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Calcium plays an integral role to many cellular processes including 

contraction, energy metabolism, gene expression, and cell death. The inositol 

1,4,5-trisphosphate receptor (IP3R) is a calcium channel expressed in cardiac 

tissue. There are three IP3R isoforms encoded by separate genes. In the heart, 

the IP3R-2 isoform is reported to being most predominant with regards to 

expression levels and functional significance. The functional roles of IP3R-1 and 

IP3R-3 in the heart are essentially unexplored despite measureable expression 

levels. Here we show that genetically encoded calcium indicators are an excellent 

tool to study calcium dynamics in vitro. As well we explore whether immortalized 

cell models can be used as an alternative to primary cells to study cardiac 

hypertrophy.  Additionally, we show that all three IP3R proteins were expressed 

throughout the cardiomyocyte sarcoplasmic reticulum in neonatal and adult rat 

ventricular cardiomyocytes and in the human heart tissue. Mechanistically, IP3Rs 

specifically contribute to activation of the hypertrophic program by mediating the 

positive inotropic effects of endothelin-1 leading to downstream activation of 

nuclear factor of activated T-cells (NFAT). Our findings highlight previously 

unidentified functions for IP3R isoforms in the heart with significant implications for 

hypertrophic signaling in animal models and human disease.  
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CARDIAC HYPERTROPHY, HEART FAILURE AND ENDOTHELIN-1 

Heart failure (HF) is characterized by the inability of the heart to maintain 

adequate blood flow. As a result the heart is unable to provide enough blood flow 

to different organs such as the brain and kidneys. Currently, there is an estimated 

5.7 million Americans ≥20 years of age that live with HF [1]. Risk factors for HF 

include hypertension, diabetes, and low socioeconomic status. Overall, African 

Americans have the highest risk of developing HF, followed by Hispanic and white 

Americans [1]. Some of the most common causes of HF are long standing 

hypertension, myocardial infarction, coronary artery disease and congenital heart 

defects.  

In patients with HF there is an increase in the endothelin-1 (ET-1) plasma 

levels, which has been associated with worsening HF and increased mortality [2, 

3]. As well,ET-1 and its receptor ETA are known to beupregulated during other 

cardiovascular diseases including, hypertension,cardiac hypertrophy, 

atherosclerosis, and diabetes [4, 5]. ET-1 is responsible for maintaining vascular 

tone and allows the heart to responds to increased workload caused by 

cardiovascular diseases [6, 7]. However, if ET-1 signaling cascade persist beyond 

the “compensatory state”, ventricular remodeling and cardiac hypertrophy may 

occur. One of the major predictors of HF is sustained pathological hypertrophy [8]. 

Since the discovery of ET-1 there have been many attempts to target it as a 

treatment for hypertension and HF, however currently there are no therapeutics 

targeting this pathway. The only antihypertensive agents that target the ET system 

arebosentan and ambrisentan, whichtreat pulmonary arterial hypertension and 
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digital ulcers in scleroderma [9, 10]. A large body of evidence suggests that ET-1 

is a key player in diverse pathways that trigger cardiovascular diseases and at the 

same time is essential for normal cardiac function which demonstrates the complex 

relationship between ET-1 system and pathological remodeling of cardiomyocytes.   

Perhaps one of the major reasons ET-1 related therapeutics have remained largely 

ineffective is due to the complex molecular mechanisms behind the function of the 

endothelin (ET) family. Composed of three peptide ligands, ET-1, ET-2 and ET-3, 

members of the ET family are known to play an important role in the cardiovascular 

system. ET-1 is the most potent vasoconstrictor and most studied in the ET peptide 

family. ET-1 is a 21-amino acid peptide that is synthesized by endothelial cells, 

cardiac myocytes, smooth muscle, and fibroblasts [4, 11]. ET-1 is derived from a 

212 amino acid prepro peptide preproendothelin-1 that is later cleaved by furin 

proteases to yield inactive big-ET-1. Big-ET-1 is later processed by ET-converting 

enzymes (ECE-1 and ECE-2) to yield the bioactive peptide ET-1.  

ET-1 transcription is tightly regulated and alterations in ET system 

expression have been linked to progression of pathogenesis including a range of 

cardiovascular diseases [4, 12, 13].  Several biological and pharmacological 

factors such as angiotensin II (AngII), transforming necrotic factor-β (TGF-β), 

hypoxia, and shear stress have been utilized to control ET-1 transcription [14-16]. 

Vasodilators such as natriuretic peptides or nitric oxide (NO) have also been 

shown to reduce ET-1 expression [17, 18]. The ET family has two main receptors 

ETA and ETB, which belong to the G protein coupled receptor (GPCR) family [19, 

20]. Generally found at the plasma membrane of cardiomyocytes, the ETA 
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receptor is known to be the most predominant isoform making up nearly 90% of 

ET receptors [4, 21]. These receptors have key differences including affinity toward 

the different ET isoforms. For example, ETA has higher affinity to ET-1, where ETB 

binds non-selectively to either ET isoform. Aside from differences in binding affinity 

and expression patterns, ET receptors activate different downstream signaling 

pathways. ETA is coupled to G-protein Gαq which leads to inositol 1, 4, 5-

trisphosphate (IP3) and diacylglycerol (DAG) production [22]. ETA receptor has 

been implicated in playing a key role in vasoconstriction, cardiac remodeling and 

extracellular matrix production. ETB receptor couples with Gαq and Gαi which is 

known to promote ET-1 clearance, nitric oxide production and production of other 

vasodilators [22, 23]. 

As the predominant isoform expressed in cardiomyocytes our focus is to 

better understand the downstream effects and activation of different pro-

hypertrophic signals from ETA. IP3 binds to the inositol 1, 4, 5-trisphosphate 

receptor (IP3R) leading to increases in cytosolic calcium which stimulates 

cardiomyocyte contractility or activation of different pro-hypertrophic pathways. 

The calcium sensor calmodulin (CaM) is activated in response to calcium released 

from IP3Rs, which in turn activates the phosphatase calcineurin (CaN). CaN 

activates nuclear factor of activated T cell (NFAT) by dephosphorylation leading to 

the translocation of NFAT to the nucleus. Nuclear NFAT initiates transcription of 

different pro-hypertrophic genes. The role of NFAT in hypertrophy will be 

discussed in greater detail below. Similar to NFAT, calcium/calmodulin-dependent 

protein kinase II (CaMKII) is activated in response to IP3-induced calcium release 
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in response to CaM activation (sometimes abbreviated IICR) [24]. CaMKII 

activation leads to phosphorylation of class II histone deacetylase 4 (HDAC4) 

leading to HDAC4 translocation out of the nucleus. Myocyte enhancer factor-2 

(MEF2), a transcription factor whose activation is attenuated by interacting with 

HDAC4 in the nucleus, is activated upon HDAC4 phosphorylation. An increase in 

MEF2 activity has been associated with the regulation of genes expressed during 

cardiac hypertrophy and with pathological remodeling in response to ET-1 

stimulation in cardiomyocytes [25, 26]. DAG production in response to ET-1 

binding to GPCR leads to activation of protein kinase C (PKC). PKC proteins are 

ubiquitously expressed and are important signaling transducers. In the heart, PKC 

activation has been linked to development cardiac hypertrophy by regulating 

several downstream targets including extracellular signal-regulated kinase 1/2 

(ERK1/2) and protein kinase D (PKD) signaling [16, 27-29]. PKC activation of Raf1 

leads to activation of MEK and ERK1/2 in response to ET-1. ERK1/2 

phosphorylation leads to the phosphorylation of cytoplasmic proteins and 

subsequent translocation of ERK1/2 into the nucleus which leads to activation of 

different transcription factors. Dominant negative Raf1 mutants have been shown 

to have an attenuated response to pressure overload [30]. Similar a variety of MEK 

inhibitors have been shown to reduce hypertrophy induced by ET-1 treatment [31-

33]. The Raf/MEK/ERK1/2 axis has been implicated in pathological and 

physiological cardiac hypertrophy [34-36]. PKC also mediates activation of PKD 

which mediates nuclear export of transcriptional repressor HDAC5. PKD 

repression correlates with suppression of HDAC5 shuttling and cardiomyocytes 
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growth [37, 38]. The pathways mentioned above have been implicated in 

cardiomyocytes hypertrophy (Illustration 1). Overall the primary inducers of 

hypertrophy are not clear, however the neurohormonal factor ET-1 is likely linked 

to hypertrophy. ET system is an important regulator of physiological cardiac and 

vascular functions and tightly regulation of this complex system is essential for its 

normal function [6, 39]. Understanding the molecular processes that lead to 

cardiac hypertrophy is extremely important and may play a critical role in the 

development of therapeutic innervations against hypertrophic-induced 

arrhythmias, heart failure and death. 



 

8 

 

 

Illustration 1: Schematic of signaling pathways involved in ET-1-induced 
cardiomyocyte hypertrophy. 
Cardiac hypertrophic agonist endothelin-1 acts through its receptor and activates 
phospholipase C (PLC) leading to the production of IP3 and DAG. Activation of 
second messengers IP3 and DAG lead to activation of several downstream 
pathways that are known to induce cardiac hypertrophy. 
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CARDIAC HYPERTROPHY 

Cardiac hypertrophy is an adaptive response to a wide variety of 

cardiovascular diseases such as hypertension, ischemic insults, and 

cardiomyopathy [40-42]. Ventricular hypertrophy can occur in either the right or left 

ventricle and usually occurs as a compensatory mechanism to maintain normal 

contractility. Ventricular hypertrophy is characterized by increased ventricular wall 

thickness as a means to decrease wall tension and cardiac stress. Sustained 

pathological hypertrophic remodeling can lead to arrhythmias, heart failure, and 

sudden death [43].  

Hormonal factors such as endothelin-1 (ET-1) are known to contribute to 

the development of cardiac hypertrophy. ET-1 is a potent vasoconstrictor known 

to increase in the circulation with age and during cardiac stress [4, 5, 16, 44]. In 

the heart ET-1 regulates cardiac muscle function by modulating contractility, 

cardiomyocyte size, and cardiac gene expression [13, 45]. ET-1 binds and 

activates the G-protein coupled receptor endothelin receptor type A (ETA) localized 

on the cardiomyocyte plasma membrane, leading to activation of phospholipase C 

(PLC) and production of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) 

[46-48]. An increase in cytosolic IP3 leads to calcium release via the IP3R calcium 

channel. Increases in cytosolic calcium via the IP3R can lead to modulation of 

cardiomyocyte contraction and activation of signaling pathways that modulate 

gene expression. Nuclear factor of activated T cells (NFAT) is a transcription factor 

that is well known to be one of the targets of the ET-1/ IP3R signaling cascade [49-

51].  Calcium release through IP3Rs leads to activation of calcineurin, which is a 
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calcium-activated phosphatase. Dephosphorylation of cytosolic NFAT by 

calcineurin leads to the translocation of NFAT to the nucleus, where it initiates 

transcription of different genes that contribute to hypertrophic remodeling. The ET-

1 signaling cascade has been extensively studied and it is known to play a crucial 

role during pathological hypertrophic remodeling of the heart [45, 49].   

In the heart IP3Rs are thought to play an important role by modulating 

calcium signals in response to extracellular stimulation. IP3R expression levels 

have been shown to be increased in cardiac hypertrophy, failing myocardium, atrial 

fibrillation, ischemic dilated cardiomyopathy, and hypertension [52-54]. 

Cardiomyocyte IP3R expression is less abundant compared to the main calcium 

release channel of the heart, the ryanodine receptor (RYR). However, during 

cardiac hypertrophy IP3R expression and function is increased, and this is thought 

to contribute to cardiac remodeling [52, 53, 55].  To what extent IP3Rs specifically 

contributes to the hypertrophic remodeling is not completely understood and 

somewhat controversial.  

REGULATION OF INOSITOL 1,4,5-TRISPHOSPHATE RECEPTOR 

The IP3R is a ligand-gated calcium channel that is primarily localized to the 

endoplasmic/sarcoplasmic reticulum (ER/SR). In some cell types, the IP3R may 

also be found at the plasma membrane, Golgi apparatus, secretory vesicles, and 

perinuclear/nuclear membrane [46, 53, 56]. The IP3R family is comprised of three 

isoforms that are encoded by three distinct genes. Each IP3R isoform is about 

300kDa and they form homo- and hetero- tetramers when co-expressed in different 
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tissues [57-59]. The IP3R N-terminus contains the ligand (IP3) binding domain and 

the suppressor domain. The C-terminal domain has six transmembrane alpha 

helices that forms an ion conduction pore and a C-terminal tail that is thought to 

modulate gating by interacting with the ligandbinding domain from an adjacent 

subunit [60]. The C-terminal tail is also the site of binding of multiple proteins that 

modulate channel function, as well as being targeted for post-translational 

modifications such as phosphorylation [61]. Between the N-terminal ligand binding 

domain and the C-terminal channel domain the IP3R has a modulatory domain, 

which is an additional site of interaction for a variety of proteins and molecules that 

regulate channel function [62]. The modulatory domain is also a site for post-

translational modifications that are thought to further modulate IP3-induced calcium 

release [63-65]. The three IP3R isoforms share ~60% overall sequence identity, 

with the N- and C- terminal domains sharing the highest homology between 

isoforms [66, 67]. As expected, the three IP3R isoforms also share similarities in 

gating and conductance characteristics consistent with their high sequence 

homology [68, 69]. IP3R-1 is the main isoform expressed in the central nervous 

system (and in particular the cerebellum), and is critical for proper central nervous 

system function as evidenced by the hereditary spinocerebellar ataxias 15/16 and 

29 that are caused by deletions/mutations in one allele of the ITPR1 gene [70, 71]. 

IP3R-2 is expressed at high levels in the heart, pancreas, liver, and salivary glands. 

Similar to IP3R-2, IP3R-3 is also highly expressed in the pancreas and salivary 

glands [71]. IP3R isoform expression is presumed to be regulated in a cell and 

tissue specific manner [71, 72], however the mechanisms regulating differential 
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expression are unclear. Practically speaking, most tissues have detectable levels 

of all three IP3R isoforms that can form both homo and heterotetramers[57, 59, 71, 

73]. Thus, evaluating or interpreting isoform-specific function in vivo is a daunting 

task. 

Allosteric Regulators Of IP3-induced Calcium Release 

Signal transduction pathways leading to calcium release classically 

originate at the plasma membrane (PM). Activation of PM receptors can lead to 

generation of the signaling molecules IP3 and diacylglycerol through the action of 

phospholipase C (PLC). IP3 binding to the IP3R causes a conformational change 

that leads to calcium release from intracellular calcium stores. [74]. IP3-induced 

calcium release (sometimes abbreviated IICR) can be allosterically regulated by 

calcium, ATP, and many proteins [75-82]. It has been shown using a wide variety 

of techniques that the different IP3R isoforms are differentially regulated by IP3[66, 

72]. It was later confirmed by single channel recording in planar lipid bilayers that 

IP3R-2 has the highest affinity for IP3, followed by IP3R-1 and IP3R-3 [68, 83]. Much 

of what we know about IP3R function, including isoform-specific function, has been 

elucidated in the DT40 chicken B cell line in which each IP3R isoform has been 

knocked out using homologous recombination either singly or in combination [83, 

84]. B-cell receptor mediated calcium release in DT40 cells exclusively expressing 

IP3R-2 was characterized by calcium oscillations that were more robust and 

longer-lasting compared to those observed in wild-type cells [83]. On the other 

hand, IP3R-1 mediated calcium release was characterized by an initial monophasic 
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calciumresponse that was followed by irregular calcium oscillations with smaller 

amplitude compared to IP3R-2. The IP3R-3 mediated  calcium response was 

characterized by a single calcium release event, and in contrast  to IP3R-1 and -2, 

there were no additional calcium oscillations [83].  These studies depict the 

different functional characteristics of calcium release events mediated by each 

isoform, at least in the DT40 cell system in response to B cell receptor stimulation. 

Similar results were obtained using concatenated homo- and heterotetramers[85]. 

The ligand IP3 is not the only regulator of IP3R-mediated calcium release. It has 

been shown that calcium functions as a co-agonist for IP3R calcium release at low 

concentrations while at higher calcium concentrations IP3R activity is inhibited [86-

90]. Therefore, calcium has the ability to bi-phasically regulate IP3R function.  

These positive and negative feedback loops contribute to the complex spatio-

temporal aspects of calcium release.  

The crucial event that activates IP3R calcium release is the binding of IP3 to 

the IP3R. IP3R activation by IP3 is known to be modulated by ATP. Binding of ATP 

to the IP3R results in an increase in IP3R open probability and this modulation is 

isoform specific [68, 75, 77, 91, 92]. Accordingly, each receptor has different 

affinities for ATP. IP3R-2 is known to have the highest affinity, approximately 10 

fold-higher compared to IP3R-1. Interestingly, IP3R-2 is modulated by ATP only at 

submaximal IP3 concentrations [77]. IP3R-3 is known to have a lower affinity 

compared to the other two isoforms [77]. ATP binds to a glycine rich region 

(GXGXXG) on the IP3R that is commonly found in several ATP binding proteins 

and is known as a Walker motif. IP3Rs have two of these motifs named ATP-
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binding motif A and B (ATPA/ATPB) [93]. It is known that the ATPA binding motif 

is exclusively found on IP3R-1, while ATPB binding motif is conserved among all 

three isoforms. Using mutagenesis experiments, it was shown that mutation of the 

ATP binding motifs on IP3R-1, ATPA and ATPB, does not abrogate ATP’s positive 

effect on IP3R-1. Similarly, mutation of IP3R-3 ATPB binding motif does not affect 

IP3R-3 open probability in response to ATP. Thus, available evidence suggests 

that IP3R-1 and IP3R-3 have other still unknown ATP binding sites. In contrast, 

mutagenesis experiments done on IP3R-2 show that ATPB is essential for ATP 

modulation of IP3R-2 [77, 93]. Interestingly, a recent report using recombinant 

concatemeric IP3R constructs has shown conclusively that at least two subunits of 

IP3R-2 is sufficient to confer ATP sensitivity [94]. In contrast, other functional 

aspects such as IP3 sensitivity display an intermediate phenotype.  Thus, the 

difference in IP3R activation/modulation by IP3, calcium, and ATP highlights the 

unique characteristics of each IP3R isoform that is further enriched by 

heterotetramer formation. However, the three IP3R isoforms have been shown to 

be at least partially functionally redundant in vivo.  

Isoform-Specific Function 

It is difficult to assess the importance and role of an individual IP3R isoform 

because they are co-expressed in almost all tissues [71, 72]. As noted above, in 

vitro studies using DT40 cells revealed differences in IP3R function between 

isoforms, and this is likely mediated by distinct regulation by IP3, calcium, and ATP. 

DT40 experiments with concatenated receptors also revealed unique properties of 
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heterotetrameric channels [94]. Mutations in IP3R channels causing human 

disease have been very instructive for establishing isoform-specific function in 

vivo.  Heterozygous mutations of the ITPR1 gene cause spinocerebellar ataxia 

(SCA) 15 and 29 [95-99], which are progressive neurodegenerative disorders 

characterized by cerebellar ataxia and tremors. SCA16 is also caused by 

mutations in ITPR1, and it is now clear that SCA15 and SCA16 are clinically 

indistinguishable. As such, SCA16 is now considered a “vacant SCA” [100]. 

SCA15 is an autosomal dominant disorder characterized by a decrease in IP3R-1 

expression that leads to slow degeneration of Purkinje cells of the cerebellum 

where normally IP3R-1 is highly expressed [96, 101]. Lower amounts of IP3R-1 

cause Purkinje cell degeneration, possibly by the dysregulation of intracellular 

calcium homeostasis in these cells. The related disorder SCA29 is distinguished 

clinically by earlier age of onset and cognitive impairment [98, 99].  At the molecular 

level, it is associated with a missense mutation in the regulatory domain. However, 

the functional consequences at the cellular level of the mutation observed in 

SCA29 disorder have yet to be determined [99].  Missense, nonsense, and in-

frame deletion mutations in ITPR1 are also the cause of a very rare disease 

associated with ataxia known as Gillespie Syndrome [102, 103]. Interestingly, 

some Gillespie Syndrome patients have homozygous truncating mutations in the 

IP3R protein resulting in what would be predicted to be a complete loss IP3R-1 

calcium release function [103]. Other mutants might function as dominant-negative 

subunits to inhibit channel function [103]. Thus, the loss of IP3R-1 function appears 

to be compatible with life in humans. A homozygous missense mutation in ITPR2 
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is a rare cause of isolated anhidrosis with normal sweat glands [104]. The mutation 

is within the putative selectivity filter of the IP3R pore, substituting glycine 2498 for 

serine. This mutation results in normal levels of IP3R-2 expression in clear cells of 

the sweat gland, but loss of IP3R-2 mediated calcium release. Thus the complete 

loss of IP3R-2 calcium release function, like IP3R-1, is compatible with life in 

humans. Currently, there are no known human diseases definitively linked to 

mutations in the IP3R-3 protein, however single nucleotide polymorphisms in the 

ITPR3 gene are associated with increased risk of type 1 diabetes [105] and 

systemic lupus erythematosus[106].   

Several mouse models have been used to explore the role of IP3Rs in vivo. 

One example is the spontaneous mouse mutant opisthotonos (opt), which has an 

in-frame deletion of exon 43 and 44 of the itpr1 gene (IP3Ropt). These two exons 

encode a portion of the modulatory domain that includes a key site that is essential 

for ATP binding and modulation of IP3R-1 [107]. Opt mice display a severe 

phenotype characterized by seizures that can range from body tremors to tonic-

clonic seizures.  Homozygous opt mice show lower levels of functional IP3R-1 

expression [108]. Furthermore, using single channel recording it was shown that 

the IP3R-1 opt mutant has a lower single channel conductance compared to the 

wild type channel [107].ATP and conductance alterations in the opt mutant may 

help explain the severe phenotype observed in opt mouse. Furthermore, a 

heterozygous knockout (IP3R-1-/+) mice model of the itpr1 exhibits impaired motor 

coordination manifested primarily on the Rota-Rod test [109]. Interestingly, this 

mouse model is mostly undistinguishable from WT mice.  Double knockout (IP3R-
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1-/-) mice have a more severe phenotype that is mostly embryonic lethal, though a 

few mice survive to birth and display severe ataxia with seizures until death before 

weaning[70]. In both cases, IP3R-1-/-and IP3R-1-/+ mice show no significant 

anatomical differences in any organs including the brain, heart, and spleen when 

compared to wild-type littermates. Overall the clinical phenotype observed in both 

human and animal models with mutations on the IP3R-1 is mainly due to high 

expression of this specific receptor in the cerebellum, with very important 

differences between the two models.   

Global homozygous knockout of itpr2 in mice does not results in any 

obvious phenotypic abnormalities [110]. Similar to a loss of function ITPR2 

mutation in patients, itpr2 double knockout mice exhibit reduced sweat production 

and diminished sweat gland responses to acetylcholine [104]. Homozygous 

knockout mice retain residual sweat secretionthat was attributed to the expression 

of the other two IP3R isoforms in mice [104], whereas in humans the IP3R-2 isoform 

appears to be the primary isoform expressed in eccrine sweat glands. 

Using double itpr2 and itpr3 knockout mice, it was found that these mice 

lack salivary secretion leading to low weight and eventually death caused by 

starvation [110]. Interestingly, itpr2 or itpr3 single mutants were indistinguishable 

from control showing functional redundancy of the two isoforms. Using 

submandibular glands of wild type, itpr2-/-, itpr3-/- or -3-/-, anditpr2-/-3-/-mice, it was 

shown that double mutants exhibit impaired cholinergic and beta-adrenergic 

responses. The impairment of this response led to a decrease in the salivary 

secretion[110]. Furthermore, itpr2-/-3-/-mice also showed deficits in exocrine 
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pancreas function leading to alterations in lipase, amylase, and trypsinogen 

secretion in pancreatic tissue. IP3R-2 and IP3R-3 single knockout mice were 

phenotypically indistinguishable from wild type mice, which would suggest that the 

overlapping function of these channels compensate for the lack of one IP3R 

subtype, and that IP3R-2 and IP3R-3 may have redundant roles in vivo in mouse 

models[111, 112].  

Double knockout of the itpr1 and itpr2 genes in mice leads to embryonic 

development defects of the ventricular myocardium, and as expected based upon 

the itpr1 knockout phenotype, the double knockouts die in utero [113]. 

Interestingly, the double knockout mouse model phenocopies NFAT triple 

knockout mice, including thin myocardial walls, poor trabeculation of the ventricles, 

poor ventricular cell proliferation and decreased NFAT nuclear translocation [113].  

In contrast, single IP3R mutants do not have the same physiological abnormalities 

that are seen in the double knockout,  suggesting that during heart development 

IP3R-1 and IP3R-2 have redundant roles in regulating NFAT activation [113]. In 

general, both mouse studies and human diseases associated with IP3R mutations 

support the notion that the different IP3R isoforms have at least partially functional 

redundant roles in vivo, and the phenotypes observed in the knockout mice are 

due to restricted tissue-specific expression of the isoforms. 

IP3RS AND CALCIUM HOMEOSTASIS IN THE HEART 

Calcium is a critical regulator of cardiac function. Cardiomyocyte contraction 

and relaxation is directly regulated by cytosolic calcium. Contraction is initiated by 
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the activation of L-type voltage gated calcium channels (also known as the 

dihydropyridine receptor or Cav1.2 calcium channel). Calcium entry through L-type 

channels activates SR-localized ryanodine receptor (RYR) calcium channels via a 

process known as calcium-induced calcium release (CICR) [114]. Gating of the 

RYR allows SR calcium to be released into the cytoplasm where it binds to troponin 

C to initiate contraction. Relaxation is promoted when calcium is cleared from the 

cytoplasm primarily by the plasma membrane-localized sodium-calcium 

exchanger (NCX) and sarco/endoplasmic reticulum calcium ATPase (SERCA2), 

however other pumps, exchangers, and buffers can modulate relaxation [115]. In 

addition to the RYR, cytosolic calcium levels are modulated by IP3Rs in the heart. 

IP3R expression levels are thought to be relatively low compared to RYR, typically 

50-fold less abundant than RYR2 [55, 116-118]. However, an important caveat is 

that these studies rely almost exclusively on the quantification of mRNA levels, not 

protein levels. Despite apparently low expression levels, IP3Rs have been linked 

to modulation of cardiac contraction and activation of cardiac gene expression. 

Importantly, it has been reported that IP3R expression and localization pattern are 

altered during heart failure and cardiac ventricular hypertrophy. IP3R 

overexpression has been linked to cardiac remodeling in response to multiple 

stressors  

that lead to hypertrophy [119]. Overall, there is strong evidence that that IP3Rs play 

an important role in the heart physiology in health and disease (Illustration 2).   
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Illustration 2:Different roles of IP3R in the heart. 
Activation of GPCRs coupled to PLC such as the ETA receptor lead to the 
production of IP3 and diacylglycerol. IP3 then diffuses through the cytosol to bind 
and activate IP3R channels. IP3-mediated calcium release can modulate CICR and 
muscle contraction via modulation of RYR activity. Nuclear/perinuclear IP3Rs are 
tough to modulate gene transcription. 
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IP3R-2 is thought to be the predominant isoform found in the heart. 

Consequently, most of the studies that focus on the role of IP3R in the heart have 

focused solely on IP3R-2 function [118, 119]. Global genetic knockout of the IP3R-

2 in mice does not cause any significant difference in the hypertrophic response in 

pressure overload or dilated cardiomyopathy mouse models [120].  However, the 

potential involvement of IP3R-1 and IP3R-3 activity was not investigated further. 

Another group showed that global knockout of IP3R-2 eliminates the positive 

inotropic effects of endothelin-1 (ET-1) in the atria and protects against arrhythmias 

[121]. In support of a role of IP3R-2 in regulating cardiac hypertrophy, transgenic 

overexpression of the channel in the heart was sufficient to induce mild 

hypertrophy and exaggerated responses to ET-1 [50]. Targeted inducible 

overexpression of the IP3-binding site of the IP3R-1, also known as the 

IP3“sponge”, was used to block cardiac signaling through all IP3R channels [50, 

122]. The IP3 sponge acts by sequestering IP3 generated by PLC-coupled agonists 

and preventing the activation of endogenous IP3R channels. The IP3 sponge 

inhibited hypertrophy in response to isoproterenol and angiotensin-II, but not a 

pressure overload model (transverse aortic constriction) [50]. Using an ischemic 

model (left anterior descending artery ligation), cardiac-specific deletion of the 

IP3R-2 lead to improved cardiac function, reduced cell death, and reduced cardiac 

fibrosis [123], but did not reduce mitochondrial calcium overload and dysfunction 

[124]. Thus, there are numerous conflicting reports in mouse models that suggest 

that IP3R-2 may (or may not) contribute to cardiac physiology and dysfunction in 
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disease. However, there is a general consensus that the IP3R-2 protein contributes 

at the very least to signaling downstream of ET-1 stimulation. 

There have been few attempts to elucidate the role of IP3R-1 and IP3R-3 in 

the heart, either in vitro or in vivo, despite measureable expression levels [53, 54, 

71, 116, 118, 120, 125, 126]. This may lead to erroneous conclusions regarding 

IP3R function in the heart using IP3R-2 mouse models, as several groups have 

reported that all three IP3R isoforms are expressed in the heart with detectable 

mRNA and protein levels in mouse, rat and human ventricular cardiomyocytes 

(Table 1). In addition to total expression levels, the subcellular localization and 

precise aspects of how IP3Rs regulate spatio-temporal aspects of calcium release 

in the contracting myocyte is an area of debate. In particular, how IP3R signals are 

decoded to regulate processes such as transcriptional activation in the beating 

cardiomyocyte is unclear. IP3Rs are known to be mainly localized at the ER/SR 

membranes in most cells, however in the heart it is thought to be concentrated at 

the nuclear and perinuclear membranes, where it is thought to play a key role in 

gene transcription [45, 125, 127, 128]. There is an abundant amount of evidence 

that suggests that the IP3R and IP3 producing machinery is localized in or adjacent 

to the nucleus of several cell types including cardiomyocytes [129-132], and this 

localization is thought to be important for spatially restricting calcium transients 

mediated by this channel to the nuclear matrix.  It has been shown that IP3 and ET-

1 can trigger nuclear calcium sparks and nuclear localized calcium transients [125, 

127, 128, 133, 134]. However, other studies argue against this notion and suggest 

that IP3Rs are localized at the perinuclear membrane area, and IP3-induced 
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calcium transients from the cytosol can diffuse into the nucleus to increase nuclear 

calcium[45, 86, 135, 136]. Indeed, as the nuclear pore is freely permeable to 

calcium it is unclear why an intranuclear IP3R channel would be required. The IP3R 

has been shown to activate different transcription factors that initiate hypertrophic 

remodeling induced by hormonal stimulation such as ET-1 and angiotensin II 

(AngII) [45, 50, 137].   In turn, IP3R calcium release activates calcium sensitive 

proteins such as calcineurin and CamKII leading to activation of transcription 

factors that are known to be localized in the cytoplasm such as NFAT or the 

nucleus such as HDAC5 [45, 127]. The role of NFAT in hypertrophic remodeling 

has been well studied [49, 50, 128, 138] and it has been shown that NFAT de-

phosphorylation and nuclear translocation leads to expression of different genes 

and microRNAs (miRs) that modulate hypertrophic remodeling of the heart such 

as atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and miR-23a 

[45, 138, 139]. As mentioned previously, the IP3R nuclear/perinuclear localization 

is proposed as a mechanism by which IP3Rsare able to specifically activate nuclear 

calcium transients without the disruption of the cytosolic calcium signals that are 

mediated by the RYR [45]. Experiments using calcium chelators targeted to the 

nucleus have shown quite definitely that nuclear calcium is required for 

hypertrophic gene expression [45], however this does not discriminate whether the 

calcium signal originated in the cytosolic compartment. Studies using a 

combination of nuclear and cytosolic chelators support the notion that IP3R-

dependent calcium transients originate in the cytosol and translocate to the 

nucleus [140]. It should be noted that most studies have relied on confocal imaging 
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to infer “nuclear only” calcium transients, which is indirect at best. The use of 

genetically encoded calcium indicators targeted to the nucleus is a much more 

direct method, and has already been used to evaluate nuclear transients evoked 

by various stimuli [140].  However, additional experimental work needs to be done 

in order to completely understand how nuclear calcium is regulated in the healthy 

and diseased heart.  

Calcium is directly responsible for cardiac contraction and relaxation. RYRs 

are the main modulators of the SR calcium release mediating excitation-

contraction coupling (ECC) in cardiomyocytes. ECC is a process by which an 

action potential triggers a contraction via L-type calcium channel opening and 

subsequent RYR activation. IP3Rs have been also shown to modulate ECC both 

in ventricular and atrial cardiomyocytes [118, 141]. However, the role of IP3Rs in 

ventricular ECC is controversial due to lower expression levels in ventricular 

cardiomyocytes (at least as determined by mRNA levels) compared to other cell 

types such as atrial cardiomyocytes [55, 118]. Indeed, it has been suggested that 

IP3R signaling does not contribute to the positive inotropic effects of ET-1 in 

ventricular cardiomyocytes [119]. In atrial cardiomyocytes the role of IP3Rs has 

been extensively studied. It has been shown that after neurohormonal stimulation, 

IP3R can modulate ECC by increasing action potential (AP) amplitude, calcium 

spark frequency, and by creating spontaneous calcium transients [118, 142]. In 

healthy ventricular cardiomyocytes, IP3R is found in perinuclear/nuclear areas and 

near the RYRs at the dyadic cleft. IP3R localization at the SR/dyadic cleft is 

believed to also modulate ECC in ventricular cardiomyocytes, and is characterized 
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by increasing AP amplitude, increasing spontaneous calcium transient frequency, 

and decreasing resting membrane potential [53, 54, 141]. It is well established that 

IP3R expression is increased in cardiac hypertrophy, heart failure, dilated 

cardiomyopathy, spontaneously hypertensive rats, and in transverse aortic 

constriction (TAC) models [52-55]. It was found that the increase in IP3R 

expression was observed mainly in the dyadic cleft of salt hypertensive rats, and 

that IP3Rs may contribute to ECC during disease by sensitizing nearby RYR for 

activation [53]. In disease states there are alterations in t-tubule morphology that 

compromise L-type channel/RYR coupling, and therefore an increase in IP3Rs 

expression could be a way to compensate for the decreased coupling in failing 

heart by promoting CICR.  A more recent study showed that failing human 

ventricular cardiomyocytes have a reduction in the resting membrane potential and 

AP prolongation, and suggested that IP3Rs might modulate ECC using an 

alternative mechanism [54]. This report found that IP3Rs are localized to specific 

domains in the cardiomyocyte that lack RYR, and IICR results in direct activation 

of NCX leading to AP prolongation and alterations in electric properties of 

cardiomyocytes [54]. Overall these studies indicate that IP3R localization to the 

SR/ER leads to modulation of ECC in ventricular cardiomyocytes, providing a 

potential explanation for left ventricular arrhythmias.  
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Table 1 

Isoform 
studied 

Species or 
cell type 

used 

Localization Isoform 
(mRNA) 

Isoform 
(protein) 

Method of 
detection 

Year 
Published 

Comments Ref 

1 ARVM ND IP3R-1 IP3R-1 mRNA: In situ 
hybridization 
Protein: 
Immunohistochemistry 

1993  [116] 

1 
2 
3 

Adult rat heart ND  
IP3R-1 
IP3R-2  
IP3R-3 

Protein: Western blot 1995  [71] 

1 HLV 
myocardium 
(Healthy and 
CHF) 

ND IP3R-1  mRNA: In situ 
hybridization HLV 
myocytes 
Northern blot of HLV, 
HRV and septum 

1995  [55] 

1 
2 
3 

Adult mouse 
heart 

ND 
IP3R-1 
IP3R-2  
IP3R-3  

 mRNA: RT-PCR 1997 

Relative expression of 
each isoform: P3R-1 
(6.1%) IP3R-2 (78.0%) 
IP3R-3 (15.9%). 

[143] 

1 
2 
3 

Rat and ferret 
isolated 
ventricular 
myocytes 

ND IP3R-1 
IP3R-2  
IP3R-3  

 mRNA: RT-PCR 
Protein: 
Immunoblotting 

1997 Relative expression of 
each isoform: P3R-1 
(1.9%) IP3R-2 (84.6%) 
IP3R-3 (13.5%). At the 
protein level they looked at 
IP3R-1 expression and it 
wasn’t found in rat cardiac 
myocytes 

[117] 

1 
2 
3 

3 week old rats 
with cardiac 
hypertrophy 

ND IP3R-1 
IP3R-2 

 mRNA: in situ 
hybridization 

1998  [144] 

1 
2 
3 

ARVM and 
atrial 
cardiomyocytes 

IP3R-2 
localized near 
the 
sarcolemma 

 
IP3R-1 
IP3R-2 
IP3R-3 
 

 
IP3R-1 
IP3R-2 

mRNA: RT-PCR 
 
Protein: Western blot 

2000 At the mRNA level IP3R-2 
is the most predominant 
isoform. At the protein 
level IP3R-1 and -2 are the 
most abundant in ARVM. 

[118] 
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and RYR in 
atrial myocytes 

1 
2 

Neonatal 
Mouse 
cardiomyocytes 

Striated 
localization SR 
pattern 

 IP3R-1 
IP3R-2 

Protein: 
Immunofluorescence 

2002  [126] 

2 
3 

Rabbit atrial 
and ventricular 
myocytes 

ND  IP3R-2 
IP3R-3 

Protein: Western blot 2007 IP3R-2 and -3 are more 
abundant in atrial 
myocytes compared to 
ventricles. 

[142] 

1 
2 
3 

NRVM 
 

IP3R-2 found at 
the nuclear 
envelop 
IP3R-3 found at 
the cytosol 

IP3R-1 
IP3R-2 
IP3R-3 

IP3R-2 
IP3R-3 

mRNA: RT-PCR 
 
Protein: Western blot 
and 
immunofluorescence 

2008 All the IP3R isoforms were 
detected at the mRNA 
level. Only IP3R-2 and -3 
were detected at the 
protein level.  

[125] 

2 NRVM and 
ARVM 

Perinuclear 
localization in 
NRVM 
Surrounding 
the nuclei and 
sarcoplasmic 
reticulum in 
ARVM 

 IP3R-2 Protein: 
immunofluorescence 

2009  [45] 

1 
2 
3 

ASHR, 
normotensive 
WKY. 
HLV failing 
hearts 

In WKY mainly 
nuclear and 
sarcoplasmic 
localization. In 
ASHR mainly 
localized at the 
SR, and co-
localized with 
RYR2 

IP3R-2  
IP3R-2 
 

mRNA: RT-PCR 
Protein: 
Immunofluorescence 
and Western blot 

2009/2010 They looked at IP3R-1 and 
IP3R-3 protein expression 
by western blot. IP3R-1 
and -3 is not found in 
ASHR or WKY cardiac 
myocytes 

[52, 
53] 

2 AMVM Sarcoplasmic 
localization 

 IP3R-2 Protein: 
Immunofluorescence 
and western blot 

2010  [50] 

1 
2 
3 

AMVM  IP3R-1 
IP3R-2 
IP3R-3 

IP3R-2 mRNA: RT-PCR 
 
Protein: Western blot 

2013  [120] 
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ARVM, adult rat ventricular myocytes; HLV, Human left ventricle; CHF, Congestive heart failure; ND; Not determined; 
NRVM, Neonatal rat ventricular myocytes; ASHR, Adult spontaneously hypertensive rat; WKY, normotensive Wistar-Kyoto; 
AMVM, Adult mouse ventricular myocytes; MLV, Mice left ventricle.  

Table 1: Expression of the different IP3R isoforms in the heart. 
 
 
 
 

1 
2 
3 

HLV myocytes 
and MLV 
myocytes 

 IP3R-1 
IP3R-2 
IP3R-3 

IP3R-2 mRNA: RT-PCR 
 
Protein: Western blot 

2013 They used a pan-antibody 
to look at the protein 
expression of all 3 IP3R 
isoforms 

[54] 
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RE-EVALUATING IP3R EXPRESSION AND FUNCTION IN THE HEART 

 IP3Rs are the primary regulators of intracellular calcium release in many 

cells. However, the dominant role of RYR in modulating calcium changes in the 

heart has made investigating the role of IP3R signaling challenging. IP3R was first 

shown to be expressed in cardiac myocytes over 20 years ago [116]. This seminal 

study was the first to show that IP3R-1 was expressed in the heart. It was 

subsequently shown that IP3R-1 is upregulated in human chronic heart failure 

tissue, whereas RYR2 expression was significantly reduced [55]. It was concluded 

that IP3R-1upregulation might be an alternative pathway to stabilize calcium 

homeostasis in end-stage heart failure [55]. Despite these early reports suggesting 

IP3R-1 may have a functional role in the heart a series of studies emerged 

indicating that, at least at the mRNA level, IP3R-2 predominates in both atrial and 

ventricular cardiomyocytes (Table 1).  

 More recently, the mRNA expression levels of the different IP3R isoforms 

have been re-evaluated in both human and mouse tissue [54].  It was found that 

the relative expression level of the receptors varies between both species (human 

IP3R-3>IP3R-1>IP3R-2 and mouse IP3R-2> IP3R-1> IP3R-3). As mentioned above, 

a large amount of work using transgenic/knockout animals have suggested that 

IP3R-2 plays at least some role in cardiac physiology [50, 121, 123], however this 

is quite controversial [120, 124]. This leads to the question as to whether IP3R-1 

or -3 are able to compensate for IP3R-2 deficiency in mouse models. Unfortunately 

IP3R-1/2 double knockout mice are lethal; however it is theoretically possible to 

make a conditional knockout of all three IP3Rs in the heart. In addition, in vitro 
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studies with targeted knockdown or knockout of individual isoforms in 

cardiomyocytes would be a useful endeavor to elucidate the potential functional 

redundancy of these isoforms in regulating cardiomyocyte physiology. 

 Finally, it is also important to note that some of the literature evaluating 

cardiomyocyte function in vitro use 2-APB and Xestospongins as dubious 

pharmacological inhibitors of IP3R-mediated calcium release. It is now very well 

established that 2-APB has many off target effects and is a poor inhibitor of the 

IP3R [145, 146] and Xestospongins do not inhibit the channel at all [146]. Thus, 

interpretation of studies using these agents needs to be approached with extreme 

reservation. Indeed, the significant number of studies demonstrating that 

Xestospongins have an effect on IICR in cardiomyocytes is somewhat concerning. 

Future studies using transgenic, RNAi, or CRISPR approaches will allow more 

specific elucidation of the phenotype of loss of IP3R channels in cardiomyocyte 

signaling events. 
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Rabbit polyclonal antibody against type-1 IP3R was developed in-house and is 

specific for the type-1 isoform [78]. The rabbit polyclonal antibody against type-2 

IP3R have been described elsewhere [71] and was kindly provided by Dr. Richard 

Wojcikiewicz (SUNY Upstate). Mouse monoclonal anti-IP3R type-3 was purchased 

from BD Bioscience. Mouse monoclonal anti-α-actinin and anti-ryanodine receptor 

antibody was purchased from Sigma-Aldrich. Mouse anti-SERCA2 antibody was 

from ThermoFisher and rabbit anti-ANP was purchased from Abcam. Anti-alpha-

fodrin was purchased from EMD Millipore. Secondary antibodies conjugated to 

Alexa-488 and Alexa-555 were from Molecular Probes, and peroxidase-

conjugated antibodies were from Jackson ImmunoResearch. Expression 

constructs 9X NFAT-apha-MHC-Luc was a gift from Jeffery Molkentin (Addgene 

plasmid # 51941), pGP-CMV-GCaMP6s and 6f was a gift from Douglas Kim ([147]; 

Addgene plasmid # 40753 and 40755), and Tol2-elavl3-H2B-GCaMP6s was a gift 

from Misha Ahrens (Addgene plasmid # 59530). Endothelin-1 was purchased from 

Bachem. Silencer pre-design siRNAs were purchased from Ambion. 

Lipofectamine 2000 and 3000 were purchased from Invitrogen. Fura-2 AM was 

purchased from Molecular Probes, and the dual luciferase reporter assay kit was 

from Promega. All other reagents were purchased from Sigma-Aldrich. 

CELL LINES 

HeLa, H9c2,HEK 293T and AR42J cells were purchased from ATCC and 

maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin 

and kept in an incubated atmosphere maintained at 37°C and 5% CO2.  
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TRANSFECTIONS OF H9C2, HELA,HEK 293T AND AR42J CELLS 

HeLa cells were transfected usinglipofectamine 2000 following manufacturer’s 

instructions. The total amount of GCaMP6 cDNA transfected into HeLa cells was 

2μg per 400,000 cells. Experiments were carried out 24 hrs after transfection. H9c2 

cells were transfected using lipofectamine 3000 following manufacturer’s 

instructions. H9c2 were transfected with total amount of siRNA targeting each 

specific IP3R’s (12.5 pmol per 400,000 cells). HEK 293T and AR42J cells were 

transfected with lipofectamine 3000 with specific siRNAtargeting each IP3R total 

amount of siRNA 12.5 pmol per 400,000 cells.  

HISTAMINE-INDUCED CALCIUM RELEASE MEASURMENTS 

HeLa cells were incubated with 5 µM Fura-2 AM (Molecular Probes) in imaging 

solution (1% BSA, 107mM NaCl, 20 mM HEPES, 2.5 mM MgCl2, 7.5 mMKCl, 

11.5mM glucose, and 1 mM CaCl2) for 30 min at RT. The solution was replaced 

with imaging solution without Fura-2 AM for an additional 20 min.  Images were 

acquired using a Nikon TiS inverted microscope as previously described [79]. After 

transfection, responses to 0.1µM, .5µM, 1µM, and 10µM of histamine were 

recorded via excitation at 340 nm, 380 nm (Fura-2 AM) and 480 nm (GCAMPs) in 

3 seconds intervals during continuous recording. GCaMP6 calcium traces are 

expressed as the ratio relative to resting fluorescence (ΔF/F0). Fura-2 calcium 

traces are expressed as the ratio of fluorescence emitted at two different 

excitations wavelengths (340/380 nm).Percent responders and peak release was 

determined manually. A calcium transient was counted when the Fura-2 ratio rose 
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10% above the baseline ratio. Similar to Fura-2, a calcium transient was counted 

when GCaMP6 fluorescence rose above 5% from baseline fluorescence. All 

measurements are representative of a minimum of three independent 

experiments. 

STAUROSPORINE-INDUCED CALCIUM RELEASE MEASUREMENTS 

Coverslips with GCaMP6s transfected HeLa cells were mounted in an imaging 

chamber and bathed in Leibovitz's L-15 media at room temperature and allowed 

to rest for 30 min. Images were captured every 60 seconds on a Nikon TiS inverted 

microscope with a 40x oil objective. Baseline fluorescence (F0) was determined by 

using the average intensity of the first 20 images before treatment. Cells were 

imaged for up to 10 hrs after treatment with 10μM staurosporine (or DMSO for 

control). A calcium release event was defined as a 1.5-fold rise in fluorescence 

intensity over the baseline (ΔF/F0>1.5).  

CASPASE-3 ENZYMATIC ASSAYS 

HeLa cells were treated with 10μM staurosporine or DMSO in L-15 media with 

10% FBS and 1% penicillin/streptomycin at room temperature (25°C) for 2-12 hrsto 

recapitulate the conditions used to image long-term calcium. Cell lysates were 

collected every 2 hours and enzymatic determination of DEVDase (caspase-3-like) 

activity was performed as described previously [47]. All results are presented as 

means±SEM. Statistical comparisons were performed using an unpaired t-test. A 

p value of < 0.05 was considered statistically significant. 
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PREPARATION OF PRIMARY NEONATAL CARDIOMYOCYTES 

Neonatal rat ventricular cardiomyocytes (NRVM) were obtained from 1 to 2 day 

old Sprague-Dawley rat hearts as previously described, with minor modifications 

[148]. Cardiomyocytes were plated into fibronectin-coated culture dishes and 

incubated at 37°C in 5% CO2 incubator. Two days after plating, media was 

replaced with 50% Ham’s F10 - 50% DMEM culture medium with β-D-

arabinofuranoside (ARA-C; 1 µM) to inhibit growth of fibroblasts. NRVMs were 

transfected using Lipofectamine 3000 following manufacturer’s instructions. All 

experiments were carried out 48 hours after transfection. All vertebrate animal 

procedures were approved by the Animal Welfare Committee (AWC) at UTHealth. 

PREPARATION OF PRIMARY ADULT CARDIOMYOCYTES 

Calcium-tolerant adult rat ventricular myocytes (ARVM) were isolated from hearts 

of wildtype Sprague-Dawley rats (300 – 320 g) as described by Louchet. al.[149]. 

Briefly, animals were anesthetized with chloralhydrate (400mg/kg b.w. i.p.) and 

heparinized (5,000 U/kg b.w.) via direct injection into the vena cava inferior. The 

hearts were aseptically removed and directly placed in ice-cold Krebs-Henseleit 

(KH) buffer (133.5 mMNaCl, 4 mMKCl, 1.2 mM NaH2PO4, 10 mM HEPES, 1.2 

mM MgSO4, 10 mM BDM) containing glucose (5.5 mM) before being perfused with 

a Langendorff preparation. Perfusion (3 min) with KH buffer at 37°C lacking Ca2+ 

was followed by perfusion with recirculating KH buffer containing 2% BSA (wt/vol), 

50 µM Ca2+ and type II collagenase. After 20 minutes of perfusion, hearts were 

minced, and undigested tissue was separated with a 230 µm mesh sieve. The cell 
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suspension was allowed to settle with gravity within 5 to 7 min, and the cell pellet 

was re-suspended in KH containing 2% BSA (wt/vol), and calcium was slowly 

reintroduced to a final concentration of 1 mM. Cardiomyocytes were plated and 

culture under 5% carbon dioxide.  

IMMUNOFLUORESCENCE LABELING OF ISOLATED CARDIOMYOCYTES 

Adult and neonatal cardiomyocytes were plated at a density of 300 cells per mm2 

on glass coverslips coated with fibronectin. On day 4 the medium was exchanged 

and the cells were treated with 100 nM ET-1 for 48 hrs. Cells were fixed with 4% 

paraformaldehyde in PBS. Briefly, cells were incubated with either rabbit polyclonal 

anti-IP3R-1 (1:250), rabbit polyclonal anti-IP3R-2 (1:250), mouse monoclonal anti-

IP3R-3 (1:250), mouse monoclonal anti-α-actinin (1:250), mouse anti-SERCA2 

(1:250), or mouse anti-ryanodine2 (1:250), overnight at 4°C. Followed by 

incubation with secondary antibodies conjugated to Alexa-488 and Alexa-555 for 

1 hr. 

 

IMMUNOFLUORESCENT LABELING OF HUMAN HEART FAILURE SAMPLES 

Disease heart tissue was obtained from patients undergoing heart transplantation 

due to advanced heart failure. Immediately after explant the tissue is flash frozen 

with liquid nitrogen for future analyses. Control heart tissue was obtained from 

organs that were declined for transplantation due to non-cardiac reasons. Frozen 

left ventricular cardiac tissues were cryo-sectioned onto charged glass slides. The 
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sections were fixed with 4% paraformaldehyde in PBS. Tissue was stained with 

anti-IP3R-1 (1:100), anti-IP3R-2 (1:100), anti-IP3R-3 (1:100), or anti-α-actinin 

(1:100), for 1hr at 37°C. Subsequently, slides were washed and incubated with 

secondary antibodies conjugated to Alexa-488 and Alexa-555 for 1 hr. All 

experiments on human samples were approved by the Institutional Review Board 

(IRB) of UTHealth. 

CELL SIZE DETERMINATION 

NRVM were plated on glass coverslips. Two days after plating cells were 

transfected with control siRNA or triple IP3R siRNA. Following transfection cells 

were treated with ET-1 for 48 hours. After treatment cells were fixed with 4% 

paraformaldehyde in PBS. Subsequently, coverslips were stained with anti-α-

actinin and secondary antibodies conjugated to Alexa-555. For measurement of 

cell area, at least 30 fields randomly chosen were analyzed in each coverslip. 

Cardiomyocytes area was measured in captured images using ImageJ software. 

 

CYTOSOLIC AND NUCLEAR CALCIUM IMAGING 

NRVM were plated on fibronectin-coated glass coverslips and were transfected 

with triple IP3R siRNA targeting rat IP3R-1, IP3R-2 and IP3R-3. The total amount of 

siRNA transfected was 12.5 pmol per 350,000 cells. Transfected cells were 

identified by co-transfection with cDNA for YFP (0.25pmol per 350,000 cells). Cells 

were imaged after 48 hrs. For imaging, cardiomyocytes were incubated with 5 µM 
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Fura-2 AM in imaging solution (1% BSA, 107mM NaCl, 20 mM HEPES, 2.5 mM 

MgCl2, 7.5 mMKCl, 11.5mM glucose, and 1 mM CaCl2) for 30 min at RT. The 

solution was replaced with imaging solution without Fura-2 AM for an additional 20 

min.  Images were acquired using a Nikon TiS inverted microscope as previously 

described [79]. Responses to 100 nM ET-1 were recorded on YFP only positive 

cells. In order to specifically look at nuclear calcium transients we used GCaMP6s 

fused to a sequence encoding human histone H2b at the 5′ end [150]. We sub-

cloned H2b-GCAMP6s into the mammalian expression vector pcDNA 

3.1(+).NRVM were transfected with different siRNAs (IP3R-1, IP3R-2 or IP3R-3) 

and with H2b-GCAMP6s two days after plating. Cells were loaded with Fura-2 AM 

in imaging solution 48 hrs after transfection. Responses to 100nM ET-1 were 

acquired at 1 Hz during continuous recording. Oscillation frequency was 

determined manually. An oscillation was counted when the Fura-2 ratio rose 10% 

above the baseline ratio. Similar to Fura-2, an oscillation was counted when 

GCaMP6s fluorescence rose above 5% from baseline fluorescence 

NFAT LUCIFERASE ASSAY 

For assessment of NFAT activation cells were co-transfected with 9xNFAT-TATA 

luciferase plasmid [151] and pRL-TK control vector (2:1). All experiments were 

performed 48 hours after transfection. Cells were harvested and cell extracts were 

assayed using dual luciferase reporter assay as specified by manufacturer’s 

protocol (Promega). All data are shown as mean ± SEM, with statistical 

significance determined at p < 0.01 vs control using an unpaired Student’s t-test. 
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Chapter 3: Genetically Encoded Calcium Indicators for Studying 

Long-Term Calcium Dynamics During Apoptosis 
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INTRODUCTION 

Calcium is a secondmessenger that is widely involved in almost all cellular 

processes, including orchestrating apoptotic signaling[62, 152, 153]. To 

investigate the spatial and temporal regulation of intracellular calcium signals, 

many fluorescent calcium indicators have been developed. The firstfluorescent 

calcium indicators were based on the highly selective calcium chelator 1,2-bis(o-

aminophenoxy)ethane-N,N,-N',N'-tetraacetic acid (BAPTA) [154]. Identification of 

derivatives that exhibit a shift in excitation wavelength upon binding calcium was 

advantageous since taking the ratio of fluorescence intensity at each excitation 

wavelength corrected for differences in dye loading and allowed for more 
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quantitative measurements. Many of such “ratiometric”calcium indicators have 

been developed, including Fura-2, Indo-1 and Fura Red, each with different 

affinities for calcium and excitation/emission wavelengths [155-157]. Some of the 

major limitations of ratiometric indicators include the low temporal resolution 

resulting from the requirement to monitor at two excitation or emission wavelengths 

and relatively small dynamic ranges [157]. To resolve these problems, single-

wavelength indicators, including fluo-3 and 4, rhod-2 and Oregon Green BAPTA, 

were developed [158, 159]. These indicators show large changes in fluorescence 

intensity upon binding of calcium and exhibit a wide variety of kinetic and spectral 

properties.  

To study calcium transients in distinct cell types or in subcellular organelles, 

researchers developed genetically encoded fluorescent calciumindicators. These 

indicators are based upon conferring calcium sensitivity to green fluorescent 

protein (GFP) variants using eitherFörster resonance energy transfer (FRET) pairs 

or circularly permutated GFP mutants[160-163]. GCaMPs are among the most 

widely used genetically encoded indicators and consist of circular permutated 

green fluorescent protein, calmodulin, and a calmodulin binding motif derived from 

skeletal muscle myosin light chain kinase (M13 peptide)[162, 164]. Once bound to 

calcium, GCaMPundergoes a conformational change that leads to an increase in 

fluorescence intensity [162]. There have been several iterations of GCaMP to 

optimize the sensitivity and kinetics [165-167]. Among the most recent GCaMP 

derivatives are GCaMP6s, 6m and 6f (for slow, medium and fast kinetics), all of 
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which have greatly improved brightness andlarger dynamic ranges compared to 

their predecessors [147, 168].  

Given the wide variety of calciumindicators it is important to choose the 

most suitable indicators based on the magnitude and duration of calcium 

transients, which depends heavily on the type of cell and the stimuli presented. 

Many factors, including affinity, kinetics, sensitivity and signal-to-noise ratio 

contribute to the choice of calcium indicator for a specific study. As an example, 

high affinity indicators tend to buffer calcium transients and show a slow rise to 

peak and a prolonged signal. Therefore, to detect rapid calcium transients such as 

those in neurons, indicators with faster kinetics and lower affinity to calcium are 

preferred [169] such as afforded by GCaMP6f[147]. However, indicators with 

higher sensitivity and brighter fluorescence such as GCaMP6s may have more 

utility in detecting small changes in calcium or in those cases where fast kinetics 

are not necessary such as during the relatively slow process of apoptotic calcium 

release [78]. The timing from the initiation of apoptosis to completion spans over 

several hours [47, 78, 84, 170-172]. Therefore, long-term imaging is required to 

monitor calcium release during apoptosis. To perform long-term imaging using 

synthetic calcium dyes, previous studies had to sequentially image multiple 

coverslips every 30 min to account for photobleaching and artifacts arising from 

UV illumination of living cells[78, 172]. In theory, genetically encoded calcium 

indicators would overcome most of these limitations and facilitate monitoring of 

intracellular calcium over protracted time courses.  
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In this study, we found that GCaMP6s and 6f perform as well as Fura-2 in 

reporting intracellular calcium elevations induced by histamine stimulation of HeLa 

cells. The indicator GCaMP6s outperformed Fura-2 in detecting release events 

induced by low concentrations of agonist. We next used GCaMP6s to monitor 

staurosporine-induced calcium transients over the course of 10 hours. We were 

able to continuously monitor cytosolic calcium during cell death revealing the 

kinetics of calcium release and surprising heterogeneity in the responses to 

staurosporine. Our results support of the utility of GCaMP6s as a general purpose 

calcium indicator protein with several properties superior to dye-based 

methodologies, especially for long-term imaging. 
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Illustration 3: Genetically encoded calcium indicator GCAMP6. 
A.Schematic of GCAMP6 structure colored by domains: green, circular 
permutated GFP; yellow, linker 1 and linker 2; magenta, CaM; blue, M13 peptide. 
B. Time lapse images of a single cell which shows an increase in fluorescence 
intensity after binding of calcium in response to STS. 
 
 
 
 
 
 
 
 
 
 
 

RESULTS 
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Histamine-Induced Calcium Release Measurments using Fura-2, GCaMP6s, 

and GCaMP6f 

We first compared the performance of GCaMP6s and GCaMP6f with Fura-

2 in HeLa cells. We quantified the calcium release kinetics in response to a dose 

response of histamine ranging from 0.1µM to 10µM. In general, both GCaMP6 

indicator proteins performed similarly to Fura-2 at detecting calcium transients in 

the cytosol evoked by histamine (Fig. 3-1A). Quantitatively, GCaMP6s was more 

efficient at detecting calcium release events evoked by low (0.1µM) concentrations 

of histamine in HeLacells compared to GCaMP6f and Fura-2 (Fig 3-1D). Fura-2 

has moderately better performance at detecting events evoked by 0.5µM and 1µM 

histamine (Fig 3-1B-D). The indicator GCaMP6f was the least sensitive reporter 

at detecting release events at all concentrations of histamine. To compare peak 

calcium release induced by histamine stimulation between the three indicators, we 

normalized calcium release at subsaturating concentrations of histamine as a 

percentage of the response to a saturating histamine (10µM, Fig 3-1F-G). In those 

cells that responded to histamine, Fura-2 detected larger release events compared 

to both GCaMP6 proteins. GCaMP6s performed similarly to Fura-2 at all 

concentrations except 0.1µM. The indicator GCaMP6f performed significantly 

worse that the other two indicators at reporting peak release of calcium. These 

data indicate that GCaMP6s performs similarly to Fura-2 at detecting agonist-

induced calcium release, and may outperform Fura-2 at detecting small release 

events at subsaturating concentrations of agonist 

 



 

48 

 

 

 

 

 

 

 



 

49 

 

Figure 3-1: Comparison of Fura-2 to GCaMP6s and GCaMP6f in measuring 
agonist-induced calcium release. 
A. Representative single cell traces showing calcium changes in HeLa cells 
incubated with Fura-2 or expressing GCAMP6f/GCAMP6s in response to 
increasing concentrations of histamine (0.1µM, 0.5µM, 1µM and 10µM). 
Fluorescence signals are scaled as ΔF/F0 (GCaMP6 proteins) and Fura-2 
fluorescence signals are presented as the 340/380nm ratio. B-D. Bar graphs show 
percent of cells that show a change in fluorescence in response to increasing 
concentrations of histamine (% responders). The total number of cells quantified 
is as follows: Fura-2 (n=92), GCaMP6f (n=103) and GCaMP6s (n=179). E-G. Peak 
release in response to different concentration of histamine (0.1µM, 0.5µM and 
1µM) was analyzed for each calcium indicator. Peak release is reported as percent 
of saturating dose of histamine (10µM histamine). All data are shown as mean ± 
SEM, *p< 0.05 vs control. 

 

Long-term Imaging of Apoptotic Calcium Release Induced by Staurosporine. 

To study calcium dynamics during apoptosis, we induced cell death in HeLa 

cells by using the broad-spectrum kinase inhibitor staurosporine (STS)[173, 174]. 

First we determined the conditions under which STS-treated cells show elevated 

caspase activity, a relatively late event in apoptosis, while the control cells did not 

undergo cell death. Using air-buffered Leibovitz's L-15 media at room temperature, 

STS-treated cells showed a significant increase in caspase activity starting from 

6hr to 12hrs, whereas there was no significant caspase activity in control cells(Fig. 

3-2A).Therefore, we chose to image calcium release inHeLa cells continuously for 

10 hours after STS treatment, a time at which the majority of STS-treated cells had 

undergone apoptosis but no cell death was observed in control cells. 

 Based upon the performance of GCaMP6s in Figure 1, we performed long-

term calcium imaging using this indicator in control and STS-treated cells. In 

control cells treated with DMSO, we found that 78% of the cells (n=42) did not 

undergo morphological changes and had infrequent low amplitude spontaneous 
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intracellular calciumtransients during the 10 hourimaging period(Fig. 3-2B,D). In 

STS-treated cells, over 90% of the cells went through distinct morphological 

changes including cell shrinkage and blebbing at the cell surface. In 76% of STS-

treated cells (n=35),there were significant calcium release events including 

oscillations and slow waves induced by STS (Fig. 3-2C,D). Interestingly, we 

observed extensive variability in the frequency, duration and timing of 

calciumrelease in each individual cell following STS treatment. To better 

characterize such variability, we categorized the pattern of calcium release into 

three types: oscillations, gradual increase (no significant oscillatory behavior but 

increased basal calcium), and a combination of both oscillations and gradual 

increase. We found that 41.1% of the STS-treated responders show oscillations 

only, 7.4% showed gradual increase, and 51.5% showed a combination of both 

patterns (Fig. 3-2E). Previous studies using Fura-2 and averaging traces from 

multiple cells demonstrated that STS-treated cells showed gradual increases in 

basal calcium levels that correlates with cell death [78, 172]. To assess whether 

we observe a similar trend using GCaMP6s, we calculated the average of all cells 

in one representative experiment and found a similar trend of increased calcium 

levels in STS-treated cells, while no increase was observed in control cells (Fig. 

3-2F). Together, our results suggest that GCaMP6s is an excellent tool to monitor 

long-term calcium dynamics during apoptosis.  
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Figure 3-2: Changes in cytosolic calcium during cell death. 
A. Caspase-3-like activity (DEVDase activity) in HeLa cells treated with 0.1% DMSO 
(control) and 10uM staurosporine (STS) were measured every 2hr from zero to 12 hours 
post treatment. B-C. GCaMP6s transfected HeLa cells were treated with DMSO or 10µM 
STS and imaged for 10 hours. Traces of GCaMP6s fluorescence in individual cells are 
shown (n=9 for one experiment). Cells treated with DMSO showed rare low amplitude 
changes in cytosolic calcium level throughout the experiment, with individual events not 
obvious at this scale (B).D. Bar graph showing percent responders in control (n=42) and 
STS-treated cells (n=35). E. Bar graph showing the type of calcium signals in individual 
STS-treated cells. Cells with release events that go above baseline and have ending 
calcium levelsreturn to baseline are categorized as an oscillation. Cells with no rapid and 
obvious release events above baseline but show a gradual increase towards the end of 
10 hours are categorized as gradual increase. Cells showing both oscillation and gradual 
increase patterns are categorized as both. F. Traces of the average fluorescence of all 
cells in one representative experiment (n=10). 
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Indicator Kd 
(nM) 

Quantum 
Yield 

Kon (x 107 M-1 s-1) Koff (s-1) 

Fura-2 135-224 0.49 10 23 

GCaMP6s  144±4 0.61 0.78 1.12 

GCaMP6f  375±14 0.59 1.05 3.93 

Table 2: Properties of Fura-2, GCaMP6s and 6f[147, 155, 175] 

 

DISCUSSION 

Investigating calcium over extended time periods such as during cell death 

requires specialized approaches. Ideally, a fluorescence calcium indicator needs 

to have high sensitivity and be extremely photostable over a period of hours or 

even days. In the present study we found that GCaMP6s exhibited improved 

performance over Fura-2 when used to monitor calcium transients induced by 

histamine and during apoptosis induced by staurosporine. The expression 

patternof GCaMP6s is well distributed throughout the cell and can readily be used 

in vitro or in vivo[147]. Compared to GCaMP6f, GCaMP6s has a higher affinity to 

calcium and slower kinetics, but with higher brightness (Table 2)[147]. Both 

GCaMP6 proteins are significantly slower than Fura-2 (Table 2), which may limit 

their utility for imaging fast events.  

Imaging calcium during cell death can be technically demanding. Previous 

approaches used by our group and others required loading and imaging sequential 

coverslips or taking static measurements every few hours or days after stimulation 

[47, 78, 171, 172]. These limitations precluded the possibility of following calcium 

dynamics in a single cell throughout the entire apoptotic process. We found 
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remarkable heterogeneity in the calcium responses after STS stimulation which 

were previously uncharacterized. Previous studies have shown that cytochrome c 

release is coordinated after STS stimulation [176, 177],and this process is likely 

mediated by calcium [78, 178]. In HeLa cells under similar conditions reported 

here, this occurs between 6 and 8 hours [78, 176]. We find that there is an increase 

in oscillatory activity around 6-8 hours in some cells (Fig. 3-2C), however this is 

clearly not observed in all cells. Thus, we conclude there must be another factor 

which functions alongside with calcium to induce coordinated cytochrome c 

release during cell death. Future studies examining RFP-cytochrome c release 

simultaneously with GCaMP6s imaging would help to resolve this apparent 

discrepancy and to further interrogate the role of calcium as a coordinating factor 

driving cytochrome c release during cell death. 

Although we have highlighted the advantages of GCaMP6 proteins in this 

report, there are certain advantages to using dye-based reporters. Fura-2 is a 

ratiometric dye, which controls for heterogeneity in indicator loading and facilitates 

relatively easy quantification of absolute calcium levels [155]. Using specific 

loading techniques designed to intentionally cause compartmentalization of AM 

ester dyes, organelle calcium dynamics can also be interrogated using dye-based 

reporters [179]. Genetically encoded indicators rely upon transfection or viral 

transduction of plasmid DNA into the cell type to be investigated. Some cell types, 

and in particular primary cells such as adult cardiomyocytes and neurons, are 

refractory to transfection/transduction and thus dye-based methods are preferred. 

As mentioned previously, GCaMP6s and GCaMP6f are much slower than dye-
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based approaches, and thus would not be preferred for doing high-speed imaging. 

Indeed, the wide variety of calcium indicators with different spectra, affinities, 

quantum yield, and other characteristics allows for tailoring the dye to the exact 

experiment preparation and functional readout. 

Finally we would like to highlight a technical note about potential artifacts 

associated with long-term imaging. We found that the choice of buffer and 

incubation conditions have dramatic effects on the viability of cells mounted on the 

microscope stage. We found that imaging in Leibovitz’s L-15 media was highly 

suitable for controlling pH when imaging in air and preserved cellular integrity for 

up to 12 hours (Fig. 3-2A-B). Importantly, long-term calcium imaging with 

GCaMP6s demonstrated that it overcame the limitations that conventional calcium 

indicators have such as poor photostability and leakage and is ideal for recording 

calcium dynamics during apoptosis for hours and possibly days.  
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Chapter 4:The H9c2 cell line as an alternative for modeling 

cardiac hypertrophy 
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INTRODUCTION 

H9c2 cells are immortalized ventricular rat cardiomyocytes derived from 

embryonic BD1X rat heart tissue [180]. H9c2 cells have been shown to have 

similar characteristics to cardiomyocytes such as expression of ET, Angiotensin II 

receptors, also their capability to undergo hypertrophy and they share similar 

energy metabolism patterns [181-184]. For that reason, we decided to use H9c2 

cells to investigate the expression and function of the different IP3R isoforms in 

response to ET-1 induced hypertrophy. In our study we found readily detectable 

levels of expression of all three IP3R isoforms. We also observed that there is a 

significant decrease in expression of IP3R-1 and -3 after treatment with ET-1 for 

48 hrs. Lastly, we show that knocking down IP3R-2 in H9C2 cells do not alter H9C2 

calcium dynamics in response to ET-1. 

RESULTS 

Expression and function of the different IP3R isoforms in ET-1 treated H9C2 

cells 

It has been previously reported that H9c2 cells are a good alternative model 

to study cardiac hypertrophy [182]. Therefore, our first step was to confirm whether 

ET-1 can induce hypertrophy in H9c2 cells. As shown in fig 1A, we fail to see a 

significant increase in average cell area after treatment with ET-1 for 48 hrs. 

However, we were able to confirm that there was an increase in translocation of 

endogenous NFAT into the nucleus (Fig. 4-1B red arrows). NFAT activation 
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implies that there is an increase in transcription activity after ET-1 treatment in 

H9c2 cells. NFAT activity is known to be downstream of IP3Rs activity [49-51]. As 

well several studies have previously reported that expression IP3R-2 is modified 

during hypertrophy and heart failure [52, 53, 55]. Therefore, we decided to 

determine whether a change in IP3R expression after treating H9c2 cells with ET-

1. After treatment we observed a significant reduction in the protein expression in 

IP3R-1 and -3 (Fig. 4-2A, B), but there was not a significant change in expression 

of IP3R-2. In order to further understand the function of IP3Rs in H9c2 cells we 

used siRNA to knockdown the expression of each IP3R isoform. After treatment 

with ET-1 we can see rapid increase in cytosolic calcium in H9c2 cells. However, 

when we knockdown IP3R-1 we observed that the intracellular calcium response 

is almost abolished, as less than 10% of the cells responded to ET-1 treatment 

(Fig. 4-3A). Fo-3r IP3R-2 or -3 knockdowns, we see a significant number of cells 

that responded to ET-1 (Fig. 4-3A). Suggesting that, at least in H9c2 cells, IP3R-1 

is a key mediator of the ET-1 response. Interestingly when comparing average 

peak release in IP3R-2 and -3 knockdowns, we can see that there is a significant 

decrease in the average peak release in cells with IP3R-2 knockdown (Fig. 4-3B) 

suggesting that IP3R-2 might also play a role in ET-1 induced calcium release. 

However, IP3R-2 implication is not as significant as IP3R-1. Overall our results 

suggest that IP3R-1 is an important mediator of calcium release after ET-1 

stimulation in H9c2 cells. 
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Figure 4-1: NFAT nuclear translocation after ET-1 treatment. 
Average cell area of cells treated with ET-1 for 48 hrs (n=80) and no treatment 
(n=91). All data are shown as mean ± SEM, *P < 0.05 vs control. 
 
 

 

Figure 4-2: Expression of IP3R isoforms H9C2 cells. 
A. Western blot analysis of rat H9C2 cells treated with or without 100nM ET-1 for 
48 hrs. The membranes were probed with specific anti-IP3R-1, anti-IP3R-2, and 
anti-IP3R-3 antibodies.  Anti-SERCA2 antibody was used as loading control. Data 
shown are representative of three experiments. B. Change in IP3R-1, -2 and -3 
expression levels after treatment with ET-1 for 48 hrs compared to control. All data 
are shown as mean ± SEM, *P < 0.05 vs control. 
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Figure 4-3: IP3R-1 an important mediator of calcium release in response to 
ET-1. 
A. Percentage of cells which responded to 100nM ET-1 challenge, control RNAi 
(n=81), IP3R-1 RNAi (n=34), IP3R-2 (n=39) and IP3R-3 RNAi (n=41). B. Average 
peak release of H9c2 transfected with IP3R-2 and IP3R-3 siRNA. All data are 
shown as mean ± SEM, *P < 0.05 vs control. 
 
 
 
 
 
 
 
 
 
 
 
 
 

DISCUSSION 
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Endothelin-1 is a critical player mediating the cardiac hypertrophic response 

and the maladaptive remodeling of the heart. It has been suggested that IP3R-2 is 

the dominant isoform expressed in cardiomyocytes, and that it plays an essential 

role in this signaling cascade by specifically mediating nuclear calcium transients. 

In our study, we show that all three IP3R isoforms are expressed in H9c2 cells. It 

has been previously shown that H9c2 cells show enhanced hypertrophy following 

ET-1 infusion [182]. However, in our study we show that there is not a significant 

increase in average cell area after ET-1 treatment. Still, we observed an increase 

in nuclear translocation of endogenous transcription factor NFAT. For our next set 

of experiments we decided to look upstream NFAT activation and look at IP3R role 

in ET-1 response. We saw that ET-1 treatment downregulates the expression of 

IP3R-1 and -3 in H9c2 cells. Using H9c2 cells as a model to study hypertrophy we 

do not see that expression of IP3R-2 is significantly incresed which contradicts 

previous reports which show that expression of IP3R-2 is altered during 

hypertrophy. As well we observed that IP3R-1 knockdown abolishes intracellular 

calcium release in response to ET-1, suggesting that IP3R-1 is a key mediator of 

the ET-1 response at least in H9c2 cells. We found that H9c2 cells are a good 

model to study intracellular calcium changes in response to ET-1. Based on our 

observations the H9c2 cell do not undergo hypertrophy in response to ET-1, we 

conclude that H9c2 cells are not a good model to study hypertrophy in vitro. Overall 

we conclude that H9c2 cells should not be used as a substitution for primary 

cardiomyocytes to study hypertrophy in vitro. 
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Chapter 5:Functionally Redundant Control of Cardiac 

Hypertrophic Signaling by Inositol 1,4,5-Trisphosphate 

Receptors 
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INTRODUCTION 

Calcium is an essential modulator of a wide variety of cellular functions 

including cardiomyocyte excitation-contraction coupling (ECC) and gene 

expression. Cardiomyocyte function is modulated by neuro-hormonal agonists to 
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accommodate cardiac demand. One example is endothelin-1 (ET-1), which is a 

potent vasoconstrictor that plays an important role in modulating muscle 

contractility, vascular tone, cardiomyocyte growth, and survival [13, 45]. Plasma 

levels of ET-1 are also increased during pathological conditions such as chronic 

heart failure, myocardial infarction, cardiac hypertrophy and in hypertension [5, 44]. 

As such, ET-1 has been linked to pathological remodeling of the heart [45, 49]. ET-

1 signaling is initiated by ET-1 binding to G-protein coupled receptors at the plasma 

membrane leading to the activation of phospholipase C (PLC). PLC catalyzes the 

hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) which leads to 

increased production of the second messengers inositol 1,4,5-trisphosphate (IP3) 

and diacylglycerol. IP3 then acts as a second messenger that binds inositol 1,4,5-

trisphosphate receptors (IP3Rs), activating IP3-induced calcium release (IICR).  

IP3Rs are a family of calcium channels involved in a variety of cellular 

functions. There are three different IP3R isoforms encoded by separate genes. The 

three IP3Rs share a high degree of sequence homology and are found in a variety 

of tissues including the heart [71, 117]. Cardiac IP3Rs are implicated in regulating 

the progression of cardiac hypertrophy [53, 54]. Within the cardiomyocyte, IP3Rs 

are known to localize in the dyadic cleft, sarcoplasmic reticulum and at the 

outer/inner nuclear membrane [45, 53, 54, 128]. Several lines of evidence have 

also implicated nuclear calcium transients as a significant contributor to 

cardiomyocyte hypertrophy. Nuclear or perinuclear IP3Rs may promote nuclear-

restricted calcium release events that initiate gene transcription[128]. Nuclear 

calcium transients are involved in the activation of transcription factors such as 
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histone deacetylase 5 (HDAC5) [45, 127]. However, the mechanism by which 

cardiomyocytes can discriminate between calcium signals from ECC and calcium 

signals that target gene transcription it still unclear, as calcium release events 

mediated by ECC are also efficiently transmitted to the nuclear matrix. 

Hypertrophic agents such as ET-1 also increase contractility [53, 141], which may 

afford a mechanism for decoding IP3-dependent signals without requiring 

subcellular compartment-specific IP3R activation.  

The IP3R-2 isoform is considered the predominant isoform in the heart [118, 

144]. Transgenic IP3R-2 rodent models have either supported [50, 121], or 

contradicted [120, 124] the role of IP3R channels in cardiac hypertrophy.  As such, 

it is still unclear whether IP3R channels are significant contributors to cardiac 

physiology and pathologic remodeling such as hypertrophy [185]. It has been 

shown that all three IP3R isoforms, at least at the mRNA level, are expressed in 

the heart of humans and mice [54]. This opens the question of whether IP3R-1 and 

-3 are able to functionally compensate for IP3R-2 deficiencies in these models. 

We now show that all three IP3R isoforms are expressed in cardiomyocytes 

and that they are essential for the progression of ventricular hypertrophy induced 

by ET-1.  IP3R-dependent activation of the hypertrophic program was not 

dependent upon nuclear-specific calcium transients, but instead was mediated by 

increased contractility induced by ET-1. Lastly, these results were independent of 

increased IP3R expression both in vitro and in vivo.  

RESULTS 
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Expression of IP3R protein in neonatal and adult ventricular cardiomyocytes 

Previous studies have indicated that IP3R-2 mRNA is predominant 

compared to other IP3R isoforms in ventricular cardiomyocytes[118, 144]. Using 

highly specific antibodies we analyzed the protein expression and localization of 

the three IP3R isoforms in primary neonatal and adult rat cardiomyocytes. In 

neonatal ventricular cardiomyocytes all three IP3R isoforms were expressed 

throughout the cell (Fig. 5-1A-C, second column). Expression was more prominent 

in the perinuclear region consistent with previous reports[45]. Similarly, all three 

IP3R isoforms are expressed throughout the cell in adult rat cardiomyocytes (Fig. 

5-1 D-F, second column). In contrast to neonatal ventricular cardiomyocytes, IP3R 

expression in adult cardiomyocytes was more equally distributed throughout the 

cell with no obvious concentration in the perinuclear region. This expression 

pattern overlaps with SERCA2 localization indicating is it present throughout the 

sarcoplasmic reticulum in both neonatal and adult cardiomyocytes (Fig. 5-2A, 

C).  As expected, IP3R localization was distinct from the localization with RYR ([45]; 

Fig. 5-2B, D). These results indicate that in addition to IP3R-2, IP3R isoforms type 

1 and 3 are expressed in rat neonatal and adult ventricular cardiomyocytes 
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Figure 5-1: Expression and distribution IP3R isoforms in primary neonatal 
and adult ventricular cardiomyocytes. 
Immunofluorescence staining of neonatal (rows A-C) and adult (rows D-F) 
ventricular cardiomyocytes. Column 1 is stained with α-actinin to label sarcomeres. 
Column 2 is stained with indicated IP3R antibodies. Column 3 is DAPI staining of 
the nucleus. Column 4 is the merged images of each row. 
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Figure 5-2: Expression and distribution of IP3R, SERCA2, and RYR in primary 
ventricular cardiomyocytes. 
Immunofluorescence staining of neonatal ventricular cardiomyocytes stained with 
SERCA2 and IP3R-2 (A); RYR2 and IP3R-2 (B). Immunofluorescence staining of 
adult ventricular cardiomyocytes with SERCA2 and IP3R-2 (C); RYR2 and IP3R-2 
(D). 
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Altered contractility induced by ET-1 is attenuated by decreasing IP3R 

expression 

ET-1 is known act as a positive inotropic agent in cardiomyocytes[53, 141]. 

We monitored intracellular calcium in spontaneously contracting neonatal 

ventricular cardiomyocytes treated with ET-1. As shown in Fig. 5-4 (control bars) 

there is an increase in the calcium oscillation frequency in neonatal 

cardiomyocytes stimulated with 100 nM ET-1. Previous studies using 

overexpression of IP3 5’-phosphatase to inhibit IP3 signaling suggested that IP3R 

channels do not play a role in this response to ET-1[45]. To evaluate the role of 

IP3R channels in the process more specifically, we used siRNA knockdown of each 

individual IP3R isoform. Western blot analysis confirmed efficient and specific 

knockdown of each of the three IP3R isoforms (Fig. 5-3). Knockdown of individual 

IP3R isoforms did not have significant effects on the increased oscillation 

frequency induced by ET-1 stimulation (Fig. 5-4). Next, we used double 

knockdowns (IP3R 1/2, 2/3 and 1/3) and determined their effect on the response 

to ET-1. Similar to single knockdown, double knockdown did not have a significant 

effects on the increased oscillation frequency induced by ET-1 stimulation. Triple 

knockdown of all three IP3R isoforms completely suppressed the response of 

cardiomyocytes to ET-1 (Fig. 5-4).  Thus, the increased contractility in response 

to ET-1 requires IP3R activity, and furthermore all three IP3Rs are expressed and 

play a functionally redundant role in the response to ET-1 stimulation. 
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Figure 5-3: siRNA-mediated knockdown of IP3R-1, -2, and -3. 
Western blot analysis of 293T (A) and AR42J (B) cell lines transfected with control 
siRNA and siRNAoligos specific for each IP3R isoform as indicated. IP3R-1 siRNA 
significantly reduced endogenous IP3R-1 expression in 293T where control siRNA 
did not. Similarly IP3R-3 siRNA significantly reduced IP3R-3 expression. Both 
siRNAs were specific for the individual isoforms. Triple IP3R siRNA transfection 
inhibited the expression of both IP3R-1 and -3 in 293T cells (A). IP3R-2 expression 
was below detection levels in 293T cells. To probe the efficiency of IP3R-2 siRNA, 
we used AR42J cells which express high amounts of this isoform (B). IP3R-2 siRNA 
completely inhibited IP3R-2 expression, and also partially reduced IP3R-1 levels. 
IP3R-3 expression was below detection levels in AR42J cells. In both panels, 
alpha-fodrin was used as loading control. 
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Figure 5-4: All three IP3R isoforms contribute to hypertrophic signaling by 
ET-1. 
Neonatal cardiomyocytes were transfected with control or IP3R siRNA as 
indicated. Cells were treated with ET-1 and oscillation frequency was quantified 
from at least 4 separate experiments (control n=6, 1 n=6, 2 n=7, 3 n=6, 1/2 n=6, 
2/3 n=5, 1/3 n=5 and 1/2/3 n=4). All data are shown as mean ± SEM, *P < 0.01 vs 
control. 
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Attenuating IP3R expression inhibits ET-1 induced NFAT activation and 

hypertrophy 

At the cellular level cardiac hypertrophy is characterized by activation of the 

hypertrophic transcriptional program by NFAT ultimately leading to increased 

cardiomyocyte cell size. ET-1 is one of the best described neuro-hormonal factors 

known to induce cardiomyocyte hypertrophy [50, 128]. As mentioned previously, 

IP3R mRNA levels are altered during hypertrophy [117, 118], however the effect 

on IP3R protein levels is not clear. In order to assess whether IP3R protein 

expression is altered during ET-1 induced hypertrophy, we treated neonatal 

cardiomyocytes with ET-1 for 48 hours and 6 days. Using this paradigm, protein 

expression of all three IP3R isoforms is unchanged compared to non-treated 

controls (Fig. 5-5A-B) despite robust induction of the hypertrophic marker protein 

atrial natriuretic peptide (ANP; Fig. 5-5C). It has also been shown that IP3R mRNA 

levels are altered in both animal models [53, 120] and in the human failing 

heart[54]. We examined IP3R expression level in left ventricular heart tissue from 

one control and two end stage heart failure patients.  Protein expression of all three 

IP3R isoforms could be readily detected in the three human heart samples. We 

found no significant differences in the protein expression level of IP3R isoforms in 

human failing hearts relative to control (Fig.5-6 and Table 3). 

 

 

 

 



 

73 

 

 

 

 

 

Figure 5-5: IP3Rs expression during ET-1 induced hypertrophy. 

A. Western blot of indicated proteins after 48 hours or 6 days treatment with 100 
nM ET-1. B. Quantification of IP3R levels after ET-1 treatment for 48 hours 
expressed as percent of control. C. Atrial natriuretic peptide (ANP) levels after 48 
hours and 6 days treatment with ET-1. Blotting with alpha-Fodrin was used as 
control.  
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Figure 5-6: Expression of IP3R isoforms in non-failing and end stage heart 
failure 
Immunofluorescence staining of non-failing human left ventricle (A). Left 
ventricular heart failure patient 1(B) and patient 2 (C). Column 1 is stained with α-
actinin to label sarcomeres. Column 2 is stained with indicated IP3R antibodies. 
Column 3 is DAPI staining of the nucleus. Column 4 is the merged images of each 
row. 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Table 3: Clinical characteristics of patient’s samples. 
Control sample was obtained from a heart that was declined for transplantation 
due to non-cardiac reasons. Patient 1 and 2 samples were obtained from patients 
that suffered with end stage heart failure.  NYHA indicates New York Heart 
Association; Stage 1 hypertension, systolic pressure ranging from 140 to 159 mm 
Hg or a diastolic pressure ranging from 90 to 99 mm Hg; LVEDD, left ventricular 
end diastolic diameter- normal range 4.2-5.9 cm; EF, Ejection Fraction, normal EF 
ranges from 55-70%; LVPWd, Left ventricular posterior wall end diastole and end 
systole-normal range 0.6-1.1 cm. 
 

 

 

 

 Control 
Patient 1 

ICM 
Patient 2 

ICM 

NYHA Class 0 4 3.5 

Age 43 57 64 

Sex F M M 

Hypertension - Stage 1 Stage 1 

LVEDD - 7.2 6.7 

LVPWd - 1.4 1.3 

EF 60% 20% 20% 



 

76 

 

Next we determined whether IP3R expression is essential for activation of 

the hypertrophic program downstream of ET-1 stimulation. Treatment of cells with 

ET-1 led to significant NFAT activation within 12 hours as determined by a 

luciferase reporter assay (Fig. 5-7A). Triple knockdown of all three IP3R isoforms 

completely abrogated NFAT activation in response to ET-1 stimulation (Fig. 5-7A), 

a finding consistent with our observation that triple IP3R knockout suppresses the 

increased calcium oscillation frequency in response to ET-1 (Fig. 5-4). Treatment 

of cardiomyocytes with ET-1 leads to an increase in cell size, the cardinal feature 

of hypertrophy ((1, 5); Fig. 5-7B). Triple knockdown of all three IP3R isoforms 

completely abrogates the increased cell size induced by to ET-1 treatment (Fig. 5-

7B and Fig. 5-8). Thus, all three IP3Rs contribute to signaling downstream of ET-

1 in cardiomyocytes and are essential for activation of the hypertrophic program. 
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Figure 5-7: IP3R triple knockdown inhibits ET-1 induced NFAT activation and 
hypertrophy 

A. NFAT activity using luciferase reporter construct after ET-1 treatment for the 
indicated times in control siRNA and triple IP3R siRNA transfected cardiomyocytes. 
B. Average cell area before and after 48 hours treatment with ET-1. Neonatal 
cardiomyocytes were transfected with control siRNA and triple IP3R siRNA. All 
data are shown as mean ± SEM, *P < 0.01 vs control.   
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Figure 5-8: Histogram of cardiomyocytes size distribution after ET-1 
stimulation 
Histogram of neonatal ventricular cardiomyocytes cell size distribution showing 
control (n=166) and triple IP3R siRNA (n=218) transfected cells treated with ET-1 
for 48 hrs. 
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Calcium release induced by ET-1 is not restricted to the nuclear 

compartments 

Rhythmic contraction of the heart is mediated by intracellular RyR calcium 

channels in a process termed calcium-induced calcium release (CICR). An 

important question is how IP3R-mediated calcium transients could be “decoded” in 

the constant background of CICR in the beating heart. One prevalent model is that 

nuclear-compartment specific IP3R calcium transients mediate gene expression in 

response to hypertrophic agents[128]. However, as CICR calcium transients also 

diffuse into the nucleus the specific mechanism is not clear. Furthermore, NFAT is 

a cytosolic protein in the inactive state, and translocates to the nucleus in response 

to elevations in cytosolic calcium [49]. To resolve these discrepancies, we used 

the genetically encoded calcium indicator GCaMP6s targeted to the nucleus in 

order to measure nuclear calcium transients unambiguously (Fig. 5-9A-B). Using 

the spectrally separated indicator Fura-2 to measure cytosolic calcium, we were 

able to quantify calcium release in both nuclear and cytosolic compartments with 

high specificity. As shown in Fig. 5-9C-D, calcium release was detectable in both 

compartments of spontaneously beating cardiomyocytes. After ET-1 stimulation 

there is an increase in the oscillation frequency consistent with the positive 

inotropic effects of ET-1 (Fig.5-9C-D), which we showed is absolutely dependent 

upon IP3R expression (Fig. 5-4). Visual observation of Fura-2 versus H2b-

GCaMP6s traces revealed essentially overlapping plots (Fig. 5-9C-D), however 
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the H2b-GCaMP6s signal had lower resolving power at higher oscillation 

frequencies. Expression of cytosolic GCaMP6s revealed that this was due to a 

buffering effect of the indicator, not an intrinsic property of the nuclear matrix (Fig. 

5-10). In order to compare the cytosolic versus nuclear oscillations more 

quantitatively, we calculated the oscillation frequency over the course of the 

experiment in 20 second bins in both the cytosolic and nuclear compartments (Fig. 

5-9E). Data points above the line in Fig. 5-9E would indicate a higher frequency in 

the nucleus (thus highlighting nuclear only events). Conversely, data points below 

the line are representative of events that occur in the cytosol but were not 

detectable in the nucleus. Presented in this way, we were unable to visualize any 

“nuclear only” release event either before or after ET-1 stimulation. We did, 

however, note a few “cytosol only” events at various frequencies. This may be due 

to either a cytosol restricted transient or insufficient sensitivity of the GCaMP6s 

sensor. Regardless, if there are nuclear restricted calcium transients they are 

either rare or low amplitude events. The results presented herein are also entirely 

consistent with the large body of evidence indicating that NFAT is activated by 

changes in calcium release frequency, not amplitude[186-188]. 

 
 
 
 
 
 

 
 
 
 
 
 
 



 

81 

 

 
 
 
 
 
 

 

Figure 5-9: Nuclear and cytosolic calcium in response to ET-1 stimulation 
A. Schematic cartoon of H2B-GCaMP6s. B. Representativeimage of neonatal 
cardiomyocytes expressing H2B-GCaMP6s loaded with Fura-2 AM. C. Single cell 
imaging of a neonatal cardiomyocyte treated with 100 nM ET-1 at indicated time. 
D. H2b-GCaMP6s signal in the same cell as in C. E. Plot of cytosolic vs. nuclear 
oscillation frequency. Each symbol represents a single coverslip averaging 5-10 
cells for a total of four separate coverslips. Frequency data was quantified from 20 
seconds bins. 
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Figure 5-10: Plot of cytosolic GCaMP6s versus Fura-2 oscillations frequency 
Cytosolic GCaMP6s was imaged simultaneously with cytosolic Fura-2 oscillation 
in neonatal cardiomyocytes and relative oscillation frequencies from each indicator 
were quantified. Each symbol represents a single coverslip averaging 5-10 cells 
for a total of three separate experiments. Frequency data was quantified from 20 
seconds bins. 
 
 
 
 
 
 
 
 
 
 
 
 
 

DISCUSSION 
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IP3Rs likely play a key role in the progression of hypertrophy[45, 50, 53]. 

However, the majority of the studies on the role of IP3Rs in hypertrophy have 

focused solely on IP3R-2, despite the fact that the other two isoforms are also 

expressed in the heart [54, 120]. We show here that all three IP3R channels are 

expressed at readily detectable levels in cardiomyocytes in both rodent and human 

heart. Furthermore, all three channels contribute to calcium release and activation 

of the hypertrophic program in a functionally redundant manner. Lastly, our 

findings indicate that IP3Rs contribute to activation of the hypertrophic program 

after ET-1 stimulation primarily by mediating the increase in calcium release 

frequency/contractility. We do not find evidence, at least in this model, for nuclear-

specific calcium events.  

 Our finding that IP3Rs play functionally redundant roles in ventricular 

cardiomyocytes may resolve some controversies regarding transgenic models of 

IP3R function in the heart. Previously, the IP3R-2 was thought to be the 

predominant isoform expressed in the heart. Consequently, most of the studies 

that focus on the role of IP3R in the heart have focused solely on IP3R-2 function 

[118, 119]. Global genetic knockout of the IP3R-2 in mice does not cause any 

significant difference in the hypertrophic response in pressure overload or dilated 

cardiomyopathy mouse models[120].  However, the potential involvement of IP3R-

1 and IP3R-3 activity has not been investigated further. Another group has showed 

that global knockout of IP3R-2 eliminates the positive inotropic effects of 

endothelin-1 (ET-1) in the atria and protects against arrhythmias [121]. 

Overexpression of the ligand binding domain of the IP3R inhibits signaling through 
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the channel by buffering IP3 levels (so called “IP3 sponge” [122]). Targeted 

inducible overexpression of the IP3 sponge in the heart inhibited hypertrophy in 

response to isoproterenol and angiotensin-II[50]. As the IP3 sponge would inhibit 

signaling through all three IP3R channels, these findings are consistent with our 

results suggesting that all three IP3Rs can contribute to hypertrophic signaling in 

cardiomyocytes.  

The subcellular localization and precise aspects of how IP3Rs regulate 

spatio-temporal aspects of calcium release in the contracting myocyte is an area 

of debate. In particular, how IP3R signals are decoded to regulate processes such 

as transcriptional activation in the beating cardiomyocyte is unclear. IP3Rs are 

known to be primarily localized at the ER/SR membranes in most cells, however 

in the heart it is thought to be concentrated at the nuclear and perinuclear 

membranes, where it is thought to play a key role in gene transcription [45, 125, 

127, 128]. Nuclear localized IP3R would thus facilitate spatially restricted calcium 

transients to the nuclear matrix.  It has been shown that IP3 and ET-1 can trigger 

nuclear calcium sparks and nuclear localized calcium transients [125, 128, 133, 

134], however it is unclear whether these transients originate from the 

cytosol/perinuclear area. We show now that all three IP3Rs are expressed 

throughout the SR of the cardiomyocyte in both isolated rat cardiomyocytes and 

human tissue. Using nuclear-localized GCaMP6s to unambiguously monitor 

nuclear calcium, our results simultaneously imaging nuclear and cytosolic calcium 

indicate that nuclear-only calcium transients, if present, are an exceedingly rare 

events. Rather, our results indicate unequivocally that IP3Rs mediate the positive 
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inotropic effects of ET-1 in a functionally redundant manner. The increase calcium 

release frequency would then result in activation of NFAT and activation of the 

hypertrophic program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6: Conclusion and Future Directions 



 

86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
IP3R is a calcium channel that is ubiquitously expressed and plays a key 

role in different cellular processes. However, the role that IP3R plays in ventricular 

cardiomyocytes is poorly understood. We aimed to examine the expression and 
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role of all three IP3R isoforms in cardiomyocytes. While there are several studies 

focusing on the role of IP3R-2 in the heart, little is known about IP3R-1 and -3.  Our 

study describing the role of all three IP3R isoforms in ET-1 induced hypertrophy 

reveals completely new functions for this class of proteins in regulating cardiac 

physiology. 

GCAMP6 PROTEINS TO STUDY CALCIUM DYNAMICS 

Genetically encoded calcium indicators have improved over the years. 

GCaMP6 variants are some of the more advanced calcium indicators due to their 

low baseline fluorescence, large dynamic range, and medium to high affinity to 

calcium [147]. In our study we compared GCAMP6s, GCAMP6f and Fura-2 to 

determine a suitable method to study calcium dynamics during cell death. Our 

results show that GCAMP6s has similar kinetics compared to Fura-2 in response 

to different concentrations of histamine, an IP3-coupled stimulus in HeLa cells. 

However, our results also demonstrated that GCaMP6s is capable of detecting 

small cytosolic calcium changes in response to low concentrations of histamine. 

Importantly, our study demonstrated that GCaMP6s overcame the limitations that 

conventional calcium indicators have with regards to long-term imaging. Fura-2 

requires that the coverslip is changed every 30 min due to photobleaching, dye 

leakage and UV-induced damage to the cells [78]. This scenario limits our ability 

to follow calcium dynamics in a single cell throughout the entire experiment. Using 

GCaMP6s allowed us to understand that calcium responses are heterogeneous 

throughout a single experiment.  On the other hand bulk measurements of cell 
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death, such as Fura-2 and caspase assays, dilute these valuable information in 

the cell death process. Overall our findings demonstrated that GCaMP6 indicators 

are an excellent tool to study small calcium changes and long term calcium 

dynamics using live cell imaging.  

H9C2 CELLS ARE NOT A SUITABLE MODEL TO STUDY CARDIAC DISEASE 

In order to study the role of the IP3R in ventricular cardiomyocytes we 

decided to use the immortalized cell line H9c2. H9c2 is a cell line derived from rat 

myocardium that has been shown to be a useful alternative for neonatal 

cardiomyocytes [182, 183]. We studied the expression and function of the different 

IP3R isoforms in H9c2 cells. We demonstrated that all three different IP3R isoforms 

are expressed. However, we fail to see an increase in cell area after ET-1 

treatment. On the other hand we observed an increase in nuclear translocation of 

transcription factor NFAT. Finally, we showed that knocking down IP3R-2 in H9c2 

cells does not alter H9c2 calcium dynamics in response to ET-1. Our results show 

that IP3R-1 knockdown abolishes intracellular calcium release in response to ET-

1, suggesting that IP3R-1 is a key mediator of ET-1 calcium release in H9c2 cells. 

Altogether, our results suggest that IP3R-1 is the key contributor to the physiologic 

response of H9c2 cells to ET-1 exposure. However, as explained in the previous 

chapters, all IP3R isoforms contribute to cardiac function and the hypertrophic 

response due to ET-1 exposure in isolated neonatal rat cardiomyocytes. The 

discrepancy between our results indicates that immortalized cells might not be an 
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appropriate model to study the molecular mechanisms of calcium dynamics in 

cardiovascular diseases.  

IP3R EXPRESSION AND LOCALIZATION IN VENTRICULAR CARDIOMYOCYTES 

In chapter 5 we examined the expression pattern of all three IP3R isoforms. 

We used highly specific antibodies to confirm the protein expression of the different 

IP3R isoforms in neonatal rat, adult rat and human ventricular cardiomyocytes from 

non-failing and failing hearts. IP3R-1 antibody is a homemade antibody that has 

been validated by us and others. IP3R-1 antisera antibody was raised against a 

peptide corresponding to the C-terminus of the type I receptor [78, 189]. Similar to 

IP3R-1, IP3R-2 antibody was homemade at State University of New York Health 

Science Center by Dr. Richard J. H. Wojcikiewicz. IP3R-2 antisera was raised 

against a peptide that corresponds to the C-terminal end of rat type 2 receptor [71]. 

IP3R-3 antibody was raised against the N-terminal of the type 3 receptor (aa. 22-

230). IP3R-3 is commercially available and it has been extensively validated.  

Immunostaining of neonatal rat cardiomyocytes showed that all three IP3R 

isoforms are expressed in the heart. Expression of IP3R was prominent at the 

perinuclear membrane (Fig. 5-1A-C, second column). Interestingly, we can see 

that IP3R is also expressed in a reticular pattern that was later confirmed to be the 

SR (Fig. 5-2). In contrast to neonatal cardiomyocytes, immunostaining of adult rat 

cardiomyocytes showed that IP3Rs are distributed throughout the cell and there is 

no concentration of IP3Rs at the perinuclear membrane (Fig. 5-1 D-F, second 

column). Similar to neonatal cardiomyocytes, IP3R in adult cardiomyocytes also 
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co-localize with SERCA2 in the SR. Lastly, we looked at IP3R expression and 

localization in human samples obtained from left ventricle of our control patient 

(Table 1).Immunostaining revealed that all three IP3R isoforms are found in the 

healthy heart. Interestingly, the localization of IP3R in human heart resembled IP3R 

localization in the adult rat (Fig 6-1.white arrows). Other groups have shown IP3Rs 

are expressed and functional in the human heart [54, 116]; however most of the 

studies focus on IP3R-2 expression or look at IP3R only at the message level. For 

the first time we are able to confirm the expression of all three IP3R isoforms in 

rodents and humans.  

 

 

Figure 6-1:  IP3R 
localization 

adult rat and 
human 

samples 

A. IP3R localization 
in adult rat ventricular 

cardiomyocyte. B. IP3R localization in adult human non-failing left ventricle.  
 
 
 
 

ET-1 INOTROPIC RESPONSE IS ATTENUATED IN IP3R KNOCKDOWNS 

Next we decided to examine the functional role of all IP3R is 

cardiomyocytes. Transgenic models have shown that IP3R-2 plays a major role in 

the progression of cardiac hypertrophy [50, 121]. Conversely, it has also been 
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shown that IP3R-2 knockout models have normal progression to hypertrophy, 

suggesting that IP3R-2 does not play a role in hypertrophy [120, 124]. The majority 

of the studies focused on understanding the role of IP3R-2 in cardiomyocytes, 

leaving IP3R-1 and -3 largely unexplored. Using neonatal rat cardiomyocytes we 

found that knocking down individual IP3Rs is the heart had no functional implication 

in the inotropic effect induced by ET-1. Similar results were observed when we 

knockdown IP3Rs in pairs. When we knockdown IP3R-1 and 2 simultaneously we 

observed a decrease in the contraction frequency after ET-1 addition. However, 

there was still an increase in contractility compared to baseline when this cells 

were exposed to ET-1. Overall our observations suggest that cardiomyocytes 

expressing a single isoform of IP3R are able to respond to ET-1. Lastly, we looked 

at ET-1 inotropic response in triple knockdowns. Interestingly, there was a 

complete inhibition of the ET-1 response only when all three IP3R isoforms were 

knocked down in cardiomyocytes.  Our experiments support previous research that 

suggests that IP3R have functional redundant roles when co-expressed in different 

tissues. Futatsugiet al. showed that in vivo IP3R-2 and -3 are key in exocrine 

physiology in energy metabolism and animal growth. Conversely, single knockouts 

(IP3R-2-/- or IP3R-3-/-) mice are indistinguishable from controls. Important to note 

that their study was done using pancreatic cells and submandibular glands tissue 

which only express IP3R-2 and -3 [110]. Similar results were noted when the role 

of IP3Rs were studied in cardiogenesis[113] . In cardiogenesis it has been 

suggested that only IP3R-1 and -2 are expressed in the embryonic heart. Single 

knockouts are able to develop normally. On the contrary, double knockout mice 
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died in utero with developmental defects of the ventricular myocardium [113]. 

Other groups have shown that all three IP3R isoforms exhibit a functional 

redundant role in calcium mobilization and apoptosis [84]. These data corroborates 

our results demonstrating that there is functional redundancy among the different 

IP3R isoforms.  

IP3R TRIPLE KNOCKDOWN INHIBITS ET-1 INDUCED NFAT ACTIVATION AND 

HYPERTROPHY 

Previous reports have shown that IP3R expression is altered during 

hypertrophy and heart failure [53-55, 120], however those studies focused largely 

on IP3R gene expression or IP3R-2 protein expression changes. We used neonatal 

cardiomyocytes to determine whether there is a change in IP3R protein expression.  

Following 48 hrs and 6 days treatment with ET-1 we saw an increase in the 

hypertrophic marker ANP. However we did not see a change in the protein 

expression of any of theIP3R isoforms.  Next the expression of the different IP3R 

isoforms was compared using samples from non-failing myocardium (control) and 

failing ventricular myocardium. We found no differences in the expression pattern 

of any of the IP3R isoforms (Fig. 5-6). Our findings suggest that the expression of 

the IP3Rs remains unaffected during the disease progression. Our study in human 

samples further corroborates our observations suggesting the expression of the 

IP3Rs stays unaffected during hypertrophy in neonatal cardiomyocytes. 

Next we decided to look whether knocking down all IP3R isoforms will affect 

ET-1 signaling. Cardiomyocytes which were transfected with triple IP3R siRNA 
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show a decrease in activation of NFAT luciferase reporter, suggesting that all three 

IP3R isoforms are essential for the activation of transcription factors. Similar, the 

hypertrophic response induced by ET-1 is also abolished in triple IP3R knockdown 

cardiomyocytes. Overall, our study suggests that all IP3R isoforms are essential 

for the ET-1 inotropic and hypertrophic response. In our study we did not look at 

single or double IP3R knockdown and their implication in NFAT activation and in 

ET-1 hypertrophy. Based on our observations from fig. 5-4, we concluded that 

triple knockdown would be more suitable for our study. However, further 

experiments should look into the potential involvement of single and double 

knockdowns in hypertrophy. 

IP3R ARE NOT RESTRICTED TO NUCLEAR COMPARTMENTS 

To further investigate the role of IP3R in cardiomyocytes, we aimed to 

determine whether IP3R calcium transients are exclusively localized in nuclear 

compartments of cardiomyocytes. Using genetically encoded calcium indicators 

we were able to discriminate nuclear calcium transients from cytosolic calcium 

transients (Fig. 5-9). Our experiments showed that there are not exclusive IP3R 

calcium transients inside the nucleus of cardiomyocytes. However, in fig. 5-9E we 

can observe some cytosolic only events detected with Fura-2. Our results support 

our hypothesis that IP3R are localized at the SR/outer nuclear membrane. We 

hypothesize that calcium release from the SR sensitizes the RYR, which increases 

the frequency of calcium transients leading to activation of different transcription 

factors including NFAT.   
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IP3Rs are calcium channels that are known to be expressed in the SR/ER. 

However, in the heart IP3Rs are thought to be expressed mainly in the inner 

nuclear membrane or in the nucleoplasmic reticulum of cardiomyocytes [45, 125, 

127, 128]. One of the main roles of IP3Rs in the heart is to induce gene transcription 

in response to extracellular stimuli. However, calcium release from IP3Rs is not the 

only source of calcium in cardiomyocytes. Cardiomyocytes have constant 

fluctuations of high concentrations of calcium which is in charge of mediating 

cardiomyocytes contraction. Therefore, it is thought that localization of IP3Rs at the 

inner nuclear membrane or the nucleoplasmic reticulum is essential for the 

activation of gene transcription “away” for the large changes of cytosolic calcium. 

However, it has also been well established that calcium changes initiated at the 

dyads is able to reach inside the nucleus. Therefore, the idea that IP3Rs need to 

be in a different compartment is not a suitable model in cardiomyocytes 

GENERAL CONCLUSIONS AND SIGNIFICANCE 

The function of IP3Rs in the heart has been a debated topic for many years. 

One of the main reasons for this debate is that the expression of IP3Rs in the heart 

are relatively low compared to RYR (~1:50 [116]), therefore their function is thought 

to not be as significant as other calcium channels. However, subsequent 

discoveries showed that the expression of IP3Rs is increased during 

cardiovascular disease, at least at the mRNA level [55]. Several groups have tried 

to understand the role of IP3Rs in the progression of hypertrophy or HF. However, 

the majority of these studies have focused exclusively on the role of IP3R-2. Overall 
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there is still a debate whether IP3Rs play a role in cardiovascular disease. As 

explained previously several animal models have contradictory results on the role 

of IP3R-2 in the heart [50, 120, 121, 124]. However, several studies including ours 

show that not only IP3R-2 is expressed in the heart (Table1). Our findings that 

IP3Rs are essential for hypertrophic signaling and the underlying molecular 

mechanisms are highly significant.  

IP3Rs are well-known mediators of calcium signaling events. Our study 

suggests the expression of these receptors is not altered in ET-1 induced 

hypertrophy or in left ventricles of failing hearts. However, the function of these 

receptors might be regulated by other mechanisms. One possibility is that IP3 

alone is capable of increasing IP3R activity without needing an increase in IP3R 

expression. As result of increased GPCR stimulation there is also an increase in 

production of secondary messenger IP3. This observation has been noted by other 

groups and they showed that in response to hypertrophy and heart failure IP3 

production is increased [50]. Similarly, some studies using an IP3 sponge suggest 

that decreasing IP3 availability is enough to stop the progression of hypertrophy 

[50]. IP3 sponge studies not only demonstrate that IP3R are important mediators of 

hypertrophy, but also suggest that an increase in IP3 production may play an 

important role in disease progression without the need of increase in IP3R 

expression.  

Post-translational modifications represent another mechanism for IP3R 

modulation. IP3R are known to contain several consensus sequences for post-

translational modifications, such as phosphorylation, which have previously been 
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implemented in in modulation of IP3R activity [190]. A variety of kinases are known 

to phosphorylate IP3Rs such as cyclic AMP-dependent protein kinase (PKA), PKC, 

CamKII and glycogen synthase kinase 3 (GSK3) and either increase or suppress 

IP3R activity [190]. In order to support cardiovascular function the sympathetic 

nervous system activity is increased, leading to activation of the beta-adrenergic 

pathway where it activates cAMP/PKA signaling in cardiomyocytes [21]. Overall 

PKA phosphorylation is known to increase calcium mobilization in all three IP3R 

isoforms [191, 192]. Similarly PKC and CaMKII phosphorylation are known to 

induce an increase in IICR [193, 194].  GSK3 phosphorylation of IP3Rs results in 

a detrimental effect in ischemia reperfusion.  Gomez et al. focused on 

mitochondrial calcium overload and subsequent cell death as a result of ischemic 

reperfusion.  However, they do determine that lack of phosphorylation of IP3R by 

GSK3 after ischemic reperfusion reduces SR calcium mobilization which reduces 

the severity of infarct size.  It is important to point out that GSK3 has been shown 

to be down regulated in response to ET-1 stimulation. However, it gives a perfect 

example of how IP3R posttranslational modification can lead to severe effects on 

cardiomyocyte function. The majority of the studies that looked at IP3R 

phosphorylation status are done in other systems. Currently, there are few studies 

looking at IP3R phosphorylation or other post-translational modifications in 

cardiomyocytes as a result of hypertrophy or HF. Understanding the molecular 

basis of how IP3Rs are modulated in different systems is vital. It will allow us to 

further understand the critical role this receptors play in controlling different cellular 
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functions in health and disease. Our study opens the opportunity for future 

research aimed at uncovering the role of these channels in cardiac physiology. 
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