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Accurate models of healthy and diseased states are crucial to development of future 

therapeutics. Up until recently any studies of the molecular mechanism of diseases 

affecting cardiomyocytes required the use of animal models which do not accurately model 

the human condition, or use hard to obtain primary patient derived cells that can vary 

widely from patient to patient. The recent rise of stem cells has allowed for the generation 

of models of cardiomyocytes that can be used for studies of development, disease 

modeling, or drug screening. Although great insight has been gained using stem cell 

derived cardiomyocytes, issues of starting cell lines and relative maturity of differentiated 

cells has made the landscape murky. This thesis will detail the development of a 

cardiomyogenic lineage from two independent cell sources: an adult stem cell source 

derived from patient dental tissue, and commercially available pluripotent stem cells.  

Following development of a model of intracellular calcium cycling of stem cell derived 

cardiomyocytes, I use this model to determine the effects of nicotine on cardiomyocyte 

development. 1 in 10 cardiovascular disease deaths is related to smoking, however the 

molecular mechanism that underlie the development of smoking induced cardiovascular 

disease remain unclear. In addition to tobacco usage many users attempt to curb nicotine 

withdrawal symptoms while quitting tobacco through the use of nicotine replacement 

therapies such as gums, transdermal passages and as of recently, electronic cigarettes. 

Therefore, the effect of nicotine on cardiomyocytes is of great interest to the scientific 

community.  Using a model of cardiomyocytes, I investigate changes in calcium cycling 



  

of induced pluripotent stem cell derived cardiomyocytes subject to nicotine addiction at 

every media change. In these studies, I show that nicotine induces increased intracellular 

Ca2+ loads through activation of a7 nicotinic acetylcholine receptors. I show that nicotine 

induced increased Ca2+ load leads to increased levels of kinase activity. Finally, I show that 

cardiomyocytes subject to nicotine treatment display a fetal like gene program that is 

indicative of hypertrophic growth, commonly associated with cardiovascular disease.  

Given the results presented here further studies on the development of nicotine induced 

cardiovascular disease can be carried out. Further, new therapies aimed at slowing the 

progression of disease may be developed with more accuracy, targeting involved proteins 

and pathways.  
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CHAPTER 1. INTRODUCTION 
 

 According to the Tufts Center for Drug Development, the cost to bring a prescription 

drug to market increased 145% from 2003-2013 and is estimated to be $2.6 billion per drug 

that receives market approval (1). Cardiovascular toxicity is the most frequent adverse drug 

reaction and the cause of 45% of post-approval drug withdrawals (2). To reduce cost and 

adverse events, accurate, cheaper models of cardiomyocytes and diseased state 

cardiomyocytes need to be developed. Until recently data on human myocytes was limited 

to clinically available measurements such as blood pressure and EKG measurements, or 

patient derived primary cells which can be difficult to obtain, and vary widely from patient 

to patient (3). As an alternative, animal models have provided some insight into 

cardiomyocyte function and physiology but inter-species variations have limited the use of 

these cells (3, 4). 

 Within the last 20 years, the discovery of stem cells has allowed for faster, cheaper and 

more consistent models of cardiomyocytes. The concept of stem cells dates back to the 

1970s when the discovery of blood formation was refined (5), but the seminal work that 

started the idea of stem cell technology was published in 1998 by James Thomson and 

colleagues at the University of Wisconsin. Thomson was the first to report the derivation 

of a pluripotent stem cell line derived from the inner cell mass of human blastocysts (6). 

Since this report, the field of stem cells and regenerative medicine has exploded leading to 

characterization and isolation of several classes of stem cells, each with a unique set of 

advantages and disadvantages. Stem cells are now being used as a model to gain insight 

into cardiomyocyte physiology and allowing for in vitro modeling of cardiomyocytes for
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faster, higher throughput screening of drugs, as well as studies of development and disease 

modeling.  

 While stem cells have allowed for tremendous growth in knowledge of 

cardiomyocytes, the most appropriate stem cell source for cardiomyocyte research is still 

under debate. The projects presented herein detail the development of a model of human 

cardiomyocytes from two unique stem cell populations including human adult stem cells 

derived from the neural crest and commercially available human induced pluripotent stem 

cells. Using the induced pluripotent stem cell model of cardiomyocytes, the effects of 

nicotine on cardiomyocyte development are characterized.  

Rates and Risks of Nicotine Usage 

Cigarette smoking is the leading cause of preventable death both in the United States 

and worldwide, and is responsible for 1 in 5 deaths in the United States. Diseases associated 

with smoking include a wide array of cancers, strokes and cardiovascular disease (7). 

According to the surgeon general, 140,000 individuals die premature deaths from cigarette 

smoking induced cardiovascular disease, 1 in 10 deaths from cardiovascular disease 

worldwide were attributed to smoking, and in the US, smoking accounts for 33% of all 

deaths from cardiovascular disease and 20% of ischemic heart disease in persons older than 

35 (8). Nicotine usage among pregnant women also presents a serious health concern. 

Nicotine rapidly crosses the placental barrier and nicotine concentrations in the fetus can 

be 15% higher than maternal levels (9). According to data from the CDC, 8.4% of pregnant 

women report smoking cigarettes at some point during pregnancy. Tobacco exposure 

during the first trimester lead has been linked to increased spontaneous abortions and use 

during the third trimester linked to premature delivery rates, and decreased birth weights 
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(10). Of pregnant women who reported smoking during the first and second trimester, 

20.6% reported quitting by the third (11). This provides little solace in regards to heart 

development however as the heart is the first organ in the fetus to fully develop and function 

(12). In regards to heart development numerous studies have shown that tobacco usage 

among pregnant women is linked to increased blood pressure in infants (13, 14). 

Additionally, nicotine usage during pregnancy may also increase the risk of individuals to 

many diseases later in life, including cardiovascular disease (15). 

 Despite knowing the risks, the addictive properties of tobacco usage make cessation 

difficult for most. Each year 70% of smokers report they would like to quit, but only 3% 

successfully do (16). Many of those attempting to quit will turn to nicotine replacement 

therapies (NRT) to counter withdrawal symptoms associated with nicotine cessation. NRTs 

are effective in increasing the likelihood of successfully quitting but the long term effect 

of sustained nicotine delivery still presents a severe risk factor for cardiovascular disease 

(17). In addition to tobacco consumption and NRTs, the recent advent of the electronic 

cigarette has drastically changed the landscape of nicotine usage. Billed as a safer 

alternative to smoking cigarettes, e-cigarettes heat a liquid into an aerosol which is inhaled 

by the user. This liquid may contain various concentrations of nicotine and/or flavoring 

agents. Since being introduced to the market, teenage populations have seen a rapid rise in 

the use of e-cigarettes. From 2011-2015 e-cigarette use among high school students rose 

from 1.5% to 16% and 0.6 to 5.3% among middle schoolers (18).  Continued population 

dependence on nicotine underscores the need for understanding of the mechanism of action 

of nicotine in cardiomyocytes. 
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Cardiomyocytes and Nicotine  

 Cardiomyocytes are the cell that is responsible for the generation of the contractile 

force needed to pump oxygenated blood from the heart to the rest of the body. Within the 

myocardium contraction of cardiomyocytes is mediated through the flow of calcium ions. 

Briefly, membrane depolarization from an action potential induces the opening of L-type 

voltage gated calcium channels (VDCC). Following calcium influx through VDCCs, stores 

of calcium in the sarcoplasmic reticulum (SR) are released and Ca2+ ions bind to muscle 

fibers to allow for contraction. Following contraction calcium is reuptaken into the SR to 

prime it for the next cycle (19). 

 In addition to its role as a mediator of contraction, calcium has shown increasingly 

important roles as a secondary messenger in regulatory processes, including inducing 

changes in Ca2+ cycling and regulation of gene expression (20). Dysfunction in calcium 

cycling is also becoming increasingly known to be associated with cardiovascular disease 

(21).  Hoshijimi et. al have shown that targeting defects in SR Ca2+ cycling is sufficient to 

reverse advanced heart failure in mice, and suggest that SR Ca2+ cycling is the final 

common pathway for the progression of many forms of heart failure (22). To highlight the 

regulatory role that Ca2+ can play in cardiomyocytes consider calcium/calmodulin 

dependent protein kinase II (CaMKII) which is activated by increased intracellular Ca2+. 

In response to activation, CaMKII signaling has the potential to directly alter gene 

expression and can induce gain or loss of function of several key Ca2+ regulator proteins in 

cardiac contractility (19).  (See Figure 2.2 for detail) 

 As previously mentioned, nicotine usage has long been known to be detrimental to 

cardiovascular health, including increased risk of atherosclerosis, hypertension, and 
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myocardial infarction (23). With respect to cardiomyocytes specifically, nicotine is known 

to induce cardiomyocyte hypertrophy (increased size) and apoptosis, however the 

molecular mechanism underlying nicotine induced changes remains mostly unknown (24, 

25). Nicotinic acetylcholine receptors (nAChR) are pentameric ligand gated ion channels 

which are the primary receptor of nicotine. Activation of these channels in response to 

nicotine opens the channel and allows for the influx of ions into the cell. Depending on the 

various monomers that compose the pentameric receptor, the permeability of these 

channels to various ions can differ (26). The a7 homopentameric channel is known to be 

expressed in mice pluripotent stem cells and at all embryological stages of cardiomyocyte 

development of the rat myocyte (this has not been studied in humans as of yet), and is the 

most permeable nAChR for Ca2+ ions (26-28). It is hypothesized in chapter 4 of this report 

that entry of Ca2+ through a7 nAChRs of stem cell derived cardiomyocytes will lead to 

increased calcium loads inducing activation of CaMKII signaling pathways and alter gene 

expression to patterns indicative of cardiomyocyte hypertrophy (Figure 1.1). 
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Figure 1.1 - Hypothesized mechanism of action of the effects of nicotine in stem cell derived 
cardiomyocytes. Blue arrows indicate the flow of Ca2+ ions, red arrows indicate regulatory 
control.   
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CHAPTER 2. BACKGROUND 
  
Cardiomyocyte Physiology and Development 

 In order to develop accurate models of cardiomyocytes, an understanding of the 

development and physiology of cardiomyocytes is necessary. The following sections detail 

the mechanism of contraction of cardiomyocytes and the cycling of calcium ions in this 

process. The role of calcium cycling in differentiation and development is then highlighted 

and finally, this section concludes with a discussion of regulation of intracellular Ca2+ 

cycling in cardiomyocytes and how defects in calcium cycling are associated with 

cardiovascular disease. 

Cardiomyocyte Physiology 

Cardiomyocytes are the force generating unit of the heart and are responsible for 

generating contraction. Contraction of cardiomyocytes occurs via excitation contraction 

coupling (ECC) mechanism, in which an electrical signal (action potential) leads to a 

mechanical response (contraction). In the specific case of cardiomyocytes, contraction is 

controlled through the process known as calcium induced calcium release (CICR). As a 

result of the depolarization from the action potential, voltage gated calcium channels 

(VDCC) in T-Tubules of myocytes open and allow the inward flux of calcium ions into the 

cytosol. Within the cytosol calcium ions stimulate ryanodine receptor (RyR) channels 

located on the sarcoplasmic reticulum (SR) to open. As the sarcoplasmic reticulum is the 

primary site of calcium storage, opening of RyR channels leads to increased cytosolic 

concentration of Ca2+ ions. In the cytosol, Ca2+ ions bind to troponin which in turn causes 

cardiac troponin to bind to troponin I. After Ca2+ binding, troponin I is pulled off its active 

site on the actin filament and tropomyosin, the third component of the troponin complex, 
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rolls further into the groove of the actin filament. Myosin is then able to bind to actin, 

causing the contraction of the cardiomyocyte (19). 

Post contraction it is necessary for calcium to be sequestered to allow for relaxation 

and refilling of stores for the next contractile event. Sequestration of calcium post 

contraction is accomplished via two major ion channels. The largest amount of Ca2+ 

reuptake is accomplished via the sarco(endo)plamsic reticulum Ca2+ ATPase (SERCA). 

This channel is responsible for reloading the calcium stores in the sarcoplasmic reticulum 

and accounts for approximately 70% of calcium reuptake in humans. Most of the remainder 

of the intracellular calcium is transported out of the cell through the Sodium-Calcium 

exchanger (NCX). A small portion of calcium is also uptaken by the mitochondria via the 

mitochondrial calcium uniport (mCU); however, this is a very slow process under 

physiological conditions (19) (Figure 2.1). 

 

Figure 2.1 - Flow of calcium ions that controls the contraction of cardiomyocytes. Figure 
taken from (19) 
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Cardiomyocyte Development  

 In addition to its role in mediating contraction, Ca2+ cycling is known to be crucial to 

the development of the heart. The heart is the first of the major organs to develop during 

human gestation. At embryological stage 6 (E6), corresponding to day 14 in human 

gestation, prior to gastrulation, the epiblast forms the primitive streak (PS) in which 

mesenchymal cells arrange into a midline structure that forms in the posterior and runs 

anteriorly until it covers approximately 80% of the epiblast (29). This PS marks the site of 

eventual gastrulation and functions to topographically position mesoendodermal cells for 

germ layer formation. Cardiac precursor cells are among the first of the mesoendoermal 

cells to ingress during gastrulation at E7, week 3 in human gestation. Following 

gastrulation, cardiac progenitor cells migrate away from the primitive streak to the anterior 

lateral section of the blastocyst and form the cardiac crescent at E7.5. At E8, the cardiac 

crescent fuses at the midline and forms the first heart field derived linear tube. The first 

heart field derived linear tube begins to contract and undergoes rightward looping and rapid 

growth during embryological stage 8.5 (E8.5), corresponding to week 4 of human 

gestation. Through cell proliferation and recruitment of cells, the heart tube expands and 

formation of the second heart field occurs. At E10.5 (day 32 in humans) the heart shows 

well developed chambers and by E14.5 (~7 weeks in humans) has fully separated chambers 

and is connected to the pulmonary trunk and aorta (30). 

 In addition to proliferation and recruitment of cells, myocytes already present undergo 

physiological hypertrophy, or increases in cellular size (31) to populate the expanding 

heart. Estimates have placed the increase in cardiomyocyte size due to hypertrophy to be 

30-40 fold (32). The molecular cues underlying physiological hypertrophy associated with 
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myocardial development are only recently beginning to be elucidated. Classical theory of 

myocardial development suggested that blood flow and contraction from the linear heart 

tube onward are necessary stimuli for hypertrophic growth and population of chambers; 

however, Andersen et. al. have since shown that neither is a requirement for the onset of 

physiological hypertrophy and that hypertrophy is a result of the calcium conduction 

pathway (33, 34). Through the use of zebrafish embryos as a model organism of 

cardiomyocyte development it has now been shown that that voltage gated calcium entry 

through VDCC channels and subsequent calcineurin activation via downstream signaling 

mechanism are the stimulus that initiate the onset of physiological hypertrophy (33, 35).  

 In addition to its role in activating hypertrophic growth, Ca2+ cycling also precedes the 

first contraction of nascent cardiomyocytes. Before the onset of contraction of myocytes, 

asynchronous calcium oscillations (SACO) can be observed in the developing cardiac 

crescent. These transients vary in duration and frequency and are much slower to reach 

peak amplitude than the Ca2+ oscillations observed in later stage cardiomyocytes. The first 

observed oscillations are believed to be exclusively regulated through the sodium calcium 

exchanger 1 channel (NCX1). As the myocardium continues to develop, VDCC channels 

begin to transport calcium ions in addition to NCX1, and transients begin to propagate 

through the entire cardiac crescent. Eventually, NCX1 activity ceases leaving VDCC 

responsible for flow of ions. At this stage, the predominant calcium storage organelle, the 

sarcoplasmic reticulum, is still non-functional, however as looping occurs at E8.5, there is 

a rapid transition in which the SR becomes functional and the primary mechanism for 

controlling intracellular calcium levels in the myocyte (36). The authors of the study first 

describing this process hypothesize that one of the purposes of SACO is to activate calcium 
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calmodulin dependent protein kinase II (CaMKII) signaling pathways that are necessary 

for upregulation of genes for further differentiation and development (36). These results 

are relatively recent and the role of Ca2+ cycling in differentiation is just beginning to be 

elucidated, but it appears to be critical to the development of cardiomyocytes. 

Regulation of Ca2+ Cycling and CaMKII 

As can be seen from the previous discussion, proper handling of Ca2+ is paramount to 

the differentiation and functionality of the cardiomyocyte. Dysfunction in Ca2+ cycling 

pathways are rapidly gaining interest and are believed to be key mediators of cardiac 

disease (37). Within the cardiomyocyte CaMKII is an important sensor of altered Ca2+ 

handling and an effector of changes associated with altered Ca2+ handling (38). CaMKII is 

a multimeric protein that is comprised of 12 subunits arranged as two hexameric rings in 

parallel with one another. Monomers assemble around a C-terminal hub, leaving the 

catalytic N-terminal available for binding of substrates. Within the linker region connecting 

the N and C-terminus is a regulatory domain which can block catalytic activity of the 

protein, and under basal conditions result in auto inhibition. Binding of calmodulin (CaM), 

an intermediate Ca2+ binding protein, during periods of elevated [Ca2+]i induces 

conformational change and releases the autoinhibition allowing CaMKII to phosphorylate 

substrates. During lengthy or high frequency calcium transients CaMKII can 

autophosphorylate at T287 which increases the affinity of CaMKII for CaM, as well as 

prevents the regulatory site from reassociating preventing autoinhibition (39). CaMKII has 

several targets that directly affect intracellular calcium cycling in cardiomyocytes, and 

evidence is mounting that the CaMKII pathway is a core mechanism for promoting heart 

failure (40).   
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One of the most controlled processes in cardiomyocytes is the reuptake of Ca2+ into the 

SR post contraction via SERCA channels. SERCA reuptake is controlled through the 

regulator protein phospholamban (PLN), a 52-amino acid protein which is highly 

conserved among many species, highlighting its critical role. The action of PLN is 

regulated via phosphorylation of serine 16 and threonine 17 residues. In its 

unphosphorylated state PLN is found closely associated with the SERCA channels and 

inhibits the reuptake of calcium by altering the affinity of SERCA channels to Ca2+.  

Phosphorylation of PLN is controlled via the action of cAMP-dependent protein kinase 

(PKA) and CaMKII with PKA phosphorylating Ser16 and CaMKII, Thr17. Following 

phosphorylation, PLN disassociates from SERCA and allows for greater uptake of Ca2+ 

into the SR. Phosphorylation at either site is sufficient to release the inhibition of SERCA 

(41). Large amounts of evidence now suggest that defects in the reuptake of Ca2+ into the 

SR, under the control of PLN, is a key factor in the development of cardiovascular disease 

(42). 

In addition to PLN, RyR and VDCCs are other key substrates for CaMKII and its 

effector role in Ca2+ homeostasis (Figure 2.2) (43). Under non-diseased states the 

synergistic effects CaMKII can bring about can be observed in its role in the “fight-or-

flight” response. In this mechanism, as a response to stimulus, Ca2+ is released from the SR 

into the cytoplasm where it activates CaMKII. CaMKII then phosphorylates VDCC which 

allow for more frequent longer opening of this channel, phosphorylates RyR2 which 

increases the force of contraction, and lastly phosphorylation of PLN increases the rate of 

reuptake and sequestration of Ca2+ into the SR (43).  
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Figure 2.2 - CaMKII regulation in cardiomyocytes. Figure taken from (19) 

 

Hypertrophy and Dysfunction in Calcium Cycling  

 During development hypertrophy is necessary to populate the rapidly expanding 

myocardium however, as a response to increased demand the same pathways that occur 

during physiological hypertrophy can get activated and can induce pathological 

hypertrophy. Increased demand can be brought about through a variety of mechanisms 

including pressure overload, mutations in sarcomeric proteins, or loss of cardiomyocyte 

mass due to a previous infarction. In pathological hypertrophy as the myocardium is put 

under increased load, myocytes attempt to compensate by increasing their size, increasing 

protein synthesis, and heightening organization of the sarcomere.  Hypertrophic growth is 

commonly presented with many forms of heart disease including ischemic disease, 

hypertension, and congestive heart failure (44).  

 The onset of pathological hypertrophy has been well documented however the 

molecular mechanism that underlie this process are still being discovered. Unsurprisingly, 
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as with developmental hypertrophy it is becoming more evident that calcium cycling is a 

key mediator in the process of pathological hypertrophy. In 1986 Pearce et. al. was one of 

the first to show that increased intracellular calcium loads are associated with initiation of 

cardiomyocyte hypertrophy (45). In 1999, pharmacological studies began to show a link 

between CaMKII and hypertrophic responses in cardiomyocytes as measured by increased 

expression of atrial natriuretic factor (ANF), a marker of hypertrophy (46). Since this study 

numerous groups have studied the role of CaMKII in hypertrophy and heart failure and 

have shown that CaMKII activity is increased in animal and human models of heart failure, 

that overexpression of CaMKII causes hypertrophy and heart failure, and that inhibition of 

CaMKII improves hypertrophy and heart failure (40). 

Calcium cycling changes that accompany pathological hypertrophy may also help to 

provide a greater understanding of the role of calcium in developmental pathways. One of 

the key indicators of hypertrophy is a reversion to the fetal like gene expression pattern 

that is observed during development (47). Stress signaling pathways that are activated 

during pathological hypertrophy largely locate to the nucleus where they activate 

transcription factors, and other epigenetic regulatory mechanisms such as microRNA 

production ultimately effecting gene expression (47). Fetal gene expression is 

characterized by increases in myosin heavy chain β (MYH7), increases in the early forming 

transcription factors such as GATA4 and NKX2.5 and downregulation of adult cardiac 

genes such as SERCA (48). It can be hypothesized that pathological hypertrophy is a 

resetting of myocytes to their early fetal like state and that by understanding the molecular 

mechanisms associated with pathological hypertrophy, the understanding of the role Ca2+ 

cycling in development and disease can progress. 
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Current Models of Cardiomyocytes 

 With an understanding of cardiomyocyte development and physiology this section aims 

to summarize the currently used models of cardiomyocytes including the advantages and 

disadvantages of each.  

Animal Models  

 Many different species have been used as a model organism for cardiomyocyte studies 

including: zebrafish, small mammals such as mice and rats, and larger mammals such as 

swine. Basic principles such as ECC and CICR are conserved among these species but 

large differences from human cells do exist. While small mammals are cheap, easier to 

handle and have a shorter life span than other animals, they have a rapid heart rate that can 

reach 800 beats per minute (bpm) compared with 72 for humans, which necessitates 

adaptations in how the heart functions. For example, in humans, SERCA reuptake in the 

sarcoplasmic reticulum accounts for approximately 76% of calcium released during 

contraction, whereas in small mammal models it is responsible for 90-92% of calcium 

release (4). 

 Larger animal models such as swine and sheep, while more accurate models of human 

cardiomyocyte physiology than small mammals, are expensive to house and maintain, and 

still do not model the human myocyte completely. Swine models express a higher ratio of 

N2BA:N2B tintin isoforms (4). In humans, studies have shown that while total tintin 

amount remains unchanged in end stage failing hearts, N2BA comprised a greater fraction 

of tintin amount in these individuals, a key consideration when deciding on an appropriate 

model (49). 
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In vitro models Derived from Animals.  

 To study the molecular mechanism and development of cardiovascular diseases, in 

vitro models of cardiomyocytes are highly sought after. The most commonly used model 

of cardiomyocytes in vitro is neonatal cells isolated from rat or mice pups. Neonatal 

cardiomyocytes have several advantages over adult myocytes, especially in studies of 

myofibrillogenesis and myofibrillar function. First, neonatal cells are easier and cheaper to 

isolate than their adult counterparts. Further, neonatal cells continue to proliferate in culture 

allowing for larger yields from each animal, and lastly neonatal cells will spontaneously 

contract in culture after 2-3 days whereas adult cells usually require electrical pacing to 

achieve contractile activity (50). Neonatal cells however are also somewhat immature in 

phenotype, an especially important consideration when investigating intracellular Ca2+ 

signaling  as this mechanism is typically later to develop  (51).  

 In order to reduce costs associated with animal husbandry immortal cell lines derived 

from animals are commercially available and purport to be accurate models of 

cardiomyocytes. One such cell line is the H9c2 myoblast line established in 1976 by Kimes 

& Brandt that derives from ventricular tissue from a 13 day embryonic rat heart (52). H9c2 

cells have been used in numerous study to study myocyte physiology in vitro (53-55). H9c2 

cells represent a valuable tool for studying myocyte physiology as under normal culture 

conditions they continue to divide and remain de-differentiated; however, under low serum 

conditions in the presence of retinoic acid, H9c2 myoblasts will fuse to form 

multinucleated cells with a low proliferative capacity, more reminiscent of 

cardiomyocytes. Further, stimulation with electrical stimulation or acetylcholine is capable 

of firing action potentials and inducing contraction in culture  (52, 56). H9c2 cells have 
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been successfully been shown to be animal-free alternative to rat neonatal cells in their 

ability to model hypertrophy (55). However, analysis and conclusions derived from studies 

using H9c2 need to be aware that as passage number of these cells increases there are 

morphological changes to cultured cells, increased oxidative stress, and increased response 

to cardiotxoic drugs (57).  

 HL-1 cells were first described in 1991 by Claycomb et. al. and are another popular 

choice for in vitro studies of cardiomyocytes (58). HL-1 cells derive from a mouse atrial 

cardiomyocyte tumor line and are reported to be the only model of cardiomyocytes that 

“continuously divide, spontaneously contract, and maintain a differentiated adult cardiac 

phenotype through indefinite passages” (59). These cells require a specialized media 

however, that is costly or difficult to manufacture, and many groups report mixed results 

with use of these cells and their ability to maintain their contractile characteristics (51).  

Stem Cells   

 In order to accurately model the human cardiomyocyte, investigators have been turning 

to stem cells as a model of cardiomyocytes. Stem cells are defined by their ability to self-

renew, and differentiate into specialized cell types (60). The use of stem cells as a model 

of cardiomyocytes provides many advantages over the previously discussed animal lines. 

First is their obvious ability to mimic the human phenotype more accurately than any 

animal model. Second, culture of stem cells is relatively cheap compared with animal 

husbandry, and self-renewal allows for long term culture and continuity of cell lines 

through multiple studies.  

 Stem cells can be broken down into two classes based on their potency, or ability to 

differentiate to different cell types. The first class of stem cells discussed in this section are 
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adult stem cells. Adult stem cells are stem cells which exist in the post-natal body and 

function to replace dying cells or regenerate damaged tissues. Adult stem cells have been 

isolated from fetal structures such as umbilical cord blood and matrix (61), Wharton’s jelly 

(61), and amniotic fluid (62). Post-natal, adult stem cells are found in high number in bone 

marrow, but have been identified in other structures such as dental tissue (63, 64). Perhaps 

the most widely studied adult stem cells are mesenchymal stem cells which are multipotent 

stem cells that have been shown to differentiate into many cell types including 

mesenchymal tissues such adipocytes, chondrocytes, osteocytes, as well as endodermal 

tissues such as hepatocytes and ectodermal tissues such as neurons (65). Less potent tissue 

specific adult stem cells have also been identified including neural stem cells which can 

only differentiate to neural or glia (66), and cardiac stem cells which differentiate primarily 

to myocytes but can also differentiate to smooth muscle and endothelial cells (67). The 

other class of stem cells are pluripotent stem cells. Pluripotent stem cells can be isolated 

from the inner cell mass of blastocyst stage embryos in which case they are termed 

embryonic stem cells (ESCs) (65) or can arise from reprogramming of somatic cells using 

various techniques which are termed induced pluripotent stem cells (iPS) (68). Pluripotent 

stem cells are capable of differentiating to any cell type of the adult body (65). 

Adult Stem Cell Derived Cardiomyocytes  

 Adult stem cells derived cardiomyocytes would be represent a great tool for both 

clinical use due to the ability for use in autologous (the use of a patients own stem cells) 

transplantation and associated immune compatibility, as well as in vitro experimentation 

due to their easy, ethically uncontentious isolation. Adult stem cell therapies were some of 

first to be investigated clinically with studies transplanting these cells following myocardial 
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infarctions in an effort to reverse remodeling processes. Clinical transplantation of adult 

stem cells such as mesenchymal stem cells has shown improvement when transplanted post 

myocardial infarction, including improved ejection fraction and decreased scar size post 

infarction. However, these studies have failed to show engraftment of transplanted cells 

leading to the prevailing hypothesis that transplanted adult stem cells provide paracrine 

signaling rather than directly engrafting and repopulating the myocardium (69). Many 

groups hypothesize that increased engraftment will lead to greater clinical outcomes in 

cellular cardiomyoplasty procedures. In order to improve engraftment, it has been 

suggested that adult stem cells could be precommitted to a cardiac lineage prior to 

transplantation (70, 71). While hypothesized, the ability to precommit adult stem cells to a 

cardiomyogenic lineage has proved to be elusive. Studies of mesenchymal stem cells in 

vitro have generated cells that appear to express cardiomyocyte-like proteins but fail to 

functionally differentiate including lack of contraction (72).  

 In addition to using mesenchymal stem cells as a potential source for cardiomyocytes, 

the last two decades have brought about a paradigm shift from the understanding that the 

myocardium is a terminally differentiated structure that does not undergo myocyte 

replacement to one which does have some natural turnover, albeit at very low numbers by 

cardiac stem cells (CSC). The first report of the presence of CSCs was in 2003 by Beltrami 

et al. who report a population of cardiac stem cells in rats that are defined by the expression 

pattern Lin-C-kit+ that are self-renewing, and give rise to cardiomyocytes, endothelial cells 

and smooth muscle cells (73). Since the first reported publication there has been much 

debate about the existence and nature of CSCs, and many different populations of CSCs 

have been identified.  In vivo these cells are very rare and a recent publication has estimated 



 

20  

that these cells make up just 0.005-2% of all adult cardiac cells (74). Whether or not ckit+ 

cells are actually CSCs is also still being debated in the literature. Co-localization studies 

have shown that c-kit+ cells do not colocalize with NKX2.5 or cTnT both markers of 

cardiac differentiation, but do localize with endothelial cells. Following left anterior 

descending artery ligation, fate mapping studies showed that these c-kit+ cells showed no 

differentiation to myocytes, suggesting the phenotype of these cells is that of an endothelial 

cell and not a resident cardiac stem cell (75). 

 A new potential source for adult stem cell derived cardiomyocytes is hypothesized in 

chapter three of this report. In these studies we characterize the differentiation potential of 

neural crest stem cells isolated form dental tissue, and subject them to infrared stimulation 

in an attempt to generate a contractile cardiomyocyte model from adult stem cells. 

Pluripotent Stem Cells 

 Pluripotent stem cell derived cardiomyocytes have shown the most promise in vitro as 

a model of human cardiomyocytes. Under proper culture conditions these cells have been 

shown to successfully differentiate into cardiomyocytes which beat spontaneously, express 

appropriate sarcomeric proteins and ion channels, and display cardiac type action potentials 

and calcium cycling; however, these characteristics are more representative of developing 

fetal hearts and not that of adult myocytes (76).  The first studies of embryonic stem cell 

derived cardiomyocytes demonstrated that the cells, while contractile and displaying Ca2+ 

transients, were insensitive to drugs that interfere with sarcoplasmic calcium release such 

as ryanodine (inhibitor of RYR2 channels), thapsigargin (inhibitor of SERCA channels), 

or caffeine (elicits rapid release of Ca2+ from the SR). Further, these studies have shown 

that verapamil, an inhibitor of VDCC channels was successful in inhibiting contraction 
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indicating that observed calcium transients in pluripotent stem cell derived CMs are 

transsarcolemma calcium influx rather than SR calcium release. Lastly, these studies 

showed that there was no protein expression of the SR regulatory proteins calsequestrin or 

phospholamban. Taken collectively, early studies of pluripotent stem cell derived 

cardiomyocytes suggested that Ca2+ handling of these cells is not an accurate model of the 

adult phenotype likely due to SR immaturity (77).  

 Since these first reports new protocols to differentiate pluripotent stem cells to 

cardiomyocytes have emerged which have helped to develop a model of cardiomyocytes 

that cycle Ca2+ through the SR as would more indicative of the adult phenotype. In a recent 

study undertaken by Hwang et al. the authors studied three independently generated 

induced pluripotent stem cell derived cardiomyocytes (iPS-CM) to compare the relative 

maturity of calcium cycling. Cell lines derived from Stanford University, Vanderbilt 

University, and the University of Wisconsin were developed and differentiated using 

different protocols and showed that between day 15 and 21 post induction of 

differentiation, calcium cycling switches from a transsarcolemma to a SR mediated cycling 

pattern. After 21 days all three cell lines were responsive to caffeine, indicating functional 

SR stores, and the authors therefore conclude that iPS-CM are capable of displaying 

“relatively mature” calcium cycling (78). It is important for any study to fully characterize 

the calcium cycling parameters of pluripotent stem cell derived cardiomyocytes before 

further experiments into these pathways, as done in chapter 4 of this report.  

Nicotine and Stem Cells  

 Stem cells have helped the scientific community to gain greater insight into the 

molecular mechanism underlying diseased state than ever before. For the first time, 
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researchers are able to induce diseased state and characterize the changes in cell processes 

associated with this transition. In addition, manipulation and innervation at various stages 

can be achieved and studied to allow for the development of future therapeutics. Chapter 4 

of this report aims to use a pluripotent stem cell model to model the effects of nicotine on 

cardiomyocyte development. The following sections summarize effects of nicotine on 

cardiovascular health, routes of exposure of nicotine, detail the nicotinic acetylcholine 

receptor and summarize the known effects of nicotine on stem cells. 

Health Effects   

 Nicotine usage has long been known to be a risk factor for the development of 

cardiovascular disease. It is thought that initiation of cardiovascular disease from smoking 

is largely the result of atherosclerosis. As a result of several mechanisms including reduced 

nitric oxide availability, increased expression of adhesion molecules, and endothelial 

dysfunction, platelets begin to adhere to vessel walls along with macrophages, creating a 

procoagulant and inflammatory environment (79). As this process continues, the artery 

becomes more occluded and in a large number of patients eventually becomes completely 

occluded leading to a myocardial infarction. It has been estimated by the World Health 

Organization that women who actively smoke cigarettes have a six-fold higher increase of 

undergoing and MI and three times higher in males. Additionally, of active smokers who 

undergo an MI, 56% will continue to actively smoke 1 year after the infarction (80). 

 Following an MI the heart undergoes many changes that negatively impact 

performance of the myocardium including remodeling of the ischemic site by infiltrating 

fibroblasts and the creation of scar tissue. Studies have shown that single MI can wipe out 

up to 25% of the myocyte population in a few hours (32). To compensate the non-ischemic 
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myocytes in the myocardium begin to undergo pathological cardiomyocyte hypertrophy. 

Sustained hypertrophic responses may ultimately lead to heart failure and the 

pathophysiology of hypertrophy is commonly associated with various adverse outcomes 

including ischemic disease, hypertension, and heart failure (44, 81). In a recent 2016 study 

of 422 clinical patients, Li et. al. showed that cigarette smoking was statically correlated 

with higher incidence of cardiomyocyte hypertrophy (25).  

Route of Exposure 

Exposure to cigarette smoke, which contains over 7,000 chemicals and 250 known 

toxins (82), can occur through several different methods. Mainstream or “first-hand” 

smoke is the predominant form of toxic exposure for active smokers and is generated from 

the filtered end of the cigarette. Smoke produced from the lit end of the cigarette is 

considered sidestream or “second-hand” smoke and affects both active smokers and 

innocent bystanders. “Third-hand” smoke is also a possible route of exposure occurring 

through direct contact with surfaces containing main- or sidestream smoke deposits. 

Exposure to ecig vapor can occur in similar fashions, except ecigs do not produce any 

“sidestream” smoke.  

Internalization of cigarette smoke or ecig vapor occurs primarily through the 

respiratory system. The absorption of nicotine into specific tissues is largely dependent on 

the pH of tissue (83). Nicotine is a weak base (pKa of 8.0) and is therefore more readily 

absorbed in slightly basic conditions where nicotine is less “ionized” (83). Flue-cured 

cigarette smoke is slightly acidic (pH 5.5-6.0); therefore, the nicotine delivered from 

cigarette smoke is not rapidly absorbed in the naturally acidic oral cavity (83). However, 

recent reports suggest that cigarette smoke may be more alkaline than originally thought 
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(83), thereby increasing nicotine absorption in the oral cavity. Ecig liquids, on the other 

hand, is characterized by a slightly more basic pH (84). Therefore, it is believed that 

nicotine delivered from these devices is more readily absorbed in the mouth than nicotine 

delivered from traditional cigarette smoke. Nicotine has also been measured in smoker 

saliva, which traps ionized nicotine and maintains elevated levels of exposure in the mouth. 

In fact, salivary nicotine has been measured to be almost 10.5 times higher than in the blood 

plasma (85). After the oral cavity, the smoke/vapor passes into the lungs, where the 

physiological pH (7.4) and large surface area of the alveoli facilitate rapid absorption of 

nicotine into the bloodstream for subsequent total body distribution via the circulatory 

system (83). In pregnant individuals nicotine is known to rapidly cross the placental barrier 

and fetal concentrations of nicotine are generally 15% higher in fetal blood versus maternal 

blood (10).  

Nicotine and Nicotinic Acetylcholine Receptors 

Nicotinic acetylcholine receptors (nAChRs) belong to the cholinergic family of 

receptors and are a class of ligand-gated ion channels that respond to the neurotransmitter 

acetylcholine as well as other ligands such as choline and nicotine. Functional nAChRs are 

composed of 5 transmembrane subunits that are arranged together to form a transmembrane 

pore. These pentameric receptors are created from various combinations of the 16 different 

nAChR subunit types. All subunits share the same molecular structure: an extracellular 

domain, four transmembrane subunits (TM1-TM4), and a cytoplasmic domain; however, 

each subunit has differences in its amino acid sequence (26) (Figure 2.3). Accordingly, 

subunits are classified as either a or non-a type based on the presence of a cysteine-

cysteine residue within the N-terminal domain near the entrance to TM1 (26). The Cys-
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Cys pair is only found on a subunits and is required for agonist binding. In total, there are 

9 a subunits: a1-7, a9, a10, (a8 is identified in avian libraries but has not been observed 

in mammalian species) and 7 non-a subunits: β1-4, g, d, and e (26, 86). 

The affinity for ligands and the ion gating properties of the nAChR depends on the 

specific subunit composition of each receptor (26). For instance, the binding affinity for 

nicotine, a typical nAChR agonist, is higher in nAChRs that contain the a4 subunit versus 

those that contain the a7 (87). This specificity is also observed for binding of receptor 

antagonists, which can competitively bind to nAChRs causing desensitization and inhibit 

activation. a-bungarotoxin (a-BTX), for example, binds specifically to a7 nAChR (88), 

whereas dihydro-β-erythroidine (DHβE) binds specifically to a4 containing nAChRs (28). 

On the other hand, mecamylamine (MECA) is a non-specific antagonist and therefore it 

binds to all nAChRs, regardless of subunit composition (89). In addition to ligand affinity 

these receptors also vary in their ion gating properties. For example, nAChRs composed of 

a4 subunits are much less permeable to Ca2+ ions than the a7 homopentameric nAChRs, 

which are considered to be the most permeable nAChR to Ca2+ (87).  

nAChRs are highly conserved among all species and are widely expressed throughout 

the body; however, they are predominantly found in muscle (muscular nAChRs) and 

neuronal (neuronal nAChRs) tissues. Muscular nAChRs are found in skeletal muscles 

where they mediate neuromuscular transmission at the neuromuscular junction. Neuronal 

types, on the other hand, are mainly found in the peripheral and central nervous systems, 

but have been located in non-neuronal tissues including stem cells (90, 91). Muscle 

nAChRs are heteropentameric (i.e. 5-diferent subunits) and consist of a1, β1, g, and either 

d or e subunits in the 2:1:1:1 stoichiometric ratio (26). Neuronal nAChRs, however, can 
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exist as either hetero- or homopentamers (i.e. 5-identical subunits). Heteropentameric 

nAChRs are the more predominately found form of neuronal nAChR as they can exist in 

several different combinations. For example, studies show that α2-4 and/or α6 nAChR 

subunits typically assemble with β2 and/or β4 subunits, but they can also assemble with α5 

or β3 subunits to make functional nAChRs (86). Homopentameric nAChRs, on the other 

hand, are less diverse and can only be formed from a7, a9, and a10 subunits (Figure 2.3). 

 

Figure 2.3 - A: Subunit structure of nAChR showing the cys-cys pair that defines α-subtype 
nAChRs. B: A prototypical α7 homopentameric nAChR (left) and heteropentameric α4β2 
nAChR (right). 

Multiple groups have reported the presence of nAChRs in both adult and pluripotent 

stem cells (Table 2.1). In regards to human ESC’s all subunits have been identified at the 

gene level, whereas only a3 and a7 have been identified on the protein level (92). 

Confirmation of RT-PCR results were carried out for a3, a4, a7, β2 and β4 using 

immunohistochemistry which showed that of those studied only a3 and a7 were present 
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(92). Meanwhile, non-human primate ESC’s (nhpESC) show expression of α1, α5, α7, β1, 

and β2 subunits at the genetic level (93). This data however is incomplete as these were 

the only subunits that were investigated in these studies. These subunits were selected as 

they represent the most likely subunits found in the downstream application investigated, 

nhpESC derived lung epithelial cells (93). Murine ESC’s show genetic expression of a3, 

a4, a7 and β2 subunits (93), but, similar to the previous studies this study only investigated 

these specific subunits. Murine iPSCs have been shown, via western blot, to express a4 

and a7 and lower expression of a1 and a3 relative to a4 (28). Once again, however, only 

a limited number of subunits were investigated: a1, a3, a4, a7 and a9 (28). In another 

study, the same group verified detection of the a4 and a7 subunits through 

immunofluorescence and western blot (94). All of these results have been compiled by 

investigating small subsets of possible subunits, and a complete study of all genes and 

proteins of possible subunits has yet to be completed. In addition to this, none of these 

studies performed immunostaining or western blot using knock out controls. It has been 

previously shown that the antibodies for  a3, a4, a7, β2, and β4 subunits are not highly 

specific and that data utilizing either immunoblotting or immunostaining for these subunits 

should be coupled with additional technical data to support these findings (95). 
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Table 2.1- Review of expression of nAChR in stem cells Summary of stem cell nAChR 
expression from studies reviewed in text. Brackets denote which subunits were investigated 
in each respective study. N/A corresponds to a lack of any subunit investigation. 

Pluripotent Stem Cells 
Cell 
Source 
 

Species 
 

Subunit mRNA  
Expression 
 

Subunit 
Protein  
Expression 
 

Functional 
nAChRs 
 

Ref 

iPSC Murine  
(20D17) 

N/A α: α4, α7 
β: N/A 
[α1, α3, α4, α7, 
α9] 

α4, α7 (28) 

      
iPSC Murine  

(20D17) 
N/A α: α4, α7 

β: N/A 
[α4, α7] 

α4, α7 (94) 

      
ESC Monkey 

(nhpESC 
4706) 

α: α1, a5, α7 
β: β1, β2 
[α1, α5, α7, α9, β1, 
β2] 

N/A N/A (93) 

      
ESC Murine 

(CGR8) 
α: α3, α4, α7 
β: β2 
[α3, α4, α7, β2] 

N/A N/A (96) 

      
ESC Human 

(WH09) 
α: α1- α7, α9, α10 
β: β1 - β4 
[α1 - α7, α9, β1 - β4] 

α: α3, α7 
β: N/A 
[α3, α4, α7, β2, 
β4] 

N/A (92) 

 
Adult Stem Cells 
Cell 
Source 

Species Subunit mRNA 
Expression 

Subunit 
Protein 
Expression 

Functional 
nAChRs 

Ref 

      
BM-MSCs Human α: α3, α5, α7  

β: N/A 
[α3, α5, α7, α9, β2 - 
β4] 

N/A α7 (97) 
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MSCs Human α: α1 - α5, α7, α9 
β: β2 - β4 
[α1 - α10, β1 - β4] 

α: α7 
β: β2, β4 
[α3, α4, α7, β2, 
β4] 

α7 (98) 

      
 
BM-MSCs 

Human (M) α: α3, α5, α7, α9 
β: N/A 
[α2 - α7, α9, α10] 

N/A N/A (99) 

      
 Human (F) α: α2, α5 - α7, α9, 

α10 
β: N/A 
[α2 - α7, α9, α10] 

N/A N/A  

      
PDLSC Human α: α7 

β: β4 
[α1 - α7, β1 - β4] 

N/A  α7 (89) 

Nicotine Exposure Effect on Development and Stem Cells 

Studies looking at the role of nicotine and nAChR’s in development are few and far 

between. There is a need for these studies however as nicotine is known to cross the 

placental barrier nicotine concentrations in the fetus can be 15% higher than maternal levels 

(10). In one of the few studies published, Ishizuka et. al. exposed murine iPS cells to 300 

nM nicotine and showed that exposure induced significantly increased DNA synthesis in 

both naïve iPS cells and iPS derived mesodermal progenitor cells. This result could be 

inhibited by pretreatment with dihydro-β-erythrodine (DHβE), a specific α4 nAChR 

antagonist, α-bungarotoxin, a specific α7 nAChR antagonist, or KN-93 a CaMKII inhibitor 

(28).  

Regarding cardiac development, a recent study looked at the exposure of zebrafish to 

tobacco smoke and e-cigarette extract and the associated effects on cardiac development. 

In zebrafish, following 72 hour exposure of 6.8, 13.7, and 34 µM nicotine, the 34 µM 

showed 0% survival and therefore the effect on cardiac development was not assayed. Of 
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those that were assayed cardiac development displayed increased defects in a dose 

dependent manner for the groups receiving cigarette smoke extract and e-cigarette extract, 

but interestingly not for those that received nicotine alone. Following 24 hour exposure, 

both the tobacco group and e-cigarette group showed decreases in the contractile genes 

CMLC2, and TNNT2, the transcription factor MEF2CA and the major gap junction in the 

myocardium GJA1. Additionally, observed was increase in the cardiac homeobox gene 

NKX2.5, but only in the tobacco cigarette group (100).  

Ishizuka et. al.’s data suggests CaMKII activation is a mediator of the effects of 

nicotine, however studies looking at CaMKII activity and nicotine usage in the heart have 

not been carried out. In neurological studies, however, it has been observed that activation 

of CaMKII is related to nicotine’s addictive properties and associated withdrawal 

symptoms. Evidence has shown that β2 containing nAChR’s mediate nicotine induced 

increases in CaMKII activation, and phosphorylation levels in several regions of the brain. 

Following cessation these phosphorylated levels reduce back down. Recently, Jackson et. 

al. studied showed the role CaMKII signaling plays in vivo using nicotine conditioned place 

preference (CPP) in C57Bl/6 mice. After administration of CaMKII antagonists, KN-62 

and KN-93 nicotine induced CPP diminished indicating a role of CaMKII in the nicotine 

reward pathway in mice. (101). Chapter 4 of this report uses induced pluripotent stem cells 

to examine the effects of nicotine on cardiomyocyte development, including the role of 

nicotine induced CaMKII activity, and alterations in calcium cycling in iPS-CM treated 

with nicotine. 
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CHAPTER 3. ADULT STEM CELL DERIVED MODEL  

Motivation 

Myocardial infarction (MI) remains a leading cause of death worldwide (102). 

Following MI, there is a significant decrease in the number of functional cardiomyocytes, 

and extracellular matrix deposition by infiltrating fibroblasts leads to adverse myocardial 

remodeling (103). Current treatments post-MI aim to slow the decline in cardiac function 

caused by this deposition, but are unable to reverse the remodeling process (104). Within 

the last 20 years, however, cellular cardiomyoplasty has emerged as a potential therapy to 

help reverse myocardial damage that occurs as a result of an infarction (105). These 

therapies apply the perfusion of stem or progenitor cells following an MI in an effort to 

repopulate the myocardium with functional myocytes. Clinically, patients receiving 

perfusions of these cells showed modest improvement in cardiac functional parameters, 

such as increased ejection fraction and decreased end-systolic volume (106). 

Mesenchymal stem cells (MSCs) were the first cell source to be investigated for cellular 

cardiomyoplasty (105). MSCs rapidly progressed through small and large animal 

preclinical models, and transplantation of MSCs showed gains in cardiac function 

following an MI; however, these results have been largely attributed to paracrine 

mechanisms as transplanted cells show low survival, engraftment, and differentiation in 

the host myocardium (107). The plasticity of MSCs toward a cardiomyogenic lineage has 

been debated in the literature, with several groups reporting the ability of MSCs to 

transdifferentiate into cardiomyocyte-like cells that exhibit a phenotype of cardiomyocytes, 

but fail to contract as functional cardiomyocytes (108-110). 
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It has been proposed that to increase the clinical efficacy of cellular cardiomyoplasty 

applications, transplantation of cardiomyogenic precommitted stem cells may be utilized 

in future studies (111). This has been clinically verified with the use of cardiopoietic cells 

in the C-Cure trial. In this trial, MSCs treated with a growth factor cocktail became primed 

to cardiomyocyte lineage specification and exhibited the cardiomyocyte transcription 

factors, NKX2.5, MEF2C, and GATA4. These lineage-specific stem cells were found to 

be safe and effective and are now in later stage clinical trials (112). 

Ideally, an easily isolated cell source with high plasticity toward cardiomyogenic 

lineages would be used for cardiomyoplasty application. One such potential source of cells, 

which has been proposed, is stem cells derived from dental tissue (113). Dental tissue is 

known to harbor a population of stem cells, which are reportedly mainly mesenchymal in 

nature (114). Additionally, in vitro differentiation to cardiomyogenic lineages (115), and 

perfusion studies on small animal models following MI using stem cells derived from 

dental tissue have been carried out (116). One tissue in which potential stem cells may be 

found is from periodontal ligament (PDL). For some time, the PDL has been known to 

have a population of resident stem cells, and the cardiomyogenic potential of these stem 

cells has been established (117). 

Recently, a stem cell subpopulation consisting of neural crest stem cells (NCSCs) 

residing in the PDL of excised impacted wisdom teeth has been identified. These cells are 

selected based on expression of migrating neural crest marker, connexin 43 (Cx43). These 

cells express the pluripotency markers, Oct4, Sox2, and Nanog, and will form teratomas in 

vivo (63, 117). During development, cells from the neural crest undergo an epithelial-to-

mesenchymal transformation and migrate to various postnatal tissues (118). These cells 
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migrate as sheets and streams functionally coupled through gap junctions such as N-

Cadherin and Cx43 (119, 120). The myocardium receives a postnatal contribution from the 

cardiac neural crest (CNC), which gives rise to the cardiac outflow tract, the heart valves, 

and the great arches (121). The cardiomyogenic potential of CNCs has been widely debated 

in the literature (122, 123); a recent report, however, shows that CNC cells possess full 

cardiomyocyte potential, but are undermined by changes in bone morphogenetic protein 

(BMP) and wnt signaling pathways (124). In addition to their contributions to the 

aforementioned structures, dormant NCSCs have also been identified in the postnatal 

myocardium. These cells have also been shown to migrate and differentiate into 

cardiomyocytes following injury such as MI (123-125). In addition to its role in neural 

crest migration, Cx43 is also the major gap junction protein in ventricular myocardium and 

is necessary for the electrical coupling and contractile wave propagation throughout the 

heart wall (126). 

The present study examined the potential of NCSCs for future applications in cellular 

cardiomyoplasty. We successfully differentiated NCSCs to a cardiomyogenic lineage using 

chemically defined media. Following differentiation, cells were analyzed using 

immunostaining for expression of sarcomeric proteins, α-skeletal muscle actin and cardiac 

troponin I. Additionally, genetic expression for GATA4, MEF2C, TPM1, and GJA1/Cx43 

was analyzed. To test the functionality of the stem cell-derived cardiomyogenic cells, 

pulsed infrared radiation (IR) was used to stimulate NCSC-derived cardiomyogenic cells 

(NCSC-CMs). Recent research in photonics has highlighted the ability of IR stimulation to 

stimulate a wide variety of cells, including neurons (127), hair cells (128), cardiomyocytes 

(129), and other stem cell-derived cells (130). Multiple groups have reported that pulsed 
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IR evokes intracellular Ca2+ responses and contraction in cardiomyocytes, which match the 

time course of the IR stimuli delivered (128, 129, 131, 132). In the present study, the IR-

evoked contraction of NCSC-CM cardiospheres was monitored. Furthermore, we studied 

whether the derived cells continue to respond to long periods of IR stimulation and whether 

such stimulation may cause any irreversible damage to the NCSC-CMs. 

Materials and Methods 

Stem cell isolation and cardiomyocyte differentiation 

Human Cx43+ NCSCs were obtained and cultured as previously described (63). All 

protocols received University of Miami IRB approval. NCSCs were seeded onto collagen-

coated silicone membranes (FlexCell, Hillsborough, NC) at a density of 2000 cells/cm2. 

Membranes measured 5.58 cm2 and were placed in polystyrene six-well culture dishes 

(Falcon, Tewksbury, MA). Culture media consisted of Dulbecco's modification of Eagle's 

medium (DMEM, Life Technologies, Grand Island, NY) supplemented with 10% heat-

inactivated fetal bovine serum (HI-FBS; Atlanta Biologics, Flower Branch, GA), 1% 

penicillin/streptomycin (Life Technologies), and 0.1% amphotericin B (Thermo Scientific, 

Waltham, MA). Cells were cultured in these media overnight to promote adherence onto 

the silicone membranes. Once cells had adhered, cardiomyogenic differentiation was 

induced by replacing the previously defined medium with DMEM supplemented with 2% 

HI-FBS, 1% penicillin/streptomycin, 0.1% amphotericin B, 50 ng/mL, Dickkopf-related 

protein 1 (DKK-1; Pepperotech, Rocky Hills, NJ), 25 ng/mL fibroblast growth factor 4 

(FGF-4; Pepperotech), 2 ng/mL transforming growth factor β3 (TGF-β3; Pepperotech), 

10 ng/mL vascular endothelial growth factor (VEGF; Pepperotech), 5 ng/mL Activin A 

(Pepperotech), 10 ng/mL insulin-like growth factor-1 (IGF-1; Pepperotech), 10 ng/mL 
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bone morphogenic protein 4 (BMP-4; Pepperotech), 250 nM cardiogenol C (Sigma-

Aldrich, St. Louis, MO), and 10 nM oxytocin (Sigma-Aldrich). Differentiation media were 

replaced every 2 days for 2 weeks. To form aggregates, the cells were lifted using 0.05% 

Trypsin/EDTA (Life Technologies) and resuspended in DMEM supplemented with 10% 

FBS, 1% antibiotic–antimycotic, and 0.1% amphotericin B, at a concentration of 500,000 

cells/mL. Ten-microliter droplets were placed on 9-mm polystyrene Petri dishes (VWR, 

Randor, PA). Petri dishes were inverted and cells were cultured according to the hanging 

drop aggregation assay for 2 days to promote three-dimensional aggregate formation. 

Aggregates were transferred to a 0.1% gelatin-coated six-well polystyrene dish for 

stimulation studies. 

Immunohistochemical staining 

NCSC-CMs were fixed in 10% neutral buffered formalin (VWR) at room temperature 

for 10 min. Following fixation, cells were washed three times in phosphate-buffered saline 

(PBS; Life Technologies). Cell membranes were permeabilized in either 0.2% Triton X-

100 (Sigma-Aldrich) or with 0.25% Tween-20 (Sigma-Aldrich) in PBS at room 

temperature for 10 min. Cells were then washed three times and left in blocking buffer 

solution consisting of 0.05% Tween-20, 1% FBS, and 20 mg/mL bovine serum albumin 

(BSA; Life Technologies) in PBS for 1 h. After blocking, cells were incubated overnight 

at 4°C in 5 mg/mL BSA in PBS containing primary antibodies for cardiac troponin I (1:100; 

Abcam, Cambridge, MA), α-skeletal muscle actin (1:200; Abcam), and MEF2C (Abcam; 

5 µg/mL). Cells were then washed three times in PBS, and incubated in 5 mg/mL BSA in 

PBS containing secondary antibodies at 1:500 for 2 h at room temperature. Secondary 

antibodies used were goat anti-mouse Alexa Fluor 488 (Life Technologies) and goat anti-
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rabbit Alexa Fluor 546 (Life Technologies). Cells were again washed three times in PBS, 

and one drop of VectaShield Mounting Media containing 1.5 µg/mL 4′,6-diamidino-2-

phenylindole (DAPI; Vector Labs, Burlingame, CA) was added to each well. Cells were 

mounted with a clean glass coverslip and imaged on a Nikon T2i inverted fluorescence 

microscope (Nikon, Melville, NY). Background was removed and brightness and contrast 

adjusted using ImageJ (NIH, Bethesda, MD) software. Care was taken to ensure that 

equivalent processing occurred for all images. 

Gene expression 

RNA isolation 

Total RNA was isolated by means of TRIzol reagents following the manufacturers' 

recommended protocol and resuspended in RNase- and DNase-free water. The RNA 

suspension was then frozen at −80°C overnight and quantified using a 

NanoDrop® spectrophotometer (Nanodrop Products, Wilmington, DE). 

Reverse transcription 

Reverse transcription of RNA to cDNA was performed by means of the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Grand Island, NY) as per the 

manufacturer's recommended protocol. Briefly, 1 µg of RNA for each sample was 

converted to cDNA and then diluted to a final concentration of 10 ng/µL of PCR-grade 

water and used for gene expression analysis. 

For MEF2C, GATA4, and TPM1, real-time PCR was carried out using the 

TaqMan® Fast universal PCR Master Mix (Applied Biosystems) and TaqMan probe 
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predesigned primers (Applied Biosystems). For NKX2.5, TNNT2, and GJA1/Cx43, real-

time PCR was carried out using SYBR Green PCR Master Mix (Applied Biosystems) and 

custom-designed primers (Table 1) (Eurofins MWG Operon, Louisville, KY). For all the 

genes, 20 ng of cDNA was used for each reaction. The reactions were performed using an 

Agilent Technologies Stratagene Mx3000p real-time PCR system. Each reaction was run 

in triplicate for each assay and gene expression quantification was carried out by means of 

the comparative Ct method with GAPDH used as an endogenous control. 

Table 3.1 - Custom Primers used for gene expression analysis in adult stem cell derived 
model  

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Accession 
Number 

Cx43/
GJA1 

TATTGAAGAGCATGG
TAAGG 
 

TAGACTTGAAGAGA
GATACTGA 
 

NM_000165.4 

TNNT2 GGTTACATCCAGAAG
ACAGA 

TCCTCTCAGCCAGAA
TCT 
 

NM_000364.3 
 

NKX2.5 CTAGAGCCCGAAAAG
AAAG 
 

AGCATTTGTAGAAAG
TCA 

NM_00116617
6.1 
 

 

Ionomycin assessment of Ca2+ stores 

Ca520 (UPharm Labratories, Parsippany, NJ) was stored in 10-µM aliquots. Ca520 was 

diluted to 5 µM in PBS and cells were incubated at 37°C for 90 min. Following dye loading, 

cells were washed with fresh Ca2+-free PBS and further incubated for 20 min at room 

temperature to allow for full acetoxymethyl (AM) ester cleavage. Imaging was performed 

at room temperature on a Leica SP5 confocal microscope with resonant scanner (Leica) 
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with 20 × water immersion objective (14–28 fps). In a subset of the cultures, ionomycin 

(1 µM), a positive control of Ca 520 AM, was delivered through pipettes positioned over 

the cells and changes in intracellular Ca2+ were measured. 

IR stimulation 

In this study, pulsed IR was used to assess the functionality of NCSC-CMs and study 

the elicited aggregate contraction. A Capella pulsed IR laser (Lockheed Martin Aculight, 

Bothell, WA) coupled to a low-OH 400-µm diameter optical fiber (Ocean Optics, Dunedin, 

FL) was used to deliver the IR pulses (0.25–2 pps) to the cardiomyocytes. The output fiber 

was mounted onto a micromanipulator (Narishige, East Meadow, NY) and was positioned 

roughly 200–400 µm from the cells using a pilot light. The output wavelength was 

1862 nm, the pulse width was 2 ms, and the energy output at the fiber tip was ∼668 mJ/cm2, 

as measured in air using a digital optical power/energy meter (FieldMaxII; Coherent, Santa 

Clara, CA). This wavelength was selected based on results of previous studies in 

cardiomyocytes and neurons (127-129, 131). 

Contraction analysis 

Analysis of contraction of NCSC cardiospheres was accomplished using PIVlab—

Time-Resolved Digital Particle Image Velocimetry (PIV) Tool for MATLAB version: 1.4 

on a computer running Mac OS X. Videos were captured in AVI format using a Nikon T2i 

microscope and Nikon NIS-Elements Advanced Research software on a computer running 

Microsoft Windows 7. Captured AVIs were converted to a stack of TIFF images using 

ImageJ on a computer running Mac OSX. TIFF stacks were then imported into MATLAB 

(Mathworks, Natick, MA) for analysis using PIVLab. Analysis was carried out over a 
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region of interest surrounding the cardiosphere, which was drawn in the PIVLab graphical 

user interface. PIVlab results were calibrated using a scale bar obtained through still images 

from a Nikon T2i microscope and processed using Nikon NIS-Elements Advanced 

Research software on a computer running Microsoft Windows 7. Results from PIVLab 

were exported to a text file and imported into Microsoft Office Excel 2016 for Mac OSX 

to generate plots of velocity during stimulation. For spatial analysis, representative frames 

of contraction were chosen for each frequency investigated. A line vector was drawn using 

the PIVLab graphical user interface and displacement along the line was output as a text 

file. This text file was then imported into Microsoft Excel 2016 for plotting of data. 

Long-duration stimulation and assessment of mitochondrial potential 

Long-term stimulation was applied to NCSC-derived cardiomyocytes for 10 min (1 ms, 

3 Hz, 661 mJ/cm2) on a cold pad in a laminar flow hood. Mitochondrial transmembrane 

potential was assessed at 24 h after stimulation by using 5,5′,6,6′-tetrachloro-1,1′,3,3′-

tetraethyl-benzamidazolylcarbocyanine iodide (JC-1; Life Technologies). JC-1 (1.5 µM) in 

PBS was loaded for 30 min, following which JC-1-containing loading medium was 

replaced with fresh PBS, and membranes were mounted onto glass microscope slides and 

kept on ice until imaging. Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 

Sigma-Aldrich), a mitochondrial oxidative phosphorylation inhibitor, was used as a 

positive control for JC-1. FCCP was added to cells at 10 µM in PBS for 1 h and 30 min 

before JC-1 loading. After 1 h and 30 min, cells were washed in PBS and loaded for 30 min 

with 1.5 µM JC-1 in PBS. After 30 min, JC-1-containing loading medium was replaced 

with fresh PBS, and membranes were mounted onto glass microscope slides and kept on 



 

40  

ice until imaging. Imaging of JC-1 fluorescence was performed on a Zeiss LSM700 with a 

20 × objective or a 63 × oil immersion objective (Zeiss, Thornwood, NY). 

Statistics 

The data are expressed as mean ± SEM unless otherwise indicated. qPCR was analyzed 

using the ΔΔCT method (133) One-way analysis of variance (ANOVA) test, followed by a 

Dunnett post hoc test for multiple comparisons, was used for JC-1 analyses; p value of 

<0.05 was considered significant. All calculations were performed on a computer equipped 

with GraphPad Prism v 5.00c software for Mac OS X® (Graphad, La Jolla, CA), and graphs 

were generated using Microsoft Office Excel 2016 for Mac OS X. 

Results 

Growth factor treatment upregulates genetic expression and protein levels of 
cardiomyocyte-specific genes and proteins 

Initially, NCSCs exhibited a spindle fibroblast-like phenotype. During differentiation, 

the group receiving the growth factor cocktail cells appears to become more opaque and 

flattened, both of which are typical of cardiomyocytes. Furthermore, spatial arrangement 

of cells receiving the treatment appears to be more aligned and organized. After 2-week 

exposure to the growth factor cocktail, NCSCs showed upregulation of select 

cardiomyocyte-specific genes and proteins compared with those not receiving the cocktail. 

At the genetic level, a significant increase was observed in the cardiomyocyte markers, 

NK2 homeobox 5 (NKX2.5) gene and troponin T type 2 (TNNT2). Although not 

significant, we also see positive increases in tropomyosin I (TPM1), gap junction protein 

alpha 1/Cx43 (GJA1/Cx43), and myocyte enhancement factor 2C (MEF2C). (Figure 3.1) 

NCSC-derived cardiomyogenic cells (NCSC-CMs) also stained positive for 
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cardiomyocyte-specific proteins, cardiac troponin I (cTnI) and skeletal muscle actin (α-

SMA), and showed greater expression and translocation of MEF2C. (Figure 3.2) Cells that 

were not incubated with the growth factor cocktail stained negative for these sarcomeric 

proteins. 

 

Figure 3.1 - Gene expression. Significant upregulation seen in the early cardiomyocyte-
specific transcription factor, NKX2.5 (*p < 0.05), and cardiac troponin T type 2 
(**p < 0.01). Also seen is an upregulation, although not statistically significant in gap 
junction protein alpha 1/Cx43, tropomyosin 1, and a small increase in the cardiomyocyte-
specific transcription factor, GATA4. 

 

 

 

 



 

42  

 

Figure 3.2 - Immunohistochemical analysis of two important proteins: the sarcomeric 
proteins, cardiac troponin I (cTnl) and skeletal muscle actin (α-SMA), in NCSC-CMs after 
completion of the 2-week growth factor cocktail regime. Control cells grown under 
identical conditions, except for the addition of growth factors, do not express skeletal 
muscle actin or cardiac troponin I (A, B). However, the NCSC-CMs showed a robust 
expression of the two proteins (D, E). Differentiated cells also show increased expression 
and translocation of MEF2C (C, F). NCSCs, neural crest stem cells-derived 
cardiomyogenic cells. 

Cardiomyocytes derived from NCSCs are excitable 

Multiple studies have shown that infrared stimulation leads to an intracellular 

Ca2+ response and contraction in cardiomyocytes (128, 129, 131, 132). In the present study, 

we analyzed if IR also elicits similar contraction of aggregate cardiospheres. 

First, we sought to determine whether differentiated cells possessed stores of Ca2+, 

which could be stimulated for release. Intracellular Ca2+ transients in NCSC-CMs were 

monitored with Ca2+-sensitive Ca 520 AM dye. Ca2+ ionophore ionomycin was used to 

determine whether NCSC-derived cardiomyocytes possessed stores of Ca2+. Ionomycin 

depletes intracellular Ca2+ stores, leading to a rapid increase in cytosolic Ca2+ reflected on 

a significant increase in Ca2+ fluorescence. As expected, addition of ionomycin led to a 

large increase in normalized fluorescence lasting for a few minutes (Figure 3.3). 
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Figure 3.3 -  NCSC-CM response in Ca 520 AM fluorescence to ionomycin. Ionomycin 
is an ionophore-depleting intracellular Ca2+ store. As expected, addition of 1 µM 
ionomycin induced a transient rise in normalized fluorescence in NCSC-CMs, lasting for 
a few minutes. The arrow indicates addition of ionomycin. Data depicted as mean (red 
line) ± 95% CI (gray area bounded by black lines) for N = 10 NCSC-CMs.  

IR stimulation (0.25–2 pps, 2 ms, 661 mJ/cm2) delivered to NCSC-CM aggregates 

(N = 5, k = 2) elicited visible contractile behavior. Contraction was measured using PIV 

analysis (Figure. 3.4). The overall net direction of contraction is away from the IR source, 

which implies that distance from the IR source affects the velocity of induced contraction. 

To determine the spatial effects, mean velocity for the three frequencies studied was 

compared to the distance from the IR source. Data shown are from one trial for comparison 

purposes. Average velocity of contraction was larger near the bottom of the aggregate, 

which correlates with being spatially closer to the IR source, and declined as distance from 

the IR source increased (Figure 3.5). This was also true for the relaxation vector. The mean 

velocities at the frequencies tested were 3.74 ± 1.59 µm/s (n = 12) at 0.5 Hz, 

6.34 ± 1.81 µm/s (n = 30) at 1 Hz, and 11.5 ± 3.82 µm/s (n = 60) at 2 Hz. In the absence of 

applied stimulation, contractile behavior ceased. 
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Figure 3.4 - PIV of NCSC-CM cardiosphere. Within NCSC-CM cardiospheres, visible 
contraction could be observed. Representative velocity vectors of an NCSC-CM 
cardiosphere undergoing IR-induced contraction (point 2) and relaxation (point 3) were 
computed using PIV analysis. Both contraction and relaxation are of larger magnitude on 
the periphery of the aggregate and close to the optical fiber. Images represent sample PIV 
results of aggregates before contraction (1), during contraction (2), during relaxation (3), 
and immediately after relaxation (4). IR, infrared radiation; PIV, particle image 
velocimetry. 

 
Figure 3.5 - Analysis of spatial effects: average velocity of contraction was measured along 
the beam path of the IR. The insetshows an NCSC-CM aggregate (the IR source was 
located in the lower right hand corner). Along the line from the source to the other side of 
the aggregate, the amplitude of the velocity vector decreased. Additionally, as frequency 
of stimulation is increased, the magnitude of the velocity of contraction increased.  
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Long-duration stimulation with IR 

Previous studies have shown that the response to IR is dependent on mitochondrial 

Ca2+ cycling. We postulated that IR-induced Ca2+ cycling in NCSC-CMs would lead to 

excessive mitochondrial Ca2+ uptake, which may lead to membrane depolarization and 

permanent opening of the mitochondrial transition pore releasing apoptotic components to 

the cytosol (cytochrome c, smac Diablo, and ROS) (134). To determine if a long period of 

IR stimulation would cause irreversible damage to the NCSC-CMs, we tested the efficacy 

of these cells to respond to and survive during long-duration stimulation. Mitochondrial 

function was assessed by investigating the state of mitochondrial membrane polarization. 

The NCSC-CMs were radiated for 10 min, and then incubated for 24 h before JC-1 staining. 

FCCP, a mitochondrial decoupling agent, was used as a positive control for these 

experiments. JC-1 red aggregates indicating normal resting values of membrane potential 

could be observed in both radiated (N = 18 cells) and nonradiated (N = 13) NCSC-CMs 

belonging to the same membrane with no significant difference (p > 0.05). As expected, 

FCCP (N = 16) led to a shift in JC-1 fluorescence emission to green, indicating loss of 

membrane potential (p < 0.001) (Figure 3.6). 
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Figure 3.6 - JC-1 staining of NCSC-CMs after long-term IR stimulation. To test whether 
applied radiation causes permanent mitochondrial membrane depolarization, three 
different groups were tested using JC-1, a fluorescent sensor of mitochondrial membrane 
potential. (A–C) NCSC-CMs that were not exposed to any radiation; (D–F) NCSC-CMs 
grown on the same membrane as (A–C), but exposed to IR (30 pps, 1 ms, 661 mJ/cm2) for 
10 min, and cultured for 24 h; (G–I) NCSC-CMs incubated with 10 µM FCCP, a 
mitochondrial oxidative phosphorylation inhibitor. Both radiated and nonradiated NCSC-
CM mitochondria still fluoresce red, an indication that pulsed IR did not induce permanent 
mitochondrial depolarization in these experimental settings. In NCSC-CMs pretreated with 
FCCP, JC-1 red aggregates were absent, indicating loss of membrane 
potential. (J) Representation of JC-1 red/green signal ratios 
(mean ± SD). Red/green signal ratios were computed in ImageJ for the nonradiated 
(N = 13), radiated (N = 18), and FCCP-treated (N = 16) NCSC-CMs. Significant 
difference (***p < 0.001) was observed when comparing both radiated and nonradiated 
with FCCP-treated NCSC-CMs, but not between radiated and nonradiated (ns, p > 0.05). 
SD, standard deviation. 
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Discussion 

This study shows the potential of NCSCs for cardiomyogenic application and the 

applicability of IR stimulation to generate contractile behavior in quiescent cell populations 

as we were able to engineer contracting tissue that expresses cardiac troponin and skeletal 

muscle actin. In addition, we show significant upregulation of NKX2.5, which is one of 

the earliest known markers of cardiac lineages (135) Additionally, NKX2.5 is known to 

interact with GATA4, which although not statistically significant, we do see a small 

upregulation of (115, 135). The smaller than expected increase is not surprising as cells of 

the migrating neural crest origin are known to also express GATA4 (136). This is also true 

of MEF2C; however, the translocation into the nucleus may show activation of the 

transcription factor (137) The smaller increase in GJA1/Cx43 is likely a result of our cells 

being selected on expression of connexin 43. Thus, with the increase in NKX2.5 coupled 

with the large increase in TNNT2 expression and immunohistochemical data, we 

hypothesize that NCSC-derived cardiomyocytes are similar to that of other MSCs where 

differentiated cells demonstrate upregulation of cardiomyocyte-specific genes and 

proteins, but do not exhibit cardiomyocyte functionality (72). To our knowledge, we are 

the first group to demonstrate in vitro differentiation of NCSCs and show that IR 

stimulation can initiate contractile behavior in stem cell-derived cardiomyogenic cells.  

Currently, one of the largest risks associated with cellular cardiomyoplasty procedures 

is the formation of arrhythmia (111). Current research suggests that transplanted cells lack 

proper gap junctions necessary for myocardial coupling. This in turn leads to transplanted 

cells becoming electrically isolated from the host myocardium and the generation of 

arrhythmia (126). As the most abundant gap junction in the myocardium is Cx43, it is 
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possible that the neural crest cells isolated by our group may help to diminish this risk of 

arrhythmia. Overexpression of Cx43 in myoblasts has been investigated as a potential 

solution to the risk of arrhythmia formation (138-140). Roell et al. demonstrated that 

genetically engineered overexpression of Cx43 in skeletal myoblasts leads to protection 

against induced ventricular tachycardia in a murine infarct model (140). Fernandes et al. 

meanwhile report that genetically engineered myoblasts improved intracellular electrical 

coupling of myoblasts and cardiomyocytes (139). Preconditioning cells with IR stimulation 

may further reduce the risk of arrhythmia formation; however, it is also possible that 

transplantation of contracting cells may increase the risk of electrically isolated cells. This 

may be further evidenced by the increase in contraction velocity as the frequency is 

increased. We hypothesize that the additional energy leads to increased cellular 

recruitment, which may be a result of Cx43 selection. 

Optical stimulation is advantageous as it does not require direct contact with cells, is 

spatially precise, and does not produce any stimulation artifact and, as shown in the study, 

can be applied for long durations without damaging the cells (128). Owing to these 

advantages, other approaches using optical stimulation have been investigated. This 

includes modifying the tissue to express photosensitive proteins (optogenetics) and 

controlling excitation and contraction by light (141, 142), although it is likely that the 

required genetic manipulation has other deleterious effects. 

Our results are qualitatively similar to Dittami et al. who show a rapid increase in 

intracellular Ca2+ as a result of IR stimulation and contraction of neonatal cardiomyocytes. 

Neonatal cardiomyocytes are known to qualitatively differ from the adult myocyte in 

Ca2+ handling and special arrangement of sarcoplasmic reticulum (the primary site of 
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Ca2+ storage in the myocyte) and mitochondria (128, 143). Furthermore, Dittami et al. did 

report that in spontaneously contracting cells, IR stimulation caused a cessation of 

spontaneous events and return of Ca2+ to baseline levels. They hypothesize that this 

response may be the result of the action of IR stimulation on the mitochondrial calcium 

uniport (mCU) to clear Ca2+. These data were further verified by the inhibition of IR-

evoked responses in the presence of Ruthenium Red, an inhibitor of the mCU. Pulsed IR 

is also known to cause a capacitive photothermal membrane current (144-146). However, 

the relatively small amplitude depolarization reported would not be sufficient to trigger the 

responses observed here. Pulsed IR clearly evokes large changes in the intracellular 

calcium in cultured spiral and vestibular ganglion neurons (127). This is in agreement with 

previous studies reporting that IR applied to the cell body modulates intracellular (Ca2+) 

and that this signaling plays a major role in somatic IR excitability (132, 147). Previous 

results have shown that inhibition of transmembrane Ca2+ channels or removal of 

extracellular Ca2+ did not impact the response to IR (127). This is further evidenced as all 

our stimulation experiments were performed in Ca2+-free buffer. Pharmacological data 

from this study showed that IR likely activates the endoplasmic reticulum (ER) Ca2+ release 

with a dependence on mitochondrial Ca2+ cycling (127, 128). In unpublished recent studies, 

we have observed that IR may induce Ca2+ releases from the ER in neurons by activating 

IP3, ryanodine receptor channels, and/or through a mechanism that increases the probability 

of opening of these channels such as the degree of Ca2+ loading into the ER. The 

Ca2+ release from the ER was fully reversible and completely blocked by application of 

caffeine, indicating that IP3 and/or ryanodine channels are necessary for its release. 

Additionally, mitochondria close to endoplasmic or sarcoplasmic Ca2+ release sites (e.g., 
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ryanodine receptors, RyRs) are exposed to higher Ca2+, making them likely to have higher 

rates of Ca2+ uptake (148). It is possible that IR modulates the ΔΨm component of the 

electrochemical gradient potential that drives mitochondrial Ca2+ uptake (127, 149). 

However, the mechanisms by which pulsed IR modulates mitochondrial membrane 

potential, Ψm, plasma membrane potential, Ψp, or significant changes in cytosolic Ca2+ and 

the events controlling the IR effects on cells remain to be fully elucidated. 

It could also be hypothesized that IR-induced contraction is related to thermal effects 

elicited by stimulation as has been shown (150). It has been shown that pulsed IR induces 

a transient increase in temperature up to ∼22.2°C for a 10-ms pulse (7.3 mJ, 5.8 J/cm) (146). 

In the current study, the maximum radiant energy was 0.839 mJ, far less than that reported 

in previous studies investigating IR-evoked temperature transients. Coupled with previous 

results, which have shown that cooling or heating extracellular fluid does not alter the 

observed Ca2+ transients, we do not believe that the observed contractions are a result of 

temperature transients induced by IR stimulation (127, 128). 
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CHAPTER 4. PLURIPOTENT STEM CELL DERIVED MODEL 

Motivation 

Nicotine usage among pregnant women represents a significant health concern. 

According to data from the CDC, the overall smoking rate at any time during pregnancy 

was 8.4%. Of those who smoked during the first and second trimester, 20.6% quit by the 

third (11). This provides little solace in regards to heart development as the heart is the first 

organ in the fetus to fully develop and function with the heart tube fusing at approximately 

day 21 of development and the first beat occurring at day 23 (12). Nicotine rapidly crosses 

the placental barrier and nicotine concentrations in the fetus can be 15% higher than 

maternal levels (10). Nicotine exposure in the first trimester lead has been previously 

linked to increased spontaneous abortions and during the third trimester increased 

premature delivery rates, and decreased birth weights (10). Specifically, in regards to the 

heart, numerous studies have shown that nicotine usage among pregnant women is linked 

to increased blood pressure in infants (13, 14). Nicotine usage during pregnancy does not 

only effect an individual for the first few months-year of life, but also increases the risk of 

many diseases including cardiovascular disease later in life (15). Despite this, the 

molecular effects of nicotine on cardiomyocyte development remain largely unknown. 

The development of the heart is a complex process that begins early in human gestation 

that involves many pathways. In order to populate the growing myocardium, 

cardiomyocytes actively proliferate during development, however in mammalians, 

cardiomyocytes exit the cell cycle shortly after birth (151). In addition to cardiomyocyte 

proliferation, resident cardiomyocytes also undergo hypertrophic growth to populate the 

expanding chambers of the heart. Classical theory of heart development suggest that blood 



 

 

52 

flow and cardiac contraction are key initiators of cardiac hypertrophy (34), however new 

evidence suggests that intracellular cycling of Ca2+ as a secondary messenger is crucial to 

the overall development of the myocardium. Andersen et. al. recently showed that 

ventricular hypertrophy that is necessary to populate the developing myocardium during 

gestation is dependent on Ca2+ cycling (33). Even in absence flow or contraction, 

developmental ventricular myocyte hypertrophy was correlated with the amount of Ca2+ 

influx through L-type voltage gated calcium channels, indicating Ca2+ influx is the key 

regulator of ventricular hypertrophy. As a response to neurohormonal  or biomechanical 

stress, cardiomyocytes may also revert to a fetal like state to induce hypertrophic growth 

of myocytes (47). Post-natal hypertrophy is often pathological and can lead to thinning of 

the heart wall as seen in dilated cardiomyopathy and unregulated cardiomyocyte 

hypertrophy can ultimately lead heart failure.   

Owing to its importance, the flow of Ca2+ ions in cardiomyocytes is under tight control 

by the cell. Contraction of cardiomyocytes is a result of excitation contraction coupling 

and calcium induced calcium release. Briefly, action potentials induce opening of voltage 

gated calcium channels, which induces release of Ca2+ from stores in the sarcoplasmic 

reticulum. Release of Ca2+ stores induces contraction of muscle fibers, and following 

contraction, Ca2+ stores in the SR are refilled primarily through Sarco(endo)Plasmic 

Reticulum Ca2+ ATPases. Many of the proteins involved in this signaling cascade are 

directly regulated by kinases or are associated with other regulatory proteins. One of the 

key sensors and regulators in mediating intracellular Ca2+ cycling in cardiomyocytes is 

CaMKII. CaMKII can be activated by increased intracellular calcium loads, thus its sensor 

function. Once activated CaMKII can alter gene expression patterns, and induce 
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phosphorylation of proteins that directly control Ca2+ cycling including VDCCs, RyR2 

channels, and phospholamban a key regulator in the reuptake of calcium into the SR (19). 

CaMKII activity has also been shown to be increased in hypertrophied and failing hearts 

(40). 

Nicotinic acetylcholine receptors are a highly conserved class of ligand gated ion 

channels and are the molecular target of nicotine in vivo. nAChR’s are pentameric channels 

that can be comprised of 16 different subunits, and subunit composition decides the affinity 

of each receptor to various ions. The α7 homopentameric (all 5 subunits being α7) are 

considered the most permeable to Ca2+ ions (87). Studies have shown that human 

embryonic stem cells (ESCs) express genes for all nAChR, but at the protein level only α3 

and α7 nAChR’s are present (92). Until this study, the expression on human iPS cells 

remained unknown, but murine iPS cells have been shown to express α4 and α7 channels 

(94). In these studies we hypothesize that Ca2+ entry through α7 nAChR may induce 

hypertrophy through CaMKII signaling.  

Studies looking at the role of nicotine and nAChR’s in cardiac development are few 

and far between. Ishizuka et. al. exposed murine iPS cells to 300 nM nicotine and showed 

that exposure induced significantly increased DNA synthesis in both naïve iPS cells and 

iPS derived mesodermal progenitor cells. This result could be inhibited by pretreatment 

with dihydro-β-erythrodine (DHβE), a specific α4 nAChR antagonist, a-bungarotoxin, a 

specific α7 nAChR antagonist, or KN-93 a CaMKII inhibitor (28). Another recent study 

was conducted that looked at the exposure of zebrafish to tobacco smoke and e-cigarette 

extract and the associated effects on cardiac development. In zebrafish, following 72 hour 

exposure of 6.8, 13.7, and 34 µM of nicotine, the 34 µM showed 0% survival and therefore 
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the effect on cardiac development was not assayed. Of those that were assayed cardiac 

development displayed increased defects in a dose dependent manner for the groups 

receiving cigarette smoke extract and e-cigarette extract, but interestingly not for those that 

received nicotine alone. Following 24 hour exposure, both the tobacco group and e-

cigarette group showed decreases in the contractile genes CMLC2, and TNNT2, the 

transcription factor MEF2CA and the major gap junction in the myocardium GJA1. 

Additionally observed was increase in the cardiac homeobox gene NKX2.5, but only in the 

tobacco cigarette group (100).  

In the studies presented, we successfully differentiated human iPS cells to a 

cardiomyocyte lineage that spontaneously contracts, and showed that iPS-CM contain 

functional calcium stores in the sarcoplasmic reticulum (SR) and intracellularly cycle 

calcium as would be expected of mature cardiomyocytes. Additionally, we show the 

expression of α7 nAChR’s on the surface of human iPS cells. After 21 days of exposure 

we preformed gene expression analysis and show that nicotine induces cells to revert to a 

fetal gene program, a pattern indicative of cardiomyocyte hypertrophy. Using protein 

analysis, we show an increase in CaMKII activity, and using IonOptix to study intracellular 

calcium cycling we show that iPS-CM exposed to nicotine have increased intracellular 

calcium loads, and altered Ca2+ release kinetics.  

Materials and Methods 
 
iPS Cell Culture and Differentiation  
 

Human sendai virus reprogrammed cardiac fibroblast derived induced pluripotent stem 

cells were purchased American Type Culture Collection (ATCC ACS-1021, Manassas, 

VA). Cells were grown on Geltrex (Life Technologies, Grand Island, NY) coated 



 

55  

polystyrene dishes in Essential 8 medium (E8, Life Technologies). Cells were passaged 

non-enzymatically using 5 mM EDTA in phosphate buffered saline (PBS, Life 

Technologies) and mechanical disruption. For 24 hours after passaging cells were cultured 

in E8 supplemented with 10 µM Y27632, followed by growth in E8 medium. 

Differentiation was carried out over a period of 21 days using modification of canonical 

wnt signaling as first described by Lian et. al. with slight modification (Figure 4.1) (152). 

Briefly cells were grown to approximately 90% confluence on Geltrex coated polystyrene 

dishes. On day 0, media was replaced with RPMI-1640 (Life Technologies) supplemented 

with 25x B27 supplement minus insulin (Life Technologies) and 6 µM GSK3 synthase 

inhibitor CHIR-99021 (Sigma Aldrich, St. Louis, MO). After 2 days media was replaced 

with RPMI-1640 supplemented with 25x B27 supplement minus insulin. On Day 3 media 

was replaced with RPMI-1640 supplemented with 25x B27 and 5 µM wnt inhibitor IWP-

2 (Sigma Aldrich). On day 5, media was replaced with RPMI-1640 supplemented with 25x 

B27 supplement minus insulin. On day 7, media was replaced with RPMI-1640 

supplemented with 25x B27 supplement (Life Technologies). On Day 10, non-myocytes 

are depleted by culturing cells in RPMI 1640 (-Glutamine) (Life Technologies) 

supplemented with 25x B27. On Day 13, and every 3 days after media is replaced with 

RPMI-1640 supplemented with 25x B27 supplement. Cells were allowed to differentiate 

for 21 days at which point they were used for data analysis.  
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Figure 4.1 - Schematic of iPS stem cell differentiation 

Nicotine and Pharmacological Inhibitors  

 Pure nicotine (Sigma Aldrich) was diluted to a concentration of 1 mM in 100% ethanol 

(Sigma Aldrich), and diluted 1:1000 at each media change to achieve a final concentration 

of 1 µM. Nicotine concentrations were selected based on physiological relevance and 

previously published results from our laboratory (153, 154). For pharmacological studies, 

cells were incubated for 30 min in media containing pharmacological agents prior to 

nicotine addition. α-bungarotoxin (abtx, R&D Systems, Minneapolis, MN) an irreversible 

selective antagonist of a7 nAChRs was reconstituted in PBS to a concentration of 10 µM 

in PBS and stored at -20°C until use. On day of use abtx was diluted 1:1000 in cell culture 

media. Mecamylamine (MCA, R&D Systems), a non-competitive, non-selective 

antagonist of nAChRs was reconstituted to 10 µM in PBS and stored at -20°C until use. 

On day of use MCA was diluted 1:1000 in cell culture media. KN-93 (R&D Systems) a 

selective inhibitor of CaMKII was reconstituted to a concentration of 500 µM in Dimethyl 

Sulfoxide (DMSO, Sigma Aldrich, St. Louis, MO) and stored at -20°C until use. On day 

of use KN-93 was diluted 1:5000. 

 Immunostaining 

 iPS cells were grown to ~70% confluence and fixed in 10% neutral buffered formalin 

(VWR). Cells were then blocked for one hour in PBS supplemented with 20 mg/mL bovine 

serum albumin (BSA, Sigma Aldrich, St. Louis, MO) 1% Fetal Bovine Serum (FBS, 

Day	0
•RPMI	1640
• 25x	B27	(minus	
inslin)

• 6	µM	CHIR	
99021

Day	2
•RPMI	1640
• 25x	B27	
(minus	
insulin)

Day	3
•RPMI	1640
• 25x	B27	
(minus	
insulin)

• 5	µM	IWP-2

Day	5
•RPMI	1640
• 25x	B27	
(minus	
insulin)

Day	7
•RPMI	1640
• 25x	B27

Day	10
•RPMI	1640	
(without	
Glutamte)

• 25x	B27

Day	13-21
•RPMI	1640
• 25x	B27
• Change	
every	3	
days
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Atlanta Biologicals, Flower Branch, GA), and 0.05% Tween-20 (Sigma Aldrich, St. Louis, 

MO).  Following blocking cells were incubated in PBS containing 1% BSA and 1: 100 

primary antibody against a7 nAChR (ab10096, Abcam, Cambridge, MA) at 4°C overnight 

with gentle agitation. The following day, cells were washed 3 times in PBS, and incubated 

in 1% BSA containing 1:500 goat anti rabbit Alexafluor 546 (Life Technologies) for 2 

hours at room temperature with gentle agitation. Following incubation with secondary 

antibodies cells were washed an additional three times and mounted using slow fade 

mounting media containing DAPI (Life Technologies). Cells were imaged on a Zeiss LSM 

700. Post processing of images was done using ImageJ (NIH, Bethesda, MD). 

Gene Expression 
 

Total RNA was isolated by means of TRIzol reagent (Life Technologies) following the 

manufacturers' recommended protocol and resuspended in RNase- and DNase-free water. 

The RNA suspension was then frozen at −80°C overnight and quantified using a 

NanoDrop® spectrophotometer (Nanodrop Products, Wilmington, DE). 

Reverse transcription of RNA to cDNA was performed by means of the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Grand Island, NY) as per the 

manufacturer's recommended protocol. Briefly, 1 µg of RNA for each sample was 

converted to cDNA and then diluted to a final concentration of 10 ng/µL of PCR-grade 

water and used for gene expression analysis. 

Real-time PCR was carried out using SYBR Green PCR Master Mix (Applied 

Biosystems) and custom-designed primers (Table 4.1) (Eurofins MWG Operon, Louisville, 

KY). For all the genes, 20 ng of cDNA was used for each reaction. The reactions were 

performed using an Agilent Technologies Stratagene Mx3000p real-time PCR system. 
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Each reaction was run in triplicate for each assay and gene expression quantification was 

carried out by means of the comparative Ct method with GAPDH used as an endogenous 

control (133). 

Table 4.1 - Primers for gene expression analysis 

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’) Accession 
Number 

MYH7 GCTCTACAACCTCAA
GGAT 

TTGACGGTGACACAG
AAG 

NM_000257.3 

NKX2.5 CTAGAGCCCGAAAAG
AAAG 

AGCATTTGTAGAAAG
TCA 

NM_001166175.
1 

TNNT2 GGTTACATCCAGAAG
ACAGA 

TCCTCTCAGCCAGAA
TCT 

NM_000364.3 

RYR2 GGAGATGCTGGCTAA
CAC 

GATGACCACCACCTT
GAG 

NM_001035.2 

PLN TTAATATGTCTCTTGC
TGAT 

GGAAGTGGTCTGTTA
TAC 

NM_002667.4 

ATP2A1 CTACCTCATTTCCTCC
AA 

CACCAAGTTCACCCC
ATAG 

NM_001286075.
1 

NPPA ACACGCTTCCGGTAC
TGAAGATAA 

CCATGGCAACAAGA
TGACACA 

NM_006172.3 

NPPB GATCCCCAGACAGCA
CCTTC 

GTTGCGCTGCTCCTG
TAAC 

NM_002521.2 

CASQ2 CGAACGCATTGAAGA
CTA 

GATGTAAGGCTGGA
AGTG 

NM_001232.3 
 

 
Western Blot 
 For protein analysis at the time of collection cells were washed 1x in ice cold PBS, and 

incubated on ice for 10 min in RIPA buffer (ThermoFisher Scientific, Waltham, MA) 

containing protease/phosphatase inhibitor cocktail. Following 10 min, cells were 

mechanically disrupted using a cell scraper. Resultant lysate was centrifuged at 14000 

RPM for 10 min and the supernatant collected. 15 µg of total protein was mixed with 6x 

Lamelli sample buffer (VWR), and boiled  for 5 min. Gels were loaded and resolved at 150 

V for approximately 45 min in 4-20% polyacrylamide polyprecast gels (Biorad, Hercules, 

CA). Gels were transferred using a TransBlot® Turbo™ and TransBlot® Turbo™ transfer 
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packs (Biorad). Following transfer, membranes were cut and blocked for 30 min at room 

temperature in 1% BSA in TBS containing 0.05% Tween-20 (TBS-T, VWR). Following 

blocking, blots were washed 2x in TBS-T, and then incubated at 4°C overnight in TBS-T 

containing 1% BSA and primary antibody (Table 4.2). After overnight incubation, blots 

were washed 3x in TBS-T and incubated for an additional 2 hours in TBS-T containing 1% 

BSA and 1:2000 secondary antibody to either mouse or rabbit, respectively, conjugated 

with horseradish peroxidase (HRP). (BioRad) Following incubation in secondary antibody, 

blots were washed three additional times in TBS-T. Bands were detected using 

chemiluminescence with Clarity ECL Western Blotting Substrate (BioRad). Blots were 

imaged on a Biorad ChemiDoc MP Imaging System (BioRad). Densitometric analysis was 

performed using ImageJ on a computer running Mac OS X.  

Table 4.2 - Primary antibodies for western blots 
Protein Dilution Supplier/Part Number 

PLN 1:1000 Abcam ab2865 

Thr17PLN 1:1000 Badrilla A010-13AP 

CaMKII 1:1000 Cell Signaling #3362 

Thr286CaMKII 1:1000 Cell Signaling #12716 

β-actin 1:2000 Sigma Aldrich A5316 

 

IonOptix Calcium and Contractility Assay. 

Human iPSC-derived cardiomyocytes were placed in a perfusion chamber adapted to 

the stage of an inverted Nikon eclipse TE2000-U fluorescence microscope. Cells were 

superfused with a Tyrode’s buffer containing (in mM): 144 NaCl, 1 MgCl2, 10 HEPES, 

5.6 glucose, 5 KCl, 1.2 NaH2PO4, and 1.8 CaCl2, adjusted to a pH 7.4 with NaOH.  



 

60  

Intracellular Ca2+ was measured using the Ca2+-sensitive dye Fura-2 and a dual-excitation 

(340/380 nm) spectrofluorometer (IonOptix LLC, Milton, MA, USA). First, 

cardiomyocytes were incubated with 5 µM Fura-2 for 30 minutes at room temperature and 

then washed with fresh regular Tyrode’s solution for at least 10 minutes. All Ca2+ 

measurements were performed at 37°C. SR Ca2+ content was assessed by caffeine 

challenge. Briefly, the regular Tyrode’s solution was switched for a 0Na+/0Ca2+ Tyrode’s 

buffer containing (in mM): 144 LiCl, 1 MgCl2, 10 HEPES, 5.6 glucose, 5 KCl, 10 EGTA, 

adjusted to a pH 7.4 with LiOH). Once the cardiomyocytes stopped beating, 0Na+/0Ca2+ 

Tyrode’s buffer containing 20 mM caffeine was rapidly applied.  SR Ca2+ contents were 

calculated considering that SR represents 3.5% and cytosol 65% of the myocyte volume as 

previously described by Shannon et. al. (155). The following equation from Shannon et al. 

was used:  

[𝑪𝒂𝟐%]𝑺𝑹 = [𝐶𝑎,%]-.// +	
𝛽3.4567	×[𝐶𝑎,%]-.//
[𝐶𝑎,%]-.// + 𝐾:567

 

[Ca2+]SR is the SR Ca2+ content, [Ca2+]caff is the SR Ca2+ released by caffeine, βmax-SR and 

Kd-SR are the usual Michaelis parameters for SR Ca2+ binding. 

The calibration was performed in-vivo in cardiomyocytes by superfusing a free Ca2+ 

and then a Ca2+ saturating (5 mM) solutions, both containing 10 µM ionomycin (Sigma, 

St. Louis, MO) until reaching a minimal (Rmin) or a maximal (Rmax) ratio values, 

respectively. [Ca2+]i was calculated as described previously using the following equation 

(156):  

[𝑪𝒂𝟐%]𝒊 = 	𝐾:×	
𝑆/,
𝑆=,

	×	
(R − 𝑅BCD	)
(𝑅3.4 − R)
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Kd (dissociation constant) was taken as 224 nmol/L. The scaling factors Sf2 and Sb2 were 

extracted from calibration as described by Grynkiewicz et al. (157) Δ[Ca+2] i amplitude was 

considered as: peak [Ca+2]i – resting [Ca+2]i. 

Statistics  

The data are expressed as mean ± SD unless otherwise indicated. Analysis was 

performed using students t-test between groups with p<0.05 considered significant using 

Microsoft Office Excel 2016 Microsoft Office Excel 2016 for Mac OS X. 

Results 

Human iPS cells express the α7 nAChR and can be differentiated to a cardiomyogenic 

lineage 

Immunostaining of non differentiated human iPS cells showed that non differentiated 

iPS cell colonies express the α7 nAChR in relative abundance (Figure 4.2). Following 21 

days of differentiation, robust contraction of cardiomyocytes was observed (Supplemental 

Video 1). After 21 days of differentiation appropriate calcium handling including 

sarcoplasmic reticulum handling was verified through the use of pharmacological agents 

and IonOptix. iPS-CM responded to electrical field stimulation by contracting in response 

to field stimulation. Contraction could be inhibited with the removal of extracellular Ca2+ 

indicating functional ECC (Figure 4.3 and Figure 4.4). We also tested to determine whether 

functional sarcoplasmic calcium storage was occurring. As expected, 20 mM caffeine 

elicited a rapid rise in intracellular calcium levels through the release of Ca2+ from stores 

in the SR (Figure 4.4). We also used a pharmacological panel of inhibitors to determine 

that CICR was occurring as expected, and that the SR contained functional SERCA 

channels were able to refill the SR Ca2+ stores following contraction. 10 µM Ryanodine 
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proved effective in inhibiting contraction by blocking the release of Ca2+ from stores in the 

SR through RyR2 channels (Figure 4.5). Lastly, 10 µM thapsigargin, an inhibitor of 

SERCA channels was effective in slowing calcium decay in cardiomyocytes as would be 

expected in a mature cardiomyocyte (Figure 4.6). 

  

Figure 4.2 - Immunohistochemical staining of α7 nicotinic acetylcholine receptor on naive 
human induced pluripotent stem cell 
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Figure 4.3 - iPS-CM respond to electrical field stimulation 
 

 
 
Figure 4.4 - 20 mM Caffeine elicits a rapid release of calcium from intracellular SR stores 
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Figure 4.5 - Ryanodine inhibits iPS-CM contraction by inhibiting intracellular SR calcium 
cycling by blocking RyR2 channels in the SR 
 
 

 
Figure 4.6 - Thapsigargin slows iPS-CM contraction by inhibiting intracellular SR calcium 
cycling by blocking reuptake of Ca2+ into the SR via SERCA channels 
 

Nicotine effects intracellular calcium cycling of iPS-CM 

After 21 days of differentiation traces of intracellular calcium cycling were collected 

using the IonOptix imaging modality. Under spontaneous contraction we observed that the 

intracellular calcium load was increased in groups treated with 1 µM nicotine over control. 

Both αbtx and KN-93 were able to restore calcium levels to near baseline levels however 

MCA treated groups showed increased Ca2+ loads above even that of nicotine. When 

groups were subject to electrical stimulation at 1 Hz, nicotine still induced increased 

calcium loads but αbtx and KN-93 were not as efficacious in inhibiting this increased load. 

We continue to observe calcium loads above all other groups in the MCA treated groups. 

(Figure 4.8) 
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Figure 4.7 - Nicotine induces increased calcium load in iPS-CM. While undergoing 
spontaneous contraction, calcium levels could be reduced to near baseline levels with 
pretreatment with αbtx or KN-93, however MCA increased calcium load above all other 
groups including nicotine (left). While undergoing electrically stimulated contraction, 
calcium levels could be not be reduced to near baseline levels with pretreatment with αbtx 
or KN-93. MCA continued to increase calcium load above all other groups including 
nicotine (n=2). 
 

We also used IonOptix imaging to investigate changes in iPS-CM calcium cycling 

kinetics induced by 1 µM nicotine. While undergoing spontaneous contraction, nicotine 

appears to induce a decreased time to peak Ca2+, as well as decreased Ca2+ decay following 

contraction. This change could be partially rescued by treatment with αbtx or KN-93. 

Similar to the measurements of Ca2+ SR load, MCA lead to the fastest time to peak and 

fastest clearance of Ca2+ following contraction. (Figure 4.8). When iPS-CM were subject 

to electrical stimulation at 1 Hz similar results were obtained with nicotine inducing 

decreased time to peak and decreased clearance tie of Ca2+ following contraction. Similar 
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to measurements of Ca2+ load, inhibitors were not effective in returning time to peak and 

decay time to control levels while undergoing electric field stimulation. (Figure 4.9) 

 

Figure 4.8 - While undergoing spontaneous contraction iPS-CM reach peak calcium levels 
quicker and are also faster to reuptake Ca2+ post contraction. Similar to Ca2+ load this 
effect could be brought back to baseline values with pretreatment with αbtx or KN-93, but 
Mecamylamine groups reach peak faster than any other group and also cleared calcium 
the fastest following contraction (n=2). 
 

 

Figure 4.9 - While being electrically paced, groups treated with nicotine reach peak 
calcium levels faster than control, but reuptake does not appear to be effected by nicotine. 
Similar to Ca2+ load when being electrically paced even groups pretreated with inhibitors 
did not return to baseline levels (n=2). 
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Nicotine increases the activity of CaMKII and Thr286CaMKII.  

Previous studies using murine iPS cells have suggested that the effects of nicotine are 

modulated through CaMKII signaling pathways.  To evaluate whether the same was true 

in human iPS cells we preformed western blots of CaMKII and Thr286CaMKII. Groups 

treated with nicotine showed an increase in the amount of CaMKII present which could be 

reduced with the use of α-bungarotoxin. Mecamylamine and KN-93 were not effective in 

inhibiting the increased CaMKII levels over control (Figure 4.10). Increased levels of Ca2+ 

are also known to induce autophosphorylation of CaMKII at the Thr286 site which can 

increase the activity of CaMKII. Groups treated with nicotine showed a modest increase in 

Thr286CaMKII which could be ameliorated by pretreatement with abtx but not 

mecamylamine or KN-93 (Figure 4.11).  

Phospholamban is a reversible regulator of SERCA activity in the SR and a substrate 

of CaMKII. When phosphorylated by Protein Kinase A at the Ser16 residue or CaMKII at 

the Thr17 site, phospholamban disassociates from SERCA channels and allows for greater 

reuptake of Ca2+ into the SR. We hypothesized that increased CaMKII activity, as a result 

of activation of nAChRs, would also induce increases in the phosphorylation of PLN. 

Treatment with 1 µM nicotine showed an increase in the amount of phosphorylated 

phospholamban protein. Phosphorylation could be partially reduced with pretreatment of 

KN-93 or αbtx. Mecamylamine did not appear to reduce the phosphorylation rate of PLN 

at the Thr17 site (Figure 4.12).  
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Figure 4.10 - 1 µM Nicotine induces an increase in protein expression of CaMKII (n=3,   
* p<0.05) 
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Figure 4.11 - 1 µM Nicotine induces an increase in protein expression of Thr286CaMKII 
(n=3) 
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Figure 4.12 - 1 µM Nicotine increases in the ratio of Thr17Phospholamban relative to total 
phospholamban (n=3) 
 

Reversion to a fetal gene like pattern is a hallmark characteristic of cardiomyocyte 

hypertrophy. Following 21 days of differentiation with or without exposure to nicotine 

cells were collected for gene expression analysis. The first set of genes analyzed were 

transcription factors, sarcomeric genes associated with differentiation of stem cells to 

cardiomyocytes, and hypertrophic markers. These include NK homeobox 2 locus 5 
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(NKX2.5), myosin heavy chain β (MYH7), and cardiac muscle troponin T (TNNT2),  

natriuretic peptide A (NPPA), and natriuretic peptide B (NPPB). (Figure 4.13-17). NKX2.5 

disruption in mice has been shown to cause embryonic lethality due to arrested 

morphogenesis of the myocardium in mice. (158) NKX2.5 has also been shown to play a 

role in the homeostasis of adult myocytes in mice, and upregulation in adult hearts is 

associated with hypertrophy. (158, 159) In these studies we observed a small increase in 

the expression of NKX2.5 in groups subject to nicotine treatment.  MYH7 is a gene that is 

expressed in the fetal heart under the control of NKX2.5 and other early cardiac regulatory 

transcription factors such as GATA4, and MEF2C. In the adult myocardium, thyroid 

hormone inhibits the expression of MYH7; however, in the hypertrophic fetal like state, 

MYH7 expression is reactivated (160). In our studies nicotine induced a significant 

increase in MYH7 expression which could be inhibited through any of the pharmacological 

agents employed. Mutations of MYH7 and TNNT2 have been linked to the development 

of hypertrophic cardiomyopathy in the clinic (161). Similar to MYH7, nicotine induced a 

significant increase in the expression of TNNT2 that could be inhibited with the use of any 

of the pharmacological agents used in these studies. During development NPPA and NPPB 

are expressed relatively high levels that are downregulated in the adult myocardium. 

expression has also been shown strongly increase in hypertrophy and heart failure (162). 

In the present studies NPPA was increased in the nicotine treated group. Similar to MYH7 

and TNNT2 this upregulation could be inhibited by treatment with any of the 

pharmacological inhibitors investigated. NPPB on the other hand did not show changes 

upon stimulation with nicotine.  
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Figure 4.13 - Genetic expression analysis for NK Homeobox 2 locus 5 (NKX2.5) following 
treatment with 1 µM nicotine with and without pretreatment of pharmacological agents. 
NKX2.5 is upregulated in the presence of nicotine, an indicator of a reversion to fetal like 
gene expression pattern observed in cardiomyocyte hypertrophy. Inhibition of increased 
expression is observed with all pharmacological agents used in these studies (n=3, # 
p<0.05 with respect to nicotine) 
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Figure 4.14 - Genetic expression analysis for myosin heavy chain β (MYH7) following 
treatment with 1 µM nicotine with and without pretreatment of pharmacological agents. 
MYH7 is upregulated in the presence of nicotine, an indicator of a reversion to fetal like 
gene expression pattern observed in cardiomyocyte hypertrophy. Inhibition of increased 
expression is observed with all pharmacological agents used in these studies. (n=3, * 
p<0.05 with respect to control, # p<0.05 with respect to nicotine, **p<0.01 with respect 
to control, # # p<0.01 with respect to nicotine) 
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Figure 4.15 - Genetic expression analysis for cardiac muscle troponin T (TNNT2) 
following treatment with 1 µM nicotine with and without pretreatment of pharmacological 
agents. TNNT2 is upregulated in the presence of nicotine, an indicator of a reversion to 
fetal like gene expression pattern observed in cardiomyocyte hypertrophy. Inhibition of 
increased expression is observed with all pharmacological agents used in these studies. 
n=3, * p<0.05 with respect to control, # p<0.05 with respect to nicotine, **p<0.01 with 
respect to control, # # p<0.01 with respect to nicotine) 
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Figure 4.16 - Genetic expression analysis for natriuretic peptide A (NPPA) following 
treatment with 1 µM nicotine with and without pretreatment of pharmacological agents. 
NPPA is upregulated in the presence of nicotine, an indicator of a reversion to fetal like 
gene expression pattern observed in cardiomyocyte hypertrophy. Inhibition of increased 
expression is observed with all pharmacological agents used in these studies. (n=3, n=3, 
* p<0.05 with respect to control, # p<0.05 with respect to nicotine, # # p<0.01 with respect 
to nicotine) 
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Figure 4.17 - Genetic expression analysis for natriuretic peptide B (NPPB) following 
treatment with 1 µM nicotine with and without pretreatment of pharmacological agents. 
Expression patters of NPPB do not appear altered in the presence of nicotine.  (n=3) 
 
 

In addition, we also analyzed a panel of calcium cycling genes including RYR2, 

CASQ2, PLN, and ATP2A1 (Figure 4.18-21). RYR2 mediates calcium release from the 

sarcoplasmic reticulum. Previous studies have shown that nicotine upregulates RYR2 in 

neurons and induces long lasting reinforcement of Ca2+ signaling via CICR (163).  Our 

results are consistent with these findings and show that nicotine induces upregulation of 

RYR2 gene. Further, we show that inhibition with pharmacological agents was successful 

in inhibiting this observed change. CASQ2 is a protein in the SR which binds calcium ions 

following contraction. ATP2A1 is the gene which encodes for SERCA channels that are 

responsible for refilling stores of Ca2+ following contraction. We did not observe 

significant changes in either of these genes. Lastly we also investigated the genetic form 

of phospholamban and observed that nicotine induced an upregulation in the gene for PLN.  
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Figure 4.18 - Genetic expression analysis for ryanodine receptor 2 (RYR2) following 
treatment with 1 µM nicotine with and without pretreatment of pharmacological agents. 
RYR2 is upregulated in the presence of nicotine.  Inhibition of increased expression is 
observed with all pharmacological agents used in these studies. (n=3, * p<0.05 with 
respect to control, # p<0.05 with respect to nicotine, **p<0.01 with respect to control, # 
# p<0.01 with respect to nicotine) 
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Figure 4.19 - Genetic expression analysis for calsequestrin (CASQ2) following treatment 
with 1 µM nicotine with and without pretreatment of pharmacological agents. Expression 
patters of CASQ2 do not appear altered in the presence of nicotine.  (n=3) 
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Figure 4.20 - Genetic expression analysis for phospholamban (PLN) following treatment 
with 1 µM nicotine with and without pretreatment of pharmacological agents. PLN is 
upregulated in the presence of nicotine. Inhibition of increased expression is observed with 
all pharmacological agents used in these studies. (n=3, n=3, * p<0.05 with respect to 
control, # p<0.05 with respect to nicotine, **p<0.01 with respect to control, # # p<0.01 
with respect to nicotine`) 
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Figure 4.21 - Genetic expression analysis for Sarcoplasmic/Endoplasmic Reticulum 
Calcium ATPase 1 (ATP2A1) following treatment with 1 µM nicotine with and without 
pretreatment of pharmacological agents. Expression patters of ATP2A1 do not appear 
altered in the presence of nicotine. (n=3) 
 
Discussion 

To our knowledge we are the first to show that nicotine can affect CaMKII signaling 

and can induce hypertrophic signaling in iPS derived cardiomyocytes. We use IonOptix 

studies to show increased calcium loads in iPS-CM that were subject to 1 µM nicotine 

treatment at every media change during differentiation. Using pharmacological agents, we 

show that this it is likely that increased calcium loads are induced by the activation of α7 

nAChR present on naïve iPS cells. Further, we show this increased calcium load induces 

increased CaMKII activity which leads to changes in gene expression indicative of 

cardiomyocyte hypertrophy. 

Gene expression patterns observed in these studies show that cells subject to nicotine 

exposure present fetal like gene program, as would be expected in cardiomyocyte 

hypertrophy. The concept of hypertrophy is commonly associated with a reversion to fetal 
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like growth program to compensate for increased demands, hence the reversion to fetal like 

gene programs. It remains to be seen in our studies whether these cells are arrested in a 

fetal like state during development, or cells mature and then revert to a fetal like state 

through continued maturation. Recent studies suggest that NPPA downregulation, more so 

than NPPB downregulation, is indicative of that post-natal phenotype in cardiomyocytes 

which may represent why NPPB was not upregulated to the extent of NPPA (164). This 

may also suggest that the cells are arrested in fetal like state do not mature fully.  Had cells 

been allowed to mature we may also observe increases in NPPB consistent with that of 

NPPA. Based on gene expression analyst it would also appear that signaling through the 

nAChR play a crucial role in the development of cardiomyocytes. In the mature heart 

acetylcholine regulates the minute-to-minute contractility, and Roy et. al. show that 

autocrine acetylcholine stimulation from cardiomyocytes as well as parasympathetic 

innervation affect ACh concentrations (165). It would follow then that ACh signaling 

pathways also play key roles in the development of the heart, and may warrant further 

investigation. 

α-bungarotoxin, the selective α7 inhibitor was effective in reducing the Ca2+ loads; 

however, mecamylamine, a general nAChR inhibitor appears to increase the intracellular 

calcium levels more than nicotine alone. One possible explanation for this may be a result 

of nicotine induced upregulation of nicotine receptors, a phenomenon that has been 

observed in the brain (166), and the kinetics of antagonist binding to nAChRs. α-

bungarotoxin is known to bind relatively irreversibly to the α7 nAChR whereas 

mecamylamine inhibition can be reversed. It is possible that during long term culture, 

mecamylamine dissociates and due to nicotine induced upregulation, increased 
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concentration of uninhibited nAChRs responsible for the increased Ca2+ loads. Future 

studies should look at expression level of nAChR’s at several points during differentiation 

to determine if this is indeed true. IonOptix data regarding kinetics appears to support our 

hypothesis that nicotine induces increased CaMKII activity. Ziolo et. al. have shown that 

under high systolic intracellular Ca2+ levels, calcium transients are faster, and the authors 

hypothesize that the faster time to peak is mediated by CaMKII signaling (167). Our results 

are consistent with this finding in showing that groups subject to 1 µM nicotine showed 

faster time to peak Ca2+ levels, and that this could be attenuated with the pretreatment using 

αbtx or KN-93. 

Our data also shows that nicotine induces increased CaMKII activity as well as 

autophosphorylation of the Thr286 site of CaMKII. Autophosphorylation of CaMKII has 

the effect of reducing likelihood of Ca2+ dissociation from CaMKII, and increasing the 

affinity of the protein by 105 (40). The data presented herein also seems to support the 

hypothesis that increased CaMKII activity as a result of nAChR activation induces Thr17 

phospholamban phosphorylation. In addition to PLN, CaMKII has many targets in 

cardiomyocytes to effect Ca2+ cycling regulation and it is important to keep these in mind. 

The scope of this study was to establish the link of CaMKII signaling and nicotine, and 

future studies should seek to look at the effects of nicotine on other targets of CaMKII 

signaling. 

In addition to direct Ca2+ entry through α7 nAChR It is highly likely that nicotine also 

induces changes in other Ca2+ signaling pathways which have a contributory effect to 

CaMKII activity and intracellular calcium levels. In a mouse model, Li et. al. suggest that 

nicotine primarily induces hypertrophy through TRPC channels (25). TRPCs are 
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transmembrane channels that are traditionally found on lipid rafts in the plasma membrane, 

but have also been observed in the membranes of golgi and ER/SR where they function to 

refill stores. TRPCs are glycosylation-dependent proteins that similar to nAChRs once 

activated gate for Ca2+. The exact role of TRPCs is still unknown, however it is believed 

that TRPCs control Ca2+ microdomain signaling and it has also been hypothesized that 

TRPCs interact directly with Ca2+ regulator proteins, such as phosopholamban, and Cav1.2 

protein, a calcium channel subunit of VDCCs (168). The associations between TRPC 

signaling activation and pathological cardiomyocyte hypertrophy have been previously 

described by Eder et. al. (169). The interaction between TRPC and nAChRs however is 

not entirely clear. A 2006 study by Feng et. al. developed a model of nicotine dependence 

in C. Elegans to determine the genetic underpinning of behavioral response changes 

elicited by nicotine. This study showed that nicotine responses require nAChRs, but 

interestingly mutant worms lacking TRPC channels were defective in their response to 

nicotine, thus highlighting the role of TRPC channels in regulating nicotine induced 

behavioral changes, and perhaps suggesting a role of TRPC in the changes observed in our 

studies (170).  
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 

 This project explores the development of a model of cardiomyocyte calcium cycling 

from stem cells, and uses the model to determine the effects of nicotine on cardiomyocyte 

differentiation and function. Both adult stem cells and induced pluripotent stem cells were 

investigated as potential models. While adult stem cells would be an ideal model due to 

their easy isolation and potential use for autologous transportation, functional maturation 

of these cells to continuously beating myocytes was not observed in the studied model. 

Induced pluripotent stem cells were capable of differentiation to a functionally mature 

cardiomyocyte which spontaneously contracted through sarcoplasmic reticulum calcium 

cycling. With the development of the model, nicotine was added during differentiation to 

determine the mechanism of nicotine induced cardiac dysfunction. Through gene 

expression, protein expression, and calcium imaging it was determined that nicotine, 

through α7 nAChR, induces increased calcium load in iPS-CMs. Increased calcium loads 

in iPS-CM then activate CaMKII signaling pathways which alter intracellular calcium 

cycling pathways in iPS-CMs. iPS-CMs subject to nicotine exposure also displayed a 

reversion to a fetal like gene program which is commonly associated with cardiomyocyte 

hypertrophy.  

 Calcium cycling is highly regulated in cardiomyocytes and dysfunction of this pathway 

is linked to overall poor myocardial differentiation during development and pathological 

conditions in adults.  While our studies were limited to the developing myocytes, it is likely 

that nicotine acts in similar ways in adult myocytes. The expression of nAChR on adult 

myocytes has been established and the role of CaMKII signaling is well established 

suggesting a likely corollary exists (171). Smoking induced cardiac hypertrophy is a well-
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established clinical issue and the data presented here in presents options for new targets for 

therapeutics for smoking induced cardiac hypertrophy (172). 

 The obvious first potential targets to investigate would be the α7 nAChR. Targeting of 

α7 nAChR is already occurring in the clinic with α7 antagonists being prescribed for the 

treatment of Alzheimer’s and schizophrenia. It is believed that α7 antagonists function in 

these conditions by reducing inflammation (173). α7 antagonism has also been suggested 

for use in cancer therapeutics, and treatment with αbtx has shown promising effects in cell 

models of lung, bladder, and colon cancer cells (174). Another obvious potential target for 

innervation that the data may suggest is CaMKII. A 2010 report by Sossalla et al. has shown 

that in myocytes isolated from failing human myocardium, inhibition of CaMKII signaling 

could functionally improve contractility and suggest that further studies of CaMKII in heart 

failure patients are warranted  (175). CaMKII inhibition has also been effectively used as 

a neuroprotective for brain ischemia following cardiac arrest (176) suggesting that CaMKII 

inhibition may be a potential innervational strategy. Lastly, VDCC’s may represent an 

interesting target in this mechanism. VDCC’s are known to be modulated by CaMKII 

signaling. VDCC’s also represent the first site in CICR for regulation. The amount of Ca2+ 

which enters through VDCC’s is directly correlated with the strength of that contraction. 

Modulation of VDCC signaling has already been successfully employed in the clinic with 

nifedipine being used to treat hypertension. It could be suggested modulation of 

intracellular calcium influx through VDCC channels may ameliorate the effects of nicotine 

on cardiomyocytes (177).  
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Future Directions 
 

The results of these studies open the door for many future basic science studies based 

off the knowledge obtained herein. First would be to investigate changes at the epigenetic 

level following exposure of stem cells to nicotine. Recent work by Jung et al. has shown 

that nicotine effects neurological development through an epigenetic mechanism. Similar 

to heart development, in utero nicotine exposure is known to cause changes to neuron 

morphology and can ultimately lead to learning defects and psychiatric issues later in life. 

In these studies, Jung et al. used microarrays to show that nicotine induced activation of 

ash2l, a component of the histone methylation complex. Action of ash2l increased 

trimethylation of histone 3, lysine 4 (H3K4me3) at promoter regions associated with 

development and maintenance of synapses, including the MEF2C site (178).  In addition 

to its role in neural development, MEF2C is an important transcription factor involved in 

heart development, including differentiation of cardiomyocytes, and hypertrophy (179, 

180). High levels of H3k4me3 indicates transcriptionally active sites, and changes in these 

epigenetics marks has been linked to cardiomyocyte hypertrophy and heart failure (181). 

In addition to this specific site marks at H3k9,  have also been linked to heart failure (179). 

Based on this discussion, it is possible that nicotine may be inducing epigenetic marks 

similar to those in neurons and indicated in heart failure and that these marks could offer 

potential sources of new drug targets.   

The other potential avenue that this data may lead is in the effects of nicotine in cells 

isolated from schizophrenic patients. Neurons are another cell type which use regulation 

of Ca2+ to achieve effector functions. Many of the regulatory proteins involved in 

cardiomyocytes Ca2+ regulation are known to be expressed and active in neurons as well. 
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A 2014 review even highlights the emerging role of CaMKII in neuropsychiatric disease 

(182).  Epidemiological studies have shown that schizophrenic patients smoke more 

heavily than the general population. Nicotine has been reported to decrease the side effects 

of antipsychotics, and alleviating feelings of anxiety, depression, anhedonia, and 

amotivation in schizophrenic patients (183). The exact cause of schizophrenia remains 

unknown; however, it is becoming increasingly clear that α7 nAChR are related to the 

pathophysiology of schizophrenia (183). The ability to generate pluripotent stem cells from 

somatic cells allows for the development of a model of neurons from schizophrenic 

patients. Using these cells we can then model the effects of nicotine to help determine the 

molecular role of α7 nAChR in neurons derived from schizophrenic patients, and changes 

in calcium cycling in diseased patients.   
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