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ABSTRACT 
 

THE ROLE OF CALCIUM IN THE REGULATION OF PATHOLOGIC AL 
HYPERTROPHY 

 
By Larry A. Barr 

 
Doctor of Philosophy 

 
Temple University School of Medicine, 2014 

 
Doctoral Advisory Committee Chair: Dr. Steven R. Houser 

 
 Pathological hypertrophy leads to cardiac dysfunction and heart failure.  It is not 

clearly defined how this process occurs in the cardiomyocyte, or how the pathology can 

be effectively treated.  There are numerous processes that lead to pathological 

hypertrophy.  We developed two models to study pathological hypertrophy and the role 

that Ca2+ plays.  In one model, we administered clinical doses of the leukemia therapeutic 

drug imatinib to neonatal ventricular cardiomyocytes.  This drug has recently been found 

to be cardiotoxic, and we set out to understand if Ca2+ is involved.  In the second model, 

we developed mice with overexpression of the Ca2+ entrance channel, the L-type calcium 

channel (LTCC), which leads to pathological hypertrophy over time.  We instituted a 

chronic exercise regimen on these mice to learn if physiological hypertrophy can 

ameliorate detrimental aspects of pathological hypertrophy.   

 After cardiomyocytes were treated with imatinib, they expressed enhanced Ca2+ 

activity.  Levels of atrial natriuretic peptide (ANP) were up, signifying pathological 

hypertrophy.  We determined that Ca2+ was activating Calcineurin, leading to 

translocation of nuclear factor of activated T-cells (NFAT) into the nucleus, resulting in 
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hypertrophy.  This activity was blocked by Ca2+ and Calcineurin inhibitors.  We 

concluded that imatinib causes Ca2+ induced pathological hypertrophy. 

 When mice with LTCC overexpression were exercised, they exhibited enhanced 

cardiac function. They also had thicker septal walls and increased chamber diameter, 

hallmarks of physiological hypertrophy.  Heart weight to body weight ratio was 

significantly higher after exercise.  When isolated hearts were administered 

ischemia/reperfusion injury, the exercised hearts showed a significant improvement in 

recovery compared to sedentary LTCC overexpressed hearts.  Calcium activity was 

enhanced at the cardiomyocyte level in both mouse lines of exercised mice.  In 

conclusion, hearts with a pathological hypertrophic phenotype can enhance function and 

achieve cardioprotection through chronic exercise.   
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CHAPTER 1  

INTRODUCTION 

Cardiovascular Disease is a Growing Epidemic 

 Cardiovascular disease (CVD) is the leading cause of mortality and morbidity in 

the developed countries1, and the rates are only rising.  CVD afflicts more than a half 

million Americans every year, and leads to annual costs upward of $20 billion.2  This 

epidemic must be treated at a grand scale, from basic science to bedside.  The present 

strategies to lessen the effects of CVD in the form of cardiac dysfunction and 

pathological remodeling are not keeping up with patient demand.3 

 Cardiac dysfunction is a term that serves as an umbrella for several morbidities 

found in patients, and has many causes (Figure 1-1).  The phenotype can manifest as 

dilated cardiomyopathy, ischemic heart disease, hypertension, and stroke, among other 

diseases.2  The past paradigm for treatment involves inotropic agents to enhance pump 

function so the heart can deliver the necessary nutrients to the rest of the body.4  This 

view has changed in recent years, as studies have shown that these pharmacological 

treatments can lead to worsened conditions in heart failure patients, when the prognosis is 

not severe.5   

 The more recent treatments of heart failure involve β-adrenergic blockers that 

reduce cardiac dysfunction.6  The results of β-adrenergic blockade are increased stroke 

work and ejection fraction, leading to decreased mortality.7  The recent advances in heart 

failure treatment have saved many lives and improved quality of life in CVD patients.  

However, the disease is very complex and comprehensive, and more effective therapies 
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are necessary.  In order to understand how to provide better treatments for patients, we 

must delve into the basic science of the cardiac network, and gain novel insights into how 

CVD affects the heart. 

 

Figure 1-1. Representation of remodeling processes that lead to Cardiac 
Dysfunction. (modified from Dhalla 2009)8 
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Excitation-Contraction Coupling in the Cardiomyocyte 

 Excitation-contraction (EC) coupling is the process of the heart receiving a 

stimulus, then contracting in response to said stimulus.9  First, action potentials (AP) are 

sent from the pacemaker cells of the sinatrial node through the contractile cells via their 

gap junctions.  These action potentials trigger the opening of L-type calcium channels 

(LTCC), leading to an influx of Ca2+ ions into the cardiomyocyte.  The Ca2+ ions interact 

with Ryanodine receptors (RyR) located on the sarcoplasmic reticulum.  When activated, 

the RyRs open and release a large number of Ca2+ ions.  This is known as calcium-

induced calcium release (CICR).  Now in the cytoplasm, the Ca2+ ions bind to Troponin 

C of the sarcomere, then the tropomyosin complex moves off the actin binding site so 

that the myosin head can bind with the actin filament.  ATP is then hydrolyzed, leading to 

a conformational change, and the myosin heads pulls the actin filament towards the 

center of the sarcomere, causing a contraction.   

The next step of the cycle occurs when the cytosolic Ca2+ ions are removed from 

Troponin C.  The Ca2+ ions move through a few different pathways upon relaxation.  

Most of the calcium (70%) is resequestered back into the SR via the SR- Ca2+-ATPase 

(SERCA2 is predominant in cardiomyocytes).  SERCA is regulated by phospholamban 

(PLB), which naturally inhibits SERCA activity, unless it is phosphorylated and thus 

removed from its structural attachment point with SERCA.10  PLB can be 

phosphorylated, allowing SERCA to perform its function, at serine residue position 16 by 

protein kinase A (PKA), or at threonine residue position 17 by Ca2+-Calmodulin protein 

kinase II (CaMKII).  The sodium-calcium exchanger (NCX) removes another 28% of the 

Ca2+ ions during relaxation, while the Ca2+-ATPase removes another 1%.  The final 1% is 
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removed via the mitochondria Ca2+ uniporter.  This relaxation process is usually 

upregulated to keep up with β-adrenergic receptor stimulation leading to increased 

contraction.   

L-type Calcium Channels in E-C Coupling 

 L-type Ca2+ channels, or dihydropyridine receptors11, have a very high 

conductance.  In the myocardium, they are made up of four polypeptide subunits (α1, β, 

α2, δ).  The α1 subunit forms the pore for Ca2+ influx, and is regarded as the paramount 

subunit.  The most important of 10 isoforms of this subunit in the myocardium is the α1C 

(Cav 1.2) subunit.12  There are 4 β subunits, and the predominant subunit in the 

myocardium is the β2 isoform.  This subunit regulates the α1C subunit.13  The β subunit 

can positively affect Ca2+ channel activation and current amplitude.12  The α2 subunit is 

extracellular and the δ subunit is within the cell membrane.  

 LTCC are the predominant method for Ca2+ entry into the cytoplasm of the 

cardiomyocyte.  It is the LTCC current (ICa) that determines rate and force of cardiac 

contraction.  The LTCC is regulated by PKA, which can open the LTCC for longer 

periods of time, allowing more Ca2+ to enter.  Additionally, PKA can phosphorylate the β 

subunit to regulate LTCC activity.  

 Protein Kinase C (PKC) is another regulator of LTCC.  The Gq/11 protein-

coupled receptors predominantly activate PKC through binding from various factors, 

including endothelin and angiotensin II.  Calcium current can be increased or decreased 

by PKC14, and it has been found this is through phosphorylation of both α1C and β2 

subunits of the LTCC.15  As cytosolic Ca2+ levels increase, the effects of PKC will 

diminish and LTCC will become inactive.16  The two types of inactivation mechanisms 
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for LTCC are Ca2+ dependent inactivation and voltage dependent inactivation.  The Ca2+ 

dependent inactivation is the predominant method in cardiomyocytes.17  

Role of Beta-Adrenergic Receptors in Myocardium 

 β-adrenergic receptors (β-ARs) are members of the G protein-coupled receptor 

(GPCR) family.  GPCRs have seven transmembrane receptors and are activated through 

neurotransmitter binding.  These neurotransmitters come from the sympathetic nervous 

system, as well as the endocrine system.  β-ARs regulate many physiological processes, 

and in the heart they cause increased heart rate and contractility.18  Recent studies have 

shown that β-ARs may be heavily involved in cardiac processes in heart failure and other 

CVD states.19   

 The β-ARs play a prominent role in cardiac homeostasis.  When the 

neurotransmitters norepinephrine and epinephrine bind to β-ARs, the heterotrimeric Gs 

protein activates, allowing for dissociation of the α and βγ subunits.  The Gsα- GTP can 

then bind to the protein adenylyl cyclase (AC).  AC activation leads to increased 

production of 3′-5′-cyclic adenosine monophosphate, or cAMP.20  This second messenger 

binds to PKA, leading to its activation.  PKA will then phosphorylate many calcium 

regulatory proteins, including the LTCC and Ryanodine receptors (RyR).  The PKA 

regulation began at the surface membrane with β-ARs.  The main suppressor of β-AR 

signaling is phosphodiesterase (PDE), which degrades cAMP and inhibits the signaling 

cascade from continuing downstream.   

 Activation of the β-AR signaling pathways can affect cardiac physiology in many 

ways.  Heart rate can be affected, leading to chronotropy.21  Intracellular cAMP levels 

can be increased, causing enhanced pacemaker rate from the sinoatrial node.  
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Furthermore, contraction magnitude can be augmented through LTCC activation 

upregulation.  At the SR, phospholamban is affected as contraction rate and magnitude 

are increased.  Higher levels of cytosolic Ca2+ levels leads to PLB phosphorylation (at 

serine residue 16 by PKA) and allows SERCA to increase in activity.  Calcium is 

resequestered into the SR at a greater rate, increasing relaxation rate.  Under basal 

conditions, β-ARs play a vital role in maintaining cardiac homeostasis through activation 

of several signaling mechanisms in the cardiomyocyte.   

 During times of heart failure, the β-AR signaling cascade becomes overstimulated 

to meet with the pathological demands of a dysfunctional heart.  E-C coupling rate and 

magnitude increase, as well as relaxation processes.  Calcium homeostasis is significantly 

altered, and this chronically leads to reduced myocyte contractility and pathological 

cardiac remodeling.   

Role of Calcium in Intracellular Signaling 

 The LTCC is the gate that begins E-C coupling through Ca2+ dependent signaling 

pathways.  It was understood that this Ca2+ also is responsible for long-term changes to 

the cardiomyocyte.  However, recent studies have shown that there are other pools of 

Ca2+ that specifically play an important role in intracellular signaling, and are not 

involved with E-C coupling.  These Ca2+ pools have been found to activate numerous 

signaling proteins, such as CaMKII, Calcineurin (Cn), and PKC.22  This signaling Ca2+ is 

believed to be the main regulator for myocyte hypertrophy, apoptosis, and necrosis, and 

may be located in myocyte lipid rafts, known as caveolae.23, 24   

 The hypertrophic signaling pathway is one of the most important Ca2+ signaling 

pathways.  When CaMKII is altered by intracellular Ca2+, this can lead to the activation 
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of calcineurin, which causes the translocation of NFAT (nuclear factor of activated T-

cells) into the nucleus.  This triggers the pathological hypertrophy cascade.20   

Role of Neurohormones in Cardiac Dysfunction 

 Neurohormones play a large role in maintaining cardiac homeostasis.  When 

cardiac output decreases or arteries vasodilate, it is the neurohormonal factors that adjust 

sodium and water retention appropriately.25  This retention is what causes pulmonary 

congestion and peripheral edema as comorbidities to heart failure, altogether known as 

congestive heart failure (CHF).25 

 When heart dysfunction is present, many neurohormonal systems come into play.  

When cardiac output reaches a low threshold, the baroreceptor response activates, 

causing in increase in sympathetic tone.  This activation of the sympathetic nervous 

system leads to many functional changes, such as increased myocyte contractility, 

tachycardia, vasoconstriction, and venoconstriction.  The vasoconstriction leads to 

increased afterload, while venoconstriction causes increased preload in the heart.  Also, 

catecholamines are released and bind to β-adrenergic receptors, leading to activation of 

downstream signaling cascades.  Epinephrine and norepinephrine are released, also 

stimulating the sympathetic nervous system.  Excessive levels of these catechomalines 

can lead to cardiomyocyte dysfunction and apoptosis26 because of Ca2+ overload.27  

 Congestive heart failure is partially caused by sodium and water retention via the 

renin-angiotensin-aldosterone system (RAAS).  A potent factor that leads to cardiac 

dysfunction is Angiotensin II (AII), as it induces vasoconstriction, increased cardiac 

contractility, and cardiac hypertrophy, among other changes.28  Through understanding 

the deleterious nature of AII during heart failure, angiogenesis-converting-enzyme (ACE) 
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inhibitors have become the primary therapy for HF patients, reducing mortality rates 

significantly.  

 The baroreceptor reflex also leads to release of arginine vasopressin, a potent 

vasoconstrictor.29  This aids in arterial underfilling, but can also lead to cardiac 

dysfunction.  Furthermore, tumor necrosis factor has been known to depress myocardial 

function.30  These and many other neurohormonal responses aid in the function of the 

heart in the short term, but over time can have negative consequences (Table 1-1).  
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Table 1-1. Neurohormonal Changes that Affect the Heart.  Positive and negative 
effects of neurohormonal changes during cardiac dysfunction progression. 
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CHAPTER 2 

IMATINIB MESYLATE MODIFIES INDUCED  

PATHOLOGICAL HYPERTROPHY BY ALTERING MYOCYTE CALCIU M 

Introduction 

Chronic myelogenous leukemia (CML) is caused by the formation of the fusion 

protein, Bcr-Abl.31  At the genetic level, Bcr-Abl is formed by the translocation between 

chromosomes 9 (Abl) and 22 (Bcr); the mutated chromosome is known as the 

Philadelphia chromosome.  This constitutively active tyrosine kinase, the cause of 90% of 

all cases of CML, activates cell survival pathways and inhibits cell death pathways.   

Imatinib mesylate is a molecule that inhibits the constitutively active Bcr-Abl 

tyrosine kinase.  This ameliorates ubiquitous cellular proliferation and treats CML with 

greater than 70% cytogenic remission, and has been FDA approved since 2001.32  

However, recent studies have found a significant side effect of this treatment in 

some patients, left ventricular dysfunction leading to congestive heart failure.33  Of note, 

these individuals exhibited no prior history of heart disease.  These clinical results led to 

investigations into the effects of imatinib in the laboratory.   

Mice chronically treated with clinical dosage of imatinib34 expressed loss of 

contractile function, LV dilation, and LV mass decrease.33  Conversely, it was found that 

cardiomyocytes from the LV of imatinib-treated mice displayed an increase in size, in 

conjunction with calcium-induced mitochondrial swelling.  A possible relation may be 

cardiomyocyte swelling to mitigate imatinib-induced cardiac degradation, or cardiac 

cachexia.35  The treated cells may be undergoing imatinib-induced hypertrophic 

remodeling to offset the cachexic end result.   
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Based upon these past findings, we performed a series of experiments to 

determine how imatinib treatment is altering the effects of calcium in cardiac myocytes, 

leading to hypertrophy and eventually cardiomyocyte death.  An earlier clinical study 

showed evidence that imatinib treatment was a possible cause of enhanced levels of BNP 

in patients with previously diagnosed co-morbidities.36  With this in mind, we tested the 

hypertrophic effects of imatinib on NRVMs, using the pathological hypertrophic marker, 

ANP.37  We determined that enhanced calcium activity is causing upregulation of 

CaMKII leading to PLB phosphorylation and enhanced SR uptake.38  We also found that 

NRVMs were undergoing pathological hypertrophy in the form of cellular size and ANP 

abundance increase.  NFAT translocation results showed that the hypertrophy is 

occurring through a calcineurin-influenced pathway.39, 40  These data provide evidence 

that imatinib is activating calcium-based hypertrophic and anti-apoptotic pathways in an 

attempt to mitigate cardiomyocyte death.  

Materials & Methods 

Cell Isolation and Culture 

Neonatal rat ventricular myocytes (NRVMs) were isolated from 1- to 3-day-old 

Sprague Dawley rats.41-43 The ventricles were minced, and the myocytes were dissociated 

with trypsin (1.5 mg/ml, Difco, Pittsburgh, PA). Dispersed cells were preplated on 100-

mm culture dishes (Falcon, Oxford, CA) for 30 min at 37°C in 1% CO2 to remove 

fibroblasts. Nonattached viable myocytes were collected, seeded onto glass coverslips, 

and placed into 35-mm culture dishes. Myocytes were plated at low density (500/mm2) to 

prevent confluent growth during the experimental period. Ventricular myocytes were 

incubated in Hanks’ minimal essential medium (MEM; Sigma Chemical, St. Louis, MO) 
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supplemented with 5% calf serum (Hyclone Laboratories, Logan, UT), penicillin, and 

vitamin B12 (Sigma) for 24 h and then replaced with serum-free Hanks’ MEM 

supplemented with penicillin, vitamin B12, insulin, transferrin, BSA, and 

bromodeoxyuridine (all Sigma) and treated with 2 or 5 µM imatinib (IM) for 72 h.  The 

100-mg capsules were dissolved in distilled water and insoluble material was removed by 

repeated centrifugation at 2,500g to yield highly purified material.44  An adenovirus 

containing a dominant negative CaMKIIδc (CaMKII-DN) was used at a MOI of 100 for 

4h.  The following inhibitors were added to the NRVM cultures for experiments: the 

ANP blocker autocamtide 2-related inhibitory peptide (AIP-1µM) (Sigma-Aldrich) and 

the LTCC blocker Nifedipine (10µM). 

Cell Count and Volume Measurements 

To determine if IM induced cellular hypertrophy, myocyte counts were measured 

in NRVMs with ImageJ software.  Cell volume was measured using a Coulter counter 

(Beckman Coulter), after the NRVMs were washed with Hanks balanced salt solution 

and trypsinized.45    

NFATc3-GFP Infection and Analysis 

NRVMs pre-treated with IM were infected with an adenovirus encoding 

NFATc3–GFP for 4h to monitor NFAT localization.  In normal NRVMs NFAT-GFP is 

found in the cytoplasm.  4mM calcium was used as a positive control, to induce NFAT-

GFP nuclear translocation.  The calcineurin (Cn) inhibitor FK506 (Sigma-Aldrich) was 

used as a Cn-NFAT translocation inhibitor.41  After infection, cells were fixed in 4% 

paraformaldehyde at room temperature for 10 min and permeabilized with 0.5% Triton 

X-100 immediately before labeling with antibodies directed against α-actinin. Staining of 
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α-actinin and DAPI were performed to detect myocytes and location of NFAT-GFP. 

Fixed cells on coverslips were mounted onto slides and observed with a confocal 

microscope (Nikon). Images were analyzed with EZ-C1 FreeViewer (Nikon) and ImageJ 

(NIH) software. NFAT localization was quantified as the normalized nucleus/cytoplasm 

ratio of GFP fluorescence intensity (NFATn/c).
24  

Ca2+ Transients 

NRVMs were grown on glass coverslips coated with laminin and were treated 

with 2 or 5 µM/L IM.  The glass coverslips were broken and pieces with affixed 

myocytes were placed in a heated chamber (35°C) on the stage of an inverted microscope 

and perfused with a normal physiological Tyrodes solution containing (in mM): 150 

NaCl, 5.4 KCl, 1.2 MgCl2, 10 glucose, 2 Na-pyruvate, 1 CaCl2 and 5 HEPES, pH 7.4. 

Myocytes were loaded with 10 µM Fluo-4 AM (Molecular Probes) for 15 minutes and 

then washed to measure [Ca2+] i transients. Myocytes were paced at 0.5 Hz. For 

fluorescence measurements, the F0 (or F unstimulated) was measured as the average 

fluorescence for the 50 msec prior to stimulation with Clampex 10 software. Ca2+ 

transients are reported as F/F0.
46 

Electrophysiology 

Adult mouse ventricular myocytes were isolated via heart cannulation and 

trypsinization, and were incubated with or without 5 uM imatinib in normal tyrodes for 

16 to 20 hours. L-type calcium channel current was measured in Na+ and K+-free solution 

with a holding potential at -50. Once baseline currents were measured, 100 nM 

isoproterenol was added and currents were measured again. 
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Western Blotting 

Cytoplasmic and membrane protein were isolated from cultured NRVMs using 

PBS lysis buffer containing: 0.5% Triton X-100, 5 mM EDTA (pH 7.4), phosphatase 

inhibitors (10 mM NaF and 0.1 mM NaVO4), proteinase inhibitors (10 µg/ml aprotinin, 

10 µg/ml leupeptin, 1mM phenylmethylsulfonyl fluoride, 5 µg/ml pepstatin A, 8 µg/ml 

calpain inhibitor I & II, and 200 µg/ml benzamidine).  Cells were centrifuged at 15000G 

and the supernatant was moved to new tubes.  Cardiac actin was isolated from resulting 

supernatant using PBS lysis buffer containing 2% sodium dodecyl sulfate, SDS (Fisher 

Biotech), 1% IGEPAL CA-630 (Sigma), 0.5 % deoxycholate (Sigma), 5 mM EDTA (pH 

7.4), and proteinase inhibitors. Protein abundance and phosphorylation levels in isolated 

protein were analyzed with Western blot analysis.  Target antigens were probed with the 

following antibodies: Na+-Ca2+ exchanger protein (NCX) (Swant), phospholamban 

(PLBt) (Upstate Biotechnology), RyR (Research Diagnostics), α-sarcomeric actin and 

SERCA (Sigma), ANP (Abcom), GAPDH (Serotec), LTCC-α1C subunit (Chemicon), 

S2814-RyR, PS16-PLB, and PT17- PLB (Badrilla), Cleaved Caspase 3, and Caspase 3 

(Cell Signaling). 

Statistics 

Data are presented as mean±SEM.  Paired and unpaired T-test and ANOVA were 

used to test for significance with GraphPad Prism 5.0.  For all tests, statistical 

significance was set at p≤0.05. 
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Results 

Imatinib Treatment Increases Ca2+ Transients and Alters the Abundance and 

Phosphorylation State of Ca2+ Regulatory Proteins 

Ca2+ transients were measured in paced NRVMs. Imatinib treatment increased the peak 

systolic Ca2+ and increased its rate of decay. The duration of the Ca2+ transient was 

reduced.  All of these effects are consistent with a stimulation of SR Ca2+ uptake, storage 

and release. (Figure 2-1 A, B). 

 

Figure 2-1. Imatinib increases Ca2+ transient amplitude and accelerates the rate of 
decay. Ca2+ transient characteristics were measured after IM treatment at Low (2 µM) 
and High concentrations (5 µM). A. Representative traces are shown. B. IM caused a 
significant increase in the peak amplitude of the Ca2+ transients, increased decay rate, and 
shortened the time to 50% decay. * p<0.05 from control, ** p<0.01 from control. 
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Increases in Ca2+ transient amplitude and enhanced SR uptake suggest changes in 

the abundance and phosphorylation of Ca2+ regulatory proteins after Imatinib treatment. 

Imatinib caused a dose-dependent increase in the abundance of the major myocyte Ca2+ 

efflux molecule, the Na/Ca2+ exchanger (NCX) (Figure 2-2 A, B).  This finding supports 

the idea that SR dependent Ca2+ transients are increased after IM treatment and myocytes 

adapt by increasing the abundance of Ca2+ export proteins, to maintain Ca2+ flux balance. 

There was no effect on the abundance of other Ca2+ regulatory proteins studied: RyRt, 

α1C, SERCA, and phospholamban (PLB).  

 

Figure 2-2. Imatinib treatment altered the abundance of NCX. NRVMs were treated 
with Imatinib at Low (2 µM) and High concentrations (5 µM). A. Representative Western 
blots of calcium regulatory proteins. B. NCX abundance was quantified with Actin or 
GAPDH. *p<0.05, ** p<0.01 from control. 
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The increased decay rate of the Ca2+ transient after IM treatment suggests that SR 

Ca2+ uptake was enhanced.  SR Ca2+ uptake rates are regulated by phosphorylation of the 

SERCa regulatory protein PLB. This phosphorylation usually results from activation of 

protein kinase A (PKA; at PLB-Serine 16) or secondarily CaMKII (at PLB-threonine 17). 

Imatinib treatment had no effect on PLB-S16 phosphorylation but caused a significant 

increase in phosphorylation of PLB-T17 at both Low and High Imatinib doses (Figure 2-

3 A, B). The enhanced phosphorylation of PLB-Thr17 suggests that IM treatment led to 

the activation of CaMKII, possibly secondary to the increased Ca2+ transients.  We also 

determined that phosphorylation of the RyR at S2814 (a CaMKII site) was significantly 

enhanced with Low (2 µM) imatinib (Figure 2-3 A, B).  Collectively these studies 

suggest that IM treatment increases myocyte Ca2+ transients and an increase in CaMKII 

mediated phosphorylation of Ca2+ regulatory proteins is involved in this Ca2+ regulatory 

remodeling. 
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Figure 2-3. Imatinib treatment altered the phosphorylation state of Ca2+ handling 
proteins. NRVMs were treated with Imatinib at Low (2 µM) and High concentrations (5 
µM). A. Representative Western analysis of RyR (RyRS2814) and PLB (S16 and T17) 
are shown. B. Changes in Phosphorylation state of RyRS2814 and PLB-T17 (CaMKII 
sites) but not PLB-S16 (PKA site) were found in IM-treated myocytes. *p<0.05, ** 
p<0.01 from control; # p<0.05 from Low. 

Imatinib Treatment Causes Pathological Hypertrophy and Myocyte Death 

Persistent increases in myocyte Ca2+ are linked to pathological hypertrophy and 

cell death.47 IM caused a dose-dependent increase in atrial natriuretic peptide (ANP) 

abundance (Figure 2-4 A, B). ANP is a molecule expressed in myocytes with 

pathological hypertrophy.  IM treatment caused myocyte hypertrophy, as evidenced by an 

increase in myocyte volume at low concentrations (Figure 1-5 C).  However, at high 

concentrations, average myocyte volume was not different from control even though 
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large myocytes were visible.  Interestingly, while large myocytes were present after 

treatment with high IM concentrations, fewer myocytes were present, supporting IM-

induced cell death (Figure 2-5 A, B).  The IM-mediated cell death was dose-dependent 

(Figure 2-5 A, B). These results suggest that high IM treatment induces cell death in 

addition to cardiac hypertrophy.  

 

Figure 2-4. Imatinib treatment induced pathological hypertrophy. A. Western 
analysis of ANP is shown. ANP abundance was normalized with actin and GAPDH.     
** p<0.01, *** p<0.001 from control; ## p<0.01 from Low. 
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Figure 2-5. Imatinib treatment induced pathological hypertrophy and cell death. A, 
B. NRVMs infected with AdNFATc3-GFP (MOI 100, 4hr) are shown. Myocytes treated 
with IM were decreased in number per field.  C. Average myocyte volume was quantified 
via Coulter counter from 4 experiments. * p<0.05, ** p<0.01, *** p<0.001 from control; 
# p<0.05, ## p<0.01, ### p<0.001 from Low. 
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To examine the putative role of CaMKII in IM-induced myocyte hypertrophy, 

NRVMs were pre-treated with the CaMKII inhibitor, autocamtide 2-related inhibitory 

peptide (AIP), and then treated with IM (Figure 2-6 A, B).  Western blot analysis showed 

that AIP reduced ANP abundance under all conditions.  NRVMs were also co-infected 

with a dominant negative CaMKII48 (CaMKII-DN) at an MOI of 100 (Figure 2-6 C).  

CaMKII-DN caused a significant reduction in ANP protein abundance under all 

conditions.  These results strongly support the idea that CaMKII plays a key role in IM-

induced pathological hypertrophy.   

 
Figure 2-6. Hypertrophy induced by imatinib is reduced by inhibitors of CaMKII 
signaling. A. IM-treated NRVMs were also treated with the CaMKII inhibitor AIP 
(1µM). A representative Western blot is shown. ANP was normalized with GAPDH and 
cardiac actin.  B. AIP reduced ANP expression under all conditions. C. Western analysis 
of IM-treated NRVMs also treated with AIP or infected with Ad-dnCaMKII (MOI 100). 
* p<0.05 versus control. 
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Imatinib Causes Calcineurin Related NFAT Translocation Into the Nucleus 

Persistent increases in Ca2+ influx are known to activate Cn-NFAT signaling and 

pathological hypertrophy49. IM treatment did not cause an increase in the L-type Ca2+ 

current under any conditions tested (not shown), consistent with Western analysis of 

channel protein abundance.  To determine if IM treatment leads to activation of Cn-

NFAT signaling, NRVMs were infected with a virus to induce expression of an NFAT-

GFP construct that we have used previously24. NFAT-GFP was found in the cytoplasm of 

control myocytes (Figure 2-7 A).  NFAT-GFP nuclear translocation was induced by 

elevation of bath Ca2+ (Figure 2-7 B). IM treatment at all doses caused significant NFAT-

GFP nuclear translocation, similar to the effect produced by increasing bath Ca2+ (Figure 

2-7 C).  The Cn inhibitor FK506 abolished IM effects; documenting that IM treatment 

caused NFAT-GFP nuclear translocation via a Cn dependent mechanism. The CaMKII 

inhibitor AIP and co-expression of a dominant negative CaMKII construct (dnCaMKII) 

also eliminated IM-induced NFAT-GFP nuclear translocation. Finally, the L-type Ca2+ 

channel inhibitor Nifedipine abolished IM-mediated NFAT nuclear translocation (Figure 

2-7 D, E, F, G).  
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Figure 2-7. Imatinib treatment causes NFAT nuclear translocation. NRVMs were 
infected with AdNFATc3-GFP and treated with (A) normal media, (B) +4 mM Ca2+, (C) 
Low dose Imatinib, Low dose Imatinib with (D) 2µM FK506, (E) 1µM AIP, (F) 
dnCamKII (MOI of 100), and (G) 10µM Nifedipine. H. NFAT Nuclear GFP intensity 
was normalized to cytoplasmic GFP intensity [(A) n=52, (B) 47, (C) n=55 (D) n=43, (E) 
n=53, (F) n=51, (G) n=50].  *** p<0.001 from control; ### p<0.001 from 4 mM Ca2+ and 
Low. 
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Discussion 

IM is a potent RTK specific inhibitor that has been used to treat patients suffering 

from CML.50  There are some reports in the literature suggesting that IM can have some 

off target effects including adverse cardiac side effects, including reductions in cardiac 

pump function.51 

The goals of the present study were to define the effects of chronic, in-vitro IM 

treatment on cardiac myocyte function, hypertrophy and survival. Our experiments show 

that IM treatment enhanced Ca2+ transients of cardiac myocytes, induced pathological 

hypertrophy, and at high doses it caused myocyte death. The cellular bases of these 

effects were explored.  

IM and Myocyte Ca2+ Transients 

Our experiments showed that myocytes that had chronic IM treatment had a dose 

dependent increase in their Ca2+ transients and the transients were shorter than normal 

duration with a faster rate of decay (Figure 2-1). It does not appear that this resulted from 

an acute, direct effect of IM on L-type Ca2+ current, since this current was not altered by 

acute or chronic IM exposure (not shown). However, after exposing NRVMs to IM for 72 

hours, their systolic Ca2+ transients were increased in peak amplitude and the rate of 

decline was accelerated.  

Molecular remodeling was studied in IM-treated myocytes. There was a dose 

dependent increase in the abundance of the NCX, the major Ca2+ efflux pathway in the 

heart52, suggesting that NCX activity is increased to ensure Ca2+ flux balance in the 

presence of the increased Ca2+ transient amplitude (Figure 2-2). We also observed 

significant changes in CaMKII mediated PLB-T17 and RyR-S2814 phosphorylation 
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(Figure 1-3), which should enhance SR Ca2+ uptake storage and release.53 These results 

are somewhat surprising, since IM treatment in cancer patients has been linked to reduced 

cardiac pump function54. This topic is discussed further in the cell death section below. 

IM and Myocyte Hypertrophy 

Our experiments showed that IM treatment caused an increase in cell volume at 

low doses and no change in average cell volume at higher doses (Figure 2-5).  We also 

found that IM treatment caused a dose dependent increase in the expression of the 

hypertrophy marker ANP (Figure 2-4). We had already shown that CaMKII activation 

was at least partially responsible for IM treatment-induced changes in myocyte 

contractility. Therefore, we also determined if IM treatment-induced hypertrophy also 

involved CaMKII activation. Our experiments showed that myocytes treated with the 

CaMKII inhibitor AIP, or infected with a virus containing a dn-CaMKII had less IM 

treatment-induced hypertrophy and expression of ANP (Figure 2-6).  Our experiments 

also showed that the hypertrophy induced by IM treatment involved activation of Cn-

NFAT signaling.  IM treatment induced nuclear translocation of NFAT (Figure 2-7) and 

this effect was blocked by the Cn inhibitor FK506, the CaMKII inhibitor AIP and by the 

LTCC blocker Nifedipine. Collectively these data suggest that IM treatment increases the 

pool of cellular Ca2+ that activates CaMKII and Cn-NFAT nuclear translocation, to 

increase myocyte contractions and induce pathological hypertrophy. 

IM and myocyte death 

IM caused a dose dependent increase in myocyte death, as shown by a reduced 

number of myocytes per dish.  However, we did not see an activation of the apoptosis 

activator Caspase 3 (not shown), suggesting that the myocytes were not dying via 
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apoptosis.  Previously we have shown that myocytes with chronic increases in [Ca2+] die 

of a form of regulated necrosis rather than via apoptosis and we suggest that this 

mechanism must be present in IM treated myocytes.55  

Summary and Conclusions 

These studies show that chronic IM treatment of NRVMs in-vitro causes 

alterations in Ca2+ transients, cardiac hypertrophy, and at high IM doses cell death. These 

findings suggest that chronic IM therapy has the potential to cause a cell death based 

cardiomyopathy resulting from chronic Ca2+ stress. If patients have some underlying 

cardiac disease these effects might occur at lower IM doses. Our data suggest that chronic 

IM therapy could cause cardiomyopathy by inducing myocyte death signaling. 
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CHAPTER 3 

EXERCISE TRAINING AMELIORATES LV DYSFUNCTION IN MIC E WITH A 

CA2+ INFLUX MEDIATED CARDIOMYOPATHY 

Introduction 

The scope of heart disease on the western world cannot be overestimated.  It is the 

leading cause of death, and is only growing.  Heart failure is rising at an alarming rate, as 

well, with over 5 million Americans diagnosed.56  Because of improvements in treatment, 

patients with congestive heart failure are surviving for a longer period of time, but at a 

reduced quality of life.  Our research aims to gain a better understanding of how 

physiological enhancements to the heart can ameliorate cardiomyopathies in patients 

throughout the world. 

The effects of pathological cardiac hypertrophy are widely researched.  Fewer 

studies have focused on physiological cardiac hypertrophy and its effects on cardiac 

function.  The goal of this project was to gain a better understanding of the effects of 

altered L-type calcium influx on exercise-induced physiological cardiac hypertrophy.  

Previous studies suggest that increased L-type Ca2+ current is involved in pathological 

hypertrophy.57  With this research we will gain a better understanding of fundamental 

aspects of calcium-mediated regulation of physiological exercise. 

When the heart must induce ventricular contraction, Ca2+ passes through the 

LTCC of the T-tubule during the early phase of the action potential, which leads to 

activation of the ryanodine receptor and subsequent release of a greater amount of Ca2+ 

from the sarcoplasmic reticulum (SR), known as calcium-induced calcium release 

(CICR).58  The calcium transient that is vital to this process determines the contraction 
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strength, which is regulated by an intricate process highlighted by catecholamine binding 

to ß-adrenergic receptors, activation of PKA, then phosphorylation of LTCC, RyR, and 

PLB to enhance CICR.12  During heart failure, cardiac myocytes must produce greater 

force to eject adequate blood from the pathological heart, causing enhanced LTCC 

function from increased PKA activity.55  The higher Ca2+ influx in failing myocytes with 

more activated LTCC can cause SR Ca2+ overload27, which results in cardiac dysfunction 

and calcium-mediated injury.59  The resultant elevated Ca2+ levels in the heart are 

believed to lead to greater pathological effects, as the myocytes function at a chronically 

deleterious level.60 

Previous studies have shown that enhanced LTCC activation leading to chronic 

excess Ca2+ influx into the cardiac myocyte leads to cell death and heart failure.55  The 

progression of heart failure associates with LV remodeling, which manifests as gradual 

increases in LV end-diastolic and end-systolic volumes and wall thinning.  Pathological 

hypertrophy in the heart is usually a disproportionate concentric thickening of cardiac 

tissue and leads to reduced systolic and diastolic function, causing depressed 

cardiovascular performance.57   

These laboratory findings translate to the clinical setting, as enhanced LTCC 

activity leading to elevated Ca2+ levels in the cardiac myocytes characterize human heart 

failure.61  The acute compensatory effect of increased calcium through LTCC leading to 

greater heart contractility is chronically deleterious, as the heart progresses to failure and 

myocyte death.62  The clinical use of pharmacological blockade of ß-adrenergic receptors 

to reduce the effects of Ca2+ influx through LTCC has positively affected patient 

survival.4  
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The effects of exercise on the heart are characterized by a type of cardiac 

enhancement known as physiological hypertrophy.63  This differs greatly from 

pathological hypertrophy of the heart, which is a compensatory effect of pressure or 

volume overload and chronically leads to LV dilation and heart failure.64  Physiological 

stress, on the other hand, can induce a hypertrophy pattern that can maintain or improve 

cardiovascular performance.65  Physiological hypertrophy consists of a uniform profile of 

ventricular wall and septum growth that is matched with an increase in chamber 

dimension.  The wall thickness normally increases in proportion to the increase in 

chamber radius.  Ca2+ influx through the LTCC during exercise occurs through 

catecholamine regulation, leading to short-term increase in cardiac function.  This does 

not lead to cardiac dysfunction via excess calcium presence because Ca2+ efflux increases 

via NCX or the plasma membrane calcium ATPase in the normal mouse heart.66   

The molecular pathways that control physiological hypertrophy are not well 

understood, while pathological hypertrophy has been studied extensively to treat the 

millions of patients with heart disease.67  In clarifying the mechanistic differences 

between physiological and pathological hypertrophy, researchers may learn how to 

augment an advantageous cardiac change and minimize a detrimental condition.  

These studies were performed in transgenic mice with cardiac specific 

overexpression of the LTCC ß2a subunit, which results in excess LTCC Ca2+ entry and, 

with time, pathological hypertrophy.  Exercise in the form of chronic daily swim training 

for 3 weeks was administered.  WT mice of the same FVB background were used as 

sedentary and exercised controls.  The pathological hypertrophy that results from LTCC 
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overexpression was examined with the purported addition of physiological hypertrophy.  

Echocardiography before and after swim training provided a functional comparison, and 

terminal isolated heart experiments provided ex vivo functional data.  Electrophysiology 

was utilized for cellular analysis, and molecular changes were analyzed via protein 

abundance and phosphorylation analysis to define the mechanism of the modulation of 

ß2a-induced pathological hypertrophy.   

Materials and Methods 

Development of LTCC Overexpressed Mouse Line 

Mice with conditional, cardiac-specific, low level expression of Cav1.2 β2a were 

utilized to simulate compensatory response to an acute cardiac injury in a clinical setting.   

A modified α–myosin heavy chain (α-MHC) promoter was used for cardiac-specific 

expression of the β2a gene.  Mice were bred to be double transgenic for both tTA and β2a 

transgenes.  Doxycycline was used to suppress the gene expression (Tet-off) during the 

developmental phase, and removed from chow after the 21-day weaning period.  Mice 

were used for experiments at 4 months of age, when the β2a gene becomes fully 

expressed, based on previous studies.57  

Chronic Swim Training 

At 4 months of age the ß2a and control male mice were swam in a round tank 

with a diameter of 50cm, height of 10cm, and a surface area of 2000cm2.  Age-matched 

male mice were used as sedentary controls.   The mice began with 10 minute swim 

sessions twice a day, separated by a 4 hour break.  Sessions were increased by 10 minutes 

each day until 90 minute sessions were reached, at day 9.  The 90 minute sessions 
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continued for 12 more days, totaling 21 days of swim training.  Water temperature was 

maintained at 30-32ºC to avoid thermal stress induced by cold water.  

In Vivo Functional Analysis 

Echocardiography (ECHO) was performed at beginning and end of swim training 

period.  The ECHO machine is a VisualSonics Velvo 770 designed for mice and rats.  

Mice were anesthetized with 2% isoflurane initially, then 1.5% during the ECHO 

procedure.  Hearts were viewed in the short-axis between the two papillary muscles and 

analyzed in M-mode.  Parameters measured included end-diastolic diameter (EDD), end-

systolic diameter (ESD), posterior wall thickness (PWT), and septal wall thickness 

(SWT) to determine cardiac morphological changes, as well as ejection fraction (EF), 

heart rate, and fractional shortening. 

Isolated Heart Functional Analysis 

The cardiac functional responses to ischemia/reperfusion (I/R) were assessed with 

an isolated perfused heart model on a Langendorff apparatus.  Hearts from ß2a and 

control mice were mounted on the apparatus after aortic cannulation, and perfused with 

Krebs-Henseliet buffer (KHB).  A water-filled balloon was inserted into the LV through 

the left atrium, and volume was added to reach left ventricle end-diastolic pressure 

(LVEDP) of 10mmHg.  The distal end of the balloon catheter was connected to a Heart 

Performance Analyzer (AD Instruments) via a pressure transducer.  The baseline 

equilibration process totaled 20 minutes, followed by 15 min of no flow ischemia, 

followed by 30 min of reperfusion.  The LVEDP, LV developed pressure (LVDP), and 

maximum rate of contraction and relaxation (+dP/dt and –dP/dt, respectively) were 

measured for functional analysis.   
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Histology 

Animals were anesthetized with Isoflurane and heparinized intravenously. Hearts 

were excised, trimmed of excess tissue, weighed, washed and perfused with Ca2+-free 

KHB to clear up the blood vessels and then with 10% buffered formalin. The fixed heart 

tissues were dehydrated, embedded in paraffin, sectioned at 5-µm thickness, and stained 

with hematoxylin/eosin for cross-sectional area measurement. Myocyte cross-sectional 

area was measured from images captured mid-distance from base to apex. Suitable cross-

sections were defined as having nearly circular-to-oval myocyte contour. The perimeter 

of 75-100 myocytes was traced in sections from 5 regions of the LV of each animal, 

using NIH Image J software system. The mean area was calculated for all the regions 

measured in control and β2a heart tissue sections.  Average cross-sectional area was 

calculated across at least 3 independent hearts. 

Cellular Functional Analysis 

Myocytes were isolated, as previously described in Chapter 2, from exercised and 

sedentary animal hearts to measure cellular FS, calcium transients and ICa-L.  All 

experiments were performed at 35-37ºC, in perfused myocyte chambers mounted on 

inverted fluorescence or confocal microscopes.   

Myocyte isolation: Mice are anesthetized with isoflurane (2-3%), and the heart is 

excised, weighed, and cannulated on a constant-flow Langendorff apparatus.  It is then 

digested by retrograde perfusion of Tyrodes containing 180 U/ml collagenase.57  

Calcium Transients: Myocytes were measured for calcium transients while paced 

using Fluo-4AM as described in previous studies.57  Differences in peak magnitudes, 

durations, and rates of decay between groups of myocytes were determined.   
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Patch Clamping: Whole cell patch clamping techniques were used to measure 

myocyte action potentials, as described previously.68  The voltage dependence and ICa-L 

dependence of SR calcium release were determined. 

Statistical Methods 

Data are presented as mean±SEM.  Paired and unpaired T-test and ANOVA were 

used to test for significance with GraphPad Prism 5.0.  For all tests, statistical 

significance was set at p≤0.05. 

Results 

Exercise Training Enhances In Vivo β2a Heart Morphology 

 Echocardiography showed that β2a sedentary mice exhibited enhanced septal wall 

thickness and increased ejection fraction and fractional shortening compared to WT 

counterparts (Figure 3-1 A, C, D).  These hearts possess the previously established 

hypercontractility that results from LTCC overexpression.57  

 After the exercise training period, echocardiography studies were repeated.  In 

vivo morphological changes were first analyzed.  In the WT mice, exercise led to a 

significant increase in septal wall thickness and LV internal diameter.  These are both 

hallmarks of a proportional hypertrophy via physiological cardiac alterations.  The same 

enhancements were found in the β2a exercise mice (Figure 3-1 A, B).  Furthermore, 

ejection fraction and fractional shortening were increased in WT and β2a mice after 

exercise, showing that the swim training enhanced the cardiac function of mice with 

LTCC overexpression (Figure 3-1 C, D).   

 After excision, hearts were weighed and compared to body weight.  Exercise 

caused hypertrophy in both the WT and β2a mouse lines, when compared to sedentary 
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counterparts (Figure 3-1 E).  These data show that exercise causes hypertrophy in both 

WT and β2a hearts. 

 Hearts were fixed, cut, and stained for H&E to determine myocyte area and 

perimeter (Figure 3-2 A).  Measurements were taken of 100 myocytes from 5 sections of 

3 hearts per group.  Exercise increased myocyte size in WT hearts (Figure 3-2 B), but not 

in β2a hearts.  This may be due to β2a hearts having pathologically wide myocytes, while 

exercise is known to increase myocyte length for a proportional growth of the left 

ventricle.  Myocyte length could not be measured in this experiment. 

 Exercise Training Reduces Reperfusion Injury in β2a Hearts  

 After the exercise period, hearts were excised and placed on the Langendorff 

apparatus for isolated heart ischemia/reperfusion experiments.  During the ischemia 

phase, LVEDP slowly rises.  This is a hallmark of SR calcium overload.  Here we present 

that β2a show an increased rate of LVEDP increase during the ischemic phase, an 

observation first noted previously.57  With the addition of exercise training, the β2a hearts 

showed a reduced rise in LVEDP, similar to WT levels (Figure 3-3 A).   

After the period of 30 minutes reperfusion, we assessed LVDP (mmHg) and 

compared the recovery to the baseline counterparts (Figure 3-3 B).  The basal LVDP of 

sedentary β2a hearts is high, due to enhanced calcium influx through the LTCC.  The 

exercised β2a hearts were significantly reduced in basal LVDP compared to their 

sedentary counterparts.  After the 15-minute ischemic period and 30 minutes of 

reperfusion, sedentary β2a hearts exhibited a significant reduction in LVDP that was not 

present in exercised β2a hearts.  The same recovery enhancement was present in the 

exercised WT hearts.  
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Figure 3-1. Chronic exercise enhances cardiac function and increases heart size. A. 
Septal wall thickness was measured before and after the 3 week exercise period. B. Left 
ventricle chamber diameter was measured. C, D. Functional characteristics were 
measured before and after exercise (ejection fraction [C], fractional shortening [D]. E. 
Heart weight/body weight ratios were measured at end of 3 week exercise period. (n=32 
Sed/Swim WT; n=24 Sed/Swim β2a)  * p<0.05 vs. Pre-Swim WT; # p<0.05 vs. Sed β2a. 
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To further clarify the enhanced recovery during reperfusion, the LVDP was 

analyzed as a percentage of baseline values during the course of the reperfusion 

treatment.  We show that percent recovery during reperfusion is significantly better in 

exercised hearts compared to sedentary counterparts, and it is greatest overall in 

exercised β2a hearts (Figure 3-3 C).  Furthermore, we previously established that there is 

a decrease in recovery over the course of reperfusion in sedentary β2a hearts57, and this is 

reversed after chronic exercise. 

 

 

Figure 3-2. Exercise increases myocyte size in WT, but not β2a hearts. A. 
Representative H&E images of myocardial cross-sections from exercised and sedentary 
WT and β2a hearts.  B. Average myocyte cross-sectional area and myocyte perimeter 
were measured (n=3 hearts/group).  * p<0.05 vs. Sed WT. 
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Figure 3-3. Exercise reduces ischemia/reperfusion injury in β2a hearts. A. EDP was 
measured during the 15-minute ischemic period (** p<0.01, *** p<0.001 vs. Sed β2a). B. 
LVDP was measured (mmHg) at baseline and at end of the 30-minute reperfusion period 
(* p<0.05, *** p<0.001 vs. Baseline counterpart; ### p<0.001 vs. Sed β2a).  C. LVDP 
was measured (% of baseline) throughout the reperfusion period to analyze recovery from 
ischemic episode (* p<0.05 vs. Sed WT, # p<0.05, ## p<0.01 vs. Sed β2a). n=5 per group.   
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Isolated Cardiomyocyte Calcium Activity is Enhanced After Exercise Training 

 Cardiomyocytes were isolated from each group, and calcium related experiments 

were performed.  Fractional shortening was increased in all groups after Iso 

administration (Figure 3-4 A).  [Ca2+] i transients were increased in WT and β2a exercised 

cardiomyocytes, when compared to their sedentary counterparts (Figure 3-4 B).  Iso 

infusion increased [Ca2+] i transients for all groups compared to pre-Iso.  [Ca2+] i transient 

decay (Tau) was reduced in exercised β2a cardiomyocytes compared to sedentary β2a 

cardiomyocytes at baseline (Figure 3-4 C).  Iso decreased Tau in all groups compared to 

pre-Iso counterparts. 

 Calcium current (ICa,L) was measured before and after Iso infusion in each group.  

Cardiomyocytes from sedentary hearts showed β2a current was significantly higher 

compared to WT control (Figure 3-5 A).  Also, Iso infusion caused an increase in LTCC 

current ICa,L in WT cardiomyocytes, but caused a decrease in β2a cardiomyocytes.  After 

exercise training, β2a cardiomyocytes exhibited a decrease in basal ICa,L compared to 

sedentary β2a cardiomyocytes (Figure 3-5 B).  After Iso infusion, exercised β2a 

cardiomyocytes showed an increase in ICa,L, similar to exercised WT myocytes.  These 

data show that exercise positively affects ICa,L at baseline and after Iso administration. 
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Figure 3-4. Cardiomyocyte contractions and [Ca2+] i Activity in Response to Iso. A. 
Fractional shortening was measured before and after Iso administration in each group. B. 
Calcium transient data was measured for each group with or without Iso. C. Calcium 
decay was measured with or without Iso for each group. WT sed and swim n=9, β2a sed 
and swim n=7. * p<0.05, ** p<0.01. 
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Figure 3-5. Effects of Iso (1µmol/L) on ICa,L in exercised β2a cardiomyocytes. A. Iso 
was added to sedentary WT and β2a cardiomyocytes and ICa,L was measured (* p<0.05 
from pre-Iso WT; # p< 0.05 from pre-Iso treatment). B. Iso was added to exercised 
cardiomyocytes, then ICa,L was measured.  
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Discussion 

Chronic Exercise Enhances In Vivo Cardiac Function 

 β2a hearts have previously been shown to exhibit enhanced cardiac function 

without the addition of a cardiac insult.55  Our results corroborate those findings (Figure 

3-1).  After chronic swim training, the function of β2a hearts was enhanced significantly 

(EF and FS), as was the function of WT hearts.  Left ventricle chamber diameter was 

increased with exercise in WT and β2a hearts, allowing for increased preload.  Septal 

wall thickness increased in both WT and β2a exercised hearts.  These data provide 

evidence for physiological cardiac remodeling leading to enhanced cardiac function65. 

 Excised hearts were weighed and compared to body weight.  The exercised hearts 

were larger than their sedentary counterparts, signifying physiological hypertrophy 

developed from chronic swim training.  Cardiomyocyte cross-sectional area and 

perimeter showed a significant increase in WT exercise ventricular myocytes (VMs) from 

sedentary WT VMs, but no significant difference in β2a VMs after exercise.  This may be 

due to an increase in total VM number to provide physiological cardiac remodeling, and 

not an increase in individual cell size.   

Ischemia/Reperfusion Injury is Reduced in β2a Hearts After Exercise 

 Isolated hearts underwent ischemic injury for 15 minutes.  During this time, 

LVEDP increases, signifying SR calcium overload-induced cellular death57.  Sedentary 

β2a hearts have a greater increase in LVEDP due to enhanced basal calcium levels.  This 

enhanced cellular death is significantly reduced after the β2a hearts undergo chronic 

exercise training (Figure 3-3 A).   
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 During the reperfusion phase, sedentary β2a hearts show a decrease over time in 

LVDP recovery (Figure 3-3 C).  This reaction to an acute injury mirrors a cardiac injury 

in a clinical subject that is already in heart failure due to pathological hypertrophy55.  

With exercise training, the same β2a hearts show a significant increase in LVDP recovery 

that also increases over the course of the reperfusion period.  These findings provide 

evidence of the cardioprotective nature of exercise-induced physiological hypertrophy.   

Cardiomyocytes Exhibit Enhanced Activity After Exercise Training 

 VMs were isolated and calcium activity was assessed before and after Iso 

administration.  [Ca2+] i transients were increased and Tau was decreased after exercise 

training in WT and β2a hearts (Figure 3-4).  These findings support the increased calcium 

metabolism of exercised hearts, allowing for enhanced cardiac function overall.   

 ICa,L measurements showed that sedentary β2a cardiomyocytes have a 

significantly high basal current level, that is decreased with the addition of the 

catecholamine Isoproterenol.  This signifies dysfunctional calcium handling in these VMs.  

After exercise, the β2a VMs exhibited basal ICa,L levels similar to WT sedentary and 

exercised VMs, and a normal degree of ICa,L increase with Iso.  The dysfunctional 

reaction to Iso in β2a VMs was ameliorated after exercise training. 

Summary and Conclusions 

 Exercise training enhances in vivo β2a heart morphology and cardiac function.  

Ischemia EDP increase and reperfusion injury are mitigated in exercised β2a hearts.  

Isolated cardiomyocytes after exercise exhibit enhanced Ca2+ activity, and dysfunctional 

reactions to Isoproterenol in β2a hearts are ameliorated after exercise training.  The 
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effects of chronic exercise reduced LV dysfunction in a transgenic mouse model of 

pathological hypertrophy.   
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CHAPTER 4 

DISCUSSION 

 Cardiovascular disease and its many morbidities cause a number of pathologies in 

the myocardium.  There are many factors in these processes, and each may provide a 

novel scientific insight towards reducing patient mortality.  Cardiomyocyte contractility 

defects leads to reduced heart performance, and this is the hallmark for many examples of 

heart failure, such as ischemic heart disease and pressure overload.  When 

cardiomyocytes are forced to reduce their initial functional abilities, the body acutely 

activates the sympathetic nervous system for compensate for this dysfunction.  As each 

heart cell increases contractile activity, we see cardiomyocyte hypertrophy as a 

pathological comorbidity.  This hypertrophy can lead to cardiomyocyte death at a later 

time, or can lead to a whole heart injury, such as myocardial infarction.   

 We have provided evidence that these pathological changes are heavily influenced 

by Ca2+ in the cardiomyocyte (Figure 4-1).  The ion not only is involved with initiating 

E-C coupling, it activates intracellular signaling pathways that lead to compensatory 

cardiac remodeling at chronic levels.  This cardiac remodeling helps the individual in the 

short term, but over a long period of time leads to worsening comorbidities.  There are 

many possible steps towards understanding and treating CVD, and here we focused on 

how Ca2+ affects pathological hypertrophy (Figure 4-2) and how it can be potentially be 

treated.   
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Figure 4-1. Ca2+ Mediated E-C Coupling. Schematic of Ca2+ mediated E-C coupling, 
showing intracellular mechanisms.  The LTCC allow Ca2+ to enter the cardiomyocyte.  
The Ca2+ is detected by RyR at the SR, leading to calcium-induced calcium release 
(CICR).  The cytosolic Ca2+ binds to myofilaments, leading to cardiomyocyte contraction.  
When relaxation occurs, Ca2+ must be removed from the cytosol.  This mostly occurs via 
SERCA reuptake after PLB phosphorylation, and NCX efflux out of the myocyte. 
(Modified from Bers 2002)17 

 

Does Imatinib Treatment Cause Ca2+ Dysfunction and Pathological Hypertrophy? 

 We studied the effects of the receptor tyrosine kinase (RTK) inhibitor imatinib, 

previously found to cause cardiotoxicity in human and murine subjects.33  Initial studies 

on imatinib provided no evidence of cardiac comorbidities, making the drug the optimal 

choice for pertinent cancer therapy.32  Furthermore, the efficacy of imatinib is very high, 

leading to a steep rise in its use and popularity (Figure 4-3).  However, more recent 

studies have shown a cardiotoxic nature to these RTK inhibitors, as their specificity led to 

questions.   
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Figure 4-2. Ca2+ Mediates Several Intracellular Pathways. Schematic of the calcium 
signaling pathways in the cardiomyocyte.  Calcium entrance through the LTCC leads to 
calcium-induced calcium release from the sarcoplasmic reticulum.  This cytosolic Ca2+ 
activates E-C coupling, and may lead to intracellular signaling pathways that activate 
pathological hypertrophy from nuclear gene transcription. (Adapted from Berridge 
2003)69   
 
 The newly found issues with imatinib are concerning, as it was developed as a 

replacement for known cardiotoxic cancer therapies, such as Anthracyclines.70  Over time, 

patients with preconditions of heart disease were found to develop cardiotoxic 

abnormalities after imatinib treatment.  Further studies showed that imatinib targets, such 

as c-Abl, may play an undiscovered important role in maintaining cardiac homeostasis.33  

Other RTK inhibitors such as sunitinib have even more targets, potentially leading to 

blockade of important intracellular pathways.  These new findings have led to many more 

studies in an effort to elucidate the effects of RTK inhibitors that lead to cardiotoxicity.   
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 Clinical trials of imatinib have provided incomplete results, as there are many 

mitigating factors in human subject data collection.  For examples, clinical trials have 

excluded patients with comorbidities such as congestive heart failure (CHF).  This 

assessment of clinical trials is not incorrect, but may lead to questions when patients with 

comorbidities undergo treatment.  Furthermore, patients may possess cardiovascular 

disease but it may be diagnosed as a side effect of chronic myelogenous leukemia or 

another type of cancer.  Analysis can be a confounding factor, as clinical follow up varies, 

depending on the patient and physician availability.  Also, inclusion and exclusion 

criteria can vary depending on the study paradigm.71  

 Imatinib and similar RTK inhibitors are widely used in the clinical setting already, 

so we can expect to see an increase in cardiovascular comorbidities in the short term.  It 

is important for future subjects to understand the associated risk, and take precautions to 

lessen the risk of cardiovascular disease, while already dealing with chronic myelogenous 

leukemia.  Additionally, reactionary reviews have been published, denouncing the 

cardiotoxic view of imatinib.  These studies explain that the clinical evidence is 

circumstantial and lack powerful sample size.72 

 Our studies aimed to provide evidence of altered Ca2+ activity, and whether or not 

this led to dysfunction or cardiotoxicity.  We determined that Ca2+ activity was increased 

at the functional level, providing evidence of enhanced E-C coupling.  There was also an 

increase in cardiomyocyte relaxation activity, studied as increased SR uptake through 

PLB phosphorylation at threonine 17.  These changes were interesting, but aren’t 

necessarily proof of cardiotoxicity.  When we analyzed hypertrophy, we found 

upregulation of ANP, a hallmark of pathological hypertrophy.  We then gained insights 
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as to why the cells were increasing in activity, in an effort to quell the toxic nature of 

imatinib.  We were able to show that the Calcineurin/NFAT pathway was causing this 

hypertrophy.  We conclude that imatinib treatment causes deleterious effects to 

cardiomyocytes, leading to pathological hypertrophy and cellular death.   

 

Figure 4-3. Function of the RTK Inhibitor Imatinib.   The Bcr-abl fusion protein is a 
constitutively active tyrosine kinase that causes perpetual cellular proliferation by 
upregulating intracellular signaling.  Imatinib (STI-571) is a competitive inhibitor of the 
ATP binding site that usually stays in contact with Bcr-Abl, blocking the perpetual 
proliferation pathway.  (Adapted from Kantarjian 2006)73 
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Does Exercise Training Ameliorate LTCC Overexpressed Cardiomyopathy? 

 We developed a mouse model of LTCC overexpression, leading to enhanced 

contractile state of the myocardium.  This simulates the effects of cardiac compensation 

in clinical subjects, after a cardiac insult has occurred.  We previously studied how this 

mouse model provides excess Ca2+ in the cardiomyocyte, and if the effects of a 

myocardial infarction can be reduced in this compensatory state.  It was found that the 

excess Ca2+ actually exacerbated the heart after MI, leading to decreased survival and 

increased myocyte death57.   

 With this in mind, we administered chronic exercise to the same LTCC 

overexpressed mice.  This model mirrors the clinical subject who has had an episode of 

heart failure, then engages in cardiovascular exercise (running, swimming, etc.) to 

enhance cardiac fitness (Figure 4-4).  The goal is to protect and prepare the heart for a 

potential second heart failure episode, such as an MI.  After the exercise training period, 

cardiac function was better in the transgenic mice versus their sedentary counterparts.  

Furthermore, we saw a proportional increase in both size and chamber dimension of the 

left ventricle, a hallmark of physiological hypertrophy.   
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Figure 4-4. Pathological and Physiological Hypertrophy Lead to Different Types of 
Remodeling.  Schematic representation of the effects of pathological versus 
physiological hypertrophy.  Under pathological stress, the heart wall thickness increases, 
while the ventricular chamber decreases in size.  Chamber function is diminished as a 
result.  Under physiological stress, the ventricular chamber size increases in proportion to 
wall thickness increase, so cardiac function is enhanced. (Adapted from Molkentin 
2006)22 

 

To test the ability of the exercised heart in a setting of ischemic stress, we 

performed ex vivo ischemia/reperfusion.  We found a significantly greater recovery in the 

exercised mice versus their sedentary counterparts, which provides evidence that exercise 

protects the heart from the pathological stress of heart failure.  With proper medical 

treatment, individuals who suffer from heart disease may benefit from exercise in an 

effort to protect the heart from potential cardiac insults in the future.  Further studies must 

be conducted to elucidate the pathways being altered with the addition of chronic 
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exercise, so pharmacological treatments can be developed to help patients who aren’t 

capable of the demands of exercise.   

 In summary, these two studies have shed light on the pathological nature of Ca2+ 

overexpression, and its complexities.  The calcium signaling pathways are always 

attempting to help the heart, but intricate comorbidities in the clinical setting complicate 

the end goal.  We must further examine how the various sources of Ca2+ affect each 

signaling pathway, so that we may upregulate or downregulate them in an effort to 

mitigate myocardial dysfunction.   
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