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ABSTRACT OF THE DISSERTATION

Integrative Approaches to Utilizing the Zebrafish Model for Cardiovascular Studies and
Drug Screening

By

Jimmy Zhang

Doctor of Philosophy in Biomedical Engineering

University of California, Irvine, 2023

Professor Hung Cao, Chair

Cardiovascular diseases remain the leading cause of death worldwide, necessitating research

to tackle the multitude of pathologies within the cardiovascular system. The zebrafish model

(Danio rerio) is an intriguing animal model for cardiovascular research because of its similar

homology to humans, ample genomic knowledge with orthologous genes, ease of mainte-

nance, and regenerative capability. Therefore, the zebrafish model is applicable for various

cardiovascular pathologies, including drug response, electrophysiological analysis, genetic

characterization, and strategies for future cardiac treatments. The work outlined in this

dissertation presents several of these applications. An ECG (electrocardiogram) system

suitable for elucidating drug response and genetic function was developed, and validation

was performed to demonstrate the capability of the system, including dose-response exper-

iments and phenotyping mutations pertinent to electrophysiology. An in-depth analysis of

how methamphetamine may affect abnormal electrophysiological phenotypes was conducted,

and an underlying genetic mechanism for causing such abnormalities was proposed. Finally,

a system was developed to investigate how inducing hypoxia, the condition of low oxygen

concentration, may modulate the hypoxia genetic pathway. This carries implication on elu-

cidating the intrinsic regeneration process in zebrafish. Overall, the work presented in this

dissertation provides contribution in promoting the zebrafish model in the multifactorial
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facets of cardiovascular diseases and drug screening.
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Chapter 1

Motivation

1.1 The Widespread Epidemic of Cardiovascular Dis-

eases

Despite numerous efforts to understand and treat cardiovascular diseases (CVDs), they are

still the leading cause of death in the US and worldwide. In the most recent report from

the American Heart Association (AHA), cardiovascular diseases were responsible for almost

860,000 deaths in the US. Overall, CVDs accounted for approximately $351.2 billion in costs

[7]. In the European Nation, CVDs were responsible for roughly 40% of all deaths [8]. While

the efforts of treating CVDs were well documented in developed nations, statistics indicate

that 80% of worldwide CVD related deaths were located in developing nations [9]. Studies

have extensively outlined the risk factors associated with the etiology of CVDs. These

include uncontrollable factors such as age, sex, and race, as well as controllable factors such

as blood pressure, cholesterol levels, and smoking [10]. Indeed, preventative treatments have

been devised to mitigate the controllable risk factors, which include dietary modifications,

exercise implementation, surgical intervention, and medication to restore physiological blood

1



pressure and/or cholesterol levels [11].

However, current treatments are limited in their efficacy. While issues caused by social

disparities and deficiencies in the prevention or modification of cardiovascular risk factors

were mentioned, a major concern that is not readily addressed is the long-term prognosis

of CVDs, such as the prevalence of recurring cardiovascular events [12, 13]. Generally,

medications such as statins and beta-blockers are prescribed after palliative intervention to

improve patient outcomes, but these procedures do not encompass the multifaceted nature of

CVDs and might even create additional problems of their own [14, 15]. For example, research

has determined that beta-blockers could induce side effects such as hypotension, bradycardia,

and cardiogenic shock [16]. Therefore, more attention should be focused towards resolving

cardiovascular issues from multiple perspectives.

For example, the fundamental definition of myocardial infarction is the ischemic myocardial

damage that occurs due to obstruction of blood flow in one or multiple coronary blood

vessels. However, this simple definition is an oversimplification of the multifactorial nature

of its pathology. The American Heart Association has published extensive guidelines for

diagnosing myocardial infarction, which includes formulating myocardial infarctions into

multiple categories based on etiologies and outlining various symptoms including cardiac

troponin detection for tissue injury, ischemic ECG changes (i.e., ST segment deviations,

pathological Q waves), and wall motion abnormality revealed by echocardiography [17].

Additionally, this universal definition has been updated multiple times, highlighting not

only the progress of cardiovascular research but also the need for more clarification on the

multifaceted nature of myocardial infarctions. Other cardiovascular diseases present similar

issues, and these diseases tend to be interdependent, further stressing the need to analyze

the multifactorial nature of cardiovascular diseases.
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1.2 Contributions and Impact

This doctoral work sought to utilize the zebrafish model to investigate multiple cardio-

vascular pathologies. The zebrafish model possesses several advantages, including similar

homology to humans, genetic orthologues present in humans and zebrafish, and the relative

ease of maintenance. In order to leverage those advantages, various modalities were devel-

oped and experiments were completed to provide a further understanding into some specific

applications as listed below:

• Fabrication of an ECG system to acquire signals from zebrafish for extended drug

dose-response testing and genetic functional analysis of mutation in the gene SCN5A

relevant to cardiac electrophysiology. See Chapter 4 and the journal paper []

• In-depth analysis into the effects of methamphetamine on cardiac electrophysiological

dysfunction. See Chapter 5 and the journal paper [].

• Development of a system to induce physical hypoxia as an alternative to elucidating

the mechanism of the underlying hypoxia pathway in the context of regeneration. See

Chapter 6

1.3 Dissertation Outline

The overarching objective of the work outlined in this dissertation is to promote the use of the

zebrafish model for a spectrum of cardiovascular research, which is multifactorial and complex

in nature. The dissertation is divided into the following chapters. Chapter 2 highlights the

current literature regarding the use of animal models pertinent to cardiovascular research.

The chapter also explains the advantages of using the zebrafish model in this field of research.
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In Chapter 3, the concept of ECG (electrocardiogram) is reviewed and elaborated, as it

constitutes a major portion of the work outlined in the dissertation. The chapter describes

the invention of ECG, the underlying mechanisms and uses of the ECG for cardiovascular

diagnosis. The chapter concludes with a discussion of ECG acquisition in the zebrafish

model.

Chapter 4 presents the work completed on developing an ECG system for various zebrafish

cardiovascular studies, including extended measurement for drug dose-response analysis and

the characterization of the specific mutation Tg(SCN5A-D1275N pertinent in arrhythmic

diseases.

To elaborate on the effect of drugs on cardiac electrophysiology, an in-depth study on the

effects of methamphetamine is conducted, outlined in Chapter 5. Electrophysiological

abnormalities are reported, and the underlying mechanisms to these abnormalities, such as

the GPCR pathway, are investigated.

In Chapter 6 a system for inducing hypoxia in zebrafish is developed. This is constructed

as an alternative to current approaches in analyzing the related hypoxia signaling pathway,

which has been shown to regulate physiological processes including the regeneration process.

The physical hypoxia system modulates the time-dependent process of wound healing, which

may have a profound effect on downstream regeneration.

Chapter 7 summarises the findings in the works outlined in this dissertation, including

notable discoveries from each work. Future works are also presented.
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Chapter 2

Animal Models in Cardiovascular

Research

2.1 Introduction

This chapter will review animal models used in cardiovascular research. Specifically, common

animal models will be reviewed, and an in-depth discussion on the zebrafish model will

be provided. Advantages, disadvantages, and notable cardiovascular applications will be

discussed.

2.2 Common Models for Research

The most common animal models utilized in cardiovascular research are mammalian models,

including mice, rats, pigs, and other large animal models. These models are widely chosen

as the preferred models because of their similar features in anatomy, physiology, and disease

pathology, especially in regards to the cardiovascular system [18]. Furthermore, researchers
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have developed various genetic engineering tools for small mammalian models, which were

popularized in mutant studies [19]. Numerous research approaches involving these animal

models utilized a combination of treatment procedures, such as drugs and mechanical injury,

followed by genetic analysis. A common strategy was to produce mutant lines in order to

analyze how a specific gene would influence the wound healing or regeneration process after

physically inducing injury (i.e.,, LAD ligation) [20]. These studies elucidated which molec-

ular pathways may be the most influential for treating cardiovascular diseases. Mammalian

models are also prevalent in drug discovery and screening studies, as the aforementioned

qualities also promote them as the most suitable substitutes for human drug testing [21].

However, it is important to note that mammalian models, even mice and rats, can be chal-

lenging to use due to their size, degree of maintenance, and relative lack of fecundity [22].

As a result, alternative animal models should be explored.

2.3 Why Zebrafish?

Zebrafish (Danio rerio) is a small freshwater fish originally found in South Asia with a myr-

iad of qualities suitable for biological research. First utilized in the 1950s, the zebrafish

model was mainly applied in toxicology-related studies associated with drugs or natural con-

taminants [23, 24, 25]. However, recent advances in genetics boosted the popularity of the

zebrafish, as the sequencing of the zebrafish genome revealed remarkable similarities with

human genome. Additional similarities such as morphology and physiology further promoted

the animal model, and the intrinsic ability to regenerate certain organs such as the heart

and brain provided intrigue for future applications, as illustrated in figure 2.1 These unique

abilities allow zebrafish to become a valuable vertebrate model crucial to driving future car-

diovascular research for the treatment of cardiovascular diseases. The importance of the

zebrafish model was not widely recognized until 1981, when pioneering molecular biologist
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Figure 2.1: Notable features of the zebrafish model pertinent to cardiovascular, drug screen-
ing, and genetic studies. Adapted from [1] under the CC-BY license.

George Streisinger published his work on developing homozygous clones of zebrafish [26].

Initially fascinated by the rapid development of zebrafish embryos, Streisinger formulated

the clones to analyze mutations relevant to neuronal development, the overarching goal of

his research. In his manuscript, he cited several advantages of zebrafish embryos, including

the rapid generation time of 3-4 months, the ability to producing many eggs at a time, the

small size allowing for easy maintenance, and the transparent egg sac for easy observation

into the morphological development of the embryos. After this initial documentation, several

other researchers garnered interest, especially from those who had previously worked other

developmental animal models such as fruit flies [27]. The breadth of knowledge surrounding

zebrafish genetics has expanded since then. The zebrafish genome sequencing project com-

menced in 2001, and results have yielded that approximately 70% of the human genes in

the reference genome have at least one associated zebrafish orthologue, suggesting that the

zebrafish model is a comparable model for analyzing human-associated genetics and diseases

[28]. Consequently, zebrafish research has increased dramatically, as over 1300 laboratories

worldwide have utilized zebrafish in numerous studies, according to the ZFIN database in

2019 [27].
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Trait Mammals Zebrafish

Invertebrates
(i.e.,
Drosophila,
C. elegans)

Morphological
Homology (to
Humans)

High Medium Low

Fecundity Low Medium High

Size
Large (>5
cm)

Medium
(∼3-5 cm)

Small (<1 cm)

Maintenance
and Ethics

High Medium
Low (No Reg-
ulatory Ap-
proval)

Experimental
Dura-
tion/Lifespan

Long (>1.5
years)

Medium
(∼1 year)

Short (<1
month)

Maturation Du-
ration

Long (>2-3
months)

Long (∼3
months)

Short (<3 days)

Table 2.1: Comparison of traits between mammalian, zebrafish, and invertebrate models for
cardiovascular/genetic research

Throughout the last few decades, zebrafish have proved to be one of the main animal mod-

els that can provide significant advantages surrounding cardiovascular research and disease

causality [29, 30]. Zebrafish as a cardiovascular model for human cardiac pathologies has

given us knowledge surrounding the architecture of the mechanisms of regeneration and de-

velopment of the heart up to the molecular level [29]. The zebrafish serves as an adequate

model to study the complexities of cardiovascular development and disease, as depicted in

figure 2.2 [31]. The main benefits surrounding zebrafish as a cardiac model include their small

size, rapid embryonic development, optical transparency of embryos, high genetic homology

with humans, and the ability to have transgenic models [32]. They also provide many addi-

tional advantages over other mammalian models for elucidation of vertebrate development

and organogenesis [33]. In direct comparison to the mouse model, zebrafish can regenerate

their heart indefinitely if the injury does not exceed ¿25% for area of injury, as opposed to

intrinsic mouse cardiac regeneration only lasting around 7 days after birth [34]. The ze-
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Figure 2.2: Zebrafish as a model for current cardiovascular studies. The human heart is il-
lustrated in the center with chambers labelled RA=right atrium, LA=left atrium, RV=right
ventricle, LV=left ventricle. Each section labelled A-D represents a specific application of
the zebrafish model. (A) illustrates that despite having only 2 distinct chambers, zebrafish
can be a model for cardiac development due to similiarities to that in humans. (B) illustrates
that potential of zebrafish for mutational studies, important for congenital heart defects. (C)
illustrates voltage mapping performed on zebrafish, which is integral for arrhythmic studies.
(D) illustrates the capability of heart regeneration, which may be useful in uncovering treat-
ments for certain cardiac diseases. Reproduced from [2] under the CC-BY license.

brafish model has proven to be one of most popular animal models for regenerative studies.

Researchers first analyzed this remarkable ability of regeneration through fin amputation,

which helped establish the current framework of understanding the regenerative capabilities

in zebrafish. After injury, the injured site is covered by epidermal tissue, and a regenerative

blastema, a heterogeneous collection of cells that compose the preliminary tissue for regen-

eration, is formed in the site to facilitate wound healing [35]. This process is analogous to

the wound healing process found in humans and mammals [36]. With the advent of genetic

engineering tools, studies were performed to analyze the genes that are most influential to

the regenerative process. Those genes originated from embryonic morphogenic pathways, so

the understanding was that this regenerative activity may be connected to processes com-
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monly found during embryonic development [37]. In addition, these studies yielded results

that cells were capable of dedifferentiating and redifferentiating into appropriate cell types

most suitable for regeneration, seen in the study by Singh et al., where fin osteoblasts would

regenerate even when all resident osteoblasts were previously ablated [38]. These principles

also apply for zebrafish heart regeneration. Research by Kikuchi et al., determined that the

zebrafish heart regenerated through the proliferation of cardiomyocytes expressing gata4, a

gene crucial to embryonic heart development [39]. Additionally, the study by Jopling et

al., found that the cardiomyocytes dedifferentiated during the regeneration process, which

was indicated by the disappearance of muscle fiber structure [40]. However, more research

will need to be conducted to clarify the complex mechanism driving this process, including

the specific regeneration pathways and the method of induction during wound healing and

regeneration. Additionally, the zebrafish model is still relevant for drug testing and discov-

Figure 2.3: Illustration of the zebrafish heart. Left: The zebrafish heart consists of only
one atrium and one ventricle. The sinus venosus, analogous to the vena cava in humans,
is collects blood prior to the atrium. The bulbus arteriosus, analogous to the aorta in
humans, receives blood pumped from the ventricle. Right: Trichrome-stained section of
zebrafish cardiac tissue, where myocardial tissue is stained in red, and non-myocardial tissue
is stained in blue. Notably, the compact myocardium is thin in zebrafish tissue, which may
be vital in regeneration and conduction. Reproduced from [3] under the CC-BY license.

ery studies, stemming from their first use in research for toxicology studies. The zebrafish

model serves as a middle ground for balancing ease of experimentation and translatability
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for human drug discovery. Compared to conventional mammalian models such as mice and

rats, zebrafish possess relatively high fecundity and low maintenance, attributes that are

more conducive for high-throughput drug screening [41]. Compared to common invertebrate

models such as Drosophila and C. elegans, zebrafish possess more similar morphology and

physiology to those in humans. While researchers have called into question the validity of

using animal models for human applications, studies have demonstrated that the zebrafish

model displays similar qualities to those in humans. For example, receptors that serve as

common drug targets such as the glucocorticoid receptor share remarkable structural ho-

mogeneity of up to 90% between zebrafish and human variants [42]. Once again, this can

be attributed to the relative similarity between human and zebrafish genomes. Researchers

have also tested if administering certain drugs to zebrafish produced similar effects. Milan

et al., conducted a drug screen to analyze whether the zebrafish would exhibit changes in

heart rate [43]. The results documented that of the 23 drugs known to disrupt the repo-

larization of the heart in humans, 22 of them induced a similar effect in zebrafish, which

displayed as signs of bradycardia. Similar morphology would be another attributing factor

to the rise of the zebrafish model in drug discovery. Genetically engineering zebrafish lines

have become relatively straightforward, and researchers have utilized this capability to de-

termine zebrafish morphological features and their development. Works by de Pater et al.,

and Lazic et al., demonstrated that zebrafish heart development occurred in two separate

phases analogous to the two heart fields found during human heart development [44, 45].

Additionally, orthologous genetic pathways govern the heart development of both species,

signifying the potential applicability of the zebrafish model for assessing drug functionalities

[2]. Thus, the zebrafish model remained one of the most popular animal models for drug

screening, especially for cardiovascular studies.
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2.4 Summary

In this chapter, the animal models utilized in cardiovascular research were discussed. The

most common animal models utilized for cardiovascular research included mammalian mod-

els such as mice and rats primarily due to their similar homology to humans. However,

maintenance and cost for these models are high, and the experimental duration tend to

be long. With the advent of genetic technologies, invertebrates such as Drosophila and C.

elegans are used to analyze specific genetic pathways due to their rapid development and

high fecundity. Their drawback is the lack of homology to humans, rendering results to be

difficult to translate for human practice. The zebrafish model offers an intriguing alternative

as a suitable model, as it provides a compromise between the two aforementioned extremi-

ties. Additionally, zebrafish are capable of regenerating organs, specifically the heart, which

enables them to be investigated for possible cardiovascular treatments. Therefore, zebrafish

have grown increasingly popular in cardiovascular research today.
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Chapter 3

History and Usage of the

Electrocardiogram (ECG)

3.1 Introduction

Cardiac electrophysiology remains one of the most aspects to maintaining proper cardiac

function. It is defined by the initiation and propagation of the electrical signals within

the heart, ensuring proper contraction of the different chambers of the heart in order to

maintain blood circulation. In humans, this cascade of signals is known to be orchestrated

by the network of cardiac nodal cells found throughout the heart, as shown in figure 3.1.

This mini neurological system found within the heart originates its signals from a set of

pacemaker cells, named for their spontaneous initiation of the electrical signals [46]. From

the pacemaker cells, the signal permeates the atria of the heart, allowing the atria to contract,

pushing blood into the ventricles. Following atrial contraction, the signal travels through the

atrioventricular (AV) node, which briefly delays the signal to ensure that all blood has left

the atria and into the ventricles [47]. Once the signal passes through AV node, it travels along
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the bundle branches in the ventricles, which then branches into individual Purkinje fibers

to cover the entire ventricular wall. At this point, the ventricles contract to pump blood

out of the heart into systemic or pulmonary circulation. As seen from this brief description

of blood circulation throughout the heart, maintaining proper signal rhythm is crucial for

normal cardiac function. Disruptions within this heart rhythm would easily hamper cardiac

function and contribute to numerous cardiovascular diseases. This chapter will provide a

brief overview into the development of the electrocardiogram (ECG), which is used to detect

heart rhythm. This chapter will also provide a discussion into the various applications of

ECG in cardiovascular diseases, as well as how ECG has been utilized in cardiovascular

research, with a focus on the zebrafish model.

Figure 3.1: Illustration of human cardiac nodal system. The SA node, found within the
right atrial wall, initiates the cardiac conduction. After spreading through the atria, the
conduction signal passes through the AV node between the atrium and ventricle. The signal
propagates through the His bundle and the Purkinje fibers throughout the ventricles. Source:
US National Library of Medicine
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3.2 Invention and Characteristics of ECG

The first detection of cardiac electrical signals came in 1842, when Dr. Matteucci first

documented the occurrence of electrical currents accompanying each heartbeat [48]. Later

works determined that these spikes in electrical activity occur before ventricular contraction

and were triphasic in nature [49]. Those discoveries served as inspiration for Dr. Willem

Einthoven, who coined the set of letters (PQRST) to define the various deflections in the

electrical signal [50]. Additionally, Einthoven developed the first prototype of the electrocar-

diograph, utilizing only three electrodes instead of the conventional five-electrode setup used

at that time. Einthoven optimized the setup by eliminating the electrodes deemed to provide

the lowest output yield, and the final three-electrode setup consisted of placing electrodes

in three limbs on the body: the right arm, the left arm, and the left leg. The placement of

these electrodes became the bedrock of Einthoven’s Triangle, a diagram used to describe the

various leads in ECG today [51].

Einthoven’s Triangle is illustrated as an imaginary triangle delineated by vertices at the limbs

where the electrodes are placed [52]. The heart is located approximately in the center of

the triangle, representing the source of electrical signals which the triangle is based around.

Based on these assumptions, the edges of Einthoven’s Triangle represent the three limb leads.

Lead I is portrayed as going from right arm to left arm; lead II is portrayed as going from

right arm to left leg; and lead III is portrayed as left arm to left leg. Each one of these leads

captures the single averaged electrical dipole of the heart within the same direction depicted

in the lead, and the resultant electrocardiogram displays the deflections seen in each of the

three directions in an attempt to understand the multi-dimensional propagation of electrical

activity. Later research added additional leads, such as the augmented leads and precordial

leads, to provide additional electrical dipoles for analysis. Electrocardiograms capture the

progression of cardiac cycles depicted through electrical activity. As defined by Einthoven,

an instance of the ECG cycle is primarily denoted by the presence of the 5 deflections, or

15



Figure 3.2: Representation of Einthoven’s Triangle. The triangle is delineated by three
electrodes positioned at right arm (RA), left arm (LA), and left leg (LL). The limb leads,
designated by I, II, and III on the edges of the triangle, dictate the direction of the lead,
and the resultant signals correspond to the conduction produced in the direction of the lead.
Credit: The Student Physiologist

waveforms, labelled as PQRST [53]. Each of the waveforms represents a particular step of

cardiac muscle contraction and signal propagation. The P wave is produced by the pacemaker

cells and indicates the depolarization of the atria. (As the signal travels through a particular

portion of cardiac tissue, the tissue experiences a sudden depolarization of the membrane.

The cardiac tissue returns to the resting state after the general phase of repolarization.) The

combination of the Q, R, and S waves, also termed as the QRS complex, is produced by

the AV node and depicts ventricular depolarization. The T wave is defined as the period

of ventricular repolarization. The heart returns to its resting state after the T wave and is

prepared for the initiation of the next ECG cycle. As stated before, aberrations along this

cycle represent the presence of a condition. Determining the location of the abnormality

along the cycle as well as the leads where this abnormality exists may help determine the
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cause and nature of the condition.

Figure 3.3: Representative ECG recording. The figure illustrates one full cycle of cardiac
conduction from the depolarization phase in the SA node to repolarization. Each deflection,
or wave, as shown on the figure is labelled by PQRST. Relevant intervals outlined by the
waves are also depicted on the figure. Blue labels indicate where the conduction signal is
located within the heart at the period defined in the ECG cycle. Adapted from [4] under
the CC-BY license.

3.3 Applications of ECG

Since the first acquisition of the ECG, clinicians have quickly adopted the technology for

cardiological assessments, realizing that cardiac electrophysiology play an integral role in

the diagnoses of cardiovascular diseases. Arrhythmia, or the presence of cardiac rhythm

abnormalities, has been characterized as a symptom of these diseases. Numerous ECG

changes have been associated with common diseases, such as ST segment elevation and T

wave alterations for coronary artery disease and myocardial infarction. The presence of a

prolonged QT interval has been labelled as a sign of ventricular arrhythmias [54]. Indeed,
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ECG still remains the gold standard for detecting aberrations in heart rhythm and a mainstay

for cardiovascular diagnostics in general, despite the introduction of advanced tools such as

echocardiography and magnetic resonance.

ECG may also be used as a diagnostic of drug cardiotoxicity. Numerous drugs have been de-

termined to induce detrimental ECG changes. Overdosing of beta-blockers, anti-depressants,

anti-psychotics, among others, may cause arrhythmic effects which can be precursors for

more severe diseases [55]. The widespread use of opioids and other illicit drugs have also

demonstrated their propensity to alter ECG characteristics, further highlighting their dele-

terious effects [56]. ECG remains an invaluable tool for not only determining known drug

cardiotoxicities but also discovering new cardiotoxic effects from current and novel drugs.

3.4 Zebrafish ECG Analysis

As the zebrafish model became increasing popular in cardiovascular research, scientists be-

gan to study the underlying electrophysiology within the zebrafish heart. Despite being

anatomically simpler than the human heart, the zebrafish heart still outputs an ECG that

is remarkably similar to that in humans. Specifically, zebrafish ECG still retains the same

PQRST waveforms seen in human ECG [57]. The zebrafish and human heart rate are similar

compared to that in mice, the most popular animal model [58]. Analogously, the QT interval

between zebrafish and humans is also comparable. Due to these similarities, the zebrafish

model has been established as an intriguing model for drug studies, especially those with

cardiovascular implications. Combined with the ability to develop specific mutant lines, the

zebrafish model is ideal for drug screening, toxicology, and determining novel mechanisms of

action [42]. For example, the use of glucocorticoids may reduce the symptoms of prolonged

QT syndrome induced by mutations in the potassium ion channel [59].
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Despite notable similarities between zebrafish and human ECG, researchers have determined

significant differences that may impact the initial setup and interpretation of results. Zhao

et al. documented that ECG leads for zebrafish have to be reversed in polarity compared

to human ECG leads [60]. (For example, the zebrafish equivalent of lead II, referred to as

reverse lead II, places the negative electrode close to the abdomen (equivalent to the left

leg) and the positive electrode slightly anterior to the heart. This is opposite to human

ECG electrode placement.) This suggests that the zebrafish have a different depolarization

and repolarization gradient than humans. Thus, this difference has to be considered during

electrode placement for zebrafish ECG acquisition.

Figure 3.4: Positioning of the electrodes in zebrafish ECG recording. The positive electrode
is placed on the chest above the heart, while the negative electrode is placed on the abdomen.
The pair of electrodes generates reverse lead II, as depicted by the black arrow along the
length of the fish. The orientation of this lead is opposite in direction to lead II found in
human ECG. This orientation was implemented to generate upright waveforms similar to
human ECG.
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3.5 Summary

In this chapter, the acquisition and applications of ECG were discussed. Additionally, the

incorporation of ECG in zebrafish studies has been explored. While ECG is widely used in

clinical diagnostic settings today, it is not as commonly used in cardiovascular research, due

to the difficulty of instituting the methodology. There has also been a general disconnect

between organ-level cardiac electrophysiology and molecular-level mechanisms, which are

more commonly studied in cardiovascular pathology. Thus, more effort should be placed on

understanding how individual mechanisms may influence the systemic-level physiology via

ECG.
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Chapter 4

Development of Zebrafish ECG

System for Extended Measurement of

Drug Screening and Genetic

Functional Analysis

4.1 Introduction

Due to the similarities between zebrafish and human ECG, several research groups have

developed systems to assess zebrafish ECG for biomedical applications. Regarding sensor

design, conventional needle electrodes are commonly used. Lin et al., designed and tested

the needle electrode with different materials, including tungsten filament, stainless steel,

and silver wire to investigate the recorded data quality [61]. Stainless steel proved to be

the optimal material for recording due to its high conductivity and durability, as tungsten

and silver would easily deform upon application. These ECG systems were produced to
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serve as a standard and portable design for research and teaching laboratories. The needle

system was also deployed in other studies to conduct biological and/or drug-induced research

[61, 62, 63, 64]. Although the system demonstrated promising results, the needles had to be

gently inserted through the dermis of zebrafish in order to collect favorable signals. During

implantation of the electrodes, the sharpness of the needles could cause injury to the fish’s

heart, thus possibly changing signal morphology [63]. Moreover, it requires an intensive

effort to precisely position the electrode on the relatively small heart (approximately 1 mm

in diameter) in order to achieve clear ECG acquisition.

Several alternative probe systems have been developed, including the micro-electrode array

(MEA) and the 3D-printed sensors. Our lab and other research groups have demonstrated the

use of MEAs for acquisition and provided data with a favorable signal-to-noise ratio (SNR)

and high spatial and temporal resolution [65, 66, 67]. For instance, we presented a MEA

array covering the fish’s heart, which enabled site-specific ECG signals [65, 66]. Cho et al.,,

developed a MEA printed on a flexible printed circuit board (FPCB) based on a polyimide

film for multiple electroencephalogram (EEG) acquisition for epilepsy studies [68]. Although

the MEA allowed multiple signal recordings, only one fish can be assessed at a time due to

the limited number of electrode channels. To address this shortcoming, our group recently

demonstrated a prolonged system for acquiring ECG from multiple fish simultaneously [69].

The MEA was replaced with two sputtered-Au electrodes embedded on a flexible polyimide

film. However, noise generated from a pump used for water circulation reduced the SNR for

ECG signals. The MEA was difficult to conform to zebrafish of varying sizes and curvatures.

Furthermore, bulky and expensive acquisition tools were used to collect and transfer data

through a cable to a computer. In the market, commercially available systems, such as the

iWORX system, can provide improved system mobility with a compact amplifier. However,

several challenges have not been resolved, such as i) the commercial systems only record for

a short period of time (3–5 min), which may be inadequate for experiments that need longer

recording such as dose-response experiments; ii) the ECG acquisition requires anesthetized
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animals, which may be a confounding factor for electrophysiological signals; and iii) manual

one-by-one measurement limits the capability of conducting studies necessitating a large

number of fish. Additionally, no high throughput systems integrated with microelectronic

systems have been utilized for characterizing mutant phenotypes. Therefore, developing

high throughput systems capable of prolonged ECG acquisition may be vital for finding

associations between arrhythmic phenotypes and mutant genotypes, identifying multiple

arrhythmic phenotypes that are linked to a single mutant genotype, as well as elucidating

cardiac drug efficacy using the zebrafish model.

In this chapter, the novel Zebra II system is introduced, which is capable of prolonged ECG

acquisition from multiple fish simultaneously. The system was validated through numerous

experiments, displaying its potential with 1) simultaneous ECG acquisition from 4 fish; 2)

continuous ECG acquisition for up to 1 hr compared to several minutes (min) of currently

available systems; 3) reduction in confounding effects from anesthesia with the use of up to

50% lower Tricaine concentration. Overall, the developed ECG system holds promise and

solves current drawbacks in order to greatly accelerate arrhythmic phenotype analysis and

drug screening applications in zebrafish.

4.2 Sick Sinus Syndrome and the Tg(SCN5A-D1275N)

Mutant

Cardiovascular diseases (CVDs) come in various facets based on the specific origin of their

pathology. One such CVD is the sick sinus syndrome (SSS), which is a form of an arrhyth-

mic disease [70]. The sick sinus syndrome is characterized by age-associated dysfunction

of the sinoatrial node (SAN), with varying symptoms such as syncope, heart palpitations,

and insomnia [71]. The SSS has multiple manifestations on electrocardiogram (ECG) data,
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including sinus bradycardia, sinus arrest (SA), and sinoatrial block. If left untreated, SSS

could lead to more serious conditions such as atrial fibrilation and heart disease. The most

optimal treatment for SSS is pacemaker implantation, but the procedure carries drawbacks

such as internal bleeding, collapsed lung, and necessitation of future replacements [72]. The

pathophysiology of SSS is not fully understood, but scientists have determined that it can

be caused by numerous factors ranging from pharmacological medications and sleep distur-

bances to fibrosis and ion channel dysfunction [73]. Recent breakthroughs have emphasized

SSS-associated genetic pathways as potential avenues to a more permanent treatment for SSS

[74, 75]. Previous work has isolated Nav1.5 as a potential factor in the manifestation of SSS,

as the overexpression of the mutation SCN5A-D1275N in zebrafish has induced bradycardia

and conduction abnormalities, symptoms of SSS. Nav1.5 is a crucial ion channel in cardiac

conduction as it is primarily responsible for the initiation and propagation of cardiac conduc-

tion. Defects of this ion channel has been linked to various arrhythmic diseases such as long

QT syndrome, Brugada syndrome, and atrial fibrillation [76]. As many mutations of this ion

channel have been characterized, it is vital to understand the resulting functional changes

that is caused by each mutation. The work presented in this chapter will expand on the

current knowledge of the mutation Tg(SCN5A-D1275N), including the electrophysiological

responses to differences in sodium ion concentrations.

4.3 Methodology

4.3.1 Zebrafish Husbandry

Both adult wild/mutant Tg(SCN5A-D1275N) zebrafish with the age of 13–20 months (body

lengths approximately 3–3.5 cm) were used in this study. Zebrafish were kept in a circulating

system that was continuously filtered and aerated to maintain the water quality required for
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a healthy aquatic environment. The fish room was generally maintained between 26 and

28.5°C, pH 7.0 and the lighting conditions were regulated within a 14:10 h light:dark cycle.

These parameters were checked at least once daily.

All animal protocols in this study were reviewed and approved by the Institutional Animal

Care and Use Committee (IACUC) (protocol AUP-18-115 at University of California, Irvine).

Prior to ECG measurement, fish were first anesthetized with tricaine via immersion for

approximately 5 minutes or until no opercular movement has been observed. Under a stereo

microscope, scales (above the coelomic cavity and the posterior site above the tail) were

removed with forceps, exposing flesh, to allow more direct electrode contact. A small incision,

approximately 2-3 mm, was made on the ventral surface of the fish above the heart. The

incision cut through the chest wall, and the heart was visible afterward. The fish were

recovered in fresh fish water for a few minutes. The incision was not closed via suture,

staple, clips, or glue as the chest wall and scales have been observed to regrow within 4 weeks.

All drug administration experiments, chemicals, reagents, and materials were performed in

accordance with relevant guidelines and regulations.

4.3.2 Design and Validation of the Zebra II system

The Zebra II system was composed of a perfusion system, an in-house electronic system, ap-

paratuses, and sensors (Figure 4.1). The perfusion system consisted of four sets of syringes,

valves, and tubing. The four syringes contained Tricaine solution with low concentration,

which were continuously fed to the fish through the tubing system. Tricaine (MS-222) was

used as an anesthetic to reduce the fish’s aggressiveness and activity while maintaining their

consciousness. The four valves were used to adjust the solution’s flow rate within a range of

5.5–6 ml/min, while housing apparatuses and sensors were improved from the previous work

[69]. Specifically, multiple side-fitted housings were made of polydimethylsiloxane (PDMS),
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a biocompatible polymer which provided comfort to the fish and minimized unwanted move-

ments. The zebrafish ECG system was placed within a home-made incubator (Figure 4.1).

Temperature within the chamber ranged from 20 °C to 32 °C, as measured by a thermometer

and controlled by a thermostat with an accuracy range of ±1 °C. With the temperature-

controlled incubator, a specific temperature was set by the thermostat control, and the light

bulb was turned on so that the incubator’s temperature can be maintained at the setup

temperature and vice versa. Experiments were conducted to validate the performance of

Figure 4.1: Design of the Zebra II system. Right: Setup of the whole system, including the
perfusion system (reservoir, tubes) and temperature control system. Middle: View of the
zebrafish beds made with PDMS and electrodes. Each bed provides attachment to tubes
from the reservoir and a drain for the fluid from the tubes. Left: Image of sedated zebrafish
placed on the bed with electrodes attached.

the developed system. The general workflow is displayed in figure 4.2. First, zebrafish ECG

signals were acquired simultaneously using the Zebra II and the commercial system devel-

oped by iWORX to assess the data quality from fish under Amiodarone treatment. Then,

the optimal Tricaine concentration and temperature were determined for ECG acquisition

(n = 64). To demonstrate the benefit of prolonged ECG measurement, zebrafish (n=8) were

subjected to increasing doses of Amiodarone (70-200 µM). Each dose lasted for 5 minutes,

and the representative regimen is displayed in 4.12. To characterize the effect of high sodium

intake and ion concentration on developing arrhythmic phenotypes in Tg(SCN5A-D1275N),

zebrafish were treated with varying concentrations of NaCl from 0.0‰ to 1.8 ‰ for 30 min.
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Figure 4.2: Flowchart of the acquisition and processing of ECG data.

The ECG was then measured to determine the presence of sinus arrest episodes.

To further characterize this mutant line for cardiac studies, we assessed the relationship be-

tween SCN5A and Meth [77]. Several groups have studied its connection of using addictive

drugs with sudden death. For instance, Nagasawa et al. screened several variations in the

long QT syndrome-associated genes KCNQ1 and KCNH2, showing the increased risk of se-

vere cardiac arrhythmia for addictive drug abusers [78]. However, previous literature lacked

the functional characterization of SCN5A. Additionally, rescuing arrhythmic phenotypes in-

duced by high sodium intake could provide insights into the nature of those arrhythmic

phenotypes, as Meth has been previously demonstrated to increase HR after administration

[79]. Specifically, we treated two groups of zebrafish (labelled as “control” – WT fish and

“mutant” – Tg(SCN5A-D1275N)) in 0.9‰ NaCl for 30 min before immersing the fish in

50 µM Meth for 30 min. As shown in figure 4.12, the HR, SDNN, and QTc interval were

compared between the two groups in the following three treatments: without drug treat-
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ment, with NaCl treatment, and with NaCl + Meth treatment (n = 12 WT fish and n = 8

Tg(SCN5A-D1275N fish)).

4.3.3 Signal Processing and Statistics

The recorded ECG data were analyzed, and several parameters were extracted, including

heart rate (HR), QT, and QTc intervals, based on previous work in our lab [80]. To assess

the signal quality, the SNR was calculated as follows [80]:

SNR =

√
1

bs2−bs2+1

∑bs2
k=bs1

1
ts2−ts1+1

∑ts2
i=ts2

X2
k(i)√

1
bn2-bn2+1

∑bn2
k=bn1

1
tn2−tn1+1

∑tn2
i=tn1

X2
k(i)

(2)

where bs2, bs1, ts2, and ts1 are the final beat number, start beat number, final time, and initial

time for the signal segment, respectively. bn2, bn1, tn2, and tn1 are the final beat number,

start beat number, final time, and initial time for the noise segment, respectively. Xk(i)

represents the amplitude. The QRS complex represents the signal segment, and the T-P

segment between ECG cycles represents the noise segment.

A highpass and lowpass filter with 15 Hz and 70 Hz cut-off frequencies were applied to the

ECG signal to remove respiratory, motion, and electrical artifacts. To accentuate the R wave

morphology, a db06 (Daubechies) wavelet was convolved with the filtered signal, chosen due

to minimizing error while preserving the ECG waveform. To better detect the R waves, the

difference between adjacent samples was derived, squared, and smoothed using a 15-point

moving average filter. A peak-finding algorithm was applied to the residual signal to deter-

mine the locations of the R waves in the ECG, and corrections were applied for mapping

inaccuracies. The P, Q, and S waves were detected by identifying the highest maxima and

lowest minima preceding and following the R wave. Given the energy of the T wave was usu-

ally weak compared to the noise, the PQRST waveforms of the entire segment were averaged
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Figure 4.3: Depiction of the Daubechies 6 wavelet mother function. This function was used
as a basis for detecting the ECG waveform due to their similar forms. Reproduced from [5]
under the CC BY license.

in order to extrapolate the general morphology of the PQRST, which produces an identi-

fiable T wave. These annotations were manually inspected and corrected after automatic

detection. After annotating all of the waveforms in the signals, parameters including the

heart rate (HR), heart rate variation, QRS interval, PR interval, and QTc interval were de-

rived. The heart rate (in beats per minute) was calculated from the determined RR interval

based on the following formula:

HR = 60/(1000(RR))

where RR is in ms.

The corrected QT interval (QTc), in ms, was determined as shown in previous literature
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[81]:

QTc = QT/
√
RR

The standard deviation of normal sinus beats (SDNN), utilized as a form of heart rate

variation, was calculated based on the short-term, beat-to-beat variance of HR in each 5

min segment of the data, and was determined by:

SDNN =
√

(1/N − 1)ΣN
i=1(RRi − R̄R)2

where N represents the number of beats. R̄R represents the average RR interval was deter-

mined for each 5 min segment.

The standard deviation of the average normal-to-normal (SDANN) intervals was calculated

based on the variance of average HR from each 5 min segment. The equation for SDANN is

the same as for SDNN, as noted above. However, N would represent the number of 5 min

segments, RR is the average RR interval for each 5 min segment, and R̄R is the average RR

interval for the whole 40 min segment. SDNN was used for short-term data analysis based

on each 5 min segment, and SDANN was used for long-term data analysis for the whole 40

min segment [82].

Statistical analysis was performed as follows. Multiple comparisons were tested with one-

way ANOVA, and significant results (P<0.05) were analyzed with pairwise comparisons

using Student’s t-test. Significant P-values are indicated with asterisks (*) with *P<0.05,

**P<0.01 and ***P<0.001. Correlation analysis was performed using Pearson’s correlation.
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Figure 4.4: Representative ECG figures obtained from the system. The bottom figures show
the superimposition of the ECG cycle obtained in a single recording. The averaged ECG
cycle, labelled in red, display the PQRST waveforms. Superimposition is done to detect the
T wave, which was the most difficult to detect.

4.4 Results and Discussion

4.4.1 ECG Acquisition with Zebra II

Representative ECG data collected from Zebra II are shown in 4.4. The data were pre-

processed using the Wavelet technique to reduce various types of noise [80]. The bottom

ECG signals in figure 4.4 depict the ECG segments superimposed during the measurement,

with each line representing one cardiac cycle. The full set of ECG waves symbolized with the

P-wave, QRS-complex, and T-wave was present in the mean of ECG segments as highlighted

in red, showing waveform reproducibility and stability during the recording period. The

Zebra II’s performance was comparable to that of the commercial iWORX system, as shown

in 4.5. An experiment comparing the iWORX and Zebra II was performed on 36 wildtype
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Figure 4.5: Comparison of ECG acquisition between the iWORX (red) and Zebra II (blue)
systems. The ECG signals display a correlation of 98.78%, demonstrating similar perfor-
mances between both systems.

(WT) zebrafish divided into the following 2 groups: 1) control (n = 20) and 2) Amiodarone

treated (n = 16) fish. HR, QRS duration and QTc interval were analyzed. With the control

group, no significant difference (P>0.05) between two systems in terms of QRS and QTc

interval was observed. Similarly, the HR value and QTc value showed no significant difference

in the treated group.

4.4.2 Effects of Tricaine and Temperature on Cardiac Electro-

physiology

As shown in figure 4.7a, the ECG data from 8 fish per concentration group (75, 100, and

150 ppm) of Tricaine were obtained. At the low concentration of 75 ppm, the ECG data

displayed prominent gill motion noise, manifested as low frequency, cyclic perturbations in

the data. The noise interfered with the identification of ECG waves such as P waves, T waves

and QRS complexes from fish treated with 75 ppm Tricaine, while the noise appeared to be

more subdued in data obtained from fish treated with 100 ppm and 150 ppm. As a result,

ECG data acquired from fish treated with 100 ppm and 150 ppm displayed clear ECG waves.
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After the 40 min measurement, the recovery time and the survival rate after treatment were

collected (Figure 4.7b). It was found that fish treated with higher Tricaine concentrations

necessitated longer recovery times. Specifically, fish treated with 150 ppm Tricaine took an

average of 7 min to recover compared to the 3 min and 4.2 min for fish treated with 75 and

100 ppm, respectively. Furthermore, the survival rate of fish treated with 150 ppm Tricaine

was about 75%, while other concentrations yielded survival rates above 90%. It reflected

the effect of extremely high Tricaine concentration similar to that used for euthanasia (i.e.,

168 ppm) [83]. Given the recovery time, the survival rate, and the acquired ECG data, the

Tricaine concentration of 100 ppm was most optimal for ECG acquisition. Additionally, the

HR variation was also assessed in each 5-min segment during the 40-min measurement, as

shown in figure 4.6. No significant changes were observed between the 5–min to 10–min,

10-min to 15–min, 15-min to 20–min, and 20-min to 25–min segments for ECG data from

fish treated with either 75 ppm or 100 ppm Tricaine. The only difference occurred in the

last 10 min of the 40-min measurement when the HR displayed more variability with 75 ppm

Tricaine (115.67 ± 25.29 BPM) than that with 100 ppm (115.93 ± 11.28 BPM). This suggests

that a concentration of at least 100 ppm is most optimal for the stable measurements. After

Figure 4.6: Determining heart rate variation over the course of prolonged measurement. The
heart rate variation was assessed for each 5-min segment as shown in the figures. During the
course of the experiment, the heart rate decreases for both Tricaine concentrations of 75 and
100 ppm, but the variation during the late stages (30-40-min measurement) remains higher
for zebrafish treated at 75 ppm. *P<0.05.
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determining the optimal Tricaine concentration, the effect of temperature on acquired ECG

was investigated. As shown in figure4.8a, SDANN at 26 °C had the lowest value with the

range of 36 ms (msec) to 75 msec, while the SDANN at 24 °C is highest with the range of

50 msec–139 msec. Moreover, the data distribution from HR collected every 5 min at 26 °C

was the most condensed (Figure 4.8b). Thus, the HR obtained at 26 °C was the most stable

compared to the values obtained at other temperatures. Tricaine (MS-222) and temperature

have been shown to affect cardiac physiology of adult zebrafish and the HR of the treated

subjects [61, 84]. Tricaine, a known sodium channel inhibitor and a euthanasia reagent, could

affect the viability rate and recovery of zebrafish during prolonged sessions [85]. However,

tricaine must be utilized for anesthetic purposes to improve SNR and reduce unexpected

injury. In this study, we determined the optimal concentration of Tricaine to optimize signal

quality while reducing mortality rates. Additionally, the temperature was also optimized to

reduce confounding factors, as temperature has been shown to be a vital factor in cardiac

physiology [86]. At low temperatures (18 - 20 °C), myocyte activity would be reduced as a

natural adaptive mechanism to aid survival during colder climates or seasons, which leads to

a reduction in HR. At higher temperatures, increased HR facilitates greater cardiac output to

support a higher metabolic activity/demand for oxygen consistent with normal physiological

function [87]. While zebrafish can adapt to a wide range of temperatures (6-38 °C), the effect

of temperature on the stability of cardiac electrophysiology was poorly understood [86]. In

this work, we determined the optimal temperature by analyzing the heart rate variability.

Notably, 26 °C was within to the optimal temperature range for zebrafish (28 ± 2 °C) [88].

4.4.3 Response Analysis to Drug Treatment with the Zebra II

System

One of the key novelties of the Zebra II system is the capacity to test drugs with different

concentrations on an individual fish with a continuously prolonged assay. First, the effect
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Figure 4.7: Optimization of Tricaine concentration. (a) depicts the representative ECG
figures of zebrafish treated with varying concentrations of Tricaine. As shown, there is
noticeable gill motion noise for zebrafish treated with 75 ppm Tricaine, depicted as the low-
frequency, sinusoidal waveform overlaying the ECG signal. This is not found in zebrafish
treated in 100 and 150 ppm Tricaine. (b) depicts the recovery time and survival rate of
zebrafish treated at the same set of Tricaine concentrations. As expected, larger doses of
Tricaine yielded longer recovery times and lower survival rates. Based on these results, a
Tricaine concentration of 100 ppm was the most optimal concentration.
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Figure 4.8: Optimization of temperature in zebrafish ECG recording. (a) depicts the
SDANN, a measure of heart rate variability, for zebrafish treated at various temperatures.
As indicated in the figure, measurement at 26 °C yielded the lowest variability. (b) depicts
the heart rate of zebrafish measured at various temperatures. The heart rate progressively
increased as the temperature increased. The results at 26 °C and 30 °C did not show sig-
nificance, corroborating with the idea that those temperatures reside within the optimal
temperature range. Significant differences were seen at 20 °C and 24 °C. *P<0.05

of Amiodarone with different concentrations on zebrafish ECG was analyzed. Three doses

of Amiodarone were consecutively filled in the reservoir to feed to the fish during ECG

acquisition, and each dose lasted around 5 min. As shown in Fig. 3a, the changes in re-

sponse to different dosages in all four fish were apparent. Each dosage of Amiodarone was

added to the system at timepoints specified from 1-4 on figure 4.9a. QTc interval displayed

considerable changes during the course of the experiment. The baseline QTc interval was

determined to be 310 msec. Noticeable increases in QTc interval were observed after Amio-

darone treatment. Specifically, the interval was 330 msec at 70 µM of Amiodarone, 476
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msec at 100 µM, and 536 msec at 200 µM. Figure 4.9b depicts the overall changes in terms

of HR, QTc interval, and QRS interval in response to different Amiodarone concentrations.

As Amiodarone concentration increased over the duration of the experiment, QTc interval

and QRS interval increased, while the average HR decreased. This was the expected result

from the treatment with Amiodarone. In drug response studies, conducting real time or

pseudo-real time measurements with the same fish is most ideal due to biological variabil-

ity among subjects. The perfusion system is equipped with multiple chambers for multiple

drug doses in order to provide seamless transitions of multiple drug treatments, decreasing

potential noise and perturbations. The developed system was able to demonstrate that a

longer acquisition time enables the treatment of multiple drugs, as indicated by the success-

ful demonstration of dose-response Amiodarone-associated ECG changes described earlier,

as well as sodium-associated ECG changes described later in chapter 4.4.4. The utility of

the perfusion system can also be expanded to include the testing of multiple drugs simul-

taneously to assess ECG changes due to drug-drug interactions, a developing field of study

[89]. The chambers in the perfusion system can also contain multiple drugs for the precise

modulation of zebrafish drug intake in order to accurately determine the effects of each tested

drug as well as the onset of potential drug-drug interactions. While the subsequent ECG

analysis of Tg(SCN5A-D1275N) indicates that Methamphetamine (Meth) did not improve

SA frequency and HR, it demonstrated the assessment of effects of multiple drugs, as seen

from the prolongation of the QTc interval after treatment of 50 µM of Meth in the mutant

model (Figure 4.11). In both groups, the QTc interval was longer (by 350 msec for WT and

385 msec for Tg(SCN5A-D1275N)) after Meth treatment. This result was consistent with

the effects of Meth [90]. Thus, the robust performance of the system allowed incorporation

of multiple drugs with different effects (i.e., antagonistic effects) in a single continuously

prolonged assay to study the effect of drug-drug interactions on ECG changes, which was

previously heavily performed on the short time course of other existing systems. Various

ECG changes due to drug treatment were detected in prolonged ECG acquisition) to pro-
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Figure 4.9: Effect of increasing Amiodarone dosage on ECG over time. (a) depicts the
representative ECG signals obtained from 4 fish over the Amiodarone treatment regimen.
Each section of the ECG signal has been labelled with the corresponding treatment for the
specific period in time. Each treatment was applied at the start of each section shown
by the red lines. Specific snapshots of the ECG signals are taken, and the QTc intervals
were determined at the specified timepoints 1-4, displaying that QTc interval increased as
Amiodarone concentration increased. (b) depicts the change in heart rate, QTc interval, and
QRS due to Amiodarone treatment. As Amiodarone concentration increased, the heart rate
decreased, and the QTc and QRS intervals decreased.
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vide intuitive insights into drug-drug interaction effects, demonstrating the potential of the

developed system to evaluate drug efficacy.

4.4.4 Effect of High Sodium Intake on the Development of Ar-

rhythmic Symptoms in Tg(SCN5A-D1275N)

No previous research studies investigated the role of high sodium intake on the development

of arrhythmic symptoms for zebrafish with increased susceptibility to arrhythmia due to

genetic causes. Here, the developed system demonstrated the role of excess sodium ions in

inducing ECG changes in the Tg(SCN5A-D1275N) mutant, successfully characterizing the

onset of arrhythmic phenotypes such as sinus arrest (SA). Figure 4.10a represents the ECG

data obtained from Tg(SCN5A-D1275N) fish with different NaCl concentrations. Mutant

zebrafish displayed a reduction in HR when treated with a low NaCl concentration of 0.1‰.

More significant reductions were detected when the fish were treated with higher concen-

trations. According to the SA criteria (i.e., RR interval is greater than 1.5 s) determined

in our previous work, SA appeared more frequently after treatment with 0.6‰ NaCl and

above (Figure 4.11) [91]. The result confirmed a strong association between high sodium

intake and arrhythmic phenotypes, previously reported in hypertensive populations [92].

As shown in figure 4.10b, mutant fish exhibited a significant decrease in HR after treatment

of 0.6‰ NaCl. In contrast, NaCl treatment did not show a profound effect to the WT fish,

as evidenced by the smaller decrease in HR after NaCl treatment. It was worth noting that

these WT fish were at 1.5 years old, which could attribute to an increase of SA, and the

slight reduction of HR in the experiment [91]. In terms of HRV, Tg(SCN5A-D1275N) fish

showed a remarkable increase at high NaCl concentrations (0.9‰ and 1.8‰) compared with

other concentrations. These results provided evidence that the Tg(SCN5A-D1275N) trig-

gered more SA under NaCl treatment (Figure 4.11). Moreover, the SDNN and QTc interval

in response to NaCl treatment were also measured, exhibiting similar trends for both WT
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Figure 4.10: Effect of high sodium intake on Tg(SCN5A-D1275N) fish. (a) depicts the
representative ECG figures for Tg(SCN5A-D1275N) fish treated at various concentrations
of NaCl. Sinus arrest, defined as instances where the RR interval is greater than or equal
to 1.5 sec., is present at higher NaCl concentrations, starting from 0.6‰. (b) depicts the
comparisons of heart rate between wild-type and mutant fish as NaCl concentration increases,
displaying a greater decrease in heart rate for mutant fish. (c) QTc displayed a substantially
greater increase for mutant fish. (d) SDNN also displayed a higher increase in mutant fish,
most likely indicating the presence of sinus arrests.
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Figure 4.11: Table of HR and SA frequency of wild-type and mutant fish in high sodium
intake and Meth experiment

and mutant fish. (Figure 4.10c). As shown in figure 4.10d, the average SDNN was 125 msec

for WT fish but was 255 msec for Tg(SCN5A-D1275N), consistent with reduced conduction

velocities due to sodium ion channel dysfunction [93].

High sodium intake is associated with alterations in various proteins responsible for trans-

membrane ion homeostasis and myocardial contractility. Recent studies provided important

evidence that high sodium intake promotes structural and functional impairment of the

heart, especially in populations bearing mutant phenotypes of the major cardiac sodium

channels such as Nav1.5 and its corresponding gene SCN5A. However, there was a current

lack of a functional prolonged ECG acquisition system to characterize arrhythmic pheno-

types from Nav1.5 sodium channel mutants, including the functional response of Nav1.5

to initiate action potentials based on high sodium intake. SA induced by high sodium in-

take was observed in this study and may be associated with a rise in intracellular sodium

concentration within cardiomyocytes due to the gain-of-function of Tg(SCN5A-D1275N) for

sodium ions traveling into the cardiomyocyte. Detection of SA by the developed system im-
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plied that the Tg(SCN5A-D1275N) fish is susceptible to arrhythmic phenotypes after high

sodium intake due to hastening epicardial repolarization and causing idiopathic ventricular

conduction. These pathological changes were manifested as ECG changes and ventricular

arrhythmias. ECG data acquired by the developed system were consistent with clinical

reports, indicating that Brugada syndrome in human and animals resulted in ventricular

conduction abnormalities due to high sodium intake [94, 95]. High sodium intake can cause

destabilized closed-state inactivation gating of Nav1.5 that may attenuate the ventricular

conduction delay as shown in the ECG data (Figure 4.11).

Notably, the results indicated that high sodium intake induced more drastic ECG changes in

Tg(SCN5A-D1275N) fish. NaCl treatments at 0.6‰, 0.9‰, and 1.8‰ resulted in SA with

durations of 1.53 s, 1.55 s and 1.52 s, respectively. Additionally, slower HR and prolonged

QTc intervals were observed only in mutant fish. These results provided a significant associ-

ation between the increased frequency of SA, slower HR, and prolonged QTc with increased

sodium intake in mutants. According to previous reports, Nav1.5 can disrupt the heart’s

electrical activity and lead to a dramatic decrease of HR [96, 97]. The slow-conducting

Tg(SCN5A-D1275N) mutant has been demonstrated previously by voltage-clamp measure-

ment, which corroborated with the results in this study [98, 99]. The average QTc intervals

were as high as 385 msec, indicating that the QTc intervals in mutant fish were generally

more prolonged than wild type animals. Overall, high sodium intake led to various ar-

rhythmic phenotypes, including slow HR, prolonged QTc, and increased SA frequency in

Tg(SCN5A-D1275N) fish (Figure 4.10).
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4.4.5 Use of Meth to Rescue Arrhythmic Phenotypes in Tg(SCN5A-

D1275N) Fish

The average HR of mutant fish after the NaCl + Meth treatment was slightly higher than

that of mutant fish solely treated with NaCl (Figure 4.12); however, the difference was not

significant (P>0.05). Similarly, the SDNN value did not show any significant difference

between mutant fish treated with NaCl + Meth and those solely treated with NaCl (Figure

4.12). Meth was administered to the fish to determine if their cardiac systems could respond

to the drug’s mechanism of inducing ECG changes (i.e., increased HR, QTc prolongation).

However, the obtained data indicated that Meth treatment did not affect the HR and SDNN

in both groups (Figure 4.11), implying that NaCl administration resulted in some irreversible

arrhythmic phenotypes (i.e., slow HR) that could not be easily rescued with other agents that

increase HR. In contrast, a significant increase in QTc interval was detected in the mutant

fish after Meth treatment (391.3 ± 76.1 msec vs. 360.1 ± 64.0 msec), indicating the additive

effect of Meth to QTc interval prolongation (Figure 4.11). Considering that no significant

increase in QTc interval was seen in WT fish, the data indicated the mutant fish were more

susceptible to agents causing QTc prolongation. Therefore, these results suggested different

susceptibilities for arrhythmic phenotypes in the mutant Tg(SCN5A-D1275N). The ECG

data obtained from this study provided new evidence that high sodium intake increased the

susceptibility of Tg(SCN5A-D1275N) fish to arrhythmic phenotypes. Results from mutant

fish indicated the pathological slowing of HR, prolonged QTc interval, and higher frequency

of SA. Although the developed system cannot provide other cardiac indices, such as ejection

fraction and cardiac output, the system’s ability to detect arrhythmic phenotypes in real

time is valuable for many applications such as drug screening and phenotype assessment.
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Figure 4.12: Additional treatment of Methamphetamine in wild-type and mutant fish after
high sodium intake. In an attempt to rescue the symptoms present in the high sodium
intake experiment, 50 µM of Meth was added after 0.9‰ NaCl. Results show that the Meth
treatment did not induce a significant difference in heart rate and SDNN in fish treated with
high amounts of sodium. Interestingly, QTc was significantly changed in mutant fish but
not wild-type fish after Meth treatment, suggesting that mutant fish were more susceptible
to the arrhythmic effects of agents.

4.5 Conclusion

The novelties of the developed Zebra II lie in the extended measurement for multi-step

experiments (up to 1 hr), high throughput screening with multiple zebrafish, controlled

setting, and reduced confounding effects. The system was successfully demonstrated to

investigate the arrhythmic mutant line Tg(SCN5A-D1275N), revealing the effect of high

sodium intake on the development of sinus arrest (SA), slow HR, and prolonged QTc. In the

future, the Zebra II can be used for a host of cardiac disease studies, including phenotypic

screening for genetic engineering studies and new drug screening applications.
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Chapter 5

Consecutive Treatments of

Methamphetamine Promote the

Development of Cardiac Pathological

Symptoms in Zebrafish

5.1 Introduction

5.1.1 Methamphetamine and the Cardiovascular System

Methamphetamines are sympathomimetic amines with a range of adverse effects upon multi-

ple organ systems. Based around a phenylethylamine core, methamphetamine (Meth) and its

analog, d-amphetamine, have high affinity with transporters associated with catecholamine

signaling, significantly increasing the number of neurotransmitters such as dopamine and

norepinephrine [100]. Unlike Meth, d-amphetamine has been prescribed as medication to
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treat neurological disorders such as attention deficit hyperactivity disorder (ADHD) and

narcolepsy [101]. A possible reason for limited legal Meth use is the addition of the N-

methyl group compared to amphetamine, which has been shown to confer better penetration

through the blood-brain barrier for Meth, leading to stronger and more addictive responses

[102]. Meth has been shown to induce heightened catecholamine response by promoting cat-

echolamine release, preventing their reuptake, and destabilizing their levels [103, 104]. Thus,

Meth is responsible for numerous neurotoxic symptoms, including potential neuronal apop-

tosis, decreased immune response, and associated memory deterioration [104, 105, 106, 107].

Given that the elucidation of the direct mechanism of Meth was on neurological response,

the major focus in researching treatments for Meth-related abuse has been associated with

neurological modulation. Therefore, less attention was given to researching the direct mech-

anism of Meth in other physiological systems, such as the cardiovascular system.

Cardiotoxicity is one of the most adverse consequences of Meth abuse, leading to a notable

increase of morbidity and mortality [100]. Cardiovascular complications are the second lead-

ing cause of death in Meth abusers. Cardiotoxicity can appear early in the course of the drug

use and cause numerous significant effects, such as pulmonary hypertension, atherosclero-

sis, cardiac arrhythmias, acute coronary syndrome, and other associated cardiomyopathies

[108]. Furthermore, a Meth ‘binge’ study in rats to determine long-term effects discovered

that Meth decreased the sensitivity of nervous and cardiovascular physiology through succes-

sive treatments, implying the potential remodeling of electrophysiological responses through

chronic Meth abuse [109]. Previous human case studies have determined that Meth abusers

experienced increased ventricular tachycardia and QTc prolongation [110, 111]. However,

case studies are generally retrospective, and there is a scarcity in animal studies regarding

the effect of Meth on the actual initiation of arrhythmic symptoms [100]. Moreover, data on

the underlying mechanism of cardiac dysfunction during drug abuse and the susceptibility

of long-term cardiotoxic development are limited.
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Despite the prevailing issue of Meth abuse, studies have shown that cardiac pathology in-

duced by Meth can be attenuated and even reversed through the discontinuation of Meth

use and the initiation of subsequent treatment [112]. A study in rats regarding the admin-

istration of Meth and eventual withdrawal revealed that the rats were able to recover from

myocardial pathologic symptoms such as atrophy, fibrosis, and edema starting from 3 weeks

after discontinued Meth administration [113]. A human case study indicated that atten-

uation of Meth use and subsequent therapy led to recovery from ventricular hypertrophy

and ECG ST deviations [114]. While evidence of recovery from Meth abuse is promising

for the development of future treatments, it is essential to conduct research to understand

the specific mechanisms underlying Meth-induced cardiovascular pathologies. Therefore, a

better understanding of the cardiac dynamics of Meth abuse in zebrafish, a relevant model

for human cardiac studies, may be vital for the future Meth-associated research.

5.1.2 Methamphetamine and G-Protein Coupled Receptors

In neurological studies associated with Meth, the drug-induced effect of G protein-coupled

receptors (GPCRs) on subsequent neuropathology has been frequently investigated due to

the receptors’ association with neurotransmitters, hormones, and other neuromodulatory re-

sponses [115]. cAMP, a prominent secondary messenger within the GPCR signaling pathway,

tends to be upregulated due to drug exposure, and it has been shown to influence sensitiza-

tion and addiction to psychostimulant drugs [116]. However, given the ubiquity of GPCRs

in numerous physiological systems, the effects of GPCRs on other symptoms of drug toxicity

have also been explored. GPCRs have been demonstrated to be influential in the develop-

ment of cardiovascular diseases. Studies have found that GPCRs induced increased Ca2+

release and myocardial contractility, leading to a higher susceptibility to hypertrophy and

cardiomyopathy [117]. GPCRs have also demonstrated the ability to modulate remodeling

processes within the biological system, including epithelial-mesenchymal transition (EMT)
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and collagen deposition [118]. For example, TAAR1, a prominent GPCR targeted by Meth,

was determined to be an integral player in the psychostimulant activity and addictive re-

sponse of Meth [119]. However, TAAR1 has also been found outside of the neurological

system, including the heart [120]. Therefore, cAMP and GPCRs may play a crucial role in

the further elucidation of the effects of Meth on cardiac electrophysiology.

5.1.3 Rationale

In this chapter, we first demonstrate the potential of zebrafish ECG in the diagnosis of

Meth-induced cardiotoxicity. We then sought to explain the results by conducting molecular

analysis of the GPCR pathway within heart tissue, including the effect on fibrotic and Ca2+

dysregulation, which attribute to cardiac toxicity. With the implementation of our ECG

system in Meth studies, we hope to provide a new insight into the mechanisms of Meth-

induced cardiotoxicity, further uncovering the multifactorial nature of Meth and assisting in

the development of novel treatment methods.

5.2 Methodology

5.2.1 Zebrafish Husbandry

Wild-type zebrafish were housed in a custom built circulating fish rack system as described

in the previous chapter. Zebrafish (AB-wild type strain) were approximately 6-12 months

old at the onset of the experiment. Prior to Meth treatment, zebrafish underwent open

chest surgery to improve subsequent ECG signal acquisition as described in the previous

chapter. The zebrafish groups were then housed in separate tanks throughout the duration

of the study. All zebrafish were checked every day for the first week and then at least 3
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days/week in the second week until the experiment was concluded. Observations were made

to see whether the fish displayed some abnormal activities (i.e., erratic swimming, strained

breathing, bloating). The fish would be removed from the study if any abnormal activity

was detected. In rare cases where extreme behavior/distress was seen, the fish would be

euthanized. Euthanasia was conducted by immersing the fish in Tricaine (250 mg/L) for at

least 30 min after the last observed opercular movement. All fish carcasses will be frozen

post-euthanasia. All zebrafish procedures were conducted in accordance to IACUC guidelines

(AUP-21-066 at University of California, Irvine).

5.2.2 Methamphetamine Preparation, Treatment, and ECG Record-

ing

The Meth solution for treatment (200 µM) was prepared by mixing the specified amount

of Meth stock into regular fish water obtained from the fish rack system. Solutions were

prepared fresh for each day of treatment. The Meth stock (1 mg/mL) was obtained from

Sigma-Aldrich (MDL MFCD00056130). The solution (10 mL) was then placed in a small

custom polydimethylsiloxane (PDMS) chamber suitable for housing one zebrafish. PDMS

is a flexible and biocompatible polymer most commonly used in biosensors and implants

[121]. Untreated fish were placed in the same custom chamber with regular fish water. Each

zebrafish was treated in the designated treatment for 20 minutes before ECG recording, as

determined in a previous study [122]. This treatment was conducted 3 times a week over a

period of two weeks, following similar studies. ECG recording was conducted as described

in the previous chapter.
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5.2.3 ECG Data Collection and Analysis

Before applying signal processing, the ECG signal was manually inspected and trimmed to

remove segments with significant noise such as gill breathing and power line noise. The

analysis of ECG signals was performed in a similar fashion as the procedure described in the

previous chapter. The relevant parameters of heart rate (HR), QRS, PR, and QTc intervals

were calculated accordingly. The HRV, in ms, was determined by the root mean square of

successive differences between normal heartbeats (RMSSD), given by the formula:

HRV =

√
ΣN−1

i=1 (RRi+1 −RRi)2/(N − 1)

where N represents the number of ECG cycles within each recording. RMSSD was utilized

for this study because of the short duration in recording.

5.2.4 Isolation of Zebrafish Cardiomyocytes

Zebrafish cardiomyocytes were isolated according to the protocol presented by Sander et al.

[123]. Briefly, zebrafish hearts (n=6) were first excised from anesthetized fish via incision

with a pair of forceps. After incubating in heparin buffer immediately after excision, the

hearts were placed in a digestion buffer (1x PBS, 10 mM HEPES, 30 mM taurine, 5.5 mM

glucose, 10 mM BDM (butanedione monoxime, a contraction inhibitor), 12.5 µM CaCl2, 5

mg/mL collagenases II and IV) for 2 hours in a thermomixer set at 32°C and 800 rpm. The

digested tissue was then washed with a sequential series of stopping buffers (1x PBS, 10 mM

HEPES, 30 mM taurine, 5.5 mM glucose, 10 mM BDM, 5-10% FBS, 12.5-1000 µM CaCl2).

After washing, the isolated cardiomyocytes were plated on 2 wells in a 96-well plate. The

plating medium consisted of DMEM with 2 mM glutamine, 5 mM BDM, 5% FBS, 100 U/mL

penicillin-streptomycin, and 1:500 Normocin (InvivoGen).
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5.2.5 Cloning, Cell Culture and Transfection

Rat TAAR1 gene was amplified from total cDNA using the set of primers:

(BamHI)ACCATGGCATCTTTGCCACAATAGCGC and,

(NotI)ACAAAAATAACTTAGACCTAGATGAATCT.

After amplification, the TAAR1 gene was cloned into pcDNA3.1 Zeo (+) (Invitrogen) and

transformed in E. coli DH5α. The cloned plasmid product was sequenced (Sanger method)

using the Sanger Sequencing Kit (Applied Biosystems). For transient expression, the plasmid

(10 µg) was transfected to human embryonic kidney cells (HEK293) transiently expressing

the recombinant TAAR1 protein. The HEK293 cells were maintained in DMEM containing

10% FBS and 1% penicillin/streptomycin at 37 °C in a 5% CO2 incubator. After 24 h, the

cells were maintained in the media containing zeocin (100 µg/mL) for stable expression of

TAAR1 in HEK293 cells. The transfected HEK293 cells were used in the subsequent cAMP

assay and calcium assay.

5.2.6 GloSensor cAMP Assay

The HEK293 and isolated zebrafish cardiomyocytes were cultured in DMEM (10% FBS and

1% PS) in a poly-D-lysine pre-coated 96 well microplate and incubated in the CO2 incubator

at 37°C. 0.2 mL of cardiomyocyte selective growth supplement (Sciencell) was added to the

cardiomyocyte culture. The pGloSensor-22F-cAMP plasmid (10 µg was transfected into

HEK293 cells and isolated zebrafish cardiomyocytes (1.5 × 104 cells) using the Lipofectamine

3000 reagent as the manufacturer described. 48 hours after transfection, cells expressing the

plasmid (15,000 cells/well) were collected. The desiderated cell number was incubated in

equilibration medium containing a 2% (v/v) GloSensor cAMP reagent (Luciferin) stock

solution, 10% FBS and 88% CO2-independent medium in 2 hours at 37°C according to the

manufacturer’s instructions. The cells were dispensed in wells of 96-well plate and a basal
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signal was obtained before treating with Meth with doses from 10−10 to 10−2 M was added

before luminescence detection. The original cell population isolated from the zebrafish heart

was separated into the respective groups for treatment with different doses. EPPTB was also

utilized as a selective TAAR1 and GPCR antagonist in this assay [124]. Therefore, according

to the proposed pathway seen in figure 5.4, EPPTB would inhibit cAMP expression.

5.2.7 FLIPR Calcium Assay

Two days after transfection, cells were washed with FLIPR buffer (1x HBSS, 20 mM HEPES,

2.5 mM probenecid, pH 7.4), loaded with the calcium-sensitive fluorophore Fluo-3 (Ther-

moFisher) for 1.5 h at 37 °C, 5% CO2. During the incubation, two separate 96-well

polypropylene compound plates were prepared. Meth was prepared at concentrations of

10−10 to 10−2 M, dissolved in the FLIPR buffer. EPPTB was prepared in 1% DMSO in

FLIPR buffer. After the incubation with Fluo-3 dyes on the assay plate, different Meth

doses were added to the assay plate and incubated for 15 min at 37 °C. Subsequently, the

assay plate was read with a Fluorescent Imaging Plate Reader (FLIPR) Tetra (Molecular

Devices). Data of calcium-responsive changes in fluorescence were collected every second

over a 60-second time period. Regarding the antagonist assay, the assay plate with EPPTB

were incubated for 15 min before monitoring fluorescence.

5.2.8 Collagen Assay

The level of collagen in tissues was measured by the collagen assay kit (Sigma Aldrich)

following standard protocol. Briefly, collagen in samples was first enzymatically digested

into collagen peptides in master reaction mix including 35 µL buffer and 0.5 µL Collagen I.

The reaction mix was incubated at 37 °C for 60 min. Subsequently, 40 µL of Dye Reagent

to wells and incubated at 37 °C for 10 min. The collagen levels are determined by reading
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fluorescence at 465 nm.

5.2.9 Histochemical Staining and Immunofluorescent Staining for

Collagen

After treatment of Meth, zebrafish hearts were isolated as described in previous literature

[123]. Briefly, the fish were anesthetized by Tricaine before undergoing chest incisions. The

heart was then located and excised, which were then placed in a solution of perfusion buffer

(10 mM HEPES, 30 mM taurine, 5.5 mM glucose and 10 mM BDM in 1x PBS solution). After

excision of all hearts, they were subsequently fixed by 4% formaldehyde and cryo-sectioned

with a cryostat. The tissue slices were placed onto frosted microscope slides (Thermofisher

Scientific) and underwent Masson’s Trichrome staining (following the provided protocol from

American Master Tech, TKMTR2). Myocardial tissue is stained red, and collagenous tissue

is stained blue. For immunofluorescence, mouse anti-collagen I antibody (Novus Biologicals)

and rabbit anti-collagen III antibody were incubated overnight on cryosections of cardiac

tissues, followed by staining for 2 hours with goat anti-mouse IgG conjugated Alexa 568

(Abcam) and donkey anti-rabbit IgG conjugated FITC (Thermo Fisher). Sections were

mounted in Antifade Mounting Medium with 4,6-diamidino-2-phenylindole (DAPI) (Thermo

Fisher) and mounted in Antifade Mounting Medium. Fluorescent imaging was taken with

the Keyence Digital Microscope (BZ-X800) system.

5.2.10 Statistical Analysis

Statistical analysis was conducted via the JMP Suite, a statistical data analysis tool derived

from SAS. All parameters derived from data analysis (i.e., HR, HRV, QRS, PR, QTc) were

averaged within each experimental group. Statistical significance was determined by the
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one-way ANOVA test between experimental groups with significance level p<0.05. Data in

figures were plotted as mean ± standard error (SE). Outputs of the cAMP and calcium assays

were expressed as relative luminescence units (RLU) and relative fluorescent units (RFU),

respectively. A non-linear regression was used to quantify methamphetamine potency for

EC50 value calculations. EC50 is the concentration of agonists required to produce 50%

of the maximum effect. The maximum effect obtained in the cAMP and calcium assays

were approximately 1400000 RLU and 12000 RFU, respectively. Each concentration was

tested three times in triplicate, and the values were given as mean ± SE. Significance was

determined via the Student’s T-test.

5.3 Results

5.3.1 Methamphetamine Induced Significant ECG Changes over

the Course of Two Weeks

Using the ECG setup designed in our lab, we acquired ECG signals over a two-week period.

The control (n=6) and Meth-treated (n=8) groups were immersed in the designated solutions

for 20 minutes for 3 instances per week, and their ECG were subsequently acquired after

treatment. The raw signals were then processed to eliminate external noise, and the PQRST

waveforms were labelled on the processed ECG signals. Relevant ECG parameters including

HR, HRV, QRS, QTc, and PR intervals were then quantified. The day number was defined

as follows: day 1 corresponded to the first day of Meth treatment, and subsequent days

were numbered accordingly. Figures 5.1 and 5.3 comprise ECG diagrams obtained during

baseline, week 1, and week 2 of the treatment regimen. Figure 5.1 represents individual ECG

signals after filtering and smoothing. Figure 5.3 represents the averaged outcome of all ECG

signals for the specific experimental group and time period, developed for the detection of
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the T wave. The representative ECG figures indicate a progressive decrease in heart rate

for the Meth-treated group with instances of sinus arrhythmia, highlighted by blue brackets

(Figure 5.1). The QTc interval also displayed a decrease in the treated group (Figure 5.3).

Calculated ECG parameters are displayed in figure 5.2. All ECG parameters were verified

to display no significant differences during baseline measurement between the experimental

groups. Additionally, the results also indicate that there were no significant differences in

QRS duration between the Meth-treated fish and the untreated (control) fish throughout

the duration of the study (Figure 5.2). The heart rate (HR) for treated fish decreased

Figure 5.1: Meth induces decreased heart rate and higher presence of sinus arrhythmia.
These ECG signal figures were processed from both untreated (control, n=6) and Meth-
treated (treatment, n=8) fish, taken during baseline, week 1, and week 2 of the study. The
ECG waveforms (PQRST) were labelled on the first cycle of each figure. These figures depict
that Meth treatment has significantly decreased heart rate over the duration of the study
compared to no treatment. Additionally, Meth-treated zebrafish exhibited more pronounced
bradyarrhythmia, as indicated by the blue brackets spanning across the occurrence of the
bradyarrhythmia. Note that while control fish also exhibit bradyarrhythmia, the occurrences
in Meth-treated fish were more pronounced. Figures shown represent 3 seconds of recording.
Scale bar depicts 1 second.

throughout the course of the treatment, exhibiting signs of bradyarrhythmia (Figure 5.1).

The HR presented significant differences at the end of the first week of the treatment (Figure
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5.2A). The HRs on day 5 were 79.77 BPM and 111.9 BPM for treated and untreated fish,

respectively. The HR stabilized in the second week (days 10 and 12), displaying a consistent

decrease through the remainder of the study. The HRs for treated fish were 71.17 BPM for

day 10 and 68.99 BPM for day 12. These were in contrast with the HRs seen in untreated

fish, which displayed 107.9 BPM and 95.89 BPM for days 10-12, respectively.

Throughout the course of the study, the heart rate variation (HRV) displayed a biphasic

trend for the treated fish (Figure 5.2B). The HRV between Meth-treated fish and control

fish exhibited no differences on days 1 and 3, but Meth seemed to have induced an increase

in HRV during the first week of treatment. Treated fish exhibited a significant increase

in HRV during day 5, reaching up to 338.6 ms vs 121.7 ms seen in untreated fish. This

also corresponds to the maximum HRV attained by the treated fish during the study. The

increase in HRV may be attributed to the presence of sinus arrest as indicated by the blue

brackets in Figure 5.1. The HRV decreased during the second week of treatment, although

it still remained above the HRV for untreated fish. On day 12, the heart rate variation for

Meth-treated fish was 181.2 ms compared to 164.1 ms seen in untreated fish. Meth induced

significant changes in the PR interval during the first week of treatment (Figure 5.2C). On

day 1, the Meth-treated fish exhibited a PR interval of 56.00 ms, compared to the PR interval

of untreated fish, which was 66.37 ms. For day 5, the PR intervals for Meth-treated fish and

untreated fish were 57.55 ms and 68.91 ms, respectively. There were no significant differences

found during the second week of treatment.

The QTc interval displayed a significant decrease during the first week for Meth-treated fish

(Figure 5.2D). The most significant decrease occurred on day 5, with QTc interval being 226.8

ms and 281.5 ms for treated and untreated fish, respectively. The QTc interval stabilized

during the second week, generally maintaining the significant decrease for Meth-treated fish.

On day 12, the QTc interval was 222.2 ms and 262.7 ms for treated and untreated fish,

respectively.
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Figure 5.2: Tabulated averages from all ECG data acquired from both untreated (control,
n=6) and Meth-treated (treatment, n=8) groups across the 2-week study. (A) Meth-treated
fish displayed decreased heart rate compared to the untreated fish starting from the end of
the week 1. (B) Meth-treated fish exhibited a biphasic trend in heart rate variation (HRV)
throughout the duration of treatment, reaching a peak at the end of week 1 before decreasing
during week 2. (C) Meth treatment induced a significant decrease in PR interval during week
1 but not week 2 of treatment. (D) Meth treatment induced a significant decrease in QTc
during the end of week 1 before maintaining the depressed QTc throughout week 2. (E)
Meth treatment did not exhibit a change in QRS duration. * denotes p<0.05.
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Figure 5.3: Meth induces a decrease in QTc over the course of the study. These figures
were produced by averaging all ECG segments from each recording, extrapolating the ECG
waveforms in order to determine the T wave. The waveforms are depicted as follows: Ma-
genta=P; Green=Q; Blue=R; Orange=S; and Red=end of T wave. The RR and QT intervals
are labelled for all waveforms, and the calculated QTc interval is shown on the top right of
each figure. In comparison between untreated (control, n=6) and Meth-treated (treatment,
n=8) fish, treated fish exhibited progressively lower QTc throughout the duration of the
experiment, likely due to decreasing heart rate (depicted as increasing RR interval).

5.3.2 Methamphetamine Treatment leads to Increased Expression

of cAMP and Ca2+ in a TAAR1-mediated, Dose-dependent

Manner

To help uncover the direct molecular mechanism in the induction of Meth-induced car-

diotoxicity, zebrafish cardiomyocytes (n=6 zebrafish) were isolated and treated with Meth

to determine Meth induced cAMP expression via the GloSensor cAMP assay, which is in-

volved in regulating GPCR pathways. TAAR1-overexpressed HEK293 cells have also been

produced to complement the assay as the positive control, and original HEK293 cells served

as the negative control. Figure 5.4 depicts the proposed GPCR/cAMP pathway that enables

Meth-induced cardiotoxicity.

58



Figure 5.4: Meth induces downstream dysregulation in the GPCR pathway. This figure de-
picts the proposed mechanism of the pathologic effects of Meth on cardiomyocytes, including
the upregulation of cardiac fibrosis via lysyl oxidase and the increased frequency of arrhyth-
mia via the calmodulin CaMKII leading to the dysregulation of Ca2+. cAMP, the upstream
factor for both processes, and Ca2+, the ion modulated by CaMKII, are both highlighted to
indicate that they were investigated in this study.

In previous studies, Meth has been discovered to bind to GPCRs such as TAAR1 to trigger

the upregulation of cAMP in cardiomyocytes [125]. cAMP downstream signaling may be

linked with the onset of cardiac pathology, such as fibrotic dysregulation via lysyl oxidase

and arrhythmia via CaMKII. The results from the cAMP assay indicate that Meth led to a

dose-dependent upregulation in cAMP expression within zebrafish cardiomyocytes (Figure

5.5). Additionally, TAAR1-overexpressed HEK293 cells displayed a greater increase in cAMP

expression than original HEK293 cells, indicating that TAAR1 mediated cAMP expression

due to Meth exposure. In a similar fashion, Ca2+ was also upregulated due to Meth exposure

within zebrafish cardiomyocytes (Figure 5.5). TAAR1-overexpressed HEK293 cells displayed

a greater increase in Ca2+ concentration than original HEK293 cells, indicating that TAAR1
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also mediated Ca2+ dysregulation due to Meth exposure.

Figure 5.5: Downstream expression of TAAR1 and GPCR pathway due to Meth treatment.
(A) Detection of cAMP expression after Meth treatment from zebrafish cardiomyocytes,
HEK293, and TAAR1-overexpressed HEK293 cells via the GloSensor cAMP assay. TAAR1-
overexpressed HEK293 cells served as the positive control for this assay. HEK293 cells served
as the negative control. Results display that Meth induced dose-dependent cAMP expres-
sion in zebrafish cardiomyocytes. cAMP expression from TAAR1-overexpressed HEK293
cells exhibited a greater dose-dependent increase, demonstrating TAAR1-mediated cAMP
expression due to Meth treatment. (B) Detection of Ca2+ after Meth treatment from ze-
brafish cardiomyocytes, HEK293, and TAAR1-overexpressed HEK293 cells. Results display
that Meth increased Ca2+ concentration within zebrafish cardiomyocytes in a dose-dependent
manner. Ca2+ expression from TAAR1-overexpressed HEK293 cells exhibited a greater dose-
dependent increase, demonstrating that TAAR1 mediates Ca2+ concentration due to Meth
treatment.

These results are further corroborated by experiments involving EPPTB, a TAAR1 an-

tagonist. As indicated in figure 5.6, EPPTB attenuated Meth-induced cAMP and Ca2+

upregulation in a dose-dependent manner. This also suggests that Meth-induced cardiotox-

icity involving cAMP and Ca2+ dysregulation may be attenuated by targeting TAAR1 and

the GPCR pathway.
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Figure 5.6: Inhibition of the GPCR pathway by EPPTB decreases downstream expression
due to Meth treatment. Zebrafish cardiomyocytes and TAAR1-overexpressed HEK293 cells
were treated with 1-3 µM Meth and subsequently treated with EPPTB at various concen-
trations for a dose-response curve. Results from the experiment with EPPTB, an inhibitor
of TAAR1, in the presence of Meth, corroborated with previous results of TAAR1-mediated
increases of cAMP expression (A) and Ca2+ concentration (B). This indicates that down-
stream expression was mediated by TAAR1 and the GPCR pathway.

5.3.3 Methamphetamine Treatment Produce Excessive Fibrosis in

Zebrafish Cardiac Tissue

To determine if Meth induces fibrotic dysregulation, which was delineated above as one of

the potential cardiotoxic factors contributing to arrhythmias, Masson’s Trichrome staining

for collagen and collagen type I immunological staining were conducted on cardiac tissue ob-

tained from both untreated and Meth-treated fish (n=6 per group). Images obtained from

Masson’s Trichrome staining (Figure 5.7A-B) revealed a higher presence of collagen deposits

in Meth-treated cardiac tissue, as highlighted in the dotted boxes. Immunological staining

(Figure 5.7C-D) further revealed a higher presence of collagen type I with Meth-treated

tissue. Collagen fluorescent assay of purified protein samples revealed that the collagen

content increases from Meth treatment in a dose-dependent manner, displaying the highest

difference at the highest concentration of Meth (Figure 5.8A). An expression profile of genes

associated with fibrosis was also conducted, and the results determined that Meth-treated

tissue displayed significantly higher expression (p<0.005) in lysyl oxidase (LOX ) and lysyl
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Figure 5.7: Histochemical and immunological staining on collagenous tissue due to Meth
treatment (A) Masson’s Trichrome Staining of cardiac tissue obtained from untreated ze-
brafish (n=6) and Meth-treated zebrafish (n=6). Myocardial tissue is stained in red, and
collagen is stained in blue. Areas of collagen deposits are labeled by white dashed boxes in
Meth-treated cardiac tissue. (C-D) Collagen type I immunological staining of untreated and
treated cardiac tissue. Presence of lighter colors (i.e., pink, yellow, green) indicates the pres-
ence of collagen. DAPI was used as control and is displayed as a blue stain. Meth-treated
tissue displays higher amounts of collagen I.

hydroxylase (PLOD) (Figure 5.8B). This result signifies that the lysyl oxidase family of pro-

teins was upregulated in response to Meth treatment. While the other genes involved in the

profibrotic response (COL1A1, COL3A1, MMP1, and TMP1 ) did not display significance,

their expressions have also shown marginal increases in Meth-treated cardiac tissue over

its untreated counterpart. Overall, these results display an uptick in the fibrotic response

due to Meth treatment, further outlining Meth-associated cardiotoxicity in relation to the

GPCR/cAMP pathway.
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5.4 Discussion

The methamphetamine epidemic continues to fester worldwide, and cardiovascular diseases

remain leading causes of death for methamphetamine abusers. Utilizing animal models to

study cardiovascular associated mechanisms could be critical in devising treatments for Meth

associated diseases. The zebrafish is an excellent model for drug screening studies due to

high fecundity, low maintenance, and similar genetic homology to that in humans. As the

zebrafish model is constantly evolving, studies have continued to delineate the applicability

of the zebrafish in human medical research. During the initial conception of this study,

we sought to 1. Establish the zebrafish model as an adequate model of drug screening for

cardiotoxic effects, and 2. Characterize the electrophysiological abnormalities due to meth

administration in a controlled environment. Utilizing our custom-designed zebrafish ECG

acquisition system in our lab, we were able to acquire ECG from zebrafish during the two-

week treatment period with Meth. Based on our results, we determined several significant

ECG changes occurring between the Meth-treated and untreated fish. The progressive de-

crease in heart rate for treated zebrafish, while contradictory to the results seen in human

clinical studies, was actually consistent with the results seen in previous animal model stud-

ies, including those performed on rats, monkeys, and zebrafish embryos [109, 126]. Those

previous studies suggested that the decrease in heart rate due to Meth administration may

be attributed to the baroreceptor reflex, a homeostatic response to the increase in blood

pressure [127]. Schindler et al. documented a consistent blood pressure increase with the

dosage of Meth administered in squirrel monkeys [126]. However, they noted that heart

rate modulation from Meth administration may be biphasic, as lower Meth concentrations

induces tachycardia, while higher Meth concentrations induces bradycardia. This suggests

that there is a critical Meth concentration where it achieves a maximum catecholaminergic

effect without triggering a significant baroreceptor reflex. The small decrease in PR inter-

val due to Meth treatment may suggest quicker atrial conduction, which is consistent with
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the mechanism of Meth to induce ventricular tachycardia [128]. The heart rate variability

exhibited a peak at the end of the first week before decreasing during the second week.

HRV is used in cardiac physiology as a measure of healthy function and as a potential

parameter for determining cardiovascular diseases such as sudden cardiac death [129]. More

importantly, HRV may also provide insight into the brain-heart axis and how the autonomic

nervous system impacts cardiac function, critical to the analysis of stimulant drugs such as

Meth [130]. The initial increase in HRV may likely be due to the presence of sinus arrest in

Meth-treated fish. As shown in figure 5.1, ECG acquired from Meth-treated fish displayed

episodes of sinus arrest, where an instance of cardiac conduction normally present in regular

sinus rhythm is absent. The HRV increase may also be attributed to the baroreceptor reflex,

as the reflex would naturally adjust the heart rate in order to maintain stability in blood

pressure and cardiac output. Most notably, the decrease in HRV during the second week of

treatment is most likely associated with cardiac tissue damage and inflammation, consistent

with the symptoms seen in Meth-induced cardiomyopathy [131, 132]. This is corroborated

with research indicating that persistent hypertension induced a decrease in HRV, presenting

the long-term pathophysiological effects of Meth [133]. Additionally, previous case studies

involving Meth and amphetamine abusers indicated that the presence of elevated cardiac

biomarkers such as troponin I and creatine kinase-MB, further suggesting that common

symptoms of Meth use may be associated with cardiac damage [134, 135, 136]. Overall, the

HRV results from this study suggest the biphasic nature behind the mechanism of Meth,

where the cardiovascular system may initially respond to the effects of the drug before

sustaining damage after a period of persistent exposure.

Additionally, the QTc interval, associated with ventricular contraction and proper heart

function, decreased for Meth-treated fish, displaying the most pronounced differences in the

second week of treatment. Initial observation suggested that the decrease in QTc interval

seemed to be associated with the decrease in heart rate (or increase in RR interval, as depicted
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in figure 5.3. The QT/HR relation has been widely documented, leading to the creation of

the corrected QT interval to account for the effect of heart rate changes on the QT interval

[137]. Nevertheless, the results obtained from this study remained contrary to the results

seen in previous case studies, where Meth abusers tended to exhibit prolonged QTc intervals

in response to Meth intake [138]. However, these case studies utilized data from humans

who were already predisposed to Meth for varying periods of time, usually to the point of

drug dependence. Therefore, QTc prolongation could potentially be a symptom seen in the

later stages of Meth-induced cardiotoxicity. Previous clinical trial research has associated the

development of QTc prolongation with ventricular tachycardia and cardiomyopathy, which

are common symptoms of Meth abuse [131, 139, 140]. QTc shortening seen in this study

may also suggest that calcium channels are downregulated by Meth, as decreased calcium

influx also reduces action potential duration. This is corroborated by ion channel expression

analysis from rats suggesting that Meth reduces calcium channel expression [141]. Potassium

channel expression may also play a role in analyzing the effect of Meth on modulating the

QT intervals. Numerous anticonvulsants and antiarrhythmics have been known to shorten

QTc by upregulating potassium channel function [142]. Moreover, Meth has been shown to

induce upregulation of potassium channels in the brain in relation to its neuropathic effects,

suggesting that Meth has the potential to modulate potassium channels in other pathologies

[143]. However, more research will be needed to elucidate the direct effects of Meth on ion

channels in vivo, as patch clamp results from rat cardiomyocytes regarding the effect of

Meth on calcium channels remain controversial [144, 145]. In general, ion channel analysis

in cardiovascular pathology remains scarce.

We surmise that Meth might pose an antagonizing interaction with Tricaine, the anesthetic

agent used to acquire ECG. Tricaine usage was also mandatory for this study due to regu-

latory purpose. However, both Meth and Tricaine have opposing mechanisms, as Meth is a

stimulant while Tricaine is an established anesthetic, known for preventing action potential

firing by blocking voltage-gated sodium channels [146]. The data revealed that Meth-treated
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zebrafish exhibited significant decreases in PR interval on certain days in the early stage of

treatment due to the excitatory properties of Meth. However, a closer inspection of the

data indicated that the increase in PR interval for untreated fish was responsible for the

significant change instead. Indeed, Tricaine may induce a decrease in myocardial contrac-

tility, which results in a decrease in heart rate and increase in PR interval during zebrafish

sedation [147, 148]. Additionally, zebrafish subjected to repeated Tricaine treatment exhib-

ited increased susceptibility to anesthetic effects [149]. Meth may also induce arrhythmic

instances, which could confound HRV measurements [150]. Insignificant but noticeable in-

creases in HRV were evident in days 10 and 12 for untreated fish. Meth studies involving

other animal models have also suggested the confounding effect of anesthetics. Research con-

cerning the hemodynamic response to Meth reported differing results, as a study conducted

on anesthetized cats documented a decrease in blood pressure due to Meth administra-

tion, while a study conducted on conscious monkeys indicated an increase in blood pressure

[126, 151]. It is unclear if the difference in results was due to the presence of anesthesia

or an underlying combinatorial effect of Meth and the anesthetic agent. Research has also

suggested that Meth confers a depressor effect in addition to the commonly known pressor

effect, and the depressor effect may dominate for animals under anesthesia. Vaupel et al.

reported a significant decrease in blood pressure after the onset of Meth administration in

anesthetized rhesus monkeys, suggesting the presence of the depressor effect [152]. In addi-

tion, Tricaine has been shown to induce augmented effects with other agents. Muntean et al.

treated zebrafish larva with dopamine and verapamil under both Tricaine-anesthetized and

methylcellulose-embedded conditions, and their results indicate that the effects of the agents

on myocardial calcium signaling and heart rate were greater in anesthetized fish than embed-

ded fish [153]. This suggests that Tricaine has the potential to induce drug-drug interactions

with other agents to influence underlying electrophysiology. Therefore, future improvements

should be implemented to reduce the effect of Tricaine for zebrafish cardiotoxic studies, as

Tricaine could introduce confounding circumstances, especially when testing psychostimu-
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lants on zebrafish. Future studies should also seek to explain the effect of these chemical

entities on ion channel function through analysis of sodium and calcium transients for ze-

brafish. These future experiments would determine the mechanism of methamphetamine

in inducing cardiotoxicity as well as bolster the use of zebrafish as a suitable model for

cardiotoxic studies.

GPCRs and one of their prominent secondary messengers, cAMP, have been attributed to

modulate numerous neurological dysregulations due to Meth exposure [116, 154]. Due to

ubiquitous nature of TAAR and GPCRs, this signaling pathway is also located in other

physiological systems. Fehler et al. determined the presence of TAAR receptors within the

aorta and their role in drug-associated vasoconstriction, which leads to cardiovascular con-

ditions such as high blood pressure [155]. Interestingly, this process does not appear to be

mediated by the neuronal system [156]. Recent research has indicated that GPCRs may also

play a role in producing detrimental cardiac effects of Meth, including arrhythmia, fibrosis,

cardiomyopathy, and tissue remodeling [157, 158]. As depicted in figure 5.4, cAMP inter-

faces with numerous factors within the GPCR pathway that may induce such cardiovascular

effects [159]. cAMP upregulation is known to lead to fibrosis via increased lysyl oxidase pro-

duction, as lysyl oxidase plays a major role in collagen and ECM crosslinking [160]. cAMP

is also involved in the modulation of CaMKII, principal in the maintenance of myocardial

calcium ion homeostasis [161]. CaMKII dysregulation has been attributed to the develop-

ment of cardiac pathologies, such as the regulation of cardiac extraction-contraction coupling

and the activation of inflammatory and hypertrophic pathways [162]. Using the GloSensor

cAMP assay, we demonstrated that the upregulation of cAMP occurred in a dose-dependent

manner within zebrafish cardiomyocytes. This upregulation was inhibited by, EPPTB, an

antagonist of TAAR1 and cAMP. We also demonstrated that Ca2+ was upregulated by Meth

in a TAAR1-dependent fashion. Collagenic assays on untreated and Meth-treated zebrafish

further indicated that Meth induced an increased fibrotic response in cardiac tissue, con-

sistent with the concept that Meth-associated fibrosis led to the dysregulation in cardiac
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electrophysiology. The significant upregulation in the family of lysyl oxidase proteins further

suggests that TAAR1 and GPCRs modulate this response. Overall, the results from this

study indicate that Meth upregulated cAMP in zebrafish cardiomyocytes, causing dysregu-

lation in Ca2+ homeostasis and fibrotic response, suggesting that cAMP and GPCRs play a

role in Meth-induced cardiotoxicity.

Additional research should be conducted to further understand the role of heart-brain axis

due to Meth exposure, such as the link between neurotransmitter response and cAMP/GPCR

expression to cardiovascular abnormalities, as well as an investigation on ion channel func-

tion in the heart after Meth administration. The zebrafish model has already been utilized in

numerous Meth studies, mostly related to behavioral studies due to the ability of Meth to dis-

rupt dopamine release and reuptake, thus increasing dopamine expression [163]. Therefore,

it would be intriguing to understand the role of dopamine in Meth-induced cardiotoxicity, as

it would explain whether Meth-induced cardiotoxicity is caused by dopamine or through a

direct effect from Meth. One consequence of dopamine response is the change in ion channel

expression. For example, studies have shown the modulation of L-type calcium channels by

Meth, but it is not fully understood whether Meth alters calcium channel function directly

or via dopamine [144, 164, 165]. As mentioned earlier, ion channel modulation may also be

integral in understanding the cardiac electrical remodeling induced by Meth. Meth has been

determined to alter the expression and functionality of potassium and calcium within car-

diomyocytes, which were correlated to Meth-associated arrhythmic events [144, 145]. These

effects were not attributed to neuronal functions, indicating that separate mechanisms may

also be in play for Meth-associated alterations in the neuronal and cardiovascular system.
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5.5 Conclusion

The goal of this study is to provide elucidation into the effect of Meth on cardiac physiology

and electrophysiology in a standardized, controlled setting. Utilizing the developed technol-

ogy presented in chapter 4, the generated results suggests that Meth induces a predominant

depressor effect on cardiac electrophysiology most likely due to the baroreceptor reflex and

cardiac damage. This was manifested as a progressive decrease in heart rate and eventual

decrease in HRV. This effect persisted through the end of the two-week treatment, which

may be a sign of cardiac damage as seen in Meth-induced cardiotoxicity. Molecular analysis

suggested that the Meth exposure via cAMP upregulation and Ca2+ dysregulation leads to

the development of fibrosis and arrhythmia, respectively.

69



Figure 5.8: Collagenic expression analysis of zebrafish heart tissue (n=6 per group) with
and without Meth treatment. (A) Collagen fluorescent assay conducted on protein samples
treated at various concentrations of Meth. Positive symbol (+) signifies collagenase I treat-
ment and negative symbol signifies no treatment. Results indicate that collagen content
increases due to Meth treatment in a dose-dependent manner. (B) Expression analysis of
genes associated with fibrosis, including the family of lysyl oxidases. (COL1A1 = collagen I;
COL3A1 = collagen III; MMP1 = matrix metalloproteinase I; TMP1 = thymidylate kinase;
LOX = lysyl oxidase; PLOD = lysyl hydroxylase) Meth-treated tissue exhibited significantly
higher expression of lysyl oxidase and lysyl hydroxylase, associated with the GPCR pathway.
Expression of other genes displayed marginal increases in treated tissue, indicating higher
instance of fibrosis. * denotes p<0.05. ** denotes p<0.005. *** denotes p<0.0005.
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Chapter 6

Development of a Hypoxia-Inducible

System for Zebrafish Cardiovascular

Studies

6.1 Introduction

In chapters 4 and 5, various zebrafish ECG phenotypes induced by drug treatments were

explored, further establishing the zebrafish model as a viable candidate for drug screening

in cardiovascular studies. In this chapter, the zebrafish model will be utilized for its other

applications: genetic analysis and tissue regeneration. Specifically, the hypoxia pathway will

be discussed, and a system to induce physical hypoxia in zebrafish will be delineated below.
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6.1.1 Hypoxia Inducible Factor (HIF) and the Hypoxia Pathway

Hypoxia is a natural physiological condition that develops from the onset of myocardial in-

farction due to the occlusion of blood flow. The role of hypoxia in regeneration is perhaps

best exemplified by comparing aquatic species and mammals. It is believed that aquatic and

amphibian species, such as zebrafish, starfish, and salamanders, are capable of regeneration

due to adapting to their aquatic environments, known to have widely fluctuating oxygen

concentrations [166]. In contrast, mammals, known to be mostly nonregenerative, tend to

live in land environments with stable oxygen levels. Thus, hypoxia and its associated signal-

ing pathway could be a key to understanding the regenerative capabilities of those aquatic

species. Over the past three decades, researchers have been trying to understand the roles

that hypoxia play in various cellular and physiological processes. The discovery of the main

element, hypoxia inducible factor-1 (HIF-1), was credited to Semenza in 1992 [167]. Along

with his fellow researchers Ratcliffe and Kaelin, both credited for uncovering the regula-

tion process of HIF-1 in cells, Semenza was awarded the 2019 Nobel Prize in Physiology or

Medicine for their work on the hypoxic pathway [168, 169, 170]. Under normoxic conditions,

HIF-1α is hydroxylated and then ubiquitinated by the von-Hippel Lindau tumor suppressor

(pVHL) [171]. However, hydroxylation is suppressed in hypoxic conditions, allowing HIF-1α

to avoid ubiquitination and to dimerize with HIF-1β for downstream gene regulation. While

it is mainly viewed as a detriment to the myocardium downstream of the blocked coronary

artery, hypoxia could play a role in cardioprotection and regeneration [172]. A previous

study by Jopling et al. demonstrated that chemically induced hypoxia promotes zebrafish

cardiomyocyte proliferation compared with normoxia both in vitro and in vivo [173]. In-

terestingly, this study also revealed that hyperoxic conditions reduce the cardiomyocyte

proliferation rate compared to normoxic conditions, indicating that a dynamic continuum

could exist in how oxygen concentration modulates cardiomyocyte proliferation. This contin-

uum could be exhibited due to the dynamic hypoxic signaling response via varying HIF-1α
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concentrations, indicating the necessity of careful HIF modulation in regeneration studies.

Inducing cardiac regeneration by hypoxia have also been demonstrated in mice, demonstrat-

ing the potential for translating results regarding the HIF pathway into mammalian models

and human therapies [174] Through recent research, the HIF pathway has continued to

demonstrate its significance in the role of underlying cardiac regenerative processes.

While the complete mechanism of the HIF pathway remains to be elucidated, research has

indicated its possible interactions with other signaling pathways in promoting regeneration.

For example, HIF has been demonstrated to be an upstream factor of the Notch pathway

[175, 176, 177]. The Notch pathway is a ubiquitous and vital pathway for the development

and maintenance of various tissues. The Notch pathway induces such development through

factors such as bone morphogenic proteins (BMPs) and cross-talks with other ubiquitous

developmental and regenerative pathways such as the Wnt pathway [178]. Similar to the HIF

pathway, the Notch pathway requires careful modulation, as zebrafish cardiac regeneration

can be hindered by both inhibition and overexpression [179, 180]. Elucidating the mechanism

of the HIF pathway in regeneration could also help uncover more information regarding

other regenerative pathways, which will ultimately provide a clearer picture to intrinsic

regenerative capabilities.

One of the major downstream processes stemming from the HIF pathway is angiogenesis.

Previous studies have demonstrated that angiogenesis is critical to the wound healing process

in both mammalian and zebrafish hearts [181, 182]. While numerous studies have indicated

its importance in the regenerative process, angiogenesis also bears significance in potentially

modulating the hypoxic environment within the infarct tissue. At the onset of myocardial

injury, the infarct area is relatively devoid of adequate blood circulation due to damaged

vessels, resulting in the development of local hypoxia [183]. However, as angiogenesis devel-

ops, the local oxygen concentration begins to increase, potentially affecting the dynamics of

the HIF pathway and subsequent crosstalking. Research by Guo et al. demonstrated that
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prolonging the upregulation of angiogenic factors for up to a month promoted cell survival

within the heart and reduced scar size, suggesting that sustained angiogenic upregulation

may enhance regeneration [184]. While a model has yet to be developed to fully explain this

phenomenon, it serves to further emphasize that hypoxia and the HIF pathway is critical to

the regeneration process.

6.1.2 Rationale

While hypoxia and the HIF pathway is well established as a critical factor in zebrafish regen-

eration studies, current methods in the induction of hypoxia for zebrafish remains inadequate

for both long-term regeneration studies and potential translation into clinical practice. These

methods tend to include the administration of drugs and agents known to upregulate HIF

[173, 185] While they were effective in demonstrating the role of the pathway in regeneration,

these agents could also introduce confounding effects not inherent to the original hypoxic re-

sponse. For example, cobalt chloride, a well-known stabilizer for the HIF pathway, has been

documented to induce oxidative stress not seen in hypoxic conditions, which could introduce

regulation of genes independent of the HIF pathway [186]. Additionally, the methodology

for the zebrafish studies tend to restrict treatment for these agents to short periods of time

(approximately 1 hour), which may not be conducive for further optimization for future ap-

plications. Some zebrafish hypoxia studies do utilize gas sparging to induce direct hypoxia,

but they were generally developed for embryonic and larval studies [187, 188]. These methods

lack both the long-term monitoring for stable hypoxia induction and the adult zebrafish hus-

bandry practices mandated for research. This chapter outlines a feedback-controlled hypoxia

system designed for zebrafish and tailored for regenerative studies.
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6.2 Methods

6.2.1 Zebrafish Husbandry

Wild-type adult zebrafish were obtained and raised in the lab as indicated in the previous

chapters. These fish were separated randomly into their respective experimental groups. All

procedures were performed under anesthesia with Tricaine (MS-222). All procedures were

reviewed and approved to be in compliance with the guidelines provided by the Institutional

Animal Care and Use Committee at University of California-Irvine (AUP-21-066).

6.2.2 Development of Hypoxia System

The developed hypoxia system is shown in figure 6.1. The fish tank consisted of a 8-liter

container capable of holding up to 42 fish. 5 holes were punched along the walls and lid of the

container for water inlet, nitrogen gas inlet, water/gas outlet, dissolved oxygen (DO) sensor,

and for general maintenance. 10 mm-diameter valve tubes were attached to the tank for

the transport of water and nitrogen gas. Water was circulated through the tubes connected

to a pre-built reservoir for sanitation. Nitrogen was used to purge oxygen and reduce the

dissolved oxygen concentration in the water. Nitrogen was purged at a rate of approximately

1 psi. A bubble diffuser was installed to disperse the nitrogen gas for a much larger surface

area.
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Figure 6.1: Schematic of the feedback-controlled hypoxia system. The hypoxia fish tank on
the left was outfitted with water circulation, nitrogen inflow, and constant DO monitoring.
The electronic system on the right, encased in the acrylic chassis, was designed to contin-
uously monitor and maintain stable dissolved oxygen (DO) concentration with a feedback
control algorithm.

To control DO concentration, a feedback control system was developed. The DO sensor

attached to the tank relayed the signal to an Arduino microcontroller, which was the main

component facilitating the feedback control. An Arduino code was implemented to record

the DO concentration once per second and modulate the switch of the gas valve for nitrogen

sparging when necessary. When the Arduino detected that the DO concentration has risen

above the desired hypoxic concentration of 2 mg/L, it sent a signal to a relay module,

which was responsible for switching the solenoid gas valve open, allowing nitrogen influx

into the tank. The Arduino was connected to a laptop for displaying and recording the DO

concentration. This electronic feedback control system was encased in an acrylic chassis with

a laminated wood base to protect the electronic components from water damage.

76



Figure 6.2: Hypoxia system circuit diagram and flowchart. The feedback control circuitry
consists of an Arduino microcontroller connected to both the DO sensor for sensing and the
mechanical valve for actuating nitrogen gas flow into the fish tank. A custom algorithm is
developed to maintain DO concentration at 2 mg/L. The inset provides a general flowchart
of the various components of the system. Blue arrows indicate water flow; orange indicates
nitrogen gas flow; black indicates DO recording signal flow.

6.2.3 Zebrafish Cryosurgery and Subsequent Treatment

The zebrafish undergo cryosurgery based on the method outlined in Gonzalez-Rosa et al.

[189] Briefly, the zebrafish were anesthetized in 200 mg/L tricaine (MS-222) for approxi-

mately 5 minutes. After anesthesia, the zebrafish was placed on a moist sponge ventral side

up. Under the microscope, an incision was made on the body wall to expose the chest cavity

and open the pericardial sac, exposing the heart. A custom made cryoprobe equipped with a

stainless steel tip approximately 0.5 mm. in diameter, was chilled in liquid nitrogen prior to

cryosurgery. After the heart was exposed, the cryoprobe tip was placed on the surface of the

heart for 10 seconds. The site displayed paleness with some bleeding, indicating successful

infarction. The fish was allowed to recover in fish tank water treated with 50 mg/L acetyl-
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Figure 6.3: Hypoxia system circuit diagram and flowchart. The feedback control circuitry
consists of an Arduino microcontroller connected to both the DO sensor for sensing and the
mechanical valve for actuating nitrogen gas flow into the fish tank. A custom algorithm is
developed to maintain DO concentration at 2 mg/L. The inset provides a general flowchart
of the various components of the system. Blue arrows indicate water flow; orange indicates
nitrogen gas flow; black indicates DO recording signal flow.
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salicylic acid. After 15 minutes of monitoring for any abnormal symptoms, the recovered

fish were placed for their respective treatments. For the hypoxia system, the fish (n=24)

were placed in the fish tank prior to initiating nitrogen gas purging. The fish will remain in

the hypoxia system for the duration of the study. For treatment with cobalt chloride, the

fish (n=24) were placed in fish tank water containing 10 mM and 20 mM cobalt chloride for

1 hour before returning them to regular fish tank water for the remainder of the study.

6.2.4 qPCR Expression Analysis

After subsequent treatments, fish hearts were excised for genetic and protein expression

analysis. For heart excision, the chest cavity and pericardial sac was exposed similar to

the aforementioned cryosurgery protocol. The heart was then removed from the cavity with

a set of forceps. The fish hearts were excised at 0, 1, 4, and 7 days post injury (dpi).

Zebrafish cardiac RNA was isolated with the Trizol reagent, following the provided protocol.

First-strand cDNA synthesis was conducted after RNA isolation. qPCR was conducted

to determine the expression levels of HIF-1α and VEGF. Relative expression levels were

calculated with the double-delta Ct method. The double-delta Ct method is calculated by

the following:

RelativeExpression = 2−∆∆Ct

∆∆Ct = (CtEGene,ESample − CtCGene,ESample) − (CtEGene,RSample − CtCGene,RSample)

where EGene represents the experimental gene (HIF or VEGF ), CGene is the control gene

(β-actin), ESample represents the experimental sample (days 1, 4, and 7), and0 RSample is

the reference sample (day 0).
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6.3 Results and Discussion

6.3.1 Hypoxia System Performance

The developed hypoxia system has been developed as shown in figure 6.1. The electronic

schematic, including the Arduino microcontroller and solenoid mechanical valve are shown in

figure 6.2. The actual setup, including the computer interface displaying the dissolved oxygen

concentration, is shown in figure 6.3. With an outflow nitrogen pressure of approximately 1

psi, the system was able to decrease the DO concentration from the atmospheric level of 9

mg/L to the desired level of 2 mg/L in approximately 6 minutes. The system was able to

maintain a DO concentration of 2 ± 0.3 mg/L. Comparing the survival rates of the hypoxia

system and cobalt chloride treatment, the zebrafish (n=24) in the hypoxia system was able

to achieve a larger survival rate of 91.7%, whereas zebrafish (n=24 each concentration)

undergoing cobalt chloride treatment only achieved survival rates of 66.7% and 37.5% for 10

mM and 20 mM, respectively (Figure 6.4).

6.3.2 Expression Analysis

In order to understand how hypoxia induced by the hypoxia system may modulate normal

physiological response and cryoinjured response, zebrafish (n=24 per experimental group)

was placed in the hypoxia system after their respective treatments. At days 0, 1, 4, and

7, zebrafish hearts were extracted for expression analysis of HIF and VEGF. As shown in

figure 5, both HIF and VEGF expression peaked at 4 days of treatment for uninjured fish,

whereas the same expression peaked at 7 days for injured fish. This data indicates that

under hypoxic conditions, injured tissue results in a delayed response of heightened HIF

and VEGF expression, suggesting that the physiological response after injury necessitates

a delayed response. Previous literature determined that the VEGF expression after injury
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Figure 6.4: Comparison of survival rate between zebrafish in hypoxia system and in CoCl2
treatment. Data yielded that over 7 days post cryoinjury, the zebrafish in the hypoxia system
exhibited the highest survival at 92%, followed by 10 mM CoCl2 at 67% and 20 mM CoCl2 at
38%. This demonstrated that the hypoxia system was the most viable method for inducing
hypoxia.

would typically peak at 1 day post injury before decreasing in subsequent days [182, 190].

This further suggests that the physical hypoxia condition delays the normal physiological

response seen after injury. Interesting to note is the decrease in HIF expression during

days 1 and 4 for zebrafish after cryoinjury. This may be attributed to the non-canonical

HIF pathway, which is independent of oxygen concentration. Studies showed that damage

to the mitochondrial respiration process in oxidative phosphorylation destabilizes HIF-1α

expression [191]. Whether that translates to expression in injured tissue remains unknown.
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Figure 6.5: Expression Analysis of HIF and VEGF for Both Uninjured and Cryoinjured
Fish in Physical Hypoxia. HIF and VEGF expression peaked at day 4 of hypoxia treatment
for uninjured fish and day 7 for injured fish.

Numerous studies have demonstrated the the benefit of expressing VEGF in wound closure

after injury, as angiogenesis is a fundamental factor in wound healing [192, 193, 194, 195].

However, VEGF overexpression has also led to unintended consequences, such as perpetua-

tion of the inflammatory response and development of chronic scars [196, 197]. This suggests

that persistent VEGF may be detrimental to the wound healing process. Interestingly, delay-

ing VEGF expression post injury may improve prognosis [198]. Thus, understanding when

VEGF and HIF should be expressed to promote healing after injury is crucial in treating

cardiovascular diseases.

6.4 Conclusion

In this chapter, the development of a hypoxia system for zebrafish studies was introduced,

and validation studies were performed to determine the effects of induced hypoxia on the
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HIF and VEGF genes. The hypoxia system was able to maintain a steady DO concentration

of 2 ± 0.3 mg/L, and the survival rate of zebrafish was 92%, compared to 38% - 67% in the

alternative CoCl2 treatment. The HIF and VEGF expressions peaked at different days of

hypoxic treatment for uninjured and injured fish, suggesting that the wound healing process

may alter the physiological response to hypoxia. This may be vital to understanding how

the difference in the timing of expression may influence the regeneration process.
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Chapter 7

Conclusion and Prospective

7.1 Summary of contributions

This dissertation provides a number of contributions in the use of the zebrafish model in

various cardiovascular studies, including (1) development of an ECG system suitable for

long-term drug/agent assessment and genetic characterization for arrhythmic phenotypes;

(2) elucidation of the effect of methamphetamine on arrhythmic phenotypes with an in-

depth analysis into how G-couple protein receptors may induce such phenotypes; and (3)

fabrication of a hypoxia system suitable for zebrafish cardiac regeneration studies in relation

to the HIF pathway and the wound healing process.

This dissertation provides a demonstration into how the zebrafish may be used for a mul-

titude of investigation for cardiovascular pathologies. The zebrafish model possesses many

advantages, such as similar homology to humans, a solid foundation of zebrafish genome

characterization with the understanding that over 70% of human genes have orthologues

in zebrafish, the ability to regenerate cardiac tissue, and the relative ease of maintenance

compared to mammalian models [28]. These qualities make the zebrafish model ideal for
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drug screening analysis, genetic phenotyping, and exploration of cardiovascular regenerative

strategies. Previous chapters discuss how zebrafish studies may elucidate and corroborate

current knowledge on arrhythmic phenotypes in association to drug treatments and genetic

mutations, as well as enable the investigation of how modulation of the wound healing process

may promote regeneration after cardiac injury.

7.2 Conclusion

7.2.1 Development of a Zebrafish ECG System

To enable the analysis of multiple drug dosing and functionalization of genetic mutations,

a zebrafish ECG system was designed and fabricated. A comparison with the commercial

system was conducted, and both system yielded similar performances. Various validation

studies were also completed, such as the optimization of temperature and Tricaine (anes-

thetic) concentration, to determine the most stable ECG recording with high signal-to-noise

ratio. Of particular attention is the Tricaine concentration, as Tricaine is known to af-

fect electrophysiology. Finding a suitable concentration for minimizing confounding effects

while maintaining an adequate signal-to-noise ratio was most vital in acquiring ECG data.

To demonstrate the application of dose-response experiments with the developed system,

Amiodarone treatment of varying doses were completed, and results demonstrate that the

heart rate decreased and QTc interval increased with each increasing dose, which were the ex-

pected results. Finally, a high sodium intake analysis was conducted to investigate the effect

of the mutation Tg(SCN5A-D1275N) on arrhythmic phenotypes. The mutation Tg(SCN5A-

D1275N) is significant in arrhythmic diseases such as the sick sinus syndrome, an arrhythmic

disease characterized by pathologies in the sinoatrial node, where cardiac conduction initi-

ates [70]. Results suggest that the mutation led to an increased susceptibility to arrhythmic
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phenotypes from conditions that may affect the ion channel function, where the mutation

lies. Overall, this piece of work outlined the capability of the developed ECG system for

zebrafish studies.

7.2.2 Effect of Methamphetamine on Inducing Arrhythmic Phe-

notypes

The methamphetamine (Meth) epidemic is an ongoing public issue due to the addictive na-

ture of the psychostimulant. The epidemic is responsible for the rising number of deaths

each year [199]. While the neurological effects of Meth are well documented, the cardio-

vascular effects are not well understood. Clinical reports only provide meager detail on the

possible mechanism due to the varied nature of these accounts. Utilizing the ECG technol-

ogy outlined earlier, zebrafish were subjected to Meth treatments over 2 weeks to simulate

consecutive intakes due to addiction. Results indicate a progressive decrease in heart rate,

decrease in QTc interval, and a biphasic trend in heart rate variation, indicating the increase

in sinus arrhythmia, followed by the progressive decrease in heart rate due to cardiac dam-

age. Subsequent experiments delineated the possible mechanism of Meth in inducing such

arrhythmic phenotypes, including the analysis of how G-couple protein receptors (GPCRs)

may induce excessive fibrosis and calcium ion dysregulation. Both of these conditions may

result in the presence of arrhythmic phenotypes due to Meth intake.

7.2.3 A Novel System for Inducing Hypoxia in Zebrafish

One of the most notable features of the zebrafish is the ability to regenerate cardiac tissue af-

ter injury [35]. Thus, research focused on uncovering the mechanism behind the regenerative

capability. Hypoxia and the HIF pathway have been linked as possible factors, as zebrafish
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tend to live in aquatic environments with variable oxygen levels [166]. Regenerative studies

regarding hypoxia also yielded positive benefits in hypoxic conditions [173]. However, those

studies utilized drugs, agents, and genetic engineering to investigate, which are not conducive

for translation for human clinical practice. A physical hypoxia system was developed to in-

duce a stable dissolved oxygen concentration of 2 ± 0.3 mg/L. Resulting expression analysis

of HIF and the angiogenic factor VEGF, relevant in the wound healing process after in-

jury, displayed that the physical hypoxia system delayed expression upregulation. Previous

literature demonstrated that a delayed response to an angiogenesis in wound healing may

promote regeneration. In future work, understanding how modulation of hypoxic expression

along the wound healing process would be vital in elucidating cardiac regeneration.

7.3 Future works

A number of general items identified for future works are summarised below.

• Optimize the placement of the ECG electrodes for more accurate recordings, with the

possibility of adding additional leads for multidimensional electrophysiological analysis.

• Reduce the Tricaine concentration through various methods, such as the development

of a ’wireless ECG jacket’ for zebrafish, and the ’pseudo-ECG’ video system.

• Analyze the immediate/acute effects of Meth on ECG to analyze how arrhythmic effects

develop from the onset of treatment.

• Assess the effect of hypoxia on the cardiac regeneration process, including characteri-

zation with ECG.
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Kilian, Leonor T. Quintais, José A. Guerra-Assunção, Yi Zhou, Yong Gu, Jennifer Yen,
Jan-Hinnerk Vogel, Tina Eyre, Seth Redmond, Ruby Banerjee, Jianxiang Chi, Beiyuan
Fu, Elizabeth Langley, Sean F. Maguire, Gavin K. Laird, David Lloyd, Emma Kenyon,
Sarah Donaldson, Harminder Sehra, Jeff Almeida-King, Jane Loveland, Stephen Tre-
vanion, Matt Jones, Mike Quail, Dave Willey, Adrienne Hunt, John Burton, Sarah
Sims, Kirsten McLay, Bob Plumb, Joy Davis, Chris Clee, Karen Oliver, Richard Clark,
Clare Riddle, David Elliott, Glen Threadgold, Glenn Harden, Darren Ware, Sharmin
Begum, Beverley Mortimore, Giselle Kerry, Paul Heath, Benjamin Phillimore, Alan
Tracey, Nicole Corby, Matthew Dunn, Christopher Johnson, Jonathan Wood, Susan
Clark, Sarah Pelan, Guy Griffiths, Michelle Smith, Rebecca Glithero, Philip Howden,
Nicholas Barker, Christine Lloyd, Christopher Stevens, Joanna Harley, Karen Holt,
Georgios Panagiotidis, Jamieson Lovell, Helen Beasley, Carl Henderson, Daria Gor-
don, Katherine Auger, Deborah Wright, Joanna Collins, Claire Raisen, Lauren Dyer,
Kenric Leung, Lauren Robertson, Kirsty Ambridge, Daniel Leongamornlert, Sarah
McGuire, Ruth Gilderthorp, Coline Griffiths, Deepa Manthravadi, Sarah Nichol, Gary
Barker, et al. The zebrafish reference genome sequence and its relationship to the
human genome. Nature, 496(7446):498–503, 2013.

[29] P. Giardoglou and D. Beis. On zebrafish disease models and matters of the heart.
Biomedicines, 7(1), 2019.

[30] M. S. Dickover, R. Zhang, P. Han, and N. C. Chi. Zebrafish cardiac injury and
regeneration models: a noninvasive and invasive in vivo model of cardiac regeneration.
Methods Mol Biol, 1037:463–73, 2013.

[31] R. Ryan, B. R. Moyse, and R. J. Richardson. Zebrafish cardiac regeneration-looking be-
yond cardiomyocytes to a complex microenvironment. Histochem Cell Biol, 154(5):533–
548, 2020.

[32] Tae-Young Choi, Tae-Ik Choi, Yu-Ri Lee, Seong-Kyu Choe, and Cheol-Hee Kim. Ze-
brafish as an animal model for biomedical research. Experimental Molecular Medicine,
53(3):310–317, 2021.

[33] D. Bournele and D. Beis. Zebrafish models of cardiovascular disease. Heart Fail Rev,
21(6):803–813, 2016.

[34] B. J. Haubner, M. Adamowicz-Brice, S. Khadayate, V. Tiefenthaler, B. Metzler, T. Ait-
man, and J. M. Penninger. Complete cardiac regeneration in a mouse model of my-
ocardial infarction. Aging (Albany NY), 4(12):966–77, 2012.

91



[35] M. Gemberling, T. J. Bailey, D. R. Hyde, and K. D. Poss. The zebrafish as a model
for complex tissue regeneration. Trends Genet, 29(11):611–20, 2013.

[36] A. W. Seifert and K. Muneoka. The blastema and epimorphic regeneration in mam-
mals. Dev Biol, 433(2):190–199, 2018.

[37] S. A. Brittijn, S. J. Duivesteijn, M. Belmamoune, L. F. Bertens, W. Bitter, J. D.
de Bruijn, D. L. Champagne, E. Cuppen, G. Flik, C. M. Vandenbroucke-Grauls, R. A.
Janssen, I. M. de Jong, E. R. de Kloet, A. Kros, A. H. Meijer, J. R. Metz, A. M. van der
Sar, M. J. Schaaf, S. Schulte-Merker, H. P. Spaink, P. P. Tak, F. J. Verbeek, M. J.
Vervoordeldonk, F. J. Vonk, F. Witte, H. Yuan, and M. K. Richardson. Zebrafish
development and regeneration: new tools for biomedical research. Int J Dev Biol,
53(5-6):835–50, 2009.

[38] S. P. Singh, J. E. Holdway, and K. D. Poss. Regeneration of amputated zebrafish fin
rays from de novo osteoblasts. Dev Cell, 22(4):879–86, 2012.

[39] K. Kikuchi, J. E. Holdway, A. A. Werdich, R. M. Anderson, Y. Fang, G. F. Egnaczyk,
T. Evans, C. A. Macrae, D. Y. Stainier, and K. D. Poss. Primary contribution to
zebrafish heart regeneration by gata4(+) cardiomyocytes. Nature, 464(7288):601–5,
2010.

[40] Chris Jopling, Eduard Sleep, Marina Raya, Mercè Mart́ı, Angel Raya, and Juan Car-
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López. Safety of permanent pacemaker implantation: A prospective study. J Clin
Med, 8(1), 2019.

[73] M. Semelka, J. Gera, and S. Usman. Sick sinus syndrome: A review. American Family
Physician, 87(10):691–696, 2013.

94



[74] M. L. Bakker, G. J. J. Boink, B. J. Boukens, A. O. Verkerk, M. Van Den Boogaard,
A. D. Den Haan, W. M. H. Hoogaars, H. P. Buermans, J. M. T. De Bakker, J. Seppen,
H. L. Tan, A. F. M. Moorman, P. A. C. T Hoen, and V. M. Christoffels. T-box
transcription factor tbx3 reprogrammes mature cardiac myocytes into pacemaker-like
cells. Cardiovascular Research, 94(3):439–449, 2012.

[75] M. Choudhury, N. Black, A. Alghamdi, A. D’souza, R. Wang, J. Yanni, H. Dobrzynski,
P. A. Kingston, H. Zhang, M. R. Boyett, and G. M. Morris. Tbx18 overexpression
enhances pacemaker function in a rat subsidiary atrial pacemaker model of sick sinus
syndrome. Journal of Physiology, 596(24):6141–6155, 2018.

[76] A. M. Wilde Arthur and S. Amin Ahmad. Clinical spectrum of scn5a mutations.
JACC: Clinical Electrophysiology, 4(5):569–579, 2018.

[77] J. E. Tisdale, M. K. Chung, K. B. Campbell, M. Hammadah, J. A. Joglar, J. Leclerc,
and B. Rajagopalan. Drug-induced arrhythmias: A scientific statement from the amer-
ican heart association. Circulation, 142(15):e214–e233, 2020.

[78] S. Nagasawa, H. Saitoh, S. Kasahara, F. Chiba, S. Torimitsu, H. Abe, D. Yajima, and
H. Iwase. Relationship between kcnq1 (lqt1) and kcnh2 (lqt2) gene mutations and
sudden death during illegal drug use. Sci Rep, 8(1):8443, 2018.

[79] B. L. Henry, A. Minassian, and W. Perry. Effect of methamphetamine dependence on
heart rate variability. Addict Biol, 17(3):648–58, 2012.

[80] T. Le, M. Lenning, I. Clark, I. Bhimani, J. Fortunato, P. Marsh, X. Xu, and H. Cao.
Acquisition, processing and analysis of electrocardiogram in awake zebrafish. IEEE
Sensors Journal, 19(11):4283–4289, 2019.

[81] H. C. Bazett. An analysis of the time-relations of electrocardiograms. Annals of
Noninvasive Electrocardiology, 2(2):177–194, 1997.

[82] Fred Shaffer and J. P. Ginsberg. An overview of heart rate variability metrics and
norms. Frontiers in Public Health, 5, 2017.

[83] M. Matthews and Z. M. Varga. Anesthesia and euthanasia in zebrafish. Ilar j,
53(2):192–204, 2012.

[84] P. Sun, Y. Zhang, F. Yu, E. Parks, A. Lyman, Q. Wu, L. Ai, C. H. Hu,
Q. Zhou, K. Shung, C. L. Lien, and T. K. Hsiai. Micro-electrocardiograms to study
post-ventricular amputation of zebrafish heart. Annals of Biomedical Engineering,
37(5):890–901, 2009.

[85] S. Attili and S. M. Hughes. Anaesthetic tricaine acts preferentially on neural voltage-
gated sodium channels and fails to block directly evoked muscle contraction. PLoS
One, 9(8):e103751, 2014.

95



[86] L. Lee, C. E. Genge, M. Cua, X. Sheng, K. Rayani, M. F. Beg, M. V. Sarunic, and G. F.
Tibbits. Functional assessment of cardiac responses of adult zebrafish (danio rerio) to
acute and chronic temperature change using high-resolution echocardiography. PLoS
One, 11(1):e0145163, 2016.

[87] M. Maricondi-Massari, A. L. Kalinin, M. L. Glass, and F. T. Rantin. The effects of
temperature on oxygen uptake, gill ventilation and ecg-waveforms in the nile tilapia,
oreochromis niloticus. Journal of Thermal Biology, 23(5):283–290, 1998.

[88] Rachael Morgan, Anna H. Andreassen, Eirik R. Åsheim, Mette H. Finnøen, Gunnar
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