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ABSTRACT OF THE DISSERTATION

Autonomic Dysfunction following Myocardial Infarction:

Mechanisms and Therapies

Joseph Elias Hadaya

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology

University of California, Los Angeles, 2022

Professor Kalyanam Shivkumar, Chair

Dysfunction of the autonomic nervous system has been implicated in the progression of
most cardiovascular disorders, including congestive heart failure, myocardial infarction,
and ventricular arrhythmias. Central to cardiovascular disease progression are the
tenets of reflexive sympathoexcitation and reduced parasympathetic tone; indeed, beta
blockade and inhibition of the renin-angiotensin-aldosterone system are the mainstays
of medical treatment for most cardiovascular disorders. In Yucatan minipigs, myocardial
infarction (M) led to substantial impairments in left ventricular mechanical function and

high susceptibility to ventricular tachycardia and fibrillation. At the tissue level, Mi



promoted anisotropic electrical conduction, while also leading to greater repolarization
heterogeneity and steep repolarization gradients at the border-zone. Myocytes from MI
animals exhibited myofibril disarray and a high degree of myocytolysis, a characteristic
finding in autopsy specimens of patients with sudden cardiac death. Moreover,
extracardiac neural remodeling of the stellate ganglia, the principal efferent sympathetic
input to the heart, included greater neuropeptide Y expression, cholinergic
transdifferentiation, and a high degree of satellite glial cell activation. Similarly, the
thoracic dorsal root ganglia, which serve as the primary source of general visceral
afferent fibers to the heart, demonstrated high levels of neuronal nitric oxide synthase
expression as well as activation of glial cells. In healthy minipigs, sympathetic afferent
and efferent block reduced the effects of sympatho-activation by blunting interstitial
norepinephrine release in the left ventricular myocardium. In minipigs with MI, chronic
vagal nerve stimulation substantially improved cardiac mechanical function and reduced
ventricular arrhythmias following MI, partly by stabilizing activation and repolarization in
the border-zone. Finally, MI-associated extracardiac neural remodeling, particularly glial
activation in the stellate and dorsal root ganglia, was mitigated by chronic VNS. In
conclusion, this work suggests that restoration of parasympathetic function, whether
pharmacologically or through neuromodulation, is an attractive therapeutic strategy for
post-MI cardiac dysfunction. Furthermore, an improved understanding of cardiac
autonomic dysfunction may lead to rationale, neuroscientifically-inspired approaches to

treat cardiovascular disease.
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CHAPTER 1

Introduction



Introduction

The autonomic nervous system regulates all aspects of cardiac function including
chronotropy, inotropy, dromotropy, and lusitropy.’ In the last decade, it has become
increasingly evident that autonomic dysregulation plays a major role in the development
and progression of major cardiovascular diseases, including myocardial infarction, heart
failure, and sudden cardiac death.’* While pharmacologic therapy targets cardiac
disease through neurohormonal blockade, results have not been as promising as
hoped.*® This has led to increasing interest in neuromodulation as a new therapeutic
approach, with therapies such as vagal nerve stimulation and video-assisted
thoracoscopic sympathectomy showing efficacy for the treatment of heart failure and
refractory ventricular arrhythmias.”'2 Though these early studies are promising, a better
understanding of the anatomy and function of the cardiac nervous system is imperative

to developing and implementing precise neuromodulatory therapies.

The anatomy of the cardiac nervous system is complex and has been
categorized into: 1) central components 2) intrathoracic extracardiac components and 3)
intrinsic cardiac components (Figure 1)."? The intrathoracic extracardiac system
connects the central components to the intrinsic cardiac nervous system (ICNS), and is
composed of parasympathetic and sympathetic systems that are traditionally thought to
exert opposing action on cardiac electrical and mechanical function.'®'* The
parasympathetic component acts through the vagus nerve and its intrathoracic
branches, using acetylcholine, nitric oxide, and vasoactive intestinal peptide as
neurotransmitters.’®1® The sympathetic component originates in the intermediolateral
cell columns of the spinal cord, projects via C7 to T6 rami to the superior cervical,
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middle cervical, stellate or cervicothoracic ganglia, and acts though norepinephrine and
neuropeptide Y.1517-20 Afferent cardiac neurons, now known to be dispersed throughout
the myocardium, act as mechanoreceptors and/or chemoreceptors, completing a
cardiac neural circuit.>2"-22 These afferent neurons have multimodal transduction
capabilities, capable of transducing the presence of myocardial ischemia and Zinitiating
reflex sympathetic activation in the setting of myocardial infarction.?4?” The intrinsic
cardiac nervous system (ICNS) is composed of clusters of ganglia referred to as
ganglionated plexi distributed in epicardial fat pads.'® These ganglionated plexi contain
a diverse population of neurons, including neurons that that receive parasympathetic
and sympathetic input, neurons that receive afferent information directly from myocytes,
and local interneurons.?'3 Contrary to initial studies, recent evidence has shown that the
ICNS is not simply a relay station for extrinsic projections to the heart, but instead
functions with higher centers to modulate regional cardiac electrical and mechanical
indices on a beat-to-beat basis.?® Moreover, the ICNS is a dynamic neural network,
which remodels with disease states.?®' For example, in the setting of myocardial
infarction, our group has shown that processing of afferent and efferent neural signals in
the ICNS is impaired, with overall decreased network connectivity, suggesting an
inability of neurons to respond to local myocardial stimuli.?® Similar remodeling occurs
within intrathoracic and primary sensory ganglia.?32-3> Given the complexity of these
systems, and remodeling that occurs in disease states, a better understanding of the
function of each component is necessary to improve therapeutic outcomes and reduce

off-target consequences.



Herein, we provide a brief foundation for understanding the structure of, and
organization of the cardiac autonomic nervous system and highlight neural control of
cardiovascular function, emphasizing the roles of the sympathetic, parasympathetic,
and intrinsic cardiac nervous systems. Based on this scientific foundation, an overview
of current neuromodulatory therapies is presented, focusing on cardiac sympathetic
denervation and vagal nerve stimulation.*36-37 We highlight preclinical studies of vagal
nerve stimulation for structural heart disease and arrythmias. We conclude with a
discussion on recently completed and in-process clinical trials of vagal nerve stimulation
for heart disease, primarily congestive heart failure, driven by foundations established

from preclinical studies.

Overview of Structural and Functional Organization of the Cardiovascular

Neuraxis

Autonomic control of the cardiovascular system is mediated through afferent and
efferent pathways and neural networks involving the brain stem, spinal cord, peripheral
ganglia, and intrinsic cardiac nervous system (Figures 1 and 2).? Feedback systems
between each of these components exist and mediate transduction of beat-to-beat
information, allowing for maintenance of hemostasis and adaptation to stressors.’213
The cardiovascular neuraxis can be considered in three different levels: Level 1 is
considered the heart with its own intrinsic cardiac nervous system, which is comprised
of cardiac ganglia that reside at the origin of the great vessels, and posteriorly along the
atria and atrioventricular junction.24'3 Level 2 consists of intrathoracic components that

regulate cardiac function including the middle cervical ganglia, cervicothoracic (stellate)
4



ganglia, and the T2-T4 portions of the sympathetic chain.?383° Level 3 can be
considered as the dorsal root and nodose ganglia, which mediates the predominant
proportion of afferent neurotransmission, as well as spinal cord, brainstem and higher
centers.'540-43 Importantly, information is processed at multiple levels by interneurons,
resulting in the interdependent network interactions between brainstem, spinal,
intrathoracic, and cardio-cardiac reflexes.?28444% While initially thought to exert
opposing effects on cardiac electrophysiologic and mechanical function, interactions
between the sympathetic and parasympathetic nervous systems mediate cooperative

control and regulation of function.’24¢

Cardiac Sympathetic Innervation — In Health and Disease

Canonical organization of the sympathetic nervous system traditionally consider two
sets of neuronal projections, defined by location of cell bodies and neurotransmitters
mediating cell to cell communication. Preganglionic neurons with cell bodies in the
intermediolateral cell column of the cervical and thoracic spinal cord (C7-T6) project to
the superior, middle, cervicothoracic or stellate ganglia, and the remainder of
paravertebral chain, with fibers running through ventral horns.'2147 Postganglionic
sympathetic neurons project from these intrathoracic ganglia to atrial and ventricular
myocardium, components of the conduction system, and coronary vasculature, traveling
primarily as mixed cardiopulmonary nerves.*3-5° Preganglionic neurons act through
acetylcholine, binding to nicotinic acetylcholine receptors, whereas postganglionic
neurons release norepinephrine. Sympathetic innervation of the heart has been well

characterized using immunohistochemical studies targeting tyrosine hydroxylase, the
5



rate-rate limiting enzyme in norepinephrine synthesis, across multiple animal
models.%"%2 Although canonical neurobiology primarily emphasizes the role of
norepinephrine for postganglionic neurotransmission, several co-receptors such as
neuropeptide Y and galanin have been reported to be released from postganglionic
nerve terminals, especially during higher levels of neural activity.'®535 These peptides
may mediate additional efferent effects and have been implicated in various
cardiovascular disorders including heart failure.%5¢ Further study of these co-

transmitters may prove of value in development of novel therapeutics.®’

In general, sympathetic activation mediates increases in chronotropy, inotropy,
dromotropy, and lusitropy.’%8 In more contemporary porcine studies, both right and left
stellate stimulation reduced activation recovery intervals, an in vivo surrogate for action
potential duration.>®6% Notably, differential shortening of activation recovery intervals in
different portions of the left ventricular by right versus left stellate stimulation, was noted
suggesting the presence of regional control of cardiac electrical function.®%-62 In the
setting of chronic myocardial infarction, this regional regulation of cardiac electrical
function is disrupted, with greater variation in repolarization and altered activation

propagation.®3

In the setting of diseased states, such as myocardial infarction and heart failure,
aberrant remodeling of the sympathetic nervous system occurs and is well described.%*
67 At the level of the myocardium, cardiac sympathetic nerve density, electrical
excitability, and neurotransmitter content are altered in disease states.6%6869 |n a
Langendorff-perfused mouse model of toxin-induced regional sympathetic

hypoinnervation with no accompanying myocardial infarction, greater sensitivity to
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circulating catecholamines and blunted responses to sympathetic nerve stimulation
were observed, demonstrating the direct proarrhythmogenic effects of sympathetic
nerve heterogeneity.®® Ischemia results in release of reactive oxygen species,
adenosine, and other chemical mediators, that activate afferent neurons within the
myocardium.?”.70-72 Reflexes at the level of the central nervous system, stellate ganglia,
and possibly the intrinsic cardiac nervous system, result in sympathoexcitation to
mitigate in part the effects of ischemia on mechanical cardiac function.”75 This reflex
sympathoexcitation is associated with structural remodeling of portions of the intrinsic
cardiac nervous system as well as the stellate ganglia and an increased risk of
ventricular fibrillation.”®7® In porcine models of chronic ischemia, as well as humans with
ischemic cardiomyopathy, histologic changes in stellate ganglia neurons have been
observed resulting in inflammation, glial cell activation, and oxidative stress.66:6
Cholinergic transdifferentiation has been described following myocardial infarction, and,
in animal models, co-release of acetylcholine with norepinephrine may be

antiarrhythmic by reducing actional potential duration dispersion.8%:8

From a clinical perspective, this excessive sympathoexcitation is targeted
pharmacologically with beta blockers as well as inhibition of the renin-angiotensin-
aldosterone system in the case of heart failure.”%>82 Neuromodulatory approaches to
decrease sympathetic tone, such as thoracic epidural anesthesia, stellate ganglion
blockade, cardiac sympathetic denervation, and renal denervation have been utilized
clinically to manage these disease entities."*#8283 |n the research setting, another
avenue considers application of electrical energy to reversibly block nerve conduction.

For example, kilohertz frequency alternating current applied to the sympathetic chain



mitigated sympathetic outflow to the heart, reducing electrophysiologic indices
associated with sympathetic chain stimulation.84 Similarly, in animals with chronic
myocardial infarction, axonal block applied to high thoracic paravertebral chain using
charge-balanced direct current produced reversible block of sympathetic nerve activity
and reduced ventricular tachycardia/ventricular fibrillation potential.®> These
technologies and treatment approaches warrant further study given an increasing

interest of neurocardiology as a therapeutic opportunity.

Cardiac Parasympathetic Innervation — In Health and Disease

Similar to the structural organization of the sympathetic nervous system, the
parasympathetic nervous system is classically described as preganglionic and
postganglionic projections.?'® Preganglionic fibers, originating in the dorsal motor
nucleus and nucleus ambiguus of the medulla project near to, or to, their target organ
through the vagus nerve and intrathoracic cardiopulmonary branches.?¢87 Presynaptic
fibers synapse on postsynaptic cell bodies located near or on the target organ, with
neurotransmission mediated through acetylcholine and nicotinic receptors.’® In the
setting of cardiac autonomic system, a significant portion of postganglionic cell bodies
are located within ganglia of the intrinsic cardiac nervous system, and then directly
project to myocardium, acting through release of acetylcholine.8-°" These groups of
neurons have been well characterized using markers such as the choline

acetyltransferase, and vesicular acetylcholine transporter.%?



In addition to mediating parasympathetic efferent input to the heart and other
viscera, the vagus nerve carries afferent information from intrathoracic and
intraabdominal viscera to the central nervous system.'%9394 Of particular relevance to
the cardiovascular system, bipolar neurons located in the superior and inferior (nodose)
ganglia of the vagus nerve transmit sensory information from the myocardium to the
nucleus tractus solitarus.®>% Vagal afferent fibers are predominantly unmyelinated and
multimodal and with reference to bioelectric interventions are thought to be
preferentially activated at lower levels of current.*>%” Given the prevalence of afferent
fibers in the vagus nerve, with some studies reporting upwards of 80% of fibers as
providing afferent input to the CNS, relevance of fiber type and activation is particularly

important for the use of vagal nerve stimulation for therapeutic purposes.%%:98.99

Vagal afferent fibers carry a wide variety of information to higher centers and
include atrial stretch receptors, multimodal receptors within ventricles, pulmonary
stretch receptors and cardiopulmonary chemoreceptors.'%9-192 Early studies, employing
recordings of the vagus nerve and nodose ganglia, identified neuronal activity that was
synchronous with the cardiac cycle, and affected by hemodynamic changes such as
varied preload or afterload.®*1%3-1% |n an in vivo study in guinea pigs, epicardial
application of substances such as nitroprusside, calcitonin gene-related peptide,
histamine, and bradykinin elicited changes in nodose afferent neuronal activity,
suggesting that this population of afferent neurons transduce to a wide variety of

neurotransmitters and chemicals at the level of the heart.??

In experimental models, efferent activation of the vagus nerve produces a

bradycardia and slows conduction through the atrioventricular node.'%.1%7 However, at

9



low levels of current, which primarily activates afferent pathways, a tachycardia is
induced, which is abolished with transection of the vagus nerve.*> While effects of vagal
nerve stimulation on the sinus and atrioventricular node are well characterized,
innervation of the ventricles by the parasympathetic system has been debated.
Cholinergic neurons are present and innervate the ventricles as demonstrated by
immunohistologic studies, with a greater density at the base than apex.5'-°2 Functional
studies in porcine models demonstrate global prolongation of activation recovery
intervals with right and left sided stimulation, with no clear regional regulation by the left
versus right vagus.'® This coordination across all areas of the heart likely reflects the
interganglionic interconnections occurring within the intrinsic cardiac nervous system.?
In addition to electrophysiologic effects, vagal nerve stimulation reduces inotropy,
further supporting the existence of functional innervation of the ventricle by the vagus.'%®
With respect to vagal nerve stimulation, transection of afferent pathways rostral to the
electrode interface markedly enhancing suppression of all cardiac functions, reflecting
the dynamic interactions of afferent and efferent mediated responses whenever

bioelectric interventions are imposed.#%:109.110

Recently, selective modulation of neuronal populations has been made possible
through optogenetic techniques that employ light-activated ion channels to stimulate or
inhibit neurons.'"-112 For example, in a Langendorff-perused murine model, optogenetic
stimulation of tyrosine-hydrolase expressing neurons on the epicardial surface of the
right atrium and right ventricle resulted in greater contractile forces and heart rate, with
shortening of optically-mapped action potentials.’? A similar study in a murine

Langendorff-perfused model targeting cardiac parasympathetic neurons expressing
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choline acetyltransferase demonstrated bradycardia and heart block with illumination of
the junction of the superior vena cava and right atrium, which was blocked by
administration of atropine.’* Other non-electrical approaches for neural stimulation
including designer receptors specifically activated by designer drugs (DREADDSs) or
receptor activated solely by a synthetic ligand (RASSL), a family of engineered proteins
that respond only to synthetic ligands and allow for modulation of G protein coupled
receptor signaling.''® Using excitatory DREADDs in a rat model of heart failure, Garrott
et al. activated a population of oxytocin and glutamate co-releasing neurons in the
hypothalamus that stimulated cardiac vagal neurons, which mitigated myocyte
hypertrophy, collagen deposition, and ventricular dysfunction.’® These novel
approaches highlight pre-clinical advances that may allow for subselective evaluation of

specific parasympathetic neuronal populations.

In the setting of myocardial injury and disease, structural and functional
remodeling occur at multiple levels of the cardiac nervous system.?*117 While
myocardial injury generally results in a net increase in sympathoexcitation, central
parasympathetic tone is reduced, driving an interest in restoring parasympathetic tone
to treat disease.?*4% Using a porcine model, Vaseghi et al. reported minimal changes in
acetylcholine levels in the apex, anterior wall, and lateral wall of the left ventricle in
healthy animals compared to those with chronic myocardial infarction.''® Alterations in
the basal activity and input of parasympathetic nervous within the intrinsic cardiac
nervous system was also evident in the setting of myocardial infarction."'® Specifically,
neurons normally activated by vagal stimulation were reduced in the setting of

myocardial infarction, while those normally suppressed became more active. Inputs to
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these neurons significantly changed, with increased sympathetic input in the setting of
myocardial infarction.''® Changes in composition of the nodose ganglia has also been
reported in the setting of chronic myocardial infarction, with increased neuron size as
well as an increase in tyrosine hydroxylase positive and calcitonin gene-related peptide
positive cells, with a decrease in neuronal nitric oxide synthase positive cells.!'® Overall,
these findings suggest that intra and extra-cardiac parasympathetic remodeling occurs
in the setting of myocardial infarction, with reduced parasympathetic input, but intact
parasympathetic pathways.'® As such, one therapeutic approach may be to target

these intact pathways using vagal nerve stimulation.

Aberrant sensory information is a primary driver of acute autonomic responses to
ischemic events and the progression of cardiac disease. Specific chemical ablation of
cardiac transient receptor potential cation channel subfamily V. member 1, TRPV1,
receptors with epicardial resiniferatoxin mitigates progression of heart failure in
preclinical models of ischemic heart disease.®* Targeted neuromodulation has the
potential to impact sensory transduction in an on-demand and reversible fashion.2120
Figure 3 shows the increase in nodose activity in response to transient occlusion of the
left anterior descending (LAD) coronary artery. Such LAD occlusions were repeated in
the presence of direct (cervical vagal, VNS) and remote (thoracic spinal cord, SCS)
neuromodulation.’? In both cases the nodose response to transient myocardial
ischemia was mitigated.'?° Rather than being reflective of silent ischemia, we and
others has proposed that pre-emptive neuromodulation alters the myocytes, likely via

altered metabolism, and that this renders them stress-resistant.34121-123 Ag such the
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milieu is stabilized during transient ischemic events and sensory afferent responses and

resultant evoked autonomic reflexes mitigated.

The Intrinsic Cardiac Nervous System — Final Pathway for Cardiac Control

The intrinsic cardiac nervous system is a neural network comprised of afferent, efferent,
and interneurons situated in fat pads distributed along the epicardial surface of the
heart'3. Although the intrinsic cardiac nervous system has been traditionally considered
a relay station for efferent input to the heart, recent studies have identified a
heterogenous population of neurons with varied putative functions.'328124-126 These
afferent neurons include multimodal and nociceptive afferent neurons, identified through
both functional studies and immunohistochemical evaluation using antibodies against
calcitonin gene-related peptide and substance P.28127.128 Ag such, the ICNS has a role
in afferent sensory transduction, local network processing afferent-efferent input and
can be considered as the final common pathway for input to the heart.>'3 While each
aggregate of neurons has a preferential sphere of influence with regards to cardiac
mechanical and electrical function, there is substantial overlap in areas of the heart
regulated. For example, focal activation of all ganglionated plexi results in changes in
heart rate, suggesting direct and indirect input from each GP to the primary pacemaker
of the heart (Figure 4)."328 Likewise, the nicotine micro-injections of most, but not all,
ganglionated plexi can result in atrioventricular block or atrial fibrillation, and most have
varied effects on ventricular mechanical function and electrophysiology.'®?% These data

reflects the ICNS role in overall coordination of cardiac function, as a result of local
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circuit neurons mediating intra- and interganglionic interactions, shared efferent inputs,

and convergent/divergent afferent inputs.?

Interactions between the ganglionated plexi and higher centers ultimately
modulate regional cardiac function, rather than each system acting on its own.2'3 The
right atrial ganglionated plexus (RAGP), located posterolateral to the superior and
inferior vena cava, and anterior to the right superior pulmonary vein, is one of the major
atrial ganglionated plexi and mediates significant parasympathetic input to the right
atrium.?8.126.129 |n animal models, ablation of the RAGP results in near complete loss of
evoked bradycardia induced by vagal nerve stimulation (Figure 5).'%?> Sequential
sympathetic and combined sympathetic-parasympathetic stimulation initially results in
tachycardia followed by substantial bradycardia in the intact state.’??> As shown in Figure
5, with ablation of the RAGP, the tachycardia induced by sympathetic stimulation is
preserved but returned to baseline with the addition of VNS. This residual sympathetic-
parasympathetic interaction is completely abolished when atropine is added.'?? These
observations suggest that interactions occur at both the level of end-organ as well as
through the intrinsic cardiac nervous system, underscoring the importance of such

interactions in understanding regional regulation of function.?122.130

The ICNS has received significant attention clinically due to its accessibility with
cardiac interventions or cardiac surgery.*46:131.132 Although dysfunction of the ICNS has
been implicated in various cardiovascular diseases, our lack of knowledge regarding
interactions among ganglionated plexi and higher centers has limited the advancement
of therapeutics.?* For example, in 2009, Nakagawa et al. reported percutaneous
ablation of five accessible atrial GP in 63 patients with paroxysmal atrial fibrillation,
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which resulted in a marked reduction of episodes of atrial fibrillation.'33 Further follow-up
of these patients, as well as other trials, showed a greater need for pacemaker
implantation, likely due to disruption of neurons projecting to the sinoatrial node, and an

inadvertent increased risk of ventricular arrhythmias in the setting of ischemia.'34.13%

Disruptions in autonomic inputs to the ICNS are arrhythmogenic. In a series of
studies, our group developed a model for reproducible transient induction of atrial
fibrillation (AF).123136.137 This model involves, recording of intrinsic cardiac neural and
cardiac electrical activity in response to bursts of electrical activity delivered to cardiac
mediastinal nerves during the atrial refractory period.?3136.137 Such bipolar stimulation
reproducibly produces short periods of AF (~30 duration) with a latency of ~1 sec
(Figure 6). ICNS activity, derived from extracellular recording, can be functionally
defined into afferent, efferent or convergent (both afferent and efferent) related. While
burst stimulation of mediastinal nerves increases activity in all three functional classes
of ICNS neurons, convergent neurons were the preferential target. As demonstrated in
Figure 6, pre-emptive VNS reduces the evoked ICNS neural response to mediastinal
nerve stimulation, with the primary target being the convergent neurons, and the atrial
arrhythmia potential was reduced in 75% of stimulations. The VNS impact on ICNS
network function is further exemplified by mitigating synchrony between efferent to
convergent and convergent to convergent neurons (Figure 6, Panel D and E). Finally,
VNS exhibits memory (Figure 7), specifically, 3 minutes of cervical VNS reduced the
arrhythmia potential to neural imbalances produced by mediastinal nerve stimulation for
approximately 30 minutes. This has important implications for design of stimulation

protocols for VNS.

15



VNS for Treatment of Cardiovascular Disease: Pre-Clinical Studies

Preclinical studies have provided substantial evidence supporting the utility of chronic
vagal nerve stimulation (VNS) for the management of various cardiovascular disorders,
with majority of studies focused on heart failure.’®'3% In a rat model of chronic heart
failure induced by myocardial infarction through ligation of left coronary artery, 6 weeks
of right vagal nerve stimulation ameliorated adverse ventricular remodeling and
improved contractility.'#® Rats treated with VNS had reduced plasma norepinephrine
and brain natriuretic peptide levels, and a 73% reduction in relative risk of death.'? In a
canine model of ventricular tachypacing induced heart failure, concomitant right vagal
nerve stimulation, at an intensity to reduce heart rate by 20 beats per minute,
attenuated the development of heart failure.’*! Canine receiving concomitant VNS had
improved left ventricular ejection fraction and lower end-diastolic volumes, with greater
heart rate variability and baroreflex sensitivity.'*' In a guinea pig model of chronic
pressure overload designed to induce hypertension-mediated changes, chronic vagal
nerve stimulation mitigated the development of cardiac hypertrophy and adverse neural
remodeling (Figure 8).'%> Compared to animals receiving sham VNS, those receiving
right or left cervical vagal nerve stimulation had reduced pressure overload-induced
remodeling, including a reduction in left ventricular internal diameter at diastole, left
ventricular end diastolic volume, and cardiac output. '#? At a cellular level, VNS
consistently reduced pressure overload-induced myocyte hypertrophy and remodeling
within intrinsic cardiac neurons.’#? Taken together, these animal models suggest vagal

nerve stimulation can modulate pathologic responses that result in heart failure, in part
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through improved autonomic balance, reduction of inflammation, alteration of energy

utilization, and modulation of apoptotic pathways.41-143

Preclinical studies have demonstrated putative anti-arrhythmic effects of vagal
nerve stimulation in the setting of acute (Figures 6 and 7) and chronic myocardial
ischemia. In a study of acute coronary artery occlusion in anesthetized cats, animals
who had previously undergone bilateral vagotomy or received atropine had less
ventricular arrhythmias and death, suggesting that either efferent or afferent vagal tone
may reduce ventricular fibrillation and death.'** Billman et al. demonstrated that high
vagal reflexes, assessed through baroreflex slopes, were associated with reduced
vulnerability to ventricular fibrillation during acute coronary artery occlusion in canine
with a history of healed myocardial infarction.'> Similarly, animals that were initially
susceptible to ventricular fibrillation and underwent daily exercise had improved
baroreflexes and reduced susceptibility to ventricular fibrillation, attributed to improved
autonomic balance.’#® In a canine model of healed anterior wall myocardial infarction,
acute vagal nerve stimulation reduced the frequency of ventricular fibrillation in the
setting of acute coronary artery occlusion and treadmill exercise among animals who
were susceptible to ventricular fibrillation. 47 In a similar study, canine who were
resistant to ventricular fibrillation received atropine prior to coronary artery occlusion,
resulting in either novel occurrence of ventricular arrhythmias or worsened degree of
ventricular arrhythmias.'*® Taken together, these early studies support a putative benefit
of vagal nerve stimulation and restoration of vagal tone in the setting of acute
myocardial ischemia. In a rat model of acute coronary ischemia, concomitant vagal

nerve stimulation reduced ventricular tachyarrythmias, with abrogation of this effect with
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atropine administration.’® Immunohistochemical studies showed that the vagal nerve
stimulation mitigated the MI-induced loss of Connexin-43 at gap junctions, suggesting
that vagal nerve stimulation may combat electrical instability that occurs with myocardial
ischemia.’®® In a contemporary, porcine study utilizing neuronal recordings from the
ventral interventricular ganglionated plexus (VIVGP), a portion of the ICNS that
innervates the ventricular myocardium, myocardial infarction resulted in increased
sympathetic input to parasympathetic neurons in the VIVGP, with maintenance of
parasympathetic neuronal networks.''® In this model, vagal nerve stimulation reduced
the burden of ventricular arrhythmias and reduced heterogeneity of repolarization in the
scar-border zone, an area known to initiate arrhythmias clinically.?® This study, and
others, suggest that vagal nerve stimulation may, in part, act by stabilizing myocardial

electrical activity, particularly at the scar-border zone.

Although the therapeutic molecular and cellular mechanisms underlying the
therapeutic efficacy of vagal nerve stimulation are incompletely understood,
mechanisms are thought to be mediated through both efferent activation of muscarinic
receptors at the nerve-myocyte interface, as well as interaction with higher order
systems and modulation of afferent-mediated reflexes (Figure 9).2 At the level of the
brainstem, afferent input is modified resulting in reduced central drive, as well as
modulation of brainstem projections to spinal sympathetic networks.? At the level of the
heart, activation of vagal efferent fibers results in acetylcholine release, activating M2
receptors on myocytes and conduction system cells, resulting in negative chronotropy,
dromotropy, and, to a lesser degree, inotropy.’® VNS may, in part, alter the balance

between energy demand and supply in the setting of pathologic states.'®"'52 Coronary
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blood flow is modulated by vagal nerve stimulation with the majority of studies
demonstrating parasympathetic coronary vasodilation although direct application of
acetylcholine to vascular smooth muscle cells results in vasoconstriction.'531% |n a
canine model employing bilateral vagotomies and bilateral stellectomy, efferent vagal
nerve stimulation resulted in coronary vasodilation when controlling for heart rate and
aortic pressure, which was partly mitigated by atropine administration.'®® At the level of
myocytes as well as the intrinsic cardiac nervous system, vagal nerve stimulation
reduces sympathetic input, which may combat sympathoexcitation induced by disease
states.2118.157 On a molecular level, vagal nerve stimulation has been associated with
reduced pro-inflammatory cytokine release and improved nitric oxide signaling.'58-161 |n
addition, factors implicated in the progression of heart failure, such as norepinephrine

and angiotensin are reduced with vagal nerve stimulation.'*!

VNS for Treatment of Cardiovascular Disease: Clinical Trials

Congestive heart failure is a major public health problem in the United States, with
greater than 6 million Americans affected, with an increasing prevalence in the last
decade.®? Despite advances in medical therapies and interventional and surgical
strategies for heart failure and comorbid conditions, mortality rates remain high as do

the frequency of rehospitalizations for heart failure and associated costs.'®3

Heart failure is a heterogenous disorder, resulting from various entities including
myocardial ischemia and valvular diseases, which ultimately result in an inability to meet

oxygen and metabolic demands.’-'%* Homeostatic humoral regulatory mechanisms,
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such as the renin-angiotensin-aldosterone system, are activated in an attempt to
maintain cardiac output and end-organ perfusion. Importantly, imbalance the
sympathetic and parasympathetic nervous systems develop and contribute to the
pathogenesis of heart failure, with, in general, withdrawal of parasympathetic tone and
heightening of sympathetic tone."4%82.184 Consistent with this, the Autonomic Tone and
Reflexes After Myocardial Infarction (ATRAMI) study reported an association between
impaired vagal reflexes and mortality among 1,284 patients with a history of myocardial
infarction, independent of left ventricular ejection fraction.'®> The majority of
pharmacologic therapy for heart failure targets changes in neurohormonal axis,
including beta-blockers and angiotensin-converting enzyme inhibitors.8? Guideline
directed medical therapy for most patients with heart failure with reduced ejection
includes beta-blockers and angiotensin-converting enzyme (ACE) inhibitors or
aldosterone receptor antagonists.'®® Large scale randomized trials demonstrate an
improvement in survival for ACE inhibitors and beta-blockers, particularly in those with
a history of myocardial infarction or reduced ejection fraction.'”-170 Although these
agents have been efficacious in the management of heart failure, progression of

disease generally continues, leading to renewed interest in neuromodulatory therapies.*

Vagal nerve stimulation (VNS) was initially developed for and clinically utilized for
the management of depression and refractory epilepsy.'”"'"2 Though the mechanisms
of VNS for epilepsy are poorly characterized, reduction in seizure frequency and use of
anti-epileptic drugs have been noted across trials.’”® The Food and Drug Administration
has already approved implantable pulse generators and leads for safe and effective

treatment of epilepsy, facilitating the adaptation of similar technology to alternate
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diseases.'”174 Given the relevance of autonomic dysregulation in the development and
progression of heart failure and arrhythmias, trials exploring the efficacy and safety of
VNS for cardiovascular disease have received significant national attention since the
initial report of its use for heart failure in 2008. 11175178 |njtial clinical trials of VNS, in
combination with medical therapy, for CHF demonstrated mixed results, attributed to
variation in study design, sidedness of stimulation, and vagal nerve stimulation
protocols.'”® Importantly, VNS protocols represent the total dose of “therapy” delivered
to the patient as a function of current intensity, frequency, pulse width, and duty cycle
(time on versus off), and thus are hypothesized to have a substantial impact on efficacy

of therapy, as well as side effects.’”®

The Autonomic Neural Therapy to Enhance Myocardial Function in Heart Failure
(ANTHEM-HF) evaluated the adjunct use of the Demipulse (LivaNova, Houston, TX)
VNS system for left or right cervical vagal nerve stimulation in a cohort of patients with
heart failure with reduced ejection fraction and New York Heart Association functional
class II-Ill symptoms.®80-182 Improvement in primary endpoints including left ventricular
ejection fraction, heart rate variability, and 6-minute walk tests, were noted, with follow-
up at 1 year demonstrating persistent improvement (Figure 10).%:18%-182 |n the setting of
heart failure with preserved ejection fraction (HFpEF), a more clinically challenging
entity to treat, a similar VNS protocol by the same investigators is presently enrolling.'8!
Of existing and completed trials for CHF, ANTHEM-HF is the only trial reporting positive
findings for both safety and efficacy of VNS, which has been attributed to both study

design and VNS stimulation protocols.”®
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Two other major studies have explored the impact of VNS on cardiovascular
outcomes in the setting of heart failure, with mixed results (Figure 10). The NEural
Cardiac TherApy foR HF (NECTAR-HF) study randomized patients with heart failure
with reduced ejection fraction (HFrEF) and left ventricular ejection fraction (LVEF) <
35% to VNS therapy or sham (device without stimulation) with a different VNS protocol
(intensity titrated to 20Hz, 300us, proposed target current of 4mA).'83 At 6-months, the
majority of patients did not achieve the pre-specified stimulus intensity because of off-
target effects and there was no significant difference in pre-specified outcomes of left
ventricular end systolic diameter.'® Importantly, NECTAR-HF targeted vagal nerve
stimulation at a frequency of 20Hz and a low current.'83 At these stimulation
parameters, it is hypothesized that afferent fibers were preferentially activated, rather

than efferent motor fibers, which may, in part, explain the lack of efficacy observed.

176,184

The INcrease Of VAgal TonE in Heart Failure (INOVATE-HF) trial randomized
707 patients with HFrEF (LVEF < 40%) with NYHA class Il symptoms to medical
therapy or medical therapy and VNS using an R-wave triggered pulse.'”® Of note, this
trial utilized a vagal nerve stimulation protocol that implemented a putative afferent
blockade in addition to efferent activation.’”® At a mean follow-up of 16 months, a
composite primary endpoint of death, rehospitalization for CHF, or need for intravenous
diuresis, was more frequent in the VNS group compared to control.'”® 6-minute walk
test and quality of life measures improved in the VNS group compared to control (Figure
10). 175 The mixed findings in both of these studies may represent heterogenous cohorts

and inadequate or inappropriately tailored VNS therapy delivery.'®
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Our prior work has described the concept of the neural fulcrum — an equilibrium
point between activation of afferent and efferent vagus nerve pathways, resulting in a
null heart response to stimulation with intact neural circuits.’®® Titration of vagal nerve
stimulation parameters to reach the neural fulcrum over a period of time (3-4 weeks) is
a feasible approach to achieve therapeutic levels of VNS.199.184 | ikewise, adjustment of
parameters during a training period, off-target effects such as cough, Gl discomfort, and
dyspnea, can be minimized.%8 Figure 11 represents a graphical display of a
frequency and intensity relationship for VNS, with the neural fulcrum defined as the
minimal heart rate change with VNS (yellow shaded region), overlaid with parameters
from the 3 previously discussed trials of VNS for heart failure. At a given pulse width, in
this case 500us, note the inverse relationship between frequency and intensity to
achieve a null and minimal bradycardia (1-3 beats per minute) (Figure 11). Both
NECTAR-HF and INOVATE-HF trials delivered VNS at parameters that were not
effective in engaging all levels of the cardiac nervous system, while ANTHEM-HF
operated at the fulcrum.'%%18 ANTHEM-HF is presently the only trial the has shown a
net long-term benefit to VNS for heart failure, which may be related to activating the
appropriate balance of afferent and efferent fibers.210%18 Although there were
significant variation in clinical characteristics, disease burden, and comorbidities
including arrhythmias, in these 3 trials, it is likely that the choice of VNS likely impacted
clinical responses. 210918 Ag future trials of VNS are designed for heart failure and
other cardiovascular disorders, it is imperative that structure-function relationships of the

nervous system be considered.
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Concluding Remarks and Future Directions

Multiple cardiovascular disorders including myocardial infarction and congestive heart
failure result in excessive sympathoexcitation and a withdrawal of central
parasympathetic tone.2* The majority of existing therapies for these disorders focuses
on blunting sympathetic drive to the heart, in the form of beta-adrenergic receptor
blockade or inhibition of the renin-angiotensin-aldosterone axis.* Despite the
widespread use of these medications, progression of disease occurs, creating a need
for novel therapeutic approaches.* Therapies such as cardiac sympathetic denervation,
stellate ganglion blockade, and renal artery denervation are being explored as avenues
to reduce sympathetic tone associated with heart failure and ventricular arrhythmias.* In
addition to the value of these therapies in the management of refractory ventricular
arrhythmias, cardiac sympathetic denervation has also shown efficacy in the setting of
inherited channelopathies including congenital long QT syndrome and
catecholaminergic polymorphic ventricular tachycardia.'?83.185 \Vagal nerve stimulation
has emerged as a promising therapeutic approach to combat the observed withdrawal
of parasympathetic tone and to counteract the reflex mediated sympathoexcitation.?* A
significant body of pre-clinical studies supports the value of vagal nerve stimulation for
the management of heart failure or arrhythmias.?* Existing trials of vagal nerve
stimulation have been confounded by substantial variation in inclusion criteria and
inconsistent vagal nerve stimulation delivery. 248 A mechanistic understanding of
neural cardiac remodeling, where and how to target the cardiac neuraxis, and follow-up
with appropriate biomarkers is essential to achieve and maintain therapeutic efficacy.

The goal for any of these therapies is to reduce sympathoexcitation, increase
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parasympathetic tone and/or blunt aberrant afferent processing. VNS achieves all three

goals concurrently and remains an area of intense scientific and clinical interest.
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Figure 1. Neural regulation of cardiac function involves multiple nested feedback
loops at the level of the heart, peripheral ganglia, and central nervous system.
Afferent systems (blue) are mediated through the intrinsic cardiac nervous system,
dorsal root ganglia, and nodose ganglia. Efferent systems (red) involve sympathetic,
parasympathetic, and local circuit neurons. DRG, dorsal root ganglia. ICNS, intrinsic

cardiac nervous system. Adapted from Janig (2016).15°
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Figure 2. Interactions between central nervous system, peripheral ganglia, and
the intrinsic cardiac nervous system. Multiple interdependent feedback loops
regulate regional cardiac mechanical and electrical function. At the level of the heart,
sensory (blue) neurons provide input directly and indirectly through the ICNS, peripheral
ganglia, and spinal cord, which are capable of engaging cardiocentric reflexes.
Converging inputs result in activation of adrenergic or muscarinic receptors as well as
receptors for peptide co-transmitters such as neuropeptide Y (not displayed).
Preganglionic sympathetic and parasympathetic efferent fibers project (red, dashed) to
the ICNS, including to local circuit neurons, and postganglionic sympathetic fibers (red,

solid) also directly to the myocardium. The ICNS acts as the final common pathway for
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cardiac control, though interactions occur at all levels. Input from chemoreceptors,
baroreceptors, as well as neurohormonal factors such as angiotensin Il and circulating
epinephrine (not displayed), also modulate cardiac function. Ang |, angiotensin I. Ang Il,

angiotensin II. LCN, local circuit neuron. Adapted from Ardell et al. (2016).2

28



1.0 1

Nodose activity (Hz)

0.0

Neuron 5

Neuron 4

Neuron 3

Neuron 2

Neuron 1

Nodose

HR
(lbpm)

LVP
(mmHg)

LAD Occlusion

Ap——

|

|

BI0T 000 1

e s N A AN

130

ol

150

0.8 1

0.6 1

0.4 1

0.2 1

Sham

SNSRI B HINEE SN
20s
. Baseline 1.2 4 *
= LAD CAO =
=3 Reperfusion I 1.01
2
S 081
s
o
® 0.6 1
L]
S
2 0.4 1
#
Z 0.2/

VNS

Sham

BN Baseline
=3 LAD CAO
=3 Reperfusion

SCs

Figure 3. Afferent transduction of ischemia is modulated directly by

parasympathetic input as well as remotely. Representative recordings from the

nodose ganglia, one of the major parasympathetic afferent ganglia, during occlusion of

the left anterior descending coronary artery. (A) Activity from 5 neurons displays

substantial heterogeneity in baseline firing frequency and responses to ischemia and

reperfusion. (B) Normalized, summative nodose activity at baseline, with left anterior

descending artery occlusion, and reperfusion, with and without vagal nerve stimulation.

In all settings, animals receiving vagal nerve stimulation displayed marked reductions in

nodose activity. (C) Spinal cord stimulation also reduces nodose neural activity in

response to ischemia stress. *p < 0.05 from baseline; #p < 0.05 from sham. Adapted

from Salavatian et al. (2017).12°
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ventricular ganglionated plexi. Selected electrophysiologic effects of nicotine
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plexus. CMVGP, cranial medial ventricular ganglionated plexus. LAGP, left atrial
ganglionated plexus. DAGP, dorsal atrial ganglionated plexus. IVC-ILA, inferior vena

cava-inferior atrial ganglionated plexus. Adapted from Cardinal et al. (2009).28

30



Right Atrial
B. Appendage

4 Hz Sympathetic Stim.

C D.
—
A. 12 Hz PS Stim. 12 Hz PS Stim.
= 200 - 200 Px + ATROPINE
£
,3 150 -  RAGPx . 150 -
3
o 100 - 100 -
8
[}
-4
B 50 A 50 -
=
<
1] T T T INTACTI T 0 T T T T
RAGP 0 30 60 90 120 0 30 60 90 120
removed
TIME (sec) TIME (sec)
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the right atrial ganglionated plexus alters neural control of heart rate. (A) Diagram
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right atrial ganglionated plexus before and after ablation. (C) Evoked bradycardia with
12Hz parasympathetic stimulation in intact state, with loss of evoked bradycardia after
RAGP ablation. (D) Combined sympathetic (4Hz) and parasympathetic (12Hz)
stimulation in intact state, following RAGP ablation, and RAGP ablation with atropine

administration. Adapted from McGuirt et al. (1997).122
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Figure 6. Vagal nerve stimulation targets local circuit neurons within the intrinsic
cardiac nervous system to reduce arrhythmogenesis. (A) In response to mediastinal
nerve stimulation, activity within the right atrial ganglionated plexus significantly
increased and transient periods of AF were induced. (B) Increased neural activity during
mediastinal nerve stimulation was primarily driven by increased activity of local circuit
neurons. (C) VNS mitigated neural activity changes in response to mediastinal nerve
stimulation and prevented or blunted atrial arrhythmogenesis. (D) and (E) Intrinsic
cardiac neurons were classified as afferent [A], efferent [E], or convergent [C].
Mediastinal nerve stimulation resulted in increases in synchrony between efferent to
convergent pairs and convergent to convergent pairs, while preemptive right cervical
vagus nerve stimulation prevented such. (B): *p < 0.05 from baseline; #p < 0.05 from
control (sham VNS). (D) and (E): *p < 0.05 from baseline; #p < 0.01 sham to RCV VNS
state. Adapted from Salavatian et al. (2016).123

32



A. RCV
_. 100
X AF mitigation
5* 75 AF prevention
i
O 50}
E
(]
> 25}
&
0 |
o 20 40 60 80
Time post RCV (min)
B LCV
100
2
= 75}
1)
®
L 501
b=
Q
> 25
(&)
-l 0 1
o 20 40 60 80

Time post LCV (min)
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Figure 8. Vagal nerve stimulation mitigates heart failure and cardiac hypertrophy
in a guinea pig model of chronic pressure-overload induced by aortic
constriction. Compared to animals receiving sham vagal nerve stimulation, those
receiving right or left sided vagal nerve stimulation had improvements in indices of heart
failure. Significant improvements were noted in diastolic indices of (A) Left ventricular
internal diameter and (B) left ventricular volume. (C) Cardiac output and (E) stroke
volume normalized to baseline with left and right vagal nerve stimulation, with no
changes in (D) Heart Rate. LCV, left cervical vagus stimulation. RCV, right cervical
vagus stimulation. VNS, vagus nerve stimulation. LV, left ventricular. LVID, Left
ventricular internal diameter. *p < 0.05 from baseline; #p < 0.05 to sham VNS. Adapted

from Beaumont et al. (2016).142
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Figure 9. Schematic diagram of the effects of vagal nerve stimulation on the

cardiac neuraxis. Direct efferent activation of the vagus nerve results in activation of
parasympathetic postganglionic cells, located in the ICNS, which act on muscarinic
receptors on the myocardium. Local circuit neurons within the ICN are activated, which
modulate sympathetic reflexes with input from afferent soma, ultimately blunting
reflexes within the intrinsic cardiac nervous system. Afferent activation results in
reduced central drive and modulates projections to spinal sympathetic networks.
Sympathetic spinal reflexes are also blunted via inhibitory projections (not shown). NTS,
nucleus tractus solitarus. NA, nucleus ambiguus. BSRF, brain stem reticular formation.
VNS, vagal nerve stimulation. DRG, dorsal root ganglia. IML, intermediolateral nucleus.
MCG, middle cervical ganglia. LCN, local circuit neuron. ICNS, intrinsic cardiac nervous

system. AC, adenylyl cyclase. Adapted from Ardell et al. (2015).45
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Figure 10. Clinical responses for the 3 major vagus nerve stimulation trials for
HFrEF at baseline (blue) and 6-month follow up (red). Improvement for most
parameters were noted for ANTHEM-HF, but unstudied or not met for INOVATE-HF or
NECTAR-HF. (A) Heart rate, (B) SDNN, a standardized measurement of heart rate
variability, (C) Ejection fraction, (D) 6 minute walking distance test, and (E) Minnesota

Living With Heart Failure score. Adapted from Anand et al. (2020).17°
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Figure 11. Heart rate responses to right cervical vagus nerve stimulation in a
canine model at varying frequency and intensity (pulse width 500us). At higher
frequencies and current, vagal nerve stimulation results in predominant activation of
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activation of afferent fibers (orange, red). The area at which a null heart rate response is
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parameters for 3 vagus nerve stimulation trials (ANTHEM-HF, NECTAR-HF, and
INOVATE-HF) are plotted as a function of frequency and intensity. Adapted from Ardell

et al. (2017).199
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Scalable and reversible axonal neuromodulation of the sympathetic
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Introduction

Sudden cardiac death (SCD), the leading cause of mortality in the United States, is
linked to elevated sympathetic activity acting on abnormal cardiac substrates, leading to
increased potential for life-threatening ventricular arrhythmias.”? Maladaptation of the
autonomic nervous system has been implicated in various cardiovascular disorders
including SCD, congestive heart failure (CHF), and hypertension.®# In both humans and
animal models of disease, remodeling of the sympathetic nervous system, including
changes in sympathetic nerve density, excitability of the ventricular myocardium, and
changes in peripheral ganglia have been described.>® Current medical practice to treat
cardiovascular diseases focuses on treating the symptoms associated with the disease
process, often with pharmacological agents targeted to end-effectors, device therapy
(e.g. pacemakers), surgery or focal ablations.® While effective in most cases, some
pathologies such as refractory ventricular tachycardia, rely on reactive implantable
cardioverter defibrillator (ICD) devices to sustain the patients, treating the symptom, not
a root cause of the disease process.®>® A number of neuromodulatory approaches have
shown efficacy in the management of refractory ventricular tachycardia (VT), although
each bears significant limitations.'®"" While surgical sympathectomy is efficacious,
sympathetic denervation is permanent and associated with several side effects
including hyperhidrosis and hyperalgesia.’> Moreover, bilateral therapy, rather than left
sided alone, is commonly necessary for improved freedom from ICD-shocks, heart
transplantation, or death.' Sympathetic blockade using thoracic epidural anesthesia or
stellate ganglia block has also been used in the management of VT storm with minimal

morbidity, but it is temporary and often a bridge to more definitive therapy.'®'* Targeted
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bioelectric neuromodulation allows for an alternative path for control of sympathetic

projections to the heart that is available on-demand and reversible.

Electrical stimulation of peripheral nerves has been a growing avenue to target
maladaptive operation of the nervous system, offering non-pharmacological, scalable,
reversible, on-demand therapeutic alternatives facilitated by advances in low-power,
smart, miniaturized bioelectronic implants.*'> Although the use of electrical stimulation
is well-recognized and has multiple clinical applications, the use of bioelectronic
approaches to selectively block the conduction of action potentials is a more recent
discovery.'®'® This blocking mechanism can be achieved with charge-balanced
kilohertz frequency alternating current (KHFAC) with zero net charge delivery, charge
balanced direct current carousel (CBDCC), or a hybrid wave form involving both.2%:21
Mechanistically, conduction block mediated through such axonal modulation therapy
(AMT) occurs by producing a region whereby action potentials cannot pass, with several
studies suggesting a memory effect whereby nerve conduction is depressed for a period
of time after current delivery.'®22.2% In porcine models, we have previously demonstrated
short-term efficacy of KHFAC in reducing evoked cardiac sympathetic responses when
applied to the paravertebral chain.?* Importantly, using CBDCC in swine with chronic
myocardial infarction, we found that transient nerve block resulted in reduced ventricular
arrhythmia inducibility by programmed ventricular stimulation.?®> We, and others, have
further identified critical components of the paravertebral chain as primary inputs for
afferent and efferent neurotransmission to the heart, including the stellate and proximal

thoracic paravertebral ganglia.?6-2

66



In the current work, we aimed to characterize KHFAC block and evaluate its
efficacy in two sets of mechanistic experiments (Figure 12). First, we studied several
features of KHFAC block such as scalability (i.e., relationship between amplitude and
block), sustainability/plasticity, and memory (Figure 12B, Protocol 1). We anticipated the
presence of a reproducible, dose-response relationship between amplitude and block
and the persistence of a partial KHFAC block following cessation of current. Given the
increasing clinical relevance of neuromodulation of the bilateral sympathetic chain, in a
second set of experiments, we evaluated the efficacy of KHFAC block in the setting of
unilateral sympathectomy, and its impact on sympathetic nerve stimulation induced
myocardial neurotransmitter release (Figure 12C, Protocol 2). The primary hypothesis is
that KHFAC mitigates sympathoexcitation in a scalable fashion and that KHFAC AMT

continues to mitigate sympathoexcitation in the setting of unilateral sympathectomy.

Methods

Study Approval

The study protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of California, Los Angeles (Protocol 16-085), and is in
accordance with the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals. At the end of experiments, animals were euthanized in

concordance with IACUC guidelines.

Surgical Preparation
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A total of 14 Yorkshire pigs (Sus scrofa, S&S Farms, California) of both sexes (9 males
and 5 females), aged 3 + 1 months, weighing 36 + 3 kg, were used for these studies
(Figure 12A). Animals were housed using standard 12-hour light and 12-hour dark

cycles; pigs were fasted overnight except for water prior to experiments.

Yorkshire pigs were sedated with tiletamine-zolazepam (5-6 mg/kg,
intramuscular) and isoflurane (3-5%, inhaled). Following endotracheal intubation,
animals were mechanically ventilated (tidal volume 300-450mL, rate 10-12 breaths per
minute) and anesthesia maintained with isoflurane (1-4%, inhaled). Fentanyl (20-30
Mg/kg) was administered for analgesia during surgical preparation. The femoral arteries
and veins were cannulated using the modified Seldinger technique, and carotid artery
cannulated directly through surgical cutdown, and vascular access sheaths placed.
Systemic arterial blood pressure was monitored through the side-port of a sheath in the
femoral artery, and normal saline (4-6 mL/kg/hr) was infused through the femoral vein to
replenish insensible fluid losses. Temperature was monitored (rectal or esophageal),
and maintained through forced-air warming blankets. Three-lead electrocardiogram and
end-tidal carbon dioxide were used to ensure acceptable physiologic status for
experiments. Arterial blood gas contents were assessed on an hourly basis and
adjustments to tidal volume, rate, fraction of inspired oxygen, or administration of

sodium bicarbonate were performed as appropriate to maintain physiologic levels.

A median sternotomy was performed and the bilateral pleural cavities were
entered. The parietal pleura was divided posteriorly, and the right and left paravertebral
chain from the stellate (cervicothoracic) ganglia to T3 ganglia were exposed. The
pericardium was opened and pericardial cradle created to support the heart. For studies
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examining catecholamine release, a catheter was advanced into the coronary sinus via
the right external jugular vein for blood sampling. Following completion of surgical
preparation, anesthesia was transitioned from isoflurane to alpha-chloralose (50 mg/kg
over 1 hour, followed by 25-50 mg/kg/h; intravenous) to minimize the cardio-depressive
effects of inhaled anesthetics. For Protocol 1, pre-treatment with atropine (1 mg/kg
intravenous) or bilateral vagus nerve transection was performed to remove competing
effects of parasympathetic efferent responses. Surgical preparation time ranged from 2
to 4 hours, and total duration of anesthesia ranged from 8 to 12 hours. Pigs were
allowed to stabilize for 30 minutes after completion of alpha-chloralose bolus and

maintenance of stable infusion before experimental protocols were initiated.

Hemodynamic and Electrophysiologic Measurements

A solid-state pressure catheter (Mikro-Tip Model SPR-350, Millar Instruments, Houston,
Texas) was guided to the left ventricle through the femoral or carotid artery, and used to
continuously measure left ventricular pressure, rate of change of left ventricular
pressure (LV dP/dt), and heart rate (HR). These data, as well as a lead Il
electrocardiogram, were acquired through a Cambridge Electronics Design (Cambridge,
United Kingdom) acquisition system and computed using Cambridge Electronics Design

Spike2 Data Acquisition & Analysis Package (Cambridge, United Kingdom).

For the first set of experiments (Figure 12B, Protocol 1), electrophysiologic data
was acquired using a custom 56-electrode epicardial sock placed over the right and left
ventricles. Unipolar local electrograms were recorded at 1000Hz using a Prucka
CardioLab Acquisition System (GE Healthcare, Fairfield, Connecticut). For the second

set of experiments (Figure 12C, Protocol 2), high-density electrophysiologic recordings
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were acquired using a custom 128-electrode epicardial array (NeuroNexus, Ann Arbor,
Michigan) placed over the anterior left ventricle, with sampling rate at 1360Hz through
an AlphalLab SnR acquisition system (Alpha Omega, Alpharetta, Georgia). For both
approaches, data were analyzed using ScalDyn 5 (University of Utah, Salt Lake City,
Utah). Activation recovery intervals (ARI) were calculated on a beat-by-beat basis by
subtracting activation time (the time of minimum dV/dt during depolarization) from
recovery time (the time of maximum dV/dt during repolarization) as previously
described.?#?% ARI serves as a strong surrogate of ventricular action potential duration

at 90% repolarization.?8
Assessment of Myocardial and Systemic Catecholamine Levels

Myocardial interstitial catecholamine levels were assessed using fast scanning cyclic
voltammetry (FSCV), an electrochemical approach that leverages detection of oxidation
and reduction of norepinephrine (NE) through a small-diameter platinum electrode
under voltage clamp, as previously described.?® Briefly, perfluoroalkoxy coated platinum
wires were prepared by soldering an approximately 5mm portion of bare wire to a gold-
plated pin connector. Following completion of surgical preparation, six to eight probes
were placed directly into the anterior left ventricular myocardium through 23-gauge
needles. Ground and reference electrodes were placed into the intercostal muscle.
Probes were connected to a custom amplifier (NPI Electronics, Tamm, Germany); data
were acquired and analyzed for mean relative myocardial NE levels using Igor Pro 7.08

(WaveMetrics, Lake Oswego, Oregon) as previously described.?®

Blood from the coronary sinus and femoral artery were collected prior to nerve

stimulation and at peak-nerve stimulation effect to measure plasma NE concentrations
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in the intact state. Blood samples were collected in EDTA collection tubes (Becton,
Dickinson and Company, Franklin Lakes, New Jersey), followed by centrifugation for 15
minutes at 1500 g for separation of plasma. Plasma was snap frozen in liquid nitrogen
and stored at -80 °C. Enzyme-linked immunosorbent assay was used to assay plasma
NE levels following the manufacturer’s instructions (Rocky Mountain Diagnostics,

Colorado Springs, Colorado).
Instrumentation and Implementation of KHFAC Block

Separate platinum bipolar electrodes were placed around the right T1-T2 paravertebral
chain and right T2-T3 paravertebral chain. When this configuration was not anatomically
possible (n=6, Protocol 1), one set of electrodes was placed above the right stellate
ganglia (a fusion of the inferior cervical ganglia and T1) and the second at T1-T2. The
proximal electrode was connected to a voltage-controlled, constant-current waveform
function generator (Stanford Research Systems, Sunnyvale, California) with a capacitor
(2.2 yF) in series to prevent application of direct current, and used for KHFAC block. For
Protocol 1, KHFAC block was performed at varying frequency and current (15-30kHz, 2-
20mA peak to peak) and for Protocol 2 at fixed parameters: 15kHz and 15mA peak to
peak. The distal set of electrodes was used for right sympathetic stimulation (RSS)
using a Grass S88 stimulator, interfaced through a PSIU6 constant current photoelectric
stimulus isolation unit (Grass Instruments, Warwick, Rhode Island). RSS was selected
as it would also allow for completion of left sympathectomy for Protocol 2 without
disruption of electrodes. RSS was performed using 4ms square pulse waves at 4Hz, as
these settings produce moderate increases in cardiac indices. For Protocol 1, current

was titrated to identify a stimulus threshold that resulted in a 20% increase in heart rate,
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and subsequent stimulations were performed at 2 times threshold for 30-second
periods. For Protocol 2, threshold was set at 10% increase in heart rate, with

subsequent stimulations performed at 1.5 times threshold for 30-second periods.

Study Protocols

Protocol 1 (Figure 12B) included assessment of scalability, plasticity, and memory. For
scalability studies, KHFAC was applied at a variety of currents (2-20mA, randomized
sweep) at a fixed frequency for each animal (15-30kHz) dependent on the electrode-
nerve interface. The initial frequency tested for each animal was 30kHz. If 30kHz did not
produce a reduction in RSS-evoked responses, 20kHz was assessed, followed by
15kHz. To allow for return of hemodynamic and electrophysiologic parameters to
baseline, there was a minimum waiting period of 5 minutes between assessments. For
plasticity assessments, KHFAC was applied for 20 minutes at the previously identified
optimal blocking frequency and current amplitude for each animal. RSS was performed
prior to KHFAC, and repeated at 1 minute, 10 minutes, and 20 minutes after initiation of
KHFAC. For memory assessments, RSS was repeated at 5, 10, and 20 minutes after
cessation of KHFAC, or until baseline RSS-evoked response returned. For each
stimulation, comparisons were made between RSS-evoked changes with application of
KHFAC, relative to RSS-evoked changes in the absence of KHFAC, to calculate a
percentage block in terms of cardiac indices HR, LV dP/dtmax, and ARI. Onset response
duration and amplitude were simultaneously evaluated with scalability studies, and

similarly quantified as duration and percentage evoked change in cardiac indices.

Protocol 2 (Figure 12C) utilized a fixed KHFAC frequency (15kHz) across all

animals to evaluate KHFAC in the setting of an intact cardiac neuraxis and after
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sympathectomy. RSS was performed in the absence of KHFAC, followed by application
of KHFAC to produce a stable block, and 30 seconds of RSS to evaluate evoked
changes in the presence of KHFAC. To confirm restoration of RSS-evoked changes,
RSS was repeated after cessation of KHFAC. Assessments were spaced by a minimum
of 10 minutes to allow cardiac indices and catecholamines to return to baseline.
Following assessment of KHFAC in the intact state, the left paravertebral chain was
excised (stellate to T3 ganglia) and assessment repeated. The right paravertebral chain
was subsequently excised (stellate to T3 ganglia), stimulating electrodes placed directly

caudal to the excised T3 ganglia on the paravertebral chain, and assessment repeated.

Statistics

For both sets of studies, HR, LVP, LV dP/dtmax, and global ventricular ARI were
assessed at baseline, during RSS in the absence of KHFAC, and during RSS with
KHFAC applied. Percent block of sympathetic response was calculated by dividing the
difference of RSS-evoked changes without KHFAC and RSS-evoked changes with
KHFAC, by RSS-evoked changes with KHFAC, multiplied by 100. Normalization was
performed due to variation in physiologic parameters across animals and during the
course of an experiment. Statistical analysis was performed using Prism 9 (GraphPad
Software, San Diego, California). Normality was assessed using the Shapiro-Wilk test.
For normally distributed data, 1-way repeated analysis of variance and Fisher's least
significant difference test were used to compare evoked changes in cardiac indices with
and without KHFAC block. For non-normally distributed data, Friedman test and Dunn’s
test were used. Data are presented as mean with standard error. Effect size was

assessed using Cohen’s d, with d > 0.8, d > 0.5, and d > 0.2 suggesting strong,
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moderate, and weak effect sizes, respectively.3® Pearson correlation coefficients, r, with
95% confidence intervals (Cl) were calculated to examine correlation between block
parameters and evoked changes in cardiac indices. Statistical significance was set at p

< 0.05.

Results
KHFAC Block Reduces Sympathetic Stimulation Evoked Hemodynamic Changes

To characterize the effect of preemptive KHFAC block on evoked sympathetic
responses, we performed RSS at baseline, and with a preemptive KHFAC block. A
representative set of stimulations in the presence and absence of KHFAC is depicted in
Figure 13A. Isolated RSS resulted in an increase in HR, LV dP/dtmax, and left ventricular
systolic pressure. With application of preemptive KHFAC block, RSS-evoked increases
in HR, LV dP/dtmax, and left ventricular systolic pressure were mitigated, corresponding
to an 89% block for HR and 75% block for LV dP/dtmax. Notably, within 5 minutes of
cessation of block, RSS-evoked changes were restored similar to baseline. Axonal
block induced by KHFAC application was evident across all animals at varying current
levels (Figure 14A). Comparison of RSS-evoked hemodynamic responses prior to
KHFAC block and following cessation of block demonstrated no significant difference in
evoked changes in heart rate or dP/dtmax in both the intact state and following left
sympathectomy, indicating restored nerve conduction and lack of physiologic injury

(Figure 13B-C).
KHFAC is Scalable across Cardiac Mechanical and Electrical Indices
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Across a total of six animals, KHFAC current amplitude was varied from 2mA to 20mA
at a set frequency to study the relationship between block amplitude and efficacy. For
each animal studied, increasing KHFAC current resulted in a greater block of RSS-
induced increases in HR (Figure 14A) and LV dP/dtmax (Figure 14B). Likewise,
mitigation of RSS-induced shortening of ventricular activation recovery intervals (ARI, a
surrogate for action potential duration) was more pronounced at greater KHFAC
currents (Figure 14C). We found strong correlation between current amplitude and
mean response for HR (r=0.94, 95% CI 0.84-0.98, p<0.001), LV dP/dtmax (0.96, 95% CI
0.89-0.98, p<0.001), and ventricular ARI (0.83, 95% CI 0.60-0.93, p<0.001). When
examined at the animal level, which accounts for the unique electrode-nerve interface
for each subject, strong correlations between block of cardiac indices and current

amplitude were evident (Table 1).

With most block parameters, KHFAC resulted in a self-limited onset response for
both HR and LV dP/dtmax. Onset responses were of low magnitude (28.0% for HR and
34.4% for LV dP/dtmax), and lasted a mean of 32.0+5.0 seconds and 71.31+6.6 seconds

for HR and LV dP/dtmax respectively (Table 2), although variability was observed.
KHFAC is Efficacious over Time with a Short and Limited Memory Period

We examined the plasticity of KHFAC in mitigating RSS-evoked changes by applying a
long term (20 minute) block and superimposing RSS stimulation at fixed time periods (1,
10, and 20 minutes). Most animals displayed similar block efficacy at each time point
studied, although the block efficacy ranged for each animal (Figure 15). We found a
similar temporal relationship for block efficacy across the three studied cardiac indices:

HR, LV dP/dtmax, and ARI. We further examined whether a memory response persisted
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following KHFAC block by applying intermittent RSS at fixed time periods after
cessation of block. The majority of animals had restored evoked changes within five
minutes of cessation of block, while a residual block was evident in a limited number (3)

of animals for 20 minutes after block (Figure 15).

KHFAC Block Reduces Sympathoactivation in Setting of Unilateral Sympathectomy

(Stellate to T3 Ganglia)

To study the utility of KHFAC in the setting of graded sympathectomy, RSS was
performed with and without KHFAC block, prior to left sympathectomy, following left
sympathectomy, and following bilateral sympathectomy. Sympathectomy was
performed targeting the primary cardiac input to the heart, with excision from the stellate
ganglia to the T3 ganglia, and placement of stimulating electrodes directly below the
excised T3 ganglia on the right paravertebral chain.?® Given the relevance of NE as a
mediator of sympathoexcitation and its role in SCD, we also measured interstitial
catecholamines using fast scanning cyclic voltammetry (FSCV) and trans-cardiac NE
release profiles using concurrent coronary sinus and systemic arterial blood sampling.
Figure 16 illustrates representative changes in hemodynamics and continuous
myocardial catecholamines during RSS without (panel A) and with (panel B) preemptive
KHFAC block. At these parameters, a minimal onset response was evident, with
subsequent reduction in evoked changes in heart rate and contractility, and with a

corresponding KHFAC mitigation of NE release during RSS.

Figures 6 and 7 summarize changes in cardiac indices and corresponding NE
release profiles to RSS as mitigated by preemptive KHFAC in intact versus

decentralized states across 5 animals. In the intact state, RSS resulted in a 22.9% *
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3.6% increase in HR, which was reduced by preemptive KHFAC block (8.7% * 4.4%,
p=0.046, d=1.9, strong effect size, Figure 17A). Following left sympathectomy, RSS
similarly increased HR (27.4% * 5.4%), which was mitigated by preemptive application
of KHFAC block (12.0% £ 4.1%, p=0.0455, d=1.9, strong effect size). Similarly, KHFAC
block mitigated RSS-evoked increases in dP/dtmax from 70.7% = 7.7% to 26.0% + 10.5%
(p=0.004, d=2.7, strong effect size, Figure 17B) in the intact state and following left
sympathectomy (86.1% + 21.8% vs 26.0% x 9.9%, p<0.001, d=0.5, moderate effect
size). Following bilateral sympathectomy, T3 stimulation had no significant impact on
dP/dtmax (-0.1% £ 1.0%). Non-normalized and absolute changes are also presented in

Table 3 with consistent findings.

Consistent with hemodynamic findings, RSS shortened ventricular ARI by
72.3ms = 7.0ms, which was mitigated by preemptive KHFAC block (-6.6ms + 5.5ms,
p=0.001, d=5.7, strong effect size, Figure 17C). Following left sympathectomy, RSS
continued to shorten ventricular ARI, which was similarly mitigated by application of
KHFAC (-69.1ms = 3.9ms vs -20.4ms £ 10.2ms, p=0.039, d=1.9, strong effect size).
After bilateral sympathectomy, T3 stimulation evoked no significant changes in

ventricular ARI (AARI 4.8ms £ 2.9ms).

Local myocardial catecholamine levels in the left ventricle, assessed using
FSCV, increased by 55.8nM £ 14.6nM from baseline with RSS, which was reduced by
preemptive KHFAC block (1.0nM % 3.8nM, p=0.030, d=2.8, strong effect size, Figure
18A). Similar findings were evident following left sympathectomy (43.2nM £ 10.2nM vs
4.3nM £ 5.4nM, p=0.016, d=2.6, strong effect size), suggesting efficacy of KHFAC
following left sympathectomy. After removal of bilateral sympathetic chains, T3
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stimulation led to no significant change in myocardial NE compared to baseline
(ANE=0.3nM % 0.9nM), consistent with hemodynamic and electrophysiologic findings.
Consistent with changes in hemodynamics and ARI, KHFAC induced a transient, low-
level release of myocardial NE in the intact state and following left sympathectomy,
which was transient and lower in magnitude compared to RSS alone (Table 4).
Coronary sinus NE content increased from baseline with RSS (d=2.8, strong effect
size), but was unchanged from baseline when preemptive KHFAC was applied (Figure
18B), while systemic NE levels unchanged (arterial NE, d=0.2, weak effect size, Figure

18C).

Discussion

In the present study, we build upon prior proof-of-concept work and assessed several
important properties of KHFAC block when applied to the paravertebral chain.?425 We
found that KHFAC can reproducibly induce high degrees of sympathetic efferent block
following a scalable dose-response. Intermediate-duration KHFAC produced a short-
lived memory effect, whereby conduction block persisted for a brief period of time
following cessation of block. Importantly, KHFAC remained efficacious in the setting of
unilateral sympathectomy and directly reduced myocardial catecholamine levels and

their end effect on the heart.

Prior studies have examined KHFAC in the vagus nerve, peripheral nerves, and
spinal cord to generate a reproducible conduction block.??:31-33 Notably, a recent study

demonstrated the feasibility of KHFAC in blocking chemo-afferent mediated signals
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through the carotid sinus nerve in a porcine model.** Our prior work demonstrated
proof-of-concept of KHFAC in the paravertebral chain, with reduction of sympathetic
stimulation evoked changes with KHFAC.?* In the present work, we provide data
supporting the short-term scalability of KHFAC at a fixed frequency with increasing
current. While animal-to-animal variability between electrode and cardio-neural interface
was evident, a linear relationship between current and efficacy was present. We further
found evidence of short-term memory in subset of animals, such that reduction of
efferent evoked responses persisted for 5 to 20 minutes beyond termination of KHFAC,
consistent with studies in peripheral nerves.3® These findings suggest that a transient
period of block may induce reorganization and adaptation within the nervous system,
perhaps by altering neuronal recruitment within a network, leading to memory. This
mirrors evidence from spinal cord stimulation (SCS) in the setting of myocardial
ischemia, whereby SCS-mediated suppression of intrinsic cardiac neuronal activity
lasted for a period of at least 20 minutes after cessation of transient SCS and coronary
artery occlusion.®® Although KHFAC was effective in mitigating sympathoexcitation,
transient onset responses to KHFAC were present. These may be mitigated by
application of a combined direct current and KHFAC block, which has been efficacious
in motor neurons.?" Importantly, as this study focused on short-term evaluation of
KHFAC under anesthesia, studies examining the effects of KHFAC in healthy animals
and models of chronic disease are necessary to define therapeutic potential, the
presence of tolerance, and the presence of long-term memory. In a rat model of early
type 2 diabetes mellitus, chronic KHFAC targeted at the carotid sinus nerve improved

insulin sensitivity and glucose tolerance over a 9 week period compared to sham,
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suggesting feasibility of chronic nerve block technology in the conscious state.?”
Nonetheless, further preclinical studies of KHFAC block properties, as well as an
improved understanding of the cardiac neuraxis, is necessary to augment the

translation of bioelectric therapies.

Although mechanisms of KHFAC are incompletely understood, its effects have
been attributed to a regional block of conduction.'®2? Consistent with this notion, we
found significant reductions in RSS-induced changes in various cardiac indices after
application of KHFAC as compared to the basal state. These findings are best
explained by block of efferent sympathetic fibers. As the heart has significant overlap
between innervation patterns derived from the right and left paravertebral chain,
evidenced through functional and histologic studies®3-3°, we further evaluated the
efficacy of KHFAC after partial cardiac denervation. These innervation patterns are
clinically relevant as left and bilateral cardiac sympathetic denervation, a form of
permanent neuromodulation, has been increasingly adopted for refractory VT.® After
removal of clinically-relevant portions of the left paravertebral chain, we found persistent
RSS-induced chronotropic and inotropic effects, which were mitigated by KHFAC,
simulating a transient and reversible state of bilateral sympathectomy. Importantly, we
found that these physiologic changes at the end-organ level are mirrored by reductions
in local catecholamine release, confirming that at least one putative mechanism of

KHFAC results in blunted neurotransmitter release at the end-organ.

This study has several limitations inherent to its design, as experiments were
performed under general anesthesia in the absence of structural heart disease. For the

first set of studies, atropine was administered to mitigate competing autonomic input
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and allow for focused study of efferent activity. The second set of studies was
conducted without denervation or pharmacological blockade with complementary
findings, demonstrating the feasibility of KHFAC in a mixed neural population. Further
study of KHFAC onset properties and approaches to mitigate onset responses will
facilitate more effective nerve block and clinical translation. Moreover, due to the
anesthetized preparation, studies were limited to relatively short-term assessments of
KHFAC, and data regarding memory beyond 10 minutes were limited to less than 50%
of the sample. A sham KHFAC group was not included in the present study, and it is
possible that spontaneous responses to nerve stimulation decreased over time. In the
absence of structural heart disease and presence of general anesthesia, our animals
had low sympathetic tone and low baseline levels of catecholamines; as such, we
tested sympathetic block in response to electrical stimulation of the sympathetic chain,
rather than spontaneous sympathoexcitation. Further work to evaluate KHFAC, and
other nerve block technologies, in response to spontaneous sympathoexcitation is
warranted. As one potential application of KHFAC is a reactionary mode in response to
a perceived cardioneural stressor, future efforts will focus on a closed loop system
whereby KHFAC is applied in response to a sensed stressor. In addition, studies in
ambulatory healthy and chronic heart failure or myocardial infarction models using
implantable devices will shed light on optimal parameters and long-term effects of
KHFAC, particularly plasticity and memory. This study serves as a logical first-step prior

to application of KHFAC in disease models, and will guide further iterative work.

Autonomic neuromodulation for cardiovascular disease is a rapidly evolving field

with substantial growth in the last decade. Restoration of parasympathetic function in
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disease states has been emphasized through several trials evaluating cervical vagal
nerve stimulation, using implantable pulse generators, for congestive heart failure,
demonstrating an improvement in ventricular function and quality of life.4%-42 Excess
sympathoexcitation in the setting of myocardial infarction and refractory ventricular
arrythmias has been clinically treated using reversible and irreversible approaches
targeting the paravertebral chain, as well as with catheter-based approaches to renal
denervation.®'% Cardiac sympathetic denervation, a procedure that entails resection of
the lower third of the stellate (cervicothoracic) ganglia through T4 of the paravertebral
chain, has been increasingly utilized for the management of VT.'%"" While initial studies
focused on left sided cardiac sympathetic denervation, recent retrospective data
suggests greater shock-free survival with bilateral denervation for those with refractory
VT or VT storm.’43 An alternative, bioelectronic based approach that may produce
similar changes to sympathectomy is blockade of axonal conduction using KHFAC or
alternate technologies. These approaches my function in a closed-loop system whereby
a biological parameter would be detected, and therapy delivered using an implantable
pulse generator, or in an open-loop system utilizing intermittent block with duty cycles
as is performed with chronic vagus nerve stimulation in humans. Such an approach may
complement existing therapies, including left sympathectomy, for which proof-of-
concept is demonstrated in this study. With further maturation of the field of
neuromodulation, an on-demand, reactionary system that provides reversible axonal

modulation may be an avenue for therapeutic development.
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Figure 12. Study design and methods. (A) Schematic of autonomic modulation using
KHFAC targeted at the right paravertebral chain. KHFAC was applied at the right
proximal paravertebral chain to block activation of cardiac-projecting sympathetic
neurons, and the right sympathetic chain was stimulated distally using bipolar
stimulating electrodes. Cardiac mechanical function, regional cardiac electrical activity,
and catecholamine release were evaluated in response to activation of the sympathetic
chain using the stimulating electrode, and, subsequently, during combined KHFAC
block and sympathetic chain stimulation. (B) Protocol 1 evaluated scalability of KHFAC
by applying KHFAC at varying currents (2-20mA) during a short KHFAC block.
Subsequently, plasticity and memory were evaluated using a 20-minute KHFAC block
with intermittent RSS. (C) Protocol 2 evaluated the impact of KHFAC in the intact state
and following left and bilateral sympathectomy. FSCV, fast scanning cyclic voltammetry;
ELISA, enzyme-linked immunosorbent assay; KHFAC, kilohertz frequency alternating
current; RSS, right sympathetic chain stimulation; SG, stellate ganglia; T3 and T5, third

and fifth sympathetic chain ganglia.
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Figure 13. Fully reversible KHFAC block reduces sympathetic stimulation-evoked
hemodynamic changes. (A) The first stimulation demonstrates baseline responses to
RSS, with significant increases in HR, LV dP/dtmax (contractility), and LVP. The second
stimulation demonstrates mitigation of these sympathetically-induced responses with
low-intensity preemptive KHFAC block. Note that these responses were readily
reversible following cessation of KHFAC block and repeat RSS. (B, C) In both the intact
state and following left sympathectomy, no significant difference between evoked
responses prior to and following cessation of KHFAC, indicating restored conduction.
n=5 animals; HR and LV dP/dtmax evaluated with 1-way repeated analysis of variance
and Fisher's least significant difference test. HR, heart rate; KHFAC, kilohertz frequency
alternating current; L. Symp., left sympathectomy; LV dP/dt, rate of change of left
ventricular pressure; LV dP/dtmax, maximum rate of change of left ventricular pressure;

LVP, left ventricular pressure; RSS, right sympathetic chain stimulation.
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Figure 14. Scalability and efficacy of KHFAC block. KHFAC mitigated RSS-induced
increases in HR, LV dP/dtmax, and shortening of ARI. The left panels (A-C) demonstrate
current-block relationships plotted individually for each animal in a separate color, and
are summarized on the right (D-F) as mean and standard error of the mean of n=6
animals. For each cardiac index, a clear, positive correlation between current amplitude

and block efficacy was evident. ARI, activation recovery interval; HR, heart rate;
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KHFAC, kilohertz frequency alternating current; LV dP/dtmax, maximum rate of change of
left ventricular pressure; LVP, left ventricular pressure; RSS, right sympathetic chain

stimulation.
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Figure 15. Evaluation of plasticity and memory properties. KHFAC-mitigation of
changes in HR, LV dP/dtmax, and ventricular ARI were studied at six time points. The left
panels (A-C) report responses for each animal, which are summarized on the right (D-F)
as mean and standard error of the mean. RSS was performed at 1, 10, and 20 minutes

of KHFAC block, and block efficacy for HR, LV dp/dtmax, and ARI were assessed,
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whereby a block efficacy of 100% indicates complete block and 0% indicates an
ineffective block. Block efficacy was comparable at 1, 10, and 20 minutes of KHFAC
block. For some animals, RSS following cessation of KHFAC produced a brief memory
response at 5, 10, and 20 minutes post-block, whereby sympathetic-stimulation induced
changes were temporarily blunted. Note that for the majority of animals, responses were
restored to near baseline evoked-changes within 10 minutes of cessation of block. n=9
animals for HR and LV dP/dtmax, N=6 animals for ARI. ARI, activation recovery interval;
HR, heart rate; KHFAC, kilohertz frequency alternating current; LV dP/dtmax, maximum
rate of change of left ventricular pressure; LVP, left ventricular pressure; RSS, right

sympathetic chain stimulation.
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Figure 16. KHFAC blocks catecholamine release in the myocardium. In the intact
state, substantial increases in cardiovascular indices in response to 30 seconds of RSS
were evident, with significant increases in norepinephrine levels detected by fast
scanning cyclic voltammetry (A). These responses were reduced with preemptive
application of KHFAC block prior to RSS (B); a delayed onset response was noted with
this stimulation. HR, heart rate; KHFAC, kilohertz frequency alternating current; LV, left
ventricle; LV dP/dt, rate of change of left ventricular pressure; LVP, left ventricular

pressure; NE, norepinephrine; RSS, right sympathetic chain stimulation.
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Figure 17. KHFAC mitigates sympathetic stimulation-induced changes in
hemodynamic and electrophysiologic parameters. RSS produced significant
increases in HR (A) and LV dP/dtmax (B) with shortening of ventricular ARI (C) when
applied in the intact state. These changes were significantly reduced with application of
preemptive KHFAC prior to RSS. Similar findings were noted following left
sympathectomy (middle). Notably, after bilateral sympathectomy and stimulation of
distal end of T3, no significant changes in HR, LV dP/dtmax, or ARI from baseline were
noted. n=5 animals; HR evaluated with Friedman and Dunn’s tests, and LV dP/dtmax and
ARI with 1-way repeated analysis of variance and Fisher's least significant difference
test. LV dP/dtmax, maximum rate of change of left ventricular pressure; L. Symp., left

sympathectomy; RSS, right sympathetic chain stimulation. *p<0.05, **p<0.01, ***

p<0.001.

91



A e RSS B C

* * - -
150+ e KHFAC + RSS 20 ok 0.99 20

- s
: : <
= . w 15 = 15
% 100 : . g : z
= % w 062 0.33
‘-§ 50 7] 104 L) w 10
§ ° ° ®l oo E .é
0 OO O ~~SUNrs RN BN o TP ¥ S — -
ST P P . SIRE .
< G ° =
-50 Intact L. Symp. Bil. Symp ° 0 ! T ! T 0 ! T T '
. \(s- %6 . \(\e- e% . \(\a (;c \o° c_"o
> & P <& P & > <
3 3 3 s *
& & o & & o
& &
& +

Figure 18. KHFAC mitigates sympathetic stimulation-induced increases in
myocardial NE. (A) RSS produced significant increases in intramyocardial NE release
in the intact state and following left sympathectomy. With application of KHFAC, RSS-
evoked increases in NE were significantly reduced. Note that following bilateral
sympathectomy, stimulation of the distal end of T3 produced minimal changes in NE.
Coronary sinus NE content (B) increased during RSS from baseline, but was
unchanged with preemptive KHFAC. Note that systemic (arterial) NE levels remained
unchanged during RSS (C), indicating cardiac projecting neurons as the primary source
of NE. Baseline plasma samples were at the lower limit of detection of the assay for CS
and arterial plasma evaluations. n=5 animals; arterial and CS NE evaluated with
Friedman and Dunn’s tests, and myocardial NE with 1-way repeated analysis of
variance and Fisher's least significant difference test. Bil. Symp., bilateral
sympathectomy; KHFAC, kilohertz frequency alternating current; L. Symp., left

sympathectomy; NE, norepinephrine; RSS, right sympathetic chain stimulation; *p<0.05.
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Subject HR LV dP/dtmax ARI
1 0.97 (0.89-0.99)f | 0.99 (0.94-0.99)t 0.94 (0.76-0.99)*
2 0.96 (0.82-0.99)f | 0.97 (0.84-0.99)t 0.98 (0.91-0.99)!
3 0.83 (0.53-0.94)f | 0.90 (0.71-0.97)! 0.68 (0.21-0.90)"
4 0.97 (0.87-0.99)f | 0.82 (0.34-0.96)! 0.93 (0.78-0.98)!
5 0.94 (0.79-0.99)f | 0.96 (0.85-0.99)! 0.97 (0.87-0.99)!
6 0.95 (0.63-0.99)F | 0.97 (0.72-0.99)! 0.97 (0.75-0.99)!

Table 1. Correlation between current amplitude and block efficacy for cardiac
indices. Pearson correlation coefficient and 95% confidence interval calculated on a
per-animal basis for each variable studied. ARI, activation recovery interval; HR, heart
rate; LV dP/dtmax, maximum rate of change of left ventricular pressure. p<0.05, Tp<0.01,

#p<0.001.
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Parameter | Onset Magnitude (%) | Time to Onset (s) Onset Duration (s)

Heart Rate 28.0+12.7 9.7+1.0 32.0+5.0
LV
dP/dtra 34.4+9.1 99+1.2 71.3+6.6

Table 2. Transient onset response properties with kilohertz frequency alternating
current. Heart rate onset magnitude represents percent change from baseline, while
time to onset and onset duration represent respective time (seconds). Data reported as

mean and standard error for n=6 animals.
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Heart Rate dP/dtmax Activation Recovery
(bpm) (mmHg/s) Interval (ms)
Pre 914 +7.7 | 1303.3 £ 195.8 360.4 £ 21.9
Intact, RSS 1116 = . .
without KHEAC RSS 79" 2214.2 + 335.8 288.1 £ 18.0
A 20.2+2.6" | 910.9 £ 166.8" -72.3+7.0t
Pre 105.0 £ 6.3 | 1532.3 + 264.3 310.5+£10.5
P KHFAC® TReS 1137269 | 1997.1£4453 304.0 £ 6.3
A 8.7+4.2" | 464.8£21041 -6.6 £ 5.5T
Pre 1122+ 5.0 | 1094.1+£76.8 325.7+104
L. Symp., RSS 140.3 + . ,
without KHEAC RSS 6.1° 2170.5 £ 274.9 256.6 + 13.3
A 28.1+5.7 | 1076.4 £ 270.41 -69.1 £ 3.91
Pre 121.8+7.5| 1281.2+164.2 301.1+£12.2
L. Symp., 1413 +
KHEAC + RSS RSS 103 1892.2 + 298.1 280.7 £ 8.8
A 19.5+7.8 | 611.0£270.07 -20.4 £10.27
Pre 1049+25 | 889.1+180.4 3206 7.7
Bil. Symp., RSS
without KHFAG RSS 105.1+£2.3 | 1158.0 £ 345.3 3254 +7.7
A 0.2+04 268.8 + 265.8 48+29

Table 3. KHFAC mitigates the degree of sympathetic stimulation-induced changes
in hemodynamics and activation recovery interval. In the intact state and following

left sympathectomy, RSS increased heart rate and dP/dtmax and shortened ventricular

activation recovery interval, while KHFAC + RSS evoked no significant changes. The

degree of absolute change was greater for RSS compared to KHFAC + RSS for most

parameters. Data reported as mean and standard error for n=5 animals using paired t-

test or Wilcoxon matched-pairs signed rank test. 'p<0.05 for RSS vs Pre-stimulation for
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each parameter and stimulation. 'p<0.05 for RSS vs Pre-stimulation for each parameter
and stimulation. Tp<0.05 for ARSS vs AKHFAC + RSS for each condition (intact, L.
Symp., Bil. Symp.) and parameter. Bil. Symp., bilateral sympathectomy; KHFAC,
Kilohertz frequency alternating current; L. Symp., left sympathectomy; RSS, right

sympathetic chain stimulation.
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Intact L. Symp. Bil. Symp.
55.8 + .
RSS 14.6% 43.2+10.2 0.3+£0.9
KHFAC 101+ 21 8.3+34 -
KHFAC + RSS | 1.0+ 3.87 4.3 + 547 -

Table 4. Transient onset properties of KHFAC in the intact state and following
sympathectomy. KHFAC demonstrated transient, low-level release of NE in the intact
state and following left sympathectomy. Onset changes in NE were transient and to a
lesser degree than RSS alone ('p<0.05 for KHFAC + RSS vs RSS) and, after block
stabilization, RSS resulted in minimal change in NE compared to RSS without KHFAC
(Tp<0.05 for KHFAC + RSS vs RSS). Change in NE reported as mean and standard
error for n=5 animals using 1-way repeated analysis of variance and Fisher's least
significant difference test. Bil. Symp., bilateral sympathectomy; KHFAC, kilohertz
frequency alternating current; L. Symp., left sympathectomy; NE, norepinephrine; RSS,

right sympathetic chain stimulation.
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CHAPTER 3

Chronic vagal nerve stimulation reduces ventricular arrhythmias and prevents

adverse remodeling post-myocardial infarction
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Introduction

Myocardial infarction (Ml) and sudden cardiac death (SCD) are the leading cause of
mortality worldwide."? Neurohormonal remodeling following Ml is characterized by
chronic sympathoexcitation, which, while initially helping to maintain cardiac output,
ultimately becomes maladaptive and contributes to the risk of death.3# Coronary
reperfusion, antiadrenergic therapy, and neurohormonal blockade have drastically
reduced mortality after MI, but such therapies remain inadequate in preventing neurally-

mediated disease progression and SCD.5¢

Parasympathetic dysfunction has been increasingly recognized as a causal
driver of adverse cardiac remodeling and ventricular arrhythmias following MI.7-1
Clinically, interest in the antiarrhythmic actions of the parasympathetic nervous system
dates back to 1977, whereby increased vagal drive was demonstrated to terminate
ventricular tachycardia.’” In animal models, chronic vagal nerve stimulation (VNS)
reduces myocardial injury and improves cardiac function in small mammals, but has not
been reproducibly evaluated in higher-level organisms, limiting its applicability.'?'6
Moreover, the translatability of chronic VNS for cardiovascular disease has been
hampered by a lack of knowledge regarding cardiac reflexes, cardiac and extracardiac
remodeling that occurs during disease, and appropriate delivery of VNS therapy. In fact,
the three major existing clinical trials for chronic VNS for heart failure each targeted
different neural substrates and delivered therapy at vastly different stimulation
parameters, with only one trial reporting improvements in left ventricular function and

quality of life.17-20

106



Efficacy of bioelectric interventions depend upon the site of delivery, the
stimulation protocol utilized and the substrate upon which the neuromodulation is acting,
both neural and end-organ target.?! Our laboratory has previously characterized the
neural fulcrum, a balance point for delivery of VNS whereby both afferent and efferent
arms of the parasympathetic system are engaged, producing a null heart rate
response.?? In a guinea pig model of pressure overload, we have previously found that
chronic VNS, delivered at the neural fulcrum, improved left ventricular function by
reducing myocyte apoptosis and hypertrophy.?3 Similarly, in a guinea pig model of MI,
chronic VNS improved left ventricular systolic function by stabilizing myocardial
metabolism and intrinsic cardiac neuronal function.'® Although prior work identifies
several cardioprotective mechanisms of chronic VNS, studies in large mammals are
imperative to evaluate the translational potential of chronic VNS in the treatment of
cardiac dysfunction after acute MIl. Moreover, the antiarrhythmic actions of chronic VNS

post Ml remain unknown.

Herein, we studied how chronic VNS mitigates myocardial structural and neural
remodeling as well as ventricular arrhythmogenesis following Ml (Figure 19A). We
utilized a clinically-relevant model, the Yucatan minipig, that recapitulates many features
of human ischemic cardiomyopathy including sudden cardiac death. We delivered VNS
therapy in a neuroscience-guided manner, targeting the neural fulcrum using telemetry
in the conscious state. We evaluated minipigs in three groups: control, untreated Ml (a

subset of which received sham VNS therapy), and chronic VNS (cVNS) + MI.

Methods
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Study Overview and Approval

Animal experiments were approved by the UCLA Institutional Animal Care and Use
Committee (IACUC) and performed in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals. A total of 42 Yucatan
minipigs (Sus scrofa, S&S Farms, California) of both sexes, weighing 50-60 kilograms
at terminal experiment, were used for the present study. Six animals died within 48
hours of MI from SCD, and were not included in final analysis. Surviving animals
comprised three experimental groups: control (n=10), MI (n=12 without sham VNS, n=4
with sham VNS), and MI + cVNS (n=10). Animals were housed using standard 12-hour
light and 12-hour dark cycles; pigs were fasted overnight except for water prior to
experiments. At the end of terminal experiments, animals were euthanized in

concordance with IACUC guidelines.

Implantation of Vagal Nerve Stimulators

Following sedation with midazolam (1 mg/kg, intramuscular) and ketamine (10 mg/kg,
intramuscular), animals were endotracheally intubated and mechanically ventilated (tidal
volume 300-450mL, rate 10-12 breaths per minute). Anesthesia was maintained with
isoflurane (1-4%, inhaled), and carprofen (4.4 mg/kg, intramuscular) and buprenorphine
(0.02 mg/kg, intramuscular) were administered for analgesia. Ceftiofur (4 mg/kg,
intravenous) and cefazolin (1 mg) were administered once perioperatively for antibiotic
prophylaxis. Ear veins and the right or left femoral artery or tail artery were cannulated
for medication administration and invasive blood pressure monitoring. Three-lead
electrocardiogram, oxygen saturation, and end-tidal carbon dioxide were monitored.

Body temperature was maintained using a forced-air normothermia system, and 0.9%
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NaCl (5-6 mL/kg/hr) was administered to replenish insensible fluid loses. The intended
incision site over the right ventral neck was anesthetized with a 1:1 mixture of lidocaine
(1 mg/kg) and bupivacaine (1 mg/kg). The right external jugular vein and right vagus
nerve were exposed. A wireless telemetry device (M01-F1, Data Sciences International,
St. Paul, Minnesota) was implanted with one lead fluoroscopically guided to the
cavoatrial junction through the right external jugular vein, and the second lead tunneled
to a pocket in the lateral neck (Figure 19B-C). A bipolar VNS cuff (PerenniaFLEX Model
304, LivaNova, Houston, Texas) was placed around the right cervical vagus nerve and
attached to a VNS pulse generator (Vitaria Model 7103, LivaNova, Houston, Texas).
VNS devices were tested intraoperatively for evoked bradycardia to confirm device
placement. Devices and leads were secured with 4-0 polypropylene sutures to the
adjacent fascia, and the fascia overlying the vagus nerve and external jugular vein were
each closed separately with absorbable suture. The device pockets and incision were
then closed with 4 layers of absorbable suture, and the animals were extubated and
recovered. Carprofen (4.4 mg/kg, per os, once daily) was administered for three days
for postoperative analgesia. Pigs were evaluated twice daily for 10 days, and daily

thereafter.

Titration of VNS Therapy

To achieve therapeutic levels of VNS, stimulation settings were systematically titrated to
those that produced a null heart rate change at 5 Hz frequency and 250 us pulse width
during the on phase of VNS (14 s on, 66 s off) as shown in Figure 20A. To accomplish
this, titration was began at 5 Hz, 130 ps, and 0.25 mA. At each titration session, current

was increased in 0.25 mA increments until side effects (cough, gastrointestinal upset)
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were elicited; current was then decreased by 0.25 mA and the pig rested for >1 day at
these settings. Once a current of 3 mA was achieved, pulse width was stepped up to
250 us and a similar process was repeated. Neural fulcrum was defined as a null
change in heart rate, and titration discontinued once fulcrum was achieved. Two days
following myocardial infarction, VNS was restarted and maintained at 5 Hz, 250 us, and
17.5% duty cycle (14 s on, 66 s off), with intensity as previously determined individually

to achieve neural fulcrum.

Myocardial Infarction

For induction of myocardial infarction, the same anesthesia, analgesia, and monitoring
protocol described above was performed. The right or left femoral artery was accessed
using the modified Seldinger technique and a vascular access sheath was placed.
Ventricular arrhythmia prophylaxis consisted of amiodarone (1.5 mg/kg, intramuscular)
and lidocaine (2 mg/kg, intravenous), while periprocedural anticoagulation was
maintained with heparin (5000 units, intravenous). Under fluoroscopic guidance, an
AL1.0 guide catheter (Medtronic) and 0.014” guidewire (Balance Middleweight
Universal, Abbott) were used to cannulate the left coronary artery. An angioplasty
balloon catheter was advanced over the guidewire to the mid-left anterior descending
coronary artery to the level of the second diagonal branch and inflated. A suspension
(2.25mL diluted to 6mL with 0.9% NaCl) of polysterene microspheres (Polysciences
Inc., Warrington, Pennsylvania) was used to embolize the distal left anterior descending
coronary artery (Figure 19D). Hyperacute T waves, T wave inversion, or ST segment
elevation were evident on surface electrocardiogram. External cardioversion and

standard cardiopulmonary resuscitation were performed if the animal developed
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unstable ventricular tachycardia or ventricular fibrillation. For animals requiring
cardiopulmonary resuscitation, epinephrine (0.01 mg/kg, intravenous) was administered
every 3 to 5 minutes, and amiodarone (1.5 mg/kg, intravenous) and lidocaine (2 mg/kg,
intravenous) were redosed. Animals were extubated and recovered as described above.
All pigs received carprofen (4.4 mg/kg, per os) daily for two days and, if defibrillation
was required, buprenorphine (0.02 mg/kg, intravenous) was administered twice daily for
two days. After MI, the pigs receiving cVNS gained 1.8 + 0.5 kg per week, while those

not receiving cVNS gained 1.9 + 0.5 kg (p=0.62).

Surgical Preparation at Terminal Study

Pigs were sedated, intubated, mechanically ventilated, maintained on isoflurane, and
monitored as described above. Tiletamine-zolazepam (4-6 mg/kg, intramuscular) was
used for induction rather than ketamine and midazolam and fentanyl citrate (20 mg/kg,
intravenous) was administered for analgesia. Vascular access sheaths were placed in
bilateral femoral arteries and veins for administration of fluids, monitoring, and
placement of intracardiac catheters. Arterial blood gas contents were also evaluated
hourly and ventilation parameters adjusted or sodium bicarbonate administered as
needed to ensure physiologic parameters for experimental studies. The thorax and
heart were exposed through a median sternotomy. A pericardial cradle was created to
support the heart. The parietal pleural was divided posteriorly and the sympathetic chain
isolated at the level of the stellate ganglia. The left vagus was dissected as described
above, and the right vagus lead disconnected from the pulse generator. Following
completion of surgical procedures, anesthesia was transitioned from isoflurane to alpha-

chloralose (25-50 mg/kg/hour, intravenous), an anesthetic that does not depress cardiac
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and autonomic reflexes. Surgical preparation time ranged from 2 to 4 hours, and total
duration of anesthesia ranged from 9 to 12 hours. Pigs were allowed to stabilize for 30
minutes after completion of alpha-chloralose bolus and maintenance of stable infusion

before experimental protocols were initiated.

Nerve Stimulation

Bipolar platinum nerve cuffs (Microprobes, Gaithersburg, Maryland) were placed around
the right and left sympathetic chain at the level of the stellate ganglia. A bipolar VNS
cuff was placed around the left vagus as described above. Nerve stimulation was
performed using a Grass S88 stimulator, interfaced through a PSIU6 photoelectric
constant-current isolation unit (Grass Instruments, Warwick, Rhode Island). For
sympathetic chain stimulation, threshold was defined as the current required to elicit a
10% increase in heart rate or left ventricular end-systolic pressure at a fixed frequency
and pulse width (4 Hz, 4 ms). For left vagal nerve stimulation, stimulus threshold was
defined as the current required to elicit a 10% change in heart rate at a fixed frequency
and pulse width (10 Hz and 1 ms). Bilateral sympathetic chain stimulation was
performed at 1.5 times threshold at moderate (4 Hz) and high (10 Hz) intensity to
evaluate evoked sympathetic responses. To test whether acute VNS influenced
induction of VT or VF, acute bilateral VNS was performed in conjunction with ventricular

arrhythmia inducibility at 1.5 times fulcrum (right) or threshold (left).

Echocardiography
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Echocardiography was performed as previously described.?* Left ventricular ejection
fraction was calculated using the modified Simpson method. Left ventricular wall

thicknesses were measured in diastole.
Hemodynamic and Electrophysiologic Data Acquisition and Analysis

A solid-state pressure catheter (Mikro-Tip Model SPR-350, Millar Instruments, Houston,
Texas) was placed in the left ventricle through the femoral artery and used to measure
rate of change of left ventricular pressure (dP/dt) and heart rate. A lead Il
electrocardiogram and bipolar electrocardiograms were measured with surface
electrodes and quadripolar or duodecapolar electrode catheters (Boston Scientific).
These data were acquired, digitized, and analyzed offline using a data acquisition
system (Cambridge Electronics Design Power1401 and Spike2, Cambridge, United
Kingdom). Left ventricular contractility or systolic function was evaluated with the
maximum rate of change of left ventricular pressure (LV dP/dtmax) while lusitropy was

evaluated using the minimum rate of change of left ventricular pressure (LV dP/dtmin).

A custom, 128-electrode thin film array (NeuroNexus, Ann Arbor, Michigan) was
placed over the left ventricle scar-border zone (or equivalent area in controls) to acquire
unipolar epicardial electrograms. Data was sampled using an AlphaLab SnR acquisition
system (Alpha Omega, Alpharetta, Georgia). Activation recovery intervals (ARI) were
analyzed from each epicardial electrogram using Scaldyn (University of Utah, Salt Lake
City, Utah) as previously described. Maps were plotted using Fiji with identical scaling
and bilinear interpolation for the three experimental groups simultaneously. Activation
time was identified as the time from the beginning to the minimum dV/dt in the activation

wavefront and repolarization time by the maximum dV/dt of the repolarization wavefront.
113



Activation delay was defined as the maximum minus minimum activation time, while
activation dispersion was assessed as the variance of activation times. Repolarization
gradients were defined as the 95™ percentile minus the 5" percentile of local
repolarization times divided by the geometric distance between corresponding
electrodes as previously described.?® ARI was calculated as the difference between
repolarization time and activation time, ARI dispersion as the variance in ARI. ARI

serves as a strong in vivo surrogate for local action potential duration.?®
Arrhythmia Inducibility

Ventricular arrhythmia inducibility was performed using programmed electrical
stimulation (PES) using a Micropace EPS 320 cardiac stimulator (Micropace EP, Santa
Ana, California) interfaced with a Prucka CardioLab System (GE Healthcare, Chicago,
lllinois). PES was performed at a stimulus drain train (S1) 20% above the resting heart
rate followed by an S2 extrastimulus with a 10ms decrement until 200 ms or until
effective refractory period (ERP) was reached. If the first extrastimulus did not induce
sustained VT or VF, a second (S3) extrastimulus was added and the decrement
process repeated. This was performed through a third (S4) extrastimulus. For animals
receiving chronic VNS therapy, PES was performed twice: without acute VNS, and with
bilateral acute VNS for 30 minutes prior to and during PES. Animals that did not
experience sustained VT or VF for greater than 30 seconds with three extrastimuli were
considered non-inducible. Non-sustained VT was defined as at least three or more
ventricular beats at a rate of >120 bpm that terminated within 30 seconds. Animals were
classified as non-inducible, induced for NSVT, or induced for sustained VT/VF. An

arrhythmogenicity index was calculated to quantify the ease of VT/VF inducibility based
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on the stimulus drive train and number of extrastimuli as previously described.?* Higher

values indicate greater ease of inducibility.
Tissue Collection and Processing

The left ventricular anterior myocardium adjacent to the left anterior descending
coronary artery (consisting of scar, border, and remote regions), right stellate ganglia,
and first thoracic dorsal root ganglia were collected and rinsed in cold phosphate
buffered saline (PBS). Myocardial samples were fixed in 10% formalin (Sigma-Aldrich,
Burlington, Massachusetts) at room temperature for 72 hours, washed with PBS 4 times
for 1 hour each, and preserved in 70% ethanol. Stellate and dorsal root ganglia were
fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, Pennsylvania)
at 4 °C for 24 hours, washed with PBS 4 times for 1 hour each, and preserved in PBS

with 0.02% sodium azide.

Masson’s trichrome staining was performed on left ventricular samples spanning
the scar-border zone, just adjacent to the LAD, and evaluated for structural
abnormalities. Abnormalities included increased myocytolysis, decreased staining for
muscle bands, reactive hypertrophy, and presence of dysmorphic myocytes. The
following arbitrary scale was used: 3 = very abundant, 2 = moderate, 1 = low, 0 = none
or rare. Three to four sections were evaluated per animal, and values were recorded for
subepicardium, midwall, and subendocardium. These were added on the first pass and

an average value for each animal was calculated.

Stellate ganglia sections were stained using a 2-day protocol with the following

combinations: 1) PGP9.5, TH, VAChT; 2) PGP9.5, TH, NPY; and 3) PGP9.5, GFAP,
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S100B. The right stellate ganglia were paraffin embedded to acquire 5 ym sections of
the craniomedial portion along the long-axis of the ganglia. Slides with paraffin-
embedded sections underwent two consecutive, 10-minute baths in xylene. Slides were
then placed in ethanol baths of varying concentrations (100% for 10 minutes, followed
by 95% for 5 minutes, followed by 70% for 5 minutes). Finally, slides were placed in
dH20 for five minutes. Slides were placed an antigen unmasking solution, made by
diluting 2.5 mL of antigen retrieval buffer in 250 ml of dH20 and boiling to 90 °C, for 25
minutes, then cooled for 1 hour. Slides were then placed in a soaking buffer solution
(PBS with 0.4% TX-100) for thirty minutes at 4 °C. Tissue wells were created on slides
using a PAP pen and 50-100 puL PBS was added to each well depending on tissue size.
The slides were placed in a humidified chamber and agitated for 5 minutes. PBS was
then replaced with blocking buffer solution (PBS + 10% donkey serum with 0.1% TX-
100) for 1 hour. Primary antibody solution was then made by adding primary antibodies
(Table 5) to the blocking buffer solution, which replaced the blocking solution in the
wells. Slides were agitated overnight at 4 °C. Slides were then warmed to room
temperature and washed with PBS with 0.2% TX-100 three times. Secondary antibody
solution was then made by adding secondary antibodies (Table 6) to the blocking buffer
solution, which then replaced the primary antibody solution in each well. Slides were
agitated gently for 1 hour at room temperature then washed 3 times with PBS. PBS was
then replaced with refractive index matching solution that covered each section entirely
and cover slips were placed directly after to secure the tissue. Slides were imaged using

confocal microscopy.
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Dorsal root ganglia were stained using a 7-day protocol with the following
combinations: 1) PGP9.5, CGRP, nNOS and 2) PGP9.5, GFAP, S100B. The right first
thoracic DRG from each subject was embedded in agarose to acquire 100 um sections
along the long-axis of the ganglia. Each section was placed in 1 mL of blocking solution
containing 10% donkey serum, 0.2% Triton X-100, and PBS for overnight incubation
with slight agitation. A primary antibody solution was made using blocking solution and
primary antibodies (Table 5). After 3 nights of incubation with slight agitation, the
sections were washed with PBS every hour for at least 6 washes. A secondary antibody
solution made with blocking solution and secondary antibodies (Table 6). Sections were
incubated for 3 nights with slight agitation. Sections were then washed with PBS every
hour for at least 6 washes. Sections were mounted on slides and refractive index
matching solution was added in drops until the sections were covered entirely, and a
coverslip was placed to secure the tissue. Slides were imaged using confocal

microscopy.

Confocal imaging was performed using a Zeiss LSM-880 confocal laser
microscope (Zeiss, Oberkochen, Germany). The following lasers were used: 488 nm,
562 nm, 647 nm. Imaging was done at 10x and stitched together using the tile scan
feature. Maximum intensity projections (MIP) for a representative Z-stack were
subsequently used for analysis. Pseudo-colors (red 562 nm, blue 647 nm, green 488
nm) were assigned to each channel to allow for adequate contrast in merged images;

assigned colors for each antibody are reported in each confocal image.

Three representative 500 by 500 um regions of interest (ROI) were selected for

each stellate section on Zen Black (Zeiss, Oberkochen, Germany). 16-bit full-resolution
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images were exported and analyzed on ImagedJ Software (NIH, USA). The PGP9.5, TH,
and VAChT combination was analyzed for cholinergic transdifferentiation by using the
cell counter feature in ImagedJ to obtain a total neuron count using the PGP9.5 channel
and a count of neurons double-labeled for TH and VAChT. The PGP9.5, TH, and NPY
combination was similarly analyzed for NPY expression. This corresponded to a mean
of 362.5 PGP9.5-positive neurons per animal to study cholinergic transdifferentiation
and 359.0 for neuropeptide Y expression. Glial analysis was performed by selecting 15
satellite glial cells (5 cells per ROI) from each animal for individual analysis. The length
and area of each satellite glial cell was measured on ImagedJ using the GFAP stain. The
immunoreactive area (um?) per cell for each ROl was calculated by converting the
GFAP channels to binary images. The thresholding tool in Imaged was then used to
calculate the total GFAP stain area in each ROI. A ratio of total GFAP area to total cell
count based on the PGP9.5 channel was then calculated for each ROl and averaged for

each animal.

One representative 500 by 500 um ROI was selected for each DRG section. 16-
bit full-resolution images were exported and analyzed on ImagedJ Software. The
PGP9.5, CGRP, and nNOS staining combination was analyzed for cells labeled for
NNOS or CGRP and PGP9.5. To evaluate glial activation, the immunoreactive area
(um?) per cell for each ROI was similarly calculated by converting the GFAP channels to
binary images. The thresholding tool was then used to calculate the total GFAP stain
area in each ROI. A ratio of total GFAP area to total cell count based on the PGP9.5

channel was then calculated for each animal.

Statistical Analysis
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Data is presented as mean with standard error (SE). Normality was assessed using the
Shapiro-Wilk test. For normally distributed variables, differences in standard deviation
were tested using the Brown-Forsythe test. For normally distributed variables,
comparisons were made using standard analysis of variance (ANOVA) if standard
deviations were not significantly different, Welch’s ANOVA if standard deviations
differed. For non-normally distributed variables, the Friedman test was used. Pairwise
comparisons were subsequently performed using the two-stage step-up method method
of Benjamini, Krieger and Yekuteili to control for multiple comparisons. Statistical

analysis was conducted using Prism 9 (GraphPad Software, San Diego, California).

Results
Implementation of chronic vagal nerve stimulation in Yucatan minipigs

To study the effects of cVNS on MI, we developed a strategy for cVNS delivery at the
neural fulcrum. Our preliminary studies suggested that titration to therapeutic VNS
parameters required approximately 30 days due to side effects in pigs. As the majority
of myocardial remodeling occurs within the first month following MI, we implanted right
vagus nerve cuffs, pulse generators and telemetry units and titrated to therapeutic
settings prior to Ml (Figure 20A-B). This strategy allowed us to begin therapeutic VNS
on-demand following MI. Both MI + cVNS pigs and M| + sham cVNS pigs underwent
VNS implantable pulse generator and lead implantation, followed by titration to VNS
fulcrum (range 3-6 weeks). Once VNS fulcrum was achieved (5 Hz, 250 ys, mean

current 1.8 £ 0.2 mA), therapy was discontinued and pigs underwent Ml at least 1 day
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after cessation of therapy to ensure no memory effect from VNS titration.?” Ml was
induced in MI, Ml + sham cVNS, and M| + cVNS pigs by percutaneous embolization of
the left anterior descending (LAD) coronary artery, and infarcts were allowed to mature
for 6-8 weeks prior to terminal study. VNS therapy was restarted 2 days following Ml in
the MI + cVNS group. Among all animals undergoing Ml induction, six experienced
sudden cardiac death within 2 days of MI, confirming the adequacy of this model (Figure
19E). A sensitivity analysis, reported below, found no significant difference in
sympathetic function, electrophysiologic parameters, cardiac structural remodeling, or
arrhythmia inducibility in Ml compared to Ml + sham cVNS groups. As such, these were
considered as one group for the primary analysis reported in this study. Age- and
weight-matched controls that had not undergone any interventions were utilized for

comparison.
Chronic vagal nerve stimulation rescues cardiac mechanical function following Ml

To determine whether chronic VNS influences basal left ventricular contractile function
following MI, we performed echocardiography in control, MI, and MI + cVNS animals
(Figure 21A-B, Figure 22). Ml animals had significant impairment in left ventricular
systolic function compared to controls, with left ventricular (LV) ejection fraction (EF) of
40.6 £ 1.2% compared to 71.6 + 0.4%% (p<0.001). Chronic VNS therapy rescued
changes in EF to 67.4 £ 1.3%, though this remained significantly different from controls
(Figure 21B). Similarly, MI resulted in greater LV end-systolic volumes (LVESV) and LV
internal diameter in diastole (LVIDd), which was significantly improved in MI + cVNS
animals. Wall thickness in the anterior wall, the LV region primarily perfused by the left

anterior descending, significantly decreased in Ml vs control animals (0.82 + 0.02 cm vs
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0.57 £ 0.04 cm, p<0.001), which was partially attenuated with cVNS therapy to 0.65 +
0.01 cm (Figure 21B). The myocardial regions not perfused by the LAD remained
unaffected (Figure 22B). To evaluate functional sympathetic control of the heart, we
performed bilateral sympathetic stimulation (BSS) and tested whether Ml or MI + cVNS
influenced changes in inotropy or lusitropy. Baseline hemodynamics and thresholds
used for sympathetic nerve stimulation are reported in Table 7 and Table 8. Ml resulted
in dysfunctional inotropic and lusitropic responses to BSS, which were restored to levels
similar to control in MI pigs receiving cVNS therapy (Figure 21C). This was evident with
both moderate- and high-intensity stimulation (Figure 21C, right), suggesting that cVNS

ameliorated reduced cardiac sympathetic reserve evident in Ml animals.

Chronic vagal nerve stimulation reduces the susceptibility to ventricular arrhythmias

following Ml

MI and its associated structural abnormalities in the border zone are known to increase
the risk of life-threatening ventricular arrhythmias (VAs). To evaluate whether cVNS
reduces VAs following MI, we performed programmed electrical stimulation using
extrastimulus pacing in Ml and MI + cVNS pigs. A representative recording of VT
induction is shown in Figure 23A; as noted, the M| animal was induced with 2
extrastimuli, while the MI + cVNS subject remained non-inducible despite 3 extrastimuli.
Ventricular tachycardia (VT) or ventricular fibrillation (VF) was induced in 92% of Ml
pigs, while the remaining animal experienced non-sustained VT (NSVT). In Ml + cVNS
subjects, 11% were inducible for VT/VF at baseline (p<0.001 vs MI), while the remaining
were non-inducible (Figure 23B). When active VNS was reestablished in Ml + cVNS
pigs for 30 minutes prior to and during the extrastimulus protocol, 0% were inducible for
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VT/VF and 11% experienced NSVT (p<0.001 vs MI). The ease of inducibility, quantified
based on the rate of the drive train and number of extrastimuli required to induce VT/VF,
was significantly greater in Ml compared to Ml + cVNS subjects (4.4 vs 0.4, p<0.001)
but similar regardless of whether active VNS therapy was applied (Figure 23C). Full

results of the pacing protocol for each animal are reported in Figure 24.

High-density electrophysiologic mapping reveals abnormal impulse propagation

following MI, which is improved with cVNS

To evaluate the substrate-level mechanisms by which chronic VNS ameliorated VAs,
we performed high-resolution electrical mapping of the left ventricular scar-border zone
in Ml and MI + cVNS animals, and the corresponding anatomic region in controls
(Figure 25A). Heterogeneous areas of myocardial scars contribute to ventricular
arrhythmogenesis by facilitating slow conduction and reentry. These regions, as well as
subsets with late tissue activation, are the clinical targets of catheter ablation, the
current standard of care for reentrant ventricular arrhythmias. Figure 25A demonstrates
representative activation maps for control, MI, and MI + cVNS animals. As quantified in
Figure 25B, MI animals displayed substantial conduction block (i.e., no increase in
proportion of LV tissue activated relative to time) compared to controls, which was
drastically improved with cVNS therapy. Consistent with prior work, we found that Ml
quantitatively resulted in greater mean ventricular activation time, activation dispersion
(variance of activation time), activation delay, and maximal activation time (Figure 25C-
F). Chronic VNS therapy normalized the majority of these measures to levels
comparable to controls, including mean activation time, delay, and maximal activation
time, while activation dispersion, a sensitive measure for scar, was improved relative to
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MI (17.6 £ 1.5 ms? vs 28.5 + 2.9 ms?, p<0.01) but remained greater than control (17.6 *
1.5 ms? vs 10.0 + 1.4 ms?, p<0.01, Figure 25D). These findings suggest that cVNS
substantially remodels myocardial scars and ameliorates the majority of the conduction

abnormalities observed after MI.

Chronic vagal nerve stimulation normalizes steep repolarization gradients and

repolarization heterogeneities that occur following Ml

Abnormal myocardial repolarization properties, particularly heterogeneity, have been
implicated in arrhythmias following MI. To study the influence of chronic VNS on
repolarization properties following MI, we first examined repolarization maps and tissue
repolarization curves across the border zone, and found qualitatively less repolarization
heterogeneities in MI + cVNS animals compared to Ml alone (Figure 26A-B). We next
evaluated left ventricular activation recovery intervals (ARI), a surrogate measure for
APDg that can be readily measured in vivo without causing myocardial injury.26
Interestingly, we found no significant difference in mean ARI across the border zone, or
equivalent region, in control compared to Ml and MI + cVNS animals (Figure 26C). To
quantify heterogeneity in ARI, we examined ARI dispersion, and found that Ml induced
substantial increases in ARI dispersion (399 + 75 ms? vs 63 + 22 ms?, p<0.01), which
were normalized by cVNS therapy (110 + 32 ms?, Figure 25D). Steep repolarization
gradients (RG) have recently been associated with the development or maintenance of
reentrant arrhythmias.®282% As anticipated, Ml pigs had steep RG compared to controls
(3.7 £ 0.6 ms/mm vs 1.6 + 0.1 ms/mm, p<0.01), which was similarly improved with
cVNS therapy (2.0 + 0.4 ms/mm, Figure 26B, 26E). Taken together, these findings

strongly suggest that cVNS not only improves conduction across the infarcted
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myocardium, but improves the repolarization properties of myocytes themselves in vivo,

protecting the heart against VAs.

Chronic vagal nerve stimulation exerts its antiarrhythmic effect partly by reducing

aberrant remodeling of the myocardial substrate

Given the observed improvement in mechanical and electrophysiologic properties of
cVNS in infarcted hearts, we evaluated structural changes in the scar-border zone. We
performed Masson’s trichrome staining on left ventricular sections spanning the scar-
border zone, just adjacent to the site of LAD embolization. Compared to Ml animals, we
qualitatively observed less myocytolysis, improved staining of muscle bands, and less
reactive hypertrophy in cVNS + MI pigs (Figure 27). These specific findings, particularly
a reduction in myocytolysis (Figure 27B, arrows), is consistent with reduced potential for
VT/VF. Quantification revealed a marked reduction in border zone abnormality among

MI + cVNS compared to Ml animals (1.8+0.2 vs 0.6£0.2, p=0.001, Figure 27E).

Myocardial infarction alters neural and glial phenotypes in the peripheral nervous

system, which are partly attenuated with cVNS

In both humans and animal models, myocardial injury leads to extracardiac neural
remodeling, which may drive sympathoexcitation after MI.303! Stellate ganglia surgically
removed from patients with recurrent VT showed evidence of oxidative stress, glial
activation, and changes in neuronal phenotypes.®' To evaluate for changes in neuronal
phenotypes in our porcine models, we co-labeled neurons in the stellate ganglia for 1)
protein gene product 9.5 (PGP9.5, a pan-neuronal marker), tyrosine hydroxylase (TH)

and vesicular acetylcholine transporter (VAChT), and 2) PGP9.5 and neuropeptide Y
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(NPY). We found a significant increase in TH+/VAChT+ neurons after MI, which was
unchanged with cVNS therapy (Figure 28A). Similarly, the proportion of NPY+ neurons
significantly increased following MI, a change that trended toward normalization with
cVNS but did not reach statistical significance (Figure 28B). To evaluate for glial
activation, stellate ganglia were co-labeled with S100 Calcium Binding Protein B
(S100B), glial fibrillary acidic protein (GFAP), and PGP9.5. Ml resulted in a substantial
increase in glial activation, as evaluated by glial area normalized to neurons per section,
which was reversed to control levels with cVNS treatment (Figure 28C). Similar findings
were evident upon evaluation of length, width, and thickness of glial cells in the stellate
ganglia (Figure 29). Representative confocal images of each channel by study group
are presented in Figure 30 (cholinergic transdifferentiation), Figure 31 (neuropeptide Y

expression), and Figure 32 (glial activation).

We similarly evaluated changes in afferent neuronal phenotypes and glial
activation in the first thoracic dorsal root ganglia (DRG), the primary source of general
visceral afferent fibers that innervate the heart. Neuronal nitric oxide synthase (nNOS)
expression significantly increased following MI, which was mitigated by cVNS (Figure
33A). The expression of calcitonin gene-related peptide (CGRP) was similar in the three
study groups (Figure 33B). Consistent with the stellate, Ml led to significantly increased
glial activation in the DRG, which was ameliorated by cVNS (Figure 33C). There was no
significant difference in overall neuron size, nNOS+ neuron size, or CGRP+ neuron size
by study group (Figure 34). Representative confocal images of each channel by study
group are presented in Figure 35 (hNOS and CGRP expression) and Figure 36 (glial

activation).
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Sensitivity analysis examining sham VNS + M| animals compared to Ml alone

To test whether the observed cardioprotective effects of cVNS were attributable to VNS
during the titration period prior to MI, we studied a group of 4 animals, termed sham
VNS + MI, that were similarly titrated to neural fulcrum, underwent MI, but received no
reactive VNS therapy after MIl. These sham VNS + M| animals were compared to pigs
undergoing MI alone (with no titration to neural fulcrum). We found no significant
difference in BSS-evoked changes in contractility (Figure 37A), electrophysiologic
parameters (Figure 37B-E), or structural remodeling at the border zone (Figure 37F).

Moreover, all 4 sham VNS + M| animals were inducible for sustained VT or VF.

Discussion

In this work, we demonstrate a substantial improvement in cardiac mechanical function
and dramatic reduction in ventricular arrhythmias in MI + cVNS pigs compared to Ml
pigs. We establish that cVNS stabilizes MI-induced electrical heterogeneity in the scar-
border zone, reduces anisotropic electrical propagation and conduction block, and
normalizes myocardial repolarization—key drivers of ventricular arrhythmias in vivo. We
demonstrate that chronic VNS reduces aberrant structural remodeling of the scar-border
zone and principal sympathetic efferent and afferent ganglia (stellate and T1 dorsal root

ganglia). Finally, cVNS preserved sympathetic control of the heart following MI.

While acute VNS has been well studied in the setting of acute ischemia or Ml,
there is a paucity of studies evaluating the impact of chronic VNS on cardiac function,

arrhythmias, and remodeling after MI, particularly in large mammals. Among canine with
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healed anterior MI, acute VNS initiated within 15 seconds of coronary occlusion reduced
ventricular arrhythmias, though these effects were partly attenuated by atrial pacing to
control for a 75bpm bradycardia.3? Similarly, the antiarrhythmic effects of acute VNS in
ischemia-reperfusion injury in porcine were mitigated by administration of atropine and
were not evident when VNS was initiated during reperfusion, suggesting that the acute
cardioprotective effects are mediated by muscarinic receptors.3334 In the present study,
we found that chronic VNS, initiated two days post Ml at the neural fulcrum, resulted in
favorable myocardial and neural remodeling that prevented the induction of VT or VF.
This antiarrhythmic effect was evident even in the absence of acute VNS, suggesting
that its effects are not mediated solely by acute activation of muscarinic receptors. In
guinea pigs, our group has previously found that chronic VNS, started 10 days following
MI, significantly improved myocardial contractile function.' In the present study, we
similarly found that chronic VNS improved left ventricular systolic function, with near
normalization of ejection fraction to controls. Interestingly, we found that control and Ml
+ VNS animals had greater sympathetic reserve using electrical stimulation of the
sympathetic chain, as these groups of animals were able to more effectively mount
inotropic and lusitropic responses compared to Ml pigs. These specific findings indicate
that chronic VNS may ameliorate abnormal calcium handling and inefficient excitation-
contraction coupling that occurs in Ml and heart failure. Structurally, chronic VNS
reduced thinning of the anterior wall of the left ventricle, the primary location of Ml in this
model. Consistent with its anti-arrhythmic effect, VNS reduced the degree of
myocytolysis and dysmorphic myocytes in the scar-border zone, and qualitatively

resulted in more homogeneous scars, which clinically are known to be less
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arrhythmogenic.®53¢ To our knowledge, this represents the first systematic evaluation of
reactive VNS therapy on cardiac mechanical function, structural remodeling, and
arrhythmias in large mammals, and is a logical step to translation of VNS therapy to

clinical applications.

MI results in formation of areas of slow activation or conduction, and transient or
permanent unidirectional block, such that steep APD differences manifest over relatively
short distances. Moreover, in our model, we found that Ml alters basic
electrophysiologic properties of the border zone at the tissue level. These aberrant
activation and repolarization phenomenon act in concert to promote ventricular
arrhythmia risk. This risk was particularly elevated in our model, as all but one of the Ml
animals were induced for sustained monomorphic VT or VF at terminal study, and six
died acutely after MI. Although prior work suggests that acute vagal nerve stimulation
reduces ischemia-induced arrhythmias in canine, limited data exists regarding the
impact of chronic VNS on induction of ventricular arrhythmias and mechanisms of
arrhythmogenesis.3?37 Notably, MI + cVNS animals were equally protected from VT or
VF when inducibility was evaluated with or without active VNS therapy, suggesting that
the observed cardioprotective effects are likely mediated by changes in the myocardial
and neural substrates. We found that chronic VNS improves conduction across the
scar-border zone, which is consistent with studies demonstrating that VNS preserves
connexin-43 expression in the setting of acute ischemia in small mammals.'? The
effects of VNS were not limited to electrical propagation, since VNS also positively
influenced myocardial activation and repolarization properties. Scar-border zone

myocardium from M| + cVNS pigs had significantly less myocytolysis, a highly
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arrhythmogenic component of infarcted human myocardium.®® Moreover, in vivo, Ml +
cVNS animals demonstrated less ARI dispersion and more shallow repolarization
gradients across the scar-border zone. To our knowledge, this represents the first
integrative assessment of the impact of chronic VNS on myocardial excitability, impulse

propagation, and repolarization following M.

Acute myocardial injury leads to abnormal cardiac afferent signaling to both the
stellate ganglia and high thoracic dorsal root ganglia, ultimately resulting in amplified
sympathetic drive.”*83 Consistent with this notion, stellate ganglia from humans with
ischemic cardiomyopathy, as well as in animal models, are characterized by oxidative
stress, glial activation, and changes in neuronal phenotypes.3%3'4° In the present work,
stellate ganglia neuronal and non-neuronal cells displayed marked changes after Ml,
including glial activation and cholinergic transdifferentiation. Cholinergic
transdifferentiation, a process whereby cardiac sympathetic neurons transition to an
acetylcholine-producing phenotype in the setting of heart failure or after MI, has been
shown to reduce APD heterogeneity in small mammals and may be an adaptive
physiological response to injury.#'43 As one central premise of neuromodulation is to
stabilize imbalance among the cardiac nervous system, we evaluated whether these
changes were altered with chronic VNS therapy. We found that cholinergic
transdifferentiation remained prominent and unchanged after chronic VNS therapy,
while glial cell activation substantially decreased compared to MI animals. This finding
underscores the importance of non-neuronal populations in extracardiac ganglia as
potential avenues for further study and therapeutic targets. These non-neuronal

populations are heterogeneous, and modify neuronal function through purinergic
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signaling and intercellular communication via gap junctions, particularly in disease
states such as MI.#4+46 While the stellate ganglia serves as the primary efferent
sympathetic outflow to the heart, its integrative and processing functions have been
increasingly recognized.*”8 For example, extracellular recordings of stellate ganglia
activity identifies greater network entropy and reduced neural specificity or synchrony
with the cardiac cycle in porcine with heart failure compared to controls.*’ In the present
work, Ml impaired sympathetically-evoked changes in inotropy and lusitropy, which
were rescued by chronic VNS, suggesting that chronic VNS may stabilize sympathetic
function in disease states. Consistent with this, low level VNS in healthy canines
increased stellate ganglia expression of small conductance calcium-activated potassium
channels known to mediate afterhyperpolarizations, suggesting that chronic VNS may
influence sympathetic nerve activity.*® Myocardial ischemia also results in profound
activation of spinal afferents in the high thoracic dorsal root ganglia, the principal
general visceral fibers innervating the heart.>%5" Chronic activation of these afferents,
partly mediated through transient receptor potential cation subfamily V member 1
(TRPV1) channels, contributes to exaggerated sympathoactivation and adverse cardiac
remodeling while epicardial depletion of TRPV1 fibers attenuates remodeling after Ml
and improves cardiac function.?452 Using extracellular recording, Koji et al. found that
depletion of these afferent fibers reduced sympathetic dysfunction after Ml, suggesting
interaction between spinal afferents and the stellate ganglia.?* Similarly, we found
chronic VNS to reduce glial activation following Ml in the DRG, which itself may explain
in part the improved sympathetic function seen in Ml + cVNS pigs compared to Ml

alone. Further work to understand spatiotemporal changes in sympathetic neuronal
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activity, as well as to elucidate primary versus secondary challenges in the stellate

ganglia, is warranted.

A mechanistic and rationale basis of VNS therapy is imperative to appropriate
clinical application in the setting of Ml and heart failure.’®2" While low intensity acute
VNS can reduce the propensity for arrhythmias during experimentally-induced coronary
ischemia, high intensity stimulation causing marked bradycardia can lead to ventricular
tachycardia or fibrillation.32°® Similarly, the efficacy of chronic VNS therapy in
experimental models is also strongly influenced by stimulation parameters.?? For
example, Radcliffe et al. found no effect of chronic VNS therapy on pacing-induced
cardiomyopathy in ovine when delivered at settings leading to a 30% bradycardia’®,
while Zhang et al. targeted a 10% bradycardia in a similar canine model and found
attenuation of heart failure development, though VNS therapy was began earlier in their
study.>* As demonstrated by our VNS titration protocol, increasing intensity of VNS
initially evokes tachycardia followed by bradycardia; such an effect is consistent in dogs,
pigs, and humans.?%225% As such, dosing and delivery of VNS therapy, analogous to
medications, has substantial impact on its efficacy and unintended off-target effects.
Considerable differences in neural targets and stimulation parameters were evident in
the three major trials of chronic VNS for heart failure.'” The Autonomic Regulation
Therapy to Enhance Myocardial Function in Heart Failure (ANTHEM-HF) operated at
VNS parameters consistent with the neural fulcrum and led to improvements in both left
ventricular function and quality of life, with a larger trial currently underway.®¢:5” On the
other hand, the VNS delivery modality and stimulation parameters for the two other

major trials suffered from an inability to reach target VNS parameters due to side
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effects, which may partly explain the lack of clinical efficacy observed.'’-19.58
Furthermore, a post hoc analysis of the Neural Cardiac Therapy For Heart Failure
(NECTAR-HF) trial, which found no improvement in left ventricular function with chronic
VNS, demonstrated poor engagement of the autonomic nervous system among patients
(12%) randomized to VNS therapy.® The present work provides definitive evidence that
chronic VNS exerts significant antiarrhythmic effects and mitigates aberrant cardiac and
neural remodeling in large mammals when delivered in a rational, neuroscience-guided
manner. Such factors must be considered in further clinical trials of VNS or other

device-based therapy.

The present study has several limitations inherent to its design and defined
objectives. We solely evaluated efficacy of right-sided VNS, which is the more
commonly utilized modality in the clinical setting. Pigs were titrated to neural fulcrum
prior to MI. To demonstrate that our findings were mediated by chronic VNS after Mi
rather than VNS-induced cardioprotection evolving from the titration phase, VNS was
turned off before MI induction and not restarted until 2 days following MI. Furthermore, a
group of animals, termed sham VNS + MI, were similarly titrated to neural fulcrum,
underwent M, but received no reactive VNS therapy after MI. Our sensitivity analysis
clearly demonstrates that these animals were identical to M| alone with regards to
myocardial performance, ventricular activation and repolarization properties, arrhythmia
inducibility, and scar-border zone histologic characteristics. In addition, our evaluation of
cardiac mechanical function was performed in the sedated state, as echocardiography
was not feasible in the conscious state in pigs. Among our cohort, six animals died

within 48 hours following myocardial infarction due to sudden cardiac death despite
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standard cardiopulmonary resuscitation. These animals were likely more susceptible to
malignant ventricular arrhythmias, and may have derived more substantial benefit from
chronic VNS, as prior studies have found greater impairment in parasympathetic
function in animals susceptible to ischemia-induced arrhythmias compared to those
resistant.5%8% Further work is necessary to delineate the specific mechanisms by which

chronic VNS imparts its cardioprotective effects.

In summary, our data highlights that chronic VNS ameliorates myocardial
structural and extracardiac neural remodeling that occurs early after MI, preventing
heart failure. Chronic VNS stabilizes the left ventricular scar-border zone by reducing
heterogeneity in activation and repolarization in vivo, drastically reducing the potential
for lethal ventricular arrhythmias. Chronic VNS likewise improves sympathetic control of
the heart post-MlI, an effect that should result in a more robust reflex response to
everyday cardiovascular stressors and translate into improved quality of life. Moreover,
chronic VNS substantially reduced extracardiac neural remodeling following Ml,
particularly glial activation in the stellate and dorsal root ganglia. This data suggests that
restoration of parasympathetic function, whether pharmacologically or through

neuromodulation, is an attractive therapeutic strategy for MI.
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Figure 19. Overview of study design. (A) Control, Ml, and MI + chronic VNS Yucatan
minipigs underwent in vivo evaluation of cardiac mechanical and electrophysiologic
function, as well as ex vivo myocardial and extracardiac neural remodeling.
Representative x-ray (B) and image of implanted VNS generator and cuff to the right
vagus nerve. (D) Left coronary angiogram after microsphere embolization of the mid left
anterior descending coronary artery. (E) Spontaneous ventricular tachycardia in an
ambulatory pig observed two days following MI, which led to sudden death. Atrial
activation is noted with A, while ventricular noted with V. LAD, left anterior descending
coronary artery; MI, myocardial infarction; VNS, vagal nerve stimulation. Portions of this

figure were created with BioRender.com.
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Figure 20. Implementation of chronic vagal nerve stimulation. (A) Diagram of VNS
titration protocol to deliver therapeutic VNS at the neural fulcrum. (B) Representative
titration curve in conscious minipig demonstrating evoked tachycardia at low-intensity
stimulation, followed by bradycardia. VNS therapy was delivered at the neural fulcrum,
the point of balanced activation of vagal afferent and efferent fibers, manifested by a
null heart rate response (purple). PW, pulse width; TZB, tolerance zone boundary

(current level at which side effects elicited); VNS, vagal nerve stimulation.
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Figure 21. Chronic vagal nerve stimulation improves cardiac mechanical
performance and contributes to greater cardiac sympathetic reserve post
myocardial infarction. (A) Representative long-axis echocardiograms of Ml and M| +
cVNS animals. Note the degree of chamber dilation and high end-systolic volume in Ml
compared to Ml + cVNS. (B) Ml resulted in a significant reduction in left ventricular
systolic function, with lower ejection fraction and higher left ventricular internal
dimension in diastole, which was ameliorated by cVNS. (C) MI animals had impaired

inotropic (dP/dtmax) and lusitropic (dP/dtmin) sympathetic responses to both 4 Hz and 10
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Hz bilateral sympathetic chain stimulation, which was rescued by cVNS. Ctrl, control;
cVNS, chronic vagal nerve stimulation; Ml, myocardial infarction. *p<0.05, **p<0.01,

*+%<0.001.
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Figure 22. Full echocardiographic analysis for control, Ml, and Ml + cVNS animals.
(A) Representative long-axis and short-axis views in systole and diastole for each study

group. (B) No difference in wall thickness of the lateral, posterior, and septal wall was

138



evident following MI or with cVNS relative to controls. LVIDs, left ventricular internal

dimension in systole.
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Figure 23. Antiarrhythmic effects of chronic vagal nerve stimulation. (A)
Representative left ventricular pressure tracing, and unipolar and bipolar electrograms
during programmed electrical stimulation in Ml and MI + cVNS animal. (B) Chronic VNS
significantly reduced the inducibility of sustained VT or VF regardless of whether PES
was performed with or without active VNS. (C) Ml animals demonstrated significantly
greater ease of VT/VF induction compared to Ml + cVNS pigs. Ctrl, control; cVNS,
chronic vagal nerve stimulation; EGM; electrogram; LV, left ventricular; MI, myocardial
infarction; NSVT, non-sustained ventricular tachycardia; PES, programmed electrical

stimulation; VF, ventricular fibrillation; VT, ventricular tachycardia. ***p<0.001.
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Myocardial Infarction

S1 S2 S3 S4 VT or VF
Subject 1 Spontaneous Yes
Subject 2 550 370 260 240 Yes
Subject 3 520 300 250 Yes
Subject 4 460 260 250 Yes
Subject 5 500 310 280 270 Yes
Subject 6 Spontaneous Yes
Subject 7 450 300 220 240 Yes
Subject 8 450 320 220 210 Yes
Subject 9 500 240 280 250 Yes
Subject 10 450 320 270 200 NSVT
Subject 11 650 330 220 200 Yes
Subject 12 500 280 220 Yes
Subject 13 580 280 200 Yes
Subject 14 600 370 260 Yes
Myocardial Infarction + Chronic VNS (VNS Off)
S1 S2 S3 S4 VT or VF
Subject 1 500 290 200 210 Yes
Subject 2 430 240 220 200 No
Subject 3 350 200 200 200 No
Subject 4 510 280 220 200 No
Subject 5 440 230 220 200 No
Subject 6 540 280 220 200 No
Subject 7 400 220 220 200 No
Subject 8 420 250 220 200 No
Subject 9 380 220 220 200 No
Myocardial Infarction + Chronic VNS (VNS On)
S1 S2 S3 S4 VT or VF
Subject 1 575 340 280 220 No
Subject 2 480 380 300 260 No
Subject 3 420 250 220 200 No
Subject 4 545 300 240 220 No
Subject 5 500 270 220 200 No
Subject 6 620 290 220 200 No
Subject 7 440 240 220 200 No
Subject 8 550 280 220 200 NSVT
Subject 9 450 220 220 200 No

Figure 24. Full arrhythmia inducibility data at terminal experiments. Values
represent paced cycle length for programmed electrical stimulation. Note that two Ml
animals experienced spontaneous VT/VF during terminal study and could not be
resuscitated despite internal cardioversion, which did not occur with any MI + cVNS
animals. cVNS, chronic vagal nerve stimulation; MIl, myocardial infarction; NSVT, non-

sustained ventricular tachycardia; VF, ventricular fibrillation; VT, ventricular tachycardia.
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Figure 25. Chronic vagal nerve stimulation stabilizes electrical activation across
the infarcted left ventricle, mitigates conduction block, and promotes
homogeneous activation in sinus rhythm. (A) High-density electrophysiologic
mapping was performed across the left ventricular scar-border zone (and equivalent
region in control), representative activation maps for control, Ml and Ml + cVNS
displayed. (B) Representative tissue activation curve demonstrating isotropic conduction
in control animals compared to anisotropic conduction with block in MI, which was
qualitatively improved with cVNS. (C-F) MI animals displayed significantly worse
activation properties in sinus rhythm including greater activation time, dispersion, delay,

and maximum activation time. These were all normalized in Ml + cVNS animals, except
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activation dispersion (D). Ctrl, control; cVNS, chronic vagal nerve stimulation; M,

myocardial infarction. **p<0.01, ***p<0.001.
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Figure 26. Chronic vagal nerve stimulation reduces repolarization heterogeneity
and leads to more shallow repolarization gradients. (A) Representative
repolarization maps for control, Ml and M| + cVNS demonstrating very steep and
heterogeneous repolarization across the scar-border zone in Ml animals, which was
qualitatively improved in Ml + cVNS. (B) Representative tissue repolarization curve
demonstrating regions of rapid changes in repolarization time in an Ml animal. (C) No
significant difference in left ventricular ARl was evident in the studied groups, while Ml
resulted in greater ARI heterogeneity, which was partially improved with cVNS (D).

Repolarization gradients (E) were significantly greater in Ml animals, and normalized
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with cVNS. ARI, activation recovery interval; Ctrl, control; cVNS, chronic vagal nerve

stimulation; MI, myocardial infarction. **p<0.01, ***p<0.001.
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Figure 27. Chronic vagal nerve stimulation mitigates structural remodeling at the
scar-border zone. Representative Masson’s trichrome stains from Ml (A, inset B) and
MI + cVNS (C, inset D) animals. Ml animals more commonly had myocytolysis (arrow),
hypertrophy, and decreased muscle band staining. which was less common in Ml +
cVNS animals (D, inset E). cVNS, chronic vagal nerve stimulation; MI, myocardial

infarction. **p<0.01.
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Figure 28. Chronic vagal nerve stimulation reduces extracardiac neural
remodeling in the stellate ganglia. (A) Cholinergic transdifferentiation occurred
following Ml in both Ml and MI + cVNS groups, and was unaffected by cVNS therapy.
(B) Expression of neuropeptide Y (NPY) in the stellate ganglia was greater in Mi
animals compared to control, but similar in MI + cVNS pigs relative to control. (C) Glial

activation significantly increased in M| animals compared to controls, which was
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ameliorated in MI + cVNS. Ctrl, control; cVNS, chronic vagal nerve stimulation; Ml,
myocardial infarction. Ctrl, control; cVNS, chronic vagal nerve stimulation; GFAP, glial
fibrillatory acidic protein; MI, myocardial infarction; NPY, neuropeptide Y; PGP9.5,
protein gene product 9.5; S100B, S100 calcium-binding protein B; TH, tyrosine
hydroxylase; VAChT, vesicular acetylcholine transporter. Scale bar 50 um except insets

(scale bar 20 pym). *p<0.05, **p<0.01, ***p<0.001.
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Figure 29. Chronic vagal nerve stimulation primarily impacts glial morphology in
the stellate ganglia following myocardial infarction. Stellate ganglia neuron length
(A), width (B), and area (C) were comparable across control, MI, and MI + cVNS
animals. Stellate ganglia glial size (D, E) and limb thickness (F) significantly increased
after MI, which was mitigated by cVNS. Ctrl, control; cVNS, chronic vagal nerve

stimulation; MI, myocardial infarction.
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Figure 30. Representative confocal images of stellate ganglia sections for
evaluation of cholinergic transdifferentiation. Ctrl, control; cVNS, chronic vagal
nerve stimulation; MI, myocardial infarction; PGP9.5, protein gene product 9.5; TH,

tyrosine hydroxylase; VAChT, vesicular acetylcholine transporter. Scale bar 50 pym.
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Figure 31. Representative confocal images of stellate ganglia sections for
evaluation of neuropeptide Y expression. Ctrl, control; cVNS, chronic vagal nerve
stimulation; MI, myocardial infarction; NPY, neuropeptide Y; PGP9.5, protein gene

product 9.5; TH, tyrosine hydroxylase. Scale bar 50 uym.
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Figure 32. Representative confocal images of stellate ganglia sections for
evaluation of glial activation. Ctrl, control; cVNS, chronic vagal nerve stimulation;
GFAP, glial fibrillatory acidic protein; MI, myocardial infarction; PGP9.5, protein gene

product 9.5; S100B, S100 calcium-binding protein B. Scale bar 50 pym.

152



Control Ml + cVNS

A =
c __ 404
O é %%k *k
n % a0 .
@ 530
(D =}
s 2
X &
w g
(D [
O
Z
c
B ns
8 60~ ns  ns
R S
? 0
D e
= 3
&) 4
>< +
i
o o
h'd
O
o
C — ns
N
e H L
9 gmoo— -
g g 800-
- — (©
e o ==} o
2 5 600 =
— £ 400
® o N
= 8 2004 . % ¢
O - ﬁ
g O
2 S a\\@
@\x

Figure 33. Chronic vagal nerve stimulation reduces glial activation after Ml in the
thoracic dorsal root ganglia. (A) Neuronal nitric oxide synthase expression
significantly increased following MI, which was mitigated by chronic VNS. (B) No
difference was evident in calcitonin gene-related peptide expression across study
groups. (C) Ml resulted in significantly greater glial activation in the thoracic dorsal root
ganglia, which was significantly reduced in Ml + cVNS animals. CGRP, calcitonin gene-
related peptide; Ctrl, control; cVNS, chronic vagal nerve stimulation; GFAP, glial

fibrillatory acidic protein; MI, myocardial infarction; nNOS, neuronal nitric oxide
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synthase; PGP9.5, protein gene product 9.5; S100B, S100 calcium-binding protein B.

Scale bar 50 ym. **p<0.01, ***p<0.001.
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Figure 34. Chronic vagal nerve stimulation does not impact neuron size in the
thoracic dorsal root ganglia. No significant differences in overall neuron area (A),
NNOS+ neuron area (B), or CGRP+ neuron area (C) were found across study groups.

Ctrl, control; cVNS, chronic vagal nerve stimulation; MIl, myocardial infarction.
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Figure 35. Representative confocal images of first thoracic dorsal root ganglia
sections for evaluation neuronal nitric oxide synthase and calcitonin gene related
peptide expression. CGRP, calcitonin gene-related peptide; Ctrl, control; cVNS,
chronic vagal nerve stimulation; MI, myocardial infarction; nNOS, neuronal nitric oxide

synthase; PGP9.5, protein gene product 9.5; Scale bar 50 pym.
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Figure 36. Representative confocal images of first thoracic dorsal root ganglia
sections for evaluation of glial activation. Ctrl, control; cVNS, chronic vagal nerve
stimulation; GFAP, glial fibrillatory acidic protein; M|, myocardial infarction; PGP9.5,

protein gene product 9.5; S100B, S100 calcium-binding protein B. Scale bar 50 pm.
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Figure 37. Sham VNS + Ml animals were phenotypically comparable to Ml animals
alone. There were no significant differences in changes in contractility evoked by
sympathetic stimulation (A), activation dynamics (B, C), myocardial repolarization
properties (D, E), or structural remodeling of the border zone (F) in sham VNS + Ml
animals compared to Ml animals alone. ARI, activation recovery interval; dP/dtmax,
maximum rate of change of left ventricular pressure (contractility); MI, myocardial

infarction; VNS, vagal nerve stimulation.
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Primary Antibody Type Dilution Company and Catalog Number
Polyclonal Neuromics. Edina, Minnesota.
Protein Gene Product 9.5 1:500
Guinea Pig GP14104.
Monoclonal Abcam. Cambridge, Massachusetts.
Protein Gene Product 9.5 1:100
Mouse Ab8189.
Polyclonal EMD Millipore. Darmstadt, Germany.
Tyrosine Hydroxylase 1:200
Sheep Ab1542.
Polyclonal Immunostar. Hudson, Wisconsin.
Neuropeptide-Y 1:400
Rabbit 22940.
Vesicular Acetylcholine Polyclonal Synaptic Systems Goettingen,
1:200
Transporter Rabbit Germany. 139-103.
Neuronal nitric oxide Polyclonal Abcam. Cambridge, Massachusetts.
1:200
synthase Goat Ab1376.
S100 Calcium Binding Polyclonal 1:100, Abcam. Cambridge, Massachusetts.
Protein B Rabbit 1:200 Ab41548.
Calcitonin Gene Related Monoclonal Abcam. Cambridge, Massachusetts.
1:500
Peptide Mouse Ab81887.
Glial Fibrillary Acidic Polyclonal 1:100, Abcam. Cambridge, Massachusetts.
Protein Chicken 1:1000 Ab4674.

Table 5. List of primary antibodies.
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Secondary Antibody Type Dilution | Company and Catalog Number
Alexa Fluor 488
Polyclonal Jackson ImmunoResearch. West
conjugated AffiniPure 1:100
Sheep Grove, PA. 713-545-003.
Donkey Anti-Sheep
Cy3 conjugated AffiniPure | Polyclonal Jackson ImmunoResearch. West
1:100
Donkey Anti-Goat Goat Grove, PA. 705-165-147.
Cy3 conjugated AffiniPure | Polyclonal Jackson ImmunoResearch. West
1:100
Donkey Anti-Rabbit Rabbit Grove, PA. 711-165-152.
Alexa Flour 647 AffiniPure | Polyclonal Jackson ImmunoResearch. West
1:100
Donkey Anti-Mouse Mouse Grove, PA. 715-605-151.
Alexa Fluor 488
Polyclonal Jackson ImmunoResearch. West
conjugated AffiniPure 1:100
Chicken Grove, PA. 703-545-155.
Donkey Anti-Chicken
Alexa Flour 647 AffiniPure | Polyclonal Jackson ImmunoResearch. West
1:100
Donkey Anti-Chicken Chicken Grove, PA. 703-605-155.
Alexa Fluor 488 Polyclonal
Jackson ImmunoResearch. West
conjugated AffiniPure Guinea 1:100
Grove, PA. 706-545-148.
Donkey Anti-Guinea Pig Pig

Table 6. List of secondary antibodies.

160




Variable Control Mi MI + cVNS

Heart Rate (bpm) 105+ 6 103 +4 101+ 8

LVSP (mmHg) 128+ 8 102 & 4 135+ 71

dP/dtmax (MmHg/s) | 1870 £ 116 | 1435 + 138" 1947 + 1647

dP/dtmin (MmHg/s) | -1756 + 131 | -1235+81* | -1793 £ 1201

Table 7. Baseline hemodynamics by study group. Values are reported as mean +
standard error for heart rate, left ventricular end-systolic pressure, and the maximum
(dP/dtmax) and minimum (dP/dtmin) rates of change of left ventricular pressure. *p<0.05
for control versus MI; Tp<0.05 for Ml versus MI + cVNS; ¥p<0.05 for control versus Ml +
cVNS. cVNS, chronic vagal nerve stimulation; LVSP, left ventricular systolic pressure;

MI, myocardial infarction.
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stimulation (mA)

Variable Control Mi Ml + cVNS
Right sympathetic
0.8+0.2 1.5+04 1.3£04
chain stimulation (mA)
Left sympathetic chain
1.8+£0.5 14+04 1.3+£0.6

Table 8. Thresholds for sympathetic chain stimulations by study group. Values

are reported as mean = standard error for right and left sympathetic chain stimulation.

*p<0.05 for control versus MI; Tp<0.05 for Ml versus MI + cVNS; ¥p<0.05 for control

versus Ml + cVNS. cVNS, chronic vagal nerve stimulation; MI, myocardial infarction.
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Conclusions

The autonomic nervous system plays a major role in the progression of cardiovascular

disease including ventricular arrhythmias and cardiac dysfunction following myocardial

infarction.’-? Pathophysiologically, aberrant remodeling following cardiac injury leads to

excess sympathoexcitation and parasympathetic withdrawal (Figure 38). These

processes may clinically manifest as inadequate cardiac output, ventricular systolic or

diastolic dysfunction, ventricular arrhythmias, and the risk for sudden death. The

present work mechanistically evaluates autonomic dysregulation and therapeutic

strategies using a porcine model. The principal findings of this dissertation are as

follows:

1.

MI leads to substantial impairments in cardiac mechanical function and a greater
propensity toward ventricular arrhythmias in Yucatan minipigs.

At the tissue level, Ml promotes anisotropic electrical propagation and conduction
block, increases repolarization heterogeneity, and leads to steep repolarization
gradients at the scar border-zone.

At the cellular level, M| leads to aberrant structural remodeling of the border
zone, as well as changes in neuronal phenotypes and glial activation in the
stellate and thoracic dorsal root ganglia.

Sympathetic blockade using kilohertz frequency alternating current induces a
high degree of sympathetic efferent block and reduces norepinephrine release at
the level of the heart.

Ipsilateral sympathetic blockade is efficacious in the setting of contralateral

sympathectomy, reducing norepinephrine release and its end effect on the heart.
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6. Chronic vagal nerve stimulation (VNS) substantially improves mechanical
function and reduces ventricular arrhythmias post-Ml, partly by stabilizing
heterogeneity in activation and repolarization in the scar border-zone.

7. Chronic vagal nerve stimulation substantially reduces glial activation in the
stellate and thoracic dorsal root ganglia after MI, but also influences neuronal
phenotypes.

For the first time, we demonstrate the cardioprotective benefits of chronic VNS on
cardiac function, ventricular arrhythmia inducibility, and cardiac structural and
extracardiac neural remodeling after Ml in a large mammal. This work sets forth a
foundation upon which further studies can mechanistically evaluate how restoration of

parasympathetic tone improves cardiac function post-Ml.

Future Directions

Mechanistic evaluation of autonomic dysregulation at the border-zone

Myocardial infarction and its associated structural and electrical abnormalities contribute
to the risk of life-threatening ventricular arrhythmias.3-> These arrhythmias represent
complex interactions between altered myocardial structure, including scar formation and
abnormal myocyte properties, and changes in neural input to the myocardium.® The
scar border-zone is of particular significance as it is hypothesized to be the source of
ventricular arrhythmias following MI. Notably, a majority of clinical interventions that
target the myocardium aim to localize scar and border-zone regions and modify the
substrate using catheter ablation.”'" In the present work, we found that

electrophysiologic function at the border-zone was significantly impaired post-MI, with
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formation of areas of slow conduction, anisotropic impulse propagation, and steep
repolarization gradients. In murine hearts, these border-zone regions colocalize with
dense areas of small nerve fibers that are tyrosine hydroxylase positive, suggesting that
sympathetic input to this region of the heart is impaired.'> However, studies examining
the functional role of these nerve sprouts have not been evaluated; importantly, whether
these sprouts release norepinephrine, and to what degree, has never been directly
demonstrated.

To evaluate how myocardial infarction alters catecholamine release in the heart,
we evaluated norepinephrine release in response to bilateral sympathetic chain
stimulation in vivo in 6 normal Yucatan minipigs and 6 Yucatan minipigs with myocardial
infarction. Fast scanning cyclic voltammetry (FSCV) probes were placed in scar and
border zone regions of the infarcted hearts and the same corresponding anatomic area
in normal hearts (Figure 39). Representative tracings demonstrate a significant increase
in NE with bilateral sympathetic chain stimulation (BSS), as expected. In the setting of
MI, we found evidence of greater NE release in response to BSS in the border-zone and
reduced NE release in scar, compared to the same anatomic region in controls. These
findings suggest that sympathetic activation may amplify heterogeneity in the scar
border-zone by heterogenous catecholamine release, increasing the propensity toward
ventricular arrhythmias. Further ongoing work to map these border zone regions using a
combination of tissue-clearing (immunolabeling-enabled three-dimensional imaging of
solvent-cleared organs), high-density electrophysiologic mapping, and evaluation of
catecholamine release may clarify the role of sympathetic input in border-zone

dysfunction following MI.
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Identifying subpopulations of myocytes in the border zone for therapeutic targets
Further work to understand properties of border-zone myocytes may not only improve
our understanding of cardiac dysfunction following MI, but may identify new therapeutic
targets. In the present work, we found that Ml resulted in aberrant electrophysiologic
remodeling that led to impaired impulse propagation as well as abnormal myocardial
repolarization sequences in the left ventricle, which was improved with chronic vagal
nerve stimulation. While these analyses reflect underlying function at the myocyte level,
these assessments ultimately best represent tissue-level properties rather than those of
isolated myocytes. Our laboratory’s future work will utilize patch clamping techniques to
evaluate repolarization properties and triggered activity among myocytes from border-
zone regions of the heart in MI animals with or without chronic VNS. These studies will
further build upon findings from this dissertation and evaluate cellular-level
electrophysiologic remodeling post-MI.

Heterogeneity of myocytes in the left ventricle post-MI leads to challenges in
precise phenotyping of populations of border-zone myocytes.'*-15 Until recently, most
single-cell transcriptomic techniques required dissociation of samples, resulting in loss
of spatial relationships, which are critical to understanding cardiac remodeling post-MlI.
Recent advances in sequencing technologies now allow for characterization of
transcriptomics profiles in situ, without disruption of tissue architecture or
relationships.'® Evaluation of the spatial transcriptome of scar, border-zone, and remote
regions of the myocardium may identify pathways unique to the border-zone that can be
targeted post-MI. Moreover, comparison of the border-zone transcriptome in chronic

VNS treated animals versus M| alone may identify cellular pathways or targets through
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which chronic VNS exerts its cardioprotective effects. These pathways can be further
studied to characterize subcellular mechanisms of VNS or to evaluate whether
activation or blockade of these pathways through pharmacologic agents can mitigate
post-MI cardiac structural or electrical remodeling.

Role of non-neuronal cell populations in afferent and efferent ganglia in remodeling
following Ml

While neural dysfunction has been increasingly recognized as a contributor to the
progression of cardiovascular disease, the majority of studies have focused on
evaluation of neural function in vivo, or neuronal phenotypes in vitro, with minimal work
evaluating non-neuronal cell types. In the central nervous system, glial cells, particularly
astrocytes, are involved in neuron development and maturation, and also become
activated in response to pathology or local injury.’” In the peripheral nervous system,
satellite glial cells are found in autonomic and sensory ganglia and are involved in
formation and maintenance of synapses.'® These glial cells diverse, generally
considered non-excitable, but can influence activity of neurons in a paracrine manner or
directly through cellular coupling via gap junctions.'®-?2 In the present work, we found
evidence of glial activation following Ml in both the stellate ganglia and dorsal root
ganglia, the primary source of sympathetic efferent and general visceral afferent fibers
to the heart. Activation of these glial cells was mitigated by chronic vagal nerve
stimulation in both sets of ganglia, suggesting a central role for glial cells in post-Ml
neural remodeling. Further work to study cellular mechanisms and consequences of
glial dysfunction may identify non-neuronal cell populations that can be therapeutically

targeted. Such work may integrate single cell sequencing of satellite glial cells and
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selective activation of these cell types using chemogenetic approaches in murine
models, where genetic manipulation is readily feasible.?3 Furthermore, as glial activation
has been described in humans with ischemic cardiomyopathy,?* approaches to further
study these cells from explanted ganglia or cadaveric donors may inform future work.
Cardiac afferent dysfunction in myocardial infarction and associated disorders

While most studies have focused on either the end-organ or efferent autonomic
dysfunction, recent work has evaluated afferent dysfunction as it relates to
cardiovascular disease. For example, disruption of transient receptor potential cation
subfamily V. member 1 (TRPV1)-positive fibers using epicardial resiniferatoxin at the
time of M| has been previously shown to mitigate myocardial structural remodeling in
both rats and pigs, directly implicating afferent dysfunction in remodeling after M|.2526
Although the present dissertation can not differentiate afferent versus efferent function
due to its design, efforts to elucidate afferent versus efferent autonomic dysfunction may
lead to more mechanistic approaches to disease therapy.

Given the role of the autonomic nervous system in regulation of multiorgan
function, several studies have evaluated autonomic dysfunction in diseases that are
often comorbid with heart failure or myocardial infarction. In cardiorenal syndrome type
2 (CRS2), underlying primary chronic cardiac disease such as congestive heart failure
(CHF) leads to chronic kidney dysfunction, and is strongly associated with greater
hazard of all-cause mortality in direct proportional to the degree of decline in renal
function.?” In a rat model of congestive heart failure, disruption of cardiac afferent fibers
by epicardial application of resiniferatoxin at the time of Ml reduced the CSAR and

ameliorated cardiac dysfunction.?® Importantly, renal dysfunction, as evaluated through
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urine output, microalbuminuria, and renal blood flow significantly improved with chronic
cardiac afferent ablation compared to vehicle.?® This process was partly related to
reduced central venous congestion, less cortical and medullary injury, and
downregulation of genes involved in inflammation, apoptosis, and hypoxia. Taken
together, these findings strongly suggest that cardiac afferent activation not only
contributes to cardiac dysfunction but also renal disease post-MI. The authors further
found that a proportion of these afferent fibers travel through the stellate ganglia, and
that disruption of afferents at the level of the stellate mitigates changes in markers of
renal dysfunction post-MI.2¢ As such, another therapeutic strategy for both cardiac and
renal dysfunction after Ml includes targeting cardiac afferents. Further research
regarding cardiac afferents in large mammals and in conjunction with existing medical
therapy are necessary to fully define the translational potential of such approaches for

cardiovascular disease and its associated disorders

Clinical Implications

This work provides evidence that chronic vagal nerve stimulation, when delivered in a
rationale and neuroscientifically-guided manner, can improve cardiac dysfunction and
reduce the propensity toward ventricular arrhythmias following myocardial infarction.
The large animal model utilized in the present work readily recapitulates the clinical
phenotype of ischemic cardiomyopathy, and exhibits sudden cardiac death in an
ambulatory setting. Furthermore, chronic vagal nerve stimulation is feasible in patients,
as devices are approved by the United States Food and Drug Administration for

epilepsy and depression, and phase lll clinical trials are currently underway for heart
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failure with reduced ejection fraction. As such, this work provides strong translational
evidence for chronic VNS as a therapeutic modality post MI, and we hope this study will
aid in implementation of such trials in patients.

Beta adrenergic receptor blockade and inhibition of the renin-angiotensin-
aldosterone system are the two most common pharmacologic agents for congestive
heart failure and post-MI cardiac dysfunction. The present work supports the existing
body of literature that implicates sympathetic dysfunction in the pathogenesis and
progression of cardiovascular disease. While existing clinical therapies primarily target
components of efferent sympathetic signaling, a growing body of literature has
implicated cardiac afferent dysfunction in animal models of cardiovascular disease, and
may represent a novel therapeutic approach.

Finally, the present work suggests that the general concept of restoration of
parasympathetic tone has substantial cardioprotective effects. No pharmacologic or
device-based therapy currently exists to target parasympathetic dysfunction post
myocardial infarction. While this could be accomplished with conventional vagal nerve
stimulation, further molecular work and mechanistic studies may identify therapeutic
pathways through which vagal nerve stimulation acts. Such an approach would facilitate
the development of unique, targeted pharmacologic agents and may lead to

neuroscientifically-inspired approaches to treat cardiovascular disease.
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Figure 38. Autonomic dysfunction in cardiovascular disease is characterized by
excess sympathoexcitation and parasympathetic withdrawal. Following myocardial
infarction, remodeling at the level of the myocardium includes pathologic fibrosis,
inflammation, and oxidative stress, as well as maladaptive neural remodeling at the
stellate and dorsal root ganglia. These processes lead to inadequate cardiac output,

ventricular arrhythmias, and risk for sudden cardiac death.
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Figure 39. Myocardial infarction (M) alters catecholamine release in the scar and
border zone. Areas of scar (S) and border zone (BZ) and corresponding anatomic
regions in normal hearts (A) were evaluated for NE release during bilateral sympathetic
chain stimulation (BSS). Representative tracings (B) demonstrate increases in NE with
BSS in both scar and border-zone regions in an Ml animal. Across 6 control and 6 Ml
pigs, NE release was greater in the border-zone in Ml animals compared to the same
anatomic region in controls (C). Moreover, NE release was greater in border zone
regions compared to scar in M| animals, potentially exacerbating existing structural
heterogeneity and promoting ventricular arrhythmogenesis. *p<0.05, **p<0.01,

***n<0.001.
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