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Abstract

Activation of parasympathetic signaling to the heart results in a slowing of heart
rate (HR) and an increase in heart rate variability (HRV). Perturbations in parasympathetic
signaling to the heart contributes to the pathogenesis of cardiac arrhythmias such as atrial
fibrillation. Accordingly, understanding the molecular mechanisms that facilitate the effects
of parasympathetic signaling to the heart may provide insight for novel therapeutic
interventions for related rhythm disorders. Parasympathetic signaling to the heart is carried
largely by the vagus nerve which, when activated, results in activation of muscarinic
receptors (M2R) on cardiomyocytes. M;R activation results in the modulation of several
ion channels and enzymes, including activation of G protein gated inwardly rectifying
potassium (GIRK) channels. The work in this thesis provides a thorough investigation into
the physiological relevance of GIRK-dependent signaling in the heart while also probing
the details of the underlying signaling architecture.

Previous work with parasympathomimetic compounds and global GIRK knockout
mice suggested that GIRK channels mediate approximately 50% of the effects of
parasympathetic signaling on HR and HRV. Here, we found that mice lacking GIRK
channels selectively in atrial and sinoatrial nodal (SAN) tissue displayed absent responses
to the HR slowing and HRV increases upon direct vagus nerve stimulation (VNS).
Furthermore, GIRK channel ablation in atrial/SAN tissue conferred resistance to VNS-
induced arrhythmias. Thus, GIRK channels in the atria represent an attractive therapeutic
target for parasympathetic-mediated arrhythmias.

Unlike in the atria, the details and relevance of GIRK-dependent signaling in the
ventricles are less well known. Electrophysiological recordings in isolated mouse
ventricular myocytes revealed a similar GIRK channel subunit composition to those in the

atria, however, many attributes (amplitude, sensitivity, kinetics, regulation) were distinct



from atrial/SAN counterparts. Furthermore, while GIRK channels mediated the effects of
muscarinic stimulation on isolated ventricular myocyte excitability, specific ventricular
ablation of GIRK channels in mice showed no impact on the mouse QT interval or
ventricular arrhythmia susceptibility. In summary, disruption of ventricular GIRK channel
dependent signaling does not appear to predispose the heart to arrhythmias.

Work presented here, and in the literature, supports the contention that inhibition
of GIRK channel activity has promising therapeutic implications for supraventricular
arrhythmias. Accordingly, we characterized a novel GIRK channel inhibitor, VU0468554.
VU0468554 afforded dose-dependent block of GIRK channel activation in SAN cells with
only minimal antagonism of GIRK channel activity in neurons, which express a different
subunit composition. In the isolated mouse heart, VU0468554 exhibited a moderate, yet
significant reversal of GIRK-mediated bradycardia elicited by muscarinic activation.
Therefore, VU0468554 represents a novel pharmacological tool with therapeutic
implications.

In addition to M2R activation, GIRK channels are also activated by adenosine 1
receptor (A1R) activation which is exploited clinically for the diagnosis and treatment of
certain arrhythmias. We noted that M2R- and A;R-GIRK channel signaling exhibit distinct
characteristics and are uniquely regulated by regulator of G protein signaling 6 (RGS6) in
mouse SAN cells. These differences appear to arise from a combination of distinct G
protein preferences by M2R and A:R and a strong substrate preference by RGS6.

Altogether, the GIRK channel signaling network present in the heart represents a
critical mediator of cardiac parasympathetic signaling with promising therapeutic

implications.
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Chapter 1

Introduction

1.1 Cardiac Arrhythmia and the Autonomic Nervous System

1.1.1 Normal cardiac conduction and cardiac arrhythmia

The cardiovascular system is responsible for providing the tissues and organ
systems of body with the blood and nutrients necessary for survival. This function is driven
by the electrical activity of the heart, which is responsible for pumping the blood through
the vasculature. Normal conduction of electrical impulses throughout the heart (Figure
1.1) begins in the sinoatrial node (SAN), the pacemaker of the heart (Kennedy et al.,
2016). The impulse generated in the SAN then instigates a wave of depolarization that
travels throughout the top chambers of the heart, the left and right atria, until it reaches
the atrioventricular node (AVN). From there, the impulse advances through the HIS-
Purkinje system, which then distributes this conduction throughout the bottom chambers,
the left and right ventricles, in an organized fashion. This well-orchestrated conduction
pathway is what underlies each heartbeat, at a rate of typically 60-100 beats per minute

(bpm) at rest in humans.
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Figure 1.1. The cardiac conduction system

A coronal view of the heart depicting the main conduction pathways. The blue/green
indicate conduction centers and pathways while the black arrows denote the direction.
The impulse starts in the SAN and travels throughout the right atria (and through the
Bachman’s bundle to the left atria). The electrical signal then converges onto the AVN,
which transmits the impulse throughout the ventricles by way of the Bundle of His, left and
right bundle branches, and purkinje fibers.



Perturbations in this conduction pathway that result in a heart rate (HR) that is
either too fast (>100 bpm, tachycardia), too slow (<60 bpm, bradycardia), or irregular
(fibrillation) are designated as cardiac arrhythmias (Padeletti and Bagliani, 2017). Cardiac
arrhythmias are largely classified by the area/region of the heart in which they arise and
use the following broad, classifications: premature beats, bradyarrhythmias,
supraventricular arrhythmia, and ventricular arrhythmias.

Premature beats. Premature beats refer to additional or extra heartbeats which
arise from the cardiac impulse signal arriving early in either the atria (premature atrial
contraction) or the ventricle (premature ventricular contraction) (Bagliani et al., 2018).
Premature beats can sometimes cause a “fluttering” feeling in the chest and are largely
harmless in the absence of structural heart disease (Gorenek et al., 2020; You and Liu,
2019).

Bradyarrhythmias. Any HR lower than normal (<60 bpm) is classified as a
bradyarrhythmia. Sinus bradycardia may be an indicator of efficient cardiovascular health,
seen more commonly in younger individuals or people who are physically fit (Aksu et al.,
2018). However, in some cases, a low HR is the consequence of underlying disease such
as heart failure, tissue damage, and hypothyroidism, resulting in poor cardiac output (Aksu
et al., 2018). Whether or not bradycardia alone is pathogenic, a slower HR in general is
responsible for a phenomenon known as “short-long-short” sequence (El-Sherif et al.,
1999; Manolis et al., 2020; Sweeney et al., 2007). Essentially, the longer time between
each heartbeat, known as cycle length, causes a heterogeneous prolongation of
repolarization throughout the myocardium, creating a pro-arrhythmic environment.

Supraventricular tachyarrhythmias. Tachyarrhythmias, or arrhythmias resulting in
a faster than normal (>100bpm) HR, that originate in the top two chambers of the heart
are called supraventricular tachycardia. The most common supraventricular arrhythmias
are atrial fibrillation (AF), atrial flutter, and paroxysmal supraventricular tachycardia
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(PSVT). AF is an irregular and/or fast arrhythmia that occurs in the atria. In contrast to
typical cardiac conduction, in AF the conduction spreads in a disorganized fashion,
causing the atria to quiver or “fibrillate” (Dahya and Taigen, 2019). Similar to AF, atrial
flutter results in a fast rhythm; however, it is organized, in contrast to the disorganized
signals seen with AF (Stancak, 1998; Tai and Chen, 2009). PSVT is a tachyarrhythmia
that starts and stops very abruptly due to the signals re-entering the atria from the ventricle
(Al-Zaiti and Magdic, 2016).

Ventricular arrhythmias. Typically the most dangerous arrhythmias, ventricular
arrhythmias arise from the ventricular tissue of the heart (AIMahameed and Ziv, 2019).
Ventricular tachycardia (VT) is a fast, yet organized rhythm in the ventricles. On its own,
VT may last only seconds and is relatively harmless. However, it can turn into a far more
dangerous arrhythmia known as ventricular fibrillation (VF). VF occurs when the
conduction in the ventricles becomes disorganized and instead of a coordinated
contraction, the ventricles quiver. Given that the ventricles supply the body with blood, a
loss of ventricular contraction can be fatal.

Cardiac arrhythmias are both pervasive and debilitating. Indeed, AF is the most
common cardiac arrhythmia with approximately 2.7-6.1 million cases in the United States
((Chatterjee et al., 2017; Go et al., 2001; Miyasaka et al., 2006); the lifetime risk of
developing AF is approximately 1 in 4 (Heeringa et al., 2006; Lloyd-Jones et al., 2004).
AF is associated with an increased risk for ischemic stroke, renal disease, and death
(Odutayo et al., 2016). Furthermore, ventricular arrhythmias are thought to be the
underlying cause of nearly 80% of sudden cardiac death (SCD) cases (Chugh et al., 2008).
Therefore, having adequate therapeutic interventions for individuals suffering from cardiac

arrhythmias is imperative.



1.1.2 Current pharmacotherapy for the treatment of cardiac arrhythmias

Currently available anti-arrhythmic drugs target the molecules and machinery
underlying the cardiac action potential. The action potential of the typical cardiomyocyte
(atrial or ventricular) can be divided into 4 phases (Shih, 1994) (Figure 1.2). The standard
action potential of a cardiomyocyte begins in Phase 4, when the cell is at rest with a
membrane potential around -90 mV. This membrane potential is largely maintained by
inward rectifying K* channels (IRK/Kir), mostly Kir2.1 or Ikt (Anumonwo and Lopatin, 2010).
Inward rectification refers to an intracellular block of the pore of IRK channels at positive
membrane potentials by cations like Mg?* and polyamines, stopping K* efflux (Hibino et
al., 2010). At negative, physiological membrane potentials, IRK channels allow K* out of
the cell, maintaining the membrane potential around the Nernst potential of K* (-90 mV).
When an action potential from a neighboring cardiomyocyte passes through a gap
junction, Phase 0 beings, triggering a rapid depolarization of the cell membrane as
voltage-gated Na* channels (Ina ; Nay1.5) open (Balse and Eichel, 2018). This is followed
by the characteristic “notch” of Phase 1, where quick deactivation of the Na* channels is
followed by the brief opening of transient outward K* channels, li1. Phase 2 or the “plateau
phase” follows, where a balance of charge flow occurs due to delayed rectifier K* channels
(Ikr & Iks) opening and resulting in K* efflux (Charpentier et al., 2010). At the same time, L-
type calcium (lca) channels open, allowing Ca?* influx (Bodi et al., 2005). The Ca?* influx
during this phase binds to ryanodine receptors located on the sarcoplasmic reticulum
(SR), allowing further Ca?* release from the SR which facilitates myocyte contraction
(Eisner et al., 2017). Phase 3 begins when the Ica. channels close and further potassium
(Ikr, Iks, I1) channels open. This K* efflux results in membrane repolarization. At the resting
membrane potential (RMP; -90 mV), the delayed rectifiers close, but Ik: remain open and

the cell enters Phase 4 again.
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Figure 1.2. The cardiac action potential

Representation of the different phases of a typical cardiomyocyte (left) and nodal cell
(right) action potential. Different phases of the cardiac action potential are denoted as
follows: Phase 4:orange, Phase O:purple, Phase 1:blue, Phase 2:green, Phase 3:red.
The black line indicates the membrane potential over time in each phase. The gray
arrows indicate the direction of ion flow during each phase.

The action potentials of pacemaker cells in the SAN and AVN are distinct in several
aspects (Shih, 1994). As their name indicates, pacemaker cells are never completely at
rest. Instead of having a stable membrane potential in Phase 4, nodal cells slowly
depolarize until they reach approximately -40 mV due to the presence of
hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. HCN channels, often
referred to as the | “funny” current (), are a mixed Na* and K* current which are active at
voltages under -40/-45 mV with a reversal potential at approximately -10/-20 mV
(Difrancesco, 2010). Once the slow depolarization arrives at approximately -40 mV, the
activation of L-type Ca?* channels marks the beginning of Phase 0, a notably slower (2
ms vs. 10/20 ms) depolarization than observed in a typical human cardiomyocyte. While,
Phase 1 and Phase 2 are notably absent in pacemaking cells, Phase 3 is similar to that of

a typical cardiomyocyte action potential.



Deviations in the initiation and/or repolarization of cardiac action potentials and
effective refractory period (ERP), the duration of time when the cell cannot respond to new
stimulus, are key substrates in the formation of cardiac arrhythmias (Nerbonne and Kass,
2005). Anti-arrhythmic drugs are classified into 4 different groups (Class |, I, Ill and 1V)
based on the mechanism of action and the resulting influence on APD and ERP (Shu et
al., 2009). The first class (Class I) of anti-arrhythmic drugs is comprised of Na* channel
blockers and are split into 3 groups (1a, 1b,1c) based on their relative potencies and
impact on re-shaping cardiac action potential duration (APD) (1a: APD prolongation, 1b:
APD shortening, 1c: No effect on APD length). The next class, Class I, of anti-arrhythmic
agents are the p-adrenergic receptor blockers, or “B-blockers” (Ogrodowczyk et al., 2015).
Unlike the other classes, the B-blockers do not block ion channel activity directly, but
rather, act by blocking B-adrenergic receptor signaling. Stimulation of p-adrenergic
signaling results in an increase in cyclic adenosine monophosphate (CAMP) formation
(Wallukat, 2002). cAMP increases the open probability of both L-type Ca?* channels and
HCN4 channels (Kumari et al., 2018). Thus, B-blockers decrease Ica. and I currents
through by decreasing intracellular cAMP. Class lll is a heterogenous group of anti-
arrhythmic drugs that share the common broad mechanism of APD and ERP prolongation.
These actions are primarily through blocking K* channel activity, specifically Ik, however
the members of this class of drugs vary in their selectivity for this channel and may have
additional actions on other cardiac ion channels. Lastly, Class IV anti-arrhythmia agents
are comprised of the Ca?" channel blockers which impact the slow calcium dependent
action potentials in the SAN and AVN, therefore slowing the depolarization and firing rate
(Szentandrassy et al., 2015). Altogether, the different anti-arrhythmic drug classes
available afford several options for treating diverse patient populations.

While anti-arhythmic pharmacotherapy is widely used in the clinical management
of cardiac arrhythmia, there are issues with limited efficacy and the potential to induce
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arrhythmia. For example, the most efficacious drug for treating AF is amiodarone, is 60%
successful in maintaining normal sinus rhythm within a year, in comparison to 50% for
other anti-arrhythmic drugs (Dahya and Taigen, 2019). However, amiodarone also carries
major adverse effects including the risk of developing a ventricular repolarization disorder
known as Long QT. Long QT can develop into a life-threatening arrhythmia known as
Torsades de Pointes (Turker et al., 2017). Due to these limitations, other therapeutic
interventions, such as catheter ablation, defibrillation, and pacemaker implantation are
frequently required in the treatment of cardiac arrhythmias (Fu, 2015; Macle and Nattel,
2016). Therefore, gaining a further understanding of how HR is regulated is necessary for
the development of improved, sophisticated pharmacotherapeutic options. One such
avenue of emerging research involves interventions targeted at the autonomic nervous
system (ANS), which plays a key role in both regulation of HR and the development of

cardiac arrhythmias (Dusi et al., 2019; Manolis et al., 2020).

1.1.3 Autonomic control of heart rate and role in arrhythmogenesis

While the heart has its own intrinsic beating rate, due to the underlying automaticity
of the pacemaker cells of the SAN, the ANS tightly regulates this beating rate. The ANS
consists of the sympathetic branch and the parasympathetic branch, which generally work
antagonistically to modulate HR dynamics (Manolis et al., 2020; Shen and Zipes, 2014).
Activation of the sympathetic nervous system results in what is colloquially known as the
“flight-or-fight” response and results in an increase in HR (Coote and Chauhan, 2016).
Conversely, parasympathetic activation is associated with “rest-and-digest” physiological
responses which include a decrease in HR and an increase in the beat-to-beat variability,
i.e., heart rate variability (HRV) (Dyavanapalli et al., 2016). While these two branches
largely work to oppose one another, a well-described interaction, known as accentuated
antagonism, exists in which the effects of one branch of the ANS is amplified in the

8



presence of the other (Lujan et al., 2016; Uijtdehaage and Thayer, 2000). For example,
the bradycardia elicited upon activation of the parasympathetic nervous system
dramatically increases when given under concurrent sympathetic activation (Uijtdehaage
and Thayer, 2000).

Dysregulation of autonomic signaling has been linked to a number of debilitating
cardiac arrhythmias (Manolis et al.,, 2020). As might be expected, supraventricular
tachyarrhythmias are typically associated with enhanced sympathetic activity, while
bradyarrhythmias are linked to increased or abnormal parasympathetic tone. The role of
autonomic dysfunction in AF is more complex, however (Chen and Tan, 2007; Hou et al.,
2016). Stimulation of the vagus nerve, which carries much of the parasympathetic
signaling to the heart, is associated with AF due to the resulting heterogenous
prolongment of APD in the atria. However, simultaneously triggered activation of
parasympathetic (vagus nerve) and sympathetic activity (left stellate ganglia) has been
observed at the onset of AF. In line with these observations, neural ablation of either
sympathetic input to the heart and or parasympathetic input to the heart result has been
shown to eliminate paroxysymal AF episodes.

Ventricular arrhythmias, including VF, are known causes of SCD and sympathetic
stimulation has been shown, both experimentally and clinically to provoke such
arrhythmias (Hou et al., 2016; Huang et al., 2017). Additionally, damaged myocardium,
either through ischemia and/or infarction, can serve a substrate for arrhythmic triggers due
to the heterogeneity of sympathetic innervation of the ventricles. Similarly, a phenomenon
known as “nerve sprouting” also occurs, where patients with myocardial infarction
increased sympathetic nerve sprouting associated with increased VF episode.

Given the complex role the ANS plays in arrhythmogenesis, understanding the

molecular components which mediate these effects may afford new targets to exploit for



novel therapeutic interventions. The focus of this dissertation is on the inhibitory branch of

the ANS, the parasympathetic nervous system.

1.2 Parasympathetic Regulation of Cardiac Function

1.2.1 Brainstem origin of the vagus nerve

The parasympathetic signaling to the heart is carried by the vagus nerve (cranial
nerve 10; CN X), which originates in the brainstem (Gourine et al., 2016; Huang et al.,
2015) (Figure 1.3). Vagal nerve activity is modulated by three main centers of the medulla
oblongata: the dorsal motor nucleus, the nucleus ambiguus, and nucleus tractus solitarius
(NTS). The dorsal motor nucleus lies near the fourth ventricle in the medulla and contains
vagal efferent fibers which carry signaling to the heart (Standish et al., 1994). The nucleus
ambiguus, which resides in the lowest part of the brainstem (the reticular formation of the
medulla oblongata) is another primary site of origin for the vagal efferent fibers which
innervate the heart. The cardiac vagal neurons of the nucleus ambiguus are typically
silent, and do not possess pacemaker activity (Mendelowitz, 1996). However, only small
depolarizing currents (100 pA) are necessary to evoke firing of these neurons with
relatively little delay (Mendelowitz, 1996). Studies have shown that excitatory,
glutamatergic input from the NTS (Wang et al., 2006) activates post-synaptic N-Methyl-d-
aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors in the cardiac vagal neurons of the nucleus ambiguus (Neff et al., 1998). The
NTS is located in the dorsomedial medulla and is largely responsible for facilitating the
baroreceptor reflex, which is how the body regulates blood pressure by modulating HR
(Andresen and Kunze, 1994). This process of regulation involves chemoreceptors and
mechanoreceptors located in the carotid sinus and aortic arch which activate

baroreceptors afferents in the NTS which relays these signals to the nucleaus ambiguus.
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While not directly involved in vagal signaling to the heart, signaling in the paraventricular
nucleus (PVN), while largely seen as sympathoexcitatory, also contains axonal projections
to the nucleus ambiguus and can indirectly influence vagal nerve activity (Geerling et al.,
2010; Stuesse and Fish, 1984). These various pathways present in the central nervous
system (CNS) modulate the activity of the vagus nerve, which carries the main branches

of parasympathetic pre-ganglionic fibers.
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Figure 1.3. Parasympathetic innervation of the heart

Representation of vagal input to the heart. The vagus nerve originates in the brainstem
and its activity is modulated by the dorsal motor nucleus, nucleus tractus solitarius, and
nucleus ambiguus (depicted above in a coronal section of the medulla). The branches of
vagus nerve act as parasympathetic preganglionic neurons, terminating on the intrinsic
cardiac ganglia located on epicardial fat pads (yellow). The preganglionic neuron releases
ACh onto parasympathetic postganglionic neurons present in the cardiac ganglia which
extensively innervate the myocardium (Huang et al., 2015).
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1.2.2 Vagal innervation of the heart

Parasympathetic input to the heart via the vagus nerve terminates with synaptic
connection to post-ganglionic neurons within intracardiac ganglia, an intricate network of
synaptic connectivity across the heart. The pattern of parasympathetic innervation of
cardiac tissue differs greatly between the different chambers of the heart.

Work including histology, surgical dissection and epicardial radiofrequency
catheter ablation have demonstrated rich vagal innervation of atrial and nodal tissue
(Coote, 2013). An area of particularly high vagal innervation include a fat pad located
between the medial superior vena cava (SVC) and aortic root (Chiou et al., 1997). The
rich vagal innervation at the SVC-aortic root fat pad then proceeds to innervate fat pads
located between the inferior vena cava (IVC)-left atria and the right pulmonary veins
(RPV)-left atria (Chiou et al., 1997; Randall et al., 1987). While the majority of vagal input
passes through the SVC-aortic root fat pad, there is evidence of direct innervation of the
IVC-left atria fat pad, RPV-left atria fat pad, and atrial myocardium as well.

Until recently, it was thought that vagal innervation of the ventricles was either
sparse or entirely absent. However, current work has shown that vagal efferent fibers are,
indeed, present in ventricular tissue and play an important role in regulating ventricular
physiology (Coote, 2013). Histological work looking at markers of cholinergic nerve
terminals (acetylcholinesterase (AChE) and choline acetyltransferase (ChaT)) highlighted
the existence of an extensive network of post-ganglionic ventricular innervation throughout
ventricular muscle fibers. The post-ganglionic vagal fibers that innervate the ventricles are
largely fibers which originate from the principle supraventricular fat pads discussed above,
in addition to sites located at the interventricular groove, the interatrial and interventricular
septa (Blomquist et al., 1987; Gatti et al., 1997).

Both pre-ganglionic and post-ganglionic parasympathetic neurotransmission is
mediated by the neurotransmitter acetylcholine (ACh). Activation of the vagus nerve
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results in the release of ACh onto nicotinic receptors (hAChR) present on post-ganglionic
parasympathetic neurons present in the intracardiac ganglia (De Biasi, 2002). Thus,
NAChRs represent a critical intermediary of the effects of parasympathetic signaling on
the heart. nAChRs are ligand-gated non-selective ion channels with permeability primarily
to Na* and K* and moderately to Ca?* (Papke, 2014). Activation of NAChRs requires the
binding of ACh which instigates rapid membrane depolarization and neuronal activation
(Papke, 2014). nAChRs are pentameric channels consisting of various combinations of
the following subunits: 9 alpha subunits (a2-010) and 3 beta subunits (p2-4) (Papke,
2014). Rat intracardiac neurons have been shown to express a2—a9 and p2—p4 subunits,
though not all of the neurons within ganglion express all these subunits (Poth et al., 1997).
The o3 nAChR subunit is highly expressed in all autonomic ganglia, including cardiac
ganglia, and is likely a critical component of many AChR subtype compositions (Rust et
al., 1994). The use of sub-type specific blockers and knockout mice has shown that while
a7-containing NAChRs appear to mediate the effects of sympathetic signaling to the heart,
a4p2-containing NAChRs mediate the bradycardic effects of parasympathetic signaling to
the heart (Li et al.,, 2009b). Therefore, it appears distinct receptors subtypes mediate
parasympathetic and sympathetic ganglionic synaptic transmission. The activation of
nNAChRs in parasympathetic postganglionic neurons in the cardiac ganglia ultimately
results in the release of ACh onto muscarinic receptors present in the surface membrane

of cardiomyocytes.

1.2.3 Muscarinic-dependent signaling in the heart

Muscarinic receptors represent the main molecular mediator for parasympathetic
actions on cardiac tissue. Thus, understanding the details of muscarinic signaling in the
heart is critical to understanding parasympathetic regulation of HR dynamics.
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Muscarinic receptors belong to the large protein family of seven-transmembrane
receptors known as G-protein coupled receptors (GPCR) (Dhein et al., 2001; Katritch et
al., 2013). As their name suggests, these receptors are coupled to heterotrimeric G
proteins consisting of a G alpha (Ga) subunit bound to a tightly coupled, G beta-gamma
(GBy) dimer (Weis and Kobilka, 2018). When the receptor is in the inactive state, the o
subunit of this complex is bound to GDP. Upon ligand binding, the receptor undergoes a
conformational change that is transmitted to the G protein complex. This conformational
change results in the GDP bound to the a subunit being exchanged with cytosolic GTP.
This GDP-to-GTP exchange in combination with a decreased affinity of a-GTP for Gpy
resulting in the dissociation of the a-GTP from the GBy dimer. Subsequently, both a-GTP
and GBy interact with various downstream effectors. Eventual reassociation of Ga and Gpy
occurs due to intrinsic GTP hydrolysis activity of Ga. This process is often facilitated by
Regulator of G protein Signaling (RGS) proteins that accelerate the rate of GTP hydrolysis
(Stewart and Fisher, 2015; Willars, 2006).

Five different muscarinic receptor subtypes have been identified in mammals:
MiR, M2R, M3R, M4R, and MsR (Caulfield, 1993; Dhein et al., 2001). Differences between
muscarinic receptor sub-types reside primarily in the third intracellular loop, a region
shown to be critical for G protein coupling (Wess et al., 1997), resulting in the two distinct
groupings for the subtypes. MiR, MsR, MsR are Gq coupled receptors which classically
activate phospholipase C (PLC), resulting in the production of diacylglycerol (DAG) and
inositolphosphate (IP), whereas, MR and Ms4sR are Gj, coupled receptors, whose
activation results in the inhibition adenylyl cyclase (AC). Gio coupled receptors are
characterized by a sensitivity to pertussis toxin, which prevents the coupling of Ga
subunits of the Gi, subfamily to receptors through ADP ribosylation (Mangmool and

Kurose, 2011). A combination of studies involving relative expression of muscarinic sub-
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types and the use of sub-type specific modulators has shown that M2R is the predominant
muscarinic isoform expressed in cardiac tissue (Dhein et al., 2001; Peralta et al., 1987,
Saternos et al., 2018). Indeed, HR slowing to cholinergic stimulation is absent in atria from
mice lacking MR, further suggesting that M:R is predominant subtype mediating the
effects of parasympathetic signaling in cardiac tissue (Stengel et al., 2000).

Upon agonist-induced activation of muscarinic receptors, desensitization occurs in
a matter of seconds. A major contributor to the initial desensitization is the rapid
phosphorylation of the activated (ligand-bound) receptors by G protein-coupled receptor
kinases (GRKs) (Gurevich and Gurevich, 2019). The phosphorylation of the receptors
results in an increased affinity for cytosolic p-arrestin, which conformationally restricts the
receptors from coupling to G proteins. Four different GRKs have been shown to be
expressed in the heart (GRK2, GRK3, GRKS5, and GRK6 (Hullmann et al., 2016)) and
each demonstrate varying degrees of MzR phosphorylation in vitro (Marlene Hosey et al.,
1995). Thus, M2R desensitization is likely the result of a combination of GRK-M:R
interactions.

Muscarinic receptor-dependent signaling has a profound effect on supraventricular
physiology (Harvey, 2012; Harvey and Belevych, 2003). M:R activation in SAN cells
results in membrane hyperpolarization, which slows the spontaneous depolarization and
ultimately reduces the firing rate of SAN cells. In the AVN, membrane hyperpolarization
upon muscarinic activation decreases impulse conduction. In atrial myocytes, activation
of MzR shortens APD and reduces contractile force. Similar effects are seen in ventricular
tissue, although to a much lesser extent and largely in the presence of background cAMP-
dependent signaling. These effects are mediated by both direct and indirect influences

on several downstream ion channels (Harvey and Belevych, 2003), detailed in Figure 1.4.
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Figure 1.4. Details and downstream effectors of muscarinic signaling in
cardiomyocytes.

Post-ganglionic parasympathetic release of ACh activates M;R receptors present on
cardiomyocytes. Activation of MzR results in the dissociation of Ga and GBy. Ga inhibits
AC which results in a decrease in intracellular cAMP. This results in the inhibition of cAMP-
dependent Ica and Is currents. Gy activates GIRK channels, a process dependent on the
cofactor PIP, and modulated by cholesterol and intracellular Na*. Reassociation of Ge. and
Gpy occurs due to intrinsic GTP hydolysis activity present in Ga, process facilitated by
RGS proteins. Desensitization of Mz2R is mediated by phosphorylation by GRKs resulting
in an increase affinity for g-arrestin.

The indirect influence of muscarinic activation in cardiomyocytes is due to inhibition
of AC, which decreases intracellular cAMP. Reduction of intracellular cAMP inhibits the
gating of two conductances which play a critical role in cardiomyocyte excitability and
contraction, I (HCN4) and lcaL (L-type Ca?* channels). As discussed in section 1.1.2, It is
responsible for the diastolic depolarization phase of action potentials in nodal cells and
has been, accordingly, called the “pacemaker current” (Difrancesco, 2010). Inhibition of I
via muscarinic activation results in decreased diastolic depolarization of nodal cells.

Activation of Ica,. is responsible for both cardiomyocyte excitation-contraction coupling and

nodal cellular depolarization (Bodi et al., 2005), therefore, muscarinic activation results in
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an inhibition of these processes. Interestingly, while muscarinic suppression of Ica,. in the
atria is observed the absence of elevated cAMP, it seems that elevated cAMP is required
for muscarinic inhibition of ventricular lcai, representing a molecular mechanism of
accentuated antagonism (Harvey and Belevych, 2003). The direct effects of muscarinic
activation involve the acetylcholine activated K* conductance, lkach, mediated by activation
of G protein-gated inwardly rectifying K* (GIRK) channels, and is the focus of this
dissertation. The next section describes GIRK channel function and what is currently

known about its role in mammalian cardiac physiology.

1.3 GIRK channels in the heart

1.3.1 GIRK channel structure, function, and activation

GIRK channels were first identified in nodal cells as a uniqgue, ACh-dependent K*
conductance with gating and conductance characteristics that were distinct from resting
inwardly rectifying K* channels (Iki1) (Sakmann et al., 1983). The cDNA for the GIRK
subunit GIRK1 (Kir3.1) was the first GIRK channel subunit to be isolated (Dascal et al.,
1993a; Kubo et al., 1993) followed by the identification of cDNAs for additional GIRK
subunits GIRK2, GIRK3, and GIRK4 (Doupnik et al., 1995; Kofuji et al., 1995; Krapivinsky
et al., 1995a; Lesage et al., 1994). GIRK channel subunits are conserved across mouse,
rat and human and each share similar core structure, including intracellular N- and C-
terminal domains, two transmembrane segments, and a hydrophobic pore domain (Hibino
et al.,, 2010). Native GIRK channels are tetrameric complexes made up of various
combinations of these 4 subunits (GIRK1, GIRK2, GIRK3, and GIRK4). While GIRK1,
GIRK2, and GIRKS are broadly expressed in the CNS, GIRK4 expression in the brain is
extremely limited. Prominent GIRK4 expression is restricted to discrete neuronal

populations present in cortex, thalamus, and hypothalamus (Wickman et al., 2000).
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In contrast, GIRK1 and GIRK4 are highly expressed in cardiac tissue while GIRK2
and GIRK3 are absent. Indeed, the predominant GIRK channel subtype in cardiomyocytes
is a heterotetrametric complex containing GIRK1 and GIRK4 in 1:1 stoichiometry (Bettahi
et al., 2002). While GIRK1 and GIRK4 share similar core structures, GIRK1 lacks an
endoplasmic reticulum (ER) export motif and is unable to form functional channels on its
own. Therefore, GIRK1 requires co-expression with other subunits which contain an ER
export motif, such as GIRK4, for proper membrane translocation (Dascal et al., 1993b;
Hedin et al., 1996; Kennedy et al., 1999). GIRK4, on the other hand, can form functional
GIRK4 homo-tetrameric complexes and there is evidence of their presence in atrial
myocytes (Corey and Clapham, 1998).

GIRK channels are activated specifically by Gi, coupled GPCRs. Initial studies of
GPCR-dependent activation of cardiac GIRK channels identified that activation was
dependent on trimeric G proteins rather than secondary messenger systems (Breitwieser
and Szabo, 1985; Pfaffinger et al., 1985). Further studies identified Gpy, not Ga, as the
critical activator of cardiac GIRK channels, where binding of GByincreases the open
probability of the channel. (Huang et al., 1997; Krapivinsky et al., 1995b; Nemec et al.,
1999; Wickman et al., 1994). Gpy can bind directly to both cardiac GIRK channel subunits
with potential binding sites for Gpy are located at both the N- and C- termini of GIRK1 and
GIRK4 (He et al., 1999; Huang et al., 1995, 1997; Takao et al., 1994). The selective
activation of GIRK channels by G proteins of the Gi, family is thought to be related to the
rapid Gpy release rate of this G protein subfamily, resulting in higher concentrations of GBy
available for GIRK channel activation (Touhara and MacKinnon, 2018).

Gi coupled GPCRs present in the heart known to activate GIRK channels include
M2R as well as the adenosine 1 receptor, A1R, which mediates the effects of the autacoid
adenosine (Ado) on cardiac electrophysiology. GIRK channel activity in the absence of
GPCR activation, known as constitutive GIRK channel activity, does exist, albeit at a much
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lower opening frequency than agonist-dependent activity (Ito et al., 1994; Sakmann et al.,
1983). Expression of proteins which bind GBy (Gei and myristoylated phosducin) in rat
atrial myocytes revealed that basal GIRK channel activity is indeed independent of free
GpBy (Kienitz et al., 2014). In this study, basal GIRK activity was defined as the amount of
current sensitive to the bee venom peptide tertiapin-Q (TTQ), which preferentially inhibits
GIRK channels over other IRK channels at hanomolar concentrations (Kanjhan et al.,
2005). Thus, basal and GPCR-activated GIRK channel gating are the result of separate

processes.

1.3.2 GIRK channel cofactors and regulation

The dynamics of GIRK channel gating are the result of an expansive signaling
architecture of interwoven interactions between various co-factors, intracellular conditions,
and regulatory proteins. Below, | summarize the key regulatory factors involved in GIRK-
dependent signaling in cardiomyocytes, which include phosphatidylinositol 4,5-
bisphosphate (PIP2), channel phosphorylation, intracellular Na*, cholesterol, activator of
G protein signaling (AGS) proteins, and RGS proteins.

PIP.. PIP: is a phospholipid found in the cytoplasmic leaflet which modulates the
activity of a number of membrane-delimited proteins including ion channels such as GIRK
channels (Suh and Hille, 2008). Indeed, studies in which PIP, is depleted from the
membrane using anti-PIP;, antibodies results in a decrease in channel activity (Huang et
al., 1998). Conversely, restoring PIP to the membrane also restores GIRK channel activity
(Huang et al., 1998). In addition to being required for Gy activation, there is also evidence
of direct activation of GIRK channel by PIP, (Huang et al., 1998). The PIP; binding site is
located near the interface of the transmembrane domain and cytoplasmic domain of each
GIRK channel subunit (Whorton and MacKinnon, 2011). This interaction is maintained by
positively charged lysines present at his interface which associate with the negative
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charged phosphates on PIP.. It is known that agonist-independent GIRK activity is PIP,-
dependent, as PIP; alone can maximally activate GIRK channels in the absence of Gy
(Huang et al., 1998). Though itis intact PIP, which plays a direct role in the gating of GIRK
channels, PIP; is a substrate for PLC; the products of PIP; cleavage being IP; and DAG.
Therefore, PLC-dependent processes effectively deplete the amount of PIP, present in
the membrane, which may regulate GIRK-dependent signaling.

Phosphorylation. Work in both recombinant systems and cardiomyocytes has
revealed the necessary role phosphorylation of GIRK channels plays in channel activity.
Bath application of phosphatase inhibitors results in a reduction in constitutive GIRK
channel activity, suggesting that basal activity seems to be influenced in part by
phosphorylation levels (Berlin et al., 2011; Voigt et al., 2014). De-phosphorylation of GIRK
channels using protein phosphatases can prevent channel activation by Gpy as well, an
effect rescued by the addition of ATP (Medina et al., 2000). Putative Ser/Thr sites between
amino acid 373 and 419 located on the C-terminus of GIRK1 are critical for channel
phosphorylation and regulation of the channel by protein phosphatases (Medina et al.,
2000). Notably, these sites are absent on GIRK4, demonstrating that GIRK1 is indeed the
site of channel phosphorylation.

Intracellular Na*. Intracellular Na* can activate GIRK channels through both direct
and indirect actions. Intracellular Na* has been shown to bind to cardiac GIRK channels
and increase responsiveness to Gpy activation. A negatively charged Asp residue in the
C-terminus of GIRK4 seems to be a critical site for the direct actions of Na* on gating of
GIRK channels (Zhang et al., 1999). Na* also reduces the affinity of the interaction
between GaGDP and Gy (Rishal et al.,, 2003), which enhances GIRK-dependent
signaling by increasing free Gpy. Interestingly, impaired Na* regulation of GIRK channels

has been observed in atrial myocytes isolated from human patients with chronic AF (Voigt
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et al., 2013). This decrease has been linked to a decrease in GIRK4 relative to GIRK1 in
atrial tissue from chronic AF patients (Voigt et al., 2013).

Cholesterol. Cholesterol is a critical component of the cell membrane and it plays
a central role in membrane dynamics and cell signaling. Indeed, cholesterol impacts the
function of a variety of ion channels, including GIRK channels, through both direct
interaction as well as indirect actions on membrane fluidity/rigidity. Studies in planar lipid
bilayers demonstrated that cholesterol enrichment increases the open probability of
cardiac GIRK channels, an effect that was not due to an increase in GIRK channel surface
expression (Bukiya et al., 2015). Indeed, cholesterol has been shown to work
synergistically with PIP, to activate atrial GIRK channels (Bukiya and Rosenhouse-
Dantsker, 2017). Mutagenesis studies have identified 5 residues in the hydrophobic
surface of the transmembrane domain which may be responsible for the actions of
cholesterol on GIRK channels (Bukiya and Rosenhouse-Dantsker, 2017). Enrichment of
rabbit atrial myocytes with cholesterol resulted in an increase in ACh-induced GIRK
currents (Deng et al.,, 2012). Similarly, atrial myocytes isolated from rats fed a high
cholesterol diet displayed a similar increase in ACh-induced GIRK currents (Deng et al.,
2012). In line with these findings, pharmacological inhibition of cholesterol production
using statins attenuates GIRK channels activity in mouse atrial myocytes (Cho et al.,
2014). As a whole, these studies highlight the modulatory role cholesterol plays in GIRK
channel activity.

AGS proteins. AGS proteins are receptor-independent activators of G protein-
dependent signaling (Blumer et al., 2005; Blumer and Lanier, 2014). AGS proteins 1-3
each have distinct molecular mechanisms from one another (Blumer et al., 2005;
Cismowski et al., 2001). AGS1 acts as a guanine exchange factor (GEF) for Gy, G
proteins, similar to the actions of a GPCR. Indeed, in oocytes injected with GIRK1, GIRK4
and MzR cDNA, co-injection of AGS1 cDNA results in a reduction in ACh-induced current
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amplitudes (Takesono et al., 2002). Thus, AGS proteins, hamely AGS1, can negatively
modulate GPCR/GIRK dependent responses by altering the available pool of activatable
G proteins.

RGS proteins. RGS proteins accelerate the termination of G-protein dependent
signaling through their GTPase-activating protein (GAP) activity. Various RGS proteins
are expressed in cardiac tissue, including RGS2, RGS3, RGS4, RGS6, RGS10, RGS-Ga-
interacting protein (GAIP), and RGSZ2 (Doupnik et al., 2001). Embryonic derived stem
cells (EDSCs) containing either mutant Gaiz or G, that are insensitive to RGS regulation
revealed exaggerated GIRK-dependent signaling, suggesting a negative regulatory role
for RGS proteins in GPCR-GIRK signaling (Fu et al., 2006). RGS6 in particular has
emerged as the critical negative regulator of cardiac M;R-GIRK signaling. RGS6 is a
member of the R7 RGS family which forms obligate dimers with the atypical GB subunit
Gp5. Ablation of RGS6 results in delayed GIRK channel deactivation kinetics and
increased channel sensitivity to muscarinic receptor activation (Posokhova et al., 2010;
Wydeven et al., 2014b; Yang et al., 2010a).

In addition to RGS6, both RGS4 and RGS5 have been identified as potential
regulators of cardiac GIRK signaling. RGS4 has been shown to associate with GIRK
channels and regulate GIRK-dependent signaling in reconstituted cell systems (Inanobe
et al., 2001). SAN cells from mice lacking RGS4 display decreased GRK-independent
7desensitization and prolonged activation and deactivation of GIRK-dependent currents
compared to recordings in SAN cells from wild-type mice (Cifelli et al., 2008). However,
an additional study was not able to replicate these findings and identified RGS6 as the
dominant regulator of GIRK dependent signaling in nodal/atrial tissue (Wydeven et al.,
2014b). Intriguingly, concurrent genetic ablation of RGS4 along with RGS6 results in a
partial rescue of the phenotypes observed in Rgs6”~ SAN cells (Wydeven et al., 2014b).
In addition to RGS4 and RGS6, RGS5 and RGS10 have also been suggested to play a
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role in GIRK-dependent signaling (Bender et al., 2008; Qin et al., 2016). Altogether, RGS

proteins have an interwoven set of roles in modulating GIRK signaling in cardiac tissue.

1.3.3 Role of GIRK channels in cardiomyocyte excitability

GIRK channels are highly expressed in SAN and AVN cells and are critical
mediators of Gy, coupled GPCRs present in these tissues (DiFrancesco et al., 1989;
Meijler and Janse, 1988; Mesirca et al., 2013; Nishimura et al., 1988; Noma and
Trautwein, 1978). Activation of muscarinic receptors in SAN cells results in
hyperpolarization and a reduction in the firing rate, ultimately slowing HR. GIRK channels
are also the main mediators of the hyperpolarization and firing rate slowing effects of A1R
activation in rabbit SAN cells (Belardinelli et al., 1988). Initial electrophysiological
assessments aimed at teasing out the HR slowing actions of ACh in rabbit SAN cells
revealed a reversal potential of ACh-induced currents which resembled a K* conductance
distinct in gating and conductance properties from resting IRK channels in atrial and
ventricular cells (Noma and Trautwein, 1978; Sakmann et al.,, 1983) with similar
observations in rabbit and guinea pig AVN cells (Nishimura et al., 1988; Yuill and Hancox,
2002). DiFrancesco and colleagues later identified a concentration-dependence of ACh
on downstream effectors where low concentrations predominantly inhibit Ir yet
approximately 20 times higher concentrations are required for GIRK channel activation
(DiFrancesco et al., 1989). More recent work using Girk4™ mice showed that SAN cells
lacking GIRK4 displayed significantly blunted pacemaker rate reduction upon application
of ACh (Mesirca et al., 2013).

In addition to their role in modulating the beating rate and conduction of nodal
cells, GIRK channels are highly expressed in atrial tissue and play a critical role in
mediating atrial myocyte excitability (Calloe et al., 2013; Gaborit et al., 2007; Wang et al.,
2013b). Single channel recordings in isolated mouse atrial myocytes revealed classic
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rectification characteristics and GIRK single channel properties (Wickman et al., 1998).
Furthermore, this current was activated by either ACh or GTPyS and absent in atrial
myocytes from mice lacking GIRK4 (Wickman et al., 1998). Studies in isolated canine and
rat atrial preparations revealed profound shortening of APD, ERP, and lowering of RMP
upon application of ACh or the A;R agonist N6-Cyclopentyladenosine (CPA) (Calloe et al.,
2013; Wang et al., 2013b). CPA elicits a similar impact on rat atrial APD, ERP and RMP
(Wang et al., 2013b) Notably, the effects of ACh and CPA perfusion on rat atrial
preparations were reversed upon application of TTQ, suggesting GIRK-dependence
(Wang et al., 2013b).

While it is commonly accepted that GIRK channels contribute to the actions of ACh
in nodal cells and atrial myocytes, the degree to which GIRK channels mediate the effects
of parasympathetic activation on HR dynamics and associated arrhythmias is less clear.
As detailed in Figure 1.4, muscarinic receptor activation results in the modulation of a
number of ion channels which include I+ and Ica.. The degree to which Ir and lcay
modulation regulates HR remains unclear. The use of parasympathetic mimetic
compounds or indirect activation of the vagus nerve via the baroflex in global Girk4™~ mice
has suggested that approximately half of the effects of parasympathetic signaling on HR
are mediated through cardiac GIRK channels (Mesirca et al., 2013; Wickman et al., 1998).
However, these results are confounded by compound selectivity issues and constitutive
knockout models. Therefore, more specific and direct manipulations are necessary to fully
elucidate the contribution of GIRK channels to parasympathetic regulation of HR
dynamics.

Similar to initial observations reporting minimal or absent vagal innervation of the
ventricles, GIRK channels were thought to be expressed solely in atrial and nodal tissue,
therefore playing little to no role in ventricular function. However, more recent work has
called this point into contention. Table 1 summarizes key previous efforts to investigate
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the expression of GIRK channel subunits in ventricular tissue of various mammalian
species. While some studies reported no detectable GIRK subunit expression levels,
others utilizing more sensitive techniques found evidence of low expression in some
mammalian species. For example, efforts to locate GIRK1 subunit expression using
immunofluorescence in tissue sections from rat, ferret and guinea pigs showed no
signaling for GIRK1 (Dobrzynski et al.,, 2001, Dobrzynski et al., 2002). However,
immunocytochemistry on isolated ventricular myocytes from ferrets and rats did show
labeling for GIRK1 (Dobrzynski et al., 2001, Dobrzynski et al., 2002). Furthermore, single
channel recordings in mammalian isolated ventricular myocytes have revealed ACh-
dependent responses with gating characteristics resembling GIRK channels (Koumi and
Wasserstrom, 1994). Notably, these responses were significantly less sensitive to ACh in
recordings from isolated human ventricular myocytes as compared to atrial counterparts
(Koumi and Wasserstrom, 1994). Therefore, it appears that GIRK channels may be
present in mammalian ventricular tissue, although at far more sparse levels in comparison

to levels found in atrial and nodal tissue.
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Table 1.1: Summary of key previous efforts investigating GIRK channel presence in the

mammalian ventricle

Species | Technique ' Conclusion ' Reference(s)
Mouse Immunohistochemistry = Yes, ventricular (Liang et al., 2014)
detection
Rat Northern blot analysis | No (Dobrzynski et al.,
of Kir3.1 mRNA presence/detection 2002)
Western blot Yes, if total protein (Dobrzynski et al.,
increased 2001)
RT-PCR Yes, ventricular (McGrath and de
detection Bold, 2009)
Immunocytochemistry | Weak/to no detection | (Dobrzynski et al.,
2001)
Immunohistochemistry | Yes, ventricular (Liang et al., 2014)
detection
Immunohistochemistry | No (Dobrzynski et al.,
presence/detection 2001)
Whole-cell Presence of ACh- (Beckmann et al.,
electrophysiology dependent response | 2008)
Whole-cell Presence of ACh- (McMorn et al., 1993)
electrophysiology dependent response
Guinea pig Northern blot analysis | No (Dobrzynski et al.,
of Kir3.1 mRNA presence/detection 2002)
Immunohistochemistry | No (Dobrzynski et al.,
presence/detection 2001)
Whole-cell Presence of ACh- (Koumi and
electrophysiology dependent response | Wasserstrom, 1994)
Cat Whole-cell Presence of ACh- (Koumi and
electrophysiology dependent response | Wasserstrom, 1994)
Dog Kir3.1 PCR products Yes, ventricular (Dobrzynski et al.,
detection 2002)
Ferret Kir3.1 PCR products Yes, ventricular (Dobrzynski et al.,
detection 2002)
Immunohistochemistry | No (Dobrzynski et al.,
presence/detection 2002)
Immunohistochemistry | No (Dobrzynski et al.,
presence/detection 2001)
Immunocytochemistry | Yes, ventricular (Dobrzynski et al.,
detection 2002)
Whole-cell Presence of ACh- (Boyett et al., 1988)
electrophysiology dependent response
Human Western blot Yes, ventricular (Yang et al., 2010b)
detection
Immunohistochemistry = Yes, ventricular (Liang et al., 2014)
detection
Whole-cell Presence of ACh- (Koumi and
electrophysiology dependent response | Wasserstrom, 1994)
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The degree of which GIRK channels in contribute to the effects of muscarinic
activation on ventricular myocyte contractility and excitability is less clear. Initial work
characterized the actions of muscarinic receptor activation in ventricular tissue being
largely dependent on indirect inhibition of Ca?* channels and were only observed in the
presence of pB-adrenergic stimulation (Harvey and Belevych, 2003). More recent work,
however, has shown that recordings from isolated mouse right ventricle demonstrated
perfusion of ACh shortened APD and lowered RMP (Liang et al., 2014). This effect was
reversed by the selective GIRK channel inhibitor TTQ and absent in parallel recordings
from Girk4™" mice. In isolated rat papillary muscle, a similar shortening of APD and
decrease in RMP was seen upon perfusion of CPA (Liang et al., 2014). Again, these
effects were reversed upon perfusion of TTQ. Further experiments investigating basal
activity of GIRK channels in the isolated papillary muscle perfused only TTQ and observed
a slight, yet significant, prolongation of APD and rise in RMP. Similar results were seen in
Langendorf-perfused isolated rat hearts. A reduction in APD and ERP was seen upon
perfusion of either ACh or CPA which was reversed by the co-perfusion of TTQ (Liang et
al., 2014). ECG recordings in anesthetized mice both showed ventricular ERP was
prolonged at baseline and after muscarinic stimulation upon genetic ablation of GIRK4
(Kovoor et al., 2001). Together, these results suggest that GIRK channels may contribute

to the effects of inhibitory G protein activation in ventricular tissue.

1.3.4 Cardiac GIRK channels as novel therapeutic targets

GIRK channel activity in the atria has been widely implicated in the pathogenesis
of AF. Direct vagus nerve stimulation (VNS) has been used to both provoke and sustain
AF in many mammalian species, due to heterogenous shortening of APD and ERP
(Manolis et al., 2020; Zhu et al., 2019). Interestingly, application of TTQ has been shown
to terminate both pharmacologically- and VNS- induced AF, suggesting that GIRK
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channels may be mediators of the arrhythmic effects of parasympathetic activation
(Hashimoto et al., 2006). Further evidence includes observations that higher levels of
constitutive GIRK channel activity, yet reduced GPCR-induced GIRK channel activity, are
observed in human patients with AF (Voigt et al., 2014). Work using a combination of
optical mapping and immunoblotting found that regions of the human atria with Ado-
induced AF initiation are localized to areas with high A1R and GIRK expression (Li et al.,
2016). These observations are in line with findings in Rgs6” mice, which display an
increased susceptibility to pacing-induced AF linked to increased GIRK channel activity
(Posokhova et al., 2013). Conversely, genetic ablation of Girk4 in mice has been shown
to confer resistance to pacing-induced AF (Kovoor et al., 2001). Overall, these studies
suggest that GIRK channels play a role in the pathogenesis of AF.

In addition to AF, GIRK channel activity has been linked to nodal rhythm disorders.
Recent work in human patients with familial sinus node dysfunction has revealed a
mutation in GNB2, which encodes Gp2 and results in exaggerated GIRK dependent
signaling (Kuf3 et al., 2019; Stallmeyer et al., 2017). Additional work in rodent models of
nodal dysfunction has demonstrated the therapeutic potential of cardiac GIRK channel
inhibition. Sinus bradycardia in the rat, elicited by chemical ablation of the SAN, is partially
recovered upon genetic knockdown of GIRK1 (Li et al., 2017). Furthermore, mice lacking
L-type Ca?* channel 1.3 (Cav1.3™") display many hallmarks of sick sinus syndrome such
as bradycardia and AV (Mesirca et al., 2016a, 2016b) which are rescued upon genetic
ablation of Girk4. Similarly, expression of a dominant-negative, non-conductive HCN4-
channel subunit (hHCN4-AYA) resulting in a loss of |; activity results in severe nodal
dysfunction which is also rescued upon removal of GIRK4 (Mesirca et al., 2014, 2016a).
Collectively, these studies highlight the potential of targeting cardiac GIRK channels as a

therapeutic intervention for nodal dysfunction.
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It has long been assumed that due to the minimal/lack of GIRK channel expression
in the ventricle, targeted inhibition of cardiac GIRK channels could provide a safe,
selective treatment for supraventricular arrhythmias. However, recent work has identified
a mutation in GIRK4 that impairs membrane trafficking of the channel (Yang et al., 2010b).
This trafficking impairment results in a loss of channel function associated with type 13
Long QT syndrome (LQTS13) (Wang et al.,, 2013a; Yang et al.,, 2010b). Therefore,
thorough investigation of the impact of GIRK channels on ventricular physiology is

necessary to fully understand the therapeutic potential of targeting cardiac GIRK channels.

1.4 Summary

GIRK channels represent a crucial downstream effector of parasympathetic
signaling to the heart; however, several gaps in knowledge in the current literature still
remain. The goal of my thesis work is to investigate the details of GIRK-dependent
signaling in the context of cardiac physiology. In Chapter 2, | probe the specific
contribution of atrial GIRK channels in mediating the effects of direct VNS on HR, HRYV,
and arrhythmia susceptibility in the mouse using a novel atrial-specific knockout line. | next
present work in Chapter 3 which characterizes GIRK-dependent signaling in the mouse
ventricle and utilized a novel ventricular-specific knockout line to determine its contribution
to ex vivo and in vivo ventricular physiology. Based on evidence of therapeutic potential
of GIRK channels described in Chapters 2 and 3, GIRK channels represent an attractive
therapeutic target for the treatment of relevant cardiac rhythm disorders. Therefore, in
Chapter 4, | provide an initial, preclinical assessment of a novel inhibitor that is selective
to cardiac GIRK channels over neuronal GIRK channels. Lastly, in Chapter 5, | expand
on previous work detailing regulation of M;R-GIRK signaling by RGS6 in the SAN to

explore its role in mediating AiR-GIRK signaling. These studies revealed intriguing

30



insights into the role of RGS6 in mediating functional compartmentalization of GPCR-
GIRK channel signaling in the SAN. Altogether, work contained in this dissertation
highlights the integral role GIRK channel signaling plays in mediating parasympathetic
influence on HR and represents an attractive therapeutic target for the development of

efficacious and safe treatments for cardiac arrhythmias.
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Chapter 2
Atrial GIRK channels mediate the effects of vagus
nerve stimulation on heart rate dynamics and

arrhythmogenesis.

Lee S*, Anderson A*, Guzman PA, Nakano A, Tolkacheva E, Wickman K (2018). Atrial
GIRK channels mediate the effects of vagus nerve stimulation on heart rate dynamics and

arrhythmogenesis. Front. Physiol. 9:943. (*equal contributors)
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2.1 Introduction

The parasympathetic and sympathetic branches of the ANS work antagonistically
to maintain cardiovascular homeostasis (Gordan et al., 2015). Autonomic dysregulation,
characterized by excessive sympathetic activation and diminished parasympathetic
influence, is central to the pathogenesis of cardiovascular diseases including heart failure
and hypertension (Bibevski and Dunlap, 2011; Mancia and Grassi, 2014; Schwartz and
De Ferrari, 2011). Efferent fibers of the vagus nerve provide the parasympathetic
innervation to the heart, and VNS has shown promise in the treatment of cardiovascular
diseases, including heart failure and hypertension (Beaumont et al., 2015; Petkovich et
al., 2015; Premchand et al., 2016; Smith et al., 2016; Xie et al., 2014). As a result, there
is renewed interest in understanding the cell signaling pathways that mediate the impact
of VNS on cardiac physiology.

Parasympathetic regulation of HR is mediated via release of ACh, which activates
cardiac muscarinic M2 receptors (MzR) on SAN and AVN cells, and atrial myocytes (Dhein
et al., 2001). MzR activation stimulates inhibitory G proteins, which suppress the activity
of the HCN (pacemaker or “funny” current, Is) and L-type Ca?* channels (Ica.) (Difrancesco,
2010; DiFrancesco et al., 1989; DiFrancesco and Borer, 2007; Kozasa et al., 2018;
Mangoni and Nargeot, 2008; Zaza et al., 1996), and activate GIRK channels (Dhein et al.,
2001; Logothetis et al., 1987; Wickman et al., 1994). The atrial GIRK channel, often
referred to as lkach, is a heterotetrameric complex composed of homologous subunits —
GIRK1/Kir3.1 and GIRK4/Kir3.4 — in 1:1 stoichiometry (Corey et al., 1998; Krapivinsky et
al., 1995a). Ventricular myocytes also express a GIRK1/GIRK4 channel, albeit at lower
levels than in atrial myocytes, and this channel mediates the impact of cholinergic agonists

on APD and the excitability of ventricular myocytes (Anderson et al., 2018 (Chapter 3);
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Dobrzynski et al., 2001, 2002; Koumi et al., 1997; Liang et al., 2014; Posokhova et al.,
2010).

The extent to which the various cardiac conductances (I, lca, GIRK) contribute to
the parasympathetic influence on HR dynamics is unclear. Previous studies investigating
the role of GIRK channels have used pharmacological tools to mimic parasympathetic
activation in constitutive/global knockout mice lacking either GIRK1 (Girk1™"; (Bettahi et
al., 2002)) or GIRK4 (Girk4™"; (Wickman et al., 1998)). Loss of either subunit eliminates
the GIRK current in atria and ventricular myocytes (Anderson et al., 2018; Bettahi et al.,
2002; Mesirca et al., 2013; Posokhova et al., 2013; Wickman et al., 1998), and yields a
comparable attenuation of HR responses to systemic administration of
parasympathomimetic agents (Bettahi et al., 2002). For example, experiments involving
the administration of the a1 adrenergic receptor agonist methoxamine, which evokes a
baroreflex-mediated increase in parasympathetic input to the heart, suggested that GIRK
channel activation accounts for approximately half of the bradycardic effect of indirect
parasympathetic activation in awake mice (Bettahi et al., 2002; Wickman et al., 1998).

While direct perfusion of isolated hearts from wild-type and Girk4™""

mice with relatively
high concentrations of ACh (0.3—10 uM) yielded similar results, the bradycardic effect of
lower ACh concentrations was comparable in these hearts (Mesirca et al., 2013). Thus,
the mediators of parasympathetic influence on HR dynamics may differ depending on the
type and intensity of pharmacological stimulation, and the model systems used to evaluate
their impact.

While the vagal nerve innervation of atrial and nodal tissue is well-established,
vagal innervation of the ventricle has also been reported (Coote, 2013). The relative
contribution of atrial and ventricular GIRK channels to the parasympathetic regulation of
the heart has not been fully elucidated. Moreover, GIRK1 and GIRK4 are expressed in the

hypothalamus, and GIRK4 has been detected specifically in the PVN of the hypothalamus
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(Karschin et al., 1996; Lujan and Aguado, 2015; Perry et al., 2008; Wickman et al., 2000),
a region that regulates cardiac vagal neurons in the brainstem (Dyavanapalli et al., 2016;
Pifiol et al., 2014). Thus, the impact of Girkl or Girk4 ablation on HR dynamics following
pharmacological stimulation of the baroreflex could be due to loss of GIRK channel activity
in a central regulator(s) of autonomic function. In this study, we used direct VNS, and new
atrial- and ventricle-specific models of GIRK channel ablation, to probe the contribution of
cardiac GIRK channels to the parasympathetic regulation of HR, HRV, and
arrhythmogenesis. Our findings suggest that the impact of direct VNS on cardiac
physiology in anesthetized mice is attributable primarily to activation of atrial GIRK

channels.
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2.2 Methods

Animals. All experiments were performed in accordance with the guidelines set
forth by the National Institutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the University of Minnesota Institutional Animal Care and Use
Committee. C57BL/6J mice and B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J
(Ail4-tdTomato) reporter mice were purchased from The Jackson Laboratory (Bar Harbor,

ME, United States). The generation of constitutive Girk4™"

mice, as well as mice lacking
GIRK1 in ventricular tissue (MLC2VCre(+):Girk1"™ and their control littermates
(MLC2VCre(-):Girk1™), was described previously (Anderson et al., 2018 (Chapter 3);
Wickman et al., 1998). To generate mice lacking GIRK1 in atrial tissue, conditional Girk1
knockout mice (Girk1" mice; (Marron Fernandez de Velasco et al., 2017a)) were crossed
with an atrial-specific Cre driver line (SLNCre mice; (Nakano et al.,, 2011)).
SLNCre(+):Girk1"" mice, and their control littermates (SLNCre(-):Girk1"™), were used in
this study. All mice were housed in a quiet, temperature- and humidity-controlled room
with a 12:12 h light-dark cycle. Food and water were available ad libitum.

Microscopy. Mice were injected intraperitoneally (1.P.) with heparin (250 U) and
then anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). Hearts were then
excised, fixed, and sectioned as described (Anderson et al., 2018) (Chapter 3). Once
sections were mounted and stained with ProLong Gold Antifade reagent with DAPI
(Thermo Fisher Scientific, Waltham, MA, United States), fluorescent images were
captured and processed as described (Anderson et al., 2018) (Chapter 3).

Cardiomyocyte Culture and Electrophysiology. Adult (8—12 weeks) SAN cells and
ventricular myocytes were isolated as described (Anderson et al., 2018) (Chapter 3) and
used within 8 h of isolation. Coverslips containing SAN cells or ventricular myocytes were

transferred to a perfusion chamber and electrophysiological recordings were conducted
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as described (Anderson et al., 2018). In brief, whole-cell access was obtained in a bath
consisting of (in mM): 130 NaCl, 5.4 KCI, 1 CaCl,, 1 MgCl,, 5.5 glucose, 5 HEPES/NaOH
(pH 7.4). CCh-currents (holding potential of -70 mV) were measured in a high-K* bath
solution consisting of (in mM): 120 NaCl, 25 KCI, 1 CaCl,, 1 MgCl,, 5.5 glucose, 5
HEPES/NaOH (pH 7.4). CCh was applied via ValveLink 8.2 rapid perfusion system
(AutoMate Scientific, Berkeley, CA, United States). BaCl, (5 uM) was included in the bath
solution for ventricular myocyte recordings to block Iki, which has been shown to mask
GIRK-dependent currents (Beckmann et al.,, 2008). Studies using these recording
conditions, and Girk1™" and/or Girk4™ mice, have shown definitively that the inward
currents evoked by cholinergic agonists are mediated entirely by GIRK channel activation
(Anderson et al., 2018 (Chapter 3); Bettahi et al., 2002; Posokhova et al., 2013). Steady-
state CCh-induced currents (pA) were normalized to cell capacitance (pF), and
experiments that did not have stable, low access resistances (<20 MQ) were not included.

ECG Recordings in SLNCre:Girk1" Mice. Male and female SLNCre(-):Girk1" and
SLNCre(+):Girk1" mice (8-12 weeks) were anesthetized with 1.5% isoflurane
supplemented with an air mixture of 40% O2/60% N to sustain stable HR. ECG electrodes
were placed subcutaneously into the limbs, and ECG data were acquired with an IX-ECG-
12 ECG recorder (iWorx Systems, Inc., Dover, NH, United States). Baseline ECG data
were recorded for 10 min, at which point CCh was administered (1.0 mg/kg IP). Baseline
(9-10 min) and post-CCh (15-16 min) HR and HRV analysis was performed using Kubios
HRYV software (Tarvainen et al., 2014). Artifact detection/correction was utilized to detect
RR intervals and reduce the impact of ectopic beats and instances of AV block on HR and
HRYV analysis.

Vagus Nerve Bipolar Cuff Electrode Implantation and ECG Recording. Male and
female mice (8-12 weeks) were anesthetized with isoflurane (5% for induction and 1.5%
for maintenance). After hair removal and skin cleaning, aseptic technique was used to
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make a ventral midline incision in the neck, and the skin and muscles were retracted. After
identifying and isolating the right vagus nerve, a custom helical lead bipolar cuff electrode
(Cyberonics, Inc., Houston, TX, United States) was implanted around the nerve (Lee et
al., 2016; Xie et al., 2014). The electrode was then connected to the Demipulse Model
103 VNS pulse generator (Cyberonics, Inc.). For VNS experiments, 1 min of baseline ECG
was recorded (PRE). Subsequently, VNS (0.25 mA, 10 Hz, and 500 ps) was delivered for
1 min (ON). ECG data were then acquired for 1 min immediately after VNS cessation
(POST). Each experiment concluded with PRE, ON, and POST ECG measurements
conducted 10 min after administration of atropine (2.0 mg/kg IP).

Analysis of VNS ECG Recordings. ECG recordings were used to quantify changes
in HR and HRV due to VNS throughout the study using Kubios HRV software. All values
were averaged over 1 min PRE and ON periods of VNS stimulation. Noisy data segments,
premature atrial complexes, and arrhythmic episodes were excluded, and only steady-
state data after initial adjustment of the HR to VNS were used for analysis. To account for
inter-subject variations in baseline HR, the chronotropic effect of VNS was determined by
calculating a relative change in HR (AHRON) as follows:
AHRON=(HRON-HRPREHRPRE)*x100% where HRON and HRPRE are the mean HR
during the VNS ON and PRE periods, respectively. HRV was calculated as the ratio
between the standard deviation of RR intervals (SDRR) to mean of RR intervals (mean
RR), as described (Mcintyre et al., 2014): HRV=(SDRRMean RR)x100%. The number of
mice that exhibited arrhythmic episodes was also quantified during both PRE and ON
periods. An arrhythmic episode was defined as any of the following episodes: (i) skipped
beats, (ii) bigeminy, (iii) bradycardia (HR at least 25 bpm less than the mean PRE or ON
HR, lasting for more than 2 s), and (iv) tachycardia (HR at least 25 bpm more than the

mean PRE or ON HR, lasting for more than 2 s). Premature atrial complexes were not
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considered arrhythmic episodes as they were observed during VNS regardless of
genotype, and frequently occur under healthy conditions (Shindler and Kostis, 2009).
Statistical Analysis. All data are presented as mean + SEM. Student’s t-test, two-
way ANOVA with repeated measures, and Fisher’'s exact test were used as appropriate
(GraphPad Software, Inc., La Jolla, CA, United States). For studies involving two-way
ANOVA analysis, interactions are reported if detected. Post hoc analysis (Bonferroni
multiple comparison) was used when appropriate. The level of significance was set at P <

0.05.
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2.3 Results

2.3.1 Generation and Characterization of an Atrial-Specific Girk” Mouse Line
In a recent study, we reported the development and characterization of a ventricle-
specific Girk1™ mouse (MLC2VCre:Girk1") that lacked ventricular GIRK channel activity

(Anderson et al., 2018) (Chapter 3). To generate an atrial-specific Girk1™

line, we
crossed conditional Girkl knockout mice (Girk1": (Marron Fernandez de Velasco et al.,
2017a)) with an atrial-specific Cre driver line (SLNCre; (Nakano et al., 2011)). The atrial
specificity of Cre-dependent recombination in the SLNCre driver line was validated by
crossing this line with a Cre-dependent fluorescent reporter mouse (Ail4-tdTomato)
(Figure 2.1A,B).

To test whether atrial GIRK channel activity was lost in SLNCre(+):Girk1" mice,
we measured whole-cell currents evoked by the non-selective muscarinic receptor agonist
carbachol (CCh) in SAN cells from adult Cre(+) and Cre(-) littermates. CCh-induced
current density was significantly smaller in SAN cells from SLNCre(+):Girk1" mice when
compared to SLNCre(-):Girk1™ littermates (Figure 2.1C,D). The small residual CCh-
induced current seen in SLNCre(+):Girk1"™ SAN cells is likely due to the presence of
residual GIRK4 homomeric channels (Corey and Clapham, 1998)). Importantly, CCh-
induced current densities were comparable in adult ventricular myocytes from
SLNCre(+):Girk1"and SLNCre(-):Girk1" mice (Figure 2.1E).

Constitutive Girk1™ and Girk4™ mice exhibit blunted HR and HRV responses to
cholinergic agonists (Anderson et al., 2018; Bettahi et al., 2002; Kovoor et al., 2001,
Wickman et al., 1998). To discern whether these effects are mediated by activation of
atrial GIRK channels, we recorded ECGs in anesthetized SLNCre(-):Girk1" and
SLNCre(+):Girk1" mice, before and after administration of CCh (1.0 mg/kg |.P.) (Figure

2.2A). We observed no differences in baseline HR or HRV between SLNCre(-):Girk1""
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and SLNCre(+):Girk1" mice (Figure 2.2B,C). CCh-induced bradycardia, while present,
was smaller in SLNCre(+):Girk1" mice than in SLNCre(-):Girk1™ littermates (Figure
2.2B). In addition, the CCh-induced increase in HRV in control SLNCre(-):Girk1"" mice
was absent in SLNCre(+):Girk1" mice (Figure 2.2C). Thus, mice lacking atrial GIRK
channels exhibit diminished HR and absent HRV responses to CCh challenge,

reminiscent of phenotypes reported in Girk1” and Girk4™ mice.
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Figure 2.1. Characterization of an atrial-specific Girk”-mouse line.

(A,B) SLNCre(-) and SLNCre(+) mice were crossed with the Cre-dependent fluorescent
reporter strain, Ail4-tdTomato. Representative sections stained with DAPI (Left), and
associated tdTomato fluorescence (Right), in hearts from SLNCre(-) (Top) and SLNCre(+)
(Bottom) offspring. (C) Representative whole-cell currents (Vhoa = =70 mV) evoked by
carbachol (CCh, 10 uM) in a high-K* bath solution in adult SAN cells from SLNCre(—
):Girk1" and SLNCre(+):Girk1" mice. Scale bars: 1 nA/10 s. (D,E) Summary of CCh-
induced currents in adult SAN cells (t47 = 11.3; ***P < 0.001; n = 24-25/genotype) and
ventricular myocytes (VM; t1 = 0.6; P = 0.54; n = 11-12/genotype) from SLNCre(—
):Girk1"and SLNCre(+):Girk1"" mice.
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Figure 2.2. Impact of atrial GIRK channel ablation on HR and HRV responses to
carbachol.

(A) Representative segments of ECG recordings from anesthetized SLNCre(-):Girk1""
and SLNCre(+):Girk1" mice, at baseline (Top) and following administration of CCh (1.0
mg/kg |.P.; Bottom). (B) Summary of HR data at baseline (base) and after CCh injection
for SLNCre(-):Girk1" (n = 7) and SLNCre(+):Girk1" (n = 8) mice. Two-way ANOVA
analysis revealed an interaction between genotype and treatment (F113=38.6; P < 0.001).
Symbols: *P < 0.05 and ***P < 0.001, vs. baseline (within genotype); **P < 0.001 vs.
SLNCre(-):Girk1" (within treatment). (C) Summary of HRV data at baseline (base) and
after CCh injection for SLNCre(-):Girk1" (n = 7) and SLNCre(+):Girk1" (n = 8) mice. HRV
was calculated as the ratio of standard deviation of RR to mean RR (see section “3.2
Materials and Methods”). Two-way ANOVA analysis revealed an interaction between
genotype and treatment (F113= 5.4; P < 0.05). Symbols: *P < 0.05 vs. baseline (within
genotype); #P < 0.01 vs. SLNCre(-):Girk1"" mice (within treatment).
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2.3.2 Impact of Whole-Heart and Tissue-Specific GIRK Channel Ablation on Baseline
HR and HRV

We next evaluated HR and HRV prior to and during acute VNS in anesthetized
SLNCre(+):Girk1™ and SLNCre(-):Girk1"™ mice, and MLC2VCre(+):Girk1"™ and
MLC2VCre(-):Girk1"" mice. These studies also involved wild-type and constitutive Girk4 ™"
mice, which lack cardiac GIRK channels (whole-heart ablation). We did not observe a
difference in baseline HR or HRV between wild-type and Girk4™ mice (Figure 2.3A,B).
Similarly, there were no significant differences in baseline HR and HRV between SLNCre(-
):Girk1" and SLNCre(+):Girk1" mice, or MLC2VCre(-):Girk1" and MLC2VCre(+):Girk1""

mice (Figure 2.3A,B).

2.3.3 Whole-Heart and Tissue-Specific GIRK Channel Ablation and VNS-Induced
Bradycardia

We next assessed the impact of whole-heart or tissue-specific GIRK channel
ablation on the bradycardic effects of acute VNS, by comparing the relative change in HR
evoked by VNS (AHRon). Acute VNS suppressed HR by more than 40% in anesthetized
wild-type mice, but had litle impact on HR in Girk4” mice (Figure 2.4C).
SLNCre(+):Girk1™ mice also displayed minimal VNS-induced bradycardia relative to
SLNCre(-):Girk1" controls (Figure 2.4A—-C). In contrast, the VNS-induced decrease in
HR was comparable between MLC2VCre(+):Girk1" and MLC2VCre(-):Girk1fl/fl mice
(Figure 2.4C). After VNS was terminated, HR values returned to baseline for all genotypes
(data not shown). To determine if the bradycardic effect of VNS was dependent on
muscarinic receptor activation, we also evaluated the impact of VNS on HR following
administration of atropine (2.0 mg/kg I.P.). In the presence of atropine, VNS had no effect

on HR in any of the genotypes evaluated (Figure 2.4D). Collectively, these findings
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suggest that VNS-induced bradycardia in anesthetized mice is mediated predominantly

by the muscarinic receptor-dependent activation of atrial GIRK channels.

2.3.4. Whole-Heart and Tissue-Specific GIRK Channel Ablation and VNS-Induced
Increase in HRV

We next examined the impact of VNS on HRV in whole-heart and tissue-specific
Girk™ mice. VNS evoked a significant increase in HRV in wild-type and SLNCre(-):Girk1""
mice, and this effect was absent in both constitutive Girk4™ and SLNCre(+):Girk1"" mice
(Figure 2.5A,B). In contrast, the increase in HRV induced by VNS was similar in both
MLC2VCre(-):Girk1"and MLC2VCre(+):Girk1" mice (Figure 2.5B). Atropine blocked the
VNS-induced increase in HRV in wild-type, SLNCre(-):Girk1"™ MLC2VCre(-):Girk1"" and
MLC2VCre(+):Girk1" mice (Figure 2.5C). Thus, the VNS-induced increase in HRV in
mice appears to be mediated predominantly through the muscarinic receptor-dependent

activation of atrial GIRK channels.
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Figure 2.3. Impact of whole-heart and tissue-specific GIRK channel ablation on

baseline HR

and HRV.

(A) Summary of baseline HR data. There were no significant differences in baseline HR
between wild-type (n = 10) and Girk4™ (n = 10) mice (t1s = 1.0; P = 0.32), SLNCre(-
):Girk1™ (n = 6) and SLNCre(+):Girk1" (n = 5) mice (tv = 1.1; P = 0.29), or MLC2VCre(—
):Girk1™ (n = 6) and MLC2VCre(+):Girk1" (n = 8) mice (ti2 = 0.7; P = 0.51). (B) Summary
of baseline HRV data. There were no significant differences in HRV between wild-type (n
= 10) and Girk4™ (n = 10) mice (t1s = 1.2; P = 0.23), SLNCre(-):Girk1" (n = 5) and
SLNCre(+):Girk1™ (n = 5) mice (ts = 1.1, P = 0.32), or MLC2VCre(-):Girk1" (n = 6) and
MLC2VCre(+):Girk1" (n = 8) mice (t2 = 0.32; P = 0.76).
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Figure 2.4. Impact of whole-heart and tissue-specific GIRK channel ablation on VNS-
induced decrease in HR.

(A,B) Representative ECG segments from anesthetized SLNCre(-):Girk1" (Top) and
SLNCre(+):Girk1™ (Bottom) mice prior to (PRE, Left), during (ON, Middle), and after
(POST, Right) VNS. The small spikes observed during VNS (ON) correspond to electrical
stimulation artifacts. (C) Relative change in HR (AHRon) during VNS. A significant
difference in AHRon was observed between wild-type (n = 9) and Girk4™ (n = 10) mice
(ti7 = 6.5; ***P < 0.001), as well as SLNCre(-):Girk1" (n = 6) and SLNCre(+):Girk1" (n =
5) mice (ty = 3.9; **P < 0.01). No difference was seen between MLC2VCre(-):Girk1"" (n =
6) and MLC2VCre(+):Girk1" (n = 8) mice (t12 = 0.95; P = 0.36). (D) Relative change in HR
(AHRon) during VNS, in the presence of atropine (2.0 mg/kg I.P.). There were no
significant differences between wild-type (n = 4) and Girk4™ (n = 6) mice (ts = 0.6; P =
0.59), SLNCre(-):Girk1" (n = 6) and SLNCre(+):Girk1" (n = 4) mice (ts = 0.2; P = 0.82),
and MLC2VCre(-):Girk1" (n = 6) and MLC2VCre(+):Girk1" (n = 4) mice (ts = 0.2, P =
0.88).
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Figure 2.5. Impact of whole-heart and tissue-specific GIRK channel ablation on VNS-
induced increase in HRV.

(A) Typical RR tachograms extracted from ECG recordings while VNS was on, comparing
beat-to-beat changes in RR intervals between SLNCre(-):Girk1" (Top) and
SLNCre(+):Girk1"" (Bottom) mice. (B) Summary of mean HRV data at baseline and during
VNS. Two-way ANOVA analysis revealed an interaction between genotype and treatment
between wild-type (n = 8) and Girk4™" (n = 10) mice (F1.16= 20.3; P < 0.001), and between
SLNCre(-):Girk1"(n = 6) and SLNCre(+):Girk1"" (n = 5) mice (F1.0=12.8; P < 0.01). There
was a significant main effect of treatment (F1,12 = 44.0; P < 0.001) between MLC2VCre(-
):Girk1™ (n = 6) and MLC2VCre(+):Girk1" (n = 8) littermates, but no main effect of
genotype (F112=4.2; P = 0.06) or interaction between genotype and treatment (F112= 3.2;
P = 0.10). Symbols: *P < 0.05, *P < 0.01, and **P < 0.001, vs. PRE (within genotype);
##P < 0.001, wild-type vs. Girk4™" (within treatment); *P < 0.01, SLNCre(-):Girk1" vs.
SLNCre(+):Girk1"" (within treatment). (C) Summary of mean HRV data at baseline and
during VNS, following atropine administration. In wild-type (n = 4) and Girk4™" (n = 6) mice,
there was a main effect of treatment (F1s= 5.7, P < 0.05), however, post hoc analysis did
not reveal any significance within either genotype. There was no main effect of genotype
(F1e=2.0, P =0.19), or interaction between genotype and treatment (F1s=3.2; P =0.11),
in wild-type and Girk4” mice as well. There was no main effect of treatment (F1g = 0.1, P
= 0.76) or genotype (F1g= 0.53, P = 0.49), and no interaction between treatment and
genotype (F1s= 3.5, P = 0.1), in SLNCre(-):Girk1" (n = 6) and SLNCre(+):Girk1"" (n = 4)
mice. There was no main effect of treatment (F17= 0.45, P = 0.52) or genotype (F17 =
0.79, P = 0.40), and no interaction between treatment and genotype (F1,7=0.3; P = 0.62),
in MLC2VCre(-):Girk1" (n = 6) and MLC2VCre(+):Girk1™ (n = 4) mice.
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2.3.5. Whole-Heart and Tissue-Specific GIRK Channel Ablation and VNS-Induced
Arrhythmias

Direct VNS has been utilized extensively in previous studies to induce and
maintain arrhythmias in various large mammalian species (Zhang and Mazgalev, 2011).
To probe the involvement of GIRK channel activation on VNS-induced arrhythmogenesis,
we quantified arrhythmic episodes prior to and after VNS in whole-heart and tissue-

_/_

specific Girk™ mice, and their respective controls (Figure 2.6). No mice displayed
arrhythmic episodes prior to VNS, nor were arrhythmic episodes seen in mice given
atropine (data not shown). Arrhythmic episodes were frequently observed, however,
during VNS in wild-type and SLNCre(-):Girk1"" mice (Figure 2.6B). In contrast, Girk4™"
and SLNCre(+):Girk1™ mice did not exhibit VNS-induced arrhythmias (Figure 2.6B).
VNS-induced arrhythmogenesis was comparable in MLC2VCre(+):Girk1"™ and
MLC2VCre(-):Girk1" mice. Overall, these findings suggest that atrial GIRK channels play

a critical role in the induction of arrhythmias during VNS.
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Figure 2.6. Impact of whole-heart and tissue-specific GIRK channel ablation on VNS-
induced arrhythmogenesis.

(A) Representative segments of ECG recordings of arrhythmias (bigeminy, skipped beats,
bradycardia, and tachycardia) observed during VNS. (B) Total number of mice exhibiting
arrhythmic episodes during VNS. Fisher’s exact test revealed a significant difference in
arrhythmia incidence between wild-type (n = 10) and Girk4™" (n = 10) mice (**P < 0.01),
and SLNCre(-):Girk1" (n = 6) and SLNCre(+):Girk1" (n = 5) mice (*P < 0.05), but no
difference between MLC2VCre(-):Girk1" (n = 6) and MLC2VCre(+):Girk1" (n = 8) mice
(P =0.14).
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2.4 Discussion

Parasympathetic regulation of cardiac physiology is thought to involve muscarinic-
dependent and independent actions on atrial and ventricular tissue, and multiple enzymes
and ion channels (Coote, 2013; Gordan et al., 2015). While previous studies have
suggested that GIRK channels, Ica, and |t mediate the muscarinic receptor-dependent
effects of parasympathetic activation on the heart, their relative contributions remain
unclear. Here, we demonstrate that the impact of direct VNS on HR, HRV, and
arrhythmogenesis in anesthetized mice is mediated primarily by the muscarinic receptor-
dependent activation of atrial GIRK channels. Notably, this study is the first to evaluate
the impact of GIRK channel ablation, either in whole-heart or in tissue-specific fashion, on
the effects of direct VNS in mice.

Constitutive Girk1™ and Girk4™ mice display blunted HR and HRV responses to
pharmacologic treatments that stimulate or mimic parasympathetic activity (Bettahi et al.,
2002; Kovoor et al., 2001; Mesirca et al., 2013; Wickman et al., 1998). However, the
degree of bradycardia conferred by GIRK channel activation that has been reported in
these studies has varied. For example, the bradycardic effect evoked by methoxamine
activation of the baroreflex was ~50% smaller in Girk4™ mice (Bettahi et al., 2002;
Wickman et al., 1998), whereas experiments involving direct perfusion of ACh onto SAN
tissue, or of isolated mouse hearts, have suggested that the GIRK channel contribution to
the bradycardic effect of cholinergic agonists is concentration-dependent (Mesirca et al.,
2013). Consistent with this premise, DiFrancesco et al. (1989) showed a concentration-
dependent effect of ACh in modulation of Isand lkach in SAN cells: whereas nanomolar
concentrations of ACh inhibited Is, 20-fold higher concentrations were required to activate

Ikach.
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In this study, we found that nearly all of the HR and HRV response to electrical
stimulation of the vagus nerve was absent in constitutive Girk4” mice, and in mice lacking
only atrial GIRK channels. Atropine blocked VNS-induced HR and HRV responses,
indicating that these effects are dependent on muscarinic receptor activation. While the
prominent contribution of GIRK channels revealed in this study could reflect our utilization
of a relatively strong VNS protocol, or the fact that all recordings were made in
anesthetized mice, it was nevertheless surprising that minimal residual impact of VNS
stimulation on HR or HRV was observed in Girk4™" mice and SLNCre(+):Girk1" mice.
Given that Ica. and I conductances have been recorded in SAN cells from Girk4™”" mice
(Mesirca et al., 2013), and that residual cholinergic-induced bradycardia was seen in
Girk4™ mice (Anderson et al., 2018; Bettahi et al., 2002; Mesirca et al., 2013; Wickman
et al., 1998), we do not believe that the lack of VNS-induced effects in Girk4™" or
SLNCre(+):Girk1"™ mice reflects a loss of muscarinic receptor expression and/or function.
Notably, our findings are consistent with those of a recent study showing that while
knockdown of HCN4 exaggerated the bradycardic response to VNS in mice, over-
expression of HCN4 only blunted VNS-induced bradycardia in the presence of
isoproterenol (Kozasa et al., 2018). Thus, muscarinic-dependent activation of atrial GIRK
channels appears to play the primary role in the effect of VNS on HR dynamics, at least
in the anesthetized mouse.

The VNS-induced reduction of atrial ERP and increase in heterogeneity throughout
the atria has been linked to atrial arrhythmogenesis (Prystowsky et al., 1983; Shen and
Zipes, 2014; Zhang and Mazgalev, 2011). Indeed, VNS is frequently utilized for the
induction and maintenance of AF in large mammalian species (Katsouras et al., 2009;
Zhang and Mazgalev, 2011). Additionally, high vagal tone is associated with various
bradyarrhythmias, including AV block and sinus node dysfunction, in human patients
(Aksu et al., 2018). Here, we demonstrated that VNS is also pro-arrhythmic in the mouse,
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as arrhythmic episodes were only observed during VNS. Moreover, the arrhythmogenic
effect of VNS in the anesthetized mouse is primarily attributable to the muscarinic
receptor-dependent activation of atrial GIRK channels.

VNS has been shown to exhibit anti-inflammatory effects by decreasing pro-
inflammatory and/or increasing anti-inflammatory cytokine levels in various animal models
(Calvillo et al., 2011; Mihaylova et al., 2012; Zhang et al., 2009). Thus, it will be interesting
to test whether VNS confers a therapeutic benefit in heart diseases characterized by pro-
inflammatory cytokines (Hedayat et al., 2010). In addition, although GIRK channel
activation appears to mediate most of the VNS-induced influence on HR dynamics, further
studies are needed to discern whether VNS-induced activation of atrial GIRK-channels
underlies its cardioprotective benefit in diseases such as heart failure. As part of this effort,
experiments should be conducted to determine whether it is possible to identify VNS
parameters that deliver therapeutic benefits without promoting arrhythmogenesis.

Notably, neither Girk4” nor SLNCre(+):Girk1" mice exhibited arrhythmic
episodes during VNS. These findings are consistent with a previous report showing that
Girk4 ablation confers resistance to pacing-induced AF in mice (Kovoor et al., 2001), and
can restore normal cardiac rhythm in mouse models of sick sinus syndrome and AV block
(Mesirca et al., 2014, 2016a). Interestingly, a recent study reported that increased GIRK
channel activity secondary to a mutation in the gene encoding the G protein 2 subunit
(GB2; GNBZ2) is associated with AV nodal dysfunction in humans (Stallmeyer et al., 2017).
Collectively, these insights highlight the clinical potential of pharmacologic or genetic
suppression of atrial GIRK channels for the treatment of supraventricular arrhythmias.

In summary, we conclude that the muscarinic receptor-dependent activation of
atrial GIRK channels is the dominant mediator of VNS-induced effects on HR, HRV, and

arrhythmogenesis in mice. Our findings highlight the potential therapeutic benefit of
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selectively targeting this branch of the parasympathetic signaling for the management of

atrial arrhythmias.
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3.1 Introduction

Increased output of the parasympathetic branch of the ANS leads to the slowing
of HR and an increase in HRV, an indicator of beat-to-beat fluctuations in HR (Draghici
and Taylor, 2016; Lombardi and Stein, 2011). Abnormal parasympathetic regulation of
cardiac output has been linked to multiple cardiac disorders, including AF, AV block, heart
failure, and SCD (Alboni et al., 2013; Bigger et al., 1992; La Rovere et al., 2009; Munger
et al., 2014; Schwartz, 1998)

The parasympathetic influence on the heart involves ACh acting on SAN and AVN
cells, as well as atrial myocytes (Chapleau and Sabharwal, 2011; Coote, 2013; Stewart et
al.,, 2012). ACh binds to MR on these cells, initiating a branched intracellular signaling
pathway mediated by inhibitory (Gi,) G proteins, culminating in the activation of the K*
channel lkacn, as well as the suppression of the cAMP/PKA-dependent cation-selective
ion channel (HCN/I) and voltage-gated Ca?* channels (Difrancesco, 2010; DiFrancesco
et al., 1989; Mangoni and Nargeot, 2008; Wickman and Clapham, 1995).

The atrial lkach channel is a GIRK channel consisting of GIRK1 and GIRK4
subunits, in 1:1 stoichiometry (Corey et al., 1998; Krapivinsky et al., 1995a). lkach is gated
by G protein GBy subunits liberated following MR activation (Logothetis et al., 1987;
Wickman et al., 1994). Genetic ablation of either Girk1 or Girk4 in mice eliminated the lkacn
conductance in neonatal atrial myocytes, and yielded a modest increase in HR and
decrease in HRV at baseline in adult animals (Bettahi et al., 2002; Wickman et al., 1998).
Additionally, HR and HRYV responses to ACh and CCh were diminished in isolated hearts
from mice lacking GIRK1 or GIRK4 (Bettahi et al., 2002; Mesirca et al., 2013; Posokhova
et al., 2013; Wickman et al., 1998).

While the parasympathetic impact on cardiac function is typically ascribed to its

influence on the atria, SAN, and AVN, parasympathetic innervation of ventricular tissue is
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also evidentin mammals (Coote, 2013). In addition, profound effects of VNS on ventricular
physiology have been noted in several species (Dobrzynski et al., 2002). For example,
chronic VNS altered the electrophysiological properties of the heart and reduced
susceptibility to ventricular arrhythmias in rats (Lee et al., 2016). Additionally, ACh
shortened APD in human ventricular myocytes, in an atropine-sensitive manner (Koumi et
al., 1997). This effect has been attributed to the activation of a GIRK channel (Dobrzynski
et al., 2001, 2002; LaCroix et al., 2008; Yang et al., 2010b). Consistent with this premise,
the ACh-induced decrease in APD and ERP in rat papillary muscle was blocked by
tertiapin, and ACh triggered hyperpolarization and a reduction in APD in right ventricle

recordings from wild-type but not Girk4 ™~

mice (Liang et al., 2014). In addition, a mutation
in the human GIRK4/KCNJ5 gene underlies a congenital form of LQTS13, a ventricular
repolarization disorder associated with arrhythmia, syncope, and sudden death (Wang et
al., 2013a; Yang et al., 2010b)

While available evidence supports the contention that a GIRK channel contributes
to the cholinergic influence on ventricular physiology, critical details remain unclear. Here,
we examined the expression in mouse ventricle of genes implicated in atrial Ixach-
dependent signaling, and evaluated the impact of gene ablation on cholinergic signaling
in ventricular myocytes. We present functional evidence that the GIRK channel in
ventricular myocytes is a GIRK1/GIRK4 heteromer, and that it mediates the impact of
cholinergic signaling on APD and excitability of these cells. We also probed the
physiological impact of ventricular GIRK-dependent signaling using a novel ventricle-

specific Girk1™"

mouse line. Our findings reveal that, despite the contribution of GIRK
channels to the CCh-dependent acceleration of repolarization and decrease in ventricular
myocyte excitability, ventricular GIRK-dependent signaling does not exert a significant

impact on HR, HRV, or susceptibility to ventricular arrhythmias in mice.
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3.2 Methods

Animals. All experimental procedures involving mice were approved by the
Institutional Animal Care and Use Committee of the University of Minnesota, and were
conducted in accordance with guidelines set by the National Institute of Health. The
generation of Girkl™, Girk4™", Rgs6™, and Girk1" mice was described previously
(Bettahi et al., 2002; Marron Fernandez de Velasco et al., 2017a; Posokhova et al., 2010;
Wickman et al., 1998). Girk1" mice were crossed with MLC2VCre(+) (Chen et al., 1998)
mice to generate the MLC2VCre:Girk1"™ line. B6.Cg-Gt(ROSA)26Sortm14(CAG-
tdTomato)Hze/J (Ail4-tdTomato) reporter mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and crossed with MLC2VCre(+) mice. Mice were group-
housed on a 12-h light/dark cycle, and given free access to food and water and were used
for experiments at age 8-12 wk.

Quantitative RT-PCR. Total RNA was isolated from freshly isolated atrial and
ventricular tissue samples from adult C57BL/6J mice using the RNeasy fibrous tissue kit
(Qiagen; Germantown, MD), according to manufacturer recommendations. Reverse
transcription was performed using iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories;
Hercules, CA). Quantitative PCR was performed in a StepOnePlus Real Time PCR
System (Applied Biosystems; Foster City, CA), with the Fast SYBR Green Master Mix
(ThermoFisher Scientific; Waltham, MA). The following amplification program was used:
95 °C/20 s followed by 40 cycles of 95°C/3 s, 60 °C/30 s. Intron-spanning primer pairs
were as follows: M:R: 5-GCCAGACTCCACCAGAT-3' (forward) and 5
CCATTGTTCGAGGAGTTAGTT-3' (reverse); GIRK1: 5-AAACTCACTCTCATGTTCCG-
3" (forward) and 5-TCCAGTTCAAGTTGGTCAAG-3' (reverse); GIRK4: 5'-
GAGTTCGAAGTTGTGGTCATA-3' (forward) and 5-GCACCTCTGTATCCATGTAAG-3'

(reverse); RGS6: 5-CTGACATTGTACAGTGGCTTAT-3' (forward) and 5-
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GAGAACATGGTCTGAGATTGG-3' (reverse). The specificity of the GIRK1, GIRK4, and
RGS6 reactions was assessed with a melting curve at the end of the program, and
confirmed using samples from Girk1™", Girk4™", and Rgs6™" mice, respectively. Samples
were tested in duplicate, and the average of replicates was used in the final data analysis.
GAPDH (Mm_Gapd_2_SG QuantiTect primers; Qiagen) was used as internal control in
each sample.

Cell culture. SAN cells and ventricular myocytes were isolated as described43,68.
Mice were injected intraperitoneally (I.P.) with heparin (250 U) and then anesthetized with
ketamine (100 mg/kg) and xylazine (10 mg/kg). To obtain SAN cells, hearts were excised
into Tyrode’s solution (in mM): 140 NaCl, 5.4 KCI, 1.2 KH2PO4, 1.0 MgCl;, 1.8 CaCl,, 5.55
glucose, 5 HEPES, pH 7.4 with NaOH. SAN-containing tissue was excised into a modified
Tyrode’s solution containing (in mM): 140 NaCl, 5.4 KCI, 1.2 KH;PO4, 0.2 CaCl;, 50
taurine, 18.5 glucose, 5 HEPES, 0.1% BSA, pH 6.9 with NaOH, with elastase (0.3 mg/mL,
Worthington Biochemical Corp., Lakewood, NJ) and collagenase Il (0.21 mg/mL; Sigma
Aldrich, St. Louis, MO). SAN tissue was digested at 37 °C for 30 min and then washed
three times in a solution containing (in mM): 100 L-glutamic acid/potassium salt, 10 L-
aspartic acid/potassium salt, 25 KCI, 10 KH,PO., 2 MgSQOs4, 20 taurine, 5 creatine, 0.5
EGTA, 20 glucose, 5 HEPES, 0.1% BSA, pH 7.2 with KOH. SAN tissue was then triturated
and plated on laminin-coated coverslips (25 ng/mL) and used within 8 h.

Ventricular myocytes were extracted by excising hearts into ice-cold cell isolation
buffer (in mM): 118 NaCl, 4.8 KCI, 25 HEPES, 1.2 KH2PO,, 1.2 MgSQ., 11 glucose, 30
taurine, 10 2,3-butanedione monoxime, pH 7.4 (with NaOH). The aorta was subsequently
cannulated and hearts were then retrogradely perfused using a Langendorff apparatus
with warm cell isolation buffer supplemented with collagenase Il (620 U/mL; Worthington
Biochemical Corp.). After a 10 min digestion, the heart was taken off the cannula and the
atria were removed. The ventricles were cut into pieces and triturated. Samples were then
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transferred to a stop buffer consisting of cell isolation buffer supplemented with 2.5% BSA,
0.1 mM CaCly, 5%FBS; where CaCl, was added in three, 5 min increments to reach a final
CaCl, concentration of 1.6 mM. The cell suspension was then transferred to media
consisting of M199, 0.2% BSA, 26.2 mM sodium bicarbonate, 25 mM HEPES, insulin-
transferrin-sodium-selenite solution (1X), 5% FBS, penicillin (1000 U), streptomycin
(1 mg), pH 7.4 (with NaOH); and plated on laminin-coated coverslips (25 ug/mL) and used
within 8 h.

Whole-cell electrophysiology. Coverslips containing adult SAN cells or ventricular
myocytes were transferred to a perfusion chamber and electrophysiological recordings
were conducted as described (Posokhova et al., 2010). SAN cells were identified as thin,
striated cells with capacitance values between 20-40 pF. Ventricular myocytes were
identified as quiescent, rod-shaped cells with capacitance values ranging from 100-250
pF. Whole-cell currents and voltages were measured with hardware (Axopatch-700B
amplifier, Digidata 1440A) and software (pCLAMP v. 10.4) from Molecular Devices
(Sunnyvale, CA). All currents were low-pass filtered at 0.1 kHz, sampled at 5kHz, and
stored on computer hard disk for analysis. The liquid-junction potential, predicted to be
-17 mV using JPCalc software (Molecular Devices), was not corrected. CCh-induced
currents were measured at a holding potential of =70 mV. Borosilicate patch pipettes were
filled with (in mM): 130 K-gluconate, 2 MgCl,, 1.1 EGTA, 5 HEPES, 2 NaATP, 5
phosphocreatine, and 0.3 Na-GTP, pH 7.2 (with KOH). Whole-cell access was achieved
in a low-K* bath solution consisting of (in mM): 130 NacCl, 5.4 KClI, 1 CaCl,, 1 MgCl;, 5.5
glucose, 5 HEPES/NaOH, pH 7.4. A high-K+ bath solution (+/-CCh) consisting of (in mM):
120 NacCl, 25 KCl, 1 CaCl2, 1 MgCl2, 5.5 glucose, 5 HEPES/NaOH, pH 7.4 was applied
via ValveLink 8.2 rapid perfusion system (AutoMate Scientific, Berkeley, CA). Activation
and deactivation time constants were extracted from appropriate regions of current traces,
which were fit with a 1-term Boltzmann equation. Rheobase was evaluated in current-
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clamp mode in low-K* bath solution by injecting increasing steps (5 pA/500ms) of
depolarizing current, starting at O pA, until an action potential spike was elicited. APDao,
APDso, APD7, and APDg were measured from the average of 10 spikes elicited by
injecting a supra-threshold current (1 nA/5 ms) into the cell. The % change in APD and
rheobase after CCh perfusion was measured as with the follows: ((baseline — post-
CCh/baseline) x 100). Only those experiments in which the access resistances were
stable and low (<20 MQ) were included in the final analysis.

Microscopy. Hearts were fixed with 4% paraformaldehyde in PBS at 4 °C for 16—
24 h, transferred to a 10% sucrose/PBS solution at 4 °C for 24 h, and then transferred to
a solution of 30% sucrose/PBS solution at 4 °C for at least 48 h. 20 um thick slices were
cut by cryostat at —20 °C and slices were mounted and stained with ProLong Gold Antifade
reagent with DAPI (ThermoFisher Scientific; Waltham, MA). Fluorescent images were
captured with an Olympus BX51W1 upright microscope with Disk Spinning Unit, using a
2X objective and digital CCD camera (C10600-10B, Hamamatsu Photonic System Corp;
Bridgewater, NJ). Images were processed with Metamorph Advanced 7.7.7.0 (Molecular
Devices).

In vivo ECG recordings. Mice were anesthetized with 1.5% isoflurane
supplemented with an air mixture of 40% 02/60% N2 to sustain stable HR. Platinum
needle ECG electrodes connected to an IX-ECG-12 recorder (iWorx; Dover, NH) were
placed subcutaneously into each limb. Baseline HR was recorded for 10 min, at which
point CCh (1.0 mg/kg I.P.) was administered. HR and HRV analysis was performed on 1-
min bins of stable recording from minutes 9-10 (baseline) and 15-16 min (post-CCh),
using Kubios HRV 3.02 software (Tarvainen et al., 2014). Artifact detection/correction was
utilized to reduce the impact of ectopic and skipped beats (either AV block or RR intervals
which differ from the neighboring RR intervals by over 25%) on HR and HRV analysis.
The frequency bands for HRV analysis were defined as very low frequency (VLF), <0.4;
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low frequency (LF), 0.4-1.5Hz; and high frequency (HF), 1.5-5.0 Hz; using a 120 s
window with a 50% overlap for Fast Fourier Fransform spectrum analysis using Welch'’s
periodogram method. Arrhythmic events were defined as instances of AV block (P wave
with no corresponding QRS complex) and/or instances of tachycardia (at least 3-5 beats).
PR and QT intervals were analyzed from the average of 100 cycles from either lead | or
lead Il during these segments, using LabScribe v3 software, only from recordings where
the noise level was sufficiently low to clearly delineate the beginning and end of the
indicated waveform deflections. The QT interval was corrected for changes in RR interval
using the following formula: QTc = SQRT[QT/(RR/100)] (Mitchell et al., 1998).

Ex vivo burst pacing. Hearts were excised and submerged in cardioplegic solution
(in mM): 280 glucose, 13.44 KCI, 12.6 NaHCOs;, and 34 mannitol. The aorta was
subsequently cannulated and retrogradely perfused with warm (37+1 °C), oxygenated
Tyrode’s (in mM): 130 NaCl, 1.8 CaCl;, 4 KCI, 1.0 MgCl;, 1.2 NaH2PO4, 24 NaHCO3, 5.5
glucose, pH 7.4. Once hearts had been allowed to stabilize for 10 min, burst pacing at
decreasing basic cycle lengths (BCL) (100 BCL down to 10 BCL, step-size 10) was applied
3 times to determine susceptibility to VT or VF at baseline via a stimulating electrode
placed at the base of the left ventricle. Once the protocol was finished, 3 uM CCh was
perfused into the hearts. After a 2—5 min stabilization period, the burst pacing protocol was
run once again. Analysis was done using LabChart v7.3.8 software (ADInstruments;
Colorado Springs, Colorado), where occurrences of VT lasting at least 7-8 beats, were
tallied before and after CCh infusion.

Statistical analysis. All data are presented as the mean + SEM. Statistical analyses
were performed using Prism 5 (GraphPad Software, Inc.; La Jolla, CA) software. Male and
female mice were used in all studies, and groups were balanced for sex. Data were
analyzed with Student’s two-tailed t-test (unpaired and paired), Fisher’'s exact test, 1-way
ANOVA, and 2-way ANOVA with repeated measures, as appropriate. For studies involving
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2-way ANOVA analysis, only the interaction is reported if one was detected. The
Bonferroni multiple comparison post hoc test was used following 1-way or 2-way ANOVA

analyses, if justified. The level of significance was set at P <0.05.
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3.3 Results

3.3.1 Expression of lkach-dependent signaling pathway elements in mouse atria and
ventricle

Expression of key elements of the atrial M2R-lkacn Signaling pathway, including
GIRK1, GIRK4, M;R, and RGS6, has been detected in ventricular tissue from many
mammalian species (Dobrzynski et al., 2001, 2002; Wickman et al., 2002; Yang et al.,
2010b, 2010a, 2013). A study in the rat heart revealed higher expression in atria than
ventricle for GIRK1, GIRK4, and RGS6 (McGrath and de Bold, 2009). We sought to
confirm these findings in the mouse by comparing the expression levels of these targets,
as well as M2R, in the atria and ventricle of adult mice using quantitative RT-PCR. We
found that GIRK1, GIRK4, M2R, and RGS6 mRNAs were all present in mouse ventricular
tissue, but that the levels of all targets were lower (4- to 10-fold) than those found in mouse

atrial tissue (Figure 3.1).
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Figure 3.1. Expression of Ikach-dependent signhaling elements in mouse atria and
ventricle.

MRNA levels of GIRK1 (t14=9.4, **P <0.001), GIRK4 (t.u=21.2, ***P <0.001), M2R
(t13=18.6, ***P<0.001), and RGS6 (t14=6.7, ***P <0.001), and in atria and ventricle from
adult C57BL/6J mice, compared using an unpaired Student’s t-test. mRNA levels of each
target were normalized to the level of GAPDH mRNA measured in each sample.
Ventricular mRNA levels for each target was normalized to the level present in atrial
samples (n =7-8 samples per tissue, per target).
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3.3.2 Evidence of a GIRK1/GIRK4 heteromer in mouse ventricular myocytes

Previous work suggests that a GIRK4-containing GIRK channel is present in
rodent ventricle (Kovoor et al., 2001; Liang et al., 2014). While GIRK1/GIRK4 heteromeric
channels are thought to mediate the atrial Ikach conductance, some evidence suggests
that GIRK4 homomeric channels may contribute as well (Bender et al., 2001; Corey and
Clapham, 1998). To assess the relative contributions of GIRK1 and GIRK4 to the GIRK
channel activity in ventricle, we measured whole-cell currents induced by CCh in
ventricular myocytes from wild-type mice, and from mice lacking GIRK1 or GIRK4.
Ventricular myocytes express a prominent constitutive K* current (lk1) that masks the
ACh/CCh-induced GIRK current under normal whole-cell recording conditions, due to K*
accumulation and/or depletion (Beckmann et al., 2008). As such, we included a low
concentration of Ba?* (5uM) in our bath solution to selectively suppress Ik, while
preserving any potential GIRK channel activity. Indeed, 5 uM Ba?* did not suppress the
CCh-induced GIRK current in wild-type SAN cells; indeed, currents were slightly larger in
the presence Ba?* (Supplementary Figure 3S1).

CCh (100 uM) evoked reliable currents in ventricular myocytes from adult wild-type
mice, but not in myocytes from Girk1™" or Girk4”" mice (Figure 3.2a,b). Since GIRK1 is
unable to form functional homomeric channels (Hedin et al., 1996; Kennedy et al., 1996,
1999; Krapivinsky et al., 1995a; Ma et al., 2002), this observation supports the contention
that GIRK1 and GIRK4 assemble to form the GIRK channel in mouse ventricular
myocytes. The peak density of the CCh-induced GIRK current was ~5-10 fold smaller in
ventricular myocytes, however, as compared to currents reported in SAN cells (Wydeven
et al., 2014b). Additionally, the CCh-induced current activation and deactivation kinetics
were significantly slower for the ventricular GIRK channel as compared to the atrial GIRK
channel (Figure 3.2c,d) (Wydeven et al.,, 2014b). Furthermore, the ventricular GIRK
current was more than an order of magnitude less sensitive to CCh (ECs0=4.8 £0.6 uM;
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Figure 3.2e) than the SAN cell GIRK current (ECso=0.25%0.03 uM) (Wydeven et al.,
2014b), reminiscent of the lower ACh sensitivity of the GIRK conductance in human

ventricular myocytes as compared to atrial myocytes (Koumi and Wasserstrom, 1994).

3.3.3 Influence of RGS6 on GIRK-dependent signaling in ventricular myocytes

The M2R-lkach signaling pathway in atrial myocytes and SAN cells is negatively
regulated by RGS6 (Posokhova et al., 2010, 2013; Wydeven et al., 2014b; Yang et al.,
2010a). Indeed, in SAN cells and atrial myocytes from mice lacking RGS6, GIRK currents
evoked by CCh exhibited slower deactivation kinetics and an increased sensitivity to CCh
(Wydeven et al., 2014b; Yang et al., 2010a). To test whether ventricular GIRK-dependent
signaling is negatively regulated by RGS6, we compared CCh-induced GIRK currents in
ventricular myocytes from adult wild-type and Rgs6” mice. Current densities were
slightly, but significantly, larger in ventricular myocytes from Rgs6™~ mice as compared to
wild-type controls (Figure 3.2a,b). No effect of Rgs6 ablation, however, was seen on
activation (Figure 3.2c) or deactivation (Figure 3.2d) kinetics of the CCh-induced,
ventricular GIRK current. Moreover, the ECso for CCh-induced activation of the GIRK

current was comparable in ventricular myocytes from wild-type and Rgs6 ™~

mice (Figure
3.2e). Thus, the impact of RGS6 on ventricular GIRK-dependent signaling is limited to a

modest negative regulation of peak current density.
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Supplementary Figure 3.S1. Impact of extracellular Ba?* on CCh-induced GIRK
current in mouse SAN cells

(a) Whole-cell current (Vhoa= -70 mV) evoked by carbachol (CCh, 10 uM) in an adult wild-
type SAN cell, in the absence or presence of 5 uM extracellular Ba?*. Scale: 0.5 nA/10 s.
(b) Summary of CCh-induced current density in adult wild-type SAN cells, measured in
the absence (con) and presence (Ba?*) of 5 uM Ba?* (ts=5.5, ***P<0.001, n=9 cells/3 mice;
paired Student’s t-test).
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Figure 3.2. Carbachol-induced GIRK currents in adult mouse ventricular myocytes.
(a) Whole-cell currents (Vnoa = =70 mV) evoked by carbachol (CCh, 100 uM) in a high-K*
bath solution (containing 5 uM BaCl,) in adult ventricular myocytes from wild-type, Girk1™,
Girk4™", and Rgs6™”" mice. Scale: 0.1 nA/10 s. (b) Summary of maximal CCh-induced
current density in adult ventricular myocytes from wild-type (n =28 cells/6 mice), Girk1™
(n =23 cells/4 mice), Girk4™ (n =21 cells/4 mice), and Rgs6™ mice (n =24 cells/6 mice);
open symbols overlapping the bars denote individual data points. One-way ANOVA
analysis revealed an effect of genotype on CCh-induced current density (Fsq2=110.6,
P <0.001). Symbols: **, ***P <0.01 and 0.001, respectively, vs. wild-type. (c,d) Summary
of activation (c; t22=0.7, P =0.51) and deactivation (d); taa= 1.1, P = 0.28) kinetics for the
CCh-induced current in ventricular myocytes from wild-type (n=25 cells/6 mice) and
Rgs6™ mice (n=21 cells/6 mice), compared across genotypes using an unpaired
Student’s t-test. (&) Summary of ECso values derived from concentration-response
experiments for the CCh-induced current in adult ventricular myocytes from wild-type vs.
Rgs6™" mice. The ECso for current activation by CCh did not differ between wild-type
(4.8+0.6 uM, n=11 cells/4 mice) and Rgs6” (4.9+0.4uM, n=19 cells/4 mice)
ventricular myocytes, as determined using an unpaired Student’s t-test (ts=0.20,
P=0.84).
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3.3.4 Influence of GIRK channels on ventricular myocyte APD and excitability

To test whether lkach modulates ventricular myocyte excitability and repolarization,
we evaluated the change in rheobase and APD induced by CCh (100 uM) in ventricular
myocytes from wild-type and Girk4”" mice. The CCh-induced decrease in ventricular
myocyte excitability (increase in rheobase) was larger in ventricular myocytes from wild-
type than Girk4™ mice (Figure 3.3a). And, although there was no significant difference in
the CCh-induced shortening of APD2, APDso, and APDzo between ventricular myocytes
from wild-type and Girk4™ mice (Figure 3.3b—e), the CCh-induced decrease in APDgo
was blunted in ventricular myocytes from Girk4™" mice (Figure 3.3f). Thus, GIRK channels
contribute to the cholinergic regulation of excitability and repolarization of adult mouse

ventricular myocytes.
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Figure 3.3. GIRK channel contribution to the cholinergic regulation of mouse
ventricular myocyte repolarization and excitability.

(a) Change in rheobase evoked by CCh (100 uM) in adult wild-type (n =19 cells/5 mice)
and Girkd™ (n=26 cells/6 mice) ventricular myocytes, compared using an unpaired
Student’s t-test (t43=5.1, ***P < 0.001). (b) Action potentials evoked by current injection in
wild-type and Girk4™" ventricular myocytes, at baseline (solid line) and in the presence of
CCh (100 uM, dashed line). Scale: 20 mV/25ms. (c—f) Summary of the percentage
change in APD2 (t20=0.37, P=0.72), APDso (t29=0.38, P=0.71), APD7o (t20=0.97,
P =0.34), and APDgy (t20 = 3.5, **P < 0.01) evoked by CCh in wild-type (n = 17 cells/6 mice)
and Girk4™ (n=14 cells/5 mice) ventricular myocytes, compared using an unpaired

Student’s t-test.
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3.3.5. Generation and characterization of mice lacking GIRK channels in ventricle
To probe the impact of ventricular GIRK channel on cardiac physiology, we
crossed a conditional Girkl knockout mouse (Girk1"™) (Marron Fernandez de Velasco et
al., 2017a) with a ventricle-specific Cre driver line (MLC2VCre) (Chen et al., 1998), PMID:
9550726). We first verified the ventricular specificity of Cre-dependent gene ablation
conferred by the MLC2VCre driver line using a Cre-dependent fluorescent reporter mouse
line (Figure 3.4a,b). We next evaluated the functional impact and cell specificity of Girkl
ablation by measuring CCh-induced whole-cell currents in SAN cells and ventricular
myocytes from MLC2VCre(-):Girk1"™ and MLC2VCre(+):Girk1"™ mice. CCh-induced
current density in adult ventricular myocytes from MLC2VCre(+):Girk1" mice was
significantly smaller than responses measured in ventricular myocytes from
MLC2VCre(-):Girk1"" littermates (Figure 3.4c,d). We observed no difference, however,
in CCh-induced current density in SAN cells from adult MLC2VCre(+):Girk1"" and
MLC2VCre(-):Girk1" mice (Figure 3.4e). Thus, GIRK channel activity is selectively

suppressed in ventricular myocytes from MLC2VCre(+):Girk1" mice.
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Figure 3.4. Characterization of mice lacking GIRK channels in the ventricle.

(a,b) Sections of the heart from MLC2VCre(-):Ai14-tdTomato and MLC2VCre(+):Ail4-
tdTomato mice, labeled with the nuclear stain DAPI (left panels), showing restricted Cre-
dependent gene expression (tdTomato, right panels) in the ventricle of MLC2VCre(+)
mice. (c) Whole-cell currents (Vhoa == 70 mV) evoked by CCh (100 uM) in a high-K* bath
solution (containing 5 uM BaCl,) in adult ventricular myocytes from MLC2VCre(-):Girk1""
and MLC2VCre(+):Girk1" mice. Scale: 0.2 nA/10 s. (d) Summary of CCh-induced current
densities in MLC2VCre(-):Girk1" (n =11 cells/2 mice) and MLC2VCre(+):Girk1"" (n=15
cells/2 mice) ventricular myocytes (VM), compared with an unpaired Student’s t-test
(t2a=7.5, ***P <0.001). (¢) Summary of CCh-induced current densities in adult SAN cells
from MLC2VCre(-):Girk1" (n=9 cells/3 mice) and MLC2VCre(+):Girk1"™ (n=7 cells/2
mice) mice, compared with an unpaired Student’s t-test (t.a=1.1, P=0.31).
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3.3.6 Impact of ventricle-specific GIRK channel ablation on cardiac physiology

To discern the impact of ventricle-specific GIRK channel ablation on cardiac
physiology, we evaluated electrocardiogram (ECG) recordings from anesthetized
MLC2VCre(+):Girk1™ and MLC2VCre(-):Girk1"™ mice, as well as wild-type and
constitutive Girk4™”~ mice. We measured HR (Figure 3.5) and HRV (Figures 3.6 and 3.7),
as well as specific waveform parameters (PR, QT, and QTc intervals; Supplementary
Table 3.S1), at baseline and following systemic administration of CCh (1.0 mg/kg I.P.). At

baseline, HR was slightly higher in Girk4™"

mice relative to wild-type controls, but this
difference did not reach the level of statistical significance (Figure 3.5a—c). Similarly, no
significant difference in baseline HR was observed in MLC2VCre(+):Girk1" mice relative
to MLC2VCre(-):Girk1" controls (Figure 3.5d). As expected, CCh decreased HR in wild-
type mice, and this effect was significantly smaller in Girk4™”~ mice (Figure 3.5a—c). In
contrast, CCh-induced bradycardia was comparable in MLC2VCre(+):Girk1™ and
MLC2VCre(-):Girk1"mice (Figure 3.5d). Arrhythmic events, defined as instances of AV
block or tachycardic episodes, were also quantified before and after CCh injection
(Supplementary Figure 3.S2). While no arrhythmic events were observed at baseline for

" mice after

any genotype, wild-type mice exhibited more arrhythmic events than Girk4
CCh injection. Both MLC2VCre(+):Girk1" mice and MLC2VCre(-):Girk1"" mice exhibited
a similar frequency of arrhythmic events after CCh injection.

We next evaluated HRV, examining the root mean square of successive
differences (RMSSD) in R-R interval before and after CCh injection. While baseline
RMSSD in Girk4™”" mice was slightly lower in comparison to wild-type mice, this difference
did not reach the level of statistical significance (Figure 3.6a—c). Consistent with published

data (Posokhova et al., 2013), the CCh-induced increased in RMSSD was significantly

blunted in Girk4™" mice relative to wild-type controls (Figure 3.6¢). MLC2VCre(+):Girk1""
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and MLC2VCre(-):Girk1" mice displayed comparable RMSSD values, both prior to and
after CCh injection (Figure 3.6c).

Frequency domain analysis can offer a more sensitive measure of the relative
contributions of the sympathetic and parasympathetic branches of the ANS to HRV
(Gehrmann et al., 2000). While power in the VLF range (<0.4 Hz) at baseline did not differ

between wild-type and Girk4™"

mice, CCh increased VLF power in wild-type but not
Girk4™ mice (Figure 3.7a, left). In the LF range (0.4-1.5Hz), Girk4™" mice exhibited
reduced power relative to wild-type controls at baseline and, in contrast to wild-type mice,
a lack of increase induced by CCh (Figure 3.7b, left). In the HF range (1.5-5.0 Hz), we
observed no difference between wild-type and Girk4 ™" mice at baseline. Interestingly, CCh
administration decreased power in this frequency range in wild-type mice, but not Girk4™"
mice (Figure 3.7c, left). No difference in power in VLF, LF, and HF domains was observed

between MLC2VCre(+):Girk1"and MLC2VCre(-):Girk1" mice, either at baseline or after

CCh administration (Figure 3.7a—c, right).
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Figure 3.5. HR analysis of constitutive and ventricle-specific Girk” mice.

(a,b) Segments of ECG recordings from anesthetized wild-type (a) and Girk4™ (b) mice,
at baseline and after injection of CCh (1.0 mg/kg I.P.). Scale: 1 s. (c) Summary of HR data
at baseline and after injection of CCh for wild-type (n = 12) and Girk4™ (n = 13) mice. Two-
way ANOVA analysis revealed an interaction between genotype and treatment
(F123=54.8, P<0.001). Symbols: **,***P <0.01 and 0.001, respectively, vs. baseline
(within genotype); #P <0.01 vs. wild-type (within treatment). (d) Summary of HR data at
baseline and after injection of CCh for MLC2VCre(+):Girk1"™ (n=13) and
MLC2VCre(-):Girk1" (n = 12) littermates. There was a significant main effect of treatment
(F123=173.1, P<0.001), but no main effect of genotype (F123=3.6, P=0.070), or
interaction between genotype and treatment (F123 =0.09, P =0.77). Symbols: ***P < 0.001
vs. baseline (within genotype).
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Supplementary Figure 3.S2. Impact of constitutive and ventricle-specific Girk™-
ablation on the frequency of arrhythmic events seen after CCh administration
Summary of arrhythmic events (instances of AV block or tachycardia) following systemic
CCh administration (1.0 mg/kg I.P.) in wild-type and Girk4™~ mice, as well as MLC2VCre(-
):Girk1™ and MLC2VCre(+):Girk1"™ mice. Fisher's exact test revealed a significant
difference (*P<0.05) in the frequency of arrhythmic events observed in wild-type and
Girk4™~mice, but no difference (P=0.59) in the frequency of arrhythmic events between
MLC2VCre(-):Girk1" and MLC2VCre(+):Girk1"" mice.
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Figure 3.6. Time-domain HRV analysis of constitutive and ventricle-specific Girk™"
mice.

(a,b) RR tachograms for anesthetized wild-type (a) and Girk4™" (b) mice, at baseline and
following injection of CCh (1.0 mg/kg I.P.). Scale: 10 s. (¢) Summary of RMSSD data at
baseline and following injection of CCh for wild-type (n=12) and Girk4™ (n=13) mice.
Two-way ANOVA analysis revealed an interaction between genotype and treatment
(F123=158.7, P<0.001). Symbols: ***P<0.001 vs. baseline (within genotype);
##P < 0.001 vs. wild-type (within treatment). (d) Summary of RMSSD data at baseline and
following injection of CCh for MLC2VCre(-):Girk1" (n=13) and MLC2VCre(+):Girk1"
(n=12) mice. There was a significant main effect of treatment (F123-96.3, P <0.001), but
no main effect of genotype (Fi23=3.2, P=0.087) or interaction between genotype and
treatment (F123 =0.66, P =0.43). Symbols: ***P <0.001 vs. baseline (within genotype).
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Figure 3.7. Frequency domain HRV analysis in constitutive and ventricle-specific
Girk™ mice.

(a) Power in the VLF ( < 0.4 Hz) range at baseline and following injection of CCh (1.0 mg/kg
I.P.). Two-way ANOVA analysis revealed an interaction between genotype and treatment
(F123=36.3, P <0.001) for wild-type (n=12) and Girk4™ (n =13) mice (left panel). While
main effects of treatment (F123=51.0, P<0.001) and genotype (F123=13.77, P<0.01)
were observed for MLC2VCre(-):Girk1" (n = 13) and MLC2VCre(+):Girk1" (n = 12) mice
(right panel), there was no interaction between genotype and treatment (Fi123=0.01,
P =0.90). Symbols: ***P <0.001 vs. baseline (within genotype); “*P < 0.001 vs. wild-type
(within treatment). (b) Power in the LF (0.4-1.5Hz) range at baseline and following
injection of CCh (1.0 mg/kg i.p.). Two-way ANOVA analysis revealed an interaction
between genotype and treatment (F123=41.6, P <0.001) for wild-type and Girk4™~ mice
(left panel). While main effects of treatment (F123=113.1, P<0.001) and genotype
(F123=8.8, P<0.01) were observed for MLC2VCre(-):Girk1" and MLC2VCre(+):Girk1""
mice (right panel), there was no interaction between genotype and treatment (F123 =0.02,
P =0.88). Symbols: ***P <0.001 vs. baseline (within genotype); ###pP <0.01 and 0.001,
respectively, vs. wild-type (within treatment). (c) Power in the HF (1.5-5.0 Hz) range at
baseline and following injection of CCh (1.0 mg/kg i.p.). Two-way ANOVA analysis
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revealed an interaction between genotype and treatment (F13 = 37.5, P <0.001) for wild-
type and Girk4d™ mice (left panel). There were no main effects of treatment (F1.23-2.7,
P=0.11) or genotype (F123=1.8, P=0.19) for MLC2VCre(-):Girk1" and
MLC2VCre(+):Girk1" mice (right panel), nor was there an interaction between genotype
and treatment (F1,23 = 0.8, P =0.38). Symbols: ***P <0.001 vs. baseline (within genotype).
#P <0.01 vs. wild-type (within treatment).
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With respect to key parameters of the ECG waveform (Supplementary Table
3.51), no significant genotype differences were observed for PR and QT intervals at
baseline. CCh significantly prolonged both the PR and QT intervals in wild-type mice, and

this effect was blunted in Girk4d™"

mice. PR and QT intervals were also prolonged in
MLC2VCre(+):Girk1"and MLC2VCre(-):Girk1" mice after CCh administration, but there
was no difference between genotypes. We also evaluated the corrected QT (QTc) interval,
a measure that can account for the influence of HR on the QT interval (Mitchell et al.,
1998), using a variation of the human QT correction formula that assumes a typical RR
interval for a conscious mouse under normal conditions (100 ms). We observed no
difference in QTc interval between wild-type and Girk4™~ mice, or MLC2VCre(+):Girk1""
or MLC2VCre(-):Girk1"mice, at baseline. Interestingly, while CCh administration had no
effect on QTc interval in wild-type mice, it lengthened this interval in Girk4™" mice. QTc

interval was not prolonged after CCh injection, however, in either MLC2VCre(+):Girk1""

or MLC2VCre(-):Girk1" mice.
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Baseline CCh

Genotype PR(ms) QT (ms) QTc(ms) | PR (ms) QT (ms) QTc (ms)
wild-type 47.9+3.4 59.1+2.2 456t1.4 | 67.245.32 99.5+4.82 45.2+3.4
Girka—- 48.1+1.2 63.0£2.0 49.840.9 | 56.2+1.32P  80.8+3.6a°¢ 57.2+1.02d

MLC2VCre(-) | 46.8+1.0 65.8+2.2 49.3+1.9 | 58.1+2.42 100.3+5.42 50.5+2.3

MLC2VCre(+) | 47.2+1.1 63.0+2.9 49.0+1.6 | 55.3%£1.42 113.2+11.5%  53.3+3.3

Supplementary Table 3.S1. ECG waveform analysis for constitutive and ventricle-
specific Girk”~ mice

Summary of PR, QT, and QTc intervals before and after CCh injection (1.0 mg/kg). Group
sizes ranged from 5-11 mice per genotype. Two-way ANOVA analysis revealed an
interaction between genotype and treatment (F1,19=28.8, P<0.001) for PR interval in wild-
type and Girk4~~ mice. There was a main effect of treatment (F1,,=74.5, P<0.001) mice,
but no main effect of genotype (F1,22=0.6, P=0.50) or interaction between genotype and
treatment (F1,22=2.5, P=0.10) for the PR interval in MLC2VCre(+):Girk1" and MLC2VCre(-
):Girk1™ mice. Two-way ANOVA analysis revealed an interaction between genotype and
treatment (F1,14=20.4, P<0.001) for QT interval in wild-type and Girk4™~ mice. There was
a main effect of treatment (F1,11=66.9, P<0.001), but no main effect of genotype (F1,1:=0.5,
P=0.50) or interaction between genotype and treatment (F111=2.3, P=0.20) for the QT
interval in MLC2VCre(+):Girk1" and MLC2VCre(-):Girk1" mice. Two-way ANOVA
analysis revealed an interaction between genotype and treatment (F1,14=14.6, P<0.01) for
QTc interval in wild-type and Girk4™~ mice. No main effect of treatment (F111=3.4,
P=0.091) or genotype (F11:=0.2, P=0.69), or interaction between genotype and treatment
(FL11=1.2, P=0.30), was found for QTc interval for MLC2VCre(+):Girk1""and MLC2VCre(-
):Girk1" mice. Symbols: 2P<0.001 vs. baseline (within parameter); »<9P<0.05, 0.01, and
0.001, respectively, vs. wild-type (CCh).
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3.3.7. Impact of ventricle-specific GIRK channel ablation on pacing-induced
ventricular arrhythmia

To investigate the contribution of the ventricular GIRK channel to ventricular
arrhythmogenesis, isolated hearts from MLC2VCre(+):Girk1" and MLC2VCre(-):Girk1""
mice, as well as wild-type and constitutive Girk4™" mice, were subjected to burst pacing
in the absence and presence of CCh to discern differences in susceptibility to VT or VF
(Figure 3.8a). There was no significant difference in the incidence of pacing-induced
VT/VF at baseline between wild-type and Girk4d™" hearts (Figure 3.8b, left). Similarly,
hearts from MLC2VCre(+):Girk1" and MLC2VCre(-):Girk1" mice did not differ in the
incidence of VT/VF in response to pacing stimuli at baseline. After CCh perfusion, there
was, again, no significant difference in incidence of pacing-induce VT/VF between wild-

type and Girk4™"

hearts (Figure 3.8b, right). Likewise, no difference was observed in the
incidence  of pacing-induced VT/VF  between MLC2VCre(+):Girk1" and
MLC2VCre(-):Girk1" hearts. Collectively, these observations suggest that loss of the

ventricular GIRK channel does not impact susceptibility to pacing-induced ventricular

arrhythmias.
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Figure 3.8. Susceptibility to pacing-induced ventricular arrhythmias in constitutive
and ventricle-specific Girk™ mice.

(a) Recording of a VT episode after infusion of CCh (3 uM) and burst pacing of the left
ventricle. Scale: 0.5 V/0.2 s. (b) Summary of the number of mice exhibiting VT/VF
episodes after burst pacing of the left ventricle at baseline (left) and after CCh perfusion
(right). Fisher’s exact test revealed no differences in the occurrence of VT/VF episodes
between wild-type and Girk4”" mice, either at baseline (P=1.0) or after CCh
administration (P=1.0). We did not observe any incidents of VT/VF in
MLC2VCre(-):Girk1" or MLC2VCre(+):Girk1"™ mice, either at baseline or after CCh
administration.
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3.4 Discussion

In this study, we present evidence that that GIRK channel found in adult mouse
ventricular myocytes is, like the channel described previously in atrial myocytes and SAN
cells, a GIRK1/GIRK4 heteromultimeric channel. Nevertheless, the GIRK current in
ventricular myocytes exhibited several properties that differed from the GIRK current
described previously in atrial myocytes and SAN cells (Posokhova et al., 2010; Wydeven
etal., 2014b). Notably, the ventricular GIRK current was smaller and less sensitive to CCh.
The differences in GIRK conductance between atrial and ventricular myocytes could be
due to increased expression and/or influence of a negative regulator of GIRK-dependent
signaling in ventricle. Our data suggest that increased ventricular expression or influence
of RGS6, however, does not explain the functional differences between the mouse atrial
and ventricular GIRK conductance. Indeed, RGS6 mRNA levels were substantially lower
in ventricle than in atria. Moreover, Rgs6 ablation did not enhance the CCh sensitivity or
alter the kinetics of the ventricular GIRK current. It is possible that other RGS proteins
account for the differences observed between in atrial and ventricular GIRK-dependent
signaling in the mouse heart. Alternatively, elements of the GIRK-dependent signaling
pathway may be compartmentalized in distinct fashion in the atria and ventricle, or
additional positive and/or negative regulatory elements that impact Ikach-dependent
signaling remain to be discovered.

A recent study reported that the ACh-induced shortening of ventricular APDgo was

diminished in isolated hearts from Girk4 ™"

mice, suggesting that a GIRK4-containing GIRK
channel facilitates ventricular repolarization in the mouse heart (Liang et al., 2014).
Consistent with this premise, we observed a significant impact of Girk4 ablation on the

CCh-induced shortening of APDq in isolated ventricular myocytes from adult mice. Our

efforts in isolated ventricular myocytes also revealed that Girk4 ablation attenuates the
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CCh-induced decrease in ventricular myocyte excitability. These results support our
contention that the GIRK channel in ventricular myocytes contributes to the cholinergic
regulation of ventricular myocyte APD and excitability.

Ikach is a critical downstream mediator of parasympathetic effects on atrial
physiology and HR regulation. Previous studies with ECG telemetry and isolated mouse
hearts have shown that a loss of lkach correlates with altered baseline measures and
diminished responses to pharmacologic manipulations that enhance or mimic
parasympathetic input to the heart (Bettahi et al., 2002; Mesirca et al., 2013; Posokhova
et al., 2013; Wickman et al., 1998). Here, we replicated several reported observations in
Girk4™" mice, including the attenuation of CCh-induced bradycardia. While we did not see

a significant baseline tachycardia in Girk4™"

mice in this study, this may reflect an influence
of anesthesia. We additionally observed evidence of diminished HRV at baseline (LF),
and after CCh administration (RMSSD, VLF, and LF), in Girk4™ mice. Our parallel
evaluation of mice lacking GIRK channels selectively in ventricle indicate that most, if not
all, of the cardiac phenotypes reported in constitutive Girkl™ or Girk4” mice are
attributable to a loss of atrial lkach. Surprisingly, we found that CCh decreased power in

“~ mice. As fluctuations in HR due to

the HF domain in wild-type mice, but not in Girk4
respiration contribute to power in the HF range (Tsai et al., 2012), our observation could
reflect a contribution of a GIRK4-containing GIRK channel to the cholinergic regulation of
respiration. The CCh-induced decrease in HF power was not significant in
MLC2VCre(-):Girk1""mice, however, suggesting that this parameter may not be a reliable
indicator of the GIRK channel contribution to HRV in this frequency range.

Despite the fact that GIRK channels contribute to the inhibitory influence of CCh
on ventricular myocytes, we did not see an obvious impact of ventricular GIRK channel
ablation on QT or QTc intervals, at baseline or following CCh injection. It should be noted

that previous attempts to model Long QT syndrome in mice have not reliably yielded mice
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with prolonged QT intervals (Salama and London, 2007). For example, mice lacking
KvLQT1, the gene associated with LQT1 in large mammals, do not consistently display
prolonged QT intervals (Salama and London, 2007). We also cannot exclude the
possibility that the influence of ventricular GIRK channel becomes more relevant in
pathological conditions such as myocardial infarction or sympathetic stress. We did see a

7~ mice that

surprising prolongation of the QTc interval after CCh administration in Girk4
was not seen in wild-type controls. While this observation may reflect a failure of the QT
correction to adequately compensate for the impact of HR on QT interval or a limitation of
this approach in mice under anesthesia (Boukens et al., 2014; Roussel et al., 2016), the
finding is also consistent with the possibility that CCh modulates another effector that
exerts an opposing influence from the GIRK channel on the QT interval. Importantly, since
MLC2VCre(+):Girk1"™ and MLC2VCre(-):Girk1"™ mice exhibited similar QT and QTc
intervals at baseline and after CCh administration, the selective prolongation of QTc
interval in Girk4™~ mice presumably reflects an influence of GIRK channels outside of the
ventricle.

Ikach-dependent signaling has been linked to a variety of atrial rhythm disorders (Li
et al., 2016; Mesirca et al.,, 2014, 2016a). Both genetic ablation of Girk4 and
pharmacological inhibition of GIRK channels can restore normal cardiac rhythm in multiple
genetic models of supraventricular arrhythmia (Mesirca et al., 2014, 2016a). For example,
genetic ablation of Girk4 in mouse models of sick sinus syndrome and AV block reduces
the number of ACh-induced arrhythmic episodes in these mice (Mesirca et al., 2016a).

_/_

Additionally, fewer arrhythmic events were observed in Girk4™" mice treated with CCh as

compared to wild-type controls (this study), and Girk4™"

mice were resistant to pacing-
induced AF (Kovoor et al., 2001). Studies in human AF patients further implicate Ikach in
supraventricular arrhythmogenesis. Atrial myocytes from human AF patients displayed

both a significant reduction in lkach expression and an attenuation of CCh-induced
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shortening of atrial APD (Dobrev et al., 2001). CCh-induced Ikach currents were also
smaller in atrial myocytes from AF patients, whereas constitutive GIRK channel activity
was elevated (Dobrev et al., 2001, 2002, 2005). Remodeling involving Ikach has also been
observed in a “tachy-paced” dog model, where atrial tachycardia increased basal Ikach
channel activity (Voigt et al., 2007); this adaptation correlated with a decrease in ERP and
an increase in AF duration. Collectively, these studies highlight the therapeutic potential
associated with blocking or suppressing atrial Ikach in multiple distinct atrial arrhythmias.
Ikach antagonists have been proposed for use in the treatment of AF and other
supraventricular rhythm disorders (Bhave et al., 2010; Li et al., 2009a, 2016; Mesirca et
al., 2016a; Tanaka and Hashimoto, 2007). Recently, a novel family of direct-acting, small
molecule activators and inhibitors of GIRK channels has been identified, members of
which act selectively on GIRK1-containing GIRK channels such as lkach (Kaufmann et al.,
2013; Ramos-Hunter et al., 2013; Wen et al., 2013). While a direct-acting lkach antagonist
could prove useful in the treatment of atrial rhythm disorders, suppressing GIRK channel
activity in the ventricle could pose a significant risk. We did not, however, observe a
difference in susceptibility to pacing-induced ventricular arrhythmias in either the
constitutive or ventricle-specific GIRK channel ablation models, arguing that a loss of
ventricular GIRK channel does not predispose to ventricular arrhythmias. However, given
the noted differences in the ionic currents underlying ventricular repolarization in mice and
humans (Boukens et al., 2014), further studies are needed to determine whether inhibition
of the human ventricular GIRK channel is also without effect. Nonetheless, our data
support the contention that targeting Ikacn for atrial arrhythmias, via with selective inhibitors
or genetic approaches, may constitute a safe alternative to existing anti-arrhythmic

therapies that predispose patients to fatal ventricular disorders (Li et al., 2009a).
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Chapter 4
Characterization of VU0468554, a selective

inhibitor of cardiac GIRK channels

4.1 Introduction

GIRK channels are critical mediators of cell excitability (Lischer and Slesinger,
2010). GIRK channels are activated by the Gpy subunit of inhibitory G proteins (Gin)
released upon GPCR activation (Huang et al., 1997; Krapivinsky et al., 1995b; Wickman
et al., 1994). Gpy binding to GIRK channels increases GIRK channel gating resulting in
cell hyperpolarization. GIRK channels are highly expressed in cardiac and neuronal tissue
and play central roles in the regulation of HR and neurotransmission (Lee et al., 2018;

Lujan et al., 2014; Wickman et al., 1998).

Cardiac GIRK channels are heterotetrameric complexes made up of GIRK1 and
GIRK4 subunits in 1:1 stoichiometry (Corey et al., 1998; Corey and Clapham, 1998;
Krapivinsky et al., 1995a). GIRK channels are expressed in atrial and nodal tissue, where
they mediate much of the effect of parasympathetic signaling to the heart (Bettahi et al.,
2002; Lee et al., 2018; Mesirca et al., 2013; Wickman et al., 1998). Muscarinic (MzR)
receptor activation of GIRK channels in sinoatrial nodal (SAN) cells results in slowing of
the firing rate, resulting in bradycardia (Lee et al., 2018 (Chapter 2); Mesirca et al., 2013).
Studies utilizing both global and atrial/SAN specific ablation of GIRK channels
demonstrate that GIRK channels mediate a significant portion of the effects of vagal input

on mouse HR and HRV (Lee et al., 2018 (Chapter 2); Wickman et al., 1998). Cardiac
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GIRK channel activation also results in a pronounced shortening of APD and ERP and
hyperpolarizes atrial myocytes (Wang et al., 2013b). GIRK channels are also expressed
at relatively low levels in ventricular tissue (Anderson et al., 2018 (Chapter 3); Dobrzynski
et al., 2001, 2002; Yang et al., 2010b), and there is evidence that they mediate, in part,
M:R and A:R shortening of APD and ERP (Anderson et al., 2018 (Chapter 3); Liang et
al., 2014).

Increased GIRK channel activity in cardiac tissue has been implicated in the
pathophysiology of nodal and atrial rhythm disorders. A mutation in GNB2, the gene
encoding G2, results in exaggerated GIRK-dependent signaling and has been identified
in human patients with familial sinus node dysfunction (Long et al., 2020; Stallmeyer et
al., 2017). Furthermore, increased GIRK channel activity has been linked to human
patients with chronic AF (Dobrev et al., 2005; Voigt et al., 2007). Indeed, a study using a
combination of optical mapping and immunoblotting revealed that regions of the human
atria associated with Ado-induced AF initiation and maintenance, otherwise known as re-
entry drivers, were localized to areas with co-expression of GIRK4 and A:R in the human
atria (Li et al., 2016). Similar observations were reported in the mouse, where genetic
ablation of a negative regulator of GIRK-dependent signaling, RGS6, leads to an increase
in susceptibility in pacing-induced AF (Posokhova et al., 2013).

Both pharmacological inhibition and genetic ablation of GIRK channels have been
shown to rescue and/or terminate certain supraventricular arrhythmias in relevant
mammalian models. Pharmacological inhibition of GIRK channels by TTQ, terminates
both pharmacologically and vagally induced AF in canines (Hashimoto et al., 2006).
Conversely, mice lacking cardiac GIRK channels are resistant to both pacing-induced AF
and arrhythmias induced by VNS (Kovoor et al., 2001; Lee et al., 2018 (Chapter 2)).
Additionally, genetic ablation of Girk4 rescues symptoms of sick sinus syndrome and AV
block in mouse models of nodal dysfunction (Mesirca et al., 2014, 2016a). Intriguingly,
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while loss K* channel activity is normally associated with an increase in ventricular
arrhythmia susceptibility (Ramalho and Freitas, 2018; Vandenberg et al., 2012), ablation
of GIRK channels in ventricular tissue does not appear to increase the susceptibility to
ventricular arrhythmia (Anderson et al., 2018 (Chapter 2)). Collectively, these studies
highlight the potential of targeting cardiac GIRK channels as a safe therapeutic
intervention for relevant rhythm disorders

Currently, subunit-specific pharmacological tools for studying the physiology of
GIRK channels are lacking and this has impeded efforts to assess the therapeutic potential
of targeting specific GIRK channel subtypes. However, a group of novel small-molecule
modulators selective for GIRK1-containing GIRK channels has been identified (Wen et al.,
2013) . This group includes the compounds ML297 and VUO0810464, activators that
display selectivity for GIRK1/GIRK2 channels, the predominant subtype in neurons, over
GIRK1/GIRK4 channels (Vo et al., 2019; Wydeven et al., 2014a). Here, we describe and
evaluate a novel GIRK1/GIRK4-selective inhibitor, VU0468554, identified from high-
throughput screening of small molecule modulators with a similar chemical scaffold as
ML297. Our work here in native cell types and the isolated heart suggests that VU0468554
is a promising GIRK1/GIRK4-selective inhibitor that could serve as a template for the

development of new therapeutics for cardiac arrhythmias.
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4.2 Materials and Methods

Animals. Animal experiments were approved by the Institutional Animal Care and
Use Committee at the University of Minnesota. Both inbred and purchased (Jackson
Laboratory, Bar Harbor, ME) male and female C57BL/6J mice were used for whole-cell
electrophysiology and isolated heart studies. Generation of Girk1™, Girk2™", and Girk4™-
mice was described previously (Bettahi et al., 2002; Signorini et al., 1997; Wickman et al.,
1998).

SAN cell culture. SAN cells were isolated from adult (8—12 wk) mice as described
(Anderson et al., 2018 (Chapter 3)). Briefly, mice were anaesthetized with ketamine (100
mg/kg I.P.) and xylazine (10 mg/kg I.P.), and hearts were excised into Tyrode's solution.
SAN-containing tissue was excised into a modified Tyrode's solution containing (in mM)
140 NaCl, 5.4 KClI, 1.2 KH,PO4, 0.2 CaCl,, 50 taurine, 18.5 glucose, 5 HEPES, and 0.1%
BSA (pH 6.9), with elastase (0.3 mg/mL, Worthington Biochemical Corp., Lakewood, NJ)
and collagenase Il (0.21 mg/mL). After digestion for 30 min at 37 °C, SAN tissue was
triturated in wash solution and plated onto laminin-coated coverslips. After plating, SAN
cells were used within 8 h.

Cultured hippocampal neurons. Primary cultures of hippocampal neurons were
prepared as described (Vo et al., 2019). Briefly, extracted hippocampi from neonatal (PO—
4 pups were placed into an ice-cold modified HBSS (Thermo Fisher), 10 mM HEPES-
NaOH pH 7.3 (Thermo Fisher), 0.02% (w/v) Pluronic F-127, and 1.5 uM Thallos-AM
(TEFlabs, Austin, TX). The tissue was digested for 20 min with papain and DNAse | at
37 °C with occasional inversion. Hippocampi were mechanically dissociated in growth
medium containing Neural-basal A medium, 2% B27 supplement, 0.5 mM Glutamax, and
antibiotic/antimycotic (Thermo Fisher Scientific) using trituration in 1 mL pipettes. Neurons

were pelleted via centrifugation and plated onto 8 mm glass coverslips precoated with
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poly-I-lysine in 48-well plates. Neurons were maintained in culture in a humidified 5% CO
incubator at 37 °C, and half of the medium was replaced with fresh growth medium every
3—4 d. Neurons were kept in culture for 10-14 d before experimentation.
Electrophysiology. Coverslips containing hippocampal neurons or SAN cells were
transferred to a chamber containing a low-K* bath solution consisting of (in mM) 130 Nacl,
5.4 KCI, 1 CaCl,, 1 MgCl,, 5.5 D-glucose, and 5 HEPES/NaOH (pH 7.4). Pyramidal-
shaped neurons with capacitance values between 80 and 200 pF were targeted for
hippocampal recordings. SAN cells were identified as thin, striated cells with capacitance
values 15-40 pF. Fire-polished borosilicate patch pipettes were filled with K-gluconate
pipette solution containing (in mM) 140 K-gluconate, 2 MgCl,, 1.1 EGTA, 5 HEPES, 2 Na,-
ATP, 0.3 Na-GTP, and 5 Na-phosphocreatine (pH 7.2). Cells were held in voltage-clamp
mode at =70 mV once whole-cell access was achieved. The liquid-junction potential was
predicted to be =17 mV using JPCalc software (Molecular Devices, LLC, Sunnyvale, CA),
and was not corrected for. GIRK-dependent currents were measured in a high-K* bath
solution containing (in mM) 120 NacCl, 25 KCI, 1 CaCl,, 1 MgCl;, 5.5 D-glucose, and 5
HEPES/NaOH (pH 7.4). VU0468554 and ML297 were dissolved in firstin DMSO and then
diluted into the high-K* bath solution. Baclofen and CCh were diluted in the high-K* bath
solution. Compounds were applied directly to the recorded cell using a ValveLink 8.2 rapid
perfusion system (AutoMate Scientific, Inc.; Berkeley, CA). For hippocampal recordings,
whole-cell currents were measured with hardware (Axopatch-200B amplifier, Digidata
1322A) and software (pCLAMP v. 8.2) from Molecular Devices. Recordings for SAN cells
experiments were obtained with hardware (Axopatch-700B amplifier, Digidata 1440A) and
software (p)CLAMP v. 10.4) from Molecular Devices. Only experiments in which the access

resistances were stable and low (<20 MQ) were included in the analysis.
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Isolated Heart. Hearts were excised and placed into ice-cold, oxygenated Tyrode’s
solution and the aorta was quickly cannulated. Cannulated hearts were then placed into a
warm (3711 °C) Tyrode’s bath, and iWorx (Dover, NH) platinum recording electrodes were
placed near/on the surface of the heart. Oxygenated Tyrode’s solution was then perfused
at 2-3 mL/min and a baseline HR was recorded for 10 min. After the baseline HR was
acquired, 1 uM CCh was perfused and allowed to stabilize for 15 min. While CCh was still
being perfused, a bolus injection of either vehicle (1:100 DMSO) or VU0468554 (10 uM)
was injected through a port in the Langendorf apparatus. The ECG signal was acquired
with LabScribe v.3 software (iWorx; Dover, NH), and filtered as appropriate. The derivative
of that channel was computed to account for movements in baseline and to amplify the
signal for subsequent analysis. A 15-s segment from each time point (baseline, CCH, 5
min post, 10 min post) was then exported to Kubios HRV v.2 (Tarvainen et al., 2014) for
HR analysis, utilizing artifact correction as appropriate.

Statistical analysis. All data were analyzed using Prism v.8.2.1 software
(GraphPad Software; San Diego, CA) and are presented as mean + SEM. The level of
statistical significance was set at p < 0.05. Specific statistical analyses are denoted within

the figure legends.
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4.3 Results

4.3.1 Identification and characterization of VU0468554, a selective inhibitor of
GIRK1/4 channels

VU0468554 was discovered through structure-activity relationship (SAR)
investigations using the GIRK1-selective agonist ML297 as a chemical scaffold to identify
novel GIRK channel activators and inhibitors (Wen et al.,, 2013) (Figure 4.1). Novel
activators and inhibitors were assessed using a thallium(TI*)-flux based assay, which
involves loading cells with TI*-sensitive dye to exploit the ability of TI* to pass through K*
channels, resulting in a fluorescent readout of channel activity (David Weaver, 2018).
Inhibition was normalized to the inhibition displayed by SCH23390, a D1 receptor
antagonist which also displays off-target GIRK channel inhibition (Terry and Katz, 1994;
Wen et al.,, 2013). In this assay, VU0468554 exhibited 93% inhibition in GIRK1/2-
expressing HEK cells and 67% inhibition in GIRK1/4-expressing HEK cells (Wen et al.,
2013). VU0468554 also displayed a promising selectivity profile, exhibiting more potent
inhibition in GIRK1/4 expressing HEK cells (ICso: 0.85 uM) in comparison to GIRK1/2

expressing HEK cells (ICso: 2.6 uM) (Wen et al., 2013).

4.3.2 VU0468554 preferentially inhibits cardiac GIRK channels

The GIRK1/4 selectivity profile of VU0468554 displayed in HEK cells prompted
further investigation of the impact of VU0468554 on GIRK-dependent signaling in native
cell types. Using mouse SAN cells, which express the GIRK1/4 channel subtype
(Krapivinsky et al., 1995a), we measured the ability of VU0468554 to reverse GIRK-
dependent currents elicited by muscarinic receptor activation. A saturating concentration
of the CCh (10 uM) elicited large, inward currents in SAN cells from wild-type mice (Figure

4.2A). These currents are absent in SAN cells from Girk4™ mice, indicating that the
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response is GIRK-dependent (Figure 4.2A). VU0468554 reversed CCh-induced GIRK
currents in SAN cells in a dose-dependent manner, inhibiting approximately 73% of the
CCh-induced response at the highest dose tested (10 uM; Figure 4.2A,C,D).

In addition to modulating cardiomyocyte excitability, GIRK channels are expressed
widely in the nervous system and are major contributors to inhibitory signaling in neurons
(Lujan and Aguado, 2015; Mayfield et al., 2015). Therefore, we next explored the ability of
VU0468554 to reverse GIRK-dependent responses in cultured hippocampal (HPC)
neurons, which express the GIRK1/2 channel subtype (Wydeven et al., 2012, 2014a).
Selective activation of GABAg receptors with baclofen (100 uM) elicited robust currents in
hippocampal neurons from C57BL/6J mice that were not present in neurons from Girk2™"-
mice, indicating that the baclofen-induced response under these assay conditions is
completely GIRK-dependent (Figure 4.2B). VU0468554 dose-dependently inhibited
baclofen-induced currents in HPC neurons with a comparable potency as seen in SAN
cells (Figure 4.2D,E). However, at a maximal concentration, VU0468554 inhibited only
about 20% of baclofen-induced currents, which is significantly smaller than the % inhibition
of GIRK currents in SAN cells (Figure 4.2C). Therefore, YU0468554 displays a
significantly more efficacious block of cardiac GIRK channels over neuronal GIRK
channels.

We next assessed whether the actions of VU0468554 in SAN cells were GIRK1-
dependent as well. Application of VU0468554 (10 uM) resulted in a small reversible
increase in the holding current (Figure 4.3A,B), likely due to antagonism of constitutive
GIRK channel activity. Indeed, this change in holding current was entirely absent in SAN
cells from Girk1™~ mice (Figure 4.3F,G). Thus, the effects of VU0468554 are sensitive for

GIRK1-containing channels.
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Figure 4.1. Chemical structure of VU0468554 and ML297
Structure of VU0468554 (left) which was discovered from SAR investigations using
ML297(right) as a chemical scaffold for chemical optimization (Wen et al., 2013).
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Figure 4.2. VU0468554 preferentially blocks cardiac GIRK channels over neuronal
GIRK channels

(A)Representative whole-cell CCh-induced currents (Viog= -70 mV) (left) and baclofen-
induced currents (right) reversed by perfusion of a maximal concentration of VU0468554

(10 uM) in either SAN cells (left) or HPC neurons (right) from wildtype mice (top) or Girk "~

mice (bottom). Scale bars: 10 s/500 pA. (B) Summary of the % inhibition of maximal
currents evoked by either CCh (SAN cells) or baclofen (HPC neurons). Statistical analysis
revealed a significant difference (t.=11.8; ****P<0.0001; unpaired t-test) in the % inhibition
between responses in wild-type SAN cells (n=9 cells/4 mice) and wild-type HPC neurons
(n=8 cells). (C) Summary of concentration-dependent inhibition of CCh-induced in SAN
cells (n=10 cells/4 mice) and baclofen-induced currents in cultured HPC neurons from
wild-type mice (n=7 cells). (D) Summary of the Log(ICsp) of VU0468554 from
concentration-dependent inhibition of CCh-induced in SAN cells. Statistical analysis
revealed no significant difference (t.=0.8; P=0.41; unpaired t-test) in the Log(ICso) of
VU0468554 on CCh- and Baclofen- induced currents in wild-type SAN cells (n=10 cells /4
mice) and wildtype HPC neurons (n=7 cells).
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Figure 4.3. VU0468554 is sensitive for GIRK1-containing channels
(A)Representative currents evoked by VU0468554 (10 uM) SAN cells from wild-type (top)
and Girk1™ (bottom) mice. Scale bars: 5 s/100 pA. (B)Summary of the current density of
responses evoked by VU0468554 (10 mM) in wild-type and Girk1™ SAN cells. Statistical
analysis revealed a significant difference (t21=4.4; **P<0.0001; unpaired t-test) in the %
inhibition between responses in wild-type SAN cells (n=9 cells /3 mice) and Girk1™~ SAN
cells (n=14 cells /4 mice).
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4.3.3 VU0468554 exhibits un-competitive inhibition of GBy-dependent GIRK channel
activity

Next, we investigated the mechanism of inhibition exhibited by VU0468554. We
performed CCh concentration-response experiments in the presence or absence of a
maximally effective dose of VU0468554 (10 uM) and examined both efficacy and potency
of CCh (Figure 4.4A-C). Addition of YU0468554 decreased the maximal response
induced by CCh, and this effect was not overcome by higher concentrations of CCh
(Figure 4.4B), suggesting that VU0468554 inhibits GPCR-induced GIRK channel activity
in a hon-competitive manner. We also observed a slight decrease in potency, as evidence
by increase in ECso of CCh-induced responses (Figure 4.4C). This finding is consistent
with an “un-competitive” mechanism of inhibition, where the inhibition of VU0468554 relies
upon formation of a GIRK channel:Gpy complex.

ML297 is a GIRK1-dependent agonist that activates GIRK channels independent
of GBy (Wydeven et al., 2014a), presumably via direct binding. Therefore, we next
examined if VU0468554 inhibits ML297-induced, receptor-independent activation of
cardiac GIRK channels. We measured measuring ML297 concentration-response
experiments in the presence or absence of 10 uM VU0468554 (Figure 4.4D). A significant
decrease in the efficacy of ML297 in the presence of VU0468554 was observed (Figure
4.4F), suggesting that VU0468554 inhibition of ML297 is likely non-competitive. Addition
of VU0468554 did decrease the potency of ML297, however, this effect was not significant

(Figure 4.4E).

99



>
w
o

12590 . -4+ 150
o = +vussa =
% 100- s
g = - L 100] [T
z 757 & L >
2 W g 2
8 50~ 9 —_ 3
= A € 504
o 7 9_, *kkk
S 257 g £ o
O &)
0- 1 1 1 '8 1 ] 0 1 1
-8 -6 -4 - +VU554 + VU554
Log[CCh]
2 £ 49 Foo
2096 . -4.
o |= +vuss4 m
oy o
2 154 -4.54 < 157 T
S —~ 2
~ (=]
2 o’ =
% 10 W 504 T 2 10 .
® Q a
a] o = 55
E 5- - &
o s5{ [ S 54
5 =
o (6]
07 o
i - i . 60 . . 0 T T
8 7 6 5 4 - +VUS554 + VU554

Log[ML297]

Figure 4.4. Mechanism of VU0468554 inhibition of GIRK-dependent responses in
SAN cells

(A) Summary of concentration-dependent experiments of CCh-induced currents in
wildtype SAN cells in the presence (n=11 cells /3 mice) or absence of 10 uM VU0468554
(n=17 cells /4 mice). (B) Summary of the Log(ECso) from concentration-dependent of CCh-
induced currents in wildtype SAN cells. Statistical analysis revealed a significant difference
(tx=3.6; **P<0.01; unpaired t-test) in the Log(ECso) of CCh-induced currents in presence
(n=11 cells /3 mice) or absence (n=17 cells /4 mice) of 10 uM VU0468554 in wildtype SAN
cells. (C) Summary of the top (maximal response, pA/pF) of the nonlinear regression fits
of the concentration-dependent CCh-induced responses in wildtype SAN cells. Statistical
analysis revealed a significant difference (t.=8.8; ***P<0.0001; unpaired t-test) in the
maximal current density of CCh-induced currents in presence (n=11 cells /3 mice) or
absence (n=17 cells /4 mice) of 10 uM VU0468554 in wildtype SAN cells. (D) Summary of
concentration dependent experiments of ML297-induced currents in wildtype SAN cells in
the presence (n=14 cells /4 mice) or absence of 10 uM VU0468554 (n=10 cells /2 mice).
(E) Summary of the Log(ECso) from concentration-dependent of ML297-induced currents
in wildtype SAN cells. Statistical analysis revealed a significant difference (t.=1.9; P=0.08;
unpaired t-test) in the Log(ECso) of ML297-induced currents in presence (n=14 cells /4
mice) or absence (n=10 cells /2 mice) of 10 uM VU0468554 in wildtype SAN cells. (F)
Summary of the top (maximal response, pA/pF) of the nonlinear regression fits of the
concentration-dependent ML297-induced responses in wildtype SAN cells. Statistical
analysis revealed a significant difference (t.=2.7; *P<0.05; unpaired t-test) in the maximal
current density of ML297-induced currents in presence (n=14 cells /4 mice) or absence
(n=10 cells /2 mice) of 10 uM VU0468554 in wildtype SAN cells.
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4.3.4. VU0468554 reverses GIRK-mediated bradycardia in the isolated heart

We next investigated whether the reversal in CCh-induced GIRK currents elicited
by VU0468554 in SAN cells translated to a block of GIRK-dependent bradycardia evoked
by muscarinic activation. We obtained baseline HR from isolated wild-type and Girk4="~
mouse hearts. We then perfused the hearts with 1 uM CCh and compared the decrease
in HR in wild-type and Girk4”~ mouse hearts. The decrease in HR upon perfusion of 1 uM
CCh was significantly blunted in Girk4™ mouse hearts (Figure 4.5B). After the HR
reduction upon CCh perfusion had stabilized, VU0468554 (10 pM) or vehicle (1:100
DMSO) was administered and HR data at 5 min and 10 min post-injection was analyzed.
Injection of VU0468554 reversed CCh-induced bradycardia by approximately 60 bpm (or
20% recovery) at 5 min post-injection (Figure 4.5A-C) and 50 bpm (or 16% recovery) at
10 min post-injection. We did not see a significant effect of vehicle injection on wild-type
HR (Figure 4.5). Notably, we did not observe an impact of VU0468554 on the minimal
CCh-induced bradycardia from isolated hearts from Girk4™" mice, indicating that the
impact of VU0468554 is likely due to its actions on GIRK channels (Figure 4.5B). These
results show that 10 uM VU0468554 reverse approximately 1/3 of GIRK-mediated

bradycardia elicited by muscarinic activation.
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Figure 4.5. VU0468554 partially reverses GIRK-dependent bradycardia in the
isolated heart

(A) Representative isolated heart recordings from wild-type mice showing HRs at baseline
(left), after CCh perfusion (middle), and 5 min post-injection (right) while CCh is still being
perfused. Top traces were from heart that was administered the vehicle alone (~1:100
DMSO), while the bottom traces were administered YU0468554 (~ 10 uM). (B) Summary
of the % baseline beating rate of isolated hearts from wildtype and Girk4~~ mice. Unpaired
t-test revealed a significant difference in the % baseline beating rate after CCh perfusion
between isolated hearts from wildtype (n=10) and Girk4"~ (n=5) mice was detected
(t13=23.3, ***P<0.0001). Two-way ANOVA comparing the effect of treatment and time-
point in wild-type mouse hearts revealed a significant interaction between time point and
treatment (F..=11.9; ***P<0.001) in the % inhibition. Post-hoc analysis revealed a
significant difference between vehicle (n=6) and treatment (n=5) at 10 min post injection
in wild-type mice (*P<0.05). Two-way ANOVA comparing the effect of treatment and time-
point in Girk4~~ mouse hearts (vehicle, n=3; treatment, n=2) revealed no significant effect
of treatment (F..=0.1; P=0.8), time point (F.,=2.1; P=0.2) or interaction (F..=0.5; P=0.61).
(C) Summary of the Abeating rate (bpm) of isolated hearts from wildtype mice. Two-way
ANOVA revealed a significant effect of treatment (F..=31.4; ***P<0.001), but not of time
point F..=2.5;P=0.15 and no interaction between the two was detected F..=0.01; P=0.92)
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4.4 Discussion

Here, we describe the characterization of a novel cardiac GIRK channel inhibitor,
VU0468554. VU0468554 is selective for cardiac over neuronal GIRK channels, as
evidenced by both previous work in GIRK channel-expressing HEK cells (Wen et al., 2013)
and work here in primary culture models. The inhibition of cardiac GIRK channels resulted
in a modest, yet significant, reversal of GIRK-dependent bradycardia elicited by
muscarinic receptor activation. Therefore, VU0468554 represents a novel, exciting hew
pharmacological tool for selective targeting of GIRK1/4 channels.

VU0468554 displayed favorable maximal inhibition in native cell types,
demonstrating nearly 60-80% antagonism of CCh-induced GIRK currents in SAN cells,
yet only about 20% inhibition of baclofen-induced currents in HPC neurons. Intriguingly,
we saw no significant difference in the potency between cardiac and neuronal inhibition of
GIRK channels. This differs from previous observations in HEK cells, where VU0468554
exhibited a nearly 3x more potent inhibition in GIRK1/4 expressing HEK cells over
GIRK1/2 expressing HEK cells. These discrepancies could arise from differences in how
inhibition was measured in each assay. The thallium-flux based assay measured inhibition
of basal activity of HEK cells transfected with either GIRK1/4 or GIRK1/2. In this study, we
measured differences in inhibition of GPCR-activated GIRK-currents in native cell types.
Furthermore, HEK cells lacking certain tissue-dependent signaling elements which
influence GIRK channel gating and sub-cellular localization, such as RGS proteins
(Doupnik, 2015) and synapse-associated proteins (SAPs) (Lunn et al., 2007). Thus, work
here highlights the importance of experimentation in native cell types of tissues of interest.

GIRK channels are critical mediators of the effects of muscarinic activation on
cardiomyocytes (Anderson et al., 2018; Bettahi et al., 2002; Lee et al., 2018; Wickman et

al., 1998). Our work shows that VU0468554 can inhibit both Gpy-dependent (CCh-
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induced) GIRK responses as well as basal GIRK channel activity, which is Gpy-
independent (Kienitz et al.,, 2014). Furthermore concentration-response experiments
revealed evidence of non-competitive inhibition of Gpy-dependent responses. We did note
a significant shift in the potency (ECso) of CCh-induced responses upon addition of
VU0468554, suggesting additional un-competitive inhibition, where VU0468554 exhibits
greater affinity for GIRK channels in complex with Gpy.

VU0468554 was discovered from a family of compounds related to the previously
characterized GIRK1-dependent agonist, ML297, which activates GIRK channels
independent of GBy (Wydeven et al., 2014a). Site-mutagenesis studies revealed 2 distinct
residues, one found in the GIRK1 pore helix and the other in the second membrane-
spanning domain, that are necessary for ML297 activation of GIRK1-containing GIRK
channels (Wydeven et al., 2014a). Our results here show that, like ML297, VU0468554 is
a GIRK1-dependent GIRK channel modulator. However, we did not see strong evidence
for competitive inhibition of ML297 by VU0468554, suggesting that even though ML297
and VU0468554 are from the same family of compounds, the binding sites may be unique.
Thus, future studies utilizing site mutagenesis may provide a clearer picture of the mode
of GIRK channel inhibition by VU0468554.

While VU0468554 exhibited a strong block of GIRK channel activity in isolated
SAN cells, we observed only approximately 30% block of GIRK-dependent bradycardia
elicited by muscarinic receptor activation in the isolated heart. This is likely due to solubility
issues with the compound, which precipitates out of aqueous solution at concentrations
over 10 uM. Higher concentrations may be necessary to reach the maximal inhibition of
GIRK-dependent bradycardia by VU0468554 in the isolated heart model. Therefore,

VU0468554 may serve as a lead compound for future iterations with improved solubility,
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allowing for higher concentrations to be reached and used for further preclinical
assessments.

Previous work has investigated the potential of GIRK channel inhibitors for the
treatment of cardiac arrhythmias. TTQ (Jin and Lu, 1999), which is relatively selective for
GIRK channels at nanomolar concentrations (Jin et al., 1999), has been shown to
suppress atrial tachyarrhythmias in canines subjected to pacing-induced cardiac
remodeling while not affecting ventricular physiology (Cha et al., 2006). NIP-142 was
identified and shown to inhibit GIRK currents at low concentrations (ECso =0.64 uM) and
hERG channels at higher concentrations (ECso=44 uM); it also reverses CCh and Ado-
induced shortening of APD (Matsuda et al., 2006). Similar to the effects of TTQ, NIP-142
has been shown to terminate and prevent re-initiation of both AF and atrial flutter in atrial
canine preparations (Hidehiko et al., 2002).

Against this background of existing GIRK channel blockers, VU0468554 is unique
in its relatively selective inhibition of cardiac over neuronal GIRK channels. As previously
mentioned, GIRK channels are widely throughout the CNS and play a critical role in
mediating inhibitory signaling in discrete neuronal populations (Lujan et al., 2014).
Accordingly, a loss of GIRK-dependent signaling in the brain has been associated with
several neurological disorders such as mood-related disorders, addiction, and epilepsy
(Lujan et al., 2014). Indeed, the dosing of the GIRK channel inhibitor BMS914392,
previously known as NTC-801, was reduced by a factor of 3 in a study in human patients
with AF due to severe CNS side effects (MacHida et al., 2011; Podd et al., 2016;
Yamamoto et al., 2014). One possible explanation given concerning the CNS side effects
was that BMS914392 may be blocking GIRK-dependent signaling in the brain. Thus,
efforts to develop novel GIRK channel inhibitors for as a therapeutic intervention for
related arrhythmias would ideally be selective for cardiac GIRK channels over neuronal

GIRK channels, like VU0468554.
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While GIRK channel activity has been widely implicated in arrhythmias such as
nodal dysfunction and AF (Ehrlich et al., 2007, 2008; Mesirca et al., 2014, 2016a, 2016b)
a lack of atrial GIRK channel has been linked to additional cardiac disorders. For example,
Girk4™ mice have been reported to experience resting tachycardia as observed via ECG
telemetry (Posokhova et al., 2013). Furthermore, Girk4™~ mice also exhibit an increase in
the amount of time necessary for HR to recover from sympathetic stimulation from either
stress, exercise, or pharmacological stimulation (Mesirca et al., 2013). Prolonged recovery
to sympathetic stimulation is associated with an increased risk for adverse cardiac
outcomes such as myocardial infarction (Nissinen et al., 2003; White and Raven, 2014).
Thus, a selective GIRK1/4 agonist may have potential utility in these scenarios. Future
work could identify such an agonist similarly to how YU0468554 was discovered.

In conclusion, VU0468554 represents a novel lead compound as a GIRK1/4
selective inhibitor. VU0468554 and/or future iterations with improved solubility could prove
incredibly useful as not only a new pharmacological tool for studying GIRK channels, but
also have therapeutic implications in relevant cardiac arrhythmia models. Future work
could evaluate the utility of VU0468554 and future iterations in mammalian models of

supraventricular arrhythmias.
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GPCR-dependent biasing of GIRK channel
sighaling dynamics by RGS6 in mouse sinoatrial
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5.1 Introduction

GPCRs constitute the largest family of cell surface receptors in the mammalian
genome, and they mediate the influence of a diverse array of ligands on cell signaling,
organ physiology, and behavior (Hauser et al., 2017). GPCRs evoke biological responses
by coupling to a limited array of heterotrimeric G proteins, which then regulate the activity
of a relatively small pool of effectors. Mechanisms underlying the compartmentalization of
G protein dependent signaling pathways in native cell types are not well-understood.

Regulation of HR offers an opportunity to investigate how different GPCRs engage
intracellular signaling networks to shape a critical physiological response. Activation of the
parasympathetic branch of the ANS elicits bradycardia (Dyavanapalli et al., 2016), an
effect mediated by the ACh-induced activation of MzR on sinoatrial nodal SAN cells (Dhein
et al.,, 2001). MzR activation stimulates inhibitory G proteins, which then modulate the
activity of downstream effectors, including GIRK channels (Logothetis et al., 1987;
Sakmann et al.,, 1983; Wickman et al., 1994). The cardiac GIRK channel is a
heterotetramer consisting of GIRK1 and GIRK4 subunits (Corey et al., 1998; Corey and
Clapham, 1998; Krapivinsky et al., 1995a). Studies involving Girk1™ and Girk4~”~ mice
have shown that activation of cardiac GIRK channels mediates most of the
parasympathetic impact on HR, as well as atrial and AV impulse conduction (Bettahi et
al., 2002; Lee et al., 2018; Mesirca et al., 2013; Wickman et al., 1998). Cardiac GIRK
channels are also activated by Ado, an autacoid generated under ischemic conditions that
activates A:R, resulting in GIRK-dependent bradycardia (Belardinelli et al., 1988; Layland
et al., 2014; Mustafa et al., 2009; Wickman et al., 1998). The ability of Ado to suppress
HR and AV impulse conduction is exploited clinically to treat and diagnose

supraventricular tachycardias (Layland et al., 2014).
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GPCR-dependent signaling dynamics are influenced by RGS proteins (Woodard
et al., 2015). RGS proteins possess GAP catalytic activity that accelerates the intrinsic
GTP hydrolysis rate of Ga subunits. Previous work from our group and others has
identified RGS6 as a critical negative regulator of M2R-GIRK signaling in mouse SAN cells
and atrial myocytes (Posokhova et al., 2010; Wydeven et al., 2014b; Yang et al., 2010a).
RGS6 is a member of the R7 RGS sub-family of RGS proteins, members of which form
obligate dimers with the atypical GB subunit GB5 (Anderson et al., 2009). Genetic ablation
of Rgs6 in mice increased GIRK channel sensitivity to muscarinic receptor activation,
prolonged the deactivation rate of currents elicited by CCh, and enhanced CCh-induced
bradycardia (Posokhova et al., 2010; Wydeven et al., 2014b; Yang et al., 2010a). The
extent to which RGS6 regulates A;R-GIRK signaling in the heart is currently unknown.

Here, we probed the functional compartmentalization of GPCR-dependent
signaling by investigating signaling engaged by M;R and A;R activation in SAN cells.
Despite converging on a common effector, MoR-GIRK and A;R-GIRK signaling pathways
display notable differences in amplitude and kinetics. Using an array of knockout mouse
lines, as well as electrophysiological, molecular, and optical imaging approaches, we
found that the differences in M2R-GIRK and A:R-GIRK signaling dynamics in mouse SAN
cells can be explained by GPCR-specific coupling biases for inhibitory G protein isoforms

and the Ga, substrate specificity of RGS6.
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5.2 Methods

5.2.1 Main-Text Methods
Animals. All procedures involving mice were approved by the Institutional Animal
Care and Use Committee of the University of Minnesota, and experiments were conducted

= and Rgs6™ mice

in accordance with guidelines set by the NIH. The generation of Girk4
was described previously (Wickman et al., 1998; Wydeven et al., 2014b). C57BL/6J mice,
bred on site or purchased from The Jackson Laboratory, were used as wild-type controls
for these studies. Mice lacking either Gao or Gaix selectively in atrial/SAN tissue were
generated by crossing the SLNCre driver mouse line (Nakano et al., 2011) with floxed
versions of either Goo, (Ang et al., 2016) or Gaiz (Sebastian et al., 2013), resulting in
SLNCre:Gao"" and SLNCre:Gaix" mouse lines, respectively. Male and female mice were
group-housed on a 12-h light/dark cycle, given free access to food and water, and used
for experiments at ages 8 to 12 wk.

SAN Cell Culture and Recordings. SAN cells were prepared for
electrophysiological analysis as described (Anderson et al., 2018) (Chapter 3). See
section 5.2.2 for further details.

Isolated Heart Recordings. Hearts were excised and placed into ice-cold,
oxygenated Tyrode’s solution, and the aorta was quickly cannulated. Cannulated hearts
were then placed into a warm (37 + 1 °C) Tyrode’s bath, and iWorx platinum recording
electrodes were placed near/on the surface of the heart. Oxygenated Tyrode’s solution
was then perfused at 2 to 3 mL/min, and a baseline HR was recorded. Increasing
concentrations of CCh or CPA (Tocris Bioscience) were then perfused via peristaltic pump
for at least 15 min per dose. The ECG signal was acquired with LabScribe v.3 software
(iWorx) and filtered as appropriate. The derivative of that channel was computed to

account for movements in baseline and to amplify the signal for subsequent analysis. A
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30-s segment from the last minute of exposure to each agonist dose was then exported
to Kubios HRV v.2 (Tarvainen et al., 2014) for HR analysis, utilizing artifact correction as
appropriate.

Quantitative RT-PCR. Total RNA was isolated from freshly isolated atrial tissue
samples from adult wild-type mice and Rgs6™" mice using the RNeasy fibrous tissue kit
(Qiagen), according to manufacturer recommendations. Reverse transcription of 1.2 ug of
total RNA per sample was performed using Maxima H Minus First Strand cDNA Synthesis
Kit (ThermoFisher Scientific). Quantitative PCR was performed in a QuantStudio3 Real
Time PCR System (Applied Biosystems) with the Fast SYBR Green Master Mix
(ThermoFisher Scientific). See SI Appendix for further details, including target-specific
primer sequences, reaction conditions, and analysis information.

Fast Kinetic BRET Assay. HEK293T/17 cells were grown in Dulbecco’s Modified
Eagle Media (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(Millipore Sigma), minimum Eagle’s medium nonessential amino acids, 1 mM sodium
pyruvate, and antibiotics (100 units/mL penicillin and 100 mg/mL streptomycin) at 37 °C
in a humidified incubator containing 5% CO2. Culture dishes (3.5 cm) were incubated for
10 min at 37 °C with 1 mL of 10 mg/mL growth-factor-reduced Matrigel (BD Biosciences)
in culture medium. For transfection, cells were seeded into 3.5-cm dishes at a density of
2 x 106 cells/dish. After 2 h, expression constructs (total 5 ug/dish) were added to the cells
using PLUS (5 pg/dish) and Lipofectamine LTX (6 uL/dish) reagents (Thermo Fisher
Scientific). BRET measurements of Venus-Gply2 and masGRK3ct-Nluc-HA were
performed to measure G protein activation by M;R and A:R, or the GAP activity of
RGS6/GB5 in living cells, as described (Masuho et al., 2015b, 2015a). See S| Appendix
for further details, including information about DNA constructs and transfection as well as

BRET assay procedures and analysis.
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Statistical Analysis. All data were analyzed using Prism v.8.2.1 software
(GraphPad Software) and are presented as mean * SEM. Statistical outliers were
identified and excluded with Grubb’s outlier test. The level of statistical significance was

set at P < 0.05. Specific statistical analyses are denoted within the figure legends.

5.2.2 Supplementary Methods

SAN cell culture. Adult male and female mice (8-10 wk) were anesthetized with
intraperitoneal (i.p) ketamine (100 mg/Kg) and xylazine (10 mg/Kg). Hearts were excised
into Tyrode’s solution (in mM): 140 NaCl, 5.4 KClI, 1.2 KH2PO4, 1.0 MgCl., 1.8 CaCl,, 5.55
glucose, 5 HEPES (pH 7.4 with NaOH). SAN-containing tissue was excised into a modified
Tyrode’s solution containing (in mM): 140 NaCl, 5.4 KCI, 1.2 KH;PO4, 0.2 CaCl;, 50
taurine, 18.5 glucose, 5 HEPES, 0.1% BSA (pH 6.9 with NaOH) with elastase (0.3 mg/mL,
Worthington Biochemical Corp., Lakewood, NJ) and collagenase Il (0.21 mg/mL; Sigma
Aldrich, St. Louis, MO). SAN tissue was digested at 37 °C for 30 min and then washed
three times in a solution containing (in mM): 100 L-glutamic acid/potassium salt, 10 L-
aspartic acid/potassium salt, 25 KCI, 10 KH,PO., 2 MgSQOa, 20 taurine, 5 creatine, 0.5
EGTA, 20 glucose, 5 HEPES, 0.1% BSA (pH 7.2 with KOH). SAN tissue was then brought
up to a volume of 500 uL of KB solution and triturated; 50 uL of the SAN cell containing
solution was plated on each laminin-coated coverslips (25 ug/mL) and used within 8 h. In
some experiments, SAN cells were treated with pertussis toxin (5 pg/mL; Tocris
Bioscience, Bristol, UK) for 4-6 h prior to recordings.

Electrophysiology. Whole-cell currents and voltages were measured with
hardware (Axopatch700B amplifier, Digidata 1440A) and software (pCLAMP v. 10.4) from
Molecular Devices (Sunnyvale, CA). SAN cells were identified as thin, striated cells with
capacitance values between 15-45 pF. Currents evoked by Ado (Sigma-Aldrich, St. Louis,
MO), CCh (Sigma-Aldrich, St. Louis, MO), and ML297 (a generous gift from Dr. C. David
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Weaver and Dr. Corey Hopkins) were measured at a holding potential of -70 mV.
Borosilicate patch pipettes were filled with (in mM): 140 K-gluconate, 2 MgCl, 1.1 EGTA,
5 HEPES, 2 Na,ATP, 5 phosphocreatine, and 0.3 Na-GTP (pH 7.2 with KOH). Whole-cell
access was achieved in a low-K* bath solution consisting of (in mM): 130 NaCl, 5.4 KCl,
1 CaCl,, 1 MgCl,, 5.5 glucose, 5 HEPES/NaOH (pH 7.4). A high-K* bath solution (+/-CCh,
Ado, or ML297) consisting of (in mM): 120 NacCl, 25 KClI, 1 CaCl,, 1 MgCl,, 5.5 glucose, 5
HEPES/NaOH (pH 7.4) was applied via ValveLink 8.2 rapid perfusion system (AutoMate
Scientific, Berkeley, CA). Current reversal with TTQ (Alomone Labs, Jerusalem, Israel)
was measured in the presence of CCh or Ado. Activation and deactivation time constants
were extracted from appropriate regions of stable current traces and were fit with a 1-term

n A

1+e /T

Boltzmann equation: f(x) = Z +C.

i=1
Only those experiments in which the access resistances were stable and low (<20 MQ)
were included in the final analysis.

Quantitative RT-PCR. The following amplification program was used: 95°C/20 s
followed by 40 cycles of 95°C/3 s, 60 °C/30 s. Intron-spanning primer pairs were as
follows:

A:1R: 5’-CAGAGCTCCATCCTGGCTCT-3’ (forward)
5-CGCTGAGTCACCACTGTCTTG-3 (reverse)
M2R: 5-GCCAGACTCCACCAGAT-3' (forward)

5-CCATTGTTCGAGGAGTTAGTT-3' (reverse)

GIRK1: 5-AAACTCACTCTCATGTTCCG-3' (forward)
5-TCCAGTTCAAGTTGGTCAAG-3' (reverse)

GIRK4: 5-GAGTTCGAAGTTGTGGTCATA-3' (forward)
5-GCACCTCTGTATCCATGTAAG-3' (reverse)

RGS6: 5-CTGACATTGTACAGTGGCTTAT-3' (forward)
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5'-GAGAACATGGTCTGAGATTGG-3' (reverse)
The specificity of all reactions was assessed with a melting curve at the end of the
program. Samples were tested in triplicate, and the average of replicates was used in the
final data analysis. GAPDH (Mm_Gapd_2_ SG QuantiTect primers; Qiagen) was used as
an internal control in each sample.

cDNA constructs. AR (AY136746), M2R (AF498916), Goos (AH002708), Go.
(J03260), Gaa1 (AF493900), Gais (NM_004297), Gous (AF493904), Gas long isoform
(Gas) (NM_000516), Goorr (AF493893), Goz (NM_007353), Gous (NM_006572), RGS6
(NM_004296), and Gp5S (NM_006578) in pcDNA3.1(+) were purchased from cDNA
Resource Center (www.cDNA.org). Flag-tagged dopamine D2 receptors (NM_000795)
containing the hemagglutinin signal sequence (KTHALSYIFCLVFA) at the N-terminus was
a gift from Dr. Abraham Kovoor. The pCMV5 plasmids encoding rat Gaoa, rat Gaii, rat
Gaiiz, rat Gaiz, human Goyg, and bovine Gass short isoform (Gass) were gifts from Dr. Hiroshi
Itoh. Venus 156-239- GB1 (amino acids 156-239 of Venus fused to a GGSGGG linker at
the N terminus of GB1 without the first methionine (NM_002074)) and Venus 1-155-Gy2
(amino acids 1-155 of Venus fused to a GGSGGG linker at the N terminus of Gy2
(NM_053064)) were gifts from Dr. Nevin A. Lambert (Hollins et al., 2009). Flag-tagged
Ric-8A (NM_053194) in pcDNA3.1 was a gift from Dr. Jean-Pierre Montmayeur (Fenech
et al., 2009). Flag-tagged Ric-8B (NM_183172 with one missense mutation (A1586G)) in
pcDNA3.1 was a gift from Dr. Bettina Malnic (Von Dannecker et al., 2006). The
masGRK3ct-Nluc-HA constructs were constructed by introducing HA tag at the C-terminus
of masGRK3ct-Nluc reported previously (Masuho et al., 2015b). PTX-S1 constructs were
reported previously (Raveh et al., 2010). GenBank accession numbers for each sequence
are given in parentheses.

Fast kinetic BRET assay. The GPCR (MzR (6), AiR (1), and dopamine D2 receptor
(D2R) (1)), Go (Gawoa (2), Gawos (1), Gair (1), Gaiz (2), Gais (1.5), Gaz (1.5), Gog (2), Gauz (2),
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Goaua (4), Gaus (2), Gas short (6), Gas long (4), Gowir (6), Gouz (3), or Gaas (4)), Venus 156-
239-Gp1 (1), Venus 1-155- Gy2 (1), and BRET donor (masGRK3ct-Nluc-HA (1)) were
transfected with RGS6 (1) and Gp5s (1) constructs; the number in parentheses indicates
the ratio of transfected DNA (ratio 1 = 0.21 pg). Gousns and Gaor Were transfected with
Ric-8A (1) and Ric-8B (1), respectively. A construct carrying catalytic subunit of pertussis
toxin (PTX-S1) were transfected with Ga,, Gas subfamily, Gaq subfamily, and Gaiz13
subfamily to inhibit the possible coupling of endogenous Gi,to GPCRs. An empty vector
(pcDNAS.1(+)) was used to normalize the amount of transfected DNA. After transfection
(16-24 h), HEK293T/17 cells were washed once with BRET buffer (Dulbecco’s Phosphate-
Buffered Saline containing 0.5 mM MgCl, and 0.1% glucose) and detached by gentle
pipetting over the monolayer. Cells were harvested with centrifugation at 500xg for 5 min
and resuspended in BRET buffer. Approximately 50,000 to 100,000 cells per well were
distributed in 96-well flat-bottomed white microplates (Greiner Bio-One, Kremsmiinster,
Austria). The Nluc substrate furimazine was purchased from Promega (Madison, WI) and
used according to manufacturer specifications. BRET measurements were made using a
microplate reader (POLARstar Omega; BMG Labtech, Offenburg, Germany) equipped
with two emission photomultiplier tubes, allowing for detection of two emissions
simultaneously with a highest possible resolution of 20 ms per data point. All
measurements were performed at room temperature. The BRET signal was determined
by calculating the ratio of the light emitted by the Venus-Gp1y2 (535 nm with a 30 nm band
path width) over the light emitted by the masGRK3ctNIuc-HA (475 nm with a 30 nm band
path width). The average baseline value (basal BRET ratio) recorded prior to agonist
stimulation was subtracted from the experimental BRET signal values and obtained
ABRET ratio. The time constants (tau) of the activation and deactivation phases were
obtained by fitting a single exponential curve to the traces with Clampfit 10.3. keap rate
constants were determined by subtracting the basal deactivation rate from the deactivation
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rate measured in the presence of exogenous RGS protein. Obtained keap rate constants

were used to quantify GAP activity

116



5.3 Results

5.3.1 A1R-GIRK and M;R-GIRK signaling distinctions in mouse SAN cells

We began by measuring whole-cell currents evoked by a saturating concentration
of either Ado (10 uM) or CCh (10 uM) in isolated SAN cells from C57BL/6J (wild-type)
mice (Figure 5.1). Both agonists reliably evoked currents in SAN cells from wild-type, but
not in SAN cells from congenic Girk4™ mice (Figure 5.1A,B), indicating that the evoked
responses were mediated by GIRK channel activation. Currents elicited by Ado in wild-
type SAN cells were smaller than CCh-induced currents (Figure 5.1C) and did not exhibit
acute desensitization (Figure 5.1D). In addition, activation and deactivation rates of Ado-
induced GIRK currents were slower than those of CCh induced responses (Figure

5.1E,F).

5.3.2. RGS6 exerts a GPCR-dependent influence on GIRK-dependent signaling

In parallel, we explored the impact of Rgs6 ablation on Ado- and CCh-induced
currents in SAN cells. While Ado-induced currents were significantly larger in SAN cells
from Rgs6~~ mice relative to wild-type controls (Figure 5.1A,C), there was no impact of
Rgs6 ablation on CCh-induced current amplitudes (Figure 5.1B,C). Rgs6 ablation also
exerted a GPCR-dependent impact on response kinetics. Loss of RGS6 correlated with
prolonged activation rate of Ado-induced currents (Figure 5.1E), but there was no impact
on deactivation rate (Figure 5.1F). In contrast, and consistent with published reports
(Posokhova et al., 2010; Wydeven et al., 2014b), there was no impact of Rgs6 ablation on
the activation rate of CCh-induced currents (Figure 5.1F), but deactivation rate was
prolonged (Figure 5.1F). Acute desensitization of CCh- and Ado-induced currents was

not impacted by Rgs6 ablation (Figure 5.1D). Thus, RGS6 normally suppresses the
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amplitude and accelerates the activation rate of A1R-GIRK signaling in mouse SAN cells,
while accelerating the deactivation rate of M2R-GIRK signaling.

Ado-induced currents in SAN cells from Rgs6™~ mice were completely reversed by
the GIRK channel inhibitor TTQ (300 nM; Supplementary Figure 5.51) (Jin et al., 1999;
Jin and Lu, 1999), indicating that the enhanced Ado-induced responses in these cells
involves an increase in GIRK-dependent signaling. There was no difference in GIRK1,
GIRK4, or AR mRNA levels in atrial tissue samples containing the SAN region from wild-
type and Rgs6~~ mice (Supplementary Figure 5.S2). Additionally, GIRK channel currents
evoked by ML297, a direct and selective activator of GIRK1-containing GIRK channels
(Kaufmann et al., 2013; Wydeven et al., 2014a), were modestly but significantly smaller in
SAN cells from Rgs6™ mice (Supplementary Figure 5.53). Thus, the increase in Ado-
induced GIRK currents in SAN cells from Rgs6™mice does not appear to be linked to an
increase in the expression of AiR or GIRK channels.

To address the impact of Rgs6 ablation on the sensitivity of MoR-GIRK and A;:R-
GIRK signaling pathways, we measured GIRK currents evoked by increasing
concentrations of Ado and CCh in SAN cells from wild-type and Rgs6~~mice. While there
was no impact of Rgs6 ablation on the sensitivity of GIRK channels to Ado (Figure 5.2A-
C), GIRK channels in SAN cells from Rgs6~~ mice were more sensitive to CCh than GIRK
channels in SAN cells from wild-type controls (Figure 5.2D-F) (Wydeven et al., 2014b).

Thus, RGS6 decreases GIRK channel sensitivity to CCh, but not Ado, in SAN cells.
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Figure 5.1. Ado- and CCh-induced GIRK currents in SAN cells.

(A and B) Whole-cell currents (Vhod = =70 mV) evoked by Ado (10 uM; A) or CCh (10 uM;
B) in SAN cells from wild-type (Left, black) and Rgs6™" (Right, red) mice; these currents
were not observed in SAN cells from Girk4™" mice (Bottom, blue). (Scale bars: 5 s/500
pA.) (C) Peak current density of responses elicited by Ado (Left) and CCh (Right) in SAN
cells from wild-type (black) and Rgs6™ (red) mice. There was a significant interaction
between genotype and agonist (F149 = 14.9, P < 0.001; two-way ANOVA); group sizes
ranged from 10 to 20 cells (5-7 mice). **P < 0.01 wild-type vs. Rgs6™" (within agonist);
###P < 0.0001 Ado vs. CCh (wild-type). (D) Acute desensitization of responses elicited by
Ado (Left) and CCh (Right) in SAN cells from wild-type (black) and Rgs6™ (red) mice.
Statistical analysis revealed a main effect of agonist (F149 = 30.4, P < 0.0001; two-way
ANOVA), but no main effect of genotype (Fi49 = 0.13, P = 0.72; two-way ANOVA) or
genotype x agonist interaction (F1,49= 1.6, P = 0.21; two-way ANOVA); group sizes ranged
from 9 to 19 cells (5—7 mice). (E) Activation rates of responses elicited by Ado (Left) and
CCh (Right) in SAN cells from wild-type (black) and Rgs6 ™ (red) mice. Statistical analysis
revealed a genotype x agonist interaction (F1,45 = 6.8, P < 0.05; two-way ANOVA); group
sizes ranged from 9 to 17 cells (5—7 mice). **P < 0.01 wild-type vs. Rgs6™" (within agonist);
###P < 0.0001 Ado vs. CCh (wild type). (F) Deactivation rates of responses elicited by Ado
(Left) and CCh (Right) in SAN cells from wild-type (black) and Rgs6™ (red) mice.
Statistical analysis revealed a genotype x agonist interaction (F14s= 8.0, P < 0.01; two-
way ANOVA); group sizes ranged from 12 to 19 cells (5-7 mice). **P < 0.001 wild-type
vs. Rgs6™" (within agonist); *#P < 0.001 Ado vs. CCh (wild type).
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Supplemental Figure 5.S1. GIRK-dependence of Ado- and CCh-induced currents.
(A) The GIRK channel blocker TTQ (300 nM) reversed whole-cell currents evoked by Ado
(10 uM) in SAN cells from wild-type and Rgs6™" mice. (B) Peak current density of Ado-
induced currents (-/+ TTQ) in SAN cells from wild-type (n=11 cells/3 mice) and Rgs6™-
(n=11 cells/3 mice) mice. There was a significant difference in the peak current density of
Ado-induced currents before and after TTQ perfusion in SAN cells isolated from wild-type
(t,=5.6, ***P< 0.001; paired t-test) and Rgs6™ (t.=8.2, ****P<0.0001; paired t-test)
mice. (C) TTQ (300 nM) reversed whole-cell currents evoked by CCh (10 uM) in SAN cells
from wild-type and Rgs6™ mice. (D) Peak current density of CCh-induced currents (-/+
TTQ) in SAN cells from wild-type (n=6 cells/3 mice) and Rgs6™~ (n=14 cells/4 mice) mice.
There was a significant difference in the peak current density of CCh-induced currents
before and after TTQ perfusion in SAN cells from wild-type (t=5.3, **P<0.01; paired t-test)
and Rgs6™ (t.=8.7, ****P<0.0001; paired t-test) mice.
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Supplemental Figure 5.S2. Impact of Rgs6 ablation on the expression of GPCR-
GIRK signaling elements.

MRNA levels of GIRK1 (t.=0.7, p=0.52), GIRK4 (t.=0.4, p=0.72), RGS6 (t.=27.4,
****P<0.0001), M2R (t.=0.3, p=0.76), and A:R (t,=2.0, p=0.07) in atrial/SAN tissue samples
from wild-type (black) and Rgs6~~ (red) mice, compared using unpaired student’s t-tests.
MRNA levels of each target were normalized to the level of GAPDH mRNA measured in
each sample, and the mRNA levels for each target in Rgs6™~ samples were normalized to
the level present in wild-type samples (n=5-6 samples per tissue and target).
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Supplemental Figure 5.S3. ML297-induced currents in wild-type and Rgs6”~ SAN
cells.

(A) Representative whole-cell currents evoked by ML297 (10 uM) in SAN cells from wild-
type (top) and Rgs6~"~ (bottom) mice. Scale bars: 5 s/200 pA. (B) There was a modest but
significant decrease in the peak ML297-induced current density in SAN cells from Rgs6™
= (n=13 cells/4 mice) as comparison to wild-type (n=23 cells/4 mice) mice (t.=2.5, *P<0.05;
unpaired t-test).
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Figure 5.2. Impact of Rgs6 ablation on GIRK channel sensitivity to CCh and Ado.
(A) Concentration-response experiments for Ado in SAN cells from wild-type (Scale bars:
Top, 10 s/200 pA.) and Rgs6™ (Scale bars: Bottom, 10 s/500 pA.) mice. (B and C)
Summary of concentration-response experiments for Ado-induced currents in SAN cells
from wild-type and Rgs6™~ mice. There was no difference in ECs, values for Ado-induced
currents in SAN cells from wild-type (n = 24 cells/7 mice) and Rgs6™ (n = 13 cells/5 mice)
mice (t3s = 1.8, P = 0.08; unpaired t test). (D) Concentration-response experiments for
CCh-induced currents in SAN cells from wild-type (Scale bars: Top, 10 s/200 pA.) and
Rgs6~ (Scale bars: Bottom, 10 s/500 pA.) mice. (E and F) Summary of concentration-
response experiments of CCh-induced currents in SAN cells from wild-type and Rgs6™"
mice. The ECso values for CCh-induced currents in SAN cells from Rgs6™~ (n = 12 cells/4
mice) mice were lower than the ECsp values measured in wild-type counterparts (n = 10
cells/4 mice) (tz0 = 4.8, ***P < 0.001; unpaired t test).
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5.3.3. RGS6 impacts GIRK-dependent bradycardia in a GPCR-dependent manner
We also evaluated the impact of Rgs6 ablation on the bradycardic effect of AiR
and M2zR activation using an isolated heart model (Figure 5.3). Both the stable A;R agonist
CPA (Figure 5.3A,B) and CCh (Figure 5.3C,D) evoked dose-dependent decreases in HR
in wild-type hearts. The bradycardic effect of CPA and CCh was strongly diminished in
hearts from Girk4”~ mice (Figure 5.3B,D), suggesting that M;R- and A;R-induced
bradycardia is largely dependent on GIRK channel activation. The magnitude of CPA-
induced bradycardia was larger in Rgs6™~ as compared to wild-type hearts (Figure 5.3B),
but there was no detectable shift in CPA potency. While CCh-induced bradycardia was
also more pronounced in Rgs6™" hearts (Posokhova et al., 2010, 2013; Wydeven et al.,
2014b), there was a clear leftward shift in the dose-response curve (Figure 5.3D). Thus,
the results from the isolated heart model mirror the results obtained isolated SAN cells,
indicating that RGS6 exerts a prominent negative influence on A;R-GIRK signaling

amplitude and M2R-GIRK signaling sensitivity.
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Figure 5.3. CPA- and CCh-induced bradycardiain isolated hearts from wild-type and
Rgs6™ mice.

(A) Segments of ECG traces from isolated wild-type (Top) and Rgs6™ (Bottom) hearts
perfused with the A;R-selective agonist CPA (30 nM). (Scale bar: 5 s.) (B) Percentage
decrease in HR (relative to baseline) following perfusion of increasing concentrations of
CPA in hearts from wild-type (n = 6), Rgs6™ (n = 7), and Girk4™ (n = 4) mice; there was
a genotype x CPA concentration interaction for wild-type and Rgs6™ hearts (F444= 2.81;
P < 0.05; two-way ANOVA with repeated measures). **P < 0.01 wild type vs. Rgs6™". (C)
Segments of ECG traces of isolated wild-type (Top) and Rgs6™ (Bottom) hearts perfused
with CCh (1 uM). (Scale bar: 5 s.) (D) Percentage decrease in HR (relative to baseline)
following perfusion of increasing concentrations of CCh in hearts from wild-type (n = 3),
Rgs6™ (n = 5), and Girk4™ (n = 6) mice; there was a genotype x CCh concentration
interaction for wild-type and Rgs6™ hearts (Fs1s = 5.1, P < 0.05; two-way ANOVA with
repeated measures). *P < 0.05 and ***0.001, respectively, wild type vs. Rgs6™".
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5.3.4. RGS6 limits the access of AiR to GIRK channels

The differential impact of Rgs6 ablation on M2R-GIRK and A;R-GIRK signaling in
mouse SAN cells could reflect the coupling of the GPCRs to separate pools of GIRK
channels. To test this possibility, we examined whether Ado-induced currents were
occluded by a maximal CCh-induced GIRK channel response. In both wild-type and Rgs6~
= SAN cells, Ado failed to evoke an additive current during application of a saturating
concentration of CCh (Figure 5.4A,B). When the order of agonist application was
reversed, CCh evoked an additive current during the Ado induced response (Figure 5.4C).
The size of the CCh-induced additive response was substantially smaller, however, in
SAN cells from Rgs6™ mice (Figure 5.4D). Indeed, the Ado-induced GIRK current
occluded nearly all of the CCh-induced response. Collectively, these findings show that
M2R and A:R couple to a shared pool of GIRK channels in SAN cells, and that RGS6

effectively limits the access of A1R to GIRK channels in these cells.
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Figure 5.4. Occlusion of CCh- and Ado-induced GIRK currents.

(A) Occlusion experiments showing whole-cell currents elicited by a maximal
concentration of CCh (10 uM), followed by Ado application (10 uM) in SAN cells from wild-
type (Left) and Rgs6™ (Right) mice. (Scale bars: 10 s/500 pA.) (B) There was no
difference in the Ado-induced additive response in SAN cells isolated from wild-type (n =
9 cells/4 mice) and Rgs6™ (n = 6 cells/5 mice) mice (t13 = 0.11, P = 0.91; unpaired t test).
(C) Occlusion experiments showing whole-cell currents elicited by a maximal
concentration of Ado (10 uM), followed by CCh application (10 uM) in SAN cells from wild-
type (Left) and Rgs6 ™ (Right) mice. (Scale bars: 10 s/500 pA.) (D) There was a significant
difference in the CCh-induced additive response in SAN cells from wild-type (n = 7 cells/4
mice) and Rgs6™ (n = 6 cells/4 mice) mice (t11 = 6.0; ***P < 0.0001; unpaired t test).
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5.3.5. Mz2R and A1R display overlapping but distinct G protein coupling preferences

We next investigated whether the utilization of different Go isoforms by M2R and
A1R could explain the differences in GIRK channel-dependent signaling and modulation
by RGS6. Treatment with pertussis toxin abolished CCh and Ado-induced currents in wild-
type SAN cells (Supplementary Figure 5.S4), indicating that M2R and A:;R-GIRK
signaling pathways are mediated by inhibitory (Gio) G proteins. To probe the inhibitory G
protein coupling preferences for MR and A:R, we employed a Bioluminescence
Resonance Energy Transfer (BRET) assay to measure G protein activation in response
to GPCR stimulation in living cells (Figure 5.5A) (Masuho et al., 2015b). We quantified
maximal BRET response amplitudes and G protein activation rates for M:R and A:R, in
the presence of specific G protein isoforms (Figure 5.5B). Analysis of BRET amplitudes
showed that both M2R and A:R can activate all members of the G, sub-family, as well as
G15 (Figure 5.5C). M2R displayed faster activation rates with Ga, relative to Gai isoforms,
however, while Ai:R exhibited similar activation rates for Go, and Gai isoforms (Figure
5.5D). Since G protein activation rates closely reflect the catalytic activity of GPCRs
(Masuho et al., 2013), whereas amplitudes in the BRET assay could be influenced by
intrinsic differences in the extent of heterotrimer dissociation (Digby et al., 2008) we relied
on activation rate as a proxy for Ga coupling preferences for MzR and A:R. Accordingly,
M2R exhibits a coupling preference for Gao over Gai, whereas A;R does not discriminate

between the inhibitory G protein isoforms.
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Supplemental Figure 5.S4. Impact of pertussis toxin (PTX) on CCh- and Ado-
induced currents.

Summary of CCh- and Ado-induced current densities from control (-; n=9 cells/4 mice) or
PTX-treated (+ PTX; n=7 cells/3 mice) wild-type SAN cells. PTX treatment (5 pg/mL; 4-6
h) abolished CCh-induced (t14=5.1, ***p<0.001; unpaired t-test) and Ado-induced (t14=3.7,
**p<0.01; unpaired t-test) currents.
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Figure 5.5. G protein coupling preferences of MzR and AiR.

(A) Schematic representation of the BRET assay for real-time optical imaging of G protein
activity. Agonist-induced activation of a GPCR leads to the dissociation of Ga-GTP and
Venus-Gpy subunits. The released Venus-Gpythen interacts with the Gpy effector mimetic
masGRK3ct-Nluc-HA to produce the BRET signal. (B) Representative real-time
monitoring of G protein activation by M2R (Top) or A:R (Bottom). HEK293T/17 cells were
transfected with the BRET sensor pair (A) and GPCR, together with either Gaoa (black) or
Guai (green). Acetylcholine (100 uM) or Ado (100 uM) was applied at the 5-s time point,
and the BRET signal was followed across time. (C and D) G protein coupling summary
diagrams for MzR and A:R. Maximum amplitudes (red) and activation rate constants (blue)
for 15 different G proteins were normalized to the largest value and plotted in the wheel
diagrams. Line thickness represents the SEM of three technical replicates performed
independently.

130



5.3.6. G, is the preferred substrate for RGS6 GAP activity

Given the distinct G protein isoform coupling preferences displayed by M;R and
AR, and the differential impact of RGS6 on G protein-mediated regulation of GIRK
channels, we next tested whether the RGS6 exhibits a G protein isoform preference for
its catalytic activity. The G protein deactivation rates of all Gaio members were measured
in the presence of RGS6/GB5 using a maodified version of the BRET assay (Figure 5.6A).
The D2 dopamine receptor (D2R), dopamine, and haloperidol were chosen for this study
due to previous work showing that D;R can efficiently activate all Gaio G proteins and that
GTPase activity is the rate-limiting step in response deactivation for this combination of
receptor and ligands (Masuho et al., 2013). Consistent with results from a study involving
purified RGS6/GB5 and G proteins (Hooks et al., 2003), RGS6/GB5 strongly accelerated
the deactivation of Gaoar, While showing only weak activity toward Gair-3 isoforms and no
activity toward Go; (Figure 5.6B,C). Thus, Go, is the preferred substrate for RGS6 and

its GAP activity.

131



T .
1\») Antagonist

A c
Agonist 0.6 °
__ = GPCR p ry
20
L= 4 ik JlGAP b 4 s
; g
A P ﬁ i .B'/.f‘ < 0.2 Kk
QO L NC o
P‘I 1/00(, 0 T T T T T Y
> ¥ Go,p Goyg Goyy  Goyp Gojy  Ga,
BRET signal
B
1004 Gagp 1004 Goyg 100+ Gayy
2 2 2
® ® ®
o 50- o 504 0 50
['4 o o
o o m
< < <
01 T T 1 01 T T 1 0 5 S i
0 20 40 60 0 20 40 60 0 20 40 60
Time (s) Time (s) Time (s)
1004 Goyy 100 Gayy 100+ Ga,
R o o
E E ®
o 504 o 501 5 50-
4 (v [v4
o m m
< < <
O-‘ 0- T L Ll O- T T L) T
0 20 40 60 0 20 40 60 0 200 400 600 800
Time (s) Time (s) Time (s)

Figure 5.6. Ga substrate specificity of RGS6/G5.

(A) Schematic representation of the BRET assay for measuring RGS GAP activity.
Application of antagonist after G protein activation by a GPCR agonist initiates the
deactivation of G proteins, decreasing the BRET signal. (B) Real-time monitoring of G
protein deactivation. HEK293T/17 cells were transfected with D2R, Ga, Venus-Gpy, and
masGRK3ct-Nluc-HA with (red) or without (black) RGS6/GB5. Dopamine (100 uM) and
haloperidol (100 uM) were applied to activate D;R and initiate G protein deactivation,
respectively. Representative data from three independent experiments are shown. (C)
Comparison of keap activity of RGS6/GB5 on the Gi/o isoforms (Fs12= 372.6, P < 0.0001;
one-way ANOVA). ****P < 0.0001 vs. Ga, isoforms.
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5.3.7. Gao and Ga.iz ablation impact GIRK-dependent signaling in a GPCR-dependent
manner

Previous work utilizing constitutive or conditional knockout mice has implicated
Gao and Gaiz isoforms in HR regulation (Ang et al., 2016; Sebastian et al., 2013; Zuberi et
al., 2008). Accordingly, we crossed an atrial-specific Cre driver line (SLNCre (Nakano et
al., 2011)) with conditional Go, (Gao"™ (Ang et al., 2016)) or Gaiz (Gai"" (Sebastian et al.,
2013)) knockout mice, to generate mice lacking Gao (SLNCre:Gao") or Goi
(SLNCre:Gaix") in atrial (including SAN) tissue. We then recorded currents evoked by
CCh or Ado in SAN cells from Cre(+) and Cre(-) littermates (Figure 5.7). While maximal
CCh-induced currents and desensitization were smaller in SLNCre(+):Go,"" SAN cells
compared to Cre(-) littermates (Figure 5.7A-C), Ado-induced currents and desensitization
were not impacted by Ga, ablation (Figure 5.7F-H). Gai, ablation had no impact on CCh-
or Ado-induced response amplitudes or desensitization (Figure 5.7B,C,G,H). Loss of Ga,
prolonged activation and deactivation rates of CCh-induced GIRK currents, whereas Gaiz
ablation was without effect (Figure 5.7D,E). The deactivation rate of Ado-induced GIRK
currents was also prolonged by Ga, ablation (Figure 5.7J), but interestingly, the activation
rate of Ado-induced GIRK currents was accelerated by Gai2 ablation (Figure 5.71).
Collectively, these results align with observations that MzR signals preferentially through
Gao, Whereas AiR does not discriminate between Gao and Gai. Moreover, the lack of
impact of Gaiz ablation on the CCh- and Ado-induced GIRK current deactivation rates is
consistent with the Go, substrate preference of RGS6.

Lastly, we evaluated the impact of Ga, or Gaiz ablation on GIRK channel sensitivity
to CCh and Ado. While the loss of Ga, did not impact GIRK channel sensitivity to CCh
(Figure 5.8A-C), Gai ablation increased the sensitivity of GIRK channels to CCh.
Conversely, Ga, ablation increased GIRK channel sensitivity to Ado, whereas Gai
ablation was without effect (Figure 5.8D-F). Thus, loss of Go, increases the sensitivity of
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A1R-GIRK channel signaling, whereas loss of Gaiz increases the sensitivity of MoR-GIRK

channel signaling.
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Figure 5.7. Impact of Ga, and Gaiz ablation on CCh- and Ado-induced GIRK currents.
(A) Whole-cell currents evoked by CCh (10 uM) in SAN cells from SLNCre(-):Ga," (Left,
gray) and SLNCre(+):Ga,"" (Right, green) mice. (Scale bars: 5 s/500 pA.) (B and C) Peak
CCh-induced current density (to = 4.3, **P < 0.001; unpaired t test) and current
desensitization (t19 = 2.6, *P < 0.05; unpaired t test) were smaller in SAN cells from
SLNCre(+):Gao" mice as compared to their SLNCre(-):Ga," counterparts; group sizes
ranged from 9 to 12 cells (5 mice) per genotype. There was no difference in CCh-induced
current density (tiz = 0.4, P = 0.69; unpaired t test) or desensitization (t13 = 0.5, P = 0.62;
unpaired t test) in SAN cells from SLNCre(-):Gai2"" mice and SLNCre(+):Goix"" mice;
group sizes ranged from 7 to 8 cells (3 mice) per genotype. (D and E) Activation (t19 = 3.0,
**P < (0.01; unpaired t test) and deactivation (t1s = 2.5, *P < 0.05; unpaired t test) rates of
CCh-induced currents were prolonged in SAN cells from SLNCre(+):Go,"" mice, relative
to SLNCre(-):Gao" counterparts; group sizes ranged from 8 to 12 cells (5 mice) per
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genotype. There was no difference in activation (t12 = 0.9, P = 0.38; unpaired t test) or
deactivation (t13 = 1.0, P = 0.36; unpaired t test) rates of CCh-induced currents in SAN
cells from SLNCre(-):Goix" and SLNCre(+):Gaix"" mice; group sizes ranged from 6 to 8
cells (3 mice) per genotype. (F) Whole-cell currents evoked by Ado (10 uM) in SAN cells
from SLNCre(-):Ga,o" (Left, gray) and SLNCre(+):Ga," (Right, green) mice. (Scale bars:
5s/500 pA.) (G and H) There was no difference in peak current density (t2o = 1.8, P = 0.08;
unpaired t test) or desensitization (t.; = 0.9, P = 0.38; unpaired t test) of Ado-induced
currents in SAN cells from SLNCre(-):Gao," and SLNCre(+):Gao"" mice; group sizes
ranged from 11 to 12 cells (4 mice) per genotype. There were no differences in Ado-
induced current density (ti3 = 0.1, P = 0.91; unpaired t test) or desensitization (ti3 = 0.7, P
= 0.51; unpaired t test) in SAN cells from SLNCre(-):Gai"" and SLNCre(+):Goix"" mice;
group sizes ranged from 7 to 8 cells (3 mice) per genotype. (I and J) There was no
difference in peak current density (t2o = 1.8, P = 0.08; unpaired t test) or desensitization
(tzr = 0.9, P = 0.38; unpaired t test) of Ado-induced currents in SAN cells from
SLNCre(-):Gao" and SLNCre(+):Gao"™ mice; group sizes ranged from 11 to 12 cells (4
mice) per genotype. There was an increase in activation rate (ti3 = 2.2, *P < 0.05; unpaired
t test) of Ado-induced currents in SAN cells from SLNCre(+):Gai2" mice as compared to
SLNCre(-):Gaix" littermates. There was no difference in deactivation rate (t;2 = 0.08, P =
0.94; unpaired t test) of Ado-induced currents in SAN cells from SLNCre(-):Gai"" and
SLNCre(+):Gai2" mice; group sizes ranged from 7 to 8 cells (3 mice) per genotype.
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Figure 5.8. Impact of Gao, or Gaiz ablation on GIRK channel sensitivity to CCh and
Ado.

(A) Concentration-response experiments of CCh-induced currents in SAN cells from
SLNCre(-):Goo" (Top) and SLNCre(+):Gao"" (Bottom) mice. (B) Summary of CCh
sensitivity experiments in SAN cells from SLNCre(-):Go,""and SLNCre(+):Gao"mice. (C)
There was no difference in ECso values of CCh-induced GIRK currents in SAN cells from
SLNCre(-):Goao" (n = 12 cells/3 mice) and SLNCre(+):Gao" (n = 8 cells/3 mice) mice (tis
= 0.8, P = 0.44; unpaired t test), but there was a decrease in the ECs, value in SAN cells
from SLNCre(+):Goix" (n = 5 cells/3 mice) compared to SLNCre(-):Gai2" (n = 8 cells/3
mice) mice (t11 = 2.5, *P < 0.05; unpaired t test). (D) Concentration-response experiments
of Ado-induced GIRK currents in SAN cells from SLNCre(-):Goo" (Top) and
SLNCre(+):Gao" (Bottom) mice. (E) Summary of concentration-response experiments of
Ado-induced GIRK currents in SAN cells from SLNCre(-):Go,"" and SLNCre(+):Gao""
mice. (F) The ECso value for Ado-induced signaling in SAN cells from SLNCre(+):Go,"™ (n
= 15 cells/3 mice) mice was lower than that measured in SAN cells from SLNCre(-):Ga,""
(n=12 cells/3 mice) mice (tzs = 3.3, **P < 0.01; unpaired t test), but there was no difference
in ECso value in SAN cells from SLNCre(-):Gai™ (n = 7 cells/3 mice) and
SLNCre(+):Gai" (n = 7 cells/3 mice) mice (t12= 1.0, P = 0.35; unpaired t test).
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5.4 Discussion

While M2R and A:R signal to a shared pool of GIRK channels in mouse SAN cells,
the amplitude and kinetics of these signaling pathways are distinct. RGS6 exerts a GPCR
dependent influence on GIRK-dependent signhaling in mouse SAN cells, modulating the
sensitivity and kinetics of M2R-GIRK signaling, and the amplitude of A;R-GIRK signaling.
Innate GPCR-G protein coupling preferences appear to contribute to the distinctions in
M2R- and AiR GIRK signaling pathways in SAN cells. Our data suggest that Ga, plays a
more important role in mediating M2R-GIRK than A;R-GIRK signaling in mouse SAN cells.
This, together with the strong Go, substrate preference of RGS6, provides a plausible
explanation for the GPCR dependent influence of RGS6 on GIRK-dependent signaling in
mouse SAN cells.

Ai1R-GIRK responses are smaller than M;R-GIRK responses in mouse SAN cells;
parallel observations have been noted in mouse, rat, and guinea pig atrial myocytes
(Bunemann and Pott, 1995; Cho, 2010; Wellner-Kienitz et al., 2000). A maximal MzR-
induced GIRK response completely occludes the A;R-GIRK response in SAN cells,
suggesting that M2R activation can elicit a maximal GIRK-dependent response, while Ai1R
activation can only engage a fraction of available GIRK channels. Different levels of M2R
and A:R expression likely contribute to the differences in response amplitudes and
activation kinetics. Indeed, over-expression of AiR in rat atrial myocytes increased Ado-
induced GIRK currents and accelerated current activation rate (Kienitz et al., 2011). Thus,
the level of AR and/or G protein intermediate appears to limit A;R-GIRK signaling
amplitude in mouse SAN cells.

Considering the GAP activity of RGS6, Rgs6 ablation should result in increased
steady-state levels of activated Go, (and Gpy) following M2R and A:R activation. Indeed,

A1R-GIRK response amplitudes were enhanced by Rgs6 ablation without up-regulation of
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A1R or GIRK channels. Thus, the amplitude of A;R-GIRK signaling in mouse SAN cells is
likely limited by the amount of activated G protein released by A:R activation. Interestingly,
loss of RGS6 had no impact on CCh-induced GIRK current amplitude, suggesting that the
GIRK channel limits the M2R-GIRK responses in these cells, a contention supported by
our occlusion data. The enhanced sensitivity of GIRK channels to CCh in SAN cells from
Rgs67~ mice further suggests that the loss of RGS6 effectively increases the fraction of
spare MzR receptors in these cells. Interestingly, we recently reported an increase in MR-
GIRK current amplitude in ventricular myocytes from Rgs6™~ mice, where expression MzR
is lower than in the atria (Anderson et al., 2018) (Chapter 3). Thus, RGS6 may impact
GPCR-effector response amplitudes when the level of G protein, rather than effector, is
limiting.

RGS proteins may also facilitate GIRK-dependent signaling in a GAP-independent
manner. Mice heterozygous for an RGS-insensitive Ga,, for example, exhibit blunted
GIRK channel responses to mu opioid receptor (MOR) activation in some neurons
(Anderson et al., 2018) (Chapter 3), suggesting that RGS proteins promote MOR-GIRK
coupling. Notably, we observed a modest decrease in GIRK currents elicited by the GIRK
channel activator ML297 in SAN cells from Rgs6~~ mice. Thus, RGS6 may facilitate
efficient GIRK channel signaling in SAN cells, perhaps via physical interaction (Xie et al.,
2010). The increase in A1R-GIRK channel signaling seen with Rgs6 ablation, however,
suggests that this is not the main influence of RGS6 in SAN cells. Other work has called
attention to the role of adaptor proteins, including R7BP and GPR158, in fine-tuning the
influence of RGS proteins (Anderson et al., 2009; Jayaraman et al., 2009; Orlandi et al.,
2015; Ostrovskaya et al., 2018). While R7BP or GPR158 expression has not been
observed in the heart (Grabowska et al., 2008; Orlandi et al., 2012), an unknown adaptor
protein(s) may influence the impact of RGS6/GB5 on GIRK-dependent signaling in

cardiomyocytes.
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Previous work has implicated Go, in the bradycardic effects of Ai1R and M:R
activation. For example, isolated hearts from mice with a global knockout of Ga,, but not
Gaiz or Gaiz, exhibited diminished CCh-induced bradycardia (Duan et al., 2007).
Additionally, work with ESDCs showed that the reduction in isoproterenol-stimulated
beating rate elicited by M2R and A:R activation was exaggerated in cells containing an
RGS-insensitive version of Ga, (Fu et al., 2006). Our finding that Gay, is a critical mediator
of M2R-GIRK signaling in mouse SAN cells, and that Rgs6 ablation enhances both M2R-
and A;R-mediated bradycardia, are in line with these reports. Interestingly, the enhanced
A:R-induced suppression of isoproterenol stimulated beating rate seen in ESDCs
harboring a RGS-insensitive Ga, mutant was not blunted by TTQ, suggesting that this
effect of AiR activation may not be GIRK-dependent (Fu et al., 2006).This contrasts with
our finding that A;R-mediated bradycardia is absent in Girk4™ mouse hearts. These
discrepancies likely arise from the different cell types and model systems employed,
where the relative complements of GPCRs, G proteins, effectors, and RGS proteins may
differ.

There is little consensus on relevance of Gaiz to HR regulation. Mice with a global
deletion of Gaiz exhibited diminished CCh-induced bradycardia, and resting tachycardia
(Zuberi et al., 2008). Mice harboring an RGS-insensitive Gaiz displayed enhanced M:R-
induced bradycardia, and the enhanced effect of CCh on beating rate of ESDCs harboring
this mutation was reversed by TTQ (Fu et al., 2006). These findings are consistent with a
prominent role for Gaiz in mediating M2R-GIRK signaling in SAN cells. Atrial myocytes
from mice lacking Gai. exhibited increased CCh-induced GIRK responses, however,
which was attributed to increased GIRK subunit expression (Nobles et al., 2018).
Moreover, mice lacking Gaiz selectively in the cardiac conduction system exhibited resting
tachycardia but normal CCh-induced bradycardia (Sebastian et al., 2013). Thus, the
impact of Gaiz ablation and RGS-insensitive Gaiz on CCh-induced bradycardia is model-

140



dependent and may reflect an indirect (non-cardiac) influence of Gaiz on HR regulation.
Additionally, the impact of Gai> on resting HR may be exerted through GIRK-independent
mechanisms (Ye et al., 1999). For example, MzR activation inhibits the hyperpolarization
activated channel (Iy) by suppressing AC activity and cAMP production (Dhein et al., 2001).
Interestingly, M2R-I; coupling is more sensitive than M:R-GIRK signaling in SAN cells
(DiFrancesco et al., 1989). Our data show that Go, plays a critical role in M2R-GIRK
signaling. This pathway is subject to negative regulation by RGS6 and may, therefore,
only be engaged by strong parasympathetic activation. Gaiz, which is less susceptible to
the GAP activity of RGS6, may mediate M2R-lr coupling during periods of weaker
parasympathetic activity.

It is important to recognize that genetic ablation of an individual Ga isoform
redirects signaling to residual G protein isoforms. Ablation of Gao, for example, routes
M2R-GIRK signaling through Gei. In our hands, this yielded small CCh-induced GIRK
currents with slow activation rates, reminiscent of Ado-induced GIRK currents in wild-type
SAN cells. In contrast, routing A1R-GIRK signaling through Geai had no impact on Ado-
induced current amplitude or activation kinetics. Go, ablation did increase the sensitivity
of GIRK channels to Ado, suggesting that (residual) Go,; is more efficient than Ga, at
mediating A;R-GIRK signaling in mouse SAN cells. Similarly, Gaiz ablation increased the
sensitivity of GIRK channels to CCh, suggesting that (residual) Go, is a more efficient
mediator than Gaiz of M2R-GIRK signaling in mouse SAN cells. The modest overall impact
of Gaiz ablation, particularly on A1R-GIRK signaling, is likely attributable to the presence
of residual Gaiz and Gaiz isoforms (Nobles et al., 2018). Indeed, this likely explains why
there was no impact of global ablation of any single G protein isoform (Goo, Gaiz, Gaiiiz)
on GIRK-dependent bradycardia elicited by the A:R agonist 2-Chloro-N-

cyclopentyladenosine (CCPA) (Sebastian et al., 2013).

141



Ado can provoke AF through shortening of the ERP, an effect thought to be
mediated by GIRK channel activation in atrial myocytes (Layland et al., 2014). Enhanced
AiR and GIRK channel expression are associated with increased bradycardia in a
tachypacing induced chronic heart failure model in dogs (Long et al., 2020). Moreover, AF
induced by A:R activation or MR activation (via vagal nerve stimulation) is thought to be
mediated in part by GIRK channel activity (Hashimoto et al., 2006; Li et al., 2016). While
loss of GIRK4 in mice conferred resistance to pacing induced AF (Kovoor et al., 2001),
Rgs6 ablation resulted in a higher incidence of AF induction (Posokhova et al., 2013).
Similar to the impact of Girk4 ablation, peptides targeting specific Ga; isoforms reduced
AF susceptibility during vagal nerve stimulation in dogs (Aistrup et al., 2009). These and
related observations, together with our results, show that interventions that suppress the
influence of inhibitory G protein signaling in atria, by targeting signaling mediators and
regulators, or effectors, could prove beneficial for treatment of certain arrhythmias and
heart failure.

Insights gained in this study are likely to be relevant to the compartmentalization
of GPCR-dependent signaling in other cell types, including neurons. GIRK channel
regulation by inhibitory GPCRs has been implicated in neurological disorders including
epilepsy, pain and analgesia, anxiety and depression, and addiction (Lujan et al., 2014;
Lischer and Slesinger, 2010). Neuronal GIRK-dependent signaling pathways regulated
by GABAgR, 5-HT1aR and A;R exhibit distinct amplitude and kinetic profiles, and are
differentially susceptible to plasticity (Chung et al., 2009; Leaney, 2003; Marron Fernandez
de Velasco et al., 2017b; Nassirpour et al., 2010). Our previous work has highlighted the
integral role of RGS7, another member for the R7 RGS family, in modulating the kinetics
and sensitivity of GABAsR-GIRK signaling in hippocampal neurons (Fajardo-Serrano et
al., 2013; Ostrovskaya et al., 2014, 2018; Xie et al., 2010). Furthermore, RGS7 prefers
Goo over Goi as a substrate for its GAP activity (Masuho et al., 2013). Thus, GPCR-G
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protein and RGS-G protein substrate preferences likely shape neuronal GPCR-GIRK
signaling dynamics in neurons and may help the functional compartmentalization of these

signaling pathways.

143



Chapter 6

Discussion

6.1 Summary of Findings

The pathogenesis of various rhythm disorders, including bradyarrhythmias, AF,
nodal dysfunction, can be linked to disturbances in parasympathetic signaling to the heart
(Dobrev et al., 2005; Li et al., 2016; Stallmeyer et al., 2017). GIRK channels are critical
downstream effectors of parasympathetic signaling to the heart, representing an essential
regulator of cardiomyocyte excitability. Therefore, understanding the details and
physiology of GIRK-dependent signaling in the heart may provide a promising new
therapeutic strategy.

This dissertation comprehensively investigates GIRK-dependent signaling in the
heart and addresses previous gaps in knowledge. In Chapter 2, | provide a thorough
description of the overlooked GIRK channel signaling in mouse ventricular myocytes and
use a novel transgenic mouse line, MLC2VCre:Girk1"™ to elucidate the role of GIRK
channels in ventricular physiology. Using a similar approach, Chapter 3 demonstrates that
atrial/nodal GIRK channels mediate nearly all of the effects of direct VNS on HR dynamics
and arrhythmogenesis. These findings, in conjunction with the existing literature, highlight
the potential of selective GIRK channel targeting for the treatment of supraventricular
arrhythmias. Thus, in Chapter 4, | characterized the novel GIRK channel inhibitor,
VU0468554, which demonstrated promising selectivity for cardiac GIRK channels. Lastly,
while the regulation of M:R-GIRK dependent signaling in the heart has been well

described, a concerted effort to characterize AiR-GIRK signaling in the SAN is less well
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known. Therefore, work in Chapter 5 sought to expand our understanding of the molecular
details of GIRK-dependent signaling in SAN cells by comparing A;:R-GIRK and M:R-GIRK
dependent signaling. Here, | found that distinct GPCR-G protein coupling preferences, in
combination with a strong substrate preference by RGSB6, resulted in intriguing GPCR-
dependent biasing of GIRK-dependent signaling in SAN cells. As a whole, my thesis
highlights new molecular and physiological insights into GIRK channels function in cardiac

tissue that can be leveraged for the development of novel cardiac pharmacotherapies

6.1.1 Atrial GIRK channels as key mediators of parasympathetic signaling to the
heart

The release of ACh from parasympathetic post-ganglionic nerve terminals onto
cardiomyocytes activates muscarinic receptors, culminating in decreased HR, conduction
velocity, and contraction. Indeed, mice lacking MzR exhibit dramatic attenuation of the
bradycardic response to cholinergic stimulation (Stengel et al., 2000). There are several
ion channels downstream of M2R that to mediate these effects, including I, Ica, and GIRK
channels. Work from DiFrancesco and colleagues has highlighted a concentration-
dependence in the actions of ACh in mammalian SAN cells, where low concentrations
activate Ir and high concentrations activate GIRK channels (DiFrancesco et al., 1989).
However, it is unclear how these findings translate to physiological contributions to HR
slowing. Indirect pharmacological stimulation of the vagus nerve through the baroreflex
results in bradycardia and an increase in HRV which is blunted about 50% in Girk4™" mice
(Wickman et al., 1998). These results, however, are confounded by both potential
pharmacological off-target effects and the presence of GIRK4 in neuronal populations
upstream cardiac vagal neurons in the brainstem.

My work in Chapter 2 addressed these limitations through a combination of

approaches involving direct VNS and a novel mouse line lacking GIRK channels
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selectively in atrial/SAN tissue (SLNCre:Girk1"™ (Figure 2.1) (Lee et al., 2018). Using this
approach, | found that atrial/nodal GIRK channels are the main mediator of VNS-induced
slowing of HR and increased HRV (Figure 2.4-2.5) (Lee et al., 2018). Notably, both of
these effects were not seen in the presence of atropine, confirming the dependence of
these responses on muscarinic activation. These results suggest that, in contrast to
previous findings which suggested approximately 50% contribution (Wickman et al.,
1998), GIRK channels are the main mediators of the effects of direct VNS on HR dynamics
(Lee et al.,, 2018) (Chapter 2). These results align with recent work, where the
overexpression of HCN4 in mice did not impact VNS-induced bradycardia in the absence
of sympathetic stimulation (Kozasa et al., 2018). Our convergent findings might be
explained by indirect muscarinic inhibition of Is, which relies on inhibition of AC to decrease
intracellular cAMP. Perhaps the It current plays a larger role in vagal slowing during tonic
sympathetic activity, and, therefore, may be a critical molecular mechanism underlying the
interplay of autonomic signaling known as “accentuated antagonism.”

Work in Chapter 2 also highlighted the role of GIRK channels in mediating the
arrhythmogenic effects of VNS on the mouse heart. Indeed, mice lacking GIRK channels
in the atria/SAN (either selectively or globally) are resistant to arrhythmias initiated through
VNS (Figure 2.6) (Lee et al., 2018). These results align with previous mammalian studies
in which the application of GIRK channel blockade terminates arrhythmias induced by
VNS (Hashimoto et al., 2006). These findings, in combination with those of Chapter 3,
further bolster the proposal that cardiac GIRK channels represent a promising therapeutic

target for the treatment of related cardiac arrhythmias.

6.1.2 Unique properties of GIRK-dependent signaling in the mouse ventricle
Previously, the presence and relevance of GIRK channels in mammalian
ventricular tissue was unclear. (Table 1.1). Using a multi-disciplinary approach, work in
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Chapter 3 provided the field with much-needed clarity regarding GIRK-dependent
signaling in the mouse ventricle. | showed that mRNA for both GIRK1 and GIRK4 (in
addition to MzR and RGS6) is indeed present in ventricular tissue (Figure 3.1) (Anderson
et al.,, 2018), though at considerably lower levels when compared to atrial tissue.
Furthermore, application of 100 uM CCh evoked inward currents in isolated mouse
ventricular myocytes. These currents were absent in ventricular myocytes from Girk1™
and Girk4™" mice (Figure 3.2) (Anderson et al., 2018). These results demonstrate GIRK
channels in the ventricle exhibit a similar subunit composition to that of SAN/atrial tissue.

Additionally, work in Chapter 3 highlighted several distinct characteristics of
ventricular GIRK channel signaling which differ from previous observations in SAN cells
and atrial myocytes. Ventricular GIRK channels were approximately an order of magnitude
less sensitive to muscarinic activation than those present in SAN cells; thus a 10-fold
higher concentration was necessary to evoke maximal GIRK channel activation in
ventricular myocytes (Figure 3.2) (Anderson et al., 2018). Additionally, maximal CCh-
induced currents were significantly smaller and exhibited significantly slower activation
and deactivation kinetics in comparison to maximal currents elicited in SAN cells in
previous studies (Figure 3.2) (Anderson et al., 2018; Posokhova et al., 2010; Wydeven et
al., 2014b). Moreover, RGS6 ablation resulted in a slight, yet significant increase in the
amplitude of CCh-induced responses, yet no impact on kinetics or sensitivity (Figure 3.2)
(Anderson et al.,, 2018). While lower expression levels may explain some of these
differences, these results could also suggest that currently unknown distinctions in the
underlying functional compartmentalization of related signaling components of GIRK-

dependent signaling between the atria and ventricle.
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6.1.3 Impact of GIRK-dependent signaling in the mouse ventricle

Previous work has highlighted the impact of muscarinic activation in ventricular
tissue. Optical mapping and sharp electrode recordings in rodents have demonstrated that
muscarinic activation shortens APD and ERP and lowers the RMP of ventricular tissue
and papillary muscle (Liang et al., 2014). Indeed, application of CCh shortened APD and
increased the rheobase of individual mouse ventricular myocytes (Figure 3.3) (Anderson

et al., 2018). Furthermore, these effects were blunted in myocytes from Girk4™"

mice,
suggesting that GIRK channels mediate these effects, at least in part (Figure 3.3)
(Anderson et al., 2018). To elucidate how GIRK channels contribute to general ventricular
physiology, we developed the ventricular-specific GIRK knockout line (Figure 3.4)
(Anderson et al., 2018). This selective knockout circumvents potential confounds due to
differences in HR in constitutive Girk™”™ mice (Wickman et al., 1998). Mice with ventricular
GIRK ablation retain HR and HRV responses to muscarinic activation (Figure 3.5-3.7)
(Anderson et al., 2018). ECG recordings from anesthetized MLC2VCre(+):Girk1" mice
revealed no QT interval prolongation either at baseline or after CCh injection when
compared to Cre(-) counterparts (Supplementary Table 3.S1). Additionally, | observed
no increase in pacing-induced VT/VF in either global or ventricular specific GIRK channel
ablation. Together, my findings suggest the loss of GIRK channel activity in ventricular
tissue does not increase the risk of ventricular arrhythmogenesis (Figure 3.8) (Anderson
et al., 2018). These results indicate that therapeutic interventions targeting GIRK channels

in the context of supraventricular arrhythmias would not promote new arrhythmias in the

ventricles, making cardiac GIRK channels a safer therapeutic target.

6.1.4 Characterization of novel GIRK1/4 selective inhibitor
Chapters 2 and 3, in conjunction with previous literature, support inhibiting GIRK
channel activity to treat supraventricular arrhythmias. However, GIRK channels are
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prominently expressed through the CNS and represent critical mediators of neuronal
inhibition (Mayfield et al., 2015). Therefore, therapeutic interventions leveraging GIRK
channel activity to treat cardiac arrhythmias would, ideally, be selective for cardiac GIRK
channels to avoid unwanted CNS-mediated side-effects. Accordingly, work in Chapter 4
characterized the novel GIRK1-selective inhibitor, VU0468554. This novel inhibitor
displays a significantly more efficacious block of GIRK-dependent currents in SAN cells in
comparison to neuronal counterparts (~70% vs. ~20%) (Figure 4.2). Notably, no impact
of VU0468554 was observed on the holding current of SAN cells isolated from Girk1™
mice, suggesting that VU0468554-mediated inhibition is GIRK1-dependent (Figure 4.3).
Concentration-response experiments revealed that the mechanism of inhibition of Gfy-
activated GIRK currents by VU0468554 is likely “un-competitive” and, therefore, may have
a greater affinity for the GIRK channel:GBy complex (Figure 4.4). Furthermore,
VU0468554 blockade of cardiac GIRK channel activity resulted in a modest, yet significant
reversal of muscarinic-induced bradycardia (Figure 4.5). Altogether, VU0468554

represents a novel GIRK1/4 selective inhibitor with potential therapeutic utility.

6.1.5 Intrinsic differences in A1R-GIRK and M:R-GIRK dependent signaling in mouse
SAN cells

RGS proteins, namely RGSB6, play a negative regulatory role in modulating MzR-
GIRK signaling (Stewart et al., 2012; Wydeven et al., 2014b; Yang et al., 2010a). In
addition to MzR activation, GIRK channels are also activated by other GPCRs, including
AiR. While AR and MzR both signal through GIRK channels, these signaling pathways
have unique regulation and underlying signaling components. For example, Ado-induced
currents were smaller and uniquely regulated by Gg-coupled receptors, when compared
to ACh-activated GIRK currents (Cho, 2010). Additionally, work with RGS-insensitive
EDSCs and mice suggested that M2R- and A;R-GIRK signaling may utilize different G
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proteins (Fu et al., 2006). Therefore, Chapter 5 sought to expand and clarify the details
of A;R-GIRK and M:R-GIRK signaling in SAN cells (Anderson et al., 2020). Ado-induced
currents displayed smaller currents with slower activation and smaller deactivation
currents than CCh-induced currents (Figure 5.1) (Anderson et al.,, 2020), similar to
previous observations in atrial myocytes (Cho, 2010). Furthermore, | identified a striking
difference between the regulation of A;R-GIRK signaling and M;R-GIRK signaling by
RGS6. Genetic ablation of RGS6 resulted in enhanced Ado-induced current amplitudes,
yet did not impact kinetics or sensitivity of Ado responses. These observations contrast
with previous work, which demonstrated prolonged deactivation kinetics and enhanced

channel sensitivity to CCh-induced currents in SAN cells from Rgs6™"

mice (Posokhova
et al.,, 2010; Wydeven et al., 2014b). These observations were replicated in this study
(Figures 5.1 & 5.2) (Anderson et al.,, 2020). These differences translated to
enhancements in the efficacy of AiR-GIRK mediated bradycardia and in the potency of
M:R-GIRK mediated bradycardia upon RGS6 ablation (Figure 5.3) (Anderson et al.,
2020). Altogether, these results highlight that while A:R and MzR utilize the same effector,

i.e., GIRK channels, differences in signaling characteristics and regulation suggest

potential divergences in the underlying signaling architecture.

6.1.6 GPCR and RGS G protein preferences bias signaling to GIRK channels in
mouse SAN cells

Accordingly, further work in Chapter 5 strove to elucidate the fundamental
distinctions in A;R-GIRK and M2R-GIRK signaling and regulation in the SA node. Initial
occlusion work revealed that A;:R and M2R do indeed appear to signal through the same
population of GIRK channels, albeit to differing extents (Figure 5.4) (Anderson et al.,
2020). Moreover, removal of RGS6 resulted in near occlusion of the MzR response by
Ado. This suggests RGS6 normally restricts A;R-GIRK signaling (Figure 5.4) (Anderson
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et al.,, 2020). Additional work in HEK cells utilizing a BRET based assay revealed
overlapping yet distinct preferences in the inhibitory G protein isoforms utilized by M;R
and A:R. While AR displayed no discrimination between Go, and Gai, M2R exhibited a
clear preference for Gao over Go, (Figure 5.5) (Anderson et al.,, 2020). Furthermore,
additional work in the BRET assay revealed that Ga, is the preferred substrate for the GAP
activity of RGS6 (Figure 5.6) (Anderson et al., 2020). To assess whether these differences
translated to differences in MR- and A:R-GIRK signaling directly in SAN cells, we
developed novel mouse lines (SLNCre:Ga,"" and SLNCre:Gaix"™) with selective ablation
of either Ga, or Gaiz. Thus, the removal of either Ga, or Gaiz redirects GIRK-dependent
signaling through the remaining Gi, isoforms (Figure 5.7 & 5.8) (Anderson et al., 2020).
Gaiz ablation resulted in a minimal impact on M;R-GIRK and A;R-GIRK signaling in SAN
cells. In contrast, Ga, ablation decreased the amplitude and slowed the kinetics of M2R-
GIRK responses, while enhancing the sensitivity and prolonging the deactivation rate of
A:R-GIRK signaling (Figure 5.7 & 5.8) (Anderson et al., 2020). Altogether, these results
suggest that the substrate preference for Gao, by RGS6 uniquely biases the signaling
dynamics of A;R-GIRK and M;R-GIRK signaling due to underlying G protein preferences
by each receptor. The work contained in Chapter 5 not only adds to our understanding of
G protein isoform involvement in the regulation of HR, but also highlights potential
avenues of selectively targeting specific receptor/GIRK interactions which could be

exploited therapeutically.

151



6.2 Future Directions

The work in this dissertation provides new molecular and physiological insights
into GIRK-dependent signaling in the heart while also providing an initial characterization
of a novel GIRK1/4 selective inhibitor. Future work could build upon the findings contained
in this thesis to add to our understanding of the GIRK-dependent signaling as an extension

of parasympathetic signaling to the heatrt.

6.2.1 GIRK channel involvement in therapeutic aspects of VNS

Work in Chapter 2 describes how GIRK channels present in in the atria and SAN
mediate nearly all of the effects of direct VNS in the heart on HR, HRV, and
arrhythmogenesis. An important limitation of this study, however, is that these effects were
only tested at one relatively high level of stimulation which resulted in approximately 40%
reduction in HR (Figure 2.4) and provoked arrhythmias in 70% of wild-type mice (Figure
2.6) (Lee et al., 2018). An interesting follow-up study could involve an investigation into
the level GIRK channel engagement in the therapeutic effects of low-level VNS. The
literature has highlighted numerous, potentially therapeutic roles for low level VNS in
cardiac disorders such as ventricular arrhythmias and heart failure (Wang et al., 2019).
Chronic low-level VNS can suppress ventricular arrhythmias in canine models of
myocardial infarction (Nasi-Er et al., 2019; Sun et al., 2020; Yu et al., 2016). Similar
findings have been observed in rats, where chronic VNS reduced the susceptibility of
pacing-induced ventricular arrhythmias in the isolated heart (Lee et al., 2016; Sabbah et
al., 2011). Additionally, low-level VNS can mitigate the remodeling observed in
mammalian models of heart failure (Zhou et al., 2019). Considering previous work
demonstrating a concentration-dependent impact of ACh on the involvement of

downstream effectors (DiFrancesco et al., 1989), it is possible that differing levels of VNS
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could produce similar results. Therefore, future work is necessary to determine the level

of GIRK involvement in the therapeutic effects of low-level VNS.

6.2.2 VU554 analogues in therapeutic settings

The characterization of the novel GIRK inhibitor VU0468554 in Chapter 4 includes
both in vitro work in native cell types expressing GIRK channels of distinct subunit
compositions and ex vivo assessment of GIRK-dependent bradycardia in the isolated
heart. While these in vitro and ex vivo results are promising, in vivo preclinical work is
necessary to fully evaluate the therapeutic potential of VU0468554. This could involve an
initial, in vivo assessment of the effect of VU0468554 on muscarinic-induced bradycardia
in the anesthetized mouse using a similar experimental design to the isolated heart study
in Figure 4.4. Preliminary pharmacokinetic analysis from mice injected with 3 mg/kg
VU0468554 revealed a promising pharmacokinetic profile for in vivo work with a maximum
whole blood concentration of 23.3 ng/mL at 15 min post-injection and a half-life of 23.5
min. Additional studies in related cardiac arrhythmia models could also include Rgs6™"
mice, which display both a resting bradycardia and enhanced HR slowing in response to
CCh, likely due to enhanced GIRK-dependent signaling (Posokhova et al., 2013).
Furthermore, Rgs6™" mice are significantly more prone to pacing-induced AF (Posokhova
et al., 2013). Thus, experiments finding VU0468554 blocks/ameliorates these effects in
this mouse model of bradycardia and AF in either ex vivo or in vivo work could be
particularly informative. Additional relevant models could include mouse models of sick
sinus node dysfunction and heart block developed by Dr. Mangoni and colleagues
(Mesirca et al., 2014, 2016b, 2016a). These include mice with non-functioning HCN4 (lf)
or mice with ablation of lca1.3. In both models, genetic ablation of Girk4 has been shown
to restore normal sinus rhythm. Therefore, both models represent ideal opportunities for
testing of the therapeutic potential of VU0468554. Given the critical role GIRK channels
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play in mediating inhibitory signaling in the CNS (Mayfield et al., 2015), these studies could
be complimented by an in vivo assessment of VU0468554 impact on GIRK-related
behaviors such as fear learning and anxiety-related behaviors (Victoria et al., 2016;

Wydeven et al., 2014a) to investigate the potential for unwanted side-effects.

6.2.3 Molecular details underlying GIRK-dependent signhaling in the ventricle

In Chapter 3, we observed that GIRK currents evoked by muscarinic activation in
the mouse ventricle are dependent on both GIRK1 and GIRK4, similar to previous
observations in SAN cells and atrial myocytes. However, CCh-induced currents in mouse
ventricular myocytes displayed several unique characteristics in comparison to CCh-
induced responses in SAN cells (Figure 6.1) (Anderson et al., 2018, 2020). CCh-induced
currents in ventricular myocytes were significantly smaller and exhibit slower activation
and deactivation kinetics (Figure 6.1) (Anderson et al., 2018, 2020). Furthermore, GIRK
channels in ventricular myocytes were significantly less sensitive to CCh compared to
SAN counterparts (Figure 6.1) (Anderson et al., 2018, 2020). While differences in the
expression levels between SAN/atrial and ventricular tissue could explain some of these
findings (Figure 3.1) (Anderson et al., 2018), an intriguing follow-up study could involve
probing the inhibitory G protein isoforms underlying ventricular GIRK-dependent signaling.
Given insights revealed in Chapter 5 (Anderson et al., 2020), it is possible that the smaller,
slower CCh-induced responses present in ventricular myocytes are due to a lack of Gay,
involvement in ventricular tissue. Indeed, transcriptional analysis of rat cardiac tissue
revealed a 2.31 fold decrease in Gao: in ventricular tissue as compared to atrial tissue
(McGrath and de Bold, 2009) Furthermore, the impact of Rgs6 ablation on M>R-GIRK
signaling in ventricular myocytes (Figure 3.2) (Anderson et al., 2018) and A:R-GIRK
signaling in SAN cells, which does not appear to significantly engage Ga,, (Figure 5.1)
(Anderson et al., 2020) are noticeably similar. These studies could involve novel mouse
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lines with ventricular ablation of either Go, or Gaiz to redirect GIRK-dependent signaling
in the ventricle through remaining Gio isoforms, similar to Figure 5.7 and Figure 5.8
(Anderson et al., 2020). Furthermore, these efforts could expand to assess AiR-GIRK
dependent signaling in the ventricular tissue, given that adenosine and muscarinic
agonists exhibit similar effects APD and ERP in ventricular tissue (Liang et al., 2014).
Relatedly, future work could also expand our knowledge on the signaling details of
GIRK-dependent signaling by additional GPCRs in SAN tissue. Sphingosine-1-phosphate
(S1P), for example, is a unigue lipid produced intracellularly that can act as a S1P receptor
(S1P1s) ligand when transported outside of the cell (Jozefczuk et al., 2020). S1P receptor
activation results in HR slowing, an effect attributed to cardiac GIRK channel activation
(Koyrakh et al., 2005; OCHI et al., 2006). Intriguingly, previous occlusion studies in guinea
pig atrial myocytes revealed that while ACh-induced activation of GIRK channels occludes
S1P activation of GIRK, reversing the order of agonist application (S1P then S1P+ACh),
does not result in complete occlusion (OCHI et al., 2006), similar to our findings with Ado
and CCh in mouse SAN cells (Figure 5.4) (Anderson et al., 2020). Therefore, it is possible
that similar differences uncovered in Chapter 5 concerning A:R- and M:R-GIRK
dependent signaling to GIRK channels may be at present with S1P-dependent signaling.
Future work using similar approaches utilized in Chapter 5 could yield new insights into

S1P-GIRK channel signaling.
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Figure 6.1. Comparison of CCh-induced currents in mouse SAN cells and
ventricular myocytes.

Comparison of CCh-induced currents in SAN cells (10 uM) and ventricular myocytes (100
uM). Maximal amplitudes (A), activation kinetics (B), deactivation kinetics (C), and
sensitivity (D) of CCh-induced currents in SAN cells and ventricular myocytes analyzed
using unpaired t-test with Welch’s correction for unequal variances; ****P<0.0001
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6.2.4 Implications for functional compartmentalization of neuronal GIRK signaling

As discussed in Chapter 5, a similar network of GPCR and RGS biases observed
in GIRK-dependent signaling present in SAN cells may be present in neuronal GIRK
channel signaling. RGS7, a member of the R7 RGS family along with RGS6, accelerates
the kinetics and sensitivity of GABAsR-GIRK dependent signaling in mouse HPC neurons,
similar to the influence of RGS6 on M2R-GIRK signaling in mouse SAN cells (Ostrovskaya
et al., 2014, 2018; Xie et al., 2010). However, the influence of RGS7 on additional GPCR-
GIRK signaling in HPC neurons, such as A:R- and 5HTiaR-, remains unclear.
Furthermore, the underlying Gio isoforms which mediate signaling between various
GPCR-GIRK signaling in HPC neurons are currently unknown.

As a follow-up to our findings in Chapter 5, | performed preliminary investigations
to assess the contribution of Ga,, the preferred substrate of RGS7 (Masuho et al., 2013),
to GABAsR-, A1R-, and 5SHTR-GIRK dependent signaling in HPC neurons. These efforts
included a viral-Cre approach in cultured HPC neurons from neonatal Ga,"" mice (Figure
6.2). | found that viral ablation of Ga, from HPC neurons resulted in a significant reduction
in the current amplitude and desensitization of maximal baclofen- and 5HT- evoked
responses. In contrast, no impact was seen on maximal Ado-induced response amplitudes
or desensitization (Figure 6.2). Similarly, the activation kinetics of GABAgR-and 5HTR-
GIRK responses where significantly prolonged, while A;R-GIRK current activation kinetics
were not impacted (Figure 6.2). Intriguingly, the deactivation kinetics of all three
responses (baclofen, Ado, and 5HT) were all delayed upon removal of Ga, (Figure 6.2).
| observed an increase in sensitivity of AiR-GIRK responses (Figure 6.3), similar to
findings in Chapter 5. Additionally, | observed a minimal, yet significant impact on 5SHTR-
GIRK sensitivity but no impact on GABAgR-GIRK sensitivity (Figure 6.3). As a whole,
these results would suggest that GPCR/G protein biases are likely present in neuronal
GIRK-dependent signaling. Furthermore, these biases may be influenced by RGS7, which
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has a substrate preference for Gao,. Future work involving occlusion studies and

_/_

recordings in HPC neurons from Rgs7~" mice could further elucidate the underlying GIRK

channel signaling architecture.
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Figure 6.2. Impact of Gao ablation on maximal agonist-induced GIRK currents in
cultured HPC neurons.

Maximal-agonist induced currents in cultured HPC neurons from Ga,"". Cultured HPC
neurons were infected with either a control virus (AAV8-CaMKlla-mCherry-ACre) or a Cre
expressing virus (AAV8-CaMKIla-mCherry-Cre) (A, F, and K). Representative currents
from baclofen (100 uM), Ado (10 uM), and 5HT (10 uM) in control-infected and Cre-
infected HPC neurons (Scale bars: 5 s, 500 pA). Maximal agonist-induced current
amplitudes (B, G, and L), desensitization (C, H and M), activation kinetics (D, I, and N),
deactivation kinetics (E, J, and O). Data analyzed using unpaired t-test; *P<0.05,
**P<0.01, ***P<0.001, and ****P<0.0001, respectively.
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Figure 6.3. Impact of Ga, ablation on GIRK channel sensitivity to GABAgR, A:R, and
5HTR activation.

Cultured HPC neurons were infected with either a control virus (AAV8-CaMKlla-mCherry-
ACre) or a virus expressing Cre (AAV8-CaMKlla-mCherry-Cre). (A, D, and G)
Representative concentration-response experiments of baclofen-, Ado-, and 5HT-induced
currents in control-infected and Cre-infected HPC neurons. (B, E, and H) Summary of
concentration-response experiments (B, E, and H) and Log(ECso) values (C, F, and I).
Data analyzed using unpaired t-test; *P<0.05 and ****P<0.0001, respectively.
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6.3 Concluding Thoughts

In conclusion, the work contained in this thesis provides comprehensive insights
into the physiological roles of GIRK-dependent signaling in the heart. While GIRK
channels play an integral part in mediating parasympathetic regulation of HR dynamics
via the vagus nerve (Chapter 2), loss of GIRK channel activity does not appear to increase
the susceptibility to ventricular disorders (Chapter 3). Accordingly, this work includes the
characterization a novel GIRK channel inhibitor that displays promising selectivity for
cardiac GIRK channels over neuronal GIRK channels, which has important therapeutic
implications (Chapter 4). Lastly, work in Chapter 5 expanded on previous understandings
of GIRK-dependent signaling in SAN cells to reveal an intricate network of underlying G
protein biases and substrate preferences which shape GIRK-signaling dynamics.
Altogether, cardiac GIRK channels and related signaling elements represent an attractive
therapeutic target for the development of efficacious and safe treatments for cardiac

arrhythmias.
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