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SUMMARY 

 
CHAPTER 1 

Ischemic heart disease leads to a sudden death of cardiomyocytes and loss of normal 

cardiac function due to an ischemic insult to the myocardium. Regenerative therapeutic 

strategies such as stem cell transplantation are being widely used to regenerate or repair the 

infarcted myocardium and restore normal cardiac function. Mesenchymal stem cells (MSCs) are 

known to alleviate arrhythmias and improve conduction when transplanted into cardiac tissue; 

however, the mechanism was not yet determined. Therefore, this study was aimed to determine 

the mechanism by which MSCs modulate the excitability and conduction in cardiac tissue after 

transplantation by testing the hypothesis that MSCs modulate conduction i. by intercellular 

coupling with cardiomyocytes or ii. by paracrine signaling.  

Cardiomyocyte monolayers derived from HL-1 cells were plated on microelectrode 

arrays (MEAs) and their spontaneous activity and conduction velocity (θ) was determined from 

field potential recordings. When HL-1 monolayers were co-cultured with MSCs, the beating 

frequency was significantly attenuated over time with no significant change in θ. However, when 

monolayers were incubated with MSC conditioned media (ConM), or conditioned tyrode (ConT) 

θ increased over time without a significant change in beating frequency. Also during the same 

time frame, expression of the cardiac gap junction isoform connexin (Cx) 43 was upregulated 

both on the mRNA and protein levels. Cx43 upregulation depended on glycogen synthase 

kinase-3 (GSK3)/beta-catenin (β-catenin) which was activated in part through MSC-dependent 

Wnt secretion. Phosphorylation of lipoprotein receptor protein 6 (LRP6), a component of the 

Wnt receptor complex was attenuated when Wnt secretion from MSCs was suppressed also 

preventing the increase in θ. Inhibition of β-catenin a downstream target of the canonical Wnt 

pathway suppressed changes in θ while inhibition of GSK3-α/β and stimulation 
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SUMMARY (continued) 
 

with exogenous Wnt3 mimicked the effect of ConT. However, in addition an extracellular signal-

regulated kinase (ERK) dependent phosphorylation of LRP6 was determined. Inhibition of 

ERK1/2 resulted in a significant decrease in ConT-mediated change in θ. Overall the study 

indicates that while MSCs establish intercellular coupling with cardiomyocytes and can suppress 

their excitability, they can influence cardiac conduction through paracrine signaling alone.  

 

CHAPTER 2 

 The transverse-tubule (t-tubule) network ensures the instantaneous and synchronous 

release of Ca2+ throughout the ventricular myocyte. Transverse-tubule (t-tubule) remodeling 

occurs during pathological conditions and the mechanisms underlying this remodeling are still 

unclear. This study was aimed to elucidate a mechanism by which t-tubule remodeling occurs. 

Rabbit ventricular myocytes were cultured for two days and the t-tubule density was determined 

by di-8-ANEPPS staining at periodic intervals. Inhibition of NADPH oxidase 2-mediated reactive 

oxygen species (ROS) generation attenuated the rate of t-tubule loss. However, scavenging 

whole-cell and mitochondrial generated ROS did not decrease the loss of t-tubules over time. 

These preliminary data suggest that there exists a putative role of ROS in t-tubular remodeling 

and further studies need to be carried out to investigate the molecular targets that could 

possibly reverse or attenuate this remodeling. 
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CHAPTER 1 

                                                     1. INTRODUCTION 

1.1 Cardiac Remodeling  

Cardiovascular diseases account for more than 30% of human mortality globally and in 

2011 approximately 7.25 million deaths were attributed to ischemic heart disease [1]. Acute 

Myocardial Infarction (AMI) is one of the predominant pathological conditions that trigger cardiac 

remodeling which then leads to heart failure (HF). AMI is characterized by a sudden and 

significant loss of cardiomyocytes due to ischemia in the infarct zone leading to the loss of 

function of the infarcted myocardium over time. Consequently this results in molecular, cellular 

and interstitial changes in the infarct tissue which include: hypertrophy of surviving 

cardiomyocytes, interstitial fibrosis and inflammation, impaired neovascularization and scar 

formation, dilation and reshaping of left ventricular (LV) wall and finally a reduction in cardiac 

contractility and output [2, 3]. Clinically, cardiac remodeling is defined as a change in size, 

shape and function of the heart as a result of changed cardiac load or injury, and can be 

categorized into either physiological or pathophysiological cardiac remodeling. Physiological 

cardiac remodeling is a widely observed phenomenon in the hearts of athletes and pregnant 

women. This type of remodeling involves compensated hypertrophy of the heart with increased 

LV wall thickness resulting in enhanced cardiac output to meet the high-energy demand of 

physiological states such as exercise and pregnancy [4]. In pathophysiological cardiac 

remodeling, the changes that occur at the cellular and molecular level directly translate to 

maladaptive structural and functional changes in the heart. Compensatory structural remodeling 

such as the initial ventricular wall-remodeling phase is considered beneficial, as it is associated 

with maintained or improved cardiac output producing significantly increased LV volumes. 

Although progressing into HF, this compensatory structural remodeling becomes de-

compensatory and is characterized by an increased end-systolic index and decreased ejection 
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fraction [5]. Also, it has been observed that the infarct size correlates to the magnitude of 

remodeling change occurring in the myocardium i.e., large infarcts provoke greater dilation and 

greater increases in systolic and diastolic stress than small infarcts [6]. Therefore it is critical to 

develop therapeutic strategies that either enhance the regenerative capacity of the cardiac 

tissue or minimize the damaged area by cell replacement therapy.  

Regeneration or repair of an infarcted heart demands the replenishment of the large 

number of lost cardiomyocytes and their functional integration into the host myocardium. Since 

the natural regenerative capacity of the heart is very limited (range of 0.45 % - 1% rate of 

renewal of cardiomyocytes/year) [3], stem cells have been used as a potential source of cellular 

replacement in tissue in many clinical [7] and pre-clinical studies [8]. Potential sources for stem 

cells include: embryonic stem cells (ESCs), bone marrow derived stem cells (BMSCs), induced 

pluripotent stem cells (iPSCs), and mesenchymal stem cells (MSCs) [9, 10]. Strategies of 

cellular replacement therapy are, the transplantation of i. cardiomyocytes that were 

differentiated from stem cells in vitro, or ii. undifferentiated stem cells. The advantage of the first 

strategy would be that the cells more easily integrate into the working myocardium and can 

contribute to cardiac pump function. In the latter case however, stem cells could not only 

differentiate into cardiomyocytes but also enhance vascularization based on the micro-

environmental cues presented to them. It has been demonstrated that both undifferentiated and 

differentiated stem cells engraft and improve cardiac function after transplantation in studies 

involving rodent models [11, 12]. Clinical studies using stem cell transplantation predominantly 

involve bone marrow derived MSCs due to their availability and their demonstrated clinical 

safety.  The in vivo and in vitro studies demonstrate a beneficial effect of MSC transplantation 

including reduced infarct size, preserved systolic function and reduced left ventricular 

remodeling [13-16]; However, a significant portion of the transplanted MSCs disappear from the 

site of infarct (or site of transplantation) shortly after transplantation [17]. In animal studies,  
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systemically administered MSCs demonstrated low (2%) engraftment levels and in vitro as well 

as in vivo exhibited only a limited capacity for transdifferentiation into cardiomyocytes [17]. 

Thus, one possible mechanism by which MSCs improve cardiac function besides cell 

differentiation, could be by the reduction in cardiac infarct tissue due to paracrine signaling [18]. 

In this study we aimed to determine the mechanism by which MSCs can influence 

cardiomyocyte function after transplantation.  

 

1.2 Cardiac physiological properties 

Successful cellular replacement in cardiac tissue depends on how well the transplanted 

cells functionally integrate into the host myocardium. Functional integration is achieved when 

the transplanted cells exhibit electromechanical properties similar to the cardiomyocytes and 

establish intercellular coupling with them [19]. 

An important indicator of electrical activity in the heart is the cardiac action potential 

(AP). The AP is the membrane potential waveform that is determined by a complex and tightly 

regulated interplay of many ion channels and transporters [20]. Figure 2 depicts the 

predominant ionic currents that modulate the four phases of the cardiac AP.  
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Figure 1: Schematic of the cardiac action potential (AP) indicating the phases of 0: rapid 

depolarization or AP upstroke; 1: early repolarization; 2: plateau; 3: late repolarization; 4: resting 

and underlying ionic currents. (Image obtained with permission and modified from [21]) 

  

During the resting phase (phase 4) there is an inflow of potassium (K+) ions into the cell 

(IK1) due inward-rectifying K+ channels. This maintains the resting membrane potential of the cell 

close to the equilibrium potential of K+, around -80 mV. Upon electrical stimulation, the rapid 

activation of voltage sensitive sodium (Na) channels, allows a Na current (INa) that drives the 

upstroke of the AP (phase 0). Following this depolarization (phase 0), an early repolarization 

phase (phase 1) occurs due to out-flow of K+ ions through a rapidly activating and inactivating 

transient- outward K+ channel (Ito). Following Ito, the cardiomyocytes enter a plateau phase 

(phase 2) during which the inflow of Ca2+ ions (ICa,L) through the L-type Ca2+ channels is 
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balanced by the outward currents (IKr, IKs)  through the slow activating delayed-rectifier K+ 

channels. This time-dependent activation of IKr and IKs (phase 3), then enables the 

cardiomyocyte to come back to its resting phase (phase 4). Additionally, pacemaker cells exhibit 

gradual depolarization during phase 4, due to a relatively non-selective ‘funny’ current (If). 

The Na-dependent up-stroke of the AP forms the driving force of AP propagation by 

rapidly establishing a voltage gradient between cells that drives further the depolarizing current. 

The AP duration on the other hand, regulates the refractory period of the cell thereby preventing 

early re-excitation of the tissue that could lead to arrhythmia. Functional changes in the failing 

heart can also be attributed to electrical remodeling which alters both cardiac electrophysiology 

and conduction [22, 23]. Alterations to these phases of the cardiac action potential have been 

shown to occur in HF where the AP duration is prolonged due to a decrease in IKr and IKs [24], 

K+ currents (Ito) [25] [26] and K+ currents (IK1) [27] [25] and can result in early after depolarization 

(EADs). The occurrence of EADs at plateau phase membrane potential can be attributed to 

reactivation of Ca channels which can partially recover during prolonged AP durations and 

cause further depolarization [28]. 

While the AP establishes the excitability of the cardiomyocytes, AP propagation, a 

prerequisite for the coordinated excitation of the entire cardiac muscle, is guaranteed by gap 

junction channels. Gap junction channels are formed by a class of transmembrane proteins 

named connexins (Cx) occurring at the junctions between two adjacent cells. Six connexin 

protein subunits form a hemichannel termed connexon [29]. The interaction of two connexons 

located in the cell membranes of adjacent cells allows the functional gap junctions channels to 

open and allow the exchange of metabolites, ions, second messengers and electrical impulses 

via passive diffusion between the cytoplasmic compartments of the cells [30]. Figure 1 

represents the gap junction channels formed between adjacent cells.  
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Figure 2: Schematic drawing of gap junction channels. Each apposed cell contributes a hemi-

channel to the complete gap junction channel. Each hemi-channel is formed by six protein 

subunits, called connexins (Cx). Six connexin subunits (connexon) of the hemi-channel may 

coordinately change configuration to open and close the channel. (Image obtained with 

permission and modified from [29]) 

 

Overall twenty one different connexin isoforms have been identified in humans [29] of 

which Cx43, Cx40 and Cx45 are the three principal isoforms of connexins found in the cardiac 

muscle. Cx43 is the predominant isoform expressed in both atrial and ventricular myocardium 

but absent in the sinoatrial (SA) and atrioventricular (AV) nodes. Cx45 is expressed in the 
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ventricular conduction system, SA and AV nodes and found in very low levels in the surrounding 

atria and ventricular myocardium.  Cx40 is co-expressed with Cx43 in the atrial myocardium [31, 

32] and also co-expressed with Cx45 in the fast-conducting tissues [33]. Due to its low single 

channel conductance the expression of Cx45 in the atrioventricular node and His bundle may 

help distinguish the central conductive tissues from the working myocardium. In contrast, Cx40, 

which has the highest single channel conductance of the 3 cardiac isoforms, allows rapid 

impulse propagation to distal parts of the conduction system, where Cx43 additionally facilitate 

coupling to the surrounding working myocytes. This spatially defined expression of connexins 

provides for the coordinated spread of electrical impulses from the atrial to ventricular chamber 

[34].  

To understand the role of gap junction channels in electrical impulse conduction, the 

working myocardium can be considered as a three-dimensional network containing of excitable 

and non-excitable cells. Under physiological conditions, a given cardiomyocyte in the adult 

working myocardium is electrically coupled to the adjacent cells via gap junctions that are 

predominantly localized at the intercalated discs [35]. Along with the electrical resistance, the 

sub-cellular distribution of gap junctions is a critical determinant of the rate of conduction across 

the myocardium. Unidirectional impulse propagation through the gap junction channels enabled 

by AP duration and absolute refractory period of the cardiac tissue results in a uniform spread of 

the excitation wave front from an excited region to a non-excited region of the myocardium. 

However, under pathophysiological conditions such as decreased pH and increased [Ca]i, gap 

junction channels between cells close, the total number of channels at the intercalated disc 

decreases and sub-cellular connexin distribution is altered. These changes lead to increased 

intercellular resistances, heterogeneous transfer of electrical impulses within the myocardium 

(heterogeneous excitation wave-front due to varying conduction times) resulting in unidirectional 

conduction blocks and slowed conduction times [36]. A heterogeneous excitation wave-front  
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leads to heterogeneous refractoriness and can result in reentry of the excitation into a 

previously excited area and induce cardiac arrhythmias. Gap junction remodeling like this has 

been described in HF, where ventricular conduction is slowed with heterogeneous excitation 

spread due to a reduction in the expression and altered distribution of the Cx43 gap junction 

protein [23]. Similar findings have also been reported in hypertrophied and ischemic human 

ventricular myocardium where Cx43 is down regulated and redistributed from the intercalated 

disk to the cell border (lateralization) leading to slowed conduction [37]. These findings 

underline that cell integration into the cardiac muscle has to be established by maintaining the 

intercellular coupling resistance and the non-perturbation of the excitation wave front, which 

together have to be taken into consideration when transplanting non-excitable cells. In vitro 

studies have demonstrated a reduction in conduction velocity and spontaneous activity when 

non-excitable cells such as fibroblasts establish intercellular coupling with cardiomyocytes by 

gap junction coupling. This depending on the cell size and membrane potential can change the 

myocyte resting membrane potential and increase its capacitive load [38, 39]. Hence, these 

observations indicate that connexin expression and distribution between excitable as well as 

non-excitable cells play a critical role in impulse propagation and should be considered as an 

important factor of efficacy of functional integration of the transplanted cells for cellular 

replacement and cardiac repair. Therefore, elucidating the mechanisms that regulate connexin 

expression and distribution is critical to the understanding of both the consequences of cardiac 

remodeling and the potential mechanisms of cardiac repair.  

 

1.3 Rationale for the study  

As discussed above, MSCs are transplanted into cardiac infarct regions as a potential 

mechanism for cell replacement [40]. When non-excitable cells such as fibroblasts establish 

intercellular coupling with cardiomyocytes through gap junction channels, they reduce the 
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spontaneous activity and conduction velocity of the cardiac tissue by increasing the myocytes 

capacitive load [38, 39]. By bridging the conduction between spatially separated cardiomyocytes 

[41, 42] they can further increase the heterogeneity of the excitation wave-front and increase the 

propensity for cardiac arrhythmia [43]. Similarly, MSC transplantation into the myocardium can 

be pro-arrhythmic [44] and may result from the consequences of intercellular coupling as 

outlined above. However, it has been demonstrated that the MSCs that remain at the site after 

transplantation express Cx43 [45] and establish intercellular coupling within the adult 

myocardium [46-48]. Also, they have been shown to preserve impulse conduction [49], to 

reduce the inducibility of ventricular arrhythmias [43] and improve atrioventricular conduction 

(AV) block [50]. However, this preservation of conduction cannot simply be explained by the 

integration of the MSCs into the tissue therefore, we hypothesized that significant benefit 

through MSCs is mediated by paracrine signaling. The number of paracrine factors secreted by 

MSCs is extensive [51] and some of them were shown to facilitate angiogenesis and cardio-

myogenesis, to inhibit cardiac remodeling and to stimulate endogenous cardiac progenitor cells 

[40, 52]. Modifications of the MSC secretome further showed that their cardioprotective effect is 

sensitive to the composition of signaling molecules secreted [53-56] and the use of conditioned 

media alone was shown to exhibit a protective effect during ischemia reperfusion injury [14]. 

Vascular endothelial growth factor (VEGF) [57], IGF-1[58] and secreted frizzled-related protein 

(sFRP) that is significantly upregulated in the secretome of Akt overexpressing MSCs, have 

been directly linked to cardiac repair [59, 60]. Decreased infarct size after ischemia reperfusion 

injury following MSC transplantation may result from either enhanced myocyte survival or 

through a mechanism of replacement by differentiated MSCs or endogenous stem cells. 

However, as previously demonstrated, MSC-mediated paracrine signaling significantly 

influences the calcium handling properties of individual cardiomyocytes and affects their survival 

[61] thereby changing cellular excitability and contractility. Changes in excitation-contraction 
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coupling (ECC) can modulate excitation spread and the potential for arrhythmic activity. In 

addition, components of the MSC secretome like VEGF [62] and Wnt1 [63] have been reported 

to modulate cardiac gap junction expression [64, 65] further supporting the hypothesis that 

MSC-mediated paracrine can induce changes in cardiac excitation spread. 

Therefore, the aim in the current study was to determine if MSCs mediate changes in 

cardiac excitability and excitation spread and to identify whether these changes occur through 

hetero-cellular coupling and/or paracrine signaling.   
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2. MATERIALS AND METHODS 

2.1 Cell culture 

2.1.1 MSC culture 

Bone marrow derived mesenchymal stem cells (MSCs) was isolated from mouse tibia 

and femur and were enriched for CD5, CD45R, CD11b, Gr1, TER119 (Murine Progenitor 

Enrichment Cocktail, Stem-cell Technologies) and found to be Sca-1+, CD34+, ckit+, CD105+, 

CD90.1+ positive and negative for CD45- [66, 67]. Mouse bone marrow derived mesenchymal 

stem cells (MSCs) were cultured and expanded in complete MesenCult® MSC basal medium 

(mouse) (Stemcell Technologies; Vancouver, Canada) supplemented with penicillin/ 

streptomycin (50 U/ml/ 50 µg/ml) as indicated by the manufacture.  

 

2.1.2  HL-1 cell culture 

HL-1 cells, a murine cell line with an atrial-like phenotype was cultured in Claycomb 

medium (SAFC Bioscience, USA) supplemented with fetal bovine serum (FBS) (10%), L-

glutamine (2 mmol/L), and norepinephrine (0.1 mmol/L) as described below. 

Pre-coating culture flasks with gelatin/fibronectin 

A vented T25 flask was typically coated with a gelatin/fibronectin solution (0.02 % gelatin/0.1 % 

fibronectin) before plating and culture of HL-1 cells.  For coating, 2.5 ml of the solution was 

added to the flask and incubated for 2-3 hr at 370C prior to the addition of the HL-cells.  The 

solution was then aspirated and the flask was washed once with 5 ml of phosphate buffered 

saline (PBS) prior to the addition of the culture medium and cells.  To prepare a 0.02 % gelatin 

solution, 80 mg of gelatin from bovine skin (Sigma-Aldrich; G9391) was added to 400 ml of cell 

culture grade water and autoclaved for 30 min.  After cooling to room temperature, 2 ml of a 

sterile 1 mg/ml fibronectin solution (Sigma-Aldrich; F-1141) was added and mixed.  Aliquots 

were frozen and stored until used for coating of the flask. 
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Cell maintenance and passaging 

Cultured HL-cells were maintained with 6.0 ml/flask of complete Claycomb medium changed 

daily with an every other day subculture cycle. Confluent flasks were then passed into 

subcultures.  This was carried out by carefully rinsing the T25 flask containing a confluent layer 

of HL-1 cells, with 3 ml PBS warmed to 37°C. After gently rinsing the cells, PBS was removed 

by aspiration. To gently dissociate he confluent cell layer, 1 ml of 0.05 % trypsin/EDTA was 

added to the T25 flask and incubated for 1 min at 37°C. The trypsin/EDTA after 1 min was 

aspirated and again 2 ml of trypsin/EDTA was added and the cells were incubated for an 

additional 2 min. Following this step 1.5 ml of soybean trypsin inhibitor was directly added onto 

the cells so as to inactivate the trypsin enzyme activity. The flask was next tapped forcefully to 

dislodge the cells. The contents of the flask was pipetted and transferred to a 15 ml centrifuge 

tube. A pellet of HL-1 cells was obtained by centrifuging the contents in the tube at 500 rpm for 

5 min. A pre-coated T25 flask was then prepared as described above for cell plating. Excess 

fibronectin/gelatin solution was aspirated and 6 ml of supplemented Claycomb medium was 

added to each flask.  After centrifugation of the cells, the supernatant was aspirated and the 

pellet was gently re-suspended in 6 ml of supplemented Claycomb media. The pellet was gently 

broken down by pipetting the entire contents of the tube up and down a couple of times. Once 

the cells were mixed in the medium, 3 ml was transferred to each T25 flask. The flasks are then 

placed in an incubator at 37°C for culturing. To maintain the cell culture, 6 ml of supplemented 

Claycomb medium was routinely replaced with fresh medium daily in the flasks.  

 

2.2 Multi-electrode arrays 

2.2.1 Theory 

Multi-electrode arrays (MEAs) are devices that consist of an array of microelectrodes 

arranged in fixed geometrical configurations and used for simultaneous, multisite extracellular 
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electrophysiological recordings from excitable cells such as neurons and cardiomyocytes. 

Excitable cells cultured on the MEAs make point contact with the planar electrodes and their 

spontaneous or stimulated depolarization is recorded as an extracellular field potential by the 

electrodes of the MEA in real-time. It has been previously demonstrated that the rise time and 

duration of the generated intracellular cardiac action potential is linearly correlated with the rise 

time and duration of the extracellular field potentials detected using MEAs [68]. The electrical 

coupling between the cell and the electrode enables this detection of field potential. Figure 3 

depicts the cell-electrode coupling. 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
 
 
 
 
Figure 3: A pictorial representation of the electrical coupling between a cell and a planar 

electrode. VI is the intracellular potential, Rm and Cm is the resistance and capacitance of the cell 

membrane respectively, Ii is the ionic current across the cell membrane, Rseal is the sealing  
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resistance between the electrode and the cell, Ze is the impedance of the electrode and Vrecorded 

is the output field potential recorded against the reference electrode by the signal detection 

system (Adapted with permission from [69]).  

 

In excitable cells, the movement of ions across the membrane generates a change in 

membrane voltage accompanied by changes in both intracellular (VI) and extracellular potential. 

The change in membrane voltage modifies the electric field between the electrode and the 

electrolyte interface thereby producing a voltage change at the electrodes. This voltage change 

is recorded as extracellular filed potential (Vrecorded). The seal resistance (Rseal) determines the 

amount of leakage current produced at the interface between the electrode and the cell and is 

inversely proportional to the electrode area, i.e. the smaller the electrode, the greater is the seal 

resistance and lower is the leakage current. The field potential thus recorded is then used for 

computing electrophysiological parameters such as conduction velocity and beating frequency 

(described in Fig. 4). 

 

2.2.2 Multi-electrode array recordings 

To monitor excitation spread in spontaneously active HL-1 monolayers the cells (0.3 x 

106 cell/ml) were plated on multi-electrode arrays (MEAs; Multi Channel Systems, Reutlingen, 

Germany) for field potential recordings [38, 68, 70, 71]. For co-culture assays, 0.2 x 106 MSCs 

were added to the HL-1 monolayers and electrophysiological changes were determined in 30 

min intervals. MEAs consisted of 60 electrodes arranged in 8x8 matrix each with a diameter of  

∅ = 30 µm and an inter-electrode distance of 200 µm. They were coated with 0.1 % fibronectin 

(1 mg/ml, Sigma Aldrich) for 4 h prior to plating. Experiments were conducted at 37oC and data 

acquisition and analysis was performed using Cardio 2D and Cardio 2D+ software (Multi 

Channel Systems, Reutlingen, Germany), respectively. The Cardio 2D software was used to 
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record and run experiments. The Cardio 2D+ analyzer was used for analyzing and reviewing the 

recorded experiments. The raw data were recorded in 16-bit resolution at a sampling rate of  

10 kHz. Figure 5 shows a screenshot of the field potentials recorded simultaneously in all 60 

electrodes in the MEA using Cardio 2D software. Negative voltage deflections seen in each field 

potential recording represent the action potentials generated by the cardiomyocytes.   

 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 

 

 
 
 
 
 
 
Figure 4: Field potential recordings using multi-electrode arrays. Field potentials are recorded 

simultaneously from all 60 electrodes in the MEA (A) using Cardio 2D software (B). Field 

potentials appear with a delay on the different electrodes reflecting the propagation of APs 

through the cardiomyocytes monolayer (C). This delay can be presented as a contour plot 

40 ms 

60 ms 

A. B. 

C. 

 

 

 

D. 
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where the color-coded excitation wave front indicates the time delay across the electrodes (D). 

The conduction velocity (θ) is calculated in the direction perpendicular to the excitation wave-

front. 

 

The two parameters analyzed in this study were the conduction velocity (θ) and the 

spontaneous beating frequency. Both were obtained from the software using the recorded data.  

Conduction velocity is computed in the direction perpendicular to the wave front propagation by 

dividing the distance between any two electrodes by the time delay existent between the field 

potentials recorded from these electrodes. This information is recorded by the Cardio 2D 

software in real time and later used to calculate the θ. 

 

We report θ as percent change, which was calculated using the following formula: 

 

   % Change in θ       =            (θx h - θ0 h) cm/s                                   (1.1) 

                                                                                     θ0 h cm/s 

                          where θx h is the velocity at 1.0 – 4.0 h and θ0 h is the velocity at 0h in (1.1) 

 

2.2.3 Electrophysiological recordings evaluating conditioned media/tyrode 

Evaluation of ConM was done by replacing half the culture medium with ConM (400 µL) 

in the MEA having a total volume of 800 µL. Electrophysiological recordings were made in 60 

min intervals for an experimental window of 5 h. Dr. Christopher Gans carried out the 

experiments evaluating ConM. For experiments evaluating ConT, the culture medium on each 

MEA (800 µL) was replaced by Ctrl tyrode solution in order to establish baseline activity. After 

30 min cells were transferred either to Ctrl or ConT for the duration of the experiment (4 h) and 
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recordings were made in 30 min intervals. A total of two recordings in 2 min intervals were made 

for each time point.  

 

2.3 Conditioned medium/Tyrode preparation 

For Conditioned tyrode (ConT) production, only MSCs at passage 8 or 9 were utilized 

and were plated at a density of 300,000 cells per 100 mm tissue culture plate and maintained 

until they were approximately 80 % confluent. The plated MSCs were then carefully washed 

twice with 5 ml of tyrode solution (in mmol/L: NaCl 130, KCl 5.4, CaCl2 1, MgCl2 1.5, NaHCO3 

10, Glucose 10, Hepes 25, L-glutamine 4, non-essential amino acids 0.1; pH 7.4) (28) warmed 

to 370C followed by the addition of a final 10 ml of tyrode and returned to the incubator (370C, 

5% CO2) for an overnight incubation (15 h).  The following morning the tyrode was recovered 

from each plate with pipetting and transferred to a sterile 50 ml conical centrifuge tube for low-

speed centrifugation.  The ConT was then centrifuged at approximately 2,000-x g for 15 min to 

remove large cellular debris and the supernatant was carefully recovered.  Finally, aliquots of 

ConT were made in 10 ml centrifuge tubes and frozen by placing them directly into -800C 

storage.  Human MSCs were obtained from Dr. D.J. Prockop’s laboratory (Texas A&M, Institute 

for Regenerative Medicine) and cultured as previously described [72]. Human ConT (ConTh) 

was prepared in the same manner as ConT obtained from mouse MSCs.  

To obtain the conditioned medium (ConM), the MesenCult® medium was aspirated from 

confluent 100 mm plates of MSCs and replaced with Claycomb base medium (Sigma-Aldrich; 

St. Louis, MO) supplemented with 2 mmol/L L-glutamine and penicillin/ streptomycin (50 U/ml/ 

50 µg/ml) for an overnight incubation.  Dr. Dan J Bare routinely carried out the ConT production 

and Dr. Christopher Gans prepared the ConM used for this study.  
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2.4  Co-culture and dye diffusion assay 

To determine the time course of intercellular coupling between HL-1 cells and MSCs, 

MSCs were loaded with calcein acetoxymethyl ester (Calcein AM, 2.5 µmol/L, 60 min at 37oC; 

Invitrogen) and Vybrant-DiD (2.5 µmol/L, 30 min at 37oC; Invitrogen) in serum free Dulbecco’s 

modified eagle medium (DMEM) and 200 µmol/L probenecid (Sigma) [73].  Dye loaded MSCs 

(0.3 x 106) were transferred to HL-1 monolayers grown on glass-bottom tissue culture dishes. 

Dye diffusion between MSCs and HL-1 cells was monitored by confocal microscopy and 

analyzed using ImageJ [National Institutes of Health, Bethesda, MD] [38]. Data were analyzed 

as the percentage of MSCs coupled to HL-1 cells per optical field. Dr. Christopher Gans carried 

out this experiment for the study.  

 

2.5 Quantitative reverse transcriptase polymerase chain reaction  

Total RNA was isolated from MSCs or HL-1 cells using the RNeasy Mini Kit (Qiagen, 

USA) according to the manufacturer’s protocol. Total RNA was treated with DNAase I 

(Fermentas Life Sciences, USA) to remove residual genomic DNA. Treated total RNA was then 

used as template for complementary DNA (cDNA) synthesis using the RevertAid First Strand 

cDNA Synthesis Kit (Fermentas Life Sciences, USA). The cDNA synthesis reaction was 

performed using random hexamer primers supplied by the manufacturer. cDNA was used as 

template in quantitative PCR reactions with gene-specific primers and SYBR Advantage  

qPCR premix (Clontech,USA). The primer 18S was used for normalization 

(5’AATTGACGGAAGGGCACCAC3’; 5’GTGCAGCCCCGGACAT CTTAAG3’).  

A primer set spanning the intron of connexin 46 (Cx46) 

(5’GGTGGTGGTGGTGGTAAAAG3’;5’CTACTGGGGAGAGCAGGACA3’) served as a negative 

control for genomic DNA contamination. Expression of target genes was normalized to 

expression of 18S using QGene software (21). Cx43 (5’TCCAAGGAGTTCCACCACTT3’; 
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5’GGACCTTGTCC AGCAGCTT3’) and Cx45 (5’TGGGTAACAGGAGTTCTGGTG3’; 

5’CAAATGTCG AATGGTTGTGG3’) primer sets were verified to amplify cDNA synthesized from 

known positive tissues (data not shown). This work was carried out by Dr. Christopher Gans.  

 

 

2.6 Pharmacological treatment of HL-1 cells  

LiCl (5 mmol/L; Sigma-Aldrich), an inhibitor of GSK-3β [74] was added to both Ctrl and 

ConT treated HL-1 monolayers. To achieve a 5 mmol/L concentration of LiCl in the MEA, 4 µL 

of 1M LiCl was added to each MEA having a final volume of 800 µL. Recordings were made in 

30 min intervals after the addition of LiCl to the MEAs.  

Cardamonin (10 µmol/L; EMD-Millipore), an inhibitor of β-catenine [75] was added to 

both Ctrl and ConT treated groups. A final concentration of 10 µmol/L of cardamonin was 

achieved in each MEA by adding 3.3 µL of the 15 mmol/L stock solution to a final volume of 800 

µL. Recordings were made in 30 min intervals after the addition of cardamonin to the MEAs.  

Treatment of Ctrl and ConT-treated HL-1 monolayers with vascular endothelial growth factor 

receptor-2 (VEGF R2/Flk-1) antibody was carried out by adding 5 µL of the VEGF R2 antibody 

stock solution to each MEA to achieve a final concentration of 1 µg/ml [64]. Electrophysiological 

recordings were made in 30 min intervals as previously described.   

Suppression of Wnt production and release by MSCs was carried out using a small 

molecular inhibitor of the canonical Wnt pathway known as IWP-2 [76]. MSCs were treated with 

5 µmol/L of IWP-2 for 24 h for this purpose before the tyrode was added for conditioning in their 

presence (ConTIWP-2). The final concentration of IWP-2 in ConTIWP-2 was 0.5 µmol/L. This 

ConTIWP-2 was then used to treat the HL-1 monolayers plated on MEAs for duration of 4 h.  

PD98059 (25 µmol/L Cell Signaling Technology), an inhibitor of ERK1/2 [77] was used to treat  
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the Ctrl and ConT treated HL-1 monolayers. A 20 mmol/L stock of PD98059 was pre-mixed with 

both the Ctrl and ConT solutions in a ratio of 1:800 µL and then added to each MEA to equal a 

final concentration of 25 µmol/L. Electrophysiological recordings were made in 30 min intervals 

as previously described.   

Wnt3a, an activator of the canonical Wnt-signaling pathway was obtained from Wnt3a  

overexpressing L-cells [78] in the form of Wnt3a conditioned media from Dr. Merrill’s laboratory. 

This Wnt3a conditioned media was used to treat the spontaneously active HL-1 monolayers. 

Wnt3a conditioned media was added along with the Claycomb media on the MEAs in the ratio 

of 1:1. Electrophysiological recordings were made in 30 min intervals after the addition of the 

Wnt3a.  

 

2.7 SDS-PAGE and western blotting 

100% confluent HL-1 cells plated on 35-mm tissue culture dishes were recovered 

following experimental treatment (0.5 or 4 h) with the addition of hot 1-X Laemmli sample buffer 

lacking β-mercaptoethanol (β-ME) and bromophenol blue dye.  The samples were then heated 

to 95oC for 5 min and stored at -200C until further processing. Sample protein determinations 

were made with a BCA protein assay kit (Pierce) followed by the addition of β-ME and dye to 

the final concentrations appropriate for the 1-X sample buffer and heated as before. The HL-1 

cell lysates were separated for protein analysis using either pre-cast 10 % or 4-20 % Novex tris-

glycine gels (Invitrogen) following standard electrophoresis protocols for SDS-PAGE and 

western blotting. Typically, 35 µg of protein was loaded per sample however, for the detection of 

phospho-LRP6 120 µg of total protein was required. Primary antibodies used for western 

blotting were anti- phospho-Akt-Ser473 (#4058), phospho-ERK1/2 (#4370), phospho-LRP6-

Ser1490 (#2568), GAPDH (#5174) from Cell Signaling Technology, anti-connexin 43 (71-0700; 

Invitrogen) and anti-β-catenin (C7207; Sigma-Aldrich). Species-specific horseradish peroxidase-
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conjugated secondary antibodies were used and visualization was accomplished using Western 

Lighting Plus-chemiluminescence reagents (PerkinElmer) and Kodak BioMax film. Dr. Dan J 

Bare did all western blotting. 

 

 

2.8 Statistical Analysis 

Experimental values were compared to controls using the unpaired two-tailed Student’s t 

test. Non-linear regression was performed using GraphPad Prism software. Data are presented 

as mean ± SEM. Absolute and percent change values for θ and beating frequency are 

presented in the text.  Differences were considered significant at P < 0.05. 
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3. RESULTS 

3.1 Mesenchymal stem cells modulate the spontaneous activity of HL-1 cells 

It has been demonstrated that non-excitable cells such as fibroblasts change the 

spontaneous activity of cardiomyocyte monolayers [38, 79]. To determine the influence of MSCs 

on the electrophysiological properties of multicellular cardiomyocyte preparations monolayers of 

HL-1 cells were established on MEAs. After 1 day in culture HL-1 monolayers exhibited a typical 

spontaneous beating frequency of 2.26 ± 0.18 Hz (n = 10) and a conduction velocity (θ) of 1.5 ± 

0.15 cm/s (n = 4). At this time 0.2 x 106 MSCs dissociated in MSC medium were added to the 

MEA. In Ctrl MEAs the beating frequency of the HL-1 monolayers exhibited a slight increase 

over time in culture (t5h = 2.92 ± 0.34 Hz; n = 4) while cultures supplemented with MSCs 

exhibited a decrease in beating frequency, starting 2 h after co-culture (Fig. 5A). After 5h the 

frequency decreased to t5h: 1.98 ± 0.26 Hz (n = 7) or 0.82 ± 0.09 when normalized to the 

frequency at t0 and was significantly reduced compared to time matched homo-cellular HL-1 

monolayers (t5h: 1.22 ± 0.06, n = 4; p<0.01). The MSC-mediated suppression of the 

spontaneous activity was also reflected in the increased likelihood of cessation of beating in the 

cultures (not shown). In HL-1 MEAs at t5h cessation of spontaneous activity was observed in 

only 14.8 % of the cultures. Some HL-1/MSC-MEAs however stopped beating already after t3h 

of co-culture, with 71.3 % of the cultures quiescent at t5h.  
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Figure 5: MSCs modify the electrophysiological properties of cardiomyocytes: Addition of MSCs 

to a monolayer of spontaneously beating HL-1 cells attenuates the beating frequency over time 

(A) while no change in θ was determined (B) (*, #p<0.05 compared to HL-1) [80]. 

 

3.2 HL-1 cells and mesenchymal stem cells establish intercellular coupling via gap 

junctions 

Others and we have previously demonstrated that non-excitable cells like fibroblasts can 

change cardiomyocyte excitability by establishing hetero-cellular coupling through gap junction 

channels [38, 79]. To determine if and in which time frame the spontaneous beating rate of HL-1 

cells is altered by hetero-cellular coupling with MSCs, we plated calcein AM loaded MSCs onto 

a monolayer of HL-1 cells. Hetero-cellular coupling was identified when calcein fluorescence 

was detected in HL-1 cells and a dye loaded MSC was identified on top of the monolayer 

(Fig. 6A). Intercellular dye diffusion was detected as early as 20 min after co-culture was 

established and the number of coupled cells increased over the initial 4 h (Fig. 6B: t4h: 46.23 ± 

2.99 %; n = 13 cultures with a total of 570 cells analyzed) while only a gradual increase in the  

number of coupled cells was determined after that (t24h: 60.07 ± 4.8 %; n = 13). Dye diffusion 



 24 

between MSCs and HL-1 cells was significantly attenuated when the co-culture was established 

in the presence of the gap junction inhibitor carbenoxolone (100 µm; t4h: 1.75 ± 1 %; n = 3). The 

results support the hypothesis that the hetero-cellular coupling established between MSCs and 

HL-1 cells changes the spontaneous beating rate of the HL-1 monolayer thereby demonstrating 

that it is attributed primarily to hetero-cellular coupling. 

 
 
 
 
 
 
 
 

 
 
 
 

 

 

 

 
 
 
 
 
 
 
Figure 6: MSCs establish inter-cellular coupling with cardiomyocytes: 3D-reconstruction of z-

stack images (A, left) obtained by confocal imaging shows calcein/AM loaded MSCs on top of 

an HL-1 monolayer (A, right). Dye transfer through gap junction channels was determined 

between the two cell types. Hetero-cellular coupling between MSCs and HL-1 cells occurs 

rapidly over the first hours of co-culture (B; solid line) and is suppressed by carbenoxolone 

(B; dotted line) [80]. 

 

A. B. 
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Homo- and hetero-cellular HL-1 monolayers exhibited a gradual increase in θ over time 

(t5h: HL-1: 1.9 ± 0.1 cm/s, n = 4; HL-1/MSC: 1.6 ± 0.16 cm/s, n = 6) representing a 1.35 and 1.16 

fold increase, respectively over a 5 h period (p < 0.3). No significant difference of θ was 

determined between homo- and hetero-cellular cultures at any time of the experiment (Fig. 5B). 

This result was in contrast to our previous experiments using hetero-cellular cultures of HL-1 

cells and fibroblasts where intercellular coupling induced a decrease in θ [38].  

 
To test the hypothesis that paracrine factors secreted by MSCs compensate for the 

coupling induced decrease in θ we treated HL-1 monolayers with either MSC culture media 

(ConM: Fig. 7A), or tyrode that was conditioned by mouse or human MSCs [61] (Fig. 7B). 

Neither ConM (ConM: t0h: 2.41 ± 0.11 Hz; t4h: 2.46 Hz ± 0.07; n = 17), mouse ConT (ConT: t0h: 

3.34 ± 0.37 Hz; t4h: 3.93 ± 0.27 Hz; n = 13) or human ConT (ConTh: t0h:  2.776 ± 0.293 Hz; t4h: 

2.844 ± 0.523 Hz; n = 5) induced a change in the spontaneous beating of the HL-1 monolayers 

in comparison to Ctrl cultures (Ctrl: t0h: 4.13 ± 0.19 Hz; t4h: 4.17 ± 0.16 Hz; n = 27).  However, in 

contrast to HL-1/MSC co-cultures, treatment of HL-1 monolayers with ConM (ConM: t0h: 1.2 

cm/s ± 0.05; t4h: 1.9 ± 0.1 cm/s; n = 17; p < 0.05), ConT (ConT: t0h: 1.84 ± 0.57 cm/s; t4h: 2.93 ± 

0.74 cm/s; n = 13; p < 0.05) or ConTh (ConTh: t0h: 1.08 ± 0.07 cm/s; t4h: 1.57 ± 0.18 cm/s; n = 5; 

p < 0.05) significantly increased θ over time (Fig. 7A,B). No significant change was determined 

in HL-1 monolayers that were treated with media or tyrode alone (HL-1 + tyrode: t0h: 1.49 ± 0.33 

cm/s; t4h: 1.72 ± 0.49 cm/s; n = 26). The results support the hypothesis that paracrine factors 

secreted by MSCs modulate cardiac conduction velocity.  
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Figure 7: Paracrine factors secreted by MSCs increase the conduction velocity of HL-1 

monolayers. Conditioned culture medium from MSCs (ConM, A) as well as tyrode conditioned in 

the presence of mouse MSCs (ConT, B) and human MSCs (ConTh, B) increased θ in HL-1 

monolayers in a time-dependent manner (*, &: p < 0.05 compared to Ctrl) [80]. 

 

An increase in θ of cardiomyocyte monolayers can be induced by enhanced depolarizing 

currents that drive the upstroke of the action potential (AP) or a decrease in the intercellular 

resistance due to an increased number of gap junction channels. To determine the contribution 

of the voltage dependent sodium current (INa) to changes in θ we increased the extracellular 

potassium [K]o from 4.8 mmol/L to 8.5 mmol/L [71] in cultures that were treated with ConM for 4 

h. In Ctrl and ConM treated HL-1 monolayers (not shown) the increase in [K]o resulted in a 

decrease of the beating frequency compared to t0 (Ctrl: t4h: 24.2 ± 6.3 %, n = 4 ; ConM: t4h: 20.3 

± 6.5 %, n = 5). While θ was decreased for Ctrl preparations over time, it remained significantly 

increased in ConM treated HL-1 monolayers (CtrlK: 0.8 ± 0.07 cm/s, n = 4; ConMK: 1.4 ± 0.1 



 27 

cm/s, n = 5; p <0.01). In addition, no changes in protein level of Nav1.5 were determined after 

4h treatment with either ConM (Fig. 8C) or ConT (Fig. 8D). The result supports the hypothesis 

that paracrine signaling from MSCs increases θ by a mechanism independent of INa.  

 
To determine if MSC secreted factors enhance the intercellular coupling, we determined 

the expression of cardiac connexin isoforms in control and ConM treated HL-1 monolayers by 

qRT-PCR. In accordance with their atrial phenotype, mRNA for Cx40, Cx43 and Cx45 was 

confirmed in HL-1 cells [71]. Cx43 was expressed at the highest abundance (8-fold higher levels 

than Cx45). After 4 h treatment of HL-1 cells with ConM, Cx43 mRNA levels were significantly 

increased in comparison to Ctrl treated cells (Cx43: 1.829 ±  0.243; n = 3; p < 0.05). The effect 

was specific to Cx43 and no change in Cx45 mRNA was determined (Cx45: 1.322 ± 0.115, n = 

3; Fig. 8A). The increase in Cx43 mRNA was also reflected in the protein level. Immunoblotting 

of whole cell lysates revealed an increase in Cx43 protein after 4h treatment of HL-1 cells with 

either ConM (Fig. 8C) or ConT (Fig. 8D). Densitometric analysis of the western blots (Fig. 8B) 

showed a small but significant increase in the ratio of phosphorylated vs. non-phosphorylated 

Cx43, over the 4h time period. Induction of Cx43 expression has been described downstream of 

the glycogen synthase kinase-3 (GSK-3)/β-catenin signaling cascade [65].  
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Figure 8: MSC-conditioned medium increases Cx43 expression in cardiomyocytes. mRNA 

content of Cx43 and Cx45 determined by quantitative RT-PCR in HL-1 cells after 4 h of 

treatment with ConM showed a significant increase in Cx43 but not Cx45 (A).  Densitometric 

quantitation of Cx43 blots (B) shown in (C, D), revealed a significant increase in the ratio of 

phosphorylated vs. non-phosphorylated Cx43 in both ConM and ConT-treated groups (*, &: p < 

0.05 compared to respective Ctrl).  Western blotting results of ConM (C) and ConT (D) treated 

HL-1 cells probed for Cx43 and Nav1.5 protein levels.  GAPDH is shown as a loading control (n 

= 3 for each group) [80]. 

 
 

 

C.                                                                 D.                                                                 



 29 

To evaluate if β-catenin signaling is required for the increase in θ we supplemented 

ConT with cardamonin (10 µmol/L). Cardamonin that was previously described to stabilize β-

catenin in its degradation complex [81] significantly attenuated the ConT-induced increase in 

Cx43 protein expression and θ (ConT+carda: t4h: 1.52 ± 0.20 cm/s, n=7; ConT: t4h: 2.52 ± 0.20 

cm/s, n=8; p < 0.05) (Fig. 9 A, B). In Ctrl cultures supplemented with cardamonin also a slight 

reduction in Cx43 protein levels was determined however, without a significant change in θ. The 

results support the hypothesis that ConT regulates Cx43 and concomitant changes in θ through 

stimulation of β-catenin signaling. 
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Figure 9: β-Catenin inhibition prevents the ConT-mediated increase in Cx43 protein levels:  

Western blotting analysis of Cx43 protein levels (A) after 4 h of ConT or Ctrl treatment in the 

presence or absence of cardamonin (n = 3 for each).  Cardamonin prevented the  

ConT-mediated increase of θ in HL-1 monolayers (B)(*: p < 0.05 compared to Ctrl) [80]. 
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3.3 ConT-mediated upregulation of connexin 43 depends on β-catenin and glycogen 

synthase kinase 3-β   

β-catenin is a downstream target of GSK3-β, a serine/threonine kinase that 

phosphorylates and stabilizes β-catenin in its degradation complex [82]. Phosphorylation and 

consequently the inactivation of GSK3-β is regulated by different signal-transduction pathways, 

including a PI3K/Akt and a Wnt-dependent signaling cascade [83]. To determine if inhibition of 

GSK3-β can mimic the ConT mediated effect we supplemented Ctrl solution and ConT with 

lithium (LiCl, 5 mmol/L) an inhibitor of GSK3-β. Addition of LiCl to Ctrl solution induced a time-

dependent increase in θ (Fig. 10B: CtrlLi: t4h: 2.67 ±  0.07 cm/s; , n = 7; p < 0.05) and increased 

Cx43 protein levels (Fig. 10A); the addition of LiCl to ConT on the other hand did not have an 

additive effect (ConTLi: t4h: 2.90 ± 0.13 cm/s; n = 10; ConT: t4h: 2.93 ± 0.20 cm/s; n = 13), 

indicating that ConT and LiCl converge on the same downstream signaling mechanism.  
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Figure 10: Lithium inhibition of GSK-3β mimicks the effect of ConT on θ and Cx43 protein 

expression.  Supplementation of Ctrl tyrode with LiCl (4 h) led to an increase in Cx43 protein 

levels in HL-1 monolayers (A).  A concomitant increase in θ (B) was seen in spontaneously 

beating HL-1 cells.  The LiCl induced increase in θ was not additive to the effect of ConT (*: p < 

0.05 compared to Ctrl; &: compared to Ctrl + Li) [80]. 

 

We have previously demonstrated that ConT induces GSK3-β phosphorylation through 

the PI3K/Akt pathway in isolated mouse ventricular myocytes [61]. Since PI3K/Akt is a 

downstream target of VEGF signaling we determined its role in the regulation of Cx43 

expression. However, supplementation of ConT with the PI3K inhibitor Wortmannin (WM: 50-

100 nmol/L, Fig.11A), or supplementation of ConT with a VEGF R2/Flk-1 antibody (1 µg/ml)[64] 

(ConT+anti-VEGFR: t4h: 2.33 ± 0.13 cm/s; n=4; ConT: t4h: 2.93 ± 0.20 cm/s; n=13) (Fig. 11C)  

did not prevent the ConT induced upregulation of Cx43 or an increase of θ in HL-1 cells, 

respectively. 
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Figure 11: A ConM-mediated increase in θ does not depends on PI3K/Akt signaling.  Western 

blotting analysis of ConM-mediated (4 h) changes in p-Akt and Cx43 in the presence and 

absence of Wortmannin (WM: 50 and 100 nM)) (A). ConM (4 h) also increased p-ERK 1/2 while 

changes in p-Akt were close to baseline (B).  GAPDH is shown as a loading control for both 

experiments. The change of θ in Ctrl and ConT treated HL-1 cells with and without the addition 

of an anti-VEGF receptor (anti-VEGFR) antibody (*: p < 0.05 compared to Ctrl) (C) [80].  

 

GSK3−β phosphorylation is also a downstream target of the canonical Wnt pathway after 

stimulation of the frizzled receptor. To identify if ConT activates Wnt receptor signaling we 

determined the phosphorylation levels of low-density lipoprotein receptor-related protein 6 

(LRP6). LRP6 is part of the Wnt receptor and becomes phosphorylated upon Wnt stimulation 

A. C. 

B. 
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[84]. In ConT-treated HL-1 cells (30 min) the LRP6 phosphorylation level was increased (Fig. 

12A). To suppress the release of Wnt, MSCs were treated with the small molecule inhibitor of 

the Wnt pathway IWP-2 (5 µmol/L, 24 h) before tyrode was conditioned in their presence 

(ConTIWP-2). The final concentration of IWP-2 in ConTIWP-2 was 0.5 µmol/L. When HL-1 cells were 

treated with ConTIWP-2, LRP6 phosphorylation was significantly reduced compared to ConT 

treated cells (Fig. 12A, B). After 4h of incubation, Cx43 expression was not significantly different 

from ConT treated HL-1 cells (Fig. 12C) however the ConT induced increase in θ was 

attenuated (ConTIWP-2: t4h: 1.80 ± 0.05 cm/s, n=7; ConT: t4h: 2.73 ± 0.19 cm/s, n = 16; p < 0.05) 

(Fig. 12D) [80].      
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A.                                                                B. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: ConT-mediated changes depend upon the activation of LRP6 through agonists of the 

canonical Wnt-signaling pathway.  Changes in p-LRP6, p-ERK1/2 and Cx43 after 30 min (A) or 

4 h (C) of incubation with ConT that was generated from control MSCs or MSCs treated with 

IWP-2 (ConTIWP-2). Densitometric quantitation (B) of the blot shown in (A) revealed significantly 

reduced p-LRP-6 (n = 3), without significant reduction in Cx43 protein.  At both time points p-

ERK1/2 was increased well above control levels (n = 3). GAPDH was used as a loading control. 

The ConTIWP-2 treated HL-1 monolayer showed an attenuated increase in θ (D) in comparison to 

ConT-treated cultures (*: p < 0.05 between treatment groups indicated) [80].  

 

C.                                                                 D.                                                                 
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It was previously demonstrated by mass spectroscopy studies and RNA expression 

profiling that Wnt3a is expressed in MSCs [85]. To determine if Wnt3a can mimic the same 

effect, media from Wnt3a over-expressing L-cells [78] was added to HL-1 monolayers (Fig. 13A, 

Ctrl + Wnt3a). Also in this case an increase in θ compared to non-treated Ctrl cultures was 

determined (Ctrl + Wnt3a: t4h: 1.88 ± 0.18 cm/s, n=6; Ctrl: t4h: 1.85 ± 0.11 cm/s, n = 4; p < 0.05) 

(Fig. 14A). These results support the hypothesis that MSC ConT-induced changes are in part 

through activation of the canonical Wnt pathway. However, with significant LRP6 

phosphorylation remaining in ConTIWP-2 another mechanism of LRP activation remained likely. 

Particularly since the IWP-2 concentration used was previously shown to predominately block 

Wnt secretion [86]. Recent evidence indicates the MAP kinases ERK1/2 in an alternative 

pathway of LRP6 phosphorylation [87]. We evaluated ERK1/2 activity in HL-1 lysates and found 

that both ConM and ConT significantly increased ERK1/2 phosphorylation at 30 min and 4.0 h 

of incubation (Fig. 11B, 12A,B). Supplementation of ConT with the ERK1/2 inhibitor PD98059 

(25 µmol/L) [88] significantly attenuated the ConT-mediated increase in θ (ConT + PD98059: t4h: 

2.04 ± 0.11 cm/s, n = 4; p < 0.05) (Fig. 14B) no change was determined in Ctrl cultures with 

PD98059 (Ctrl + PD98059: t4h: 1.41 ± 0.03 cm/s; n = 3).  These results strongly suggest that p-

ERK 1/2 can contribute to GSK3/β-catenin mediated Cx43 upregulation.  
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           A.                                                                B. 
 
 

 

 

 

 
 
 
 
 
 
 
Figure 13: Canonical Wnt signaling and ERK1/2 signaling pathways affect Cx43 expression.  

Treatment of HL-1 monolayers with media obtained from Wnt3a over-expressing L1 cells 

signficantly increased the θ after 4h (A) (*: p < 0.05 compared to Ctrl).  PD98058, an ERK1/2 

inhibitor attenuated the ConT-mediated increase of θ in HL-1 monolayers (B) (*: p < 0.05 

compared to Ctrl; &: p < 0.05 compared to Ctrl+PD98059; #: p < 0.05 compared to ConT) [80].  
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4. DISCUSSION 

We demonstrated that MSCs modulate the excitability and conduction of multicellular 

cardiomyocyte preparations by two different mechanisms. They can reduce spontaneous 

activity of cardiomyocyte monolayers by establishing intercellular coupling through gap junction 

channels; however, paracrine signaling can also increase the conduction velocity of the 

cardiomyocyte monolayer through upregulation of Cx43 without altering the beating frequency. 

An experimental examination supports an induction of Cx43 expression through the canonical 

Wnt/GSK3/β-catenin signal transduction pathway in a Wnt and potentially ERK1/2 dependent 

and independent manner.  

 

4.1 Influence of non-excitable cells on cardiac excitation spread 

Non-excitable cells like fibroblasts and endothelial cells make up a significant portion of 

the ventricular muscle. Research has focused on the influence of these cells on the 

electrophysiological properties of the cardiac muscle. In vitro models demonstrate that 

electrotonic coupling of the non-excitable cells can bridge excitation spread over spatially 

separated areas of myocytes [41, 89] and cause a decrease in θ in a dose (cell number) 

dependent manner [38, 79]. In co-cultures of MSCs and neonatal cardiomyocytes a >20% 

decrease in conduction velocity was reported in comparison to homocellular cardiomyocyte 

cultures and re-entrant arrhythmias could be more easily induced in the vicinity of MSCs 

clusters [47]. In our co-culture model, though there was a significant decrease in the 

spontaneous beat rate of HL-1 cells as a consequence of the intercellular coupling, we did not 

observe a significant decrease of θ as previously described for HL-1/fibroblast co-cultures [38]. 

The lack of change in θ could be explained by the fact that the direct effect (capacitive coupling) 

of the MSCs is masked or compensated by the upregulation of Cx43 through paracrine 

signaling. However, since we were not yet able to isolate the effects induced by MSC/HL-1 
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intercellular coupling, other explanations have to be considered. Coupling of MSCs could be 

insufficient to induce changes in θ. Since we still see a decrease in beating frequency this would 

mean that θ is less sensitive to hetero-cellular coupling. This would still leave us to explain that 

no increase in θ was determined. The increase in θ could be prevented if i. the time of co-

culture is insufficient to secrete enough active factors to induce Cx43 upregulation or ii. co-

culture could change the MSC secretome. We could previously demonstrate, that MSC 

mediated increase in cardiomyocyte Akt phosphorylation was readily induced when co-culture 

was established and was unaffected from the presence of cardiomyocyte [61]. However, since 

Akt signaling does not play a role in Cx43 upregulation, we cannot rule out that changes in the 

secretome occur. 

The paracrine effect of MSCs on θ described here was not previously examined 

however, in agreement with our data, MSCs have been shown to preserve impulse conduction 

[49], reduce the inducibility of ventricular arrhythmias [43] and improve atrioventricular 

conduction (AV) block [50]. The reason for the discrepancy in the co-culture models could be 

the result of the fact that in our cultures MSCs only comprised 10% of total cell number. This 

number is lower than the numbers that were previously tested in co-culture models [47]. In 

addition, in our co-culture model MSCs were added to an already established monolayer of 

cardiomyocytes and co-culture was monitored during the onset of hetero-cellular coupling. This 

is in contrast to other models where a mixture of MSCs and myocytes is plated [47]. Under 

these conditions MSCs spatially separate cardiomyocytes, which can increase the 

heterogeneity of the excitation wave-front. Our results would suggest that during integration of 

higher numbers of MSCs in a cardiomyocyte preparation the effect of the capacitive coupling 

could override the effect of the paracrine signaling on the conduction velocity; however, the 

previously established low retention of MSCs after transplantation suggests that paracrine 

signaling may play the predominate role to affect positive changes in the myocardium. 
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4.2 Influence of mesenchymal stem cells on HL-1 cell excitability and beating 

frequency 

During co-culture of HL-1 cells and MSCs an attenuation of the spontaneous beating 

frequency was determined. This change in the rate of diastolic depolarization could be due to 

the direct effect of hetero-cellular coupling on the origin of excitation by depolarization of the  

HL-1 cells or the increase in their capacitance. Alternatively, the coupling induced changes 

could result in a shift of the origin of excitation to an un-affected area or an area with increased 

pacemaker current. We have previously demonstrated that fibroblasts under the same 

conditions reduce spontaneous beating of HL-1 monolayers through depolarization and 

increase of HL-1 cell capacitance [38]. The fact that ConT alone had no impact on the 

spontaneous activity indicates that paracrine signaling induced no significant changes in HL-1 

excitability under the assumption that the secretome remained unchanged.  

 

4.3 Mesenchymal stem cell mediated upregulation of connexin 43 

In cardiomyocyte monolayers the major factors affecting θ are the cellular excitability, 

which is determined by the availability of Na channels and the intercellular resistance, which 

depends on the expression of gap junction channels. While we have previously described a 

ConT mediated increase in ICa,L in adult ventricular myocytes [61], a change in cellular 

excitability is unlikely to fully explain the increase in θ determined in this study. The significant 

upregulation of Cx43 expression over the time period combined with no significant change in Na 

channel expression levels makes an increase in intercellular coupling the more likely 

explanation for the increase in θ. We also determined that ConT induced a moderate increase in 

the phosphorylation of Cx43. Overall the Cx43 phosphorylation levels in HL-1 cells are low in 

comparison to the cardiac muscle where a decrease in Cx43 phosphorylation is often linked to 

pathophysiological remodeling [90]. Phosphorylation of Cx43 can regulate channel assembly, 
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electrical and metabolic coupling as well as trafficking. We can not rule out that the observed 

increase in phosphorylation of Cx43 changes the channels open probability or its turnover, 

however the change is relatively small to those previously described and likely only contributes 

slightly to the overall increase in θ.  

 

4.4 Mesenchymal stem cell mediated paracrine signaling 

MSCs secrete a broad spectrum of cytokines, chemokines and growth factors [40]. 

Some of these factors have been described to modulate intercellular coupling through Cx43. For 

VEGF, upregulation of Cx43 through the Raf-1 MAPK pathway has been reported [64] and for 

IGF-1 a PI3K/Akt and ERK mediated regulation of Cx43 was demonstrated [91]. Another 

signaling cascade involved in the regulation of Cx43 protein levels is induced by the secreted 

polypeptides of the Wnt family [65, 92]. In these cases upregulation of Cx43 is described 

through the Frizzled receptor via phosphorylation of GSK3-β and subsequent increase in β-

catenin signaling [65]. Interestingly, our experimental results indicate that the PI3K/Akt pathway 

is not involved in the regulation of Cx43 expression although, we have previously demonstrated 

that it has a significant role in the ConT-mediated modulation of ECC in adult ventricular 

myocytes [61]. This result underlines the complexity of the signaling pathways induced by MSC 

conditioned media/tyrode. We used conditioned media as well as conditioned tyrode for our 

experiments. Since the composition of media is complex, we switched to tyrode to allow for a 

more controlled composition of the conditioned solution. The effect of ConM and ConT on θ and 

Cx43 expression was comparable therefore we decided to present the results together in this 

manuscript. However, we cannot rule out that the overall composition of ConM might vary from 

that of ConT but regarding the observed changes, both approaches had the same potency.  

MSCs express Wnt proteins that are activators of the canonical (e.g. Wnt1, 2, 3, 8 and 

8b) or non-canonical (Wnt4, 5a, 5b, 6, 7a and 11) pathway [83, 93]. They all play an important  
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role in the regulation of MSC proliferation and suppression of differentiation [94].  

In our culture model Wnt-mediated signaling is supported by the ConT induced phosphorylation 

of LRP6, the fact that the increase in θ can partially be reproduced by Wnt3a conditioned media 

and by the sensitivity of the changes to pharmacological regulation of GSK3-α/β and β-catenin. 

Cardamonin reduced Cx43 expression levels and prevented changes in θ. In contrast to 

previous reports however, no significant changes in total β-catenin protein levels were 

determined [81]. This likely is explained by the slow turn-over time of β-catenin and our in 

comparison short cardamonin incubation time [95].  

Suppression of Wnt formation by IWP-2 attenuated LRP6 phosphorylation and the 

increase of θ; however, Cx43 protein levels at 4 h of treatment remained elevated in comparison 

to Ctrl. A potential explanation is that expression and degradation of Cx43 are both modulated 

by ConT. Even if Cx43 expression is suppressed, an increased stability of Cx43 in the gap 

junction plaques as it is proposed through Akt-dependent phosphorylation [96], could lead to an 

increase in θ. This would still be consistent with our experimental results that demonstrate no 

significant effect of Wortmannin on θ, since in that case expression of Cx43 would still be 

increased.   

While we suppressed Wnt release from MSCs by IWP-2 treatment, we were not able to 

completely suppress ConT mediated LRP6 phosphorylation. Besides the binding of Wnt 

agonists, phosphorylation of LRP6 has been described through receptor tyrosine kinases (RTK) 

mediated ERK activation in a PI3K/Akt independent manner [87]. The LRP6 activation then 

could still induce β-catenin signaling and subsequently an increase in Cx43 expression. A partial 

involvement of p-ERK1/2 in Cx43 upregulation is supported by our experiments (Fig. 8B). 

Ischemia reperfusion injury as well as cardiac hypertrophic growth are often related to 

decreased levels of Cx43 expression, which itself is linked to an increased propensity in cardiac 

arrhythmia [97]. A Wnt-mediated upregulation of Cx43 could therefore promote anti-arrhythmic 
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activity as it was described in a transgenic cardiomyopathic mouse model [65]. It has to be 

mentioned that the enhanced cardio-protective effect of Akt over-expressing MSCs was linked 

to their increased secretion of Sfrp [60, 98]. Sfrp suppresses Wnt signaling which under 

pathophysiological conditions suppresses Wnt induced apoptosis [98]. Additionally it is 

proposed that the suppression of Wnt promotes stem cell differentiation thereby enhancing cell 

replacement and vascularization [59, 60, 99]. If the Wnt dependent upregulation of Cx43 or the 

suppression of Wnt signaling through Sfrp represent the mechanism of cardioprotection during 

transplantation of MSCs will likely depend on the physiological or pathophysiological phenotype 

of the cardiac tissue.  
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5. CONCLUSION 

We demonstrated that MSCs rapidly establish intercellular coupling with cardiac 

myocytes. While the added capacitance of the MSCs decreases the excitability of the myocytes, 

a reduction in the conduction velocity of excitation spread is prevented by upregulation of Cx43 

protein levels. Changes in Cx43 expression are induced through paracrine signaling of MSCs 

involving the stimulation of the canonical Wnt signaling pathway. Consequently, during 

pathophysiological remodeling transplantation of MSCs or treatment with MSC conditioned 

medium could help maintain coordinated excitation spread by promoting Cx43 expression. 

Figure 14 shows a summary schematic of the signal transduction pathway involved in 

upregulation of Cx43 resulting in an increased cardiac conduction.  

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 14: A schematic summary of the experimental results illustrates the proposed signal 

transduction pathway [80]. 
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CHAPTER 2 

                                                      1.INTRODUCTION 

1.1 Transverse-tubule network 

Transverse-tubules (T-tubules) are subcellular structures that are formed by the 

invaginations of the sarcolemma and occur at the Z-line in mammalian ventricular myocytes. 

They provide close structural proximity between the excitable cell membrane and the 

sarcoplasmic reticulum (SR), which is the main intracellular Ca2+ store in the myocyte. T-tubules 

of the myocyte have a mean diameter of 200-300 nm and occur at ~2 µm intervals near the  

Z-lines [100]. Figure 15 shows a simplified schematic representation of the uniform t-tubular 

system and the organization of the protein machinery that cause excitation-contraction coupling 

in an adult mammalian ventricular myocyte.  
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Figure 15: Schematic representation of the t-tubular system and the neighboring protein 

machinery. Excitation-contraction coupling occurs at functional junctions between Ca2+ channels 

in the t-tubules and ryanodine receptors (RyR) in the SR. Depending on their localization, other 

proteins such as SR Ca2+ ATPase (SERCA), Na-Ca exchanger (NCX), Na+/K+-ATPase (NKA), 

and Na+ channels can also regulate Ca2+ homeostasis (Obtained with permission and modified 

from [101]). 

 

T-tubules occur in cardiomyocytes of mammals such as mice [102], rats [103], rabbits 

[104], pigs [105], dogs [106] and humans [107]. They are predominantly found in ventricular 

myocytes and less abundant in tissue of the pacemaker or the conduction system [108]. Recent 

studies have confirmed a t-tubular system in atrial myocytes belonging to rat [109], sheep [110], 

cow, horse and humans [111]. The central point of t-tubular function is to extend the voltage 

dependent Ca2+ influx into the depth of the cell [112]. As described by Bers DM [20], contraction 

in cardiomyocytes is initiated by depolarization-mediated Ca2+ entry via the L-type Ca2+ 

channels resulting in triggered Ca2+ release from the SR via the ryanodine receptor 2 (RyR2). 
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This t-tubule mediated close spatial interaction of the sarcolemmal L-type Ca2+ channels and the 

RyR2 allows for the rapid and homogeneous release of Ca2+ throughout the cell via the calcium-

induced calcium release (CICR) action. Thus the t-tubule structure determines the homogeneity 

of the CICR occurring in the myocyte during depolarization. Therefore, it is vital to understand 

the mechanisms involved in the development, regulation and maintenance of the t-tubular 

system under both physiological and pathophysiological conditions.  

 

1.2 Transverse-tubule regulation and remodeling  

As indicated, the t-tubular system plays a functional role in promoting the rapid and 

homogeneous release of Ca2+ from the SR throughout the cell during systole. It has been 

observed that under pathological conditions, t-tubules undergo remodeling [113]. This t-tubule 

remodeling disrupts the close spatial interaction of the L-type Ca2+ channels and the RyR2 

leading to voltage dependent Ca2+ entry only at the cell periphery. Consequently, the Ca2+ 

release at the center of the cell under these conditions depends on Ca2+ diffusion, amplified by 

Ca release from RyRs leading to a delayed Ca release in the center of the cell. This altered 

CICR results in a prolongation of the Ca2+ transient rise time and therefore an attenuation of the 

Ca transient amplitude, which ultimately causes decreased contractility of the myocardium 

[114]. 

While the disease associated t-tubular remodeling is well documented, little is known 

about the mechanism of t-tubular formation and maintenance. Two proteins have recently been 

attributed prominent roles in t-tubule formation [115]. Amphiphysin 2, or alternatively called  

myc box-dependent-interacting protein 1 (BIN1) was shown to promote the formation of t-tubular 

structures. When BIN1 is expressed in non-muscle cells, it induces the formation of 

invaginations of the plasma membrane resembling t-tubule morphology [116]. In vivo disruption 

of BIN1 in murine embryos resulted in malformed t-tubular system, embryonic cardiomyopathy  
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and perinatal lethality [117]. BIN1 was further described to shuttle L-type calcium (Cav1.2) 

channels to the t-tubules in cardiac muscle [118] thereby not only regulating the t-tubular 

structure but also maintaining its function. Junctophilin 2 has been described to regulate the 

junction formation between the SR and t-tubules. Its downregulation correlates with the hearts 

transition from hypertrophy to HF which is associated with the impaired CICR due to the 

uncoupling of SR and t-tubules [119] [120]. Pathological remodeling of t-tubules can be caused 

by myocardial insults such as sustained tachycardia [121], myocardial infarction [122] and 

spontaneous hypertension [123] leading to disorganization and loss of the uniform t-tubular 

system. Recent experimental data indicate that t-tubule changes occur early in the transition 

from hypertrophy to HF and could be a potential early pathogenic mechanism that further 

enhances cardiac remodeling [120] [124].  

In recent years, elevated levels of reactive oxygen species (ROS) causing oxidative 

stress have been implicated as an underlying mechanism for cardiac remodeling during 

pathological conditions such as hypertrophy [125] and heart failure [126]. It has been reported 

that increased ROS production stimulates cardiac fibroblast proliferation [127], activation of 

matrix metalloproteinases (MMPs), effects central to fibrosis and matrix remodeling [128] [129]. 

ROS was further shown to modify proteins central to excitation-contraction coupling such as 

RyR, L-type Ca channels and SERCA. By modification of thiol groups (-SH) ROS enhances the 

open probability of RyRs [130], decreases SERCA activity and  suppresses ICa,L leading to an 

overall decrease in Ca transient amplitude and delayed recovery [131]. Intracellular ROS can be 

generated via four pathways in the cardiomyocytes namely: through activation of nicotinamide-

adenine dinucleotide phosphate (NADPH) oxidase (NOX) or xanthine oxidase (XO), uncoupling 

of nitrous oxide synthase (NOS), and electron transport during oxidative phosphorylation in the 

mitochondria [132]. Among the five isoforms of NOX, NOX2 and NOX4 are predominantly found 

in the myocardium [125]. During the development of pressure-overload hypertrophy in guinea  
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pigs [133] and human heart failure [134] as well as in angiotensin II–induced cardiac 

hypertrophy/remodeling an increased NOX activity and expression has been observed that 

plays a critical role in remodeling [135]. An exacerbating factor is that NOX-mediated ROS 

production can further induce NOS3 uncoupling [136] and activate XO [137] thereby enhancing 

ROS production. Recent evidence from a mouse model that lacks the expression of the p21-

activated kinase shows that increased NOX2 dependent ROS production in cardiomyocytes 

correlates with decreased t-tubular density [138] without any further indications of cardiac 

hypertrophic remodeling. These data would implicate for the first time ROS as a potential 

initiator of t-tubular remodeling.  

The basic underlying mechanisms responsible for t-tubule dysregulation are still 

unknown. Most studies that address t-tubular dysregulation were obtained under cell culture 

conditions, taking advantage of the fact that ventricular myocytes loose their t-tubular system 

after cell isolation in a time dependent manner [113].  Results from these studies indicate that t-

tubule loss is enhanced when cells are maintained at rest and that actin remodeling is a 

contributing factor to the loss of the t-tubular system [139] [140].  

Based on the observations described above we will use the in-vitro model of t-tubular 

remodeling to test the hypothesis that that NOX-mediated ROS production plays a role in t-

tubular remodeling. The primary aim of the study is to determine the role of ROS generated in 

the cardiomyocytes in t-tubule remodeling and elucidate molecular targets that could potentially 

reverse the ROS-induced t-tubule remodeling in vitro.  
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2. MATERIALS AND METHODS 

2.1 Cell isolation and culture 

Isolated adult rabbit ventricular myocytes (VMs) were obtained from Dr. Blatter’s 

laboratory at Rush University where isolation protocols were followed as previously described 

[141] [142]. Cells were plated on laminin (1mg/ml) coated sterilized glass coverslips (18 mm 

diameter) and cultured in either 6 well or 12 well tissue culture plates in DMEM (1X) + 

GlutaMAX (Gibco, Invitrogen) supplemented with creatine (2 mmol/L; Sigma Aldrich), carnitine 

(2 mmol/L; Sigma Aldrich), taurine (5 mmol/L; Sigma Aldrich), penicillin streptomyocin (Pen 

Strep) (15,000 units/ml; Gibco Life Technologies) and non-essential amino acids (100x; Gibco 

Life Technologies) [143]. The cells were treated with the antibiotic, geniticin (1 µg/L/ml; 

Invitrogen) for 1 h during cell plating in order to address contaminating microbial growth 

introduced into the culture during the isolation protocol. Rabbit ventricular myocytes were 

maintained in culture for up to 48 h.  

 Cell plating on pre-coated laminin coverslips was carried out as described in the 

literature [144]. Glass coverslips were ethanol and flame sterilized. After sterilization, 4 µl of 

laminin was spread on the coverslip evenly over a circular area covering approximately 70% of 

the coverslip. Coverslips were then placed into either a 12-well or 6-well tissue culture plate and 

dried before plating the cells. Dispersed rabbit VMs were added directly to each coverslip in a 

200 µl volume and allowed to adhere for 8 min prior to addition of medium. The coverslips were 

held undisturbed for 20 min at room temperature and then moved to the tissue culture incubator. 

1 h after plating, dead cells were aspirated along with media and 2 ml of fresh media was added 

to each well. Pharmacological treatment of the cells was carried out after the change of the 

media and the cells were examined after 24 h and 48 h. Control groups were cultured alongside 

for the same period of time.   
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2.2 Pharmacological treatment of rabbit ventricular myocytes 

Tempol (100 µmol/L; Calbiochem), a ROS scavenger was used to treat the rabbit VMs 

for 48 h [145]. A stock solution of 100 mmol/L was prepared by dissolving 52 mg of Tempol in 3 

ml of dimethyl sulphoxide (DMSO). 2 µL of this 100 mmol/L Tempol stock solution was added to 

each well to achieve a final concentration of 100 µmol/L. The scavenger was replenished in 

culture every 24 h.  

Apocynin (200 µmol/L; Sigma Aldrich), a NADPH oxidase inhibitor was used to treat the 

rabbit VMs for 48 h [146]. A stock solution of 25 mmol/L was first prepared by dissolving 8.3 mg 

of Apocynin in 2 ml of dimethyl sulphoxide (DMSO). To each well having a volume of 2 ml 

media, 16 µL of the 25 mmol/L stock solution of Apocynin was added to achieve a final 

concentration of 200 µmol/L. The inhibitor was replenished in culture every 24h to maintain the 

final concentration in culture.  

Mito-TEMPO (10 µmol/L; Enzo Life Sciences), a mitochondrial-ROS scavenger was 

used to treat the rabbit VMs for 48 h [147]. To each well having a final volume of 2 ml media,  

4 µL of the 10 mmol/L stock solution of Mito-TEMPO was added to achieve a final concentration 

of 5 µmol/L. The scavenger was replenished in culture every 24h to maintain the final 

concentration in culture. 

 

2.3 Field stimulation of rabbit ventricular myocytes 

It has been demonstrated that t-tubular remodeling is accelerated when the cells are 

maintained under non-stimulated conditions [113, 139]. Therefore control as well as 

pharmacologically treated rabbit VMs was maintained in culture while they were paced using a 

C-100 Pace EP cells culture stimulator (IonOptix Corporation). Cells were paced for a period of 

48h at 0.5 Hz frequency for a duration of 4 ms with a voltage strength of 20 V. Cells were 

evaluated after 24 h and 48 h with di-8-ANEPPS staining for t-tubule imaging. 
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2.4 Transverse-tubule imaging 

To evaluate the T-tubule network density in rabbit VMs after 24 h and 48 h in culture 

using confocal imaging, the cells were transferred to Kraft Bruhe solution (KB; 5 mmol/L Hepes, 

5 mmol/L MgSO4, 10 mmol/L glucose, 90 mmol/L KCl, 30 mmol/L K2HPO4, 5 mmol/L sodium 

pyruvate, 1.09 mmol/L NaOH, 0.5 mmol/L EGTA, 20mmol/L taurine, 5 mmol/L creatine and 5 

mmol/L NaCl, pH 7.3). These depolarizing and zero-Ca condition guarantees the relaxation of 

the VM and prevents potential movement artifacts. To stain the sarcolemmal membranes, the 

cells were loaded with di-8-ANEPPS (7.5 µmol/L; Life Technologies) for 20 min prior to the start 

of image acquisition. This dye is weakly fluorescent in aqueous media, but become strongly 

fluorescent upon binding to lipophilic environments such as membranes. Z-stack images were 

taken using a krypton (Kr) laser exciting at 488 nm and a 60-X water immersion objective lens at 

50 lines per sec (lps) scan rate. Each optical section was imaged at 1 µm interval.  

 

2.5 Image analysis 

Image analysis was carried out using two different methods. The first method involved 

the computation of percentage area occupied by the positively stained t-tubules in a user 

defined selection area within a cell using Image J (National Institutes of Health, Bethesda, MD). 

The confocal optical sections were converted to binary images and an area within the cell was 

outlined excluding the plasma membrane and the nucleus. The percentage area occupied by di-

8-ANEPPS stained t-tubules was then determined and averaged for each cell by considering six 

consecutive z-stack confocal images.  As a second method, power spectral analysis of the t-

tubular system using two-dimensional Fast Fourier Transform (FFT) analysis was computed 

using IGOR Pro 6.0 (WaveMetrics Inc., Portland, OR). Line profiles (width = 5 pixels) for three 

equivalent Z-stack images for each cell were generated in Image J. The pixel intensity data for 

each line profile was imported into the software for analysis. The real component (power) was 
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plotted against the spatial frequency and represented as the power spectrum after performing 

FFT. The power spectra were normalized to the baseline low frequency to the right of the 

characteristic peak occurring between 0.5 µm-1  - 0.6 µm-1 indicating the repetition of t-tubule 

structures at 2 µm intervals [139] [148]. Figure 16 (A, B, C) depicts a schematic representation 

of the steps involved in di-8-ANEPPS stained t-tubule image analysis using FFT. 

 
 
 
 
 

 

 

 

 

 

  

 

 

 

 

 
 
 
 
 
Figure 16: Schematic representation of the major steps involved in image analysis using fast 

fourier transform (FFT) technique. A confocal image of di-8-ANEPPS stained t-tubules of an 

isolated ventricular myocyte (A). Line intensity profile generated along the white line shown in 
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(A) using Image J (B). Resultant power spectra obtained after FFT using the line intensity profile 

in IGOR Pro (C). 

 

2.6 Statistical analysis 

Experimental values were compared to controls using an unpaired two-tailed Student’s t-

test statistics. Data are presented as mean ± SEM. Differences were considered significant at  

p < 0.05. 
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3. RESULTS 

3.1 Inhibition of nicotinamide adenine dinucleotide phosphate-oxidase-dependent 

reactive oxygen species production modulates transverse-tubule network  

To test the hypothesis that t-tubular remodeling is mediated by increased ROS 

production via NOX, freshly isolated rabbit VMs were treated with Apocynin, a NOX inhibitor and 

compared with untreated Control cells. Cells positively stained with di-8-ANEPPS were imaged 

using confocal microscopy. Representative confocal images of di-8-ANEPPS stained t-tubules 

(Fig. 17 A, B) qualitatively demonstrate that Apocynin treated cells exhibit a conserved t-tubular 

system after 24 h compared to untreated Controls. This is further quantitated and shown below 

in the corresponding power spectrum displaying the characteristic peak of t-tubule occurrence at 

0.5 µm-1 – 0.6 µm-1 (Fig. 17 C) in Control and Apocynin treated VM after 24 h in culture. 
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Figure 17: Confocal image of di-8-ANEPPS stained t-tubules and the corresponding power 

spectrum depicting t-tubular density. Representative images of the di-8-ANEPPS stained t-

tubule network in rabbit ventricular myocyte after 24 h from both Control (A) and Apocynin 

treated groups (B) and the corresponding power spectrum showing the characteristic peak 

occurrence (0.5 µm-1  – 0.6 µm-1) indicating t-tubule network existence in Control and Apocynin 

treated VMs after 24 h  (C).	  

0.0 0.5 1.0 1.5
0

1000

2000

3000

4000

5000 Control Apocynin

Frequency [µm-1]

P
ow

er
 

C. A. 

B. 



 56 

In accordance to studies demonstrating a progressive loss of t-tubules in vitro [139, 140] 

[113], our culture model too showed t-tubular remodeling in a time dependent manner. Rabbit 

VMs exhibited t-tubular loss in culture for 48 h (Control: t-tubule0h: 4.99 ± 0.60, n = 20; t-

tubule24h: 2.99 ± 0.38, n = 14; t-tubule48h: 3.22 ± 0.56, n = 16) (Fig. 18A). Treatment with 

Apoycnin attenuated this rate of t-tubular loss in culture significantly when compared to 

untreated control cells after 24 h (Apocynin: t-tubule24h: 4.69 ± 0.70, n = 15,  

p < 0.05; Control: t-tubule24h: 2.99 ± 0.38, n = 14). However, no significant change in rate of  

t-tubular loss was observed between Apocynin treated and untreated VMs following  

48 h (Apocynin: t-tubule48h: 2.905 ± 0.42, n = 17; Control: t-tubule48h: 3.22 ± 0.56, n = 14) 

(Fig 18A). Analysis of the above experimental data as a percentage of area occupied by the  

di-8-ANEPPS stained t-tubules normalized to the control cells revealed the same result at 24 h 

(Apocynin: t-tubule24h: 0.718 ± 0.138, n = 15, p < 0.05; Control: t-tubule24h: 0.274 ± 0.062, n = 

14) and at 48 h (Apocynin: t-tubule48h: 0.194 ± 0.04; n = 17; Control: t-tubule48h: 0.282 ± 0.06, n 

= 14) (Fig. 18B). 
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Figure 18: Inhibition of NOX dependent ROS production modulates the rate of t-tubular loss.  

T-tubule density in isolated rabbit ventricular myocytes in Control and Apocynin treated cells as 

a function of time (A). T-tubule density in Control and Apocynin groups represented as percent 

area normalized to controls at 0 h (B) (★: p < 0.05 compared to Control) [Number in the bars 

represent the number of cells analyzed in each group]. 

 
 

This transient effect of Apocynin only in the early phase (24 h) could indicate that  

t-tubular remodeling occurs via a NOX dependent mechanism. However, no effect of the NOX 

inhibitor in the late phase (48 h) may dictate the role for a secondary mechanism contributing to 

t-tubular remodeling. It has been previously demonstrated that lack of contractile activity due to 

resting can accelerate t-tubular remodeling in vitro and electrical stimulation/pacing could 

attenuate this remodeling and improve contractile properties [149]. To distinguish if the 

enhancement in t-tubular remodeling was due to lack of contractile activity or increased ROS 

production via NOX in our culture model, the experiment involving NOX inhibition using 

Apocynin was repeated in rabbit VMs that were field stimulated during their time in culture. 
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was plotted as a function of time (Fig. 19A, B) to evaluate the effect of electrical stimulation in 

attenuating rate of t-tubular loss. It was observed that pacing (Control: t-tubule24h: 61.8 % ± 

10.23, t-tubule48h: 30.5 % ± 0.659) (Fig. 19B) did not significantly enhance the preservation of  

t-tubular system in control cultures when compared to non-paced control cultures (Control:  

t-tubule24h: 60.4 % ± 3.79, t-tubule48h: 64.5 % ± 12.07). However on further observation, the 

rabbit VMs used for the pacing experiments (Day1: 8.38 ± 1.00, n = 9 cells; Day 2: 9.17 ± 0.56, 

n = 11 cells; Day 3: 6.75 ± 1.16, n = 10) showed a higher t-tubule density to begin with on the 

day of isolation compared to the cells used for the non-paced experiments (Day1: 5.84 ± 1.06, n 

= 9 cells; Day 2: 4.28 ± 0.63, n = 11 cells) (Fig. 19C, D). These data indicate an inherent 

variability in the t-tubular densities occurring in these cells shortly after isolation.  Treatment of 

paced VMs with Apocynin significantly attenuated the rate of t-tubular loss in comparison to 

Control cells at both 24 h (Apocynin: t-tubule24h: 6.90 ± 0.71, n = 30, p < 0.05; Control: t-

tubule24h: 4.94 ± 0.48; n = 27) and at 48 h (Apocynin: t-tubule48h: 4.62 ± 0.79, n = 21, p < 0.05; 

Control: t-tubule48h: 2.52 ± 0.50; n = 22) (Fig. 19E). These results suggest that NOX-dependent 

ROS generation could play a potential role in t-tubular remodeling. 
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Figure 19: Integrity of t-tubular system in paced and non-paced conditions.  

Percentage of t-tubules preserved in control cultures as a function of time in paced (A) and non-

paced conditions (B). T-tubule density of cells used for paced (C) and non-paced experiments 

(D) following isolation during different experimental days. The rate of t-tubular loss as a function 
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of time in Control and Apocynin treated groups (E) [Number in the bars represent the number of 

cells analyzed in each group and number within the parenthesis indicate number of animals 

from which the cells were obtained]. 

 

3.2 Effect of mitochondrial and cytoplasmic reactive oxygen species and  

transverse-tubule remodeling 

Apocynin treatment did not entirely prevent t-tubular loss in vitro and hence we aimed to 

determine if alternative sources of ROS contributes to t-tubular remodeling. For this purpose, 

non-paced VMs were treated with a mitochondrial and cytoplasmic ROS scavenger, Mito-

TEMPO and Tempol respectively, for 48 h. Tempol and Mito-TEMPO treatment did not 

significantly attenuate the rate of t-tubular loss as compared to untreated controls at 24 h 

(Tempol: t-tubule24h: 5.22 ± 0.72, n = 18; Mito-TEMPO: t-tubule24h: 4.33 ± 0.58, n = 17; Control: 

t-tubule24h: 5.03 ± 0.74, n = 19) and at 48 h (Tempol: t-tubule48h: 3.51 ± 0.43, n = 18; Mito-

TEMPO: t-tubule48h: 2.98 ± 0.49, n = 17; Control: t-tubule48h: 3.49 ± 0.71, n = 16) (Fig. 20A). The 

overlay of representative power spectra depicting t-tubular density in control and treatment 

groups indicates the characteristic peak occurrence of t-tubules at 0.5 µm-1 after 48 h (Fig. 20B). 

Analysis of the above experimental data as a percentage of area occupied by di-8-ANEPPS 

stained t-tubules normalized to the control cells also revealed the same result following 48 h 

(Tempol: t-tubule48h: 0.293 ± 0.03, n = 18; Mito-TEMPO: t-tubule48h: 0.228 ± 0.03, n = 17; 

Control: t-tubule48h: 0.365 ± 0.05, n = 16) (Fig. 20C). These results suggest that scavenging of 

mitochondrial and cytoplasmic ROS does not significantly contribute to attenuating rate of t-

tubular loss in culture.   
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Figure 20: Inhibition of cytoplasmic and mitochondrial-ROS production does not reduce the rate 

of t-tubule loss in non-paced VMs. T-tubule density analysis using FFT of isolated rabbit 

ventricular myocytes after Control, Tempol and Mito-TEMPO treatment for 48 h in non-paced 

cultures (A) (n = 2 animals) [Number on the bars represent the number of cells analyzed in each 

group]. Power spectrum showing the characteristic peak occurrence (0.5 µm-1  - 0.6 µm-1) 

indicating t-tubule network integrity in Control, Tempol and Mito-TEMPO groups after 48 h  (B) 

and t-tubule density represented as normalized percent area (C). 
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4. DISCUSSION 

This study demonstrates a putative role for NOX-mediated ROS production in  

t-tubular remodeling in culture. Treatment of rabbit VMs with a NOX inhibitor significantly 

attenuated the rate of loss of t-tubules in culture. However, results using global and 

mitochondrial ROS scavengers remained inconclusive. Overall the results could suggest that 

NOX dependent ROS regulates t-tubular remodeling in our culture model but the experimental 

results need to be verified by the use of additional NOX2 inhibitors and ROS scavengers. At this 

point no conclusions can be drawn by which mechanism ROS influences t-tubules or their 

regulating proteins.  

T-tubule integrity was analyzed using two image analysis techniques as described in the 

method sections. The first method involves generating binary images based on the input image, 

which could either be in gray scale or color. Binary images contain only black and white pixels 

and an intensity threshold value determines assigning each intensity in the input image to either 

black (background) or white (foreground). This therefore enables the separation of the areas of 

interest in the image as foreground from the areas that belong to the background. This kind of 

image processing is known as thresholding of images [150] and was implemented in this study 

using Image J. Determination of the intensity threshold value is carried out with respect to the 

user-defined selection area by the default isodata thresholding algorithm in ImageJ and this 

strategy can introduce an intrinsic variability of user-defined bias in computing the t-tubule 

density. Additionally, one can choose from different algorithms to threshold images, which can 

further enhance the variability in the analysis. Therefore, a second technique was used which 

involved employing FFT technique to process images. This analysis determined the frequency 

of occurrence of a repeating element in an image. The default algorithm used by Igor Pro to 

carry out FFT is Cooley-Tukey algorithm [151]. Results obtained from both image-processing 

techniques were comparable, indicating that the user-defined bias introduced by the 
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thresholding technique does not influence in the experimental conclusions. Nevertheless, the 

FFT technique was adopted for image analysis in this study. 

In contrary to experimental results obtained by Tomori K et al [149], rate of t-tubular loss 

due to contractile inactivity was not significantly attenuated by electrical stimulation in our 

culture model. One reason for this discrepancy could be that the VMs used for the study started 

out with an attenuated t-tubular density, immediately after isolation from the animal. (Fig. 19 C, 

D). This could be due to variations in isolation quality or inherent variability in t-tubule structures 

among the rabbits even before cell isolation. To address this problem replicate experiments 

need to be carried out with cells isolated from more animals for the non-paced cultures and 

paced cultures.  

Mechanisms underlying t-tubular remodeling are still incompletely understood. NOX-

mediated ROS production has been shown to cause pathological remodeling of cardiac tissue 

[152]. A significant and sustained increase in NADPH oxidase activation was found that 

correlated with increased expression of NOX2, p22 phox and p67 phox, in cardiomyocytes of a 

guinea-pig model of pressure overload left ventricular hypertrophy (LVH) [133]. Additionally, 

NOX2-deficient mice subjected to aortic banding showed evidence of significantly better 

contractile function than wild-type animals both in whole hearts and at the level of isolated 

cardiomyocytes thereby suggesting that increased ROS, has a direct effect on contractile 

function [153]. NOX2 and its associated oxidase subunit expression have shown to be 

increased at sites of infarcted myocardium in a rat model [65].  

In vitro experiments examining the role of the cytoskeletal remodeling in t-tubular 

maintenance have shown that actin stabilization significantly attenuated t-tubular remodeling 

[140, 148]. Experiments in non-cardiomyocytes demonstrated that H2O2 as well as Angiotensin 

II treatment leads to ROS dependent actin rearrangement [154]. However, at this point we can 

only speculate that the ROS dependent modulation of actin filaments contributes to t-tubular 

remodeling in culture.  



 64 

An interesting finding of these preliminary experiments is that in contrast to the NOX 

inhibitor, treatment of VMs with either Tempol or Mito-TEMPO did not affect t-tubular 

remodeling. The lack of effect of Mito-TEMPO could indicate that mitochondrial oxidative stress 

may not contribute to the remodeling process; however, we had hypothesized that the 

cytoplasmic ROS scavenger to mimic the effect of Apocynin. One reason for this could be that 

the effects on t-tubular remodeling by Apocynin dependent NOX inhibition are different from 

scavenging the produced ROS. This could be determined by the use of other NOX or NOX2 

specific inhibitors or analysis of t-tubular remodeling in NOX2 knockout (NOX2 KO) mice. 

Alternatively it could be that inhibition of ROS production in comparison to scavenging the 

already produced ROS more effectively attenuates t-tubular remodeling. Yet another 

explanation could be that the concentration of Tempol used in this study (100 µmol/L) was 

ineffective in scavenging all the cytoplasmic ROS. Use of higher concentrations of Tempol 

(ranging from 0.5 mmol/L - 1 mmol/L) has been shown in vitro studies [155]. Therefore, further 

experiments need to be conducted to investigate the causal roles played by ROS produced in 

the cell in t-tubule remodeling. Although, the results suggest that NOX-dependent ROS 

generation could potentially enhance t-tubular remodeling in vitro, remodeling of the t-tubular 

system could not be completely prevented by inhibition of this pathway. Hence, ROS produced 

from alternative sources or secondary mechanism such as lack of contractile activity cannot yet 

be ruled out as a significant contributor to t-tubular remodeling. Further experiments need to be 

conducted to elucidate the underlying mechanism initiating t-tubular remodeling.   
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5. CONCLUSION 

Inhibition of NOX-mediated ROS production by Apocynin attenuates but does not 

prevent the rate of t-tubular loss in rabbit VMs under both paced and non-paced conditions 

indicating that NOX-dependent ROS generation may play a potential role in t-tubular 

remodeling. While further experiments are necessary to clarify the role and the source of ROS 

that influences t-tubular remodeling, these initial experiments indicate ROS as a 

pharmacological target to attenuate subcellular remodeling during hypertrophy and the 

consequent decrease in contractile function.  

 

6. FUTURE DIRECTIONS 

The preliminary experiments presented here served to address the specific aim of the 

study, which is, to investigate the relationship between ROS production and t-tubule remodeling. 

Further experiments need to be conducted so as to address the discussed concerns of the 

preliminary data obtained. To clarify whether pacing of the VMs contributes to prolonged 

maintenance of t-tubules in culture, replicate experiments need to be carried out for both paced 

and non-paced culture conditions. Treatment of rabbit VMs with higher concentrations of 

Tempol need to be conducted to eliminate a concentration dependent effect on its efficacy to 

scavenge cytoplasmic ROS. Alternatively, treatment of VMs with inhibitors to block the two 

predominant isoforms, NOX2 and NOX4 in cardiomyocytes need to be carried out. To strongly 

implicate that NOX dependent ROS produced is a potential contributor to t-tubular remodeling, 

experiments need to be carried out using cells from NOX KO animals in addition to studies 

conducted using NOX2/NOX4 inhibitors. Measurement of ROS levels produced in both control 

and Apocynin treated cells have to be carried out to determine the possible direct role played by 

ROS in t-tubular remodeling. Future experiments will also involve the measurement of ROS-

dependent modification of the proteins regulating the cytoskeletal elements such as actin. 
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