreated (control) sample and a Cy5-labeled ceramide treated 

sample.  Spots associated with Tm, RLC and cTnT are labeled in Figure 15A with 

migration of phosphorylated spots appearing toward the acidic region of the strip.  
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Analysis of the samples showed a significant increase in cTnT phosphorylation in 

samples treated with ceramide (69.9 ± 2.28% vs control = 62.7 ± 1.99%), while no 

changes were observed in RLC (control = 17.74 ± 3.16 vs ceramide = 19.80 ± 2.56) or 

Tm (control = 43.60 ± 4.19 vs ceramide = 35.54 ± 2.64).   

Figure 15B shows the 2D-DIGE region-of-interest for cMyBP-C in which cMyBP-C 

modification spots occur in an additive fashion, (i.e. acidity of M3>M2, etc.).  As 

opposed to the other myofilament proteins whose isoelectric shifts have been proven to 

be phosphorylation modifications (88, 173, 213), there is no conclusive evidence that 

the pattern of spots that occurs when cMyBP-C is isoelectrically focused are due solely 

to phosphorylation modifications, therefore spots are only considered as post-

translational modifications versus phosphorylation.  In any case, analysis of the samples 

showed no difference in the post-translational modification of cMyBP-C in any of the 

isoelectrically focused spots.  However, 10 distinct charge species are visible on the 2D-

DIGE gels for cMyBP-C and it may be assumed that small, but significant changes 

could not be evident in the 2D-DIGE analysis.  To circumvent this possibility, we used 

phospho-peptide antibodies (a generous gift from Dr. Sakthivel Sadayappan) against 3 

of the known phosphorylation sites for cMyBP-C.  Figure16A shows a dose-dependent 

increase in the intensity of the immunoblot signal for Ser-273 and Ser-302 without 

changes in the Ser-282 signal in ceramide treated samples.  Quantification of samples 

treated with 10 μM C6-ceramide confirmed an increase in the phosphorylation state of 

Ser-273 (1.7 ± 0.2-fold) and Ser-302 (1.6 ± 0.2-fold) with no difference in Ser-282 

phosphorylation (1.1 ± 0.1-fold).  2D-DIGE results for Tm, although not significant, 

appeared to show a trend toward reduced phosphorylation (F (1,10) = 1.755, p = 0.13).  
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Therefore, we assessed the phosphorylation state using the phospho-peptide antibody 

against Ser-283 of Tm (a generous gift from Dr. David Wieczorek at the University of 

Cincinnati).   Immunoblotting confirmed a lack of effect of ceramide treatment on Tm 

phosphorylation (Figure 16B).   

In separate 2D-DIGE experiments we determined if treatment of cardiomyocytes to 

ceramide altered cTnI phosphorylation.   Analysis of the samples showed an increase in 

the tris-phosphorylated (P3) spot alone in samples treated with ceramide (22.83 ± 

1.35% vs control = 13.99 ± 2.22%, n=6) (Figure 17A).  Subsequent immunoblotting with 

anti-phospho-peptide antibodies for Ser-23/24 of cTnI showed no difference in 

untreated vs. ceramide treated cardiomyocytes (Figure 17B).  Taken together, these 

findings imply that ceramide treatment leads to increased phosphorylation of cTnI at 

sites other than the putative protein kinase A (PKA) sites.  These findings, coupled with 

earlier functional studies (shown in Chapter 2 of this thesis) demonstrating that 

ceramide’s negative inotropic effects are mediated through PKC suggest that the 

increase in cTnI phosphorylation may occur at PKC sites.  To determine this, we 

assessed cTnI phosphorylation by 2D-DIGE in untreated samples and in samples 

treated with either ceramide alone or samples treated with ceramide in the presence of 

the general PKC inhibitor Chelerytherine chloride.  As shown in Figure 18, PKC 

inhibition by Chelerytherine chloride was sufficient to prevent ceramide-mediated 

phosphorylation of cTnI at the 3P site. 
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Figure 15: 2D-DIGE of myofilament protein phosphorylation for Tm, RLC, 

cTnT and cMyBP-C. Tm, tropomyosin; RLC, regulatory light chain; cTnT, cardiac 

troponin T, MyBP-C, myosin binding protein-C; P, phosphorylation, M, modification. 

A, Top, representative gel images for the region of interest including Tm, RLC and 

cTnT are shown in a merged image of control samples labeled with Cy3 (pseudo-

colored green) and C6-ceramide treated samples labeled with Cy5 (pseudo-colored 

red). Bottom, Results from the quantification of phosphorylation sites from Tm, RLC 

and cTnT expressed as a percentage of all spot density for the protein of interest.  

B, Top, representative gel image for cMyBP-C shown as a merged image of control 

samples labeled with Cy3 and C6-ceramide treated samples labeled with Cy5. 

Bottom, Results from the quantification of modification sites on cMyBP-C expressed 

as a percentage of all spot density. *p<0.05 vs Control; n = 7.   
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Figure 16: Site-specific immunoblotting for cMyBP-C and Tm 

phosphorylation.  A, Representative images and quantification of Western blots 

using cMyBP-C phospho-peptide antibodies against Ser-273, Ser-282 and Ser-302 

in untreated samples and in samples treated with increasing doses of C6-ceramide. 

n=3.  B, Representative images and quantification of Western blots using a Tm 

phospho-peptide antibody against Ser-283 in untreated and 10 μM C6-ceramide 

treated samples. n=5.  *p<0.05 vs Control.  
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Figure 17: 2D-DIGE and Western blotting of cTnI phosphorylation. cTnI, 

cardiac troponin I; P, phosphorylated cardiac troponin I. A, Top, untreated and C6-

ceramide treated cells were labeled with Cy2 (pseudo-colored blue) and Cy5 

(pseudo-colored red), respectively, and focused in the first dimension on a 18 cm 

nonlinear IPG 7-11 pH strip followed by standard 12% SDS-PAGE for the second 

dimension. The representative merged image of the cTnI region of interest is shown 

with phosphorylation sites labeled.  Bottom, results for cTnI phosphorylation spots 1-

4 in which each spot density is shown relative to the total density for all cTnI spots.  

B, Results from Western blot analysis using the phospho-peptide cTnI (Ser23/24) 

antibody following treatment of isolated cells with or without 10 μM C6-ceramide.  

*p<0.05 vs Control; n=6.  
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Figure 18: The role of PKC in C6-ceramide-mediated effects on cTnI 

phosphorylation. cTnI, cardiac troponin I; P, phosphorylated cardiac troponin I. 

Top, images of the cTnI region of interest from Cy5 labeled control samples 

(channel 1), Cy2 labeled samples treated with 10 μM C6-ceramide (channel 2) and 

Cy3 labeled samples treated with 10 μM C6-ceramide in the presence of 1 μM 

Chelerytherine chloride (Channel 3) are shown individual along with a merged image 

(channel 1 + 2 + 3).  Bottom, quantitative results for cTnI phosphorylation spots 1-4 

in which each spot density is shown relative to the total density for all cTnI spots. 

*p<0.05 as indicated; n=6. 
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Discussion 

Our data provide a novel mechanism by which ceramide targets the myofilament 

proteins for phosphorylation to evoke a negative inotropic response.  Our biochemical 

assessment revealed increases in the phosphorylation of cTnT and cMyBP-C upon 

ceramide treatment, as well as increases in the phosphorylated form (P3) of cTnI which 

was prevented by inhibition of PKC.  Previous studies support our conclusion that the 

phosphorylated P3 spot likely contains phosphorylation of cTnI on Ser-43/45 (2, 169, 

174, 225).  Specifically, it has been shown that the higher charged, more acidic cTnI 

species identified by isoelectric mobility in IEF gels includes phosphorylation on the 

PKC sites (174), while the vast majority of mono-phosphorylated (cTnIp) and bis-

phosphorylated (cTnIpp) cTnI found in the basal state contain cTnI phosphorylated at 

Ser-23/24 (2, 169, 225).     

Although it is likely that the net phosphorylation state of all three substrates are 

critical for determining the overall contractile effect in the intact heart, charge changes at 

the PKC-sites of cTnI and cTnT found here are likely to govern the negative inotropic 

effects of ceramide treatment observed in the previous chapter.  PKC-mediated 

phosphorylation of cTnI in vitro, specifically at Ser-43/45, has been shown to reduce 

isometric tension  and the Ca2+-activated ATPase rate by promoting the blocked state of 

thin-filament activation (83, 136, 153), an effect which is likely to alter the economy of 

muscle contraction.  Indeed, a recent study by Hinken et al (77) showed PKC treatment 

of skinned rat cardiomyocytes reduced force production and loaded shortening velocity 

resulting in depressed power output.  Phosphorylation of cTnI was shown to play a 

dominate role in these responses.  cTnT phosphorylation has also been shown to 
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depress Ca2+-dependent ATPase rate and maximal tension development (135, 190), 

however, earlier studies suggest that the phosphorylation of cTnT alone cannot account 

for the full reduction in actomyosin ATPase rate (135).  Rather, PKC-mediated 

phosphorylation of cTnT and cTnI act in concert within the myofilament to alter 

contractility (126).  In vivo phosphorylation of cTnI at Ser43/45 has been shown to play 

a main role in contractile dysfunction (88, 162) and in the progression to failure 

associated with PKCε overexpression, demonstrated by rescue of the PKCε 

overexpressing mouse phenotype when endogenous cTnI was partially replaced with a 

non-phosphorylatable cTnI at Ser43/45 (S43/45A) (174).  Interestingly, a study using 

mice which constitutively express pseudo-phosphorylated cTnI at Ser43/45 and Thr144 

(cTnIPKC-P) showed that minimal changes (7%) in cTnI phosphorylation at the PKC sites 

were sufficient to cause contractile dysfunction (88).  It is worth noting here that the 

observed increase in phosphorylation induced by ceramide treatment in the current 

study was roughly 8%.  The aforementioned study would suggest that even in the 

context of the whole heart this degree of modification would be sufficient to impair 

contractility. 

Nevertheless, understanding the significance of cTnI-Ser43/45 phosphorylation in 

humans remains an evolving pursuit (179).  While phosphorylation of cTnI has been 

shown to be altered in human heart failure (91, 226-227), use of top-down proteomics 

has demonstrated that this is primarily due to a reduction in cTnI-Ser23/24 

phosphorylation, while detection of cTnI-Ser43/45 was not observed (226).  However, a 

more recent study employing multiple reaction monitoring tandem mass spectrometry 

(MRM-MS/MS) analysis has shown a shift from PKA to PKC-mediated phosphorylation 
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of cTnI in human heart failure samples as well as the presence of several newly 

identified phosphorylation sites (227).  Interestingly, although phosphorylation of Ser43 

and Ser45 were both elevated in that study, Thr144 was shown to have the highest 

level of phosphorylation overall.  Based on this, we cannot rule out the possibility that 

the elevated P3 spot in our cTnI 2D-DIGE is due to an increase in cTnI-Thr144, 

although in vitro phosphorylation of Thr144 has been primarily attributed to a decreased 

Ca2+ sensitization and slowed relaxation (88) which we did not observe. 

Unexpectedly, our observed increase in cMyBP-C phosphorylation was not 

associated with an increase in the rate of contraction or relaxation, as has been 

previously described (27, 167, 203).  This lack of increase in contraction and relaxation 

rates can be explained in the following ways.  First is that increases in phosphorylation 

of the PKC sites at Ser273 and Ser302 without changes in Ser-282 may impact 

contractile mechanics differently than when all three sites on cMyBP-C are 

phosphorylated.  In fact, studies examining the role of cMyBP-C phosphorylation on 

contractile mechanics have focused solely on PKA-mediated phosphorylation of 

cMyBP-C, in which case all three sites, Ser273, Ser282 and Ser302, are 

phosphorylated (ref).  However, Sadayappan et al (166) have shown that pseudo-

phosphorylation of cMyBP-C at the PKC sites was not sufficient to rescue contractile 

dysfunction in the cMyBP-C null background, while Ser282 alone was.  The authors 

suggest that phosphorylation of Ser282 is essential for cMyBP-C’s ability to regulate 

contractility and may be the major determinate of cMyBP-C phosphorylation-induced 

alterations.  Moreover, Florea et al (48) found that constitutive phosphorylation of PP1 I-

1 at its PKC sites resulted in depressed systolic function that was associated, in part, 
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with reduced phosphorylation of cMyBP-C at Ser282.  Future studies examining the 

functional differences between PKA and PKC-mediated phosphorylation of cMyBP-C 

may shed light on more recent findings.  A second explanation is that perhaps 

phosphorylation of cMyBP-C does little to change relengthening kinetics in unloaded 

cell measurements.  The notion of a load-dependence of relaxation under auxotonic 

conditions has long been established (16).  Moreover, in the unphosphorylated state 

cMyBP-C has been proposed to conform to a ‘viscous-load model’ in which it produces 

an opposing drag-force through its ability to bind actin.  This effect is reduced when 

phosphorylation of cMyBP-C blunts its binding to actin, allowing for less force-opposition 

and faster contraction and relaxation kinetics (216).  In this case, the observed effects of 

cMyBP-C phosphorylation may be reduced in the context of unloaded cardiomyocytes 

used here, particularly in terms of relengthening and may, therefore, account for our 

lack of change in relengthening velocity following ceramide treatment, despite an 

increase in cMyBP-C phosphorylation.   

While our results provide strong evidence that ceramide alters the post-translational 

state of the myofilament proteins directly through PKC-mediated phosphorylation, we 

cannot exclude the possibility that ceramide may also have induced oxidative 

modifications to the myofilament.  Ceramide is well-known to provoke oxidative stress in 

striated muscle (45, 189), as well as several other tissues (52, 115, 146).  Diaphragm 

fiber bundles exposed to C6-ceramide show increased oxidant activity which resulted in 

a depression in maximal isometric force (45).  The decline in force could be blunted by 

pretreatment of the fibers with the nonspecific antioxidant NAC but not by the NO 

synthase inhibitor L-NAME.  Of the sarcomeric proteins, actin, Tm, titin, cMyBP-C and 
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myosin all have been shown to be modified by ROS.  Oxidation of actin was associated 

with reduced contractility via a reduction in the maximal force production and a 

depression in the force-frequency relationship (31).  Cys-374 on actin is likely the 

modified residue, as oxidation at this site is associated with reduced ATPase activity 

and sliding velocity (31).  Actin was also shown to be carbonylated in human heart 

failure patients, as was Tm.  These two modifications, along with Tm disulfide cross-

bridge formation strongly correlated with the associated cardiac contractile impairment 

(18).  Oxidation of Tm, presumably at Cys-190, has also been shown to occur in mice 

following MI (1).  Cys-190 is located within the TnT interacting region of Tm and 

oxidation at this site is likely to decrease contractility through altered Tn-Tm interaction, 

as well as affecting Tm flexibility during the development of heart failure (19-20, 74).  

The same study by Avner et al that demonstrated Tm oxidation also showed increased 

S-glutathionylation of a high molecular weight protein that they suggest is likely titin (1).  

Interestingly, in vitro studies have pointed to three residues in titin that contain disulfide 

bridges under oxidative conditions.  These modifications were localized to the N2B 

region of titin and resulted in increases in passive stiffness due to a reduction in the 

extensibility of titin (61).  S-glutathionylation of MyBP-C was shown to correlate with 

diastolic dysfunction in a hypertensive mouse model, suggesting such oxidative 

modifications may mediate contractile dysfunction (105).  Myosin has also been shown 

to be S-glutathionylated, specifically at Cys-400 and Cys-695 within the myosin head 

region, and Cys-947 resulting in reduced ATPase activity (143).  Acutely, following an 

MI, myosin heavy chain was shown to be oxidized at Cys-707 and Cys-697.  This was 

associated with reduced sliding velocity, suggestive of reduced unloaded shortening 
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velocity of the cross-bridge.  In addition, following the acute phase post-MI, MyBP-C 

carbonylation was shown to be increased (154).  While it is plausible that in our 

experiments ceramide’s effects may have occurred, in part, due to oxidative 

modifications of the sarcomere, our ability to completely abolish ceramide’s negative 

inotropic response through PKC inhibition (Chapter 2, Figure 12) supports a 

predominate role for PKC-mediated phosphorylation as the underlying mechanism. 
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CHAPTER IV 

CHRONIC MODIFICATION TO THE MYOFILAMENT BY A HYPERTROPHIC 

CARDIOMYOPATHY-LINKED MUTATION IN TROPOMYOSIN (TM K70T) CAUSES 

MALADAPTIVE REMODELING OF EXCITATION-CONTRACTION COUPLING 

 

A. Introduction 

To this point, the predominating theme of my thesis has been in linking the functional 

consequences of acute cellular stress (i.e. ceramide exposure) with transient 

phosphorylation modifications among the myofilament proteins.  This chapter expands 

this theme to encompass the functional consequences of chronic modification to the 

myofilament by way of mutationally-induced charge changes associated with HCM 

resulting from the missense mutation in Tm at position 70 (Tm K70T). 

Activation of the thin filament is dependent on coordinated structural movements 

within the cTn complex following Ca2+ binding to its single regulatory binding site on 

cTnC.  These structural changes are transduced through the cTn complex to regulate 

the position of Tm along the actin filament.  Ultimately, it is the position of Tm which 

dictates the interaction between actin and myosin leading, in turn, to force production.  

Given the fact that regulation of contraction is highly dependent on the precise 

interactions of several proteins, it is not surprising that single amino acid substitutions 

caused by genetic mutations (or even charge changes mediated by post-translational 

modifications) have significant effects on contractility.   

Structural and biochemical studies have provided unique insight into both the 

interactions which dictate thin filament activation as well as how cardiomyopic mutations 
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disrupt them.  HCM mutations localized to cTn have been shown to cluster within the 

mobile domains and alter the dynamic protein-protein interactions critical for thin 

filament activation.  Likewise, mutations in Tm also cluster to 2 specific regions of 

periodic amino acid repeats, or so-called ‘periods’, which are important for interactions 

with both actin and the cTn complex (period 5), as well as regions critical for the head-

to-tail overlap (period 2) of neighboring Tm filaments (197).  Period 5 mutations E180G 

and D175N have been shown to increase global Tm flexibility as well as local flexibility 

in the case of E180G (100, 102).  Such effects are likely to alter the azimuthal 

positioning of Tm along the actin filament in favor of myosin head binding at lower 

[Ca2+].  Mutations in period 2, K70T and A63V, have also been shown to alter the 

flexibility of Tm but at the N-domain which is important for head-to-tail interactions with 

neighboring Tm.  These mutations increase Ca2+ sensitivity (124), but have surprisingly 

little effect on thin-filament cooperativity (73, 75).   

Use of transgenic animals has extended these in vitro findings, showing that 

mutationally-induced effects on flanking residues may be an important determinant of 

altered function.  Mouse models of the E180G and D175N mutations demonstrate 

divergent phenotypes, despite the close proximity of these residues (with E180G being 

markedly more severe than D175N) (127, 149).  These findings are in line with the in 

vitro studies which consistently show greater local structural influence by the E180G 

mutation compared with the D175N mutation (56, 93, 100).  While the molecular 

mechanisms involved are still unclear, what is apparent from these studies is that single 

charge changes in the Tm supercoil are sufficient to alter Tm flexibility, be it global or 
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local, with profound, albeit diverse, effects on the biophysical properties of the 

myofilament.   

Despite this, the clinical phenotype of patients with HCM linked to Tm mutations 

demonstrates heterogeneity among carriers (See Table II).  Patients often present with 

varying degrees of hypertrophy, fibrosis and cardiac dysfunction with prognostic 

outcomes differing, even amongst family members with the same mutation (107).  The 

evident dissociation between hypertrophy and the clinical severity is suggestive of an 

inherently cellular mechanism underlying the disease outcome.  A common link among 

thin filament mutations has been the apparent increase in the myofilament Ca2+-

sensitivity, albeit to varying degrees.  Recently, Bai et al (3) showed that this increase in 

the myofilament response to Ca2+ resulted in a greater number of cross-bridges cycling 

at low levels of Ca2+, concluding that this effect provides a catalyst for initiation of 

hypertrophic remodeling and is a major cause of Tm mutation-related pathogenesis.  

Moreover, evidence from mouse models of HCM linked to mutations in cTnT suggest 

that the degree of myofilament Ca2+-sensitization is likely to determine the susceptibility 

to cardiac arrhythmias, particularly in the absence of gross anatomical remodeling (5, 

172).  Whether this holds true for other HCM related thin filament mutations is yet to be 

determined.   

Human carriers of the Tm K70T mutation present with relatively mild hypertrophy but 

lack other obvious signs of structural remodeling.  Despite this, the Tm K70T mutation 

was associated with a high incidence of sudden cardiac death (SCD), with all carriers 

demonstrating premature ventricular contractions (PVC) (221).  In studies reported here 

we use a newly developed mouse model which bears the Tm K70T mutation to 
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Mutation 
Helical 

Position 
Charge 
change 

Type of 
charge Δ Phenotype 

Reference 
Human HCM 

Mutations near N-terminus  

A22T a  No  
 

Hypertrophy 
SCD  

(139) 

E62Q f  Yes  -1 to 0 Hypertrophy 
Arrhythmias & SCD 

(84) 

A63V g  No  
 

Hypertrophy 
Progressive LV 

dilation SCD 

Heart failure 
Arrhythmias  

(129) 

(221) 

K70T g  Yes  +1 to 0 Heart failure 
Arrhythmias  

(221) 

V95A d  No  
 

Mild hypertrophy 
Abnormal EKG 

(85) 

A107T b  No  
 

Hypertrophy 
SCD  

(139) 

Mutations in Period 5  

I172T d  No  
 

Abnormal EKG  (209) 

D175N g  Yes  -1 to 0 

Heart failure 
SCD 

Hypertrophy 
Fibrosis 

Mild hypertrophy 

(129, 221) 
 

(81, 139) 
(28) 

(199-200) 

E180G e  Yes  -1 to 0 Mild hypertrophy 
Arrhythmias  

(199-200) 

E180V e  Yes  -1 to 0 
Hypertrophy    

Progressive LV 
dilation 

(157) 

L185R c  Yes  0 to +1 Arrhythmias  
SCD  

(107, 209-210) 

E192K c  Yes  -1 to +1 
Fibrosis    

Interventricular septal 
hypertrophy 

(150)  

M281T a  No  
 

Hypertrophy 

Arrhythmias  

(139) 

(209) 

Table II: Known Hypertrophic Cardiomyopathy mutations in αTm  

 

SCD, sudden cardiac death; EKG, electrocardiogram 
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investigate the molecular changes underlying the disease phenotype.  Our findings offer 

novel insight into the pathogenesis of HCM and the increased risk for sudden cardiac 

death (SCD) in patients bearing the Tm70 mutation. 

B. Materials and Methods 

1. Generation of αTm K70T Transgenic Mice   

Transgenic mice (FVB/N background) were generated in the laboratory of Dr. 

David F. Wieczorek at the University of Cincinnati using a cDNA-encoding mutated 

αTm, in which the nucleotides encoding for lysine at position 70 were mutated to 

nucleotides encoding for threonine.  The mutated αTm cDNA was cloned 

downstream of the cardiac expressing α-myosin heavy chain (α-MHC) expression 

vector and upstream of the human growth hormone poly(A) signal sequence using 

methods previously published (188).  Founder mice were identified by PCR and four 

lines of transgenic mice with varied copy numbers of the transgene were confirmed 

by Southern blot analysis. Expression of the transgenic protein in the heart was 

confirmed by Western blot analyses. All animal procedures were conducted 

according to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and approved by the Institutional Animal Review Board (ACC 

#12-063) at the University of Illinois at Chicago.  All experiments were carried out in 

4 and 10 month animals with an equal distribution of male and female mice.   

2. Immunohistochemical Analysis 

Excised hearts were cannulated via the aorta and the coronary arteries 

retrogradely perfused with ice-cold saline followed by several mL of Formalin 

(Sigma). The heart was then transversely sliced into four pieces and each piece 
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placed into a labelled cassette. Cassettes were kept in Formalin overnight at 4° C 

and then samples were shipped to the University of Illinios in Urbana for further 

sectioning and staining.  Hematoxylin & Eosin (H & E) and Masson’s trichrome 

staining were conducted on 5 μm sections. 

3. Hydroxyproline Content Assay 

Hydroxyproline (HOP) content was determined using methods previously 

published (145).  A small piece (15-20 mg) of mouse cardiac tissue previously frozen 

in liquid nitrogen was minced into a pre-weighed Pyrex ( #9826, Fisher Scientific) 

screw cap vial to determine the wet weight.  The tissue was hydrolyzed overnight in 

200 µL of 6 M HCl in an oven set to 110°C. After the hydrolysis, 80 µL of isopropanol 

was added to 5 µL of the hydrolysate, followed by addition of 40 µL of chloramine-T 

solution (7% chloramine-T in water) mixed with acetate citrate buffer (0.695M 

anhydrous C2H3O2Na, 0.174M C6H8O7, 0.435M NaOH, and 38.5% [v/v] 2-propanol) 

in a 1:4 ratio.  Samples were vortexed and allowed to incubate to oxidize for 5 min at 

room temperature. Next 0.5 mL of Ehrlich’s regent (3g of 4-(dimethylamino) 

benzaldehyde, 10 ml ethanol, 675 µl sulfuric acid) mixed with 2-propanol in a 3:13 

ratio was added, vortexed, and incubated for 30 min at 55°C.  The reaction was 

quenched in an ice bath and the samples were centrifuged at 5,000 × g for 1 min.   

The optical density of the supernatant was determined at 558 nm. A standard curve 

of trans-4-hydroxy-L-proline (0–500 nM) was included in each assay to determine 

the nM HOP/mg of tissue. 
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4. Transthoracic Echocardiography   

Mice were anesthetized with isoflurane (1.0-1.5%) in 100% oxygen using a face 

mask.  Animals were placed in a supine position and body temperature was 

maintained at 37°C.  Transthoracic echocardiographic recordings were then 

obtained using a 30-MHz high resolution transducer with an integrated rail system 

(Vevo 770 High-Resolution Imaging Systems). AM Mode images of the left ventricle 

(LV) outflow tract (LVOT), ascending aorta (AO) and left atrium (LA) were taken from 

the parasternal long axis view. The parasternal short axis view at the level of the 

papillary muscles was used to measure the LV internal dimension (LVID), inter-

ventricular septum (IVS) and posterior wall (PW) thicknesses. Pulsed Doppler was 

performed with the apical four-chamber view. The mitral inflow was recorded with 

the Doppler sample volume at the tip level of the mitral valve leaflets to obtain the 

peak velocities of flow in the early phase of diastole (E) and after LA contraction (A). 

Then, the Doppler sample volume was moved toward the LVOT and both the mitral 

inflow and LV outflow were simultaneously recorded to measure the isovolumic 

relaxation time (IVRT). Additional information about the diastolic function was 

obtained with tissue Doppler imaging (TDI). Peak myocardial velocities in the early 

phase of diastole (E’) and after LA contraction (A’) were obtained with the sample 

volume at the septal side of the mitral annulus in the four chamber view. All 

measurements and calculations were averaged from 3 consecutive cycles as 

previously described (207) and performed according to the American Society of 

Echocardiography guidelines (94, 128).  Data analysis was performed offline with 

the Vevo 770 Analytic Software. 



75 
 

 
 

5. Skinned Fiber Preparations  

Left ventricular papillary muscles were isolated, cut into fiber bundles 

approximately 200 m in width and 3-4 mm in length and detergent extracted in a 

high relaxing solution (HR: 10mM EGTA, 41.89mM K-Prop, 100mM BES, 6.75mM 

MgCl2, 6.22mM Na2ATP, 10mM Na2CrP, 5mM NaAzide) with 1% Triton X-100 for 

3-4 hours at 4°C.  Fibers were then mounted between a micromanipulator and a 

force transducer and bathed in HR solution. After baseline force stabilized, fibers 

were sequentially bathed in a series of solutions containing increasing Ca2+ 

concentrations (pCa 8 to 4.5) and their developed force was recorded on a chart 

recorder.  Isometric tension measurements were plotted as a function of Ca2+ and fit 

by a nonlinear least-squares regression analysis to the Hill equation using Graph 

Prism 5.  From this fitted curve, we derived the pCa50 (pCa required to produce 50% 

of the maximal force obtained), maximal force and the Hill coefficient (nH). 

6. Programmed Electrical Stimulation 

Mice were sedated with isoflurane via nose cone until loss of the pedal reflex.  

Following sedation, mice were placed supine on a temperature-controlled (37°C) 

plate, intubated, and mechanically ventilated with supplemental oxygen mixed with 

isoflurane using a rodent ventilator (Harvard Apparatus).  A minute ventilation of 

100/min at a tidal volume of 0.3 mL was used to maintain anesthesia with isoflurane 

(1.0 and 1.5% titrated to effect) via intubation.  Needle electrodes were placed 

subcutaneously to record Lead II of an electrocardiogram (EKG).  A base-line EKG 

was aquired for 2 minutes and then the chest cavity was cut open to expose the 

heart.  A bipolar countercurrent electrode (World Precision Instruments) was used to 
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record left and right ventricular monophasic action potentials (MAP) at both the base 

and apex and then the electrode was positioned on the left ventrical to record MAPs 

throughout the stimulation protocol.  A constant-current stimulator (A320, World 

Precision Instruments) connected to a laptop computer was used for cardiac 

stimulation which was delivered through a custom-made silver wire bipolar electrode 

placed on the right ventricle. Inducibility of ventricular arrhythmias was determined 

using a series of 8, 1 ms (4000 mV threshold) pacing trains at a fixed pacing cylce 

length (PCL) of 80 ms coupled with a shorter S2, S3 and S4 premature stimulus, 

beginning at 60 ms, 50 ms and 40 ms, respectively.  The S4 stimulus was 

progressively reduced by 2-ms in each pacing train from 40 ms to 30 ms until the 

effective refractory period (ERP) was reached.  The same sequential reduction was 

repeated for the S2 and the S3 stimulus.  This was again repeated using an S1 

pacing train with a PCL of 60 ms (See Figure 19 for reference).  Successful 

induction of an arrhythmia was defined by 2 criteria: 1) the presence of 2 or more 

extra beats following the pacing train, with or without the return of a normal sinus 

rhythym and 2) the ability to evoke the arrhythmia in 3 consecutive trials. 

7. Isolation of Mouse Cardiomyocytes 

Hearts from anesthetized (pentobarbital sodium; 50 mg/kg) and heparinized 

(5,000 U/kg) mice were quickly removed and put into ice cold, nominally Ca2+-free 

perfusion buffer (PB) containing: 113 mM NaCl, 4.7 mM KCI, 0.6 mM Na2HPO4, 0.6 

mM KH2PO4, 1.2 mM MgSO4, 0.032 mM phenol red, 12 mM NaHCO3, 10 mM 

KHCO3, 30 mM taurine, 10 mM HEPES, 5.5 mM glucose, 10 mM and 2,3-

butanedione monoxime (BDM), pH 7.4 at 37°C. The aorta was cannulated and the  



A. 

B. 

Figure 19: Protocol summary for programmed electrical stimulation.  A, 
Cartoon depicting the placement of the bipolar countercurrent stimulating electrode 
on the right ventricle with the monophasic action potential (MAP) recording 
electrode on the left ventricle.  The sample electrocardiogram (EKG) and MAP 
recording was taken from a 4 mo NTG mouse and indicates the P wave (atrial 
depolarization) and the QRS complex (ventricular depolarization) within the EKG 
recording.  B, Actual EKG tracing from a 4 mo NTG mouse heart undergoing 
programmed electrical stimulation (PES).  The marked time intervals show a PES 
protocol in which 8 -1 ms pulses are delivered in 80 ms intervals (S1), with single 
S2-S3-S4 pulses occurring at  sequentially shorter intervals (60 ms, 50 ms, 40 ms, 
respectively). 
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heart mounted on a Langendorff perfusion system. Hearts were perfused for 4 min 

with Ca2+-free PB and subsequently for 8–12 min with digestion buffer (DB) 

containing PB and 12.5 μM Ca2+ together with 0.15 mg/ml blendzyme 2 (Roche) and 

0.14 mg/ml trypsin (Invitrogen, Carlsbad, CA). Hearts were then removed and 

transferred to a dish containing DB, and the ventricles were cut into small pieces and 

gently triturated. At the end of the trituration period, the cell suspension was filtered 

through a mesh collector and placed into centrifuge tubes, and the digestion process 

was stopped with an equal volume of PB containing 12.5 μM Ca2+ plus 10% bovine 

calf serum (v/v). The cells were then permitted to settle under gravity for 5–7 min. 

The supernatant fraction was removed, and the cells were resuspended in fresh PB 

containing 12.5 μM Ca2+ and 5% bovine calf-serum (v/v). Cells were allowed to 

settle under gravity, the supernatant was removed, and the cells were resuspended 

in fresh control solution (CS) of the following composition: 133.5 mM NaCl, 4 mM 

KCl, 1.2 mM MgSO4, 1.2 mM NaH2PO4, 10 mM HEPES, and various Ca2+ 

concentrations; first, 200 μM Ca2+ followed by 500 μM and then 1 mM Ca2+. The 

cells were stored at room temperature (22–23°C) until used. 

8. Simultaneous Cell Shortening and Ca2+ Transient Measurements 

After isolation an aliquot of cells was placed in a small perfusion chamber 

mounted on the stage of an inverted microscope and the cells were allowed to 

settle to the bottom.  A background fluorescent recording was taken and used for 

each fura emission spectra to reduce noise.  The perfusion chamber was then 

cleaned of the cells and washed briefly to remove any debris.  An aliquot of cells 

was then loaded within the perfusion chamber for 10 mins with 3 μM fura 2-AM 
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(Invitrogen), which was made from a DMSO-based stock, diluted in 1 mM CS-BSA.  

Following loading, de-esterificaiton of the fura 2 indicator was accomplished with a 

10 min perfusion using dye-free Control Solution (CS) containing 133.5 mM NaCl, 

4 mM KCl, 1.2 mM NaH2PO4, 10 mM HEPES, 1.2 mM MgSO4, 11.1 mM glucose 

(pH 7.4 using NaOH) and 1.2 mM Ca2+.  Cells were field stimulated at 0.5 Hz using 

parallel platinum electrodes submerged in the bathing solution and base-line 

intracellular Ca2+ ([Ca2+]i) transients and unloaded cell shortening were recorded 

simultaneously.  All measurements were taken at room temperature (22-23°C).  

For [Ca2+]i transient measurements, myocytes were alternately excited with light at 

a wavelength of 340 and 380 nm and the emitted fluorescence was collected at a 

wavelength of 505 nm by a photomultiplier tube.  Unloaded cell shortening 

assessment was carried out using edge dectection.  A video-edge detector 

(Crescent Electronics) was used to monitor cell length and recordings were stored 

in an acquisition software program (Felix32, Photon Technology International) for 

later analysis offline.   

9. Western Blot Analysis 

Apexes from the left ventricle of transgenic Tm70 or non-transgenic (NTG) frozen 

hearts were homogenized in industrial strength sample buffer (8 M urea, 2 M 

thiourea, 0.05 M Tris, pH 6.8, 75 mM DTT, 3% (w/v) SDS, 0.05% (w/v) bromophenol 

blue) using a Duall ground-glass homogenizer.  Protein lysates (20μg) from cells 

were separated on 12% (200:1 acrylamide-to-bisacrylamide) SDS gels followed by 

transfer of the protein to a 0.2 μm polyvinylidene difluoride (PVDF) membrane for 

Western blot analysis.  Membranes were blocked in 5% milk in tris-buffered saline 
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with 0.1% Tween-20 (TBS-T) and then incubated overnight at 4°C in primary 

antibody [SERCA2 (ABR Laboratories) 1:2,000; phospho-Akt (Ser473) (Cell 

Signaling), 1:1,000; total Akt (Cell Signaling) 1:1,000; Tm (CH-1, Iowa Hybridoma) 

1:1,000].   Following incubation, membranes were washed for 30 mins in TBS-T and 

then incubated in secondary antibody [goat anti-mouse (Sigma-Aldrich) 1:40,000 for 

SERCA2a and Tm; goat anti-rabbit (GE Healthcare) 1:20,000 for all others] 

conjugated to horseradish peroxidase for 1 hr at room temperature.  Membranes 

were then washed for 30 mins in TBS-T and developed by enhanced 

chemiluminescence (ECL Plus, GE Healthcare) on a ChemiDoc XRS+ imager 

(BioRad).  Band densities were analyzed using ImageLab software (BioRad). 

10. Statistical Analysis 

Values are expressed as mean ± S.E.  To make statistical comparisons between NTG 

and Tm70 mice at different ages a two-way ANOVA with a Bonferroni post-hoc test was 

used, both for making comparisons among genotypes within age and to make age-

dependent comparisons within genotype.  An exact Fisher’s test was used to determine 

statistical differences in arrhythmia inducibility.  For AP duration statistical differences 

were determined using an unpaired Student’s t test.  A level of p < 0.05 was considered 

significant throughout. 

C. Results 

1. Generation of Tm70 Mice 

In order to unveil the molecular mechanisms underlying the Tm K70T missense 

mutation that has been identified in human patients (221), several lines of transgenic 
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mice expressing various percentages of the Tm K70T transgene (see Figure 20B) 

were generated at the University of Cincinnati in Dr. David Wieczorek’s laboratory.  

Two independent lines (Line 51 and Line 230) were sent to us for preliminary 

characterization.  Line 51 showed 51% replacement of endogenous Tm protein with 

the Tm70 mutant protein compared to 81.2% replacement in Line 230 (Figure 20C).  

Tm70 mice were grouped into younger (4-7 mo) and older (11-10 mo) mice for 

investigation based on phenotypic differences.  Following initial echocardiographic 

assessment, we found that Line 230 displayed the greatest disease phenotype 

(diastolic impairment), therefore the remainder of our experiments were conducted 

using Line 230.  Interestingly, we found that the phenotype was only present in the 

older animals (Line 230), similar to disease development in the human carriers with 

this particular mutation.  With this in mind, we sought to determine if there were early 

adaptations which accounted for the age-dependent progression of the disease, 

grouping our animals into pre-phenotype, young mice (4 mo) and post-phenotype, 

older mice (10 mo).   

2. Age-dependent Alterations in Morphology and Hemodynamics in Hearts from 

Tm70 Mice 

Overall, Tm70 mice display mild age-dependent hypertrophy and impaired 

relaxation without signs of structural remodeling.  Representative images of 

ventricular histological sections of 10 mo old mice stained with Hematoxylin & Eosin 

or Masson’s trichrome to characterize gross cardiac morphology are shown in Figure 

21A.  Hearts from NTG and Tm70 animals showed unaltered cardiomyocyte 

architecture and a lack of fibrosis, regardless of age.  To confirm the lack of fibrosis 
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quantitatively, we measured collagen deposition using the HOP assay (initially 

described by (151) and found no differences in HOP content among groups (Figure 

21B). 

 Morphometric data obtained using echocardiography are shown in Table III and 

Figure 22 and demonstrate no difference in left ventricular (LV) mass or relative wall 

thickness (RWT) between younger or older NTG and Tm70 mice; however, Tm70 

mice had a significantly greater age-dependent increase (20%) in LV mass whereas 

NTG mice showed no significant changes in LV mass (7%) with age (Figure 22C).  

Moreover, when broken down by gender, only the male Tm70 mice had significant 

age-dependent LV hypertrophy (Figure 22E).  Nevertheless, we consider this to be 

an indication of mild hypertrophy as heart weight to tibia length ratios, an index of 

the overall cardiac mass, were unchanged among groups (Figure 22D).  Consistent 

with the age-dependent increase in LV mass, activation of hypertrophic signaling 

through phosphorylation of Akt was also shown to be increased in the hearts of older 

Tm70 mice relative to younger mice (Figure 23).         

Hemodynamic measures at 4 mo (Table III) showed no differences in systolic or 

diastolic parameters between Tm70 mice and NTG controls.  However, at 10 mo 

Tm70 mice had impaired relaxation, as evidenced by the measured diastolic 

parameters, with no differences in systolic parameters compared to NTG controls 

(Figure 24 and Table III).   Across groups there was no difference in heart rate or 

gender-dependent differences beyond LV mass. 
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Figure 20: Endogenous transgene transcript and protein levels in α-Tm70 

mice.  A, The construct used for generation of the transgene is shown.  Site-

directed mutagenesis at codon 70 in α-Tm was made as described in the Materials 

and Methods section.  B, Representative Southern blot showing PCR products for 

the endogenous α-Tm gene and the α-Tm70 transgene in 4 separate mouse lines.  

C, Western blot from NTG and α-Tm70 hearts, top, and quantification of the α-Tm 

content, bottom, showing the percentage of transgene protein expressed. Line 51,  

n = 1, Line 230 n = 6. 
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A. 

Figure 21: Histological assessment of NTG and Tm70 hearts.  A, Ventricular 

sections of NTG and Tm70 hearts were stained with (i) Hematoxylin & Eosin (H & E) 

to qualitatively assess myocyte architecture or (ii) Masson’s trichrome to qualitatively 

assess fibrosis.  Images were taken at 20x and 10x magnification, respectively.  B, 

Quantitative measurement of the hydroxyproline content, an indicator of interstitial 

collagen, in 4 mo (young) and 10 mo (old) NTG or Tm70 mice. n = 4 
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  NTG at 4 mo Tm70 at 4 mo NTG at 10 mo Tm70 at 10 mo 

  (n = 9)  (n = 9)  (n = 10)  (n = 14) 

Morphology          
LV Mass, mg  81.02 ± 4.22  76.35 ± 4.92  88.25 ± 4.97  96.15 ± 6.02  

LA , mm 1.93 ± 0.08 1.88 ± 0.11 2.08 ± 0.06 2.07 ± 0.08 

LVIDd, mm    3.89 ± 0.06    3.81 ± 0.12    4.10 ± 0.11   4.03 ± 0.09  

RWT    0.38 ± 0.01    0.38 ± 0.02    0.36 ± 0.01    0.40 ± 0.01  

Systole          
HR, bpm  481.67 ±  

13.6 

 497.56 ±  8.16  480.80 ±  11.6   465.93 ± 11.0 

FS, %  38.03 ± 1.20  38.49 ± 1.42  37.32 ± 1.83   38.22 ± 1.32  

EF, %  68.67 ± 1.48  69.30 ± 1.80  67.38 ± 2.50  68.61 ± 1.82  

Vcf, circ/s   6.82 ± 0.35    7.13 ± 0.36    6.93 ± 0.49    7.02 ± 0.25  

CO, mL/min 22.56 ± 0.81  22.14 ± 1.24  23.97 ± 1.02  22.65 ± 1.45  

Diastole          
E/A Ratio   1.54 ± 0.18    1.45 ± 0.16    1.78 ± 0.19    1.12 ± 0.04*  

E/Em Ratio 30.93 ± 1.80  34.50 ± 2.14  33.87 ± 2.92    26.66 ± 

1.55*#  

E wave DT, ms 24.35 ± 0.85  21.42 ± 1.43   20.04 ± 0.73†  24.36 ± 0.84*  

IVRT, ms 11.07 ± 0.35  12.21 ± 0.81  10.54 ± 0.62    15.41 ± 

0.55*#  

Results are means ± S.E.M.  NTG, non-transgenic; Tm, α-tropomyosin; LV, left 

ventricle; LVIDd, LV internal dimension (diastole); RWT, relative wall thickness; FS, 

fractional shortening; EF, ejection fraction; Vcf, velocity of circumferential shortening; 

E/A ratio, maximal velocity of blood flow in early LV filling (E)/ maximal velocity of 

blood flow after atrial contraction (A); E-wave DT, E-wave deceleration time; IVRT, 

isovolumic relaxation time.  *p<0.05 vs NTG 10 mo, # p<0.05 vs Tm70 4 mo, † p<0.05 

vs NTG 4 mo. 

Table III: Echocardiography of NTG and Tm70 mice at 4 mo and 10 mo of age 
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NTG Tm70 A. 

Figure 22: Morphology of NTG and Tm70 hearts. A, Representative M-Mode 

echocardiography of 10 mo old mice.  B, Quantification of relative wall thickness 

(RWT) and C, left ventricular (LV) mass as assessed by M-Mode echocardiography 

in 4 mo and 10 mo old NTG and Tm70 mice. D, The ratio of heart weight to tibia 

length in 4 mo and 10 mo old NTG and Tm70 mice as an indicator of cardiac 

hypertrophic growth. E, LV mass of Tm70 mice by gender.  # p<0.05 vs 4mo Tm70 

mice. 
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Figure 23: Hypertrophic signaling through activation of Akt. Representative 

Western blot showing relative phospho-Akt in heart samples from 4 mo and 10 mo 

NTG and Tm70 mice with quantification of the ratio of phospho-Akt to total Akt.  

Immunoblotting for GAPDH on the same membrane was used to confirm equal 

loading.  # p<0.05 vs 4mo Tm70 mice. n = 6 
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Figure 24: Diastolic parameters from echocardiography in NTG and Tm70 

mice. A, Representative doppler image from echocardiography of 10 mo old mice 

depicting the maximal velocity of blood flow through the mitral valve in early LV filling 

(peak E) and maximal velocity of blood flow through  the mitral valve after atrial 

contraction (peak A).  B, Quantification of the E/A ratio C, the isovolumic relaxation 

time (IVRT) and D, the E- wave deceleration time (DT) as assessed by 

echocardiography in 4 mo and 10 mo old NTG and Tm70 mice. *p>0.05 vs NTG 10 

mo, # p<0.05 vs Tm70 4 mo, † p<0.05 vs NTG 4 mo. 
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3. Modifications in Excitation-Contraction Coupling with Persistent Increases in 

the Myofilament Calcium-Sensitivity 

In vitro experiments by others have demonstrated an increased Ca2+ sensitivity in 

both virally-transfected adult cardiomyocytes and reconstituted fibers expressing the 

K70T mutant Tm (73, 124).  We wanted to examine whether our Tm70 transgenic 

mice also displayed increased myofilament Ca2+ sensitivity.  To do this, we 

measured Ca2+-dependent tension generation in detergent-extracted fiber bundles 

from NTG and Tm70 mice at both 4 mo and 10 mo of age.  Figure 25 and Table IV 

summarize the results from these experiments.  Figure 25 shows the level of Ca2+-

dependent tension generation in young (Panel A) and old (Panel B) NTG and Tm70 

fiber bundles.  In both instances, the maximal Ca2+-dependent tension generated in 

Tm70 fiber bundles was comparable to that of NTG fiber bundles.  However, the 

concentration of Ca2+ required to produced half- maximal tension development (i.e. –

log[Ca2+] at 50% or pCa50) was decreased in both young and old Tm70 fiber 

bundles (decreased [Ca2+] = increased pCa50).  This increase in the pCa50 is 

apparent by the leftward shift in the force-Ca2+ relation curves shown in Figure 25 

and occurs to a greater extent in older Tm70 animals (Panel B and ΔpCa in Table 

IV).  There was also a significant reduction in the Hill coefficient, a measure of 

cooperativity, which occurred only in the older Tm70 fiber bundles.  I would like to 

note here that the greater difference in the pCa50 and the significant reduction in the 

Hill coefficient of NTG and Tm70 fiber bundles from old mice was due solely to 

changes in the measurements of the NTG fiber bundles at 10 mo (ΔpCa = 0.08 and 

ΔnH = 1.35) and not by significant changes in the absolute value of the pCa50 in 
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Tm70 fibers (see Table C).  To my knowledge, there are only 2 previous reports 

examining the effects of aging on Ca2+-dependent tension generation and in both 

instances the authors observed no change in the pCa50 or the Hill coefficient with 

age (4, 7).  It should be noted, however, that both studies used male rats whereas 

this study examined the Ca2+-dependent tension generation in mice with an equal 

distribution of males and females.   

Using ventricular cardiomyocytes isolated from NTG or Tm70 hearts at both ages 

we were able to simultaneously record cell shortening and Ca2+ transients in the 

same cell to assess potential changes in cell shortening and [Ca2+]i parameters.  

Measures of cell shortening showed no genotype-dependent or age-dependent 

differences in the percentage of cell shortening or in the kinetics of shortening or 

relengthening (data not shown).  Figure 26A shows representative Ca2+ transient 

tracings from field stimulated cardiomyocytes isolated from NTG and Tm70 mice at 

both ages with the calculated parameters shown in Figure 26B.  There were no 

differences in the end-diastolic [Ca2+]i, the peak amplitude of the Ca2+ transient or 

the time for decay of the transient (τ) between NTG and Tm70 cardiomyocytes 

isolated from 4 mo old animals.  Conversely, comparison of Ca2+ transient 

parameters in older NTG and Tm70 cardiomyocytes showed an increase in the end-

diastolic [Ca2+]i.  Although the peakamplitude of the Ca2+ transient was not different, 

because of the increase in base-line [Ca2+]i, the maximal peak Ca2+
 is increased 

(2.14 ± 0.13 vs 1.71 ± 0.12 for NTG) meaning that there is more Ca2+ in the cytosol 

overall in older Tm70 mice.  After experiments were done, it was found that the 

concentration of BDM used during isolation of cardiomyocytes from 4 mo old 
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animals was 7.5 mM but the concentration used during isolation of 10 mo old 

cardiomyocytes was 10 mM.  Based on this, comparisons between ages were not 

made, as altering the concentration of BDM itself can have significant effects on 

cardiomyocyte excitation-contraction coupling (104). Future studies are planned to 

assess isolated myocyte contractile and Ca2+ transient parameters using the same 

BDM concentration at both ages (10 mM).  As depicted in Figure 27, we used 

immunoblotting to detect the expression level of SERCA2a, showing a significant 

reduction in SERCA2a protein levels in older Tm70 mice compared to NTG.  It will 

be important to probe for the expression levels of phospholamban and the relative 

phosphorylation of phospholamban in the future to truly determine if Ca2+ re-uptake 

into the SR is altered however, the reduced SERCA2a expression coupled with the 

elevated end-diastolic [Ca2+]i implies that this may be the case.   

 

4. Arrhythmogenic Susceptibility in Tm70 Mice 

During isolated cardiomyocyte measurements, I noticed that the 10 mo old Tm70 

myocytes had a tendency to contract between stimuli.  While this is sometimes an 

indication of a dying myocyte, these instances happened in several cells from 

independent isolations and were always in healthy looking, nicely striated myocytes.  

On a single occasion, while recording I was able to capture one of these extra beats, 

which is shown in Figure 28A.  The propensity for these older Tm70 myocytes to 

spontaneously depolarize, causing premature contractions, is highly suggestive of 

electrical abnormalities that may pave the way for reentrant arrhythmias.  This 

prompted us to perform preliminary electrophysiological pacing in a 12 mo old Tm70 
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mouse that was available at the time to test our hypothesis that older Tm70 mice 

were more susceptible to arrhythmias.  In this initial study, we captured a 

spontaneous premature ventricular contraction (PVC) while recording unpaced 

base-line EKGs and MAPs (shown in Figure 28B).  We were also able to induce a 

non-sustained ventricular tachycardia (VT) using PES in this animal.  Based on this 

pilot study, we carried out further electrophysiological studies on NTG and Tm70 

mice at 4 mo and 10 mo of age.   

 Figure 29A shows induction of a sustained monomorphic VT (SMVT) in one of 

our 10 mo Tm70 mice following PES.  We were not able to induce arrhythmias in 

any of the NTG mice at either age.  However, we were able to induce arrhythmias in 

2 out of the 5 young Tm70 mice we studied and in both instances they were males 

(difference not significant).  A post-hoc statistical power analysis showed that the 

number of animals assess for arrhythmia inducibility at this age, with this difference 

was not sufficient to determine statistical difference (power = 0.1).    In the older 

Tm70 animals, 6 of 7 mice were inducible and of these, males had a much more 

severe form of arrhythmia.  Table V and Figure 29 summarize our findings from PES 

studies.  Measurements of AP duration (APD) showed no significant differences 

between genotypes; however, although not significant with these numbers, the time 

it took to reach 70% and 90% of repolarization trended to be higher in 10 mo Tm70 

mice compared to NTG mice (Figure 29C).  This can be more easily visualized by 

overlaying the average AP’s recorded from older NTG and Tm70 mice (Figure 29C).  

As of now, there is not a high enough number of animals to assess gender 

differences (n = 2 for NTG males and females), however determining if APDs differ 



93 
 

 
 

between sexes may provide further insights into the increased arrhythmogenic 

susceptibility in males. 

  



A. 

Figure 25: Force-Ca2+ relation in skinned fiber preparations from young and 

old Tm70 mice. A, Force-Ca2+ relation in 4 mo skinned fibers from NTG and Tm70 

mice show an increase Ca2+-sensitivity of the myofilament in Tm70 fibers.  B, Force-

Ca2+ relation in 10 mo skinned fibers from NTG and Tm70 mice show an increase 

Ca2+-sensitivity and reduced Hill coefficient in Tm70 fibers. *p<0.05 vs NTG 10 mo, 

† p<0.05 vs NTG 4 mo. 
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  NTG at 4 mo Tm70 at 4 mo NTG at 10 mo Tm70 at 10 mo 

  
(n = 9)  (n = 8)  (n = 9)  (n = 9) 

Max Tension 

(mN/mm2)  34.35 ± 0.95 34.24 ± 1.38 34.46 ± 0.61 32.16 ± 0.99 

Hill Coefficient 

(nH) 
  3.08 ± 0.50   2.84 ± 0.65   4.43 ± 0.53†   3.18 ± 0.59* 

pCa50     5.91 ± 0.02   6.01 ± 0.04†   5.83 ± 0.01†   5.99 ± 0.02* 

ΔpCa   -   0.10 ± 0.06   -   0.15 ± 0.03 

Results are means ± S.E.M.  pCa50, -log [Ca2+] at 50% maximum developed 

tension; ΔpCa = pCa of Tm70 – pCa of NTG in each age group.  *p<0.05 vs NTG 

10 mo, † p<0.05 vs NTG 4 mo. 

Table IV: Force-pCa2+ relation in NTG and Tm70 skinned fiber preparations 
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Figure 26: Measurement of [Ca2+]i transient and kinetics in isolated 

cardiomyocytes from NTG and Tm70 mice.  A, Overlay of Ca2+ transient 

recordings taken from 4 mo NTG (black) and Tm70 (green) cardiomyocytes, left, 

and 10 mo NTG and Tm70 cardiomyocytes, right, under field stimulation at 0.5 Hz  

B, Quantification of the base-line Fura 2 ratio as an indicator of end-diastolic [Ca2+]i, 

left, the peak amplitude of the Fura 2 ratio as an indicator of the peak amplitude of 

the Ca2+ transient, center, and the time constant for decay (τ) of the Ca2+ transient, 

right. *p<0.05 vs NTG 10 mo, n = 3. 
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Figure 27: Expression level of SERCA2a protein.  Representative Western blot 

showing relative SERCA2a protein levels in heart samples from 4 mo and 10 mo 

NTG and Tm70 mice with quantification of the ratio of total SERCA2a to GAPDH.  * 

p<0.05 vs 10mo NTG mice, n =  6. 
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A. 

Figure 28: Spontaneous Premature Contractions in Older Tm70 Mice.  A, 

Cardiomyocyte cell shortening and Ca2+ transient recordings taken from a 10 mo 

Tm70 mouse showing the presence of a premature extra contraction.  B, 

Electrocardiogram (EKG) and monophasic action potential (MAP) recorded at base-

line during preliminary studies conducted on a 12 mo Tm70 mouse showing a 

spontaneous premature ventricular contraction (PVC). 
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A. 

Figure 29: Arrythmogenicity of Tm70 mice undergoing programmed electrical 

stimulation.  A, Example of sustained ventricular tachycardia (VT) in a 10 mo old 

Tm70 mouse heart following a series of programmed stimulations.  B, inducibility of 

arrhythmias in hearts for 4 mo and 10 mo NTG and Tm70 mice.  Note that the single 

bar shown for NTG mice represents the percent of induction (0%) both at 4 mo and 

at 10 mo of age.  C, Left, overlay of the average monophasic action potential (AP) 

taken at the base of the left ventricle from a 10 mo NTG (black) and Tm70 (blue) 

mouse prior to programmed stimulation.  The two representative APs were matched 

by heart rate.  Right, quantification of the AP duration (APD) at 30%, 50%, 70% and 

90% of the total APD.  *p<0.05 vs NTG 10 mo. 
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Sust PVT, sustained polymorphic ventricular tachycardia; Sust MVT, sustained 

monomorphic VT. *p<0.05 vs NTG 10 mo. 

  Total  

Extra 

Beats Sust. PVT Sust MVT Inducibility 

Young Mice 

NTG 4 0 0 0 0% 

Male 2 - - - 

Female 2 - - 

Tm70 5 1 0 1 40% 

Male 2 1 - 1 

Female 3 - - 

Old Mice 

NTG 4 0 0 0 0% 

Male 2 - - - 

Female 2 

Tm70 7 0 4 2 87%* 

Male 2 - - 2 

Female 4 - 4 - 

Table V: Ventricular tachycardia during programmed electrical stimulation 
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D.   Discussion 

 In data presented here we demonstrate that a single charge change on Tm within 

the thin filament structure is sufficient to induced alterations in cellular homeostasis 

leading to maladaptive remodeling and cardiac dysfunction.  Moreover, the phenotypic 

and pathological findings from this Tm70 mouse model recapitulates the human disease 

and further provides critical insights into the mechanisms likely to be causal of SCD in 

patients bearing this mutation.   

1. Alterations in Ca2+ Homeostasis Induce Contractile Dyfunction in Aging Tm70 

Mice 

One of the significant findings of the research presented in this chapter was that 

unrelenting Ca2+ sensitization of the myofilament, inherent to the mutation, induced age-

dependent alterations in intracellular Ca2+ homeostasis, promoted hypertrophic 

induction and impaired relaxation.  Our results from echocardiography showed that, 

despite increased myofilament Ca2+ sensitivity at both 4 and 10 mos, diastolic function 

was only depressed in older Tm70 mice.  This would imply that the degree of 

myofilament Ca2+ sensitization associated with the Tm70 mutation is not sufficient to 

impair cardiac function alone.  However, because there were no other apparent 

alterations in myofilament properties (i.e. cooperativity of activation, maximal tension 

generation) or changes in intracellular Ca2+ handling early on, the increased 

myofilament Ca2+ sensitivity must be central to cardiac remodeling and dysfunction that 

occurred later in life.  We showed that with aging Tm70 mice developed increases in 

[Ca2+]i, which is likely to play a significant role in impairing relaxation.  Guinto et al (62) 

have also shown temporal alterations in Ca2+ homeostasis in transgenic mice with 

cTnT-related HCM.  Similar to our observations, previous studies in cTnT HCM mice 
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have shown early increases in myofilament Ca2+ sensitivity without overt remodeling 

(68, 89).  Elevations in the resting [Ca2+] in cTnT mutant myocytes was associated with 

reduced SR Ca2+ uptake owing to a reduction in the SERCA-to-PLB ratio.  In 

experiments reported here, our observed increase in [Ca2+]i in older Tm70 mice was 

associated with reduced SERCA2a expression, however, we have yet to probe for PLB 

expression or phosphorylation to fully determine changes in SR Ca2+ uptake.   

 Modulation of SR Ca2+ cycling is known to occur in mouse models of 

mutationally-induced HCM and with aging, and can be ascribed to reductions in 

SERCA2 expression (62, 82, 99).  In HCM mouse model studies the decreased 

SERCA2 expression was associated with reduced SR Ca2+ loading and release 

resulting in systolic and diastolic dysfunction (62).  Interestingly, previous work from our 

lab has shown that neonatal cardiac gene transfer of SERCA2a in Tm E180G-induced 

HCM delays hypertrophic remodeling and improves contractile performance (145), 

emphasizing the importance of altered Ca2+ homeostasis in HCM pathogenesis.  It is 

likely that the reduced SERCA2 expression in older Tm70 mice observed here 

decreases SR Ca2+ uptake, accounting for our observed elevations in intracellular [Ca2+] 

and slightly longer Ca2+ transient.  This in addition to the increased myofilament 

sensitivity to Ca2+ would explain the prolonged relaxation times and diastolic 

impairment.  However, we did not observe any significant changes in the peak Ca2+ 

transient, indicating that Ca2+ release for the SR was not impaired.  Likewise, there 

were no changes in systolic function in our mice.  This suggests that there may be 

additional changes in excitation-contraction coupling occurring which could account for 

this observation.  More studies will be needed to address this possibility. 
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2. Elevations in Intracellular Ca2+ Provide a Substrate for Reentrant 

Arrhythmias 

Our results support the hypothesis that elevations in intracellular Ca2+ provide a 

substrate for reentry which is causal of the arrhythmias.  A direct link between 

changes in intracellular Ca2+ and electrical excitability was first made by Tan et al 

(195), who showed that calmodulin (CaM) binds to the IQ domain of the Na channel 

in a Ca2+-dependent manner enhancing slow inactivation of the channel.  

Ca2+/calmodulin-dependent protein kinase II (CaMKII) has also been shown to 

modulate Na channel function by phosphorylation-dependent enhancement of the 

late INa (212).  These effects would act to reduce the effective refractory period of the 

AP while concurrently prolonging the AP duration.  Such heterogeneity in electrical 

conductance has been shown to be sufficient to induce extrasystoles capable of 

initiating ventricular tachycardia (VT) (175, 212).   

Findings in isolated cells and data from electrical pacing experiments are 

suggestive of both reduced AP effective refractory periods and prolonged AP 

duration leading to our observed extrasystoles and arrhythmic inducibility.  

Moreover, although we have yet to examine Ca2+-dependent changes in CaM or 

CaMKII, the correlation between increased [Ca2+]i and arrhythmic inducibility 

warrants further examination for a link between the two.  I’d like to digress for one 

moment to comment on an unexpected finding that I think has provided a valuable 

lesson in perseverance in the face of unexpected findings.  In initial 

electrophysiological studies we chose to use a burst pacing protocol in which hearts 

are continually stimulated for 15 sec at a single PCL, beginning at 80 ms and 
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progressing to shorter and shorter PCL.  The selection of our protocol was based on 

my initial hypothesis that the elevations in intracellular Ca2+ in older Tm70 mice were 

enough to induce Ca2+-overload arrhythmias.  Burst pacing has been shown to be 

the best suited to test for Ca2+-overload arrhythmias (25) and therefore seemed like 

the appropriate choice.  Despite this, we were not able to induce arrhythmias by 

burst pacing in any of our 12 mo old mice, even though at baseline we were already 

observing signs of arrhythmogenic potential (i.e. PVC).  Reluctantly, we decided to 

test a PES protocol, which is designed to provoke reentrant arrhythmias (163), 

although we were not expecting to see anything.  The fact then that using a PES 

protocol to induce arrhythmias was successful in inducing arrhythmias in our older 

Tm70 mice (and to some degree younger Tm70 mice) was a pleasant surprise and 

has served to be quite thought provoking.  What I can conclude from this is that 

although we do see elevations in intracellular Ca2+, the degree to which this occurs 

is not sufficient to “overload” the cells and cause spontaneous depolarization.  

However, the premise that a single charge change within the thin filament can lead 

to small, but significant, changes in [Ca2+], which may directly alter the electrical 

properties of the cell only emphasized the complex intricacies of the myocardium. 

Although our predominating hypothesis is that elevations in intracellular Ca2+ 

provoke electrical heterogeneity and arrhythmogenicity, there appears to be other 

mechanisms at play.  As mentioned previously, we observed a 40% inducibility of 

arrhythmias in younger Tm70 mice even though the only variance between these 

mice and age-matched NTGs was the increased myofilament Ca2+ sensitivity.  This 

then implies that increasing the myofilament response to Ca2+ is adequate to 
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increase susceptibility to arrhythmias.  In light of more recent studies (5, 47, 172) 

this is not entirely surprising; however, the mechanistic explanation is still somewhat 

unclear.   

3. The Onset and Severity of the Arrhythmias is Gender-dependent 

We have shown here that males develop both earlier onset and increased 

severity of arrhythmias, suggesting that there may be sex-dependent differences in 

HCM disease pathogenesis.  Male Tm70 mice were the only ones to develop 

arrhythmias at 4 mo of age and at 10 mo of age, male mice all presented with 

sustained monomorphic VT whereas females showed sustained polymorphic VT.  

Furthermore, males were also more susceptible to hypertrophic remodeling.  There 

is not a strong body of literature examining the differences in electrical properties or 

structural remodeling of the heart between genders.  However, females have been 

shown to have longer AP durations compared to males (204) making them more 

susceptible to developing polymorphic VT (222).  Likewise, males in general have a 

tendency to undergo a greater degree of hypertrophy than females (35).  It is 

possible that this propensity for Tm70 males to undergo hypertrophic remodeling 

may be related to their altered electrical status as well, as hypertrophy has been 

show to determine the type of arrhythmia induced after myocardial infarction (43).  A 

recently published study has also shown that there are gender-dependent alterations 

in myofilament properties in a mouse model of HCM linked to the R403Q mutation in 

myosin heavy chain (MHC) (121).  They found differences in myofilament Ca2+-

sensitive tension development which they ascribed to sex-dependent differences in 

β-MHC expression and cTnI phosphospecies.  We have been careful during our 
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experimentation to include an equal proportion of male and female mice and have 

assessed the potential for gender differences in all our measures.  We have not 

observed any difference in myofilament properties in Tm70 or NTG mice owing to 

gender.  However, given our findings that gender plays a role in Tm70 disease 

phenotype, it will be critical to continue assessing for sexual dimorphism as we move 

forward. 

 In summary, we have extended in vitro studies, which have demonstrated that 

the Tm K70T mutation linked to HCM increases N-domian flexibility and alters 

myofilament Ca2+ sensitivity (73, 124), adding that these inherent changes in Tm are 

sufficient to disrupt intracellular homeostasis and promote disease progression.  The 

mechanisms involved cause altered intracellular [Ca2+] and electrical remodeling over 

time and appear to differ between males and females.  Further studies in Tm K70T mice 

may serve as a useful tool to unravel the molecular mechanisms underlying HCM 

pathogenesis and offers insights into the divergence in disease severity often seen. 
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CHAPTER V 

GENERAL DISCUSSION 

 

A. Conclusions of the Thesis 

In this thesis I have reviewed evidence demonstrating the critical role for 

myofilament protein modifications in the regulation of cardiac function.  The 

mechanisms discovered here exemplify the cross-talk that occurs within the 

cardiomyocyte to aid in this regulatory process and how, when persistent, such 

mechanisms can contribute to cardiac dysfunction.  The scientific contributions this 

work has provided are as follows: 

1. We show that acute ceramide treatment initiates a novel signaling mechanism by 

which alterations in metabolism can augment cardiac function through PKC-

mediated phosphorylation of the myofilament proteins.  These findings suggest 

that ceramide’s ability to directly regulate contractile function should be 

considered as a significant contributor to the depressed cardiac function 

associated with diseases in which ceramide accumulates. 

2. We provide the first evidence of increased susceptibility of arrhythmias in a 

mouse model of HCM caused by a mutation in Tm.  Furthermore, our findings 

demonstrate gender-dependent differences in disease onset and severity, which 

are consistent with epidemiologic findings in humans. 

3. We demonstrate that increased arrhythmogenic susceptibility, independent of 

gender, is not due to increased myofilament Ca2+-sensitivity alone, as shown for 
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other thin-filament mutations, but depends on alterations in overall Ca2+ 

homeostasis.  This may suggest a divergence in disease mechanism initiated by 

thin-filament HCM mutations or imply that a greater degree of Ca2+ sensitivity 

than observed here is required to provoke arrhythmias. 

4. We consider that the novelty of the Tm K70T mouse model may, perhaps, lay in 

the potential insights which could be gained from future studies in these mice.  

Given the slower time course for disease development and gender differences in 

etiology, future studies in these mice could be uniquely designed to identify the 

earliest cellular events which trigger disease and further elucidate how these 

mechanisms differ in males versus females. 

B. Speculations 

1. Communication to the Sarcomere 

Communication to the sarcomere from the intracellular space is nothing new, 

in the sense that over 50 years ago it was established that changes in 

intracellular Ca2+ could proportionally change force development (215).  Our 

understanding of how this occurred was advanced when cTnC binding to Ca2+ 

(39) provided a direct link between the intracellular environment and the 

sarcomere.  However, regulation of cardiac function goes beyond alterations in 

binding kinetics and one requires little imagination to see that a more complex 

regulatory network is necessary for beat-to-beat tuning of contractile function in 

the face of ever-fluctuating hemodynamic demands.  The presence of multiple 

modification sites on the myofilament proteins, targeted by a multitude of 

signaling molecules, emphasizes the central role of the sarcomere in this 
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regulatory process.  Traditionally, the focus of much of the literature has been on 

phosphorylation of the myofilament by kinases, such as PKA, PKC and PKD, 

which are activated by extracellular ligands coupled to receptors.  However, 

recent endeavors are just beginning to expand our knowledge of contractile 

regulation to include signaling molecules activated by intracellular “stress 

gauges”.    

 Recent studies have linked changes in energy state, oxidative state and 

ionic state to regulation of cardiac function directly through the saromere.  The 

activated form of AMP-activated protein kinase (AMPK), which occurs following 

energy reduction (as sensed by the AMP/ATP ratio), has been shown to 

phosphorylate cTnI at Ser150 (168) resulting in increased myofilament Ca2+ 

sensitivity (132, 138).  These effects were proposed to enhance contractility 

without altering energetic cost.  In states of elevated intracellular Ca2+, such as in 

the stunned myocardium following ischemia-reperfusion (I/R) injury, activation of 

CaMKII has also been shown to result in direct modification of the myofilament, 

specifically on Ser-282 of cMyBP-C (53, 70, 171).  Ser-282 of cMyBP-C has also 

been shown to be targeted by p90 ribosomal S6 kinase (RSK) in response to 

endothelin treatment (32).  As mentioned in Chapter III, modification of this site 

appears to be critical for enhancing contractility by cMyBP-C.  Given the large 

number of modification sites on cMyBP-C (see Figure 15 in Chapter III) it would 

not be surprising if, in the near future, other kinases not traditionally thought to 

association with the sarcomere will prove to be sarcomeric modifiers.  In fact, a 

study published earlier this year found glycogen synthase kinase 3β (GSK3β) 
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phosphorylates a novel, previously unidentified site on human cMyBP-C 

(Ser301). 

More recognized and appreciated is the link between oxidative state and the 

sarcomere.  I’ve already mentioned in my earlier discussions (Chapter III) the 

numerous direct oxidative modifications that have been shown to occur within the 

sarcomere.  However, beyond these, oxidation has been also been shown to 

activate signaling molecules which target the myofilament for phosphorylation.  In 

particular, both c-Src and mammalian sterile 20-like kinase 1 (Mst1) induce 

phosphorylation of the cTn (191, 223).  Phosphorylation of cTnI and cTnT by 

Mst1 caused a conformational change within the cTn structure, effectively 

reducing the Ca2+ binding affinity for cTnC (223).  This effect was suggested to 

be protective in cases of ischemic injury where, as just mentioned, intracellular 

Ca2+ levels are elevated.  However, over-expression of Mst1 in the heart lead to 

the development of contractile impairment and dilated cardiomyopathy (220), 

implying that while Mst1-mediated phosphorylation of cTn might be beneficial 

acutely, long-term activation is deleterious.  The activation of c-Src by oxidative 

stress is coupled to PKCδ activation through c-Src-specific tyrosine 

phosphorylation (Tyr-311) (164-165, 191).  Phosphorylation of PKCδ at Tyr-311 

induces auto-phosphorylation of Thr-505 and further leads to targeting of cTnI 

and preferential phosphorylation at Thr-144 (191).  This same group has also 

shown that Raf-1 can phosphorylate of cTnT at Thr-206 (147).   

Such communication to the sarcomere is certainly not limited to modifications 

of the myofilament proteins.  Indeed, the Z-disk is well-known to act as both a 
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mechanosensor of the heart, as well as an anchor for signaling molecules, such 

as calcinuerin, p-21 activated kinase (Pak1), muscle LIM protein (MLP) and, 

PKCε (for review see (50)).  Future studies are likely to add to this list of Z-disk 

associated signaling molecules and provide a greater understanding of how 

intracellular cross-talk is localized. 

2. Communication from the Sarcomere 

It has become apparent that there is also reciprocity in regulation of cardiac 

homeostasis through communication from the sarcomere to the intracellular 

environment.  Transgenic mouse models have contributed significantly to this 

understanding, shedding light on how single modifications at the level of the 

myofilament can disrupt intracellular homeostasis resulting in disease.  As a 

whole, HCM mutations increase myofilament Ca2+ sensitivity, which has been 

shown to greatly enhance the myofilament’s ability to buffer Ca2+ (90, 161, 201).  

Consequently, this altered Ca2+ buffering may underlie the observed alterations 

in intracellular Ca2+ concentration, as shown here (Chapter IV, Figure 26) and by 

others (62, 89, 172).  The implications for this include the likely activation of Ca2+-

sensitive kinases, such as CaMKII and altered function of the NCX, which is 

allosterically regulated by the intracellular Na+ and Ca2+ concentrations.  This, in 

turn, can disrupt electrical homeostasis and increase the risk for arrhythmias and 

sudden cardiac death (89).   

Some of these same HCM mutations used to study alterations in cTn Ca2+ 

buffering have also been examined for changes in myocardial energetic (71), 
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demonstrating an overall reduction in energetic efficiency of HCM hearts (30, 71, 

156, 193).  The consensus is that cardiac inefficiency is due to the greater cost of 

force production inherent to the structural changes induced by the HCM 

mutations.  Moreover, it appears that these early changes in energetics are a 

primary defect and not a consequence of hypertrophic induction (30).  One might 

speculate that the higher tension cost of contraction would result in enough 

energy depletion to effect proper functioning of ATP-dependent pumps, such as 

the SERCA2a pump, possibly leading to disruptions in ion homeostasis.  

Interestingly, studies using the cTnT R92 mutations (R92L and R92W) showed 

that the degree of inefficiency was dictated by the amino acid substituted, with 

the R92W mutation causing the more severe energetic phenotype (71).  It is 

interesting to note that patients with the R92W mutation have a much higher 

frequency of sudden cardiac death compared to R92L carriers (49, 160).  This 

would imply a role for altered energetic in arrhythmogenic susceptibility.  It is also 

likely that alterations in energetics caused by sarcomeric modifications can, in 

turn promote further modifications of the sarcomere.  Activation of AMPK as a 

consequence of energy depletion from inefficient ATP utilization may modify the 

myofilament response to Ca2+ through phosphorylation of cTnI, as mentioned 

above.   

This ‘sarcomere-kinase-sarcomere’ activation axis is not unique to the energy 

sensor AMPK.   c-Src activation has also been shown to occur through changes 

in the biophysical properties of the sarcomere (170), with the potential for 

activated c-Src to activate PKCδ and, in turn, alter cTnI phosphorylation.  
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Furthermore, the sarcomeric protein titin has intrinsic kinase abilities which are 

thought to play a role in myofibrillogenesis through phosphorylation of telothonin 

(117).  The complexity does not stop there and our general understanding of 

signaling from the sarcomere appears to only have scratched the surface.  

In essence, the intricacies of cardiac regulation go far beyond our reductionist 

models.  And while we are limited by these, forward thinkers will always be finding new 

ways to exploit technology so that we may continue to strive toward integrating these 

complex signaling networks and feedback mechanisms which dictate function.  It has 

been my honor and privilege to work alongside some of these very people; individuals 

who have been given the gifts of curiosity, passion and creativity to explore science and 

make a significant contribution to our world.   

“When we cast our bread upon the waters, we can presume that someone 

downstream whose face we will never know will benefit from our action, as we who 

are downstream from another will profit from that grantor's gift.” 

 - Maya Angelou 
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