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Sympathetic Remodeling and Cardiac Electrophysiology in the Rabbit Heart

Abstract

This dissertation focuses on the impact of sympathetic remodeling and its effects on cardiac
electrophysiology. We were able to use a fully innervated rabbit heart preparation and whole
heart dual-optical mapping to directly stimulate sympathetic nerve fibers to investigate the
electrophysiological changes that occur in response to nerve stimulation. By using both direct
sympathetic nerve stimulation and B-adrenergic agonists we were able to characterize the effect
myocardial infarction and chronic nicotine exposure have on sympathetic remodeling and
hyperactivity. We evaluated the role that chondroitin sulfate proteoglycans (CSPG) have in
sympathetic nerve hypo-innervation after myocardial infarction in the rabbit heart and the
resulting electrophysiological consequences. We found that CSPGs are present in the Aypo-
innervated infarct region and that 4ypo-innervation results in changes in Ca?" handling and
alterations in cardiac electrophysiology; these results confirm previous rodent work.
Additionally, we characterized the effect chronic nicotine has on Ca?" mishandling,
electrophysiological changes, and arrhythmia susceptibility. We found that 4 weeks of chronic
nicotine exposure results in sympathetic hypo-innervation of the myocardium, diminished
adrenergic responsiveness, and potentially detrimental sympathetic and electrophysiological
remodeling. This dissertation provides a comprehensive perspective on how the effects of

sympathetic remodeling and hyperactivity on cardiac electrophysiology in the rabbit heart.



Chapter 1: Introduction

The Autonomic Nervous System

General Anatomy and Physiology:

The nervous system is composed of the central and peripheral nervous systems. The autonomic
nervous system is a subdivision of the nervous system and is composed of portions from both the
central and peripheral nervous systems. The primary function of the autonomic nervous system is
to maintain homeostasis by coordinating adaptive responses to stress (Jamali, Waqar, and Gerson
2017; Gibbons 2019). One example of this role can be seen in the regulation of involuntary
functions such as blood pressure, heart rate, and respiration. The autonomic nervous system is
composed of three major divisions: the sympathetic nervous system, parasympathetic nervous
system, and enteric nervous system. The enteric nervous system has nerves and nerve cells
located within the wall of the gastrointestinal tract and is crucial in regulating gut motility,
secretion of digestive enzymes, and blood flow to digestive organs. For the scope of this
dissertation, the enteric nervous system will not be discussed. Both the sympathetic and
parasympathetic nervous systems are considered a “two neuron pathway” such that the
preganglionic neurons have cell bodies located within the central nervous system that release
acetylcholine (ACh), which binds nicotinic acetylcholine receptors (nAChR) located on
postganglionic neurons in the peripheral nervous system. These postganglionic neurons then
have axons that extend out to target tissues such as glands, smooth muscle, or cardiac muscle.

However, the sympathetic and parasympathetic nervous systems differ in their organization of



neurons, physiological responses, the type of neurotransmitters that are released, and its

associated receptor.

The sympathetic nervous system is generally referred to as the “fight or flight” response. When
this system is activated, there is an increase in heart rate, respiratory rate, and a slowing of
digestive activity. The sympathetic nervous system has short preganglionic neurons which
originate in the thoracolumbar column or T1 to L3 of the spinal cord. These sympathetic
preganglionic neurons then synapse onto the cell bodies of long postganglionic neurons located
in the sympathetic paravertebral or prevertebral ganglia. The postganglionic neurons release the
neurotransmitter norepinephrine (NE) upon activation, which will bind a or B-adrenergic

receptors present in target organs.

Conversely, the parasympathetic nervous system is referred to as the “rest and digest” response
and when activated will lead to a slowing of heart rate, lowering of blood pressure, and increase
in digestive activities. The parasympathetic nervous system has long preganglionic neurons
which originate from the cranial-sacral column or the midbrain, pons, medulla and S2 to S4 of
the spinal cord. The parasympathetic preganglionic neurons then synapse onto short
postganglionic neurons that are located on or near target tissues. The parasympathetic
postganglionic neurons release ACh, which binds muscarinic cholinergic receptors present in

target organs.



As discussed, there are a number of similarities and differences between the sympathetic and
parasympathetic nervous systems and the physiological responses they have on various target

organs. However, the focus of this dissertation will be on the cardiovascular system.

Sympathetic Nervous System and Cardiac Electrophysiology

The heart is innervated by sympathetic postganglionic nerves that originate from the prevertebral
ganglia. These nerves have the highest concentration of innervation at the base of the heart but
they innervate all four chambers as well as the sinoatrial (SA) node, the atrioventricular (AV)
node, bundle of His, and purkinje fibers (Kawano, Okada, and Yano 2003). As mentioned
previously, during sympathetic activation, the neurotransmitter that is released is NE which binds
o or - adrenergic receptors (Jamali, Waqar, and Gerson 2017). 3- adrenergic receptors are a
class of cell surface receptors that play a crucial role in the body’s response to epinephrine and
NE. In the heart, 80% of the adrenergic receptors are 1 and 20% being 32 located in the cell
membrane of cardiomyocytes (M R Bristow et al. 1986). When NE binds B receptors in the heart
this will lead to increases in heart rate (chronotropy), increased AV conduction, increased force

of contraction (inotropy), and increased relaxation (lusitropy) to increase cardiac output.

3 adrenergic activation results in activation of the G-protein, Gs, that goes on to activate the
membrane-bound protein adenyl cyclase (AC) resulting in production of the second messenger
cyclic AMP (cAMP) and activation of the phosphatase protein kinase A (PKA) (Bers 2002a).
PKA exerts its effect by phosphorylation of many different targets in the heart. In the SA node,
PKA phosphorylates HCN4 channels in pacemaker cells leading to an increase in Ir current,

which allows for faster depolarizations in pacemaker cells resulting in positive chronotropy (Liao



et al. 2010). Moreover, sympathetic activation and cAMP/PKA-dependent phosphorylation leads
to increased Ixs and Ik; currents thereby shortening action potential durations (APD) (Kagan et
al. 2002; Marx et al. 2002). Positive inotrophic effects during sympathetic activation are due to a
rise in intracellular Ca®" concentration which is a result of PKA-dependent phosphorylation of L-
type calcium channels, phospholamban (PLN), and ryanodine receptors (RyR)(Bers 2002a).

This rise in intracellular Ca* and subsequent positive inotropy is seen as an increase in the
amplitude of the calcium transient and shortening of the calcium transient duration (CaTD).
Phosphorylated PLN removes the inhibition on the SR Ca*" ATPase (SERCA) pump present in
the membrane of the sarcoplasmic reticulum (SR) (MacLennan and Kranias 2003). This allows
for SERCA to pump Ca?" into the SR thereby resulting in a positive lusitropy and typically a

prolongation of the CaTD and shorter calcium decay times in larger mammals.

There are also adrenergic receptors present in vascular smooth muscle that influence blood
pressure and subsequently heart rate via the baroreceptor reflex. When NE binds B,-AR in the
vascular smooth muscle of peripheral arteries this will cause activation of the Gqs pathway and
lead to vasodilation (Lymperopoulos et al. 2021; Sved 2009). This vasodilation results in a
decrease in blood pressure resulting in less stretch of the wall of the aorta and carotid arteries.
This decrease in stretch is sensed by baroreceptors present in the aortic arch and carotid bodies.
The baroreceptors will then decrease their firing rate, which is sensed by the nucleus tractus
solitarius (NTS) in the brainstem (Sved 2009; Pilowsky and Goodchild 2002). This leads to an
increase in sympathetic outflow (more NE release) and an increase in heart rate. Conversely,

when NE binds alpha adrenergic (a-AR) receptors present in the peripheral arteries and veins

this leads to an increase in blood pressure and a decrease in heart rate. Binding of NE to a.i-AR



leads to activation of the Guq pathway and an increase in phospholipase C (PLC), IP3, and
intracellular Ca?*; resulting in vasoconstriction of peripheral arteries and veins and ultimately an
increase in blood pressure (Lymperopoulos et al. 2021). The baroreceptors sense this increased
stretch of the aorta and carotid veins and increase their firing rate. The increased firing rate is
sensed by the nucleus of the tractus solitarius (NTS) in the brainstem to activate the
parasympathetic nervous system and inhibit sympathetic outflow and NE release to decrease

heart rate.

Parasympathetic Nervous System and Cardiac Electrophysiology

The preganglionic nerve fibers of the parasympathetic nervous system that innervate the heart
originate in the nucleus ambiguous and dorsal motor nucleus of the brainstem (Mitchell 1953).
These fibers travel along the left and right vagus nerve, with the left vagus synapsing at short
terminal ganglia to form the superior cardiac plexus or the inferior cardiac plexus. The nerves of
the left vagus innervate the SA node to form the superior cardiac plexus and upon stimulation
will lead to a decrease in heart rate (negative chronotropy). Nerves of the right vagus and left
vagus synapse at terminal ganglia in the AV node and atria to form the inferior cardiac plexus.
Stimulation of the inferior cardiac plexus slows down conduction from the atria to the ventricles
through the AV node. Additionally, activation of the parasympathetic nervous system will result
in a decrease in contractility of the ventricles (negative inotropy) which is enhanced in the

presence of sympathetic stimulation.

In the heart, basal parasympathetic tone is high and is mediated through muscarinic receptors

(Saternos et al. 2018). There are 5 muscarinic isoforms; however, the M, isoform is found in the



heart —specifically, the SA node, AV node, atrium, and ventricles. When ACh is released from
parasympathetic nerve terminals of the superior cardiac plexus, it binds M receptors in the
membrane of SA nodal pacemaker cells causing activation of the G-protein, Goi. Activated Gai
causes dissociation of Gg, which then causes an increase in K™ conductance through the Txach)
channels resulting in hyperpolarization of pacemaker potential, negative chronotropy, and
slowing of AV conduction (Fu et al. 2006; Fleischmann et al. 2004). Negative chronotropic
effects during parasympathetic activation are also a result of Gy -dependent inhibition of AC in
the AV and SA nodes (DiFrancesco 2010; DiFrancesco and Tortora 1991). Since AC is
inhibited, this results in a decrease in cAMP production and subsequently a slowing of Ircurrent
and diastolic depolarization. Moreover, AV conduction slows due to Goi -dependent inhibition of
AC/cAMP production which results in a reduction in the Ica current shortening the CaTD and
APDs. Lastly, parasympathetic activation on its own causes little to no effect on ventricular

contractility but will attenuate sympathetic positive chronotrophy (Henning, Khalil, and Levy

1990).

Sympathetic Remodeling in Cardiovascular Disease

Sympathetic Remodeling and Cardiac Arrhythmias

Cardiovascular disease (CVD) is one of the leading causes of death in the United States (Mensah
and Brown 2007). CVD is comprised of a range of disorders that include coronary artery disease,
congenital heart disease, heart failure (HF), and myocardial infarction (MI). Additionally, CVD
is exacerbated by environmental factors including smoking. In the healthy heart the structure of

the myocardium, electrophysiology, and autonomic nervous system work together to coordinate



the electrical and mechanical phases of the cardiac cycle to ensure that blood is pumped
efficiently to the rest of the body. Disruptions in any of these parameters can be pro-arrhythmic
and may also lead to a reduction in cardiac output (CO); which if left untreated can develop into
CVD. The sympathetic nervous system has been identified as a causative factor for arrhythmia in
various disease states. Changes in the density of sympathetic nerves innervating the heart along
with changes in adrenergic sensitivity can be particularly arrhythmogenic (R. T. Gardner et al.
2015; Ryan T. Gardner et al. 2016). In cases of new sympathetic nerve growth, innervation can
become unbalanced or heterogenous thereby providing a substrate for abnormal rhythms to occur
(L. S. Chen et al. 2007). Loss of sympathetic nerves or hypo-innervation can also create a
heterogenous substrate and adrenergic supersensitivity (Park-Lee 2022). Moreover, alterations in
the reuptake and release of NE can lead to pro-arrhythmic changes in sympathetic tone. For
example, in the cases of inhibited NE reuptake, the increased circulating NE allows for a higher
sympathetic tone and a lower threshold for ectopic activity. As such, in studies on the intact
rabbit heart, it has been shown that heterogeneous application of NE increase the likelihood of

premature ventricular contractions (PVC) (Myles et al. 2012).

During heart diseases such as MI and HF there is an increase in sympathetic tone and a reduction
in parasympathetic output that can promote arrhythmias. This sympathetic hyperactivity occurs
along with many changes such as electrophysiological remodeling, myocardial remodeling,
neurotransmitter release, and sympathetic nerve density. Chronic nicotine exposure as occurs
with smoking or vaping can also lead to sympathetic hyperactivity. Therefore, there may be
similarities between autonomic remodeling that occurs in MI and HF with nicotine and as such

nicotine exposure may also further exacerbate the hyperactivity in MI and HF.



Sympathetic Remodeling in Heart Failure:

Heart failure is a pathological syndrome that results when the heart is incapable of supplying
sufficient blood flow to meet metabolic demands or accommodate systemic venous return. In
2021, the American Heart Association reported that the prevalence of HF is ~1.8% of the total
US population or approximately 6 million Americans (Roger 2021). Approximately 20% of
patients with HF die within 1 year of being diagnosed and 50% of those deaths are due to sudden
cardiac death (SCD) (Tomaselli and Zipes 2004). HF is a progressive disease caused by a
significant loss of functional myocytes after an injury. The most common causes for HF are
myocardial infarction, hypertension, and diabetes (Kemp and Conte 2012). Certainly, MI alone
can lead to myocardial weakening, it is the pressure overload from hypertension and excessive
activation of renin-angiotensin system that trigger a cascade of events that result in harmful

cardiac remodeling.

HF has typically been categorized by ejection fraction (EF) which is the amount of blood
pumped from the heart in one heart beat. In a healthy heart, average EF ranges from 50 -70%.
Whereas in HF with reduced ejection fraction, EF is less than 40% and is characterized by the
ventricles having an impaired ability to contract (Murphy, Ibrahim, and Januzzi 2020).
Conversely, HF with preserved EF have normal ventricular contraction but impaired relaxation
and filling due to increased ventricular wall stiffness (Borlaug and Paulus 2011). In both types of

HF there is a reduction in cardiac output (CO) that drives deleterious compensatory mechanisms.



Research suggests that sympathetic abnormalities may underlie the electrophysiological
imbalances and cardiac remodeling observed in HF. Reduced CO activates the sympathetic
nervous system as a compensatory mechanism to increase inotropy and lusitropy to improve CO.
This excessive sympathetic activation or sympathetic hyperactivity results in elevated circulating
catecholamines (Leimbach et al. 1986). Sustained elevated levels of catecholamines results in
sustained over activation of B-ARs. In order to combat this, cardiomyocytes downregulate the
number of B1-AR receptors present at the membrane (Madamanchi 2007; M R Bristow et al.
1986; Michael R. Bristow et al. 1982). Additionally, studies have shown that in HF there is an
upregulation of the negative B-AR regulators Gai and G-protein-coupled receptor kinase 2
(GRK?2) further diminishing B1 -AR signaling (Ungerer et al. 1993; Kiuchi et al. 1993). Not only
is B-AR signaling altered in HF but there is electrophysiological remodeling that occurs that

promotes lethal arrhythmias.

The electrophysiological changes that occur in HF involve modulation of ion channels and
altered Ca** handling. Action potential prolongation is a common theme in HF experimental
models and patients with HF (Coronel et al. 2013). Action potential duration (APD) prolongation
is reflective of changes in the repolarization phase of the action potential which can be due to
changes in K* currents. As such, studies have demonstrated a decrease in the densities of both
the inward rectifier K* current (Ix1) and the transient outward K* current (I;,) in both animal and
human models of HF (K&ib et al. 1996, Beuckelmann, Ndbauer, and Erdmann 1993). Changes in
Ik1 can be particularly pro-arrhythmic because alterations in inward rectifying K™ currents
destabilizes the resting membrane potential making the myocardium more susceptible to

spontaneous depolarization. Furthermore, APD prolongation in HF can also be a result of



increased late sodium currents (Inar) and has been shown in both animal models of HF and
patients with HF (Coppini et al. 2013; Valdivia et al. 2005). Altered Ca>* handling in HF
contributes to delayed after-depolarizations (DAD). DADs result from elevated intracellular Ca**
loading and spontaneous SR Ca?" release which can activate the sodium calcium exchanger
(NCX) and trigger an action potential (Lou, Janardhan, and Efimov 2012; Belevych et al. 2011;
Pogwizd et al. 2001). As such, animal models of HF have shown that RyR-mediated SR Ca**
leak and enhanced NCX activity increased the frequency of DADs (Belevych et al. 2011;

Pogwizd et al. 2001).

Sympathetic Remodeling in Myocardial Infarction

Myocardial infarction often known as a “heart attack™ stands as one of the prevailing instances of
cardiovascular injury and carries a substantial risk of potential fatal ventricular arrhythmias. In
the United States approximately 805,000 people suffer from a heart attack every year; of which
27% die before reaching the hospital (Boateng and Sanborn 2013) . Within the initial 72 hours
following a M1, arrhythmias and conduction abnormalities arise in over 90% of patients,
frequently leading to fatalities. The arrhythmias that occur post-MI are due to a combination of
structural remodeling of the myocardium, electrical dysfunction, and remodeling of sympathetic

nerves innervating the heart.

During an MI, one or more of the arteries supplying oxygen and nutrients to a region of the heart
becomes occluded and the region becomes ischemic. If the occlusion is cleared then the
reperfusion of blood flow to the region may prevent further damage; however, after MI the risk

for arrhythmia or SCD increases drastically due to the cardiac remodeling in response to injury.
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Structural remodeling of the myocardium occurs in the area that suffered ischemia. An acute
inflammatory response occurs at the damaged region which leads to myofibroblasts laying down
new extracellular matrix at the site of damage (van Nieuwenhoven and Turner 2013).
Subsequently, the injured area undergoes fibrosis and formation of a scar thereby creating a
heterogenous substrate that fosters DADs, reentry, and heightened ectopic automaticity (Kléber
and Rudy 2004). Post-MI there is also remodeling of sympathetic nerve density within and

around the scarred region.

In the area adjacent to the scarred region the myocardium can become hyper-innervated. This
hyper-innervation is characterized by an excessive and disorganized growth of sympathetic
nerves due to increased nerve growth factor (NGF) (Kimura, Ieda, and Fukuda 2012; Zhou et al.
2004). Conversely, the scarred region can become hypo-innervated as a result of increased
chondroitin sulfate proteoglycans (CSPG) which block nerve re-growth (Ryan T. Gardner and
Habecker 2013). This combination of hypo/hyper-innervation causes unbalanced levels of
norepinephrine (NE) from sympathetic nerve terminals that is pro-arrhythmic. For example,
sympathetic hyper-innervation leads to excess and non-uniform NE release from sympathetic

nerves which increases the risk for abnormal rhythms (Myles et al. 2012).

Hypo-innervation in the scarred region of sympathetic nerves following MI is a predictor of
detrimental ventricular arrhythmias (Ryan T. Gardner et al. 2016; Fallavollita et al. 2014;
Boogers et al. 2010). In regions that have a loss of sympathetic nerves there is an increase in
APD dispersion, altered Ca?" handling dynamics, and B -AR supersensitivity (Tapa et al. 2020;

R. T. Gardner et al. 2015). Studies have shown that there is a decrease in GRK2 expression in
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denervated hearts and an increase in GRK2 degradation post-MI (Penela et al. 2019; Yatani et al.
2006) which likely promote B-AR supersensitivity. This is further supported by GRK2 knock-out
mice that display supersensitivity of B receptors (Raake et al. 2012). Diminished SERCA activity
due to GRK2 downregulation has been linked to a decrease in SR Ca®* content (Raake et al.
2012; Yatani et al. 2006). Decreased SR Ca>" content has been shown to increase Ca**i and
enhance NCX activity thereby promoting DADs. Moreover, hypo-innervation results in

decreased Iy, currents and increased susceptibility for ventricular fibrillation (Bai et al. 2008).

Moreover, excessive BB -AR stimulation can cause cardiomyocytes to become less responsive or
desensitized to  -AR stimulation. 3 -AR desensitization can be due to downregulation of 3
receptors and/or an increase in GRK2 (Letkowitz, Rockman, and Koch 2000). As such, it was
found that there was a decrease in 3-AR density in the remote noninfarcted region in patients
post-MI (Ohte et al. 2012). Moreover, studies on patients with acute MI it was found that there
was an elevation in GRK2 levels that correlated with diminished cardiac function (Santulli et al.

2011).

Sympathetic Remodeling and Nicotine Exposure

Cigarette smoking remains the leading cause of preventable disease, disability, and death in the
United States. Additionally, smoking contributes significantly to the progression of coronary
artery disease thereby increasing the risk for MI and ischemia-induced arrhythmias and sudden
cardiac death. Short-term secondhand smoke (SHS) exposure increases the incidence for atrial
fibrillation (AF) and ventricular tachycardia/fibrillation (VT/VF) in mice (C.-Y. Chen et al.

2008). Additionally, SHS exposure increased the susceptibility to Ca** and APD alternans which
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may contribute to arrhythmias with SHS exposure (Z. Wang et al. 2018); however, what
components of cigarette smoke contribute to alternans and SHS-induced arrhythmias are largely
unknown. Interestingly, in 2021 11.5% of Americans over the age of 18 reported using
cigarettes; however, these numbers have declined from 20.9% in 2005 (Cornelius 2023). Yet, as
these numbers have declined, the prevalence for electronic cigarette (e-cigarette) usage has
increased. In a recent study released by the Center for Disease Control and Prevention it was
reported that e-cigarette unit sales increased by 46.6% between 2020 — 2022 (Ali 2023). In 2022,
16.5% of high school and 4.5% of middle school students reported using tobacco products within
the last 30 days (Park-Lee 2022). Of the eight different commercial tobacco products assessed,
electronic cigarettes (e-cigarettes) were the most used tobacco product among students. Within e-
cigarettes the main component is nicotine. Nicotine has been associated with structural
remodeling, changes in cardiac electrophysiology, alterations in autonomic regulation, and

hemodynamic changes which can be pro-arrhythmic.

Nicotine can impact autonomic control of the heart because it binds nicotinic acetylcholine
receptors (nAChR) that are present within the brain, the peripheral nervous system, and adrenal
medulla (Grilli et al. 2005). In studies on rats using labeled norepinephrine, it was found that rats
given nicotine for 10 days had a higher outflow of norepinephrine and lower outflow of
acetylcholine than vehicle-treated rats in the hippocampus (Grilli et al. 2005), suggesting that the
overall net effect from the central nervous system is sympathetically driven and that chronic

nicotine exposure could lead to sympathetic hyperactivity.
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In the peripheral nervous system, nicotine will bind nAChRs present on the adrenal glands and
cause a release of epinephrine (E) and NE into circulation (Yokotani, Okada, and Nakamura
2002; Watts 1960; Dale and Laidlaw 1912). Additionally, nicotine can bind nAChRs present on
the postganglia of sympathetic and parasympathetic nerves innervating the heart. This in turn
will lead to a release of NE from sympathetic nerve fibers and binding of NE to ;-ARs preset on
cardiomyocytes and increased cAMP production. Increased cAMP production results in
increased HR, accelerated Ca?* handling, increased contractility, and shortening of APD.
Conversely, ACh will be released from parasympathetic nerve fibers which will inhibit cAMP
production and oppose the sympathetic driven actions on electrophysiology and calcium
handling. Under normal, healthy conditions the opposing sympathetic and parasympathetic
branches are typically balanced and there may be imbalance with disease that can be pro-

arrhythmic.

In the literature, nicotine has been linked to changes in cardiac electrophysiology and
arrhythmogenesis. In a study on healthy non-tobacco using volunteers, it was found that
volunteers that used e-cigarettes containing nicotine had a decrease in heart rate variability
(HRV) compared to volunteers given e-cigarettes without nicotine and sham control
(Moheimani, Bhetraratana, Peters, et al. 2017). In the clinical setting reduced HRV has been
associated with increased risk for sudden cardiac death (SCD) in post-MI patients (Shekha et al.
2005; Malliani et al. 1994). Additionally, studies on isolated cardiomyocytes have shown that
nicotine directly blocks Ix; (H. Wang, Yang, et al. 2000; H. Wang, Shi, et al. 2000). In previous
studies from our lab we have shown that I blockage leads to ectopic beats (Myles et al. 2015).

Additionally, in-vivo administration of nicotine resulted in atrial and ventricular arrhythmias in
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post-MI dogs (Yashima et al. 2000; Mehta et al. 1997). In a meta analysis study on nicotine
replacement therapies it was found that there was an increased risk of rhythm disorders such as

palpitations, bradycardia, and tachycardia (Mills et al. 2014; 2010).

Not only has nicotine been linked to changes in cardiac electrophysiology there are detrimental
hemodynamic changes that occur and contribute to arrhythmogenesis. Nicotine can cause
vasoconstriction of blood vessels in both the skin and coronary arteries (Benowitz and Fraiman
2017; Benowitz and Burbank 2016; Czernin and Waldherr 2003). This vasoconstriction leads to
decreased coronary blood flow and increased risk for myocardial ischemia. Moreover, with
vasoconstriction of peripheral veins there will be an increase in total peripheral resistance (TPR)
and subsequently an increase in mean arterial pressure (MAP) or blood pressure (BP). As such,
studies done in mice have shown that chronic nicotine inhalation leads to a transient increase in
BP; as well as right ventricular hypertrophy and increased right ventricle wall thickness.(Oakes
et al. 2020). Hypertension has long been associated with increased risk for CVD (Flint et al.
2019). Moreover, increased right ventricle mass has been associated with incident atrial

fibrillation (Chatterjee et al. 2017).

Nicotine has been linked with structural remodeling of the myocardium. Specifically, it has been
shown to be associated with increased atrial fibrosis which can contribute to atrial arrhythmias.
For instance, in atrial tissue slices treated with nicotine it was found that there was an increased
expression of collagen III, a major constituent of atrial fibrosis (Goette et al. 2007). Moreover, in
a study on MI dogs it was found that nicotine caused a significant increase in atrial interstitial

fibrosis and a mild increase in dogs with no MI (Miyauchi et al. 2005). Taken together this
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increase in fibrosis interferes with conduction and creates an environment that is able to sustain

atrial arrhythmias (Li et al. 1999).

Rabbit research models for studying cardiac disease:

Species Selection:

Animal models are often used to study mechanisms of human cardiac diseases; however, it is
necessary to consider species differences across animal models when selecting the appropriate
model for investigation. Larger animal models like the pig or dog have been used to study
atherosclerosis, heart failure, and myocardial infarction (Zaragoza et al. 2011). The advantage of
the pig or dog is that the size of the heart, cardiac anatomy, and beating rate closely resembles
the human (Blackwell, Schmeckpeper, and Knollmann 2022). Moreover, there is enough cardiac
tissue available for molecular or biochemical studies. Additionally, due to the larger size in the
porcine or canine model, it is easier to study implantable devices or ablation methods. However,
due to higher costs and longer gestation times this can be unaffordable, more so in the study of

chronic disease states.

Indeed, most of the research on cardiovascular diseases has been done using mouse models.
Mice are great models for cardiac diseases as they provide many benefits: they are cost-effective,
have short gestation times, and can be easily genetically modified (Clauss et al. 2019; Pogwizd
and Bers 2008). However, there are drawbacks when using mice in the study of cardiac diseases
that should be considered. The mouse has a resting heart rate of 600 — 800 BPM which is

substantially higher than humans which range from 60 — 100 BPM. Moreover, the cardiac
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electrophysiology and Ca?" handling is different between the mouse and human (Bers 2002b).
The expression of K channels is different in mice and humans, and as such, the shape and
duration of the action potential (AP) is strikingly different. Humans have a long plateau phase in
the AP which followed by repolarization that is governed by inward rectifying (Ik:) and slow
delayed rectifying (Ixs) K* channels. Conversely, the AP in the mouse is sharp and repolarization
is primarily driven by transient outward (Ii,) current. Furthermore, because of the small size of
the murine heart this may contribute to the self-termination of reentrant arrhythmias, which may

prove challenging in arrhythmia studies (Blackwell, Schmeckpeper, and Knollmann 2022).

Rabbits have been used as a model to study several heart diseases such as: ventricular
hypertrophy, heart failure, myocardial infarction, and arrhythmogenesis. Since rabbits are of
intermediate size between mice and pigs or dogs they are more cost effective then larger models
and can still be used to study medical devices and techniques (Pogwizd and Bers 2008). It is
necessary to consider the animal model’s anatomical size of the heart and species-dependent
electrophysiology when studying detrimental arrhythmias like ventricular fibrillation. The
effective size concept takes into account the anatomical size of the heart and arrhythmia pattern;
such that it is the ratio between the size of the heart and the wavelength for reentry (Ellermann et
al. 2021; Kang et al. 2016; Panfilov 2006). The effective size of the rabbit is ~0.9x that of the
human; whereas the dog or pig are 1.4x and 1.6x, respectively making the effective size of the
rabbit more comparable to the human then that of the pig or dog (Ellermann et al. 2021; Kang et
al. 2016; Panfilov 2006). The cardiac electrophysiology and Ca?" handling in the rabbit is more
closely related to humans than mice, making them a more suitable model when studying the

electrical remodeling and altered Ca** dynamics that occur in human cardiac diseases (Bers
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2002b). The rabbit also has a long plateau phase in the AP and repolarization is driven mostly
by Ikrand Iks currents, much like in the human. Moreover, the Ca** handling dynamics in the
rabbit are more similar to the human than the mouse. In mice, ~90% of the Ca*" involved in
contraction is released from the sarcoplasmic reticulum (SR) and is then re-sequestered back into
the SR by the sarcoplasmic endoplasmic reticulum ATPase (SERCA) (Pogwizd and Bers 2008).
However, in rabbits and humans, approximately 30% of Ca?" enters through L-type Ca**
channels and is extruded back out by the sodium-calcium exchanger (NCX). Therefore, due to
their electrophysiological and calcium handling similarities with humans, rabbits are an ideal

model to study cardiac diseases.

Isolated Cardiomyocytes:

Extensive work has been done using rabbit models on sympathetic remodeling in response to
cardiac disease and injury. However, most of the mechanistic work has been done using isolated
cardiomyocytes. The benefit of in vitro work on isolated cardiomyocytes is that it can be a high
throughput method that allows researchers to control the environment and study the mechanism
of cardiac diseases independent of other cell types and circulating factors (Lindsey et al. 2018a).
This makes it an ideal model to mechanistically study the efficacy of drug-therapies, disease

progression, or toxicity of chemicals.

One particular toxin that has been studied in vitro using isolated rabbit myocytes is nicotine. In

newborn rabbits exposed to nicotine during gestation, it was found that nicotine exposure

increased the amplitude of Ina currents in right atrial cardiomyocytes (Ton et al. 2017).
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Additionally, in adult sinoatrial (SA) nodal cells, nicotine produced negative chronotropy,

inhibited Icar currents (Satoh 1997).

In vitro studies on sympathetic remodeling and hyperactivity have been performed by using
pharmacological agonists/antagonists of B-adrenergic receptors to mimic the sympathetic
nervous system. The most common B-adrenergic agonist that has been used is isoproterenol
(ISO); however, the physiological neurotransmitters Norepinephrine (NE) and Epinephrine (Epi)

have been used.

Research using adult rabbit ventricular myocytes has shown that sustained application of ISO
leads to upregulation of L-type Ca?* (Icar) channels (Akuzawa-Tateyama, Tateyama, and Ochi
2006). Furthermore, myocytes collected from failing rabbit hearts have shown that B>-AR
stimulation causes increases sarcoplasmic reticulum (SR) load and spontaneous SR release
(DeSantiago et al. 2008). Moreover, NE application results in delayed after depolarizations
(DAD), and triggered activity (Vermeulen et al. 1994). However, DADs in an isolated myocyte
cannot be directly applied to focal arrhythmias in the whole heart; therefore, validation by in vivo

or ex vivo animal models is crucial.

Langendorff Model:

The Langendorff rabbit heart model has been frequently used to study the mechanisms involved
in cardiac electrophysiology under various disease states and conditions. In this model, hearts are
extracted from the animal and then retrograde perfused with an oxygenated physiological saline

solution through the aorta and the perfusate enters the coronary arteries ensuring that the heart is

19



properly oxygenated and perfused (Lindsey et al. 2018a; Bell, Mocanu, and Yellon 2011). The
heart does not perform external work because perfusion is achieved by either constant flow or
constant pressure. The advantage of this model is that a variety of physiological parameters, such
as heart rate, myocardial contractility, and left ventricular systolic and diastolic function can be
measured in a controlled environment. Furthermore, using optical mapping techniques it has
become possible to obtain high resolution spatiotemporal recordings of the electrical activity of
the heart (Kang et al. 2016). In this approach, excised hearts are loaded with voltage and/or
calcium sensitive indicators to allow for analysis of changes in transmembrane potential and/or

calcium transients.

The Langendorff-perfused rabbit heart model has been vital in the study of cardiac diseases such
as myocardial infarction (MI) and heart failure (HF). In order to induce ischemic conditions in
the Langendorff rabbit heart, perfusate flow to the heart is stopped for global ischemia or one of
the coronary arteries is sutured for the set time and then released for ischemia/reperfusion (I/R)
studies (Lindsey et al. 2018a). The advantage with this model is that accurate measurements of
infarct size can be obtained, the acute electrophysiological effects of I/R can easily be analyzed,
and enough tissue is available to perform molecular and biochemical assays. It has been shown
in an I/R model that in the tissue surrounding an infarct, there is heterogeneous remodeling of the
AP and Ca?* cycling that occur that promotes ventricular arrhythmias (Chou et al. 2007).
Additionally, in failing hearts, the Langendorff rabbit heart has been used to show that there is a
non-uniform prolongation in the Ca?" transient duration (CaTD) in the surviving myocardium

(Ng, Cobbe, and Smith 1998).
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Studies on sympathetic activation or hyperactivity in the Langendorff-perfused rabbit heart
model have been done by adding sympathetic agonists to the perfusate. It has been shown that
local NE administration was enough to overcome source-sink mismatch and trigger premature
ventricular contractions (PVCs) and that local NE injections in conjunction with increased RyR
sensitivity and decreased Ik contribute to sustained focal ventricular arrhythmias (Myles et al.
2015; 2012). Additionally, in ischemic rabbit hearts it has been found that infusion of nicotine
led to an increase in end-diastolic pressure, troponin, and noradrenaline (norepinephrine);
suggesting that nicotine exacerbates ischemic hearts (Schror, Zimmermann, and Tannhéduser
1998). However, it is challenging to get a true physiological representation of sympathetic

activation in this model.

Innervated Heart Preparation:

The innervated heart preparation was originally introduced as an innovative approach to
investigate physiological nerve stimulation (Ng, Brack, and Coote 2001a). During this technique,
the intact heart can be extracted along with the spinal column and the posterior aspect of the ribs.
This allows for direct stimulation of post-ganglionic sympathetic nerves that project out from the
spinal cord. By removing the brainstem, this preparation allows for the evaluation of direct nerve
stimulation on cardiac electrophysiology without interference from the brain or other reflexes.
The advantage of this preparation is that it closely mimics physiological nerve stimulation
compared to direct application of neurotransmitters to the perfusate. Moreover, the innervated
heart preparation provides researchers with the opportunity to further investigate the

heterogeneous changes in sympathetic nerves that may affect cardiac electrophysiology during
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cardiovascular diseases (R. T. Gardner et al. 2015). Lastly, this preparation allows researchers
the ability to study direct sympathetic nerve activation on cardiac electrophysiology with

simultaneous changes in heart rate, which is not possible when using pharmacological methods.

The intact innervated heart preparation has been performed in both rabbits and mice (Tapa et al.
2020; L. Wang et al. 2019; Francis Stuart et al. 2018; Ng, Brack, and Coote 2001a). In the rabbit
innervated heart model, it has been shown that stimulation of sympathetic nerves resulted in a
gradual increase in heart rate and shortening of atrioventricular (AV) conduction; whereas direct
stimulation of the vagus nerve lead to an abrupt decrease in heart rate and lengthening of AV
conduction (Ng, Brack, and Coote 2001a). Furthermore, Wang and colleagues conducted dual
optical mapping using voltage and calcium-sensitive indicators to examine the effect of
sympathetic nerve stimulation (SNS) on action potential and calcium transient dynamics in both
the innervated mouse and rabbit hearts (2019). It was found that in both species there was an
expected increase in heart rate with SNS. Yet, within the innervated rabbit heart, SNS resulted in
shortening of action potential duration (APD) and calcium transient duration (CaTD), and a
reversal in the repolarization wavefront. Conversely, in the innervated mouse heart, SNS caused
shortening of CaTD, an initial prolongation of APD before shortening, and very little change in
the direction of repolarization. The innervated heart preparation has also been used to study age-
related changes in sympathetic nerve structure and function and how those changes effect cardiac
electrophysiology and Ca*" handling. In aged mouse hearts is has been shown that there is a
decreased responsiveness to SNS. Specifically, sympathetic nerve stimulation thresholds (as
measured by percent change in heart rate) were higher and there is little change in heart rate,

APD, or CaTD with SNS in aged compared to young hearts (Francis Stuart et al. 2018).
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However, despite little previous work being done using the innervated heart preparation to study
chronic disease states and sympathetic remodeling, the innervated rabbit heart preparation is an
invaluable method. It allows for more physiological stimulation of sympathetic nerves and NE
release/reuptake compared to the isolated Langendorff preparation which uses 3-AR agonists to
mimic the sympathetic nervous system. Furthermore, the innervated rabbit heart preparation
provides an opportunity to investigate the remodeling of sympathetic nerves and corresponding

effect that has on cardiac electrophysiology.

Scope of Dissertation:

There is much preclinical and clinical data that has demonstrated the detrimental effects of
sympathetic remodeling that occurs in response to cardiac injury or cardiovascular disease
(CVD). Yet, despite the wealth of knowledge on sympathetic remodeling currently available, the
influence of sympathetic hyperactivity on cardiac electrophysiology in a more human-like
model, the rabbit, is largely unknown. Moreover, to what extent chronic nicotine exposure
influences autonomic regulation of the heart and cardiac electrophysiology is not well
understood. Thus, the objective of this dissertation is to determine the effect of myocardial
infarction and chronic nicotine exposure on sympathetic remodeling and hyperactivity in the
innervated rabbit heart. Chapter 2 addresses the role of chondroitin sulfate proteoglycans (CSPG)
in sympathetic nerve outgrowth after myocardial infarction in the rabbit heart and resulting
electrophysiological consequences. This study aims to confirm previous findings of the presence
of CSPGs in the sympathetic sypo-innervated infarct region of the mouse heart, something that

has not yet been demonstrated in larger animal models. Chapter 3 focuses on the effect of
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chronic nicotine exposure on sympathetic remodeling and cardiac electrophysiology. This study
aims to elucidate the mechanisms by which chronic nicotine exposure leads to Ca?* mishandling,
electrophysiological changes, and potential arrhythmogenesis. Chapter 4 summarizes the main
findings and its impact on cardiac electrophysiology, provides significance in the understanding

of sympathetic hyperactivity and CVD, and potential future directions.
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Chapter II: Sympathetic Responsiveness and Arrhythmia in a Rabbit Model of Myocardial

Infarction

Abstract:

Introduction: Hypo-innervation of the cardiac sympathetic nerves is associated with worse
cardiovascular outcomes, including ventricular arrhythmias and sudden cardiac death. Rodent
models of myocardial infarction (MI) show that chondroitin sulfate proteoglycans (CSPGs)
inhibit sympathetic reinnervation post-MI and that regional hypo-innervation causes
supersensitivity of B-adrenergic receptors and increased arrhythmia susceptibility. Our goal for
this study was to use a rabbit model of MI to determine if CSPGs and associated sympathetic
hypo-innervation are present post-MI and the resulting electrophysiological responses to

sympathetic stimulation.

Methods: Fully innervated hearts from rabbits that underwent MI (N=8) or sham (N = 4) surgery
were optically mapped using voltage- (RH237) and calcium-sensitive (Rhod2-AM) indicators to
evaluate action potentials and intercellular Ca®* transients. Sympathetic nerve stimulation (SNS)
was performed with electrical stimulation (8Hz, 10V) of the spinal cord at the 1%-3™ thoracic
vertebra. 3-adrenergic stimulation was performed using isoproterenol (ISO, 30nM -500nM).
Immunohistochemistry was performed to evaluate the presence of CSPGs. Sympathetic nerve

density was quantified by tyrosine hydroxylase (TH+) staining.
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Results: CSPG-positive signal was present in the infarct and border zone of all (6/6) MI hearts,
and no CSPG fluorescence was observed in remote regions. Sympathetic nerve density was
significantly reduced in the infarct region compared to remote (6.412 + 2.784% vs. 0.5582 +
0.3966%, P=0.0005). MI hearts had an increase in action potential duration (APD) dispersion
with SNS, whereas sham hearts did not. With SNS, susceptibility to ventricular
tachycardia/fibrillation (VT/VF) was increased in MI compared to sham (5/8 vs 0/0). SNS
significantly shortened APDgo values compared to baseline in all regions of MI hearts.
Application of ISO significantly shortened APDsy and Ca** transient duration (CaTDso)
compared to baseline values in both MI and Sham hearts, with MI hearts having a significantly
greater relative shortening of CaTDgo with ISO compared to sham (-42.60 + 1.705% vs -33.04 +

4.665%, P=0.02).

Conclusions: We found that CSPGs are present in the infarct region and are associated with
sympathetic hypo-innervation, suggesting that sympathetic remodeling post-MI may be similar
in rodents and larger mammals. Following physiological sympathetic nerve stimulation, there is
an increase in APD dispersion and increased susceptibility for VI/VF post-MI. Despite a
significant reduction in sympathetic nerve density, MI hearts remain responsive to both
physiological sympathetic nerve stimulation and ISO, potentially through preserved or elevated

3-adrenergic responsiveness.

Abbreviations:

AP (action potential), APD (action potential duration), APDg (action potential duration at 80%

repolarization), ARI (action recovery interval), CaT (calcium transient), CaTD (calcium transient
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duration), CaTDgo (calcium transient duration at 80% repolarization), CSPG (chondroitin sulfate
proteoglycans), HR (heart rate), ISO (isoproterenol), MI (myocardial infarction), Pacing cycle
length (PCL), PTPo (protein tyrosine phosphatase receptor sigma), SNR (signal to noise ratio)
SNS (Sympathetic nerve stimulation), B-AR (B adrenergic receptors), TH (tyrosine hydroxylase),

Trise (AP rise time), VF (ventricular fibrillation), VT (ventricular tachycardia)

Introduction:

Myocardial infarction (MI) stands as one of the prevailing causes of cardiovascular injury and
carries a substantial risk of potential fatal ventricular arrhythmias (Adabag et al. 2021; Weir,
McMurray, and Velazquez 2006). Following MI, there is significant remodeling of the cardiac
sympathetic innervation as a result of the ischemic injury. In particular, sympathetic hypo-
innervation of the heart post-MI has been linked to worse cardiac outcomes, including cardiac
arrhythmias and sudden cardiac death (Fallavollita et al. 2017; 2014; Nishisato et al. 2010).
Experimental studies have indicated that non-uniform sympathetic nerve density along with
changes in adrenergic sensitivity may be especially arrhythmogenic (Ajijola et al. 2017; Ryan T.

Gardner et al. 2016; R. T. Gardner et al. 2015).

Previous work has shown that chondroitin sulfate proteoglycans (CSPGs) present in the infarct
region inhibit sympathetic nerve regrowth in the infarct and the adjacent myocardium in rodent
models of reperfused MI (R. T. Gardner et al. 2015; Ryan T. Gardner and Habecker 2013). More
recent findings have indicated that sulfation of CSPGs plays a key role in the inhibition of

sympathetic reinnervation post-MI (Blake et al. 2023; 2022a). Additionally, it has been shown
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that disrupting CSPG 4,6 tandem sulfation allows for sympathetic nerve regrowth in the infarct
region and decreased arrhythmia susceptibility for up to 40 days after MI (Blake et al. 2023;

2022a).

Electroanatomical mapping of the hearts from MI patients has shown that areas of sympathetic
hypo-innervation are also present in the human heart and are associated with B -adrenergic
supersensitivity and increased dispersion of the activation recovery interval (ARI, a surrogate for
action potential duration [APD]) during sympathetic stimulation (Vaseghi et al. 2012a).
Similarly, we have shown in post-MI mouse hearts that hypo-innervation leads to B -adrenergic
supersensitivity, Ca?* mishandling, increased APD dispersion, and increased arrythmia
susceptibility (R. T. Gardner et al. 2015). Our more recent findings have indicated that these
same adrenergic and electrophysiologic changes can occur in areas of sympathetic hypo-

innervation even in the absence of ischemia or MI (Tapa et al. 2020).

Most of this previous experimental work has been performed in mice, where cardiac
electrophysiology is quite different from that of larger species, including human (Blackwell,
Schmeckpeper, and Knollmann 2022; Ripplinger et al. 2022). However, cardiac
electrophysiologic properties and Ca?* handling in the rabbit heart are considerably more similar
to humans (Bers 2002a). Moreover, the anatomical size of the rabbit heart and arrhythmia
patterns are more closely related to those in human and allow for the study of sustained
ventricular arrhythmias, which may be less prevalent in smaller rodent hearts (Ellermann et al.
2021; Kang et al. 2016; Panfilov 2006). Therefore, we sought to use a rabbit model of reperfused

MI to determine if CSPGs and associated sympathetic hypo-innervation are present following MI

28



and the resulting electrophysiological responses to sympathetic stimulation. Physiological
sympathetic nerve stimulation was performed in a fully innervated isolated rabbit heart

preparation along with optical mapping and ECG analysis.

Methods:

Ethical Approval

All procedures involving animals were approved by the institutional animal care and use
committee of the University of California, Davis (protocol #20991), and adhered to the Guide for
the Care and Use of Laboratory Animals Published by the National Institutes of Health (NIH

Publication No. 85-23, revised 2011).

Animals and Surgery

New Zealand White (NZW) rabbits (body weight=2.6 — 3.0 kg, n= 22) were purchased from
Charles River Laboratories and were acclimated for at least 1 month before study. Rabbits were
randomly assigned to sham or myocardial infarction (MI) surgery at a ratio of ~1:3 to account for
Ml-associated mortality, resulting in N=5 (3M, 2F) shams and N=17 (9M, 8F) MIs. For surgery,
rabbits were sedated with butorphanol and/or acepromazine. Anesthesia was induced with
ketamine and diazepam via ear vein catheter and maintained with inhaled isoflurane (~2%) via a
ventilator for the duration of surgery. Rabbits were shaved and a ~4cm incision was made at the
4™ intercostal space. A chest retractor was placed to expose the heart and lung. The pericardium
was carefully pulled apart with forceps to visualize the left coronary artery. The descending

branch of the left circumflex artery was ligated midway between the apex and base with a suture
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for 45-60 min (Lindsey et al. 2021; 2018b). During the ligation, the retractor was removed, and
the chest was closed. A bolus of lidocaine (0.5-1 mg/kg) was IV infused before ligation to
prevent ventricular arrhythmias. In the event of ventricular fibrillation (VF), rabbits were given
an additional bolus (0.5 mg/kg, IV) of lidocaine and the hearts were manually massaged by hand
for recovery. Sham surgeries were performed by passing the suture under the coronary artery
without ligation. Heart rate (HR), body temperature and blood pressure were monitored during
surgery. Body temperature was maintained at 37°C by placing rabbits on a temperature-
controlled warming pad. Ringer’s lactate was given via IV infusion during surgery to ensure
adequate hydration. Enrofloxacin (5 mg/kg) was given once to prevent infection. Buprenorphine
(0.05-0.1 mg/kg) was given immediately post-surgery and then two times per day for 48 hours.

Meloxicam was given once daily for 5 days.

Sample Sizes

Of the N=17 MI operated rabbits, N=10 (7M, 3F) survived. Although more males survived than
females, there was not a statistically significant sex difference in survival rate (Fisher’s exact, P
=0.1534). All deaths occurred due to ventricular arrhythmias during reperfusion even with
lidocaine administration and defibrillation. Of the N=10 surviving MIs, N=8 (2 females, 6 males)
innervated hearts were successfully perfused but remained fragile throughout the perfusion and
mapping protocol; therefore, not all measurements or pacing protocols were performed in every
heart. Due to the innervated preparation, it was sometimes not possible to visualize the infarct
region within the mapping field of view. These factors all influenced N-numbers for each dataset

and N-numbers are detailed within each figure legend.
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Innervated Heart Preparation

Innervated rabbit hearts were prepared as previously described (Wang, 2019; Ng 2001). Briefly,
on days 9-11 post-surgery, rabbits were intravenously administrated heparin (1000 IU, Fresenius
Kabi USA, IL), then an overdose of pentobarbital sodium (>100 mg/kg). Upon deep anesthesia,
the chest was quickly opened by incisions on both sides of the thoracic cavity and the front of the
ribcage was removed. The pericardium was gently pulled apart and away from the heart and
hearts were incubated with ice-cold cardioplegia (in mmol/l: NaCl 110, CaCl2 1.2, KCl 16,
MgCl2 16, and NaHCO3 10). The descending aorta was then cannulated with 8-gauge cannula to
flush hearts with ice-cold cardioplegia. The heart and posterior rib cage were removed by cutting
the cervical spine at C1 and the thoracic spine at T12. The preparation was then dissected from
surrounding tissues and submerged into ice-cold cardioplegia. The innervated heart preparation
was moved to a glass-jacketed chamber and perfused via the descending aorta with Tyrode’s
solution at 37°C: (in mmol/L: NaCl 128.2, CaCl» 1.3, KC1 4.7, MgCl, 1.05, NaH>PO4 1.19,
NaHCO; 20 and glucose 11.1). Perfusion pressure was maintained at 40-60 mmHg by adjusting
the flow rate (~100-120 ml/min). Three Ag/AgCl needle electrodes were positioned in the bath

(two in the thoracic cavity and one grounded in the chamber) for continuous ECG recording.

Dual Optical Mapping

Optical mapping of ¥m and intracellular Ca?" was performed as previously described (Ripplinger
et al. 2022; L. Wang et al. 2019; Myles et al. 2012). The excitation-contraction uncoupler
blebbistatin (Tocris Bioscience, Minneapolis, MN; 20uM) and the nondepolarizing skeletal
muscle paralytic vecuronium (Cayman Chemical, Ann Arbor, MI, USA; 5uM) were added to the

perfusate to eliminate motion artifact due to sympathetic nerve stimulation during optical
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recording. Hearts were then loaded with S50uLL of RH237 (Molecular Probes, Eugene, OR), a
membrane voltage-sensitive dye, dissolved in Img/mL DMSO. Rhod-2 AM, an intracellular
calcium indicator (Molecular Probes, Eugene, OR), was loaded in 0.5mL of DMSO containing
10% pluronic acid. The anterior epicardial surface of the left ventricle (LV) was excited using
two LED light sources centered at 531 nm and band-pass filtered from 511 to 551 nm (LEX-2,
SciMedia, Costa Mesa, CA). Fluorescence emitted from the anterior epicardium was collected
using a THT- macroscope (SciMedia). The wavelengths were divided using a dichroic mirror at
630nm. The longer wavelength, which contained the Vm signal, was filtered using a longpass
filter at 700nm. The shorter wavelength, carrying the intracellular Ca?* signal was filtered using a
32nm bandpass filter centered at 590nm. Image acquisition took place at a rate of 1 kHz within a
field of view measuring 31x31 mm (100x100 pixels) using complementary metal oxide cameras

(MiCam Ultima-L, SciMedia Costa Mesa, CA).

Sympathetic Nerve Stimulation, Cardiac Pacing Protocol, and f3-Adrenergic Responsiveness
For sympathetic nerve stimulation (SNS), a 6F quadripolar catheter (2 mm electrode, 5 mm
spacing) was inserted into the spinal cord to T1-T3 for SNS as previously described (L. Wang et
al. 2019; Ng, Brack, and Coote 2001b). According to our previous studies, rabbit hearts have a
strong response to SNS in a range of 5 -15 Hz and 5-10V for no longer than 60s as measured by
robust changes in heart rate (L. Wang et al. 2019).Thus in this study, hearts were stimulated with
SNS at 8Hz and 10 V for 13s (with ventricular pacing) or for 60 s in sinus rhythm. For
ventricular pacing, a customized bipolar pacing electrode was placed on the surface of the
mid/base right ventricle for cardiac pacing. Baseline electrophysiological parameters were

measured during LV epicardial pacing at a pacing cycle length (PCL) of 200 ms with or without
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SNS. To assess indicators of arrhythmia with SNS, hearts were stimulated with SNS for 60s. To
induce ventricular tachycardia (VT) or ventricular fibrillation (VF), hearts were paced at
progressively faster PCLs in 20 ms steps until loss of capture or induction of VT/VF.
Responsiveness to B-adrenergic stimulation was assessed with isoproterenol (ISO; 30nM —

500nM) which was added to the perfusate.

Optical Mapping Data Analysis

Data analysis was conducted using the software Optig (Cairn, UK) and Electromap (O’Shea et
al. 2019)as described in our previous studies (Caldwell et al. 2023; Tapa et al. 2020). Briefly,
action potential duration (APD) or Ca®* transient duration (CaTD) were calculated as 80%
repolarization minus activation time. APD dispersion was determined by dividing the range
between the 5™ and 95 percentiles of APDs within the field of view by the median APD value.
The infarct region was defined as a signal to noise ratio (SNR) between 5 — 10 and an AP rise
time (Trise) greater than 15 ms (L. Wang et al. 2020). The remote region was defined as an area
of similar size but far from the infarct region and toward the base of the heart. The corresponding

anatomical regions were selected in sham hearts.

Histology and Immunohistochemistry

Following optical mapping, a subset of MI hearts (N = 6) was fixed in 4% paraformaldehyde,
and placed in 30% sucrose overnight. Short axis sections (approx. 2 mm) were frozen in optimal
cutting temperature (OCT) medium for sectioning. Each heart was sectioned from base to apex at

2 mm spacing (6 sections/heart) before being embedded in OCT and then frozen/stored at -80°C.
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The OCT block was then cryo-sectioned in 10 um thickness and each section was thaw-mounted

onto positively charged slides (Acepix Biosciences Inc Hayward, CA, USA).

CSPG and Tyrosine Hydroxylase Staining:

Immunohistochemistry was performed as previously described (Blake et al. 2022a; Tapa et al.
2020; Francis Stuart et al. 2018; R. T. Gardner et al. 2015). In brief, slides were rehydrated with
phosphate buffered saline (PBS) and incubated in sodium borohydride (10 mg/mL; 3 x 3min).
Slides were then blocked with 2% bovine serum albumin (BSA) in PBS containing 0.3% Triton
X-100 (PBS-T) for 1 hr and probed with primary antibody that detect CSPG (1:300, Sigma CS-
56) and Tyrosine Hydroxylase (1:300, EMD Millipore) overnight. Secondary antibodies (Goat
Anti-Mouse; Goat Anti-Rabbit 1:500) conjugated to Alexa Fluor® 488 or to Alexa Fluor® 568
were applied to the samples for 90 mins. Following incubation with secondary antibody, glycerol
in PBS (1:1) was used to mount coverslips. Images were acquired on a Nikon Eclipse Ni
microscope at 10 x magnification with a FITC or TRITC filter (Ex 470/40 or 525/50 nm). Whole
sections were imaged at 4x magnification for an overview. A minimum of 5 images were taken
of the infarct, border and remote zone of each section to confirm the presence of CSPGs.
Tyrosine hydroxylase (TH) quantification was analyzed with Nikon NIS-Elements Basic
Research Microscope Imaging Software to determine the percentage tissue area that was TH +.

Percent fiber density was defined as the ratio of TH+ fiber area to total tissue area.

Histology

Masson’s trichrome staining was performed as previously described (Tapa et al. 2020) and

according to the manufacturer’s instructions (Trichrome Stain [Masson] Kit, Millipore-Sigma).
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Statistics

Data are expressed as means + SD and analyzed using GraphPad Prism 9. On data with multiple
comparisons, two-way ANOVA with repeated measures followed by Sidak’s post-hoc test was
utilized. Comparisons between two groups were conducted using student’s unpaired ¢-test.
Fisher’s exact test was used for comparing VT/VF rate. P-values <0.05 were considered

statistically significant.

Results

CSPG and Sympathetic Nerve Density:

Previous studies using an ischemia-reperfusion model of MI in rodent hearts indicated that
sympathetic nerve re-growth in the infarct region was prevented due to the presence of CSPGs
(Blake et al. 2023; R. T. Gardner et al. 2015; Ryan T. Gardner and Habecker 2013). To
determine whether CSPGs are present in larger mammals post-MI, the presence of CSPGs was
evaluated and found in the infarct and border regions of all 6 post-MI rabbit hearts evaluated (Fig

1). No hearts showed any CSPG-positive signal outside of the infarct and border zone.
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Figure 1: CSPG production in the infarcted rabbit heart. Sections from Mi rabbit hearts stained
for CSPG (red) and TH (green) in (A) Remote, (B) Border and (C) Infarct zones. Scale

bar, 100 um. Similar results obtained in sections from 6 MI hearts.

Tyrosine hydroxylase labeling was also performed and indicated visible sympathetic nerve fiber
loss in the infarct region (red) compared to the remote region (yellow) (Fig 2A). The location
and size of infarct regions were verified by Masson’s Trichrome staining of sister sections (Fig
2B). Sympathetic nerve density was quantified and indicated that the remote region had a
significantly higher percent area that was TH+ compared to the infarct region (Fig 2C; 6.412 +

2.784% vs. 0.5582 + 0.3966%, P=0.0005).
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Figure 2: Sympathetic nerve density and masson’s trichrome in the whole view, remote region,
and infarct region of MI hearts. (A) Representative immunofluorescence images of TH+
labeling (B) Representative images of Masson’s trichrome staining; fibrosis indicated in
blue and myocardial tissue in red (C) Average sympathetic nerve density (presented as %

area, data are means £SD), N= 6 MI hearts, ***P<(0.001. Scale bar, 100 um

Effect of SNS on Heart Rate, Electrophysiology, and Arrhythmogenesis post-MI:

To determine the effect of SNS on electrophysiological parameters, HR, APDgo, APDso
dispersion, and VT/VF incidence were measured throughout 60 sec of SNS while hearts
remained in sinus rhythm (Fig. 3A-C). In both groups, HR significantly increased by 10 sec of
SNS (Sham: 155.38 + 5.37 BPM vs 249.24 £ 21.12 BPM P = 0.02; MI: 140.40 + 20.43 vs
231.06 + 48.13 BPM P= 0.006) and remained relatively stable for the remainder of stimulation.
Sham hearts had a slight trend for faster HRs compared to MI, but the difference between groups
was not statistically significant (Fig 3A). Both groups also demonstrated shortening of APDsy

over time with SNS, with a trend for longer APDgo in the MI group throughout SNS (Fig 3B).
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Interestingly, while dispersion of APDgo remained constant in Sham hearts, APD dispersion
gradually increased in MI hearts, and peaked at 40s of SNS (Fig 3C). To assess susceptibility to
VT/VF, rapid ventricular pacing was performed during short-duration (13 sec) SNS. Fig 3D
shows a representative ECG trace in which VT was induced during pacing and SNS in an MI
heart. In this example, the VT persisted for approximately 1 min following the cessation of
pacing and SNS, at which time it spontaneously terminated (presumably as catecholamine levels

decreased post-SNS). Overall, 5/8 MI hearts had VT/VF compared to 0/4 sham hearts (Fig 3E).
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Figure 3: Effect of SNS on APD, APD dispersion, and VT/VF rate in sham and MI hearts

~ sNs

(A)Changes in heart rate with SNS N= 4-6/group (except T =20, N=4-5/group) (B)
Changes in APDgo with SNS N = 3-5/group 0-40s and 3-4/group 60s (C) APD dispersion
in response to SNS N= 3-5/group (Note * compared to groups time 0 value) (D) Example
trace of ventricular tachycardia (E) Rate of VT or VF N=4-8/group. *P<0.05(A — C)

Two-way ANOVA with multiple comparisons (E) Fisher’s exact test
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To further determine the effect of SNS, rate-matched data from whole heart, remote, and infarct
regions with and without SNS were assessed. Figure 3A shows photographs of the innervated
rabbit heart preparation along with maps of Trise and SNR, which were used to define the infarct
and remote regions for analysis (see Methods). Hearts were initially paced at baseline (PCL =
200ms) and then at the same PCL with SNS. SNS significantly shortened APDgo in the whole
heart, remote, and infarct regions of MI hearts compared to baseline values but APDgo changes
were not statistically significant in sham hearts (Fig 4 B-D). CaTDgo values did not significantly
change with SNS in any region in either group when compared to baseline values (Fig. 4 E-G).
However, MI hearts had significantly shorter CaTDgo compared to sham in the whole heart (Fig
4E, 129.0 £ 3.441ms vs 134.7 £ 1.397ms, P=0.02) and remote region (Fig 4F, 129.1 + 3.704 ms

vs 134.9 + 1.295ms, P=0.02) with SNS.
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Figure 4: Effect of SNS on APDgo and CaTDgo in sham and MI hearts (A) Representative
images of remote and infarct region as defined by CaT rise times (CaT) and signal to

noise ratio (SNR). Infarct region was defined by having a SNR between 5 — 10 and a
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Trise greater than 15ms, remote region was of similar size and towards the base. APD80
changes with SNS in the (B) whole heart (C) remote region and (D) infarct region.
CaTDgo changes with SNS in the ( E) whole heart (F) remote region and (G) infarct
region. Data are means +SD, N= 3-5 hearts/group, *P<0.05, by two-way ANOVA with

repeated measures.

[-adrenergic Responsiveness:

The electrophysiological changes observed in response to SNS may arise from modified
sympathetic nerve density or function (e.g., local NE release), altered responsiveness of
cardiomyocytes to 3-adrenergic stimulation, or a combination of both. Therefore, to specifically
evaluate B-adrenergic responsiveness of cardiomyocytes, isoproterenol (ISO) was added to the
perfusate. Fig SA & C shows APDgo and CaTDsgo values measured immediately prior to the
addition of ISO (baseline) and after ISO was added and allowed to reach a steady state. To
account for differences in baseline values, the percent change in APDgo and CaTDgo with ISO
was also calculated (Fig 5B & D). Both sham and MI hearts had significantly shorter APDgo and
CaTDgo compared to their baseline values, with MI hearts having a significantly greater relative
shortening of CaTDgo with ISO compared to sham hearts (-42.60 + 1.705% vs -33.04 + 4.665%,

P=0.02).
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Figure 5: The effect of Isoproterenol on APDgo and CaTDso in the whole left ventricle (LV) of
sham and MI hearts. (A) APDgo and percent change in APDgo (B). (C) CaTD80 and
percent change in CaTDsgo (D). Data are means =SD, N= 3-5 hearts/group, *P<0.05,
*xP<0.001, ****P<0.0001, by two-way ANOVA with repeated measures (A & C) or

unpaired t-test (B & D)

Discussion:

Post-MI sympathetic hypo-innervation has been shown to be an indicator of ventricular
arrhythmias and sudden cardiac death (Fallavollita et al. 2014). Previous work has shown that
CSPGs block sympathetic nerve re-growth in the infarcted region (Ryan T. Gardner and

Habecker 2013). Additionally, mice with regional sympathetic nerve loss have super-sensitive
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responses to B-AR agonists, increased APD dispersion, and increased risk for ventricular
arrhythmias (Tapa et al. 2020; R. T. Gardner et al. 2015). Thus, the goal of this study was to
determine the electrophysiological and sympathetic remodeling that occurs post-MI in a fully
innervated rabbit heart preparation. In this study, we show that: (1) CSPGs are present in the
hypo-innervated infarct region; (2) physiological sympathetic nerve stimulation produces an
increase in APD dispersion and increased susceptibility for VI/VF in MI vs. sham hearts; and
(3) despite significant hypo-innervation, MI hearts remain responsive to physiological nerve

stimulation, potentially via preserved or slightly elevated B-adrenergic responsiveness.

CSPGs and Sympathetic Nerve Remodeling post-MI:

Previous studies in mouse hearts have shown that CSPGs in the infarct region bind protein
tyrosine phosphatase receptor sigma (PTPo) present on sympathetic neurons to inhibit nerve re-
growth post-MI (R. T. Gardner et al. 2015; Ryan T. Gardner and Habecker 2013). Additionally,
genetic deletion or pharmacological inhibition of PTPo allows for sympathetic reinnervation of
the infarct (Blake et al. 2023; 2022b). In the present study, we found CSPGs present in both the
infarct and border zone regions of post-MI rabbit hearts (Fig. 1A). Moreover, the infarct region
had a significant reduction in sympathetic nerve density compared to remote regions (Fig. 1B).
These results are in agreement with previous findings in which CSPGs, particularly sulfated
CSPGs, were found to prevent sympathetic nerve re-growth (Blake et al. 2023; R. T. Gardner et
al. 2015; Ryan T. Gardner and Habecker 2013). Although we did not assess sulfation of CSPGs
in this study, we did find CSPGs to be associated with hypo-innervation, suggesting similar
mechanisms in the rabbit compared to mouse model. Interestingly, CSPGs are not present in

infarcts that are not reperfused (chronic ligation models) (Ryan T. Gardner and Habecker 2013).
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Therefore, the cellular source of CSPGs and how CSPG expression is impacted by reperfusion

remains an important area for future study.

Electrophysiological Remodeling post-M1:

With SNS, MI hearts had a gradual increase in APD dispersion compared to sham (Fig. 3C).
These results are similar to previous studies in models of MI, as well as models of sympathetic
denervation without MI, in which adrenergic stimulation with isoproterenol led to an increase in
APD dispersion (Tapa et al. 2020; R. T. Gardner et al. 2015). Similarly, in patients with post-
infarct cardiomyopathy, both direct 3- adrenergic stimulation (with isoproterenol infusion) and
reflex sympathetic stimulation (with nitroprusside) resulted in a significant increase in ARI
dispersion (a surrogate for APD) (Vaseghi et al. 2012b). The increased APD (or ARI) dispersion
observed with both direct pharmacological - adrenergic stimulation and sympathetic nerve
activation is likely a result of heterogeneous sympathetic innervation as well as heterogeneous
changes to adrenergic sensitivity post-MI. It is known that increased heterogeneity of
refractoriness or increased APD dispersion provides a substrate for unidirectional conduction
block and reentry and is therefore pro-arrhythmic(Ripplinger et al. 2022). Accordingly, in the
present study, we found that there was a trend for increased susceptibility to pacing-induced

ventricular arrhythmias during SNS in post-MI hearts (Fig. 3E).

We also found that post-MI hearts had significantly shortened APDgo in the infarct region
compared to baseline with SNS (Fig 4B — 4D). This result is interesting, as it suggests that the
hypo-innervated myocardium is still sensitive and responsive to sympathetic nerve stimulation.

These findings could be due to changes in the amount of NE released from the remaining
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sympathetic nerves in the infarct region, changes in NE reuptake (which may result in increased
NE diffusion from nearby nerves), or changes in the B-adrenergic sensitivity of the myocardium.
Indeed, previous work in denervated rodent hearts showed that hypo-innervated regions
demonstrated B-adrenergic supersensitivity (Tapa et al. 2020). To assess B-adrenergic sensitivity
in the present study, electrophysiological responses to ISO were assessed. We found that ISO
resulted in significant shortening of APDgo and CaTDgo from baseline values in MI hearts (5A &
5C); indicating that the myocardium was responsive to direct 3 — adrenergic stimulation.
Additionally, we found that MI hearts had a significantly greater relative shortening in CaTDso,
but not APDgo, compared to sham (Fig 5B & 5D). Taken together, these results suggest that at 9-
11 days post-MI, rabbit hearts are at least as sensitive to direct stimulation of B receptors
compared to sham hearts, with perhaps slightly elevated sensitivity as indicated by the larger
change in CaTDso. It is possible that more overt supersensitivity may develop at later timepoints

post-ML.

Conclusions:

Using the innervated rabbit heart model, we evaluated the electrophysiological and sympathetic
remodeling that occurs 9-11 days post-MI. We found that CSPGs were present in the infarct
region, and were associated with areas of sympathetic hypo-innervation. These findings suggest
that the mechanisms of post-MI sympathetic remodeling may be similar in rodents and larger
mammals, including humans. Moreover, hypo-innervated post-MI hearts remained responsive to
both direct sympathetic nerve stimulation and pharmaceutical sympathetic nerve activation while

demonstrating pro-arrhythmic responses to direct sympathetic nerve stimulation. Taking this into
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account these findings could carry significant implications for post-MI cardiac function and

susceptibility to arrhythmias.

Study Limitations:

In this study, due to the technical complexity of the ischemia-reperfusion surgery and challenges
with the innervated rabbit heart preparation, we have a small sample size for some of the
parameters assessed. Only a single post-MI timepoint was evaluated. Future studies that assess

sympathetic and electrophysiological remodeling over a longer time course are warranted.
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Chapter I11: The Effect of Chronic Nicotine Exposure on Cardiac Electrophysiology in the

Rabbit Heart

Abstract

Introduction: The objective of this study was to determine the effect of chronic nicotine
exposure on sympathetic remodeling, cardiac electrophysiology, Ca*" handling, and arrhythmia

susceptibility in the rabbit heart.

Methods: Rabbits were exposed to nicotine (NIC) via a transdermal patch (21 mg/day, 28 days,
N =11) or a control adhesive patch (CT, N =8). Fully innervated isolated hearts were optically
mapped using voltage- (RH237) and calcium-sensitive (Rhod2-AM) indicators. Sympathetic
nerve stimulation (SNS) was performed with electrical stimulation of the spinal cord at the 1% —
3 thoracic vertebrae, in which voltage was kept constant (7 V) and frequency was increased in
0.5 Hz increments until a threshold of 15% increase in heart rate (HR) was achieved. B-
adrenergic (3-AR) responsiveness was evaluated with norepinephrine (NE, 500nM). Sympathetic
nerve density was assessed by immunohistochemistry for tyrosine hydroxylase (TH) and NE

content was quantified by high performance liquid chromatography (HPLC).

Results: Ex vivo baseline HRs were significantly faster in NIC vs. CT (206.3 + 24.5 BPM vs
166.6 + 38.8 BPM, P=0.01) and SNS stimulation thresholds were significantly increased in NIC
vs. CT (7.3 £5.3 Hzvs 2.1 + 1.0 Hz, P=0.01). Action potential duration (APD) alternans

emerged at longer pacing cycle lengths (PCL) in NIC vs. CT both at baseline (238.8 £ 15.5 ms
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vs 197.5 £ 22.5 ms, P=0.002) and during SNS (230.0 + 22.7 ms vs 180.0 + 28.3 ms, P=0.0003),
with similar results obtained for Ca?" transient alternans. SNS significantly reduced the PCL at
which alternans emerged in CT but not NIC. NIC hearts tended to have less of a relative change
in HR from initial values after NE perfusion and took longer to reach a significant elevation in
HR compared to CT. There was no significant difference in fibrosis density between NIC and
CT. NIC hearts had significantly less TH+ area compared to CT (7.6 = 0.9% vs 10.2 £
2.5%,P=0.03) and a trend for higher NE content in the left ventricle and right atrium compared to

CT.

Conclusions: These results suggest that chronic nicotine exposure results in higher ex vivo HRs
and SNS thresholds, reduced sympathetic nerve density, increased susceptibility for APD and
Ca®* alternans, and altered B-AR responsiveness. These results are likely due to both sympathetic
hypo-innervation of the myocardium and diminished adrenergic responsiveness after nicotine
exposure. Our data indicate that after 4 weeks of exposure, nicotine results in potentially

detrimental sympathetic and electrophysiological remodeling.

Abbreviations:

NIC (nicotine-exposed hearts), AP (action potential), APD (action potential duration), APDsgo
(action potential duration at 80% repolarization), Ca®* (calcium), CaT (calcium transient), CaTD
(calcium transient duration), CaTDgo (calcium transient duration at 80% repolarization), CT
(control hearts), HR (heart rate), HRV (heart rate variability), LV (left ventricle), nAChR

(nicotinic acetylcholine receptor), NE (norepinephrine), PCL (pacing cycle length), PVC
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(premature ventricular contraction), SCD (sudden cardiac death), SHS (second hand smoke),

SNS (sympathetic nerve stimulation)

Introduction

Cigarette smoking is the most preventable cause of cardiovascular illness and fatalities in the
United States (He et al. 2022; Gallucci et al. 2020; Mensah and Brown 2007) . Additionally,
smoking contributes significantly to the progression of coronary artery disease thereby
increasing the risk for myocardial infarction (MI), heart failure (HF), ischemia-induced
arrhythmias and sudden cardiac death (Aune et al. 2018; Deo et al. 2016; Barua and Ambrose
2013). It has been shown that short-term secondhand smoke (SHS) exposure increases the
incidence for atrial fibrillation and ventricular tachycardiac/fibrillation (C.-Y. Chen et al. 2008).
Previous work from our lab has shown that longer-term SHS exposure (4-12 weeks) increases
the susceptibility to Ca?* and action potential duration (APD) alternans, which may contribute to
arrhythmias with SHS exposure (Z. Wang et al. 2018). However, which individual components
of cigarette smoke may contribute to alternans and smoking-related arrhythmias are largely
unknown. Recently, cigarette sales have declined but the prevalence for electronic cigarette (e-
cigarette) usage has increased. In a recent study released by the Center for Disease Control and
Prevention it was reported that e-cigarette unit sales increased by 46.6% between 2020 — 2022
(Ali 2023). In e-cigarettes there are many different components present; such as, tobacco-specific
nitrosamines, aldehydes, and flavors to name a few (Lisko et al. 2015; Kim and Shin 2013; Lim
and Shin 2013; Pellegrino et al. 2011). However, a common factor between smoking and vaping

is nicotine exposure. The amount of nicotine present in e-cigarettes is often variable and in cases
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has been reported to be higher than an entire pack of conventional cigarettes (Goniewicz et al.
2019; Pankow et al. 2017). Nicotine which has been associated with structural and
electrophysiological remodeling of the myocardium and alterations in autonomic regulation that

can be pro-arrhythmic.

Nicotine has been associated with increased myocardial fibrosis (Shan et al. 2009; Goette et al.
2007; Miyauchi et al. 2005), which may play a role in creating a heterogeneous substrate that can
foster ectopic activity and/or reentrant arrhythmias (Kléber and Rudy 2004). In line with these
findings, in-vivo administration of nicotine was reported to result in atrial and ventricular
arrhythmias in a canine model of MI (Yashima et al. 2000; Mehta et al. 1997). Meta analysis
studies on nicotine replacement therapies have found that there is an increased risk of rhythm
disorders (Mills et al. 2014; 2010). However, there has been little mechanistic work done on the
effect of chronic nicotine exposure on cardiac electrophysiological remodeling and

arrhythmogenesis.

Nicotine is also associated with increased sympathetic activity. In particular, acute exposure to e-
cigarettes containing nicotine has been linked to reduced heart rate variability (HRV)
(Moheimani, Bhetraratana, Yin, et al. 2017), and in the clinical setting reduced HRV has been
associated with increased sympathetic activity and risk for sudden cardiac death (SCD) (Shekha
et al. 2005; Malliani et al. 1994). Thus, it is possible that long-term nicotine use results in
autonomic dysregulation that may also play a role in promoting detrimental ventricular

arrhythmias.
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Nicotine can impact autonomic control of the heart because it binds nicotinic acetylcholine
receptors (nAChR) that are present within the brain, the peripheral nervous system, and adrenal
medulla (Grilli et al. 2005). In studies on rats using labeled norepinephrine, it was found that rats
given nicotine for 10 days had a higher outflow of norepinephrine and lower outflow of
acetylcholine than vehicle-treated rats in the hippocampus (Grilli et al. 2005), indicating that the
overall net effect from the central nervous system is sympathetically driven and that chronic

nicotine exposure could lead to sympathetic hyperactivity.

Nicotine acts on the peripheral nervous system by binding to nAChRs present on the post
ganglionic neurons of the parasympathetic and sympathetic nerves innervating the heart (Grilli et
al. 2005), which under certain circumstances could lead to autonomic imbalance. Additionally,
there are nAChRs present on cardiomyocytes. Previous findings have indicated that a7 nAChR
to be present on adult ventricular cardiomyocytes (Dvorakova et al. 2005) indicating that
nicotine can act directly on cardiomyocytes. As such, work in isolated cardiomyocytes using
nicotinic receptor antagonists has shown that acute nicotine administration directly blocks the
membrane stabilizing current Ix; (H. Wang, Yang, et al. 2000; H. Wang, Shi, et al. 2000). We
have previously shown that Ix; blockage leads to ectopic beats (Myles et al. 2015). Therefore,
nicotine targets the central nervous system, autonomic nervous system, and cardiomyocytes such
that the contribution of these effects may produce detrimental cardiac effects and arrhythmias.
Currently, there has been little research done on the effect of chronic nicotine exposure on

calcium handling and cardiac electrophysiological remodeling. Therefore, the goal of this study
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was to investigate the interaction between chronic nicotine exposure and Ca?* handling,

arrhythmia susceptibility, structural remodeling, and sympathetic remodeling.

Methods

Ethical Approval

All procedures were approved by the Animal Care and Use Committee of the University of
California, Davis and were conducted according to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health. Male and female New Zealand White
rabbits (NZW) were obtained from Charles River with a delivery weight of 3.0 — 3.5 kg and were
singly housed with ad libitum access to food and water for the duration of the exposure. Rabbits
were 4 — 8 months of age at time of study. A total of N=25 rabbits (10 male, 15 female) were
studied and exposure was carried out in 4 sequential cohorts with approximately matched
numbers of control and nicotine exposure in each cohort. Due to the limited success of sequential
in vivo blood collection and some ex vivo experimental procedures, sample sizes and sex
distribution are unequal for some parameters. Likewise, in some cases the ex vivo innervated
heart preparations did not capture at a particular pacing frequency, which impacted sample size
for some rate-matched parameters. All n-numbers are detailed within each figure legend with

symbols indicating sex.

Nicotine Exposure

Rabbits were exposed to nicotine (NIC) via transdermal patch (Nicoderm CQ, 25mg/day) placed

on the ears. Transdermal patches were changed daily Monday — Friday for 4 weeks. Control
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(CT) rabbits had surgical tape placed on the ears and were handled daily in the same manner as
NIC rabbits. Venous blood draws were performed on rabbits the day prior to the start of
exposure, at 2 weeks, and at 4 weeks after the start of exposure on both NIC and CT rabbits via
the marginal ear vein. Blood samples were allowed to clot overnight at 2 — 8 C. Then centrifuged
at 1000 x g (or 3000 rpm) for 15 minutes. Serum was removed and then stored at -80°C. To
assess serum cotinine levels, samples were sent overnight on dry ice to the Tobacco and
Carcinogen Biomarkers Core at the University of California San Francisco and were analyzed by
liquid chromatography-tandem mass spectrometry (LCMSM) as previously described(Jacob et

al. 2011).

Innervated Whole-Heart Langendorff Perfusion

At 28 days of exposure, rabbits were weighed and given a single intravenous injection of
pentobarbital sodium (50mg/kg) containing 1000 IU heparin (Fresenius Kabi USA, IL). Isolated
innervated rabbit hearts were surgically extracted with an intact thoracic spinal column (T1 —
T12) as in previous studies (L. Wang et al. 2019; Ng, Brack, and Coote 2001b). Following
extraction, the isolated preparation was flushed with ice cold cardioplegia (composition in
mmol/L: NaCl 110, CaCl, 1.2, KCI 16, MgCl, 16, and NaHCO3 10) via the descending aorta.
The preparation with intact spinal cord and heart was then retrograde perfused with Tyrode’s
solution at 37+ 0.5° C (composition in mmol/L: NaCl 128.2, CaCl, 1.3, KC1 4.7, MgClI, 1.05,
NaH> PO4 1.19, NaHCOs 20 and glucose 11.1). The preparation was then submerged in warm
Tyrode’s and perfused with an excitation-contraction uncoupler (blebbistatin, 10 — 20 uM, R&D
Systems INC, Minneapolis, MN, USA) and a skeletal muscle paralytic (vecuronium bromide, 6

uM, Cayman Chemical Company INC, Ann Arbor, MI, USA) to eliminate motion during optical
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recordings. Two needle electrodes were positioned in the thoracic cavity and a ground was
placed in the bottom of the perfusion dish to obtain a continuous ECG recording. Perfusion

pressure was maintained at 60 — 80mmHg by adjusting perfusion flow rate (80 — 100mL/min).

Optical Mapping

Dual optical mapping was performed as in previous studies(L. Wang et al. 2019; Francis Stuart
et al. 2018, 2; Myles et al. 2012). Briefly, preparations were loaded with calcium-sensitive dye
(Ca2+; Rhod 2 — AM, 50uL of Img/mL in DMSO + 10% pluronic acid, Biotium, Hayward, CA)
and voltage-sensitive dye (Vm; RH237, 50uL of 1mg/mL in DMSO, Biotium, Hayward, CA)
through the coronary perfusion. A catheter electrode was inserted up the spinal canal to T1 -T3
in order to stimulate the pre-ganglionic sympathetic nerves. A pacing electrode was placed on
the center of the left ventricle for epicardial ventricular pacing. The anterior epicardial surface
was illuminated with LED light sources at 530 nm bandpass filtered from 511 to 551 nm (LEX-
2, SciMedia, Costa Mesa, CA, USA) and focused directly on the surface of the heart.
Florescence emitted was captured utilizing a THT-macroscope (SciMedia) and divided by a
dichroic mirror set at 630 nm (Omega, Brattleboro, VT, USA). RH237 signals were long pass
filtered at 700 nm, while Rhod2-AM signals were bandpass filtered from 574 to 606 nm. Signals
were recorded with two CMOS cameras (MiCam Ultima-L, SciMedia). Data was recorded at a
sampling rate of 1 kHz and a 100 x 100 pixel resolution, with a field of view of 3.1 x 3.1cm and

a spatial resolution of 0.3 1mm/pixel.
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Experimental Protocol

Prior to the addition of dyes and blebbistatin, ex vivo baseline heart rate (HR) was recorded via a
continuous ECG recording. After the addition of blebbistatin, sympathetic nerve stimulation
(SNS) thresholds were determined as previously described (Francis Stuart et al. 2018).
Specifically, sympathetic nerve fibers were initially stimulated at 0.5Hz, 7V for 5 seconds.
Stimulation frequency was then increased in 0.5Hz increments at a constant voltage of 7V until a
>15% increase in HR was observed. Sympathetic nerve stimulation thresholds were then
recorded, and for all subsequent optical imaging protocols, hearts were stimulated at SHz higher
than their threshold value. SNS was performed for 13s to record baseline Ca** Vm, and HR
values. Continuous ventricular pacing was then performed via the epicardial left ventricle (LV)
at decreasing pacing cycle lengths (PCL) from 300ms until hearts lost capture. Finally, hearts

were challenged with norepinephrine (NE, 500 nM) to evaluate B adrenergic responsiveness.

Optical Mapping Data Analysis

Optical data was analyzed using both Optig (Cairn Research Ltd, UK) and ElectroMap (O’Shea
et al. 2019) and as described in our previous studies (Caldwell et al. 2023; Tapa et al. 2020; L.
Wang et al. 2019). Briefly, action potential duration (APDso) or Ca®* transient duration (CaTDsgo)
was calculated as 80% repolarization minus activation time (with activation time calculated at
50% of peak amplitude). Mean APDgoand CaTDsgo for each heart were calculated from the entire
mapping field of view. CaTD and APD alternans thresholds were determined using spectral
methods as previously described (L. Wang et al. 2021; 2014). APD and CaTD alternans
thresholds were defined as the slowest PCL for which significant alternans emerge (minimum

spectral magnitude >2).
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Data pertaining to changes in heart rate during SNS were analyzed from optical recordings using
ElectroMap (due to SNS electrical artifacts on the ECG). All other HR measurements were
obtained from continuous ECG recordings and analyzed using LabChart (ADInstruments INC,
Colorado Springs, CO, USA). Ex vivo baseline HR was measured 1 minute prior to the addition
of blebbistatin and averaged over 1 minute. For HR changes in response to NE, HR was
measured 1 minute prior to the addition of NE (averaged over 10s) and 6 minutes after NE
perfusion. Arrhythmia scores were analyzed during sinus rhythm according to previous
studies(Francis Stuart et al. 2018; De Jesus et al. 2017; CURTIS and WALKER 1988). Briefly, 0
= no ectopic beats, 1 = premature ventricular contraction (PVC), 2 = bigeminy or salvos (2 — 4
consecutive beats), 3 = ventricular tachycardia (>5 consecutive, monomorphic beats), or 4 =
ventricular fibrillation (>5 consecutive, polymorphic beats). Arrhythmia scores were determined

as the most severe arrhythmia observed during the entire experimental protocol.

Immunohistochemistry and Histology

After optical mapping experiments, a 2 mm thick short-axis section was cut from the middle of
the LV. The section was then cut into wedges such that samples from the same LV were used for
HPLC analysis and immunohistochemistry. Tissue was fixed in 4% paraformaldehyde for 1.5
hrs, washed with phosphate buffered saline (PBS), and placed in 30% sucrose in PBS overnight.
Tissue was then embedded in Optimal Cutting Temperature (OCT) medium, flash frozen, and
stored at -80°C. Tissue sectioning and Masson’s Trichrome staining was performed by Acepix
Biosciences Inc (Hayward, CA, USA). Tissue was sectioned into 10 um thickness slices at a step

depth of 50 — 100 um, thaw-mounted on positively charged slides, and stored at — 80°C.
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Tyrosine hydroxylase (TH) labeling was performed as in previous studies(Tapa et al. 2020;
Francis Stuart et al. 2018; Ryan T. Gardner and Habecker 2013). Briefly, slides (N = 6
slices/group) were rehydrated with PBS and incubated in sodium borohydride (10mg/mL) in
order to reduce background auto-florescence. Slides were then blocked with 2% bovine serum
albumin (BSA, Sigma) and 0.3% Triton X-100 (Sigma) in PBS (BSA/PBST) for 1 hr. Slides
were then washed in PBS and incubated primary sheep anti-TH (EMD Millipore) at 1:300
BSA/PBS-T overnight at room temperature. Slides were then rinsed in PBS and incubated in
secondary antibody (1:500; Invitrogen) for 1.5 hr at room temperature. After incubation, slides
were rinsed with PBS, dipped in MilliQ water briefly and then incubated in a 10 mM copper
sulfate/50 mM ammonium acetate solution to reduce autofluorescence. Finally, slides were

dipped in MilliQ water briefly and a 1:1 glycerol/PBS solution was used to coverslip.

Histological and fluorescence imaging was performed on an upright Nikon Eclipse Ni
microscope at 10x magnification with a FITC filter (Ex/Em: 495/519 nm) for TH, and at 20x
magnification with white light excitation for Masson’s trichrome. For TH, four images per tissue
slice were taken and ImageJ was used to threshold TH+ sympathetic nerve fiber area and total
tissue area. Percent fiber density was defined as the ratio of TH+ fiber area to total tissue area.
For Masson’s trichrome staining, fibrosis area was color-thresholded (blue) and divided by total

tissue area. All images were analyzed by two blinded users and values averaged between users.
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Tissue Norepinephrine Content

Norepinephrine (NE) content was measured via HPLC as described previously (Francis Stuart et
al. 2018; Parrish et al. 2010). After optical mapping, LV and right atrial samples were flash
frozen and stored at -80°C. Tissue was then homogenized at 25°C in perchloric acid (PCA, 0.1
M) and an internal standard—dihydroxybenzylamine (DHBA, 0.25 uM) to correct for NE
sample recovery. Catecholamines were purified from a 100 uL aliquot of homogenate using
alumina extraction. NE was reabsorbed from alumina by using PCA (150 uL, 0.1 M) and then
measured by C18 reversed-phase HPLC with electrochemical detection (ESA, Coulchem III) and

a detection limit of ~ 0.05 pmol and > 60% recovery from alumina extraction.

Statistics

Data are expressed as mean + standard deviation (SD). Two-tailed, unpaired #-test was used to
assess differences between NIC and CT for the following parameters: baseline HR, SNS
threshold, percent change in HR, CaTDsgo, and APDgo, arrthythmia scores, and maximum HR after
NE. T-tests were performed on fibrosis density and TH+ fiber density. Two—way ANOVA with
repeated measures was used to assess data obtained at baseline and in response to SNS or NE
within the same heart. Two-way ANOVA with mixed-effects analysis was used on HR changes
in response to NE and NE content. Statistics were performed using GraphPad Prism 9. Statistical

significance was defined by P<0.05.

57



Results:

Baseline Measurements Following Nicotine Administration:

To confirm nicotine delivery, cotinine (main metabolite of nicotine) was measured in serum
blood samples. As expected, CT rabbits had no detectable cotinine present in blood serum for all
time points (Fig 6A). In NIC rabbits, there was no detectable cotinine present at time 0, and
cotinine concentration increased to 455.3 + 374.0 ng/mL and 694.6 + 376.4 ng/mL at 2 and 4
weeks, respectively. To determine the impact of nicotine on ex vivo HR; baseline HR
measurements were obtained from the innervated perfused heart preparations prior to the
addition of blebbistatin and dyes. NIC hearts had significantly faster HRs compared to CT (Fig
6B, 206.3 = 24.5 BPM vs 166.6 + 38.8 BPM). SNS stimulation thresholds were also increased in

NIC hearts (Fig 6C, 7.3 + 5.3 Hz vs 2.1 + 1.0 Hz).

A - * =1 Control B c —_
£ 1 . * N
S 1500 * Nicotine 300 I 204 *
c
~ P ] >
c £ 2
L o3 S oW g 15-
= 1000 | £ 200- o ]
s o
T T E - %%8 2 404 T
8 (| l [ '8
S 500 ‘ l £ 100+ 5
ot 2 g %1 o
® 8
= I 2 | ey
,g 0oy —pe— e — o+t 5 0-
> >
S 0 2 4 JEN &
Week & ¢ S é&o

Figure 6: Cotinine concentration, heart rate, and sympathetic nerve stimulation threshold in
control and nicotine-exposed hearts. (A) Mean cotinine concentration at 0, 2, and 4 weeks
of nicotine exposure. *P<0.05, N= 6 - 10 animals/group, by two-way analysis of variance
(ANOVA). (B) Ex vivo baseline heart rate. Measurements taken prior to the addition of
dyes and blebbistatin. *P<0.05, N= 8-11 hearts/group. (C) Stimulation frequency

threshold for sympathetic nerve stimulation (SNS). Spinal cord was stimulated at T1 - T2
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with constant voltage and frequency was increased 0.5Hz increments until a >15%
increase in heart rate was observed. *P<0.05, N= 8-11 hearts/group, by two- tailed

unpaired t test. X denotes males, O denotes females

Electrophysiological Responses to Sympathetic Nerve Stimulation (SNS):

To determine the effect of SNS on electrophysiological parameters, APDgo, CaTDso, and HR,
were measured immediately prior to and at 13s of SNS. SNS significantly shortened APDgo to a
similar degree in both CT and NIC hearts (Fig 7A-B). SNS caused significant shortening of
CaTDgo compared to baseline values in CT but not NIC hearts (Fig 7C), but the mean percent
change in CaTDgo with SNS was not different between groups (Fig 7D, -11.6 £ 12.5% vs. -7.2 £+
10.3%). Similar to HR data obtained prior to the addition of dyes and blebbistatin (Fig 7B),
baseline HR remained slightly faster in NIC hearts compared to CT (Fig 7E, 152.4 + 14.5 BPM
vs. 134.4 + 17.1 BPM, P = 0.62). However, both groups had similar increases in HR with SNS

(Fig 7E-F, 196.8 +£49.7 vs. 191.9 + 72.5 BPM).
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Figure 7: Effect of sympathetic nerve stimulation (SNS) on control and nicotine-exposed hearts.

(A - B) Action potential duration (APDsgo) changes with SNS. (C - D) Calcium transient
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duration (CaTDso) changes with SNS. (E - F) Heart rate changes with SNS. Data are
means = SD; N = 8-11; *P<0.05, by two-way ANOVA with repeated measures (A, C, E)

or two-tailed, unpaired t test (B, D,F)

APD and CaTD Alternans:

In order to evaluate alternans susceptibility, hearts were paced at progressively faster pacing
cycle lengths (PCLs). Hearts were initially paced at baseline and then at the same PCL with SNS.
At baseline, APD alternans emerged at significantly longer PCLs in NIC compared to CT hearts
(Fig 8A, 238.8 £ 15.5 ms vs 197.5 + 22.5 ms) and similarly with SNS (230.0 +22.7 ms vs 180.0
+ 28.3 ms). Sympathetic stimulation may decrease alternans PCL threshold due to accelerated
Ca®" handling (L. Wang et al. 2019; Tomek et al. 2017). Surprisingly, NIC hearts had no
significant difference between baseline and SNS APD alternans thresholds; however, SNS
significantly decreased alternans PCL threshold in CT hearts as expected. Similar results were
obtained for CaTD alternans (Fig 8B). Figure 3C-D show representative contour maps of CaTD
alternans spectral magnitude and example optical traces at baseline and with SNS showing little-

to-no change in CaTD alternans with SNS in NIC hearts (Fig 8D).
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Figure 8: Alternan threshold and magnitude with SNS in control and nicotine-exposed hearts.
(A) Pacing cycle length (PCL) at which APD alternans emerged at baseline and with
SNS. (B) PCL at which Ca2+ alternans emerged (C) and (D), representative contour
maps and corresponding CaTD traces demonstrating Ca2+ alternan magnitude at baseline
and with SNS (C, control; D, nicotine). Data are means + SD; N = 8/group; *P<0.05,

**#P<0.01, ***P<0.001, by two-way ANOVA with repeated measures.
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[-Adrenergic Responsiveness:

Electrophysiological differences in response to SNS may be due to altered nerve function (e.g.,
NE release), altered -adrenergic responses of cardiomyocytes, or a combination of both;
therefore, norepinephrine (NE) was added the perfusate to specifically assess -adrenergic
responses of cardiomyocytes. HR prior to the addition of NE (time 0, t0) up to 6 minutes after
the addition of NE is shown in Fig 9A. To account for differences in baseline HR, the percent
change in HR over 6 minutes of NE perfusion was also calculated (Fig 9B). CT hearts tended to
have a larger relative change in HR from initial values at all time points compared to NIC, but
this was not statistically significant. Both groups had significantly faster HRs at 2 and 3 min after
NE compared to t0 (Fig 9C), but only CT hearts showed significant elevation at 1 min,
suggesting a potentially slower HR response in NIC hearts. Maximal HRs after the addition of
NE were not significantly different between groups (CT: 216.4 + 51.4 BPM vs. NIC: 205.2 +

45.5 BPM).

63



A 300 -

-©-Control -©-Control
Nicotine Nicotine

N

=3

o

1
-
o
o
]

100

100

Heart Rate (bpm)

o
1

0IIIIIII
o 1 2 3 4 5 6 7

Time from when add NE (min)

12 3 4 5 & 7
Time from when add NE (min)

% change in Heart Rate
' g
1

(3]
o
L

*kkk

O
O

400 Fekdkk =1 Control 400

Nicotine

w

(=4

o
1

Heart Rate (bpm)
S
o
L
F§%e—3
-
TR
P
=
Max Heart Rate (bpm)

3004  ox

Y
- o |
200 %o J_

% ),

100

o

0-

T T T T
10 t1 t2 13 & e

Time from when add NE (min) & S

K

Figure 9: Heart rate changes with Norepinephrine in control and nicotine-exposed hearts (A -
B) Heart rate changes over time after the addition of 500nM Norepinephrine (NE) to the
perfusate. N = 7 - 11/group (C) Heart rate measurements after the addition of NE at 1
minute (t1, N =7 -11/group ), 2 minutes (t2, N = 6 - 11/group), and 3 minutes (t3, N =5 -
10/group ). (D) Maximum heart rate after NE added, N = 7 -11/group *P<0.05, **P<
0.01, ***P<0.001, ****P<0.0001, by two-way ANOVA with mixed-effects analysis (A -

B) or two-tailed, unpaired t test (D)

Arrhythmia Susceptibility:

Arrhythmia susceptibility was measured from bipolar ECG recordings taken from needle
electrodes inserted into the posterior thoracic cavity (hence atypical ECG morphology). Hearts
from both groups had PVCs and bigeminy/salvos, but there were no significant differences in

arrhythmia score between CT and NIC hearts (Fig. 10, CT: 0.88 + 0.83 vs. NIC: 1.5 + 0.71).
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Figure 10: Arrhythmia susceptibility in control and nicotine-exposed hearts. Psuedo - ECG
recordings demonstrating arrhythmias during sinus rhythm or following rapid ventricular
pacing. Recordings were measured from the posterior in the bath. (A) example of a pre-
ventricular contraction (PVC) denoted by the red arrow (B) Average arrhythmia scores

per group. Data are means + SD, N= 8 - 10, by two-tailed, unpaired t test

Fibrosis, Sympathetic Nerve Density, and Norepinephrine Content:

Chronic nicotine administration has been previously associated with increased myocardial
fibrosis (Miyauchi et al. 2005; Shan et al. 2009; Goette et al. 2007). Therefore, fibrotic density
was evaluated from Masson’s trichrome images. There was no significant difference in fibrosis
density between CT hearts and NIC hearts (Fig 11A-B, 21.78 £ 3.68% vs. 19.30 + 3.68%). To
assess whether changes in sympathetic nerve density were responsible for altered SNS responses,
the percent TH+ fiber density was quantified from LV tissue. CT hearts had a significantly
higher percent area that was TH+ compared to NIC hearts (Fig 11C-D, 10.18 +2.45 % vs. 7.55 +
0.91%). NE content was also measured in the left ventricle and right atria. As expected, there
was a main effect of location, with the right atrium having higher NE content compared to the
LV (due to greater sympathetic nerve density in the atrium versus ventricle). This was

statistically significant in the NIC but not CT group (Fig 11E). Interestingly, despite the lower
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ventricular nerve density, NIC hearts had a trend for higher NE content in the left ventricle
compared to CT (29.2 £ 9.5 pmol/mg vs. 25.6 £+ 8.4 pmol/mg) with a similar trend in the right

atria (44.6 = 12.1 pmol/mg vs. 34.8 = 9.3 pmol/mg).
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Figure 11: Fibrosis, sympathetic nerve density, and norepinephrine content in control and
nicotine-exposed hearts (A) Average fibrosis density in left ventricle. N=5-7
slides/group (B) Representative images of Masson’s Trichrome staining; fibrosis

indicated in blue and myocardial tissue in red (C) Sympathetic nerve fiber density in left
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ventricle. N = 6 slices/group (D) Representative immunofluorescence images of tyrosine
hydroxylase (TH) labeling. (E) Norepinephrine (NE) content of left ventricle (LV) and
right atria (RA) N = 7 hearts/group. Data are means +SD; *P<0.05 by two-tailed,
unpaired t test (A & C) or two-way ANOVA with repeated measures (E). Scale bar = 100

pum

Discussion:

The objective of this study was to investigate the effects of chronic nicotine exposure on cardiac
sympathetic responses, electrophysiological and structural remodeling, and potential
arrhythmogenic effects. To our knowledge, this study is the first to employ the innervated rabbit
heart model to evaluate sympathetic responses in hearts chronically exposed to nicotine. Here,
we show that nicotine-exposed hearts had: (1) higher ex vivo baseline HRs; (2) elevated SNS
thresholds and reduced sympathetic nerve density; (3) increased susceptibility to Ca?" and APD
alternans that does not improve with SNS; (4) altered B-adrenergic responsiveness; and (5) no
change in arrhythmia propensity. Taken together, these results suggest that chronic nicotine
exposure leads to sympathetic remodeling and altered cardiac electrophysiological responses, but

that these changes are not necessarily arrhythmogenic following 28 days of exposure.

Chronic Nicotine Exposure Increases Ex Vivo Baseline Heart Rate:
In isolated rabbit hearts it has been shown that perfusion of a low dose nicotine results in an
acute increase in HR (Wennmalm 1977). Additionally, it has been shown that chronic nicotine

administration leads to a reduction in heart rate variability (HRV) that suggests a shift to
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sympathetic dominance and decreased vagal tone (Moheimani, Bhetraratana, Yin, et al. 2017;
Moheimani, Bhetraratana, Peters, et al. 2017). Here, we show that the hearts of rabbits exposed
to nicotine for 28 days have a sustained elevation in baseline ex vivo HR in the innervated heart
preparation (Fig. 6B). Since the sympathetic innervation to the heart remains intact, this result
may suggest an elevation in basal sympathetic nerve activity under resting conditions (without
electrical stimulation) following nicotine exposure. Conversely, the increase in baseline HR may
be due to functional and structural alterations within the SA node itself, which may represent an

important area for future study.

Electrophysiological Responses to SNS After Chronic Nicotine Exposure

In this study, we found that hearts from nicotine-exposed animals had significantly increased
electrical SNS thresholds (measured by the stimulation frequency required to produce a 15%
increase in HR, Fig 7C). However, when nicotine-exposed hearts were stimulated with supra-
threshold frequency, similar changes in APD, CaTD, and HR were observed (Fig 7). The
elevated SNS thresholds could be due to many factors, including changes in sympathetic nerve
density or function, altered b-adrenergic responsiveness, or structural remodeling of the
myocardium. Chronic nicotine administration has been previously associated with increased
myocardial fibrosis (Shan et al. 2009; Goette et al. 2007; Miyauchi et al. 2005); however, we
found no significant difference in fibrosis in NIC compared to CT (Fig 11A). Sympathetic nerve
loss after chronic nicotine exposure could also explain the blunted responsiveness to SNS, and as
such, we found a reduction in sympathetic nerve density in NIC hearts (Fig 11C). Despite a
decrease in nerve density, we observed a trend for elevated NE content in the right atrium and

left ventricle of NIC hearts compared to CT (Fig 11E). Typically, NE content is associated with
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local sympathetic nerve density (more nerves = more NE). However, this interesting result is
similar to human and isolated rabbit heart studies that have shown that acute nicotine
administration leads to an increase in NE release (Gourlay and Benowitz 1997; Gillespie et al.
1985; Loffelholz 1970). Additionally, findings in rats given chronic administration of nicotine

have shown an increase in cardiac norepinephrine turnover rate (Westfall 1970).

Chronic Nicotine Exposure Increases the Susceptibility for APD and CaT Alternans

We found that NIC hearts had APD and CaT alternans that emerged at slower pacing cycle
lengths compared to CTL (Fig 8A & 8B), indicating increased alternans susceptibility. This
result is corroborated by previous work in post-MI dogs that showed an increase in depolarizing
and repolarizing alternans after nicotine infusion (Yashima et al. 2000). Additionally, our
previous study has shown a significant increase in the magnitude of APD and CaT alternans after
second hand smoke exposure (Z. Wang et al. 2018). In normal hearts, b-adrenergic stimulation
typically improves APD and CaT alternans due to acceleration of Ca?" handling; thus it is
expected that the PCL at which alternans emerge would decrease with SNS (L. Wang and
Ripplinger 2019; Tomek et al. 2017). Indeed, SNS decreased the alternans threshold PCL in CTL
hearts, but we found that SNS did not improve alternans thresholds in NIC hearts (Fig 8A & 8B).
This result could be explained by decreased sympathetic responsiveness (potentially due to
diminished sympathetic innervation) that may be particularly evident at faster PCLs. It is known
that AP and Ca alternans are strongly associated with increased risk for ventricular arrhythmias
(L. Wang et al. 2014; Laurita and Rosenbaum 2008; Chudin et al. 1999); however, we did not

observe a statistically significant increase in arrhythmia susceptibility in NIC hearts in this study.

70



It is possible that increased arrhythmogenic activity may be observed with longer nicotine

exposure.

p-Adrenergic Responsiveness to NE after Chronic Nicotine Exposure

Because SNS may result in variable NE release (due to variations in nerve density and function),
NE was directly added to the perfusate to assess B-adrenergic responsiveness of the myocardium.
NIC hearts tended to have somewhat smaller and slower changes in HR compared to CT (Fig 9).
This may be a result of elevated HR in NIC hearts at time O (therefore any HR increases may be
more modest),but could also suggest a somewhat blunted B- adrenergic response. This blunted 53-
adrenergic response could be due to B- adrenergic receptor down regulation and as such twin
studies on habitual smokers have shown a decreased - adrenergic receptor density and blunted
catecholamine response compared to non-smokers (Laustiola et al. 1988). However, in this study
we focused on changes in functional parameters as a result of chronic nicotine exposure and

future studies would need to be performed in order to further elucidate these findings.

Conclusions:

Using the innervated rabbit heart model, we determined the effects of chronic nicotine exposure
on cardiac electrophysiology, Ca?* handling, and sympathetic remodeling and responses. We
found that chronic nicotine exposure results in significantly reduced response to SNS, as
indicated by significantly elevated electrical stimulation thresholds. Following nicotine exposure,
SNS also failed to improve cardiac alternans, which may be pro-arrhythmic. These results are
likely due to a combination of sympathetic hypo-innervation of the myocardium and diminished

adrenergic responsiveness following nicotine exposure. Taken together, our data indicate that
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chronic nicotine exposure results in potentially detrimental sympathetic and electrophysiological

remodeling following 28 days of exposure.

Study Limitations:

In this study, we exposed rabbits to nicotine for 4 weeks and saw a change in some
electrophysiological parameters of the heart but not all. It is possible that with longer exposure
duration, there may be more profound changes in electrophysiology, calcium handling, and
arrhythmia susceptibility. We specifically focused on ventricular action potentials, calcium
transients, and nerve density in this study and therefore did not assess corresponding atrial
parameters. Due to the technical challenges with the innervated rabbit heart preparation, we were
insufficiently powered to assess sex differences in the context of chronic nicotine exposure, and

this remains an important area for future study.
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Chapter I'V: Conclusions, Significance, and Future Directions

Summary of Main Conclusions:

The goal of this dissertation was to determine the effect of myocardial infarction and chronic
nicotine exposure on sympathetic remodeling and activity in the rabbit heart. We evaluated
cardiac electrophysiological remodeling in the context of action potential and calcium handling
parameters, B-adrenergic responsiveness, sympathetic nerve density, and structural remodeling.
We found that both myocardial infarction and chronic nicotine exposure alter the response of the
myocardium to physiological sympathetic nerve stimulation as well as direct pharmacological B-

adrenergic stimulation, resulting in pro-arrhythmic changes.

Sympathetic Responsiveness and Myocardial Infarction:

The key points in our myocardial infarction study are that chondroitin sulfate proteoglycans
(CSPGs) were present in the sympathetic hypo-innervated infarct region. This is the first time the
presence of CSPGs has been confirmed in a non-rodent model and the results suggest that post-
MI sympathetic remodeling may be similar amongst rodents and larger mammals. With
physiological sympathetic nerve stimulation (SNS), MI hearts had an increase in action potential
duration (APD) dispersion and were more susceptible to detrimental arrhythmias. Additionally,
we saw that despite significant hypo-innervation, post-MI hearts were responsive to
physiological SNS, as indicated by significant shortening of APDsgo in the infarct region. We also
found that MI hearts were responsive to direct B-adrenergic stimulation by Isoproterenol (ISO),

as indicated by significant shortening of APDgo and CaTDgo from baseline values. Moreover, MI
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hearts had a greater relative shortening of CaTDsgo after ISO compared to sham. These findings
indicate that at 9-11 days post-MI, rabbit hearts are at least as sensitive to direct 3-adrenergic
stimulation vs. Sham, with potentially slightly elevated adrenergic sensitivity which may play a

role in maintaining electrophysiological responses to nerve stimulation.

There are a number of differences and similarities between our MI and chronic nicotine exposure
models. In our MI study there was an increased susceptibility for VI/VF; however, we did not
see an increase in arrhythmia susceptibility in nicotine hearts. We did however see an increase in
alternan susceptibility after chronic nicotine exposure which could lead to potentially detrimental
ventricular arrhythmias with longer exposure times. Moreover, in our ischemia-reperfusion
model there was an increase in fibrosis that we did not see after 4 weeks of nicotine exposure.
This difference in fibrosis density could explain the differences in arrhythmia susceptibility
between MI and nicotine hearts. Increased myocardial fibrosis is associated with increased
susceptibility for arrhythmias because the heterogeneous substrate can foster ectopic and/or
reentrant arrhythmias (Kazbanov, ten Tusscher, and Panfilov 2016; Kléber and Rudy 2004).
Thus, it is possible that nicotine hearts had a lower risk for arrhythmias because they did not
have an increase in fibrosis density after 28 days of exposure. Additionally, both models had
differences in their responsiveness to direct 3-adrenergic stimulation. MI hearts had potentially
an elevated -adrenergic sensitivity to isoproterenol; whereas, nicotine had a reduced sensitivity.
These differences could be explained by differences in readout after perfusion of agonists (heart
rate changes vs. changes in Ca?" dynamics) and the type of agonists used. In the MI study we
used isoproterenol is a more potent agonist then norepinephrine and is not cleared through

neuronal reuptake and could give an exaggeration of responsiveness (Szymanski and Singh
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2023). Despite these differences both models exhibited sympathetic hypo-innervation and
responded to sympathetic nerve stimulation. Despite MI hearts having an elevation in §3-
adrenergic sensitivity to isoproterenol and nicotine hearts having a reduced sensitivity; both
models did respond to direct 3-adrenergic stimulation. Suggesting that despite the difference in
models both MI and chronic nicotine exposure result in similar sympathetic remodeling to

sympathetic nerves and B-adrenergic stimulation.

Sympathetic Responsiveness and Chronic Nicotine Exposure

The main goal of the chronic nicotine exposure project was to elucidate the mechanisms by
which chronic nicotine exposure leads to Ca** mishandling, electrophysiological changes, and
potential arrhythmogenesis. In this study, we found that chronic nicotine exposure results in
elevated ex vivo baseline heart rates, suggesting that chronic nicotine exposure may result in
elevated basal sympathetic nerve activity or perhaps functional or structural changes in the
sinoatrial node. We also found that nicotine hearts had higher SNS thresholds, indicating a
reduced responsiveness to sympathetic nerve stimulation. Chronic nicotine exposure also results
in increased susceptibility to APD and CaT alternans that does not improve with SNS and could
be pro-arrhythmic. These results could be explained by sympathetic hypo-innervation of the

myocardium and a reduced sensitivity to 3-adrenergic stimulation.

Significance:

The findings presented in the dissertation are extremely significant to the advancement of the

cardiovascular field for a number of reasons. Firstly, the innervated rabbit heart model allows for
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direct physiological sympathetic nerve stimulation in order to mechanistically study sympathetic
remodeling in cardiovascular diseases (CVD) and toxin exposure that may exacerbate CVD.
Additionally, most of the experimental work on sympathetic remodeling and hyperactivity post-
MI has been done in rodents. Here, we present data that corroborates previous findings in a more
human-like model. Lastly, with our nicotine study we determined that 28 days of nicotine
exposure results in potentially detrimental sympathetic and electrophysiological remodeling that
could be exacerbated in habitual tobacco and e-cigarette users. Currently, youth and young adults
represent the fastest growing group of e-cigarette users and the cardiac effects of nicotine on this
potentially vulnerable population is unknown. Thus, data from this study may have implications

for tobacco products and other nicotine containing products.

Future Works:

Mpyocardial Infarction Study Future Works:

In our MI study, we focused primarily on determining the presence of CSPGs and associated
hypo-innervation, and whether that is associated with electrophysiological remodeling post-MI.
Currently, there are experimental therapeutics in development that target the protein tyrosine
phosphatase receptor sigma (PTPc), which is the receptor on sympathetic neurons that binds
CSPGs. Pharmacological inhibition of PTPc has been shown to promote reinnervation of the
infarct post-MI in rodent models (Blake et al. 2023; 2022b). By confirming the presence of
CSPGs in the post-MI rabbit heart, our data strongly support that pharmacological inhibition of

PTPo may be a promising translational therapeutic target. An obvious potential follow up study
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would therefore be to see if pharmacological inhibition of PTPc promotes reinnervation of

sympathetic nerves in a rabbit model of MI, and whether reinnervation is anti-arrhythmic.

Chronic Nicotine Exposure Study Future Works:

In our nicotine study, we focused on the ventricular responses to chronic nicotine exposure and
saw changes in some electrophysiological parameters, but not all. In this study, we did not see a
significant increase in arrhythmia susceptibility, but it is possible that with longer exposure
duration that we would see more dramatic changes in electrophysiological and Ca?* handling
parameters and an increased risk for detrimental arrhythmias. Nicotine is associated with
changes in HRV; specifically, it has been found that chronic nicotine users have a reduced HRV
which indicates an elevation in sympathetic tone (Moheimani, Bhetraratana, Yin, et al. 2017).
Although we did not perform any in vivo work in this study, it is possible that there are changes
in HRV occurring and that further experimental work could elucidate the changes in HRV seen
in the human population. We did see an elevation in ex vivo heart rate, which could indicate
potential structural or electrophysiological changes in the sinoatrial node itself. In atrial tissue
slices treated with nicotine it was found that there was an increased expression of collagen III, a
major constituent of atrial fibrosis (Goette et al. 2007). Additionally, a study on post-MI canine
hearts found that nicotine exposure caused a significant increase in atrial fibrosis and a mild
increase in canine hearts without MI (Miyauchi et al. 2005). These changes in fibrosis can
interfere with conduction and create a substrate to sustain atrial arrythmias and it would be of
interest to investigate the mechanisms by which nicotine contributes to the increased risk of atrial

fibrillation associated with smoking (Staerk et al. 2017; Andrade et al. 2014).
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