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ABSTRACT 
 

Re-Expression of T-Type Calcium Channels Minimally Affects Cardiac Contractility  

and Activates Pro-Survival Signaling Pathways in the Myocardium 

Naser Jaleel 
 

Doctor of Philosophy 
 

Temple University, 2010 
 

Doctoral Advisory Committee Chair:  Steven R. Houser, Ph.D. 
 

The role of T-type calcium channels (TTCCs) in the heart is unclear.  TTCCs are 

transiently expressed throughout the neonatal heart during a period of rapid cardiac 

development.  A few weeks postnatally, TTCCs are no longer found in ventricular 

myocytes (VMs) and calcium influx via TTCCs (ICa,T) is only detected in the SA node 

and Purkinje system.  However, pathologic cardiac stress is associated with re-expression 

of TTCCs in VMs.  Whether ICa,T in this setting promotes cardiac growth or exacerbates 

cardiac function is a topic of debate. 

The focus of this thesis work was to examine the effect of TTCC re-expression in 

the normal and diseased myocardium.  Our experiments were performed in a transgenic 

mouse model with inducible, cardiac-specific expression of α1G TTCCs.  While both the 

α1G and α1H TTCC subtypes re-appear during cardiac disease, we specifically evaluated 

the effects of α1G TTCCs since mRNA levels of this TTCC subtype are markedly 

elevated during cardiac pathology. 

We found that transgenic mice with α1G overexpression had robust ICa,T with 

biophysical properties similar to those published in previous studies.  α1G mice had a 

small increase in cardiac function and showed no evidence of cardiac histopathology or 
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increased mortality.  These findings were in contrast to the phenotype of transgenic mice 

with augmented L-type calcium channel (LTCC) activity secondary to overexpression of 

the β2a regulatory subunit.  While the magnitude of calcium influx in α1G and β2a VMs 

was similar, we found that cardiac contractility of β2a mice was significantly greater than 

α1G mice.  Also, β2a mice had significant cardiac fibrosis, myocyte death, and 

premature lethality compared to the benign phenotype of α1G mice.  We showed that the 

phenotypic differences are likely related to the differential spatial localization of T- and 

LTCCs.  Whereas α1G TTCCs were principally localized to the surface sarcolemma, 

LTCCs were primarily found in the transverse tubules in close proximity to the sites of 

sarcoplasmic reticulum calcium release. 

We evaluated the effect of TTCC expression during cardiac disease by inducing 

myocardial infarction (MI) in α1G mice.  Acutely (1-week post MI), α1G mice showed 

similar worsening of cardiac function and mortality rates compared to control post-infarct 

mice.  However, α1G hearts had smaller infarct sizes which correlated with increased 

Akt and NFAT activation in α1G than control hearts.  After chronic heart failure, i.e. 7-

weeks post-infarction, α1G hearts had significant hypertrophic response as determined by 

increased HW/BW ratio, myocyte cross-sectional area, as well as NFAT and Akt activity.  

Finally, α1G mice had a small survival benefit than control mice, which while 

statistically non-significant, suggests that TTCC re-expression does not exacerbate 

cardiac function as hypothesized by some investigators.  We conclude that TTCCs play a 

minimal role in cardiac function and activate pro-survival signaling pathways in the 

myocardium. 
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CHAPTER 1 

INTRODUCTION 

Ubiquity of calcium as a signaling messenger 

Calcium is a key intracellular signaling messenger that is essential in the 

regulation of numerous cellular processes.  Its importance in transducing physiologic 

events is seen in such diverse cellular processes as fertilization, proliferation and 

differentiation, contraction, learning and memory, and even death.  The pervasiveness of 

calcium signaling and it’s involvement in cellular processes from ‘cradle to death’ makes 

the understanding of this ion’s regulatory mechanisms a very important topic.  Indeed, 

perturbations in calcium signaling can have disastrous results.  For instance, interfering 

with the cyclic changes in cytosolic calcium during fertilization prevents the expression 

of critical genetic events that trigger cellular proliferation and differentiation for 

embryogenesis (Ciapa, Pesando et al. 1994).  Similarly, disruption in calcium cycling 

events in the myocardium can hinder efficient cardiac contractility and compromise the 

heart’s ability to meet the physiological demands of the body. 

With its ubiquitous role in signaling events, how then does calcium maintain its 

fidelity in activating only relevant cellular processes?  This task appears daunting 

specifically in the heart.  With each heart beat, calcium levels in individual cardiac 

myocytes surge more than ten-fold from a resting concentration of 100 nM.  During an 

average human lifespan, individual cardiac myocytes undergo at least 2,871,741,600 such 

cyclic changes in cytosolic calcium concentration in order to maintain the systolic 

function of the heart.  While a plethora of signaling events could be activated by these 

calcium fluctuations, the encoding of calcium signals in terms of speed, amplitude and 
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spatio-temporal patterning allows for activation of only specific signaling processes 

(Berridge, Lipp et al. 2000).  A review of the major pathways for calcium entry into 

cardiac myocytes, the mechanisms that maintain calcium homeostasis, and the 

consequences of perturbations in calcium signaling pathways will demonstrate the 

potential for therapeutic prospects from our understanding of this ion’s ubiquitous 

signaling role.  

Calcium influx pathways in the myocardium 

 The importance of extracellular calcium in cardiac contractility was noted by 

Ringer after demonstrating the inability of the frog heart to contract in calcium-free 

solutions (Ringer 1883).  In 1967, the first description of this calcium influx pathway was 

made by Harald Reuter in Purkinje fibers.  Based on comparison with the “fast and large” 

sodium currents (INa) characterized in the squid giant axon (Hodgkin and Huxley 1952), 

Reuter found that after inactivating sodium channels by depolarizing the cell membrane 

to -40 mV, there appeared unique “slow inward” currents that increased in amplitude 

with further depolarization.  He concluded that that these were calcium currents (ICa) by 

demonstrating their resistance to tetrodotoxin (which inhibits INa) and disappearance in 

calcium-free solutions (Reuter 1967). 

In 1985, another ICa previously identified in starfish eggs (Hagiwara 1975) was 

found to exist in cardiac tissue (Bean 1985; Nilius, Hess et al. 1985).  The advancements 

in electrophysiological techniques and recording of high-resolution currents during this 

period allowed for comparison of the kinetic properties of these new ICa with the classical 

ICa described by Reuter.  Based on this comparison, the classical “slow inward” calcium 

currents were attributed to L-type calcium channels (LTCC) to distinguish them from 
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these new ICa due to T-type calcium channels (TTCC).  The nomenclature was based on 

the kinetic properties of ICa,L (“Long Lasting”) and ICa,T (“Tiny and Transient”) (Nilius, 

Hess et al. 1985) (Figure 1.1). 

 
 

 
 

Figure 1.1. Representative examples of slow and fast inactivation rates of ICa,L (left) and 
ICa,T (right), respectively. 

 
 
 

Overview of TTCCs in the heart 

The identification of ICa,L and ICa,T in the myocardium promoted significant 

scientific interest in understanding their role in cardiac function.  The ubiquity of LTCCs 

throughout the myocardium allowed for a thorough understanding of their importance in 

cardiac contractility and relevance in the pathophysiology of heart failure.  However, the 

limited expression pattern of TTCCs in only a small population of cardiac cell types 

hindered an extensive evaluation of their physiological role in the myocardium.  As such, 

the remainder of our discussion in this chapter will focus on TTCCs with relevant 

comments about LTCCs to highlight key differences. 

Three subtypes of TTCCs have been identified, only two (α1G and α1H) are 

expressed in the heart and the third (α1I) is found primarily in the brain.  Early 

electrophysiological work showed that these TTCC subtypes were heterogeneous in their 

susceptibility to inhibition by nickel, voltage-dependent kinetics, and intracellular 

ICa,L ICa,T 
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modulation (Vassort and Alvarez 1994; Huguenard 1996; Perez-Reyes 2003).  Indeed, 

nickel sensitivity is one of the most striking and experimentally relevant difference used 

in many studies to differentiate between the TTCC subtypes.  Of the three subtypes, α1H 

has the highest affinity for nickel (IC50=13 μM), whereas α1G and α1I have a twenty-

fold less nickel sensitivity (IC50=250 μM and 216 μM, respectively) (Lee, Gomora et al. 

1999).  Also, α1G has the fastest recovery from inactivation (117 ms) compared to α1H 

(395 ms) and α1I (352 ms). 

Structure-function relationships of TTCCs 

Sequence alignment of the pore-forming α1 subunits of TTCCs reveals 

considerable similarity in their overall topology with other HVA calcium channels.  In 

particular, all three TTCC subtypes identified so far form structures consisting of a single 

polypeptide organized into four homologous domains (I-IV), with each domain having 

six transmembrane spans (S1-S6) (Figure 1.2).  The channel pore is formed by the 

tetrameric arrangement of the four domains.  Specifically, the peptide loops (P-loops) 

linking S5-S6 from each domain form the extracellular part of the channel and the S6 

segments line the transmembrane region of the pore.  

While similarities in structural topology of T- and LTCCs provide a framework 

for understanding their overall organization, the differences in specific regions provide a 

basis for understanding the unique properties of ICa,T and ICa,L.  Evaluation of the 

structure-function relationships of TTCCs explains the biophysical properties that 

distinguish them from LTCCs, including low voltage activation and inactivation, fast and 

calcium-independent inactivation, as well as distinct regulatory protein interactions. 
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Figure 1.2. Schematic diagrams of the topology of TTCCs (left) and arrangement of P-
loops that form the channel pore (right). 
 

 

TTCCs are broadly distinguished from LTCCs by the threshold-voltage required for 

channel activation.  This property was noted by Hagiwara in the first ICa,T recordings 

made with two-microelectrode voltage-clamp in starfish eggs (Hagiwara, 1975).  He 

noted certain ICa that were activated after only a small voltage change from the resting 

membrane potential while others that required a larger depolarization for activation.  The 

former low-voltage activated (LVA) currents were due to TTCCs, while the latter high-

voltage activated (HVA) currents were from LTCCs.  Figure 1.3 depicts the voltage-

current relationship of T- and LTCCs demonstrating that peak ICa,T occur at more 

negative potentials (-30 mV) than peak ICa,L (+10 mV).  The structural basis for this 

difference in threshold-voltage needed for channel activation is not clear.  While TTCCs 

maintain the typical arrangement of voltage sensing segments in the S4 domains, the 

LVA property of these channels is likely due to unique interactions of the voltage sensing 

segments with other regions of the channel. 
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Figure 1.3. Voltage-current relationship of T- (●) and LTCCs (■) depicting the activation 
of ICa,T at more negative potentials than ICa,L. 
 
 

The voltage-dependence of activation of T- and LTCCs can be further assessed by 

evaluating the availability and activation of these channels (Figure 1.4).  The availability 

curve is obtained by holding the membrane potential at different test voltages, allowing a 

steady state condition, and then depolarizing to peak potential to assess the fraction of 

channels available for activation at that test potential.  The activation curve is constructed 

by calculating peak conductance (G) at each voltage potential.  Peak conductances are 

simply calculated by applying the chord conductance equation to the data from the 

voltage-current relationship (G=[(ICa)/(Vo–Vm)].  

 
 
 

 
 
Figure 1.4. Voltage dependence of activation and inactivation of TTCCs (left) and 
LTCCs (right).  Window currents for TTCCs are at more negative potential than LTCCs. 

TTCCs LTCCs 
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Based on data in Figure 1.4, the TTCCs are available for activation and transport 

calcium at more negative potentials than LTCCs.  Of note, the figure depicts a voltage 

range where the activation and inactivation curves overlap.  At these membrane 

potentials, steady state calcium influx (“window current”) is expected through the 

channels (Chevalier, Mironneau et al. 2008).  In particular, a small fraction of TTCCs, 

between -70 to -50 mV, are expected to have both availability and ion conductance to 

permit window currents.  As such, in contrast to LTCCs, TTCCs not only activate at 

potentials near the resting membrane, but also have window currents that can potentially 

activate different calcium-dependent signaling events with minimal or no depolarization. 

One of the other striking features differentiating TTCCs from LTCCs is the fast 

inactivation of ICa,T compared to ICa,L (Figure 1.1).  The basis for this difference was 

determined by Marksteiner et al. who examined the role of the S6 segment of domain III 

(IIIS6 segment) in the inactivation of TTCCs.  By modeling their experiments based on 

previous work done in HVA channels (Hering, Berjukow et al. 2000), the group 

concluded that amino acid residues M1510, F1511, and V1512 corresponded with the 

IFV-inactivation motif identified in other calcium channels.  Based on a series of amino 

acid substitution assays, they found that mutations at these residues significantly delayed 

the inactivation rate of ICa,T, with the most dramatic effect of ~5-fold reduction occurring 

with the M1510I mutation (Marksteiner, Schurr et al. 2001). 

In addition to fast inactivation, all TTCC subtypes share the common feature of 

calcium-independent inactivation.  Comparison of the overall topology of T- and LTCCs 

reveals the absence of a calcium-binding EF-hand motif at the carboxy-terminus of 

TTCCs.  This region has been shown to confer calcium-dependent inactivation to ICa,L.  
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Calcium influx via LTCCs is theorized to bind to the EF domain causing steric hindrance 

around the channel pore which limits further calcium entry (Feng, Hamid et al. 2001).  As 

such, increases in local calcium concentration at the cytosolic mouth of the LTCC, e.g. 

after calcium entry from the channel itself or release from the SR, causes a reduction of 

net calcium influx by 50% (Puglisi, Yuan et al. 1999). 

While it may be expected that an absence of calcium-dependent inactivation of 

ICa,T would confer TTCCs greater single channel calcium conductance that LTCCs, both 

channels surprising share a similar magnitude of unitary calcium conductance (~8 pS).  

Using barium as a charge carrier for comparison of ion transport by the channel pore, the 

overall ion conductance of TTCCs was found to be three-fold less than LTCCs (8 vs. 25 

pS, respectively, in 110 mM barium) (Carbone and Lux 1984).  Evaluation of the P-loops 

that form the extracellular region (selectivity filter) of the channel pore revealed key 

amino acid differences that account for this functional difference.  Whereas all HVA 

calcium channels share a full-glutamate (EEEE) selectivity filter, TTCCs have an 

arrangement of two glutamates and two aspartates (EEDD).  Modification of the LTCC 

P-loop residues to those from TTCCs resulted in T-type permeation properties in the 

mutant LTCCs (Talavera and Nilius 2006).  

Finally, cardiac TTCC subtypes α1G and α1H are functionally distinguished by 

their sensitivity to inhibition by nickel.  In order to determine the structural determinants 

of differential nickel sensitivity, a series of α1G/α1H chimeric channels were analyzed 

for their nickel sensitivities.  Using this approach, Kang et al. were able to narrow down 

the difference in nickel sensitivity to the histidine 191 residue located in the S3-S4 linker 

of domain I of α1H (Kang, Park et al. 2006). 
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Modulation of TTCCs by accessory subunits and protein kinases 

Knowledge of auxiliary subunits that regulate LTCCs became available after 

analysis of purified preparations from cardiac muscle.  Since native TTCCs have yet to 

be purified, no known TTCC-specific subunits have been identified.  However, LTCC 

subunits have been shown to regulate TTCC activity.  In particular, co-expression of 

TTCCs with either β1b or α2-δ1 subunits have been shown to increase surface expression 

of TTCCs and ICa,T (Dubel, Altier et al. 2004).  These accessory subunits are known to 

behave like molecular chaperones helping to stabilize and traffic nascent LTCCs to the 

cell membrane after formation in the ER.  Thus, while HVA accessory subunits can 

interact with TTCC α1-subunits, more biochemical work is needed to establish this 

interaction in the native in vivo environment. 

Evaluation of the TTCC structure reveals several putative phosphorylation sites 

for potential target by various kinases, including protein kinase A (PKA), protein kinase 

C (PKC), and calcium/calmodulin-dependent kinase II (CaMKII).  The linker protein 

loop between domains II-III is a region that is highly regulated by PKC and CaMKII.  

Activation of PKC after endothelin-I stimulation has been shown to stimulate both α1G 

and α1H currents (Park, Kang et al. 2006).  CaMKII is believed to regulate ICa,T by 

targeting the Ser-1198 phosphorylation site in Loop II-III.  This amino acid residue is 

present only in α1H, which explains the absence of any CaMKII effect on α1G currents 

(Welsby, Wang et al. 2003). 

Expression pattern of TTCCs in the heart 

Changes in TTCC expression level has been observed in several cell types, 

including cardiac and skeletal muscle (Berthier, Monteil et al. 2002).  TTCCs are found 
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throughout the embryonic heart and this ICa,T activity quickly disappears from ventricular 

tissue within weeks after birth (Leuranguer, Monteil et al. 2000).  In the healthy adult 

heart, TTCCs are found primarily in the SA node and Purkinje system (Yunker and 

McEnery 2003).  However, re-expression of TTCCs in the ventricle has been shown in 

several animal models of heart disease, including hypertrophy, myocardial infarction, and 

congestive heart failure.  While this phenomenon has been studied extensively, the 

significance of ICa,T reappearance in ventricular myocytes remains an enigma (Vassort, 

Talavera et al. 2006).  Using a transgenic model of cardiac-specific overexpression of 

TTCCs, we will attempt to address the physiological role of ICa,T re-expression in 

diseased VMs.  However, a review of the literature regarding the properties of TTCCs 

during normal cardiac development will enhance our understanding of the potential roles 

of ICa,T in the failing heart. 

Role of TTCCs in the developing heart 

Expression level 

 TTCCs are expressed throughout the myocardium during cardiac development.  

The phenomenon of robust ICa,T activity that diminishes postnatally particularly in VMs 

has been documented in a variety of species, including human hearts (Bkaily, 

Sculptoreanu et al. 1992). Ferron et al. quantitatively assessed the developmental changes 

in TTCC activity by measuring ICa,T at different time points in fetal and neonatal rat VMs 

(Ferron, Capuano et al. 2002).  They found that ICa,T remained stable in fetal VMs at 

3.1±0.3 pA/pF, decreased in amplitude soon after birth (2.0±0.3 pA/pF, 1.1±0.2 pA/pF in 

1- and 5-day-old rats, respectively), and were no longer detected in 21-day-old rats.  

Nickel sensitivity of ICa,T in these VMs revealed that both α1G and α1H contributed to 
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TTCC activity in fetal stage, whereas α1G was the primary source of ICa,T in neonatal 

VMs.  Similar results in the mouse developing heart have demonstrated the role of α1G 

as the primary source of ICa,T in the late embryonic and neonatal heart (Cribbs, Martin et 

al. 2001; Zhang, Shang et al. 2003; Mizuta, Miake et al. 2005).  While ICa,T decreases 

postnatally, quantitative RT-PCR demonstrates increases in α1G mRNA between birth 

and 5 days.  Also, despite persistence of both α1G and α1H mRNA transcripts in 

ventricular tissue, no TTCC activity is detected in adult VMs (Ferron, Capuano et al. 

2002).  These data suggest that postnatal TTCC activity is subject to efficient post-

transcriptional and  post-translational regulations (Ferron, Capuano et al. 2002), including 

possible downregulation of hitherto unknown TTCC-specific accessory subunits that are 

critical for functional expression of TTCCs (Chu and Best 2003). 

Physiological role 

While the transient expression of TTCCs in the neonatal heart is widely accepted, 

the functional significance of ICa,T during this early developmental period is a topic of 

continued debate.  As discussed earlier, TTCCs provide a pathway for steady state 

calcium influx via their low-voltage activation and window currents (Chevalier, 

Mironneau et al. 2008).  As such, ICa,T may play a role in calcium-mediated growth and 

maturation in the developing heart (Lory, Bidaud et al. 2006; Vassort, Talavera et al. 

2006). 

The time period of TTCC expression in the myocardium is characterized by 

robust proliferative activity in cardiac myocytes.  Interestingly, the rapid postnatal 

transition of cardiac myocytes from hyperplasia to hypertrophy coincides with the 

disappearance of TTCC activity (Li, Wang et al. 1996).  This temporal association led to 
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the hypothesis that calcium influx via TTCCs is involved in regulating the cell-cycle 

activity of cardiac myocytes (Guo, Kamiya et al. 1998; Lory, Bidaud et al. 2006; Vassort, 

Talavera et al. 2006).  Indeed, in other cell types including embryonic stem cells (Day, 

Johnson et al. 1998), smooth muscle cells (Kuga, Kobayashi et al. 1996; Rodman, Reese 

et al. 2005), and different cancer cell lines (Chemin, Nargeot et al. 2002; Hirooka, 

Bertolesi et al. 2002; Latour, Louw et al. 2004), the expression of TTCCs has been 

correlated with cell cycle activity. 

 Based on studies in cultured neonatal rat VMs, Guo et al. provided experimental 

data correlating TTCC expression with the proliferative state of VMs.  In their studies, 

neonatal VMs from one-day-old rats were cultured for 15 days during which time 

bromodeoxyuridine (BrdU) incorporation was used to assess the cell cycle-state of the 

VMs.  Electrophysiological studies and immunolabeling were done to correlate ICa and 

the S-phase of the cell cycle in isolated cultured VMs.  Their data showed progressive 

loss of ICa,T in neonatal VMs during the 15 day culture period (30.3% vs. 3.9% at 5- and 

15-days, respectively), which resembles the developmental changes in vivo.  Also, during 

this period, BrdU incorporation in the cultured VMs significantly decreased from 32% to 

3% at 5- and 15-days, respectively.  Most BrdU-labeled cells (95%) expressed ICa,T, 

whereas only 19% of non-labeled cells showed ICa,T.  Nickel (20 μM) did not affect the 

percentage of cells incorporating BrdU, suggesting that any correlation between ICa,T and 

cell cycle activity is likely due to α1G rather than α1H (Guo, Kamiya et al. 1998). 

 While the molecular details have not been fully determined, the α1G subtype of 

TTCCs appears to be important in cellular proliferation, whereas the α1H subtype may 

be involved in growth processes.  In smooth muscle cells, for instance, selective blockade 



 13

of α1G expression using small interfering RNA as well as pharmacological inhibitors 

arrested cellular proliferation in response to 5% serum (Rodman, Reese et al. 2005).  

However, while α1G may play an important role in cell cycle activity, Chemin et al. 

showed that overexpression α1G alone in HEK-293 cells does not induce rapid cellular 

proliferation despite increased intracellular calcium due to ICa,T (Chemin, Monteil et al. 

2000).  Taken together, these results suggest that the context in which TTCCs are 

expressed plays an important role in triggering downstream cellular events and that ICa,T 

is one component of this signal transduction process. 

Role of TTCCs in the healthy adult heart 

 Whereas LTCCs are expressed throughout the adult myocardium, TTCCs are 

found in select regions of the heart, including the sinoatrial node, atria, and Purkinje 

system.  This differential expression pattern most likely reflects the functional importance 

of these channels in their respective tissues.  For instance, the biophysical properties of 

TTCCs confer them an important role in pacemaker activity and conduction of electrical 

signals throughout the heart.  The location and kinetics of LTCCs permit efficient 

transduction of these extracellular electrical stimuli into intracellular calcium spikes that 

permit contractility within each cardiac myocyte. 

TTCCs contribute to pacemaking in the adult heart 

 The low voltage activation of TTCCs near the resting membrane potential 

provides a depolarizing current that has been shown to contribute to the automaticity of 

pacemaker cells.  While initially suggested after their discovery in pacemaker cells (Bean 

1985; Nilius 1986), the contribution of ICa,T in automaticity has been subsequently 

demonstrated in numerous studies.  The early phase of spontaneous membrane 
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depolarization of pacemaker cells is due to the funny current (If), which is mediated by 

the hyperpolarization-activated channels (Lakatta and DiFrancesco 2009; Lakatta, 

Maltsev et al. 2010).  Once initiated by If, subsequent spontaneous membrane 

depolarization is dependent on TTCC activity.  In the SA nodal cells, ICa,T in the vicinity 

of the sarcoplasmic reticulum (SR) induce SR calcium release, which in turn triggers 

activation of reverse-mode sodium-calcium exchangers (NCX).  INCX depolarize the 

membrane potential to the threshold for action potential in these pacemaker cells.  

Indeed, blockade of TTCCs with mibefradil causes decreased heart rate in humans 

(Madle, Linhartova et al. 2001). Additionally, the involvement of TTCC in pacemaker 

activity seems clear since α1G null mice show bradycardia and slowing of 

atrioventricular conduction (Mangoni, Traboulsie et al. 2006). 

In addition to its contribution to cardiac pacemaker function, TTCCs have been 

shown to regulate calcium-dependent hormone secretion (Bhattacharjee, Whitehurst et al. 

1997; Leuranguer, Monteil et al. 2000; Lotshaw 2001).  Atrial natriuretic peptide (ANP) 

is a hormone secreted by cardiac tissue and has an important role in maintaining systemic 

blood pressure via its effects on salt and water content.  Calcium influx via TTCCs, and 

not LTCCs, was shown to modulate the secretion of ANP in atrial cells as demonstrated 

by using T- and LTCC inhibitors (Thibault, Amiri et al. 1999; Leuranguer, Monteil et al. 

2000; Wen, Cui et al. 2000).   

Role of TTCCs in proliferation of adult VMs 

As discussed earlier, various studies have demonstrated the association between 

ICa,T and cell cycle activity in a variety of cell types, including neonatal VMs, smooth 

muscle cells, tumor cell lines.  Recently, this observation was also noted in adult VMs 
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from the feline myocardium (Chen, Wilson et al. 2007).  TTCCs were found in a unique 

population of small, mononucleated VMs with cell cycle competency as evidenced by 

increased BrdU incorporation and Ki-67 expression.  While cardiac myocytes rapidly 

transition from hyperplasia to hypertrophy during postnatal growth, these results 

document the existence of myocyte cell cycle activity, albeit at low frequency, in the 

adult myocardium. 

Recent studies have made progress in quantifying the level of cell cycle activity in 

the heart. Using α-myosin heavy chain promoter-driven nuclear-LacZ transgenic mice in 

conjunction with tritiated thymidine incorporation, the rate of DNA synthesis in VMs 

was found to be ~1 in 180,000 myocytes (Soonpaa and Field 1997).  Other work 

demonstrated a mitotic index rate of ~1 nuclei in 100,000 cells from the human heart 

(Olivetti, Giordano et al. 1995; Anversa and Kajstura 1998).  This mitotic rate is 

considered to be much higher in the diseased myocardium (Olivetti, Ricci et al. 1987; 

Soonpaa and Field 1997; Kajstura, Leri et al. 1998; Beltrami, Urbanek et al. 2001). Thus, 

while the frequency of new myocyte formation appears very small, it may be 

physiologically significant over time especially under cardiac stress. 

Despite evidence of mitotic activity in VMs, the existence of cardiac myocyte 

proliferation in the adult myocardium has been challenged.  However, genetic 

modification of the cell cycle machinery in the heart has provided a proof-of-concept for 

cardiac myocyte proliferation. Overexpression of cell cycle regulators (e.g. Cdk2, cyclin 

A2, and cyclin D1/2) as well as deletion of the tumor suppressor genes (Rb and p130) 

results in increased DNA synthesis and myocyte number (Tamamori-Adachi, Ito et al. 

2003; Chaudhry, Dashoush et al. 2004; MacLellan, Garcia et al. 2005).  Additionally, 
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manipulation of calcium regulatory proteins also induces a similar increase in myocyte 

cell cycle activity. Transgenic mice overexpressing calmodulin, a ubiquitous intracellular 

calcium receptor, results in nearly 80% increase in myocyte number during the 

embryonic period of cardiac development and nearly 40% increase throughout 

development into adulthood.  These results suggest that calcium is an important upstream 

regulator of cell cycle activity via its interactions with calmodulin and other calcium-

calmodulin dependent enzymes (e.g. calcineurin and CaMKII) (Colomer, Terasawa et al. 

2004) (Figure 1.5).  It is unclear how much TTCCs contribute to this calcium-dependent 

activation of cell cycle activity in VMs. 

 

 
Figure 1.5.  Regulation of cell cycle progression by calcium-calmodulin dependent 
pathways. 
 
 
 

TTCCs play a minimal role in cardiac excitation-contraction coupling 

 In contrast to TTCCs which are localized to the SA node, atria, and Purkinje 

system, LTCCs are expressed throughout the heart including the ventricles.  The ubiquity 

of LTCC expression reflects the central role of this channel in maintaining cardiac 

contractility (Bers and Perez-Reyes 1999; Bers 2002).  As has been demonstrated in 
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numerous studies, ICa,L is fundamental in triggering cardiac contractility via a process 

known as excitation-contraction coupling.  In addition, perturbations in LTCC function 

has been shown to be a primary mediator of a variety of cardiac pathologies, including 

arrhythmia and congestive heart failure (Semsarian, Ahmad et al. 2002; Nakayama, Chen 

et al. 2007). 

TTCCs help to establish the heart rate by playing an important role in the 

spontaneous depolarization of SA nodal cells.  The wave of electrical depolarization 

initiated by these pacemaker cells is transmitted from the atria to the ventricles via the 

Purkinje fibers.  Membrane depolarization is transmitted to the depths of individual 

cardiac myocytes via invaginations of the cell membrane known as transverse tubules (T-

tubules).  This depolarization triggers a wave of action potentials which is modulated by 

the activity of LTCCs as well as sodium and various potassium channels.  The voltage-

dependent activation of LTCCs triggers a sequence of events that cause myocyte 

contraction.  This process, known as excitation-contraction coupling, is an example of a 

calcium-dependent signaling event that is critical in maintaining cardiac function. 

Influx of calcium via the ICa,L triggers the release of calcium from the intracellular 

stores of the sarcoplasmic reticulum (SR).  This process of ICa,L-induced SR calcium 

release occurs efficiently due to the principal localization of LTCCs in the T-tubules in 

close proximity to the ryanodine receptors (RyR), which are the SR calcium-release 

channels.  The RyR has a high open probability (Po) upon binding to calcium at a 

concentration of 100 μM.  While the resting calcium concentration in cardiac myocytes is 

100 nM, the proximity of LTCCs to RyRs creates the local environment of high calcium 

content needed to shift RyRs toward a high Po configuration.  Subsequent SR calcium 
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release amplifies this calcium-induced calcium release (CICR) process resulting in a 

global increase in cytosolic calcium.  This surge in cytosolic calcium allows troponin C   

to disinhibit the interaction between actin with myosin, therefore promoting the 

myofilaments to form crossbridges to enable myocyte contraction.  The synchronous 

summation of this event in individual cardiac myocytes generates the force needed to 

maintain the systolic function of the heart. 

Regulation of calcium homeostasis after initiation of contraction 

Several mechanisms help to return cytosolic calcium concentration back to resting 

diastolic levels.  In a majority of species, the SR contributes approximately 70% of the 

cytosolic calcium transient during systole, while the remainder of the calcium is 

extracellular (Delbridge, Bassani et al. 1996).  An active transport process mediated by 

the SR calcium-ATPase pump (SERCA) resequesters calcium into the SR.  An 

electrogenic process mediated by the sodium-calcium exchanger (NCX) helps to extrude 

calcium out of the myocyte.  The sarcolemmal calcium-ATPase and the mitochondrial 

calcium uniporter provide a minor contribution to this process. 

SERCA plays an important role in cardiac function by helping to replete the SR 

calcium content.  Its activity is regulated by phospholamban (PLB), a pentameric protein 

that inhibits SERCA maximal pump function.  Various physiological events modulate 

SERCA function through their effects on PLB phosphorylation.  Exercise, for instance, 

induces activation of beta-adrenergic receptor-mediated cAMP-dependent PKA which 

phosphorylates PLB at the Ser-16 residue (Simmerman and Jones 1998).  Another 

modulator, CaMKII is activated by elevations in cytosolic calcium and phosphorylates 

PLB at Thr-17 (Jackson and Colyer 1996).  Due to its calcium-dependence, CaMKII 
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phosphorylation of PLB represents a negative feedback loop to reduce cytosolic calcium 

to normal levels by accelerating SERCA pump function.  Thus, SERCA represents an 

overall important molecule for maintaining calcium homeostasis. 

Context of TTCC re-expression during heart failure 

 After disappearance from neonatal VMs soon after birth, ICa,T have been shown to 

reappear in ventricular tissue under cardiac stress.  This reversal occurs alongside other 

phenotypic changes that occur due to activation of the fetal gene program in response to 

hemodynamic stressors on the heart (Izumo, Nadal-Ginard et al. 1988; Vassort, Talavera 

et al. 2006).  One of the earliest responses is induction of the c-fos and c-myc 

protooncogenes throughout the myocardium.  In other cell types, e.g. hepatocytes, the 

activation of these protooncogenes trigger a cascade of events that lead to cell division 

and tissue regeneration (Makino, Hayashi et al. 1984).  The pathophysiological 

conditions that stimulate re-induction of the fetal gene program in the heart are 

hypothesized to support organ function via hypertrophy rather than hyperplasia (Rajabi, 

Kassiotis et al. 2007).  The hypertrophic growth associated with c-fos and c-myc 

expression is believed to induce increased protein synthesis of bioenergetically more 

efficient fetal myofilaments, major heat shock (stress) proteins, ANP, and other metabolic 

enzymes that promote survival and compensation of the heart under pathologic stress 

(Izumo, Nadal-Ginard et al. 1988; Lijnen and Petrov 1999).   

 The time frame of TTCC re-expression during pathologic cardiac remodeling is 

unclear.  The first report of ICa,T re-expression in VMs was documented in a chronic 

hypertrophy model involving the feline myocardium (Nuss and Houser 1993).  Numerous 

reports have since documented this finding in other species and in different models of 



 20

heart failure.  ICa,T has been identified in rat VMs from hypertrophied (Martinez, Heredia 

et al. 1999) and post-infarction hearts (Huang, Qin et al. 2000).  Also, ICa,T has been 

observed in the epicardial border zone of canine healed-infarcted heart.  The ICa,T in the 

canine VMs are described to occur regionally and within a specific time window during 

the healing phase after myocardial infarction (Dun, Baba et al. 2004).  These findings 

suggest that TTCC expression does not exacerbate cardiac injury but is a protective 

compensation in VMs.  Also, the unique spatial and temporal expression of ICa,T may 

explain the inability to record TTCC activity in all experimental preparations, 

notwithstanding the fact that VMs from the diseased hearts of some species (e.g. human) 

are more calcium-sensitive and intolerant of the enzymatic digestion process required for 

cell isolation. 

 Both α1G- and α1H-subtypes have been shown to underlie the ICa,T in failing 

VMs.  Ferron et al. found increases in α1G mRNA and unchanged α1H mRNA levels in 

hypertrophied rat VMs.  Additionally, they found that the ICa,T measured in these VMs 

had a biphasic response to nickel treatment, with IC50 values of 1.6 and 240 μM, which 

correspond to the nickel sensitivity of α1H and α1G, respectively (Ferron, Capuano et al. 

2003).  Similarly, in the post-infarction ventricular myocardium, Huang et al. found 

increases in α1G mRNA as well as nickel-sensitive and resistant ICa,T, consistent with 

α1H and α1G (Huang, Qin et al. 2000).  As such, the post-translational mechanisms that 

repress expression of functional α1G and α1H TTCCs are modified in the failing VMs. 

Regulation of TTCC re-expression  

 Re-expression of TTCCs in ventricular myocardium during pathologic stress 

appears to be regulated by angiotensin II (AngII) and endothelin I (ET-1).  AngII levels 
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are indeed elevated during heart failure secondary to activation of the renin-angiotensin 

system as well as endogenous AngII release in response to myocardial stretch (Alvarez, 

Perez et al. 1999; Lijnen and Petrov 1999).  AngII can trigger release of ET-1 from the  

myocardium and the combined autocrine/paracrine effects of AngII and ET-1 contribute 

to increased force generation by the stressed myocardium.  In addition, both AngII and 

ET-1 have been shown to have a hypertrophic effect on the myocardium by inducing 

expression of several immediate-early protooncogenes, including those discussed earlier 

(c-fos, c-myc, and c-jun),  as well as late markers of hypertrophy, including ANP and 

growth factors (Kim and Iwao 2000).   

Bonvallet et al. were the first to demonstrate that acute treatment with AngII 

induces increased ICa,T density based on their work in isolated frog atrial cells (Bonvallet 

and Rougier 1989).  More recently, Ferron et al. showed that a similar AngII mediated 

increase in ICa,T is observed in neonatal rat VMs as well as hypertrophied rat VMs.  This 

effect could be abolished by the AngII-receptor blocker losartan, as well as UO126, a 

mitogen-activated protein kinase-1/2 (MEK1/2) inhibitor.  Interestingly, in the cultured 

neonatal VMs, the investigators were able to abolish the Ang II-increased ICa,T density by 

treatment with ET-1 receptor blockers.  As such, they concluded that the TTCC re-

expression in hypertrophied VMs is dependent on activation of Ang II-induced MEK 

pathway as well as the autocrine effects of ET-1 mediated signaling events (Ferron, 

Capuano et al. 2003). 

ET-1 was shown to augment calcium influx via TTCCs based on earlier work also 

done in neonatal rat VMs (Furukawa, Ito et al. 1992).  In their studies, Furukawa et al. 

showed that ET-1 mediates its effect on ICa,T through activation of PKC and that PKC 
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inhibitors antagonize the enhancement of ICa,T by ET-1.  More recently, Izumi et al. 

confirmed the effects of ET-1 on TTCCs in an in vivo system.  They showed that the 

progression to heart failure in hypertensive rats was associated with ET-1 production as 

well as elevation in α1G mRNA level and ICa,T appearance.  Chronic ET-1 blockade with 

bosentan treatment abolished the increase in α1G mRNA level and the recording of ICa,T 

(Izumi, Kihara et al. 2003).   

Physiological effect of TTCC re-expression in the diseased myocardium 

 The role of TTCC re-expression in VMs is unclear and remains a highly debated 

topic.  As discussed earlier, TTCCs represent a pathway for calcium influx at near 

diastolic resting membrane potentials.  The resulting ICa,T may exacerbate cardiac 

function by inducing calcium-dependent apoptosis or triggering arrhythmias as is the case 

with excess ICa,L (Nakayama, Chen et al. 2007).  On the other hand, calcium influx via 

TTCCs may be beneficial to the failing heart by promoting growth, cell division, and 

survival of existing myocytes similar to ICa,T effects during the period of embryonic 

cardiac development.  It is noteworthy that the effects of L- and TTCC blockers during 

heart failure suggest a protective role of ICa,T in the diseased myocardium.  In particular, 

the LTCC blocker diltiazem has been shown to play a beneficial role in heart failure 

(Semsarian, Ahmad et al. 2002), whereas mibefradil, a mixed L- and TTCC blocker, is 

shown to be detrimental during heart failure by increasing patient mortality (Levine, 

Bernink et al. 2000). 

 In summary, TTCCs have a unique expression pattern in cardiac muscle with ICa,T 

measurable in developing and diseased VMs.  The biophysical properties of TTCCs 

permit calcium influx at near resting membrane potential of VMs.  As such, ICa,T activates 
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unique calcium-dependent signaling events which is a topic of tremendous scientific 

interest.  In this study, we propose to understand the physiological role of TTCC in VMs. 

In order to model the re-appearance of ICa,T in diseased VMs, we generated transgenic 

(TG) mice overexpressing α1G in the heart under the control of a tetracycline-inducible 

α-myosin heavy chain (MHC) promoter.  Our tetracycline-inducible transgenic system 

required two genes:  the “driver” construct, in which the tet-repressor protein is 

constitutively expressed under the α-MHC promoter, and the “responder” construct, 

which contains the tet-operator for expression of the α1G transgene in a cardiac-specific 

manner. This bi-transgenic system permits inducible expression of α1G once tetracycline 

or doxycycline (Dox) is removed from the animal’s diet (Sanbe, Gulick et al. 2003). 
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CHAPTER 2 

CALCIUM INFLUX THROUGH T- AND L-TYPE CALCIUM CHANNELS HAVE 

DIFFERENT EFFECTS ON MYOCYTE CONTRACTILITY AND INDUCE UNIQUE 

CARDIAC PHENOTYPES 

Abstract 

T-type Ca2+ channels (TTCCs) are expressed in the developing heart, are not 

present in the adult ventricle and are re-expressed in cardiac diseases involving cardiac 

dysfunction and premature, arrhythmogenic death. The goal of this study was to 

determine the functional role of increased Ca2+ influx through re-expressed TTCCs in the 

adult heart. A mouse line with cardiac specific, conditional expression of the α1G-TTCC 

was used to increase Ca2+ influx through TTCCs. α1G hearts had mild increases in 

contractility, but no cardiac histopathology or premature death. This contrasts with the 

pathological phenotype of a previously studied mouse with increased Ca2+ influx through 

the L-type Ca2+ channel (LTCC) secondary to overexpression of its β2a subunit. While 

α1G and β2a myocytes had similar increases in Ca2+ influx, α1G myocytes had smaller 

increases in contraction magnitude and, unlike β2a myocytes, there were no increases in 

sarcoplasmic reticulum (SR) Ca2+ loading. Ca2+ influx through TTCCs also did not 

induce normal SR Ca2+ release. α1G myocytes had changes in LTCC, SERCa, and 

phospholamban abundance, which appear to be adaptations that help maintain Ca2+ 

homeostasis. Immunostaining suggested that the majority of α1G-TTCCs were on the 

surface membrane. Osmotic shock, which selectively eliminates T-tubules, induced a 

greater reduction in L- versus TTCC currents. These studies suggest that T- and LTCCs 

are in different portions of the sarcolemma (surface membrane versus T-tubules) and that 
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Ca2+ influx through these channels induce different effects on myocyte contractility and 

lead to distinct cardiac phenotypes. 

Introduction 

Ca2+ influx through voltage-regulated ion channels is essential for initiating and 

regulating cardiac function (Bers and Perez-Reyes 1999; Bers 2002). Changes in 

cytosolic Ca2+ concentration also influence a variety of signaling pathways (Berridge, 

Lipp et al. 2000; Frey, McKinsey et al. 2000), regulate normal cardiac metabolism 

(Maack and O'Rourke 2007), and cause both physiological and pathological hypertrophy 

(LaPointe, Deschepper et al. 1990; Sei, Irons et al. 1991; Balke and Shorofsky 1998; 

Richard, Leclercq et al. 1998). The primary pathway for Ca2+ influx in the adult heart is 

via the L-type Ca2+ channel (LTCC). This Ca2+ influx pathway is essential for triggering 

sarcoplasmic reticulum (SR) Ca2+ release and is the major source of Ca2+ to load the SR 

(Bodi, Mikala et al. 2005). Excess Ca2+ influx through LTCCs has been linked to necrotic 

myocyte death, cardiac dysfunction and premature death (Nakayama, Chen et al. 2007). 

Ca2+ can also enter cardiac myocytes through the voltage-operated T-type Ca2+ 

channel (TTCC). These channels are expressed throughout cardiac development until the 

end of the fetal/neonatal period (Nuss and Marban 1994; Cribbs, Martin et al. 2001; Qu 

and Boutjdir 2001). TTCC expression decreases soon after birth with little or no 

expression in normal adult ventricular myocytes (VMs). TTCCs are re-expressed when 

the heart is subjected to pathological stressors that induce cardiac hypertrophy and failure 

(Nuss and Houser 1993; Martinez, Heredia et al. 1999; Huang, Qin et al. 2000; Ferron, 

Capuano et al. 2003; Izumi, Kihara et al. 2003), and are associated with depressed cardiac 

function and sudden death (Kuwahara, Saito et al. 2003). However, the functional 
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significance of TTCC re-expression in adult VMs has not been established and is the 

focus of this study. Our major goal was to determine if Ca2+ influx through T and L type 

Ca2+ channels induce different cardiac phenotypes.  

Three TTCC genes have been identified, but only two, Cav3.1 (α1G) and Cav3.2 

(α1H) have been found in the heart (Cribbs, Lee et al. 1998; Cribbs, Martin et al. 2001; 

Perez-Reyes 2003). All TTCCs have similar biophysical properties, including activation 

at more negative voltages and faster inactivation than LTCCs. Based on studies in 

Purkinje cells and guinea pig VMs, TTCC current (ICa,T) appears to be less efficient than 

LTCC current (ICa,L) in excitation-contraction (EC) coupling (Sipido, Carmeliet et al. 

1998; Zhou and January 1998). Electrophysiologic assessment of ICa,T is technically 

difficult due to its small amplitude.  Additionally, it is difficult to extrapolate findings in 

Purkinje cells to VMs due to the limited T-tubule and ryanodine receptor (RyR) 

organization of Purkinje cells (Brette and Orchard 2007). 

α1G and α1H are re-expressed in the adult ventricle under pathological stress 

(Nuss and Houser 1993; Martinez, Heredia et al. 1999; Huang, Qin et al. 2000; Ferron, 

Capuano et al. 2003; Izumi, Kihara et al. 2003), but the involvement of these channels in 

cardiac dysfunction, pathological remodeling and arrhythmias is not known. In order to 

understand the function of these channels in the myocardium we generated mice with 

inducible, cardiac-specific expression of the α1G-TTCC. Increased Ca2+ influx through 

TTCCs should augment myocyte contractility and activate Ca2+ regulated signaling 

pathways. Recently we showed that increasing Ca2+ influx through LTCCs, by 

overexpressing its β2a subunit, increased myocyte contractility, but eventually induced 

SR Ca2+ overload and Ca2+ mediated myocyte necrosis leading to heart failure and 
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premature death (Nakayama, Chen et al. 2007). In the present study, we asked whether 

excess Ca2+ influx via TTCCs also causes alterations in contractility, cardiac dysfunction 

and premature death. 

Our experiments show that mice with cardiac specific α1G-TTCC expression 

have increased Ca2+ influx through functional TTCCs. Hearts from α1G animals were 

mildly hypercontractile but there was no cardiac pathology or premature death. Myocytes 

isolated from α1G hearts had increased Ca2+ influx, contractions and systolic [Ca2+]i 

transients, but the SR Ca2+ load was not increased. The duration of the [Ca2+]i transient 

and contractions were shortened, secondary to what appears to be adaptive changes in 

Ca2+ regulatory proteins.  Experiments with electrophysiologic and immunostaining 

approaches suggest that α1G-TTCCs are more highly concentrated in the surface 

membrane than in T-tubules and their associated junctional SR. These findings explain 

why ICa-T is an inefficient trigger for SR Ca2+ release and an inefficient source of Ca2+ to 

load the SR.  These studies also show that unlike LTCCs, Ca2+ influx through TTCCs 

does not induce Ca2+ mediated cardiac pathologies or arrhythmogenic sudden death. 

Collective our new findings suggest that the source of the Ca2+ influx pathway can be a 

critical determinant of the induced cardiac phenotype. 

Materials and Methods 

Generation of α1G and β2a transgenic mice 

Transgenic mice with conditional (Tet-off) and cardiac-specific expression of 

mouse TTCC α1G subunit were generated using a modified murine α-MHC promoter 

expression vector containing the tet operon (Sanbe, Gulick et al. 2003). These mice were 

crossed with transgenic mice expressing the α-MHC promoter-driven tetracycline-
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transactivator protein (tTA) to generate double transgenic (DTG) mice expressing both 

the α1G and tTA transgenes (termed α1G mice in this report). Mice between 10-16 

weeks of age were used. β2a mice were generated using a similar strategy as described 

previously (Nakayama, Chen et al. 2007). 

Echocardiography 

Whole heart morphology and function were assessed via echocardiography 

(VisualSonics Vevo 770). Mice were anesthetized with isoflurane at 2% initially and at 

1.5% during the procedure. Hearts were viewed at the level of the papillary muscles in 

short-axis and analyzed in M-mode to assess cardiac function, chamber dimensions and 

wall thicknesses. 

Myocyte Isolation 

Mouse VMs were isolated using a constant-pressure Langendorff apparatus. 

Animals were anesthetized with sodium pentobarbital (0.1 mL/100 g), and hearts were 

digested via retrograde perfusion of a Tyrodes solution containing collagenase (290 

U/mL) and (mM): CaCl2 0.02, glucose 10, HEPES 5, KCl 5.4, MgCl2 1.2, NaCl 150, 

sodium pyruvate 2, pH 7.4. After 8-10 min, the ventricles were minced and isolated VMs 

were equilibrated in a Tyrodes solution containing 0.2 mM CaCl2 and 0.5% bovine serum 

albumin.  

Histological Analysis 

Hearts from animals (9 months old) were excised, fixed in 10% formalin, and 

processed and embedded in paraffin. Serial 7µm longitudinal sections were stained with 

hematoxylin/eosin or Masson’s trichrome to evaluate gross morphology, fiber integrity 

and fibrosis. 
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Electrophysiology 

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

microscope and perfused with Tyrode’s solution containing 1 mM CaCl2. Myocytes were 

loaded with Fluo-3AM to measure [Ca2+]i and myocyte fractional shortening was 

measured with edge detection. Myocytes were paced at 0.5 Hz.  Rapid application of 

caffeine (10 mM) via a Picospritzer was used to induce SR Ca2+ release and to assess SR 

calcium content (Piacentino, Weber et al. 2003). Total transmembrane Ca2+ influx was 

assessed under field stimulation (0.5 Hz) after inactivating the SR with thapsigargin (1 

μM). Peak [Ca]i and the rate of rise of the [Ca]i were evaluated in the presence of 

thapsigargin with 1 mM or 3 mM bath Ca2+. Ca2+ influx was also determined under AP 

clamp conditions, with pipettes containing (mM): CsOH 130, aspartic acid 130, EGTA 

10, MgCl2 1, NMDG 10, HEPES 10, TEA-Cl 20, Tris-ATP 5, pH 7.2. The voltage profile 

of a typical AP recorded from a control VM was applied at various frequencies (0.5, 2.0, 

4.0, and 8.0 Hz). Capacitative currents were subtracted manually or via P/4 subtraction, 

and the resulting Ca2+ currents were integrated (20-ms) to assess Ca2+ influx. 

Whole-cell patch clamp techniques were used to measure action potentials (APs), 

in current clamp mode with pipettes (>4 MΩ) containing (mM): KOH 120, aspartic acid 

120, KCl 20, Na2ATP 5, MgCl2 1, HEPES 10, pH 7.2. APs were evoked with current 

pulses (<5 nA amplitude, <5ms duration) at 2.0 Hz. Ca2+ currents were measured with 

whole cell voltage clamp techniques with pipettes (3-4 MΩ) containing (mM): CsOH 

130, aspartic acid 130, EGTA 10, MgCl2 1, NMDG 10, HEPES 10, TEA-Cl 20, Tris-

ATP 5, pH 7.2. After 10 minutes of dialysis, cells were perfused with a Na-free, K-free 

solution containing (mM): CaCl2 2, 4-AP 2, CsCl2 5.4, Glucose 10, HEPES 5, MgCl2 1.2, 
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NMDG 150, pH 7.4.  Total calcium current was measured from a -90 mV holding 

potential using square wave pulses from -70 to +60 mV. ICa,L was measured from a -50 

mV holding potential using similar test pulses. ICa,T was determined by subtracting ICa,L 

from total current. INCX was measured as described previously (Nakayama, Chen et al. 

2007). All experiments used the Axopatch 2B voltage-clamp amplifier and pClamp8 

software. 

ICa,T and ICa,L induced SR Ca2+ release was measured using Na-, K-, and EGTA-

free conditions. The pipette solution consisted of (mM): Fluo-3K5 0.1, CsOH 130, 

aspartic acid 130, MgCl2 1, NMDG 10, HEPES 10, TEA-Cl 20, Tris-ATP 5, pH 7.2. The 

bath solution contained (mM): CaCl2 1, 4-AP 2, CsCl2 5.4, Glucose 10, HEPES 5, MgCl2 

1.2, NMDG 150, pH 7.4. Myocytes was conditioned with three 120-ms square pulses to 

+10 mV followed by a test pulse from -90 to -40 mV to measure ICa,T or -50 to +10 mV 

for ICa,L. Ca2+ currents and their accompanying Ca2+ transients and contractions were 

recorded for offline analysis with pClamp8 software. 

Immunostaining 

Isolated VMs were fixed in either 4% paraformaldehyde or 1.5% gluteraldehyde 

solution and permeabilized in 0.05% Triton X-100. Immunostaining of Cav3.1 was 

performed using an α1G-specific antibody (from our collaborator, Dr. Leanne Cribbs). 

LTCC staining was done with a Cav1.2 (α1C) specific antibody (BD Biosciences). RyR 

immunostaining was performed using a RyR2-specific antibody (Affinity BioReagents).  

Detubulation 

Isolated VMs were incubated in a Tyrodes solution containing formamide (1.5 

mol/L) for 15 minutes.  Thereafter, cells were quickly placed in a formamide-free 
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Tyrode’s solution. The re-exposure to isosmotic conditions results in cellular swelling 

and detubulation as reported previously (Kawai, Hussain et al. 1999). To confirm 

detubulation, cells were stained with 5.0 µM Di-8-ANNEPS to label the cell membrane 

and then imaged with confocal microscopy. 

Western blot analysis 

Cytoplasmic and membrane protein were isolated from ventricular tissue using 

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

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

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

calpain inhibitor I & II, and 200 μg/ml benzamidine). Cardiac actin was isolated from 

resulting pellet using PBS lysis buffer containing 2% sodium dodecyl sulfate, SDS 

(FisherBiotech), 1% IGEPAL CA-630 (Sigma), 0.5 % deoxycholate (Sigma), 5 mM 

EDTA (pH 7.4), and proteinase inhibitors. Protein abundance and phosphorylation levels 

in isolated protein were analyzed with Western blot analysis as described previously 

(Kubo, Margulies et al. 2001). Target antigens were probed with the following 

antibodies: SERCA (Sigma), phospholamban (PLB) (Upstate Biotechnology), RyR 

(Research Diagnostics), α-sarcomeric actin (Sigma), LTCC-α1C subunit (Chemicon), 

sodium calcium exchanger (NCX) (Swant), GAPDH (Serotec), PS2809-RyR, PS16-PLB, 

and PT17-PLB (Badrilla).  

Statistics 

Data are presented as mean±SEM. Between-group comparisons were performed 

by using the t-test. For all tests, statistical significance was set at P<0.05. 
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Results 

Phenotype of adult mice with α1G-TTCC overexpression 

Previously, we showed that inducible, cardiac-specific overexpression of the β2a 

subunit of the LTCC increases Ca2+ influx and myocyte contractility, but eventually leads 

to depressed pump function, fibrosis, myocyte necrosis, cardiac hypertrophy and 

premature death (Nakayama, Chen et al. 2007). In the present study, we asked if 

increases in Ca2+ influx of a similar magnitude through TTCCs, a class of Ca2+ channels 

re-expressed during cardiac disease, produced a similar excess Ca2+ phenotype. Mice 

with cardiac-specific, inducible α1G expression were generated to define the functional 

role of these channels in the myocardium. A bi-transgenic system was employed in which 

a standard α-MHC promoter-driven expression of tTA (regulated by doxycycline) is 

coupled to a modified α-MHC promoter containing the tet-operon for regulated 

expression of the α1G cDNA (Figure 2.1). α1G mice, unlike the β2a mice (Nakayama, 

Chen et al. 2007), had no premature death during the first 12 months of life.  Similarly, 

there were no signs of histopathology (Figure 2.2), cardiac dysfunction (Figure 2.3), 

ventricular remodeling, or increases in myocyte death.  For comparison, β2a hearts 

showed robust histopathology by 5 months of age (Figure 2.2), as well as premature 

 

 
Figure 2.1. Schematic of the bitransgenic system for cardiac-specific α1G overexpression 
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Figure 2.2. Histological evaluation of gross morphology and fibrosis in hearts from 
control (Con), α1G (left), and β2a mice (right). HE - hematoxylin/eosin; MT - Masson’s 
trichrome  
 
 

lethality (Nakayama, Chen et al. 2007).  Provocatively, not only were α1G mice without 

disease, they also showed enhanced ventricular performance (fractional shortening) 

compared with control animals (Figure 2.3). These data show that expression of α1G-

TTCCs induces a fundamentally different cardiac phenotype than overexpression of 

LTCC-β2a subunit (Nakayama, Chen et al. 2007). 

 

 
Figure 2.3.  In vivo cardiac function of a1G mice.  (A) Representative M-mode recording 
from control and α1G mice. (B) Fractional shortening (FS) and ejection fraction (EF) in 
α1G versus control mice at comparable heart rates. (*-p<0.05) 
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Ca2+ influx via T- and LTCCs in α1G mice 

One possible explanation for the pathological phenotype of β2a versus α1G mice 

is that Ca2+ influx is increased to a greater extent in β2a than α1G myocytes resulting in 

Ca2+ mediated myocyte death. To address this possibility we measured total Ca2+ influx 

in myocytes from α1G and β2a myocytes. ICa,T and ICa,L were measured (Figures 2.4-2.7) 

using standard biophysical conditions. Control VMs had no ICa,T, as expected, but 

ICa,T was present in every α1G VM. Peak ICa,T density (Figure 2.4B) was similar to peak 

ICa,L density in the β2a mice (Figure 2.7B). The voltage dependence of ICa,T was similar to 

published values observed in wild type channels, with a peak near -30 mV (Figure 2.4B). 

 

 
Figure 2.4. Characterization of ICa,T in α1G VMs. (A) Representative ICa,T in α1G VMs; 
(B) Voltage-current relationship of ICa,T.  ICa,T determined after subtraction of ICa,L from 
total Ca2+ currents. 
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ICa,T  also had normal recovery from inactivation, with 80% of TTCCs fully recovered 

within 100-ms (Figure 2.5). Therefore, at the normal heart rates of α1G mice TTCCs will 

be fully available for activation. ICa,T was less sensitive to Cd2+ than ICa,L and was blocked 

by Ni2+ (Figure 2.6), consistent with the known properties of wild type α1G-TTCCs. 

These results show that the expressed α1G has functional and pharmacological properties 

like native ICa,T.  

 

Figure 2.5. Time course of ICa,T recovery from inactivation (n=7) and representative 
example of ICa,T recovery from inactivation (inset). 
 
 

AP voltage clamp was used to measure and compare the total Ca2+ influx through 

both T- and LTCCs during a mouse AP (Figure 2.6A). Net Ca2+ influx during an AP was 

similar in α1G and β2a VMs and three-fold greater than in control VMs (Figure 2.6B). 

These studies show that the amount of excess Ca2+ entry via TTCCs in α1G mice is 

approximately equal to the excess Ca2+ entry via LTCCs in the β2a mice.  

Differences in Ca2+ influx in control, β2a and α1G VMs were also compared by 

measuring the field stimulated [Ca2+]i transient after inhibition of SR function with 

thapsigargin (1 μM) (Figure 2.6C,D). Peak [Ca2+]i transients after thapsigargin treatment  
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Figure 2.6. Comparison of net Ca2+ influx in control, α1G, and β2a myocytes.  
(A) Representative example of total Ca2+ currents under AP voltage clamp in control, 
β2a, and α1G VMs at 0.5 Hz. (B) Integral of total Ca2+ current (without drugs) at 
different pacing frequencies in control (n=6), β2a (n=8), and α1G VMs (n=6).  
(C) Representative example of [Ca]i transients at baseline and after thapsigargin 
application (1 μM) at 1 mM and 3 mM bath Ca. (D) Peak [Ca]i transient and rise rate of 
the [Ca]i transient after thapsigargin treatment (in 3 mM Ca) in control (n=20), β2a 
(n=20), and α1G VMs (n=25) 
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were similar in α1G and β2a VMs and significantly greater than control VMs. Peak 

rising rate of the [Ca2+]i transient, which is an index of Ca2+ flux, was also similar in α1G 

and β2a VMs and greater than control VMs. Collectively these results show that Ca2+ 

entry is increased to a similar extent in α1G and β2a mice. Therefore, differences in Ca2+ 

influx magnitude does not explain the different phenotypes of α1G and β2a mice. 

ICa-L density was significantly smaller in α1G versus control myocytes (Figure 

2.7A,B,C) and its voltage dependence of activation was shifted in the depolarized 

direction (Figure 2.7D,E). These changes may be a compensation (reduced Ca2+ influx 

via the normal influx pathway) for the increased Ca2+ influx through α1G-TTCCs. 

 

 
 
Figure 2.7. Properties of ICa,L in control, α1G, β2a VMs. (A) Representative examples of 
ICa,L, (B) Voltage-current relationships, and (C) Peak ICa,L in control (n=11), α1G (n=15), 
and β2a VMs (n=10). (D) Voltage dependence of ICa,L activation and (E) average half-
activation potential (V0.5) in control, α1G, and β2a VMs. (*-p<0.05; **-p<0.01) 
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Action potential, contractions and [Ca2+]i transients in α1G myocytes 

We have previously shown that excess Ca2+ influx through the LTCC increases 

myocyte contractions and [Ca2+]i transients (Nakayama, Chen et al. 2007). α1G VMs had 

longer AP durations (APDs) at 50%, 70%, and 90% repolarization and a more prominent 

plateau phase than control VMs (Figure 2.8A,B).  

 

Figure 2.8. Significant prolongation of action potential duration (APD) in α1G VMs. (A) 
Representative example of APs in control and α1G VMs. (B) Average APDs at 50, 70, 
and 90% repolarization in control (n=9) and α1G VMs (n=11). 
 
 

Peak systolic [Ca2+]i transients were greater in α1G versus control myocytes and the rate 

of [Ca2+]i transient decay was accelerated (Figure 2.9A,B). Contraction magnitude of 

α1G myocytes was significantly greater than control myocytes. The duration of 

contraction was significantly shorter and relengthening kinetics were accelerated in α1G 

versus control VMs (Figure 2.9C,D).  These results show that increases in Ca2+ influx 

through α1G induces an increase in [Ca2+]i transient and myocyte contraction, but also 

suggest substantial changes in fundamental aspects of Ca2+ handling in α1G myocytes. 
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The increased [Ca2+]i transient and contractility in α1G myocytes was significantly 

smaller (Figure 2.9) than in β2a myocytes (Nakayama, Chen et al. 2007). One possible 

explanation for these results is that increased Ca2+ entry through TTCCs induces 

adaptations in myocyte Ca2+ handling such as reducing Ca2+ influx through the LTCCs. 

 

Figure 2.9. Comparison of cytosolic [Ca2+]i transients and contractions in control, β2a, 
and α1G VMs. Representative example of [Ca2+]i transients (A) and contractions (C) 
from control (n=10), β2a (n=19), and α1G VMs (n=17). (B) Peak [Ca2+]i transients and 
Tau; and (D) Peak fractional shortening in control, β2a, and α1G VMs. 
 
 

SR calcium load and INCX 

Our data suggests that excess Ca2+ entry through TTCCs causes a much more 

modest increase in contractility than a similar increase in Ca2+ entry through LTCCs. One 

possible explanation is that the two sources of Ca2+ entry cause different degrees of SR 

Ca2+ loading. To test this idea we measured SR Ca2+ content, defined as the caffeine-
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induced [Ca2+]i transient.  SR Ca2+ content was not different in α1G versus control VMs, 

while it was increased significantly in β2a myocytes (Figure 2.10A,B). The decay phase 

of the caffeine-induced [Ca2+]i
 transient primarily results from NCX-mediated Ca2+ efflux 

and was not different between control and α1G VMs. 

 

 

Figure 2.10. SR Ca2+ content is increased in β2a but not in α1G VMs. (A) Representative 
example of caffeine-induced [Ca2+]i transients in control, β2a and α1G VMs .  
(B) Average data of peak caffeine-induced [Ca2+]i transients and Tau of decay in control 
(n=15), β2a (n=13), and α1G VMs (n=17). 
 
 

INCX measured at +60 mV and -80 mV (Figure 2.11A,B) was similar in α1G and control 

myocytes. These results suggest that there are no significant changes in the density or 

[Ca2+] dependent activity of the NCX in α1G myocytes, unlike what we have observed in 
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β2a myocytes (Nakayama, Chen et al. 2007). These results suggest that increased Ca2+ 

influx through T- and LTCCs are not equivalent in their abilities to load the SR.  

 

 

Figure 2.11.  NCX current is unchanged in VMs with increased α1G expression.  
(A) Representative example of INCX from control and α1G VMs. (B) Peak INCX at +60 
mV and -80 mV in control (n=16) and α1G VMs (n=17). 
 

 

Ca2+ regulatory proteins in α1G hearts 

The rate of decay of the systolic [Ca2+]i transient and its duration were 

significantly shorter in α1G versus control VMs suggesting significant alterations in 

myocyte Ca2+ handling. To address this possibility we measured Ca2+ regulatory protein 

abundance and phosphorylation state in control and α1G hearts. Western blot analysis of 

ventricular tissue confirmed expression of α1G-TTCCs in α1G hearts and found no 

detectable α1G protein in control tissue (Figure 2.12A). α1G expression was associated 

with reduced α1C protein abundance; consistent with reduced ICa,L density (Figure 2.7). 

SERCa abundance was significantly greater and PLB abundance was reduced 

with increased phosphorylation of PLB-Ser16 and PLB-Thr17 in α1G versus control  
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Figure 2.12. Western analysis of Ca2+ regulatory proteins in control and α1G hearts. (A) 
Representative Western blots of Ca2+ regulatory proteins from control (N=7) and α1G 
(N=6) hearts. (B) Analysis of Ca2+ regulatory protein abundance normalized to GAPDH. 
RyR and PLB phosphorylation levels normalized to total RyR and PLB, respectively. 
R.U., relative units. (*-p<0.05; **-p<0.01) 
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ventricles (Figure 2.12A,B). These changes in SR protein abundance and phosphorylation 

can account for the enhanced rate of relaxation and more rapid decay of the [Ca2+]i 

transient in α1G myocytes. No differences in RyR abundance or RyR-Ser2808 

phosphorylation were observed in α1G hearts. NCX abundance was slightly but 

significantly greater in α1G versus control ventricles.  

ICa,T and excitation-contraction coupling 

We next studied if Ca2+ influx through both T- and LTCCs were equally effective 

triggers of SR Ca2+ release. [Ca2+]i transients and contractions induced by ICa,L and ICa,T in 

α1G VMs were measured in Na+- and K+-free conditions to eliminate Na+ and NCX 

currents and to minimize loss of voltage control. Voltage steps from -90 to -40 mV 

resulted in an ICa,T with a three-fold larger amplitude than the ICa,L induced by voltage 

steps from -50 to +10 mV (Figure 2.13). However, ICa,T induced significantly smaller 

[Ca2+]i transients than ICa,L (Figure 2.13C) and these transients had a slower rate of rise 

than those induced by ICa,L (Figure 2.13F). Contractions induced by ICa,T were smaller 

than those induced by ICa,L and the kinetics of contractions were slower (Figure 2.13D,G). 

EC coupling gain (the ratio of peak [Ca2+]i transient to peak Ca2+ current) was nearly 

three-fold smaller for ICa,T versus ICa,L (Figure 2.13E). Similar experiments in control 

VMs showed no ICa,T, [Ca2+]i transients, or contractions with voltage steps from -90 to -

40 mV, whereas ICa,L induced [Ca2+]i transients and contractions from -50 to +10 mV. 

These findings show that Ca2+ influx through α1G-TTCCs is not an effective trigger of 

SR Ca2+ release, at least under our conditions. 
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Figure 2.13. ICa,T is less effective than ICa-L in inducing SR Ca2+ release (n=10). (A) 
Representative example of peak ICa,L and ICa,T and their corresponding [Ca2+]i transients 
and contractions. (B) Average ICa,L (at +10 mV) and ICa,T (at -40 mV) as measured in 1 
mM bath Ca2+. (C) Peak [Ca2+]i transients and (D) peak contractions triggered by ICa,L 
and ICa,T. (E) EC coupling gain, determined as the ratio of peak [Ca2+]i transients/peak 
current for ICa,L and ICa,T. (F) Maximum rate of rise of the [Ca2+]i transient induced by 
ICa,L and ICa,T. (G) Maximum rate of contraction due to ICa,L and ICa,T. (**-p<0.01) 
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TTCC membrane localization 

One reason why α1G-TTCCs may be ineffective triggers of SR Ca2+ release is 

that these channels are not localized to regions of the sarcolemma near the junctional SR. 

Localization of α1G on the VM membrane was determined using an α1G-specific 

antibody validated in previous studies (Cribbs, Martin et al. 2001). This antibody labeled 

α1G-TTCCs that were primarily on the surface sarcolemma of VMs, with less staining 

within the T-tubules (Figure 2.14A). By comparison, the staining pattern of α1C, the 

pore-forming subunit of the LTCC, was primarily within the T-tubules, producing a 

similar pattern of coincident localization as RyR2 (Figure 2.14C,D). Membrane 

localization of T- and LTCCs was performed using confocal imaging at the level of the 

nucleus to ensure that similar intracellular and membrane surface regions were examined 

in every myocyte. This staining pattern supports the idea that ICa,T is an ineffective trigger 

of SR Ca2+ release because TTCCs are concentrated in the surface membrane away from 

the Ca2+ release channels (RyR2). 

 

 

Figure 2.14. TTCC localization to surface sarcolemma away from the junctional SR as 
assessed by immunostaining. (A) TTCC staining pattern (red) in α1G VMs at the level of 
the nucleus (blue) using an α1G-specific antibody. (B) Background α1G staining pattern 
(red) in control VMs. (C) LTCC staining pattern (red) using an α1C-specific antibody. 
(D) RyR staining pattern using a RyR2-specific antibody. 
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Using antibodies to define membrane localization of ion channels can produce 

variable results (Barry, Trimmer et al. 1995). Therefore, we used another independent 

technique to confirm that TTCCs are more concentrated in the surface membrane than in 

the T-tubules of α1G VMs. Formamide-induced osmotic shock produces rapid changes 

in cellular volume that causes T-tubules to detach from the surface membrane (Kawai, 

Hussain et al. 1999). This detubulation technique has been used to confirm the principal 

localization of LTCCs within the T-tubule system (Kawai, Hussain et al. 1999). We used 

this approach to examine the idea that TTCCs are not in high density within the T-

tubules. Membrane staining with di-8-ANEPPS confirmed the presence and loss of T-

tubules in normal and detubulated α1G VMs, respectively (Figure 2.15A,B). Voltage 

clamp techniques were then used to measure ICa,L and ICa,T in α1G VMs with and without 

detubulation (Figure 2.15C).  

 

 

Figure 2.15. Detubulation confirms TTCC localization to the surface sarcolemma. (A) 
Membrane staining with di-8-ANEPPS (green) showing extensive T-tubular system in 
normal α1G VMs and lack of T-tubules in (B) detubulated α1G VMs. (C) Representative 
example of peak ICa,L and ICa,T in detubulated α1G VMs. (D) Comparison of peak ICa,L 
and ICa,T before (n=15) and after (n=7) detubulation. (**-p<0.01 compared to baseline) 
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Detubulation in α1G myocytes was associated with a 72% reduction in ICa,L and a 

significantly smaller, 32% decline in ICa,T, consistent with the antibody studies (Figure 

2.15D). Collectively these data support the idea that α1G-TTCCs are primarily on the 

surface membrane of VMs. 

Discussion 

The objective of this study was to define the functional role of TTCCs in adult 

VMs. TTCCs are expressed early in the developing heart (Nuss and Marban 1994; 

Cribbs, Martin et al. 2001; Qu and Boutjdir 2001) where they are thought to contribute to 

pacemaking and the induction of contraction in immature myocytes. TTCC expression 

decreases after birth and few if any of these channels exist in adult VMs (Qu and Boutjdir 

2001). Cardiovascular diseases that increase systolic wall stress in the ventricle, such as 

hypertension and myocardial infarction, induce re-expression of TTCCs (Nuss and 

Houser 1993; Martinez, Heredia et al. 1999; Huang, Qin et al. 2000; Ferron, Capuano et 

al. 2003; Izumi, Kihara et al. 2003), which was hypothesized to contribute to cardiac 

dysfunction, arrhythmias and sudden death (Kuwahara, Saito et al. 2003). However, a 

direct link between Ca2+ influx through TTCCs and these processes has not been causally 

established. To explore the role of TTCCs in the adult heart we generated a mouse model 

with inducible expression of α1G-TTCCs. 

α1G mice had functional TTCCs that caused increased Ca2+ influx (Figure 2.6). 

Previously we showed that increasing Ca2+ influx through LTCCs by expressing its β2a 

subunit increases myocyte contractility but over time causes cardiac dysfunction by 

inducing myocyte death from SR Ca2+ overload-induced necrosis (Nakayama, Chen et al. 

2007). These findings strongly support the idea that persistent increases in Ca2+ influx 
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eventually cause cardiomyopathy by reducing the number of functional cardiac 

myocytes, consistent with the known benefit of LTCC blockers in select forms of heart 

disease (Semsarian, Ahmad et al. 2002).  

The α1G mice used in the present experiments had increases in Ca2+ influx that 

were similar to or greater than in β2a mice, but surprisingly they did not develop a 

pathologic cardiac phenotype. These hearts and their resident myocytes were 

hypercontractile, but we could not detect evidence for cardiac histopathology or sudden 

death, at least during the first 12 months of life. These new studies show that increasing 

Ca2+ influx through α1G-TTCCs, by itself, is not sufficient to induce cardiac dysfunction 

or arrhythmias. The reasons why increasing Ca2+ influx through T- and LTCCs induces 

such fundamentally different phenotypes in the adult heart is not clear and will be a major 

topic for future studies. Our current studies suggest that the location of the Ca2+ influx 

pathway appears to be the critical determinant of the induced cardiac phenotype. 

Expression of α1G-TTCC induces alterations in myocyte Ca2+ handling 

Ca2+ influx was about 3-fold greater than normal in both β2a and α1G VMs. In 

the absence of compensatory changes in other Ca2+ regulatory processes, this increase in 

Ca2+ entry should cause similar increases in myocyte contractility and SR Ca2+ loading in 

myocytes from both transgenic mice. However, myocyte contractions and [Ca2+]i 

transients were smaller in α1G versus β2a myocytes, Figure 2.9 and (Nakayama, Chen et 

al. 2007), respectively. This appears to result from the fact that the SR Ca2+ load was not 

increased in α1G VMs (Figure 2.10) suggesting that T- and L-type Ca2+ fluxes are 

handled differently by cardiac myocytes. In this regard we observed a significant 
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decrease in the duration of contraction and the [Ca2+]i transient in α1G myocytes (Figure 

2.9), suggesting that α1G-TTCC expression and the associated increase in Ca2+ influx 

induced remodeling of other aspects of myocyte Ca2+ handling. We explored these 

compensatory changes using cellular biophysical techniques and Western analysis. 

Western blot analysis of ventricular tissue showed that the abundance and 

phosphorylation state of certain Ca2+ handling proteins were altered in α1G hearts.  The 

protein abundance of the LTCC-α1C pore-forming subunit was significantly smaller in 

α1G versus control hearts. ICa,L density was also smaller in α1G versus control VMs, 

consistent with the Western blot analysis. These results suggest that the increased Ca2+ 

influx through the α1G-TTCCs induces a reduction in LTCC density. This compensatory 

change could reduce the likelihood of SR Ca2+ overload, and associated pathologies in 

α1G hearts. Western blot analysis also showed an increased SERCa expression level and 

a reduced PLN abundance with increased phosphorylation at PLN-Ser16 and PLN-Thr17 

in α1G versus control hearts. These changes will promote Ca2+ uptake by the SR and can 

explain the shortened [Ca2+]i transient duration that we observed in α1G mice. Western 

blot analysis showed an increase in NCX abundance, but we did not find an increase in 

Ca2+ mediated NCX activity in α1G VMs in response to caffeine-induced SR Ca2+ 

release.  

Peak systolic Ca2+ was increased in α1G versus control myocytes, but their SR 

Ca2+ loads are not greater than in controls. We speculate that the increased systolic Ca2+ 

in α1G myocytes results from an increase in Ca2+ influx through TTCCs together with a 

similar (to that in control VMs) Ca2+ release from the SR (consistent with our finding that 



 50

the SR Ca2+ load is normal). Why an increase in α1G mediated sarcolemmal Ca2+ influx 

does not result in an increase in SR Ca2+ loading is not clear, because increasing Ca2+ 

influx via the LTCCs caused a significant increase in SR Ca2+ loading (Figure 2.10). We 

speculate that the pathway for Ca2+ entry (TTCCs versus LTCCs) and the localization of 

the influx pathway (surface sarcolemma versus T-tubule) influences the ability to load the 

SR with Ca2+.  

TTCCs are on the surface sarcolemma and LTCCs are in T-tubules 

Our experiments demonstrate that Ca2+ influx through T- and LTCCs have a 

different capacity to load the SR (Figure 2.10) and to induce SR Ca2+ release (Figure 

2.13). ICa,T induced [Ca2+]i transients with smaller amplitudes and slower rates of rise 

than those caused by ICa,L, suggesting that TTCCs are not proximal to the RyRs to induce 

efficient SR Ca2+ release. Our results also suggest that Ca2+ entry via TTCCs is not taken 

up by the SR to the same extent as the Ca2+ influx via LTCCs. We therefore went on to 

test the idea that T- and LTCCs are localized to different regions of the surface 

membrane.  

Immunostaining showed that α1G-TTCCs are localized to the surface membrane 

and are not significantly localized within the T-tubules, the principal site of LTCC 

localization (Figure 2.14). The T-tubule system is composed of extensive invaginations 

of the cell membrane that allow rapid transmission of electrical signals into the interior of 

the VM for spatial uniformity of SR Ca2+ release for myocyte contraction. The fraction of 

cell membrane comprised by the T-tubular system is very species-dependent, and is 

thought to be between 50 to 64% for murine VMs (Forbes and Sperelakis 1973; Bossen, 

Sommer et al. 1981; Forbes, Hawkey et al. 1984; Shepherd and McDonough 1998; Clark, 
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Tremblay et al. 2001). LTCCs are localized to regions of the T-tubules (Figure 2.14) that 

are in close apposition to the junctional SR (Kawai, Hussain et al. 1999). To confirm that 

LTCCs are primarily within the T-tubule system and TTCCs are primarily on the surface 

membrane we used osmotic shock, which on the swelling phase of the protocol causes T-

tubules to separate from the surface membrane. Our experiments confirm that the primary 

membrane lost following osmotic shock is from the T-tubules and that this membrane 

contains more L- than TTCCs (Figure 2.15). Collectively our results show that Ca2+ 

influx through T- and LTCCs has fundamentally different effects on EC coupling and SR 

Ca2+ loading. We conclude that Ca2+ entering VMs through T- and LTCCs occupies 

different submembrane compartments, where it has different effects on myocyte 

physiology.  

Our findings in α1G VMs confirm previous reports that TTCCs are ineffective 

triggers of EC coupling (Sipido, Carmeliet et al. 1998; Zhou and January 1998). Indeed, 

Sipido et al. demonstrated that TTCCs are much less efficient at triggering Ca2+ release 

than LTCCs and they hypothesized these differences to differential localization of T- and 

LTCCs (Sipido, Carmeliet et al. 1998).  

We speculate that the differential membrane localization of T- and LTCCs in α1G 

VMs is responsible for the different phenotypes of β2a and α1G mice. The increased 

Ca2+ entry through TTCCs at the surface membrane could be rapidly transported out of 

the cell so that only a small fraction of this Ca2+ enters the SR. This, coupled with a 

compensatory reduction in Ca2+ entry through LTCCs could explain the modest increase 

in contractility, with no significant change in SR Ca2+ loading. Similar increases in total 

Ca2+ entry through the LTCCs in β2a mice caused increased SR Ca2+ loading, [Ca2+]i 
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transients and contractility. Our most important finding is that increased Ca2+ entry 

through TTCCs did not induce cardiac dysfunction, histopathology or premature death. 

These results show that the Ca2+ entry pathway, the location of the Ca2+ channels within 

the membrane, as well as the Ca2+ influx magnitude determines the resultant cardiac 

phenotype. Additional studies are needed to determine the specific role of increased Ca2+ 

influx via TTCCs under pathologic conditions. 

 

Data presented in this chapter were published in Circulation Research, Volume 103, 

November 7, 2008. (Jaleel, Nakayama et al. 2008). 



 53

CHAPTER 3. 

T-TYPE CALCIUM CURRENT ACTIVATES PRO-SURVIVAL SIGNALING 

PATHWAYS AFTER MYOCARDIAL INFARCTION 

Abstract 

Calcium influx through L-type calcium channels (LTCCs) is essential for cardiac 

contraction and for activation of a variety of calcium dependent signaling pathways.  

However, calcium can also enter cardiac myocytes through T-type calcium channels 

(TTCCs), which are found in the fetal heart and become re-expressed in adult ventricular 

myocytes (VMs) during cardiac pathology.  While excess LTCC currents (ICa,L) promote 

VM death and dysfunction, the role of calcium influx through TTCCs (ICa,T) in cardiac 

stress responses is unknown and is the topic of this study.  Transgenic (TG) mice with 

inducible, cardiac-specific expression of α1G-TTCCs and control mice were used.  

Myocardial infarction (MI) was induced by permanent ligation of the left anterior 

descending coronary artery.  Mice were sacrificed at 1- and 7 weeks post-MI.  TG hearts 

had no changes in in vivo fractional shortening (FS) compared to control (TG: 

31.5±1.0%, N=16 vs Control: 30.6±0.9%, N=60) after induction of TTCC expression 3-

weeks postnatally.  VMs isolated from TG hearts showed peak ICa,T
 of -18.5±3.6 pA/pF.  

Despite higher calcium influx than control hearts, TG hearts showed no cardiac 

histopathology or premature death.  Also, TG hearts had higher levels of phosphorylated 

Akt (p<0.05) and dephosphorylated NFAT (p<0.05), which are known to be 

cytoprotective.  After 1 week of MI, TG and control hearts displayed similar reductions in 

FS (25.3±1.7%, N=14 vs 25.7±1.8%, N=19) and increases in cardiac size (HW/BW, 

mg/g: 4.4±0.1, N=14 vs 4.5±0.3, N=19).  However, TG hearts had smaller infarct sizes 
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than control hearts (19.9±1.8%, N=7 vs 28.4±2.3%, N=6, p<0.01).  At 7 weeks post-MI, 

TG mice showed a higher survival rate than control mice (66.7% vs 47.6%). Also, at 7 

weeks post-MI, TG hearts were larger than control (HW/BW: 10.4±1.0, N=12 vs 7.7±0.5, 

N=10; p<0.05) and had similar FS to control hearts (28.7±2.7%, N=8 vs 28.0±2.8%) and 

isolated VM contractility (TG: 5.6±0.7%, n=15 vs Control: 5.3±0.5%, n=14).  We 

conclude that calcium influx via TTCCs has small effects on cardiac contraction, but is 

associated with reduced infarct size and increased survival, suggesting that it induces 

cytoprotective signaling events. 

Introduction 

 Damage to the myocardium induces a variety of signaling events that converge 

towards re-induction of the fetal gene program.  The resulting changes confer a fetal 

phenotype in the adult myocardium with changes in preferred myofilament isotypes, ion 

channel expression profile, as well as various metabolic changes that promote 

compensation to the cardiac stressors. 

Re-expression of TTCCs is one of the changes noted in the adult myocardium as 

it undergoes cardiac remodeling during pathologic stress.  These channels are transiently 

expressed during early cardiac development and have a restricted expression in the SA 

node and conduction system in the adult heart.  The phenomenon of TTCC re-expression 

in the diseased ventricular myocardium has been observed in numerous independent 

studies (Nuss and Houser 1993; Ferron, Capuano et al. 2003; Izumi, Kihara et al. 2003).  

Several neurohumoral factors have been identified to regulate the re-expression of 

TTCCs, including angiotensin II, endothelin I, aldosterone, as well as atrial natriuretic 

peptide.  However, the downstream effects of TTCC re-expression remain undetermined.   
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One of the effects of increased calcium influx in VMs is enhanced cardiac 

function.  Previously, we showed that despite a robust increase in calcium influx via 

TTCC overexpression, there is only a modest increase in cardiac function (Jaleel, 

Nakayama et al. 2008).  Other investigators have found a similar result in the native 

myocardium not affected by genetic modifications (Sipido, Carmeliet et al. 1998; Zhou 

and January 1998).  The modest effect of TTCCs on cardiac function and the absence of a 

pathologic phenotype (e.g. increased cell death, arrhythmia, or heart failure) in TTCC 

overexpressing mice were unexpected findings.  In fact, excess calcium influx is 

generally associated with pathologic cardiac remodeling, including increased apoptosis, 

fibrosis, and arrhythmias as determined in transgenic mice with excess LTCC activity. 

Our previous work showed that T- and LTCCs have unique spatial localization. 

Whereas TTCCs are primarily found on the surface membrane, LTCCs are principally 

localized in the invaginations of the myocyte membrane, i.e. transverse tubules.  As such, 

T- and LTCCs likely mediate their physiologic effects through the unique, adjacent 

signaling partners.  Indeed, recent studies have shown that mere overexpression of α1G 

TTCCs without downstream signaling partners is associated with minimal effects on 

overall cellular physiology (Chemin, Monteil et al. 2000).   

To clarify the physiologic effects of TTCC re-expression in the heart, we 

subjected α1G mice to the pathologic stress associated with myocardial infarction (MI) to 

recapitulate the syndromic changes of congestive heart failure.  The choice of disease 

model can significantly affect the results of a study.  For example, the finding of myocyte 

hyperplasia is only observed in long-standing, but not short-term cardiac hypertrophy 

(Olivetti, Ricci et al. 1987).  Also, previous studies demonstrated the chronic nature of 
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pathologic stress that induces TTCC reexpression (Nuss and Houser 1993).  In particular, 

Izumi et al. showed that hypertensive rats did not re-express TTCCs until the hearts 

progressed from the hypertrophic to heart failure stage (Izumi, Kihara et al. 2003).  As 

such we chose to study the effects of TTCC expression during early (1-week) and later 

(7-weeks) stages of heart failure associated with MI. 

We hypothesized that re-expression of TTCCs represents a compensatory 

mechanism for the heart to overcome pathologic stress.  To test our hypothesis, α1G 

mice were subjected to MI by permanent ligation of a major coronary vessel.  Hearts 

were studied at 1- and 7-weeks post-infarction.  Our major findings were that TG mice 

have a survival benefit associated with TTCC expression.  We find increased activation 

of cardioprotective signaling pathways, smaller infarct sizes, and augmented growth in 

α1G than control hearts after MI. 

Materials and Methods 

Experimental Design 

Our previous studies (Chapter 2) involved evaluation of the effects of robust, 

unregulated cardiac-specific expression of α1G TTCCs.  In this study, however, we 

regulated the expression of TTCCs to more accurately model the physiologic amplitude 

of ICa,T in diseased VMs.  Animals were treated with doxycycline until the age of 3 weeks 

to minimize α1G expression.  Genotype of offspring was determined by PCR 

amplification of mouse tail DNA.  Animals without the α1G gene represented control 

mice, whereas those with both α1G and tTA genes were referred to as double transgenic 

(DTG, or simply α1G).  Mice were incorporated into the study at the age of 4 months and 

sacrificed after 1- and 7-weeks post-infarction (Figure 3.1). 



 57

 

Figure 3.1.  Experimental design of regulated α1G expression and induction of 
myocardial infaction in mice of 4-months age. 
 
 

Animal Model of Heart Failure 

Control and DTG mice were subjected to MI by permanent ligation of the left 

anterior descending coronary artery (LAD) as published previously (Gao, Tao et al. 

2004).  Briefly, animals were anesthetized with 3% isoflurance.  A skin incision was 

made over the left hemithorax and pectoral muscles were retracted to expose the 

underlying ribs.  A thoracotomy was performed at the level of the fourth intercostal space 

to expose the heart.  The proximal LAD was ligated 2-3 mm from its origin using 6-0 silk 

suture.  The heart was immediately placed back into the thoracic cavity and the chest wall 

was closed with suture.  Sham-operated animals underwent similar surgical procedures 

without LAD ligation.  All procedures were performed according to the IACUC 

guidelines of Temple University School of Medicine.  In order to minimize experimenter 

variability and associated confounding variables, all procedures were performed by a 

single skilled and experienced surgeon who was unaware of the animal genotypes. 

In Vivo Echocardiography 

 Cardiac function was assessed at baseline and prior to sacrifice at 1- or 7-weeks 

post MI.  All measurements were done in short-axis at the level of the papillary muscles. 
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Isolated VM physiology 

 VMs were isolated from both sham and infarcted-hearts of control and DTG 

animals after 7-weeks post-MI.  Myocytes were isolated using the collagenase perfusion 

method described earlier (Chapter 2).  Freshly isolated VMs were assayed for fractional 

shortening (%FS), calcium transients ([Ca]i), and calcium currents (ICa). 

Histological analysis 

Hearts were excised, fixed in 10% formalin, processed and embedded in paraffin. 

Serial 5µm transverse sections were used for morphometric analysis.  Infarct sizes were 

quantified by normalizing infarct area to total ventricular area.  Myocyte cross-sectional 

area was calculated at the level of the nucleus using sections stained with laminin, alpha-

actin, and DAPI. 

Western blot analysis 

All molecular analyses were done in viable myocardium after removal of infarcted tissue.  

Protein isolation and preparation was done as described in Chapter 2.  Target antigens 

were probed using the following antigens, excluding those described previously:  Akt, P-

Akt, P-NFAT, ANP, CREB, P-ERK1/2 (MAPK). 

Statistics 

Data are presented as mean±SEM. Between-group comparisons were made using 

t-test or ANOVA, as appropriate. Statistical significance was set at P<0.05 in all studies. 
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Results 

Phenotype of α1G Mice with Delayed Expression of TTCCs 

Previously, we demonstrated that DTG mice with unregulated α1G expression 

had robust ICa,T with a peak amplitude of nearly -30 pA/pF (Jaleel, Nakayama et al. 

2008).  Using multiple electrophysiologic approaches, we showed that α1G TTCCs were 

functionally active in the TG hearts and had properties comparable to those in published 

literature (Sipido, Carmeliet et al. 1998; Perez-Reyes 2003).  While no pathologic effects 

were noted, the excess calcium influx in α1G mice was associated with increased cardiac 

function compared to wildtype mice.  In order to model the physiologic effects of 

TTCCs, we reduced the peak ICa,T amplitude by half by inducing α1G expression at 3 

weeks postnatally (Figure 3.2A).  As such, TG hearts had comparable contractility to 

control hearts (Figure 3.2B) yet continued to show evidence of increased activity of other 

calcium-dependent signaling pathways (see below). 

 

 

Figure 3.2. Effect of regulated TTCC expression on cardiac function in α1G mice.  
(A) Voltage-current relationship of ICa,T in α1G mice with transgene induction at age 3 
weeks. (B) In vivo cardiac function at age 4 months showing no effect of excess TTCCs 
on cardiac contractility (% fractional shortening).
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α1G Hearts Show Increased Calcium-Dependent Signaling Events 

We evaluated the protein abundance and phosphorylation status of Akt and NFAT 

at baseline to understand if their activation confers α1G hearts the propensity to 

withstand pathologic stress.  As a pro-survival factor, Akt has been shown to play a direct 

role in inhibiting apoptosis  as well as activating signaling pathways that promote 

hypertrophy and cell cycle activity (Shiraishi, Melendez et al. 2004; McDevitt, Laflamme 

et al. 2005).  While total abundance of Akt was unchanged between α1G and control 

hearts, there was significantly greater phosphorylation of Akt (P-Akt; the activated form) 

in α1G than control hearts (Figure 3.3).  

 

 

Figure 3.3.  TTCCs activate Akt and NFAT signaling pathways in α1G hearts. 

 

In addition, we evaluated the phosphorylation status of NFAT, a cytosolic 

transcription factor (TF) whose nuclear translocation and activity is dependent on 

calcineurin, a calcium-dependent phosphatase.  As such, cytosolic calcium via its effect 

on calcineurin regulates NFAT activity and the important role of this TF in activating 
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hypertrophic growth of the myocardium (Wilkins and Molkentin 2004).  We find that at 

baseline, α1G hearts have increased dephosphorylated NFAT suggesting increased 

nuclear activity of this TF (Figure 3.3). 

Response of α1G Mice at 1-Week Post-MI 

Survival – 

Both α1G and control mice show a similar decrement in survival after MI.  Both 

groups showed approximately 66% survival by 1-week post-MI.  The highest mortality 

rate was during the initial three-day period after surgery, most likely attributable to 

arrhythmia or ventricular wall rupture. 

Echocardiography – 

Both α1G and control mice showed a significant decrease in in vivo cardiac 

function after 1-week of MI.  There were similar changes in the left ventricular internal 

diameter (LVID) in both groups consistent with the structural remodeling seen in heart 

failure (Figure 3.4). 

 

 

Figure 3.4. Reduced cardiac function and LV chamber dilation 1-week after MI in control 
and α1G transgenic mice as assessed by echocardiography.  * - P<0.05;  ** - P<0.01 
HW/BW ratio – 



 62

Loss of function of the infarcted myocardium places increased energetic demands 

on the existing viable tissue.  The typical compensatory response to such a pathologic 

stressor is hypertrophy of the remaining VMs leading to formation of more myofilament 

crossbridges that can meet the higher workload.  The change in HW/BW ratio, which is a 

good index of cardiac hypertrophy, was similar and significantly elevated in both α1G 

and control hearts after infarction in comparison to their sham counterparts (Figure 3.5). 

 

 

Figure 3.5.  α1G and control hearts show similar increase in HW/BW ratio after 1-week 
of infarction.  Left panel depicts the site of LAD ligation and the approximate infarct size 
in control (upper) and α1G hearts (lower). 
 
  

Infarct sizes – 

While cardiac function and HW/BW ratios were similar, we were surprised to 

find that α1G hearts had significantly smaller infarct sizes than control hearts.  Figure 3.6 

depicts representative histologic sections at the level of the papillary muscles.  We found 

a positive correlation between infarct sizes and activity of the cardioprotective signaling 



 63

proteins (Akt and NFAT; Figure 3.3).  Indeed, α1G hearts showed evidence of increased 

Akt phosphorylation and NFAT translocation which can confer transient survival benefit 

by suppressing apoptosis in the infarcted myocardium. 

 

 

Figure 3.6. α1G hearts show significantly smaller infarct sizes at 1-week after infarction. 
** - P<0.01 
 

 

Evidence of Cardioprotective Signaling Events in α1G Hearts After 7-Weeks of MI 

Survival – 

Both α1G and control MI groups showed similar symptoms of heart failure at 7 

weeks post-MI, including increased sedentary behavior and labored breathing.  While we 

did not perform telemetry studies to assess frequency of arrhythmias, α1G mice did not 

show any evidence of sudden cardiac death as expected based on previous studies 

(Kinoshita, Kuwahara et al. 2009).  However, we find that α1G mice had approximately 
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15% greater survival rate than their control counterparts (Figure 3.7).  While not 

statistically significant, these data support the idea that TTCC re-expression confers no 

deleterious effect in the failing myocardium and activates pro-survival signaling events. 

 

 
Figure 3.7. α1G transgenic mice show no evidence of increased mortality after acute MI 
and have a mild survival benefit at 7 weeks post-infarction. 
 
 
 
Echocardiography – 

Whereas both α1G and control mice showed significant worsening of cardiac 

function at 1-week post-MI, both groups showed evidence of normalized cardiac 

contractility by 7-weeks (Figure 3.8).  The underlying mechanism for this compensation 

is at least dependent on CaMKII activity, as noted by increased phosphorylation of Thr-

17 on phospholamban, rather than the beta-adrenergic system which seems 

downregulated in α1G hearts as noted by reduced phosphorylation of Ser-16 on 

phospholamban.  In addition, both groups showed continued cardiac remodeling as 

evidenced by large dilated atria as well as increases in LVID compared to the 1-week 

time point. 
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Figure 3.8.  Both α1G and control hearts show compensation in cardiac function after 7 
weeks of MI.  Both groups showed structural remodeling including, dilation of the LV 
chamber as well as thickening of the septum and free wall. 
 

 
HW/BW ratio – 

Both control and α1G mice underwent significant increases in HW/BW ratio at 7-

weeks post-MI in comparison to their healthy counterparts (Figure 3.9).  In addition, α1G 

hearts showed significantly greater increase in growth than control post-MI hearts 

(HW/BW, mg/g: 10.4±1.0, N=12 vs 7.7±0.5, N=10; p<0.05).  We evaluated myocyte 

cross sectional area to assess if myocyte hypertrophy accounted for this ~25% difference 

in HW/BW ratio.  Cross-sectional area of VMs was 15% greater in α1G than control 

hearts.  As such, these results suggest that other mechanisms contribute to cardiac growth 

in α1G hearts in addition to myocyte hypertrophy. 



 66

 

Figure 3.9.  α1G hearts show significant hypertrophic growth after 7-weeks of infarction.  
** - P<0.01 compared to sham; # - P<0.05 between MI groups. 
 

 

Sustained Activation of Pro-Survival Signaling Pathways  in α1G Hearts After MI – 

Several adaptive changes in gene and protein expression occur during heart 

failure including a shift in MHC isoform from alpha to beta as seen in failing mouse and 

human hearts (Krenz, Sanbe et al. 2003; Krenz and Robbins 2004).  Since our animal 

model utilized the alpha-MHC promoter to drive cardiac-specific TTCC expression,  we 

noted decreased TTCC expression in α1G hearts after infarction.  Despite decreased ICa,T 

in α1G hearts after MI, there was not only sustained but augmented activity of the pro-

survival signaling pathways noted at baseline (Figure 3.10).  In particular, total Akt 

protein abundance was increased in the infarcted group after 7-weeks.  The extent of Akt 

activation (P-Akt) was significantly greater in α1G compared to control infarcted hearts.  

Similarly, we found that the phosphorylation status of NFAT was inversely related to 

TTCC expression, i.e. increased TTCC expression level correlated with decreased p-

NFAT which promotes greater nuclear activity of this TF.   
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Figure 3.10.  Molecular analysis of protein expression and phosphorylation in post-
infaction ventricular tissue.   
 
 
 

Discussion 

 The goal of this study was to determine the role of TTCC re-expression during 

cardiac pathology.  ICa,T has been recorded in VMs from animal models of cardiac 

hypertrophy, heart failure, and myocardial infarction (Nuss and Houser 1993; Ferron, 

Capuano et al. 2003; Izumi, Kihara et al. 2003; Gao, Tao et al. 2004).  Molecular biology 

techniques have demonstrated that the re-expression of TTCC proteins is due to both 

increased gene expression (transcription) of α1G and α1H as well as mRNA processing 

(translation) of these TTCC subtypes.  Angiotensin II and endothelin I have been 

identified as factors that stimulate these cellular processes to produce ICa,T.  However, the 

downstream effects of TTCC re-appearance in the diseased heart remains unclear.  

TTCCs were hypothesized to contribute to the pathophysiology of heart failure by 
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inducing cardiac dysfunction, arrhythmias, and sudden death (Kuwahara, Saito et al. 

2003).  However, recent studies suggest that reexpressed ICa,T activate cytoprotective 

signaling events in the diseased myocardium (Nakayama, Bodi et al. 2009).  Previously 

we showed that an excess calcium influx via α1G TTCCs does not induce cardiac 

pathology (Jaleel, Nakayama et al. 2008).  As such, we hypothesized that the re-

expression of ICa,T in the diseased myocardium would not exacerbate cardiac function.  

To test this idea, we determined the effects of myocardial infarction in transgenic mice 

with cardiac-specific α1G expression. 

 As described earlier, the expression of the α1G transgene in our animal model can 

be regulated by withdrawal of doxycycline from the animal’s diet.  In our studies, we 

induced α1G expression at 3 weeks postnatally to minimize the effects of ICa,T in the 

neonatal period.  TTCCs have been associated with the growth and proliferation of VMs 

during the transient expression of these channels in the initial 2-3 weeks after birth (Day, 

Johnson et al. 1998; Guo, Kamiya et al. 1998; Ferron, Capuano et al. 2002; Lory, Bidaud 

et al. 2006).  By repressing TTCC expression until the age of 3 weeks, we noted that 

baseline ICa,T in α1G mice at the age of 4 months was -18.5±3.6 pA/pF.  At 7-weeks post-

infarction, the peak ICa,T in diseased α1G VMs was -10.7±2.1 pA/pF.  We attributed this 

decrease in ICa,T to the downregulation of the alpha-MHC in failing mouse hearts (Krenz 

and Robbins 2004).  Since the α1G transgene was downstream to the alpha-MHC 

promoter in our transgenic model, there was a concomitant decrease in α1G expression 

with the shift in MHC isotypes from alpha to beta in the infarcted α1G hearts.  Despite 
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these effects, ICa,T were consistently found in all VMs isolated from α1G hearts at a 

magnitude relatively comparable to those in other models of heart failure. 

The calcium influx via TTCCs in α1G transgenic mice did not affect cardiac 

contractility (Figure 3.2), consistent with previous reports of TTCC ineffectiveness in 

excitation-contraction coupling (Sipido, Carmeliet et al. 1998; Jaleel, Nakayama et al. 

2008).  We confirmed, however, that TTCCs did modulate other downstream signaling 

events by evaluating the phosphorylation status of targets of calcium-dependent enzymes, 

e.g. NFAT and PLB which are modified by calcium-dependent calcineurin and CaMKII, 

respectively.  Indeed, baseline phosphorylation of NFAT in α1G hearts was significantly 

less than control suggesting increased phosphatase activity of calcineurin.  Similarly, the 

Thr-17 of phospholamban was hyperphosphorylated in α1G myocardium reflecting 

increased kinase activity of CaMKII (Figure 3.3). 

Resistance to Cell Death in α1G Hearts After Pathologic Stress 

 Myocardial infarction results in cell death not only from necrosis due to poor 

tissue perfusion, but also apoptosis secondary to the effects of excess reactive oxygen 

species (ROS) in the peri- and infarct zones (Zhao, Zhao et al. 2009).  The surviving 

myocardium undergoes hypertrophic growth and structural remodeling to compensate for 

the increased workload placed upon it.  We found that 1-week after infarction both α1G 

and control hearts had a similar significant increase in HW/BW ratio (Figure 3.5) as well 

as decrease in cardiac function (Figure 3.4).  Recently our collaborators showed that α1G 

hearts have a blunted hypertrophic response to such stressors as transverse aortic 

constriction (TAC), chronic beta-adrenergic stimulation with isoproterenol, or exercise 

(Nakayama, Bodi et al. 2009).  The difference in results are likely due to the unique 
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injury model in our study, and highlights the likely role of calcium influx via α1G 

TTCCs in cardiac hypertrophy under severe pathologic stress. 

 At 1-week post-MI, α1G hearts exhibited significantly smaller infarcts than 

control hearts (Figure 3.6).  We found that several signaling mechanisms that promote 

cell survival were activated at baseline in α1G hearts, including Akt and NFAT (Figure 

3.3).  Akt in particular has been shown to directly inhibit pro-apoptotic proteins in the 

mitochondria as well as promote nuclear signaling, which like NFAT, promote myocyte 

survival (Shiraishi, Melendez et al. 2004).  In addition, increased NOS3 effects in α1G 

hearts may promote cell survival.  Our collaborators recently showed that α1G channels 

directly couple with nitric oxide synthase 3 (NOS3), a calcium-dependent enzyme that 

generates free-radical scavenging nitric oxide and also activates anti-hypertrophic 

signaling mechanisms.  These mechanisms may have a synergistic effect on myocyte 

survival and likely account for the small infarct sizes noted in α1G hearts. 

Hypertrophic Effects of α1G TTCCs During Chronic Heart Failure 

 By 7-weeks post-infarction, α1G mice had significantly larger hearts than control 

infarcted hearts, with the HW/BW ratio of α1G hearts being nearly 25% higher than 

control (Figure 3.9).  We evaluated the mechanism for this augmented growth by 

assessing the phosphorylation status of Akt and NFAT (Figure 3.10).  Indeed, both these 

molecules were more activated than control hearts suggesting their likely role in the 

enhanced growth of α1G hearts.  We also assessed the myocyte cross sectional area in 

histologic sections.  Indeed, the cross-sectional area of α1G VMs was 15% larger than 

control VMs suggesting that myocyte hypertrophy is the major underlying mechanism for 
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the augmented growth of α1G hearts.  Since TTCCs are associated with increased 

proliferation of various cell-types, including neonatal VMs, we also evaluated if myocyte 

proliferation is a component of the enhanced growth of α1G hearts.  Our analysis of 

BrdU incorporation reveals that α1G hearts have increased incorporation of this synthetic 

nucleotide at 7-weeks post-infarction compared to control hearts (data not shown).  While 

BrdU incorporation occurs during DNA synthesis and repair, we cannot conclude that the 

enhanced BrdU incorporation in α1G hearts is entirely due to increased cell cycle 

activity. 

Akt and NFAT Signaling Activate Cardioprotective Signaling in α1G Mice 

 Our data shows increased basal and post-MI activity of Akt and NFAT in α1G 

mice.  The activity of these pro-survival factors is calcium-dependent.  While the specific 

mechanisms that activate these signaling pathways in α1G mice is unclear, we believe 

that the differential localization of T- and LTCCs may be an important factor.  We 

previously demonstrated using multiple approaches that TTCCs are preferentially 

localized to the surface sarcolemma away from the transverse tubules, the site of 

predominant LTCC localization (Jaleel, Nakayama et al. 2008).  Our collaborators 

recently demonstrated that the α1G TTCCs are co-localized with the caveolar protein 

NOS3 at the surface sarcolemma (Nakayama, Bodi et al. 2009).  They showed that this 

functionally coupling represents one mechanism that triggers cardioprotective signaling 

in α1G hearts under pathologic stress.  Indeed there may be other unique signaling 

pathways that may be preferentially activated by either ICa,T or ICa,L due to their 

differential spatial localization on the myocyte membrane. 
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Conclusion 

 Our data suggest that the re-expression of TTCCs in the myocardium does not 

exacerbate cardiac function.  At baseline, increased calcium influx via α1G TTCCs does 

not affect cardiac contractility or induce cardiac histopathology.  After MI, α1G mice 

show smaller infarcts and comparable survival at 1 week.  After 7-weeks of MI, α1G 

mice show enhanced survival, increased HW/BW ratio, and increased BrdU 

incorporation in VMs.  α1G hearts showed increased activation of Akt and NFAT.  As 

such, we conclude that re-expression of TTCCs activates cardioprotective signaling 

events in the failing heart. 

Limitations 

TTCCs represent an alternate pathway for calcium influx in the myocardium.  

ICa,T has been recorded in the neonatal VMs in almost all species, including human, dogs, 

cats, rats, and mice.  However, functional TTCCs have not been recorded from VMs of 

all species.  Indeed as demonstrated in the canine post-infarct heart (Dun, Baba et al. 

2004), some species may have only a transient period of functional TTCCs in the failing 

heart.  These differences could be dependent on unique post-translational processing and 

expression of TTCCs and therefore may explain the lack of ICa,T recording in some 

published studies.  Despite the absence of ICa,T findings, our study highlights that 

functional expression of ICa,T in the failing myocardium does not exacerbate cardiac 

function.  In contrast, calcium influx via α1G TTCCs activates pro-survival pathways in 

the injured myocardium.  These results suggest that the re-expression of TTCCs may 

provide therapeutic benefit to the heart.  Lentiviral mediated transfer (Pleger, Most et al. 
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2007) of α1G in animal models of heart disease may provide a platform to assess the 

benefit of TTCC reexpression during heart failure. 

 

Data in this chapter were presented in a platform presentation at the 2008 American Heart 

Association conference in New Orleans, LA. 
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CHAPTER 4 

DISCUSSION AND CONCLUSIONS 

Overview 

 Calcium is a critical mediator of signaling events and involved in the regulation of 

over 300 different genes and nearly 30 transcription factors (Feske, Giltnane et al. 2001).  

Elevation in cytosolic calcium can activate numerous calcium-dependent pathways 

involved in myocyte growth, death, and dysfunction.  It is amazing that despite global 

rises in cytosolic calcium associated with each heart beat, discriminatory mechanisms in 

cardiac myocytes help to distinguish the multiple types of calcium signals within a cell 

and to regulate the activation of calcium-dependent signaling events (Frey, McKinsey et 

al. 2000).  T- and L-type calcium channels (TTCCs and LTCCS, respectively) provide 

two unique pathways for calcium influx in the myocardium. 

The focus of this thesis work was to understand the role of TTCCs in the 

myocardium.  TTCCs are transiently expressed during cardiac development and 

disappear from the ventricular tissue by 3 weeks after birth.  This neonatal period of 

TTCC expression is correlated with robust cardiac growth and proliferation of VMs.  The 

transition in postnatal cardiac growth from hyperplasia to hypertrophy is associated with 

disappearance of TTCCs from the ventricular myocardium (Li, Wang et al. 1996; Guo, 

Kamiya et al. 1998).  Indeed this transient expression of TTCCs highlights the temporal 

encoding of calcium signals that activate specific signaling events.   

In the adult heart, TTCCs are primarily found in the SA node and Purkinjie 

system where they play an important role in pacemaker function and electrical 

conduction, respectively.  However, TTCCs are re-expressed in the adult ventricular 
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tissue during periods of pathologic cardiac stress.  Numerous studies have documented 

the recording of TTCC currents (ICa,T) in diseased VMs.  TTCCs have been hypothesized 

by many to contribute to arrhythmias and sudden cardiac death (Kuwahara, Saito et al. 

2003).  However, the role of ICa,T in diseased VMs remains undetermined. 

Discussion 

In this thesis work, we focused on evaluating the role of TTCCs in the ventricular 

myocardium.  Our experiments were performed in a transgenic mouse model with 

inducible, cardiac-specific expression of α1G TTCCs.  While both the α1G and α1H 

TTCC subtypes re-appear during cardiac disease, we specifically evaluated the effects of 

overexpressing α1G since mRNA levels of this TTCC subtype are markedly elevated 

during cardiac pathology (Huang, Qin et al. 2000; Ferron, Capuano et al. 2003; Izumi, 

Kihara et al. 2003).   

In Chapter 2, we examined the effects of calcium influx through T-type calcium 

channels (TTCCs) on the function of ventricular myocytes (VMs).  At the whole heart 

level, we found that TTCC expression was associated with a small but significant 

increase in cardiac contractility.  Histological analysis of α1G hearts showed no 

histopathology or any change in myocyte cross-sectional area.  These results were in 

contrast to the phenotype of β2a mice, which had a similar increase in calcium influx as 

α1G mice albeit through the L-type calcium channels (LTCC).  β2a mice at baseline had 

significantly higher cardiac contractility than α1G mice, and also had evidence of fibrosis 

and myocyte death on histologic analysis.   

Through multiple electrophysiological approaches, we confirmed that the 

difference in phenotype of α1G and β2a mice was not due to a difference in magnitude of 
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calcium influx.  Our results demonstrated that the location of calcium entry is the likely 

cause of the phenotypic difference between α1G and β2a mice.  We showed that ICa,T was 

three-fold less efficient that ICa,L in triggering sarcoplasmic reticulum (SR) calcium 

release, which suggested that TTCCs are fundamentally not involved in excitation-

contraction coupling.  Using an immunostaining approach, we found that LTCCs were 

densely localized in the transvere-tubulues (T-tubules) in close proximity to the 

ryanodine receptors (RyRs).  On the other hand, TTCCs were primarily localized to the 

surface membrane.  We confirmed our immunostaining results by measuring ICa,T and 

ICa,L in α1G VMs that had no T-tubules.  The depletion of T-tubules in α1G VMs by 

osmotic shock was associated with a 72% reduction in ICa,L and a 32% decrease in ICa,T 

which likely reflects the fraction of these channels in the T-tubules.  Interestingly, loss of 

T-tubules represents one of the phenotypic changes seen in failing VMs (Song, Sobie et 

al. 2006; Lyon, MacLeod et al. 2009).  It is likely that TTCCs that re-appear during 

progressive heart failure traffic to the surface membrane to exert their physiologic effects. 

In Chapter 3, we examined the role of TTCCs during heart failure.  We subjected 

α1G mice to the pathologic stress associated with myocardial infarction (MI) by ligating 

the proximal portion of the left anterior descending coronary artery.  After one-week of 

MI, we found that α1G mice had comparable survival rate, cardiac function, and 

hypertrophic response to control mice.  However, α1G hearts were found to have 

significantly smaller infarct sizes than control hearts.  Molecular analysis revealed 

increased activation of Akt and NFAT in α1G hearts which may explain the increased 

tissue viability.  After seven-weeks of infarction, we found increased survival rate and 
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hypertrophic response in α1G than control hearts consistent with the effects of increased 

Akt and NFAT activation. 

Recent reports have presented similar findings regarding the effect of TTCCs on 

activation of NFAT hypertrophic signaling.  However, Chiang et al. showed that α1H 

rather than α1G TTCCs are involved in development of cardiac hypertrophy after 

transverse aortic constriction (TAC).  These authors demonstrated their findings using 

both α1H and α1G deficient mice.  They found that α1H deficient mice were resistant to 

hypertrophy after TAC, whereas wildtype and α1G deficient mice had a similar response 

to TAC (Chiang, Huang et al. 2009).  In interpreting these results, it is important to 

realize the multiple roles of TTCCs in the myocardium.  In particular, α1H deficient mice 

have been shown to have focal myocardial fibrosis at baseline due to abnormal coronary 

function (Chen, Lamping et al. 2003).  Also, TTCCs have been shown to play an 

important role in atrial secretion of ANF and aldosterone, which contribute to cardiac 

hypertrophy.  Also, α1H has been shown to play a role in pacemaker function.  As such, 

similar to the effect of beta-blockers on heart rate, the bradycardia in α1H-deficient mice 

may limit hypertrophic remodeling by reducing the workload associated with increased 

heart rate.  Finally, it is difficult to ascertain the loss of physiologic functions resulting 

from global, multi-organ deletion of TTCC genes considering the pleiotropic effects of 

α1H in other tissues including hormone secretion and autonomic nervous system 

regulation.  As such, the lack of hypertrophy seen in α1H rather than α1G-deficient mice 

may reflect the loss of function in other cellular processes rather than simply the direct 

effect of α1H deletion in VMs.   



 78

It would be valuable to demonstrate that α1H overexpressing mice have a robust 

hypertrophic response as implied by the resistance to hypertrophy seen in α1H deficient 

mice.  Both α1H and α1G TTCCs have similar biophysical profiles, including activation 

at near resting membrane potentials as well as presence of window currents that allow for 

steady state calcium influx.  The downstream effects of increased cytosolic calcium 

include cellular hypertrophy, proliferation, and death.  The finding that α1G deficient 

mice have a similar hypertrophic response to wildtype mice implies that α1G channels 

are not required for induction of hypertrophy.  However, the enhancement of hypertrophy 

in α1G overexpressing mice (this study) suggest that calcium influx via TTCCs can 

promote hypertrophic signaling events in addition to activating other calcium-dependent 

processes. 

Clinical Significance 

Our results suggest that the reappearance of TTCCs during heart failure results in 

minimal effect on cardiac function.  ICa,T activate other calcium-dependent cardio-

protective signaling events that promote myocyte growth and survival.  While ICa,T have 

been recorded in human fetal myocytes (Bkaily, Sculptoreanu et al. 1992), functional 

TTCCs have not been reported in diseased human VMs as well as numerous animal 

models of disease.  It is possible that ICa,T transiently re-appear in specific regions of the 

failing heart (Dun, Baba et al. 2004).  Despite these negative findings, our results suggest 

that a cardiac-specific overexpression of α1G TTCCs may represent a therapeutic 

approach to activate cytoprotective signaling events in the failing heart.  However, 

significant future work will have to clarify the pathways regulating TTCC expression and 

those activated by ICa,T. 
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While our data suggest that TTCCs are beneficial in heart failure, some reports 

have suggested that blockade of TTCCs confers survival benefit during heart disease 

(Mulder, Richard et al. 1997; Kinoshita, Kuwahara et al. 2009).  In particular, Kinoshita 

et al. investigated whether TTCCs contributed to the arrhythmogenicity and mortality 

observed in transgenic mice that express the dominant negative (inactive) form of 

neuron-restrictive silencer factor (dnNRSF).  NRSF is an important regulator of the fetal 

cardiac gene program and expression of dnNRSF causes cardiomyopathy and sudden 

arrhythmic death (Kuwahara, Saito et al. 2003).  Inhibition of ICa,T that are re-expressed 

in dnNRSF mice during heart failure was associated reduced arrhythmias and improved 

survival. 

While the results from dnNRSF mice suggest that inhibition of ICa,T reduce 

arrhythmias in failing hearts, TTCC blockade in these studies was done using 

pharmacological inhibitors that have significant effect on LTCCs as well.  As such it is 

difficult to attribute arrhythmogenesis during heart failure entirely to re-expressed TTCCs 

since LTCCs are also known to induce arrhythmias (Splawski, Timothy et al. 2005; 

Koval, Guan et al. 2010).  While the α1G transgenic mice in our study did not show 

increased mortality or arrhythmogenesis, the work in dnNRSF mice establishes sufficient 

concern to perform further in vivo and in vitro studies in α1G transgenic mice.  Also, 

since α1H subtype was found to be highly upregulated during heart failure in dnNRSF 

mice, it would be important to assess if α1H transgenic mice have the phenotype of 

sudden death associated with the arrhythmias seen in dnNRSF mice. 
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Future Studies 

The cardiac-specific expression of α1G transgene in our study provides a unique 

model to evaluate the effect of TTCC re-expression in the myocardium.  While we have 

thoroughly examined the role of TTCCs in cardiac function in the healthy VMs, it is 

important to evaluate the effects of TTCCs at the whole heart level in both healthy and 

failing α1G mice.  In particular, continuous telemetry would allow assessment of the 

frequency of cardiac arrhythmias.  Invasive hemodynamics would allow careful and 

accurate evaluation of the pressures generated by the ventricles during normal and 

disease states.  While echocardiography provides an index of cardiac function, the 

subjectivity and difficulty associated with imaging the post-infarct heart decreases the 

accuracy of the data obtained. 

Our studies suggest that α1G overexpression induces protective signaling events 

by activating Akt and NFAT signaling pathways.  These cellular pathways converge to 

activate and induce hypertrophic signaling events in VMs.  However, in cells capable of 

proliferation, Akt and NFAT signaling can also activate the cell cycle.  As such, it would 

be interesting to determine the extent of hyperplastic growth seen in the post-MI heart of 

α1G transgenic mice.  Together, further understanding of the effect of ICa,T re-expression 

in diseased hearts could have significant value in the development of novel therapeutic 

agents for the treatment of heart failure.  
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