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Abstract 

The limited ability of the human heart to regenerate has made myocardial 

infarction and heart failure debilitating conditions. Recently, an approach using pluri- 

or multi-potent stem cells to repair damaged heart tissue is being explored for its 

potential to regenerate tissue as a tailored, patient-specific treatment. However, the 

mechanisms of integration remain unclear, and many cardiac grafting procedures 

utilizing both embryonic and adult stem cells have been met with limited success. 

While current evidence suggests that grafts are likely viable in host myocardium, 

clinical studies have reported pro-arrhythmic side-effects following transplantation, 

which arise from disrupted propagation patterns. These issues may be attributed to 

grafts lacking cardiac differentiation, or possessing conduction properties inconsistent 

with the host tissue. Consequently, understanding the role of the electrical 

environment throughout the engraftment process is necessary, but infeasible due to a 

lack of proper tools. Elucidating the electrical aspects of stem cell transplantation aims 

to ensure proper integration of the transplanted cells to prevent aberrant electrical 

pathways in the heart.  

In this work, a set of in vitro tools were developed to study the potential 

mechanisms underlying the risk of arrhythmia following stem cell transplantation. A 

planar microelectrode array was first used to investigate the possibility of conduction 

block if undifferentiated or non-cardiomyocyte stem cells, such as mesenchymal stem 

cells, are used as grafts. Conduction in murine cardiomyocytes was purposely blocked 

by co-culture with non-conducting murine fibroblasts, and a novel mathematical 

transform known as a co-occurrence matrix was developed to quantitatively analyze 

the uniformity of conduction. The observed sensitivity of cardiomyocyte conduction 

illustrated the risk of grafting non-cardiomyocyte cell types despite any potential of 

differentiating into muscle-like cells.   

Unlike non-conducting fibroblasts, stem cell grafts are expected to electrically 

conduct if proper cardiac differentiation takes place. However, possible differences in 

the conduction properties of these grafts may still lead to arrhythmia. To perform a 
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controlled study of such conduction mismatch, an in vitro co-culture system coupled 

to microelectrode arrays was developed. Spatially separated cultures representing the 

host and the graft were allowed to gradually merge above the microelectrode array, 

allowing the measurement of conduction throughout the integration process. Modeled 

host and graft cell populations were evaluated by analyzing the co-occurrence matrix 

and conduction velocity for the quality and speed of conduction over time. Co-cultures 

between murine cardiomyocytes (host) and murine skeletal myoblasts (graft) exhibited 

significant differences in conduction despite synchronous electrical activity. In 

contrast, conduction was well matched when the same host cells were co-cultured with 

murine embryonic stem cells (mESC).  

A model using murine cardiomyocytes (host) and differentiating human 

embryonic stem cells (graft) allowed the characterization of conduction properties 

relevant to current trans-species animal models, and demonstrate the co-culture device 

as a screening platform for candidate graft cells. The limited region of the graft that 

supported conduction exhibited differences in the co-occurrence matrix as well as 

conduction velocity when compared to the host region. In an effort to improve the 

effects of conduction mismatch, both host and graft cell populations were electrically 

paced over the length of time the cultures remained viable (4-5 days). Although a 

difference between conduction velocities between host and graft was still observed, 

the overall uniformity of conduction improved in paced co-cultures, implying 

increased cardiac differentiation. 

A preliminary study of genomic changes due to paced mESCs resulted in a 

significant upregulation of several important cardiac genes and a significant 

downregulation of many embryonic genes. Further efforts are currently underway to 

examine gene expression with paced hESCs to optimize integration in the host-graft 

model, and ultimately to understand how the electrical environment influences stem 

cell transplantation.  
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global velocity value over the MEA............................................................... 41 
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Figure 3.5 Optical micrographs of co-cultures of murine HL-1 

cardiomyocytes and murine 3T3 fibroblasts were created in 

varying proportions. The spindle shaped morphology of the 

fibroblasts was distinct from the more evenly proportioned 

cardiomyocytes. ............................................................................................. 42 

Figure 3.6 The proportion of cardiomyocytes to fibroblasts were 

confirmed by imaging GFP expressing cardiomyocytes 

(Left). The relative expression of the emitted fluorescence 

was quantified, and demonstrated an appropriate increase in 

GFP expression as the proportion of cardiomyocytes 

increased (Right; N=3 per group). .................................................................. 43 

Figure 3.7 Plot of all 32 traces on an MEA with different proportions of 

HL-1 cardiomyocytes to 3T3 fibroblasts. (A) Signals detected 

in 100:0 ratio control culture, (B) 80:20, (C) 70:30, and (D) 

50:50 culture. Signals are only seen in specific channels in 

the 50:50 culture, with no sign of homogenous conduction, as 

seen in the 100:0 control group. The 80:20 and 70:30 cultures 

demonstrate intermediary behavior depicting groups of 

beating and non-beating cells. ........................................................................ 44 

Figure 3.8 Relationship between the proportion of cardiomyocytes to 

fibroblasts and the average number of electrodes detecting 

electrical activity (N=3 for each ratio, *P<0.05). Action 

potentials began to be consistently observed on multiple 

electrodes at a 70:30 ratio, although activity was not 

synchronous. With increasingly higher ratios of 

cardiomyocytes, larger regions of synchronous activity were 

observed. However, uniform propagation was only found in 

95:5 ratio and pure populations of cardiomyocytes. ...................................... 45 

Figure 3.9 Representation of conduction across a MEA using vector 

fields. (A) Propagation exhibited by a heterogeneous 

population of ratio 80:20 cardiomyocytes to fibroblasts where 

the conduction pattern is impeded by non-conductive 

fibroblasts. Smaller arrows depict inconsistent wavefront 

directions, and dotted arrows depict significantly slower 

velocities. Action potentials were not observed on all 

electrodes. Note the non-uniform propagation wavefront 

resulting from tissue heterogeneity. (B) 100:0 (pure) cultures 

of cardiomyocytes support continuous, almost unidirectional, 

propagation throughout the homogeneous population. .................................. 46 

Figure 3.10 Formation of the co-occurrence matrix is based on counting 

the number of times each LAT occurs in a phase plot. Within 

a given matrix of LATs (A), each entry is paired with its 

nearest neighbor (B), and noted (C). The values within each 

pair correspond to coordinates of the co-occurrence matrix, 

and number of occurrences are tallied (D). Steps B-D are 
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repeated for each entry in the original matrix in (A), and final 

co-occurrence matrix is the sum of these matrices. ........................................ 47 

Figure 3.11 The co-occurrence matrix demonstrated with a set of sample 

images. Each image consists of 300x300 pixels and exhibit 

grayscale intensities from 0 to 255 (top row). The 

corresponding co-occurrence matrices are displayed on the 

bottom row. Images that are uniform exhibit co-occurrence 

matrices that are clustered around the diagonal. The more an 

image is disordered, the farther away from the diagonal the 

co-occurrence matrix becomes. The energy and contrast 

values were all divided by 10
6
 for easier representation. ............................... 49 

Figure 3.12 Co-occurrence analysis was performed on heterogeneous co-

cultures of murine HL-1 cardiomyocytes and murine 3T3 

fibroblasts. Representative phase maps display the relative 

LAT from the MEA as a depolarization wave travels from the 

white region to the dark region. Three groups of 

cardiomyocyte:fibroblast ratios exhibited unique co-

occurrence matrices, with values less distributed along the 

diagonal of the matrix as cultures contained a higher 

concentration of fibroblasts. ........................................................................... 50 

Figure 3.13 Energy and contrast values were averaged for three co-culture 

groups, and normalized to the average value of the 100:0 

group (N=3). Within both of these metrics, the 90:10 ratio 

was significantly greater than the 95:5 and 100:0 ratios, 

further confirming previous results that a 90:10 proportion of 

cardiomyocytes to fibroblasts severely disrupt electrical 

conduction. ..................................................................................................... 51 

Figure 3.14 Finite element models were created of mixed co-cultures of 

cardiomyocytes and fibroblasts in successive proportions. 

Within each group, a cardiomyocyte was chosen at random to 

initiate an electrical impulse. Similar to the lateral isochrones 

map in Figure 3.4, early stage depolarization is shown in blue 

(time = 0), while late stage is shown in red. A path for 

electrical conduction was not present until the culture 

contained at least 40% cardiomyocytes.......................................................... 53 

Figure 3.15 Representative samples of co-occurrence matrices from finite 

element models of heterogenous cultures. As the proportion 

of fibroblasts increased, co-occurrence pairs were no longer 

as aligned along the diagonal, but began spreading outward. ........................ 54 

Figure 3.16 Co-occurrence analysis on finite element models revealed 

trends as the proportion of fibroblasts increased. Disruption 

of conduction did not significantly change the energy value, 

but did heavily influence the contrast value. However, as the 

proportion of non-conducting fibroblasts made up the 

majority of the culture, larger regions did not exhibit any 

file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605268
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605269
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605270
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605270
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605270
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605270
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605270
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605270
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605270
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605271
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605271
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605271
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605271
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605271
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605271
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605271
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605271
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605272
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605272
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605272
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605272
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605273
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605273
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605273
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605273
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605273
file:///C:/Users/mqchen/Desktop/Thesis/Dissertation%20Final%20MQC.docx%23_Toc267605273


xxi 

 

electrical activity leading to a sudden increase in energy. N=5 

per group. ....................................................................................................... 55 

Figure 4.1  Co-culture apparatus. (A) A co-culture wall divides the center 

recording array into 6 x 3 sub-arrays and allows analysis of 

the boundary between cultures. (B) The reusable acrylic 

barrier bisects the ring and defines two chambers. (C) The 

ring is held face-down in place with an accompanying 

support structure, consisting of a base clamped around the 

petri dish, and an overhanging arm contacting the ring 

through a 20-gauge needle. ............................................................................ 58 

Figure 4.2  (A) HL-1 cardiomyocytes were seeded on both sides of the 

barrier in a standard 35 mm Petri dish and allowed to merge. 

Initial cell contact was observed at 25 hours. (B) The same 

experiment was performed on a MEA, where two 

asynchronous sets of electrical signal were initially observed, 

but synchronized after merging also 25 hours after removing 

the barrier. ...................................................................................................... 61 

Figure 4.3  (A) Following removal of the co-culture device, cells were 

divided over the surface of the MEA and exposed to 10 µM 

ISO. (B) A differential response between WT and DKO 

cultures was observed in action potential rate and amplitude 

as shown from two representative electrodes.  WT activity 

displayed a bursting rhythm of contractions while DKO cells 

did not respond due to a lack of appropriate receptors. The 

spaces in between WT data points indicate no activity. (C) 

Extracellular action potential traces during the time indicated 

by the dashed boxes in (B) are shown during ISO exposure, 

revealing the change in action potential amplitude in the WT 

cells as a result of the bursting contraction behavior. .................................... 62 

Figure 4.4  The beat rate response of WT and DKO co-cultures in a 

heterogeneous population behaved as a single syncitium with 

synchronous rates of contraction across six representative 

electrodes.  (B) WT cells responded with an increase in signal 

amplitude to 10 µM ISO, while DKO cells revealed a much 

smaller response that was likely due to the change of beat rate 

in both populations. (C) Analysis across electrodes within 

each region were consistent, and revealed a significant 

(*P<0.05, represented as a bar between significant groups) 

increase in WT culture signal amplitudes due to ISO 

exposure. Repeated trials (N=4) displayed similar significant 

increases in WT culture signal amplitudes without any 

bursting behavior as seen in Figure 4.3. ......................................................... 63 

Figure 4.5  HL-1 cardiomyocytes (host) were co-cultured with C2C12 

skeletal myoblasts (graft).  (A) A representation of the MEA 

displays electrodes after cultures have merged on Day 2.  

Electrodes displaying electrical activity on Day 2 were 
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assumed to originate from the host, and are represented by 

solid circles. Additional electrodes on the graft side that 

previously did not display activity began exhibiting action 

potentials in subsequent days and are represented by 

triangles. (B) Activity from the highlighted electrodes are 

displayed for Day 4, showing a difference in amplitude 

between cultures, but still synchronous behavior (N=5). (C) 

Conduction analysis on both sides on Day 4 indicated that 

electrical activity originated from the host, and experienced a 

significant (P<0.05) decrease in conduction velocity on the 

graft side, as averaged across five beats. ........................................................ 65 

Figure 4.6  Co-occurrence analysis was performed on the conduction of 

the HL-1-C2C12  co-culture. An example of co-occurrence 

matrices from a single co-culture is shown on top. 

Normalized energy and contrast metrics (bottom) did not 

exhibit significant differences, suggesting that conduction 

was fairly uniform in the cultures (N=6). ....................................................... 66 

Figure 4.7  Murine ESCs were co-cultured with HL-1 cardiomyocytes. 

After two days of co-culture, electrical signals were observed 

on the graft region of the MEA. Analysis of the conduction 

velocity did not display any notable changes between the two 

cultures ........................................................................................................... 69 

Figure 4.8  Co-occurrence analysis was performed on the conduction of 

the HL-1-mESC co-culture. An example of co-occurrence 

matrices from a single co-culture is shown on top. 

Normalized energy and contrast metrics (bottom) did not 

exhibit significant differences, suggesting that conduction 

was fairly uniform in the cultures (N=9). ....................................................... 69 

Figure 5.1  An example of EB activity on a MEA over several weeks is 

shown. Action potentials collected from two minutes of 

recording each day were used to calculate the beat rate and 

action potential amplitudes. Over the course of two weeks, 

signals remained robust without any noticeable loss of 

activity. ........................................................................................................... 73 

Figure 5.2  Over the course of 22 days, different electrical patterns 

developed in human embryonic stem cells (hESC). Each trace 

in the above figure represents the raw signal from individual 

electrodes. Eventually, synchronized beating was sometimes 

achieved, as evidenced by similar electrical activity over all 

the active electrodes. These results were used to characterize 

the development of electrical activity and determined the 

appropriate differentiation stage of hESC to be used in co-

culture experiments (N=4). ............................................................................ 74 

Figure 5.3  A verification study was performed to ensure that any 

electrical activity observed by the MEA was not due to 
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migrating cardiomyocytes. (A) Micrograph of hESC-HL-1 

cardiomyocyte co-cultures after 6 days. (B) HL-1 

cardiomyocytes were GFP labeled for optical analysis of the 

boundary. The scale bar indicates the distance between 

electrodes on the MEA in a fluorescent image (all images are 

at the same scale). (C) Fluorescent images were converted 

into a binary matrix, and the boundary was mapped. (D) A 

linear fit was then calculated using the point at the boundary, 

and the resulting line from each day was overlaid. Over the 

course of six days, the boundary moved only 5.7 ± 2.0 µm 

(N=5). ............................................................................................................. 75 

Figure 5.4  Representative conduction map of host-graft model with 

differentiating hESCs. HL-1 cardiomyocytes (host, left) were 

co-cultured with differentiating hESCs (graft, right). By Day 

5 of co-culture, additional electrodes on the graft region 

exhibited synchronous action potentials, with a conduction 

velocity significantly greater than host tissue. Over multiple 

samples, conduction velocity was 2.6±0.8 times higher than 

host region (N=11, P<0.05). ........................................................................... 77 

Figure 5.5  Co-occurrence matrix analysis on co-cultures between HL-1 

cardiomyocytes and normally differentiating hESCs (labeled 

“hESC”) at Day 14. An example of co-occurrence matrices 

from a HL-1- hESC co-culture is displayed on top. Energy 

and contrast values are depicted in the chart below. 

Conduction exhibited by hESCs resulted in a slight increase 

in energy and a decrease in contrast (N=11; *P<0.05). 

Conduction within the graft region appeared even more 

uniform than in the host region. ..................................................................... 78 

Figure 5.6  Immunoflourescent analysis of the co-culture boundary in 

two samples. HL-1 cardiomyocytes and GFP expressing 

hESCs were co-cultures for seven days and fixed (D, I). 

Immunofluorecent imaging was performed in the region 

outlined in the dotted box for nuclei (A, F; DAPI), GFP (B, 

G), gap junctions (C; Cx43), and troponin-T (H). Images 

were also overlaid (E,J). Cardiac markers were observed at 

the boundary, but did not extend further than approximately 

200 µm from the boundary. Similar results were found for 

cardiac troponin-T (N=4 with Cx43, N=4 with troponin-T). 

All images for Cx43 and TnT share the scale bar in images D 

and I, respectively. ......................................................................................... 80 

Figure 5.7  EBs (Day 25) were purified using a Percoll gradient and co-

cultured with HL-1 cardiomyocytes. A plot of the conduction 

over the MEA revealed that a depolarization wave can be 

passed from “host” to “graft,” but the uniformity of the signal 

degrades past the boundary region. Action potentials 
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observed on the “graft” region also exhibited smaller 

amplitudes. ..................................................................................................... 81 

Figure 5.8  Co-occurrence matrix analysis on co-cultures between HL-1 

cardiomyocytes and Percoll-purified hESC at Day 25 (labeled 

“PP hESC”). An example of co-occurrence matrices from a 

HL-1- PP hESC co-culture is shown on top. Energy and 

contrast values are depicted in the chart below. PP hESC 

were highly non-uniform, with a significant increase in the 

contrast value (N=6, *P<0.05). ...................................................................... 82 

Figure 5.9  Co-cultures of HL-1 cardiomyocytes (host) and 

differentiating hESCs (graft) were paced throughout the 

integration process, and the number of electrodes that 

displayed electrical activity within the graft region was 

counted. Paced samples displayed a consistently higher 

number of active electrodes, although the differences were 

not statistically significant (N=4 per group)................................................... 84 

Figure 5.10  Co-cultures of HL-1 cardiomyocytes (host) and 

differentiating hESCs (graft) were paced throughout the 

integration process, and the conduction velocity within each 

region was calculated and normalized to the velocity in the 

host region. No detectable conduction was observed on Day 3 

in non-paced samples (N=4 per group). ......................................................... 85 

Figure 5.11  Co-occurrence analysis of paced co-cultures of HL-1 

cardiomyocytes (host) and differentiating hESCs (graft) 

demonstrated widespread differences between paced and non-

paced samples. Energy levels remained relatively similar 

during Day 3 and 4, but dropped significantly by Day 5. A 

decrease in energy suggests a more distributed co-occurrence 

matrix. Contrast levels in paced cultures were significantly 

lower than non-paced cultures beginning on Day 3 (N=4 per 

group; *P<0.05). ............................................................................................. 85 

Figure 6.1 ESCs were stimulated using the larger auxiliary electrodes 

located (highlighted in red) on the microelectrode array. .............................. 91 

Figure 6.2 Two LTC1151 operational amplifiers were configured as a 

voltage-controlled current source to deliver a precise current 

pulse. A high-side current sense circuit (shown on the lower 

right) was applied using a LT1167 instrumentation amplifier 

to monitor the current delivered to the load (ie. electrodes and 

cell culture). .................................................................................................... 91 

Figure 6.3 The magnitude and phase angle of the impedance of the 

stimulation electrodes in a single MEA chip was measured 

before and after stimulation experiments. No notable changes 

were observed, which would suggest that the stimulation 

system did not adverse impact the electrodes. ............................................... 92 
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Figure 6.4 Dose-response charts of electrically stimulated ESCs. ESCs 

at three different differentiation stages were locally 

stimulated using the MEAs over three stimulation amplitudes.  

Early Stage ES cells were relatively unchanged following low 

and mid-level amplitude electrical stimulation, but β-MHC 

was significantly upregulated at the highest level of 

stimulation.  Intermediate Stage ESCs exhibited a greater 

increase in cardiac markers, especially at a stimulation 

amplitude of 30 μA. However, higher levels of stimulation 

may have the opposite effect, as seen by the decrease in β-

MHC and troponin-T, and the increase in nanog.  Stimulation 

at the Terminal Stage, on the other hand, exhibited an 

increase in both cardiomyocyte and stem cell markers.  N=6-

8 per differentiation stage; * P<0.05. ............................................................. 96 

Figure 6.5 Partial stimulation of ES cells. To investigate the role of 

continuous stimulation, ESCs at the Intermediate Stage were 

stimulated for only half the typical 4-day period at 30 µA.  

ESCs that were stimulated for the first two days and then 

incubated for another two days exhibited the same amount of 

β-MHC as continuous 4-day stimulation.  However, troponin 

levels were relatively unchanged, and the stem cell marker 

nanog levels were slightly higher.  In the reverse situation 

where ESCs were not stimulated until the second half of the 

experiment, both cardiomyocyte cell markers did not show 

significant changes, while nanog levels were increased, 

although not significantly.  N=6-8 for each experimental 

condition; * P<0.05. ....................................................................................... 98 

Figure 6.6 Immunostaining of electrically stimulated cells. Following 

four days of continuous stimulation of Intermediate Stage ES 

cells at 30µA, samples were fixed for fluorescent analysis. In 

both stimulated and control cases, cells appeared confluent, 

and were confirmed with nuclei staining (top two panels).  In 

addition, cells were stained for troponin-T (lower two 

panels).  Qualitatively, stimulated samples displayed higher 

amounts of troponin-T and is repeatedly observed in other 

samples (N=4).  The increase in tropnin-T due to stimulation 

was not limited to the areas around the electrodes 

(highlighted in the dotted regions), but nonetheless stayed 

within the general vicinity. ............................................................................. 99 

Figure 6.7 Immunostaining of stimulated cells. Intermediate Stage ES 

cells stimulated at 30 μA for four days were trypsinized, 

lightly re-plated onto glass chamber slides, and imaged on a 

fluorescent microscope.  Cardiomyocyte marker troponin-T, 

gap junction Cx43, and ES marker Oct4 were stained in green 

while nuclei were stained in blue. ................................................................ 100 
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Figure 6.8 Categories of altered gene expression following electrical 

stimulation. Ingenuity Pathway Analysis displays the function 

categories that exhibited the highest level of statistically 

significant changes following electrical stimulation.  Among 

many changes in development, many specific physiological 

systems such as the nervous, hematological, musculoskeletal, 

and cardiovascular development were noted. ............................................... 105 

Figure 7.1 Examples of developing action potentials in differentiating 

hESC cultures co-cultured with HL-1 cardiomyocytes. Only 

three out of six samples exhibited electrical activity on the 

graft regions. Traces are displayed one day prior to the 

observation of electrical activity in the graft region (left). One 

day later on Day 5 (right), the same traces displayed electrical 

activity, which was initiated by an action potential generated 

within the host population. ........................................................................... 112 

Figure 7.2 A electrode design using an inter-digitated configuration. (A) 

One electrode is used for a signal input, while the opposing 

electrode is grounded. (B) A 3D finite element model of the 

resulting electric field from 30 µA biphasic square wave 

pulses was created using Comsol Multiphysics (Comsol, 

Stockhom, Sweden). Cross-sections of the stimulating 

electrodes are displayed as the black bars, and the ground 

electrodes are displayed as white bars. The color gradient on 

the surface displays the electrical gradient from stimulating 

electrode to the ground electrode. The maximum current 

density was found at the edges of the electrodes, and 

dissipated outward. The paths of current are represented by 

the blue traces. .............................................................................................. 113 

Figure 7.3 Inter-digitated electrodes were fabricated and tested. (A) Two 

sets of platinum electrodes were fabricated using standard 

deposition techniques, and arranged in an opposing 

orientation. One electrode is pulsed, while the opposing 

electrode is grounded. (B) Human embryonic stem cells were 

cultured over the electrodes (black bars) using a gelatin 

surface coating for up to six days. Cells appeared healthy 

over several days after stimulation from a 30 µA biphasic 
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1 Introduction and Motivation 

1.1. Stem Cells  

Biological systems can be observed from many viewpoints, from the largest 

ecological preserve all the way down to the smallest organism. From each perspective, 

the complexities associated with life reveal fascinating characteristics as discoveries 

are made, but never fail to produce more questions than answers. Even the cell, one of 

the smallest known independent biological systems, operates in ways that are far from 

being fully understood. Despite how long cells have been studied, new findings 

continue to have profound influences on medicine and biology. 

Using only a basic microscope, Robert Hook (1635-1702) was the first to 

describe a cell in his 1665 book Micrographia. Its importance was not fully grasped 

however, until much later when in 1824 Henri Dutrochet (1776-1847) suggested that a 

single cell may exist as a “physiological unit” capable of making up all living tissues 

and undergoing some unknown actions to create more cells. While observing plant 

cells, Barthlemy Dumortier (1797-1878) described cellular reproduction as a process 

of “binary fission” (cell division) in 1832. This claim was able to refute ideas that new 

cells arise within old ones, or that they might form spontaneously from non-cellular 

material [1]. The concept of cell division was groundbreaking because it was one of 

the first clues toward understanding how multi-cellular organisms develop and 

regenerate. A breakthrough made much later in the early 1900s claimed that blood 

cells were not only able to divide, but also able to “differentiate,” or transform into 

types different from their parent cells. In 1963, James Til and Ernest McCulloch 

further discovered a cell type within murine bone marrow capable of extensively 

proliferating and transforming into many other types of cells [2]. They called these 

mysterious cells “stem cells.” 
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Over time, the notion that a single cell may give rise to other cell types 

inspired the theory that all cells may originate from a single source. As new 

technologies became available that allowed researchers to examine mammalian 

development, these original stem cells were found to exist right from the beginning: 

after a sperm fuses with an egg. The ability for two cells to join together, appropriately 

divide, and subsequently form a functional body has inevitably raised deep questions. 

Such cells must be able to respond accurately to a multitude of cues, such as chemical 

signals, mechanical forces, and electric fields that guide them to their eventual fate.  

During differentiation, stem cells generally follow a sequential path over many 

cell divisions before transforming into a specific, mature cell type. As these cells 

become more developed, they tend to lose much of their proliferative abilities. By 

adulthood, most of the remaining stem cells have reached a steady state, and operate 

primarily to maintain the surrounding tissue. While it is generally accepted that stem 

cells are also capable of transforming backwards during the development process, it is 

still unclear whether stem cells are capable of abruptly jumping to a parallel lineage to 

continue developing. 

The inherent potential of stem cells to differentiate into multiple cell types 

makes them ideal for understanding the origin and design of multicellular organisms. 

Despite the difficulty in isolating particular types of stem cells, many have now been 

successfully extracted, most notably the human embryonic stem cell by Thomson, et 

al. in 1998 [3]. These discoveries have enabled new waves of innovation for virtually 

any organ system in the body. There is also an elusive promise that stem cells can be 

used as a therapy to repair tissue damage, and even extend organismal life beyond that 

of component cells once differentiation and integration mechanisms are fully 

understood. 

 

1.2. Cardiac Regeneration Therapies 

Adult stem cells residing in organs vary widely in their ability to proliferate 

and differentiate. Some organs contain stem cells that are undisputedly, and 

frequently, active. Hematopoietic stem cells, for example, actively replenishes blood 
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cells every day [4]. On the other hand, the limited regenerative capacity of the heart 

prompts questions about whether or not cardiac stem cells continue to exist in adults.  

Heart failure affects an estimated 5 million people in the United States and is 

growing at a rate of 550,000 new cases each year [5,6]. Remodeling processes 

ultimately cumulate in the formation of non-contractile fibrous scars that do little to 

contribute, and often impede, normal heart function [7]. Without a viable alternative, 

current therapeutic modalities for heart failure rely initially on pharmaceutical agents 

to aid cardiac function. If this is unable to help, medical devices such as mechanical 

ventricular assist devices are implanted as a second line of defense, especially during 

late-stage heart failure. Although such devices have had phenomenal success in giving 

patients a reasonable quality of life, they still require a clinically invasive procedure, 

and provide only a portion of the total output of a fully functional heart. Alternatively, 

cardiac transplantation techniques are available that can address these issues. 

However, transplant treatments are severely restricted due to the limited availability of 

donor organs, complications in immunosuppressive therapy, and the long-term failure 

of grafted organs [8].  

The ability to repair and regenerate ischemic or damaged myocardium remains 

a challenging task. New approaches have been divided between transplanting 

exogenous cells into a damaged region and finding mechanisms to enable endogenous 

cardiomyocytes to re-enter the cell cycle and repair damaged tissue [9]. While both 

approaches are being actively researched, most of the current advances are in 

transplanting exogenous cells through a process called cellular cardiomyoplasty 

(CCM) [10]. The goal of a CCM procedure is to ultimately regenerate cardiomoyctes 

and support angiogenesis. However, it is still unclear what the optimal graft cell type 

should be, and what pre-conditioning is required, if any, to ensure proper integration 

into host myocardium. Experimental approaches have utilized a number of different 

cell types, including skeletal myoblasts [11], embryonic stem cells [12], bone marrow 

derived mesenchymal stem cells [13], enriched hematopoietic stem cells [14], and 

blood and bone marrow-derived endothelial progenitor cells [15]. The use of many 

non-cardiomyocyte cell types remains controversial, but such cells offer advantages 
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such as autologous origins, the potential of muscle-like differentiation, and possible 

ischemic resistance [11]. While stem cell transplantation have resulted various forms 

of functional improvement in human and animal subjects, the in vivo roles of 

transplanted cells in the myocardium remain unclear. The resulting functional 

improvement claimed from these studies may not necessarily correlate with the level 

of integration between a stem cell graft and host myocardium. Currently, the primary 

proof of integration is to demonstrate the presence of mechanical and electrical 

coupling proteins between graft and host tissue. Unfortunately, this is limited to a 

molecular scale and does not consider the level of participation from graft cells during 

each cardiac contraction cycle. Without this understanding, transplantation of 

exogenous cells may actually put an already damaged heart at greater risk by creating 

aberrant electrical pathways. 

 

1.3. Electrical Conduction in the Heart 

The complex functions of the heart are ultimately aimed towards pumping 

oxygenated blood throughout the body. Each mechanical contraction is initiated by an 

electrical signal that propagates throughout the myocardium in a very specific pattern. 

Electrical impulses are generated spontaneously in the sinoatrial nodal region of the 

heart. As the electrical signal reaches each cardiac cell, the cell responds by releasing 

a large store of calcium ions into the muscle fibers, eliciting a contraction. This 

process of “excitation-contraction coupling” helps form the basis of cardiac function, 

and highlights the importance of proper electrical rhythm. Unfortunately, disruption of 

electrical pathways is a very common condition that can be brought about from 

reentrant circuits, leading to varying degrees of cardiac arrhythmia. Damage from 

myocardial infarction, for example, often results in scar tissue formation which 

disturbs normal conduction. Typical methods of treatment include defibrillation of the 

entire heart through electrical cardioversion [16], radiofrequency ablation to block off 

re-entrant pathways [17], or pharmaceutical treatment strategies [18]. 
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The electrical properties that allow cardiac tissue to conduct an ionic current 

from one cell to another are unique and cannot be easily replaced with exogenous 

grafts. For similar reasons that fibrous scar tissue may disrupt normal rhythm despite 

forming electrical junctions with native tissue, the introduction of exogenous cells 

may complicate electrical pathways as well. Even if graft cells are able to differentiate 

into cardiac cells, the potential mismatch of properties that determine electrical 

conduction between host and graft cells cannot be ignored. The resulting disturbance 

of conduction has already been observed in human studies carried out with autologous 

skeletal myoblasts by Menasche, et al. [19]. In this clinical trial, four out of the ten 

subjects developed delayed episodes of sustained ventricular tachycardia after 

transplantation, and required implantation of an internal defibrillator. The implied 

arrhythmogenic risk involved in stem cell transplantation therefore calls for a greater 

understanding between the electrical conduction between grafts and host myocardium. 

However, even if all injected cells were to reach their desired destinations and 

functionally couple with host tissue, it would be impossible to thoroughly investigate 

conduction mismatches in vivo without highly invasive techniques. As a practical 

alternative, in vitro models can be used to characterize the cellular interactions that 

take place, and may determine the extent to which transplanted cells can differentiate 

into functional cardiomoyctes and positively contribute to normal rhythm.  

 

1.4. In vitro Cell Based Assays for Electrical 

Characterization 

Electrical conduction patterns found in the heart can be modeled in vitro using 

cultured cardiac cells and studied through a number of techniques. One of the most 

common methods to observe impulse propagation in a cardiac cell culture is through 

voltage or calcium sensitive fluorescent dyes [20]. Utilizing this procedure does not 

require specialized equipment beyond an imaging system to capture fluorescent 

intensities. Moreover, the resolution of the conduction patterns is only limited by the 

quality of the camera used to capture the fluorescent signal. However, such dyes 
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exhibit major cytotoxic properties, and therefore cannot be used for any long term 

electrical monitoring within the same tissue sample [21,22].  

An alternative method is to culture cardiomyocytes over a planar array of 

microelectrodes and measure action potentials extracellularly [23]. Because the 

electrodes are part of a planar substrate that does not couple directly to a cell as a 

patch-clamp would, this technique allows for long term analysis of multicellular 

cultures. One of the main advantages of a microelectrode array is the ability to provide 

temporal and spatial information simultaneously. By noting the time that an action 

potential reaches each electrode, the spread of electrical activity from one point to the 

next can be represented as a vector to illustrate the speed and direction of electrical 

propagation. A microelectrode array platform can be further built upon by adding 

stimulation electrodes to induce depolarization [24], or by spatially separating 

different cell types into regions of interest to probe differential or interactive events 

[25].   

Many cardiomyocyte properties are now understood, but the simultaneous 

interactions between graft and cardiac host tissue remain uncertain. Chang, et al. [26] 

used optical methods to examine electrical conduction in mixed co-cultures of rat 

ventricular myocytes and human mesenchymal stem cells. In one of the first in vitro 

studies to examine the risk of arrhythmia in stem cells transplantation, non-excitable 

mesenchymal stem cells were found to cause abnormal conduction patterns and 

predispose cultures to reentrant circuit pathways. Although much can be learned from 

these studies, they are limited by the fact that each cell type cannot be easily 

distinguished in the experimental setup, preventing further examination of the causes 

of reentry. 

To create a more spatially defined co-culture environment, various cell types 

have been cultured together in numerous experimental systems. Utilizing 

microfabrication techniques, investigators have achieved defined co-cultures by 

patterning biologically-reactive molecules on the culture surface prior to cell plating. 

This has allowed for the creation of stripes [27,28], islands [29], and other patterns of 

tissue for the investigation of cellular interactions or geometrical dependencies. 



7 

 

Although progress has been made revealing multi-cellular processes, patterning 

methods were permanent and often irreversible for the duration of an experiment. 

These methods of co-culture also involved a modified surface that may alter cell 

motility and function. 

 

1.5. A Model for Stem Cell Integration 

A set of in vitro tools are presented in this work to study the risk of arrhythmia 

after stem cells have been transplanted into a damaged heart. Applications are 

described to (1) analyze conduction in heterogeneous cultures, (2) explore the 

likelihood of mismatch in conduction properties between a cardiomyocyte host and 

candidate graft cell population, and (3) examine the role of electrical pacing on stem 

cell differentiation and integration. 

Graft cells that have not yet differentiated into cardiomyocytes, or are from a 

non-cardiomyocyte lineage (such as mesenchymal stem cells), may disrupt the transfer 

of an electrical signal across the heart. In order to quantitatively assess in vitro 

propagation patterns, new analysis metrics were developed based on a technique used 

for texture characterization known as a co-occurrence matrix. This mathematical 

transform was capable of evaluating murine cardiomyocyte cultures with conduction 

blocked using increasing proportions of murine fibroblasts. The resulting trends were 

also verified by analyzing a finite element model of the system. Use of the 

co-occurrence matrix was able to quantitatively demonstrate the degree of uniformity 

within electrical propagation patterns. 

Assuming that all transplanted cells are able to undergo cardiac differentiation, 

the ability to pass an electrical signal from the host myocardium still does not ensure 

that conduction will not be disrupted. A microelectrode array platform was used to 

model electrical integration between host cardiomyocytes and stem cell grafts through 

a versatile laser-etched co-culture chamber. This co-culture chamber separated host 

and graft cells on adjacent sides of a microelectrode array using a physical barrier. The 

barrier was removed once both cell types had adhered to their respective regions on 

the surface, allowing them to merge in a controlled manner. Potential mismatches 



8 

 

between each cell population on opposing ends of the microelectrode array were 

observed by comparing differences in co-occurrence matrices and conduction 

velocities. Murine skeletal myoblast graft cells were first co-cultured with murine 

cardiomyocytes to explore possible arrhythmogenic risks in grafting cells outside of 

the cardiomyocyte lineage. In contrasted, murine embryonic stem cells were 

co-culturing with murine cardiomyocytes. Finally, a trans-species model was 

demonstrated with murine cardiomyocytes and human embryonic stem cells. 

Embryonic stem cells have held much promise for their ability to differentiate into 

almost any cell type, and their plasticity has been thought to overcome differences in 

conduction properties by simply matching electrophysiologic characteristics with host 

tissue. The presented co-culture device was able to model these interactions in a 

controlled and reproducible manner.   

The lack of proper conduction in heterogeneous cultures prompted further 

efforts to investigate electrical mechanisms of differentiation in pluripotent stem cells 

within the demonstrated co-culture model. During and after the integration process, 

transplanted cells must have the capacity to differentiate into a mature cardiac 

phenotype. While it is known that chemical and mechanical environments can heavily 

influence cardiomyocyte differentiation [30,31], the role of the electrical environment 

on graft cells has not been fully explored. Electrical stimulation through 

microelectrodes was performed using a voltage-controlled current source on 

co-cultures of murine cardiomyocytes and human embryonic stem cells. The 

subsequent increase of cardiac differentiation drew attention to the importance of 

continuous electrical stimulation on graft cells, which is sometimes lacking or severely 

attenuated in diseased patients. This had inspired further efforts to explore cardiac 

gene expression in electrically paced stem cells. A murine model was first 

demonstrated in a preliminary study to establish the foundation for on-going studies 

using a human model.  

Probing the electrical interactions between stem cells and modeled host 

cardiomyocytes addresses major questions regarding the associated risk of arrhythmia. 

It is the hope that the set of tools and methods outlined in this work will be able to 
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enable breakthroughs in stem cell electrophysiology as well as inspire new 

technologies to bridge the gap between in vitro results and clinical progress.  
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2 Background and Theory 

2.1. Introduction 

Studying stem cell integration in the heart requires a broad background in 

cardiac physiology as well as stem cell biology. Complications in stem cell 

transplantation arise from unknown interactions between host and graft tissue types, 

making it crucial to be familiar with their individual properties. Because mechanical 

contractions in the heart are initiated by electrical signaling, it is important to 

understand the complex electrophysiologic interactions between host and graft tissues.  

Information about the heart and the processes that are involved during each 

contraction is presented in the first section of this chapter. The heart‟s electrical 

system is especially sensitive to tissue damage, leading to widespread problems when 

cardiac tissue is unable to repair itself. Stem cells engraftment at the site of injury 

remains one of the most promising methods for tissue regeneration. A review of 

regenerative strategies using stem cells is described in the second section of this 

chapter, and highlights the difficulty of studying stem cell transplantation in vivo.  

In vitro models for studying electrical interactions between host and graft 

tissue are a focused, low-cost alternative to live animal testing of stem cell 

engraftment. Devices such as microelectrode arrays are particularly well suited to this 

task because of their ability to provide information on electrical conduction across 

multicellular cultures. The theory and application of using microelectrodes for 

extracellular electrical sensing as well as pacing are discussed in the final section of 

this chapter. 
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2.2. The Heart: An Electromechanical Pump 

The heart is an electro-mechanical organ whose primary function is to supply 

oxygenated blood from the lungs to the tissues of the body. Structurally, the heart 

contains four chambers: the left and right atria, and the left and right ventricles. The 

atria are located superior to the ventricles, and are smaller in size. The two right 

chambers supply de-oxygenated (venous) blood to the lungs, while the left two 

chambers receive oxygenated (arterial) blood from the lungs and return it to the rest of 

the body.  

In a single cycle, venus blood from the vena cava fills the right atrium, and is 

delivered to the right ventricle through the tricuspid valve. Blood in the right ventricle 

is pushed through the pulmonary valve and into the pulmonary circuit for oxygenation. 

The resulting arterial blood is brought to the left atrium, pushed through the mitral 

valve to the left ventricle, and finally ejected through the aortic valve back into the 

body‟s circulation network. 

The process of oxygenating blood and delivering it through the aorta relies on 

a highly coordinated pumping action initiated by electrical signals. A group of cells 

located in the right atrium make up the sino-atrial (SA) node, where rhythmic 

electrical signals are spontaneously generated that lead to a mechanical contraction. 

Cardiac tissue allows electrical impulses started at the SA node to spread across both 

the right and left atria. The signals eventually converge to a second node at the 

interface between the atria and ventricles called the atrio-ventricular (AV) node. The 

slow conducting cells in the AV node cause a brief delay in the electrical propagation 

pathway before conducting the impulse through the bindle of His and on to specialized 

tissue called Purkinje fibers. The Purkinje fibers transmit the electrical impulse down 

to the inferior region of the ventricles and excite the surrounding cardiac cells. A 

ventricular contraction therefore begins from the apex of the heart towards the right 

and left atria, ejecting blood out of the heart either through pulmonary artery (right 

side), or the through the aorta (left side).  

The generation of electrical signals used to coordinate mechanical contractions 

is based on changes in the density of charged ions transferred through the cell 
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membranes of cardiac cells. The nature of these signals is better understood when 

observing a single cell as it undergoes a highly coordinated process known as the 

cardiac action potential. 

 

2.3. The Cardiac Action Potential 

Cardiac cells, or cardiomyocytes, are striated muscle cells that make up the 

walls of the heart, known as the myocardium. One of the primary functions of 

cardiomyocytes is to synchronously contract, and thus pump blood through the 

circulation system. Each contraction is initiated by a cardiac action potential, and is 

 

Figure 2.1  The intracellular cardiac action potential in a ventricular myocyte. The coordinated opening and 

closing of various ion channels control the electrical potential difference between a cell 

membrane. The action potential can be categorized by the particular phase it is operating in, 

starting with (A) resting at a membrane potential of about -80mV, (B) phase 0 depolarization, 

(C) phase 1 early repolarization, (D) phase 2 plateau, (E) phase 3 final repolarization, and (F) 

phase 4 baseline. In a pacemaker cell with current If, phase 4 will spontaneously start 

depolarizing. A typical action potential duration (APD) is about 200 ms.  
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what gives the heart its electrical characteristics. The action potential itself is a 

coordinated movement of ions through specific membrane structures, primarily ion 

channels, which momentarily changes the potential across a cell membrane. 

Under normal physiologic conditions, ion pumps maintain a higher 

concentration of Na
+ 

and Ca
2+

 outside the cell membrane, and a higher inside 

concentration of K
+
. The combined influence of intracellular and extracellular ion 

concentrations creates a normal resting intercellular potential of around -80mV. When 

an action potential is initiated, the cell membrane is impermeable to Na
+
 and Ca

2+
, but 

is permeable to K
+ 

through the K1 current, IK1. An additional acetylcholine-regulated 

K
+
 current IKACh is also used as an inward rectifier, and both IK1 and IKACh drive the 

potential across the membrane higher. As the positive potassium ions move out of the 

cell, the intercellular potential slowly changes until a threshold value is reached. At 

this point, a large current of Na
+
 flows through the sodium channel, designated as INa, 

and effectively depolarizes the cell membrane. After this event, Ca
2+

 ions enter the cell 

through the L-type Ca
2+ 

channel (ICaL), which maintains the depolarized state by 

balancing the net flow of K
+
 out of the cell. The K

+
 ions balance out the Ca

2+
 through 

a series of potassium channels characterized by their time-dependent properties. These 

include the transient-outward (Ito) and ultra-rapid (IKur), and rapid (IKr) and slow (IKs) 

Table 2.1 Principle Ion-Channels and Their Primary Functions [1] 

   

Ion-Channel Current Primary Function 

If Diastolic depolarization 

IK1 Resting potential, terminal repolarization 

IKACh Mediates acetylcholine effects 

IKs Phase 3 repolarization 

Ito  Early (Phase 1) repolarization 

IKur Phase 1-2 repolarization 

ICaL (L-type) Maintenance of plateau  

Electromechanical coupling 

ICaT (T-type) Involved in pacemaking 

INa Initial depolarization 

IGJ Intraceulluar conduction through gap junctions 
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delayed-rectifier currents which stabilize the fluxes to give the action potential a 

relatively flat plateau phase. Eventually, the IK1 and IKAch currents are re-activated to 

allow K
+
 ions to re-enter the cell and repolarize the cell membrane. Extra Na

+ 
and Ca

2+
 

ions inside the cell are released back outside the cell membrane by exchanging 

intracellular Na
+
 for extracellular K

+
 through the Na

+
/K

+
 -pump, followed by 

exchange of Na
+
 for Ca

2+ 
by the Na

+
/Ca

2+
 exchanger (NCX). This process is 

summarized in Figure 2.1 and Table 2.1 for a ventricular myocyte. 

The potential across a cell membrane can be approximated by the Nernst 

equation, which was originally developed to determine the equilibrium reduction 

potential of a half-cell in an electrochemical cell. The physiological analog of the 

Nernst equation can be expressed by Eq. 2.1 when a cell membrane is in 

thermodynamic equilibrium. 

  
  

  
  

                  

                 
 (2.1)  

The Nernst equation is an expression of the potential across a cell membrane E caused 

by a difference in ion concentration of charge z inside and outside the cell. The 

constant R is the universal gas constant (8.313 J/K-mol), T is the temperature in 

Kelvin, and F is the Faraday constant (9.648x10
4
 C/mol). One major limitation of the 

Nernst equation is the inability to take into account the role of other ions in the system. 

A more complete description of the membrane potential is provided by the Goldman-

Hodgkin-Katz voltage equation, more commonly known as the Goldman equation, as 

shown in Eq. 2.2.  

  
  

 
   

    
    

      
 
      

    
     

 
 

    
    

     
 
      

    
      

 
 

  (2.2)  

The Goldman equation closely resembles the Nernst equation, but incorporates the 

role of other ions. For N positive ions and M negative ions, their respective 

concentrations inside ([A
-
j]) and outside the cell membrane ([M

+
i]) are weighted by a 

permeability constant, P, which is a measure of the ion flux through a channel, 

expressed in meters per second.  

The many ion channels that participate in an action potential cause the charge 

distributions to vary widely depending on the configuration and concentration of 
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channels at each cell possesses. 

Indeed, there are large 

characteristic differences 

between atrial, ventricular, and 

pacemaker cardiomyocyte 

action potential morphologies.  

Both atrial and ventricular 

action potentials still carry the 

same general shape with an 

initial upstroke followed by a 

downstroke that eventually 

returns to baseline values. The 

main difference between atrial 

and ventricular action potentials 

is that atrial potentials do not 

have as long a plateau phase as 

in a ventricular myocyte. Instead, the highly reduced plateau phases in atrial myocytes 

are due to a different balance between Ca
2+ 

and K
+ 

channels. It has been reported that 

the atrial IK1 current may be six to ten fold smaller than ventricular IK1 current [36]. 

Pacemaker cells are responsible for initialing electrical activity in the heart 

spontaneously, and are configured very differently than other myocytes (Figure 2.2). 

These cells are primarily found in the nodal regions of the heart, and are much more 

permeable to K
+
 ions but still allow passive transfer of Ca

2+
 ions. Pacemaker cells also 

possess a special current described as the funny current, If, that dampens the 

downstroke of the action potential, and eventually raises the potential to threshold to 

initiate another one.   

The average baseline frequency of spontaneous depolarization is typically a 

function of species, but is also mediated by a variety of factors. There are many 

mechanisms to increase the rate of pacing, but the frequency is limited by a period of 

relative non-excitability called the refractory period. This period corresponds 

 

Figure 2.2 Pacemaker AP (black) superimposed on a  

ventricular (gray) and atrial (dotted) AP. The 

pacemaker AP possesses a slower upstroke 

without fast sodium currents, and a much shorter 

plateau phase from early inactivation of inward 

calcium currents relative to delayed rectifier 

potassium currents. 
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approximately to the action potential duration (APD), and is due to ions rearranging 

back to baseline concentrations. Pacemaker cells exhibit longer APDs than in atrial 

cells, which prevents invasion by ectopic impulses, and preserves pacing dominance 

[37]. 

The time of the inactivation of the Ca
2+

 and the K
+
 currents influences the 

duration of an action potential because these currents are sensitive to the 

transmembrane voltage and the timing of the external stimuli. The APD is often 

characterized as the time required to go from the onset of the upstroke to achieving 

50% or 90% repolarization to the resting potential (APD50 or APD90, respectively). 

During intense activity with higher heart rates, such as during exercise, the APD is 

often shorter. Qualitatively, this is explained by the need for a faster rate of 

contraction for greater pumping efficiency.  

Experimentally, many methods are available for modulating the cardiac action 

potential. A simple and direct method is to block the channel of interest from passing 

ions. Tetrodoxin (TTX), for instance, is a guanidinium-containing molecule that 

effectively blocks Na
+
 channels, and has been studied for anti-arrhythmic qualities 

[38]. Potassium channel blockers (class III anti-arrhythmics) include amiodarone, 

stalol, dofetilide, E-4031, and cofilium, and are used to dampen repolarization and 

extend the APD. Dihdropyridines (DHP) such as nifedipine or verapamil can be used 

to block the L-type calcium channel.  

The cardiac action potential is also mediated by many different signaling 

molecules that indirectly influence ion channels. Membrane proteins such as 

acetylcholinergic, nicotinic, and adrenergic receptors rely on secondary messenger 

responses to initiate a signaling cascade. Through a single binding event, these 

receptors are capable of controlling channels, pumps, and enzymes, as well as 

influencing cytoskeleton contraction, transcription factors, and many other protein 

activities [39]. Adrenergic receptors, which are heterotrimeric GTP binding protein 

(G-protein) receptors, in particular play a large clinical role in affecting 

vasoconstriction or vasodilation through sympathetic responses. The receptors are 

composed of many subtypes, categorized between α (primarily α1 and α2) and β 
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(primarily β1, β2, and β3) receptors that all direct different signaling cascades through 

agonists or antagonists such as isoproterenol and propanolol, respectively. 

 

2.3.2. Cardiovascular Disease 

The primary structural proteins in cardiomyocytes used for contraction are thin 

actin and thick myosin protein filaments. Unlike skeletal myoblasts, which are also 

striated and capable of contracting, cardiomyocytes are highly resistant to fatigue due 

to the large number of mitochondria, which allow them to pump efficiently. Muscle 

contraction operates within continuous aerobic respiration through oxidative 

phosphorylation. However, efficiency is reduced dramatically if cardiomyocytes are 

forced to operate through anaerobic metabolism in a hypoxic environment. If 

efficiency drops low enough, the heart will not be able to supply enough blood to its 

coronary circulation, leading to necrosis of cardiac tissue. 

Ischemia is a condition characterized by such oxygen deprivation to the heart. 

Circumstances that may lead to ischemia include the restriction of blood supply from 

atherosclerosis, tachycardia, low blood pressure, or extreme cold conditions. The 

heart‟s constant need for oxygen to continue pumping makes it particularly dangerous 

when oxygen is compromised. Complete restriction of oxygen to cardiac muscle for 

more than 20 minutes may result in irreversible damage [40].  

Natural repair processes for damaged cardiac tissue does not normally include 

the regeneration of healthy tissue. Instead, the damaged region is often replaced with 

non-contractile fibrous scar tissue which does not actively participate in cardiac 

function [11]. This inactive region not only decreases pumping efficiency, but also has 

the potential to disrupt electrical pathways. Due to the many different variables 

involved in cardiac impulse propagation [41], even a small block in conduction can 

lead to re-entrant circuits in the heart. If severe enough, a re-entrant pathway may 

excite cardiac tissue at an inappropriate stage in the pumping cycle to functionally 

impair the heart.   

While strategies for combating cardiovascular disease are improving, 

recovering patients are predisposed to complications in the future due to the limited 
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capacity of the heart to naturally repair itself [11]. Traditionally, heart muscle was not 

considered to contain any housekeeping mechanisms to repair against minor damage, 

and cardiomyocytes were expected to respond to physiological and pathological stress 

by hypertrophy rather than hyperplasia [42]. Fortunately, recent studies have reported 

evidence of cardiomyocytes re-entering the cell cycle and actively proliferating when 

damaged [43]. However, despite reporting 10-60 fold increases in mitotic figures, this 

was only found from a population of cells representing 0.015 to 0.08% of the total 

[44]. Such drastically low figures do not provide much optimism for natural 

regeneration.  

Greater hope might be found in natural cardiac regeneration processes if these 

dividing cardiomyocytes could be isolated and better understood, but these cells 

continue to remain elusive. A clue, however, was found from a source outside the 

heart. During investigations in sex-mismatched heart transplant patients, researchers 

noticed that some male recipients of female hearts carried cardiomyocytes with a 

male-specific Y chromosome [45, 46]. This was a fascinating case where cells from an 

extracardiac source integrated into myocardium and participated in normal cardiac 

function. Although this is not the first case of functional chromosomal mismatch 

between donors, it did indicate that cells outside of the heart might be capable of 

regenerating cardiac tissue.  

 

2.4. Tissue Regeneration 

Many biological tissues undergo self-renewal processes on a regular basis, and 

can be observed through events such as skin regeneration or muscle building. On a 

larger scale, even the tips of fingers have been observed to regenerate in children [47]. 

Although regeneration of an entire limb is not seen in humans, it is nonetheless 

observed in many other species, most notably amphibians. The mechanisms involved 

in limb regeneration provide a useful model for studying the physiological response 

during tissue repair. During this process, the body orchestrates the delivery of 

regenerative cells (which may include dedifferentiated cells) to the proper location, 

where the physical, humoral, and chemical environments influence the quality of the 
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repair. Many studies have reported on the role of the chemical environment on 

regeneration, and identified many important growth factors [48] and special receptors 

[49] that are crucial for repair processes. The molecular profile at the site of injury has 

also shown similarities to human cancer signatures [50]. However, the exposure of 

carcinogens to amphibians during regeneration of damaged tissues resulted in normal 

morphogenesis and differentiation, thus hinting at an inverse relationship between 

susceptibility to cancer and the ability to regenerate tissue [42]. At the center of all 

regenerative strategies are stem cells for their ability to proliferate and differentiate 

into the needed cell types. This section provides an overview of their characteristics, 

and how they could be used as future therapies for heart failure. 

 

2.4.1. Stem Cell Biology 

Stem cells are often loosely characterized by their ability to both self-renew 

and form one or more differentiated cell types. More formally, stem cells are cells that 

exhibit extensive self-renewal capacity, exist in a mitotically quiescent form, and 

clonally regenerate all of the different cell types that make up the tissue where they 

 

Figure 2.3 Stem cells undergo different patterns of activity during division which cause them to 

remain a stem cell “S,” or become a committed or restricted progenitor cell “P.” Intrinsic 

mechanisms include (A) asymmetric division, and (B) symmetric division. (C) Non-

intrinsic behavior may rely on external stimuli to direct the stem cell‟s next course of 

action. Examples of these patterns have all been observed in nature [3]. 
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exist [3]. Still, this definition hardly describes the unknown mechanisms involved with 

how stem cells proliferate and differentiate. Stem cell differentiation patterns are often 

tissue specific, and yet are still inconsistent across with different animal models. The 

cues that direct a stem cell to remain a stem cell, or differentiate into another cell type 

remain unclear. As described in Figure 2.3, stem cells may differentiate according to 

intrinsic mechanisms, or by environmental factors. Intrinsic mechanisms include 

asymmetric division in which two daughter cells follow different lineages, or 

symmetric division in which two daughter cells follow the same lineage. Because 

asymmetric division may result in at most one remaining stem cell, this process does 

not allow amplification of stem cells. Symmetric divisions on the other hand may rely 

on stochastic events to determine the type of differentiation to take place. 

Environmental factors that influence stem cell actions include chemical signaling, cell 

coupling, mechanical forces, or electrical signaling.   

Stem cells constitute a very broad class of cells, and can be categorized 

anatomically, functionally, or even by biomolecular markers. What makes stem cells 

unique is the type of cells they are capable of eventually differentiating into, an ability 

referred to as “plasticity.” As a result, it is often easier to classify stem cells by their 

 

Figure 2.4 Human embryonic stem cells isolated from a human blastocyst are able to be cultured in vitro. 

Cells are typically grown on a layer of murine fibroblast feeder layers and form large colonies.  
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ability to differentiate, either as those that come from the embryo (embryonic stem 

cells), or those in adult somatic tissue (adult stem cells). One other similarly classified 

type of stem cell comes from the embryo, zygote, and their immediate descendants 

within the first two cell divisions. These “totipotent” stem cells have the greatest 

plasticity with the ability to form virtually any cell type. However, these cells have not 

yet been stably isolated and are not considered viable candidates for cell therapy. 

Embryonic stem cells (ESC; see Figure 2.4) are isolated from the blastocyst 

region of a fertilized embryo. They are characterized by their ability to differentiate 

into almost all cells that arise from the three germ layers during development, but 

unable to form the placenta and supporting structures. The degree to which ESCs are 

able to differentiate is termed as “pluripotency.” The isolation of human ESCs 

(hESCs) by Thomson, et al. [7] in 1998 opened up tremendous opportunities for both 

regenerative and developmental research, but the diversity of possible cell types 

derived from ESCs has made it difficult to find methods to differentiate them into the 

precise cell type of interest in vitro. Given the spontaneous nature of ESCs to 

differentiate into almost every cell type, there is the perpetual risk of impure cultures 

regardless of the quality of culture methods.  

Recently, a new group of embryonic-like stem cells have been engineered from 

human somatic cells and are called induced pluripotent stem (iPS) cells [51, 52]. Such 

cells are able to bypass the need for fertilized embryos to generate pluripotent cells, 

and offer the real possibility of a patient-specific treatment strategy. The methods used 

for re-programming somatic cells have also given immense insight into novel in vivo 

self-renewal strategies. While still undergoing intense characterization studies, one of 

the biggest problems is the extremely low yields of derived iPS cells. Recently, similar 

re-programming methods had been applied to human adipose tissue to derive 

embryonic-like cells by Sun, et al. [53]. Compared to somatic cells, adipose cells are 

able to yield larger quantities of iPS cells under shorter expansion times, and are easier 

to maintain in cultures. Utilizing adipose tissue also offers a new, more plentiful 

source of cells for reprogramming.  
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Adult stem cells, or 

progenitor stem cells, are 

found in more mature tissue, 

and labeled “multipotent” for 

their ability to produce a small 

range of differentiated cell 

lineages that are dependent on 

their physiological 

environments [54]. Stem cells 

with the least potential for 

differentiation are labeled 

“unipotent,” such as epidermal 

stem cells which can only 

differentiate into keratinized 

squames. Although adult stem 

cells are limited in 

differentiation ability, there 

has been evidence of the 

ability to “de-differentiate” 

into an earlier lineage 

depending of their 

environment and type of 

stimulation they are exposed to 

[55, 56] (Figure 2.5). The ability of stem cells to “trans-differentiate” and go from one 

adult stem cell line directly to another is still under debate [57, 58].  

An additional cellular process often mistaken for stem cell plasticity is cell 

fusion. Instead of typical differentiation processes, stem cells have been observed to 

fuse with native cells to produce a hybrid cell expressing both types of cell markers. It 

is unclear what capacity these cells are able to participate in regenerative processes, 

 

Figure 2.5 Possible pathways for stem cells development. (A) 

Stem cells, “S,” have the ability to both self-renew 

and differentiate into other cell types in a linear 

fashion. Adult stem cells, “P,” are characterized by 

the type of cells they are capable of eventually 

differentiating into, termed “A.” (B) Adult stem cells 

do not necessarily follow a fixed path, and may de-

differentiate, or possibly trans-differentiate. (C) What 

may appear as plasticity may also be caused by 

transplanted cells fusing with host cells of a different 

lineage leveled “F.”.  
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and there is little evidence to suggest that cell fusion plays an important role in cardiac 

repair [59].  

 

2.4.2. Stem Cell Therapy 

Repairing damaged cardiac tissue using stem cells is not yet a viable strategy 

due to many unknown mechanisms during the stem cell integration process. However, 

the possibility of a biological, patient-specific treatment for many cardiovascular 

conditions has continued to motivate further research. Current studies have relied on 

simply injecting exogenous cells into a damaged myocardium, a process called 

cellular cardiomyoplasty (CCM). Although such a haphazard delivery mechanism 

does not deliver cells to a specific region of interest, it does successfully introduce 

transplanted cells into the heart. Injection is often performed directly through the 

myocardium, intramyocardially via the endocardium, through intracoronary arteries, 

or  through retroperfusion via the cardiac veins [60]. In early studies using rat neonatal 

cardiomyocytes as the donor cells into a rat host, the vast majority of transplanted cells 

died following injection, with only about 5% actually seeding into myocardium [61]. 

Many efforts are still ongoing to find more practical ways to introduce exogenous cells 

to the myocardium. It is of interest to note that bone-marrow stem cells have been 

observed to naturally target the site of myocardial injury following engraftment [42]. 

The mechanism of integration between a stem cell graft and host myocardium 

is a complex process, with the optimal cell type for this procedure still under debate. 

Ideally, transplanted cells must be able to differentiate into cardiomyocytes, integrate 

into the host tissue, and aid in normal cardiac function. Many candidate cell types 

have been injected into various human and animal studies, including skeletal 

myoblasts [15], embryonic stem cells [16], bone marrow-derived mesenchymal stem 

cells [17], enriched hematopoietic stem cells [18], blood and bone marrow-derived 

endothelial progenitor cells [19], and many others. While many of these trials had 

reported modestly positive outcomes for the animal or human subjects, none of the 

engrafted cells were able to perfectly differentiate and engraft into the heart. At best, 

injected cells were partially engrafted into the heart and induced angiogenesis in the 
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host scar tissue [13]. At worst, transplanted cells disrupted normal rhythm in the heart 

[23], or proliferated uncontrollably [62].  

There is an urgent need to better understand the mechanisms that take place 

following cell transplantation. In addition to cellular interactions, the chemical, 

mechanical, and electrical environments all play major roles throughout the integration 

process and have yet to be comprehensively understood (Figure 2.6). Methods of 

cardiac differentiation for candidate cell grafts have not even been fully agreed upon. 

There is certainly no lack of references within existing literature to techniques that 

may encourage differentiation from various cell types. Cardiomyocyte differentiation 

is influenced by many factors, including the structural formation of embryoid bodies 

from murine and human ESCs [63, 64], addition of retinoic acid to murine ESCs [65], 

mechanical stretching on rat neonatal cardiomyocytes [35], co-culture of human ESCs 

with visceral endoderm-like cells [66], and application of a brief high-voltage DC 

pulse to murine embryoid bodies [67]. The range of methods used for cardiac 

differentiation illustrates the influential role environmental conditions play in this 

process. However, studying the physical conditions of stem cells is limited by a lack 

of robust in vitro tools. The electrical environment, especially, is severely 

understudied compared to work investigating mechanical or chemical factors in 

cardiac differentiation. Studying the electrical interactions between a cardiac host and 

 

Figure 2.6 Environmental influences on stem cell differentiation. Various cues by the local 

environment provide a special niche that helps to mediate stem cell growth and 

differentiation. Methods in guiding differentiation should consider the influence of 

physical space, coupling to neighboring cells, and paracrine signaling interactions.  
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stem cell graft in vitro require methods that provide information on conduction 

patterns, as well as metrics for quantitative analysis. 

 

2.5. Real-Time Analysis of Cardiac Cultures 

The electrical characteristics of living cells play an integral part in biological 

function. Once the science of electricity was understood by researchers, it did not take 

long before electrical potentials were found in animals and humans. Early experiments 

by Galvani, du Bois-Reymond, von Helmhotlz, and Fontanta and Bowditch in the late 

eighteenth and nineteenth centuries were especially groundbreaking in the emerging 

field of electrophysiology. Their initial studies were key to clarifying the electrical 

roles in muscle response, resting potentials, conduction velocity, and the “all-or-

nothing” law, respectively [68].  

Membrane potentials in living cells were not directly observed until much later 

until 1949 when Gerard and Ling developed the technique of using glass capillary 

microelectrodes inserted intracellularly through the cell membrane of frog muscle 

fibers [69, 70]. One of the most well known applications of this method was in 1952, 

when Hodgkin and Huxley used an intracellular microelectrode to develop 

quantitative models of the membrane potential from squid neurons [71]. Intracellular 

recordings are still in use today, and are recognized for reliably high signal to noise 

ratios. However, use of this method is limited to sensing potential changes across the 

cell membrane, and is unable to truly measure changes in ion concentration during an 

action potential. 

The innovation of the patch clamp in the 1970‟s [72, 73] was a breakthrough in 

electrophysiology because it provided a way to not only directly study the exchange of 

current through a cell membrane, but also have the resolution to study individual 

protein channels. Instead of impaling a cell with a fine-tipped electrode, a patch-clamp 

consists of a micropipette whose tip is attached (“sealed”) to a membrane surface. The 

micropipettes are filled with an ionic solution similar to that of the intracellular fluid 

of the cell, and a chloride-silver wire is inserted into the micropipette to serve as an 

electrode. The electrical signal measured by the wire is referenced to another electrode 
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in contact with the extracellular fluid around the cell. Depending on the way the patch 

clamp is applied, one can measure the aggregate current through a cell membrane 

during normal physiological function (“whole-cell” mode), or study the role of 

individual ion channels (“cell-attached” mode). 

Currently, the patch clamp is a gold standard for electrophysiological studies. 

Nonetheless, despite how advanced patch clamping systems have become, analysis is 

limited to a single cell and does not allow for long term monitoring. Patch clamping 

also requires a highly trained technician and it is very difficult to scale up the number 

of samples to analyze. The data obtained from a patch clamp gives no direct 

information on multi-cellular interactions, which would be essential for studying stem 

cell integration to host cardiac tissue. Different tools are therefore necessary that are 

able to probe multiple cultures simultaneously. Notwithstanding the use of voltage- or 

calcium sensitive dyes that are cytotoxic in long term studies [25, 26], an alternative 

non-invasive option is to use microelectrodes to extracellularly sense transmembrane 

voltages from coupled cells.  

 

2.5.1. Non-invasive Techniques with Microelectrodes 

The use of microelectrodes for electrical measurements of living cells began 

around the same time as patch clamps, first presented by Thomas, et al. [74] who 

created a planar array of microelectrodes to sense bioelectric activity from neonatal 

chick cardiomyocytes. Since then, many more designs have been fabricated in 

different configurations and for a vast number of applications. A very brief list of 

examples include the study of neurons [75], bioterror agent detection [76], 

environmental biosensing [77], cardiac stimulation thresholds [28], and functional 

analysis of stem cell derived cardiomyocytes [78].  

Microelectrode arrays (MEA) measure extracellular potentials across an entire 

syncitium of cells. These devices do not convey as much information on particular ion 

channel contributions as patch clamps do, making the technique not ideal when 

examining individual cells. Nonetheless, the advantages of measuring extracellular 

signals lie in non-invasive, long-term recording, which gives special insight into the 
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conductivity among networks of cells. Many studies have been performed to explore 

the relationship between extracellular signals from a microelectrode to intracellular 

potentials from patch clamps [79-81]. Mathematically, the extracellular signal can be 

shown to be proportional to the second derivative of the intracellular action potential 

primarily due to the capacitive effects of the cell membrane.  

In order to relate the intracellular potential with the extracellular voltage 

measured, Spach, et al. derived an expression based on a model cylindrical surface So 

taken at time to, as shown in Eq. 2.3 [79].  

         
   

    

 

 
 
     

   
    

    
       

 
 
 

  

  

 dt (2.3)  

The cell radius a, is over a length z, and the intracellular and extracellular conductance 

is represented by σi and σe, respectively. By using this central equation, the 

extracellular potential φe appears to reflect the second derivative of the intracellular 

action potential φi. However, Spach, et. al. also showed quantitative differences by 

varying the temperature and extracellular potassium concentration. Additional 

theoretical discrepancies may also lie in non-uniform coupling between the cell 

membrane and the planar electrode, which could present complex geometries that 

deviate significantly from the ideal cylindrical model. Regardless, it is clear that the 

intracellular action potential heavily influences the extracellular signal. A 

mathematical approximation of the intracellular action potential is therefore useful in 

understanding the data obtained from a MEA.  

Initial work by Hodgkin and Huxley [71] modeled the action potential as a 

transmembrane current (I), which is determined by the concentrations of specific ions 

such as sodium, potassium, and calcium.  

    

  

  
     (2.4)  

This transmembrane current is expressed as a function of the membrane capacitance 

per unit area CM multiplied by the change in transmembrane voltage V over time, 

added to the capacitive and ionic components. The term Ii comprises the many ion 
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channel currents within the cell membrane, and is expressed as the product of ion 

conductance g, and the transmembrane potential difference when each ion is at 

equilibrium. The ion currents defined for this system rely primarily on Na
+ 

in INa, and 

K
+ 

in IK. Besides these two major currents, all other participating ions are combined in 

the leakage current term, Il.  

               (2.5)  

            (2.6)  

            (2.7)  

The transmembrane potential is further defined as the difference between the ionic 

equilibrium potential ENa, EK, and El, and the resting potential Er.   

           (2.8)  

         (2.9)  

         (2.10)  

Taken together, the expression in Eq. 2.4 can be expanded using time and temperature 

dependent variables n, m, and h derived from experimental data in Eq. 2.11. All three of these 

variables are in units of [time]
-1

, and are dependent on voltage and temperature.   

    

  

  
      

              
                     (2.11)  

In this expanded description of the transmembrane current density, the conductance values gk, 

gNa, gl are constants expressed in conductance/unit area. 

 Expressing the action potential as function of membrane capacitance and ion channel 

distribution is an excellent way to describe the process within a single cell, but includes no 

information on its conductive properties. In addition to expressing transmembrane current 

with respect to time and voltage, the action potential can also be defined with respect to its 

spatial location, as shown by a linear core-conductor theory by Hodgkin and Huxley [71] (Eq. 

2.12). This expression assumes that extracellular resistance is much smaller than intracellular 

resistance, currents are evenly distributed, and propagation occurs at a fixed velocity θ.  

  
 

  

   

   
 (2.12)  

The expression in Eq. 2.12 describes the conduction across a cell with radius a 

traveling in one dimension of length x. The resistance of the cellular cytoplasm is 

given by R. The original derivation of this expression was based on a nerve fiber, but 

can be universally applied to any type of electrically conducting cell.  
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If the conduction velocity is held constant, both the temporal and spatial 

aspects to this system can be related in Eq. 2.13, revealing the transmembrane voltage 

as the ordinary differential equation shown in Eq. 2.14. 

   

   
 

 

  

   

   
 (2.13)  

 

    

   

   
   

  

  
     

              
                     

(2.14)  

This is further simplified by defining a constant K. 

  
      

 
 (2.15)  

   

   
   

  

  
 

 

  

     
              

                       
(2.16)  

The expressions in Eq 2.13-2.16 identify several key variables that play 

important roles during the propagation of an action potential, namely the cell 

morphology, ion channel configuration, and conduction velocity (a function of the gap 

junction distribution). Experimental data on electrical conduction within a cell culture 

therefore contains highly relevant information on inherent cellular properties. 

 

2.5.2. Mapping Conduction on Microelectrode Arrays 

Depolarization of a cardiac cell during an action potential will initiate another 

action potential in neighboring cells, made possible by intercellular electrical coupling 

proteins called gap-junctional hemichannel connexin (Cx) proteins [82]. Gap junctions 

are able to lower the electrical resistance between cells by allowing the transfer of ions 

through them. The movement of ions during an action potential in one cell shifts the 

electrical potential in neighboring cells at the junction, initiating another action 

potential and creating a wave of depolarization throughout the tissue. This 

depolarization wave travels through cardiac tissue and leads to coordinated 

mechanical contraction. One method of mapping conduction patterns is to 

simultaneously probe multiple points in a cell culture, which can be done using an 

array of microelectrodes. After an action potential is transduced through an electrode, 

additional analysis is necessary to characterize the action potential propagation across 

the surface. Understanding the properties of excitation, conduction, and propagation 
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will naturally provide insight to how electrical pathways are disrupted during 

arrhythmogenic conditions. 

Conduction is often represented by a velocity vector, which indicates the speed 

and direction of propagation in cardiac activity. Mapping the propagation of action 

potentials throughout the tissue can provide a means to visualize and evaluate the 

development of re-entrant pathways. In some clinical examples, the propagation speed 

and refractory period are combined to determine the basic wavelength, and hence 

stability, of arrhythmias [83]. In a general scenario, if the refractory period of cells is 

measured as τr and the local propagation speed is v, then the smallest length of the 

reentrant path can be given by L = v τr.  

While L is merely the product of two variables, the system may become much 

more complicated depending on how the conduction velocity is calculated. In 

principle, one can simply measure the location of the activation front at different times 

with two electrodes, and then divide the distance traveled by the time interval. 

Unfortunately, while this approach is valid, it is highly simplified and would be 

inaccurate unless the spatial and temporal resolutions of the measurement system are 

extremely high. The heart is also not a one dimensional system and conduction 

patterns tend to be anisotropic. 

Conduction velocity calculated using two 

electrodes will only be correct if the 

electrodes are located exactly 

perpendicular to the activation front. For 

this reason, multiple electrodes are 

necessary that span the dimensions of 

interest.   

In order to characterize 

conduction over a two-dimensional 

surface, Bayly, et al. described a method 

of using a field of velocity vectors [84]. 

For each electrode in the array, the time 

 

Figure 2.7 Defining the local activation time. An 

extracellular action potential is 

characterized by a single upstoke and 

downstroke. The local activation time 

for each electrode is defined by the 

point of the maximum voltage 

derivative over time. 
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of arrival is determined by first taking the time derivative of the voltage measurement 

through a three-point central difference method. The time point when the first 

derivative is at its maximum value was defined as the “local activation time,” as 

illustrated in Figure 2.7.  

A velocity vector is assigned to each point of the field, and is defined by the 

velocity in the x and y directions described by the following vector.  

    
  

  
 
  

  
 
 

 (2.17)  

This vector is estimated by taking local activation times from each electrode and its 

active neighbors within a user defined window of size Δxmax and Δymax and within a 

time interval Δtmax (The values used by Bayly, et al. was Δxmax = Δymax = 4 mm and 

Δtmax = 16 ms). All activation times are then fitted through a least-squares algorithm 

into a smooth polynomial surface defined by ti = T(xi,yi). 

                             (2.18)  

The polynomial function in Eq. 2.18 shows the activation time T as a function of the 

position, and requires a minimum of 20 points using the defined window size. The 

gradient of T(x,y) is referred to as the “slowness” vector, and can be solved 

analytically.  

    
  

  
 
  

  
 
 

 
(2.19)  

Because this gradient vector is normal to the local activation front, it is also an 

indication of the direction of propagation. The following relationships can then be 

applied to calculate the components of a differential vector [dx,dy]
T
.  

  

  
 

  
  

  
  

  

(2.20)  

   
  

  
    

  

  
   

(2.21)  

Finally, using Eq. 2.20 and Eq. 2.21, the velocity vector estimate ve is obtained where 

Tx = ∂T/∂x and Ty = ∂T/∂y. 
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(2.24)  

There are several advantages to using a fitted polynomial to estimate the velocity 

vector. First, it does not require all the points in the local vicinity to be activated to 

calculate a velocity vector, which makes this algorithm robust against missing or 

corrupt data. Moreover, this method does not require an evenly spaced array, but only 

knowledge of x and y coordinates of each sensing electrode. Second, by fitting the 

data to a polynomial, there is an intrinsic smoothing operation automatically 

performed on the data [85]. Finally, the quality of the velocity estimate can be 

quantitatively assessed by using a residual error of the fit.  

 

2.5.3. Electrochemistry in Microelectrodes for Sensing and Pacing 

The interface between electrodes and the ionic solution bath is a highly 

complex region where electrochemical transduction from changes in ion concentration 

to an electrical voltage takes place for electrical recording. In this very narrow 

nanometer-scale region, a change in electrical potential from an action potential forms 

an electric field, which can be sensed by an electrode. In equilibrium, a space-charge 

double-layer of oriented water dipoles, solvated ions, and adsorbed molecules are able 

to form, and no current exists. This interface has been modeled extensively in the 

literature [4, 86-90], but a highly simplified representation of the electrode/electrolyte 

interface can be made up of non-linear passive resistive (transfer resistance) and 

capacitive elements (interfacial capacitance), as shown in Figure 2.8. A general 

interpretation of the electrode/electrolyte interface consists of an interfacial capacitive 

(Ct) element in parallel with an impedance element. The impedance may be dominated 

by the transfer resistance Rt, but the Warburg impedance RW and CW could become 

very significant when the charge transfer between the electrode and the electrolyte 
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shift to a diffusion limited system. The spreading resistance Rsp represents the 

resistance of the electrolyte, and is a function of the electrical conductivity ρ (72 Ω·cm 

in physiological saline) and the radius of a circular planar electrode r [91]. 

    
 

  
 (2.25)  

The simplified electrode/electrolyte interface depicted in Figure 2.8 would 

require many additional considerations if the electrodes are used for electrical 

stimulation because of possible toxic electrochemical effects. A very practical concern 

when using microelectrodes is the biocompatibility with living cells.  

Based on the understanding of electrolytic cells, two primary mechanisms exist 

for charge transfer through the electrode/electrolyte interface. The first is a non-

Faradaic reaction, where no electrons are transferred between the electrode and the 

electrolyte. Instead, such non-Faradaic reactions mainly redistribute charged chemical 

species in the electrolyte. The second mechanism of is a Faradaic reaction, where 

electrons are transferred between the electrode and electrolyte. If the application of an 

external potential is high enough to create Faradaic reactions, reduction and oxidation 

of chemical species in the electrolyte may occur at the cathode and anode, 

respectively. Operating within a Faradaic regime is characterized by the 

electrochemical reactions that take place, where the byproducts are toxic for cells. For 

commonly used platinum electrodes, largely irreversible reactions at the anode include 

the electrolysis of water (Eq. 2.26), oxidation of chloride ions (Eq. 2.27-2.28), 

 

Figure 2.8 A simplified electrical model of the electrode/electrolyte interface consists of passive 

resistive and capacitive elements for small signals. The interface itself contains Warburg 

impedance contributions from RW and CW in series with the transfer resistance Rt. These 

elements are in parallel with the interfacial capacitance CI. The spreading resistance Rsp is 

due to current flow in the electrolyte [4].  
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formation of corrosion by-products (Eq. 2.29), and the oxidation of organic molecules 

(Eq. 2.30). The primary cathodic reaction is the reduction of hydrogen ions to 

hydrogen gas (Eq. 2.31) 

                     (2.26)  

              
           (2.27)  

         
         (2.28)  

               
         (2.29)  

             
                  (2.30)  

                     (2.31)  

Some Faradaic reactions are reversible depending on the type of potential 

applied across the electrodes and the electrode material. The goal of safe electrical 

stimulation is to prevent or minimize irreversible reactions. Often times, generated 

products may be recovered by reversing the direction of current applied across the 

electrodes to create a “charge-balanced” signal. However, generated products may not 

be recovered if the generated chemical products diffuse away from the electrode 

before the reversal of charge occur [92]. Reversible reactions are therefore constrained 

within a particular duration of an applied signal. If the total amount of charge 

delivered is small enough for no Faradaic reactions to take place, only charge 

redistribution occurs over the electrode surface and there is no transfer of electrons 

across the interface. Electrical pulsing within this regime will primarily charge and 

discharge the electrical double layer.  

During stimulation, the electric field generated at the electrode must be high 

enough to shift the membrane potentials of surrounding cells enough to induce 

depolarization. The parameters of stimulation are therefore dependent on the type of 

cells in use, and will also vary from batch to batch. In order to minimize irreversible 

reactions that may take place during stimulation, potentials across electrodes should 

not exceed the voltages presented in Table 2.2 [2]. These values were determined 

using platinum electrodes, and should not be considered exact thresholds. Reaction 

rates also must be considered on a case by case basis.  
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2.6. Summary 

In this chapter, basic background was presented to understand the biological 

and engineering aspects involved in this study. Starting with an appreciation of how 

the heart functions as a whole, the ionic contributions to a single action potential were 

described to further demonstrate the complexity in each heart beat. The coordinated 

propagation of action potentials throughout the heart initiates mechanical contractions, 

but is easily disturbed by tissue damage. The delicate nature of cardiac tissue is 

primarily due to its limited regenerative abilities, which have made conditions such as 

heart failure debilitating. Nonetheless, this has motivated the use of various types of 

stem cells to repair and regenerate damaged tissue. Many questions about stem cell 

viability in the myocardium are still unanswered, especially regarding the 

arrhythmogenic risk involved. As a result, greater in vitro analysis must be performed, 

starting by probing the electrophysiology of stem cells as well as their interactions 

with host tissue. Microelectrode arrays are unique tools that are especially useful in 

this endeavor because they provide spatial and temporal information. In addition, 

microelectrodes can also be used to electrically pace cells, but consideration must be 

made to prevent irreversible chemical reactions at the electrode/electrolyte interface.   

 

Table 2.2 Reversible potentials of selected electrochemical reactions with platinum [2] 

   

Electrode Reaction 
Reversible Potential, Eo (V) 

Referenced to a reversible hydrogen electrode 

Oxygen evolution 1.228 

Hydrogen evolution 0.00 

Saline oxidation/reduction 1.389 

Chlorine evolution 1.774 

Glucose oxidation -0.015 

Platinum oxidation 0.980 

Platinum hydride formation N/A (Voltage-dependent) 
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3 Conduction Analysis Using Microelectrode Arrays 

3.1. Introduction 

Stem cell transplantation in the heart remains a highly controversial procedure 

because the mechanisms behind the integration process remain unclear. Even the type 

of graft cells to transplant is under fierce debate. In addition to using cells from a 

cardiac linage, there is evidence that cells outside this lineage, such as mesenchymal 

stem cells [42] or skeletal myoblasts [23], may regenerate cardiac tissue as well. The 

arrhythmogenic risk associated with transplantation is highly dependent on the type of 

cell being used and how quickly they can differentiate into cardiomyocytes. The 

complexity of live models has made it difficult to truly understand how host tissue 

reacts electrically to transplanted cells. Therefore, further work using in vitro methods 

is necessary to probe how the electrical environment affects stem cell integration.   

Although the ability of transplanted cells to eventually differentiate into 

cardiomyocytes is uncertain, the introduction of exogenous cells to the heart will 

undoubtedly risk the disruption of normal electrical activity and at worst, cause 

arrhythmias. Such pro-arrhythmic consequences were examined in vitro by Chang, et 

al., who studied the interaction between human mesenchymal stem cells and neonatal 

rat ventricular myocytes [30]. By examining two-dimensional electrical conduction by 

optical dyes in mixed co-cultures and screening the resulting patterns for reentry, 

mismatched cell types were shown to be a large risk for arrhythmia. While this study 

was insightful, the techniques for analysis were performed using dyes that are 

considered cytotoxic in long term cultures. More importantly, the demonstration of 

pro-arrhythmic potential was not quantitative.  

Before further studies can be performed on the arrhythmogenic risk associated 

with stem cell transplantation, quantitative metrics should be created to assess the 
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propagation on an action potential. This chapter describes the development of various 

metrics to analyze information obtained from heterogeneous cell populations cultured 

over an array of microelectrodes.  

Microelectrode arrays (MEAs) were used to study electrical conduction 

patterns in murine cardiomyocytes co-cultured with murine fibroblasts. By introducing 

a different cell type into otherwise normally beating cardiomyocytes, the system can 

be used to model the initial stages of stem cell therapy if a non-cardiomyocyte stem 

cell is introduced into a myocardial syncytium. Quantitative analysis of the resulting 

conduction patterns using a novel mathematical transform was used to identify 

minimum thresholds for uniform depolarization to take place, and highlighted the 

potential dangers of using non-cardiomyocyte stem cells for cardiac therapy. 

 

3.2. Microelectrode Arrays  

Microelectrode array technology has been used in numerous applications to 

study a wide range of electrically active tissue types. The MEAs used in this study 

were created by Whittington, et al. to monitor and electrically stimulate cardiac 

cultures. Thirty-six microelectrodes were arrayed in a 6x6 square on a glass substrate 

for electrical recording [68]. Each microelectrode was 22 µm in diameter and spaced 

100 µm apart. Additional, larger auxiliary electrodes were also located on the outer 

perimeter of the MEA with varying surface geometries capable of electrically pacing 

cardiomyocytes (Figure 3.1). A bench-level system based on these MEAs had been 

shown to monitor the status of cell cultures in real time, and through closed-loop 

pacing control, allowed the determination of pacing thresholds necessary to activate a 

depolarization wave in murine cardiac cultures [28, 93]. Using this information, 

strength-duration curves could be derived directly from experimental data, and used to 

characterize cell cultures before and after the addition of various pharmacological 

agents.  

Data from MEAs were acquired from 32 channels, with the four corner 

electrodes excluded. The signals were then processed using a custom recording system 

that consisted of a 32-channel amplifier with a two-stage gain of 60 dB, 7 Hz 1st-order 
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high-pass cutoff, and 3 kHz 8
th

-order low-pass cutoff, as previously reported by 

Gilchrist, et al. [27]. Analog signals from the amplifier board were digitized with 16-

bit resolution at 10 ksps and acquired by a custom-designed visualization and 

extraction tool, written in Matlab™ (The MathWorks; Natick, MA) [94].  

 

3.2.1. Cardiac Cell Culture 

The MEA system could be used to non-invasively monitor electrical activity of 

cell types over the course of several days. The cardiomyocytes used in this study to 

model host cells were from the murine atrial tumorgenic cell line HL-1 derived by 

Claycomb, et al., in 1998 [95]. HL-1 cardiomyocytes underwent mitosis 

approximately every 18 hours, and more importantly, they were capable of beating 

spontaneously at a rate between 60-180 beats per minute when cultured to confluency. 

Using an MEA, electrical activity from the spontaneously beating HL-1 

cardiomyocytes could be clearly observed consistently on all 32 channels, as shown in 

Figure 3.2, where each trace represents a single channel plotted over time. The 

extracellular voltage of the cells typically ranged within the order of 0.1 to 1 mV. In 

general, each action potential consisted of a positive upstroke followed by a rapid 

downstroke before returning to baseline values. The morphology of extracelluar action 

 

Figure 3.1 The microelectrode array platform. (A) the array of microelectrodes was wire-bonded to a 

PCB board carrier. A 35mm Petri dish with an open center was adhered to the PCB board 

through bio-compatible epoxy (EP42HT, Master Bond; Hackensack, NJ), which was used 

to contain fluids for cell culture. (B) A 6x6 array of microelectrodes are fabricated on a 

glass substrate for electrical recording. Larger auxiliary electrodes located on the outer 

perimeter of the array may be used for electrically pacing cell cultures. 
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potentials may vary based on 

the orientation of the cells over 

a microelectrode and the 

degree of physical coupling at 

the surface.  

As previously 

described in Chapter 2, the 

morphology of the 

extracellular action potential 

may be considered a function 

of the second derivative of the 

intracellular potential. The 

amplitude of the extracellular 

signal is therefore heavily 

influenced by the rate of the 

upstroke in the intracellular 

action potential. Other 

parameters that can be 

extracted from an extracellular 

action potential include the 

duration of the up- and down-

stroke, the maximum slope of 

the down-stroke, and the 

length of repolarization time. 

However, one of the major 

advantages of using an array of microelectrodes is the spatial resolution it provides in 

studying impulse propagation throughout a culture.   

 

 

Figure 3.2 Extracellular action potentials from murine HL-1 

cardiomyocytes after one day of plating are observed 

in real time using the MEA on all 32 channels. Each 

trace represents a single channel over time. 
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3.2.2. Conduction Analysis 

Because each electrode in the MEA is located at a known spatial location, 

information on the conduction within a culture can be extracted by studying the time 

delay of an action potential between electrodes (Figure 3.3). By timing the action 

potential event at each electrode and correlating it to its spatial location, both the speed 

and direction of propagation can be estimated. The time that an action potential takes 

place is calculated by taking the first derivative of the signal and noting the time when 

the maximum negative slope occurs. This time is called the local activation time 

(LAT).  

The propagation of electrical activity can be visually represented in two ways. 

The first is in a lateral isochrones map, which is formed from the LAT of each 

electrode in the array. A 6x6 array of LATs positioned according to its spatial location 

is normalized by subtracting the minimum time value from each position. Next, a 

cubic spline interpolation is performed between each LAT to generate a 41x41 pixel 

image of the conduction, termed a “phase plot.” Values within phase plots are further 

fitted to a contour to create a lateral isochrones map that display the propagation 

pattern of the cells using different shades of color, as shown in Figure 3.4. The lateral 

 

Figure 3.3 Analysis of the conduction relied on finding the time delay between electrodes. The local 

activation time (LAT) was calculated by finding the time of the maximum negative slope. By 

correlating this timing with the spatial location of the electrodes, information on the direction and 

speed of propagation can be solved for. 
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isochrones map illustrates the initiation of a depolarization wave in the blue region, 

and propagates towards the red colored region.   

A second way to represent conduction is in a field of velocity vectors. 

Electrodes that detect an action potential are grouped together by three, and for each 

“electrode triplet,” the magnitude and direction of propagation are calculated as 

previously described by Bayly, et al.[84], and in Chapter 2 through equations 2.17 to 

2.24. All velocity vectors in this field can be further averaged to generate a global 

velocity value of the entire culture over the MEA. 

 

3.3. Heterogeneous Cell Cultures 

Transplanted exogenous cells in the heart must be able to electrically integrate 

with myocardium or electrical pathways may be disrupted. Especially with graft stem 

cells that originate from a non-cardiomyocyte lineage, there is even greater concern 

because these cells may not immediately possess the necessary electrical 

characteristics to conduct an action potential. Even if transplanted cells were able to 

eventually form gap junctions and electrically conduct, a period of time is required for 

 

Figure 3.4 The electrical propagation patterns over an MEA could be represented as a lateral isochrones 

map (left), or as a vector field (right). The lateral isochrones map is an interpolation of the time 

delay between electrodes, which is displayed by varying shades of color overlaid on a 

representation of the 6x6 MEA. The number next to each electrode corresponds to its assigned 

identification number. The depolarization wave is initiated in the blue region (time=0 seconds), 

and propagates towards the red region (time = 0.04 seconds). The vector field is calculated by 

grouping active electrodes by three, and solved for the direction and magnitude of the time delay. 

The average of each triplet vector could be used to calculate a global velocity value over the 

MEA. 
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proper integration. Until electrical integration takes place, transplanted cells may not 

play any functional role.  

The presented MEA system and analysis techniques described in the previous 

section of this chapter provided a robust in vitro platform for studying the 

arrythmogenic potential following the introduction of stem cell grafts to myocardium. 

Co-cultures of murine HL-1 cardiomyocytes and the murine fibroblast cell line 3T3 

were used to model the initial stages of stem cell transplantation when graft cells may 

not electrically conduct.   

 

3.3.1. Cardiomyocyte-Fibroblast Co-Culture 

Electrical conduction in murine cardiomyocyte cultures was purposely 

disrupted by the addition of non-conducting murine fibroblasts. A series of co-cultures 

were created with varying proportions of HL-1 cardiomyocytes to 3T3 fibroblasts. A 

representative set of micrographs demonstrating the resulting cultures is shown in 

Figure 3.5, where cardiomyocytes and fibroblast can be distinguished by differences in 

cell morphology. In order to quantitatively confirm the differences between the ratio 

 

Figure 3.5 Optical micrographs of co-cultures of murine HL-1 cardiomyocytes and murine 3T3 fibroblasts 

were created in varying proportions. The spindle shaped morphology of the fibroblasts was 

distinct from the more evenly proportioned cardiomyocytes. 
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of cardiomyocytes to fibroblasts and validate the co-culture method, HL-1 

cardiomyocytes were transfected with a green fluorescent protein (GFP) marker 

through lentiviral vector LentiLox PLL3.7 [96]. Fluorescent imaging (450 nm 

excitation and 515 nm emission wavelengths) verified the relative differences between 

the successive proportions of cardiomyocytes as shown in Figure 3.6. Although the 

pure population of cardiomyocytes was confluent, GFP expression was not ubiquitous 

throughout the entire culture of transfected cells, and therefore fluorescent intensities 

were normalized to pure cardiomyocyte populations. Nonetheless, quantification of 

the overall expression of GFP through image processing revealed a trend of 

fluorescence appropriate to the proportion of GFP-expressing cardiomyocytes.  

 

3.3.2. Thresholds for Electrical Conduction 

Heterogeneous cell populations were analyzed for the presence of electrical 

signals, with representative traces shown in Figure 3.7 (N=3 per group). Compared to 

a pure population of cardiomyocytes (100:0 ratio of cardiomyocytes to fibroblasts), a 

50:50 ratio was observed as the threshold necessary to ensure any signal detection. In 

two out of three MEAs plated with this ratio, action potentials were sensed in only two 

channels, whereas the third MEA in the group did not display action potentials at all. It 

is likely that the population of fibroblasts inhibited electrical propagation through the 

 

Figure 3.6 The proportion of cardiomyocytes to fibroblasts were confirmed by imaging GFP expressing 

cardiomyocytes (Left). The relative expression of the emitted fluorescence was quantified, and 

demonstrated an appropriate increase in GFP expression as the proportion of cardiomyocytes 

increased (Right; N=3 per group).  
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HL-1 cardiomyocytes. Indeed, the observed rhythms were often asynchronous 

between channels, which demonstrated that the 50:50 ratio, while sufficient for islets 

of activity of about a square millimeter each, was not enough to support continuous 

conduction throughout the whole array.    

Beginning from as little as a 30% proportion of fibroblasts in culture (70:30 

ratio), samples delineated a similar asynchronous pattern of beating between 12±2 

channels (N=3) and typically grouped into two beating patches of approximately six 

square millimeters each. An 80:20 ratio appropriately demonstrated a small 

depolarization wavefront throughout the heterogeneous population, with one large 

synchronous patch of beating that averaged 20±3 active electrodes (20 square 

millimeters). The number of electrodes that detected electrical activity is plotted as 

function of the cardiomyocyte to fibroblast ratio in Figure 3.8. 

 A lack of signal observed in ratios below 50:50 was likely due to insufficient 

cardiomyocyte connectivity to support conduction, or even electrical activity. Even an 

80:20 ratio of cardiomyocytes to fibroblasts did not exhibit homogeneous conduction 

throughout the culture. Instead, patches of non-contractile tissue impeded the 

 

Figure 3.7 Plot of all 32 traces on an MEA with different proportions of HL-1 cardiomyocytes to 3T3 

fibroblasts. (A) Signals detected in 100:0 ratio control culture, (B) 80:20, (C) 70:30, and (D) 

50:50 culture. Signals are only seen in specific channels in the 50:50 culture, with no sign of 

homogenous conduction, as seen in the 100:0 control group. The 80:20 and 70:30 cultures 

demonstrate intermediary behavior depicting groups of beating and non-beating cells. 
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unidirectional propagation of the depolarization wavefront. By displaying the action 

potential propagation through vector fields (Figure 3.9), the pathway of conduction 

was unable to support a uniform depolarization wave across the culture. 

Despite the value in analyzing conduction through vector fields as shown in 

Figure 3.9, it was difficult to quantitatively assess the uniformity of conduction. One 

direct method might be to measure the angle of individual vectors and calculate the 

standard deviation, which should increase as a culture becomes more heterogeneous. 

However, there are instances in pure cardiomyocyte populations where conduction 

patterns will fan outward depending on the proximity of the point source, leaving the 

angle of the initial set of vectors pointing in a very different direction compared to the 

terminal set of vectors. A more robust method of quantification must examine changes 

locally, and yet be able to yield results representative of the entire culture. In order to 

address this, a novel mapping technique using a “co-occurrence matrix” was 

developed as a quantitative metric of in vitro electrical conduction. Originally 

designed in 1962 by Julesz as a method for texture discrimination experiments [97], 

the co-occurrence matrix can be similarly adapted to studying the phase plots obtained 

from an MEA.   

 

 

Figure 3.8 Relationship between the proportion of cardiomyocytes to fibroblasts and the average 

number of electrodes detecting electrical activity (N=3 for each ratio, *P<0.05). Action 

potentials began to be consistently observed on multiple electrodes at a 70:30 ratio, although 

activity was not synchronous. With increasingly higher ratios of cardiomyocytes, larger 

regions of synchronous activity were observed. However, uniform propagation was only 

found in 95:5 ratio and pure populations of cardiomyocytes.  
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3.4. The Co-Occurrence Matrix 

The co-occurrence matrix serves to map changes in the LAT into a form that 

would allow quantitative analysis of the consistency in a depolarization wave. The 

phase plot as described in Section 3.2.2 consists of a 41x41 array where each entry is 

an interpolation of LATs. Each entry in the phase plot is examined relative to 

neighboring entries at a specified distance and orientation from each other. The co-

occurrence matrix C(i,j) is a collection of how often two neighboring coordinates 

“occur” on the array, one with LAT i and the other with LAT j. For example, if the 

co-occurrence matrix component C(2,1)=8, a LAT of 1 is next to a LAT of 2 a total of 

8 times. Because the co-occurrence matrix is a transform based on LATs, its 

dimensions are dependent on the maximum LAT found within the phase plot.   

 

Figure 3.9 Representation of conduction across a MEA using vector fields. (A) Propagation exhibited by a 

heterogeneous population of ratio 80:20 cardiomyocytes to fibroblasts where the conduction pattern 

is impeded by non-conductive fibroblasts. Smaller arrows depict inconsistent wavefront directions, 

and dotted arrows depict significantly slower velocities. Action potentials were not observed on all 

electrodes. Note the non-uniform propagation wavefront resulting from tissue heterogeneity. (B) 

100:0 (pure) cultures of cardiomyocytes support continuous, almost unidirectional, propagation 

throughout the homogeneous population.  

A. 80:20 B. 100:0
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During the construction of the co-

occurrence matrix, the distance between pairs of 

LATs can be set depending on the sensitivity 

required [98]; the more sensitive the analysis, the 

shorter the distance between pairs. For a fixed 

distance, LAT pairs are counted in eight directions, 

as shown in Table 3-1, where the direction is 

specified as a vector. Examining the occurrence of 

pairs in all eight directions effectively captures all 

possible pairs for any index location and its nearest 

neighbor. LAT pairs also do not take into account how the pair is ordered (2 to 1, 

versus 1 to 2 is irrelevant, for example), making the co-occurrence matrix symmetric 

Table 3-1 Possible co-occurrence 

orientation vectors 

x y 

0 1 

1 1 

1 0 

0 -1 

-1 -1 

-1 0 

-1 1 

1 -1 

 

 

Figure 3.10 Formation of the co-occurrence matrix is based on counting the number of times each LAT 

occurs in a phase plot. Within a given matrix of LATs (A), each entry is paired with its nearest 

neighbor (B), and noted (C). The values within each pair correspond to coordinates of the co-

occurrence matrix, and number of occurrences are tallied (D). Steps B-D are repeated for each 

entry in the original matrix in (A), and final co-occurrence matrix is the sum of these matrices. 
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about its diagonal. In addition, because the matrix is a count of occurrences, the total 

number of co-occurrence pairs within phase plots of the same size is equivalent. This 

allows the matrix to be normalized by dividing each entry by the total occurrence 

pairs, making the co-occurrence matrix a collection of probability of occurrences. 

Analysis of phase plots was performed through Matlab (The Mathworks, Natick, MA), 

where the algorithm used to solve for the co-occurrence matrix is demonstrated in 

Figure 3.10.  

Uniform conduction patterns would exhibit an array of LATs that change 

steadily as the depolarization wave propagates from one side to the other. This level of 

regularity creates a co-occurrence matrix with values heavily concentrated along the 

diagonal. On the other hand, non-uniform conduction patterns would exhibit 

inconsistent differences between pairs of LATs, yielding a co-occurrence matrix with 

values farther away from the diagonal. In addition, inconsistencies in phase plots may 

generate values clustered around various regions of the matrix. For example, if a 

depolarization wave was not evenly propagated through the surface, the co-occurrence 

matrix would indicate if a larger proportion of the activation times were either “early” 

or “late.” A disproportionate amount of early activation times would result in a cluster 

of occurrences in the upper left corner while a disproportionate amount of late 

activation times would result in a cluster of occurrences in the lower right corner. The 

co-occurrence matrix is therefore a measure of uniformity.   

The co-occurrence matrix can be summarized quantitatively by two separate 

metrics: energy and contrast. Both of these indicators represent key characteristics of 

the co-occurrence matrix, and are able to quickly portray the status of a depolarization 

wave. The energy of a co-occurrence matrix is the sum of the squares of each value, 

and is represented by Eq. 3.1 for a co-occurrence matrix C that is n by m large. 

                  

 

   

 

   

 (3.1)  

The energy is a measure of the consistency of the co-occurrence matrix. While this is a 

useful value of whether there are many particular occurrences, it is not able to assess 

whether values are clustered along the diagonal or not.  
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On the other hand, the contrast of the co-occurrence matrix is focused 

primarily on determining whether a large proportion of the occurrence pairs are 

located along the diagonal. The contrast is calculated in a similar way as the energy, 

but values that are farther from the diagonal have greater influence.  

                         

 

   

 

   

 (3.2)  

As shown in Eq. 3.2, the contrast is a way to measure how far values in the 

co-occurrence matrix are from the diagonal by applying greater weight to the upper 

right and lower left regions. High contrast images would be representative of 

non-uniform conduction.  

Examples of phase plots with their corresponding co-occurrence matrices are 

shown in Figure 3.11, and demonstrate how the energy and contrast are modulated 

based on the distribution of pixel intensities. A linear gradient of gray-tones resulted in 

a co-occurrence matrix heavily populated along the diagonal. With more complex 

images, the co-occurrence matrix contained values farther away from the diagonal. 

Asymmetric clustering in the corner or of the co-occurrence matrix was observed in 

 

Figure 3.11 The co-occurrence matrix demonstrated with a set of sample images. Each image consists of 

300x300 pixels and exhibit grayscale intensities from 0 to 255 (top row). The corresponding co-

occurrence matrices are displayed on the bottom row. Images that are uniform exhibit co-

occurrence matrices that are clustered around the diagonal. The more an image is disordered, the 

farther away from the diagonal the co-occurrence matrix becomes. The energy and contrast 

values were all divided by 106 for easier representation.  

Energy = 2978.1
Contrast = 155.5

Energy = 595.89
Contrast = 780.39

Energy = 893.54
Contrast = 0.458

Energy = 134310
Contrast = 240.33

Energy = 8.6
Contrast = 7806.8

Linear Gradient 2D Sine Wave Criss-Cross Spiral Wave Random

 

 

data1

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0 

Seconds

0.3 

0.15 



50 

 

the spiral wave example, where the distribution of values in the image was heavily 

skewed towards early LATs, resulting in a large amount of co-occurring pairs in the 

upper left corner. It is important to note that the co-occurrence pattern is not 

necessarily representative of the geometric pattern (spiral wave), but only the local 

distribution of pixel pairs. 

 

3.4.1. Analysis of Electrical Conduction 

A uniform conduction pattern observed from a MEA will exhibit LATs that 

consistently increase in the same general direction between electrodes, and produce a 

“smooth” phase plot. A co-occurrence matrix of such a phase plot will contain values 

distributed along the diagonal with relatively low energy and contrast. Co-occurrence 

analysis was applied to the work described in the previous section of this chapter to 

both quantify the uniformity of conduction within heterogeneous cultures, and validate 

this technique.  

 

Figure 3.12 Co-occurrence analysis was performed on heterogeneous co-cultures of murine HL-1 

cardiomyocytes and murine 3T3 fibroblasts. Representative phase maps display the relative LAT 

from the MEA as a depolarization wave travels from the white region to the dark region. Three 

groups of cardiomyocyte:fibroblast ratios exhibited unique co-occurrence matrices, with values 

less distributed along the diagonal of the matrix as cultures contained a higher concentration of 

fibroblasts.  

Interpolated 
Phase Map

Co-Occurrence 
Matrix

100:0 90:10 80:20
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Phase plots were generated from each heterogeneous culture with electrical 

activity observed in at least half of the MEA, making a 20% concentration of 

fibroblasts the maximum threshold for electrical conduction. Analysis of samples with 

more than a 20% concentration of fibroblasts would be based more on the interpolated 

values than actual data, and were therefore not included in the co-occurrence analysis.  

Visually, heterogeneous samples all exhibited co-occurrence matrices that 

were not evenly distributed along the diagonal (Figure 3.12). This suggested that there 

was an uneven distribution of time delays between the electrodes, with a greater 

proportion of cells being activated within a certain time than another. Even the 90:10 

ratio of cardiomyocytes to fibroblasts, which was qualitatively the most similar to a 

pure culture of cardiomyocytes, displayed signs of this breakdown.  

  Co-occurrence 

matrices from each group 

(N=3 per group) were 

quantitatively assessed by 

calculating the energy and 

contrast in each one. Large 

changes in both of these 

metrics were observed as 

greater proportions of 

fibroblasts were increased 

(Figure 3.13). Variation 

within groups was small, as 

shown by the relatively 

small standard deviation 

between samples.  

Because the energy 

is the sum of squared values 

of the whole co-occurrence 

matrix, it will increase if 

 

Figure 3.13 Energy and contrast values were averaged for three co-

culture groups, and normalized to the average value of 

the 100:0 group (N=3). Within both of these metrics, the 

90:10 ratio was significantly greater than the 95:5 and 

100:0 ratios, further confirming previous results that a 

90:10 proportion of cardiomyocytes to fibroblasts 

severely disrupt electrical conduction.  
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there is a large number of a particular pair of LATs. In this case, areas on the array 

that did not exhibit electrical activity would produce phase plots with regions that are 

all the same value. High energy therefore indicates inconsistency in a culture due to 

lack of conduction. 

The contrast steadily increased as the concentration of fibroblasts increased in 

culture, but not as dramatically as the energy. As a metric that quantifies the deviation 

from the diagonal in a co-occurrence matrix, large contrast values will indicate 

increased disruption in conduction.  

The significant changes observed in the energy and contrast supported the 

previous assumptions derived from Figure 3.9 that concentrations of fibroblasts 

greater than 10% of the total culture severely disrupted electrical conduction. It is 

fitting to infer from the data collected that a very high ratio (close to 100:0 

cardiomyocytes: fibroblasts) is necessary to sustain a conduction that is homogeneous 

enough to prevent arrhythmic behavior. Thus, it can be concluded that though 

electrical activity was observed at relatively low ratios of contractile to non-contractile 

tissues, conduction was especially sensitive to any presence of fibroblast-like tissue. 

Following transplantation, the ratios of differentiated contractile tissue necessary for 

conduction must be better understood to avoid abnormal rhythms. While this model 

only considered a two dimensional environment, it can still be inferred that a nearly 

pure proportion of contractile cardiac tissue is necessary for proper conduction. 

 

3.4.2. Finite Element Model and Analysis  

A finite element model was created to verify the co-occurrence analysis 

technique on heterogeneous cultures. Similar to the in vitro model using MEAs, this 

model consisted of a mixed culture of simulated cardiomyocytes and fibroblasts 

represented in a two-dimensional mesh containing a 41 by 41 grid of nodal points 

spaced 20 µm apart. Cardiomyocytes were represented as elements, and were 

constructed using parameters previous described by Goktepe and Kuhl in 2000 [99]. 

Fibroblasts in the model consisted of non-conducting nodes. A series of co-cultures 

were created consisting of varying proportions of cardiomyocyte to fibroblasts. A total 
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of twenty ratios were created from 5% cardiomyocytes to 100% in 5% increments. 

Each element was then given a corresponding probability to exhibit either 

cardiomyocyte or fibroblast properties. Depending on a generated random number, the 

element was then assigned the appropriate cell type. Within each mesh, a 

cardiomyocyte was picked at random to initiate an electrical impulse. Each stimulated 

culture was then assessed using a co-occurrence matrix based on its ability to 

propagate the depolarization wave. Each ratio was computed five different times, and 

representative conduction plots are presented in Figure 3.14. Excitation of the 

depolarization wave began in the blue region and propagated into the red region, 

similar to the lateral isochrones maps shown in Figure 3.4. Cells in the 10:90 to 30:70 

groups all remained at the first time step and did not propagate due to a lack of 

conductive elements (cardiomyocytes), hence all elements were colored blue.  

In order to quantitatively assess the resulting conduction patterns, a 

co-occurrence matrix was formed for each finite element model (Figure 3.15), and the 

energy and contrast values were calculated (Figure 3.16). By increasing the proportion 

of fibroblasts in culture, fewer co-occurrence pairs were situated along the diagonal, as 

observed by the growing increase in contrast. The energy, as plotted in Figure 3.16 on 

a log scale, had minimal change until the fibroblasts made up more than about 45% of 

 

Figure 3.14 Finite element models were created of mixed co-cultures of cardiomyocytes and fibroblasts in 

successive proportions. Within each group, a cardiomyocyte was chosen at random to initiate an 

electrical impulse. Similar to the lateral isochrones map in Figure 3.4, early stage depolarization 

is shown in blue (time = 0), while late stage is shown in red. A path for electrical conduction was 

not present until the culture contained at least 40% cardiomyocytes. 
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the culture. As the proportion of fibroblasts increased, the energy began to increase 

due to large patches of non-conducting regions which led to large quantities of the 

same co-occurrence pairs. With more of the same co-occurrence pairs, fewer 

variations were observed, which led to the decrease in the contrast when fibroblasts 

consisted of more than 60% of the culture.  

The analysis performed using a co-occurrence matrix on finite element models 

helped validate experimental results using MEAs, and demonstrated the co-occurrence 

matrix as a method sensitive enough to detect changes in conduction. The observed 

trends in the finite element model correlated well with experimental results on MEAs, 

but the threshold for conduction was much higher than expected. Compared to the 

80:20 ratio of cardiomyocyte to fibroblast threshold from in vitro conduction 

measurements, conduction was observed in the finite elements model well past the 

50:50 ratio. This could be due to a number of factors in the in vitro experiment, 

including the mismatch of cell shape, which is vastly different between spindle shaped 

3T3 fibroblasts and round HL-1 cardiomyocytes.  In addition, because HL-1 

cardiomyocytes are a cell line, the portion of the culture undergoing mitosis may be 

 

Figure 3.15 Representative samples of co-occurrence matrices from finite element models of heterogenous 

cultures. As the proportion of fibroblasts increased, co-occurrence pairs were no longer as 

aligned along the diagonal, but began spreading outward.  
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unable to conduct an action potential. This may significantly decrease the assumed 

concentration of active cardiomyocytes in culture.  

 

3.5. Conclusions 

An MEA platform was applied as a tool to study the risk of arrhythmia 

following stem cell transplantation of non-conductive cells. Examination of 

conduction block was first performed by noting the proportion of active electrodes in 

heterogeneous co-cultures of murine cardiomyocytes and murine fibroblast. However, 

standard methods of analysis cannot be used to quantitatively assess the degree of 

disrupted conduction patterns within electrically active areas. In order to address this, 

 

Figure 3.16 Co-occurrence analysis on finite element models revealed trends as the proportion of fibroblasts 

increased. Disruption of conduction did not significantly change the energy value, but did 

heavily influence the contrast value. However, as the proportion of non-conducting fibroblasts 

made up the majority of the culture, larger regions did not exhibit any electrical activity leading 

to a sudden increase in energy. N=5 per group.  
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a mathematical transform known as a co-occurrence matrix was developed to 

quantitatively assess the uniformity of conduction in phase plots. The method was 

applied to data from heterogeneous co-cultures, and could distinguish differences 

between uniform (100:0 and 95:5 cardiomyocyte to fibroblast ratios) and disrupted 

(more than 5% fibroblast concentration) conduction plots. The co-occurrence matrix 

was very robust in quantitatively analyzing the uniformity of conduction, revealing a 

very high sensitivity of cardiomyocytes to conduction block from non-conducting 

cells. 

The modeled graft cells used in co-culture are representative of 

undifferentiated stem cells (capable of cardiac differentiation or not) that may not be 

able to electrically conduct. Many studies have claimed that stem cells from different 

regions of the body have the ability to transdifferentiate into cardiomyocytes, but such 

plasticity remains controversial and may be accounted for by alternative explanations 

[58]. The mechanisms of any process leading to cardiomyocyte differentiation involve 

many factors, not the least of which is electrical signaling from host tissue. The 

coupling of electrically active cardiomyocytes to modeled graft cells described in this 

chapter successfully blocked conduction, but it has also raised questions about 

whether the coupling of cells may have influenced differentiation had the graft cells 

been a type of stem cell. The described method of co-culture did not allow different 

cell types to be distinguished for their roles in the integration process, which calls for a 

more advanced technique for studying stem cell integration. The next chapter will 

introduce a novel device to spatially separate and merge two cells types over a MEA 

to allow a more realistic model of host-graft interactions.   
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4 In Vitro Host-Graft Integration Model 

4.1. Introduction 

After demonstrating the dramatic inhibition of electrical signals from 

cardiomyocytes using non-conducting fibroblasts, further study of the mismatch in cell 

properties between host and graft tissue required additional tools. While many 

methods are available to study individual cellular properties, probing the interactions 

between multiple cell types remains challenging because of the difficulty in 

maintaining a proper microenvironment while examining parameters of interest.  

Many cellular interactions have been studied with various cell types cultured 

together in numerous experimental systems. Utilizing microfabrication and more 

recently, micropatterning, investigators have achieved defined co-cultures by 

patterning biologically-reactive molecules on the culture surface prior to cell plating. 

These techniques have allowed the creation of stripes [31, 100], islands [33, 101] and 

other patterns of tissue for the investigation of cell-cell interactions or geometrical 

dependencies. The limitation of these methods was that patterning was often 

irreversible for the duration of an experiment. These methods of co-culture also 

involved a modified surface that resulted in changes to the cell-substrate interaction 

which may alter cell motility and function.  

A new technique to study electrical interactions is presented in this chapter for 

the reversible separation of two populations of cells on the same surface (Figure 4.1). 

A divided surface was created using a laser-etched mold in the form of a small 

biocompatible ring bisected by a dividing wall. The dividing wall was only 50-100 µm 

thick in the culture area, achieving a narrow separation between the two cell culture 

chambers. The contact surface was planarized to allow isolation of two cell 

populations without the addition of a sealant or grease. Either of these substances may 
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leave residue on the substrate and impede cell migration, or worse, impair cell 

function. Using acrylic as a material for this device offered the additional advantage of 

being relatively low cost, yet durable enough to be reused following common 

sterilization techniques.  

The co-culture ring defined two small, isolated chambers that could be seeded 

with cells individually. After the cells have adhered to the surface, the co-culture ring 

could be removed without disturbing the specific pattern of cultures. Without the 

barrier, the two cell populations could interact either indirectly through diffusible 

factors, or directly by establishing cell-cell contacts over time to form a connected, 

heterogeneous culture. 

Traditional in vitro methods such as voltage- or calcium-sensitive dyes and 

optical contraction assays can be applied in concert with the co-culture ring. 

 

Figure 4.1  Co-culture apparatus. (A) A co-culture wall divides the center recording array into 6 x 3 sub-

arrays and allows analysis of the boundary between cultures. (B) The reusable acrylic barrier 

bisects the ring and defines two chambers. (C) The ring is held face-down in place with an 

accompanying support structure, consisting of a base clamped around the petri dish, and an 

overhanging arm contacting the ring through a 20-gauge needle. 
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Nonetheless, combining this co-culture technique with microelectrode array (MEA) 

technology [28] was done to provide real-time, non-invasive, and long term electrical 

monitoring of two distinct populations. With the barrier in place over a MEA, it was 

possible to culture two distinct cell populations on the same device, and following 

removal of the barrier, measure differential responses. Validation of separation was 

performed by demonstrating differential responses in the beat rate and action potential 

amplitude between co-cultured wild-type and genetically modified murine 

cardiomyocytes. 

In order to demonstrate this co-culture device as a method to model host-graft 

interactions, murine cardiomyocytes were cultured on one side of the MEA as a model 

host population, and skeletal myoblasts were cultured on the opposite side of the array 

to model a graft population. Skeletal myoblasts have been proposed as a possible 

candidate for cardiac cell therapy due to their autologous origin, exclusive 

differentiation into muscle-fiber cells, and high resistance to ischemia [15]. Although 

transdifferentiation into cardiomyocytes does not take place [57], skeletal myoblasts 

have been shown to properly integrate [102], electromechanically couple [103], and 

even fuse [104] with cardiac tissue. Specifically, C2C12 cells have been implanted 

into host myocardium in several animals studies [102, 104], which made them an ideal 

candidate to demonstrate the co-culture device as a model for cell transplantation. 

Studies have already provided evidence that cell transplantation may lead to 

pro-arrhythmic consequences in vitro [30] and in vivo when autologous myoblasts 

were transplanted in humans [23]. Electrical monitoring during the merging process 

between cardiomyocytes and skeletal myoblasts in co-culture provided real-time 

analysis of propagation patterns between them. In particular, it highlighted the 

mismatch in conduction velocity between the two cell types. Illustrating this change in 

vitro may provide a useful understanding of a possible pro-arrhythmic potential 

associated with cells that are not included in the cardiomyocyte lineage.  

In contrast, murine cardiomyocytes were co-cultured with a cell type that 

includes the cardiomyocyte lineage: differentiating murine embryonic stem cells 

(ESC). Following several days of culture, electrical signals were observed on the graft 
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region, and the conduction velocity was not significantly different from that found in 

host.  

 

4.2. Co-culture Device Development 

The co-culture device was designed with AutoCAD software (Autodesk, San 

Rafael, CA), and machined by etching and cutting a 2.8 mm thick cast acrylic sheet 

(Chemcast GP; Plastiglas de Mexico, Bosques delas Lomas, Mexico) with a CO2 laser 

ablation system (V-460 Laser Platform; Universal Laser Systems, Scottsdale, AZ). 

The device consisted of three parts: the ring (which is bisected by the barrier), the 

base, and the contact arm (Figure 4.1C). Following batch cutting, the rings were 

planarized with 1500-grit sandpaper, ultrasonically cleaned in 5% detergent, and 

rinsed in deionized water before use. The thickness of the wall separating cell cultures 

averaged 70±30 μm, measured from micrographs acquired following planarization. 

The contact arm was attached to the base of the device through screw holes on 

the underside of the arm. A 20-gauge needle bent at a 45° angle was attached to the 

end of the arm with epoxy and contacted the ring to apply pressure, maintain a seal, 

and prevent movement. The flexible arm and needle were lowered into the co-culture 

ring by applying pressure from the top using a finely-threaded screw (0.5 mm pitch). 

Once the ring was in place, the needle from the over-hanging arm was attached to the 

co-culture ring using a room temperature vulcanizing (RTV) sealant (3140 RTV 

Coating; Dow Corning, Midland, MI). To remove the ring, the top screw was 

removed, relieving pressure from the arm, and returning it to its original position while 

lifting the attached co-culture ring without lateral motion. 

 

4.2.1. Controlled Merging of Two Cell Populations 

To validate the ability of the device to separate cultures and demonstrate 

integration, HL-1 cardiomyocytes were cultured on both sides of the co-culture divider 

at a density of 2x10
4
 cells per chamber (Figure 4.2). Following the removal of the 

barrier, a defined separation was observed between cultures, with two asynchronous 

sets of action potentials (AP) detected over an MEA. Over the course of 24 hours, 
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HL-1 cardiomyocytes merged and formed a confluent culture with synchronous 

electrical activity (N=5).  

 

4.2.2. Analysis of Differential Signals 

The co-culture device was further used to examine differential responses 

between wild-type and genetically modified cardiomyocytes in order to verify the 

spatial separation between two cell types. This experiment was initiated by 

Whittington in 2007, but finished by Chen, et al. [29]. 

Neonatal cardiomyocytes from wild-type (WT) and β1,2-adrenergic receptor 

knockout (DKO) mice were co-cultured at a density of 2x10
4
 cells per chamber and 

stimulated with the β-adrenergic receptor (β-AR) agonist isoproterenol (ISO). In vivo, 

β-ARs initiate cellular responses to sympathetic stimulation that lead to increases in 

the rate and strength of contraction. Cardioyocytes from DKO mice are not expected 

to respond to treatment with ISO while cardiomyocytes from WT mice should show 

 

Figure 4.2  (A) HL-1 cardiomyocytes were seeded on both sides of the barrier in a standard 35 mm Petri 

dish and allowed to merge. Initial cell contact was observed at 25 hours. (B) The same 

experiment was performed on a MEA, where two asynchronous sets of electrical signal were 

initially observed, but synchronized after merging also 25 hours after removing the barrier. 
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an increase in both action potential frequency and amplitude [105]. Different 

characteristic responses were observed in DKO-WT cardiomyocyte co-cultures 

depending on whether they were in a separated or merged state, illustrating the 

relationship between role of secondary messenger signaling and cell coupling.  

Separation of the cell populations was verified by microscopy and the presence 

of asynchronous action potentials from the two cell types on the MEA (Figure 4.3B). 

DKO cells exhibited a higher beat rate and lower action potential amplitude than WT 

cells, but were still within the range of normal activity. Shortly after the barrier was 

removed and the two populations were still separated, the co-cultures were exposed to 

10 µM ISO. The WT cells responded to ISO with an initial increase in beat rate and 

action potential amplitude, followed by a bursting rhythm of contractions (N=7, 

 

Figure 4.3  (A) Following removal of the co-culture device, cells were divided over the surface of the MEA 

and exposed to 10 µM ISO. (B) A differential response between WT and DKO cultures was 

observed in action potential rate and amplitude as shown from two representative electrodes.  

WT activity displayed a bursting rhythm of contractions while DKO cells did not respond due to 

a lack of appropriate receptors. The spaces in between WT data points indicate no activity. (C) 

Extracellular action potential traces during the time indicated by the dashed boxes in (B) are 

shown during ISO exposure, revealing the change in action potential amplitude in the WT cells 

as a result of the bursting contraction behavior. 
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Figure 4.3C). This response was consistently seen optically in WT cultures in the 

presence or absence of co-cultured DKO cells. The action potentials measured on the 

side of the MEA containing DKO cells were not modulated.  

After removal of the barrier, the two cell populations began to migrate across 

the resultant space and form electromechanical connections. The co-culture behaved 

as a syncitium with a single synchronous beat rate that increased in response to ISO 

treatment. Addition of 10 µM ISO caused the AP amplitudes for WT cardiomyocytes 

to increase, while the AP amplitudes for DKO cardiomyocytes increased only 

marginally, as shown in Figure 4.4A. In this particular example, the consistency 

among electrodes on each side of the MEA was demonstrated by analyzing each 

individual electrode, excluding the two columns of electrodes where the two cell 

populations had merged (only three representative traces from each side are shown in 

Figure 4.4 for simplicity). Amplitudes on the WT electrodes increased 2.43±0.26 fold 

over baseline (P<0.05), and were significantly greater (P<0.05) than the increase of 

 

Figure 4.4  The beat rate response of WT and DKO co-cultures in a heterogeneous population behaved as a 

single syncitium with synchronous rates of contraction across six representative electrodes.  (B) 

WT cells responded with an increase in signal amplitude to 10 µM ISO, while DKO cells 

revealed a much smaller response that was likely due to the change of beat rate in both 

populations. (C) Analysis across electrodes within each region were consistent, and revealed a 

significant (*P<0.05, represented as a bar between significant groups) increase in WT culture 

signal amplitudes due to ISO exposure. Repeated trials (N=4) displayed similar significant 

increases in WT culture signal amplitudes without any bursting behavior as seen in Figure 4.3. 

 



64 

 

1.35±0.19 fold over baseline from DKO electrodes (Figure 4.4C). Similar results were 

observed in repeated trials (N=4) where on average WT cells increased in amplitude 

2.40±0.67 fold, while the DKO cells increased 1.14±0.15 fold.  

The observed differences demonstrated the ability of the device to separate two 

cell types, allow controlled merging over an MEA, and measure extracellular APs 

over the course of several days without any adverse affects on cultures.  

 

4.3. Host-Graft Interactions 

Following verification of the co-culture device to separate and merge two cell 

cultures over a single MEA, the co-culture device was applied as a model for studying 

host-graft interactions. Graft cells with properties inconsistent with those of the host 

may pose the risk of arrhythmia. If graft cells do not include a cardiomyocyte lineage, 

integration may still take place with host myocardium and graft cells may pass an 

electrical signal, but the resulting conduction patterns may not be consistent across the 

host-graft boundary. Non-cardiomyocyte cells may present differences in cell 

morphology, gap junction density, or ion channel distribution, which may all severely 

influence electrical propagation.  

 

4.3.1. Merging Cardiomyocytes with Skeletal Muscle Progenitor Cells 

A host-graft model was first explored by co-culturing murine cardiomyocytes 

with murine skeletal myoblasts and studying their conduction velocity on opposing 

sides of the MEA. HL-1 cardiomyocytes (host) and C2C12 skeletal myoblasts were 

seeded into opposing sides of the co-culture chamber at a density of 2x10
4
 cells per 

chamber. Following one day of culture, the barrier was removed. Within 24 hours of 

removing the barrier, the two cell populations had physically merged on the MEA, as 

observed by microscopy. At this point, all channels displaying electrical activity were 

assumed to be originating from the host, which was validated by noting that the active 

electrodes were located on the appropriate side of the MEA. In longer term culture 

conditions (four days), electrical activity was also observed on the side of the graft 
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cells, but primarily in the vicinity of cells bordering the cardiomyocytes (N=5; Figure 

4.5A).    

The action potentials originating from the graft side of the MEA, while 

synchronous, had lower amplitudes than simultaneous host action potentials (Figure 

4.5B). Analysis of conduction patterns within the sample shown in Figure 4.5C also 

demonstrated a significant decrease (P<0.05) in the velocity of action potential 

propagation from 12.9±2.7 mm/sec on the host side, to 2.0±0.8 mm/sec on the graft 

side. Over all cultures (N=5), conduction velocity through the graft decreased to only 

37±26% of the velocity through host tissue. 

For all samples, conduction analysis indicated that action potentials originated 

from the host side and propagated into the graft side.  This was confirmed by the 

addition of 10 µM ISO which should only stimulate cardiomyocytes [103] because 

 

Figure 4.5  HL-1 cardiomyocytes (host) were co-cultured with C2C12 skeletal myoblasts (graft).  (A) A 

representation of the MEA displays electrodes after cultures have merged on Day 2.  Electrodes 

displaying electrical activity on Day 2 were assumed to originate from the host, and are 

represented by solid circles. Additional electrodes on the graft side that previously did not 

display activity began exhibiting action potentials in subsequent days and are represented by 

triangles. (B) Activity from the highlighted electrodes are displayed for Day 4, showing a 

difference in amplitude between cultures, but still synchronous behavior (N=5). (C) Conduction 

analysis on both sides on Day 4 indicated that electrical activity originated from the host, and 

experienced a significant (P<0.05) decrease in conduction velocity on the graft side, as averaged 

across five beats. 
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skeletal myoblasts lack the necessary β-ARs to appropriately respond. After ISO 

addition, all samples (N=5) remained synchronous and beat rates increased within a 

range of 12% to 130%. The amplitudes of the APs on the host side increased as 

expected within a range from 3% to 30%, while the amplitudes of the graft APs did 

not change more than 3%. 

Analysis of the conduction using co-occurrence matrices was performed to 

quantify the degree of uniformity within the cultures. Phase plots were first generated 

from local activation times of the entire MEA, and cropped according to the region of 

analysis. Because HL-1 cardiomyocytes were electrically active over half of the MEA, 

the respective half of the phase plot was used to calculate the co-occurrence matrix. 

On the other hand, the only portion of MEA that detected electrical activity in the 

C2C12 region was 

limited to the 

boundary, so the 

phase plot was 

cropped around the 

respective region. Co-

occurrence matrices 

calculated from 

different sized phase 

plots can be compared 

with each other 

because they can be 

normalized by the 

maximum number of 

co-occurrence pairs 

within the phase plot. 

Normalizing in this 

way makes the 

co-occurrence matrix 

 

Figure 4.6  Co-occurrence analysis was performed on the conduction of the 

HL-1-C2C12  co-culture. An example of co-occurrence matrices 

from a single co-culture is shown on top. Normalized energy and 

contrast metrics (bottom) did not exhibit significant differences, 

suggesting that conduction was fairly uniform in the cultures 

(N=6). 
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a distribution of the probability of co-occurrence rather than a tally of co-occurring 

pairs.  

Despite the significant differences observed in the conduction velocity, no such 

changes were observed in either the energy or contrast values (Figure, 4.6). Instead, 

the energy slightly increased, and the contrast decreased, but not significantly since 

the standard deviation of both these values where quite high. Still, the lack of any clear 

differences between host and graft cell populations suggested that skeletal myoblasts 

are able to conduct relatively uniform depolarization waves, which is reasonable given 

the fact that they are a muscle cell line.  

In order to rule out the possibility of that only passive conduction occurred 

within the C2C12 skeletal myoblasts and not the propagation of an action potential, a 

control study was performed using murine 3T3 fibroblasts as the model graft cell 

population. HL-1 cardiomyocytes and 3T3 fibroblasts were co-cultured for seven 

days, and while normal electrical activity was observed from HL-1 cardiomyocytes, 

no electrical activity was exhibited from the 3T3 fibroblasts (N=6).  

Overall, the use of MEA technology allowed the examination of the electrical 

interface between host and graft cells, in which the limited ability of graft cells to 

conduct an electrical signal beyond the host graft boundary was observed. In the case 

of using C2C12 skeletal myoblasts, only the graft cells at the host boundary displayed 

action potentials, which typically did not extend past one or two electrode spacing 

lengths (100-200 μm).  It has been shown that the early stage C2C12 skeletal 

myoblasts used in this study develop proteins for electrical connections (connexin43) 

and mechanical coupling (N-cadherin) within days of plating, but down-regulate these 

proteins as the skeletal myoblasts differentiate unless they are coupled with 

cardiomyocytes [103]. The absence of downregulated connexin43 likely explains why 

electrical activity was found only in graft cells close to the boundary and not further 

into the graft region.  

Conduction is influenced by a number of factors, including cell size, 

orientation, gap junction density, or ion channel configuration [41], which makes a 

depolarization wave propagate differently through skeletal myoblasts as it would 
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through cardiomyocytes. The observed slowing of conduction velocity from skeletal 

myoblast populations demonstrated the unique ability of this model to examine 

electrical connectivity at, and propagation through, heterogeneous tissue boundaries.  

 

4.3.2. Merging Cardiomyocytes with Murine Embryonic Stem Cells 

Despite evidence that non-cardiomyocyte stem cells such as skeletal myoblasts 

may integrate into myocardium in vivo, the resulting in vitro experimental data 

suggested that electrical conduction patterns are nonetheless affected. Graft cells may 

not conduct in a similar manner as host cells for the simple reason that they are not 

cardiomyocytes. To address whether stem cells grafts which include the 

cardiomyocyte lineage could appropriately match the conduction properties of host 

tissue, murine embryonic stem cells (ESCs) were co-cultured with murine 

cardiomyocytes.  

The murine embryonic stem cell line ES-D3 (CRL-1934) was obtained from 

the American Type Culture Collection (ATCC; Manassas, VA), and were cultured in 

medium as previously described by Boheler, et al. [63]. ESCs were developed into 

embryoid bodies using the “hanging drop” method [106] to allow spontaneous 

differentiation to take place. Leukemia inhibitory factor (LIF), which is used to 

maintain an embryonic state, was withdrawn from the medium, and a cultivation of 

about 400 cells was suspended in 18 μL hanging drops to form an aggregate of cells 

termed embryoid bodies (EB). At this point, the differentiation stage of the EB was 

noted as Day 0. After two days, each EB was transferred into its own well in an ultra-

low attachment 96-well plate (Costar 96-Well Microplate; Corning Life Sciences, 

Lowell, MA) for two days, after which they were further seeded onto 48-well plates. 

By Day 7, whole EBs were dissociated with collagenase B (Worthington, Lakewood, 

NJ) and cells were plated into the one side of the co-culture chamber at a density of 

4x10
4
 cells per chamber. HL-1 cardiomyocytes were seeded on the opposing side of 

the co-culture chamber at a density of 2x10
4
 cells per chamber. The seeding density 

was determined based on the observed proliferation rates of both cell types to 

minimize the overcrowding of cells over time. 
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Following removal of the barrier, 

the two cell cultures merged within one 

day. After two days of merging (Day 3), 

synchronous electrical activity was 

observed on the side of the ESCs, 

implying cardiac differentiation. By this 

time, murine ESCs should have reached a 

differentiation stage that includes 

electrically active cardiomyocytes [63, 

107]. At Day 3, impulse propagation 

originated from the host region, and only 

extended 100-200 µm into the graft 

region. Similar to the 

case with co-cultured 

C2C12 skeletal 

myoblasts, coupling 

of hESCs with 

cardiomyocytes may 

encourage cardiac 

differentiation.  

Analysis of 

the resulting 

conduction velocity 

showed no significant 

variation from that of 

host cultures (Figure 

4.7; N=9). Instead, 

the observed 

depolarization wave 

appeared to propagate 

 

Figure 4.7  Murine ESCs were co-cultured with 

HL-1 cardiomyocytes. After two days 

of co-culture, electrical signals were 

observed on the graft region of the 

MEA. Analysis of the conduction 

velocity did not display any notable 

changes between the two cultures 
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Figure 4.8  Co-occurrence analysis was performed on the conduction of the 

HL-1-mESC co-culture. An example of co-occurrence matrices 

from a single co-culture is shown on top. Normalized energy and 

contrast metrics (bottom) did not exhibit significant differences, 

suggesting that conduction was fairly uniform in the cultures 

(N=9). 
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unimpeded through the heterogeneous culture. Unfortunately, electrical activity 

decreased dramatically after three days, and is likely due to overcrowding of the MEA.  

In spite of similar conduction velocities between the HL-1 cardiomyocytes and 

differentiating hESCs, it is possible that graft cells contained a portion of cells that 

could propagate a depolarization wave especially fast, but was impeded by non-

conducting cells to bring the averaged conduction velocity lower. In order to address 

this, co-occurrence analysis was performed to examine the relative uniformity of 

conduction between the host and graft cell populations. Indeed, no significant 

differences in the energy or contrast were observed (Figure 4.8), implying that a 

relatively pure population of cardiomyocytes was differentiated within the graft 

region, and possessed conduction properties well matched with that of the host cell 

population. 

 

4.4. Conclusions 

A method was demonstrated for the reversible separation of two cell 

populations on an MEA through a physical barrier, which upon removal allowed cell 

growth and migration. Planar MEAs were well matched with the co-culture barrier 

technique because of the ability to record electrical activity in multiple regions of the 

culture simultaneously. The capabilities of this co-culture device were demonstrated 

using murine HL-1 cardiomyocyte cultures, murine neonatal cardiomyocytes with 

different genetic compositions (WT and β1,2-AR DKO), murine C2C12 skeletal 

myoblasts, and finally murine ESCs.   

The simplicity of the device lends itself to modifications to fit other 

experimental platforms, culture dishes, or microscope stages, and is further supported 

by its low fabrication costs and its ability to be reused. Because the barrier technique 

does not require surface coating of either the ring or the substrate, the separation of 

cells was reversible and not limited to specific cell types.   

With a robust method of studying the electrical interaction of modeled host and 

graft cell populations, the next step is to apply this technique to more clinically 

relevant graft candidates. In particular, differentiating human embryonic stem cells 
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will be used as an in vitro model graft cell population in the next chapter to explore 

how coupling graft cells to a host cardiomyocyte cell population affects cardiac 

differentiation.  
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5 Trans-Species Host-Graft Integration Model 

5.1. Introduction 

Ever since human embryonic stem cells (hESCs) were first isolated by 

Thomson, et al. in 1998 [7], they have been under intense scrutiny as an ideal source 

of material for tissue regeneration. The ability to indefinitely proliferate and also 

differentiate into almost any cell type may enable hESCs to be used in a wide range of 

clinical applications. More importantly for cardiac tissue regeneration, hESC derived 

cardiomyocytes capable of electromechanical function [108, 109] have been shown to 

be able to integrate into the myocardium of various animal models [110-112]. 

However, as demonstrated in Chapter 4, integrating graft cells into myocardium may 

result in the disruption of conduction patterns due to mismatched electrical properties 

between host and graft tissues. Understanding how graft cells electrically interact with 

host cells is a critical step toward finding viable regenerative therapies.  

Currently, all in vivo studies examining hESC engraftment are performed in 

animals and not humans. While trans-species models are appropriate given the 

unknown side-effects of hESCs in human, it is nonetheless of interest to explore the 

validity of these models. Undoubtedly, crucial insight into hESC behavior within a 

host have been obtained using animal models [111, 113, 114], but unless the issue of a 

conduction mismatch between an animal host and a human graft is resolved, it is 

difficult to translate such results into clinically relevant data.  

In this work, trans-species stem cell transplantation was studied by focusing on 

electrical integration between murine cardiomyocytes and human stem cell grafts. The 

device developed for the reversible separation of two cell populations was used by 

culturing murine cardiomyocytes with two human graft candidates. The first graft was 
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modeled using spontaneously differentiating hESCs, whereas the second was modeled 

using late stage hESCs purified for cardiomyocytes.  

In an effort to examine whether electrical pacing may mitigate the conduction 

mismatch between host and graft cell populations, co-cultures of murine 

cardiomyocytes and spontaneously differentiating hESCs were also subjected to 

continuous electrical stimulation at physiologically relevant levels. Many differences 

were observed in the graft‟s conduction characteristics between paced and non-paced 

cultures, which would suggest a significant role of the electrical environment during 

the differentiation process. 

 

5.2. Culture of Human Embryonic Stem Cells 

The hESCs used for both graft models were from the H9 lineage (WiCell 

Research Institute, Madison, WI) and underwent differentiation by embryoid body 

(EB) formation as previously described by Kehat, et al. [78]. After seven days of 

culture, floating EBs were gathered and seeded 0.1% gelatin-coated Petri dishes or 

microelectrode arrays (MEAs) to monitor the development of electrical activity and to 

determine the appropriate differentiation stage for subsequent co-culture experiments.  

Spontaneous action potentials were initially observed beginning as early as 

seven days following EB formation, but no later than Day 14 (N=12 for optically 

observed EBs in Petri dishes). Beating was typically found to continue for over several 

 

Figure 5.1  An example of EB activity on a MEA over several weeks is shown. Action potentials collected 

from two minutes of recording each day were used to calculate the beat rate and action potential 

amplitudes. Over the course of two weeks, signals remained robust without any noticeable loss of 

activity. 
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weeks without showing any signs of degradation (Figure 5.1). Only one EB was 

recorded over a MEA due to the difficultly of seeding them directly over the recording 

array. 

Whole EBs are not directly transplanted in vivo, they must first be dissociated 

into single cells prior to injecting them into a heart. Because EBs were found to 

typically start exhibiting electrical activity before Day 14, it was desirable to use a 

dissociated monolayer of electrically active hESCs shortly before Day 14. As a result, 

EBs cultured to Day 12 were dissociated using collagenase IV (Sigma-Aldrich, St. 

Louis, MO) and seeded onto MEAs. Beating was often observed within several focal 

points throughout the array within days after plating. Over time, cells around the focal 

beating points showed signs of differentiation, eventually leading to synchronized 

contractions (N=4; Figure 5.2).  

 

5.3. Co-Culture Validation 

Before conduction was studied between modeled host and graft cell cultures, 

the co-culture device described in Chapter 4 was further tested to verify that cells on 

either side of the MEA do not cross the boundary after merging. Because previous 

co-culture experiments demonstrated beating only at the boundary, a major concern 

was that the HL-1 cardiomyocytes migrated towards the other side of the boundary 

over time.  

 

Figure 5.2  Over the course of 22 days, different electrical patterns developed in human embryonic stem 

cells (hESC). Each trace in the above figure represents the raw signal from individual electrodes. 

Eventually, synchronized beating was sometimes achieved, as evidenced by similar electrical 

activity over all the active electrodes. These results were used to characterize the development of 

electrical activity and determined the appropriate differentiation stage of hESC to be used in co-

culture experiments (N=4). 
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In order to track the potential movement of cells, HL-1 cardiomyocytes were 

fluorescently labeled using a lentiviral vector LentiLox PLL3.7 to express green 

fluorescent protein (GFP) [96]. The separation of cultures using the co-culture devices 

was performed over 35mm Petri dishes to aid in visualizing fluorescent intensities. 

Non-fluorescent EBs were dissociated at Day 12, and seeded into one chamber of the 

co-culture device at a density of 4×10
4
 cells per chamber along with HL-1 

cardiomyocytes seeded in the opposite chamber at a density of 2×10
4 

cells per 

chamber. The seeding density was determined based on the observed proliferation 

rates of both cell types to minimize the overcrowding of cells over time. After both 

cell populations had merged, cultures were optically tracked for six days to address 

any concern that cardiomyocytes may migrate into the graft region and mask any 

electrical signal from hESCs (Figure 5.3).  

 

Figure 5.3  A verification study was performed to ensure that any electrical activity observed by the MEA 

was not due to migrating cardiomyocytes. (A) Micrograph of hESC-HL-1 cardiomyocyte co-

cultures after 6 days. (B) HL-1 cardiomyocytes were GFP labeled for optical analysis of the 

boundary. The scale bar indicates the distance between electrodes on the MEA in a fluorescent 

image (all images are at the same scale). (C) Fluorescent images were converted into a binary 

matrix, and the boundary was mapped. (D) A linear fit was then calculated using the point at the 

boundary, and the resulting line from each day was overlaid. Over the course of six days, the 

boundary moved only 5.7 ± 2.0 µm (N=5). 

 

 

Day 2

Day 3

Day 4

Day 5

HL-1hESC
100 µm

A B

C D



76 

 

Fluorescent images (Figure 5.3B) were analyzed in Matlab™ (The 

MathWorks; Natick, MA) as a binary image where a white pixel indicated green color 

from GFP fluorescence (Figure 5.3C). A pixel was considered fluorescent if the green 

component of the color was greater than one quarter of the maximum (measured from 

0 to 255). By choosing such a threshold, noise was not observed to be an issue in the 

identification of fluorescent cells.  

The definition of the boundary was characterized by scanning each row of the 

image from the non-fluorescent hESC region towards the GFP-labeled HL-1 region, 

and noting the location that fluorescence was first observed. A linear fit of the 

boundary was then created for each image, which was used to characterize the 

boundary. The boundary lines from each day of co-culture were overlaid (referenced 

to a point made by a permanent marker on the culture dish), and the largest lateral 

movement was calculated for each sample (Figure 5.3D).  

The average movement of the boundary was calculated to be 5.7 ± 2.0 µm 

(N=5), which is indicative of a very stable interface. Indeed, the spacing between 

electrodes (100 µm) is two orders of magnitude larger than the recorded movement of 

the boundary. It is therefore highly unlikely for HL-1 cardiomyocytes to migrate 

across the boundary and disrupt signals from the graft population. 

 

5.4. Trans-Species Integration Model 

The co-culture device was used in conjunction with MEAs to electrically map 

the conduction between host and graft cell populations. In Chapter 4, HL-1 murine 

cardiomyocytes were co-cultured with species-matched murine ESCs. Over time, 

electrical activity was observed on the side of the graft with a similar conduction 

velocity exhibited by the host culture. In this case, the use of human cells highlighted 

specific conduction issues with trans-species animal models. In particular, the 

co-culture method was used to examine whether the plasticity of spontaneously 

differentiating hESCs could allow them to differentiate into cells that match the 

conduction properties of the host murine cardiomyocytes. Analysis of the resulting 
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conduction was carried out by examining the conduction velocity and the uniformity 

of conduction of hESCs compared to host cardiomyocytes. 

 

5.4.1. Cardiomyocyte Recruitment at the Co-Culture Boundary 

HL-1 cardiomyocytes (host) co-cultured with hESCs (graft) demonstrated 

conduction mismatches across both sides of the MEA over time. Following the 

removal of the barrier (Day 1 of co-culture), both populations of cells merged together 

within 24 hours. Electrical signals were confirmed as originating from the host side by 

correlating the microelectrode channels exhibiting activity to its spatial location. 

Between Day 3 to Day 4, additional action potentials were observed on the graft side 

(N=11) beating synchronously with the host.  

By Day 5, the propagation velocity significantly increased to 2.6±0.8 times the 

conduction velocity from the host region (N=11; Figure 5.4). The conduction velocity 

within HL-1 cardiomyocytes, consistent with homogeneous HL-1 cultures, averaged 

8.9±3.1 cm/sec, while the conduction velocity of the differentiating hESCs averaged 

 

Figure 5.4  Representative conduction map of host-graft model with differentiating hESCs. HL-1 

cardiomyocytes (host, left) were co-cultured with differentiating hESCs (graft, right). By Day 5 

of co-culture, additional electrodes on the graft region exhibited synchronous action potentials, 

with a conduction velocity significantly greater than host tissue. Over multiple samples, 

conduction velocity was 2.6±0.8 times higher than host region (N=11, P<0.05). 

 

HL-1 
Conduction

Velocity: 
8.9 ± 3.1 mm/sec

Velocity: 
23.1 ± 7.1 mm/sec

hESC
Conduction

Barrier



78 

 

23.1±7.1 cm/sec. At this observed conduction velocity, it is likely that the graft cells 

have differentiated into atrial cardiomyocytes, which are reported to possess a 

conduction velocity in the range of 28 to 33 cm/second by Gelband, et al. [115].  

The differences in conduction velocity between the host and graft cell 

populations may be attributed to inherent characteristics between human and murine 

cardiomyocytes. Studies performed by Walton, et al., on cardiomyocyte 

electrophysiology demonstrated that the conduction velocity is proportional to the 

square root of the maximum upstroke velocity in the transmembrane action potential, 

or dVm/dtmax [116]. The upstroke velocity is heavily dependent on the sodium current 

INa, and is therefore a unique property to each cell type. Atrial-like cardiomyocytes 

derived from human embryonic stem cells possess a dVm/dtmax that is 5.5 times higher 

than HL-1 cardiomyocyte [108, 

117]. If the square root of the 

proportion of dVm/dtmax of 

atrial-like cardiomyocytes over 

HL-1 cardiomyocyte is taken, 

hESCs should have a 

conduction velocity 2.3 times 

greater than HL-1 

cardiomyocytes (2.6 times 

observed), if all else was equal 

(cell volume, intracellular 

resistance, membrane 

capacitance, and peak 

membrane voltage). While this 

simple calculation cannot 

comprehensively explain the 

observed velocity mismatch, it 

does lend further evidence that 

trans-species animal models 

 

Figure 5.5  Co-occurrence matrix analysis on co-cultures 

between HL-1 cardiomyocytes and normally 

differentiating hESCs (labeled “hESC”) at Day 14. 

An example of co-occurrence matrices from a HL-

1- hESC co-culture is displayed on top. Energy and 

contrast values are depicted in the chart below. 

Conduction exhibited by hESCs resulted in a slight 

increase in energy and a decrease in contrast 

(N=11; *P<0.05). Conduction within the graft 

region appeared even more uniform than in the host 

region.  
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may not be able to functionally integrate certain graft cells in myocardium due to their 

inherent electrophysiologic properties.  

It is possible, however, that the depolarization wave observed within the hESC 

graft region was not uniform, which would cast doubt on the validity of an averaged 

velocity measurement. The uniformity of conduction within differentiating hESCs was 

quantified using a co-occurrence matrix. Phase plots of co-cultures were generated and 

divided into two parts appropriate to the region where electrical activity was observed. 

Each portion was then analyzed for its resulting energy and contrast values as 

described in Chapter 3. As shown in Figure 5.5, the co-occurrence matrices in the graft 

region exhibited steady energy values, and significantly lower contrast values than that 

of host cardiomyocytes. Such a decrease in contrast is especially indicative of a highly 

uniform depolarization wave relative to the pure population of host cardiomyocytes.   

Negative control studies were performed using the non-conducting human 

fibroblast cell line IMR90 co-cultured with murine HL-1 cardiomyocytes. Normal 

signals were observed from cardiomyocytes, while no signals were detected from 

fibroblasts for up to 7 days (N=6).  

 

5.4.2. Verification of Cardiac Differentiation.  

The presence of electrical activity in the graft regions of co-cultures implied 

cardiac differentiation, and was verified though immunofluorescent staining.  GFP-

labeled hESC cultures were co-cultured with non-GFP-labeled HL-1 cardiomyocytes 

for seven days, fixed, and stained for nuclei (DAPI) and either troponin-T (N=4) or 

gap junction protein Cx43 (N=4).  

The results of fluorescent imaging indicated that cardiac differentiation does 

indeed occur at the boundary (Figure 5.6). GFP-labeled hESCs expressed both 

troponin-T and Cx43 at the boundary, but were not expressed in appreciable amounts 

more than ~200 µm away. Simultaneous observations of HL-1 cardiomyocytes were 

verified to express both troponin-T and Cx43, but not GFP in all cases. The 

immunofluorescent images were consistent with observations on MEAs, where 

electrical activity was observed primarily at the boundary of mature cardiomyocytes.  
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5.5. Cardiomyocyte Purified Graft Model 

The relatively low level of cardiac differentiation often observed with 

spontaneously differentiating hESCs is certainly not ideal for in vivo use. Not only 

may non-cardiac cells impede or disrupt conduction, but the prolific nature of hESCs 

may also lead to teratoma formation, as reported when transplanted into mice [118]. 

Despite efforts to condition hESCs for cardiomyocyte differentiation, the actual yield 

of cardiomyocytes tends to vary significantly, and almost never reaches a pure 

population. One common method for sorting cells from a heterogeneous population is 

fluorescence-activated flow cytometry (FACS). Unfortunately, FACS sorting is based 

on fluorescently tagging a surface marker that is specific to the cell of interest, and 

currently, there are no known surface markers specific to human cardiomyocytes. 

Instead, a purification method is often used based on the relatively large density of 

cardiomyocytes. In what is known as a Percoll gradient, heterogeneous cell 

populations are suspended in a gel-like solution that separates the cells by density. 

Using calibration standards, portions of the Percoll gradient containing cells that 

 

Figure 5.6  Immunoflourescent analysis of the co-culture boundary in two samples. HL-1 cardiomyocytes 

and GFP expressing hESCs were co-cultures for seven days and fixed (D, I). Immunofluorecent 

imaging was performed in the region outlined in the dotted box for nuclei (A, F; DAPI), GFP (B, 

G), gap junctions (C; Cx43), and troponin-T (H). Images were also overlaid (E,J). Cardiac 

markers were observed at the boundary, but did not extend further than approximately 200 µm 

from the boundary. Similar results were found for cardiac troponin-T (N=4 with Cx43, N=4 with 

troponin-T). All images for Cx43 and TnT share the scale bar in images D and I, respectively. 
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possess the same density as cardiomyocytes can be extracted and prepared for further 

culture or in vivo transplantation [118].  

To increase the proportion of hESC-derived cardiomyocytes in co-culture 

experiments, Percoll purification was performed as previously described by Cao, et al. 

[118] using late stage differentiating EBs (Day 25) in order to maximize the amount of 

mature cardiomyocytes. Day 25 EBs were dissociated using Liberase Blendzyme IV 

(Roche, Indianapolis, IN), and the resulting cell suspension was separated by Percoll 

density centrifugation. In order to assess the success of purification, a portion of the 

purified cells were fluorescently labeled for troponin-T and analyzed using flow 

cytometry. In this experiment, the proportion of cells expressing troponin-T reached 

up to 70%, as opposed to spontaneously differentiating EBs, which consisted of about 

5-10% cardiomyocytes.  

The higher proportion of hESC derived cardiomyocytes (labeled “PP hESCs”) 

was expected to support a depolarization wave that could extend much farther into the 

graft region than before and provide a more complete map of electrical conduction 

 

Figure 5.7  EBs (Day 25) were purified using a Percoll gradient and co-cultured with HL-1 cardiomyocytes. 

A plot of the conduction over the MEA revealed that a depolarization wave can be passed from 

“host” to “graft,” but the uniformity of the signal degrades past the boundary region. Action 

potentials observed on the “graft” region also exhibited smaller amplitudes. 
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pathways. After merging with host HL-1 cardiomyocytes, conduction on the graft 

region was observed almost immediately following the merging of cultures 

(approximately one day following the removal of the co-culture barrier).  

Individual action potentials observed in the region of the graft were, in general, 

small in amplitude compared to those of the host cardiomyocyte signals. The 

difference in signal strength may be due to relatively immature cardiomyocytes, or 

imperfect coupling to the recording electrodes due to interference from non-

conducting cells present in culture. 

A representative map of the conduction displayed as a vector field is shown in 

Figure 5.7. A depolarization wave in the host region appeared unidirectional and 

uniform as expected, with an average velocity typical of HL-1 cardiomocytes at 

10.5±6.7 cm/second. However, the direction of propagation began to diverge as the 

depolarization wave entered the 

boundary region, and the velocity 

significantly decreased to 46±21% 

from the velocity of the incoming 

depolarization wave (N=6; 

P<0.05). However, this decrease 

in velocity was clearly due to non-

uniformities in the graft region, 

where it is assumed that non-

conducting cells blocked 

conduction pathways.  

PP hESCs exhibited co-

occurrence matrices that were not 

tightly clustered around the 

diagonal compared to the 

conduction in the host region. The 

energy did not significantly vary, 

indicating that in general, 

 

Figure 5.8  Co-occurrence matrix analysis on co-cultures 

between HL-1 cardiomyocytes and Percoll-

purified hESC at Day 25 (labeled “PP hESC”). 

An example of co-occurrence matrices from a 

HL-1- PP hESC co-culture is shown on top. 

Energy and contrast values are depicted in the 

chart below. PP hESC were highly non-uniform, 

with a significant increase in the contrast value 

(N=6, *P<0.05).   

 

HL-1 PP hESC

0

0.5

1

1.5

2

2.5

3

3.5

HL-1 PP hESC

N
o

rm
a

li
ze

d
 P

a
ra

m
et

er

Energy

Contrast
*



83 

 

electrical activity was observed throughout the region of analysis. Importantly, the 

contrast was notably greater in the graft region than in the host region by about 2.3 

times. This significant increase in contrast would thus classify the conduction as non-

uniform (Figure 5.8).  

Co-cultures were observed for seven days in anticipation of improved 

conduction uniformity within the graft region. Instead, the conduction patterns did not 

change, but maintained similar conduction velocities, energies and contrasts as that on 

the first day of merging. Because PP hESCs were purified from later stage EBs, stem 

cells may have already reached a committed lineage.  

By maintaining non-uniform conduction, it is clear that even a Percoll 

purification was insufficient to enable hESCs as an appropriate stem cell graft. In 

addition to having a mismatch of conduction properties between host and graft, the 

graft itself may have differentiated into unnecessary cell types that block conduction 

pathways and contribute to possible arrhythmia. 

 

5.6. Electrical Stimulation of Heterogeneous Cultures 

The observed differences between the co-cultured murine cardiomyocytes and 

hESC have prompted efforts to examine methods to either improve the yield of 

differentiation in the graft, or ideally, mitigate the mismatch between conduction 

properties of the two cell populations. As a preliminary effort towards this goal, the 

stimulation electrodes located on the outer region of the MEA were used to electrically 

pace the co-cultures during and after the integration process. Stem cells undergoing 

electrical stimulation have been shown to not only improve the yield of cardiac 

differentiation [67], but also to improve the ultra structural organization in three-

dimensional tissue constructs [119]. It is hypothesized that at the very least, 

conduction uniformity should improve within a graft region following electrical 

stimulation. 

HL-1 cardiomyocytes and spontaneously differentiating hESCs were co-

cultured as described in Section 5.4.1. Once the barrier was removed, a biphasic, 

anodic-first square wave at 30 µA amplitude (24.9 μA/mm
2 

current
 
amplitude) was 
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applied to all the stimulation 

electrodes in parallel at 1 Hz 

for the duration of the 

experiment. The maximum 

voltage swing was 0.5V, and 

within the window of 

hydrolysis [120]. The 

amplitude of 30 µA was 

chosen based on levels used 

to stimulate cardiac cultures 

[28]. The supporting 

hardware used to enable 

electrical pacing has been 

described previously by 

Chen, et al. [121] and is described in further detail in Chapter 6.  

In both paced and non-paced samples (N=4 per group), action potentials were 

observed by Day 3 of co-culture until Day 5. After Day 5, most samples began 

exhibiting a sharp drop-off in the level of electrical activity, which was assumed to be 

from proliferative cells overcrowding within the MEA. The degree of cardiac 

differentiation was initially quantified by counting the number of active electrodes 

within the graft region of the MEA (Figure 5.9). In general, a consistently higher 

number of active electrodes were found in paced samples compared to non-paced 

samples, but was not statistically significant. The observed differences are nonetheless 

evidence of increased differentiation. Electrodes within the MEA are spaced 100 µm 

apart, so it is possible that this resolution was insufficient to properly quantify the 

degree of cardiac differentiation.  

 The average conduction velocity in the graft regions was greater in paced 

sampled than non-paced (Figure 5.10). By Day 5, the conduction velocity in paced 

sampled were 2.9±0.02 times that of the host velocity (26.0±0.2 cm/second). In non-

paced cultures, the conduction velocity in the graft regions was 2.3±1.1 times that of 

 

Figure 5.9  Co-cultures of HL-1 cardiomyocytes (host) and 

differentiating hESCs (graft) were paced throughout the 

integration process, and the number of electrodes that 

displayed electrical activity within the graft region was 

counted. Paced samples displayed a consistently higher 

number of active electrodes, although the differences 

were not statistically significant (N=4 per group).  
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the host velocity by Day 5 

(17.4±3.5 cm/second).  

Strangely, the maximum 

conduction velocity in paced 

samples was observed on 

Day 4 at 28.0±1.4 

cm/second, but was not 

dramatically different than 

the velocity observed on 

Day 5. It is possible, 

however, that pacing may 

have slightly increased the 

proliferation rate of cells in 

the hESC region, which 

may lead to non-conducting 

cell that impede the depolarization wave and lead to non-uniformities. 

The uniformity of the depolarization wave can be measured using co-

occurrence matrices. (Figure 5.11). Energy levels in the graft region normalized to the 

 

Figure 5.10  Co-cultures of HL-1 cardiomyocytes (host) and 

differentiating hESCs (graft) were paced throughout the 

integration process, and the conduction velocity within 

each region was calculated and normalized to the 

velocity in the host region. No detectable conduction 

was observed on Day 3 in non-paced samples (N=4 per 

group).  
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Figure 5.11  Co-occurrence analysis of paced co-cultures of HL-1 cardiomyocytes (host) and differentiating 

hESCs (graft) demonstrated widespread differences between paced and non-paced samples. 

Energy levels remained relatively similar during Day 3 and 4, but dropped significantly by Day 5. 

A decrease in energy suggests a more distributed co-occurrence matrix. Contrast levels in paced 

cultures were significantly lower than non-paced cultures beginning on Day 3 (N=4 per group; 

*P<0.05).  
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energy in the host regions did not significantly change during Days 3 and 4, but 

decreased significantly by Day 5. As discussed in Chapter 3, a decrease in energy 

would suggest a co-occurrence matrix with evenly distributed values. Furthermore, a 

decrease in energy accompanied by a similar decrease in the contrast is an inference to 

a highly uniform distribution along the diagonal of the co-occurrence matrix.  

The significant decrease in contrast within paced cultures was observed as 

soon as electrical activity was observed within the graft region of the co-culture. 

Throughout Day 4 and 5, the contrast levels of paced samples remained around 50% 

of the non-paced controls. The dramatic increase in conduction uniformity is a strong 

argument that there is a greater degree of differentiation among the graft cell 

populations due to electrical pacing.  

The differences between paced and non-paced graft regions observed in the 

area of electrical activity, conduction velocity, and the uniformity of conduction is 

evidence that pacing is beneficial during the differentiation process. The stimulus 

amplitude used to pace the co-cultures was also not an optimized value. It is very 

likely that the differences between paced and non-paced cultures could be much more 

apparent if dose-response curves were created. Nonetheless it is of interest to note that 

the standard deviation of the conduction velocity, energy, and contrast all decreased 

over time, which is indicative of the level of control electrical pacing had on this type 

of co-culture environment. Without pacing, the only source of electrical stimulation 

would originate from spontaneously beating host cardiomyocytes located at the host-

graft boundary. Moreover, the electrical activity from host cardiomyocytes is fairly 

irregular, ranging from 60-180 beats per minute. With electrical pacing, graft cells 

received a consistent level of stimulation from electrodes. In addition, if the same 

electrical pacing on the host region could consistently pace the host cardiomyocytes, 

stimulation at the boundary would be equally regular.   

 

5.7. Conclusions  

The observed changes in conduction between modeled host and graft cell 

populations validated the co-culture system as a method to address the effects of 
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electrical connectivity at, and propagation through, heterogeneous tissue boundaries. 

Indeed, the implication that cell transplantation may adversely affect the host system is 

a reminder that successful myoplasty must not only include functional integration but 

also the restoration of proper electrical conduction and intracardiac propagation.  

The conduction model between host and grafts cells is also a powerful tool to 

examine and screen potential graft candidates. The boundary between incompatible, 

trans-species, cell types was clearly mapped by the presence of mismatched 

conduction properties between two cell cultures, exhibited by the differences in 

propagation velocity and in the uniformity of conduction.  

Moreover, by electrically pacing co-cultures, a technique was initially explored 

for modulating the differentiation process. Pacing was able to improve the uniformity 

of conduction, and also enabled a level of consistency to the electrical environment. 

However, while the presence of improved electrical activity due to pacing may imply 

cardiac differentiation, it is not an undisputed claim. In the following chapter, the 

system used for electrical stimulation is further characterized to examine how long 

term pacing affects the gene expression in graft cell populations.  
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6 Electrical Stimulation of Embryonic Stem Cells 

6.1. Introduction 

The risk of arrhythmia following stem cell transplantation may be largely 

influenced by non-conducting, and often undifferentiated, graft cells. As demonstrated 

in Chapter 3, even a very small proportion of non-conducting cells may significantly 

alter electrical pathways in heterogeneous cells cultures. However, as graft cells 

remain coupled to myocardium over time, the interactions between the graft and host 

may play a role in their eventual differentiation into cardiac tissue. Within the heart, 

chemical signaling, mechanical stress, and electrical stimulation will all have a major 

impact on graft stem cells. While most of these processes are relatively well studied, 

the influence of electrical activity of the surrounding host tissue on graft 

differentiation and integration is poorly understood.  

It is well known that during fetal development, electrical signals are present 

and may help guide stem cells towards a cardiomyocyte cell fate [67]. Similarly, it is 

reasonable to hypothesize that comparable stimuli may play a role in the 

differentiation and integration of stem cells introduced into host cardiac tissue. A 

system for in vitro electrical stimulation may provide further insight into the role of 

endogenous electric signals from native tissue, and also offer a novel way to control 

the differentiation and integration of implanted cells. 

A study by Radisic, et al. demonstrated that electrical field stimulation over an 

eight day period increased the amplitude of synchronous contractions in a tissue 

construct of rat neonatal ventricular cardiomyocytes [119]. Stimulation also led to 

improved physiological structure and function, as confirmed by the presence of 

striations, gap junctions, and cell coupling. With murine embryonic stem cells (ESCs), 

the application of a DC electric field for 90 seconds over an embryoid body (EB) had 
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in certain cases doubled the yield of beating EBs [67]. However, cells in the 

myocardium are depolarized by local currents, propagating in a wave-like pattern, and 

not by synchronous field stimulation. Therefore, such techniques may not adequately 

mimic the electrical micro-environment that stem cells may be subjected to in a graft.  

In order to study electrical signaling under controlled conditions, an in vitro 

stimulation system was developed to deliver current-controlled pulses through 

microelectrodes simulating the local activation resulting from contact with 

surrounding electroactive tissue. In the previous chapter, it was demonstrated that 

electrically paced human embryonic stem cells (hESCs) co-cultured with murine 

cardiomyocytes exhibited improved conduction uniformity. From the resulting data, it 

was implied that improved conduction was a result of increased cardiac 

differentiation. However, before further experiments could be carried out with 

electrically paced host-graft co-cultures, characterization of the system was required to 

verify that stimulation could significantly alter stem cell differentiation. Murine 

embryonic stem cells (ESCs) were initially used as the model graft cell because of 

their relatively fast differentiation rates.  

Cells stimulated for up to four days were analyzed for cardiac and gene 

expression using real-time PCR, immunofluorescent imaging, and genome microarray 

analysis. Results varied among ESCs from three progressive differentiation stages and 

three stimulation amplitudes (nine combination), indicating a high sensitivity to 

electrical pacing. Overall, a robust system capable of long term stimulation of murine 

ESCs is demonstrated in this chapter, with specific conditions outlined to most 

encourage cardiomyocyte differentiation.  

 

6.2. A System for Electrical Stimulation  

Electrical stimulation was performed with a local “point-source” stimulation 

approach using controlled current. By using a current source, stimulation thresholds 

will remain relatively constant despite potentially drifting electrode impedance [122]. 

In addition, a voltage drop across a load (i.e., cells) can be readily measured to ensure 

that voltages stay within a safe margin, thus preventing electrode corrosion and water 
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electrolysis [123]. The waveform of the input current can be configured such that the 

first phase of a stimulus is theoretically recovered during a second phase with an 

opposite polarity, and hence “charge balanced.” It is understood that charge balanced 

waveforms have been adequate for minimizing electrochemical reactions [123]. As a 

result, the design of the current source is critical because non-linearities can lead to an 

imbalance in the waveform. Over time, a non-balanced waveform can lead to built up 

charges at the electrode-electrolyte interface, eventually causing the voltage at the 

electrode to be outside the safe region of operation and initiate irreversible Faradaic 

reactions. Irreversible Faradaic reactions should be minimized to prevent the 

generation of cytotoxic byproducts that would destroy cell cultures, and to prevent 

corrosion that would compromise the experimental setup. However, with the amount 

of delivered charge sufficiently small, chemical reactions should be reversible and 

allow for safe operation if the stimulation signal is charge balanced [92].  

A stimulation circuit was designed to generate a voltage waveform that is input 

through a voltage-controlled current source, and finally delivered to stimulation 

electrodes. Planar microelectrode arrays (MEA) with integrated recording and 

stimulation electrodes [28] were used, as described in Chapter 3. Electrical stimulation 

over a limited area helped to determine the importance of graft cells being physically 

coupled to an electrically active substrate in the differentiation process. In addition, 

the configuration of the electrodes mimicked the boundary conditions of the graft, 

where only the peripheral cells in contact with parts of the healthy myocardium would 

be subjected to local currents and their resulting fields.   

 

6.2.1. Pulse Generation and Stimulation Circuitry 

The MEAs used for this study contained stimulation electrodes symmetrically 

arranged across the surface with varying surface geometries (Figure 6.1). All of the 

outer stimulation electrodes were connected in parallel to each other and then used to 

stimulate the cells from a signal source. A platinum wire was placed in the medium 

bath to serve as a return path for the applied current. An MSP430 microcontroller 

(EZ430-T2012; Texas Instruments, Dallas, TX) was used to control a 16-bit bipolar 
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digital-to-analog converter 

(DAC), which drove a modified 

Howland voltage-controlled 

current source (Figure 6.2). The 

two operational amplifier 

configuration used for the 

voltage-controller current source 

allows a user-defined voltage to 

be fixed across a resistor in series 

with the load, ensuring precise 

and accurate current control. The 

configuration of amplifiers as well as choice of components resulted in a slew rate of 3 

 

Figure 6.1 ESCs were stimulated using the larger auxiliary 

electrodes located (highlighted in red) on the 

microelectrode array.   

Stimulation 
Electrodes

Recording
Array

0.5 mm

 

Figure 6.2 Two LTC1151 operational amplifiers were configured as a voltage-controlled current source to 

deliver a precise current pulse. A high-side current sense circuit (shown on the lower right) was 

applied using a LT1167 instrumentation amplifier to monitor the current delivered to the load 

(ie. electrodes and cell culture). 
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μA/μs, and a signal-to-noise ratio of 59 dB with a 60 µA sine wave output into a 100 

kΩ resistive load.  

An anodic-first biphasic waveform with 10 msec duration was applied once per 

second. In between pulses, the electrodes were actively grounded by the 

microcontroller to clear away residual charges [124]. The amplitude of the applied 

current was varied depending on the experiment with 10, 30, and 60 μA (8.3, 24.9, and 

49.8 μA/mm
2
, respectively). These values were chosen to be of a similar order of 

magnitude to that of estimated transmembrane currents through a cell during a 

physiological action potential [125]. In addition, 100 Ω series resistance was placed 

before the load, and an instrumentation amplifier was used to verify the current 

waveform and amplitude.  

After four days of continuous pacing, stimulation electrodes did not display 

signs of corrosion or other structural damage upon visual inspection with a 

microscope. The electrode impedance and phase angle over a range of frequencies 

(100 Hz to 100 KHz) for a single MEA also did not notably change (Figure 6.3). 

 

Figure 6.3 The magnitude and phase angle of the impedance of the stimulation electrodes in a single MEA 

chip was measured before and after stimulation experiments. No notable changes were observed, 

which would suggest that the stimulation system did not adverse impact the electrodes. 
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Analysis of the individual electrode impedance values before and after four days of 

pacing indicated that the current density through each electrode did not vary more than 

2.6 μA/mm
2
. 

The voltage across the load was checked frequently in all experiments to verify 

a consistent amplitude under the 0.9V threshold described for hydrolysis [120]. A 

voltage of 0.9 V across the load corresponded to a stimulus amplitude of 65 μA.  

 

6.2.2. Experimental Stimulation Methods 

The murine embryonic stem cell line ES-D3 (CRL-1934) was obtained from 

the American Type Culture Collection (ATCC; Manassas, VA).  The ESCs were 

cultured in an undifferentiated, pluripotent state using 1000 IU leukemia inhibitory 

factor (LIF; Millipore, Billerica, MA), and grown over a layer of murine embryonic 

fibroblast feeder cells [63]. The culture medium for the ES cells was changed daily, 

and cultures were passaged every one to two days. Differentiation of ESCs was 

initiated by developing them into form an aggregate of cells termed embryoid bodies 

(EB) using the “hanging drop” method [106]. On the first day of EB formation 

(designated Day 0), LIF was withdrawn from the medium, and a cultivation of about 

400 cells was suspended in 18 μL hanging drops to. After two days, each EB was 

transferred into its own well in an ultra-low-attachment 96-well plate (Corning Life 

Sciences, Lowell, MA) for another two days, after which they were further seeded 

onto 48-well plates. At the desired differentiation stage, whole EBs were dissociated 

with collagenase B (Worthington, Lakewood, NJ) and the cells were plated onto the 

MEA surface at a density of 32,000 cells/cm
2
 (80K total cells).  

EBs were dissociated prior to plating for two reasons. First, it ensured that an 

evenly distributed layer of cells was attached to the electrode surface, which was 

especially helpful in controlling variability between samples. Second, the process of 

dissociating EBs was done to mimic the approach used in in vivo transplantation, as 

described by Cao, et al. [62]. At least two hours prior to plating, the MEA surface was 

coated with hESC-qualified matrix Matrigel
TM

 (BD, Franklin Lakes, NJ). The cells 



94 

 

were allowed to settle and attach to the surface for 20 to 30 hours before electrical 

simulation was applied for four days. The medium was replaced on the second day.  

Stimulation was applied at three different current amplitudes, 10, 30, and 60 

μA. At each amplitude, cells were stimulated continuously for four days in order that 

the end of the stimulation period corresponded to three differentiation stages, 

described as Early (Day 3-9), Intermediate (Day 9-17), and Terminal (Day 17 and on). 

During the Early Stage, undifferentiated ESCs are destabilized and begin 

differentiating. Cells at the Intermediate Stage have further diverged towards a 

particular cell fate. By the Terminal Stage, cells have differentiated to a mature state 

[63, 107].  

Following stimulation of cells for four days, cells were harvested and counted 

using a hemocytometer. No significant differences were observed between stimulated 

and non-stimulated cells, which implied that stimulation did not result in any increased 

cell death. In all samples, the number of cells increased by about a factor of five, and 

appeared healthy under a microscope.  

 

6.3. Gene Expression Analysis 

The stimulation system was used to evaluate the effect of localized electrical 

current on the differentiation of embryonic stem cells at three differentiation stages. 

The original aim in using a MEA for stimulation was to record resulting electrical 

activity in the cultures. However, observed beating in ESC cultures was not consistent 

across experiments, and was not a reliable metric. Alternatively, the effects of 

electrical stimulation on the gene expression were quantified using real-time PCR.  

Gene expression analysis was performed at the end of the stimulation period 

for cardiac and embryonic stem cell markers. After four days of continuous 

stimulation, cells were harvested from the MEA using trypsin-EDTA (Invitrogen, 

Carlsbad, CA). The RNA was then extracted and purified for reverse-transcriptase 

(RT) PCR using an RNeasy kit (Qiagen, Valencia, CA, USA) followed by 

quantification of the cRNA by spectroscopy using an ND-1000 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE, USA). Gene expression of the murine 
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ESCs were quantitatively measured using real-time PCR (7900 HT; Applied 

Biosystems, Foster City, CA) following the protocols outline for Applied Biosystems 

Taqman Gene Expression Assays. The four probes of interest were the cardiac cell 

markers β-MHC and troponin-T [63], the ESC maker nanog [126], and gapdh, a 

housekeeping gene for control (Applied Biosystems, Foster City, CA.). β-MHC, a 

ventricular specific protein, is typically regarded as an early stage marker while 

Troponin-T is essential for cardiac contraction and is regarded as a late stage marker 

[63]. Gene expression is normalized with gapdh expression, and then further 

normalized to the expression in control samples.  

 

6.3.1. Real-Time PCR Analysis  

Stimulation of ESCs was performed at three differentiation stages (Early, 

Intermediate, Terminal) across three different stimulation amplitudes (10, 30, 60 µA), 

where the results are summarized in Figure 6.4. ESCs stimulated at the Early Stage at 

each of the three stimulation amplitudes (N=6-8 per group) did not result in significant 

changes in any of the three genes of study at a lower amplitude stimulus of 10 or 30 

µA. However, stimulating at the highest amplitude of 60 μA yielded a statistically 

significant increase in the β-MHC levels. Otherwise, no statistically significant 

changes were observed with troponin-T or nanog.   

Intermediate Stage (N=6-8 per group) stimulation exhibited a similar increase 

in β-MHC from the Early Stage but was observed at 30 μA instead of 60 μA. At the 

same amplitude, a six-fold increase was observed in troponin-T relative to non-

stimulated samples. However, high amplitude stimulation at 60 μA may have had a 

detrimental effect on cardiac marker expression, with lower values of these cardiac 

markers. Interestingly, the ES cell marker nanog decreased significantly at 30 μA, but 

increased significantly at 60 μA.  

In general, Terminal Stage stimulation (N=6-8) increased cardiac expression as 

the stimulus amplitude increased, yielding up to a significant six-fold increase in 

troponin-t levels when stimulated at 60 μA. Again, expression of the embryonic stem 
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cell marker showed an increase at the highest stimulation amplitude, although not 

statistically significant.  

Overall, later differentiation stages tended to correlate with larger changes in 

both cardiac and embryonic gene expression. At the Terminal Stage, stem cells 

exhibiting higher cardiac gene expression showed a positive correlation to the 

stimulation amplitude. However, higher amplitude stimulation was not always 

correlated with increased expression, as demonstrated in stimulating at the 

Intermediate Stage, where β-MHC and troponin-t were downregulated and nanog 

increased significantly. The increase in nanog levels was not expected, and it is 

possible that at this stimulation amplitude the ESCs remained in an embryonic state 

while control samples were differentiating. Such inflections of trends when high 

 

Figure 6.4 Dose-response charts of electrically stimulated ESCs. ESCs at three different differentiation 

stages were locally stimulated using the MEAs over three stimulation amplitudes.  Early Stage 

ES cells were relatively unchanged following low and mid-level amplitude electrical stimulation, 

but β-MHC was significantly upregulated at the highest level of stimulation.  Intermediate Stage 

ESCs exhibited a greater increase in cardiac markers, especially at a stimulation amplitude of 30 

μA. However, higher levels of stimulation may have the opposite effect, as seen by the decrease 

in β-MHC and troponin-T, and the increase in nanog.  Stimulation at the Terminal Stage, on the 

other hand, exhibited an increase in both cardiomyocyte and stem cell markers.  N=6-8 per 

differentiation stage; * P<0.05. 
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amplitude stimulation is used were also observed in field stimulation studies with 

neuronal and muscular lineages [107].  

In any case, these results demonstrate the sensitivity of ESCs at various 

differentiation stages to their local electrical environment, and in particular to a 

stimulation pattern mimicking endogenous physiological pacing [125] to yield 

statistically significant differences. Of particular interest is the fact that pacing 

Intermediate Stage cells at 30 µA can possibly increase the troponin-t expression by 

up to six-fold. Unlike field stimulation studies that uniformly depolarize large volumes 

of medium, simulating the physiological micro-environment by stimulating from a 

point-source highlights the importance of cell coupling (both electrical and chemical) 

in the differentiation process. Although quantitatively observing increases in the 

cardiac gene expression of electrically stimulated cells does not necessarily imply 

cardiac differentiation, it does give insight into how ESCs first respond to their new 

environment.  

 

6.3.2. Effects of Stimulation Duration 

To determine if continuous pacing was necessary to induce the same 

upregulation of cardiac genes observed when Intermediate Stage ESCs were 

stimulated at 30 μA, a partial stimulation experiment was performed (Figure 6.5).  

Intermediate Stage ESCs were cultured and stimulated for two days only at 30 μA 

(N=7 per group), and then left without stimulation for an additional two days.  In this 

case, the β-MHC levels increased significantly to the same level as observed for 

continuous four-day stimulation, while the troponin-t appeared unchanged.  The stem 

cell marker nanog, however, was slightly increased, although without statistical 

significance compared to non-stimulated control samples.  

The experiment was then reversed where Intermediate Stage ES cells were 

plated and the two day stimulation at 30 μA was delayed for two days (N=8 per 

group).  In this situation, neither β-MHC nor troponin-t levels in the stimulated group 

were notably different from control samples.  At the same time, the nanog levels 

exhibited an increase of almost four times, but not statistically significant.   
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In addition to understanding the sensitivity of stimulated cells, the temporal 

patterns of stimulation appeared vital. A progression was found that started with an 

upregulation of nanog followed by β-MHC, and then troponin-t due to pacing.   

 

6.4. Protein Expression Analysis 

It was unclear whether the observed cardiac differentiation was due to direct 

effects of the electrical source, or to secondary messengers that were upregulated to 

elicit the differentiation through paracrine effects. Because current was applied at 

localized areas and did not stimulate the entire culture simultaneously, the direct effect 

of physical coupling to an electrically active substrate could be measured by 

examining where cardiac differentiation was taking place relative to the electrodes.  

Intermediate Stage ESCs were stimulated at 30 μA for four days continuously, 

and then fixed with 4% paraformaldehyde and permeabilized by 0.1% Triton X-100 

(Sigma-Aldrich Inc, Milwaukee, WI) for immunostaining analysis of cardiac troponin-

 

Figure 6.5 Partial stimulation of ES cells. To investigate the role of continuous stimulation, ESCs at the 

Intermediate Stage were stimulated for only half the typical 4-day period at 30 µA.  ESCs that 

were stimulated for the first two days and then incubated for another two days exhibited the 

same amount of β-MHC as continuous 4-day stimulation.  However, troponin levels were 

relatively unchanged, and the stem cell marker nanog levels were slightly higher.  In the reverse 

situation where ESCs were not stimulated until the second half of the experiment, both 

cardiomyocyte cell markers did not show significant changes, while nanog levels were 

increased, although not significantly.  N=6-8 for each experimental condition; * P<0.05.  
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t. The primary antibodies selected were goat anti-troponin-T. Secondary antibodies 

were FITC conjugated rabbit anti-goat IgG (Santa Cruz Biotechnology, Santa Cruz, 

CA). Nuclei were stained by propidium iodide or DAPI (Sigma-Aldrich Inc.).   

The resulting fluorescent images demonstrated that cardiac expression was not 

entirely isolated to the region around the stimulation electrodes (Figure 6.6). 

Immunofluorescence was analyzed by quantifying individual fluorescent pixels in 

Matlab (The Mathworks, Natick, MA), and normalizing it to the fluorescence from a 

nuclei stain. On average, stimulated samples contained 3.5±0.8 times the fluorescent 

area compared to non-stimulated samples (N=4). In further analysis of the fluorescent 

images, cells cultured directly over stimulation electrodes contained about a 25% 

higher concentration of troponin-t positive cells than the average concentration over 

the total area. Although this is not qualitatively this is not a large difference, the 

consistent increase in concentration levels did indicate an effect, however small, on 

 

Figure 6.6 Immunostaining of electrically stimulated cells. Following four days of continuous stimulation 

of Intermediate Stage ES cells at 30µA, samples were fixed for fluorescent analysis. In both 

stimulated and control cases, cells appeared confluent, and were confirmed with nuclei staining 

(top two panels).  In addition, cells were stained for troponin-T (lower two panels).  

Qualitatively, stimulated samples displayed higher amounts of troponin-T and is repeatedly 

observed in other samples (N=4).  The increase in tropnin-T due to stimulation was not limited 

to the areas around the electrodes (highlighted in the dotted regions), but nonetheless stayed 

within the general vicinity.  
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the spatial location of the electrodes and differentiation.  

A separate set of stimulated ES cells were replated onto glass chamber slides 

and similarly stained for cardiac markers (Figure 6.7). Phenotypically, cell cultures did 

not display significant differences in the number of spontaneously beating foci by the 

end of the stimulation period between stimulated and control samples, as recorded by 

electrodes and visual observation.   

Electrical pacing significantly increased the degree of cardiac differentiation in 

culture, but because the majority of the differentiation did not occur within the vicinity 

of the stimulation electrodes, it was likely that the mechanism of differentiation was 

through a joint paracrine signaling pathway. Electrical stimulation may locally trigger 

the release of markers which may then promote cardiac differentiation throughout the 

culture. Although the stimulation conditions were different, this hypothesis aligns well 

with experiments done by Sauer, et al. [67], who proposed the idea that reactive 

oxygen species (ROS) act as secondary messengers as a mechanism to promote 

cardiac differentiation with application of a brief DC voltage field across the entire 

 

Figure 6.7 Immunostaining of stimulated cells. Intermediate Stage ES cells stimulated at 30 μA for four 

days were trypsinized, lightly re-plated onto glass chamber slides, and imaged on a fluorescent 

microscope.  Cardiomyocyte marker troponin-T, gap junction Cx43, and ES marker Oct4 were 

stained in green while nuclei were stained in blue.    
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culture.  With a four day duration used in stimulation experiments, diffusion of 

molecular factors could certainly have influenced entire cultures.  

 

6.5. Genome Microarray Analysis 

While PCR analysis of a limited number of gene transcripts in electrically-

stimulated ESCs is valuable, important genome-wide mRNA changes (“the 

transcriptome”) that define the specific regulatory networks of genes and pathways 

responsive to electrical stimulation will be missed. Global gene expression profiling of 

embryonic stem cells thus enables a systems-based analysis of the biological 

processes, networks, and genes that drive cell fate decisions. To understand these 

transcriptome changes, a genome microarray analysis of electrically-stimulated 

Intermediate Stage ES cells at 30 µA versus non-stimulated controls was performed.  

Using Low RNA Input Fluorescent Linear Amplification Kits (Agilent 

Technologies, Santa Clara, CA, USA), cDNA was reverse transcribed from each RNA 

sample (N=8 per group), and cRNA was then transcribed and fluorescently labeled 

from each cDNA sample. cRNA samples derived from four biological replicates of  a 

pooled collection of electrically stimulated ESCs, as well as a pooled reference of 

RNA taken from control (non-stimulated) ESCs, were labeled with Cy5 and Cy3, 

respectively. The resulting cRNA was purified using an RNeasy kit (Qiagen, Valencia, 

CA, USA) followed by quantification of the cRNA by spectroscopy using an ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). A mixture of 

825 ng of Cy3- and Cy5- labeled and amplified cRNA was fragmented according to 

the Agilent technology protocol. cRNA was hybridized to 4x44K whole mouse 

genome microarray slides from Agilent Technologies (Santa Clara, CA). The 

hybridization was carried out in a rotating hybridization chamber in the dark at 65°C 

for 17 hours. The resulting fluorescence was acquired using an Agilent G2505B DNA 

microarray scanner. The image files were extracted using Agilent Feature Extraction 

software version 9.5.1 applying LOWESS background subtraction and dye 

normalization.  



102 

 

Microarray data analysis was performed using GeneSpring GX 7.3.1 (Agilent 

Technologies, Santa Clara, CA). A gene was considered significant if the expression 

from a stimulated sample was greater or less than 1.4 times the expression in a non-

stimulated sample and had a P-value of less than 0.05. The value of 1.4 times 

difference was arbitrarily chosen based on the observed data. Because of the small 

changes in overall transcription between the two groups, multiple testing corrections 

to remove false positives in the resulting data were not possible. Further analysis was 

performed using GeneSpring‟s Gene Ontology browser and Ingenuity Pathway 

Analysis (Ingenuity Systems, Redwood City, CA).  

Using a 1.4-fold change cutoff and P<0.05, analysis revealed 495 upregulated 

genes and 729 downregulated genes in ESCs that had been electrically stimulated. 

Overall, the fold change in expression level of these genes was less than 3.5 compared 

to controls, so electrical stimulation did not dramatically alter the transcriptome. 

However, a number of interesting developmental-related genes exhibited altered 

expression. Simultaneous to the mild upregulation of mature gene programs that 

suggest differentiation, such as Ncam1, Isl1, Foxc1 and Foxc2, was the apparent 

downregulation of important self-renewal and pluripotency genes, including Oct4 and 

Foxd3.  

 

6.5.1. Stimulation Effects on Stem Cell Pluipotency 

Genes associated with pluripotency were downregulated with electrical 

stimulation. ES cell self-renewal is dependent on a core set of transcription factors 

involved in the development of the embryo: Oct4, nanog, Sox2, and Foxd3 [127, 128] 

These embryonic transcriptional factors are essential for the formation and 

maintenance of the inner cell mass during mouse preimplantation development and for 

self-renewal of pluripotent ES cells. Interestingly, two of these factors, Oct4 (Pou5f1) 

and Foxd3, were both downregulated 1.4-fold after electrical stimulation, indicating 

that important changes were occurring in the cellular pluripotency programs. A 

1.7-fold downregulation of Lin28 was also observed, an important embryonic gene in 
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mice and humans [129] that was recently used by Thomson, et al. to reprogram 

fibroblasts into pluripotent stem cells [51]. 

 

6.5.2. Stimulation Effects on Mesoderm and Cardiac Development 

Mesoderm and cardiac development markers were upregulated with electrical 

stimulation. Mesoderm gives rise to cardiac, skeletal, and smooth muscle, as well as 

hematopoietic and endothelial cells. A number of early mesodermal genes were 

observed that were upregulated with electrical stimulation. Significantly, the 

mesodermal Foxc1 and Foxc2 genes were upregulated 1.6 and 1.5-fold respectively 

after electrical stimulation. These two genes are particularly important for heart 

development and morphogenesis. Another interesting finding was the upregulation of 

the transcription factor Islet1 (Isl1, up 1.5-fold), which had been reported to be a 

marker of cardiac progenitor cells [130, 131]. Though there is not yet total agreement 

in the field, it is generally accepted that Isl1, which is expressed in the secondary heart 

field, directly regulates cardiac precursor cells. Further, Isl1 had been shown to be 

expressed by progenitors of the outflow tract, right ventricle, and a majority of atrial 

progenitors [131]. It should be noted that Isl1 is not cardiac-specific since it is also 

expressed in motor neurons and the pancreas during embryogenesis, as well as in 

normal adult islet cells [132] so its initial activation and its actions on downstream 

targets likely require combinatorial mechanisms and influences [133].  

A number of studies have shown that stage-specific inhibition of canonical 

Wnt signaling is required for cardiac development, so the upregulation of the Wnt 

signaling pathway antagonist Dickkopf homolog 1 (Dkk1, up 2.0-fold) was of 

particular interest. Dkk1 is well known to specify cardiac mesoderm when expressed at 

the appropriate stage of development, and application of this factor has recently been 

shown to encourage in vitro differentiation of human ES cells into cardiac progenitors 

[134]. Other cardiac-related genes that were upregulated after electrical stimulation 

include the ATPase, Ca
2+

 transporting, cardiac muscle, fast twitch 1 (Atp2a1, 

upregulated 1.4-fold), and Sema6D (upregulated 1.7-fold), which regulates 

endocardial cell migration in the developing heart [135] and spinal cord [136]. 
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6.5.3. Stimulation Effects on Neuronal Development 

Genes and pathways involved in nervous system development were also 

observed to be upregulated after electrical stimulation. Perhaps the most striking 

example was the upregulation of neural cell adhesion molecule 1 (Ncam1, upregulated 

1.5-fold), a common marker of primitive neuroectoderm. Another gene, Delta/Notch-

like EGF-related receptor (DNER, upregulated 1.7-fold), is a neuron-specific 

transmembrane protein that functions as a ligand of Notch during cellular 

morphogenesis of glia in the mouse cerebellum [137].  

Of particular interest is the fact that while cardiac differentiation may be 

triggered by electrical stimulation, this stimulation promoted differentiation into other 

tissues. The upregulation of non-cardiac tissues may help explain why statistical 

significance was not always observed in the real-time PCR analysis. In some field 

stimulation techniques on ESCs, major cardiac differentiation was not always elicited 

[107], but greater activation of neural pathways were observed instead.  

 

6.5.4. Stimulation Effects on Gene Based Processes 

The alteration in developmental gene programs of electrically stimulated 

mESCs was clearly seen with Gene Ontology (GO) overrepresentation analysis, which 

categorized genes based on their annotations into functional groups. The 

overrepresented GO terms in stimulated ESCs revealed a number of processes related 

to embryonic development, pattern specification, and tissue and organ development 

and morphogenesis. In contrast, dowregulated GO processes included cell 

organization and biogenesis, RNA and DNA metabolism, cell cycle and cytoskeletal 

organization, and microtubule biogenesis. Ingenuity Pathway Analysis (Ingenuity 

Systems Inc, Redwood City, CA) also demonstrated significant changes in 

developmental processes after electrical stimulation (Figure 6.8). Based on Ingenuity‟s 

database of gene networks, the functional categories that were most significantly 

changed by electrical stimulation include gene expression, organismal and organ 

development, cellular development, cell cycle, and specific physiological systems 
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such as cardiovascular, neurological, hematological, and musculoskeletal 

development.  Notably, the cardiovascular, neurological, and musculoskeletal systems 

are all electrically excitably tissues. Strangely, neither troponin-t nor β-MHC appeared 

on the microarray gene list, but that may only be because they did not reach statistical 

significance in this particular experiment. Microarray analysis is not as sensitive a 

method as real time PCR for evaluating gene expression, so previous results are not 

negated. Instead, this only means that specific conclusions about these genes cannot be 

drawn from microarray analysis.   

 

 

 

Figure 6.8 Categories of altered gene expression following electrical stimulation. Ingenuity Pathway 

Analysis displays the function categories that exhibited the highest level of statistically 

significant changes following electrical stimulation.  Among many changes in development, 

many specific physiological systems such as the nervous, hematological, musculoskeletal, and 

cardiovascular development were noted. 
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6.6. Conclusion and Future Work 

A novel system used to electrically stimulate ESCs safely over long periods of 

time was developed, and was capable of demonstrating subsequent changes in 

differentiation. Although some of the results were not statistically significant, it may 

be due to the small surface area that the stimulation electrodes cover relative to the 

total culture area. Originally conceived as a feature to probe the spatial effects of 

stimulation, the particular size and configuration of the stimulation electrodes may not 

be optimal for differentiation. Another similar limitation of the system is the 

configuration of the recording electrodes in the center of the culture. The area that the 

recording arrays covers (~4%) was unable to properly map any differences in the 

electrical activity between stimulated and non-stimulated samples. Differences were 

nonetheless quantified through real time PCR, immunofluorescence, and whole 

genome microarray analysis. 

With the completion of a robust system for electrical stimulation of stem cells, 

attention was turned towards studying the effects of stimulation on a human model. 

Differentiating human embryonic stem cells (hESC) at Day 7 were seeded onto MEA 

surfaces have been paced with 30 µA biphasic pulses at 1 Hz for a period of seven 

days. By the end of the pacing period, cultures appeared healthy, and there was no 

significant difference between the number of cells in stimulated and non-stimulated 

control samples. The resulting gene expression will be the subject of future 

investigations. It is not likely that the stimulation protocols used to stimulate murine 

cells will be the same for human cells, so new dose-response charts will be constructed 

to find the optimum parameters for cardiac differentiation.  

While understanding the gene expression and subsequent differentiation is a 

first and necessary step toward functional repair, understanding integration with host 

tissue (participation to electrical conduction and mechanical contraction) is also 

important. Future work using the presented system will use the full potential of MEAs 

to monitor the development of action potentials and propagation patterns in co-

cultures (including conduction mismatches responsible for increased risks of 

arrhythmias), and study the impact of electrical stimulation on these parameters. 
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Especially given the transient effects observed in these pacing experiments, 

continuous pacing may be necessary and one might even suggest the coordinated 

effort of stem cell implantation and cardiac pacing in the region of interest. 
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7 Summary and Conclusions 

7.1. Summary  

Heart failure is one of the major causes of mortality in the western world [1]. 

While there are many options available for treatment such as pharmaceutical agents, 

implantable devices, or whole organ transplantation, their individual limitations 

prevent any of them from being a complete solution. Stem cell therapy, on the other 

hand, is a technique aimed at regenerating damaged tissue to fully restore cardiac 

function. However, before transplanting cells into myocardium, a number of 

challenges must be overcome. Among the many topics that require further research are 

the types of cell to transplant and the optimal method of cell delivery. Improper 

integration of graft cells may actually leave a patient worse off, with adverse 

consequences with include the risk of arrhythmia following the introduction of 

exogenous cells to the heart.    

A set of in vitro tools was created to study the risk of arrhythmia after stem 

cells are transplanted into a damaged heart. This study focused on electrophysiologic 

characteristics of stem cells that could prevent proper integration: a lack of cardiac 

differentiation or a mismatch of conduction properties between the host and graft. 

Studying stem cell transplantation in vitro required innovative approaches which were 

addressed with three primary contributions. First, a mathematical transform known as 

a co-occurrence matrix was developed to quantify the uniformity of conduction in 

heterogeneous cultures [2]. Second, a device was created to observe the electrical 

interactions between two cell types over time [3,4]. Third, a system was built to 

explore the role of electrical stimulation on stem cell differentiation and integration 

[5,6].   
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7.1.1. Conduction Analysis 

The propagation of a depolarization wave in cardiac cultures grown on 

microelectrode arrays (MEAs) can be visually represented in many ways, such as 

through lateral isochrones maps or velocity vector fields. However, of these two 

methods of representing conduction, the only quantitative metric is the average 

conduction velocity. Even then, the average conduction velocity is an aggregate 

measure of the entire culture, and is unrelated to the uniformity of conduction.  

In order to quantitatively measure conduction uniformity, new metrics based 

on a co-occurrence matrix transform were developed. Local activation times derived 

from raw MEA data were compiled to form a temporal-spatial image called a phase 

map. The co-occurrence matrix is essentially the result of mapping the values within a 

phase plot into a form that can describe spatial uniformity of conduction succinctly. 

In order to characterize the co-occurrence matrix as a method to evaluate the 

uniformity of conduction, the electrical pathways of spontaneously beating murine 

cardiomyocytes were disrupted by adding increasing amounts of non-conducting 

murine fibroblasts. This method of creating heterogeneous cultures also modeled the 

initial stages of transplantation when graft cells may not have been fully differentiated. 

One limitation of this model was the planar configuration of the tissue and its lack of 

tissue structure. Conduction in a three-dimensional, fibrous structure similar to cardiac 

tissue may exhibit different characteristics in the presence of non-conducting cells 

because there are more pathways for a depolarization wave to travel. Nonetheless, the 

conclusion remains that conduction is easily disrupted by non-conducting cells  

 

7.1.2. Host-Graft Interactions 

The second primary aim of this project was to create a device that could model 

the functional integration of stem cells in a host tissue in vitro, and in particular 

demonstrate the differences in conduction properties between host and graft tissue (a 

source of arrhythmogenicity). A co-culture system coupled to MEAs was developed to 

allow controlled experiments for the study of such conduction mismatch. Spatially 

separated cultures representing the host and the graft were grown and then allowed to 
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merge above a MEA, which enabled measurements of conduction during the 

integration process. Spontaneously beating murine cardiomyocytes were used as a host 

model and co-cultured with various graft candidates. By comparing conduction 

velocities and co-occurrence matrices, the conduction of a depolarization wave 

initiated from host cells to the graft was evaluated. The mismatch of conduction was 

especially apparent when graft stem cells that did not include the cardiomyocyte 

lineage where used. On the other hand, graft cells that included the cardiomyocyte 

lineage exhibited a well-matched tissue interface.   

Due to the lack of human cardiac models, most clinical studies using human 

embryonic stem cells (hESCs) are carried out using animal models. Although such 

research is high informative, animal models may not be appropriate in evaluating 

whether stem cell candidates can conduct an electrical signal in the heart. A trans-

species co-culture between murine cardiomyocytes and hESCs was performed, and 

differences in conduction were observed despite evidence that the hESCs had 

differentiated into cardiomyocytes. Such inherent differences in cellular properties 

between species may make functional integration highly unlikely. Nonetheless, while 

animal models are the best option short of in vivo human studies, they do not allow 

proper characterization of the electrical mismatch between host and graft cell 

populations.  

 

7.1.3. Electrical Stimulation 

In most co-culture experiments, electrical activity was rarely observed over the 

entire graft region. Instead, only Percoll purified hESCs exhibited conduction well 

beyond the host-graft boundary region. The increased range of electrical activity was 

attributed primarily to their relatively high concentration of differentiated 

cardiomyocytes. In an effort to improve the rate of cardiac differentiation and to 

evaluate the impact of localized electrical currents on the integration of stem cells into 

host cardiomyocytes, a point-source stimulation system was created. Co-cultures of 

hESCs and murine cardiomyocytes were electrically paced, and while similar 
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differences between host and graft cultures were still observed, the uniformity of 

conduction within the graft region of the co-culture significantly improved.  

Electrical pacing provided a major advantage towards controlling the electrical 

environment of in vitro cultures. With the assumption that the host cardiomyocyte 

population were be effectively paced, stem cells coupled to the host-graft boundary 

would be subjected to a very regular beat rate. If cardiac differentiation could be 

improved with the application of pacing in vivo, new possibilities involving 

coordinated therapies of pacemakers and stem cell transplantation deserve greater 

attention.  

To further explore the role of electrical pacing, the gene expression of paced 

embryonic stem cells at different stages of differentiation was investigated using 

different stimulus amplitudes. A murine model was initially used in order to facilitate 

development of the stimulation protocols, and was particularly advantageous due to 

their relatively fast rate of development. Indeed, genetic changes were observed that 

tended to favor the development of electrically active cells, which included the 

upregulation of neuron and skeletal muscle genes in additional to key cardiomyocyte 

genes.  

 

7.2. Future Work 

The overarching goal of developing in vitro tools for studying stem cell 

transplantation was to better understand the mechanisms of integration between graft 

and host tissues. The results from this work have enabled two major undertakings that 

are still ongoing. The first is the use of the co-culture device as a screening platform 

for novel candidate graft cells. The second is further exploration of the role of the 

electrical environment on human embryonic stem cells. 

 

7.2.1. Screening of Candidate Graft Cells 

While it is generally accepted that spontaneously differentiating embryonic 

stem cells would not be an appropriate graft cell to regenerate cardiac tissue, one 
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theoretical alternative is to use isolated cardiac progenitor stem cells from 

differentiating hESCs. If an appropriate population of progenitor cells can be isolated, 

the challenge would be in verifying that cardiomyocytes can be differentiated in a pure 

enough population to properly integrate into myocardium.  

The co-culture device used for the reversible separation of cell cultures has 

provided a valuable tool to test the ability of novel candidate graft cells to conduct an 

electrical signal from a population of pure cardiomyocytes. In collaboration with the 

laboratory of Professor Irving Weissman, populations of candidate graft cells have 

been isolated using various techniques, and are subsequently co-cultured with HL-1 

cardiomyocytes.  

The ability to monitor the development of electrical activity in graft cells over 

time using MEAs is vital when searching for the appropriate cell type for 

transplantation. During initial experiments, one candidate population co-cultured with 

HL-1 cardiomyocytes began exhibiting electrical activity after three days in three out 

of six MEAs (Figure 7.1). Action potentials were in complete synchrony with the 

cardiomyocytes in the host population. However, electrical signals were only observed 

on one or two channels, and there was not enough data for conduction analysis. In 

 

Figure 7.1 Examples of developing action potentials in differentiating hESC cultures co-cultured with HL-1 

cardiomyocytes. Only three out of six samples exhibited electrical activity on the graft regions. 

Traces are displayed one day prior to the observation of electrical activity in the graft region 

(left). One day later on Day 5 (right), the same traces displayed electrical activity, which was 

initiated by an action potential generated within the host population.  
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addition, no further electrical activity developed over time. While not entirely 

successful, these first experiments have provided a crucial first step in demonstrating 

the co-culture device as a method of screening. 

 

7.2.2. Electrical Stimulation of Human Embryonic Stem Cells 

The stimulation system described in Chapter 6 was used to pace murine ESCs, 

which resulted in an upregulation of many important cardiac genes. The next step is to 

examine if hESCs can be modulated in a similar way. Stem cells will be paced with 

various stimulus amplitudes, rates, and durations to find conditions that will optimize 

cardiac differentiation. In addition, the role of cell coupling to host cardiomyocytes 

will also be explored by co-culturing cardiomyocytes with GFP-labeled hESCs. 

Following several days of merged co-culture, hESCs will be extracted and sorted 

using a flow cytometer for gene expression analysis.   

One of the original aims for the stimulation system was to mimic the localized 

pacing that stem cells would encounter in vivo when physically coupled to an 

electrical substrate (i.e. myocardium). However, only a fraction of the stem cell 

culture was in physical contact with stimulation electrodes. In order to stimulate a 

larger proportion of cells simultaneously, an inter-digitated array was designed and 

fabricated (Figure 7.2). As opposed to “field-stimulation” methods where a large 

 

Figure 7.2 A electrode design using an inter-digitated configuration. (A) One electrode is used for a signal 

input, while the opposing electrode is grounded. (B) A 3D finite element model of the resulting 

electric field from 30 µA biphasic square wave pulses was created using Comsol Multiphysics 

(Comsol, Stockhom, Sweden). Cross-sections of the stimulating electrodes are displayed as the 

black bars, and the ground electrodes are displayed as white bars. The color gradient on the 

surface displays the electrical gradient from stimulating electrode to the ground electrode. The 

maximum current density was found at the edges of the electrodes, and dissipated outward. The 

paths of current are represented by the blue traces. 
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voltage is applied on two electrodes on opposing sides of a cell culture, inter-digitated 

electrodes that are physically coupled with cells required a much smaller voltage and 

can thus maintain an electrochemically safe environment. 

The stimulation electrodes consisted of a 100 nm thick platinum layer 

deposited over a glass substrate using a 10 nm titanium adhesion layer. Square-wave 

current pulses were applied to one set of electrodes while the opposing set of 

electrodes was grounded.  

This new stimulation system is fully operational, and the supporting circuitry 

has been created to allow stimulation of up to eight samples simultaneously. 

Successful biocompatibility experiments have been performed using differentiating 

human embryonic stem cell (hESC) cultured for up to six days (Figure 7.3). 

Experiments are currently to pace differentiating hESCs under varying physiologically 

relevant conditions and examine their subsequent gene expression. 

 

7.3. Conclusions 

The associated risk of arrhythmia following stem cell transplantation in the 

heart is not a new concern, but it has largely been ignored due to the difficulty in 

 

Figure 7.3 Inter-digitated electrodes were fabricated and tested. (A) Two sets of platinum electrodes were 

fabricated using standard deposition techniques, and arranged in an opposing orientation. One 

electrode is pulsed, while the opposing electrode is grounded. (B) Human embryonic stem cells 

were cultured over the electrodes (black bars) using a gelatin surface coating for up to six days. 

Cells appeared healthy over several days after stimulation from a 30 µA biphasic square wave.  
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elucidating the mechanisms of integration. This project aimed at creating a set of tools 

to understand how the electrical environment influences stem cell transplantation. 

Fully identifying the electrical risks related to stem cell transplantation would 

be a major accomplishment, leading to optimized methods of treatment. Although the 

studies carried out within this project focused entirely on the ability of transplanted 

stem cells to conduct an electrical signal, it is certainly not the only way stem cells can 

be used to improve cardiac function. In addition to cardiac differentiation, stem cells 

may participate in neovascularization of surrounding tissue, as shown by several 

researchers using hematopoietic stem cells [7,8]. As a result, tissue regeneration may 

result as a secondary effect following vascularization. However, the mechanism of 

regeneration does not change the fact that a non-cardiomyocyte graft cells may 

severely disrupt electrical conduction in the heart.  

Ideally, graft cells should possess the plasticity to both differentiate into 

cardiomyocytes that match the electrical properties as the host tissue, and participate 

in secondary processes that aid in tissue regeneration. Such complex processes are not 

likely to occur spontaneously in vivo, and there has been little evidence of graft stem 

cells self-differentiating and self-assembling to fully regenerate a damaged heart. 

Active intervention following transplantation may be needed to ensure successful 

integration. One idea presented in Chapters 5 and 6 of this work is to use an 

implantable pacemaker in combination with stem cell therapy to maximize cardiac 

differentiation and guide the structural orientation of graft cells. Underlying this idea 

is a sense of optimism that it is possible for stem cells to truly repair a damaged heart. 

While it may take considerably more time to unlock the full potential of stem cells, it 

is reasonable to expect new graft candidates in the future that are capable of cardiac 

regeneration without an arrhythmogenic risk.  
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Appendix: Cell Culture Protocols 

Cultivation of Cell Lines: HL-1 Cardiomyocytes, 3T3 

Murine Fibroblasts, C2C12 Murine Skeletal Myoblasts, and 

IMR90 Human Fibroblasts 

Murine HL-1 cardiomyocytes were cultured in Claycomb media (Sigma-Aldrich) 

supplemented with 10% fetal bovine serum (Hyclone), 100 mM norepinephrine (Sigma-

Aldrich), 100 units/ml penicillin-streptomycin (Invitrogen), and 4 mM L-glutamine 

(Invitrogen). Cells were cultured to confluency before passaging every three to four days.  

Murine 3T3 fibroblasts, murine C2C12 skeletal myoblasts, and human IMR90 

fibroblasts were all cultured under the same conditions. Culture medium consisted of a 

solution containing 89% DMEM (Invitrogen), 10% FBS (Hyclone), and 1% penicillin–

streptomycin (Invitrogen).  

 

Murine Ventricular Cardiac Myocytes 

Ventricular cardiac myocytes were isolated from 1 to 2 day old neonatal WT or 

DKO mice as described previously [1,2]. Hearts were excised, atria were removed, 

and the remaining ventricles were minced and digested with collagenase type 2 (500 

units/ml; Worthington Biochemical Corporation, Lakewood, NJ) in calcium and 

bicarbonate free Hanks solution with HEPES at 37˚C with rocking. After 35 minutes, 

the tissue/enzyme solution was triturated to break up any remaining tissue and cells 

were filtered through a 40 µM cell strainer (BD Biosciences, San Jose, CA). Cells 

were pre-plated to remove fibroblasts and re-suspended in Dulbecco‟s Modified 

Eagle‟s Medium (DMEM; Invitrogen, Carlsbad, CA), 10% Nu Serum IV (BD 

Biosciences, San Jose, CA), 5% certified fetal bovine serum (FBS; Hyclone, Logan, 

UT), 1 mM glutamine (Invitrogen), and 1x ITS media supplement (Sigma-Aldrich, St. 

Louis, MO). Cardiomyocytes were plated onto laminin-coated (10 µg/µl; Invitrogen) 

dishes or MEAs. 
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Murine Embryonic Stem cells 

Murine ES-D3 cell line (CRL-1934) was obtained from the American Type 

Culture Collection (ATCC; Manassas, VA).  The ES cells were cultured to keep them 

in an undifferentiated, pluripotent state using 1000 IU leukemia inhibitory factor (LIF; 

Millipore, Billerica, MA), and grown over a layer of murine embryonic fibroblast 

feeder cells. The fibroblasts were inactivated using 10 μg/mL mitomycin C (Sigma-

Aldrich, St. Louis, MO). The surfaces of the culture dishes were coated with 0.1% 

gelatin.  Cells were cultured in ES medium containing  Dulbecco‟s Modified Eagle 

Medium supplemented with 15% fetal calf serum, 0.1 mmol/L β- mercaptoethanol, 2 

mmol/L glutamine, and 0.1 mmol/L nonessential amino acids as described 

previously[3]. The culture medium for the ES cells was changed on a daily basis, and 

cultures were passaged every one to two days. To develop the ES cells into embryoid 

bodies, the “hanging drop” method was used as described previously.[4] LIF was 

withdrawn from the medium, and a cultivation of about 400 cells was suspended in 18 

μL hanging drops to form an aggregate of cells termed embryoid bodies (EB). At this 

point, the differentiation stage of the EB was noted as Day 0. After two days, each EB 

was transferred into its own well in an ultra-low attachment 96-well plate (Corning 

Life Sciences, Lowell, MA) for two days, after which they were further seeded onto 

48-well plates. At the desired differentiation stage, whole EBs were dissociated with 

collagenase B (Worthington, Lakewood, NJ) and cells were plated onto an MEA 

surface. 

 

Human Embryonic Stem cells 

The hESCs used for the graft model are from the H9 lineage (WiCell Research 

Institute, Madison,WI) and underwent the differentiating process using Iscove‟s 

modified Dulbecco‟s medium and 20% defined fetal bovine serum (FBS; HyClone), 

0.1 mM nonessential amino acids, 2 mM L-glutamine, 450 M monothioglycerol 

(Sigma-Aldrich), 50 U/ml penicillin, and 50 g/ml streptomycin, in ultralow-attachment 
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plates for the formation of suspended embryoid bodies (EB) for six days as previously 

described [5]. At Day 7, floating EBs were gathered and seeded to 0.1% gelating 

coated 10cm Petri dishes for further differentiation.  At Day 14, EBs were dissociated 

in collagenase IV (Sigma-Aldrich). 

To isolate hESC-derived cardiomyocytes, Percoll purification was performed 

as previously described [6]. Differentiated hESC cultures were washed with phosphate 

buffered saline (PBS) and incubated with 0.56 units/ml Liberase Blendzyme IV 

(Roche, Indianapolis, IN) at 37°C for 25 min. After dissociation, the cell suspension 

was separated by Percoll density centrifugation (58.5% and 40.5%) at 1500 g for 30 

minutes at room temperature. 
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