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ABSTRACT OF THE DISSERTATION

Intra- & Extra-Cardiac Neural Remodeling In Mammalian Ventricle: Implications
For Arrhythmogenesis
by
Olujimi Adeoluwa Ajijola
Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2013

Professor Joshua l. Goldhaber, Chair.

The cardiac sympathetic nervous system (SNS) exerts profound influence on
ventricular myocardial excitability. Disturbances in excitability result in ventricular
arrhythmias (VAs). Remodeling of cardiac SNS is associated with risk of VAs, however
the mechanistic underpinnings of this relationship remain poorly understood.

To characterize structural intra-cardiac (ventricular) SNS remodeling (ICNR),
ventricular myocardium from humans and porcine with ischemic or non-ischemic
cardiomyopathy (ICM and NICM respectively), and normal controls (CON) of both
species were subjected to detailed histologic and immune-histochemical (IHC)
analyses. Similarly, structural characterization of extra-cardiac neural remodeling
(ECNR) within left and right stellate ganglia (LSG and RSG respectively) were
performed using histologic and IHC methods to determine neuronal characteristics in
normal vs. ICM and NICM. Lastly, the functional consequences of ICNR and ECNR

were studied in porcine with myocardial infarcts (MI), and compared to CON.
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In myocardium, structural sympathetic nerve remodeling consists of increased
sympathetic nerve density at border-zones of scar and normal myocardium. In stellate
ganglia of humans with ICM and NICM (and porcine with Ml), neuronal size was
significantly increased. LSG and RSG from porcine with MI, also showed a decrease in
the percentage of non-adrenergic neurons, compared to CON, indicating that ECNR
also consisted of a shift from non-adrenergic to adrenergic phenotypes. Functional
mapping of myocardial activation recovery intervals (ARIs), an accepted surrogate for
action potential duration (APD) in normal porcine hearts showed that RSG innervation
predominated on the anterior wall, while LSG innervation predominated on the posterior
wall. After MI, ICNR and ECNR resulted in loss of innervation patterns seen in normal.
Further, dispersion of repolarization (DOR) was increased in the infarct and border zone
regions of infarcted porcine compared to other cardiac regions, but this was not the
case in CON. In addition, global DOR (including or excluding the infarct zones) was
greater in the hearts of infarcted animals compared to normal controls.

In conclusion, following MI significant remodeling of stellate ganglion neurons,
and nerve terminals within the heart occurs. This results in significant functional
alteration of innervation patterns, and worsening of repolarization heterogeneity. These
mechanisms partly explain the association between SNS remodeling and

arrhythmogenesis.
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CHAPTER 1

INTRODUCTION



A link between the autonomic nervous system and sudden cardiac death is well
recognized (1, 2), however, the mechanisms underlying this relationship remain
incompletely understood. Pro-arrhythmic changes are thought to occur at the level of
the myocardium and presumably the higher levels of the cardiac neural axis.
Intramyocardial nerve sprouts in border zones of infarcts and remote normal tissue have
been shown in animals and humans, and have been associated with ventricular
arrhythmias (3-5). In animal models of ischemia-reperfusion injury, neural remodeling
has been associated with expression and release neurotrophic agents including nerve
growth factor (NGF), which may be transported to the stellate ganglia via nerve tracts
(6, 7). Several therapeutic strategies for reducing arrhythmias by reducing sympathetic
output to the heart have been proposed. These have been both pharmacological and

non-pharmacological (neuraxial modulation).

There is limited data on the actual remodeling of neuronal structures that give rise to
nerve fibers that are destined for the heart (specifically the stellate ganglia). Further,
direct physical evidence of neural remodeling and increased sympathetic nerve activity
is also limited. Han et al. (8) describe electro-anatomical remodeling of the left stellate
ganglion (LSG) in a canine model of ischemia-reperfusion injury. They observed
increased stellate ganglion nerve activity (SGNA) immediately after myocardial
infarction, which dramatically continued over the following eight weeks. Increased
SGNA was associated with intramyocardial nerve sprouts as well as increased neuronal
density and size in the LSG, as well as the right stellate ganglion (RSG). These results
provide a possible mechanistic link between neural remodeling (nerve sprouting within

the myocardium and remodeling of the stellate ganglion) and ventricular arrhythmias.
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Although SCD was not observed in this study, the group previously showed that

sympathetic nerve discharges tended to precede ventricular arrhythmias (3, 4, 9).

This provides direct physiological evidence that neural remodeling within the stellate
ganglia is associated with increased stellate ganglion nerve activity. This point had
previously only been inferred. The increase in size and density of neurons within the
stellate ganglion indicate that the adverse remodeling caused by ischemia extend
beyond the cardiac borders. The observed increase in nerve activity is likely a
combination of afferent and efferent neural signals, suggesting an ongoing deleterious
communication between the heart and its neural axis (figure). That these signals persist
for 8 weeks (and likely beyond), may explain why patients develop ventricular
arrhythmias well beyond the ischemic episode, presumably after some threshold of
sympatho-vagal imbalance is crossed. Whether these signals are able to impact regions
of the nervous system higher than the stellate ganglion represents an important
question for investigation (figure), as behavioral changes have been associated with

myocardial infarctions in humans.

These data also highlight the value of therapies such as beta-blockers after a
myocardial infarction (MI), as increased SGNA occurs after an infarction, which may
result in greater catecholamine release, compared to normal conditions. Further, it
underscores the importance of continued beta-blocker therapy, as remodeling of neural
structures will continue to adversely affect sympatho-vagal imbalance. Arrhythmias
seen in the chronic phase, well after the ischemic event, could be related to such

adverse neural remodeling. Deleterious neural remodeling in the peri-infarct region
3



likely contributes to the electrophysiologic heterogeneity of the myocardium, altering
excitability and creating a substrate that facilitates ventricular arrhythmias. Heart failure
is known to induce intramyocardial trans-differentiation of sympathetic nerves to
cholinergic (10), a process that may create electrophysiologic heterogeneity leading to
arrhythmias. The present study highlights changes both at the level of the organ and at

the level of the ganglion that controls sympathetic fibers destined for the heart.

The pathophysiologic changes in stellate ganglion support the rationale for cardiac
sympathetic denervation (CSD) in the treatment of ventricular arrhythmias refractory to
beta-blockade and other conventional therapies. CSD is increasingly applied for
managing ventricular arrhythmias when all other therapies fail (11, 12). The present
study also provides direct evidence linking sympatho-vagal imbalance to heart rate
variability (HRV). HRV is routinely used as a parameter to assess vago-sympathetic
tone. The association between HRV and sympatho-vagal imbalance has not previously
been made in a model of long-term direct ambulatory recordings of both the stellate

ganglion and vagus nerve.

One important thing to note is that there is still no causative link between ventricular
tachycardia and increased stellate ganglion nerve traffic, or remodeling of cardiac
sympathetic nerves. Specifically, at the level of the myocardium, the mechanisms that
underlie why remodeling of sympathetic nerves (within and outside the heart) increases
the arrhythmogenicity of the myocardium remain unknown. It was previously shown that

high amplitude spike discharge activity (HASDA) and low amplitude burst discharge



activity (LABDA) (4, 9) tend to precede ventricular arrhythmias. This finding however

only makes an association, and does not provide causative proof.

Neural remodeling in both LSG and RSG in response to infarction in the anterior and
lateral left ventricle is an important finding. Early studies on the territory of innervation of
nerve fibers originating from the LSG and RSG suggest distinct regions of innervation
within the heart, with some areas of overlap (13-15). Anatomic dissections of
cardiothoracic neural tracts suggest mixing of sympathetic fibers from both the LSG and
RSG, as well as parasympathetic fibers from the vagus nerve (16). Remodeling in both
ganglia suggest that fibers from both ganglia innervate anterolateral LV, or possibly
indicate evidence of cross-talk between both ganglia via mixed fibers, or a systemic
release of neurotrophic agents, which then reach multiple components of the cardiac

neural axis via the circulatory system (figure).

The very strong association between remodeling of sympathetic nerves and arrhythmias
underscores the importance of improving our understanding of the cardiac-neuraxis
links and its regulatory interaction with the heart. Innervation of the heart exerts
profound control on cardiac function, but may trigger malignant ventricular arrhythmias
and lead to sudden cardiac death in both structurally normal and abnormal hearts.
Multiple studies support targeting pathophysiologic neural remodeling after Ml in the
prevention of sudden cardiac death. Studies have shown value of neuraxial modulation

in preventing death in VT/VF storm (11, 12).



In this dissertation, the role of bilateral cardiac sympathetic denervation in treating
recurrent severe arrhythmias in humans will be evaluated in chapter 2. Whether
remodeling of stellate ganglia occurs in humans with infarcts or cardiomyopathic hearts
will be assessed in chapter 3. Chapter 4 will show the characterization of sympathetic
stimulation effects on normal porcine myocardium. Finally, chapter 5 will demonstrate
the effects of intra- and extra-cardiac neural remodeling on myocardial

electrophysiology in a porcine infarct model.

In conclusion, deleterious neural remodeling at the level of the stellate ganglion and
within the myocardium, and the subsequent increase in sympathetic nerve activity are
associated with ventricular arrhythmogenesis. This dissertation will explore the
mechanisms underlying this association, by examining neural control of myocardial

excitability in normal and in remodeled infarcted ventricles.



FIGURE

Cardiac-Neuraxial Pathways of Sympathetic Nerve Signaling and

Remodeling After Myocardial Infarction.
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Major elements of the cardiac neural axis with known and unknown directions of
nerve traffic after myocardial infarction. Intramyocardial nerve injury signals reach
the cardiac neural axis via direct neural impulses, NGF (or other signaling
molecules) transported via axons or circulatory system. These afferent signals
reach the left (and right) stellate ganglia, resulting in anatomic remodeling within
the stellates, and increased efferent nerve signals back to the heart, via intra-
cardiac neurons and the cardiac neuronal network. It is unknown whether the
spinal cord, and higher brain centers also participate in this process and remodel

after significant cardiac injury.
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CHAPTER 2

BILATERAL CARDIAC SYMPATHETIC DENERVATION FOR ACUTE

MANAGEMENT OF REFRACTORY VENTRICULAR ARRHYTHMIAS

10



INTRODUCTION

The cardiac sympathetic nervous system plays an important role in the initiation
and maintenance of ventricular arrhythmias." In addition to pharmacologic blockade of
beta-adrenergic signaling, left cardiac sympathetic denervation (LCSD) has been shown
to decrease the incidence of clinically significant ventricular arrhythmias and sudden
cardiac death in patients with severe VAs*® and long QT syndrome.®’ Recently, we
demonstrated the value of left stellectomy along with thoracic epidural anesthesia (TEA)
to decrease cardiothoracic sympathetic output in managing severe ventricular
arrhythmias refractory to medical and catheter-based substrate modification therapies.®
In animal models, the antiarrhythmic effect of cardiac sympathetic denervation include
increased ventricular electrical stability and ventricular fibrillation threshold,®°

presumably the mechanism for the decreased incidence of VAs and SCD seen in

humans after LCSD.

LCSD is not completely efficacious in suppressing VAs, and the role of right
cardiac sympathetic denervation (RCSD) in the management of VAs is still a subject of
debate.®"'? Animal studies suggest that the effect of BCSD is similar to or superior to the
positive electrophysiologic effects of unilateral left stellectomy.®'® Further, the safety
and feasibility of bilateral stellectomy in the clinical management of ventricular
arrhythmias remains unclear, although BCSD has been successfully applied in the
treatment of recurrent ventricular arrhythmias in two case reports."*"* The superiority of
TEA over LCSD provides additional rationale for a possible role of BCSD in clinical

management of arrhythmias.®

11



The present study was undertaken to assess the role of bilateral stellectomy in
the acute in-hospital management of recurrent ventricular arrhythmias, refractory to
appropriate medical, anti-arrhythmic, and catheter ablative substrate modification

therapies.
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METHODS

Patients

We reviewed the medical records of patients from two institutions (UCLA, Los Angeles
CA USA, and HCHL, Bordeaux-Pessac, France) between July 2010 and April 2011,
who underwent bilateral stellate ganglion resection, or who had a right stellectomy
performed after a prior unsuccessful left stellectomy. These were patients with
incessant ventricular tachycardia (VT), or ventricular fibrillation (VF) either from our
medical center or transferred to our medical center for arrhythmia management. All
patients had reversible causes of VAs addressed, had exhausted medical therapy, and
had failed one or more catheter ablations, in addition to being excluded from transplant
candidacy. Bilateral stellate ganglion resection was offered as a last resort. Review of

patient data was in accordance with the guidelines of the institutional review board.

Data Collection

In addition to demographic data, we collected information on the cardiac substrate; type,
etiology, severity and prior treatment strategies for the patients’ ventricular arrhythmias.
Telemetry recordings, implantable cardioverter-defibrillator (ICD) interrogation, and/or
electrocardiographic tracings were reviewed as available and used to confirm episodes

of ventricular arrhythmias, ATPs, and ICD shocks.

Clinical Management of Arrhythmias
VAs were managed according to current ACC/AHA/ESC 2006 guidelines.®
Management strategies included use of B-blockers, calcium channel blockers, and anti-

arrhythmic drugs as long as there were no contraindications. Patients with ICDs
13



underwent device re-programming to avoid or decrease ICD discharges. Reversible
causes of ventricular arrhythmias were exhaustively investigated (including myocardial
ischemia, electrolyte abnormalities, congestive heart failure exacerbations) and were
treated. Intubation and sedation were implemented as needed for symptom relief during
incessant VT, and to supplement sympatholysis. Catheter ablation was employed as
indicated. Only after these measures failed were patients considered for bilateral
stellate ganglionectomy (or right stellate resection as an adjunct to prior left stellate
resection). Evaluation by the cardiomyopathy service for cardiac transplantation was

undertaken for all patients.

Surgical Approach

The surgical approach to stellate ganglion and sympathetic chain resection employed
was as previously described’. Briefly, the lower half of the stellate ganglion, and
ganglion bodies of T2-T4 of the sympathetic chain along with rami communicantes were
removed. Four patients underwent video-assisted thorascopic surgical (VATS)
approach. One patient (patient 5) underwent a supraclavicular approach for the removal
of the left stellate ganglion and sympathetic chain due to poorly tolerate single lung
ventilation during VATS approach. Another patient (patient 6) underwent open
thoracotomy for bilateral stellectomy due to surgeon preference. The resection stellate
ganglia and sympathetic chains were all confirmed by pathologic analysis as done in

our previous study.’

Outcomes/Follow Up

14



Data regarding immediate response to stellate ganglion resection were collected, and
included ICD discharges, clinician-applied external defibrillation, and telemetry
recordings of ventricular arrhythmias. Outcomes were calculated from immediate post-
operative period to hospital discharge or death. A complete response was defined as no
further ventricular arrhythmias at the time of discharge or death. Partial response was
noted to be recurrence of ventricular arrhythmias that did not meet criteria for being
defined as VT storm or incessant VT. Poor (no) response was defined as persistence of

ventricular arrhythmias to the same degree through the time follow up was terminated.

Statistical Analysis
Data points with continuous variables are expressed as mean + SEM, unless otherwise
noted. Student t-Test was used to calculate statistical significance of numerical

variables.

15



RESULTS

Patient Characteristics

Demographic data for patients studied are shown in Table 1. There were 5 men and 1
woman included in the study. Mean age 60.1+4.7 years, with a range of 47 yrs to 75yrs.
All six patients had structurally abnormal hearts (4 non-ischemic cardiomyopathy, 1
ARVC, and 1 sarcoid CM). Five patients had monomorphic VT (MMVT), and 1 patient
had polymorphic VT (PMVT). Of five patients with monomorphic VT, four had
undergone endocardial VT ablation and one had undergone an epicardial VT ablation
prior to presentation with severe ventricular arrhythmias. Of those patients with ICDs
(n=4), the mean number of ICD shocks per patient prior to BCSD was 13.3+5.2 shocks
(range 4 - 28), and the mean number of anti-tachycardia pacing episodes (ATPs) was
26.84+12.6 episodes (range 0 - 60). Of the two patients who did not have prior ICD
implantation, one patient received four external defibrillator shocks, and suffered two VF
arrests requiring resuscitation. The other patient without a prior ICD received 11
external shocks prior to BCSD. No patients had active ischemia, and ventricular
tachycardia or fibrillation persisted despite correction of any reversible causes including

electrolyte disarray.

Arrhythmia Management.

The strategy of arrhythmia management in the studied patients is shown in Table 2. All
patients were treated with a beta-blocker (metoprolol 50%, carvedilol 50%), at maximal
tolerated doses. All patients received amiodarone. Lidocaine and/or mexiletine was
utilized in 50% of the patients. Other antiarrhythmics were either contraindicated (allergy

or organ dysfunction) or had failed in prior attempts. Of the patients with MMVT,
16



catheter ablative therapy for ventricular tachycardia was applied in three of five patients.
One patient of the three had a combined endocardial and epicardial approach, while
another patient had a total of three endocardial ablations performed during
hospitalization. All five patients with MMVT underwent catheter ablation either prior to or
during the admission for electrical storm. Thoracic epidural anesthesia was employed in
two patients, with little to no response noted. Both patients underwent repositioning of

the epidural catheter to improve the antiarrhythmic effect with no response.

Response to Bilateral Stellate Ganglionectomy

BCSD was successfully completed in all six patients. In 3 patients bilateral
ganglionectomy was perfomed. The remaining patients underwent right stellectomy
after prior unsuccessful left stellectomy. In these patients, the procedures were
separated by an average of 49.7+45.7 days (range 3 — 141days). BCSD was performed
only when no improvement was documented after LCSD. One patient with prior LCSD
was readmitted with electrical storm, while 2 patients had persistent severe VAs after
LCSD during the index hospitalization.

A complete response was observed in 66.7% of patients (4/6), while a partial response
was seen in 16.7% of patients (1/6) and no response was seen in 16.7% (1/6). After
BCSD, mean ICD shocks and anti-tachycardia pacing episodes (ATPs) decreased from
13.315.2 shocks and 26.8+12.6 episodes to 0 shocks or ATPs in 3 patients, and
decreased by greater than 50% in one patient (Figure 1). External shocks decreased
from 11 to O in another patient. Representative VT morphologies for one patient are

shown in figure 2, along with the resulting rhythm in normal sinus after BCSD. Only one
17



patient showed no response to BCSD. All five patients who showed a reduction in VAs
to BCSD survived to discharge, while the only non-responder expired after withdrawal of
care, at the family’s request. A representative clinical course and response are shown

for patient 4 in Figure 3.

Changes in Electrophysiologic Parameters

Heart rate, PR interval, QRS duration, and corrected QT Interval were measured from
resting electrocardiograms or cardiac telemetry strips of patients who were not
ventricular pacing dependent (n=3). These parameters were obtained in the three days
before and three days after completion of bilateral stellate resection. Mean values pre-
and post-bilateral ganglionectomy are shown in table 3. There were no significant
changes observed in the resting heart rate, PR interval, QRS duration, or corrected QT

interval.

Complications

All surgeries were performed under general anesthesia. Minor operative complications
occurred in 2/6 patients. Patient 1 experienced heart failure symptoms post-operatively,
resulting in two episodes of ventricular tachycardia managed with two external shocks.
After diuresis and heart failure optimization, the patient had no further VT and received
no further shocks. Patient 5 did not tolerate single lung ventilation and his lungs
appeared edematous on visual inspection during a video-assisted thorascopy. As such,

his surgery was terminated. He underwent placement of a pulmonary artery catheter to

18



guide volume removal with hemodialysis. Once volume optimized, his stellectomy was
performed successfully on the second attempt via a supraclavicular approach.

Average operative time was 135+32.5 minutes (range 70 — 169minutes) for patients
undergoing combined bilateral stellate ganglionectomy, and 172.7+27.8 minutes (range
119 — 212 minutes) for patients undergoing unilateral stellectomy. The shortest surgical

time was for patient 6 who underwent an open thoracotomy approach.
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DISCUSSION

Major Findings

The present study suggests that bilateral cardiac sympathetic denervation is feasible,
safe, and efficacious in the acute management of ventricular arrhythmias refractory to
medical and interventional therapies. Our study shows that in patients with electrical
storm for whom all therapeutic options have been exhausted, bilateral stellate
ganglionectomy may be beneficial. To our knowledge, this is the largest cohort of BCSD

reported to date.

Rationale

There is evidence that suggests a potent anti-arrhythmic effect of bilateral cardiac
sympathetic denervation on ventricular myocardium. In animal studies comparing
antiarrhythmic effects of left, right, or bilateral stellectomy in dogs, the most profound
effects were seen with bilateral stellectomy."""” This is further supported by clinical use
of thoracic epidural anesthesia (which mitigates bilateral cardiac sympathetic input to
the heart), intrathecal sympatholysis, spinal cord stimulation (vagal efferents) or epidural
anesthesia.'"'®2! Patients who have undergone cardiac transplantation are considered
completely denervated, with only partial regrowth of sympathetic innervation to the
myocardium. This suggests that relatively safety of BCSD, since the vast majority of
post-transplant patients without sinus node dysfunction are able to augment cardiac
function during physiologic states that demand increased sympathetic tone. This is due
to the release of circulating epinephrine and nor-epinephrine released by the adrenal

glands, which increase cardiovascular sympathetic tone as needed. Similarly, this is the
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case in our patient cohort who underwent BCSD. Beta-adrenergic blockade is a
mainstay in arrhythmia management, and patients are typically titrated to the highest
tolerated doses for maximal clinical effect. Bilateral denervation offers additional potent
decrease in myocardial beta-adrenergic signaling, which is critical in arrhythmia

suppression.

Mechanisms of Benefit

Nerve sprouting, the increased density of cardiac sympathetic nerves in the border
zones of normal myocardium and scar tissue, has been implicated in arrhythmogensis
and sudden cardiac death in dogs.?? The deleterious effect of this regrowth of cardiac
sympathetic nerves lies partly in its heterogeneity, and density. Nerve activity from the
left stellate ganglion was found to be significantly increased after myocardial infarction,
and preceded the onset of VAs in dogs.? The implication of these two studies is that
increased stellate ganglion signaling to a dense and hetergeneous network of
intramyocardial nerve endings is proarrhythmic. Although direct evidence for nerve
sprouting and increased stellate ganglion activity is unclear in humans, these
phenomena likely contribute to human arrhythmogenesis as well. This may underlie the
benefit of stellate ganglion resection, as the increased signaling, and ganglion bodies of
the newly generated nerve endings are removed. With both stellate ganglia removed,

the heterogeneity of sympathetic innervation within the myocardium is abrogated.

Functional distribution of nerve fibers from LSG and RSG to different regions of the

t.24

heart are important.“* This pattern of innervation was exploited to demonstrate that

ventricular arrhythmias originating from the left border zone of an anterior infarct were
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accelerated or slowed by left stellate stimulation or resection; while the same was true
for those arrhythmias originating from the right border zone with right stellate stimulation
or resection?®. While this provides a direct rationale for targeted stellectomy, unilateral
right stellectomy is not performed, as animal studies have suggested that this creates a
pro-arrhythmic substrate'®'2. It is plausible however, that a left stellectomy in the setting
of arrhythmias originating from the territory of the RSG may create further imbalance
between left and right sympathetic innervation, resulting in worsening arrhythmias, or at
best, inefficacy of this procedure. Given the favorable data with BCSD, perhaps bilateral
stellectomy may reduce or eliminate arrhythmias originating from the cardiac territory
under RSG control, while left stellectomy alone may suffice for arrhythmias originating
from the territory under LSG control.

The origin of sympathetic nerves to the human ventricular septum remains unclear. That
the majority of the patients in the present study for whom bilateral stellectomy was
therapeutic had extensive septal scar may suggest right (or bilateral) stellate innervation
of this region in humans. This is supported by evidence in a canine model, showing
profound shortening of the septal refractory period during stimulation of the recurrent
cardiac nerve (distal to the right stellate ganglion).?® This may underlie the efficacy of
right stellectomy in addition to left in this group of patients, majority of whom had septal
involvement.

Safety

In the three patients who did not have baseline paced rhythms, significant changes in
electrocardiographic parameters expected after cardiac denervation such as
bradycardia, PR, QRS or QT interval prolongation were not observed. However, these

patients were on maximal doses of betablockers and other antiarrhythmics, which may
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have masked subtle changes in these parameters due to changes in cellular
electrohysiologic properties. No events consistent with adrenergic insufficiency were
documented in these patients during the remainder of the hospitalization, subsequent to
the bilateral denervation. There were no hypotensive episodes noted, and no down-
titration of antihypertensives were necessary. It has been previously observed in a study
of healthy human volunteers that heart rate variability, systolic blood pressure, and
spontaneous baroreflex sensitivity were significantly affected during bilateral stellate
ganglion block®’. These were however patients with baseline symptoms consistent with
some degree of vagal blockade. It stands to reason therefore, that further enhancement
of vagal influence by bilateral stellate ganglion block would have untoward effects. The
patients in our study were felt to have enhanced sympathetic output, hence the rationale

for bilateral stellectomy.

Acute Clinical Outcomes

The patients included in this study received standard treatment for electrical storm as
recommended by current guidelines, unless contraindicated. Half of the patients had
received a prior left stellectomy, with partial or poor therapeutic response. No adverse
effects of bilateral ganglionectomy were noted in this patient population. One in-hospital
death was noted in our study, a previously healthy female without prior cardiac history
who was admitted after aborted sudden cardiac death, with incessant PMVT. Her
echocardiogram demonstrated a depressed left ventricular function and severe global
hypokinesis, and a coronary angiogram revealed normal arteries. She deteriorated fairly

rapidly after admission, required intubation and sedation, however, she continued to
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have electrical storm. Despite BCSD, she continued to have recurrent PMVT. At the
request of her family, life support measures were withdrawn. The remaining 5 patients
were discharged with no further ventricular arrhythmias (four patients) or a significant
decrease in arrhythmia burden (one patient). No adverse outcomes were observed as a

result of bilateral cardiac denervation.

Study Limitations

Although the sample size in the present study is small, this represents the first report of
the use of bilateral stellate ganglion resection in the contemporary management of
ventricular arrhythmias refractive to medical and catheter ablative therapies. The small
size of the study excludes the ability to draw broad conclusions regarding the
applicability of these results. Further, due to the lack of randomization and retrospective
approach, biases which may have been involved in the decision making process cannot

be excluded.

Conclusion

Our study suggests that patients with incessant ventricular arrhythmias or patients with
severe recurrent ICD discharges for whom no other therapeutic options can be offered,
bilateral cardiac sympathetic denervation may be beneficial. This procedure does not
appear to result in adverse outcomes. Whether patients who are less severely ill may
benefit from bilateral cardiac denervation is unknown. Further, whether less invasive
approaches may be taken to achieve cardiac sympathetic denervation is also unknown.
Our data is hypothesis generating, and suggests that further studies in animal models

and in humans are warranted to increase understanding of neuro-cardiology, such that
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modulation of the cardiac neural axis may be employed for suppression of arrhythmias

and the prevention of sudden cardiac death.

25



TABLE 1: Patient Characteristics

Patient Age/Gender LV Cardiac Clinical Number VT Prior Outpatient
EF  Substrate Event of Morphology/Number VT Medications
Therapies Ablation
1 69/ M 20% Sarcoid Recurrent 60 ATP, MMVT / 2 2 Endo  Carvedilol,
CM VT 111CD Amiodarone
Shocks
2 66/F 20% NICM SCD 4 PMVT None None
External
Shocks, 2
cardiac
arrests
3 55/ M 20% NICM VT Storm 29 ATP, 4 MMVT / 6 1 Endo  Carvedilol,
ICD Amiodarone,
Shocks Mexiletine
4 47 /M 15% NICM VT Storm 11 MMVT /3 None Carvedilol
External
Shocks
5 49/ M 40% NICM VT Storm 28 ICD MMVT /2 1 Endo Amiodarone
shocks
6 75/ M 40% ARVC VT Storm 18 ATP, MMVT /3 Endo, Amiodarone,
10 1CD Epi Metoprolol
shocks

M — Male, F — Female, LV EF — Left Ventricular Ejection Fraction, VT — Ventricular Tachycardia,
CM - Cardiomyopathy, NICM — Non-Ischemic Cardiomyopathy, ATP — Anti-Tachycardia Pacing
episodes, MMVT — Monomorphic Ventricular tachycardia, PMVT — Polymorphic Ventricular
Tachycardia, Endo — Endocardial, Epi — Epicardial, ICD — Implantable Cardioverter/Defibrillator,
ARVC - Arrhythmogenic Right Ventricular Cardiomyopathy, SCD — Sudden Cardiac Death
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TABLE 2: Arrhythmia Management and Acute Response to Bilateral Stellate
Ganglionectomy

Patient Antiarrhythmic VT RFA Scar Intubation  Thoracic Response to Survival
Medications Performed Location Required  Epidural Bilateral Stellate to
Anesthetic  Ganglionectomy Discharge
1 Carvedilol, No Basal No No Partial*, > 50%  Yes
Amiodarone Septum Decrease
2 Amiodarone, No n/a Yes Yes Poor No
Lidocaine,
Metoprolol
3 Amiodarone, Epi/Endo  Apical No No Complete Yes
Carvedillol, Septum,
Lidocaine, Anterolateral
Mexiletine
4 Amiodarone, Endox3 Basal Yes Yes Complete Yes
Esmoilol, Septum,
Diltiazem, Lateral
Carvedilol,
Verapamil,
Lidocaine,
Procainamide,
5 Amiodarone, Endo Post Basal No No Complete Yes
metoprolol Septum
6 Amiodarone, Endo Anterior, No No Complete Yes
Metoprolol Anterolateral
RVOT

* Post-operative VT due to volume overload, requiring 2 external shocks.
Endo — Endocardial, Epi — Epicardial, RFA — Radio Frequency Ablation, VT — Ventricular
Tachycardia, PMVT — Polymorphic Ventricular Tachycardia,
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TABLE 3: Electrocardiographic Parameters Before and After Bilateral Stellate

Ganglionectomy in Non-Pacemaker Dependent Patients.

P
Pre-Bilateral Ganglionectomy Post-Bilateral Ganglionectomy
Val
Heart PR QRS QTc Heart PR QRS QTc
Patient
Rate Interval Duration Interval Rate Interval Duration Interval
1 80.6%£9.8 180.3+56.3 147+45.9 467+41.7 77.3+t2.5 213.3323.1 186.7t23.1 463.7%120 NS
2 74.3+15.3 156.319.1 76.3%6.1 452.3148.1 66%5.3 156%5.8 80.1%1.2 425%6.9 NS
4 4812 178.3+20.2 128.3¥10.4 501%65.5 51+3.6 182.7£20.5 126%10.4 466.3172.1 NS

Values shown are mean%SD.



Figure 1. Clinical Response to Bilateral Cardiac Sympathetic Denervation.
Shown are the numbers of implantable cardioverter defibrillator (ICD) or externally

applied shocks before and after bilateral cardiac sympathetic denervation (BCSD).
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Figure 2. Recurrent Pleiomorphic Ventricular Tachycardia (VT) Successfully
Treated by Stellate Gangionectomy.

A. Initial presenting VT mapped and ablated to left anterior fascicle with termination
during ablation at purkinje potential 20 ms prior to QRS. B. Recurrence of a different VT
with alternans of a more narrow complex morphology though to exit septal fascicle. C.
Left bundle branch morphology VT seen spontaneously. D. Termination of VT

occurred after bilateral cardiac sympathetic denervation.
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Figure 3. Representative Clinical Course and Response to Bilateral Cardiac

Denervation.

The clinical course of a successful study patient is shown, along with of the arrhythmia

management strategy, and response to bilateral cardiac sympathetic denervation.
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CHAPTER 3

EXTRA-CARDIAC NEURAL REMODELING IN HUMANS WITH

CARDIOMYOPATHY
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INTRODUCTION

The sympathetic nervous system (SNS) exerts profound influence on cardiac function
and electrophysiology. The SNS is associated with sudden cardiac death(1-3),
increased dispersion of repolarization(4, 5), and ventricular arrhythmias in ischemic and
non-ischemic myocardial substrates(6-8). Pharmacologic and non-pharmacologic
modulation of adrenergic signaling remains a focal point in managing myocardial

ischemia and ventricular arrhythmias(9-12).

Intramyocardial neural remodeling (nerve sprouting) occurring at border zones of
myocardial scar and normal tissue has been associated with ventricular arrhythmias
and sudden cardiac death in animal models and in humans(12, 13). Data regarding
physiologic function and pathological evidence of extra-cardiac neural remodeling after
myocardial injury has been reported in animal models. There are minimal data on
extra-cardiac neural remodeling in humans. Of the available studies, evidence for extra-
cardiac neural remodeling includes trans-differentiation of sympathetic nerves to
cholinergic within stellate ganglia of rats with heart failure (14), and stellate ganglion
neuronal hypertrophy in chronically exercise-trained rats (15). Recently, in a rabbit
model of ischemia-reperfusion injury, nerve sprouting and hyper-innervation within

bilateral stellate ganglia was observed up to a month after myocardial injury (16).

Patients with cardiopulmonary disease have been reported to have greater fibrosis and

neuron density within their stellate ganglia than those without such conditions, although
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the differences were marginal (17, 18). Whether extra-cardiac neurons undergo physical

remodeling due to cardiac pathology remains unknown in man.

The purpose of this study was to perform an in-depth study to determine whether the

presence of cardiac pathology and severe ventricular arrhythmias are associated with

extra-cardiac neural remodeling in humans.
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METHODS

Specimen Collection

Cadaveric Specimens

Whole intact hearts, and left stellate ganglia were collected from cadavers (Donated
Body Program, University of California-Los Angeles (UCLA), and West Virginia
University (WVU). Use of preserved human specimens was in accordance with
institutional guidelines. All available clinical information regarding cause of death and
medical history of the cadavers was collected. Hearts were grossly dissected by a
cardiac pathologist to identify any cardiac pathology, including epicardial coronary artery
disease, myocardial infarction, valvular pathology, and other abnormalities. Any surgical
interventions performed previously on the hearts were also noted, and correlated with
clinical history as available. Postero-medial and antero-lateral papillary muscles at the
mid ventricular level were harvested from all specimens for histologic analyses. All
regions with or suspected to have myocardial pathology including infarctions were also
sampled for histologic analysis.

The ganglia were marked for supero-inferior orientation, and sectioned for histologic

analyses.

Clinical Specimens

Left stellate ganglia were collected from patients with ventricular arrhythmias
undergoing thoracic sympathetic denervation for arrhythmia control. These were

patients with normal or abnormal myocardial function, but with severe ventricular
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arrhythmias recalcitrant to conventional therapies including invasive catheter ablation.
Use of these human pathologic specimens was in accordance with institutional
guidelines and was approved by the institutional review board (IRB). Detailed clinical
information on the patients was also collected. These included coronary angiography,
nuclear myocardial perfusion studies, positive emission tomography (PET),
echocardiography, cardiac computed tomography (CT) and/or magnetic resonance
imaging (MRI). Electro-anatomic mapping (EAM), and electrophysiologic details of
patients’ hearts and arrhythmias were collected. Health records were also reviewed for
clinical and anatomic information and retrospective review of this data was approved by

the IRB.

Arrhythmias

“Ventricular tachycardia (VT) storm” was defined as 20 episodes of VT or ventricular
fibrillation (VF) per day, or 4 VT/VF episodes per hour. “Recurrent VT” referred to
frequent ventricular arrhythmias not meeting the above criteria. “Recurrent ICD shocks”
was used as a designation for patients with ICD shocks not meeting criteria for VT

storm.

Classification

Based on cardiac substrate, left stellate ganglia from cadaveric and surgical pathologic
sources were segregated into NL (normal), SCAR (presence of myocardial scar), and
NICM (absence of scar but presence of a non-ischemic cardiomyopathy). NL samples
were obtained from cadavers without any evidence of gross or histologic cardiac

pathology. The SCAR group consisted of stellate ganglia from subjects with
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documented myocardial scars. This included cadaveric specimens with healed infarcts,
and patients with ischemic and non-ischemic cardiomyopathy with intramyocardial scar
documented by a combination of the imaging modalities listed above. NICM samples
were obtained from patients with no evidence of myocardial scar, but with a non-
ischemic cardiomyopathy. These patients had severe ventricular arrhythmias that were

refractory to medical and ablative strategies.

Histologic and Immuno-histochemical Studies

Stellate ganglia were serially sectioned, and representative histologic sections from the
middle of the ganglia were used for analyses. All slides were scanned and digital
images were electronically stored for analysis (Scan Scope, Aperio, Vista, CA). Entire
ganglia, excluding nerve tracts were analyzed. Histologic and immuno-histochemical
quantifications were performed by computerized morphometry (Tissue Studio, Definiens
Inc, Parsippany, NJ). Slides were analyzed in a numerically blinded fashion to avoid
bias in data analysis. Intensity of staining was measured during the computerized

analysis, and standardized across the studied samples.

Neuronal size was quantified by Thionin (Fisher Scientific, Pittsburgh, PA) and Geske's
Modification of Verhoeff's elastic and Masson’s trichrome (EVG-Trichrome)(19). Fibrosis
within stellate ganglia was quantified by EVG-Trichrome staining. A blinded observer
scored the severity of fibrosis within ganglia on a scale of 0-5. A value of 0 indicated no
fibrosis present. A value of 1 was assigned for peri-vascular fibrosis only. A value of 5

was given for extensive fibrosis throughout the entire ganglia. Values of 2,3, and 4 were
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assigned respectively for progressive degrees of fibrosis more severe than perivascular,

but not covering the entire stellate ganglion.

Diaminobenzidine (DAB, Life Technologies, Green Island, NY) immuno-staining was
used to quantify neuronal growth (GAP-43, 1:2000, Life Technologies), and nerve
synaptic density (Synaptophysn, (SYN), 1:200, Life Technologies). Neuronal size is
expressed in square microns (Um?). Immunoreactivity is expressed as immuno-stained
area in um?/ total tissue area studied in mm? (um? mm?). Positive controls (using
neuronal cancer tissue) were performed in parallel with all immune-staining experiments

to confirm antibody immune-reactivity.

Myocardial tissue was stained with H+E and Geske's Modification of Verhoeff's elastic
and Masson'’s trichrome (EVG-Trichrome) to histologically distinguish scar from normal
myocardium. Nerve fiber density was quantified using S100 immuno-staining. S100

immuno-staining was expressed as noted above. Intramyocardial nerve sprouting was

quantified by GAP-43 Immunoreactivity as described above.

Statistical Analyses

Means for continuous variables were compared using a non-parametric one-way
analysis of variance (ANOVA) model (Kruskal-Wallis) where p values were computed
using exact permutational methods. The three post hoc pairwise mean comparisons
under this ANOVA model were judged significant using the Fisher least significant
difference (Fisher LSD) criterion, which controls the overall type | error rate when there

are three groups.
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The mean percentages of small, medium and large neurons were compared using a
one way multivariate analysis of variance model since the percentage of small, medium
and large must equal 100% for any subject, making these three variables non-
independent.

Means and standard errors of the mean (SEM) are reported, or individual data points in
each group are displayed in jitter plots with lines connecting means across the three
groups.

An adjusted p value < 0.05 was considered statistically significant.
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RESULTS

Table 1 shows characteristics of the cadaveric and patient subjects included in the
study. The mean age of the subjects in the study was 63+14 years. Twenty four percent
of the study subjects were female. There were 10 cadaveric subjects, and 24 patients
included in the study, and a total of 34 ganglia were obtained. Based on cardiac
pathology, cadavers were classified as normal (NL), intramyocardial scar (SCAR), and
cardiomyopathic hearts without scar (NICM). All the cadaveric hearts in the SCAR
group contained healed infarcts; no acute infarctions were noted histologically. Shown
in Figure 1 are representative gross and histologic images of a heart in the (A) NL
group, and (B) SCAR group (black arrows). Figures 1C-F show some of various
imaging modalities used to confirm the presence of myocardial scar (white arrows) in

study patients (SCAR group).

Neuronal Size and Distribution

Examples of mean neuronal size in stellate ganglia from normal controls (NL, n=3),
ganglia from scarred hearts (SCAR, n=24), and cardiomyopathic hearts without scar
(NICM, n=7) after Thionin and Trichrome/EVG staining are shown in Figure 2A. Thionin
staining showed that neurons in SCAR ganglia were significantly larger than NL
(371.9+10.2um? vs 320.1+4pm?). Surprisingly however, neurons from NICM ganglia

were the largest of the three groups (435110pm2, overall p=0.002, Figure 2B).
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The distribution of small (< 350pm?), medium (350 - 500um?), and large (> 500 pm?)
neurons observed within Thionin-stained ganglia is shown in Figure 2C. The majority of
neurons in all three groups are under 350 um?, however, compared to NL, the
percentage of small neurons is decreased in SCAR and NICM. The percentage of large
neurons is increased in SCAR and NICM vs NL (MANOVA p<0.0182, exact Wilks
lambda). There was no significant difference amongst the groups in percentage of

medium sized neurons.

Ganglion Fibrosis and Neuronal Density

The degree of fibrosis observed in each stellate ganglion was scored by an observer
(MCF), blinded to the group assignment of each ganglion. A grading scale of 0-5 was
used for fibrosis as described in the methods section. Mean fibrosis grade in NL, SCAR,
and NICM were 2.7+0.7, 1.8+0.2, and 2.0+0.4 respectively; overall p=0.423), Figure 3A.
Neuronal density (cell number/tissue area) was not significantly different among the
three groups (0.039+0.01 cells/um? vs 0.028+0.005 cells/um? vs 0.024+0.004 cells/pum?

for NL, SCAR, and NICM respectively; overall p=0.454), Figure 3B.

Synaptic Density and Nerve Sprouting

Neuron synaptic density was measured by synaptophysin immuno-staining in stellate
ganglia from NL, SCAR, and NICM and is shown in Figure 4A. Synaptic densities were
17.8+7.0 um? mm? vs. 57.8+11.2 um? mm? (p=0.084) vs. 44.5+7.9 um?/ mm? (p=0.039)
respectively (overall p=0.162).

Growth-associated protein 43 (GAP43) is incorporated into growing neurons and is a

marker of neuronal growth. Figure 4A shows GAP43 staining in stellate ganglia from
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NL, SCAR, and NICM groups. There was no significant difference in GAP43
Immunoreactivity between the groups (2696.2+1004 um?/ mm? vs 3992+614 um? mm?

(p=0.939) vs 2564.7+881 um? mm? (p=0.210), respectively, overall p=0.194).

Myocardial Nerve Density

Intramyocardial nerve density was assayed by S100 immuno-staining. As shown in
Figure 5, S100 immunoreactivity was similar between NL and SCAR hearts (33+12 um?
mm? vs 28+6 um?/ mm? respectively, p=0.903) indicating no increase in nerve density in
SCAR hearts with healed infarcts compared to normal (NL). Nerve sprouting as
assessed by GAP43 Immunoreactivity was not different between NL and SCAR (data

not shown).
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DISCUSSION

Major Findings

The major findings of the present study are: 1) left stellate ganglion neurons from
patients with abnormal hearts are significantly larger compared to those from normal
hearts. Further, neurons from ganglia from patients with non-ischemic cardiomyopathies
are larger than those associated with scar-based pathology; and 2) the degree of nerve
sprouting and synaptic density in these chronically diseased hearts was not different
from normal. This study represents the first evidence of extra-cardiac neural remodeling

associated with cardiac pathology in humans.

Neuronal Characteristics and Cardiac Pathology

Hypertrophy of neurons in response to injury is a recognized phenomenon, and has
been described in animal models of neural injury(20-23). Neuronal hypertrophy within
the stellate ganglia after myocardial infarction has not been previously reported. The
myocardium is highly innervated by sympathetic and parasympathetic nerves, as well
as sensory C fibers which convey nociceptive stimuli to dorsal root ganglia. Myocardial
injury, such as infarction or scarring, results in axonal injury. Neurotrophic signals
including nerve growth factor (NGF)(8, 24), are transmitted to the soma (via retrograde
axonal transport and/or circulation) to signal axonal injury(25). Within the tissue, the
NGF signaling is important for the hyper-innervation that results after myocardial

injury(26). The resulting process of chromatolysis, of which soma hypertrophy is a
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component, ensues. This process may explain the etiology of neuronal hypertrophy

observed in our study.

Neurons may also hypertrophy in response to chronic signaling. Cavalcanti et al.
showed in a rat model of exercise training that neuronal size was increased within
bilateral stellate ganglia(15). The mechanism of hypertrophy in this model is likely
different from that of myocardial and axonal injury, although similar signals may be
involved. It is likely that chronic sympathetic signaling occurring with chronic exercise
training may contribute to neuronal hypertrophy. This finding may in part explain our
finding that stellate ganglion neurons from cardiomyopathic (NICM) hearts showed
significantly greater hypertrophy compared to those from scarred hearts. It is consistent
with the suggestion that in non-ischemic cardiomyopathies, neuro-hormonal activation
involving the stellate ganglia is a major component of the pathophysiologic process
resulting in progressive cardiomyopathy(27, 28). Further, that these stellate ganglia
were obtained from patients with refractory ventricular arrhythmias, may also suggest
the involvement of these hypertrophied ganglia in ventricular arrhythmogenesis. This
hypothesis underscores the rationale for a landmark randomized trial comparing
placebo to beta-adrenergic receptor blocker therapy and cardiac sympathetic
denervation(29). The trial showed a profound decrease in the incidence of ventricular
arrhythmias and sudden death, in patients after myocardial infarction. A potential
mechanism for this benefit is the removal of remodeled (and possibly hyperactive)

stellate ganglia.
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Neuronal density was similar between normal, scarred, and NICM hearts in our study.
Since neurons in peripheral ganglia do not replicate (unlike glial cells), this suggests no
significant neuronal loss under cardiac pathologic conditions compared to normal.
Fibrosis within the stellate ganglia was reported to differ in cadavers with
cardiopulmonary disease compared to cadavers without (17). Another study from the
same group showed greater neuronal density in stellate ganglia from cadavers with
fibrosis detected within the inter-ventricular septum (18). The differences in both studies
were however marginal. In our study, there was no significant difference in fibrosis or
mean neuronal density. This may be due to age of the subjects included in our study,

which were younger that subjects in the study by Docimo et al (17).

Nerve Sprouting and Synaptic Density in Cardiac Pathology

Nerve sprouting in the myocardium and within stellate ganglia occurs after myocardial
injury in animal models, however nerve sprouting has not been documented in human
stellate ganglia. In our study of chronic myocardial injury, synaptic density
(synaptophysin immunostaining) within stellate ganglia appeared qualitatively greater in
subjects with cardiac pathology (NL 17.8+7um? mm? vs. SCAR 57.8+11.2um? mm?
(p=0.039) vs. NICM 44 .5+7.9um? mm? (p=0.084); overall p=0.162); however, no
differences were observed in stellate ganglion nerve sprouting (GAP43) between
normal and pathologic hearts. This finding in our study is consistent with previous
studies on the dynamics of neural remodeling in animal models. In a rabbit (16) and
canine (24) model of myocardial infarction, levels of synaptic density and nerve
sprouting were measured at 1 week and 1 month after infarction. Synaptic density was

greater at 1 month compared to 1 week post-infarct. This is contrasted with nerve
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sprouting, which was greatest at 1 week, but decreased by 1 month. This pattern
suggests that nerve sprouting may be a transient process, while increases in synaptic
density is a more permanent adaptive process. Our study included healed infarcts, with
levels of synaptic density persistently elevated compared to controls, while levels of
nerve sprouting were similar to normal levels. Similarly, nerve density in the
myocardium was similar between normal, scarred, and non-scarred cardiomyopathic

hearts.

Limitations

Due to the nature of our study, there are a number of limitations to consider. Our study
associates cardiomyopathy with neuronal hypertrophy and synaptic density. It is not
possible to tease out whether the stellate ganglion changes are reactive, or contribute to
the development of a cardiomyopathy or arrhythmias. Further, the timing of cardiac
pathology may be different in the SCAR vs. NICM groups. The differences noted in
neuronal size between SCAR and NICM may be related to this temporal difference. The
age and gender of subjects also differed between the groups (with NICM patients being
generally younger, and NL being mostly females). Although animal studies have not
shown differences in neuronal size, the possibility of such differences in this dataset is
unknown. Further, our results are in line with existing publications in animal models in
which these factors have been controlled(16, 30). Another limitation to note is that
immunohistochemical assays are not directly quantitative, and differences are not
translatable into fold differences. Although the objective values obtained from
morphometric analyses for Synaptophysin did not meet statistical significance, there

was a trend towards significance, consistent with qualitative observations. Lastly, there
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are no physiologic data (such as sympathetic nerve signaling) to correlate with the
anatomic findings in this study. Obtaining such data in patients is however difficult, as it
would involve a very invasive procedure with significant risks in an already

compromised patient population.

Conclusions

In summary, this study demonstrates that human cardiac pathology is associated with
remodeling of neurons within left stellate ganglia, including increased neuronal size and
synaptic density. These persistent anatomic changes within stellate ganglia may
suggest the presence of pathologic signals between the heart and the neuraxis. Further
studies are warranted to elucidate the physiologic consequences of neural remodeling

in response to cardiac pathology.
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Table. Characteristics of Patients and Cadaveric Subjects

Demographics, cardiac substrate, presence of arrhythmias, and outcomes for the
subjects included in the study. (3v three-vessel coronary artery disease, Ant anterior;
CHF congestive heart failure; HCM hypertrophic cardiomyopathy; ICD implantable
cardioverter defibrillator; ICM ischemic cardiomyopathy; Inf inferior; LAD left anterior
descending coronary artery; Lat lateral; LCX left circumflex coronary artery; LSG left
stellate ganglion; LVOT left ventricular outflow tract; LTFU lost to follow up; MV mitral
valve; NICM non-ischemic cardiomyopathy; NSCLC non-small cell lung cancer; PDA
posterior descending artery; Post posterior; RCA right coronary artery; RV right
ventricle; RVOT right ventricular outflow tract; Sep septal; VF ventricular fibrillation; VT

ventricular fibrillation.
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Subject

-

10

1"

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Age/

Gender

67/F

58/F

88/F

64/M

72/M

81/M

80/M

81/F

97/F

69/F

53/M

66/M

68/M

70/M

72/M

46/M

47/M

47/M

63/M

68/M

65/M

34/M

50/M

49/F

60/M

70/M

66/F

46/M

75/M

62/M

49/M

49/M

47/M

Ganglia
Source

Cadaveric
Cadaveric
Cadaveric
Cadaveric
Cadaveric
Cadaveric
Cadaveric
Cadaveric
Cadaveric
Cadaveric

Surgical

Surgical
Surgical
Surgical
Surgical
Surgical
Surgical

Surgical

Surgical
Surgical
Surgical
Surgical
Surgical
Surgical
Surgical
Surgical
Surgical
Surgical
Surgical
Surgical
Surgical
Surgical

Surgical

Cause of
Clinical
Presentation or
death

NSCLC

Alzheimer’'s
Disease
Pneumonia,
Sepsis
VF Arrest

CHF, Renal
Failure
Anemia,
Hemorrhage
NSCLC

Alzheimer’'s
Disease
CHF, Urosepsis

Metastatic
Breast Cancer
VT Storm

Recurrent ICD
shocks
VT Storm

Recurrent ICD
Shocks
VT Storm

Recurrent VT
Recurrent VT

VT Storm

VT Storm

Recurrent ICD
Shocks
Recurrent ICD
Shocks
Recurrent VT

VT Storm

Recurrent ICD
shocks
VT Storm

VT Storm
VF Arrest

Recurrent ICD
shocks
Recurrent ICD
shocks
Recurrent ICD
shocks
Recurrent ICD
shocks
Recurrent ICD
shocks
VT Storm

Arrhythmias

None
None
None
Yes
None
None
None
None
None
Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

History of
Coronary
Artery Disease

No
No
No
No
Yes, 3v
Yes, LAD, RCA
Yes, LAD
Yes, LCX, PDA
No
No

Yes, 3v

Yes, 3v
Yes, RCA
Yes, LAD

Yes, LAD, LCX
No
No

No

No
No
No
No
No
No
No
No
No
No
No
No
No
No

No
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Myocardial
Substrate

Normal
Normal
Normal
NICM
ICM
ICM
ICM
ICM
NICM
NICM

ICM

ICM
ICM
ICM
ICM
NICM
NICM

NICM

NICM
Sarcoid CM
Apical HCM
Apical HCM

NICM

NICM

NICM

NICM

NICM

Normal

NICM

NICM

NICM

NICM

NICM

Myocardial
Scar

None
None
None
Diffuse
Ant, Post
Ant
Ant, Post
Lat
Ant
Diffuse

Ant, Apex, Inf-
lat, Inf

Ant, Apex,
Sep, Inf
Inf, Inf-Sep

Apex, Sep
Inf-lat, Inf-Sep
Ant-Sep, RV

Lat

Inf, Inf-Lat

Apex, Ant-
Sep, Lat, RV

Bas-Lat,
LVOT and
RVOT
Basal- Sep
Apex
Apex
Post, Post-Lat
base
Apex, Basal
Inf-Sep
Post MV
annulus
Post
Inf-lat, Lat
None
None
None
None

None

None

Left
Ventricular
Ejection
Fraction

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
16%
15%
25%
35%
24%
35%
20%

15%

35%
20%
59%
30%
20%
30%
20%
20%
20%
50%
25%
45%
20%
40%

15%

Clinical
Outcome

Alive

Death
Alive
Death
Transplant
Alive
Alive

Alive

Transplant
Death
Alive
Alive
Death
Death
Death
LTFU
Death
Alive
Alive
Alive
Alive
Alive

Alive



FIGURES

Figure 1. Characterization of Myocardial Scar

Shown are representative gross and Trichrome-Elastic Van Gieson (Trichrome) images of a (A) normal
and (B) infarcted heart from cadaveric subjects. Fibro-elastic tissue (blue), present in the infarcted heart is
highlighted by black arrows. Representative images of multi-modal techniques used to determine the
presence of scar in hearts of patients from whom stellate ganglia were collected. These included (C)
computed tomography with arrows pointing to a region of apical scar and aneurysm; (D) positive emission
tomography with arrows indicating a region decreased to absent radiolabeled glucose uptake
corresponding to scar; (E) magnetic resonance imaging with arrows indicating delayed gadolinium
enhancement indicating scar, and (F) endocardial electro-anatomic map with gray areas (shown by

arrows) indicating regions with voltage <0.5mV corresponding to myocardial scar.
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Figure 2. Stellate Ganglion Neurons in The Presence of Cardiac Pathology

(A) Representative images of stellate ganglia stained with Thionin for NL, SCAR, and NICM.
(Magnification 40x, Scale bar: 50um). (B) Quantifications of mean neuronal size from Thionin
staining. Solid purple line connects the means. (C) The percentage of small (<350um?), medium
(350pum?-500um?), and large (>500um?) neurons is shown in for NL, SCAR, and NICM. Solid

purple line connects the means.
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Figure 3. Stellate Ganglion Fibrosis and Neuronal Density

(A) The severity of stellate ganglion fibrosis in NL, SCAR, and NICM. (B) A comparison of the mean

density of neurons for the groups is depicted. Solid purple line connects the means.

>

0.12

0.091 P=0.638

0.06- . *

0.03f T—i

0.00

Ganglion Fibrosis Grade
N
(
Neuronal Density (cells/um?) m

NL SCAR NICM NL SCAR NICM

56



Figure 4. Synaptic Density and Nerve Sprouting Within Stellate Ganglia

Panel (A) shows representative images of synaptophysin (SYN) and growth-associated protein-43
(GAP43) Immunoreactivity in NL, SCAR, and NICM. Arrows indicate punctate structures staining darkly
for synaptophysin. (B) and (C) Quantification of synaptophysin and GAP43 Immunoreactivity,

respectively, amongst the groups. (Magnification 20x, Scale bar: 100um).
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Figure 5. Intramyocardial Nerve Density

(A) Representative images of S100 nerve staining within myocardium from NL and SCAR. Black arrows
depict nerve bundles, tracts, or fibers within the myocardium. Blue arrows show regions of
intramyocardial scarring. (B) Quantification of nerve density in NL and SCAR myocardium expressed as

pm2/mm2 of S100 Immunoreactivity. Solid purple line connects the means. (Magnification 20x, Scale bar:

100um).
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CHAPTER 4

FUNCTIONAL DIFFERENCES BETWEEN JUNCTIONAL AND EXTRA-

JUNCTIONAL ADRENERGIC RECEPTOR ACTIVATION IN

MAMMALIAN VENTRICLE
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INTRODUCTION

Enhanced cardiac sympathetic tone has been associated with ventricular
arrhythmias (VAs), and sudden cardiac death (SCD)(38, 39). Acute and long-term
changes in the cardiac sympathetic nervous system function are known to result in
cardiac repolarization abnormalities(32, 33, 35). Coupled with an abnormal myocardial
substrate (in most cases), this lead to VAs and SCD(6). Although incompletely
understood, one putative mechanism underlying this link is the development of spatial
heterogeneity of myocardial action potential duration induced by a heightened
sympathetic tone(15, 18, 27, 32). The resulting dispersion of ventricular repolarization
facilitates reentrant ventricular arrhythmias, which may degenerate into fibrillation, and
result in SCD(8, 28).

Prior studies have suggested that heterogeneous sympathetic innervation of the
ventricles accounts for the spatial heterogeneities produced by sympathetic
stimulation(18, 22, 23). Mantravadi et al. observed that sympathetic nerve stimulation
reversed the sequence of ventricular repolarization, although this largely focused on the
left ventricular free wall in an in vitro preparation(18). Others have examined the effects
of sympathetic stimulation on global electrical properties; however, a large part of the
left ventricle was denervated(37). There is limited data on global spatial and functional
density of cardiac sympathetic innervation under normal conditions. Further, the relative
functional distribution of adrenergic nerve endings and adrenergic receptors remain
incompletely understood.

The objective of the present study was 1) to examine the functional effects of
cardiac sympathetic activation on the left and right ventricles in normal porcine

epicardium by bilateral stellate ganglia stimulation (BSS), and 2) to differentiate the
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global effects of BSS from direct adrenergic receptor activation by norepinephrine (NE).
We used an in vivo preparation with an intact cardiac neural axis, and measured global
electrograms with a 56-electrode sock placed over the entire ventricular surface.
Activation Recovery Intervals (a surrogate for action potential durations) were
determined using customized software from each electrode(10, 20). The degree of ARI
change in each region was used as a measure of functional density. Two-dimensional
reconstructed polar maps were created to display the data. We tested the hypothesis
that the pattern of global epicardial sympathetic nerve density is heterogeneous, and
the activation of the nerves (via junctional receptors) is distinctly different from the
pattern of activation as revealed by pharmacological activation of extra-junctional

adrenergic receptors utilizing intravenous administration of NE.
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Materials and Methods

Surgical Preparation

Handling, care, and use of animal subjects in this study was in accordance with
guidelines set forth by the University of California Institutional Animal Care and Use
Committee, and The National Institutes of Health Guide for the Care and Use of

Laboratory Animals.

Female Yorkshire pigs weighing between 25 — 40 kg were sedated with Telazol (8-10
mg/kg, intramuscular) and Fentanyl (50-100 mcg, intravenous). Animals were then
intubated and mechanically ventilated. Central venous access (femoral vein) and
arterial access (femoral artery) were obtained under ultrasound guidance, and 6F
sheath placed in each. A right cervical cut down was performed to isolate the right
internal jugular (RIJ) vein. A jugular venotomy was performed and a sheath placed in
the RIJ. Lastly, a left cervical cut-down was performed and the left carotid identified. An
arteriotomy was performed and a sheath was placed in the left carotid artery.
Vecuronium bromide (0.1 mg/kg) was administered intravenously for paralysis. General
endotracheal anesthesia was achieved by inhalation of isoflurane (0.8 %-1.5 %), and
analgesia maintained by hourly boluses of fentanyl (50-100 mcg 1V). Using sterile
techniques, a median sternotomy was performed to expose the heart. The left and right
posterior chest walls were subsequently dissected, to expose the sympathetic chain at
the level of the cervico-thoracic stellate ganglia. Customized bi-polar cuff electrodes
were placed underneath the stellate ganglia. Maintenance intravenous fluids (normal

saline 100 cc/hour) were administered throughout the duration of the surgery. After the
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surgical intervention, animals were allowed to recover to a new baseline before the
experimental protocol was initiated. Upon completion of the experimental protocol,
animal subjects were euthanized with a lethal dose of sodium pentobarbital 100mg/kg.
Sympathetic Stimulation Protocol

Both exposed stellate ganglia were simultaneously stimulated using previously
described parameters; repeated square-wave pulses (5 ms duration) delivered at 5 Hz

for 5 minutes, at a stimulus amplitude of 10 V (27, 34).

Norepinephrine Administration

After a stabilization period of 30 minutes after surgical intervention, norepinephrine (NE)
was injected into the right atrium via a right internal jugular vein sheath. A dose of 1-2
mcg/kg of NE was administered over 15-30 seconds [to transiently mimic the effect
seen by Yoshioka et al(37)]. A sustained infusion was not chosen to avoid the influence
of vagal-mediated cardio-inhibitory reflexes, which may alter ARI values. Heart rate and
blood pressure responses to NE infusion were recorded. The degree of ARI change
after NE administration was used as a measure of functional density of adrenergic

receptors.

Hemodynamic Recordings

Systemic blood pressure recordings were recorded continuously throughout the
experimental protocol via a femoral arterial line. Left ventricular pressures were
recorded by a 5F pigtail, 12-pole conductance-pressure catheter transduced by an

MPVS Ultra Processor (Millar Instruments Inc., Houston, TX, USA). The pigtail catheter
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was placed in the mid-ventricle via carotid arteriotomy accessed by cut down.

Positioning was verified by ultrasound and segmental volume signals.

Activation Recovery Interval Measurements

Upon surgical exposure of the heart, the pericardium was incised, and the open edges
were sutured to the chest wall to create a cradle for the heart. A customized 56-
electrode sock (Figure 1, upper panel) was placed over the ventricles. As shown in
Figure 1, lower panel, the orientation of the porcine heart is such that the right ventricle
is antero-superiorly located, while the left ventricle is more infero-posteriorly placed.
Stability of the sock electrode was ensured over the course of the experimental
protocol. Electrograms (EGMs) were recorded continuously throughout the experiment
(Prucka Cardiolab, GE Healthcare), and activation recovery intervals (ARIs) were
calculated from EGM tracings. ARIs were used as a measure of functional density. BSS
tracings at 5 minutes were analyzed for ARIs based on prior studies. For NE
administration, the entire tracing was scanned and at least 10-consecutive beats with
the shortest R-R interval were taken as maximal adrenergic receptor activation and
analyzed for ARIs.

Activation times (ATs) and Recovery times (RT) were calculated from the derivatives of
local EGMs using customized software (ScaldynM). The time of maximal negative dV/dt
of the QRS was taken as the activation time, while the maximal positive dV/dt of the T
wave was taken as the recovery time(10, 20). The difference between the AT and RT is
the ARI.

Comparisons of ARI shortening were used to estimate the regional effect of sympathetic

stimulation (surrogate for regional sympathetic nerve density). Since the degree of ARI
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shortening varies per animal, ARI shortening was normalized to the maximal value in
each pig, such that the region with the greatest percent shortening had a value of 1.0,
and all other regions were less than 1. The same method was used for norepinephrine

infusion data. This allowed comparisons across animals.

Polar Maps

Three-dimensional sock electrode data were projected onto a 2-D surface. Polar maps
depicting electrophysiologic data were generated using publicly available software
Map3D (Scientific Computing and Imaging Institute, University of Utah).

http://www.sci.utah.edu/cibc/software/107-map3d.html.

Statistical Analysis

Data are expressed as meantSEM unless otherwise indicated. Comparisons of
hemodynamic data before and after BSS or NE infusion, as well as paired regional
comparisons of ARIs were made using a two-tailed Student’s ¢ test for paired
comparisons. Comparisons amongst all 14 regions for BSS and NE were performed
using the repeated measures ANOVA. Post hoc analyses were performed using the
Fisher LSD (least significant difference) test, under the two-way repeated measure
analysis of variance model to control for the overall type | error rate. The p value for a
particular pairwise mean standardized ARI comparison is only considered significant if
the corresponding overall F statistic is significant. Comparisons between BSS and NE
were made using unpaired two-tailed Student’s t test. A p value of < 0.05 was
considered statistically significant. Analyses were carried using SAS v9.3 (SAS

Inc., Cary, NC) and Microsoft Excel 2011 (Microsoft Corporation, Redmond, WA).
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RESULTS

Hemodynamic and Electrogram Responses to BSS and NE Administration
Representative hemodynamic tracings (of left ventricular pressure and its change over
time (dP/dt)) at baseline and during BSS are shown in Figure 2A. Compared to baseline
conditions, BSS increased heart rate [69+5 beats per minute (BPM) vs. 996 BPM,
p=0.0002], systemic systolic pressure (69+3 mmHg vs. 109+6 mmHg, p=0.0002), left
ventricular end-systolic pressure (LV-ESP) (69+3 mmHg vs. 1065 mmHg, p=0.00006),
LV inotropy (dP/dtmax) (8554103 mmHgsec™ vs 2997+383103 mmHgsec™, p=0.0003),
and LV lusitropy (dP/dtmin) (-730+-77 mmHgsec™ vs. -1713+-452 mmHgsec™, p=0.03).
Quantitative graphs of hemodynamic data are shown in Figures 2B-2D. Similar
increases in heart rate and blood pressure were recorded after norepinephrine infusion

(data not shown), although more transient.

Shown in Figure 3A are representative EGM tracings recorded at baseline and during
BSS (upper panel) or NE infusion (lower panel) from randomly sampled electrodes
distributed throughout the sock. The effect of nerve stimulation or direct receptor
stimulation on the tracings can be seen, and include shortened R-R and QT intervals,

and alterations in T wave amplitude, duration, and/or orientation.

Effects of BSS on Global ARI Distribution
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Figure 4 (panel A), depicts graphical representations of ARIs at baseline and during
BSS in the left and right ventricles respectively. Panel B shows the range of ARI change
(delta ARI) across all 8 animals studied.

During BSS, delta ARI was uneven in the hearts of all eight animals, F value 9.62,
p=0.003 (Figure 5A). Of the eight animal subjects that underwent BSS, 6 showed the
largest ARI shortening on the right ventricle (basal-lateral wall in 3 subjects; mid-lateral
wall in 2 subjects; and mid anterior wall in 1 subject). The remaining 2 subjects showed
the greatest ARI shortening in the left ventricle (mid anterior wall in 1 pig, and basal
posterior wall in 1 pig). Overall, the right ventricle showed greater ARI shortening than
the left ventricle (mean normalized values: 0.8+0.03 vs. 0.68+£0.03, p=0.016). A
representative polar map of epicardial ARI distribution at baseline and during BSS is
shown in Figure 5C. The mid- and basal-lateral portion of the right ventricle show the
shortest ARI during BSS, while the posterior aspect of the left ventricle (apex to base)
show the longest ARI.

Across all animals, the anterior wall of the whole heart showed greater ARI shortening
than on the posterior wall (0.78+0.05 vs. 0.64+0.03 respectively, p=0.028). Findings
were similar when the anterior and posterior walls of the RV and LV were compared
(0.81+0.06 vs 0.69+0.04 respectively for RV, p=0.04; and 0.74+0.08 vs. 0.60+0.04

respectively for LV, p=0.09) (Figure 5A).

Effects of NE administration on Global Epicardial ARI Distribution
Administration of NE significantly shortened epicardial ARI in both ventricles as shown
in Figure 6A. The range of ARI shortening is shown in Figure 6B. The degree of ARI

shortening in each region is shown in figure 7A. Within the left ventricle, there were
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significant differences between apex and base (Figures 7A and 7C), with the apex
showing significantly greater ARI shortening compared to the basal regions. Within the
right ventricle however, there were no significant differences between the regions. No
significant differences were observed overall between the left and right ventricle across
all animals; 0.73+0.05 vs. 0.74+0.08, p=0.73 (Figure 7B) when all regions were
averaged.

There was no whole-heart anterior-posterior difference observed with NE administration
(0.71£0.04 vs 0.72+0.04 respectively, p=0.90) across all animals. Comparisons of
antero-posterior ARI shortening on the RV and LV showed no differences (0.76+0.06

vs. 0.71+0.05 respectively for RV, p=0.26; and 0.66+0.06 vs. 0.72+0.06 for LV, p=0.36)

Apex-Base ARI Responses to BSS and NE Administration

As shown in Figure 8A, there were no significant apico-basal differences in ARI
shortening in response to BSS, either on the left ventricle or right ventricle.

NE administration shortened ARI at the LV apex to a significantly greater degree than
the anterior, lateral, and posterior aspects of the LV base (0.92+0.04 vs 0.6£0.1
(p=0.03); 0.62+0.1 (p=0.018); and 0.66+0.07 (p=0.045), respectively) (Figure 8B). The
right ventricle however did not show any significant apico-basal differences in ARI

response to NE administration.

Dispersion of ARIs
Across 8 animals that underwent BSS, half demonstrated an increase (106%+33.5%) in
dispersion of epicardial ARIs (as measured by variance), while the other half showed a

decrease (32%8.9%) (Figure 9A). A similar observation was made with NE
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administration where three of five animals showed an increase (307%+133.1%) while
the remaining two animals showed a decrease (56%142%) (Figure 9B). Examination of
the left and right ventricles independently showed a similar pattern both with BSS and

NE administration (data not shown).
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DISCUSSION

The major findings of the present study are 1) cardiac sympathetic innervation of the
porcine heart is heterogeneous, with the mid-basal lateral right ventricular wall showing
the highest functional innervation; 2) the heterogeneity in functional sympathetic
innervation is distinct from adrenergic receptor density, which is also non-uniformly
distributed although in an apico-basal fashion limited to the left ventricle; 3) dispersion
of repolarization (as measured by ARI) may increase or decrease during cardiac
adrenergic activation either by sympathetic nerve stimulation or direct adrenergic
receptor activation by norepinephrine. To our knowledge, this study represents the first
description of global (RV and LV) characterization of functional density (the degree of

ARI change) of cardiac sympathetic nerves and beta-adrenergic receptors.

Distribution of Cardiac Sympathetic Nerves

Our findings are consistent with previous findings of heterogeneous cardiac sympathetic
innervation of the left ventricle(18, 22, 23, 35), however, we demonstrate for the first
time that the heterogeneity includes the right ventricle. Furthermore, we demonstrate
that the RV as a whole has greater innervation than the LV. We also show that this
functional pattern is independent of beta-adrenergic receptor density, as direct
adrenergic receptor stimulation by norepinephrine results in a distinctly different pattern

of ARI distribution.

Yanowitz et al.(35) studied T wave changes and QT prolongation on surface
electrograms after stimulation or resection of the left and right stellate ganglia (LSG and

RSG, respectively) in dogs. They showed that resection of the RSG (with intact LSG)
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resulted in QT prolongation predominantly on the anterior wall of the heart, including
anterior surfaces of the left and right ventricles. Resection of the LSG (with intact RSG)
resulted in QT prolongation predominantly on the posterior wall. As it was not a focus of
their manuscript, effects of stimulating or resecting both LSG and RSG are incompletely
described. It remains unclear how the results of the present study are interpreted in light
of the Yanowitz et al. paper. Ophthof et al extensively studied the effects of sympathetic
stimulation on dispersion of refractoriness on the canine left ventricle using the
ventricular fibrillation interval (VFI)(23). They demonstrated functional heterogeneity
within the left ventricle with left, right, or bilateral stellate ganglion stimulation within and
between dogs studied. Although VFI may adequately represent refractory period locally,

it may not accurately reflect global cardiac physiology.

Bilateral sympathetic stimulation was shown to reverse the sequence of ventricular
repolarization from apex-base to base-apex in rabbits(18). In addition, when apico-basal
APD shortening in the same rabbit preparation was compared during nerve stimulation
and pacing, despite matched heart rates, APD shortening was greater during nerve
stimulation than pacing. Further, APD shortening was greater at the base than apex
during nerve stimulation(22). Restitution kinetics (in the same study) also showed a
similar pattern. Densities of tyrosine hydroxylase (a measure of sympathetic nerve
terminals) and KCNQ1 (slow component of the delayed potassium rectifier current, lys)
were greater at the base than apex. Consistent with histological data on apico-basal
density of sympathetic nerves(14), these studies indicate that both anatomic and
functional density of cardiac sympathetic nerves is greater at the base than apex.

Although we did not find a significant difference in apico-basal ARI shortening during
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BSS, a number of important considerations may account for this difference. These
include species differences between porcine and rabbit (to our knowledge, there are no
studies demonstrating differences in apico-basal density cardiac sympathetic nerves in
swine) and longer stimulation times in our study (300 seconds vs. 30-50 seconds).
Another important difference is the animal preparation employed. A decentralized
preparation was used in the Mantravadi and Ng studies, i.e. upper spinal cord and brain
are removed with intact spinal innervation from the spinal cord to the heart. Known
influences of the higher cardiac neuraxial centers is not present in this model. In our
model, the entire cardiac neuraxis was anatomically intact, as such; the heart was under
the influence of the higher neuraxial centers. The presence or absence of the higher
neuronal centers may dramatically alter cardiac sympathetic effects. It however,
remains unknown, what role this plays in the differences observed between the

Mantravadi and Ng studies and ours.

Left and right ventricular differences in functional sympathetic nerve density were the
most prominent findings in our study. When the norepinephrine content in the hearts of
several animal (dog, cat, rabbit, guinea pig, rat, and hamster) species was studied, the
RV was recognized to consistently contain a greater norepinephrine content than the
LV(2, 3). These findings were supported by studies from human surgical
specimens(25). Detailed histologic analyses by Kawano et al did not find a significant
difference in the density of sympathetic nerves between the LV and RV, although the
more granular aspects of the regions sampled remain somewhat unclear(14). Similar

density of sympathetic nerve fibers between the LV and RV does not preclude a greater
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content of noradrenaline in the nerve endings associated with RV fibers, and a greater

release of norepinephrine from these nerve endings.

The physiological basis for greater distribution of sympathetic nerves to the RV than LV
is unclear. The right ventricle is a thin walled structure relative to the left ventricle, and is
a volume pump. A greater density of sympathetic innervation may be needed at times of
systemic stress to generate contractile force to match cardiac output generated by the
LV. A strong physiologic link between the sympathetic nervous system and the right
ventricle is provided by the association of VT origination from the right ventricular
outflow tract (RVOT) during states of heightened sympathetic tone(11, 36) or with
dobutamine and high-frequency stimulation in the main pulmonary artery to stimulate

cardiac sympathetic nerves(9).

Distribution of Adrenergic Receptors

The apico-basal gradient of beta-adrenergic receptors has been described from
functional and quantitative experiments(18, 22). However, the relative distributions of (3-
AR in the right and left ventricle remain poorly understood(5). In the present study, NE
administration caused greater ARI shortening at the LV apex than at the base,
suggesting greater adrenergic receptor density at the cardiac apex compared to the
base, consistent with findings in other animal species(17, 18, 22, 24). The right ventricle
did not show a statistically significant apico-basal gradient in ARI shortening, suggesting

an absent or small apico-basal gradient in the porcine RV.
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That the pattern of ARI distribution with NE administration was distinct from that seen
with BSS suggests that NE released from sympathetic nerve endings may
predominantly activate a separate pool of receptors from those activated by circulating
catecholamines. The concept was proposed by Gillis et al in canine hearts(7), and
followed up by Morris et al(21) in the toad heart. More definitive proof of this concept
was shown in guinea pig arterial tissue(13). Another possible explanation is the myriad
potentiating effects of co-transmitters released from adrenergic terminals within the
heart such as CGRP, neuropeptide-Y and galanin (1, 29). These neuropeptides are
known to modulate NE and acetylcholine release(4, 12, 30, 31), and may have a variety

of effects on myocardial excitability under normal and pathological conditions.

Dispersion of repolarization

Increased dispersion of repolarization increases the arrhythmogenicity of myocardial
tissue, and has been proposed as a mechanism for sympathetic-induced
arrhythmogenesis (8, 16, 23). In the present study, dispersion of ARIs increased during
BSS and NE in some animals, but decreased in others. These findings are consistent
with observations by Ophthof et al(23). In their study, most myocardial regions showed
VF interval shortening, however, in some animals an increase was seen in some of the
regions studied. It is likely that there is an intrinsic disposition of some hearts to
increase dispersion of refractoriness. A genome-wide association study (GWAS)
demonstrated significant associations between Tpeak-Tend, @ measure of dispersion of
repolarization, and single-nucleotide polymorphisms (SNPs) in humans(26). It is not
known whether these SNPs would be associated with disparate responses in

repolarization heterogeneity during states of heightened sympathetic tone. Other factors
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that may contribute to this phenomenon include neuropeptide co-transmitters, which

may affect myocardial excitability directly or indirectly(4, 12, 30, 31).

Limitations

The present study is limited by the absence of endocardial recordings within the left and
right ventricles. Although this would have provided a complete picture of sympathetic
nerve and adrenergic receptor density, other studies show no differential effects of ERP
or VFI shortening between the endocardium and epicardium(19, 23). It should also be
noted that to avoid contamination of experimental results by a previous experimental
condition, BSS and NE administration was performed in separate animals. Another
limitation is that the animals were not conscious, inhaled anesthetics may have an
unquantifiable effect on cardiac excitability. In addition, we can neither completely
exclude the effects of reflex parasympathetic responses to both BSS or NE
administration, nor the effects of circulating catecholamines to BSS. Lastly, we would
like to note that the effects of both BSS and NE administration on ARI distribution are
likely coupled with heart-rate induced alterations in the spatial distribution action

potential duration, and restitution kinetics(22).

Conclusion

In summary, this study demonstrates that functional density of sympathetic nerves with
the right and left ventricles is heterogeneous, with the mid-basal aspect of the right
ventricular lateral wall demonstrating the highest functional density of cardiac
sympathetic nerves. This finding demonstrates RV-LV differences in the electrical

heterogeneity of ventricular myocardium during states of heightened sympathetic tone.
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Further studies are warranted to elucidate the functional significance of this

phenomenon.
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FIGURES

FIGURE 1: Configuration of the 56-electrode sock and porcine ventricular anatomy.

A. Schematic representation of the sock electrode including relative positions of the
right and left ventricles (left panel). After placement on porcine ventricles, the actual 56-
electrode sock is shown, with relative position of the RV and LV (right panel). B. The
relationship of the porcine right and left ventricles in the anterior and posterior

orientation (left and right panels, respectively).
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FIGURE 2: Hemodynamic response to bilateral sympathetic stimulation.

A. Hemodynamic tracings from a left ventricular conductance catheter showing the
response to bilateral sympathetic stimulation (BSS). Graphical representations of the
change in B. heart rate (HR), C. systolic blood pressure (SBP) and left ventricular end
systolic pressure (LV-ESP), and D. inotropy (dP/dtmnax) and lusitropy (dP/dtmin) are
shown. *p<0.05, ***p<0.001, ****p<0.0001. (n = 5 for SBP, n = 8 for HR, LV-ESP,

dP/dtmax, and dP/dtmm).
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FIGURE 3: Bilateral sympathetic stimulation and norepinephrine administration alter

epicardial electrograms.

A representative sample of 5 electrograms distributed over the porcine left and right
ventricles are shown. These were recorded at A. baseline and after 5 minutes of
bilateral sympathetic stimulation (BSS) and B. baseline and at peak norepinephrine
(NE) effect. Both tracings from BSS and NE administration show shortening of the R-R

and QT intervals, and altered repolarization demonstrated by T wave changes.
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FIGURE 4: Bilateral sympathetic stimulation induces global activation recovery interval

shortening.

A. Representative example of activation recovery intervals (ARIs) from 7 left ventricular

and 7 right ventricular regions, at baseline and after bilateral sympathetic stimulation

(BSS). MeantSD are shown. B. The change in ARI (delta ARI) across all 8 subjects

studied. Subjects 4 and 6 showed ARI prolongation in some leads.

Activation Recovery
Interval (ms)

Delta ARI (ms)

N
=3
(=]

a
°
°

600
500
400
300
200
100

Left Ventricle

Right Ventricle

I:] Baseline
M s
Qe,*' v,o‘ V&QO"\Q&\ V& '\;5‘ Q¢,+ v,é‘ v«\‘qoe‘qoe‘ '\;&‘ ,\,""
?'é\b' £ & & é@ & ?'é\b' & & & é\b ’b;}”
F & i I N P <

d

Subject

83



FIGURE 5: Functional density of cardiac sympathetic nerves.

A. The degree of activation recovery interval shortening (ARI) induced by bilateral
sympathetic stimulation (BSS) in all 14 regions across the left and right ventricles (LV
and RV respectively) is shown, normalized to the maximum. ARI shortening was
uneven across both ventricles (F statistic 9.62, p = 0.003, n = 8). B. ARI shortening was
greater in the RV than the LV. p = 0.016, n =8. C. Representative polar maps showing
ARI distribution at baseline and after BSS. The mid to basal lateral RV showed the

shortest ARI at baseline, but shortened to a greater degree compared to other regions.
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FIGURE 6: Norepinephrine administration induces global activation recovery interval

shortening.

A. Representative example of activation recovery intervals (ARIs) from 7 left ventricular
and 7 right ventricular regions, at baseline and after norepinephrine (NE) administration.
MeantSD are shown. B. The change in ARI (delta ARI) across all 5 subjects that
underwent NE administration is shown. One pig, subject 3 showed ARI prolongation in

some leads.
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FIGURE 7: Functional density of cardiac beta-adrenergic receptors.

A. The degree of activation recovery interval shortening (ARI) induced by
norepinephrine (NE) administration in all 14 regions across the left and right ventricles
(LV and RV respectively) is shown, normalized to the maximum. ARI shortening was
uneven across the left ventricle. ARI shortening in the LV apex was significantly greater
than in all basal segments. B. There was no difference between ARI shortening on the
LV or RV. p = 0.73, n=5. C. Representative polar maps showing ARI distribution at
baseline and at peak NE administration. The LV apex showed the greater ARI
shortening (blue region), than all LV basal segments. The right ventricle did not show a

similar pattern of apex-base gradient in ARI.
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FIGURE 8: Apico-basal density of cardiac sympathetic nerves and cardiac beta-

adrenergic receptors.

Activation recovery intervals (ARI) change normalized to the maximum are displayed for
the apical and basal regions of the left and right ventricles for A. Bilateral sympathetic
stimulation showed no significant apical basal shortening for either the left or right
ventricle. (n=8). B. Norepinephrine administration resulted in greater ARI shortening in
the left ventricular apex than the basal segments of the left ventricle. No apico-basal

differences were seen for the right ventricle. (n = 5).
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FIGURE 9: Dispersion of activation recovery intervals during bilateral sympathetic

stimulation and norepinephrine administration.

The dispersion of ARIs (determined as variance of ARI values) at baseline and A.

during bilateral sympathetic stimulation (BSS) or B. norepinephrine administration is

shown for all subjects studied. For both conditions, some subjects showed an increase

in ARI dispersion while others showed decrease.
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CHAPTER 5

FUNCTIONAL CONSEQUENCES OF POST-INFARCT NEURAL
REMODELING OF THE VENTRICLES: IMPLICATIONS FOR

ARRHYTHMOGENESIS
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INTRODUCTION

Remodeling of the cardiac sympathetic nervous system following myocardial
infarction (M) has been linked to ventricular arrhythmias (VAs) in animal models’ and in
humans®*. Modulation of cardiac sympathetic signaling is a major therapeutic strategy
to prevent and treat VAs®’. Despite its importance, the functional consequences of
post-infarct neural remodeling remain poorly understood.

Heterogeneous intramyocardial sympathetic nerve sprouting leads to labile
repolarization (prolongation and dispersion of QT¢), increased peak calcium current (/ca)
and ventricular fibrillation (VF) susceptibility in hypercholesterolemic non-infarcted
rabbits®. Increased transmural dispersion of repolarization (TDR) have also been

reported, 1°

along with alterations in the transient outward and inward rectifier
potassium currents'’ in a post-infarct model with nerve sprouts.

Patchy myocardial scars with surviving islands of myocytes characterize human
infarcts'® 3. However, the functional consequences of neural remodeling have not been
examined in this model.. To study this, we developed a patchy porcine antero-apical Ml
model by microsphere delivery into the mid-distal LAD via a coronary artery catheter'.
We hypothesized that spatial dispersion of repolarization in scar-border zones is greater
at baseline than in controls, and is worsened by SS. We also hypothesized that global

activation-recovery coupling (an intrinsic property of ventricular myocardium which

governs the range of APDs) and activation propagation are significantly distorted by SS.

METHODS

Infarct Induction
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Animal experimentation was in accordance with guidelines set by the University
of California Institutional Animal Care and Use Committee, and The National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

The MI was induced as previously published . Briefly, a balloon tipped coronary
angioplasty catheter was advanced over a guide-wire to the mid-LAD. The balloon was
inflated to sub-occlusive pressures, and a 10-15mL suspension containing radio-opaque
contrast, sterile saline, and 5-7.5mL of polystyrene microspheres (Polybead® 90um,
Polysciences Inc., Warrington, PA, USA) was slowly injected over 3-5minutes via the
angioplasty catheter. ST-segment elevation in leads | and Il confirmed myocardial
injury. Ex vivo contrast-enhanced magnetic resonance imaging (CE-MRI) was

performed in four animals at 6 weeks post-infarction.

Electrical mapping and SS

Electrical mapping and SS was performed in infarcted and control animals 6
weeks after infarction as previously published'®. Customized bi-polar cuff electrodes
were placed around each stellate ganglion'. After surgery, animals were allowed to
recover before experimentation. Stimulation of LSG, RSG, or BSG was performed using
previously described parameters; repeated square-wave pulses, 5ms in duration
delivered at 5Hz frequency for 5 minutes, at a stimulus amplitude of 5-10V'°. Upon
completion of the experimental protocol, animal subjects were euthanized with a lethal
dose of sodium pentobarbital 100mg/kg. One control animal died from VF before RSG

stimulation.

Activation Recovery Interval Measurements
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Placement of the 56-electrode sock was performed as previously described .
Electrograms (EGMs) were recorded using Prucka Cardiolab® system (GE Healthcare,
USA). AT, ARI, and Recovery times (RTs) were calculated from EGM tracings as
previously described (ARI = RT - AT)"™ "®. We pre-specified 6 regions: left-ventricular
antero-apical (Ant-Apex) region (patchy scar region in infarcted animals); peri-antero-
apical region, the ring of electrodes surrounding the infarcted region (border zone in
infarcted animals); lateral left ventricle (Lat LV); posterior LV (post LV); postero-lateral
right ventricle (post-lat RV); and anterior RV (ant RV). Specification of the antero-apical
(scar) and peri-antero-apical (border zone) regions facilitated comparisons of scar and
border zone regions in infarcted animals with the same regions in control animals. The
scar region was readily recognized on gross inspection. In addition, two and three-
dimensional polar map and histologic analyses confirmed scar locations. To describe
functional innervation patterns, percent ARI shortening from baseline was computed
from 5-8 electrodes in each region during RSG, LSG, and BSG stimulation as

previously described? '°.

Electrical Maps
Sock electrode data were projected onto a 2-D polar map or 3-D geometry using
publicly available software Map3D (Scientific Computing and Imaging Institute,

University of Utah). http://www.sci.utah.edu/cibc/software/107-map3d.html.

Histological and Immuno-histochemical Studies
Myocardial tissue was stained with Geske's Modification of Verhoeff's elastic and

Masson’s trichrome (EVG-Trichrome). Sympathetic nerves were stained using anti-
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tyrosine hydroxylase (-TH) antibody (1:200 dilution, Abcam, Cambridge, MA, USA)
detected by diaminobenzidine (DAB, Life Technologies, Green Island, NY). All slides
were scanned and digital images were electronically stored for analysis (Scan Scope,
Aperio, Vista, CA). Immunohistochemical quantifications were performed by

computerized morphometry (Tissue Studio, Definiens Inc, Parsippany, NJ).

Statistical Analyses

Means and standard error of the mean (SEM) are reported. Regional (multi-
group) comparisons were performed using a two-way analysis of variance (ANOVA). If
the p value using the ANOVA was < 0.05, pairwise comparisons were made using a
Student’s t test. Paired pre- and post- stimulation comparisons were performed using
the Student’s ¢ test. For activation-recovery correlations, scatter plots were examined to
assess the association AT and ARI across the 56 electrodes. Restricted cubic spline fits
showed that AT-ARI relation was monotone. Therefore, each association was
summarized with both the Pearson correlation, which assumes underlying linearity, and
the corresponding non-parametric Spearman rank correlation, which only assumes
monotonicity.

Mean correlation values were compared across groups and stimulation using a
repeated measure analysis of variance model where group is a between animal effect
and stimulation is a within animal effect. Quantile plots of the residual errors were
examined and the Shapiro-Wilks (W) statistics was computed to confirm that the errors
follow a normal distribution.

For all comparison, an adjusted p value < 0.05 was considered statistically

significant.
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RESULTS

In total, 20 pigs were studied. Eight pigs served as controls, while 12 pigs
underwent Ml induction. Four pigs died from refractory ventricular tachycardia (VT) or

VF during infarct induction

Characterization of Post-Infarct Neural Remodeling

The infarcts induced in this model were limited to the distal anterior and apical
myocardium (Figure 1A, upper panels). As shown in three- and two-dimensional ARI
maps (Figure 1A, lower panels), the antero-apical region in infarcted animals
demonstrated longer ARIs than other regions of the epicardium (Figure 1B) (406£14ms
vs. 369+48ms, p=0.038), however this was not true in control animals (454+23ms vs.
438+10ms, p=0.55).

Consistent with previous studies, the scar-border zone regions showed
significantly greater density of TH-positive sympathetic nerves (red arrow-heads)
compared to remote regions and normal controls (Figure 1C) (19983+4167um?/mm? vs
7603+1788um?mm? and 8020+1945um%mm?, ANOVA p = 0.0085) (Figure 1D). These
findings confirmed that the antero-apical scar region is significantly denervated and
showed longer ARIs compared to other regions. Further, the scar-border zone region

showed significantly greater TH-positive sympathetic nerve density.
MI Alters Functional Sympathetic Innervation Patterns

Hemodynamic responses to RSG, LSG, and BSG stimulation did not differ

between control and infarcted animals, and was consistent with our prior findings, where
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RSG and BSG stimulation increased both chronotropy and inotropy while LSG
stimulation led to inotropic responses ' 7+ 18,

In most control animals (5/8), the pattern of ARI shortening observed was as
follows; RSG stimulation resulted in greater percent ARI shortening on the antero-
apical, peri-antero-apical, and lateral LV walls compared to the posterior LV, postero-
lateral RV, and anterior RV (Figure 2A, left panel, ANOVA p=0.007). LSG stimulation
resulted in the reverse pattern (Figure 2B, left panel, ANOVA p=0.001). Stimulation of
both stellate ganglia simultaneously (BSG) resulted in an even pattern. (Figure 2C, left
panel, ANOVA p=0.1). Representative 2-dimensional ARI map displays of ARI
responses to RSG, LSG, and BSG stimulation in control animals are shown in Figure 3
(upper panel). Representative 3-D ARI maps are shown in supplemental figure 1.

To determine whether the antero-posterior innervation patterns seen in control
animals are related to the differences in heart rate induced by RSG compared to LSG
stimulation, atrial pacing was performed during LSG stimulation (n=3) to match the heart
rate observed during RSG stimulation in the same animal. There were no differences in

the antero-posterior pattern of innervation when heart rate was increased during LSG

stimulation (Supplemental figure 2).

In infarcted animals, the antero-posterior innervation pattern seen in control
animals was lost, with only 2/8 infarcted animals showing this pattern. Overall, there
were no predominant patterns during RSG, LSG, or BSG stimulation (Figure 2A-C, right
panels). However, 6/8 infarcted animals showed some pattern similarities in functional
innervation. Specifically, ARI shortening on the lateral LV during RSG stimulation was

lost, while functional innervation of the RSG extended to the anterior and postero-lateral
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RV. No prominent pattern was seen with LSG or BSG stimulation in infarcted animals

(Figure 3, lower panel).

Regional ARI Dispersion During SS is greater in infarcted hearts

In controls, RSG and BSG stimulation did not result in statistically significant
regional differences in ARI dispersion (ARI variance in msz), however, LSG stimulation
significantly increased ARI dispersion in the antero-apical region (3361148ms2 VS.
877+262ms?, p=0.05), lateral LV (154+47ms? vs. 487+106ms?, p=0.05) and anterior RV
354+154ms? vs. 872+202ms?, p=0.04) (Figure 4A). In infarcted animals however, RSG
stimulation significantly increased ARI dispersion in the antero-apical (patchy scar)
region (140+42ms? vs. 491+94ms?, p=0.05)(Figure 4B). In the post and lat LV of post-
infarct animals, ARI dispersion during RSG stimulation changed as follows; 277+78ms?
vs. 117+45ms?, p=0.08, and 573+163ms? and 271+110ms?, p=0.09 respectively for post
and lat LV. Similar to control animals, BSG stimulation in infarcted animals resulted in
no statistically significant changes in ARI dispersion. LSG stimulation in infarcted
animals significantly increased ARI dispersion in the antero-apical (patchy scar) region
(182 +46ms? vs. 1468 +705ms?, p=0.05) and peri-antero-apical (border-zone) region
368 +180ms? vs. 1412+435ms?, p=0.05) (Figure 4B). ARI dispersion in the anterior RV

region during LSG stimulation changed from 458+280ms? vs. 1865+932ms? (p=0.058).

Global ARI Dispersion During Sympathetic Stimulation
In control animals, global ARI dispersion (all 56 electrodes) did not significantly
change from baseline during RSG and BSG stimulation (547+90ms? vs. 545+181ms?,

p=0.47, and 447+63ms? vs. 516+112ms?, p=0.51, respectively). LSG stimulation
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significantly increased global DOR (524J_r84ms2 vs. 1512+478ms?, p=0.039)(Figure 5A).
This global increase in DOR was not driven by the previously specified regional
increases seen with LSG, as removal of these electrodes yielded similar results
(522+85ms? vs. 1573+490ms?, p=0.034). No changes were seen with RSG and BSG
stimulation when only electrodes remote to the scar and border zone regions were
analyzed (data not shown).

In infarcted animals, both LSG and BSG significantly changed global DOR. An
increase in DOR occurred during LSG stimulation (833+136ms? vs.1692+359ms?,
p=0.045, while a decrease occurred with BSG stimulation (850+113ms? vs.530+51ms?,
p=0.029, respectively) (Figure 5B). These changes in global DOR remained significant
when electrodes in the patchy scar, border zone, and anterior RV (regions with
increased regional DOR) were excluded (792+131ms? vs. 1653+334ms? for LSG,
p=0.034, and 815+116ms? vs. 463+57ms? for BSG, p=0.009). RSG stimulation did not
significantly alter global DOR before or after exclusion of electrodes in the infarct and
peri-infarct region (769+119ms? vs.1172+336ms?, p=0.34, and 715+122ms? vs.

1258+400ms?, p=0.29, respectively) (Figure 5B).

Sympathetic Modulation of Activation-Recovery Coupling

The negative relationship between AT and APD describes the degree of APD
dispersion. To assess this coupling at baseline and during SS, we generated correlation
coefficients for AT vs. ARI at each electrode using the Pearson’s (r) and Spearman’s (rs)
methods. Correlation coefficients were compated at baseline, and during RSG, LSG,
and BSG stimulation in control and infarcted animals. Shown in Figure 6A are

synchronized-scale density plots of AT vs. ARI for all 56 electrodes in a control and
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infarcted animal at baseline, and during SS. Infarct scatterplots appear more dispersed
(along the y-axis) than controls, consistent with previous findings of worsened DOR in
infarcted hearts. In control animals (Figure 6B, left graph), AT and ARI showed a
significant negative correlation at baseline (mean r = -0.3+0.09, p=0.004). Stimulation of
the RSG and BSG resulted in loss of this correlation (mean r = -0.04+0.09, p=0.008,
and -0.006£0.09, p=0.005, respectively, compared to baseline correlation). The mean
correlation values during RSG and BSG stimulation listed above were not significantly
different from zero correlation (p=0.89 and p=0.95 respectively). During LSG
stimulation, significant negative correlation of AT-ARI was maintained, mean r = -
0.240.09, p=0.33 (compared to baseline, and p=0.04 compared to zero correlation).

In infarcted animals (Figure 7B, right graph), baseline correlation was -0.4+0.09,
p=0.0006. Similar to control animals, stimulation of the RSG weakened mean AT-ARI
correlation (r = 0.006+£0.09, p=0.0082 vs. baseline, and p=0.9 vs. zero correlation).
However, stimulation of LSG resulted in no change from baseline correlation (r = -0.35,
p=0.95 vs. baseline, and p=0.0007 vs. zero correlation). BSG stimulation in infarcted
animals resulted in only a modest loss of correlation from baseline (mean r = -0.2,
p=0.05 vs. baseline, and p=0.09 vs. no correlation). This indicates a greater relative
contribution of LSG tone to the baseline AT-ARI relationship in infarcted hearts, as any
stimulation involving LSG minimizes loss of baseline correlation, whereas this is not the
case in normal hearts. Data for Spearman’s rank correlation (rs) are similar and are not

shown.

Sympathetic Tone Modulates Activation Propagation
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To determine the effect of SS on the direction of activation emanating from
myocardial scar, we performed epicardial pacing at the same site within the scar before
and during RSG, LSG, and BSG stimulation. Pacing was performed at the same rate at
baseline and during SS (5-10 beats per minute above that achieved during RSG or BSG
stimulation, whichever was higher). In control animals, pacing at the antero-apical
region resulted in centrifugal spread of activation (supplemental figure 3A), however, in
all 8 infarcted animals, non-uniform spread of electrical activation occurred. In four of
the 8 infarcted animals studied, no significant changes occurred in the direction of the
activation propagation from the scar region during any SS, an example is shown in
supplemental figure 3B. In the other four animals, significant changes were noted during
LSG and RSG stimulation (2 animals) and during LSG, RSG, and BSG stimulation (2
animals), although each pattern was different (Figures 7A and B). In Figure 7A, scar
pacing indicated by the white electrical pulse symbol, led to impulse propagation in the
antero-superior direction, towards the RV (white broken arrow). Pacing at the same site
and rate during RSG and LSG stimulation resulted in functional block in the same
direction (white double-bar head), with activation proceeding likely via the mid-
myocardium or endocardium. Pacing during BSG stimulation resulted in a similar
activation wave-front to baseline conditions.

Baseline pacing (Figure 7B) resulted in activation wave-fronts propagating in the
antero- and postero-superior directions (broken arrows), while there was delayed
propagation in the supero-lateral direction (double bar-head). During RSG, LSG, and
BSG, activation of the left ventricle occurred rapidly, and in a predominantly lateral
direction. In the two remaining subjects where SS modulated activation propagation,

activation progressed via a narrower isthmus during any SS compared to baseline in
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one animal, the other showed more rapid activation posteriorly during RSG and LSG

(but not BSG) stimulations.

DISCUSSION

The major findings of the present study are 1) Ml distorts the patterns of
myocardial innervation from the LSG and RSG; 2) regional and global DOR during SS
are worsened after M|, and the coupling between AT and ARI (APD), which governs
DOR, is distorted after Ml and 3) the direction of myocardial activation propagation out
of a scar can be altered by sympathetic tone. This study represents the first
comprehensive investigation at the tissue level into the functional changes induced by
post-infarct neural remodeling in a model closely mimicking human myocardial scars. It

highlights the complex nature of ventricular innervation after infarction.

Structure-Function Correlation of Neural Remodeling in Infarcted Hearts
Heterogeneous post-infarct sprouting of sympathetic nerves has been reported in
humans and animas" * '°?°. Released neurotrophins at the infarct site are trafficked to

stellate ganglia', where they induce neuronal remodeling® 2" %

, increase stellate
ganglion nerve activity?' and cause sprouting of sympathetic nerves in the heart. Our
porcine model of patchy myocardial scars showed nerve sprouting, and increased nerve

density at scar-border zone regions consistent with previous findings® .

Studies of cardiac neural remodeling at the myocardial tissue or cell level have
examined models that differ from this study, and have included a hypercholesterolemic

rabbit model 8, a partially denervated heart by phenol application '°, and a cryo-ablation
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model of MI"! using a super cooled rod passed through the diaphragm to the heart.
Arrhythmia susceptibility was also studied in a Langendorff preparation, which excludes

contributions from the higher neural centers to arrhythmogenesis® '".

In the present
study, a non-destructive method of obtaining epicardial APDs (ARIs) was employed,
yielding global ventricular assessments of myocardial excitability. Further, the entire
cardiac neuraxis was unperturbed. Our findings of prolonged baseline ARI in the scar
region compared to other regions in infarcted but not control animals suggest that this

region is relatively denervated in infarcted but not control animals. Shorter ARIs in Ml

animals vs. controls (at the same heart rate range) suggest a higher sympathetic tone.

Post-Infarct Alteration in Innervation Patterns and DOR

Our findings on the antero-posterior pattern of sympathetic innervation from the
LSG and RSG in swine are consistent with canine studies by Yanowitz et al. > Dramatic
alteration of this pattern globally after an antero-apical MI, suggests that in addition to
heterogeneous sprouting at the border zones, there is remodeling in remote
myocardium. This finding is also consistent with those in canine studies by Zhou et al. ’,
where significant nerve sprouting in remote non-infarcted myocardium was observed.
Although we did not observe increased nerve density in the remote region compared to
normal myocardium, the pattern or organization of these nerves in the post-infarct heart

may be altered, resulting in greater global DOR.

In the present study, we observed fairly uniform changes in DOR during LSG
stimulation in control animals. In infarcted animals however, DOR during LSG

stimulation was greatest in the scar (antero-apex) and border zone (peri-antero-apex)
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regions, as well as the anterior wall of the RV. Increased heterogeneity on the anterior
RV likely reflects increased (but probably heterogeneous) nerve density/net functional
effects in this region. Jiang et a ° demonstrated that the scar border zone of a rabbit
LAD ligation Ml model showed the greatest nerve density, and a strong correlation
between density of sympathetic nerves after infarction and transmural dispersion of
repolarization (TDR). Electrical responses at remote regions are consistent with findings
in humans, where remote myocardium showed significant ARI shortening to reflex SS

induced by nitroprusside 2.

Sympathetic Tone and Activation-Recovery Coupling in Normal and Infarcted
Hearts

The inverse relationship between AT and ARI in cardiac tissue has been
characterized in humans and animal models®”- %%, Strong coupling minimizes DOR, while
significant deviations may promote arrhythmogenesis32. In this study, AT-ARI correlation
values (r) were similar to those by Subramanian et al . In control animals, RSG and
BSG stimulation weakened AT-ARI correlation, while LSG stimulation resulted in no
significant changes. Our findings are in line with those of Selvaraj et al*® where
dobutamine administration decreased AT-ARI coupling, and increased DOR. The
effects of BSG stimulation in the present study are consistent with this. Of note, RSG
stimulation but not LSG stimulation also produced a similar result. A common thread
between RSG and BSG (but not LSG) stimulation, is tachycardia. This loss of
correlation implies that the range of APDs narrow during RSG and BSG stimulation. As

such, DOR worsening by SS is minimized by global heart rate-mediated ARI shortening.
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During LSG stimulation however, the lack of heart rate changes causes no tachycardia-
mediated narrowing of APD range, hence unchanged or greater DOR during LSG
stimulation. This concept is supported by decreased VF inducibility after LSG
resection®’, but not after RSG, and decreased VAs after left and bilateral cardiac
sympathetic denervation® 7. LSG innervation may maintain baseline AT-ARI correlation,
while RSG stimulation alone (or during BSG stimulation) flattens the normally negative

slope and minimizes dispersion, due to tachycardia (Supplemental figure 4).

In infarcted hearts, AT-ARI correlation at baseline was very strong. RSG
stimulation weakened this correlation, as did BSG, although the degree of weakening
was modest with BSG. The inability of BSG stimulation to overcome this
arrhythmogenic relationship in infarcted hearts (unlike normal control hearts, despite
similar increases in heart rate), highlights the vulnerability of neurally-remodeled
infarcted ventricles. Additional evidence is supported by increased DOR during RSG

stimulation in infarcted but not normal hearts

Sympathetic Tone and Impulse Propagation

Myocardial scars are thought to have channels that facilitate reentry®*, and lead
to multiple exits out of the scar®®. Propagation or block within a particular channel
determines the direction of activation within these complex scars, and these in turn are
determined by functional refractory periods (FRP) of the myocytes that make up the
channel. FRP within myocardial scar may be modulated by SS, as evidenced by VAs
arising during high-frequency stimulation of the proximal pulmonary artery (PA) to

activate sympathetic nerves en route to the heart?®. In the present study, 50% of the
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animals studied showed altered epicardial propagation during SS. This suggests that
during states of heightened sympathetic tone, a previously dorman channel may begin
conducting, or vice versa; completely altering the electrical properties of the scar, and
setting the stage for reentrant arrhythmias. Some of the MI animals that showed no
changes in epicardial activation propagation may have had endocardial changes. These
findings have significant implications for mapping and ablation of VAs, as percutaneous
high frequency stimulation of the PA with concomitant activation mapping of the

ventricle could add value to arrhythmia ablation.

Limitations

The presented study is limited by the lack of endocardial recordings, although the
electrophysiologic effects of the SNS on the endocardium and epicardium are similar®.
It remains possible despite this fact, that the four subjects lacking epicardial alteration of
activation propagation may have shown endocardial alterations. In addition, because
animals were sedated, an unquantifiable effect of anesthesia on cardiac excitability
cannot be excluded. Lastly, the effects of circulating catecholamines in addition to direct

innervation may explain some of our findings.

Conclusions

In summary, the present study (in a patchy scar model similar to human infarcts),
demonstrates that neural remodeling after Ml dramatically alters the pattern of cardiac
innervation, and is associated with increased regional and global DOR. Further, SS
altered electrical propagation from scar, underscoring the pro-arrhythmic potential of SS

in cardiomyopathic hearts, as this altered propagation may initiate and maintain
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reentrant rhythms. In conclusion, both altered activation propagation and repolarization
heterogeneity may underlie mechanisms of post-infarct arrnythmogenesis during states

of enhanced sympathetic tone.
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FIGURES

Figure 1: Myocardial Infarct Model: Structure-Function Correlation

A. (Top panel) Representative gross tissue and MRI images of patchy antero-apical
myocardial infarct. 3-D and 2-D ARI maps, yellow arrows show MI location (bottom
panel). B. Graphical representation of ARI in infarcted region versus all other locations
in infarcted and control animals. C. Representative histologic slides showing patchy
intramyocardial scar (black arrows) after trichrome/elastic von Giessen (EVG) staining
and diaminobenzidine (DAB) detection of anti-tyrosine hydroxylase (TH) antibody (red
arrow-heads) from peri-infarct (red box) and remote myocardium (blue box). D.
Graphical representation of TH-immunoreactivity expressed as area of positive staining
(um?) divided by total area (mm?) in scar-border zone region (Scar-BZ), remote regions
from scar, and in normal control animals (p value in figure D represents ANOVA of the

three groups).
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Figure 2: Effects of Right, Left, and Bilateral Stellate Ganglion Stimulation

Percent ARI shortening from baseline during A. RSG, B. LSG, and C. BSG stimulation
in 6 myocardial regions is displayed for control (left graphs) and infarcted (right graphs)

animals. (n=7 for control RSG, n=8 for all others). ANOVA p values are shown.

A
- Right Stellate Ganglion Stimulation
=1
c 60 -
] p=0.007 p=017
5 50 -
K~
0~ 40 1
ZzZ 30 -
<
- 20 1
S 10 1
1=
a 9o + 3 0 A A + 3 0 A Q
g O & & & DR RS R &
V&‘j V&‘ﬁ e ,}f @‘VQQ o“vQ Vo
N QO N o
¢ CONTROL ¢ INFARCT
’ B Left Stellate Ganglion Stimulation
o
g 25 - p=0.001 p=0.9
£ 204
2
n = 15 1
=T
< 10 1
[—
g 5
Q 0 o
= Qz“ Qz“ S Q& & C IR B S &
N ~ S X > g g N
v-“\'v .y“vv N o‘:"\? v&.‘*" fv"g G or?'\?
& ? Qe}‘ Q
CONTROL INFARCT
C : ¢ :
Bilateral Stellate Ganglion Stimulation
g
r= i p=0.1 p=09
§ 50
S 40 1
L
; T 307
P 20 1
= 10 1
o g & QN G BN S B
S O » x O ~ X
?“vv. (\.v-“\'v. R vs‘\Qo"’v\;‘,\ ?;i‘v&v R ¥ o")\’\?\
& CONTROL ¢ INFARCT ¢



Figure 3: Two-Dimensional Activation Recovery Interval Maps in Control and

Infarcted Hearts.

Representative two-dimensional view of the activation recovery interval (ARI) map of a
control (upper panel) and an infarcted (lower panel) animal at baseline (BL), and during
right, left, and bilateral (RSG, LSG, and BSG, respectively) stellate ganglion stimulation.
Myocardial regions are indicated in the BL control map. The dotted black circle

represents antero-apical location of the infarct.

CONTROL
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Figure 4: Regional Activation Recovery Interval (ARI) Dispersion

ARI dispersion in the 6 pre-specified myocardial regions, compared across all A. control
animals and B. infarct hearts studied at baseline (BL), and during right, left, and bilateral

(RSG, LSG, and BSG, respectively) stimulation (* indicates p<0.05).
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Figure 5: Global Activation Recovery Interval (ARI) Dispersion

Global dispersion of repolarization (DOR) computed from all 56 electrodes in all A.
control and B. infarcted animals during RSG, LSG, and BSG stimulation compared to

baseline (* indicates p<0.05).
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Figure 6: Sympathetic Modulation of Activation Recovery Coupling in Control and

Infarcted Hearts

A. Representative density plots of activation time (AT) vs. activation recovery interval
(ARI) at baseline, and during right, left, and bilateral (RSG, LSG, and BSG, respectively)
stimulation for a control animal (left plots) and an infarcted animal (right plots). B.
Graphical representation of mean Pearson’s (r) correlation coefficient across all animals
studied at baseline (BL) and during RSG, LSG, and BSG stimulation for controls (left

graph) and infarcted animals (right graph). ANOVA p values are shown.
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Figure 7: Impact of Sympathetic Stimulation on Impulse Propagation from

Myocardial Scar.

A. and B. show two-dimensional activation maps for two animals at baseline (sinus

rhythm), during scar pacing, and during scar pacing simultaneous with right, left, and
bilateral (RSG, LSG, and BSG, respectively) stimulation. Red arrows show region of
activation propagation while red double-bar lines indicate regions of functional block

during. White electrical pulse symbols represent pacing sites
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SUPPLEMENTAL FIGURES

Figure 1: Three-Dimensional Activation Recovery Interval Maps in Control and

Infarcted Hearts.

Representative anterior view of the three-dimensional map of a control (upper panel)
and an infarcted (lower panel) animal at baseline (BL), and during right, left, and
bilateral (RSG, LSG, and BSG, respectively) stellate ganglion stimulation. Myocardial
regions are indicated in the BL control map. The dotted black circle represents antero-

apical location of the infarct.
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Figure 2: Effects of Heart Rate on Functional Innervation Pattern of the Left

Stellate Ganglion.

Representative two-dimensional activation recovery interval (ARI) map of a normal
animal at baseline, during left stellate ganglion (LSG) stimulation, and during LSG
stimulation with simultaneous atrial pacing at 110 beats per minute (BPM). The
posterior wall of the heart exhibits shorter ARI during LSG stimulation; this is unchanged

when the heart rate is increased.
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Figure 3: Impact of Sympathetic Stimulation on Impulse Propagation from

Myocardial Scar.

Two-dimensional activation maps for (A) pacing in control animals, and (B) an infarcted
animal at baseline (sinus rhythm), during scar pacing, and during scar pacing with
simultaneous right, left, and bilateral (RSG, LSG, and BSG, respectively) stimulation.
White arrows show direction of activation propagation. White electrical pulse symbols
represent pacing sites. Sympathetic stimulation in this animal did not affect direction of

activation wave-front.
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Figure 4: Modulation of Activation-Recovery Coupling in Control Hearts by Heart

Rate

Representative density plots of activation time (AT) vs. activation recovery interval (ARI)

at baseline, and during atrial pacing at 70, 90, and 100 beats per minute (BPM) for a

control animal. A line of fit with corresponding 95% confidence bounds (blue region) is

superimposed on the plots.
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CHAPTER 6

CONCLUSIONS / INTERPRETATION / FUTURE DIRECTIONS
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CONCLUSIONS

The major findings of this dissertation are as follows; 1) bilateral cardiac sympathetic
denervation offers additional benefit in the contemporary treatment of patients with
recurrent severe arrhythmias; 2) extra-cardiac neural remodeling (ECNR) of the left
stellate ganglion (LSG) is a feature of human ischemic and non-ischemic
cardiomyopathy (ICM and NICM respectively); 3) functional cardiac innervation from the
LSG and right stellate ganglia (RSG) is heterogeneous, but greatest in the basal right
ventricle, and distinct from adrenergic receptor density patterns; and 4) the functional
consequences of intra-cardiac neural remodeling (ICNR) and ECNR post-myocardial
infarction (MI) are loss of innervation patterns from the LSG and RSG, increased
repolarization heterogeneity globally, and at infarct and peri-infarct zones, altered
electrical propagation patterns and activation-recovery coupling under conditions of
enhanced sympathetic tone. These findings in composite suggest that the previously
described relationship between the autonomic nervous system and ventricular
arrhythmogenesis result from deleterious neural changes that occur both within the
myocardium (altered innervation patterns, nerve sprouting, worsened repolarization
heterogeneity, and altered activation patterns) and stellate ganglia (neuronal

hypertrophy and increased synaptic density).

INTERPRETATION

Neural remodeling and myocardial arrhythmogenicity
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Neural plasticity is an important phenomenon in many living species; it may determine
survival in many circumstances. It is critical that organisms are able to interact with their
environment for nutritional intake, sensing and avoiding danger, and reproduction. To
this end, plasticity within the nervous system is important for learning, memory, and
repair of injured tissues, especially those important to essential functions such as
locomotion, digestion, and cardiovascular health. It would be expected that sprouting of
nerves in response to injury is favorable, as it allows the organism to recover from
injury, and preserves vital functions to maintain life. This may not be true of cardiac
tissue due to its unique electrical properties. The heart is electrically synchronized, a
condition important for smooth propagation of electrical activity after depolarization.
During repolarization, myocytes in different regions of the heart exhibit unique
differences in the “moment of repolarization” i.e. myocytes in different regions are at
different stages of repolarization until the entire heart has completed the process’.
Heterogeneity of these properties (for example after myocardial infarction) introduce
barriers to smooth activation, and provide a mechanism for reentrant rhythms, where
electrical propagation moves around a structural (or functional) barrier. Myocardial scars
are characterized by islands of surviving myocardium?, which may form channels
through which an activating wave-front propagates slowly, eventually exiting and
capturing myocardium that already completed the process of depolarization and
repolarization®. Circus movement of electrical activity through these channels may lead

to macro-reentrant arrhythmias.

An important concept in cardiac electrophysiology is “source-sink mismatch” * The

hypothesis here is that the probability that a myocyte (or group of myocytes) will initiate
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a premature depolarization (either an early or late after-depolarization (EAD or DAD
respectively)) depends on the ability to overcome the electrotonic forces of surrounding
myocytes. In other words, since myocytes are connected by gap junctions, any
deviation from baseline membrane potential in one myocyte (or group of myocytes) is
counteracted by other myocytes electrically coupled to it. Therefore, enough myocytes
have to synchronously deviate from the resting membrane potential, to generate an
EAD or DAD. In simulation studies of rabbit ventricular myocytes, a 1-D cable of
myocytes requires approximately 70 myocytes to overcome the source-sink mismatch
and initiate an after-depolarization®. Approximately 7,000 myocytes are needed in a 2-D
sheet of myocytes, while 700,000 myocytes are required in a 3-D cardiac structure. The
very large number of myocytes required in a 3-D structure supports why most normal
hearts rarely have PVCs. These simulation studies are supported by experimental data
from pacemaker cells, where approximately 700,000 cells were required to produce
pacemaking capabilities in canine ventricles®. The former study simulated fibrosis and
decreased gap junction conductance, showing that dramatically fewer cells (93% less),
were needed to initiate an EAD or DAD. This simulation study, taken together with the
canine pacemaker study, explain why fibrotic hearts are more pro-arrhythmic.
Myocardial scars produce many “1-D” and “2-D” cables in a 3-D structure, significantly
attenuating electrotonic interactions, and decreasing the threshold for initiating and EAD

or DAD.

Keeping the previously described paradigm in mind, ICNR and ECNR likely further
amplify the pro-arrhythmic potential of fibrotic or infarcted myocardium. ECNR increases

efferent sympathetic signals to the myocardium from larger, more active neurons in the
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stellate (and likely other cardiac sympathetic) ganglia’. ICNR, including increased
heterogeneous nerve sprouts at the borders of myocardial scars and surviving
myocytes, enhances electrical instability in these “1-D” and “2-D” cables now existing in
the heart. These myocytes are likely exposed to greater norepinephrine levels released
from denser sprouted sympathetic nerve terminals, increasing the likelihood that these
islands of myocytes have chronically elevated calcium levels in the sarcoplasmic

"8 which are known

reticulum (SR). Overloaded SR leads to spontaneous calcium “leaks
to trigger EADs and DADs. Increased exposure of small pockets of myocytes within and
around scars to catecholamines from increased sympathetic nerve terminals increases
the likelihood that a premature depolarization will occur. Both ICNR and ECNR
ultimately result in increased synchronization and catecholamine exposure of border
zone myocytes, fewer of which are needed to initiate an EAD or DAD in the infarcted

heart. Structural (post-infarct) and functional (neural) remodeling therefore act in concert

to increase arrhythmogenicity of chronically infarcted myocardium.

Clinical Modulation of Cardiac Sympathetic Signaling

Tomas Jonnesco first performed surgical stellectomy for the management of
cardiovascular disease in 1916°. It has since gained wide application for a number of
cardiovascular problems including arrhythmias and ion-channel mutations'®'2. The
intervention performed today, is the resection of the lower third to half of the stellate
ganglion (to avoid Horner’s syndrome), and the second (T2) through fourth (T4)
ganglion bodies of the thoracic sympathetic chain. In most cases, this is performed on
the left side only i.e. left stellate and T2-T4 ganglia and is referred to as a left cardiac

sympathetic denervation. Although referred to as a denervation, the heart is not
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completely denervated. Neuronal tracer studies involving horseradish peroxidase
injections (taken up by sympathetic nerve terminals and trafficked retrograde to the
soma) showed that the majority of neurons labeled positively were in the middle cervical
ganglion13. Only a small percentage of stellate ganglion neurons (mostly at the superior
pole of the ganglion) were positive for HRP. Although LCSD leads to improvement in
arrhythmia burden (and shortening of the QTc interval in cases of long QT syndrome), it
is likely a result of tipping the balance between sympathetic and parasympathetic
nervous systems in favor of parasympathetic signaling. Despite this, remodeling of the
contralateral sympathetic ganglia may occur. In a sheep study, resection of the left
superior cervical ganglion (SCG) resulted in 200% increase in the size of right SCG
neurons after 12 weeks'*. This process undoubtedly occurs in the contralateral stellate
ganglion in humans, and may account for inefficacy of LCSD in the long term. Another

potential reason for the limitation in LCSD efficacy is anatomic variability'® '®, a

s
sympathetic innervation of the heart may occur from ganglia as high as C7 and as low

as T5.

In this dissertation, the role of bilateral cardiac sympathetic denervation (BCSD) after
failed LCSD (right CSD only) or de novo was evaluated. Of the six patients studied, only
one showed no response, while another was classified as a partial responder. Four
patients showed complete resolution at intermediate follow up. An advantage of CSD
over pharmacologic administration of beta-blockers is direct mitigation of cardiac
sympathetic denervation by modulating sympathetic nerves rather than blocking
adrenergic receptors. The concept that the “junction” where sympathetic nerve terminals

synapse on myocytes may be protected from circulating catecholamines, which bind to
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extra-junctional receptors supports this. This concept has been studied in canine and
toad ventricles, and was also evaluated in this dissertation'” ', Distinctly different
cardiac electrophysiologic patterns were seen during adrenergic activation by nerve
stimulation and pharmacologic activation by norepinephrine in our porcine model. We
hypothesize that the junctional-extrajunctional concept holds true in post-infarct
remodeled ventricles, and has greater significance under these conditions. Even if
BCSD only yielded a small decrease in sympathetic signaling, this tips the balance in

favor of parasympathetic signaling, and an overall more favorable state.

FUTURE DIRECTIONS

This dissertation answered previously unclear questions, but also highlights many
important new questions. These questions have significant implication for further
understanding of the mechanisms of neural mediated cardiac arrhythmogenesis. A
perhaps more important implication is in the development of novel therapeutic strategies
to address the problem of ventricular arrhythmias and sudden cardiac death, the

predominant modes of death in Western nations.

Phenotypic and Electrophysiologic Changes in Sympathetic Ganglia

Increased stellate ganglion nerve activity after myocardial infarction in canine has been
shown’; this presumably leads to increased efferent cardiac sympathetic signaling.
However, specific phenotypic and functional changes that lead to increase efferent

signals remain unclear. The profound therapeutic potential of this question is easily
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recognizable, as the fight against ventricular arrhythmogenesis may involve targeting
processes that occur in sympathetic ganglion neurons such as those in the stellate or
middle cervical ganglia. Preliminary studies on phenotypic changes occurring post-
infarction in porcine include an increased percentage of adrenergic neurons within the
stellate ganglion (i.e. fewer non-adrenergic neurons exist in stellate ganglia associated
with infarcted hearts). In addition, the electrophysiologic behavior of stellate ganglion
neurons (SGNs) from subjects with infarcted myocardium is poorly understood. Whether
these neurons change their signaling patterns remain unclear; for example phasic
neurons may become tonic firing neurons or vice versa. Further, whether there are
changes in amplitude or summation such that a larger intensity of signals occur in SGNs

from subjects with Ml compared to those without.

Impact of Chronic Myocardial Scar on the Intrinsic Cardiac Network

The intrinsic cardiac network (ICN) is recognized as an increasingly important system in
processing cardiac afferent signals, and delivering efferent signals to the myocardium'®
%0 High specificity has been shown in some ICN neurons; some neurons fire an action
potential during systole and some during diastole. Given such intricate relationships
between ICN neuronal firing and cardiac physiological states, injury to myocardium
likely induces significant changes to ICN neuronal properties®"" ?2. As an example, the
same pathophysiological remodeling that occurs in the stellate ganglion after myocardial
infarction or heart failure may occur in the ICN. These changes may in fact be more
severe. Increased signaling of SGNs post-infarct may be antecedent or postcedent to
ICN neuronal firing, if this occurs. This question is important, as the ICN may be a more

critical site for therapeutic strategies against ICNR. Cardiac ganglia are distributed in
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the epicardial fat pads overlying the heart, some of which may be directly amenable to
access via the pericardial space. Elucidating the role of ICN neurons in the deleterious
cascade of changes that occur in cardiac sympathetic innervation represents a novel

approach to ventricular arrhythmogenesis.

Modulation of intramyocardial neural remodeling and ventricular
arrhythmogenesis

Release of nerve growth factor (NGF) and other neurotrophins at the site of infarction
has been implicated in cardiac sympathetic nerve remodeling within and outside the
myocardium?. This is thought to occur from cardiomyocytes, and other inflammatory
cells (including macrophages) recruited to the site of injury?* 2°. Nearby sympathetic
nerve terminals and presumably more proximal (non-damaged) ends of efferent nerves
sprout in response to neurotrophins. Additionally, NGF at the site of infarction is taken
up by intramyocardial nerve endings and transported retrograde to the soma. Within the
soma, neuronal enlargement, increased synaptic density, and sprouting occur, the sum
of which leads to increased efferent sympathetic nerve signaling to the myocardium” %,
Within the myocardium, sprouting of sympathetic nerve terminals (albeit
heterogeneously) occurs, and contributes to increased arrhythmogenicity of

myocardium.

A potential strategy to attenuate post-infarction neural remodeling is to prevent NGF
release in the myocardium. Intramyocardial nerve sprouting has been decreased by

|24

macrophage depletion post-MI“*. Other potential strategies include antagonization of

neutrophin receptors TrkA, Trk-B, and p75 both in the heart and sympathetic ganglia.
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An antagonist could be administered pharmacologically in the early post-MI phase and
discontinued after dense scar formation. NGF release has been detected as early as 3

hours after an infarct.

In summary, pathological changes occur within cardiac tissue and in stellate ganglia

28, 29’ and

following a variety of pathological states including MI*® " and heart failure
during non-cardiac pathological states such as hypercholesterolemia®. These changes
have been associated with arrhythmias in humans and in animal models®”*"*2. The
functional consequences of these changes remain poorly understood, however, the
findings of this dissertation provide some insights into myocardial electrophysiologic
alterations that occur under conditions of neural remodeling. Further studies, as
described and beyond, are warranted to understand this important contributor to cardiac

arrhythmias, and to develop therapeutic strategies for the preservation of human life.
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