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ABSTRACT OF THE DISSERTATION

Intrinsic Cardiac Neuronal Control of the Heart in Health and Disease

by

Pradeep Sundaram Rajendran
Doctor of Philosophy in Molecular, Cellular, & Integrative Physiology
University of California, Los Angeles, 2017

Professor Kalyanam Shivkumar, Chair

Cardiovascular diseases including hypertension, arrhythmias, and heart failure are the leading
causes of morbidity and mortality in the world. The autonomic nervous system (ANS) regulates
the electrical and mechanical function of the heart, and its dysfunction plays an important role in
the pathophysiology of cardiovascular diseases, representing an emerging target for therapeutic
intervention. However, fundamental gaps in our knowledge regarding autonomic control of the
heart in health and the adverse remodeling that occurs in disease have impeded the
development of neuromodulation therapies. The cardiac ANS consists of neurons located from
the level of the brain to that of the heart itself. At the organ level, the intrinsic cardiac nervous
system (ICNS), a distributed network of ganglia and interconnecting nerves, serves as the final
common pathway for the integration of neural inputs to the heart. Despite the importance of the
ICNS, the impact of acute and chronic stress on the function of this neural network is not well-
characterized. Therefore, we investigated the acute effects of premature ventricular contractions
(PVCs) and the chronic remodeling induced by myocardial infarction (Ml) on the ICNS by
obtaining in vivo neuronal recordings from beating hearts. Both PVCs and MI affect a critical

population of neurons within the ICNS—Ilocal circuit neurons. Given that they receive a
i



convergence of afferent and efferent inputs and have intra- and interganglionic projections, local
circuit neurons integrate information and coordinate regional cardiac function. Further, Ml
results in the formation of a neural sensory border zone, characterized by diminished afferent
signals from the infarct and preserved signals from border and remote regions of the heart.
These neural effects may underlie, at least in part, the mechanical dyssynchrony, electrical
instability, and reflex activation of the ANS noted with PVCs and after MI. In addition, we
demonstrated that the evoked cardiac response to vagus nerve stimulation, a neuromodulation
therapy being evaluated for cardiac conditions, represents the dynamic interplay between
afferent and efferent vagal fibers and reflex responses of the ANS. In conclusion, a better
understanding of autonomic regulation of the heart will lead to the development of rationale

neuroscience-based therapies for cardiovascular diseases.
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CHAPTER1

Introduction



The human heart beats approximately 100,000 times each day, which amounts to 2.5 billion
times over the lifetime of an individual. Each of these beats is sensed and dynamically regulated
by the autonomic nervous system (ANS). The ANS modulates all aspects of cardiac function,
including chronotropy, dromotropy, inotropy, and lusitropy. Early studies suggested that the
heart was reciprocally regulated by the parasympathetic and sympathetic divisions of the ANS
under the direct control of the central nervous system.z'4 However, it is clear from more recent
work that autonomic control of the heart is much more complex.”” The cardiac ANS is thought
to be composed of a series of interacting feedback loops consisting of intrinsic cardiac ganglia,®
extracardiac intrathoracic ganglia,’ the spinal cord, the brainstem, and higher centers (Figure
1)."12 Together, this neuronal network intricately modulates cardiac excitability and contractile
function on a beat-to-beat basis. Furthermore, autonomic dysregulation has severe
consequences and is central to the evolution of cardiac diseases, including hypertension, ™
arrhythmias,” " and heart failure,' that are major causes of morbidity and mortality. The global
burden of hypertension is 972 million people;'® sudden cardiac death due to ventricular
arrhythmias is responsible for 4 to 5 million deaths each year, making it the single leading cause
of mortality in the world;" '® and heart failure has a prevalence of more than 23 million people
worldwide." Despite its importance, major gaps remain in our understanding of autonomic
control of the heart in health and the adverse remodeling that occurs in disease, particularly at

the foundation of the neuronal hierarchy—the intrinsic cardiac nervous system (ICNS).

Intrinsic cardiac nervous system: the “little brain” on the heart

At the organ level, autonomic regulation of the heart occurs via the ICNS, a distributed network
of ganglia and interconnecting nerves.® An ICNS has been identified in fish and several
mammalian species, including zebrafish,? mice,?' rats,? rabbits,? guinea pigs,?* pigs,?
canines,”® and humans.?” Armour and colleagues showed that the human heart contains over

14,000 neurons.?” Contrary to prior belief, these neurons are not simply a motor relay station for
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autonomic projections to the heart, but instead work in concert with higher centers to modulate
cardiac function.® Further, the ICNS contains all the basic constituents of a neuronal circuit for
cardio-cardiac reflexes, namely afferent neurons, parasympathetic and sympathetic efferent
neurons, and local circuit neurons (LCNSs; Figure 2).2 Within the ICNS, LCNs represent the
predominant subpopulation, and they function to integrate and process information from afferent
neurons regarding the local mechanical environment and chemical milieu and from efferent
neurons.®?® The convergence of inputs onto these neurons is supported by
immunohistochemical studies showing that these neurons display colocalization for multiple

neuronal markers?® *°

and from in vitro and in vivo neuronal recordings.?**' LCNs project to not
only neurons contained within the same intrinsic cardiac ganglion but also those in different
intrinsic cardiac ganglia, extracardiac intrathoracic ganglia, and the central nervous system.®
The convergence of inputs onto and the high degree of interconnectivity between these neurons
is consistent with the idea of local information processing and also allows for dynamic regulation
of cardiac output to meet the body’s requirements. Hence, the ICNS has been referred to as the
“little brain” on the heart.?

ICNS neurons are aggregated in epicardial fat pads overlying discrete regions of the
heart termed ganglionated plexi (GPs). In the human heart, for example, there are 5 atrial and 5
ventricular GPs.?” Cardinal et al. demonstrated that GPs exert preferential, but not exclusive,
influence over specific regions by locally administering nicotine, which activates the ganglionic
synapse, to different GPs (Figure 3).> ** For instance, the right atrial GP primarily controls the

sinoatrial node;33 however, ventricular GPs such as the ventral interventricular GP can modulate

heart rate.® ** The overlap in regions of GP influence is mediated by LCNs.

Extrinsic inputs to the ICNS
The ICNS receives efferent inputs from both the sympathetic (Figure 4) and parasympathetic

division of the ANS (Figure 5). Cardiac sympathetic preganglionic neurons have cell bodies in
3



the intermediolateral cell column between the first and fourth thoracic segments of the spinal
cord.”® Axons from these neurons travel through ventral rami and synapse on postganglionic
neurons in primarily extracardiac intrathoracic ganglia (stellate,** middle cervical,* and
mediastinal ganglia36) but also intrinsic cardiac ganglia.8 Postganglionic neurons then project to
the conduction system (i.e., sinoatrial and atrioventricular node),*” atrial and ventricular
myocardial tissue, and coronary arteries.*® Cardiac afferent neurons that course with
sympathetic efferent fibers to the heart have cell bodies in the dorsal root ganglia and are
pseudounipolar with central axons that synapse on second order neurons in the dorsal horn of
the spinal cord.*

Regarding the parasympathetic division, the vagus nerve is the main efferent and
afferent pathway between the central nervous system and peripheral organs, including the
heart. The cervical vagus is composed of approximately 15% efferent and 85% afferent fibers.*°
Standish and colleagues showed that cardiac parasympathetic preganglionic neurons have cell
bodes in the nucleus ambiguus and, to a lesser degree, dorsal motor nucleus of the medulla by
injecting pseudorabies virus, a trans-synaptic retrograde neuronal tracer, into rat intrinsic
cardiac ganglia.*’ These neurons have axons that travel via the vagus to synapse on
postganglionic neurons in the ICNS. Postganglionic neurons then project to the sinoatrial and
atrioventricular node® and atrial and ventricular myocardial tissue.***® Cardiac afferent neurons
that course with the vagus to the heart have cell bodies in the nodose (inferior jugular) ganglia
and are pseudounipolar with central axons that synapse on second order neurons in the
nucleus tractus solitarii of the medulla.®® *’ Thus, the vagus serves as a major bidirectional
conduit for information between central and peripheral aspects of the cardiac ANS.

Numerous functional studies have investigated the role of the sympathetic and
parasympathetic nervous system on cardiac electrical and mechanical indices.*® 4#52
Cumulatively, these studies have shown that stellate ganglia stimulation enhances heart rate,

atrioventricular conduction, and ventricular contractility, while vagus nerve stimulation (VNS)
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reduces these indices.*® ***' In terms of ventricular electrophysiology, there are differences in
functional innervation between the right and left stellate ganglion. Right stellate ganglion
stimulation leads to shortening of activation recovery interval, a surrogate for local action
potential duration, of the anterolateral walls, whereas left stellate ganglion stimulation leads to
shortening of the posterolateral walls.>' However, right and left VNS lead to similar and
homogenous prolongation of ventricular activation recovery intervals.® Interestingly, this finding
suggests that vagal efferent inputs are uniformly distributed to the ventricles by the ICNS, and
these inputs modulate the activity of not only parasympathetic postganglionic neurons but also
LCNs, which mediate intra- and interganglionic communication.

Although sympathetic and parasympathetic nerves follow different paths to the heart and
mediate distinct cardiac effects, interactions between these systems occur both centrally>® and
peripherally.***" Centrally, sympathetic-parasympathetic interactions occur in the nucleus
tractus solitarii. Neurons in the nucleus tractus solitarii project to the nucleus ambiguus and
dorsal motor nucleus to modulate parasympathetic efferent outflow and to the rostral and caudal
ventrolateral medulla to modulate sympathetic efferent outflow (Figures 4 and 5).%"- %% 859
Interactions also occur at the paraventricular nucleus of the hypothalamus, which receives
viscerosensory inputs from vagal and spinal afferents and projects to autonomic nuclei in the

brainstem and spinal cord.>® Peripherally, interactions occur pre- and post-synaptically at the

55, 60, 61 57, 62

neuroeffector junction on the sinoatrial and atrioventricular node and cardiomyocytes.

Pre-synaptically, norepinephrine and neuropeptide Y released from sympathetic nerve terminals

63, 64 and

can suppress the release of acetylcholine from parasympathetic nerve terminals,
conversely, acetylcholine can suppress the release of norepinephrine.* ¢ Post-synaptic
mechanisms involve norepinephrine activating beta receptors and triggering a G protein
coupled-receptor signaling cascade to increase cyclic adenosine monophosphate and

acetylcholine activating muscarinic receptors to decrease cyclic adenosine monophosphate

(Figure 2).°% %2 Furthermore, while the responses to sympathetic and parasympathetic activation
5



on the end-effector have been well characterized, the effects on and interactions between these
extrinsic inputs at the level of the ICNS remain largely unknown. Chapters 2, 3, and 5 will
evaluate the role of stellate and vagal inputs on the neuronal subpopulations of the ICNS and

this neuronal network overall.

Afferent inputs to the ICNS and potential for cardio-cardiac reflexes
Afferent neurons provide information regarding the local chemical milieu and mechanical
environment of the heart to the ANS on a beat-to-beat basis.? ** The processing of these
sensory signals at multiple levels provides a mechanism for fine-tuned regulation of efferent
signals to the heart (Figure 2). Cardiac afferents include chemosensitive, mechanosensitive,
and nocioceptive neurons, many of which are multimodal.? *°

Premature ventricular contractions (PVCs) are abnormal, extra heart beats that originate
from the ventricles. They are often seen in association with structural heart disease where they
increase the risk for cardiomyopathy and sudden cardiac death; yet, even in structurally normal
hearts, they are ubiquitous.®® ¢’ Precise mechanisms underlying the adverse effects of PVCs

remain unknown, but are likely multifactorial, including mechanical dyssynchrony,®- ®°

abnormalities in calcium handling and oxygen consumption,’® and autonomic imbalance.”" "2
Regarding the ANS, microneurography studies have shown that PVCs increase sympathetic
activity,”" "2 but how this occurs is not well understood. In addition, patients with variability in the
PVC coupling interval have a worse prognosis, with increased risk of left ventricular
dysfunction and sudden cardiac death.”* ’® Intriguingly, sensory neurons in the visual,
auditory, and olfactory systems are known to display enhanced responses to variable compared
to constant stimuli.”® ”” Thus, an afferent-mediated mechanism provides a potential link between

variable coupling PVCs and adverse outcomes. Chapter 4 characterizes the effects of PVCs

and coupling interval on the ICNS and cardiac electrical stability.



Cardiac pacing is commonly used in the clinical setting, despite having detrimental
effects. Pacing has been reported to cause ventricular dyssnchrony,® electrical storm in the
presence of an infarct scar,”® and accelerated progression of heart failure and increased
mortality.®% 8! Similar to PVCs, pacing also alters autonomic tone and causes
sympathoexcitation,?* # likely though activation of afferent mechanosensitive neurons. Chapter

5 investigates the effects of pacing on the ICNS in healthy and infarcted hearts.

ICNS in physiological and pathological states
In physiological states, the ICNS is thought to act as a low-pass filter to minimize the potential
for imbalances in the diverse, extrinsic inputs to the heart.®®® Not surprisingly, studies have
shown that targeting atrial GPs of the ICNS, a therapy being evaluated for atrial fibrillation, has
no effect on atrial fibrillation reoccurrence® but increases the risk for sinus node dysfunction®
and ventricular arrhythmias.?*®° The ICNS is also capable of modulating cardiac function even
when disconnected from higher centers of the cardiac ANS, such as occurs following heart
transplantation.®” % Interestingly, heart transplant patients have a decreased susceptibility to
atrial®® and ventricular fibrillation,** suggesting that the ICNS itself has stabilizing features that
include an anti-arrhythmic effect. It is also known that delinking the higher centers from the
ICNS (e.g., bilateral cervicothoracic sympathetic decentralization) has a profound protective
effect against ventricular arrhythmias.95 Further, Kember et al. used mathematical modeling to
demonstrate that the cardiac ANS has not evolved to deal with myocardial infarction (MI), due to
conflicts between central and peripheral aspects,® lending support to the physiological function
of the ICNS.

Pathological states such as MI have direct and indirect effects on neurons within the
cardiac ANS (Figure 6). A lack of energy substrates and an accumulation of chemicals, such as
adenosine and reactive oxygen species, secondary to the ischemia leads to altered activity of

cardiac afferent neurons.?”*° Aberrant and excessive activity of these neurons leads to reflex
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sympathoexcitation.® While acutely sympathoexcitation helps maintain cardiac output,
chronically it leads to maladaptive neuronal remodeling throughout the cardiac ANS." At the
level of the myocardium, there is denervation of infarct scar and hyperinnervation of the scar
border zone, resulting from the production and release of nerve growth factor and other
signaling molecules from injured nerves.' In the stellate ganglia, an increase in neuronal size,
synaptic density, and neural activity has been reported.'%"%

There is limited data on the structural and functional remodeling that occurs in the ICNS
after MI. Neurons have been observed to contain lamellated inclusions and vacuoles and
display degenerative changes in dendrites and axons.'® In addition to histologic and
morphological changes, neurons show augmented excitability, synaptic efficacy, and
neurochemical modulation post-MI."*" "% However, it is not yet understood how this Ml-induced
remodeling impacts the ability of this neuronal network to process and integrate the multimodal
afferent and efferent inputs it receives. Chapter 5 will characterize the effects of Ml on the

structure and in vivo function of the ICNS.

Neuromodulatory approaches for cardiac disease

Given the adverse remodeling that occurs at multiple levels of the cardiac ANS,
neuromodulatory approaches such as VNS have emerged as novel treatments for cardiac
disease. However, despite showing promise in animal models,'® the results from large-scale
clinical trials of VNS for heart failure have been mixed."®""® This variability is likely due to
conceptual and technical limitations, as successful application of VNS requires understanding
the effects of fiber composition (afferent vs. efferent) and stimulation parameters (current,
frequency, and pulse width) on the evoked cardiac response. It is also critical to consider the
direct and reflex responses to VNS. Since ANS functions to maintain cardiac stability, artificially

perturbing this system in one direction induces a reflex response in the opposite direction.



Chapters 2 and 3 will dissect the effects of fiber type and stimulation parameters on the

integrated cardiac response to VNS.

Conclusion

The ICNS is the final common pathway for integration of neural inputs to the heart and is critical
for maintaining normal rhythm and sustaining circulation. The overarching focus of this
dissertation will be to characterize the structure and function of the ICNS as it adapts to acute
and chronic pathology. Understanding the neural signature of the ICNS in healthy and disease
states could provide insights into how the nervous system responds to injury of a vital organ.
Moreover, neuroscience-based therapies for cardiac disease could emerge from further study of

the cardiac ANS, starting at its foundation—the ICNS.
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NICOTINE INJECTION RAGP DAGP LAGP IVC-ILAGP RVGP VSVGP CMVGP

Heart rate effects 13/13 7/8 5/10 5/9 3/3 5/7 7/9
Tachycardia post-bradycardia 8/13 2/8 2/10 2/9 1/8 0/7 4/9
Atrial tachydysrhythmias 0/13 2/8 1/10 0/9 0/3 0/7 3/9
AV nodal block 7/11 3/6 2/9 1/7 1/3 0/5 6/8

Figure 3. Interconnectivity of ganglionated plexi (GPs) of the intrinsic cardiac nervous
system. Nicotine, which activates the ganglionic synapse, was applied to different GPs and
evoked changes in cardiac indices was evaluated. AV, atrioventricular; CMVGP, craniomedial
ventricular GP; CS, coronary sinus; DAGP, dorsal atrial GP; IVC, inferior vena cava; IVC-ILA,
inferior vena cava-inferior left atrial GP; LA, left atrium; LAGP, left atrial GP; PA, pulmonary

artery; RA, right atrium; RVGP, right ventricular GP; SVC, superior vena cava.
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Parasympathetic innervation of the heart
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CHAPTER 2

Vagus nerve stimulation activates vagal afferent fibers that reduce cardiac efferent

parasympathetic effects
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The autonomic nervous system plays a central role in the initiation and maintenance of
ventricular arrhythmias." ? Parasympathetic withdrawal, as manifested by decreased heart rate
(HR) variability and baroreflex sensitivity, is pro-arrhythmic, while increasing parasympathetic
input to the heart via vagus nerve stimulation (VNS) is thought to be cardio-protective.®”
Specifically, VNS has been shown to decrease infarct size,® ° reduce ischemia-related
ventricular arrhythmias,” ' and improve survival in animal models of heart failure.” The
electrophysiological effects of stimulation of the intact right and left vagosympathetic trunk
appear to be similar in a porcine model, without significant global or regional differences.'?
Although the vagosympathetic trunk provides cardiomotor efferent fibers to the heart, more than
80% of the fibers contained within the vagus nerve are afferents, transducing information from
visceral organs, including the heart, to the central nervous system.'"® VNS likely leads to
activation of both afferent and efferent fibers, and may cause reflex autonomic activation
through the contralateral trunk and via the paravertebral chain and dorsal root ganglia. However,
the role of afferent fibers on efferent parasympathetic outflow during VNS remains unknown.
Furthermore, whether VNS elicits primarily activation of afferent fibers in the stimulated trunk, or
activation of afferent and efferent fibers in the contralateral trunk due to reflex mechanisms
remains to be elucidated. This is especially important, as many of the studies that demonstrated
an anti-arrhythmic benefit from VNS were performed in the decentralized state, after transection
of the vagal trunk, stimulating only the efferent fibers.'®?* Other studies have used an isolated
innervated preparation, where cardiac afferent fibers no longer play an important role. 2%
Meanwhile, the majority of the studies showing pro-arrhythmic effects were done in the intact
state.? Furthermore, a large-scale human clinical trial of VNS for the management of heart
failure did not reproduce the expected benefit noted in animal studies.* These conflicting
results are likely due to a lack of understanding of the contribution of afferent fibers to efferent

cardiac control during VNS. The purpose of this study was to characterize the effects of afferent
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activation during VNS on modulation of cardiac electrical and mechanical indices by comparing

states with the vagus nerve intact vs. transected.

METHODS
All procedures were performed in accordance with guidelines of University of California, Los
Angeles (UCLA) Institutional Animal Care and Use Committee and the National Institutes of

Health Guide for the Care and Use of Laboratory Animals.

Surgical preparation

Yorkshire pigs (n = 37, male or female, weighing 50 + 3 kg) were sedated with telazol (6-8
mg/kg, intramuscular), followed by endotracheal intubation, mechanical ventilation, and
anesthesia with isoflurane (1-1.5%, inhalation). Intermittent boluses of fentanyl (50-100 mcg,
intravenous) were given for analgesia during surgical preparation. A surface 12-lead
electrocardiogram was obtained via Prucka Cardio Lab System (GE Healthcare, Fairfield, CT,
USA). Arterial blood pressure monitoring was performed via a 5-French sheath in the femoral
artery, and saline and medications were infused via a 5-French sheath in the femoral vein.
Lateral neck dissections were performed and the cervical vagus nerves were isolated at the
cricoid level bilaterally, and the heart was exposed via a median sternotomy. Arterial blood gas
levels were measured hourly. The ventilator settings were adjusted or sodium bicarbonate
administered to maintain acid-base homeostasis. After completion of surgery, anesthetics were
switched from isoflurane to a-chloralose (50 mg/kg intravenous bolus, followed by 20-30
mg/kg/hr, continuous intravenous infusion), followed by a stabilization period of 1 hour. Animals
were euthanized by an overdose of sodium pentobarbital (200 mg/kg, intravenous), followed by

potassium chloride (150 mg/kg, intravenous) to arrest the heart.

31



VNS

Bipolar cuff electrodes (PerenniaFlex Model 304; Cyberonics Inc., Houston, TX, USA) were
placed around the cervical vagal trunks and connected to a Grass S88 stimulator (Grass
Technologies, Warwick, RI, USA) via photoelectric current isolation units (PSIU6; Grass
Technologies). VNS was performed with square pulses (10 Hz, 1 ms). Bradycardia threshold for
each vagus nerve was defined as the current required to achieve a 10% decrease in HR. VNS

was performed for 20 seconds at 1.2x threshold.

Cardiac electrophysiological recordings and analysis
Multiple unipolar epicardial electrograms were continuously recorded from a 56-electrode sock
placed over the ventricles, connected to a Prucka Cardio Lab System (GE Healthcare). The
activation recovery interval (ARI) from each electrode was analyzed using Scaldyn (University of
Utah, Salt Lake City, UT, USA)."* 3 % Briefly, activation time (AT) was defined as the interval
from the beginning of the QRS to the minimum dV/dt of the activation wavefront, and recovery
time (RT) was defined as the interval from the beginning of the QRS to the maximum dV/dt of
the repolarization wavefront. ARI was then calculated by subtracting AT from RT. ARI has been
shown to correlate well with local action potential duration.®”*® For purposes of this manuscript,
anterior refers to the ventral aspect and posterior refers to the dorsal aspect of the animal. Mean
ARIs in the following regions were quantified: left ventricle (LV) anterior, LV lateral, LV posterior,
LV apex, right ventricle (RV) anterior, RV lateral, RV posterior, and RV outflow tract. The median
number of electrodes in each region was 4 (range: 3-6). Polar maps were also generated from
the sock electrode array to assess regional ARIs qualitatively using the program map3d
(University of Utah, Salt Lake City, UT, USA; Figure 1).

The PR interval was measured from the beginning of the P wave to the start of the Q

wave on the surface electrocardiogram. Either lead Il or aVF was used, whichever provided the

32



clearest P wave. The same lead was used under all conditions in each animal.

Hemodynamic assessment
A 12-pole conductance pressure catheter (5 French) was placed in the LV via the left carotid
artery and connected to a MPVS Ultra Pressure Volume Loop System (Millar Instruments,
Houston, TX, USA). Appropriate catheter placement was confirmed by cardiac ultrasound (GE
Healthcare, Fairfield, CT, USA) and via the pressure-volume loops recorded. Tau was
calculated using the method, defined by Weiss et al. from the pressure-volume loop as a
parameter describing the time course of the exponential decay in LV pressure during isovolumic
relaxation.* The following equation was used to calculate Tau:

P(t) = AL

where P is LV pressure, Ais a constant, and t is time from -dP/d .

Experimental protocol
The experimental protocol and the number of animals used in each group are shown in Figure

2.

Intact VNS
Unilateral right (RVNS) and left VNS (LVNS) were performed randomly (10 Hz, 1 ms, 1.2x

threshold) with both vagus nerves intact (n = 25).

Ipsilateral vagus nerve transection (VNTX)
Subsequently, the right (n = 11) or the left vagus nerve (n = 14) was transected 2 cm above the
stimulation probe. At least 20 minutes of observation was used to allow for cardiac electrical and

mechanical indices to return to stable values. Next, the threshold test was repeated, and the
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current required to achieve a 10% decrease in HR was re-measured. After the new threshold
was obtained, ipsilateral stimulation of efferent fibers (i.e., stimulation of the distal/caudal end of

the vagal trunk) was performed using the same current as the intact state.

Contralateral VNTx

RVNS was performed in the setting of left (contralateral) VNTx (n = 10), and LVNS in the setting
of right (contralateral) VNTx (n = 7). After contralateral transection, at least 20 minutes of
observation was allowed for stabilization of cardiac electrical and mechanical indices. Next, the
threshold current required for a 10% decrease in HR was re-measured in the setting of
contralateral transection. RVNS or LVNS in the setting of contralateral transection was then

performed using the same current as the intact state.

Bilateral VNTx

After right or left VNTX, the remaining intact vagus nerve was transected to study the effect of
bilateral transection on cardiac electrical and mechanical indices. The new threshold current for
either RVNS or LVNS was re-measured after bilateral transection. Subsequently, RVNS or
LVNS (i.e., stimulation of the distal/caudal end of the vagal trunk) was then performed using the

same current as the intact state.

Atropine infusion

To compare cardiac electrical and mechanical effects of efferent muscarinic blockade with
bilateral VNTXx, atropine was administered (0.04 mg/kg bolus, intravenous) with both vagus
nerves intact (n = 12). The HR, systolic blood pressure (SBP), LV contractility, and ARIs were
measured at baseline and after 5 minutes of infusion. Comparison of muscarinic efferent

blockade with atropine to bilateral transection was performed to provide insight as to whether
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the hemodynamic and electrophysiological changes observed after transection were due to

either sympathoexcitation or withdrawal of parasympathetic efferent tone.

Statistical analysis

Data are presented as mean * the standard error of the mean. Comparison of the change in ARI
with atropine to bilateral VNTx was performed using the Wilcoxon rank-sum test. Baseline
values and percent changes from baseline during VNS were compared between various
experimental conditions (intact, ipsilateral, contralateral, and bilateral VNTXx) using separate
linear mixed effects models, including random animal effects to account for repeated
measurements. Comparisons between pairs of conditions were performed using model
contrasts. P values < 0.05 were considered to be statistically significant. To account for multiple
comparisons within each experiment, we report which differences remained significant after
controlling for the false discovery rate at 5%. The Benjamini-Hochberg procedure was used to
control the false discovery rate. All analyses were performed using SAS version 9.4 (SAS

Institute Inc., Cary, NC, USA).

RESULTS
Effect of VNTx on cardiac electrical and mechanical indices
The hemodynamic and electrophysiological responses to ipsilateral and bilateral VNTx are
shown in Table 1. Right transection increased HR, decreased SBP, and decreased Tau (P <
0.05), but did not affect LV contractility. Left transection also increased HR and decreased Tau
(P < 0.05), but did not affect SBP or LV contractility. There were no differences in hemodynamic
indices with bilateral compared to ipsilateral transection.

Both right and left transection shortened PR interval (P < 0.05). Mean global ventricular

ARI was decreased by right (338 £ 15 to 298 + 20 ms; P < 0.01) and left transection (361 + 14

35



to 330 £ 13 ms; P < 0.01; Figures 3 and 4). The hemodynamic and electrophysiological effects,
however, stabilized at ~5 minutes after transection and remained stable at 20 minutes (Table 2).
Immediately after right transection, an increase in HR, SBP, and LV dP/df,.xand a decrease in
LV dP/dt.in was noted that returned to baseline after 5 minutes (P < 0.05). This pattern was also
seen after left transection. After bilateral transection, differences in hemodynamic and
electrophysiological indices remained significant compared to the intact state, but were not
different than ipsilateral transection. The mean global ventricular ARI in all animals decreased
from the intact state after bilateral transection (351 £ 10 ms in the intact state to 303 + 13 ms
after bilateral VNTx; AARI of 47 + 9 ms; %change ARI of 14 + 3%; P < 0.001). AT was not

affected by either right or left transection.

Effect of atropine on cardiac electrical and mechanical indices

Atropine increased HR (75 £ 3 to 91 £ 3 bpm; P < 0.05) and SBP (124 + 5 to 130 + 6 mmHg; P
< 0.05). Atropine shortened ARI (365 + 20 to 319 + 15 ms; P < 0.05). Furthermore, the change
in ARI with atropine (AARI of 46 + 12 ms, %change ARI of 11 = 2%) was not different than that

after bilateral VNTx (AARI of 51 £ 10 ms, %change ARI of 15 £ 13%; P = 0.6).

Hemodynamic response to RVNS and LVNS in the setting of intact, ipsilateral,
contralateral, and bilateral VNTx

Intact VNS

With both vagus nerves intact, RVNS and LVNS decreased HR, SBP, and dP/dtm.x and

increased dP/dty,,and Tau (P < 0.05; Table 3).

Ipsilateral and bilateral VNTx and VNS

In response to RVNS after ipsilateral VNTx, HR, SBP, dP/dt.x, and Tau decreased and dP/dtmin
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increased (P < 0.05; Table 1). RVNS after bilateral transection had no additional effects.

A decrease in SBP and an increase in dP/dt,, was observed with LVNS after ipsilateral
transection compared to the intact state (P < 0.05), but no changes in HR, dP/dty.x, and Tau
were noted. After subsequent contralateral transection (i.e., bilateral VNTXx), the hemodynamic
effects of LVNS were further augmented, and the changes in HR, dP/dt.x, and Tau reached

significance compared to the intact state (P < 0.05).

Contralateral VNTx and VNS
RVNS in the setting of contralateral VNTx did not affect HR, SBP, dP/dtyax, dP/dtmin, Or Tau
compared to the intact state (Table 3). Similarly, LVNS in the setting of contralateral VNTx did

not alter hemodynamic or electrophysiological indices.

Impact of ipsilateral, contralateral, and bilateral VNTx on bradycardia threshold during
RVNS and LVNS

Bradycardia threshold, the current required to produce a 10% reduction in HR, with RVNS was
reduced after ipsilateral and bilateral VNTx compared to the intact state (P < 0.05; Figure 3).
Similarly, a reduction in threshold was also observed with LVNS after ipsilateral and bilateral
transection (P < 0.05; Figure 4). There were no differences in the threshold current between
ipsilateral vs. bilateral transection for RVNS or LVNS. The RVNS threshold decreased after
contralateral transection compared to the intact state (P < 0.05), whereas LVNS threshold was

not changed by contralateral transection (Figure 5).

Effect of ipsilateral, contralateral, and bilateral VNTx on cardiac electrical indices during
RVNS and LVNS

Using the same current as the intact state, RVNS after ipsilateral VNTx augmented the
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percentage change in ARI (2.2 £ 0.9% to 5.8 £ 1.7%; P < 0.01; Figure 3). After subsequent
contralateral transection (i.e., bilateral VNTx), RVNS did not demonstrate additional effects.
LVNS after ipsilateral transection demonstrated a trend towards increasing ARI (1.1 £ 0.5% to
3.6 £ 0.7%), but these differences did not reach significance (P = 0.07; Figure 4). After
subsequent contralateral transection (i.e., bilateral VNTXx), LVNS caused a significant increase in
ARI compared to the intact state (6.6 + 1.6% vs. 1.1 £ 0.5%; P < 0.01).

In the setting of ipsilateral transection, both RVNS and LVNS prolonged PR interval
compared to the intact state (P < 0.05; Table 1). After bilateral transection, the increase in PR
interval with RVNS and LVNS remained significant compared to the intact state, but was not
different from ipsilateral transection.

RVNS in the setting of contralateral transection did not alter ARI compared to the intact
state (3.3 £ 1% vs. 2.8 + 1%; P = 0.53; Figure 5). Similarly, LVNS in the setting of contralateral
transection did not change ARI compared to the intact state (6 £ 2% vs. 4 £ 1%; P = 0.15).

AT was not affected by VNS in the intact state (24 + 2 at baseline vs. 25 +2 ms during
RVNS; 22 + 1 ms at baseline vs. 21 + 1 ms during LVNS). Furthermore, ipsilateral, contralateral,

and bilateral transection did not affect AT.

The impact of VNTx on regional ARI

After right VNTX, regional ARI shortened in all regions (P < 0.05; Figure 6). RVNS after
ipsilateral transection had an augmented effect on ARI across all regions compared to the intact
state (P < 0.05). RVNS after bilateral transection did not show significant additional prolongation
beyond ipsilateral transection. Left transection also shortened ARI in all regions compared to the
intact state (P < 0.05; Figure 7). However, the additional change in ARI after bilateral transection
was not significant compared to ipsilateral transection. LVNS after ipsilateral transection showed

a trend for greater prolongation in ARI across all regions compared to the intact state, but these
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differences did not reach significance after controlling for the false discovery rate. However,
after subsequent contralateral transection (i.e., bilateral VNTXx), LVNS significantly augmented

the effects on regional ARI compared to the intact state (P < 0.05).

DISCUSSION

Major findings

In this study, a comprehensive evaluation of the effects of VNS on cardiac electrical and
mechanical indices before and after VNTx was undertaken to assess the role of vagal afferent
fiber activation on cardiac efferent parasympathetic control. The major findings are:

(1) Activation of vagal afferent fibers with VNS reduces its efferent effects and diminishes
parasympathetic drive. Therefore, the effect of VNS on hemodynamic and
electrophysiological parameters was augmented after ipsilateral transection. This
suggests that activation of afferent fibers in the stimulated trunk directly contributes to
withdrawal of parasympathetic tone, and possibly, sympathoexcitation.

(2) The magnitude of the effects of bilateral transection was similar to infusion of atropine,
suggesting that these changes were driven primarily by withdrawal of efferent
parasympathetic tone, rather than sympathetic activation due nerve injury or decrease in
inhibition of sympathetic fibers by afferent fibers in the vagus nerve.

(3) Unilateral transection (right or left) is sufficient to cause a significant withdrawal in

parasympathetic tone in the porcine model.

Impact of VNTx on global ventricular repolarization
Despite the fact that the vagus is a complex nerve, consisting of predominantly afferent fibers,'*
'* the detailed effects of VNTx on cardiac electrical and mechanical indices have not been

elucidated. The effect of transection on HR, sinus cycle length, and AH interval had been
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previously reported,*®** but no further delineations of the reason for these effects were
undertaken. In addition, MacCanon and Horvath in 1957 performed chronic bilateral transection
in a canine model and, in the animals that survived, noted an initial increase in HR and SBP that
returned to baseline levels within 15-20 minutes. They further observed a sustained decrease in
cardiac output over time.*? In the porcine model, unilateral and bilateral transection caused
significant hemodynamic and electrophysiological effects that were maintained at 20 minutes.
Unlike our study, that shows that unilateral transection causes a significant withdrawal of
parasympathetic tone, in canines with normal hearts unilateral transection did not affect HR and
only after bilateral transection was tachycardia observed, suggesting significant interspecies
differences.*’ Brooks and colleagues showed a decrease in repetitive extrasystole threshold, a
surrogate of ventricular vulnerability to ventricular fibrillation, after either right or left transection
in canines with normal hearts, but the effect on VNS or other cardiac indices after transection
were not reported.’” They did note that bilateral transection had minimal additional effects to
unilateral transection on repetitive extrasystole threshold. Schwartz and colleagues assessed
the effects of transection and atropine on ventricular refractory periods. Unlike our findings, this
study demonstrated a modest effect of bilateral transection on refractory period (2-3 ms) after
atropine infusion.* Possible explanations for the differences observed are due the fact that, in
the study by Schwartz and colleagues, ventricular refractory periods were measured with
ventricular pacing/extrastimulus testing, which is known to causes an enhanced sympathetic
tone*® that could additionally shorten refractory period, diluting the results. Furthermore, spatial
heterogeneities across the RV and LV have not been previously assessed. In this study, we
show that bilateral transection has significant effects on HR, PR interval, ARI, and Tau. Regional
ARI effects were similar. Possible explanations for these findings are loss of inhibition of
sympathetic tone by vagal afferent fibers after transection, leading to sympathoexcitation, or

withdrawal of efferent parasympathetic tone. The effects of bilateral transection on ARI were
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similar to atropine infusion, suggesting that the majority of the electrophysiological effects of

transection are due withdrawal of efferent parasympathetic tone.

Effect of VNS during intact, and after ipsilateral, contralateral, and bilateral VNTx on
cardiac electrical and mechanical indices

Vagal afferent fibers from the heart and baroreceptors travel via pseudo-unipolar neurons
through the nodose ganglia (inferior vagal ganglia) and synapse in the nucleus tractus solitarus.
Efferent vagal fibers originate in the nucleus ambiguus and dorsal motor nucleus,*®*’
innervating the sinoatrial node, the atrioventricular node, and atrial and ventricular myocardium
through the intrinsic cardiac nervous system.*®*® We had previously shown that stimulation of
the intact right or left vagus nerves has similar hemodynamic and electrophysiological effects, '
as both of these nerves provide preganglionic efferent fibers that synapse in intrinsic cardiac
ganglia. As the vagal trunk consists primarily of afferent fibers, the role of these fibers,
particularly during stimulation, need to be clearly assessed. Multiple studies have shown
beneficial effects of VNS in preventing arrhythmias, but the large majority of these studies were

16-25, 50

performed in animal models in the decentralized state, after VNTX, or in isolated

innervated hearts,?% 251

where afferent activation was not possible. Other studies that
demonstrated some benefit in the intact state often had mixed results, showing a reduction of
polymorphic ventricular arrhythmias, but an increase in monomorphic ventricular tachycardia.*
Still, other studies have reported pro-arrhythmic effects or greater burden of ventricular
arrhythmias during intact stimulation with or without ischemia.?**** Meanwhile, a large
randomized prospective clinical trial, Neural Cardiac Therapy For Heart Failure (NECTAR-HF)
failed to demonstrate the benefits of VNS in heart failure patients that had been observed in

animal models.** The mixed results of these studies may be due to the method of stimulation,

neglecting the role of afferent fiber activation.®® In our study, vagal afferent fibers did not play a
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significant role on cardiac electrophysiological and hemodynamic parameters in the resting
state, and the primary effects of transection could be explained by the removal of efferent
parasympathetic tone. However, during VNS, afferent fibers were activated and played a
significant role in reducing the effects of cardiac efferent parasympathetic control. Transection of
the ipsilateral and bilateral vagal trunks followed by stimulation significantly augmented the
electrophysiological and hemodynamic effects of VNS. Transection of the contralateral vagal
trunk and removal of the contralateral vagal afferents did not have as great of an effect, as this
was not the trunk that was being actively stimulated. However, the inhibitory role of even these
contralateral afferents at modest stimulation levels, as demonstrated by the decrease in
threshold of RVNS after left transection, suggests that the autonomic nervous system is an
integrated network that senses hemodynamic changes acutely and acts to return these changes
to the baseline state. Direct stimulation of afferent fibers and hemodynamic changes transduced
by contralateral vagal afferent fibers can lead to activation of neurons in the nucleus tractus
solitarus that subsequently could inhibit parasympathetic outflow from the dorsal motor nucleus
or nucleus ambiguous and may even cause sympathoexcitation. It is also possible that
activation of these fibers could lead to sympathoexcitation either via reflex activation or by direct
activation of these fibers in the vagal trunk. It has been reported that vagus nerve is a complex
nerve that has contains sympathetic fibers, particularly at the level of the thorax.”® Therefore,
the possibility of activating these fibers also exists with electrical stimulation. However, in this
study, the role of these sympathetic fibers is likely to be negligible. If these fibers were
responsible for sympathoexcitation, then upon transection, similar sympathetic effects would
have been observed. Instead, an increase in parasympathetic effects was found.

Previous studies had also suggested an inhibitory role of vagal afferent fibers on reflex
sympathetic outflow.** *° Based on these studies, we would have expected a decrease in the

magnitude of the effects of VNS after VNTXx, rather than augmentation, since the inhibitory input
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of vagal afferents on sympathetic efferents would be removed. The results of our study were
surprising, but do show that activation of afferent fibers by electrical stimulation of the vagus
nerve reduces parasympathetic efferent outflow and may cause reflex sympathoexcitation,

counteracting or reducing the beneficial effects of VNS. Therefore, the role of these afferent

fibers must be considered when performing VNS in the intact state.

Right vs. left VNTx and effects of VNS

Compared to RVNS, the effect of LVNS on ARI was more significant after bilateral VNTx
compared ipsilateral transection. This may suggest that the right vagus nerve may contain
greater cardiac afferent mechanoreceptor fibers. These fibers are intact in the setting of
ipsilateral (left) transection, and may be activated by the reduction in SBP and dP/dt.x during
VNS, causing reflex sympathetic activation or greater withdrawal of parasympathetic tone
through this intact nerve, and subsequently inhibiting to some degree, the increase in ventricular
ARI observed during LVNS. Our results support those of Hirota and Ishiko, who performed
VNTx before and after bilateral cranial nerve IX stimulation to assess the effect of afferent
activation using gustatory stimuli.*° As in our study, Hirota and Ishiko also noted subtle
differences in HR and blood pressure, depending on the order that the vagus nerves were
transected, with less tachycardia after left compared to right transection.*® They also showed
that the tachycardia response to gustatory stimuli was reduced more after right than left
transection, again suggesting that the right vagus nerve may contain more cardiac afferents
fibers.* Chen et al. showed an increase in HR, blood pressure, LV systolic pressure, and
dP/dt, after both unilateral right and left transection.*® However, baroreflex sensitivity was
increased only after right transection, also suggesting a greater role for cardiac vagal afferent

fibers in the right vagus nerve.
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LIMITATIONS

General anesthesia can cause suppression of nerve activity. However, we were able to reliably
record a cardiomotor response during VNS. To reduce the effect of inhaled anesthetics, a-
chloralose infusion was used during the assessment of VNS on cardiac electrical and
mechanical indices. For global and regional analysis, ARIs were not corrected for HR, as any
HR effects, particularly with regards to assessment of parasympathetic tone are physiologically
important. Furthermore, HR would not affect regional differences, as these were assessed at the
same HR and percentage changes used to assess regional differences. Atrial and ventricular
pacing was not performed to correct for HR, given the effect of pacing on altering autonomic
tone.*® Effects of VNS were evaluated at 1 frequency and pulse width. This frequency and pulse
width was chosen to avoid aggressive stimulation. Higher frequencies that are thought to
specifically and only activate afferent fibers in epilepsy studies were avoided. Additionally,
narcotics, such as fentanyl, can cause central modulation of parasympathetic tone through
interaction with the mu opioid and OLR-1 receptors in the nucleus ambiguus. However, the use
of fentanyl was standardized across all animals and recordings were performed after initiation of
a-chloralose during steady state. Finally, the vagus nerve contains afferent fibers from many
visceral organs. Therefore, it is not clear from this study activation of which afferent fibers may

have led to a reduction in cardiac parasympathetic efferent outflow or sympathoexcitation.

CONCLUSIONS

Parasympathetic efferent cardiomotor fibers in both the right and left vagus nerve are required
for maintaining the resting basal parasympathetic tone. Vagal afferents are activated during
VNS and decrease efferent parasympathetic electrophysiological and hemodynamic effects.
The activation of both ipsilateral afferent fibers and reflex activation of the autonomic nervous

system must be considered when applying VNS.
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Hemodynamics

BL Post1 min Post5 min Post 10 min Post 20 min
Right VNTx (n = 8)
HR (beats/min) 816 91 + 6* 916 92+6 94 +6
SBP (mmHg) 108+ 6 114 £ 7% 109 + 8* 107 £ 8 104 £ 8
dP/dt,.x (MmHg/s) 1,837 £+ 166 1,894 + 145* 1,883 +135 1,875+130 1,833+ 130
dP/dt, i, (MmHg/s) -2,697 + 478 —-2,931 £ 430* —-2,927 + 460 —-2,832 + 465 -2,744 + 448
Left VNTx (n=13)
HR (beats/min) 73+4 81+ 4> 835 85+5 84+5
SBP (mmHg) 125+ 6 136 £ 7* 134 +7 13517 13317
dP/dt,.x (MmHg/s) 1,682+130 1,768 +131* 1,800+137 1,812+136 1,806 + 145
dP/dt, i, (mmHg/s) —-2,933 + 226 —-3,184 + 243* —-3,219 + 267 -3,236 £ 251 -3,249 + 275

Global mean ventricular ARl (ms)
Unilateral left VNTx (n = 14) 354 +14 338 + 14* 333+13 331+£13 33112
Unilateral right VNTx (n=9) 339 + 20 321 £ 19* 321 +£19 318+ 20 316 £ 20
Bilateral VNTXx (n = 23) 322 + 11 310 + 12~ 309 + 11 308 + 11 310+ 11

Table 2. Hemodynamic and electrophysiological responses to right and left vagus nerve
transection (VNTXx). ARI, activation recovery interval; BL, baseline; HR, heart rate; SBP,

systolic blood pressure. * P < 0.05 vs. prior condition.
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Intact

Contralateral VNTx

BL VNS %Change BL VNS %Change

HR (beats/min)

Right (n = 10) 79+4 69 + 3* -11+2 86 + 4# 73+2* -15+2

Left (n =8) 82+5 75+ 5* -9+1 94 + 6# 83 + 5* -11+2
SBP (mmHg)

Right (n = 10) 133+8 123+ 7* -7x1 130 + 8# 118 = 8* -10+1

Left (n =8) 19+7 115 + 8* -4 +1 101 £ 9# 94 + 9* -8+2
dP/dtnax (MmHg/s)

Right(n=7) 1,673+102 1,576 + 96* -6+1 1,613+99 1,475+ 82* -8+2

Left(n=7) 2,060+ 191 1,904 +173* -7%1 1,815+ 159 1,678 + 161* -8+2
dP/dt.,;i, (mmHg/s)

Right (n=7) -2,916 + 373 -2,705 + 368* 8+1 -3,030 £ 334 -2,704 + 321* 1+2

Left(n=7) -3,281 £ 509 -2,981 + 468* 103 -2,832 £ 534 -2,565 + 554* 14 +4
Tau (ms)

Right (n = 7) 37+2 41 + 3% +3 35+ 2# 38 £ 3* 62

Left (n=7) 39+5 3+5* +3 31+2# 35+ 2* 1313
PR interval (ms)

Right (n = 10) 115+ 4 131 £ 5* 14 +2 101 £ 4# 127 £ 5* 27+6

Left (n = 8) 115+ 4 141 + 11* 22+8 105 + 3# 132 + 9* 25+6

Table 3. Effect of vagus nerve stimulation (VNS) on hemodynamic indices after

contralateral vagus nerve transection (VNTx). BL, baseline; HR, heart rate; SBP, systolic

blood pressure. * P < 0.05 vs. BL; # P < 0.05 vs. intact state.
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Figure 1. An example of the porcine heart, the sock electrode array on the heart, and a polar
map graphic demonstrating the location of the electrodes from the sock on the polar map. The
course of the left anterior descending coronary artery (LAD) is approximated on the polar map

for reference.
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Figure 2. Flow chart of the experimental protocol. 25 of 37 animals underwent vagus nerve
stimulation (VNS) followed by vagus nerve transection (VNTXx), and 12 of 37 animals received

only atropine infusion. Animals with ipsilateral VNTx also underwent bilateral VNTXx after right

(RVNS) or left VNS (LVNS).
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Figure 3. Effects of ipsilateral (right) and bilateral vagus nerve transection (VNTx) on
cardiac electrical and mechanical indices at baseline (BL) and during right vagus nerve
stimulation (RVNS). Top: Representative polar maps obtained from the sock electrode array of
1 animal at BL and during RVNS before and after ipsilateral and bilateral VNTx. The polar maps
demonstrate that activation recovery intervals (ARIs) increased in all regions during RVNS, and
during RVNS after transection, the magnitude of increase in ARI was greater. Bottom:
Combined data from all animals that underwent RVNS before and after ipsilateral and bilateral
transection. Ipsilateral and bilateral transection decreased stimulation threshold and mean
global ventricular ARIs. The change in ARI and dP/dt.x during RVNS were augmented by

ipsilateral and bilateral transection. * P < 0.05 vs. BL; # P < 0.05 vs. intact state.
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Figure 4. Effects of ipsilateral (left) and bilateral vagus nerve transection (VNTx) on
cardiac electrical and mechanical indices at baseline (BL) and during left vagus nerve
stimulation (LVNS). Top: Representative polar maps obtained from the sock electrode array of
1 animal at BL and during LVNS before and after ipsilateral and bilateral VNTx. The polar maps
demonstrate that activation recovery intervals (ARIs) decreased uniformly across all regions
after transection. The magnitude of increase in ARI during LVNS appeared to be greatest after
bilateral transection. Bottom: Combined data from all animals that underwent LVNS before and
after ipsilateral and bilateral transection. Ipsilateral and bilateral transection decreased
stimulation threshold and mean global ventricular ARIs. The change in ARI and dP/dtn.x during
LVNS was augmented by ipsilateral transection, but this difference did not reach statistical

significance until after bilateral transection. * P < 0.05 vs. BL; # P < 0.05 vs. intact state.
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Figure 5. Effects of contralateral vagus nerve transection (VNTx) on cardiac electrical and
mechanical indices during vagus nerve stimulation (VNS). (A) The current required to
achieve a 10% decrease in heart rate, defined as the bradycardia threshold, was decreased
during right VNS (RVNS) after contralateral VNTx. However, no significant additional changes in
activation recovery interval (ARI) or dP/dt.x during RVNS were observed. (B) There were no
significant changes in stimulation threshold, mean global ventricular ARI, and dP/dfy.x during left
VNS (LVNS) after contralateral transection. * P < 0.05 vs. BL. # P < 0.05 vs. intact state. BL,

baseline.
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Figure 6. Regional cardiac electrical indices during right vagus nerve stimulation (RVNS)

before and after ipsilateral and bilateral vagus nerve transection (VNTXx). Regional
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activation recovery intervals (ARIs) decreased after ipsilateral VNTx with minimal additional
effects after bilateral transection. ARIs prolonged in all regions during RVNS, without significant

regional differences. * P < 0.05 vs. BL; # P < 0.05 vs. intact state.
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Figure 7. Regional cardiac electrical indices during left vagus nerve stimulation (LVNS)

pre- and post-ipsilateral and bilateral vagus nerve transection (VNTXx). Regional activation
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recovery intervals (ARIs) were decreased by ipsilateral VNTX, and this difference became
significant after bilateral transection. ARIs prolonged in all regions during LVNS, without

significant regional differences. * P < 0.05 vs. BL; # P < 0.05 vs. intact state.
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CHAPTER 3

Central-peripheral neural network interactions evoked by vagus nerve stimulation:

functional consequences on control of cardiac function
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Cardiac control is a manifestation of a neural hierarchy that can be considered in 3 levels."
Level 1 comprises the spinal cord and medulla as modulated by higher centers of the central
nervous system.*’ Level 2 comprises extracardiac intrathoracic neurons contained in the
stellate, middle cervical, and mediastinal ganglia.®'° Level 3 involves the intrinsic cardiac
nervous system." The peripheral levels (levels 2 and 3) form cardio-centric control loops, while
the central nervous system (level 1) engages neural mechanisms for both cardiac and
peripheral vasculature regulation.3’ 1 Acting together, these hierarchical populations regulate
regional cardiac electrical, mechanical, and metabolic indices throughout each cardiac cycle." '*
13 Endogenous or exogenous stresses have the potential to impact multiple levels of this

2,11,14,15

hierarchy. It is through the understanding of such hierarchical control and how it adapts

to acute and chronic stress that rationale, mechanistic-based approaches can be devised to
target the cardiac neural hierarchy in order to manage cardiovascular pathology.? '*

The vagus nerve is a complex neural structure, containing descending efferent
parasympathetic fibers and ascending afferent fibers. Efferent parasympathetic fibers modulate
several cardiac indices including chronotropy, dromotropy, inotropy, and lusitropy.'” ' The
majority of fibers (~80%) contained within the vagus are afferent (sensory) in nature.'? Thus,
the vagus is an important pathway that carries sensory information from visceral organs,
including the heart, to the central nervous system. There is also structural and functional data
suggesting that the cervical vagal trunk contains a small population of sympathetic fibers.?" %

Any bioelectronic approach for therapeutic neuromodulation must consider both direct
and reactive (reflex) responses.'® The vagus can be stimulated in many different ways, at a
number of different levels, and for multiple pathologies. As such, the anatomic characteristics of
the nerves being stimulated (afferent/efferent) and the functional impact of stimulation
parameters (current, frequency, pulse width, waveform, and duty cycle) must be considered.'® '

Ultimately, these factors influence both off-target adverse effects, and more importantly, the

acute and chronic efficacy of the applied therapy. In most clinical applications for cardiovascular
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pathologies, electrical vagus nerve stimulation (VNS) is imposed unilaterally to either the right or
left cervical vagosympathetic trunk.?*2°

While preclinical and clinical studies have yielded encouraging results for VNS safety
and efficacy for cardiovascular therapeutics,'® % there is a major information deficit in
understanding how VNS impacts central and peripheral aspects of the cardiac nervous system
to exert its influence on cardiac control. Therefore, the objective of this study was to investigate
the functional role of VNS-evoked changes in afferent vs. efferent fiber activation on integrated

control of cardiac function.

METHODS

Mongrel dogs (n = 26, male or female, weighing 22.2 + 0.5 kg) were used in this study. All
experiments were performed in accordance with the guidelines set forth by the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by

the East Tennessee State University Institutional Animal Care and Use Committee.

Surgical preparation

Animals were sedated with propofol (3-8 mg/kg, intravenous [i.v.]), followed by endotracheal
intubation and mechanical ventilation. General anesthesia was maintained with isoflurane (1-
2%, inhalation). Depth of anesthesia was assessed by monitoring corneal reflexes, jaw tone,
and hemodynamic indices. Left femoral venous access was obtained for maintenance fluid and
drug administration. Right femoral arterial access was obtained for monitoring aortic blood
pressure. A pressure transducer catheter (Mikro-Tip; Millar Instruments, Houston, TX, USA) was
inserted into the left ventricle (LV) chamber via the left femoral artery. Lateral incisions of the
neck were made bilaterally to expose the cervical vagosympathetic trunks. At the completion of
the surgery, general anesthesia was switched to a-chloralose (50 mg/kg i.v. bolus followed by 8-

12 mg/kg/hr continuous i.v. infusion). Acid-base status was evaluated hourly (Irma TruePoint;
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ITC, Edison, NJ, USA); respiratory rate and tidal volume were adjusted and/or sodium
bicarbonate was infused as necessary to maintain blood gas homeostasis. At the completion of
the experiments, animals were euthanized under deep anesthesia by inducing ventricular

fibrillation via direct current stimulation.

VNS

Bipolar stimulating cuff electrodes (PerenniaFlex Model 304; Cyberonics Inc., Houston, TX,
USA) were placed around the right and left cervical vagosympathetic trunks with the anodes
positioned cephalad to the cathode. A stimulator with a photoelectric stimulation isolation unit
(S88 and PSIUG; Grass Technologies, Warwick, Rl, USA) was used to deliver square pulses to
the nerves. Bradycardia threshold was defined as the current required to first produce a 5%
decrease in heart rate (HR) at a frequency of 10 Hz and a pulse width of 500 us in the intact
state, and tachycardia threshold as the current required to first produce a 5% increase in HR.
The effects of VNS on chronotropic, LV inotropic, and LV lusitropic function were evaluated over
a range of currents (0-4.0 mA) at 10 Hz frequency and 500 us pulse width. The effects of VNS
were also evaluated over a range of frequencies (2, 5, 10, 15, 20, and 30 Hz), delivered at a
current 1.2x the bradycardia threshold determined in the intact state and 500 s pulse width.
VNS was performed for 14 s followed by a 66-s off-phase. This time period was sufficient for
cardiac indices to return to baseline with no degradation in the responses to VNS over the entire
duration of the experiment. Following stimulations in the intact state, the vagus nerve was
transected cranial to the stimulating electrode, and only vagal efferent fibers were stimulated in

subsequent parts of the protocol.

Hemodynamic assessment
A pressure transducer catheter (Mikro-Tip; Millar Instruments) was inserted into the LV chamber

and connected to a control unit (PCU-200; Millar Instruments). A lead |l electrocardiogram was
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recorded via subdermal needle electrodes and amplified by a pre-amplifier (P511; Grass
Technologies). Hemodynamic data were collected with a data acquisition system (Power1401;
Cambridge Electronic Design, Cambridge, UK) and analyzed off-line with Spike2 (Cambridge
Electronic Design). Derived indices included HR, aortic blood pressure, LV end-systolic
pressure, maximum rate of change in LV pressure (LV dP/dtnax), and minimum rate of change in
LV pressure (LV dP/dtyin. Off-line analysis was used to determine the average response for

each of the indices at baseline and during VNS.

Experimental protocol

Animals were divided into 3 experimental groups (n = 26). In Group 1 (n = 10), the right and left
vagus nerves were individually stimulated in the under the following 3 conditions: (1) intact
state; (2) following right vagus nerve transection (VNTx); and then (3) following left transection
(i.e., bilateral VNTx). In Group 2 (n = 10), the right and left vagus were individually stimulated
under the following 3 conditions: (1) intact state; (2) following left transection; and then (3)
following right transection (i.e., bilateral VNTXx). In Group 3 (n = 6), the right and left vagus
nerves were stimulated individually under the following 4 conditions: (1) intact state; (2) intact
state + timolol, a non-selective beta-blocker (1 mg/kg i.v. bolus with 0.5 mg/kg i.v. bolus every
90 min as needed); (3) bilateral transection + timolol; and then (4) bilateral transection + timolol

+ atropine, a muscarinic blocker (1 mg/kg i.v. bolus).

Statistics

Data are presented as mean % standard error of the mean. A repeated measures mixed
analysis of variance model was used for comparisons of mean current and frequency curves
generated under the different conditions. Repeated measures analysis of variance model with

Tukey multiple comparison was used for analysis of threshold. P values < 0.05 were considered
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to be statistically significant. Statistical analyses were performed with JMP Pro v11.2 (SAS

Institute Inc., Cary, NC, USA).

RESULTS

VNS impacted multiple cardiac electrical and mechanical indices. Figure 1 shows a
representative example of the response to right VNS (RVNS) at an intensity sufficient to evoke
acute changes in cardiovascular function. Note that VNS caused a decrease in HR, blood
pressure, left ventricular pressure, and LV dP/dt,.x and an increase in LV dP/dt.in, At VNS
offset, all these indices rapidly recovered to baseline with a potential to transiently overshoot,

especially at higher current and frequency levels.

Central-peripheral neural network interactions with VNS: effects on current intensity
Figure 2 shows percent changes in chronotropy, LV inotropy, and LV lusitropy in response to
RVNS across different currents at the same frequency (10 Hz) and pulse width (500 us) (1) in
the intact state, (2) following ipsilateral (left panels) or contralateral VNTx (right panels), and
then (3) following bilateral transection. Figure 3 shows the corresponding HR levels in each of
the 3 conditions. In the intact state, RVNS evoked a tachycardia at lower currents (starting at
~0.25-0.50 mA) and a bradycardia at higher currents (Figures 2A and B, 3). This augmentation
in HR at lower currents was eliminated following ipsilateral, but not contralateral, transection (P
< 0.004 ipsilateral transection vs. intact state). RVNS following either ipsilateral or contralateral
transection resulted in a larger reduction in HR and LV dP/dt.n.x and increase in LV dP/dtmin
compared to the intact state. RVNS following bilateral transection resulted in a greater change
in these indices beyond unilateral transection (P < 0.0001). This result is evident when
evaluating either the relative (Figure 2) or absolute levels (Figure 3) of evoked responses to

RVNS.
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Figure 4 shows the percent changes in chronotropy, LV inotropy, and LV lusitropy in
response to left VNS (LVNS) across a range of current intensities (1) in the intact state, (2)
following ipsilateral (left panels) or contralateral transection (right panels), and then (3) following
bilateral transection. The augmentation in HR at lower currents (starting at ~0.5 mA) was
eliminated following ipsilateral, but not contralateral, transection (P < 0.002 ipsilateral
transection vs. intact state). In the intact state, LVNS resulted in negligible changes in LV
dP/dtnax and dP/dtyin, €even at currents as high as 4.0 mA (Figure 4C-F). However, following
ipsilateral, but not contralateral, transection, LVNS resulted in a larger reduction in HR and LV
dP/dtqax and increase in LV dP/dty,i, compared to the intact state (P < 0.004). LVNS following
bilateral transection further enhanced these effects when compared to unilateral transection (P

< 0.0001).

Central-peripheral neural network interactions with VNS: effects on threshold
Bradycardia threshold was defined as the current required to first produce a 5% decrease in HR
with VNS at 10 Hz frequency and 500 ps pulse width. In Group 1, in which the right vagus was
transected first, threshold for the RVNS in the intact state was 2.91 + 0.18 mA and for LVNS
was 3.47 + 0.20 mA (Figure 5A). Following right VNTX, the thresholds decreased compared to
the intact state (1.69 £ 0.17 mA, P < 0.001 for RVNS; 3.04 + 0.27 mA, P < 0.04 for LVNS).
Thresholds decreased further following bilateral transection (1.29 £ 0.16 mA for RVNS; 1.74
0.19 mA for LVNS; P < 0.001 vs. intact state, P < 0.002 vs. right VNTX). Figure 5B displays the
percent change in bradycardia threshold for RVNS and LVNS following right and bilateral
transection compared to the intact state. A similar pattern was observed in the Group 2, in which
the left vagus was transected first. Threshold for the RVNS in the intact state was 3.03 + 0.24
mA and for LVNS was 2.99 + 0.15 mA (Figure 5C). The thresholds decreased following left
transection (2.56 £ 0.25 mA, P < 0.001 for RVNS; 1.81 £ 0.22 mA, P < 0.001 for LVNS). The

thresholds decreased further following bilateral transection (1.64 + 0.21 mA for RVNS; 1.32 +
71



0.22 mA for LVNS; P < 0.001 vs. intact, P < 0.002 vs. left VNTX). Figure 5D displays the percent
change in bradycardia threshold for RVNS and LVNS following left and bilateral transection
compared to the intact state. Taken together, the bradycardia threshold following bilateral
transection was ~50% lower than that established in the intact state for either RVNS or LVNS.
Tachycardia threshold was defined as the current required to first produce a 5%
increase in HR during VNS. Across all animals in the intact state, the tachycardia threshold was
0.62 + 0.04 mA for RVNS and 0.65 £ 0.06 for LVNS. The potential for VNS to augment HR at
the lower ranges of current was maintained following contralateral transection (Figures 2B, 3B,
and 4B), but eliminated by ipsilateral transection (Figures 2A, 3A, and 4A). VNS-evoked
changes in chronotropic function occurred against a significant background of parasympathetic
central drive, as evidenced by elevations in baseline HR following bilateral transection vs. the

intact state (~110 vs. 60 beats/min; Table 1 and Figure 3).

Central-peripheral neural network interactions with VNS: effects of frequency

After determining thresholds in the intact state, the effects of VNS on chronotropy, LV inotropy,
and LV lusitropy were evaluated over a range of frequencies (2-30 Hz) at the same current (1.2x
bradycardia threshold determined in the intact state) and pulse width (500 us). Figure 6 shows
the percent changes in chronotropy, LV inotropy, and LV lusitropy in response to RVNS across
a range of frequencies (1) in the intact state, (2) following ipsilateral (left panels) or contralateral
VNTx (right panels), and then (3) following bilateral transection. In all conditions, increasing
frequency resulted in a larger decrease in HR and LV dP/df.x and increase in LV dP/dnn.
RVNS following ipsilateral transection resulted in a greater change in all indices compared to
the intact state (P < 0.0001); however, only LV dP/dtm», was affected with RVNS after
contralateral transection (P < 0.0001). RVNS following bilateral transection resulted in an

additional change in all indices beyond unilateral transection (P < 0.0001).
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Figure 7 shows the percent changes in chronotropy, LV inotropy, and LV lusitropy in
response to LVNS across a range of frequencies (1) in the intact state, (2) following ipsilateral
(left panels) or contralateral VNTXx (right panels), and then (3) following bilateral transection. In
all conditions, increasing frequency resulted in a larger reduction in HR and LV dP/df.«x and
increase in LV dP/dt.win. LVNS following either ipsilateral or contralateral transection resulted in a
greater change in all indices compared to the intact state (P < 0.0001), with the exception of LV
dP/dt.ax following ipsilateral transection. LVNS following bilateral transection further enhanced

these effects when compared to unilateral transection (P < 0.0001).

Central-peripheral neural network interactions with VNS: effects of autonomic blockade
Changes in cardiac function mediated by the autonomic nervous system are manifest, in part,
by changes in parasympathetic and/or sympathetic outflows. While unilateral VNTx and timolol
exerted minimal effects on hemodynamic indices, bilateral transection was associated with an
~55% increase in HR (Tables 1 and 2). Figures 8 and 9 summarize VNS-evoked effects on
chronotropy (Figures 8A and 9A), left ventricular end-systolic pressure (Figures 8B and 9B), LV
inotropy, and LV lusitropy (Figures 8C and D, 9C and D) (1) in the intact state, (2) intact state +
beta-blockade with timolol, (3) following bilateral transection + timolol, and finally (4) bilateral
transection + timolol + muscarinic blockade with atropine. While timolol by itself exerted no
effects on hemodynamic indices in response to RVNS (Figure 8), it did alter HR, LV dP/dfyax,
and LV dP/dt.i,in response to LVNS (Figure 9). Subsequent bilateral transection substantially

enhanced VNS-induced changes in hemodynamic indices, which were abolished by atropine.

DISCUSSION
The aim of the present study was to determine the role of VNS-evoked afferent vs. efferent fiber
activation on integrated control of regional cardiac indices. The major findings of this study are

as follows:
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(1) VNS-evoked changes in cardiac function, delivered to an intact vagus nerve, reflect the
dynamic interplay between direct activation of descending efferent fibers against
afferent-induced changes in central drive.

(2) The functional threshold for activation of vagal afferent fibers is lower than that for
activation of efferent fibers.

(3) Activation of vagal afferents is primarily reflected as withdrawal of central
parasympathetic drive.

(4) The potential exists for low-level sympathoexcitation as a result of bioelectric activation

of vagal afferents.

Structure/function of the cervical vagosympathetic trunk: relationship to the neural
hierarchy for cardiac control

The cervical vagosympathetic trunk is a mixed nerve containing both afferent and efferent
fibers.' ' Figure 10 schematically depicts the relationship of these projections within the overall
framework of the cardiac neural hierarchy. The vagus contains ~80% afferent fibers, including
both myelinated and unmyelinated axons.'® ?° Cardiac-related vagal afferent neurons have cell
bodies in the nodose ganglia that project sensory information onto secondary neurons located in
the nucleus tractus solitarii of the medulla.?’* These secondary neurons project primarily to
neurons in the nucleus ambiguus for control of efferent parasympathetic preganglionic neurons
and, via brainstem reticulospinal projections, to the spinal cord intermediolateral cell column for
control of efferent sympathetic preganglionic neurons.* ' %% Sympathetic afferents, arising
from the dorsal root ganglia, likewise input to the nucleus tractus solitarii via spinoreticular
projections to contribute to reflex control of cardiac function.* ' *’

Cardiac-related efferent projections contained within the cervical vagosympathetic trunk

are predominantly parasympathetic preganglionic fibers."” %2 Parasympathetic preganglionic

neurons have cell bodies in the nucleus ambiguus and projections that innervate intrinsic
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cardiac ganglia located within atrial and ventricular myocardial tissue, directly synapsing on
parasympathetic postganglionic neurons (Figure 10). They also modulate the activity of local
circuit neurons contained within intrinsic cardiac ganglia.” ™ Local circuit neurons represent the
predominant subpopulation (~80%) contained within intrinsic cardiac nervous system (ICNS)
and are responsible for local reflex control of cardiac function." '»*? The direct parasympathetic
projection pathway (i.e., pre- to postganglionic neurons) represents ~15% of intrinsic cardiac
neurons.'® % The remaining 5% are afferent.'®* There is also anatomical and functional
evidence to indicate that the vagosympathetic trunk contains a small number of sympathetic
efferent fibers.?" % These sympathetic fibers are thought to originate from neurons in the
superior and middle cervical ganglia.'® 2" 3 Sympathetic fibers to the heart can either directly
project to cardiac myocyte end-effectors or modulate cardiac function via interactions mediated

within the ICNS."2 337

VNS induced changes in regional cardiac function: hierarchical interactions
Any bioelectronic approach for neuromodulation needs to be considered in the context of the
cardiac nervous system as a whole, as there are both direct and reactive (reflex) responses that
are evoked.' Thus, to understand the central and peripheral neural network interactions within
the cardiac neuronal hierarchy evoked by VNS, we studied the effects of VNS in the intact state,
following sequential transection, and in the presence of autonomic blockade.

Chronotropic control: In the intact state, tachycardias evoked at low stimulus intensities
(~0.6 mA) transitioned to bradycardias at higher intensities (~3.0 mA). VNS-induced
tachycardias were maintained after contralateral transection, but eliminated by ipsilateral
transection. Pre-treatment with a beta-blocker did not affect VNS-evoked positive chronotropic
effects. The positive chronotropic responses were also manifest at stimulus intensities below
that required to evoke bradycardias following bilateral transection. Moreover, VNS-evoked

changes in HR in the intact state were elicited against a significant background of
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parasympathetic central drive, as evidenced by elevations in baseline HR following bilateral
transection vs. the intact state (~110 vs. 60 beats/min; Table 1 and Figure 3). Taken together,
these data support the hypothesis that vagal afferent fibers are activated at lower currents and
that stimulation of these fibers leads to withdrawal of central parasympathetic drive.

In the present study, we also demonstrate that the VNS bradycardia threshold, the
current required to first produce a 5% decrease in HR, reflects the interdependent interactions
between central and peripheral aspects of the cardiac nervous system. This threshold
progressively decreased following sequential transection, regardless of whether the right or left
vagus was transected first. Compared to the intact state, the bradycardia threshold was reduced
by approximately 50% when the peripheral ends of the cervical vagosympathetic trunks were
stimulated in the decentralized state.

Efferent outflow from the ICNS to cardiac tissues reflect the dynamic interactions
between central drive and local afferent feedback as modulated by LCNs. LCNs subserve intra-
and inter-ganglionic communication, thereby acting as coordinators of regional cardiac
function." '3 When intrinsic cardiac ganglion function is evaluated in vitro, the principal
synapse between pre- to postganglionic parasympathetic fibers is primarily obligatory in
nature.®**° Thus, the evoked response to VNS when delivered in the bilateral decentralized
state in vivo most closely approximates that in vitro condition. The differences in VNS-evoked
responses between bilateral transection, unilateral transection, and the intact state reflect the
hierarchical organization of the interdependent reflex control circuits whose ultimate function is
to stabilize and optimize cardiac electrical, mechanical, and metabolic function.?

There are multiple hypotheses to explain observed decreases in threshold. The first
reflects the role of vagal afferent fibers in reflexly modulating parasympathetic efferent outflow to
the heart. Our data indicate that activated vagal afferents initiate centrally-mediated reflexes that
inhibit parasympathetic efferent outflow to the heart. As such, the level of activity on a given

parasympathetic postganglionic neuron within an intrinsic cardiac ganglion would reflect not only
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diminished endogenous central drive, but also inputs arising from direct electrical activation of
parasympathetic efferent fibers. Since both vagi project to neurons throughout the ICNS,"*' this
would have the net effect of shifting the VNS chronotropic response surface/curve to the right. A
second hypothesis is that bioelectrical stimulation of the cervical vagosympathetic trunk
activates fibers projecting to the LCNs in the ICNS that, in turn, inhibit the direct pre- to
postganglionic parasympathetic neuron pathways.42 We have previously demonstrated that
similar inputs to the ICNS can initiate directionally opposite responses from adjacent intrinsic
cardiac neurons that reflect this potential.” In the context of the current study, this proposed
descending direct inhibitory mechanism is unlikely to be functionally important since it should
also occur following unilateral VNTx and, as such, response surfaces would not have shifted, as
was observed in this study. A third hypothesis involves induced alterations in sympathetic-
parasympathetic interactions both within the ICNS and at the end-effectors.*® " Such a
mechanism would, at best, represent a minor component, as reflected in the minimal changes
observed with VNS in the presence of beta-blockade. However, the fall in LV pressure and
systemic blood pressure following bilateral transection may reflect a tonic sympathetic
component mediated by fibers contained within the cervical vagosympathetic trunks, or
alterations in integrated reflex control resulting from the loss of afferent inputs. A fourth
possibility is that transection alters the neural interactions/balance for control of the sinoatrial
nodal complex.® In this regard, a similar mechanism could also occur within other intrinsic
cardiac LCN populations regulating atrial and/or ventricular contractile function.** ** Future
experiments will be required to explore these hypotheses.

Inotropic and lusitropic control: Integrated parasympathetic control of atrial,
atrioventricular, and ventricular function is mediated via parasympathetic preganglionic inputs to
the distributed network of interdependent intrinsic cardiac ganglionated plexi." ***° While earlier
work suggested that vagal restraint on inotropic function is manifest against an enhanced

sympathetic background (e.g., accentuated antagonism),*® *’ later work has demonstrated that
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activation of the ICNS, either endogenously or exogenously, impacts cardiac contraction and
relaxation directly.*****® As is evident from the VNS intensity plots depicted herein (Figures 2-
4), with intact vagi the magnitude of the evoked inotropic and lusitropic responses are moderate
(~5% of baseline). Subsequent to transection, responses evoked in ventricular contractility were
shifted to the left to substantially greater levels. This shift is likewise evident when a fixed output
current was applied (Figures 6 and 7), where even at the lowest frequency (2 Hz), the minimal
change in contractility evoked in the intact state transitioned to ~15-25% decreases following
bilateral transection. These data demonstrate that in the intact state the neuronal hierarchy for
cardiac control has a substantial buffering capacity that acts reflexly to maintain cardiac stability

in the face of endogenous and exogenous stresses, including those induced by VNS itself.

Differential effects of VNS on autonomic efferent outflows

Parasympathetic and sympathetic divisions of the autonomic nervous system cannot be
considered in isolation as they function as interdependent components of the cardiac neuronal
hierarchy.” % *° As such, changes in autonomic efferent outflow in response to VNS therapy
reflect: (1) direct activation of autonomic efferent fibers; (2) central reflex-induced changes in
efferent activity in response to bioelectrical activation of vagal afferent fibers; and (3) reflex
induced changes in autonomic function as cardiovascular afferents transduce altered
mechanical stress in both cardiac and extracardiac (e.g., arterial baroreceptors) sites that
accompany VNS-induced effects on cardiac function.' ***' Data presented in Figures 8 and 9
demonstrate that sympathetic efferent fibers within the vagosympathetic trunk have a minor
contribution to the evoked response to VNS, as delineated by the minimal changes in VNS-
induced effects on cardiac indices post-timolol infusion. In contrast, atropine blocked induced
changes in chronotropic, LV inotropic, and LV lusitropic function, even against the enhanced

sensitivity imposed by bilateral transection.
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VNS and the neural fulcrum

When considering stimulation parameters necessary for VNS therapy one must be cognizant of
not only the anatomic/functional characteristics of the fibers being stimulated (afferent/efferent),
but also the effects of direct vs. reactive (reflex) changes that result from the entire cardiac
neuronal hierarchy attempting to maintain stability of cardiac function.® Since the hierarchy
normally acts as a negative feedback system, perturbing the system in one direction evokes a
corresponding reflex response in the opposite direction. The greater the perturbation, the
greater the reflex response and instability of the entire system.

As such, we propose that the optimum therapeutic parameters for VNS therapy are at
the point at which afferent and efferent fibers are activated in a balanced manner. That is, when
afferent-driven decreases in central parasympathetic drive are counteracted by direct activation
of the cardiac parasympathetic efferent projections to the heart, with the net result being a null
HR response.*? 2 We define this point as the neural fulcrum. VNS performed near the neural
fulcrum operates within the normal constraints of the cardiac neuronal hierarchy, without

evoking the reactive changes that occur when high currents and/or frequencies are utilized.*?

Clinical perspectives

Autonomic imbalance plays an important role in the genesis of cardiac arrhythmias and
progression of heart failure.? ' 5% Sympathetic activation and parasympathetic withdrawal is
not only pro-arrhythmic,? but also accelerates progression of heart failure."" ' °> *® Furthermore,
heart failure patients with poor vagal tone are known to have a worse prognosis.57 In animal
models of chronic heart failure, VNS has been shown to decrease resting HR, improve LV
function, and decrease mortality, presumably by preventing adverse cardiac remodeling.58
Given the promising results from preclinical studies, VNS is currently being evaluated in multiple
clinical trials for reduced ejection fraction heart failure. These include the Increase of Vagal

Tone in Heart Failure (INOVATE-HF), Neural Cardiac Therapy for Heart Failure (NECTAR-HF),
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and Autonomic Neural Regulation Therapy to Enhance Myocardial Function in Heart Failure
(ANTHEM-HF).%? |nitials results of these trials have been positive for INOVATE-HF and
ANTHEM-HF, with neutral effects for NECTAR-HF after the first 6 months of follow-up. One of
the key differences between these trials is the choice of stimulation parameters (current,
frequency, pulse width and duty cycle) and, in the case of INOVATE-HF, a proposed
methodology to induce transient vagal afferent block with VNS. Based on our data, for proposed
application of afferent blockade, one should consider potential deleterious effects on the
effective gain of VNS therapy.? Nevertheless, it is obvious from these ongoing trials that VNS is
safe and feasible in the setting of reduced ejection fraction heart failure. Data from randomized,
controlled studies are required to elucidate the impact of VNS on morbidity and mortality in
patients with chronic heart failure syndrome.

In view of the data presented herein, future studies should consider what is subthreshold
VNS. Multiple studies have recently evaluated the effects of low-level VNS for treatment of atrial
arrhythmias and heart failure.*® ®° It is obvious from our data that central and peripheral
elements of the hierarchy for cardiac control become engaged by output current levels well
below those required to cause a decrease in chronotropy. Thus, these data lead us to propose
that (1) the chronic effects of VNS therapy rest primarily on the indirect pathways that target
intrinsic cardiac LCNs, and (2) the optimal VNS stimulus parameters are coincident with the
neural fulcrum.*? Future studies on the efficacy of VNS therapy for heart failure should focus on
optimization of stimulation parameters, patient selection, and therapeutic transition where
indicated in the standard of care. As such, future preclinical and clinical studies should be
designed to employ the entire cardiac nervous system to achieve long-term therapeutic benefits

while minimizing off-target effects of VNS.
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State LV dP/dt,,., (mmHg/s) LV dP/dt,;, (mmHg/s) LVSP (mmHg) Aortic BP (mmHg) HR (beats/min)

Intact 2,011 £130 -2,402 + 175 1562.5+6.3 1274 +4.0 59.3+3.6
Right vagus cut 1,819 £ 123 -2,334 + 196 138.4+8.2 119.8£6.2 69.8+4.0
Both vagi cut 1,914 + 164 -2,234 + 201 121.5 + 9.4%# 111.5+8.9* 112.8 £ 7.7*#
Intact 1,956 + 153 -2,451 £ 176 149.5+6.8 127.5+6.3 62.0+2.7
Left vagus cut 1,751 £ 140 -2,340 + 163 150.0 +£9.2 131.3+7.6 69.2+6.5
Both vagi cut 1,751 £ 152* -2,180 + 222 128.7 £ 12.3*# 119.9+£13.2 106.0 + 5.4*#

Table 1. Hemodynamics effects of sequential vagus nerve transection. * P < 0.05 vs. intact
state; # P < 0.05 unilateral vs. bilateral vagus transection. BP, blood pressure; HR, heart rate;

LV, left ventricle; LVSP, left ventricular end-systolic pressure.
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State LV dP/dt,.x (mmHg/s) LV dP/dt,,;, (mmHg/s) LVSP (mmHg) Aortic BP (mmHg) HR (beats/min)

Intact 2,045 £ 165 -2,700 = 189 154.6 +13.0 131.7+6.7 748+4.6
Timolol 1,791 £ 52 -2,302 £ 117 143.4+9.2 1246 £ 3.6 67.7+3.5
Timolol + vagi cut 2,060 + 108 -2,375+ 101 165.2+16.5 143.9+13.8 111.7 £ 6.0"#
Timolol + vagi cut + atropine 1,911 £ 110 -2,348 £ 109 1429+ 8.1 129.7+7.2 1142+ 7.8*#

Table 2. Effects of beta-blockade, bilateral vagus nerve transection, and muscarinic
blockade on hemodynamic indices. * P < 0.05 vs. intact state; # P < 0.05 vs. timolol. BP,

blood pressure; HR, heart rate; LV, left ventricle; LVSP, left ventricular end-systolic pressure.
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Figure 1. Representative hemodynamic response to right cervical vagus nerve stimulation

(VNS) with both vagi intact. VNS was delivered at 10 Hz frequency, 500 ps pulse width, and

2.50 mA current for 14 s. BP, blood pressure; EKG, electrocardiogram; LVP, left ventricular

pressure.
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Figure 2. Evoked changes in cardiac hemodynamics in response to right cervical vagus nerve
stimulation (RCV) at a range of currents (1) in the intact state, (2) following ipsilateral (left
panels) or contralateral vagus transection (right panels), and then (3) following bilateral
transection. RCV was delivered at 10 Hz frequency and 500 us pulse width for 14 s. Responses
reflect percent change from baseline during RCV as a function of stimulus intensity. Note that
the augmenting effects of RCV were eliminated when the ipsilateral vagus was transected. * P <

0.004 vs. intact state; # P < 0.0001 unilateral vs. bilateral transection. LV, left ventricle.
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Figure 3. Evoked changes in heart rate in response to right cervical vagus nerve stimulation
(RCV) at a range of currents (1) in the intact state, (2) following ipsilateral (panel A) or
contralateral vagus transection (panel B), and then (3) following bilateral transection. RCV was
delivered at 10 Hz frequency and 500 us pulse width for 14 s. Note that all positive chronotropic
responses to RCV were eliminated when the ipsilateral vagus was transected, and negative
chronotropic responses progressively increased following unilateral and bilateral transection. * P
< 0.001 vs. intact state; # P < 0.005 unilateral vs. bilateral vagus transection. LVx, left vagus

transection; RVx, right vagus transection; RVxLVx/LVxRVX, bilateral transection.
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Figure 4. Evoked changes in cardiac hemodynamics in response to left cervical vagus nerve

stimulation (LCV) at a range of currents (1) in the intact state, (2) following ipsilateral (left

panels) or contralateral vagus nerve transection (right panels), and then (3) following bilateral

transection. LCV was delivered at 10 Hz frequency and 500 us pulse width for 14 s. Responses

reflect percent change from baseline during LCV as a function of stimulus intensity. Note that

the augmenting effects of LCV were eliminated when the ipsilateral vagus was transected. * P <

0.002 vs. intact state; # P < 0.0001 unilateral vs. bilateral transection. LV, left ventricle.
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vagus nerve transection. Threshold was defined as the current required to evoke a 5%
decrease in heart rate. (A, C) The threshold current (1) in the intact state, (2) following ipsilateral
or contralateral vagus transection, and then (3) following bilateral transection. (B, D) The
percent change in threshold from the intact state. * P < 0.001 vs. intact state; + P < 0.04 vs.
intact state; # P < 0.002 unilateral vs. bilateral transection. LVx, left vagus transection; RVx,

right vagus transection; RVXLVx/LVxXRVX, bilateral transection.
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Figure 6. Evoked changes in cardiac hemodynamics in response to right cervical vagus nerve
stimulation (RCV) at a range of different frequencies (1) in the intact state, (2) following
ipsilateral (left panels) or contralateral vagus transection (right panels), and then (3) following
bilateral transection. RCV was delivered at 1.2x the bradycardia threshold current determined in
the intact state and 500 ps pulse width for 14 s. Responses reflect percent change from
baseline during RCV as a function of frequency. * P < 0.001 vs. intact state; # P < 0.0001

unilateral vs. bilateral transection; + P < 0.0001 intact state vs. bilateral transection.
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Figure 7. Evoked changes in cardiac hemodynamics in response to left cervical vagus nerve
stimulation (LCV) at a range of different frequencies (1) in the intact state, (2) following
ipsilateral (left panels) or contralateral vagus transection (right panels), and then (3) following
bilateral transection. LCV was delivered at 1.2x the bradycardia threshold current determined in
the intact state and 500 ps pulse width for 14 s. Responses reflect percent change from
baseline during LCV as a function of frequency. * P < 0.001 vs. intact state; # P < 0.0001

unilateral vs. bilateral transection; + P < 0.0001 intact state vs. bilateral transection.
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Figure 9. Evoked changes in cardiac hemodynamics in response to left cervical vagus nerve
stimulation (LCV) (1) in the intact state, (2) in the intact state and non-selective beta blockade
with timolol, (3) following bilateral vagus nerve transection and timolol, and then (4) following
bilateral transection with timolol and muscarinic blockade with atropine. Responses reflect
percent change from baseline during LCV as a function of stimulus intensity. * P < 0.03 vs.
intact state; # P < 0.003 vs. timolol; + P < 0.0001 vs. bilateral transection and timolol. LV, left

ventricle; LVSP, left ventricular end-systolic pressure.
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Figure 10. Schematic summarizing proposed interactions within cardiac neural hierarchy

engaged by cervical vagus nerve stimulation (VNS). Dotted lines indicate preganglionic
projections. AC, adenylate cyclase; B, beta adrenergic receptor; BSRF, brainstem reticular
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protein-coupled receptor; IML, intermediolateral cell column; LCN, local circuit neuron; My,
muscarinic receptor; MCG, middle cervical ganglia; NA, nucleus ambiguus; NTS, nucleus

tractus solitaries.
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CHAPTER 4

Premature ventricular contraction coupling interval variability destabilizes cardiac

neuronal and electrophysiological control: insights from simultaneous cardioneural

mapping
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Premature ventricular contractions (PVCs) are common in clinical practice. In structurally normal
hearts, despite being referred to as benign, PVCs may lead to cardiomyopathy' or even to
sudden cardiac death.? ® Recent clinical studies have identified factors that predict worse
outcomes in PVC patients. Particularly, patients with PVCs showing high coupling interval (Cl)
variability are at a greater risk for cardiac events such as left ventricular (LV) dysfunction* and
sudden cardiac death.>®

Precise mechanisms underlying the adverse effects of PVCs remain unknown, but are
likely multifactorial including mechanical dyssynchrony,”® abnormalities in calcium handling and
oxygen consumption,® and autonomic imbalance.'® Of these mechanisms, the role of the
autonomic nervous system (ANS) is not well understood. The ANS regulates all aspects of
cardiac function."" Afferent sensory neurons provide beat-to-beat information regarding the
cardiac milieu. Processing and integration of this information at different levels of the ANS,
including the intrinsic cardiac nervous system (ICNS), provides an elegant mechanism to ensure
fine-tuned regulation of efferent neural signals to the heart."" The ICNS, a distributed network of
ganglia and interconnecting nerve fibers on the epicardial surface, represents the first level of
the ANS directly impacted by cardiac injury."'* Even in normal states, disruptions of ICNS
function are arrhythmogenic.'® Moreover, neural remodeling within the ICNS after cardiac injury
has been correlated with arrhythmias.”" ™

Because both PVCs with variable Cl and the ICNS have been linked to cardiomyopathy
and life-threatening arrhythmias, we hypothesized that variability in PVC CI could induce
destabilizing changes in the ICNS. Therefore, the purpose of this study was to evaluate in an in
vivo porcine model the impact of PVC Cl on: (1) intrinsic cardiac neuronal activity and (2)
cardiac electrical and mechanical parameters using a novel cardioneural mapping approach that

uses direct neuronal recordings from a beating heart.

102



METHODS

Animals

This study was approved by the University of California, Los Angeles Chancellor's Animal
Research Committee and conforms to the National Institute of Health’s Guide for

the Care and Use of Laboratory Animals. Eight Yorkshire pigs (5 male and 3 female, weighing

57.1 £ 2.5 kg) were used.

Surgical preparation

Animals were sedated with telazol (6 mg/kg, intramuscular), intubated and mechanically
ventilated. General anesthesia was maintained with isoflurane (1-2%, inhalation). Femoral vein
was cannulated for fluid maintenance and drug administration. A median sternotomy was
performed to expose the heart and isolate both stellate ganglia. Lateral neck dissections were
performed to isolate both cervical vagal trunks. Following completion of the surgical preparation,
general anesthesia was changed to a-chloralose (50 mg/kg bolus followed by 35 mg/kg/hr
continuous intravenous infusion). Body temperature was continuously monitored and
maintained via circulating water heating pads. Acid-based status was evaluated hourly;
respiratory rate and tidal volume were adjusted and bicarbonate was infused as necessary to
maintain blood gas homeostasis. At the completion of the experiment, animals were euthanized
using sodium pentobarbital (200 mg/kg, intravenous) and potassium chloride (150 mg/kg,

intravenous) to arrest the heart.

Experimental protocol
Once the animals stabilized after surgical preparation, cardiac neuronal activity was identified,
and the following protocol was performed. Hemodynamic indices, cardiac electrophysiological

data, and neuronal activity were recorded at baseline and during 5 minutes of PVCs and
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premature atrial contractions (PACs). PVCs and PACs were delivered every 10-sensed sinus
beats (SBs) during 5-minute sequences of short (effective refractory period +10 ms), long (80%
of sinus rhythm cycle length), and variable Cls (random Cls generated between the short and
long values). The order of sequences was chosen at random and activity was allowed to return
to baseline (minimum of 10-minute recovery interval) before proceeding to the subsequent
intervention. Importantly, each intervention was compared with its own baseline. In addition,
neurons were functionally classified as afferent, efferent or convergent using the protocol

outlined later.

Hemodynamic assessment

LV cardiac mechanical indices (LV end-systolic pressure, maximum rate of LV pressure change
[dP/dtmax], and minimum rate of LV pressure change [dP/df,»]) were continuously obtained by
using a pressure transducer catheter (Mikro-Tip; Millar Instruments, Houston, TX, USA) that
was ultrasound guided into the LV via the left carotid artery and connected to a control unit
(PCU-200; Millar Instruments). Systemic arterial pressure was obtained by using a pressure
transducer attached to a cannula in the femoral artery. In addition, a 12-lead surface
electocardiogram (ECG) was obtained using a cardiac electrophysiology recording system
(Prucka CardioLab; GE Healthcare, Fairfield, CT, USA). A minimum of 3 beats were averaged
for these indices at baseline and during each intervention, including each of the PVC types, for

hemodynamic analyses.

Heart rate variability
Five-minute intervals of ECG recording at baseline and following each of the PVC types were
analyzed for heart rate variability using the Acknowledge (Biopac Systems, Goleta, CA, USA)

software. Normalized low frequency band was used to estimate sympathetic tone, normalized
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high frequency band for parasympathetic tone, and the ratio as an index of sympathovagal

balance.®

Cardiac electrophysiological mapping

Activation recovery intervals (ARIs) are a well-correlated surrogate for action potential
duration."” Epicardial ARIs were derived from unipolar electrograms recorded from a custom 56-
electrode sock placed over the ventricles (Prucka CardioLab; GE Healthcare; Figure 1A). ARIs
were calculated using a customized software ScalDyn (University of Utah, Salt Lake City, UT,
USA), as previously described.'® ' Activation time was defined as the time interval from the
beginning of the QRS complex to the most negative derivative of the activation wave front, and
repolarization time as the time interval from the beginning of the QRS complex to the most
positive derivative of the repolarization wave front. ARl was calculated as the difference
between the activation and repolarization times. Global dispersion of repolarization (DOR) was
calculated as the variance across all electrodes. ARIs and DOR were analyzed for the PVC and
PAC beat delivered in the last minute, as well as the SBs following them (postextrasystolic sinus
beat [PES-SB]) that were compared with baseline SBs (average of 5 SBs before introduction of
each extrasystolic subtype). To compare fixed with variable Cl (short vs. short and long vs.
long), at least 1 extrasystolic beat with a Cl equal to the short and long CI subtypes was induced
in the last minute of variable Cl sequences. Thus, electrophysiological impact of fixed vs.

variable Cl type was not influenced by the immediate extrasystolic Cl.

Intrinsic cardiac neuronal recording
A linear microelectrode array (Microprobes, Gaithersburg, MD, USA) was embedded in the
ventral interventricular ganglionated plexus (VIV GP), located at the origin of the left anterior

descending coronary artery below the left atrial appendage,® to record in vivo extracellular
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activity of cardiac neurons, as previously described (Figure 1A and C)."* ' The array consisted
of 16 platinum—iridium electrodes (25 ym diameter electrodes with an exposed tip of 2 mm;
impedance 0.3-0.5 MQ at 1 kHz). The array was attached to a flexible cable, making it semi-
floating. The electrode wires, as well as ground and reference electrodes, were connected to a
microelectrode amplifier with a headstage pre-amplifier (Model 3600; A-M Systems Inc.,
Carlsborg, WA, USA). For each channel, filters were set to 300 Hz to 3 kHz with a gain of 1000.
Cardiac neuronal waveform, hemodynamic data, and ECG were input to a data acquisition
system (Power1401; Cambridge Electronic Design, Cambridge, UK). Data analysis including
artifact removal and spike sorting to identify single units was performed offline using the Spike2
(Cambridge Electronic Design) software.’ ' It is noteworthy that each of the 16 electrodes on
the array could record the extracellular action potentials of several single units (neurons), with
each neuron being identified by its unique waveform using principle component analysis. The

waveform of a given neuron remained constant throughout the experiment.

Functional characterization of intrinsic cardiac neurons

Cardiac neurons were functionally classified as afferent, efferent, or convergent based on their
responses to cardiovascular stimuli as previously described (Figure 1F and G)."* ' Afferent
neurons were defined as those that only received mechanosensory inputs and/or transduced
changes in preload or afterload. To determine whether neurons received mechanosensory
inputs, epicardial mechanical stimulus was applied for 10 seconds at the following 6 sites: (1)
right ventricular (RV) outflow tract (RVOT), (2) RV mid-anterior wall, (3) RV apex, (4) LV mid-
anterior wall, (5) LV lateral wall, and (6) LV apex. To determine whether neurons transduced
changes in preload and afterload, transient (30 s) complete occlusions of the inferior vena cava

and descending thoracic aorta were performed using balloon catheters (Atlas, 20 mm diameter;
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Bard Peripheral Vascular, Inc., AZ, USA) inserted through the femoral vein and femoral artery,
respectively.

Efferent neurons were defined as those that only received sympathetic and/or
parasympathetic efferent inputs. For efferent stimulation, bipolar needle electrodes were
inserted into the stellate ganglia and bipolar spiral cuff electrodes were wrapped around the
cervical vagal trunks (PerenniaFlex Model 304; Cyberonics Inc., Houston, TX, USA) and
connected to a stimulator with an isolation unit (Grass S88 and PSIU6; Natus Medical Inc.,
Pleasanton, CA, USA). For each stellate ganglion, threshold was defined as the current
necessary to evoke a 10% increase in heart rate or blood pressure (4 Hz frequency, 4 ms pulse
width). For each vagal trunk, threshold was defined as the current necessary to evoke a 10%
decrease in heart rate or blood pressure (10 Hz frequency, 1 ms pulse width). Bilateral stellate
ganglia and vagus nerve stimulation were then performed for 1 minute at threshold current and
a frequency of 1 Hz. Low frequencies were used for stimulation to assess direct inputs to the
ICNS independent of changes in hemodynamic indices (Table S1). Neurons responding to both
afferent and efferent stimuli were defined as convergent.' ™

For epicardial mechanical stimuli and autonomic efferent nerve stimulations, cardiac
neuronal activity was compared 1 minute before the stimuli (baseline) vs. during the stimuli. For
vascular occlusions, PVCs, PACs, and pacing, neuronal activity was compared at baseline vs.
during the stimuli, as well as at baseline vs. 1 minute after the stimuli (recovery). After each
stimulus, we waited for neuronal activity and hemodynamics to return to baseline levels before
proceeding. A significant increase or decrease (P < 0.05) in neuronal firing frequency was

considered as a change in neuronal activity to a given intervention (Figure 1F and G)."> ™
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Cardiac phase analysis

Cardiac phase analysis was performed to determine if neurons displayed cardiac cycle-related
periodicity, as previously described.’ ™ Based on an activity histogram, neurons that generated
at least 10 action potentials at baseline were classified as being related to a specific phase of

the cardiac cycle if more than 30% of their activity occurred during the given phase.

Conditional probability analysis

Conditional probability analysis to assess ICNS network function was performed as previously
described.” ' The conditional probability (probability: response to Y | response to X) was
estimated as the number of neurons that responded to both stimulus X and Y, divided by the

number of neurons that responded to stimulus X.

PVC and PAC delivery

A cardiac stimulator (EPS320; MicroPace, Canterbury, AU) was used to induce PVCs and
PACs from the RVOT and right atrium, respectively, using a quadripolar pacing catheter (St.
Jude, St. Paul, MN, USA). Atrial and ventricular pacing thresholds were measured, and PACs
and PVCs were induced using the same current (1.2x RVOT threshold; 2 ms pulse width). In
addition to PACs and PVCs, straight pacing was also performed at the same sites for 30
seconds, just overdriving the sinus rhythm cycle length (-20 ms). This was performed as a
control to differentiate the effects of PVC from electrical stimuli and activation from the same

site.

Statistics
Data are presented as mean + standard error of the mean. The significance level of changes in

firing rate of each cardiac neuron between baseline vs. stimulus interval was assessed using a
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statistical test developed for cortical neurons based on the Skellam distribution.?’ This test has
been previously validated for the study of cardiac neurons.™ ' A »? test was used to compare
the neuronal response between the different stimuli. A Wilcoxon rank-sum test or paired f test
was used as appropriate to compare hemodynamic, ARI, and heart rate variability between
baseline and each intervention. Pearson correlation was used to assess the strength of the
relationship between local Cl and repolarization time changes. P values < 0.05 were considered

to be statistically significant.

RESULTS

Functional characterization of intrinsic cardiac neurons

The in vivo activity of cardiac neurons from the VIV GP was obtained at baseline and in
response to cardiovascular stimuli including PVCs and PACs. In 8 animals, the activity of 92
neurons (average: 11.5 + 2.6) was recorded. The basal firing frequency of the neurons was 0.11
+ 0.02 Hz. Overall, based on their response to the cardiovascular stimuli, 44.6% of neurons
were classified as afferent, 5.4% as efferent, and 23.9% as convergent (26.1% did not respond).
A majority of neurons (92.8%) displayed activity clustered during a specific phase of the cardiac
cycle, with 49.4% during systole, 25.3% during diastole, and the remaining 18.1% during both

phases.

PVC as a stimulus for intrinsic cardiac neurons

The cardiac neuronal response to PVCs of any Cl was compared with afferent and efferent
cardiovascular stimuli, as well as cardiac pacing. With regards to afferent stimuli, a greater
percentage of neurons were impacted by PVCs (66.3%) than by activation of mechanosensitive
afferent inputs (39.1%), decrease in preload by inferior vena cava occlusion (32.6%), or

increase in afterload by aortic occlusion (26.9%; P < 0.001; Figure 2A). Similarly, in regards to
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efferent stimuli, the neuronal response to PVCs was greater than the response to either bilateral
stellate ganglia (7.6%) or vagus nerve stimulation (28.3%; P < 0.0001; Figure 2B). Itis
noteworthy that the vast majority of neurons that responded to afferent or efferent
cardiovascular stimuli also responded to PVCs. In addition, PVCs induced a greater response
from neurons when compared with straight RVOT (19.0%) and right atrial pacing (13.6%; P <
0.0001; Figure 2C). Of all the neurons that responded to PVCs, 19.7% only responded to RVOT
pacing and 14.8% did not respond to any other cardiovascular stimuli including pacing.
Therefore, neither hemodynamic changes (Table S1) nor electrical stimulation or dyssynchrony

particularly explain PVCs’ impact on cardiac neurons.

Impact of PVC CI on intrinsic cardiac neurons

The response of cardiac neurons to PVCs of short, long, and variable Cls was compared.
Overall, 29.3% of neurons responded to short Cl PVCs, 39.1% to long CI PVCs, and 43.5% to
variable Cl PVCs (P < 0.05 for short vs. variable ClI; Figure 3A). The CI did not have a
differential effect on afferent or efferent neurons. Twenty-seven percent of afferent neurons
responded to short Cl PVCs, 43.9% responded to long Cl PVCs and 34.1% to variable ClI PVCs
(Figure 3C). Forty percent of efferent neurons responded to short Cl PVCs, 40.0% responded to
long Cl PVCs and 60.0% to variable Cl PVCs (Figure 3D). Interestingly, the CI did have a
differential effect on convergent neurons. More convergent neurons responded to variable CI
PVCs (72.7%) than either short (40.9%) or long Cl PVCs (40.9%; P < 0.05 for variable Cl PVCs
vs. short and long CI PVCs; Figure 3E). Further, of the convergent neurons that responded to
only 1 PVC ClI, a vast majority (75%) responded to variable CI (Figure 3B). High neuronal
responses (=30%) were seen with PACs as well. For PACs, however, all 3 Cl protocols evoked
similar effects on ICNS function, whether considered as a whole or subsetted into afferent,

efferent, or convergent populations (Figure 3A).
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Impact of PVC Cl on ICNS processing of efferent inputs

We analyzed the subset of cardiac neurons that received sympathetic and/or parasympathetic
inputs (efferent and convergent neurons) to determine whether the PVC Cl had an impact on
sympathovagal balance at the level of the ICNS. Of the neurons receiving sympathetic input, a
greater percentage responded to variable Cl PVCs (100.0%) than either short (42.9%) or long
CI PVCs (57.1%; P < 0.05 for variable Cl PVCs vs. short and long Cl PVCs; Figure 3F). A
similar trend was observed for neurons receiving parasympathetic input. Sixty-nine percent of
neurons responded to variable Cl, 42.3% to short Cl, and 38.5% to long CI PVCs (P < 0.05 for
variable Cl PVCs vs. short and long Cl PVCs; Figure 3G). We also performed a spectral
analysis of the heart rate variability, which showed that variable Cl PVCs elicited the greatest
increase in sympathovagal balance (low frequency/high frequency) compared with baseline (P <

0.05; Figure 3H).

Impact of Cl on electromechanical characteristics of PVCs and PACs

We analyzed ARI, DOR and hemodynamics during PVCs and PACs to determine whether ClI
had an impact on cardiac electrical and mechanical indices. There was no significant difference
in Cl between PVCs and PACs regarding short (524 + 39 and 549 + 37 ms, respectively) or long
Cl (749456 and 765156 ms, respectively).

Mean global ARIs of short Cl PVCs (341.9 + 22.2 ms) and PACs (347.5 £ 23.7 ms) were
shorter than long Cl PVCs (377.6 £ 21.2 ms) and PACs (389.2 £ 19.4 ms; P < 0.05 for short ClI
PVCs and PACs vs. long Cl PVCs and PACs). There was no significant difference between
PVCs and PACs with short Cl and a small borderline difference between PVCs and PACs with
long CI (P = 0.05). Thus, the mean global ARI seemed to be more closely related to the Cl than

the origin of the extrasystolic beat (Figure 4A).
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The DOR (repolarization time variance), however, was greater in PVC beats (871 + 148
and 942 + 130 ms? for short and long Cl, respectively) compared with PAC beats (550 + 49 and
498 + 69 ms? for short and long ClI, respectively; P < 0.05 for PVC vs. PAC). The CI did not
significantly affect DOR in PVC or PAC beats, and thus, changes in DOR are likely explained by
the activation sequence (Figure 4B).

Similarly, mean activation time and activation time dispersion, estimating duration and
variability in ventricular activation, differed significantly between PVC and PAC beats of short
and long CI (P < 0.05), whereas Cl had a minimal effect on activation time of the same
extrasystolic origin. Consistent with this, the extrasystolic QRS width did not differ between short
and long Cl PVCs (143 + 4 and 141 £ 4 ms) or PACs (83 + 3 and 80 + 3 ms). There was no
significant difference in any of these parameters between fixed and variable PVCs having the
same ClI (e.g., fixed short vs. variable short).

Regarding hemodynamic indices (LV end systolic pressure, LV dP/dty.x and dP/dtyin;
Table 1) of extrasystolic beats, short Cl PVCs had significantly lower values as compared with
long Cl PVCs (P < 0.05 for all), while only the LV dP/dtn. differed between long and short ClI
PACs (P < 0.05). Therefore, both the ClI and the extrasystolic origin seemed to affect

hemodynamic indices, with Cl being the predominant factor.

Impact of extrasystolic Cl on the PES-SB indices

To assess the impact of extrasystolic beats on cardiac electrical stability, ARl and DOR were
analyzed for the 5 SB after extrasystolic beats (PVC and PAC) of each CI type and were
compared with baseline SB before their introduction. Maximal changes in ARI were always seen
on the PES-SB, returning progressively to baseline over the subsequent SBs. Maximal increase
in DOR could be seen from the PES-SB to the following 4 SBs because recovery toward

baseline ARI values was sometime heterogeneous across different heart regions. However,
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overall, the mean maximal increase in DOR was also seen on the PES-SB, and all comparisons
were performed on this specific beat (Figure 4C and D). Overall, PVCs induced a greater
increase in the PES-SB DOR than PACs (P < 0.05). A short Cl also had a greater impact than
long CI ES beat (P < 0.05), and finally, there was a trend for an increase in DOR with variable
Cl as compared with fixed Cl (P = 0.10, paired for the exact same Cl), which was driven by
differences induced by PVCs (P = 0.06), but not PACs (P = 0.80). Finally, when impact of each
extrasystolic subtype on PES-SB DOR was compared with its own baseline SB DOR, only the
variable short Cl PVCs, cumulating all aforementioned characteristics, reached statistical
significance (P < 0.05).

Regarding the impact of extrasystolic beats on the PES-SB hemodynamics (Table 1), a
PES potentiation was observed with an inverse relationship to the CI. The most affected index
was LV dP/dinax, which was significantly greater after a short than a long ClI PVC (P < 0.001) or
PAC (P < 0.05). Of note, the PES pause was greater after a short than a long CI PVC (1208 %
97 vs. 992 + 81 ms; P < 0.05). As a result of these compensatory effects between extrasystolic
beats and PES-SB, no global heart rate or hemodynamic changes were seen during the 5

minutes of PVCs or PACs at any Cl when compared with that in baseline (Table S1).

Local Cl impact on extrasystolic and PES-SB dispersion

We further investigated whether some electrophysiological characteristics of PVCs and PACs
could explain why at similar Cls (short) PACs and PVCs (and PES-SB) display similar mean
global ARI, while they have a dramatically different effect on DOR. The activation sequence
when a PVC depolarizes the heart is radically different than the SB activation sequence. Indeed,
regions activated late during sinus rhythm but early during RVOT PVCs (e.g., RVOT) have a
shorter Cl than regions activated early during sinus rhythm but late during PVCs (e.g., apex;

Figure 5). Regional differences (< 127 ms) in local Cl were observed between different
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electrodes with RVOT PVCs. We found that electrodes with shorter local Cl during PVCs
displayed greater shortening in the local PVC repolarization time than electrodes with a longer
local ClI (r = 0.83 £ 0.07, P < 0.001). Interestingly, this local Cl impact partially remained on the
subsequent beat (PES-SB) with a greater shortening in repolarization in regions previously
affected with a shorter local PVC CI (r = 0.32 + 0.05, P < 0.05). On the contrary, because this
local Cl effect does not exist with PACs, they produce homogeneous changes in repolarization

across the heart.

DISCUSSION

Main findings

This is the first study assessing the impact of PVCs, induced at different Cls, on cardiac
neuronal and electrical stability with concurrent in vivo cardioneural mapping. Our main findings
are the following:

e PVCs (even a modest burden of 10%) are a powerful stressor, altering the activity of
critical cardiac neuronal populations.

e The association of an abnormal timing (Cl) and activation sequence characterizing PVCs
triggered these changes, with the Cl being the predominant factor.

e Variable Cl PVCs compared with those with fixed short or long Cls had a significantly
greater impact on cardiac neurons, more specifically on convergent neurons, which are
responsible for reflex processing at the level of the heart.

o Variable Cl PVCs also differentially affected a greater percentage of neurons receiving
sympathetic and parasympathetic input than the fixed Cl PVCs. These
sympathetic/parasympathetic interactions, mediated within the ICNS, may contribute to

the increase in low frequency/high frequency ratio after variable Cl PVCs.
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e Mirroring IC neuronal changes, the greatest cardiac electrical instability in the PES-SB
(i.e., increase in dispersion) was seen after variable (short) Cl PVCs. Factors increasing
PES-SB dispersion were PVCs as opposed to PACs (heterogeneity in local Cl across

the heart), a shorter Cl, and a variable CI.

PVCs as a unique and powerful stressor: mechanistic implications
RVOT PVCs affected a large proportion (66.3%) of neurons contained within the VIV GP. These
neurons are primarily associated with control of ventricular function." Most neurons that
responded to afferent and efferent cardiovascular stimuli also responded to PVCs, suggesting
that PVCs preferentially engage convergent neurons (Figure 2). Similar to a previous study,
26% of neurons did not respond to afferent and efferent cardiovascular stressors used for
classification of cardiac neurons.™ Interestingly, however, almost half of these neurons (46%)
responded to PVCs, which indicates that PVCs pose a strong and unique stress to ICNS
neurons. We also analyzed the concomitant responses of this specific subset of neurons to
PACs and straight pacing from the RVOT. These data indicated that the mechanism involved in
triggering the changes in neuronal activity was predominately related to timing (i.e., neurons
were also activated by PACs) and only a small percentage of neurons also responded to the
same abnormal myocardial activation sequence (i.e., RVOT pacing). The remaining neurons
responded to either a combination of timing with activation abnormalities or involved another
mechanism (i.e., concomitant activation by both PACs and RVOT pacing or neither).
Interestingly, ventricular dyssynchrony, which involves a combination of abnormal timing
and activation sequence, can be measured using strain indices® and is likely to be a trigger that
impacts neuronal activity. Hamdan et al. have shown that biventricular pacing was associated
with lower muscle sympathetic nerve activity than right ventricular pacing alone.? Similarly,

muscle sympathetic nerve activity and coronary sinus catecholamine levels are correlated with
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the burden of PVCs (induced by pacing) in patients, highlighting a sympathetic neuro-humoral
impact potentially involving the heart.® These changes on muscle sympathetic nerve activity
were subsequently confirmed in heart failure patients during spontaneous PVCs, providing
further support for the validity of our experimental model involving pacing-induced PVCs."

A recent study provided important insight on PVC-induced dyssynchrony, showing that
the timing (i.e., Cl) had the greatest impact, consistent with our data.? Importantly, they reported
that longer Cl resulted in more pronounced LV dyssynchrony. It is interesting to note that long
Cl PVCs tended to affect more neurons and particularly, more afferent neurons than short Cl
PVCs in our study. However, our electrical data showed that PVC activation time dispersion and
DOR did not differ between short and long Cl, and our hemodynamic data showed that short Cl
had a greater impact on both PVC beat and PES-SB compared with long CI. Therefore, adverse
effect of PVCs is not solely hemodynamically mediated (Tables 1 and S1). Rather, a greater
preload (with longer Cl PVCs), although inducing a better overall hemodynamic profile, may
exaggerate mechanical stretch on the myocardial wall, thereby increasing activity in sensory
neurites that are locally present.' ?*

Finally, perturbations in atrioventricular relationship are known to increase muscle
sympathetic nerve activity,?® especially during closely coupled atrial and ventricular systole.?®
We observed similar features (close systolic coupling) during long Cl PVCs, which could have

had an additional impact on ICNS neurons.

Impact of variable coupling PVCs on ICNS network function

Our data demonstrates that variable Cl PVCs had a significantly greater impact on cardiac
neurons, especially on convergent neurons, the local reflex processors. We compared the
functional connectivity of neurons that responded to variable Cl PVCs vs. those that did not.

Interestingly, we observed that functional network connectivity was greater with neurons that
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responded to variable Cl PVCs (Figure 6). Variable Cl PVCs seem to have a more complex
impact on cardiac neurons than just the addition of short and long CI PVCs. Indeed, we have
shown that most (75%) convergent neurons affected by 1 Cl PVC type were only activated by
variable Cl PVCs (Figure 3B). Similarly, variable Cl PVCs differentially affected a greater
percentage of neurons receiving sympathetic/parasympathetic inputs (Figure 3F and G). Finally,
there was no difference in the percentage of afferent neurons affected (Figure 3C). Therefore,
unpredictability in Cl appeared to be a specific trigger that a subpopulation of convergent
neurons can detect, further causing sympathovagal imbalance. This cardio-cardiac reflex, likely
also involving higher centers in the neuraxis (Figure 7), may subsequently impact
cardiomyocyte function and lead to electrical instability.

Enhanced response of neurons to a variable compared with constant stimulus has been
reported in sensory neurons in visual, auditory, and olfactory system, a concept known as
neural adaption.?”-?® Similarly, in the cardiovascular system, it has been previously shown that
sympathetic nerve activity measured by muscle sympathetic nerve activity was greater when the
heart was paced irregularly, and these findings were independent of hemodynamic changes.”
We speculate that variability of PVC CI compared with fixed Cl may prevent neural adaptation

and play an important role in reflex activation of the ANS.

Impact of PVCs on cardiac electrical stability: PES-SB DOR

Increase in the SB DOR has been described as arrhythmogenic, being a requirement for
electrical reentry and lethal ventricular arrhythmias.** *' Furthermore, DOR has been strongly
correlated with the Tpeak-Tend interval, which is a predictor of sudden cardiac death risk in
most cardiomyopathies, as well as in more heterogeneous populations.* Similarly, other ECG
parameters estimating the spatial or temporal**** DOR have been shown to improve sudden

cardiac death prediction.
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More specifically, a short-long sequence has been described as a major trigger for
ventricular arrhythmias.* Therefore, part of the arrhythmogenesis may be explained by the
PES-SB DOR¥ (after the short Cl PVC) and another by the Cl of the subsequent PVC. PES-SB
dispersion was globally higher after following PVC (vs. same Cl PAC) because of their non-
uniform local Cl across the heart. A malignant short-long-short sequence following a PAC (as
first short) has never been reported. Heart regions that depolarize late during sinus rhythm and
early during PVCs (shorter local Cl) are more impacted (shorter repolarization) than regions
having a longer local CI (Figure 5). Interestingly, PVCs arising from late activated regions in
sinus rhythm (e.g., aortic cusps, epicardial) are associated with worse outcomes.* >’ Finally,
variable Cl PVCs increased PES-SB dispersion as compared with fixed Cl PVCs, despite
comparisons after similar Cl. Therefore, impact of variable Cl on neuronal stability was the last
potential mechanistic component of the increase in PES-SB dispersion that we could identify in
the present study. Indeed, sympathetic stimulation has been shown to increase DOR

19.38 35 well as in humans,' and lead to lethal ventricular

experimentally in porcine models,
arrhythmias." By carrying all deleterious characteristics, only variable short Cl PVC induced a
statistically significant increase in the PES-SB dispersion as compared with baseline. The level
of dispersion necessary to initiate ventricular arrhythmias remains unknown, and given the rare
incidence of such event, additional stress-mediated autonomic involvement is likely necessary
to provide sufficient functional arrhythmogenic substrate.® % ° Interestingly, in addition to
inducing a greater PES-SB DOR (i.e., vulnerability), a greater Cl variability would also increase
the likelihood for a subsequent PVC to trigger an arrhythmia if a specific Cl is required. Finally,
intracellular calcium handling likely involved in acute changes in DOR may translate into
heterogeneous ion channel remodeling, resulting in marked heterogeneity in action potential

configurations and durations, as reported in a chronic canine model of PVC-induced

cardiomyopathy,® which may lead to a more sustained arrhythmogenic substrate.
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Neuromodulation represents an attractive approach that has been shown to specifically
inhibit deleterious activity within the ICNS'>*' or intrathoracic extracardiac ganglia,*? thereby
mitigating the substrate and preventing arrhythmias. Further, it has antifibrotic properties,*® and
myocardial fibrosis has been characterized in a model of PVC-induced cardiomyopathy** and

could compromise recovery, even after successful PVC suppression.

LIMITATIONS

General anesthetics may suppress evoked responses in the ANS. However, after surgical
preparation, we switched to a-chloralose, which has minimal effects on ANS reflexes. Neuronal
recording was selectively performed in the VIV GP (1 of 11 GPs in porcine heart).20 However,
GP have been described to have spatially divergent receptive fields, capable of transducing
information from widespread cardiac regions, and VIV GP is primarily associated with control of
ventricular function.?* It is also noteworthy that there is a high degree of communication at all
levels of the ANS and changes in low frequency/high frequency after PVCs, believed to reflect
global sympathovagal balance and its effect on cardiac dynamics,*® seemed to mirror the local
impact on VIV GP neurons.

This unique set of data assessing acute changes would benefit from confirmation in a
chronic PVC model, in the setting of heart disease, and prompt further assessment of functional
and anatomopathological remodeling at different levels of the neuraxis. Additionally, whether the
differential effect of the Cl seen on cardiac electrical stability and neuronal behavior is
dependent on a specific burden® or a PVC location remain unknown. Indeed, we studied PVCs
from only 1 location (RVOT), which is the most commonly encountered clinically, and
investigating different locations in this set of animals was not feasible. A 10% burden induced
acutely was enough to have a significant impact, which has been previously described as the

lowest burden inducing a reversible cardiomyopathy,*’ particularly with an epicardial origin.’
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Although our data suggested that part of destabilizing cardiac repolarization changes were
mediated through PVC-induced changes in IC neural activity, our study was not sufficiently
powered to establish a direct temporal link between these 2 components.

Surrogate markers of arrhythmogenesis have been used in this study rather than
inducibility testing, which would have compromised our model of PVC delivery subsequent to
sensed SB. Moreover, cardioversion shocks required to resuscitate animals from a ventricular
arrhythmia would have disrupted and/or dislodged our neuronal recording interface. An

extensive literature has correlated these surrogates with sudden cardiac death.>®*

CLINICAL IMPLICATIONS
Currently, the clinical approach for PVC patients consists of ruling out a structural
arrhythmogenic substrate and thereby, classifying the PVC as benign. However, cardiac events

are known to occur with benign PVCs,?%°

and we have yet to decipher the mechanism behind
this small, but very real risk. This study provides important mechanistic insights into
mechanoelectric feedback (mediated through cardiac neurons) that have the potential to
contribute to a new avenue of investigation and allow more precise risk stratification in the
future. If further translational and clinical data supports these findings, temporal and spatial ECG
tools focusing on PES-SB repolarization and PVC ClI variability should be used and further
developed to improve risk stratification in PVC patients and potentially prompt more aggressive
prophylactic management. Finally, understanding neural signatures associated with PVC-

induced cardiomyopathy/arrhythmogenesis will pave the way for novel therapies targeting the

ANS to prevent cardiac disease.
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LV dP/dtmax LV dP/dtmin

ES LV ESP (mmHg) (mmHgls) (mmHgls)

PVC short coupling 53 £ 13* 488 + 82* -520 + 179*
PVC long coupling 81+ 11 1012 £ 139 -919 + 180
PAC short coupling 66 + 16 722 + 180" -834 + 271

PAC long coupling 8312 1072 £ 139 -1042 + 162

PES-SB

PVC short coupling 88+ 12 1524 + 179t -1040 + 166
PVC long coupling 84 + 11 1213 £ 150 -1058 + 161
PAC short coupling 84 +14 1308 + 203* -929 + 220
PAC long coupling 85+13 1207 + 181 -991 + 181

Table 1. Hemodynamics of extrasystolic and post-extrasystolic sinus beat. (A) Left

ventricular (LV) end-systolic pressure (LV ESP), maximum rate of LV pressure change (LV
dP/dtnax) and minimum rate of LV pressure change (LV dP/dty,) for ventricular and atrial
extrasystolic (ES) beats of different coupling intervals. (B) Hemodynamic parameters of post-
extrasystolic sinus beat (PES-SB) following ventricular and atrial ES beats of different coupling
intervals. * P < 0.05 for short vs. long coupling. 1 P < 0.001 for short vs. long coupling. PAC,

premature atrial contraction; PVC, premature ventricular contraction.
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Figure 1. Cardiac electrophysiological mapping and neuronal recording: methods. (A)
Porcine heart with 56-electrode sock array around ventricular epicardium to record unipolar
cardiac electrograms and a linear microelectrode array (LMA) in the ventral interventricular
ganglionated plexus (VIV GP) to record intrinsic cardiac neuronal activity. Premature ventricular
contractions (PVCs) were induced via right ventricular outflow tract (RVOT) pacing. Blue box in
left is a higher magnification of VIV GP (blacked dashed line in right) with embedded LMA. (B)
Representative polar activation map of PVC induced from the RVOT. Black dotted line indicates
location of left anterior descending coronary artery (LAD). (C) Sixteen-channel LMA used to
record neuronal activity. (D) Representative trace showing the activity of 3 intrinsic cardiac
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neurons (ICN 1, 2 and 3) from a single electrode (channel 1) of the LMA as well as left
ventricular pressure (LVP) and electrocardiogram (ECG). Black vertical dotted lines indicate the
time period in which variable coupling interval PVCs were delivered. Blue box is a higher
magnification of the trace, with an inset showing the waveform of ICN 2. (E) Basal activity of one
of the neurons from D (ICN 2) in relation to the cardiac cycle. Note that the activity of this
neuron is predominately clustered during isovolumetric contraction. (F) Summary of evoked
changes in neuronal activity in response to PVCs as well as other cardiovascular stimuli from a
single animal. Horizontal rows represent the response of an individual neuron to a given
stimulus (vertical columns). Green and red indicate significant increase or decreases in activity
(P < 0.05), respectively. (G) Functional classification of neurons depicted in panel F. Neurons
were classified as afferent, efferent, or convergent based on their responses to the
cardiovascular stimuli. Afferent neurons were defined as those that responded only to epicardial
mechanical stimuli of the right (RV) or left ventricle (LV); transient occlusion of the inferior vena
cava (IVC); and/or transient occlusion of the descending thoracic aorta. Efferent neurons were
defined as those that responded only to electrical stimulation of the bilateral vagus nerves
(BVNS) and/or stellate ganglia (BSGS). Neurons that responded to activation of both afferent
and efferent inputs were defined as convergent. PAC, premature atrial contraction; RA, right

atrium.
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PVC vs. pacing
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Figure 2. Premature ventricular contractions (PVCs) are a powerful and unique
cardiovascular stimulus. (A) Percentage of intrinsic cardiac (IC) neurons responding to PVCs
vs. afferent cardiovascular stimuli. (B) Percentage of neurons responding to PVCs vs. efferent
cardiovascular stimuli. (C) Percentage of neurons responding to PVCs vs. pacing. Note that the
vast majority of neurons that responded to afferent and efferent cardiovascular stimuli, as well
as pacing, also responded to PVCs. * P < 0.001. BSGS, bilateral stellate ganglia stimulation;
BVNS, bilateral vagus nerve stimulation; IVC, inferior vena cava; RA, right atrium; RVOT, right

ventricular outflow tract.
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Figure 3. Impact of premature ventricular contraction coupling interval on intrinsic

cardiac neurons. (A) Functional classification of intrinsic cardiac (IC) neurons responding to

PVCs and premature atrial contractions (PAC) of different coupling intervals. Note that a subset

of neurons responded only to the extrasystole (ES), and none of the other afferent and efferent

cardiovascular stimuli. (B) Percentage afferent, efferent, and convergent neurons that

responded to multiple PVC types. Note that of convergent neurons that responded to only 1

PVC, the vast majority responded to variable coupling interval PVCs. (C) Percentage of afferent

neurons responding to PVCs of different coupling intervals. (D) Percentage of efferent neurons
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responding to PVCs of different coupling intervals. (E) Percentage of convergent neurons
responding to PVCs of different coupling intervals. (F) Percentage of neurons receiving
sympathetic inputs from the stellate ganglia responding to PVCs of different coupling intervals.
(G) Percentage of neurons receiving parasympathetic inputs from the vagus nerve responding
to PVCs of different coupling intervals. (H) Low frequency (LF)/high frequency (HF) ratio

following PVCs of different coupling intervals vs. baseline (BL). * P < 0.05.
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Figure 4. Impact of premature ventricular contractions (PVCs) coupling interval on
cardiac electrophysiology. (A) Activation recovery intervals (ARIs) of ventricular and atrial
extrasystolic (ES) beats of different coupling intervals. * P < 0.05 for short vs. long coupling
PVCs and premature atrial contractions (PACs). 1 P < 0.05 for long coupling PVCs vs. PACs.
(B) Dispersion of repolarization of ventricular and atrial ES beats of different coupling intervals. *
P < 0.05 for short and long coupling PVCs vs. PACs. (C) ARlIs of postextrasystolic sinus beat
(PES-SB) after PVCs and PACs of different coupling intervals vs. baseline (BL) sinus beat. * P
< 0.05 for fixed short coupling PACs vs. BL. (D) Dispersion of ARI for PES-SB after PVCs and
PACs of different coupling intervals vs. BL sinus beat. * P < 0.05 for variable short coupling PVC

vs. BL.
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Figure 5. Premature ventricular contraction (PVC) local coupling interval (Cl) impact on
repolarization. (A) Representative trace showing a sinus beat followed by a PVC induced at a
coupling of 496 ms and the subsequent postextrasystolic sinus beat on (1) surface ECG lead |,
(2) a unipolar sock electrode recorded from the right ventricular outflow tract (RVOT), and (3)
from the left ventricular (LV) posterior-apical wall. Overall, mean activation time (AT),
repolarization time (RT), and activation recovery interval (ARI) across the heart and values

recorded from RVOT and LV posterior electrodes are displayed under each respective trace.
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(B) Polar map showing myocardial activation during the sinus beat and the subsequent PVC
and postextrasystolic beats. White and black stars indicate location of RVOT and LV posterior-
apical wall electrodes, respectively. Note that the RVOT electrode, which had a shorter local ClI
than the LV posterior-apical one, was characterized by a greater shortening in RT that remained
on the postextrasystolic-sinus beat while activation pattern was back to normal. Such PVC-
induced arrhythmogenic substrate may increase the likelihood for subsequent critically timed

PVCs to trigger re-entry-mediated ventricular arrhythmias.
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Figure 6. Impact of variable coupling interval premature ventricular contractions (PVCs)
on intrinsic cardiac (IC) nervous system network function. (A, C) Conditional probability
that an intrinsic cardiac neuron that responded to one stimulus (X, x-axis) also responded to
another stimulus (Y, y-axis). (A) Conditional probability for neurons that had no response to
variable coupling interval PVCs. (C) Conditional probability for neurons that had a response to
variable coupling interval PVCs. Color scale indicates level of probability of each occurrence.
(B, D) Graphical representation of interdependent interactions between stimuli in neurons based

on their response to variable coupling interval PVCs (B, no response; D, response). Only links
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with probabilities > 0.6 are displayed. Afferent and efferent stimuli are represented by blue and
red, respectively. Pacing, premature atrial contractions (PACs), and PVC are represented in
black. Ao, aortic occlusion; BSGS, bilateral stellate ganglia stimulation; BVNS, bilateral vagus
nerve stimulation; Cl, coupling interval; IVCo, inferior vena cava occlusion; Mech., mechanical;

RVOT, right ventricular outflow tract; stim., stimuli.
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Heart Rate (bpm) LV ESP (mmHg)

Baseline Intervention Baseline Intervention
PVC short coupling 685 705 97 £ 13 91+13
PVC long coupling 69+6 70+6 91+£10 89 +£12
PVC variable coupling 6715 705 90 £ 14 87 £ 14
PAC short coupling 6514 66 £ 4 87 +13 85+13
PAC long coupling 64 £4 66 £ 3 84 £ 14 84 £ 14
PAC variable coupling 64 £4 66 £4 77 £15 79 £ 16
IVC occlusion 73+6 72+5 89+ 13 55 + 9*
Aortic occlusion 70+6 67 7 84 +8 135 + 14*
BVNS 6715 65+5 89 +£15 85+ 13
BSGS 7116 72+6 96 + 11 103 £ 12
LV dP/dt,.x (mmHg/s) LV dP/dt,i, (mmHg/s)
PVC short coupling 1265+ 172 1207 + 158 -1246 + 209 -1137 £ 207
PVC long coupling 1216 £+ 142 1189 + 151 -1057 £ 142 -1056 £ 176
PVC variable coupling 1226 + 157 1195+ 146 -1157 £ 189 -1110 £ 205
PAC short coupling 1156 £ 155 1174 + 168 -1005 £ 208 -965 £ 191
PAC long coupling 1162+ 189 1138 + 192 970+ 210  -962 £ 223
PAC variable coupling 1107 +198 1122+ 195 -875+200  -927 £ 232
IVC occlusion 1238 + 169 805 + 107* -1069 £ 201 -539 £ 101*
Aortic occlusion 1154 £ 105 1055+ 111 -998 + 143  -1454 + 325
BVNS 1206 + 194 1175+ 187 -1030 £ 242  -902 £ 207
BSGS 1143 £ 167 1237 £ 140 -1204 £ 175 -1193 £ 152

Supplemental Table 1. Hemodynamics of interventions. * P < 0.05 for intervention vs.
baseline. BSGS, bilateral stellate ganglia stimulation; BVNS, bilateral vagus nerve stimulation;
IVC, inferior vena cava; LV ESP, left ventricular end-systolic pressure; PAC, premature atrial

contraction; PVC, premature ventricular contraction.
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CHAPTER 5

Myocardial infarction induces structural and functional remodeling of the intrinsic

cardiac nervous system
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Sudden cardiac death due to ventricular arrhythmias is one of the leading causes of mortality in
the world, resulting in an estimated 4-5 million deaths each year.1'2 Dysregulation of the
autonomic nervous system (ANS) following myocardial infarction (M) plays a crucial role in the
genesis of arrhythmias and progression of heart failure.*® The cardiac neuraxis is responsible
for the dynamic regulation of cardiac electrical and mechanical function,® ” and involves neural
networks located from the level of the heart® to that of the insular cortex.® '

At the organ level, the intrinsic cardiac nervous system (ICNS) comprises a distributed
network of ganglia and interconnecting nerves.? The ICNS, in concert with higher neuraxial
centers (intrathoracic extracardiac ganglia, spinal cord, brain stem, and cortex), regulates
cardiac excitability and contractile function on a beat-to-beat basis.® """ The ICNS contains all
the neuronal elements necessary for intracardiac reflex control independent of higher centers, '
namely sensory neurons, cholinergic and adrenergic efferent postganglionic neurons, as well as
interposed local circuit neurons (LCNs).2 ' The largest subpopulation, LCNs, account for the
intra- and interganglionic communication that occurs among neurons within the ICNS and is
responsible for local information processing.® "’

Cardiac diseases, such as MI, adversely impact the myocardium and its associated
neural components.'*"® Neural signals conveying cardiac injury are transduced by afferents to
multiple levels of the cardiac neuraxis."’ Remodeling within the cardiac neuraxis and its
processing of that sensory signal post-MI'® contribute to neurohumoral activation' and the
potential for sudden cardiac death.’ Intrinsic cardiac (IC) neurons from humans with ischemic
heart disease contain inclusions and vacuoles, and display degenerative changes in their
dendrites and axons.?® In vitro intracellular studies of IC neurons derived from chronic Ml
animals show enhanced excitability, altered synaptic efficacy, and adaptive changes in

neurochemical phenotypes and neuromodulation.?’ However, there is limited knowledge on the
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functional consequences of such changes on neural signaling in vivo, in the context of a healed
infarct.

The objectives of this study were to (1) examine morphological and phenotypic
remodeling within the ICNS, and (2) directly evaluate remodeling of ICNS processing of afferent
and efferent (parasympathetic and sympathetic) inputs, and their integration by LCNs following
MI. In the present study, we show that Ml leads to morphological and neurochemical changes
within certain IC ganglia. This structural remodeling is paralleled by functional alterations in the
processing of afferent and efferent neural signals by the ICNS and a decrease in overall
functional network connectivity, or the ability of neurons to respond to independent pairs of
stimuli. The heterogeneity in afferent neural signals, along with the remodeling of convergent
neurons, could play an important role in the genesis of arrhythmias and progression to heart
failure. Characterization of this adverse neural signature in ischemic heart disease has the
potential of serving as a marker of disease progression, and can potentially be used for

monitoring and evaluating therapies targeting the ANS.

METHODS

Ethical approval

Yorkshire pigs with normal hearts (n = 16; 8 male and 8 female; 49 + 3 kg) and Yorkshire pigs
with healed anteroapical MI (n = 16; 6 male and 10 female; 46 + 2 kg) were used in this study.
All animal experiments were performed in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals and approved by the UCLA Chancellor's Animal

Research Committee.
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Creation of MI

MI was induced as previously described.? Briefly, animals were sedated with telazol (8 mg/kg,
intramusclar), intubated and ventilated. General anesthesia consisted of isoflurane (1-2%,
inhalation). A 12-lead electrocardiogram and arterial pressure were monitored. Left femoral
arterial access was obtained, and a guidewire (0.035-inch Amplatz Super Stiff Guidewire with J-
Tip; Boston Scientific, Marlborough, MA, USA) was placed into the left main coronary artery
under fluoroscopy. A 3 mm angioplasty balloon catheter (FoxCross PTA Catheter; Abbot
Vascular, Temecula, CA, USA) was then advanced over the guidewire and inflated at
approximately the third diagonal coronary artery that arose from the left anterior descending
coronary artery. Thirty seconds after balloon inflation, a 5 ml suspension of saline containing 1
ml polystyrene microspheres (Polybead, 90 um diameter; Polysciences Inc., Warrington, PA,
USA) was injected distally into the artery through the central lumen of the catheter. Occlusion of
the artery was visualized by contrast angiography, and acute M| was confirmed by the presence

of ST-segment elevations in the limb and precordial leads.

Experimental protocol post-MI

Healed MI animals were studied 42 + 2 days post-MI. Ml and age-matched control animals were
sedated with telazol (8 mg/kg, intramuscular), intubated and ventilated. General anesthesia was
maintained with isoflurane (1-2%, inhalation). Depth of anesthesia was monitored by
hemodynamic indices, jaw tone, and pedal withdrawal reflex; anesthesia was adjusted as
necessary. Right femoral venous access was obtained for maintenance fluid administration, and
right femoral arterial access for monitoring arterial pressure. A median sternotomy was
performed to expose the heart, as well as the stellate ganglia, inferior vena cava (IVC), and
descending thoracic aorta. A lateral incision of the neck was performed to expose the cervical

vagi and carotid arteries. Snare occluders were placed around the vessels (IVC, aorta, and
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carotid arteries), and stimulating electrodes placed around (vagi) or into (stellate ganglia)
autonomic efferent neural structures. Following the completion of surgery, general anesthesia
was changed to a-chloralose (50 mg/kg intravenous bolus with 10 mg/kg/hr continuous
intravenous infusion). Body temperature was monitored and maintained via heating pads. Acid-
base status was evaluated hourly; respiratory rate and tidal volume were adjusted and
bicarbonate was infused as necessary to maintain blood gas homeostasis. At the completion of
the experiments, animals were euthanized by an overdose of sodium pentobarbital (100 mg/kg,

intravenous) followed by potassium chloride (150 mg/kg, intravenous) to arrest the heart.

Recording IC neuronal activity

A linear microelectrode array (MicroProbes, Gaithersburg, MD, USA) was used to record the in
vivo activity generated by neurons in the ventral interventricular ganglionated plexus (VIV GP)
(Figure 1A). The linear microelectrode array consisted of 16 platinum-iridium electrodes (25 ym
diameter electrodes with an exposed tip of 2 mm; impedance 0.3-0.5 MQ at 1 kHz) (Figure 1B).
The electrode was embedded in the VIV GP, which lies near the origin of the left anterior
descending coronary artery from the left main coronary artery (Figure 1A).23 The linear
microelectrode array was attached to a flexible cable, thereby allowing it to be semi-floating.
The electrode wires, as well as earth and reference electrodes, were connected to a 16-channel
microelectrode amplifier with a headstage pre-amplifier (Model 3600; A-M Systems Inc.;
Carlsborg, WA, USA). For each channel, filters were set to 300 Hz to 3 kHz with a gain of 5000.
An electrode was sewn to the right atrial myocardium to provide a reference right atrial
electrogram. Neuronal waveform, electrocardiogram, right atrial electrogram, and hemodynamic
data were input to a data acquisition system (Power1401; Cambridge Electronic Design,
Cambridge, UK). Data were analyzed offline using the software Spike2 (Cambridge Electronic

Design), as previously described."
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Left ventricular (LV) hemodynamic assessment

A pressure catheter (Mikro-Tip; Millar Instruments, Houston, TX, USA) was placed into the LV
chamber via the left femoral artery and connected to a control unit (PCU-2000; Millar
Instruments). LV systolic function was evaluated by end-systolic pressure and maximum rate of
pressure change (dP/dfmax). LV diastolic function was evaluated by end-diastolic pressure and

minimum rate of chamber pressure change.

Afferent neural input assessment

To determine the capacity of IC neurons to transduce mechanosensory afferent inputs,
epicardial mechanical stimuli (gentle touch) were applied for 10 seconds at the following 4 sites:
(1) right ventricular (RV) outflow tract, (2) RV apex, (3) LV mid-anterior wall, and (4) LV apex.
Transient (30 s) occlusions of the IVC and aorta were then performed using a snare occluder to
determine the capacity of neurons to transduce acute changes in preload and afterload,

respectively.

Efferent neural input assessment

To determine which IC neurons receive parasympathetic and sympathetic efferent inputs,
bipolar spiral cuff electrodes (PerenniaFlex Model 304; Cyberonics Inc., Houston, TX, USA)
were placed around the cervical vagi and bipolar needle electrodes inserted into the stellate
ganglia bilaterally. A stimulator with a photoelectric isolation unit (S88 and PSIU6; Grass
Technologies, Warwick, RI, USA) was used to modulate efferent inputs to IC neurons. For each
vagus nerve, threshold was defined as the current necessary to evoke a 10% decrease in heart
rate or blood pressure (20 Hz frequency, 1 ms pulse width). For each stellate ganglia, threshold
was defined as the current necessary to evoke a 10% increase in heart rate or blood pressure

(4 Hz frequency, 4 ms pulse width). Each vagus nerve and stellate ganglion was then stimulated
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individually for 1 minute at threshold current and a frequency of 1 Hz. This was done to assess
direct inputs to the ICNS independent of any changes in cardiac function. Transient (1 min)
occlusion of the bilateral carotid arteries (caudal to carotid sinus) was then performed using a
snare occluder to determine the capacity of the carotid baroreflex to modulate efferent inputs to

IC neurons.

Epicardial pacing

To determine the capacity of IC neurons to respond to cardiac electrical stimulation, a bipolar
pacing electrode (St. Jude, St. Paul, MN, USA) was placed at various epicardial sites and
pacing (6 mA current; 2 ms pulse width) was performed at 10% above baseline heart rate for 10
captured beats. The following 4 sites were paced: (1) right atrial appendage, (2) RV outflow

tract, (3) RV apex, and (4) LV apex.

Ventricular tachyarrhythmia (VT) inducibility

In a separate set of control (n = 8) and healed anteroapical Ml animals (n = 8), VT inducibility
was evaluated by programmed ventricular stimulation (EPS320; Micropace, New South Wales,
Australia) at 2 different cycle lengths (600 ms and 400 ms) with up to 3 extra stimuli (200 ms

minimum) from 2 different sites (RV apex and LV anterior wall epicardium).

Tissue processing

Following completion of IC neuronal recording, animals were sacrificed and hearts immediately
excised. The fat pads containing the VIV GP, dorsal interventricular ganglionated plexus, right
marginal artery ganglionated plexus, and right atrial ganglionated plexus were removed, rinsed
in cold (4°C) saline, and transferred to cold 10% phosphate-buffered formalin (Fisher Scientific,

Pittsburgh, PA, USA) for 4 days. Afterwards, the tissue was transferred to 70% ethanol (Sigma-
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Aldrich, St Louis, MO, USA) and paraffin embedded within 3 days. Sections of 4 ym thickness

were cut from the paraffin blocks.

Histologic staining
IC neuronal size was determined from hematoxylin and eosin stained sections (Fisher Scientific,
Pittsburgh, PA, USA) using computerized morphometric analysis (Aperio ImageScope; Leica

Biosystems, Buffalo Grove, IL, USA).

Immunohistochemical stains

IC neuronal cholinergic phenotype by choline acetyltransferase immunoreactivity (1:200 dilution;
cat. no. AB144-P; Millipore Billerica, MA, USA); neuronal adrenergic phenotype was quantified
by tyrosine hydroxylase immunoreactivity (1:2000 dilution; cat. no. ab112; Abcam Cambridge,
MA, USA); and vasoactive intestinal peptide (VIP) immunoreactivity (cat. no. 20077,
ImmunoStar, Hudson, WI, USA). Secondary detection was performed with Dako EnVision+
System— HRP Labeled Polymer Anti-Rabbit (cat. no. K4003; Dako North America Inc.,
Carpinetria, CA, USA) for tyrosine hydroxylase and VIP at 1:500, and polyclonal rabbit anti-goat
immunoglobulins/biotinylated (E0466, Dako) for choline acetyltransferase. Secondary
immunoreactivity was detected by diaminobenzidine (Life Technologies, Green Island, NY,
USA) as per manufacturer's recommended protocol for all stains. The slides were then scanned
digitally and analyses performed on the electronic images. All neurons present in the slides
were quantified using computerized image analysis (Aperio ImageScope) at 20-40X

magnifications. Staining and quantification of the groups were performed in a blinded fashion.
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Data analysis: signal processing of multi-unit IC neuronal activity

Artifact removal and IC neuronal identification were performed using off-line analysis, as
previously described (Figure 1C)."" Briefly, recorded neuronal activity was contaminated by
endogenous electrical artifact arising from the activity of the adjacent atrial and ventricular
myocardium, as well as by exogenous electrical artifact arising from stimulation of autonomic
efferent nerves. Simultaneously occurring activity displaying similar waveforms in more than 3
adjacent channels of the linear microelectrode array was also considered to be artifact. After
identification, artifacts were removed from all channels by blanking, or setting the amplitudes of
the time interval containing them to 0. This process resulted in a maximum loss of 3% of the
total signal. Following artifact removal, individual units were sorted using principal component

analysis of waveform shapes."

Data analysis: monitoring the activity of individual IC neurons

For epicardial mechanical stimuli and autonomic efferent nerve stimulations, IC neuronal activity
was compared 1 min before the stimuli (baseline) vs. during the stimuli. For vascular occlusions
and pacing, neuronal activity was compared at baseline vs. during the stimuli, as well as at
baseline vs. 1 min after the stimuli (recovery). After each stimulus, we waited at least 5 min for
neuronal activity and hemodynamics to return to baseline levels before proceeding. IC neurons
were functionally classified as afferent, efferent or convergent based on their response
characteristics to the cardiovascular stimuli (Figure 2B and C). Afferent neurons were defined as
those that responded solely to epicardial mechanical stimuli and/or occlusion of the IVC or
aorta. Efferent neurons were defined as those that responded solely to stimulation of autonomic
efferent nerves (vagus nerve or stellate ganglia) and/or occlusion of the bilateral carotid arteries.
Neurons that responded to activation of both afferent and efferent inputs were defined as

convergent."’
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Data analysis: conditional probability

Conditional probability analysis was used to determine whether an IC neuron that responded to
1 stimulus also responded to another stimulus, as previously described."" The potential for a
functional relationship between stimulus X and Y was quantified within neurons identified in
each animal as a conditional probability that a neuron that responded to stimulus Y also
responded to stimulus X. The conditional probability (probability: response to Y | response to X)
was estimated as the number of neurons that responded to both stimulus X and Y, divided by

the number of neurons that responded to stimulus X.

Statistics

The significance level of changes in the firing rate of each IC neuron between baseline vs.
stimulus and recovery interval was assessed using a statistical test developed for cortical
neurons based on the Skellam distribution.?* This test has been previously validated for the
study of IC neurons."" A x? test was used to compare the neuronal response, and VT inducibility
in Ml vs. control animals. A Wilcoxon’s signed-rank test or Mann-Whitney U test was used to
compare neuronal firing frequencies, resting hemodynamic indices, as well as morphological
and phenotypic changes in neurons in Ml vs. control animals. Data are represented as mean *
standard error of the mean. P values < 0.05 were considered to be statistically significant.
Statistical analyses were performed using SigmaPlot 12.0 (Systat Software Inc., San Jose, CA,

USA).

RESULTS
Healed anteroapical Ml animals were in a chronic compensated state and not in overt heart
failure, as evidenced by similar resting hemodynamic indices such as LV end-diastolic pressure

(3+x1vs.4+1mmHg; P=0.59) and LV dP/dfyax (1436 = 112 vs. 1426 = 151 mmHg/s; P =
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1.00) in Ml vs. control animals, respectively. Figure 3J and K illustrates a typical pattern of scar
formation induced by the microembolization technique. Since ventricular fibrillation is a terminal
event, VT inducibility in this model was evaluated in a separate set of animals. While none of

the control animals (n = 8) were inducible, 75% of the MI animals (n = 8) developed ventricular

tachycardia and/or fibrillation (P < 0.01).

Ml induces differential IC neuronal enlargement and phenotypic changes

Histologic and immunohistochemical analyses were performed on VIV GP neurons for size,
adrenergic-cholinergic phenotype, and VIP phenotype to evaluate for potential morphological
and neurochemical changes induced by MI. VIP is a modulator of cardiac function and a
putative afferent marker.?>%

VIV GP neurons from MI animals were significantly larger than those from controls (946
+ 23 vs. 755 + 22 ym?, respectively; P < 0.01; Figure 3A-C). A histogram of neuronal size
distribution from MI and control animals is shown in Figure 3B. Neuronal enlargement was
observed in the VIV GP, dorsal interventricular ganglionated plexus, and right marginal artery
ganglionated plexus, which exert preferential influence over the ventricles, but was not observed
in the right atrial ganglionated plexus, which exerts preferential influence over the atria (Figure
4A-C).

There was a significant decrease in the percentage of IC neurons expressing choline
acetyltransferase in Ml animals compared to controls (87 £ 2% vs. 91 £ 2%, respectively; P =
0.04; Figure 3D and E). In contrast, there was no significant difference in tyrosine hydroxylase
expression in Ml relative to control animals (3 £ 1% vs. 2 + 1%, respectively; P = 0.15; Figure 3F
and G). VIP expression was significantly increased in Ml vs. control animals (66 + 2% vs. 37
3%, respectively; P < 0.01; Figure 3H and I). VIP expression was also significantly increased in

all the other ganglionated plexi (GPs) studied (Figure 4D and E).
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Functional characterization of IC neurons post-Mi

The in vivo activity of neurons from the VIV GP was recorded in control and Ml animals using a
microelectrode array to evaluate functional changes in neuronal response characteristics
induced by MI (Figures 1 and 2). In 8 control animals, the activity generated by 118 IC neurons
from the VIV GP was studied (average: 15 + 3 neurons per animal; Figure 5A, left panel). In 8
MI animals, the activity generated by 102 neurons was studied (average: 10 + 2 neurons per
animal; Figure 5A, right panel). The spontaneous firing rates of neurons were derived from
pooling data from baseline intervals. The average spontaneous firing rate of the neurons from
control animals was 0.31 Hz (range: 0 to 4.42 Hz), while the average of those from MI animals
was 0.21 Hz (range: 0 to 1.59 Hz). The distribution was overall similar in both states, with more
than 90% of neurons firing below 1 Hz.

Based on their response characteristics to the cardiovascular stimuli, IC neurons were
functionally classified as afferent, efferent, or convergent (Figures 2B and C, and 5B). In control
and MI animals, convergent neurons represented the largest subpopulation (47% vs. 48%,
respectively), followed by fewer afferent (27% vs. 18%, respectively) and efferent (13% vs. 15%,
respectively) neurons (Figure 5B). In control animals 13% of neurons and in Ml animals 20% did
not respond to any of the stimuli. There was no significant difference in the overall
classifications in either state (P = 0.26).

The activity of IC neurons was compared to the cardiac cycle to determine if they
exhibited cardiac cycle-related periodicity (Figures 1D and 5C). Based on an activity histogram,
neurons that generated at least 100 action potentials at baseline were classified as being
related to a specific phase of the cardiac cycle if more than 30% of their activity occurred during
the given phase. Forty-six neurons (39%) in control animals and 30 neurons (29%) in Ml
animals that satisfied this criterion were analyzed for cardiac cycle-related periodicity (Figure

5C). In control animals, 52% of neurons displayed diastolic-related activity, 28% displayed
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systolic-related activity, 17% displayed dual diastolic- and systolic-related activity, and 2%
displayed stochastic behavior. In contrast, in MI animals, 43% of neurons displayed diastolic-
related activity, 50% displayed systolic-related activity, 3% displayed dual diastolic- and systolic-

related activity, and 3% displayed stochastic behavior.

Afferent remodeling of IC neurons post-Mi

MI differentially affected the capacity of IC neurons to transduce mechanosensitive afferent
inputs arising from the infarct vs. border and remote zones of the heart, as assessed by
applying mechanical stimuli to myocardial tissue overlying these regions (Figure 6A and B). The
neuronal response to activation of mechanosensitive inputs arising from border and remote
zones (RV outflow tract, RV apex, and LV mid-anterior wall) in Ml animals was similar to that in
controls (34% in Ml vs. 24% in control; P = 0.12). In contrast, significantly fewer neurons
responded to activation of mechanosensitive inputs arising from the infarct (LV apex) following
MI (7% in Ml vs. 19% in control; P = 0.03).

The capacity of IC neurons to transduce changes in cardiac loading conditions was also
impacted following MI (Figure 6C). In Ml animals, the neuronal response to a decrease in
preload, induced by transient IVC occlusion, was significantly diminished (41% in Ml vs. 54% in
control; P = 0.05). There was no significant difference in the neuronal response to an increase
in afterload induced by transient partial occlusion of the descending aorta (47% in Ml vs. 35% in
control; P = 0.13). Ml likewise did not significantly alter the overall capacity of neurons to
transduce multimodal afferent neural signals (Figure 6D; a similar percentage of neurons in both
states received 1, 2, or greater than 3 afferent inputs [P = 0.84]). These afferent inputs included

epicardial mechanical stimuli and transient occlusion of the IVC and aorta.
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Efferent remodeling of IC neurons post-MI
MI did not affect the capacity of IC neurons to individually transduce parasympathetic and
sympathetic efferent inputs, as assessed by low frequency stimulation of the cervical vagi and
stellate ganglia, respectively (Figure 6E). Stimulation of these autonomic efferent nerves was
carried out at low frequencies to evaluate direct efferent inputs to the ICNS, rather than an
indirect response resulting from changes in cardiac function. There was no significant difference
in the percentage of neurons receiving inputs from either the left or right cervical vagus nerve in
MI animals compared to controls (35% vs. 27%, respectively; P = 0.23). A similar pattern was
observed with regards to the percentage of neurons receiving inputs from either the left or right
stellate ganglion (41% in Ml vs. 31% in control; P = 0.12). Interestingly, there was a significant
increase in the percentage of neurons that received efferent inputs from both the sympathetic
and parasympathetic divisions of the ANS in M| animals relative to controls (21% vs. 10%,
respectively; P = 0.03). Of these neurons that received both parasympathetic and sympathetic
inputs, 90% also responded to stimulation of 1 or more afferent inputs in both control (10 of 11
neurons) and MI (19 of 21 neurons) animals. As such, these neurons were classified as
convergent.

To assess the effects of Ml on baroreflex modulation of efferent inputs to IC neurons, the
bilateral carotid arteries were occluded caudal to carotid sinus (Figure 6F). There was no
significant difference in the percentage of neurons responding to carotid artery occlusion in

either state (34% in Ml vs. 32% in control; P = 0.77).

Ml induces changes in IC neuronal response to pacing
MI differentially impacted the response of IC neurons to epicardial pacing (Figures 7A and 8A).
Whereas the neuronal response to right atrial appendage pacing (with ventricular capture) was

not altered (31% in Ml vs. 36% in control; P = 0.46), the response to ventricular pacing was
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reduced (44% in Ml vs. 63% in control; P < 0.01). Neurons that responded to pacing were
classified functionally as afferent, efferent, or convergent (Figures 7B and C, and 8B). The
neuronal response evoked from pacing at the RV outflow tract (remote zone) and LV apex
(infarct) was most dramatically affected post-MI (P = 0.05). This alteration was primarily
reflected as an upregulation of pacing-responsive convergent neurons and a corresponding
downregulation in pacing-responsive afferent neurons. It is also noteworthy that in all sites
evaluated in control animals and most sites in Ml animals pacing engaged a unique
subpopulation of neurons, which only responded to pacing and none of the other afferent or

efferent stimuli (Figure 8B, red bars).

State dependence of IC neurons: impact on evoked response

Basal activity impacts IC neuronal response to subsequent cardiovascular stimuli, including
pacing (Figure 9). In both control and MI animals, neurons with low basal activity tended to be
activated by pacing (P < 0.01). Conversely, neurons with high basal activity tended to be
suppressed by pacing (P < 0.01). These results indicate the state-dependent nature of such

neurons.

Interdependence of IC neuronal response to stimuli post-Ml

The relationship between the IC neuronal responses to afferent and efferent stimuli, as well as
pacing, was determined in both control and Ml animals. The conditional probability of whether a
neuron that responded to 1 stimulus also responded to another stimulus is represented in a
matrix format (Figure 10A and C). These data are also depicted graphically as a network, with
only links with conditional probabilities > 0.6 displayed (Figure 10B and D). These relationships
reflect the concordant behavior among VIV GP neuronal populations induced by pairs of

independent stimuli. MI reduces the overall functional network connectivity within the ICNS.
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DISCUSSION

The present study characterized structural and in vivo functional remodeling of neuronal
elements within the ICNS following MI, and represents the first ‘cardiac electroneurogram’ of the
chronic infarcted heart. Network function of the ICNS was assessed in the VIV GP, a plexus
primarily associated with control of ventricular function.?® There are several major findings from
this study.

(1) IC ganglia undergo morphological and phenotypic remodeling post-MI. The site of injury
determines which ganglia remodel.

(2) Afferent neural signals from the infarcted region to IC neurons are attenuated, while
those from border and remote regions are preserved following M, giving rise to a ‘neural
sensory border zone’, or heterogeneity in afferent information from injured vs. adjacent
non-injured myocardial tissue (Figure 11). Alteration in afferent neural signals is also
manifested by a reduced capacity of IC neurons to transduce changes in preload.

(3) Autonomic efferent inputs to the ICNS are maintained post-MI (Figure 11).

(4) Convergent IC LCNs, those receiving both afferent and efferent inputs, have enhanced
transduction capacity following MI (Figure 11).

(5) Functional network connectivity within the ICNS is reduced post-MI.

(6) MI reduces the response and alters the characteristics of IC neurons to ventricular
pacing.

The only difference between control and M| animals was the presence of an infarct scar.
Therefore, the structural and functional changes we noted are likely attributed to the MI. We
studied the remodeling of the ICNS 6 weeks after the creation of the MI. This represents a
stable phase for autonomic adaptations and is beyond the acute phase remodeling,
characterized by myocyte death and neural degeneration.?’ Based on hemodynamic indices

such as LV end-diastolic pressure and contractility, the animals were in a chronic compensated
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state and had not transitioned into overt heart failure. We recorded neuronal activity from the
VIV GP because it is primarily involved in control of ventricular function® and its neuronal
somata are located upstream from the infarct zone.?® Thus, the neural remodeling we observed
is not due to direct ischemic injury to the neurons.

We evaluated VT inducibility and demonstrated that MI animals in this model have a
significantly higher inducibility. Since ventricular fibrillation is a terminal event, inducibility was
evaluated in a separate set of animals. Specifically, the cardioversion shocks required to
resuscitate the animals would have disrupted and/or dislodged our neuronal recording interface
and precluded our detailed characterization of the ICNS. Moreover, the shocks by themselves
have the potential to alter subsequent neural activity. We have also previously demonstrated
that heterogeneous pharmacological or electric activation of the ICNS is arrhythmogenic,'"*
and that blunting of the neural response reduces the potential for arrhythmias.*'** Taken

together, we can now hypothesize that the altered neural signature we observed following Ml

could be relevant to ventricular arrhythmogenesis.

Differential morphological and neurochemical remodeling of neurons within the ICNS

MI induced morphological changes in neurons within the VIV GP. IC neuronal enlargement was
observed in the GPs that exert preferential influence over the ventricles, and not the GP that
exerts preferential influence over the atria.”® Neurons have been reported to hypertrophy in

%3¢ and chronic signaling.>” However, since the GPs that we studied were

response injury
located upstream from the infarct, the latter mechanism is likely the case here. The differential
enlargement in neuronal size suggests that there is heterogeneity in afferent and efferent neural
signals following MI, with neurons directly involved in control of the infarcted regions most

impacted. Further, the site of injury determines which ganglia remodel. This heterogeneity,

observed both in our structural and functional data, potentially has an important role in
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arrhythmogenesis.* These structural changes are similar to those that have been reported in
intrathoracic extracardiac ganglia in both humans and animals models of ischemic
cardiomyopathy.'® 373940

Ml induced a decrease in the cholinergic phenotype within the VIV GP. The decrease in
cholinergic neurons may correlate with the centrally mediated parasympathetic withdrawal seen
post-MI.*"*> While we did not evaluate for adrenergic-cholinergic transdifferentiation, there is
strong evidence indicating that this occurs within other ganglia of the cardiac neuraxis in
disease states.”>** There was also increased expression of VIP in all of the GPs following M|
(Figure 4D and E). VIP is known to act as a coronary vasodilator and have inotropic and
chronotropic effects.??” The increased expression of VIP within the ICNS following MI may
represent a compensatory mechanism to maintain cardiac function by vasodilation to improve
coronary blood flow, as well as enhanced inotropy and chronotropy. VIP has also been

implicated in nociception.? The increase in VIP-positive neurons may also be a result of

enhanced afferent signaling post-MI.

Neural sensory inputs from infarct border zones

While alterations in efferent neural signals post-MI has been extensively documented, little
attention has been given to afferent neural signals originating from the injured and adjacent non-
injured myocardial tissue. Anatomical and functional studies have identified unipolar neurons in
IC ganglia with sensory neurites located in atrial and ventricular tissues.® These afferent
neurons transduce the local mechanical and chemical milieu of the heart.? Afferent neurons

contained within each GP have spatially divergent receptive fields,*> *

allowing for transduction
of sensory information from widespread cardiac regions. We show that VIV GP neurons, located
adjacent the origin of the left anterior descending coronary artery from the left main coronary

artery,? transduce sensory inputs arising from diverse cardiac regions overlying the RV and LV.
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Following MI, myocardial necrosis occurs in the infarct zone secondary to ischemia.
Further, a lack of energy substrates and a buildup of molecules such as reactive oxygen
species trigger a cascade of intracellular signaling processes that result in remodeling of
myocytes in the infarct border zone.*® Concurrent with myocyte remodeling, there are adaptive
and maladaptive changes that occur at multiple levels of the cardiac neuraxis including the
ICNS." In the acute state, there is excessive and aberrant activation of IC neurons transducing
afferent signals from the injured myocardial tissue."” *® Our data demonstrate that in the chronic
state, afferent signals from the infarct to the ICNS are reduced but not completely abolished,
while those from border and remote regions are preserved. This heterogeneity in afferent neural
signals gives rise to boundary conditions and a ‘neural sensory border zone’ analogous to the
myocardial border zone induced by scar formation. The importance of sensory boundary
conditions has already been shown in other neural circuits, such as the visual system where
there is an enhanced ability for retinal ganglion cells to detect non-uniform light fields.*” We
hypothesize that the Ml-induced asymmetry in afferent inputs to the ICNS may underlie reflex
activation of the ANS, including sympathoexcitation. In this regard, application of resiniferatoxin,
a potent agonist of transient receptor potential vanilloid 1, post-MI decreases cardiac afferent
nociceptive signaling, reduces sympathoexcitation, and is associated with preserved cardiac
function.'® These data point to the fundamental importance of afferent neural signals in the
progression of cardiac disease and their role as a therapeutic target to manage the disease

process.

Convergent LCNs: information processing within the ICNS
In the present study, we show that a subpopulation of IC neurons, termed convergent LCNs,
receive both afferent and efferent inputs. Convergent LCNs, together with afferent and efferent

neurons, form the basic constituents of the IC neural circuitry.® "' Within this circuit, convergent
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LCNs integrate and process information, and the presence of a large subpopulation of these
neurons even in the Ml state demonstrate that the capacity for local information processing is
maintained. While there was no difference in the overall functional classification of neurons
post-MI (afferent, efferent, and convergent), the integrated neural network response to
cardiovascular stimuli adapted and/or remodeled. This was evident in the neuronal response to
changes in preload and to regional pacing, as well as the altered functional neural network
connectivity as assessed by the conditional probability analysis. Although most neurons that
responded to pacing were also found to transduce dynamic cardiovascular changes, there was
a unique subset that solely responded to pacing. The altered ICNS response to pacing at not
only the infarct but also remote zones of the heart indicates that pacing may place additional
stress on the ICNS on top of that imposed by the MI. In the clinical setting, ventricular pacing
has been shown to have detrimental effects on cardiac function, causing dyssynchrony of the
ventricles.*® Pacing in the presence of an infarct scar has also been reported to cause electrical
storm.*® Further, it can accelerate the progression of heart failure and increase mortality.*® ' A
potential mechanism underlying these adverse events relates to activation of the
neuroendocrine system.*? It is intriguing to hypothesize that modulation of ICNS activity, in
conjunction with MI-induced remodeling of afferent neural signals, could be a fundamental link

between pacing and neuroendocrine system activation.

Efferent neural control

The ICNS was classically viewed as a simple relay station for parasympathetic preganglionic
efferent projections to the heart.>* Contrary to this view and in support of data obtained in a
canine model,"" we show that a large percentage of porcine IC neurons received inputs from the
sympathetic or parasympathetic nervous system, as well as complex cardiovascular afferent

inputs. The fact that a subset of IC neurons received a confluence of efferent inputs (inputs from
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both a stellate ganglion and vagus nerve) implies that a significant degree of sympathetic-
parasympathetic interactions occur within the ICNS.%* %

Alterations in efferent neural signals following MI occur at multiple levels of the cardiac
neuraxis.'®1° 17 21.39.40.56.57 At the organ level, sympathetic denervation of the infarcted
myocardium and hyperinnervation of the border zones has been observed.” " Morphological
and neurochemical changes have also been noted in neurons contained within sympathetic
ganglia such as the stellate.” *° The increases in sympathetic influences are accompanied by a
withdrawal in centrally mediated parasympathetic influences.*" ** Despite these alterations in
sympathovagal balance, our data demonstrate sympathetic and parasympathetic inputs to the
ICNS are maintained post-Ml. In fact, the percentage of IC neurons receiving convergent
efferent inputs doubled following MI. The vast majority of these IC neurons, in turn, were
convergent local circuit in nature as evidenced by the fact that 90% of them were impacted by
afferent stimuli. This adaptation may be an attempt to maintain peripheral neural network
stability in face of the destabilizing effects imposed by sympathovagal imbalance and the

disparate afferent inputs arising from the infarct vs. border and remote regions of the heart.

LIMITATIONS

General anesthetics can suppress the activity of the nervous system. To reduce the effects of
inhaled anesthetics, we switched to a-chloralose infusion immediately after completing the
surgical preparation. We used gentle touch as a mechanical stimulus to determine the sensory
fields of afferent neurons contained within the VIV GP. While there are methods to record and
label neurons, we were recording neurons from a beating heart, which necessitated the use of a
floating microelectrode array. Therefore, we focused on characterizing the in vivo function of the
neurons with post hoc evaluation for structural changes. We studied the functional neural

remodeling that occurred in only 1 of the 7 GPs in the porcine heart;?®> however, this GP is
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primarily associated with control of ventricular function®® and was likely most impacted by the
infarction, as supported by our histological data. We evaluated structural and functional changes
in the ICNS at a fixed point in time following MI. There are dynamic changes that occur in the
cardiac neuraxis during the evolution of cardiac disease,”?' and therefore, the neural signature
may show different features as disease progresses. Finally, while we demonstrated that Ml
animals in this model have enhanced arrhythmogenesis, we did not obtain neuronal recordings
in the same animals that underwent VT inducibility and attempt to characterize the ICNS neural
signature during ventricular tachycardia and/or fibrillation. The cardioversion shocks required to
resuscitate the animals would have disrupted and/or dislodged our neuronal recording interface

and precluded detailed characterization of the ICNS.
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TRANSLATIONAL PERSPECTIVE

The present study provides direct evidence that the functional neural signature of the ICNS is
altered in Ml in a clinically relevant large animal model, and highlights the utility of neuronal
recordings in elucidating the neural adaptation and/or maladaptation to cardiac disease. The
heterogeneity of afferent neural signals is likely fundamental to reflex activation of the ANS,
thereby impacting the potential for arrhythmias® * and progression to heart failure.'® Modulation
of afferent neural signals from the diseased myocardium to the ICNS, intrathoracic extracardiac
ganglia, and higher centers of the cardiac neuraxis should be investigated as a novel
therapeutic approach to mitigating ischemic heart disease. These findings also raise the
possibility that ‘cardiac electroneurography’ could serve as a modality for studying cardiac
physiology and pathophysiology by providing a potential way to monitor disease progression

and the effects of interventions.
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Figure 1. Methods: intrinsic cardiac neuronal recording. (A) Schematic showing location of
ventral interventricular ganglionated plexus (VIV GP), from which neuronal activity was
recorded. (B) 16-channel linear microelectrode array (LMA) used to record in vivo activity of
multiple individual neurons contained within the VIV GP. (C) Representative trace showing the
activity of 2 intrinsic cardiac neurons (ICNs) (ICN 1 and ICN 2) identified from a single electrode
(channel 1) of the LMA. ICN 2 inset is an expanded version of identified neuron. (D) Basal

activity of the neurons from panel C in relation to the cardiac cycle. Note that the activity of both
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neurons is clustered predominantly during systole. ECG, electrocardiogram; LV, left ventricle,

LVP, left ventricular pressure; RV, right ventricle.
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Figure 2. Analytics and functional classification of intrinsic cardiac neurons (ICNs). (A)
Spiking activity recorded from 5 ICNs in a control heart. Vertical dotted lines indicate the onset
and offset of left ventricular (LV) epicardial mechanical stimulus. ICN 1 inset is an expanded
version of identified neuron. Note that subpopulations of neurons showed an increase (ICN 2), a
decrease (ICN 3, 4, and 5), or no change in activity (ICN 1) from baseline. The significance
levels of induced changes in activity are shown to the right of each trace. P values were derived

based on the analysis described in the Methods. (B) Summary of evoked changes in neuronal
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activity in response to cardiovascular stimuli in a myocardial infarction (MI) animal. Horizontal
rows represent the response of an individual neuron to a given stimulus (vertical columns).
Green indicates significant increases in activity (P < 0.05); red indicates significant decreases (P
< 0.05). (C) Functional classification of neurons depicted in panel B. Neurons were classified as
afferent, efferent, or convergent based on their responses to the cardiovascular stimuli. Afferent
neurons were defined as those that responded solely to: epicardial mechanical stimuli of the
right ventricle (RV) or LV; transient occlusion of the inferior vena cava (IVC); and/or transient
occlusion of the descending thoracic aorta. Efferent neurons were defined as those that
responded solely to: electrical stimulation of the left (LCV) or right cervical vagus nerve (RCV);
electrical stimulation of the left (LSG) or right stellate ganglion (RSG); and/or transient occlusion
of the bilateral carotid arteries (BCA). Neurons that responded to activation of both afferent and

efferent inputs were defined as convergent.
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Figure 3. Myocardial infarction (Ml) induces morphological and phenotypic remodeling of

intrinsic cardiac (IC) neurons. (A) Photomicrographs showing hematoxylin and eosin (H&E)

stained neurons from the ventral interventricular ganglionated plexus (VIV GP) in control vs. MI

animals. (B) Histogram of IC neuronal size distribution in control vs. Ml animals. (C) Mean

neuronal size in control vs. Ml animals. (D) Photomicrographs showing VIV GP stained with

choline acetyltransferase (ChAT) in control vs. Ml animals. ChAT catalyzes the synthesis of

acetylcholine and was used to identify putative cholinergic neurons. (E) Percentage of ChAT-

positive neurons in control vs. Ml animals. (F) Photomicrographs showing VIV GP stained with

tyrosine hydroxylase (TH) in control vs. Ml animals. TH catalyzes the rate-limiting step in the
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synthesis of norepinephrine and was used to identify putative adrenergic neurons (black
arrowheads). (G) Percentage of TH-positive neurons in control vs. Ml animals. (H)
Photomicrographs showing VIV GP stained with vasoactive intestinal peptide (VIP) in control vs.
MI animals. VIP is a modulator of cardiac function and a marker of putative afferent neurons. (l)
Percentage of VIP-positive neurons in control and Ml animals. (J) Image of a porcine heart with
a healed anteroapical MI. The location of the VIV GP in relation to the infarct scar (white dashed
scar) is shown. (K) Corresponding short-axis cardiac magnetic resonance image of the heart.
White arrow indicates areas of delayed hyperenhancement resulting from scar tissue. Data in C,
E, G, and | are presented as mean * standard error of the mean. Mann-Whitney U test was
used in C, E, G, and | to determine significance between groups. Scale bars in A, D, F, and H

represent 50 ym. RV, right ventricle.
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Figure 4. Myocardial infarction (Ml) induces differential morphological and
neurochemical remodeling of intrinsic cardiac (IC) neurons. (A) Schematic showing
location of right atrial ganglionated plexus (RA GP), right marginal artery ganglionated plexus
(RMA GP), dorsal interventricular ganglionated plexus (DIV GP), and ventral interventricular
ganglionated plexus (VIV GP). The RA GP and RMA GP exert preferential influence over the
right atrium (RA) and right ventricle (RV), respectively, whereas the DIV GP and VIV GP exert
preferential influence over the left ventricle (LV). (B) Photomicrographs showing hematoxylin
and eosin stained neurons from the ganglionated plexi studied in control vs. Ml animals. (C)
Mean IC neuronal size in the ganglionated plexi in control vs. Ml animals. (D) Photomicrographs
showing the ganglionated plexi stained with VIP in control vs. MI animals. (E) Percentage of

VIP-positive neurons in the ganglionated plexi in control vs. Ml animals. Data in C and E are
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presented as mean * standard error of the mean. Mann-Whitney U test was used in C and E to

determine significance between groups. Scale bars in B and D represent 50 um. LA, left atrium.
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Figure 5. Myocardial infarction (Ml) induces no overall change in functional or temporal
characteristics of intrinsic cardiac (IC) neurons. (A) Histogram of baseline firing rates of IC
neurons identified in control vs. Ml hearts. (B) Functional classification of neurons in control vs.
MI hearts. (C) Cardiac cycle—related periodicity of neurons in control vs. Ml hearts. Note that
subpopulations of neurons displayed diastolic-related activity, systolic-related activity, diastolic-
and systolic-related activity, or stochastic behavior. MI did not significantly alter the functional or

temporal characteristics of the neurons. A x? test was used in B and C to determine significance

between groups.
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Figure 6. Myocardial infarction (MI) induces afferent and efferent remodeling of intrinsic
cardiac (IC) neurons. (A) Sites of epicardial mechanical stimuli that were used to assess the
capacity of IC neurons to transduce mechanosensitive afferent inputs arising from the right (RV)
or left ventricle (LV). (B) Percentage of neurons receiving mechanosensitive inputs arising from
the LV apex (infarct) vs. RV and LV (border and remote zones) in control vs. Ml hearts. (C)
Percentage of neurons responding to transient inferior vena cava (IVC) or aortic occlusion in
control vs. Ml hearts. IVC and aortic occlusions were used to assess the capacity of neurons to

transduce changes in preload and afterload, respectively. (D) Percentage of neurons
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transducing multiple afferent inputs in control vs. Ml hearts. (E) Percentage of neurons receiving
efferent inputs from parasympathetic and/or sympathetic nervous system, as assessed by
cervical vagus nerve stimulation (VNS) and stellate ganglia stimulation (SGS), respectively, in
control vs. Ml hearts. (F) Percentage of neurons responding to transient bilateral carotid artery
occlusion in control vs. Ml hearts. Carotid artery occlusion was used to assess the capacity of
the baroreflex to modulate efferent inputs to neurons. A x? test was used in B, C, D, E, and F to

determine significance between groups.
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Figure 7. Analytics and functional classification of intrinsic cardiac neurons (ICNs)

responsive to pacing. (A) Spiking activity recorded from 5 ICNs in a control animal. Vertical

dotted lines indicate the onset and offset of epicardial pacing at the right ventricular outflow tract

(RVOT). ICN 1 inset is an expanded version of identified neuron. Note that subpopulations of

neurons showed an increase, a decrease, or no change in activity from baseline. The

significance levels of induced changes in activity for each neuron are shown to the right of the

trace. P values were derived based on the analysis described in the Methods. (B) Summary of
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evoked changes in neuronal activity in response to regional epicardial pacing in a myocardial
infarct (MI) animal, along with responses to other cardiovascular stimuli. Green indicates
significant increases in activity (P<0.05); red indicates significant decreases (P<0.05). (C)
Functional classification of pace-responsive neurons depicted in panel B using protocol outlined
in Figure 2. BCA, bilateral carotid artery; ECG, electrocardiogram; IVC, inferior vena cava; LCV,
left cervical vagus; LSG, left stellate ganglion; LV, left ventricle; LVP, left ventricular pressure;
RAA, right atrial appendage; RCV, right cervical vagus; RSG, right stellate ganglion; RV, right

ventricle.
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Figure 8. Myocardial infarction (Ml) alters response and characteristics of intrinsic
cardiac (IC) neurons to pacing. (A) Percentage of IC neurons responding to epicardial pacing
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apex, or left ventricular (LV) apex in control vs. Ml hearts. Ml induced a differential decrease in
the neuronal response to ventricular vs. atrial pacing. (B) Functional classification of pace-
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significance between groups.
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Figure 9. State dependence of intrinsic cardiac neurons. Intrinsic cardiac neuronal activity at

baseline and in response to epicardial pacing at the right atrial appendage, right ventricular

outflow tract, right ventricular apex, or left ventricular apex in control vs. myocardial infarct (MI)

animals. Neurons are subdivided based on evoked increases vs. decreases in activity in

response to pacing. Neurons that had a low basal activity were activated by pacing, while those

with a high basal activity were suppressed, suggesting a state-dependent nature. Data are

presented as mean * standard error of the mean. Wilcoxon’s signed-rank test was used to

determine significance between groups.

179

*P <0.01.



A Control probability(response to Y | response to X) B Graphical representation of interdependent interactions in control

RV
Lv
IvC

BCA

z
g Aorta
@
VNS
SGS
A pace
V pace
RV Lv IVC BCA Aorta VNS SGS ApaceV pace
Stimuli X
C MI probability(response to Y | response to X) 1
RV
Lv
IvVC
BCA 0.6
z
E Aorta
7]
VNS
SGS
A pace
V pace

RV Lv IVC BCA Aorta VNS SGS ApaceV pace
Stimuli X

Figure 10. Myocardial infarction (MI) reduces functional network connectivity within the

intrinsic cardiac nervous system. (A) Conditional probability that an intrinsic cardiac neuron

that responded to 1 stimulus (X, x-axis) also responded to another stimulus (Y, y-axis) in control

animals. (B) Graphical representation of interdependent interactions between stimuli in control

animals. (C) Conditional probability that a neuron that responded to 1 stimulus (X, x-axis) also

responded to another stimulus (Y, y-axis) in Ml animals. (D) Graphical representation of

interdependent interactions between stimuli in MI animals. Color scale in A and C indicates level

of probability of each occurrence. Arrow thickness in B and D is proportional to the strength of

conditional probability. Only links with probabilities > 0.6 are displayed. Afferent and efferent
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stimuli are represented by blue and red, respectively. Atrial (A pace) and ventricular pacing (V
pace) are represented by black. Aorta, aortic occlusion; BCA, bilateral carotid artery occlusion;
IVC, inferior vena cava occlusion; LV, left ventricular epicardial stimuli; RV, right ventricular

epicardial stimuli; SGS, stellate ganglia stimulation; VNS, vagus nerve stimulation.
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Figure 11. Functional remodeling of the intrinsic cardiac nervous system (ICNS) post-
myocardial infarction. (A) Schematic showing neural connections between the ICNS and the
heart, as well as inputs from higher centers of the cardiac neuraxis, in health. (B) Schematic
showing the alterations in neural connections between ICNS and heart that occur following
myocardial infarction. There is an increase in sympathetic and parasympathetic inputs to
convergent local circuit neurons (LCNSs), while there is a decrease in afferent inputs from the
infarct compared to border and remote regions of the heart. Green and red dashed vs. solid

lines represent pre- and postganglionic fibers, respectively.
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CONCLUSIONS

Cardiovascular diseases such as hypertension, arrhythmias, and heart failure are the leading
causes of morbidity and mortality in the United States and worldwide."* Autonomic dysfunction
plays an important role in the pathophysiology of these diseases®’ and, therefore, represents an
emerging target for treatment and prevention of disease progression. Neuromodulatory
approaches for cardiovascular diseases have already shown great promise;> ° however,
fundamental gaps exist in our understanding of the structure and function of autonomic nerves
that regulate the heart. The autonomic nervous system (ANS) allows for integrative control of
the viscera to ensure the survival of the organism.10 Regarding the heart, the ANS regulates
cardiac electrical and mechanical function to maintain normal rhythm and sustain the circulation
of blood.*” The cardiac ANS is composed of a series of interacting feedback loops from the
level of the heart'" to that of the brain.>” '>™ At the organ level, the intrinsic cardiac nervous
system (ICNS) is the final common pathway for integration of neural inputs to the heart." The
focus of this dissertation is to (1) understand how the vagus, a mixed peripheral nerve, mediates
interactions between central and peripheral aspects of the ANS for cardiac control, and (2)
characterize the remodeling of the ICNS as it adapts to acute stress and chronic cardiac
pathology. The major findings are as follows:

(1) Activation of cervical vagal afferent fibers reduces efferent parasympathetic outflow
(Chapters 2 and 3).

(2) The evoked cardiovascular response to cervical vagus nerve stimulation (VNS)
represents a dynamic interplay between direction activation of vagal afferent and
efferent fibers and reflex responses of the cardiac ANS (Chapter 2 and 3).

(3) Premature ventricular contractions (PVCs) are a strong and destabilizing stress on the

ICNS (Chapter 4).
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(4) PVCs with variable coupling intervals affect local circuit neurons (LCNs) within the ICNS
and alter cardiac repolarization, more than those with fixed coupling interval, leading to
neural and electrical instability of the heart. (Chapter 4)
(5) Intrinsic cardiac neurons undergo differential morphological and phenotypic remodeling
after myocardial infarction (MI) in a pattern that reflects the site of injury (Chapter 5).
(6) Afferent signals from the infarct scar to the ICNS are attenuated, while those from scar
border and remote zones are preserved post-MI, giving rise to a neural sensory border
zone (Chapter 5).
(7) The convergence of efferent inputs onto LCNs within the ICNS is enhanced after Ml
(Chapter 5).
(8) Functional network connectivity within the ICNS is reduced post-MI (Chapter 5).
Taken together, these findings provide insights into the role of cardiac afferents in normal
physiology and mechanisms by which injury to the heart initiates afferent-mediated reflex

activation and remodeling of the ANS.

INTERPRETATIONS

The vagus nerve as a therapeutic target for cardiac disease

The vagus nerve is a major pathway for bidirectional communication between the brain and the
periphery. At the level of the neck, vagus is composed of ~15% efferent and 85% afferent
fibers.' Efferent fibers of the vagus project to thoracic and abdominal organs to control motor
functions such as rate and contractility of the heart'® " and motility and secretion in the gut.” '®
Vagal afferents consist of A, B, and C fibers and transduce a variety of sensory modalities,
including the chemical milieu, metabolites, stretch, temperature, and pain.19 Given the diverse
tissues innervated and range of functions modulated by the vagus, VNS has emerged as a
novel therapeutic option for a number of conditions, including epilepsy,?’ depression,®’ cardiac

92325 opesity,?® and inflammatory diseases.?” However, for this same
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reason, maximizing efficacy for a given disease while minimizing off-target effects of VNS is a
challenge.
Since sympathetic activation and parasympathetic withdrawal are pro-arrhythmic®> % and

accelerate the progression of heart failure,?*

cervical VNS is being evaluated as a treatment
for both these diseases.” ?*° There have been 3 clinical trials of VNS for heart failure: Increase
of Vagal Tone in Heart Failure (INOVATE-HF), Neural Cardiac Therapy for Heart Failure
(NECTAR-HF), and Autonomic Neural Regulation Therapy to Enhance Myocardial Function in
Heart Failure (ANTHEM-HF).% 22° Despite promising preclinical data,' the results of these
trials have been neutral to slightly positive at best.” > A difficultly in extrapolating findings from
preclinical studies of VNS in small and even large animals to humans is the interspecies
differences in the anatomy of the vagus, including the number, type, and size of fibers and
thickness of the epineurium (connective tissue around nerves), all of which impact the ability to
recruit fibers and evoke a response.* The shortcomings of the VNS clinical trials are likely due
to technical limitations and conceptual misunderstandings regarding the nature of the cardiac
ANS. One of the key differences between these trials was the choice of stimulation parameters
(current, frequency, pulse width, waveform, and duty cycle). In the NECTAR-HF trial, for
example, VNS was applied at a current of ~1.4 mA and frequency of 20Hz? and in the
INOVATE-HF trial at a current ~3.9 mA and a fixed duration after the R wave of the QRS.*>*
Both trials failed to meet their primary and secondary endpoints of reducing heart failure deaths
and improving left ventricular function, respectively. On the other hand, the ANTHEM-HF trial,
which operated between 1.5 to 3 mA and at 10 Hz, showed a significant increase in left
ventricular function. In our studies, we have demonstrated that at low currents and frequencies
VNS evokes an afferent-mediated withdrawal of central efferent parasympathetic outflow, while
at higher currents and frequencies it induces the reduction in heart rate and contractility typically
associated with VNS. Further, we hypothesize that optimal VNS parameters for cardiac

applications are around the neural fulcrum, the point at which balanced activation of afferent
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and efferent vagal fibers produces a null heart rate response. VNS applied at the neural fulcrum
would have the advantage of not evoking reactive responses from the cardiac ANS that mitigate
its beneficial effects.

One important consideration when applying VNS, particularly at the cervical level, which
is the convergence point for efferents to and afferents from the viscera, is the off-target and
long-term effects. For instance, Patel and colleagues demonstrated that they could preferentially
activate efferent and block afferent fibers to produce a systemic anti-inflammatory response by
using kilohertz frequency electrical stimulation of the cervical vagus.34 While this represents an
exciting technological advancement, what are consequences of disrupting visceral afferent
inputs to the brain that convey important information regarding the state of the body? An
alternative approach may be to apply VNS at different locations or closer to the target organ.
Recent studies of tragal stimulation, which activates the auricular branch of the vagus, have

shown encouraging results for suppressing the incidence of atrial fibrillation®*

and preventing
cardiac remodeling after MI.*" % Although more difficult to access than the cervical vagus,
cardiopulmonary branches may be a better target for cardiac applications.* In addition, the
evolution of electrode technologies40 and novel stimulation paradigms may enable modulation of
select fibers.*’ As VNS moves forward clinically, it will be critical to determine how best to

achieve organ and tissue specificity, and this will rely on studies that dissect the complexity of

the vagus.

Neural sensory border zone

Following MI, there is not only formation of a scar but also alterations in regulation of the heart
by multiple levels of the ANS."™ The peri-infarct region or border zone is structurally** and
electrophysiologically complex.*® It is characterized by islands of viable myocardium surrounded
by fibrotic tissue** and provides an anatomical substrate for re-entrant ventricular

tachyarrhythmias. Re-entrant ventricular tachyarrhythmias can occur when the depolarization
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wavefront propagates around an anatomical or functional obstacle and re-excites the site of
origin, or when there is a large dispersion of repolarization between two areas.*® While the
infarct creates an anatomical substrate, the ANS is a major factor in the formation of a functional
substrate. At the level of the myocardium, denervation of the infarct and sympathetic
hyperinnervation of the border zone has been reported.*® *” Ajijola et al. demonstrated that
stellate ganglia stimulation increases heterogeneity in activation in the peri-infarct region and
can alter propagation through putative ventricular tachyarrhythmias circuits in infarcted hearts.*®
Numerous studies have also shown that enhanced sympathetic activity proceeds the onset of
ventricular tachyarrhythmias post-MI1.%*° Since afferent-mediated sympathoexcitation plays an
important role in ventricular arrhythmogenesis, understanding the mechanisms that lead to such
reflex autonomic activation are paramount.

Afferent neurons in intrinsic cardiac, nodose, and dorsal root ganglia respond to
chemosensory, mechanosensory, and nocioceptive stimuli, with many neurons being
multimodal.® In the sequelae after M, a lack of energy substrates and oxidative stress leads to
the production and accumulation of chemicals (e.g., reactive oxygen species,®' adenosine,*

bradykinin®® %)

that activate afferent neurons. Acutely, afferent-mediated sympathoexcitation
increases contractility of the heart to maintain cardiac output; however, chronically, it leads to
adverse cardiac and neural remodeling,13 as evidenced by the fact the beta-blocker therapy
post-MI increases ventricular function, reverses ventricular remodeling, reduces arrhythmias,
and improves survival.’>®” Despite changes in the chemical milieu, afferent-mediated
sympathoexcitation still exists in the setting of a heal infarct but the mechanisms are not well
understood.

In this regard, we have put forth a concept called the neural sensory border zone that
may contribute to reflex autonomic activation in not only acute but also chronic states following

MI. Cardiac mechanoreceptors are distributed throughout the atria and ventricles and detect

stretch of the myocardial wall and coronary vessels.*®%? Activity of these neurons also display a
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tight relationship with different phases of the cardiac cycle.®® After MI, we hypothesize that the
presence of contractile myocardium in the border zone adjacent to non-contractile fibrotic tissue
in the infarct, in addition to alterations in the local chemical milieu, leads to aberrant and
excessive activation of mechanosensitive afferent neurons and resultant sympathoexcitation. In
support of this hypothesis, we have demonstrated that mechanoreceptor inputs from the infarct
to the ICNS are attenuated post-MI, while those from border and remote zones of the heart are
preserved. The importance of sensory boundary conditions has already been shown in other
neural networks, such as the visual system where retinal ganglion cells are better able to detect
non-uniform light fields.**

Given their role in reflex sympathoexcitation, targeting afferents may represent a novel
approach to treat cardiac disease. Wang and colleagues showed that selective deletion of
transient receptor potential vanilloid receptor 1-expressing afferents on the heart, which are
important for mechanical sensitivity,®® by epicardial application of resiniferatoxin, an ultrapotent
analogue of capsaicin, prevents exaggerated sympathetic activity and protects against cardiac
remodeling following MI1.%® In patients with MI, surgical removal of non-contractile areas and
revascularization of the heart improved cardiac function and increase the sense of well-being in

patients.®” Taken together, these findings are consistent with our idea of a sensory border zone.

LCNs and neural network interactions

The basic constituents of the ICNS circuitry are afferent, efferent, and local circuit neurons, with
LCNs representing the predominant subpopulation.” The convergence of inputs and the
interconnections between ganglia distributed throughout the heart allow LCNs to serve as local
information processors and coordinate regional cardiac function.” %% Thus, LCNs are critical
for the integrated control of the heart. We have characterized, for the first time, the impact that
an acute stress in the form of PVCs and chronic stress as manifest by Ml on the ICNS. In both

cases, we have observed alterations in the function of LCNs and the overall neural network.
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Specifically, the neural signature of the ICNS after chronic Ml is defined by increased
heterogeneity in afferent information and enhanced convergence of inputs onto LCNs. Further,
the dynamic responses that the ICNS displays to physiological stressors in the healthy state is
blunted. We hypothesize that these changes may underlie, at least in part, the electrical
instability and mechanical dyssynchrony seen in PVC-induced cardiomyopathy, Ml, and other
cardiac diseases.”’ While this dissertation provides insight into remodeling of the ICNS as it
adapts to cardiac pathology, many important questions remain. How do neural signatures
evolve from acute to chronic states? Are their specific signatures that indicate worse
prognoses? Do neuromodulatory approaches (e.g., VNS, bilateral cervicothoracic sympathetic
decentralization) restore these signatures closer to healthy states? Future studies utilizing
chronic implanted electrodes in atrial and ventricular intrinsic cardiac ganglia and in higher
levels of the ANS will be critical to answer these questions and develop novel therapies

targeting the ANS for cardiac disease.

FUTURE DIRECTIONS

A major unmet need in the field of neurocardiology is a lack of comprehensive maps of neural
circuits that regulate cardiac function. Numerous studies have used electrical stimulation to
activate autonomic ganglia and nerves and examine their effects on cardiac electrical and
mechanical indices. Although these studies have provided important insights into autonomic
control of cardiac function, they have oversimplified the complexity of these neural structures,
which are composed of heterogeneous neuronal populations and mixed fibers. Until recently,
characterization of the anatomical structure and function of cardiac neural circuits has been
hampered primarily by a lack of tools that target the peripheral nervous system. To address this
problem, we have employed a multi-technique approach, which includes tissue clearing, viral-
based labeling and tracing, optogenetics, and physiological recordings, to map the circuity of the

cardiac ANS, starting with the ICNS.
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Tissue clearing to assess cardiac innervation

Methods for evaluating the microscopic structure of tissues have traditionally relied on
sectioning into thin slices. However, these approaches make it difficult to appreciate the
inherent 3-dimensional nature of tissues in the body. The primary challenge to imaging deep
into thick slices or intact tissues is the diffraction of light by the dense lipid membrane
surrounding cells.®® To address this issue, a variety of novel methods (e.g., Scale,”® "’
CLARITY,#" clear unobstructed brain imaging cocktails and computational analysis [CUBIC],”
uDISCO™) have been developed to render thick slices and even intact, whole organs optically
transparent to facilitate deep imaging while preserving 3-dimensional molecular and cellular
structure. We have used one such approach, the passive CLARITY fechnique (PACT), to clear
and study the neural innervation of mouse hearts. Briefly, PACT involves embedding fixed
tissues in a hydrogel solution, crosslinking the proteins with the hydrogel, and then using a
detergent to remove the lipid membranes.” ™ Cleared hearts are compatible with endogenous
fluorescence and immunohistochemistry, both of which enable cell type-specific labeling.
Through this approach, we have visualized the ICNS and the dense network of fibers on the
heart in its spatial context (Figure 1). Antibody-based approaches, as seen in Figure 1, allow for
morphological and phenotypic characterization of neurons but do not provide the resolution
required for neural circuit tracing. Thus, we have also used viral-based approaches in

conjunction with tissue clearing.

Viral-based approaches for structural mapping of cardiac circuits

Adeno-associated viruses (AAVs) are a prominent tool for viral-mediated circuit mapping
because they not only exhibit low immunogenicity and toxicity but also permit long-term gene
expression in a variety of cell types.”” AAVs have recently been engineered for enhanced gene
transfer throughout peripheral tissues. We have used a novel AAV capsid variant, PHP.S,

identified through an AAV cell type-specific in vivo selection method.”® PHP.S transduces the
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heart with a greater efficiency than the current gold standard, AAV9. PHP.S can be used to
deliver genes for fluorescent proteins or light-activated channels to target cells populations in
the cardiac ANS, enabling tagging and functional manipulation. When combined with high-
resolution imaging through cleared tissue, AAV-based labeling can facilitate anatomical
mapping of the cardiac neural circuits. We have developed an AAV-based multicolor labeling
system to mark specific subsets of peripheral motor and sensory neurons (Figures 2). To label
cholinergic neurons within the ICNS, for example, we deliver a mixture of 3 Cre-dependent
AAVs carrying reporter genes for either a red, green, or blue fluorescent protein to choline
acetyltransferase-Cre mice via systemic injection. Viral delivery results in stochastic
transduction of cholinergic neurons, and when cells are transduced by multiple vectors, a wide
range of colors can be visualized (Figure 3). This method allows us to identify individual neurons
by a unique color barcode and follow their projections through cleared tissues for high-resolution
neuronal tract-tracing. Even with multicolor labeling, single cell analysis is challenging when the
labeling density is high. Therefore, we have also developed a 2-component vector system for
cell type-specific, sparse labeling (Figure 3, middle panels). Using this approach, we have

begun to trace neurons from the ICNS to regions they innervate.

Optogenetics for functional mapping of cardiac circuits

Optogenetics has initially been used to study neural circuits in the brain,”® but advances in the
field of viral engineering have now enabled the use of this tool to understand peripheral neural
circuits involved in functional control of organs such as the heart.®®® Optogenetics involves
expressing opsins, light-activated ion channels, in desired cell populations and allows for
precise temporal and spatial control of cellular activity.** In combination with Cre transgenics,

80.85.86 i contrast to

optogenetics can be used to probe the function of defined cell populations,
traditional electrical stimulation, which is less selective. Cell-type specificity is critical due to the

complexity of the peripheral nervous system and the fact that many peripheral ganglia and
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nerves contain heterogeneous neuronal populations and mixed fibers, respectively.® In our
experiments, PHP.S is used to deliver the Channelrhodopsin-2 gene to defined cell types within
the ICNS. In ex vivo Langendorff and in vivo experiments, light is used to modulate the activity
of specific subsets of neurons while concurrently recording cardiac electrical and mechanical
indices. We have preliminarily shown that optical stimulation of cholinergic neurons within the
inferior PV ganglion of the mouse heart modulates sinoatrial and atrioventricular nodal function,

suggesting 2 putative cardiac neural circuits identified through this approach (Figure 4).

Overall, multi-technique approaches such as the one described herein are needed to dissect
neural regulation of organ function. Comprehensive structural and functional mapping of cardiac
neural circuits in health and disease will pave the way for the development of neuroscience-
based therapies for cardiovascular disease. The future promises to be an exciting time for

peripheral neuroscience. Embrace the complexity!
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Figure 1. Tissue clearing to assess cardiac innervation. (A) Mouse heart before and after

the passive CLARITY technique. (B) Ventral and dorsal surface of cleared heart stained with
pan-neuronal marker protein gene product 9.5 (PGP9.5). Intrinsic cardiac ganglia can be
appreciated on the dorsal surface around the pulmonary veins. LA, left atrium; LV, left ventricle;

RA, right atrium; RV, right ventricle.
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Figure 2. Viral-based multicolor labeling of the heart. A mixture of adeno-associated viruses
carrying reporter genes for red, green, or blue fluorescent proteins are systemically injected into
wild-type or Cre transgenic mice. Stochastic transduction results in multicolor labeling. Diverse
cell types can be labeled in the heart with a wide range of colors, including myocytes (from
injection in wild-type mouse; left panel), transient receptor potential vanilloid 1 (TRPV1)-positive
sensory fibers (from injection in TRPV1-Cre mouse; middle panel), and tyrosine hydroxylase

(TH)-positive motor neurons (from injection in TH-Cre mouse; right panel).
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Figure 3. Viral-based multicolor labeling and tracing of cardiac neurons. images show
intrinsic cardiac ganglia from choline acetyltransferase (ChAT)-Cre mice injected with adeno-
associated viruses for dense (top panels) or sparse labeling (middle panels). Bottom panels
show semi-automatic tracing of sparsely labeled neurites from middle panels. Detailed tracing of
projections across multiple samples will be used to build a composite atlas of average circuit

connectivity. Scale bars in top panels apply to all images.
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Figure 4. Optogenetic modulation of cholinergic neurons on the heart. (A) Choline
acetyltransferase-Cre mice were systemically injected with an adeno-associated virus carrying
the Channelrhodopsin 2-enhanced yellow fluorescent protein (ChR2-EYFP) gene. Strong
expression was observed in cholinergic neurons and fibers on the heart. (B) Cholinergic
neurons were optically stimulated in an ex vivo Langendorff preparation while concurrently
recording cardiac electrophysiologic (EP) parameters. (C) Representative electrocardiograms
during optical stimulation at 20 Hz frequency and 10 ms pulse width vs. no stimulation. Note that
stimulation evoked both bradycardia and block of the atrioventricular node. (D) Heart rate
response from 1 animal to optical stimulation at different frequencies and pulse widths. (E)
Putative cardiac neural circuits identified through this approach. LA, left atrium; LV, left ventricle;
PGP9.5, protein gene product 9.5; RA, right atrium; RV, right ventricle; SVC, superior vena

cava.
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