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Abstract

Chronic tachypacing is commonly used in mammals to model heart failure (HF).
Alternative methods of chronic tachypacing involving the use of light-activated ion
channels (‘optogenetics’) have been explored in cultured heart tissue. However, this
model lacks the complexity of native myocardium. Recent efforts have explored
zebrafish as a model for human cardiac dysfunction based on their electrophysiological
similarities. Larval zebrafish offer a particularly attractive tool as they are translucent,
allowing for in vivo measurement of cardiac activity. A study by Kossack et al. (2017)
investigated the use of larval zebrafish as a model for HF using chronic sympathetic
stimulation with isoproterenol. Differences in the genetic response were found in
comparison to mammalian models, which suggested different mechanisms of
isoproterenol-induced cardiac dysfunction. This study aims to establish a model of
chronic tachypacing-induced HF in larval zebrafish using optogenetics to potentially
overcome these limitations. The effects of chronic optogenetic tachypacing of larval
zebrafish hearts between 2 to 6 and 3 to 7 days post fertilization (dpf) with two opsins
(channelrhodopsin-2, ChR2, and anion channelrhodopsin-1, ACR1) were compared.
Furthermore, we investigated the effects of continuous and interval chronic tachypacing.
To determine the effects of chronic optical tachypacing, we assessed changes in
cardiac morphology, function, and gene expression. Cardiac morphology and function
were measured from in vivo brightfield microscopic recordings, and morphology was
further assessed using fluorescent microscopy. Changes in gene expression were
quantified using qRT-PCR. It has been shown that chronic continuous tachypacing
results in cardiac development defects, while interval pacing with ChR2-expressing
larvae results in morphological changes reminiscent of HR. Furthermore, interval pacing
led to an increase in MRNA levels of several markers for heart failure, including levels of
ANP, BNP, and TGF-31, as well as the marker for hypertrophy, Myh6.
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Chapter 1: Introduction

1.1. Heart Failure

Heart failure (HF) is a global pandemic affecting more than 64 million people
worldwide, with only 30% of Canadian patients surviving one-year post-hospitalization
(Lippi & Sanchis-Gomar, 2020; Virani et al., 2017). Heart failure is a progressive
condition that is at the end-stage of various cardiovascular conditions, and typically
resulting from damage to the myocardium, which impairs cardiac pump function and
reduces the heart’s ability to meet the body’s metabolic needs (Dassanayaka & Jones,
2015). Neurohormonal compensatory mechanisms are activated in response to HF,
including the adrenergic nervous system and the renin-angiotensin-aldosterone system
(RAAS), which temporarily improves cardiac output (Dzau et al., 1981; Eisenhofer et al.,
1996). However, when compensatory mechanisms are sustained, molecular, cellular,
genetic, neurohormonal, metabolic and inflammatory changes lead to pathological
structural remodelling of the heart, in which cardiac function is lost (Ahmad et al., 2005;
Bertero & Maack, 2018; Cohn et al., 2000).

With the aging Canadian population and the increase in risk factors for
cardiovascular diseases (Curtis et al., 2018; North & Sinclair, 2012), healthcare costs
related to HF in Canada are expected to exceed 2.8 billion per year by 2030 (Tran et al.,
2016). Therefore, there is an increasing demand to understand the underlying
mechanisms of HF and to improve treatment efficacy. However, mechanisms driving HF
are challenging to distinguish in the human condition due to the ambiguity of when HF
begins and from the confounding effects of the associated therapeutics (Vanoli et al.,

2004). Experimental models of chronic HF can be utilized to allow us to understand the



complex nature of HF and perform interrogations that cannot be easily isolated
clinically.

1.2. Experimental Models of Heart Failure

Experimental models of HF should strive to simulate the human condition, to
enhance clinical translatability. Due to the various etiologies and comorbidies present in
human HF, choosing the appropriate experimental model can be challenging (Poon &
Brand, 2013). Well-established models of HF include hemodynamic overload,
myocardial infarction, ischemia-reperfusion injury, drug-induced, DOCA-salt
hypertension, genetic mutation-based, and pacing-induced tachycardia. While these
models have contributed imperative information to our understanding of HF, each has
its limitations.

1.2.1. Hemodynamic Overload

Hemodynamic overload models of HF include pressure overload and/or volume
overload. Typically, the effects on cardiac morphology depend on whether the model
induces pressure or volume overload. In pressure overload models, concentric
hypertrophy is a common consequence, while volume overload models often produce
eccentric hypertrophy (Pitoulis & Terracciano, 2020). One of the most common methods
to induce pressure overload is with transverse aortic constriction (TAC), in which a band
is placed around the transverse aorta, constricting blood flow and increasing left
ventricular pressure (Milani-Nejad & Janssen, 2014). A common method to induce
volume overload is by creating an arteriovenous fistula. In this method, the infrarenal
aorta is punctured into the vena cava using a needle. The needle is removed and the

aortic puncture site is sealed (Anderson et al., 2006). As an effect of the fistula, blood



flow is shunted to right-sided circulation resulting in a rise in preload (Stern & Klemmer,
2011).

Models of hemodynamic overload have been implemented in mice (Rai et al., 2018),
rats (Rungatscher et al., 2014), rabbits (Apitz et al., 2012), dogs (Kerbaul et al., 2004),
sheep (Hon et al., 2001), pigs (Schmitto et al., 2009), chicks (Schroder et al., 2002), and
primates (K. T. Weber et al., 1987). Hemodynamic overload models can be used to
study congestive HF (Scheuermann-Freestone et al., 2001), as well as to enhance our
understanding of how HF can be derived from human conditions like aortic stenosis
(deAlmeida et al., 2010), aortocaval fistulas (Guzman et al., 2002), and aortic or mitral
regurgitation (Magid et al., 1994; Watanabe et al., 2018).

Models of hemodynamic overload are beneficial as they closely resemble several
cardiac incidents which progress to human HF. Additionally, the models are often highly
tuneable, by increasing or decreasing modifiers of hemodynamic pressure or volume
(Moens et al., 2009). Nevertheless, there are several limitations associated with models
of hemodynamic overload. For example, the TAC model of pressure overload has been
criticized for being highly variable, requiring larger sample sizes (Mohammed et al.,
2012). Furthermore, the increase in hemodynamic overload inflicted in these models is
often stable, which does not simulate the progressive overload that exists clinically.
Lastly, most models of hemodynamic overload require proficient surgical techniques,
which can be technically challenging and add stressors to the model animal.

1.2.2. Myocardial Infarction

Myocardial infarction (MIl), commonly known as a heart attack, results from a

coronary occlusion which disrupts blood flow to the myocardium and leads to ischemic



myocardial necrosis. Myocardial necrosis disturbs the structure and function of the
myocardium and can cause sudden death (Thygesen et al., 2012). Myocardial infarction
survivors are at substantial risk of developing HF due to the compromised function of
the myocardium (Lewis et al., 2003). Several models exist to represent the progression
of HF post-MlI, including coronary artery ligation (Hood et al., 1967), microembolization
(Smiseth & Mjgs, 1982), ameroid constrictors (Firoozan et al., 1999), coiling (Li et al.,
2000), and cryonecrosis (Li et al., 1999). Ultimately, each model simulates an Ml using
surgical techniques to disrupt coronary circulation, similar to the human condition,
Animal models of MI consist of canine (Eaton & Bulkley, 1981), ovine (Moainie et al.,
2002), rabbit (Fujita et al., 2004), porcine (Li et al., 2000), rat (Srikanth et al., 2009),
mouse (Wang et al., 2006), hamster (Zhang et al., 2021), and guinea pig (Gaide et al.,
1985).

Myocardial infarctions are the most common cause of HF and, therefore, are
beneficial models as they represent the progression of the majority of clinical cases
(Das, 2000; Schmitto et al., 2009). For instance, the ability of angiotensin-converting
enzyme (ACE) inhibitors to improve life expectancy for diagnoses of advanced
congestive HF was first demonstrated by Pfeffer et al. (1985) in a rat model of coronary
artery ligation. This finding was later confirmed in humans and ACE inhibitors have now
become a standard clinical treatment for HF (Savarese et al., 2023; Sutton et al., 1997).

However, coronary artery ligation models of Ml-induced HF have been criticized for
lacking reproducibility, which is partly attributed to large variation in surgical procedures
(Degabriele et al., 2004; Shin et al., 2021). Additionally, most MI-induced HF models are

limited to invasive surgical interventions that do not reflect the pathophysiological



mechanisms of clinical M, as it is often triggered by atherosclerosis (Shin et al., 2021).
While catheter-based occlusions offer a non-invasive method to inflict MI, substantial
variation has been discovered among studies, attributed to differences in occlusion site
and duration (Garcia-Dorado et al., 1987).

1.2.3. Ischemia-Reperfusion Injury

Reperfusion is necessary to restore oxygen to the ischemic myocardium and prevent
further myocardial necrosis. However, reperfusion can lead to its respective injuries,
accounting for roughly 50% of the resulting myocardial infarct size in animal models
(Froéhlich et al., 2013; Jennings et al., 1960). It has been shown that reperfusion leads to
the generation of reactive oxygen species (ROS), intracellular Ca?* overload, and
mitochondrial dysfunction, which can lead to cardiomyocyte death (Frank et al., 2012;
Granger & Kvietys, 2015; Halestrap, 2009). As a result, current efforts seek to further
our understanding of ischemia-reperfusion (I/R) injury to improve the therapeutic
potential of reperfusion and mitigate further cardiac damage following its use (Aldor et
al., 2000; Flaherty et al., 1994). Additionally, I/R injury models have been utilized to
study the progression of HF by inflicting cardiac damage (Chouchani et al., 2014;
Smiley et al., 2014).

Ischemia-reperfusion injury models have been used in animal models like mice
(Nossuli et al., 2000; Smiley et al., 2014), pigs (Garcia-Dorado et al., 1987), rats
(Ciuffreda et al., 2014), canines (Velasco et al., 1991), and rabbits (Gao et al., 2013).
Myocardial infarction models are commonly compared to I/R injury models as they
follow similar technical procedures, differing in that I/R models remove the occlusion to

allow for reperfusion. The I/R injury model of HF may possess superior clinical



translation compared to Ml-induced HF due to the fact 70-85% of patients receive
reperfusion therapy for Ml (Cohen et al., 2010; Gharacholou et al., 2010). However, the
I/R injury model is criticized for its greater variability, which is often attributed to changes
in the ischaemic stimulus (Ishikawa et al., 2014; Michael et al., 1999). Furthermore,
since I/R re-oxygenates the myocardium, there are smaller infarcts produced, making
studying the mechanisms behind the progression of cardiac remodelling and HF
following myocardial injury more challenging (De Villiers & Riley, 2020).

1.2.4. Drug-induced

Pharmaceuticals can be administered to pathologically affect cardiac function and
induce HF. For example, monocrotaline has been previously used to induce pulmonary
hypertension leading to a pressure overload model of HF (Guild et al., 2016; Hotda et
al., 2020). Furthermore, isoproterenol has long been used to trigger cardiac dysfunction
(Bourdier & Robelet, 2019; Grimm et al., 1998; Rona et al., 1959). Isoproterenol
disrupts cardiac function through the activation -adrenergic (3-AR) receptors. Chronic
B-AR leads to increased HR, desensitization of 3-AR receptors, and generation of ROS,
which can lead to a loss of cardiac contractility and the development of HF (Belmonte &
Blaxall, 2011; Murray et al., 2000; Shin et al., 2021; Shizukuda et al., 1998).
Alternatively, clinical cases of drug-induced HF can be modelled using commonly
prescribed pharmaceuticals, which exert cardiotoxic side effects, like amrinone,
anthracycline, and cyclophosphamide (Alousi et al., 1985; Manthorpe & Svensson,
1996; Volkova & Russell, 2011).

Drug-induced HF models have been used in animal models like mice (Rau et al.,

2015), rats (Grimm et al., 1998), pigs (Kim et al., 2014), sheep (Chekanov, 1999), goats



(Tessier et al., 2003), canines (Bristow et al., 1980), and rabbits (Muders et al., 1999). A
benefit of drug-induced models of HF is that they are technically simple to implement
and are highly reproducible within species (Muders & Elsner, 2000). Additionally, as
mentioned previously, this model makes an excellent model for clinical cases of drug-
induced HF by mimicking the etiology. However, there are limitations of drug-induced
HF as well. One limitation is that pharmaceuticals often have widespread effects,
leading to undesired secondary and nonspecific toxic consequences (Riehle &
Bauersachs, 2019). Secondly, drug-induced models of HF can be limited in their
relevant etiology of HF. In the example of isoproterenol models of induced HF, while
chronic adrenergic activation is a prominent aspect of the development of clinical HF, it
is only one aspect of how most HF progresses (Riehle & Bauersachs, 2019).
Furthermore, pharmaceuticals can have extended wash-out times between treatments
and lengthy metabolism periods, leading to challenges in achieving temporal precision
with drug-induced models.

1.2.5. DOCA-Salt Hypertension

Deoxycorticosterone acetate (DOCA)-salt treatment is another widely used method
to induce HF. In this model, DOCA is administered, leading to greater sodium and water
reabsorption from the kidneys. As a result, there is an increase in blood volume and
blood pressure leading to systemic hypertension (Zicha et al., 1989). This model often
combines a high salt diet and a uninephrectomy to reduce kidney mass and increase
hypertension pressure (Collister et al., 2018).

DOCA-salt hypertension models have been used to model HF with preserved

ejection fraction (HFpEF), as this model effectively leads to hypertrophy, fibrosis, and



conduction irregularities in the absence of changes in ejection fraction (Brilla & Weber,
1992; Loch et al., 2006; Schwarzl et al., 2015). DOCA-salt treatment models of HF have
been used in various animals, such as dog (Hamed & Lokhandwala, 1981), pig
(Schwarzl et al., 2015), rabbit (Ayitey-Smith & Kalsner, 1977), mouse (Cao et al., 2019)
and rat (Ammarguellat et al., 2001).

A major benefit to the DOCA-salt model is that salt sensitivity is a crucial
predisposition to the development of clinical hypertension. Thus, the DOCA-salt model
allows for a reliable investigation of the role of sodium in the mechanisms of
hypertension-induced HF (Basting & Lazartigues, 2017). However, while similar cardiac
remodelling occurs in patients with hypertension-induced HF, these patients are
typically not consuming salt-retaining compounds (lyer et al., 2010). Consuming DOCA-
salt has been linked to nonspecific side effects, like chronic kidney disease and cerebral
microvascular inflammation (Hartner et al., 2003; Rodrigues & Granger, 2012).

1.2.6. Genetic Mutation-based

Genetic manipulation allows for the study of the genetic abnormalities underlying
hereditary cardiovascular diseases and HF. While identifying genetic abnormalities
cannot always translate to a therapeutic target, it can expand diagnostic capabilities and
facilitate interventions at a preventative stage (Ackerman et al., 2011). Furthermore,
genetic manipulations have progressed the knowledge of the molecular mechanisms
behind cardiac function and dysfunction by manipulating the expression of signalling
molecules and structural proteins (Olson & Schneider, 2003; Yutzey & Robbins, 2007).
For instance, in one study by Arber et al. (1997), mice were genetically manipulated to

be deficient in the muscle LIM protein (MLP) gene. As result of the deficiency, the



researchers demonstrated the disruption of the cardiomyocyte cytoarchitecture, which
appeared similar to that of a dilated cardiomyopathy.

Models of genetic mutation are commonly performed in small animal models. For
instance, viral vectors can be used in smaller animal models, like mice (Matsumori &
Kawai, 1984) and rats (Katz et al., 2022), whereas larger animals require unfeasible
amounts of viral vectors (Milani-Nejad & Janssen, 2014). Additionally, the efficiency of
transgene introduction in large animals is traditionally much poorer than in rodents,
leading to poorer results, more animals required, and greater ethical and financial
concerns. Furthermore, smaller animals typically have short gestation periods allowing
for faster development of transgenic lines (Hau & Schapiro, 2010). However, recent
advancements in gene modification technology target regions of the genome with
greater precision, like through site-specific nucleases, therefore allowing for genetic
mutations in large animals to become more feasible (West & Gill, 2016).

A limitation of models of genetic manipulation-based HF is that models can express
the mutated gene at non-physiological levels, which leads to possible consequences
that would be unreflective of the genetic anomaly in a clinical setting (Habets et al.,
2003). Furthermore, genetic manipulation can lead to unwanted off-target
consequences that can stimulate pathogenic editing, the production of toxic substances,
or cancerous cells (Cao et al., 2021; de Graeff et al., 2019). Additionally, the challenges
in implementing genetic manipulations in larger animal models makes it difficult to study
the mechanisms of more physiologically representative models of human HF, thus,
impacting the clinical translation of these models (Hornyik et al., 2022). Lastly, in

transgenic and gene knock-out models, genetic modifications are implemented during



embryonic development, which poses challenges for modelling the progression of HF
experienced in human adulthood (Fan et al., 2005). However, current genetic
technological advances have permitted temporally controlled genetic manipulations,
advancing the potential for models of genetic modifications in adults (Parlakian et al.,
2005).

1.2.7. Tachypacing

Whipple et al. (1962) first developed the tachypacing-induced model of HF in canine
models and it continues to be used in numerous animal models to date (Finckh et al.,
1991; Gao et al., 2018; Mazumder et al., 2004; Spinale et al., 1990). Across species,
tachypacing-induced models of HF have demonstrated numerous characteristics
indicative of human HF, like declined contractility, increased neurohormonal signalling,
B-AR desensitization, and various cardiac cellular and molecular remodelling (Briston et
al., 2011; Riegger & Liebau, 1982; Shannon et al., 1991; Spinale et al., 1998; Zellner et
al., 1991). In particular, chronic tachypacing has demonstrated its ability to repeatedly
cause dilated cardiomyopathy (DCM), the third most common cause of HF,
characterized by chamber dilation and wall thinning (Maron et al., 2006).

While the exact mechanisms of tachypacing-induced HF are not well understood,
several studies have provided evidence that chronic tachypacing leads to
hemodynamics changes (Tomita et al., 1991), a depletion of energy stores (Coleman et
al., 1971), oxidative stress (Yamamoto et al., 2006), and ischemia (Spinale, Tanaka, et
al., 1992). A summary of the proposed mechanisms of tachycardiomyopathy was

obtained from Raymond-Paquin et al. (2018) (Fig. 1).
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Hemodynamic alterations are believed to commence as early as 24 hours after
tachypacing (Ellis & Josephson, 2013). Rapid pacing leads to an increase in filling
pressures, and systolic and diastolic dysfunction (Howard et al., 1991; Tomita et al.,
1991). For instance, tachypacing leads to less time in diastole, which reduces
ventricular filling and stroke volume, thus, decreasing cardiac output (Strafford, 2006).

Additionally, sustaining rapid beating rates increases the metabolic requirements.
However, due to the hemodynamic dysfunction, these demands are more challenging to
meet. As a result, there is a discrepancy between metabolic supply and demand (Cardin
et al., 2008; Raymond-Paquin et al., 2018). Studies of tachypacing-induced HF have
revealed a decline in myocardial energy stores, an increase in enzymes of metabolic
oxidation, and mitochondrial dysfunction and damage (Coleman et al., 1971;
Langenbacher et al., 2020; O’Brien et al., 1990; Spinale et al., 1990).

Furthermore, myocardial ischemia has been another proposed mechanism behind
the progression of tachypacing induced HF, which has been supported with evidence of
coronary capillary vasculature remodelling and a decline in myocardial blood flow
(Spinale et al., 1992). However, this mechanism requires more conclusive support as it
is unknown whether the vasculature remodelling leads to ischemia or is driven by the
increased metabolic demand (Ellis & Josephson, 2013).

Lastly, in response to the hemodynamic impairments and an increase in metabolic
demands, there is an increase in neurohormonal signalling, including adrenergic
activation, RAAS, endothelin, and the natriuretic peptides. Endothelin, adrenergic and
RAAS activation improve cardiac output through peripheral arterial vasoconstriction,

enhanced contractility, and an increase in salt and water retention (Hartupee & Mann,
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2017; Marin-Garcia et al., 2002; Redfield et al., 1993). The increase atrial and
ventricular wall stretch leads to the activation natriuretic peptides to regulate blood
pressure through vasodilation and diuresis (Song et al., 2015). However, when
neurohormonal activation is sustained in chronic tachycardia, it can lead to pathological
effects. For instance, chronic adrenergic stimulation from tachycardia has produced -

AR receptor desensitization, and an uncoupling of the -AR from the intracellular

components of the 3-AR system which reduces adrenergic signalling and contractile
reserve (Burchell et al., 1992; Spinale et al., 1994; Tanaka et al., 1993).

Tachypacing-induced models of HF have been implemented in the dog (Gao et al.,
2018), sheep (Byrne et al., 2002), pig (Citerni et al., 2020), rabbit (Shimano et al.,
2008), rat (Finckh et al., 1991) and mouse (Hulsmans et al., 2018). A major advantage
of the chronic tachypacing model is that it generates a highly reproducible and
predictable degrees of left ventricular dilation, contractile dysfunction, and
neurohormonal changes (Damiano et al., 1987; Moe et al., 1988; Redfield et al., 1993).
The predictability and reliability of the tachypacing-induced model allows it to be a
suitable candidate for studies of translational medicine and the development of potential
therapeutics (Lionetti et al., 2005; Trochu et al., 2003). A disadvantage of this model is
that it is limited to modelling DCM, as the observed myocardial structure resulting from
chronic tachypacing is different than how HF progresses from other etiologies, like
ischemic injury or volume overload (Dixon & Spinale, 2009). Lastly, chronic tachypacing
is typically achieved through the implementation of an electronic pacemaker, which

involves a surgical procedure that can be strenuous for the animal (Quill et al., 2010).
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Fig. 1. A summary of the proposed mechanisms of tachycardiomyopathy. The figure
was obtained from Raymond-Paquin et al. (2018). It is believed that that chronic
tachypacing leads to hemodynamics change and an increase in metabolic demands. As
a result, there is an energetic supply and demand mismatch and chronic neurohormonal
signalling, both of which contribute to the pathological remodelling and heart failure
syndrome.
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1.3. Zebrafish as a Model Organism for Cardiac Research

Within the last few decades, zebrafish have become an increasingly popular model
species for cardiovascular research and studies of HF (Bakkers, 2011). The relevancy
of the zebrafish model is attributed to its physiological similarities to the human heart,
technical simplicity, and capabilities for genetic mutation-based studies (Giardoglou &
Beis, 2019). However, there are drawbacks to the use of zebrafish, including their
ectothermic regulation of body temperature, duplicated genome, and differences in
cardiac morphology, ion channel orthologues, and calcium handling.

1.3.1. Advantages

A major attraction of zebrafish models is their simplicity for genetic manipulations.
The zebrafish genome is entirely sequenced and it is reported that 69% of its protein-
coding genes are orthologs to the human genome (Howe et al., 2013; Sassen & Koster,
2015). Furthermore, zebrafish embryos are fertilized externally, which is ideal for the
creation of transgenic or knock-out lines (Culp et al., 1991).

An additional benefit to the use of zebrafish is the simple handling and housing.
Zebrafish are small animals that can be stored in large volumes in small spaces. For
instance, as many as 30 adults can be housed in a tank, similar to the size of typical
cage for a single mouse (Gut et al., 2017). Furthermore, a single breeding of zebrafish
can produce hundreds of offspring per mating, providing the potential for large sample
sizes, which is particularly beneficial when establishing transgenic lines (Castranova et
al., 2011).

Another main advantage to the use of zebrafish in cardiac research is the similarities

between zebrafish and human cardiac electrophysiology. Remarkably, the zebrafish
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ventricular cardiomyocyte action potential has a similar morphology to humans with both
species demonstrating a long plateau phase (Ravens, 2018). The action potential
acquires its distinctive morphology through the underlying activity of ion channels that
permit depolarizing and repolarizing currents. The human ventricular cardiomyocyte
action potential can be divided into five characteristic phases, and the zebrafish
demonstrates each phase with the exclusion of phase one. Phase one is produced by
the cessation of the inward sodium current and the activation of the transient outward
current (l); in zebrafish Iy is believed to not be present (Nemtsas et al., 2010)

Interestingly, zebrafish can regenerate damaged cardiomyocytes and have been
used to study the mechanisms behind cardiac regeneration (Schnabel et al., 2011).
Understanding the cellular and molecular processes behind cardiac regeneration is of
interest, as it could aid in developing regenerative therapeutics to prevent the
progression of HF following cardiac damage or MI. However, this unique feature may
also pose as a limitation for the use of zebrafish, as their regenerative capacity could
impede the progression of HF in experimental models.

1.3.2. Limitations

A principal limitation of using zebrafish for cardiac research is its anatomy. The
zebrafish has a two-chambered heart consisting of one atrium and one ventricle, which
contrasts the four-chambered heart of humans (Farrell & Pieperhoff, 2011).
Furthermore, zebrafish are ectothermic (Haesemeyer, 2020). As a result, heart rate,
and cardiac action potential duration and ion channel function depend on external

temperature (Denvir et al., 2008; Haverinen et al., 2021; Nemtsas et al., 2010). The

15



ectothermic physiology of zebrafish is unrepresentative of the human endothermic
condition and requires temperature-controlled experiments to reduce variability.

Furthermore, the zebrafish belongs to the teleosei infraclass, in which the ancestor
of the teleosei experienced a whole-genome duplication (Amores et al., 1998, 2011).
Whole-genome duplication can lead to subfunctionalization, in which genetic copies
divide ancestral gene function by assuming subfunctions. Furthermore, whole-genome
duplication can produce neofunctionalization, where one genetic copy preserves its
ancestral purpose while the other obtains a different function (Force et al., 1999). As a
result of the asymmetrical evolution that occurs after whole genome duplication, the
duplicated genome of the zebrafish complicates genetic comparisons to humans,
whereby non-orthologue genes may control certain genetic functions, or gene
orthologues may have only resumed partial ancestral gene function. For instance,
differences in the composition of cardiac ion currents between zebrafish and humans
can be partly attributed to various currents within the zebrafish produced by non-
orthologous, like those originating from paralogous genes (Vornanen & Hassinen,
2015).

Lastly, there are notable differences in cardiac Ca?* handling between zebrafish and
humans (van Opbergen et al., 2018). Zebrafish cardiomyocytes do not possess
transverse tubules, a critical element of the mammalian heart’s excitation-contraction
coupling, which disperses electrical activity throughout the cardiomyocyte and facilitates
close interactions between the ryanodine receptors (RyR) of the sarcoplasmic reticulum
to the sarcolemma (Brette et al., 2008). Furthermore, the RyRs of the zebrafish

sarcoplasmic reticulum has minimal sensitivity to calcium-induced calcium release
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(Bovo et al., 2013). Consequently, the zebrafish relies on the calcium channels within
the sarcolemma for the production of the majority of calcium transients (Bovo et al.,
2013). Similar to mammalian cardiomyocytes, calcium efflux is predominately regulated
through the use of the sodium-calcium exchanger at the sarcolemma (van Opbergen et
al., 2018).

1.3.3. HF Models

Due to the advantages of the zebrafish cardiac model, numerous models of HF have
been implemented within this species. Their genetic manipulability has permitted
several genetic mutation-based HF models, including cardiac hypertrophy, dysfunction,
remodelling, and dilated cardiomyopathies (Y. Chen et al., 2013; Fang et al., 2020; Gu
et al., 2017). Furthermore, various models of drug-induced HF have been implemented
within the zebrafish. In a recent study by Kossack et al., (2017), HF was induced in both
adult and embryonic zebrafish through the chronic administration of isoproterenol.
However, the findings of this study specified that the adult zebrafish better modelled the
human condition for isoproterenol-induced HF. Given the many benefits of the use of
larval zebrafish for cardiac modelling, the study indicated a need to investigate
alternative methods to chronically induce HF in the larvae.

For a model of HF in zebrafish, irregular cardiac structure, morphology, and cardiac
function must be demonstrated (Narumanchi et al., 2021). Functional assessments
observe cardiac changes in heart rate and rhythm, stroke volume, diastolic and systolic
function, ejection fraction, and fractional shortening (Fink et al., 2009; Milan et al., 2003;
Paavola et al., 2013; Sun et al., 2017). HF in zebrafish can lead to changes in cardiac

structure and morphology, like hypertrophy, chamber dilation and wall thinning, and
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changes in myofibril organization (Shi et al., 2020; Shimizu et al., 2017; Tsoupri &
Capetanaki, 2013; Xu et al., 2002). Another strong indication of HF in zebrafish is
changes in expression of biochemical markers of HF. The most recognized biomarkers
of HF include atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), which
are expected to increase during HF within zebrafish (Becker et al., 2012; Shi et al.,
2017). Additional support for the establishment of HF in zebrafish includes the
demonstration of pericardial edema, tachypnea, inability to exercise, and an increased
mortality (Narumanchi et al., 2021; Wang et al., 2011).

1.3.4. The Use of Larval Zebrafish

Larval zebrafish provide an additional advantage of an optically transparent
appearance. Therefore, the larvae permit non-invasive in vivo studies of physiological
functions like cardiac activity (Bakkers, 2011). Furthermore, their transparent
appearance, small size, and large breeding clutches make larval zebrafish highly
beneficial for high-throughput phenotypic assays in pharmaceutical testing (Patton et
al., 2021). High-throughput phenotype-based screens have traditionally been restricted
to cell culture models. While cell culture-based drug screening has provided important
innovations, the model lacks the physiological aspects of studies in the whole organism.
The larval zebrafish offers the unique opportunity for in vivo high-throughput
pharmaceutical testing, where for example, rapid and automated imaging and analysis
could be performed, for potentially more clinically relevant results (Lubin et al., 2021).

A limitation of the use of larval zebrafish for studies of HF is that the model species
is undergoing cardiac development. Consequently, results could become confounded

with developmental disturbances that are inconsistent with the mechanisms of HF
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development in the adult heart. However, while HF is predominately a condition
observed in adults, the condition can also exist in developing hearts. Pediatric HF can
be caused by a plethora of disorders, for instance, shunting abnormalities, congenital
heart defects, cardiac malformations, and arrhythmias (Davey et al., 2012). The most
prevalent tachyarrythmia in infants is a supraventricular tachycardia, which can even
develop prenatally (Kothari & Skinner, 2006). When supraventricular tachycardias are
sustained, a dilated cardiomyopathy can result as well as symptoms of congestive heart
failure (Paul et al., 2000). Larval zebrafish can then provide an opportunity for models of
pediatric HF, where in the example of a supraventricular tachycardia, larvae can
undergo rapid atrial pacing.

1.3.5. Larval Zebrafish Cardiac Development

Larval zebrafish have their initial heartbeat at roughly 1 dpf (Battista et al., 2019).
During this stage of development, the heart exists as a singular tube, with an absence
of valves and no clear distinction between the atrium and the ventricle (Stainier, 2001).
At 1 dpf, a primitive sinoatrial node is present, and cardiac conduction travels in a linear
pattern within the heart tube, flowing from the atrium to ventricle (Tu & Chi, 2012). The
distinction of the chambers begins around 1.5 dpf, when the chamber ballooning
commences, and the atrium and ventricle expand (Dietrich et al., 2014). Additionally,
cardiac contraction transitions from peristaltic waves to sequential chamber contractions
(Lindsey et al., 2014).

At 2 dpf, initial cardiac looping begins, where the heart forms an S-shape with the
ventricle to the right of the atrium (Chen et al., 1997). At this stage, the chambers have

morphologically assembled, and the atrioventricular conduction delay has been reported
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(Sedmera et al., 2003). Furthermore, endocardial cushions form, which are the
predecessors to the septal walls and the valves (Battista et al., 2019; Haack &
Abdelilah-Seyfried, 2016).

By 3 dpf, trabeculation begins to develop within the ventricle, which results in the
development of cardiac conduction throughout this chamber (Chi et al., 2008). Zebrafish
lack specialized Purkinje fibers, and as a result, rely on trabeculation to disperse the
electrical activity throughout the ventricle (Sedmera et al., 2003). Additionally at 3 dpf,
primitive atrioventricular valve leaflets have formed which prevents retrograde blood
flow (Scherz et al., 2008). Furthermore, at 3 dpf, the sinoatrial node matures and
becomes confined to the dorsal right region of the atrium (Martin & Waxman, 2021).

After 4 dpf, the valves have a similar appearance to the adult valves, containing both
a superior and an inferior valve leaflet, however, the development of the valves is
reportedly completed by roughly 16 dpf (Martin & Bartman, 2009; Scherz et al., 2008).
By 5 dpf, there is the final cardiac rotation, whereby the atrium migrates deeper into the
thoracic cavity and shifts posterior to the ventricle, meanwhile the ventricle repositions
from a right-side to medial location (Singleman & Holtzman, 2012). After which, the
chambers are in their final orientation in the pericardial cavity. The cardiac chambers
continue to develop into adulthood, which is reached at roughly 90 dpf (Poon & Brand,
2013). As the chambers mature, the coronary arteries develop within the subepicardium
to vascularize the myocardium (Harrison et al., 2015).

1.4. Optogenetics

Optogenetics refers to the expression of light-sensitive proteins. Optogenetic tools

consist of sensors and actuators. Optogenetic sensors are genetically encoded
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fluorescent sensors that can monitor changes in membrane potential and ion movement
(Tantama et al., 2012). For instance, genetically encoded calcium indicators (GECI)
utilize calmodulin as a calcium-sensing element to fluorescence when associated with
intracellular calcium (Miyawaki et al., 1997). Fluorescent signals can then be detected to
indicate changes in calcium transients.

Optogenetic actuators use light-sensitive ion channels (opsins) to alter membrane
potential and cellular activity (Guru et al., 2015). Channelrhodopsin-2 (ChR2) is an
opsin excited by blue light and is derived from the microalgae Chlamydomonas
reinhardtii. Channelrhodopsin-2 is a non-specific cation channel with a reversal potential
of 0 mV, and therefore, at resting membrane potential, it can depolarize cardiomyocytes
(Keshmiri Neghab et al., 2021; Nagel et al., 2003). Anion channelrhodopsin-1 (ACR1) is
an opsin that can also depolarize cardiomyocytes at resting membrane potential;
however, it does so through the selection of different ions. Specifically, ACR1 is
selective for the chloride, which has a reversal potential of -40 to -30 mV (Clemo et al.,
1999; Kopton et al., 2018). Anion channelrhodopsin-1 also differs from ChR2 in that it is
derived from the algae Guillardia theta and is excited by green light (Govorunova et al.,
2015; Liu et al., 2023).

1.4.1. Cardiac Optogenetics

Initially, optogenetic actuators were implemented in neurons to stimulate an action
potential and manipulate neuronal activity (Boyden et al., 2005). However, within the
last decade, optogenetic actuators have been used in cardiomyocytes, providing a tool
with high spatial and temporal precision to control cardiac activity (Arrenberg et al.,

2010; Entcheva & Kay, 2021). Optogenetic actuators can be used to modulate cardiac
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action potential morphology, induce bradycardia or tachycardia, and simulate
atrioventricular blocks and cardiac arrest (Ambrosi et al., 2014; Arrenberg et al., 2010;
Park et al., 2014).

1.4.2. Cardiac Optogenetics in Zebrafish

Due to their genetic accessibility and electrophysiological relevance, zebrafish have
been used as a model species for studies of cardiac function using optogenetics
(Arrenberg et al., 2010; Kopton et al., 2018). The transparent nature of larval zebrafish
provides an additional benefit for studies of cardiac optogenetics in which stimulation
can be accomplished in vivo (Baillie et al., 2021; van Opbergen et al., 2018).

A study by Arrenberg et al. (2010) first demonstrated the potential for optogenetic
actuators in larval zebrafish. This study investigated the use of halorhodopsin (NpHR)
and ChR2. Using NpHR, the researchers tracked the development of the pacemaker
region within developing larval zebrafish. Additionally, the study demonstrated the
capabilities to manipulate heart rate and rhythm using ChR2.

Furthermore, a recent study by Kopton et al. (2018) demonstrated the potential for
the use of GtACR1 by comparing and contrasting its effects in isolated rabbit
cardiomyocytes, and adult zebrafish hearts. In this study, the researchers demonstrated
that sustained illumination of GtACR1 could depolarize or repolarize the heart,
depending on the phase of the action potential (i.e., systole or diastole), and in extreme
cases, sustained illumination inhibit electrical activity. Furthermore, the researchers
demonstrated that pulsed light of supra-threshold intensity could be used to optically

pace the heart.

22



1.4.3. Optogenetic-based Tachypacing-induced HF

In recent work by Lemme et al. (2019) and Lemoine (2020), optogenetic tachypacing
was administered chronically to human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) to demonstrate its capabilities as a tachypacing-induced
model of HF. In the first study by Lemme et al. (2019), ventricular-like hiPSC-CMs
expressing ChR2 were optogenetically tachypaced for three weeks. As a result, faster
contraction kinetics were induced and vulnerability to tachycardia was increased. In the
second study by Lemoine (2020), atrial-like hiPSC-CMs expressing ChR2 were similarly
tachypaced for three weeks, leading to electrical alterations consistent with that of atrial
fibrillation and arrhythmic spontaneous beating patterns.

While the two studies discussed above pioneered models of optogenetic
tachypacing-induced HF, there are physiological limitations of a hiPSC-CM model.
Without the whole organism, the use of hiPSC-CM lacks relevant mechanisms
important for the progression of HF, such as hemodynamic and autonomic factors.
Therefore, the previous studies highlight the need to characterize optogenetic
tachypacing-induced HF in whole animal studies.

1.5. Goal and Hypothesis

The goal of my work was to establish an in vivo model of chronic optogenetic
tachypacing-induced HF in larval zebrafish. To evaluate the effects of optogenetic
tachypacing, | used two opsins, ChR2 and ACR1. Comparing the effects of these two
opsins allowed me to gain insight regarding effects related to the passage of their
respective ions. | hypothesized that chronic optical tachypacing will lead to cardiac

remodeling on the structure, function, and gene expression of the heart would depend
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on the mode of optogenetic stimulation, including: (i) the developmental period of

stimulus application; (ii) the opsin used; and (iii) continuous versus interval pacing.
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Chapter 2: Methods

2.1. Ethics Statement

The use of zebrafish within this study followed the approved ethical guidelines
granted by the Dalhousie University Animal Care Committee and followed the
recommendations of the Canadian Council on Animal Care for the housing and handling
of zebrafish.

2.2. Zebrafish Husbandry

Zebrafish embryos from 0-7 days post-fertilization (dpf) were used for this study. The
embryos were housed in a temperature-controlled incubator at 28 °C for the duration of
the experiment. The embryos were placed in E3 embryo medium (0.17 mM KCI, 5 mM
NaCl, 0.4 mM CaClz, and 0.16 mM MgSOQOa4, pH 7.2, 10-5% Methylene Blue) and the
medium was changed daily.

2.3. Transgenic Zebrafish Lines

Humanized ChR2 (hChR2) was expressed in cardiomyocytes of casper zebrafish
using the tol2 transposase system by Sara Rafferty (Rafferty & Quinn, 2018). The
plasmid was created using hChR2 combined with an eYFP (enhanced yellow
fluorescent protein) reporter (PME-hChR2(H134R)-eYFP), provided by Dr. Karl
Deisseroth (Stanford University, Boston, Massachuetts, USA), a cardiac myosin light
chain-2 promotor (pSE-cmlc2) obtained from Dr. lan Scott (University of Toronto,
Ontario, Canada). The myosin light chain promotor allowed for the expression of the
opsin in the cardiomyocytes of the heart. A p3E-polyA and pDestTol2 acquired from Dr.
Jason Berman (Dalhousie University). The plasmid was injected into zebrafish embryos

at the one-cell stage. At 2-3 dpf, injected embryos were screened for eYFP
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fluorescence in cardiomyocytes and assessed for a response to light stimulation.
Responsive embryos were raised to adulthood and out-crossed for two generations
before use.

To generate GtACR1-expressing transgenic zebrafish, a multisite Gateway system
for Tol2 transposon transgenesis was utilised by Sara Rafferty (Rafferty & Quinn, 2018).
The 5' entry plasmid pSE-cmic2, 3’ entry plasmid p3E-polyA, destination plasmid
pDestTol2pA2, and donor plasmid pME-TA were provided by from Dr. Jason Berman
(Dalhousie University). The middle entry plasmid was generated by confirming the
sequence of L13_CMV_GtACR1-eGFP using primers CMV_Forward: 5'-
CGCAAATGGGCGGTAGGCGTG-3' and EGFP-C-REV: 5-GTTCAGGGGGAGGTGTG-
3'. Polymerase chain reaction (PCR) using primers for GtACR1: 5'-
GCCACCATGAGCAGCATTAC-3" and EGFP-stop_rev: 5'-
TTTACTTGTACAGCTCGTCCAT-3' was performed, and the GtACR1-eGFP PCR
product was purified using a G QIAEX Il Gel Extraction Kit (Qiagen, Hilden, Germany).
The purified product was combined with a polyA (pA) tail and was ligated to pME-TA to
generate the resulting middle entry plasmid pME-GtACR1-eGFP-pA. The expression
plasmid was produced by ligating pSE-cmic2, p3E-polyA and pME-GtACR1-eGFP-pA
with pDestTol2pA2. Confirmation of the resulting expression plasmid was confirmed by
restriction digest analysis and sequencing. The plasmid was purified with a PCR
Purification Kit (Qiaquick, Qiagen, Venlo, Netherlands) and was then injected into the
zebrafish embryos at the one-cell stage. Injected embryos were screened for enhanced
green fluorescent protein (eGFP) fluorescence and response to light stimulation.

Responsive embryos were raised and out-crossed for two generations prior to use.
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2.4. Zebrafish Screening

Prior to the use of embryos for experimentation, 2 dpf zebrafish embryos were
screened for the expression of the ChR2-eYP and ACR1-eGFP using a Stereo
Discovery V20 microscope (Zeiss, Oberkochen, Germany) to assess the presence of
their fluorescent reporter eYFP or eGFP, respectively. Embryos with similar
fluorescence and normal cardiac morphology were selected for the experiment.

2.5. Optogenetic Stimulation

2.5.1. Control of Light Stimulus

A high voltage light emitting diode (LED) controller was created by Ahmed Ramadan
(a fellow graduate student in the lab), to control the optogenetic light stimulus delivery.
In brief, the controller consists of two Nano series microcontrollers (Arduino, Turin,
Italy), an LMC 555CN complementary metal oxide semiconductor camera (CMOS) timer
(Texas Instruments, Dallas, Texas, USA), TIP-122 transistor (STMicroelectronics,
Geneva, Switzerland), and an output liquid crystal display (LCD) screen (Elegoo,
Shenzhen, China). The LED controller was programmed using Arduino software. The
LED controller was connected to the LEDs used for this study. Two wavelengths of
LEDs were selected according to the excitation wavelengths of ChR2 (457 nm, LZ4-
00B208 LED Engin, San Jose, California, USA) and ACR1 (525 nm, LZ4-00G108, LED
Engin).

2.5.2. Assessment of Pacing Capturing of Larval Zebrafish

The zebrafish larvae were exposed to pulsed light with a 5 ms pulse duration at a

range of frequencies from 2.5-8 Hz to determine the ability to pace the hearts. The

ability to pace was assessed in both ChR2- and ACR1-expressing larvae at 2-7 dpf. The
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larvae were anesthetized prior to recordings using 3% Tris-buffered tricaine solution
(0.45 mM, pH 7.4; Tris: BP152, Fisher Scientific, Waltham, MA; tricaine: MS-222,
Sigma-Aldrich, St. Louis, MO). Cardiac recordings were performed in vivo by placing
samples in a 3.5 cm diameter petri-dish with 3% methyl cellulose, which was used to
keep larvae in a stable position where the heart could be observed. The petri-dish was
then placed in a temperature-controlled chamber (Medical Systems Corporation,
Greenvale, New York, USA), which allowed experiments to be conducted at 28 °C.
Recordings were captured by a CMOS camera (DMK 23UP-1300, The Imaging Source,
Charlotte, NC) coupled to an Olympus SZ61 stereomicroscope (Olympus, Shinjuku-ku,
Tokyo, Japan) using IC Capture software (The Imaging Source). The LED at the
excitation wavelength of the opsin was placed beneath the sample and focused on the
diameter of the petri-dish. The LED was set to pulse at the given frequency, and the
camera recorded the cardiac activity of the larvae. The recordings were slowed to be
visually inspected to determine if larval zebrafish hearts were captured. Successful
capturing was determined by consistent cardiac contraction following each light
stimulation.
2.5.3. Protocol for Chronic Optogenetic Tachypacing

Larval zebrafish were placed into 6-well plates at densities of 15 larvae per well and
were housed in an incubator at 28 °C. LEDs were placed beneath each of the well
plates. The LEDs were focused on the circumference of the wells and a plexiglass stage
was constructed to hold the 6-well plate at this distance (with the help of Ahmed
Ramadan). The optimal frequency of light stimulus was determined to be 4.7 Hz, which

was delivered for five days. To manipulate the developmental period of application,
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experiments began at either 2 dpf or 3 dpf. Opsin-specific effects were assessed by
comparing the effects of chronic tachypacing in ChR2 and ACR1-expressing larvae. To
assess changes in on/off cycle timing, we compared the effects of continuous and
interval pacing, in which trains of light stimuli were applied for 15 seconds, followed by
15 seconds without light, in accordance with the methods of chronic ChR2 stimulation
performed by Lemme et al. (2019). A graphical summary of the protocol for chronic
optical pacing, and assessment of cardiac function, morphology, and mRNA expression

is demonstrated in Fig. 2 and 3.
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Fig. 2. Graphical summary of the pacing protocol for chronic optical stimulation, and
assessment of cardiac function and morphology. At 2 or 3 dpf, larval zebrafish were
placed into a temperature-controlled incubator to allow for the chronic administration of
the optical stimulus. Larvae were paced for 5 days, using either continuous or interval
pacing. At each day, larvae were sampled for changes in resting heart rate using
brightfield microscopy. At the experimental endpoint of either 6 or 7 dpf, the resting
heart rate was recorded, and samples were euthanized and fixed for fluorescent
microscopy to observe changes in cardiac morphology.
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Fig. 3. Graphical summary of the pacing protocol for chronic optical stimulation and
assessment for changes in mMRNA expression. At 2 dpf, larval zebrafish were placed
into a temperature-controlled incubator to allow for the chronic administration of the
optical stimulus. Larvae were paced for 5 days, using either continuous or interval
pacing. At 6 dpf, RNA was isolated from a pool of 40 larvae. The RNA was then
converted into cDNA for the use of qRT-PCR.
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2.6. Bright-field Microscopy of Cardiac Function

Recordings of resting heart rate were obtained each day over the 5-day experiment.
Three control groups were used to assess the effects on resting heart rate. The first
control was opsin-expressing larvae not exposed to the light stimulus, the second was a
Myl7:eGFP (casper) expressing larval zebrafish exposed to light, and lastly a
Myl7:eGFP (casper) expressing larvae not exposed to light. To obtain recordings of
resting heart rate, a Labophot-2 fluorescence microscope (Nikon, Tokyo, Japan) was
used with a 2.5X, 0.08 NA objective (Zeiss) to focus on the heart. A 640/20 excitation
filter (ET640/20m, Chroma Technology; Bellows Falls, Vermont, United States) was
placed over the top of the light source to utilize red-shifted light and avoid activating the
opsins.

Heart rate measurements were obtained using a CMOS camera (DMK 23UP-1300,
The Imaging Source) and IC Capture software (The Imaging Source). Cardiac
recordings were performed in vivo by placing sedated larval zebrafish in a 3.5 cm
diameter petri-dish with 10 uL of E3 medium. The petri-dish was placed in a
temperature-controlled chamber (Medical Systems Corporation) at 28 °C. The
recordings were then analyzed using custom MATLAB (Math Works, Natick, USA)
routines that allow for the determination of heart rate based on the change of intensity
within a region of interest placed over the heart.

2.7. Fluorescent Microscopy of Cardiac Morphology

Following measurement of heart rate, the larvae were euthanized in tricaine (0.2
g/L). The tricaine was removed from the samples, which were then fixed overnight at

4°C in 4% paraformaldehyde (PFA). Embryos were washed 3 x 10 minutes in PBS and
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3 X 5 minutes in 100% methanol and stored at -20°C. Fixed samples were imaged
using a fluorescent microscope (Eclipse 80i, Nikon). The fluorescent microscope was
focused on the heart with a 40X, 0.75 NA objective (Plan Fluor, Nikon). A super high-
pressure mercury lamp (HB-10101AF, Nikon) was used to produce fluorescent light, which
was filtered to the excitation wavelength of YFP and GFP using 480/40 nm excitation
(HQ480/40x, Chroma Technology), 506 nm dichroic (FF506-Di03-25x36, Semrock,
Rhochester, New York, USA), and 535/50 nm emission (HQ535/50m, Chroma
Technology) filters. A CMOS camera (DFK 33UP-1300, The Imaging Source) and IC
Capture software (The Imaging Source) were used to obtain images of the heart. The
recordings were then analyzed using a custom MATLAB (Math Works) program that
allowed for tracing of the atrium and ventricle to measure pixel area, which was
converted to um? by using a stage micrometer to determine the scale (um/pixel) at the

magnification of our recordings.
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2.8. qRT-PCR

2.8.1. RNA Isolation

RNA was extracted from 40 pooled embryos using the RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instructions. Following RNA isolation, samples
were assessed for purity and concentration using an Epoch spectrophotometer (BioTek,
Winooski, Vermont, USA). Purity was evaluated by determining the Abszeo/2g0 ratio, and
samples with ratios between 1.9-2.0 were selected for the study. Samples were
examined for integrity using a Qubit 4 Fluorometer (Invitrogen, Waltham,
Massachusetts, USA). Integrity was assessed by following the manufacturer’s
instructions for the Qubit Broad Assay and Qubit IQ Assay Kit (Invitrogen). Samples
with 1Q values between 8.0-10 were used to produce cDNA.

2.8.2. cDNA Synthesis

To obtain complementary DNA (cDNA), 2 ug of RNA sample was used with an
Omniscript RT Kit (Qiagen) by following the manufacturer’s instructions. A non-reverse
transcriptase (NRT) control was produced by generating an additional sample in which
the Omniscript Reverse Transcriptase was replaced with nuclease-free water.

2.8.3. Optimal Concentration of cDNA

Before collecting results from the quantitative reverse transcription PCR (qRT-PCR)
assay, several parameters were optimized, such as cDNA concentration, stability of
reference genes, and primer amplification efficiency. To optimize the concentration of
cDNA used per reaction, we assessed the cycle threshold (Ct) values obtained from a

5-point serial dilution between 1-10 ng of cDNA.
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2.8.4. Primer Amplification Efficiency

A 4-5-point 10-fold serial dilution curve of cDNA was used to assess the
amplification efficiency of each primer pair. The Ct values were plotted as a standard
curve against the respective concentration for each primer. The linear regression was
determined from the standard curve. A coefficient of determination (R?) value was
determined from the linear regression, and primers with R? > 0.98 were used in this
study. After obtaining the slope from the linear regression, the amplification efficiency

(E) was calculated using the formula:

1
E = ((_1 + 10 slopeof thestandard curve)x 100))
Primers with efficiency values of 90-110% were selected for the study. A complete list of
primers used for candidate reference genes and genes of interest can be found in

Tables 1 and 2, respectively.
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Table 1. List of primers used for candidate reference genes.

TCCA

TTC TG

Gene symbol Forward sequence Reverse sequence

Efa1 TT CTC AGG CTGACT GTG |CCGCTAGCATTACCC
C TCC

Rpl13a TCT GGA GGA CTG TAA AGA GC ACAATC TTG AGA
GAG GTATGC GCA

b-actin CGA GCT GTC TTC CCA TCA CCAACG TAG CTG TCT

Table 2. List of primers used for genes of interest and the protein the genes encode for.

Gene symbol | Forward Reverse Protein Role of protein
sequence sequence

ANP ACA GAG AGG GTG Atrial natriuretic | Responds to
ACC GAG CTG GAA peptide atrial wall
AGG AAG GAC stretch

CCT AT

BNP CAT GGG CTT CAA TAT | Brain natriuretic | Responds to
TGT TTT AAA | TTG CCG peptide ventricular wall
GTT CcCT stretch
TCT CC TTAC

ACTA2 CCC ATC AGT CCA Alpha smooth Fibrosis
GAG CAC GCA CAA muscle actin 2
GGA ATC TGC
AT CTGTT

Myh7 TGG TGA CGC AGA Myosin heavy Hypertrophy
GGG AGG ATC TTACCC | chain7
AAA GAG TCC TCG
CAT

Myh6 CAC CAG GCT CCA Myosin heavy Hypertrophy
ACA CTG AGT CCATTC | chain 6
GAT G TGAC

TGF-31 TCATTT CTT | AGC GGA Transforming HF/inflammation
CGC TCA TTG AGG growth factor
GTT CAA CTATTC beta 1
CAG TGC GGG GT
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2.8.5. Reference Gene Stability

Cycle threshold (Ct) values obtained from 15 samples across all experimental
conditions were used to determine the stability of our reference genes. The values
obtained were imported to RefFinder (Xie et al., 2012), to obtain the stability analysis
from the algorithms NormFinder (Andersen et al., 2004) and BestKeeper (Pfaffl et al.,
2004), and the comparative delta-Ct method (Silver et al., 2006), as well as RefFinder’s
comprehensive ranking. A script provided for GeNorm (Perkins et al., 2012;
Vandesompele et al., 2002) was then used within RStudio (RStudio Team, 2021) to
assess the M value for stability, in which reference genes were determined to be stable
if M < 0.5. The pairwise variation value with a cut-off value of less than 0.15 was used to
determine the optimal number of reference genes.

2.8.6. qRT-PCR Assay

Quantitative RT-PCR was performed in a CFX-96 Real Time PCR Detection System
(Bio-Rad, California, USA) with embryos from the opsin-expressing and exposed to
light, Myl7:eGFP and exposed to light, and Myl7:eGFP and not exposed to light groups.
Reactions were carried out in 10 uL volumes with PowerTrack SYBR Green gPCR
Master Mix (ThermoFisher, Waltham, Massachusetts, USA), following the
manufacturer’s instructions. The standard thermocycling comprised enzyme activation
at 95.0 °C for 2 minutes for one cycle, denaturing at 95.0 °C for 15 seconds, and
annealing at 60°C for 60 seconds for 40 cycles. Each assay was performed with
technical triplicates and with three biological repeats from independent experiments.
The fold changes in expression of the genes of interest were determined using the AAC;

method (Livak & Schmittgen, 2001).
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2.9. Data Analysis

Statistical analysis was performed in Prism 9 (GraphPad). For each assessment, a
one-way ANOVA was completed. If there was significant variation across the groups, a
Dunnett’'s multiple comparison test was performed, in which each group was compared

to the opsin exposed to light group. Significance was indicated by p<0.05.
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Chapter 3: Results

3.1. Optimization of Optogenetic Stimulation

The maximal optical pacing of opsin-expressing larvae was assessed from 2-7 dpfin
six fish at each day (Fig. 4, 5). The lowest average maximal optical pacing rate in ChR2
fish was found at 6 dpf with a frequency of 4.9 + 0.2 Hz (Fig. 4B). In ACR1-expressing
larvae, the lowest average maximal optical pacing rate was found at 2 dpf with a
frequency of 4.2 + 0.4 Hz (Fig. 5B). However, to produce a dilated cardiomyopathy, the
heart rate imposed should be supernormal. For instance, it has been reported in the
canine model that to achieve a dilated cardiomyopathy, pacing should be at least three
times higher than resting heart rate (Powers & Recchia, 2018). In our model, resting
heart rate at times exceeded 240 bpm (4 Hz) (Fig. 7). Therefore, to obtain a high
percentage of captured larvae and also produce supernormal tachycardia to cause
dysfunction, samples were chronically paced at 4.7 Hz.

To observe possible desensitization, a preliminary experiment was performed to
assess for effects of continuous pacing for one hour. Two samples from each ChR2 and
ACR1 were assessed from 2-7 dpf at 4.5 Hz. While most samples were successfully
captured for the duration of the recording, a few samples appeared to develop
inconsistent capture, which began after over 20 minutes of pacing. As a result, we
investigated chronic interval pacing to reduce possible desensitization of the channels.
An interval of 15 seconds on and 15 seconds off was chosen based on the results of
Lemme et al. (2019) and Lemoine et al. (2020), in which ChR2-expressing engineered

heart tissue was successfully chronically paced at this interval.
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Fig. 4. (A) The average resting heart rate of ChR2-expressing larval zebrafish from 2-7
days post-fertilization (dpf) prior to the assessment of optical capturing. Error bars
represent + the standard error from the mean. Clutch size was variable for each dpf.
Sample size = 6 for each dpf. (B) Average maximal pacing rate of ChR2-expressing
larvae from 2-7 days post-fertilization (dpf). Larvae were exposed to a 10-second
continuous stimulus. Successful capturing was determined by consistent cardiac
contraction of both chambers following pulsed light stimulation. Capturing was assessed
over a range of frequencies from 3.5-8.0 Hz. The lowest average maximal optical
pacing rate was found at 6 dpf with a frequency of 4.9 + 0.2 Hz.
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Fig. 5. (A) The average resting heart rate of ACR1-expressing larval zebrafish 2-7 days
post-fertilization (dpf) prior to the assessment of optical capturing. Error bars represent
+ the standard error from the mean. Clutch size was variable for each dpf. Sample size
= 6 for each dpf. (B) Average maximal pacing rate of ACR1-expressing larvae from 2-7
days post-fertilization (dpf). Larvae were exposed to a continuous 10-second stimulus.
Successful capturing was determined by consistent cardiac contraction of both
chambers following pulsed light stimulation. Capturing was assessed over a range of
frequencies from 3.5-8.0 Hz. The lowest average maximal optical pacing rate was found
at 2 dpf with a frequency of 4.2 + 0.4 Hz.
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3.2. QRT-PCR

3.2.1. Primer Efficiency

To determine the efficiency of primers used in this study a 4-5-point 10-fold serial
dilution curve of cDNA was used to assess each primer pair amplification efficiency.
Primers with an efficiency value between 90-110 % were used in the study (Table 3). A
coefficient of determination (R?) value was determined from the linear regression, and

primers with R?> 0.98 were used.
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Table 3. The efficiency values and coefficient of determination (R?) of the primers used.

Primer Average Efficiency (%) R2-value
Efa1 103 1.00
Rpl13a 110 0.99
b-actin 95 1.00
ANP 98 0.99
BNP 107 0.99
ACTA2 98 0.99
Myh7 104 0.99
Myh6 108 1.00
TGF-p1 101 1.00
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3.2.2. Reference Gene Stability

The gene selection software RefFinder was used to perform the algorithms of the
Delta CT method, BestKeeper, and NormFinder, as well as to perform its own
comprehensive ranking (Fig. 6A, B, C). Analysis using the Delta CT method,
Normfinder, and RefFinder indicated that Rpl13a was the most stably expressed
candidate. According to BestKeeper algorithm, suitable reference genes are those with
standard deviations < 1, indicating Rpl13a and Efa1 would be suitable (Fig. 6D).

The geNorm algorithm was then implemented in RStudio (RStudio Team, 2021) to
determine stability values (M) and pairwise variation of the candidate reference genes
(Fig. 6E, Table 4). All candidate reference genes had a stable expression as their M
values were determined to be below 0.5. A pairwise variation with a cut-off of 0.15
determined the suitable minimum number of reference genes to be two. As a result,

Rpl13a and Efa1 were chosen as the reference genes for this study.
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Fig. 6. The expression stability of the three candidate reference genes across 15
samples of pooled larval zebrafish at 6 days post fertilization (dpf) calculated by
different algorithms using the RefFinder software. Reference genes are presented in
increasing order of stability by (A) Delta CT method, (B) NormFinder, and (C) RefFinder
geometric mean of ranking values. BestFinder (D) algorithm with a cut-off value of 1.0
determined Rpl13a and EFa1 to be suitable reference genes. GeNorm algorithm (E)
was used to determine the stability value (M) of candidate reference genes. A cut-off
value of 0.5 was used to determine stable reference genes, which found all candidate

reference genes to be stable.
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Table 4. GeNorm algorithm stability values (M) and pairwise variation of candidate
reference genes. A cut-off value of 0.5 was used for M values. The pairwise variation
was used with a cut-off value of 0.15.

Reference Rpl13a Efat B-actin
Gene
Stability | 0.152 0.157 0.275
values M:
Pairwise | 0.09

variation (2/3)
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3.3. Continuous Pacing at 4.7 Hz Starting at 2 DPF

3.3.1. Changes in Resting Heart Rate and Morphology in ChR2-expressing Larvae

When ChR2-expressing larval zebrafish were exposed to continuous optical pacing,
resting heart rate was lower than the controls after two days (Fig. 7). Furthermore, when
resting heart rate in the treatment group was compared to pre-stimulation (2 dpf), no
change was observed at each day during continuous pacing. When resting heart rate
was compared to prior to stimulation in the control groups, heart rate varied from 4-6 dpf
as the heart developed.

Fluorescent microscopy images of cardiac morphology revealed a tubular heart
defect consistently found within the ChR2-expressing larvae at 6 dpf exposed to the
light stimulus (Fig. 8). When chamber area was measured from fluorescent images, a
decline in ventricular area was found in the ChR2-expressing larvae exposed to light
(Fig. 9).

Additionally, a pericardial edema was found to be associated with the ChR2-
expressing larvae exposed to light stimulation (Fig. 10A, B, C). A mild pericardial edema
was commonly found in treated larvae without the tubular defect, whereas those with
the tubular defect presented a severe pericardial edema. The percentage of ChR2-
expressing larvae exposed to the light stimulus that demonstrated neither an edema or
tubular defect, only an edema, or both an edema and tubular defect was then assessed
(Fig. 10D). Prior to stimulation (2 dpf), all samples were found to be without a pericardial
edema or a tubular defect. However, after one day of treatment (3 dpf), all samples
possessed a pericardial edema. As the treatment progressed, a greater proportion of

samples possessed both a pericardial edema and a tubular defect. Furthermore, atrial,
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and ventricular area was measured from 2-6 dpf in fluorescent images to observe the
progression of the tubular defect (Fig. 11). At 2 dpf, in both chambers the area was the
same between the treatment group and the control. However, after exposure to the light
stimulation, the ventricular area ceased to increase in the treatment group.

Resting heart rate was then analyzed based upon which phenotype the treated
larvae presented, non-tubular or tubular defect (Fig. 12). The decline in resting heart
rate appeared to be more pronounced in the ChR2-expressing zebrafish larvae with the
tubular heart defect. When heart rate was compared to chamber size, a weak

association was found between the two variables (Fig. 13).
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Fig. 7. The average resting heart rate in beats per minute (bpm) of ChR2-expressing
larval zebrafish exposed to optical continuous pacing from 2-6 days post-fertilization
(dpf). Error bars represent + the standard error from the mean. Clutch size = 2, sample
size = 4 for each dpf. The “*” represents statistical significance of the control groups
when compared to the treatment group (ChR2 + light) within each dpf. The “#”
represents statistical significance of the groups at each dpf when compared to prior to
stimulation (2 dpf). Resting heart rate was lower in Myl7:hChR2-eYFP-expressing
stimulated larvae by 4 dpf when compared to the control groups, which were larval
zebrafish expressing Myl7:eGFP not exposed to light, Myl7:eGFP exposed to light, and
Myl7:hChR2-eYFP not exposed to light. When compared to prior to stimulation (2 dpf),
the ChR2-expressing stimulated larvae’s resting heart rate did not change.
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Fig. 8. Fluorescent microscopy images of cardiac morphology in GFP-expressing and
ChR2-expressing larvae at 6 days post-fertilization (dpf) exposed to the light continuous
stimulus. Fluorescent images captured both the ventricle (V) and atrium (A). A tubular
heart defect was found in ChR2-expressing larvae exposed to the light stimulus.
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Fig. 9. The average atrial (A) and ventricular (B) area in um? was measured for ChR2-
expressing larvae at 6 dpf from fluorescent microscopy images of cardiac morphology.
Error bars represent + the standard error from the mean. Clutch size = 2, sample size =
4. A decline in ventricular area was determined in ChR2-expressing larvae exposed to
the light stimulus.
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Fig. 10. (A, B, C) Representative images of control (A), and ChR2-expressing larval
zebrafish with a non-tubular (B) or tubular (C) phenotype. In treated larvae, a pericardial
edema presented, in which it was mild in the non-tubular groups and severe in those
with the tubular defect. Images were acquired at 5 days post-fertilization (dpf) under a
brightfield microscope. (D) Percentage of ChR2-expressing larvae exposed to the light
stimulus that demonstrated neither an edema or tubular defect, only an edema, or both
an edema and tubular defect. Clutch size = 2, sample size = 4. All samples possessing
a tubular defect were found to have a pericardial edema, and therefore, they were
considered as both. Prior to stimulation (2 dpf), all samples were found to be without a
pericardial edema or a tubular defect. However, after one day of treatment (3 dpf), all
samples possessed a pericardial edema. As the treatment progressed, a greater
proportion of samples possessed both a pericardial edema and a tubular defect.
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Fig. 11. The average atrial (A) and ventricular (B) area (um? ) measured for ChR2-
expressing larvae from 2-6 days post-fertilization (dpf) using fluorescent microscopy
images of cardiac morphology. Error bars represent + the standard error from the
mean. Clutch size = 2, sample size = 4. When compared to prior to stimulation (2 dpf), a
lack of growth in ventricular area was observed in ChR2-expressing larvae exposed to
the light stimulus.
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Fig. 12. The average resting heart rate was further interpretated as to whether the
ChR2-expressing larval zebrafish larvae had a tubular heart defect, no tubular defect, or
was not exposed to light. Error bars represent + the standard error from the mean. The
decline in resting heart rate appeared to be more pronounced in the ChR2-expressing
zebrafish larvae with the tubular heart defect by 4 dpf.
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Fig. 13. The average resting heart rate in beats per minute (bpm) was compared to
chamber area in light exposed ChR2-expressing larvae at 6 days post fertilization (dpf).
Clutch size = 2, sample size = 4. The data was fitted with a simple linear regression to
determine the relationship between the two variables. (A) A coefficient of determination
(R?) value of 0.03171 was determined for atrial area compared to heart rate indicating a
lack of association between the two variables. (B) A coefficient of determination (R?)
value of 0.6392 was determined for ventricular area compared to heart rate indicating a
weak association between the two variables.
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3.3.1.1. mRNA Expression in Continuous Pacing in ChR2-expressing Larvae

Quantitative RT-PCR was used to determine relative gene expression of several
genes of interests for larvae at 6 dpf (Fig. 14). Brain natriuretic peptide was found to be
significantly increased in ChR2-expressing larvae exposed to the continuous light

stimulus.
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Fig. 14. qRT-PCR relative gene expression of genes of interest determined for ChR2-
expressing larvae at 6 days post fertilization (dpf) exposed to continuous light
stimulation. The results were normalized to two reference genes, Efa1l and Rpl13a. The
results represent the average from three samples obtained from independent
experiments. Error bars represent + the standard error from the mean. Brain natriuretic
peptide was found to be significantly increased in ChR2-expressing larvae exposed to
the continuous light stimulus.
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3.3.2. Changes in Resting Heart Rate and Morphology in ACR1-expressing Larvae

When ACR1-expressing larvae were exposed to continuous optical pacing, the
resting heart rate was decreased by the experimental end-point when compared to the
controls (Fig. 15). Fluorescent microscopy images of cardiac morphology revealed a
tubular heart defect and a ventricular dilation in the ACR1-expressing larvae exposed to
the light stimulus at 6 dpf (Fig. 16). When atrial and ventricular area was measured from
fluorescent images, a decrease was found in the ACR1-expressing larvae exposed to
light with a tubular defect, when compared to the control group (Fig. 17). In the non-
tubular defect group, chamber area was seemingly elevated but lacked statistical power
to determine changes. Furthermore, a mild pericardial edema was commonly found in
treated larvae without the tubular defect, whereas those with the tubular defect
presented a severe pericardial edema (Fig. 18A, B, C). When the percentage of ACR1-
expressing larvae exposed to the light stimulus that demonstrated neither an edema or
tubular defect, only an edema, or both an edema and tubular defect was compared at
each dpf, it was found that prior to stimulation, all samples were without a pericardial
edema or a tubular defect (Fig. 18D). However, after one day of treatment (3 dpf), all
samples possessed either a pericardial edema or both edema and a tubular defect. As
the treatment progressed, a greater proportion of samples possessed both a pericardial
edema and a tubular defect. Furthermore, atrial and ventricular area was measured
from 2-6 dpf in fluorescent images to observe the progression of the tubular defect (Fig.
19). At 2 dpf, the area of both chambers was the same between the treatment group
and the control. However, after exposure to the light stimulation, the ventricular area

declined as the tubular defect progressed.

58



When resting heart rate was analyzed based upon which phenotype the treated
larvae presented, non-tubular or tubular defect, the decline in resting heart rate
appeared to be more pronounced in the ACR1-expressing zebrafish larvae with the
tubular heart defect (Fig. 20). A comparison between heart rate and chamber size

revealed a strong association for both the atrium and ventricle (Fig. 21).
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Fig. 15. The average resting heart rate in beats per minute (bpm) in ACR1-expressing
larval zebrafish exposed to optical continuous pacing from 2-6 days post-fertilization
(dpf). Error bars represent + the standard error of the mean. Clutch size = 2, sample
size = 4. The “*” represents statistical significance of the control groups when compared
to the treatment group (ACR1 + light) within each dpf. The “#” represents statistical
significance of the groups at each dpf when compared to prior to stimulation (2 dpf).
Resting heart rate was lower in Myl7:GtACR1-eGFP-expressing stimulated larvae by 6
dpf when compared to the control groups which were larval zebrafish expressing
Myl7:eGFP not exposed to light, Myl7:eGFP exposed to light, and Myl7:GtACR1-eGFP
not exposed to light.
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Fig. 16. Fluorescent microscopy images of cardiac morphology in GFP-expressing and
ACR1-expressing larvae at 6 days post-fertilization (dpf) exposed to the light stimulus.
Fluorescent images captured both the ventricle (V) and atrium (A). A tubular heart
defect as well as a ventricular dilation was found in ACR1-expressing larvae exposed to

the light stimulus.
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Fig. 17. The average atrial (A,C) and ventricular (B,D) area in um? was determined for
larvae at 6 dpf from fluorescent microscopy images of cardiac morphology. Error bars
represent + the standard error from the mean. Clutch size = 2, sample size = 4. Area
measurements were compared to whether the ACR1-expressing larvae exposed to light
presented a chamber dilation (A,B), or tubular defect (C,D). In the tubular defect
phenotype, a decline in atrial (C) and ventricular (D) area was observed.
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Fig. 18. (A, B, C) Representative images of control (A), and ACR1-expressing larval
zebrafish with a non-tubular (B) or tubular (C) phenotype. In treated larvae, a pericardial
edema presented, in which it was mild in the non-tubular groups and severe in those
with the tubular defect. Images were acquired at 5 days post-fertilization (dpf) under a
brightfield microscope. (D) Percentage of ACR1-expressing larvae exposed to the light
stimulus that demonstrated neither an edema or tubular defect, only an edema, or both
an edema and tubular defect. Clutch size = 2, sample size = 4. Prior to stimulation, all
samples were found to be without a pericardial edema or a tubular defect. However,
after one day of treatment (3 dpf), all samples possessed either a pericardial edema or
both edema and a tubular defect. As the treatment progressed, a greater proportion of
samples possessed both a pericardial edema and a tubular defect.
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Fig. 19. The average atrial (A) and ventricular (B) area in um? was measured for ACR1-
expressing larvae from 2-6 days post-fertilization (dpf) using fluorescent microscopy
images of cardiac morphology. Error bars represent + the standard error from the
mean. Clutch size = 2, sample size = 4. A decline in ventricular area was determined in
ACR1-expressing larvae exposed to the light stimulus.
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Fig. 20. The average resting heart rate was further interpretated as to whether the
ACR1-expressing zebrafish larvae had a tubular heart defect, no tubular defect, or was
not exposed to light. Error bars represent + the standard error from the mean. The
decline in resting heart rate appeared to be more pronounced in the ACR1-expressing
zebrafish larvae with the tubular heart defect by 6 dpf.
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Fig. 21. The average resting heart rate in beats per minute (bpm) was compared to
chamber area in light exposed ACR1-expressing larvae at 6 days post fertilization (dpf).
Clutch size = 2, sample size = 4. The data was fitted with a simple linear regression to
determine the relationship between the two variables. A coefficient of determination (R?)
value of 0.8717 was determined for atrial area (A) and 0.9474 for ventricular area (B)
when compared to heart rate indicating a strong association between these variables.
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3.3.2.1. mRNA Expression in Continuous Pacing in ACR1-expressing Larvae

Quantitative RT-PCR was used to determine relative gene expression of several
genes of interest for larvae at 6 dpf (Fig. 22). Brain natriuretic peptide and TGF-1 were
found to be significantly increased in ACR1-expressing larvae exposed to the
continuous light stimulus.
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Fig. 22. gRT-PCR relative gene expression of genes of interest determined for ACR1-
expressing larvae at 6 days post fertilization (dpf) exposed to continuous light
stimulation. The results were normalized to two reference genes, Efa1l and Rpl13a. The
results represent the average from three samples obtained from independent
experiments. Error bars represent + the standard error from the mean. Brain natriuretic
peptide and TGF-1 were found to be significantly increased in ACR1-expressing larvae
exposed to the continuous light stimulus.
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3.4. Continuous Pacing at 4.7 Hz Starting at 3 DPF

3.4.1. Changes in Resting Heart Rate and Morphology in ChR2-expressing Larvae

To allow for further cardiac development to potentially prevent the formation of the
tubular defect, we began the chronic continuous pacing a day later in development (3
dpf). Chronic continuous tachypacing beginning at 3 dpf resulted in decreased resting
heart rate in the treatment group after two days of pacing when compared to the control
groups (Fig. 23). Fluorescent microscopy images of cardiac morphology revealed a
tubular heart defect and an atrial dilation found within the ChR2-expressing larvae
exposed to the light stimulus at 7 dpf (Fig. 24). When atrial and ventricular area was
measured from fluorescent images, a decline in atrial and ventricular area was
observed in the ChR2-expressing larvae exposed to light with a tubular defect, however,
the study lacked the statistical power to determine significance (Fig. 25). In the non-
tubular defect group, atrial area appeared to increased in the treatment group.
Furthermore, a mild pericardial edema was commonly found in the treated larvae
without the tubular defect, whereas those with the tubular defect presented a severe
pericardial edema (Fig. 26A, B, C). The percentage of ChR2-expressing larvae exposed
to the light stimulus that demonstrated neither an edema or tubular defect, only an
edema, or both an edema and tubular defect was then determined from the bright field
recordings (Fig. 26D). Prior to stimulation, all samples were found to be without a
pericardial edema or a tubular defect. After one day of treatment, all samples
possessed either a pericardial edema or both edema and a tubular defect, except for

one sample at 7 dpf, which possessed neither.
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When resting heart rate was then analyzed based upon which phenotype the treated
larvae presented, non-tubular or tubular defect, the decline in resting heart rate
appeared to be more pronounced in the ChR2-expressing zebrafish larvae with the
tubular heart defect (Fig. 27). A comparison between heart rate and chamber size
revealed a strong association for both the atrium and ventricle (Fig. 28).

Furthermore, due to the similar results found from continuous pacing beginning at
either 3 dpf or 2 dpf, changes in mMRNA expression were not investigated for this pacing

protocol.
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Fig. 23. The average resting heart rate in beats per minute (bpm) of ChR2-expressing
zebrafish larvae exposed to optical continuous pacing from 3-7 days post-fertilization
(dpf). Error bars represent + the standard error from the mean. Clutch size = 2, sample
size = 4 for each dpf. The “*” represents statistical significance of the control groups
when compared to the treatment group (ChR2 + light) within each dpf. The “#”
represents statistical significance of the groups at each dpf when compared to prior to
stimulation (3 dpf). Resting heart rate was lower in Myl7:hChR2-eYFP-expressing
stimulated larvae by 5 dpf when compared to the control groups, which were larval
zebrafish expressing Myl7:eGFP not exposed to light, Myl7:eGFP exposed to light, and
Myl7:hChR2-eYFP not exposed to light. When compared to prior stimulation (3 dpf), the
ChR2-expressing stimulated larva’s resting heart rate did not change.
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Fig. 24. Fluorescent microscopy images of cardiac morphology in GFP-expressing and
ChR2-expressing larvae at 7 post-fertilization (dpf) exposed to the continuous light

stimulus. Fluorescent images captured both the ventricle (V) and atrium (A). A tubular
heart defect as well as an atrial dilation was found in ChR2-expressing larvae exposed

to the light stimulus.
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Fig. 25. The average atrial (A,C) and ventricular (B,D) area in um? was determined for
ChR2-expressing larvae at 7 post-fertilization (dpf) from fluorescent microscopy images
of cardiac morphology. Error bars represent + the standard error from the mean. Clutch
size = 2, sample size = 4. Area measurements were compared to whether the ChR2-
expressing larvae exposed to light presented the dilation (A,B), or the tubular defect
(C,D). An increase in atrial (A) area was found in the dilation phenotype. A decline in
atrial (C) and ventricular (D) area was observed in the tubular phenotype, however the
study lacked the statistical power.
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Fig. 26. (A, B, C) Representative images of control (A), and ChR2-expressing larval
zebrafish with a non-tubular (B) or tubular (C) phenotype. In treated larvae, a pericardial
edema presented, in which it was mild in the non-tubular groups and severe in those
with the tubular defect. Images were acquired at 6 days post-fertilization (dpf) under a
brightfield microscope. (D) Percentage of ChR2-expressing larvae exposed to the light
stimulus that demonstrated neither an edema or tubular defect, only an edema, or both
an edema and tubular defect. Clutch size = 2, sample size = 4. Prior to stimulation, all
samples were found to be without a pericardial edema or a tubular defect. After one day
of treatment (4 dpf), all samples possessed either a pericardial edema or both edema
and a tubular defect. However, at 7 dpf, one of the treated samples did not possess
either an edema or both an edema and tubular defect.
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Fig. 27. The average resting heart rate was further interpretated as to whether the
ChR2-expressing zebrafish larvae had a tubular heart defect, no tubular defect, or was
not exposed to light. Error bars represent + the standard error from the mean. The
decline in resting heart rate appeared to be more pronounced in the ChR2-expressing
zebrafish larvae with the tubular heart defect by 4 dpf.
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Fig. 28. The average resting heart rate in beats per minute (bpm) was compared to
chamber area (um?) in continuous light exposed ChR2-expressing larvae at 7 days post
fertilization (dpf). Clutch size = 2, sample size = 4. The data was fitted with a simple
linear regression to determine the relationship between the two variables. A coefficient
of determination (R?) value of 0.8355 was determined for atrial area (A) and 0.7481 for
ventricular area (B) when compared to heart rate indicating a strong association
between these variables.
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3.4.2. Changes in Resting Heart Rate and Morphology in ACR1-expressing Larvae

Chronic continuous tachypacing beginning at 3 dpf resulted in no change in resting
heart rate in the ACR1-expressing larvae when compared to prior to the expose to the
stimulus (3 dpf) (Fig. 29). Fluorescent microscopy images of cardiac morphology
revealed a tubular heart defect and an atrial dilation found within the ACR1-expressing
larvae exposed to the light stimulus at 7 dpf (Fig. 30). When the chamber area was
measured from fluorescent images, a decreased atrial and ventricular area was
observed in the ACR1-expressing larvae exposed to light with a tubular defect when
compared to the control group, however, there was a lack in sample size to perform
statistics (Fig. 31). Furthermore, a mild pericardial edema was commonly found in
treated larvae without the tubular defect, whereas those with the tubular defect
presented a severe pericardial edema (Fig. 32A, B, C). The percentage of ACR1-
expressing larvae exposed to the light stimulus that demonstrated neither an edema or
tubular defect, only an edema, or both an edema and tubular defect was then
determined (Fig. 32D). Prior to stimulation, all samples were found to be without a
pericardial edema or a tubular defect. After one day of stimulation, all ACR1-expressing
larvae exposed to the light stimulus possessed a pericardial edema. As chronic
stimulation progressed, a greater proportion of ACR1-expressing samples possessed
both a tubular defect and a pericardial edema. However, at 7 dpf, one of the treated
samples did not possess either an edema or a tubular defect.

When resting heart rate was analyzed based upon which phenotype the treated
larvae presented, non-tubular or tubular defect, the decline in resting heart rate

appeared to be more pronounced in the ACR1-expressing zebrafish larvae with the
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tubular heart defect by 6 dpf (Fig. 33). A comparison between heart rate and chamber
size revealed a strong association with atrial area and a weak association with

ventricular area (Fig. 34).
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Fig. 29. The average resting heart rate in beats per minute (bpm) of ACR1-expressing
zebrafish larvae exposed to optical continuous pacing from 3-7 days post-fertilization
(dpf). Error bars represent + the standard error from the mean. Clutch size = 2, sample
size = 4 for each dpf. The “*” represents statistical significance of the control groups
when compared to the treatment group (ACR1 + light) within each dpf. The “#”
represents statistical significance of the groups at each dpf when compared to prior to
stimulation (3 dpf). Resting heart rate was lower in Myl7:GtACR1-eGFP-expressing
stimulated larvae by 6 dpf when compared to the control groups, which were larval
zebrafish expressing Myl7:eGFP not exposed to light, Myl7:eGFP exposed to light, and
Myl7:GtACR1-eGFP not exposed to light. When compared to prior stimulation (3 dpf),
the ACR1-expressing stimulated larva’s resting heart rate did not change.
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Fig. 30. Fluorescent microscopy images of cardiac morphology in GFP-expressing and
ACR1-expressing larvae at 7 post-fertilization (dpf) exposed to the light stimulus.
Fluorescent images captured both the ventricle (V) and atrium (A). A tubular heart
defect as well as an atrial dilation was found in ACR1-expressing larvae exposed to the
light stimulus.

80



ns

25000+

ag | ns &g 25000+
S, 20000 = 1
- | 9 o g 20000-
o a oo . = h
s 15000 T i © 15000+
K ] 5 8 ;
2 1oooo-_ 3 10000-
5000+ S  5000-
J > i
0 N N < N 0
géo géo g\(f géo
(o] x (o] x
N R N &
& 6 & © &
Treatment ¥reatment
C D
25000- 25000 °
<~ 20000 € 20000- j :
€ - ° © o 1 )
S T’Oﬁ - S 15000 o o
g 15000 - b E
® | S !
(0]
® 10000 3 100004
< 50001 $ 50001 l
- > -
0 N N N N 0 N N N N
g & ¢ ¢ g ¢ ¢ ¢
(o] x (o] x (o) x (o) x
X PN S X U S
& () VQ’Q‘ \>° & () & vga
Treatment Treatment

Fig. 31. The average atrial (A,C) and ventricular (B,D) area in um? was determined for
ACR1-expressing larvae at 7 post-fertilization (dpf) from fluorescent microscopy images
of cardiac morphology. Error bars represent + the standard error from the mean. Clutch
size = 2, sample size = 4. Area measurements were compared to whether the ACR1-
expressing larvae exposed to light presented a chamber dilation (A,B), or tubular defect
(C,D). In the tubular defect phenotype, a decline in atrial (C) and ventricular (D) area
was observed.
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Fig. 32. (A, B, C) Representative images of control (A), and ACR1-expressing zebrafish
larvae with a non-tubular (B) or tubular (C) phenotype. In treated larvae, a pericardial
edema presented, in which it was mild in the non-tubular groups and severe in those
with the tubular defect. Images were acquired at 6 days post-fertilization (dpf) under a
brightfield microscope. (D) Percentage of ACR1-expressing larvae exposed to the light
stimulus that demonstrated neither an edema or tubular defect, only an edema, or both
an edema and tubular defect. Clutch size = 2, sample size = 4. Prior to stimulation, all
samples were found to be without a pericardial edema or a tubular defect. After one day
of treatment (4 dpf), all samples possessed a pericardial edema. As chronic stimulation
progressed, a greater proportion of samples possessed both a tubular defect and a
pericardial edema. However, at 7 dpf, one of the treated samples did not possess either
an edema or both an edema and tubular defect.
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Fig. 33. The average resting heart rate was further interpretated as to whether the
ACR1-expressing zebrafish larvae had a tubular heart defect, no tubular defect, or was
not exposed to light. Error bars represent + the standard error from the mean. The
decline in resting heart rate appeared to be more pronounced in the ACR1-expressing
zebrafish larvae with the tubular heart defect by 6 dpf.
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Fig. 34. The average resting heart rate in beats per minute (bpm) was compared to
chamber area (um?) in continuous light exposed ACR1-expressing larvae at 7 days post
fertilization (dpf). Clutch size = 2, sample size = 4. The data was fitted with a simple
linear regression to determine the relationship between the two variables. (A) A
coefficient of determination (R?) value of 0.7745 was determined for atrial area when
compared to heart rate indicating a strong association between these variables. (B) A
R? value of 0.3553 was determined when ventricular area was compared to heart rate
indicating a weak association.
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3.5. Interval Pacing at 4.7 Hz Starting at 2 DPF

3.5.1. Changes in Resting Heart Rate and Morphology in ChR2-expressing Larvae

Due to the fact continuous pacing was producing a tubular defect, as well as
potentially leading to the desensitization of the channels, interval pacing was
investigated to attempt to mitigate these effects. Exposing ChR2-expressing zebrafish
larvae to interval optical pacing beginning at 2 dpf resulted in no changes in resting
heart rate (Fig. 35). Fluorescent microscopy images of cardiac morphology revealed an
atrial dilation in ChR2-expressing larvae exposed to the light stimulus (Fig. 36). When
atrial and ventricular area was measured from fluorescent images, an increase in atrial

area was found (Fig. 37).
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Fig. 35. The average resting heart rate in beats per minute (bpm) of ChR2-expressing
zebrafish larvae exposed to optical interval pacing from 2-6 days post-fertilization (dpf).
Error bars represent + the standard error from the mean. Clutch size = 2, sample size =
4 for each dpf. The “*” represents statistical significance of the control groups when
compared to the treatment group (ChR2 + light) within each dpf. The “#” represents
statistical significance of the groups at each dpf when compared to prior to stimulation
(2 dpf). Resting heart rate was unaffected in Myl7:hChR2-eYFP-expressing stimulated
larvae when compared to the control groups, which were larval zebrafish expressing
Myl7:eGFP not exposed to light, Myl7:eGFP exposed to light, and Myl7:hChR2-eYFP
not exposed to light.
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Fig. 36. Fluorescent microscopy images of cardiac morphology in GFP-expressing and
ChR2-expressing larvae at 6 post-fertilization (dpf) exposed to the interval light stimulus.
Fluorescent images captured both the ventricle (V) and atrium (A). An atrial dilation was
observed in the ChR2-expressing larvae exposed to the interval light stimulus.
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Fig. 37. The average atrial (A) and ventricular (B) area in um? was determined for larvae
at 6 post-fertilization (dpf) from fluorescent microscopy images of cardiac morphology.
Error bars represent + the standard error from the mean. Clutch size = 2, sample size =
4. Atrial area was significantly increased in the ChR2-expressing larval zebrafish
exposed to the interval light stimulus.
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3.5.1.1. mRNA Expression in Interval Pacing in ChR2-expressing Larvae

Quantitative RT-PCR was used to assess changes in relative mRNA expression of
several genes of interest for larvae at 6 dpf (Fig. 38). Atrial and brain natriuretic
peptides, Myh6, and TGF-1 were found to be significantly increased in ChR2-

expressing larvae exposed to the interval light stimulation.
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Fig. 38. gRT-PCR relative gene expression of genes of interest determined for ChR2-
expressing larvae at 6 days post fertilization (dpf) exposed to interval pacing. The
results represent the average from three samples obtained from independent
experiments. The results were normalized to two reference genes, Efa1l and Rpl13a.
Error bars represent + the standard error from the mean. Atrial and brain natriuretic
peptides, Myh6, and TGF-31 were found to be significantly increased in ChR2-
expressing larvae exposed to the light stimulus.
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3.5.2. Changes in Resting Heart Rate and Morphology in ACR1-expressing Larvae

When ACR1-expressing larvae were exposed to interval optical pacing beginning at
2 dpf, resting heart rate was unchanged (Fig. 39). Fluorescent microscopy images of
cardiac morphology revealed no changes in ACR1-expressing larvae exposed to the

light stimulus (Fig. 40, 41).
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Fig. 39. The average resting heart rate in beats per minute (bpm) of ACR1-expressing
zebrafish larvae exposed to optical interval pacing from 2-6 days post-fertilization (dpf).
Error bars represent + the standard error from the mean. Clutch size = 2, sample size =
4 for each dpf. The “*” represents statistical significance of the control groups when
compared to the treatment group (ACR1 + light) within each dpf. The “#” represents
statistical significance of the groups at each dpf when compared to prior to stimulation
(2 dpf). Resting heart rate was unaffected in Myl7:GtACR1-eGFP-expressing stimulated
larvae when compared to the control groups, which were larval zebrafish expressing
Myl7:eGFP not exposed to light, Myl7:eGFP exposed to light, and Myl7:GtACR1-eGFP
not exposed to light.

92



GFP-expressing ACR1-expressing

No light

Fig. 40. Fluorescent microscopy images of cardiac morphology in GFP-expressing and
ACR1-expressing larvae at 6 post-fertilization (dpf) exposed to the interval light
stimulus. Fluorescent images captured both the ventricle (V) and atrium (A). No effects
on cardiac morphology were observed at this mode of pacing.
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Fig. 41. The average atrial (A) and ventricular (B) area in um? was determined for
ACR1-expressing larvae at 6 post-fertilization (dpf) from fluorescent microscopy images
of cardiac morphology. Error bars represent + the standard error from the mean. Clutch
size = 2, sample size = 4. No significant changes in atrial and ventricular area were
determined.
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3.5.2.1. mRNA Expression in Interval Pacing in ACR1-expressing Larvae

Quantitative RT-PCR was used to assess changes in relative mRNA expression of
several genes of interest for larvae at 6 dpf (Fig. 42). Atrial and brain natriuretic
peptides, and Myh6 were found to be significantly increased in ACR1-expressing larvae

exposed to the interval light stimulation.
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Fig. 42. qRT-PCR relative gene expression of genes of interest determined for ACR1-
expressing larvae at 6 days post fertilization (dpf) exposed to interval pacing. The
results represent the average from three samples obtained from independent
experiments. The results were normalized to two reference genes, Efa1l and Rpl13a.
Error bars represent + the standard error from the mean. Atrial and brain natriuretic
peptides, and Myh6 were found to be significantly increased in ACR1-expressing larvae
exposed to the light stimulus.
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3.6. Interval Pacing at 4.7 Hz Starting at 3 DPF

3.6.1. Changes in Resting Heart Rate and Morphology in ChR2-expressing Larvae

When ChR2-expressing larvae were exposed to interval optical pacing, resting heart
rate was unchanged (Fig. 43). Fluorescent microscopy images of cardiac morphology
revealed an atrial dilation in ChR2-expressing larvae exposed to the light stimulus,
however, no significant changes in chamber area were found (Fig. 44, 45). Due to the
lack of effects found, changes in mMRNA expression were not investigated for this pacing

protocol.
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Fig. 43. The average resting heart rate in beats per minute (bpm) of ChR2-expressing
zebrafish larvae exposed to optical interval pacing from 3-7 days post-fertilization (dpf).
Error bars represent + the standard error from the mean. Clutch size = 2, sample size =
4 for each dpf. The “*” represents statistical significance of the control groups when
compared to the treatment group (ChR2 + light) within each dpf. The “#” represents
statistical significance of the groups at each dpf when compared to prior to stimulation
(3 dpf). Resting heart rate was lower unaffected Myl7:hChR2-eGFP-expressing
stimulated larvae when compared to the control groups, which were larval zebrafish
expressing Myl7:eGFP not exposed to light, Myl7:eGFP exposed to light, and
Myl7:hChR2-eYFP not exposed to light.
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Fig. 44. Fluorescent microscopy images of cardiac morphology in GFP-expressing and
ChR2-expressing larvae at 7 days post-fertilization (dpf) exposed to the interval light
stimulus. Fluorescent images captured both the ventricle (V) and atrium (A). An atrial
dilation was observed in a ChR2-expressing larvae exposed to the light stimulus.
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Fig. 45. Average atrial (A) and ventricular (B) area in um? was determined for ChR2-
expressing larvae at 7 days post-fertilization (dpf) from fluorescent microscopy images
of cardiac morphology. Error bars represent + the standard error from the mean. Clutch
size = 2, sample size = 4. No significant changes in atrial and ventricular area were
determined.
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3.6.2. Changes in Resting Heart Rate and Morphology in ACR1-expressing Larvae

When ACR1-expressing larvae were exposed to interval optical pacing, resting heart
rate was unchanged (Fig. 46). Fluorescent microscopy images of cardiac morphology
revealed no changes in ACR1-expressing larvae exposed to the light stimulus (Fig. 47,

48).
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Fig. 46. The average resting heart rate in beats per minute (bpm) of ACR1-expressing
zebrafish larvae exposed to optical interval pacing from 3-7 days post-fertilization (dpf).
Error bars represent + the standard error from the mean. Clutch size = 2, sample size =
4 for each dpf. The “*” represents statistical significance of the control groups when
compared to the treatment group (ACR1 + light) within each dpf. The “#” represents
statistical significance of the groups at each dpf when compared to prior to stimulation
(3 dpf). Resting heart rate was unaffected from the light stimulus in the Myl7:GtACR1-
eGFP-expressing larvae when compared to the control groups, which were larval
zebrafish expressing Myl7:eGFP not exposed to light, Myl7:eGFP exposed to light, and
Myl7:GtACR1-eGFP not exposed to light.
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Fig. 47. Fluorescent microscopy images of cardiac morphology in GFP-expressing and
ACR1-expressing larvae at 7 days post-fertilization (dpf) exposed to the interval light
stimulus. Fluorescent images captured both the ventricle (V) and atrium (A). No
changes in cardiac morphology were observed.
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Fig. 48. The average atrial (A) and ventricular (B) area in um? was determined for
ACR1-expressing larvae at 7 days post-fertilization (dpf) from fluorescent microscopy
images of cardiac morphology. Error bars represent + the standard error from the
mean. Clutch size = 2, sample size = 4. No significant changes in atrial and ventricular
area were determined.
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3.7. Results Summary

It was found that chronic continuous pacing beginning at either 2 or 3 dpf, of both
ChR2- and ACR1-expressing larvae, produced a tubular heart defect that was
associated with a decline in resting heart rate and a decline in atrial and ventricular area
(Table 5). The changes in mMRNA expression resulting from continuous pacing were
associated with ventricular stretch. When chronic continuous pacing was administered a
day later in develop (2 compared to 3 dpf), the proportion of samples with the tubular
heart defect within the sampled population declined.

Chronic interval pacing of both ChR2- and ACR1-expressing larvae led to no effects
on resting heart rate and no production of a tubular heart defect. Starting interval pacing
at 2 dpf in ChR2-expressing larvae produced chamber dilation, and changes in mMRNA
expression for genes related to atrial and ventricular wall stretch, heart failure and
inflammation, and atrial hypertrophy. Starting interval pacing at 2 dpf in ACR1-
expressing larvae did not produce changes in chamber area. However, changes in
MRNA expression for genes related to atrial and ventricular wall stretch, and atrial
hypertrophy were observed. When chronic interval pacing was started at 3 dpf in ChR2-
and ACR1-expressing larvae, a lack of significant effects on chamber area was

observed.
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Table 5. Summary of results found across each mode of pacing

Start of 2 dpf 3 dpf
Experiment

Mode of Cont. Interval Cont. Interval Cont. Interval Cont. Interval
Pacing

Opsin ChR2 ACR1 ChR2 ACR1

HeartRate [ NE UNE NE UNE NE UNE NE
Chamber R 1 NE moo I*INE NE

Area

l 1 " NE UUNE NE I*INE NE

Gene BNP  ANP, BNP, ANP,
expression BNP, TGF- BNP,

TGF- R1 Myh6
R1,
Myh6
Tubular/ 4/0 0/4 3/1 0/4 2/2 0/4 2/2 0/4

Nontubular

Legend
* NE: No effect

* *: No significance
« A: Atrium
¢ V: Ventricle
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Chapter 4: Discussion

This study aimed to establish a model of chronic tachypacing-induced HF in larval
zebrafish using optogenetics. The effects of chronic optogenetic tachypacing of larval
zebrafish hearts with two opsins (ChR2 and ACR1) were compared. Furthermore, the
effects of continuous and interval pacing between 2 to 6, and 3 to 7 dpf were
investigated. To determine the effects of chronic optical tachypacing, changes in cardiac
morphology, function, and mRNA levels of genes associated with cardiac remodelling
during HF were assessed. Cardiac morphology and function were measured from in
vivo brightfield microscopic recordings and morphology was further investigated using
fluorescent microscopy. Genetic responses were evaluated by expression changes
quantified using gRT-PCR. Continuous chronic tachypacing with ChR2- and ACR1-
expressing larvae resulted in cardiac development defects, while interval pacing with
ChR2-expressing larvae resulted in morphological changes reminiscent of HR. When
changes in mMRNA levels were assessed in opsin-expressing larvae exposed to interval
pacing, an increase in several markers for HF were elevated, including levels of ANP,
BNP, and TGF-R1, as well as the marker for hypertrophy, Myh6.

4.1. Optical Capture

When the average maximum optical pacing rate was assessed in ChR2-expressing
larvae from 2-7 dpf, the samples were found to be successfully paced at a frequency of
4.9 + 0.2 Hz (Fig. 4B). In ACR1-expressing larvae, a lower average maximal optical
pacing rate of 4.2 + 0.4 Hz was found (Fig. 5B). The differences in ability to capture
between the two opsins could be attributed to the different properties of the channels.

The ability to capture at higher frequencies is affected by the channel conductance and
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kinetics, the channel’s reversal potential, and differences in opsin expression. The
channel conductance establishes the efficacy of light-induced depolarization, while fast
channel kinetics is required for adequate channel recovery between stimuli at high
frequencies. Furthermore, ability to depolarize the membrane and initiate cardiac
contraction is influenced by the channel’s reversal potential, as well as from the opsin
expression levels, where low opsin expression reduces the channel’s ability to
depolarize the membrane (Lin, 2011). While ACR1 possesses greater channel
conductance and faster repolarization kinetics, ChR2 has a greater reversal potential,
and therefore, might be more effective at depolarizing the membrane (Bergs et al.,
2018).

4.2. Changes in Heart Rate

Continuous tachypacing led to a decline in resting heart in ChR2- and ACR1-
expressing larvae when pacing was started both 2 and 3 dpf (Fig. 7, 15, 23, 29).
However, when changes in heart rate were further examined based upon the resulting
phenotype, the decline in resting heart rate was found to be more prominent in samples
possessing the tubular heart defect (Fig. 11, 20, 27, 33).

A tubular heart defect has been reported previously in larval zebrafish as a result of
interfering with cardiac development through genetic manipulations or exposure to
cardiotoxic pharmaceuticals (Huang et al., 2005; Mi et al., 2023; Razaghi et al., 2018).
Commonly associated with this defect is a pericardial edema, and a decrease in resting
heart rate and contractile function (Du et al., 2015; Duan et al., 2016; Razaghi et al.,

2018; Yang et al., 2017).
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A possible explanation for the decline in resting heart rate in the defective hearts
could be related to the association of the tubular defect with the pericardial edema, as
both were observed consistently together (Fig. 10, 17, 26, 32). An increase in
pericardial pressure could constrict the heart and affect its pump function. In a study by
Maerz et al. (2019), the researchers observed effects on cardiac function and
morphology after administrating atorvastatin from 0-2 dpf. Exposure to atorvastatin
disrupted cardiac looping and produced a tubular heart defect, bradycardia, and a
pericardial edema. The researchers were able to prevent the formation of the pericardial
edema through the administration of water-soluble cholesterol. While the tubular defect
persisted without the pericardial edema, the heart rate was rescued, indicating a
possible effect of the edema on heart rate but not morphology. Future work could
similarly prevent the pericardial edema formation to address the possible effects of the
pericardial edema on the bradycardia recorded in our study.

Furthermore, bradycardia in the tubular defect group could result from the chronic
continuous optogenetic stimulation interfering with the development of the cardiac
conduction system. The zebrafish cardiac conduction system firstly forms at 24 hours
post-fertilization (hpf), where it exists as a linear conduction pattern slowly travelling
from the sinus venosus to the outflow track, with a primitive sinoatrial node covering a
large area on the venous pole of the heart tube (Chi et al., 2008; Fishman, 2005; Martin
& Waxman, 2021). At 36-48 hpf, the atrioventricular conduction delay forms, and the
sinoatrial node condenses into a ring around the venous pole (Martin & Waxman, 2021;
Pashmforoush et al., 2004). At 72 hpf, a more mature pacemaker has formed as the

sinoatrial node narrows into a small cluster of cells in the right dorsal region of the
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atrium (K. E. Martin & Waxman, 2021). Additionally, from 72-96 hpf the ventricle
develops trabeculation, which serves as a fast conduction network for zebrafish,
functionally similar to the Purkinje fibre network in mammals (Sedmera et al., 2003). As
our treatments began at either 2 or 3 dpf, it is possible that the continuous pacing
interferes with these critical points of conduction system development, like through the
interference of the development of the mature sinoatrial node, and results in
bradycardia.

When chronic interval pacing was applied, no changes in resting heart rate occurred
in the ChR2- and ACR1-expressing larvae (Fig. 35, 39, 42, 45). This finding is
consistent with a previous study by Lemme et al. (2019), in which engineered heart
tissue expressing ChR2 experienced chronic optical interval tachypacing. In this study,
no effect was found on the resting beating rate, and the researchers believed this was
due to the electrical remodeling observed. Faster diastolic depolarization was recorded,
which should increase the resting beating rate. However, a slower upstroke velocity was
also reported. The slower upstroke velocity was suspected to be mediated by the
depolarized take-off potential, which the researchers predicted affected sodium channel
availability. Therefore, the changes in take-off potential are likely involved in maintaining
physiological beating rates. Alternatively, the lack of effects on resting beating rate
reported in the study by Lemme et al. (2019) could also be attributed to the use of
engineered heart tissue, as tissue models lacks the neurohormonal influences present
in a whole organism model. However, in models of electrical tachypacing-induced
cardiomyopathies, it is frequently reported that resting heart rate increases, which is

inconsistent with our findings (Spinale et al., 1991, 1992, 1994).
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4.3. Changes in Cardiac Morphology

Chronic continuous tachypacing led to a tubular defect in ChR2- and ACR1-
expressing larvae when pacing started at both 2 and 3 dpf (Fig. 8, 16, 23, 30). The
defect appeared 24 hours after pacing and was present in greater proportions as the
duration of the treatment increased (Fig. 9, 18, 26, 32).

Disruptions to early cardiac development can lead to a tubular heart appearance, in
which the ventricle is positioned anterior to the atrium, similar to what was observed in
our study (Antkiewicz et al., 2005; Bello et al., 2004; Wang et al., 2006). In a study by
Antkiewicz et al. (2005), the authors described a tubular defect that progressed by 72
hpf after exposure to 2, 3, 7, 8-tetrachlorodibenzodioxin (TCDD). The authors
hypothesized that the resulting defect was due to the disrupted development of the
common cardinal vein. In physiological zebrafish cardiac development between 72 and
96 hpf, the common cardinal vein attaches to the heart at the sinus venosus and
migrates dorsally, which leads to further cardiac looping (Bello et al., 2004). As a result
of disrupting cardiac development, there is mechanical stretching and elongation of the
heart, producing a tubular appearance (Antkiewicz et al., 2005). Therefore, beginning
chronic continuous optical pacing at 2 and 3 dpf may have disrupted this process in
cardiac development, leading to an elongated heart defect.

An additional phenotype was observed as an effect of chronic optogenetic
tachypacing, which was a dilation of the chambers. When opsin-expressing larvae were
continuously paced, those that did not develop a tubular defect, demonstrated a dilation

in the atrium at the experimental endpoint (Fig. 16, 23, 36).
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Chamber dilation is a common morphological effect as a result of chronic
tachypacing (Damiano et al., 1987; Shannon et al., 1991; Tanaka et al., 1992). During
chronic tachypacing, there is a discrepancy between metabolic supply and demand, and
the hemodynamic capabilities of the heart (Raymond-Paquin et al., 2018; Yamamoto et
al., 2006). As a result, the RAAS is activated, which increases salt and water retention
to raise blood volume and improve cardiac output. However, the volume overload leads
to a stretching force on the myocardium and consequently, the heart undergoes
eccentric hypertrophy (Mihl et al., 2008). It is likely then that in our study the hearts
experienced eccentric hypertrophy. To assess this effect, treated larval hearts could be
isolated, sectioned and stained to observe structural changes at a cellular level.

Lastly, differences in morphology were found between ChR2- and ACR1-expressing
larvae exposed to interval pacing. When samples were paced in 15-second intervals, a
dilation was observed in ChR2-expressing samples and not ACR1-expressing samples
at the experimental endpoints (Fig. 36, 40). One possible explanation could be
differences in the ability to capture at 4.7 Hz. It was found that a greater proportion of
ChR2-expressing samples were captured at 4.7 Hz than ACR1 (Fig. 4B, 5B). As a result
of ability to capture, ChR2-expressing samples could have been more affected by the
treatment. Secondly, differences in the effects of pacing the different opsin-expressing
larvae could be related to the fact that the opsins are selective for the passage of
different ions. For instance, it is supported that tachypacing can cause calcium
mishandling, which can have pathological effects on cardiac function and structure
(Perreault et al., 1992). Since ChR2 is selective for cations, chronic activation of this

channel could enhance this pathway towards dysfunction.
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4.4. Changes in mRNA expression

It was found that continuous pacing of ChR2-expressing larvae led to increased
MRNA expression of BNP, and in ACR1-expressing larvae there was an increase in
BNP and TGF-B1 (Fig. 14, 22). It has been commonly supported that BNP is elevated
during HF (Becker et al., 2012; Nadrowski et al., 2013; Weber & Hamm, 2006). The
natriuretic peptides are believed to be cardioprotective during HF by balancing the
effects of RAAS and TGF-B1 signaling and promoting natriuresis, which prevent
hypertrophy and fibrosis (Nishikimi et al., 2006). Due to their significant role in HF, ANP
and BNP are commonly used as biomarkers for the progression of HF (Gaggin &
Januzzi, 2013).

Interestingly, ANP was not significantly elevated from continuous pacing (Fig 14,
22). This finding is contrary to most studies of HF, in which ANP levels are elevated
(Agnoletti et al., 1990; Becker et al., 2012; Moe et al., 1990). However, several reports
of chronic tachypacing-induced HF have reported ANP plasma levels returning to
baseline, potentially due to ANP stores becoming depleted (Khasnis et al., 2005; Moe et
al., 1990, 1991). A possible method to observe if ANP levels are plateauing in our study
would be to perform measurements of ANP mRNA expression at multiple time points.

An additional explanation for the lack of increase in ANP could be related to possible
effects on atrial integrity from our treatment. An increase in atrial fibrosis reduces atrial
cardiomyocytes and the chamber’s ability to stretch, leading to a decline in ANP
production (van den Berg et al., 2004). In a study by Ogawa et al. (2018), the
researchers developed an ANP/BNP index to represent atrial integrity throughout HF.

The study proposed that in more severe conditions of HF, the ANP/BNP index should
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be low as BNP will remain elevated, while ANP is reduced due to an increase in atrial
fibrosis. In our study, if the tubular defect produced was associated with atrial fibrosis, it
would explain why ANP levels were depleted but not BNP. In a study by Sarmah &
Marrs (2017), the researchers studied the relationship between fibrosis and tubular
heart defects in larval zebrafish after early exposure to ethanol. Within this study,
histological analysis revealed changes in myocardial structure indicative of cardiac
fibrosis.

In ACR1-expressing samples, there was an increase in mRNA of TGF-1, a genetic
marker for cardiac hypertrophy and fibrosis. However, TGF-1 is involved in numerous
signaling pathways in many different tissue types, and due to the fact RNA samples
were isolated from whole embryos, it may be elevated due to noncardiac specific
factors. Furthermore, mRNA levels of ACTAZ2, an additional fibrotic marker, was
unaffected in both opsin-expressing samples. Nevertheless, the role of fibrosis within
the tubular heart defect presented in our study should be further examined through
additional techniques like histological analysis.

Similar to continuous pacing, chronic interval pacing of opsin-expressing larvae led
to an increase in MRNA expression of BNP and TGF-1 (Fig. 38, 41). Additionally,
interval tachypacing led to an elevation of ANP and Myh6, markers for atrial wall stretch,
and hypertrophy, respectively. This finding was intriguing due to the reported atrial
dilation in the ChR2-expressing larvae exposed to interval pacing. An interpretation of
these findings could be that interval tachypacing of ChR2-expressing larvae increases
atrial wall stretch, which increases ANP production and leads to eccentric hypertrophic

growth of the atrium.
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However, Myh7, the additional studied hypertrophy marker, was not found to be
elevated. A possible explanation for the elevation of Myh6 and not Myh7 could be due
to the greater expression of Myh6 within the atrium, where the majority of the dilation
was reported. The elevation of these markers in ACR1-expressing samples did not
agree with the observed lack of effects on cardiac morphology and function. However,
ANP and BNP could be elevated in a state of compensatory HF, preceding obvious
changes in cardiac function and morphology. Furthermore, while at 6 dpf there were no
measured changes in morphology, brightfield recordings from earlier time points
revealed samples possessing possible chamber dilation. It is possible, then, that the
pooled samples for mMRNA extraction possess larvae that have been morphologically
affected by the treatment; however, due to low sample sizes, effects on morphology
were not discovered when the images were acquired.

4.5. Limitations

A limitation of this study was its low sample size. For instance, since differential
phenotypes emerged due to the continuous tachypacing, sample sizes of some
phenotypes were too low to perform statistics (n=1); it would be beneficial to increase
sample sizes to observe more definitive trends.

Additionally, using larval zebrafish as a model species could cause confounding
effects due to the ongoing maturation of the model. For instance, while chronic
continuous tachypacing led to dilated chambers and elevated markers of HF, the mode
of pacing also produced a tubular heart defect that is not representative of human HF

but of irregular cardiac development. However, the results highlight the potential for this
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model for circumstances where cardiac development and dysfunction are confounded,
like for the study of congenital heart defects or pediatric HF.

Furthermore, while qRT-PCR measures changes in mRNA expression, it cannot
directly infer changes in protein levels as several factors can create discrepancies. For
instance, translational regulation, differences in protein half-lives, and experimental
error are all believed to contribute to inconsistencies. While the gRT-PCR results
provide intriguing preliminary data for the study, confirming the upregulation of these
proteins using additional techniques such as immunohistochemistry and western blot
analysis would be beneficial (Beyer et al., 2004; Greenbaum et al., 2003).

4.6. Conclusions

In conclusion, we established a putative model of chronic optogenetic tachypacing-
induced HF in larval zebrafish. When the use of two opsins, ChR2 and ACR1, were
compared, we observed differences in the effects of chronic optical pacing. Furthermore,
chronic optogenetic tachypacing resulted in changes in resting heart rate and cardiac
morphology, and mRNA expression, which were dependent on the developmental period of

stimulus application, and whether continuous or interval pacing was used.
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4.7. Future Directions

Future studies could study alterations in recognized markers for cardiac
development, like Nkx2.5, Tbx20, and Hand2, to discern potential confounding effects
on the progression of HF from disrupted cardiac development (Lu et al., 2016).
Alternatively, pacing could be performed later within larval zebrafish development so
that they have further completed cardiac development.

Additionally, while HF can occur in a pediatric setting, the condition is most prevalent
in adults. Therefore, it would be beneficial to establish the model in more developed
zebrafish. The use of more mature zebrafish would allow for further cardiac
development which could mitigate possible confounding effects of disrupted
development. Furthermore, due to the immature organ systems in the larvae, mature
zebrafish may have mechanisms towards the progression of HF that are more similar to
clinical HF.

Furthermore, it is well supported that chronic tachypacing leads to dysfunction
primarily through altered hemodynamic properties and energetic starvation (Raymond-
Paquin et al., 2018). It would be beneficial to pursue measurements of altered
hemodynamic and metabolic activity to establish this model and demonstrate that it
leads to dysfunction in similar mechanisms.

Lastly, it may be interesting to simulate chronic tachyarrhythmia. While chronic
rhythmic tachypacing can occur clinically, cardiomyopathies are most commonly the
result of a chronic tachyarrhythmia, with atrial fibrillation being the most common cause
(Bozkurt et al., 2016). In a study by Wijffels et al. (1995), atrial fibrillation was artificially
maintained in goats using implanted atrial leads. In this study, the atrium was burst

paced for one second at 64 Hz and then allowed to slow to sinus rhythm before an
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automated administration of another set of burst pacing. This pacing procedure
sufficiently captured the progressive nature of AF, as over time, the episodes of non-
sustained atrial fibrillation lengthened until sustained atrial fibrillation was achieved. The
electrical pacing patterns described in models of tachyarrhythmias, like the study
discussed, could be modelled to deliver a noninvasive optogenetic stimulus in larval

zebrafish to create a more clinically relevant model of HF.
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