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ABSTRACT

The Pacific hagfish (Eptatretus stoutii), being an extant ancestral craniate,
possesses the most ancestral craniate-type heart with valved chambers, a response
to increased filling pressure with increased stroke volume (Frank-Starling
mechanism), and myogenic contractions. Unlike all other known craniate hearts,
this heart receives no direct neural stimulation. Despite this, heart rate can vary
four-fold during a prolonged, 36-h anoxic challenge followed by a normoxic recovery
period, with heart rate decreasing in anoxia, and increasing beyond routine rates
during recovery, a remarkable feat for an aneural heart. This thesis is a study of
how the hagfish can regulate heart rate without the assistance of neural stimulation.

A major role of hyperpolarization-activated cyclic nucleotide-activated (HCN)
channels in heartbeat initiation was indicated by pharmacological application of
zatebradine to spontaneously contracting, isolated hearts, which stopped atrial
contraction and vastly reduced ventricular contraction. Tetrodotoxin inhibition of
voltage-gated Na+ channels induced an atrioventricular block suggesting these
channels play a role in cardiac conduction.

Partial cloning of HCN channel mRNA extracted from hagfish hearts revealed six
HCN isoforms, two hagfish representatives of vertebrate HCN2 (HCN2a and
HCN2b), three of HCN3 (HCN3a, HCN3b and HCN3c) and one HCN4. Two
paralogs of HCN3b were discovered, however, HCN3a dominated the expression of
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HCN isoforms followed by HCN4. All HCN isoforms bar HCN3b were dominantly
expressed in the atrium, likely to support greater atrial excitability ensuring
synchronous contractions. Phylogenetic analysis suggested that HCN3 is the
ancestral isoform supporting previous observations.

Studies with β-adrenoreceptor agonists and antagonists in isolated, spontaneously
beating hearts showed that the routine normoxic heart rate may involve maximal
catecholamine stimulation of heart rate through cAMP stimulation of HCN channels
via transmembrane adenylyl cyclase (tmAC). Loss of this tonic β-adrenorecptor
cardiac stimulation during anoxia reduces heart rate, but restoring β-adrenoreceptor
stimulation during normoxic recovery does not produce the previously observed
increase above routine heart rate in vivo. Instead, bicarbonate-stimulated, soluble
adenylyl cyclase (sAC) mediated cAMP production was found to produce this
tachycardia in addition to the reinstated tmAC produced cAMP. This is the first time
sAC has been implicated in heart rate control.
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CHAPTER 1: INTRODUCTION

1.1 Preface

The craniate heart is a muscular pump tasked with delivering blood around the body,
allowing for the exchange of gases, nutrients, immune cells and ions throughout. All
craniate hearts share four main characteristics: 1) They are made up of specialized
muscle cells known as cardiac myocytes; 2) they contain multiple chambers, each
guarded by valves; 3) they follow the Frank-Starling Law of the heart (increased
cardiac filling leads to an intrinsic increase in stroke volume); and 4) they are
myogenic, meaning that the contraction of the muscle is generated in the heart
muscle itself.

The contraction of cardiac muscle is tightly regulated to an animal’s blood flow
needs (cardiac output; blood ejected from the heart per unit time). When an animal
increases its activity, cardiac output can increase over 3-fold in athletic animals such
as humans (Shin et al., 1995) and sockeye salmon (Oncorhynchus nerka) (Eliason
et al., 2013). Cardiac output is regulated through changes in the rate at which the
heart beats (the heart rate) and the volume of blood ejected from the heart with each
heartbeat (the cardiac stroke volume). The aim of this thesis was to discover how
the heartbeat is initiated and regulated in the Pacific hagfish, Eptatretus stoutii, an
animal that belongs to a group of chordate animals that predate vertebrates, the
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craniates.

My interest in the hagfish heart is that it shares all of the above characteristics of the
vertebrate heart, but differs by having no cardiac innervation (it also lacks an intact
pericardium). Indeed, the earliest known craniate heart with the above mentioned
characteristics belongs to the hagfishes (Axelsson et al., 1990; Bloom et al., 1963;
Farrell, 2007a; Ota and Kuratani, 2007). For comparison, the heart of the more
ancestral urochordate, Ciona sp., consists of a contractile tube devoid of valves and
although it is myogenic, contractile impulses can start at either end of the tube to
reverse the flow direction (Anderson, 1968). The valves of chambered hearts
ensure a one-way flow. Hagfishes are also unique in that they possess another
myogenic heart. In addition to the branchial heart, which is analogous to the
systemic heart of all other vertebrates and the subject of this thesis, hagfishes
posses a portal vein heart designed to overcome the vascular resistance
encountered in the liver as venous blood returns to the branchial heart (Cole, 1926;
Farrell, 2007a). Hagfish additionally possess neurogenic hearts, termed the caudal
and cardinal hearts, that are powered by skeletal muscle contractions while the
animal swims (Cole, 1926; Farrell, 2007a). These hearts aid in venous return in
their low pressure circulatory system.

The focus of my thesis, the branchial heart, has three chambers, each guarded by
valves. These are the sinus venosus, atrium and ventricle. The sinus venosus
arises from the posterior cardinal vein and internal jugular vein and drains into the
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atrium. Blood from the atrium empties into the ventricle, which drains into the ventral
aorta (Fig 1.1; Forster et al., 1991; Farrell, 2007a). Hagfish lack an intrapericardial
outflow tract (conus or bulbus arteriosus). Instead, a swelling of the ventral aorta
seems to take its place and posseses a pair of semilunar valves (Farrell, 2007a).

Despite the evolutionary importance of the hagfishes, very little is known about the
control of the aneural hagfish heart. Instead, the vast majority of our knowledge on
craniate cardiac control comes from research conducted on mammals, with a
smaller (yet significant) portion done on other taxa, including teleost and
elasmobranch fishes. All of these species possess some form of cardiac
innervation. As summarized below, cardiac control in hagfishes differs from both
mammalian and piscine systems, even though a common feature to all is the
initiation of the heartbeat by a pacemaker region, where the intrinsic rate of the
heartbeat can be controlled.

Therefore, this thesis will document my studies that detail how the heartbeat is
initiated and regulated. Initiation of the heartbeat was explored with
pharmacological, phylogenetic and gene-regulation studies, while the regulation of
the heartbeat was investigated with pharmacological, gene regulation and metabolic
studies. Together, the data obtained provide several novel as well as illuminating
experimental insights into aneural cardiac control. The discoveries within may have
broader implications for the vertebrate taxa as a whole.

3

My thesis examines three aspects of cardiac control: 1) The initiation of the
heartbeat; 2) Synchronization of cardiac contraction; and 3) Control of heart rate.
Each topic is introduced below. The limited literature on cardiac control in hagfish
generated questions that are organized into testable hypothesis which then form the
basis for my thesis.

1.2 The initiation of the craniate heartbeat: Funny currents vs. Calcium clocks.

A myogenic heartbeat is usually initiated in specialized pacemaker cells located in
the primary pacemaker at the sinus venosus/atrium border. In some species, such
as birds and mammals, the sinus venosus is no longer required to promote atrial
filling. In these animals, the sinus venosus fuses with the atrium becoming atrialized
and is referred to as the sinus venarum. In these cases the pacemaker area is
localized in an area called the sinoatrial, or sinus, node (Jensen et al., 2014).
Pacemaker activity is also found in the cardiac conduction system of birds and
mammals and, under certain conditions, can be elicited from normally non-pacing
cardiomyocytes (Yu et al., 1993a; Yu et al., 1995; Yasui et al., 2001; Marionneau et
al., 2005). In these tissues, pacemaker activity is usually lower than, and therefore
overridden by, the primary pacemaker.

All cardiac excitability, including pacemaker activity, is generated by transmembrane
ion movements through ion-specific channels in the cell membrane (a process
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collectively termed electrophysiology). These movements create ionic currents that
then stimulate cardiac muscle contraction via the interaction of the proteins troponin
and myosin (excitation-contraction coupling, reviewed by Bers, 2002). Ionic current
flows are driven by electrochemical gradients. For example, the concentration of
Na+ is much higher outside the cell compared to the inside, and the inside of the cell
is also negatively charged. Therefore, there is a large electrochemical gradient
driving Na+ into the cell. Thus, when ion channels specific to Na+ open, positively
charged Na ions enter the cell causing the cell membrane to become less negatively
charged. As the membrane potential approaches 0 volts, it is said to depolarize,
while repolarization refers to the restoration of the resting membrane potential (Fig.
1.2). During an action potential, depolarization of the muscle cell membrane
(sarcolemma; SL) is caused by Na+ and Ca2+ entering the cell, and repolarization
occurs when K+ moves out of the cell.

Such ion movements across the SL depend on the open state of ion-selective
channels. These channels are voltage-gated (VG), which means that the open
probability of the channel (the likelihood that a channel will spontaneously open, or
activate) varies with the cell membrane potential. When a channel opens, it allows a
current to flow across the SL and the cell membrane potential changes. Each ion
channel also requires the cell membrane to be at a particular potential, termed the
threshold potential, before activation occurs. In the case of a typical cardiac muscle
cell (cardiomyocyte) at rest, the membrane potential remains relatively stable
compared to the primary pacemaker cells. Upon stimulation, a rapid depolarization
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due to Na+ influx occurs. This opens Ca2+ channels allowing Ca2+ to enter the cell
during the plateau phase, a period when changes in membrane potential are
relatively small compared to the rest of the action potential. This Ca2+ comes from
the extracellular fluid and triggers further Ca2+ release from the sarcoplasmic
reticulum (SR). It is this increase in cytosolic Ca2+ that activates contraction.
Following the plateau phase, repolarization occurs due to the opening of K +
channels returning the membrane potential to the resting state, awaiting the next
stimulation.

Pacemaker cells have different electrophysiological events compared to working
cardiomyocytes (Brown and DiFrancesco, 1980; Doerr et al., 1989; Baker et al.,
1997; DiFrancesco, 2010). In pacemaker cells, the normally relatively resting
membrane potential of cardiomyocytes is replaced with a gently depolarizing
membrane potential (Fig. 1.2). This gentle depolarization is termed the pacemaker
potential, and it is this depolarization that produces the autorhythmicity of the
stimulation of the pacemaker cell to produce action potentials, which then drives the
myogenic craniate heartbeat as a whole (Fig. 1.2). The pacemaker action potential
has a Ca2+-mediated upstroke compared to the more rapid Na+ mediated upstroke of
cardiac myocytes. For when the membrane potential reaches the threshold potential
for the Ca2+ channel, it triggers the next upstroke, a process detailed below.

Currently, there are three competing models that predict how the pacemaker
potential is bought about, the membrane clock, the calcium clock and an integrated

6

model containing components of both clocks, each of which are introduced along
with details of pacemaker electrophysiology. They differ in the precise cellular
processes that are involved in generating the autorhythmicity of the pacemaker
potential and the types, and locations, of the channels involved.

1.2.1 The membrane clock
The membrane clock posits that all cardiac pacing activity is restricted to electrical
events associated with the SL. The core of this hypothesis is that the pacemaker
potential is triggered by the opening of hyperpolarization-activated cyclic nucleotidegated (HCN) channels following hyperpolarization of the cell membrane. HCN
channels allow Na+ and K+ to slowly enter the cytoplasm, which produces a current
known as the funny current, If, or less frequently, the hyperpolarization-activated
current, Ih (Brown et al., 1979a; Brown and DiFrancesco, 1980; Di Francesco and
Ojeda, 1980; Yanagihara and Irisawa, 1980; Doerr et al., 1989; Baker et al., 1997;
DiFrancesco, 2010). This slow influx of positive ions that gradually depolarizes the
membrane, creating the pacemaker potential, until it reaches the opening threshold
for T-type Ca2+ channels (Fig. 1.2). These channels then open quickly and briefly,
allowing Ca2+ to rush into the cells and causing rapid depolarization of the
membrane and the upstroke of the pacemaker action potential. As depolarization
progresses, the threshold potential for L-type Ca2+ channels is reached, allowing
even more calcium to enter the cell (Hagiwara et al., 1988; Doerr et al., 1989; Zhou
and Lipsius, 1994). This electrical activity then quickly spreads to cardiomyocytes in
other regions of the heart (by means of electrically coupled cells or specialized
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conduction fibres) and produces contraction of the heart chambers. At the same
time, slowly opening and closing VG K+ channels bring about repolarization of the
pacemaker cell, termed the delayed rectifier K+ current. This repolarization results in
hyperpolarization, which closes the delayed rectifier K+ channels and reactivates
both the HCN channels and the action potential cycle of the pacemaker cell (Fig.
1.2; Lei et al., 2000). With this membrane clock hypothesis, only ion channels found
in the SL are involved in generating the pacemaker current.

1.2.2 The calcium clock
A second model to explain spontaneous pacing of sinoatrial cells was prompted by
the discovery that ryanodine application to feline pacemaker cells reduced the rate
of spontaneous depolarization during the pacemaker potential (Rubenstein and
Lipsius, 1989). Since ryanodine inhibits Ca2+ release from ryanodine receptors
(RyR) in the SR, it was suggested that periodic local Ca2+ release from the SR in the
late diastolic phase was responsible for the pacemaker potential. This suggestion
was further supported by evidence from confocal and fluorescence microscopy
studies showing spontaneous Ca2+ realeases (sparks) from the SR (Huser et al.,
2000; Maltsev and Lakatta, 2007). These Ca2+ sparks from the SR were
independent of SL ion channels (Vinogradova et al., 2004).

A second player in the calcium clock model involves a SL protein, the
sodium/calcium exchanger (NCX). NCX can generate current in both directions by
exchanging 1 Ca2+ for 3 Na+, operating in either a forward mode (1 Ca2+ out of the
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cell in exchange for 3 Na+ in) or a reverse mode, depending on the relative
electrochemical gradients of Ca2+ and Na+ across SL (Shigekawa and Iwamoto,
2001). Together with localized Ca2+ release from the SR into the cytoplasm, NCX
could generate a pacemaker potential as follows. In response to the spontaneous
increase in intracellular Ca2+ concentration from SR Ca2+ release, NCX operates in
the forward mode to expel the excess Ca2+ from the cytoplasm. This will result in the
cell gradually depolarizing because 3 Na+ ions enter the cell per Ca2+ expelled.
Therefore, inhibiting Ca2+ release into the cytoplasm with ryanodine prevents this
exchange, which would then produce the observed reduction in pacemaker potential
and the pacing of the cell. Co-localization of RyR in the SR and NCX channels in
the SL allows NCX to be very responsive to changes in intracellular Ca2+
concentration due to SR Ca2+ release via RyR (Lyashkov et al., 2007). This process
will proceed until the threshold potential for the T-type Ca-channel is reached to
trigger a pacemaker action potential as described above.

1.2.3 Integrated model of cardiac pacemaking
A third model for cardiac pacemaking proposes that the processes involved with the
membrane clock and the calcium clock interact with each other to generate a
pacemaker potential (Monfredi et al., 2013). For example, if Na+ and K+ from HCN
depolarize the cell, then Ca2+ release from the SR, triggering Na+ influx from
forward-mode NCX, simply adds to this depolarization. If an integrated model is the
reality, the relative importance of particular ion channels or groups of channels will
be debated likely for years to come. Indeed, to add more complexity, recent
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evidence suggests that Ca2+ cycling through sinoatrial cell mitochondria may also
play a role in pacing (Yaniv et al., 2012).

1.3 Cardiac pacemaking in fish

Rainbow trout (Onchorhynchus mykiss) pacemaker potentials and action potentials
from pacemaker cells, as revealed by sharp-microelectrode studies (Havarninen and
Vornanen, 2007), look very similar to those found in mammals. A role for HCN
channels from the membrane clock model in setting heart rate has been supported
in rainbow trout by the finding that application of HCN antagonists reduces resting
heart rate by 11%, and maximal heart rate by 33% (Keen and Gamperl, 2012).
Additionally, HCN channels have been sequenced in trout saccule hair cells and a
defective HCN channel appears to be the cause of the slow mo mutation in
embryonic zebrafish (Danio rerio), which is associated with a reduced heart rate
(Cho et al., 2003; Backer et al., 2004; Jackson et al., 2007). HCN sequences can be
found in the genomes of fugu (Takifugu rubripes), green puffer fish (Tetraodon
fluvatilis), and zebrafish.

No literature exists on the role of the calcium clock on cardiac pacing in fishes.
However, inferences can be made from Havarninen and Vornanen (2007) where
ryanodine and thapsigargin (an antagonist of the SR-Ca2+ re-uptake ATPase,
SERCA) were added to rainbow trout hearts. Heart rate was not reduced until the
hearts were exposed to temperatures nearing the upper thermal limit (18°C) of the
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species and beating at double the rate compared to 11°C, and three-times higher
than that at 4°C. These data suggest that the calcium clock may become important
at extremely high temperatures or heart rates. However, because pacemaker
potentials have never been recorded under these conditions, the mechanism behind
this reduction in heart rate at higher temperatures is unknown. In addition, studies
on atrial and ventricular myocardium show that the relative role of SR Ca2+-release
compared to L-type Ca2+ influx in cardiac muscle contraction is species dependent,
with more active fishes, such as tuna (Thunnus sp.), having a larger reliance on SRsourced Ca2+ compared to more sluggish fishes, such as carp (Cyprinidae sp.)
(Vornanen, 1989, Shiels et al., 1998, Shiels et al., 1999, Shiels and Farrell 2000).
This could result in the calcium clock being important in setting intrinsic rate in these
active teleost fishes, but of lesser or negligible importance in more sedentary
species. Therefore, studies on Ca2+ cycling and the calcium clock among fish
species would be of interest for further study beyond the scope of my thesis.

1.4 Initiation of the hagfish heartbeat

Previous work on pacemaker physiology of hagfishes is restricted to two
electrophysiological studies that used intracellular recordings of pacemaker
potentials from throughout the working myocardium in spontaneously contracting
hearts (Jensen, 1965, Arlock, 1975). The well-defined pacemaker potential and
action potential of hagfish pacemaker cells look very similar in shape to those in
vertebrates. Additionally, as in other craniate hearts, further indication of pacemaker
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ability throughout the heart is that when a hagfish heart is cut up, each isolated
chunk will continue to beat and contract independently. However, Jensen (1965)
showed that the diastolic membrane potential of hagfish cardiac cells is much less
negative than that of vertebrates, being -41 mV and -48 mV in the atrium and
ventricle, respectively, versus -65 and -75 in teleost fishes (Vornanen et al., 2002b).

Thus, like in fishes, the roles of the membrane and calcium clock have not been
studied in hagfish. However, hagfish have the lowest power generating heart of all
craniates (Satchell, 1986) and evidence suggests that there is low RyR density in
hagfish hearts (Thomas et al., 1996), which implies a minimal role of SR Ca 2+
release in hagfishes and therefore suggests a major role for the membrane clock.
Therefore, my thesis specifically aims to characterize cardiac pacing by the
membrane clock in hagfish hearts, deferring detailed investigation of the calcium
clock model to future research.

1.4.1 Hyperpolarization-activated cyclic nucleotide-gated channels
To better introduce my working hypothesis that intrinsic heart rate in the Pacific
hagfish is set by the membrane clock, regulation of If by HCN channels is introduced
further.

HCN channels are part of the VG K+ channel super family and are structurally and
functionally closely related to the ether-a-go-go and cyclic nucleotide-gated K+
channels. These channels consist of four protein subunits each of which consists of
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six transmembrane segments, the fourth of which is a voltage sensor (Craven and
Zagotta, 2006; Jackson et al., 2007). The ion-conducting pore lies between
segments 5 and 6 and a cytoplasmic cyclic nucleotide-binding domain (CNBD) is
joined to the rest of the protein by the C-linker, a portion of the protein involved in
tetramerization (Fig. 1.3). cAMP binding causes conformational changes in the
CNBD subunit and the adjacent C-linker, allowing the formation of a gating ring
between closely positioned subunits (Chow et al., 2011). Binding of cAMP to the
other three subunits of the ring becomes more difficult following binding of the first
cAMP (Chow et al., 2011). Vertebrates have four isoforms of the HCN protein
subunit, each encoded by a separate gene and numbered HCN1 to HCN4. To make
up a complete channel, these isoforms can come together as homotetramers or
heterotetramers. For example, HCN1 is known to form channels with HCN2 and
HCN4, and HCN2 with HCN4, however, HCN2 has not been found as a
heterotetramer with HCN3 (Much et al., 2003; Whitaker et al., 2007).

High sequence identities (80-90%) between the HCN isoforms suggest that they
arose from gene duplications of an ancestral HCN3-like gene (Jackson et al., 2007).
In Ciona, a tunicate, there have been lineage specific duplications of an ancestral
HCN3-like gene, resulting in Ciona having three isoforms denoted as HCNa, HCNb
and HCNc. Some teleost fishes, such as the green puffer, have multiple copies
(paralogs) of some isoforms, likely a result of lineage specific gene or whole genome
duplications common to teleost fishes (Jackson et al., 2007).

13

Nothing is known about HCN structure, expression or regulation in cardiac tissues of
hagfishes, despite their key evolutionary position in the craniate lineage. My
phylogenetic analysis of HCN structure and expression aims to highlight the
evolution of HCN-channel isoforms in this ancestral craniate heart.

1.5 Regulating heart rate with HCN

The slope of the pacemaker current sets the frequency at which action potentials are
generated in pacemaker cells. Consequently, anything that alters If can potentially
alter heart rate. There are several known mechanisms that alter gating of HCN, and
consequently If.

1.5.1 HCN gating by cAMP
The CNBD inhibition of If is inversely proportional to the concentration of cAMP in
the cytoplasm. Thus, binding of cAMP increases the channel open probability,
increasing If, and, in pacemaker cells, an increase in cAMP increases the slope of
the pacemaker potential (DiFrancesco and Tortora, 1991; Wainger et al., 2001).
cGMP and cCMP also gate HCN channels, however, much higher concentrations
are needed compared to cAMP (DiFrancesco and Tortora, 1991). cAMP also
activates protein kinase A, allowing for phosphorylation of the HCN channel to
further increase its open probability (Chang et al., 1991; Yu et al., 1993b).
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Clearly, changing the intracellular cAMP concentration and cAMP gating in
pacemaker cells is an effective means to change heart rate. cAMP is produced by
the metabolism of ATP catalyzed by adenylyl cyclase, with pyrophosphate as a
byproduct (Kaumann et al.,1982; Waelbroeck et al., 1983; Ikezono et al., 1987; Guo
et al., 2004). Consequently modulation of adenylyl cyclase activity can alter heart
rate. Both the autonomic nervous system and hormones such as catecholamines
can alter cytoplasmic cAMP through SL receptors as described below.

1.5.2 Modulation of adenylyl cyclase activity by the autonomic nervous system and
catecholamines
Three primary extrinsic heart rate control mechanisms exist in vertebrates: 1)
parasympathetic (vagal) innervation; 2) sympathetic (adrenergic) innervation; and 3)
hormonal control (Nilsson, 1983). Vagal (cholinergic) and sympathetic
(noradrenergic) controls are rapidly conducted by the autonomic nervous system,
while hormonal control is mediated by catecholamines (noradrenaline and
adrenaline) released from either adrenal or other chromaffin tissues. Autonomic
neural and hormonal stimulation have been well studied in mammals and fishes, but
to a lesser extent in hagfishes. These mechanisms act by stimulating or inhibiting
cAMP production via transmembrane adenylyl cyclase (tmAC) increasing or
decreasing the pacemaker potential respectively as described for each system
below.
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The vagus nerve innervates all vertebrate hearts, with cell bodies situated in the
area of the primary pacemaker (Yamauchi and Burnstock, 1968; Burnstock, 1969;
Santer, 1971; Santer and Cobb, 1972). Vagal stimulation is cardioinhibitory in all
vertebrates from elasmobranchs to mammals, with acetylcholine universally acting
on muscarinic receptors in the membrane of pacemaker cells (Randall, 1966;
Cameron, 1979; Holmgren, 1981; Nilsson, 1983; Taylor, 1992;). Muscarinic
receptors are linked to an inhibitory G-protein that when stimulated antagonizes
tmAC, which decreases cAMP production, and subsequently, decreases the slope of
the pacemaker potential and causes a hyperpolarization (Sorota et al., 1958;
DiFrancesco, 2010).

In fishes, vagal stimulation of the heart is responsible for the well-documented
hypoxic bradycardia, a response blocked by the muscarinic antagonist atropine
(Nilsson, 1983; Farrell, 2007b, Gamperl and Driedzic, 2009). Interestingly, when
mammals are exposed to hypoxia, they experience a tachycardia due to adrenergic
stimulation (Lifson et al., 1977; Marshall and Metcalfe, 1988). Hagfishes do not
have a cardiac branch of the vagus nerve and cannot respond in this manner. Also,
injections of acetylcholine and atropine have no effect on hagfish heart rate, which
means that the receptor system is likely absent (Axelsson et al., 1990; Forster et al.,
1992).

Despite histological recordings of ganglion-like cells close to, and in, the epicardium
of the ventricle, evidence from comprehensive dissections, histological and
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functional physiological studies show that the hagfish heart is anatomically and
functionally aneural (Greene, 1902; Augustinsson et al., 1956; Jensen, 1961; Hirsch
et al., 1964; Jensen, 1965). Interestingly, embryonic mammalian hearts pass
through an aneural stage; contractions start at embryonic day 9 in the rat but vagal
control starts at day12 (Greene, 1902; Goss, 1938; Gómez, 1958; Ebert and
Thompson, 2001). Also, following a surgical transplant, the human heart is also
aneural. However, as shown below in hagfish, being aneural does not preclude
effective modulation of heart rate.

Cardiac vagal innervation is first seen in the lamprey, a related cyclostome, but in
this case acetylcholine is cardiostimulatory as a result of nicotinic receptors on the
cardiac tissue (Greene, 1902; Augustinsson et al., 1956; Jensen, 1961; Jensen,
1965, Farrell, 2007a).

Catecholamine stimulation of the heart rate involves noradrenaline and adrenaline.
Both can be released into the circulatory system from chromaffin tissue, while
noradrenaline is also released from sympathetic nerve endings whenever they
innervate the heart (Nilsson, 1983). Sympathetic nerves innervate the sinoatrial
node of mammals, some teleosts, but not elasmobranchs (Gannon and Burnstock,
1969; Cameron, 1979; Donald and Campbell, 1982; Taylor, 1992; Zaccone et al.,
2009). Thus, sympathetic cardiac innervation appeared even later than vagal
innervation.
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All fishes, instead, release noradrenaline and adrenaline into the blood in varying
amounts and proportions from chromaffin tissue during stress and hypoxia when,
arterial oxygen saturation reaches about 50% (Nandi, 1961; Nilsson, 1983; Farrell
and Jones, 1992; Perry and Reid, 1992; Taylor, 1992; Zacone et al., 2009).

Hagfishes are among a small group of craniates, whose hearts contain chromaffin
cells filled with catecholamines that show up as densely staining granules in electron
micrographs (Johnels and Palmgren, 1960; Östlund, 1960; Bloom et al., 1961; von
Euler and Fänge, 1961; Jensen, 1961; Perry et al., 1993). These local
catecholamine stores may compensate or account for the much lower circulating
catecholamine concentrations found in hagfish blood, even under very stressful
conditions, when compared to teleosts (Perry et al., 1993; Farrell, 2007a). Indeed,
there is clear evidence that the hagfish heart acts as a catecholamine-releasing
gland exerting paracrine actions on the heart. For example, application of
adrenaline to a perfused hagfish heart preparation and in vivo produced a very slight
tachycardia (Fänge and Östlund, 1954; Forster et al., 1992). Blocking
catecholamine action with dihydroergotamine during cardiac perfusion decreased
heart rate, with heart rate being restored with subsequent adrenaline or
noradrenaline administration (Fänge and Östlund, 1954).

Despite the various sources of noradrenaline and adrenaline, both humoral and
neural stimulation of heart rate in most vertebrates is due to β-adrenoreceptormediated stimulation of tmAC via a stimulatory G-protein. This then increases cAMP
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production, leading to an increase in If as described above (Brown et al., 1979a;
Brown et al., 1979b; Brown and DiFrancesco, 1980; Kaumann et al., 1982,
Waelbroeck et al., 1983, DiFrancesco, 1985; Ikezono et al., 1987, Lohse et al.,
2003, Guo et al., 2004, DiFrancesco, 2010). However, in elasmobranchs, perch
(Perca fluviatilis), eel (Anguilla anguilla) and possibly the winter flounder
(Pleuronectes americanus) an α-adrenoreceptor-mediated bradycardia is found
upon catecholamine stimulation (Capra and Satchell, 1977; Peyraud-Waitzenegger
et al., 1980; Tirri and Ripatti, 1982; Mendonça and Gamperl, 2009).

1.5.3 The variable heart rate of the aneural Pacific hagfish heart
Given the aneural nature of the hagfish heart, it might be expected that the heart
rate of the hagfish doesn’t change much. However, this is not what is found in the
laboratory. The most dramatic change in heart rate reported for hagfish occurs
during recovery from prolonged anoxia. Pacific hagfish can survive, and fully
recover from a 36-h anoxic exposure (lack of environmental oxygen; Cox et al.,
2010). Several hours into this anoxic period, heart rate had slowed to approximately
5 bpm, a rate that was then sustained for the next 34 h. Yet within 1.5 h of
reaerating the water, heart rate increased to approximately 17 bpm before returning
to the routine rate. Thus, within 1.5 h, heart rate could approximately double the
routine heart rate and quadruple the anoxic rate without any neural control. How
such large, albeit slow, changes in hagfish heart rate are controlled is unknown. My
thesis aims to answer how an aneural heart can control its rate.
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Results from in vivo injections of the β-blockers sotalol or propranonol that produced
marked but slowly developing bradycardia in the Atlantic hagfish, (Myxine glutinosa)
and the New Zealand hagfish (E. cirrhatus) strongly suggest a tonic
catecholaminergic cardiac stimulation via β-adrenergic receptors (Axelsson et al.,
1990; Forster et al., 1992). Thus, my thesis will examine the effects of
catecholamine stimulation on hagfish heart rate during normoxia, anoxia and
subsequent recovery. My working hypothesis being, that there is a tonic, paracrine
stimulation of the hagfish heart that is removed upon anoxic exposure, resulting in
bradycardia due to reduced cAMP production. This stimulation is restored, and
increased during recovery from anoxia, resulting in the observed tachycardia.

1.6 Overview of thesis questions and working hypotheses

My primary thesis question is: How is heart rate controlled in an aneural heart? My
primary hypothesis is that the aneural heart of the Pacific hagfish is controlled by
mechanisms only located within the heart and involving HCN channels.

In order to test my primary hypothesis, I will examine three specific aspects of
cardiac control, each of which has their own testable hypotheses and experimental
approach. These are summarized below. Subsequent chapters detail the approach,
results and discussion. My thesis closes with overall conclusions addressing each
hypothesis and an integrated model of hagfish cardiac control.
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1.7 Initiation of the heartbeat

1.7.1 Does the membrane clock set intrinsic heart rate in Pacific hagfish?
The hagfish heart is myogenic, has pacemaker potentials, has a low power
generating ability and has a low ryanodine receptor density. I propose that the
membrane clock is responsible for the initiation of the hagfish heart rate. In order to
address the hypothesis that “the heartbeat is initiated by If”, I will examine whether or
not HCN channels are expressed in hagfish hearts.

Pacemaker potentials are present throughout hagfish myocardium and isolated
pieces of myocardium continue to spontaneously contract (Jensen 1965). Assuming
If is responsible for the pacemaker potential, HCN channels must also exist in both
myocardial chambers. Also, since multiple HCN isoforms have been found in both
urochordates (Ciona) and throughout the vertebrates, it is likely that multiple
isoforms exist in the hagfish. Given that the Ciona isoforms closely resemble HCN3,
it is also likely that this is the ancestral isoform of HCN. I will test the following
specific hypotheses concerning the initiation of the heartbeat.

Hypothesis: The heartbeat is initiated by HCN channels that generate If.
This hypothesis will be tested pharmacologically using ion channel blockers such as
zatebradine, a specific HCN channel blocker. To assess the respective importance
of the membrane clock and calcium clock models of pacemaker function the
pharmacological agent ryanodine will be used. (See Chapter 2)
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Hypothesis: Multiple isoforms of HCN exist in the hagfish heart, with HCN3 being the
ancestral isoform.
This hypothesis will be addressed using a phylogenetic analysis built from the
partially cloned hagfish genes and other craniate and Ciona HCN genes to confirm
that HCN3 is the ancestral craniate HCN isoform as shown by Jackson et al. (2007).
(See Chapter 3)

Hypothesis: HCN channel mRNA is expressed in both cardiac chambers of the
hagfish heart.
This hypothesis will be tested using partial gene cloning using tissue from both the
atrium and the ventricle. (See Chapter 3)

1.8 Synchronization of cardiac contraction

1.8.1 Are HCN channels involved in synchronous beating of the cardiac chambers in
the Pacific hagfish?
If my results suggest HCN channels and If exist in both cardiac chambers, how can
such a heart contract synchronously? Unlike in chambered hearts, Ciona can
initiate cardiac contraction at either end of its contractile tube, causing blood flow to
periodically reverse directions (Kriebel, 1970). Efficient cardiac contractions in a
chambered heart require a completed atrial contraction before the ventricle,
preferably with a small delay to allow for complete ventricular filling. While the
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cardiac conduction system of the hagfish is unknown, pacemaker activity in
mammalian and teleost hearts is not restricted solely to the primary pacemaker. The
atrioventricular node of both taxa, as well as the Purkinje fibers and bundle of His in
mammalian hearts, also express pacemaker potentials, and it is possible for
cardiomyocytes to express pacemaker potentials under certain conditions. In mouse
and rabbit, HCN gene expression per unit mass is greater in atria than ventricles,
and is even higher in the sinoatrial node. This allows the complicated conduction
system to function correctly, and the heart as a whole to contract synchronously (Shi
et al., 1999; Marionneau et al., 2005). This is because a larger HCN channel density
would allow a larger total current to flow, assuming gene expression is mirrored in
protein expression. Therefore, the magnitude of If and, in turn, the gradient of the
pacemaker potential would be greater.

In addition, or conversely, the electrophysiological properties of the four HCN
isoforms might differ, allowing a further level of intrinsic control of cardiac
conduction. For example, HCN1 has the shortest activation time constant, followed
by HCN2, then HCN3 with HCN4 being the longest (Moosmang et al., 2001). This
means that HCN1 channels open the fastest, with HCN4 opening slower. Evidence
that HCN isoform expression influences cardiac conduction comes from work on
mice and rabbits, where the dominant isoform in the sinoatrial node is HCN4,
whereas in the ventricle, HCN2 dominates (Shi et al., 1999; Marionneau et al.,
2005). Also, in rabbit Purkinje fibres, HCN1 is the dominant isoform, very closely
followed by HCN4 (Shi et al., 1999). Given that HCN1 has the fastest time constant,

23

cardiac excitability is probably controlled by both HCN channel density and isoform
expression in order to keep the sinoatrial node more excitable than the Purkinje
fibres. If sinoatrial HCN4 was expressed at the same density as Purkinje fibre
HCN1, the fibres would be more exciteable than the sinoatrial node, therefore,
HCN4, and total HCN expression needs to be higher in the sinoatrial node.

Hypothesis: The intrinsic rate of atrial contraction is higher than that of the ventricle.
This hypothesis will be tested using an atrioventricular block to investigate
conduction of the wave of excitation from the atrium to the ventricle and to compare
atrial pacemaker function to that of the ventricle. (See Chapter 2)

Hypothesis: Higher HCN mRNA expression in the atrium compared to the ventricle
supports a higher spontaneous atrial rate.
This hypothesis will be tested using quantitative real-time reverse transcriptase PCR
to quantify and compare mRNA expression of HCN channels between the cardiac
chambers. (See Chapter 3)

Hypothesis: Different HCN isoforms are expressed in the atrium compared to the
ventricle.
This hypothesis will be tested by quantifying the mRNA of each isoform in each
chamber to find out both, which channel is dominant, and if, and how, HCN isoform
expression differs in each chamber. (See Chapter 3)
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1.9 Control of heart rate

1.9.1 Does varying HCN mRNA expression during anoxia and subsequent recovery
suggest that HCN channel expression may have a role in heart rate control under
these conditions?
In the embryonic mouse heart, a developmental transition from HCN3 to HCN4
expression occurs when cardiac contractions first begin (Qu et al., 2008; Schweizer
et al., 2009). Thus, there is clear evidence suggesting that changing HCN isoform
expression, on a much slower time course than afforded by typical neural and
humoral regulation, might change heart rate. It is possible that during prolonged
anoxia and recovery, HCN gene expression could alter and change heart rate, as
seen in vivo during anoxia (Cox et al., 2010).

Hypothesis: HCN mRNA expression changes in response to prolonged anoxia and
subsequent recovery.
This hypothesis will be tested by comparing the mRNA expression of each HCN
isoform in atria and ventricles of hagfish hearts from animals exposed to normoxia,
anoxia and recovery from anoxia. While measuring mRNA expression does not give
a direct measurement of protein expression in the membrane, it does possess some
advantages over measuring protein expression. The CNBD of HCN is highly
conserved; however, it differs slightly between isoforms. Therefore, it is possible to
design and test neucliotide primers to search for HCN isoforms, and then measure
them using real-time reverse transcriptase PCR (RT-PCR). Moreover, to measure
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protein expression, antibodies that are specific to each isoform are needed, which
has proven to be very difficult, especially for HCN3. Therefore, for this exploratory
study of HCN expression in hagfishes, mRNA expression will be measured, leaving
protein expression for future work. (See Chapter 3)

1.9.2 Does varying tmAC activation modulate heart rate?
Evidence suggests that the hagfish heart contains chromaffin tissue that exerts
paracrine catecholamine stimulation of the heart itself. Via β-adrenoreceptors and
tmAC, this would increase basal heart rate by stimulating cAMP production,
removing inhibition of the CNBD on HCN channels.

Hypothesis: The heart receives tonic stimulation of tmAC by catecholamine
stimulation of β-adrenoreceptors.
This hypothesis will be tested pharmacologically using agonists and antagonists of
tmAC in isolated hearts in normoxia while monitoring heart rate. (See Chapter 4)

A related hypothesis is that:

Hypothesis: cAMP concentration in the heart decreases during prolonged anoxia.
This hypothesis will be tested by subjecting hagfish to prolonged anoxia and
sampling their hearts. cAMP concentration in these hearts will then be determined
using a chemiluminescent immunoassay kit. (See Chapter 4)
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1.9.3 Are there other mechanisms of HCN gating with cAMP?
Since only modest increases in resting hagfish heart rate have been found in
response to tmAC stimulation by adrenaline, it is unlikely that an increase in tmAC is
responsible for the doubling of heart rate in recovery from anoxia when compared to
the resting rates by Cox et al. (2010) (Axelsson et al., 1990). However, in addition
to tmAC, a soluble counterpart has been recently discovered. Soluble adenylyl
cyclase (sAC) was discovered in rat testes (Buck et al., 1999) and has since been
discovered to play a role in kidney, eye, respiratory tract, digestive tract including the
pancreas, bone, neural and immune function (see review by Tresguerres et al.,
2011), as well as in animals as evolutionarily diverse as elasmobranchs and corals
(Tresguerres, 2010; Barott et al., 2013). Unlike tmAC, sAC is activated by
bicarbonate ions, not G-linked proteins. As for the heart, a small amount of work
suggests that soluble adenylyl cyclases are involved in the apoptosis signaling
cascade in epithelial cells and cardiac myocytes (Chen et al., 2012). To date, no
one has considered the possibility that sAC is involved in heart rate control. These
considerations lead to three testable hypotheses.

Hypothesis: sAC is present in hagfish hearts.
This hypothesis will be tested using a Western blotting and immunofluorescence to
identify and localize sAC in hagfish hearts using an anti-sAC antibody. (See
Chapter 4)

Hypothesis: sAC produces cAMP in response to bicarbonate stimulation.
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A cAMP production assay using homogenized hagfish hearts will determine if cAMP
is produced in response to sAC agonism by bicarbonate ions and blocked in
response to sAC antagonism. (See Chapter 4)

Hypothesis: sAC stimulation is involved in hagfish cardiac control.
This hypothesis will be tested pharmacologically using bicarbonate ions and an
antagonist of sAC in isolated hearts before, and during, anoxia while monitoring
heart rate. (See Chapter 4)

1.10 My proposed model of heartbeat control in an aneural heart.

The results of testing my hypotheses will be used to generate a model to explain the
4-fold change in heart rate seen by Cox et al. (2010) implicating both tmAC and sAC
regulation of cAMP in the control of hagfish heart rate (Fig. 1.4). The rate limiting
step of catecholamine production, the conversion of tyrosine to 3,4dihydroxyphenylalanine, is oxygen dependent (Levitt et al., 1965). Therefore, in
anoxia, it makes sense that tonic catecholamine production, must eventually cease.
This would reduce stimulation of tmAC and cAMP production, and subsequently
heart rate. Concurrently, anoxia decreases bicarbonate ion concentration due to
both a reduction in CO2 production from aerobic respiration and an increase in H+
production from metabolic acidosis. Therefore, bicarbonate stimulation of sAC
would also decrease during anoxia, reducing heart rate alongside the actions of
tmAC.
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Upon reoxygenation, catecholamine production and tmAC stimulation would restart
increasing cAMP production. Concurrently, an increase in bicarbonate ion
concentration due to aerobic respiration being restored would increase cAMP
production from sAC. This, together with tmAC stimulation will increase heart rate in
the recovery phase. As bicarbonate levels return to normal, sAC stimulation would
return to routine levels, as would heart rate, supported by tonic tmAC stimulation.
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Figure 1.1. Diagram of the hagfish heart highlighting the cardiac chambers and the
input and output vessels. Blood enters the sinus venosus from the internal jugular
vein and posterior cardinal vein. From the sinus venosus, blood is pushed into the
atrium, then the ventricle and exits through the ventral aorta. Arrows indicate blood
flow direction.
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Hyperpolarization
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Figure 1.2. The major electrical stages of a cardiac pacemaker cell action potential.
Upon the reaching of the T-type Ca2+ threshold potential (indicated by dashed line),
an influx of Ca2+ depolarizes the cell. Efflux of potassium repolarizes the cell, and
even hyperpolarizes it, activating the pacemaker potential. This steady influx of Na +
and K+ gently depolarizes the cell back to the threshold for T-type Ca2+. See text for
more details.
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Figure 1.3. Schematic of a Hyperpolarization-activated cyclic nucleotide-gated
(HCN) channel subunit showing the major protein segments. Four subunits come
together to form a complete channel. Six transmembrane segments (S1 to S6)
contain both the voltage sensor (gray shading) and the pore region. The C-linker
joins the cyclic nucleotide binding domain (CNBD) to S6. Here cAMP binds to
remove the auto-inhibition of the CNBD, allowing a greater current (If) to flow. N and
C refer to their relative termini. Based on Figure 1 from Jackson et al., 2007.
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HCO3sAC
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Figure 1.4. A proposed model of cAMP production in a hagfish cardiac pacemaker
cell. ATP is converted to cAMP via adenylyl cyclases. Transmembrane adenylyl
cyclase (tmAC) is agonized by stimulation from β-adrenoreceptors that are in turn
stimulated by catecholamines. Soluble adenylyl cyclase (sAC) is agonized by
bicarbonate ions (HCO3-). In turn, cAMP binds to hyperpolarization-activated cyclic
nucleotide-gated channels to facilitate channel gating and increasing heart rate.
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CAPTER 2: PHARMACOLOGICAL CHARACTERIZATION OF THE HEARTBEAT
IN AN EXTANT VERTEBRATE ANCESTOR, THE PACIFIC HAGFISH,
EPTATRETUS STOUTII

2.1 Introduction

Modern day hagfishes are extant representatives of the ancestral chordate. Their
heart shares many features common to vertebrate hearts, such as valved atrial and
ventricular chambers, myogenic contractions and a Frank-Starling response to filling
pressure (reviewed by Farrell, 2007), but lacks autonomic nervous innervation
(Greene, 1902; Augustinsson et al., 1956; Jensen, 1961; Jensen, 1965). Yet, hagfish
can still vary in vivo heart rate considerably. For example, the heart rate of Pacific
hagfish, Eptatretus stoutii, changes 4-fold (5 – 17 bpm) during an anoxic challenge
and subsequent recovery phase (Cox et al., 2010). In vertebrates, heart rate is
primarily controlled via the autonomic nervous system (vagal deceleration and
sympathetic acceleration of the intrinsic pacemaker rate), mechanisms that are
unavailable to modern day hagfishes (Nilsson, 1983). Therefore, to understand heart
rate control in hagfishes, the present study aimed to discover what mechanisms for
regulating intrinsic heart rate might be targets for control.

Electrophysiological studies of hagfish hearts are very limited (Jensen, 1965; Arlock,
1975; Satchell, 1986). They are distinguished from vertebrate hearts by having a
prolonged atrioventricular delay and a more depolarized resting membrane potential,
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as well as possessing pacemaker potentials in all areas of the atrium and ventricle,
which suggests that the hagfish heart may be less dependent on its primary
pacemaker cells. The action potential of the working myocardium of the vertebrate
heart, has a Na+-based upstroke, an L-type Ca2+ mediated plateau phase and a
more stable resting membrane potential maintained by the inward rectifier K+ current
and a reduced pacemaker potential (Tomaselli and Marbán 1999; Bers 2002;
Vornanen et al., 2002a). Specialized pacemaker cells set the spontaneous rhythm of
the vertebrate heart with an action potential generated by a T-type Ca2+-mediated
upstroke with an L-type Ca2+ component. Two hypotheses exist for the rhythmicity of
the pacemaker action potential; one is a slowly depolarizing K+ and Na+ current (If)
between action potentials (termed the pacemaker potential) which is regulated by the
hyperpolarization-activated cyclic nucleotide-gated (HCN) channel (Brown et al.,
1979b; Brown and DiFrancesco, 1980; DiFrancesco and Ojeda, 1980; Yanagihara
and Irisawa, 1980; Hagiwara et al., 1988; Doerr et al., 1989; Zhou and Lipsius, 1994;
DiFrancesco, 2010). The other is intracellular Ca2+ cycling through the sarcoplasmic
reticulum (SR) that rhythmically activates an inward sodium/calcium exchanger
current (INCX) as the membrane potential nears that of the activation potential for Ttype ICa (reviewed by Maltsev and Lakatta, 2008). Irrespective of how the pacemaker
potential depolarizes the cell membrane, once the activation potential for T-type ICa is
reached, the rapid upstroke of the action potential is triggered, initiating the wave of
contraction in the heart. To gain further insights into how the hagfish heartbeat is
initiated and then spread throughout the myocardium to better direct
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electrophysiological studies, the present study examined the effects of channel
blockers on the contraction rate of spontaneously beating, isolated hagfish hearts.

2.2 Materials and methods

2.2.1 Animals
Pacific hagfish, Eptatretus stoutii, were caught off the coast of Bamfield Marine
Sciences Centre, Bamfield, B.C. Canada using baited traps and transferred to flowthrough seawater fibreglass tanks after capture. A total of 36 hagfish were used in
the present study with a body mass averaging 94 ± 1 g. Animal care approval was
provided by both the University of British Columbia and Bamfield Marine Sciences
Centre in accordance with the Canadian Council on Animal Care. Fish were
sacrificed by decapitation, after which the heart was rapidly excised by first removing
the liver and gall-bladder to gain easier access to the heart. The heart was
immediately placed in ice-chilled saline and experiments were conducted
immediately.

In order to measure intrinsic atrial and ventricular contraction rates, six hearts had
the atrioventricular canal crushed by tying a silk ligature tightly around the canal to
create an atrioventricular conduction block. Spontaneous contraction rates of the
atrium and ventricle were then measured every 5 min for the next 2 h to determine if
they remained stable.
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2.2.2 Heart rate observations
The spontaneously beating isolated heart was monitored on a microscope slide using
a Digital Blue QX5 Microscope connected to a Sony Vaio FW Series Notebook
running CamStudio Recorder. The heart was continually perfused with chilled saline
that was delivered via a multi-barrelled solution exchanger allowing rapid (<30 s) fluid
exchange for the drug treatments. Saline temperature was maintained at 10°C
throughout the experiments using a dual in-line heater/cooler (Warner Instruments
SC- 0 coupled with Warner Instruments Bipolar temperature controller CL-100,
Hamden, Connecticut, USA). Heart rate was allowed to stabilize for 30 min prior to
any experimental treatment, and heart rate at this time was taken as the control
value. Increasing concentrations of the four channel blockers were then added to the
saline every 30 min and only one blocker was tested on each preparation (n=6 per
blocker). Recordings of contraction rates were recorded every 5 min to ensure a
steady state had been reached with each concentration.

2.2.3 Solutions and pharmacological agents
If was blocked with zatebradine (0.005, 0.05, 0.5 and 5 mM; Tocris Bioscience,
Minneapolis, Minnesota, USA). Calcium cycling through the SR was blocked with
ryanodine (0.1, 1.0, 10 and 100 µM). Voltage-gated (VG) INa was blocked with
tetrodotoxin (TTX: 0.01, 0.1, 1 and 10 µM; Tocris Bioscience, Minneapolis,
Minnesota, USA). T-type ICa was blocked with NiCl2 (0.01, 0.1, 1 and 10 mM; Sigma
Aldrich, St. Louis, Missouri, USA). L-type ICa was blocked with nifedipine (0.1, 1, 10
and 100 µM; Sigma Aldrich, St. Louis, Missouri, USA) prepared in 95.5% DMSO

37

(Sigma Aldrich, St. Louis, Missouri, USA). All solutions were stored at 5°C and
protected from light until used. Hagfish saline contained (mM): 450 NaCl, 5.4 KCl, 2
CaCl2, 10 MgSO4, 0.4 NaH2PO4, 20 glucose and10 HEPES, and pH was adjusted to
7.9 using NaOH.

2.2.4 Calculations and statistical analyses
Data are presented as means ± standard error of the mean (s.e.m., n=6 per blocker
treatment). Normally, the atrium and ventricle contracted in synchrony and at the
same rate. Some blockers created asynchrony and a Student’s t-test was used to
determine if a measured ventricular contraction rate remained above, at, or below
(P<0.05) the rate determined for the atrioventricular block via ligature. The ventricular
contraction rate following the atrioventricular block with a ligature was expressed as a
percentage of the atrial rate, and is represented as a line of identity in graphical
presentations of the effects of channel blockers. Statistically significant treatment
effects (P<0.05) were determined using repeated measures two-way ANOVA, with a
Holm-Sidak post-hoc test for comparisons among blocker concentrations and
between contraction rates of the atrium and ventricle.

2.3 Results

2.3.1 Atrioventricular block
Heart rate for whole, isolated hagfish hearts perfused with saline at 10°C for 30 min
was 21.1 ±1.1 bpm. The atrioventricular ligature had no significant effect on atrial
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contraction rate (21.2 ± 0.4 bpm after 2 h), but the ventricle began contracting at a
significantly slower and independent rate of 8.4 ± 0.3 bpm (Fig. 2.1), which is
consistent with an atrioventricular conduction block. After the first 20 min, ventricular
rate remained stable for the remainder of the 2 h period at less than half (41.3 ±
1.5%) of the atrial contraction rate (Fig. 2.1), which is the value used as a line of
identity for intrinsic ventricular rate in subsequent figures.

2.3.2 Zatebradine
Zatebradine, an HCN channel blocker, decreased the atrial and ventricular
contraction rates in a concentration-dependent manner. Atrial rate decreased to 23.5
± 5.0% of the initial rate with 0.005 mM zatebradine (P<0.05, Fig. 2.2A). All but one
heart ceased to contract with 5.0 mM, indicating the strong role of If in setting atrial
rate. Ventricular rate followed the declining atrial rate, and decreased significantly
below the intrinsic ventricular rate. Even so, the majority of ventricles contracted
asynchronously with the atria with 0.5 mM zatebradine and, ultimately, significantly
outpaced the atria with 5.0 mM zatebradine (P<0.05, Fig. 2.2A).

2.3.3 Ryanodine
Ryanodine, used to block calcium cycling through the SR, had no significant effects
on atrial and ventricular contraction rates (Fig. 2.2B). No asynchronous beating was
induced by ryanodine.
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2.3.4 Tetrodotoxin
Tetrodotoxin (TTX), which blocks VG Na+ channels, had different but concentrationdependent effects on atrial and ventricular contraction rates. At the highest TTX
concentration, atrial rate was reduced to 64.9 ± 6.6% of the control rate, whereas
ventricular rate was reduced to 44.6 ± 10.6% of the control rate, one that was not
significantly different from intrinsic ventricular contraction rate (Fig. 2.2C). Thus, TTX
had minimal effects on the atrial rate compared with zatebradine, despite the very
high concentrations that were used. Instead, the major effect of TTX was apparently
a chemically induced atrioventricular block, allowing the ventricle to beat at its own
rate independent of the atrium.

2.3.5 Nickel
A T-type Ca2+ channel blocker, Ni2+, had no significant effect on heart rate until a
concentration of 1.0 mM, where there was a concentration-dependent decrease in
contraction rates and contraction asynchrony (P<0.05, Fig. 2.2D). Atrial contractions
almost ceased with 10.0 mM (6.1 ± 4.3% of the control rate), but ventricular rate
continued at 30.5 ± 10.7% of the control rate, a level not significantly different from
intrinsic ventricular rate (Fig. 2.2D). Thus, the atrium was more sensitive to a T-type
Ca2+ channel blocker than the ventricle, which may have been insensitive since it
contracted at its intrinsic rate.
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2.3.6 Nifedipine
Nifedipine, an L-type Ca2+ channel blocker, significantly reduced atrial and ventricular
contraction rates in a similar concentration-dependent manner at concentrations of
1.0 µM and higher (P<0.05, Fig. 2.2E). At the highest nifedipine concentration
tested, atrial rate was 36.4 ± 28.7% and ventricular rate 41.1 ± 9.5% of the control
rate, with occasional asynchrony (Fig. 2.2E). Thus, an L-type calcium channel
blocker had a major effect on atrial rate compared to the ventricular rate, but
independent effects on ventricle were not resolved as ventricular rate did not fall
below the line of identity (Fig. 2.2E).

2.4 Discussion

The present study is the first to investigate the mechanisms underlying the heartbeat
of the Pacific hagfish, an extant representative of an ancestral chordate and one
devoid of autonomic cardiac innervation. The intrinsic heart rate at 10°C was 21.1 ±
1.1 bpm in the present study, which is slightly lower than that reported for isolated E.
stoutii hearts at 15°C (26 ± 1.4; Jensen, 1965). This earlier study showed that the
heart rate of in situ E. stoutii hearts increased with temperature, perhaps accounting
for the difference between studies. Axelsson et al. (1990), showed the intrinsic heart
rate of the perfused, working Myxine glutinosa heart was 22.3 ± 1.0 at 10-11°C, a
similar rate to that reported here for E. stoutii. The stability of both the atrial and
ventricular contraction rates for up to 2 h following application of an atrioventricular
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ligature allowed me to be confident that the observed reductions in contraction rates
seen after blocker applications were not run down of the heart.

An overriding caveat to the conclusions made below is the requirement for
confirmatory studies using cellular electrophysiological techniques on hagfish
cardiomyocytes. However, to date, cardiac myocytes have never been successfully
isolated from any hagfish species, preventing ionic currents to be measured from
single cells. Considering the present findings from whole hagfish hearts, and their
evolutionary importance, electrophysiological recordings from isolated hagfish
cardiac myocytes are worth doing. I also add a note of caution regarding the large
concentration of some channel blockers that were required to elicit a reduction in
contraction rates since there may have been diffusion issues in the present whole
heart preparation when compared to single myocyte studies. However, high
concentrations introduce the possibility of non-specific inhibition of other ion
channels. In whole-cell patch-clamp studies a single current can be measured by
controlling the voltage conditions of the sarcolemma. Therefore, I focused on how
particular ion channel blockers altered contraction rate and chamber synchrony of
the whole heart, something not possible with single myocytes. Pharmacological
studies rely on concentration-dependent responses, which proved to be the case for
the four blockers that showed significant results. In addition, asynchronous atrial and
ventricular contractions with some blockers and comparisons with the intrinsic atrial
and ventricular contraction rates helped distinguish independent atrial and ventricular
effects of the blockers.
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Zatebradine is a potent blocker of the HCN channel that has been used to reduce If in
both vertebrate and urochordate hearts by binding to the pore of the HCN channel
when it is in its open state, from within the cell, blocking Na+ and K+ entrance to the
cell (If) (DiFrancesco, 1981; Van Bogaert and Goethais, 1992; Van Bogaert and
Pittoors 2003; Stieber et al., 2006; Hellbach et al., 2011). A reduction in If causes an
increased time for threshold to be reached in pacing cells due to a reduction in the
gradient of the pacemaker potential, which then decreases intrinsic heart rate.
Zatebradine significantly reduced ventricular contraction rate and essentially stopped
atrial beating, whereas ryanodine had no significant effect on either chamber. These
results suggest a vital role for the HCN channels in establishing the intrinsic heart
rate of E. stoutii, contrasted with the lack of support for the calcium clock, as
discussed further below.

In the urochordate, Botryllus schlosseri, whose heart consists of a single layer of
myocytes and lacks valves (Kriebel, 1968; Delsuc et al., 2006), zatebradine reduced
heart rate by 31.4% and 46.6% at 0.005 mM and 0.05 mM, respectively, compared to
23.5% and 60.7% in the present study with hagfish (Hellbach et al., 2011). The
asynchrony seen here at higher zatebradine concentrations has also been reported
in both B. schlosseri and mammals, and adds support to previous findings of different
HCN channel expression among cardiac chambers in mammalian hearts (Biel et al.,
2002; Marionneau et al., 2005; Stieber et al., 2006; Hellbach et al., 2011). However,
zatebradine has been shown to have a small effect on delayed rectifier K+ channels,
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which are involved in repolarization of both pacemaker and cardiac myocytes (Bois et
al., 1996). Therefore, a portion of reduction in contraction rates seen in the current
and previous studies with zatebradine additions may be due to an extension of action
potential duration prior to If activation upon hyperpolarization.

Ryanodine had little to no effect on contraction rate of the hagfish atria and
ventricles, therefore the role of SR-calcium-cycling may be minor in terms of rate
control for the hagfish. This result is not surprising considering the results of
Thomas and colleagues (1996) suggesting extremely low ryanodine receptor density
in hagfish hearts. The role of the SR in contributing Ca2+ during contraction has not
been recorded, however the above results suggest it is minimal and, like other
sluggish fishes such as carp, most of the Ca2+ influx occurs across the sarcolemma
(Vornanen, 1989). It would be of interest to examine the role of SR-calcium-cycling
in setting the heart rate of more active fishes known to have a larger SR dependence
such as tuna, mackerel and trout (Shiels et al., 1998; Shiels et al., 1999; Shiels and
Farrell, 2000). Finally, it would be of interest to use Ca2+ imaging of isolated
pacemaker cells to track Ca2+ movements into the cytoplasm. This is because while
the above results suggest that the calcium clock is not important for pacing in
hagfish hearts, without further work, it is not possible to say more than ryanodine
has no effect on hagfish hearts. It is possible that hagfish hearts posses a SRcalcium-cycling mechanism, but why it would be insensitive to ryanodine is unclear.
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The relatively modest effect of TTX on hagfish heart rate was a surprising discovery.
Tetrodotoxin, a potent neurotoxin naturally present in pufferfish (Fugu rubripes),
binds to site 1 on the extracellular surface of the α-subunits of VG Na+ channels
occluding the pore and preventing influx of Na+ (Scheib et al., 2006). Since a rapid
INa through VG Na+ channels is the initial phase of non-pacing action potentials, TTX
prevents cardiomyocytes in some species from firing and contracting. Indeed, TTX is
a potent inhibitor of INa in both chick and fish cardiomyocytes (Prakash and Tripathi,
1998; Haverinen et al., 2007). However, in contrast, hagfish atria continued to beat at
65% of the control rate with a pharmacological dose of 10 µM TTX. By comparison,
the EC50 of TTX is orders of magnitude lower for chick hearts strips (4 nM), and even
lower for trout atrial (1.8 nM) and ventricular (2.0 nM) myocytes (Prakash and
Tripathi, 1998; Haverinen et al., 2007). Consequently, the hagfish heart is
remarkably resistant to TTX, and since contraction rates of neither cardiac chamber
decrease further with TTX from 1 µM to 10 µM, it is unlikely that the observation for
the atrium is due to limited access of the toxin to the cells by the thickness of the
preparation since the atrial wall is extremely thin.

Resistance to TTX is reported for both invertebrate and vertebrate species, including
species that either accumulate TTX, or consume TTX-containing animals (reviewed
by Soong and Venkatesh, 2006). TTX resistance is brought about by mutations to
the TTX binding site in the VG-Na+ channel protein. For example, in the TTXresistant mammalian cardiac isoform of the VG-Na+ channel (Nav 1.4), there is a
substitution of an aromatic tyrosine with a cysteine residue (Satin et al., 1992). The
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same substitution of the aromatic amino acid, but with a serine, is also found in TTXresistant mammalian Nav 1.8 and Nav 1.9 isoforms (Sivilotti et al., 1997).

Tetrodotoxin produced asynchronous as well as slower contractions. Even so, the
atrial contraction rate outpaced the ventricular contraction rate, which remained at
that of the atrioventricular block. The most parsimonious explanation for these
results is that INa has a small role in setting the intrinsic atrial contraction rate in
addition to the role of If. In contrast, If dominates in setting the intrinsic ventricular
contraction rate with perhaps no contribution of INa. In the toad, Bufo marinus, TTX
reduces the firing rate of isolated pacemaker cells by reducing the gradient of the
pacemaker potential, especially at membrane potentials closer to the threshold for
stimulation of T-Type ICa (Ju et al., 1995; Ju et al., 1996). It is thought that this
sodium current arises via TTX-sensitive inactivation-resistant Na+ channels
(henceforth called INaTTX) that remain open following an action potential, letting in a
small amount of depolarizing Na+ during the pacemaker potential (Ju et al., 1996).
Another possibility for TTX-mediated reductions in contraction rate in both hagfish
and toads is that TTX may be blocking T-type ICa, a secondary effect of TTX reported
by Sun et al. (2008). This would cause a slight lengthening of the action potential
duration, leading to a reduction in contraction rate. Regardless of this, the TTXinduced atrioventricular block suggests that INaTTX channels are vital for proper
atrioventricular conduction and synchrony of atrial and ventricular contractions given
their different intrinsic rates. Perhaps hagfish have a higher proportion of INaTTX
channels to HCN channels in the ventricle compared with the sinoatrial node and this
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arrangement may be the precursor of the conduction system required for a multichambered heart to contract synchronously.

The contributions of both T-type ICa and L-type ICa to pacemaker cell action potentials
is well established, with T-type ICa predominating for the upstroke and L-type ICa
acting to increase the overall depolarization and slightly prolonging the action
potential (Hagiwara et al., 1988; Doerr et al., 1989; Zhou and Lipsius, 1994). Ni2+
and nifedipine block T-type ICa and L-type ICa, respectively, and it is expected that
Ni2+ would have a stronger effect on heart rate due to the greater role of the T-type
ICa in pacing cells. However, distinguishing between T-type ICa and L-type ICa in a
whole heart preparation is difficult due to the poor selectivity of Ca2+ channel
blockers and the multitude of Ca2+ currents that may compensate for any inhibited
current. Ni2+ has been shown to block T-type ICa and the cardiac Na+/Ca2+
exchanger at higher concentrations, while higher concentrations of nifedipine have
been shown to block the transient outward K+ current with other dihydropyridines
blocking INa (Yatani and Brown, 1985; Gotoh et al., 1991; Hobai et al., 2000; Uehara
et al., 2005). Both Ca2+ channel blockers had an effect on heart rate, with 1 µM
nifedipine and 1 mM Ni2+ significantly reducing rates. These concentrations are fairly
high, especially for Ni2+ since usually the most Ni2+ resistant subtype of T-type Ca2+
channel, α1G has an IC50 of 0.25 mM (Lee et al. 1999). This may be due to a
limitation of the drugs diffusing to the channels in the thick preparation used
compared to single myocyte studies. Nevertheless, the results do suggest a minor
role of Ca2+ currents in setting the heart rate. A minor role is to be expected since T-
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type ICa and L-type ICa contribute to the upstroke of the action potential in pacing
cells, therefore, inhibition of one of these currents would be expected to extend the
action potential duration, but have little effect on the pacemaker potential itself. Also,
since only one blocker was used at a time, Ca2+ may have entered via another
pathway such as the Na+/Ca2+ exchanger. Clearly, electrophysiological work on
single myocytes are required to dissect the role of Ca2+ currents in the hagfish heart
since it will allow fine control of the voltage environment of the cells.

2.4.1 Summary
To summarize, the novel results in this chapter for the mechanistic underpinnings of
intrinsic heart rate in hagfish have revealed important similarities and dissimilarities
when compared with hearts in the craniate lineage. Pacemaker potentials have
been recorded in all areas of the hagfish atrium and ventricle (Jensen, 1965; Arlock,
1975) and the intrinsic beating rates of these chambers were characterized here.
Like urochordates (Jackson et al., 2007), atrial and ventricular beating rates in hagfish
appear to be established with HCN channels and the presumed If flowing through
them, providing further evidence for HCN presence being the ancestral mechanism of
cardiac pacing compared to Ca2+-cycling through the SR.

However, whereas the

tunicate heart consists of a simple contractile tube in which, the wave of contraction
can be initiated at either end (Kriebel, 1968; Delsuc et al., 2006), the synchronous
and rectified contractions of the hagfish atrium and ventricle is similar to that of
vertebrate hearts. A relatively small INaTTX current contribution to the pacemaker
potential, which is indicated by the present result, contrasts with findings for adult
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vertebrates, except for some amphibians (Ju et al., 1995; Ju et al., 1996). Different
expression ratios of HCN versus INaTTX channels and a large role of INaTTX in
spreading the wave of excitation from the atria to the ventricles are putative
mechanisms to control the spread of excitation sequentially from the atrium to the
ventricle despite pacemaker activity being present throughout all cardiac chambers
of the hagfish. This confirms hagfish as the most ancestral representative of a
craniate-type chambered heart with a rectifying conduction system. While HCN
blockers revealed that atrial rate typically outpaces ventricular rate over twofold,
further study is needed to determine how intrinsic ventricular rate is held lower than
the atrial rate should heart rate fall as low as it does in anoxic hagfish (5 bpm in vivo
(Cox et al. 2010)), a value below the intrinsic ventricular contraction rate of 8.4 bpm
determined here. In order to obtain more direct information on the contributions of
different ionic currents to the control of heart rate in the hagfish, electrophysiological
measurements on isolated cells will be required, enabling single currents to be
isolated but at the cost of not being able to see the effects on the heart as an intact
organ, as presented in the present chapter.
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Figure 2.1. Effects of a ligature being tied around the atrioventricular canal on the
contraction rates of atria (●) and ventricles (○) of intact, isolated hagfish hearts. The
atrioventricular block produced an immediate decrease in the ventricular contraction
rate to 8.4 ± 0.3 bpm, which averaged 41.3 ± 1.5% that of atrial contraction rate.
Error bars show s.e.m. for n=6 preparations.
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Figure 2.2. Effects of increasing concentrations of channel blockers on the
contraction rate of atria (●) and ventricles (○) from isolated hagfish hearts. A. The
effect of the hyperpolarization-activated cyclic-nucleotide-gated channel blocker
zatebradine. B. The effects of ryanodine receptor blocker ryanodine. C. The effects
of the voltage-gated sodium channel blocker tetrodotoxin. D. The effects of the Ttype calcium channel blocker nickel. E. The effects of the L-type calcium channel
blocker nifedipine. Dissimilar letters indicate statistically significant differences in
contraction rate among concentrations calculated from raw, non-normalized data
(repeated measures two-way ANOVA, P<0.05). * indicates significant differences
between atrial and ventricular contraction rate at a given concentration. Numbers in
parentheses indicate the fraction of hearts with asynchronous atrial and ventricular
contraction rates. The dashed line shows the line of identity for the atrioventricular
block with a ligature, see Fig. 1. Error bars show s.e.m. for n=6 preparations for each
panel.
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CHAPTER 3: PHYLOGENY AND EFFECTS OF ANOXIA ON
HYPERPOLARIZATION-ACTIVATED, CYCLIC NUCLEOTIDE-GATED CHANNEL
GENE EXPRESSION IN THE HEART OF A PRIMITIVE CHORDATE, THE
PACIFIC HAGFISH, EPTATRETUS STOUTII

3.1 Introduction

The regular vertebrate heartbeat requires no external input and is initiated by
specialized pacemaker cells located in the sinoatrial node (DiFrancesco, 1993).
These pacemaker cells have a Ca2+-mediated upstroke to the action potential rather
than a Na+-mediated one that characterizes contractile cardiac myocytes. In
addition, pacemaker cells have a slowly depolarizing membrane potential, known as
the pacemaker potential, rather than the stable membrane potential present between
action potentials characteristic of the working myocardium (Brown and DiFrancesco,
1980; Doerr et al., 1989; Baker et al., 1997; DiFrancesco, 2010). In mammals, the
pacemaker potential is a result of inward cation currents. These are a mixed K + and
Na+ current (If) flowing through hyperpolarization-activated cyclic nucleotide-gated
(HCN) protein channels in the cell membrane, and an inward sodium/calcium
exchange current (INCX) activated by rhythmic cycling of Ca2+ through the
sarcoplasmic reticulum (DiFrancesco and Ojeda, 1980; Yanagihara and Irisawa,
1980; Dobrzynski et al., 2007; Maltsev and Lakatta, 2008; Monfredi et al., 2013).
The magnitude of these inward currents directly affects the slope of the pacemaker
potential, which, in turn, sets heart rate by determining the time taken to reach the
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threshold voltage needed to open the Ca2+ channel (DiFrancesco and Tortora, 1991;
Wainger et al., 2001).

The ancestral hagfishes are believed to have diverged from the vertebrate lineage
over 500 million years ago and prior to the genome duplications postulated for the
vertebrate lineage (Ota and Kuratani, 2007). Despite their evolutionary importance,
knowledge on cardiac pacemaker mechanisms in hagfishes is very limited (Farrell,
2007a). The hagfish heart is unique by being the only craniate, myogenic heart that
is anatomically aneural. However, despite aneural control, heart rate can vary fourfold during recovery from prolonged anoxia (Greene, 1902; Augustinsson et al.,
1956; Jensen, 1961; Hirsch et al., 1964; Jensen, 1965; Farrell, 2007a; Cox et al.,
2010). Recent work suggests that the sarcoplasmic reticulum plays a very minor, if
any, role in hagfish cardiac pacemaking, whereas the central importance of HCN
channels in setting the intrinsic heart rate is implied by the finding that the HCN
channel antagonist zatebradine almost stops the heartbeat (Chapter 2). Therefore,
this chapter examines more closely the HCN isoforms and their expression in the
Pacific hagfish heart.

HCN channels are closely related to the ether-a-go-go and cyclic nucleotide-gated
K+ channels. It is thought that HCN channels consist of four protein subunits, each
with 6 transmembrane segments, a voltage sensor, an ion conducting pore and an
evolutionarily-conserved cyclic nucleotide-binding domain (CNBD) (Doyle et al.,
1998; Ishii et al., 1999; Jiang et al., 2003). CNBD inhibition of If is inversely related
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to the concentration of cAMP (Wang et al., 2001; Biel et al., 2002). Neural and
humoral stimulation can modulate adenylyl cyclase activity, changing cytosolic
cAMP concentration, which then alters the inhibition imposed by the CNBD (Brown
et al., 1979a; Brown et al., 1979b; Brown and DiFrancesco, 1980; DiFrancesco,
1985; DiFrancesco, 2010). Furthermore, in mammals, the relative expression of the
four HCN isoforms (HCN’s 1-4), each of which has different electrophysiological
properties, can vary among tissues. For example, expression of HCN4 is dominant
in adult mammalian atria, whereas HCN2 is dominant in the ventricle (Moosmang et
al., 2001; Qu et al., 2002; Shi et al., 2002), and this differential expression is
associated with a faster intrinsic atrial beating rate.

The genes encoding the four mammalian HCN isoforms are highly conserved
among other vertebrate hearts. A large-scale phylogenetic study by Jackson et al.
(2007) suggested that the four HCN isoforms arose from duplications of a single
HCN ancestral gene most similar to HCN3, with some teleost fishes having extra
isoforms that likely arose from lineage-specific gene or genome duplications.
Outside the vertebrates, in Ciona, lineage specific duplications of the ancestral gene
have resulted in three Ciona-specific HCN isoforms (Jackson et al., 2007). Despite
occupying the basal position in craniate evolution and possessing a craniate-type,
myogenic heart with valved chambers, unlike Ciona, nothing is known about the
quantity of or regulation of HCN in hagfishes, Here, I postulate that modulation of
HCN channel mRNA is central to the control of hagfish heart rate, in that the
decrease in heart rate seen by Cox et al. (2010) in anoxia results from a decrease in
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HCN channel mRNA expression, and the following increase in heart rate upon
reoxygenation is coupled with an increase in HCN channel mRNA expression.

To test this hypothesis, I partially cloned hagfish cardiac HCN isoforms from atria
and ventricles and compared them to known vertebrate isoforms to establish where
the hagfish fits within the chordate phylogeny. In addition, real-time reverse
transcriptase-PCR (RT-PCR) was utilized to examine the mRNA expression of HCN
isoforms in the hagfish heart before, during and after an anoxic challenge to test for
plasticity in the expression of HCN. Both cardiac chambers were examined because
pacemaker activity has been recorded from multiple areas of the atrium and ventricle
in hagfishes, and both chambers continue beating following an atrioventricular
ligature, albeit with the atrium outpacing the ventricle (Jensen, 1965; Chapter 2).

3.2 Methods

3.2.1 Animal husbandry
All experiments were carried out in accordance with animal care policies of the
University of British Columbia, the Bamfield Marine Sciences Center, and the
Department of Fisheries and Oceans Canada. Pacific hagfish (Eptatretus stoutii)
were caught near Bamfield Marine Sciences Centre, Bamfield, B.C. Canada using
baited traps. Hagfish (100 ± 1 g; mean  s.e.m.) were transported to the
Department of Fisheries and Oceans Canada, West Vancouver Laboratory, B.C.
Canada, where they were housed in a 4000 l fibreglass tank supplied with flow-
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through seawater (10±1°C) and fed squid weekly. Hagfish were fasted a minimum
of 48 h prior to any experimental treatment.

3.2.2 Anoxia Exposure
Individual hagfish were placed in darkened 2.5 l chambers that were continuously
flushed with aerated seawater (10±1°C) at a flow rate of 0.5 l min -1 that was
maintained throughout the experiments. Hagfish were left undisturbed for 24 h to
habituate to the chamber, during which time they readopted their typical curled
posture, as observed in the holding aquarium (see Cox et al., 2010). Anoxia was
achieved in the same manner as in Cox et al. (2010) by supplying the chambers with
N2-saturated seawater from two gas-exchange columns placed in series. The
transition period to anoxia lasted less than 1 h (water oxygen concentration was
measured continuously with an OxyGuard Handy MkIII, Birkerød, Denmark,
accuracy ±0.1 mg l-1). During the transition to anoxia, hagfish became slightly
agitated before assuming a straightened position, as previously reported (Cox et al.,
2010). Hagfish were maintained in flow-through anoxic seawater for 24 h, before
quickly (under 30 min) restoring normoxic conditions for up to 36 h. Hagfish were
sampled at the end of the 24-h anoxic period (no normoxic recovery, termed 0 h
group), 2 h into normoxic recovery and 36 h into normoxic recovery (2 h and 36 h
group respectively) (N=10 for each group). Control animals (N=10) were sampled
after 84 h in the chamber in normoxic water. At each sample time, hagfish were
rapidly removed from their chamber, sacrificed by decapitation and the branchial
heart was dissected, freeing the atrium (7.7±1.2 mg) and ventricle (59.2±4.4 mg),

57

prior to freeze-clamping each separately and storing them in liquid N2. Tissues were
stored at -80°C. The precise location of the hagfish sinoatrial node is unknown;
therefore, it could not be reliably isolated.

3.2.3 RNA Extraction
Total RNA was extracted from tissues using TRIzol® reagent (Invitrogen, Carlsbad,
CA, USA). Extractions followed a modified protocol outlined by Ellefsen et al.
(2008). Briefly, each frozen tissue was weighed (atria 17.2±1.2 mg, ventricles
59.3±4.4 mg mean ± S.E.M.) and immersed in 60 µl TRIzol per mg tissue. Then, 0.2
µl per mg tissue of an external RNA control gene (mw2060) was added and the
tissue/TRIzol/mw2060 mixture homogenized for 1 min using a T-25 Basic
homogenizer (IKA Works, Inc., Wilmington, NC, USA). The use of an external RNA
control has been argued to be the most accurate method for the normalization of
real-time RT-PCR data (Huggett et al., 2005). mw2060, a 2060 base pair long
mRNA species from the cyanobacterium Microcystis cf. wesenbergi that shows no
sequence homology to known vertebrate mRNA species, was recently developed as
a more reliable method for the normalization of real-time RT-PCR data from tissues
of anoxia-tolerant species than other commonly employed normalization techniques
(Ellefsen et al., 2008). Additionally, the methodology allows for inter-tissue
comparisons of target gene expression (Stecyk et al., 2012). Samples were then
chilled on ice, vortexed, incubated at room temperature for 15 min and vortexed
again. The maximum amount of tissue/TRIzol homogenate (up to 1 ml) was
transferred to an Eppendorf tube before adding chloroform (20% of the volume of
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tissue/TRIzol homogenate). The mixture was incubated at room temperature for 3
min, vortexed, centrifuged at 10,000 rpm for 15 min at 4°C and placed on ice. A
volume corresponding to 40% of the tissue/TRIzol homogenate of the upper
aqueous phase was then transferred to a new Eppendorf tube before adding an
equal amount of ice-chilled isopropanol. The mixture was vortexed, incubated at 20°C overnight, incubated at room temperature for 10 min and centrifuged at 14,000
rpm for 10 min at 4°C. The supernatant was then discarded and the pellet washed
twice with ice-chilled 75% ethanol. Each ethanol wash was followed by
centrifugation at 14,000 rpm for 10 min at 4°C. After the final ethanol wash, the
pellet was air dried and eluted in 30 l of nuclease-free water (Ambion, Austin, TX,
USA). The mixture was then incubated at 65°C for 5 min to ensure the pellet was
completely dissolved, and stored at -80°C.

Care was taken to avoid systematic errors introduced by sample processing during
RNA extraction. All samples were handled without intermission and in a systematic,
random order. Samples were processed in groups, wherein each group consisted of
samples of a single tissue type and representing each of the treatment groups. The
samples within each group were processed at random. Similar procedures were
also employed for cDNA synthesis.
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3.2.4 cDNA synthesis
The concentration of total RNA in every sample was determined using a NanoDrop ®
ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies, Rockland, DE, USA).
One g of total RNA from each sample was then treated with DNase I (DNA-free;
Invitrogen, Carlsbad, CA, USA) and subsequently reverse transcribed using
Random Hexamers (50 ng l-1) and Superscript III (both from Invitrogen, Carlsbad,
CA, USA) in reaction volumes of 20 l and in accordance with the manufacturer’s
protocol. cDNA solutions were diluted 1:30 with nuclease-free water and stored at 20°C. Duplicate cDNA syntheses were performed on RNA samples when possible.

3.2.5 Cloning of HCN genes
The HCN isoforms were partially cloned using PCR primers designed to recognize
gene regions conserved among vertebrate species. The regions were located using
GeneDoc (version 2.6.0.2, http://www.psc.edu/biomed/genedoc/) and ClustalX
(version 1.81), while primers were designed using Primer3 (Nicholas et al., 1997;
Thompson et al., 1997; Rozen and Skaletsky, 2000). Primers used for cloning are
listed in Table 3.1.

PCR was performed on a mixture of 1:30 diluted cDNA from atrial and ventricular
tissues and all treatment groups using Platinum®Taq DNA Polymerase (Invitrogen,
Carlsbad, CA, USA; 94°C for 10 min, 94°C for 30 s, 48°C for 1 min, 72°C for 1 min,
repeat steps 2-4 44x, 72°C for 10 min, hold 4°C). Resulting dsDNA fragments were
ligated into pGEM®-T Easy Vector System I (Promega, Madison, WI, USA). Ligation
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reactions were transformed into CaCl2-competent cells (TOP10 F'; Invitrogen,
Carlsbad, CA, USA) and positive colonies were checked for inserts of a correct size
via agarose gel electrophoresis. PCR products from up to eight colonies were
sequenced using T7 primers (ABI-lab, University of Oslo, Oslo, Norway). All
procedures were carried out according to the manufacturer’s protocol.

3.2.6 Analysis of partially cloned HCN genes
The partial sequences of cardiac HCN for hagfish were compared with known
vertebrate HCN genes using ClustalX and NCBI Blast (Altschul et al., 1990;
Thompson et al., 1997). A phylogeny was created by running a neighbour joining
phylogenetic analysis with the translated amino acid products from the hagfish HCN
isoforms, plus those of vertebrate species downloaded from Ensembl and GenBank.
The closely related human ether-à-go-go-related gene (hERG) and Drosophila
cyclic-nucleotide-gated gene (dCNG) were added to the sequence alignment as outgroups. A 37 amino acid segment was used since all partially cloned isoform protein
segments overlapped in this area. 1000 bootstrap replications were conducted on
the amino acid sequences and a consensus tree was produced. The phylogeny
was completed using the Seqboot, Protdist, Neighbor, Consense and Drawgram
programs of PHYLIP 3.65, and viewed using TreeView 1.6.6 and formatted using
Adobe Illustrator (Page, 1996).
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3.2.7 Real-time RT-PCR primer design and protocol
All real-time RT-PCR primer pairs were designed using Primer3. The small
differences between the paralogs of HCN2 and HCN3b prevented distinctions
between paralogs using the tested primers, therefore both paralogs of HCN3b and
HCN2 are compared collectively as HCN3b and HCN2, respectively. Forward and
reverse primers were targeted to either side of an exon-exon overlap as a further
precaution against amplifying genomic DNA (i.e., in addition to the extraction of total
RNA and DNAse treatment). Amplification of the desired cDNA species by the
primer pairs was verified by melting curve analyses (Lightcycler® 480 software) and
cloning and sequencing of all primer pair products (performed as described above
for the cloning of HCN genes). Real-time RT-PCR primer sequences are
summarized in Table 3.2. To find primers that worked well with the real-time RTPCR protocol (primer concentration of 1 mM and annealing temperature of 60°C), a
minimum of 4 primer pairs were tested for each gene. As an alternative to primer
concentration/annealing temperature optimization, primer pairs that displayed
distinct melting curves, the highest efficiency (calculated as described below for RTPCR analyses) and the lowest Cq (crossing point or threshold cycle) values were
chosen. All procedures followed manufacturer’s protocols.

Real-time RT-PCR for HCN isoforms 2, 3a, 3b and 3c were performed using
Lightcycler® 480 (Roche Diagnostics, Basel, Switzerland). All real-time RT-PCR
reactions were performed with a reaction volume of 10 l that contained 5 l of
Lightcycler® 480 SYBR Green I Master (Roche Diagnostics, Basel, Switzerland), 3 l

62

of 1:15 diluted cDNA as the template, 1 l of 5 mM gene-specific forward primer and
1 l of 5 mM gene-specific reverse primer (i.e., a final primer concentration of 1 mM).
The real-time RT-PCR program was: 95°C for 10 min, 95°C for 10 s and 60°C for 10
s, 72°C for 13 s, repeating steps 2-4 42 times. Two real-time RT-PCR reactions
were performed on each gene for each cDNA synthesis. The replicates were
conducted on different plates and days. As a result, four real-time RT-PCR
reactions were performed on each gene for each RNA sample.

For HCN4, real-time RT-PCR was conducted using an ABI Prism 7000 Sequence
Detection System (Applied Biosystems, Foster City, USA). Each real-time RT-PCR
reaction contained 10 µl SYBR Green Master Mix (Applied Biosystems), 4 l of 1:15
diluted cDNA as the template, 0.8 µl of 5 mM gene-specific forward primer and 0.8 l
of 5 mM gene-specific reverse primer, and 4.4 µl of double-processed tissue-culture
water (Sigma-Aldrich, Ayrshire, UK) bringing the total reaction volume to 20 µl. The
real-time RT-PCR program was: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C
for 15 s and 60°C for 1 min. Following the real-time RT-PCR, a melt curve analysis
was performed. As for the other isoforms, two real-time RT-PCR reactions were
performed on each cDNA synthesis, resulting in four real-time RT-PCR reactions for
each mRNA sample.

3.2.8 Real-time RT-PCR analysis
For HCN2, HCN3a, HCN3b and HCN3c, Cq values were obtained for each reaction
using the Lightcycler® 480 software and were defined according to the second
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derivative maximum (Luu-The et al., 2005). Priming efficiencies were calculated for
each real-time RT-PCR reaction using LinRegPCR software (Ruijter, 2009). For
HCN4, each plate was run with a standard dilution of a mixture of randomly chosen
cDNA samples from atrial and ventricular tissues. The primer efficiencies were then
determined for each plate from the slope of the standard curve using Applied
Biosystems 7000 System Sequence Detection Software 1.2.3. This software was
also used to obtain the Cq values for each reaction.

Average priming efficiencies (Emean) were used for the final calculations, which were
calculated separately for each tissue and primer pair from all real-time RT-PCR
reactions (Čikoš et al., 2007). Then, to normalize HCN isoform gene expression to
the expression of the external RNA control mw2060, EmeanCq was calculated for
every reaction, as well as the ratio (R1) between mw2060EmeanCq and TarEmeanCq (where
Tar = target gene, E = priming efficiency and Cq = quantification cycle). To compare
the expression of each HCN isoform among the different treatments, R1 was
referenced to the mean expression of the control, normoxic samples.

3.2.9 Calculations and statistical analyses
Results are expressed as means s.e.m. Statistical analyses were performed using
SigmaPlot for Windows 11.0 (Systat Sotfware, Inc. Chicago, USA). Differences in
HCN isoform expression within a tissue were assessed using a one-way ANOVA
followed by a Tukey post hoc test. A two-way ANOVA, followed by a Tukey post hoc
test, was used to determine statistically significant effects of anoxia and recovery on
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the expression of HCN gene isoforms. Differences in atrial and ventricular HCN
isoform expression among each sampling time were assessed using a Student’s ttest. Significance was accepted when P<0.05.

3.3 Results

3.3.1 Phylogenetics
A total of 6 isoforms of HCN mRNA were found in hagfish cardiac tissue, with all 6
isoforms being represented at varying levels in both atrial and ventricular chambers
and one isoform existing with two paralogs for a total of 7 partially cloned genes.
The amino acid sequences aligned with mouse HCN3 are shown in Figure 3.1 with
the lengths of the partially cloned sequences shown in Table 3.1. Two isoforms of a
hagfish representative of vertebrate HCN2, termed HCN2a and HCN2b, differed by
5 amino acid substitutions (P-T at 16, H-N at 56, P-H at 111, S-P at 253, S-G at 261)
and 1 deletion of a G at location 280 in HCN2a. Three isoforms of HCN3 were
found, HCN3a, HCN3b and HCN3c, with HCN3b existing as two paralogs. These
two paralogs, termed HCN3bi and HCN3bii, differed by 2 substitutions (G-E) at
amino acid locations 148 and 262. One hagfish representative of HCN4 was also
found.

Neighbour-joining phylogenetic analysis (Fig. 3.2) was conducted on a 37 amino
acid sequence from the CNBD of multiple vertebrate and urochordate HCN genes
where 6 of the 7 hagfish sequences overlapped, as shown in Figure 3.3 (HCN3bi
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and HCN3bii paralogs are included as HCN3b on the tree because the G-E
substitutions of HCN3bi and HCN3bii occurred outside of this segment).

To summarise the phylogenetic tree, HCN3b and HCN3c cluster together, and along
with HCN3a form a cluster with the HCN3 of teleosts. The HCN3 of mammals
cluster together on the other side of the outgroup, which contains both the HCNrelated human ERG and Drosophila CNG proteins, as well as the Ciona HCN
isoforms. The HCN4 isoforms, including the hagfish sequence, all cluster together
apart from the pufferfish HCN4a isoforms. The hagfish HCN2 sequences cluster
with the mammalian HCN2 and pufferfish HCN2b isoforms, while the other teleost
HCN2 sequences cluster in a second group either side of the HCN1 cluster. The
splitting of HCN isoforms in the tree may be a consequence of using short
sequences for the analysis. Despite the lack of a hagfish HCN1 sequence in the
phylogeny, it is noted that the 2 teleost HCN1 isoforms cluster as a separate branch
of the HCN1 cluster.

3.3.2 HCN gene expression
Of the five measured hagfish HCN isoforms, HCN3a had the highest expression in
both the atrium and ventricle in normoxia. HCN3a was expressed over 17-times
more than HCN4 in the atrium and 25-times more than HCN4 in the ventricle (Fig.
3.4). Expression of the other isoforms followed the order of HCN4, HCN3b, HCN2
and HCN3c for both the atrium and the ventricle. Due to the similarity of the two
HCN2 and HCN3b mRNA segments, it was not possible to distinguish between them
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using the real-time RT-PCR primers, and both segments would have been
duplicated together by their respective primers.

3.3.3 Effects of anoxia on HCN gene expression
The effects of 24 h of anoxia and subsequent recovery on HCN isoform gene
expression are shown in Figure 3.5. In the atrium, the only statistically significant
change was an increase in HCN3a at 2 h of normoxic recovery from anoxia, which
returned to control expression levels by 36 h of recovery. In contrast, anoxia
induced a significant decrease of HCN3a expression in the ventricle, which again
progressively recovered back to the control level within the 36-h recovery period.
The trends in HCN3b, HCN3c, and HCN2 expression during the anoxia, while not
reaching statistical significance (Fig. 3.5), did return to the control values with
normoxic recovery.

3.4 Discussion

The present study documents for the first time HCN expression in a representative
of the basal chordates and discovers changes in HCN expression in anoxic hagfish
that were different in the atrium and ventricle. Specifically: 1) six isoforms of HCN
were described from seven partial HCN amino acid sequences in the cardiac tissues
of Pacific hagfish; 2) a phylogenetic analysis was performed on six of these
sequences; 3) a quantitative comparison was made of the mRNA expression of five
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HCN isoforms for the atrium and ventricle; and 4) changes in HCN isoform
expression were discovered in response to chronic anoxia that were reversed
following normoxic recovery.

Six HCN isoforms were identified, HCN2a, HCN2b, HCN3a, HCN3b, HCN3c and
HCN4, a finding that differs from the adult mammalian heart where four isoforms,
HCN1-4, are expressed. Contrary to HCN4 dominance in mammalian pacemaker
tissue (Shi et al., 1999; Marionneau et al., 2005), HCN3a was the dominantly
expressed isoform in the hagfish atrium and ventricle. In addition, hagfish cardiac
HCN3b existed as two paralogs, designated here as HCN3bi and HCN3bii. These
findings have important implications for the phylogenetic appearance of pacemaker
channels in the chordate lineage, as summarised in Figure 3.6. Moreover, given
what is known of the biophysical properties of the mammalian HCN isoforms, and
assuming that mRNA expression reflects protein presence (see below), the findings
lend new, but preliminary, insights into the electrophysiological properties of the
hagfish heart and possibly how heart rate is modulated during and following
prolonged anoxia.

Based on the neighbour-joining phylogenetic analysis, the vertebrate HCN2, HCN3
and HCN4 isoforms had already appeared in cardiac tissues of the chordate lineage
prior to the hagfish/gnathostome divergence. This conclusion is in accordance with
previous work that compared HCN of Ciona with vertebrate species that included
modern teleost species (Jackson et al., 2007). Jackson et al. (2007) proposed that
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HCN3 is ancestral, and was followed by the appearance of HCN4 and then HCN2.
As shown here, all HCN3 isoforms cluster together and therefore appear ancestral.
The two isoforms of HCN2 (2a and 2b) cluster together with the mammalian and
avian forms of HCN2. Clearly, limitations do exist when using partial genes to create
a phylogeny. Potentially, minor mutations of the CNBD during the long period
between the appearance of hagfish and vertebrates may make ancestral genes
appear more derived, something which will not be revealed with partial cloning and
sequencing. However, a more robust phylogenetic analysis will require full hagfish
HCN sequences. Nevertheless, the CNBD has been highly conserved throughout
evolution (Jackson et al., 2007), likely due to its important regulatory function.
Indeed, changing a single amino acid in this region is known to appreciably alter the
effect of cAMP binding to the CNBD (Tibbs et al., 1998). Also, HCN2 and HCN4 are
strongly gated by cAMP, whereas HCN1 is not (Wang et al., 2001). Moreover, since
three lineage-specific HCN isoforms have been reported previously in urochordates
(Jackson et al., 2007), it was previously hypothesized that, prior to the divergence of
the deuterostomes, duplication of the ancestral HCN gene may have given rise to
two HCN isoforms in the sea urchin and, due to a further duplication, three HCN
isoforms were found in the urochordates (Gauss et al., 1998; Galindo et al., 2005;
Jackson et al., 2007). A further possibility is that the sea urchin also had three HCN
isoforms, but subsequently lost one. Jackson et al. (2007) suggested HCNa, HCNb
and HCNc emerged early in Ciona, before C. intestinalis and C. savignyi had
diverged, therefore these three HCN isoforms may have been present in the
urochordate ancestor (Jackson et al., 2007). Since the three hagfish HCN3 isoforms
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do not align with the Ciona isoforms, it is unlikely that the hagfish HCN3a, HCN3b
and HCN3c isoforms represent an ancestral condition prior to the
urochordate/chordate divergence, and more likely represent HCN3 duplication
events following the hagfish/vertebrate split.

What is apparent from the available information is that lineage-specific HCN gene
duplications are relatively regular evolutionary events, being previously identified in
the urochordates and some teleost fishes (Gauss et al., 1998; Galindo et al., 2005;
Jackson et al., 2007), and now in hagfishes. Having many isoforms of these genes
could provide flexibility and fine-tuning of pacemaker activity, perhaps providing an
evolutionary advantage, which I speculate on below.

Many primers were used without success to target conserved regions of the
vertebrate HCN1 isoform in the hagfish heart. I propose three possible explanations
for the absence of HCN1 in the hagfish heart. First, HCN1 is commonly associated
with central neural tissue in addition to the heart (Franz et al., 2000; Nolan et al.,
2003). Therefore, HCN1 expression in hagfish may be limited to non-cardiac
tissues. This absence may then be related to the normally important role of
catecholamine modulation of heart rate through cAMP effects on the pacemaker
channel since HCN1 is fairly weakly affected by cAMP compared to the other
isoforms (Nilsson, 1983; DiFrancesco and Tortora, 1991; Wainger et al., 2001;
Wang et al., 2001). Another explanation could be related to a very low expression of
HCN1 that was below detection level. Finally, HCN 1 may not have appeared in the
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vertebrate lineage until after the hagfish/vertebrate split. Failure to find HCN1 in
hagfish would suggest that duplication of the ancestral HCN2-like gene likely
produced HCN1 following the hagfish/vertebrate divergence. Indeed, in other
phylogenetic studies, HCN1 is suggested as the most recent HCN gene, although
the exact timing of its appearance is unknown (Jackson et al., 2007). Data on HCN
expression in elasmobranchs and basal teleosts would be particularly informative in
this regard. All the same, conclusive knowledge on the exact number and type of
HCN isoforms will not be possible until the entire hagfish genome is known.

The proceeding speculations are based on the assumption that altered mRNA
expression leads to an increase in protein expression. This is a large assumption,
and major caveat to these suggestions. There is very little information on HCN
translation from mRNA, however, the work that has been done imlies a heavy role of
TRIP8b, a protein that colocalizes with HCN1 in the brain (Santoro et al., 2004).
Different splice varients of TRIP8b can increase or decrease HCN1 expression
depending on the mix of varients (Santoro et al., 2009). Due to the the interactions
of multiple proteins in the translocation of HCN channels, it is unlikely that a 1:1
mRNA:protein expression ratio exists. However, in other systems, an increase in
mRNA expression does lead to an increase in protein expression, for example, in
breast carcinomas, an increase in epidermal growth factor receptor mRNA is
correlated with an increase in receptor protein expression, and hypoxia has been
shown to upregulate both bone morphogenic protein-2 mRNA and protein
expression in endothelial cells (Bouletreau et al, 2002; Bhargava et al., 2005).
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However, in lieu of HCN electrophysiological data from hagfish, and with a lack of
reliable HCN antibodies for Western bloting, these speculations are meant to ispire
further research in this area.

In mammalian studies, HCN4 is by far the most dominantly expressed HCN isoform
in the heart, with expression in the sinoatrial node dwarfing that of other HCN
channels (Shi et al., 1999; Marionneau et al., 2005). Contrary to this, I discovered
that, in hagfish, HCN3a mRNA expression in both the atrium and ventricle
dominates HCN4 by at least an order of magnitude, similar to what has been
reported for the turtle (Trachemys scripta) ventricle (J. A. W. Stecyk, personal
communication) (Fig. 3.4). In this regard, the hagfish heart bears some
resemblance to mammalian embryonic stem cells where, in early stage mouse
embryonic stem cells, the dominant HCN isoform is 3 (Qu et al., 2008). Throughout
development in the mouse, expression of HCN3 decreases and HCN4 becomes
dominant in association with the onset of cardiac contractions (Qu et al., 2008;
Schweizer et al., 2009). While I am not prescribing Lamarkian recapitulation of
phylogeny, the similarity points to a functional role of variations in cardiac HCN
isoform expression. Nevertheless, care must be taken when speculating on the
physiological implications of differential HCN isoform expression in the hagfish since
the electrophysiological and other functional properties of these new isoforms have
yet to be examined. Therefore, the electrophysiological ramifications of the present
results that are proposed below are based on the rich knowledge of mammalian
HCN electrophysiology.
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In lieu of electrophysiological evidence on the activation dynamics of the hagfish
HCN isoforms, it is not possible to know exactly what the effect of HCN3 mRNA
dominance over that of HCN4 might be on hagfish cardiac excitation-contractioncoupling. However, Moosmang et al. (2001) showed that HCN3 activates at a
similar voltage to HCN4, but has activation kinetics more similar to the faster HCN2
isoform, allowing a larger current to flow at lower membrane potentials. Therefore, a
large proportion of HCN3 may allow the hagfish heart to become easily activated
and then allow the spread of excitation throughout the myocardium to occur rapidly.
Indeed, evidence exists for the presence of pacemaker potentials throughout the
hagfish myocardium, and may be a requirement to allow enough current to flow in
order to activate contraction in a heart known to have a low diastolic membrane
potential (Jensen, 1965).

A higher HCN mRNA expression in the hagfish atrium compared with the ventricle
for all isoforms of HCN (apart from the similar expression of HCN3b) was to be
expected for synchronous cardiac contraction, because, if HCN protein expression is
increased as a result of higher the mRNA expression, the atrial pacemaker potential
would be be shorter than that of the ventricle. Indeed, HCN gene expression per
unit mass in rabbit atria and especially the sinoatrial node are much higher than that
in the ventricles (Shi et al., 1999; Moosmang et al., 2001; Marionneau et al., 2005).
In turn, a larger sarcolemmal ion channel density allows a larger current to pass
when the membrane channels are open (Mukherjee et al., 1998). Thus, a higher
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atrial HCN channel expression leads to a larger If and a faster depolarisation to the
threshold potential between action potentials, which ensures atrial contraction
precedes ventricular contraction. Although, expression of 4 out of 5 isoforms was
roughly twice as high in the atrium compared to the ventricle, I have no information
on sarcolemmal protein expression. However, it seems that relative excitation, and
therefore synchrony of contraction, of hagfish cardiac chambers is controlled
primarily by HCN3a channel density rather than up regulation and down regulation of
specific isoforms in the chambers, however this needs to be investigated directly.
Indeed, it is possible that regulation of HCN channel density throughout the
myocardium may be a precursor of the cardiac conduction system seen in other
craniate hearts.

I postulated, and my data support the idea that alterations in HCN channel mRNA
expression could play a role in controlling heart rate during prolonged anoxia and
subsequent recovery. Consistent with the 50% decrease in heart rate during anoxia,
an increased heart rate during the initial phase of recovery and the return of heart
rate to the control normoxic rate after 36 h of recovery (Cox et al., 2010), I
discovered significant changes in HCN mRNA expression with anoxia and recovery.
Ventricular HCN3a mRNA expression decreased significantly to only 7 times that of
HCN4 compared to 25 times in controls. Even though, in mammals, HCN4 allows a
smaller current to flow compared to HCN3, and even if there is a concurrent
decrease in ventricular HCN3a protein, this result will have no effect on heart rate
since there is no decrease in the atrium which is the driver of heart rate.
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The immediate response to restoration of normoxic conditions for the hagfish heart
is a quadrupling of the anoxia-induced heart rate after 2 h (Cox et al., 2010), which
correlates with the increase in the mRNA expression of atrial HCN3a and a restored
level of ventricular HCN3a. An increase in HCN3a mRNA could increase If if it is
matched by rising protein levels. In turn, this would increase the pacemaker
potential, and therefore, increase heart rate since the action potential upstroke
threshold would be reached earlier. HCN3a mRNA expression returned to control
levels by the end of the 36h recovery period in both cardiac chambers. Therefore, it
is possible that regulation of HCN3a may play a role in controlling heart rate during
prolonged anoxia and subsequent recovery; however, the time course for HCN
protein translation and insertion in to the cell membrane has not been measured.
The only studies that have looked at the relationship between HCN mRNA
production and HCN protein function measured the protein function 3-5 days
following the increase in mRNA expression (Santoro et al., 2004; Santoro et al.,
2005). Therefore, these hypotheses need to be tested using protein expression and
electophysiological studies.

The above discussion considered the HCN channel as the primary craniate cardiac
pacemaker, yet a recent alternative hypothesis suggests that pacemaker activity
involves a calcium clock (Rubenstein and Lipsius, 1987; Huser et al., 2000; Ju and
Allen, 2000; Dobrzynski et al., 2007; Maltsev and Lakatta, 2008; Monfredi et al.,
2013). In brief, this hypothesis proposes that spontaneous Ca2+ sparks released
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from the sarcoplasmic reticulum via ryanodine receptors interact with local sodiumcalcium exchanger proteins to cause an overall inward depolarizing current. The
Ca2+ is then pumped back into the sarcoplasmic reticulum, thus resetting the clock.
The most recent synthesis of experimental evidence in support of the calcium clock
hypothesis includes HCN as a part, albeit a minor one, of the inter-related cycling of
ions in pacemaker tissue (Monfredi et al., 2013). That said, this model does
recognize that future work is still needed to completely explain how HCN blockers
such as ZD7288 exert their effect within the calcium clock paradigm. Here, in
chapter 2, I found no experimental support for a calcium clock in the hagfish atrium
because I used another HCN blocker, zatebradine, which completely abolished the
intrinsic heart beat of atrial tissue and nearly abolished it in ventricular tissue of
hagfish, and revealed that ryanodine, a blocker of ryanodine channels, preventing
calcium cycling through the sarcoplasmic reticulum, was without effect on both atrial
and ventricular tissues. Moreover, future calcium clock studies will have to resolve
why zatebradine slows pacemaker activity in rainbow trout hearts (Gamperl et al.,
2011) and how recent work in mice has shown that an increase in heart rate during
pregnancy is coupled with an increase in HCN2 expression (Khoury et al., 2013).

3.4.1 Summary
In summary, I have provided novel insights into cardiac pacemaker channel mRNA
expression and their evolution using real-time RT-PCR of partially cloned HCN
mRNA expressed in hagfish hearts under normoxic and anoxic conditions. Of the
six isoforms, HCN3a dominated in atrium and ventricle. The presence of HCN2,
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HCN3 and HCN4 in the hagfish heart suggests their presence prior to the
hagfish/vertebrate divergence and an importance in cardiac pacemaker activity at
the time of the emergence of the chambered myogenic heart. HCNa and HCNb
either appeared as hagfish-specific duplications or remnants of the forms previously
identified in ancestral deuterostomes and urochodates. My postulate that altered
HCN expression is involved in the control of heart rate in the aneural hagfish heart
was supported by several observations, including a decrease in the ventricular
HCN3 mRNA expression during anoxia and an increase in atrial HCN3 mRNA
expression shortly after return to normoxia. Functional studies on the activation and
cAMP gating of each isoform, and their respective roles in cardiac pacing will require
electrophysiological study, which, when coupled with HCN protein expression
studies, will provide even further insight into regulation of heart rate in the aneural
hagfish heart.
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Table 3.1. Primers used for, and lengths of, partially cloned hagfish HCN genes.
Gene

HCN2a
HCN2b
HCN3a

Primer for Cloning

Amino acid length of
partially cloned
segment

F TTCCTCATTGTGGAGAAGGG
R GATTTCCCCGAAGTAGGAGC
F GGGGAGCTGAGTGAGCCTCTCAAA
R TGTTGCCCTTGGTGAGGATGCTG
HCN3bi
F GCTGAGGTCTACAAGACGGC
HCN3bii
R TAAAGGCGGCAGTAGGTGTC
HCN3c
F CATGCCGCTGTTTGCCAAT
R CAAAGTAGGAGCCATCTGCCAGTTTAG
HCN4
F TCCCAACTTTGTGACATCCA
R GGCAGTAGGTATCAGCTCGC
HCN, Hyperpolarization-activated cyclic nucleotide-gated channel
F, Forward primer
R, Reverse primer

291
367
78
283
304
48
65
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Table 3.2. Primers used for real-time RT-PCR.
Gene

Primer for Cloning

HCN2

F GCATCCTGGGCGAGCTGAAC
R CCCGGCTGGAAGACCTCGAACTT
HCN3a F GGGGAGCTGAGTGAGCCTCTCAAA
R TGTTGCCCTTGGTGAGGATGCTG
HCN3b F CGTGCTATGCCATGTTCATC
R CCCCAAGAATGCTATCCTCA
HCN3c F CATGCCGCTGTTTGCCAAT
R CAAAGTAGGAGCCATCTGCCAGTTTAG
HCN4
F AGGGCACCATTGGCAAGAAA
R CAAAGTAGGAGCCATCTGCCAGTTAG
HCN, Hyperpolarization-activated cyclic nucleotide-gated channel; F, Forward
primer; R, Reverse primer
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Figure 3.1. Amino acid sequence comparison of partially cloned hagfish HCN
isoforms. The segment of mouse HCN3 that aligns with hagfish sequences is also
shown to highlight the large degree of sequence identity between the two species.
Shading indicates 4 levels of sequence conservation with darker shading
corresponding to higher conservation. Genes aligned using ClustalX, compared
using GeneDoc and edited using Adobe Illustrator CS5. HCN, hyperpolarizationactivated cyclic nucleotide-gated channel.
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Figure 3.2. Bootstrapped Neighbor-Joining phylogeny of HCN genes including
hagfish HCN isoforms. Hagfish genes were partially cloned and sequenced from
hagfish hearts. Drosophila, Ciona and vertebrate sequences downloaded from
GenBank and Ensembl. Sequences aligned in ClustalX, edited and translated to
amino acids in GeneDoc. Phylogeny compiled using Phylip-3.69 and edited using
Adobe Illustrator CS5. Tree run with 1000 bootstrap datasets, low bootstrap values
are likely a consequence of both the short 37 amino acid sequence used and a high
sequence identity as seen in Jackson et al. (2007). HCN, Hyperpolarizationactivated cyclic nucleotide-gated channel, CNG, cyclic nucleotide gated channel,
ERG, Ether-á-go-go related gene. Nomenclature used by Jackson et al. (2007) is
used with chicken abbreviated to Hen for clarity. Scale bar represents 1% residue
substitutions per site.
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Figure 3.3. Aligniment of the overlapping, thirty seven amino acid long sequences
from Ciona, hagfish and vertebrate HCN cyclic-nucleotide binding domain utilized in
the phylogenetic analysis. Shading indicates 4 levels of sequence conservation with
darker shading corresponding to higher conservation. Genes aligned using
ClustalX, compared using GeneDoc and edited using Adobe Illustrator CS5. CNG,
cyclic nucleotide gated channel, ERG, Ether-á-go-go related gene. Hen = Chicken.
HCN, Hyperpolarization-activated cyclic nucleotide-gated channel.
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Figure 3.4. A comparison of HCN gene isoform expression in hagfish atrium (A) and
ventricle (B) under normoxic control conditions. Gene expression measured by realtime RT-PCR and normalized to mw2060 control gene expression. Note the change
in scale on the y-axis following the break. Dissimilar letters denote significant
differences between gene expression (1-way ANOVA, P<0.05). N = 10. Error bars
show s.e.m. HCN, hyperpolarization-activated cyclic nucleotide-gated channel.
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Figure 3.5. Effect of 24 h anoxia (0h) and normoxic recovery following 24 h anoxia
(2h and 36h) on HCN isoform gene expression in atrium and ventricle of hagfish
hearts. Gene expression measured by real-time RT-PCR and normalized to
mw2060 control gene expression. Dissimilar letters denote significant differences
within a tissue among treatment times (2-way ANOVA, P<0.05) and an asterisk
denotes significantly higher gene expression in the atrium compared to the ventricle
within at a specific treatment time (t-test, P<0.05). N = 10 for all groups bar N = 9 for
0 h ventricles. Error bars show s.e.m. HCN, Hyperpolarization-activated cyclic
nucleotide-gated channel.
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Figure 3.6. Summary of phylogenetics and HCN isoform expression in Chordates
showing known presence of HCN isoforms, paralogs resulting from duplications of a
HCN isoform and dominantly expressed HCN isoforms. Prior to the
angnathan/gnathostome split, at least 3 of the 4 vertebrate HCN isoforms had
appeared. Since this split, likely through gene specific duplications and mutations,
at least 5 isoforms, plus two paralogs emerged in the hagfishes. The emergence of
paralogs also took place in the teleost lineage. Following the emergence of the
gnathostomes, a reliance on HCN4 as the dominantly expressed HCN isoform
occurred. When this happened is presently unknown due to the lack of HCN
expression data from teleost fishes and ancestral tetrapods. HCN,
Hyperpolarization-activated cyclic nucleotide-gated channel.
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CHAPTER 4: THE ROLES OF TRANSMEMBRANE AND SOLUBLE ADENYLYL
CYCLASE-PRODUCED cAMP ON THE HEART RATE OF THE PACIFIC
HAGFISH, EPTATRETUS STOUTII: THE DISCOVERY OF A NOVEL CARDIAC
CONTROL MECHANISM

4.1 Introduction

Hagfishes are ancestral craniates, whose origin dates back 0.5 billion years. Their
chambered heart is structurally and functionally similar to the vertebrate heart by
possessing a sinus venosus, atrium and ventricle (all guarded by valves) that
contract myogenically and by increasing stroke volume with increased cardiac filling
thereby following the Frank-Starling mechanism (Satchell, 1991; Farrell, 2007b).
Moreover, neural control of heart rate has progressively evolved in the vertebrate
lineage towards a dual sympathetic (stimulatory β-adrenergic) and parasympathetic
(inhibitory cholinergic) control. Thus, the hagfish heart offers a fascinating model for
the study of early cardiac control mechanisms because it is anatomically and
functionally aneural, but is known to include conventional adrenergic mechanisms,
albeit from catecholamines stored in the heart itself (Greene, 1902; Augustinsson,
1956; Jensen, 1961; Jensen, 1965; Nilsson, 1983; Farrell, 2007a). In addition, like
other unusual vertebrates, such as crucian carp and freshwater turtles, hagfish
tolerate prolonged anoxia by greatly slowing heart rate (Vornanen and Tuomennoro,
1999; Hicks and Farrell 2000 a,b; Stecyk et al., 2004; Stecyk et al., 2007; Cox et al.,
2010). In fact, whereas the hagfish heart beats rhythmically at half its normal rate
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during prolonged (36 h) anoxia, heart rate can then increase almost four-fold during
a 1.5 h normoxic recovery without cardiac innervation (Cox et al., 2010).

The role of catecholaminergic controls of heart rate are presumed to be similar in
hagfishes as to vertebrate hearts due to the role of hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels in setting basal pacemaker rate (Chapters 2 and
3). In hearts from all vertebrate classes from sharks to mammals, catecholaminestimulated production of cAMP by membrane-bound adenylyl cyclase (tmAC) and
binding of this cAMP to the cyclic nucleotide binding domain (CNBD) of the HCN
channel subunits increases the formation of gating rings, the open probability of the
channel, If (a gently depolarizing influx of Na+ and K+ ions into the pacemaker cells)
and heart rate (DiFrancesco and Tortora, 1991; Wainger et al., 2001; Chow et al.,
2011). This effect can be produced through humoral (noradrenaline or adrenaline)
or neural (noradrenaline) in certain teleosts and more derived vertebrates (Nilsson,
1983). In hagfish, the β-adrenoreceptor antagonist sotalol also slows heart rate,
suggesting tonic stimulation of pacemaker rate, but most likely through paracrine
actions of noradrenaline and adrenaline, which are released from chromaffin tissue
located within the cardiac chambers themselves (von Euler and Fänge, 1961; Bloom
et al., 1963; Axelsson et al., 1990; Perry et al., 1993; Farrell, 2007a). Therefore, I
hypothesized that the changes in hagfish heart rate seen during an anoxic challenge
were primarily due to catecholamine stimulation, with adrenergic stimulation ceasing
during anoxia and being restored during recovery to produce the observed
tachycardia.
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In addition, given the recent discovery of a soluble form of adenylyl cyclase (sAC)
that increases cAMP concentration in response to HCO3- stimulation in a variety of
organs and organisms ranging from corals to elasmobranchs (Buck et al., 1999;
Tresguerres et al., 2010; Tresguerres et al., 2011; Barott et al., 2013), I
hypothesized that a sAC-mediated pathway of cAMP production and HCN gating
might represent a novel, but ancient heart rate control mechanism in hagfish.

4.2 Materials and methods

4.2.1 Animal husbandry
Pacific hagfish (112 ± 1 g; mean ± s.e.m.; n =110 ), Eptatretus stoutii (Lockington
1878), were collected off the coast of Bamfield Marine Sciences Centre (BMSC),
Bamfield, BC, Canada, using baited traps. Hagfish were held either at BMSC or
transported to the Vancouver area where they were housed in 4,000 l tanks supplied
with flow-through seawater (10±1°C) and fed squid weekly at the West Vancouver
Laboratory (WVL), Department of Fisheries and Oceans Canada, West Vancouver,
BC, Canada. Animals were fasted for a minimum of one week prior to experimental
treatment, and all experiments were conducted in accordance with the animal care
policies of the University of British Columbia, BMSC and WVL. In vivo anoxia
exposures and subsequent sampling were carried out at BMSC, cAMP
measurements, Western blotting and immunoflourescence were conducted at the
Scripps Institute of Oceanography, University of California, San Diego, CA, USA,
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while isolated heart experiments took place at the University of British Columbia,
Vancouver, BC, Canada.

4.2.2 Isolated heart experiments
Hagfish were sacrificed by a blow to the head followed by immediate decapitation.
The heart was rapidly excised and immersed in 25 ml chilled (10°C) hagfish saline
(mM: 410 NaCl, 10 KCl, 14, MgSO4, 4 urea, 20 glucose, 10 HEPES, 4 CaCl2, pH 7.9.
Chemicals sourced from Sigma Aldrich, St. Louis, MO, USA) within a plastic basket
containing two electrocardiogram (ECG) electrodes. ECG was continuously
monitored, stored and analyzed using Biopac and AcqKnowledge software (Goleta,
CA, USA). Heart rate was allowed to reach a stable rate, which took <1 h, prior to
any measurement (an average over 10 beats). Trial runs (data not shown) were
used to establish that heart rate would remain stable under control conditions for >24
h and dose-response curves established the minimum dose required for the
maximum effect for each treatment.

For transmembrane adenylyl cyclase (tmAC) inhibition studies, the saline was
changed every 30 min with those containing 1.0 pM to 1 mM nadolol (Tocris
Bioscience, Minneapolis, MN, USA) in increments. Following the maximal response
with 1 mM nadolol, anoxia was induced by bubbling with N2 for 2 h before recovering
the heart in aerated saline. To assess the role of tmAC in increasing heart rate
during recovery, additional hearts were subjected to anoxia for 2 h prior to the
addition of increasing doses (1.0 pM to 100 µM) of the tmAC agonist forskolin
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(Tocris Bioscience) every 30 min. Forskolin was dissolved in DMSO (Sigma Aldrich)
for a final DMSO concentration of up to 0.01 µl DMSO.ml saline -1 in the final
preparation. Controls showed that hagfish heart rate was unaffected by up to 10 µl
DMSO.ml saline-1.

For soluble adenylyl cyclase (sAC) investigations, hearts were first exposed to 2 h
anoxia prior addition of 20 to 60 mM NaHCO3 (Sigma Aldrich) every 30 min. The
sAC antagonist KH7 (Tocris Bioscience) was used to show that effects of HCO3were mediated by sAC in separate experiments by adding 50 µM KH7 dissolved in
DMSO (as above) with 60 mM HCO3- during anoxia. In order to asses the effects of
added HCO3- solely, as opposed to in addition to HCO3- in the perfusate, CO2 was
not added to the saline. Some of the HCO3- added would have converted to CO2 in
the saline, meaning the HCO3- concentration seen by the heart would have been
lower than that added. However, all experiments were run identically, therefore,
each heart would have seen the same HCO3- concentration.

4.2.3 Anoxic exposure in vivo
Batches of four hagfish were individually held overnight in darkened 2.5 litre
chambers that were continuously flushed at 0.5 l.min-1 with aerated seawater (10 ±
1°C), during which they adopted their stereotypical curled-up posture (Cox et al.,
2010, Chapter 3). Oxygen concentration was monitored throughout the experiment
using MINI-DO probes (Loligo Systems, Tjele, Denmark) every 1 s. Anoxia was
generated in <1 h by supplying N2-saturated seawater to the chambers from two
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gas-exchange columns placed in-series. Hagfish were sampled at 3 h, 6 h, 12 h and
24 h into anoxic exposure, as well as following rapid recovery of normoxic conditions
(less than 30 min) at 1 h and 6 h recovery. Control animals remained in normoxia
for 42 h. At their sampling time, animals were sacrificed by a blow to the head,
followed by decapitation. Blood was taken from the subcutaneous sinus and the
plasma separated by centrifugation for plasma total CO2 measurement. Following
this, the heart was rapidly excised and freeze clamped in liquid N2 for Western blots,
cAMP assays and sAC activity assays. Blood and tissue samples were stored at 80°C until analysis. As with my other chapters, animals here were not
anaesthetized, as a result, fish struggled, knotted and produced slime. Movements
were particularly forceful from control and recovery fish. Additionally, a caveat with
taking blood from the sinus is that it is a low-turnover blood compartment. During
the prolonged anoxia period, sinus blood may equilibrate with the venous circulation,
however, during the more frequent normoxic measurements, the sinus and venous
blood compartments may not have been equilibrated during blood sampling.

4.2.4 cAMP measurements
cAMP concentration was measured in control hearts and those exposed to anoxia
for 3, 6, 12 and 24 h (n=5 per treatment, 89 ± 8 mg, mean ± s.e.m.) using a DirectX ®
high sensitivity direct cyclic AMP chemiluminescent immunoassay kit (Arbor Assays,
Ann Arbor, MI, USA) and a slightly modified version of their acetylation protocol.
Samples were homogenized under liquid N2 using a pestle and mortar, followed by a
glass homogenizer filled with a volume (µl) of simple diluents (SD) equal to sample
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mass (mg) x 10, and were incubated on ice for 10 min. Samples were then spun
down at 600 g for 15 min at 4°C, the supernatant collected and stored at -80°C for
further analysis. An acetylation reagent (AR) mix was produced by mixing acetic
anhydride with triethylamine in a ratio of 1:2. An aliquot of 6 µl AR was added to 12
µl sample supernatant and 108 µl SD in a 96-well plate. In each well of a separate
96 well plate, 50 µl plate primer, 50 µl acetylated sample, 25 µl DirectX® cAMP
conjugate and 25 µl DirectX® cAMP antibody were added and the plate was shaken
for 2 h at room temperature. Following this, the wells were aspirated 4 times with
300 µl wash buffer and tapped dry prior to the addition of 100 µl chemiluminescent
substrate. The luminescence at 450 nm was then read using a 96-well plate reader
with cAMP concentration being calculated against a concurrently produced cAMP
standard curve using the plate reader’s built-in software.

4.2.5 Western blots
Hearts exposed to 24 h anoxia and controls (n=5 per treatment, 100 ± 17 mg, mean
± s.e.m) were homogenized under liquid N2 using a pestle and mortar, followed by a
glass homogenizer filled with 500 µl homogenization buffer. Samples were then
spun down at 500 g for 15 min at 4°C, the supernatant collected and stored at -80°C
until further analysis. The supernatant was then mixed with equal volumes of
Laemmli buffer with 5% β-mercaptoethanol and heated at 95°C for 5 min. 13 µg of
total protein from each sample (estimated by Bradford assay) was separated by
SDS/PAGE and transferred to PVDF membranes. Transfer was blocked in 10%
(w/v) milk-TBST for 30 min and incubated with anti-dfsAC (Tresguerres et al., 2010)
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overnight at 4°C, followed by 1 h incubation with HRP-conjugated goat anti-rabbit
antibodies. Membranes were washed 3 times in TBST for 20 min between antibody
treatments. Bands were detected by chemiluminescence with sAC being quantified
using densitometry normalizing to the most intense band.

4.2.6 cAMP production assay
Hagfish heart homogenate was incubated for 45 min at room temperature in an
orbital shaker (300 rpm) in 100 mM Tris (pH 7.5), 5 mM ATP, 10 mM MgCl2, 0.1 mM
MnCl2, 0.5 mM isobutylmethylxanthine (IBMX), 1 mM dithiothreitol (DTT), 20 mM
creatine phosphate, and 100 U.mL-1 creatine phosphokinase. Homogenates were
incubated in the indicated concentrations of HCO3- or KH7 and cAMP production
was determined using DetectX Direct Cyclic AMP Enzyme Immunoassay (Arbor
Assays, Ann Arbor, MI, USA).

4.2.7 Plasma [HCO3-] determination
Plasma HCO3- concentration was calculated from total CO2 and pH measured from plasma
samples taken from the subcutaneous sinus from control fish, 3, 6, 12 and 24 h following the
onset of anoxia, and at 0.5 and 1 h following the onset of recovery from 24 h anoxic
exposure. Total CO2 was measured using a Cornel TCO2 Analyzer Model 965 and pH was
measured using a thermostated capillary pH electrode (Radiometer, BMS 3 MkII). Using
these values, [HCO3-] was calculated using the Henderson-Hasselbach equation and values
of the CO2 solubility coefficient and pK’ as described previously (Boutilier et al., 1984).
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4.2.8 Calculations and statistical analyses
For all statistical analyses, p-values of < 0.005 were considered significant. The
effects of nadolol and forskolin on heart rate of isolated hearts were assessed using
repeated measures one-way ANOVA followed by a Holm-Sidak test, while HCO3and KH7 were assessed using a one-way ANOVA also followed by a Holm-Sidak
test. In order to confirm that changes in cAMP concentration were significant, a oneway ANOVA was run, however, due to low n values, significance was only found
using a Student-Newman-Keuls test. To test for differences in sAC abundance
between control and 24 h, a one way ANOVA was conducted with no post-hoc test
due to the lack of significance. A one-way ANOVA followed by a Holm-Sidak test
was used to monitor the effects of anoxic exposure and subsequent recovery on
HCO3- plasma concentrations. Differences in bicarbonate-stimulated cAMP
production in hagfish heart crude homogenate were assessed using repeated
measures one-way ANOVA.

4.3 Results

4.3.1 Transmembrane adenylyl cyclase
Isolated hagfish hearts slowed from 13.4 ± 1.1 bpm to 8.6 ± 1.1 bpm upon the
addition of 1 mM nadolol, a β-adrenoreceptor antagonist, and then to 5.1 ± 0.5 bpm
after a 2-h anoxic exposure (Fig. 4.1A). In vivo, cardiac cytosolic cAMP
concentration was reduced from 8.4 ± 0.7 pmol.mg protein-1 to 5.6 ± 0.5 pmol.mg
protein-1 following a 3-h anoxic exposure, a decrease of 33%. Cardiac cAMP
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concentrations then remained stable and low throughout a 24-h anoxic period,
consistent with heart rate (Fig. 4.1B). Forskolin, a tmAC agonist, was applied to
isolated hearts during anoxia to assess the role of tmAC. Forskolin (1 and 10 µM)
significantly increased the intrinsic heart rate but to a level that was not statistically
different from the normoxic level (Fig. 4.1C). However, 100 µM forskolin reduced
heart rate back to the anoxic rate. When tested on normoxic, control hearts,
forskolin failed to increase heart rate at concentrations of up to 100 µM.

4.3.2 Soluble adenylyl cyclase
Immuno-fluorescence of hagfish hearts with anti-dfsAC identified sAC throughout
atrial and ventricular myocardial cells of hagfish, with strong staining evident in
cardiac trabeculae (Fig. 4.3A,B). sAC protein expression was clearly demonstrated
in Western blotting analysis of crude homogenate cardiac cell suspensions from
hagfish. The anticipated band was at 112 kDa, and did not show up when the
antibody was pre-incubated with oversaturating concentrations of purified sAC
peptide prior to application to the hagfish transfer membrane (Fig. 4.2B). Moreover,
sAC abundance was unchanged following a 24-h anoxic challenge (Fig. 4.2C,D).

To confirm the role of sAC in the cAMP synthesis pathway in hagfish hearts, cAMP
production was measured in homogenized hagfish hearts in the presence of HCO3and KH7. A 2-fold increase in cAMP production occurred with 40 mM HCO3- and
was completely blocked by KH7 (Fig. 4.4).
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Addition of HCO3- to anoxic isolated hearts beating at 7.9 ± 1.2 bpm produced a
significant tachycardia (Fig. 4.2A.). 20 mM HCO3- significantly increased heart rate
from the anoxic value back to control levels, and increasing [HCO3-] to 60 mM
increased heart rate to a level significantly beyond (146%) the intrinsic normoxic
heart rate (23.1 ±2.6 bpm compared to 16.0 ±1.0 bpm; Fig. 4.2A). In the presence
of HCO3-, this tachycardia was completely blocked by the sAC-specific antagonist
KH7 (50 µM; Fig. 4.2A). In normoxic, control hearts, HCO3- and KH7 did not affect
heart rate.

In anoxia, plasma [HCO3-] significantly fell from 8.5 ± 0.9 mM to 2.3 ± 0.5 mM (Fig
4.5). The decrease in [HCO3-] was gradual during the 24-h anoxic exposure
becoming significant at 6 h. Following 0.5 h recovery, plasma [HCO3-] returned to
levels statistically not different from controls and remained at this level after 1 h
recovery.

4.4 Discussion

The present study documents the discovery of a novel cardiac control pathway in
addition to that provided by catecholamine stimulation of tmAC. HCO 3- can stimulate
intracellular sAC to produce cAMP from ATP. This cAMP can then increase If by
binding to HCN channels. sAC was shown to be present in throughout the
myocardium by both immunefluorescence and Western blots, and was shown to
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produce cAMP in response to HCO3- simulation, a response that could be blocked
by the sAC agonist, KH7.

In hagfishes, the heart acts as a paracrine gland releasing both noradrenaline and
adrenaline from chromaffin tissue located within the cardiac chambers (von Euler
and Fänge, 1961; Bloom et al., 1963; Perry et al., 1993; Farrell, 2007). A tonic βadrenergic cardiac stimulation in hagfish would explain the bradycardic effects of
sotalol and nadolol in vivo and in vitro (Axelsson et al., 1990). Since oxygen is
required to convert tyrosine to 3,4-dihydroxyphenylalanine (the rate-limiting step of
catecholamine synthesis) and produce noradrenaline from dopamine, anoxia should
prevent catecholamine production through these reactions, removing any tonic
paracrine β-adrenergic stimulation of heart rate by reducing tmAC activity and
decreasing cAMP production (Levitt, 1965). Thus, together with the discoveries in
the previous two chapters, a parsimonious mechanistic explanation of the
bradycardic effect of anoxia in hagfish (as well sotalol and nadolol effects) is a
cessation of tonic β-adrenergic stimulation of HCN channels by cAMP (Axelsson et
al., 1990; Cox et al., 2010). Thus, gating of HCN channels may become minimal
during anoxia. This leaves unexplained the modest additional decline in heart rate
during anoxia following β-adrenergic blockade (Fig. 4.1B). One possibility is that the
acidotic conditions associated with anoxia have a bradycardic effect. In the Pacific
hagfish, blood pH falls to 7.0 from 7.9 following 36 h anoxia (Cox et al., 2011). While
the effects of acidosis has not been tested in hagfishes, extracellular acidosis has
been shown to reduce heart rate in the anoxic turtle and normoxic fish heart, and
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therefore testing the effects of acidosis on hagfish heart rate would be of interest
(Farrell et al., 1983; Stecyk and Farrell, 2006). A second possibility is that sAC
mediated cAMP production is inhibited in a way that was not assessed in the present
study. During a prolonged anoxic exposure, many variables have been shown to
change in hagfish blood and heart including decreasing concentrations of O2, CO2,
ATP and glycogen, while lactate concentration in the blood increases (Cox et al.,
2011). It is possible that one or more of these changes acts as an inhibitor of sAC in
anoxic conditions.

The findings that forskolin failed to increase heart rate in normoxia, or beyond
routine rates in anoxia, suggests that the tonic catecholamine stimulation was
routinely maximal under the normoxic experimental conditions used here. The
inhibition of heart rate (back to anoxic levels) with higher forskolin doses is possibly
because cardiac ATP demand during anoxia out-stripped ATP production and ATP
availability limited tmAC stimulation.

My results clearly suggest that maximal tmAC stimulation cannot increase heart rate
beyond routine normoxic values, possibly because tmAC is tonically fully activated.
Thus, while the at-best modest increases in heart rate in hagfish with injections of βadrenergic agonists (Fänge and Östlund, 1954; Chapman et al., 1963; Axelsson et
al., 1990; Johnsson and Axelsson 1996) can now be explained mechanistically,
tachycardia during anoxic recovery is only partially explained.
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A role of sAC in heart rate control has not been previously considered even though
sAC has been implicated in the apoptosis signaling pathway of mammalian cardiac
myocytes (Chen et al., 2010). I discovered sAC protein expression throughout the
hagfish myocardium and that the sAC modulator, HCO3-, increased heart rate of
anoxic isolated hearts to well beyond the routine heart rate achieved with adrenergic
stimulation of tmAC. Indeed, heart rate (23.1 bpm) surpassed the maximum
observed in vivo (approximately 17 bpm) during anoxic recovery. To confirm the
specificity of the HCO3-stimulation through sAC, the increase was fully blocked by
the sAC antagonist KH7, which also blocked the HCO3--stimulated increase in cAMP
production by crude cardiac homogenates. Therefore, I have discovered a novel
mechanism to control heart rate in a craniate. Thus, I propose that cAMP is
produced via a HCO3--stimulated, sAC-mediated pathway in addition to the well
characterized catecholamine-stimulated tmAC-mediated production of cAMP. This
cAMP is then able to bind to HCN to increase heart rate.

Both mechanisms lead to HCN gating by cAMP, presumably increased If, and
therefore heart rate, with tmAC being tonically and maximally active during normoxia
and sAC stimulation increasing during recovery from anoxia to increase heart rate
beyond that possible with tmAC alone. This hypothesis is supported by the cAMP
measurements recorded in this chapter. During anoxia, cAMP concentration falls by
one third similar to the fall in ATP following 36 h anoxia in vivo (Cox et al., 2011)
When sAC is stimulated by HCO3- in homogenized heart tissue, cAMP concentration
doubles from control levels. This correlates with the changes in heart rate measured
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in the present investigations and those seen in vivo where heart rate falls in anoxia,
and subsequently increases four-fold upon recovery (Cox et al., 2010).

This discovery, and a more detailed analysis of catecholamine control, allows me to
propose a more complete hypothetical model of the control mechanisms of heart
rate in the ancestral hagfish (summarized in Fig. 4.6). During anoxia, and with tmAC
no longer tonically stimulating heart rate, CO2 production from aerobic metabolism
ceases and the metabolic acidosis produced by glycolytic ATP production (Cox et
al., 2011) drives down plasma HCO3- concentration. During normoxic recovery,
aerobic metabolism resumes and O2 consumption is rapidly elevated, previously
described as post-anoxic oxygen consumption (Cox et al., 2011). With the
reinstation of aerobic reaspiration, CO2 production will also increase at the same
time as anaerobically produced lactate will fall. This increased CO2 production will
cause the production of HCO3-. This HCO3- production will also be stimulated by the
reduction of the metabolic acidosis during recovery resulting in a spike in HCO3concentration. Any increase in HCO3- concentration will be especially high in the
venous circulation prior to branchial CO2 removal from the blood, and it is this
venous, CO2-rich blood that is seen by the heart due to its lack of a coronoary
circulation. The increase in HCO3- will increase sAC stimulation and cAMP
production that, together with reinstated catecholamine-stimulated tmAC cAMP
production, increases heart rate during recovery from anoxia until HCO3- falls.
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A caveat to this hypothesis is that even though calculated HCO 3- concentrations
from sub-cutaneous sinus blood decresed during anoxia, they did not increase
beyond the normoxic control value during recovery. One possible explanation for
this is that the blood-chemistry of the sinus blood measured here does not match
that of the venous blood seen by the heart. Forster et al. (1989) showed that it takes
between 8 and 18 h for the blood of the sinus to equilibriate with the venous
circulation. Therefore, getting a good estimate of the HCO3- concentration in venous
blood may be possible by taking samples from the sinus following 24 h of anoxia, but
a 1 h time difference between onset of recovery and blood sampling may not be long
enough for CO2 and HCO3- to equilibriate between the primary circulation and the
central sinus blood. If this is the case, HCO3- concentration of the sinus blood would
be below that of the venous blood during recovery. Hagfish plasma HCO3concentrations can certainly be much higher than the present values (up to 70 mM
during hypercapnia; Brauner, Personal Communication) and well beyond the
concentration required for maximal sAC stimulation. However, hypercapnia will
generate higher HCO3- concentrations than during recovery from anoxia. What is
needed, are rapid measurements of blood sampled from the heart during recovery
as well as measurements of cardiac intracellular HCO3- to confirm that sAC activity
has functional in vivo relevance.

During recovery, in vivo intracellular HCO3- is likely to be higher than in venous blood
because as cardiac aerobic respiration restarts CO2 produced by mitochondria
would be rapidly converted to HCO3- by intracellular carbonic anhydrase. Thus,
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sAC can be stimulated by an elevation in intracellular HCO3- that is greater than
seen in venous blood. Also, because the NaHCO3 was added to the saline in the
isolated heart experiments, an increase in intracellular HCO3- would require the
conversion of HCO3- to CO2 in the saline, CO2 diffusion into the heart and CO2
conversion back to HCO3- by carbonic anhydrase inside the cell, where it would
stimulate sAC. Thus, the intracellular HCO3- needed to stimulate sAC will be lower
than the extracellular concentrations used here to maximally stimulate sAC.

In embryonic zebrafish, hypercapnia results in an increase in heart rate via a
catecholaminergic pathway as the tachycardia was prevented using atenolol (Miller
et al., 2014). This tachycardia is also reduced following block of carbonic anhydrase
suggesting a role of HCO3- produced during the increase in CO2 in hypercapnia in
increasing heart rate. It is possible that both tmAC and sAC mediated cAMP
production are increasing heart rate in this case, however, sAC effects on heart rate
during hypercapnia have not been assessed. It would be interesting to see if a KH7
block of sAC would further reduce heart rate in these conditions following addition of
atenolol.

The roles of cAMP as a second messenger are many, especially via cAMPdependent protein kinase A (PKA), and likewise the possible roles of sAC as a
metabolic indicator in the heart may not be limited to HCN channel gating and heart
rate control. For example, the omnipresence of sAC throughout the atrial and
ventricular myocardia indicates otherwise because sAC might be concentrated only
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in the primary pacemaker area if heart rate was the sole cardiac process regulated
by sAC. Instead, sAC expression throughout myocardial trabeculae of the hagfish
might implicate a role in increased cardiac contractility by increasing cytosolic Ca 2+
influx through PKA phosphorylation of L-type Ca2+ channels (Sculptoreanu et al.,
1993; Gao et al., 1997). The roles of sAC produced cAMP in other cardiac
mechanisms require testing, therefore, in addition to discovering a novel mechanism
of cardiac control, the implications of this fascinating discovery may be very far
reaching and opens up a new field of cardiovascular research, possibly stretching
into the medical field.

4.4.1 Summary
The discovery of a novel cardiac control mechanism and a more detailed analysis of
catecholamine control have provided a more complete picture of the control
mechanisms for heart rate in ancestral hagfish. I confirmed tonic and possibly near
maximal β-adrenoreceptor stimulation of pacemaker activity under normoxic
conditions through production of cAMP by tmAC. This stimulatory activity is lost in
anoxia and heart rate is halved. During normoxic recovery, heart rate can quadruple
from the anoxic rate and exceed the normoxic rate by a combination of cAMP
production through sAC and restored cAMP production by tmAC.
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Figure 4.1. Effects of anoxia and β-adrenoreceptor stimulation and blockade on
hagfish heart rate and cAMP. A. Isolated, spontaneously beating hearts (n = 8)
slowed significantly when exposed to the β-adrenoreceptor antagonist nadolol and
further still with a N2-induced anoxia (indicated by thick black bar), recovering to preanoxic levels upon removal of N2. Dissimilar letters indicate statistical differences
between treatments calculated from raw, non-normalized data (P<0.005, repeated
measures one-way analysis of variance (ANOVA)). B. cAMP concentrations fall in
hearts of intact animals (n = 5) exposed to prolonged anoxia. Asterisks indicate
significant differences from control group (P<0.005, one-way ANOVA). C.
Increasing concentrations of the β-adrenoreceptor agonist, forskolin, failed to
increase anoxic (indicated by thick black bar) heart rate of isolated hearts (n = 6)
beyond routine rates. Dissimilar letters indicate statistical differences between
treatments calculated from raw, non-normalized data (P< 0.005, repeated measures oneway ANOVA).
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Figure 4.2. The role of HCO3--stimulated soluble adenylyl cyclase (sAC) in the
hagfish heart. A. Effects of sAC stimulation with HCO3- and blockade with KH7 on
hagfish heart rate under anoxic conditions (n = 6). Bicarbonate caused a
tachycardia in anoxic hagfish hearts in anoxic beyond the intrinsic normoxic
pacemaker rate (Control), which could be completed reversed by the antagonist
KH7. Dissimilar letters indicate statistical differences between treatments calculated
from raw, non-normalized data (P<0.005, 1-way ANOVA). B. Western blot of hagfish
heart crude homogenate using anti-dfsAC antibody in the absence (H) or presence
(P) of purified sAC peptide, ladder indicated by L. C + D. Expression of sAC in
hagfish hearts exposed to 24 h anoxia (A) compared to controls (C) shown by
Western blot (C) and graphically, represented by measurement of the membrane
shown in C by densitometry in D. Ladder indicated by L. The average band weight
of hagfish sAC was 112 KDa. sAC expression in D normalized to the highest
expression.
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Figure 4.3. Immunoreactivity of soluble adenylyl cyclase (sAC) in hagfish hearts. A
+ B. Immunofluorescence staining of sAC (red) in hagfish atrium and ventricle
respectively. Co-staining of nuclei shown in blue. C. Control showing staining of
nuclei (blue) only.
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Figure 4.5. The effects of 24 h anoxia and subsequent normoxic recovery on
plasma [HCO3-] in hagfish subcutaneous sinus blood. Plasma [HCO3-] gradually
decreased during anoxia, becoming significant following 6 h. During recovery,
plasma [HCO3-] returned to control levels. n = 5, Dissimilar letters indicate statistical
differences between treatments (P<0.005, 1-way ANOVA)
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Maximum heart rate – 23.1 bpm
sAC + tmAC
sAC

Routine heart rate – 13.4 bpm
tmAC
mAC

Basal heart rate – 8.6 bpm
OO2 2

Anoxic heart rate – 5.1 bpm
Figure 4.6. A summary of the proposed control of heart rate in hagfish. With a basal
heart rate possibly representing minimal HCN gating, removal of oxygen reduces
heart rate from 8.6 bpm to 5.1 bpm. Stimulation of tmAC by paracrine
catecholamine release increases heart rate to 13.4 and represents the routine heart
rate. During recovery from prolonged anoxia, cAMP produced from tmAC and
HCO3- stimulated sAC increases heart rate to 23.1 bpm. Heart rates shown are
averages from 6 animals.
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CHAPTER 5: CONCLUSIONS

5.1 Introduction

The preceding data chapters detailed how I have explored three main aspects of
cardiac control in the Pacific hagfish, Eptatretus stoutii: 1) Initiation of the heartbeat;
2) Synchronization of cardiac contraction; and 3) Control of heart rate. The main
findings of my studies are outlined below, followed by a summary and general
discussion of my proposed model of cardiac control in this ancestral craniate heart.
Finally, the implications of my discovery of a novel cardiac control pathway are
suggested.

5.2 Initiation and synchronization of the heartbeat

5.2.1 Does the membrane clock set intrinsic heart rate in Pacific hagfish, and, are
HCN channels involved in synchronous beating of the cardiac chambers in the
Pacific hagfish?
Hypothesis: The intrinsic rate of atrial contraction is higher than that of the ventricle.
(Chapter 2)

Support for this hypothesis was provided by the atrium and ventricle beating
spontaneously in isolation following destruction of the atrioventricular canal.
Additionally, atrial rate was over twice that of the ventricule. Therefore, I confirmed
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Jensen’s (1965) discovery that both cardiac chambers have a spontaneous
contraction rate. I have also characterized, for the first time, the contraction rates of
the atrium and the ventricle as independent chambers. Atrial contraction must occur
prior to the initiation of ventricular contraction. This would be ensured by an
upstream location of cardiac pacemaker cells as well as the intrinsic atrial beating
rate being greater than that of the ventricle.

All the same, atrial and ventricular contractions must be synchronized, which is
achieved via a cardiac conduction system through the atrioventricular canal (a delay
in electrical conduction to allow blood to be pumped from the atrium into the
ventricle). In this regard, a novel and unexpected discovery was that tetrodotoxin
(TTX), a potent voltage-gated (VG) Na+ channel blocker, produced an
atrioventricular block in the isolated heart that was equivalent to physical crushing of
the atrioventricular canal with a ligature. These results suggest an integral role of
the VG Na+ channel in atrioventricular conduction in the hagfish, which may exist as
primitive conduction system. Remarkably, the intrinsic atrial and ventricular
contractions themselves were surprisingly resistant to TTX compared to the chick,
Gallus gallus, and the rainbow trout, Oncorhynchus mykiss, with the heart continuing
to rhythmically contract with 10 µM TTX in the perfusate, albeit at a reduced (65%)
rate. As a potent INa antagonist, TTX is one of the most deadly neurotoxins known to
man. The EC50 of TTX for chick, and rainbow trout, hearts are 4 nM and 1.8 nM
respectively (Parakash and Tripathi, 1998; Haverinen et al., 2007). The reduction in
heart rate may be due to a role of TTX-sensitive inactivation-resistant Na+ (INaTTX)
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channels that allow some extra Na+ to enter the cell during the pacemaker potential,
allowing the Ca2+ threshold to be reached earlier (Ju et al., 1995).

Hypothesis: The heart beat is initiated by If. (Chapter 2)

Support for this hypothesis was provided by zatebradine, a potent HCN channel
antagonist, which completely eliminated spontaneous contractions in isolated atria
consistent with the membrane clock hypothesis.

When coupled with the INaTTX data

of the preceeding paragraph, it would appear that If is necessary to produce rhythmic
contractions, while INaTTX is additive, increasing the pacemaker potential already
established by If. Furthermore, ryanodine, which blocks Ca2+ cycling through the
sarcoplasmic reticulum (SR), had no discernible effect on heart rate of isolated,
spontaneously beating atria. This finding is inconsistent with the calcium clock
hypothesis because ryanodine antagonism should prevent Ca2+ cycling through the
SR. Thus, HCN channels set the intrinsic heart rate in the Pacific hagfish, with
spontaneous heart rate being regulated by a pacemaker potential caused by If, a
slowly depolarizing K+ and Na+ current.

In the ventricle, zatebradine greatly reduced, but did not stop, spontaneous
contractions of the ventricle. In all other vertebrate hearts investigated, HCN
channel antagonists exhibit a dose-dependent bradycardia but do not eliminate
contraction (Steiber et al., 2006). This finding is consistent with a dual role of
membrane and calcium clocks in setting the ventricular rate. Nevertheless,
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ryanodine had no discernible effect on the heart rate of isolated, spontaneously
beating ventricles. Why may zatebradine have had a lower effect in the ventricle
compared to that of the atria? One simple explanation is that following cessation of
atrial contractions in the isolated heart preparation, the perfusate containing the
blocker was no longer forced into the ventricle, reducing the amount of the
antagonist in this chamber. A second hypothesis is that INaTTX has a larger role in
the ventricle, or possibly, another leak current yet to be discovered. Further work on
isolated ventricular cells would be particularly enlightening here. In addition, work on
physically (as opposed to atrioventricular blocked) isolated ventricles would be
informative.

Hypothesis: Multiple isoforms of HCN exist in the hagfish heart, with HCN3 being the
ancestral isoform. (Chapter 3)

Support for this hypothesis was provided by sequencing partial genes from mRNA
expressed in hagfish hearts. When compared to known HCN genes from other
species using the Blast engine, I was surprised to discover that the hagfish genome
encodes at least six HCN isoforms compared to the four HCN isoforms discovered in
a wide variety of vertebrate hearts. Even so, HCN isoforms similar to vertebrate
HCN2, HCN3 and HCN4 were found: 2 versions of HCN2, 3 versions of HCN3 and 1
version of HCN4. No HCN1 isoform was found despite extensive searching, which
may mean one of several possibilities: 1) that HCN1 evolved in the vertebrate linage
following their split from the agnathans; 2) that HCN1 is expressed in tissues other
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than the heart; 3) that the primers tested were not sufficient to find HCN1 expressed
in the heart; 4) HCN1 has changed so much following the split from the vertebrate
linage that it more closely resembles one of the other isoforms and is no longer
identifiable as HCN1. Ultimately, both full HCN sequences and the total number of
HCN isoforms present in the hagfish will only be confirmed following the publication
of the hagfish genome. However, the finding of so many isoforms indicates that
HCN gene duplications exist in the hagfishes similar to what has been observed in
tunicates and some teleost fishes (Jackson et al. 2007).

Given that the three hagfish HCN3 isoforms cluster around the ancestral
urochordate HCN genes and the outgroup of the phylogeny, the present finding
supports the conclusion of Jackson et al. (2007) that HCN3 appears to be the
ancestral isoform. It is most that in the tunicates, a single HCN3-like isoform
duplicated twice to produce the three isoforms that appear following the
tunicate/craniate split. The least parsimonious explanation for the findings of my
thesis regarding HCN isoform evolution in the craniates is that HCN3 existed in the
craniate ancestor. Between the first emergence of the craniates and the emergence
of the gnathostomes, HCN2, 3 and 4 had evolved from gene or genome specific
duplication events. If HCN1 is present in the hagfishes, HCN1 can be added to the
previous list. However, if not present, HCN1 most likely evolved following the
hagfish/vertebrate divergence. Following this split, HCN2 and HCN3 were
duplicated in the hagfishes. The duplicated HCN isoforms found in the teleosts
probably evolved following the actinopterygii/sarcopterygii split, leaving the tetrapods

121

with only single copies of each isoform. Another possible explanation for the
multitude of HCN isoforms found in my work is that some of the isoforms are splice
variants. Indeed, splice variants of HCN3 have been reported in liver and kidney
(Santoro et al., 1998). Nevertheless, the findings presented here show a snapshot
of HCN gene evolution at the same time as the emergence of the craniate heart.

Additionally, HCN3a mRNA expression in both cardiac chambers was over 10-times
that of HCN4, the second most expressed isoform. The dominance of HCN3 mRNA
in hagfish hearts differs from adult mammalian heart cells where HCN4 is the most
prevalent. However, HCN4 dominance replaces early embryonic dominance of
HCN3 in the heart (Qu et al., 2008). This discovery suggests that the ancestral
condition is HCN3 dominance and at some point in the vertebrate linage, that
changed to HCN4. The embryonic HCN3 dominance in mammals may be a relic of
the ancestral condition, or it may be beneficial to the developing embryonic heart.

Hypothesis: HCN channel mRNA is expressed in both cardiac chambers of the
hagfish heart. (Chapter 2 and 3)

Support for this hypothesis was provided by finding expression of all 6 HCN isoform
genes in both atria and ventricles of hagfish hearts in chapter 3, and the reduction of
both atrial and ventricular rates upon zatebradine antagonism of HCN channels in
Chapter 2. These findings support my earlier conclusions regarding the membrane
clock, and pacemaker activity in both cardiac chambers. In order for the membrane
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clock model of cardiac pacemaking to be true, HCN channels must be present in
order for If to flow through them. Finding HCN channel mRNA in the atrium supports
my previous conclusion that If is responsible for the pacemaker potential, and allows
a more complete picture of hagfish cardiac pacing to be produced. These data
indicate that zatebradine may reduce heart rate by decreasing If by antagonizing
HCN channels. Additionally, assuming that the protein is expressed, HCN channel
mRNA expression in the ventricle provides a mechanism for spontaneous ventricular
contractions when it is isolated from the atrium, contractions whose rate decreases
upon addition of zatebradine.

Hypothesis: Higher HCN mRNA expression in the atrium compared to the ventricle
supports a higher spontaneous atrial rate. (Chapter 3)

Support for this hypothesis was provided by the finding that measured mRNA
expression of all HCN isoforms bar HCN3b was at least twice as high in the atrium
compared to the ventricle. As noted above, in order for a multi-chambered heart to
contract efficiently, the atrium must contract prior to the ventricle, which requires the
atrium to be more exciteable. Albeit in the absence of protein expression data, my
experimental findings suggest that HCN channel density may be higher in the atrium
compared to the ventricle. Having a higher membrane density of HCN channels in
the atrium will allow for a larger If and therefore, greater atrial excitability. Indeed,
this discovery of higher atrial HCN expression in hagfish hearts is similar to HCN
expression mammalian in cardiac chambers where HCN mRNA is much higher in
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the sinoatrial node than in the ventricle (Shi et al., 1999; Marionneau et al., 2005).
This presumably increases HCN protein density and therefore provides greater
excitability in those areas that need to contract first.

Hypothesis: Different HCN isoforms were expressed in the atrium compared to the
ventricle. (Chapter 3)

Support for this hypothesis was not provided by my experimental findings because
the expression patterns of both cardiac chambers was remarkably similar, with both
showing a dominance of HCN3a. Therefore, it seems unlikely that chamber
excitability is controlled by upregulation the expression of, for example, faster
opening HCN isoforms in the atrium compared to the ventricle. Instead, perhaps
overall upregulation of HCN mRNA, as discussed above, is more important. Even
though it would be an incredibly difficult task, electrophysiological studies of the
individual hagfish HCN isoforms expressed in a model cell system, such as Xenopus
oocytes, would be of particular interest.
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5.3 Control of heart rate

5.3.1 Does varying HCN mRNA expression during anoxia and subsequent recovery
suggest that HCN channel expression may have a role in heart rate control under
these conditions?
Hypothesis: HCN mRNA expression changes in response to prolonged anoxia and
subsequent recovery. (Chapter 3)

This hypothesis was supported by my discovery that HCN3a, the most highly
expressed HCN isoform in both cardiac chambers, was altered by prolonged anoxia
and recovery in the ventricle and atrium respectively. HCN3a expression decreased
during prolonged anoxia in the ventricle, while remaining the same in the atrium.
Following complete recovery from anoxia, both ventricular and atrial HCN3a mRNA
expression levels had returned to control levels. Assuming that mRNA expression
reflects actual channel density, a reduction in ventricular HCN3a compared to HCN4
during anoxia would be consistent with a decrease in ventricular excitability. This is
because, in mammalian hearts, HCN3 allows a larger If to flow through the channel
compared to HCN4 (Moosmang et al., 2001). However, since the ventricle follows
the atrium, this would have no effect on heart rate. In the atrium, during normoxic
recovery from prolonged anoxia, the increase in HCN3a mRNA would be consistent
with an increase in atrial excitability. However, these inferences are made assuming
a correlation between mRNA and protein expression. This is an important caveat.
Protein expression and electrophysiological measurements will have to be made
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before it is possible to form firm conclusions. Additionally, an alternative possible
explanation for increased HCN3a mRNA expression during recovery is that since
protein synthesis would stop during anoxia, mRNA expression in the atrium
increases to replenish HCN3a channels lost during anoxia due to the natural
removal of proteins from the SL. This is unlikely however, as if this were the case,
expression of all the isoforms would be expected to increase in addition to solely
HCN3a.

5.3.2 Does varying tmAC activation modulate heart rate?
Hypothesis: The heart receives tonic stimulation of tmAC by catecholamine
stimulation of β-adrenoreceptors. (Chapter 4)

This hypothesis was supported by the reduction in heart rate in isolated hearts upon
the addition of the β-adrenoreceptor antagonist nadolol under normoxic conditions.
Nadolol more than halved heart rate. This finding supports the discovery of
Axelsson et al. (1990) where the β-adrenoreceptor antagonist sotalol also caused a
pronounced (over 50%) bradycardia in the Pacific hagfish. Surprisingly, the tmAC
agonist forskolin failed to increase heart rate above routine rates showing that this
tonic tmAC stimulation is also maximal. The cause of the further decrease in heart
rate in anoxia following nadolol addition is presently unknown. However, it may be
due to acidosis (as discussed in Chapter 4), an effect on sAC mediated cAMP
production, or current flow through INaTTX channels. These hypotheses require futher
testing using isolated hearts and electrophysiology.
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Hypothesis: cAMP concentration in the heart decreases during prolonged anoxia.
(Chapter 4)

This hypothesis was supported by the 33% reduction in cAMP concentration
following a 3 h anoxic challenge, after which, cAMP concentrations remained stable
for a further 21 h anoxic period. This discovery is consistent with a reduction in
tmAC activity due to the removal of catecholamine stimulation in anoxia. In vivo
heart rate halves in hagfish following 2 h anoxic exposure and then remains stable
throughout prolonged (36 h) anoxic exposure (Cox et al., 2010). The above results
also provide indirect support for the notion that heart rate is controlled by HCN
channels. HCN channels are stimulated in the presence of cAMP, stimulation that
would decrease in response to an anoxia-mediated reduction in cAMP.

5.3.3 Do other mechanisms gate HCN with cAMP?
Hypothesis: Soluble adenylyl cyclase (sAC) is present in hagfish hearts. (Chapter 4)

This hypothesis was supported by Western blotting and immunofluorescence of
sAC. I discovered a 112 KDa band corresponding to sAC in homogenized hagfish
hearts, a finding then confirmed by the staining and imaging of sAC peptide
throughout the myocardium of both hagfish cardiac chambers via
immunofluorescence. This is the first time sAC peptide presence has been partially
mapped in a heart. Since sAC is an adenylyl cyclase, it provides a new pathway for
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cAMP production in hearts and further control of cAMP regulated processes,
including heart rate.

Hypothesis: sAC produces cAMP in response to bicarbonate stimulation. (Chapter
4)

This hypothesis was supported by a 2-fold increase in cAMP production in
homogenized hagfish hearts stimulated with 40 mM HCO3-. This increase in cAMP
production was blocked in homogenized hearts in the presence of both HCO 3- and
the sAC antagonist KH7. This discovery shows the relationship between HCO3stimulation and cAMP production by the sAC peptide that I have previously shown to
be present in the myocardium.

Hypothesis: sAC stimulation is involved in hagfish cardiac control. (Chapter 4)

This hypothesis was supported by the fact that heart rates in isolated hagfish hearts
increased by up to 146% of the normoxic control rates when HCO3- was added
following an anoxia-induced bradycardia. As with the increase in cAMP above, this
increase in heart rate was blocked by the addition of KH7 in the presence of HCO3-.
This is the first time heart rate has been shown to increase in the presence of HCO3-.
I propose that, in addition to tmAC mediated cAMP production, sAC can also
produce cAMP in order to stimulate If flow through HCN by stimulation of the CNBD
and phosphorylation. This is a novel pathway of cardiac control and, providing sAC
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is present in all craniate hearts, a pathway that may provide an important role in
cardiac control in all of these hearts.

5.4 An integrated model for cardiac control in the Pacific hagfish

Prior to my thesis, the only information regarding the initiation of the hagfish
heartbeat was limited to action potentials recorded from atrial and ventricular tissue
(Jensen 1965). Together with spontaneous contractions of both isolated chambers,
this indicated that the heartbeat was initiated by a similar mechanism to vertebrate
hearts. The pacemaker mechanisms involved in producing the pacemaker potential
in hagfish hearts was unknown. In addition, control of heart rate was limited to a few
studies that determined that that there was a tonic catecholamine stimulation of
heart rate, but it was unknown how this varied, and how the heart rate could
increase or decrease given the lack of vagal innervation. Thus, it was not possible
to formulate an integrated model of cardiac control in the ancestral hagfish heart.
The collective discoveries in my thesis have altered this understanding, and allow for
the inclusion of a cardiac control mechanism not previously considered in any
craniate hearts.

My proposed model (summarized in Fig. 4.6.) is detailed below, building from the
experimental observations summarized above.
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In the Pacific hagfish, the heartbeat is initiated by If flowing through HCN channels,
with no contribution from SR-Ca2+ cycling as supported by pharmacological and
mRNA expression studies. Therefore, it appears that the calcium clock mechanism
of cardiac pacing may have evolved later in the vertebrate lineage. It may be that
the calcium clock, working in tandem with the underlying membrane clock, allows for
larger depolarization rates, and, in turn, faster heart rates, or for fine tuning of heart
rate control. The two mechanisms working together would account for the
bradycardic effects of ryanodine, an antagonist of SR Ca2+ cycling, and HCN
antagonists such as zatebradine on mammalian hearts (Rubenstein and Lipsuis,
1989). In addition to If, there appears to be a role of INaTTX adding to the
depolarization during the pacemaker potential, however, since zatebradine
completely stops atrial contractions, INaTTX appears to be secondary to If.

It is well established that the hagfish heart contains catecholamines (Johnels and
Palmgren, 1960; Östlund, 1960; Bloom et al., 1961; von Euler and Fänge, 1961;
Jensen, 1961; Perry et al., 1993). Based upon my finding that nadolol reduces heart
rate in isolated hearts, I can suggest that paracrine release of catecholamines
provides tonic stimulation of cardiac tmAC, as opposed to circulating
catecholamines. Therefore, the hagfish heart does appear to act as an endocrine
gland, providing paracrine stimulation of pacemaker cells and likely the myocardium
as a whole.
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Control of hagfish heart rate is then achieved by two pathways that produce cAMP
from ATP; the well known tmAC pathway stimulated by catecholamines, and a sAC
mediated pathway stimulated by HCO3- (Fig. 4.5). Hagfish hearts receive tonic
catecholamine stimulation of tmAC and contracts at approximately 13 bpm. At
routine rates, tmAC is producing cAMP at its maximum rate, as was shown with
forskolin. This catecholamine stimulation is removed in anoxic conditions, resulting
in a bradycardia to about 8 bpm, and further effects of anoxia cause a further drop to
approximately 5 bpm. During normoxic recovery from anoxia, resumed
catecholamine stimulation of tmAC, together with HCO3- stimulation of sAC produces
a tachycardia up to 23 bpm. Therefore, this model can explain how heart rate can
change over 4-fold in the isolated, aneural hagfish heart.

While the implications of sAC supporting hagfish heart rate in addition to tmAC
appear very conclusive, one caveat to this hypothesis is that calculated plasma
HCO3- concentrations were much lower in recovery than the 40 mM presumably
required by the hypothetical model. One explanation for this is that because the
HCO3- concentration was calculated from sinus blood, the recovery value may be
lower than that seen by the heart in the venous circulation. The sinus system is a
low turnover blood chamber, with turnover rates being suggested at between 8 and
18 h (Forster et al., 1989). Therefore the recovery period may be too short for
thorough mixing of venous and sinus blood. Additionally, as discussed in Chapter 4,
intracellular HCO3- may be higher in the cell compared to the blood, and all of the
HCO3- added to the saline is unlikely to have made it into the cell due to a lack of
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CO2 in the saline. However, if HCO3- concentrations fail to reach high enough levels
in order to fully stimulate sAC during recovery from anoxia, sAC may have a minor
role in controllong heart rate, only adding slightly to that provided by tmAC. If this is
the case, what other hypothetical mechanisms might increase heart rate during
recovery? In the dog, vasoactive intestinal peptide (VIP) and peptide histidine
isoleucine both bind to the VIP receptor on pacemaker cells increasing heart rate,
however, in fishes VIP has no effect on heart rate (Rigel, 1988; Jensen et al., 1991;
Holmgren et al., 1992). Additionally, in the guinea pig, endothelins 1 and 2 have
been demonstrated to increase heart rate, possibly by binding to the endothelin
receptors that have been found in the right atrium (Beaulieu and Lambert, 1998).
Histamine has also been shown to have tachycardiac effects in snakes (Levi, 1972;
Skovgaard et al., 2009). These hormones and peptides could play a role in
increasing heart rate, and should be examined as possibilities in isolated hearts.
Futhermore, my thesis only considers modulation of the HCN channels. However, I
also discovered a role of INaTTX in setting heart rate. It is possible that INaTTX also
responds to reoxygenation following prolonged anoxia, however, this is likely to have
to be studied using electrophysiological techniques in order to separate and
distinguish between INaTTX and If.

5.5 Limitations, Further Work and Implications

The above model has been generated from the novel findings of my thesis; however,
further testing beyond the scope of the current work is required to answer some of
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the new questions that have arisen and to address the limitations of the thesis.
Pharmacology was used as a tool to probe the pacemaking mechanism of the
hagfish heart. From this, I was able to deduce the channels involved in setting the
heart rate in this ancestral heart. However, the inferences made were based upon
the literature from teleost and mammalian hearts. As a result, electrophysiological
measurements will be necessary to confirm the presented findings. These
measurements may be hard to gather due to hagfish cardiac myocytes being
surrounded by a thick glycocalyx compared to other craniates, and having highly
concentrated extracellular fluid due to hagfish being osmoconformers.

The phylogeny is limited because it was created using only 37 amino acid long
sequences due to the short partially cloned gene segments discovered. The
shortness of the sequences reduces the accuracy of the phylogenetic tree produced,
hence the low bootstrap values. Ideally, this analysis will be repeated following the
sequencing of the hagfish genome or proteome. Knowing the full genome of the
hagfish would also divulge whether or not HCN1 exists in the hagfish, or if it evolved
in the vertebrate taxon. Finally, mRNA expression data was used to discuss
possible cardiac regulation by assuming that changes in mRNA expression would be
transferred to protein expression. This may not be the case, and in order to assess
the effects of anoxia on HCN expression, protein expression data will have to be
recorded to complete the picture.
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The elasmobranchs and other primitive fishes represent taxa that are underrepresented in the cardiovascular literature. In this regard, it would be if interest to
study HCN mRNA and sAC in these animal groups. It would make the most sense
to start with the dogfish, Squalus acanthias, due to its use a model eslasmobranch,
and sAC has been well characterized in other tissues such as gills this fish. Indeed,
the antibodies used to detect sAC in the hagfish were originally developed for use in
dogfish, however, no work has been done on the shark heart.

A major discovery of my work is a novel pathway of cardiac control in a craniate
heart. Indeed, the implications of sAC mediated, HCO3- stimulated-cAMP production
may be very far reaching. The roles of sAC in controlling heart rate in vertebrate
hearts are presently unknown and need to be explored. If sAC control is present in
vertebrate hearts, control of sAC produced cAMP, or blood-HCO3- concentrations
may represent new forms of cardiac therapy in the medical field. With the aneural
state of the hagfish heart mirroring the human condition in utero and following a
transplant, therapeutics revolving around sAC may be of particular importance under
these conditions where neural control is absent. Additionally, manipulating sAC
activity may be useful for restarting a heart following cardiac arrest in place of
adrenaline while minimizing the risk of fibrillation. Furthermore, as mentioned in
chapter 4, the roles of cAMP as a second messenger are many, and therefore, sAC
produced cAMP is unlikely to affect solely heart rate. Indeed, via cAMP-dependant
protein kinase A (PKA), cAMP affects include, but are not limited to, SR Ca 2+ cycling,
cardiac muscle contractility and cardiac muscle relaxation. Therefore, the findings of
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my thesis have the potential to open up a new field of cardiac physiological
research.

135

REFERENCES
Anderson, M., 1968. Electrophysiological studies on initiation and reversal of the
heart beat in Ciona intestinalis. J. Exp. Biol. 49, 363-385.
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., Lipman, D.J., 1990. Basic local
alignment search tool. J. Mol. Biol. 215, 403-410.
Arlock, P., 1975. Electrical activity and mechanical response in the systemic heart
and the portal vein heart of Myxine glutinosa. Comp. Biochem. Physiol. 51A, 521522
Augustinsson, K.-B., Fӓnge, R., Johnels, A., Östlund, E., 1956. Histological,
physiological, and biochemical studies on the heart of two cyclostomes, hagfish
(Myxine) and lamprey (Lampetra). J. Physiol. 131, 257-276.
Axelsson, M., Farrell, A.P., Nilsson, S., 1990. Effects of hypoxia and drugs on the
cardiovascular dynamics of the Atlantic hagfish Myxine glutinosa. J. Exp. Biol. 151,
297-316.
Baker, K., Warren, K.S., Yellen, G., Fishman, M.C., 1997. Defective “pacemaker”
current (Ih) in a zebrafish mutant with a slow heart rate. Proc, Natl. Acad. Sci. USA.
94, 4554-4559.
Barott, K.L., Helman, Y., Haramaty, L., Barron, M.E., Hess, K.C., Buck, J., Levin,
L.R., Tresguerres, M., 2013. High adenylyl cyclase activity and in vivo cAMP
fluctuations in corals suggest central physiological role. Sci. Rep. 3, 1379.
Beaulieu, P., Lambert, C., 1998. Peptide regulation of heart rate and interactions
with the autonomic nervous system. Cardiovasc. Res. 37, 578-585.
Bers, D.M., 2002. Cardiac excitation-contraction coupling. Nature. 415, 198-205.
Bhargava, R., Gerald, W.L., Li, A.R., Pan, Q., Lal, P., Ladanyi, M., Chen, B.,
2005. EGFR gene amplification in breast cancer: correlation with epidermal growth
factor receptor mRNA and protein expression and HER-2 status and absence of
EGFR-activating mutations. Modern Pathol. 18, 1027-1033.
Biel, M., Schneider, A., Wahl, C., 2002. Cardiac HCN channels: structure,
function, and modulation. Trends. Cardiovasc. Med. 12, 206-212.
Bloom, G., Östlund, E., Euler, U.S.V., Lishajko, F., Ritzén, M., Adams-Ray, J.,
1961. Studies on catecholamine-containing granules of specific cells in cyclostomes
hearts. Acta. Physiol, Scand. 53 (suppl. 185), 1-34.

136

Bloom, G., Östlund, E., Fänge, R., 1963. Functional aspects of the cyclostome
hearts in relation to recent structural findings. In: Brodal, A., Fänge. R., The Biology
of Myxine. Pp.317-339. Grondahl and Son, Oslo.
Bois, P., Bescond, J., Renaudon, B., Lenfant, J., 1996. Mode of action of
bradycardic agent, S 16257, on ionic currents of rabbit sinoatrial node cells. Br. J.
Pharmacol. 118, 1051-1057.
Bouletreau, P.J., Warren, S.M., Spector, J.A., Paleed, Z.M., Gerrets, R.P.,
Greenwald, J.A., Longaker, M.T., 2002. Hypoxia and VEGF up-regulate BMP-2
mRNA and protein expression in microvascular endothelial cells: implications for
fracture healing. Plast. Reconstr. Surg. 109, 2384-2397.
Boutilier, R.G., Heming, T.A., Iwama, G.K., 1984. Appendix: Physicochemical
parameters of for use in fish respiratory physiology. In: Hoar, W.S., Randall, D.J.,
Fish Physiol. 10A, 403-430. New York Academic Press Inc.
Brown, H.F., DiFrancesco, D., 1980. Voltage-clamp investigations of membrane
currents underlying pace-maker activity in rabbit sino-atrial node. J. Physiol. 308,
331-351.
Brown, H.F., DiFrancesco, D., Noble, S.J., 1979a. How does adrenaline
accelerate the heart? Nature. 280, 235-236.
Brown, H.F., DiFrancesco, D., Nobel, S.J., 1979b. Cardiac pacemaker oscillation
and its modulation by neurotransmitters. J. Exp. Biol. 81, 175-204.
Buck, J., Sinclair, M.L., Schapal, L., Cann, M.J., Levin, L.R., 1999. Cytosolic
adenylyl cyclase defines a unique signaling molecule in mammals. Proc. Natl. Acad.
Sci. USA. 96, 79–84.
Burnstock, G., 1969. Evolution of the autonomic innervation of visceral and
cardiovascular systems in vertebrates. Pharm. Rev. 21, 247-324.
Cameron, J.S., 1979. Autonomic nervous tone and regulation of heart rate in the
goldfish, Carassius auratus. Comp. Biochem. Physiol. 63C, 341-349.
Capra, M.F., Satchell, G.H., 1977. Adrenergic and cholinergic responses of the
isolated saline-perfused heart of the elasmobrach fish Squalus acanthias. Gen.
Pharmacol. Vasc. S. 1, 59-65.
Chang, F., Cohen, I.S., DiFrancesco, D., Rosen, M.R., Tromba, C., 1991. Effects
of protein kinase inhibitors on canine Purkinje fibre pacemaker depolarization and
the pacemaker current. J. Physiol. 440, 367-384.

137

Chapman, C.B., Jensen, D., Wildenthal, K., 1963. On circulatory control
mechanisms in the Pacific hagfish. Circ. Res. 12, 427-440.
Chen, J., Levin, L.R., Buck, J., 2011. Role of soluble adenylyl cyclase in the
heart. Am. J. Physiol. Heart. Circ. Physiol. 302, H538-H543.
Cho, W.J., Drescher, M.J., Hatfield, J.S., Bessert, D.A., Skoff, R.P., Drescher,
D.G., 2003. Hyperpolarization-activated, cyclic AMP-gated, hcn1-like cation
channel: the primary, full-length hcn isoform expressed in a saccular hair-cell layer.
Neurosci. 118, 525-534.
Chow, S.S., Petegem, F.V., Accili, E.A., 2011. Energetics of cyclic AMP binding
to HCN channel C terminus reveal negative cooperativity. J. Biol. Chem. 287, 600606.
Cole, F.J., 1926. A monograph on the general morphology of the myxinoid fishes
based on a study of Myxine. Part IV. The morphology of the vascular system. Trans.
Roy. Soc. Edinb. 54, 309-342.
Cox, G.K., Sandblom, E., Farrell, A.P., 2010. Cardiac responses to anoxia in the
Pacific hagfish, Eptatretus stoutii. J. Exp. Biol. 213, 3692-3698.
Cox, G.K., Sandblom, E., Richards, G.R., Farrell, A.P., 2011. Anoxic survival of
the Pacific hagfish (Eptatretus stoutii). J. Comp. Physiol. B. 181, 361-371.
Craven, K.B., Zagotta, W.N., 2006. CNG and HCN channels: Two peas, one pod.
Annu. Rev. Physiol. 68, 375-401.
Čikoš, Š., Bukovská, A., Koppel, J., 2007. Relative quantification of mRNA:
comparison of methods currently used for real-time PCR data analysis. BMC Mol.
Biol. 8, 113.
Delsuc, F., Baurain, D., Philippe, H., 2006. Vertebrate origins: does the tunic
make the man? Med. Sci. (Paris). 22, 688-690.
DiFrancesco, D., 1985. The cardiac hyperpolarizing-activated current, if. Origins
and developments. Prog. Biophys. Molec. Biol. 46, 163-183.
DiFrancesco D., 1993. Pacemaker mechanisms in cardiac tissue. Annu. Rev.
Physiol. 55, 455-472.
DiFrancesco, D., 2010. The role of the funny current in pacemaker activity. Circ.
Res. 106, 434-446.

138

DiFrancesco, D., Ojeda, C., 1980. Properties of the current if in the sino-atrial
node of the rabbit compared with those of the current iK2 in Perkinje fibres. J.
Physiol. 308, 353-367.
DiFrancesco, D., Tortora, P., 1991. Direct activation of cardiac pacemaker
channels by intracellular cyclic AMP. Nature. 351, 145-147.
Dobrzynski, H., Boyett, M.R., Anderson, R.H., 2007. New insights into
pacemaker activity : promoting understanding of sick sinus syndrome. Circ. 115,
1921-1932.
Doerr, Th., Denger, R., Trautwien, W., 1989. Calcium currents in single SA nodal
cells of the rabbit heart studied with action potential clamp. Pfügers Arch. 413, 599603.
Donald, J., Campbell, G., 1982. A comparative study of the adrenergic innervation
of the teleost heart. J. Comp. Physiol. 147, 85-91.
Doyle, D. A., Morais Cabral, J., Pfuetzner, R. A., Kuo, A., Gulbis, J. M., Cohen,
S. L., Chait, B. T., MacKinnon, R., 1998. The structure of the potassium channel:
molecular basis of K+ conduction and selectivity. Science. 280, 69-77.
Ebert, S.N., Thompson, R.P., 2001. Embryonic epinephrine synthesis in the rat
heart before innervation: Association with pacemaking and conduction tissue
development. Circ. Res. 88, 117-124.
Eliason, E.J., Clark, T.D., Hinch, S.G., Farrell, A.P., 2013. Cardiorespiratory
collapse at high temperature in swimming adult sockeye salmon. Conserv. Physiol.
1, 1-19.
Ellefsen, S., Stensløkken, K-O., Sandvik, G. K., Kristensen, T. A., Nilsson, G. E.,
2008. Improved normalization of real-time reverse transcriptase polymerase chain
reaction data using an external RNA control. Anal. Biochem. 376, 83-93.
von Euler, U.S., Fӓnge, R., 1961. Catecholamines in nerves and organs of Myxine
glutinosa, Squalus acanthias, and Gadus callarius. Gen. Comp. Endocrinol. 1, 191194.
Fänge, R., Östlund, E., 1954. The effects of adrenaline, npradrenaline, tyramine
and other drugs on the isolated heart from marine vertebrates and a cephalopod
(Eledone cirrosa). Acta. Zool. 35, 289-305.
Farrell, A. P., 2007a. Cardiovascular systems in primitive fishes. IN: McKenzie,
D.J., Farrell, A.P., Brauner, C.J., Fish Physiol. 26, 53-120. New York Academic
Press Inc.

139

Farrell, A.P., 2007b, Tribute to P. L. Lutz: a message from the heart – why hypoxic
bradycardia in fishes? J. Exp. Biol. 210, 1715-1725.
Farrell, A.P., Jones, D.R., 1992. The heart. In: Hoar, W.S., Randall, D.J., Farrell,
A.P., Fish Physiol. 12A, 1-88.
Forster, M.E., Davison, W., Satchell, G.H., Taylor, H.H., 1989. The
subcutaneous sinus of the hagfish, Eptatretus cirrhatus and its relation to the central
circulating blood volume. Comp. Biochem. Physiol. 93A, 607-612.
Forster, M.E., Axelsson, M., Farrell, A.P., Nilsson, S., 1991. Cardiac function
and circulation in hagfishes. Can. J. Zool. 69, 1985-1992.
Forster, M.E., Davison, W., Axelsson, M., Farrell, A.P., 1992. Cardiovascular
responses to hypoxia in the hagfish, Epatretus cirrhatus. Resp. Physiol. 88, 373386.
Franz, O., Liss, B., Neu, A., Roeper, J., 2000. Single-cell mRNA expression of
HCN1 correlates with a fast gating phenotype of hyperpolarization-activated cyclic
nucleotide-gated ion channels (Ih) in central neurons. Eur. J. Neurosci. 12, 26852693.
Galindo, B. E., Neill, A. T., Vacquier, V. D., 2005. A new hyperpolarizationactivated, cyclic nucleotide-gated channel from the sea urchin sperm flagella.
Biochem. Biophys. Res. Commun. 334, 96-101.
Gamperl, A.K., Driedzic, W.R., 2009. Cardiovascular function and cardiac
metabolism. Fish Physiol. 27, 301–360.
Gannon, B.J., Burnstock, G., 1969. Excitatory adrenergic innervation of the fish
heart. Comp. Biochem. Physiol. 29, 765-773.
Gao, T., Yatani, A., Dell’Acqua, M.L., Sako, H., Green, S.A., Dascal, N., Scott, J.,
Hosey, M.M., 1997. cAMP-dependent regulation of cardiac L-type Ca2+ channels
requires membrane targeting of PKA and phosphorylation of channel subunits.
Neuron. 19, 185-196.
Gauss, R., Seifert, R. and Kaupp, U. B., 1998. Molecular identification of a
hyperpolarization-activated channel in sea urchin sperm. Nature. 393, 583-587.
Gotoh, Y., Imaizumi, M., Watanabe, M., Shibata, E.F., Clark, R.B., Giles, W.R.,
1991. Inhibition of transient outward K+ current by DHP Ca2+ antagonists and
agonists in rabbit cardiac myocytes. Am. J. Physiol. Heart. Circ. Physiol. 260,
H1737-H1742.

140

Goss, C. M., 1938. The first contractions of the heart in rat embryos. Anat. Rec.
70, 505-524.
Gómez, H., 1958. The development of the innervation of the heart in the rat
embryo. Anat. Rec. 130, 53-71.
Greene, C.W., 1902. Contributions to the physiology if the California hagfish,
Polistotrema stouti. – II. The absence of regulative nerves for the systemic heart.
Am. J. Physiol. 6, 318-324.
Guo, Q., Shen, Y., Zhukovskaya, N.L., Florián, J., Wei-Jen, T., 2004. Structural
and kinetic analyses of the interaction of anthrax adenylyl cyclase toxin with reaction
products cAMP and pyrophosphate. J. Biol. Chem. 279, 29427-29435.
Hagiwara, N., Irisawa, H., Kameyama, M., 1988. Contribution of two types of
calcium currents to the pacemaker potentials of rabbit sino-atrial node cells. J.
Physiol. 395, 233-253.
Haverinen, J., Vornanen, M., 2007. Temperature acclimation modifies sinoatrial
pacemaker mechanism of the rainbow trout heart. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 292, R1023-R1032.
Haverinen, J., Hassinen, M., Vornanen, M., 2007. Fish cardiac sodium channels
are Tetrodotoxin sensitive. Acta. Physiol. 191, 197-204.
Hellbach, A., Tiozzo, S., Ohn, J., Liebling, M., De Tomaso, A.W., 2011.
Characterization of HCN and cadiac function in a colonial ascidian. J. Exp. Zool.
315A, 476-486.
Hicks, J.M., Farrell, A.P., 2000a. The cardiovascular responses of the red-eared
slider (Trachemys scripta) acclimated to either 22 or 5 degrees C. I. Effects of
anoxic exposure on in vivo cardiac performance. J. Exp. Biol. 203, 3765-3774.
Hicks, J.M., Farrell, A.P., 2000a. The cardiovascular responses of the red-eared
slider (Trachemys scripta) acclimated to either 22 or 5 degrees C. II. Effects of
anoxia on adrenergic and cholinergic control. J. Exp. Biol. 203, 3775-3784.
Hirsch, E.F., Jellinek, M., Cooper, T., 1964. Innervation of the systemic heart of
the California hagfish. Circ. Res. 14, 212-217.
Hobai, I.A., Hancox, J.C., Levi, A.J., 2000. Inhibition by nickel of the L-type
Ca channel in guinea pig ventricular myocytes and effect of internal cAMP. Am. J.
Physiol. Heart. Circ. Physiol. 279, H692-H701.

141

Holmgren, S., 1981. Choline acetyltransferase activity in the heart from two
teleosts, Gadus morhua and Salmo gairdneri. Comp. Biochem. Physiol. 69C, 403405.
Holmgren, S., Axelsson, M., Farrell, A.P., 1992. The effect of catecholamines,
substance P and vasoactive intestinal polypeptide on blood flow to the gut in the
dogfish Squalus acanthias. J. Exp. Biol. 168, 161-175.
Huggett, J., Dheda, K., Bustin, S., Zumla, A., 2005. Real-time RT-PCR
normalisation; strategies and considerations. Genes Immun. 6, 279-284.
Huser, J., Blatter, L.A., Lipsius, S.L., 2010. Intracellular Ca2+ release contributes
to automaticity in cat atrial pacemaker cells. J. Physiol. 524, 415-422.
Ikezono, K., Michel, M.C., Zerkowski, H.-R., Berkeringh, J.J., Brodde, O.-E.,
1987. The role of cyclic AMP in the positive inotropic effect mediated by β1- and β2adrenoceptors in isolated human right atrium. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 335, 561-566.
Ishii, T. M., Takano, M., Xie, L. H., Noma, A., Ohmori, H., 1999. Molecular
characterization of the hyperpolarization-activated cation channel in rabbit heart
sinoatrial node. J. Biol. Chem. 274, 12835-12839.
Jackson, H.A., Marshall, C.R., Accili, E.A., 2007. Evolution and structural
diversity of hyperpolarization-activation cyclic nucleotide-gated channel genes.
Physiol. Genomics. 29, 231-245.
Jensen, B,. Boukens, B.J.D., Wang, T., Moorman, A.F.M., Christoffels, V.M.,
2014. Evoloution of the sinus venosus from fish to human. J. Cardiovasc. Dev. Dis.
1.14-28.
Jensen, D., 1961. Cardioregulation in an aneural heart. Comp. Biochem, Physiol.
2, 181-201.
Jensen, D., 1965. The aneural heart of the hagfish. Ann. N. Y. Acad. Sci. 127,
433-458.
Jensen, J., Axelsson, M., Holmgren, S., 1991. Effects of substance P and
vasoactive intestinal polypeptide on gastrointestinal blood flow in the Atlantic cod
(Gagus morhua). J. Exp. Biol. 156, 361-373.
Jiang, Y., Lee, A., Chen, J., Ruta, V., Cadene, M., Chait, B. T., MacKinnon, R.,
2003. X-ray structure of a voltage-dependent K+ channel. Nature. 423, 33-41.
Johnels, A.G., Palmgren, A., 1960. “Chromaffin” cells in the heart of Myxine
glutinosa. Acta. Zool. Stockh. 41, 313-314.
142

Johnsson, M., Axelsson, M., 1996. Control of the systemic heart and the portal
heart of Myxine glutinosa. J. Exp. Biol. 199, 1429–1434.
Ju, Y-K., Saint, D.A., Hirst, G.D.S., Gage, P.W., 1995. Sodium currents in toad
cardiac pacemaker cells. J. Membrane. Biol. 145, 119-128.
Ju, Y-K., Saint, D.A., Gage, P.W., 1996. Tetrodotoxin-sensitive inactivationresistant sodium channels in pacemaker cells influence heart rate. Pflügers.
Arch. Eur. J. Physiol. 431, 868-875.
Ju, Y. K. and Allen, D. G., 2000. The distribution of calcium in toad cardiac
pacemaker cells during spontaneous firing. Pfügers Arch. 441, 219-227.
Kaumann, A.J., Lemoine, H., Morris, T.H., Schwerderski, U., 1982. An initial
characterization of human heart β-adrenoceptors and their mediation of the positive
inotropic effects of catecholamines. Naunyn-Schmiedeberg’s Arch. Pharmacol.
319, 216-221.
Keen, A.N., Gamperl, A.K., 2012. Blood oxygenation and cardiorespiratory
function in steelhead trout (Oncorhynchus mykiss) challenged with as acute
temperature increase and zatebradine-induced bradycardia. J. Therm. Biol. 37,
201-210.
Khoury, N. E., Mathieu, S., Marger, L., Ross, J., Gebeily, G. E., Ethier, N., Fiset,
C., 2013. Upregulation of the hyperpolarization-activated current increases
pacemaker activity of the sinoatrial node and heart rate during pregnancy in mice.
Circ. 127, 2009-2020.
Kriebel, M.E., 1970. Wave front analyses of impulses in tunicate heart. Am. J.
Physiol. 218, 194-200.
Lee, J-H., Gomora, J.C., Cribbs, L.L., Perez-Reyes, E., 1999. Nickel block of
three cloned T-Type calcium channels: low concentrations selectively block α1H.
Biophys. J. 77, 3034-042.
Lei, M., Brown, H. B., Terrar, D.A., 2000. Modulation of delayed rectifier
potassium current, iK, by isoprenaline in rabbit isolated pacemaker cells. Exp.
Physiol. 85, 27-35.
Levi, R., 1972. Effects of exogenous and immunologically released histamine on
the isolated heart: a quantatative comparison. J. Pharmacol. Exp. Ther. 182, 227238.

143

Levitt, M., Spector, S., Sjoerdsma, A., Udenfriend, S., 1965. Elucidation of the
rate-limiting step in norepinepherine biosynthesis in the perfused guinea-pig heart.
J. Pharmacol. Exp. Ther. 148, 1-8.
Lifson, J.D., Rubinstein, E.H,. Sonnenschein, R.R., 1977. Hypoxic tachycardia in
the rat. Experimentia. 33, 476-477.
Lohse, M.J., Engelhardt, S., Eschenhagen, T., 2003. What is the role of βadrenergic signalling in heart failure? Circ. Res. 93, 896-906.
Luu-The, V., Paquet, N., Calvo, E., Cumps, J., 2005. Improved real-time RT-PCR
method for high-throughput measurements using second derivative calculation and
double correction. BioTecniques. 38, 287-293.
Lyashkov, A.E., Juhaszova, M., Dobrzynski, H., Vinogradova, T.M., Maltsev,
V.A., Juhasz, O., Spurgeon, H.A., Sollott, S.J., Lakatta, E.G., 2007. Calcium
cycling protein density and functional importance to automaticity of isolated sinoatrial
nodal cells are independent of cell size. Circ. Res. 100, 1723-1731.
Maltsev, V.A., Lakatta, E.G., 2007. Normal heart rhythm is initiated and regulated
by an intracellular calcium clock within pacemaker cells. Heart Lung Circ. 16, 335348.
Maltsev, V.A. and Lakatta, E.G., 2008. Dynamic interactions of an intracellular
Ca2+ clock and membrane ion channel clock underlie robust initiation and regulation
of cardiac pacemaker function. Cardiovasc. Res. 77, 274-284.
Marionneau, C., Couette, B., Liu, J., Li, H., Naegeot, J., Lei, M., Escande, D.,
Demolombe, S., 2005. Specific pattern of ionic channel gene expression
associated with pacemaker activity of the heart. J. Physiol. 562, 223-234.
Marshall, J.M., Metcalfe, J.D., 1988. Analysis of the cardiovascular changes
induced in the rat by graded levels of systemic hypoxia. J. Physiol. 407, 385-403.
Mendonça, P.C., Gamperl, A.K., 2009. Nervous and humoral control of cardiac
performance in the winter flounder (Pleuronectes americanus). J. Exp. Biol. 212,
934-944.
Miller, S., Pollack, J., Bradshaw, J., Kumai, Y., Perry, S., 2014. Cardiac
responses to hypercapnia in larval zebrafish (Danio rerio): the links between CO2
chemoreception, catecholamines and carbonic anhydrase. J. Exp. Biol. 217, 35693578.
Monfredi, O., Maltsev, V.A., Lakatta, E.G., 2013. Modern concepts concerning
the origin of the heartbeat. Physiol. 28, 74-92.

144

Moosmang, S., Stieber, J., Zong, X., Biel, M., Hofmann, F., Ludwig, A., 2001.
Cellular expression and functional characterization of four hyperpolarizationactivated pacemaker channels in cardiac and neuronal tissues. Eur. J. Biochem.
268, 1646-1652.
Much, B., Wahl-Schott, C., Zong, X., Schneider, A., Baumann, L., Moosmang,
S., Ludwig, A., Biel, M., 2003. Role of subunit hetermerization and N-linked
glycosylation in the formation of functional hyperpolarization-activated cyclic
nucleotide-gated channels. J. Biol. Chem. 278, 43781-43786.
Mukherjee, R., Hewett, K. W., Walker, J. D., Basler, C. G. and Spinale, F. G.,
1998. Changers in L-type calcium channel abundance and function during the
transition to pacing-induced congestive heart failure. Cardiovasc. Res. 37, 432-444.
Nicholas, K. B., Nicholas, H. B. J. and Deerfield, D. W., 1997. GeneDoc:
analysis and visualization of genetic variation. EMBnet News. 4, 1-4.
Nilsson, S., 1983. Autonomic nerve function in the vertebrates. Springer-Verlag.
Berlin., Heidelberg. New York.
Nolan, M. F., Malleret, G., Lee, K. H., Gibbs, E., Dudman, T. J., Santoro, B., Yin,
D., Thompson, R. F., Siegelbaum, S. A., Kandel, E. R., Morozov, A., 2003. The
hyperpolarization-activated HCN1 channel is important for motor learning and
neuronal integration by cerebellar Purkinje cells. Cell. 115, 551-564.
Ota, K.G., Kuratani, S., 2007. Cyclostome embryology and early evolutionary
history of vertebrates. Integr. Comp. Biol. 47, 329-337.
Östlund, E., Bloom, G., Adams-Ray, J., Ritzén, Siegman, M., Nordenstam, H.,
Lishajko, F., von Fuler, U.S., 1960. Storage and release of catecholamines, and
the occurrence of a specific submicroscopic granulation in hearts of cyclostomes.
Nature. 188, 324-325.
Page, R. D., 1996. TreeView: an application to display phylogenetic trees on
personal computers. Comput. Appl. Biosci. 12, 357-358.
Perry, S.F., Reid, S.D., 1992. Relationship between blood O2 content and
catecholamine levels during hypoxia in rainbow trout and American eel. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 263, R240-R249.
Perry, S.F., Fritsche, R., Thomas, S., 1993. Storage and release of
catecholamines from the chromaffin tissue of the Atlantic hagfish Myxine glutinosa.
J. Exp. Biol. 183, 165-184.

145

Peyraud-Waitzenegger, M., Barthelemy, L., Peyraud, C., 1980. Cardiovascular
and ventilator effects of catecholamines in unrestrained eels (Anguilla anguilla L.).
J. Comp. Endocrinol. 138, 367-375.
Prakash, P., Tripathi, O., 1998. Verapamil and TTX inhibit +Vmax but differentially
alter the duration of action potential of adult chicken ventricular myocardium. Indian.
J. Biochem. Biophys. 35, 123-130.
Qu, K., Altomare, C., Bucchi, A., DiFrancesco, D., Robinson, R. B., 2002.
Functional comparison of HCN isoforms expressed in ventricular and HEK 293 cells.
Pflugers Arch. Eur. J. Physiol. 444, 597-601.
Qu, Y., Whitaker, G. M., Hove-Madsen, L., Tibbits, G. F., Accili, E. A., 2008.
Hyperpolarization-activated cyclic nucleotide-modulated ‘HCN’ channels confer
regular and faster rhythmicity to beating mouse embryonic stem cells. J. Physiol.
586, 701-716.
Randall, D.J., 1966. The nervous control of cardiac activity in the tench (Tinca
tinca) and the goldfish (Carassius auratus). Physiol. Zool. 39, 185-192.
Rigel, O.B., 1972. Effects of neuropeptides on heart rate in dogs : comparison of
VIP, PHI, NPY, CCRP, and NT. Am. J. Physiol. 255, H311-H317.
Rozen, S., Skaletsky, H., 2002. Primer3 on the WWW for general users and for
biologist programmers. Methods. Mol. Biol. 132, 365-386.
Rubenstein, D.S., Lipsius, S.L., 1989. Mechanisms of automaticity in subsidiary
pacemakers from cat right atrium. Circ. Res. 64, 648-657.
Ruijter, J. M., Ramakers, C., Hoogaars, W. H. M., Karlen, Y., Bakker, O., van den
Hoff, M. J. B., Moorman, A. F. M., 2009. Amplification efficiency: linking baseline
and bias in the analysis of quantitative PCR data. Nucl. Acids. Res. 37, e45.
Santer, R.M., 1971. Ultrastructural and histological studies on the innervation of
the heart of a teleost, Pleuronectes platessa L. Z. Zellforsch. 131, 519-528.
Santer, R.M., Cobb, J.L.S., 1972. The fine structure of the heart of the teleost,
Pleuronectes platessa L. Z. Zellforsch. 131, 1-14.
Santoro, B., Liu, D.T., Yao, H., Bartsch, D., Kandel, E.R., Siegelbaum, S.A.,
Tibbs, G.R., 1998. Identification of a gene encoding a hyperpolarization-activated
pacemaker channel of brain. Cell. 93, 717-729.
Santoro, B,, Wainger, B.J., Siegelbaum, S.A., 2004. Regulation of HCN channel
surface expression by a novel C-terminal protein-protein interaction. J. Neurosci.
24, 10750-10762.
146

Santoro, B., Piskorowski, R.A., Pian, P., Hu, L., Liu, H., Siegelbaum, S.A., 2009.
TRIP8b splice variants form a family of auxillary subunits that regulate gating and
trafficking of HCN channels in the brain. Neuron. 62, 802-813.
Satchell, G.H., 1986. Cardiac function in the hagfish, Myxine
(Myxinoidea:Cyclostomata). Acta. Zool. 67, 115-122.
Satchell, G.H., 1991. Physiology and form of fish circulation. Cambridge
University Press, Cambridge.
Satin, J., Kyle, J.W., Chen, M., Bell, P., Cribbs, L.L., Fozzard, H.A., Rogart,
R.B., 1992. A mutant of TTX-resistant cardiac sodium channels with TTX-sensitive
properties. Science. 256, 1202-1205.
Scheib, H., McLay, I., Geux, N., Clare, J.J., Blaney, F.E., Dale, T.J., Tate, S.N.,
Robertson, G.M., 2006.Modeling the pore structure of voltage-gated sodium
channels in closed, open, and fast-inactivated conformation reveals details of site 1
toxin and local anesthetic binding. J. Mol. Model. 12, 813-822.
Schweizer, P. A., Yampolsky, P., Malik, R., Thomas, D., Zehelein, J., Katus, H.
A., Koenen, M., 2009. Transcription profiling of HCN-channel isotypes throughout
mouse cardiac development. Basic Res. Cardiol. 104, 621-629.
Sculptoreanu, A., Rotman, E., Takahashi, T., Catterall, W.A., 1993. Voltagedependent potentiation of the activity of cardiac L-type calcium channel alpha 1
subunits due to phosphorylation by cAMP-dependent protein kinase. 90, 1013510139.
Skovgaard, N., Mᴓller, K., Gesser, H., Wang, T., 2009. Histamine induces
postprandial tachycardia through a direct effect on cardiac H2-receptors in pythons.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, R774-R785.
Shi, W., Wymore, R., Yu, H., Wu, J., Wymore, R. T., Pan, Z., Robinson, R. B.,
Dixon, J. E., McKinnon, D., Cohen, I. S., 1999. Distribution and prevalence of
hyperpolarization-activated cation channel (HCN) mRNA expression in cardiac
tissues. Circ Res. 85, e1-e6.
Shiels, H.A., Farrell, A.P., 2000. The effect of ryanodine on isometric tension
development in isolated ventricular trabeculae from Pacific mackerel (Scomber
japonicus). Comp. Biochem. Physiol. A. 125, 331-341.
Shiels, H.A., Stevens, E.D., Farrell, A.P., 1998. Effects of temperature, adrenaline
and ryanodine on power production in rainbow trout Oncorhynchus mykiss
ventricular trabeculae. J. Exp. Biol. 201, 2701–2710.

147

Shiels, H.A., Freund, E.V., Farrell, A.P., Block, B.A., 1999. The sarcoplasmic
reticulum plays a major role in isometric contraction in atrial muscle of yellowfin tuna.
J. Exp. Biol. 202, 881-890.
Shigekawa, M., Iwamoto, T., 2001. Cardiac Na+-Ca2+ exchange: molecular and
pharmacological aspects. Circ Res. 88, 864-876.
Shin, K., Minamitani, H., Onishi, S., Yamazaki, H., Lee, M., 1995. The power
spectral analysis of heart rate variability in athletes during dynamic exercise – Part I.
Comput. Clin. Cardiol. 18, 583-586.
Sivilotti, L., Okuse, K., Akopian, A.N., Moss, S., Wood, J.N., 1997. A single
serine residue confers tetrodotoxin insensitivity on the rat sensory-neuron-specific
sodium channel SNS. FEBS. Lett. 409, 49-52.
Soong, T.W., Venkatesh, B., 2006. Adaptive evolution of tetrodotoxin resistance
in animals. Trends. Genet. 22, 621-626.
Sorota, S., Tsuji, Y., Tajima, T., Pappano, A.J., 1985. Pertussis toxin treatment
blocks hyperpolarization by muscarinic agonists in chick atrium. Circ Res. 57, 748758
Stecyk, J.A.W., Farrell, A.P., 2006. Regulation of the cardiorespiratory system of
common carp (Cyprinus carpio) during severe hypoxia at three seasonal acclimation
temperatures. Physiol. Biochem. Zool. 79, 614-627.
Stecyk, J.A.W., Stensløkken, K.-O., Farrell, A.P., Nilsson, G.E., 2004.
Maintained cardiac pumping in anoxic crucian carp. Science. 305, 77.
Stecyk, J.A.W., Paajanen, V., Farrell, A.P., Vornanen, M., 2007. Effect of
temperature and prolonged anoxia exposure on electrophysiological properties of
the turtle (Trachemys scripta) heart. Am. J. Physiol. 293, R421-R437.
Stecyk, J. A. W., Couturier, C. S., Fagernes, C. E., Ellefsen, S., Nilsson, G. E.,
2012. Quantification of heat shock protein mRNA expression in warm and cold
anoxic turtles (Trachemys scripta) using an external control for normalization.
Comp. Biochem. Physiol. 7D, 59-72
Stieber, J., Wieland, K., Stoeckl, G., Ludwig, A., Hofmann, F., 2006.
Bradycardic and proarrhythmic properties of sinus-node inhibitors. Mol. Pharmacol.
69, 1328-1337.
Sun, H., Varela, D., Chartier, D., Ruben, P.C., Nattel, S., Zamponi, G.W.,
Leblanc, N., 2008. Differential interactions of Na+ channel toxins with T-type
Ca2+ channels. J. Gen. Physiol. 132, 101-113.

148

Taylor, E.W., 1992. Nervous control of the heart and cardiorespiratory interactions.
IN: Hoar, W.S., Randall, D.J., Farrell, A.P., Fish Physiol. 12B, 343-387.
Thomas, M.J., Hamman, B.N., Tibbits, G.F., 1996. Dihydropyridine and ryanodine
binding in ventricles from rat, trout, dogfish and hagfish. J. Exp. Biol. 199, 1999–
2009.
Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin. F., Higgins, D. G.,
1997. The CLUSTAL_X windows interface: flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucleic Acids Res. 25, 4876-4882.
Tibbs, G. R., Liu, D. T., Leypold, B. G., Sieglebaum, S. A., 1998. A statedependent interaction between ligand and a conserved arginine residue in cyclic
nucleotide-gated channels reveals a functional polarity of the cyclic nucleotide
binding site. J. Biol. Chem. 273, 4497-4505.
Tirri, R., Ripatti, P., 1982. Inhibitory adrenergic control of heart rate in perch
(Perca fluvatilis) in vitro. Comp. Biochem. Physiol. 73C, 399-401.
Tomaselli, G.F., Marbán, E., 1999. Electrophysiological remodelling in
hypertrophy and heart failure. Cardiovasc. Res. 42, 270-283.
Tresguerres, M., Parks, S.K., Salazar, E., Levin, L.R., Goss, G.G., Buck, J.,
2010. Bicarbonate-sensing soluble adenylyl cyclase is an essential sensor for
acid/base homeostasis. PNAS. 107, 442-447.
Tresguerres, M., Levin, L.R., Buck, J., 2011. Intracellular cAMP signaling by
soluble adenylyl cyclase. Kidney. Int. 79, 1277-1288.
Uehara, A., Iwamoto, T., Kita, S., Shioya, T., Yasukochi, M., Nakamura, Y.,
Imanaga, I., 2005. Different cation sensitivities and binding site domains of
Na+-Ca2+-K+ and Na+-Ca2+ exchangers. J. Cell. Physiol. 203, 420-428.
Van Bogaert, P.P., Goethals, M., 1992. Blockade of the pacemaker current by
intracellular application of UL-FS 49 and UL-AH 99 in sheep cardiac Purkinjie fibres.
Eur. J. Pharmacol. 229, 55-62.
Van Bogaert, P.P., Pittoors, F., 2003. Use-dependent blockade of cardiac
pacemaker current (If) by cilobradine and zatebradine. Eur. J. Pharmacol. 478,
161-171.
Vinogradova, T.M., Zhou, Y.Y., Maltsev, V., Lyashkov, A., Stern, M., 2004.
Rhythmic ryanodine receptor Ca2+ releases during diastolic depolarization of
sinoatrial pacemaker cells do fnot require membrane depolarization. Circ. Res. 94,
802-809.

149

Vornanen, M., 1989. Regulation of contractility of the fish (Carassius carassius L.)
heart ventricle. Comp. Biochem. Physiol. C94, 477-483.
Vornanen, M., Tuomennoro, J., 1999. Effects of acute anoxia on heart function in
crucian carp: importance of cholinergic and purinergic control. Am. J. Physiol.
Regul.Integr. Comp. Physiol. 277, R465-475.
Vornanen, M., Ryökkynen, A., Nurmi, I., 2002a. Temperature dependent
expression of sarcolemmal K+ currents in rainbow trout atrial and ventricular
myocytes. Am. J. Physiol. Regul. Integr. Comp. Physiol. 282, R1191-R1199.
Vornanen, M., Shiels, H.A., Farrell, A.P., 2002b. Plasticity of excitation –
contraction coupling in fish cardiac myocytes. Comp. Biochem. Physiol. A. 132,
827-846.
Waelbroeck, M., Taton, G., Delhaye, M., Chatelain, P., Camus, J.C., Pochet, R.,
Leclerc, J.L., De Smet, J.M., Robberecht, P., Christophe, J. 1983. The human
heart beta-adrenergic receptors II. Coupling of beta-adrenergic receptors with the
adenylate cyclase system. Mol. Pharmacol. 24, 174-182.
Wainger, B.J., DeGennaro, M., Santoro, B., Sieglbaum, S.A., Tibbs, G.R., 2001.
Molecular mechanism of cAMP modulation of HCN pacemaker channels. Nature.
411, 805-810
Wang, J., Chen, S., Siegelbaum, S. A., Tibbs, G. R., 2001. Regulation of
hyperpolarization-activated HCN channel gating and cAMP modulation due to
interactions of COOH terminus and core transmembrane regions. J. Gen. Physiol.
118, 237-250.
Warren, K.S., Baker, K., Fishman, M.C., 2001. The slow mo mutation reduces
pacemaker current and heart rate in adult zebrafish. Am. J. Physiol. Heart. Circ.
Physiol. 281, H1711-1719.
Whitaker, G.M., Angoli, D., Mazzari, H., Shigemoto, R, Accili, E.A., 2007. HCN2
and HCN4 isoforms self assemble and co assemble with equal preference to form
functional pacemaker channels. J. Biol. Chem. 282, 22900-22909.
Yamauchi, A., Burnstock, G., 1968. An electron microscopic study in the
innervation of the trout heart. J. Comp. Neurology. 132, 567-587.
Yanagihara, K., Irisawa, H., 1980. Inward current activated during
hyperpolarization in the rabbit sinoatrial node cell. Pfügers Arch. 385, 11-19.
Yaniv, Y., Spurgeon, H.A., Lyashkov, A.E., Yang, D., Ziman, B.D., Maltsev, V.A.,
Lakatta, E.G., 2012. Crosstalk between mitochondrial and sarcoplasmic reticulum
Ca2+ cycling modulates cardiac pacemaker cell automaticity. PLoS One. 7, e37582.
150

Yasui, K., Liu, W., Opthof, T., Kada, K., Lee, J-K., Kamiya, K., Kodama, I., 2001.
If current and spontaneous activity in mouse embryonic ventricular myocytes. Circ.
Res. 88, 536-542.
Yu, H., Chang, F., Cohen, I.S., 1993a. Pacemaker current exists in ventricular
myocytes. Circ. Res. 72, 232-236.
Yu, H., Chang, F., Cohen, I.S., 1993b. Phosphatase inhibition by calyculin A
increases if in canine Purkinje fibres and myocytes. Pfügers Arch. 422, 614-616.
Yu, H., Chang, F., Cohen, I.S., 1995. Pacemaker current if in adult canine cardiac
ventricular myocytes. J. Physiol. 485, 469-483.
Zaccone, G., Mauceri, A., Maisano,M., Fasulo, S., 2009. Innervation of lung and
heart in the ray-finned fish, bichirs. Acta histochem. 111, 217–229.
Zhou, Z., Lipsius, S.L., 1994. T-type calcium current in latent pacemaker cells
isolated from cat right atrium. J. Mol. Cell. Cardiol. 26, 1211-1219.

151

