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Dissertation Abstract 
 

Role of Heart Rate, Temperature, and Autonomic Nervous System 
Regulation in the Cardiac Action Potential and Calcium Handling Dynamics 

in an intact Goldfish Heart 
 

Maedeh Bazmi 

 
Doctorate of Philosophy in Quantitative Systems Biology, with an emphasis in Cardiac 

Electrophysiology at the University of California, Merced, 2022 
 

In the last decade alone fish hearts have become an increasingly popular model 

for studying heart function. Although fish hearts contain a single atrium and ventricle and 

present a fundamentally different cardiovascular system when compared to mammalian 

models, there are many developmental, structural, and functional commonalities between 

the two vertebrate classes. The goldfish heart, specifically, has remarkably similar 

electrical properties to that of humans’. For example, the heart rate, action potential 

morphology, and Ca2+ transient kinetics and dynamics of adult goldfish closely parallel 

those of humans, even more so than mice. In nearly all vertebrate species, direct input 

from the autonomic nervous system tightly controls cardiac contractility and excitability. 

Although there is an abundant amount of research on the autonomic control of cardiac 

contractility and excitability in numerous mammalian species, the characterization of 

pathophysiological mechanisms is still difficult to obtain for humans specifically. This is 

in part due to humans having strikingly dissimilar AP characteristics and 

electrocardiographic morphology in comparison to commonly used animal models such 

as mice, rats, and rabbits. Fish, on the other hand, are the largest and most diverse group 

of vertebrates, and as such, their autonomic nervous system regulation can often deviate 

from the classical vertebrate models used to study autonomic control of cardiac 

contractility and excitability. Ventricular APs, electrocardiograms, and Ca2+ transients 

recorded from the goldfish intact heart showed perfusion with either 100 nM 

isoproterenol (sympathetic agonist) or 5 µM carbamylcholine (parasympathetic agonist), 

was enough to stimulate the sympathetic branch or parasympathetic branch, respectively. 

Interestingly, our results indicate stimulation of the goldfish autonomic nervous system 

by these commonly used agonists resulted in a corresponding change in cardiac 

dromotropism, chronotropism, ionotropism, and lusitropism in a similar manner observed 

in humans. The data obtained from our experiments have led us to propose the goldfish 

heart as an excellent model for performing physiological experiments at the intact-heart 

level. Moreover, its shared ionic and electrical similarities with larger mammals open a 

new avenue for goldfish hearts to be used as a model to study human physiology. 

 

Graduate Advisor: Dr. Ariel L. Escobar 
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Preface 

 

For years scientists have attempted to identify and establish animal models with 

which pathogenesis of human disease at a cellular and molecular level could be 

understood, and eventually treated. Throughout the years, the most classical models have 

become dogs, guinea pigs, and mice; however, each of these vertebrate models present 

unique limitations rendering them in some way different from the human model. 

Unfortunately, the only animal model with a heart capable of perfectly replicating the 

mechanical intricacies that constitute the human heart is another human. Due to the 

unique limitations of each vertebrate model, our knowledge of the human cardiac 

physiology remains limited to this day. 

 

In the last decade alone, fish hearts have become an increasingly popular model 

for studying heart function (Nemtsas et al., 2010; Huttner et al., 2013; Ravens, 2018; van 

Opbergen et al., 2018b; Zhang et al., 2018). Specifically, the zebrafish (Danio rerio) has 

been the model of choice not only for the possibility of performing transgenesis (Chopra 

et al., 2010; Huttner et al., 2013; Konantz and Antos, 2014; Serbanovic-Canic et al., 

2017), but also for studying cardiac physiology and pathophysiology of larger mammals, 

including humans (Nemtsas et al., 2010; Ravens, 2018; van Opbergen et al., 2018b). 

Although fish hearts contain a single atrium and ventricle and present a fundamentally 

different cardiovascular system when compared to other mammalian models, there are 

many developmental, structural, and functional commonalities between the two 

vertebrate species (Bazmi and Escobar, 2020; Mersereau et al. 2015; Sandblom and 

Axelsson, 2011; Xing et al. 2017). The goldfish, specifically, has remarkably similar 

electrical properties to humans. For example, the heart rate, AP morphology, and Ca2+ 

transient kinetics and dynamics of adult goldfish closely parallel those of humans, even 

more so than mice and zebrafish models (Bazmi and Escobar, 2020). 

 

The overarching aim of this thesis is to investigate and outline the basic molecular 

mechanisms involved in the electrical and contractile properties of the goldfish intact 

heart and to establish this model as an alternative vertebrate to study larger mammalian 

cardiac physiology and pathophysiology.  

 
Chapter 1: Goldfish cardiac muscle physiology background and significance  

 This chapter provides the foreground necessary in understanding the 

electromechanical function of the mammalian and fish hearts. Detailed explanations of 

the molecular mechanisms involved in the electrical and contractile properties of the 

vertebrate heart are discussed in detail, elucidating the imperative roles of intracellular 

Ca2+ and action potentials. Finally, the heart rate, temperature regulation, and autonomic 

nervous system regulation are discussed in relation to the goldfish heart. 

 
Chapter 2: Experimental approach  

The novel tools utilized in addressing the questions in this thesis are explicitly 

described in detail. The commonly used Ca2+ molecular fluorescent probe, Rhod-2AM, 

was used in conjunction with the innovative Pulsed Local Field Fluorescent Microscopy 
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technique and classical glass microelectrode recordings of the membrane potential in 

order to dissect the underlying molecular events at the intact heart level. All experiments 

presented in this thesis were done at the intact heart level, with conditions resembling 

physiological conditions. 

 
Chapter 3: Excitation contraction coupling in the goldfish intact heart 

 The aim of this chapter is to elucidate the basic molecular mechanisms underlying 

excitation contraction coupling in the goldfish heart. By investigating the transient 

cytosolic Ca2+ concentration and the cardiac AP, the role and contribution of the L-type 

Ca2+ channel in the excitation and contractile properties of the goldfish heart is revealed.  

 

Chapter 4: Intrinsic sympathetic NS activity and effect of AP and intracellular Ca2+ 

dynamics 
 Different vertebrate models exhibit varying degrees of autonomic nervous system 

regulation. The aim of this chapter is to investigate the role and the degree to which the 

sympathetic nervous system regulates electrical and contractile properties of the goldfish 

intact heart. The innovative Pulsed Local Field Fluorescent Microscopy technique in 

conjunction with electrocardiogram recordings and action potential recordings were used 

to establish evidence of the presence of a sympathetic response in the goldfish heart. 

 
Chapter 5: Intrinsic parasympathetic NS activity and effect of AP and intracellular Ca2+ 

dynamics  

Different vertebrate models exhibit varying degrees of autonomic nervous system 

regulation. Some vertebrates may only exhibit one branch of the autonomic nervous 

system, while other vertebrates may exhibit full dual autonomic control. The aim of this 

chapter is to investigate the role and the degree to which the parasympathetic nervous 

system regulates electrical and contractile properties of the goldfish intact heart. The 

innovative Pulsed Local Field Fluorescent Microscopy technique in conjunction with 

electrocardiogram recordings and action potential recordings were used to establish the 

presence of a parasympathetic response in the goldfish heart. 

 
Chapter 6: The effect of increasing the heart rate and temperature on AP morphology 

and intracellular [Ca2+] dynamics 

Fish cannot systemically regulate their body temperature; thus, the temperature of 

the water has a large influence on the physiological behavior of the animal’s cardiac 

function. The aim of this chapter is to elucidate how a change in temperature and heart 

rate alter the molecular mechanisms underlying excitation contraction coupling in the 

goldfish heart. The innovative Pulsed Local Field Fluorescent Microscopy technique in 

conjunction with electrocardiogram recordings and action potential recordings were used 

to reflect changes in electrical and contractile properties of the goldfish heart. 
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Chapter 1: Cardiac Muscle Physiology and Background 

 

The heart is arguably the most popular organ with which humans have been 

obsessed. For centuries, countless poets, painters, musicians, and philosophers have been 

captivated by the sheer complexity of this exceptional machine. In the fourth century 

B.C., Aristotle identified the heart as the most important hot, dry organ in the body; the 

seat of intelligence, motion and sensation, all other organs simply existed to cool the 

heart. The first recorded discovery of the circulatory system was made in 157AD by a 

chief physician to the gladiators in Pergamon, Greece. Following battle, the chief 

physician, Galen, would observe the still beating hearts of fighters who lay dying with 

their chest ripped open at the blade of their opponent. Later, Galen would move to Rome 

where vivisections (from Latin vivus “alive”, and sectio “cutting”) on monkeys and pigs 

erroneously led him to conclude arterial blood originated in the heart and venosus blood 

originated in the liver. Michael Servitus, a Spanish physician who had extensive 

knowledge on Galen’s writings, carried out vivisections on animals to further discover 

the pulmonary circulation. Unfortunately, Servitus was burned at the stake for his 

religious beliefs in 1553. Realdo Columbo, born in 1515, continued vivisections on 

animals not only to confirm the pulmonary circulation, but to also discover the four 

valves of the heart only permitted blood to flow in one direction: from the right ventricle 

to the lungs back to the left ventricle, and then to the aorta. William Harvey, born in 

1578, proved that blood flows in two separate loops: the pulmonary and systemic 

circulations.  

 

From the vivisections performed in the 1500s to complex intricate cellular cardiac 

experiments done in present day, the foundation of our cardiac knowledge is built on the 

knowledge obtained from sacrificing countless different animals. Although these animals 

have graciously aided in the furtherment of human cardiac physiology, only one animal 

model could ever perfectly replicate the complexity that embodies the human heart. The 

heart is often referred to as a machine, and in these terms, every machine operates 

differently (with respect to its animal model), to achieve the same goal: provide the body, 

organs, tissues, and muscles with oxygenated blood and dispose of metabolic waste. 

Unfortunately, the only animal model with a heart capable of perfectly replicating the 

mechanical intricacies that constitute the human heart, is another human. Thus, our 

knowledge of the human cardiac physiology remains limited. For decades scientists have 

attempted to identify and establish animal models with which pathogenesis of human 

disease at a cellular and molecular level could be understood and eventually, treated. 

Throughout the years, the most classical models have become dogs, guinea pigs, and 

mice; however, a range of factors needs to be taken into consideration in addition to 

anatomical similarity when in search of an appropriate model. For example, mammalian 

models such as sheep and rats may present similar physiologies and organ sizes, which 

are crucial to furtherment of surgical therapeutic interventions. However, the basic 

electrical events occurring at the cellular level are inherently different to that of humans, 

which limit identification of the perturbed cellular and molecular pathways leading to 
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human pathogenesis. Nevertheless, the recent advances in science in conjunction with 

research conducted on different animal models has provided the field of physiology with 

a reliable understanding of how a healthy mammalian heart functions.  

 

 

 

1.1 Anatomy and Functioning of an Electric Pump 
 

The typical mammalian heart is described as an electrical mechanical (or 

electromechanical) pump consisting of four chambers: the left and right atria and the left 

and right ventricles. These chambers work together by coupling electrical and contractile 

properties to complete the primary function of the heart: propel blood through the 

circulatory system. Unoxygenated (venous) blood enters through the superior and inferior 

vena cava and travels to the right atrium. As the pressure of the right atrium becomes 

larger than the right ventricle, the blood is projected into the right ventricle through the 

bicuspid valve. A ventricular contraction sends the blood to the lungs for oxygenation 

through the pulmonary artery. The oxygenated blood then re-enters the heart through the 

pulmonary vein and into the left atrium. This increases the pressure of the left atrium, the 

contraction of which sends the blood to the left ventricle. Finally, a ventricular 

contraction propels the oxygenated blood from the left ventricle to the rest of the 

circulatory system through the aorta.    

 

Although the main sequence of events through this electrical labyrinth is nearly 

identical across different mammalian species with four chambered hearts, the specific 

electrical mechanisms underlying these events can vary greatly among species (Figure 
1.1). The most dramatic difference can be seen when looking at the cellular electrical 

events in a human heart in comparison to the most predominant model used to investigate 

human cardiac diseases and patho-electrophysiological conditions: the mouse heart. 

Although experiments conducted on mouse hearts have provided invaluable insight into 

the role of many ion channels in a healthy and diseased state, this model is not without 

limitations. The drastic difference in the electrical properties of the ion currents magnify 

just how different a mouse heart is from a human heart. Not only does the mouse model 

have an intrinsic basal high heart rate, but it also has a large and fast phase 1 

repolarization, resulting in a short action potential and a very negative plateau phase 

potential. 

 

It has not been until recently that fish have also been added to the list in hopes to 

better understand human cardiac physiology. Although initially counterintuitive, since 

fish have a two chambered heart rendering them fundamentally different in their 

morphological structure to that of classical mammalian models, fish hearts have proved 

rather promising as a model to better understand cardiac pathophysiology. In the last 

decade alone, fish hearts have become an increasingly popular model for studying heart 

function (Nemtsas et al., 2010; Huttner et al., 2013; Ravens, 2018; van Opbergen et al., 

2018b; Zhang et al., 2018). In developmental studies (Novak et al., 2006; Chi et al., 2010; 

Chablais and Jazwinska, 2012; Ramachandran et al., 2013; Ding et al., 2017), the 

zebrafish (Danio rerio) has gained prominence as the vertebrate model of choice not only 
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for the possibility of performing transgenesis (Chopra et al., 2010; Huttner et al., 2013; 

Konantz and Antos, 2014; Serbanovic-Canic et al., 2017), but also for studying cardiac 

physiology and pathophysiology of larger mammals, including humans (Nemtsas et al., 

2010; Ravens, 2018; van Opbergen et al., 2018b).  

 

During embryogenesis, the transparent nature of the zebrafish heart lends itself to 

high throughput testing of the effects of pharmacological agents, where the heart rate and 

rhythm can be directly observed. Furthermore, the cardiac action potential of the 

zebrafish ventricle shares a striking resemblance to human ventricular action potentials 

(Figure 1.1). Approximately 71% of human genes are found to have at least one 

corresponding ortholog in the zebrafish genome; however, based on this information 

alone, interpretation of results obtained from experiments cannot be based on the 

assumption that the molecular entities and regulatory pathways are identical in the 

zebrafish and humans. Indeed, the zebrafish model does present its own unique 

limitations including a much higher heart rate (Lee et al. 2016) and a shorter AP duration 

(Lin et al. 2015) when compared to that of goldfish, and a diminished fraction of Ca2+ 

induced Ca2+ release (Bovo et al. 2013) from the SR when compared to small rodent 

models. Furthermore, the small size of the Zebrafish heart makes it difficult to perform 

perfused intact heart measurements. Although it is possible to cannulate the bulbus 

arteriosus of the zebrafish heart, it is difficult to effectively change the perfusate fast 

enough to perform pharmacological experiments. This is due to the low perfusion rate the 

zebrafish heart needs to maintain good hemodynamic and mechanical conditions. Lastly, 

the ventricular wall of the zebrafish heart is not thick enough to consistently perform 

flash photolysis experiments at an intact heart level without undergoing considerable 

damage.  

 

Despite the frequent use of fish as a cardiovascular model to study human hearts 

(Nemtsas et al. 2010), our knowledge is still limited. In this thesis, the goldfish 

(Carassius auratus) heart is proposed as an alternative novel experimental model in order 

to study excitation contraction-coupling. Goldfish belong to the same family as zebrafish 

(Kon et al. 2020; Málaga-Trillo et al. 2002), and as such present with many physiological 

similarities. The striking similarities between the goldfish and the zebrafish heart is the 

reason why the goldfish can also be used as an embryological model (Grivas et al. 2014), 

be altered via transgenesis using CRISPR/Cas9 (Yin et al. 2018), or be used in 

electrophysiological and Ca2+ signaling experiments (Chen et al. 2005; Leo et al. 2019). 
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Figure 1.1: Comparison of ventricular action potentials from the zebrafish, human, 
and mouse model (picture modified from Nemtsas et al., 2010). 

 

The goldfish heart rate, AP morphology, and Ca2+ transient kinetics and dynamics 

of closely parallel those of humans, even more so than mice and Zebrafish models 

(Bazmi and Escobar, 2020); these reasons the goldfish model seemed a more promising 

model compared to that of the zebrafish to study larger mammalian cardiac physiology. 

However, the mechanical properties of the goldfish heart need to be established and 

discussed prior to investigating electrical properties of the goldfish heart. 

 
Fish heart chambers and blood flow 

 

The goldfish heart has 4 main components constituted by the sinus venosus, atrium, 

ventricle, and bulbus arteriosus arranged in series contained within a pericardial cavity. 

These vital structures all work together to deliver unoxygenated blood to the gills, where 

it is oxygenated, and sent to the systemic circulation (Figure 1.2).  

 

The sinus venosus is the most caudal portion of the heart and containing only 

smooth muscle elements (Yamauchi, 1980). The sinus venosus receives peripheral venous 

blood from the ducts of Cuveir and the hepatic veins and directs it into the atrial cavity. 

The single atrium is a sac-like chamber with a size comparable to the ventricle, rich in 

collagen and elastin whose primary function is to move venosus blood into the ventricle 

during atrial diastole. The atrio-ventricular region of the heart provides support for the 

atrioventricular valves, which are comprised of connective tissue and loose collagen fibers. 

The valve is made up of two leaflets made up of collagen and elastin. The single ventricle 

is a sac-like muscular chamber, made up of two layers: the outer compact (compacta) and 

the inner trabeculate (spongiosa), responsible for developing the necessary pressure needed 



 7 

to propel the blood to the bulbus arteriosus. Finally, the bulbus arteriosus is an atrium-like 

structure, containing large amounts of elastin, collagen, and smooth muscle cells. Its 

primary function is to send arterial blood to the gills where it is oxygenated and then sent 

to the systemic circulation. 

 

 
Figure 1.2: The fish heart consists of two chambers (pictured on left) which work 
together to propel oxygenated blood to the circulatory system. Unoxygenated blood 
travels through the heart and to the gills to be oxygenated prior to being sent 
through the rest of the circulatory system.  
 
The heart is an electromechanical pump 

 

The intrinsic electrical activity of the vertebrate heart powers it to successfully propel 

oxygenated blood through the organism. The electrical activity of the heart can either be 

measured at a cellular level (referred to as action potentials, APs) or at a whole organ 

level (referred to as an electrocardiogram, ECG). At a cellular level, the vertebrate heart 

functions as an electrically driven electromechanical pump by generating an excitatory 

electrical signal (cardiac AP) which propagates through the heart in a coordinated 

manner, triggering a cascade of cellular events setting cardiac contraction into motion. 

The heart can only serve as the leader of propulsion of blood in the body if it can 

successfully couple electrical excitability to the correct timing of sequential contractions 

of the atrial and ventricular muscles. Indeed, a faulty or inadequate excitation contraction 

coupling process has been identified as the basis for numerous pathophysiological 

conditions. 

 
Electrical Signal propagation 

 

In the vertebrate heart, there is a small cluster of specialized myocardial cells 

located in the sinoatrial node (SAN) with a unique feature to generate spontaneous APs. 

This feature enables the cardiomyocytes to set the autonomous rhythm of the heart and 

are appropriately referred to as “pacemaker cells”. The pacemaker region of the fish heart 

was anatomically identified over 100 years ago; since then, the nodal tissue has been 

described in several fish species as a “ring-like” structure bordering the sinus venosus 
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and the atrium. How these cells develop the autonomous rhythm of the heart can best be 

understood by looking at their electrical properties at a cellular level, and more 

specifically, their unique AP.  

 

Although the morphology of the fish pacemaker AP is similar to that of other 

vertebrate species, the ionic bases of these APs are practically unexplored. Thus, the 

presented information below is heavily based on the knowledge of ionic mechanisms of 

pacemaker cell function obtained from mammalian and frog models. Pacemaker APs 

have a slow and gradual diastolic depolarization (phase 4) toward a threshold voltage of 

the AP upstroke (Phase 0) and a repolarization phase (phase 3) immediately succeeding 

the upstroke (Figure 1.3). The rate (or slope) of the diastolic depolarization in phase 4 is 

proportionately related to heart rate. For example, a faster rate of diastolic depolarization 

would result in reaching the AP threshold faster, and thus increase heart rate. The major 

ion currents active in phase 4 of the nodal AP are: the Na+-Ca2+ exchanger current (INCX), 

funny current (If), and T-type Ca2+ channel current (ICaT). So, it makes sense that altering 

any of these currents would in turn produce a respective change in the rate of diastolic 

depolarization and thus, alter heart rate. During phase 0 of the AP, the current generated 

by the L-type Ca2+ channel (ICaL) becomes the major ion current, followed by immediate 

activation of the rapid and slow components of the delayed rectifier K+ current (IKr and 

IKs, respectively), which are the major currents active during phase 3 and responsible for 

the repolarization of the nodal AP. Increases in beating frequency alter ventricular AP 

duration, Ca2+ transient amplitude, and Ca2+ transient kinetics in ventricular 

cardiomyocytes, the molecular mechanisms for which are discussed in great detail in 

chapter 6 of this thesis. The electrical waves generated by the pacemaker cells are 

transmitted to neighboring atrial cardiomyocytes, depolarizing them and triggering a 

wave of excitation throughout the fish heart.  

 

 
 

Figure 1.3: Action potential recordings of an enzymatically isolated pacemaker cell 
of the brown trout with the major ion currents shown in parenthesis. Pacemaker 
action potentials have a slow and gradual diastolic depolarization (phase 4) toward 
a threshold voltage of the AP upstroke (Phase 0) and a repolarization phase (phase 
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3) immediately succeeding the upstroke. During phase 0 of the AP, the current 
generated by the L-type Ca2+ channel (ICaL) becomes the major ion current followed 
by immediate activation of the rapid and slow components of the delayed rectifier 
K+ current (IKr and IKs, respectively), the major currents active during phase 3 and 
responsible for the repolarization of the nodal AP. The major ion currents active in 
phase 4 of the nodal AP are: the Na+-Ca2+ exchanger current (INCX), funny current 
(If), and T-type Ca2+ channel current (ICaT) (Reprinted by permission from 
Copyright Clearance Center: Springer Nature, Pflügers Archive European Journal 
of Physiology, Action potential and membrane currents of single pacemaker cells of 
the rabbit heart, Toshio Nakayama et al ©1984) 
 

In mammals, the electrical impulse generated by the SAN cells first travels to the 

right and left atria, before propagating to the Bundle of His, then to the Bundle Branches 

along the ventricle, before finally reaching the Purkinje Fibers innervating the ventricular 

walls leading to excitation of the ventricular myocytes. The process of electrical impulse 

conduction is less elucidated in fish cardiomyocytes; in fact, recognizable morphological 

conducting tissue has yet to be identified in the fish. However, functional studies have 

revealed the presence of a conducting system in fish almost identical to mammals; one 

that can accelerate and decelerate the rate of impulse conduction. Nevertheless, previous 

studies have identified a general pattern for AP propagation throughout the fish heart.  

 

The AP generated from the sinoatrial pacemaker region of the fish heart travels to 

the atrium, then to the atrial wall, then to the atrioventricular canal where there is a delay 

in order to allow for ventricular filling. Preceding this delay, the signal travels from the 

atrioventricular canal to the apex of the ventricle to the base of the ventricle generating a 

forward movement of blood, resulting in the ejection of blood. It is important to note, 

however, the direction at which the ventricle is activated is under debate. Some studies 

suggest the ventricle is activated from the base of the ventricle, or even in a spiral manner 

from the base to the apex of the ventricle. 

1.2 Molecular Basis underlying the electrical activity of the heart 
 

Excitable muscle cells in the fish heart (cardiomyocytes) are electrically coupled 

via gap junctions. These gap junctions allow for electrical impulses (or APs) to travel 

among neighboring cardiomyocytes, leading to whole heart contractions. It is important 

to note, however, the morphology of the AP can vary dramatically depending on which 

region of the heart is under examination. The cardiac AP present in non-nodal cardiac 

cells is generated by a transient change in the membrane voltage, powered by the 

electrochemical gradients of Na+, K+, and Ca2+ ions across the plasma membrane of a 

cell. The membrane of a cell acts as a capacitor, and as such, it separates ionic charges. 

The separation of these charged ions creates a voltage difference across the membrane, 

generating a voltage. The membrane potential (Vm) is then defined as the voltage 

difference across the membrane; at an unexcited state, the resting membrane potential 

(RMP) and the voltage difference are the same. Note, the electrochemical gradient has 

two components: one electrical (generated by the separation of a negatively charged 

extracellular space from a positively charged intracellular one) and the other chemical 
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(generated by an unequal distribution of cations across the intra- and extracellular space), 

hence electrochemical.  
 

The cardiac AP is preceded by the activation of selective ion channels sensitive to 

voltage changes across the membrane. Once an electrical stimulus reaches these voltage-

sensitive ion channels, it causes a structural conformational change such that the open 

state of the channel becomes more stable than the closed state, increasing the open 

probability of the channel. This sets up the opportunity for ions to travel across the 

membrane. However, the opening of selective ion channels alone is not sufficient to 

allow the movement of ions across the membrane.  

 

The electrochemical gradient provides the driving force necessary for ion entry or 

exit through selective voltage-gated ion channels. The movement of ions will ensue until 

each ion reaches its respective equilibrium potential. At an ion’s equilibrium potential, 

the net movement across the membrane for that ion becomes zero, and its respective 

influx or efflux dramatically decreases. The different ion concentrations for a typical 

teleost fish are shown below, and from these values the Nernst equilibrium potential for 

each ion species is determined.  

 

Ion  Intracellular [mM] Extracellular [mM] Equilibrium Potential (mV) 

Na+ 13 155 +55 

K+ 150 4 -81 

Ca2+  0.0001 2 +108 

Table 1. Intracellular and extracellular ion concentrations 
 

The opening of these specific ion channels generates either an inward current (at 

voltages more negative than the equilibrium potential) or an outward current (at voltages 

more positive than the equilibrium potential). The normal voltage range of a typical 

teleost cardiac AP is between -90mV and +50mV, thus it is safe to assume the Na+ and 

Ca2+ currents will typically be inward and K+ currents will typically be outward. Basic 

principles of the major ion currents involved in electrical excitation is the same between 

mammals and fish; however, there may be a difference in the molecular basis of the ion 

currents in fish model. Generally, fish ventricular AP can be divided into 5 phases and is 

determined by a complex sequence of activation and inactivation of channels carrying 

Na+, K+, and Ca2+ across the sarcolemma. 

 
Phases of the ventricular action potential  
 

There are 4 total phases that encompass the fish ventricular AP (Figure 1.4). 

during phase 0, the RMP will depolarize to a threshold level of AP firing when the total 

density of the inward Na+ current exceeds the total density of the outward K+ current. 

Once a depolarization occurs, a fast upstroke is generated, referred to as phase 0. 

Although we know the fast upstroke is generated due to an inward Na+ current (INa), the 

specific channel responsible is still under debate. However, there is substantial evidence 

to suggest INa in the fish cardiomyocytes is due to activation of NaV1.4 conductance. 
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Although many mammalian models exhibit isoforms of the same Na+ channel, their 

NaV1.4 is almost exclusive to skeletal muscles and not cardiac muscles.  

 

The change in the voltage induced by INa increases the open probability of the K+ 

channels, causing a rapid repolarization of the membrane potential, referred to as phase 1. 

This rapid repolarization is due to the activation of the transient outward potassium 

current (Ito), which is due to activation of a K+ channel conductance and is typical for 

many mammalian species; however, this phase is small or completely missing in the 

hearts of many fish. The absence of Ito suggests channels generating Ito are not expressed 

in fish hearts, which is arguably the most predominant difference between fish and 

mammalian cardiac action potentials. Previous studies have shown an increased T-type 

Ca2+ channel current in zebrafish hearts. If this is also true for the goldfish heart, an 

increased T-type Ca2+ channel current and a limited Ito could explain why phase 1 is not 

pronounced in the goldfish heart. However, further research, specific to the goldfish 

heart, is needed in order to corroborate this hypothesis. 

 

Phase 2 is brought on by a dominant ICa through the L-type Ca2+ channel (LTCC). 

The large influx of Ca2+ through this channel is responsible for the plateau phase of the 

AP; an absent feature in mice models but present in the goldfish and humans. 

Nonetheless, the large Ca2+ influx through the LTCC activates the ryanodine receptor 

protein (RYR) located on the membrane of intracellular Ca2+ storing organelles 

(Sarcoplasmic Reticulum, SR). The process of Ca2+ influx triggering Ca2+ release from 

the SR is referred to as Ca2+ induced Ca2+ release (CICR) and is the primary process 

powering cardiac contractions, greatly affecting the morphology of phase 2 of the AP. 

The significant increase in the intracellular Ca2+ concentration activates a protein that is a 

bi-directional regulator of cytosolic Ca2+, the NCX.  

 

In the forward mode, this exchanger utilizes the energy stored in the 

electrochemical gradient of Na+ to exchange 3 Na+ ions across the sarcolemma (SL) and 

into the cytosol for every 1 Ca2+ ion it extrudes from the cytosol. The influx of Na+ 

through the NCX results in a net influx of positive charge across the SL. This creates an 

electrogenic effect, shifting the membrane potential towards a more positive 

(depolarized) value; however, this depolarization does not produce the same spike in the 

AP morphology as observed in phase 0. This is due to the presence of a different, counter 

current. This counter current is produced by the rapid and slow component of the delay 

rectifier potassium current (IKr and IKs, respectively), and balances the current from the 

NCX. This balance is the reason for the presence of a morphologically characteristic 

plateau in phase 2 of the AP. 

 

Phase 3 is the start of repolarization of the action potential. Stronger IKr and IKs 

currents along with activation of the inward rectifier (IK1) start to repolarize the 

membrane potential towards the K+ equilibrium potential.  

 

Finally, in phase 4 there is complete restoration of the negative RMP. Phase 4 is 

defined as the negative RMP of atrial and ventricular myocytes during diastole. 

Typically, this is around -70mV to -90mV in unexcited myocytes. The inward rectifier 
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current (IK1) maintains the RMP but is thought to be less dense in fish cardiomyocytes as 

their RMP is closer to -70mV and that of humans is closer to -90mV. Also active during 

this phase of the AP are the currents from the NCX and the N+/K+ ATPase. 

 
Figure 1.4: Different currents involved during the goldfish ventricular AP. Major 
ion currents involved in shaping the morphology of the AP are shown in 
parentheses. 
 
1.3 The propagation of the electric signal changes Ca2+ concentrations leading to 

contractions of the heart 
 

The electrical excitation (or AP) of the sarcolemma (SL) cardiac myocytes 

increases the concentration of intracellular Ca2+ and produces a force essential for cardiac 

contraction. The process by which electrical excitation is coupled to contraction of the 

myofilaments via changes in Ca2+ concentration is referred to as excitation-contraction 

coupling (Figure 1.5; ECC). During the ECC process, the AP propagates through the 

heart and increases the open probability of the LTCC; through this channel, there will be 

an increased ICa current.  
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Figure 1.5: Excitation contraction coupling showing the action potential triggering 
the increase in the intracellular Ca2+ concentration resulting in muscular 
contraction (reprinted by permission from Copyright Clearance Center: Springer 
Nature, Nature, Cardiac excitation–contraction coupling, Donald M. Bers © 2002). 

 

In mammals, ECC in adults occurs at the T-tubules; however, similar to 

mammalian neonatal models, fish cardiomyocytes lack the t-tubular system. So where 

does the ECC process occur in the fish? Although the fish heart does not possess T-

tubules, it does have smaller invaginations called caveolae; however, the majority of the 

Ca2+ enters the cytosol across the SL. The process for ECC in fish myocytes is 

remarkably resembles that of mammals (Figure 1.6). ECC starts when there is an influx 

of Ca2+ through the LTCC. The LTCC in fish myocytes are located on the SL of the fish 

cardiomyocyte. Similar to mammals, an AP increases the open probability of the LTCC 

resulting in an influx of Ca2+ (the Ca2+ current (ICa)). However, a ICa can also be generated 

by the NCX. 

 

The NCX is a bi-directional regulator of cytosolic Ca2+ and, thus, contributes to 

the Ca2+ transient. In the forward mode, the NCX exchanges 3 Na+ ions across the SL and 

into the cytosol for every 1 Ca2+ ion it extrudes from the cytosol; this mode operates 

almost exclusively during the relaxation phase on the Ca2+ transient. However, the 

directionality of ion transport by the NCX is complex; the electrochemical gradient 

determining whether the NCX works in the forward or reverse mode is dependent on the 

Vm, ion concentration, and the net gradient changes during the cardiac cycle. 

Nevertheless, during the Vm depolarization, the NCX reverses its directionality moving 

Ca2+ in and Na+ out of the cytosol (reverse mode). During the ECC process, the NCX is 

operating in the reverse mode, and thus contributes significantly to the ICa. 

 

Regardless, both the LTCC and NCX result in an increased cytosolic Ca2+ 

concentration. The influx of Ca2+ triggers the release of Ca2+ from the sarcoplasmic 

reticulum (SR) through the ryanodine receptors (RYR), referred to as CICR. The LTCC 

is co-localized with RYR. This causes a transient rise in the intracellular Ca2+ 
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concentration, setting the stage for myofilament contraction. The free Ca2+ in the cytosol 

binds to a specific part of the cardiac muscle, sarcomeres, initiating contraction. The 

sarcomere is composed of actin (thin), and myosin (thick) filaments. The interaction of 

these filaments during a contraction are referred to as cross-bridge formation and is 

essential for a successful cardiac contraction (systole). The thin filament is associated 

with the regulatory proteins responsible for initiating and controlling the activation of 

force generation, referred to as troponin I (TnI), troponin T (TnT), and troponin C (TnC) 

while the thick filament is composed of myosin.  

 

Troponin C has a binding site for Ca2+ (hence the “C” in troponin C), and once 

Ca2+ binds to this site, it induces a conformational change in TnI, removing its inhibitory 

effect (hence the “I” in TnI), and moving tropomyosin across actin in order to expose the 

myosin binding sites on the actin filament. The myosin heads interact with ATP 

molecules during this process to successfully bind and unbind from the actin filaments. 

Once ATP binds to the myosin head, it can be hydrolyzed into ADP, causing the myosin 

head to move into a “cocked state” ready to bind to actin. Once myosin binds to actin, the 

actin filaments slide over the myosin filaments toward the M-line, generating a “power 

stroke”. Following the power stroke, the myosin heads release the APD molecule, and get 

ready for another ATP molecule to bind. 

 

Relaxation of the muscles occurs when the cytosolic Ca2+ decays. Either Ca2+ is 

removed from the cytosol and placed back into the SR via SR Ca2+ pumps (SERCA), or 

Ca2+ is transferred back across the SL by the forward mode of the NCX. SERCA 

replenishes the SR Ca2+ content by hydrolyzing 1 molecule of ATP for every 2 Ca2+ ions 

pumped back into the SR. The rate at which Ca2+ is pumped back into the SR is highly 

influenced by a protein called phospholamban (pln). Under normal conditions, pln has a 

negative inhibitory effect on SERCA, limiting the rate at which it can pump Ca2+ back 

into the SR. Pln, however, is regulated by Protein Kinase A (PKA). Under a “fight or 

flight” response (or sympathetic response), PKA will phosphorylate pln and remove its 

inhibitory effect on SERCA, allowing more Ca2+ to be pumped back into the SR. The 

relaxation of the heart (diastole) is then defined as the point in the cardiac cycle in which 

no force is generated.  
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Figure 1.6: ECC starts when an action potential (AP) increases the open probability 
of the LTCC, located on the SL of the fish cardiomyocyte, resulting in an influx of 
Ca2+ (the Ca2+ current (ICa). The LTCC is co-localized with ryanodine receptor and 
an influx of Ca2+ triggers the release of Ca2+ from the sarcoplasmic reticulum (SR) 
through the RYR2. This causes a transient rise in the intracellular Ca2+ 

concentration. The free Ca2+ in the cytosol binds to the sarcomeres on the 
myofilaments, initiating contraction (reprinted by permission from Copyright 
Clearance Center: Springer Nature, Nature, Cardiac excitation–contraction 
coupling, Donald M. Bers © 2002). 
 
1.4 The Autonomic Nervous System (ANS) affects cardiac excitability  

 

In nearly all vertebrate species, direct input from the autonomic nervous system 

tightly controls cardiac contractility and excitability (Lee and Shideman, 1959; Katz, 

1967; Lindemann and Watanabe, 1985; Cohn, 1989; Henning, 1992). Although there is 

an abundant amount of research on the autonomic control of cardiac contractility and 

excitability in numerous mammalian species, the characterization of pathophysiological 

mechanisms is still difficult to obtain for humans specifically. This is in part due to 

humans having strikingly dissimilar AP characteristics and electrocardiographic 

morphology in comparison to commonly used animal models such as mice, rats, and 

rabbits (Bazmi and Escobar, 2020; Nakamura et al. 2002; Tsai et al. 2011). Fish, on the 

other hand, are the largest and most diverse group of vertebrates, and as such, their 

autonomic nervous system regulation can often deviate from the classical vertebrate 

models used to study autonomic control of cardiac contractility and excitability. The most 

drastic difference in autonomic system regulation can be observed when comparing the 

hagfish, which have no known autonomic nervous system control, to the teleost, which 

exhibit fully functional autonomic regulation in cardiac function (Sandblom and 

Axelsson, 2011). Nevertheless, if a fish species does exhibit autonomic regulation, it is 
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likely similar in function to mammalian species. In vertebrate species exhibiting full 

autonomic control, the autonomic nervous system functions through two closely 

intertwined antagonistic branches: the sympathetic branch and the parasympathetic 

branch.  

 

The sympathetic nervous system  
 

The sympathetic branch of the nervous system, referred to as the sympathetic 

nervous system, augments cardiac function, excitability, and contractility through the 

release of transmitters referred to as catecholamines (Figure 1.7; Lee and Shideman, 

1959; Evans, 1986; Marks, 2013). The endogenous catecholamines released during a 

“fight or flight” response bind to and stimulate b-adrenergic receptors, which in turn 

increase the speed of conduction through the atrioventricular node (referred to as a 

positive dromotropic effect), increase heart rate (referred to as a positive chronotropic 

effect), increase contractility (referred to as a positive inotropic effect), and increase the 

velocity of myocardial relaxation during diastole (referred to as a positive lusitropic 

effect). Locally released catecholamines, such as norepinephrine (NE), stimulate the b-

adrenergic receptors by activating adenylyl cyclase (AC) (Hildebrandt et al. 1983; Brum 

et al. 1984) and increasing cyclic adenosine monophosphate (cAMP) levels (Osterrieder 

et al. 1982). Increased cAMP levels activate protein kinase A (PKA) (Krebs, 1972; Hayes 

and Mayer, 1981) and induce the dissociation of its catalytic subunit. Levels of cAMP, 

and thus PKA, are finely regulated by cyclic nucleotide phosphodiesterases (PDEs) 

which degrade cAMP into 5’-AMP. Nevertheless, the catalytic subunit of PKA 

phosphorylates several key Ca2+ handling proteins such as the LTCC (Collins et al. 1981; 

Osterrieder et al. 1982), the RYR2 (Suko et al. 1993; Valdivia et al. 1995), and pln 

(Weilenmann et al. 1987). These modifications not only alter the electrical activity of the 

myocardium, which have positive dromotropic and chronotropic effects, but also Ca2+ 

handling dynamics in the myocardium which lead to positive inotropic and lusitropic 

effects (Aguilar-Sanchez et al. 2019).  

 

Although the augmentation of cardiac function is critical during a fight or flight 

response, regulation of this mechanism is arguably even more significant. Without a 

mechanism regulating the positive inotropic actions induced by catecholamines, 

excessive Ca2+ influx into the cardiomyocyte would lead to Ca2+ overload, increasing the 

probability of spontaneous SR Ca2+ release events during diastole. This overload could 

lead to severe pathological conditions inducing delayed diastolic depolarizations. These 

delayed diastolic depolarizations could trigger extrasystolic APs, and eventually 

ventricular tachycardias and arrythmias (Katra and Laurita, 2005; Curran et al., 2010; Ko 

et al., 2017). 

 

The positive inotropic actions of catecholamines are under negative feedback 

control via Ca2+ dependent inactivation (CDI; Tillotson, 1979; Lipp et al., 1987; 

Lacampagne et al., 1996; Peterson et al., 2000) and voltage dependent inactivation (VDI; 

Cota et al., 1984; Kass and Sanguinetti, 1984; Lee et al., 1985; Zhang et al., 1994; 

Ferreira et al., 1997, 2003) of the LTCC (CaV1.2). Under these negative feedback 

mechanisms, CaV1.2 can reduce its own open probability, and limit the amount of Ca2+ 
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influx into the cardiomyocytes; completely avoiding the aforementioned pathologic 

conditions (Zhang et al., 2014). Although VDI is poorly elucidated in fish ventricular 

myocytes, CDI is likely to be present. CDI is mediated by the Ca2+ sensor protein, 

calmodulin (CaM; Zühlke et al., 1999; Peterson et al., 2000; Pitt et al., 2001). CaM has 

an IQ motif located in the cytoplasmic C-terminal tail of the channel’s α1 subunit 

(Figure 1.7; Peterson et al., 1999; Qin et al., 1999; Zühlke et al., 1999) and four helix-

loop-helix domains (EF-hands) grouped within two lobes with low and high affinity for 

Ca2+ (Chin and Means, 2000) critical for CDI.  Under b-adrenergic stimulation, there is 

an increased sarcolemmal Ca2+ influx. The Ca2+ bind to CaM and reduce the open 

probability of CaV1.2, limiting the influx of Ca2+ across the sarcolemma, and 

counteracting the positive inotropic effects induced by b-adrenergic stimulation. 

 
Figure 1.7: The norepinephrine (NE) activation of the G-protein coupled receptor 
complex leads to PKA phosphorylation of the α1 subunit of the LTCC. When α1 is 
phosphorylated, there is an increase in the Ca2+ current through the LTCC, 
promoting a local increase in the free Ca2+ concentration on the cytosolic face of the 
channel. This elevation in Ca2+ concentration will increase the probability of binding 
between Ca2+ and CaM, promoting CDI. The central molecular components of a 
CaV1.2 channel are shown as the pore-forming subunit α1 and the regulatory 
subunits α2, δ, and CaV β. The interaction of CaV β and the N terminus of α1 are 
essential in defining the VDI. CaM binding site at the IQ motif located at the C 
terminaus is the protein locus involved in CDI. The PKA phosphorylation sites (S-
1700 and S-1928) are located on the C terminus of the LTCC (Picture modified from 
Bazmi and Escobar, 2019). 
 
The parasympathetic nervous system  
 

The sympathetic branch of the nervous system is highly antagonized by the 

parasympathetic branch. Referred to as the parasympathetic nervous system, this branch 

modulates cardiac contractility and excitability through the local release of the transmitter 

acetylcholine (ACh) from postganglionic cholinergic intracardiac neurons. The ACh 

subsequently binds to and stimulates muscarinic (M2) receptors. Activation of M2 

receptors stimulates a Gi protein, which inhibits AC (Krebs, 1972). This inhibition leads 

to significantly lower levels of cAMP, a reduced fraction of activated PKA, and a 

decreased degree of phosphorylation in the key Ca2+ handling proteins (LTCC, RYR2, 

pln). These modifications result in negative inotropic, chronotropic, dromotropic, and 

lusitropic effects, all of which are crucial in countering the sympathetic nervous system 
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and maintaining homeostasis in the vertebrate central nervous system (Aguilar-Sanchez 

et al. 2019; Watanabe and Lindemann, 1984). Previous literature suggests few fish 

models exhibit autonomic control in a similar manner to larger mammals; however, it is 

not clear how autonomically driven AP kinetics impact cardiac contractility in the fish 

intact heart specifically.  

 

Despite its physiological significance, the molecular and ionic mechanisms 

involved in the fish cardiac pacemaker are poorly understood. In the mammalian model, 

adrenergic or cholinergic agonists augment the cardiac pacemaker, inducing an increased 

or decreased heart rate, respectively. The changes in the mammalian heart rate are 

mediated by corresponding changes in the two “clock” mechanisms located in the cardiac 

pacemaker cells. Although the significance of each mechanism in cardiac rhythm is 

heavily disputed, both clocks appear to contribute to the discharge of pacemaker APs. 

The first clock mechanism is a “membrane clock” and is produced by a small INa, various 

IK currents (Ikr, IKs, Ito), ICa (ICaL, ICaT), INCX, and If. Proponents of the membrane clock 

hypothesis regard the inward current produced by If as the key operator in promoting 

diastolic depolarization and arbitrating the effects of the autonomic nervous system on 

heart rate. The Ca2+ clock, on the other hand, is based on spontaneous local release of 

Ca2+ from the SR by RYR2, which generates a small inward current via the NCX and 

drives the membrane potential to the threshold of ICa dependent AP. Proponents of the 

Ca2+ clock hypothesis attribute the effects of the autonomic nervous system on heart rate 

to the rate of Ca2+ cycling through the SR, which push the membrane potential to an ICa 

dependent AP. 

  

Regardless, both clock mechanisms are dependent on the phosphorylation and 

dephosphorylation of key Ca2+ handling operators (LTCC, RYR2, CaM) in a cAMP 

dependent manner. As discussed previously, the cAMP can directly influence If and alter 

cardiac rhythm. Interestingly, HCN4 channels responsible for generating the If current 

have only been identified in the goldfish model (Newton et al. 2014; Tessadori et al. 

2012); however, their role in modulating cardiac rhythm during a cholinergic or 

adrenergic response is poorly elucidated. Although this thesis does not identify the role(s) 

of the If specifically; it does aim to show that the goldfish heart exhibits strong 

ventricular adrenergic and cholinergic responses, something that has not been identified 

previously in fish ventricular cardiac myocytes (Fritsche and Nilsson, 1990; Laurent et al. 

1983; Steele et al. 2009). 
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Significance 
 

In this thesis, the goldfish heart is proposed as an alternative novel vertebrate 

model to study larger mammalian cardiac physiology. Electrophysiological properties of 

the goldfish heart such as the excitation–contraction coupling process along with 

autonomic nervous system augmentation of cardiac electrical and contractile behavior 

were investigated to assess and establish the relevance and applicability of this novel fish 

model. Goldfish were initially chosen as an alternative vertebrate model due to their 

physiological similarities to the zebrafish model (Málaga-Trillo et al., 2002; Kon et al., 

2020). Preliminary research highlighted the similar advantages of the goldfish heart, such 

as the possibility of being used as an embryological model (Grivas et al., 2014), being 

altered via transgenesis using CRISPR/Cas9 (Yin et al., 2018), or being used in 

electrophysiological and Ca2+ signaling experiments (Chen et al., 2005; Leo et al., 2019), 

without the disadvantages presented in the zebrafish heart detailed in the introduction. 

 

The mechanisms involved in mammalian cardiac excitation-contraction coupling 

process has been studied extensively and is well established. However, the models used 

to establish the current mechanistic understandings present limitations, which make 

characterization of pathophysiological mechanisms using these models difficult to obtain 

and apply to humans specifically. This is in part due to humans having strikingly 

dissimilar AP characteristics and electrocardiographic morphology in comparison to 

commonly used animal models such as mice, rats, and rabbits. Thus, the suitability of an 

alternative vertebrate model relies heavily on its resemblance of AP characteristics, Ca2+ 

handling dynamics, electrocardiographic morphology, and heart rate/temperature 

dependency in comparison to larger mammalian models. The main mechanisms involved 

in the excitation-contraction coupling process during the cardiac cycle of a goldfish heart 

were investigated in this thesis through experiments aimed to (i) evaluate the dependency 

of the AP and Ca2+ transients on heart rate and temperature, (ii) assess the role of L-type 

Ca2+ currents in the excitability of the myocytes, as well as its contribution to Ca2+ 

transients, and (iii) weigh the contribution of SR Ca2+ release to Ca2+ transients and AP 

repolarization. These experiments were tackled using a combination of pulsed local field 

fluorescence microscopy (Mejía-Alvarez et al., 2003; Escobar et al., 2004, 2006; Aguilar-

Sanchez et al., 2017), sharp microelectrode intracellular recordings (Ferreiro et al., 2012; 

López Alarcón et al., 2019; Aguilar-Sanchez et al., 2019), and flash photolysis (Escobar 

et al., 2012; Ramos-Franco et al., 2016; López Alarcón et al., 2019; Aguilar-Sanchez et 

al., 2019). 

 

Mammalian autonomic regulation of cardiac excitability and its associated ionic 

currents have been studied extensively and are well established. Thus, the appositeness of 

an alternative experimental vertebrate model will heavily rely on its resemblance of 

autonomic control to larger mammalian models. To explore and establish how the 

goldfish autonomic nervous system augments cardiac dromotropism (rate of impulse 

conduction), chronotropism (heart rate), ionotropism (contractility), and lusitropism 

(myocardial relaxation), experiments in this thesis were designed and performed to (i) 

assess changes in the cardiac AP, electrocardiogram, and Ca2+ transient dynamics under a 

sympathetic drive, (ii) assess changes in the cardiac AP, electrocardiogram, and Ca2+ 
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transient dynamics under a parasympathetic drive using a combination of pulsed local 

field fluorescence microscopy and sharp microelectrode intracellular recordings. 

 
Chapter 2: Materials and Methods  
 

2.1 Intact fish and mice hearts were stabilized in a Langendorff perfusion apparatus 
 

The experiments presented in this thesis were completed using the goldfish, 

zebrafish, and mouse models. Goldfish, zebrafish, and mice were maintained in 

accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals (NIH Publication No. 85–23, Revised 1996) and the Institutional 

Animal Care and Use Committee guidelines of the University of California Merced 

(Protocol # 2008–201). 

 

Both fish models used were 1 year old and anesthetized by immersion in ice cold 

water containing 0.16 mg ml–1 tricaine methanesulfonate for 2–5 min prior to the 

extraction of the heart. Extraction of an intact heart from any animal model is extremely 

difficult as even a small cut could significantly damage the cardiac muscles and lower the 

credibility of the data obtained during the experiment. Indeed, damaged fish cardiac 

muscle could show signs of ischemia, have increased intracellular Na+ concentrations, or 

even a more depolarized membrane. Since the fish hearts are so small (Figure 2.1), strict 

precautions were followed to limit any unnecessary damage to the intact heart. Fish were 

initially placed in the ice-cold water as the cool temperature of the water reduces the 

metabolic rate, motility, and function of the fish motor skills. The tricaine 

methanesulfonate in the ice-cold water blocks skeletal voltage gated Na+ channels 

(NaV1.5), in order to further prevent movement of the fish. The immobility of the fish is 

crucial during recovery of the intact heart, as this limits tissue damage to the cardiac 

muscle. As the zebrafish and goldfish are different in body size, each were submerged in 

tanks having different volumes with respect to the fish size. The tail of the fish was held 

with a small curved tweezer to check if each fish were completely anesthetized before 

decapitation. After decapitating the fish with scissors, the heart was removed rapidly 

from the animal’s chest. The zebrafish or goldfish heart was cannulated onto either a 32-

gauge needle or a 27-gauge needle, respectively, on the Langendorff apparatus (Figure 
2.2). The largest limitation present during the heart extraction is arguably the increased 

difficulty of retrieving an intact heart with minimal damage from such a small animal 

model. For the mouse heart on the other hand, the limitation during the extraction process 

could be the formation of blood clots which cause permanent and irreparable damage to 

the tissue. Interestingly, neither formation of blood clots nor ischemic myocadiac tissue 

were observed in the goldfish smaller than 5 inches in length. For this reason, the 

goldfish hearts were easier to extract and cannulate. 

 

Mouse hearts were obtained from 8-week-old c57BL/6 male mice (Charles River 

Laboratories). Animals were injected intraperitoneally with sodium heparin 15 minutes 

prior to cranial dislocation. Sodium heparin acts as a blood thinner, and thus, prevents 

blood clots from forming in the capillaries and damaging the cardiac tissue. Mice were 

injected with 15,000 USP units per Kg using 1000USP/mL sodium heparin. These 
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measurements were based on the mass of the mouse, and since the average mouse weighs 

roughly 20kg, each mouse was injected with 20 units (or 200uL) of 1000USP/mL sodium 

heparin. Following the 15-minute waiting period, the mice were euthanized by cranial 

dislocation. No sedatives were administered to the mice prior to cranial dislocation, as 

these pharmacological agents have been known to alter cardiac behavior and function. 

Once the mice were euthanized, the heart was rapidly removed from the animal’s chest 

and cannulated onto a 23-gauge needle on the Langendorff apparatus. Rapid extraction 

and recovery of the mice heart is crucial during this stage in order to prevent any 

ischemic damage to the cardiac tissues. Indeed, ischemic damage can greatly depolarize 

the RMP, increase the intracellular Na+ concentration, or alter cytosolic Ca2+ handling 

dynamics. 

 

 
Figure 2.1: Recovered intact zebrafish, goldfish, and mouse heart pictured at 1mm 
scale, from left to right. 
 

The Langendorff system was developed in 1895 and has arguably become one of 

the most reliable methods employed to maintain mammalian hearts ex vivo. Although this 

method was initially common for mammalian hearts, today, this method is widely used 

for vertebrate hearts in general as it unfailingly keeps an intact heart viable for several 

hours. The importance of experimenting on an intact heart cannot be underestimated; as 

mentioned before, the heart is an electromechanical organ and separation of the tissue 

results in separation of electrically, mechanically, and metabolically coupled processes. 

In the Langendorff system, the heart is allowed to remain intact and is placed in a more 

physiologic setting compared to that of a system in which the cardiac cells are separated 

from the heart and studied independently. When the heart remains intact, the syncytium 

of the heart is maintained and the uncoupling of these critical processes is minimized; 

however, if the cardiac tissue in the heart is dissociated to allow for cellular research, 

these critical processes become uncoupled as a result of the harsh enzymatic dissociation 

process. Thus, an intact organ is critical to allow for reliable assessment of cellular 

variables such as Ca2+ handling dynamics and membrane potential changes. 

  

The Langendorff setup retroperfuses the heart with Tyrode solution (equilibrated 

with 100% O2 in all mice experiments) i.e., with Tyrode solution that enters the heart in 

the opposite direction to that of regular physiological blood flow. As discussed 

previously, in a normal physiological setting, blood is ejected through either the bulbous 
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arteriosus (for the fish model), or the aorta (for the mammalian model). However, during 

retroperfusion, Tyrode solution  delivers crucial nutrients to the heart through the 

coronary arteries; this is how the Langendorff system can maintain a healthy intact heart 

vital for hours. Since the heart is being constantly retroperfused with Tyrode, adverse 

metabolic byproducts are washed from the heart and collect in the horizontal chamber. 

The solution that collects in this horizontal chamber is constantly being removed by a 

suction vacuum system and discarded (Figure 2.2). In order to keep the heart stable 

during this perfusion process, the heart of each animal was held in position with a non-

absorbable surgical suture that was tied around either the bulbous arteriosus (for the fish 

model), or the aorta (for the mammalian model). If the hearts were not tied into position, 

the flow of the Tyrode would push the heart off the cannula.  

 

 

 

 
Figure 2.2: The Langendorff perfusion apparatus used to retro perfuse Tyrode 
solution into fish and mice hearts. The temperature is set by the Peltier unit located 
under the chamber. 
 

The nutrients in Tyrode solution are crucial for maintaining healthy cardiac tissue 

during the course of the experiment. Indeed, if the ionic concentrations in the Tyrode are 

even a little off, it can result in whole heart ischemia, or even premature death of the 

cardiac tissue. Thus, to ensure the longevity of the cardiac tissue and experiment, the 

ionic concentrations in the Tyrode solution need to be as close as possible to those found 

in the endogenous blood serum. Table 2.1 and 2.2 list the concentrations used to make 

Tyrode solution for the fish and mouse models, respectively. The acidity of Tyrode 
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solution was measured by its corresponding pH value and was adjusted to either 7.3 and 

7.4 for the fish and mouse models, respectively. It is important to note, unlike blood, 

Tyrode solution lacks necessary proteins, antibodies, and neurotransmitters; all of which 

could affect the results obtained and discussed in this thesis. In order to compensate for 

another compound circulating in the blood, O2, the Tyrode solution perfused into mice 

hearts was saturated with 100% O2, using submerged “air stones” connected to the O2 

supply tank. However, consistent with literature corresponding to fish hearts specifically, 

the Tyrode solution for the fish model was not oxygenated. Previous literature has argued 

Tyrode oxygenation (for the fish model specifically) does not alter the cardiac function or 

longevity; indeed, when we conducted experiments in the fish model with oxygenated 

Tyrode solution, no significant morphological difference in the AP, Ca2+ transients, or 

ECG of the fish heart were observed. All data presented in this thesis corresponding to 

the fish model were obtained without oxygenating the Tyrode solution. 

 

Compound Molecular Weight [g/mol] Concentration [mM] 

NaCl 58.44 150 

KCl 74.55 3 

CaCl2 147.02 1.8 

MgCl2 203.3 1.2 

NaPO4H2 138 0.42 

HEPES 238.31 10 

Glucose 16 10 

 
Table 2.1. Tyrode solution concentrations used to perfuse the zebrafish and goldfish 
heart. The acidity of the solution was measured by the pH value and adjusted to 7.3 
at 28◦C to more accurately replicate the endogenous blood serum. 
 

Compound Molecular Weight [g/mol] Concentration [mM] 

NaCl 58.44 140 

KCl 74.55 5.4 

CaCl2 147.02 2 

MgCl2 203.3 1 

NaPO4H2 138 0.33 

HEPES 238.31 10 

Glucose 16 10 

 
Table 2.2. Tyrode solution concentrations used to perfuse the mice. The acidity of 
the solution was measured by the pH value and adjusted to 7.4 at 37◦C to more 
accurately replicate the endogenous blood serum. 
 

The heart of each vertebrate model was retroperfused with regular Tyrode at room 

temperature for 10 minutes to ensure the extracted heart was in a stable condition for the 

experiments. This stabilization period allows for the heart to recover from any minor 

insult acquired during the extraction process. Unless stated otherwise, the temperature of 
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the horizontal chamber was controlled by a Peltier unit and adjusted to either 28◦C or 

37◦C the physiological temperature of the fish and mice model, respectively. However, 

the data presented in this thesis corresponding to the mice model were conducted at 32◦C. 

At 32◦C, the activity of certain ATP-binding cassette (ABC) transporters can be 

minimized, and the removal of exogenous molecules from the cytosol is mostly inhibited. 

This is particularly advantageous, as the excretion of the fluorescent indicator, Rhod-

2AM, is minimized and is maintained in the heart for the duration of the experiment. 

Furthermore, a few sections of this thesis address the temperature dependency of the 

membrane potential and the intracellular Ca2+ concentrations. The data collected in these 

experiments were collected with varying temperatures, controlled by the Peltier unit 

positioned at the bottom of the recording chamber and measured with a linearized 

semiconductor temperature sensor.  

  
All data presented in this thesis either examine changes in the membrane potential 

and/or the Ca2+ transients of an intact heart. The tools used to measure these changes are 

extremely delicate and vulnerable to motion of any kind. For example, the membrane 

potential is measured by a small glass microelectrode (described in section 2.2). This 

microelectrode is so delicate, that even the smallest motion could cause it to break, 

rendering it useless. If the microelectrode does not break, it will only reflect the motion 

artifact in the data, and nothing else. Furthermore, these motion artifacts are also recorded 

by the highly sensitive optical fibers recording Ca2+ transients. Thus, preventing 

mechanical motion of the heart is crucial for obtaining reliable data. However, as 

previously discussed, the heart contracts during systole. The small movement of the heart 

during systole is enough to either break the glass microelectrode or cause the collected 

data to become unreadable due to the presence of the motion artifacts. In order to combat 

this problem and prevent systolic mechanical activity, the heart of the fish and mouse 

model was perfused with blebbistatin (Sigma, St. Louis, MO). Blebbistatin is arguably 

the most common pharmacological agent used in muscular experiments and works by 

inhibiting the actin-myosin interaction without altering cardiac electrical activity or Ca2+ 

dynamics. For this reason, 100 μl of blebbistatin was perfused through the fish and mouse 

heart prior to the start of any experiment. 

 
Pharmacological Agents  
 

The goldfish heart was perfused with fish Tyrode solution containing 4 mM 

blebbistatin prior to obtaining any electrophysiological recordings to suppress cardiac 

motion. In order to elicit a sympathetic response, the goldfish heart was perfused with 

fish Tyrode solution containing 100 nM isoproterenol for 10 minutes before the start of 

any AP and Ca2+ transient recordings. To determine if the sympathetic response to 

isoproterenol could be reversed, the goldfish heart was perfused with fish Tyrode solution 

for a prolonged amount of time. Indeed, the effects of isoproterenol could be completely 

reversed if the goldfish heart were continuously perfused with fish Tyrode solution for 20 

minutes.  In contrast, to elicit a parasympathetic response the goldfish heart was perfused 

with fish Tyrode solution containing 5 µM carbamylcholine for 10 minutes prior to the 

start of any AP and Ca2+ transient recording. The effects of carbamylcholine could be 

completely reversed after continuously perfusing the heart with fish Tyrode solution for 
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60 minutes.  Recordings obtained prior to perfusion with isoproterenol or 

carbamylcholine were considered as control and recordings obtained following 

isoproterenol or carbamylcholine perfusion were considered as experimental.  

 

Consistency in the experimental approach for this thesis was ensured and 

maintained through identical protocol execution, i.e., all hearts were cannulated, 

stabilized, and retroperfused in an identical manner.  

 

 
 
2.2 Electrical measurements using sharp microelectrodes and ECG  
 

The electrical activity of the heart is crucial in defining cardiac function. At a 

cellular level, electrical activity is measured by the AP and is reflective of the cumulative 

ionic currents involved in triggering the cascade of cellular events responsible for setting 

cardiac contraction into motion. As different ionic currents are activated with respect to 

the phase of the AP, the effects of an administered agonist can be deciphered by 

addressing the new morphological changes in the phases of the AP. 

 

Sharp glass microelectrodes 
 

All electrical AP recordings presented in this thesis were recorded from the 

epicardial layer of the ventricle using sharp glass microelectrodes filled with 3 M KCl. 

Glass microelectrodes were fabricated with a micropipette puller (Sutter Instrument Co., 

CA) with a resistance of 10–20 MW and were connected to a high-input impedance 

differential amplifier (World Precision Instruments (WPI), Sarasota, FL). A manual 

mechanical micromanipulator was used in order to gradually position the glass 

microelectrode onto the surface of the ventricle, located in the horizontal chamber. Once 

the microelectrode was positioned in the horizontal chamber, the readout obtained from 

the electrode was adjusted to 0 in reference to an accompanying grounding AgCl 

electrode pellet (WPI, Sarasota, CA). The ventricular epicardium was impaled with the 

glass microelectrode in order to obtain membrane recordings. Data were recorded with an 

acquisition system Digidata 1440A (Molecular Devices, Sunnyvale, CA) using pClamp 

10 software. 
 
Whole Heart Electrocardiographic Measurements  
 

An ECG provides profound insight on the status of whole heart electrical activity. 

Even in a transmural ECG, each wave reflects a corresponding electrical change taking 

place in different chambers and muscular layers of the heart. The transmural ECGs 

presented in this thesis were only obtained from the goldfish model. Generally, the 

goldfish ECG consisted of 3 main components: the QRS complex (ventricular 

depolarization), J wave (likely due to a voltage gradient due to the presence of a 

prominent AP notch in the epicardium but not the endocardium), ending with T wave 

(ventricular repolarization). The transmural ECG recordings were obtained using a 

miniature ECG device constructed in Dr. Escobar’s lab. This device had two reference 
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Ag-AgCl micropellets; one of which was placed inside the left ventricle through a small 

hole created by an acupuncture needle, the other was positioned on the surface of the left 

ventricle (Figure 2.3). As mentioned previously, these were transmural ECG recordings 

and thus lacked a P-wave (atrial depolarization). Signals were amplified by a custom-

made DC-coupled instrumentation amplifier and were digitally sampled identically to the 

AP recordings. 

 

 
Figure 2.3: Electrophysiological measurements were recorded with sharp glass 
microelectrodes (cellular) and electrocardiograms (ECG; ventricular). The sharp 
glass microelectrode impaled the ventricular epicardium to obtain membrane 
recordings. The transmural ECG contained two reference Ag-AgCl micropellets; 
one positioned inside the left ventricle through a small hole created by an 
acupuncture needle, the other positioned on the surface of the left ventricle. The 
hearts were paced from 1-3Hz with the aid of two acupuncture needles located in 
the apex of the ventricle. 
 

One important confounding variable in any experimental procedure examining the 

intact heart is the heart rate. If the heart rate is not consistent throughout the experiment, 

then changes observed in the duration of the AP or the Ca2+ could become unreliable, as 

they would instead reflect a lowered or increased heart rate, and not the pharmacological 

agent used. Thus, fish and mice hearts were continuously paced at 1-3Hz with the aid of 

two acupuncture needles placed in the apex of the ventricle in the presence and absence 

of the pharmacological agents. The acupuncture needles were connected to wave 

generator that produced square current pulses at 1ms. However, the hearts were not paced 

in experiments assessing ANS induced changes in the spontaneous heart rate.  

 

2.3 Detecting intracellular Ca2+ signals: Rhod-2AM loading 
 

The use of fluorescent molecular probes has enabled scientists to make 

astounding advancements in better understanding the molecular events underlying 

physiological phenomena. In this thesis, the Ca2+ indicator dye Rhod-2AM was used to 

directly assess changes in intracellular Ca2+ dynamics and kinetics. Although the AP can 

reflect changes in the Ca2+ handling, the use of specific dyes allows for a more direct and 
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reliable insight on how the Ca2+ dynamics change in the presence of pharmacological 

agents.  

 

Rhod-2 AM is an acetoxymethyl (AM) ester (Invitrogen, Carlsbad, CA) 

rhodamine-based dye belonging to a larger group of red fluorescent calcium indicators, 

rhod-2. The uptake of Rhod-2AM into the cell is facilitated by the AM group. Once 

inside the cell, cytoplasmic esterases remove the membrane permeant ester group, 

preventing extrusion of rhod-2 from the cell, resulting in an accumulation of rhod-2 in the 

cytosol. Rhod-2 has a high affinity BAPTA binding site, which facilitates the binding of 

Ca2+ to rhod-2. Once bound to Ca2+ the fluorescence of the rhod-2 increases 100-fold and 

can be recorded using the pulsed local field fluorescent microscopy technique, described 

in section 2.4. Pulsed local field fluorescent microscopy excites rhod-2 with a 532nm 

wavelength light source and if Ca2+ is bound, will record the emitted fluorescence of 560-

630nm.  

 
Fluorophore loading of Rhod-2AM  

  

Rhod-2AM (50 μg) was dissolved in 20 μl Dimethyl sulfoxide (DMSO) and 20 μl 

of 20% triblock copolymer surfactant pluronic in 1 ml fish Tyrode solution. The dye 

solution was then sonicated (FS20 Ultrasonic Cleaner; Fisher Scientific, Pittsburgh, PA) 

for 35 minutes to minimize formation of precipitates which could potentially injure the 

cardiac tissue during the perfusion process.  

 

Cannulated hearts of the goldfish, zebrafish, and mice were allowed to stabilize 

for 15 minutes at 23°C (room temperature) via continuous retro perfusion of Tyrode 

solution prior to dye perfusion. Once stabilized, the dye was perfused into the goldfish 

and zebrafish heart with the aid of a NE-1000 Programmable Single Syringe Pump (New 

Era Pump Systems, Inc., Farmingdale, NY) programmed to 10 μl/min and 30 μl/min for 

the goldfish and zebrafish hearts, respectively. The dye solution was oxygenated and 

perfused into the intact mice heart with the aid of two peristaltic pumps (Masterflex, 

Vernon Hills, IL). 

 

 

2.4 Pulsed Local Field Fluorescence Microscopy used to excite and record emission from 
dyes 

 

The Pulsed Local Field Fluorescence Microscopy (PLFFM) technique works in 

conjunction with fluorescent molecular probes (e.g., Rhod-2AM), to record and 

“visualize” critical cellular events at a whole organ level. Once these fluorescent probes 

are electromagnetically excited by a light source, their emitted light can be recorded with 

PLFFM. In order to excite Rhod-2AM, a green 532 nm solid-state neodymium-doped 

yttrium aluminum garnet (Nd-YAG) laser (Enlight Technologies, New Jersey, USA) was 

used.  

 

The Nd-YAG laser excited exogenous fluorescent dyes (e.g., Rhod-2AM) loaded 

in the tissue. Once excited, these dyes emit light at a different wavelength. The emitted 
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light at the excited wavelength traveled back through a multimode fiber optic (200 μM 

diameter, 0.67 NA) placed on the surface of the intact heart and was filtered with a 

dichroitic mirror; allowing only longer wavelengths to pass. The emitted light was further 

spectrally filtered by an emission filter, eliminating any wavelengths below 610 nm and 

reducing any source of light contamination from the excitation light. This filtered emitted 

light was focused onto an avalanche photodiode (Perkin Elmer, Waltham, MA) with the 

aid of a microscope objective. The avalanche photodiode converted light photons into a 

measurable current, which was amplified via a resistive feedback element. The signal was 

then digitized by an A/D converter (National Instruments) and acquired by a PC.  

 
 
 
 
2.5 Methods of analysis and statistics employed  

 

Specific parameters of the AP and Ca2+ transient recordings were defined prior to 

statistical analysis of the data to determine if an observed morphological change in the 

AP or Ca2+ were statistically significant. These parameters are well-established and are 

the most commonly used in the field of cardiac electrophysiology. The AP and Ca2+ 

transient traces analyzed in this thesis were averaged from approximately 30 traces; as 

such, all AP traces shown in this thesis are averaged traces. As noise artifacts are near 

impossible to avoid, the averaging of the traces aided in the elimination of the noise 

artifacts present in the data.  

 

It is important to note, there are two main causes of variance in whole heart 

experiments. The first, is no two hearts are electrically or physiologically completely 

identical to one another, regardless of the species. The second, is although Ca2+ transients 

and APs are recorded from the same general region of the heart (the midregion of the left 

ventricle epicardium), it is near impossible to record them from the same precise cellular 

location from one heart to another. Thus, the data are presented as multiple measurements 

(n; dot cloud) recorded for different measurements on different hearts (N) with the mean 

± standard deviation (SD) or standard error (SE).  

 

 
Methods of analysis  

 

AP recordings were normalized from 0 to 1 preceding the establishment of the AP 

parameters. Next, the parameters for the AP trace were defined as the duration of time for 

the AP to reach 30%, 50%, or 90% repolarization; these parameters were referred to as 

APD30, APD50, and APD90, respectively (Figure 2.4). The repolarization times for the 

control and treatment group were evaluated and normalized to the control repolarization 

times for each heart used. After this normalization, the values were compiled from 5 

experiments (N=5, or otherwise noted) and statistical significance was tested using a two-

sample Kolmogorov–Smirnov test (OriginPro 2020). The difference between the control 

and treatment groups were considered significant if the p-value were < 0.01. 
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Preceding the establishment of the Ca2+ transient parameter, the intracellular Ca2+ 

transient recordings were normalized between 0 (minimum fluorescence) and 1 

(maximum fluorescence). The parameters examining the kinetics of the Ca2+ transient 

(Figure 2.4) were defined as the rise time (RT; time for the Ca2+ transient to rise from 

10% to 90% of its maximum amplitude), half duration (HD; duration of the Ca2+ transient 

at 50% of its maximum amplitude), and fall time (FT; time for the Ca2+ transient to fall 

from 90% to 10% of its maximum amplitude). Time constants τon and τoff were calculated 

as τon = RT/2.2 and τoff = FT/2.2 (Kornyeyev et al., 2012). All kinetic parameters 

mentioned for the control and treatment groups were evaluated and normalized to the 

control values for each heart used. After this normalization, the values were compiled 

from 5 experiments (N=5, or otherwise noted) and statistical significance was tested 

using a two-sample Kolmogorov–Smirnov test (OriginPro 2020). The difference between 

the control and treatment groups were considered significant if the p-value were < 0.01. 

 

 

 

 
 
Figure 2.4: The parameters for the AP trace (left) were defined as the duration of 
time for the AP to reach 30%, 50%, or 90% repolarization; these parameters were 
referred to as APD30, APD50, and APD90, respectively. The parameters examining 
the kinetics of the Ca2+ transient (right) were defined as the rise time (RT; time for 
the Ca2+ transient to rise from 10% to 90% of its maximum amplitude), half 
duration (HD; duration of the Ca2+ transient at 50% of its maximum amplitude), 
and fall time (FT; time for the Ca2+ transient to fall from 90% to 10% of its 
maximum amplitude) 

 

Statistics employed: the Kolmogorov–Smirnov test 
  

As mentioned previously, there are two main causes of variance in whole heart 

experiments. The first, is no two hearts are electrically or physiologically completely 

identical to one another, regardless of the species. For example, experiments done on 

goldfish hearts of differing sizes altered the collected data, resulting in a 

bimodal/trimodal distribution (Figures 4.1b, 4.2b, 4.5b, 4.6, 5.4a). These experiments 
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were otherwise completely identical, aside from the sizes of the heart which were no 

more than 1-2mm larger/smaller. The second cause of variance is, although Ca2+ 

transients and APs are recorded from the same general region of the heart (the midregion 

of the ventricular epicardium), it is near impossible to record them from the same precise 

cellular location from one heart to another. For these reasons, the majority of the data 

presented in chapter chapters 4 and 5 this thesis did not have a normal Gaussian 

distribution.  

 

To account for the issues presented, the statistical test employed for all the data 

presented in this thesis was the two-sample Kolmogorov-Smirnov test (KS test). 

Although not all the data presented in this thesis lacked a normal Gaussian distribution, 

the KS test was employed for all the data presented in order to maintain statistical 

consistency.  The KS test is a nonparametric statistical procedure in which the continuous 

distribution of two unrelated (or independent) samples are compared; operating under the 

null hypothesis that the two samples are drawn from the same distribution. In other 

words, the KS tests if two arbitrary distributions are the same by comparing two 

cumulative distribution functions (CDF). The CDF is an integral of the probability 

density function, evaluated from infinity to a value, x.  

 

However, it is imperative to mention a parametric test, such as a two-sample t-test 

would have been the ideal and more appropriate statistical analysis tool to use in order to 

test for significance, especially for data having a normal Gaussian distribution. This is 

crucial because where the KS tests for significance between the different distributions, a 

parametric test, such a t-test would test for significance between the means of the groups. 

Since the KS test did not test for a significant difference in the mean of the control and 

experimental groups, it is impossible to accurately extract information on whether the 

changes observed in the means of the experimental group(s) presented in this thesis were 

significant. Nevertheless, the KS is particularly attractive in that it requires a relatively 

large number of data points, and it is an exact test; the chi-square goodness of fit test is 

dependent on an adequate sample size for the approximations to be valid. Arguably, the 

KS test is the most useful general nonparametric test in that it is sensitive to differences 

in both the location and the shape of the empirical CDF of two samples. 
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Chapter 3: Excitation contraction coupling in the goldfish intact heart 
 

3.1 General properties of goldfish excitability and Ca2+ transients 
 

Fish hearts have become an interesting model used to study both cardiac 

physiology and pathophysiology. Specifically, zebrafish hearts have come to be a very 

popular model due to the possibility of developing transgenic animals. However, 

zebrafish present some experimental limitations when compared to goldfish. The first one 

is the size of the animal. Goldfish are three times longer and 2.7 times wider than the 

zebrafish (Figures 3.1a, c). Additionally, the volume of the goldfish is 20 times bigger 

than the zebrafish. This difference in size makes the dissection of the goldfish much 

easier. On the other hand, the size of the goldfish heart is also larger. For example, the 

goldfish ventricle is 3.7 times longer and three times wider than in the zebrafish (Figures 
3.1b, d). Also, the total volume of the ventricle is 34 times bigger in the goldfish. 

Furthermore, the most important difference is the size of the bulbus arteriosus. The 

zebrafish heart needs to be cannulated using a 32 to 34-gauge needle, and the goldfish 

heart can be cannulated on a 27-gauge needle. The use of a larger needle for cannulation 

is a huge advantage because it allows for larger fluxes during perfusion and will allow for 

different drugs to be perfused significantly more quickly. 

 

 
Figure 3.1: Adult goldfish measuring roughly 9.4 mm (a) and zebrafish measuring 
3.7 mm (c) pictured for scale. Adult goldfish hearts (b) are significantly larger when 
compared to adult zebrafish hearts (d). Structural components including the 
ventricle (Ve), the atrium (At), and the bulbus arteriosus (BA) are labelled in the 
goldfish and zebrafish heart. 
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Another physiological advantage of the goldfish heart is that, at room temperature 

(23◦C), the ventricular APs (Figures 3.2a, b) and Ca2+ transients exhibit significantly 

longer durations (Figures 3.2a, c) than those of zebrafish (Figures 3.2d–f). These 

findings make the goldfish heart a better model to be compared with other mammalian 

models. 

 

Figure 3.2a shows the main characteristics of both APs and Ca2+ transients 

recorded from goldfish. The AP parameters were longer for goldfish (Figure 3.2b) 

having an APD30 of 278.4 ± 12.4 ms, APD50 of 370.4 ± 8.8 ms, and APD90 of 481.5 ± 

9.5 ms (n = 25 measurements, N = 14 hearts) compared to the zebrafish (Figure 3.2e). 

Specifically, zebrafish APs were observed to have an APD30 of 51.2 ± 10.4 ms, APD50 

of 83.9 ± 9.4ms, andAPD90 of136.5±9.0ms (n = 219 measurements, N = 20 hearts).  

 

Several kinetic parameters were evaluated the Ca2+ transients in both goldfish 

(Figure 3.2c) and zebrafish (Figure 3.2f), such as the RT, FT, and HD. For goldfish, the 

kinetic parameters of the Ca2+ transients were RT = 72.4 ± 4.5 ms, FT = 266.9 ± 7.9 ms, 

and finally HD = 402.1 ± 4.4 ms (n = 40 measurements). Interestingly, the kinetic 

parameters for the Ca2+ transients were faster in zebrafish hearts (RT = 13.3 ± 2.9 ms, FT 

= 153.7 ± 18.0 ms, and HD = 99.1 ± 2.7 ms; n = 11 measurements). 

 

 

 
 

Figure 3.2: Main characteristics of both APs and Ca2+ transients recorded at 23◦C in 
goldfish hearts (N=14 hearts) (a) and zebrafish hearts (N=20 hearts) (d). The kinetic 
parameters for goldfish intact hearts, including rise time (72.4 ± 4.5 ms), fall time 
(266.9 ± 7.9 ms), and half duration (402.1 ± 4.4 ms), were established (c) as well as 
the AP durations at 30% (278.4 ± 12.4 ms), 50% (370.4 ± 8.8 ms), and 90% (481.5 ± 
9.0 ms) repolarization (b). The kinetic parameters for zebrafish intact hearts, 
including rise time (13.3 ± 2.9 ms), fall time (153.7 ± 18.0ms), and half duration (99.1 
± 2.7ms), were established (f), as well as the AP durations at 30% (51.2 ± 10.4 ms), 
50% (83.9 ± 9.4 ms), and 90% (136.2.5 ± 9.0 ms) repolarization (e). The symbols * 
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and + differentiate between measurements that are statistically significant compared 
to the control values (p-value <0.01).  
3.2 Role of the L-type Ca2+ currents in excitability and Ca2+ transients 
 

In most vertebrates, the main pathway for Ca2+ influx is through the L-Type Ca2+ 

channel. In the experiments presented in Figure 3.3, we address the contribution of the 

L-type Ca2+ current to the ventricular AP kinetics and the amplitude of the Ca2+ transients. 

Figure 3.3a illustrates the effect of partially blocking the L-type Ca2+ current with 10 μM 

nifedipine on the goldfish epicardial AP. All the parameters that define the duration of 

the AP decreased after the heart was perfused with nifedipine. Figure 3.3b shows 

perfusion with nifedipine resulted in a significant reduction in the APDs. Particularly, 

APD30 was reduced from 278.4 ± 12.4 ms to 210.31 ± 12.8 ms, APD50 was reduced 

from 370.3 ± 8.8 ms to 283.6 ± 8.0 ms, and APD90 was reduced from 481.5 ± 9.5 ms to 

389.5 ± 16.9 ms (n = 25 measurements, N = 4 hearts). These results indicate that the L-

type Ca2+ channel is partially responsible for the duration of the AP phase 2 (plateau 

phase). 

 

Nifedipine also had a significant effect on the amplitude and the kinetics of 

intracellular Ca2+ transients. Perfusion of the goldfish hearts with 10 μM nifedipine 

reduced the amplitude of the Ca2+ transient by 40% (Figures 3.3c, d). The amplitude of 

the Ca2+ transient was reduced from 0.84 ± 0.06 (n = 84 measurements) to 0.49 ± 0.04 (n 

= 106 measurements, N = 4 hearts). To compare the kinetics of the Ca2+ transients before 

and after nifedipine perfusion, the traces were normalized to their respected maximum 

amplitude (Figure 3.3e). The perfusion with nifedipine reduced the RT of the Ca2+ 

transients (Figure 3f) from 72.4 ± 4.5 ms (n = 40 measurements, N = 4 hearts) to 57.7 ± 

5.1 ms (n = 22 measurements, N = 4 hearts). This reduction is a factor that can define the 

RT and the time-to- peak of Ca2+ transients. Consistent with the reduction in the duration 

of the AP, the HD of the Ca2+ transient was also significantly reduced (Figure 3.3f). 
Interestingly, Figure 3.3f shows that nifedipine perfusion reduced the RT and HD while 

not modifying the FT of Ca2+ transients. In order to assess the kinetic changes of the Ca2+ 

transient, we normalized the Ca2+ transients before and after perfusions with nifedipine. 

The normalized Ca2+ transient FT values before perfusion with nifedipine was 266.9 ± 7.9 

ms for the control (n = 40 measurements, N = 4 hearts) and 269.0 ± 12.9 ms for hearts 

perfused with nifedipine (n = 22 measurements, N = 4 hearts). 

  



 34 

 
Figure 3.3: Perfusion with 10 μM nifedipine led to a significant decrease in goldfish 
AP duration (a) at 30% (278.4 ± 12.4 ms to 210.31 ± 12.84 ms), 50% (370.3 ± 8.8 ms 
to 283.6 ± 8.0 ms), and 90% (481.5 ± 9.5 ms to 389.5 ± 16.9 ms) repolarization (b). 
Time course of Ca2+ transients in the absence and presence of nifedipine (c). 
Perfusion with 10 μM nifedipine significantly reduced the amplitude of Ca2+ 

transient by 40% (d). The normalized goldfish Ca2+ transient recordings (e) show a 
significant change in the kinetics of this systolic event. Furthermore, both the rise 
time (f) and half duration (f) of the Ca2+ transients were significantly reduced (from 
72.4 ± 4.5 ms to 57.7 ± 5.1 ms and from 402.1 ± 4.4 ms to 300.9 ± 3.7 ms, 
respectively). Although the fall time of the Ca2+ transients increased from 266.9 ± 7.9 
ms to 269.0 ± 12.9 ms, this change was not significant (f). The symbol * differentiates 
between statistically significant measurements (p < 0.01, N = 4 hearts). 
 

 

 

 

Nifedipine likely mediated the attenuation of the Ca2+ transient amplitude in one 

of two ways. Either nifedipine reduced the amplitude of the Ca2+ current entering through 

the L-type Ca2+ channels, or nifedipine reduced the duration of the AP and, as such, 

shortened the duration of the L-type Ca2+ current. To discriminate between these two 

hypotheses, we performed experiments in which we first perfused the heart with 

nifedipine and then used flash photolysis to locally inactivate it. We previously 

demonstrated (Ramos-Franco et al., 2016) that local photolysis of nifedipine can produce 
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a significant change in Ca2+ signaling without affecting the time course of the APs. This 

occurs because the intact heart presents important electrotonic behavior. When there is a 

change in the local Ca2+ current, the rest of the tissue will “voltage-clamp” the photolyzed 

volume and, thus, impede the change in the membrane potential. Figure 3.4 illustrates 

the results of the nifedipine photolysis. Figure 3.4a shows the time course of the Ca2+ 

transients from a heart perfused with 10 μM nifedipine and externally paced at 1 Hz 

before and after the photolytic stimulus. Upon photolysis of nifedipine (after the violet 

arrow), there was an increase in the amplitude of goldfish epicardial Ca2+ transients. 

Figure 3.4b and 3.4c shows simultaneous recordings of Ca2+ transients and AP upon a 

photolytic stimulus. Although there was a significant increase in the amplitude of the 

Ca2+ transients, there was not a measurable effect on the kinetics of the AP. Figures 3.4e 

and 3.4f show the time course of the AP does not change before and after the photolytic 

stimulus (n = 20 measurements, N = 4 hearts). Figure 3.4d illustrates the fractional 

increase in the amplitude of the Ca2+ transients after the photolytic stimulus. The 

fractional amplitude of the Ca2+ transient increased from 0.97 ± 0.01 before the flash to 

1.11 ± 0.02 after the flash (n = 22 measurements, N = 4 hearts). 
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Figure 3.4: The time course of the Ca2+ transient recorded from goldfish hearts 
externally paced at 1 Hz before and after the photolytic stimulus. Simultaneous 
recordings of Ca2+ transients and AP upon introduction of a photolytic stimulus (a, 
b) reveal a significant increase in the amplitude of the Ca2+ transients without a 
measurable effect on the kinetics of the AP (c). The fractional amplitude of the Ca2+ 

transient increased from 0.97 ± 0.01 before the flash to 1.11 ± 0.02 after the flash (d). 
There was no significant change in the AP duration at 30, 50, and 90% 
repolarization before and after the photolytic stimulus due to the electrotonus 
imposed by the ventricular tissue (e, f). The symbol * differentiates between 
statistically significant measurements (p < 0.01, N = 4 hearts). 
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3.3 Contribution of SR Ca release to Ca2+ transients and the repolarization of the AP 
 

For numerous vertebrates, including mammals and birds, the contribution of the 

SR Ca2+ release to the total change in free cytoplasmic Ca2+ concentration during systole 

plays an essential role in determining the behavior of its Ca2+ transients. In order to 

investigate this process in the goldfish heart, we performed experiments in which we 

abolished the Ca2+ release from the SR. By perfusing the heart with 10 μM Ry and 2 μM 

Tg, we were able to lock the ryanodine receptor (RyRs) in a subconductance state and 

block the SERCA pump, respectively (Figure 3.5a). These effects led to a depletion in 

the intra-SR Ca2+ concentration, reducing the amplitude of the Ca2+ transients. A 

summary of the results presented in Figure 3.5b evinces that perfusion with Ry and Tg 

significantly decreased the amplitude of Ca2+ transients (30◦C) and decreased the 

fractional SR Ca2+ release from 1.0 ± 0.05 for the control condition (n = 204 

measurements, N = 5 hearts) to 0.45 ± 0.01 (n = 60 measurements, N = 5 hearts), a 

decrease of approximately 55%. Because the Ca2+ transient recorded in the presence of 

Ry and Tg mostly represents the influx of Ca2+ across the plasma membrane, it is possible 

to calculate the gain of the Ca2+ induced Ca2+ release as: 

 

Gain CICR = Amplitude control of Ca2+  

Amplitude Ry−Tg of Ca2+  

 

The GainCICR in the goldfish heart was calculated to be 2.25 ± 0.06. Not 

surprisingly, mice are also a common model used to study cardiac excitability and Ca2+ 

transients’ behavior, and this inspired us to compare the goldfish model to the mouse 

model. Similar experiments were performed in mice in order to see how the mouse model 

compared to the goldfish model in terms of SR Ca2+ release contribution. The amplitude 

Ca2+ transient dramatically decreased upon perfusion with Ry and Tg (Figure 3.5c), and 

this trend was consistent across multiple Ca2+ transient measurements (Figure 3.5d). The 

fractional release also decreased from 0.96 ± 0.02 for the control condition (n = 239 

measurements, N = 5 hearts) to 0.06 ± 0.007 for hearts perfused with Ry and Tg (n = 626 

measurements, N = 5 hearts), a decrease of 90% (Figure 3.5d). Finally, the GainCICR was 

calculated to be 16.27 ± 0.027 for the mouse heart. 

 

Ca2+ released from the SR not only alters the Ca2+ transient, but it can also have a 

drastic impact on the repolarization of the AP. Experiments presented in Figures 3.5e 

and 3.5f were designed to discern how Ca2+ release from the SR impacted AP 

repolarization. Figure 3.5e indicates that impairment of Ca2+ release from the SR, 

induced by Ry and Tg, prolonged the duration of the goldfish ventricular AP at 30◦C. 

APD30 displayed an increase (Figure 3.5f) from 72.9 ± 2.0 ms for the control condition 

(n = 180 measurements, N = 5 hearts) to 102.1 ± 4.5 ms in the presence of Ry and Tg (n 

= 33 measurements, N = 5 hearts). Following a similar trend, perfusion with Ry and Tg 

prolonged APD50 (Figure 3.5f) from 163.2 ± 5.1 ms (n = 180 measurements, N=5hearts) 

to177.9±6.5ms (n=33 measurements,N=5 hearts) and APD90 (Figure 3.5f) from 375.5 ± 

12.9 ms (n = 180 measurements) to 406.9 ± 19.5 ms (n = 33 measurements). 
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The prolongation of the AP duration by Ry and Tg was also observed in goldfish 

ventricular APs recorded at 23◦C. Figure 3.5g shows that, although the APs are longer at 

this lower temperature, Ry and Tg still prolonged the AP duration at all the levels. 

APD30 changed (Figure 3.5h) from 321.5 ± 7.9 ms (n = 40 measurements) to 347.1 ± 

4.9 ms (n = 40 measurements, N = 5 hearts), APD50 (Figure 3.5h) increased from 

385.53 ± 5.0 ms (n = 40 measurements) to 409.8 ± 7.9 ms (n = 40 measurements), and 

APD90 (Figure 3.5h) increased from 424.3 ± 4.8 ms (n = 40 measurements, N = 5 

hearts) to 448.8 ± 8.9 ms (n = 40 measurements, N = 5 hearts). These results suggest that 

Ca2+ dependent inactivation of the L-type Ca2+ channel is the most likely mechanism 

prolonging the AP duration in the absence of Ca2+ release from the SR. 
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Figure 3.5: Typical Ca2+ transient recordings before and after perfusion of the 
goldfish heart with 10 μM Ry and 2 μM Tg (a). A summary of the results illustrates 
a statistically significant decrease in the amplitude of the Ca2+ transient as well as a 
55% decrease in the fractional release (b; from 1.0 ± 0.05 for the control condition 
to 0.45 ± 0.01 for hearts perfused with Ry and Tg). Ca2+ transient recordings before 
and after perfusion of the mouse heart with 10 μM Ry and 2 μM Tg (c). Treatment 
with Ry and Tg in mouse hearts dramatically reduced the amplitude of Ca2+ 

transients (d). The fractional release was also reduced by approximately 90% (from 
0.96 ± 0.02 for control to 0.06 ± 0.007 for hearts perfused with Ry and Tg). The 
calculated Gain CICR was 16.27 ± 0.027 for the mouse heart. Perfusion with 10 μM 
Ry and 2 μM Tg at 30◦C impaired Ca2+ release from the SR (e) and prolonged the 
duration of the goldfish ventricular AP at 30% (f) (from 72.9 ± 2.0 ms for the 
control condition to 102.1 ± 4.5 ms in the presence of Ry and Tg), 50% (from 163.2 ± 
5.1 ms to 177.9 ± 6.5 ms), and 90% repolarization (from 375.5 ± 12.9 ms to 406.9 ± 
19.5 ms). Perfusion with 10 μM Ry and 2 μM Tg at 23◦C also impaired Ca2+ release 
from the SR (g) and prolonged the duration of the action potential at 30% (h) (from 
321.5 ± 7.9 ms to 347.1 ± 4.9 ms), 50% (increased from 385.53 ± 5.0 ms to 409.8 ± 7.9 
ms), and 90% repolarization (from 424.3 ± 4.8 ms to 448.8 ± 8.9 ms). The symbol * 
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differentiates measurements that are statistically significant between the two 
consecutive heart rates (p < 0.01, N = 5 hearts).  



 41 

3.4 Discussion 
 
Comparison Between Goldfish Hearts and Other Vertebrates 

 

Goldfish (Carassius auratus) are members of the same phylum (Chordata), class 

(Actinopterygii), order (Cypriniformes), and family (Cyprinidae) as the zebrafish (Danio 

rerio). Both species can also regenerate their heart following injury (Poss et al., 2002; 

Grivas et al., 2014; Kang et al., 2016; Mokalled et al., 2016). Though the similarities 

between the goldfish and the zebrafish can form an extensive list, there are a few exigent 

differences between the two models. The most obvious difference being that the adult 

goldfish (Figures 3.1a, c) and its heart (Figures 3.1b, d) are both significantly larger 

when compared to the zebrafish. It is important to note that goldfish and zebrafish 

ventricular myocytes do not present t-tubules, contrary to mammalian ventricular 

myocytes. Though this structural difference may seem significant, we do not expect the 

absence of t-tubules to dramatically affect the time course of Ca2+ transients. Indeed, 

numerous animal models lack a t-tubule network. For example, mammalian atrial cells 

have a highly reduced t-tubules network (McNutt and Fawcett, 1969; Michailova et al., 

2002; Richards et al., 2011), which is compensated for by the presence of surface dyads 

and a Ca2+ -induced Ca2+ release and Ca2+ propagation within the myocytes (Hüser et al., 

1996). Furthermore, ventricular myocytes in birds also lack a t-tubule network (Sheard et 

al., 2019), and yet they present fast Ca2+ transients. The important parameter critical in 

defining the time course of the Ca2+ transients is not the presence (or absence) of a t-

tubule network, but the time course of the Ca2+ influx across the plasma membrane and 

the kinetics of activation of ryanodine receptors. 

 

A noteworthy difference between the zebrafish and goldfish models is that the 

heart rate for goldfish (109 beats/min) (Ferreira et al., 2014) is much closer to larger 

mammals (i.e., canines and humans) when compared to the zebrafish heart rate (162–169 

beats/min) (Lee et al., 2016). Furthermore, Figure 3.2a describes both the characteristics 

of APs and Ca2+ transients recorded in goldfish ventricles. The goldfish AP is 

significantly longer than that of zebrafish (Figure 3.2b, e). Interestingly, the APD90 

recorded in goldfish ventricular myocytes (Figure 3.2b) is very similar to values 

recorded in the endocardial ventricular layer of dog hearts (Piktel et al., 2011) at a similar 

temperature (25◦C). Additionally, the epicardial APs in goldfish present a waveform very 

similar to the one recorded at the dog endocardial layer, in that the goldfish epicardial 

APs do not present a “spike and dome” behavior when compared to epicardial AP 

recorded from dogs (Litovsky and Antzelevitch, 1990; Antzelevitch et al., 1991; Lukas 

and Antzelevitch, 1993; Yan and Antzelevitch, 1996). Finally, the goldfish APD90 is 

very similar to the human QT segment at the same temperature (Bjørnstad et al., 1994). 

 

The kinetic parameters (i.e., RT, FT, and HD) for goldfish Ca2+ transients 

(Figures 3.2a, c) are much slower, not only when compared to the zebrafish (Figures 
3.2d, f), but also when compared to rodents, such as rats (Zoghbi et al., 2000, 2004) and 

mice (Escobar et al., 2006, 2012; Ferreiro et al., 2012). Interestingly, the goldfish Ca2+ 

transients present similar kinetic characteristics within canine hearts both in isolated 

myocytes (A. E. Belevych et al., 2011) and at the intact heart level (Laurita et al., 2003). 
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Role of the L-type Ca2+ Channels in Excitability and Ca2+ Transients of the Goldfish 
Heart 

 

In most vertebrate species, the influx of Ca2+ through the L-type Ca2+ channel is 

critical in defining the time course of APs and is the main mechanism triggering 

ventricular Ca2+ release. Results presented in Figure 3.3 and Figure 3.4 depict the role of 

L-type Ca2+ currents in goldfish excitability and its ability to activate the excitation– 

contraction coupling process. 

 

Previous studies conducted on fish hearts show how nifedipine perfusion can 

block L-type Ca2+ currents (Maylie and Morad, 1995) and reduce the duration of the AP 

(Nemtsas et al., 2010); this is nearly identical to what has been previously observed in 

mammals (Sugiura and Joyner, 1992; Baláti et al., 1998; Ferreiro et al., 2012; Ramos-

Franco et al., 2016). Not surprisingly, the same pattern was also observed in goldfish 

hearts (Figures 3.3a, d), suggesting there is an influx of Ca2+ through L-type Ca2+ 

channels that occurs during the plateau phase of the ventricular AP. One consequence of 

a decreased Ca2+ influx during the plateau phase of the AP is a reduction in the amplitude 

of the Ca2+ transients. Upon perfusion of the goldfish heart with nifedipine, we observed 

an attenuation of the Ca2+ transient during systole as well as a change in the kinetic 

behavior of the Ca2+ transients (Figures 3.3c-f). It has been previously reported that 

nifedipine reduces the amplitude of Ca2+ transients in some fish models (Xie et al., 2008; 

Bovo et al., 2013; van Opbergen et al., 2018a); however, there is no evidence of Ca2+ 

transient shortening. This is interesting because several mammalian models exhibit a 

shortening in the HD of the Ca2+ transients in response to nifedipine (Escobar et al., 2004; 

Ramos-Franco et al., 2016). 

 

The amplitude of the Ca2+ transient can decrease as a result of a smaller L-type 

Ca2+ current amplitude. Additionally, a reduction in the amplitude of the Ca2+ transient 

can be induced by shortening the AP. This induces a shortening of the L-type Ca2+ 

current and brings fewer Ca2+ ions into the ventricular myocyte. In goldfish, we observed 

a nifedipine-driven change in the amplitude of the Ca2+ transient that was independent of 

the AP duration (Figure 3.4). In Figure 3.4, we demonstrate photolytic inhibition of a 

fraction of nifedipine blocking the L-type Ca2+ channels produced an increase in the 

amplitude of the Ca2+ transient (Figures 3.4a–d) without a change in the kinetic 

properties of the AP (Figures 3.4e, f). This is analogous to what our group previously 

observed in experiments conducted in mouse hearts (Ramos-Franco et al., 2016). 

 

Role of Intracellular Ca2+ Release on Excitability and Ca2+ Transients 
 

Depending on the vertebrate species, the Ca2+ released from the SR can play 

either a major or minor role in contributing to the systolic Ca2+ during the cardiac cycle. 

The role of the Ca2+ release from the SR ranges dramatically and can be made evident 

when comparing frogs, in which Ca2+ release from the SR is not present (Anderson et al., 

1989), to mice, in which most of the Ca2+ increase during diastole depends on Ca2+ 

released from this intracellular store (Ferreiro et al., 2012; Kornyeyev et al., 2012; 

Ramos-Franco et al., 2016). Figures 3.5a, b show that, in goldfish hearts, there is a 
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significant contribution from the SR to the myoplasmic systolic Ca2+ ; however, this 

contribution is less than the one observed in smaller mammals such as mice (Figures 
3.5c, d). This was especially impressive because previous experiments performed in fish-

isolated myocytes only showed a very small contribution of the SR (Shiels and White, 

2005; Bovo et al., 2013) to the free systolic Ca2+. Furthermore, the lower contribution of 

the SR Ca2+ release of goldfish hearts in comparison with the mouse is encouraging 

because larger mammalian models, such as dogs, also present a lower SR Ca2+ 

contribution (∼40%) (Belevych et al., 2007). 

 

Interestingly, the inhibition of Ca2+ release from the SR promoted by the perfusion 

of the goldfish hearts with Ry and Tg also modified the repolarization of ventricular AP. 

Figures 3.5e, f illustrate that, in the presence of Ry and Tg, the APs are longer at both 

30◦C and 23◦C (Figures 3.5g, h). Increased Ca2+-dependent inactivation of L-type Ca2+ 

channels shortens the action potentials when Ca2+ release is larger but reduced Ca2+-

dependent inactivation prolongs the action potential if the Ca2+ release from the 

sarcoplasmic reticulum is impaired. Interestingly, this effect is contrary to what we 

observe in mice hearts. Upon coronary perfusion of mice hearts with Ry and Tg, the 

minuscule amount of Ca2+ released from the SR is unable to activate the NCX in the 

forward mode and, thus, shortens the AP duration. On the other hand, the NCX can also 

prolong the AP for a larger Ca2+ release while in the forward mode by activating an 

inward Na+ current (Ferreiro et al., 2012; Ramos-Franco et al., 2016). This is because the 

NCX in the forward mode removes one Ca2+ ion from the cytosol to produce an influx of 

three Na+ ions from the extracellular space to the cytosol. Thus, a larger increase in the 

intracellular Ca2+ concentration results in a larger Ca2+ extrusion from the cytosol. This 

large extrusion, consequently, increases Na+ influx from the extracellular space into the 

cytosol. The net influx of a positive charge from the Na+ ions induces a depolarization of 

the membrane potential, prolonging the duration of the AP. Interestingly, the same AP 

prolongation behavior observed in goldfish hearts in response to Ry and Tg has been 

previously observed in dog hearts, in which BAPTA-mediated attenuation of Ca2+ release 

prolonged the AP (Horváth et al., 2016). Although the prolongation of the AP is due to 

the effect of SR Ca2+ release on Ca2+-dependent inactivation, changes in the time course 

of the action potential also change the delay-rectifying and inward-rectifying K+ current. 

Furthermore, prolongation of the AP also leads to an inactivation of the Na+ current, 

preventing alteration of Na+ currents in a major way. 
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Chapter 4: Intrinsic sympathetic NS activity and effect of AP and intracellular Ca2+ 

dynamics  
 

4.1 How does the sympathetic drive regulate heart rate of the Langendorff fish heart? 
 

In order to elicit a sympathetic response and assess the b-adrenergic regulation of 

the goldfish heart, we first perfused the heart with 100 nM isoproterenol. Goldfish 

ventricular chronotropic properties were examined via AP recordings and spontaneous 

heart rate recordings (Figure 4.1). Perfusion of the goldfish intact heart with 100 nM 

isoproterenol altered the AP morphology (Figure 4.1a) and had a positive chronotropic 

effect, significantly increasing the heart rate by 46% (Figures 4.1b, c; from 0.87 ± 0.01 

Hz to 1.27 ± 0.02 Hz).  

 

 
 

Figure 4.1: Goldfish ventricular action potential and spontaneous heart rate 
recordings before (black) and after perfusion with 100 nM isoproterenol (red). 
Perfusion of the goldfish intact heart with 100 nM isoproterenol altered the action 
potential morphology (a) and had a positive chronotropic effect, significantly 
increasing the heart rate (b; from 0.87 ± 0.01 Hz to 1.27 ± 0.02 Hz, p<0.01, n=160 for 
the control, n=263 for ISO, N=4). The positive chronotropic effect following 
isoproterenol perfusion is also reflected in spontaneous AP recordings from the left 
ventricle (c). An asterisk denotes a significant difference between the two 
distributions. The data are presented as multiple measurements (n; dot cloud) 
recorded for different measurements (n) on different hearts (N) with the mean ± 
SEM (solid lines). 

 

4.2 How does a sympathetic NS agonist alter AP morphology and Ca2+ dynamics in the 
Goldfish ventricle? 

 

Interestingly, all kinetic parameters of the AP significantly changed following 

isoproterenol perfusion; APD30 increased from 228.10 ± 14.40 ms to 237.90 ± 11.80 ms 

(Figure 4.2a), APD50 decreased from 353.90 ± 30.40 ms to 300.30 ± 20.00 ms (Figure 
4.2b), and APD90 increased from 455.40 ± 20.10 ms to 468.70 ± 27.00 ms (Figure 4.2c).  
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Figure 4.2: Kinetic parameters of the Goldfish ventricular action potential before 
(black) and after (red) perfusion with 100 nM isoproterenol. Following 
isoproterenol perfusion, APD30s significantly increased from 228.10 ± 14.40 ms to 
237.90 ± 11.80 ms (p<0.01, n=113 for the control, n=113 for ISO, N=4) (a), APD50 
decreased from 353.90 ± 30.40 ms to 300.30 ± 20.00 ms (p<0.01, n=143 for the 
control, n=316 for ISO, N=4) (b), and APD90 significantly increased from 455.40 ± 
20.10 ms to 468.70 ± 27.00 ms (p<0.01, n=95 for the control, n=256 for ISO, N=4) (c). 
An asterisk denotes a significant difference between the two distributions. The data 
are presented as multiple measurements (n; dot cloud) recorded for different 
measurements (n) on different hearts (N) with the mean ± SEM (solid lines). 
 

In many vertebrate species, stimulation of either autonomic nervous system 

branch will not only alter cardiac excitability, but also cardiac contractility. In order to 

assess if eliciting a sympathetic response altered the inotropic and/or the lusitropic 

properties of the goldfish ventricle, experiments were performed in which the amplitude 

and kinetics of the Ca2+ transient were examined in the presence and absence of 100 nM 

isoproterenol (Figure 4.3). Stimulation of b-adrenergic receptors altered the morphology 

of the Ca2+ transient (Figure 4.3a) and significantly increased the normalized amplitude 

of the Ca2+ transient (Figure 4.3b; from 1.00 ± 0.07 to 1.10 ± 0.04). 

 

 

 
Figure 4.3: Goldfish ventricular Ca2+ transient recording and normalized amplitude 
in the absence (black) and presence (red) of 100 nM isoproterenol. Stimulation of ß-
adrenergic receptors altered the morphology of the Ca2+ transient (a) and 
significantly increased the normalized amplitude of the Ca2+ transient from 1.00 ± 
0.07 to 1.10 ± 0.04 (p<0.01, n=65 for the control, n=67 for ISO, N=8) (b). An asterisk 
denotes a significant difference between the two distributions. The data are 
presented as multiple measurements (n; dot cloud) recorded for different 
measurements (n) on different hearts (N) with the mean ± SEM (solid lines). 
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4.3 How do sympathetic NS agonists alter Ca2+ transient kinetics? 
 

To detect if isoproterenol significantly altered the kinetics of the Ca2+ transient, 

the three following parameters of the Ca2+ transient were assessed (Figure 4.4): rise time 

(RT), fall time (FT), and half duration (HD). A significant change in any aforementioned 

kinetic parameter is a reflection of a significant corresponding change in myocardial Ca2+ 

handling dynamics. Perfusion with isoproterenol significantly increased the velocity of 

every Ca2+ transient kinetic parameter in the goldfish heart (Figures Figures 4.4a, b, c; 

RT: from 27.98 ± 4.60 ms to 22.47 ± 3.50 ms, FT: from 150.08 ± 22.80 ms to 135.88 ± 

20.30 ms, and HD: from 148.60 ± 8.10 ms to 134.87 ± 5.20 ms, respectively), implying 

perfusion with isoproterenol increased the rate of relaxation of the goldfish myocardium 

during diastole, resulting in a positive lusitropic effect (Figure 4.4b). The presence of a 

b-adrenergic drive suggests the presence of a parasympathetic one, as they are the two 

antagonistic branches of the autonomic nervous system. 

 

 

 

 

 

 
Figure 4.4: Kinetic parameters of the goldfish ventricular Ca2+ transients before 
(black) and after (red) perfusion with 100 nM isoproterenol. Perfusion of the 
goldfish heart with 100 nM isoproterenol significantly decreased the rise time (RT) 
of the Ca2+ transient from 27.98 ± 4.60 ms to 22.47 ± 3.50 ms (p<0.01, n=65 for the 
control, n=96 for ISO, N=8) (a), decreased the fall time (FT) of the Ca2+ transient 
from 150.08 ± 22.80 ms to 135.88 ± 20.30 ms (p<0.01, n=76 for the control, n=76 for 
ISO, N=8) (b), and significantly decreased the half duration (HD) of the Ca2+ 

transient from 148.60 ± 8.10 ms to 134.87 ± 5.20 ms (p<0.01, n=64 for the control, 
n=72 for ISO, N=8) (c). An asterisk denotes a significant difference between the two 
distributions. The data are presented as multiple measurements (n; dot cloud) 
recorded for different measurements (n) on different hearts (N) with the mean ± 
SEM (solid lines). 
 

4.4 How does a sympathetic NS agonist alter the ECG morphology and kinetics? 
  

The effects of catecholamines on whole heart electrical activity were assessed 

through transmural electrocardiogram recordings (Fig. 4.5). The 3 main components of 

the goldfish electrocardiogram are presented in Fig. 4.5a and consist of the QRS complex 

(ventricular depolarization), J wave (likely due to a voltage gradient due to the presence 
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of a prominent AP notch in the epicardium but not the endocardium), and T wave 

(ventricular repolarization). Application of isoproterenol altered the morphology of the 

goldfish electrocardiogram (Figure 4.5a) and increased the heart rate (Figures 4.5b, c; 

from 1.10 ± 0.40 Hz to 3.10 ± 0.70 Hz).  

 

 

 

 
Figure 4.5: Goldfish ventricular electrocardiogram recordings before (black) and 
after (red) perfusion with 100 nM isoproterenol. The 3 main components of the 
goldfish electrocardiogram are presented: QRS complex, J wave, and T wave. 
Application of isoproterenol altered the morphology of the goldfish 
electrocardiogram (a) and increased the spontaneous heart rate from 1.10 ± 0.40 Hz 
to 3.10 ± 0.70 Hz (p<0.01, n=180 for the control, n=412 for ISO, N=6) (b). 
Electrocardiogram recordings before and after isoproterenol perfusion reflect an 
increased heart rate in response to isoproterenol (c). An asterisk denotes a 
significant difference between the two distributions. The data are presented as 
multiple measurements (n; dot cloud) recorded for different measurements (n) on 
different hearts (N) with the mean ± SEM (solid lines). 

 

Furthermore, application of isoproterenol also significantly altered the duration of 

the QRS wave, T wave, and J wave (Fig. 4.6). The QRS complex significantly decreased 

from 22.70 ± 1.30 ms to 17.30 ± 2.80 ms (Fig. 4.6a), the T wave significantly increased 

from 164.70 ± 53.20 ms to 292.10 ± 58.10 ms (Fig. 4.6b), and the J wave significantly 

increased from 126.10 ± 42.30 ms to 333.10 ± 105.30 ms (Fig. 4.6c). 

 

 

 

 

 

 

 

 



 48 

 
 

Figure 4.6: Perfusion with 100 nM isoproterenol significantly altered the time 
course of all three components in the goldfish electrocardiogram. The duration of 
the QRS complex significantly decreased from 22.70 ± 1.30 ms to 17.30 ± 2.80 ms 
(p<0.01, n=80 for the control, n=121 for ISO, N=6) (a), the T wave significantly 
increased from 164.70 ± 53.20 ms to 292.10 ± 58.10 ms (p<0.01, n=110 for the 
control, n=120 for ISO, N=6) (b), and the J wave significantly increased from 126.10 
± 42.30 ms to 333.10 ± 105.30 ms (p<0.01, n=74 for the control, n=118 for ISO, N=6) 
(c). An asterisk denotes a significant difference between the two distributions. The 
data are presented as multiple measurements (n; dot cloud) recorded for different 
measurements (n) on different hearts (N) with the mean ± SEM (solid lines). 
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4.5 Discussion 
 

In most vertebrate hearts, both excitability and contractility are tightly regulated 

by the autonomic nervous system. Though there is a significant amount of research 

regarding the sympathetic and parasympathetic regulation of many vertebrate species, 

there is little known about how autonomic regulation impacts the electrical and 

mechanical function of fish hearts specifically. To our knowledge, it is not clear how 

autonomically driven AP kinetics impact contractility in the intact fish heart, which has 

become an increasingly popular model used to understand human cardiac physiology and 

pathophysiology. In this study, we investigated how stimulation of either autonomic 

branch regulated the time course of APs and electrocardiograms, and how these electrical 

changes correlated with changes in left ventricular Ca2+ transient measurements at the 

whole heart level. Our results indicate the presence of a fully developed dual control from 

both the adrenergic and cholinergic nerves in the goldfish heart, highly resembling the 

pattern found in other vertebrate models. 

 

b-adrenergic stimulation increased cardiac excitability and contractility  
 

It is well established that stimulation of b-adrenergic receptors will have a 

positive chronotropic, dromotropic, inotropic, and lusitropic effect in any vertebrate 

species exhibiting full autonomic regulation. In the fish model, the autonomous rhythm of 

the heart is determined by the pacemaker region located near the atrial chamber, 

identified over 100 years ago (Keith and Mackenzie, 1910). Pacemaker APs are 

categorized by a gradual and slow diastolic depolarization (Phase 4), toward the threshold 

voltage of the AP upstroke (Phase 0) (Harper et al. 1995; Haverinen and Vornanen, 2007; 

Saito, 1973; Tessadori et al. 2012). There are three main mechanisms by which an 

organism can modulate its heart rate, all of which end with an altered slope of the 

diastolic depolarization during diastole. This slope, set by the sinoatrial node, can be 

modified positively (by the sympathetic nervous system) or negatively (by the 

parasympathetic nervous system) by shifting the maximum diastolic potential, or 

decreasing the rate of depolarization, or (positively or negatively) shifting the membrane 

potential threshold; all of which could either increase or decrease the time required for 

the membrane potential to reach the threshold and fire an AP. In the goldfish model, 

administration of isoproterenol altered ventricular AP morphology and had a positive 

chronotropic effect (Figures 4.1a-c). Remarkably, previous studies have observed 

isoproterenol to induce strikingly similar AP morphological changes in canine 

endocardial myocytes and guinea pig cardiomyocytes (O'Hara and Rudy, 2012; 

Szentandrássy et al. 2012; Sala et al. 2018).  

 

The changes in the AP morphology can be better observed in Figure 4.2, where 

the kinetics of the ventricular AP are presented following adrenergic stimulation with 

isoproterenol. Perfusion with isoproterenol lead to a significant increase in APD30 and 

APD90 (Figures 4.2a, c, respectively) and a significant decrease in APD50 (Figure 
4.2b). Interestingly, canine endocardial myocytes treated with isoproterenol exhibit 

lengthening of APD90 (Szentandrássy et al. 2012; Sala et al. 2018), similar to what we 

observed for the goldfish. Unlike mammals, many fish species lack the slow component 
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of the delay rectifier current (IKs), the main current system mediating repolarization 

effects of adrenergic stimulation on cardiac AP duration (Vornanen, 2017). The absence 

of this repolarizing current could explain the counterintuitive prolongation of APD30 and 

APD90 in the presence of an adrenergic stimulus. However, the role of IKs in response to 

adrenergic stimulation is not yet elucidated in the goldfish heart, and further studies are 

necessary to corroborate this hypothesis.  

 

Epicardial Ca2+ transient recordings from the goldfish ventricle show that the 

administration of isoproterenol altered the morphology of the Ca2+ transient, and 

significantly increased the normalized amplitude of the Ca2+ transient (Figures 4.3a, b), a 

trend also observed in guinea pigs (Katra et al. 2004). The positive chronotropic effect 

(Figures 4.1c and Figure 4.5c) in response to b-adrenergic stimulation could be 

explained by the alterations present in the Ca2+ transient dynamics followed by 

isoproterenol perfusion. A significant increase in the Ca2+ transient amplitude following 

adrenergic stimulation (Figure 4.3b) suggests isoproterenol increased the Ca2+ current, 

likely through the LTCC (Bazmi and Escobar, 2020). As previously discussed, b-

adrenergic stimulation activates a cascade of events that phosphorylate numerous Ca2+ 

handling proteins, including pln on serine 16 and threonine 17. Phosphorylation of pln 

removes its inhibitory effect on the cardiac sarcoplasmic endoplasmic reticulum ATPase, 

thus increasing Ca2+ load into the sarcoplasmic reticulum. An increased Ca2+ transient 

amplitude increases the influx of positive charges into the myocardium and reduces the 

AP threshold; both of which increase the conduction velocity of the AP, resulting in a 

positive dromotropic effect. Furthermore, an increased Ca2+ current will increase the 

amount of Ca2+ in the sarcoplasmic reticulum and ultimately increase Ca2+ induced Ca2+ 

release. This would then increase the strength of contraction, resulting in the positive 

inotropic effect observed in Figure 4.3. To our knowledge, a positive inotropic effect in 

response to adrenergic stimulation has yet to be observed in the ventricle of any other fish 

species (Abramochkin and Vornanen, 2017; Molina et al. 2007; Vornanen and 

Tuomennoro, 1999; Vornanen et al. 2010). However, it is likely previous studies did not 

observe positive dromotropic effects considering many of them performed similar 

experiments on isolated cardiomyocytes, and not at the intact heart level. Looking at 

changes in the kinetic properties of the goldfish heart, it is likely isoproterenol also had a 

positive lusitropic effect. Although all three kinetic parameters of the goldfish Ca2+ 

transient decreased following isoproterenol perfusion (Figures 4.4a, b, c), the lusitropic 

effect can be best observed in Figure 4.4b, as the fall time of the Ca2+ transient 

significantly decreased, suggesting isoproterenol increased the rate of myocardial 

relaxation during diastole. 

 

Transmural electrocardiograms were recorded in the presence and absence of 

isoproterenol (Figure 4.5) to examine its effect on whole heart electrical activity. Indeed, 

isoproterenol perfusion not only altered the morphology of the electrocardiogram (Figure 
4.5a) but also reaffirmed the positive chronotropic effect (Figures 4.5b, c) of 

isoproterenol presented in Figure 4.1. The positive chronotropic effect could be due to an 

increased slope of diastolic depolarization, as many other mammals exhibit the same 

pattern in response to adrenergic stimulation (Randall et al. 2020).  
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Isoproterenol’s significant effect on whole heart excitability (Figure 4.6) not only 

reaffirms the presence of a positive chronotropic effect, but also suggests the instigation 

of a positive dromotropic effect. Because the QRS complex represents ventricular 

depolarization, its duration indirectly measures intraventricular impulse conduction. 

Thus, the positive dromotropic effect induced by isoproterenol can best be observed in 

Figure 4.6a, where administration of the catecholamine significantly reduced the 

duration of the QRS complex and increased the rate of intraventricular impulse 

conduction. Furthermore, isoproterenol significantly increased the duration of the T 

wave, and significantly prolonged the duration of the J wave (Figures 4.6b, c). An 

increased J wave duration is consistent with the prolongation of the APD30 in the 

presence of 100 nM of isoproterenol (Figure 4.2a). These modifications observed in the 

electrocardiogram further solidify the hypothesis that goldfish exhibit sympathetic 

regulation, as perfusion with a catecholamine significantly modified cardiac excitability. 

The cardiac AP alters the mechanical function of vertebrate hearts by increasing 

intracellular free Ca2+ concentration, ultimately inducing cardiac contractions (Coraboeuf, 

1978; Randall et al. 2020). In the goldfish heart, Ca2+ influx through the L-type Ca2+ 

channels is the most likely trigger of Ca2+ release from the sarcoplasmic reticulum 

(Bazmi and Escobar, 2020), which ultimately augments cardiac contractile properties. 

Therefore, modifications in Ca2+ handling dynamics are essential for understanding how 

cardiac excitability alters cardiac contractility.  
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Chapter 5:  
 

Intrinsic parasympathetic NS activity and effect of AP and intracellular Ca2+ 

dynamics  
 

5.1 How does the parasympathetic drive regulate heart rate of the Langendorff fish 
heart? 

 

The parasympathetic nervous system, on the other hand, is thought to be the 

dominant branch of the autonomic nervous system. To elicit a parasympathetic response 

and induce a cholinergic response, 5 µM carbamylcholine was administered to the 

goldfish intact heart. As before, the chronotropic properties of the heart were assessed via 

AP and spontaneous heart rate recordings. Not surprisingly, the administration of 

carbamylcholine altered the AP morphology (Figure 5.1a) and had a negative 

chronotropic effect, reducing the heart rate by 92.2% (Figure 5.1b, c; from 0.98 ± 0.05 

Hz to 0.13 ± 0.08 Hz). 

 

 
Figure 5.1 Goldfish ventricular action potential and spontaneous heart rate 
recordings before (black) and after (green) perfusion with 5 µM carbamylcholine. 
Administration of carbamylcholine altered the AP morphology (a) and had a 
negative chronotropic effect, reducing the heart rate from 0.98 ± 0.05 Hz to 0.13 ± 
0.08 Hz (p<0.01, n=29 for the control, n=16 for CCH, N=4) (b). The negative 
chronotropic effect following carbamylcholine perfusion is also reflected in 
spontaneous AP recordings from the left ventricle (c). An asterisk denotes a 
significant difference between the two distributions. The data are presented as 
multiple measurements (n; dot cloud) recorded for different measurements (n) on 
different hearts (N) with the mean ± SEM (solid lines). 
 
5.2 How does a parasympathetic NS agonist alter AP and Ca2+ dynamics in the Goldfish 
ventricle? 
 

Not surprisingly, carbamylcholine administration significantly altered all three 

kinetic parameters of the AP (Figure 5.2a, b, c; APD30 increased from 235.90 ± 12.10 

ms to 295.30 ± 11.50 ms, APD50 decreased from 388.10 ± 23.90 ms to 651.40 ± 49.50 

ms, and APD90 increased from 446.70 ± 14.60 ms to 833.60 ± 30.00 ms, respectively). 
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Figure 5.2: Kinetic parameters of the goldfish ventricular action potential before 
(black) and after (green) perfusion with 5 µM carbamylcholine. APD30 significantly 
increased from 235.90 ± 12.10 ms to 295.30 ± 11.50 ms (p<0.01, n=60 for the control, 
n=49 for CCH, N=4) (a), APD50 significantly increased from 388.10 ± 23.90 ms to 
651.40 ± 49.50 ms (p<0.01, n=60 for the control, n=59 for CCH. N=4) (b), and 
APD90 significantly increased from 446.70 ± 14.60 ms to 833.60 ± 30.00 ms (p<0.01, 
n=16 for the control, n=84 for CCH, N=4) (c). An asterisk denotes a significant 
difference between the two distributions. The data are presented as multiple 
measurements (n; dot cloud) recorded for different measurements (n) on different 
hearts (N) with the mean ± SEM (solid lines). 
 

In many vertebrate species, stimulation of either autonomic nervous system 

branch will not only alter cardiac excitability, but also cardiac contractility. To assess if 

stimulation of either autonomic nervous system branch altered the inotropic and/or the 

lusitropic properties of the goldfish ventricle, experiments were performed in which the 

amplitude and kinetics of the Ca2+ transient were examined in the presence and absence 

of a cholinergic agonist.  

 

To assess cholinergic regulation of contractility specifically, Ca2+ transients were 

recorded from the epicardial wall of the goldfish ventricle in the presence and absence of 

5 µM carbamylcholine (Figure 5.3). Administration of carbamylcholine had a negative 

inotropic effect, as the amplitude of the Ca2+ transient (Figure 5.3a) decreased in the 

presence of carbamylcholine. This negative inotropic effect is also presented in Figure 
5.3b, where the normalized amplitude of the Ca2+ transient significantly decreased from 

1.00 ± 0.10 to 0.49 ± 0.03 following cholinergic stimulation. 

 

 

 

 



 54 

 
Figure 5.3: Goldfish ventricular Ca2+ transient recording and normalized amplitude 
in the absence (black) and presence (green) of 5 µM carbamylcholine. Perfusion 
with carbamylcholine altered the morphology of the Ca2+ transient (a) and 
significantly decreased the normalized amplitude of the Ca2+ from 1.00 ± 0.10 to 0.49 
± 0.03 (p<0.01, n=108 for the control, n=143 for CCH, N=8) (b). An asterisk denotes 
a significant difference between the two distributions. The data are presented as 
multiple measurements (n; dot cloud) recorded for different measurements (n) on 
different hearts (N) with the mean ± SEM (solid lines). 
 

5.3 How does a parasympathetic NS agonist alter Ca2+ transient kinetics? 
 

The three kinetic properties of the Ca2+ transient, the rise time (RT), fall time 

(FT), and half duration (HD) were also evaluated to better understand how stimulation of 

the cholinergic pathway affected Ca2+ handling kinetics in the goldfish myocardium (Fig. 
5.4). Although administration of 5 µM carbamylcholine did not significantly increase the 

rise time of the Ca2+ transient (Figure 5.4a; 30.20 ± 5.40 ms to 31.20 ± 3.20 ms), it did 

significantly increase the half duration of the Ca2+ transient (Figure 5.4c; from 151.80 ± 

2.30 ms to 160.30 ± 4.00 ms). This effect can be due to the longer APs induced via 

cholinergic stimulation. Interestingly we were unable to observe a significant difference 

in the relaxation time (Figure 5.4b; from 161.50 ± 15.10 ms to 150.70 ± 12.10 ms) of the 

Ca2+ transient. This suggests carbamylcholine application did not significantly modify the 

lusitropic property of the goldfish myocardium in these experiments; however, a 

significant change in the half duration of the Ca2+ transient does indicate the presence of 

an intrinsic parasympathetic tone in the goldfish isolated heart, capable of modifying 

Ca2+ transient kinetics. 

 

 

 

 



 55 

 
Figure 5.4: The three kinetic properties of the Ca2+ transient, the rise time (RT), fall 
time (FT), and half duration (HD) before (black) and after (green) perfusion with 5 
µM carbamylcholine. Administration of 5 µM carbamylcholine did not significantly 
increase the rise time of the Ca2+ transient from 30.20 ± 5.40 ms to 31.20 ± 3.20 ms 
(p>0.01, n=69 for the control, n=85 for CCH, N=8) (a) or decrease the fall time (FT) 
from 161.50 ± 15.10 ms to 150.70 ± 12.10 ms (p>0.01, n=59 for the control, n=27 for 
CCH, N=8) (b). However, the half duration of the Ca2+ transient significantly 
increased from 151.80 ± 2.30 ms to 160.30 ± 4.00 ms (p<0.01, n=29 for the control, 
n=31 for CCH, N=8) (c). An asterisk denotes a significant difference between the 
two distributions. The data are presented as multiple measurements (n; dot cloud) 
recorded for different measurements (n) on different hearts (N) with the mean ± 
SEM (solid lines). 
 
 
5.4 How does a parasympathetic NS agonist alter the ECG morphology and kinetics? 
 

To further assess how cholinergic stimulation altered whole heart electrical 

activity in the goldfish model, transmural electrocardiograms were recorded in the 

presence and absence of 5 µM carbamylcholine (Figure 5.5). The morphology of the 

goldfish electrocardiogram changed dramatically in response to cholinergic stimulation 

(Figure 5.5a), and significantly decreased the spontaneous heart rate (Figure 5.5b, c; 

from 1.00 ± 0.04 Hz to 0.15 ± 0.09 Hz).  
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Figure 5.5: Transmural ventricular electrocardiogram recordings in the absence 
(black) and presence (green) of 5 µM carbamylcholine. The 3 main components of 
the goldfish electrocardiogram are presented: QRS complex, J wave, and T wave 
(A). Carbamylcholine administration significantly altered the kinetic parameters of 
all the electrocardiographic signals. Administration of carbamylcholine significantly 
decreased heart rate from 1.00 ± 0.04 Hz to 0.15 ± 0.09 Hz (p<0.01, n=29 for the 
control, n=16 for CCH, N=6) (B). Electrocardiogram recordings before and after 
carbamylcholine perfusion reflect a decreased heart rate in response to 
carbamylcholine (C). An asterisk denotes a significant difference between the two 
distributions. The data are presented as multiple measurements (n; dot cloud) 
recorded for different measurements (n) on different hearts (N) with the mean ± 
SEM (solid lines). 

 

Cholinergic stimulation significantly altered the duration of the QRS complex, the 

T wave, and the J wave (Figure 5.6). The QRS complex significantly decreased from: 

33.20 ± 2.40 ms to 31.90 ± 1.80 ms (Figure 5.6a), the T wave significantly increased 

from 370.20 ± 3.70 ms to 379.70 ± 14.40 ms (Figure 5.6b), and the J wave significantly 

increased from 169.20 ± 30.20 ms to 326.60 ± 23.30 ms (Figure 5.6c). The increased J 

wave duration is likely reflective of the decreased heart rate observed in Figures 5.1c and 

5.5c.  

 
 

Figure 5.6: Perfusion with 5 µM carbamylcholine significantly altered the time 
course of all three components in the goldfish electrocardiogram. The duration of 
the QRS significantly decreased from 33.20 ± 2.40 ms to 31.90 ± 1.80 ms (p<0.01, 
n=15 for the control, n=59 for CCH, N=6) (a), the T wave increased from 370.20 ± 
3.70 ms to 379.70 ± 14.40 ms (p<0.01, n=31 for the control, n=36 for CCH. N=6) (b), 
and the J wave showed a significant increase from 169.20 ± 30.20 ms to 326.60 ± 
23.30 ms (p<0.01, n=32 for the control, n=31 for CCH. N=6) (c). An asterisk denotes 
a significant difference between the two distributions. The data are presented as 
multiple measurements (n; dot cloud) recorded for different measurements (n) on 
different hearts (N) with the mean ± SEM (solid lines). 
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5.5 Discussion 
 
Muscarinic Stimulation Decreased Cardiac Excitability and Contractility  
  

As previously mentioned, an organism with an adrenergic drive could potentially 

also have a cholinergic drive, as they are the two antagonistic branches of the autonomic 

nervous system. Cholinergic control, however, is stronger than adrenergic control and has 

a negative chronotropic, dromotropic, inotropic, and lusitropic effect (Axelsson et al. 

1987; Farrell, 1984; Urbá-Holmgren et al. 1977; Laurent et al. 1983; Randall et al. 1968). 

In the goldfish model, perfusing the heart with 5 µM carbamylcholine prolonged the AP 

(Figure 5.1a) and had a negative chronotropic effect (Figures 5.1b, c). The strong 

negative chronotropic effect induced by cholinergic stimulation could be mediated by an 

ACh activated potassium current (IKAch); a major current found in fish atrial myocytes 

responsible for the repolarization of the membrane potential (Abramochkin and 

Vornanen, 2017; Molina et al. 2007; Vornanen et al. 2010).  

 

Furthermore, the activation of a muscarinic receptor will produce inhibition of the 

adenylyl cyclase reducing the levels of cAMP, preventing PKA mediated 

phosphorylation. It is important to note, however, the levels of cAMP are finely regulated 

by PDEs, which contribute to the lowered cAMP concentrations. Nevertheless, lowered 

PKA levels result in a reduction in key phosphorylation sites, which ultimately decrease 

the slope of the diastolic depolarization, and decrease heart rate. Furthermore, 

administration of carbamylcholine induced prolongation of two kinetic parameters of the 

AP duration (Figures 5.2a, c). Considering previous research has shown the presence of 

Ca2+ dependent inactivation of the L-type Ca2+ channel in goldfish ventricular myocytes 

(Bazmi and Escobar, 2020), it is likely a decreased sarcolemmal Ca2+ influx mediated by 

carbamylcholine (Figure 5.3b) decelerated inactivation and prolonged the duration of the 

action potential.  

 

A reduction in the Ca2+ current amplitude (Figure 5.3b) is likely to have reduced 

the slope of the diastolic depolarization, and as such, induced a negative chronotropic 

effect. As mentioned before, there are numerous mechanisms by which this slope may 

change. During cholinergic stimulation, PDEs and inhibition of adenylyl cyclase reduce 

cAMP levels, which not only lowers the activation of PKA, but also reduces stimulation 

of HCN channels. The current produced by these channels, If, typically increases the 

slope of the diastolic depolarization. However, in the presence of a cholinergic agonist, 

stimulation of If decreases, thus reducing the slope of the diastolic depolarization and 

ultimately reducing heart rate. Interestingly, HCN4 pacemaker channels have only been 

identified in the pacemaker region of the goldfish and zebrafish (Newton et al. 2014; 

Tessadori et al. 2012). Another possible mechanism by which muscarinic receptor 

stimulation induced a negative chronotropic response could be activation (IKAch), 

although the contribution of this current is still poorly elucidated in fish ventricular 

myocytes (Abramochkin and Vornanen, 2017; Molina et al. 2007; Vornanen et al. 2010). 

Activation of IKACh would induce hyperpolarization of the maximum diastolic potential, 

decreasing the heart rate. A decreased Ca2+ current and activation of IKACh also lead to a 

negative dromotropic effect as a decreased Ca2+ current will decrease the influx of 
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positive charges, increase the threshold of the AP, and decrease the mean diastolic 

potential, all of which reduce AP conduction velocity and induce a negative dromotropic 

effect.  

 

Modifications presented in the kinetic properties of the goldfish heart following 

carbamylcholine perfusion (Figure 5.4) suggest stimulation of the muscarinic receptor 

induced a minor negative lusitropic effect. While the half duration of the Ca2+ transient 

significantly increased in response to carbamylcholine perfusion (Figure 5.4c), the rise 

time and fall time were not significantly altered (Figures 5.4a, b). These results are 

interesting because the effect of carbamylcholine is in the opposite direction of what 

happens in mouse hearts and is very similar to larger mammals (Aguilar-Sanchez et al. 

2019). 

 

In order to determine how the stimulation of a cholinergic response modulated 

whole heart electrical activity, electrocardiograms were recorded in the presence and 

absence of carbamylcholine (Figure 5.5). Perfusion with carbamylcholine altered 

electrocardiogram morphology (Figures 5.5a) and reaffirmed the negative chronotropic 

effect (Figures 5.5b, c) presented in Figure 5.1b. Modification of whole heart 

excitability in response to muscarinic stimulation is presented in Figure 5.6. 

Interestingly, the duration of the QRS complex decreased in response to carbamylcholine 

administration, suggesting a slight positive dromotropic response, something typically 

observed in tachycardia. Currently, little is known about the depolarizing ventricular 

currents in the goldfish, which could provide further insight as to why cholinergic 

stimulation would reduce the duration of the QRS complex. Carbamylcholine perfusion 

also significantly increased the T and J wave durations (Figures 5.6a-c); however, the 

increased J wave was expected as there was a corresponding increase in APD30 (Figure 
5.2a). 

The negative chronotropic effect induced by stimulation of the muscarinic receptors 

could also be explained by modifications of the Ca2+ transient. Administration of 5 µM 

carbamylcholine modified Ca2+ transient morphology and significantly decreased the 

amplitude of the Ca2+ transient, suggesting stimulation of muscarinic receptors may have 

had a negative inotropic effect (Figures 5.3a, 5.3b). This is particularly interesting 

because previous studies conducted in isolated cardiac myocytes suggest muscarinic 

stimulation produced minor changes in cardiac chronotropic and inotropic properties in 

the fish heart (Fritsche and Nilsson, 1990; Laurent et al. 1983; Steele et al. 2009). This 

discrepancy, however, could be explained by the fact that other experiments were 

conducted in isolated myocytes, while our experiments were performed in the intact 

heart. As the heart is an electrically coupled organ, isolation of cardiac myocytes disrupts 

this electrical coupling, which may alter cardiac contractile properties. 
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Chapter 6:  
 

The effect of increasing the heart rate and temperature on AP morphology and 
intracellular [Ca2+] dynamics  

 

6.1 How do ventricular electrical properties respond to an increasing heart rate? 
 

Like with other vertebrates, the fish heart needs to increase its heart rate to cope 

with environmental and stress conditions. For example, a fish escaping from a predator 

needs to increase the rate of skeletal muscle action potentials and contractions (Rome et 

al., 1993) in order to escape the predator. Here, we carried out experiments in goldfish to 

evaluate how an increased heart rate could modify the APs and Ca2+ transients (Figure 
6.1). Figure 6.1a illustrates the time courses of APs as a function of the heart rate. It is 

important to note that as the heart rate increased, the duration of the APs got shorter. 

Figure 6.1b-d reveal how the APD30, APD50, and APD90 changed as a function of the 

heart rate, respectively (N = 6 hearts). A summary of the results is presented in Table 3.1. 

 

     
Table 3.1 kinetic parameters of the AP as function of the heart rate  
 
 

6.2 Does an increased heart rate modify the kinetics of the Ca2+ transients?  
 

Ca2+ transients from the goldfish heart also present a strong heart-rate 

dependency. Figure 6.1e shows how the amplitude of the Ca2+ transients decreased as a 

function of the heart rate (Figure 6.1f). The traces of Ca2+ transients shown in Figure 
6.1e were normalized by their maximum amplitude (Figure 6.1g) to gain a clearer 

understanding of how a change in heart rate affected Ca2+ transient kinetics. The Ca2+ 

transients exhibited a strong change in kinetic behavior. Specifically, as the heart rate 

increased, all the kinetic parameters became shorter. Figures 6.1h-6.1j all depict how the 

amplitude, RT, FT, and HD of the Ca2+ transients became smaller as a function of the 

heart rate, respectively. An outline of the results is shown in Table 3.2. 

 

 

 
Table 3.2 kinetic parameters of the Ca2+ transient as function of the heart rate 
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Figure 6.1: Time courses of APs and Ca2+ transients in goldfish hearts as a function 
of the heart rate (a). As the heart rate increased, the duration of the APs at 30% (b), 
50% (c), and 90% (d) repolarization decreased (see Table 3.1). The amplitude of the 
Ca2+ transients decreased (e) in a step staircase manner as a function of the heart 
rate (f). There was a strong change in the kinetic behavior, which is better observed 
after normalization of the Ca2+ transient amplitude (g). There was a reduction in the 
rise time (h), fall time (i), and the half duration (j) of the Ca2+ transients as a 
function of heart rate (see Table 3.2). The symbols *, +, #, and " differentiate 
measurements that are statistically significant between the two consecutive heart 
rates (p < 0.01, N = 6 hearts). 
 
6.3 What is the temperature dependency of the ventricular AP? 
 

Because fish are poikilotherm vertebrates, we decided to assess how temperature 

could modify both the kinetics of APs and Ca2+ transients. Not surprisingly, an increase 

in the temperature produced a shortening of the AP duration at 30, 50, and 90% 

repolarization, opposite that observed in mice (Ferreiro et al., 2012). Figure 6.2a 

illustrates how increasing the temperature from 23.5◦C to 28.5◦C affected the AP. 

Specifically, when the temperature was increased by 5◦C, the APD30 (Figure 6.2b) 
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shortened from 212.4 ± 12.3 ms to 164.3 ± 9.9 ms, the APD50 (Figure 6.2b) shortened 

from 320.1 ± 9.5 ms to 244.1 ± 11.5 ms, and the APD90 (Figure 6.2b) shortened from 

443.5 ± 10.2 ms to 356.6 ± 5.25 ms (n = 87 measurements, N = 9 hearts). To evaluate the 

thermodynamics of the AP in greater detail, we decided to calculate the first derivative to 

obtain the rates of depolarization and repolarization of the AP recordings at both 

experimental temperatures.  

 

# = %&!(()
%"

 

 

These rates were then used to calculate the Q10. 
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where R2 is the rate at temperature 2, R1 is the rate at temperature 1, T2 is temperature 2, 

and T1 is temperature 1. The calculated Q10 for the depolarization of the AP was 1.09 and 

1.56 for the repolarization of the AP.  

6.4 What is the temperature dependency of the intracellular Ca2+ Transients? 
 

Usually, Ca2+ transients have a larger temperature dependency than excitability 

(Kornyeyev et al., 2010; Ferreiro et al., 2012). One reason behind this increase is the 

temperature dependent process of hydrolyzing ATP to pump Ca2+ back into the SR. To 

better examine this process in the goldfish, we evaluated the temperature dependency of 

the Ca2+ transients. 

Figure 6.2e exemplifies the effect of raising the goldfish heart temperature by 

5◦C. Upon this increase in temperature, the Ca2+ transients were not only smaller (Figure 
6.2c, d), they were also faster (Figure 6.2e, f). The amplitude of the Ca2+ transients 

decreased from 0.82 ± 0.01 (n = 107 measurements) to 0.33 ± 0.01 (n = 107 

measurements, N = 9 hearts). The differences in the kinetics can be better observed in 

Figure 6.2g, where the Ca2+ transient traces were normalized. Interestingly, the Ca2+ 

transients illustrated in Figure 6.2e display a smaller amplitude. However, this can be 

explained by the shortened AP durations at higher temperatures. Indeed, that is what we 

observed here. The RT (Figure 6.2f) decreased from 25.0 ± 0.6 ms at 23.5◦C to 19.25 ± 

1.47 ms at 28.5◦C (n = 110 measurements at 23◦C and n = 119 measurements at 28.5◦C). 

The FT (Figure 6.2f) was reduced from 334.1 ± 6.5 ms at 23.5◦C to 271.0 ± 11.1 ms at 

28.5◦C. Finally, the HD of Ca2+ transients (Figure 6.2f) diminished from 382.6 ± 2.9 ms 

at 23.5◦C to 308.0 ± 4.8 ms at 28.5◦C (n = 110 measurements at 23◦C and n = 120 

measurements at 28.5◦C, N = 9 hearts). Once again, to have a better thermodynamic 

picture of the effect of temperature on Ca2+ transients we calculated Q10.  
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For these experiments, we first calculated the time constant for activation (τon) 

and the time constant for the relaxation (τoff) of the Ca2+ transients.  

τon and τoff were calculated as 

-*+ =
#.
2.2 														and									-*,, =

5.
2.2				 

And the rates Ron and Roff   were calculated as 

#*+ =
1
-*+

														and									#*,, =
1
-*,,

		 

Then, the Q10 calculated for the Ca2+ transient activation was 1.68 and the relaxation of 

the Ca2+ transient was Q10 was 1.52. 
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Figure 6.2: Effects of increasing the temperature from 23.5 to 28.5◦C on AP and 
Ca2+ transients from goldfish hearts (a). The increased temperature shortened the 
AP duration at 30% (b) (from 212.4 ± 12.3 ms to 164.3 ± 9.9 ms), 50% (from 320.1 ± 
9.5 ms to 244.1 ± 11.5 ms), and 90% repolarization (from 443.5 ± 10.2 ms to 356.6 ± 
5.25 ms). The increase in temperature also leads to shorter and smaller Ca2+ 

transients (c). The effect of temperature on the amplitude of the Ca2+ transients is 
illustrated in panel (d). Moreover, the Ca2+ transient traces were normalized to 
better observe the changes in their kinetics (e). The global increase in temperature 
of the heart reduced the rise time (f) (from 25.0 ± 0.6 ms at 23.5◦C to 19.25 ± 1.47 ms 
at 28.5◦C), fall time (from 334.1 ± 6.5 ms at 23.5◦C to 271.0 ± 11.1 ms at 28.5◦C), and 
half duration (from 382.6 ± 2.9 ms at 23.5◦C to 308.0 ± 4.8 ms at 28.5◦C) of Ca2+ 

transients. The symbol * differentiates between statistically significant 
measurements (p < 0.01, N = 9 hearts).  
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6.5 Discussion 
 
Heart Rate Dependency of APs and Ca2+ Transients 
 

The AP duration of goldfish hearts changes significantly in response to a change 

in heart rate, suggesting AP duration to be frequency dependent (Figures 6.1a–d). The 

profile of decrease of the AP duration at the three levels (i.e., APD30, APD50, and 

APD90), shows a similar profile to those previously observed for mammals (Litovsky 

and Antzelevitch, 1989; Lukas and Antzelevitch, 1993; Ferreiro et al., 2012) and other 

fish models (Lin et al., 2014, 2015; Rayani et al., 2018) 

 

Another important outcome of the heart rate dependency in goldfish hearts is the 

effect on the Ca2+ transient amplitude (Figure 6.1e). Specifically, the appearance of a 

negative staircase behavior emerges in response to an increased heart rate (Figure 6.1f). 
All the kinetic parameters, the RT, FT, and HD of the Ca2+ transients became faster 

(Figures 6.1g–j), as was observed in other fish models (Lin et al., 2015; Rayani et al., 

2018). In terms of the negative staircase behavior of Ca2+ transients, there are reports for 

other fish models related to a decrease in the amplitude of Ca2+ transients (Lin et al., 

2015) and in developed pressure (Haustein et al., 2015). Interestingly, although mice 

display a significant negative staircase profile in the amplitude of the Ca2+ transients 

(Kornyeyev et al., 2012), larger mammals present a positive staircase profile in their 

mechanical response (Langer, 1967; Kodama et al., 1981; Opitz, 1980; Bouchard and 

Bose, 1989; Hattori et al., 1991). The discrepancy in the staircase behavior observed 

between larger mammals and goldfish could imply that goldfish not only have a faster 

Ca2+ reloading rate of the SR, but also have a more prominent Ca2+ -dependent 

inactivation of L-type Ca2+ channels. 

 
Temperature Dependency of APs and Ca2+ Transients 

 

Fish cannot systemically regulate their body temperature; thus, the temperature of 

the water has a large influence on the physiological behavior of the animal’s cardiac 

function (Ferreira et al., 2014; Vornanen, 2016). We illustrate this idea in Figure 6.2, in 

which both the time course of the AP and Ca2+ transients of goldfish hearts display a 

significant temperature dependency. Interestingly, the depolarization of the AP has a 

much lower temperature dependency (Q10) than the repolarization (Figures 6.2a, b). The 

depolarization of an AP is mainly dependent on the activation of voltage-dependent Na+ 

channels, thus expounding the observed thermodynamic behavior. The repolarization, on 

the other hand, can include multiple events that can be regulated by the Ca2+ released 

from the SR. Some mechanisms regulating the repolarization of the AP include the 

activation of the NCX in its forward mode and/or the Ca2+-dependent inactivation of the 

L-type Ca2+ channel. The reduction in the AP duration as a function of the temperature 

increase has been reported by other authors in other fish models (Lin et al., 2014; 

Vornanen, 2016; Badr et al., 2018; Rayani et al., 2018). However, there was no 

information about the Ca2+ transients’ amplitude and its temperature dependency in fish 

models. 
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Remarkably, the amplitude (Figures 6.2c, d), activation (Figures 6.2e, f), 
relaxation (Figure 6.2f), and HD (Figure 6.2f) of goldfish ventricular Ca2+ transients also 

present a significant temperature dependency (Figures 6.2c, e). Interestingly, raising the 

temperature by only 5◦C significantly reduced the amplitude of the Ca2+ transient 

(Figures 6.2c, d). Moreover, the decrease in the Ca2+ transient amplitude can be due to 

the shortening of the AP at higher temperatures. If the AP is shorter, then the duration of 

the L-type Ca2+ current is also shorter and less Ca2+ is brought into the cell. A very similar 

temperature dependency has been reported in other species (Edman et al., 1974; Mattiazzi 

and Nilsson, 1976), in which the mechanical activity and the force–velocity relationship 

were measured in rabbit papillary muscle. The authors conclude that the observed 

decrease in contractility cannot be solely related to a decrease in the duration of Ca2+ 

release, but may also be related to an increase in the rate of Ca2+ sequestration by the SR. 

 

The temperature dependency of the activation and relaxation of the Ca2+ transients 

presents several interesting features. The RT and the activation time constant of the Ca2+ 

transient have a larger temperature dependency (Q10) than the FT and the relaxation time 

constant. This thermodynamic behavior can be attributed to the highly cooperative 

process of Ca2+ release from the SR, which depends on the intra-SR Ca2+ content 

(Kornyeyev et al., 2010). Furthermore, as the Ca2+ content depends on the activity of the 

SERCA pump, and this pump needs to hydrolyze ATP to reload the SR, it is expected 

that this process will have a substantial temperature dependency. On the other hand, the 

relaxation of the Ca2+ transient depends on multiple factors, such as the binding of Ca2+ to 

intracellular Ca2+ buffers, which usually has a weak temperature dependency. Altogether, 

it is logical to expect that relaxation will have a smaller temperature dependency than the 

activation of the Ca2+ transients (Genge et al., 2016; Rayani et al., 2018). 
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Disadvantages and Limitations 
 

The only animal model with a heart capable of perfectly replicating the 

mechanical intricacies that constitute the human heart, is another human. For decades, 

scientists have attempted to identify and establish animal models with which 

pathogenesis of human disease at a cellular and molecular level could be understood; 

however, due to the unique limitations in each vertebrate model, our knowledge of the 

human cardiac physiology remains limited. The goldfish model is no different.  

 

Perhaps the most obvious limitation of the goldfish model is its two chambered 

heart. This fundamental morphological difference makes most classically used vertebrate 

models such as the dog, mouse, guinea pig, or rabbit far superior in the furtherments of 

crucial surgical therapeutic interventions. Furthermore, the fish cardiac myocytes are 

significantly smaller in size compared to mammals, and do not possess T-tubules. 

Although it does have smaller invaginations, caveolae, this invagination does not 

function identical to the mammalian model.  

  

Another limitation presented in this thesis arises from the inherent disadvantage 

of using the fluorescent indicator, Rhod-2AM. It should be noted that although there are 

methods in which other fluorescent dyes can be calibrated, there is no established method 

of calibration for Rhod-2AM.  The Ca2+ transient kinetics are associated with the 

fluorescent properties of the dye, and if a different dye were to be used, the Ca2+ 

transients would have a slightly different morphology, based on the dissociation 

properties of the dye. Furthermore, Rhod-2AM also acts as a Ca2+ buffer once inside the 

cytosol, altering the true kinetics of intracellular Ca2+ handling. 

 

Finally, another limitation of this thesis corresponds to the chapters where the role 

of the autonomic nervous system is assessed.  All experiments presented in this thesis 

were done at the intact heart level, where the hearts where physically extracted from the 

animal. Once an animal’s heart is taken out of its body, it is likely they lose an intrinsic 

level of parasympathetic regulation offered by the vagus nerve interacting with the heart. 

Once lost, there is no way to accurately assess all mechanisms of autonomic regulation of 

a heart. However, as mentioned, our studies were done at the intact heart level and not at 

the cellular level. This minimized the electrical uncoupling of electrically, mechanically, 

and metabolically coupled processes and diminished the insult that would have been 

received if the cardiac cells are separated from the heart and studied independently. 
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Conclusions 
 

The results presented here demonstrate how the duration and kinetics of the 

goldfish epicardial AP are compatible with endocardial APs of larger mammals such as 

humans or dogs. This is exemplified by our data showing how the influx of Ca2+ through 

L- type Ca2+ channels in goldfish not only defined the AP duration, but was also a key 

trigger in inducing Ca2+ release from the SR. Furthermore, we found that goldfish hearts 

had a similar AP temperature (Antzelevitch et al. 1991; Gurabi et al. 2014) and heart rate 

dependency (Burashnikov and Antzelevitch 1998; Krishnan and Antzelevitch 1991) 

when compared to larger mammals. 

  

Remarkably, goldfish exhibited a negative staircase behavior in response to a 

change in heart rate, opposite to that of larger mammals (Opitz 1980; Hattori, Toyama, 

and Kodama 1991; Langer 1967; Bouchard and Bose 1989; Kodama et al. 1981; Vila 

Petroff, Palomeque, and Mattiazzi 2003; Palomeque, Vila Petroff, and Mattiazzi 2004). 

An important component of Ca2+ transients during systole comes from the Ca2+ released 

from the SR. Interestingly, the fraction of Ca2+ released from the SR, which contributes 

to the amplitude of the Ca2+ transient, is similar between goldfish and larger mammals 

(A. Belevych et al. 2007). Previous studies have shown how impaired Ca2+ release from 

the SR will lengthen the duration of the AP (Verduyn et al. 1995; Horackova 1986). This 

decrease in the AP duration could imply that a Ca2+ dependent inactivation of the L-type 

Ca2+ channels may have an important role in controlling how much Ca2+ is getting into 

the ventricular myocytes (Bazmi and Escobar 2019).  

 

Interestingly, our results indicate that stimulation of the goldfish autonomic 

nervous system by commonly used agonists resulted in a corresponding change in cardiac 

dromotropism, chronotropism, ionotropism, and lusitropism in a similar manner observed 

in humans. 

 

In conclusion, the data obtained from our experiments allow us to propose the 

goldfish heart as an excellent model for performing physiological experiments at the 

intact heart level. Moreover, its shared similarities with larger mammals opens a new 

avenue for goldfish hearts to be used as a model to study human physiology and 

pathology. 
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