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ABSTRACT
In the vertebrate heart the intracardiac nervous system is a common pathway for
autonomic control of cardiac output, comprising a population of intracardiac neurons in
ganglia embedded within nerve plexi. These neural elements modulate the activity of
effectors within the heart to adjust cardiac output, maintaining optimal perfusion of the
body tissues under a wide range of metabolic activities. Investigation of the specific
functional roles of subpopulations of intracardiac neurons within the circuitry mediating
cardiac control in vertebrates has been hampered by a lack of knowledge about the
detailed anatomical organization of the intracardiac nervous system. This work has
revealed within the zebrafish intracardiac nervous system a complex neuroanatomy in
which extrinsic innervation reached all regions of the heart; populations of intracardiac
neurons were present at the sinoatrial and atrioventricular junctions, and adrenergic,
cholinergic, nitrergic and peptidergic neurotransmitter phenotypes were expressed.
Stimulation of individual extrinsic cardiac nerves and application of cholinergic and
adrenergic agents showed that the zebrafish heart contains all the classic vertebrate
hallmarks of cardiac control, establishing this preparation as a viable model for studies of
integrative autonomic control of cardiac function. Disruption of electrical activity within
the sinoatrial region during periods of simulated extrinsic input to the heart illustrated the
complex neural mechanisms involved in rate control. In addition, it was found, using
detection of activity-dependent markers, that distinct populations of intracardiac neurons
were activated during vagal stimulation. This represents the first use of these markers in
the heart, establishing a new method to investigate cardiac function. Further, the use of
the isolated zebrafish heart for studies of clinically relevant issues was validated. These
studies focused on pathways that may be responsible for cardiac dysfunction known to
occur in those on serontonergic anti-depressants as well as in patients during clinical
anesthesia. The results of this work offer a new model for studies of the direct and
neurally mediated pathways involved in heart rate regulation. Overall, the results from
these studies contribute significant advances to the establishment of the zebrafish as a

new model for studies of integrative autonomic cardiac control.
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CHAPTER 1

INTRODUCTION



1.1 An overview of the autonomic nervous system and intracardiac nervous system.
The maintenance of cardiovascular homeostasis is a key component in vertebrate
survival. In particular, as factors such as oxygen availability or temperature vary in the
external environment, or when internally driven processes such as exercise or feeding are
engaged, the supply of oxygen and nutrients to support the changing metabolic demands of
working tissues must adapt quickly. Cardiac output must therefore be modulated rapidly to
match the short-term tissue perfusion demands. The output from the heart is a function of
heart rate and stroke volume: rate is set by the timing of pacemaker cell discharge, while
stroke volume is set by the degree of filling of cardiac chambers and by the contractility of
myocytes throughout the myocardium. In all gnathostome vertebrates, the autonomic
nervous system (ANS) innervates the heart to provide fast, reflex-driven modulation of the
activity of both of these effector types (Nilsson, 1983; 2011; Donald, 1998; Janig, 2006) to
maintain homeostasis. The intracardiac nervous system (ICNS) acts as a common pathway
for autonomic control of the vertebrate heart, comprising a population of intracardiac
neurons (ICNs) in ganglia embedded within nerve plexi. Together these neural elements
modulate the activity of effectors within the heart to adjust cardiac output, thus
maintaining optimal perfusion of the gas exchange organ and body tissues under a wide

range of metabolic activities.

1.1.1 Overview of the ANS.
Langley (1921) and Cannon (1915) were the first to describe the structural,
functional and pharmacological properties of visceral control by the autonomic nervous

system. Traditionally the ANS is described as a motor (efferent) system that provides



control over visceral functions critical to maintaining homeostasis (Loewy, 1990),
especially cardiovascular homeostasis. The ANS is composed of two principal efferent
divisions, the parasympathetic (PNS) and sympathetic (SNS) nervous systems. Classically,
in terms of control of organ function, these divisions have been viewed as having a
reciprocal antagonistic relationship; the PNS being involved in inhibitory function and the
SNS in excitatory (Cannon, 1915; Langley, 1921). The motor component of the SNS and
PNS is formed of serially connected neurons (Loewy, 1990); the preganglionic neurons
whose cell bodies lie within the central nervous system (CNS) and project axons synapsing
on post-ganglionic neurons which in turn project axons that innervate target tissues.

In the PNS short efferent axons are projected from post-ganglionic neurons that lie
near or within the tissues that they target. In contrast, sympathetic cell bodies are found in
para- and prevertebral ganglia and project post-ganglionic efferent axons to their target
tissues over a further distance. In addition to this anatomic distinction, there also exists a
distinction based upon the neurotransmitters used within each limb. Pre-ganglionic
parasympathetic and sympathetic neurons act through release of the neurotransmitter
acetylcholine (ACh), and are termed cholinergic. In the PNS ACh acts at excitatory
nicotinic receptors on post-ganglionic neurons, while post-ganglionic release of ACh acts
on inhibitory muscarinic receptors in the target tissues. At post-ganglionic sites, while
parasympathetic release is cholinergic, sympathetic action is via adrenergic pathways by
release of norepinephrine (NE). It should also be noted at this point that while
parasympathetic release occurs in close proximity to target neurons, sympathetic targets
can also be under the influence of circulating catecholamines (Cannon, 1915) producing

widespread autonomic neuroendocrine responses (Loewy, 1990). The ANS, however, is



not strictly an efferent system (Loewy, 1990). Almost all visceral autonomic nerves have
sensory fibres intermixed with motor fibres, functioning in a feedback system to integrate
and relay information to the CNS, which modulates autonomic motor outflow,

contributing to control of the end organ (Loewy, 1990).

1.1.2 The intracardiac nervous system.

In the vertebrate heart, the activity of cardiac effector cells (e.g.: myocytes) is
modulated by autonomic reflexes (Laurent et al., 1983; Nilsson, 1983) as mentioned
above, as well as acting through the ICNS. In the SNS, cardioaugmentatory impulses
originate from preganglionic neurons in spinal cord nuclei. Postganglionic neurons project
axons to the heart via the cardiac nerves, where they enter the ICNS and project to cardiac
effector cells. In the PNS, cardioinhibitory impulses originate from brainstem vagal motor
nuclei, projecting in the vagosympathetic trunks to synapse on postganglionic neurons in
the ICNS. Postganglionic neurons then innervate the myocardium (Burnstock, 1969;
Nilsson, 1983; 2011; Gibbins, 1994; Donald, 1998; Funakoshi and Nakano, 2007).
Traditionally, it is viewed that this system maintains a balance of excitatory and inhibitory
signals to the main cardiac effectors, the pacemaker cells and cardiac myocytes, providing
fast-acting integrative neural control of cardiac output. The detailed organization, as well
as identities and distribution of subpopulations of ICN that control specific cardiac
function, however, has been hampered by a lack of knowledge about the detailed
anatomical organization of the ICNS.

In the classical model of autonomic innervation of the heart, ICNs represent the a

common pathway for information relayed from PNS preganglionic neurons to the



myocardium. Work in the last two decades in mammalian hearts has, however, shown that
this view is overly simplistic given the neurochemical complexity (Steele et al., 1994;
Leger et al., 1999; Hoover et al., 2009), distributed nature (Armour et al., 1997; Yuan et
al., 1994; Pauza et al., 2000; Leger et al., 1999) and capability for local information
processing within the ICNS. A major issue requiring clarification in the control of cardiac
functions by the ICNS is the distribution and connectivity of the ICN within this system.
In the mammalian heart, ICN somata are widely distributed in ganglia throughout both
atria (Steele and Choate, 1994; Steele et al., 1994; Armour et al., 1997; Leger et al., 1999;
Pauza et al., 2000), but with few exceptions (i.e. Pardini et al., 1987, canine; Steele and
Choate, 1994, guinea pig) the projection patterns of subpopulations of ICNs to specific
targets have not been established.

A more complex and integrative view of autonomic control over cardiac output has
recently emerged after descriptions of sympathetic and parasympathetic interactions within
the ganglia of the heart that are more complex than described by the classical model. Leger
(1999) described the presence of small catecholaminergic cells within the ICNS of the
guinea pig, proposed as putative small intensely fluorescent (SIF) cells, that could
potentially modulate cardiac neural activity and have been shown to have cholinergic
innervation. A recent study described neuronal somata that exhibit colocalised
immunoreactivity for choline acetyltransferase (ChAT, a rate limiting enzyme in the
synthesis of acetylcholine) and tyrosine hydroxylase (TH, a rate limiting enzyme in the
synthesis of NE) within ganglia of the mouse heart (Rysevaite et al., 2011) suggesting that
parasympathetic and sympathetic transmitters could occur within the same ICN. Such

findings have begun to complicate the classic viewpoint of autonomic control of the heart.



Functional (Smith, 1999) and anatomic data (Gagliardi et al., 1988) have shown that ICNs
within a particular region of the heart can receive inputs from parasympathetic
preganglionic, sympathetic postganglionic, other ICNs as well as from afferent axons from
other areas of the heart. Acute (Armour et al., 1998) and chronic decentralization (Smith,
2001a), isolation of a heart from the CNS, have shown that ICNs in the mammalian heart
remain viable and responsive to changes in the cardiac milieu. Additionally, it has been
shown using simultaneous recordings in the mammalian heart that both parasympathetic
(vagal) and sympathetic (cardiopulmonary) nerves could be co-activated (Kollai and
Koizumi, 1979; Koizuimi et al., 1982). In experiments in which ICN activity was recorded
in the beating mammalian heart during stimulation of the cardiac vagal nerves, less than
20% of ICNs received direct inputs from the extrinsic nerves (see Armour, 2008). It was
hypothesized from these findings that these ICNs could potentially be acting as
interconnecting neurons. Perhaps most interesting among these studies is Smith’s (1999)
finding that adrenergic input could augment the effects of cholinergic activation of ICNs.
In this experiment adrenergic/cholinergic interactions augmented action potential (AP)

firing of ICNs that did not occur in the presence of only one input.

1.1.3 Difficulties in studying the ICNS.

The neural control of the heart has been extensively studied in many mammalian
models (mice, rats, dogs and guinea pigs) by means of extracardiac nerve stimulations.
The ICNS and its associated innervation comprise more than 10° ICNs in the human heart
(Pauza et al., 2002) and more than 10° ICNs in the heart of a dog (Pauza et al., 2002;

Armour and Ardell, 2004). Even small hearts such as that of the guinea pig contain at least



1500-2000 ICNs (Leger et al., 1999). Previous reports have shown that activity in the
ICNS is modified by interventions affecting cardiac function (Armour et a/, 1993; Huang
et al, 1993; Murphy et al, 2000; Smith et al, 2001a, b; Arora et al, 2003). Despite these
advances, our current understanding of the mechanisms of intracardiac integration of
autonomic inputs and the details of the anatomical and functional connections between the
ICNS and cardiac effectors are incomplete. In mammalian hearts a major difficulty in
studying the role of function-specific components of the ICNS, is that this system is deeply
embedded in, and distributed throughout, the walls of both atria and ventricles. These
components are therefore largely inaccessible for integrative studies. One solution to this
problem is the use of reduced experimental preparations representing a subset of the ICNS,
such as isolated tissues containing ICN in ganglionated plexi, to study properties of control
circuits in vitro (Smith, 1999; Ardell et al., 2014). This approach, however, eliminates the
majority of intracardiac neuronal connections; so only limited conclusions may be drawn
about the roles of localized circuitry in controlling overall cardiac function. To overcome
such limitations, I thus propose to use the smaller, a simplified vertebrate heart, that of the
zebrafish, a widely used model for fundamental questions in genetics, molecular biology

and organ function, to investigate autonomic cardiac control in an intact organ.

1.2 The zebrafish as an alternative model for studies of integrative cardiac control
1.2.1 Anatomy of the teleost heart.

Over the course of evolution, teleosts have become the most numerous vertebrate
group, making up more than half of extant vertebrate species. Members of this group have

radiated and diversified to occupy all available aquatic habitats, with variations in the



morphology of their circulatory systems reflecting this diversity (Johansen and Burggren,
1980; Satchell, 1991; Farrell and Jones, 1992). The basic function of the heart, to generate
flow sufficient to maintain circulatory homeostasis, is conserved from fish to humans
(Farrell and Jones, 1992). In teleosts the heart sits caudal to the gills contained within a
pericardial sac (Figure 1.1). Deoxygenated blood flows unidirectionally from the dorsal
aorta through the body tissues, collecting in sinus venosus. A bicuspid valve (two valve
leaflets) is found at the sino-atrial junction. Sequential contractions eject blood first from
the atrium to the ventricle, and then from the ventricle to the bulbus arteriosus. A valve
comprised of four leaflets is found at atrio-ventricular junctions, preventing the retrograde
flow of blood to the atrium during ventricular contraction. The bulbus arteriosus,
composed of vascular smooth muscle and elastin, acts in a similar manner as the
mammalian aortic arch and dampens pressure pulsations before blood leaves through the
ventral aorta. Blood is passed through the dorsal aorta and to the gills, supplying

oxygenated blood to all body tissues (Santer, 1985).

1.2.2 Innervation of the teleost heart.

In the majority of teleosts investigated to date, the heart receives dual extrinsic
innervation from the parasympathetic (PNS; cardioinhibitory) and sympathetic (SNS;
cardioaugmentatory) limbs of the ANS (Holmgren, 1977; Laurent et al., 1983; Santer,
1985; Gibbins, 1994; Morris and Nilsson, 1994; Donald, 1998). Hearts in all except the
most primitive teleosts are dually innervated by axons from cholinergic parasympathetic
and adrenergic sympathetic postganglionic neurons (Nilsson, 2010). Parasympathetic

preganglionic neurons, located in brainstem vagal nuclei, project bilaterally via the vagus



nerves to synapse on postganglionic cholinergic ICNs projecting to cardiac effectors.
Sympathetic preganglionic neurons in the intermediolateral zone of the spinal cord project
to postganglionic neurons in ganglia associated with the vagal roots. Postganglionic
sympathetic neurons then project either to cardiac effectors or, in some cases, on ICN
within intracardiac ganglia (Burnstock, 1969; Nilsson, 1983: Laurent ef al., 1983; Santer,
1985; Gibbins, 1994; Donald, 1998; Funakoshi and Nakano, 2007; Nilsson, 2010). The
most common arrangement of this dual innervation in teleosts is that axons from both
limbs of the autonomic nervous system enter the heart together from the vagal cardiac
rami. In accordance with this, it has been shown in the goldfish (Newton et al., 2014;
Appendix B) that vagal rami appear to carry both cholinergic and adrenergic extrinsic
cardiac innervation; confirming that in this species the vagi are in fact vagosympathetic
trunks (Gibbins, 1994; Holmgren and Jensen, 1994; Nilsson, 2010). Thus, in evolutionary
terms, the elements of the ANS which collectively mediate neural regulation of the teleost
heart represent the earliest version of this system that contains all of the elements of
cardiac control that are elaborated in more recently evolved vertebrates (Gibbins, 1994;
Donald, 1998).

Innervation patterns of the teleost heart have been found to differ regionally within
a single species and among the hearts of different species. In general, it has been shown
that at the sino-atrial junction the vagal nerves innervate a group of postganglionic cell
bodies (Salmo trutta and Salmo iredis, Yamauchi and Burnstock, 1968; Saetersdal, 1974;
Carassius auratus Newton et al., 2014; see also Appendix B), which forms a dense sino-
atrial plexus. Atrial axonal densities are much lower than in the sino-atrial plexus (Donald

and Campbell, 1982; Newton et al., 2014), and even further reduced in the ventricle



(Newton et al., 2014). Cholinergic fibres have been described in the atrium and ventricle
of teleost species (Holmgren, 1981). Innervation of the ventricle is predominantly
adrenergic (Holmgren, 1977; Zaccone, 2009; Newton et al. 2014) though this innervation
is limited largely to the compact myocardium and plexi surrounding coronary blood
vessels.

In addition to the "classical" autonomic adrenergic and cholinergic
neurotransmitters, a variety of nitrergic, peptidergic and other neurotransmitters and
neuromodulators are associated with the teleost ICNS. Collectively termed "non-
adrenergic, non-cholinergic" (NANC) neurotransmitters, these include neuropeptides
(Gibbins, 1989; Nilsson and Holmgren, 1992; Davies et al., 1994; Holmgren, 1995;
Zaccone et al., 2009a; 2009b; 2010) and nitric oxide (NO, Olson and Donald, 2009), a
neuromodulator generated by activity of the enzyme neuronal nitric oxide synthetase
(nNOS). Such neurochemical diversity suggests that the ICNS in fish is capable of
complex, receptor-mediated, integrative signal processing in the control of cardiac
function.

Functional measures of cardiac modulation have long been established in the
teleost. Using a combination of electrical and pharmacological stimulations, Vornanen
(1989) established ventricular contractility in the goldfish as being under the control of -
adrenergic receptors by use of force measurements in vitro. Axelsson et al. (1987)
investigated the effects of cholinergic and adrenergic influences on the heart in seven
species of teleosts (pollack, Pollachius pollachius, cuckoo wrasse, Labrus mixtus, ballan
wrasse, Labrus berggylta; five-bearded rockling, Ciliata mustela, tadpole fish, Raniceps

raninus; eel-pout, Zoarces viviparus and short-spined sea scorpion, Myoxocephalus
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scorpius), the results suggesting a mainly neural adrenergic tonus on the teleost heart.
Their findings are compatible with the view that both a cholinergic inhibitory tonus and an
adrenergic excitatory tonus are general features in the control of the teleost heart in vivo
(Axelsson et al., 1987). Electrical stimulations have been performed at the vagal nerve
trunks (Saito, 1973) and by field stimulation methods to electrically pace teleost atria and
ventricles (Gannon, 1970). In the latter study atria were shown to possess both cholinergic-
inhibitory and adrenergic-augmentor motor innervation while the ventricles possessed only
adrenergic-augmentor innervation. Similar antagonistic responses have been shown
pharmacologically in the zebrafish as early as four days post fertilization (Schwerte et al.,
2006). To date, however, there has been no detailed description of the connectivity of the
ICNS and its neural control of cardiac effector cells, such as the pacemaker system, in any

teleost species.

1.2.3 Pacemaker function of the teleost heart.

The ANS and ICNS determine the rate and rhythm of the heart, regulate the force
production of cardiac myocytes during contraction, and the rate of relaxation following
contraction (Haverinen and Vernanen, 2007). Each heartbeat is initiated by an AP that
begins in a set of pacemaker cells and subsequently spreads to the atrial and ventricular
myocytes, eliciting sequential contraction (Haverinen and Vornanen, 2007). The electrical
properties of the teleost heart obey the same biophysical principles as mammals (Sedmera
et al. 2003; Kopp et al. 2005; Arnaout et al. 2007; Milan et al. 2006; Haverinen and
Vornanen, 2007). Activity of the cardiac pacemaker is due to the presence of a

spontaneous depolarization, or pacemaker potential, and is an outcome of a complicated
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interaction between several ion channels and ion transporters that are driven by a net
inward current through the sarcolemma of the pacemaker cells (Haverinen and Vornanen,
2007). Normal electrical excitability of cardiac pacemaker cells results from a balance
between depolarizing (inward) and repolarizing (outward) currents. Depolarization is
mediated by channels or transporters that enable positively charged Na* or Ca*" ions to
enter the cell (or negatively charged Cl ions to exit) and repolarization results when the
K+ efflux exceeds the sum of the Na* and Ca*" influx (Hodgkin & Huxley 1952;
Haverinen and Vornanen, 2007).

Even though they possess a comparatively simple two-chambered heart, the
zebrafish electrocardiogram (ECG) retains many of the fundamental elements of a
mammalian ECG (Figure 1.1). Within the zebrafish ECG the P wave (atrial
depolarization), QRS complex (ventricular depolarization) and T wave (ventricular
repolarization) are retained (Sedmera et al., 2003; Milan et al., 2006; Huang et al., 2010).
From ECGs recorded from zebrafish, calculations of waveform intervals such as Q-T and
R-R intervals (see Milan et al., 2006, Arnaout et al., 2007; Chaudhari et al., 2013) have
given information on cardiac performance of chronotropic effects (heart rate, Huang,
2010) and dromotropic effects (conduction, Yu et al., 2010).

In teleosts there is extensive physiological evidence that the sinoatrial region is the
site of the cardiac pacemaker. In the trout three different types of pacemaker cells have
been identified morphologically (spindle, spider and elongated spindle cells, Haverinen
and Vornanen, 2007). Saito (1973), Saito and Tenma (1976), Vornanen et al. (2010) and
Haverinen and Vornanen (2007) have reported pacemaker-type electrical activity recorded

from cells located within the base of the sinoatrial valve leaflets. Haverinen and Vornanen
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(2007) described tissue here in Oncorhynchus mykiss as being responsible for electrical
impulses triggering cardiac conduction, though this has been experimentally investigated
in a limited number of species (Saito, 1969; Mackenzie, 1913; Yamauchi ef al. 1973). A
hyperpolarization-activated channel, HCN4, has been shown to be crucial in the generation
of pacemaker potentials in the mammalian heart (Steiber ef al., 2003). Recently HCN4 has
been shown to be present in the cardiac tissues of teleosts (Cho et al., 2003; Tessadori et
al., 2012). Teleost cardiac pacemaker cells have been identified electrophysiologically in
tissue associated with the sinoatrial valves (SAV; Saito, 1973; Saito and Tenma, 1976;
Vornanen ef al., 2010). In the mammalian heart, pacemaker cells express HCN4 and
antibodies directed against this ion channel are now accepted as a marker for the
mammalian pacemaker region (Chandler et al., 2009; DiFrancesco, 2010). Tessadori et al.
(2012) established, using combined in situ hybridization and patch clamp methods, that
cells in the zebrafish heart which exhibit pacemaker electrical properties also express
mRNA for HCN4. Moreover, recent studies in the zebrafish have shown, using optical
recordings imaging voltage-sensitive dyes, that the first electrical activity in the cardiac
cycle occurs in the SAV region where cell containing HCN4 are concentrated (Sedmera et
al., 2003; Tsutsui ef al., 2010), offering an tractable effector cell type to investigate in my

thesis.

1.3 Relevance and thesis objectives
1.3.1 Relevance.
Recent reports in the field of neurocardiology have shown that dysfunctions of the

autonomic nervous system can contribute to the initial development and progression of
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many cardiovascular diseases (see review chapters in Armour and Ardell, 2004).
Conversely, as these diseases progress, the ANS can support and coordinate the
components of the myocardium that remain functional, thus helping maintain tissue
perfusion by boosting cardiac output (Armour, 2008). A comprehensive understanding of
how the nervous system controls the heart and what can go wrong with this control system
is therefore a key factor in developing successful new cardiotherapies. Suppression of
activation of the ICNS has been found to reduce the induction of cardiac arrhythmias
(Foreman et al., 2004; Cardinal et al., 2006). As was put forth by Armour (2007), we must
gain a more comprehensive understanding of the role of the ICNS in the coordination of
regional indices of cardiac function in order to target any component within the cardiac
neuroaxis that may malfunction in disease states. Given similar innervation patterns to the
mammalian heart it is hoped that understanding the relatively simple teleost heart will aid
in the understanding of the more complex mammalian heart. The main premise of this
thesis is that studies of the zebrafish heart will clarify the overall organization and
operation of the ICNS, for the first time in any vertebrate, providing information to guide

further studies of the role of the ICNS in regulating global cardiac function.

1.3.2 Thesis objectives.

Though much is known of the ICNS in mammals, there currently exists no global,
integrative understanding of how specific effectors within the heart are controlled. Our
current understanding of the mechanisms of intracardiac integration of autonomic inputs
and the details of the anatomical and functional connections between the ICNS and cardiac

effectors is incomplete. The use of reduced experimental preparations representing a
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subset of the ICNS, such as isolated tissues containing neurons in ganglionated plexi, to
study properties of control circuits in vitro (Smith, 1999; Ardell ef al., 2014) eliminates
intracardiac neuronal connections, so only limited conclusions may be drawn about the
roles of localized circuitry in controlling overall cardiac function. Though the small size of
the zebrafish heart presents its own technical challenges, its size also permits visualization
and accessibility of the entire ICNS in the whole organ.

From these studies I will shed light on several key issues of global cardiac
function, which have not previously been possible to examine in mammalian models. In
Chapter 2 the neuroanatomy of the zebrafish ICNS, distribution of ICNs and their
neurotransmitter phenotypes are described. Taken together, my anatomical observations in
the zebrafish heart suggest the potential for regionally precise and function-specific
autonomic control of the effectors that determine cardiac output. In particular, the fine
details of innervation that I observed in the region in the sinoatrial region (SAR)
containing putative pacemaker cells reveal the neuroanatomical substrate by which the
discharge activity of these cells may be rapidly modulated. The results of this study will
lay the essential neuroanatomical groundwork for further investigations to identify the
locations, functional characteristics and of subpopulations of ICNs involved in regulating
cardiac output in the hearts of teleosts.

In Chapter 3 I describe establishing the isolated, innervated zebrafish heart as a
novel alternative model to investigate the integrative neural control of cardiac pacemaker
function through a combined electrophysiological, pharmacological, and anatomical
approach. Using ECG recordings, combined with extrinsic nerve stimulation or

pharmacological activation, I demonstrate that discrete neural pathways modulate heart
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rate through adrenergic and cholinergic mechanisms. Optical mapping of electrical activity
confirmed the location of the primary pacemaker within the SAR and a secondary
pacemaker in the atrioventricular region (AVR), as well as the capacity for autonomic
modulation of both SAR and AVR pacemaker function. Finally, the relationships of
cholinergic and adrenergic receptors to putative pacemaker cells are described.

To date, the potential functional differences between the left and right cardiac rami
have not been resolved. In canine, left and right vagal inputs evoke differential effects on
both the sinoatrial and atrioventricular nodes. In Chapter 3 I show that the R-R interval
response to combined vagosympathetic nerve trunk (VSN) stimulation is summative,
supporting the idea that stimulation of individual VSN activated different groups of post-
ganglionic ‘rate-control’ neurons with minimal interactions within the ICNS. In Chapter 4,
distinct populations of ICNs activated during VSN stimulation are investigated using
known immunohistochemical markers. In addition, the effects of such activation reveal
that the site of of sinoatrial pacemaker initiation becomes highly disorganized during vagal
activation. Taken together, these results suggest that there are distinct ICN populations at
the vagal junctions, which project to ipsilateral effector cells, and ICNs within the medial
sinoatrial region which do not receive direct extrinsic input and may represent local
processing neurons.

In Chapters 5 and 6, I use the methodologies developed in earlier chapters to
validate the use of the isolated zebrafish heart for studies oriented to more clinical issues.
In Chapter 5 using immunohistochemical, electrophysiological and pharmacological
methods I describe the distribution of serotonin (5-HT) in the heart, its chronotropic

effects, and the proportion of these effects acting through the ICNS compared to action
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through pacemaker cells. In Chapter 6 I investigate the chronotropic responses to volatile
anesthetics and the proportion of these responses resulting from direct effects on the
pacemaker versus those acting indirectly through the ANS to alter rate were determined.
Thus, these studies will begin to clarify the direct and neurally mediated pathways
involved in heart rate regulation that may potentially be responsible for heart dysfunction
known to occur in those on serontonergic anti-depressants as well as in patients during
clinical anesthesia.

Overall, the results of the studies presented within my thesis contribute significant
advances in the establishment of the zebrafish as a new model for studies of integrative

autonomic cardiac control.
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Figure 1.1: Overview of the zebrafish heart. A: Ventral view of an adult zebrafish,
showing area of the heart. Dashed box indicates the area highlighted in B. B: Ventral view
of the adult zebrafish from A, after a ventral midline incision has been made through the
body wall and pericardial sac, exposing the heart. A, atrium; BA, bulbus arteriosus; SV,
sinus venosus; V, ventricle. C: Example of a differential electrocardiogram recording from

an adult zebrafish showing P-, R-, S-, and T-waveforms.
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CHAPTER 2

ANATOMY OF THE ZEBRAFISH INTRACARDIAC NERVOUS SYSTEM
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2.1 Introduction

The general organization of the portion of the autonomic nervous system (ANS)
concerned with cardiac control has been studied for almost a century (Langley, 1921;
Nilsson, 1983; 2011). Dual innervation of the heart by sympathetic and parasympathetic
autonomic limbs of the ANS is conserved from teleost fish to humans (Nilsson, 1983;
Nilsson and Holmgren, 1994). In all of these groups neural inputs in extrinsic cardiac
nerves converge on the intracardiac nervous system (ICNS), that part of the ANS lying
within the heart. This network represents a common pathway for neural control of cardiac
output. This system maintains a balance of excitatory and inhibitory signals to the main
cardiac effectors, the pacemaker cells and cardiac myocytes, providing fast-acting
integrative neural control of cardiac output. The detailed organization of the projection
pathways of extrinsic and intrinsic axons within the ICNS, and the identities and
distribution of subpopulations of intrinsic cardiac neurons that control specific cardiac
functions remain unknown. Knowledge of the neuroanatomy of this system is particularly
lacking in fishes, so the early evolution of vertebrate cardiac control is unclear.

In order to begin addressing this issue the neuroanatomy of the ICNS in the
goldfish (Newton et al., 2014; Appendix B) was investigated. This study provided, for the
first time in any teleost species, details of the general innervation pattern, the
neurotransmitter phenotypes and the distribution of axons and neuronal somata within the
heart. It was concluded that the ICNS in this species innervates all cardiac regions to
provide the neuroanatomical substrate for cholinergic and adrenergic control of effectors

determining cardiac output.
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A key factor in determining cardiac output is the discharge rate of pacemaker cells.
In teleosts these cells have been proposed to be located in the region of the sinoatrial valve
(Saito, 1973; Saito and Tenma, 1976; Vornanen et al., 2010). The presence of
hyperpolarization-activated, cyclic nucleotide-gated ion channels (HCN), in particular
HCNA4, is characteristic of mammalian pacemaker cells, but until recently there have been
no reliable markers for teleost pacemaker cells. Tessadori ef al. (2012) provided evidence
that cells in this region in the zebrafish heart expressed the message for HCN4 (in situ
hybridization) and exhibited pacemaker-like electrophysiological properties. These authors
also described the expression of the transcription factor Islet-1 (Isl1) in putative pacemaker
cells. Newton et al. (2014) used immunohistochemical methods in the goldfish heart to
show that HCN4 channel protein is present in small cells in the densely innervated
sinoatrial valve leaflets.

In the present study previously established methods were applied to study the
ICNS in zebrafish, a cyprinid species that has been widely exploited as a representative
vertebrate model for investigating the time course, genetics and molecular biology of
embryonic development (Woo et al., 1995; Kimmel et al., 1995; Goldstein et al., 1998;
Stainier, 2001; Yelon, 2012; Singleman and Holtzman, 2012; Liu and Stainier, 2012;
Gould et al., 2013), mutagenesis (entire issue, Development 123 [1996]; Stainier et al.,
1996; Chen et al., 1996; Warren and Fishman, 1998; Sehnert and Stainier, 2002; Berdougo
et al., 2003) and organ function (Briggs, 2002). The zebrafish genome has recently been
sequenced and it appears that there may be at least one or more zebrafish orthologues for

approximately 70% of human genes (Howe et al., 2013). The high degree of conservation
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of the zebrafish genome has allowed for the study of the potential roles of specific genes in
many human diseases (Ackermann and Paw, 2003; Dodd et al., 2004).

The zebrafish offers many advantages for cardiac studies. Recent reviews have
described rapid progress in establishing the zebrafish heart as a model for regeneration
(Ausoni and Sartore, 2009), physiology (Briggs, 2002; Hecker et al., 2008; Nemtsas et al.,
2010; Hoage et al., 2012; Sabeh et al., 2012) and the genetic basis of cardiovascular
diseases (Ackermann and Paw, 2003; Dahme et al., 2009; Bakkers, 2011; Kloos et al.,
2012). These studies have produced significant advances in understanding mechanisms
underlying cardiac function, but none has considered the role of integrated neural control
of the zebrafish heart.

In all teleosts studied to date cardiac output is modulated by autonomic reflexes
engaged by changes in a variety of internal variables such as arterial blood pressure (the
baroreflex; Smith et al., 1985) and by alterations in environmental factors such as oxygen
and CO; (i.e., hypoxic bradycardia; Smith and Jones, 1978; Jonz et al., 2014). Though
such reflexes are present in both adult and larval zebrafish (Barrionuevo and Burggren,
1999; Jacob et al., 2002; Steele et al., 2009; Schwerte et al., 2006), the pathways within
the ICNS that are targeted by the efferent arms of these reflexes have not been established.
In the present study immunohistochemical and neurotracing techniques were used to map
the general innervation pattern of the zebrafish heart, the distribution and neurotransmitter
phenotypes of neural elements within the ICNS and the projections of extrinsic axons into
this system. HCN4 and Isl1 immunohistochemistry were used to identify and locate
putative pacemaker cells, as well as a synaptic vesicle marker to label the terminals of

axons innervating these cells.
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2.2 Materials and Methods

An expanded Methods section is provided in Appendix A.

2.2. 1Animals.

A total of 60 adult AB wild type zebrafish (12-18 months post fertilization; mixed
sex; mean standard body length 44+7 mm (£SEM) were used in this study. Institutional
approval for animal use in this study was obtained from the Dalhousie University

Committee on Laboratory Animals.

2.2.2. Heart Isolation.

Fish were anesthetized in a buffered solution of tricaine (MS-222) in tank water
until respiratory opercular movements had ceased and the animals lacked responses to
pinching with forceps. A ventral midline incision exposed the bulbus arteriosus, ventricle,
atrium, sinus venosus and attached proximal segments of the ducts of Cuvier (containing
the vagus nerves) which were then removed for immunohistochemical processing. Tissues
were fixed overnight in 4% paraformaldehyde (PFA) or 9:1 (v/v) solution of methanol and

formalin prior to processing for immunohistochemistry in whole-mount format.

2.2.3 General and neurotransmitter-specific labeling.
The general procedures used for immunohistochemistry in this study were similar
to those described in previous publications on cyprinid neuroanatomy (Finney ef al., 2006;

Robertson et al., 2008; Dumbarton ef al., 2010; Newton et al., 2014).
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The primary antibodies used in this study have been used previously in zebrafish
and in the goldfish heart, a cyprinid species closely related to the zebrafish (see Appendix
B). In the present study, to determine the general innervation of the heart antibodies
against acetylated tubulin (AcT, axons) combined with human neuronal protein C/D (Hu,
neuronal somata) have been used. An antibody against synaptic vesicle protein 2 (SV2)
was used to detect axon terminals. Cholinergic axons and somata were detected by
immunoreactivity for choline acetyltransferase (ChAT), an enzyme involved in
acetylcholine (ACh) synthesis. In a subset of specimens an antibody against vesicular
acetylcholine transporter (VAChT) was used together with ChAT to double-label putative
cholinergic elements. The VAChT antibody used was the same as used by Shakarchi et al.
(2013), who reported that pre-adsorption with a synthetic peptide that corresponded to the
C-terminus sequence eliminated immunoreactivity in the zebrafish gill. The expression of
tyrosine hydroxylase (TH), the rate-limiting enzyme in the synthesis of noradrenaline
(NE), indicated adrenergic elements. Neurons capable of generating nitric oxide were
detected by the presence of neuronal nitric oxide synthase (nNOS). An antibody directed
against vasoactive intestinal polypeptide (VIP) demonstrated the distribution of this
peptide in neural elements in the heart.

To label putative pacemaker cells, an antibody against HCN4 was used. Expression
of the transcription factor Islet-1 (Isl1) has been shown to partly overlap that of HCN4 in
the zebrafish heart (Tessadori et al., 2012), so an analysis of the distribution of
immunoreactivity for this factor in has been included in this study. The anti-Isl1 antibody
used here (Isl1) was the same as that used by Tessadori et al. (2012) and others in

zebrafish (Ericson ef al., 1992; Kuscha et al., 2012).
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For all antibodies used in this study, negative control tissues were processed as
outlined above, except that either the primary or secondary antibody was omitted. In all
trials this eliminated detection of histofluorescence. As a control for the anti-HCN4
antibody, the HCN4 antibody was pre-treated with fusion protein (1pg primary antibody:
3ug fusion protein). Tissue was then incubated in the presence of the pre-adsorbed
antibody following the procedures outlined above. In 6 trials no immunoreactivity was
observed.

In order to determine how immunohistochemically labelled neuronal elements
were related to the regional structure of the myocardium, some specimens were double-
labelled with the F-actin marker phalloidin (Phal; Small et al., 1999; Newton et al., 2014),

conjugated with tetramethyl rhodamine isothiocyanate to show cardiac myocytes.

2.2.4 Tracing extrinsic vagosympathetic inputs.

To visualize the intracardiac projections and termination patterns of axons in the
cardiac rami of the vagosympathetic trunks a combination of the actively transported
neurotracer neurobiotin and a fluorescent styryl dye, FM1-43X was utilized. This dye,
which appears to label the membranes of recycled synaptic vesicles, becomes concentrated
in active synaptic terminals over time (Betz et al., 1992) so will accumulate in the
intracardiac terminals of extracardiac axons when those axons are stimulated. In this
procedure hearts were isolated as described above and pinned to the rubber bottom of a
chamber perfused with zebrafish saline. A length of approximately 1 mm of the left or
right vagosympathetic trunk was freed from the wall of the duct of Cuvier and the cut end

of the nerve was drawn by suction into a tip of a closely fitting glass pipette filled with

26



saline. This was then replaced with a solution containing neurobiotin and FM1-43X (1
mM each) in distilled water. This preparation was maintained at room temperature for 6-8
hours and maintained spontaneous cardiac contractions throughout this period. The nerve
was then removed from the pipette and hearts were perfused for a further 2-3 hours.
During the last hour of this period the dye-loaded nerve was stimulated with a bipolar wire
electrode driven by a constant-current stimulator to load axonal terminals with FM1-43X.
Trains of rectangular pulses were delivered every 5 minutes for a total of 12 stimulation
periods. Following this procedure hearts were fixed as described above for
immunohistochemistry. The presence of neurobiotin in neural elements was detected with
avidin conjugated to AlexaFluor 488. Two controls were used for this procedure: nerves
were loaded with neurobiotin and FM1-43X but not stimulated, or neurobiotin without
FM1-43X was applied and nerves were stimulated. In both cases no terminals were

observed.

2.2.5 Imaging and data presentation.

Tissues were viewed using a Zeiss LSM510 confocal microscope using Zeiss
Zen2009 software. These images were processed into plates with Photoshop CS6. During
composition of the figure plates some images originally in color were converted to
greyscale values; the brightness of these images was adjusted so that panel-to-panel
contrast in the plate was consistent. Numerical values were expressed as mean + 1 SEM.

One-way ANOVA was used to detect significant differences among means.
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2.3 Results
2.3.1 Overview of innervation pattern.

A wholemount preparation of the entire zebrafish heart, in which the ICNS was
demonstrated with the pan-neuronal markers AcT and Hu, showed that all cardiac
chambers were innervated (Figure 2.1A). The organization of the ICNS is summarized in
the schematic diagram in Figure 1B. A major nerve plexus, termed the sinoatrial plexus
(SAP), was located at the venous pole of the heart, circumscribing the sinoatrial valve
(SAV). The majority of neuronal somata within the heart were associated with the SAP.
This plexus received inputs from the cardiac vagosympathetic rami entering the heart close
to the valvular commissures (Figure 2.1A). Most axons from these rami appeared to
terminate within the plexus while a few projected to the atrial wall or toward the
atrioventricular junction in one or two major nerve trunks. The atrioventricular plexus
(AVP) surrounded the valve at this junction and contained a small population of somata.
The ventricular myocardium and walls of the bulbus arteriosus were innervated by axons
arising from the venous pole, as well as from nerves entering the heart along the ventral
aorta. In the sections below details of regional cardiac innervation are presented and the

distributions of neuronal elements with neurotransmitter-specific phenotypes are mapped.

2.3.2 Sinoatrial plexus.

The region surrounding the bicuspid sinoatrial valve represented the most intensely
innervated area of the heart in this species (Figure 2.1A, B, C). AcT-Hu labelling
suggested that axons entered the SAP from both vagosympathetic trunks (Figure 1D, E),

which joined the heart close to the commissures of the sinoatrial valve.
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After entering the SAP, the majority of extrinsic axons coursed around the ostium
within the basal structure of the valve leaflets as shown in the example in Figure 1C (the
myocyte marker Phal shows the organization of myocytes in the leaflets). The density of
the neuropil varied by region within the SAP, with axons being most plentiful in the dorsal
region between the junctions of the extrinsic nerves with the plexus (dSAP, Figure 2.1C,
F) compared with the ventral SAP (vSAP, Figure 2.1C, G). Transmitter-specific labelling
of intracardiac neuronal elements and putative pacemaker cells is shown in the examples
in Figure 2. The majority of axons and many terminals within the SAP appeared to be
ChAT-positive (Figure 2.2A, B). There were also TH-positive axons in the extrinsic
nerves, and both axons and terminals expressing TH were present throughout the SAP
(Figure 2.2C, D). In addition to ChAT- and TH-positive terminals in the SAP, there were
putative axonal varicosities labelled with anti-VIP that were distributed in a punctate
pattern, in all regions of the SAP (Figure 2.22F). The distribution of transmitter specific
markers are summarized in Figure 2.2J.

In addition to the distributions of axons within the SAP, immunolabelling showed
that somata of intracardiac neurons were distributed throughout this plexus (Figure 2.1C-
G; Figure 2.2). To quantify the distribution of ganglionic neuronal somata labelled with
AcT-Hu within the SAP, this area was divided into four sub-regions: the zones around the
junctions of the right and left vagosympathetic nerves with the plexus and the dorsal and
ventral zones between these junctions. Within these sub-regions, neuronal somata were
clustered into groups designated right and left vagal ganglia (RXG, LXG), dorsal ganglia
(dG) and ventral ganglia (vG). The division of the ventral ganglia into two parts, right

(rvG) and left (IvG), resulted because of the mid-ventral split to lay out the map; these two
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parts would be contiguous in the intact heart. The total number of neurons in all regions of
the SAP detected by AcT-Hu was 197+£23 (n=6). The vG (IvG and rvG combined) had
significantly less somata (23+5; n=6; 12% of total number) than the dG (52+7; 26%), LXG
(54+8; 27%) and RXG (67+10; 34%).

Within the SAP subsets of neuronal somata labelled with AcT-Hu were positive for
anti-ChAT (Figure 2.2A, B), anti-TH (Figure 2D) and anti-nNOS (Figure 2E). ChAT-
positive cells represented the most common phenotype in the SAP (181412, n=6; Figure
2A, B), representing 92% of the mean total number of somata labelled with AcT-Hu. In a
subset of three specimens ChAT and VAChT antibodies were used together; in all three
specimens there was complete overlap between these labels (data not shown). Cells
expressing nNOS (1443, n=6; Figure 2.2E) represented 7 % of the total number. In five of
six specimens, a mean of 5+3 TH-positive somata was detected (Figure 2.2D). The
distribution of subsets of neurons expressing these phenotypes is shown in schematic form
(Figure 2.2J).

While immunolabelling showed the overall innervation, it did not permit the
discrimination of axons originating extrinsically from those originating within the SAP.
The projection patterns of inputs from the vagosympathetic trunks into the heart were
further analyzed by application of a combination of neurobiotin (to label axons and
somata) and FM1-43X (to intensify terminal labelling) to the distal cut ends of these
nerves. Examples of the outcomes of such tracing experiments are shown in Figure 3,
double-labelled with AcT-Hu to differentiate extrinsic from intrinsic axons. The detailed
distribution patterns of extrinsic inputs from the cardiac vagi within the SAP were

different. Axons entering from the left vagosympathetic trunk terminated in a continuous
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pattern spreading from the ipsilateral junctional region across most of the dorsal plexus,
extending to the contralateral junctional region (Figure 2.3A). The pattern of projections
into the ventral SAP was sparser than that in the dorsal region, also extending to the
contralateral junctional area. Conversely, axons from the right vagosympathetic trunk
appeared to terminate in more limited regions of the SAP than those from the left trunk.
There appeared to be two distinct terminal fields in the ipsilateral SAP proximal to the
junctional region and a third field in the dorsal SAP that was proximal to the left junctional
region (Figure 2.3B). Axons from the right trunk also projected to the proximal half of the
ventral SAP, but this projection was sparser than that to the same region from the left
vagosympathetic trunk. Within all regions of the SAP, terminals of extrinsic axons, which
label only with neurotracer, and thus show only in green, appeared to surround neuronal
somata, as in the example shown in Figure 3C.

A small cluster of neurobiotin-positive somata was observed in the dorsal SAP
proximal to the junction of the right vagosympathetic trunk (region outlined by box,
Figure 3B). These somata (arrows, Figure 2.3D) were ovoid-shaped, with their long axes
measuring approximately 10 um. Such somata could be clearly distinguished by shape,
size and label content from AcT-Hu-labelled somata in the adjacent neuropil. A process,
presumably the axon, appeared to emerge from one end of each neurobiotin-labelled soma
(Figure 2.3D) and could be followed to the adjacent junctional region and into the nerve
trunk (not shown). It is possible, since these somata were labelled via transport of the
tracer in axons coursing in the vagosympathetic trunk, that they represented intracardiac

sensory neurons with their axons projecting centripetally.
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2.3.3. Identification of putative pacemakers in sinoatrial valve.

The general location of the cardiac pacemaker in the sinoatrial region of the heart
is conserved across the vertebrates. In the zebrafish heart a combination of HCN4 and Isl1
immunohistochemistry was used to determine the occurrence and distribution of putative
pacemaker cells in this region. In the sinoatrial valve, small ovoid- or spindle-shaped cells
labelled with anti-HCN4 were observed in a band in the medial intra-vagal regions and
toward the free margin of both valve leaflets (Figure 2.2G-I). Figure 2G shows a detailed
view of HCN4-positive cells in which the labelling was punctate, appearing to be
associated with both the membrane and the cytoplasm. These cells were co-labelled with
anti-Isl1, which appeared to be evenly distributed throughout the cytoplasm (Figure 2.2G).
Multiple axon terminals expressing the synaptic vesicle marker SV2 were closely apposed
to individual HCN4-positive cells in the valve leaflets (Figure 2.2H). Double-labelling
trials with Phal (Figure 2.21) showed that HCN4-positive cells were embedded among
cardiac myocytes in the leaflet structure. The position of putative pacemaker cells relative

to the SAP is shown schematically in Figure 2J.

2.3.4 Atrioventricular junction.

Figure 2.4A shows an overview of the innervation pattern of the atrium,
atrioventricular region and a portion of the ventricle proximal to the atrium, labelled with a
combination of AcT-Hu and neurotracer. Two large nerve trunks coursed in the atrial wall
from the SAP toward the atrioventricular junction; from these trunks a mesh of fine axons
innervated the atrial wall. Some of the axons in the nerve trunks appear to have originated

extrinsic to the heart, as indicated by double-labelling with neurotracer (Figure 2.4A). A
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plexus was present around the atrioventricular valve (AVP; boxed region, Figure 2.4B)
that recieved contributions from the atrial nerve trunks. Neuronal somata were clustered
into small ganglia (arrow, Figure 2.4B) associated with this plexus and a majority, if not
all, of the ganglionic somata appeared to be cholinergic (Figure 2.4C). There was also a
relatively dense network of TH-positive axons in the AVP region (Figure 2.4D), with
some of these axons innervating the leaflets of the atrioventricular valve (not shown).
Multiple axon terminals expressing the synaptic vesicle marker SV2 were closely apposed
to individual HCN4-positive cells (Figure 2.4E) in the bases of the valve leaflets
(asterisk*, Figure 4B) and in atrial tissue proximal to this valve. Such cells appeared
similar in size and morphology to HCN4-positive cells in the sinoatrial region (cf Figure
2.2G-I). A network of fine AcT-Hu positive axons innervated the ventricle wall; larger

nerve trunks were associated with coronary blood vessels (Figure 2.4F).

2.3.5 Outflow tract.

AcT-Hu labelling in the bulbus arteriosus indicated that tissue here may have been
innervated by axons from two sources (Figure 2.4G-H). Innervation arising from the
venous pole of the heart consisted of a meshwork of fine axons in the wall of the bulbus
(BA, Figure 2.4G); these axons arose from extensions of ventricular nerve trunks that
could be traced to the AVP. At least some of these axons were immunoreactive for TH
(Figure 2.41). In addition to innervation coursing into the bulbus from the ventricle, a
major nerve trunk entered the bulbus arteriosus from the wall of the ventral aorta (arrow,
Figure 2.4G, H). This trunk coursed in a cephalo-caudal direction in the bulbus wall and

crossed the bulbo-ventricular junction to innervate parts of the ventricular wall proximal to
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this junction. This nerve trunk, designated as the branchio-cardiac nerve trunk (BCT), as it
appeared to emerge from the ventrocaudal aspect of the fourth gill arch (not shown) and
travel into the heart. Some of the axons within this trunk were also TH-positive (Figure

2.4H).

2.4 Discussion

In this study, the neuroanatomy of the zebrafish intracardiac nervous system, the
patterns of extrinsic innervation of this system at the venous and arterial poles of the heart,
the distribution of intracardiac neurons and the neurotransmitter phenotypes of some
neuronal subpopulations has been characterized. In addition details of putative pacemaker
cells and their innervation at the sinoatrial and atrioventricular junctions have been
described. In the sections below, the organization of the components of the ICNS and the
insights such organization may provide for understanding autonomic modulation of the

effectors that determine cardiac output are discussed.

2.4.1 Intracardiac neurons at venous pole.

In this study a combination of antibodies against AcT and Hu was used to identify
intracardiac neuronal somata and axons. Previous neuroanatomical studies have
established the utility of this combination of labels to detect neuronal somata in the
zebrafish intestine (Bisgrove et al., 1997; Olsson, 2009) and in the goldfish heart (Newton
et al., 2014). Though this technique appeared to label most of the neurons in the organs
studied in these species, there remains some uncertainty that all neuronal somata were

labelled (see Olsson, 2009 for discussion). It therefore must be recognized that, since AcT-
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Hu immunohistochemistry may not have labelled all neuronal somata, regional and total
counts of neurons in the zebrafish heart must be interpreted conservatively.

A principal finding in this study was that most of the intracardiac neurons (ICN)
were situated within the SAP, in the vicinity of the sinoatrial valve; there was also a
smaller population of neurons associated with the AVP. This conforms to the overall
pattern seen in other teleost hearts (Laurent et al., 1983; Zaccone et al., 2009, 2010; 2012;
Newton et al. 2014). Newton et al. (2014) provided the only previous report with a
quantitative analysis of ICNs in a teleost heart, indicating that the mean total number of
ICNs was 723 + 78 (SE) in the goldfish heart. In the present study it was found that just
over one-quarter of that number (mean total 197 & 23) are present in the zebrafish heart.
The meaning of the absolute number of ICNs per heart is not clear. Furthermore, the
relationship of the total number of ICNs present in any vertebrate heart to the capability
for control of the myocardium also remains unresolved. One possibility is that the number
of ICNs required to control cardiac function may be related to body or cardiac mass. In
mammals, the vertebrate group in which cardiac innervation has been studied in the most
detail, the number of ICNs per heart tends to increase as body size increases (i.e. guinea
pig, ~1500 somata [Leger et al., 1999]; canine, 10,000-20,000 [Yuan et al., 1994]; human,
~100,000 [Pauza et al., 2000]) but no clear correlation between neuron number and cardiac
mass has so far been established in any vertebrate.

In the goldfish heart there is a regional difference in density of ICN within the
SAP, with the dorsal region containing significantly more neurons than the regions around
the vagosympathetic trunk-SAP junctions or the ventral region (Newton et al., 2014). In

the present study the ventral region of the zebrafish SAP had significantly fewer ICN than
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the other regions. While this aspect of the ICNS has only been investigated in two species,
a pattern is emerging to suggest that ICNs may be concentrated in the dorsal and junctional
regions in the SAP. Whether the findings in these species represent a general teleost trend
is not yet clear. If this pattern is consistent across a broad range of teleosts, it may indicate
a correlation between the somatic location of ICNs that have function-specific roles and
the site of effectors, such as pacemaker cells, that are targeted by those neurons.

The specific neurotransmitter expressed in a particular subpopulation of peripheral
autonomic neurons ("function-specific chemical coding"; Janig, 1996) has been considered
as a useful anatomical indicator of neurons in particular pathways involved in visceral
control. In this study immunohistochemical detection of markers for neurons expressing
cholinergic, adrenergic and nitrergic phenotypes in the SAP, and the distribution of cells
expressing these phenotypes has been described. This was undertaken as a necessary first
step in understanding the functional roles of these neurons.

Cholinergic neurons in the heart represent postganglionic efferent neurons in the
parasympathetic limb of the autonomic outflow pathway for control of cardiac output, in
the traditional view of the ANS. This view has been extended from its original application
in mammals to apply across most vertebrates (Nilsson, 1983; 2011; Donald, 1998).
According to this model, such neurons release ACh to alter cardiac efferent activity
through actions on muscarinic postjunctional receptors. There are to date relatively few
studies demonstrating putative cholinergic neurons in the hearts of teleost species (e.g.,
bichar, catfish, mullet: Zaccone et al., 2009; 2010; 2012). These authors reported relatively
low numbers and a high degree of variability among species for the occurrence of this

neuronal phenotype. Such variability may have been related to the method used for
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detecting these neurons: immunohistochemistry for acetylcholinesterase gave the lowest
estimates (Zaccone et al., 2009, 2010) while a higher number of cholinergic neurons was
reported with the use of ChAT immuneoreactivity (Zaccone et al., 2012). Furthermore,
none of these studies attempted to evaluate the total number of intracardiac neurons to
obtain a more accurate estimation of the relative proportion of cholinergic cells to the total
cell population.

To address this ChAT and AcT-Hu double-labelling was performed in the same
specimens. It was found that the vast majority of neurons in the SAP expressed ChAT
(92% of total) and were cholinergic. This was confirmed by ChAT and VAChT double-
labelling in which there was complete overlap of these labels. In contrast, in the goldfish
slightly less than half of SAP neurons were cholinergic (Newton ef al., 2014). Assuming
that these estimates of cell numbers accurately reflected the actual numbers in the hearts of
these species (but see caveat above), the difference in relative proportion of cholinergic
neurons to the total number may be species-specific. Additional studies with alternative
cholinergic markers, such as the vesicular acetylcholine transporter used by Shakarchi et
al. (2014) and in the present study in zebrafish, should now be done in a wider range of
teleosts to help resolve this issue.

At least some of the cholinergic intracardiac neurons in the fish heart will be
postganglionic efferent cells projecting to cardiac effectors, according to the traditional
ANS model. The finding that in the goldfish, slightly less than half of the intracardiac
neurons in the SAP expressed ChAT (Newton et al., 2014), while nearly all neurons in the
zebrafish SAP were cholinergic suggests that there may be a higher proportion of neurons

in the zebrafish heart involved in direct efferent control. Expression of a cholinergic
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phenotype does not mean that neurons are limited to a primary efferent role. For instance,
in the wall of the small intestine, different subpopulations of cholinergic neurons act as
sensory receptor cells, interneurons or control effector cells (Furness et al., 2004). It is
thus likely that, in the teleost heart, cholinergic neurons may play multiple roles and
warrants further investigation.

The presence of TH in neurons implies that these cells could be capable of
synthesizing norepinephrine and epinephrine, neurotransmitters released by sympathetic
autonomic postganglionic neurons for adrenergic control of the viscera. Previous findings
in zebrafish reinforce previous reports of such cells in the hearts of several teleosts
(Zaccone, 2009; 2010; 2011; 2012; Newton et al., 2014) including zebrafish (present
study), and suggest that the presence of TH-positive somata may be a general feature of
the teleost heart. This arrangement does not, however, conform to the general model of
organization of the peripheral ANS, in which postganglionic somata in the sympathetic
autonomic pathway are located at a distance from the organs they innervate (Nilsson,
1983; Nilsson and Holmgren, 1994). As has been speculated previously (Newton et al.,
2014), such neurons may be adrenergic postganglionic cells that have been displaced from
sympathetic autonomic ganglia into the heart, but their role in sympathetic autonomic
control of the heart remains unresolved.

Axons and putative varicosities containing TH were present within the SAP in the
present study. Some TH-positive axons originated extracardially, coursing from the
vagosympathetic trunks into the SAP. There were also TH-positive somata within the SAP
(see above), so some of the axons and varicosities expressing TH could have come from

intrinsic cardiac neurons. Collectively these elements may represent the final pathway for
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adrenergic sympathetic postganglionic inputs to the heart, but whether they release
adrenergic neurotransmitters is not known. The projection pathways or connectivity
patterns of these TH-positive elements within the heart were unable to determined. In the
goldfish heart there were similar TH-positive elements (Newton ef al., 2014) and axons
expressing TH are common to the hearts of several other teleosts (Zaccone et al., 2009;
2010, 2011).

Nitric oxide synthase has been reported in intracardiac neurons in a variety of
teleosts (Davies et al., 1994; Bruning et al., 1996; Zaccone et al., 2009; 2010; 2011; 2012;
Newton et al., 2014). In the zebrafish heart it was observed that about 7% of SAP neurons
express nNOS. The potential role for these neurons in the heart is not clear, but it has been
suggested that nitric oxide released from intracardiac sources is involved in modulating
cardiac effector cells (reviewed in Tota et al., 2005).

A number of peptide neurotransmitters and neuromodulators are expressed by
peripheral autonomic neurons in teleosts (Davies et al., 1994; Zaccone et al., 2009; 2010;
reviewed by Nilsson, 2011 and others). Vasoactive intestinal polypeptide is commonly
expressed in axons within the hearts of teleosts, including in the goldfish (Newton ef al.,
2014). VIP was detected in axons and putative varicosities in the zebrafish SAP, so the

presence of VIP in this species conforms to its presence in other teleosts.

2.4.2 SAP innervation.
In many teleosts the vagosympathetic trunks, combining axons of both the
parasympathetic and sympathetic autonomic limbs, form the major pathway at the venous

pole of the heart for extracardiac inputs into the ICNS (Nilsson and Holmgren, 1994;
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Nilsson, 2011). The current results in the zebrafish support this trend; no evidence of
separate sympathetic nerves to the heart during dissections to remove the heart, or in
cardiac wholemounts was observed.

The SAP in the zebrafish heart, as visualized with AcT-Hu immunohistochemistry,
consisted of a rich neuropil in association with neuronal somata; this was also a major
feature of the goldfish heart (Newton et al., 2014). However, in neither preparation could
intrinsic cardiac neural elements be distinguished from those of extrinsic origin. In order to
evaluate the pattern of innervation of the ICNS by extrinsic axons and the organization of
the terminal fields of these axons in the zebrafish heart, a combination of neurobiotin, an
actively transported neurotracer, and FM1-43X, was applied to the proximal stumps of the
cardiac vagi. This is the first description of extrinsic cardiac inputs to a teleost heart using
neurotracing techniques, and the first use of the combination of a neurotracer and FM1-
43X in fish. Here the capability of FM1-43X to accumulate in axon terminals over time
when the axons are electrically stimulated (Betz et al., 1992) was utilized to intensify the
fluorescent signal in these terminals so that they could be identified as extrinsic.

The entire SAP was innervated by extrinsic axons in the vagosympathetic trunks,
and there was a general trend for terminals from axons in each trunk to be concentrated in
the SAP near the region where that trunk joined the SAP. This pattern was correlated with
the observation that major collections of ganglia were also grouped in these regions. In
fact intense terminal baskets around individual ICNs were observed in these junctional
regions, so a subset of the extrinsic axons appeared to form synapses on these cells. As
well, some axons from each trunk projected around the plexus from their respective trunk-

SAP junction toward the other junction, with more of these projections terminating in the
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dorsal region than in the ventral region. This distribution of terminals also correlated with
the distribution of ICNs in these regions; there were more neurons in the dorsal than in the
ventral region. It could therefore be inferred from this qualitative analysis that some
extrinsic axons terminated close to SAP ICNs, and that there were more such terminals
where there were more neurons in the SAP. These inputs may represent pre-to-
postganglionic connections in the parasympathetic autonomic outflow pathway.

There were also bilateral differences in projection patterns of vagosympathetic
axons into the SAP, with axons from the left trunk extending in a continuous pattern that
extended about three-quarters of the way around the SAV, while those from the right trunk
appeared to target discrete regions within the SAP. The nearest effector cells to the SAP
are pacemaker cells (see section 2.4.3), so it is possible that the bilateral difference in
axonal projection pattern may reflect differential control of heart rate. Although Saito and
Tenma (1976) found no laterality in the cardiac rate response to vagosympathetic trunk
stimulation in the carp, the anatomical observations in the current study suggest that there
could be the potential for differential effectiveness of activity in these nerves to alter
cardiac function in zebrafish.

A particularly intriguing finding from the tracer studies was the detection of what
appeared to be neuronal somata in the SAP labelled with neurobiotin (example Figfure.
3D). These somata were presumably labelled by transport of the tracer along their axons in
the extrinsic nerve where the tracer was applied. Given that transport of the neurotracers
would be along the axons to somata, this suggests that these cells represent the first
examples in fishes of afferent neurons with their cell bodies located within the heart and

projecting axons centripetally. Anatomical evidence for such an arrangement has been
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shown in the rat heart (Cheng et al., 1997) and electrophysiological recordings have been
made from presumptive intracardiac afferent neurons in the canine heart (Ardell et al.,
1991). If these labelled neurons in the zebrafish heart are in fact afferent neurons, they
may provide cardiosensory inputs to local, intracardiac control circuits and to central
autonomic circuits. The somata of these neuons, and in fact, some axons, labelled for
neurotracer, but did not show immunoreactivity for AcT-Hu. The efficacy of AcT-Hu to
label all somata has been previously discussed (see above; Olsson, 2009). Thus, these

results are taken as the first support for these ideas.

2.4.3 Putative pacemaker cells.

In the mammalian heart HCN4 channels are responsible for a major portion of the
diastolic depolarizing current in pacemaker cells, and expression of this protein has been
recognized as a marker for such cells (Christoffels ez al., 2010). In the heart of the hagfish,
orthologues of all members of the HCN channel family (HCN1-4) were expressed but the
dominant form present was HCN3 (Wilson et al., 2013). In the goldfish heart HCN4
immunohistochemistry labels cells in the sinoatrial valve leaflets (Newton et al., 2014). In
the zebrafish heart Tessadori et al. (2012) reported that cells in the vicinity of the sinoatrial
valves expressed message for the HCN4 ion channel protein and were also
immunoreactive for the transcription factor Isll; such cells also displayed the
electrophysiological characteristics of pacemakers. HCN4 immunoreactivity was detected
in cells in the leaflets of the sinoatrial valve, which were double-labelled with Isl1. Taken
together, results from the previous studies in zebrafish and goldfish along with the findings

of the present study, suggest that this combination of antibodies may constitute a valid
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anatomical marker for pacemaker cells. It remains to be confirmed whether the HCN4-
Isl1-positive cells detected in this study have pacemaker-like discharge properties.

In the goldfish heart it was observed that AcT-Hu-positive axons approached
HCN4-expressing cells in the sinoatrial valve leaflets (Newton et al., 2014), suggesting
that these cells were innervated from the SAP. In the present study, using the synaptic
vesicle marker SV2, a rich terminal field surrounded HCN4-positive cells has been shown,
supporting the concept that autonomic transmitters released from these terminals would

modulate the discharge activity of these cells.

2.4.4 Innervation of the atrioventricular junction and outflow tract

In the goldfish heart the atrioventricular plexus is innervated by axons in one or
more nerve trunks running in the atrial wall from the SAP to the AVP (Newton ef al.,
2014). Because of the smaller size of the zebrafish heart it is possible to visualize these
trunks in their entirety. Intrinsic innervation to the AVP coursed through the atrium in two
main trunks arising from either side of the SAP and coursing to the ipsilateral sides of the
AVP. An asymmetry of intrinsic and extrinsic axons existed in these pathways; only the
pathway arising from the left vagal junction contained intrinsic and extrinsic axons, as
demonstrated by the presence of neurotracer in these nerves. In fact, some of the extrinsic
axons traversed the AVP and projected into the ventricular wall toward the bulbus
arteriosus. It is tempting to speculate that these axons may represent sympathetic
autonomic postganglionic axons originating from cell bodies in the paravertebral ganglion
chain. Double-labelling experiments with neurobiotin and TH needs to be performed to

clarify this issue.
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The ventricle in the fish heart beats spontaneously when separated from the atrium,
with a much slower rate than that set by the sinoatrial pacemaker (Farrell and Jones, 1992)
and it has been postulated that there is a secondary pacemaker in the ventricle proximal to
the atroventricular valves or within the valve region. To date there have been no reliable
anatomical markers for such a pacemaker in fish. The observation of small HCN4-positive
cells within the atrioventricular valve leaflets imply that these cells may constitute a
"ventricular" pacemaker. The AVP surrounded the valves, with a small number of ganglia
containing neuronal somata that were cholinergic; these neurons had morphology similar
to that of such cells in the SAP. In the AVP there were also TH-positive axons. The overall
innervation pattern at the AVP was thus similar to that observed in the goldfish heart
(Newton et al., 2014). It is therefore possible that potential pacemaker cells in this region
could be under autonomic control by nearby cholinergic neurons and adrenergic axons,
and thus represent a general trend in teleosts.

There was evidence of innervation from two sources in the bulbus arteriosus.
Axons originating either from the AVP or from the venous pole of the heart projected in
the ventricular wall to the ventriculo-bulbar junction and into the bulbus wall, as
demonstrated by AcT-Hu labelling; some of these axons were TH-positive and may have
been adrenergic. Autonomic modulation of the ventricular myocardium and bulbar smooth
muscle via these projections would thus have originated from axons in the
vagosympathetic trunks and the venous pole of the heart.  The second source of bulbus
innervation was from a nerve trunk coursing along the ventral aorta, into the wall of the
bulbus, and crossing the bulbo-ventricular junction to the proximal ventricular wall. Given

its pathway, this has been termed the branchio-cardiac tract. The ultimate origin of this
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nerve tract could not be observed, but in some specimens it ran in the wall of the ventral
aorta from the last gill arch. There were some TH-positive axons in this nerve, and at least
some of the fine meshwork of TH-positive innervation of the bulbus wall arose from this
nerve. These findings complement the earlier report in the goldfish heart of innervation in
the bulbus wall that appeared to originate cephalad to the heart (Newton et al., 2014).
There has been long-standing speculation that some innervation of the teleost heart enters
via the arterial pole (Gannon and Burnstock, 1969; Holmgren, 1977; Donald, 1998);
current results suggest that the branchio-cardiac tract may constitute such innervation.
While some of the axons in this nerve may be adrenergic, the effects of activating this
nerve on the bulbus and ventricle remain to be determined. It is tempting, however, to
speculate that the branchio-cardiac tract may represent a pathway for reflex control of the
heart originating in the gills, potentially from respiratory chemoreceptors (Jonz et al.,

2014).

2.4.5 Conculsions.

Taken together, these observations in the zebrafish heart suggest the potential for
regionally precise and function-specific autonomic control of the effectors within the heart
that affect cardiac output. In particular, the fine details of innervation that observed in the
region near the SAP containing putative pacemaker cells, reveal the neuroanatomical
substrate by which the discharge activity of these cells may be rapidly modulated. Neurons
in the SAP proximal to the pacemaker region may thus constitute the a common pathway
for autonomic control of heart rate. Moreover, the somata in the AVP may modulate the

discharge rate of putative pacemakers associated with the atrioventricular valve. The
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results of this study have thus laid the essential neuroanatomical groundwork for further
investigations to identify the locations, functional characteristics and connectivity of
subpopulations of intracardiac neurons involved in regulating cardiac output in the hearts

of teleosts.
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Figure 2.1. Organization of intracardiac nervous system demonstrated with acetylated
tubulin (AcT) and human neuronal protein (Hu) immunohistochemistry. A, B: Whole-
mount of heart (A) and schematic (B) show an overview of the chambers of the heart and
the major elements of cardiac innervation. Schematic represents the heart as it would
appear after removal from the body for making wholemount cardiac preparations. Blood
passes serially from the paired ducts of Cuvier (DC) into the sinus venosus (SV), through
the sinoatrial valves and into the atrium (A), then into the ventricle (V), the bulbus
arteriosus (BA) and ventral aorta (VA) to the gills. The box in the lower part of panels A
and B outlines the region containing the sinoatrial valve where the sinoatrial plexus (SAP)
was located. The uppermost box indicates the region of the atrioventricular plexus (AVP)
at the junction of A and V. RX, LX: right and left vagosympathetic trunks. C-G: Details of
innervation in the region of the sinoatrial valves (O: valve ostium). C: Cardiac myocytes
were labelled with phalloidin (Phal); arrows indicate neuronal somata. dSAP, vSAP:
dorsal and ventral regions, respectively, of SAP. D, E: Details of SAP where LX and RX,
respectively (arrows), enter the plexus. Somata were clustered into ganglia in each region.
F, G: Dorsal and ventral SAP, between the areas shown in panels D, E. Arrows indicate

somata. Scale bars: 1 mm in A; 250 pm in B; 100 um in C, D; 75 pm in E, F.
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Figure 2.2. Localization of neurotransmitter-specific elements and presumptive
pacemaker tissue in sinoatrial valve region. A, B: Choline acetyltransferase (ChAT)
labelled axons and somata at junctions of left (A) and right (B) vagosympathetic nerves
with SAP. C, D: Tyrosine hydroxylase (TH)-positive axons in same regions as shown in
panels A, B. Arrows in D indicate TH-positive somata. E: Anti-neuronal nitric oxide
synthase (nNOS) labelled axons and somata in the dorsal SAP; somata were located in a
ganglion here (dG). F: Vasoactive intestinal polypeptide (VIP)-positive axons and
terminals were located in dorsal SAP. G: Putative pacemaker cells in base of dorsal
sinoatrial valve were double-labelled with antibodies against hyperpolarization activated,
cyclic-nucleotide gated ion channels (HCN4) and Islet-1 (Isl1). H: Anti-synaptic vesicle 2
(SV2) labelled axon terminals (arrows) proximal to HCN4-positive cells. I: HCN4-
positive cells embedded in myocytes (Phal) in ventral valve leaflet. J: Schematic of SAP
region oriented to show locations of elements expressing specific phenotypes (color-
coding key on right side). To obtain this tissue orientation a transverse cut was made
through the ventral sinoatrial valve leaflet between junctions of the left and right
vagosympathetic trunks with the SAP (diagram, lower left); tissue was then flattened and
spread. Atrium is shown at upper edge of panel. Neurons were clustered into ganglia (G)
by region; from left to right these are left ventral (IvG), left vagal (LXG); dorsal (dG),
right vagal (RXG); right ventral (rvG). In all preparations there were varying numbers of
neurons in small ganglia associated with the vagosympathetic trunks near the SAP
(proximal left and right vagal [pLXG, pRXG]). Putative pacemaker cells were double
color-coded to indicate combined HCN4-Isl1 labelling. Scale bars: 100 pm in A-D; 50 pm

inE, F;5umin G; 2 pmin H; 10 um in L.
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Figure 2.3. Examples of intracardiac tracing of extrinsic vagosympathetic inputs to SAP
by neurobiotin and FM1-43X application to proximal stumps of nerve trunks (neurobiotin
visualized with avidin secondary). A, B: Axons and terminals within SAP shown after
tracer application to left (A, LX) and right (B, RX) extrinsic nerves; both tissue samples
were double-labelled with AcT-Hu. C: Details of terminals associated with extrinsic axons
in neuropil near junction of right vagosympathetic trunk with SAP (box in panel B). Some
labelled terminals appeared to be apposed to AcT-Hu-positive neuronal somata (arrows).
D: Arrows indicate putative somata (arrows) and associated axons labelled with
neurobiotin, among larger AcT-Hu-positive somata and neuropil. Scale bars: 100 um in A,

B; 50 um in C; 20 pm in D.
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Figure 2.4. Innervation of atrioventricular region and outflow tract. A: Atrium and
ventricle double-labelled with AcT-Hu and neurotracer (Avidin/FM1-43X, applied to right
vagosympathic trunk) shows nerve trunks arising from SAP (upper part of panel) and
projecting toward atrioventricular junction (marked by dashed line; AVP: site of
atrioventricular plexus). Some axons continued from AVP into ventricle (V) at lower edge
of panel. Presence of neurotracer indicates that a portion of axons originated extrinsic to
the heart. B: Enlargement of region containing AVP (box) from another specimen labelled
with AcT-Hu shows contibution of atrial nerve trunks to plexus; a small ganglion is
indicated by the arrow; asterisk marks atrioventricular valve. C: Detail of AVP shows
cholinergic somata associated with cholinergic and non-cholinergic axons in neuropil. D:
TH-labelled axons in AVP neuropil. E: HCN4-positive cells located in region of
atrioventricular valves (* panel B). F: AcT-Hu-positive axons within atrioventricular valve
leaflets (near *). G: AcT-Hu-labelled innervation in walls of outflow tract (BA, bulbus
arteriosus; VA, ventral aorta). Dashed line marks border between VA and BA. A
prominent nerve trunk (branchio-cardiac trunk, BCT, arrowhead) coursed cephalo-
caudally in the wall of the BA toward the ventricle (right edge of panel). H: TH labelled a
subset of axons in the BCT (arrow). I: BA wall was innervated with a network of fine TH-
positive axons. Scale bars represent 500 pym in A; 100 um in B; 50 ym in C, D, E, G, I; 75

um in F, H.
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CHAPTER 3

AUTONOMIC CONTROL OF CHRONOTROPY IN THE ZEBRAFISH
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3.1 Introduction

An essential aspect of cardiac function is the ability to adjust cardiac output to
meet the continually varying metabolic demands of the body. To match these demands, the
autonomic nervous system (ANS) alters pacemaker rate and myocardial contractility via
reflexes acting through the intracardiac nervous system (ICNS). The sympathetic and
parasympathetic limbs of the ANS dually innervate the vertebrate heart (Farrell & Jones,
1992; Nilsson, 2011). Reflex output from autonomic centres in the central nervous system
are carried by cardiac rami of the vagosympathetic nerve trunks (VSN) to the ICNS, which
represents the a common pathway for neuronal control of cardiac function.

Our current understanding of the mechanisms of intracardiac integration of
autonomic inputs and the details of the anatomical and functional connections between the
ICNS and cardiac effectors is incomplete. In particular, the relationship between the
pattern of innervation of pacemaker cells by the ICNS and the responses of these cells to
activation of this system are not clear. In mammalian hearts a major difficulty in studying
the role of function-specific components of the ICNS, such as those involved in
controlling rate, is that this system is deeply embedded in, and distributed throughout, the
walls of both atria and ventricles. These components are therefore largely inaccessible for
integrative studies. One solution to this problem is the use of reduced experimental
preparations representing a subset of the ICNS, such as isolated tissues containing neurons
in ganglionated plexi, to study properties of control circuits in vitro (Smith, 1999; Ardell et
al., 2014). This approach, however, eliminates intracardiac neuronal connections, so only
limited conclusions may be drawn about the roles of localized circuitry in controlling

overall cardiac function.
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The isolated whole zebrafish heart has numerous advantages over traditional
mammalian models for investigating the organization and function of the ICNS, which
have been employed in the present study. The initiation of excitation by a discrete group of
sinoatrial pacemaker cells, and the propagation of this signal through the atrial and
ventricular myocardium, are strikingly similar between the two-chambered hearts of
zebrafish to the four-chambered hearts of adult mammals (Barusscotti and Robinson,
2007; Christoffels et al., 2010). Recent reports (Briggs, 2002; Chi et al., 2008; Dvornikov
et al., 2014; Nemtsas et al., 2010; Rider et al., 2012; Tessadori et al., 2012) have
established the zebrafish heart as a powerful tool for studying cardiac electrophysiology,
with the potential to provide broad insights into cardiovascular function. In a previous
study (Stoyek et al., 2015; Chapter 2), the basic structure of the ICNS in zebrafish was
described, which is consistent with that of humans and other mammalian models (Irisawa,
1978; Mangoni and Nargeot, 2008; Pauza et al., 2013; Pauza et al., 2014; Li et al., 2015).
The isolated zebrafish heart thus has technical advantages that may be exploited to better
understand the role of the ICNS in modulating chronotropy (Stoyek et al., 2015).

Axons entering the zebrafish heart from the cardiac rami of the VSNs form
terminals close to putative pacemaker cell that express hyperpolarization-activated, cyclic
nucleotide-gated channel 4 (HCN4) in the sinoatrial region (SAR). In zebrafish and
mammalian species HCN4 channels are known to contribute a major portion of the
diastolic depolarizing current in cardiac pacemaker cells (Irisawa, 1978; Mangoni and
Nargeot, 2008; Pauza et al., 2013; Pauza et al., 2014; Li et al., 2015).
Immunohistochemical evidence also shows that juxta-pacemaker terminals contain the

neurotransmitters acetylcholine (ACh; parasympathetic, cardio-inhibitory) and
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norepinephrine (NE; sympathetic, cardio-excitatory), providing the neuroeffector substrate
for autonomic control of pacemaker rate (Stoyek et al., 2015). At the atrioventricular
region (AVR) a second population of HCN4-expressing cells has been identified (Stoyek
et al., 2015). This anatomical finding is consistent with optogenetic evidence (Arrenberg et
al., 2010) that the zebrafish heart may contain a secondary pacemaker in this region, a
situation similar to that in the mammalian heart (Goldberg ef al., 1973; Saito and Tenma,
1976; Shibata et al., 2009; Arrenberg et al., 2010). An important advantage of the
zebrafish heart is that the majority of the neurons within the ICNS are located in the basal
regions of the sinoatrial valves, are visible using standard microscopy and are accessible
for electrophysiological analyses (Stoyek et al., 2015).

In the present study, the isolated, innervated zebrafish heart was established as a
novel model for studies of autonomic control of heart rate (HR). A combined
electrophysiological, pharmacological, and anatomical approach was used to investigate
the integrative neural control of cardiac pacemaker function. Electrocardiogram (ECG)
recordings, combined with extrinsic nerve stimulation or pharmacological activation,
demonstrated that discrete neural pathways modulate HR through adrenergic and
cholinergic mechanisms. Optical mapping of electrical activity confirmed the location of a
secondary pacemaker in the AVR, as well as modulation of both SAR and AVR
pacemaker function by neural stimulation. Finally, immunohistochemical methods
characterized the relationship of muscarinic cholinergic (MzR) and beta-2 adrenergic
(B2AR) receptors to putative pacemaker cells. The results of this study establish the
isolated zebrafish heart as a tractable preparation to investigate autonomic control of

pacemaker function for improved understanding of integrative cardiovascular physiology.
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3.2 Methods

An expanded Methods section is provided in the Appendix A.

3.2.1 Animals.

A total of 96 AB strain zebrafish (12-18 months post-fertilization; mixed sex; 35+8 mm
standard body length, 6934154 mg mean wet weight) were used. Institutional approval for
animal use in this study was obtained from the Dalhousie University Committee on

Laboratory Animals.

3.2.2 Heart isolation.

Zebrafish were anaesthetised in buffered tricaine (MS-222; 1.5 mM, pH 7.2) and
the heart was exposed through a ventral midline incision. Tissues encompassing the
ventral aorta (containing the branchiocardiac nerve trunk, BCT), ventricle, atrium, sinus
venosus and ducts of Cuvier (containing the cardiac VSN) were removed for in vitro
recordings or immunohistochemistry. After each experiment hearts were photographed,

blotted, and weighed.

3.2.3 Whole-heart ECG recordings and VSN stimulation.

Hearts were bath perfused with zebrafish saline and allowed to equilibrate for 30
min. Bipolar wire electrodes were used to deliver trains of rectangular pulses (0.5 ms
pulses, 300 pA, 1-20 Hz) to cardiac VSN. ECG signals were recorded from the atrium and
ventricle with bipolar suction electrodes. Cardiac responses were analyzed by measuring

the time between R-waves of the ECG (R-R interval). Atrioventricular delay was
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measured by the latency between atrial and ventricular R-waves within individual cardiac

cycles.

3.2.4 Isolated ventricular pacemaker recordings.

ECG signals were recorded first from intact hearts, followed by isolation of the
ventricle, with a small margin of atrial tissue attached. Subsequent ECG recordings were
then made from the dissociated atrial and ventricular tissues. Pharmacologic agents were

used to evaluate autonomic effects.

3.2.5 BCT stimulation.
The BCT was stimulated in the wall of the ventral aorta between the afferent
arteries of the fourth gill arches and the bulbus arteriosus. Stimulation parameters were

similar to those for VSN stimulation.

3.2.6 Pharmacological agents.

The agonists nicotine (NIC), muscarine (MUSC), and isoproterenol (ISO) were
delivered to the tissues in 200 pL boluses (all 1 mM) via a screw-drive microinjector.
Antagonists hexamethonium (HEX; 10 uM) and atropine (ATR; 10 pM), and timolol

(TIM; 100 uM) were continuously perfused starting 15 min prior to recording.

3.2.7 Voltage optical mapping.

Electrical activity was recorded in isolated whole hearts or dissociated AVR-

ventricular tissue. Tissues were exposed to voltage-sensitive di-4-ANBDQPQ (10 uM) in
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the perfusate for 10 min. The dye was washed out with saline containing blebbistatin (10
uM) to suppress contractile activity. Blebbistatin was present in perfusate throughout the
remainder of the experiments. Stimulation of cardiac VSN (see above) was performed in a

subset of these hearts. Data were analysed with custom routines in Matlab.

3.2.8 Pacemaker cell immunohistochemistry.

Hearts were fixed in a periodate-lysine-paraformaldehyde fixative. Antibodies
against HCN4 and Islet-1 (Isl1) were used to detect putative pacemaker cells and
antibodies against muscarinic receptors subtype 2 (M,R) and beta-2 adrenoceptors (f2AR)
were used to investigate associated receptors (see Appendix B). An antibody against
tyrosine hydroxylase (TH) was used in a subset of tissues to investigate the relationship of
B2ARs to adrenergic innervation. The distribution of M;Rs and $,ARs was quantified
using ImagelJ. In all preparations phalloidin (Phal, F-actin marker) was used to label the

working myocardium.

3.2.9 Imaging and data analysis.

Tissues were viewed using a Zeiss LSM510 confocal microscope with Zeiss
Zen2009 software. Images were processed into plates with Photoshop CS6. During
composition of the figure plates the brightness of some images was adjusted so that panel-
to-panel contrast in the plate was consistent. All data are presented as means + SEM. Data
were analyzed using paired Student’s t-test or one-way analysis of variance (ANOVA)

with Tukey’s post hoc analysis. P values < 0.05 were considered significant.
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3.3 Results
3.3.1 Viability of heart function in vitro.

In preliminary trials, mean initial HR in the bath was 99 + 2 beats-min™' (range 76-
129; n=8), and varied by <10% in all specimens over a 6 hr period. VSN stimulations
performed periodically throughout these trials gave chronotropic responses similar to those
measured immediately after isolation, indicating retained functionality. Neither heart area
(9.6 + 0.4 mm?; range 7-12) nor mass (6.25 + 0.5 mg; range 5-8) was significantly

correlated with rate (r-values < 0.05).

3.3.2 Electrical stimulation of cardiac rami of vagosympathetic trunks.

In all preparations, VSN stimulation at a frequency > 15 Hz significantly prolonged
the R-R interval (bradycardia), starting with the beat immediately after the initiation of the
stimulus and lasting for the duration of the stimulus train (Figure 3.1). At 15 Hz,
stimulation of either the right or left cardiac VSN evoked an R-R interval increase of 1.7 +
0.2 or 1.9 + 0.3 times the pre-stimulus value, respectively. At a stimulation frequency of
20 Hz, the evoked bradycardia was highly variable, most strikingly resulting in the
cessation of beating for the duration of the stimulus period in some hearts (in these cases,
the R-R interval was taken as the period of stimulation). Given that 15 Hz stimulation
caused a significant change in R-R interval without cardiac standstill in any specimen, this
frequency was used to quantify effects of cardiac VSN activation in subsequent
experiments except for voltage optical mapping experiments. It was found that in all

experiments AV delay was unaltered by VSN at this level. In 15 of the 24 hearts tested,
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simultaneous VSN stimulation resulted in a decrease in R-R interval (tachycardia)
following cessation of stimulation. This effect had a variable post-stimulus latency to onset
(mean 5.1 £+ 0.8 s) and duration (mean 11.0 + 1.8 s), after which the R-R interval returned

to the pre-stimulus control value (Figure 3.1B).

3.3.3 Effects of cholinergic and adrenergic agents on R-R interval.

Application of nicotine (#=6) significantly prolonged R-R interval to 1.5 £ 0.1 times
the control value (NIC, Figure 3.1D), a response qualitatively similar to that evoked by
single VSN stimulation at 15 Hz. Both the nicotinic effect and that of VSN stimulation
were eliminated by addition of hexamethonium (HEX, Figure 3.1D, shaded). Application
of muscarine (n=6) also caused a significant increase in R-R interval to 1.4 + 0.1 times
control (MUS, Figure 3.1E). Neither NIC nor MUSC alone evoked a biphasic response
(data not shown), as was observed as with VSN. Perfusion of atropine blocked effects of
both muscarine and VSN stimulation (ATR, Figure 3.1E, shaded).

Application of isoproterenol (n=6) caused a significant decrease in R-R interval to 0.8
+ 0.1 times the pre-application value (ISO, Figure 3.1F). This response was blocked by
timolol, which had no effect on the initial increase in R-R interval with VSN stimulation,
but did block the post-stimulation decrease in R-R interval (TIM, Figure 3.1F, shaded). It
was found that in all experiments atrioventricular (AV) delay was unaltered by autonomic

agents.

3.3.4 Autonomic effects on AVR activity.
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Atrioventricular delay (Figure 3.2A; mean delay 52 + 1.8 ms) was highly
correlated with pre-stimulus HR (» = 0.98), but was unchanged from pre-trials values
during VSN stimulations or the application of cholinergic or adrenergic agonists (data not
shown).

In the whole heart, depolarization of the ventricle was driven by depolarization of
the atrium (Figure 3.2A). Following isolation of the ventricle from the atrium the atrial
rate continued unchanged but the mean rate of ventricular contraction fell to 0.3 + 0.1
times the ongoing atrial rate (1 ventricular beat to ~3-4 atrial beats; Figure 3.2B).
Application of NIC to the isolated ventricle significantly increased R-R interval compared
with the pre-nicotine interval (Figure 2C), an effect that was blocked by HEX (Figure
3.2C, shaded). Isoproterenol exposure evoked a significant decrease in the ventricular R-R

interval, an effect that was blocked by TIM (Figure 3.2C).

3.3.5 Effect of BCT stimulation.

Electrical stimulation of the BCT in the whole heart resulted in a significant
decrease in R-R interval to 0.7 £+ 0.1 times control (Figure 3.2D). Perfusion of TIM during
BCT stimulation eliminated this response, while perfusion of HEX had no effect (Figure
3.2D, shaded). Stimulation of the BCT had no effect on the R-R interval in the isolated

ventricle.

3.3.6 Imaging of the origin and spread of cardiac excitation.

In all hearts sampled (n=6), the initial site of depolarisation of each heart beat was

within the SAR (Figure 3.3B, asterisk). The wave of activation propagated through the
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atrial wall in a broad sweep toward the AVR. Mean time to full depolarization of the
atrium was 59 + 5 ms (n=6) while mean atrioventricular delay was 55 + 2 ms. The atrium
began to repolarize after this delay (mean atrial action potential duration was 138 + 10
ms), while the ventricle was still depolarizing. Complete depolarization of the ventricle
took 80 + 8 ms from the invasion of excitation. Mean ventricular action potential duration
was 188 + 7 ms. Mean total duration from initial depolarization of the atrium to full
repolarization of the ventricle was 355 + 4 ms, followed by a delay of 256 = 8 ms before
the next cycle.

Simultaneous VSN stimulation of both cardiac rami at 20 Hz (»=5) induced a
change in the primary initiation site of electrical activity from the SAR to the AVR (Figure
3.3G-J). In this case, the earliest depolarisation occurred in the AVR, along with multiple
foci outside of the SAR, which passed in a retrograde direction though the atrium to the
SAR depolarising the atrium. Following depolarisation of the atrium, delay of the
depolarising wave front at the AVR (74 + 5 ms) was significantly increased compared to
pre-treatment values, before exciting the ventricle. In these hearts time from initial atrial
depolarization to completion of ventricular repolarization (396 £+ 3 ms) was also
significantly increased compared with pre-treatment values.

Following surgical isolation of the AVR and ventricle from the SAR and atrium,
the site of origin of electrical activity was in the AVR (Figure 3.3K-M). Propagation of the
AVR-initiated depolarizing wave through the ventricle took significantly longer (97 + 5
ms) than the ventricular propagation time of a SAR-initiated depolarizing wave in the

whole heart.
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3.3.7 Anatomical identification of putative pacemaker cells in the SAR and AVR.

HCN4- and Isl1-immunoreactivity (IR) was used to distinguish putative pacemaker
cells from the surrounding cardiomyocytes (n=12). In the SAR (Figure 4A), cells
expressing HCN4-IR formed multiple clusters that congregated toward the basal portions
of the sinoatrial valves (Figure 3.4B), corresponding with the region of initial cardiac cycle
excitation (Figure 3.3). Within a cluster, the HCN4-positive cells appeared to be
contiguous, displacing most of the local myocytes to the cluster margin (Figure 3.4C).

The population of Isl1-positive cells in the SAR completely overlapped the
population of HCN4-immunoreactive cells (Figure 3.4C). Cells expressing both markers
had spindle-shaped or oval cell bodies, with relatively large oval nuclei. Isl1-IR was more
prominent in the cytoplasm, while HCN4-IR appeared to be localized to either the
cytoplasm or the cell membrane. Phalloidin labeling was restricted to cardiac myocytes,
which predominantly lacked the HCN4 label.

As the antibodies against HCN4, MR, and ;AR were generated in the same host
species, it was not possible to investigate co-expression of these markers. Instead we used
the Isl1 antibody to identify putative pacemaker cells to determine the co-localization
patterns of these receptors. In the SAR, all Isl1-immunoreactive cells displayed punctate
M;R-IR, which was more heavily concentrated on parts of the cell distal to the nucleus
(Figure 3.4D). MyR-positive punctata were also present on myocytes adjacent to Isl1-
immunoreactive cells (Figure 3.4D), but were sparser than the M,R-IR associated with
putative pacemaker cells.

In the AVR, a compact group of HCN4-positive cells was located medially in

tissue of the atrioventricular valves (Figure 3.4E). In contrast to HCN4-positive cells in the

66



SAR, cells in the AVR were smaller, polygonal in shape, and did not co-express Isl1-IR.
Thus, we could not use the combination of Isl1- and M,R-IR to determine whether these
receptors were associated with putative pacemaker cells in the AVR (as performed for the
SAR). We found that combining phalloidin labeling of local myocytes with MoR-IR
demonstrated that these receptors were present on cell-like structures that were phalloidin-
negative (Figure 3.4F), and in the same location as cells labelled with HCN4 in other
specimens (Figure 3.4E).

M,R-IR was also associated with the myocardium of both the atrium and ventricle
(Figure 3.4G-I). In a survey of the relative density of receptors in these regions, the atrial
myocardium had a significantly higher density (5+1 M,R-immunoreactive clusters per 100
um?) than did the ventricular myocardium (2+1 clusters per 100 pm?; P < 0.01).

In the SAR, all Isl1-positive cells displayed punctate f2AR-IR, distributed evenly
over the cell (Figure 3.5C). B2AR -positive punctata were also associated with myocytes
proximal to Isl1-IR cells (Figure 3.5D-F), but myocyte-associated $,AR-IR was sparser
than those associated with putative pacemaker cells.

In the AVR, B2AR were present on cell-like structures that were phalloidin-
negative (Figure 3.5F), and in the same location as cells labelled with HCN4 in other
specimens (Figure 3.5E). f2AR -IR was also associated with the myocardium of both the
atrium and ventricle (Figure 3.5G-I). In a survey of the relative density of receptors in
these regions, the ventricular myocardium had a significantly higher density of f2AR -IR
(8+2 B2AR -IR clusters per 100 pm?), than did the atrial myocardium (21 clusters per 100

um?*; P < 0.01).
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3.4 Discussion

In this study the viability of the isolated zebrafish heart as a novel model for
studies of autonomic control of chronotropy has been established. While reduced, in vitro
preparations of mammalian hearts including a functional pacemaker have previously been
used for similar studies, autonomic elements in these preparations generally have
compromised connectivity, thus limiting the capability for full identification of neural
mechanisms involved in such functions as pacemaker control. Though the small size of the
zebrafish heart presents its own technical challenges, its size also permits visualization and
accessibility of the entire ICNS in the whole organ, which has not previously been possible

in mammalian models.

3.4.1 Receptor-mediated mechanisms of chronotropic modulation.

In the isolated zebrafish heart, the general function of autonomic control appears to
be similar to that observed in the mammalian heart. Cholinergic agents NIC and MUS had
parasympathomimetic effects, evoking an increase in R-R interval (the same general
chronotropic effect as VSN stimulation). NIC, presumably mimicking the effect of ACh
released from vagal terminals, which have previously been shown to contain choline
acetyltransferase (the synthetic enzyme of this transmitter; Stoyek et al., 2015), likely
activated intracardiac neurons that projected to pacemaker cells. Exposure to the nicotinic
receptor antagonist HEX eliminated the responses to both VSN stimulation and NIC,
confirming the role of nicotinic cholinergic neurotransmission within the ICNS in VSN-
induced bradycardia. MUS acts at cholinergic receptors on pacemaker cells, prolonging

the duration of diastolic depolarization and slowing discharge rate (Dhein et al., 2001).
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Exposure to the muscarinic antagonist ATR eliminated the bradycardia in response to
VSN and MUS, providing functional confirmation that muscarinic receptors play a role in
neurogenic bradycardia in the zebrafish heart. The f-adrenergic agent ISO, on the other
hand, had an overall sympathomimetic effect, decreasing the R-R interval, while the p-
adrenergic antagonist TIM blocked both the post-stimulus tachycardia and the response to
ISO, suggesting a robust role for adrenergic control of pacemaker discharge rate.

In the present study, the R-R interval response to simultaneous stimulation of both
VSNs was summative, supporting the idea that each nerve activated different groups of
post-ganglionic ‘rate-control’ neurons with minimal interactions within the ICNS. This
provides functional support both for previous anatomical evidence in zebrafish (Stoyek et
al., 2015), and for the anatomical and functional evidence in the mammalian heart that
axons of the extrinsic nerves likely target different subpopulations of cardio-inhibitory
intracardiac neurons with parallel chronotropic functions (Ardell and Randall, 1986; Lang
et al., 1990; Blinder ef al., 1998; Akiyama and Yamazaki, 2001; Cheng et al., 2004;
Blinder et al., 2007).

In approximately two-thirds of the hearts tested in this study, VSN stimulation at
an intensity that evoked significant bradycardia also elicited a variable post-stimulus
tachycardia. A biphasic response to vagal stimulation has also been reported in the
mammalian heart (Shvilkin ez al., 1994). The presence of sympathetic post-ganglionic
axons in cardiac vagal rami is conserved from zebrafish to mammals (Nilsson, 2011), and
co-activation of these axons, along with vagal preganglionic parasympathetic axons,
during VSN stimulation is the most likely explanation for the biphasic response. In the

mammalian heart there is partial or complete persistence of the tachycardic portion of the
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response to vagal stimulation in the presence of f-adrenergic antagonists, which has been
proposed to result from co-release of cardio-acceleratory peptides (Shvilkin et al., 1994;
Hancock and Hoover, 2008). As this response was entirely eliminated by B-blockade in
this study, peptide release seems an unlikely cause for the post-stimulus tachycardia

observed in the zebrafish heart.

3.4.2 Properties and neural control of pacemaker loci.

In the present study, the origin of myocyte electrical activity was located within the
SAR, in agreement with previous functional (Saito and Tenma, 1976; Sedmera et al.,
2003; Haverinen and Vornanen, 2007; Tsutsui et al., 2010; Tessadori et al., 2012; Lin et
al., 2014; Piperhoff et al., 2014) and anatomical (Tessadori et al., 2012; Stoyek et al.,
2015) data. The mean time for propagation of atrial excitation, as well as the
atrioventricular delay, corresponded with the delay calculated from ECG-derived data, and
with values previously reported in other optical imaging studies of the zebrafish heart (Lin
et al.,2014; Lin et al., 2015). The location of initiation and spread of excitation observed
thus conform with the recognized pattern of normal heart activation in this species, and
establish a functional baseline for mapping the effects of VSN stimulation.

In the mammalian heart, it has been suggested that vagal input not only causes
bradycardia, but also influences the operational pacemaker site. Previous work has shown
that vagal drive can result in a shift of the pacemaker site within the sinoatrial node and the
atrial wall, and that under certain conditions the atrioventricular junction can become the
dominant pacemaker site (Bouman et al., 1968; Boineau et a/, 1988; Shibata et al., 2001;

Hucker et al.,2007). In the zebrafish heart, strong simultaneous VSN stimulation (20 Hz)
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both induced bradycardia and altered the pattern of initiation and propagation of electrical
activity, in a similar manner to that observed in the mammalian heart. In these
experiments, the site of first depolarization occurred at the AVR, followed by multiple foci
outside of the SAR, which depolarised the rest of the atrium. Following atrial
depolarisation, atrioventricular delay was significantly increased compared with pre-
stimulus values, before the ventricle was excited. In mammalian hearts, where epicardial
light penetration is a limiting factor for complete transmural imaging, the phenomenon of
re-entry or transmural breakthrough could offer an explanation for such a shift. As signals
were collected from the entire thickness of the tissue in these experiments, however, re-
entry or transmural breakthrough would have been visualised in these recordings, so this
was not likely a factor in the present study. Thus, in both zebrafish and mammalian hearts,
when vagal tone is elevated and bradycardia occurs, there may be an accompanying shift
of the primary pacemaker locus from the SAR to a set of pacemaker cells with a lower
intrinsic rate near the sinoatial node or at the atrioventricular junction. This is the first
report of a neurally mediated shift in pacemaker locus in the zebrafish heart, and indicates
that this powerful system for cardiac control is conserved from fish to mammals.

In the mammalian heart, atrioventricular delay is highly sensitive to autonomic
modulation. Yet in the current study it was found that AV delay was unaltered by VSN at
15 Hz or autonomic agents. While the lack of autonomic modulation of conduction may be
a zebrafish-specific phenomenon, previous work has shown a high variability in the AV
delay in the zebrafish (Lin ef al., 2014). It could therefore be possible that the such
variability masks any subtle changes in AV delay occurring during autonomic modulation,

warranting future investigation.
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In mammals, the existence of a primary pacemaker near the sinoatrial junction and
one or more subsidiary pacemakers within the atrial wall is well established (Irisawa,
1978; Mangoni and Nargeot, 2008). In this study it was found that the pacemaker at the
AVR was also capable of functioning independently after isolation from the atrium, to
drive spontaneous ventricular excitation at a rate approximately one-third that of the atrial
pacemaker. Optical mapping in the isolated ventricle showed that the initial depolarization
occurred in the AVR close to the site of HCN4-labelled cells, and that the activation
waveform spread into the ventricular myocardium, establishing the presence of a second
major pacemaker locus in the AVR of the zebrafish heart.

The discharge rate of the mammalian atrioventricular pacemaker is modulated by
the ANS in a manner similar to autonomic control of the sinoatrial pacemaker (Goldberg
et al., 1973; Shibata et al., 2001). In previous work, it was found that the zebrafish AVR is
innervated by extrinsic axons from the VSN, as well as a population of intracardiac
neurons proximal to the atrioventricular valves (Stoyek et al., 2015; Chapter 2). In the
isolated zebrafish ventricle, the general function of the atrioventricular pacemaker and its
autonomic control appeared to be similar to that of the atrioventricular node in mammalian
hearts. NIC had a parasympathomimetic effect, evoking an increase in R-R interval, while

ISO had a sympathomimetic effect, decreasing the interval.

3.4.3 Influence of the BCT on heart rate.
In mammals, cardiac output and lung ventilation can be highly correlated to
maximize oxygen uptake (Taylor ef al., 1999; Schneider ef al., 2012). In many fish there is

also a close coordination between cardiac output and gill ventilation frequency partly
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driven by oxygen chemoreceptors located in the gills (Smith and Jones, 1978; Jonz et al.,
2004) that send afferent inputs to branchio-cardiac reflexes through the central nervous
system. In the zebrafish heart the BCT courses along the wall of the ventral aorta and
bulbus arteriosus to enter the wall of the ventricle (Stoyek et al., 2015). Though its
ultimate origin and destinations have not been traced (Stoyek et al., 2015), it is possible
that the BCT may represent a cardiorespiratory pathway that modulates or augments the
operation of centrally mediated branchio-cardiac reflexes. When the BCT was electrically
stimulated in the whole heart, the net result was an increase in HR. That this response was
eliminated in the presence of TIM, but was unaffected by HEX, indicates that these
responses likely represented a direct effect of release of adrenergic neurotransmitters from
axon terminals at the pacemaker cells. These results bear out previous speculation (Stoyek
et al., 2015) that this nerve may represent an alternative input pathway for sympathetic

chronotropic control in the zebrafish.

3.4.4 Anatomical relationship of muscarinic and adrenergic receptors with putative
pacemaker cells.

The role of M3Rs in inhibiting cardiac pacemaker discharge is ubiquitous in
vertebrates (Lin ef al., 2014). In the atria of various mammalian species, including
humans, it has been reported that MRs represent the predominant subtype (Peralta et al.,
1987; Hulme ef al., 1990; Caulfield, 1993). In these species the density of parasympathetic
innervation is greatest in the sinoatrial and atrioventricular regions, with receptors
mediating negative chronotropic effects by altering pacemaker cell depolarization,

potentially through direct inhibition of HCN4 channels (Dhein ef al., 2001).
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In the present study, considering that the discharge rates of both the SAR and AVR
pacemakers were presumably reduced by ACh released from nerve terminals during VSN
stimulation and by MUS application, and that these responses were blocked by ATR, it
was sought to determine the relationship of M,Rs with putative pacemaker cells in the
zebrafish heart. In the SAR, there was a high degree of MR expression associated with the
membrane of Isl1-immunoreactive cells. In the AVR, the MR antibody labeled cells in the
same region, and with the same apparent morphology as those expressing HCN4. In the
atrial myocardium, MR label was also associated with myocytes, although label intensity
was less than that on the putative pacemaker cells.

B2ARs are G-protein-coupled receptors that have been shown to mediate positive
inotropy and chronotropy in the mammalian heart (McDevitt, 1989; Brodde and Michel,
1999; Ampatzis and Dermon, 2010). In the cat and guinea pig, it was shown that although
B1ARs were the dominant receptor subtype, P2ARs comprised approximately 25% of the 3
adrenergic receptors in the atria (McDevitt, 1989; Brodde, 1989). Given higher densities
near the SAR in that study, it was postulated that §,ARs might exert a stronger influence
on chronotropy than inotropy (Hedberg et al., 1980; Brodde, 1989; McDevitt, 1989).
Previous work in zebrafish has shown that 3-adrenoceptors are expressed in the zebrafish
heart and exert positive chronotropic effects, although their distribution was not described
(Steele et al., 2011).

In the present study, NE released from nerve terminals and application of ISO
acted to increase the discharge rates of both the SAR and AVR pacemaker. As TIM
blocked both of these responses, the relationship of f2ARs with putative pacemaker cells

in the zebrafish heart was also investigated. Within the SAR, Isl1-immunoreactive cells
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had B>AR-IR in apparent association with the cell membrane. In the AVR, there was a
population of cells in a cluster associated with the bases of the atrioventricular valves that
expressed B2AR-IR in the same location as HCN4- and M;R-positive, phalloidin-negative
cells. In the atrial myocardium, ,AR-IR was associated with myocytes, although
immunoreactivity was sparser than on the putative pacemaker cells. It should be noted that
although the adrenergic agents used in this study act across the spectrum of BAR subtypes,
and that 3,ARs represent only a portion of adrenergic receptors, there are no well
characterized antibodies for other BAR subtypes for use in zebrafish. Therefore further
investigations of the roles of other AR subtypes in this system should be investigated
pharmacologically; confirmation of the anatomical distribution of these receptors must
await the availability of suitable antibodies.

In mammalian literature there is considerable debate concerning the roles of the
“membrane clock” (driven by the funny current, which is mediated by HCN channels) and
the “calcium clock” (driven by spontaneous calcium release from the sarcoplasmic
reticulum activating the sodium-calcium exchanger) in the generation and regulation of
HR (Lakatta and DiFrancesco, 2009; Lakatta et al., 2009). Previous studies have shown
the involvement of both calcium clock (Llach ef al., 2011) and membrane clock
mechanisms (Warren et al.,2001; Lin et al., 2015) in determining HR in the zebrafish. In
the s/o mo zebrafish mutant, which has a defect in the HCN4 channel, a significant
decrease in HR was observed (Warren et al.,2001), which is similar to that observed with
HCN4 channel antagonists (Lin ef al., 2015). Although the expression of HCN4 channels
in the cell membrane and the transcription factor Isll in the cytoplasm have been

previously used as anatomical markers for pacemaker cells (Tessadori et al., 2012;
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Weinberger et al., 2012; Li et al., 2015), complete identification of this cell population in
the zebrafish heart awaits direct electrophysiological evidence. Given that the population
of HCN4-positive cells labeled in the zebrafish heart appeared in the appropriate locations,
and also displayed intense 32AR and MR immunoreactivity that correlated with the
chronotropic responses to autonomic activation, it is highly probable that these cells are, in

fact, pacemakers.

3.4.5 Conclusions.

The traditional view of a reciprocal and antagonistic system of parasympathetic
(inhibitory) and sympathetic (excitatory) innervation, with limited interactions at the level
of the heart, is giving way to the recognition of the ICNS as a major site of integration of
neural control of cardiac effectors (Armour, 2008;Rajendran et al., 2015). The current
study characterizes the properties of neural control of the sinoatrial and atrioventricular
pacemakers, as well as the chronotropic responses to stimulation of the cardiac vagal rami
and to exogenous pharmacological agents in the isolated, innervated zebrafish heart.
Further, putative pacemaker cells in both the SAR and AVR have been shown to express
M3R, and B,AR. In studying pacemaker function in the zebrafish heart, this represents a
first step toward understanding the integrative autonomic control of heart rate. It is now
possible to utilize this model to identify specific relationships between subpopulations of
intracardiac neurons and their targeted effectors to discover basic mechanisms of neural

integration involved in modulating cardiac chronotropy.
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Figure 3.1. Chronotropic responses to vagosympathetic nerve stimulation and autonomic
agents. A: In vitro view of the heart showing positions of bipolar electrodes recording
atrial (aE) and ventricular (VE) surface electrocardiograms (ECG). Scale bar represents 1
mm. B: Typical ECG record from atrium (top) and ventricle (bottom) in the same heart
before, during and after simultaneous stimulation of cardiac VSN rami (bar below trace).
Elongation of R-R interval (bradycardia) during the stimulus period was followed by post-
stimulus reduction of R-R interval (tachycardia) relative to pre-stimulus interval. C:
Proportional change in R-R interval in response to stimulation of the left (LX) or right
(RX) VSN, or simultaneous stimulation of both nerves (SIM). *P < 0.05 vs. control by
one-way ANOVA with Tukey’s post hoc test; n=8 for each. Dashed lines represent pre-
intervention R-R interval. D-F: Effects of cholinergic and adrenergic agents on R-R
interval. D: R-R interval increased in response to LX and RX VSN stimulation and local
application of nicotine (NIC). Effects of VSN stimulation and NIC application were
eliminated during exposure to hexamethonium (HEX, grey shading). E: Response to VSN
stimulation and local application of muscarine (MUS) were eliminated by atropine (ATR,
grey shading). F: Isoproterenol (ISO) decreased R-R interval. Exposure to timolol (TIM,
grey shading) blocked ISO response without affecting VSN-induced responses. *P < 0.05
vs. control by one-way ANOVA with Tukey’s post hoc test; n=8 for each of LX/RX/SIM

and n=6 for each of NIC/MUS/ISO.
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Figure 3.2. Atrioventricular dissociation, modulation of AVR activity, and stimulation of
branchiocardiac nerve trunk. A: Sample atrial (top trace) and ventricular (bottom trace)
ECG traces in intact heart. Inset shows atrioventricular delay in one cardiac cycle at a
faster recording speed. B: Surgical dissociation of AVR from the SAR caused
desynchronization of the chambers and a slowed ventricular rate. C: Nicotine (NIC)
increased the ventricular R-R interval; this response was blocked by hexamethonium
(HEX, grey shading). Isoproterenol (ISO) caused the ventricular R-R interval to decrease;
this effect was blocked by timolol (TIM, grey shading). D: Electrical stimulation of the
branchiocardiac nerve trunk (BCT) in the intact heart reduced R-R interval. This response
was eliminated by timolol (TIM, grey shading), but not hexamethonium (HEX, grey

shading). *P < 0.05 vs. control by paired Student’s z-test; n=6 for each group.

79



B SAR-AVR separated

A SAR-AVR intact

wnuje spmusn QA

i

wnue S[OLIUBA

BCT
TIM

BCT
HEX

BCT

©
- -

*

| N\

o ©o © < //
~ o ©O o
[EAIBIUL -
ul QOCNIO OAlle|9Y

N
-

ul

m //AO
20.8.6.4./

- «~ O o ©
[eAIsiul H-Y
ul abueyo annejey

o

NIC ISO
HEX  TIM

ISO

NIC

80



Figure 3.3. Optical mapping of origin and spread of excitation in atrium and ventricle. A-
E: Sequence of images showing progression of depolarization from the region of origin in
the SAR (* in panel A) into the atrial wall (a, panels B and C) across the atrioventricular
junction (D) and into the ventricle (v, panel E). Arrows indicate the direction of
propagation of the main excitation wavefront. F: Isochronal map (isochrones = 8 ms)
summarizing the regional spread of electrical activity from the site of origin (*) in the
SAR, across the atrium, and into the ventricle. Colour scale represents time to activation
from initial excitation. G-J: Sequence of images showing progression of depolarization
during simultaneous stimulation of both cardiac VSN rami, demonstrating a shift in the
site of origin toward the AVR (Arrows indicate direction of propogation). The site of first
depolarization occurred at the AVR (* in panel G), followed by multiple foci outside of
the SAR (* in panel H) which depolarised the atrium (I). After a delay at the AVR (I) the
depolarising activity invades the ventricle (J). K-M: Sequence of images showing
progression of depolarization from the AVR into the ventricle after surgical isolation from
the atrium (K). The main excitation wavefront initiates in the AVR (L) and propagates

through the ventricle (M). Scale bars represent 1 mm (A- J), and 50 um (K-M).
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Figure 3.4. Regional distribution of putative pacemaker cells and muscarinic receptors
detected by immunohistochemistry. A: Schematic showing the cardiac regions: atrium, a;
atrioventricular region, AVR; bulbus arteriosus, ba; sinoatrial region, SAR; sinus venosus,
sv; ventricle, v. Boxes indicate the locations of images in panels B-H. B-D: Organization
of putative pacemakers and associated muscarinic receptors in SAR. B: Low-
magnification overview shows HCN4-immunoreactive (-IR) cells (red) embedded in
musculature (Phal, green) surrounding the sinoatrial valves. C: Islet-1 (Isll, blue) co-
localized with cells expressing HCN4. D: Type 2 muscarinic receptors (M;R) appeared to
be associated with the membrane of Isl1-IR cells. E: Putative pacemaker cells expressing
HCN4 were present in AVR, embedded in musculature (Phal) of atrioventricular valves.
F: Type 2 muscarinic receptors (M,R) associated with the membrane of cells of similar
morphology to HCN4-IR cells in the AVR. G-I: M;R were more plentiful in the compact
and trabecular myocardium (Phal) of the atrium (G, H; arrows) than in the ventricular
trabecular myocardium (I; arrows). Scale bars represent 200 pm (B), 40 um (C), 20 pm

(D), 50 um (E-I).
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Figure 3.5. Regional distribution of B2AR receptors associated with putative pacemaker
cells and myocardium. A: Schematic showing the cardiac regions; boxes indicate the
locations of images in panels B-1. B: $,AR (red) were detected adjacent to TH-positive
innervation (green) in the atrial wall. C: In the sinoatrial region Isl1 (blue) was co-
localized with cells expressing ,AR. Inset shows a single confocal section from boxed
region at a higher magnification. D-F: $,AR-IR was detected in the compact and
trabecular myocardium (Phal) of the atrium (E, F; arrows). G: $,AR -IR associated with
the membrane of cells of similar morphology to HCN4-IR cells in the AVR. H, I: 3,AR -
IR was more plentiful in the compact myocardium (Phal) of the ventricle than in the

atrium, especially proximate to coronary vaculature (I). Scale bars represent 10 um (B), 40

um (C), 20 pm (D-F), 20 pm (G-I).
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CHAPTER 4

EFFECTS OF VAGAL NERVE STIMULATION ON
PACEMAKER ACTIVITY AND INTRACARDIAC NEURONAL ACTIVATION IN
THE ZEBRAFISH
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4.1 Introduction

To date the topographical organization axons of within the left and right VSN and
their intracardiac targets and functions have not been resolved in any vertebrate species. In
the mammalian heart, populations of efferent vagal preganglionic neurons in the dorsal
motor nucleus and the nucleus ambiguus project to anatomically separate ganglionic
targets in the ICNS (Irisawa, 1978; Chi et al., 2008; Nemtsas ef al., 2010; 16). In these
studies, axons from cells in each vagal nuclei course in both vagi, but the lateral
organization of these projections were not reported. In the cat heart, axons from left and
right vagal preganglionic neurons have been shown to target different subpopulations of
intracardiac neurons (Akiyama and Yamakazi, 2001).

In the zebrafish, it has been shown that axon terminals from the left and right
cardiac vagosypathetic nerves (VSN) are differentially distributed within the sinoatrial
region (SAR; Stoyek et al., 2015), suggesting that these inputs may activate different
subpopulations of intracardiac neurons (ICN), some of which target nearby pacemaker
cells. In a subsequent study, it was shown that activation of individual VSN in zebrafish
evoked differing effects on heart rate (HR), with simultaneous activation of both VSN
altered HR in a manner suggesting that the effects of activation of both VSN was
summative (Stoyek et al., 2016). Taken together, this anatomical and functional evidence
suggests that axons in the left and right VSN likely target different subpopulations of
cardio-inhibitory ICNs with parallel chronotropic functions.

In order to address this issue, the detection of changes in the expression of the
protooncongene cFOS, as well as phosphorylated extracellular signal-regulated kinase

(pERK), were used as indicators of subpopulations of vagally activated ICNs in the
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present study. The use of cFOS for the immunohistochemical detection of neuronal
activation has been established in in the brain and central nervous system (CNS) of
mammals and teleosts (Grenberg et al., 1986; Herdegen et al., 1993; Bosch et al., 1995;
Hua et al., 2004; Lau et al., 2011). The activation of c-fos is thought to be stimulated by
the binding of a neurotransmitter to excitatory membrane receptors on neurons, and is
therefore termed an immediate early gene (Gao and Ji, 2009). While cFOS offers the
benefits of low basal levels of expression and dramatic increases in expression following
neuronal activation (see review in Gao and Ji, 2009), there exist questions regarding the
level of stimulus and time required to induce activity (Bosch et al., 1984; Randlett et al.,
2015).

In response to neuronal depolarization, calcium influx activates the Ras (rapidly
activated sarcoma protein)-ERK pathway, leading to the phosphorylation of ERK
(Randlett ef al., 2015). Recent studies have shown rapid, robust neuronal pERK activity in
response to stimuli (see review in Gao and Ji, 2009; Randlett et al., 2015). This is the first
time these markers have been used in the heart to investigate activation of discrete
populations of intracardiac neurons.

In the mammalian heart it has been well established that vagal input not only
causes bradycardia, but also influences the locus of the operational pacemaker site (Meek
and Eyster, 1913; Boineau et al., 1988; Shibata et al., 2001; Fedorov et al. 2006). It has
been suggested that such shifts in pacemaker site could result from the differential
activation of neurons within the ICNS, some of which target pacemaker cells (Meek and
Eyster, 1913; Bouman et al., 1968; Boineau et al., 1988). In the zebrafish heart,

simultaneous stimuation of the cardiac VSNs induces bradycardia and a shift in the pattern
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of initiation and propagation of electrical activity (Stoyek et al., 2016). Thus, in both
zebrafish and mammalian hearts, when vagal tone is elevated and bradycardia occurs,
there may be an accompanying shift of the primary pacemaker locus. This represented the
first report of a neutrally mediated shift in pacemaker locus in the zebrafish heart (Stoyek
et al., 2016), and indicates that this powerful system for cardiac control is conserved from
fish to mammals. In the current study it was sought to determine the capability of graded
VSN drive on pacemaker locus using a range of stimulus frequencies that fell within the
range of tonic vagal nerve discharge in intact fish (Taylor ef al., 2009; Sandblom and
Axelsson, 2011). Taken together the results of this study will begin to identify the
organization of ICNs that receive direct extrinsic input, and describe the of such on the
location of the pacemaker itself, more comprehensively than has been previously possible

in the mammalian heart.

4.2 Methods
4.2.1 Animals.

A total of 42 adult, AB strain zebrafish (12-18 months post-fertilization; 33 + 5
mm standard body length) of both sexes were used in this study. Institutional approval for
animal use in this study was obtained from the Dalhousie University Committee on

Laboratory Animals.

4.2.2 Heart isolation.

Zebrafish were anaesthetised in a buffered solution (pH 7.2) of tricaine (MS-222;

1.5 mM) in tank water (28.5°C) until opercular respiratory movements ceased and the
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animals lacked response to a spinal pinch with forceps. A ventral midline incision was
made through the body wall to expose the heart, and a block of tissue encompassing the
ventral aorta, ventricle, atrium, sinus venosus and ducts of Cuvier (containing the cardiac
VSN rami) was then removed for whole-mount immunohistochemistry or in vitro

recordings.

4.2.3 VSN stimulation for assessment of ICN activation by cFOS.

Left or right VSN (n = 6 each) were stimulated with bipolar wire electrodes driven
by a constant-current stimulator (S88; Grass Instruments, Quincy, MA, USA) that
delivered trains of rectangular pulses (pulse duration 500us; train duration 10 s, pulse
frequency 20Hz, stimulus current 300 pA) every 3 minutes for a total of 20 stimulation
periods. To eliminate the possibility of pERK-IR in neurons other than those that were
activated by VSN stimulations, hearts were immediately (>30 s) transferred to fixative (see

below) following each experiment.

4.2.4 VSN stimulation for assessment of ICN activation by pERK.

Left or right VSN (n = 6 each) were stimulated with bipolar wire electrodes driven
by a constant-current stimulator (S88; Grass Instruments, Quincy, MA, USA) that
delivered trains of rectangular pulses (pulse duration 500us; train duration 10 s, pulse
frequency 15Hz, stimulus current 300 pA) every 1 minute for a total of 5 stimulation
periods. To eliminate the possibility of pERK-IR in neurons other than those that were
activated by VSN stimulations, hearts were immediately (less than 30 s) transferred to

fixative (see below) following each experiment.
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4.2.5 cFOS and pERK immunohistochemistry.

The general procedures used for immunohistochemistry in this study were similar
to those previously described (Stoyek et al., 2015). Whole hearts were labelled with
antibodies against cFOS (1:100) or pERK (1:100). In all experiments antibodies against
acetylated tubulin (AcT, axons) and human neuronal protein C/D (Hu, neuronal somata)
were used in combination to show the general innervation of the heart (see Appendix B).
After exposure to primary antibodies, preparations were incubated with appropriate
secondary antibodies conjugated to AlexaFluor 488, 555, or 647 fluorophores washed in
PBS and placed in Scale CUBIC-1 clearing solution (Susaki et al., 2014) overnight at
room temperature with gentle agitation. Processed specimens were examined as whole-
mounts. Counts of ICNs expressing cFOS- or pERK-like-immunoreactivity (LIR) were
performed using Fiji software; data are shown as percent of ICNs that were
immunoreactive for cFOS or pERK compared to the total ICN number as estimated by

AcT-Hu immunoreactivity.

4.2.6 Controls.

Both cFOS and pERK antibodies used in this study have previously been used in
zebrafish (Randlett ez al., 2015; Yabuki et al., 2016). As a control for basal cFOS or pERK
expression, subsets of hearts were fixed immediately after isolation (n = 6), or were
isolated put in the bath for the same duration as the above experiments without receiving
VSN stimulation (n = 6), before being fixed and processed for immunohistochemistry. For

all antibodies used in this study, tissues for negative controls were processed as outlined
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above, except that either the primary or secondary antibody was omitted. In all trials this

eliminated detection of histofluorescence.

4.2.7 Volatage optical imaging.

Whole hearts (n = 6) were isolated in a 5 mL chamber filled with zebrafish saline
and allowed to equilibrate for 30 min (25°C). During this time, the heart was exposed to a
voltage-sensitive dye (10 uM di-4-ANBDQPQ) in the perfusate for 10 min, and then
washed with fresh saline containing excitation-contraction uncoupler blebbistatin (10 uM)
to eliminate motion artifacts during optical recordings. Blebbistatin was present for the
duration of the experiment. For imaging experiments, two controls were run (n = 3 each):
1) hearts were isolated and pacemaker initiation site was monitored in the bath every 30
min for 3 h, a period longer than any experiment in this study; 2) hearts were isolated,
VSN stimulations were performed every 2 minutes for 40 minutes, and pacemaker site was
observed after every stimulation.

As an index of changes in conduction, the time from initial breakthrough to full
depolarization of the sinoatrial regions for three successive cycles was averaged from the
recordings using custom Matlab rouines. To map changes in the site of initial sinoatrial
depolarization, binary images were created for three successive cycles and the initiation
site averaged. An oval was fit to the image to encompass the sinoatrial valve region and
the binary images were normalized (rigid transformation) to a brightfield exemplar image

of the sinoatrial region for mapping using Fiji software.

4.2.8 VSN stimulation for assessment of pacemaker shift.
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Left and right VSN trunks were stimulated with bipolar wire electrodes delivering
trains of rectangular pulses (pulse duration 0.5ms; train duration 10 s, pulse frequency 1-
15 Hz, 300 pA). A minimum of 2 minutes was allowed for recovery of the preparation
between VSN stimulations. To control for the possibility that repeated VSN stimulation
alone might alter the pacemaker initiation site over time, a subset of hearts (n = 3) was

sampled for 30 minutes following the last VSN stimulation. .

4.2.9 Pharmacological blockade.
Hexamethonium (10 uM) was dissolved in saline the day of experiments and put in

the bath 15 minutes prior to recordings.

4.2.10 Data presentation.
Numerical values were expressed as mean + 1 standard error of the mean (SEM).
One-way ANOVA with a Tukey’s post hoc was used to detect significant differences

among means. P values < 0.05 were considered significant.

4.3 Results

4.3.1 ICN activation as revealed by cFOS-like immunoreactivity.
cFOS-like-immunoreactivity (LIR) was observed within the somata and processes

of ICNs within the sinoatrial plexus (SAP) ipsilateral to each VSN (Figures 4.1-4.2); ICN

distribution is summarized in Figure 4.3. In hearts in which the left VSN was stimulated,

cFOS-LIR ICNs were located within the ganglia associated with the junction of the left

VSN (LXG) and the SAP (Figure 4.2D,E). In hearts in which the right VSN was
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stimulated, ICNs within the ganglia associated with the junction of the right VSN (RXG)
and the SAP expressed cFOS-LIR (Figure 4.3D,E) cFOS-LIR was not observed outside
the vagal ganglia ipsilateral to stimulation, or in the dorsal or ventral sinoatrial plexus
ganglia in any of the hearts examined. In control hearts not receving VSN stimulation,
cFOS-LIR was not observed supporting that ICNs expressing cFOS-LIR were the result of

activation by VSN stimulation.

4.3.2 ICN activation as revealed by pERK-like immunoreactivity.

pERK-LIR was observed within the somata and processes of ICNs, and was widely
distributed within the SAP ipsilateral to VSN (Figures 4.1-4.2); ICN distribution is
summarized in Figure 4.3. In hearts in which the left VSN was stimulated, ICNs within the
LXG expressed pERK-LIR (Figure 4.2H,I). In hearts in which the right VSN was
stimulated, ICNs within the RXG expressed pERK-LIR (Figure 4.3H,I). In contrast with
results of the activation experiments investigating cFOS-LIR, pERK-LIR was also
observed in ganglia of the SAP contralateral to the stimulated VSN. In hearts in which the
left VSN was stimulated ICN within the RXG were found to express pERK-LIR, while in
those hearts in which the right VSN was stimulated ICNs within the LXG expressed
pERK-LIR. In all of the hearts examined pERK-LIR was not observed in the dorsal or
ventral regions of the SAP. In control hearts put in the bath, but not receiving VSN,
pERK-LIR was minimal (3 + 1% of total ICN in 4 of 6 hearts) or not detected (2 of 6
hearts), supporting that ICN expressing pERK were the result of activation by VSN

stimulation.
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4.3.3 Pacemaker activity in vitro.

Basal heart rate (rate at the start of each experiment after isolating the heart) was
104 + 7 (range 82-144) and the effects of left and right cardiac VSN stimulation were
similar to those previously reported in the isolated zebrafish heart (Stoyek et al, 2016). In
preliminary experiments of hearts observed over 3 h there was < 10% change in heart rate
from the basal rate, and there was no change in the spontaneous pacemaker initiation site.
In preliminary experiments in hearts that had VSN stimulations performed periodically,
there was no detectable change in either spontaneous pacemaker site or the chronotropic
responses to VSN over time (data not shown). Thus, the next experiments in which the
cardiac VSN rami were stimulated at varying frequencies, focused on any changes
observed within the sinoatrial region, which were assumed to be resultant from ICNS

activity on ICNs and effector cells within this region.

4.3.4 Effects of graded VSN stimulation on pacemaker activity within the sinoatrial region.
Shifts in pacemaker initiation site during periods of electrical stimulation of either
the left (Figure 4.4) or right (Figure 4.5) cardiac VSN were observed to occur with a
stimulation frequency as low as 1 Hz. Overall it was found that increasing the stimulation
frequency up to 15 Hz resulted in highly variable shifting of the pacemaker initiation site
within the sinoatrial region with no discernable trends in stimulus frequency-related
changes in localization. Within the 8 hearts tested a variety of patterns was observed: 1)
three hearts in which a single focal origin of activity was found to change to multiple focal
origins, 2) two hearts in which multiple focal origins of initiation were observed prior to

VSN that changed to a single focal origin of activity during VSN, 3) two hearts in which
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there was observed a shift ipsilateral to the stimulated VSN, 4) two hearts in which there
was observed a shift contralaterlal to the stimulated VSN, 5) three hearts in which an
observed shift resulted in movement of the initiation site toward the atrial myocardium, 6)
two hearts in which an observed shift resulted in movement of the initiation site towards
the sinus venosus, and 7) one heart in which the origin of electrical activity was found to
show minimal change in response to VSN stimulation. Within these patterns there were no
trends observed with with greater VSN stimulation frequency, or specifically with the
stimulation of either the right or left cardiac VSN. In fact, the shifts observed at a given
frequency could be different from those observed at a high or lower stimulation frequency
delivered to the same heart. Overall, shifts observed during either left or right VSN
stimulation in the same heart at the same frequency appeared qualitatively similar. In all
hearts observed, the variability of pacemaker initiation site was not observed during left or

right VSN in the presence of hexamethonium (Figures 4.4 and 4.5).

4.4 Discussion
The first aim of this study was to investigate the organization of ICNs that are

activated by VSN input, using detection of changes in the expression of cFOS- and pERK-
LIR. Using these markers it was possible to identify and map distinct populations of ICNs
activated in response to VSN stimulation. To date, this represents the first time that cFOS
and pERK have been used to detect neuronal activation within the heart. The second aim
of the present study was to determine the detailed effects of vagally-mediated pacemaker
site shift, recently described to occur in zebrafish (Stoyek et al., 2016), and whether these

effects may correlate with patterns of activated ICNs. In the present study, graded VSN
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stimulation in the isolated zebrafish heart resulted in a variable shifting of the primary site
of initiation within the sinoatrial region. The implications of these findings are discussed

below.

4.4.1 ICN activation patterns revealed by cFOS- and pERK-LIR.

Though much is known of the regional innervation of mammalian hearts, there
exists no comprehensive understanding of the topographical organization of the ICNs
within this system. There exist populations of ICNs, distributed throughout the heart,
which although located in one region of the heart, may influence cardiac regions at a
distance, or to which there has been little to no known function ascribed (Gray et al.,
2004). Further complicating this picture are reports that the level of individual ICN
activity within these ganglia could be modulated by extrinsic inputs, and that some ICNs
simply did not have extrinsic inputs (Smith 2001; Gray et al., 2004; Gibbons ef al., 2012;
Beaumont ez al., 2013; Beaumont et al., 2015). It has been hypothesized that the latter
class represents local circuit, or processing, neurons within the ICNS (see Armour, 2008).

In the current study the expression patterns of cFOS- and pERK-LIR that were
observed within the ICNS showed subtle differences from each other. Generally, cFOS-
LIR was limited to ICNs in the vagal ganglia ipsilateral to the VSN that was stimulated,
while pERK-LIR was associated with ICNs in both ipsilateral and contralateral vagal
ganglia. A possible explanation for this observation is the differing stimulation paradigms
required to induce the expression of cFOS and pERK in the hearts tested. The temporal
responses of both cFOS and pERK, have been reported as variable, though the general

trend emerging is that given similar stimulus intensities pERK will be expressed more
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rapidly than will cFOS (Hua et al., 2004; Randlett et al., 2015). As such, the stimulation
paradigm used in cFOS experiments involved more VSN stimulations over a longer time
than did that used in experiments aimed at detecting pERK. It is tempting to speculate that
differences in expression, specifically the expression of pERK in contralateral ICNs, could
be the result of rundown or changes in firing patterns of those ICNs with repeated
stimulations as has been seen in decentralized mammalian ICN (Smith ez al., 2001).

That the expression of both cFOS- and pERK-LIR was restricted largely to the
vagal ganglia ipsilateral to VSN suggests that the current paradigm likely resulted only in
activation of ICNs with direct inputs. The detection of cFOS- and pERK-LIR, as
performed in this study, does not permit the distinction between neurons being directly
activated by VSN stimulation from those ICNs that may have been activated through
indirect pathways. While it has not been described with cFOS, intensity dependent
reactivity has been described for pERK (Gao and Ji, 2009; Randlett et al., 2015). In
preliminary experiments it was found that the current stimulation paradigms were just
beyond the threshold of that which would induce cFOS- or pERK-LIR in ICNs. Thus,
another explanation could simply be that varying the stimulation or frequency of VSN
stimulations could result in more similar patterns of detected activation for cFOS- and
pERK-LIR.

In mammals cFOS expression is present transiently in the cytoplasm, before being
rapidly taken up to the cell nucleus (Morgan and Curran, 1991). In teleosts the cFOS-like
reaction is known to be distinct; the localization of immunoreactivity is entirely outside the
nucleus, and was described throughout the cytoplasm of the soma and primary dendrites

(Bosch et al., 1995). As the polyclonal cFOS antibody utilized was directed against a
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conserved region of a mammalian FOS protein, and the nature of the protein recognized in
fish is unknown, immunoreactivity for cFOS is referred to as cFOS-like (Bosch et al.,
1995). Thus, the cFOS-LIR throughout ICN soma and processes observed within this
study agrees with previous reports. It is currently unknown if this is due to cFOS antibody
being unable to access cFOS within the nucleus, or if the antibody is recognizing a protein
other than FOS (Bosch et al., 1995). Both cFOS and pERK are constitutively expressed
within the neurons of the CNS, which can complicate determination of neurons responding
to a given stimulus (see review Gao and Ji, 2009; cFOS, Bosch et al., 1995; pERK,
Randlett ez al., 2015). This did not seem to be the case in the current study, as no
immunoreactivity for cFOS was detectable in control hearts. Expression of pERK, which
is known to occur in all cells, was minimal in controls, and constitutive levels are unlikely
to have affected the counts of activated ICNs. Thus, reactivity for either marker is taken to
indicate activation directly resulting from VSN stimulation. Though the results of this
study show that both cFOS and pERK, detected immunohistochemically, can be used to
identify activated neurons within the zebrafish heart, given the abundance of transgenic
strains, the results of the current study should be used to guide future works using activity

dependent reporters (e.g. calcium or voltage sensitive) with targeted expression in ICNs.

4.4.2 Pacemaker site changes in response to VSN stimulation.

Brown and Eccles (1934) first showed in the cat that brief vagal stimulations
resulted in complex heart rate changes, potentially explained by pacemaker shift (Shibata
et al., 2001). That autonomic activity has the ability to induce shifts in pacemaker site has

subsequently been reported in several mammalian models and humans (e.g. Boineau et al.,
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1968; Opthof, 1988; Shibata et al. 2001; Fedorov et al., 2006). Previous anatomic reports
of the patterns of extrinsic inputs within the ICNS of zebrafish have showed that extrinsic
axons form distinct terminal fields in discrete regions of the sinoatrial region rich with
cholinergic ICNs (Stoyek et al., 2015). In teleosts bradycardia has been shown as the
dominant effect of activation of the cardiac rami acting through cholinergic pathways
(Saito, 1973; Stoyek et al., 2016), and putative pacemaker cells have been shown to
express muscarinic receptors, indicating that these effector cells could respond to
endogenously released acetylcholine (Steel et al., 2009; Stoyek et al, 2016). From this it
could be hypothesized that activation of individual cardiac VSN rami could activate
distinct regions of ICNs and effector cells; the most likely result would be activation of
inhibitory cholinergic pathways. Given that the comparatively simple sinoatrial pacemaker
of the zebrafish displays robust responses to autonomic input, and that the entire ICNS is
visible in the whole heart, it was sought to investigate if the identifed populations of ICNss,
responding to extrinsic inputs, influenced alterations in sinoatrial activity in a predictable
manner.

In the zebrafish it was found that the site of initiation of the sinoatrial node
became highly variable during increased vagal drive. In preliminary studies in which the
same heart was observed over a 3 h period in the absence of VSN stimulation, the
pacemaker initiation site remained relatively stable. However during periods of VSN
stimulation, pacemaker initiation could 1) move ipsilateral or contralateral to the
stimulated VSN, 2) variable changes between single- and multi-focal origin or 3) could
show no detectable shift. A limitation in the current study is the qualitative description of

the pacemaker shift events: that the points of origin were highly variable; that there were
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no distinct spatial trends with stimulus frequency, and that when there were multiple foci
of origin the variability of averaged position of origin was high.

As the results of previous work has shown that cholinergic effects dominate the
cardiac response to VSN stimulation in the zebrafish (Chapter 2; Stoyek et al., 2016), it
was next investigated whether blockade of this pathway would affect the pacemaker
initiation site variability. The results of experiments in which hexamethonium was used to
block cholinergic neurotransmission within the intracardiac nervous system supported the
hypothesis of a neural origin to the altered pacemaker activity during VSN stimulation: the
site of origin was stabilized during blockade. Taken together these results suggest that
when VSN inputs to the ICNS are activated, these inputs are capable of modulating
activity in ICNs which then results in the origin of the pacemaker signal becoming highly
variable. One possible explanation for the lack of a consistent pattern in the shifts observed
in the pacemaker site in the current study is the potential for a differential responsiveness
to ACh between cardiac cell types, and within the same cell over time (Fedorov et al.,
2006). In this context, Fedorov ef al. (2006) hypothesized that the differential excitability
existing between primary and subsidiary pacemaker cells, could be the result of
differences in vagal innervation patterns, muscarinic receptor density on pacemaker cells,
or the influence of pacemaker-myocyte coupling within the sinoatrial region. Further to
this, Bouman et al. (1968) showed an involvement of cholinergic receptors in the
maintenance of the sinoatrial initiation site, as well as in site shifting during pathology.
Interestingly, Boineau et al. (1988) showed the development of multi-focal origins from

single origin sites in human hearts, a finding that was replicated in zebrafish in the present
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study. As was mentioned above, it is currently not possible to asses such influences, given
that these factors are not well described in the zebrafish sinoatrial region.

In mammalian studies there are numerous reports of predictable pacemaker shifts
with changes in extracardiac input drive; furthermore the nature of these shifts was
predictable (Lu, 1970; West and Belardinelli, 1985; Shibata et al., 2001; Fedorov et al.,
2006). In the zebrafish heart, the current results imply that such predictability was not
evident. This could, in part, be due to the structural differences between the sinoatrial
regions in mammals and zebrafish. The mature sinoatrial node in mammals is a discrete
area in the intercaval region, in which the tissue composition and cell connectivity (e.g.
presence of surrounding connective tissue and the expression of gap junction proteins) is
well described (see Christoffels et al., 2010). Such factors have, in fact, been proposed to
limit the capability for pacemaker shifts in the human sinoatrial node (Fedorov et al.,
2010). In the rabbit, Allessie and Bonke (1979) concluded that the site of origin was
determined mainly by electrotonic interactions with the depolarization wave at the center
of a node. However, the sinoatrial pacemaker of zebrafish is a distributed system
(Arrenberg et al., 2009; Tessadori ef al., 2012; Stoyek et al., 2016) and not a discrete node
as is found in mammals, and at this point, knowledge of the organization, tissue
composition and cellular connectivity in this region in the zebrafish heart is scant. Thus, a
better understanding of the cellular composition and connectivity of the zebrafish
sinoatrial region will aid in putting the results of the current study into a more appropriate

context.

4.4.3 Conclusions.
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The shift from primary to subsidiary pacemaker sites bas been implicated in
arrhythmogeneis often leading to atrial fibrillation (Effimov and Fedorov, 2005; Hansen et
al., 2015). Further to this, it is now known that these arrhythmias are not strictly myogenic
in origin, and numerous studies have shown the ANS has a prominent role in the
generation and maintenance of these phenomenon (see Effimov and Fedorov, 2005).
Though the overall patterns of pacemaker shift vary in zebrafish from mammals, there is a
conservation of the function, innervation, and cellular mechanisms in zebrafish (see
reviews in Nemtsas et al., 2010; Verkerk and Remme, 2012; Vornanen and Hassinen,
2016). As such, the current work will act as a foundation, onto which future studies
investigate the cellular basis of the effects described in the current study will build,

potentially providing valuable insights into cardiac function.
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Figure 4.1. Organization of intracardiac neurons demonstrating cFOS and pERK
immunoreactivity following left VSN stimulation. A: Example of intracardiac projections
of the extrinsic right vagosympathetic inputs to sinoatrial plexus (SAP) shown after
neurobiotin/FM1-43X application to left (1X) extrinsic nerve. Overall innervation to the
region is shown AcT-Hu immunoreactivity (from Stoyek et al., 2015). dG, dorsal ganglia;
LXG, left vagal ganglia; RX, right vagosympathetic nerve trunk; RXG, right vagal
ganglia; vG, ventral ganglia. Dashed boxes indicate regions shown in B-E. B-C: Sample
of cFOS and AcT-Hu double labeling, presented as separate panels for clarity. AcT-Hu-IR
immunoreactivity at the LX (B) and RX (C) junctions with the SAP. B'-C': ¢cFOS
immunoreactivity in the same regions as panels B and C. cFOS-IR somata were observed
only within the LXG, proximal to the RX junction with the SAP (ipsilateral to VSN
stimulation; arrowheads). D-E: Sample of pERK and AcT-Hu double labeling (presented
as separate panels for clarity).AcT-Hu-IR immunoreactivity at the LX (D) and RX (E)
junctions with the SAP. D'-E': pERK immunoreactivity in the same regions as panels D
and E. pERK-IR somata were observed primarily within the LXG, proximal to the LX

junction with the SAP, as well as in the RXG.Scale bars: 100 um in A; 50 pm in B-E.
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Figure 4.2. Organization of intracardiac neurons demonstrating cFOS and pERK
immunoreactivity following right VSN stimulation. A: Example of intracardiac
projections of the extrinsic right vagosympathetic inputs to sinoatrial plexus (SAP) shown
after neurobiotin/FM1-43X application to right (RX) extrinsic nerve. Overall innervation
to the region is shown AcT-Hu immunoreactivity (from Stoyek et al., 2015). dG, dorsal
ganglia; LXG, left vagal ganglia; RX, right vagosympathetic nerve trunk; RXG, right
vagal ganglia; vG, ventral ganglia. Dashed boxes indicate regions shown in B-E. B-C:
Sample of cFOS and AcT-Hu double labeling (presented as separate panels for clarity).
AcT-Hu-IR immunoreactivity at the LX (B) and RX (C) junctions with the SAP. B'-C":
cFOS immunoreactivity in the same regions as panels B and C. cFOS-IR somata were
observed only within the RXG and right dorsal and ventral ganglia proximal to the RX
junction with the SAP (ipsilateral to VSN stimulation; arrowheads). D-E: Sample of
pERK and AcT-Hu double labeling (presented as separate panels for clarity). AcT-Hu-IR
immunoreactivity at the LX (D) and RX (E) junctions with the SAP. D'-E': pERK
immunoreactivity in the same regions as panels F and G. pERK-IR somata were observed
primarily within the LXG, proximal to the LX junction with the SAP, as well as in the

RXG.Scale bars: 100 pm in A; 50 um in B-E.
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Figure 4.3. Proportion of intracardiac neurons activated by VSN stimulation. The relative
proportion of intracardiac neurons expressing cFOS- (n = 6; white boxes) or pERK-like
immunoreactivity (n = 6; grey boxes) within the left (LXG) and right (RXG) as compared
to total number ICNs within each region. cFOS-LIR was observed only in the ganglia
ipsliateral to vagosympathetic nerve (VSN) stimulation. pERK-LIR was observed in a
higher proportion in the ganglia associated with the stimulated VSN, however were also
observed at lower proportion in the vagal ganglia contralateral to VSN. *P< 0.05 by one-

way ANOVA.
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Figure 4.4. Maps of the initial pacemaker site breakthrough in the sinoatrial region with
varying levels of electrical stimulation of the left cardiac vagosympathetic nerve (VSN).
Each color represents an individual animal, and locations have been normalized over a
representative sinoatrial nodal region. Initiation site could reliably be mapped prior to
VSN stimulation (A). Increasing levels of left VSN stimulation resulted in variable
pacemaker shifts from 1-15 Hz (B-E), displaying as highly variability in initiation site. A,

atrium; SAV; sinoatrial valves; SV, sinus venosus.
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Figure 4.5. Maps of initial pacemaker site breakthrough in the sinoatrial region with
varying levels of electrical stimulation of the right cardiac vagosympathetic nerve (VSN).
Each color represents an individual animal, and locations have been normalized over a
representative sinoatrial nodal region. Initiation site could reliably be mapped prior to
VSN stimulation (A). Increasing levels of left VSN stimulation resulted in variable
pacemaker shifts from 1-15 Hz (B-E), displaying as highly variability in initiation site. A,

atrium; SAV; sinoatrial valves; SV, sinus venosus.
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CHAPTER 5

CARDIAC DISTRIBUTION AND CHRONOTROPIC EFFECTS OF SEROTONIN

IN THE ZEBRAFISH
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5.1 Introduction

Serotonin (5-hydroxytryptamine; 5-HT) was first isolated from blood and
described as a vasoconstrictor (Nebigil and Maroteaux, 2001), but has been also shown to
have diverse cardio-physiological effects (Frishman and Grewall, 2001). The effects of 5-
HT in the cardiovascular system are complex, and previous accounts have shown
conflicting biological actions of 5-HT in the cardiovascular system. These effects include
bradycardia or tachycardia, hypotension or hypertension, and vasodilation or
vasoconstriction (Nebigil and Maroteaux, 2001). 5-HT signaling in the central and
peripheral nervous systems takes place through at least 15 receptors, divided into 7
families; all but one of these families belonging to G-protein coupled receptor
superfamilies (Levy, 2006).

Recent reports (Briggs, 2002; Chi et al., 2008; Dvornikov et al., 2014; Nemtsas et
al., 2010; Rider et al., 2012; Tessadori et al., 2012) have established the zebrafish heart as
a powerful tool for studying cardiac electrophysiology, with the potential to provide broad
insights into cardiovascular function. The study of serotonergic processes in zebrafish
behavior has been well established. Previous reports have described similar responses to
those observed in mammalian studies, indicating the potential validity of the zebrafish
model in such studies (Airhart et al., 2007; Prieto et al., 2012; Maximino et al., 2013;
Stewart et al., 2013). Studies of the physiological effects of 5-HT in zebrafish, however,
are more limited and have focused on the role of serotonergic pathways involved with
chemosensory neuroepithelial cells in the gills (see review in Jonz and Nurse, 2008).
While 5-HT is known to be present in the circulatory system of the zebrafish (Steele et al.,

2011), information on the cardiac effects of 5-HT in the zebrafish is lacking, with only a
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single report alluding to chronotropic effects of fluoxetine, a commonly used SSRI, at high
doses (Airhart et al., 2007).

In a previous study (Stoyek et al., 2015; Chapter 2), the basic structure of the ICNS
in zebrafish was described, which is consistent with that of humans and other mammalian
models (Irisawa, 1978; Mangoni and Nargeot, 2008; Pauza et al., 2013; Pauza et al., 2014;
Li et al., 2015). Further to this, it is known that the zebrafish heart is responsive to agents
that affect rate (Arnaout ef al., 2007; Stoyek et al., 2016). Therefore, the aim of the present
study was to elaborate on these findings and investigate the cardiac distribution and
chronotropic responses of 5-HT in the zebrafish heart. A combined anatomical,
electrophysiological, and pharmacological approach was used to investigate the
involvement of 5-HT pathways, and to compare neural and direct myocardial pathways of
biological action. Immunohistochemical methods characterized the relationship of 5-HT
and tryptophan hydroxylase (TPH), the rate-limiting enzyme in the production of 5-HT
(Levy, 2006), within intracardiac neurons (ICN) and myocardial cells. Electrocardiogram
(ECG) recordings combined with pharmacological agents demonstrated that 5-HT acted
predominantly through direct myocardial pathways to modulate heart rate. The results of
this study establish the isolated zebrafish heart as a tractable preparation to investigate

serotonergic function in a whole, functioning heart.

5.2 Methods
5.2.1 Animals.
A total of 32 adult, AB strain zebrafish (12-18 months post-fertilization; 33 + 5

mm standard body length) of both sexes were used in this study. Institutional approval for
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animal use in this study was obtained from the Dalhousie University Committee on

Laboratory Animals.

5.2.2 Heart isolation.

Zebrafish were anaesthetised in a buffered solution (pH 7.2) of tricaine in tank
water (28.5°C) until opercular respiratory movements ceased and the animals lacked
response to a spinal pinch with forceps. A ventral midline incision made through the body
wall to expose the heart, and tissues encompassing the ventral aorta, ventricle, atrium,
sinus venosus and ducts of Cuvier (containing the cardiac VSN) were removed for in vitro

recordings or immunohistochemistry.

5.2.3 Immunohistochemical detection of 5-HT and TPH.

The general procedures used for immunohistochemistry in this study were similar
to those we have previously described (Stoyek et al., 2015). Tissues were fixed overnight
in 4% paraformaldehyde in phosphate-buffered saline (PBS) before processing for
immunohistochemistry in whole-mount format. Hearts were labelled with antibodies
against 5-HT, tyrosine hydroxylase (rate limiting enzyme in the synthesis of
norepinephrine; TH), or tryptophan hydroxylase (rate limiting enzyme in the synthesis of
5-HT; TPH; see Appendix B). Antibodies against acetylated tubulin (AcT; axons) and
human neuronal protein C/D (Hu; neuronal somata) were used in combination to show the
relationship of 5-HT elements in comparison to the overall innervation of the heart. After
exposure to these primary antibodies, preparations were incubated with appropriate

secondary antibodies conjugated to AlexaFluor 488, 555, or 647 fluorophores, washed in
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PBS and placed in Scale CUBIC-1 clearing solution (Susaki et al., 2014) overnight at

room temperature with gentle agitation. Processed specimens were examined as whole-
mounts. For all antibodies used in this study, negative control tissues were processed as
outlined above, except that either the primary or secondary antibody was omitted. In all

trials this eliminated detection of histofluorescence.

5.2.4 Whole-heart ECG recordings.
Isolated hearts were bath perfused with zebrafish saline and allowed to equilibrate
for 30 min. ECG signals were recorded from the surface of the atrium with a bipolar

suction electrode and cardiac responses were assessed by the time interval between

adjacent R-waves of the ECG (R-R interval).

5.2.5 Pharmacological agents.

5-HT was delivered to the tissues in 200 pl boluses (1 mM). Serotonergic agents
ketanserin (10 uM), fluoxetine (5 pM), or spiperone (10 uM) were continuously perfused
starting 15 minutes prior to recording. The combination of autonomic antagonists atropine
(cholinergic M, receptor antagonist; 10 uM) and timolol (adrenergic {3 receptor antagonist;
100 uM) were continuously perfused starting 15 minutes prior to recording. Experiments
involving atropine and timolol will henceforth be referred to as “autonomic blockade”

(AB).

5.2.6 Imaging, data analysis and presentation.

119



Tissues were viewed using a Zeiss LSM510 confocal microscope with Zeiss
Zen2009 software. Images were processed into plates with Photoshop CS6. During
composition of the figure plates the brightness of some images was adjusted so that panel-
to-panel contrast in the plate was consistent. Numerical values were expressed as mean =+ 1
SEM. One-way ANOVA with Tukey’s post-hoc test, was used to detect significant
differences among means; to further investigate interactions pairwise t-tests were also

performed.

5. 3 Results
5.3.1 Cardiac distribution of 5-HT detected by immunohistochemistry.

Three distinct 5-HT-like-immunoreactive (-LIR) cell types were found within the
heart of the zebrafish. For the purposes of this study, these cell types have been classified
based upon their morphology, location, and their immunoreactivity with the antibodies
tested.

The most numerous of the 5-HT-LIR cells were found within the atrium, associated
with the lumenal surfaces of the trabeculae. These cells did not co-label with phalloidin-
positive myocytes (Figure 5.1B-D). Though it could not be resolved with the markers used
in this study it was assumed that these cells were endocardial. These atrial cells, though 5-
HT-LIR, did not show TPH (nor TH) immunoreactivity, suggesting that they were
sequestering rather than synthesizing 5-HT. In AcT-Hu co-labelled preparations, the
myocardial 5-HT-LIR cells were closely associated with axons with varicosities, but did
not show direct innervation. To control for the possibility that 5-HT immunoreactivity in

the atrial myocardium was due to platelets or erythrocytes that remained within the
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trabeculae, and which contained 5-HT, blood smears were made with blood taken from a
subset (n = 3) of the hearts tested. Blood was collected from the cardiac vessels after
fixation and treated with 5-HT and TPH antibodies. In all samples while no 5-HT-
immunoreactive erythrocytes were found, 5-HT immuboreactive platelets were found;
though the latter constituted less than 1% of the total number of formed elements within a
sample.

Within the tissues at the junction of the sinus venosus and atrial myocardium
within the sinoatrial valve region (SAR) a 5-HT-LIR (n = 12) population of cells was
detected in which this marker occurred within the cytoplasm of the cell soma (Figure
5.2C,D). These cells often had numerous small projections from the soma, though the
exact targets of these projections could not be determined within the current study. Given
this morphology these cells are thus referred to as multipoar cells for the remainder of this
study. In preparations co-labelled with either TH (n = 6) or AcT-Hu (n = 6), no
immunoreactivity for either antibody was observed within the multipolar cells. In AcT-
Hu/5-HT or TH/5-HT co-labelled preparations, the multipolar 5-HT-LIR cells were
closely associated with axons with varicosities, but these cells did not themselves appear
to receive direct innervation. As the TPH antibody was raised in the same host as the 5-HT
antibody, it was not possible to do co-labelling in the same heart. In hearts labelled with
TPH (n = 6), no multipolar cells within this region exhibited immunoreactivity, suggesting
that, as with the endocardial cells, these cells were sequestering rather than synthesizing
the 5-HT they contained.

Within the sinoatrial plexus a small and variable number of ICNs showed 5-HT-

LIR (Figure 5.2D); their occurrence was variable among the hearts examined. In 9 of 12
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hearts examined 8 5-HT-LIR ICNs were found, in 2 hearts 4 5-HT-LIR ICNs were
observed, while no 5-HT-LIR ICNs were observed in one heart. 5-HT-LIR ICNs were
restricted to the dorsal sinoatrial plexus (SAP; see Stoyek et al., 2015) region, though the
distribution of such ICNs within this region was highly variable. 5-HT-LIR ICNs ranged
in size from 40-75 um. In hearts in which 5-HT-LIR ICNs were observed, all cells of this
type showed co-labelling with AcT-Hu (n = 6). In hearts in which 5-HT was co-labelled
with TH (n = 6), there was no co-expression of the two labels in any ICN of any heart. In
hearts labelled with TPH (n = 12), a population of ICNs with similar spatial distribution to
5-HT-LIR ICNs (Figure 5.2E) was observed. In all hearts labelled with TPH, there was a
variable number of TPH-LIR ICNs that were observed in the dorsal SAP. In 7 of 12 hearts
6 TPH-LIR ICNs were observed, in 5 hearts 4 TPH-LIR ICNs were observed, while in 2
hearts no TPH-IR ICNs were observed. In all preparations TPH-LIR ICNs ranged in size
from 42-70 um. TPH-LIR ICNs showed co-labelling with AcT-Hu (n = 6) in all hearts
examined; while in preparations co-labelled with TH (n = 6) no co-labelling observed was
observed. As was previously mentioned, co-labelling of 5-HT and TPH could not be
performed, however, based upon similar immunoreactive ICN number, morphology and

location within the SAP, it is assumed that 5-HT-LIR ICNs are also TPH-IR.

5.3.2 Basal heart rate.

In the current study the initial rate of the isolated hearts in the bath was 112 + 5
beats'min™ (n = 40; range 88 — 144 beats per minute). Chronotropic changes presented
below are shown as proportional changes in R-R interval relative to these values obtained

prior to the experimental trials (“controls”).
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5.3.3 Effects of 5-HT on R-R interval.

The effects of 5-HT and serotonergic agents are summarized in Figure 5.3. 5-HT
alone resulted in a significant increase in R-R interval. In hearts exposed to ketanserin
(KET; a 5-HT; receptor family antagonist) and spiperone (SPIP; a general 5-HT and
dopamine 2 receptor antagonist) the elongation of the R-R interval during exposure to 5-
HT was blocked and R-R interval was found to not differ significantly from control (1.04
+0.04 and 1.11 + 0.05 times control, respectively). In hearts exposed to fluoxetine (FLX;
5-HT reuptake inhibitor at presynaptic membrane) there was significant increase in 5-HT-
induced R-R elongation to 2.63 + 0.27 times control, which was significantly different
from control and those receiving 5-HT alone. In hearts exposed to 5-HT during autonomic

input blockade (AB) a significant elongation of the R-R interval was still observed.

5.4 Discussion

Though the reported actions of 5-HT are complex and often contradictory, several
lines of evidence now suggest that 5-HT has a regulatory role in cardiovascular function
from embryogenesis through adulthood (Nebigil and Maroteaux, 2001). The complex
effects of 5-HT in the cardiovascular system, its involvement in the initiation and
progression of pathology, and the growing targeting of 5-HT-related mechanisms for
developing pharmaceutical therapies, taken together reinforce the need to better

understand the distribution and basic actions of 5-HT in the heart.

5.4.1 Distribution of 5-HT within the zebrafish heart.
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5-HT has previously been identified in the hearts of rats (Beauvallet et al., 1968;
Berkowitz et al., 1974), cats (Votavova et al., 1971), dogs (Madan et al., 1971), and
humans (Singh ef al., 1998). Although previous studies have described the distribution of
5-HT in the periphery of zebrafish (Jonz and Nurse, 2003; Qin et al., 2010), the current
study represents the first description of the distribution of 5-HT within the zebrafish heart.

In the current study cells within the atrial myocardium represented the most
plentiful source of 5-HT immunoreactivity. These cells ranged in shape from round to
spindle shaped, with the most common morphology being ovoid. Spindle shaped cells
associated with atrial trabeculae frequently had long, thin cytoplasmic extensions from the
cell somata; however, this was not a feature in all 5-HT-LIR cells. 5-HT-LIR cells were
found to be associated with atrial trabeculae, as demonstrated by co-labelling with
phalloidin, but these did not extend into the working myocardium. 5-HT has previously
been reported in endocardial cells (Yavarone ef al., 1993) and it has been proposed that
atrial 5-HT-LIR cells currently described likely represent an endocardial cell type; final
confirmation of this in zebrafish will require a the use of a combination of markers for 5-
HT and for endothelial cells. The atrial 5-HT-IR cells in zebrafish did not express TPH,
indicating that 5-HT content was most likely the result of uptake and not synthesis. Sari
and Zhou (2003) showed in cultured rat myocytes that 5-HT was detected in the absence
of TPH, indicating that the 5-HT content of the myocytes was due to uptake and not
synthesis, in agreement with our findings and those in other species (Yavarone ef al.,
1993). Though it was determined that the 5-HT immunoreactivity within the atrial
myocardium described above was likely not due to platelets remaining within the

trabeculae as platelet size (<3 um) was found to be inconsistent with 5-HT-IR cells
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observed in the atrial wall, it is possible that minimal 5-HT immunoreactivity observed
within the atrium was due to this source.

In the tissue at the junction of the sinus venosus and atrium, distributed between
the vascular tissue of the sinus venosus and atrial myocytes, there existed a second
population of 5-HT-IR cells, which given their morphology, have been termed multipolar
cells. These cells were smaller than ICNs, with numerous short projections from the cell
somata, imparting a glial- or astrocyte-like appearance. The 5-HT-IR multipolar cells,
though, did not show immunoreactivity for the synthesizing enzyme TPH, indicating that
5-HT within these cells is likely the result of uptake and not synthesis. In the CNS it is
known that glia and astrocytes actively sequester neurotransmitter substances including
NE, dopamine, and 5-HT (Henn and Hamberger, 1971). It is thus tempting to speculate
that the 5-HT-IR multipolar cells in the heart of the zebrafish represent a peripheral variant
of these cells. Further to this, 5-HT-IR multipolar cells were not observed to express
immunoreactivity for general neuronal markers AcT-Hu. Though AcT-Hu has previously
been established as a general neuronal marker in the zebrafish (Olsson, 2009; Stoyek et al.,
2015), it is not currently known how efficacious these markers are for detecting all neuron
types in the zebrafish. That multipolar cells shown in this study were Hu-negative, and
display glial- or astrocyte-like morphology, does not necessarily eliminate the possibility
that such cells represent a class of neurons that is Hu-negative, and further investigation
into their cellular identity must be performed.

Cardiac ganglia have long been thought to contain only cholinergic post-ganglionic
neurons, though there is accumulating evidence that cardiac ganglia of zebrafish as well as

numerous other vertebrate species contain a heterogenous population of neurons that
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synthesize or respond to numerous neuromodulators (Singh et al., 1999, Pauza et al.,
2014; Stoyek et al., 2015). Singh et al. (1999) previously reported that ICNs in the human
heart were the only cells that contained TPH, indicating that they were capable of
synthesizing 5-HT. In the zebrafish heart, a population of ICNs with similar morphology
and distribution to those expressing 5S-HT immunoreactivity expressed TPH. This finding
indicates that in zebrafish these ICNs could potentially actively synthesize 5-HT, and that
this may be a feature of serotonergic ICNs conserved in mammals.

5-HT can also be taken up by sympathetic neurons for later co-release with NE and
other aminergic transmitters and peptides (Nebigil and Maroteaux, 2001; Jaffre et al.,
2009). In the current study, however, co-labelling of either 5-HT or TPH with TH in ICNs
was not observed, suggesting that such co-release may not occur in the zebrafish heart. It
has been suggested that inconsistencies in the literature regarding 5-HT-immunoreactivity
could be due to the sensitivity of the technique used to detect 5-HT, the state and source of
the tissues examined, or the species examined (Singh et al, 1999). This is supported by
reports that pre-treatment with serotonergic agents greatly altered 5-HT detected by
immunohistochmical methods (see Yavarone et al., 1993). Therefore it is possible that
pretreatment with serotonergic compounds could potentially enhance the content of 5-HT
contained within ICNs, which may reveal such colocalization of these markers in the
zebrafish heart. Future investigation of the serotonin transporter (5-HTT; Sari and Zhou,
2003) serotonin binding protein (SBP; Tamir and Gershon, 1993), as well as the
modulation of 5-HT and its activity by compounds such as angiotensin, could also provide

valuable insights to the function of serotonin in control of the heart in zebrafish.
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5.4.2 5-HT effects on heart rate.

Given the broad distribution, and potential influence, of 5-HT within the zebrafish
heart, the chronotropic response to exogenously applied 5-HT was investigated. In the
isolated zebrafish heart 5-HT application, presumably mimicking the endogenous release
of 5-HT, resulted in a degree of bradycardia similar to that observed in the hearts of rats
(Yamano et al., 1994; Chuang et al., 1993), cats (Schneider and Yonkman, 1953, Jacobs
and Comroe, 1971), and dogs (MacCanon and Horvath, 1954). The intent of the current
study was to characterize cardiac responses elicited by 5-HT. A potential limitation to this
study is that 5-HT was delivered as a focal bolus directly over the heart tissues, therefore
neither the absolute concentration in the bath, nor at the receptors within the heart, could
be determined.

In the current study serotonergic antagonists ketanserin and spiperone prevented 5-
HT-induced bradycardia, supporting that serotonin receptor activation was likely
responsible for the negative chronotropic effects. Spiperone is known to act at both 5-HT;
and 5-HT,, suggesting that the observed rate effects could be the result of the action of 5-
HT at either of these receptors. In the zebrafish it has been shown that ketanserin, a
selective antagonist of 5-HT, receptors, blocks the physiologic effects of 5-HT on
chemosensory afferent fibres of the gills (Shakarchi ef al., 2013). That both spiperone and
ketanserin blocked 5-HT-induced bradycardia, suggests a role for the 5-HT, receptor in the
zebrafish heart. In mammals the diversity of 5-HT receptors, and the lack of 5-HT
receptor-subtype-specific antagonists have previously complicated the identification of
specific receptors involved in controlling cardiac indices (Nebigil and Maroteaux, 2001).

Further to this are reports of multiple serotonergic agents interacting with lipid membrane
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organization, which may confound the interpretation of receptor-mediated responses
through action indirect, non-specific actions (Tessier et al., 2008).

A potential confound to the pharmacological identification of receptor subtypes in
zebrafish is that there exist reports of similar results with broadly ranging antagonists that
have been suggested to be due to a structural commonality in post-synaptic serotonergic
receptors (Maximino et al., 2013). In addition, is the duplication event that occurred in
teleosts which produced numerous genes that were later lost. In the zebrafish this
duplication includes the 5-HT; receptor and 5-HT transporter (5-HTT); though it is
assumed that functional proteins are still coded for both the 5-HT; receptor and 5-HTT, as
the signaling and binding properties of both are retained (Maximino et al., 2013; Stewart
et al., 2013). It is currently not known if, or how, other 5-HT receptors may have been
affected by this duplication event.

The SSRI fluoxetine has previously been reported as minimally associated with
cardiac effects (see review in Gorman and Sloan, 2000). However, the phenotype of
transgenic mice overexpressing 5-HT ;R autoreceptors, which would recapitulate a
reuptake inhibition, included a marked bradycardia, which frequently progressed to death
(Audero et al., 2008). The concentration of fluoxetine used in this study was based upon
previous publications in zebrafish which described it as lowest dosage capable of blocking
CNS effects, but that did not result in reduction of heart rate (Prieto et al., 2012). It is
therefore assumed that the enhanced bradycardic effects of 5-HT observed in the current
study during exposure to fluoxetine were the result of increased 5-HT exposure, due to the
prevention of 5-HT reuptake, and not a cardiac action of fluoxetine itself. The

electrophysiologic effects of serotonergic compounds, such as fluoxetine, are known to
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include alterations in ion channel function, lengthening of depolarization and
repolarization phases of the cardiac action potential, widening of the QRS complex,
prolongation of the QT interval, or alterations in L-type calcium and transient outward
potassium currents (Park et al.,1999; Sala et al., 2000). It is thus possible, that such
changes could represent the underlying cause for the fluoxetine-induced bradycardia
observed in this study.

In previous reports an increase in arrhythmogenesis has been described with the
use of ketanserin or fluoxetine (Saman et al., 1985; Rajamani ef al., 2006). In preliminary
experiments for this study exposure to fluoxetine or ketanserin at concentrations between
20-100 uM was found to induce bradycardia and arrhythmias, demonstrating that this
phenomenon also occurs in the zebrafish heart. In the presence of ketanserin the initial
presentation was brady-arrhythmia, which as concentration was increased, progressively
led to cardiac standstill. Injection of 5-HT during the period of ketanserin-induced
arrhythmogenic susceptibility would inevitably lead to a rapid increase in R-R interval and
deteriorating to cessation of contraction.

In the presence of fluoxetine at concentrations between 20-50 uM, arrhythmias
often presented as premature depolarizations on the ECG, which did not initiate an ectopic
beat. If fluoxetine concentration was then increased or 5-HT injected, these premature
depolarizations increased in frequency, leading in some cases to fibrillation. At the highest
concentration of fluoxetine tested (100 uM), there was frequent spontaneous initiation of
premature depolarizations, which in all cases led to cardiac fibrillation within 1 minute of

exposure. The presence of these arrhythmogenic effects of serotonergic compounds in the
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zebrafish heart, similar to those observed in mammalian hearts, thus establishes the

potential utility of this model for studying the effects of 5-HT in pathological states.

5.4.3 Conclusions.

5-HT-related mechanisms have been implicated in normal cardiac processes (Xu et
al., 2002; Sari and Zhou; 2003; Yavarone et al., 2005; Yabanoglu et al., 2009), as well as
in the initiation and progression of pathological states including cardiac hypertrophy
(Bianchi et al., 2005; Jaffre et al., 2009), heart failure (Sole et al., 1979), coronary and
pulmonary hypertension (Vikenes et al., 1999; Fishman 1999), and cardiac arrhythmias
(Saman et al., 1985; Fishman, 1999; (Nebigil and Maroteaux, 2003). As a result the
actions of 5-HT, and related pathways, have been widely explored for pharmaceutical
development for the treatment of pathologies ranging from antidepressants to appetite
suppressants (Levy 2006). Perhaps the best studied of these is the interactions of
antidepressants with the cardiovascular system (see Levy, 2006; Gorman and Sloan, 2000;
Dawood et al., 2007). The most commonly prescribed medications for depression are
selective serotonin reuptake inhibitors (SSRIs; Prieto ef al., 2012). While SSRIs have been
shown to have minimal effects on cardiac conduction, there exist a growing number of
reports implicating SSRIs in fibrillation and arrhythmic events (Pacher ef al., 1999).
Compounding this are reports implicating that psychosocial factors, such as mood and
anxiety disorders, as having a significant role in the prognosis of adverse cardiac events;
meaning that a population already potentially susceptible to cardiac dysfunction could be
taking drugs which themselves are known to potentially adversely affect cardiac function

(Roose and Miyazaki, 2005; Gorman and Sloan, 2000) emphasizing the need to better
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understand the cardiac effects of serotonergic agents on cardiac performance. Taken
together the results of this study lay the foundation for future studies to investigate in

greater depth the pharmacology of 5-HT in the heart.
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Figure 5.1. 5-HT-immunoreactivity in the atrial wall. A: Schematic showing the cardiac
regions: atrium, a; bulbus arteriosus, ba; sinoatrial region, SAR; sinus venosus, sv;
ventricle, v. Box indicates the approximate location of images in panels B-D. B:
Acetylated tubulin and human neuronal protein C/D (AcT-Hu; white) and 5-HT (green)
immunoreactivity in the atrial myocardium. Musculature is labelled with phalloidin (Phal;
magenta). 5-HT-IR cells were localized to the luminal edges of atrial trabeculae. Dashed
box indicates the region of panels C-D. C-D: Single confocal images enlarged to show the
variety of 5-HT-immuoreactive (-IR) cell morphologies from panel A. 5-HT-IR cells
within the atrial wall were restricted to the endocardium. Most 5-HT-IR cells were round
to ovoid in shape (C, arrows) with some elongated spindle-shaped cells also observed (D,
arrows). In all preparations AcT-Hu-IR somata and axons were observed in close
proximity to 5-HT-IR cells; though direct innervation was not observed. Scale bars: 150

um in B; 75 pm in C-D.
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Figure 5.2. Organization of 5-HT-immunoreactivity in the sinoatrial region (SAR). A:
Schematic showing the cardiac regions: atrium, a; bulbus arteriosus, ba; sinoatrial region,
SAR; sinus venosus, sv; ventricle, v. Boxes indicate the locations of images in panels B-E.
B: Acetylated tubulin and human neuronal protein C/D (AcT-Hu) and 5-HT
immunoreactivity at the junctions of the left vagosympathetic trunk with the SAP. Dashed
box indicates the region of panel C. C: A single confocal image enlarged to show the 5-
HT-immuoreactive (-IR) cell morphology from panel A. Cells in this region showed 5-HT-
IR most strongly in the cell somata, with small, short projections observed off most
somata. These cells did not express immunoreactivity with AcT-Hu. D: Within the SAR,
some neuronal somata contained 5-HT, and did co-express AcT-Hu (indicated by
arrowheads). E: In a separate groupof hearts neuronal somata of the same morphology as
5-HT-IR somata co-expressed AcT-Hu with tryptophan hydroxylase (TPH; indicated by

arrowheads). Scale bars: 75 pm in A; 40 ym in B, 40 um in D-E.
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Figure 5.3. Chronotropic responses to 5-HT and serotonergic agents. Exposure to 5-HT
increased R-R interval. Effects of 5-HT were eliminated during exposure to ketanserin
(KET) and spiperone (SPIP). Fluoxetine (FLX) increased the R-R interval change during
exposure to 5-HT. A reduced, but still significant R-R elongation occurred during
autonomic input blockade (combined atropine and timolol). *P < 0.05 vs. control by one-
way ANOVA with Tukey’s post hoc test; + P < 0.05 vs. 5-HT by Pair-wise t-test; n=8 for

each group.
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CHAPTER 6

THE ISOLATED ZEBRAFISH HEART AS A MODEL TO
STUDY THE CHRONOTROPIC EFFECTS OF VAPOUR ANAESTHETICS
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6.1 Introduction

Anaesthetic agents act at multiple cellular and biochemical target sites to cause
widespread depression within the vertebrate central nervous system (CNS). These agents
evoke unconsciousness, immobility and inhibition of sensory inputs (Fish et al., 2008;
Flecknell, 2009), thereby allowing invasive surgeries and experimental procedures to be
performed. Within the CNS the effects of anaesthetics involve several mechanisms,
including modulation of ligand-gated ion channels and facilitation or depression of
neurotransmission (Hemmings et al., 2005; Mashour and Lydic, 2011).

In addition to their desired effects, all general anaesthetic agents in common use
have a broad array of detrimental intra- and post-operative side effects on organs and
systems including the nervous system and heart (Ross and Ross, 2008; Fowler and Speiss,
2009). Ligand-gated receptor mechanisms, upon which general anaesthetics act in the
CNS, are also present in peripheral components of the autonomic nervous system,
including the intracardiac nervous system (ICNS), which forms a common pathway for
neural control of the vertebrate heart (Armour, 2008; Stoyek et al., 2015). Furthermore,
many of the same ligand-gated receptors, and ion channels, are present on cardiac
myocytes and atrial pacemaker cells, so circulating anaesthetics may also directly target
these cells. Anaesthetics can suppress or compromise autonomically regulated homeostatic
functions (such as breathing, heartbeat and blood pressure) to varying degrees (Mashour
and Lydic, 2011). Cardiac side effects of general anaesthetics are documented in species
from fishes to mammals and include dose- and exposure-time dependent heart rate
changes, arrhythmias and alterations in electrocardiogram (ECG) properties, conduction

and myocardial contractility, which together culminate in reduced cardiac output
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(Dershwitz and Roscow, 2008; Forman and Mashour, 2008; Sear, 2008; Angelottiv, 2011).
The major cardiac side effect of anesthesia is bradycardia, or reduction in heart rate, which
increases the danger that the heart will not be able to supply sufficient blood to the body
tissues during surgery. The basic mechanisms underlying the cardiovascular side effects of
anaesthetics, however, are not clear in any vertebrate species (see Fish et al., 2008).
Zebrafish are being increasingly used as model organisms for the assessment of
drug- and anaesthetic-induced heart rate effects (Moore et al., 1994; Huang et al., 2010;
Chen et al., 2015). Recent reports have described significant advantages of the zebrafish
model over more traditional mammalian models such as rodents, canine or porcine species
for evaluating cardiac function and dysfunction. These advantages include: reduced
expense, the requirement for smaller amounts of test compounds, and the possibility for
increased sample sizes (Chaudhari ef al., 2013). Although the zebrafish heart is two-
chambered, and thus simpler than the four-chambered mammalian heart, the operation of
the fish heart is fundamentally similar to that of mammals, matching cardiac output to
blood perfusion requirements, and employing the same pacemaker system and its neural
control (Stoyek et al., 2015; Stoyek et al., 2016). Moreover, the basic electrical properties
of the zebrafish heart, including underlying ion channels, better parallel those of the
human heart than murine models (see Arnaout et al, 2007). In addition, the small size of
the zebrafish heart permits the whole organ to be visualized at once using standard
microscopy. These advantages allow precise experimental control of isolated hearts, and
the small volume of the in vitro bath requires minimal quantities of the test drugs. The
basic structure of the ICNS in zebrafish has been described (Stoyek et al., 2015), which is

consistent with that of humans and other mammalian models (Irisawa, 1978; Mangoni and
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Nargeot, 2008; Pauza et al., 2013; Pauza et al., 2014; Li et al., 2015). Further to this, the
physiological aspects of the neural control of chronotropy, and advantages for studies
investigating modulation of chronotropy, in the isolated zebrafish heart have been
previously described (Stoyek et al., 2016; Chapter 3). The in vitro zebrafish heart thus
provides an ideal model for allows the investigation of cardiac responses to anaesthetic
agents, independent of influences by other systems within the body that may complicate
experiments on cardiac function in vivo.

In the current study, isolated zebrafish hearts were exposed to vapor anaesthetics
over a range of doses to determine their effects on beating rate, measured by quantification
of interbeat (R-R) intervals in recorded ECGs. To investigate the contributions of neural
and myocardial mechanisms involved in the disruption of heart rate by anaesthetics
autonomic antagonists were used to block neural influences. The results of the current
study will further our understanding of the cardiotropic roles of modern anaesthetics, their
pathways of action and biological activity, which is critical to advance our understanding

of the regulation of cardiac output during anesthesia.

6.2 Methods

An expanded Methods section is provided in Appendix A

6.2.1 Animals.
A total of 72 adult, AB strain zebrafish (12-18 months post-fertilization) of both
sexes were used in this study. Institutional approval for animal use in this study was

obtained from the Dalhousie University Committee on Laboratory Animals.
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6.2.2 Heart isolation.

Zebrafish were anaesthetised in a buffered solution (pH 7.2) of tricaine (MS-222;
1.5 mM) and the heart was exposed through a ventral midline incision. A block of tissue
encompassing the ventral aorta, ventricle, atrium, sinus venosus and ducts of Cuvier was

then removed for in vitro recordings.

6.2.3 Measurement of heart rate and vagosympathetic nerve electrical stimulation.

Hearts were bath perfused with zebrafish saline and allowed to equilibrate for 30
minutes to ensure stable heart rate (HR) and to allow for washout of any residual tricaine
(see Potential effects of tricaine as overdosing agent). ECG signals were recorded from the
atrium and ventricle with bipolar suction electrodes. Cardiac responses were analyzed by
measuring the time between R-waves of the ECG (R-R interval; see Figure 6.1). Bipolar
wire electrodes were used to deliver trains of rectangular pulses (0.5 ms pulses, 300 pA, 1-
20 Hz) to cardiac VSN. Atrioventricular delay was measured by the latency between atrial

and ventricular R-waves within individual cardiac cycles.

6.2.4 Potential effects of tricaine as overdosing agent.

As a tricaine can alter HR in zebrafish (Huang et al., 2010), preliminary
experiments were performed to investigate if the use of this anaesthetic compound may
have affected the hearts. Residual tricaine from the initial overdose was washed out for 30
minutes, and then the hearts were exposed to a solution of tricaine in the perfusate that was

equal in concentration to that used in the overdose procedure for 1 minute before being
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switched back to fresh perfusate. Tricaine exposure caused an increase in mean R-R
interval to 1.9 + 0.12 times the mean pre-exposure value, and recovery to pre-tricaine R-R
interval occurred by 8.5 £+ 1 minutes after the switch to fresh saline. A standardized
washout time of 30 minutes for all hearts in the bath was performed before experiments

were done in this study.

6.2.5 Anaesthetic agents.

Desflurane (DSF), isoflurane (ISF) or sevoflurane (SVF) were mixed with room air
through standard vaporizers that bubbled into a sealed reservoir of zebrafish saline; the
tissue was then perfused with this mixture. Concentration of anaesthetics in the perfusate
was measured by sampling with a standard patient vapor-phase anaesthetic monitor from
the air space in the reservoir. The dose of each anaesthetic was adjusted relative to the
minimum alveolar concentration for that agent required to maintain a clinical level of
anaesthesia in patients (designated "1.0 MAC" for the purposes of the present study).
Desflurane was mixed at 3-12% (6% =1 MAC), while isoflurane and sevoflurane were

mixed at 0.75-3% (1.5% = 1 MAC).

6.2.6 Anaesthetic test procedures.

All anaesthetics used have negligible solubility in water. To test anaesthetic dosage
in the perfusate, random samples were drawn into a sealed container from the perfusate
reservoir during experiments and allowed to off-gas. Dosages measured from the off-
gassing samples were assumed to be in equilibrium with the perfusate, and were

statistically similar to those recorded during the initial setup stage for each experiment (t-
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test; data not shown). The apparatus for anaesthetic procedures is summarized in Figure
6.1.

For studies on time-dependent cardiac effects, preliminary results showed that
changes in R-R period from the pre-anaesthetic value (control) at 15 minutes and 1 h of
exposure were statistically similar for all anaesthetics (data not shown). Therefore in all
subsequent experiments, hearts were exposed to anaesthetic for a standardized period of 15
minutes.

For concentration-effect studies, the minimum dosage that evoked a detectable
change in heart rate over a 30 minute exposure period was 0.5 MAC (data not shown). For
the purposes of this study, anaesthetics were applied in dosages increasing from 0.5 MAC
to 2.5 MAC (this dosage represented the highest concentration that could be delivered by
the vaporizers).

As a control for anaesthetic exposure, in pilot experiments a group of hearts was
perfused with saline that had been bubbled through the vaporizer system with no
anaesthetic present. Cardiac responses were observed only when the vaporizer was
delivering anaesthetic to the perfusate. It was thus assumed that chronotropic effects of

anaesthetics were in fact due to these agents reaching the isolated heart.

6.2.7 Pharmacologic agents.

Atropine (10 pM) and timolol (100 uM) were delivered in combination starting at
15 minutes prior to and continuing through the period of anaesthetic delivery. Experiments
involving atropine and timolol will henceforth be referred to as “autonomic blockade”

(AB).
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6.2.8 Data Analyses.

All data are presented as means + standard error of the mean (SEM). One-way
ANOVA with Tukey’s post-hoc, student’s T-test and linear regression were used to
analyze the data, using SPSS. P values < 0.05 were considered to indicate significant

differences among mean values.

6.3 Results
6.3.1 Heart function in vitro.

Mean initial HR was 103 + 3 beats-minute (range 77-166 beats-minute™), and
mean initial atrioventricular delay (AVd) was 57 + 2 ms (range 41-84 ms). For each
specimen, HR and AVd varied by <10% between treatments over the 2 hr experimental
period. For the purposes of the experiments in this study, control HR and AVd for each
treatment were taken as the values measured immediately prior to applying each treatment,
and responses are presented as relative changes during anaesthetic exposure relative to

pre-exposure values.

6.3.2 Time course of anaesthetic-induced changes in HR and AVd

The HR effects of exposure to 1.0 MAC of a given anaesthetic are summarized in
Table 1 and Figure 6.2. All anaesthetics tested showed a tendency to increase R-R
intervals starting at 5 minute exposure; these changes reached significance at 15 minutes

exposure. Anaesthetic-induced changes in AVd were not significantly time-dependent
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with the exception of ISF, which evoked a significant increase in delay at 15 minutes

exposure.

6.3.3 Concentration-dependent changes in HR and AVd.

Given that the effects of all anaesthetics on HR reached a plateau level at 15
minutes exposure time, this was used as the standard exposure time for evaluating
concentration-dependent effects; these are summarized in Table 1 and Figure 3.
Significant bradycardia was observed during exposure to DSF and SVF with at all
concentrations tested. Exposure to ISF evoked significant changes in rate at concentrations
of 1.0 MAC and above.

AVd was not significantly altered by any anaesthetic at 0.5 MAC, while only ISF
caused AVd to change significantly at 1.0 MAC. In contrast, all anaesthetics caused AVd
to increase significantly at 2.5 MAC (Table 1; Fig. 6.3).

At the highest dosage used in this study, all anaesthetics caused arrhythmias during
prolonged exposure. For instance, in 3 of 6 hearts exposed to ISF arrhythmias resembling
fibrillation developed by 25 minutes exposure at 2.5 MAC (data not shown). DSF also
caused a fibrillation-like arrhythmia in 2 hearts exposed at 2.5 MAC for 25-30 minutes,
while another heart developed a conduction block in which the relationship of atrio-

ventricular contraction varied between 2:1 and 3:1.

6.3.4 Effects of autonomic blockade and vagosympathetic nerve stimulation.

To investigate the contributions of neurally-mediated and myocardial mechanisms

involved in anaesthetic-mediated disruption of heart rate, isolated hearts were exposed to
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anaesthetics under autonomic blockade using a combination of atropine
(parasympatholytic) and timolol (sympatholytic). The effects of autonomic blockade
during exposure to anaesthetic are summarized in Table 2 and Figure 6.4. In the presence
of autonomic blockade, significant bradycardia was still observed after 15 minutes
exposure to DSF and DSF, while there was no significant change in HR during exposure
to SVF. During autonomic blockade as there were no changes in AVd at 1.0 MAC with
anaesthetic alone for DSF and SVF, and there would be no expected changes, HR alone
was measured.

Stimulation of the vagosympathetic nerve trunks caused a significant R-R interval
elongation in the absence of anaesthetic (Table 2 and Figure 6.5). During exposure to DSF,
repeat nerve stimulation resulted in a further elongation of R-R interval that was
significantly greater than the change evoked by nerve stimulation alone. This effect was
not observed during combined nerve stimulation and exposure to either ISF or SVF (Table
2; Fig. 6.5). As a control for the efficacy of vagosympathetic nerve stimulation in these
experiments, cardiac nerve stimulation, anaesthetic and autonomic blockade were
combuined; no chronotropic changes were observed under these conditions for any

anaesthetic agent (Table 2).

6.4 Discussion

General anaesthetics have been a mainstay of surgical practice for more than 150
years, but the mechanisms by which they mediate their clinical actions remain unclear
(Chen et al., 2005). These agents often produce undesirable side effects, in particular

respiratory and cardiovascular depression, each of which involve unknown targets
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(Hemmings et al., 2005). Clinically, a growing number of non-cardiospecific drugs,
particularly anaesthetic agents, have been shown to affect cardiac function and thus carry
an increased risk of adverse cardiovascular events (Ross and Ross, 2008; Fowler and
Speiss, 2009). In research on a wide variety of animal models for cardiovascular diseases,
it has been found that the type and dosage of anaesthetic that is used may have a
significant impact on cardiovascular measurements. The literature in this field reflects a
wide range of anaesthetic and dosing regimes that have been utilized depending on the
type of experimental intervention, study design, species and strain differences, and
institutional regulations (Janssen et al., 2004).

In this study the viability of the isolated zebrafish as a novel model for the study of
the cardiac effects of vapor anaesthetics has been established. The adoption of zebrafish
into anaesthetic research programs has been hampered by specific limitations, including
difficulties in determining the exact dose of anaesthetic compound administered,
uniformity in interpretation of results and correlation of dosages that may cause adverse
effects in the zebrafish heart to dosages effective in other species (Chaudhari et al., 2013).
One issue addressed in the current study was that of the potential lack of anaesthetic
solubility in aqueous solutions. The vapor-phase anaesthetics used in the current study are
considered to be insoluble in water, but preliminary experiments anaesthetic
concentrations reported by the patient monitor correlated with anaesthetic concentration in
the perfusate as shown by off-gassing controls. In addition only R-R period changes were
observed only when the anaesthetic was being actively vaporized, indicating that the
observed changes were in fact a result of exposure of the isolated heart to anaesthetic

agent. While the exact form that the anaesthetic agents took in the perfusate was unknown,
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it is possible that these agents entered the aqueous phase as a result of ‘microbubbles’
formed during passage of the gas through the aerator, eventually reaching the heart.

That the intracardiac elements of neural control and basic operation of the
sinoatrial pacemaker, are highly conserved from zebrafish to humans (Stoyek et al., 2015;
Stoyek et al., 2016) were key factors in the choice of model. This, together with reports
demonstrating conservation of gene and protein and function for many established sedative
hypnotic pathways throughout the vertebrates, further supports the applicability of using
the zebrafish heart in such studies (Renier et al., 2007). While the use of the isolated
zebrafish heart may be oversimplified in terms of addressing the broadly integrated
mechanisms underlying anaesthetic side effects during surgery, it could be argued that
eliminating all non-cardiac factors to focus on effects of intracardiac origin is a strength of
the model. Thus, it is felt that such research in the zebrafish ultimately has the potential to
provide useful insights into the cardiac effects of anesthesia and their underlying

intracardiac mechanisms in the clinical setting.

6.4.1 Effects of anaesthetics on HR and AVd.

In previous studies in mammals a variety of responses, including tachycardia
(Ebert and Muzi, 1993; Yli-Hankala et al., 1993; Ebert and Muzi, 1994; Weiskopf et al.,
1994; Ebert et al., 1995a; Ebert et al., 1995b; Marano et al., 1996) and bradycardia
(Poterack et al., 1991; Park et al., 1999, Preckel et al., 1998; Janssen et al., 2004;
Constantinides et al., 2011) as well as stabilized HR (Holaday and Smith, 1981; Manohar
and Parks, 1984; Bernard et al., 1990; Harkin et al., 1994; Ebert et al., 1995a) have been

described in response to exposure to inhalational anaesthetics. However, the prevailing
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cardiac response is a depression of cardiac output, most likely mediated by slowing of HR
(Hanley et al., 2002; Janssen et al., 2004). Such a variety of responses reinforce the need
for a model to better understand the underlying mechanisms of such effects.

In the isolated zebrafish heart there was a general reduction in HR with all
anaesthetics, occurring in a time- and dose-dependent manner similar to effects described
in the mammalian heart. At 1.0 MAC, DSF, ISF, and SVF all evoked elongation of the R-
R interval within 5 minutes of exposure to the anaesthetic in perfusate, with significant
changes in interval occurring at 15 minutes exposure.

AVd tended to be highly variable during exposure to the anaesthetics used in this
study, but only ISF evoked a significant increase in this factor. The current findings accord
with those of previous studies in the isolated zebrafish heart (Lin et al., 2014; Stoyek et
al., 2016). Furthermore, AVd seems to be unaffected by autonomic agents (Stoyek et al.,
2016). The relative lack of apparent effect of inhalational anaesthetics on AVd could have
resulted because subtle changes in delay time were masked by the inherently high beat-to-
beat variability observed in the zebrafish heart. As alterations in AVd are known to be
involved in arrhythmogenesis and re-entry, especially when there exist co-morbidities
(Goldreyer and Damato, 1971; El-Sharif et al., 1977; Aurricchio et al., 1999), this result
warrants further investigation to be properly understood.

In a previous study it was found that ISF co-delivered with tricaine resulted in a
more stable and maintainable HR during recoverable anesthesia in intact adult zebrafish
(Huang et al., 2010). While Huang et al. (2010) described the HR effects of tricaine alone,
and co-administration of ISF with tricaine in the in vivo and in vitro zebrafish heart; the

effects of ISF alone were not investigated. These authors concluded that the more stable
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HR observed with ISF and tricaine together was due to a positive synergistic interaction
between these agents on the heart, the mechanisms of which were not described (Huang et
al., 2010). In the present study a significant bradycardia was observed with ISF alone in
isolated hearts, and previous studies have shown that tricaine anaesthetic can have variable
cardiovascular effects in zebrafish (Huang et al., 2010; Chen et al., 2015). For instance,
Chen et al. (2015) showed that HR decreased to different degrees after anesthesia of 4 day
post fertilizaiton zebrafish with 1 mM tricaine. In this study, after the tricaine had been
replaced with embryo medium without anaesthetic, the zebrafish began to recover from
anaesthetic effects. Although no timeline for recovery was reported for these experiments,
in the current study exposing the isolated adult heart to tricaine resulted in a decrease in
HR similar to that shown in intact larval fish. Also, in the current experiments, as in the
larval experiments reported by Chen et al (2015), recovery from tricaine effects began
rapidly after switching the perfusate to fresh saline without tricaine. As in all experiments
there was an acclimation period of 30 minutes post-isolation, in which the heart was being
perfused with fresh saline, it is assumed that any tricaine that may have reached the heart,
would have been washed out. Thus, the effects that were observed during exposure to

DSF, ISF, and SVF were assumed to be due to those anaesthetics alone.

6.4.2 Concentration-dependent effects.

The clinical potencies of inhaled anaesthetics were established in studies by Eger et
al. (1965), who defined the ‘minimum alveolar concentration’ (MAC) as that
concentration necessary to inhibit response to a noxious stimulus in 50% of subjects

(Hemmings et al., 2005). While 1.0 MAC, as used in these experimets, represents a
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“clinically-relevant” dosage, effective concentrations of inhalational anaesthetics may vary
between individuals, or between induction of anesthesia and maintenance in the same
individual. Thus, to investigate potential concentration effects, the concentration in the
perfusate was varied from 0.5 — 2.5 MAC. R-R interval was significantly elongated
following a 15 minute exposure to both DSF and SVF at a concentration of 0.5 MAC.
Exposure to 2.5 MAC of all anaesthetics resulted in a stable, but significant R-R period
elongation. Previous mammalian studies in which concentration of ISF was increased
above 1.0 MAC have more consistently reported decreases in HR (see Poterack et al.,
1991)

At 2.5 MAC concentrations AVd was significantly increased revealing, contrary to
previous reports showing no alterations (Lin et al., 2014; Stoyek et al., 2016), that
anaesthetics could alter AVd. That AVd was elongated at these relatively high
concentrations suggests that the lack of alteration in AV delay at 1.0 MAC was, in fact,
likely masked by the high interbeat AV delay variability.

It has been proposed that an anaesthetic’s cardiac effects cannot be adequately
addressed by noting only that the heart shows no arrhythmias (Meek et al., 1937). In
preliminary experiments prolonged exposure (=25 minutes) or rapid increases (>1%) to
high concentration of DSF and ISF anaesthetic resulted in increased probability of
arrhythmogenesis, in accord with reports that these anaesthetics may be
proarrhythmogenic. The mechanism of this effect has been proposed to be through
modification of cardiac ion channel activity (Moore et al., 1994; Hiienke et al., 2004;
Zhou et al., 2012). DSF has also been associated with periods of substantial sympatho-

excitation and tachycardia when it is first introduced into the inspired gas after intravenous
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induction of anesthesia (Ebert and Muzi, 1993; Yli-Hankala et al., 1993; Ebert and Muzi,
1994) and during periods of steady state anesthesia when the inspired concentration is
abruptly increased (Ebert and Muzi, 1993; Moore et al., 1994; Weiskopf et al., 1994). ISF
has been shown to provoke a response that is qualitatively similar to that of DSF when
abruptly increased, but the magnitude of the response is far less (Ebert and Muzi, 1994;
Weiskopf ef al., 1994). The administration of SVF in rapidly increasing inspired

concentrations has not been associated with such effects (Ebert et al., 1995a).

6.4.3 Effects of autonomic blockade and vagosympathetic nerve stimulation.
Enhancement of inhibitory postsynaptic responses and inhibition of excitatory
synaptic transmission are generally thought to be the predominant mode of general
anaesthetic action in the central nervous system (Yamashita et al., 2005). Such disruption
of central neural control elements, some of which modulate tonic sympathetic and
parasympathetic outflow to the periphery, may also contribute to changes in
cardiovascular regulation (Price et al., 1963; Poterack et al., 1991). As many the receptors
involved in anaesthetic effects in the CNS are also present in the heart, it is not surprising
that disruption of the regulation of the circulation via direct actions of anaesthetics on the
heart, independent of autonomic activity, has been demonstrated (Wig et al., 1979;
Saarnivaara and Lindgren, 1983; Seagard et al., 1985; Aypar et al., 2007; Pauza et al.,
2014). In previous studies all hallmarks of autonomic innervation, and the physiology of
neural control, in the zebrafish heart have been shown analogous to those in humans
(Stoyek et al., 2015; Stoyek et al., 2016). Therefore, in this study, isolated hearts were

exposed to a combination of ATR (post-junctional muscarinic receptor blocker) and TIM
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(post-junctional beta-adrenergic receptor blocker), which blocked all effects of adrenergic
and cholinergic drive to the myocardium. This allowed differentiation of direct cardiac
actions of anaesthetics from those effects mediated via the ICNS.

It was found that of the agents tested, only the SVF-evoked bradycardia was
prevented by autonomic blockade, suggesting that the HR effect of this anaesthetic was
mainly of neural origin in the isolated zebrafish heart. Many volatile anaesthetics inhibit
neuronal nicotinic and muscle-type muscarinic acetylcholine receptors, even at sub-
anaesthetic concentrations (Flood et al., 1997; Violet et al., 1997; Yamashita et al., 2005).
The activation of muscarinic receptors in the CNS during anaesthetic has been shown in
the rat (Hudetz et al., 2003). Thus, it is may be that the results for SVF during autonomic
blockade represent, at least in part, a disruption in cholinergic receptor—mediated actions
of SVF in the CNS.

In contrast to SVF, even in the presence of autonomic blockade, a reduced, but still
significant bradycardia was observed with both DSF and ISF, suggesting that the cardiac
effects of these anaesthetics were mainly the result of actions directly on cardiac
pacemaker cells. This finding agrees with previous reports describing bradycardia due to
direct negative chronotropic effects of DSF when ANS activity was depressed or abolished
(Skovsted and Sapthavihaikul, 1977). Given the likelihood of direct myocardial effects of
DSF and ISF, the most likely mechanism would be inhibition of cardiac pacemaker cells.
In zebrafish and mammalian species hyperpolarization-activated, cyclic-nucleotide gated
channels (HCN), are known to contribute a major portion of the diastolic depolarizing
current in cardiac pacemaker cells (Irisawa, 1978; Mangoni and Nargeot, 2008). The

inhibition of HCN channels by inhaled anaesthetics occurs through a hyperpolarizing shift
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in the voltage dependence of activation of these cells and thus a decrease in maximal
available current, effectively blocking conductance over the typical subthreshold voltage
range (Chen et al., 2005).

In humans, reflex heart rate and changes in sympathetic nerve activity in response
to arterial pressure perturbations are diminished with increasing MAC of SVF; these
responses are generally similar to those produced by ISF and DSF (Ebert et al., 1995b).
Previous reports have described alterations in cardiac sympathetic and parasympathetic
vagal nerve traffic during periods of anesthesia, which were proposed to play a role in the
observed chronotropic effects (Kurosawa et al., 1989). In order to test the responsiveness
of the zebrafish heart to extrinsic cardiac nerve input, these nerves were stimulated during
exposure to anaesthetic, thus simulating CNS input to the intracardiac nervous system.
During exposure to DSF and ISF, VSN stimulation resulted in a significant bradycardia,
which was summative with anaesthetic effects. Though these results support the
hypothesis that DSF and ISF are acting on myocardial targets, they stand in contrast with a
previous description of ISF dose-dependently attenuating chronotropic responses during
CNS stimulation (Poterack ef al., 1991). VSN stimulation during exposure to SVF had no
chronotropic effect, which could be the result of depression of the intracardiac nervous
system by this agent, providing further support to the results of the autonomic blockade

experiments and suggesting that the chronotropic effects of SVF were of neural origin.

6.4.4 Conclusions.

Of the most important effects to understad about any anaesthetic agent is its action

on the heart and how such an agent may influence indices such as contractility,
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conductivity, or automaticity (Meek et al., 1937). There is now ample evidence that
clinical concentrations of most general anaesthetics, particularly volatile anaesthetics, have
interactions with multiple targets (Hemmings et al., 2005), and that interactions with these
targets can drastically alter normal function of the heart (Hiienke et al., 2004). There exist
many studies that have analyzed isolated cardiomyocytes in the presence of commonly
used anaesthetic vapours which have produced valuable insights into the side-effects of
anaesthetics at the molecular and cellular level (see Hiienke et al., 2004); however
interactions and effects at the level of the organ may differ. Though the small size of the
zebrafish heart presents its own technical challenges, its size also permits a level of
visualization, accessibility, and experimental manipulability of the whole organ, than has
previously been possible with other models.

On the basis of the current study, it appears most likely that no single target is
responsible for the chronotropic changes observed during anaesthesia, and that in all
probability the observed effects are the result of multiple interacting factors of neural and
myocardial origin. While the current study was designed to directly assess effects of
intracardiac origin, at the same time it excluded several mechanisms that may also be
important in the in vivo situation, such as modulation by autonomic centres within the
CNS. Consequently, the effect of inhalation anaesthetics in the in vivo zebrafish heart may
differ from what was observed in this study. Techniques developed in this study can now
be applied to “open-chest” preparations, akin to those used in canine studies, of the in vivo
zebrafish heart to investigate how the cardiac effects described here differ with direct CNS
input. Determining how and why commonly used anaesthetics cause a drop in HR, and

subsequently cardiac output, will provide insights into the improvement of such
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anaesthetics or the development of new ones which reduce or eliminate these effects. The
basic knowledge arising from the experiments described here will allow for the
investigation and identification of cardiac specific mechanisms and pathways to pursue in

reducing the cardiotropic consequences of anesthesia.
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Table 1: Summary of effects of desflurane (DSF), isoflurane (ISF), or sevoflurane (SVF)

on heart rate (HR) or atrioventricular delay (AVd) represented relative change in as

compared to pre-treatment values. Values are group (n = 6) means + SEM. AB, autonomic

blockade. * P < 0.05 by one-way ANOVA.

DSF ISF SVF
_ 5 1.25+0.09 1.38 +0.14 1.28 +0.09
®)

z % 10 1.34 +0.08 1.44+0.16 133+0.11
2= 15 1.61+0.09° 2.05+0.23 1.45+0.05"
o Y
= e 5 1.03+0.10 1.17 +0.06 1.13 £ 0.05

o

g Z 10 1.25+0.27 1.24+0.11 1.23 +0.05

= 15 1.33+£0.14 1.54+0.11 1.28 +0.09

_ 0.5 1.30 +0.06" 1.59+0.15 1.30 + 0.04"
ES % 10 1.59+0.10° 2.05+021* 1.45+0.07"
£ z 2.5 1.84 +0.08" 2.59+0.11% 1.57 +0.05"

5]

g = 0.5 1.16 < 0.08 0.96 +0.03 1214005
FO *
S § Z 10 1.30 £ 0.07 1.48 +0.07 1.28 +0.09
2.5 1.47 +£0.06" 1.53+0.117 1.88 +0.12"
<

un : — % *

=50 % 1.41+0.13 1.29 + 0.09 1.01 +0.02

mE <
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Table 2: Summary of effects of vagosympathetic nerve stimulation on heart rate (HR)
during exposure to desflurane (DSF), isoflurane (ISF), or sevoflurane (SVF). "P<0.05
compared to pre-treatment (VSN or AB) control values. ' P < 0.05 compared to pre-

anesthetic VSN by one-way ANOVA.Values are group (n = 6 each) means + SEM.

DSF ISF SVF
g VSN 1.36+0.10" 1.42+0.06" 133+0.11
E VSN 248 +0.11 1.76 + 0.08" 1.40+0.13"
/0]

M

Z VSN

% AR 1.26 +0.06 1.49 + 0.05 1.01 +0.01
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Figure 6.1. Schematic of the perfusion and electrocardiogram (ECG) recording system for
the zebrafish heart. A: Standard zebrafish saline or zebrafish saline treated with
desflurane, isoflurane, and sevoflurane were delivered to the heart from gravity fed
reservoirs, with saline type controlled by a three-way valve. Cardiac electrical activity was
monitored by via surface ECG, from atrial and ventricular leads, differentially amplified
and recorded to a PC. Anaesthetic concentration was monitored via a gas-chromatograph
patient monitor. B: Sample ECG recording from atrial and ventricular leads, showing P-,
R-, and T-waves. Chrontropic responses were quantified by changes in the interbeat (R-R;
grey bar) interval calculated from the atrial lead. Atrioventricular delay was quantified by

changes in P-R interval (grey bar; inset) calculated from atrial and ventricular leads.
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Figure 6.2. Time-dependent chronotropic responses of the isolated zebrafish heart to
anaesthetics. A: Interbeat (R-R) interval began to elongate within 1 minute of anaesthetic
exposure to desflurane (DSF), isoflurane (ISF), and sevoflurane (SVF), and showed a
maximal response at 15 minutes post-exposure. B: Atrioventricular delay (AVd) began to
elongate within 1 minute of anaesthetic exposure to desflurane (DSF), isoflurane (ISF),
and sevoflurane (SVF), and showed a maximal response at 15 minutes post-exposure.
Dashed line indicates the pre-treatment heart rate. *P < 0.05 vs. pre-exposure values by

paired One-way ANOVA; n=6 for each group.
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Figure 6.3. Concentration-dependent chronotropic responses of the isolated zebrafish
heart to anaesthetics relative to a 1.0 human minimum alveolar concentration (MAC) as
calculated by patient monitor. A: Effective concentrations inducing bradycardia in the
zebrafish heart were similar to clinical concentrations. Chronotropic responses were
observed beginning at 0.5 MAC and increasing at higher concentrations. B: Effects of
altering anaesthetic concentrations on atrioventricular delay in the zebrafish heart were
similar to clinical concentrations. Dashed line indicates the pre-treatment heart rate. *P <

0.05 vs. pre-exposure values by paired One-way ANOVA; n=6 for each group.
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Figure 6.4. Effects of anesthetic exposure during autonomic blockade on heart rate.
Isolated hearts were exposed to a combination of atropine (200 uM; parasympatholytic)
and timolol (100 uM; sympatholytic) to investigate the involvement of the intracardiac
autonomic nervous system. In the presence of autonomic blockade the significant
elongation of the R-R interval were still observed during exposure to desflurane (DSF) and
isoflurane (ISF) were maintained. Autonomic blockade prevented the elongation of the R-
R interval during exposure to sevoflurane (SVF). Dashed line indicates the pre-treatment
heart rate. *P < (.05 vs. pre-exposure values by paired Student’s #-test; n=6 for each

group.
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Figure 6.5. Effects of vagosympathetic nerve stimulation on HR during anesthetic
exposure. [solated hearts were exposed to anaesthetic or a combination of anaesthetic and
autonomic blockade to investigate the involvement of the intracardiac autonomic nervous
system. In all cases pre-anaesthetic VSN resulted in a significant elongation of the R-R
interval. In the presence of desflurane (A; DSF) and isoflurane (B; ISF) the effects of
VSN- and anaesthetic-induced R-R elongation were summative. Sevoflurane (C; SVF)
prevented the VSN-induced R-R elongation. Dashed line indicates the pre-treatment heart
rate. *P < 0.05 vs. pre-exposure values, P < 0.05 vs. pre-exposure VSN by paired

Student’s z-test; n=6 for each group.
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CHAPTER 7

CONCLUSIONS
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In the vertebrate heart the intracardiac nervous system is a common pathway for
autonomic control of cardiac output. Neural elements modulate the activity of effectors
within the heart to adjust cardiac output, maintaining optimal perfusion of the body tissues
under a wide range of metabolic activities. In this thesis I investigated the organization and
function of the intracardiac nervous system of the zebrafish heart. The focus of this work
is on the role of this part of the autonomic nervous system in controlling pacemaker cells
that determine heart rate, a key component in setting cardiac output. My work has revealed
within the zebrafish intracardiac nervous system a complex neuroanatomy in addition to
the classic cholinergic and adrenergic vertebrate hallmarks of cardiac control. Overall, the
results of my studies contribute significant advances in the establishment of the zebrafish
as a new model for studies of integrative autonomic cardiac control.

In Chapter 2 I have described the neuroanatomy of the zebrafish intracardiac
nervous system, distribution of intracardiac neurons, and their neurotransmitter
phenotypes. Most ICNs were located at the venous pole in a plexus around the sinoatrial
valve; the plexus contained cholinergic, adrenergic, and nitrergic ICNs and vasoactive
intestinal polypeptide-positive terminals. For these studies, I applied preliminary
immunohistochemical screening in the zebrafish heart using antibodies for the major
autonomic neurotransmitters known to be involved in the mammalian intracardiac nervous
system. Putative pacemaker cells near the plexus were identified with hyperpolarization-
activated, cyclic nucleotide-gated channel 4 (HCN4), a known markers for mammalian
pacemaker cells, and establishing one of the first putative pacemaker markers in zebrafish.

Extrinsic axons from the left and right vagosympathetic trunks innervated both the

sinoatrial plexus and atrial and ventricular walls. Results of this study have shown that the
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intracardiac nervous system in the adult zebrafish is anatomically and neurochemically
complex, providing a substrate for autonomic control of cardiac effectors in all chambers.
To further compare similarities, as well as potential differences, of the zebrafish
intracardiac nervous system with common mammalian models, future studies should focus
on other transmitters, peptides and modulators (e.g. angiotensins, kinins, and natriuretic
factors) known to be present in the heart of other species.

Given the rich cardiac innervation I described in Chapter 2, I next sought to
investigate the mechanisms through which the ICNS coordinates function. In Chapter 3 1
presented the isolated, innervated zebrafish heart as a novel alternative model for
functional studies of autonomic control of heart rate. Stimulation of individual cardiac
vagosympathetic nerve trunks evoked biphasic rate changes; these effects were mimicked
by direct application of cholinergic and adrenergic agents and blocked by autonomic
antagonists. Optical mapping of electrical activity confirmed the sinoatrial region as the
site of origin of normal pacemaker activity, and identified a secondary pacemaker in the
atrioventricular region. In addition putative pacemaker cells in the sinoatrial and
atrioventricular regions expressed adrenergic and cholinergic receptors. As with Chapter 2,
this study focused on the investigation of classical neurotransmitter modulators of heart
rate. In preliminary experiments it was observed that drastic, and dose dependent changes
could be induced by nitric oxide donors, as has been reported in mammals, and suggesting
that the zebrafish heart is responsive to other modulators. Future studies should therefore
focus on other known modulators of heart rate and their effects in the zebrafish heart.
Collectively, it was demonstrated that the zebrafish heart contains all the hallmarks of

cardiac control, establishing this preparation as a viable model for studies of integrative
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physiological control of cardiac function by intracardiac neurons.

In Chapter 4 I investigated the bilateral extrinsic vagosympathetic inputs to the
zebrafish heart, and through immunohistochemical detection of cFOS and pERK
upregulation, identified distinct populations of intracardiac neurons that were activated
during VSN stimulation. This represents the first study in which these markers have been
used to show the patterns of neuronal activation in the heart as a result of changes in
extrinsic drive, establishing a new method to investigate cardiac function. It is known that
activation of the intracardiac nervous system shifts the locus of the sinoatrial pacemaker
and the pattern of electrical activity to the myocardium in mammals. Given the distinct
patterns of vagosympathetic terminal fields (Chapter 2) and ICNs activated during
stimulation (Chapter 3), I sought to resolve if such spatial organization existed within the
effector cells. My studies reveal that the site of sinoatrial initiation can become
progressively more variable during graded vagal activation. That this disruption could be
blocked by autonomic antagonists supports the hypothesis that these effects have a neural
origin. This is the first detailed report of neurally mediated shifts in pacemaker locus in the
teleost heart. This powerful system is common to all mammalian models that have been
studied, and my results show that it is present also in the zebrafish heart. Therefore the
mechanisms, not only for autonomic control of pacemaker rate, but for the location of the
pacemaker itself, is conserved from fish to mammals.

In the preceding chapters I have established the basic neuroanatomy and function
of the ICNS in controlling heart rate in the zebrafish. In Chapters 5 and 6, I performed
studies to investigate the applicability of the isolated zebrafish heart for studies oriented to

more clinical issues. In Chapter 5, I demonstrated the intracardiac distribution of serotonin
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and its chronotropic effects, as well as dissected the proportion of these effects resulting
from direct serotonergic actions on the pacemaker cells versus those acting indirectly
through the ICNS for the first time. Serotonin distribution, as well as the chronotropic
effects of serotonin applied to the heart, mimicked those observed in mammalian species
and humans. That these effects could also be blocked or enhanced by the same
pharmacological agents that act in mammals supports the hypothesis that serotonergic
pathways and their actions are conserved from zebrafish to mammals. In my study, only
the cellular localization of serotonin was investigated, and while the staining patterns I
showed permit some inferences about the mechanisms of reuptake and synthesis, future
studies must confirm the roles of these processes within the cells I have identified. A
potential way to investigate this would be to perform immunohistochemical detection of 5-
HT, as well as precursors or enzymes, in hearts that have been treated with serotonergic
compounds which will alter endogenous 5-HT levels such as reserpine (to deplete
sequestered serotonin), permitting greater insights into these mechanisms.

In Chapter 6 I determined the chronotropic responses to vapour anesthetics and the
proportion of these responses resulting from direct effects on pacemaker cells versus those
acting indirectly through the ANS to alter rate were determined. Anesthetics that are
commonly used clinically had profound inhibitory effects on heart rate in the isolated
zebrafish heart. For two of three anaesthetics tested such inhibitions resulted from direct
effects on the myocardium, presumably acting on pacemaker cells. For the third anesthetic
used, I presented evidence that its action on heart rate occurred at least in part via the
intracardiac nervous system. Overall, the results of the studies in Chapters 5 and 6 offer a

new model for studies to further our understanding the direct and neurally mediated
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pathways involved in heart rate regulation that may potentially be responsible for heart
dysfunction known to occur in patients using serontonergic anti-depressants as well as
those observed in patients undergoing clinical anesthesia. Given that the studies in
Chapters 2 and 3 implicate HCN4, a channel crucial to the characteristic diastolic
depolarization of pacemaker cells, and that there exist pharmacologic blockers for this
channel (e.g. ivabradine and zatebradine), experiments combining exposure to these
compounds with anesthetics will need to be performed to determine this.

In conclusion the major goal of this thesis was to undertake studies into the
integrative control of cardiac function in the zebrafish. My work has provided information
about the anatomy and function of the elements involved in chrontropic control in a whole
heart in a way previously not possible. Zebrafish offer an interesting model to provide
further answers to these questions given the high degree of conservation of their heart in
terms of function, molecular pathways and genetics. Despite its apparent simplicity, the
zebrafish heart appears to be capable of the same finely coordinated regulation of cardiac
output as are the hearts of vertebrates with more complex hearts and circulatory systems.
Findings from these studies provide the basis for normal physiology of autonomic control
in the zebrafish heart, and given the rapid, recent advances in genetic modification of
zebrafish, there exists the potential to more fully understand the mechanisms governing
autonomic control of the heart in pathologic conditions. The zebrafish heart thus represents
a unique opportunity for investigating key roles of the ICNS, identifying the organization
and roles of intracardiac neurons in specific effector-control pathways within this system.
Overall, the results of these studies contribute significant advances in the establishment of

the zebrafish as a new model for studies of integrative autonomic cardiac control.
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GENERAL - ALL CHAPTERS
Ethics approval.
Procedures for animal care and use followed the "Guidelines on the Care and Use
of Fish in Research, Teaching and Testing" document issued by the Canadian Council of
Animal Care (2005 ed.). Institutional approval for animal use in this study was obtained

from the Dalhousie University Committee on Laboratory Animals.

Animal husbandry.

Animals were acquired from breeding stocks in the Faculty of Medicine Zebrafish
Facility at Dalhousie University. Fish were maintained in standard 3-10 1 tanks (Aquatic
Habitats, nif-0000-31933, Apopka, FL, USA) at 28.5°C, supplied continuously with
conditioned water from a recirculating water system, and subjected to a 14hour light:
10hour dark illumination cycle. Fish were fed commercial dry fish food (Golden Pearl
pellets, Brine Shrimp Direct, Ogden, UT, USA) and live artemia (raised in-house) twice a

day.

Heart isolation.

Zebrafish were anaesthetised in a buffered solution (pH 7.2) of tricaine (MS-222;
1.5 mM; Sigma—Aldrich, Oakville, ON, Canada) in tank water (28.5°C) until opercular
respiratory movements ceased and the animals lacked response to a fin pinch with forceps.
A ventral midline incision was made through the body wall to expose the heart, and a
block of tissue encompassing the ventral aorta (containing the branchiocardiac nerve trunk,

BCT), ventricle, atrium, sinus venosus and ducts of Cuvier (containing the cardiac
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vagosympathetic rami) was then removed for whole-mount immunohistochemistry or in

vitro recordings.

Imaging and data presentation.

Tissues were viewed using a Zeiss LSM510 or Zeiss LSM710 confocal microscope
using Zeiss Zen2009 software (Zeiss Canada, Mississauga, ON). Preparations were epi-
illuminated with a mercury lamp (X-Cite 120Q; Lumen Dynamics) reflected by a
488/543/633 nm dichroic mirror (HFT 488/543/633; Carl Zeiss AG) on to the preparation.
Emitted fluorescence was collected with a 10%, 0.45 NA objective (Plan-Apochromat
SF25; Carl Zeiss AG), a 25%, 0.80 NA objective (LCI Plan-Neofluar; Carl Zeiss AG), a
40x%, 0.95 NA objective (Plan-Apochromat M27; Carl Zeiss AG), or a 63%, 1.30 NA
objective (LCI Plan-Neofluar M27; Carl Zeiss AG). For fluorescence collected from the
specimens, 480-520 nm and 500-615 nm band-pass filters (BP565-615; Carl Zeiss AG)
and a 565-615 nm long pass filter (LP565-615; Carl Zeiss AG) were used. Z-stacks were
taken from regions of interest surrounding immunoreactive tissues, and ranged from 20-
100 um in depth. Z-stack scans also encompassed a region, of 5-25 um above and below
the regions of interest to ensure that all structures were captured, while limiting issues of
light scattering associated with deeper scans. Confocal image stacks were processed with
Zeiss Zen2009 software. These images were processed into plates with Photoshop CS6
(Adobe Systems Inc, San Jose, CA, USA). During composition of the figure plates some
images originally in color were converted to greyscale values; the brightness of these
images was adjusted slightly so that panel-to-panel contrast in the plate was consistent.

Numerical values were expressed as mean = 1 standard error (SE). Statistical analyses
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(one-way ANOVA, student’s T-test and regression) to detect significant differences

among means were performed using SPSS (IBM Canada, Markham, ON).

CHAPTER 2 - ANATOMY OF THE ZEBRAFISH INTRACARDIAC NERVOUS
SYSTEM

Animals.
A total of 60 adult AB wild type zebrafish (12-18 months post fertilization; mixed

sex; mean standard body length 44+7 mm (+SE) were used in this study.

Tissue fixation.

Tissue was fixed overnight in 4% paraformaldehyde (PFA; RT-15710, Electron
Microscopy Sciences, Hatfield, PA, USA) in phosphate-buffered saline (PBS, composition
in mM: 50 Na,HPOy,, 140 NaCl, pH 7.2) before processing for immunohistochemistry in
whole-mount format. Tissues processed for tryosine hydroxylase immunohistochemistry
were fixed in a 9:1 (v/v) solution of methanol and formalin (HT501128, Sigma Aldrich)

for 6-8 hours at room temperature.

General and neurotransmitter-specific labelling.

The general procedures used for immunohistochemistry in this study were similar
to those described in previous publications on cyprinid neuroanatomy (Finney et al., 2006;
Robertson et al., 2008; Dumbarton ef al., 2010; Newton et al., 2014). Briefly, fixed tissues
were rinsed in PBS, transferred to a PBS solution containing 2% Triton X-100 (X100,
Sigma Aldrich), 1 % bovine serum albumin (BSA; A9576, Sigma Aldrich) and 1% normal

goat serum (NGS; G9023, Sigma Aldrich) for 48 hours at 4°C with agitation, and then
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incubated with primary antibodies (see below for descriptions). Primary antibodies were
diluted in a solution containing 0.25% Triton X-100, 1 % BSA and 1 % NGS in PBS
(designated PBS-T). Tissues were incubated 3-5 d with agitation at 4°C, rinsed in PBS-T,
then transferred to a solution of PBS-T containing the appropriate secondary antibody
conjugated to AlexaFluor 488 or 555 fluorophores (Life Technologies, Burlington, ON,
Canada). Incubation time with secondary antibodies was 3-5 d with agitation at 4°C. Final
rinsing of tissues was done in PBS before clearing and mounting in ClearT2 (Kuwajima et
al., 2013) containing 2% propyl gallate (P3130, Sigma Aldrich) to reduce fluorophore

photobleaching.

Antibody specificity.

The primary antibodies used in this study have been used previously in zebrafish
and in the goldfish heart, a cyprinid species closely related to the zebrafish (see Appendix
B). In the present study, to determine the general innervation of the heart antibodies
against acetylated tubulin (AcT, axons; T6793, Sigma Aldrich) were combined with
human neuronal protein C/D (Hu, neuronal somata; A21271, Life Technologies). An
antibody against synaptic vesicle protein 2 (SV-2; SV2, Developmental Studies
Hybridoma Bank, Iowa City, IA, USA) was used to detect axon terminals. Cholinergic
axons and somata were detected by immunoreactivity for choline acetyltransferase (ChAT;
AB144P, Millipore, Etobicoke, ON, Canada), an enzyme involved in acetylcholine (ACh)
synthesis. In a subset of specimens an antibody against vesicular acetylcholine transporter
(VAChKT; AB1588, Millipore) was used together with ChAT to double-label putative

cholinergic elements. The VAChT antibody used was the same as used by Uyttebroek et
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al. (2010), who reported that pre-adsorption with a synthetic peptide that corresponded to
the C-terminus sequence eliminated immunoreactivity in the zebrafish gill. The expression
of tyrosine hydroxylase (TH; 22941, Immunostar, Hudson, WI, USA), the rate-limiting
enzyme in the synthesis of noradrenaline (NE), indicated adrenergic elements. Neurons
capable of generating nitric oxide were detected by the presence of neuronal nitric oxide
synthase (nNOS; ab5586, Abcam, Toronto, ON, Canada). Antibodies directed against
vasoactive intestinal polypeptide (VIP; 20077, Immunostar) demonstrated the distribution
of this peptide in neural elements in the heart.

To label putative pacemaker cells, an antibody against hyperpolarization-activated,
cyclic-nucleotide-gated ion channels was used (HCN4; APC-052, Alomone Laboratories,
Jerusalem, Israel). Expression of the transcription factor Islet-1 (Isl1) has been shown to
partly overlap that of HCN4 in the zebrafish heart (Tessadori et al., 2012), so an analysis
of the distribution of immunoreactivity for this factor has been included in this study. The
anti-Isl1 antibody used here (Developmental Studies Hybridoma Bank) was the same as
that used by Tessadori et al. (2012) and others in zebrafish (e.g., Kuscha et al., 2012;
Ericson ef al., 1992) and its pattern of expression matches the labelling of motor neurons
in in situ hybridization experiments in the hindbrain of developing zebrafish (Coppola et
al., 2012). These authors also showed that anti-Isl1 antibody detection was eliminated after
injection of morpholinos directed against Isl1 and by preabsorption with Isl1 peptide

(Moreno et al., 2008; 2012).
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Controls.

For all antibodies used in this study, negative control tissues were processed as
outlined above, except that either the primary or secondary antibody was omitted. In all
trials this eliminated detection of histofluorescence. As a control for the anti-HCN4
antibody, the HCN4 antibody was pre-treated with fusion protein (1pg primary antibody:
3ug fusion protein; Alomone Labs, Israel) in PBS-T. Tissue was then incubated in the
presence of the pre-adsorbed antibody following the procedures outlined above. In 6 trials

no immunoreactivity was observed.

Myocardial labelling.

In order to determine how immunohistochemically labelled neuronal elements
were related to the regional structure of the myocardium, some specimens were double-
labelled with the F-actin marker phalloidin (77418, Sigma Aldrich; Small ef al., 1999;
Newton et al., 2014), conjugated with tetramethyl rhodamine isothiocyanate to show

cardiac myocytes.

Tracing extrinsic vagosympathetic inputs.

To visualize the intracardiac projections and termination patterns of axons in the
cardiac rami of the vagosympathetic trunks a combination of the actively transported
neurotracer neurobiotin (SP1120, Vector Laboratories, Burlingame, CA, USA; Wyeth and
Croll, 2011) and a fluorescent styryl dye, FM1-43X (F35355, Life Technologies) was
used. This dye, which appears to label the membranes of recycled synaptic vesicles,

becomes concentrated in active synaptic terminals over time (Betz ef al., 1992) so will
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accumulate in the intracardiac terminals of extracardiac axons when those axons are
stimulated. In this procedure hearts were isolated as described above and pinned to the
rubber bottom of a chamber (3 mL volume) that was perfused with zebrafish saline (in
mM: 124.1 NaCl, 5.1 KCI, 2.9 Na,HPOy,, 1.9 MgS0,-7H,0, 1.4 CaCl,-2H,0, 11.9
NaHCOs; pH 7.2; gassed with room air). A length of approximately 1 mm of the left or
right vagosympathetic trunk was freed from the wall of the duct of Cuvier and the cut end
of the nerve was drawn by suction into a tip of a closely fitting glass pipette filled with
saline. This was then replaced with a solution containing neurobiotin and FM1-43X (1
mM each) in distilled water. This preparation was maintained at room temperature for 6-8
hours and maintained spontaneous cardiac contractions throughout this period. The nerve
was then removed from the pipette and hearts were perfused for a further 2-3 hours.
During the last hour of this period the dye-loaded nerve was stimulated with a bipolar wire
electrode driven by a constant-current stimulator (S88; Grass Instruments, Quincy, MA,
USA) to load axonal terminals with FM1-43X. Trains of rectangular pulses (pulse duration
500us; train duration 30 s, pulse frequency 15Hz, stimulus current 300 pA) were delivered
every 5 minutes for a total of 12 stimulation periods. Following this procedure hearts were
fixed as described above for immunohistochemistry. The presence of neurobiotin in neural
elements was detected with avidin conjugated to AlexaFluor 488 (A212370, Life
Technologies). Two controls were used for this procedure: nerves were loaded with
neurobiotin and FM1-43X but not stimulated, or neurobiotin without FM1-43X was

applied and nerves were stimulated. In both cases no terminals were observed.
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CHAPTER 3 - AUTONOMIC CONTROL OF CHRONOTROPY IN THE
ZEBRAFISH

Animals.
A total of 96 adult, AB strain zebrafish (12-18 months post-fertilization; 35+8 mm

standard body length, 693+154 mg wet weight) of both sexes were used in this study.

Heart viability.

In preliminary experiments, to control for possible deterioration of function in the
isolated hearts over the duration of the experiments, heart rate and responses to VSN
stimulation were monitored in sample hearts for up to 6 h, a period longer than any

experiments in this study.

Whole-heart ECG recordings and VSN stimulation.

Isolated hearts (n=24) were pinned through the ventral aorta and walls of the ducts
of Cuvier to the Sylgard rubber (Dow Corning, Midland, MI, USA) bottom of a 5 mL
chamber and perfused with zebrafish saline (composition in mM: 124.1 NacCl, 5.1 KCl, 2.9
NaHPOy4, 1.9 MgS04-7H,0, 1.4 CaCl,-2H,0, 11.9 NaHCOs; pH 7.2; aerated with room
air; 25°C) at a rate of 10 mL min™ and allowed to acclimate for 30 min prior to
experiments. Approximately 1 mm of the left and right cardiac rami of the
vagosympathetic trunks were exposed in the walls of the ducts of Cuvier.
Vagosympathetic trunks were stimulated individually or simultaneously with bipolar wire
electrodes attached to constant-current isolation units (PSIU6; Grass Instruments, Quincy,
MA, USA) driven by a stimulator (S88; Grass Instruments) delivering trains of rectangular

pulses (pulse duration 0.5ms; train duration 10 s, pulse frequency 1-20 Hz). In all
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experiments, a standard stimulus current of 300 pA was used. This current was chosen as
optimal for this preparation as it was double the intensity (140 pA) that reliably activated
all axons in the vagi in preliminary experiments measuring compound action potentials.
ECG signals were recorded from the surface of the atrium and ventricle via bipolar suction
electrodes, differentially amplified (total gain 1000-10000) and stored on a personal
computer after analog-digital conversion (Digidata 1322A, Axon Instruments, Foster City,
CA, USA). To quantify cardiac responses, time between adjacent R-waves of the ECG (R-
R interval) and latency between atrial and ventricular R-waves within individual cardiac
cycles (atrioventricular delay) were processed using Axoscope software (Axon
Instruments). To control for the possibility of electrotonic spread of current from the site
of the stimulating electrodes to active cardiac tissue, in some preparations the electrodes
were placed on the duct wall away from the nerve (n=6) or moved off the nerve into the

bath (n=6); repeated stimulation with the same parameters had no effect on heart rate.

Isolated ventricular pacemaker recordings.

To investigate the function of putative pacemaker cells at the atrioventricular
region, ECG signals were recorded first from intact hearts (n=6), followed by isolation of
the ventricle along with a small margin of atrial tissue proximal to the atrioventricular
valve (<500 pm from atrioventricular valves). Subsequent ECG recordings were made
from the dissociated ventricular and atrial tissues (as per Whole-heart ECG recordings and
VSN stimulation). As it was not possible to directly access the intracardiac nerves in the
walls of the isolated ventricle to study the direct effects of nerve stimulation on ventricular

rate, cholinergic and adrenergic agents were used to evaluate the potential for neural
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control in this tissue (see Pharmacological agents).

BCT stimulation.

To evaluate the effects of stimulating the BCT, an electrode was placed over the
nerve as it coursed along the ventral aorta between the origins of the afferent arteries
supplying the fourth gill arches and the bulbus arteriosus. Perfusion and stimulation
parameters were similar to those for vagosympathetic trunk stimulation. To control for
electrotonic current spread, the stimulating electrode was moved away from the nerve, and
placed on the ventral aorta between the afferent vessels supplying the third and fourth gill

arches; repeated stimulation in this region had no effect on heart rate (n=3).

Pharmacological agents.

Nicotine (agonist at excitatory nicotinic channels on the membrane of cholinergic
intracardiac neurons), muscarine (agonist at post-junctional muscarinic receptors on
cardiac effector cells) and isoproterenol (agonist at post-junctional beta-adrenergic
receptors on cardiac effector cells) were dissolved in saline (all 1 mM; Sigma Aldrich) on
the day of the experiment. Agonists were delivered to the bath directly above the tissue in
200 pL boluses through a micropipette via a calibrated syringe attached to a screw-drive
microinjector (IM-4B; Narishige, East Meadow, NY, USA). As a control 200 pL boluses
of saline were delivered in the same manner and did not elicit chronotropic responses.
Hexamethonium (a non-depolarising nicotinic receptor blocker at nictonic acetylcholine
receptors on parasympathetic and sympathetic pre-ganglionic neurons) and atropine (post-

junctional muscarinic receptor blocker) (10 uM each; Sigma Aldrich) and timolol (post-
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junctional beta-adrenergic receptor blocker) (100 uM; Sigma Aldrich) were dissolved in

saline and perfused continuously starting 15 min prior to recording.

Voltage optical mapping.

Voltage changes in isolated hearts (n=6) or AVR-ventricular tissue (n=5) were
optically mapped to determine the normal time course and spread of cardiac excitation
from the pacemaker initiation site, to assess whether shifts in the point of initiation
occurred with vagal nerve stimulation, and to establish the characteristics of AVR-initiated
ventricular activity. Whole hearts or isolated tissues were isolated and pinned to the
Sylgard rubber bottom of a 3 mL chamber filled with perfusate and allowed to equilibrate
for 30 min (aerated with room air; 25°C; as per Whole-heart ECG recordings and VSN
stimulation). During this time, the heart was exposed to a voltage-sensitive dye (10 uM di-
4-ANBDQPQ [Matiukas et al., 2007]; University of Connecticut Health Center,
Farmington, CT, USA) in the perfusate for 10 min, and then washed with fresh saline
containing excitation-contraction uncoupler blebbistatin (10 pM (%)-blebbistatin; Cayman
Chemical Company, Ann Arbour, MI, USA) to eliminate motion artifacts during optical
recordings. Blebbistatin was present for the duration of the experiment. In a subset of
hearts (n=3), simultaneous stimulation of both cardiac vagal nerve rami (20 Hz; described
above) was performed to test for changes in the pacemaker initiation site.

Preparations were epi-illuminated through a compound microscope with a red
light-emitting diode (CBT-90-R; Luminus Devices Incorporated, Billerica, MA, USA)
directed through a 640 £ 10 nm band-pass filter (D640/20X, Chroma Technology

Corporation, Bellows Falls, VT, USA) and reflected by a 660 nm dichroic mirror (FF660;
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Semrock, Rochester, NY, USA) on to the preparation. Emitted fluorescence was collected
with a 5%, 0.15 NA objective (Plan; Zeiss Canada, Mississauga, ON, Canada) or a 10x,
0.25 NA objective (EA10; Olympus Canada Incorporated, Richmond Hill, ON, Canada)
through a 700 nm long-pass filter (HQ700LP, Chroma) and captured by a 128 x 128 pixel,
16-bit electron-multiplying charge-coupled device camera (Cascade 128+; Photometrics,
Tucson, AZ, USA) at 511 frames's™. Previous investigations of the penetrance of 640 + 20
nm light into myocardium has shown 50% intensity at a depth of 1 mm (TA Quinn,
unpublished). At a depth of 200-400 um, which is the maximum thickness of the zebrafish
tissue preparations used in this study, light intensity is ~70-80%, resulting in excitation
and collection of voltage signals from the entire transmural thickness of the heart.

The camera was controlled and signals were acquired using MultiRecorder
software (S. Luther and J. Schroder-Schetelig, Max Planck Institute for Dynamics and
Self-Organization, Gottingen, Germany; http://www.bmp.ds.mpg.de/multirecorder.html).
As all recordings contained some degree of readout noise, pre-treatment activation patterns
were mapped from signal-averaged values taken from ten consecutive beats immediately
prior to introduction of the stimuli. Isochronal activation maps were generated using an
activation threshold of 60% of action potential amplitude. Atrioventricular delay was
estimated as the time from arrival of the excitation wavefront at the atrioventricular
junction to the first occurrence of depolarization in ventricular tissue. All optical data were

analysed with custom routines written in Matlab (The MathWorks, Natick, MA, USA).
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Pacemaker cell immunohistochemistry.

Hearts (n=16) were fixed in a modified periodate-lysine-paraformaldehyde fixative
(1.3 mM paraformaldehyde, 250 uM L-lysine, 10 mM sodium metaperiodate; [McLean
and Nakane, 1974]) in phosphate buffered saline (PBS). Whole hearts were labelled with
antibodies against HCN4 (1:50; APC-052, Alomone Laboratories, Jerusalem, Israel) and
the transcription factor, Islet-1 (Isll; 1:100; Developmental Studies Hybridoma Bank,
Iowa City, IA, USA; [Tessadori ef al., 2012]) to detect putative pacemaker cells as
previously described (see Appendix B). To reveal the presence of autonomic receptors
associated with these cells, antibodies against muscarinic receptor subtype 2 (MR; 1:100;
M09558; Sigma-Aldrich) and adrenergic receptor subtype beta-2 (B.AR; 1:50; sc569 clone
H20; Santa Cruz Biotechnology, Dallas, TX, USA; [Ampatzis and Dermon, 2010]) and
tyrosine hydroxylase (TH; 1:100; 22941; Immunostar, Hudson, WI, USA) were used. To
image 3,AR immunoreactivity a biotin-avidin fluorophore amplification process modified
from Ampatzis and Dermon (2010) was used. Whole-mount tissue samples were first
processed with the $,AR primary antibody as previously described (Stoyek et al., 2015),
then incubated in a biotinylated anti-rabbit IgG antibody (1:100; Vector Laboratories,
Burlington, ON, Canada) for two days at 4°C. Tissues were then rinsed in PBS, incubated
with fluorophore-conjugated streptavidin (Rhodamine B; S871; Life Technologies) and
processed for either anti-TH or anti-f,AR antibodies raised in mouse. After exposure to
these primary antibodies, preparations were incubated with appropriate secondary
antibodies conjugated to AlexaFluor 488, 555, or 647 fluorophores (Life Technologies,
Burlington, ON, Canada), washed in PBS and placed in Scale CUBIC-1 clearing solution

(Susaki et al., 2014) overnight at room temperature with gentle agitation. Processed
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specimens were examined as whole-mounts. Omission controls for the antibody against
M;R were run as previously described for the HCN4 and Isl11 antibodies (Tessadori ef al.,
2012; Stoyek et al., 2015). Omission of either primary or secondary antibodies from the
incubation protocol resulted in absence of immunoreactivity. Omission controls for the
antibody against adrenergic receptor subtype beta-2 were performed by omitting 1) the
B2AR primary antibody, 2) the biotinylated secondary, 3) the rhodamine-conjugated
streptavidin, or both 2 and 3. In all cases omission of antibody or fluorophore-conjugated
streptavidin resulted in an absence of immunoreactivity.

The relative distribution of $,ARs and M;Rs were estimated from digital images of
the atrium and ventricle of 6 specimens. In images from each specimen, five regions were
selected at random from both the atrium and ventricle; these regions measured 10 x 10 um
(100 um? each, 500 um® total area per chamber). To estimate relative receptor density, the
number of immunoreactive punctata, which represent clusters of post-synaptic receptors,

were counted using ImageJ software (50).

CHAPTER 4 - EFFECTS OF VAGAL NERVE STIMULATION ON PACEMAKER
SITE AND NEURONAL ACTIVATION IN ZEBRAFISH

Animals.
A total of 42 adult, AB strain zebrafish (12-18 months post-fertilization; 33 + 5

mm standard body length) of both sexes were used in this study.

VSN stimulation for assessment of ICN activation by cFOS.
Left or right VSN (n = 6 each) were stimulated with bipolar wire electrode driven

by a constant-current stimulator (S88; Grass Instruments, Quincy, MA, USA) that
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delivered trains of rectangular pulses (pulse duration 500us; train duration 10 s, pulse
frequency 20Hz, stimulus current 300 pA) every 3 minutes for a total of 20 stimulation
periods. To eliminate the possibility of pERK-IR in neurons other than those that were
activated by VSN stimulations, hearts were immediately (>30 s) transferred to fixative (see

below) following each experiment.

VSN stimulation for assessment of ICN activation by pERK.

Left or right VSN (n = 6 each) were stimulated with bipolar wire electrode driven
by a constant-current stimulator (S88; Grass Instruments, Quincy, MA, USA) that
delivered trains of rectangular pulses (pulse duration 500us; train duration 10 s, pulse
frequency 15Hz, stimulus current 300 pA) every 1 minute for a total of 5 stimulation
periods. To eliminate the possibility of pERK-IR in neurons other than those that were
activated by VSN stimulations, hearts were immediately (less than 30 s) transferred to

fixative (see below) following each experiment.

cFOS and pERK immunohistochemistry.

The general procedures used for immunohistochemistry in this study were similar
to those we have previously described (Stoyek et al., 2015). Tissues were fixed overnight
in 4% paraformaldehyde (PFA; RT-15710, Electron Microscopy Sciences, Hatfield, PA,
USA) in phosphate-buffered saline (PBS, composition in mM: 50 Na,HPO,, 140 NaCl, pH
7.2) before processing for immunohistochemistry in whole-mount format. Whole hearts
were labelled with antibodies against cFOS (1:100; sc-253; Sanata Cruz Biotechnologies)

or pERK (1:100; 4370S; Cell Signalling Technologies). In all experiments antibodies
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against acetylated tubulin (AcT, axons; T6793, Sigma Aldrich) and human neuronal
protein C/D (Hu, neuronal somata; A21271, Life Technologies) were used in combination
to show the general innervation of the heart. After exposure to primary antibodies,
preparations were incubated with appropriate secondary antibodies conjugated to
AlexaFluor 488, 555, or 647 fluorophores (Life Technologies, Burlington, ON, Canada),
washed in PBS and placed in Scale CUBIC-1 clearing solution (Susaki et al., 2014)
overnight at room temperature with gentle agitation. Processed specimens were examined
as whole-mounts. Counts of ICNs expressing cFOS- or pERK-like-immunoreactivity
(LIR) were performed using Fiji software; data is shown as percent of ICNs that were
immunoreactive for cFOS or pERK compared to the total ICN number as estimated by

AcT-Hu immunoreactivity.

Controls.

Both cFOS and pERK antibodies used in this study have previously been used in
zebrafish (Randlett ez al., 2015; Yabuki et al., 2016; see Appendix B). As a control for
basal cFOS or pERK expression, subsets of hearts were fixed immediately after isolation
(n = 6), or were isolated put in the bath for the same duration as the above experiments
without receiving VSN stimulation (n = 6), before being fixed and processed for
immunohistochemistry. For all antibodies used in this study, tissues for negative controls
were processed as outlined above, except that either the primary or secondary antibody

was omitted. In all trials this eliminated detection of histofluorescence.

Volatage optical imaging.
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Whole hearts (n = 6) were isolated and pinned to the Sylgard rubber bottom of a 5
mL chamber filled with zebrafish saline and allowed to equilibrate for 30 min
(composition in mM: 124.1 NaCl, 5.1 KCl, 2.9 Na,HPOg, 1.9 MgS0,4-7H,0, 1.4 CaCl,-
2H,0, 11.9 NaHCOs; pH 7.2; 25°C). During this time, the heart was exposed to a voltage-
sensitive dye (10 uM di-4-ANBDQPQ [Matiukas et al., 2007]; University of Connecticut
Health Center, Farmington, CT, USA) in the perfusate for 10 min, and then washed with
fresh saline containing excitation-contraction uncoupler blebbistatin (10 pM (£)-
blebbistatin; Cayman Chemical Company, Ann Arbour, MI, USA) to eliminate motion
artifacts during optical recordings. Blebbistatin was present for the duration of the
experiment. For imaging experiments, two controls were run (n = 3 each), 1) hearts were
isolated and pacemaker initiation site was monitored in the bath every 30 min for 3 h, a
period longer than any experiment in this study, 2) hearts were isolated, VSN stimulations
were performed every 2 minutes for 40 minutes, and pacemaker site was observed after
every stimulation.

Preparations were epi-illuminated through a macro zoom microscope (Olympus
MVX10; Olympus Corporation) with a mercury lamp (Olympus U-HGLGPS) directed
through a 640 + 10 nm band-pass filter (D640/20X, Chroma Technology Corporation,
Bellows Falls, VT, USA) and reflected by a 685 nm dichroic mirror (FF85-Di02;
Semrock, Rochester, NY, USA) on to the preparation. Emitted fluorescence was collected
with a 2%, 0.50 NA objective (Olympus MV PLAPO 2XC) at 4-6.3x magnification
through a 700 nm long-pass filter (ET700LP, Chroma). Recordings were captured by a
128 x 128 pixel, 16-bit electron-multiplying charge-coupled device camera (Cascade

128+; Photometrics, Tucson, AZ, USA) at 511 frames-s™. Previous investigations of the
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penetrance of this range of light wavelengths into myocardium was at 50% intensity at a
depth of 1 mm (TA Quinn, unpublished). At a depth of 200-400 um, which is the range of
thickness of the zebrafish tissue preparations used in this study, light intensity is ~70-80%,
resulting in excitation and collection of voltage signals from the entire transmural
thickness of the heart. The camera was controlled and signals were acquired using
MultiRecorder software (S. Luther and J. Schroder-Schetelig, Max Planck Institute for
Dynamics and Self-Organization, Gottingen, Germany; http://www.bmp.ds.mpg.de/
multirecorder.html).

As an index of changes in conduction, the time from initial breakthrough to full
depolarization of the sinoatrial regions for three successive cycles was averaged from the
recordings using custom Matlab rouines. To map changes in the site of initial sinoatrial
depolarization, binary images were created for three successive cycles and the initiation
site averaged. An oval was fit to the image to encompass the sinoatrial valve region and
the binary images were normalized (rigid transformation) to a brightfield exemplar image

of the sinoatrial region for mapping using Fiji software.

VSN stimulation for assessment of pacemaker shift.

Left and right VSN trunks were stimulated with bipolar wire electrodes attached to
constant-current isolation units (PSIU6; Grass Instruments, Quincy, MA, USA) driven by
a stimulator (S88; Grass Instruments) delivering trains of rectangular pulses (pulse
duration 0.5ms; train duration 10 s, pulse frequency 1-15 Hz). In all experiments, a
standard stimulus current of 300 pA was used (Stoyek et al., 2016). Between stimulation

trains, a minimum of 2 min was allowed for recovery of the preparation between VSN

214



stimulations. To control for the potential that repeated VSN stimulation alone may alter
the pacemaker initiation site, a subset of hearts (n = 3) was sampled for 30 minutes

following the last VSN stimulation. .

Pharmacological blockade.

Hexamethonium (a non-depolarising nicotinic receptor antagonist that blocks
cholinergic neurotransmission; 10 uM; Sigma Aldrich) was dissolved in saline the day of
experiments. Saline in the bath was replaced with saline containing hexamethonium 15

minutes prior to recordings.

Data presentation.

Numerical values were expressed as mean = 1 standard error of the mean (SEM).
One-way ANOVA with a Tukey’s post hoc (SPSS, IBM Canada, Markham, ON) was used
to detect significant differences among means. P values < 0.05 were considered

significant.

CHAPTER 5 CARDIAC DISTRIBUTION AND CHRONOTROPIC
EFFECTS OF SEROTONIN IN THE ZEBRAFISH

Animals.
A total of 72 adult, AB strain zebrafish (12-18 months post-fertilization) of both

sexes were used in this study.
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Tissue preparation.

Tissue was fixed overnight in 4% paraformaldehyde (PFA; RT-15710, Electron
Microscopy Sciences, Hatfield, PA, USA) in phosphate-buffered saline (PBS, composition
in mM: 50 Na,HPOy4, 140 NaCl, pH 7.2) before processing for immunohistochemistry in
whole-mount format. The general procedures used for immunohistochemistry in this study
were similar to those described in previous publications on cyprinid neuroanatomy (Finney
et al., 2006; Robertson et al., 2008; Dumbarton et al., 2010; Newton et al., 2014; Stoyek et
al., 2015; Stoyek et al., 2016). Briefly, fixed tissues were rinsed in PBS, transferred to a
PBS solution containing 2% Triton X-100 (X100, Sigma Aldrich), 1 % bovine serum
albumin (BSA; A9576, Sigma Aldrich) and 1% normal goat serum (NGS; G9023, Sigma
Aldrich) for 48 hours at 4°C with agitation, and then incubated with primary antibodies
(see Appendix B). Primary antibodies were diluted in a solution containing 0.25% Triton
X-100, 1 % BSA and 1 % NGS in PBS (designated PBS-T). Tissues were incubated 3-5 d
with agitation at 4°C, rinsed in PBS-T, then transferred to a solution of PBS-T containing
the appropriate secondary antibody conjugated to AlexaFluor 488 or 555 fluorophores
(Life Technologies, Burlington, ON, Canada). Incubation time with secondary antibodies
was 3-5 d with agitation at 4°C. Final rinsing was done in PBS and before specimens were
placed in Scale CUBIC-1 clearing solution (Susaki et al., 2014) overnight at room

temperature with gentle agitation.

Serotonin and tryptophan hydroxylase antibodies.

Serotonergic elements were detected by immunoreactivity with an anti-serotonin

(5-hydroxytryptamine; 5-HT) antibody (dilution 1:100; 20080, Immunostar; see Appendix
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B). The 5-HT antibody used was the same as used by Uyttebroek et al. (2010) in zebrafish.
The expression of tryptophan hydroxylase (TPH; dilution 1:100; P21961, Life
Technologies), the rate-limiting enzyme in the synthesis of 5-HT, indicated was used as an
indicator of elements capable of synthesizing 5-HT. To determine the general innervation
of the heart antibodies against acetylated tubulin (AcT, axons; T6793, Sigma Aldrich)
were combined with human neuronal protein C/D (Hu, neuronal somata; A21271, Life

Technologies) as previously described (Stoyek et al., 2015).

Controls.
For all antibodies used in this study, negative control tissues were processed as
outlined above, except that either the primary or secondary antibody was omitted. In all

trials this eliminated detection of histofluorescence.

Myocardial labelling.

In order to determine how immunohistochemically labelled neuronal elements
were related to the regional structure of the myocardium, some specimens were double-
labelled with the F-actin marker phalloidin (77418, Sigma Aldrich; Small ef al., 1999;
Newton et al., 2014), conjugated with tetramethyl rhodamine isothiocyanate to show

cardiac myocytes.

Measurement of heart rate.

Isolated hearts were pinned through the ventral aorta and walls of the ducts of

Cuvier to the Sylgard rubber (Dow Corning, Midland, MI, USA) bottom of a 5 mL
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chamber which was perfused with zebrafish saline (composition in mM: 124.1 NaCl, 5.1
KCl, 2.9 Na,HPOy,, 1.9 MgS04-7H,0, 1.4 CaCl,-2H,0, 11.9 NaHCO3; aerated with room
air; pH 7.2; 25°C) at a rate of 10 mL min”'. Hearts were allowed to equilibrate in the bath
for 30 min prior to testing. Electrocardiogram (ECG) signals were recorded from the
surface of the atrium and ventricle via bipolar suction electrodes, differentially amplified
(total gain x1000-10000), and stored on a personal computer after analogue-digital
conversion (Digidata 1322A, Axon Instruments, Foster City, CA, USA). To quantify
cardiac responses, time between adjacent P-waves of the atrial ECG (R-R interval) for HR

effects was processed using Axoscope software (Axon Instruments) (Stoyek et al., 2016).

Pharmacological agents.

5-HT was dissolved in saline (1 mM; H7752, Sigma Aldrich) on the day of the
experiment and delivered to the bath directly above the tissue in 200 pL boluses through a
micropipette via a calibrated syringe attached to a screw-drive microinjector (IM-4B;
Narishige, East Meadow, NY, USA). As a control 200 pL boluses of saline were delivered
in the same manner and did not elicit chronotropic responses. Serontergic agents
ketanserin (5-HT,-receptor blocker; 10 pM; S006, Sigma Aldrich), spiperone (5-HT-
receptor blocker; 10 uM; S7395, Sigma Aldrich), and fluoxetine (selective 5-HT reuptake
inhibitor at presynaptic receptors; 5 uM; F132, Sigma Aldrich) were dissolved in saline
and perfused continuously starting 15 minutes prior to recording. Autonomic antagonists
atropine (post-junctional muscarinic receptor blocker; 10 pM; A0132, Sigma Aldrich) and
timolol (post-junctional beta-adrenergic receptor blocker; 100 uM; T6394, Sigma Aldrich)

were dissolved in saline and perfused continuously starting 15 minutes prior to recording.
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CHAPTER 6 - THE ISOLATED ZEBRAFISH HEART AS A MODEL TO
STUDY THE CHRONOTROPIC EFFECTS OF VAPOUR ANAESTHETICS

Animals.
A total of 72 adult, AB strain zebrafish (12-18 months post-fertilization) of both

sexes were used in this study.

Measurement of heart rate and vagosympathetic nerve electrical stimulation.

Isolated hearts were pinned through the ventral aorta and walls of the ducts of
Cuvier to the Sylgard rubber (Dow Corning, Midland, MI, USA) bottom of a 5 mL
chamber which was perfused with zebrafish saline (composition in mM: 124.1 NaCl, 5.1
KCl, 2.9 Na,HPOy,, 1.9 MgS04-7H,0, 1.4 CaCl,-2H,0, 11.9 NaHCO3; aerated with room
air; pH 7.2; 25°C) at a rate of 10 mL min™'. Hearts were allowed to equilibrate in the bath
for 30 minutes prior to testing, to ensure stable HR and to allow for washout of any
residual tricaine (see Potential effects of triacaine as an overdosing agent).
Electrocardiogram (ECG) signals were recorded from the surface of the atrium and
ventricle via bipolar suction electrodes, differentially amplified (total gain x1000-10000 ),
and stored on a personal computer after analogue-digital conversion (Digidata 1322A,
Axon Instruments, Foster City, CA, USA). To quantify cardiac responses, time between
adjacent R-waves of the atrial ECG (R-R interval) for HR effects, and delay between the
atrial R-wave and ventricular R-wave for atrioventricular delay (Fig. 1), were processed
using Axoscope software (Axon Instruments) (Stoyek et al.,2016).

Stimulation of vagosympathetic trunks was performed with bipolar wire electrodes

attached to constant-current isolation units (PSIU6; Grass Instruments, Quincy, MA, USA)
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driven by a stimulator (S88; Grass Instruments) delivering trains of rectangular pulses
(pulse duration 0.5ms; train duration 10 s, pulse frequency 15 Hz, stimulus current 300 pA
[Stoyek et al.,2016]). In previous work the effects of left and right vagosympathetic nerve
stimulation on HR were statistically similar, thus in this study only the right
vagosympathetic nerve was stimulated to test the effects of activation. To control for the
possibility of electrotonic spread of current into the myocardium from the site of nerve
stimulation, in some preparations the stimulating electrodes were placed on the duct wall
away from the nerve (n=6) or moved off the nerve into the bath (n=6); repeated

stimulation with the same parameters then had no effect on heart rate.

Potential effects of tricaine as overdosing agent.

As a tricaine overdose was used on the animals in this study and a previous report
showed that tricaine can alter HR in zebrafish (Huang et al.,2010), preliminary
experiments were performed to investigate if the use of this compound may have affected
the hearts. Residual tricaine from the initial overdose was washed out for 30 minutes, then
the hearts were exposed to a solution of tricaine in the perfusate that was equal in
concentration to that used in the overdose procedure. Hearts were perfused with this
solution for 1 minute before being switched back to fresh perfusate and rate was monitored
throughout this period and during washout. Tricaine exposure caused an increase in mean
R-R interval to 1.9 + 0.12 times the mean pre-exposure value, and recovery to pre-tricaine
R-R interval occurred by 8.5 + 1 minutes after the switch to fresh saline. Therefore to

ensure that tricaine exposure did not affect the experimental outcomes, a standardized
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washout time of 30 minutes for all hearts in the bath was performed before experiments

were done in this study.

Anaesthetic agents.

Desflurane (DSF; Baxter Corporation, Mississauga, ON, Canada), isoflurane (ISF;
Baxter Corporation) or sevoflurane (SVF; Abbott Canada, Saint-Laurent, PQ, Canada)
were mixed with room air through standard vaporizers (Draegerwek AG, Liibeck,
Germany) that bubbled into a sealed reservoir of zebrafish saline; the tissue was then
perfused with this mixture. Concentration of anaesthetics in the perfusate was measured by
sampling with a standard patient vapor-phase anaesthetic monitor (Datex-Ohmeda,
Madison, WI, USA) from the air space in the reservoir; the partial pressure of anaesthetic
in the gas phase and in the perfusate were assumed to be in equilibrium. The dose of each
anaesthetic was adjusted to match the minimum alveolar concentration for that agent to
maintain a clinical level of anaesthesia in patients (this dose was designated "1.0 MAC"
for the purposes of the present study). Desflurane was mixed at 3-12% (6% =1 MAC),
while isoflurane and sevoflurane were mixed at 0.75-3% (1.5% = 1 MAC) with air through

the vaporizers.

Anaesthetic test procedures.

Their manufacturers have described all anaesthetics tested as having negligible
solubulity in water, so determining the exact dose of anaesthetic compound administered
in the present study could have posed potential limitations in determining comparative

cardiac responses. Thus, to test anaesthetic dosage in the perfusate, random samples were
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drawn into a sealed container from the perfusate reservoir during experiments. The
perfusate was allowed to off-gas and the dose of anaesthetic present was sensed with the
patient monitor. Dosages measured from the off-gassing samples were assumed to be in
equilibrium with the perfusate, as indicated previously. Values for anaesthetic dosages
were statistically similar to those recorded during the initial setup stage for each
experiment (t-test; data not shown).

For studies on time-dependent cardiac effects, a series of preliminary experiments
was done in which anaesthetic agents were introduced following a period of acclimation in
the bath. HR was monitored for up to 1 h in the presence of the agent under test. Analysis
of changes in R-R period from the pre-anaesthetic value (control) at 15 minutes and 1 h of
exposure were statistically similar for all anaesthetics (data not shown). Therefore in all
subsequent experiments, hearts were exposed to anaesthetic for a standardized period of 15
minutes.

For concentration-effect studies, preliminary experiments were done to determine
the lowest dose of each anaesthetic that had an effect. After an acclimation period, the
minimum dosage that evoked a detectable change in heart rate over a 30 minute exposure
period was 0.5 MAC (data not shown). For the purposes of this study, anaesthetics were
applied in dosages increasing from 0.5 MAC to 2.5 MAC (this dosage represented the
highest concentration that could be delivered by the vaporizers).

As a control for anaesthetic exposure, in trial experiments a group of hearts was
perfused with saline that had been bubbled through the vaporizer system with no
anaesthetic present; the results of these trials were compared with the effects of anaesthetic

in the vaporizer. Cardiac responses occurred only when the vaporizer was delivering
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anaesthetic to the perfusate. It was thus assumed that chronotropic effects of anaesthetics

were in fact due to these agents reaching the isolated heart.

Pharmacologic agents.

Atropine (post-junctional muscarinic receptor blocker; 10 uM; Sigma Aldrich) and
timolol (post-junctional beta-adrenergic receptor blocker; 100 uM; Sigma Aldrich) were
dissolved in zebrafish saline on the day of experiments (Stoyek et al., 2016). For
experiments investigating autonomic blockade, these drugs were delivered in combination
starting at 15 minutes prior to and continuing through the period of anaesthetic delivery.
The order of exposure to autonomic antagonists was tested in two paradigms: 1) exposure
to autonomic antagonists and then anaesthetics in the continued presence of antagonists; or
2) exposure to anaesthetics and then to autonomic antagonists in the continued presence of
anaesthetics. In these preliminary experiments the responses to these paradigms were
statistically similar, so in all subsequent experiments responsed were first measured during

anagonist exposure alone, then in the presence of antagonists with anaesthetics.
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Table of immunohistochemical agents
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Primary Reference /
Antibody Immunogen / Host Source Dilution Species
Anti-acetylated Epitope of Chlamydomonas Sigma (T6793) 1:200 Olsson et al.
tubulin, clone 6- axonemal o —tubulin a3 (2008) /
11B-1 (AcT) isoform / mouse, monoclonal zebrafish
Anti-beta 2 C-terminus peptide of human  Santa Cruz 1:50 Ampatzis
adrenergic beta-2 receptor (mapping to Biotechnologies and Dermon
receptor, clone H-  5q32) / rabbit, polyclonal (sc-569) (2010)/
20 (B2AR) zebrafish
Anti-choline Human ChAT Chemicon 1:100 Clemente et
acetyltransferase (NM_020549.3)/ (AB144P) al. (2004) /
(ChAT) goat, polyclonal zebrafish
Anti-cFOS, clone  Peptide mapping within Santa Cruz 1:100 See text
K-25 (cFOS) internal region of human c- Biotechnologies
Fos, mapping to 14q24.3 / (sc-253)
rabbit, polyclonal
Anti-human Human neuronal proteins Life 1:200 Olsson et al.
neuronal protein C/D, product of ELAVL3 Technologies (2008) /
C/D (Hu) gene / mouse monoclonal (A21271) zebrafish
Anti- GST protein to AA119-155 Alomone 1:50 See text
hyperpolarization-  (Q9Y3Q4) of human HCN4 Laboratories
activated, cyclic- (N-terminus) / rabbit, (APC-052)
nucleotide gated polyclonal
channel 4 (HCN4)
Anti-Islet 1 & 2 Amino acids 214-379, C- Developmental 1:100 Kuscha et
homeobox 4D5 terminal / mouse, monoclonal  Studies al.,2012;
(Isl1) Hybridoma Coppola et
Bank al., 2012/
zebrafish
Anti-muscarinic GST protein to AA 227-356 Sigma Aldrich 1:100 See text
acetylcholine of the i3 intracellular loop, of  (M9558)
receptor, subtype human M2 muscarinic
2 (M3R) acetylcholine receptor/ rabbit,
polyclonal
Anti-neuropeptide  Porcine NPY conjugated to Immunostar 1:400 Matsuda et
Y (NPY) bovine thyroglobuline with (22940) al. (2009) /
gluteraldehyde / rabbit, goldfish
polyclonal
Anti-nitric oxide Synthetic peptide to AA1411-  AbCam 1:300 Newton et
synthetase, 25 of human nNOS / rabbit, (ab5586) al. (2014)/
neuronal (nNOS)  polyclonal goldfish
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Primary Reference /
Antibody Immunogen / Host Source Dilution Species
Anti- Synthetic phosphopeptide Cell Signalling 1:100 Randlett et
phosphorylated corresponding to residues Technologies al. (2015) /
ERK (pERK) surrounding Thr202/Tyr204 (4370S) zebrafish
of human p44 MAP kinase
Anti-serotonin (5-  Serotonin / rabbit, polyclonal =~ Immunostar 1:100 Uyttebroek
HT) (20080) etal. (2010)
/ zebrafish
Anti-synaptic Diplobatis ommata synaptic Developmental 1:100 Braubach et
vesicle marker 2 vesicles / mouse Studies al. (2012) /
(Sv2) Hybridoma zebrafish
Bank
Anti-vesicular Synthetic peptide Millipore 1:100 Shakarchi et
acetylcholine corresponding to the C- (AB1588) al. (2013)/
transporter terminus of the predicted rat zebrafish
(VACHhT) VACHT protein
Anti-tryptophan Phosphopeptide Life 1:100 See text
hydroxylase corresponding to AA residues Technologies
(TPH) surrounding phosphor-Ser19  (P21961)
of rat tryptophan hydroxylase
/ rabbit, polyclonal
Anti-tyrosine TH purified from rat PC12 Immunostar 1:100 Olsson et al.
hydroxylase (TH)  cells / mouse, monoclonal (22941) (2008) /
zebrafish
Anti-vasoactive Porcine VIP conjugated to Immunostar 1:400 Finney et al.
intestinal bovine thyroglobulin with (20077) (2006);
polypeptide (VIP)  carbodiimide / rabbit, Olsson et al.
polyclonal (2008);
Uyttebroek
etal. (2010)
/ zebrafish
Reference /
Label / Tracer Immunogen / Host Source Dilution Species
Phalloidin Amanita phalloides toxin Sigma Aldrich 1:500 Small et al.,
(77418) 1999
Neurobiotin N-(2-aminoethyl) Vector 1:50 Wyeth and
biotinamide hydrochloride Laboratories Croll, 2011
(SP-1120)
FM1-43X Life 1:100 Betz et al.,
Technologies 1992
(F35355)
Secondary
Antibody Host Source Dilution
AlexaFluor488 donkey Life 1:100
anti-goat Technologies
(A11055)
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Secondary

Antibody Host Source Dilution
AlexaFluor488 donkey Life 1:100
anti-mouse Technolioges

(A21202)
AlexaFluor488 goat Life 1:100
anti-rabbit Technologies

(A11008)
AlexaFluor555 donkey Life 1:100
anti-goat Technologies

(A21432)
AlexaFluor555 goat Life 1:100
anti-guinea pig Technologies

(A21435)
AlexaFluor555 goat Life 1:100
anti-mouse Technologies

(A21422)
AlexaFluor555 donkey Life
anti-rabbit Technologies

(A21206)
AlexaFluor647 donkey Life 1:100
anti-mouse Technologies

(A31571)
AlexaFluor488 Life 1:100
Avidin Technologies

(A21370)
Biotinylated anti-  goat Vector 1:50
rabbit IgG Laboratories

(BA-1000)
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Appendix C

Results from studies of intracardiac innervation in goldfish, Carassius auratus
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In teleost fishes, details of the organization of the intracardiac nervous system (ICNS) is
not well understood. Prior to the studies of zebrafish a number of techniques were
developed in investigations of the ICNS in the goldfish (Newton et al., 2014) a species
representative of a large group of cyprinids. Antibodies against the neuronal markers
acetylated tubulin (AcT), and human neuronal protein C/D (Hu), as well as choline
acetyltransferase (ChAT), tyrosine hydroxylase (TH) were used to detect neural elements
and their transmitter contents in wholemounts of cardiac tissue. All chambers of the heart
were innervated by AcT-positive axons, implying cholinergic regulation; and by TH
containing axons, implying adrenergic regulation. The mean total number of intracardiac
neurons was 713 £ 78. Neuronal somata were mainly located in a ganglionated plexus
around the sinoatrial valves. Putative pacemaker cells, identified by immunoreactivity for
hyperpolarization activated, cyclic nucleotide-gated channel 4 (HCN4), were located in the
base of the sinoatrial valves, and this region was densely innervated by cholinergic and
adrenergic terminals. These results show that the goldfish heart possesses the necessary
neuroanatomical substrate for fine, region-by-region autonomic control of the myocardial

effectors that are involved in determining cardiac output.

Methods
Immunohistochemistry.

The general immunohistochemical procedures used in this study were similar to
those used previously in zebrafish (Finney et al., 2006; Robertson et al., 2007). After
rinsing in phosphate buffered saline (PBS), fixed tissues were transferred to a solution of

0.25% Triton X-100 (Sigma-Aldrich) and 1% bovine albumen serum in PBS for 4 hours at
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4°C with agitation before exposure to primary antibodies, to permeabilize tissue and
reduce nonspecific binding of antibodies. Tissues were then placed in a solution of the
appropriate primary antibody (Table 1) diluted in 0.25% Triton X-100, 2%
dimethylsulfoxide (Sigma-Aldrich) 1% normal goat serum (Sigma Aldrich) and 1%
bovine serum albumen (Sigma Aldrich) in PBS (designated “PBS-T”), and incubated at
4°C for 5-7 days with agitation. Following incubation with primary antibody, tissues were
rinsed in PBS-T and incubated with the appropriate secondary antibody conjugated to
AlexaFluor 488 or 555 fluorophores (Molecular Probes, Eugene, OR or Invitrogen,
Burlington, ON, Canada) diluted in PBS-T at 4°C for 5-7 days with agitation. This was
followed by a final rinsing in PBS. For combined AcT and Hu labeling, tissues were
incubatedin a solution of PBS-T containing AcT and Hu primary antibodies together for
5-7 days at 4°C with agitation. A single anti-mouse antibody conjugated to either
AlexaFluor 488 or 555 was used to visualize both primary antibodies in the same tissue
specimens. Tissues were exposed to the secondary antibody in PBS-T for 5-7 days at 4°C.
In order to determine the relationship of the innervation with cardiac and smooth muscle,
some specimens were incubated with phalloidin (Small ez al., 1999), conjugated with
tetramethyl rhodamine isothiocyanate (TRITC) (Sigma #77418, dilution 1:500 in PBS) at
4°C overnight. Tissues were mounted in a glycerol solution (3:1 glycerol to Tris buffer,

pH 8.0) with 1-2% n-propyl gallate added to prevent fluorophore bleaching.

Results

Neuronal somata in the sinoatrial plexus.

Neuronal somata were detected by a combination of AcT and Hu to label neuronal
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processes and somata, respectively, in the same tissue samples. The appearance and
relative density of AcT-positive axons in the SAP (Figure B1) Labeling with AcT-Hu
antibodies revealed that ICN somata were organized into ganglia at the junctions of the left
and right vagosympathetic trunks with the plexus (Figure B1F,H, respectively) as well as
in the intervagal regions of the plexus. Individual somata or ganglia containing 2—5 somata
were also observed along both vagosympathetic trunks for a distance of up to 200 um
from the vagoplexus junctions (e.g., ganglion associated with left vagosympathetic trunk,
Figure B1G). Most neuronal somata visualized with AcT-Hu in the SAP (and elsewhere in
the heart) were oval or spherical and there was typically only one visible process, with an
apparent axon hillock emerging from one end of the soma (i.e., Figure B1G).

Somata were present in all parts of the SAP, displaying a wide range of soma size.
Long-axis somatic dimension ranged from 10 to 80 um (mean 35 wm), while short-axis
dimension ranged from 5 to 60 wm (mean 25 um). Frequency distributions of these
dimensions, when plotted as histograms (not shown), were continuous across their ranges,
peaking at the mean values (n = 5; 4,368 neurons). In these plots there was no evidence of
bi- or multimodal frequency distribution that might have indicated discrete classes of soma
size. In the SAP of seven hearts there was a mean total number of 713 £ 78 (SEM) ICNs.
The SAP was divided this into four regions each representing one-quarter of the total SAP
area in wholemount specimens in order to determine if there was differential regional
distribution of neurons within this plexus. The dorsal intervagal region contained 38% of
SAP ICNs (mean number 267 + 30). Neurons proximal to the left vagal junction
constituted 25% of ICNs (mean 179 + 23); this value was not significantly different from

that in the dorsal region. The ventral intervagal region contained 20% of ICNs (mean 143
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+ 25) while the region associated with the right vagal junction encompassed 17% (mean
122 £+ 17). The values for these regions were significantly less than the value for the dorsal
intervagal region but not significantly different from that for the left vagal region, or from

each other.

Putative pacemaker tissue in SAV region.

In wholemount preparations of the sinoatrial region, cells labeled with antibodies
against HCN4 were generally oval-shaped and less than 10 um in longest dimension
(Figure B1). The majority of these cells were located within the valve leaflets, mainly in
the basal regions. Along the length of each leaflet the greatest density of labeled cells was
near the valve commissures, close to the entry of the vagosympathetic trunks into the SAP.
In the example shown in Figure 1, the left vagosympathetic trunk is at the lower left of the
image. Double labeling with AcT-Hu and HCN4 showed that axon bundles and single
axons coursed through and terminated within the region containing HCN4-positive cells

(Figure B1).

Atrial wall innervation.

Multiple axon bundles and nerves arose from the SAP and entered the atrial wall.
Of these, the largest continued toward the ventricle, but some nerve bundles and single
axons diverged to innervate myocytes in atrial trabeculae (AcT-Hu, Figure B2A). The
relative densities of axons within trabeculae in different regions of the atrial wall were
similar (data not shown). In all specimens examined there were also 5-10 ICN somata

located in the atrial wall near the apex (Figure B2B,C). Atrial wall trabeculae were
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innervated by both ChAT- and TH-positive axons (Figure B2D,E, respectively). While the
relative densities of these axonal types was not quantitatively analyzed, there appeared to

be more cholinergic than adrenergic axons in this part of the heart.

Atrioventricular funnel, ventricular wall, and ventriculobulbar junction.

There were several axonal bundles coursing directly from the SAP via the wall of
the atrioventricular funnel into the ventricle (Figure B3, schematic). These bundles
converged to form a plexus at the atrioventricular junction, circumscribing the
atrioventricular valves (Figure B3A, dashed line, lower right). A fine network of axons
extended into the atrioventricular valve leaflets from the plexus. There was also a small
population of neurons associated with this plexus, located mainly on the atrial side, in the
area indicated by the asterisk (*) in the lower right of Figure B3A. A portion of the
atrioventricular plexus is seen in detail in Figure 3B, showing an axonal bundle with a
ganglion of four somata (arrowhead) beside the nerve, along with several isolated somata
and individual axons. In four specimens examined, there were 12—15 neuronal somata
located here; these appeared to be unipolar (Figure B3B). Figure 3C shows details of the
atrioventricular plexus ganglion of another specimen, illustrating a complex arrangement
of axons surrounding the somata. The soma indicated by the arrowhead in Figure 3C is
shown at higher magnification in panel D. There appeared to be multiple terminals or
varicosities associated with this soma (indicated by *), clustered around the putative axon
hillock. An extension of the atrioventricular trunk (AVtr, Figure B3) continued within a
thickening of the compact ventricular myocardium from the atrioventricular plexus to the

ventriculobulbar junction (Figure B3, left side, junction indicated by *). The basal regions
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of the atrioventricular valves were attached to the heart wall in the region shown between
the two dashed lines on the left side of this image. In the ventricular wall, axons branching
from the atrioventricular trunk innervated the subepicardial zone of the compact
ventricular myocardium as well as coronary blood vessels. At the ventriculobulbar
junction the nerve trunk divided to form a small plexus (AcT-Hu, Figure B3). Some of the
axons innervating the ventricular wall were ChAT-positive (Figure B3), targeting both
myocytes and coronary vessels. TH-positive axons were also detected in the ventricular
wall, particularly adjacent to the ventriculobulbar junction; these axons appeared to target

primarily coronary blood vessels.

Innervation of the bulbus arteriosus and ventral aorta.

The general innervation of the bulbus and aorta (Figure B4) appeared to have two
origins. Axons from the ventriculobulbar plexus extended caudocranially within the tunica
adventitia of the bulbus, contributing to a small plexus at the bulboaortic junction Some of
these axons continued a short distance into the wall of the ventral aorta. Figure 4 also
shows nerve trunks that coursed craniocaudally within the walls of the ventral aorta,
becoming reduced in size as they extended toward the bulbus arteriosus. In the wall of the
bulbus close to the bulboaortic junction, there was fine innervation of both the tunica
adventitia and outer tunica media, visible in wholemount. ChAT-positive axons in this
region appeared to be evenly distributed throughout the tunica adventitia while axons
expressing TH-immunoreactivity appeared to target mainly adventitial blood vessels.
Figure 4A shows the fine innervation of the midregion of the ventral aorta, with axons in

the tunica adventitia overlying smooth muscle in the tunica media.
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Figure C1. Overview of cardiac innervation and putative pacemaker cells in sinoatrial
plexus (SAP) region. Neural elements and putative pacemaker cells in SAP region were
labeled with antibodies against acetylated tubulin (AcT, axons), human neuronal protein
C/D (Hu, intracardiac neuron [ICN] somata) and the ion channel HCN4. AcT and Hu were
detected using the same fluorescent secondary antibody. A: Ganglia at the junction of left
vagosympathetic trunk with the SAP. B: ICN somata (arrowheads) associated with left
vagosympathetic trunk in the wall of the duct of Cuvier approximately 200 um distal to
the SAP. Note typical “unipolar” appearance of somata. C: Ganglia at the junction of the
right vagosympathetic trunk with the SAP. D-E: Overview (D) and enlarged detail (E) of
SAYV leaflet showing small cells immunoreactive for HCN4 (green, arrowheads) in the
leaflet base. This area was well-innervated and close to SAP ganglia (note AcT-Hu

double-labeled axons and somata, red). Scale bars 50 um in A-C; 40 um in [; 20 um in J.
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Figure C2. Innervation of atrial wall. A: Combined AcT-Hu (green) and phalloidin (Phal;
red) labeling showed dense innervation of cardiac myocytes in atrial trabeculae. B,C:
Detailed views of AcT-Hu labeled ICNs and axons in the atrial wall near the apex. Note
axonal varicosities, and double nucleoli in soma, panel C. D: Example of ChAT-positive
axons innervating atrial trabeculae near sinoatrial junction. E: Example of TH-positive
axons innervating atrial trabeculae near the atrioventricular junction. Scale bars 100 wm in

ALE; 200 um in D; 25 um in C (applies to B).
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Figure C3. Innervation of atrial funnel, ventricle, and ventriculobulbar junction.
Schematic view of this region is shown in panel at lower left; AVtr, atrioventricular nerve
trunk; other labels as for Figure 1A. A: Low-magnification overview of region in box in
schematic, including a portion of the atrium (A, *, lower right) proximal to the
atrioventricular junction region (single dashed line) and ventricular wall (V) between the
atrioventricular junction and ventriculobulbar junction (* between two dashed lines on
left). The bases of the AV valves were anchored to the cardiac wall in this region. Cranial
is toward top of panel. The AVtr coursed from the AV valve plexus via the ventricular
subepicardium to join a plexus at the ventriculobulbar junction. Part of this nerve trunk
was obscured by the thickness of the wholemount tissue. B-D: Details of ICNs in the
atrioventricular plexus. B: Ganglionic somata and complex neuropil from another
specimen; arrowhead indicates a soma illustrated in detail in panel D. C: Multiple
varicosities (putative axonal terminals, arrowheads) were associated with this soma (*). D:
Four somata constituted a small ganglion (arrowhead) associated with a nerve trunk. Scale

bars 100 wm in A; 20 wm in B; 10 um in C; 50 wm in D.
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Figure C4. Innervation of the ventricular wall, ventriculobulbar junction, and outflow
tract. A: Composite micrograph showing general innervation (AcT-Hu) of bulbus
arteriosus (BA, left side of panel; dashed line marks approximate location of bulbus
ventral aorta junction) and ventral aorta (VA) to origin of first afferent branchial artery
(arrow). Caudal is to left, cranial is to right of this panel. B: Blood vessel in bulbus wall
innervated by TH-positive axons (green; phalloidin, red). C: Axons (AcT-Hu, green) in
mid-ventral aorta innervated mainly adventitia that overlay phalloidin-labeled smooth

muscle (red) in media. Scale bars 200 um in A; 50 um in B,C.
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