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ABSTRACT	  

MICRODOMAIN BASED CALCIUM INFLUX PATHWAYS THAT REGULATE 

PATHOLOGICAL CARDIAC HYPERTROPHY AND CONTRACTILITY 

Catherine A. Makarewich 

Doctor of Philosophy 

Temple University School of Medicine, 2014 

Doctoral Advisory Committee Chair: Steven R. Houser, PhD 

 

Pathological cardiac stressors, including persistent hypertension or damage from 

ischemic heart disease, induce a chronic demand for enhanced contractile performance of 

the heart.  The cytosolic calcium (Ca2+) transient that regulates myocyte contraction must 

be persistently increased in disease states in order to maintain cardiac output to sustain 

the metabolic requirements of the body.  Associated with this enhanced intracellular Ca2+ 

([Ca2+]i) state is pathological cardiac myocyte hypertrophy, which results in large part 

from the activation of Ca2+-dependent activation of calcineurin (Cn)-nuclear factor of 

activated T cells (NFAT) signaling.  The puzzling feature of this hypertrophic signaling is 

that the cytosolic [Ca2+] that controls contractility appears to be separate from the [Ca2+] 

which activates Cn-NFAT signaling.  The overarching theme of this dissertation is to 

explore the source and spatial constraints of pathological hypertrophic signaling Ca2+ and 

to investigate how it is possible that sensitive and finely tuned Ca2+-dependent signaling 

pathways are regulated in the background of massive Ca2+ fluctuations that oscillate 

between 100nM and upwards of 1-2μM during each cardiac contractile cycle.  
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 L-type Ca2+ channels (LTCCs) are a major source of Ca2+ entry in cardiac 

myocytes and are known to play an integral role in the initiation of myocyte excitation 

contraction-coupling (EC-coupling).  We performed a number of experiments to show 

that a small population of LTCCs reside outside of EC-coupling domains within caveolin 

(Cav-3) signaling microdomains where they provide a local source of Ca2+ to activate Cn-

NFAT signaling.  We designed a Cav-targeted LTCC blocker that could eliminate Cn-

NFAT activation but did not reduce myocyte contractility.  The activity of Cav-targeted 

LTCCs could also be upregulated to enhance hypertrophic signaling without affecting 

contractility.  Therefore, we believe that caveolae-localized LTCCs do not participate in 

EC-coupling, but instead act locally to control the coordinated activation of Cn-NFAT 

signaling that drives pathological remodeling.  

 Transient Receptor Potential (TRP) channels are also thought to provide a source 

of Ca2+ for activation of hypertrophic signaling.  The canonical family of TRP channels 

(TRPC) is expressed at low levels in normal adult cardiac tissue, but these channels are 

upregulated in disease conditions which implicates them as stress response molecules that 

could potentially provide a platform for hypertrophic Ca2+ signaling.  We show evidence 

that TRPC channel abundance and function increases in cardiac stress conditions, such as 

myocardial infarction (MI), and that these channels are associated with hypertrophic 

responses, likely through a Ca2+ microdomain effect.  While we found that TRPC 

channels housed in caveolae membrane microdomains provides a source of [Ca2+] for 

induction of cardiac hypertrophy, this effect also requires interplay with LTCCs.  We also 

found that TRPC channels have negative effects on cardiac contractility, which we 

believe are due to local activation of Ca2+/calmodulin-dependent protein kinase (CaMKII) 
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and subsequent modulation of ryanodine receptors (RyRs).  Further, we found that 

inhibiting TRPC channels in a mouse model of MI led to increased basal myocyte 

contractility and reduced hypertrophy and cardiac structural and functional remodeling, 

as well as increased survival. 

 Collectively, the data presented in this dissertation provides comprehensive 

evidence that Ca2+ regulation of Cn-NFAT signaling and resultant pathological 

hypertrophy can be coordinated by spatially localized and regulated Ca2+ channels.  The 

compartmentalization of LTCCs and TRPC channels in caveolae membrane 

microdomains along with pathological hypertrophy signaling effectors makes for an 

attractive explanation for how Ca2+-dependent signaling pathways are regulated under 

conditions of continual Ca2+ transients that mediate cardiac contraction during each heart 

beat.  Elucidation of additional Ca2+ signaling microdomains in adult cardiac myocytes 

will be important in more comprehensively resolving how myocytes differentiate 

between signaling versus contractile Ca2+.  
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CHAPTER 1:  INTRODUCTION 

Background and Significance 

The primary function of the heart is to pump blood throughout the circulatory 

system to provide oxygen and nutrients to all tissues, as well as to remove unwanted 

metabolites.  Heart failure (HF) is a clinical syndrome in which the amount of blood 

being pumped from the heart is inadequate to meet the metabolic demands of the body, 

which results in premature fatigue, dyspnea, and/or edema(Alpert et al., 2002).  HF often 

results from protracted disease states initiated by myocardial infarction, ischemia 

associated with coronary artery disease, valve disease, diabetic cardiomyopathy, and 

hypertension(Francis, 2001). HF is an extremely important healthcare issue because of its 

high prevalence, mortality, morbidity, and cost of care. It is predicted that as our 

population ages, the direct medical costs of all cardiovascular diseases (including 

hypertension, coronary heart disease, stroke, and heart failure) will triple, reaching $818 

billion in 2030(Heidenreich et al., 2011). Prominent within this population of patients are 

the current 5 million Americans who suffer from chronic heart failure, the final common 

pathway of many forms of heart disease, which is estimated to grow to upwards of 8 

million Americans by 2030(Heidenreich et al., 2013). This syndrome carries a mortality 

of approximately 50% at 5 years, and its incidence and prevalence are expanding rapidly 

around the globe(Heidenreich, et al., 2013). Current therapies, including angiotensin-

converting enzyme inhibitors, angiotensin receptor blockers, aldosterone antagonists, and 

β-adrenergic receptor blockers (β-blockers), manifest significant efficacy in reducing 

morbidity and mortality in patients with chronic systolic heart failure(Goldberg, 2010). 

However, in many instances, disease progression continues unabated and patients still 
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ultimately die (Konstam & Mann, 2002).  Novel therapeutic approaches for heart failure 

are sorely needed, and a comprehensive understanding of the biological processes that 

lead to heart disease and disease related pathological remodeling are required to 

accomplish this.  

 HF is characterized by a complex interplay of several neurohormonal mechanisms 

that become activated in the syndrome in an attempt to sustain cardiac output in the face 

of ever decompensating function(Mann & Bristow, 2005).  Among these neurohormonal 

mechanisms, elevated activities of the adrenergic (or sympathetic) nervous system 

(ANS), of the renin-angiotensin-aldosterone system (RAAS), and of several cytokines 

play central roles(Mudd & Kass, 2008).  The ANS exerts a wide variety of cardiovascular 

effects, including heart rate acceleration (positive chronotropy), increase in cardiac 

contractility (positive inotropy), accelerated cardiac relaxation (lusitropy), decrease in 

venous capacitance, and constriction of resistance and cutaneous vessels(Brum et al., 

2006).  All of these effects aim to increase cardiac performance to enable the body’s so-

called “fight-or-flight” response(Wortsman, 2002).  ANS activity is enormously elevated 

in HF(Mann & Bristow, 2005).  Acutely, the activation of the ANS will restore cardiac 

function, however, if the cardiac insult persists over time, as is usually the case in chronic 

heart diseases, the ANS will not be able to maintain cardiac function and the heart will 

progress into a state of chronic decompensated HF as the hyperactive ANS continues to 

push the heart to work at a level much higher than the cardiac muscle can 

handle(Lymperopoulos et al., 2013). 

There are many different factors that contribute to the deteriorating pump function 

of the heart in HF such as changes in cardiac structure and geometry(Jacob et al., 1991; 
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Jacob & Gulch, 1998; Kurrelmeyer et al., 1998), cell death(Anversa, 2000), altered 

vascular structure and reactivity(Francis, 2001), abnormal energy utilization(Doenst et 

al., 2013; Ingwall & Weiss, 2004), progressive loss of myocytes from the heart, and 

continued neurohormonal disturbances(Francis, 2000; Lymperopoulos, et al., 2013; 

Mann, 1998). Virtually all forms of hemodynamic overload or myocardial injury first 

induce a phase of cardiac growth, termed hypertrophy, in which individual myocytes 

grow in length and/or width as a means of increasing total myocardial mass to preserve 

cardiac ejection fraction by normalizing wall stress, thereby inducing a state of 

‘compensatory hypertrophy’(Berenji et al., 2005; Haider et al., 1998).  However, in the 

long term, this reactive hypertrophy become maladaptive and is then associated with a 

new phase of progressive ventricular dilation characterized by wall thinning and 

increased wall stress which generates its own hemodynamic stress on the heart, further 

stimulating already overloaded hypertrophic signaling pathways and tipping the balance 

from a cell growth response to one of cell death(Diwan & Dorn, 2007).  Once these 

processes have progressed to this stage, termed decompensation, loss of cardiac myocytes 

and their replacement by fibrous tissue further diminishes contractile performance in 

“end-stage” cardiomyopathy, leading to irreversible functional deterioration, intractable 

heart failure, arrhythmia and sudden death(Berenji, et al., 2005). 

Calcium Cycling and Signaling 

Calcium (Ca2+) ions play a critical role in signaling in a wide variety of cells and 

tissues including muscle, immune cells, neurons, and the liver, and oocytes(Bootman & 

Berridge, 1995).  Ca2+ is a universal intracellular second messenger that is involved in the 

regulation of diverse cellular functions including fertilization, electrical signaling, 
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contraction, secretion, memory, gene transcription, and cell death(Bootman, 2012).  In 

the heart, Ca2+ is essential in cardiac electrical activity and is the direct activator of the 

myofilaments, which initiates contraction(Bers, 2002b; Bootman, 2012; Fearnley et al., 

2011).  Intracellular Ca2+ ([Ca2+]i) is the central regulator of cardiac contractility and 

myocyte mishandling of Ca2+ is a central cause of contractile dysfunction, pathological 

hypertrophic growth, and arrhythmias in pathophysiological conditions(Pogwizd et al., 

2001).   

The circulatory pumping activity of the heart requires beat-to-beat rhythmic Ca2+ 

oscillations in individual cardiac myocytes, which directly facilitates myofilament 

interactions to cause contraction and cell shortening(D. M. Bers, 2008b). During the 

cardiac action potential, L-type Ca2+ channels (LTCCs) on the cell surface are activated 

and Ca2+ enters the cell to produce current (ICa,L)(Bers & Merrill, 1985).  Ca2+ influx 

triggers Ca2+ release from the sarcoplasmic reticulum (SR) via binding to and opening of 

ryanodine receptors (RyR) and, to some extent, can also directly contribute to activation 

of the myofilaments(V. Piacentino, 3rd et al., 2000).  The Ca2+ entry from the 

extracellular space plus the amount of Ca2+ released from the SR through RyRs via Ca2+-

induced Ca2+ release (CICR) raises cytoplasmic free [Ca2+]i, causing Ca2+ binding to 

multiple cytosolic Ca2+ buffers(Capogrossi et al., 1987).  One of the most functionally 

important cytosolic Ca2+ buffers is the thin-filament protein troponin C (TnC)(Solaro & 

Rarick, 1998).  When Ca2+ binds to TnC, it switches the myofilaments in a cooperative 

manner activating contraction(Gergely, 1976; Schaub & Kunz, 1986).  For relaxation and 

diastolic filling to occur, [Ca2+]i must decline such that Ca2+ dissociates from TnC, thereby 

turning off the contractile machinery(Penefsky, 1994).  The two major Ca2+ transporters 
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that remove Ca2+ from the cytosol are the SR- Ca2+ ATPase (SERCA) and the 

sarcolemmal Na+- Ca2+ exchanger (NCX)(Bassani et al., 1994).  Therefore, each 

individual cardiac contraction (systole) depends on a transient increase in the cytosolic 

free Ca2+ concentration (the systolic Ca2+ transient, also commonly termed “contractile 

Ca2+”) to activate the contractile proteins that elicit pressure development and ejection of 

blood(Bers, 2002b).  Cardiac relaxation, or diastole, depends on a decrease in the 

cytoplasmic free Ca2+ concentration.  The frequency and amplitude of the systolic Ca2+ 

transient can be altered by physiological stimuli, such as in response to exercise, or by 

pathologic stimuli, such as in response to hypertension or after MI injury(D. M. Bers, 

2008b). 

In addition to this fundamental role in mediating cardiac myocyte EC-coupling, a 

well-described role for Ca2+ in initiating reactive hypertrophic signaling has 

emerged(Hayes et al., 2011; Molkentin, 2000; Molkentin et al., 1998; Olson, 2004).  

Much progress has been made in unraveling the players involved in Ca2+ dependent 

signaling pathways that drive hypertrophic growth of the adult heart.  Among the most 

intensely scrutinized has been the calcineurin (Cn) pathway. Cn, also known as protein 

phosphatase 2B (PP2B), is a serine threonine phosphatase which is activated by sustained 

elevation of intracellular Ca2+ where it then dephosphorylates a variety of cellular 

substrates, including the nuclear factor of activated T-cell (NFAT) transcription factor, 

which is normally localized in the cytosol in its phosphorylated state, but when 

dephosphorylated by Cn translocates to the nucleus where it is sufficient to induce 

hypertrophy via activation of the fetal gene program(Heineke & Molkentin, 2006; 

Molkentin, et al., 1998).  The Cn pathway is integrated with other pathological signaling 
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systems including those controlled by stress-responsive mitogen-activated protein (MAP) 

kinases and calcium-dependent kinases, such as protein kinase C (PKC), calcium- and 

calmodulin-dependent kinases (CaMKII) and cyclin-dependent kinases (CDKs)(Frey, 

McKinsey, et al., 2000; Molkentin & Dorn, 2001; Sano et al., 2002; Sugden, 2001).  

These pathways have been shown to converge in the nucleus with the phosphorylation of 

a subclass of histone deacetylases (class II HDACs), which act as signal-response 

regulators for the fetal gene program and cardiac growth(C. L. Zhang et al., 2002).  Many 

of the same transcription factors involved in building the embryonic heart (such as 

MEF2, GATA4 and SRF) serve as endpoints for hypertrophic signaling pathways and 

mediators of fetal gene reactivation(Olson, 2004). 

Although it has been widely established that aberrations in Ca2+ handling are 

responsible for triggering pathological cardiac growth, the source and spatial constraints 

of the “signaling Ca2+” that activates pathological cardiac hypertrophy (Cn-NFAT) 

remains a mystery given the overwhelming manner in which Ca2+ floods the entire 

cytosol during each contractile cycle.  Several theories have emerged to explain how 

changes in cardiomyocyte Ca2+ concentration could regulate specific hypertrophic 

signaling pathways in the backdrop of cyclic Ca2+ transients.  The major hypotheses 

proposed to explain regulated cardiomyocyte hypertrophic signaling include global 

alterations in the amplitude of the Ca2+ transient, sustained increases in diastolic Ca2+, and 

the existence of specialized cellular microdomains in which Ca2+ concentration is locally 

regulated and sensed by macromolecular signaling complexes localized to such 

regions(Goonasekera & Molkentin, 2012). 
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Differentiating Signaling Ca2+ from Contractile Ca2+ 

It has been proposed by some that the same pool of Ca2+ that controls cardiac 

contractility underlies activation of several specific signaling pathways, such that greater 

inotropy leads to greater reactive signaling(Y. Liu et al., 2001; Shen et al., 2006; Tavi et 

al., 2004; Valdes et al., 2008; Xia et al., 2000).  With each heart beat, ICa,L induces CICR 

which increases the free cytosolic [Ca2+]i roughly 10-fold from approximately 100nM at 

rest to 1-2μM during contraction, with peak Ca2+ levels in the junctional cleft between the 

plasma membrane LTCCs and SR anchored RyRs reaching upwards of 400μM(D. M. 

Bers, 2008a).  Alterations in both the amplitude and frequency of the systolic Ca2+ 

transient can be regulated by multiple neuroendocrine inputs/effectors creating an 

additional layer of potential regulatory control(Bers & Guo, 2005). For example, in 

response to physiological or pathological stimulation the ANS is activated and circulating 

catecholamine (epinephrine and norepinephrine) levels are increased through release 

from sympathetic nerves(Wortsman, 2002).  Catecholamines act through β-adrenergic 

receptors (βARs) to induce the activation of adenylate cyclase, which increases the 

production of cyclic adenosine 3’,5’-monophosphate (cAMP) and activates the protein 

kinase A (PKA) signal transduction cascade resulting in phosphorylation of Ca2+ handling 

channels and proteins(D. M. Bers, 2008b; Bers & Guo, 2005).  Among the main targets 

of PKA phosphorylation in the cardiac myocyte are the following:  the cell membrane 

localized LTCC and the SR localized type 2 RyRs (RyR2), both leading to an increase in 

Ca2+ entry into the cytoplasm(Bers, 2002b); phospholamban (PLN), a negative modulator 

of SERCA whose phosphorylation by PKA dis-inhibits SERCA, thus accelerating Ca2+ 

reuptake by the SR after contraction and increasing SR Ca2+ stores available for the next 
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contraction(D. M. Bers, 2008a); hyperpolarization-activated cyclic nucleotide-gated 

channels, which generate the hyperpolarization-activated cation inward current (If), 

affecting the initiation and modulation of rhythmic activity in cardiac pacemaker 

cells(Ludwig et al., 1998); troponin I and myosin-binding-protein-C, which reduce 

myofilament sensitivity to Ca2+, thereby accelerating the relaxation of 

myofilaments(Sulakhe & Vo, 1995); and phospholemman, closely associated with 

Na+/K+-ATPase and inhibiting its function, whose phosphorylation by PKA relieves this 

inhibition and stimulates the sodium pump, thereby accelerating cardiac muscle 

repolarization and relaxation(Despa et al., 2005).  Moreover, PKA can phosphorylate the 

βARs themselves (and other G-protein coupled receptors, GPCRs) in the heart, causing 

G-protein uncoupling and functional desensitization of the receptor(Daaka et al., 1997).  

Collectively, the activation of PKA results in significant increases in free intracellular 

Ca2+ concentration which is the master regulator of cardiac muscle contraction(D. M. 

Bers, 2008a). 

 It is therefore plausible that the sustained increases in the amplitude and/or 

frequency of the Ca2+ transient seen during chronic neuroendocrine signaling driven by 

βAR stimulation in HF might induce hypertrophic signaling effectors. However, the 

exact mechanism by which stress induced increases in contractile Ca2+ can specifically 

regulate the activity of the appropriate Ca2+-sensitive signal transduction pathway, such 

as the Cn-NFAT pathway in disease, is quite puzzling.  The Cn-NFAT signaling cascade 

is particularly intriguing in this sense considering that it does not appear to be activated 

during exercise or pregnancy-induced physiologic hypertrophy even though contractile 

Ca2+ is also increased in these instances via control of the same Ca2+ influx pathways, 
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implying that cardiomyocytes can differentiate between physiologic (exercise) and 

pathologic increases in contractile Ca2+ (Wilkins et al., 2004). 

The three major hypothesis that have been generated to explain how Ca2+-

dependent signaling pathways, such as that mediated by Cn-NFAT, are regulated amidst 

the enormous Ca2+ oscillations present in contracting myocytes are explained in detail 

below, and include the theory that increased amplitude and frequency of the systolic Ca2+ 

transient drives Cn-NFAT activation, that a global elevation in diastolic Ca2+ activates 

Ca2+ sensitive signaling, or that location-dependent microdomains and macromolecular 

complexes are responsible for organized activation of pathological hypertrophic 

signaling(Goonasekera & Molkentin, 2012).  Although the evidence supporting and/or 

negating each of these hypotheses will be examined independently, we cannot ignore the 

concept that these ideas may not be mutually exclusive and the real process of selective 

pathological hypertrophic signaling may be a combination of one or more of these 

proposed mechanisms. 

Increased Amplitude and Frequency of the Systolic Ca2+ Transient 

 Many in depth studies and experiments have been carried out to test the 

hypothesis linking increases in systolic Ca2+ transient amplitude and/or frequency with 

the activation of pathological hypertrophic signaling and the results have been less than 

convincing.  For example, a transgenic mouse model for overexpression of SERCA2a 

exhibits enhanced Ca2+ transients with increased SR load, increased myocardial 

contractility, and accelerated contraction and relaxation rates, yet despite maximal 

contractile Ca2+ fluxing these mice do not exhibit a hypertrophic phenotype(He et al., 

1997).  Similarly, a knockout (KO) mouse model for PLN has also been extensively 
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characterized and similar conclusions have been made(Luo et al., 1994).  PLN is an 

inhibitor of SERCA2a, and gene deletion of PLN results in enhanced SERCA2a activity 

with increased amplitude of Ca2+ transients and more frequent spontaneous Ca2+ release 

events from the SR, termed Ca2+ sparks(Santana et al., 1997), yet these PLN KO mice 

show no gross developmental abnormalities and fail to develop cardiac hypertrophy(Luo, 

et al., 1994).  Taken together, these two animal models provide convincing evidence that 

simply increasing total contractile Ca2+ in the normal mouse heart does not seem to 

activate Cn-NFAT signaling(He, et al., 1997; Luo, et al., 1994; Santana, et al., 1997). 

 Studies have also been carried out in transgenic mouse models with over-

expression of various plasma membrane Ca2+ channels to induce an increase in Ca2+ 

influx as a means to initiate pathological hypertrophic signaling.  Over-expressing 

components of the LTCC in mice leads to an increase in Ca2+ current and peak amplitude 

of the Ca2+ transient, but the hypertrophic profile of these mice is weak(Beetz et al., 2009; 

Nakayama et al., 2007; S. Wang et al., 2009).  In fact, any dilatory remodeling seen in 

these animals has instead been linked to Ca2+ overload and necrotic myocyte death, which 

causes a secondary hypertrophic response, and therefore a direct link between increased 

contractile Ca2+ and pathological hypertrophy is still lacking(Nakayama, et al., 2007).  In 

a mouse model with cardiac specific over-expression of the T-type Ca2+ channel (TTCC, 

Cav3.1), mice showed no cardiac pathology despite large increases in Ca2+ influx, and 

surprisingly, they were partially resistant to pressure overload-, isoproterenol-, and 

exercise-induced cardiac hypertrophy(Nakayama et al., 2009).  Collectively, these animal 

models provide experimental evidence that linking the magnitude or frequency of the 

Ca2+ transient and/or unregulated Ca2+ influx directly to signaling is problematic.   
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  Despite the lack of in vivo evidence and the considerations discussed above, there 

are some investigators who have provided in vitro data that suggests that contractile Ca2+ 

can directly control Cn-NFAT signaling in cardiac myocytes.  A study performed in 

neonatal rat ventricular myocytes showed that angiotensin II (Ang II), which is known to 

activate cardiac hypertrophy in combination with Cn signaling(Taigen et al., 2000), 

produced an increase in the frequency of contractile Ca2+ transients, leading to an increase 

in the time averaged bulk cytosolic contractile Ca2+(Colella et al., 2008).  Similar 

experiments showed that addition of potassium chloride (KCl) to the culture media to 

depolarize the plasma membrane increased Ca2+ transient frequency that produced a 

hypertrophic response as assessed by measurement of cell area(Colella, et al., 2008).  In 

this experiment, the hypertrophy associated with KCl was blocked by an inhibitor of the 

LTCC, which effectively reduces Ca2+ influx, but not by a generalized inhibitor of 

contraction that functions at the level of the myofilament(Colella, et al., 2008).  Other 

laboratories have shown that increasing the beating frequency of cultured neonatal 

cardiomyocytes or atrial preparations stimulates NFAT translocation to the nucleus(Tavi, 

et al., 2004; Xia, et al., 2000).  These results are similar to those obtained with culture 

skeletal muscle myofibers, in which increased pacing frequencies progressively enhanced 

NFAT translocation from the sarcomeres to the nucleus, suggesting again that contractile 

Ca2+ is capable of activating Cn signaling(Y. Liu, et al., 2001; Shen, et al., 2006).  

Similarly, pacing and KCl depolarization activated Cn enzymatic activity caused NFAT 

translocation to the nucleus in cultured primary and C2C12 myotubes(Valdes, et al., 

2008).  Although these results collectively suggest that enhanced contractile Ca2+ can 

mediate Cn-NFAT dependent hypertrophic signaling pathways, it should be noted that 
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these studies were performed in ex vivo experimental systems using neonatal ventricular 

myocytes or skeletal myotubes, which have different structural compartments and 

microdomains and beating characteristic compared to adult ventricular myocytes within a 

functioning heart in vivo(Tavi, et al., 2004; Valdes, et al., 2008; Xia, et al., 2000). 

Global Elevations of Diastolic Ca2+ 

 A second hypothesis that has been explored in detail is that global sustained 

elevations of diastolic Ca2+ concentration regulate Ca2+ sensitive signaling factors 

involved in cardiac hypertrophy.  There is evidence that differential activation of 

transcription factors induced by Ca2+ response amplitude and duration can occur in other 

cell types such as B lymphocytes(Dolmetsch et al., 1997).  This study reported that the 

amplitude and duration of Ca2+ signals in B lymphocytes controlled differential activation 

of the pro-inflammatory transcriptional regulators NF-κB, c-Jun N-terminal kinase 

(JNK), and NFAT(Dolmetsch, et al., 1997).  It was found that NF-κB and JNK are 

selectively activated by a large Ca2+ transient [Ca2+]i rise, whereas NFAT was activated 

by a low, sustained Ca2+ plateau(Dolmetsch, et al., 1997).  Testing whether elevations in 

diastolic Ca2+ is a signal required for Cn activation in cardiac myocytes is more 

complicated due to the difficulty in accurately assessing diastolic Ca2+ levels in a beating 

myocyte under physiological conditions, which has contributed to the uncertainty in this 

proposed mechanism.  In addition, there are also many issues that should be considered in 

the development and interpretation of suitable animal models(Goonasekera & Molkentin, 

2012).  Although moues models with enhanced diastolic SR Ca2+ leak have been 

generated, this approach may not elevate diastolic Ca2+ to a necessary threshold, as these 

models appear not to develop cardiac hypertrophy in the early states of their life without 
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stimulation(Cerrone et al., 2005; Dirksen et al., 2007; Kannankeril et al., 2006; Wehrens 

et al., 2003).  Despite these concerns, animal models with enhanced diastolic Ca2+ appear 

to be pro-hypertrophic with greater Cn-NFAT activation.  For example, RyR2-R176Q 

knock-in mutant mice with pathological SR Ca2+ leak through defective RyR2 channels 

exhibit higher incidence of spontaneous Ca2+ oscillations in the absence and presence of 

the β-AR agonist isoproterenol(Kannankeril, et al., 2006).  These RyR2-R176Q mice 

display an enhanced hypertrophic response as compared to wild-type (WT) mice when 

subjected to transverse aortic constriction (TAC), a commonly used animal model to 

mimic hypertension(van Oort et al., 2010).  Pressure overload in these mutant mice lead 

to an increase in SR Ca2+ leak which was associated with greater Cn-NFAT activity 

which suggests that elevated diastolic Ca2+ through RyR2-dependent SR Ca2+ leak 

activates the prohypertrophic Cn-NFAT pathway under conditions of hemodynamic 

stress(van Oort, et al., 2010). 

 Another mouse model for elevated diastolic Ca2+ was generated by cardiac-

specific inhibition of SERCA2 by overexpression of a mutant isoform of PLN, which 

resulted in attenuated contractility by reduced Ca2+ reuptake and depressed Ca2+ kinetics 

and was associated with cardiac hypertrophy and remodeling.  Similar findings were seen 

in a model of enhanced reverse-mode activity of NCX (NCX1) when overexpressed in 

the heart which lead to increased exchanger activity which is thought to increase resting 

or diastolic Ca2+ leading to cardiac hypertrophy(Gaughan et al., 1999; Hobai & O'Rourke, 

2000; Pogwizd, et al., 2001).  Cardiac-specific deletion of NCX1 in mice (80% reduction 

of protein) was associated with decreased myocardial function, hypertrophy leading to 

heart failure, marked myocardial injury, and poor tolerance to hemodynamic and 
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pharmacological stress(Jordan et al., 2010).  In this later case the loss of NCX1 led to a 

very large compensatory reduction in LTCC activity, necessitating that the cell somehow 

increase diastolic calcium levels to maintain contractility at all costs given the greater 

than 60% reduction in calcium influx.  Similarly, partial deletion of the LTCC from the 

hearts of mice lead to a very large reduction in membrane current and external calcium 

influx, which the cell compensated for by elevating diastolic calcium and increasing 

RyR2 sensitivity so that even a small amount of trigger calcium could induce contraction.  

Hearts of these LTCC deficient mice showed massive cardiac hypertrophy and Cn 

activation(Goonasekera et al., 2012).  A conditional, heart-specific transgenic mouse 

model for gain- and loss-of-function inositol 1,4,5-triphosphate receptor (IP3R) was also 

examined(Nakayama et al., 2010). Inositol 1,4,5-triphosphate (IP3) is a second messenger 

that regulates intracellular Ca2+ release through IP3Rs located in the SR membrane of 

cardiac myocytes(Berridge, 2009).  Results from this study indicated that IP3-mediated 

Ca2+ release plays a central role in regulating cardiac hypertrophy downstream of GPCR 

signaling, in part, through a Cn-dependent mechanism(Nakayama, et al., 2010).  In vitro 

experiments performed on isolated cardiomyocytes from spontaneously hypertensive rats 

demonstrated that in increase in Ca2+ released through IP3Rs increased diastolic Ca2+ 

levels and the incidence of extra-systolic Ca2+ transients which substantiates its ability to 

raise diastolic Ca2+ and contribute to the hypertrophic phenotype seen in the mouse model 

discussed above(Harzheim et al., 2009; Nakayama, et al., 2010). Complementing these 

studies, a mouse study in IP3R type-2 (IP3R2) deficient mice showed that as compared to 

WT animals, the spatio-temporal properties (amplitude, rise-time, decay kinetics, and 

spatial spread) of [Ca2+]i transients and fractional SR Ca2+ release were not different in 
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atrial myocytes but that endothelin-1 mediated enhancement of diastolic Ca2+ was lost in 

myocytes deficient for IP3R2(Li et al., 2005).  

 Finally, and perhaps most definitively, transgenic mice with overexpression of the 

Na+/H+ exchanger (NHE1) exhibited elevated levels of intracellular Na+ and as a 

consequence, both diastolic and systolic Ca2+ levels were increased due to Na+-induced 

Ca2+ overload which was accompanied by enhanced SR Ca2+ loading(Nakamura et al., 

2008).  The hearts of these transgenic mice developed cardiac hypertrophy, contractile 

dysfunction, and heart failure, and were characterized by high levels of activation of the 

Ca2+-dependent prohypertrophic molecules Cn and CaMKII, which could be prevented by 

the NHE1 inhibitor cariporide(Nakamura, et al., 2008).  Furthermore, overexpression of 

NHE1 in neonatal rat ventricular myocytes induced cariporide-sensitive nuclear 

translocation of NFAT and nuclear export of HDAC4, suggesting that increased NHE1 

activity can alter hypertrophy-associated gene expression(Nakamura, et al., 2008). 

 To date, all of the evidence collected in genetically modified mouse models with 

altered Ca2+ regulatory proteins are at best an indirect assessment of the diastolic Ca2+ 

hypothesis and unfortunately, current technological approaches do not permit a means of 

directly assessing diastolic Ca2+ under physiologic conditions in a beating 

heart(Goonasekera & Molkentin, 2012).  Nevertheless, the collective evidence presented 

above suggests the possibility that elevations in diastolic Ca2+ can at some level 

contribute to prohypertrophic signaling by activating Cn and CaMKII. It remains to be 

seen whether this is a general signaling mechanism that is distributed throughout the 

cytosol or a more organized phenomenon restricted to cleft microdomains of diastolic 

Ca2+, but studies have shown that Cn is anchored at the z-lines, which overlying the T-
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tubules, where it could indeed “sample” diastolic Ca2+ that may accumulate in the cleft 

microenvironment in the disease models discussed above(Frey, Richardson, et al., 2000). 

Microdomain-Based Ca2+ Signaling 

Microdomain based signaling events represent a way to spatially confine second 

messenger networks to discrete subcellular domains.  Each domain, which is often only 

nanometers in scale, contains the messenger’s targets as well as the molecular machinery 

needed to create the messenger.  This architecture allows the parallel operation of 

multiple signaling pathways with little, or no, cross talk even when composed of the same 

molecular components(Scott & Pawson, 2009). The microdomain-based Ca2+ signaling 

hypothesis in cardiac myocytes postulates the existence of specialized subcellular 

microdomains in which Ca2+ concentration is locally regulated and sensed by 

macromolecular signaling complexes housed in such regions and this scenario posits that 

microdomain Ca2+ concentration is largely independent of the bulk cytoplasmic 

contractile Ca2+ (Houser & Molkentin, 2008).  Recently, a number of laboratories, 

including our own, have described spatially restricted Ca2+ signaling pathways that could 

be responsible for hypertrophy in cardiac myocytes(Escobar et al., 2011; H. Gao et al., 

2012; Harzheim, et al., 2009; Makarewich et al., 2012; Markandeya et al., 2011; 

Watanabe et al., 2009; Wu et al., 2006).   

EC-coupling in cardiomyocytes, controlled by the second messenger Ca2+, is the 

quintessential example of how information is spatially encoded in a nanodomain(Asghari 

et al., 2012).  A small influx of Ca2+ across the sarcolemma through LTCCs organized in 

plasma membrane invaginations, referred to as transverse tubules (T-tubules), juxtapose 

an expanded SR terminal cisternae and Ca2+ entry through these LTCCs triggers a much 
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larger Ca2+ release into the cytoplasm through adjacent RyRs located in the membrane of 

the junctional SR, thereby inducing CICR(Fabiato, 1983, 1985).  Each junction between 

the sarcolemma and SR, where 10-25 LTCCs and 100-200 RyRs are clustered about 

15nm apart, constitutes a local Ca2+ signaling complex, or couplon, also termed a dyad(D. 

M. Bers, 2008a; Rios & Stern, 1997; Stern et al., 1997). The couplons architecture is 

essential not only for CICR but also for insulating the cell’s many other Ca2+-dependent 

processes from the high local Ca2+ concentration required for RyR2 and the LTCC to 

function with RyR2 having an affinity for Ca2+ in the micromolar range(Laver & Honen, 

2008). When a single Ca2+ channel opens, local [Ca2+]i rises in less than a millisecond in 

the junctional cleft from 100nM to 10-20μM, and this activates RyRs to release Ca2+ from 

the SR(Bers, 2000).  Typically, in response to LTCC activation following an action 

potential, 6-20 RyRs open at each couplon which raises cleft [Ca2+]i to approximately 

400μM, a 4000-fold increase over resting [Ca2+]i(D. M. Bers, 2008a). Ca2+ then diffuses 

from the cleft to the cytosol to activate the myofilaments to drive contraction. If such a 

high Ca2+ concentration were attained within the cytoplasm, it would activate numerous 

Ca2+-dependent processes, including proteolytic enzymes, resulting in many undesirable 

consequences(Scott & Pawson, 2009).  Spatially confining the proteins to the 

nanodomains defined by the couplons also reduces the number of Ca2+ ions that must 

enter the cell from the extracellular space and enhances efficiency of the process(Asghari, 

et al., 2012).  

The fact that contractile Ca2+ is increased in both physiological and pathological 

cardiac stress and that Cn-NFAT signaling is only activated in pathological conditions 

argues for microdomain regulation.  In fact, another Ca2+ microdomain that likely 
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regulates the cardiac hypertrophic response has been described at the nuclear envelope 

through a complex involving the IP3R, CaMKII, and HDAC5 (Wu, et al., 2006).  As 

discussed earlier, Ca2+, calmodulin (CaM), CaMKII, and class II HDAC signaling have 

been implicated in the regulation of gene expression in cardiac hypertrophy and heart 

failure(Colomer & Means, 2000; Crabtree & Olson, 2002; Frey, et al., 2000; Gruver et 

al., 1993; Ramirez et al., 1997; T. Zhang et al., 2002; T. Zhang et al., 2003; Zhu et al., 

2000).  HDAC5 normally represses transcriptional activation by keeping DNA in a 

condensed form, but upon phosphorylation by CaMKII in response to neurohormonal 

stimulation such as endothelin-1, HDAC5 is exported from the nucleus and a 

hypertrophic program of cardiac gene expression is activated(Olson & Schneider, 2003).  

An elegant study demonstrated in a detailed mechanistic way that CaMKII is regulated 

by a perinuclear Ca2+ pool associated with localized IP3R2 activity, which upon activation 

regulates translocation of HDAC5 out of the nucleus to permit hypertrophic gene 

transcription(Wu, et al., 2006).  Remarkably, this study also concluded that this Ca2+-

dependent signaling pathway cannot be activated by the global Ca2+ transients that cause 

contraction at each heart beat(Wu, et al., 2006).  Therefore, this study provides 

convincing evidence that myocytes can distinguish simultaneous local and global Ca2+ 

signals involved in contractile activation from those targeting gene expression and the 

hypertrophic response. 

The sarcolemma and T-tubules of adult cardiac myocytes are rich in caveolin 

proteins and could be sites of microdomain Ca2+ signaling that leads to localization 

activation of Cn-NFAT(Feiner et al., 2011; Houser & Molkentin, 2008; Makarewich, et 

al., 2012).  Caveolin proteins are scaffolding proteins that help organize and stabilize 
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caveolae membrane structures, which are highly specialized membrane regions enriched 

in cholesterol and sphingolipids and are known to contain a variety of ion channels, 

pumps and hypertrophic signaling receptors and downstream effectors that make them 

ideal platforms for spatial and temporal regulation of signaling(Balijepalli & Kamp, 

2008).  Caveolae will be discussed in greater detail in the next section, but in brief, the 

fact that the loss of caveolin-1 and caveolin-3 in genetic mouse knockout models induces 

hypertrophic cardiomyopathy and the unrestrained activation of signaling pathways 

supports the hypothesis that it is involved in organized Cn-NFAT signaling(Aravamudan 

et al., 2003; Galbiati, Engelman, Volonte, Zhang, Minetti, Li, Hou, et al., 2001).  It is 

likely that neuroendocrine or stretch-dependent signaling receptors, or both, directly 

communicate with these presumed Ca2+ microdomains to induce the hypertrophic 

response and activation of Ca2+ dependent signaling effectors(Houser & Molkentin, 

2008).  Elucidation of additional Ca2+ signaling microdomains in adult cardiac myocytes 

will be important in resolving how the myocyte distinguish signaling versus contractile 

Ca2+ and is a major overarching theme of this thesis. 

Caveolae 

 The plasma membrane is a heterogeneous mixture of lipids, cholesterol, and 

proteins that can form localized regions that compartmentalize cellular 

processes(Maxfield, 2002).  The tight packing of sphingolipids and cholesterol forms 

liquid-ordered microdomains termed lipid rafts, which serve a number of important 

cellular functions including signal transduction and membrane trafficking(Simons & 

Ikonen, 1997).  Caveolae represent a subset of lipid rafts that are morphologically distinct 

structures appearing in electron micrographs as flask-shaped invaginations of membrane 
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that are 50-100nm in diameter(Schlegel et al., 1998).  Owing to their specific lipid 

composition, caveolae concentrate several signaling molecules involved in cellular 

processes or trafficking events from the cell surface; therefore, they are recognized as 

platforms for preassembled complexes of receptors, signaling components, and their 

targets, facilitating efficient and specific cellular responses(Cohen et al., 2004; Harvey & 

Calaghan, 2012; Razani, Woodman, et al., 2002).  Accumulating evidence has 

demonstrated that caveolae biogenesis and function depends on two distinct caveolar 

components: caveolins and cavins.  Three genes (Cav1-3) encode six known caveolin 

subtypes (caveolin-1α and -1β; caveolin-2α, -2β, and -2γ; and caveolin-3) that have 

varying tissue distribution(Boulware et al., 2007; Razani, et al., 2002; Song et al., 1996).  

Caveolins are hairpin-shaped proteins characterized by a central membrane-associated 

region, cytoplasmic N- and C-termini, an oligomerization domain that permits their self-

association, and a scaffolding domain that binds signaling proteins(Cohen, et al., 2004).  

Typically, proteins target to caveolae using a hydrophobic caveolin-binding motif 

(ϕXXXXϕXXϕ and ϕXϕXXXXϕ, where ϕ is an aromatic residue) that binds the caveolin 

scaffold domain(Cohen, et al., 2004).  Caveolin (Cav)-1 and Cav-2 are expressed in most 

cell types including adipocytes, endothelial cells, and fibroblasts, whereas expression of 

Cav-3 is restricted to cardiac, skeletal, and smooth muscle types, as well as some types of 

neurons(Boulware, et al., 2007; Song, et al., 1996).  Cav-1 is required for the formation 

of the great majority of non-muscle, morphologically defined caveolae(Drab et al., 2001), 

and Cav-3 is necessary for the biogenesis of caveolae in cardiac and skeletal muscles as 

shown by the lack of morphologically distinct caveolae in skeletal and cardiac muscle 

from Cav-3 KO mice(Galbiati, Engelman, Volonte, Zhang, Minetti, Li, Hou Jr, et al., 
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2001).  Cav-2 appears to be dispensable for the formation of caveolae in vivo(Razani, 

Wang, et al., 2002). Cholesterol is an additional component necessary for caveolar 

assembly and maintenance, because depletion of membrane cholesterol dramatically 

reduces caveolae number(Rothberg et al., 1990).  Cavins are a recently identified family 

of four related proteins, termed cavins 1-4, which appear to be important for caveolar 

biogenesis(Hansen & Nichols, 2010).  Recent studies have shown that cavins and 

caveolins form a complex, called the “caveolin-cavin complex”, which modifies caveolar 

biogenesis and function(Bastiani & Parton, 2010; Hayashi et al., 2009). Cavin-1, -2 and -

4 appear to be expressed in myocytes, however their functional roles and molecular 

interactions in cardiomyocytes are poorly understood(Ogata et al., 2008; Tagawa et al., 

2008). 

 Caveolae greatly increase the surface area of the cell and are involved in 

macromolecular transport, maintenance of plasma membrane integrity, vesicular 

trafficking, signal transduction and mechanotransduction(Allen et al., 2007; Cohen et al., 

2003; Patel & Insel, 2009; van Deurs et al., 2003).  In the heart, caveolae are abundantly 

present in ventricular, atrial and nodal cells(Balijepalli & Kamp, 2008). Cav-3 expression 

has been reported to be low at birth, but expression increases postnatally to reach 

maximum levels by day 5 followed by a decrease to expression levels seen in adult 

cardiac myocytes(Ratajczak et al., 2005).  Expression of Cav-3 parallels the rate of 

cardiac growth, which increases just after birth and attains a maximum value on postnatal 

day 4(Ostadal et al., 1999). Loss of Cav-3 results in muscle degeneration, 

cardiomyopathy and increases in adipose tissue deposition(Capozza et al., 2005; S. E. 

Woodman et al., 2002).  Increased Cav-3 levels can be paradoxically associated with 
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muscle dystrophy, cardiomyopathy, protection from ischemia/reperfusion, and inhibition 

of cardiac hypertrophy(Aravamudan, et al., 2003; Galbiati et al., 2000; Horikawa et al., 

2008; Koga et al., 2003; Tsutsumi et al., 2008).  These differences are likely due to global 

versus cardiac myocyte specific expression of Cav-3.  As mentioned above, all three 

types of caveolin (Cav1-3) are expressed throughout the cardiovascular system by the 

major cell types involved including endothelial cells, cardiac myocytes, smooth muscle 

cells and fibroblasts so it is not surprising that all three caveolin knockouts show 

cardiovascular phenotypes, which points to the fact that caveolins play a key role in the 

regulation and maintenance of signaling events involved in the cardiovascular 

system(Cohen, et al., 2004; Hansen & Nichols, 2010; Schlegel, et al., 1998). 

 A relationship of caveolae to the transverse-tubular system in cardiomyocytes has 

been suggested but not clearly defined.  An early study hypothesized that the formation 

of the transverse-axial tubular system appears to be derived from the repetitive generation 

of caveolae, which form “beaded tubules”(Forbes et al., 1984).  The Cav-3 KO mice 

develop a progressive cardiomyopathy characterized by myocyte hypertrophy; however, 

the cardiac T-tubule system has not been specifically examined(S. E. Woodman, et al., 

2002).  On the other hand, in skeletal muscle, Cav-3 transiently associates with T-tubules 

during development and may be involved in the early biogenesis of the T-tubular 

system(Carozzi et al., 2000; Lee et al., 2002; Parton et al., 1997).  Additionally, the Cav-

3 KO mice show loss of caveolae and abnormalities in the organization of the T-tubule 

system in the skeletal muscle tissue(Galbiati, et al., 2001).  Further investigation is 

needed to clearly establish the role of caveolins in the development and maintenance of 

the T-tubule system in the myocardium and changes in this relationship in disease. 
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 Several ion channels and exchangers have been localized to caveolae, and other 

channels have been associated with noncaveolar lipid rafts in different cell types, 

including cardiomyocytes(Balijepalli & Kamp, 2008).  In cardiac cells, caveolae have 

been shown to house primary voltage gated Na+ channels (Nav1.5), LTCCs, 

hyperpolarization-activated cyclic nucleotide gated (HCN) channels, voltage-driven K+ 

channels (Kv1.5), NCX1, the Na+/K+ ATPase, and the plasma membrane Ca2+ ATPase 

(PMCA)(Balijepalli & Kamp, 2008).  Caveolar organization of ion channels can 

contribute to the regulation of their functional properties in at least three distinct ways.  

First, the unique lipid environment of caveolae rich in sphingolipids (sphingomyelin and 

glycosphingolipids), cholesterol and phosphatidylinositols can directly impact the 

biophysical properties of some ion channels and lipid based signaling molecules can also 

directly impact channel function(Levade & Jaffrezou, 1999; P. Liu & Anderson, 1995; 

Woodcock et al., 2009; Xiao et al., 1997).  Second, caveolae provide localized 

macromolecular complexes that enable various signaling pathways to specifically 

regulate ion channels in a highly localized fashion(Patel & Insel, 2009; Patel et al., 2008; 

Steinberg, 2004).  And third, caveolae can regulate the availability of ion channels by 

controlling their trafficking and thus access to the extracellular environment(Pelkmans & 

Zerial, 2005; Yarbrough et al., 2002). 

 Given that a variety of different ion channels are localized to caveolae, it is likely 

that caveolar ion channels can contribute to the genesis of arrhythmias.  Both inherited 

arrhythmia syndromes and acquired arrhythmias in conditions such as heart failure can 

theoretically involve dysregulation or alterations in the function of caveolar ion 

channels(Balijepalli & Kamp, 2008).  A report has directly implicated caveolae in an 
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inherited arrhythmia syndrome by linking mutations in Cav-3 to the congenital long QT 

syndrome 9 (LQT9)(Vatta et al., 2006).  When the LQT9 Cav-3 mutations were co-

expressed with the cardiac Nav1.5 sodium channel, an increase in late Na+ current (INa) 

was observed(Vatta, et al., 2006).  The increase in late INa is predicted to delay cardiac 

repolarization and thus generate the long QT phenotype in a fashion similar to that 

previously described for gain of function mutations of Nav1.5 responsible for the type 3 

long QT syndrome(A. L. George, Jr. et al., 1995; Q. Wang, Shen, Li, et al., 1995; Q. 

Wang, Shen, Splawski, et al., 1995).  The finding that mutations in Cav-3 can be 

proarrhythmic is further supported by findings identifying additional Cav-3 mutations in 

a cohort of sudden infant death syndrome (SIDS) post-mortem samples(Cronk et al., 

2007).  These SIDS Cav-3 mutations also induced an increase in late INa similar to that of 

the LQT9 Cav-3 mutations(Cronk, et al., 2007; Vatta, et al., 2006).  A variety of other 

mutations in Cav-3 have been described that are causative of skeletal muscle myopathies 

including limb girdle muscular dystrophy, type 1C (LGMD-1C), some cases of rippling 

muscle disease, distal myopathy, and idiopathic hyper-CKemia(S. Woodman et al., 

2004).  However, cardiac pathology is not typically observed for these Cav-3 mutations, 

and no propensity to arrhythmias has clearly been described.  This suggests that the 

caveolae and compensatory mechanisms adapting to Cav-3 mutations are quite different 

in cardiac and skeletal muscle, but the basis for this is unknown(Balijepalli & Kamp, 

2008; S. Woodman, et al., 2004). 

 As mentioned above, caveolins can serve as scaffolding proteins, organizing 

macromolecular complexes to enable highly localized and efficient signaling.  A 

spectrum of molecules involved in cellular signaling cascades can be found localized to 
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caveolae including the upstream transmembrane receptors, intermediates such as G-

proteins and kinases, and many such ion channels(Balijepalli & Kamp, 2008).  Signaling 

molecules that have been localized to caveolae include GPCRs, heterotrimeric G-

proteins, steroid hormone receptors, receptor tyrosine kinases, nonreceptor tyrosine 

kinases, PKA and PKC, phosphatidylinositol-3-kinase B, MAP Kinase (p42/44, MAPK), 

and a range of other downstream signaling molecules(Patel, et al., 2008; Steinberg, 

2004).  A number of different GPCRs responsible for regulation of cardiac function have 

been detected in caveolae including β1-, β2-, and α1-adrenergic, muscarinic cholinergic 

(M2 and M4), and adenosine (A1) receptors(C. B. Nichols et al., 2010; Patel, et al., 2008; 

Steinberg, 2004).  In addition, downstream molecules including Gαs, Gαi, Gαq, Gβγ 

adenylyl cyclase types 5 and 6, some phospholipase C (PLC) isoforms, and NOS3 have 

been detected in caveolae in cardiomyocytes(Nichols, et al., 2010; Patel, et al., 2008; 

Steinberg, 2004).  Thus, caveolae provide an important domain where sympathetic and 

parasympathetic inputs to the heart are integrated to precisely regulate cardiac function. 

 It is known that caveolae contain numerous signaling molecules involved in 

cardiac hypertrophy including the above mentioned ARs, G proteins, PLC and MAPKs in 

addition to Ras, Src kinases, epidermal growth factor receptors and natriuretic peptide 

receptors(Fujita et al., 2001; Krajewska & Maslowska, 2004). It has been shown that 

Cav1/3 double KO mice completely lack morphologically identifiable caveolae and 

develop a severe cardiomyopathic phenotype with left ventricular hypertrophy and 

dilation(Park et al., 2002). Cav-3 KO mice exhibit hyperactivation of the 

Ras/extracellular signal-regulated kinases (ERK1/2) signaling pathway, cardiac 

hypertrophy, ventricular dilation and reduced cardiac function(S. E. Woodman, et al., 
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2002).  This hypertrophic phenotype could also be produced by expressing a mutant Cav-

3 peptide(Ohsawa et al., 2004).  Histological analysis of Cav-3 KO myocardium shows 

increased cellular infiltration with accompanying interstitial/perivascular fibrosis(S. E. 

Woodman, et al., 2002).  Collectively, these results raise the intriguing hypothesis that 

expression of Cav-3 may be involved in the regulation of cardiac hypertrophy.  It is clear 

that caveolins and caveolae play a role in cardiovascular diseases and this field has 

significant potential to lead to the design of new therapies and interventions for 

cardiovascular disease.   
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CHAPTER 2:  THE L-TYPE CALCIUM CHANNEL 

Abstract 

There is strong epidemiological evidence to suggest that pathological cardiac 

hypertrophy predisposes patients to adverse cardiac events and to heart failure.   

Pathological cardiac stressors such as hypertension and myocardial infarction activate 

signaling cascades that lead to cardiac myocyte hypertrophy.  Increases in myocyte 

[Ca2+]i are essential to initiate hypertrophic signaling through the cytoplasmic protein 

phosphatase calcineurin (Cn).  The cytoplasmic [Ca2+]i transient is initiated by Ca2+ influx 

through L-type Ca2+ channels (LTCCs) and drives cardiac contraction.  This “contractile” 

[Ca2+]i does not appear to be the source of [Ca2+]i that initiates pathological hypertrophic 

signaling.  A small population of LTCCs is housed in caveolin-3 (Cav-3)-enriched 

signaling microdomains that are not directly involved in contraction.  The function of 

these LTCCs is unknown and the following chapter is aimed at exploring the idea that 

caveolae based LTCCs are a source of [Ca2+]i to activate the Cn-NFAT signaling cascade 

that promotes pathological hypertrophy.  

In order to test this hypothesis, we developed novel reagents that trafficked 

specifically to caveolae membrane microdomains where they targeted Ca2+ channels 

localized in caveolae and either inhibited or enhanced Ca2+ influx through these channels.  

We cloned these targeted LTCC modulators into adenoviral constructs and expressed 

them in an in vitro system of isolated adult feline left ventricular myocytes (AFLVMs). 

We found that inhibiting caveolae LTCCs resulted in only a small reduction of whole cell 

LTCC current and no detectable effect on contractility as assessed by myocyte fractional 

shortening and Ca2+ transients, however we saw a significant reduction in Ca2+-induced 
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NFAT nuclear translocation in these cells.  When we increased LTCC Ca2+
 influx in 

caveolae with a Cav-targeted LTCC activating protein, we found no major effects on 

whole cell LTCC current or in parameters of contractility, but a significant increase in 

Cn-NFAT signaling. 

Collectively, our data provide evidence that a small subpopulation of LTCCs in 

specialized caveolae signaling microdomains can be a source of “signaling Ca2+” to 

activate hypertrophic signaling.  We have developed and characterized novel reagents 

that selectively modulate “hypertrophic” Ca2+ entry through Cav-3 based channels 

without altering the LTCCs that induce and regulate “contractile” Ca2+.  These 

experiments suggest that selective block of LTCCs in Cav-3 based signaling 

microdomains could reduce pathological hypertrophy without causing adverse negative 

inotropic effects.    

Introduction 

Influx of Ca2+ through LTCCs contributes to numerous cellular processes in 

cardiomyocytes including EC-coupling, membrane excitability, and transcriptional 

regulation(D. M. Bers, 2008a).  Distinct subpopulations of LTCCs have been identified in 

cardiac myocytes, including those at dyadic junctions and within different plasma 

membrane microdomains such as lipid rafts and caveolae(Asghari, et al., 2012; 

Balijepalli et al., 2006; Escobar, et al., 2011).  These subpopulations of LTCCs exhibit 

regionally distinct functional properties and regulation, affording precise spatio-temporal 

modulation of ICa,L(Best & Kamp, 2012).  Different subcellular LTCC populations 

demonstrate variable rates of Ca2+-dependent inactivation and coupled gating of 

neighboring channels, which can lead to focal, persistent ICa,L(Bauer, 2001; Haack & 
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Rosenberg, 1994; Navedo et al., 2010).  In addition, the assembly of spatially defined 

macromolecular signaling complexes permits compartmentalized regulation of ICa,L by a 

variety of neurohormonal pathways.  For example, β-AR subtypes signal to different 

LTCC subpopulations, with β2-adrenergic activation leading to enhanced ICa,L through 

caveolar LTCCs and β1-adrenergic stimulation modulating LTCCs outside of 

caveolae(Balijepalli, et al., 2006; Calaghan & White, 2006).  Disruptions in the normal 

subcellular targeting of LTCCs and associated signaling proteins may contribute to 

pathophysiology of a variety of cardiac diseases including heart failure and certain 

arrhythmias.  

 LTCCs are multimeric complexes consisting of a pore forming α1 subunit and 

auxiliary β, α2δ, and γ subunits(Catterall, 2000).  The α1 subunit serves as the main 

functional component of the channel complex and consists of four homologous domains 

(I-IV) each containing six-transmembrane segments (S1-S6)(Catterall, 2000).  Cav1.2 

(α1C encoded by the CACNA1C gene) is the predominant α1 subunit in ventricular 

myocardium, whereas both Cav1.2 and Cav1.3 (α1D, encoded by CACNA1D) are 

expressed in atrial tissues as well as nodal cells, where ICa,L contributes to 

automaticity(Mangoni et al., 2003; Mikami et al., 1989; Platzer et al., 2000; Takimoto et 

al., 1997).  Extensive alternative splicing of Cav1.2 has been reported, and these splice 

variants play unique roles in cardiovascular physiology, pharmacology and disease(Liao 

et al., 2005; Y. Yang et al., 2000). 

 Ca2+ channel auxiliary subunits further add to the functional diversity of LTCCs.  

The cytosolic β subunits promote trafficking of the channel complex to the membrane 

and also prevent targeting of α1 subunits to the proteasome leading to increased surface 
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expression with more total current (Altier et al., 2011; A. J. Chien et al., 1995; Singer et 

al., 1991; Waithe et al., 2011).  Beyond enhancing trafficking, β subunits also regulate 

multiple channel gating properties including increasing open channel probability (Po), 

causing a hyperpolarizing shift in the voltage-dependence of activation, and imparting 

unique profiles on voltage-dependent inactivation(Buraei & Yang, 2010; Dolphin, 2003; 

Kamp et al., 1996).  The β-subunits are encoded by four distinct genes (CACNB1-4), each 

of which undergoes alternative splicing to generate a total of 18 or more unique β subunit 

isoforms in human myocardium(Foell et al., 2004).  The α2δ subunits arise from a 

common precursor protein that is post-translationally cleaved and relinked via a disulfide 

bridge(Jay et al., 1991).  The extracellular α2 peptide is heavily glycosylated and the δ 

peptide contains a single transmembrane domain(Jay, et al., 1991).  Of the four α2δ 

subunits (encoded by CACNA2D1-4), α2δ-1-3 are expressed in atrial tissues whereas α2δ-

1 and α2δ-2 are present in ventricular myocardium(Chu & Best, 2003; Klugbauer et al., 

1999).  The α2δ subunits modify both channel gating properties and surface membrane 

expression of the L-type channel complex(Bangalore et al., 1996; Singer, et al., 1991). 

Ca2+ channel γ-subunits, of which eight exist (encoded by CACNG1-8), were originally 

demonstrated to associate with voltage-dependent Ca2+ channels in skeletal muscle and 

brain(Jay et al., 1990; Klugbauer et al., 2000).  However, recent evidence suggests 

several γ subunits including γ4, γ6, γ7, and γ8 are present in cardiac muscle and 

associate with the cardiac Cav1.2 channel complex, altering both activation and 

inactivation properties of the channel(L. Yang et al., 2011). 

 Ca2+ influx through LTCCs has also been shown to be a proximal signal for 

pathological cardiomyocyte hypertrophy(Chen et al., 2011).  The β2a subunit of the 
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LTCC, which increases ICa,L by enhancing LTCC open probability and trafficking of the 

pore-forming subunit to the membrane, was overexpressed in mice using an inducible 

cardiac specific transgenic mouse model(Chen, et al., 2011; Nakayama, et al., 2007).  β2a 

overexpression in mice lead to significantly larger ICa,L, peak Ca2+ transients and increased 

myocyte fractional shortening as compared to WT controls(Nakayama, et al., 2007).  

Transgenic β2a mice also showed increased heart weight to body weight ratio, cardiac 

hypertrophy, tissue fibrosis, myocyte volume and cross-sectional area(Chen, et al., 2011).  

In vitro experiments in both neonatal rat ventricular myocytes (NRVMs) and adult feline 

left ventricular myocytes (AFLVMs) with adenovirus mediated β2a overexpression 

resulted in increased ICa,L, cell volume, protein synthesis, increased surface area, and 

NFAT and HDAC translocations which indicated the activation of pathological 

hypertrophic signaling in these culture conditions(Chen, et al., 2011).  

Several methods have been used to demonstrate the presence of LTCCs within 

caveolae in cardiomyocytes including co-immunoprecipitation, immunofluorescence, and 

sucrose density gradient fractionation, but the most striking evidence has been provided 

by immunogold electron microscopy showing co-labeling of Cav-3 and Cav1.2 in close 

association within morphologically distinct caveolae(Balijepalli, et al., 2006; Cavalli et 

al., 2007; Makarewich, et al., 2012; Nichols, et al., 2010; Shibata et al., 2006).  It has 

been proposed by some that caveolae LTCCs do not participate in EC-coupling but 

instead act locally to control other Ca2+-dependent signaling processes in 

cardiomyocytes(M. S. George & Pitt, 2006; Houser & Molkentin, 2008; Makarewich, et 

al., 2012).  Sequestering a small subpopulation of LTCCs that are involved in the 

coordinated activation of Ca2+-dependent signaling in caveolae membrane microdomains 
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would provide a mechanism by which cardiac myocytes can regulate sensitive Ca2+-

activated signaling pathways in the background of the rhythmic and dynamic Ca2+ cycling 

that regulates contractility.  The main focus of this chapter is to directly test the 

hypothesis that hypertrophic signaling Ca2+ enters the myocyte through a discrete 

population of LTCCs localized in Cav-3 based signaling microdomains and that this 

“signaling” Ca2+ is distinct from “contractile” Ca2+ which enters myocytes through the 

well described cardiac dyads.   

In order to test our hypothesis, we created novel reagents that traffic specifically 

to caveolae where they either inhibit or enhance ICa,L through channels found in these 

microdomains.  To create a caveolae targeted LTCC inhibitor, we molecularly modified a 

protein called Rem.  Rem GTPase is a member of the RGK family of small Ras-related 

GTPases that has been demonstrated to completely inhibit the function of LTCCs, 

including Cav1.2, when overexpressed in various cell types, including cardiac myocytes, 

but it is not endogenously expressed at detectable levels in the heart(Correll et al., 2008; 

Finlin & Andres, 1997; Finlin et al., 2003).  Although the mechanism of inhibition is 

incompletely understood, three different tactics have been shown to contribute to its 

inhibitory effects including reducing surface density of LTCCs, decreasing channel open 

probability, and immobilization of Cav1.2 voltage sensors(Flucher, 2010; X. Xu et al., 

2010; T. Yang et al., 2010).  Previous work has demonstrated that the C-terminus of Rem 

is required for channel inhibition and deletion of the conserved, polybasic C-terminus 

after reside 265 prevents efficient localization of Rem to the plasma membrane and 

eliminates inhibition of Cav1.2 activity(Correll et al., 2007; Finlin, et al., 2003; W. D. 

Heo et al., 2006).  To specifically inhibit Cav1.2 localized to caveolae, we fused a 
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canonical caveolin-binding domain to Rem1-265 to create Rem1-265-Cav (Rem-Cav)(J. 

Couet et al., 1997)(Figure 1).   

To upregulate caveolae-localized LTCC activity we created an activating 

construct termed Cav-β2a, in which the accessory subunit β2a was positioned C-terminal to 

the caveolae-binding domain(A. J. Chien et al., 1996; J. Couet, et al., 1997)(Figure 1).  

As discussed in detail above, β2a is known to be a potent activator of LTCC activity by 

increasing membrane localization of the channel complex, increasing open probability of 

the channel and increasing the open time duration of the membrane-localized 

channel(Bichet et al., 2000; Hullin et al., 2003).  Our caveolae targeted activating 

construct, then, is hypothesized to increase Ca2+ influx through caveolae-localized 

LTCCs by both increasing the proportion of CaV1.2 localized to caveolae and increasing 

the open probability of the caveolae-localized channels. 

We used our novel caveolae targeted LTCC inhibitor (Rem-Cav) and enhancer 

(Cav-β2a) to extensively test the hypothesis that LTCCs in Cav-3 containing signaling 

domains are a source of Ca2+ to activate the Cn-NFAT signaling cascade that promotes 

pathological hypertrophy in vitro. We expressed our constructs using an adenovirus 

system in cultured AFLVMs.  We chose to work with primary AFLVMs because these 

cells are very stable in culture and retain rod-shaped morphology and contractile function 

for up to a week(MacDonnell et al., 2009; Pollack et al., 1991; Silver et al., 1983). The 

stability of adult myocytes from large mammals in primary culture results from their 

normal physiological properties. These myocytes maintain low [Na]i which promotes 

forward mode Na/ Ca2+ exchange and a low [Ca2+]i. This produces low levels of SR Ca2+ 

loading and no spontaneous SR Ca2+ release. These conditions cannot be duplicated in 
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adult mouse or rat myocytes, making them very unstable in primary culture because their 

Ca2+ handling properties promote SR Ca2+ overload and death. Rodent myocytes have 

high basal [Ca2+]i and robust SR Ca2+ uptake that culminate in SR Ca2+ overload and cell 

death in culture(W. Wang et al., 2010). Therefore, experiments with rodent myocytes 

begin with a saturated (or close to saturation) Ca2+ signaling cascade and with myocytes 

that are undergoing apoptosis and necrosis(Nakayama, et al., 2007; W. Wang, et al., 

2010). Our AFLVM system therefore allows us to start with a low [Ca2+]i baseline, from 

which we can increase Ca2+ influx and test the effects of treatments that alter Ca2+ influx 

on function and signaling(MacDonnell, et al., 2009).  

  Our results show that targeted modulation of ICa-L in caveolae had no effect on 

myocyte contractility, but inhibited (Rem-Cav) or exacerbated (Cav-β2a) Cn-NFAT 

signaling.  These data strongly support the hypothesis that LTCCs housed in Cav-3-

containing microdomains are a source of “hypertrophic” Ca2+ and that this signaling Ca2+ 

is distinct from the contractile Ca2+ necessary for EC-coupling. 
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Figure 1:  Schematic Representation of the Domain Structure of Our Novel LTCC 

Modulatory Proteins. Domains and/or segments are represented as different colors and 

the predicted localization and effects of each protein is detailed on the right.  Caveolae 

targeting of Rem and β2a was achieved by deletion of their native membrane targeting 

motif and replacement with a canonical caveolin-3 binding peptide sequence. 
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Materials and Methods 

Adenovirus Cloning 

Adenovirus constructs co-expressing GFP and WT-Rem or GFP and Rem1-265 

were generous gifts from Douglas A. Andres, University of Kentucky.  Standard 

molecular biology techniques were used to generate the cytosolic truncation mutant 

Rem1-265 from WT-Rem(Finlin, et al., 2003), (Correll, et al., 2007).  Deletion of the 

conserved, polybasic C-terminus after residue 265 prevented efficient localization of 

Rem to the plasma membrane and eliminated inhibition of CaV1.2 activity(Correll, et al., 

2007; W.D. Heo et al., 2006). To specifically target Rem to caveolae, we fused a 

canonical caveolin binding domain, RNVPPIFNDVYWIAF (Jacques Couet et al., 1997) 

to Rem1-265 to create Rem1-265-Cav (Rem-Cav). Previous work suggested that addition of 

membrane targeting motifs to the C-terminus of truncated Rem or Rem2 GTPases 

resulted in recovery of L-type Ca2+ channel inhibition(H. Chen et al., 2005; Correll, et al., 

2007), however similar experiments in which a membrane targeting domain containing 

myristoylation and palmitoylation motifs was fused to the N-terminus of Rem2 failed to 

result in channel inhibition(H. Chen, et al., 2005). Therefore, in order to create an active 

inhibitor and mimic the configuration of the wild-type protein we fused the localization 

motif C-terminal to the GTPase core, in a manner that replaces the polybasic domain of 

Rem with a peptide sequence that strongly binds both caveolin-1 and caveolin-3(Jacques 

Couet, et al., 1997).  To upregulate caveolae-localized LTCC activity we created an 

activating construct termed Cav-β2a, in which the accessory subunit β2a was positioned C-

terminal to the caveolae binding domain and mutated such that the two N-terminal 
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cysteine residues that are normally palmityoylated and required for membrane targeting 

were mutated to serine(A. J. Chien, et al., 1996; J. Couet, et al., 1997).   

Cell Isolation, Culture and Adenoviral Transduction 

All animal procedures were approved by the Temple University School of 

Medicine Institutional Animal Care and Use Committee.  Adult feline left ventricular 

myocytes (AFLVMs) were isolated as extensively described(Bailey & Houser, 1993; 

duBell & Houser, 1989; Duthinh & Houser, 1988; Silver, et al., 1983). Briefly, felines 

were anesthetized with sodium pentobarbital and hearts were rapidly excised, cannulated, 

and mounted on a constant-flow Langendorff apparatus.  Hearts were rinsed with a 

physiological Krebs-Henseleit buffer (KHB) containing (mM):  glucose 12.5, KCl 5.4, 

lactic acid 1, MgSO4 1.2, NaCl 130, NaH2PO4 1.2, NaHCO3 25, Na-pyruvate 2. Solutions 

were aerated with 95% oxygen and 5% carbon dioxide, pH 7.35 to 7.4, and warmed to 

37oC.  Following the rinse step, hearts were retrograde perfused with collagenase-

containing KHB (180U/mL) supplemented with 50μM CaCl2.  When the tissue softened, 

the left ventricle was isolated and gently minced, filtered, and equilibrated in KHB with 

200umol/M CaCl2, and 1% bovine serum albumin (BSA) at room temperature.  Isolated 

myocytes were washed with serum-free culture medium (Medium 199, Sigma) 

supplemented with penicillin-streptomycin-glutamine (PSG, Gibco) and cultured on 

plates or glass cover-slips coated with laminin (BD Bioscience).  For long-term culture 

(>12hrs), cells were switched to Medium199/PSG with the addition of taurine (5mM), 

creatine (5mM), and carnitine (2mM)(Sigma).  Myocytes were infected with adenovirus 

(Ad) expressing WT-Rem/GFP, Rem1-265/GFP, Rem-Cav, Cav-β2a and/or NFATc3-GFP 

for 12 hours at a multiplicity of infection of 100.  During the experimental period, culture 
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media was changed once per day.  Infection efficiency was determined 36-48 hours after 

infection by GFP fluorescence intensity and was typically assessed to be 90-95%. 

Immunofluorescence 

AFLVMs were isolated and plated on laminin coated glass coverslips for 1-hour.  

Myocytes were washed 1X with PBS and fixed with 4% paraformaldehyde for 20 

minutes.  Cells were permeabilized with PBS containing 1% Triton X-100 and 

immunostained for Cav-3 (BD Transduction Labs) and Cav1.2 (LTCC, α1C, Millipore).  

FITC donkey anti-mouse IgG and rhodamine red-X donkey anti-Rabbit IgG secondaries 

were used (both from Jackson Immunoresearch Laboratories). Nuclei were stained with 

4’,6-diamidino-2-phenylindole (DAPI, Millipore).  Coverslips were mounted on slides 

with VECTASHIELD HardSet Mounting Medium (Vector Labs).  Confocal micrographs 

were acquired using a Nikon Eclipse T1 confocal microscope (Nikon Inc) or a Carl Zeiss 

710 multiphoton confocal microscope.  ZEN2010 software was used to analyze confocal 

images of each section and generate 2.5-dimensional heat map plots. 

Sucrose Density Gradient Fractionation 

Membrane rafts were fractionated from cultured AFLVMs as 

described(MaryEllen Carlile-Klusacek & Victor Rizzo, 2007),(Rizzo et al., 2003). 1-2 x 

106 myocytes were scraped into ice-cold, detergent-free Tricene buffer (250 mM sucrose, 

1mM EDTA, 20 mM Tricene, pH 7.4) and centrifuged at 1400 g for 5 minutes at 4oC. 

Cell pellets were resuspended in 1 mL Tricene buffer and homogenized with a dounce 

homogenizer.  Homongenates were then centrifuged at 1400 g for 10 minutes at 4oC.  The 

supernatant was collected, mixed with 30% Percoll (Sigma) in Tricene buffer and 

subjected to ultracentrifugation for 25 minutes (Beckman MLS50 rotor, 77,000 g, 4oC).  
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The separated plasma membranes were collected, sonicated (3 x 30s bursts on ice), and 

mixed with 60% sucrose to a final concentration of 40% sucrose.  This mixture was 

overlaid with a 30-5% step sucrose gradient and subjected to overnight 

ultracentrifugation (Beckman MLS50 rotor, 87,000 g, 4oC).  Fractions were collected 

every 0.4 mL from the top sucrose layer, and proteins were precipitated using a solution 

of 0.1% wt/vol deoxycholic acid in 100% wt/vol trichloroacetic acid.  Samples were then 

subjected to SDS-PAGE and immunoblotted using indicated antibodies. 

Caveolae Immunoaffinity Isolation 

Isolation of caveolae organelles was performed according to published 

methods(Phil Oh & Jan E. Schnitzer, 1999).  Sheep anti-mouse IgG-coated magnetic 

beads (Dynal Biotech) were preincubated with a specific monoclonal antibody for 

caveolin-3 (BD Trandsuction Laboratories) for 2-4 hours at room temperature.  Sonicated 

plasma membranes prepared as described above were added to prepared beads and 

incubated for 1 hr at 4oC.  Bound material, representative of caveolae vesicles, was 

separated magnetically from unbound, non-caveolae membranes, subjected to SDS-

PAGE and immunoblotted using the indicated antibodies. 

To estimate what fraction of LTCCs were present in non-caveolae membranes, 

the unbound fraction produced from the above described caveolin-3 pulldown was re-

immunoprecipitated for Cav1.2 (described in detail below) and bound material was 

separated magnetically from unbound material, subjected to SDS-PAGE and 

immunoblotted using the indicated antibodies. 
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L-Type Calcium Channel Immunoprecipitation 

Sheep anti-rabbit IgG-coated magnetic beads (Dynal Biotech) were preincubated 

with an antibody for Cav1.2 (Millipore) for 2-4 hours at room temperature.  Sonicated 

plasma membranes prepared as described above were added to prepared beads and 

incubated for 1 hr at 4oC.  Bound material, representative of LTCC containing 

membranes, was separated magnetically from unbound, non-LTCC containing 

membranes, subjected to SDS-PAGE and immunoblotted using the indicated antibodies. 

To estimate what fraction of caveolin-3 was present in non-LTCC containing 

membranes, the unbound fraction produced from the above described Cav1.2 pulldown 

was re-immunoprecipitated for caveolin-3 (described in detail above) and bound material 

was separated magnetically from unbound material, subjected to SDS-PAGE and 

immunoblotted using the indicated antibodies. 

Western Blotting 

Nitrocellulose membranes were incubated with primary antibody, followed by 

anti-mouse or anti-rabbit horseradish peroxidase-conjugated secondary antibodies (GE 

Healthcare).  Membranes were exposed to Western Lightning ECL chemiluminescence 

substrate (Perkin Elmer), and immunoblots were scanned, digitized, and quantified using 

Image J software.  Primary antibodies used were purchased from the following vendors:  

eNOS (BD Transduction Labs), Cav1.2(Millipore), Caveolin-3 (BD Transduction Labs), 

Rem (Santa Cruz) β2a (Santa Cruz). 

Fractional Shortening and Intracellular Ca2+ Measurements 

Laminin coated glass coverslips with AFLVMs were broken and pieces with 

affixed myocytes were placed in a heated chamber (35oC) on the stage of an inverted 
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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 5-10 μM Fluo-4 AM (Molecular Probes) for 15 

minutes to measure [Ca2+]i and myocyte fractional shortening was measured with edge 

detection.  Myocytes were paced at 0.5 Hz.  For fluorescence measurements, the F0 (or F 

unstimulated) was measured as the average fluorescence of the cell 50 msec prior to 

stimulation.  The maximal Fluo-4 fluorescence (F) was measured at peak amplitude. (As 

previously described(H. Zhang et al., 2012)). 

Ca2+ Current Measurement 

Myocytes were studied in a chamber mounted on an inverted microscope (Nikon, 

Japan) and were initially perfused with Tyrodes solution at 37oC. Low resistance (1-4 

MΩ) patch pipettes filled with a solution containing (in mM): Cs-aspartate 130, NMDG 

10, TEA-Cl 20, Tris-ATP 2.5, Tris-GTP 0.05, MgCl2 1, EGTA 10, pH 7.2 were used in 

whole cell voltage clamp experiments. All myocytes were dialyzed with this solution and 

perfused with normal physiological salt solution for 10 minutes before experiments were 

initiated. After the initial dialysis period myocytes were bathed with a Na and K free bath 

solution containing (in mM): NMDG 150, CaCl2 2, CsCl 5.4, MgCl2 1.2, Glucose 10, 

HEPES 5, 4-AP 2 (pH=7.4). All experiments were performed in Na and K free (in and 

out) solutions so that Ca currents were measured with minimal contamination from 

overlapping ionic currents. Membrane potential and whole cell currents were measured 

with standard techniques described in detail previously (V. Piacentino et al., 2000). 

Junction potential were not corrected and were less than 10 mV.  The cell capacitance 

was measured using small hyperpolarizing test steps. Membrane potentials were 
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controlled with an Axopatch 2A (Axon Instrument) voltage-clamp amplifier using 

pClamp8 (Axon Instrument) software and acquired with a Digidata 1322A analog to 

digital converter (Axon Instruments). The data were analyzed with Clampfit 10 software 

(Axon Instruments). 

β2-Adrenergic Receptor Agonist Experiments 

Electrophysiology experiments were performed as described above in the 

presence of 1 μM Zinterol, a β2-adrenergic receptor agonist, and 1 μM CGP, a β1-

adrenergic receptor antagonist. 

NFAT Translocation 

AFLVMs were infected with AdNFATc3-GFP or AdNFAT-GFP and AdRem-

Cav at a multiplicity of infection (MOI) of 100.  NFAT-GFP translocation to the nucleus 

was measured before and after pacing at 1 Hz for 1 hour, after pacing at 1 Hz for 15 

minutes, or by raising bath calcium to 4mM by confocal microscopy.  NFAT 

translocation was quantified as the nuclear to cytoplasmic fluorescence signal as 

described(Chen, et al., 2011). 

Statistics 

Data are presented as mean±SEM. When appropriate, paired and unpaired T-test, 

ANOVA or ANOVA for repeated measures were used to detect significance. For all 

tests, statistical significance was set at p<0.05. 
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Results 

A Subpopulation of LTCCs Localizes to Caveolae Membrane Microdomains 

To confirm that LTCCs localize to caveolae membrane microdomains we used 

three different experimental techniques.  First we performed immunofluorescence 

microscopy in AFLVMs with antibodies against Cav-3 and the LTCC 

(Cav1.2,α1C)(Figure 2A).  Cav-3 was primarily expressed on the surface sarcolemma with 

a smaller fraction of protein localized to the T-tubules while the LTCC was 

predominately localized to the T-tubules as shown by the striated pattern of staining.  

Merging the images demonstrated that the majority of Cav-3 and the LTCC did not 

overlap, however a small fraction of Cav-3 and LTCC did indeed co-localize.  This 

finding suggests that only a small fraction of LTCCs present in cardiac myocytes is 

present in caveolae.  We performed further analysis on our confocal images and 

generated 2.5-dimensional heatmap plots that were rotated to emphasize spatial 

distribution of fluorescent signal.  The prominent surface staining of Cav-3 can be better 

appreciated in these images as can the pronounced T-tubular localization of the LTCC 

(Figure 2B).  These images also reflect the presence of Cav-3 in the T-tubules and of the 

LTCC at the surface sarcolemma. 

The spatial resolution of confocal microscopy is inadequate to definitively 

localize proteins to caveolae given the small size of these microdomains (50-100nm).  

Therefore, we used two additional techniques to confirm localization of the channels to 

these membrane domains.  To probe for the presence of LTCCs in AFLVMs we purified 

plasma membrane (PM) fractions from total myocyte homogenates (H) and separated 

PMs based on density by performing a discontinuous sucrose density gradient.  Western 
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Figure 2:  LTCCs and Cav-3 Colocalize in AFLVMs.  A, Isolated AFLVMs were 

immunolabeled with anti-LTCC (Cav1.2, green) anti-Cav-3 (red), and DAPI (blue).  The 

LTCC is predominantly localized to T-tubular membranes while Cav-3 is mainly 

expressed on the surface sarcolemma.  There are regions of colocalization at both the 

surface sarcolemma and in the T-tubules, indicated by the yellow signal in the merged 

images.  Scale bar is 10μm.  B, 2.5-dimensional heat maps of immunostained AFLVMs.  
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blot analysis of the density gradient fractions revealed the greatest enrichment of the 

protein marker for caveolae, Cav-3, in the lower density fractions as shown from a typical 

Western blot (Figure 3A).  In the same caveolar-enriched fractions, immunoreactivity for 

the LTCC was detected.  To further characterize the relationship between Cav-3 and the 

LTCC we determined if the two proteins are physically associated in AFLVMs by 

immunoprecipitation.  PM fractions were again purified from total myocyte H and 

subjected to immunoprecipitation by an antibody for Cav-3.  Eluted proteins were 

analyzed using Western blotting.  Figure 3B shows that anti-Cav-3 immunoprecipitates 

the LTCC in adult ventricular myocytes, which suggests a physical association between 

Cav-3 and the LTCC in ventricular myocytes. 

Studies have been performed that estimate that approximately 75% of LTCCs 

reside at dyad junctions in cardiac myocytes(Scriven et al., 2010).  To approximate what 

fraction of LTCCs localizes to caveolae membrane domains, PM samples were purified 

from AFLVMs and subjected to immunoaffinity isolation with anti-Cav-3. The unbound 

fraction from the Cav-3 IP was then re-immunoprecipitated for the LTCC (Cav1.2, α1C) 

(Figure 4A, B). Densitometric analysis (n=3) showed that 26.2+/-12.7% of LTCCs 

resides within caveolae (Figure 4B, C).  To estimate the fraction of caveolae that contain 

LTCCs, AFLVM PM preparations were immunoprecipitated with an antibody for the 

LTCC (Cav1.2, α1C).  The resulting unbound fraction was then re-immunoprecipitated for 

Cav-3 and the intensity of the bands in both fractions were compared (Figure 4A, B).  

Only 13.4 +/-10.1% (n=3) of caveolae PM contained LTCCs (Figure 4B, C).  These 

results are consistent with the idea that only a small subpopulation of LTCCs reside in 

caveolae membrane microdomains which validates the hypothesis that this subset of 
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channels is localized away from EC-coupling domains and could be centrally involved in 

the spatial organization of pathological hypertrophic signaling. 

 

 

 

 

Figure 3: LTCC Localize to Caveolae and Directly Interact with Caveolin-3.   

A, Sucrose density gradient fractionation on purified PMs from isolated AFLVMs 

confirms the presence of LTCCs in Cav-3 enriched lipid raft membrane fractions 

(Fraction 1-Fraction 11, F1-F11; PM is plasma membrane; H is homogenate). B, Cav-3 

IP and Western analysis show a direct interaction between Cav-3 and the LTCC (U, 

unbound fraction; B, bound fraction).  
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Figure 4:  Only a Small Fraction of LTCCs are Localized to Caveolae. A, Schematic of 

IP technique. B, To estimate the fraction of Cav1.2 localized to caveolae or non-caveolae 

PMs, a Cav-3 IP was performed (lane 3). The unbound fraction (lane 4) from the Cav-3 

IP was re-IP’d for Cav1.2 (lane 5).  To estimate the fraction of caveolae that contain 

Cav1.2, PM preparations were IP’d for Cav1.2 (lane 7).  The resulting unbound fraction 

(lane 8) was then re-IP’d for Cav-3 (lane 9) and the intensity of the bands in both 

fractions was compared. (U=unbound, B=bound, “bead controls” test for non-specific 

binding). C, Graphic representing the relative distribution of LTCCs and Cav-3. 
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Cav-3 Targeted LTCC Modulators Traffic Specifically to Caveolae Membranes 

 We used both sucrose density gradient fractionation and Cav-3 immunoaffinity 

isolation to verify that our adenovirus constructs (Figure 1) targeted to the proper cellular 

domains.  As anticipated, native Rem (endogenous Rem) was not detected in cardiac 

myocytes, but when we expressed Ad-WT-Rem in AFLVMs we found that WT-Rem 

localized uniformly to all AFLVM membrane fractions, consistent with the idea that it is 

in all PM domains and does not target to specific regions of the membrane (Figure 5A-

C).  The Rem1-265 peptide lacking the membrane association motif remained in the general 

cell homogenate (H) and could not be detected at the PM (Figure 6A-C).  Rem-Cav 

localized to PM specifically within caveolin-containing lipid rafts (Figure 7A-C), 

verifying target specificity of the peptide containing the Cav binding motif.  Importantly, 

Rem-Cav did not alter the normal raft/caveolae targeting of LTCCs, eNOS and caveolin-

3, which demonstrates that Rem-Cav does not displace molecules normally found in 

caveolae (Figure 7C).  To prove that Rem-Cav specifically localizes to caveolae, rather 

than lipid rafts in general, caveolae organelles were immunoaffinity purified(M. Carlile-

Klusacek & V. Rizzo, 2007).  Similar to our observation in raft membranes, only Rem-

Cav was seen in association with caveolin-3 (Figure 7B).  We repeated these techniques 

to confirm that Cav-β2a also specifically trafficked to caveolae membranes and both the 

sucrose density gradient and Cav-3 immunoaffinity isolation data validated their proper 

membrane localization (Figure 7D-F). Sucrose density gradients also revealed that 

targeting Cav-β2a to caveolae did not displace other proteins typically found there like 

eNOS and the LTCC (Figure 7F). Taken together, these data show that all of our 
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adenovirus constructs target to the appropriate subcellular domains and most importantly, 

that Rem-Cav and Cav-β2a specifically traffic to Cav-3 membrane microdomains. 

 

 

	  
	  
	  
Figure 5:  WT-Rem Targets Non-Specifically to All Plasma Membrane Domains.  

AFVLMs were infected with Ad-WT-Rem (A) and plasma membrane (PM) fractions 

were purified from total cell homogenates (H). Cav-3 immunoaffinity isolations (B) and 

sucrose density gradients (C) analyzed by Western revealed that WT-Rem targeted non-

specifically to all PM populations (U, Unbound; B, Bound). 
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Figure 6:  Rem1-265 Does Not Target to Plasma Membranes and Remains Localized in 

the Cytosol.  AFVLMs were infected with Ad-Rem1-265 (A) and plasma membrane (PM) 

fractions were purified from total cell homogenates (H). Cav-3 immunoaffinity isolations 

(B) and sucrose density gradients (C) analyzed by Western revealed that Rem1-265 was not 

present in PM fractions and therefore was determined to be localized to the cytoplasm.    
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Figure 7:  Rem-Cav  and Cav-β2a Interact with Caveolin-3 and Specifically Localize to 

Cav-3 Enriched Plasma Membranes. AFVLMs were infected with Ad-Rem-Cav (A) or 

Ad-Cav-β2a (D) and plasma membrane (PM) fractions were purified from total cell 

homogenates (H). Cav-3 immunoaffinity isolations (B, E) and sucrose density gradients 

(C, F) revealed that our Cav-3 targeted molecules properly trafficked to caveolae 

membrane microdomains and that their presence in caveolae did not displace other 

molecules normally found in caveolae. 
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Rem-Cav and Cav-β2a Have Mild Effects on ICa,L and Has No Effect on Contractility 

We assessed ICa,L in AFLVMs infected with our adenoviral constructs by whole 

cell voltage clamp. WT-Rem showed a dose dependent inhibition in ICa,L and almost fully 

eliminated ICa,L in AFLVMs at an MOI of 100 (Figure 8A).  Rem1-265 had no significant 

effect on ICa,L which was to be expected due to its inability to traffic to the membrane and 

interact with LTCCs.  Rem-Cav caused a small inhibition (about 15%) of ICa,L (Figure 

8A, B), while Cav-β2a expression had no discernable effect either at baseline or in the 

presence of the catecholamine isoproterenol (Iso) indicating these Cav-3 targeted 

constructs have no significant effect on β1-AR regulation of contractility (Figure 9A, B).  

The minimal ICa,L block with Rem-Cav versus WT-Rem again suggests that only a small 

fraction of LTCCs are localized to Cav-3 signaling microdomains.  AFLVMs infected 

with Rem-Cav also responded normally to Iso while those infected with WT-Rem failed 

to respond (Figure 8C).  Other groups have shown that inhibition of ICa,L with Rem 

cannot be reversed with Iso treatment, so our finding that WT-Rem infected cells do not 

respond to Iso is consistent with the literature(X. Xu, et al., 2010).  Further, the 

observation that Rem-Cav infected cells respond normally to Iso provides additional 

evidence that the majority of LTCCs are localized outside of caveolae domains since it is 

likely these channels that respond to Iso.  

Myocytes infected with WT-Rem had markedly reduced fractional shortening 

(1.1+/-0.1% resting cell length) while those infected with truncated Rem1-265 (5.0+/-

0.5%), Rem-Cav (4.4+/-0.4%), and Cav-β2a (5.3+/-0.4%) had contractions that were not 

significantly different than controls (4.7+/-0.5%) (Figure 10A, B).  [Ca2+]i transients 

were also unaffected by Rem-Cav and Cav-β2a (Figure 10C, D).  Collectively, these data 
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Figure 8:  Rem-Cav blocks a small fraction of ICa,L and Does Not Inhibit β1-AR 

Signaling.  A,  WT-Rem inhibited ICa,L in a MOI-dependent manner. B, At an MOI of 

100, WT-Rem almost completely abolished ICa,L while at equal MOI, Rem-Cav inhibited 

only a small fraction of the current. Rem1-265 had no effect on ICa,L. C, ICa,L  of Rem-Cav 

infected myocytes responded normally to Iso (1μM, **p<0.01). 
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support the idea that Rem-Cav and Cav-β2a modulate only a small fraction of Cav-3 

associated LTCCs without significantly effecting myocyte EC-coupling. 

 

     

Figure 9:  Cav-β2a Does Not Alter ICa,L or Modify β1-AR Signaling.  A, Cav-β2a had no 

appreciable effect on ICa,L and infected myocytes responded normally to Iso (1μM, 

**p<0.01, significance vs baseline).  Average data shown in B. 
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Figure 10: Caveolae Targeted Molecules Have No Effect on Contractility. AFLVM 

contractions (A) and Ca2+ transients (B) were measured 36-48 hours after infection.  Ad-

Rem1-265, Rem-Cav and Cav-β2a had no significant effect on fractional shortening or Ca2+ 

transients while WT-Rem almost completely abolished both parameters (***p<0.001). 
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Rem-Cav Inhibits the β2-Adrenergic Regulation of LTCCs 

A subpopulation of LTCCs has been identified as part of a caveolar 

macromolecular complex with the β2-AR, adenylyl cyclase, Gαs, Gαi, and protein 

phosphatase 2A (PP2A) in ventricular myocytes and disruption of caveolae abolished β2-

AR stimulation of ICa,L without affecting β1-AR enhancement of ICa,L(Balijepalli, et al., 

2006).  To examine specific coupling of LTCCs with β2-ARs within caveolae in our 

system, we used our Ad-Rem-Cav construct to see if we could blunt β2-AR activation of 

ICa,L.  When we exposed AFLVMs to the β2-AR specific agonist Zinterol in the presence 

of the β1-AR specific antagonist CGP we saw a significant increase in ICa,L and fractional 

shortening. This effect was completely inhibited by Rem-Cav (Figure 11A, B), 

suggesting that Rem-Cav can selectively block Ca2+ entry through β2-AR regulated 

LTCCs within Cav-3 signaling microdomains. 

ICa,L Through Caveolae Based Channels Contributes to Cn-NFAT Activation 

To assess if Ca2+ entry specifically through LTCCs housed in caveolae membrane 

microdomains was sufficient to activate Cn-NFAT signaling we employed an NFAT-

GFP translocation assay.  AFLVMs were infected with Ad-NFATc3-GFP or Ad-

NFATc3-GFP and Ad-Rem-Cav, and GFP expression was verified 36 hours post-

infection.  At resting conditions, the NFATc3-GFP fluorescent signal was evenly 

distributed in the cytoplasm of AFLVMs which indicates that NFATc3 was in its 

phosphorylated and inactive state.  Myocytes were imaged at baseline to capture 

fluorescent localization and then paced at 1Hz for 1-hour in order to activate Cn.  Cn 

activation by pacing led to the dephosphorylation of NFATc3, which induced 

translocation of the transcription factor from the cytosol to the nucleus.  Following the   
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Figure 11:  β2AR Signaling is Inhibited by Rem-Cav. AFLVMs exposed to the β2-AR 

specific agonist Zinterol (1μM) in the presence of the β1-AR specific antagonist CGP 

(1μM) showed increased ICa-L (A) and fractional shortening (B). Rem-Cav inhibited these 

effects (*p<0.05). 
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1-hour pacing protocol, the same cells were re-imaged and NFAT translocation was 

quantified and expressed as a ratio of the cytoplasmic to nuclear GFP signal before and 

after pacing (Figure 12).  As expected, we observed that our 1-hour pacing protocol 

caused significant NFATc3-GFP translocation from the cytoplasm to the nucleus in 

control AFLVMs (Figure 12 A, B, E).  When AFLVMs were co-infected with Rem-Cav, 

we observed a >90% inhibition in NFATc3-GFP nuclear translocation (Figure 12 C-E).  

It is important to highlight here that myocytes infected with Rem-Cav had normal 

contractions and Ca2+ transients (shown in detail above, Figure 10) and were otherwise 

indistinguishable from control cells, therefore the inhibition in Cn-NFAT signaling is an 

impressive result. These findings were confirmed in experiments that did not involve a 

pacing protocol in which bath Ca2+ was raised to 4 mM.  We again found that increased 

Ca2+ entry into control cells lead to NFATc3-GFP nuclear translocation and that this 

translocation could be inhibited by co-expression of Rem-Cav (Figure 13).   

To test our caveolae LTCC “gain-of-function” construct in this assay, we 

shortened the pacing protocol to last for a period of only 15-minutes which was not 

sufficient to induce any appreciable level of NFATc3-GFP translocation to the nucleus in 

control AFLVMs (Figure 14A, B, E).  However, co-infecting these myocytes with Cav-

β2a resulted in a >70% increase in pacing-induced NFATc3-GFP translocation to the 

nucleus (Figure 14C-E).  Again, it is important to note that myocytes infected with Cav-

β2a showed no significant alterations in measurements of contractility so it appears as 

though this is an effect that is specific to ICa,L driven signaling in caveolae membrane 

microdomains. 
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Figure 12:  Rem-Cav Inhibits Pacing Induced Pathological Hypertrophic Signaling.  

AFLVMs were infected with Ad-NFAT-GFP (A, B) or Ad-NFAT-GFP and Ad-Rem-Cav 

(C, D). NFAT-GFP translocation to the nucleus was measured before (A, C) and after (B, 

D) pacing at 1Hz for 1 hour. Average data from 5 experiments is shown in E (**p<0.01). 
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Figure 13:  Rem-Cav Inhibits [Ca2+] Induced Pathological Hypertrophic Signaling.  

AFLVMs were infected with Ad-NFAT-GFP (A, B) or Ad-NFAT-GFP and Ad-Rem-Cav 

(C, D). NFAT-GFP translocation to the nucleus was measured before (A, C) and after (B, 

D) raising bath Ca2+ to 4mM for 1 hour. Average data from 5 experiments is shown in E 

(**p<0.01).  
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Figure 14:  Cav-β2a Enhances Pacing Induced Pathological Hypertrophic Signaling.  

AFLVMs were infected with Ad-NFAT-GFP (A, B) or Ad-NFAT-GFP and Ad-Cav-β2a 

(C, D). NFAT-GFP translocation to the nucleus was measured before (A, C) and after (B, 

D) pacing at 1Hz for 15 minutes. Average data from 5 experiments is shown in E 

(**p<0.01).  
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Discussion 

 Ca2+-CaM dependent activation of Cn-NFAT produces pathological 

hypertrophy(Molkentin, et al., 1998; Wilkins, et al., 2004). Activation of this signaling 

cascade requires an increase in myocyte [Ca2+]i and the details of how this coordinated 

and sensitive process occurs in the background of the cyclic fluctuations of [Ca2+]i that 

regulate contraction and relaxation in the heart are currently unresolved.  “Contractile” 

[Ca2+] does not appear to activate this hypertrophic process(Nakayama, et al., 2007).  

There is some evidence for a role for the LTCC(Chen, et al., 2011; Nakayama, et al., 

2007) in pathological hypertrophic signaling, however, there is also evidence for Ca2+ 

entry through T-type Ca2+ channels (TTCC)(X. Chen et al., 2005; Nakayama, et al., 2009) 

and Transient Receptor Potential (TRP) channels(Eder & Molkentin, 2011). The role of 

TTCCs is controversial since some studies suggest that this pathway is anti-

hypertrophic(Nakayama, et al., 2009) rather than pro-hypertrophic(X. Chen, et al., 2005). 

The observation that excess Ca2+ influx through TTCCs channels is anti-

hypertrophic(Nakayama, et al., 2009) suggests that Ca2+ influx per se is not pro- or anti-

hypertrophic. Rather the pathway for Ca2+ influx and possibly the localization of this 

pathway appear to be critical.  

The present study suggests that a small number of LTCCs are localized in a 

fraction of Cav-3 containing membranes and form a signaling microdomain that can 

activate Cn-NFAT signaling. Our results are consistent with a recent study suggesting 

that a subpopulation of LTCCs in Cav-3 containing membranes are housed with 

AKAP150, which binds Cn(C. Blake Nichols et al., 2010). These Cav-3 localized LTCCs 

do not participate in EC-coupling or the regulation of “contractile” Ca2+.  Our Cav-3 



	   63	  

targeting strategy was able to selectively traffic an LTCC-blocking Rem protein (Rem-

Cav) or an ICa,L enhancing protein (Cav-β2a) to this signaling domain to block (Rem-Cav) 

or increase (Cav-β2a) hypertrophic signaling without significantly altering contractions or 

β1-AR regulation of contractility. Our results suggest that any LTCCs associated with the 

small amount of Cav-3 others have found within T-tubules do not participate in EC-

coupling(D. R. L. Scriven et al., 2005).  

Our results also show that not all Cav-3 containing membrane domains contain 

LTCCs, suggesting that hypertrophic signaling may take place in highly specialized 

signaling complexes. The signaling partners within these domains and their regulation in 

health and disease needs to be determined in future studies. 

LTCCs are the major Ca2+ influx pathway in the adult mammalian heart and these 

channels are regulated biosensors that determine myocyte contractility and cardiac pump 

function(Donald M. Bers, 2008). Collectively, our results suggest that nature uses a 

subpopulation of these channels, housed away from EC-coupling signaling domains, as a 

source of Ca2+ to modulate myocyte hypertrophy when the heart is subjected to stress.  

We have developed and characterized Cav-targeted LTCC modulators that specifically 

traffic to caveolae and do not displace molecules normally found in these membrane 

domains.  We found that these Cav-3 targeted LTCC modulators had no effect on 

contractility but were able to alter Cn-NFAT signaling.  Our results support the idea that 

Ca2+ entry through LTCCs housed in caveolae membrane microdomains is a major source 

of hypertrophic signaling Ca2+ and that selective block of this Ca2+ influx pathway by the 

novel reagents developed in this study might provide an approach to reduce pathological 

hypertrophy without reducing cardiac contractility. 
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CHAPTER 3:  TRANSIENT RECEPTOR POTENTIAL CHANNELS 

Abstract 

Cardiac systolic stress is increased in cardiovascular diseases such as 

hypertension and myocardial infarction (MI) and this requires an increase in contractile 

Ca2+. Persistent pathological stress usually results in a Ca2+ dependent pathological 

hypertrophy with Ca2+ related contractility defects. Abnormal contractile Ca2+ with 

depressed contractility reserve are hallmarks of cardiac hypertrophy and heart failure, but 

this contractile Ca2+ does not appear to be the source for activation of the signaling 

pathways that causes pathological hypertrophy.  Recent data suggest that separate pools 

of myocyte “signaling” and “contractile” Ca2+ are involved in the induction of 

hypertrophy. The source and cellular location of the signaling Ca2+ is still not clearly 

defined. The present study explores the hypothesis that the expression of transient 

receptor potential (TRP) channels of the canonical family (TRPC) are induced after MI 

and Ca2+ influx through these channels within specific microdomains is necessary for the 

development of pathological hypertrophy, as well as for affecting contractility reserve 

that ultimately contributes to impaired pump function of the diseased heart. 

 Our experiments reveal that a low level of TRPC channels are expressed in 

normal adult mouse cardiac tissue and that expression of TRPC isoforms 1/4/6 are 

elevated in response to MI.  This upregulation of TRPC channels is associated with 

increased Ca2+ influx and sarcoplasmic reticulum (SR) load.  In an in vitro system of 

TRPC3 overexpression in adult feline left ventricular myocytes (AFLVMs), we found 

that Ca2+ entry through TRPC3 channels could load the SR when SR Ca2+ stores were 

naturally depleted, but could overload the SR and cause spontaneous Ca2+ release events 
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(Ca2+ sparks, leak) if Ca2+ entry was persistent or excessive and these effects appear to be 

due to CaMKII mediated RyR S2814 phosphorylation.  Our studies also show that a 

subpopulation of TRPC channels are localized to caveolae, where together with LTCCs, 

they activate pathological Cn-NFAT hypertrophic signaling.   

 To determine if Ca2+ influx through TRPC channels contributes to post-MI 

structural and functional remodeling in vivo, we used a cardiac specific transgenic 

dominant negative (dn) TRPC4 mouse and showed that compared to wild-type mice, 

dnTRPC4 mice had less cardiac dysfunction and adverse remodeling after MI and 

increased survival.  These data suggest that targeted inhibition of myocyte TRPC 

channels might be an effective strategy for attenuating pathological structural remodeling 

and for maintaining contractility reserve after MI.  

Introduction 

Transient Receptor Potential (TRP) channels are a class of non-selective cation 

channels that have been implicated as a contributing source of signaling [Ca2+] that 

regulates pathological hypertrophic signaling(Bush et al., 2006; Eder & Molkentin, 2011; 

Goonasekera & Molkentin, 2012; Wu et al.). This chapter details and in-depth study 

aimed at exploring the hypothesis that the expression of TRP channels are induced in 

cardiac stress conditions and Ca2+ influx through these channels within specific 

microdomains is necessary for the development of pathological hypertrophy, as well as 

for affecting contractility reserve that ultimately contributes to impaired pump function of 

the diseased heart(Heineke & Molkentin, 2006; Molkentin, et al., 1998). 

The function of the TRP family of channels is not well understood in the heart but 

it has been implicated in contributing to the initiation of pathological cardiac 
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remodeling(Bush, et al., 2006; Eder & Molkentin, 2011; Kuwahara et al., 2006; Seth et 

al., 2009).  TRP channels are a class of nonselective cation influx channels that are 

grouped into 7 families(Eder & Molkentin, 2011; Nelson et al., 2011) and are present in 

many different cell types(Clapham et al., 2001).  The TRPC (Canonical) family includes 

7 isoforms (TRPC1 to 7) that have been divided into 2 general subfamilies based on 

structural and functional similarities:  TRPC1/4/5 and TRPC3/6/7(Eder & Molkentin, 

2011).  In general, TRPC3/6/7 are activated by diacylglycerol generated by G protein-

coupled receptors (GPCRs)/Gαq/phospholipase C signaling(Dietrich et al., 2005) while 

TRPC1/4/5 can be activated by stretch or depletion of intracellular Ca2+ stores (store-

operated Ca2+ entry, SOCE)(Abramowitz & Birnbaumer, 2009; Nilius et al., 2007), 

however TRPC6 has also been implicated as a mechano-sensing isoform as well(Seo, 

Rainer, Lee, et al., 2014). Functional TRPC channels are formed as tetramers of 

individual 6 transmembrane spanning subunits.  Interestingly, the channels can be 

homomeric or heteromeric assemblies with oligomerization occurring within and 

between subfamilies or beyond a given TRP family altogether(Alessandri-Haber et al., 

2009; Hofmann et al., 2002; Kobori et al., 2009; Poteser et al., 2006).   

TRPC channels are expressed at very low levels in normal adult cardiac 

myocytes, but expression and activity of select isoforms appear to be increased in 

pathological hypertrophy and heart failure(Bush, et al., 2006; Kuwahara, et al., 2006; 

Ohba et al., 2007; Seth, et al., 2009).  TRPC channels have been suggested as initiators of 

Ca2+-dependent signaling that leads to pathological cardiac remodeling, hypertrophy and 

failure(Bush, et al., 2006; Eder & Molkentin, 2011).  Transgenic (TG) cardiac specific 

overexpression of TRPC3 or TRPC6 channels in mice causes re-expression of fetal 
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genes, myocyte hypertrophy and activation of apoptotic signaling(Kuwahara, et al., 2006; 

Nakayama et al., 2006; Wu, et al.; Wu et al., 2010).  The pro-hypertrophic effects of 

TRPC channels have also been shown in vitro in cultured cardiomyocytes(Bush, et al., 

2006; H. Gao, et al., 2012).  Studies involving loss of TRPC function suggest a necessary 

role for these channels in pathological hypertrophy.  TRPC3 inhibition with the inhibitor 

Pyr3 blocks cardiac hypertrophy in mice subjected to pressure overload(Kiyonaka et al., 

2009) and this finding has been supported by data in gene-deleted mice (TRPC1(Seth, et 

al., 2009) and TRPC3/6(Seo, Rainer, Shalkey Hahn, et al., 2014)) and in mice expressing 

dominant-negative mutants of select channels (dnTRPC3,4,6)(Wu, et al., 2010).  

Interestingly, mice expressing dnTRPC4 also inhibited the activity of the TRPC3/6/7 

subfamily in the heart which suggests that TRPC 1/4/5 and 3/6/7 subfamilies function in 

coordinated complexes, at least when overexpressed(Wu, et al., 2010). The present study 

takes advantage of the dnTRPC strategy to define the role of TRPCs in post-MI structural 

and functional remodeling.  

Ca2+ influx through TRPC channels was shown to activate the Ca2+ sensitive 

phosphatase Cn that initiates diverse intracellular responses through its downstream 

transcriptional effector, NFAT(Bush, et al., 2006; H. Gao, et al., 2012; Kuwahara, et al., 

2006; Nakayama, et al., 2006).   Cn-NFAT signaling in the heart is a well-known pro-

hypertrophic pathway that is both necessary and sufficient for pathological 

growth(Molkentin, et al., 1998). Activation of this signaling cascade is thought to be the 

primary mechanism through which TRPC channels regulate cardiac hypertrophy.  A 

recent in vitro study from our group suggests that TRPCs and LTCCs work in a 

coordinated fashion to activate Cn-NFAT signaling(H. Gao, et al., 2012).   Additional 
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studies, detailed above in Chapter 2, showed that a subpopulation of LTCCs localized 

specifically to caveolae membrane signaling microdomains are involved in pathological 

hypertrophic signaling(Makarewich, et al., 2012). The present study explores the 

hypothesis that TRPCs and LTCCs function as essential partners in these caveolae 

signaling microdomains where their activity initiates hypertrophic Cn-NFAT signaling 

after MI. 

The role of TRPC channels within EC-coupling microdomains has not been 

clearly defined.  There are data in mice associating increased TRPC activity with reduced 

contractility(Kuwahara, et al., 2006; Nakayama, et al., 2006) and loss of TRPC function 

with increased contractility(Wu, et al., 2010), but the mechanisms underlying these 

effects are not understood. The present study explores the hypothesis that Ca2+ influx 

through TRPC channels within EC-coupling microdomains results in reduced 

contractility reserve after MI. 

Materials and Methods 

Real-Time Polymerase Chain Reaction (RT-PCR) 

RNA was isolated from hearts using QIAshredder homogenization and an RNeasy 

Plus kit (Qiagen).  Reverse transcription (RT) reaction was performed using the 

SuperScript III first-strand synthesis system for RT-PCR (Invitrogen) and oligo-dt 

primers according to the manufacturer’s instructions.  Real-time PCR was performed 

using the Quantifast Sybrgreen PCR kit (Qiagen).  Data were normalized to 18S RNA 

expression.  The following primer sets were used (forward, reverse):  18s 5’- 

GTAACCCGTTGAACCCCATT, 5’- CCATCCAATCGGTAGTAGCG; atrial 

natriuretic factor (ANF) 5’-GCCCTGAGTGAGCAGACTG, 5’-CGGAAGCTGTTGCA 
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GCCTA; B-‐type	   natriuretic	   peptide	   (BNP) 5’-CTGCTGGAGCTGATAAGAGA, 5’-

AGTCAGAAACTGGAGTCTCC; skeletal muscle actin (SMA) 5’-AGAAGGAGAT 

CACAGC TCTG, 5’-TACACGTCAAAAACAGGCGC; myosin heavy chain alpha 

(MHCα) 5’-ACCTACCAGACAGAGGAAGA, 5’-ATTGTGTATTGGCCACAGCG; 

myosin heavy chain beta (MHCβ) 5’- ACCTACCAGACAGAGGAAGA, 5’- 

TTGCAAAGAGTCCAGGTCTGAG; TRPC1 5’- ATGTATACAACCAGCTCTATC 

TTG, 5’- AGTCTTTGGTGAGGGAATGATG; TRPC2 5’- GGCGGAGGTCACGG 

AACGGA, 5’- GCACAGCCACAGTTTCCAACATCA; TRPC3 5’- 

GGGGCCACCATGTTTGGCACAT, 5’- GCAGCACGCCGCCCAATTGT; TRPC4 5’- 

TTCGGGACAATTGGGCGGCGT, 5’- CCACCAGGGCGGAACCATTGC; TRPC5 5’- 

CGCATCCCCCTCCAAATCGTG, 5’- GCGTGGGAACCTGCTTCTCTCCA; TRPC6 

5’- GCTACTACCCCAGCTTCCGGGG, 5’- TGGATGGTTGAGGATTGCCTCCACA. 	  

Mouse Myocyte Isolation 

All animal procedures were approved by the Temple University School of 

Medicine Institutional Animal Care and Use Committee. Adult mouse myocytes were 

isolated as previously described(Jaleel et al., 2008; H. Zhang et al., 2010; H. Zhang, et 

al., 2012). Anesthesia was induced using 3% isoflurane and maintained using 1% 

isoflurane delivered by nose cone.  Adequate induction of anesthesia was confirmed by 

observation of a negative paw- or tail-pinch reflex. When an unconscious state was 

induced, mouse hearts were rapidly excised from the thorax, weighed and the aorta was 

cannulated on a constant-flow Langendorff apparatus. The heart was digested by 

retrograde perfusion of Tyrode’s solution containing 180 U/mL collagenase (Type II, 

Worthington Biomedical) and (mM): CaCl2 0.02, glucose 10, HEPES 5, KCl 5.4, MgCl2 
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1.2, NaCl 150, sodium pyruvate 2, pH 7.4.  When the tissue softened, the left ventricle 

was isolated and gently minced, filtered, and equilibrated in Tyrode’s solution with 

200μM CaCl2, and 1% bovine serum albumin (BSA) at room temperature. Routinely, our 

initial yield is >90% rod-shaped myocytess, and >80% calcium-tolerant, rod-shaped 

myocytes survive by the end of the isolation.  

Feline Myocyte Isolation, Culture and Infection with Adenovirus 

Adult feline left ventricular myocytes (AFLVMs) were isolated as extensively 

described(Bailey & Houser, 1993; duBell & Houser, 1989; Duthinh & Houser, 1988; 

Silver, et al., 1983). Briefly, felines were anesthetized with sodium pentobarbital and 

hearts were rapidly excised, cannulated, and mounted on a constant-flow Langendorff 

apparatus.  Hearts were rinsed with a physiological Krebs-Henseleit buffer (KHB) 

containing (mM):  glucose 12.5, KCl 5.4, lactic acid 1, MgSO4 1.2, NaCl 130, NaH2PO4 

1.2, NaHCO3 25, Na-pyruvate 2. Solutions were aerated with 95% oxygen and 5% carbon 

dioxide, pH 7.35 to 7.4, and warmed to 37oC.  Following the rinse step, hearts were 

retrograde perfused with collagenase-containing KHB (180U/mL) supplemented with 

50μM CaCl2.  When the tissue softened, the left ventricle was isolated and gently minced, 

filtered, and equilibrated in KHB with 200umol/M CaCl2, and 1% bovine serum albumin 

(BSA) at room temperature.  Isolated myocytes were washed with serum-free culture 

medium (Medium 199, Sigma) supplemented with penicillin-streptomycin-glutamine 

(PSG, Gibco) and cultured on plates or glass cover-slips coated with laminin (BD 

Bioscience).  For long-term culture (>12hrs), cells were switched to Medium199/PSG 

with the addition of taurine (5mM), creatine (5mM), and carnitine (2mM)(Sigma).   

Myocytes were infected with adenovirus (Ad) expressing RFP, GFP, TRPC3, 
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dnTRPC6, TRPC6-FLAG, Rem1-265-Cav (Rem-Cav)(Makarewich, et al., 2012), and/or 

NFATc3-GFP for 12-hours at a multiplicity of infection of 100 and then changed to long-

term culture media. During the experimental period, culture media was changed once per 

day. Infection efficiency was determined 36-48 hours after infection by RFP or GFP 

fluorescence intensity and was typically assessed to be 90-95%. 

TRPC Adenovirus Cloning 

The TRPC3, TRPC4, dnTRPC4, and dnTRPC6 adenoviruses were all previously 

described(Wu, et al., 2010). For generation of TRPC6-Flag adenoviral construct, the 

pShuttle vector (AdEasy adenoviral system, Agilient Technology, Santa Clara ,CA) was 

modified to contain a C-terminal 3XFLAG peptide sequence downstream of the multiple 

cloning site. Human TRPC6 cDNA (Open Biosystems, Pittsburg, PA) was PCR 

amplified to contain a 5’ NotI sequence and to alter the stop codon to a BamHI site. This 

TRPC6 fragment was subcloned in frame with the FLAG peptide sequence. Adenovirus 

was made as made as previously described(Wu, et al., 2010; J. Xu et al., 2006). 

Store Operated Ca2+ Entry 

Myocytes were loaded with 5-10 μM Fluo-4,AM (Molecular Probes) and placed 

in a heated chamber (37oC) on the stage of an inverted microscope.  Cells were perfused 

with a Ca2+-free normal Tyrode’s solution containing the reversible sarcoplasmic 

reticulum Ca2+ ATPase (SERCA) inhibitor cyclopiazonic acid (CPA, 5μM, Sigma) and 

the TRPC agonist oleoyl-2-acetyl-sn-glycerol (OAG, 10 μM, Sigma) for 10 minutes to 

achieve SR store depletion.  Myocytes were then rapidly switched to the same buffer 

solution supplemented with 1.8mM CaCl2 to assay for store-operated Ca2+ entry 

measured as a sustained increase in Fluo-4 fluorescence for 5-10 minutes following the 
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addition of Ca2+.  In some experiments, the LTCC antagonist nifedipine (10μM, Sigma) 

or the TRPC channel inhibitor SKF-96365 (5μM, Sigma) were also included in the 

solutions throughout the duration of the study.  Similar studies were performed using the 

G-protein coupled receptor agonist angiotensin II (Ang II, 1μM, Sigma) rather than OAG 

(Supplemental Figure 1A).  

TRPC Current Measurements 

Whole-cell Patch Clamp Recordings: Patch clamp experiments were performed to 

record currents in the whole cell mode with pipettes filled with a low chloride pipette 

solution containing (in mM): Cs-aspartate 130, N-methyl-Dglucamine (NMDG) 10, 

tetraethylammonium chloride 20, HEPES 10, Tris-ATP 2.5, MgCl2 1, and EGTA 10, pH 

7.2 (with CsOH).  The extracellular bath solution  was 2 mM Ca2+-containing Cs+ 

substitution bath solution (composition in mM: 4-aminopyridine 2, CaCl2 2, CsCl 5.4, 

glucose 10, HEPES 5, MgCl2 1.2, and NMDG 150, pH 7.4 with CsOH).  Potassium 

channel activity was blocked by replacing potassium with cesium in the solutions. L-type 

Ca2+ channel activity was blocked by nifidipine (10μM) in external solution. The voltage-

dependent sodium channel was inactivated by the stimulation protocol, and chloride 

current was minimized by a reduced and equal chloride ion concentration in the external 

and internal solution.  Currents were recorded using an Axopatch 2B voltage-clamp 

amplifier and the current was digitized by Digidata 1200 using pClamp8 software 

(Molecular Devices). Currents were induced by 200 ms voltage ramp protocols (1 

mV/ms, from 100mV to –100mV), at a holding potential 0mV. Experiments were 

performed at room temperature with a sample rate of 4 kHz (filter 2 kHz).  Where 

indicated, lanthanum (La3+) was used at 100μM. 
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Rest to Pacing Protocol 

Myocytes were loaded with 5 μM Fluo-4 AM (Molecular Probes) and placed in a 

heated chamber on the stage of an inverted microscope and perfused with a normal 

physiological Tyrode’s 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 for 5 minutes. Myocytes were 

then paced at 0.5Hz and fractional shortening data was collected using edge detection.  

For intracellular Ca2+ fluorescence measurements, the F0 (or F unstimulated) was 

measured as the average fluorescence of the cell 50 msec prior to stimulation. The 

maximal Fluo-4 fluorescence (F) was measured at peak amplitude. Background 

fluorescence was subtracted from each parameter before representing the peak Ca2+ 

transient as F/F0(Tang et al., 2010; H. Zhang, et al., 2010; H. Zhang, et al., 2012).  Tau 

was measured as the decay rate of the average Ca2+ transient trace. The first three 

fractional shortening and peak Ca2+ transient traces following the rest period were 

averaged and represent the “initial” magnitude of each parameter following rest.  Steady 

state contractility was defined as the period when the fractional shortening and Ca2+ 

transients plateaued and was reached within 10-20 stimulations of the myocytes. Five 

consecutive traces within this plateau period where there was no variation seen between 

traces were averaged and termed the “steady state” parameter of each individual cell 

analyzed. Steady-state data points are represented as the steady-state value divided by the 

initial value to highlight the differences seen. 

Calcium Sparks 

Isolated feline myocytes were plated on laminin coated glass coverslips and 

infected with adenovirus constructs as described above (Ad-RFP, TRPC3, and/or 
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dnTRPC6).  36-hours after infection, expression was verified by visualization of RFP 

fluorescence. Myocytes were loaded with 5 μM Fluo-4/AM at 37°C for 30 min in 

Medium 199 (culture medium described above), then prepared for immediate 

imaging(Hoffman et al., 2013; Mallilankaraman et al., 2012). Images were acquired using 

a 510 Meta Carl Zeiss confocal microscope through a Plan-Neofluar 40X Oil objective 

with excitation at 488 nm and emission from 505-550 nm. Whole-frame images at 12.2X 

digital magnification were acquired every 196.61 msec for 200 cycles using bi-directional 

raster scanning. Where applicable, myocytes were pre-incubated with the CaMKII 

inhibitor KN-93 (10μM) for 1hr. Images were analyzed and quantified using ZEN 2010 

and ImageJ 1.45s software. 100 frames per cell and 20 cells per condition were analyzed. 

Sucrose Density Gradients 

Membrane rafts were fractionated from cultured AFLVMs or isolated mouse 

ventricular myocytes as previously described(M. Carlile-Klusacek & V. Rizzo, 2007; 

Makarewich, et al., 2012; Rizzo, et al., 2003). Briefly, 1x106 freshly isolated mouse 

myocytes or 1-2 x 106cultured AFLVMs were resuspended in ice-cold, detergent-free 

Tricene buffer (in mM:  250 sucrose, 1 EDTA,20 Tricene, pH 7.4) and centrifuged.  Cell 

pellets were resuspended in Tricene buffer and homogenized with a dounce homogenizer. 

Homongenates were then centrifuged and the supernatant was collected, mixed with 30% 

Percoll (Sigma) in Tricene buffer, and subjected to ultracentrifugation for 25 minutes 

(Beckman MLS50 rotor, 77,000 g, 4C). The separated plasma membranes were collected, 

sonicated and mixed with 60% sucrose to a final concentration of 40% sucrose. This 

mixture was overlaid with a 30-5% step sucrose gradient and subjected to overnight 

ultracentrifugation (Beckman MLS50 rotor, 87,000 g, 4C). Fractions were collected 
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every 0.4 mL from the top sucrose layer, and proteins were precipitated using a solution 

of 0.1% wt/vol deoxycholic acid in 100% wt/vol trichloroacetic acid. Samples were then 

subjected to SDS-PAGE and immunoblotted using indicated antibodies.  Where 

indicated, methyl-β-cyclodextrin (MβCD) was used at 10mM. 

Caveolae Immunoaffinity Isolations 

Isolation of caveolae organelles was performed according to published 

methods(Makarewich, et al., 2012; P. Oh & J. E. Schnitzer, 1999). Briefly, sheep anti-

mouse IgG-coated magnetic beads (Dynal Biotech) were pre-incubated with a specific 

monoclonal antibody for caveolin-3 (BD Trandsuction Laboratories) for 2-4 hours at 

room temperature.  Sonicated plasma membranes prepared as described above were 

added to coated beads and incubated for 1 hr at 4C. Bound material, representative of 

caveolae vesicles, was separated magnetically from unbound, non-caveolae membranes, 

subjected to SDS-PAGE and immunoblotted using the indicated antibodies. 

Immunoprecipitations (IPs) 

Sheep anti-rabbit IgG-coated magnetic beads (Dynal Biotech) were pre-incubated 

with an antibody for TRPC4 (Alomone Labs), TRPC6 (Alomone Labs) or Cav1.2 (LTCC 

α1C, Millipore) for 2-4 hours at room temperature. Sonicated plasma membranes 

prepared from either isolated dnTRPC4 mouse myocytes (Figure 4A), or AFLVMs 

infected with Ad-GFP or Ad-TRPC3 and Ad-TRPC6 (Supplemental Figure 1B) for 36hrs 

(as described above) were added to prepared beads and incubated for 1 hr at 4C.  Bound 

material, representative of TRPC4, TRPC6 or LTCC containing membranes, was 

separated magnetically from unbound (non-TRPC4, TRPC6 or LTCC containing 

membranes), subjected to SDS-PAGE and immunoblotted using the indicated antibodies. 
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For pull-down experiments in AFLVMs infected with Ad-TRPC6-FLAG 

(Supplemental Figure 2A), AFLVMs were infected with Ad-TRPC6-FLAG and plasma 

membranes were isolated as described above 36hrs after infection.  IPs were performed 

using anti-FLAG M2 Affinity Gel (Sigma) as per the manufacturer’s protocol and bound 

and unbound samples were subjected to SDS-PAGE and immunoblotted using the 

indicated antibodies.  Immunoprecipitations with non-coated beads were performed side-

by-side in each experiment to test for non-specific binding to the solid support used for 

immunoisolation. 

NFAT Translocation Assay and Confocal Imaging 

AFLVMs were isolated as described above and plated on laminin coated glass 

coverslips.  Cells were co-infected with Ad-NFATc3-GFP and Ad-RFP, Ad-TRPC3, Ad-

TRPC3 and Ad-dnTRPC6, or Ad-TRPC3 and Ad-Rem-Cav for 36hrs(Makarewich, et al., 

2012).  Upon confirmation of adenovirus expression (RFP and/or GFP fluorescence), 

myocytes were switched to cell culture Medium199 (Sigma) containing 2mM CaCl2 and, 

where applicable, 10μM OAG for 1hr.  For disruption of caveolae by cholesterol 

sequestration, myocytes were pre-treated with 10mM MβCD for 1hr before the addition 

of OAG for an additional 1hr.  Following 1hr incubation +/- OAG, myocytes were fixed 

in 4% paraformaldehyde at room temperature for 10 minutes and permeabilized with 1% 

Triton X-100 for nuclear staining with 4’, 6-diamidino-2-phenylindole (DAPI, Millipore).  

Fixed cells on coverslips were mounted onto slides and confocal micrographs of cells 

were acquired using a Nikon Eclipse T1 confocal microscope.  NFAT localization was 

quantified as the normalized nuclear/cytoplasmic ratio of GFP fluorescence intensity 

using ImageJ 1.45s software.   
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Immunofluorescence 

AFLVMs were isolated and plated on laminin coated glass coverslips for 1-hour.  Cells 

were infected with Ad-TRPC6-FLAG and cultured for 48 hours.  Myocytes were washed 

1X with PBS and fixed with 4% paraformaldehyde for 20 minutes.  Cells were 

permeabilized with PBS containing 1% Triton X-100 and immunostained for Cav-3 (BD 

Transduction Labs) and FLAG-M2 (Sigma).  FITC donkey anti-mouse IgG and 

rhodamine red-X donkey anti-Rabbit IgG secondaries were used (both from Jackson 

Immunoresearch Laboratories). Nuclei were stained with 4’,6-diamidino-2-phenylindole 

(DAPI, Millipore).  Coverslips were mounted on slides with VECTASHIELD HardSet 

Mounting Medium (Vector Labs).  Confocal micrographs were acquired using a Nikon 

Eclipse T1 confocal microscope (Nikon Inc). 

Mice and Experimental Protocol 

The methods used to generate the dnTRPC4 mouse have been described 

previously(Schindl et al., 2008; Wu, et al., 2010). Inducible heart-specific expression was 

achieved with a binary α–myosin heavy chain (α-MHC) promoter–based transgene 

strategy. The responder transgene permitted expression of dnTRPC4 in the heart only in 

the presence of the driver transgene encoding the tetracycline transactivator (tTA) protein 

in the absence of tetracycline/doxycycline (tetracycline/Dox)(Sanbe et al., 2003). 

Myocardial infarction (MI) was induced in mice at the age of 4 months as extensively 

described(E. Gao & Koch, 2013; E. Gao et al., 2010). Mice were anesthetized with 2% 

isoflurane inhalation. A skin incision was made over the left thorax, and the pectoral 

muscles were retracted to expose the ribs. At the level of the fifth intercostal space, the 

heart was exposed and pumped out through an expanded space between ribs. A 
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permanent knot or slipknot (for reperfusion purpose) was made around the left main 

descending coronary artery (LCA) 2–3 mm from its origin with a 6-0 silk suture. The 

heart was immediately placed back into the intrathoracic space after the knot was tied, 

followed by manual evacuation of pneumothoraces and closure of muscle and the skin 

suture by means of the previously placed purse-string suture. Sham-operated animals 

were subjected to the same surgical procedures except that the suture was passed under 

the LCA but was not tied.  

In-vivo Functional Analysis  (Echocardiography, ECHO) 

ECHO was performed with VisualSonics Velvo 770 machine which is 

specifically designed for mice and rats. Mice were anesthetized with 2% isoflurane 

initially and then 1% during the ECHO procedure. Hearts were viewed in the short-axis 

between the two papillary muscles and analyzed in M-mode. Parameters were to be 

measured offline (Velvo software) including end-diastolic diameter (EDD), end-systolic 

diameter (ESD), posterior wall thickness (PWT), and septal wall thickness (SWT) to 

determine cardiac morphological changes and ejection fraction (EF), heart rate and 

fractional shortening (FS). 

Area-At-Risk and Infarct Size After MI 

Area at risk (AAR) was measured by injecting 0.2 ml of 2% Evans blue dye into 

the right ventricle before the heart was excised. Areas of the heart with normal blood 

flow stained blue. The stained heart was quickly removed and frozen and placed on dry 

ice. Then the heart was cut into eight 1.0-mm-thick sections perpendicular to the long 

axis of the heart. The sections were incubated in PBS containing 2% triphenyltetrazolium 

chloride (TTC; Sigma) at room temperature for 15 min. The blue areas (area not at risk, 
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ANAR), and non blue areas (AAR) were measured with the NIH ImageJ 1.45s software 

in at least 7 hearts of each group and the percentage of AAR was calculated 

(AAR/(AAR+ANAR)). For infarct size measurement, histology tissue slides were 

prepared. Animals were anesthetized and heparinized intravenously. Hearts were excised, 

trimmed off excess tissue, weighed, washed, and then perfused with 10% buffered 

formalin. The fixed heart tissues were dehydrated embedded in paraffin, longitudinal-

sectioned at 5-μm thickness, and then H-E stained. Whole section images were taken by 

anatomy scope and Image J software were used to do morphology analysis. Myocardial 

infarction size (expressed as percentage) was calculated using infarct length divided by 

total circumference of longitudinal tissue sections from post-MI hearts. 

Post-MI Cellular Functional Analysis 

Myocytes were isolated from sham and post-MI animal hearts to measure cellular 

fractional shortenting (FS), calcium transients ([Ca2+]i)and L-type calcium current (ICaL). 

All experiments were done a 35-37oC, in superfused myocyte chambers mounted on 

fluorescence equipped microscopes. All myocytes were characterized within the same 

series of experiments.  

ICaL Measurement 

ICaL was measured in a sodium-free and potassium-free solution. Isolated 

myocytes were placed in a chamber mounted on an inverted microscope (Nikon Diaphot) 

and perfused with 1mM calcium-containing Tyrode solution. Both the inflow solution 

and the chamber were water-heated to maintain the temperature at 36±1°C. A 4-5 MΩ 

pipette filled with a Cs+-containing solution composed of (in mM): Cs-aspartate 130, N-

methyl-Dglucamine (NMDG) 10, tetraethylammonium chloride 20, HEPES 10, Tris-ATP 
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2.5, MgCl2 1, and EGTA 10, pH 7.2, was used to obtain gigaseals. Once a gigaseal was 

formed, the patch was ruptured and the cell was dialyzed for 10 min. The extracellular 

bath was then changed to a 2mM calcium -containing Cs+ substitution bath solution 

(composition in mM: 4-aminopyridine 2, CaCl2 2, CsCl 5.4, glucose 10, HEPES 5, MgCl2 

1.2, and NMDG 150, pH 7.4 with CsOH). Membrane voltage was controlled by an 

Axopatch 2A voltage-clamp amplifier and digitized by Digidata 1322 using pClamp8 

software (Molecular Devices). Once the signal was converted to digital format, it was 

stored on a personal computer for off-line analysis with Clampfit 10 (Axon Instruments). 

The flow of the bathing solution was 2–3 ml/min(Chen et al., 2008; Jaleel, et al., 2008; 

Makarewich, et al., 2012; H. Zhang, et al., 2012). 

Fractional Shortening and Intracellular Calcium Measurements 

Myocytes were loaded with 5-10 μM Fluo-4 AM (Molecular Probes) and placed 

in a heated chamber on the stage of an inverted microscope and perfused with a normal 

physiological Tyrode’s 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 paced at 0.5Hz 

and fractional shortening data was collected using edge detection.  For intracellular Ca2+ 

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

fluorescence of the cell 50 msec prior to stimulation. The maximal Fluo-4 fluorescence 

(F) was measured at peak amplitude. Background fluorescence was subtracted from each 

parameter before representing the peak Ca2+ transient as F/F0(Tang, et al., 2010; H. 

Zhang, et al., 2010; H. Zhang, et al., 2012). Tau was measured as the decay rate of the 

average Ca2+ transient trace. Isoproterenol (Iso, Sigma) was used at 1μM. 

 



	   81	  

Cell Length and Width Measurements 

Myoctes were isolated from mice as described above and imaged with bright field 

microscopy.  Cell length and width were measured using ImageJ 1.45s software for a 

total of 100 myocytes per animal (n=5 mice/genotype). 

Protein Isolation and Western Analysis 

Whole cell lysates, tissue homogenates, or plasma membrane preparations were 

prepared from isolated feline or mouse myocytes and analyzed by Western as previously 

described(Duran et al., 2012; Kubo et al., 2001; Makarewich, et al., 2012; H. Zhang, et 

al., 2012). The following primary antibodies were used for detection: TRPC3 (Abcam), 

TRPC4 (Alamone Labs), TRPC6 (Alamone Labs), Caveolin-3 (BD Transduction Labs), 

Calcinuerin (protein phosphatase 2B, PP2B, Sigma), total Ryanodine Receptor (RyR2, 

Sigma), phosph-RyR2 (S2808 and S2814, Badrilla Ltd.), SERCA (Sigma), total 

phospholamban (Millipore), phospho-phospholamban (PS16 and PT17, Badrilla Ltd.), 

GFP (Sigma), FLAG-M2 (Sigma), Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH, AbD Serotec). Mouse-HRP and rabbit-HRP secondary antibodies were 

purchased from GE Healthcare. Where applicable, Western blot band intensities were 

quantified using ImageJ 1.45s computer software.  

Statistics 

Data are presented as mean±SEM. Unpaired t-test, paired t-test, and one-way 

ANOVA were performed to detect significance using GraphPad Prism6 software. p<0.05 

was considered significant (ns p>0.05; * p≤0.05; ** p≤0.01;  *** p≤0.001;  **** 

p≤0.0001). Survival analysis is presented using a Kaplan-Meier regression and statistical 

significance was determined using the log-rank test. 
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Results 

TRPC Channel Expression and Activity is Induced After MI 

Individual TRPC channels are expressed at low levels in normal adult heart, but 

expression and activity of select isoforms are upregulated in pathological stress 

conditions(Eder & Molkentin, 2011; Kuwahara, et al., 2006; Molkentin, et al., 1998; 

Ohba, et al., 2007; Seth, et al., 2009).  We induced MI in mice as previously described(E. 

Gao & Koch, 2013) and measured the abundance of individual TRPC channel mRNA by 

RT-PCR.  MI resulted in the significant induction of hypertrophic gene markers and 

TRPC1/4/6 isoforms in mice 7-days post-MI compared to sham animals (Figure 15A).   

TRPC-mediated Ca2+ influx was determined using a SOCE bioassay. In most cell 

types, the depletion of intracellular Ca2+ stores leads to the activation of SOCE through 

defined channel complexes that include STIM and Orai and potentially TRPC channels 

on the plasma membrane(Y. Wang et al., 2008).  Although the role of TRPC channels in 

SOCE in cardiac myocytes is not well defined, SR Ca2+ depletion of isolated myocytes 

followed by the re-introduction of Ca2+ in the presence of TRPC channel activator 1-

oleoyl-2-acetyl-sn-glycerol (OAG), a stable cell permeable analog to the known TRPC 

agonist diacylglycerol, is an approach that has been used to assess SOCE.  Myocytes 

isolated from mice 7-days post-MI showed substantial SOCE while myocytes from sham 

animals showed no detectable activity (Figure 15B).  Similar results were seen in these 

MI myocytes in response to angiotensin II (Figure 15C). The specificity of TRPC 

induced SOCE in MI myocytes was validated by inhibition with the antagonist SKF-

96365 (Figure 15B, C). SOCE was not inhibited by the LTCC antagonist nifedipine, 

documenting that SOCE is independent of LTCC-mediated Ca2+ entry.   
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Figure 15: Myocardial Infarction Induces TRPC Channel Expression and Activity in 

Mice.  A, RT-PCR shows an up-regulation in TRPC1/4/6 channel isoforms 7-days post-

MI in mice and activation of the fetal gene program. B, Analysis of SOCE in isolated 

myocytes from sham mice (left) or 7-days post MI (right) in the presence of the TRPC 

channel agonist OAG (10μM, B) or AngII (1μM, C) and the SERCA inhibitor CPA 

(5μM). Where indicated, the TRPC antagonist SKF-96365 (5μM) or the LTCC inhibitor 

nifedipine (Nif, 10μM) were used (*p<0.05; **p<0.01). 
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Adult Feline Ventricular Myocytes Expressing TRPC Channels Have Increased 

Membrane Ca2+ Influx 

To further characterize the properties of TRPC channels in adult cardiac myocytes 

we used cultured isolated adult feline myocytes (AFLVMs) because their 

electrophysiological and Ca2+ regulatory properties more closely resemble those of 

human myocytes (in comparison to rodent myocytes)(Bers, 2002c). AFLVMs survive in 

culture without the use of drugs, and they do not exhibit SR Ca2+ overload. This allows 

for manipulation of protein expression using adenoviral vectors in an adult myocyte that 

maintains stable electrical and mechanical properties(Bers, 2002c; Duthinh & Houser, 

1988; O'Connell et al., 2007; Silver, et al., 1983).  

We performed SOCE measurements in AFLVMs infected with adenovirus (Ad) 

for red fluorescent protein (RFP, control), TRPC3, or a dominant negative TRPC6 

(dnTRPC6).  Due to their ability to hetero-oligomerize, the use of a dominant negative 

TRPC6 effectively inhibits the activity of all TRPC subfamilies of channels(Eder & 

Molkentin, 2011; Wu, et al., 2010)(Figure 16).  Ad-RFP infected myocytes showed little 

or no SOCE while myocytes infected with Ad-TRPC3 showed significant Ca2+ entry 

which was inhibited by expression of Ad-dnTRPC6 but unaffected by nifedipine (Figure 

16).  

Whole cell voltage clamp studies were used to measure TRPC currents in control 

AFLVMs or AFLVMs infected with Ad-TRPC3 or -dnTRPC6. TRPC3 infected 

AFLVMs displayed greater TRPC current as compared to uninfected AFLVMs and 

myocytes infected with dnTRPC6 had very small TRPC currents (Figure 17A, B).  
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TRPC currents were increased with OAG and inhibited with the TRPC antagonist 

lanthanum (La3+) in Ad-TRPC3 infected AFLVMs (Figure 17C, D). 

    

Figure 16:  TRPC3 Channel Over-Expression in AFLVMs Induces SOCE that can be 

Inhibited by dnTRPC6. A, AFLVMs infected with Ad-RFP (control), -TRPC3 or -

dnTRPC6 were assayed for SOCE in the presence of the TRPC channel agonist OAG 

(10μM) and the SERCA inhibitor CPA (5μM). Where indicated, the LTCC inhibitor 

nifedipine (Nif, 10μM) was used. B, Plasma membranes (PM) were purified from total 

cell homogenates (H) of AFLVMs infected with Ad-GFP or Ad-TRPC3 and -dnTRPC6. 

IPs were performed with an antibody for TRPC6 and Westerns were done with the 

indicated antibodies (U, unbound fraction; B, bound fraction). Bead controls test for non-

specific binding.  
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Figure 17: TRPC3 Over Expression in AFLVMs Induces TRPC Current.  A, Current-

voltage relationships of membrane currents in AFLVMs infected with Ad-TRPC3 or -

dnTRPC6 compared to control cells.  B, Average TRPC current under 90mV from (A). 

C, Measurements taken on Ad-TRPC3 infected AFLVMs treated with OAG or the TRPC 

blocker La3+(100μM). D, Average TRPC current under 90mV from (C) (*p≤0.05; ** 

p≤0.01). All statistical analysis was done on raw values. 
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TRPC Channel Overexpression in AFLVMs Enhances SR Ca2+ in AFLVMs 

TRPC3/6 overexpression in adult mouse heart is linked to cardiac hypertrophy 

and depressed cardiac contractility(Kuwahara, et al., 2006; Nakayama, et al., 2006). 

Myocyte contractions (fractional shortening) and Ca2+ transients were measured in 

AFLVMs infected with Ad-RFP, -TRPC3 or -dnTRPC6 to assess effects on contractility. 

Steady state contractions were slightly hypocontractile in Ad-TRPC3 myocytes while 

Ad-dnTRPC6 myocytes were mildly hypercontractile (Figure 18E, F). However, a 

significantly different pattern of contractile activity was observed when myocytes were 

paced after periods of rest (Figure 18A).  One of the hallmark contractile characteristics 

of large mammalian myocytes, including AFLVMs, is a positive contractile staircase 

when stimulation is reinstated after a period of rest(duBell & Houser, 1989; Koch-Weser 

& Blinks, 1963).  AFLVMs, as well as those of other large mammals including humans, 

have a lower cytoplasmic [Na+] than found in rodents(Bers, 2002c). This promotes 

forward mode Na+/Ca2+ exchange which, in the absence of pacing results in low 

cytoplasmic [Ca2+] and very small amounts of Ca2+ stored in the SR. Therefore, in normal 

AFLVMs the first post-rest contraction and Ca2+ transient are small and then increase in 

subsequent beats as the SR is progressively loaded with Ca2+ to a new a steady state.  

Following rest periods, control (Ad-RFP) AFLVMs showed a beat dependent increase in 

the contraction and Ca2+ transients (Figure 18A-D). Conversely, the first post rest beat in 

Ad-TRPC3 infected cells was larger and similar to the steady-state contraction.  

Intracellular Ca2+ was elevated in Ad-TRPC3 infected cells compared to Ad-RFP cells as 

evidenced by increased fractional shortening (5.0%+/-1.5 vs 2.2%+/-1.4) (Figure 18A, 

B) and increased Ca2+ transient amplitude (F/F0=3.1+/-0.8 vs 1.6+/-0.4) (Figure 18A, C)  
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Figure 18:  TRPC channel overexpression in AFLVMs enhances SR Ca2+ during 

resting conditions.  A, Representative fractional shortening and Ca2+ transient traces from 

AFLVMs infected with Ad-RFP, -TRPC3, or -dnTRPC6 stimulated to pace after a period 

of rest. Fractional shortening (B), peak Ca2+ transients (C), and the Ca2+ decay rate of the 

transient (Tau, D) are represented as the average raw values of the initial beat (left) and 

as the ratio of the steady state raw values divided by the initial beat raw value (right). E 

and F show representative steady state FS and peak Ca2+ transients, respectively. p<0.05 

was considered significant (ns, p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001). All statistical 

analysis was done on raw values. 
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in the first paced contraction following a non-paced interval.  These results suggest that 

Ca2+ influx through TRPC channels maintains SR Ca2+ stores in the absence of LTCC 

mediated Ca2+ entry, supporting a role for SOCE when the normal pathway for Ca2+ 

influx (through LTCCs) is reduced and the SR Ca2+ load is diminished. These results also 

support the idea that there are few TRPC channels in normal AFLVMs and little or no 

SOCE. 

Ca2+ Influx Through TRPC Channels Induces Ca2+ Spark Activity in AFLVMs 

TRPC3 expressing AFLVMs had enhanced Ca2+ influx at rest that promotes SR 

Ca2+ loading, but steady state contractions were not increased. Therefore, we tested the 

idea that persistent Ca2+ influx through TRPC can lead to excess spontaneous SR Ca2+ 

release (SR Ca2+ leak). Spontaneous Ca2+ sparks were measured to address this idea(Bers, 

2002a).  Ca2+ sparks are local spontaneous Ca2+ release events caused by the opening of a 

cluster of ryanodine receptor channels (RyR2) in the absence of LTCC opening(Cheng & 

Lederer, 2008; Cheng et al., 1993).  These events are common in quiescent rodent 

myocytes due to their high intracellular Na+ that promotes Ca2+ entry via reverse mode 

Na+/Ca2+ exchange culminating in SR Ca2+ overload(Bers, 2002c; Pieske et al., 2003).  As 

discussed above, AFLVMs maintain low intracellular Na2+ and they do not exhibit Ca2+ 

accumulation or spontaneous SR Ca2+ release in long-term culture(Bers, 2002c).  We 

infected AFLVMs with Ad-RFP (control), -TRPC3, or -TRPC3 and -dnTRPC6 and 

measured Ca2+ spark activity in the presence and absence of the TRPC channel agonist 

OAG.  Control myocytes rarely exhibited Ca2+ sparks but did show a low level of Ca2+ 

spark  activity  with  the  addition  of  OAG  (Figure 19A, B).   AFLVMs  infected  with 
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Figure 19:  TRPC channels induce SR Ca2+ leak and spark activity in AFLVMs and 

reduce their response to catecholamines. A, Representative serial confocal images taken 

to detect spontaneous Ca2+ spark events in AFLVMs infected with Ad-RFP, -TRPC3, or -

TRPC3 and -dnTRPC6 at baseline or with OAG treatment. Scale bar is 5 μm. 

Fluorescence intensity of Fluo-4 signal is indicated in a scale of arbitrary units (f.a.u.). 

KN93 was used at 10μM. B, Spark events were quantified and average data of n=20 cells 

is shown. C, Average fractional shortening data from AFLVMs infected with the 

indicated adenovirus at baseline and after exposure to isoproterenol (Iso, 1μM).  p<0.05 

was considered significant with * p≤0.05; *** p≤0.001.  
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TRPC3 showed robust Ca2+ spark activity under baseline conditions and this was 

increased further with OAG stimulation.  The majority of detectable Ca2+ spark activity 

was blocked by dnTRPC6, even in the presence of OAG.  TRPC3 mediated Ca2+ spark 

activity was also significantly inhibited by the CaMKII inhibitor KN93 suggesting that 

this process may in part result from local activation of CaMKII and phosphorylation of 

RyR2. To address this issue we measured RyR S2814 phosphorylation in AFLVMs 

infected with TRPC3 +/- dnTRPC6 and +/- OAG (Figure 20). These experiments show 

that TRPC3 induces RyR S2814 and phospholamban (PLN) T17 phosphorylation 

(Figure 20A, C, F) without modifying RyR S2808 or PLN S16 phosphorylation (Figure 

20 A, B, E) or total RyR or PLN expression (Figure 20 A, D, G). OAG mediated 

increases in RyR S2814 and PLN T17 phosphorylation was reduced by CaMKII 

inhibition (KN93)(Figure 20A, C, F). We also found that TRPC3 expression in 

AFLVMs was associated with diminished contractile response to catecholamines as 

evidenced by a reduction in maximal amplitude of fractional shortening in the presence 

of isoproterenol (Iso)(Figure 19C). 

TRPC Channels Localize to Caveolae where their Organization is Essential for 

Hypertrophic Signaling 

We showed (Figure 15, 16) that nifedipine does not inhibit TRPC mediated Ca2+ 

influx, consistent with our past observations that Ca2+ influx through both TRPCs and 

LTCCs is essential for activation of Cn-NFAT signaling(H. Gao, et al., 2012).  This 

interaction might take place within subcellular signaling microdomains such as 

caveolae(Makarewich, et al., 2012).  We therefore characterized the biochemical 

interactions between TRPCs, LTCCs and caveolin-3, the major structural protein of 



	   92	  

 

Figure 20:  TRPC Channels Induce CaMKII Mediated RyR2 and PLN 

Phosphorylation. Whole cell lysates from AFLVMs infected with Ad-RFP, -TRPC3, -

dnTRPC6, or -TRPC3 and -dnTRPC6 at baseline or treated with OAG (10μM) were 

analyzed by Western with the indicated antibodies. KN93 (10μM) was used in addition to 

OAG where noted. A representative Western panel is shown in A. B-G show average 

quantified values expressed relative to Ad-RFP control cells at baseline for n=3 

experiments. p<0.05 was considered significant with * p≤0.05; ** p≤0.01. 
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myocyte caveolae, using immunoprecipitation (IP) with purified plasma membranes from 

AFLVMs infected with a FLAG-tagged version of TRPC6 (Ad-TRPC6-FLAG, Figure 

21) or isolated ventricular myocytes of dnTRPC4 transgenic mice (Figure 22).  We 

performed immunofluorescence microscopy in AFLVMs infected with Ad-TRPC6-

FLAG with antibodies against Cav-3 (Green) and the FLAG-M2 (Red) to assess 

colocaliztion of the proteins (Figure 21A). Merging the red and green images 

demonstrated that the majority of Cav-3 and the LTCC did not overlap, however a small 

population of Cav-3 and TRPC6 did indeed co-localize (yellow).  This finding suggests 

that only a small fraction of TRPC6 channels are present in caveolae, similar to our 

findings with LTCCs (Chapter 2, Figure 2).  We also performed extensive 

immunoprecipitations in Ad-TRPC6-FLAG infected myocytes to show that caveolin-3, 

LTCCs, and TRPC channels are all complexed together in caveolae (Figure 21B, C). 

This was further substantiated with IPs performed in isolated myocytes from dnTRPC4 

transgenic mice (Figure 22A) and also by sucrose density gradient fractionation of 

plasma membrane preparations from AFLVMs infected with Ad-TRPC3 (Figure 22B).    

To examine the functional relevance of TRPC channels localized to caveolae, we 

assessed their role in pathological hypertrophic signaling using an NFAT-GFP reporter 

assay(Chen, et al., 2011; H. Gao, et al., 2012; Makarewich, et al., 2012).  AFLVMs were 

infected with Ad-NFAT-GFP and either Ad-RFP (control), -TRPC3, or -TRPC3 and -

dnTRPC6.  Essentially all of the NFAT-GFP was localized to the cytoplasm in control 

AFLVMs (Figure 23A).  Ad-TRPC3 infected cells showed a small but significant 

increase in baseline nuclear NFAT signal, which was inhibited by co-infection with 

dnTRPC6.  Exposing myocytes to OAG caused a very slight increase in NFAT 
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Figure 21:  TRPC Channels Co-localize with LTCCs in Caveolae Membrane 

Microdomains. A, Isolated AFLVMs were infected with Ad-TRPC6-FLAG and fixed 

36hrs post-infection.  Myocytes were immunolabeled with anti-FLAG (red), anti-Cav-3 

(green), and DAPI (blue) to visualize colocalization. Scale bar is 10μm.  B, Plasma 

membranes (PM) were purified from total cell homogenates (H) of AFLVMs infected 

with Ad-RFP or Ad-TRPC6-FLAG.  IPs and Westerns were performed with the indicated 

antibodies (U, unbound fraction; B, bound fraction). C, More extensive IP studies were 

done in Ad-TRPC6-FLAG infected AFLVMs to assess association with LTCCs.  
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Figure 22:  TRPC Channels, LTCCs, and the Hypertrophic Effector Cn are Localized 

to Caveolin-3 Enriched Lipid Rafts.  A, Plasma membranes (PM) were purified from 

total cell homogenates (H) of isolated myocytes from dnTRPC4 mice.  IPs and Westerns 

were performed with the indicated antibodies to assess biochemical interactions (U, 

unbound fraction; B, bound fraction). B, Sucrose density gradient fractionation on 

purified PMs from isolated AFLVMs infected with Ad-TRPC3 confirms the presence of 

LTCCs and TRPC3 channels in caveolin-3 (Cav3) enriched lipid raft membrane fractions 

along with the hypertrophic effector calcineurin (Cn) (Fraction 1-Fraction 11, F1-F11).  
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translocation in control cells and a significant increase in nuclear NFAT in TRPC3 

infected cells. The TRPC3 effect was eliminated with co-infection with dnTRPC6 

(Figure 23A, B). In Chapter 2 we extensively characterized a caveolae targeted LTCC 

inhibitor, Rem1-265-Cav (Rem-Cav), which could specifically inhibit LTCCs with Cav-3 

microdomains, to reduce NFAT nuclear translocation without affecting 

contractility(Makarewich, et al., 2012).  When we co-infected NFAT-GFP expressing 

AFLVMs with Ad-TRPC3 and -Rem-Cav and treated these cells with OAG we saw a 

significant inhibition of NFAT translocation (Figure 23A, B).  These results suggest that 

TRPC channels and LTCCs housed together in caveolae membrane microdomains 

provide a source of Ca2+ that induces Cn activation and nuclear NFAT translocation.   

To further assess whether organizing Ca2+ influx pathways in caveolae is essential 

for NFAT regulation, we subjected myocytes to treatment with methyl-β-cyclodextrin 

(MβCD), which disrupts caveolae by depleting cholesterol and displaces the 

macromolecular signaling complexes usually organized in caveolae microdomains.  

Sucrose density gradients performed in AFLVMs infected with TRPC3 and treated with 

MβCD confirms the displacement of TRPC3 channels and caveolin-3 from low-density 

sucrose fractions, indicating that caveolae structures have been dissolved in these cells 

(Figure 23C, compare to Figure 22B). MβCD inhibited TRPC3 mediated NFAT nuclear 

translocation in the presence of OAG, suggesting that the organization of LTCCs and 

TRPC channels together in caveolae signaling microdomains is necessary for them to 

activate hypertrophic signaling (Figure 23A, B). 
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Figure 23: TRPC Channel Overexpression Induces NFAT Translocation and TRPC 

Organization in Caveolae is Required for Hypertrophic Signaling. A, AFLVMs were 

infected with Ad-NFAT-GFP and -RFP (control), -TRPC3, -TRPC3 and -dnTRPC6, or -

TRPC3 and -Rem-Cav and NFAT translocation was monitored in response to the TRPC 

agonist OAG (10μM) in the presence or absence of MβCD (10mM). Scale bar is 10μm. 

Average data is represented in B as the nuclear to cytoplasmic GFP ratio of n=100 

cells/condition. p<0.05 was considered significant with * p≤0.05; *** p≤0.001. C, 

Sucrose density gradients performed on AFLVMs infected with Ad-TRPC3 and treated 

with MβCD confirms disruption of lipid raft caveolae membranes and the displacement 

of TRPC3 (compare to Figure 22B)(Fraction 1-Fraction 11, F1-F11). 
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Loss of TRPC Function Protects Against Cardiac Dysfunction Progression after MI 

and Improves Survival 

After MI, myocytes develop pathological hypertrophy, myocyte function is 

altered and TRPC channel expression increases.  Overexpression of TRPC channels in 

the mouse heart is sufficient to induce hypertrophy and cardiomyopathy(Bush, et al., 

2006; Kuwahara, et al., 2006; Nakayama, et al., 2006) and mice expressing dominant 

negative versions of the channel have less hypertrophy in response to pressure-overload 

or neuroendocrine agonist infusion(Seth, et al., 2009; Wu, et al., 2010) Taken together 

with our in vitro findings these data support the idea that inhibiting TRPC function in the 

heart could be beneficial after MI. To test this idea we used an inducible transgenic 

mouse with cardiac-specific expression of a truncated dominant negative TRPC4 

(dnTRPC4)(Figure 24)(Schindl, et al., 2008; Wu, et al., 2010) that reduces the activity of 

both the TRPC1/4/5 and TRPC3/6/7 subfamilies of TRPC channels(Wu, et al., 2010). 

ECHO measurements revealed a slightly increased baseline ejection fraction (EF) in 

dnTRPC4 mice compared to wild-type (WT) animals (75.5 vs 68.2%) (Figure 25A, B), 

consistent with the inotropic effects of dnTRPC6 observed in AFLVMs. The area at risk 

(AAR) after MI was identical in WT and dnTRPC4 mice (41.3±3.8% vs. 43.5±4.9%; 

Figure 26A). Infarct length measured 3 weeks after MI was not significantly different in 

dnTRPC4 than in WT mice (dnTRPC4 vs. WT: 28.7±1.7% vs. 33.2±0.9%) (Figure 26B). 

In addition, the dilation seen in WT mice 3 weeks post-MI was attenuated in dnTRPC4 

hearts (Figure 26C, D).  
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Figure 24:  Inducible Cardiac Specific Transgenic dnTRPC4 Mouse.  A, Graphic 

depicting the TRPC4 protein with N-terminal ankyrin-like repeats (A), coiled-coil 

domain (C-C), and caveolin-binding motif (Cav).  TRPCs have six transmembrane 

domains, with the pore-forming region between loops 5 and 6, and a cytosolic C-

terminus.  Dominant negative TRPC4 (dnTRPC4) was created by removal of the first 

ankyrin-like repeat(Schindl, et al., 2008). C, TRPC; dn4, dnTRPC4.  B, Proposed 

tetrameric structure in the plasma membrane (PM). C, Schematic representation of the 

inducible (Tet-off) cardiac specific transgenic system used for dnTRPC4 expression. 
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Serial ECHO was used to measure LV structure and function after MI. WT (EF, 

sham vs MI: 68.2 vs 37.2%) and dnTRPC4 (EF, sham vs MI: 75.5 vs 41.8%) animals had 

equivalent reductions in cardiac pump function 2 weeks after MI (Figure 25B). LV 

function remained depressed at 6-weeks post-MI in WT animals while there was a 

significant improvement in cardiac pump function in dnTRPC4 hearts 6 weeks after MI 

(Figure 26A,B).   

There were significant pathological changes in ventricular geometry and wall 

thickness in all hearts after MI (Figure 25C, D). The magnitude of these changes 

increased with time in WT animals but was attenuated in dnTRPC4 mice. After MI, 

posterior wall thickness (PWT) was decreased in both WT and dnTRPC4 hearts (WT pre-

MI vs. post-MI: 0.97 vs. 0.87mm; dnTRPC4: 1.06 vs. 0.84mm) (Figure 25C). At 6 

weeks post-MI, PWT returned to values near pre-MI levels (or close to shams) in 

dnTRPC4 hearts while PWT remained thinner in WT hearts. All hearts showed some 

evidence of dilation after MI, however, LV internal diameter (LVID) increased 

significantly more in WT than in dnTRPC4 hearts in the first 2 weeks after MI (WT pre-

MI vs. post-MI: 3.8 vs. 4.9 mm; dnTRPC4: 3.7 vs. 4.5 mm) (Figure 26D). By 6 weeks 

post-MI, LVID was significantly more dilated in WT hearts than in dnTRPC4 (WT vs. 

dnTRPC4: 5.3 vs. 4.8 mm).  

dnTRPC4 mice  had a greater survival after MI (52.9%) than WT animals 

(31.7%) during the 6-week post-MI study period (Figure 27A, p=0.13). Heart 

Weight/Body Weight (HW/BW) and Lung Weight/Body Weight (LungW/BW) were 

significantly increased (Figure 27C, D) in WT versus dnTRPC4 mice 6 weeks post-MI. 

There were minimal changes in liver weight/body weight ratio before and after MI, and 
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there was no significant difference between dnTRPC4 and WT mice (Figure 27D). 

Collectively these results show that dnTRPC4 animals have less pathological remodeling 

after MI, improved cardiac pump function and enhanced survival.  

 

 

 

Figure 25:  Cardiac Function was Improved and Remodeling Attenuated in dnTRPC4 

vs WT Mice Post-MI. A, Representative M-mode tracings from sham and MI animals at 

6-weeks post-MI. Average cardiac ejection fraction (B), posterior wall thickness (C), and 

LV internal diameter (D) were measured by Echocardiography in sham and MI mice at 

baseline and 2 and 6 weeks post-MI.  p<0.05 was considered significant. 
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Figure 26:  Histological Analysis Reveals No Difference in Infarct AAR or Size but 

Attenuated Remodeling in dnTRPC4 Mice.  A, Area at risk (AAR) measured in WT and 

dnTRPC4 mice. LV infarct length (B), RV free wall thickness (C), and LV posterior wall 

thickness (D) were quantified histologically and average values of WT and dnTRPC4 

mice 3-weeks post-MI are shown. p<0.05 was considered significant. 
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Figure 27: Post-MI Survival was Improved and Pathological Remodeling Attenuated 

in dnTRPC4 vs WT Mice. A, 6-week survival data analyzed using a Kaplan-Meier 

regression of WT vs dnTRPC4 mice.  Significance was determined using the long-rank 

test (p=0.13). Heart weight (HW), lung weight (LungW), or liver weight (LiverW) 

normalized to BW (B-D) measured in sham and MI mice after 6-weeks. p<0.05 was 

considered significant. 
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Myocytes From dnTRPC4 Mice Retain their Hypercontractile Phenotype after MI 

One potential mechanism for the improved cardiac function after MI in dnTRPC4 

versus WT hearts is that myocyte function and adrenergic responsiveness are better 

preserved. To address this idea we first measured twitch contractions and [Ca2+]i 

transients in the absence and presence of Iso in dnTRPC4 and WT myocytes after sham 

or MI procedures. Representative data are shown in Figure 28. Fractional shortening 

(FS) of dnTRPC4 was significantly greater than in WT (sham) myocytes (dnTRPC4 vs. 

WT: 11.0±0.6% vs. 8.4±0.6%)(Figure 28A). After MI, contractions remained 

significantly greater in dnTRPC4 than in WT myocytes (dnTRPC4 vs. WT: 13.4±1.1% 

vs. 8.9±0.4%). 

Myocyte contractions in both WT and dnTRPC4 cells increased with Iso (WT 

sham -/+ Iso: 8.4±0.6% vs. 11.7±0.8%; dnTRPC4 sham -/+ Iso: 11.0±0.6% vs. 

13.5±0.6%) with baseline contractions in dnTRPC4 being greater than in WT (Figure 

28). Post-MI, dnTRPC4 myocytes again had greater baseline contractions and Iso 

response than WT myocytes (post-MI WT -/+ Iso: 8.9±0.4% vs. 13.0±0.4%; post-MI 

dnTRPC4 -/+ Iso: 13.4±1.1% vs. 16.0±0.8%).  

Peak systolic [Ca2+]i  in dnTRPC4 (sham) myocytes was significantly greater than 

in WT myocytes (Figure 29), explaining their greater twitch contractions. After MI, 

[Ca2+]i  transients in dnTRPC4 myocytes remained significantly greater than in WT 

myocytes (peak F/F0 in dnTRPC4 sham vs. WT sham: 3.0±0.3 vs. 2.1±0.3; post-MI 

dnTRPC4 vs. WT: 3.6±0.5 vs. 2.5±0.2). Iso significantly increased Ca2+ transient 

amplitude in both WT and dnTRPC4 myocytes, with Ca2+ transient amplitude being 

significantly greater in dnTRPC4 myocytes (WT (sham) -/+ Iso: 2.1±0.3 vs. 3.5±0.4; 
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dnTRPC4 (sham) -/+ Iso: 3.0±0.3 vs. 4.4±0.5; post-MI WT -/+ Iso: 2.5±0.2 vs. 3.6±0.6; 

post-MI dnTRPC4 -/+ Iso: 3.6±0.5 vs. 6.0±0.8) (Figure 29A).  

 

Figure 28:  Fractional Shortening Measured in Isolated Cardiomycytes from Sham 

and Post-MI Hearts.  Cellular fractional shortening was measured in isolated myocytes 

from sham and 3 week post-MI WT and dnTRPC4 mice.  Average fractional shortening 

data is shown in A, average fractional shortening half width is shown in B, and 

representative traces are shown in C.   Data is shown at baseline and after addition of  Iso 

(1μM).  p<0.05 was considered significant with * p≤0.05; ** p≤0.01. 
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Figure 29:  Ca2+ Transients Measured in Isolated Cardiomycytes from Sham and Post-

MI Hearts.  Ca2+ transients were measured in isolated myocytes from sham and 3 week 

post-MI WT and dnTRPC4 mice.  Average peak Ca2+ transient data is shown in A, 

average Ca2+ decay rate of the transient (Tau) is shown in B, and representative traces are 

shown in C.   Data is shown at baseline and after addition of  Iso (1μM).  p<0.05 was 

considered significant with * p≤0.05; ** p≤0.01. 
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Contraction half width and the time constant of decay (Tau) of [Ca2+]i  transients 

were also measured. Half width (-/+ Iso conditions) was significantly less in dnTRPC4 

(sham) versus WT (sham) myocytes (dnTRPC4 (sham) -/+ Iso: 220±11 vs. 209±9ms; 

WT (sham) -/+ Iso: 280±20 vs. 261±17ms) (Figure 28B). MI induced changes (half 

width increase) in the duration of contractions in both dnTRPC4 and WT myocytes. After 

MI, half width of contractions (-/+ Iso conditions) remained significantly less in 

dnTRPC4 versus WT myocytes (dnTRPC4 (MI) -/+ Iso: 247±16 vs. 230±14ms; WT (MI) 

-/+ Iso: 315±15 vs. 279±11ms) (Figure 28B). Iso induced significant decreases in Tau in 

both WT and dnTRPC4 myocytes after sham or MI (Figure 29B). There were no 

significant differences in Tau between WT and dnTRPC4 myocytes after sham or MI -/+ 

Iso conditions (Figure 29B).  Collectively, these data show that myocytes from 

dnTRPC4 MI hearts retain a hypercontractile phenotype after MI.  

LTCC Current (ICa,L) was Not Different between dnTRPC4 and WT Myocytes  

after Sham or MI 

Altered function of the LTCC and loss of adrenergic regulation is a common 

feature of diseased cardiac myocytes(Houser & Margulies, 2003). We next examined if 

loss of TRPC function influenced the behavior of LTCCs either before or after MI. LTCC 

currents were measured in single isolated myocytes from WT and dnTRPC4 hearts with 

or without MI. ICa,L density was not significantly different in sham dnTRPC4 versus WT 

myocytes (peak ICa,L in dnTRPC4 vs. WT: -13.0±1.4 vs. -12.1±0.85pA/pF) (Figure 30A). 

Iso increased ICa,L density in both sham dnTRPC4 myocytes (pre-Iso vs. after Iso: -13.0 

±1.4 vs. -22.5±2.8 pA/pF) and sham WT myocytes (-12.1±0.85 to -20.9± 1.9 pA/pF). 

After MI, ICa,L density was decreased to a similar extent in all myocytes (dnTRPC4 vs. 
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WT: -11.8 ±1.7 vs. -10.4 ±1.1 pA/pF)(Figure 30A).  However, only dnTRPC4 myocytes 

showed a significant increase in ICa,L with Iso after MI (pre-Iso vs. after Iso: -11.8±1.7 vs. 

-18.3±2.5 pA/pF).  Cell capacitance, an indication for cell size (Figure 30B), and cell 

length and width (Figure 30C) were similar in sham WT and dnTRPC4 animals, but a 

significant increase in cell capacitance was seen in WT cells following MI (Figure 30B) 

but not in dnTRPC4 myocytes indicating increased size in only the WT mycoytes. 

 

 

Figure 30: L-Type Ca2+ Current (ICa,L),  Cell Capacitance, and Cell Size Measured in 

Isolated Cardiomyocytes from Sham and Post-MI Hearts. ICa,L were measured in 

myocytes isolated from sham and 3-week post-MI WT and dnTRPC4 mice in the 

presence and absence of Iso. Average data is shown in A.  Membrane capacitance is 

shown in B, and cell size is shown in C. p<0.05 was considered significant.  
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Discussion 

This study explored the idea that Ca2+ influx through TRPC channels expressed 

after MI contributes to altered myocyte contractility and hypertrophic signaling.  Our 

studies revealed a low level of TRPC isoform expression in normal adult mouse and adult 

feline ventricular myocytes (AFLVMs), with a significant increase in select TRPC 

isoform expression after MI (Figure 15A). TRPC was shown to induce SOCE, which 

was abolished with a dnTRPC6 expressing adenovirus. Using AFLVMs we showed that 

Ca2+ entry through TRPC3 could load the SR when SR Ca2+ stores were naturally 

depleted but could also overload the SR and cause spontaneous SR Ca2+ release (Ca2+ 

sparks, leak) if SOCE was persistent or excessive, and these effects appear to be due to 

CaMKII mediated RyR S2814 phosphorylation (Figure 19, 20). TRPC expression was 

associated with reduced contractile effects of catecholamines. Our studies also showed 

that a fraction of TRPC channels are localized to caveolae, where together with LTCCs, 

they activate pathological hypertrophic signaling. Finally, mice with cardiac myocyte 

specific expression of dnTRPC4 had less cardiac dysfunction and adverse remodeling 

after MI.  

TRPC Expression in Disease 

A clear link between Ca2+ influx and cardiac hypertrophy has been established(K. 

R. Chien, 2000; Houser et al., 2000) and activation of Cn-NFAT signaling is known to 

initiate the coordinated expression of maladaptive hypertrophic genes, and over 

stimulation of this pathway can lead to heart failure(De Windt et al., 2000; Molkentin, et 

al., 1998; Olson & Molkentin, 1999). Multiple in vitro(Bush, et al., 2006; H. Gao, et al., 

2012; Kinoshita et al., 2010; Onohara et al., 2006; Seo, et al., 2014) and in vivo(Kinoshita, 
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et al., 2010; Kuwahara, et al., 2006; Nakayama, et al., 2006; Wu, et al., 2010; Xie et al., 

2012) TRPC expression systems have documented a role for these channels in the 

induction of Cn-NFAT signaling and subsequent hypertrophic remodeling.  TRPC loss-

of-function(Eder & Molkentin, 2011; Luo, et al., 1994; Seo, et al., 2014; Seth, et al., 2009; 

Wu, et al., 2010) and selective inhibition(Kiyonaka, et al., 2009; Seo, et al., 2014; Xie, et 

al., 2012) animal models are protected against cardiac hypertrophy and indices of heart 

failure following either pressure overload or neurohormonal stress. In accordance with 

these studies, we found that cardiac specific overexpression of dnTRPC4 resulted in 

reduced pathological remodeling in an MI model of injury and a cardioprotective 

phenotype that increased survival post-MI (Figure 24-27).  

TRPC, SOCE, and Myocyte Contractility 

Progressive deterioration of cardiac contractility is a central feature of heart 

failure and alterations of intracellular Ca2+ regulation are primarily responsible for this 

depression in contractility reserve(Houser & Margulies, 2003; Houser, et al., 2000). In 

this study we explored the hypothesis that TRPC channels expressed in diseased 

myocytes contribute to their deteriorating contractility. Others have found that cardiac 

specific overexpression of TRPC6 in mice resulted in an exaggerated hypertrophic 

response to pressure overload with decreased systolic function(Kuwahara, et al., 2006) 

and a similar study showed that TRPC3 TG mice developed a loss of ventricular 

performance with profound cardiomyopathy(Nakayama, et al., 2006). We found 

enhanced cardiac pump function in cardiac specific dnTRPC4 mice (Figure 25) and 

increased myocyte fractional shortening and peak Ca2+ transients (Figure 28, 29). These 

are somewhat curious findings, since TRPC is a pathway for Ca2+ influx and this would 
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be expected to increase rather than decrease contractile Ca2+. To examine if/how TRPC 

channels cause alterations in myocyte contractility, TRPC3 and/or dnTRPC6 were 

expressed in AFLVMs. We found that the changes in AFLVM contractile function were 

dependent on the experimental conditions. When normal AFLVMs were unpaced, their 

SR Ca2+ stores became depleted (Figure 18). TRPC3 expression resulted in enhanced 

rested state contractions (Figure 18), suggesting that when SR Ca2+ stores are depleted, 

TRPC channels can supply Ca2+ for refilling. However, in paced AFLVMs, TRPC3 

resulted in reduced steady state contractile function and reduced responsiveness to 

catecholamines. TRPC3 overexpression induced Ca2+ sparks (Figure 19), suggesting that 

altered contractility was due to enhanced SR Ca2+ leak. Finally we showed that increased 

TRPC activity led to RyR S2814 phosphorylation that was reduced by CaMKII inhibition 

(Figure 20). These results suggest that while Ca2+ influx through TRPC channels can 

replenish depleted SR Ca2+ stores, excess TRPC channel activity causes abnormal RyR 

function, possibly by local activation of CaMKII to produce spontaneous diastolic SR 

Ca2+ release leading to depressed contractility reserve.  

TRPC and Hypertrophy Signaling 

Persistent increases in myocyte Ca2+ in the diseased heart are linked to 

pathological hypertrophy, however the source of signaling Ca2+ is not clearly defined.  

The global Ca2+ transient, which provides the Ca2+ to activate contraction does not appear 

to be the source of Ca2+ that activates Cn-NFAT(Houser & Molkentin, 2008).  

Genetically modified mice with either overexpression of Ca2+ handling proteins such as 

SERCA2a(He, et al., 1997) or the T-type Ca2+ channel(Jaleel, et al., 2008; Nakayama, et 

al., 2009) or mice lacking the SERCA2a inhibitory protein PLN(Kiriazis et al., 2002; 
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Luo, et al., 1994), all have increases in myocyte contractility and the global Ca2+ transient. 

However, none of these animal models have pathological hypertrophy.  These studies 

suggest that Cn-NFAT signaling is activated by a local source of signaling Ca2+ rather 

than by the global Ca2+ transient, and a number of different Ca2+ channels have been 

proposed as pathways to activate pathological signaling cascades(H. Gao, et al., 2012; 

Goonasekera & Molkentin, 2012; Makarewich, et al., 2012; Wu, et al., 2010). 

 The present study showed that TRPC channels contribute to activation of Cn-

NFAT signaling and TRPCs in caveolae are involved. TRPC channels have been 

described to be present in the plasma membrane, and localized in caveolae(T. Lockwich 

et al., 2001; T. P. Lockwich, 2000) microdomains stabilized by the structural and 

scaffolding protein caveolin-3(Cohen, et al., 2004).  Nearly all TRPC isoforms have been 

shown to contain a putative caveolin-binding motif(Brazer et al., 2003) and their 

organization in caveolae has been proposed to play a role in their ability to initiate 

pathological hypertrophic signaling(Goonasekera & Molkentin, 2012), potentially 

through a mechanism that involves coordination with LTCCs(H. Gao, et al., 2012). We 

showed that LTCCs, TRPC channels, and caveolin-3 are complexed in caveolae signaling 

microdomains (Figure 21, 22) and that TRPC stimulation is sufficient to activate NFAT 

translocation to the nucleus (Figure 23). The idea that TRPC channels and LTCCs are 

housed in caveolae to orchestrate Cn-NFAT signaling was supported by studies showing 

that TRPC mediated induction of Cn-NFAT signaling was inhibited by co-expression of a 

caveolae-targeted LTCC inhibitor Cav-Rem(Makarewich, et al., 2012) as well as by 

MβCD (Figure 23).  
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TRPC Inhibition Post-MI 

Finally, an in depth characterization of an MI model of injury in dnTRPC4 TG 

mice was used to determine if reducing TRPC channel activity after MI reduced 

structural and functional remodeling and had a beneficial outcome. We found that 

dnTRPC4 mice did not exhibit SOCE after MI and had less pathological hypertrophy, 

better cardiac performance, less progression of heart failure, and increased survival after 

MI compared to WT animals (Figure 24-27).  

Collectively, our studies show that TRPC channels are stress response molecules 

that are up regulated in chronic cardiac disease states.  Mechanistically, our data suggests 

that TRPC channels disrupt normal SR Ca2+ storage by inducing SR Ca2+ leak to 

contribute to depressed contractility reserve in disease.  These effects are accompanied by 

coordinated Ca2+ activated Cn-NFAT signaling through caveolae membrane 

microdomains.  These data suggest that targeted inhibition of cardiac myocyte TRPC 

channels might be an effective strategy for attenuating pathological structural remodeling 

and for maintaining contractility reserve after MI. 
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CHAPTER 4:  DISCUSSION AND FUTURE DIRECTIONS 

Increases in myocyte [Ca2+] are central to pathological myocyte hypertrophy, 

death signaling and lethal arrhythmias, which are seen in disease conditions, but the 

sources of Ca2+ for each of these are still not clearly defined.  In this dissertation, we 

provide evidence that LTCCs and TRPC channels that reside in caveolae membrane 

microdomains are a likely source of hypertrophic “signaling Ca2+” that underlies 

pathological remodeling in response to cardiac stress.  The data that we present here 

shows that Ca2+ influx through LTCCs and TRPC channels localized in caveolae can 

directly activate Cn-NFAT signaling and that, in the case of TRPC channels, involves a 

mechanism that also requires influx through LTCCs (Figure 31).  It is not 

straightforward to envision how caveolae LTCCs can be used to activate Cn-NFAT 

signaling in the heart in a manner that is tightly regulated and specific.  This is because 

LTCCs, being voltage-gated ion channels, open with each cardiac action potential and 

flood their microdomain with a high [Ca2+] estimated to be in the ~100-400μM range, a 

>1,000-fold increase over resting diastolic [Ca2+](D. M. Bers, 2008a).  Hence, there must 

be mechanisms in place to ensure that caveolae LTCCs do not non-specifically activate 

Cn-NFAT signaling during normal physiological cardiac action potentials.  One 

hypothetical possibility is that caveolae-localized LTCCs are held in an inactive low open 

probability state until acted upon by a second signal (such as phosphorylation initiated by 

a hypertrophic hormone).  Such a mechanism would be analogous to the inactivation of 

endothelial nitric-oxide synthase (eNOS) when it is targeted to caveolae(Feron et al., 

1998).  However, there is no evidence for this type of regulation of LTCCs in the heart 

since acute ablation of caveolae in adult rat ventricular myocytes had no impact on LTCC 
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Figure 31:  Proposed Model. A subpopulation of LTCCs and TRPC channels localize to 

caveolae membrane microdomains and are a source of pathological hypertrophic 

signaling Ca2+ that activates Cn-NFAT.  This population of Ca2+ channels is distinct from 

those channels that regulate contractility.  We propose that a separate population of 

TRPC channels in EC-coupling domains can locally regulate contractility. 
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current amplitude(Calaghan & White, 2006).  Nevertheless, direct measurements of local 

caveolae Ca2+ signals is necessary to either convincingly rule in or rule out the possibility 

that caveolae LTCCs in the heart are normally held in an inactive state.  Alternatively, 

specificity in the LTCC to NFAT signaling pathway may be conferred by the Ca2+-

dependent properties of Ca2+-sensitive effector proteins in the caveolae LTCC 

microdomain.  A third potential mechanism for this regulation could involve selective 

trafficking of ion channels to caveolae membrane domains during cardiac stress states, 

which would therefore regulate their access to the extracellular environment to 

temporally regulate their presence in these signaling microdomains.   

Cardiac ion channels have a relatively short half-life, and while the turnover rate 

of the LTCC in the heart has not been well studied, in cell lines and in neurons it has been 

determined to be about 3 hours(A. J. Chien, et al., 1995). This high turnover rate of 

cardiac ion channels indicates that trafficking to and from the membrane is a highly 

dynamic and well-regulated process and is likely dependent on channel subunits, the 

cardiac cytoskeleton, and scaffolding proteins.  The molecular determinants and 

mechanisms responsible for LTCC trafficking specifically to caveolae in the heart are 

unknown, but presumably involve direct interactions between Cav-3 and specific 

subunit/s within the LTCC complex.  Studies aimed at identifying the specific molecular 

interactions responsible for Cav1.2 targeting to caveolae in the heart are required to 

determine whether caveolae-targeted Cav1.2 channels are molecularly distinct from those 

targeted to dyads.   
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Another interesting caveat to consider is that a subset of caveolin-3 is not 

associated with caveolae structures(Wong et al., 2013).  A very recent and elegant study 

combined the powerful techniques of super resolution optical imaging (or stochastic 

optical reconstruction microscopy, STORM) and electron microscopy tomography to 

show that Cav-3 was widely expressed in the T-tubules of cardiac myocytes, but that 

there was no evidence for caveolar shapes on the T-system(Wong, et al., 2013).  There 

are conflicting data as to whether caveolae-localized Cav1.2 channels participate in EC-

coupling in adult ventricular myocytes.  Geometrically, 50nm diameter caveolae cannot 

be accommodated at dyadic junctions where Cav1.2 channels and RyRs approach within 

12-20nm of each other, a physical constraint confirmed by electron microscopy(Levin & 

Page, 1980).  Hence, it might be expected that caveolae LTCCs would not contribute 

appreciably to the Ca2+-induced Ca2+ release that underlies ventricular EC-coupling.  

However, acutely eliminating caveolae in adult rat ventricular myocytes with MβCD 

resulted in diminished Ca2+ transient amplitude and cell shortening accomplished by a 

decrease in the gain of EC-coupling(Calaghan & White, 2006).  Immunofluorescence 

experiments indicate that Cav-3 co-localizes with a fraction of extradyadic RyRs(D. R. 

Scriven et al., 2005).  One possibility is that Cav1.2 in such non-dyadic RyR-neighboring 

caveolae contributes to or modulates EC-coupling in adult ventricular 

myocytes(Calaghan & White, 2006).  Our studies where we used caveolae-targeted 

LTCC modulators and saw no appreciable effects on contractility (fractional shortening 

or Ca2+ transients) would suggest that caveolae LTCCs do not contribute to EC-coupling 

(Figure 10) and instead act locally to control other Ca2+-dependent signaling processes.  

We showed that caveolae-localized Cav1.2 channels selectively signal to the nucleus via 
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the transcription factor NFAT.  Extensive immunostaining by our lab suggests that there 

is a population of LTCCs that co-localize with Cav-3 very close to the nucleus (Figure 

32).  It is possible that a potential mechanism of regulation could include selective 

trafficking of LTCCs to caveolae membranes in close proximity of the nucleus during 

cardiac stress conditions thereby enabling coordinated and efficient Cn-NFAT signaling 

for hypertrophic gene expression.  We currently have plans in place to further 

characterize this nuclear localization of Cav-3/LTCC by STORM super resolution optical 

imaging, which will dramatically increase the resolution of our confocal images. 

In the heart, Cn is part of a macromolecular complex with Cav1.2 channels 

(Nichols, et al., 2010; Scriven, et al., 2005).  Two distinct biding sites have been 

identified for Cn targeting to the Cav1.2 macromolecular complex.  First, Cn binds to the 

A kinase-anchoring protein, AKAP 5 (also known as AKAP 79 and AKAP 150)(Nichols, 

et al., 2010).  Secondly, Cn binds directly to the Cav1.2 N- and C-terminus(Tandan et al., 

2009).  The role of Cn binding to the Cav1.2 C-terminus in the heart is unclear, because in 

AKAP 5 knockout mice Cn is no longer pulled down with the Cav1.2 macromolecular 

complex(Nichols, et al., 2010).  AKAP 5 is also necessary for Cn association with 

caveolin-3 in the heart(Nichols, et al., 2010).  This has important implications for the 

hypothesis that caveaole-localized, rather than dyadic LTCCs selectively activate Cn-

NFAT signaling.  It is unclear whether dyadic LTCCs are associated with Cn.  From a 

design perspective, there may be an advantage to not having Cn associated with dyadic 

LTCCs, since modeling suggests that Cn at the dyadic cleft would be constitutively active 

due  to  the  large  local [Ca2+] generated by LTCCs and RyRs, and the high affinity of Cn  
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Figure 32:  A Population of Cav-3 Localized LTCCs Appear to be Concentrated in 

Areas Surrounding the Nucleus.  2.5-dimensional heat maps of immunostained 

AFLVMs.  Cav-3 (red to white), Cav1.2 (blue to green), and DAPI (nuclear, blue) are 

shown.  White arrows indicate LTCC signal near the nucleus. 
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for Ca2+-CaM(Saucerman & Bers, 2012).  Overall, fundamental questions remain 

regarding how caveolae localized LTCCs activate Cn-NFAT signaling in the heart. 

Receptor, ligand, and mechanically regulated TRP channels represent the other 

major class of Ca2+-permeable channels that were explored here to identify their likely 

contribution to pathological hypertrophic Ca2+ signaling.  Although TRPCs are non-

selective cation channels, their ability to conduct Ca2+ makes them especially interesting 

in cardiac signaling.  TRPC channels were first considered to be molecular determinants 

of SOCE, although recent developments have demonstrated that ORAI1 and STIM1 

alone are sufficient to reconstitute SOCE(Smyth et al., 2010).  Whether or not TRPC 

channels play a role in SOCE remains controversial and is outside the scope of this thesis.  

TRPC channels can also function in receptor-operated Ca2+ entry (ROCE) and in 

response to stretch(Kinoshita, et al., 2010).  TRPC channel expression in the heart goes 

up in stress conditions and during pathological remodeling which suggests a role for 

these channels in hypertrophic signaling though a Ca2+ microdomain effect(Bush, et al., 

2006; Eder & Molkentin, 2011; Kiyonaka, et al., 2009; Kuwahara, et al., 2006; 

Nakayama, et al., 2006; Ohba, et al., 2007).  Recent genetic approaches in the mouse 

have suggested a prominent role for TRPC channels in the regulation of cardiac 

hypertrophy.  For example, selective inhibition of TRPC activity blunted the hypertrophic 

response following pressure overload hat correlated with reduced activation of the Cn-

NFAT pathway(Wu, et al., 2010).  More specifically, genetic deletion of TRPC1 in the 

mouse, expression of dnTRPC6 mutant protein in the hearts of transgenic mice, or 

pharmacological inhibition of TRPC3 in the mouse with Pyr3 each reduced the cardiac 

hypertrophic response to pressure overload stimulation(Kinoshita, et al., 2010; Kiyonaka, 
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et al., 2009; Seth, et al., 2009; Wu, et al., 2010).  Conversely, overexpression of TRPC3 

and TRPC6 both showed an enhanced hypertrophic response following pressure overload 

and other pathological stress stimuli that was normalized by inhibiting the Cn-NFAT 

signaling pathway(Kuwahara, et al., 2006; Nakayama, et al., 2006).  The current 

literature suggests that these channels are important in reactive hypertrophic signaling 

through a proximal Ca2+ effect that selectively activates Cn-NFAT, likely within 

membrane microdomains.  

A recent study from our lab investigated three distinct sarcolemmal sources of 

Ca2+ that are linked to the activation of Cn in the heart; LTCCs, T-type Ca2+ channels 

(TTCC), and TRPC channels.  In an in vitro system of neonatal rat ventricular myocytes 

(NRVMs) we found that nifedipine (Nif, LTCC antagonist) blocked high Ca2+-induced 

NFAT nuclear translocation while SKF-96365 (TRPC channel antagonist) and nickel 

(TTCC antagonist) were less effective(H. Gao, et al., 2012)(Figure 33).  Infection of 

NRVMs with adenovirus for TPRC3 also activated NFAT nuclear translocation, and this 

effect was reduced by SKF and, interestingly, also by Nif (Figure 34).  These 

experiments suggest that Ca2+ influx through LTCCs is the primary source of Ca2+ to 

activate Cn-NFAT signaling and that TRPC channels can also contribute to hypertrophic 

signaling through a mechanism that seems to involve Ca2+ entry through LTCCs(H. Gao, 

et al., 2012).  To date, the data establishing a direct interaction between TRPC family 

members and LTCCs has not been described in detail, but in our hands we were able to 

co-immunoprecipitate these channels and we also find them as part of macromolecular 

complexes in caveolae membrane microdomains (Figures 21, 22).  LTCC and TRPC 

channel interactions in caveolae could provide the functional interdependence that 
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regulates pathological hypertrophic signaling.  A remaining question and future direction 

for this research is to define the protein interactome of TRPC channels in the heart to 

build a mechanistic basis for TRPC-LTCC co-regulation and microdomain signal.  We 

have begun extensive molecular studies in collaboration with the Molkentin lab to 

determine the molecular constituents coordinating TRPC and LTCC function to initiate 

hypertrophic signaling and impact on contractility and EC-coupling.  Yeast two-hybrid 

assays and mass spectrometry screening has been performed to identify proteins that 

interact with TRPC3/4 and 6.  Several candidate proteins have already been identified by 

mass spectrometry and experiments validating their association with TRPC3/4 and 6 and 

membrane localization studies to confirm spatial localization are ongoing.  Among the 

promising candidates that have been identified to effect pathological signaling are 

receptor for activated C kinase 1 (RACK1, GNB2L1), PDZ Lim domain 5 (PDLIM5), 

and Four-and-a-half LIM domain protein 2 (FHL2).  RACK1 is of particular interest due 

to the fact that it has been described to be a scaffold protein for many proteins including 

PKC(Gandin et al., 2013) and was previously shown to regulate TRPC3 and IP3R 

interactions(Bandyopadhyay et al., 2008), as well as TRPC3-ORAI-IP3R 

interactions(Woodard et al., 2010). An additional and independent yeast two-hybrid 

screen performed by the Molkentin lab using the a C-terminal fragment of Cav1.2 also 

captured RACK1, therefore given the known scaffolding function of RACK1 and its 

interaction with both TRPC channels and the LTCC, we hypothesize that RACK1 acts as 

a link between TRPC channels and LTCCs forming a complex that functions to regulate 

pathological signaling in the heart, potentially in caveolae membrane microdomains 

(Figure 35).  This idea will be tested extensively in the lab over the next few years. 
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Figure 33:  Ca2+ Channel Inhibitors Block Ca2+ Influx Induced NFATc3 Nuclear 

Translocation. A, NRVMs were infected with Ad-NFATc3–GFP and exposed to vehicle 

(Ctrl), 4mM Ca2+, 4mM Ca2+ with 2μM cyclosporin A (CsA, Cn inhibitor), 4mM Ca2+ 

with 10μM Nifedipine, 4mM Ca2+ with 5μM SKF-96365, and 4mM Ca2+ with 50μM Ni2+, 

for 4 h. The nuclear GFP fluorescence intensity to cytoplasmic GFP fluorescence 

intensity ratio was quantified and average data is shown in B. p<0.05 was considered 

significant with * p≤0.05; ** p≤0.01. 
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Figure 34:  TRPC3 Mediated NFATc3 Nuclear Translocation is Inhibited by LTCC 

and TRPC Channel Antagonists. A, NRVMs were infected with Ad-NFATc3–GFP 

alone or Ad-NFATc3-GFP and Ad-TRPC3 and exposed to vehicle (control), 10μM 

Nifedipine, 5μM SKF-96365, 50μM Ni2+, or 50μM FK506 (Cn inhibitor). The nuclear 

GFP fluorescence intensity to cytoplasmic GFP fluorescence intensity ratio was 

quantified and average data is shown in B. p<0.05 was considered significant with         

** p≤0.01.  
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Several TRPC interacting proteins have also been identified that are strong 

candidates for having effects on contractility and include junctophilin (Jpn2), Na/K 

ATPase (ATP1α1) and sarcolemma membrane associated protein (SLMAP).  Jpn2 is the 

major junctophilin isoform expressed in the heart, and it links the SR to the plasma 

membrane to maintain the appropriate cleft distance for proper LTCC-RyR 

coupling(Garbino & Wehrens, 2010).  Previous work has shown that Jpn2 binds to 

TRPC3 in skeletal muscle and that a single amino acid substitution of glutamic acid with 

an alanine at position 227 (E227A) can prevent TRPC3 from associating with Jpn2(Woo 

et al., 2009).  To date the functional ramifications of the TRPC3-Jpn2 interaction is 

unknown but could be related to the depressed Ca2+ transient amplitudes we’ve observed 

with TRPC3 overexpression and this will be explored in detail in the coming years 

(Figure 35).  The Jpn2 E227A mutant that cannot associate with TRPC3 will be a very 

useful tool moving forward in these studies. 

An additional potential source of signaling Ca2+ that could contribute to the 

initiation of pathological hypertrophic signaling is the TTCC, and there are plans in place 

in our lab to explore the role of this channel in the future as well.  TTCCs are normally 

expressed throughout cardiac development until the end of the neonatal period(Cribbs et 

al., 2001; Nuss & Houser, 1994; Qu & Boutjdir, 2001).  TTCC expression decreases after 

birth with little expression in normal adult ventricular myocytes, but similar to TRPC 

channels, TTCCs are re-expressed when the heart is subjected to pathological stresses, 

suggesting a role in cardiac hypertrophy and failure(Ferron et al., 2003; Huang et al., 

2000; Nuss & Houser, 1993; Porterfield et al., 1993).   Ca2+  influx  through  TTCCs  has 
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Figure 35:  Hypothetical Model.  Our proposed model has been modified to include the 

scaffolding protein RACK1 in caveolae, which could provide the link for LTCC/TRPC 

interactions that facilitate Cn-NFAT signaling.  We have also included Jpn2 in EC-

coupling domains, which represents an attractive candidate for association with TRPC 

channels to modify contractility.  
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almost no effect on EC-coupling(Jaleel, et al., 2008).  Cav3.1 (α1G) and Cav3.2 (α1H) are 

the major TTCC isoforms in the heart(Vassort et al., 2006).  A few studies support the 

idea that Ca2+ influx through TTCCs can activate Cn-NFAT signaling and cause 

hypertrophy in neonatal cardiac myocytes, when TTCC expression is robust(Horiba et al., 

2008).  There are also studies supporting the idea that Ca2+ influx through TTCCs causes 

pathological hypertrophy in the adult heart.  One study in a mouse model of dilated 

cardiomyopathy reported that the R(-) isoform of efonidipine, a highly selective TTCC 

antagonist improved survival(Kinoshita et al., 2009).  Another study showed that pressure 

overload-induced hypertrophy was suppressed in α1H knockout mice(Chiang et al., 

2009).  Angiotensin II-induced cardiac hypertrophy was also reduced in these mice and 

the activation of NFAT was blunted following pressure overload.  In our own hands, we 

find that TTCC antagonism with Ni2+ significantly reduces NFAT translocation to the 

nucleus in NRVMs in response to elevated extracellular Ca2+, however the effects of Ni2+ 

in this assay were not as robust as those seen using antagonist to either LTCCs or TRPC 

channels (Figure 33).  Interestingly, there are also studies that do not support a role of 

TTCCs as a source of Ca2+ for cardiac hypertrophy(Jaleel, et al., 2008; Nakayama, et al., 

2009).  Overexpression of the α1G pore-forming subunit of the TTCC in mice increased 

total Ca2+ current and cardiac functional performance, but did not induce cardiac 

hypertrophy and, in fact, reduced cardiac hypertrophy in association with a mild 

downregulation in LTCC activity(Nakayama, et al., 2009).  It was speculated that 

overexpression of TTCCs may have reduced LTCC activity within caveolae signaling 

domains to mediate part of the anti-hypertrophic effect.  Recent studies have 

demonstrated that at least one of the TTCC isoforms, α1H, is located in caveolae and its 
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interaction with caveolin is required for protein kinase A modulation of T-type Ca2+ 

current(Markandeya, et al., 2011).  TTCC localization to caveolae also appeared to 

produce an anti-hypertrophic effect by providing a local Ca2+ signal to activate nitric 

oxide synthase 3 (NOS3)(Nakayama, et al., 2009).  In our own hands, we have localized 

α1H TTCCs to caveolae (Figure 36), but have not had the opportunity to study this in 

any great detail.  Moving forward, this is another area of interesting research and could 

provide additional insights into the source of hypertrophic signaling Ca2+.   

 

 

 

Figure 36:  α1G T-Type Ca2+ Channels Localize to Caveolae.  Plasma membranes (PM) 

were purified from total cell homogenates (H) of isolated myocytes from α1G TTCC 

overexpressing mice.  IPs were performed with two different input Cav-3 antibody 

concentrations (1X and 3X).  The Cav-3 Western reveals that the IP with 3X antibody 

input (60ug) was a more efficient pull-down which can be seen by the lack of Cav-3 

signal in the unbound (U) fractions. Westerns were performed with antibodies for α1G or 

Cav-3 to assess biochemical interactions (B, bound fraction). 
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In conclusion, this thesis provides novel detailed evidence to support the 

hypothesis that hypertrophic signaling Ca2+ is regulated in a microdomain specific 

manner within caveolae membrane regions, which allows for the spatial and temporal 

restrictions required for the sensitive coordination of Cn-NFAT activation.  Our data 

suggest that hypertrophic signaling Ca2+ is indeed distinct from the greater pool of 

contractile Ca2+ that regulates EC-coupling. The compartmentalization of functionally 

interdependent LTCCs and TRPC channels in caveolae membrane microdomains along 

with pathological hypertrophy signaling effectors makes for an appealing explanation for 

how Ca2+-dependent signaling pathways are regulated under conditions of continual Ca2+ 

transients that mediate cardiac contraction during each heart beat.  Further, we propose 

that the assembly of a separate and unique TRPC microdomains in EC-coupling regions 

separate from caveolae signaling microdomains can potentially modify and impair 

contractile Ca2+ in cardiac myocytes.  Elucidation of additional Ca2+ signaling 

microdomains in adult cardiac myocytes will be important in resolving how myocytes 

parse signaling from contractile Ca2+ and remains a very remarkable and controversial 

topic in the field of cardiovascular biomedical research.  
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