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CapZ is an actin capping protein that locates at cardiac Z-discs and anchors sarcomeric 

actin [1]. Transgenic (TG) mice overexpressing CapZ in cardiac myocytes develop a lethal 

cardiac hypertrophy [2], while a large reduction in CapZ protein causes severe myofibrillar 

disarray and death [2]. However, a TG model that contains a modest reduction in cardiac CapZ 

protein levels is viable and is associated with decreased PKC-dependent regulation of 

myofilament function [3]. Given the well known role of PKC in myocardial pathogenesis, the 

general aim of this thesis was to investigate how the modest reduction in CapZ protein affects 

cardiac function in models of cardiac stress. I found that PKC-translocation to cardiac 

myofilaments during cold cardioplegic arrest impairs myofilament activation, and that decreased 

cardiac CapZ protein disrupts this pathway and provides cardioprotective benefit. Using an in 

vivo model of ischemia-reperfusion (IR), I made the novel discovery that myofilament-

associated PKC is altered during prolonged global ischemia, and found that a CapZ deficiency 

affects the translocation of PKC to myofilaments in a time-dependent manner. Furthermore, I 

found that TG mice deficient in CapZ demonstrate significant reductions in IR injury, while 

providing enhanced cardioprotection following ischemic preconditioning. The cardioprotected 

phenotype of CapZ-deficient TG mice is associated with altered translocation of several PKC-



 

 

isoforms to cardiac myofilaments. Finally, having uncovered new information about the 

activation of protein phosphatase type 2A (PP2A) in IR, I investigated the role of CapZ in PP2A-

dependent myofilament regulation. I found that reductions in CapZ may affect cardiac 

contractility
 
by interrupting the association of PP2A with myofilaments. Together these findings 

expand the role of CapZ as a regulator of intracellular signaling molecules and demonstrate the 

novel ability of reduced CapZ to protect the heart against significant pathological threats.  
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 1 

INTRODUCTION 

Molecular mechanism of myofilament activation 

Structure and biophysical function of the cardiomyocyte  

Approximately 75% of the total mass of the myocardium consists of myocytes. Each 

individual myocyte is enclosed by a sarcolemma that invaginates into the cell and forms 

transverse tubules (T tubules), which can quickly spread action potentials deep into the cell. 

Under the sarcolemma are mitochondria, the primary ATP producers, provide energy for 

cardiomyocyte function. Sarcolemma-enclosed cytosol contains both cations and anions with 

different components and concentrations from that in the extracellular environment. Among 

these ions, Ca
2+

 plays key roles in determining cellular contraction, regulating energy production, 

and transducing intracellular signals (reviewed in [4]).  The cytosolic fluid surrounds bundles of 

myofibrils, each of which is comprised of many sarcomeres. Sarcomeres are delimited by Z-

discs and are composed primarily of two types of parallel arranged filaments: thin and thick. The 

thin filament consists of several components including actin, tropomyosin, nebulette, and 

troponin complexes (troponin T (TnT), troponin I (TnI), and troponin C (TnC)) (reviewed in 

[5,6]). The thick filament consists largely of myosin heavy chain (MHC), myosin light chains 

(MLC) 1 and 2, myosin binding protein-C (MyBP-C) and titin (reviewed in [7]).  

Cardiomyocyte contraction is the end result of interaction between myosin heads and 

actin filaments, which creates a “crossbridge”.  Myosin has two important functions in the 

cycling of crossbridges: first, the myosin heads extend out from the filament backbone, 

interacting with the actin filaments (reviewed in [4]); second, the intrinsic actomyosin 

MgATPase hydrolyzes ATP to provide energy for generating the power stroke. During 

crossbridge cycling, the activation of actin filaments is regulated in part by the troponin complex. 
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The binding of Ca
2+

 to TnC removes the steric inhibition to crossbridge formation, allowing the 

interaction of actin with myosin [8]. Many factors including Ca
2+

, myofilament phosphorylation 

state, intracellular pH, and sarcomeric structure can affect crossbridge cycling.  

Excitation-contraction coupling 

The key function of cardiomyocytes is contraction. Atrial and ventricular muscle cells 

maintain a stable and low membrane potential (about -80 mV), and can be excited by external 

stimuli. Sinoatrial cells are able to excite automatically to drive heart rate, and provide this 

external stimulus with the generation of action potentials. Cardiac excitation-contraction 

coupling (E-C coupling) is the process by which cardiomyocytes convert the electrical excitation 

of action potentials into cellular contraction (reviewed in [9-11]).  In cardiac myocytes the first 

key step in E-C coupling is Ca
2+

-induced Ca
2+

 release. Ca
2+

 influx through sarcolemmal L-type 

channels triggers the release of Ca
2+

 from the intracellular sarcoplasmic reticulum (SR) via 

ryanodine receptors. The binding of SR-released Ca
2+

 to TnC reduces the inhibition of actin-

myosin interaction and promotes crossbridge formation as described above. After a period of 

contraction, Ca
2+

 is either pumped into the SR through the SR CaATPase (SERCA) or is 

extruded out of the cell, primarily via Na
+
/Ca

2+
 exchangers. The molecular regulation of E-C 

coupling involves several components including: 1) a macromolecular complex bound to RyR, 

including Ca
2+

-calmodulin dependent protein kinase II (CaMKII), cAMP-dependent protein 

kinase (Protein kinase A, PKA), protein phosphatase type 1 (PP1), protein phosphatase type 2A 

(PP2A), FK-506 binding protein, and calsequestrin (reviewed in [12]), 2) the SERCA2A-

phospholamban complex regulated by various protein kinases and phosphatases [13-15], and 3) 

the phosphorylation state of myofilaments set by the interactions between several protein kinases 

and phosphatases [16-18].  
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Phosphorylation signaling regulates cardiac contractile function 

Protein phosphorylation/dephosphorylation is an important mechanism that regulates ion 

channel activities, Ca
2+

 release and sequestration, and the activation and relaxation of cardiac 

myofilaments. One of the most well investigated phosphorylation signaling molecules is PKA. 

Activated -adrenergic receptors pass extracellular stimuli to G-proteins, leading to the synthesis 

of cAMP by adenylyl cyclase, which in turn activates PKA (reviewed in [19,20]). PKA 

activation results in increased Ca
2+

 current [21] and increased phosphorylation of several 

myofilament proteins, which ultimately enhance myofilament contractility [22,23].  

Another important protein kinase is PKC. A number of receptors in cardiac myocytes are 

coupled to PKC activation, including muscarinic cholinergic [24], angiotensin II- [25], -

adrenergic- [26], opioid- [27], and bradykinin- [28] receptors. Like -adrenergic signaling, the 

activation of these receptors stimulates the activation of intracellular G-proteins, which in turn 

activate phospholipase C (PLC). PLC cleaves phosphoinositol-4,5-bisphosphate (PIP2), 

producing diacylglycerol (DAG) and inositol triphosphate (IP3), key elements in the activation 

of PKC [29,30]. Approximately ten PKC isoforms are expressed in most mammalian hearts 

(reviewed in [29,31-33]. While the specific roles of PKC are hotly debated in the literature, the 

activation of PKC is well known to be associated with both heart failure [34,35] and the 

cardioprotection of preconditioning [31,36,37].  

Cardiac contraction-relaxation is significantly influenced by -adrenergic receptor-

mediated PKA signaling. However, when -adrenergic receptors are desensitized in failing 

hearts, PKC activity is elevated and the PKC-dependent phosphorylation of a broad range of 

substrates initially serves as a functional adaptation [38-40,41]. The activation of PKC results in 

increased cardiac contractility and maintenance of cardiac output [41,42]. If the pathological 
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stress continues, PKC may drive hearts into a decompensatory state with underlying contractile 

dysfunction [43].   

Protein kinase C signaling and cardiac function 

Isoform-dependent protein kinase C phosphorylation  

It is well-known that the effects of PKC on cardiac function are isoform-specific. Recent 

advances in the evolving paradigm of compartmentalized signaling further suggest that 

functional outcomes are also dependent on the subcellular location of activation. Despite the 

importance of subcellular location, most studies investigating the role of PKC in cardiac 

myocytes have simply considered isoform-specific effects.  

PKC-, a highly expressed isoform in cardiac myocytes, is upregulated in association 

with ventricular dysfunction and contributes to the decline in force development in the end stage 

of congestive heart failure [16,44]. PKC- may also have protective roles: in isolated human 

cardiac myocytes PKC- translocates to the contractile system, anchors to TnI, and helps 

maintain contractile force [45].  The explanation for the paradoxical effects of PKC- activation 

in the heart is not known. 

In some species myocardium expresses PKC- which may be a crucial player in cardiac 

failure. Overexpression of PKC- results in a hypertrophied myocardium and increased cytosolic 

Ca
2+

 concentration in mice [46], whereas inhibition of PKC- prevents pathological changes in 

diabetes-related heart failure (reviewed in [47]).  

PKC- is widely accepted to be a beneficial isoform, protecting cardiac function in 

various situations [48]. The activation of this isoform is necessary for cardioprotection with 

potassium cardioplegia and PKC- has been implicated in several models of preconditioning 

(reviewed in [49]). It has been proposed that one mechanism of protection mediated by PKC- 
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activation is a reduction in actomyosin MgATPase activity during acute ischemia, as this would 

conserve ATP normally used by ineffective crossbridge cycling and provide energy to buffer 

against intracellular Ca
2+

 overload [50]. By contrast, increased PKC- in G(q) overexpessing 

mice is thought to be a driving force behind the resultant hypertrophic heart failure [51]. Again, 

the intracellular mechanisms underlying the paradoxical effects of PKC- are not fully 

understood, but work by Pass et al. [52] suggests that the levels of PKC- activation are crucial 

in determining whether PKC- activation is cardioprotective or cardiodamaging. 

 In contrast to PKC-, PKC- is thought to be a detrimental factor in regulating cardiac 

function. Activation of this isoform in the post-ischemic myocardium damages cardiac myocytes 

(reviewed in [48]) and is a significant factor in generating myocardial reperfusion injury [53].  

Moreover, the inhibition of PKC- shows beneficial effects in the heart, such as a faster post-

ischemic ATP recovery, smaller infarct size, and reduced myocyte apoptosis following ischemia-

reperfusion (IR) [36].  

There are fewer reports on the role of PKC- in the heart. PKC- was found in 

preconditioned neonatal hearts, but it is unclear how this is related to the cardioprotection of 

preconditioning [54,55]. It has also been shown that PKC- increases in chronically infarcted 

myocardium [56] and translocates to the Z-discs of cardiac myocytes [57]. These findings have 

suggested a key role of PKC in regulating cardiac contractility, but definitive studies have not yet 

been done to test this hypothesis. 

In summary, PKC plays diverse, isoform-dependant roles in the development of heart 

failure and preconditioning. While not well investigated in the literature, there is an emerging 

hypothesis that an additional factor in the complicated effects of PKC activation is the 

subcellular localization of the various isoforms [32,58]. 
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Myofilament phosphorylation by protein kinase C 

Initial investigations into the myocardial role of PKC suggested that PKC reduced cardiac 

contractility by affecting Ca
2+

 signaling, rather than targeting myofilaments directly [26]. 

However, several lines of evidence subsequently showed that PKC could directly phosphorylate 

myofilament proteins, including TnT, TnI, MyBP-C, and MLC2. TnI and TnT phosphorylation 

has been the focus of most research. TnT has 4 and TnI 6 known phosphorylation sites [59-62]. 

As noted above, the effects of PKC on troponin phosphorylation are isoform dependent. PKC- 

preferentially targets TnT, reducing Ca
2+

 sensitivity and maximal actomyosin MgATPase 

activity of cardiac myofilaments [63]. PKC- phosphorylates both TnI and TnT [57,63] and 

decreases maximal actomyosin MgATPase acitivity [63]. PKC- has also been shown to 

phosphorylate Ser43/Ser45 of TnI to maintain contractile force [45]. Overexpression of PKC-II 

increased TnI phosphorylation levels in myocardium, resulting in decreased myofilament Ca
2+

 

sensitivity and myocyte contractility [64]. Several studies have shown that the sites of 

myofilament phosphorylation by PKC determine functional outcome. For example, Ser 23/24 of 

TnI phosphorylation by PKC- reduced myofilament Ca
2+

 sensitivity, whereas Ser43/45 

phosphorylation reduces maximal actomyosin MgATPase activity [65].  The importance of 

targeting specific sites in the response to pathological stressors was shown by MacGowan et al. 

who reported that hearts expressing TnI in which Ser43/45 were converted to 

unphosphorylatable alanines made the myocardium more vulnerable to ischemic damage [66].  

Although there has been less attention paid to the phosphorylation of MyBP-C and MLC2, 

some studies have shown their importance in controlling cardiac contractility. There are up to 4 

phosphorylation sites on MyBP-C that can be targeted by PKC [67].  Although some reports 

show that phosphorylation of MyBP-C does not play a role in modulating myofilament Ca
2+
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sensitivity [68], it has generally been found that phosphorylation of MyBP-C reduces 

myofibrillar actomyosin MgATPase activity [69] can also be phosphorylated by PKC, resulting 

in an increase in actin-stimulated myosin MgATPase activity [70]. However, Venema et al. 

showed that the phosphorylation of MLC2 was associated with a decrease in myofibrillar 

MgATPase activity [71], whereas, Kanaya et al. demonstrated that phosphorylation of MLC2 

stimulated by profobol increased myofilament Ca
2+

 sensitivity [72]. The inability to identify the 

reason for these discrepant findings underscores the lack of detailed understanding about the 

regulation of cardiac myofilaments by the various PKC-isoforms and their numerous 

myofilament targets. 

Protein phosphatases and cardiac function 

Protein phosphatases in myocardium 

Compared to the investigations into protein kinases, less is known about the role of 

protein phosphatases (PPs) in the myocardium. PPs catalyze the dephosphorylation of proteins 

by removing a covalently bound phosphate from serine/threonine or tyrosine residues. The main 

phosphatases in the heart are serine/threonine phosphatases from the two largest families: type 1 

(PP1) and type 2 (PP2). PP1 and PP2A account for more than 90% of protein phosphatase 

activity in the myocardium [73,74]. 

Our previous work has investigated the effects of PP1 on myofilament activation, but the 

ability of PP2A to regulate the contractile apparatus is relatively unexplored. PP2A is a 

serine/threonine phosphatase that is expressed in both cytosolic and particulate fractions of 

cardiac myocytes [75]. PP2A is a heterotrimeric phosphatase composed of catalytic, regulatory, 

and structural subunits. Each of the catalytic and structural subunits has an  and  isoform 

[76,77], while the regulatory subunits may consist of , , or  types [78,79]. The 4 known 
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regulatory subunit isoforms are B55, B56 or B61, B72, and B93/B110 [74,80]. Among the three 

subunits, the regulatory B subunits determine the subcellular localization of PP2A. Regulatory B 

isoforms have been found to be selectively expressed in myocardium. B56- is located at the 

nucleus and shows a striated expression pattern consistent with myofilament binding [81]. B56-

1 is also located at the nucleus, but concentrates in the nuclear speckle, a macromolecular 

structure that accumulates transcription and splicing factors [81]. Another study indicates that 

this isoform is also located at cardiac Z-discs/T tubules [82].  

Protein phosphatase 2A and myocyte contractility 

PP2A has a broad range of targets in the myocardium and is responsible for reversing 

many of the phosphorylation events catalyzed by serine/threonine kinases. Although the 

signaling cascade activating PPs is not as clear as PKC, it has been shown that -adrenergic and 

adenosine receptor stimulation can regulate the intracellular PP2A activity [83,84].  

PP2A is a crucial regulator of E-C coupling in cardiomyocytes by binding to L-type Ca
2+

 

channels [85], RyR [86], and Na/Ca
2+

 exchangers [87] under basal conditions. The displacement 

of the PP2A binding to L-type Ca
2+

 channels increases Ca
2+

 currents in isolated cardiomyocytes 

[88][89]. Inhibition of PP2A results in increased open probability of RyR channels [89]. 

Furthermore, PP2A is also involved in the ion channel remodeling in infarction rat hearts [90]. 

These studies demonstrate the importance of PP2A in regulating myocardial function, and 

illustrate how disruptions in this signaling system may contribute to the dysfunction seen with 

myocardial stress.  

Myofilament dephosphorylation by protein phosphatase 2A  

Some studies have shown that PP2A can dephosphorylate several of the myofilament 

proteins. PP2A dephosphorylates serine residues in the N-terminus of cardiac TnI [91] and the 



 9 

threonine
 
residues of cTnI and cTnT [57]. Inhibition of PP2A with okadaic acid blocks the -

adrenergic-cAMP-dependent translocation of PP2A B56 [92] and enhances the phosphorylation 

of phospholamban and TnI [84,92]. In addition, activated PP2A decreases the phosphorylation of 

MLC2 [93].  While these studies point to a regulatory role of PP2A in the management of 

myofilament function, there remains a significant gap in our understanding about the 

mechanisms through which PP2A impacts myofilament activation. 

Protein phosphatase 2A in failing hearts 

The alteration of PP2A activity has been reported in failing hearts in both human patients 

and experimental animal models. Increased PP2A activity decreases the L-type Ca
2+

 current in 

ventricular myocytes from failing human hearts, leading to decreased contractility [94]. By 

contrast, expression of PP2A catalytic and regulatory subunits is significantly reduced in 

cultured myocytes from septic mouse hearts, which is associated with increased cTnI 

phosphorylation [95]. In animal models, mutation or inhibition experiments also demonstrated 

that PP2A controls cardiac function and helps to drive hearts into failure. Transgenic mice 

expressing PP2A with the structural unit A mutation develop dilated cardiomyopathy and 

experience premature death [96]. These differing effects of cardiac stressors on the activity levels 

of PP2A may be explained by the subcellular redistribution of PP2A and phosphatase activity 

under various models of stress. 

Ischemic heart disease 

Ischemia-reperfusion injury 

 

Cardiac ischemia is commonly caused by arterial thrombosis and stenosis. Primary 

reperfusion therapies are the standard of care for the treatment of acute coronary syndromes. The 

restoration of blood flow to previously ischemic tissue can induce arrhythmias, endothelial cell 
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damage, myocardial stunning, myocyte death, and infarction. Most of the clinical trials testing 

methods to prevent reperfusion injury have been disappointing [97]. Investigations of the 

molecular mechanisms underlying IR injury are crucial for the development of logical and 

directed therapies. 

 The translocation of PKC-, -, and - to the nucleus-myofibril fraction is associated 

with ischemia in rat hearts [98,99], and a reduction in PKC activity leads to improved post-

ischemic contractile function and a reduction in the incidence of arrhythmias in isolated rat 

hearts [100]. Transgenic hearts with enhanced PKC- activity show poor post-reperfusion 

hemodynamics [101]. Furthermore, phosphorylation of myofilaments during ischemia showed 

detectable changes that were related to the alterations in myofilament activation. MyBP-C 

phosphorylation preserved function after IR injury, in association with a reduction in infarct area 

[102]. Together these findings point to a complicated and divergent outcome of myofilament-

associated PKC in acute IR. 

Preconditioned myocardium 

Ischemic preconditioning was first described by Murry and colleagues [103] who found 

that a few short, repeating episodes of ischemia protect canine hearts from damage caused by a 

subsequent and prolonged ischemic insult. The cardiac protection afforded by ischemic 

preconditioning is mimicked by a number of pharmacological agents including adenosine 

receptor agonists [104], stimulators of -adrenergic receptors [105], and opioids [106-108].  The 

concept of preconditioning with short and transient episodes of ischemia has been extended to 

include numerous stress stimuli including hypoxia [109], hyperthermia [110], and oxygen free 

radicals [111,112]. While preconditioning may be induced by a number of agents, one common 

element of many of these events is the activation of PKC.  
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CapZ and myofilament regulation 

Z-discs 

The Z-disc is a highly specialized intracellular structure that connects the myofilaments 

to the sarcolemma, sarcoplasmic reticulum, nuclei, mitochondria, and T-tubules [4]. Sarcomeric 

actin filaments are anchored to the Z-discs through the actin capping protein CapZ, while the 

myosin filaments are attached to Z-discs through titin and telethonin [113]. -actinin connects 

the ends of the actin and titin filaments in the Z-discs and helps maintain the myofilament 

structure [114,115]. The costameric proteins desmin [116,117] and II-spectrin [118] surround 

the myofilament bundles and connect them to the sarcolemma at the Z-disc. T tubules invaginate 

into the cytoplasm at the Z-disc level [119] and with electrical stimulation of the ventricular 

myocytes, intracellular Ca
2+

 concentration begins to increase initially at the level of the Z-discs 

[120]. Together these data underscore the critical positioning of cardiac Z-discs at the interface 

between myofilament activation and cellular contractility. 

Z-disc structural and signaling components: modulators for cardiac function 

 Z-discs are not only important structural elements of striated muscle, but also a docking 

site for signal molecules [1,3,121-125]. Researchers have observed that the signaling proteins 

anchored at the Z-discs are altered in heart failure, suggesting that this subcellular structure may 

play an important role in the propagation of intracellular signaling cascades in the diseased heart. 

Cardiac Z-discs also interact with PKA and AKAP (A-kinase-anchoring protein) [126,127], 

formulating a signaling complex that shuttles
 
between the nucleus and the Z-disc [127] to 

promote cardiac hypertrophy [128]. Integrin-linked kinase (ILK) colocalizes with Akt at Z-discs, 

influencing Ca
2+

 transients through the phosphorylation of Z-disc integrin [129,130], and 

preventing apoptosis in the hypertrophic myocardium [131]. Another important Z-disc signaling 
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complex is composed of PP2A and p38-MAPK. The activation of p38-MAPK reduces the 

phosphorylation levels of tropomyosin and TnI through the activation of PP2A, which in turn 

depresses maximum tension and actomyosin MgATPase activity [132]. PP2A and PKC- also 

form a protein complex at cardiac Z-discs, regulating myofilament phosphorylation [57]. 

Furthermore, the target unit of PP1, an enzyme involved in several different signaling pathways, 

has been found at the Z-disc [133].  The gathered information suggests that Z-discs are critical 

modulators of cardiac function in both physiological and pathophysiological states, mediating 

both beneficial and detrimental effects. Investigations into the role of cardiac Z-discs in 

intracellular signaling are crucial for understanding how cardiac function is modified in heart 

failure, and identifying potential therapeutic targets in this enigmatic structure.  

 The actin capping protein CapZ  

The actin capping protein CapZ consists of a single  and  subunit. Two isoforms of the 

 subunit, 1 and 2, are found in the heart, the products of alternative
 
splicing from one gene 

[134]. The actin capping protein containing 1 is named CapZ, because of its location at the Z-

discs, whereas 2-containing actin capping protein is located at the intercalated disc and the cell 

periphery [134]. These two pools of actin capping protein are not interchangeable: 1-containing 

actin capping protein cannot bind actin other than at the Z-disc, and 2-containing actin capping 

protein is unable to anchor actin at the Z-discs. 

The interaction of CapZ with cardiac Z-discs is dynamic in vivo [135]. CapZ anchoring 

of sarcomeric actin at the Z-disc is regulated by a number of phospholipids that can decrease 

CapZ binding [136]. Findings on the interaction between CapZ and phospholipids, key 

components in the PKC activation cascade, lead Pyle and colleagues to hypothesize an 

interaction between CapZ and PKC activation [3]. This hypothesis has been supported by several 
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Figure1. Z-disc proteins [121]. At the Z-disc, -actinin connects the ends of the actin and titin filaments in maintaining the 

myofilament structure [114,115] and the costamere protein desmin surrounds the myofilament bundles,  connecting them to 

the sarcolemma at the Z-disc [118]. Several Z-disc proteins including myostatin, ankyrin, and filamin have been linked to 

cardiac hypotrophy. The Z-disc may serve as a docking site for signal molecules including PKC [138], PKD1 signaling 

complex [139], and integrin-linked kinase [129]. Copyright American Heart Association. See the permission for using this 

figure in Appendix II, 1. 

. 
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lines of evidence, which showed that a small (about 20%) CapZ deficiency in transgenic mice or 

chemical extraction of CapZ decreased the regulation of cardiac myofilaments by PKC [3,137]. 

While it has been hypothesized that the blockade of PKC-dependent myofilament regulation with 

the reduction in CapZ might offer protection against a range of myocardial stressors that work 

through PKC, this hypothesis has not yet been tested. 

Experimental models of myocardial stress 

Prolonged cardiac ischemia can be induced by high cholesterol [140], hypertension 

[141,142], and smoking [142], and is characterized by decreased cardiac contractility, infarction 

of cardiac myocardium, and biochemical changes in cardiac myocytes. In animal experiments, a 

Langendorff perfusion apparatus, developed by Oscar Langendorff, is used to induce acute, 

global ischemia in isolated hearts (reviewed in [143]). This apparatus has been widely used to 

investigate IR injury and the preservation of donor hearts, at the tissue, cellular and molecular 

levels. In the Langendorff perfusion system, the heart is perfused with a nutrient rich, 

oxygenated buffer in a retrograde (reverse) pattern. The pressure produced from the solution 

flow can be forced into coronary vessels via the ostia at the aortic root, thus maintaining 

coronary perfusion. By inserting a fluid-filled balloon connected to a pressure transducer, the left 

ventricle pressures and heart rates can be recorded. This mode of acute IR injury is well 

characterized in the literature and widely used to investigate both the functional impact of IR and 

effectiveness of putative therapies designed to protect hearts against ischemic stressors.   

Rationale 

Cardiac Z-discs have emerged as central signaling modules in the heart (reviewed in 

[117,121,144]). The actin capping protein CapZ is an important component of the Z-disc, and 

has been implicated in the regulation of multiple myofilament-associated signaling molecules 
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[3,121,145,146]. Evidence from our group has shown that tension development is increased in 

cardiac muscle fibers by decreased CapZ in either CapZ-deficient TG mouse hearts [3] or 

purified myofilaments [137]. Previous study was confined to normal physiological conditions, 

and no work has been done to explore the relationship between CapZ and myocardial stress.  

Many studies have implicated the intracellular signaling family of serine/threonine 

kinases collectively known as protein kinase C (PKC) in the development of dysfunction 

following acute and chronic myocardial stress. Interestingly, there is an equally strong body of 

evidence showing that PKC activation offers significant protection against acute myocardial 

stressors [49]. We have previously reported that modest reductions in CapZ protein disrupt PKC-

dependent control of cardiac myofilaments [3,137], and seem to preferentially affect 

cardiodamaging isoforms [137].  

The purpose of this thesis was to determine if reduced CapZ protein protects hearts 

against acute myocardial stressors, and to investigate the alterations in intracellular signaling 

pathways associated with cardiac stress. Four projects were designed to understand:  1) whether 

reduced cardiac CapZ protein protects hearts against acute IR injury and enhances 

preconditioning, 2) whether cardiac actin capping protein reduction and protein kinase C 

inhibition maintain myofilament function during cardioplegic arrest, 3) how protein kinase C and 

actomyosin MgATPase activate in CapZ-deficient murine hearts during cardiac ischemia, and 4) 

how protein phosphatase type 2A-mediated myofilament activates in CapZ-deficient TG murine 

hearts. 
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Chapter 1 Reduced cardiac CapZ protein protects hearts against acute ischemia-

reperfusion injury and enhances preconditioning * 

Abstract 

The Z-disc protein CapZ has historically been classified as a structural element, anchoring 

sarcomeric actin. Our previous work expanded its role to include signal transduction, as CapZ-

deficient transgenic (TG) myofilaments are less sensitive to protein kinase C (PKC). Myocardial 

PKC has paradoxical effects, mediating both preconditioning and ischemia-reperfusion (IR) 

injury.  Our objective was to determine how decreased CapZ affects IR injury and cardiac 

preconditioning. Mouse hearts were subjected to 20 min global ischemia and 60 min reperfusion. 

Some hearts were preconditioned with intermittent IR (IPC). Left ventricular function was 

assessed and myocardial tissue collected post-IR for molecular analysis and tissue staining. Post-

ischemic function was significantly better and infarct size smaller in CapZ-deficient TG hearts, 

as compared to wildtype (WT). IPC decreased IR damage in both WT and CapZ-deficient TG 

hearts, although CapZ-deficient TG hearts performed significantly better than WT. 

Immunoblotting revealed increased myofilament-associated PKC- and - following IR in WT 

hearts, but no change in PKC- or -. By contrast, post-IR myofilament-associated PKC- was 

significantly higher in CapZ-deficient TG mice but the rise in PKC- was attenuated. Both PKC-

 and PKC- decreased in CapZ-deficient TG myofilaments following IR. IPC increased 

myofilament-associated PKC- and -, while decreasing PKC- in WT hearts. Preconditioned 

CapZ IPC hearts showed attenuated increases in myofilament PKC- and -, but also a 

significant decrease in myofilament PKC- and -. These data demonstrate significant 

* Published, Reduced cardiac CapZ protein protects hearts against acute ischemia–reperfusion injury and 
enhances preconditioning. Yang FH, Pyle WG. J Mol Cell Cardiol. 2011 Dec 2. [Epub ahead of print]. 
See the copyright policy in Appendix II, 2. 
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differences in post-IR myofilament PKC in untreated and preconditioned CapZ-deficient TG 

mice. CapZ reduction did not dramatically affect post-IR myofilament function, nor did 

preconditioning. These results demonstrate that CapZ deficiency decreases IR injury, while 

providing enhanced cardioprotection with IPC. The cardioprotected phenotype of CapZ-deficient 

TG mice is associated with an altered translocation of PKC-isoforms to cardiac myofilaments. 

Introduction 

Cardiac ischemia is commonly caused by coronary artery disease, arterial thrombosis, 

and stenosis, and is a significant cause of heart failure (reviewed in [147]). Although the re-

establishment of blood flow and oxygen delivery following ischemia is the paramount goal of 

clinicians, post-ischemic reperfusion is associated with impaired cardiac function, arrhythmias, 

and cardiomyocyte death (reviewed in [148,149]). There is an increasing interest in 

understanding the molecular mechanisms that cause the dysfunctional changes associated with 

IR injury, as this information could be used to identify novel therapeutic targets and design more 

effective interventions.  

Myocardial preconditioning was first described by Murry and colleagues [103] who 

reported that short, repeating episodes of ischemia protect canine hearts from damage caused by 

a subsequent and prolonged ischemic insult. The adaptive phenomenon of “ischemic 

preconditioning” can be mimicked by a number of pharmacological compounds including 

adenosine receptor agonists [104], stimulators of -adrenergic receptors [105], and opioids 

[107,108,150]. While preconditioning may be induced by a number of agents, one common 

element of many of these events is the activation of PKC [151]. Paradoxically, PKC activation is 

also a powerful mediator of post-ischemic dysfunction [152,153]. The discrepant effects of PKC 

activation in IR are not fully explained, although there is strong evidence to suggest that specific 
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PKC-isoforms are responsible for affecting the cardioprotective phenotype of preconditioning, 

while other isoforms produce post-ischemic damage and dysfunction [37,152,153].  More 

recently it has been suggested that the subcellular location of PKC may be fundamental in 

determining post-IR recovery [154]. 

The molecular basis for preconditioning has not been definitively determined, although 

several models have been advanced and are supported by experimental evidence. Many studies 

have identified the cardiac myocyte mitochondrion as one of the end-effectors in preconditioning, 

with the overriding hypothesis that the protection of mitochondrial energy production is crucial 

for post-ischemic recovery (reviewed in [155,156]).  It has also been noted that the slowed 

depletion of metabolic resources during IR offers significant protection against IR [157]. Given 

that cardiac myofilaments consume the majority of the ATP supply within the cardiac myocyte, 

we previously tested the hypothesis that acute inhibition of cardiac myofilament ATP 

consumption could provide a cardioprotective advantage against IR injury. We found that 

preconditioning was associated with a PKC-dependent suppression of myofilament activation, 

and that a PKC-independent slowing of myofilament ATP use was sufficient to induce a 

cardioprotective phenotype [3,50,106]. Together these findings suggest that acute PKC-

dependent inhibition of cardiac myofilaments may play a role in the beneficial outcome of 

preconditioning and post-IR recovery. 

  CapZ is an actin capping protein that locates at cardiac Z-discs and anchors sarcomeric 

actin. TG mice overexpressing CapZ in cardiac myocytes develop a lethal cardiac hypertrophy, 

while a large reduction in CapZ protein causes severe myofibrillar disarray and death [2]. 

However, a TG mouse model that contains modest reductions in cardiac CapZ protein levels is 

viable, and is associated with decreased PKC-dependent regulation of myofilament function [3]. 
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In a complimentary model of CapZ deficiency in which CapZ protein levels are reduced by 

biochemical extraction, PKC-dependent regulation of cardiac myofilaments was also found to be 

reduced [137].  

The dichotomous nature of PKC in IR injury and the role of CapZ in PKC signaling, has 

led us to investigate whether post-ischemic cardiac function is altered in CapZ hearts, and 

whether these hearts can be protected by preconditioning. Furthermore, we sought to investigate 

how myofilament-associated PKC and other signaling molecules activated by IR are altered in 

CapZ-deficient TG mice. 

Materials and Methods 

Animal Care 

All animals were cared for in accordance with the guidelines of the Animal Care and
 
Use 

Committee of the University of Guelph, and the Canadian Council on Animal Care. 

Transgenic Mice 

 The TG mouse model in which CapZ protein is specifically decreased in the heart has 

been described previously [2,3,137]. Single actin capping protein subunits are unstable and non-

functioning. Overexpression of one isoform replaces the endogenous isoform. To decrease 

cardiac capping protein 1 isoform, we generated a mouse model in which 2 isoform was 

overexpressed, lowering the level of the Z-disc-associated capping protein 1 in the functional 

/ heterodimer. Previous work has shown that this approach reduces the amount of capping 

protein 1 associated with the Z-discs without causing capping protein 2 to localize to the Z-

discs. TG mice that are deficient in the Z-disc-associated capping protein 1 are henceforth 

referred to as “CapZ-deficient TG mice”. CapZ-deficient TG mice were homozygous for the 
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transgene allele. All studies used female mice that were 3-5 months of age. WT mice were age, 

gender, and strain (C57BL/6) matched. 

Langendorff Perfusion  

Myocardial function was determined in Langendorff perfused hearts using a pressure 

transducer (AdInstruments, Powerlab 4/30) to measure left ventricular function. Briefly, hearts 

were excised from CO2 euthanized mice and placed in ice-cold Krebs-Henseleit solution 

containing heparin. Excess tissue was dissected from the aortas and hearts were cannulated using 

a 22-gauge needle for retrograde perfusion. Hearts were perfused with oxygenated (95% O2/5% 

CO2) Krebs-Henseleit solution maintained at 37˚C and paced at 7 Hz. A fluid-filled balloon 

attached to the pressure transducer was passed through the left atrium into the left ventricle. The 

balloon was inflated to give a left ventricular end diastolic pressure (LVEDP) of <5 mmHg and 

developed pressure (LVDP) of greater than 70 mmHg. Hearts were perfused for 20 min to ensure 

stable function before measuring the baseline. 

Ischemia-reperfusion and preconditioning protocols 

All hearts were subjected to 20 min of global ischemia by stopping Langendorff 

perfusion and immersing hearts in nominally oxygen-free Krebs-Henseleit buffer contained in an 

organ bath to maintain temperature (37˚C) (Figure 1A). After global ischemia, hearts were 

reperfused for 60 min. For ischemic preconditioning, hearts were subjected to two cycles of 2.5 

min of ischemia and 2.5 min of reperfusion, after 20 min of baseline perfusion (Figure 2A). 

Infarct area measurement 

After reperfusion, some hearts were cut through the root of the aorta and snap-frozen in 

liquid nitrogen. Frozen hearts were subsequently sectioned and incubated in 1% triphenyl 

tetrazolium chloride (TTC, Sigma-Aldrich, Oakville, ON) for 10 min to detect infarct areas. 
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After fixing overnight, sections were photographed and the infarct area was analyzed by ImageJ 

(NIH, Bethesda, MD). Sections were weighed to determine percent of total heart, and infarct 

areas were added across all sections to produce values that are expressed as a percentage of the 

total heart.  

Myofilament isolation 

Cardiac myofilaments were isolated and prepared according to a modified protocol from 

Pyle et al. [137]. Briefly, hearts were homogenized in an ice-cold Standard Buffer and 

centrifuged at 12,000g for 15 min at 4
o
C. The pellets were resuspended in ice-cold Skinning 

Buffer
 
and gently agitated on ice for 40 min. The suspension was centrifuged at 1,100g for 15 

min at 4
o
C and washed three times with ice-cold Standard Buffer.  Protein concentration was 

determined with the Bio-Rad Bradford Protein Assay (Bio-Rad Laboratories Ltd., Mississauga, 

ON). 

Actomyosin MgATPase 

Actomyosin MgATPase activity was determined using a modified Carter assay [158]. 

Purified myofilaments (50 µg) were incubated in reaction buffers made by mixing Activating 

and Relaxing buffers, creating buffers containing varying levels of free Ca
2+

. Free
 
Ca

2+
 was 

calculated using the program from Patton et al. [159].  Myofilaments were incubated in reaction 

buffers for 5 min at 32°C, and reactions were quenched with 10% trichloroacetic
 
acid. The 

amount of inorganic phosphate produced was measured
 
by adding an equal volume of 0.5% 

FeSO4 and 0.5% ammonium molybdate
 
in 0.5 M H2SO4, and reading the absorbance at 630 nm. 

Immunoblotting  

Immunoblotting was performed using a modified protocol from
 
Pyle et al. [50]. 

Myofilament proteins (75 g for PKC and 150 g for protein phosphatases, PPs) were
 
resolved 
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by SDS-PAGE using 10% (PKC) or 12% (PPs) separating gels. Proteins were transferred to 

nitrocellulose
 
membranes and probed with primary antibodies overnight at 4˚C. Antibodies for 

PKC-, -, -, or - (BD Biosciences, Mississauga, ON,
 
and Millipore, Billerica, MA) were 

diluted 1:1000, as were antibodies for protein phosphatase 1 (PP1, Milipore, Billerica, MA) 

and 2A (PP2A, Santa Cruz Biotechnology, Santa Cruz, CA). Protein loading was assessed by 

stripping membranes with 0.1 M glycine (pH 2.9) and re-probing
 
with an anti-actin antibody 

(1:25000 dilution, Millipore, Billerica, MA). Secondary antibodies (Sigma-Aldrich, Oakville, 

ON) were conjugated to horseradish
 
peroxidase and

 
were used at 1:5000 dilution. Protein bands 

were detected using
 
Western Lightning (PerkinElmer Life and Analytical Sciences,

 
Woodbridge, 

ON), and analysis of band density was
 
done using ImageJ.  

p38 MAPK activation was assessed using whole heart homogenates (150 g) separated 

on 12% resolving gels. Primary antibodies specific for phosphorylated p38 (1:1000 dilution, 

Santa Cruz Biotechnology, Santa Cruz, CA) and total p38 MAPK (1:1000 dilution, Santa Cruz 

Biotechnology, Santa Cruz, CA) were used to assess p38 MAPK activity. p38 MAPK activity 

was taken as the amount of phosphorylated p38 MAPK divided by total p38 MAPK protein 

levels. Secondary antibodies were conjugated to horseradish
 
peroxidase and

 
were used at 1:5000 

dilution. Protein bands were detected using
 
Western Lightning, and analysis of band density was

 

done using ImageJ. 

Troponin I (TnI) degradation in intact myofilaments was determined using purified 

myofilaments (40 g), and TnI release was determined in collected heart perfusate. Samples 

were run using 12% SDS-PAGE, and TnI detected using an anti-TnI antibody (1:1000, Santa 

Cruz Biotechnology, Santa Cruz, CA). Protein bands were detected using
 
Western Lightning, 

and analysis of band density was
 
done using ImageJ. 
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Protein phosphorylation  

Myofilament proteins (40 g) were separated using 12% SDS-PAGE. Gels were fixed in 

50% methanol-10%
 
acetic acid at room temperature overnight, and phosphorylated

 
proteins 

stained with gel stain (Molecular Probes,
 
Eugene, OR), according to the manufacturer's 

instructions. Imaging
 
was done using a Typhoon gel scanner (GE Healthcare, Baie d’Urfé, PQ),

 

and analysis using ImageJ. Protein loading was assessed by Coomassie staining of gels
 
after 

phosphoprotein gel stain imaging, using actin as a protein loading control.
  

Solutions  

Krebs-Henseleit buffer contained 118 mM NaCl, 4.7 mM KCl, 1.2
 
mM MgSO4, 1.2 mM 

KH2PO4, 25 mM NaHCO3, 0.05 mM EDTA, 0.5 mM sodium pyruvate, 11 mM glucose, and 2.5
 

mM CaCl2. Standard buffer contained 60 mM KCl, 30 mM imidazole
 
(pH 7.0), 2 mM MgCl2, 

0.01 mM leupeptin, 0.1 mM phenylmethylsulfonyl fluoride, and 0.2
 
mM benzamidine. Skinning 

buffer with 1% Triton-100 contained 10
 
mM EGTA (pH 7.0), 8.2 mM MgCl2, 14.4 mM KCl, 60 

mM imidazole
 
(pH 7.0), 5.5 mM Na2ATP, 12 mM creatine phosphate, 10 U/ml creatine

 

phosphokinase, 0.01 mM leupeptin, 0.1 mM phenylmethylsulfonyl fluoride, and 0.2 mM 

benzamidine.
 
Activating buffer (pCa 4.0) contained 23.5 mM KCl, 5 mM MgCl2, 3.2 mM

 
ATP, 2 

mM EGTA, 20 mM imidazole, 2.2 mM CaCl2, 0.1 mM phenylmethylsulfonyl fluoride,
 
0.01 mM 

leupeptin, and 0.2 mM benzamidine, pH 7.0. Relaxing
 
buffer (pCa 9.0) contained 26 mM KCl, 

5.1 mM MgCl2, 3.2 mM ATP, 2 mM EGTA,
 
20 mM imidazole, 4.9 M CaCl2, 0.1 mM 

phenylmethylsulfonyl fluoride, 0.01 mM leupeptin,
 
and 0.2 mM benzamidine, pH 7.0.

  

Statistical Analysis 

All data are shown as mean ± SEM. Statistical analysis was done using a one-way 

ANOVA and a post-hoc Dunnett’s t-test for all data except immunoblotting and protein 
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phosphorylation. Fisher’s Least Significant Difference test was used for immunoblotting and 

phosphorylation analysis.  P<0.05 was considered statistically significant.  

Results 

Post-ischemic function is increased in CapZ-deficient transgenic hearts 

Functional baseline values were not different between WT and CapZ TG mouse hearts 

(Table I). After IR, LVEDP was significantly elevated in WT hearts and LVDP significantly 

lower, as compared to pre-IR baseline levels (Figure 1B and 1C). Percent recovery of LVDP 

following IR was 46.7 ± 15.8% and post-IR LVEDP rose 15.8 ± 5.8 fold over baseline (Figure 

1D and 1E). By comparison, post-IR LVDP recovery was significantly higher in CapZ-deficient 

TG hearts, while the rise in LVEDP was lower than WT levels. Post-IR LVDP recovered to 74.3 

± 5.5% of pre-IR baseline and LVEDP increased 5.5 ± 1.4 fold over pre-IR levels. These data 

indicate that CapZ-deficient TG mice maintain higher levels of cardiac function after acute IR. 

Ischemic preconditioning improves post-ischemic function of CapZ-deficient transgenic 

hearts 

Ischemic preconditioning reduced the rise in post-ischemic LVEDP and increased LVDP 

recovery in WT hearts (Figure 2B and 2C). Post-IR LVDP recovered 72.7 ± 14.6% of the pre-IR 

level, and LVEDP increased by an average of 14.6 ± 1.7 fold (Figure 2D and 2E). Post-IR LVDP 

of CapZ-deficient TG hearts recovered to an average of 100.5 ± 5.0% of pre-IR baseline, while 

the rise in LVEDP was 5.0 ± 1.8 fold (Figure 2D and 2E). Post-IR LVDP of preconditioned 

CapZ-deficient TG hearts was significantly higher than preconditioned WT hearts, while post-IR 

LVEDP was not different between preconditioned groups. Together these results show that 

CapZ-deficient TG mouse hearts can be preconditioned with acute episodes of IR, and that the 

beneficial effects of preconditioning augment their already cardioprotected state. 
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Cardiac infarction and molecular markers of damage are lower in CapZ-deficient 

transgenic hearts after ischemia-reperfusion 

There were no significant differences in infarct areas between WT and CapZ-deficient TG 

hearts at baseline (Figure 3A). At the end of IR, mean infarct areas were 17.1 ± 1.5% and 8.1 ± 

2.6% in WT and CapZ-deficient TG hearts, respectively, demonstrating a significant 

cardioprotection in CapZ-deficient TG mice (Figure 3B). Preconditioning significantly reduced 

infarct areas to 5.5 ± 1.6% WT hearts, whereas CapZ-deficient TG hearts maintained a slightly 

lower size of 3.2 ± 1.2%. These data show that the functional advantage enjoyed by CapZ-

deficient TG hearts correlates with reduced tissue damage post-IR, but that the additional 

functional improvement associated with preconditioning is associated without significant 

reduction in infarct size.  

Cardiac TnI is released by cardiac myocytes during IR, and the amount released is taken 

as an indication of cellular damage. Myocardial perfusates were collected at the end of IR and 

examined for TnI. TnI release was detected in all heart perfusates after IR. Post-IR release of TnI 

by CapZ-deficient TG hearts was significantly reduced as compared to WT hearts, indicating a 

reduction in myocardial damage (Figure 3C). Preconditioning decreased myocardial TnI release 

in WT hearts, but the low levels of TnI release by CapZ-deficient TG hearts post-IR were not 

significantly affected by ischemic preconditioning. 

p38 MAPK activity is increased in myocardium during acute IR, and is used as a marker 

of cellular stress. After IR phosphorylated p38 levels were increased in WT hearts, whereas 

CapZ-deficient TG mouse hearts showed a modest but not significant reduction in p38 activity 

(Figure 3D). Ischemic preconditioning did not affect phospho-p38 levels in either WT or CapZ-

deficient TG hearts. 
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Cardiac myofilament-associated protein kinase C is altered in ischemia-reperfusion 

PKC-, -, -, and - were detected in myofilaments purified from both WT and CapZ-

deficient TG hearts (Figure 4).   At the end of reperfusion, myofilament-associated PKC- and - 

increased nearly 5- and 4-fold respectively in WT hearts. PKC- and - showed no significant 

changes from baseline. In CapZ-deficient TG cardiac myofilaments, post-IR PKC- and - were 

also increased, although the increase in myofilament PKC- was greater than that seen in WT 

hearts, while the PKC- increase was more modest. Moreover, myofilament PKC- and - were 

decreased by 33% and 23% in CapZ-deficient TG myofilaments following IR. To our knowledge 

this is the first characterization of myofilament-associated PKC following acute IR. Furthermore, 

these results demonstrate an altered profile of myofilament-associated PKC in CapZ-deficient 

TG myofilaments after IR. 

In preconditioned WT hearts the post-IR increases in myofilament-associated PKC- and 

- were maintained, while PKC- levels were decreased. Myofilament PKC- was not different 

from baseline. In CapZ-deficient TG myofilaments, ischemic preconditioning significantly 

attenuated the post-ischemic increases in myofilament-associated PKC- and -, while 

maintaining the decreased levels of PKC- and -. These data represent the first attempt to 

characterize PKC changes in the myofilament fraction of preconditioned hearts post-IR, and 

present the novel finding that a reduction in cardiac CapZ protein is associated with alterations in 

post-IR myofilament-associated PKC levels.  

Post-ischemic myofilament activation is not different in CapZ-deficient transgenic hearts 

To determine if improved post-ischemic recovery is associated with a preservation of 

myofilament function, we measured actomyosin MgATPase activity levels before and after IR. 
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Maximum actomyosin MgATPase activity was not significantly altered in post-IR WT 

myofilaments from untreated or preconditioned hearts (Figure 5A). Myofilaments from CapZ-

deficient TG hearts showed a modest increase in maximum activity post-IR, and this increase 

was significant in hearts subjected to ischemic preconditioning (Figure 5B). Myofilament Ca
2+

 

sensitivity, as assessed by EC50, were increased after IR in both WT and CapZ-deficient TG 

myofilaments (Figure 5C and 5D). In preconditioned WT hearts the post-ischemic increase in 

myofilament Ca
2+

 sensitivity was maintained, whereas the increase was modestly attenuated in 

CapZ-deficient TG myofilaments. Taken together these data demonstrate a significant impact of 

IR on myofilament ATP consumption, but fail to show a gross differential effect in CapZ-

deficient TG myofilaments that could underlie the improved post-IR function seen in these hearts 

Post-ischemic myofilament TnI degradation is reduced in CapZ-deficient transgenic hearts 

Cardiac myofilaments were isolated at the end of IR to assess TnI degradation, an 

indicator of myocardial damage. Both WT and CapZ-deficient TG myofilaments exhibit small 

levels of TnI degradation at baseline, with levels being slightly lower in the TG hearts (Figure 

6A and 6B). An increase in TnI degradation was seen in WT hearts following IR, and the 

production of the TnI degradation product was not significantly decreased by ischemic 

preconditioning.  CapZ-deficient TG myofilaments showed a significantly lower level of TnI 

degradation following IR, as compared to post-IR WT hearts. Ischemic preconditioning modestly 

lowered the levels of the TnI degradation product in CapZ-deficient TG myofilaments. 

Changes in post ischemia-reperfusion myofilament phosphorylation are attenuated in 

CapZ-deficient transgenic mice 

Baseline phosphorylation of myofilaments was not significantly different between WT 

and CapZ-deficient TG hearts (Figure 6C-6F). At the end of IR, myosin binding protein-C 
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(MyBP-C) and TnI phosphorylation levels were decreased by approximately 20% in WT 

myofilaments, while TnI phosphorylation was decreased by 30% in CapZ-deficient TG 

myofilaments. Troponin T (TnT) phosphorylation was elevated in both groups of mice. 

Myofilaments from preconditioned WT hearts demonstrated an increase of approximately 30% 

in post-IR phosphorylation of MyBP-C and TnT, with only an 11% increase in TnI 

phosphorylation. The changes in myofilament protein phosphorylation following IR in 

preconditioned TG mouse hearts were not significant. 

Cardiac myofilament-associated protein phosphatases are altered in preconditioned CapZ-

deficient transgenic hearts 

The decline or lack of increase in the phosphorylation levels of some myofilament 

proteins post-IR suggests a potential increase in myofilament-associated PPs. Protein 

phosphatase type 1 (PP1) and 2A (PP2A) account for over 90% of myocardial serine/threonine 

phosphatase activity in cardiac myocytes [73,74]. PP1 and PP2A were detected in 

myofilaments isolated from WT and CapZ-deficient TG hearts (Figure 7). Levels of 

myofilament-associated PP1 and PP2A were not affected by IR in WT hearts, whereas CapZ-

deficient TG hearts showed a reduction of 18% and 32% in the myofilament levels of PP1 and 

PP2A respectively.  Preconditioning of WT hearts decreased myofilament-associated PP1  by 

21%, without altering PP2A levels. By contrast, ischemic preconditioning significantly increased 

myofilament-associated PP1 and PP2A protein levels by 30% and 53% in CapZ-deficient TG 

hearts. These results are the first characterization of myofilament-associated PPs following IR in 

preconditioned and non-preconditioned hearts.  
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Discussion 

Cardiac Z-discs have emerged as focal signaling modules in the heart, and important 

regulators of myocardial function [121]. The developing role of cardiac Z-discs has led to the 

exploration of these subcellular structures for unique therapeutic targets in the management of 

heart disease. The data presented here demonstrate novel and powerful effects of decreased CapZ 

in protecting hearts against IR injury. Moreover, we found that a modest CapZ deficiency 

enhances the beneficial effects of ischemic preconditioning. The cardioprotected phenotype of 

CapZ-deficient TG mice is manifest with both an improvement in myocardial contractility and 

decreased tissue damage, and is underlined by an altered translocation of PKC-isoforms to 

cardiac myofilaments. These data represent the first report showing beneficial effects of 

decreased CapZ protein levels in the heart. 

Reduced Cardiac CapZ Protein Improves Post-Ischemic Recovery 

 Acute IR injury is associated with a decline in myocardial function and significant tissue 

damage. CapZ-deficient TG mouse hearts demonstrated improved post-IR myocardial function 

over WT hearts, as established by a higher recovery of pre-ischemic LVDP and a reduction in 

the rise of LVEDP. Infarct size, as well as post-IR increases in p38 MAPK and TnI release, was 

all attenuated in CapZ-deficient TG hearts, as compared to WT. These data support the novel 

finding that a modest reduction in cardiac CapZ protein levels protects murine hearts against 

post-IR dysfunction and tissue damage. 

Altered Cardiac Myofilament Function in CapZ-deficient Transgenic Mice after Ischemia-

Reperfusion 

We have previously found evidence to support an energy-sparing model of 

cardioprotection, in which a reduction in myofilament ATP consumption alleviates a significant 
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energy burden on cardiac myocytes, and provides more ATP to buffer against Ca
2+

 overload 

[50,106]. Arteaga et al. [160] extended this idea and speculated that increased myofilament Ca
2+

 

sensitivity may be cardioprotective, as hearts treated with myofilament Ca
2+

 sensitizers better 

tolerate IR injury because of an increase in the economy of tension. At first glance, our data fail 

to support the energy-sparing model of preconditioning: a post-ischemic increase in myofilament 

Ca
2+

 sensitivity is evident in all groups, and does not correlate with myocardial recovery. Despite 

apparently similar functional changes in the cardiac myofilaments across all groups, there is 

evidence to suggest that the means by which these change are mediated may be different, 

depending on the group in question. The contractile defects of post-ischemic cardiac 

myofilaments are associated with a proteolytic degradation of TnI [161]  that increases 

actomyosin MgATPase Ca
2+

 sensitivity and decreases force development [162]. In the current 

study, non-preconditioned WT hearts exhibit the greatest proteolytic breakdown of TnI, a 

characteristic that is somewhat alleviated by preconditioning. The CapZ-deficient TG hearts have 

lower levels of TnI degradation and significantly better post-ischemic function. We suggest that 

in those hearts were TnI breakdown is most significant, the increase in actomyosin MgATPase 

Ca
2+

 sensitivity is accompanied by a reduction in force, as demonstrated by Foster et al. [162] 

and, thus, a decrease in myofilament efficiency. The degradation of TnI that normally occurs 

with IR injury produces a mechanical uncoupling that is highly inefficient and further strains 

already taxed energy reserves. By contrast, in those hearts with lower levels of TnI degradation, 

the cell may not be saddled with an inefficient contractile apparatus, but rather a more sensitive 

force generating system that conserves energy to combat Ca
2+

 overload.  

 



31 

 

Reduced CapZ Protein Affects Post Ischemia-Reperfusion Changes Myofilament-

Associated Protein Kinase C  

PKC plays an important role in the pathophysiological sequelae of myocardial ischemia. 

However, delineation of the specific effects of PKC in myocardial IR is complicated by the 

diversity of PKC isozymes in cardiac myocytes, and their numerous intracellular targets. Despite 

difficulties in identifying specific roles for PKC isoforms in IR, previous studies suggest that the 

myocardial response to acute IR is regulated largely by PKC- and - [58,163]. Using isoform-

specific inhibitors it has been concluded that PKC- activation is cardioprotective [37,153], 

whereas PKC- activation early in reperfusion contributes to post-ischemic myocardial 

dysfunction [152,153]. PKC- is thought to mediate cardioprotection in part by increasing the 

expression of HSP70 and HSP90 [164,165], but the timescale required for this effect makes it 

unlikely that this protective mechanism is involved in acute IR. Molnar et al. [45] found that 

PKC- maintains cardiac myofilament force development under conditions that occur during IR, 

which suggests a role for this PKC isoform in maintaining post-IR contractility. Interestingly 

Shintani-Ishida and Yoshida [166] found cardiodamaging effects with post-IR activation of 

PKC- at the sarcoplasmic reticulum, arguing for subcellular-specific effects of the signaling 

molecule. Phillipson et al. [167] have shown that inhibition of PKC-  protects rat hearts against 

the post-ischemic damage caused by polymorphonuclear leukocytes, implicating this PKC 

isoform as a cardiodamaging molecule. 

In the current study we examined the myofilament translocation of the four PKC 

isoforms implicated in IR injury. The improved ischemic tolerance of the CapZ-deficient TG 

mouse hearts was associated with a significant increase in the cardioprotective PKC- and - 

isoforms, and a decrease in the putative cardiodamaging PKC- and -. While the non-
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preconditioned WT hearts also demonstrated increases in myofilament-associated PKC- and -, 

the increase in PKC- was less than that seen in CapZ-deficient TG hearts. Moreover, the 

decline in PKC- and - levels seen in CapZ-deficient TG myofilaments did not occur. Based on 

these changes we would speculate that CapZ-deficient TG mice enjoy a cardioprotected 

advantage because of increased post-IR activation of protective PKC-isoforms and deactivated 

detrimental isoforms. Similarly, in preconditioned WT hearts, myofilament PKC- and - levels 

are increased, along with a reduction in PKC-, demonstrating an upregulation of beneficial PKC 

isoforms and a decrease in one of the detrimental types. Interestingly, preconditioning of CapZ-

deficient TG mouse hearts significantly attenuated the increased translocation of PKC- and - 

to the myofilaments, while maintaining the reduction in PKC- and -. We would predict that 

this configuration of PKC-isoforms would offer some protection against IR injury, given the 

increase in beneficial isoforms and decrease in cardiodamaging signals, but it is somewhat 

surprising that these hearts are associated with improved post-ischemic function in comparison to 

non-preconditioned TG mouse hearts, given the relatively larger activation of PKC- and - seen 

in the former. 

Myofilament-Associated Protein Phosphatase Levels are Altered in Preconditioned CapZ-

deficient Transgenic Mouse Hearts 

The roles of PPs in IR injury and preconditioning are not well understood. Most studies 

examining these signaling molecules in IR injury have used either non-specific inhibitors, or 

agents that preferentially block PP2A, making it difficult to ascertain the function of PP1. 

Inhibition of PP2A is paradoxically associated with both improved tolerance of IR [167,168] and 

decreased post-ischemic recovery. It has been suggested that some of the discrepant effects of 

phosphatase inhibition are temporally based: inhibition prior to ischemia impairs post-ischemic 
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recovery, while activation during reperfusion improves recovery [169]. However, even this 

hypothesis is contradicted by studies showing no such time-dependency [168]. In our study we 

note that myofilament levels of PP1 and PP2A are increased in preconditioned TG mouse 

hearts after reperfusion, but not in any other group. The increase in myofilament-associated PPs 

correlates with enhanced post-IR function, and may explain some of the additional 

cardioprotective benefits from preconditioning seen in the CapZ-deficient TG mice.  

Post-Ischemic Myofilament Regulation 

Cardiac myofilament function is rapidly and profoundly affected by the phosphorylation 

status of several constituent proteins. We report here changes in post-ischemic phosphorylation 

of the myofilament proteins MyBP-C, TnT, and TnI, along with alterations in myofilament-

associated PKC and PPs. A definitive link between signaling molecule, protein target, and 

functional effect is virtually impossible given the discrepant findings reported in the literature 

and the number of variables involved. For example, PKC targets MyBP-C, TnT, and TnI [63,67], 

but the functional effects are isoform-dependent:  PKC- and - reduce myofilament Ca
2+

 

sensitivity in vitro, while PKC- modestly increases the myofilament response to Ca
2+

 [63]. 

Interestingly, pan-PKC activation with a phorbal ester increases myofilament Ca
2+

 sensitivity in 

the mouse heart [170]. These findings show that the effects of PKC are not only dependent on 

the isoform activated, but also the combination of isozymes affected. The effects of PPs on 

myofilament function are much less well characterized, although these signaling molecules have 

significant and equally rapid effects on the contractile apparatus. We have reported that PP1 

dephosphorylates myosin binding protein-C, TnT, and TnI, yielding an increase in myofilament 

Ca
2+

 sensitivity [158]. PP2A-dependent regulation of cardiac myofilament function is less clear 

as studies have reported both increases [171] and decreases [172] in myofilament Ca
2+

 sensitivity. 
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The combination of multiple PKC isoforms and PPs, as well as numerous phosphorylatable 

residues amongst the myofilament proteins yields a complex functional output that is not simply 

the sum of its parts [173,174]. Moreover, recent work by Engel et al. [173] demonstrate that IR 

switched the preferred myofilament residues targeted by PKC, which indicates that models 

explaining the physiological regulation of myofilament function are not necessarily transferable 

to pathological conditions. 

Proposed Model of Cardioprotection in CapZ-deficient Transgenic Mice  

 The data generated by the current study, coupled with our previous work using CapZ-

deficient TG mice, allows us to advance a hypothetical model to explain the novel 

cardioprotection we report here. The diverse family of serine-threonine kinases is known 

collectively as PKC mediate paradoxical effects in hearts subjected to acute IR. The 

preponderance of studies suggests that PKC- is cardiodamaging and its antagonist mediates 

protection. Conversely, increased PKC- activity generally protects hearts against the 

dysfunction and tissue damage resulting from acute IR. We have noted previously that a 

reduction in CapZ protein levels prevents the regulation of myofilament function by the putative 

cardiodamaging II-isoform of PKC, while leaving intact the effects of PKC-. In short, CapZ-

deficient TG mice may exhibit preferential regulation by specific PKC isoforms. How CapZ 

controls myofilament-associated PKC is not known, but it may be the result of modest structural 

changes in cardiac Z-discs that affect PKC binding or the anchoring of PKC-activation co-factors 

(e.g. RACK) to Z-discs. This area of research requires further investigation.  

 The intracellular mechanisms responsible for preconditioning and cardioprotection are 

not definitively known, but several end-effectors are supported by experimental evidence. We 

have previously found that PKC- inhibition of myofilament function during ischemia is 
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associated with improved post-ischemic function, and that acute, PKC-independent inhibition of 

actomyosin MgATPase activity is sufficient to recapitulate the phenotype of preconditioning. 

Given that the actomyosin MgATPase consumes the majority of ATP generated by cardiac 

myocytes, a slowing of its activity would spare ATP reserves to buffer the cell from Ca
2+

 

overload. We, therefore, hypothesize that the maintained ability of PKC- to regulate cardiac 

myofilaments in CapZ-deficient TG mice confers an advantage which may be reinforced by the 

simultaneous antagonist of cardiodamaging PKC isoforms including PKC-.  

Targeting the Z-discs in Ischemia-Reperfusion Injury 

Intracellular signaling cascades are often comprised of numerous molecules that interact 

with concomitantly activated pathways. Moreover, the activation of a single protein messenger 

can have wide-ranging and even discrepant effects, depending on its subcellular location. For 

example, PKC- is both cardioprotective and cardiodamaging in IR, depending on whether it is 

localized to cardiac myofilaments or the sarcoplasmic reticulum [45,166]. That one protein 

kinase can have such dissimilar effects makes it difficult to target the signaling molecule per se. 

Recent advances in our understanding of compartmentalized subcellular communications has led 

to the concept that control of intracellular signaling pathways might be mediated by identifying 

and targeting components of the cascades that are unique to the various cellular milieux. 

Cardiac Z-discs have been visualized in heart muscle cells since they were first examined 

under the microscope. Despite over a century of research, little is known about these 

characteristic elements of cardiac myocytes. Recent investigations have expanded the role for 

cardiac Z-discs from passive structural elements, to active regulators of heart muscle function 

(reviewed in [117,121]). With the recognition that cardiac Z-discs are active players in the heart, 

the therapeutic potential of cardiac Z-discs is now being explored. Our data showing a significant 



36 

 

benefit of modestly reducing cardiac CapZ levels against the threat of IR injury is the first study 

to demonstrate a protective effect through the modification of this Z-disc protein. The 

cardioprotective advantage enjoyed with the downregulation does not hamper the ability to 

precondition the heart, but rather enhances it. The overwhelming benefits associated with CapZ 

modification suggest that further investigation of the enigmatic protein is warranted. 

Conclusions 

 Overall our results show that TG mice deficient in cardiac CapZ protein levels better 

tolerate acute IR and exhibit enhanced benefits from ischemic preconditioning. The improvement 

in cardiac function with decreased cardiac CapZ is associated with a reduction in infarct size and 

decreases in molecular markers of cellular damage. Together these findings suggest that a 

modest reduction in cardiac CapZ is cardioprotective. Reduced cardiac CapZ protein alters the 

post-IR myofilament PKC profile, indicating an effect on PKC signaling, however the molecular 

mechanism by which decreased cardiac CapZ confers protection against myocardial IR injury is 

not definitively known, and requires future investigation of the role of CapZ in intracellular 

signaling pathways. Future studies may explore the range of protection mediated by decreased 

CapZ, including chronic models of stress. 
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Figure 1. Effects of ischemia-reperfusion on wildtype and CapZ-deficient transgenic mouse hearts. A. Perfusion protocol. Hearts 

were perfused for 20 min for equilibration, with baseline values being derived from the final 5 min of perfusion. All hearts were 

subjected to 20 min global ischemia and 60 min reperfusion. Post-ischemic recovery was determined by averaging the final 5 min of 

reperfusion. B. Post-ischemic LVDP was significantly reduced in WT hearts following ischemia-reperfusion (IR). CapZ-deficient TG 

hearts also showed a post-ischemic decline in LVDP, but the decline was significantly less than that seen in WT hearts C. After IR 

LVEDP levels were elevated in WT hearts. CapZ hearts showed a small decrease in the post-ischemic increase in LVEDP. D. The 

percent recovery of LVDP was significantly higher in CapZ-deficient TG mouse hearts, as compared to WT hearts subjected to IR. E. 

Post-ischemic LVEDP increased by an average of 15.8 ± 5.8 fold over baseline in WT hearts. CapZ-deficient TG mouse hearts fared 

significantly better than their WT counterparts, demonstrating a 5.5 ± 1.4 fold post-ischemic increase in LVEDP over baseline. All 

data are presented as means ± SEM. N=8 WT and CapZ-deficient TG hearts. * P<0.05 vs.WT.  
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Figure 2. Effects of ischemia-reperfusion on wildtype and CapZ-deficient transgenic mouse hearts preconditioned with 

transient ischemia-reperfusion. A. Preconditioning protocol. Hearts were perfused for 20 min for equilibration. Baseline values were 

determined over the final 5 min, followed by two preconditioning cycles of 2.5 min ischemia-2.5 min reperfusion. All hearts were 

subjected to 20 min global ischemia and 60 min reperfusion. B. Post-ischemic LVDP was significantly reduced in WT hearts, 

although ischemic preconditioning attenuated the post-ischemic decline as compared to non-preconditioned samples (Figure 1). CapZ-

deficient TG hearts performed significantly better than preconditioned WT hearts, as demonstrated by the higher post-ischemic LVDP. 

C. After preconditioning, increases in post-ischemic LVEDP were attenuated in WT hearts. Ischemic preconditioning significantly 

decreased the post-ischemic increase in LVEDP as compared to preconditioned WT hearts. D. The percent recovery of post-ischemic 

LVDP was improved with ischemic preconditioning in WT and CapZ-deficient TG mouse hearts. The CapZ-deficient TG mouse 

hearts fared significantly better than their WT counterparts. E. The percent increase in post-increase LVEDP was not significantly 

attenuated with ischemia preconditioning in WT hearts, CapZ-deficient TG hearts showed a significant reduction in the percent 

change of post-ischemic LVEDP following preconditioning. All data are presented as means ± SEM. N=8 WT and CapZ-deficient TG 

hearts. * P<0.05 vs.WT.  
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Figure 3.  Post-ischemic damage in wildtype and CapZ-deficient transgenic mouse hearts. A. Sample images of heart sections 

taken after ischemia-reperfusion (IR). Non-ischemic hearts were not subjected to IR. Areas in white indicate as infarction, and in red 

as non-infarction. B. Summary of infarct size measurements. Prior to IR there were no differences in infarct size between WT and 

CapZ-deficient TG mouse hearts. In non-preconditioned mouse hearts, groups showed significant increases in infarct size, but CapZ-

deficient TG hearts were significantly protected, as evidenced by the lower infarct size. In hearts subjected to ischemic 

preconditioning infarct size was reduced in both groups. The decline in infarct size in the CapZ-deficient TG mouse hearts was not 

significantly different than preconditioned WT hearts. N=4. C. Heart perfusate troponin I (TnI) levels. Heart perfusates were collected 

after IR and TnI levels measured. In non-preconditioned hearts TnI release was elevated, but less so in the CapZ-deficient TG hearts 

as compared to WT. Ischemic preconditioning reduced TnI release in WT hearts, while TnI release from CapZ-deficient TG hearts 
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was not different from non-preconditioned hearts. N=7. D. p38 MAPK phosphorylation. p38 MAPK demonstrated a significant 

increase in phosphorylation levels (p38-P) in WT hearts following IR. Preconditioning of WT hearts did not attenuate the increase in 

p38 MAPK phosphorylation. CapZ-deficient TG mouse hearts showed no increase in p38 MAPK phosphorylation, either with or 

without preconditioning. N=5. All data are presented as means ± SEM. *P<0.05 vs. wildtype post-IR. # P<0.05 vs. wildtype control. 
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Figure 4. Myofilament-associated protein kinase C in non-preconditioned and preconditioned wildtype and CapZ-deficient 

transgenic hearts. A. PKC-. B. PKC-. C. PKC-. D. PKC-. Sample images are presented for each PKC-isoform and summary 

graphs of the data are shown below each isoform.PKC levels were normalized to WT, non-ischemic samples and are presented as 

percentages. Protein loading was assessed by probing membranes for actin. All data are presented as means ± SEM. Key: WT, 

wildtype; TG, CapZ-deficient transgenic mouse hearts; IR, ischemia-reperfusion; IPC, ischemic preconditioning. N=6. *P<0.05 vs. 

non-ischemic wildtype, #P<0.05 vs. non-ischemic CapZ-deficient transgenic.  
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Figure 5. Changes in cardiac myofilament function post ischemia-reperfusion in wildtype and CapZ-deficient transgenic mice. 
Cardiac myofilaments were isolated and function assessed using an actomyosin MgATPase assay. A. WT hearts exhibited leftward 

shifts in the ATPase-Ca
2+

 relationship. The increase in myofilament Ca
2+

 sensitivity was not affected by ischemic preconditioning. B. 

CapZ-deficient TG mouse myofilaments demonstrated a similar leftward shift in the ATPase-Ca
2+

 curve as that seen in WT samples. 

Ischemic preconditioning tended to attenuate the increase in myofilament Ca
2+

 sensitivity. Illustrations of the average EC50 value for 

WT (C) and CapZ-deficient TG mouse (D) myofilaments. EC50 is an indicator of myofilament Ca
2+

 sensitivity. All data are presented 

as means ± SEM. N=6 WT and CapZ-deficient TG hearts. * P<0.05 vs.WT.
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Figure 6. Modifications in cardiac myofilaments in wildtype and CapZ-deficient transgenic hearts following ischemia-

reperfusion. A. Post-ischemic degradation of myofilament troponin I (TnI). Cardiac myofilament damage was assessed by examining 

the breakdown of TnI. Myofilaments were separated by SDS-PAGE and immunoblotted for TnI. Blot is a representative example 

showing intact TnI and the degradation product. B. Quantification of degraded cardiac TnI. Values are expressed as a percent of WT 

baseline. After ischemia-reperfusion (IR), the degradation band increased in quantity, and preconditioning did not significantly impact 

the degradation levels. CapZ-deficient TG mice showed a tendency towards reduced TnI degradation at baseline, and these values did 

not differ after ischemia-perfusion, nor did preconditioning affect the levels. C. Phosphorylation of cardiac myofilament proteins 

before after IR.  Cardiac myofilaments were separated by SDS-PAGE and stained with Pro-Q Diamond phosphoprotein gel stain to 

detect protein phosphorylation. Total protein loading was determined by coomassie staining. Actin was used as the protein standard to 

assess protein loading across lanes. Summary graphs for D. myosin binding protein-C (MyBP-C), E. troponin T (TnT), and F. 

troponin I (TnI) are presented. N=6. All data are presented as means ± SEM. *P<0.05 vs. wildtype baseline. #P<0.05 vs. CapZ-

deficient transgenic baseline. 
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Figure 7. Effects of ischemia-reperfusion on myofilament-associated protein phosphatases. Cardiac myofilaments were probed 

for A. PP1 and B. PP2A in non-preconditioned and preconditioned WT and CapZ-deficient TG mouse hearts. Sample immunoblots 

are presented for each protein phosphatase and summary data are presented below the respective immunoblot. Key: WT, wildtype; 

TG, CapZ-deficient transgenic mouse hearts; IPC, ischemic preconditioning; N=5. All data are presented as means ± SEM. *P<0.05 

vs. wildtype baseline. # P<0.05 vs. CapZ-deficient transgenic baseline. 
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 Baseline Post-IR Preconditioning Post-IR  

 Wildtype 
CapZ-deficient 

transgenic 
Wildtype 

CapZ-deficient 

transgenic 
Wildtype 

CapZ-deficient 

transgenic 

Heart Rate (bpm) 430 ± 1 430 ± 1 430 ± 1 430 ± 1 430 ± 1 430 ± 1 

LVEDP (mmHg) 1.5 ± 0.4 2.4 ± 1.0 20.8 ± 3.9 18.1± 1.4 16.0 ± 2.1 5.4 ± 3.8 * 

LVDP (mmHg) 88 ± 6 91 ± 3 46.8 ± 5.6 59.18 ± 5.5 * 86.3 ± 5.8 93.3 ± 7.7 * 

Coronary Flow (mL/min/g heart) 14.3 ± 0.3 14.3 ± 0.5 10.5 ± 0.4 10.2 ±0.5 11.51± 0.88 14.3 ± 2.4 * 

 
Table 1. Cardiac function and coronary flow of Langendorff perfused wildtype and CapZ-deficient transgenic mouse hearts. 

Post-ischemic and preconditioning Post-IR heart rate, LVEDP, LVDP, and coronary flow were listed in the table. Preconditioned and 

non-preconditioned CapZ-deficient TG hearts performed significantly better than WT hearts. Preconditioned CapZ hearts showed a 

full recovery of the coronary flow, but not preconditioned WT hearts. KEY: LVEDP, left ventricular end diastolic pressure; LVDP, 

left ventricular developed pressure. All data are presented as means ± SEM. N=8 WT and CapZ-deficient TG hearts. * P<0.05 vs. 

wildtype baseline.  
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Chapter 2 Cardiac Actin Capping Protein Reduction and Protein Kinase C Inhibition 

Maintain Myofilament Function during Cardioplegic Arrest * 

Abstract 

BACKGROUND: Heart transplantation is associated with cold, cardioplegic arrest that 

impairs myocardial function. Protein kinase C (PKC) suppression of myofilaments may 

contribute to this dysfunction. CapZ-deficient transgenic (TG) myofilaments are less responsive 

to PKC. We hypothesized that myofilaments from CapZ-deficient TG hearts are resistant to 

cardioplegic dysfunction and that PKC inhibition improves function. METHODS: Heart 

function was assessed using a Langendorff apparatus. Myofilaments isolated from murine hearts 

were assessed with an actomyosin MgATPase assay and protein phosphorylation gels. PKC 

activation was examined by immunoblotting. RESULTS: Wildtype (WT) hearts showed 

impaired function after cardioplegic arrest. CapZ-deficient TG mouse hearts performed 

significantly better after 1 h cardioplegia than WT hearts, but not after 4 h cardioplegic arrest. 

WT myofilaments had depressed activation at 1 and 4 h cardioplegic arrest, as demonstrated by 

reduced actomyosin MgATPase activity. CapZ-deficient myofilaments showed no reduced 

actomyosin MgATPase activity at either time. Troponin I (TnI) phosphorylation increased by 

approximately 20% at 1 and 4 h in WT mice. Myosin binding protein-C (MyBP-C),and troponin 

T (TnT) phosphorylation increased by less than 10% at 1 h, and tended to rise at 4 h. 

Myofilament protein phosphorylation was largely unchanged in CapZ-deficient TG hearts at 1 h, 

but MyBP-C tended to be dephosphorylated at 4 h cardioplegic arrest. Myofilament-associated 

PKC-, -II, -, and - increased at 1 and 4 h cardioplegia in WT hearts, whereas only PKC-  

* Published, Cardiac actin capping protein reduction and protein kinase C inhibition maintain 
myofilament function during cardioplegic arrest. Yang FH, Pyle WG. Cell Physiol Biochem. 2011;27(3-
4):263-72. See the reuse permission in Appendix II, 3.  

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yang%20FH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pyle%20WG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/21471715
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increases in TG myofilaments at 1 h. PKC inhibition abolished the cardioplegic-dependent 

changes in actomyosin MgATPase activity and TnI phosphorylation of WT myofilaments. 

CONCLUSIONS: We demonstrate a direct link between PKC activation and myofilament 

dysfunction associated with cold, cardioplegic arrest. Moreover, we show for the first time a 

cardioprotective benefit of decreased cardiac CapZ. 

Introduction 

Heart transplantations are increasingly common, with the rising rates of cardiovascular 

disease and improvements in surgical interventions which have increased the potential patient 

population. These procedures necessitate a period of cardiac ischemic risk, primarily during 

organ transportation. Ischemic damage of donated hearts is typically mitigated with cold 

crystalloid cardioplegia and storage in a protective solution. Despite the well recognized benefit 

of cold cardioplegic solutions, cardiac dysfunction resulting from ischemia during transportation 

remains a significant problem [175-177]. 

Cardiac myofilaments serve as the central contractile apparatus of the heart. Alterations 

in their function, either through genetic changes or post-translational modifications, significantly 

influence myocardial performance [178,179]. It has been noted that cold crystalloid cardioplegia 

is associated with impaired myofilament activation, and that this depressed contractility may 

underlie the reduction in myocardial function that characterizes hearts that have been subjected 

to cold cardioplegic arrest [180]. The intracellular mechanisms responsible for cardioplegic 

myofilament dysfunction have not been determined, although it has been hypothesized that the 

impairment is a product of cardioplegia itself, and not a reperfusion injury [180]. 

PKC is a family of phospholipid dependent serine/threonine kinases that mediate a 

diverse range of activities in virtually all cell types. In the heart PKC is a paradoxical molecular 
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messenger, mediating both the myocardial benefits of preconditioning [50] and the dysfunctional 

pathways that drive heart failure [31]. The discrepant outcomes of PKC activation may be due to 

the specific isoforms involved, their subcellular localization, time of activation, or some 

combination of all of these factors. During cold crystalloid cardioplegia several PKC isoforms 

translocate to a myofilament-rich isolate [181]. It has been hypothesized that the changes in PKC 

activity occurring with cold cardioplegic arrest might be a causative factor in the myofilament 

dysfunction of the same condition, but this idea has not been tested.  

PKC translocates to a number of subcellular compartments upon activation to interact 

with its substrate proteins. In myocardium, several isoforms associate at or near Z-discs, which 

may serve as a subcellular signaling station [121]. We have found that decreasing the Z-disc 

actin capping protein (CapZ) reduces the ability of cardiac myofilaments to respond to PKC 

activation [137]. Given the contradictory relationship between PKC and cardiac myofilaments, it 

is uncertain whether a decline in cardiac CapZ protein levels is a beneficial or detrimental 

change in the heart. Using CapZ-deficient TG mice and a pharmacologic antagonist of PKC, we 

tested the hypothesis that PKC-translocation to cardiac myofilaments during cold cardioplegic 

arrest impairs myofilament activation, and that disruption of this pathway prevents cardioplegic 

myofilament dysfunction.  

Materials and Methods 

Isolated Heart Function 

Hearts were excised from C57/Bl6 female mice (4 to 6 months old) euthanized with 

carbon dioxide. The aorta was dissected free of tissue in ice-cold Krebs-Henseleit containing 5 

IU/mL heparin. Krebs-Henseleit Buffer consisted of 118.5 mM NaCl, 5 mM KCl, 1.2 mM 

MgSO4, 2mM NaH2PO4, 26.6 mM NaHCO3, 10 mM Glucose, and 0.2 mM CaCl2. Hearts were 
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then mounted on a Langendorff apparatus and perfused at 80 mmHg with oxygenated (95% 

O2/5% CO2) Krebs-Henseleit warmed to 37°C. A balloon attached to a pressure transducer was 

inserted into the left ventricle via the left atrium to assess myocardial function. Hearts were 

paced at ~450 bpm and perfused for 30 min. After cardioplegic arrest, some hearts were 

reperfused for 30 min under the same conditions outlined above to assess postcardioplegic 

recovery. 

Cardioplegia 

After assessment of myocardial function, hearts were arrested with 10 mL ice-cold St. 

Thomas cardioplegic solution and maintained at 4°C for up to 4 h. St. Thomas cardioplegic 

solution contained 110 mM NaCl, 16 mM KCl, 1.2 mM CaCl2, 16 mM MgCl2, 1% NaHCO3, pH 

7.6 at 4°C. In some studies St. Thomas cardioplegic solution was supplemented with 

chelerythrine chloride (10 μM) to block PKC activation [182] . 

Myofilament Isolation 

Cardiac muscle was rinsed free of cardioplegic solution and then homogenized in ice-

cold Intracellular Buffer. Intracellular Buffer contained 60 mM KCl, 30 mM imidazole (pH 7.0), 

2 mM MgCl2, 0.01 mM leupeptin, 0.1 mM phenylmethylsulfonyl fluoride, 0.2 mM benzamidine. 

Myofilaments were isolated as described previously [137]. Briefly, the homogenate was 

centrifuged at 14,000g for 15 min at 4°C. Pellets were dissolved in Skinning Buffer and left on 

ice for 40 min before being centrifuged at 1,100g for 15 min at 4°C. Skinning Buffer contained 

10 mM EGTA (pH 7.0), 8.2 mM MgCl2, 14.4 mM KCl, 60 mM imidazole (pH 7.0), 5.5 mM 

Na2ATP, 12 mM creatine phosphate, 10 U/mL creatine phosphokinase, 0.01 mM leupeptin, 0.1 

mM phenylmethylsulfonyl fluoride, 0.2 mM benzamidine, and 1% Triton X-100. Resulting 
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pellets were washed 3 times in ice-cold Intracellular Buffer and isolated myofilaments stored on 

ice for up to 2 h or frozen for gel electrophoresis. 

Actomyosin MgATPase 

Actomyosin MgATPase activity was measured by spectrophotometry using a modified 

Carter assay. Purified myofilaments (50 g) were incubated in reaction buffers containing 

varying levels of free Ca
2+

 created using combinations of Activating (pCa 4.0)  and Relaxing 

(pCa 9.0)  buffers. Activating buffer contained 23.5 mM KCl, 5 mM MgCl2, 3.2 mM ATP, 2 

mM EGTA, 20 mM imidazole, and 2.2 mM CaCl2, 0.1 mM phenylmethylsulfonyl fluoride, 0.01 

mM leupeptin, 0.2 mM benzamidine, pH 7.0. Relaxing buffer contained 26 mM KCl, 5.1 mM 

MgCl2, 3.2 mM ATP, 2mM EGTA, 20 mM imidazole, 4.9 μM CaCl2, 0.1 mM 

phenylmethylsulfonyl fluoride, 0.01 mM leupeptin, 0.2 mM benzamidine, pH 7.0. Free Ca
2+

 was 

calculated using the program from Patton et al. [159]. Myofilaments were incubated in reaction 

buffers for 5 min at 32°C and reactions quenched with ice-cold 10% trichloroacetic acid. The 

amount of inorganic phosphate produced was measured by adding an equal volume of 0.5% 

FeSO4 and 0.5% ammonium molybdate in 0.5 M H2SO4, and reading the absorbance at 630 nm. 

Protein Phosphorylation 

Myofilament proteins (40 μg) were separated on 12% SDS-PAGE. Gels were fixed in 

50% methanol/10% acetic acid at room temperature overnight and phosphorylated proteins 

stained with Pro-Q Diamond phosphoprotein gel stain (Molecular Probes, Eugene, OR, USA) 

according to the manufacturer’s instructions. Imaging was done using a Typhoon gel scanner 

(GE Healthcare, Baie Quebec) and analysis done using Image J software. Protein loading was 

assessed by Coomassie staining of gels. 
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Immunoblotting 

Myofilament proteins (40-75 μg) were resolved by SDS-PAGE using a 10% separating 

gel for PKC immunoblots, or 12% for TnI immunoblots. Proteins were transferred to 

nitrocellulose membranes and probed with antibodies for PKC-, PKC-II, PKC-, and PKC- 

(BD Biosciences, Mississauga, Ontario, Canada and Upstate, Mississauga, Ontario, Canada), or 

TnI and TnT (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Secondary antibodies were 

conjugated to HRP (Sigma-Aldrich, Oakville, Ontario, Canada). Primary antibodies were used at 

1:1000 dilution and secondary antibodies at 1:5000 dilution. Equal protein loading was 

determined by re-probing blots with anti-actin antibody (1:25000; Millipore, Billerica, MA, 

USA). Bands were detected using Western Lightning (PerkinElmer Life and Analytical Sciences, 

Woodbridge, Ontario, Canada) and analysis of band density was done using Image J software 

(NIH, Bethesda, MD, USA). 

Animal Care 

Mice were handled according to the guidelines of the Animal Care Committee at the 

University of Guelph. 

Statistical Analysis 

All values are presented as mean ± SEM. Statistical analysis was done using a one-way 

ANOVA and a post-hoc Dunnet’s t-test for actomyosin MgATPase data. Fisher’s Least 

Significant Difference was used for immunoblotting and phosphorylation analysis. Values of P < 

0.05 were the criteria for statistical significance. 
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Results 

Langendorff Perfused Hearts 

Hearts were perfused for 30 min to assess myocardial function, prior to cardioplegic 

arrest. No differences were detected between the WT and CapZ-deficient TG mouse hearts in 

any parameter examined (Figure 1). After cardioplegic arrest hearts were reperfused and left 

ventricular parameters assessed. Functional recovery was determined by comparing post-

cardioplegic values with the average value obtained over the 30 min pre-cardioplegic period. WT 

mouse hearts showed a decline in function after 1 and 4 h cardioplegia (Figure 1). By contrast, 

CapZ-deficient TG mouse hearts performed significantly better at 1 h than their WT counterparts. 

After 4 h cardioplegic arrest the functional advantage enjoyed by the CapZ-deficient TG mice 

was lost. 

Myofilaments from CapZ-deficient transgenic mice show no depressed function during 

prolonged cardioplegia 

Myofilaments were isolated after varying times of cold, cardioplegic arrest and function 

assessed using an actomyosin MgATPase activity assay. Activation at saturating levels of Ca
2+

 

was higher in WT myofilaments as compared to CapZ-deficient myofilaments at time 0, as we 

have reported previously [158]. At 1 and 4 h of cardioplegic arrest, actomyosin MgATPase 

activity decreased in WT hearts at free Ca
2+

 levels greater than 1 μM (Figure 2). By contrast 

CapZ-deficient myofilaments showed an increase in maximum actomyosin MgATPase activity 

at 1 and 4 h, with no significant difference in submaximal Ca
2+

 activation. These data show that 

reducing CapZ levels buffers against myofilament inhibition during cold cardioplegic arrest. 
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Myofilament-associated protein kinase C is altered during prolonged cardioplegia 

Cardiac myofilaments were isolated from WT murine hearts and probed with anti-PKC 

antibodies. PKC translocation to the particulate elements of cardiac myocytes is accepted as an 

indicator of PKC activation [32]. PKC-, -II, -, and - were all detected at 0 h (Figure 3A and 

3B). At 1 h post-cardioplegic arrest PKC-, -, and - were significantly increased, while PKC-

II tended towards increased levels. By 4 h all measured isoforms were significantly increased in 

the myofilament fraction. These data demonstrate that cold cardioplegic arrest increases the 

association of several PKC isoforms with cardiac myofilaments. 

Increased myofilament-associated protein kinase C during cardioplegia is attenuated in 

CapZ-deficient transgenic mouse hearts 

Myofilament preparations were isolated from CapZ-deficient TG hearts at 1 or 4 h 

cardioplegia and probed with PKC isoform specific antibodies to identify those PKC isozymes 

activated by cardioplegic arrest. PKC-, -II, -, and - were all detected at 0 h (Figure 3B). 

Unlike myofilaments from WT hearts which showed increased myofilament-associated PKC, at 

1 h post-cardioplegic arrest only myofilament-associated PKC- was elevated. At 4 h PKC- 

trended towards decreased levels while PKC- was significantly reduced. These results show that 

a downregulation of the Z-disc protein CapZ inhibits the cardioplegic-dependent increase in 

myofilament-associated PKC isoforms seen in WT samples. 

Myofilament protein phosphorylation is increased in wildtype hearts during cardioplegia, 

but decreased in CapZ-deficient transgenic hearts 

TnI phosphorylation was increased above pre-cardioplegic levels by 18 ± 4% at 1 h of 

cardioplegic arrest in WT hearts (Figure 4A and 4C). MyBP-C and TnT phosphorylation levels 

increased by 10 ± 4% and 6 ± 3% at 1 h. At 4 h myosin binding protein-C and TnT 
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phosphorylation increased by 16 ± 9% and 10 ± 4% respectively, while TnI phosphorylation did 

not appreciably differ from the levels at 1 h. By contrast there were no detectable increases in 

myofilament protein phosphorylation in CapZ-deficient TG mice at 1 h of cardioplegic arrest 

(Figure 4B and 4D). At 4 h post-arrest, MyBP-C showed a decline in phosphorylation levels to 

14 ± 5% below pre-cardioplegic levels. 

Protein kinase C antagonist affects myofilament changes of cardioplegia in wildtype but 

not CapZ-deficient transgenic hearts 

 To determine if PKC mediates any or all of the effects on cardiac myofilaments during 

cardioplegia, we treated mouse hearts with a PKC antagonist chelerythrine chloride during 

cardioplegic arrest. Chelerythrine chloride had no effect on actomyosin MgATPase activity by 

itself. In WT hearts the changes in maximum actomyosin MgATPase activity were abolished 

with PKC inhibition (Figure 5). In CapZ-deficient TG myofilaments the increase in actomyosin 

MgATPase activity at high levels of free Ca
2+

 was abolished. PKC inhibition reduced or 

abolished the cardioplegic dependent changes in myofilament protein phosphorylation in WT 

hearts (Figure 6). TnI phosphorylation was reduced from 18% and 19% at 1 and 4 h cardioplegic, 

to 1% and 3% in hearts treated with chelerythrine chloride. Both MyBP-C and TnT showed 

small but consistent reductions in phosphorylation with PKC inhibition. CapZ-deficient 

myofilaments showed no significant differences with chelerythrine chloride treatment.  

Discussion 

Myocardial dysfunction after prolonged, cold, cardioplegic arrest is a significant threat to 

post-transplant organ viability. Changes in cardiac myofilament function have been proposed to 

contribute to impaired myocardial performance following cardioplegic arrest, but the 

intracellular mechanisms responsible for these alterations have not been definitively identified. 
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This study shows for the first time how the activation of PKC affects myofilament function and 

phosphorylation during cold cardioplegia. Moreover, we show that inhibition of PKC is 

sufficient to buffer myofilament functional changes for up to 4 h of cardioplegic storage. Finally, 

this is the first report showing that changes in the cardiac Z-disc protein CapZ are able to confer 

a protective benefit under stressful conditions.  

Myocardial ischemia time in heart transplants is increasing at a rate of 6 min/year through 

the combination of a prolonged surgical phase and transportation time [176]. Between 1995 and 

2003 mean cardiac ischemia times increased to 3 h 40 min, at the same time that 30 day survival 

rates declined from 91% to 84% [176]. These mean ischemia times are approaching the limit of 

viability for cardiac tissue which is estimated at 4 h [183]. Our results show that contractile 

function of cardiac myofilaments decreases significantly by 4 h, a finding that is in agreement 

with the proposed limits for tissue viability. However, in myofilaments that are deficient in CapZ 

protein, function is relatively maintained at 4 h, suggesting a protective effect of the protein 

deficiency.  

The mechanisms underlying the cardiac dysfunction in prolonged cardioplegia are likely 

to be complicated and multi-factorial. In this study, the 4 hr cardioplegia model represents the 

time limit for the success of heart transplantation [183]. I have found that a reduction in CapZ, 

while offering some protection early in cardioplegic storage, does not appear to prolong the 

viability of hearts beyond their currently accepted limit. One reason for this finding could be an 

ability of decreased CapZ to slow, but not prevent irreversible tissue damage and cell death that 

occurs with prolonged cardioplegic storage [184][185].  Although we have found that decreased 

CapZ is able to prevent cell death with an acute ischemic challenge in our other studies [186],  

the ability of reduced CapZ to protect against longer term challenges has not been fully 
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investigated. It is entirely feasible that while CapZ offers some protection against acute ischemic 

or hypoxic challenges like IR injury and cardioplegia, there is likely a time-limit to protection 

that may very well be exceeded at 4 h cardioplegia. . However, our results showing improved 

performance of cold-cardioplegic hearts after 1 h supports the hypothesis that reducing the CapZ 

protein is a potential therapeutic approach to improving cardiac transplantation outcomes.  

At the level of the whole heart a similar advantage is seen in CapZ-deficient TG mouse 

hearts, as myocardial contractility is maintained after 1 h cardioplegic arrest, whereas WT hearts 

show a significant decline in function. Cold cardioplegic arrest induces myocardial functional 

changes that are reflected in altered myofilament function [32]. It has been hypothesized that 

myocardial dysfunction following cardioplegic arrest may be due to myofilament protein 

proteolysis. Our data show that by 4 h there are no detectable changes in TnT or I, which are in 

agreement with the findings of Powers et al. [180]. Together these findings indicate that cold 

cardioplegic arrest for a period of time that is similar to that experienced in heart transplantation 

causes no significant degradation of TnT or I.  

PKC is a family of serine/threonine kinases whose inhibitory effects on cardiac 

myofilaments are well known. Sodha et al. [187] showed a movement of PKC- and - to cardiac 

Z-discs during cardioplegia in human samples. We have previously shown that this activation 

profile is associated with an inhibition of actomyosin MgATPase activity in the rat heart [50]. In 

the current study we demonstrate an increase in myofilament-associated PKC and found that 

inhibition of PKC abolished the decline in myofilament function during cold cardioplegic arrest. 

Moreover, the CapZ-deficient myofilaments that we have earlier reported to be resistant to PKC-

dependent inhibition [3,137], failed to exhibit a decline in activation. These data support the 

hypothesis that PKC activation during cold, cardioplegic arrest impairs myofilament activation.  
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The ubiquitous nature of PKC makes global, pharmacological inhibition a non-viable 

option for prolonging organ survival [35]. Even if an inhibitor is included in the cardioplegic 

solution after harvest and during transportation, its impact on non-myocyte cells of the heart 

could produce unexpected and unwanted side-effects. The observation that PKC inhibits 

myofilament activation and likely contributes to post-transplantation myocardial depression 

indicates that specifically targeting the functional interaction between PKC and cardiac 

myofilaments is a preferred approach. We show here that decreasing the sarcomeric protein 

CapZ prevents PKC-dependent inhibition of cardiac myofilaments. These data are in agreement 

with our earlier work showing that CapZ is a key element in the transduction of the PKC signal 

to the myofilaments [3,152]. Given the localization and confinement of CapZ to the myofilament 

compartment of cardiac myocytes, this protein offers a specific target for the blockade of PKC-

dependent regulation of cardiac myofilaments, without the widespread inhibition offered by 

pharmacological agents. 

During cold cardioplegic arrest we observed a decrease in actomyosin MgATPase 

activity and a trend towards decreasing Ca
2+

 sensitivity. These data are in agreement with 

Spinale et al. [188] who found that during a 2 h period of simulated cardioplegia, isolated 

myocytes saw a 40% decline in shortening velocity. However, both Powers et al. [180] and 

Fogelson et al. [189] failed to detect any reduction in maximum actomyosin MgATPase activity. 

This discrepancy may be due to the differences in the methods for cold storage. In our work we 

arrested hearts with ice-cold St. Thomas cardioplegic solution and maintained the hearts on ice 

for up to 4 h. By contrast Fogelson et al. [189] and Powers et al. [180] injected fresh cardioplegic 

solution every 15 min. The replacement of cardioplegic solution may reduce myofilament 

dysfunction. This suggestion is supported by the work of others who have found an improvement 
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in organ survival with the continuous infusion of cold preservation fluid [190]. Despite the 

recognized benefits associated with continuous cold perfusion, this procedure presents a number 

of obstacles that makes its clinical use currently impractical [183]. 

Covalent modification of cardiac myofilament proteins through the addition or removal 

of phosphate groups is a well known regulatory mechanism. Recent work by Kirk et al. has 

shown that increases in myofilament protein phosphorylation of less than 10% can profoundly 

impact myofilament and myocardial function [191]. This study is the first to examine changes in 

myofilament protein phosphorylation during cold cardioplegic arrest. We observed time-

dependent increases in the phosphorylation of several myofilament proteins that were attenuated 

by PKC inhibition. These data indicate that some phosphorylation changes associated with 

cardioplegic arrest are due to PKC activation, but the persistent TnI phosphorylation in particular 

suggests additional PKC-independent pathways are simultaneously activated. The abolishment of 

the cardioplegic changes in actomyosin MgATPase activity without a full normalization of 

myofilament protein phosphorylation is consistent with the work of Sumandea et al. [192] who 

have shown that the phosphorylation of some amino acids within myofilament proteins can yield 

no detectable changes in function.  

Myofilaments from CapZ-deficient TG mouse hearts demonstrate a tendency towards 

decreased myofilament protein phosphorylation during cardioplegic storage, an effect that is 

apparently PKC-dependent as it is largely blocked by the PKC antagonist chelerythrine chloride. 

Our previous work has shown that CapZ-deficient myofilaments are resistant to PKC regulation 

[3,137], but we have not addressed the possibility that PKC may still affect other signaling 

molecules that in turn control myofilament function. While the effects of protein phosphatases 

(PPs) on cardiac myofilaments are relatively less understood than protein kinase signaling, it is 
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known that PKC interacts directly or indirectly with both type 1 (PP1) and 2A (PP2A) PPs 

[57,193]. Together these PPs account for 90% of the phosphatase activity in cardiac myocytes, 

and therefore represent the most probable candidates in the cascade involved here. PP1 has been 

shown to increase actomyosin MgATPase activity in both WT and CapZ-deficient myofilaments 

[158]. This effect would be consistent with the sustained actomyosin MgATPase activity seen in 

the CapZ-deficient TG myofilaments. The effects of PP2A on crossbridge cycling have not yet 

been examined.  

Cardiac transplantation necessitates a prolonged period of ischemia during organ harvest, 

transportation, and implantation. Ischemic damage is typically mitigated through cold crystalloid 

cardioplegia and storage in a protective solution. Despite the well recognized benefit of cold 

cardioplegic solutions, cardiac dysfunction resulting from transplantation-related ischemia 

remains a significant problem [177,194]. With increasing rates of organ transplantation, 

advances in organ storage techniques will improve patient outcomes and enlarge the 

geographical areas of transplantation centres. We note for the first time, the maintenance of 

myofilament function during cold cardioplegic arrest through the blockade of PKC-dependent 

myofilament inhibition. The data presented here put forward the Z-disc protein CapZ as a 

potential therapeutic target in cardiac transplantation. Together these findings shed light on the 

underlying intracellular mechanisms that contribute to myocardial dysfunction in the post-

transplant heart, and offer insight into some potential strategies for the management of this 

disorder. 
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Figure 1. Left ventricular function of wildtype and CapZ-deficient transgenic mouse hearts. 
Hearts were excised and mounted on a Langendorff apparatus for retrograde perfusion.  A 

pressure transducer was inserted into the left ventricle to assess myocardial contractility. 

Pressures were stable over 30 min and no differences were seen between WT and CapZ-deficient 

TG mouse hearts in any parameter prior to cardioplegic storage. Sample traces of left ventricular 

pressures of A. WT and B. CapZ-deficient TG hearts are shown. Data were collected before 

cardioplegic arrest and during reperfusion after 1 and 4 h cardioplegic storage. Left ventricular 

developed pressure as a percent of pre-cardioplegic levels for WT and CapZ-deficient TG hearts 

following C. 1 h and D. 4 h cardioplegic storage are plotted against reperfusion time. Left 

ventricular developed pressure was significantly higher in the CapZ-deficient mouse hearts after 

1 h cardioplegic storage, whereas values were similar to WT hearts after 4 h cardioplegic arrest. 

N=5 WT and CapZ-deficient TG hearts. *P ≤ 0.05 vs. wildtype. 
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Figure 2. Cardiac myofilament actomyosin MgATPase activity following cold, cardioplegic 

storage. Actomyosin MgATPase activity decreased at Ca
2+

 concentrations ≥ 1 M in WT 

cardiac myofilaments after 1 (A) and 4 h (B) cardioplegic arrest.  Actomyosin MgATPase 

activity increased at high Ca
2+

 concentrations in CapZ-deficient TG myofilaments at 1 (C) and 4 

h (D), but did not show any significant changes at free Ca
2+

 ≤ 10 M. Data points are means ± 

SEM. N=10 for 0 h; 8 for 1 h; and 6 for 4 h. Equal numbers were included for WT and CapZ-

deficient TG mouse hearts. 
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Figure 3. Myofilament-associated protein kinase C levels during cold, cardioplegic storage. 
Cardiac myofilaments isolated from WT (A) and CapZ-deficient TG mouse hearts (B) were 

probed with isoform-specific PKC antibodies. Representative blots for each PKC-isoform and 

the corresponding anti-actin blot for protein loading are shown above the summary graphs. 

Summary graphs show the percent change compared to 0 h. Values are mean ± SEM. N=7 for 

PKC-, , and -, and N=4 for PKC-II. Equal samples were collected from both WT and CapZ-

deficient TG hearts. *P ≤ 0.05 vs. 0 h of respective group (WT or TG). 
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Figure 4. Myofilament protein phosphorylation changes during cold, cardioplegic storage. 
Myofilaments from WT (A and C) and CapZ-deficient transgenic (B and D) hearts were 

examined for phosphorylation changes during cold, cardioplegic storage. Phosphorylation gels 

(top gels) are presented in panels (A) and (B) showing typical changes in myofilament protein 

phosphorylation. Coomassie staining (bottom gels) was done to ensure equal loading across 

lanes. Graphs summarizing the collected data are shown in panels (C) and (D). Summary graphs 

are means ± SEM. N=13 hearts for all time points. *P ≤ 0.05 vs. 0 h of respective group (WT or 

TG). 
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Figure 5. Effects of cold, cardioplegic arrest on cardiac myofilament actomyosin 

MgATPase activity following protein kinase C inhibition. PKC inhibition with chelerythrine 

chloride (10 M) abolished cardioplegic-dependent changes in actomyosin MgATPase activity. 

WT actomyosin MgATPase activity was not different from control (0 h) after 1 (A) or 4 h (B) 

cold, cardioplegic arrest when hearts were stored in a buffer containing chelerythrine chloride. 

Actomyosin MgATPase activity of CapZ-deficient TG myofilaments was also unaltered 

following 1 (C) or 4 h (D) cold, cardioplegic arrest when chelerythrine chloride was included in 

the storage buffer. Data points are mean ± SEM. N=5 for 0 h and 1 h; and 6 for 4 h. Equal 

numbers were included for WT and CapZ-deficient TG mouse hearts.  
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Figure 6. Impact of protein kinase C (PKC) inhibition on cardioplegic-dependent changes 

in myofilament protein phosphorylation. Hearts were stored in cold St. Thomas cardioplegic 

solution supplemented with the PKC antagonist chelerythrine chloride (10 M). Myofilament 

proteins from WT (A and C) and CapZ-deficient TG (B and D) hearts were resolved by SDS-

PAGE and examined for changes in phosphorylation. Representative phosphorylation gels (top 

gels) are presented in panels (A) and (B). Coomassie stained gels (bottom gels) are included to 

show equal loading across lanes. Graphs summarizing the collected data are shown in panels (C) 

and (D). Summary graphs are means ± SEM. N=5 hearts for all time points. *P ≤ 0.05 vs. 0 h of 

respective group (WT or TG). 
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Chapter 3 Activation of Protein Kinase C and Actomyosin MgATPase in CapZ-deficient 

Transgenic Murine Hearts during Cardiac Ischemia 

Abstract 

CapZ anchors sarcomeric actin to Z-discs in cardiac myocytes and plays a key role in 

organizing myofilament development. Our previous results revealed that transgenic (TG) mice 

deficient in cardiac CapZ are less sensitive to protein kinase C (PKC) inhibition of cardiac 

myofilaments, demonstrating a novel role for CapZ in intracellular signaling. PKC has 

paradoxical effects in the ischemic heart: mediating cardioprotection of preconditioning and 

promoting post-ischemic contractile dysfunction in non-preconditioned hearts.  To determine if 

CapZ deficiency affects PKC activation and myofilament function during ischemia, we subjected 

wildtype (WT) and CapZ-deficient TG mouse hearts to prolonged global ischemia. PKC-, -, -

, -, but not PKC-, translocated to myofilaments in WT hearts after 15 min of ischemia and 

remained for up to 60 min ischemia. By contrast PKC- did not translocate to cardiac 

myofilaments in CapZ-deficient TG hearts subjected to ischemia. Translocation of PKC- was 

reduced in both WT and CapZ-deficient TG hearts. Myofilament-associated protein phosphatase 

type 1 (PP1) and 2A (PP2A) also increased in WT ischemic myocardium, but not in CapZ-

deficient TG myocardium subjected to global ischemia. Maximum actomyosin MgATPase 

activity in WT hearts was unaffected at all ischemic time points, while CapZ-deficient TG hearts 

increased at 15, 30, and 60 min ischemia.  Both WT and CapZ-deficient TG hearts show 

increases in myofilament Ca
2+

 sensitivity throughout ischemia. Myofilament protein 

phosphorylation levels were unaffected in WT mice, but myosin binding protein-C (MyBP-C), 

troponin T (TnT), and troponin I (TnI) phosphorylation declined in CapZ-deficient TG mice 

during the later stages of ischemia. These data identify for the first time changes in cardiac 
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myofilament-associated signaling molecules during prolonged ischemia, and further advance a 

role for CapZ in myofilament regulation by demonstrating significant differences in intracellular 

signaling transduction and myofilament function in CapZ-deficient TG mouse hearts.  

 Introduction 

Cardiac ischemia is characterized by insufficient blood supply to the myocardium, and 

produces abnormal metabolism, elevated cytosolic Ca
2+

, and reduced pH within cardiomyocytes 

[184]. These alterations drive cardiac contractile dysfunction which lasts well beyond the 

restoration of blood flow [160,178,195]. Determining the mechanisms underlying the contractile 

dysfunction of ischemia is of great interest, as a full understanding of the changes that occur 

during ischemia will offer insight into potential therapeutic targets that may be affected to 

decrease the damage associated with prolonged cardiac stress.  

One area that has been largely overlooked is myofilament modification by 

phosphorylation during ischemia. While some studies have focused on the post ischemia-

reperfusion (IR) changes in myofilament phosphorylation, only a few groups have reported 

changes in myofilament phosphorylation during ischemia [196]. Furthermore, changes in 

myofilament-associated signaling molecules that alter protein phosphorylation during ischemia 

are not well understood. The first objective of our study was to identify the changes in 

myofilament function and key intracellular signaling molecules during prolonged ischemia.  

It is well-known that several PKC isoforms are activated by ischemia, and that this 

intracellular signaling family plays important roles in determining post-ischemic cardiac function 

[58,197]. Interestingly, the PKC group of molecular messengers is a paradoxical collection of 

serine/threonine kinases, mediating both cardioprotective and cardiodamaging effects [31,50]. 

The diverse and discrepant impact of PKC in ischemia makes pan-inhibition an unfeasible 
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therapeutic option. Recent advances in the emerging paradigm of compartmentalized 

intracellular signaling suggests that disruption of signaling molecules in discrete subcellular 

compartments offers significant potential for future therapeutic development  [35]. We have 

previously shown that reductions in the Z-disc associated protein CapZ renders cardiac 

myofilaments less sensitive to PKC-dependent inhibition [3]. For reasons that are unclear, a 

modest reduction in CapZ specifically disrupts the putative cardiodamaging PKC-II isoform, 

while leaving intact the ability of the cardioprotective isozyme [137].  The 

compartmentalization of CapZ is potentially advantageous as its ability to regulate PKC 

activation is restricted to the myofilament milieu.  However, acute ischemia is also associated 

with other cellular changes, including the accumulation of hydrogen ions, creating an acidic 

environment that impairs myofilament activation [184]. While we have previously shown that a 

reduction in cardiac CapZ protein protects hearts against the PKC-dependent damage of 

cardioplegic arrest [146], the ability of CapZ-deficient TG myofilaments to tolerate the 

combinations of stressors associated with acute ischemia is unknown. Therefore, the second 

objective of our study was to determine if changes in myofilament function during ischemia are 

mitigated in CapZ-deficient TG mice.  

Materials and methods 

Animal care 

All animals were cared for in accordance with the guidelines of the Animal Care and
 
Use 

Committee of the University of Guelph. CapZ-deficient TG mice were bred and housed in the 

Central Animal Facility at the University of Guelph. 
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Ischemia protocol 

Murine hearts were dissected from WT and CapZ-deficient TG mice and the aortas 

cannulated for retrograde perfusion with a Krebs-Henseleit solution containing 113 mM NaCl, 

4.7 mM KCl, 25 mM NaHCO3, 1.2 mM MgSO4, 2.5 mM CaCl2, 1.2 mM KH2PO4, 11 mM 

glucose, and 2.5 mM Na-pyruvate (pH 7.4; 37°C; 95% O2-5% CO2). After establishing baseline 

function, flow was stopped and hearts were incubated at 37°C in nominally oxygen free KH 

buffer for up to 60 min to achieve global ischemia. 

Myofilament isolation 

Cardiac myofilaments were isolated and prepared according to a modified protocol from 

Pyle et al. [137]. Hearts were homogenized in an ice-cold Standard Buffer containing 60 mM 

KCl, 2 mM MgCl2, 30 mM imidazole, pH 7.0, 0.2 mM phenylmethylsulfonyl fluoride, 0.1 mM 

benzamidine, and 0.5 mM leupeptin. After centrifugation at 14,000 Xg for 15 min at 4
o
C, the 

pellets were resuspended in ice-cold Skinning Buffer
 
containing 1% Triton X-100, 10 mM 

EGTA, 8.2 mM MgCl2, 14.4 mM KCl, 60 mM imidazole, pH 7.0, 5.5 mM ATP, 12 mM creatine 

phosphate, 10 U/mL creatine phosphokinase, 0.2 mM phenylmethylsulfonyl fluoride, 0.1 mM 

benzamidine, and 0.5 mM leupeptin, and left on ice for 40 min. The suspension was centrifuged 

at 1,100 Xg for 15 min at 4
o
C and washed with ice cold Standard Buffer three times.  Protein 

concentration was determined using a Bradford Protein Assay (Bio-Rad Laboratories Ltd., 

Mississauga, Ontario).  

Actomyosin MgATPase  

Actomyosin MgATPase activity was determined using a modified Carter assay. The 

concentrations
 
of free Mg

2+
, free Ca

2+
, KCl, EGTA, MgATP were calculated using a program 

developed by Patton et al. [159]. Two Ca
2+

 buffers called Relaxing Buffer (pCa 9.0) and 
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Activating Buffer (pCa 4.0) were mixed to obtain a range of free Ca
2+

 concentrations. The 

Activating Buffer contained 23.5 mM KCl, 5 mM MgCl2, 3.2 mM ATP, 2 mM EGTA, 20 mM 

imidazole, and 2.2 mM CaCl2, 0.1 mM phenylmethylsulfonyl fluoride, 0.01 mM leupeptin, 0.2 

mM benzamidine, pH 7.0; and Relaxing Buffer contained 26 mM KCl, 5.1 mM MgCl2, 3.2 mM 

ATP, 2mM EGTA, 20 mM imidazole, 4.9 µM CaCl2, 0.1 mM phenylmethylsulfonyl fluoride, 

0.01 mM leupeptin, 0.2 mM benzamidine, pH 7.0. Reactions were run at 32°C and initiated
 
with 

the addition of isolated myofilaments (50 g). Reactions were quenched after 5 min using ice 

cold trichloroacetic
 
acid to a final concentration of 5%. ATP breakdown was determined by 

measuring phosphate at 630 nm with a spectrophotometer (Thermo Fisher Scientific, 

Mississauga, Ontario, Canada).   

Acidic Ca
2+

 buffers were prepared by using Activating and Relaxing buffers with a pH of 

6.60. Activating buffer contained 7 mM EGTA, 20 mM EGTA, 20 mM imidazole (pH 6.60), 

5.27 mM MgCl2, 69.40 mM KCl, 6.58 mM CaCl2, 5.4 mM ATP, 0.1 mM phenylmethylsulfonyl 

fluoride, 0.01 mM leupeptin, and 0.2 mM benzamidine. Relaxing buffer contained 7 mM EGTA, 

20 mM imidazole, 5.34 mM MgCl2, 76.07 mM KCl, 27.85 uM CaCl2, 4.0 mM ATP, 0.1 mM 

phenylmethylsulfonyl fluoride, 0.01 mM leupeptin, and 0.2 mM benzamidine. Free Ca
2+

 

concentrations were determined using a program developed by Patton et al. [159].  

Immunoblotting 
 

Purified myofilaments were added to a 4x SDS-PAGE sample loading
 
buffer (200 mM 

Tris-HCl, pH 6.8, 400 mM -mercaptoethanol,
 
8% SDS, 0.4% bromphenol blue, 40% glycerol). 

All myofilament samples were heated in boiling water for 5 min and 200 μg of total protein was 

loaded per lane.  Gels were transferred
 
to nitrocellulose membranes and blocked with TBS 

containing 5% dried milk for 60 minutes. Antibodies for PKC-, -, -, and - (BD Biosciences, 
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Mississauga, ON, and Milipore, Billerica, MA) were diluted 1:1000, as were antibodies for PP1 

(Milipore, Billerica, MA) and PP2A (Santa Cruz Biotechnology, Santa Cruz, CA). Protein 

loading was assessed by stripping membranes with 0.1 M glycine (pH 2.9) and re-probing
 
with 

an anti-actin antibody (1:25,000 dilution, Millipore, Billerica, MA). Secondary antibodies 

(Sigma-Aldrich, Oakville, ON) were conjugated to horseradish
 
peroxidase and

 
were used at 

1:5,000 dilution. Protein bands were detected using
 
Western Lightning (PerkinElmer Life and 

Analytical Sciences,
 
Woodbridge, ON) and visualized using Fluorchem 9900 (Alpha Innotech, 

San Leandro,CA). Analysis of band density was
 
done using Image J software (NIH, Bethesda,

 

MD). 

Myofilament Protein Phosphorylation  

Myofilaments (40 g) were separated by SDS-PAGE with a 12.5% resolving gel. 

Phosphorylation levels of myofilament proteins were assessed by staining gels with Pro-

Q Diamond phosphoprotein gel stain (Molecular Probes, Eugene, OR, USA) according to the 

manufacturer’s
 
instructions. Phosphorylated protein bands were visualized using a Typhoon 

scanner
 
(GE Healthcare, Baie d'Urfe, PQ, Canada) at 532 nm excitation and 580 nm emission 

wavelengths. Gels were subsequently stained with Coomassie stain to assess protein loading 

across lanes. Both bands stained by Pro-Q Diamond phosphoprotein gel stain and Coomassie 

stain were quantified using ImageJ software (NIH, Bethesda, MD, USA).
 
 

Statistical Analysis  

All data are shown as mean ± SEM. Statistical analysis was done using a one-way 

ANOVA. Differences between these groups were analyzed using a post-hoc Dunnet’s t-test. P < 

0.05 was considered statistically significant. Fisher’s Least Significant Difference was used for 
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immunoblotting and phosphorylation analysis. Values of P < 0.05 were the criteria for statistical 

significance. 

Results 

Myofilament contractility is increased in ischemic hearts with CapZ deficiency 

Maximum actomyosin MgATPase activity of WT myofilaments was not altered after 15 

and 30 minutes of ischemia, but did increase modestly after 60 min ischemia. CapZ-deficient TG 

hearts showed 10%, 14%, and 11% increases in maximal actomyosin MgATPase activity at 15, 

30, and 60 minutes of ischemia, respectively (Figure 1B, Table 1). Both WT and CapZ-deficient 

TG hearts showed significant increases in Ca
2+

 sensitivity of myofilaments at all ischemic time 

points, as compared with non-ischemic hearts (Figure 1A and 1B, Table 1). These data 

demonstrate that a reduction in cardiac CapZ protein alters the myofilament response to 

prolonged ischemia. 

Myofilament-associated protein kinase C increases during ischemia  

PKC-, -, -, and - translocated to myofilaments in WT mouse hearts during sustained 

ischemia.  Myofilament-associated PKC-, - and - were increased at 15, 30, and 60 min 

(Figure 2A, 2D and 2E), whereas myofilament PKC- was not increased until 60 min (Figure 

2B).  PKC- levels were unaffected at all time points (Figure 2C). These data are the first to 

characterize changes in myofilament-associated PKC isoforms during sustained, global ischemia. 

CapZ deficiency alters myofilament-associated protein kinase C during ischemia  

Myofilaments isolated from CapZ-deficient TG mouse hearts subjected to ischemia 

revealed differences in some PKC-isoforms at various points of sustained, global ischemia. 

Myofilament-associated PKC- levels did not change during ischemia in CapZ-deficient TG 

hearts, in contrast to the increased levels at 60 min ischemia in WT myofilaments (Figure 2B). 
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Myofilament-associated PKC- increased by 1.5-2 times over WT changes at all ischemic time 

points examined (Figure 2D).  Increases in myofilament-associated PKC- and - in CapZ-

deficient deficient TG hearts were comparable to that seen in WT (Figure 2A and 2E), while 

PKC- was similarly affected (Figure 2C).  

Phosphorylation of myofilaments 

Phosphorylation levels of some myofilament proteins were reduced in ischemic WT and 

CapZ-deficient TG hearts. Phosphorylation levels of MyBP-C decreased significantly in 

ischemic WT and CapZ-deficient TG hearts at all time points (Figure 3A and 3B). 

Phosphorylation of TnI and MLC2 decreased after 30 and 60 minutes of ischemia (Figure 3A, 

3D-3E). CapZ-deficient TG mouse hearts showed a greater decrease in MyBP-C phosphorylation 

as compared to time-matched WT samples. TnT phosphorylation levels were unaffected in 

ischemic WT and TG hearts (Figure 3A and 3D).  

Ischemia affects myofilament-associated protein phosphatase type 1 and 2A 

The reduction in myofilament protein phosphorylation levels during prolonged, global 

ischemia caused us to probe for changes in myofilament-associated protein phosphatases (PPs). 

Given that PP1 and PP2A account for over 90% of protein phosphatase activity in cardiac 

myocytes [73,198], we used immunoblotting analysis to measure myofilament-associated PPs 

during global ischemia. Myofilament-associated PP1 increased by 15 min ischemia in WT 

myofilaments and remained elevated until 30 min (Figure 4A). PP2A increased in the 

myofilament fraction of WT myofilaments after 15 min, but continued to rise at 30 and 60 min 

ischemia (Figure 4B). By contrast PP1 levels in the myofilament fraction of CapZ-deficient TG 

hearts showed a decline at 15 min that was sustained at subsequent time points, and PP2A tended 

to decline after 30 and 60 min (Figure 4A and 4B). While the increase in myofilament-associated 
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PPs could explain the decline in myofilament phosphorylation levels seen in WT hearts, there 

were no increases in the protein phosphatase protein levels seen in CapZ-deficient myofilaments 

to explain the dephosphorylation observed in these tissues.  

Differential response to prolonged ischemia is not due to alterations in myofilament 

response to acidosis 

Intracellular acidosis has been identified as a factor that contributes to myocardial 

dysfunction by affecting myofilament Ca
2+

 sensitivity [199,200].To determine if CapZ-deficient 

myofilaments exhibited an altered response to intracellular acidosis that would be present during 

a prolonged ischemic event, we measured myofilament function under acidic conditions. We 

found that both WT and CapZ-deficient TG myofilaments displayed comparable responses to 

acidic conditions, with respect to actomyosin MgATPase activity (Figure 5A and 5B, Table 2). 

The similar impact of acidosis on myofilament function suggests that an altered response to 

acidosis would not contribute the functional differences observed in CapZ-deficient TG mouse 

hearts. 

Discussion 

In this study we show that myofilament Ca
2+

 sensitivity is increased during ischemia, and 

that a reduction in cardiac CapZ levels does not significantly alter myofilament function in 

ischemic hearts. The reduction in cardiac CapZ, however, does alter the association of several 

PKC isoforms with cardiac myofilaments, as well as PPs. The altered binding of these signaling 

molecules to cardiac myofilaments correlates with different phosphorylation profiles in WT and 

CapZ-deficient TG mouse hearts.  Results presented here have lent credence to the growing 

concept of cardiac Z-discs as molecular switching stations within cardiac myocytes. Finally, 
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these data shed important insight into the changes of a functionally critical signaling family 

under a well known pathological stress. 

To address myofilament function during acute ischemia, we used three acute ischemia 

time points (15, 30, and 60 min) that have been used by other groups [195,201]. In the WT 

ischemic mouse hearts, no significant changes are found in maximum actomysin MgATPase 

activity but there are increases in Ca
2+

 sensitivity. These results are consistent with Westfall’s 

findings in rat hearts undergoing 60 min global ischemia [195]. However, in CapZ-deficient TG 

hearts we showed that actomyosin MgATPase activity was increased at all ischemic time points, 

along with an increase in myofilament sensitivity similar to that seen in WT hearts. While our 

previous studies have focused on the effects of decreased CapZ on myofilament activation under 

normal, physiological conditions [3,137,158], this is the first study to explore how reductions of 

cardiac CapZ protein impact myofilament activation and phosphorylation during ischemia. 

Some studies have suggested that depressed force of contraction in the ischemic heart is 

determined by the phosphorylation of the contractile filaments [202,203]. In our studies WT 

hearts did not show any significant changes in total myofilament phosphorylation undergoing 

acute ischemia. These findings are consistent with studies by other groups 

[195,201,202,202,204]. Although results from our work and that of several others support 

unaltered phosphorylation levels of myofilaments in acute ischemic hearts, it is possible that the 

phosphorylation states of the contractile proteins are, in fact, altered. Most of the myofilament 

proteins possess multiple phosphorylatable residues that can alter myofilament function 

individually, or as a group. Evidence for the effects mediated by the individual sites has largely 

been produced with the use of site-specific mutagenesis or protein exchange experiments. For 

example, Arteaga et al. [160] replaced cardiac TnI with the slow skeletal TnI isoform, removing 
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the N-terminal phosphorylation sites. Removing these sites improved post-ischemic recovery, 

and support a role for the N-terminal serines in the myocardial response to acute ischemia.  Thus, 

while myofilament proteins often show no changes in total phosphorylation levels similar to 

what we present here, the shuffling of covalent modifications amongst the myofilament targets 

may be important in setting myofilament activation and the response to acute ischemia. 

In the investigation of signaling pathways targeting myofilaments during acute ischemia, 

we found that myofilament-associated PKC and PPs are altered in both WT and CapZ-deficient 

myocardium. These results represent the first examination of ischemia-dependent changes in 

myofilament-associated signaling molecules across a range of time points. In WT hearts, 

translocation of PKC- and - to myofilaments starts increasing by our earliest time point of 15 

min. These findings are similar to those of Yoshida et al. who showed that PKC- translocates 

from the cytosolic to myofibrillar fraction after 10 min of ischemia, and that myofibrillar PKC- 

increases after 15 min of ischemia [99]. Our study adds to this previous work by also 

demonstrating the changes in myofilament-associated PKC-, -, and -, and expanding the time 

period of investigation to 30 and 60 min. 

Previous work from our group has shown that reduced levels of cardiac CapZ protein 

impact the ability of PKC isoforms and PPs to regulate myofilament function [3,137,146,158]. In 

this study, we found that myofilament-associated PKC translocation during ischemia is also 

altered in CapZ-deficient TG hearts subjected to global ischemia. Although myofilament PKC- 

is increased in both WT and TG hearts, CapZ-deficient TG hearts show higher levels 

myofilament-associated PKC- at each time point compared to WT. Furthermore, the increase in 

myofilament PKC- occurs only in WT hearts and not until 60 min ischemia. Our earlier 

research has shown that CapZ-deficient TG myofilaments have impaired response to PKC- and 
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normal regulation by PKC-. Considering the well-known roles of PKC- as a protective isoform 

and PKC- as a detrimental isoform, these findings may indicate a protective advantage inherent 

in CapZ-deficient myofilaments. Because inhibition of detrimental PKC isoforms has been 

classified as a useful strategy in protecting cardiac function in the face of prolonged ischemia 

[205], our investigation suggests that reducing CapZ may be a viable strategy to specifically 

disrupt negative PKC-isoforms, while leaving intact the beneficial isozymes. 

Our observation of increased PKC translocation to cardiac myofilaments could not 

explain the decrease in myofilament phosphorylation. This phenomenon led us to investigate 

myofilament-associated PPs. Compared with intensive efforts focused on PKC, PPs have drawn 

much less attention. We are the first to report that the profiles of myofilament-associated PPs are 

altered in ischemic mouse hearts. In particular we showed that myofilament-associated PP1 and 

PP2A, which account for over 90% of protein phosphatase activity in the heart, are increased in 

ischemic, WT hearts. Although our data are the first to characterize changes in protein 

phosphatase levels throughout acute ischemia, others have previously presented evidence to 

illustrate the importance of these phosphatases in myocardial ischemia. Weinbrenner et al. 

showed that treatment with the PP2A inhibitors fostriecin and cyclosporine after onset of 

ischemia reduces myocardial infarct size [206,207], while others have found that increased 

expression of the specific cytosol inhibitor I-1 of PP1 enhances cardiac contractility and post-

ischemic recovery [208]. Armstrong et al. also showed similar effects of protein phosphatase 

inhibitors in mediating cardioprotection against ischemia injury [209,210]. Together these 

findings indicate that inhibition of PPs contributes to cardiac protection against ischemic injury. 

Interestingly, our data show that a reduction in cardiac CapZ protein prevents the ischemia-

dependent increases in myofilament-associated PP1 and PP2A. These findings are further 
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evidence pointing towards a potential cardioprotective benefit of decreased CapZ. However, the 

attenuation of the increase in myofilament-associated PP1 and PP2A makes the concomitant 

decrease in myofilament protein phosphorylation difficult to understand. Even though PP1 and 

PP2A account for the vast majority of protein phosphatase activity in the myocardium, other PPs 

are known to associate with the myofilament complex, including PP2B [211], and one of these 

phosphatases may account for the dephosphorylation. Alternatively, multiple isoforms of PP1 

and PP2A are known to be expressed in murine myocardium [212-214]. The antibodies used 

here may have preferential binding for specific isoforms and, as such, may fail to detect 

increases in some of these other isozymes. 

Intracellular acidosis has been identified as a factor that contributes to myocardial 

dysfunction by affecting myofilament Ca
2+

 sensitivity [199,200]. Acidosis depresses actomyosin 

MgATPase activity and myofilament Ca
2+

 sensitivity, and can lead to cardiomyocyte contracture 

[215]. In this study we found that both WT and CapZ-deficient myofilaments exhibit depressed 

activation under acidic conditions, and that these depressed activation profiles are quantifiably 

similar. We, therefore, conclude that a reduction in CapZ protein does not affect the myofilament 

response to reduced intracellular pH. 

Our findings confirm the evolving view of CapZ as a critical player in signal transduction 

to cardiac myofilaments [3,137,146,158]. The ability of decreased CapZ to preferentially disrupt 

cardiodamaging PKC- and protein phosphatase activation, along with maintained PKC- 

signaling, provides further support for targeting CapZ in the management of acute myocardial 

stress. The advancement of CapZ as a putative target in the management of myocardial stress is 

further supported by our previous work showing an advantage with decreased CapZ protein in 

the face of the acute myocardial stressors of IR and cardioplegic storage [146,186]. The work 
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presented here adds to this by supporting the contention that some of the benefits of decreased 

CapZ protein are due to a disruption in negative signaling molecules associated with cardiac 

myofilaments. 
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 Figures 

A.                                                                           

                                    
 

B. 
 

                           
 

 

Figure 1.  Cardiac myofilament actomyosin MgATPase activity following 0, 15, 30, and 60 

minutes of ischemia. Actomyosin MgATPase activity in TG hearts displayed higher values than 

that in WT hearts following 15min and 30min ischemia. Both WT and CapZ-deficient TG 

myofilaments showed an increase in myofilament Ca
2+

 sensitivity (A, B). There were no 

significant differences between WT and CapZ-deficient TG myofilament Ca
2+

 sensitivity during 

ischemia. Data points are means ± SEM. N=8 for all groups.  
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E. 
                     0 min            15min           30min          60min      . 

                  WT      TG      WT     TG      WT    TG     WT     TG 

PKC-      

Actin       

                    
 

Figure 2. Myofilament-associated protein kinase C levels following 0, 15, 30, and 60 

minutes of ischemia. Cardiac myofilaments isolated from WT and CapZ-deficient TG mouse 

hearts were probed with isoform-specific PKC antibodies. Representative blots for each PKC-

isoform and the corresponding anti-actin blot for protein loading are shown above the summary 

graphs. Summary graphs show the percent change compared to 0 min. Values are mean ± SEM. 

N=8 for all PKC isoforms *P < 0.05 vs. 0 min.  
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D.                                                                        E. 

                                                 

     

Figure 3. Myofilament protein phosphorylation changes following 0, 15, 30, and 60 minutes 

of ischemia. Myofilaments from WT and CapZ-deficient TG hearts were examined for 

phosphorylation changes during ischemia. A representative phosphorylation gel is presented, 

along with Coomassie staining of actin bands from the same gel. Coomassie staining was used to 

assess protein loading. A: the representive gel of myofilament phosphorylation. B-E:  

Phosphorylation levels of MyBP-C (B), TnT (C), TnI (D), and MLC2 (E) at 0, 15, 30, and 60 

min. Data are means ± SEM. N=8. *P< 0.05 vs. 0 min.    
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Figure 4.  Myofilament-associated protein phosphatase type 1 and 2A levels following 0, 15, 

30, and 60 minutes of ischemia. Cardiac myofilaments isolated from WT and CapZ-deficient 

TG mouse hearts were probed with antibodies for PP1 (A) or PP2A (B). Representative blots for 

PP1 and PP2A, and the corresponding anti-actin blot for protein loading, are shown above 

summary graphs. Summary graphs below the representive blots (A-B) show the percent change 

compared to 0 min. Values are mean ± SEM. Key: WT, wildtype; TG, CapZ-deficient transgenic 

mouse hearts. N=4 hearts for all time points. *P < 0.05 vs. 0 min.  
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        A.                                                                      

                  

        B. 

                    
 

Figure 5.  Actomyosin MgATPase activity in wildtype and CapZ-deficient myofilaments 

under neutral and acidic pH.   Acidosis decreased myofilament function in both WT (A) and 

CapZ-deficient myofilaments. The quantitative shifts were similar in both groups. Average 

values for maximum activity, EC50, and Hill coefficient are shown in Table 2. Data are means ± 

SEM. N=5. 
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Tables  

  

Maximum Actomyosin MgATPase Activity (nmol Pi/min/mg protein) 

Ischemia time 0min 15min 30min 60min 

WT 258.5 ± 2.5 254.9 ± 6.3 260.2 ± 6.6 278.4 ± 8.3 

CapZ-deficient 258.9 ± 4.6 286.8 ± 5.4** 295.0  ± 10.2 ** 288.2 ± 6.3 * 

 

Ca
2+

  sensitivity 

Ischemia time 0min 15min 30min 60min 

WT 1.00 ± 0.01 0.75 ± 0.07 * 0.70 ± 0.03 * 0.68 ± 0.03 * 

CapZ-deficient 1.00 ± 0.01 0.78 ± 0.04 * 0.70 ± 0.04 * 0.63 ± 0.04 * 

 

Hill coefficient 

Ischemia time 0min 15min 30min 60min 

WT 1.72 ± 0.08 1.78 ± 0.17 1.62 ± 0.08 1.55 ± 0.08 

CapZ-deficient 1.67 ± 0.09 1.50 ± 0.07 1.68 ± 0.15 1.61 ± 0.04 

 

Table 1. Cardiac myofilament actomyosin MgATPase activity following 0, 15, 30, and 60 

minutes of ischemia. Actomyosin MgATPase activity in CapZ-deficient TG hearts displayed 

higher values than that in WT hearts following 15 min and 30 min ischemia. Myofilaments from 

all hearts showed an increase in Ca
2+

 sensitivity, but there were not significant differences 

between WT and CapZ-deficient TG myofilaments. Hill coefficient did not show any significant 

differences between WT and CapZ-deficient TG myofilaments. Data points are means ± SEM. 

N=8. * P<0.05 vs. 0min, ** P<0.05 vs. WT. 
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                    Maximum Actomyosin MgATPase Activity  

             (nmol Pi/min/mg protein) 

 

pH 7.0 pH 6.6 

WT 295.5 ± 5.1 292.9 ± 6.3 

CapZ-deficient 287.5 ± 6.3 298.0 ± 16.59 

 

         Ca
2+

  Sensitivity 

 

pH 7.0 pH 6.6 

WT 1.45 ± 0.04 4.78 ± 0.82 * 

CapZ-deficient 1.18 ± 0.05 4.06 ±1.05 * 

          Hill Coefficient 

 

pH 7.0 pH 6.6 

WT 2.23 ± 0.06 1.37 ± 0.21 * 

CapZ-deficient 2.40 ± 0.12 1.75 ± 0.27 * 

 

Table 2. Cardiac myofilament actomyosin MgATPase activity under neutral and acidic pH. 

Actomyosin MgATPase activity in both WT and TG-deficient TG mouse groups did not show 

any significant difference. Myofilaments at pH 6.6 in both groups showed decreases in Ca
2+

 

sensitivity and Hill coefficient, but there were not significant differences between WT and CapZ-

deficient TG myofilaments. Data points are means ± SEM. N=5. * P<0.05 vs. pH 7.0. 
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Chapter 4 Protein phosphatase type 2A-mediated myofilament activation in CapZ-

deficient transgenic murine hearts 

Abstract 

Background: Z-discs have emerged as subcellular nodes for intracellular signaling in 

cardiac myocytes. We have identified a role for the Z-disc protein CapZ in PKC- and PP1-

dependent regulation of cardiac myofilaments, but its influence over other Z-disc-associated 

signaling molecules is not well characterized. Protein phosphatase type 2A (PP2A) is a 

serine/threonine protein phosphatase that associates with cardiac Z-discs and regulates 

myocardial function. The mechanisms by which PP2A regulates cardiac contractility and the 

potential role of CapZ in mediating PP2A-dependent effects are unknown. The aims of our study 

were to determine how PP2A affects myofilament activation and establish if a CapZ deficiency 

modifies PP2A-dependent myofilament regulation. Methods: Wildtype (WT) and CapZ-

deficient transgenic (TG) myofilaments were probed by immunoblotting to assess the level of 

myofilament-associated PP2A. Myofilaments with both normal and reduced CapZ protein levels 

were treated with exogenous PP2A and myofilament activation determined using an actomyosin 

MgATPase activity assay. Changes in myofilament protein phosphorylation were analyzed with 

Pro-Q Diamond phosphoprotein gel stain. Results: Immunoblotting analysis revealed the 

presence of PP2A in association with cardiac myofilaments. PP2A increased myofilament Ca
2+

 

sensitivity and maximal actomyosin MgATPase activity, in conjunction with the  

dephosphorylation of myosin binding protein-C (MyBP-C), troponin T (TnT), troponin I (TnI), 

and myosin light chain 2 (MLC2). Myofilaments from TG mice with a 20% reduction in CapZ 

demonstrated at 25% decrease in PP2A, while a 20% reduction in CapZ from WT myofilaments 

decreased PP2A levels by 27%. In both models of CapZ-deficiency, the ability of PP2A to 
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regulate myofilament function and phosphorylation levels was significantly attenuated. 

Conclusions: PP2A increases the activity of cardiac myofilaments in association with the 

dephosphorylation of several myofilament proteins. Myofilament dephosphorylation and 

regulation by PP2A is diminished with a reduction in the Z-disc protein CapZ. These results 

further expand the role of CapZ as a regulator of intracellular signaling and further support its 

potential as a target in the management of myofilament regulation. 

Introduction 

Phosphorylation of myofilament proteins plays a key role in the regulation of 

myofilament activation. TnI has specific serines/threonines that can be phosphorylated by several 

PKC isoforms with various effects. In particular TnI phosphorylated by PKC- and - reduces 

Ca
2+

 sensitivity, and while PKC- alone reduces the maximal Ca
2+

-stimulated activity of the 

MgATPase in reconstituted actomyosin S-1 [65]. Phosphorylation of TnT at PKC sites reduces 

maximum force, myofilament Ca
2+

 sensitivity, and crossbridge cycling rate [192,216,217], while 

MyBP-C phosphorylation is essential for maintaining sarcomeric integrity and normal cardiac 

function in vivo [218,219]. MLC2 phosphorylation is a determinant of Ca
2+

 sensitivity of force 

and kinetics of myocardial force development [220]. These studies all support diverse and 

important roles of myofilament phosphorylation in the regulation of myofilament and myocardial 

performance.  

It is well-established that myofilament activation is determined by myofilament-

dependent phosphorylation; however, studies examining the functional
 
link between protein 

phosphatases (PPs) and myofilament activation are lacking. Our previous work has shown that 

PP1 associates with cardiac myofilaments and increases myofilament Ca
2+

 sensitivity and 

maximal actomyosin MgATPase activity [158]. The myofilament effects of the other prominent 
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myocardial PP2A, however, have not been extensively studied. PP2A is a serine/threonine 

phosphatase expressed in both cytosolic and particulate fractions of the heart (reviewed in [75]). 

PP2A can be regulated by adenosine A1 [221-223] , I/II adrenergic [83-85,92,224], muscarinic 

[95], and bradykinin [225] receptor agonists. PP2A regulates various aspects of excitation-

contraction coupling of cardiomyocytes, including L-type Ca
2+

 channels [21,94,226,227], 

ryanodine receptors [86,86] and phospholamban [213]. In the myofilament compartment, PP2A 

dephosphorylates two serine residues in the N-terminus of TnI from isolated bovine hearts [91], 

while overall TnI phosphorylation is enhanced in adult rat [92] and mouse ventricular myoctyes 

[84] by the PP2A inhibitor okadiac acid. In addition, activation of PP2A with arsenite decreases 

the phosphorylation level of MLC2 in adult rat cardiomyocytes [93]. Although there is no 

evidence to indicate that PP2A directly targets MyBP-C in response to extrinsic neurohumoral 

activation, MyBP-C can be phosphorylated by PKC- when colocalized with PP2A at Z-discs 

[57], demonstrating a regulatory relationship between PP2A and PKC. Together these results 

indicate that PP2A is involved in signaling pathways that target proteins within the myofilament 

complex. However, the PP2A-specific effects on myofilament activation are still unclear. The 

first aim of this study is to investigate how myofilament activation is altered by PP2A. 

Alterations in PPs are linked to myocardial dysfunction. TG mice overexpressing the 

catalytic subunit of PP2A develop cardiac hypertrophy and dilatation, with reduced cardiac 

contractility [213]. Cultured cardiomycytes with cardiac-restricted overexpression of the 

PP2Acatalytic subunit show greater polymerized tubulin and microtubule network density [228]. 

In contrast, inhibition of PP2A with okadaic acid mimics the preconditioning effects of morphine 

in H9c2 cells [229] and reduces infarct area in aged rat hearts subjected to ischemia-reperfusion 

(IR) [230]. These studies indicate that depression of PP2A activation may be beneficial to hearts 
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under stressful conditions. However, given the inability to target PP2A inhibitors to specific 

tissues, their clinical usefulness is severely limited. 

 The cardiac Z-disc has emerged as a key player in regulating myocardial function and 

intracellular signaling. Several studies have shown that the Z-disc protein CapZ plays a key role 

in heart development and myofilament arrangement [3,137,158,231,232]. Furthermore, we have 

demonstrated a role for CapZ in regulating intracellular signaling by PKC and PP1 [3,137,158]. 

Studies have shown that PP2A [82] or its binding partners [57] are localized at cardiac Z-discs. 

In a recent study we showed that a reduction cardiac CapZ levels disrupts the ability of PP1 to 

regulate cardiac myofilament function [158]. It is unknown if these effects are specific to PP1, 

or if CapZ plays a role in multiple protein phosphatase cascades. The second aim of this study is 

to determine if reducing cardiac CapZ protein levels impacts PP2A-dependent regulation of 

cardiac myofilaments. Given the negative impact of PP2A in the development of heart failure, 

these data could serve to further strengthen our hypothesis that CapZ is a potential target in the 

management of myocardial dysfunction. 

Materials and Methods 

Animals 

WT C57/BL6 and CapZ-deficient TG mice were used in these studies. WT mice were 

purchased from Charles River Laboratories (Sermeville, Quebec). The CapZ-deficient TG 

founders characterized with a ~20% CapZ reduction were originally generated by Drs Marilyn 

Hart and John Cooper [2]. A colony of TG mice was bred and maintained at the University of 

Guelph. All mice were handled according to the guidelines of the Animal Care Committee at the 

University of Guelph.  
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Myofilament Isolation 

Hearts were immediately excised from CO2-euthanized mice and cardiac myofilaments 

isolated according to a modified protocol from Pyle et al. [137]. Briefly, hearts were 

homogenized in an ice-cold Standard Buffer containing 60 mM KCl, 2 mM MgCl2, 30 mM 

imidazole, pH 7.0, 0.2 mM phenylmethylsulfonyl fluoride, 0.1 mM benzamidine, and 0.5 mM 

leupeptin. After centrifugation at 12,000 Xg for 15 min at 4
o
C, the pellets were resuspended in 

ice-cold Skinning Buffer
 
containing 1% Triton X-100, 10 mM EGTA, 8.2 mM MgCl2, 14.4 mM 

KCl, 60 mM imidazole, pH 7.0, 5.5 mM ATP, 12 mM creatine phosphate, 10 U/mL creatine 

phosphokinase, 0.2 mM phenylmethylsulfonyl fluoride, 0.1 mM benzamidine, and 0.5 mM 

leupeptin, and gently shaken on ice for 40 min. The suspension was centrifuged at 1,100 Xg for 

15 min at 4
o
C and washed 3 times with Standard Buffer.  Protein concentrations were determined 

using the Bio-Rad Protein Assay (Bio-Rad Laboratories Ltd., Mississauga, Ontario), using 

bovine serum albumin (BSA) as the standard.  

Protein Phosphatase 2A Treatment 

Myofilaments (1 mg) were treated with 0.5 U PP2A (Promega, Madison, WI, USA) in a 

Standard Buffer containing 60 mM KCl, 2 mM MgCl2, 30 mM imidazole, pH 7.0, 0.2 mM 

phenylmethylsulfonyl fluoride, 0.1 mM benzamidine, 0.5 mM leupeptin and 15 mM MnCl2 for 

30 min at 30 ºC.  The selected dose has been used by other researchers in cultured 

cardiomyocytes [233,234], which allows for a more direct comparison. 

Actomyosin MgATPase  

Isolated myofilaments were used for the actomyosin MgATPase activity assay. Two Ca
2+

 

buffers called Relaxing Buffer (pCa 9.0) and Activating Buffer (pCa 4.0) were mixed in different 

percentages to obtain Reaction Buffers with various free Ca
2+

 concentrations. The concentrations
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of free Ca
2+

 were calculated using a program developed by Patton et al. [159]. The Activating 

Buffer contained 23.5 mM KCl, 5 mM MgCl2, 3.2 mM ATP, 2 mM EGTA, 20 mM imidazole, 

and 2.2 mM CaCl2, 0.1 mM phenylmethylsulfonyl fluoride, 0.01 mM leupeptin, 0.2 mM 

benzamidine, pH 7.0. “Relaxing Buffer” contained 26 mM KCl, 5.1 mM MgCl2, 3.2 mM ATP, 

2mM EGTA, 20 mM imidazole, 4.9 µM CaCl2, 0.1 mM phenylmethylsulfonyl fluoride, 0.01 

mM leupeptin, 0.2 mM benzamidine, pH 7.0. Reactions were initiated
 
with the addition of 

myofilaments (50 g) to the Reaction Ca
2+

 Buffers, and allowed to run for 5 min at 32°C. 

Reactions were quenched with ice-cold 10% trichloroacetic
 
acid. The precipitated proteins were 

removed by centrifugation and the amount of inorganic
 
phosphate released was determined 

colourimetrically by the addition
 
of equivolume 0.5% FeSO4, 0.5% ammonium molybdate in 

0.5 M H2SO4.
 
After 20 min, the absorbance was measured at 630 nm with a spectrophotometer 

(Thermo Fisher Scientific, Mississauga, Ontario, Canada). The reaction unit was expressed as 

nmolPi/mg protein/min. 

Immunoblotting 

Purified myofilaments (200 g) were added to 4x SDS-PAGE sample loading
 
buffer (200 

mM Tris-HCl, pH 6.8, 400 mM -mercaptoethanol,
 
8% SDS, 0.4% bromphenol blue, and 40% 

glycerol). All myofilament samples were heated in boiling water for 5 min before loading.  Gels 

(12% resolving) were run at constant amperage until the dye front exited the bottom of the gel, 

and then proteins were transferred
 
to nitrocellulose membranes for 3 h at 100 V. Membranes 

were blocked with Tris buffered saline (TBS) containing 5% dried milk for 60 minutes at room 

temperature. A PP2A goat polyclonal antibody (1:1000, Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) was used to detect PP2A protein. Secondary antibodies (1:5000) were anti-goat IgG 

conjugated to horseradish peroxidase (Sigma). Membranes were incubated with ECL Plus (GE 
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Healthcare, Baie d'Urfe, PQ, Canada), and visualized using FluorChem 9900 (Alpha Innotech, 

San Leandro, CA, USA). Protein loads in each lane were assessed by staining membranes with 

Ponceau S stain and using actin as a loading control. Immunoblots and Ponceau stained gels 

were quantified using ImageJ software (NIH, Bethesda, MD, USA). 

Myofilament Protein Phosphorylation  

Myofilaments (40 g) were added to 4X SDS-PAGE sample loading buffer and separated 

by SDS-PAGE with a 12% resolving gel.  Phosphorylation levels of myofilament proteins was 

assessed by staining gels with Pro-Q Diamond phosphoprotein gel stain (Molecular Probes, 

Eugene, OR, USA) according to the manufacturer’s
 
instructions.  Phosphorylated protein bands 

were visualized using a Typhoon scanner
 
(GE Healthcare, Baie d'Urfe, PQ, Canada) at 532 nm 

excitation and 580 nm emission wavelengths.  Gels were subsequently stained with Coomassie 

stain to ensure equal protein loading across lanes.  Both bands stained by Pro-Q Diamond 

phosphoprotein gel stain and Coomassie stain were quantified using ImageJ software (NIH, 

Bethesda, MD, USA).
 
 

Statistical Analysis  

All data are shown as mean ± SEM. Statistical analysis was done using a one-way 

ANOVA. A post-hoc Dunnet’s t-test was used for actomyosin MgATPase data. Fisher’s Least 

Significant Difference was used for immunoblotting and phosphorylation analysis.  P<0.05 was 

considered statistically significant.  

RESULTS 

Association of protein phosphatase 2A and myofilaments 

To determine if PP2A is associated with cardiac myofilaments and hence might control 

myofilament function, isolated myofilaments were probed with a PP2A antibody. As shown in 
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figure 1 a band of ~36
 
kDa was detected in purified cardiac myofilament samples. Purified PP2A 

catalytic subunit produced a similar banding pattern. This is the first study to show that the 

catalytic subunit of PP2A associates with cardiac myofilaments. PP2A levels in myofilaments 

from CapZ-deficient TG hearts were 75 ± 6% of WT hearts. These data represent the first reports 

showing that CapZ influences PP2A binding to cardiac myofilaments.  

Effects of protein phosphatase 2A on myofilament function and phosphorylation 

WT myofilament activation increased significantly after treatment with PP2A, while 

myofilament protein phosphorylation levels decreased. Maximum actomyosin MgATPase 

activity and Ca
2+

 sensitivity increased by 12% and 33%, respectively (Figure 2, and Table 1).  

Treatment of isolated cardiac myofilaments with PP2A decreased the phosphorylation of MyBP-

C, TnI, and MLC2 by approximately 40%, 45% and 40% respectively, while TnT 

phosphorylation was slightly decreased (Figure 3).  

Effects of protein phosphatase 2A treatment on CapZ-deficient myofilaments 

PP2A treatment significantly increased maximal actomyosin MgATPase activity by 12% 

in CapZ-deficient TG mouse myofilaments, which is similar to that seen in WT myofilaments 

treated with PP2A. After PP2A treatment, Ca
2+

 sensitivity increased 26% in CapZ-deficient TG 

mouse myofilaments (Figure 4, Table 1), changes that are also similar to that seen in WT hearts.  

PP2A-mediated myofilament protein dephosphorylation is not altered by CapZ deficiency 

The myofilament proteins MyBP-C, TnT, TnI, and MLC2 of CapZ-deficient TG hearts 

could be dephosphorylated to similar levels seen in WT hearts. In the CapZ-deficient 

myofilaments treated with PP2A, phosphorylation levels of MyBP-C, TnI, and MLC2 were 

reduced by 13%, 33% and 27%, respectively, while TnT was unaffected (Figure 5). 
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DISCUSSION 

Cardiac CapZ has emerged as a critical regulator of intracellular signaling, including 

pathways well-known to be involved in the pathogenesis of heart failure. The data presented here 

further explore this novel aspect of CapZ, and add new information about the relationship 

between CapZ and the intracellular messenger PP2A. We show that PP2A is associated with 

cardiac myofilaments, and that the myofilament proteins MyBP-C, TnI, and MLC2 are all in 

vitro substrates for PP2A. Reducing CapZ protein levels decreases the anchoring of PP2A at the 

cardiac myofilaments, suggesting an important role for CapZ in facilitating PP2A binding to 

cardiac myofilaments. Furthermore, a reduction in cardiac CapZ changes the dephosphorylation 

levels of myofilament proteins MyBP-C and TnT in CapZ-deficient TG hearts treated with PP2A. 

These changes are also associated with attenuated actomyosin MgATPase activity.  These 

findings provide a solid support for the interaction between PP2A, cardiac myofilaments, and 

myofilament activation, and suggest a potential role for CapZ in anchoring PP2A. 

In this study, we found that the exogenous PP2A dephosphorylates several proteins in the 

myofilament complex. The dephosphorylation of TnI, TnT and MLC2 found in our study is in 

agreement with studies [57,91,93] as PP2A substrates. Furthermore, our data support the addition 

of MyBP-C as a target of PP2A.  

The mechanism by which PP2A regulates myofilament activation is not fully understood, 

but some hypothetical models can be deduced from published studies examining myofilament 

protein phosphorylation and function. TnI phosphorylation at S23/S24 accelerates crossbridge 

cycle kinetics in mouse ventricular muscle [235]  and inhibits the Ca
2+

 sensitivity of 

myofilaments [236]. Wijnker et al. [234] found that exogenous PP2A treatment of human cardiac 

myofilaments reduced the phosphorylation levels at these sites, which could allow for an 
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increase in myofilament Ca
2+

 sensitivity. MyBP-C phosphorylation accelerates crossbridge 

kinetics [218] and decreases myofilament Ca
2+

 sensitivity [237]. As such, PP2A-dependent 

dephosphorylation of these residues could increase myofilament Ca
2+

 sensitivity, as we report 

here. MLC2 phosphorylation enhances myofilament Ca
2+

 sensitivity of force [238,239], which 

makes it difficult to understand how the dephosphorylation of this protein could produce the 

increase in myofilament Ca
2+

 sensitivity we report here. One potential explanation is that the 

multiple sites of phosphorylation present in MLC2 yield different functional effects, and that our 

results are due to site specific dephosphorylation. It is also conceivable that the increase in 

myofilament Ca
2+

 sensitivity we observed is the net result of several different phosphorylation 

changes. Because of the multiple phosphorylation sites and the exponential combinations of 

potential phosphorylation changes resultant, it is not possible to definitively assign 

phosphorylation changes to specific function outcomes. 

Several groups have reported that PP2A activation is associated with cardiac dysfunction. 

TG mice overexpressing the catalytic subunit of PP2A develop cardiac hypertrophy and 

dilatation, accompanied with reduced cardiac contractility [213]. Inhibition of PP2A with 

okadiac acid [229,230], cantharidin [240], calyculin A [210], and fostriecin [210]  protects 

cultured cardiomyocytes and myocardium against a variety of stressful conditions, while the 

explanation for how PP2A inhibition contributes to cardiac protection is unclear. Nonetheless, 

these findings suggest PP2A activation is a key player in mediating contractile dysfunction in 

stressed or failing hearts.  

Manipulation of intracellular signaling has been of great interest in medical research. The 

Z-disc, an important subcellular structure, has drawn great attention over the past decade for its 

involvement in several key intracellular signaling pathways (reviewed in [117,144]). Studies 
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from our group have focused on a specific protein of the Z-discs, CapZ. We found that a 

reduction in CapZ alters myofilament regulation by -adrenergic and endothelin receptor 

agonists [3], and inhibits myofilament regulation by PKC-II [137] and PP1 [158]. Interestingly, 

work by Hartman et al. found that the binding of CapZ to actin filaments can be altered -

adrenergic and endothelin receptor activation of PKC, demonstrating a bidirectional relationship 

between PKC and CapZ [241]. Here, we show that PP2A is dissociated from myofilaments in 

CapZ-deficient TG hearts. Moreover, we found that reductions in CapZ diminish PP2A-

dependent regulation of myofilament function and alter phosphorylation changes. Our results 

further strengthen the link between CapZ and myofilament regulation by intracellular signaling 

cascades. 

Both PP2A and PP1 [158] are able to increase actomyosin MgATPase activity. As seen 

in Chapter 3, myofilament-associated PPs are significantly increased in WT hearts at 60 min 

ischemia, accompanied with a ~10 % increase in maximum actomyosin MgATPase activity.  

This change in myofilament activation would increase energy consumption and is not desirable 

for the energy depleted hearts during ischemia. In fact, previous work has shown that inhibition 

of actomyosin MgATPase in ischemic hearts protects cardiac function [50]. Results from this 

chapter indicate that myofilament regulation by PP2A in CapZ-deficient TG hearts is attenuated. 

Elevated PPs, together with alterations in PKC translocation may create a unique intracellular 

complex at the myofilaments that allows CapZ-deficient TG hearts to contract efficiently. 

Preserved cardiac function is achieved by increasing myofilament phosphorylation in WT hearts, 

while CapZ-deficient TG myofilaments tends to bring all the myofilament phosphorylation 

levels back to baseline. This could be attributed by the elevation of myofilament-associated 

PP1 and PP2A. 
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Figures  

 

A.                                                               B.                           
                                                                                      

         PP2A   WT   TG 

                                           

 

Figure 1. Myofilament protein phosphatase 2A levels in wildtype and CapZ-deficient 

transgenic mouse hearts. A. Representative immunoblot of myofilaments probed with anti-

PP2A antibody. A single band at 36 kDa appeared in blots, at the same levels as purified PP2A 

catalytic subunits. B. Summary of PP2A protein levels in myofilaments isolated from WT and 

CapZ-deficient TG hearts. N=6. Data points are means ± SEM. * P<0.05 vs. WT. 

* 
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Figure 2. Cardiac myofilament actomyosin MgATPase activity following protein 

phosphatase 2A treatment. WT cardiac myofilaments were treated with PP2A and activity 

assessed with an actomyosin MgATPase activity assay. Maximum actomyosin MgATPase 

activity and Ca
2+

 sensitivity increased significantly following treatment of WT myofilaments 

with PP2A. Data points are means ± SEM. N=6 for all groups. 
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       A.                                                     B. 

          WT    WT+PP2A                             WT   WT+PP2A 

                                                
 

                
 

Figure 3. Cardiac myofilament phosphorylation after treatment with exogenous protein 

phosphatase 2A. Cardiac myofilaments were treated with PP2A and proteins separated by SDS-

PAGE. A. For myofilament protein phosphorylation, SDS-PAGE gels were stained with Pro-

Q Diamond phosphoprotein gel stain.  MyBP-C, TnI, and MLC2 showed significant reductions in 

phosphorylation, while the modest decline in TnT did not reach statistical significance. B. Equal 

loading of each band was examined by Coomassie staining method. Data points are means ± 

SEM. N=6. * P<0.05 vs. WT. 
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Figure 4. Cardiac myofilament actomyosin MgATPase activity of CapZ-deficient 

transgenic myofilaments after treatment with protein phosphatase 2A.  Cardiac 

myofilaments from CapZ-deficient TG mice were treated with PP2A and activity assessed using 

an actomyosin MgATPase assay. PP2A increased maximum actomyosin MgATPase activity and 

Ca
2+

 sensitivity in CapZ-deficient TG myofilaments. Changes were similar to those seen in WT 

samples (Figure 2). Data points are means ± SEM. N=6. 
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A.                                                                  B. 

                                                            

                                                    

         
Figure 5. Myofilament protein phosphorylation changes after treatment with protein 

phosphatase 2A in CapZ-deficient transgenic myofilaments. A. Myofilament proteins were 

isolated and treated with PP2A. Proteins were separated using SDS-PAGE and stained with Pro-

Q Diamond phosphoprotein gel stain. PP2A significantly reduced MyBP-C, TnI, and MLC2 

phosphorylation levels, but not TnT. B. Equal loading of each band was examined by Coomassie 

staining method. C. Representative image of Coomassie stained gel. Summary values of MyBP-

C, TnT, TnI, and MLC2 are shown in bar graphs. Data are mean ± SEM. N=7.  *P<0.05 vs. 

CapZ-deficient TG myofilaments. 
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Tables 

 

 WT WT+PP2A TG TG+PP2A 

Actomyosin MgATPase 

 activity 

 (nmol Pi/min/mg protein) 

271 ± 3 316 ± 8 * 252 ± 8 * 282 ± 12 *# 

EC50 (µM Ca
2+

) 1.33 ± 0.05 0.95 ± 0.04* 1.29 ± 0.05 0.95 ± 0.06 * 

Hill coefficient 2.45 ± 0.15 3.13 ± 0.20  2.73 ± 0.21 3.94 ± 0.46 * 

 

Table 1. Actomyosin MgATPase activity, Ca
2+

 sensitivity, and Hill coefficient of 

myofilaments. Actomyosin MgATPase activity of myofilaments isolated from WT and CapZ-

deficient TG myofilaments after treatment with PP2A.  Data are means ± SEM. N=6. * P <0.05. 

vs. WT. # P <0.05 vs. WT+PP2A.   
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General Discussion 

Although cardiac Z-discs have historically been classified as passive, structural elements, 

recent studies have revealed that multiple molecular signals congregate at and around the Z-disc 

(reviewed in [1,117]). Many of these signaling molecules are known to affect myocardial 

function [3,232] or maintain myofilament integrity [232]. We previously showed that CapZ 

regulates intracellular signaling including PKC [3,137] and PP1 [158], altering actomyosin 

MgATPase activity and Ca
2+

 sensitivity. Given the ability of CapZ to disrupt the paradoxical 

PKC family of signaling molecules, we sought to determine if decreased CapZ provides 

protection against acute stressors that are known to work through PKC. In this research we used 

two different models of acute myocardial stress and found that a modest reduction in CapZ 

provides significant benefit against both cardioplegic damage and ischemia-reperfusion (IR) 

injury. The cardioprotection associated with decreased CapZ occurs in conjunction with 

disrupted PKC-dependent control of cardiac myofilaments, and altered protein phosphatase 

changes in the myofilament compartment. These represent the first report to show a benefit of 

reduced CapZ protein in the heart, and support the concept of targeting CapZ protein for the 

management of cardiac stress. 

CapZ deficiency protects cardiac function during acute stress  

Myocardial dysfunction after prolonged, cold, cardioplegic arrest is a significant threat to 

post-transplant organ viability. Changes in cardiac myofilament function have been proposed to 

contribute to impaired myocardial performance following cardioplegic arrest, but the 

intracellular mechanisms responsible for these alterations have not been definitively identified. 

This study shows for the first time how the activation of PKC affects myofilament function and 

phosphorylation during cold cardioplegia. Moreover, we show that inhibition of PKC is 
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sufficient to buffer myofilament functional changes for at least 1 h of cardioplegic storage. 

Finally, this is the first report showing that changes in the cardiac Z-disc protein CapZ are able to 

confer a protective benefit under stressful conditions.  

 We present here data showing that CapZ deficiency increases ischemic tolerance and 

enhances cardioprotection following preconditioning. These findings of cardioprotection with 

decreased CapZ are consistent with our cardioplegia work, and together suggest that a CapZ 

reduction protects hearts against some acute stressors.  

Reductions in cardiac CapZ alter myofilament association of protein kinase C isoforms 

during acute stressors 

 The PKC family of intracellular signaling molecules plays paradoxical roles in the 

heart. These molecular messengers have been implicated in both the cardiodamaging effects of 

cardioplegic storage and acute IR injury. In both models of stress it is known that myofilament 

dysfunction contributes to myocardial impairment, and that PKC activation plays a significant 

role in the functional decline. At the same time, PKC activation by preconditioning is well 

recognized to protect hearts against IR injury. We have previously published work demonstrating 

the important role cardiac myofilaments can play in preconditioning [106,150], and the 

involvement of PKC. Despite the emerging links between PKC, cardiac myofilaments, and 

myocardial recovery from acute stress, few studies have examined the relationship between these 

three elements. The work presented here is the first to characterize myofilament changes in 

several PKC isoforms in association with two different models of acute stress. Given the 

important roles of PKC and cardiac myofilaments in determining the recovery from acute 

myocardial stress, it is imperative that a complete picture of myofilament-PKC changes during 
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acute stress be determined. Our studies provide significant insight into the identification of PKC 

isoforms for targeting in the therapeutic management of acute cardiac stress.  

Infarct size and cardiac function 

Myocardial infarction is caused mainly by coronary atherosclerosis, and is associated 

with contractile dysfunction and myocyte death. Experimentally, infarctions can be induced with 

prolonged global ischemia, causing pronounced tissue and cell damage. Although tissue survival 

is an important index used to to judge  recovery,  not all protected cells may be able to function 

normally. Several studies report that preconditioned mouse hearts can display no improvements 

in  cardiac function even with significantly reduced infarct sizes [242,243]. The uncoupling 

between tissue protection and myocardial performance may be due to a temporary functional 

impairment of the contractile filaments, ion pumps, and/or mitochondria of viable cells during 

reperfusion. The abrupt increases in intracellular calcium concentrations seen during reperfusion 

leads to myofilament dysfunction and induces mitochondrial permeability transition pore (PTP) 

opening that reduces ATP levels [244,245]. In these situations, surviving cardiac myocytes 

cannot contract normally, and may exist in a “stunned” state. This may be occurring in the 

preconditioned WT hearts of my study, which display low infarct area but less of an 

improvement in contraction compared with preconditioned CapZ-deficient TG hearts.   

CapZ deficiency and protein phosphatase signaling pathway 

Protein phosphatase 2A regulates myofilament activation 

In this study, we have shown that PP2A is associated with cardiac myofilaments in WT 

myocardium. We found that PP2A targets myofilaments including MyBP-C, TnT, TnI and 

MLC2, and that PP2A increases actomyosin MgATPase activity and Ca
2+

 sensitivity. 

Interestingly we revealed that a small reduction (~20%) of cardiac CapZ does not change 
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myofilament regulation by exogenous PP2A, although myofilaments with a CapZ deficiency 

exhibited a ~25% decrease in myofilament-associated PP2A. This study confirms our hypothesis 

that CapZ is an important regulator of intracellular signaling to cardiac myofilaments by virtue of 

the observed decrease in myofilament PP2A levels with reduced CapZ. However, our studies 

also show that myofilaments deficient in CapZ retain their responsiveness to PP2A, which is in 

contrast to our earlier work on other signaling molecules, showing that decreased CapZ both 

reduced protein levels and attenuated myofilament regulation by these molecular messengers 

[3,137,158]. 

Activation of myofilament-associated protein phosphatases in ischemia-reperfusion 

We report here the novel findings that myofilament-associated protein phosphatases (PPs) 

are altered in acute ischemia and reperfusion. While changes in myofilament-associated PPs 

have not been examined in association with IR injury, these signaling molecules have been 

shown to play a role in mediating post-ischemic damage. Nicolaou et al. [208] found that 

increased expression of PP1 inhibitor-1 enhances cardiac contractility and post-ischemic 

recovery in mouse hearts. Weinbrenner et al. found increased activity of PP1 and PP2A in 

preconditioned hearts [206,207]. Interestingly, these two groups reported different roles of 

increased protein phosphatase activity in ischemic hearts. While Nicolaou et al. believed an 

increase in activity is detrimental, Weinbrenner et al. thought it is unrelated to post-ischemic 

recovery.  In our study, we examined the myofilament-associated PP1 and PP2A by 

immunoblotting analysis, and observed that these two enzymes had higher myofilament levels in 

preconditioned CapZ-deficient TG hearts, but not preconditioned WT hearts. Thus, while 

increased myofilament-associated PPs can correlate with improved post-ischemic function, both 

preconditioned WT and non-preconditioned TG hearts show no change in myofilament-



 

 

 127 

associated PPs, but do show some improvement in post-ischemic function. However, it should be 

noted that the best performance was seen in preconditioned TG mouse hearts. Together these 

data suggest that an increase in myofilament-associated PPs is not necessary for cardioprotection, 

but they may enhance recovery. Given the discrepant results of previous studies into the effects 

of increased protein phosphatase activity in IR injury, we are unable to conclusively state that the 

observed changes in PPs are beneficial. Further research into the general effects of PPs in the 

heart is necessary, as is further investigation into the relationship between PPs and cardiac 

myofilaments. 

Future Directions and Clinical Applications 

Postconditioning 

Preconditioning is a powerful mechanism to minimize acute IR injury. That the therapy 

must be applied in advance of acute ischemia limits the therapeutic potential of this 

phenomenon. A recent modification of the preconditioning approach to cardioprotection is ‘post-

conditioning’. Like ischemic preconditioning, postconditioning utilizes a few short periods of 

ischemia and reperfusion, except that the protocol is initiated at the onset of reperfusion. 

Postconditioning limits the infarct size of ischemic hearts and improves post-ischemic contractile 

function [246]. While the mechanisms underlining postconditioning are not known, it has been 

demonstrated that PKC plays a critical role in post-conditioning. These findings along with our 

current work suggest that approaches of decreased CapZ to improve postconditioning should be 

explored. 

Chronic ischemic disease  

Chronic ischemic heart disease is associated with prolonged stressors such as smoking 

[142], high cholesterol [140], and hypertension [141,142], and frequently leads to heart failure  
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[247]. Although ischemic cardiomyopathy is a complex pathology with numerous underlying 

mechanisms, many of the driving factors have been linked to alterations in PKC activation in 

myocardium [35,248-250]. It has been found that Z-disc components involved in PKC activation 

may be critical targets in controlling heart failure, not only because of their interaction with PKC, 

but also by virtue of their involvement with a range of failure cascades. Iwata et al. reported that 

PKC- interacts with protein kinase D1 (PKD1) at cardiac Z-discs, a relationship that is 

increased in the hypertrophic myocardium [139]. In addition to PKD, PKC interacts with PP1 

[251], PP2A [57], and calcineurin [122] at cardiac Z-discs. Each of these signals is well known 

to drive hearts into a failing state [16,94,252-254]. Our work showing that a modest reduction in 

CapZ is able to disrupt a key signaling element in numerous pathways that lead to heart failure 

suggests that the disruption of PKC activitation induced by the reduction of CapZ may provide a 

new strategy for preventing the chronic decompensation of ischemic cardiomyopathy. 

Gene/peptide therapy for heart diseases 

The clinical application of results of this study requires that the mechanisms of CapZ-

mediated regulation of cardiac contractility and intracellular signaling are understood. Several 

research groups have manipulated the binding between CapZ and actin in vitro, besides the TG 

techniques used in this research. Among these, the competitive binding ability of PIP2 to CapZ 

has been tested, although this approach is non-specific in its ability to target the heart. Endothelin 

[241,255] and Cytochalasin D [135] have also been employed to alter binding of actin to CapZ in 

cultured cardiomyocytes, but again the issue of cardiac specificity is raised.   

One of the fundamental mechanisms for this study was to replace endogenous 

cardiomyocyte CapZ with overexpression of another isoform (2 isoform of actin capping 

protein) [2]. By following this principle for the clinical application of our findings, gene therapy, 
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inhibitory peptide delivery, and targeted protein delivery are all potential approaches. Gene 

therapy is a novel method to treat disease using gene manipulating techniques. Despite the 

clinical failure of the gene therapy trials in the late 1990’s that has largely imperiled its 

application [256,257], gene therapy for heart failure targeting sarcoplasmic reticulum calcium 

ATPase is at phase II of clinical trials with promising results [258]. To translate our work into a 

clinical application, a gene sequence encoding the 2-subunit could be designed and engineered 

into an appropriate adenovirus vector to treat experimental models of cardiac stress. 

Compared with the gene therapy, various other methods that deliver peptides into the cell 

seem more practical. A specific inhibitory peptide of CapZ could be used to reduce CapZ levels, 

mimicking the CapZ deficiency seen in our TG model. Also, by delivering actin capping protein 

containing the 2- isoform into cardiomyocytes, we might be able to effectively reduce the CapZ 

levels. Based on the current research progress [259], an approach using nano sized particles of 

peptides that specifically bind to the target proteins is preferred to deliver our designed peptide. 

In addition to the limitation of effective peptide delivery, protein half-life may also present a 

challenge. Available data show that some key myofilaments including TnI, TnT, tropomyosin 

and actin have half-lives ranging between 3 and 10 days in normal rat hearts [260]. The half-life 

of CapZ in the heart is not known. With such long protein turnover periods, this therapeutic 

strategy might not be appropriate for acute heart failure. However, the highly dynamic 

association-dissociation of CapZ makes peptide inhibition therapy a potentially rapid approach 

[135]. 
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APPENDIX I: SOLUTIONS 

 

A. SOLUTIONS FOR ACTOMYOSIN MGATPASE ACTIVITY ASSAY 

 

Myofilament Isolation 

Standard buffer (100 mL) 

60
 
mM KCl………………………………... 3.0 ml of 2 M stock 

30 mM Imidazole (pH 7.0) ………………. 3.0 ml of 1 M stock 

2 mM MgCl2……………………………… 0.2 ml of 1 M stock 

 

Skinning buffer (100 mL) 

10 mM EGTA......................……………… 10.0 ml of 100 mM stock 

8.2 mM MgCl2……………………………. 0.82 ml of 1M stock 

14.4 mM KCl……………………….…….. 0.7 ml of 2M stock 

60 mM Imidazole (pH 7.0 ) ……….……... 6.0 ml of 1M stock 

5.5 mM ATP……………………………… 0.303 g 

12 mM Creatine phosphate……………….. 0.306 g 

10 U/mL Creatine phosphokinase………… 1000 U 

1% Triton X-100………………………….. 10 ml of 10% stock 

 

CapZ Extraction by PIP2 

Extraction buffer (100 mL), pH 7.0 

0.1 M EGTA……………………………… 0.0038 g 

100 mM KCl……………………………… 5 mL of 2 M stock 

1M MgCl2………………………………… 20 µL of 1 M stock 

20 mM Imidazole-HCl……………………. 0.13616 g 

 

Actomyosin Mg
 
ATPase Activity Assay 

 Activating buffer - pCa 4.0 (100 mL) 

KCl……………………..………………… 1.175 mL of 2M stock 

MgCl2……………………….……………. 500 µL of 1M stock 

Na2ATP…………………………………… 0.176 g 

EGTA…………………………………….. 2 mL of 0.1 M stock 

Imidazole………………………...……..… 2 mL of 1M stock 

CaCl2…………………………….……….. 2.2 mL of 0.1 M stock 

 (pH 7.0 with 2 M KOH) 

 

 Relaxing buffer -pCa 9.0 (100 mL) 

KCl……………………..………………… 1.3 mL of 2 M stock 

MgCl2……………………….……………. 510 µL of 1 M stock 

Na2ATP…………………………………... 0.176 g 

EGTA…………………………………….. 2 mL of 0.1 M stock 
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Imidazole…………………………………. 2 mL of 1 M stock 

CaCl2…………………………….……….. 4.9 µL of 0.1 M stock 

 (pH 7.0 with 2 M KOH) 

 

Developing solution (50 mL) 

0.5% Ferrous sulfate……………………… 0.25 g 

Ammonium molybdate in 5 M H2SO4……. 5 mL of 1% stock 

 

B. SOLUTIONS FOR IMMUNOBLOTTING ANALYSIS 

 

SDS-PAGE  

Separating gel 4X buffer (100 mL) 

Tris Base……………………………..…… 18.17 g 

10% SDS…………………………...……... 10 mL 

 (pH 8.8 with HCl) 

 

Stacking gel 4X buffer (100 mL) 

Tris-Base…………………………………. 6.06 g 

10 % SDS………………………………… 4 mL 

 (pH 6.8 with HCl) 

 

30% Acrylamide (100 mL) 

Acrylamide………….……………………. 30 g 

Bis-acrylamide…….……………………… 0.8 g 

 

Loading 4X buffer (10 mL) 

Glycerol…………………………………… 2 mL 

SDS……………………………………….. 0.8 g 

Tris-Base………………………………….. 0.3025 g 

Bromophenol blue………………………… 0.1 g 

-ercaptomethanol………………………. 400 mL of 14.3 M stock 

 

12.5% Seperating gel (10 mL) 

Bis-Acrylamide…………………..….……. 4.17 mL 

Stacking gel buffer 4X…………………… 2.5 mL 

ddH2O……………………………………... 3.29 mL 

10% SDS………………………….………. 100 µL 

TEMED………………………….………… 15 µL 

Ammonium persulfate……………..……… 30 µL 

 

5% Stacking gel (10mL) 

Bis-Acrylamide…………………..……….. 1.67 mL 

Stacking gel buffer 4X…………………… 2.5 mL 

ddH2O…………………………………….. 5.79 mL 

TEMED………………………….………… 15 µL 
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Ammonium persulfate……………..……… 30 µL 

 

Immunoblotting 

Towbin’s transfer buffer without SDS (1 L) 

Tris-Base……………………....………….. 3.03 g 

Glycine……………………………………. 14.04 g 

Methanol…………………………………... 200 mL 

 

Towbin’s tranfers buffer with 0.1% SDS (1 L) 

10% SDS…………………………………. 10ml 

Towbin’s Transfer Buffer………………… 1 L 

 

Tris-buffered saline (TBS) (1L) 

0.01 M Tris-Base…………………………. 100 mL of 0.1 M stock 

0.15 M NaCl………………..……………... 100 mL of 1.5 M stock 

 

Tris-buffered saline with Tween (TBS-T) 

Tween……………………….……………... 500 uL 

TBS………………………………………… 1 L 

 

Blocking solution (100 mL) 

Skim dry milk powder……………………. 5 g 

TBS-T……………………………………... 100 mL 

 

Coomassie staining 

 

Coomassie stain solution (1L) 

Isopropanol……………….………………. 250 mL 

Glacial acetic acid………………………… 100 mL 

Coomassie brilliant blue R250……………. 2.5 g 

 

Coomassie destain solution (1L) 

Glacial acetic acid..……….………………. 70 mL 

ddH2O……………………………………. 930 mL 
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C. SOLUTIONS FOR PHOSPHORYLATION GEL STAINNING 

 

Protein phosphorylation stain (Pro-Q Diamond phosphoprotein gel stain) 

 

Fix solution (1 L)             

Methanol……………………..…………… 500 mL 

Acetic acid………………….…………….. 100 mL 

 

Detain solution (1 L)       

1 M sodium acetate (pH 4.0)……………... 50 mL 

Acetonitrile……………………………….. 200 mL 

 

D. HEART PERFUSION SOLUTIONS 

 

10X Krebs-Henseleit buffer stock (100 mL) 

1.185 mM NaCl…………………………… 6.925 g 

50 mM KCl……………………………….. 0.3728 g 

12 mM MgSO4…………………………… 0.1455 g 

20 mM NaH2PO4…………………………. 0.276 g 

 

Krebs-Henseleit buffer (100mL) 

10X Krebs-Henseit buffer stock…………. 10 mL 

26.6 mM NaHCO3………………………… 0.2201 g 

10 mM Glucose…………………………… 0.1802 g 

0.2 mM CaCl2…………….………. ……... 0.00294 g 

 

St. Thomas’cardioplegic solution (Adjust pH of 7.8) 

 

110mM NaCl ……………………………. 6.32 g 

16 mM KCl ……………………………… 1.19g 

16 mM MgCl2*6H2O …………………… 3.25g 

10 mM NaHCO3 …………….… ………... 0.84g 

 

E. SOLUTIONS FOR PCR AND SOUTERN BLOT ANALYSIS 

 

Tail Buffer for Genomic DNA extraction (500ml, autoclaved) 

100 mM NaCl……………………............. 2.922 g 

10 mM Tri-Base………………………….. 0.6055 g 

25 mM EDT……………………………… 4.6525 g 

0.5 % SDS………………………………... 0.25 g 

Protease K(Added before use)…………… 0.5  mg/ml 
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Restriction enzyme digestion recipe 

 

SalI (10 unit/ul) ……………………………  5 ul 

EcoRI (10 unit/ul)………………………….  5 ul 

10X enzyme buffer………………………… 40 ul 

Autoclaved DDH2O……………………….  350 ul 

Total ……………………………………….  400 ul 

 

Gel electrophoresis solutions 

 

20X TAE buffer (1L) 

Tris-Base…………………………………. 96.8 g 

Gracial Acid Acid………………............... 22.8 g 

EDTA (PH 8.0)…………………............... 40 ml of 0.5 M Stock  

 

Blotting onto membrane solutions 

 

Denaturing solution (1L) 

0.5 M NaOH…………..………………….. 20 g 

1.5 M NaCl……………………………….. 87.66 g 

 

Neutralization solution (PH 7.4) (1L) 

1 M Tris………………………….............. 121 g 

1.5 M NaCl………………………………. 87.66 g 

 

20X SSC (PH 7.0) (1L) 

3M NaCl……………………………….... 175.3 g 

0.3 M Sodium citrate……………............. 88.2 g 

 

Probe labeling mixture  

DNA template……………………………     16 µl (1 ug)  

DIG-High Prime (Roche)………………..      4 µl 

Reaction mix (Total)……………………..     20 µl 

 

Hybridization solutions 

 

10X Maleic acid Buffer (PH to 7.5 w/ solid NaOH ) 

Maleic acid (1X is 0.1M)………………..    116 g 

NaCl (1X is 0.15M)……………………..     88 g 

MilliQ …………………………………...    1L 
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Hybidization Buffer  

20X SSC (5X)…………………………..   250ml 

1% lauryl sarcosine (0.1%)………….….   100 ml 

10% SDS (0.02%) ………………….…..   2 ml 

10X Blocking Reagent…………….……   100 ml 

MilliQ to 1L  

 

2X SSC; 0.1% SDS  

20X SSC…………………………………. 100 ml 

10% SDS………………………………… 10 ml 

MilliQ to 1L  

 

0.5X SSC; 0.1% SDS  

20X SSC…………………………………. .25 ml 

10% SDS…………………………………..10 ml 

MilliQ to 1L  

 

Washing Buffer  

Tween-20 (0.3%)…………………………. 3 ml 

10X maleic acid buffer…………...………. 100 ml 

MilliQ to 1L  

 

Stripping Buffer  

NaOH (0.2N)……………………………   8 g 

10% SDS (0.1%)…………………..……   10 ml 

MilliQ to 1L  

 

Incubation with anti-Dig solution 

Blocking Solution  

10X Blocking Reagent……………..……   50 ml 

10X maleic acid buffer……………..……   50 ml 

MilliQ to 1L  

 

10X Detection Buffer (pH 9.5) 

1M Tris⋅HCl………………………….…… 100 ml          

1M NaCl ………………………………….. 100 ml 

MilliQ to 1L 
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APPENDIX II.  PERMISSION 

 

1. Permission for using a figure in the introduction 
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2. Copyright of Journal of Molecular and Cellular Cardiology 
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3. Copyright - permission for using the published paper “Cardiac actin capping protein 

reduction and protein kinase c inhibition maintain myofilament function during 

cardioplegic arrest” in this thesis 
 

You are permitted to use the preprint or postprint version of your article. There is no violation of 

the copyright.  

 

If you have any further questions, please feel free to contact me again.  

 

Best regards,  

 

Silvia Meier 
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