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Abstract

The sinoatrial node (SAN) is the primary pacemaker in canine and human hearts. The SAN in both
species has a unique 3-dimensional heterogeneous structure characterized by small pacemaker
myocytes enmeshed within fibrotic strands, which partially insulate the cells from aberrant atrial
activation. The SAN pacemaker tissue expresses a unique signature of proteins and receptors that
mediate SAN automaticity, ion channel currents and cell-to-cell communication, which are
predominantly similar in both species. Recent intramural optical mapping, integrated with
structural and molecular studies, has revealed the existence of up to five specialized SAN
conduction pathways that preferentially conduct electrical activation to atrial tissues. Intrinsic
heart rate, intranodal leading pacemaker shifts and changes in conduction in response to
physiological and pathophysiological stimuli are similar. Structural and/or functional impairments
due to cardiac diseases including heart failure (HF) cause SAN dysfunctions (SND) in both
species. These dysfunctions are usually manifested as severe bradycardia, tachy-brady
arrhythmias, and conduction abnormalities including exit block and SAN reentry, which could
lead to atrial tachycardia and fibrillation, cardiac arrest and HF. Pharmaceutical drugs and
implantable pacemakers are only partially successful in managing SND, emphasizing a critical
need to develop targeted mechanism-based therapies to treat SND. Since several structural and
functional characteristics are similar between the canine and human SAN, research in these
species maybe mutually beneficial for developing novel treatment approaches. This review
describes structural, functional and molecular similarities and differences between the canine and
human SAN, with special emphasis on arrhythmias and unique causal mechanisms of SND in
diseased hearts.
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Introduction

The sinoatrial node (SAN), described as the primary cardiac pacemaker, is the source of
intrinsic electrical activation consistently driving the coordinated rhythmic contractions of
the mammalian heart [1,2]. It initiates the heartbeat via a combination of pacemaker cells
which generate spontaneous cellular electrical signals, and specialized conduction pathways,
which conduct the electrical impulses from pacemaker cells to adjacent atrial tissue [3,4].
The SAN has the unique ability to match heart rate (HR) with physiological demands,
thereby modulating healthy cardiac function and output. It goes without saying that
abnormal SAN function can inappropriately accelerate or slow HR, which may result in fatal
cardiac arrhythmias. Abnormal SAN function can predispose to heart disease including
atrial fibrillation (AF) and heart failure (HF) in humans; on the flip side, preexisting heart
disease including AF and HF can induce SAN dysfunction (SND) in human, which can
result in syncope and sudden cardiac death [5,6]. Currently, SND in both human and canine
is often treated with pharmaceutical interventions and implantable pacemakers with variable
success rates [7-9].

Given the central and critical role that the SAN plays in maintaining HR and cardiac
function, understanding the complex mechanisms involved in SAN function is of utmost
importance in order to diagnose and treat SND in canine and human patients. In fact, the
current demographics predict that the number of human SND patients will continue to
increase from 78,000 in 2012 to nearly 172,000 by 2060 as a main indication for permanent
artificial pacemaker implantation [9]. The prevalence and severity of SND in both canines
[7] and humans emphasize the need for more detailed studies that identify and describe
structural and functional aspects of the SAN that can be efficiently targeted to treat and/or
prevent worsening SND. However, despite several decades of impressive progress in our
understanding of the workings of the SAN, we are yet to completely describe its intriguing
3-dimensional (3D) complexity [10-12].

Most of the seminal findings have come from studies using animal models ranging from
rabbit, mouse, cat, dog and pig [13]. More recently, direct examinations of the structure and
function of the human SAN ex vivo are possible due to the increased availability of
explanted human hearts for research purposes [11,14]. Although small animal models such
as mouse and rabbit [15-17] have significantly contributed towards our understanding of the
SAN, they have multiple limitations primarily due to faster intrinsic heart rhythm and 2-
dimensional SAN structure compared to the 3D human SAN. In contrast, the canine SAN
closely resembles its human counterpart in many critical aspects including 3D architecture,
ultrastructural characteristics and function [4]. Studies using an integrated approach of
combining structural, molecular and functional analyses demonstrate that mechanisms
known to cause SND in canines and human are predominantly similar [18-20]. Hence
studies on the SAN in these two species may prove to be mutually beneficial to understand
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naturally occurring disease-causing mechanisms, explore novel treatment options including
pharmaceutical and/or genetic manipulations, and test outcomes of implantable pacemakers.
Of note, the studies on control canine SAN mentioned throughout this review were mainly
completed in young adult (~1-4 years old) mongrel canines (~18-25 kg) [19-23]. This review
will focus on critical structural, molecular and functional characteristics of the SAN that are
common and different between the canine and human SAN, with special emphasis on
arrhythmias and unique causal mechanisms of SND in diseased hearts, in order to identify
novel therapeutic modalities.

Unique 3D structure of the canine and human SAN

In canine and human hearts, the SAN is typically identified as a compact, slightly elongated
3D intramural “banana” shaped structure located at the junction of the superior vena cava
and the right atrium, centered around the SAN artery (Fig. 1A) [1,2,4]. Multiple clusters of
small pacemaker cardiomyocytes, fibroblasts, blood vessels and nerves encased within
fibrous and fatty deposits form the SAN pacemaker complex. Three dimensional structural
reconstruction of the normal human SAN, based on histological and immunochemistry
studies, reveal it to be much longer compared to previous descriptions [10,14,24-27]. The
human SAN can measure ~12-29 mm in length with a width of ~2-6 mm while the canine
SAN is ~11-29 mm long and ~2-5 mm wide [19-23]. Both SANs traverse intramurally to
1-2 mm depth. Functional and structural mapping of the canine and human SAN have
revealed that it can be distinguished into head, center and tail compartments (Fig. 1A,B)
[11,14,19,27], wherein the head is usually closer to epicardium and tail tilted towards the
endocardium. The SAN is typically characterized by dense fibrotic strands compared to the
surrounding atria in both species (Fig. 1C) [18,28,29]. Distinctive high expression of specific
isoforms of several key ion channel proteins including hyperpolarization-activated cyclic
nucleotidegated subunits (HCN), and low expression of main gap junction protein connexin
(Cx) 43 compared to atrial tissues are found in the canine and human SAN [30,31].
Expression levels and spatial patterns of these proteins are demonstrated to abruptly change
between the SAN and atria and have been used as a specific marker to identify the location
of the nodal tissue (Fig. 1D) [11,19]. Importantly, the very heterogeneous compositions of
ion channel and gap junction protein expression within the SAN pacemaker complex
facilitate its automaticity and can protect it from rhythm failure (see below).

In addition to similar structural features, near-infrared optical mapping of explanted canine
and human SAN demonstrates that the functional indices of SAN activation and conduction
including sinus cycle length and SAN conduction time during sinus rhythm are remarkably
similar (Fig. 2B,C). Intrinsic HR is ~90-140 beats per minute in the canine heart [32] which
is very close to the ~60-125 beats per minute in humans [11,33,34]. The “leading
pacemaker” site, or the first site of SAN activation, is typically located in the central part of
the SAN in both species (Fig. 1,2) [11,19].
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Sinoatrial Conduction Pathways (SACPs): critical facilitators of SAN
function and electrical conduction

Although several structural and functional studies have suggested the existence of discrete
myofiber connections to conduct excitation from the SAN to the surrounding atria,
contradicting hypotheses regarding SAN conduction mechanisms such as diffuse
interdigitations of the SAN border connecting the SAN to the atrial myocardium, have been
debated for many years, primarily due to lack of high resolution structural and functional
data [14]. Using atrial epicardial multielectrode mapping, the Schuessler and Boineau group
were the first to demonstrate that during normal sinus rhythm, sites of earliest atrial
activation or “breakthroughs”, in canine in 1980 [35] and then in human hearts in 1988 [28],
occurred well beyond the length of the anatomical SAN body. These findings suggested the
existence of an extended “atrial pacemaker complex” beyond the SAN. They also suggest
that widely distributed earliest epicardial or endocardial atrial activation sites could represent
the exit points of SAN intramural activation through SACPs, rather than by multiple
independent atrial pacemakers in intercaval regions. However, electrode surface mapping
could not resolve intramural SAN activation [36]; only recent near-infrared optical mapping
studies in canine and human SAN, integrated with detailed 3D structural analysis could
clarify intramural SAN activation. These studies demonstrated that the observed atrial
breakthrough sites do not indicate the specific sites of leading pacemakers but actually
indicate the locations where SAN electrical wave propagation exits through the SACPs
[11,19]. Near-infrared optical mapping is the only currently available approach, which can
reveal intramural SAN activation in canine and human hearts [11,19]. Atrial activation
patterns in humans and canines can result from intramural SAN excitation waves exiting
either from the superior or inferior SACPs, and not due to two separate leading pacemakers
[28,37]. Since then, high-resolution optical mapping studies, integrated with 3D histological
analyses, have demonstrated the existence of three to five discrete branching myofiber tracts,
located near the superior vena cava, interatrial septum, and laterally (referred to as superior,
middle and inferior SACPs, as indicated in Fig. 2A,D), that form uninterrupted physical
SACP myobundles between the SAN and atria, in both canines and humans
[11,19,37].These branching myofiber tracts are composed of cells that show transitional
morphology between SAN and atrial cells, and a progressive transition in Cx43 expression:
negative in SAN pacemaker cells to intermediate expression in the SACP region and higher
in the atria (Fig. 5C).

Moreover, conduction via the SACPs is also suggested to overcome “source-sink” mismatch
between the relatively small SAN intranodal pacemakers (“source”) characterized by a
positive resting potential (~ —60 mV), which must activate a much larger atrial myocardium
with more negative resting potential (~ -85 mV) and hence a bigger “sink” of current
[14,20]. Restricting electrical delivery only through the branching myofibers of SACPs
ensures slow conduction from the SAN thereby allowing sufficient time to reach threshold
and build up charge, which can in turn excite the larger atria. Hence, myofiber discontinuity
in the SACPs, due to aging and cardiac diseases, is also a potential cause of conduction
abnormalities and SND [14]. Sinoatrial node conduction is known to vary from 25 to 350 ms
due to autonomic stimulations and has a significant contribution to heart rhythm control
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even in healthy human [11] and canines [19], and hence should be considered for heart rate

variability analysis. Moreover, in diseased human hearts, SAN conduction could be further

slowed down to ~900 ms [14] which should be considered during diagnosis of SND.

Redundant intranodal pacemakers and SACPs: robust protectors of SAN

function

Sinoatrial node conduction in canine and humans can be affected by many factors including
sympathetic and parasympathetic agonists, antiarrhythmic drugs and naturally occurring
metabolites including adenosine. These stimuli are known to induce rapid shifts in the
location of the intranodal leading pacemaker to either superior or inferior sites within the
SAN, and also induce a preferential use of either the superior or inferior SACPs [11,19,31].
Furthermore, the shifts in preferential SACPs are independent from intranodal leading
pacemaker shifts which could potentially ensure a viable pathway if conduction through
others is temporally blocked or suppressed. Intramural mapping studies revealed that
conduction via the inferior septal SACP can be potentially preferred in some human hearts
only during adenosine mediated bradycardia, and not at baseline (Fig. 2D) [11]. These data
could suggest that the septal SACP may serve as a backup pathway specifically recruited to
maintain conduction if all lateral SACPs are suppressed. These intriguing backup redundant
mechanisms found in the human SAN have been proposed to provide robust failsafe
protection against SAN arrest in diseased or aging hearts [11]. In diseased hearts, the
availability and/or the preference for a SACP can change. As demonstrated in Fig. 2D, in HF
canine SAN, although the leading pacemakers shift to head and tail regions, the mid-lateral
conduction pathway was found to be completely non-functional both at baseline and with
adenosine, thereby decreasing the number of functional SACPs, which predisposed these
hearts to exit block occurrence [19]. Interestingly, despite impaired robustness (diminished
redundancy) due to structural/molecular remodeling, even diseased human SAN can
maintain normal heart rhythm at baseline conditions. However, they experience complete
arrest during adenosine challenge mainly due to the absence of functional back-up
pacemakers and SACPs [11].

In addition to conduction, SACPs are known to act as a low-pass filter preventing atrial
activation of the SAN by creating entrance blocks which avert overdrive suppression of the
SAN during fast atrial pacing and AF. The mechanism responsible for SAN entrance block
during fast atrial rhythm is likely related to differences in refractoriness and excitability
between the SAN pacemaker complex and surrounding atria [23,38]. Canine and human
SAN are also susceptible to conduction impairments including block of electrical activation
within the SACPs, known as exit block, which causes prolonged atrial pauses, especially in
failing hearts [11,19-21]. As shown in Fig. 3A, prolonged atrial pauses induced by pacing in
the presence of adenosine in HF canine hearts, could primarily be due to SAN exit blocks
rather than depressed SAN automaticity, as depression of the intranodal pacemakers could
be prevented by the protective role of SAN entrance block [11,19]. As shown in Fig. 3B, in
the absence of entrance blocks, overdrive pacing could exaggerate the negative chronotropic
effects of adenosine and lead to both SAN automaticity suppression and exit blocks which
contribute to post-pacing atrial pauses. Notably, while exit block is always considered
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pathologic in human patients, exit block in the canine SAN may occur naturally during
resting conditions due to high vagal tone [22].

Several arrhythmias are common in both species and linked to SND in diseased hearts
[39,40]. For instance, SND induced in experimental canine myocardial infarction (MI)
models is characterized by tachy-brady arrhythmias, bradycardia, prolonged atrial pauses
and SAN exit blocks and reentry (Fig. 4A) [22], which are also reported in human SND.
Intramural optical mapping of canine models of chronic Ml reveals that SAN macro- and
micro reentries can induce significant alternations of heart rate, including both tachy- and
bradycardia (Fig. 4B) [19,22]. Although MI is uncommon as a spontaneous disease in
canines, similarities in arrhythmias and major arrhythmic mechanisms including SAN exit
blocks and reentry between humans and these experimental canine M1 models emphasize the
importance of canines as suitable experimental models to study human SND.

Fibrosis: a structural modulator of SAN automaticity and conduction

Structurally, fibrotic strands and dense connective tissue are an inherent feature of the canine
and human SAN (Fig. 1C) [18]. These dense fibrotic strands characterized by fibroblasts,
collagen and elastin fibers increase the compactness of the SAN. The amount of fibrotic
content appears to be correlated with the size of the heart wherein smaller hearts, e.g. mouse,
show relatively lower levels (10-17%) compared to a bigger heart e.g. cat (~27%) [18,41].
Since bigger hearts are normally characterized by slower HR, the higher levels of fibrotic
strands in these SANs may play a role in slowing HR in addition to other intrinsic cellular
features. In this regard, the healthy canine SAN is composed of 20-30% fibrotic content
while the human node is composed of 35-55% fibrosis [42], which could also contribute to
the lower HR in humans compared to canine models. Intranodal fibrotic content is known to
increase with age from ~24% to ~70% even in healthy human hearts (Fig. 5A) [41,42].
Fibrotic strands are proposed to help electrically insulate SAN automaticity from
hyperpolarizing effects of the adjacent atrial tissues [43] and to facilitate the predominantly
unidirectional conduction of electrical signals from the SAN to the atria (Fig. 5B,C) [14].
Furthermore, dense collagen networks can provide a scaffolding structural support within
which the SAN cardiomyocytes and other components including blood vessels, nerve fibers
and other supporting cell types can be stably compartmentalized. This enhanced dense
collagen can also provide mechanical protection of SAN pacemaker cells from
overstretching by the strongly contracting surrounding atrial myocardium [18]. However,
diseases including HF and M1 in human and experimental canine models have been shown
to increase fibrosis within the SAN and SACPs (Fig. 5D) [18,19,22,44]. This pathological
increase in fibrosis is known to interrupt the tight coupling between SAN cardiomyocytes
and affect their mutual entrainment, a vital necessity for the robust pacemaking of the SAN,
often resulting in bradycardia, conduction blocks and reentry [18].

Unique SAN protein expression patterns: molecular signatures that

mediate SAN automaticity and electrical conduction

Sinoatrial node cardiomyocytes are characterized by a unique profile of ion channels and
receptors that facilitate and support its specialized function [30]. Although several ion
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channels and receptors can be predicted to be differentially expressed in pacemaker
myocytes [30], in this review, we will focus on the spatial and functional characteristics of
critical: (1) ion-channels that mediate intrinsic automaticity - HCN isoforms [45]; proteins
and receptors that mediate (2) intracellular calcium (Ca2*) cycling in response to ion
currents [46], (3) cellular signaling pathways via metabolic ligands - adenosine receptor
(AR) isoforms [47], and autonomic signaling via G protein-coupled inwardly-rectifying
potassium channel (GIRK) isoforms [48], (4) transport of sodium (Na*) ions across cell
membranes - Na* channels [30] and (5) proteins that form gap junctions between adjacent
myocytes - Cx isoforms [31].

Hyperpolarization-activated cyclic nucleotide-gated channels and the funny
current: key players in SAN automaticity

Hyperpolarization-activated cyclic nucleotide-gated channels have been shown to play an
important role in generating spontaneous activation in pacemaker myocytes [49-52]. They
are voltage-gated cation channels responsible for conducting a mixed Na*-potassium inward
current. This current, also known as the “funny current” (lf) is shown to facilitate
spontaneous diastolic depolarization in pacemaker myocytes [49-52]. Blocking I¢ with
Ivabradine, a pharmaceutical blocker of the HCN channel [53], decreases the automaticity of
pacemaker cells thereby establishing the central and important role that these channels might
play in the intrinsic automaticity of the SAN. Furthermore, loss-of-function mutations in
HCN4 gene are also known to affect I and are associated with SND in humans indicating its
role in SAN function [54].

There are four known isoforms of HCN channels, HCN 1-4 [55]; HCNL1, 2 and 4 are
expressed in the mammalian heart [30]. While HCN2 and HCN4 are found to be prevalent
isoforms in pacemaker cells, HCN4 has been identified as the main isoform responsible for
the If current. In the canine SAN, Zicha et al [56] found mMRNA and protein levels of HCN2
and 4 to be significantly higher relative to the right atrial (RA) tissue. They also showed that
HF-induced SAN remodeling and dysfunction in canines could be due to down-regulation of
both HCN2 and HCN4.

Verkerk et al [57] demonstrated that I+ is functionally present in human SAN myocytes and
could contribute to pacemaking as well. In healthy human SAN, similar to findings from
canine SAN, mRNA profiles confirm the presence of HCN2 and 4 isoforms [30]. Our group
recently reported that protein expression of HCN2 and 4 isoforms were significantly higher
in the human SAN compared to surrounding atria (Fig. 6A, left panel) [58]. Of note, in
contrast to canine and small mammals, where HCN4 is highly expressed in the SAN and
latent pacemaker cells but not in atrial myocardium, in humans, HCN4 expression is also
present in RA myocytes and thus may not be used as a distinct marker for identifying SAN
pacemaker cells [30,58].

We also found HCNL1 protein to be highly enriched specifically in the SAN pacemaker
tissues, emphasizing a potential key role for this isoform in maintaining the pacemaker
current in the human SAN [58]. Currently, no data exist on the expression of HCN1 at the
protein level in the canine SAN. In the absence of conclusive data, potential differences in
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the ratios of HCN isoform expression between canine and human SAN should be taken into
account while comparing their individual contribution towards the pacemaker current and
rhythm maintenance in canine and human SAN.

Hyperpolarization-activated cyclic nucleotide-gated channels have been utilized as a
therapeutic target to treat AF, inappropriate SAN tachycardia and potentially SND. One
approach was to block HCN channels and hence decrease lf, which was shown to have
significant anti-arrhythmic properties. Sinus rate reducing studies using Ivabradine [59] have
shown that AF inducibility as well as the duration of AF can be decreased in canine models
of age-related AF [60]. Ivabradine has also been clinically tested as an alternate to
conventional drugs to treat inappropriate SAN tachycardia and was found to be more
effective compared to B-blockers [61]. A second therapeutic strategy is to restore HCN
channel expression in diseased SAN, as aging and AF are known to induce a downregulation
of HCN channel expression in dogs which can lead to SND [62,63]. Hence, HCN has been
studied as a molecular candidate to develop a “biological pacemaker” as an alternative to
implantable pacemakers for SND treatment [64]. Targeted adenoviral expression of HCN2
protein in canine atria was able to generate an alternate source of pacemaking current
sufficient to maintain low ventricular heart rate for few weeks, which demonstrated the
potential of HCN channels as gene-therapy for canine and potentially human SND [65].
Human embryonic stem cell-derived myocytes and mesenchymal stem cells have also been
demonstrated as valid gene-delivery platforms for HCN channels in cultures as well as in the
whole heart [66,67]. Overall, these pioneering studies provide a very promising prognosis
for utilizing HCN gene therapy as a targeted treatment for canine and human SND.

Membrane ion channels and Ca2* handling proteins: complementary
partners of SAN automaticity

In addition to I, several key membrane ion channels including voltage-gated Ca2* channels,
the sodium-calcium exchanger and several voltage-gated potassium channels are known to
contribute to spontaneous action potentials (AP) in SAN myocytes, which represent cellular
level of SAN robustness [46]. Since these ion channel activation and inactivation kinetics
interact to sustain a self-perpetuating time and voltage-dependent cycle, they are proposed to
constitute a “membrane clock” [46]. More recently, an independent system, composed of
intracellular Ca%* cycling parameters, has also been implicated in the intrinsic activation of
SAN myocytes [46]. Spontaneous and rhythmic local releases of Ca2* from the sarcoplasmic
reticulum (SR) via the ryanodine receptor during diastole, the subsequent en-masse release
of Ca2* from the SR coinciding with the upstroke of the AP, calcium re-uptake by the SR
Ca?* ATPase (SERCA) pump back into the SR, along with Ca2* extrusion by the sodium-
calcium exchanger at the next diastole complete the intracellular Ca2* cycle [46]. Since
these events are self-perpetuating and cyclical, they are collectively said to constitute the
“Ca2* clock” [46]. The membrane and Ca2* clocks may be completely independent of each
other or can be entrained by interacting at certain nodal points during their spontaneous
cycling. The tight interaction between the two coupled clocks could maintain flexibility and
robustness of the SAN, and provide mutual fail-safe mechanisms against rhythm failure
[68].
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Whether the Ca2* clock plays a role in canine and human SAN cells is yet to be determined.
Gao et al [69] showed that voltage and Ca2* clocks exist in canine SAN cells and cooperate
to maintain automaticity, both at baseline and during adrenergic stimulation. However,
Sosunov et al [70] found that blocking the Ca2* clock with ryanodine in canine SAN did not
affect basal pacemaker activity while it only inhibited isoproterenol mediated acceleration of
SAN automaticity. These findings might underscore an important role for the CaZ* clock in
sinus acceleration during B-adrenergic stimulation rather than basal automaticity in canine
SAN. Currently, Verkerk et al [57] is the only reliable study that demonstrates the role of I¢
in spontaneously beating isolated human SAN myocytes (cycle length 828 +/- 15 ms).
Although gene expression of several Ca* handling proteins have been demonstrated in the
human SAN [30], detailed studies in adult human isolated pacemaker cells are warranted to
determine if Ca2* dependent mechanisms contribute to human SAN automaticity.

Adenosine Receptors and GIRK channels: critical modulators of SAN
function, conduction and robustness

Adenosing, an endogenous metabolite, is a well-known modulator of negative chronotropic
effects on sinus rhythm [71]. It is increasingly released by myocytes specifically during
metabolic stress e.g. ischemia and in HF [72]. Adenosine activates ARs which facilitate the
potassium current Ik, ado, Via downstream GIRK1/4 channels. Ik, ado is also known as

Ik, ach since acetylcholine, working through the muscarinic M2 receptors , activates the
same downstream GIRK1/4 channels [48]. GIRK channels in turn conduct Ik, ado/lkach
leading to membrane hyperpolarization and AP suppression in pacemaker cells and other
conducting tissues within the heart [11,19]. Additionally, adenosine and acetylcholine affect
membrane excitability by opposing adrenergic signaling via decreased cyclic adenosine
monophosphate production, which suppresses If and Ic,, [73].

Of their known isoforms (A1R, A2A, A2B and A3 and GIRK1-4), A1R, and GIRK1 and
GIRK4 have been primarily studied in the context of HR regulation [11,19]. In the normal
canine heart, A1R is predominantly expressed in the SAN relative to the surrounding atrial
tissues [11,19]. Moreover, its heterogeneous expression is found in the head, center and tail
compartments, thereby establishing a strong role for A1R in pacemaking in the healthy
canine SAN [19]. Increased levels of adenosine and AR signaling, which decreases HR and
metabolic energy consumption, are predicted to be energetically protective during ischemic
conditions. On the other hand, altered expression of A1Rs has been shown to play important
roles in impaired SAN function and conduction abnormalities in HF [11,19]. Our group [19]
demonstrated that a decrease in SAN function in failing canine hearts may be mediated by
AI1R upregulation. We showed that expression of A1R and GIRK4 is upregulated in the
SAN and atria in a tachypacing induced HF canine model, which could amplify adenosine-
mediated conduction abnormalities and correlated with AP duration shortening and
adenosine induced AF (Fig. 6B) [19]. Adenosine acting on the upregulated A1Rs induced
SAN automaticity depression, post-pacing atrial pauses and shortened atrial repolarization
leading to AF. These findings indicate that increased A1R expression may increase
sensitivity to adenosine in failing canine atria, which could in turn, increase AF inducibility
by activating downstream GIRK channel signaling. Moreover, since adenosine antagonizes

J Vet Cardiol. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kalyanasundaram et al. Page 10

adrenergic signaling by decreasing cyclic adenosine monophosphate production, increased
A1R could also affect conduction by suppressing If and Ic,,, especially during adrenergic
stimulation.

Expression of A1R, GIRK1 and GIRK4 proteins have been shown to be higher in the RA
compared to the left atrium in humans [74]. This finding is of particular significance since it
could explain why adenosine augments RA vs. left atrium repolarization sensitivity and
induces AF with a higher activation frequency in RA than in the left atrium. Li et al [11]
recently showed that ALR and GIRK4 are highly expressed in the human SAN relative to the
atria (Fig 6A, right panel), and that this difference in humans is even higher than previously
found in canine SAN. The reported relatively higher A1R expression might underlie the
higher incidence of adenosine-induced SAN arrest in humans but not in canine hearts
[11,19]. However, the expression patterns of A1R are very heterogeneous and vary among
the different SAN compartments and hence the sensitivity of the pacemakers to adenosine in
these regions are also different (Fig 2D). These disparities actually create redundant
protection mechanisms for the SAN so that even when adenosine levels are high enough to
depress the highly sensitive central pacemaker, the less sensitive head and tail pacemakers
can continue to maintain a slower rhythm and prevent complete SAN arrest [11].

Therapeutic approaches to treat Adenosine and Vagal mediated SND and

AF

The data presented above collectively emphasize that adenosine plays a double-edged role in
regulating the SAN with protective as well as impairing effects. To combat its role in
exacerbating SND, blocking A1R and GIRK channels have been explored as effective
therapeutic approaches to treat SND [11,19]. In particular, theophylline, a specific A1IR
blocker, has been used as a pharmaceutical intervention to treat canine and human patients
[75] with varying outcomes. We showed that theophylline can effectively abolish SAN
dysfunction and AF in a canine HF model [19]. Theophylline has also been tested in human
HF and SND patients. Although clinical trials at various phases found beneficial results with
AR blockade, off-target side effects due to the ubiquitous expression of ARs limit its long-
term utility in humans [76]. Therefore, expression and/or activity of A1R should be locally
targeted within the SAN and SACP, to harness the beneficial effects of adenosine in
ameliorating bradycardia without affecting its role in reducing metabolic stress, in the
ventricular myocardium. Alternately, studies in ex-vivo human atria revealed that blocking
GIRK channels with the selective blocker tertiapin prevents adenosine induced SND and AF
[11,74], indicating that GIRK channel blockade can present a potential treatment approach
for both adenosine and vagal mediated SND and AF in humans and canines.

Sodium channels: undecided but important players in canine and human
SAN function

\oltage-gated Na* channels (Nay) and the resultant current (In2) play an important role in
facilitating rapid membrane depolarization by the influx of Na+ ions into the cell which
generates the upstroke of the atrial and ventricular AP. Voltage-gated Na* channel 1.5, the
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major human cardiac alpha subunit expressed by the sodium voltage-gated channel alpha
subunit 5 gene has been extensively studied. Since it plays a key role in cardiac excitability,
~450 mutations affecting its structure and/or function have been associated with several
human diseases including cardiomyopathies and severe arrhythmias including AF, premature
ventricular beats and SND [77].

More recently, expression of neuronal Na, channel isoforms including Na,1.1, 1.3 and 1.6,
which were previously suggested to be exclusively expressed in central nervous system and
skeletal tissues, have been demonstrated in cardiac tissues [30,78]. Pharmacologically,
neuronal channels are increasingly sensitive to tetrodotoxin and can be inhibited at
nanomolar concentrations while the Na, 1.5 channels require micromolar concentrations
which allow to distinguish functional contributions of neuronal and cardiac Na,, channels to
membrane potentials [79]. However, the presence and role of Iy, in SAN pacemaking has
been long debated since the majority of Na* channels would be predicted to stay inactivated
due to low negative maximal diastolic potentials (~—55 to —60 mV) and long diastolic
depolarization phase [80]. In contrast to other cardiac myocytes wherein the AP upstroke is
very fast, the slow AP upstroke (~2 V/sec) in central SAN cells is postulated to depend only
on the I, rather than Iy, [81]. However, expression of several Na,, isoforms has been
demonstrated specifically in the SAN, with species- specific differences, and has introduced
a potential role for Na,, channels in SAN pacemaking and conduction [82].

In the canine heart, Protas et al [80] found Iy to be present at all ages with the highest
nanomolar sensitivity to tetrodotoxin in adult canine SAN cells. Although no functional role
was demonstrated within physiological conditions, Iy, in SAN is suggested to protect
against excessive vagal slowing of the HR especially in the newborn. Direct studies on the
role of Iy in the human SAN, and expression of Na channel isoforms are scarce. However,
several sodium voltage-gated channel alpha subunit 5 mutations are strongly associated with
sinus bradycardia which emphasize a role for the In;, in the human SAN [83]. Recently,
Chandler et al [30] showed that expression of Na, 1.5 mRNA is lowest in the human SAN
pacemaker cells compared to surrounding atrial myocardium. Furthermore, Verkerk et al
[84] have demonstrated potential Iy in @ small number of human SAN myocytes.
Preliminary data from ex-vivo human heart studies also support the presence of functional
cardiac and neuronal Na, channels in the SAN [85].These findings collectively begin to
establish the presence of I, in both canine and human SAN cells and that Iy, may not play
a significant role within baseline functional ranges. However, Na,, channels could be
recruited by hyperpolarization as a fail-safe mechanism against sinus bradycardia and SAN
conduction blocks. Future studies should embark on more extensive investigations in both
canine and human SAN tissues to document changes in Na, protein levels and
corresponding electrophysiological adaptations especially in diseased or failing hearts, in
order to determine if Iy, plays a beneficial role against sinus bradycardia.

Connexin expression across the SAN and SACP

Connexins form gap junctions between adjacent cells and play an important role in cell-to-
cell impulse propagation as well as throughout the heart [86]. More than 20 Cx genes have
been identified from mice through humans. Of these, mMRNA of isoforms 40, 43, 45 have
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been reported in the mammalian heart [87]. Amongst the cardiac isoforms, Cx43 is the
predominant isoform in atrial and ventricular cardiomyocytes [87]. However, Cx43
expression is not detected in the central SAN pacemaker compartment in both canine [20]
and human [11,30]. In canine SAN, Davis et al [88] demonstrated Cx40 and Cx45
expression, with a complete absence of Cx43. Kwong et al [89] found that the canine SAN
was composed of 3 populations of pacemaker cells: 30-35% that expressed Cx43, Cx40 and
Cx45, ~55% that expressed only Cx40 and ~10-15% that did not express any Cx. In the
human SAN, Davis et al [90] reported expression of Cx45, low levels of Cx40 and absence
of Cx43. Importantly, in studies mentioned above, mainly immunohistochemistry were used,
which often suffers from non-specific staining. At the present, protein expression of only
Cx43 levels has been demonstrated across canine [19] and human SAN complexes [11,58].
Further rigorous studies are required to reliably demonstrate expression pattern of Cx
isoforms in different compartments of canine and human SAN.

Conclusions and Future Directions

In summary, several critical aspects of normal and dysfunctional SAN activation and
conduction are very similar in canines and humans. Currently, available treatment options to
treat SND are still limited in canine and human patients. Pharmaceutical drugs and
implantable pacemakers are only partially successful in managing SND [7], and these
interventions are unable to cure/or prevent progression of the disease. Hence there is a
critical need not only to identify novel causal mechanisms of SND but also to develop
targeted therapies to treat and/or manage SND. Moreover, the distinct structural and
functional similarities between the canine and human SAN also suggest that studies
investigating sources of dysfunction and novel targeted treatments in these two species can
be mutually beneficial. Recent studies exploring the viability and applicability of biological
pacemakers have demonstrated the potential utility of viral, gene and/or cell based therapies
to treat canine and human SND [64]. Importantly, since SAN rhythm regulation depends not
only on nodal pacemakers but also on robust availability and functioning SACPs [11], future
therapies should incorporate targeted treatment of SACPs as well in canine and human SND
patients. Novel approaches to remove fibrotic lesions and/or to prevent excessive fibrotic
remodeling within the SAN and SACPs in diseased hearts would be ideal to restore normal
function to the SAN complex. Our increasing knowledge of how the SAN works in these
two species continues to strengthen the potential possibility of treating SND with improved,
targeted therapies.
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Cx connexin

GIRK G protein-coupled inwardly-rectifying potassium (channel)
HCN hyperpolarization-activated cyclic nucleotide-gated (channel)
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HR heart rate
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RA right atrium

SACP sinoatrial conduction pathway

SAN sinoatrial node

SND sinoatrial node dysfunction

SR sinus rhythm

3D three dimensional
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A. Canine SAN pacemaker B. Human SAN pacemaker
complex (2012) complex (2017)
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Figure 1: Structural and functional characteristics of the canine and human sinoatrial node
(SAN) pacemaker complex.

(A) 3 dimensional model of the canine SAN based on structural and functional data from
intramural optical mapping. Compact SAN (red) is isolated from the surrounding atrial
myocardium (green) by bifurcating coronary arteries (blue) and fibrotic insulation (purple).
Preferential sinoatrial conduction pathways (SACPs) are depicted by yellow bundles and
arrows that electrically connect SAN to the atrium. (B) 3-dimensional reconstruction of the
human SAN showing intranodal pacemaker compartments and 5 SACPs. (C) Histological
features of the canine and human SAN pacemaker complex revealed by Masson’s trichrome
staining. (D) Immunostaining identifies the SAN by negative connexin 43 (Cx43)
expression. [(A) Data modified from Fedorov et al. Am J Physiol Heart Circ Physiol 2012
[37]; (B) (C) and (D) Figures modified from Li et al. Sci Transl Med 2017 (Human) [11] and
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Lou et al. Circulation 2014 (Canine) [19]]. BB: Bachmann bundle; CT: crista terminalis;
EAS: earliest atrial activation site; FP: fat pad; IAS: interatrial septum; PV: pulmonary
veins; RA: right atrium; RAA: right atrial appendage; RAFW: right atrial free wall; SAN:
sinoatrial node; SVC: superior vena cava.
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Figure 2: Atrial activation pattern is determined by the sinoatrial conduction pathway (SACP)
during sinus rhythm.

(A) 3-dimensional view of the sinoatrial node (SAN) complex (B) Intranodal and atrial
activation patterns revealed by high resolution optical maps. (C) Traces of SAN and atrial
Electrocardiograms (ECG) or optical action potentials (OAP) from canine and human during
sinus rhythm. (D) Schematic representation of canine and human SAN depicting shift in
leading pacemaker sites and earliest atrial activation site at baseline and after adenosine
(Ado). Blocked arrows indicate nonfunctional mid-lateral conduction pathway in canine
heart failure (HF) preparations. [(A-D) Sinoatrial node figures and traces were modified
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from Li et al. Sci Transl Med 2017 (Human) [11] and Lou et al. Circulation 2014 (Canine)
[19]]. CT: crista terminalis; EAS: earliest atrial activation site; IAS: interatrial septum; IVC:
inferior vena cava; LAA: left atrial appendage; LP: leading pacemaker; OAP: optical action
potential; PV: pulmonary veins; RA: right atrium; RAA: right atrial appendage; RAFW:
right atrial free wall; SACPs: sinoatrial conduction pathway; SACTsr: sinoatrial conduction
time during sinus rhythm; SAN: sinoatrial node; SCL: sinus cycle length; SVC: superior
vena cava.
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Figure 3: Pacing induced automaticity depression and sinoatrial node (SAN) exit blocks during
adenosine (Ado) perfusion in failing canine and human hearts.

(A) Sinoatrial node optical action potential (OAP) and atrial electrocardiogram (ECG)
recordings during and after pacing showing 2:1 SAN entrance block and subsequent exit
blocks in a canine heart failure (HF) model. (B) Atrial and SAN OAPs during and after
pacing showing exit blocks. [Data modified from (A) Lou et al. Circulation 2014 [19] and
(B) Li et al. Sci Transl Med 2017 [11]]. SACT: sinoatrial conduction time; (c)SNRTi/d:
(corrected) sinus node recovery time, indirect/direct.
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A. Tachy-Brady arrhythmias in chronic experimental Ml canine model
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Figure 4: Sinoatrial node (SAN) reentry could lead to both tachycardia and bradycardia in
experimental chronic canine myocardial infarction (MI) and heart failure (HF) models.

(A) In vivo electrocardiogram (ECG) recordings reveal maximum atrial pauses in post-Ml
canines at rest and ex vivo atrial ECG and SAN optical action potential (OAP) representing
tachycardia and bradycardia due to SAN macro- and micro-reentry, respectively. (B) (Left)
SAN model and epicardial activation map of fast-slow SAN macro-reentry in a canine
model of chronic experimental MI. (Right) Micro-reentry within SAN and exit block in
sinoatrial conduction pathways (SACPs) in HF model. [(A) Data modified from Glukhov et
al. Circ Arrhythm Electrophysiol 2013 [22] (B-D) Data and models modified from Lou et al.
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Circulation 2014 [19]]. CT: crista terminalis; Endo: endocardium; Epi: epicardium; SACPs:
sinoatrial conduction pathway; SVC: superior vena cava.
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Figure 5: Fibrosis and structural remodeling of the canine and human sinoatrial node (SAN)
pacemaker complex.

(A) Graph showing increasing percentage of age-related fibrous tissue volume to the total
SAN volume, mean value, and standard deviation. (B) Histological Masson’s trichrome
staining of human SAN with lateral SAN conduction pathways (SACP) outlined. (C) A
sister section to panel (B) immunostained for connexin 43 (Cx43; green) and vimentin (red)
showing increasing gradient of Cx43 expression from SAN to atria. (D) Summary data and
Masson’s trichrome staining of fibrosis (blue) in the canine SAN pacemaker complex and
SACP in control vs. heart failure (HF). [(A) From Shiraishi et al 1992 [42] (used with
permission); (B,C) Data modified from Csepe et al Prog Biophys Mol Biol. 2016 [14] (D)
Data adapted from Lou et al Circulation. 2014 [19]]. CT: crista terminalis.
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Figure 6: Heterogeneous protein expression in the sinoatrial node (SAN) vs. adjacent atrial
tissue.

(A) Protein expression of hyperpolarization-activated cyclic nucleotide-gated channel
(HCN) 1, 2 and 4 isoforms (left) and adenosine Al receptor (A1R) and G protein-coupled
inwardly rectifying potassium channel (GIRK4) (right), and summary data below show that
these proteins are significantly higher in the SAN relative to atrial tissues; (B) Left,
immunoblots showing protein expression pattern of A1R in the SAN compartments and in
the atrial myocardium of control canine hearts ; right, summary of these data shows that
A1R expression is significantly upregulated in the SAN compartments in heart failure (HF).
[(A) Li et al. Circ Arrhythm Electrophysiol. 2015 [58] and Li et al. Sci Transl Med 2017
[11]; (B) Data modified from Lou et al. Circulation 2014 [19] (left)]. CT: crista terminalis;
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; IAS: interatrial septum; RAFW: right
atrial free wall.
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