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ABSTRACT 

Blebbistatin Protects Rodent Myocytes from Death in Primary Culture via 

Inhibiting the Sodium/ Calcium Exchanger and the L-type Calcium 

Channel 

Yinzheng Guan 

Master of physiology 

Temple University, May, 2011 

 

Introduction: Cardiac disease is a leading cause of mortabity and 

morbidity in the developed countries. Cultured cardiac myocytes are 

widely used for exploring the underlying pathophysiology of cardiac 

disease. Rodents, especially mice with transgenes or gene ablation, have 

become popular animal models for heart disease research. However, it has 

been long recognized that rodent  myoyctes die during long-term primary 

culture, which limits the use of genetically altered myocytes for signaling 

studies. Blebbistatin (BLB), a myosin II ATPase inhibitor, has been used 

to protect rodent myocytes. The mechanisms underlying the protective 

effects of this drug are not clear and are the topics of this study. 
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Materials & methods: Adult rat ventricular myocytes (ARVM) were 

isolated and cultured with or without BLB (10 !M) for 72 hours in 

comparison with another protective chemical, BDM (10mM). Myocyte 

death was evaluated by morphology changes and trypan blue staining. The 

effects of these two drugs on myocyte contraction, intracellular Ca2+ 

transient ([Ca2+]i, indo-1,410/480), SR Ca2+ content, L-type calcium and 

Na+/Ca2+exchanger currents were studied acutely. Neonatal rat ventricular 

myocytes (NRVM) were isolated from 1-3 days old neonatal rat hearts and 

cultured. The effect of BDM (10mM BDM) and BLB (10 !M) in the 

medium on NRVM growth and hypertrophy induced by norepinephrine 

(NE, 10!M) were determined. 

 

Results: 1. Both BDM and BLB promoted myocyte survival in culture at  
 
72 hours but BLB protected more myocytes (Control: 7.0±1.8% vs. BDM:  
 
61.5±6.4% vs. BLB: 74.0±3.2%); 2. ARVM fractional shortening was  
 
reduced by BLB to 1.7±0.4% and by BDM to 0.5±0.1% from the baseline  
 
of 6.5±0.7%; 3. Acutely, the amplitude of [Ca2+]i (" [Ca2+]i) evaluated  
 
with indo-1 AM (F410/F480) was depressed by both BDM (0.04±0.01)  
 
and BLB (0.07±0.01) compared to control (0.13±0.01). 4. Diastolic Ca2+  
 

 was significantly increased by BLB (0.90±0.06) but not by BDM  
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(0.73±0.06) compared to pre-treat values (0.70±0.05); 5. BLB and BDM  
 
significantly reduced the SR Ca2+ content, as indicated by the reduced  
 
amplitudes of caffeine-induced Ca2+ transients in BLB- and BDM-treated  
 
ARVMs ("[Ca2+]i in BLB vs. BDM vs. baseline: 0.20±0.03, 0.19±0.04,  
 
0.30±0.03). 6. The mechanisms of the protective effects of BDM and BLB  
 
were similar but quantitatively different in that BDM reduced more Ca  
 
influx through the L-type Ca2+ channel (ICa-L) than BLB (the reduction in  
 
BDM-treated cells vs. BLB-treated cells: 70% vs. 40%) while BLB  
 
inhibited more Na+/Ca2+exchanger current (75% inhibition) than BDM  
 
(40% reduction); 7. Both BDM and BLB inhibited normal NRVM growth  
 
and NE-induced hypertrophy and NFAT translocation in NRVMs.  
 

Conclusion: These results suggest both BDM and BLB protect rodent  
 
myocytes in culture by preventing cytosolic and SR Ca2+ overload by  
 
similar mechanisms: inhibiting NCX and reducing the LTCC. The  
 
application of BLB to whole-heart studies and myocyte hypertrophy  
 
should be extremely cautioned because BLB does alter myocyte Ca2+  

 

handling. 
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CHAPTER 1 

INTRODUCTION 

Overview 

 

Heart disease is one of the leading causes of death in the United States (Roger, et al.,  
 
2011). Revealing the underlying pathophysiology for better strategy of heart disease  
 
treatment has been a goal of heart research. Cultured myocytes and rodents especially  
 
mice are widely used systems for cardiovascular research.  Genes can be overexpressed  
 
or ablated in mice to study the function of a specific gene in cardiac physiology and  
 
pathophysiology in vivo with ease (Gupta & Sen, 2006). Isolated myocytes are used for  
 
myocyte functional and structural characterization or for primary culture for signaling  
 
studies to bridge the findings in vivo to molecules. However, it has been long recognized  
 
that rodent myocytes die during long-term primary culture, which limits the use of  
 
genetically altered rodent myocytes for signaling studies (Zhou, et al., 2000). So it is  
 
highly demanded to improve long term myocyte viability and stability of adult rodent  
 
myocytes in primary cell culture. Calcium (Ca2+ ) overload due to the activation of  
 
reverse mode Na+/Ca2+exchange by high intracellular Na concentration in rodent  
 
myocytes plays a critical role in the death of cultured rodent myocytes (Bers, 2002).  
 
Stochastic opening of the L-type Ca2+ channel (LTCC) exacerbates this Ca2+  

 
overload. Sarcoplasmic reticulum (SR) Ca2+ overload leads to spontaneous myocyte  
 
contraction and myocyte death. In the literature, 2,3-butanedione monoxime (BDM)  
 
(Thum & Borlak, 2001) and blebbistatin (BLB) (Kabaeva, Zhao, & Michele, 2008) have  
 
been used to improve the survival of cultured rodent mycoytes. The mechanisms for the  
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protective effects of these two drugs are thought to be different. BDM promotes myocyte  
 
survival probably through preventing cellular Ca2+ overload by inhibiting the L-type  
 
Ca2+ channel and the Na+/Ca2+exchanger current (Allen, Mikala, Wu, & Dolphin, 1998).  
 
Since BDM interferes with myocyte Ca signaling which is an essential component for  
 
many signaling pathways, BDM is not used often for this purpose. During the recent  
 
years, BLB has been widely used to replace BDM for maintain rodent myocyte viability  
 
in culture (Kabaeva, et al., 2008) because it is believed that BLB does not alter  
 
intracellular Ca2+ signaling (Davis, Wen, Edwards, & Metzger, 2007; Dedkova, et al.,  
 
2007; Dou, Arlock, & Arner, 2007; Jou, Spitzer, & Tristani-Firouzi, 2010; King, et al.,  
 
2011; Martherus, et al., 2010; Pohlmann, et al., 2007; Sun, Lou, & Irving, 2009).  
 
However, the exact mechanism of the protective effect of BLB on rodent myocyte  
 
survival is not clear.  
 

In this study, we hypothesize that BLB protects rodent myocytes in culture through 

similar mechanisms as BDM does.  

 

Heart failure and Myocyte Ca2+ Handling 
 

Prevalence, Mortality and Morbidity of Heart Failure 

Congestive heart failure is a syndrome characterized by pulmonary congestion and 

decreased exercise tolerance . Almost all cardiovascular diseases including hypertension, 

ischemic coronary disease, idiopathic myopathies, and valvular disorders may lead to a 

final common outcome, heart failure. Heart failure is a syndrome when the heart cannot 

pump enough blood for the metabolic needs of the body. It is a deadly syndrome 

affecting 5.7 million Americans in the US, with projected mortality about 50% within 
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five years of diagnosis and more than 100 billion USD cost to treat and care these 

patients (Roger, et al., 2011).  Despite huge endeavor has been input to combat this 

disease and many advances have been made in basic research and clinical treatments, it 

remains one of the most devastating diseases in developed countries. 

 
Ca2+  Handling in Failing Cardiac Myocyte 

 
Many factors such as heart dilatation and extracellular matrix remodeling may contribute 

to the depressed contractility of failing hearts. Depressed contractility of cardiac 

myocytes and altered neurohormonal regulation also play a critical role promoting the 

development of heart failure.  

 

Depressed contractility of cardiac myocytes has been considered as one major cause of   
 
heart failure. In HF myocytes, myocyte contraction and relaxation rates are slowed and  
 
the action potential duration are prolonged (Houser, Piacentino, & Weisser, 2000).  
 
Although at slow pacing frequency failing myocytes have contraction and Ca2+  

  
transients comparable to normal myocytes, failing myocytes cannot increase their  
 
contractions and Ca2+ transients at faster pacing frequencies (a negative force-frequency  
 
relationship) as normal failing myocytes do (Rossman, et al., 2004). The response of  
 
failing myocytes to high extracellular Ca2+ and adrenergic stimulation are also  
 
significantly reduced. Therefore, there is a preservation of myocyte contractility at slow  
 
heart rate with depressed contractile reserve with increased rate or upon adrenergic  
 
Activation. 
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In the past decades, the mechanisms of depressed myocyte contractility have been  
 
investigated. It has been shown that the depressed myocyte contractility in heart failure is  
 
at least partially due to abnormal excitation-contraction (ECC) and its regulation (Houser,  
 
et al., 2000). Myocyte ECC process goes as follow: When the cardiac myocyte excited  
 
by an action potential, Ca2+ enters the myocyte through the L-type calcium channel  
 
(LTCC). This Ca2+ influx (ICa-L) then causes more Ca2+ release from the SR via  
 
ryanodine receptor (RyR) from the sarcoplasmic reticulum (SR) through a mechanism  
 
termed “Calcium-Induced Calcium Release” (CICR). (Fabiato, 1983, 1985) As a result  
 
the free cytosolic Ca2+ concentration rises quickly to induce myocyte contraction. Then  
 
myocyte relaxation is brought about by processes that reduce cytosolic [Ca2+ ] via  
 
sequestration of Ca into the SR by SR Ca2+ -ATPase (SERCA), transportation of Ca out  
 
of the cell via the sarcolemmal Ca2+ -ATPase and the Na+/Ca2+exchanger (NCX).  
 
The ECC process is defective in failing myocytes from human and most animal models.  
 
In a rat hypertrophy/HF model, it has been shown that ICa-L is a less effective trigger of  
 
SR Ca2+ release in hypertrophied and failing (decreased ECC “gain”). Ca2+  

 release from the SR in failing cardiomyocytes also can be more dyssynchronous (Harris, 

et al., 2005; Litwin, Zhang, & Bridge, 2000). Several factors could be responsible for this 

defect: a. Decreased density of T-tubules; b. Increased distance between the sarcolemmal 

membrane and junctional SR membrane; c. Mismatch of LTCC and RyR (He, et al., 

2001).  

ECC regulation has been shown abnormal in failing myocytes. Physiologically,  
 
sympathetic neurohormones enhances myocyte contractility by inducing the  
 
phosphorylation of the LTCC, phospholamban (PLB) and RyR by cyclic AMP dependent  
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protein kinase (PKA). When the LTCC is phosphorylated, ICa-L is increased, which offers  
 
a greater trigger for EC coupling and more Ca2+ for loading the SR. Phosphorylation of  
 
PLB removes the inhibition on SERCA, thus enhance Ca2+ uptake into the SR causing an  
 
augment of SR Ca2+ load. Phosphorylation of RyR increases its open probability and  
 
phosphorylation of troponin which decreases the Ca2+ affinity of the myofilament. The  
 
combinatory outcome of these changes is an enhanced myocyte contractility (Houser, et  
 
al., 2000). 

 

The L-type calcium channel (LTCC) plays critical roles in the function of cardiac  
 
myocytes. Abnormalities of LTCC abundance, isoform types, regulation or localization  
 
could  influence Ca2+ handling in CHF. In  mild to moderate hypertrophy,  LTCC  
 
abundance and Ca2+ influx are either increased or unchanged (Houser, 2001; Mukherjee 

& Spinale, 1998; Tomaselli & Marban, 1999). In late HF hearts,  the abundance and Ca2+ 

influx is either unchanged (Gruver, Morgan, Stambler, & Gwathmey, 1994; Rasmussen, 

Minobe, & Bristow, 1990; Schwinger, Hoischen, Reuter, & Hullin, 1999) or reduced 

(Takahashi, et al., 1992). Dihydropyridine (DHP) binding has been shown to be 

unchanged in idiopathic dilated but decreased in ischemic cardiomyopathy (Takahashi, et 

al., 1992). However, studies have shown that although ICa-L density is not changed in 

failing cardiac myocytes, its responses to maximal phoshporylation by PKA or direct 

activation of the channel by BayK 8644 are markedly reduced (Schroder, et al., 1998), 

indicating a possibility of decreased LTCC abundance on the failing myocyte membrane 

(He, et al., 2001).  At the molecular level,  the switching of splicing isoforms of the 

LTCC at segment 3 in domain IV in failing human hearts was reported (Yang, Chen, & 

Houser, 1999). The functional significance of this isoform shift is largely unknown and 
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deserves further study. In addition to the alterations in abundance and function of the 

LTCC, the regulation of the LTCC is altered in failing myocytes. In failing myocardium, 

the responses of ICa-L to b-adrenergic stimulation are diminished (Beuckelmann & 

Erdmann, 1992; Ouadid, Albat, & Nargeot, 1995). This defect contributes significantly to 

the blunted b-adrenergic responses of failing hearts because the increase in ICa-L by ß-AR 

agonist is responsible for increased SR Ca2+ load and larger Ca2+ release trigger.  

 

NCX also plays important roles in Ca2+ handling in ventricular myocytes.   It removes 

Ca2+  from the cytoplasm at normal resting potentials (~-80mV) and during most time of 

the AP by extruding 1 Ca2+  in exchange of 3 Na+ (termed forward-mode NCX). This 

process is the principal mechanism for Ca2+ efflux in cardiac myocytes (Bers & Bridge, 

1989). When the membrane potential is depolarized and/or intracellular Na is increased, 

the changes of Na+ and Ca2+  electrochemical gradient may cuase Ca2+ entry via reverse-

mode NCX (Bers, Christensen, & Nguyen, 1988; Eisner, Lederer, & Vaughan-Jones, 

1984; Nuss & Houser, 1992).  Ca2+ influx through reverse mode NCX can directly 

contribute to myocytes contraction (Gaughan, et al., 1999; Nuss & Houser, 1992) by 

increasing cytosolic Ca2+ or loading the SR (Nuss & Houser, 1992). At last, Ca2+  

 influx through reverse mode NCX may enhance the efficiency of ICa-L to induce Ca2+  

 release (Greenstein & Winslow, 2002). 

 

The change of NCX abundance and/or activity in failing myocytes is still controversial 

(Barry, 2000). A large increase in NCX function and a decrease in SERCA function have 

been observed in failing ventricular myocytes (Wasserstrom, et al., 2000),.   These 
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changes may lead to unloading the SR and depress systolic function. On the other hand, 

increased reverse-mode NCX (Ca influx) during the plateau phase of the AP could 

contribute to myocyte contraction directly (in place of ICa-L) to load the SR (Dipla, 

Mattiello, Margulies, Jeevanandam, & Houser, 1999; Gaughan, et al., 1999). Caution 

should be taken in that some measurements of NCX activity are based on a fixed 

intracellular Na+concentration applied through patching pipettes but it has been reported 

that intracellular Na+ in failing myocytes could be higher than in nonfailing myocytes 

(Pieske, Houser, Hasenfuss, & Bers, 2003). The functional role of these NCX changes in 

CHF is still not entirely clear.  

 

SR Ca2+ loading condition determines myocyte contractility because the amount of Ca2+  

released into the cytosol is dependent on the amount of Ca2+ available for release.  

Multiple factors determines the  SR load: (1) the Ca2+ available for loading the SR, (2) the 

ability of SERCA to pump Ca2+ into the SR, (3) the activity of sodium-calcium exchanger 

(NCX); (4) the buffer capacity of SR; and (5) the balance of SR leak and reuptake of Ca2+  

during the resting period. ICa-L is The major source of Ca2+ for loading the SR. However, 

most studies reported no change of ICa-L in failing myocytes (Beuckelmann & Erdmann, 

1992; X. Chen, et al., 2002) indicating no change the Ca2+ source for loading the SR. The 

reverse mode of the NCX may bring Ca2+ into the cytosol during the plateau of the action 

potential but to a much less extend than ICa-L. It is believed that depressed function and/or 

reduced expression of SERCA2, the transporter pumping Ca2+ back into the SR, is 

primarily responsible for the reduced SR Ca2+ content in failing cardiomyocytes 

(Piacentino, et al., 2003), especially when the competing cytosolic Ca2+  
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 removal by Na+- Ca2+ exchanger is upregulated in failing cardiomyocytes (Dipla, et al., 

1999; Pieske, Maier, Bers, & Hasenfuss, 1999). Decreased SR Ca2+  leads to depressed 

myocyte Ca2+  transients and contraction. 

 

                                    Ca2+ and Myocyte Hypertrophy 
 

Ca2+  is a necessary signaling for cardiac hypertrophy. Cardiac hypertrophy is associated 

with sudden death and HF, and is characterized by an increase in myocyte size and re-

expression of fetal genes such as !-myosin heavy chain (!-MHC) and natriuretic factors 

(Frey & Olson, 2003). Many interacting signaling pathways with components requiring 

Ca2+ for their activity are involved in cardiac hypertrophy (Frey & Olson, 2003; 

Molkentin & Dorn, 2001; Steinberg, 2000).  The Ca2+ regulated Calcineurin/NFAT 

nuclear factor of activated T-cells and Ca2+/Calmodulin-dependent kinase (myocyte 

enhancer factor 2) pathways are among those best studied. Cardiac specific 

overexpression of constitutively active CaN or NFAT3 in transgenic mice caused cardiac 

hypertrophy and eventually HF (Molkentin, et al., 1998). These studies showed that CaN 

dephosphorylates (activates) NFAT, which translocates from the cytosol into the nucleus 

and together with other nuclear transcription factors (e.g., GATA4), initiates the 

characteristic gene expression pattern of hypertrophy. CaMK is also involved in cardiac 

hypertrophy by phosphorylating type II histone deacytelases (HDAC) (McKinsey, Zhang, 

Lu, & Olson, 2000). Unphosphorylated HDAC represses the transcriptional activity of 

MEF2 in the nucleus. Phosphorylating HDACs enable them to translocate out of the 

nucleus and thus remove their inhibitory effects on MEF2 (McKinsey, et al., 2000).  
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Ca2+ and Myocyte Apoptosis 
 

Besides the prohypertrophic effect of increased myocyte Ca2+, Ca2+ overload also causes 

myocyte death. It is well known that myocyte apoptosis contributes significantly to 

myocyte loss during myocardial infarction (Freude, et al., 2000; Gottlieb, Burleson, 

Kloner, Babior, & Engler, 1994; James, 1998; Kajstura, et al., 1996; Zhao, et al., 2000) 

and HF (Akyurek, et al., 2001; Gill, Mestril, & Samali, 2002; Yamamoto, Sawada, 

Shimomura, Kawamura, & James, 2000). Ca2+  plays the following roles in myocyte 

apoptosis: 1. By activating CaN that dephosphorylates Bad, enabling it to translocate to 

the mitochondria and cause cytochrome c release (Saito, et al., 2000). 2. By activating 

calpains which cleave Bad and Bid (M. Chen, et al., 2001) to promote their proapoptotic 

effects. Calpains are also able to activate caspase-12 to induce apoptosis (Nakagawa & 

Yuan, 2000). 3. By regulating the mitochondrial permeability transition pore (mPTP) and 

subsequent cytochrome c release (Weiss, Korge, Honda, & Ping, 2003). Mitochondria 

play a critical role in apoptosis and the increase in the permeability of mPTP is a critical 

step in the progression of apoptosis. 4. By activating Ca2+ -dependent endonucleases (e.g., 

DNase I) which directly induce apoptosis in myocytes (Nitahara, et al., 1998). DNase I in 

the endoplasmic reticulum (ER) is released when ER Ca2+content is depleted (ER stress) 

resulting in cell apoptosis (Berridge, 2002).  Cav1.2 seems to be centrally involved in 

Ca2+  induced myocyte apoptosis. It has been shown that blockade of Cav1.2 is able to 

alleviate myocyte apoptosis induced by high catecholamine stimulation (Communal, 

Singh, Pimentel, & Colucci, 1998; Zhu, et al., 2003), hypertension (Gao, et al., 2001) and 

ischemia/ reperfusion (Lefer, Polansky, Bianchi, & Narayan, 1979). On the opposite, 
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increases in Ca2+  influx into ventricular myocytes induce apoptosis in vitro (X. Chen, et 

al., 2005).  

 

Rodent Myocyte Culture for Cardiac Research 

Culture myocytes has been extensively used for studying cardiac myocyte physiology 

and pathobiology (Long, Kariya, Karns, & Simpson, 1992; Sperelakis, 1978; 

Wollenberger, 1985). Its wide use resides in the fact that cultured myocytes are deprived 

of compounding in vivo feedback regulation and drugs or gene expression manipulations 

can be applied directly. Recently, the use of transgenic rodent makes adult rodent 

myocytes with specific gene alterations available and valuable for signaling studies. . 

However, cultured adult rodent myocytes died in a short time. To improve the myocytes 

viability and long-term stability of adult myocytes in primary cell culture without altering  

myocyte function remains a challenging issue. One factor influencing cell viability  is  

that both acutely isolated cells and long-term cultured cells are calcium overload. 

Calcium (Ca2+ ) overload due to the activation of reverse mode Na+/Ca2+ 

exchange by high intracellular Na+concentration in rodent myocytes (Bers, 2002), and 

calcium influx through the L-type calcium channel play a critical role in the death of 

cultured rodent myocytes (W. Wang, et al., 2009). Sarcoplasmic reticulum (SR) Ca2+ 
 

 overload leads to spontaneous myocyte contraction.  The spontaneously contracting cells 

die in the end. So in order to improve cell viability, preventing Ca2+  overload has been 

the consideration. It has been reported that BDM and BLB improve the survival of 

cultured rodent mycoytes (Kabaeva, et al., 2008). The mechanisms of their protective 

effect are still unclear and are the topics of this study. 

Structure and Pharmacology property of Blebbistatin and BDM 
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BDM (2,3-butanedione monoxime) is a well known agent which suppresses cardiac 

myocytes contraction (Perreault, et al., 1992). BDM was originally developed to 

counteract organophosphorus poisoning of acetylcholinesterase (Sellin & McArdle, 

1994). It re-activates the enzyme by binding and removing the phosphate group from the 

inactivated phosphorylated enzyme. Therefore, the drug was considered to possess a 

phosphatase-like activity and has been called a chemical phosphatase (Allen & Chapman, 

1995). Besides suppressing cardiac myocytes contraction, BDM has multiple effects in 

other types of cells, such as suppressing contraction of skeletal muscle cells (Higuchi, 

Takemori, & Umazume, 1989) and smooth muscle cells (Waurick, et al., 1999) and the 

transient outward K channels in cardiac myocytes (Xiao & McArdle, 1995) and neurons 

(Huang & McArdle, 1992). Some of these effects were attributed to the 

dephosphorylation activity of BDM.  

BDM structure 

 

 

In the past, it had been believed that BDM serves as an excitation contraction-uncoupler, 

only inhibiting contraction without altering calcium handling inside the cell (Higuchi & 

Takemori, 1989). If BDM does not affect intracellular calcium handling and allows the 

loading of a high calcium concentration in cardiac myocytes while suppressing 

contraction, it would have become a useful tool for separating the effects of Ca itself and 

myocyte contraction. However, in the literature and in our experiment, we found that 

BDM inhibited ICa-L and INCX.  
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 Myosin IIs are ATP- driven molecular motors forming an essential part of the motile 

machinery of most cell types examined (Dantzig, Liu, & Goldman, 2006). Among other 

functions, they serve vital functions such as muscle contraction, cytokinesis, cortical 

tension maintenance, and neurite outgrowth and reaction (Dantzig, et al., 2006). In 

studies of myosin II, the use of enzyme inhibitors can be a powerful approach, providing 

that selective and high affinity compounds are available that do not interfere with 

intracellular calcium signaling. 

 

 Blebbistatin was recently discovered as a small molecule inhibitor of muscle and non-

muscle myosin II (Allingham, Smith, & Rayment, 2005). The compound is permeable to 

cell membranes. It is a potent inhibitor of skeletal muscle and non-muscle myosin II 

isoforms, although it has little or no effect on smooth muscle myosin II and myosins from 

class I, V, and X (H. H. Wang, et al., 2008). Because of its selectivity and high affinity 

for several class II myosins, blebbistatin has the potential to become a popular tool in the 

fields of cell motility and muscle physiology.  

 

Recently some publications showed that blebbistatin can be used as an EC-uncoupler 

(Fedorov, et al., 2007). It has been thought that it can inhibit cell contraction without 

altering calcium handling (Fedorov, et al., 2007). Actually, it was used for whole heart 

perfusion to inhibit the whole heart contractility while studying myocyte calcium 

handling in intact hearts.  

 

What are the effects of BDM and BLB on myocyte calcium handling? 
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BDM, a chemical phosphatase, has been widely used by as an upcoupling agent in 

various types of muscle in the past (Sellin & McArdle, 1994). This drug is effective in 

inhibiting myofilament force (Herrmann, Wray, Travers, & Barman, 1992). It is also 

recognized that BDM has many other effects: affecting calcium handling and action 

potential, and inducing a depletion of internal adenosine triphosphate(ATP) stores 

(Okamoto, Hobo, & Kamisawada, 1998). 

 

BDM decreases the L-type calcium channel current. Some investigators thought that 

because BDM is a chemical phosphatase, which dephosphatases the calcium channel and 

inactivates the calcium current (Allen, et al., 1998). However, some data indicate that 

BDM-induced inhibition of expressed channels could be considered simply to reflect 

channel blockade, rather than a ‘phosphatase-like’ action, because BDM is able to 

decrease calcium current through channels not phosphorylated by PKA (Allen & 

Chapman, 1995). Allen & Chapman (1995) postulated that BDM may exert two effects, a 

phosphatase action (with high phosphorylated channels) and a channel blocker (with low 

phosphorylated channels).  Calcium channels which are not upregulated by PKA exhibit 

channel block by BDM, while channels upregulated by PKA become more resistant to 

channel block by BDM and a phosphatase-like effect of the drug is observed (Allen, et 

al., 1998). 

Also Dr. Junko Kimura’s group found  that BDM also have an inhibitory effect on 

Na+/Ca2+exchange current in guinea-pig cardiac ventricular myocytes (Watanabe, et al., 

2001). The Na+/Ca2+exchanger is one of the major mechanisms for regulating 

intracellular calcium concentration in cardiac myocytes (Watanabe, et al., 2001). In 
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normal cardiac myocytes, the electrogenic Na+/Ca2+exchanger extrudes Ca2+  to maintain 

a low intracellular Ca2+ concentration which is 103-104 times lower than that in the 

exterior. Calcium overload caused  myocyte spontaneous contraction is a well known 

pathological phenomena in which the involvement of Na+/Ca2+exchange current has been 

suggested (Watanabe, et al., 2001). Therefore, inhibition of Na+/Ca2+exchange activity is 

a very important process to protect myocyte death in primary cell culture. 

 

Blebbistatin as an excitation contraction-uncoupler has been used to investigate myocyte 

calcium handling in perfused ex vivo hearts (Fedorov, et al., 2007). It has been 

considered as a good tool for studying myocyte calcium handling in intact hearts, because 

it inhibits heart contraction without interfering intracellular calcium handling. At the 

same time, blebbistatin is thought as a better tool to maintain rodent myocyte in primary 

cell culture, because it protects myocytes even better than BDM and has no effect on 

calcium handling (Fedorov, et al., 2007). 

 

Very few studies examined the effects of BLB on ICa-L and INCX. There is a report 

suggesting that BLB does not alter intracellular calcium transient, action potentials, and 

L-type calcium current in myocytes (Fedorov, et al., 2007). 

 

Rodent myocytes die during long-term primary culture, which limits the use of 

genetically altered (transgenetic and knock out) rodent myocytes for signaling studies. It 

is reported that Calcium (Ca2+ ) overload due to the activation of reverse mode Na+/Ca2+ 
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exchanger by high intracellular Na+ concentration in rodent myocytes plays a critical role 

in the death of cultured rodent myocytes (Bers, 2002). Therefore preventing calcium 

overload is critical for promoting rodent myocyte survival. 

 

Previous studies have shown that 2,3-butanedione monoximine (BDM), a nonspecific 

excitation-contraction coupling inhibitor, can improve the viability of isolated adult 

rodent cardiac myocytes (Thum & Borlak, 2001). By using BDM, cardiac myocyte 

isolation has increased myocyte yield (Thum & Borlak, 2001). The addition of BDM to 

both the isolation buffer and culture media also resulted an extension of the culture life of 

the adult rat cardiac myocytes (Thum & Borlak, 2001). The mechanism of  protective 

effects of BDM is still elusive, although there are studies showing that BDM inhibits 

skeletal muscle myosin II ATPase (Higuchi, et al., 1989). BDM also  acts as a chemical 

phosphatase (Allen & Chapman, 1995), and may cause the uncoupling of excitation 

contraction by affecting cell contractility through a number of different mechanisms 

including inhibiting voltage-gated calcium channels (Allen, et al., 1998), transient 

outward potassium channels (Xiao & McArdle, 1995), sodium calcium exchange 

(Watanabe, et al., 2001), and blocking gap junctional communication (Verrecchia & 

Herve, 1997). 

  

Blebbistatin(BLB), an inhibitor of myosin-II-specific ATPase, has been used to inhibit 

cell contraction. Recent studies show it can increase cell survival rate (Kabaeva, et al., 

2008), with little knowledge about the  mechanisum.  
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BDM & BLB for NRVM growth and hypertrophy studies 

NRVMs are popular for studying cardiac myocyte growth and hypertrophy (Athias, 

Vandroux, Tissier, & Rochette, 2006). They are easy to culture, and can survive for a 

longer time than adult myocytes. They can be infected with adenovirus or treated with 

drugs, unlike adult cardiac myocytes, NRVMs grow gradually, making them suitable for 

hypertrophy studies. If NRVMs show hypertrophy, the surface area of cells, protein 

synthesis and NFAT translocation rate will be increased.  

It has been postulated that NRVMs contraction is very important for NRVM growth. 

Spontaneous contraction of NRVM promotes NRVM growth. Pacing NRVM with 0.5 Hz 

field stimulation also promotes NRVM growth (Marino, Kuseryk, & Lauva, 1987).  

It is suggested that NRVM contraction also plays an important role in drug-induced 

hypertrophy (Marino, et al., 1987). In accordance, some studies suggest that BDM and 

BLB inhibit NRVM hypertrophy by blocking NRVM contraction. In contrast, some other 

studies have shown NRVM contraction is not necessary for hypertrophy (Hines, 

Thorburn, & Thorburn, 1999).  In light of our findings that BDM and BLB inhibit 

myocyte calcium handling, we have designed some experiments for studying the effects 

of role on NRVM growth. 

Nuclear factor of activated T-cells (NFAT) is a family of transcription factor shown to be 

important in immune response. It also plays a critical role in cardiac myocyte 

hypertrophy. When calcineurin is activated by increased cytosolic calcium, 

dephosphorylated NFAT enters the nucleus and induces hypertrophy gene expression 

resulting into myocyte hypertrophy (Molkentin, et al., 1998). 
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In our study, we used norepinephrine (NE) to induce NRVM hypertrophy (Yamazaki & 

Yazaki, 2000). After treated with NE, the surface area of  NRVMs is increased. The role 

of calcium in NE-induced cardiomyocyte hypertrophy by interfering myocyte calcium 

handling with BDM and BLB was examined. 

 

Hypothesis and Specific Aims 

Both BDM and BLB inhibit L-type calcium current and the NCX current and thus 

prevent intracelluar calcium overload, to protect cultured rodent myocytes from death.         

 

In order to test our hypothesis, the following aims and experiment design will be 

addressed:  

 

AIM1: To confirm whether BDM and BLB  promote adult rat ventricular myocytes 

(ARVMs)  survival. Once ARVMs are isolated and cultured, the survival of cardiac 

myocytes by examining the morphology (rods=alive cells; balls; dead cells) and 

membrane integrity (Trypan blue staining) are determined. 

 

AIM2: To determine whether BDM and BLB will inhibit cell contraction and whether 

BDM and BLB will interfere with intracellular calcium handling. First, we will determine 

the percentage of spontaneous contracting cells of cardiac myocytes in primary culture at 

1 or 24 hours after the addition of BDM (10mM) or BLB (10 !M). Second, we will 

determine myocyte contraction upon field stimulation before and after the application of 

BDM (10mM) and BLB (10 !M). Third, we will determine myocyte calcium transient 
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(Indo-1 AM) before and after the application of BDM (10mM) and BLB (10 !M). Indo-1 

AM was used because it was reported that BDM and BLB  interactions with fluo-4 AM 

but not indo-1 AM (Farman, et al., 2008). In addition, Indo-1 AM can measure diastolic 

calcium. At last, we determine myocyte sarcoplasmic reticulum (SR) calcium content 

(Indo-1 AM) with caffeine spritz. 

 

AIM3: To determine the effects of BLB (1!M and 10 !M) on ICa-L  and INCX  in 

comparison with already known effects of BDM (10mM) on ICa-L and INCX. 

 

AIM4: To determine if BDM and BLB-mediated antihypertrophic effects in cultured 

NRVM are really by inhibiting cell contraction. NRVMs will be isolated and cultured. 

NE will be  used to induce NRVM hypertrophy with or without BDM or BLB. NFAT 

translocation will be  determined in NRVMs infected with adenovirus containing NFAT-

GFP (X. Chen, et al., 2011) and treated with NE with or without BDM or BLB. 
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CHAPTER 2 

MATERIAL AND METHODS 

1. ARVM isolation and  culture. 

 

Myocyte isolation and cell culture: Adult rat ventricular myocytes (ARVMs) were 

isolated by a perfusion-based enzymatic digestion method. Cells were then plated on 

dishes coated with 10 µg/mL laminin at a density of 50 rod-shaped cells/mm2 for 2 h to 

allow cell attachment. Then the initial culture media was changed to BDM or BLB 

containing medium and unattached cells (mostly dead cells) were washed away. Cells 

were cultured at 37ºC in a 5% CO2 incubator as shown in Figure 1. The initial survival 

rate was evaluated by trypan blue staining. All the procedure conforms to the NIH animal 

use and care regulation and approved by IACUC at Temple University. 

Culture Medium  

Control: M199+P/S+L-glutamate 

BDM: M199+P/S+L-glutamate+10mM BDM 

BLB: M199+P/S+L-glutamate+10 !M BLB 

 (P/S: pennicycin, 100U/ml; Streptomycin, 100 !g/ml) 

 
The concentration of 10mM BDM was chosen based on previous reports using BDM in 

the isolation buffer and  in the primary cell culture. The concentration of 10 !M 

blebbistatin is chosen from the trial experiments as suggested in many publications on the 

other cell lines. 
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Myocyte viability: We used the rod shape to indicate the viability of adult mouse 

myocytes because only rod-shaped myocytes retain functional and morphological 

integrity. Only healthy rod-shaped myocytes (length/width ratio > 3:1) with clear 

sarcomeric structures were counted.  

 

Trypan blue staining was also employed to determine myocyte survival rate. Trypan blue 

is widely used to study the cell membrane integrity. If the cell died, the cell membrane is 

broken and the cell will be stained with trypan blue. 

 

Myocyte contraction, Ca2+ ( [Ca2+ ]i ) transient, SR Ca2+ content:  
 
All of these experiments were performed with freshly isolated single rod-shaped 

myocytes with clear sarcomeric cross striations. In brief, myocytes were placed in a 

heated chamber (35°C) on a stage of an inverted microscope (Nikon Diaphod) and 

perfused with normal Tyrode solution containing 1 mM CaCl2. Myocytes were loaded 

with Indo-1 AM to measure Ca2+  transients (intracellular Ca2+ concentration, [Ca2+ ]i), 

and myocyte fractional shortening was measured with edge detection (Video Edge 

detector, VED-104, Crescent Electronics, Sandy, UT). 

 
  

Cav1.2 current (ICa-L) and Na+/Ca2+exchange current (INCX) 

The L-type Ca2+  current (ICa-L) was measured in a sodium-free and potassium-free 

solution. In short, isolated myocytes were placed in a chamber mounted on an inverted 

microscope (Nikon Diaphot) and perfused with normal Tyrode solution (composition in 

mM: 10 glucose, 5 HEPES, 5.4 KCl, 1.2 MgCl2, 150 NaCl, and 2 Na-pyruvate, pH 7.4  
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Figure 1. The layout of ARVM culture for survival studies. BDM (10mM), BLB (10 

!M). 

 

Day 2 

Day 3 

Day 0 

Day 1 
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in mM: 130 Cs-aspartate, 10 N-methyl-Dglucamine (NMDG), 20 tetraethylammonium 

chloride, 10 HEPES, 2.5 Tris-ATP, 1 MgCl2, and 10 EGTA, pH 7.2, and drugs needed 

specifically for experiments] was used to obtain gigaseals. Once a gigaseal was formed, 

the patch was ruptured and the cell was dialyzed 

for 10 min. The extracellular bath was then changed to a Cs+  substitution bath solution 

(composition in mM: 2, 4-aminopyridine, 2 CaCl2, 5.4 CsCl, 10 glucose, 5 HEPES, 1.2 

MgCl2, and 150 NMDG, pH 7.4 with CsOH). Membrane voltage was controlled by an 

Axopatch 2B voltage-clamp amplifier and digitized by Digidata 1200 using pClamp8 

software (Molecular Devices). Once the signal was converted to digital format, it was 

stored on a personal computer for off-line analysis with Clampfit 8 (Axon Instruments). 

The flow of the bathing solution was 2–3 ml/min. 

 
 
 
 
Sodium-calcium exchange current (INCX) was recorded in myocytes bathed in a K+-free 

solution containing (in mM): NaCl 145, MgCl2 1, HEPES 5, CaCl2 2, CsCl 5, glucose 10, 

ouabain 0.02, nifedipine, 0.01, pH 7.4 adjusted with NaOH. The internal solution 

contained (in mM): CsCl 65, NaCl 20, Na2ATP 5, CaCl2 6, MgCl2 4, HEPES 10, TEA-Cl 

20, EGTA 21, ryanodine 0.0005, pH 7.2 with CsOH. The cell was dialyzed for 10 

minutes after rupturing the patch and the membrane current was recorded with a ramp 

test (+80mV to -80mV at 100mV/s) following a 100-ms depolarization to +80 from the 

holding potential of -40mV. During the recording, the bath solution then was changed to 

the K+-free solution plus 5mM Ni2+. Recording was stopped once a stable effect of Ni2+ 

was seen and the Ni2+-sensitive current was INCX. 
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2. NRVMs isolation and cell culture: 

 

NRVMs isolation and cell culture: NRVMs were enzymatically dissociated from the 

heart of Sprague-Dawley rats at 1-3 days after birth with the neonatal cardiomyocyte 

isolation system (Cellutron, Baltimore, MD). Isolated cells were preplated in 60-mm Petri 

dishes for 60 min to eliminate fibroblasts, then cultured in 24-well plates coated with 

surecoat. NE (10 !M) were added with or without 10mM BDM or 10 !M BLB. Medium 

was changed daily. After 4 days of culture, NRVMs were fixed with 4% 

paraformaldehyde for 15 min and then permeabilized with 0.5% Triton X-100. Cells then 

were stained with texas-red conjugated phalloidin (Sigma) and covered with an anti-fade 

fluorescence mounting medium (Vector Shield) Cells were imaged with a Nikon 

fluorescence microscope (Nikon TE-2000) and surface area was determined by image J. 

 

NRVMs Infection with AdNFATc3-GFP and AdGFP 

After NRVMs were plated as shown in Figure 2, NRVMs were infected with Ad 

NFATc3-GFP and AdGFP at the MOI of 100. At 48 hours post infection when the 

adenovirus was expressed, then NE (10 !M) was added to the medium with or without 

BDM (10mM) or BLB (10 !M) to assess their effects on NFAT translocation. NFAT 

usually distributes in the cytosol but not in the nucleus, i. e, without stimulation the 

cytosol is green while the nucleus is almost blank. After NFAT translocation, the green 

fluorescence was decreased in the cytosol whereas the nucleus becomes very green. 
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Plate1. For Surface Area. 

.  

Plate2. For NFAT translocation. NRVMs were infected with either AdGFP or AdNFAT3 

GFP. 

 

Figure 2. The layout of NRVM culture for hypertrophic studies. 
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3. Statistical Analysis 

Results are expressed as mean+/- SEM. Differences between groups were evaluated with 

paired T-tests or one-way ANOVA. Differences were considered significant at a level of 

P<0.05. 
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List of Solutions 

 

Table 1. Normal Tyrode Solution. 

Normal Tyrode  

Agent Final 
Concentration(mM) 

Glucose 10 
HEPES 5 

KCl 5.4 
MgCl2.6H2O 1.2 

NaCl 150 
Na-pyruvate 2 

 

 

 

Table 2. KHB Solution. 

KHB  

Agent Final 
Concentration(mM) 

Glucose 12.5 
KCl 5.4 

L-lactic acid 1 
MgSO4 1.2 

NaH2PO4 130 
NaHCO3 1.2 

NaCl 25 
Na-pyruvate 2 
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Table 3. Pipet filling solution for ICa-L  measurement 
 

  

Chemical Final 
Concentration(mM) 

HEPES 5 
Cs-asp 120 
TEA-Cl 20 
NMDG 10 

MgCl2(H2O)6 5 
EGTA 5 

Tris. ATP 5 
 

 

Table 4. Bath Solution for ICa-L  measurement 

  

Chemical Final 
Concentration(mM) 

4-AP 2 
CaCl2.2H2O 2 

CsCl 5.4 
Glucose 10 
HEPES 5 

MgCl2(H2O)6 1.2 
NMDG 150 
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Table 5. Pipet filling solution for INCX measurement 
 

Exchanger Current pipet filling 
solution  

Agent Final 
Concentration(mM) 

K-asp 120 
KCl 20 

Na2ATP 5 
MgCl2 6H2O 1 

HEPES 10 
 
 

Table 6. Bath solution for INCX measurement 
 

Exchanger Current bath solution  

Agent Final 
Concentration(mM) 

4-AP 2 
CaCl22H2O 2 

CsCl 5.4 
Glucose 10 
HEPES 5 

MgCl2 6H2O 1.2 
TEA-Cl 150 
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CHAPTER 3 

RESULTS 

1. BDM and Blebbistatin increase ARVM viability in primary culture. 

 

In order to explore the underlying mechanisms for the protective effects of BDM and 

BLB. We first tried to confirm their effects on ARVM long term survival in primary 

culture. 

 

Figure 3A shows images of adult rat myocytes cultured with no drug, or 10mM BDM or 

10 !M BLB after 3 days of culture. In the first set of the experiments, the effects of BDM 

and BLB on the rod-shaped morphology of adult cardiac myocytes in primary culture at 

different time points (0, 24, 48, 72 hours post culture) were determined. In the serial 

observations of the culture, we found that the untreated adult cardiac myocytes showed 

declined cell viability as early as 24h after culture whereas cardiac myocytes cultured 

with 10mM BDM or 10 !M BLB showed stable cell viability. At 72 hours, BDM and 

blebbistatin treated groups still showed very high percentage of rod-shape cells while the 

group without any treatment have almost all balled/dead cells. 

 

Figure 3B shows that  before any treatment, rod-shaped ARVMs are about 82.3±1.2% at 

day 0. Without treatment group showed great decline of viability. In contrast, BDM and 

blebbistatin groups showed high survival rates of >75% at 24h, and >70% at 48h viability 

rate. At 72h, BDM treated group showed a survival rate of 

 53.1±6.4%  and blebbistatin treated group had the highest myocyte survival 64.9±3.2%,  
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Figure 3. BDM and BLB promotes the survival of culture adult rat myocytes 

(evaluated by the % of rod-shaped myocytes). A. Images of adult rat myocytes 

cultured with no drug, or 10mM BDM or 10 !M BLB. Rod-shaped cells are alive. B. 

Cell viability rate with no treatment, with 10mM BDM and with 10 !M BLB at different 

time points. C. Normalized survival rate.*** p<0.001 vs. no drug. 
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whereas the group without treatment showed only a survival rate of  8.4±1.8%. Figure C 

is normalized survival rate. It shows that BDM and BLB protected more than 75% 

myocytes from death even at 3 days after culture. 

 

To assess the viability and membrane integrity of cells cultured with either BDM or 

blebbistatin, trypan blue staining was used. If a cell is dead, it loses membrane integrity 

and trypan blue enters the cell and stains the cell dark blue. If the cell is alive with intact 

membrane, it can not be stained with trypan blue. Figure 4A is trypan blue stained cell 

images at different time points. Culturing cells in the presence of 10 !M blebbistatin or 

10mM BDM resulted in a marked improvement of cell viability up to 72 h compared to 

culturing cells without treatment. Figure 4B is the % of trypan blue staining positive cells 

during the 3-day culture. It shows that ~20% of ARVMs were stained with trypan blue in 

all three groups at 0h. As time passed, the BDM and blebbistatin groups retained low 

trypan blue positive rates (20%-30%) at 24h and 48 h. While without drug treatment, the 

trypan blue positive rate was around 78% at 48h. At 72h, the BDM and blebbistatin 

treated groups showed around 40% trypan blue positive rate, but without drug treatment 

group showed a rate of  ~80%. Figure 4C depicts the change of trypan blue positive  
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Figure 4. BDM and BLB promotes survival of culture adult rat myocytes (evaluated 

by trypan blue staining). A. Trypan blue staining images. Dead cells stained dark blue. 

B & C. The % of trypan blue staining positive cells during the 3-day culture.*: P<0.05. 

*** P<0.01. 
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rates of ARVMs versus time 0. Overall, the use of blebbistatin and BDM markedly 

improved the viability of ARVMs at 24 h as well as at later time points compared to cells 

cultured without drugs. 

 

2. 10mM BDM and 10 !M Blebbistatin can inhibit cardiac myocyte spontaneous 

contraction and paced cell contraction. 

 

To further investigate if the protective effects of blebbistatin and BDM is through 

reducing cellular calcium overload, we first tested the effects of BDM and BLB on 

myocyte contraction, an index of myocyte calcium handling.  

 

Figure 5A shows that 10mM BDM and 10 !M blebbistatin inhibited cell shortening. And 

very interestingly, the resting length decreased after BDM or BLB. We also found that 

the effect of 10mM BDM on cell shortening occurred in a short time after running in the 

drugs. However, it took about 5 minutes for 10 !M blebbistatin to inhibit the cell 

shortening. The fraction shortening is decreased to 0.5±0.1% from the baseline amplitude 

6.5±0.7% by BDM and to1.7±0.4% by BLB (Figure 5B). The diastolic length of ARVMs 

was also significantly decreased by BDM and BLB (Figure 5C). The time to peak was 

increased from 200±12 ms to 250±13 ms, 260±14 ms (Figure 5D) and half width was 

increased from 190±15 ms to 260±19 ms, 270±13 ms by BDM and BLB,  respectively 

(Figure 5E).  
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Figure 5. BDM and BLB inhibit myocyte contraction . (A) Examples of myocyte 

twitches before and after BDM or BLB. (B-G)10mM BDM and 10 !M BLB reduced 

myocyte contraction amplitudes (B), diastolic lengths (C), time to peak (D), half width 

(E), maximum contracting rates (F) and relaxation rates (G). (H). BDM and BLB inhibit 

the rates of spontaneous myocyte contraction. *: p<0.05 with paired t-test for B-G or with 

one-way ANOVA for H. 

 

BDM and BLB also decreased the contraction rate and relaxation rate (Figure 5F and 
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5G). This made the shortening slower and longer and explains why time to peak and half 

width increased (Figure 5D and 5E)  

 

Cultured ARVMs develop spontaneous contractions due to SR calcium overload and 

spontaneous calcium release. Since BDM and BLB acutely inhibited myocyte 

contraction, we examined the spontaneous contraction rate of adult cardiac myocytes in 

primary cell culture at three time points: before treatment, treated with drugs in 1h and 

24h. Spontaneous contracting cells observed within 1 minute and the total number of 

cells in a field were counted. For each well, 5 fields were counted. At 1h and 24h, there 

was about 10% spontaneous cells in the control group. However, the BDM and 

blebbistatin groups showed less than 5% spontaneously contracting cells at 1h, and less 

than 2% spontaneously contracting cells at 24h. 

 

These data show that both BDM and BLB inhibited cell contraction, indicating that BDM 

and BLB may inhibit calcium overload, and interfere with intracellular calcium signaling.  

 

3. 10mM BDM and 10 !M Blebbistatin block the calcium transient. 
 
The literature indicates that blebbistatin is an EC uncoupler that inhibits the contraction 

without altering intracellular calcium handling (Fedorov, et al., 2007).  So we measured 

intracellular calcium transients to see there was any change in myocyte handling. 

Indo-1 AM was used as a ratio-metric dye to load cells to measure intracellular calcium.  
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Figure 6. BDM (10mM) and BLB (10 !M) increase diastolic Ca2+ but reduce the 

amplitudes and decay rates of Ca2+transients. (A) Examples of myocyte Ca2+ 

 transients before and after BDM or BLB. (B-E)10mM BDM and 10 !M BLB increased 

diastolic [Ca2+]i (B) Tau value (E) but decreased the amplitude of " [Ca2+]i (D)*: p<0.05. 
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BDM (10mM) increased the diastolic calcium from the baseline level of 0.70±0.05 to 

0.73±0.06 (n=28), but the peak of [Ca2+]i did not change by BDM (Baseline: 0.80±0.07  

vs BDM: 0.80±0.04, n=28) and  calcium transient amplitude decreased from 0.13±0.01 to 

0.04±0.01 (n=28) (Figure 6 A-D). The Tau vaule was increased by 10mM BDM  to 

384±15 ms, from the baseline of 354±9 ms (Figure 6E). Quite different from the 

literature suggesting no change of [Ca2+]i induced by BLB, we found that 10 !M 

blebbistatin increased the diastolic [Ca2+]i from the baseline level of 0.70±0.05 to 

0.90±0.06 (n=28). The peak [Ca2+]i was increased from 0.80±0.04 to 0.98±0.07 by 10 !M 

BLB.The tau of [Ca2+]i after 10 !M blebbistatin was 401±15 ms compared to the baseline 

level of 354±10 ms. The increased tau could be due to the inhibition of Na/Ca exchange 

current or SERCA in myocyte. 
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4. 10mM BDM and 10!M Blebbistatin decrease myocyte sarcoplasmic reticulum 

(SR) calcium content 

 

 
 
 

Figure 7. BDM (10mM) and BLB (10 !M) decrease SR Ca2+  content. A. Examples of 

caffeine induced Ca2+  transients in myocytes pretreated with or without BDM and BLB 

for 15 minutes. B. Averaged diastolic, peak and amplitudes of caffeine-induced Ca2+  

transients in freshly isolated ARVMs that were paced before caffeine-spritz. C. SR Ca2+  

content in myocytes pretreated with drugs for 24 hours without pacing before caffeine 

spritz.  
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When measuring SR calcium content, pacing is usually done to ensure an steady state is 

reached, which was done for Figure 7A and 7B. However, when we cultured ARVMs, 

cells were not paced. To determine SR calcium content in cells not paced like our 

cultured cells, we also measure SR Ca content without pacing. 

 

With pacing, the diastolic [Ca2+]i of  BDM treated cells was 0.57±0.01 (n=13), and that of 

blebbistatin treated cells was 0.68±0.10 (n=12).The baseline diastolic [Ca2+]i was 

0.51±0.10 (n=5). It seemed that 10mM BDM and 10 !M BLB significantly increased 

diastolic calcium level (Figure 7A and B).  The peak [Ca2+]i of 10mM BDM treated 

myocyte was 0.76±0.04 (n=13), and the peak [Ca2+]i of 10 !M blebbistatin treated cells 

was 0.87±0.05 (n=12). The peak [Ca2+]i of untreated cells was 0.80±0.06. The amplitudes 

of caffeine induced calcium transients of without treatment was 0.30±0.03 (n=5). The 

amplitudes of caffeine induced calcium transients of BDM treated cells was 0.19±0.04 

(n=13), and that of 10 !M blebbistatin was 0.20±0.03 (n=12)(Figure 7A and 7B). 

 

Without pacing, BDM did not change diastolic [Ca2+]i (baseline:0.46±0.01 vs BDM: 

0.47±0.01) but BLB increased it (baseline: 0.46±0.01 vs BLB: 0.64±0.04). Peak [Ca2+]i 

was not significantly altered by BDM (baseline: 0.58±0.03 vs BDM: 0.55±0.01), but 

increased by BLB (BLB: 0.72±0.04). The amplitude ("[Ca2+]i) of caffeince induced 

[Ca2+]i was significantly reduced by BDM and BLB (baseline: 0.12±0.02 vs BDM: 

0.08±0.01 vs BLB: 0.08±0.01, Figure 7C). These results showed that both BDM and 

BLB decreased SR Ca2+  content of cultured myocytes (Figure 7C).  
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6. Effects of BDM (10mM) and BLB (1 !M and 10 !M) on ICa-L 
 

               D 

 

 

Figure 8.  BDM and BLB inhibit ICa-L. A. Examples of ICa-Lbefore and after the 

application of 10mM BDM, 1 !M BLB and 10 !M BLB. B. Time course of BDM and 

BLB effects on ICa-L. C. I-V curves of ICa,L before and after drugs.D.I-V curves of ICa-L 

before and after 1 !M BLB, 10 !M BLB. D. Combination of 1 !M and 10 !M BLB. *** 

P<0.01. 
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As shown above, we have found that both BDM and BLB increase diastolic Ca2+  

 and reduce the amplitude of field stimulation elicited Ca2+  transients and SR Ca2+  

 content. The increases in diastolic Ca2+  indicates that there is either increased Ca2+  

 influx into the cytosol or a decrease of Ca removal from the cytosol. The Ca2+  

 influxes into cytosol include the L-type Ca2+  currents, Ca2+  release from the SR through 

the RyR,  and the reverse mode activity of NCX. The Ca2+  removal pathways include 

SERCA2a, NCX and to a minimal extent plasma membrane Ca2+ -ATPase. Here, we first 

tested whether BLB decreases L-type Ca2+ channel currents (ICa-L) and Na+/Ca2+exchange 

current (INCX), as BDM does. 

 

Figure 8A are example of ICa-L recorded at 10mV from the holding potential of -50mv 

before and after the application drug, 10mM BDM or 1 !M BLB or 10 !M BLB. The 

maximum ICa-L was decreased from -6.8±1.5 pA/pF to -2.3±0.4 pA/pF by 10mM BDM. 

Blebbistatin (1 !M) blocked 40% peak ICa-L, which was reduced from -7.0±1.0 pA/pF to -

4.0±1.1 pA/pF. Blebbistatin (10 !M) also inhibited about 40% L-type calcium current, 

which was decreased from -7.3±1.1 pA/pF to -4.2±0.4 pA/pF (Figure 8C). So 1!M and 

10 !M blebbistatin decreased ICa-L to a similar extent, indicating that 1 !M BLB could be 

saturated already and the data can be combined(Figure 8D).  

 

Figure 8B shows the time-course of BDM and BLB effects on ICa-L. BDM and BLB 

decreased the L-type calcium current gradually after running in the drug. After 2 minutes, 

BDM and BLB treated cells had stable current. 

 



42 
 

7. BDM (10mM), blebbistatin (1 !M and 10 !M) inhibit sodium calcium exchange 

current 

 

           A 

     

Figure 9. BDM (10mM), 1 !M BLB and 10 !M BLB block Na+/Ca2+exchange 

current (INCX). A. Voltage clamping protocol. B. Examples of INCX before and after 

running in BLB and BDM. C. Averaged INCX  at different voltages before and after 10mM 

BDM, 1 !M BLB and 10 !M BLB. D. INCX at +60mv and -60mv before and after  10mM 

BDM, 1 !M BLB and 10 !M BLB.      
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Figure 9A shows the commanding voltage clamp protocol and Figure 9B shows typical 

recording of INCX at baseline and after 10mM BDM or 1 !M BLB or 10 !M BLB. The 

suppressing effect of BDM was very quick and a steady state was attained 1min. While 1 

!M blebbistatin and 10 !M blebbistatin supressed the NCX current in about 3min.  

 
Figure 9B illustrates average INCX voltage relationships at baseline vs BDM, or 1 !M 

blebbistatin, or 10 !M blebbistatin. All treatments had inhibitory effect on NCX current. 

BDM blocked about 40% INCX current. 1uM blebbistatin did not decrease INCX as much as 

10 !M BLB did. 10 !M blebbistatin inhibited about 75% NCX current.  

 

Figure 9C shows that INCX at +60mv and -60mv at baseline vs BDM or at baseline vs 1 

!M blebbistatin or at baseline vs 10 !M blebbistatin level. BDM significantly decrease 

current from baseline 1.9±0.3 pA/pF  to 0.9±0.2 pA/pF at 60mv and -1.1±0.6 pA/pF to -

0.6±0.3 pA/pF at -60mv. BLB at 1 !M did not significantly change INCX at +60 mv and -

60 mv, but at higher concentration (10!M) decreased about 75% INCX at both +60mv and 

-60 mv. 

 

 

 

 

 

 

 

 

8. 10mM BDM and 10uM BLB inhibit NRVM growth and hypertrophy 
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Cardiac hypertrophy is an independent risk factor for cardiac failure and arrhythmias. 

NRVMs are a very good model for studying cardiac myocyte growth and hypertrophy. 

The literature suggest that NRVM contraction is require for myocyte hypertrophy 

(Marino, et al., 1987). When NRVMs are cultured for 3-4 days, they spontaneously 

contract together. The contraction has been believed to be important for NRVM growth 

because when NRVM contraction is prevented by BDM or BLB, myocyte does not grow 

well (Eble, et al., 1998). Some experiments also indicate that with 0.5Hz pacing after 

culture for 1-2 days, NRVMs grow better than not those are not paced. 

 

In contrast, some other studies have shown that myocyte contraction is not necessary for 

NRVM hypertrophy (Hines, et al., 1999). Here we tested if BDM and BLB were able to 

prevent myocyte hypertrophy. We hypothesize that BDM and BLB inhibit NRVM 

growth and hypertrophy by inhibiting Ca handling. NRVMs were cultured with or 

without BDM or BLB in the medium. In a set of the experiment, myocytes were also 

cultured with norepinephrine (NE) to induce NRVM hypertrophy. After treating NRVM 

for 48 hours, NRVMs were fixed for staining for actin to measure all size.To study the 

underlying mechanism for BLB and BDM effects on NRVM hypertrophy, myocytes 

were infected with NFATc3-GFP adenoviruses (MOI=100) and then stimulated with 

norepinephrine for 2 hours to observe NFAT translocation with or without BDM or BLB 

in the medium. 

 

A. 
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B. 

 

Figure 10. BDM (10mM) and BLB (10 !M) inhibit normal NRVM growth and 

prevent NE induced NRVM hypertrophy. A. Phalloidin staining image of the NRVMs. 

B. Surface area measurement.  

 

Phalloidin staining was used to stain actin of NRVMs so that NRVMs can be clearly 

identified. Figure 10A shows phalloidin staining of NRVMs. The surface area of NE-

Control 10mM BDM 10 !M BLB 
 BLB 

NE+Control NE+10mM BDM NE+10 !M BLB 
 BLB 
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treated NRVMs is significantly increased. BDM (10mM) decreased NRVM surface area 

and prevented NE induced NRVM hypertrophy. Blebbistatin (10 !M) treated NRVMs 

had many pseudopods, and the cell size is even smaller. BLB (10 !M) also blocked the 

increase in surface area induced by NE. 

 

Figure 10B shows the average surface area of all NRVMs treated or not treated. In the 

control group, the surface area was 1230±47 !m2, and NE increased NRVMs surface area 

to 1918±71 !m2. 10mM BDM decreased the surface area to 820±23 !m2. BDM also 

prevented NRVM hypertrophy induced by NE (SA: 840±23 !m2). Blebbistatin (10 !M) 

treatment resulted in a different morphology of NRVMs: they grew many pseudopods. 

The surface area was 416±13 !m2, even smaller than NRVMs treated with 10mM BDM. 

NE treatment did not increase the surface area (536±16 !m2). So 10 !M blebbistatin also 

inhibited NRVMs growth and blocked NE induced hypertrophy. 

 

Nuclear factor of activated T-cells (NFAT) is an important player in cardiac myocyte 

hypertrophy. Under physiological condition, it is usually located in the cytosol in 

phosphorylated form. When prohypertrophic stimuli are present, calcineurin is activated, 

which is able to dephosphorylate NFAT. Dephorylated NFAT then translocates into the 

nucleus to initiate hypertrophy gene expression and induce cardiac hypertrophy. In this 

experiment, we use NFAT-GFP adenovirus to infect NRVMs and wait until NFAT-GFP 

was expressed. Then NRVMs were treated with NE alone, NE+BDM or NE+BLB for 2  
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A. 

 

        B. 

 

 

 

Figure 11. NE induced NFAT translocation was reduced by BDM and BLB. A. 

Image of NRVMs infected with NFAT-GFP, with and without treating with NE. B. 

NFAT translocation rates in control, 10mM BDM and 10 !M blebbistatin groups. 

 

 

10mM BDM 10 !M BLB 
 BLB 

NE+Control NE+10mM BDM NE+10 !M BLB 
 

Control 
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hours and NFAT translocation was determined by counting the percentage of NRVMs 

with green nucleus. 

 

Figure 11A shows NFAT-GFP infected NRVMs. When not stimulated, in most NRVMs, 

GFP green fluorescence was found in the cytosol, and almost nothing in the nucleus. 

After NE, about 90% of NRVMs had green nucleus, indicating NFAT translocation. 

BDM partially blocked NFAT translocation into the nucleus (BDM+NE: 46.5±4.9%). 

BLB also partially blocked NFAT translocation (BLB+NE: 41.7±3.2%).  

 

Figure 9B shows average NFAT translocation rates. It showed that the baseline level of 

NFAT translocation was 13.1±2.7%. After being treated with NE, 82.5±7.6% of NRVMs 

had translocated NFAT. There was 46.5±4.9% of NRVMs translocated in the BDM 

group. And there were around 41.7±3.2% of NRVMs having NFAT-GFP in the nucleus 

in the blebbistatin group. These results indicated that 10uMBLB and 10mM BDM inhibit 

NRVM growth and hypertrophy induced by NE, probably through inhibiting Ca handling 

in the NRVMs. 
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Summary 

 

Our results suggest both BDM and BLB protects rodent myocytes in culture by 

preventing cytosolic and SR Ca overload by common mechanisms:  

 

1. Both BDM and BLB reduce INCX and ICa,L, which are the sources of Ca influx to 

cause SR Ca overload in rodent myocytes in culture. 

2. 10mM BDM  inhibits L-type calcium current more than 10 !M BLB.  

3. BLB (10 !M) inhibits NCX more than BDM (10mM). 

4. BLB does alter myocyte Ca handling. 

5. BLB and BDM inhibit NRVM growth; 

6. BLB and BDM inhibit NRVM hypertrophy induced by NE 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 



50 
 

DISCUSSION 

1. Rodent cardiac myocytes in culture:  

Cultured cardiac myocytes have been used for in vitro mechanistic signaling studies 

because of the lack of in vivo complications and ease of manipulation. For example, these 

cells can be infected with adenoviruses to overexpress or knockdown a specific gene. 

Rodents including mice and rats have gained the popularity for biomedical research 

because of the ease of manipulation of gene in vivo (transgenic animals), breeding, small 

size and economical considerations. However, in vivo studies with these animals are 

complicated by the feedback regulation. Therefore, it has been a demand of culturing 

rodent myocytes for signaling studies. 

 

Inherently, a unique Ca handling phenotype hampers long term rodent myocyte culture. 

Rodent myocytes have high intracellular Na which leads to reverse NCX activity and 

cause cellular Ca overload. In addition, consistent openings of the L-type Ca channel 

without effective Ca removal pathway (the major Ca extrusion in cardiac myocytes when 

paced or from other species is through NCX) exacerbates Ca overloading in rodent 

myocytes, which ultimately results in myocyte death. Thus, rodent myocytes can not be 

cultured for a long time. 

 

Many studies have been performed to explore ways to maintain long term survival of 

rodent myocytes (Mitcheson, Hancox, & Levi, 1998). The most two popular 

manipulations have been using BDM or BLB in the culture medium, of which the latter 

has been considered as the ideal method because it is believed BLB simply uncouples 

myocyte contraction from intracellular Ca transients. Our study was done to test if BLB 

protects myocyte is really thorough a mechanism other than inhibiting Ca handling, 

which was achieved by BDM. 
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2. BDM and BLB interfere with ARVMs Ca2+ handling. 

 

Both blebbistatin and BDM have been used as contraction motility inhibitors on different 

cells (Farman, et al., 2008). The mechanism of BDM action is now clear, it works as an 

inhibitor of myosin ATPase, a blocker of L-type calcium channel and a blocker of  Na+ 

/Ca2+ exchanger.  It prevents calcium overload. And thus it prevents cardiac myocytes 

From death. As BDM affects intracellular Ca2+, it has been used much less often to avoid 

its complication on Ca2+ regulated signals. 

 

In contrast to BDM, blebbistatin is a more specific contraction inhibitor that  binds with 

high affinity to the ADP-Pi complex of myosin II as shown by both functional and 

structural studies(Kovacs, Toth, Hetenyi, Malnasi-Csizmadia, & Sellers, 2004). The other 

advantageous property of blebistatin is that it blocks myosin in the actin detached state, 

preventing rigid acto-myosin cross-linking (Dou, et al., 2007). Blebbistatin, being 

relatively recently characterized as a contraction inhibitor, has been less studied, and so 

Far most published reports have evaluated it as a specific myosinII inhibitor 

(Limouze, Straight, Mitchison, & Sellers, 2004). In a recent study , 10 !M 

blebbistatin inhibited muscle force and cardiomyocyte shortening but shows 

no effects on calcium current via L-type channels and the duration of action 

potential (Fedorov, et al., 2007). 

 

Although the molecular mechanisms by which blebbistatin inhibits myosin ATPase 

activity has been well established (Limouze, et al., 2004), there have been  few studies 

investigating the impact of blebbistatin of myocardial excitation-contraction coupling 

parameters or cardiac myofilament function. Some data were recently reported by Dou et 

al (Dou, et al., 2007), demonstrating that the application of blebbistatin resulted in 

reduced contractile force in murine isolated papillary muscles, isolated myocytes, and 
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skinned myocardium. In addition, these investigators found no impact of blebbistatin on 

the calcium current in isolated myocytes as well as no effect on the maximum velocity of 

fractional shortening in partially inhibited skinned myocardium. However, blebbistatin is 

very sensitive to light exposure, a confounding factor that was not considered in that 

study. Fedorov et al. recently reported the impact of blebbistatin on excitatioin-

contraction coupling in rat and rabbit myocardium (Fedorov, et al., 2007). These 

investigators showed reduction of contractile force upon application of blebbistatin 

without effects on the electrocardiogram, electrical conduction, and action potential. In 

addition, application of blebbistatin did not affect the magnitude of the intracellular 

calcium transient as assessed by the nonratio-metric fluorescent indicator Fluo-5F, a low 

affinity calcium dye indicator. These results could indicate an effect of blebbistatin on 

resting calcium levels, or it could mean that blebbistatin itself contributes to the 

emhanced fluorescence emission. In this study, we used indo-1 AM, a ratio-metric 

fluorescent indicator, because Gerrie P. Farman (Farman, et al., 2008) has shown that 

there is an interaction between blebbistation and fluo-4 dye. Indo-1AM, on the other hand, 

does not suffer from this shortcoming. In addition, indo-1 AM can measure diastolic 

calcium level.  

 

In this study, we show that blebbistatin directly inhibits the shortening and intracellular 

calcium handling of cardiac myocytes from the rat heart. Previous studies have reported 

that blebbistatin inhibits the actin-activated Mg-ATPase in biochemical experiments on 

isolated proteins and the cellular motility in different motile cells (H. H. Wang, et al., 

2008). Additionally, some studies have shown that blebbistatin application did not affect 

myocyte calcium handing (Fedorov, et al., 2007). However, our data clearly indicate that 

blebbistatin has negative effects on calcium signal studies in primary cell culture. Our 

data show that BLB blocks 45% L-type calcium and more than 75% Na+/Ca2+ 

exchange current at the concentration of 10!M.  
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Interestingly we also found the effects of 10mM BDM and 10 !M BLB on Ca handling 

in ARVMs are different. Therefore, BLB blocks more INCX (70%) than BDM while BDM 

blocks more ICa-L  than BLB. The differential blockade of ICa-L  and INCX by BLB and BDM  

can explain why diastolic calcium and SR calcium increase by BLB but not by BDM. 

Since BDM and BLB have complex effects on Ca2+ handling. Their effects on rodent 

myocyte death in culture and hypertrophy cannot be easily dissected out with BDM and 

BLB. However, it will be useful to determine the relative contribution of cytosolic Ca2+  

 and SR Ca2+  to those effects. Our study also cautions the use of BLB as Ca2+  

 contraction upcoupler for in vivo studies (Fedorov, et al., 2007). 

 

3. The mechanisms for BDM and BLB mediated inhibition of NRVMs growth and 

hypertrophy. 

 

Pathological cardiac hypertrophy is associated with the development of heart failure and 

arrhythmias. It is still unclear whether cardiac hypertrophy is adaptative or maladaptive. 

The mechanisms for cardiac hypertrophy are still not clear, albeit extensive studies have 

been done on this topic (Bernardo, Weeks, Pretorius, & McMullen). It has been long 

recongnized that Ca2+  is necessary for cardiac myocyte hypertrophy. In 1998, the 

landmark finding that the calcineurin/NFAT signaling pathway activated by elevated 

intracellular Ca2+  is central for cardiac hypertrophy has established the role of Ca2+  

 in cardiac hypertrophy (Molkentin, et al., 1998). 

 

However, since increasing intracellular Ca2+  is often associated with enhanced cardiac 

contraction, it has been proposed that myocyte contraction is required for cardiac 
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myocyte hypertrophy. Studies have shown that pacing NRVMs (Marino, et al., 1987), or 

spontaneous contraction promotes NRVM growth. To support this notion, BDM and 

BLB have been used to dissected the contribution of contraction versus Ca2+  

 itself to cardiac hypertrophy, assuming that BDM or BLB only affects contraction but 

not Ca2+ handling of the myocyte. It has been reported that BDM did not inhibit Ca2+  

 transients, but myocyte hypertrophy induced by PE (Prasad, et al., 2007). 

 

In this study, in agreement with previous studies, we did find that BLB and BDM 

inhibited NRVM growth and hypertrophy induced by PE. However, in light of the 

profound effects of BDM and BLB on myocyte Ca2+  handling. The antihypertrophic 

effects could be due to the inhibition of Ca2+ influx, although it is possible that resting 

cytosolic Ca2+ could be increased in NRVMs just like in adult rat VMs. Also, it seems 

that increased resting cytosolic Ca2+ does not induce myocyte hypertrophy. A Ca2+  

 release process with adequate amplitude might be needed to fully activate myocte 

hypertrophic signaling, as our previous study indicated (X. Chen, et al., 2011). Maybe 

other signaling pathway such as HDAC5 translocation is also required to be activated for 

cardiac hypertrophy (X. Chen, et al., 2011). Further studies are warranted to determine if 

increasing Ca2+  influx through a pathway not inhibited by BDM or BLB will induce 

cardiac hypertrophy in the presence of BDM or BLB. 
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