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ABSTRACT OF THE DISSERTATION

Mechanisms of Parasympathetic Dysfunction Following Myocardial Infarction

by

Jonathan Duy-Thach Hoang
Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2022

Professor Marmar Vaseghi, Chair

The sympathetic and the parasympathetic nervous systems (PNS), exert opposing control
over beat-to-beat cardiac function but following myocardial infarction (MI), their balance is disrupted.
Sustained sympathetic hyperactivity coupled with PNS withdrawal promotes cardiac electrical
heterogeneity and predisposes to ventricular tachycardia (VT). PNS blockade is pro-arrhythmic and
the restoration of PNS function is anti-arrhythmic, in part through prolonging ventricular action
potential duration (APD) and reducing electrical heterogeneity. Thus, expanding our understanding
on PNS dysfunction is paramount to designing better therapies. This dissertation aims to dissect
the neural circuitry underlying PNS withdrawal post-Ml.

Chapters 1 and 2 expand the therapeutic potential and applicability of augmenting PNS
activity. Chapter 2 demonstrated that vagal nerve stimulation (VNS) remains anti-arrhythmic despite
sympathoexcitation post-MIl. These cardioprotective effects were mediated by prolongation of
ventricular APD and reductions in electrical heterogeneity in the scar and border zone, known
regions of arrhythmogenesis. Chapter 3 extends these potential anti-arrhythmic effects to patients

with chronic M.



Chapter 3 assesses the role of vagal afferents in mediating vagal efferent dysfunction. In
health, nociceptive afferent activation increase vagal efferent outflow. However, in vivo neural
recording and detailed histology revealed that post-MI, nociceptive afferents may instead decrease
PNS tone through augmented release of GABA, a novel pathway of vagal inhibition.

Chapter 4 examines the role of spinal afferent signaling in suppressing central PNS outflow.
Thoracic epidural anesthesia (TEA), a neuromodulatory approach under investigation for its anti-
arrhythmic effects, is generally regarded as a sympatho-inhibitory technique. However, we show
herein that the anti-arrhythmic effects of TEA may in part be mediated by PNS augmentation.
Moreover, these studies implicate an important role for spinal afferents in post-MI PNS inhibition.

Lastly, Chapter 5 explores the role of the sympathetic co-transmitter, neuropeptide Y (NPY),
in cardiac control. We established the frequency dependent release of NPY in healthy pigs, in vivo.
We observed that high frequency sympathetic stimulation circumvents traditional therapy with beta-
blockers, even at supramaximal doses. However, the NPY Y receptor-selective antagonist, BIBO
3304, mitigated the residual electrophysiological effects of sympathetic stimulation. These studies
set the stage for further investigations into other NPY receptor subtypes, such as the Y, receptor,
which is expressed on PNS neurons. Agonism of the Y, receptor reduces neuronal calcium influx
and the release of acetylcholine, a potential mechanism for reductions in cardiac PNS tone.

In conclusion, PNS augmentation is anti-arrhythmic despite sympathoexcitation, suggesting
that relief of central PNS suppression may also be independently anti-arrhythmic. However, post-
MI PNS withdrawal may be mediated at several levels of the cardiac neuraxis by nociceptive
afferent inhibition (vagal reflexes), spinal sympathetic afferent signaling (spinal reflexes), and/or
excessive sympathetic efferent tone causing release of NPY (sympathetic — parasympathetic
crosstalk). Therapies targeting these novel pathways may restore central parasympathetic tone and

suppress arrhythmogenesis, especially in patients who are refractory to traditional therapy.
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ABSTRACT

Background: Sympathoexcitation increases risk of ventricular tachyarrhythmias (VT). Vagal nerve
stimulation (VNS) has been anti-arrhythmic in the setting of ischemia-driven arrhythmias, but it is
unclear if it can overcome the electrophysiological effects of sympathoexcitation in the setting of
chronic myocardial infarction (Ml). The goal of this study was to evaluate whether intermittent VNS
reduces electrical heterogeneities and arrhythmia inducibility during sympathoexcitation.
Methods: In Yorkshire pigs after chronic Ml, a sternotomy was performed, a 56-electrode sock
was placed over the ventricles (n=17), and a basket catheter was positioned in the left ventricle
(n=6). Continuous unipolar electrograms from sock and basket arrays were obtained to analyze
activation recovery interval (ARI), a surrogate of action potential duration. Bipolar voltage mapping
was performed to define scar, border zone, or viable myocardium. Hemodynamic and electrical
parameters, and VT inducibility were evaluated during sympathoexcitation with bilateral stellate
ganglia stimulation (BSS) and during combined BSS with intermittent VNS.

Results: During BSS, global epicardial ARIs shortened from 384+59 to 297+63 ms and endocardial
ARIs from 359+36 to 318+40 ms. Dispersion in ARIs increased in all regions, with the greatest
increase observed in scar and border zone regions. VNS mitigated the effects of BSS on border
zone ARIs (from -18.3+6.3% to -2.1+14.7%) and ARI dispersion (from 104 ms? [1, 1108] to -108
ms? [-588, 30]). VNS reduced VT inducibility during sympathoexcitation (from 75% to 40%, p<0.05).
Conclusions: After chronic myocardial infarction, VNS overcomes the detrimental effects of
sympathoexcitation by reducing electrophysiological heterogeneities exacerbated by sympathetic

stimulation, decreasing VT inducibility.



INTRODUCTION

Sympathetic activation due to pathological neural remodeling resulting from heart disease
is known to contribute to ventricular arrhythmias.? Sympathoexcitation exacerbates existing
electrophysiological heterogeneities in the myocardium and increases the occurrence of early and
delayed after depolarizations.3* In-vivo in healthy hearts, vagal nerve stimulation (VNS) has been
shown to increase ventricular action potential duration and ventricular fibrillation (VF) threshold,
as well as reduce the burden of ventricular arrhythmias if initiated prior to or at the time of
ischemia.®® However, in chronically infarcted animals, ventricular tachyarrhythmias (VT) often
occur in the setting of stress and sympathoexcitation without ischemia. It is unclear if in chronically
remodeled and diseased hearts, VNS can overcome the detrimental electrophysiological effects
of sympathoexcitation by reducing electrophysiological heterogeneities exacerbated by
sympathetic stimulation and decrease VT inducibility.

Early in-vivo studies by Levy et al. suggested that in healthy canine hearts, vagal nerve
stimulation may blunt myocardial norepinephrine levels. In addition, the parasympathetic nervous
system is also regulated by the sympathetic nervous system. Cardiac sympathetic activation
causes release of norepinephrine, which can bind to parasympathetic neurons and inhibit release
of acetylcholine.’® Thus, while acetylcholine levels may be preserved throughout the heart
following infarction, they may be functionally suppressed.! The ventricular electrophysiological
effects of vagal nerve stimulation during sympathoexcitation in structurally diseased hearts is
thereby unclear. It is possible, that even during states of elevated sympathetic tone, such as
electrical storm, implementation of vagal nerve stimulation in diseased hearts may reduce
arrhythmias. In this study, we hypothesized that vagal nerve stimulation can be anti-arrhythmic
even during sympathetic activation and reduce inducibility of VT that occurs with sympathetic
stimulation. We tested this hypothesis in a chronic large animal porcine infarct model using

detailed electrophysiological mapping.



METHODS
Ethical approval

Seventeen Yorkshire pigs (Sus scrofa; S&S Farms) weighing 48-56 kg were used for this
study. Care of animals conformed to the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The study protocol was approved by the University of California, Los
Angeles Institutional Animal Care and Use Committee.
Creation of myocardial infarcts

Percutaneous MI in the region of left anterior descending (LAD) coronary artery was
created in 17 pigs (30-35 kg) as previously described under general anesthesia (isoflurane, 1-
2%).1112 Briefly, an AL2 guide catheter (Boston Scientific, Marlborough, MA) was advanced from
the femoral artery to the left main coronary artery. A percutaneous transluminal angioplasty (PTA)
balloon catheter (Abbott, Chicago, IL) was advanced over a coronary guidewire into the LAD and
positioned after the take-off of the first diagonal branch (Figure 1b). The balloon was inflated, and
3-5 mL of polystyrene microspheres (Polybead® 90.0um, Polysciences, PA) followed by 5 mL
normal saline were injected through the lumen of the catheter. The balloon was then deflated and
removed. Ml was confirmed by the presence of ST-elevation or T-wave inversion on ECG and
coronary angiography showing a lack of flow in the artery (Figure 1c-d). After the procedure, ECG
and blood pressure were monitored for 20 min prior to extubation. Immediate external defibrillation
was performed if the animal developed VT or VF. After extubation, animals were monitored until
they could ambulate.
Surgical preparation

Six to eight weeks post-Ml, animals were sedated, intubated, and placed under anesthesia
with isoflurane (1-2% INH). After completion of the surgical procedures, including sternotomy,
anesthesia was transitioned to a-chloralose (Sigma-Aldrich; 50 mg/kg initial bolus, then 20-35
mg/kg/hr 1V). Depth of anesthesia was adjusted based on hemodynamic indices, corneal reflex,

and jaw tone. Arterial blood gases were monitored throughout the experiments; ventilation was
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Figure 1-1. Ventricular epicardial effects of sympathetic stimulation and its attenuation by VNS
following MI. (a-b) Percutaneous creation of Ml in region of the LAD coronary artery via injection of
microspheres through a transluminal angioplasty catheter (red arrowhead indicates tip of catheter). (c-d)
Following injection of microspheres, lack of flow is observed in the distal portion of the LAD (red circle),
accompanied by ST-segment elevation. (e) Six to eight weeks after MI, prominent scarring of the anterior

RV and LV is observed along with regions of patchy sc6ar (black arrowheads) and a 56-electrode sock is



placed around the ventricles to record unipolar electrograms. (f) Electrograms are then mapped onto a 2-
D polar map for the assessment of regional electrophysiological differences. The difference in time between
activation and recovery time (AT and RT, respectively) is defined as ARI and used a surrogate of local
action potential duration at each electrode/site. (g-h) The stellate ganglia and cervical vagus nerves are
isolated for bipolar stimulation. Stimulation of the bilateral stellate ganglia are performed at 4 Hz for 3-5
minutes with and without concomitant 10 Hz VNS (50% duty cycle). (i) ERP from the RV endocardium was
significantly shortened by BSS. Concomitant bilateral VNS reduced effects on ERP. (j-k) Representative
polar maps at baseline (BL) and during BSS indicates a shortening of ARIs in infarct and remote regions of
the RV and LV. Accordingly, a significant shortening of global epicardial ARIs across animals is observed.
(I-m) Representative polar map at BL and during BSS+VNS suggests attenuation of BSS-induced ARI
shortening. (n) Changes in epicardial ARIs from baseline (pre-stimulation) with BSS were significantly
attenuated by concomitant VNS. BSS=bilateral stellate stimulation, VNS=bilateral vagus nerve stimulation,
ERP=effective refractory period. Data are shown as mean + SEM (n = 17). *p<0.05, ****p<0.0001, ns=not

significant.

adjusted, or sodium bicarbonate was administered to maintain normal pH. The CardioLab System
(GE Healthcare) was used to record continuous 12-lead electrocardiograms. Ventral precordial
leads were placed posteriorly given sternotomy. The femoral and carotid arteries were cannulated
to measure blood pressure continuously and obtain access to the left ventricle (LV) for basket
catheter placement, respectively. Sheaths were placed in the femoral veins for delivery of
medications and saline. Fentanyl boluses (20—30 mcg/kg) were used during sternotomy to reduce
discomfort. Sodium pentobarbital (Med-Pharmex Inc.; 100 mg/kg 1V) followed by saturated KCI
(Sigma-Aldrich; 1-2 mg/kg 1V) was used for euthanasia.
Stellate ganglia and vagal nerve stimulations

For bilateral stellate ganglia stimulation (BSS), the stellate ganglia were isolated behind
the parietal pleura (Figure 1g), as previously described and stimulated by bipolar needle
electrodes using a Grass stimulator (Grass Technologies Model S88).312 Stimulation current was
set at an amplitude that led to a greater than 10% increase in heart rate (HR) and/or systolic blood
pressure (SBP) for each ganglion.?

For bilateral VNS, after neck cutdown, the vagi were isolated in the carotid sheaths. The

vagus was carefully dissected away from the sympathetic chain and insulated from the
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surrounding tissue. Bipolar cuff electrodes were placed around each vagi (Figure 1g). Threshold
current for each vagus was defined as the amplitude that led to a 10% decrease in heart rate (10
Hz, 1 ms pulse-width).” Intermittent bilateral VNS (15 sec ON, 15 sec OFF) was performed at 1.2
times this current during BSS.

BSS was performed continuously at threshold current (4 Hz and 4 ms pulse-width) for both
electrophysiological/lhemodynamic recordings and during VT inducibility testing (described
below). Similarly, BSS was performed continuously with concomitant intermittent VNS to
determine the effects of VNS on mitigating the electrophysiological effects of BSS.
Electrophysiological study and mapping

Epicardial unipolar electrograms were continuously recorded using a 56-electrode sock
placed over the ventricles (n = 17, Figure 1), in-vivo (Cardio Lab, GE Healthcare). In 6 animals,
the 56-electrode sock was attached to customized multielectrode recording system (University of
Utah, Salt Lake City, Utah) and a Constellation basket catheter (Boston Scientific, Marlborough,
MA) was placed via a retrograde aortic approach from the left carotid artery into the LV, under
fluoroscopic and ultrasound guidance (Figure 2) to record endocardial unipolar electrograms.
Bipolar voltage electroanatomic mapping was performed, and location of each sock electrode
overlying scar (defined as bipolar voltage < 0.5 mV), border zone (defined as bipolar voltage
between 0.5 and 1.5 mV), or viable myocardium (defined as bipolar voltage > 1.5 mV) was
meticulously measured using a duodecapolar catheter (2-2-2 interelectrode spacing, Abbott
Medical, IL) and regional epicardial ARIs (scar, viable, border zone) quantified in 12 of 17 hearts.
Very dense scar regions (voltage < 0.05 mV) with little to no definable bipolar recordings were
excluded from analysis. Electroanatomic mapping of the heart was performed using the Ensite
system (Abbott).

Activation recovery intervals (ARI) were analyzed from unipolar electrograms of each
electrode using iScaldyn software (University of Utah, Salt Lake City, UT).3%4 Activation time

was defined from the origin to the minimum dV/dt of the activation wavefront of the unipolar
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Figure 1-2. Ventricular endocardial effects of sympathetic stimulation and attenuation by VNS. (a-c)

A 64-electrode Constellation catheter was advanced into the LV for assessment of local endocardial

unipolar electrograms. Sufficient contact of the basket catheter with the endocardium was confirmed by

echocardiography. (d) Local unipolar electrograms from the endocardium were mapped onto a 2-D polar

map. (e) A representative polar map of ARIs at baseline and during BSS indicates significant shortening of

endocardial ARIs. (f) There was no significant ARI change during BSS+VNS relative to baseline. (g-h)

BSS-induced shortening in endocardial ARl was significantly blunted by concomitant bilateral VNS.

BSS=bilateral stellate stimulation, VNS=bilateral vagus nerve stimulation. Data are shown as mean + SEM

(n = 6). *p<0.05.



electrogram and recovery time was defined as the start of activation to the maximum dV/dt of
repolarization wavefront. ARI was calculated by subtracting activation time from repolarization
time (Figure 1). ARI has been previously validated as a faithful correlate of local action potential
duration.13-16

ARIs and hemodynamic variables including heart rate and blood pressure were analyzed
before and during nerve stimulations (before and during BSS and before and during BSS+VNS).
A minimum of 30 minutes was allowed between stimulations and the order of stimulations was
randomized. After 45 seconds of BSS or BSS+VNS, during which electrical and hemodynamic
data were obtained, effective refractory period was evaluated and VT inducibility testing
performed as described below. The duration of nerve stimulations ranged between 3 to 5 minutes
depending on the number extra-stimuli required to induce VT.
Effective refractory period measurement and VT inducibility testing

Effective refractory period (ERP) was measured by placement of a quadripolar catheter in
the right ventricular (RV) apex. Pacing was performed at 3-5 mA and 2 ms pulse width, and
capture confirmed by ventricular morphology on the surface ECG. A drive cycle length 10-20%
faster than the baseline heart rate was used and a single extra-stimulus placed and decremented
by 10 ms interval to measure ERP at baseline (prior to any nerve stimulation), during BSS, and
during concomitant BSS and VNS from the same RV apical position.

VT inducibility was also assessed during BSS alone and during concomitant BSS and
VNS by programmed ventricular stimulation (Micropace, New South Wales, Australia) with the
same pacing parameters. Inducibility was determined at two different drive cycle lengths with up
to three extra-stimuli (10 ms decrement, down to 200 ms or ERP), from two different sites (RV
endocardium and LV anterior epicardium). If VT was induced from one specific site, this same
site was used to induce VT during subsequent stimulations. If sustained VT or VF was inducible
at baseline, a minimum wait period of 30 minutes was allowed after cardioversion before repeat

stimulation/inducibility testing. Both VT inducibility (defined as occurrence of sustained VT or VF
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requiring anti-tachycardia pacing or defibrillation) or non-sustained VT (defined as occurrence of
greater than 3 premature ventricular contractions) was quantified during each nerve stimulation.
Statistical analysis

Data are reported as means + standard deviation (SD) for normally-distributed data,
unless stated otherwise. Non-normal data are reported and shown as median [1%t quartile, 3™
qguartile]. Normality of data distributions was assessed using the Shapiro-Wilk test. Global
ventricular ARIs were calculated as the mean ARI across all electrodes. Regional dispersion in
ARI was defined as variance across electrodes from a specific region (i.e., scar, border zone, or
viable regions). Paired Student’s t-test was performed to compare responses between BSS and
BSS+VNS in each animal. Paired Wilcoxon signed-rank test was performed to compare changes
in regional dispersion between BSS and BSS+VNS. Changes in regional ARIs and dispersion in
ARI from baseline were compared using one-way repeated measure analysis of variance and the
Friedman test, respectively, with the false discovery rate corrected by the Benjamini-Hochberg
procedure. Percentage change in ARI or change in dispersion in ARI in each region with nerve
stimulation were compared by paired Student’s t-test and the Friedman test, respectively.
Inducibility for VT during each stimulation were compared by the exact binomial test. A p value <
0.05 was considered statistically significant. All statistical analyses were performed with

GraphPad Prism software v8.

RESULTS
Hemodynamic effects of BSS and BSS combined with VNS

In chronically infarcted pigs (n = 17), BSS significantly increased all hemodynamic indices,
including heart rate, systolic blood pressure, diastolic blood pressure and mean arterial pressure
(Table 1). On the other hand, concomitant VNS with BSS mitigated the increases in all

hemodynamic parameters.
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BL BSS % BL BSS + VNS %

Heaft(gs;]e) 796131 1047+212" 320%201 | 80390 774145  32+17.2°
Systolic Pr(‘:nsr::;e) 113.0+180 1546+39.0° 36.1+318 | 110.7+187 131.1+345" 17.1+17.9

Diastolic Pressure

+ o + + + t
(mmHg) | 735188 10612747 548:733 | 744:183  845:289 1143277

Mean Arterial Pressure

. N
(mmHg) 87.1+180 1226+203" 441+242 | 865+175  1003+29.9  13.0+20.9

Table 1-1. Hemodynamic responses to sympathetic stimulation alone and concurrent vagal nerve
stimulation with sympathetic stimulation. Values are shown as mean+SD. BL=baseline, BSS=bilateral
stellate ganglia stimulation, VNS=bilateral vagus nerve stimulation. *p<0.05, ** p<0.01, ***p<0.001 vs BL. t
p<0.05, # p<0.001 vs BSS alone. Red values denote a significant increase and blue values denote a

significant decrease.

Global ventricular electrophysiological effects

BSS shortened ventricular ERP from 297136 ms at baseline to 239+22 ms (p < 0.001).
During combined stimulation, ventricular ERP only decreased to 265+39 ms (p < 0.05), Figure 1.
However, ERP was still shortened as compared to baseline (p < 0.05).

In a similar fashion as ERP, BSS shortened ventricular epicardial global ARIs (defined as
the mean ARI across all 56 electrodes) from 384+59 ms at baseline to 297+63 ms (n = 17, p <
0.001, Figure 1). ARI did not significantly change compared to pre-stimulation during BSS+VNS
(382+41 ms at baseline to 366£60 ms during BSS+VNS, p = 0.1, Figure 1). Therefore, VNS during
BSS markedly blunted sympathetically-induced ARI shortening (-22.7+10.4% during BSS vs -
4.5+9.2% during BSS+VNS, p < 0.001, Figure 1). Global epicardial dispersion in ventricular ARIs
(variance across all electrodes) significantly increased during BSS from 648 ms? [509, 826 ms?] at
baseline to 992 ms? [594, 1400 ms?] (p < 0.01). VNS added to BSS significantly mitigated these
effects of sympathoexcitation on dispersion (baseline pre-stimulation global dispersion in ARI: 609
ms? [493, 747 ms?], BSS+VNS: 743 ms? [592, 1000 ms?], p = 0.1).

The endocardium followed the same trend as the epicardium, and during BSS, ventricular

endocardial ARIs decreased from 359+£36 ms at baseline to 318+40 ms during stimulation (n = 6,
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p < 0.05, Figure 2). Conversely, BSS+VNS did not elicit any significant shortening of global ARIs,
(Figure 2).
Regional differences in ventricular electrophysiological effects

The genesis of ventricular arrhythmias in ischemic cardiomyopathies is known to be
initiated and propagated within the scar and border zone regions. While this is in part due to
altered excitability of the border zone combined with the anatomic substrate of these regions
allowing for reentrant circuits, the distinct pattern of sympathetic denervation and hyperinnervation
in these regions augments these heterogeneities,'’'® and the complex interaction of the
sympathetic and parasympathetic nervous systems in these discrete functional domains is yet to
be identified. To this end, the scar, border zone, and viable regions of the myocardium underlying
the epicardial sock arrays were identified by epicardial voltage mapping and validated by
electroanatomic mapping (Figure 3).

Detailed analysis of regional changes (n = 12) revealed that the effects of BSS on global
epicardial ARI were paralleled by significant shortening in scar, border zone, and viable regions
of the epicardium (Figure 3). Notably, benefits of VNS in blunting the effects of BSS were not
restricted to any particular region; scar, border zone and viable regions alike showed a blunting
of sympathetic effects during VNS (Figure 3). Despite a sustained background of BSS, ARI
shortening was significantly less during BSS+VNS than BSS alone in the scar (-13.6£5.3% with
BSS vs -4.9£12.4% with BSS+VNS; p < 0.05), border zone (-18.3+£6.3% with BSS vs -2.1+14.7%
with BSS+VNS; p < 0.01), and viable regions (-14.3+6.2% with BSS vs -1.0+10.2% with
BSS+VNS; p < 0.01, Figure 3).

BSS also increased local electrophysiological heterogeneities as reflected by variances
in regional ARIs; these changes in dispersion were also stabilized by VNS. The regional
dispersion of scar was significantly increased from 72 ms? [12, 177 ms?] at baseline to 232 ms?
[23, 1276 ms?] during BSS (p < 0.01, Figure 3) as was dispersion in border zone (194 ms? [66,

399 ms?] at baseline vs 355 ms? [100, 1457 ms?] during BSS; p < 0.05) and viable regions (124
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Figure 1-3. VNS mitigates ventricular ARI shortening and heterogeneities induced by sympathetic
activation. (a) Representative electroanatomic map confirms the presence of a dense antero-apical scar
encircled by broad regions of heterogenous electrical border zone and remote, healthy myocardium. Based
on the bipolar voltage at each site, electrodes were designated as viable (> 1.5 mV), border zone (0.5 - 1.5

mV) or scar (< 0.5 mV) with sample electrograms shown. (b) BSS induced significant shortening of ARIs in
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all regions (c-d) and these effects were significantly attenuated by concomitant VNS. (e) Importantly, BSS
led to significant increases in regional dispersion, a measure of local heterogeneity in ARIs. (f-g) Increases
in regional dispersion with BSS were attenuated by concomitant bilateral VNS. BSS=bilateral stellate
stimulation, VNS=bilateral vagus nerve stimulation. Regional ARI data are shown as mean + SEM and
regional dispersion as median and interquartile range (n = 12). *p<0.05, **p<0.01, ****p<0.0001, ns=not

significant.

ms? [30, 337 ms?] at baseline vs 432 ms? [107, 927 ms?] during BSS; p < 0.05). On the other
hand, VNS during BSS significantly reduced dispersion in all regions, Figure 3, and mitigated
BSS-induced increases in local dispersion of viable (A regional dispersion: 297 ms? [22, 639 ms?]
with BSS vs 2 ms? [-111, 248 ms?] with BSS+VNS; p < 0.05) and scar regions (A regional
dispersion: 110 ms? [5, 1146 ms?] with BSS vs -18 ms? [-111, 6 ms?] with BSS+VNS; p < 0.05).
Notably, in the border zone regions, effects of VNS during BSS reduced dispersion to levels even
below baseline (pre-stimulation) values (A regional dispersion: 104 ms? [1, 1108 ms?] with BSS
vs -108 ms? [-588, 30 ms?] with BSS+VNS; p < 0.01, Figure 3).
Effects of concomitant stimulation on susceptibility for ventricular arrhythmias

During BSS alone, 13 of 17 animals (>75%; Figure 4d) were inducible for any sustained
or non-sustained VT with up to triple extra-stimuli (Figure 4). NSVT only was observed in 3 of
these 13 animals. Animals with sustained VT exhibited repeated bouts of NSVT at less aggressive
programmed stimulation before being inducible for sustained VT, which required cardioversion,
with one animal experiencing spontaneous degeneration of sinus rhythm to VT/VF during BSS
alone (i.e., without any ventricular pacing having been performed), Figure 4b.

However, VT inducibility was significantly reduced in the setting of BSS+VNS, with only 7
of 17 animals (~40%) still inducible for VT/VF. In addition, a decrease in episodes of NSVT

observed during BSS were observed during combined BSS+VNS (Figure 4).

DISCUSSION
Major findings
The major findings of this study are as follows:
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1) Despite a high background of sympathetic activation, vagus nerve stimulation is capable
of mitigating the effects of bilateral stellate ganglia stimulation on global and regional
ventricular ARI shortening.

2) Vagal nerve stimulation can reduce electrophysiological heterogeneities in regional ARIs
across viable, border zone, and scar regions, as reflected by dispersion in ARI.

3) Vagal nerve stimulation reduces VT inducibility during sympathoexcitation.
Neuromodulatory approaches aimed at augmenting the parasympathetic nervous system (e.g.,
vagal nerve stimulation) are currently under intense investigation for the treatment of
cardiovascular disease.'® Previous studies have suggested that vagal nerve stimulation may
reduce the burden of ventricular arrhythmias through the stabilization of existing heterogeneities
in peri-infarct border zone action potential duration.'! However, it is yet unknown if and how these
interventions may act in the context of elevated sympathetic tone, a known trigger for ventricular
arrhythmias where elevated norepinephrine levels, for example, may reduce acetylcholine
release.!

This is the first study to evaluate detailed electrophysiological effects of concomitant
stimulation of the stellate ganglia (sympathetic nervous system) and vagal nerves (parasympathetic
nervous system). In this study, a porcine model of chronic myocardial infarction was used as it
closely recapitulates both electrophysiological and autonomic changes seen in humans with
structural heart disease.?° While previous studies have suggested that vagal nerve stimulation may
be antiarrhythmic in the setting of structural heart disease,'! it remained unclear whether these
effects may persist and be sufficient to combat the effects of sympathoexcitation.

Pro-arrhythmic mechanisms of sympathoexcitation

Stimulation of the bilateral stellate ganglia evoked significant increases in ventricular
excitability, causing shortening of ERP as well as epicardial and endocardial action potential duration
as reflected by ARIs. Importantly, electrophysiological heterogeneity of scar and border zone regions

of the myocardium were markedly increased by sympathetic stimulation. Notably, sympathetic
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Figure 1-4. VNS reduces ventricular arrhythmias
examples of programmed electrical stimulation during BSS alone or with concomitant VNS. (b) Pacing
protocols used to induce VT/VF in each animal are shown. (c-d) During BSS alone, 13 of 17 animals were
inducible. Concomitant VNS caused a significant reduction in VT inducibility with only 7 animals remaining

inducible for VT. One animal had spontaneous VT during BSS without any extra-stimulus pacing. BSS =

despite sympathoexcitation. (a) Representative

bilateral stellate stimulation, VNS = bilateral vagus nerve stimulation, NSVT = non-sustained VT.

stimulation alone was sufficient to induce premature ventricular contractions, non-sustained

ventricular tachycardia (NSVT) and ventricular tachyarrhythmias (VT/VF) in some animals.
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Cardioprotective effects of vagal nerve stimulation

VNS has been shown to decrease the incidence of sudden cardiac death.® In addition in
normal and infarcted porcine hearts, intermittent moderate levels of vagal nerve stimulation was
shown to increase action potential duration.”!* The mechanism by which VNS increases action
potential duration is an ongoing area of investigation and may occur through direct release and
action of acetylcholine on muscarinic receptors, via inhibition of norepinephrine and neuropeptide
Y release at the nerve-myocyte interface, or via interactions at the stellate ganglia.?*-?3 In addition,
chronic myocardial infarction and heart failure have been shown to be associated with significant
neural remodeling in the intrinsic cardiac, vagal (nodose), and stellate ganglia.?*2¢ Interestingly,
while chronic VNS has been shown to decrease stellate ganglion nerve activity,?327 other studies
have suggested that acute VNS may paradoxically increase stellate ganglion nerve activity,
potentially through anastomosing sympathetic fibers and/or afferent fiber activation, responses
that may be frequency dependent.?8-30 In this study, the frequency of stimulation was similar to
where cardiomotor vagal efferent fibers were shown to be engaged, close to the neural fulcrum,
in a canine model.?® The same frequency of stimulation was used in the ANTHEM-HF study,
which showed improvement in echocardiographic and New York Heart Association class
parameters in patients with heart failure,3:*2 and was also previously demonstrated to increase
action potential duration in normal porcine hearts.” However, whether the beneficial
electrophysiological effects of VNS would persist during states of sympathoexcitation in diseased
hearts, in whom pre-existing baseline electrophysiological heterogeneities are exacerbated by
sympathetic activation, remained unknown. The present study shows that VNS caused nearly a
70 ms prolongation of global ARIs (80% reduction in effects of BSS) during sympathoexcitation,
with even more prominent effects observed in border zone regions (90% reduction in effects of
BSS), areas that are specifically implicated in ventricular arrhythmogenesis. Moreover, VNS
stabilized the cardiac electrophysiological heterogeneity within the border zone regions despite

concomitant sympathetic stimulation. Border zone regions are known to serve as pro-arrhythmic
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Figure 1-5. Summary. Sympathoexcitation exacerbates baseline electrophysiological heterogeneities in

chronically infarcted hearts, predisposing to VT/VF. These heterogeneities are reduced back to baseline,

and even further mitigated below baseline in border zone regions, by intermittent vagal nerve stimulation.

Vagal nerves stimulation reduces VT inducibility during states of elevated sympathetic tone.

regions responsible for both triggers and maintenance of ventricular arrhythmias. This is

potentially related to both their structural heterogeneity consisting of areas of fibrosis intermixed

with viable myocardium,3-35 but also due to neural remodeling which leads to sympathetic nerve-

sprouting after Ml in this region.1”36:37 This underlying structural and neural heterogeneity can

further contribute to occurrence of arrhythmias, particularly in the setting of sympathoexcitation.

Therefore, the potential beneficial effects of VNS in stabilizing these particular regions have

significant electrophysiological implications.
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Clinical significance

In this study, inducibility of ventricular arrhythmias was reduced by nearly 50% despite
sustained sympathetic activation. These results, taken together with the global and regional
electrical data suggest that vagal nerve stimulation can increase electrical stability, even during
states of high sympathetic tone (Figure 5, Central lllustration), and may present a promising
therapeutic option for treatment of ventricular tachyarrhythmias, even if acutely.

Limitations

General anesthesia with isoflurane is known to blunt autonomic responses. To limit this
effect, anesthesia was switched to a-chloralose to reduce anesthetic effects on autonomic
responses.?® In addition, our results reflect the effects of acute sympathetic and vagal nerve
stimulation. Chronic effects of intermittent vagal nerve stimulation during states of
sympathoexcitation require further study.

Moreover, while scar and border zones are known to play important roles in harboring
circuits that cause VT in ischemic heart disease, transmural gradients between these sites may
compound myocardial heterogeneities.® In this study, however, accurate pairing of electrodes
was not possible. Therefore, the role of transmural gradients in exacerbating arrhythmias could

not be assessed.

PERSPECTIVES
Competency in medical knowledge

While beta-blockers remain a part of standard anti-arrhythmic therapy for patients with
ventricular arrhythmias, sympathoexcitation may amplify arrhythmogenicity through non-
adrenergic pathways, leaving patients refractory to traditional therapies. Detailed
electrophysiological mapping in a chronically infarcted porcine model in this study demonstrated

that modest levels of vagal nerve stimulation mitigated sympathetically-driven shortening of action
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potential duration and exacerbation of electrical heterogeneity, particularly in border zone and
scar regions, significantly reducing VT during sympathoexcitation.
Translational outlook

This study demonstrates the acute beneficial effects of vagal nerve stimulation in
mitigating the pro-arrhythmic effects of sympathoexcitation in a large animal model of chronic
myocardial infarction. These findings add to the growing body of literature on the safety and
efficacy of vagal nerve stimulation for treating heart failure. Further studies are needed to
determine whether these effects are also observed in patients with ventricular arrhythmias, and
whether vagal nerve stimulation can reduce burden of ventricular arrhythmias in the setting of

ischemic cardiomyopathy.
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ABSTRACT

Background: Clinical trials of vagus nerve stimulation (VNS) in heart failure show mixed results,
in part due to varied stimulation parameters, which may fail to stimulate cardiomotor fibers
required for cardio-protection. However, overstimulation of the vagus nerve may cause adverse
effects. Thus, the aim of this study was to assess the beneficial effects of moderate frequency
VNS in patients with structurally normal hearts (SNH) and those with cardiomyopathy (CM). Thus,
we hypothesized that moderate frequency VNS (10 Hz) confers sufficient ventricular
electrophysiological effects.

Methods: Patients with SNH and supraventricular tachycardia (n = 5) and cardiomyopathy
patients with ventricular tachycardia (CM, n = 6) undergoing electrophysiology procedures were
recruited. A multi-electrode circular electrophysiology catheter was advanced from the femoral to
the right internal jugular vein via a long sheath. Bipolar electrode pairs were serially stimulated
and capture/stimulation of the vagus nerve identified by a negative chronotropic response.
Threshold current was defined as a 10-15% decrease in heart rate (HR) at 20 Hz and 1 ms pulse-
width. Stimulation was then performed at threshold current for 10 seconds at 10 and 20 Hz.
Endocardial unipolar electrograms were continuously recorded using ventricular multielectrode
mapping catheters and used to calculate activation recovery intervals (ARI), a validated surrogate
of local action potential duration (APD). Electrodes were designated as overlying scar, border
zone, or viable myocardium based on standard bipolar voltage mapping criteria in CM patients.
ARIs were corrected for HR by the Framingham method.

Results: The current of stimulation was 13.2 + 1.7 mA in SNH and 14.4 + 3.1 mA in CM (p = ns).
VNS at 20 Hz significantly decreased HR (p < 0.01) in both SNH and CM patients (12.6 £ 1.4%
in SNH vs 12.9 £ 1.7% in CM, p = ns) while significantly prolonging global ventricular ARIs (2.2 +
0.4% in SNH vs 4.6 + 1.0% in CM, p = ns). The chronotropic effects of 10 Hz VNS were similar to
20 Hz in SNH (12.0 £ 1.4% at 10 Hz vs 12.6 £ 1.4% at 20 Hz, p = ns) but blunted in CM patients

(12.0 £ 1.4% in SNH vs 4.9 £ 2.4% in CM, p < 0.05). Surprisingly, despite reduced chronotropic
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responses, global ARI prolongation persisted (4.0 £ 0.7% at 10 Hz vs 4.6 + 1.0% at 20 Hz, p =
ns) in CM patients. Importantly, ARI prolongation was observed in scar (326 + 23 to 340 + 22 ms,
p < 0.05) and border zone regions (312 + 18 ms to 323 + 17 ms, p < 0.05). Moreover, after
correcting ARI for heart rate (ARIc), 10 Hz VNS in CM patients caused significantly greater
prolongation in ARIc than 20 Hz (1.8 £ 0.6% at 10 Hz vs -1.0 + 0.6% at 20 Hz, p < 0.05), suggesting
that higher frequency VNS may potentially cause a net shortening of ventricular APD.

Conclusions: Acute application of moderate frequency VNS (10 Hz) demonstrated ventricular
electrophysiological effects, with ARI prolongation observed in scar and border zone regions in
diseased hearts. This human data validates previously reported effects of moderate frequency
VNS in large animal infarct models. Stimulation at 20 Hz is unnecessary and may have negative
ventricular electrophysiological effects. Further clinical trials assessing electrophysiological

effects of chronic VNS in humans are required.
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INTRODUCTION

Clinical trials investigating the benefits of vagal nerve stimulation (VNS) in heart failure (HF)
have shown mixed results. This variation is perhaps due to inconsistent stimulation parameters,*-3
which may fail to adequately stimulate cardiomotor fibers required for cardio-protection.* However,
overstimulation of the vagus nerve may cause adverse off-target effects, such as cough and
dyspnea due to unintended activation of the recurrent and superior laryngeal nerves.®> Additionally,
vagal nerve stimulation may have undesirable effects system-wide, such as gut discomfort, via its
afferent and efferent innervation of numerous organ systems.%’

The INcrease Of VAgal TonE in CHF (INOVATE-HF) trial starting in 2011 performed VNS
at 1-2 Hz via a closed-loop delivery system,? mimicking parameters that were previously successful
in the CardioFit Pilot study by De Ferrari et al.2® However, it was determined that they failed to reach
their primary end points of reductions in death and HF events.'° Later that same year, the Neural
Cardiac Therapy for Heart Failure Study (NECTAR-HF) trial began, instead employing VNS at 20
Hz in an open-loop implementation.®* However, while NECTAR-HF seemed to show some
improvement of quality of life parameters (Minnesota Living with Heart Failure Questionnaire, New
York Heart Association class, and SF-36 Physical Component), it failed to show improvements in
cardiac remodeling and functional capacity at either 6 or 12 months.'*? Lastly, the Autonomic
Neural Regulation Therapy to Enhance Myocardial Function in Heart Failure (ANTHEM-HF) trial
looked for benefit of VNS at 10 Hz of stimulation.! Despite the apparent failure of the prior two trials,
ANTHEM-HF has shown benefit as early as 6 months lasting throughout the current observation
period of 4 to 5 years.'® The improvements seen in the ANTHEM-HF trial are reflected by
improvements in cardiac mechanical, electrical, and autonomic function.}42° Moreover, studies
further suggest that that VNS may be a favorable adjunct treatment to guideline directed medical
therapy,?! and notably beta-blockade.??

However, experimental evidence suggests large frequency dependent differences and

benefits,42324 perhaps underlying the differential results stemming from these clinical trials.
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NECTAR-HF, which employed a relatively high frequency stimulation of 20 Hz, was limited by off-
target effects during up-titration. ANTHEM-HF on the other hand which employed a moderate
frequency of stimulation at 10 Hz allowed up-titration until a negative chronotropic response was
seen.

Clinical trials for vagus nerve stimulation thus far have relied on changes in heart rate
dynamics to guide VNS titration,'® also causing dysphonia in some patients at amplitudes required
to cause heart rate changes.'® However, while current guidelines suggest that bradycardia is the
accepted biomarker for efficacy of VNS,?® experimental data suggests that heart rate effects may
not be necessary to achieve the ventricular benefit that is of interest in this patient population.2°:3
Thus, the optimal parameters for focused ventricular cardioprotection remain unclear.

To date, no study has directly examined the ventricular electrophysiological effects of vagal
nerve stimulation in humans. Prior studies assessing data from clinical trials are limited by their
episodic assessment of functional, but non-invasive parameters which lack mechanistic power.
While moderate frequency VNS (10 Hz) shows support for treating heart failure and cardiovascular
dysfunction, it remains unclear 1) what the ventricular electrophysiological benefits of VNS are and
2) if it has any potential as an acute anti-arrhythmic intervention. Moreover, evidence for relatively
limited parasympathetic innervation of the ventricles?® coupled with studies indicating a functional
parasympathetic denervation in infarcted and ischemic regions?’ suggests that direct ventricular
effects in the setting of chronic structural heart disease may be limited. It is thus possible that many
of the benefits of chronic VNS may be driven primarily via control of sinus rate or even general
inflammation.?® Lastly, it remains to be seen whether high frequency VNS (20 Hz) may confer
additional benefits over moderate frequencies of stimulation (10 Hz), especially in patients with
structural heart disease. Thus, the aim of this study was to assess the beneficial ventricular effects
of moderate frequency VNS in patients with structurally normal hearts (SNH) and those with

cardiomyopathy (CM).
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METHODS

This study was approved by the University of California, Los Angeles, Human Institutional
Review Board. Patients with ischemic cardiomyopathy (CM, n = 6) and recurrent ventricular
arrhythmias referred for catheter ablation were recruited. Patients with structurally normal hearts
(n = 5) referred for electrophysiological study for possible supraventricular tachycardia also
underwent the same experimental protocol as patients with CM, Figure 1. Detailed written
informed consent for the study was obtained from all patients. Patients with hemodynamic

instability were excluded from the protocol at the discretion of the investigator.

Parasympathetic

Informed . Lo
Consent Patient groups Study setup activation
Ischemic cardiomyopathy (CM) Electroanatomic voltage mapping using Administer phenylephrine
undergoing VT ablation —» multi-electrode catheter as per standard EP study (intravenous, 1-2 meg/kg)
(n=6) to delineate scar, border zone, and viable

Patients undergoing Stimulate with same

EP(‘.zlibﬁt)lon current at 10 Hz
| Structurally normal hearts (SNH) Serially stimulate electrode pairs from Find threshold current
undergoing SVT ablation — = circular ring catheter in internal jugular ———3» giving 10-15% decrease
n=25) to find vagal nerve capture in heart rate at 20 Hz
Threshold current (mA} PE dosage (mcg/kg)
NH 1.3 +0.1
SNH 13.211.7::“):0_7 S 3+0 Jp=02
CM 144+ 31 CM 18+03

Figure 2-1. Study protocol and procedure.

Electrophysiology study and electroanatomic mapping

All antiarrhythmic medications were discontinued a minimum of 12 hours before
electrophysiology study. Single or double transseptal catheterization was performed in all patients
with ICM but only in those normal patients whose electrophysiology study dictated the necessity for
left atrial or LV access. When necessary, epicardial access was obtained in patients with ICM using
the method described by Sosa et al. An endocardial, and when necessary, an epicardial voltage
map was created to assess for the presence of normal, scar, and border zone regions in all patients

with ICM using either the CARTO (CARTO XP; Biosense-Webster, Diamond Bar, CA) or Nav-X (St.
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Jude Medical, St. Paul, MN) electroanatomic mapping systems. Scar was defined as areas with
electrogram (EGM) amplitude <0.5 mV. Border zone regions were defined by areas with EGM
amplitude between 0.5 and 1.5 mV. Viable myocardium was defined as areas with EGM amplitude
>1.5mV.

Ventricular electrophysiological recording and analysis

Duodecapolar (20-electrode) or HD GRID (16-electrode) electrophysiology catheters were
placed in the left ventricle to continuously record local unipolar electrograms via a GE CardioLab
System (Boston, MA). Unipolar electrograms were bandpass filtered 0.05 Hz to 500 Hz. Electrodes
in the distal inferior vena cava were used as the unipolar references for this catheter. Catheters
were carefully positioned to obtain a minimum of 4-5 electrodes per electrical region and the location
of each electrode with respect to the electroanatomic map was noted.

Activation recovery intervals (ARIs) were analyzed to estimate regional action potential
durations, using customized software, iScaldyn (University of Utah, Salt Lake City, UT).?%3° ARl is
a reliable surrogate for action potential duration and has been validated in both animal models and
humans.?®31 Activation time was measured as the time of dV/dtmi, of depolarization from the initial
deflection, and repolarization time was measured as the time of dV/dtnax Of repolarization; the
difference, AR, reflects action potential duration at the electrode site and correlates well with APD
during different interventions.3?

Electrograms with unclear or biphasic repolarization waves were excluded after visual
confirmation. Electrodes overlying very dense scar (voltage < 0.05 mV) that did not give rise to a
discernable electrogram were also excluded. Based on its electrode location on the electroanatomic
map, and as confirmed by fluoroscopy, the local changes in ARI were categorized as reflecting
changes in the normal, border zone, or scar regions of the myocardium. In the case of structurally
normal hearts, the average change in ARI of all electrodes reflected healthy myocardium.

Parasympathetic activation via vagal nerve stimulation and baroreflex activation
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A circular electrophysiology catheter (7-Fr Inquiry Optima, 2-2-2 electrode spacing, 20
electrodes; St. Jude Medical) was introduced via the femoral vein to the right internal jugular vein
via a long sheath (Figure 2A). Bipolar electrode pairs were serially stimulated using a Micropace
EPS320, and capture/stimulation of the vagus nerve was identified by a negative chronotropic
response. The right vagal nerve was chosen to better compare results of clinical trails which
generally looked at right-sided stimulation.>23 The vagal nerve was stimulated at a frequency of 20
Hz and pulse-width of 1 ms. The current of stimulation was gradually titrated to a response yielding
a 10-15% decrease in heart rate (HR) which was defined as the threshold current. The threshold
current was not significantly different between SNH and CM patients (13.2 £ 1.7 mAin SNH vs 14.4
+ 3.1 mA; p =0.7), Figure 1. Stimulation was then performed at threshold current for 10 seconds at
10 Hz and 20 Hz.

The parasympathetic arm of the baroreflex response was engaged by bolus administration
of the alpha-1 selective agonist, phenylephrine (PE). PE (intravenous, 1-2 mcg/kg) was
administered to increase systolic blood pressure by 20-30 mmHg. The dosage of PE was similar
between SNH and CM patients (1.3 + 0.1 mcg/kg vs 1.8 £ 0.3 mcg/kg; p = 0.2), Figure 1.
Statistical analysis

Data are reported as mean + SEM. Global ARIs were calculated as the mean ARI across
all electrodes and regional ARIs as the mean ARI of the electrodes classified by electroanatomic
mapping. Paired two-tailed Student’s t-test was used to compare parameters before and during
parasympathetic activation. For responses to VNS and PE, percent changes in parameters from
baseline were calculated first; then paired two-tailed Student’s t-test was used to compare efficacy
of different frequencies of VNS and unpaired two-tailed Student’s t-test was used to make
comparisons between SNH and CM patients. Repeated measures mixed effects analysis was used
to assess differences between VNS and PE and corrected for the false discovery rate by the
Benjamini Hochberg method. All statistical analyses were performed with GraphPad Prism software

v9. P < 0.05 was considered statistically significant.
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RESULTS
Chronotropic effects of moderate frequency vagal nerve stimulation in patients with
structurally normal hearts and cardiomyopathy

Given that the accepted biomarker for VNS efficacy is changes in heart rate dynamics,
we first sought to determine the differential chronotropic effects of 10 Hz and 20 Hz VNS in
health and disease. High frequency VNS (20 Hz) significantly decreased heart rate in SNH (84.8
+ 5.3 bpm to 74.0 + 4.3 bpm, p < 0.05) and CM (74.2 + 6.4 bpm to 65.4 + 5.5 bpm, p < 0.05),
Figure 2B. However, while moderate frequency VNS (10 Hz) significantly lowered heart rate in
SNH (84.4 £ 5.5 bpmto 73.5 + 4.4 bpm, p < 0.05), it did not have an effect in CM patients (74.8
+ 6.3 bpm to 70.5 + 5.7 bpm, non-significant), Figure 2B.

Both 10 and 20 Hz VNS exhibited similar bradycardic effects in SNH patients (-12.7 *
1.1% with 10 Hz vs -12.6 £ 1.6% with 20 Hz, non-significant), Figure 2C. Interestingly, while 20
Hz VNS was in SNH was comparable to 20 Hz VNS in CM (-12.6 = 1.6% in SNH patients vs -
12.3 £+ 1.7% in CM patients, non-significant), effects of 10 Hz VNS were significantly blunted (-
5.3 +2.3%, p<0.05vs 10 Hz in SNH patients, p < 0.01 vs 20 Hz in CM patients).
Ventricular electrophysiological effects of vagal nerve stimulation

Although in CM patients, 10 Hz VNS lacked significant chronotropic effects and seemed
less effective in patients with CM compared to 20 Hz of the same amplitude, we next sought to
determine if these effects were consistent with changes at the ventricular level. Ventricular
multipolar catheters allowed us to record unipolar electrograms directly from the ventricular
myocardium and assess local changes in action potential duration (Figure 2D, example of
duodecapolar catheter in SNH patient).

In concordance with the chronotropic effects of VNS, 20 Hz VNS prolonged global
ventricular ARIs by an average of 7 ms in SNH (298 £ 16 ms to 304 £ 16 ms, p < 0.05) and 14
ms in CM (318 £ 17 ms to 332 + 18 ms, p < 0.05), Figure 2E. Similarly, 10 Hz VNS prolonged

global ventricular ARI by 9 ms in SNH (297 £ 15 ms to 306 + 17 ms, p < 0.05), Figure 2E.
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Figure 2-2. Effects of frequency on vagal nerve stimulation effects in structurally normal hearts and
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cardiomyopathy. (A) A circular electrophysiology catheter was positioned in the internal jugular vein (1J)
for trans-jugular vagal nerve stimulation (VNS). (B, C) VNS lowered heart rate (HR) at both 10 Hz and 20
Hz in structurally normal hearts (SNH), but HR effects of 10 Hz VNS were blunted in cardiomyopathy (CM)
patients. (D) Unipolar electrograms were acquired via endocardial multi-electrode electrophysiology
catheters for ARI measurement (example from SNH). (E, F) Global ARIs were prolonged by VNS in both
SNH and CM patients, but not significantly different between 10 Hz and 20 Hz. RAO = right anterior oblique;

ARI = activation recovery intervals.

However, while 10 Hz VNS in CM patients failed to elicit a significant chronotropic response, it
significantly prolonged ventricular ARI (317 £ 17 ms to 330 + 17 ms, p < 0.05), Figure 2E.
While high frequency (20 Hz) VNS was necessary to achieve significant bradycardic
effect in CM patients, moderate frequency (10 Hz) VNS was sufficient to achieve ventricular
effect. The ventricular benefit yielded by 10 Hz VNS in CM patients was thus not dissimilar from
20 Hz in CM or 10 Hz in SNH (3.9 * 0.6% with CM-10 Hz, non-significant vs CM-20 Hz and

SNH-10 Hz), Figure 2F.
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Regional differences of different frequency vagal nerve stimulation in patients with
structural heart disease

To determine whether these effects may be potentially anti-arrhythmic, we specifically
evaluated distinct electrical regions in CM patients by positioning the electrodes of the multipolar
catheter across regions of scar, border zone, and viable myocardium as identified by
electroanatomic mapping (Figure 3A, example of 16-electrode HD-GRID catheter in CM patient).
Electrograms from each of these electrodes w spatially mapped onto a 2D-schematic (Figure 3B)
to assess functional differences in the effects of VNS.

As 10 Hz and 20 Hz VNS differed in their chronotropic effects while bearing similar
ventricular effects, we first controlled for the effects of sinus rate on ventricular action potential
duration to better distinguish between direct and indirect ventricular benefits of VNS. Interestingly,
while 10 Hz VNS prolonged HR-corrected ARIs (ARIc) by 5ms (343 + 11 msto 348 £ 11 ms, p <
0.05), 20 Hz VNS tended to shorten ARIc by 5 ms (343 + 11 ms to 338 + 10 ms, non-significant),
Figure 3C. Effects of 10 Hz VNS on ARIc were significantly greater than 20 Hz VNS (1.6 + 0.6%
with 10 Hz vs -1.3 + 0.6% with 20 Hz, p < 0.05), suggesting that 10 Hz VNS may have greater
direct ventricular effects, Figure 3C.

Given that 10 Hz VNS appeared to have greater direct effects on the ventricles than 20 Hz
VNS, we assessed the specific localization of the effects of 10 Hz VNS within the ventricles. As
ventricular infarct (scar) and peri-infarct (border zone) sites are known to play roles in the initiation
and propagation of ventricular tachyarrhythmias,® we specifically aimed to map these effects to
these electrical subregions. Although 10 Hz VNS exhibited global effects, viable regions of the
myocardium specifically did not significantly prolong (318 + 14 ms to 325 £ 14 ms, non-significant),
Figure 3E. However, regional ARlIs of both scar (323 £ 21 ms to 336 + 20 ms, p < 0.05) and border
zone (311 £ 16 ms to 323 + 16 ms, p < 0.05) regions significantly prolonged, Figure 3E. However,

these differences were not significantly different between regions.
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Figure 2-3. Regional effects of vagal nerve stimulation in cardiomyopathy patients. (A)
Representative bipolar voltage map of a cardiomyopathy (CM) patient with a 16-electrode HD GRID
mapping catheter. Electrodes are overlying viable (purple, voltage >1.5 mV), border zone (multicolor,
between 0.5-1.5 mV) and scar (grey, <0.5 mV) regions. (B) Schematic of electrode positions used to assess
regional changes in activation recovery interval (ARI). (C) Correcting ARI for HR (ARIc) revealed that 10
Hz VNS may have greater ventricular electrophysiologic effects than 20 Hz VNS. (D) Example of polar map
before and during 10 Hz VNS showing global prolongation of ARI. (E) ARIs prolonged in scar and border

zone areas, regions known to play a key role in arrhythmogenesis.

Effects of baroreflex engagement on ventricular electrical parameters

Lastly, we sought to test endogenous vagal function in SNH and CM patients by pressor
test. Given our findings of moderate frequency of VNS on ventricular APD but not heart rate, we
questioned whether these findings would extend into the baroreflex response. Importantly, the
cardiovascular reflex to a pressor challenge is thought to be reflective of native parasympathetic

function and is known to be depressed in the setting of chronic disease.
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Figure 2-4. Effects of baroreflex activation in structurally normal hearts and cardiomyopathy

patients. (A) Phenylephrine (PE) significantly increased systolic blood pressure in both structurally normal
hearts (SNH) and cardiomyopathy (CM) patients without significant differences between groups. (B)
Baroreflex activation significantly decreased heart rate (HR) in both groups but this response was blunted
in CM patients. (C) Ventricular activation recovery intervals (ARIs) significantly prolonged in both SNH and
CM patients with a trend for greater effects in CM patients. (D) Effects on ventricular ARI were not limited
to any electrical region in CM patients. (E) High frequency VNS caused similar prolongation to moderate

frequency VNS but was significantly less than PE administration.

Administration of phenylephrine significantly increased blood pressure in SNH (113 + 5
mmHg to 138 £+ 5 mmHg, p < 0.01) and CM (119 + 7 mmHg to 142 £+ 8 mmHg, p < 0.01).
Phenylephrine caused a reflex-driven bradycardic response in SNH (84 £ 6 bpmto 77 £ 5 bpm, p <
0.01)and CM (71 £ 6 bpm to 67 £ 6 bpm, p < 0.01). However, while there was no significant difference
in the direct response to alpha-adrenergic agonism (22.8 + 1.8% in SNH vs 20.1 + 1.7% in CM, non-
significant), the indirect response of a decrease in heart rate was significantly blunted (-8.6 = 0.9%
in SNH vs -5.7 £ 0.9% in CM, p < 0.05).

Phenylephrine administration significantly prolonged global ventricular ARI in both SNH (297
£ 15 ms to 309 + 18 ms, p < 0.05) and CM (343 + 35 ms to 368 £ 38 ms, p < 0.01). Similar to vagal

nerve stimulation, the chronotropic effects of baroreflex activation were not reflective of the
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ventricular benefit. Despite its diminished effects on heart rate in CM patients, phenylephrine
administration prolonged ventricular ARI significantly more in CM patients than SNH patients (4.0 £
0.9% in SNHvs 7.3+ 1.2% in CM, p =0.07).

In CM patients the ventricular effects of baroreflex activation by phenylephrine administration
were significantly greater than either 10 Hz or 20 Hz VNS (3.8 £ 0.6% in CM, p < 0.05 vs 10 Hz and
vs 20 Hz VNS), suggesting an important role for afferent activation in addition to vagal efferent

activation, in translating the beneficial effects of parasympathetic nervous system activation.

DISCUSSION
This is the first study in humans to assess in detail the direct ventricular effects of vagus
nerve stimulation. The present investigation combined myocardial unipolar electrical recordings from
the ventricles with detailed electrophysiological mapping to assess functional changes in the acute
efficacy of moderate frequency VNS (10 Hz), high frequency VNS (20 Hz), and baroreflex activation
(phenylephrine bolus). The major findings of this study in CM patients are:
1) Chronotropic effects of 10 Hz VNS are limited in comparison to 20 Hz VNS, but ventricular
effects are present at both frequencies.
2) Electrophysiological effects of 10 Hz VNS are focused to ventricular scar and border zone
regions as compared to 20 Hz VNS.
3) Baroreflex activation by phenylephrine showed a similar reduction in HR as 20 Hz VNS but
had significantly greater ventricular effects.
Effects of moderate versus high frequency vagal nerve stimulation in the setting of chronic
structural heart disease
Higher frequency nerve stimulation not only increases the frequency of neuronal
depolarization and proportionally the amount of neurotransmitter release, but may also alter the
identity of neurotransmitters and neuropeptides released.?® Thus, it is not unexpected that high

frequency VNS (20 Hz) as employed in NECTAR-HF, is expected to behave differently with perhaps
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greater benefit than the moderate frequency VNS (10 Hz) employed in ANTHEM-HF. However, with
the failure of NECTAR-HF to titrate 20 Hz VNS to the cardiac threshold due to incidence of off-target
effects, these additional cardiac benefits remain to be seen. Studies by Ardell et al. (2017)* which
investigated the “neural fulcrum” in healthy dogs corroborate these findings and additionally show
that, on the basis of chronotropic effects, high frequency VNS (20 Hz) may have greater efficacy
than lower frequency VNS at the same current.

Based on current heart rate criteria for defining amplitude of VNS, the absence of clear
chronotropic effects of 10 Hz VNS in CM patients may suggest that there was minimal cardiac benefit
in the present study. In these patients with structural heart disease, an established setting of altered
cardiac autonomic control,3* vagal nerve stimulation may thus be less effective. However,
experimental evidence from large animals suggests that 1) vagal nerve stimulation may be anti-
arrhythmic independent of its effects on heart rate,>6 and 2) vagal nerve stimulation may have more
potent ventricular effects, especially within scar and border zone regions,® known regions of
arrhythmogenesis in ischemic cardiomyopathies.3® These results may owe in part to a preservation,
or even increase of acetylcholine levels in these regions,®” and to the increased cardiac expression
of muscarinic receptors in heart failure.3®

The present study recapitulated these findings for the first time in humans, suggesting that
ventricular effects of vagal nerve stimulation may actually be enhanced in patients with
cardiomyopathy. Moreover, these data may be in line with findings that, although the synaptic
efficacy (coupling of stimulation frequency to depolarization frequency) of intrinsic cardiac neurons
to higher frequencies (= 20 Hz) was augmented shortly following myocardial infarction, these results
tend to normalize by 14 days after infarction.?* Thus, in the setting of chronic structural heart disease,
the ventricular benefits of vagal nerve stimulation may saturate at 10 Hz of stimulation.?* In the
present study, high frequency VNS (20 Hz) caused significant slowing of sinoatrial rate but without

further prolongation of ventricular action potential duration.
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While the neural fulcrum has provided invaluable experimental evidence for guiding clinical
trials of vagal nerve stimulation for heart failure, it may poorly reflect ventricular anti-arrhythmic
strategy. Taken together, these data reinforce the successes of the ANTHEM-HF trial, but further
suggest that optimal and focused ventricular benefit may be obtained with lower amplitude of
stimulation. Titration to the point of altered heart rate dynamics followed by a reduction in amplitude
may be ideal to balance ventricular benefit with avoidance of off-target effects and assuage concerns
of eventual tachyphylaxis.

Vagal nerve stimulation as an acute anti-arrhythmic strategy

Experimental evidence from animal models of chronic myocardial infarction suggest that
vagus nerve stimulation may be acutely anti-arrhythmic.3” The present study showed for the first time
in humans with structural heart disease that vagus nerve stimulation may, similar to what has been
shown in animal models, prolong ventricular action potential duration across scar and border zone
regions by almost 15 ms. This extent of prolongation mimics what has been seen in animal models
to be of a therapeutic threshold of VNS,3” and greater prolongation than other highly anti-arrhythmic
neuromodulatory approaches such as cardiac sympathetic denervation.®®

Importantly, these data suggest the potential for closed-loop VNS as a first line of defense
against sudden cardiac death, adjuvant to an implantable cardioverter defibrillator, that may increase
quality of life.*>44 Closed-loop VNS is currently under investigation for suppression of refractory
epileptic seizures (responding to pre-ictal tachycardia) with patients showing greater freedom from
ictal events than open-loop VNS,*46 and the translation of this VNS modality for treatment of
refractory ventricular arrhythmias warrants further study.

Baroreflex activation in chronic structural heart disease

In accordance with prior reports of autonomic dysfunction in the setting of cardiovascular

disease,*” CM patients exhibited an orthodox diminished baroreflex response, as reflected by a

lesser slowing of heart rate upon increases in arterial blood pressure. Interestingly, baroreflex
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activation induced a similar change in heart rate as 20 Hz VNS but caused a significantly greater
prolongation in ventricular action potential duration.

Baroreflex sensitivity is thought to be reflective of the function of the parasympathetic nervous
system,*® and has been shown to be a negative prognostic marker.*” Parasympathetic inputs to
sinoatrial node, and thus control of atrial and ultimately ventricular rate, may thus be affected but it
may be an incomplete reflection of autonomic activity at the level of the ventricles, let alone within
the scar and border zone regions. Although reduced baroreflex sensitivity may be a predictor of
cardiac mortality in part due to its insights into overall autonomic tone,*’ the results herein suggest
that lack of heart rate effects may be a poor indicator of ventricular benefit of neuromodulatory
approaches targeting this pathway.

Limitations

The current of stimulation employed in this study was higher than the range typically
employed in clinical trials investigating the effects of vagus nerve stimulation.*® However, these
differences are likely attributed to differences in stimulation modality. Helical cuff electrodes, such as
those employed in clinical trials, have the large advantage of direct delivery of current to the vagus
nerve combined with circumferential spread of current. Thus, transvascular VNS as used in this study
may require greater current to achieve sufficient capture of vagal fibers, especially those distal to the
internal jugular vein. Furthermore, anesthesia is known to blunt autonomic function and specifically,
the response to vagal nerve stimulation,* and as such, may have necessitated higher currents.

Lastly, the present study involved a relatively small number of patients and larger, multi-

center clinical trials are required to further corroborate these findings.

CONCLUSIONS
The preliminary assessment of efficacy measures of moderate frequency VNS (10 Hz), as
used in ANTHEM-HF, is promising and may be more favorable than 20 Hz VNS. Acute application

of 10 Hz VNS demonstrated ventricular electrophysiological effects, with APD prolongation observed
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in scar and border zone regions in diseased hearts, a major anti-arrhythmic mechanism. Stimulation
at 20 Hz is unnecessary and may not only cause off-target effects but have negative ventricular

electrophysiological effects.
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ABSTRACT

Myocardial infarction causes pathological changes in the autonomic nervous system, which
exacerbate heart failure and predispose to fatal ventricular arrhythmias and sudden death. These
changes are characterized by sympathetic activation and parasympathetic dysfunction (reduced
vagal tone). Reasons for the central vagal withdrawal and, specifically, whether myocardial
infarction causes changes in cardiac vagal afferent neurotransmission that then affect efferent
tone, remain unknown. The objective of this study was to evaluate whether myocardial infarction
causes changes in vagal neuronal afferent signaling. Using in vivo neural recordings from the
inferior vagal (nodose) ganglia and immunohistochemical analyses, structural and functional
alterations in vagal sensory neurons were characterized in a chronic porcine infarct model and
compared with normal animals. Myocardial infarction caused an increase in the number of
nociceptive neurons but a paradoxical decrease in functional nociceptive signaling. No changes
in mechanosensitive neurons were observed. Notably, nociceptive neurons demonstrated an
increase in GABAergic expression. Given that nociceptive signaling through the vagal ganglia
increases efferent vagal tone, the results of this study suggest that a decrease in functional
nociception, possibly due to an increase in expression of inhibitory neurotransmitters, may

contribute to vagal withdrawal after myocardial infarction.
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INTRODUCTION

The autonomic nervous system plays an important role in the regulation of cardiac
function.1? Cardiac disease causes significant pathological changes in the autonomic nervous
system that result in sympathovagal imbalance, as reflected by sympathetic activation and vagal
withdrawal.®# Notably, enhanced vagal drive has been shown to be anti-arrhythmic, increasing
cardiac action potential duration, slowing heart rate, preventing intracellular calcium overload, and
reducing ventricular tachycardia (VT) inducibility.>6

In the setting of myocardial injury, progressive vagal efferent dysfunction occurs, as
reflected in noninvasive markers such as decreased heart rate variability. These changes are
associated with an increased risk of ventricular arrhythmias in patients with myocardial infarction
(MI) and increased mortality in heart failure.”® The mechanisms underlying parasympathetic
dysfunction and vagal withdrawal remain unclear.

In normal hearts, activation of cardiac afferent neurons, notably, vagal nociceptive
neurons, leads to increased vagal efferent outflow.® These pseudo-unipolar cardiac-specific
sensory neurons reside in the inferior vagal (nodose) ganglia and transmit signals from the heart
to the brainstem,? subsequently modulating efferent vagal outflow to the heart.!! Increased vagal
afferent nociceptive neurotransmission is associated with increased efferent vagal drive in normal
hearts. However, no studies have evaluated changes in afferent vagal neurotransmission after
cardiac disease to delineate abnormalities that may contribute to vagal dysfunction, and it is
unknown if myocardial infarction can cause extra-thoracic vagal neuronal remodeling. In this
study, we hypothesized that chronic MI causes changes in parasympathetic afferent
neurotransmission. To understand these alterations, we probed structural and functional
alterations in the nodose ganglia neurons in both normal and chronically infarcted porcine

animals.
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RESULTS
Effect of myocardial infarction on nodose neurons

It is unknown if Ml is associated with phenotypical changes in the neurons of the nodose
ganglia. To assess these alterations after Ml, ganglia were harvested from chronically infarcted
animals as previously described,>*? then compared with ganglia from healthy animals.
Morphological changes and protein expression profiles were assessed in animals with chronic Ml
with left anterior descending coronary artery (LAD) occlusion (Figure 1) and in animals with right
coronary artery (RCA) infarction, to determine whether the location of the infarct affected the
laterality of changes observed (i.e., in right vs. left vagal/nodose ganglia neurons). Overall, there
was a modest increase in the size of nodose ganglia neurons after MI. The mean neuronal size
in healthy animals was 1204 + 37 ym? (n = 10) versus 1451 + 61 ym? in LAD-infarcted animals (n
=9, P =0.004 vs. healthy animals) and 1411 + 56 pm? in RCA-infarcted animals (n=7, P =0.014
vs. healthy animals, Supplemental Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.155747DS1). No change in soma counts was observed
between normal and Ml animals.

To assess phenotypic changes associated with MI, expression of receptors and peptides
involved in purinergic signaling and cardiac nociception, as reflected by expression of adenosine
receptor P2RX3 and CGRP, were assessed. Animals with chronic LAD infarcts exhibited
significantly higher expression of both P2RX3 (26.2% + 3.9% in Ml vs. 12.2% + 1.9% in normal
animals, P = 0.005) and CGRP (17.3% + 2.0% in LAD-MI vs. 10.3% % 0.8% in normal animals, P
= 0.005), which are receptors and peptides, respectively, involved in nociceptive
neurotransmission. Conversely, the expression of the neuromodulator, neuronal NOS1 (11.6% +
0.7% in Ml vs. 15.5% + 0.7% in normal animals, P = 0.002), was attenuated after MI (Figure 2).
However, there was no change in the expression of PIEZO2, a mechanosensitive ion channel
involved in cardiac mechanotransduction (59.8% + 1.9% in MI vs. 56.0% + 3.0% in normal

animals, P = 0.32, Figure 2).1® The differences between normal and LAD infarcted animals
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Figure 3-1. Assessment of expression profiles of left vs. right nodose ganglia neurons in normal

and LAD-infarcted animals. (A) Creation of myocardial infarct in the LAD distribution. Left panel:
representative coronary angiography. Middle panel: Coronary artery angiography after microsphere
injection showing occlusion at the mid-LAD. Right panel: Representative gross image of an infarcted heart
showing scar in the region vascularized by the LAD. (B) Nodose ganglia from normal and infarcted animals
were removed and analyzed for immunohistochemical changes. Scale bars are 5 mm (top), 50 ym (bottom).
(C) Percentages of nodose ganglia neurons from normal and (D) infarcted (MI) animals expressing P2RX3,
CGRP, PIEZO2, and NOS1 were quantified. No difference in the expression profiles of neurons between

the left and right nodose ganglia was found in either normal or infarcted animals for P2RX3 (normal left vs.
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right nodose: P = 0.82; Ml left vs. right nodose: P = 0.67), CGRP (normal left vs. right nodose: P = 0.82; M
left vs. right nodose: P = 0.89), PIEZO2 (a mechanosensitive ion channel; normal left vs. right nodose: P =
0.97; Ml left vs. right nodose: P = 0.67), or NOS1 (normal left vs. right nodose: P = 0.82; MI left vs. right
nodose: P = 0.67). n = 6 pairs of nodose for P2RX3 in normal animals and CGRP in both normal and Mi
animals. n = 5 pairs of nodose ganglia for PIEZO2 in normal and Ml animals. n = 8 pairs of nodose ganglia
for NOS1 in normal and Ml animals. Data shown as mean + SEM; paired, 2-tailed Student’s t test with the
false discovery rate corrected by the Benjamini-Hochberg method was used for analyses. CGRP, calcitonin
gene-related peptide; LV, left ventricle; NOS1, nitric oxide synthase 1; P2RX3, P2X purinoceptor 3; RV,

right ventricle.

remained significant whether data was analyzed by animal (Figure 2) or by individual nodose
ganglia (Supplemental Figure 2).

Subsequently, we analyzed the effect of the location of the Ml (LAD vs. RCA infarction)
on phenotypical changes in nodose ganglia neurons. When comparing neural remodeling
between LAD-infarcted (n = 10) and RCA-infarcted (n = 7) animals, no significant differences in
protein expression profiles were noted. Nodose ganglia from RCA-infarcted animals also
demonstrated a significant increase in CGRP and P2RX3 expression, a decrease in NOS1
expression, and no significant change in PIEZO2 expression (Supplemental Figure 3), suggesting
that these pathological phenotypical changes occurred regardless of the location of infarction.
Animals with RCA infarction showed a modestly greater increase in CGRP expression as
compared with animals with LAD infarction (27.4% % 2.7% in RCA- vs. 17.3% + 2.0% in LAD-MI,
P = 0.04, Supplemental Figure 3).

Phenotypical changes in left versus right nodose ganglia

To assess whether different territories of MI influenced laterality and degree of neural
remodeling in the nodose ganglia, left versus right ganglion differences were compared in normal
animals and in those with LAD and RCA infarcts. No discernable differences in expression of
CGRP, P2RX3, NOS1, or PIEZO2 were observed between the left and right nodose ganglia in

normal animals (Figure 1). Similarly, both the left and right nodose ganglia showed comparable
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Figure 3-2. Immunohistochemical assessment of neurons in the porcine nodose ganglia.
Representative images of nodose ganglia from normal (left) and LAD-infarcted (right) pig nodose ganglion
stained and quantified for (A and B) P2RX3, (C and D) CGRP, (E and F) PIEZO2, and (G and H) NOS1.
Expression of P2RX3 and CGRP were increased after chronic LAD infarction (P = 0.005 for normal vs.
infarcted animals for P2RX3 and CGRP). PIEZO2 expression remained unchanged (P = 0.32). Expression
of NOS1 in the nodose ganglia was reduced after LAD infarction (P = 0.002 for normal vs. infarcted

animals). n = 10 pigs per group for P2RX3 and CGRP quantification, n = 5 pigs per group for PIEZO2, and
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n = 8 pigs per group for NOS1; data are shown as mean + SEM; unpaired, 2-tailed Student’s t test was

used for comparisons. Scale bars are 50 ym.

pathological changes in LAD- and RCA-infarcted animals, with a lack of laterality in the altered

expression of CGRP, P2RX3, NOS1 (Figure 1 and Supplemental Figure 3).

Basal activity of nodose ganglia neurons in infarcted and healthy animals

To assess functional changes in cardiac vagal afferent signaling, the activity of neurons in
the nodose ganglia in both normal and chronically infarcted animals (chronic RCA infarcts) were
recorded in vivo using linear microelectrode arrays (Figure 3). To specifically identify cardiac
related nodose neurons, the responses of nodose neurons to cardiac stressors/interventions,
including epicardial application of chemical and mechanical stimuli, IVC occlusion, aortic
occlusion, and ventricular pacing, were evaluated in all animals (normal: n = 11 pigs; RCA-MI: n
= 11 pigs). Basal neural activity was also analyzed (prior to application of cardiac stressor). Of
note, RCA-infarcted animals (which have posterior/dorsal ventricular scars) were used for
functional neuronal recording studies to determine responses of vagal afferents to chemical
stimuli on the anterior ventricles/viable regions, without the potential confounding effects of scar
and denervation that may affect responses. Changes in hemodynamic parameters in response to
the above cardiac stressors are shown in Supplemental Table 1. In 11 normal animals, 97 cardiac
related neurons (8.8 £ 2.1 per animal), and in 11 infarcted animals, 133 cardiac related neurons
(12.1 £ 4.5 per animal), were identified based on their significant responses (using the Skellam
test)! to cardiovascular interventions (Figure 3).

No significant differences between basal firing rates of left versus right nodose cardiac
related neurons in healthy animals were observed (left: 0.04 Hz [IQR 0.01-0.09 Hz], n = 37
neurons vs. right: 0.05 Hz [0.004-0.16 Hz], n = 56 neurons, P = 0.72). Similarly, no differences

in the basal firing rates of left versus right nodose cardiac related neurons of infarcted animals
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Figure 3-3. Functional analysis of nodose neuronal activity following MI. (A) Creation of right coronary
artery myocardial infarct. Left panel: representative coronary angiography (RCA) while placing the
percutaneous transluminal angioplasty catheter (PTA) in the RCA. The distal radiopagque marker indicates the
distal end of the angioplasty catheters where microspheres are injected. Right panel: Coronary artery
angiography after RCA infarct creation. Contrast dye was injected into the RCA to confirm the location of the

occlusion. (B) Representative magnetic resonance imaging (MRI) images of the RCA-infarcted heart. Scar
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tissues were confirmed by assessing the thickness and the color of the myocardial regions in the MRI image.
(C) Customized 16-channel linear microelectrode array probes were used to record nodose neurons in vivo.
(D) The neural probe was inserted in the nodose ganglion. (E) Representative sorted neuronal action
potentials for 3 neurons from 1 animal. Action potentials from individual neurons are illustrated in the right
panel. Left ventricular pressure (LVP) and electrocardiogram (ECG) were recorded simultaneously with neural
recordings. (F) Responses of 97 cardiac nodose neurons from 11 normal animals (8.8 £ 2.1 per animal) to
epicardial mechanical stimulation (EMS), epicardial nociceptive stimuli (NS), aortic occlusion (AO), inferior
vena cava (IVC) occlusion, and ventricular pacing (VP). Only significant responses (P < 0.05) to each stressor
based on the Skellam test are shown. (G) The response of 133 cardiac nodose neurons from 11 animals with
Ml involving the RCA to cardiac stressors are shown. (H) Nodose neuronal firing rate at baseline. There was
no difference in the basal activity of nodose neurons in normal versus MI animals. There was no difference in
the activity of neurons from the left versus right nodose ganglia. (n = 37, 56, 63, and 62 for normal-left nodose,
normal-right nodose, Mi-left nodose, and MI-right nodose ganglia, respectively.) Median and 95% confidence

intervals are shown, and Mann-Whitney U statistical test was used for comparisons.

were observed (left: 0.06 Hz [0.02—0.27 Hz], n = 63 vs. right: 0.07 Hz [0.007-0.38 Hz], n = 62, P
=0.80) (Figure 3).

Neurons that responded to at least 1 ventricular chemical stimulus and none of the
epicardial mechanical stimuli were categorized as chemosensitive cardiac neurons.
Mechanosensitive neurons were defined as neurons that responded to epicardial mechanical
stimuli and none of the chemical stimuli. If a neuron responded to both mechanical and chemical
stimuli, it was defined as a multimodal neuron consistent with previously published criteria.156
The basal activities of mechanosensitive, chemosensitive, and multimodal neurons were
compared in normal and infarcted animals to assess any potential differences in basal firing rates
of these neurons. No significant difference was found in the basal firing rates of mechanosensitive
(MI: 0.12 Hz [0.008-0.49 Hz] vs. normal: 0.16 Hz [0.10-0.38 Hz], P = 0.62), chemosensitive (MI:
0.08 Hz [0.03—0.31 Hz] vs. normal: 0.22 Hz [0.08—-0.23 Hz] P = 0.48), or multimodal (MI: 1.00 Hz
[0.32-3.80 Hz] vs. normal: 0.84 Hz [0.74-1.20 Hz] P > 0.99) neurons.

Cardiac phase-related neural activity
To assess the preferential activation of nodose neurons during specific parts of the cardiac

cycle, the timing of neuronal firing relative to the phase of the left ventricular pressure was
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evaluated (Figure 4). The cardiac cycle was divided into the following 4 phases: diastole,
isovolumetric contraction, systole, and isovolumetric relaxation (Figure 4). Although some nodose
neurons showed cardiac phase—-related activity in both normal and infarcted animals, there was
no significant difference in the normalized firing rates of neurons in each phase of the cardiac
cycle between normal and infarcted animals (diastole: 0.19 Hz [0.11-0.30 Hz] for normal vs. 0.18
Hz [0.11-0.25 Hz] for Ml animals, P = 0.98; isovolumetric contraction: 0.20 Hz [0.12—-0.25 Hz] for
normal vs. 0.14 Hz [0.08-0.27 Hz] for Ml animals, P = 0.17; systole: 0.28 Hz [0.24—0.43 Hz] for
normal vs. 0.24 Hz [0.17-0.29 Hz] for MI animals, P = 0.10; isovolumetric relaxation: 0.22 Hz
[0.13-0.34 Hz] for normal vs. 0.33 Hz [0.06—-0.43 Hz] for Ml animals, P = 0.63) (Figure 4),
suggesting that mechanotransduction of cardiac cycle pressure changes through the nodose
ganglia remained intact after Mls. These findings were consistent with the absence of differences
in PIEZO2 channel expression in nodose ganglia of normal versus infarcted animals.
Neuronal responses to cardiac interventions

Chemicals were applied to the anterior/ventral surface of the RV and LV in normal and
RCA-infarcted animals. In healthy animals, epicardial application of chemicals (e.g., capsaicin,
bradykinin, and veratridine) evoked responses in 13% of neurons, while aortic occlusion, EMS,
and IVC occlusion significantly changed firing rates in 34%, 23%, and 23% of neurons,
respectively. Ventricular pacing showed the greatest response (52%) in normal animals. In
chronically infarcted animals, epicardial application of chemicals engaged the greatest
percentage of neurons (60%), followed by ventricular pacing (43%) and aortic occlusion (37%).
IVC occlusion activated 33% of cardiac related neurons, and EMS affected the activity of 26% of
neurons (Figure 5). When comparing the percentage of neurons responding to specific
interventions between infarcted and normal animals, significant differences were only observed
in responses to nociceptive chemicals (normal: 13% vs. MI: 60%; Fisher’'s exact test, P < 0.0001).

In keeping with histological findings and cardiac phase synchronization data, no functional
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Figure 3-4. Cardiac phase-related neural activity. (A) Representative neural activity from 3 nodose
neurons. The first neuron (top, purple) fires during isovolumetric relaxation, the one in the middle fires during
systole, and the third (bottom, pink) fires stochastically. The characteristic extracellular action potential for
each neuron is also shown on the right. (B) Cardiac phases were divided into the following 4 phases: diastole
(D), isovolumetric contraction (IC), systole (S), and isovolumetric relaxation (IR). Each dot represents a
neural spike, and dots with the same color represent the spiking activity from the same neuron. The position
of each dot shows the LVP at each spike time. (C) Normalized firing rate of nodose neurons in each cardiac
phase. There is no significant difference between normal and RCA-infarcted animals (n = 12 for normal and

n = 44 for Ml animals). Median with IQR is shown, and Mann-Whitney U statistical test was used.

differences in responses to LV or RV EMS, or to significant blood pressure changes during IVC
and aortic occlusions, in normal versus infarcted animals were observed.
To further evaluate the response of cardiac nodose neurons to nociceptive stimuli, we

assessed the percentage of neurons that responded to each nociceptive chemical (Figure 5).
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Percentages of cardiac sensory neurons that responded to capsaicin (normal: 10% vs. MI: 30%,
P = 0.01), bradykinin (normal: 10% vs. MI: 42%, P < 0.001), and veratridine (normal: 7% vs. MI:
22%, P = 0.01) were all increased in infarcted animals.
Excitatory and inhibitory cardiac sensory responses

Given the increased prevalence of chemosensitive neurons in infarcted animals, we further
probed the magnitude of response and whether nociceptive chemicals had excitatory or inhibitory
effects on cardiac vagal neurotransmission, as these responses after Ml were unknown. In general,
most cardiac stressors caused both excitatory and inhibitory effects on the activity of cardiac
sensory neurons (Figure 5). In response to nociceptive stimuli, nodose neurons in healthy animals
showed a higher incidence of excitatory responses (increase in firing rates). Although the magnitude
of the absolute firing rates (regardless of activation or inhibition) was higher in response to
nociceptive chemicals after Ml (Supplemental Figure 4), surprisingly, the application of nociceptive
chemicals in infarcted animals showed a predominantly inhibitory response (Figure 5). Unlike
normal animals, the majority of the neurons in the Ml animals decreased their firing rates in
response to a chemical application (normal: 90% excitatory, 10% inhibitory vs. MI: 25% excitatory,
75% inhibitory, P < 0.001). No differences in excitatory or inhibitory responses were observed for
other cardiac interventions, including aortic and IVC occlusions, where interventions caused similar
excitatory and inhibitory responses in Ml versus normal animals.

Since the responses to cardiac nociceptive stimuli seemed to be specifically affected after
MI, additional detailed analyses of neural responses to epicardial application of each nociceptive
chemical were undertaken. In normal animals, capsaicin and bradykinin both evoked purely
excitatory responses from all recorded chemosensitive nociceptive neurons (i.e., an increase in
firing rate was seen in these neurons in response to bradykinin and capsaicin, Figure 5).
Surprisingly, in chronically infarcted animals, capsaicin evoked a significant decrease in the firing
activity of 91% of recorded chemosensitive/nociceptive neurons, while bradykinin resulted in an

inhibitory response in 72% of chemosensitive/nociceptive neurons (P < 0.001 vs. responses in
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Figure 3-5. Nodose neural responses to specific cardiac interventions. (A) Percentages of neurons with
significant changes in absolute firing rates in response to ventricular pacing (VP), aortic occlusion (AO),
epicardial mechanical stimulation (EMS), inferior vena cava (IVC) occlusion, and nociceptive stimuli (NS)
are shown. (B) Percentage of chemosensitive neurons that responded to each specific chemical stimulus
is shown (capsaicin, CAPS; bradykinin, BRADY; veratridine, VERAT) in normal and MI animals. (C)
Percentage of neurons that were excited or inhibited in response to each cardiac stressor is shown. The
predominant response to nociceptive stimuli in normal animals was excitatory (an increase in firing rate: +)
while the predominant response to nociceptive chemicals in RCA-infarcted animals was inhibitory (a
decrease in firing rate: -). (D) The percentage of neurons that were excited or inhibited for each specific
chemical in normal and RCA-infarcted animals is shown. Both capsaicin and bradykinin caused statistically
significant decreases in firing rates. Fisher’s exact test with Dunn’s correction for multiple comparisons was
used to compare the percentage of neurons in normal and MI animals. **0.001 < P < 0.01, P < 0.001
compared with normal animals.

normal animals for bradykinin and capsaicin). Furthermore, cardiac sensory neurons that were

inhibited by 1-minute application of nociceptive chemicals showed continued inhibition of firing
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compared with baseline for up to 1 minute after removal of the chemical and cessation of stimuli
(Figure 6). In normal animals, the temporal response of cardiac neurons that showed excitatory
responses to nociceptive stimuli terminated after removal of the nociceptive stimulus

(Supplemental Figure 5).

A BL BRADY POST B
1.5
e 1
activity | : 2104 e
=
N :
BL CAPS POST é ;

5
sall]| Ty reyy:
activity | BL 20 40 60 20 40 60 S

Nociceptive Post-
- stimuli stimuli
1 min

Figure 3-6. Temporal profile of nociceptive neural responses in infarcted animals demonstrates
inhibition of firing during nociceptive chemical application of capsaicin and bradykinin, which
persists after removal of the nociceptive chemical. (A) Representative inhibitory response of 2 nodose
neurons to bradykinin (BRADY) and capsaicin (CAPS) in a chronic RCA infarct. (B) Quantified temporal
inhibitory responses of neurons (n = 80) to nociceptive stimuli in the RCA-infarcted animals show
persistence of inhibition of neural firing rates even after removal of the stimulus/chemical. Data are shown
as mean = SEM. Dunn’s multiple-comparison tests were used to compare the normalized firing rate versus
baseline (BL). *P < 0.001 compared with BL.

Modulation of nociceptive neurons via GABAergic expression, glial activation, and
neuronal nitric oxide synthase

To determine potential alterations in neuronal phenotype that may explain why nodose
nociceptive neurons from chronically infarcted animals may display an inhibitory response, we
analyzed additional neurochemical changes in CGRP-positive neurons, as these neurons are
involved in nociception and release CGRP upon activation of transient receptor potential cation
channel subfamily V member 1 (TRPV1). Several potential neuromodulatory factors have been

shown to affect the activity of nociceptive neurons in other sensory ganglia (i.e., dorsal root
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Figure 3-7. Non-selective augmentation of satellite glial cell activation following myocardial infarction
in the nodose ganglia. (A) Representative images of nodose ganglia from normal (N; left) and LAD-infarcted
(MI; right) pigs stained for GFAP (red) and CGRP (purple). (B) Summary of the percentage of neurons
surrounded by GFAP* satellite glial cells as a subset of all neurons, CGRP* neurons, and CGRP~ neurons is
shown. There was a statistically significant increase in GFAP expression after Ml (P < 0.001 for infarcted vs.
normal animals). This was, however, true for both CGRP-positive (P = 0.03 for infarcted vs. normal animals)
and CGRP-negative neurons (P < 0.001 for infarcted vs. normal animals). n = 5 pigs per group in all neurons.
n =5 normal pigs and n = 4 for Ml animals for coexpression. Data are shown as mean + SEM; unpaired, 2-

tailed Student’s t test was used for comparisons. Scale bars are 50 um.

ganglia). These include glial activation, changes in GABA expression, and reduction in NOS1.1"-
19 We first determined the expression of glial fibrillary acidic protein (GFAP) in nodose ganglia
and then its expression in satellite glia cells that encircled CGRP-expressing nodose neurons in
normal versus infarcted animals. GFAP expression was significantly increased in the ganglia from
infarcted animals (MI animals 69.6% * 2.8% vs. 50.3% + 1.9% in normal animals, P < 0.001), but
these differences were observed for both CGRP-expressing and CGRP-negative neurons,
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suggesting a more global phenotype after Ml (Figure 7 and Supplemental Figure 6). Given that
nociceptive signaling was largely altered after MI, the global changes in observed GFAP
expression, thus, were unlikely to be a primary reason for alterations in nociceptive
neurotransmission.

GABA is another known neuromodulator in peripheral sensory autonomic ganglia seen to
be expressed by neurons of the trigeminal, nodose, and dorsal root ganglia (DRG).1*?° In DRG,
GABA has been reported to produce a net inhibitory effect on peripheral nociceptive
neurotransmission.® In nodose neurons, these effects of GABA have further been shown to be
nonsynaptically mediated, spreading between neurons and glia.?* Given previous findings that
GABA may perhaps induce global vagal silencing and our in vivo functional findings, changes in
GABAergic expression in the nodose ganglia after Ml were evaluated. No differences in expression
of GABA or glutamic acid decarboxylase (GAD2), the enzyme required for GABA synthesis, were
noted in the nodose ganglion globally (Figure 8 and Supplemental Figure 7). However, a significant
increase in the percentage of CGRP-positive neurons that coexpress GABA (34.0% + 3.9% in Ml
vs. 20.2% + 3.1% in normal, P = 0.02) and GAD2 was observed (41.6% * 3.4% in Ml vs. 31.6% +
2.3% in normal, P = 0.04) after MI. Interestingly, CGRP-negative neurons demonstrated decreased
expression of GAD2 (17.2% £ 1.2% in MI vs. 26.2% + 2.1% in normal, P = 0.006) in infarcted
compared with normal animals. suggesting that GABA may be a factor in the greater inhibitory
responses observed to nociceptive chemicals. In addition, as the presence of GABA type B
receptors, and especially the GABBR1 subunit, had not been previously described in the nodose
ganglia of larger mammals to our knowledge, we confirmed the presence of GABBRL1 in these
ganglia and found that approximately 70%—80% of CGRP-expressing neurons also expressed
GABBRL1 in both normal and infarcted pigs (Figure 8 and Supplemental Figure 7).

Finally, NOS1, another known autonomic and afferent neuromodulator, was globally
decreased following MI (Figure 1), and we evaluated whether these alterations were specific to

CGRP-expressing neurons and may explain the differences in observed functional responses.
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Figure 3-8. Upregulation of inhibitory GABAergic neurotransmission specifically in CGRP-expressing

nodose ganglia neurons involved in nociceptive neurotransmission. (A) Representative images of
nodose ganglia from normal (N; left) and LAD-infarcted (MI; right) animals stained for GAD2 (blue) and
CGRP (purple). (B) Top, summary of the percentage of GAD2* neurons as a subset of all neurons, CGRP*
neurons, and CGRP~ neurons is shown. Although overall expression of GAD2 was unchanged between
normal and LAD-infarcted animals (P = 0.80), the percentage of neurons that coexpress both GAD2 and
CGRP was increased after Ml (P = 0.04 for LAD-infarcted vs. normal animals). Coexpression of GAD2 was
decreased in neurons that do not express CGRP (P = 0.006 for normal vs. LAD-infarcted animals). n = 5
pigs per group. Bottom, summary of the percentage of GABA* neurons as a subset of all neurons, CGRP*
neurons, and CGRP~ neurons is shown. Similar to GAD2, GABA showed no overall difference (P = 0.57)
while its expression in CGRP* neurons was increased (P = 0.02) in Ml animals. However, expression of
GABA in CGRP~ neurons was similar between normal and MI animals (P = 0.89). (C) Representative
images of nodose ganglia from normal (left) and LAD-infarcted (right) pigs stained for GABA type B receptor
subunit 1 (GABBR1) (green) and CGRP (purple). There was no difference in the expression of GABBR1. n
= 5 pigs per group. (D) Summary of the percentage of CGRP* neurons with GABBR1* expression (P =
0.21). n = 10 for normal and n = 7 for MI animals. Data are shown as mean + SEM; unpaired, 2-tailed

Student’s t test. Scale bars are 50 um.

Despite an overall decrease in NOS1 expression after Ml, nociceptive CGRP neurons were not
selectively affected (19.7% £ 1.6% in normal vs. 25.5% + 2.4% in MI; P = 0.07, Supplemental

Figure 8).
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DISCUSSION

To our knowledge, this is the first study to evaluate the effects of chronic Ml on vagal
afferent neurotransmission using both functional (direct in vivo neural recordings) and
immunohistochemical data. A major finding of this study is that, while the percentage of
nociceptive neurons was increased after MI, as assessed by histological and functional
responses, the predominant response observed in infarcted animals was significant inhibition (P
< 0.01) of neural activity with application of nociceptive chemicals. This was significantly different
from normal animals, in whom the predominant response was excitatory. This potentially novel
finding has important implications for vagal dysfunction. In addition, for the first time to our
knowledge, we show that both LAD and RCA myocardial infarcts caused pathological changes in
the expression profiles of neurons of the right and left nodose ganglia. No differences between
the right versus left nodose ganglia (i.e., no laterality) were observed with respect to neuronal
receptors, peptides, or functional responses to cardiac interventions, suggesting that infarction of
a particular region of the heart has global effects on both ganglia. This study also demonstrates
that the proportion of PIEZO2-expressing neurons was unchanged after MI; consistent with these
findings, the functional neuronal responses to EMS, IVC occlusion, and aortic occlusion were
comparable between normal and infarcted animals. Similarly, specific differences were not found
in cardiac phase-related neuronal activity between infarcted and normal pigs. Finally, the
percentage of CGRP-positive neurons that express GABA was significantly increased (P = 0.02)
after MI, which may suggest that GABA may play a role in the functional differences in nociception
observed after MI.

The autonomic nervous system controls every aspect of cardiac function. Sensory
pseudounipolar neurons in DRG and nodose ganglia contain a diverse population of
chemosensitive and mechanosensitive neurons that sense the cardiac milieu and transmit this

information to the spinal cord and brainstem, respectively.>2224 Activation of nociceptive neurons

69



in DRG increases sympathetic tone, while activation of nociceptive neurons in nodose ganglia
increases the central vagal drive to the heart.?>2% Therefore, the effects of cardiac nociceptive
stimuli in normal animals are determined by the balance between sympathetic and vagal output.
It is established that chronic MI leads to reduced vagal drive, increasing the risk of ventricular
arrhythmias and heart failure. Augmenting vagal drive via vagal nerve stimulation has been shown
to be antiarrhythmic in animal models.>%2°%0 Yet, mechanisms behind central vagal dysfunction
after Ml are unknown. We hypothesized that Ml, as a form of chronic injury, similar to chronic pain
conditions that cause remodeling in DRG, may cause alterations in nodose ganglia signaling that
then drive reduced vagal function. Toward this goal, an investigation was undertaken in a large-
animal (porcine) model to assess both structural and functional changes after chronic Ml. This
animal model has been established to undergo neural, electrical, and cardiac remodeling that is
very similar to humans after M|.531.32

Different markers for mechano- and chemotransduction were utilized in this study. PIEZO2
receptors on neurons in the nodose ganglia are thought to sense visceral and cardiovascular
mechanical stretch,®334 and expression of PIEZO2 was used as a marker for mechanosensitive
neurons. In this study, no histological differences or functional changes, as assessed by cardiac
phase—related activity or transduction of pressure-associated interventions, in mechanosensitivity
of vagal afferents were observed. Of note, in our model of MI, hypertension and significant LV
hypertrophy do not occur, and it is possible that in the setting of hypertensive heart disease,
PIEZO2-sensitive neurons in the nodose ganglia may remodel, as suggested by a mouse model
of aortic constriction.3®

In this study, in healthy animals, nociceptive stimuli engaged the lowest number of
neurons (10% of all identified cardiac neurons), suggesting a high threshold for activation of these
neurons in the setting of a normal heart. The responses observed were predominantly excitatory.
In animals after MI, however, the same application of nociceptive chemicals affected the activity

of a greater proportion (48%) of all cardiac neurons, and the predominant responses observed
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were inhibitory. It has also been previously shown that acute application of nociceptive chemicals,
such as capsaicin, bradykinin,3®3’ and veratridine,® causes neuronal depolarization and
predominantly increases in activity and firing rates of the majority of nociceptive neurons in the
peripheral autonomic ganglia when evaluated either in vivo or using whole-cell voltage-clamp
recordings.®®4° In vivo nodose recordings from guinea pigs with healthy hearts, which were
consistent with the healthy porcine animal data in this study, showed that epicardial application
of bradykinin activated the majority (74%) of identified cardiac nociceptive neurons, with a
decrease in firing rate observed in only 26% of recorded neurons.??> Unexpectedly, neuronal
analyses of cardiac sensory nodose neuronal activity after chronic MI showed that application of
nociceptive chemicals caused a predominantly inhibitory response in the vast majority of recorded
chemosensitive neurons. For all other cardiac stressors except nociceptive stimuli, the
percentages of inhibitory and excitatory responses were not different in normal versus infarcted
animals. This was despite the application of these chemicals to viable, noninfarcted regions of
the heart and has significant implications for vagal neurotransmission, given that excitatory
responses by nociceptive chemicals are known to increase vagal tone. For example, a nociceptive
stimulus, such as a second ischemic insult, in an already diseased heart would lead to a reduction
in vagal tone (as opposed to an increase), further increasing the risk of ventricular arrhythmias.
Although the effect of ischemia was not assessed in this study, given the complex responses to
ischemia that involve activation of both mechano- and chemosensitive neurons, the
neuropeptides and receptors evaluated, including CGRP and P2RX3, are known to be released
and activated during ischemia, respectively.*! In addition to ischemia-induced release of ATP,
which activates P2RX3 receptors, release of CGRP is known to occur with activation of TRPV1
receptors because of the low pH ischemia causes. Finally, ischemia also leads to release of
bradykinin.*> Thus, it's reasonable to assume that given altered responses to nociceptive

chemicals, vagal afferent responses due to ischemia would be altered in infarcted animals.
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The reason for the inhibitory neural response observed in chronically infarcted animals
requires further investigation, but greater expression of GABA may play a role.19204344 GABA is
known to reduce nociceptive neurotransmission through DRG, where activation of TRPV1
nociceptive neurons releases not only CGRP but also GABA upon binding of chemicals such as
capsaicin.*® GABA was reported to act on TRPV1-coupled GABBRL1 of these neurons, reducing
further activation, not only of the same neuron but also of nearby nociceptive neurons, in a
negative feedback fashion.*? In this study, a greater percentage of CGRP-positive neurons in the
nodose after Ml expressed GABA compared with controls. Therefore, it is possible that
remodeling of nodose neurons after chronic Ml that leads to greater expression and release of
GABA by CGRP-expressing nodose neurons may inhibit surrounding TRPV1 receptors/CGRP-
positive neurons, resulting in more inhibitory functional responses.*® In this study, we further show
that nodose neurons also express the GABBRL1, with a large percentage (approximately 70%—
80%) of CGRP-expressing neurons coexpressing GABBRL1 in this large-animal model.

In this study, we investigated several other immunohistochemical changes that are
thought to modulate peripheral neurotransmission to see if they were responsible for functional
changes that were observed in nociceptive neurons. Activation of satellite glial cells in response
to injury, as reflected by increased GFAP (a reactive cytoskeletal protein), has been shown to
modulate neuronal excitability and function in other peripheral ganglia.'”#¢ In this study, although
an increase in GFAP globally in the nodose ganglia after Ml was also observed, this increase was
not selective for CGRP-expressing neurons. Finally, nitric oxide is an important neuromodulatory
molecule, and a decrease in neuronal nitric oxide synthase can alter neuronal signaling.*’ Nitric
oxide in the nodose ganglia is thought to enhance cholinergic neurotransmission'®48 and improve
baroreceptor sensitivity.*® Reduction in release of NOS1, therefore, could potentially decrease
sensory afferent transduction. However, NOS1 expression, although reduced globally, did not

selectively affect CGRP-expressing neurons and tended to affect CGRP-negative neurons.
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In summary, this is the first study to our knowledge to show that chronic Ml causes both
structural and functional changes in vagal afferent nociceptive signaling that can exacerbate
parasympathetic dysfunction and reduce vagal tone. Responses to nociceptive stimuli were
overall inhibitory, rather than excitatory, a change that may be mediated by increased GABAergic
expression in nociceptive neurons. Inhibitory responses in vagal afferent signaling would result in
decreased central vagal efferent drive and may explain why patients after M|l experience
parasympathetic dysfunction, increased risk of ventricular arrhythmias, and associated sudden
death. Future studies following up on specific alterations reported herein will likely shed further
light on the effects of Ml on the activity of specific types of vagal neurons and modulation of a
specific pathway.

Our study has limitations. General anesthesia is known to suppress neuronal activity. In
this study, after completion of surgical procedures, isoflurane was discontinued and a-chloralose
used as an alternative anesthetic agent to minimize the effects of isoflurane. Nevertheless, it is
possible that the neuronal responses in this study are a conservative estimate of those that would
be observed in conscious animals. For neural recordings, an RCA infarct model was used in order
to allow for epicardial application of mechanical/chemical stimuli on the viable, accessible ventral
regions of the ventricles. It is possible that the application of chemicals to infarcted regions would
lead to different responses. Given the lack of previous data on post-MI alterations in nodose
signaling, viable regions were studied in order to avoid effects that may be caused by denervation
and fibrosis. Acute effects of stimuli were evaluated. Cardiac neural responses to chronic stimuli
may be different due to neuronal memory or remodeling of receptors. Direct staining for TRPV1
expression was not performed, given the lack of specific antibodies in the porcine model, and
CGRP expression was used as a surrogate for TRPV1. It is, however, established that the large
majority of TRPV1-expressing neurons express and release CGRP.5%51 |n this study, assessment
of efferent vagal tone using direct vagal efferent nerve recordings was not performed, and given

the short duration (1 minute) of interventions, heart rate variability analysis during stimuli was not
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appropriate. However, using the same infarct model and direct intrinsic cardiac neural recordings
from postganglionic intrinsic cardiac parasympathetic neurons, our laboratory has shown
previously that central vagal tone and inputs to intrinsic cardiac ganglia neurons are altered,
consistent with decreased central vagal drive.® In a canine infarct model, lower central vagal drive
during ischemia is associated with the occurrence of ventricular fibrillation.5? Finally, direct
application of GABA agonists or antagonists was not performed to confirm restoration of
nociceptive neurotransmission in infarcted animals. Therefore, although the findings of this study
are suggestive, the role of GABA in nociceptive neurotransmission within the vagal ganglia

requires confirmation in future studies.

METHODS

Yorkshire pigs (Premier BioSource) were used for histological evaluation and in vivo
nodose neural recording. For histological assessment, normal Yorkshire pigs (n = 22, 52.1 + 2.5
kg, 20 males) and Yorkshire pigs with healed anterior/apical (ventral) Ml involving the LAD (n =
24,58.6 + 2.9 kg, 22 males) or inferior/dorsal Ml involving the RCA (n =7, 56.9 + 3.0 kg, 7 males)
were used (Supplemental Table 2). For extracellular nodose neural recordings, normal Yorkshire
pigs (n = 11, 58.2 + 3.2 kg, 9 males) and Yorkshire pigs with healed RCA myocardial infarcts (n
=11,59.5 + 1.7 kg, 9 males) were used.
Creation of myocardial infarcts

Percutaneous Ml in the region of RCA was created in 42 pigs (30-35 kg) as previously
described.>'2 Briefly, animals were sedated (tiletamine-zolazepam, 4-8 mg/kg IM), intubated, and
placed under general anesthesia with isoflurane (1%-5% inhaled). For RCA infarcts, under
fluoroscopic guidance, an 8F AL2 guide catheter (Boston Scientific) was advanced from the
femoral artery to the ostium of the RCA. A 2.5 to 3.5 mm percutaneous transluminal angioplasty
balloon catheter (Abbott) was advanced over a balance middleweight universal guidewire (Abbott)

into the RCA and positioned after the takeoff of the atrioventricular nodal artery (Figure 1). The
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balloon was inflated, and 3—-5 mL of polystyrene microspheres (Polybead 90.0 um, Polysciences)
followed by 5 mL normal saline were injected through the lumen of the catheter. The balloon was
then deflated and removed. Ml was confirmed by the presence of ST elevation or T wave inversion
on ECG and coronary angiography showing a lack of flow in the artery (Figure 1). After the
procedure, ECG and blood pressure were monitored for 20 minutes before extubation. Immediate
external defibrillation was performed if the animal developed VT or fibrillation. After extubation,
animals were monitored until they could ambulate.

For LAD infarcts, a similar procedure was performed, but the AL2 was used to cannulate
the ostium of the left main coronary artery and a balance middleweight universal wire advanced
into the LAD, instead of the RCA. The percutaneous transluminal angioplasty balloon catheter
was inflated after the first diagonal branch, followed by microsphere injection.>'? Six to eight
weeks were allowed for maturation of Ml in all infarcted animals prior to terminal studies.
Immunohistochemical analysis

Animals were sedated, intubated, and placed under anesthesia as described above. Lateral
neck dissections were performed, and the vagus nerve was isolated bilaterally. The nerve was
followed superiorly, and the inferior vagal (nodose) ganglia were identified (Figure 1). Bilateral
nodose ganglia from infarcted animals 6—8 weeks post-MI and from normal animals of similar weight
were removed. Ganglia were fixed in 4% paraformaldehyde for 24 hours at 4°C and then embedded
in paraffin. Tissue was sectioned (5 pm) longitudinally, and midsections of each ganglion with the
largest cross-sectional area were used for staining. Sections were deparaffinized in 2 xylene
washes followed by rehydration in 3 ethanol washes and water. Antigen retrieval was performed
using EDTA buffer, pH 8.0 (90°C for 20 minutes; ab64216; Abcam). Slides were blocked for 1 hour
in 3% BSA-TBS-0.2% Triton X-100 with 5% donkey serum and incubated overnight at 4 °C with
primary antibody (Supplemental Table 2). Slides were subsequently incubated for 1 hour at room
temperature with the appropriate affinity-purified F(ab’). fragment secondary antibody

(Supplemental Table 2). Subsequent steps varied depending on the method of detection. For
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immunofluorescence, slides were counterstained and mounted using Vectashield with DAPI (Vector
Laboratories; H-1200). Slides were imaged at x100 original magnification (x10 objective, x10
eyepiece) using a Zeiss LSM 880 with Airyscan. For bright-field detection, the avidin-biotin complex
method (PK-6100; Vector Laboratories) of signal amplification followed by 3,3"-diaminobenzidine to
induce chromogenic color development was used. Slides were then counterstained with Harris’s
hematoxylin, dehydrated, and mounted with Permount (Fisher Chemical, Thermo Fisher Scientific;
SP15-100). Slides were imaged at x400 magnification (x40 objective, x10 eyepiece) using an
Aperio ScanScope AT (Leica Biosystems). The number of nodose neurons or glia expressing a
particular antigen was quantified (NIH ImageJ 1.8.0) by 2 independent researchers. Data from left
and right nodose were analyzed both by individual ganglia and by animal. All scale bars shown in
figures are 50 um.
Surgical preparation for neural recording experiments

Animals were sedated, intubated, and placed under anesthesia as described above.
Isoflurane was used for surgical procedures/sternotomy and transitioned to a-chloralose
(MilliporeSigma; 50 mg/kg initial bolus, after that 20—35 mg/kg/h IV) for the neural recording
portion of experiments. Depth of anesthesia was adjusted based on corneal reflex, jaw tone, and
hemodynamics indices. Peripheral capillary oxygen saturation (SpO-), end-tidal CO,, and arterial
blood gases were monitored throughout the experiments; tidal volume and/or respiratory rate
were adjusted or sodium bicarbonate (HCO3) was administered to maintain a normal pH. Body
temperature was monitored and adjusted using a water heating pad (Gaymar T/Pump, Gaymar
Inc.). The CardioLab System (GE Healthcare) was used to record continuous 12-lead ECGs.
Ventral precordial leads were placed posteriorly given sternotomy. The femoral and carotid
arteries were cannulated to measure blood pressure and obtain access to the LV for pressure
recordings, respectively. Sheaths were placed in the femoral veins for delivery of medications and
saline. ECG, arterial pressure, and LVP were digitized (Power 1401, Cambridge Electronic

Design); stored; and analyzed off-line (Spike2, Cambridge Electronic Design). Fentanyl boluses
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(20-30 mcg/kg) were used during sternotomy to reduce discomfort. Sodium pentobarbital (Med-
Pharmex Inc.; 100 mg/kg IV) followed by saturated KCI (MilliporeSigma; 1-2 mg/kg IV) was used
for euthanasia.
Nodose neuronal activity recordings

For in vivo extracellular neural recordings of the nodose ganglia, vagi were kept intact
during neural recordings. Custom-made 16-channel linear microelectrode arrays (MicroProbes; 25
Mm diameter platinum/iridium electrodes, 16 electrodes/probe, 250 um interelectrode spacing)
were gently advanced into the nodose ganglia and connected to a 16-channel preamplifier
(NeuroNexus). Neural signals were sampled at 20 kHz, amplified, and digitized (SmartBox
acquisition system, NeuroNexus). The signals were filtered (300 Hz to 10 kHz). In vivo soma
activity of individual neurons was assessed at baseline and during each cardiovascular
intervention. Activity from axons of passage was not recorded, as with high-impedance neural
probes, it is not possible to record axonal action potentials.*? Linear microelectrode arrays position
was adjusted if no cardiac-related neuronal activity was observed.
Cardiovascular interventions

To characterize and identify cardiovascular nodose neurons, the following cardiovascular
stimuli were applied: ventricular epicardial i) mechanical and ii) nociceptive (capsaicin, bradykinin,
veratridine) stimuli, iii) ventricular pacing, iv) IVC occlusion, and v) descending aortic occlusion.
Interventions were performed in a random order in all animals; however, application of chemical
stimuli was performed last, and in particular, the application of capsaicin was performed as the last
intervention in each experiment, given previous data suggesting that capsaicin may alter afferent
transduction to subsequent stimuli. A 15- to 30-minute waiting period was allowed for

hemodynamic indices to return to baseline between interventions.
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Ventricular epicardial mechanical stimuli

To identify nodose ganglia neurons that respond to mechanical stimuli, gentle pressure
(~10 g/cm?) was applied to the right and left anterior ventricular epicardium for 15 seconds via a
saline-soaked cotton-tipped applicator.
Ventricular epicardial nociceptive stimuli

Nociceptive neurons were identified by assessing the response of nodose neurons to a 1-
minute application of gauze soaked in bradykinin (1.06 mg/mL), capsaicin (0.03 mg/mL), or
veratridine (0.67 mg/mL), placed on the ventral (anterior) aspect of the left and right ventricular
epicardium.
Ventricular pacing

The right ventricle was paced endocardially for 1 minute at 15% above the baseline heart
rate and intermittently every 4—7 beats with random/variable coupling intervals (300—-600 ms) via
a quadripolar catheter (Abbott) placed from the femoral vein and attached to a cardiac stimulator
(EPS320, MicroPace).
Great vessel occlusions

The IVC and then descending aorta were occluded for 30 seconds via 2 umbilical tapes
placed around the IVC and descending aorta. Afferent neural responses to changes in preload
and afterload were evaluated.
Neural signal processing and analysis

Neural signals were processed using Spike2 software (Cambridge Electronic Design,
Cambridge, England).>'51¢ Artifacts were identified and removed by detecting similar and
simultaneous waveforms on all neural channels. Neural spikes were identified using a threshold
of 3x signal-to-noise ratio. Spike classification was performed using principal component, cluster
on measurements, and K-means clustering analysis. The spiking activity of each individual neuron
was obtained for the entire experiment and transferred to MATLAB (MathWorks) for post hoc

neural analysis.
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Neuronal responses to each intervention were assessed by comparing the neural activity at
baseline (1 minute) to “during the intervention” using the Skellam statistical test.'# Cardiac related
neurons were identified as those that significantly responded to at least 1 cardiovascular stressor.
All non—cardiac related neurons were excluded from post hoc analysis. Neurons that responded to
at least 1 ventricular epicardial chemical stimuli and none of the epicardial mechanical stimuli were
labeled as chemosensitive cardiac neurons. Neurons that responded to nociceptive chemicals
(capsaicin, bradykinin, and veratridine) were classified as nociceptive chemosensitive neurons.
Mechanosensitive neurons were defined as neurons that responded to the epicardial mechanical
stimuli and none of the chemical/nociceptive stimuli. If a neuron responded to both ventricular
epicardial mechanical and chemical stimuli, it was classified as a multimodal neuron.

Statistics

Neuronal responses to interventions were assessed by Skellam’s significant test, which
has been validated for neural activity in nodose and other peripheral ganglia,>*>6 as well as the
central nervous system.'# Neural responses to different cardiovascular stressors were compared
using Fisher's exact test. Anderson-Darling test was used to check data for normality of
distribution. Paired data were compared using 2-tailed Student’s paired t test or Wilcoxon’s
signed-rank test, depending on the distribution. Unpaired data (normal vs. MI) were compared
using unpaired t test or Mann-Whitney U test, depending on Gaussian distribution. For histological
data, comparison of molecular expression profiles between normal and infarcted animals was
performed using unpaired, 2-tailed Student’s t test. Phenotypic comparisons within an animal
(e.g., left vs. right) were performed using paired, 2-tailed Student’s t test. Benjamini-Hochberg
method was used to correct for the false discovery rate. Dunn’s multiple-comparison test was
used to compare neural firing rates at baseline with multiple time points. Prism (GraphPad) was
used for all statistical analyses. Data are presented as mean £ SEM or median and IQR [25th,

75th percentiles]. A P < 0.05 was considered significant.
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Study approval
Animal experiments were performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals (National Academies Press, 2011) and approved by the UCLA
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SUPPLEMENTAL TABLES AND FIGURES

A HR A LVSP A dP/dtmax A dP/dtmin
(bpm) (mmHg) (mmHg/s) (mmHg/s)
EMS normal 0.1+0.1 -3.4+£1.4* -4.0£10.7 50.6+42.8
M -0.51£0.2 -3.0+£0.9* -8.7£9.7 58.0£19.8*
BRADY normal -2.0£1.5 -8.514.3 -99.9+57.0 667.3+240.1*
Mi 4.6+1.6* -24.5+5.6* -81.3+47.7 661.9+189.8*
CAPS normal -1.840.8 -2.4+0.8 -11.1+£23.1 81.8+92.8
Mi -0.1+2.6 10.2+3.1* -49.7+27.7 -79.0+40.5
VERAT normal -0.4+£0.1* -0.2+2.8 18.1+22.5 -53.3194.6
Mi -1.9+1.1* -1.2+1.8 -11.3+17.6 34.6£25.0
VP normal 10.9+2.6* -16.0+4.3* -147.4+64.2* 316.5+£95.9*
Mi 7.4+2.2* -16.5+4.7* -179.4+85.4* 294.6+95.1*
Ve normal 1.9+1.0* -57.9+8.3* -612.5+123.0* 1180.0+187.0*
Mi 6.0+£2.9* -75.2+6.9* -946.2+102.4* 1522.0+192.8*
AO normal -8.3+2.6* 73.0+6.2* 29.9+117.8 -235.9+218.0
Mi -13.9+3.6* 66.6+7.7* 102.4+77.3 -54.5+131.9

Supplemental Table 3-1. Hemodynamic responses to cardiac interventions. Values are shown as

mean + SE for change from baseline in heart rate (HR), left ventricular end-systolic pressure (LVSP), as
well as the maximum and minimum first derivatives of LV pressure (dP/dt). AO = aortic occlusion; EMS =
epicardial mechanical stimulation; IVC = inferior vena cava occlusion; VP = ventricular pacing; CAPS =
capsaicin; VERAT = veratridine; BRADY = bradykinin; *represents statistically significant changes in
parameters from baseline.

Primary Antibody Host Dilution Vendor Catalog #
Anti-PIEZO2| Rabbit Polyclonal 1:200 Neuromics RA10109
Anti-P2X3| Rabbit Polyclonal 1:200 Thermo Fisher Scientific PA5-72975
Anti-GAD65| Rabbit Polyclonal 1:2500 Sigma G5038
Anti-GABA| Rabbit Polyclonal 1:1000 Immunostar 20094
Anti-GABA B Receptor 1| Mouse Monoclonal 1:300 Abcam ab55051
Anti-NOS1| Mouse Monoclonal 1:100 Santa Cruz Biotechnology sc-5302
Anti-GFAP| Mouse Monoclonal | 1:1000 Thermo Fisher Scientific MA5-12023
Anti-CGRP Goat Polyclonal 1:1000 Abcam ab36001
Secondary Antibody Host Dilution Vendor Catalog #
Anti-Mouse IgG - Alexa Fluor 488| Donkey Polyclonal 1:200 Jackson Immunoresearch 715-546-150
Anti-Rabbit IgG - Cy3| Donkey Polyclonal 1:200 Jackson Immunoresearch 711-166-152
Anti-Goat IgG - Alexa Fluor 647, Donkey Polyclonal 1:200 Jackson Immunoresearch 705-606-147
Anti-Mouse IgG - HRP| Donkey Polyclonal 1:200 Jackson Immunoresearch 715-036-151
Anti-Rabbit IgG - HRP| Donkey Polyclonal 1:200 Jackson Immunoresearch 711-036-152
Anti-Goat IgG - HRP| Donkey Polyclonal 1:200 Jackson Immunoresearch 705-036-147

Supplemental Table 3-2. Primary and secondary antibodies used for histological analysis.
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Supplemental Figure 3-1. Effect of myocardial infarction and the infarct region on nodose neuronal

size. (A) Analysis of the distribution of neuronal sizes shows that the number of neurons with larger sizes is
increased in LAD-MI pigs (n= 7 ganglia) compared to normal pigs (n= 12 ganglia). (B) Neuronal size
distribution in normal and RCA infarcted animals is shown. The number of neurons with larger sizes is higher

in the RCA-MI pigs (n = 8 ganglia) than normal pigs (n = 12 ganglia). (C) Compiled data across all sizes shows
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that the mean nodose neuronal size is higher in infarcted animals (LAD: P = 0.004, n = 13 ganglia, vs.
normal, n= 10 ganglia; RCA: P = 0.014,n= 13 ganglia, vs. normal, n = 10 ganglia). (D) There was no
significant difference in the number of cells in normal animals (n = 10 ganglia) vs. LAD (n = 12 ganglia) or
RCA (n= 9ganglia) chronically infarcted animals. Data is shown as mean+SE. Unpaired two-tailed
Student’s t-tests with the false discovery rate corrected by the Benjamini-Hochberg method was used for

comparisons of ganglia from normal vs. infarcted animals.
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Supplemental Figure 3-2. Immunohistochemical assessment of neural remodeling after Ml (analysis

by nodose ganglion). Percentage of neurons in normal and MI nodose ganglia which express (A) P2RX3
(P < 0.001) and (B) CGRP (P = 0.003) is increased, while the expression of (C) PIEZO2 (P = 0.33) is
unchanged, and (D) NOS1 expression is reduced (P < 0.001). n =15 nodose ganglia from normal animals
and n =19 nodose ganglia from LAD-infarcted animals for P2RX3; n =16 nodose ganglia from normal and
MI animals for CGRP and NOS1; n=10 nodose ganglia per group for PIEZO2. Data are shown as
mean + SE; unpaired, two-tailed Student’s t-test used for comparison of Ml and normal animals. N = normal

animals, MI = animals with chronic LAD myocardial infarction.

A LAD-MI vs. RCA-M| B Left vs. Right (RCA-MI)
p=0.15
50—
. 40+ ° 4
S 2 \
2 2 30 .
S 9 N
3 3 20+ °
EIC DI: 4 L4 . A
= = 104 IR
0 T T T
V$@§ \,&Q'_}@é\ N2 Qﬁ&
P2RX3 CGRP NOS'I P2RX3 CGRP NOS1

Supplemental Figure 3-3. Effect of infarcted region on remodeling of the nodose ganglia following

myocardial infarction. (A) Percentage of nodose ganglia neurons from LAD and RCA infarcted animals
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which express P2RX3 (N =10 LAD infarcted pigs, N = 7 RCA infarcted pigs), CGRP (N = 10 LAD infarcted
pigs, N = 7 RCA infarcted pigs), and NOS1 (N = 8 LAD infarcted pigs and N = 7 RCA infarcted pigs) is
shown. There was no difference in the expression profiles of nodose ganglia neurons from LAD infarcted
vs. RCA infarcted animals with regards to increases in P2RX3 (P = 0.15) or decreases in NOS1 (P =0.17)
expression. RCA infarcted animals showed modestly higher expression of CGRP (P = 0.04) compared to
LAD infarcted animals. (B) A comparison of right vs. left nodose ganglia neural expression profiles for
P2RX3 (P = 0.52; n = 7 pairs of nodose), CGRP (P = 0.98; n = 6 pairs of nodose) and NOS1 (P = 0.57; n
= 6 pairs of nodose) showed no significant differences in the expression profiles of right vs. left nodose
ganglia, indicating that both the left and right-sided ganglia are affected by myocardial infarction. Data is
shown as mean + SE. (A) Unpaired or (B) paired, two-tailed Student’s t-tests with the false discovery rate

corrected by the Benjamini-Hochberg method were used for analysis.
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Supplemental Figure 3-4. Nodose neural responses to specific cardiac interventions. (A) Absolute

changes in the firing rates of neurons (normal: 97 neurons, RCA-MI: 133 neurons) to each cardiac stressor
and (B) to each specific chemical are also shown (number of neurons for normal animals: VP = 93, AO =
91, EMS = 94, IVC: 93, NS: 93, CAPS: 58, BRADY: 58, VERAT: 93; number of neurons for infarcted
animals: VP = 129, AO = 122, EMS = 121, IVC = 128, NS = 120, CAPS = 72 BRADY = 117, VERAT = 117
neurons). Wilcoxon signed-rank test with correction for multiple comparisons was used to compare firing

rates of neurons in normal vs. Ml animal. *0.01< P < 0.05, #P < 0.001 compared to normal animals.
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Supplemental Figure 3-5. Temporal profile of neuronal responses in normal animals demonstrates

excitatory responses during application of nociceptive chemicals. (A) Representative excitatory
responses to bradykinin (BRADY) and capsaicin (CAPS) of two nodose neurons from a normal animal is
shown. (B) Quantified temporal responses in firing rates of neurons (n = 17) from normal animals showed
an increase in firing rates upon epicardial application of nociceptive chemicals that subsided after removal
of the stimulus. Data is shown as mean = SE. Dunn’s multiple comparison tests were used to compare the

normalized firing rate vs. baseline (BL). **P < 0.001 and *P < 0.05 vs. baseline.
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Supplemental Figure 3-6. Non-selective augmentation of nodose ganglia satellite glial cell activation

following myocardial infarction involving the LAD coronary artery (analysis by nodose ganglion).
Percentage of neurons surrounded by GFAP+ satellite glial cells in normal and MI nodose ganglia as a
subset of all neurons (P < 0.001), CGRP+ neurons (P = 0.004) and CGRP- neurons (P < 0.001) shows that
although glial activation occurs throughout the nodose ganglia of the animals after myocardial infarction,
this response is not specific to CGRP expressing/nociceptive neurons. n =10 nodose ganglia per group for
all neurons (normal and LAD-MI), n =9 nodose ganglia for CGRP+ neurons and CGRP- neurons in normal
animals, n =8 nodose ganglia for CGRP+ neurons and CGRP- neurons in LAD-MI animals. Data is shown

as mean + SE. Unpaired, two-tailed Student’s t-test was used for Ml vs. normal group comparisons.

91



A All Neurons CGRP+ Neurons CGRP- Neurons

80 80 80
—_ p=0.8 —_ —_
X X 3
= 60- o = 60 < 60-
5 5 & 4 p<0.01
B 40 @ 40 3 404 o
c c c
c"\-l (-'\-l C-'\.l | s':‘.
< 204 2 20 2 204 00| o
0} 1] o i

0- 0-

B All Neurons CGRP+ Neurons CGRP- Neurons

80— 80+ 80
S §60 §60 - '—|p=0'9
< 504 < o0 S a0
2 2 2 8 ol
<) o o

@,
3 3 40 3
e [ c
+ + +
< << <<
m [an] 204 [a]
< < <
O O] O]
0_

N Ml N Ml

C All Neurons CGRP+ Neurons CGRP- Neurons

=0.2 p=0.4
1004 p=0.4 1004 P7Y 1004 =
—_ —_ Q —_
15 T T4
2 v 2 | S e 2 5
o 80+ o 804 9 ) o 804
> > >
2 B 2 2
x o X o3} X
x 60 x 60 X 60+
) [os) 8o} )
m [aa] O m
< < 1 <
0 0] 0}
40 T 40 T 40 T
N M N M N M

Supplemental Figure 3-7. Upregulation of inhibitory, GABAergic expression in nodose ganglia

neurons co-expressing CGRP after myocardial infarction involving the coronary LAD artery(analysis
by nodose). (A) Percentage of GAD2+ neurons in normal and MI nodose ganglia as a subset of all neurons
as well as those co-expressing CGRP and not expressing CGRP (CGRP-). The percentage of neurons that
co-express CGRP and GAD?2 are increased after Ml. (B) Percentage of all neurons expressing GABA in
normal and MI animals as well as the percentage co-expressing CGRP is shown, as analyzed both by animal
and by ganglion. The percentage of neurons co-expressing CGRP and GABA is increased after Ml. (C)
Percentage of neurons with GABBR1+ expression in normal and Ml nodose ganglia as a subset of all neurons,
CGRP+ neurons, and CGRP- neurons shows no difference in the expression of GABA type B receptors after

MI. n = 9 normal nodose and 10 MI nodose ganglia for GAD2 in all neurons. n = 8 normal nodose and Ml
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nodose ganglia for GAD2+ CGRP+ neurons. n = 9 normal nodose and Ml nodose ganglia for GAD2+ CGRP-
neurons. n = 8 normal nodose and MI nodose ganglia for GABA. n = 20 normal nodose and n = 13 MI nodose
ganglia for GABBR1. Data is shown as mean+ SE. Unpaired, two-tailed Student’'s t-test was used for

comparison of normal and Ml animals and ganglia.
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Supplemental Figure 3-8. Non-selective loss of neuronal nitric oxide synthase expression in the

porcine nodose ganglia. (A) Representative images of nodose ganglia from normal (N; left) and LAD-
infarcted (MI; right) animals stained for NOS1 (red) and CGRP (white) are shown in the upper panels. (B)
Quantified expression of NOS1 in normal and MI animals (N = 8 pigs per group) and co-expression with
CGRP+ neurons (P = 0.07) and CGRP- neurons (P = 0.06) (N =6 pigs per group for co-expression) are
shown. Although global expression of NOS1 is significantly reduced, the reduction is not specific to CGRP-
expressing neurons. Data is shown as mean £ SE. Unpaired, two-tailed Student’s t-test was used for

comparison of normal and MI groups. Scale bars are 50 um.
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ABSTRACT

Background: Thoracic epidural anesthesia (TEA) reduces burden of ventricular
tachyarrhythmias (VT/VF) in case-series of patients with refractory arrhythmias and
cardiomyopathy. However, its electrophysiological and autonomic effects in diseased hearts
remain unclear and its use after myocardial infarction (MI) is limited by concerns for RV
dysfunction.

Methods: MI was created in Yorkshire pigs (n = 10) by LAD occlusion. Six weeks post-MlI, an
epidural catheter was placed at the C7-T1 vertebral level for injection of 2% lidocaine. RV and LV
hemodynamics were recorded using Millar pressure-conductance catheters, and ventricular
activation-recovery intervals (ARISs), a surrogate of action potential durations, by a 56-electrode
sock. Hemodynamics and ARIs, baroreflex sensitivity (BRS), atrial and ventricular effective
refractory periods (ERP), and atrioventricular delay (AH interval) were assessed before and after
TEA. VT/VF inducibility was assessed by programmed electrical stimulation.

Results: TEA reduced inducibility of VT/VF by 67%, comparable to results reported in case
series. Though sufficient for anti-arrhythmic benefit, TEA did not affect RV-systolic pressure or
contractility, although LV-systolic pressure and contractility decreased modestly. Atrial and
ventricular ERPs, and AH interval were significantly prolonged. Global and regional ventricular
ARIs increased, including in scar and border zone regions post-TEA. Notably, TEA significantly
improved parasympathetic function as measured by BRS.

Conclusion: TEA does not compromise RV function in infarcted hearts and its anti-arrhythmic
mechanisms are mediated by increases in ventricular ERP and ARIs. TEA improves
parasympathetic function, which may be independently anti-arrhythmic. This study provides novel
insight into the anti-arrhythmic mechanisms of TEA while highlighting its applicability to the clinical

setting.
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INTRODUCTION

The sympathetic nervous system plays an important role in the occurrence of ventricular
tachyarrhythmias (VT/VF)." Cardiac sympathetic activation promotes triggered activity? and
increases spatial heterogeneity and dispersion of ventricular repolarization,® creating the trigger
and substrate for VT/VF, leading to sudden cardiac death.*

Thoracic epidural anesthesia (TEA) acts at the dorsal and ventral horns of the spinal cord
as a specific, but reversible, blockade of cardiac sympathetic neurotransmission. Case reports and
small case series of patients have shown that TEA is effective in acutely decreasing the burden of
VT/VF in patients with structural heart disease.® These retrospective case series have suggested
that TEA may be more effective than cardiac sympathetic denervation at decreasing arrhythmia
burden,® effects which are likely mediated by decreases in ventricular excitability and shifts in
autonomic tone.” However, the widespread adoption of TEA as an antiarrhythmic treatment has
been limited partially by concerns of right ventricular (RV) dysfunction, particularly in the setting of
chronic left ventricular myocardial infarction (M), where concerns for hemodynamic deterioration
and preload dependence of the RV have limited the use of TEA in the treatment of VT/VF.2

Moreover, previous experimental studies investigating efficacy of TEA have been limited
in scope and clinical relevancy by their application in normal hearts.® ° To date,
electrophysiological and autonomic effects of TEA in diseased/infarcted hearts remain to be
evaluated and the mechanisms underlying the potential anti-arrhythmic effects of TEA, beyond
simply “sympathetic efferent blockade,” remain to be elucidated. Thus, the purpose of this study
was to assess the biventricular hemodynamic, electrophysiological, and autonomic effects of TEA

in the setting of chronic Ml in a porcine model.

METHODS

Ethical approval
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Ten Yorkshire pigs were used in this study. Care of animals conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. The protocol was approved
by the University of California, Los Angeles, Institutional Animal Care and Use Committee.
Creation of myocardial infarction

MI was created percutaneously under fluoroscopic guidance as previously described.1% 11
Briefly, animals (39.6 = 0.7 kg) were sedated with tiletamine-zolazepam (4-8 mg/kg,
intramuscular), intubated, and general anesthesia maintained by isoflurane (1-2%, inhaled). Next,
a balloon-tipped coronary angioplasty catheter was advanced through a coronary guide catheter
and over an angioplasty wire to the middle of the left anterior descending coronary artery (LAD)
from the femoral artery. The balloon was inflated after the first diagonal branch of the LAD in each
animal and 3 ml polystyrene microspheres (Polybead, 90 um, Polysciences, Warrington, PA) were
slowly injected via the lumen of the angioplasty catheter. The balloon was then deflated, and
infarction was confirmed by lack of flow to the distal LAD on coronary angiogram coupled with
ST-segment elevation. Catheters and sheaths were then removed, the animal weaned from
anesthesia, and monitored until ambulating.

Animal preparation

Four to six weeks following MI, animals (53.3 = 1.2 kg) were sedated with tiletamine-
zolazepam (4-8 mg/kg, intramuscular) and general anesthesia maintained by isoflurane (1-2%,
inhaled) throughout surgical preparation. 8 Fr introducer sheaths were placed in the bilateral
femoral veins for infusion of normal saline and supportive medications and arteries for pressure
monitoring. Animals were transitioned to a-chloralose (50 mg/kg initial bolus, then 20-30 mg/kg/hr
infusion, 1V) for electrophysiological and autonomic assessment.

High thoracic epidural anesthesia

Pigs were placed in the left lateral decubitus position. A 17-gauge Tuohy needle was

inserted via the paramedian approach into the T5-T6 epidural interspace via standard loss-of-

resistance approach and under fluoroscopic guidance (Figure 1). A 19-gauge open-end epidural
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ANTERIOR

Figure 4-1. Infarct creation and experimental design. (a) Myocardial infarcts were created by occlusion of
the left anterior descending coronary artery (LAD) immediately after the first diagonal branch (white
arrowhead). The infarcted region 6 weeks post-MI of the left and right ventricles is indicated by the red dashed
line. (b) A 56-electrode sock is placed over the ventricles to acquire local, unipolar electrograms from the
epicardium which can be mapped (c) onto a 2D polar map to assess regional differences. (d) A 17-gauge
Tuohy needle is advanced into the epidural space from the T5-T6 or T6-T7 interspace and contrast is injected
to confirm the initial placement of the needle tip (arrow). (e) An open-tip epidural catheter (arrow) is placed
with the animal in the lateral decubitus position and advanced to the C7-T1 vertebral level under fluoroscopic

guidance. (f) Final catheter placement (arrow) is confirmed in the supine position (antero-posterior view).

catheter (Teleflex Inc, Wayne, PA) was advanced beyond the needle tip into the epidural space.
The catheter tip was advanced to the C7-T1 vertebral space and contrast injected to confirm
appropriate placement under fluoroscopy. Lack of aspiration of blood and cerebrospinal fluid was
used to exclude intravascular or intrathecal catheter placement. 0.2-0.4 ml/kg lidocaine (2%) was
administered epidurally at a rate of 4 ml/min. The direct effects of TEA were assessed immediately

before (pre-TEA) and 10 minutes after infusion of lidocaine (post-TEA).
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Ventricular hemodynamic measurements

A 5-Fr Millar pressure-conductance pressure catheter was placed in the RV and left
ventricle (LV) via the femoral vein and artery, respectively, for continuous pressure measurements
throughout the experiment. Raw signals were digitized and recorded by CED Power1401 and
subsequently analyzed using Spike2.
Evaluation of cardiac autonomic function

Animals underwent median sternotomy to expose the heart. Bilateral stellate ganglia were
isolated behind the parietal pleura and stimulated via bipolar needle electrodes (Grass).! 12 After
lateral neck cutdown, the cervical vagi were isolated and stimulated via bipolar spiral cuff electrodes
(LivaNova, PLC). Threshold was defined unilaterally for the stellate ganglia as the current causing
a 10% increase in heart rate or systolic pressure at 4 Hz, 4 msec. Vagi thresholds were defined
unilaterally at 10 Hz, 1 msec as the current causing a 10% decrease in heart rate.' 12 Bilateral
stellate stimulation (BSS) was performed pre- and post-TEA at 4 Hz, 4 msec and 1.5x threshold
current for 1 minute, to assess the effects on stellate-mediated sympathetic efferent activation. Right
and left vagal nerve stimulation (VNS) was performed pre- and post-TEA at 10 Hz, 1 msec and 1.2x
threshold current for 10 seconds to assess effects of TEA on VNS-mediated electrical effects.

Baroreflex sensitivity was tested by bolus of phenylephrine (3-5 pg/kg, intravenous) to
evoke a 30-40 mmHg increase in systolic pressure. The same dose of phenylephrine was use
before and after TEA in all animals. Sensitivity of the parasympathetic component of the
baroreflex was determined as the beat-to-beat relationship between the prolongation of the RR
interval and increases in systolic blood pressure, as described previously.!?
Cardiac electrophysiological recordings and analysis

Quadripolar pacing catheters were placed in the RV and right atrium (RA) to determine
effective refractory periods (ERP) and measure atrio-His (AH) and His-ventricular (HV) conduction
time. AH and HV intervals were measured pre- and post-TEA during atrial pacing at a drive cycle

length (CL) of 450 msec.
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A 56-electrode sock was placed over the ventricles to continuously record unipolar
epicardial electrograms using a GE CardioLab System (Boston, MA). Activation recovery intervals
(ARIs) were analyzed to estimate regional action potential durations, using customized software,
iScaldyn (University of Utah, Salt Lake City, UT).1* ARIs were then mapped onto 2D-schematic
polar maps with relative positions of the LV, RV and LAD delineated to assess regional
differences. Bipolar voltage mapping was performed to delineate scar, border zone, and viable
regions using a standard electrophysiology catheter (2-2-2 duodecapolar catheter Abbot,
Minneapolis, MN). The location of each sock electrode with respect to its underlying bipolar
voltage was noted. Using standard voltage criteria utilized in patients undergoing clinical
electrophysiological procedures, regions were defined as either scar (0.05 mV < voltage < 0.5
mV), border zone (0.5 mV < voltage < 1.5 mV), or viable (voltage > 1.5 mV).%*> Of note, if an
electrode was overlaying an area of very dense scar (voltage < 0.05 mV) that did not give rise to
a discernable or analyzable signal, data from this electrode was removed from ARI analysis.
Atrial and ventricular effective refractory period and VT/VF inducibility

Atrial and ventricular ERP were measured by extra-stimulus pacing at a drive CL of 400-
500 msec using an epicardial pacing catheter. An extra-stimulus was decremented by 5 msec
down to ERP. The same drive CL and locations were chosen pre- and post-TEA.

VT inducibility was tested using programmed electrical stimulation as is commonly
performed in patients undergoing electrophysiological studies for VT. Programmed stimulation was
performed using an 8-beat drive train stimulus (S1) at 450 msec or 500 msec (depending on intrinsic
sinus rate), followed by an S2 extra-stimulus. The extra-stimulus was decremented by 10 msec
down to a CL of 200 msec or ERP. The same CL was used pre- and post-TEA to minimize effects
on drive CL on inducibility of VT. The next extra-stimulus (S2, S3, or S4) was set at 75% of S1 CL.
If the extra-stimulus reached ERP without causing sustained VT, a CL 10-20 msec above ERP was
chosen for S2 to assure ventricular capture, and the next extra-stimulus (S3 and up to S4) was

added. Ventricular extra-stimulus testing was performed using Micropace (EP320) and Prucka
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CardioLab System (GE Healthcare) from the RV endocardium or LV anterior epicardium. If VT was
induced pre-TEA, the same site was used post-TEA. Inducible animals were cardioverted if VT did
not terminate after 30 seconds. If sustained VT was inducible at baseline, a minimum wait period of
60 minutes was allowed after cardioversion and before TEA and repeat inducibility testing.
Statistical analysis

Data are reported as mean + SEM. Global ventricular ARIs were calculated as the mean
ARI across all 56 electrodes and regional ARIs as the mean ARI of the electrodes classified by
bipolar voltage mapping. After confirmation of normality, paired two-tailed Student’s t-test was
used to compare parameters pre- and post-TEA. Student’s t-test was used for comparison of
AERP, VERP, AH interval, HV interval and hemodynamic parameters pre- vs. post-TEA. For
responses to BSS and VNS, percent changes in parameters from baseline were calculated first;
then paired two-tailed Student’s t-test was used to compare BSS- and VNS-induced ARI changes
from baseline, before and after TEA. Baroreflex sensitivity before and after TEA was compared
by paired, Wilcoxon signed rank test. Comparison of VT inducibility before and after TEA was

performed using the exact binomial test. P < 0.05 was considered statistically significant.

RESULTS
TEA mitigates inducibility of ventricular arrhythmias

VT inducibility was assessed by ventricular extra-stimulus pacing before and after TEA (n
=10), Figure 2. Epicardial activation mapping performed during pacing from within the scar-border
zone region revealed more homogenous impulse conduction after TEA, suggesting increased
stability of cardiac electrical propagation (Figure 2b). All ten infarcted animals tested (100%) were
inducible for VT requiring defibrillation pre-TEA. After TEA, only 3 of 10 (30%) infarcted animals
were inducible for VT (P < 0.001). Overall, TEA decreased inducibility of ventricular
tachyarrhythmias by 70% (P < 0.05). The antiarrhythmic benefit of TEA seen herein is comparable

to that observed in clinical case series.>
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Figure 4-2. Thoracic epidural anesthesia stabilizes electrical substrate and reduces inducibility of
ventricular tachycardia. (a) Example of VT/VF induction using programmed ventricular stimulation. Prior
to TEA, this animal was inducible for VT with double extra-stimuli. After TEA, VT/VF was no longer inducible
with triple extra-stimuli and ventricular ERP was reached (red arrows indicate pacing artifact and blue
arrows indicate ventricular capture). (b) Isochronal activation map comparing paced impulse propagation
from a scar-border zone region, before and after TEA, showing improvements in regions of late activation.
(c) Before TEA, all ten animals were inducible for VT, but after TEA, only 3 animals were inducible. (d) TEA
led to an overall reduction in VT inducibility by nearly 70%. E51 = cardiac electrogram from sock electrode
#51; STIM = channel used for ventricular stimulation pacing. VT inducibility pre-TEA vs post-TEA was
compared by the exact binomial test, n = 10 animals.

Hemodynamic changes resulting from high thoracic epidural blockade

To assess the effects of TEA on biventricular function, RV and LV function were
continuously measured in infarcted animals before and after infusion of TEA (n = 10). Despite
sufficient epidural blockade to achieve antiarrhythmic benefit, TEA modestly decreased LV systolic
pressure (LVSP; 112 £ 5 to 98 + 4 mmHg, P < 0.01), inotropy (LV-dP/dtmax; 1472 + 102 to 1124 +
142 mmHg/s, P < 0.01) and heart rate (HR; 90.9 + 3.2 to 85.1 £ 3.5 bpm, P = 0.01), Figure 3b-e.
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However, while TEA depressed heart rate and LV function, it had no effect on RV systolic
pressure (43 + 4 to 43 £+ 4 mmHg; P = 0.7) or RV inotropy (301 + 36 to 287 + 28 mmHg/s; P =

0.2), Figure 3f-h. Importantly, both RV inotropic and lusitropic function were unaffected despite its

preload dependence, Fig 3f-h.
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Figure 4-3. Biventricular mechanical effects of thoracic epidural anesthesia. (a) Representative raw
traces of the effects of TEA on RV and LV function. TEA significantly decreased (b) heart rate (¢) LVSP,
(d) LV-dP/dtmax and (e) LV-dP/dtmin. TEA did not have any effects on (f) RVSP, (g) RV-dP/dtmax or (h) RV-
dP/dtmin. Pre-TEA vs post-TEA were compared by Student’s paired t-test, n = 10 animals.
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guantified data of AH and HV interval showing atrio-ventricular conduction before (pre-TEA) and after
administration of lidocaine (post-TEA) are shown (red arrow indicates pacing and blue arrow indicates His
signal). (b) Example of atrial ERP measurements in one animal pre-TEA (red arrow indicates pacing and
blue arrow indicates atrial capture) with quantified data pre- and post-TEA. (c) Example of ventricular ERP
measurements (red arrow indicates pacing and blue arrow indicates ventricular capture) and quantified
data pre- and post-TEA. AERP = atrial effective refractory period, VERP = ventricular effective refractory
period, STIM = channel used for atrial stimulation/pacing. Pre-TEA vs post-TEA were compared by
Student’s paired t-test, n = 6 for AH/HV interval and n = 10 for AERP and VERP.

Supraventricular electrophysiological effects of TEA
Given applications of TEA for treating post-operative atrial fibrillation, the supraventricular
electrophysiological effects of TEA were further evaluated in our model. Atrioventricular

conduction was assessed by measuring the atrial to His bundle conduction time (AH interval; n =
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7). TEA significantly prolonged the AH interval (98 + 9 to 114 + 8 msec; P = 0.001) without
affecting the HV interval, despite pacing at the same cycle length pre- and post-TEA (Figure 4a).
Next, the effects of TEA on atrial refractoriness were assessed by extra-stimulus pacing of the
left atrium (n = 10). Importantly, TEA significantly prolonged atrial ERP (147 + 5 to 168 + 5 msec;
P < 0.001), suggesting the persistence of its benefits for supraventricular arrhythmias in the
setting of MI-induced autonomic remodeling (Figure 4b).
Effects of TEA on ventricular refractoriness and action potential duration

While supraventricular effects of TEA were observed, we sought to determine whether
these effects would persist in the ventricles (n = 10) despite autonomic and ventricular myocardial
remodeling. However, ventricular ERP was also significantly prolonged by TEA (243 £ 3 to 265 +
5 msec; P < 0.001), suggesting that the benefits of TEA may not be restricted to the atria, an
important anti-arrhythmic mechanism.

Moreover, in a similar fashion, TEA significantly prolonged global ventricular ARIs by 15 +
5 msec (331 £ 16 to 347 + 18 msec; P = 0.02), Figure 4c. Importantly, bipolar voltage mapping to
delineate regions of viable myocardium from scar and border zone regions revealed that this effect
was not restricted to just the viable myocardium. While ARIs from viable regions of myocardium
were prolonged by 13 + 3 msec (340 £+ 16 to 353 + 17 msec; P < 0.01), ARIs of both scar (332 +
19 to 348 + 20 msec; P < 0.01) and border zones (337 + 16 to 355 + 18 msec; P = 0.02) also
significantly prolonged, Figure 4. There were no significant differences between regions.
Effects of TEA on cardiac autonomic function
Responses to electrical nerve stimulation

To assess whether TEA had effects on efferent function of either the stellate or vagal
nerve, the stellate ganglia and cervical vagi were electrically stimulated pre- and post-TEA (n =
6). There were no significant differences in either the threshold of stimulation as determined at 4
Hz for stellate ganglia (Figure 5b) or 10 Hz for vagal nerves (Figure 5d). Similarly, or the amplitude

of effect on ventricular ARIs with BSS or VNS before vs after TEA Figure 5.
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Figure 4-5. Ventricular action potential duration is prolonged by epidural blockade. (a) Representative

unipolar electrograms spanning the duration of lidocaine administration. Activation recovery interval (ARI), a
surrogate for local action potential duration, is calculated as the time from AT (dV/dtmin Of activation wavefront)
to RT (dV/dtmax Of repolarization wavefront) from each electrogram. The ARI before and after TEA can then
be compared both globally and regionally. (b, c) The general area of infarction is indicated by the red dashed
line. ARIs calculated from unipolar EGMs of the 56-electrode sock are mapped onto this surface and show
global prolongation in ARI, without any differences between physical regions. (d) Functional, electrical regions
are parsed out and validated by bipolar voltage mapping. Scar, border zone, and viable regions were affected

equally. Pre-TEA vs post-TEA were compared by Student’s paired t-test, n = 10 animals.

Evaluation of baroreflex sensitivity

Given the lack of effects of TEA on efferent autonomic stimulation via the stellate ganglia
or vagal nerve, we additionally investigated whether TEA would have any effect on afferent-
mediated autonomic function (n = 10). After TEA, phenylephrine-induced increases in systolic
blood pressure were significantly blunted with the same dose (44.8 £ 1.1 mmHg before TEA vs
39.7 + 1.7 mmHg after TEA, p = 0.03), Figure 6c. Despite a smaller increase in blood pressure,

the chronotropic response was significantly greater after TEA (-2.8 £ 1.8 bpm vs -6.6 £ 2.5 bpm),
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Figure 6d. Assessing the beat-to-beat relationship of systolic pressure to chronotropy further
revealed that TEA significantly increased the baroreflex sensitivity from 0.49 mmHg/ms to 1.48

mmHg/ms (P < 0.01), Figure 6e.
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Figure 4-6. Thoracic epidural anesthesia does not disrupt efferent autonomic function. (a) Schematic
indicating sites of stimulation (cervical vagus, stellate ganglion) relative to the site of blockade at the spinal
cord. (b) TEA did not affect the current of stimulation required to reach sympathetic thresholds (defined
unilaterally as a 10% increase in heart rate or systolic pressure). (¢) BSS significantly shortened ventricular
before TEA without notable differences after TEA. (d) Similarly, TEA did not affect the current of stimulation
required to reach parasympathetic thresholds (defined unilaterally as a 10% decrease in heart rate). (e)
VNS significantly prolonged ventricular ARI both before and after TEA but these effects were somewhat
attenuated. BL = baseline, RVNS = right vagal nerve stimulation, LVNS = left vagal nerve stimulation. BL

vs stimulation and pre-TEA vs post-TEA were compared by Student’s paired t-test, n = 6 animals.

DISCUSSION
Major findings

In the present study, the effects of TEA on cardiac function and the mechanisms
underlying the anti-arrhythmic benefits of TEA were investigated by detailed electrophysiological
mapping, hemodynamic recordings, and autonomic testing in chronically infarcted pigs. This study
demonstrates that the therapeutic effects of TEA in infarcted hearts may be due to relief of spinal

afferent-mediated suppression of vagal efferent outflow and improvement in BRS, a novel finding
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of this study. Improved parasympathetic function in addition to sympathetic efferent blockade can
lead to the increased electrical stability and reduction in the incidence of ventricular arrhythmias
by increasing ventricular ERP and ARI. Finally, TEA increases atrial ERP and AH interval in
infarcted hearts and, importantly, does not have significant detrimental effects on RV function, as
previously postulated.

Safety of TEA after myocardial infarction

While a mild decrease in LV contractility has been previously reported with TEA,¢ these
effects on LV function are well-tolerated in patients.'” However, data examining the effects of TEA
in diseased hearts are lacking, resulting in hesitation to use TEA in patients with Ml; in this study
of chronically infarcted pigs, only a modest reduction in LV inotropy and lusitropy was observed
without overt hemodynamic collapse or compromise.

Moreover, previous studies in healthy hearts and in patients with pulmonary hypertension
had suggested a potential decrease in RV preload after TEA that may compromise basal RV
function or its adaptations to increased afterload noted in pulmonary hypertension.8 18 19 Data on
the effects of TEA on RV function in the setting of LV dysfunction due to Ml are lacking. Our study
demonstrates that TEA did not affect RV systolic pressure or inotropy and suggest that in the
setting of MI, the use of TEA as an anti-arrhythmic therapy may be both effective and safe.
Electrophysiological effects of TEA

Present studies investigating the electrophysiological effects of TEA in infarcted hearts
are limited in both scope and quantity. Electrophysiological data from prior studies show mixed
effects on surface parameters including RR and QT intervals where they report no effect or even
shortening of these parameters.?-22 Rodent studies investigating the cardiac sympathetic afferent
reflex similarly suggest a role for cardiovascular disease-induced, state-dependent effects,??
thereby impeding the extrapolation of results from normal animals which lack autonomic
imbalances. Importantly, in our translational, large animal study with disease-induced autonomic

imbalances, the benefits of TEA were clearly revealed.
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Figure 4-7. Baroreflex sensitivity is augmented by thoracic epidural anesthesia. (a) Representative
raw trace depicting changes in heart rate upon phenylephrine challenge before and after TEA. The same
dose of phenylephrine was used before and after TEA. (b) Beat-to-beat changes in LVSP and RR interval
were plotted to assess BRS before and after TEA. The same dose of phenylephrine caused (c) a lesser
increase in peak systolic pressure but (d) a greater slowing of heart rate after TEA. (e) BRS, the beat-to-
beat relationship between systolic pressure and RR interval, was also significantly increased after TEA. PE
= phenylephrine. Peak change in LVSP and HR was compared by paired Student’s t-test and BRS was

compared by paired Wilcoxon signed ranked test, n = 10 animals.

Our study herein demonstrated that TEA prolonged the AH interval without altering the HV
interval. The observed increase in AH interval can be driven by both blockade of sympathetic

efferent neurotransmission as well as improvement in vagal tone. We also found that atrial ERP
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significantly increased after epidural anesthesia with lidocaine. Although the goal of this study
was not to test the value of this therapy in the setting of atrial fibrillation (AF) inducibility, these
data suggest that TEA may also be effective in settings where occurrence of AF is common, such
as post-cardiac surgery.

Moreover, this is the first study to examine, in addition to ventricular refractoriness, the
effects of TEA on action potential duration as measured by detailed electrophysiological mapping
in structurally diseased hearts. In addition to prolonging ventricular refractoriness, TEA also
prolonged ventricular action potential duration. Importantly, these effects spanned viable, scar,
and border zone regions of the ventricles. Prolongation of action potential duration in the scar-
border zone regions, established tinderboxes for ventricular arrhythmogenesis,' suggests that in
chronically diseased hearts, TEA may act at these sites of myocardial and neural heterogeneity
and suppress arrhythmogenesis. Furthermore, prior studies have shown that these benefits may
be greater at higher heart rates,?* suggesting that the effects seen here at rest may be an
underestimation of its antiarrhythmic benefits when stressed. Interestingly, given that central
sympathetic outflow is already inhibited in the setting of TEA, these prior findings hint at a role for
reflexive activation of the parasympathetic nervous system.

Combined, these electrophysiological effects of TEA led to an overall reduction in
inducibility of ventricular tachyarrhythmias by nearly 70%. Interestingly, this reduction in inducibility
of VT/VF is comparable to the antiarrhythmic benefit reported in case series of patients receiving
TEA.5 These benefits likely result from a combination of increased ventricular electrical stability
driven simultaneously by sympathetic blockade and augmentation of parasympathetic drive.
Effects of TEA on parasympathetic function

MI leads to significant parasympathetic dysfunction which manifests as decreased BRS.?®
Reduced BRS is an independent predictor of sudden cardiac death and ventricular arrhythmias
in patients with MI and heart failure.?> 26 Previous studies have suggested that the effects of TEA

are predominantly due to blockade of sympathetic efferents.?” However, the residual chronotropic
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and inotropic effects of TEA and reductions in ventricular arrhythmia burden in the setting of high
dose beta-blockers as seen in prior studies suggests that other anti-arrhythmic mechanisms of
TEA exist. This study demonstrates that at least a portion of the anti-arrhythmic benefit of TEA
may be due to enhanced vagal function.?!

BRS in infarcted pigs at baseline was low, as was expected in the setting of chronic MI.
However, the effects of TEA on BRS in patients or animals with MI are unknown. Studies in
healthy hearts, where BRS is normal, had suggested that TEA may not change or even mildly
reduce responses to phenylephrine.?® 2° These data may suggest that in healthy hearts, a portion
of the baroreflex response is mediated via sympathetic withdrawal. However, our data in infarcted
hearts where parasympathetic dysfunction acts in tandem with sympathetic hyperactivity, shows
that BRS significantly improves after TEA.

Previous studies in animals have shown that cardiac sympathetic afferent activation
occurs in the setting of Ml and that this chronic activation increases sympathetic outflow.
Moreover, in healthy animals, stimulation of sympathetic afferents can suppress vagal outflow.30
31 Although overlooked in studies-to-date, these prior data suggest that the benefits of TEA, in
part, may be mediated via augmentation of the parasympathetic nervous system. Our study
demonstrates for the first time, that in the setting of chronic Ml where both sympathetic efferent
and afferent activation occurs, epidural anesthesia may enhance parasympathetic function.

This data provides important mechanistic support for the sympathetic afferent-mediated
reduction of parasympathetic tone following MI. In this regard, it is possible that some of the anti-
arrhythmic, electrophysiological effects of TEA, including increases in ventricular ERP and AR,
are mediated through improved central vagal tone. This data also suggests a therapeutic role for
sympathetic afferent blockade in improving parasympathetic function. Interestingly, while
parasympathetic activation is generally perceived as cardioinhibitory, prior studies by Kock et al.
have shown that TEA may improve LV function in the setting of coronary artery disease, despite

maximal beta-blockade.®? Thus, these data combine suggest a role for TEA-mediated relief of
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central parasympathetic in 1) being anti-arrhythmic and 2) improving cardiac function, perhaps
through a combination of improved coronary perfusion, more balanced cardiometabolic demand,
and enhanced diastolic function.

In addition to a decrease in systolic blood pressure, likely due to withdrawal of central
sympathetic outflow, we observed a decreased sensitivity to alpha-adrenergic stimulation after
TEA. Although not explored in detail in the present study, this may be due to the baroreflex-
triggered changes in autonomic control of the left ventricular inotropy and/or systemic
vasculature.®® This data further suggests that TEA may be a promising adjunct therapy to
traditional antihypertensive pharmacological regimen as a novel parasympathetic
neuromodulatory approach for treatment of resistant hypertension.

Lastly, TEA did not reduce the electrophysiological effects of peripheral VNS, where
efferent fibers at the level of the cervical vagus are stimulated. However, there was a modest, but
non-significant decrease in the ventricular effects of VNS. In line with prior studies,3* 3 these data
hint towards the benefits of vagal nerve stimulation being driven, at least in part, by afferent-
mediated sympathetic withdrawal. Importantly, despite this modest reduction, VNS continued to
prolong ventricular ARI by 15 to 20 msec. Thus, as ventricular electrical effects of VNS persisted,
these data suggest that efferent parasympathetic activation alone via VNS may still provide
additional cardioprotection and be employed synergistically with TEA.

Effects of TEA on stellate ganglia sympathetic function

In this study, TEA did not reduce effects of stellate stimulation. This is not unexpected as
the stellate ganglion, which is part of the sympathetic chain, contains post-ganglionic sympathetic
neurons that provide direct innervation to the heart. However, the fact that TEA reduced VT
inducibility while increasing ERP and ARIs suggests that interruption of central sympathetic inputs
to the stellate ganglia, and subsequently the heart, is anti-arrhythmic.

Importantly, the stellate ganglia contain a mixed population of nerves including afferents,

efferents and local circuit neurons and are capable of maintaining reflex control of cardiac
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function.®6 37 Sympathetic blockade by TEA circumvents the interruption of intrathoracic cardiac
reflexes which are critical for normal cardiovascular adaptation. Conversely, other neuromodulatory
approaches targeted at disease-induced sympathoexcitation such as beta blockade, stellate
ganglion blockade, and cardiac sympathetic denervation may hinder the maintenance of cardiac
homeostasis. Neuromodulatory techniques such as TEA may thus benefit from reductions in central
sympathetic outflow while leaving intact cardio-cardiac reflexes through the paravertebral ganglia.
Limitations

General anesthesia with isoflurane is known to blunt autonomic responses. To limit this
effect, once surgical procedures had been completed, anesthesia was switched to a-chloralose.

Lidocaine has been shown to shorten action potential duration.38 3° Lidocaine absorbed
into the systemic circulation may thus underestimate the effects of TEA. Moreover, the effects of
TEA may be underestimated by potentially incomplete blockade of all cardiac spinal nerves.

However, the blockade herein was sufficient to achieve a decrease in VT inducibility.

CONCLUSIONS

This study demonstrates that TEA is effective post-MI without compromising RV function.
TEA increases atrial and ventricular ERPs and ARIs, the likely mechanism behind TEA’s anti-
arrhythmic effects. Notably, while TEA has been long purported to suppress cardiac sympathetic
outflow and thereby reduce the damaging effects of sympathoexcitation, TEA also improves
parasympathetic function, which can independently improve electrophysiological parameters and
be anti-arrhythmic. The effects of TEA on BRS provides insight into parasympathetic dysfunction
post-MI, demonstrating the role of sympathetic spinal afferents in reducing central vagal drive.
TEA uniquely benefits from blockade at an anatomic and autonomic nexus point, achieving
bilateral blockade of cardiac-projecting sympathetic efferents along with sympathetic afferents
which may reduce further sympathoexcitation and simultaneously relieve afferent-mediated

suppression of parasympathetic outflow.
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ABSTRACT

The sympathetic nervous system plays an important role in occurrence of ventricular
tachycardia (VT). Many patients, however, experience VT despite maximal doses of beta-blocker
therapy, possibly due to the effects of sympathetic co-transmitters such as neuropeptide Y (NPY).
The purpose of this study was to determine whether propranolol, at higher than clinically
recommended doses, could block ventricular electrophysiological effects of sympatho-excitation
via stellate ganglia stimulation, and if any residual effects were mediated by NPY, in a porcine
model. Greater release of cardiac NPY was observed at higher frequencies of sympathetic
stimulation (10 and 20 vs. 4Hz). Despite treatment with even higher doses of propranolol (1.0
mg/kg), electrophysiological effects of sympathetic stimulation remained with residual shortening
of activation-recovery interval (ARI), a surrogate of action potential duration. Adjuvant treatment
with NPY Y31 receptor antagonist, BIBO 3304, however, reduced these electrophysiological
effects, while augmenting inotropy. These data demonstrate that high dose beta-blocker therapy
is insufficient to block electrophysiological effects of sympatho-excitation, and a portion of these
electrical effects in-vivo are mediated by NPY. Y1 receptor blockade may represent a promising

adjuvant therapy to beta-adrenergic receptor blockade.
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INTRODUCTION

The sympathetic nervous system plays an important role in the occurrence of ventricular
tachycardia (VT) and ventricular fibrillation (VF).'®* Cardiac sympathetic activation causes
triggered activity*® and increases in heterogeneity and dispersion of ventricular repolarization,®-8
leading to VT, VF, and sudden cardiac death.® Beta-blocker therapy, by targeting beta-adrenergic
receptors for norepinephrine (NE), remains the cornerstone of sympathetic neuromodulation for
treatment of VT and VF.1° Recently, propranolol has been suggested to be more efficacious for
control of recurrent ventricular arrhythmias than metoprolol, especially in the setting of VT/VF
(electrical) storm.!

However, despite maximally tolerated doses of beta-blocker therapy, patients can
continue to experience recurrent VT and VF episodes.!! It's possible that during states of
significantly elevated sympathetic tone, beta-blocker therapy is insufficient to completely
suppress the electrophysiological effects of sympathetic activation. This may in part be due to
release of sympathetic neuropeptides, such as neuropeptide Y (NPY), which are reported to be
released during states of excessive sympathetic activation,’>'* and as of yet, are not
therapeutically targeted. It has been reported that elevated coronary sinus (CS) plasma NPY
levels in patients presenting with heart failure portends a poor outcome,'® and in patients with
acute myocardial infarction (MI) is associated with higher ventricular arrhythmia scores 4, greater
infarct size, and reduced ejection fraction, despite reperfusion therapy.'® In a rat Langendorff
model, blockade of myocardial NPY Yi receptor (NPY1R) by BIBO 3304, increased VF
thresholds.” These data suggest that NPY has proarrhythmic potential, which could be mediated
through its Y; receptor on cardiac myocytes.'® However, direct ventricular electrophysiological
effects of NPY in-vivo remain to be evaluated.

The purpose of this study was to evaluate the effects of sympathetic activation via bilateral
stellate ganglia stimulation (BSS) at different frequencies on cardiac electrophysiological indices,

hemodynamic parameters, and NE and NPY levels, in a porcine model in-vivo. In addition, we
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hypothesized that high doses of propranolol, at several times clinically indicated doses, may not
be sufficient to completely block the effects of sympathoexcitation. Finally, we assessed whether
any remaining electrophysiological effects may be driven from the release of cardiac NPY and

attenuated by infusion of the Y; receptor blocker, BIBO 3304.

RESULTS

In order to study the effects of sympathetic stimulation on hemodynamic and
electrophysiological parameters and neurotransmitter/neuropeptide profiles with and without
propranolol and the Y; inhibitor BIBO 3304, 3 protocols involving different groups of animals

(protocols 1-3) were used (Figure 1A).

A SETUP BSS 4Hz BSS 10Hz BSS 20Hz ANTERIOR
B
1 hour 1 hour 1 hour > Ik \
> Yy
PROTOCOL #1 (N=5) | (UL
RV
BSS 4Hz BSS 4Hz BSS 10Hz RIGHTE [N /AR
L\ b UAYAY
1 hour 1 hour | 10 min | 1 hour < S TN
PROTOCOL #2 (N=10) | y - \ .
PROPRANOLOL Cc POSTERIOR
(0.5 mg/kg)
AT
BSS 10Hz BSS 10Hz BSS 10Hz A : . ‘ ' -t [
RT-AT=ARI RT
1 hour 1 hour | 10 min | 1 hour | 20min | —
> 50
PROTOCOL #3 (N=10) | j ms
PROPRANOLOL BIBO3304
(1.0 mg/kg)

Figure 5-1. Study design and methods. (A) Timeline of protocols used to evaluate effects of BSS under
different pharmacological conditions. (B) Schematic of the 56-electrode sock used to acquire local
electrograms from ventricular epicardium. Electrograms are mapped onto a 2-dimensional plane to assess
regional differences. (C) ARI, a surrogate for action potential duration, is measured as the time from the most

negative dV/dt of the activation wave-front to the most positive dV/dt of the repolarization wave-front.

Effects of frequency of sympathetic stimulation on hemodynamic parameters,
neurotransmitter/neuropeptide profiles, and electrophysiological parameters
In protocol 1, the effects of frequency on hemodynamic and electrical parameters as well

as NE and NPY release profiles were tested at 3 different frequencies (4, 10, and 20 Hz) but at
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Figure 5-2. Effects of different frequencies of BSS on cardiac hemodynamic parameters, NE, and NPY.
All frequencies of stimulation significantly increased (A) HR, (B) LVSP, (C) and dP/dtmax. HR, unlike LVSP or
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dP/dtmax, increased significantly more at 10 Hz than 4 Hz. There were no significant differences in
hemodynamic parameters between 10 Hz and 20 Hz. (D) Plasma NE in the CS with all frequencies of
stimulation, but release was significantly greater in the CS than femoral artery (FA). Release of NE was greater
at the higher frequencies. There was no difference in the changes in CS NE levels between 10 Hz and 20 Hz
of stimulation. (E) CS NPY levels at 10 Hz BSS were greater than 4 Hz, with further increases observed at 20
Hz. BL = baseline, n =5 animals for all comparisons, baseline vs. stimulation comparisons were performed
using the two-sided paired Student’s t-test and comparisons of changes between different frequencies were

performed using one-way ANOVA with post hoc analysis. P < 0.05 was considered statistically significant.

the same fixed current (defined as 1.2 times the threshold current that led to a 10% increase in
heart rate or systolic blood pressure at 4 Hz) in-vivo in 5 Yorkshire pigs to determine NE and NPY
release profiles in this species. All tested frequencies of stimulation significantly increased heart
rate (HR), left ventricular systolic pressure (LVSP), and dP/dtmwax from baseline (P < 0.05) (Figure
2A-C). BSS at 10 Hz increased HR more than 4 Hz (61.5 £ 7.0 bpm vs. 22.7 £ 5.5 bpm; P = 0.02).
Further increases in HR at 20 Hz vs. 10 Hz were not observed. There were no significant
differences between frequencies of stimulations on increases in LVSP or dP/dtmax.

The effects of frequency of BSS on electrical, hemodynamic, and plasma NE and NPY
levels are shown in Figure 2, D and E. All frequencies of stimulation increased coronary sinus
(CS) NE levels by 100- to 150-fold. BSS at 10 Hz and 20 Hz led to significantly greater release of
CS NE compared to 4 Hz. There were no statistically significant differences in NE release profiles
at 10 Hz vs. 20 Hz.

BSS at 4 Hz caused a significant, but modest change in CS NPY levels (from 6.7 £ 2.6
pg/mL to 14.1 + 1.3 pg/mL; P = 0.046) but not FA NPY levels (Figure 2E). However, BSS at 10
Hz evoked a 5-fold greater release of CS NPY than 4 Hz (39.3 £ 12.2 pg/mL with 10 Hz vs. 7.2 +
2.7 pg/mL with 4 Hz; P = 0.04). BSS at 20 Hz further increased CS NPY levels compared to 10
Hz (from 7.0 £ 4.7 pg/mL to 91.4 £ 16.7 pg/mL; P < 0.01). CS and FA release profiles for NE and
NPY are shown in Tables 1 and 2, respectively.

Ventricular activation-recovery intervals, corrected for heart rate, (ARIc), shortened during

BSS compared to baseline with all frequencies of stimulation (Figure 3). Stimulation at 4 Hz
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Table 5-1. Plasma NE concentrations in the coronary sinus and femoral artery at baseline

and during bilateral stellate ganglia stimulations for protocols 1 to 3.

BL (ng/ml) BSS (ng/ml) A (ng/ml)
cs 0.04 +0.0 4.7 +1.2% 46+1.2
4 Hz BSS
FA 0.2 +0.03 1.9 + 0.5 1.7+0.4
Protocol #1 cs 0.07+0.04 | 10.2+2.3* 10.2+2.3
-5 10 Hz BSS
(n=5) FA 0.4+0.3 47 +1.1% 43+0.9
cs 0.06 +0.03 | 9.4+1.3* 9.3+1.3
20 Hz BSS
FA 0.2 +0.04 5.0+ 0.6%* 48+0.6
4 Hz BSS + 0.5 mg/kg cs 0.2+ 0.06 2.24+0.7* 21407
Propranolol *
Protocol #2 p FA 1.4+05 8.9 + 2.3 75+2.0
n=10
(n=10) 10 Hz BSS + 0.5 mg/kg CS 02006 | 270:04 | 2504
Propranolol FA 2.4+0.6 18.7+ 4.4% 16.2+4.2
cs 0.1+0.04 9.1+ 1.6%* 9.0+1.6
10 Hz BSS
FA 0.07 £ 0.03 4.3+1.5¢* 42+15
Protocol #3 10 Hz BSS + 1.0 mgrkg cs 01+0.04 | 1.14+0.38* 1.0+0.4
(n=10) Propranolol FA 0.1+ 0.05 0.8 + 0.2%* 0.7+ 0.2
10 Hz BSS + 1.0 mg/kg CS 0.3+0.08 1.50+ 0.6 1.2+0.6
Propranolol + BIBO 3304 FA 02+005 | 0.83+02% | 070.1

CS = coronary sinus, FA = femoral artery, BL = baseline, BSS = bilateral stellate ganglia stimulation. *P <
0.05, **P < 0.01, **P < 0.001 vs. baseline.

shortened global ARIc by 75 + 17 ms (from 397 + 8 ms to 322 + 17 ms; P = 0.01), whereas BSS
at 10 Hz induced further shortening (139 + 8 ms; from 392 £ 9 ms to 253 + 10 ms; P < 0.001).
BSS at 20 Hz also caused a 166 + 8 ms shortening in global ventricular ARIc (from 415 £ 6 ms to
249 + 10 ms; P < 0.001) but this was not significantly different than changes observed at 10 Hz.
No significant regional differences in ARIs at different frequencies of stimulation were noted,
Supplemental Figure 1.
Effects of sympathetic stimulation after 0.5 mg/kg propranolol

Given the lack of electrophysiological and ARI differences between 10 Hz and 20 Hz of
stimulation frequency, the effects of propranolol 0.5 mg/kg were evaluated during BSS at 4 Hz
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Table 5-2. Plasma NPY concentrations in the coronary sinus and femoral artery at baseline

and during bilateral stellate ganglia stimulations.

BL (ng/ml) BSS (ng/ml) A (ng/ml)

cs 6.7+2.6 14.1 + 1.3* R
4 Hz BSS
FA 8.0+55 11.0+ 6.2 31+1.8
Protocol #1 cs 46+29 43.9+12.3* | 39.3+12.2
5 10 Hz BSS
(n=5) FA 12.9+8.2 15.6 + 4.2 9.6+ 3.0
CS 70+47 | 91.4+16.7* | 84.5+145
20 Hz BSS
FA 11.7+2.7 27.4+85 15.7 + 6.3
4 Hz BSS + 0.5 mg/kg cs 0.0+23 11.9 + 2.0% 2.3+0.7
Propranolol
Protocol #2 p FA 8.0+1.8 9.6+1.9 1.9+0.9
n=10 *%
(n=10) 10 Hz BSS + 0.5 mg/kg CS  73%19 | 17.1%36 9.9+26
Propranolol FA 7.9+22 11.25 + 2.41 39+15
cs 7.0+1.7 16.4 + 2.1% 95+2.4
10 Hz BSS
FA 12.6+4.2 145+ 2.9 6.3+2.1
Protocol #3 10 Hz BSS + 1.0 mglkg cs 9.6+1.9 14.9 + 1.9% 53+1.3
(n=10) Propranolol FA 17.1+6.1 15.9 + 4.9 25+1.2
10 Hz BSS + 1.0 mgrkg cs 9.3+15 16.3 + 1.5%+ 70293
Propranolol + BIBO 3304 FA 16.1 + 6.0 17.8+ 4.4 44+13

CS = coronary sinus, FA = femoral artery, BL = baseline, BSS = bilateral stellate ganglia stimulation. *P <
0.05, **P < 0.01, **P < 0.001 vs. baseline.

and 10 Hz (n = 10) (Figure 1). Despite propranolol at this high dose, BSS at 4 Hz and 10 Hz
significantly increased HR, LVSP, and dP/dtmax (Supplemental Figure 2) with greater increases in
LVSP and dP/dtmax at 10 Hz than 4 Hz.

BSS at 4 Hz and 10 Hz shortened global ventricular ARIc compared to baseline, despite
beta-blocker therapy. However, BSS at 10 Hz caused greater global ARIc effects than at 4 Hz (a
decrease of 29 + 4 ms at 10 Hz vs. 9 + 3 ms at 4 Hz; P < 0.001) after propranolol treatment,
despite similar levels of NE in the CS, further suggesting a potential role for other co-transmitters
in mediating these effects. Raw (uncorrected) ARI values for BSS at 4 Hz and 10 Hz are reported

in Supplemental Figure 3.
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Figure 5-3. Effects of frequency of stimulation on ventricular electrophysiology. (A) Representative
polar maps depicting the effects of BSS at 4, 10, and 20 Hz on ventricular ARIs. (B) All stimulation
frequencies caused significant shortening of corrected ARIs. BSS at 10 Hz and 20 Hz shortened global
ventricular ARIs more than 4 Hz, even after correcting for heart rate. There was no difference in ARIc
shortening between BSS at 10 Hz vs. 20 Hz. BL = baseline, ARIc = corrected ARI for heart rate, A = change
from BL. n = 10 animals for all comparisons, baseline vs. stimulation comparisons were performed using
the two-sided paired Student’s t-test and comparisons of changes between different frequencies were

performed using one-way ANOVA with post hoc analysis. P < 0.05 was considered significant.

Effects of sympathetic stimulation after 1.0 mg/kg of propranolol

Given the results of the above experiments which demonstrated significant residual
electrophysiological effects at 0.5 mg/kg of propranolol and significant release of NPY at 10 Hz,
in protocol 3 we used stimulations at 10 Hz were used to evaluate effects of BSS after 1.0 mg/kg

propranolol (to assure even greater blockade of beta-adrenergic receptors) (Figure 1).
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Figure 5-4. Effects of 1.0 mg/kg propranolol on BSS induced changes in hemodynamic and
electrophysiological parameters. Although effects of BSS, especially HR, were mitigated by 1.0 mg/kg
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of propranolol, 10 Hz BSS continued to have significant increase (A) HR, (B) LVSP, and (C) dP/dtmax. (D)
Representative polar maps comparing raw ventricular ARIs with and without propranolol. (E) Although 1.0
mg/kg propranolol did mitigate BSS-induced changes in global ARIs, it did not completely block the effects
of BSS. BL = baseline, ARIc = corrected ARI for heart rate, A = change from BL. (-) prop = untreated
animals, (+) prop = 1.0 mg/kg propranolol. n = 10 animals for all comparisons, analyses were performed

using the two-sided paired Student’s t-test. P < 0.05 was considered significant.

Propranolol (1.0 mg/kg) significantly mitigated BSS-induced CS NE release profiles (from
9.0 £ 1.6 ng/mL to 1.0 £ 0.4 ng/mL), while there was only a modest reduction in BSS-induced
release of CS NPY (Tables 1 and 2).

Although the effects of BSS on hemodynamic parameters and ventricular ARIs were
significantly reduced after infusion of 1.0 mg/kg propranolol, BSS still increased HR, LVSP, and
dP/dtmax (P < 0.001 for all parameters, Figure 4, A-C). Furthermore, after treatment with 1.0 mg/kg
propranolol, BSS continued to significantly shorten global ventricular ARIc by 19 + 5 ms (from 359
+12 msto 341 £ 10 ms; P < 0.01; Figure 4, D and E). Raw (uncorrected) ARI values are reported
in Supplemental Figure 3.

Expression of NPY1R on the ventricular myocardium

The presence of NPY1R protein in the ventricular myocardium was confirmed by Western
blotting (Figure 5B; see complete unedited gel in the supplemental material). A major
immunoreactive band was detected at approximately 51 kDa in the apex, mid and base of the left
ventricle (n = 3). The higher molecular weight may represent an intermediate N- or O-glycosylated
form with bands up to 55 kDa reported in human tissue.®

The localization of NPY1R was further validated by immunohistochemistry, Figure 5. High
expression of NPY1R was noted in the vascular smooth muscle of cardiac blood vessels with
adjacent NPY-immunoreactive nerve fibers. While highly expressing NPY, cardiac ganglia
expressed only low levels of NPY1R. Adjacent myocardium showed moderate expression of
NPY1R with NPY-immunoreactive nerve fibers running between myocytes. Neither NPY nor

NPY1R immunoreactive puncta were observed in negative controls of any area.
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Figure 5-5. Expression of NPY1R in the porcine ventricular myocardium and the effects of infusion
of BIBO3304 on hemodynamic parameters and ARIs. (A) NPY1R expression was confirmed in the
porcine heart. High expression of NPY-Y1R (green) is evident in the vascular smooth muscle with moderate
expression in intracardiac ganglia and the myocardium. NPY-immunoreactive nerve fibers (red) directly
appose the NPY-1R immunoreactive vessels and myocardium. (B) Presence of NPY-1R is confirmed by
western blot analysis of ventricular whole cell lysate and shows no regional differences in expression. BIBO
3304 had no significant effect on resting (C) HR or (D) dP/dtmax While a modest reduction in (E) LVSP (101.6
+ 4.1 mmHg to 94.7 £ 5.7 mmHg) was observed (F) Representative polar maps comparing the effects of

BIBO 3304 on raw ARIs. (G) Global corrected ventricular ARIs significantly prolonged following the
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administration of BIBO 3304. Scale bars are 10 um. BL = baseline, ARIc = corrected ARI for heart rate. n
= 7 animals for all comparisons. Comparisons were performed using the two-sided paired Student’s t-test,
pre-BIBO 3304 refers to data just prior to infusion of BIBO3304 but after infusion of propranolol 1.0 mg/kg
for protocol #3, while post-BIBO 3304 represents data after 20 mins of BIBO 3304 infusion.

Effects of adjuvant NPY1R antagonism on BSS-induced hemodynamic and
electrophysiological changes

To assess the role of NPY via Y; receptors in mediating the observed residual effects of
sympathoexcitation in the setting of high-dose propranolol, BIBO 3304, a selective NPY1R
antagonist, was administered in the same animals that received 1.0 mg/kg propranolol.

Infusion of BIBO 3304 after propranolol had no significant additional effect on HR or
dP/dtmax (Figure 5, C and E). However, it caused a modest reduction in LVSP (P = 0.04) and,
importantly, prolonged global ventricular ARIc (from 381 + 16 ms to 389 + 15 ms; P = 0.02; Figure
5, Fand G).

Following adjuvant therapy with BIBO 3304, BSS at 10 Hz continued to increase LVSP
(from 98.1 + 4.7 mmHg to 147.0 + 10.9 mmHg; P < 0.001) and dP/dtmnax (from 1234.6 + 84.4
mmHg/s to 1780.1 + 124.1 mmHg/s; P < 0.001) (Figure 6, B and C). Unlike with intravenous
propranolol at 1.0 mg/kg, there was no longer a significant HR effect with BSS after treatment
with BIBO 3304 and propranolol (103.7 + 4.9 bpm to 104.7 £ 5.5 bpm; P = 0.6; Figure 6A). Thus,
BSS-induced increases in HR in the setting of propranolol alone were inhibited after
administration of BIBO 3304 (4.4 + 1.4 bpm vs. 1.0 £ 1.9 bpm, respectively; P = 0.02). There was
no significant difference in BSS-induced increases in LVSP, however, between propranolol alone
and propranolol with BIBO 3304, suggesting that BSS continues to have significant effects on
systolic blood pressure. Of note, inotropy, as measured by dP/dtmax, improved after BIBO 3304
infusion during BSS (an increase of 333.6 + 59.8 mmHg/s before vs. 545.5 £ 78.3 mmHg/s after

BIBO 3304 with BSS; P = 0.047; Figure 6C).
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Figure 5-6. Effects of BSS on hemodynamic and electrophysiological parameters after 1.0 mg/kg
propranololi.v. and BIBO 3304 as compared to propranolol alone. BIBO 3304 completely blocked effects
of BSS on (A) HR, while residual effects on (B) LVSP, and (C) dP/dtmax continued to be observed. BIBO 3304
augmented the changes in dP/dtmax. (D) Representative polar maps comparing effects of BSS on raw
ventricular ARIs in the setting of high-dose propranolol, with and without BIBO 3304. (E) Global corrected

ventricular ARIs significantly shortened despite administration of high-dose propranolol, but not after
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administration of BIBO 3304. Additional treatment with BIBO 3304 significantly reduced BBS-induced
shortening of ARIc. BL = baseline, ARIc = corrected ARI for heart rate, A = change from BL. (+) prop = 1.0
mg/kg propranolol, (-) BIBO = NPY1R blockade, (+) BIBO = 0.2 mg/kg + 0.4 mg/kg/hr BIBO 3304. n = 10
animals for all comparisons, analyses were performed using the two-sided paired Student’s t-test. P < 0.05

was considered significant.

Despite high-dose propranolol, BSS significantly decreased global ventricular ARIc (from
359 + 12 ms to 341 + 10 ms; P < 0.01; Figure 6, D and E). After additional administration of
BIBO 3304, however, effects of BSS on ventricular ARIc were reduced (from 355 + 13 ms to 347
+ 14 ms; P = 0.1). A mean difference in ARIc shortening of approximately 11 ms was observed
after combined propranolol and BIBO 3304 compared with propranolol alone (19 + 5 ms with

propranolol alone to 8 £ 4 ms with propranolol + BIBO 3304; P < 0.01).

DISCUSSION
Major findings

In the present study we tested the hypothesis that elevated sympathetic tone circumvents
the effects of high dose propranolol and that its electrophysiological effects may, in part, be
mediated via NPY. Using a porcine model, we first confirmed the frequency-dependent release
of NPY in-vivo in this species. We initially tested propranolol at 0.5 mg/kg i.v. to assess whether
this dose would block electrophysiological effects of sympathoexcitation, as it represents 5 times
the maximal clinically recommended doses for ventricular arrhythmias.'® Surprisingly, while 0.5
mg/kg propranolol reduced effects of BSS, significant effects on ARIs (APD) persisted, especially
at 10 Hz of stimulation, suggesting that high doses of propranolol are insufficient to block effects
of sympathoexcitation and providing insight as to why patients may suffer from recurrent
arrhythmias despite high doses of beta blocker therapy. Subsequently, in order to further isolate
effects of NPY vs. NE, 1.0 mg/kg propranolol was used to evaluate electrophysiological effects of
NPY. Detailed in-vivo evaluation showed shortening of ventricular ARIs despite high dose beta

blocker therapy, effects which were mitigated by Y: receptor blockade. Our findings are in line
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with previous ex-vivo data in rats and studies suggesting elevated arrhythmic risk in myocardial
infarction patients with higher NPY levels.'4
Other key findings of this study include:
1. While cardiac NE release is significant at 4 Hz, this release profile plateaus at 10 Hz in-
vivo. Only modest amounts of NPY are released at 4 Hz of stimulation, with pronounced
releases of NPY at 10 Hz and 20 Hz of BSS.
2. Beta-blocker therapy decreases release of NE but does not affect NPY release.
3. Although Y31 receptor blockade caused a modest decrease in systolic blood pressure,
suggesting afterload reduction, it did not affect dP/dtmax at baseline or during sympathetic
activation, suggesting lack of deleterious inotropic effects.
4. Y, receptor blockade demonstrated a significant, and clinically meaningful reduction in
ventricular ARIs, similar in magnitude to other neuromodulatory therapies, such as cardiac
sympathetic denervation (CSD),?° that are known to be anti-arrhythmic. However, it did
not inhibit BSS induced increase in LVSP.
Beta-blocker therapy and ventricular arrhythmias

Beta-blocker therapy is the standard of care for patients that present with life-threatening
VT. Recently, propranolol was shown to have better outcomes in treatment of patients presenting
with VT storm than metoprolol. Despite treatment with beta-blocker medications, however, many
patients experience recurrent VT and VF.1%2122 |n this study, 0.5 mg/kg of intravenous propranolol,
which is 5 to 10 times ACLS recommended doses for treatment of VT, did not completely inhibit
the effects of sympathoexcitation. Our data provide insight as to why beta-blocker therapy may be
insufficient to prevent electrophysiological effects of sympathoexcitation. As a neuromodulatory
therapy, CSD has shown benefit in treatment of refractory VT in patients already treated with beta
blocker therapy and in reducing VT inducibility in infarcted porcine hearts.???? It's also possible that

one of the mechanisms behind the beneficial effects of CSD is a reduction in NPY. CSD, by reducing
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afferent neurotransmission, can decrease efferent sympathetic outflow. In addition, by disrupting
efferent sympathetic fibers, CSD can reduce both NE as well as NPY levels.

Beta-blocker therapy can also act by pre-synaptic mechanisms to reduce NE release from
sympathetic nerve terminals,?* as also observed in this study. We did not, however, observe a
substantial reduction in NPY release after propranolol infusion. NE is stored in two different type
of vesicles, small clear vesicles that primarily carry catecholamines and large dense vesicles that
also carry NPY.?5?7 |t's possible that beta-blockers have differential pre-synaptic effects on the
release of these vesicles. Unlike beta-blocker therapy, which reduces the release of NE, it
appears that Y; receptor-antagonism lacks presynaptic effects and does not affect the release of
NPY, as shown in Table 2.

NPY, cardiovascular disease, and ventricular arrhythmias

NPY levels are increased in the setting of heart failure.?8-3° Patients with Ml who have higher
CS NPY levels are at a greater risk of ventricular dysfunction, even despite reperfusion therapy,3*
and those with higher plasma NPY were recently shown to have increased incidence of VT.14 Of
note, in a rat Langendorff model, NPY significantly increased incidence of ischemia-driven
ventricular arrhythmias.'* However, evaluation of in-vivo effects of NPY on ventricular APDs,
especially in large animal models is lacking. This is largely due to the overwhelming effect of NPY
in causing vasoconstriction when given intravenously, which has prevented a detailed assessment
of its electrophysiological effects. In this study, blockade of NPY1R with BIBO 3304 further
mitigated ventricular effects of sympathetic nerve stimulation on ARIs, a surrogate of APDs. Our
study showed that on average, BIBO 3304 can mitigate ARI shortening by approximately 10 ms,
even after correcting for HR, beyond beta-blocker therapy. Although this is a modest reduction,
previous studies of neuromodulation, such as CSD and vagal nerve stimulation, have shown that
even 5-10 ms increases in ventricular ARIs or refractoriness are sufficient to significantly reduce
VT/VF inducibility.203233 Along this line, recently published data have shown that in an innervated

rat Langendorff model, BIBO 3304 is able to increase VF threshold during sympathetic stimulation
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above and beyond beta-blocker therapy with metoprolol, suggesting that Y, receptor blockade is
anti-arrhythmic ex-vivo.'” Also, recent human data suggests that patients with ST elevation
myocardial infarction who have higher NPY levels also have higher incidences of ventricular
arrhythmias, suggesting that NPY may be pro-arrhythmic in humans.’

The effects of NPY on ventricular myocyte APD have been explored in cell culture using
patch-clamping techniques. NPY has been shown to reduce action potential duration in ventricular
myocytes of guinea pigs.®* In addition, optical imaging of ex-vivo rat hearts has shown that NPY
significantly increases the calcium transient amplitude, accompanied by a significant shortening of
the calcium transient duration.’” It has also been suggested that NPYY1R activation enhances
myocyte calcium release due to NE, acting in a synergistic fashion.®®> While this mechanism can
partly explain NPY-mediated APD shortening, the residual effects of BIBO 3304 beyond high dose
propranolol may also suggest that the NPY1R has an independent mechanism for shortening APD
in cardiomyocytes. We also noted a mitigation of effects of BIBO 3304 on HR, despite similar
increases in LVSP, similar NE and NPY release profiles, and greater increases in inotropy with
BSS. These data are in line with a previous study suggesting that NPY can cause NPY1R-mediated
stress evoked tachycardia.?® The observed similar or greater effects on other hemodynamic
parameters in this study suggest that repeat stimulation “fatigue,” which may occur with multiple
stimulations of stellate ganglia if a sufficient waiting period between stimulations is not allowed, was
not a factor in our studies (with a minimum of a 60 min waiting period between stimulations).

NPY is a potent vasoconstrictor,3” but its effects on inotropy are unclear. A study in isolated
rat cardiomyocytes suggested NPY1R-agonism may improve inotropy,® while an in-vivo study
suggested that NPY inhibits inotropic effects of sympathetic stimulation.® It's also possible that by
causing significant coronary vasoconstriction,’® NPY can interfere with myocardial metabolism
and, thereby, cardiac function. Interestingly, NPY1R blockade with BIBO 3304 did not reduce
dP/dtnax and augmented the inotropic effects of BSS. Taken together these data suggest that

adjuvant myocardial blockade of NPY1R may be hemodynamically well-tolerated. Despite
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combination of BIBO 3304 and propranolol, a modest residual effect on ARIs still remained during
BSS. This may be due to other sympathetic co-transmitters, such as galanin,'®* whose levels are
also elevated with cardiovascular disease,*® but whose electrophysiological effects remain unclear.

Of note, we tested effects of BIBO 3304 at 10 Hz stimulation, given that we did not see
electrophysiological differences between 10 Hz and 20 Hz. It's important to note that the levels of
NPY observed in the CS of pigs in this study at 10 Hz (43.9 £ 12.3 pg/mL) were comparable to
those observed in the CS of patients with acute Ml (29.3 pg/mL with a range of 23.6 to 51.4 pg/mL),
who had poorer outcomes at 6 months, as compared to patients who had lower levels of NPY.16
Clinical implications

Recurrent ventricular arrhythmias occur in patients with cardiomyopathy, despite therapy
with beta blocker medications, anti-arrhythmic drugs, and catheter ablation, posing a significant
therapeutic challenge.?1?? Cardiac sympathetic activation is known to both trigger and maintain
ventricular arrhythmias.'® This study demonstrates that high dose beta-blocker therapy, at an
order of magnitude higher than clinically recommended doses, still cannot overcome the
electrophysiological effects of sympathoexcitation in normal porcine hearts, and that NPY has
independent ventricular electrophysiological effects that are mediated through the Y; receptor.
No adverse effects on inotropy were observed with Y receptor blockade. As treatment of
ventricular arrhythmias primarily relies on beta-blocker therapy to reduce effects of sympathetic
activation, our results in-vivo in a large animal model provide some insight as to why patients may
continue to experience recurrent arrhythmias despite this therapy. Studies in diseased hearts,
however, are needed to further confirm our findings and evaluate the effects of Y receptor
blockade on ventricular arrhythmia inducibility.
Limitations

This study evaluated effects of BSS and Y; receptor blockade acutely; chronic effects of
BIBO 3304 remain to be investigated. General anesthesia with isoflurane is known to blunt

autonomic responses. To limit this effect, once surgical procedures had been completed,
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anesthesia was switched to a-chloralose. In this study atropine was administered to prevent reflex
bradycardia in response to rises in blood pressures that can occur as result of BSS. This may have
led to an underestimation of effects of NPY acting via other receptors, such as Y, receptors, which
are known to decrease release of acetylcholine from parasympathetic fibers.’34° It's possible that a
portion of the changes in ARIs during BSS were driven by heart rate. We did not correct for heart
rate changes with pacing due to known effects of cardiac pacing on further exacerbating
sympathoexcitation, cardiac NE levels, and cardiac autonomic neural activity.**#? | Instead, we
corrected ARIs at different heart rates using Friedrichs formula for QT as no formula exists for ARI
correction and QT formula is without limitation. Of note, ventricular ARIs prolonged with BIBO 3304
infusion, even after correcting for HR, and results of BSS on ARI pre- and post-BIBO 3304 were
noted to be at the same heart rate. Finally, ventricular stimulation was not performed in these
animals. Ventricular stimulation rarely causes VT in normal pig hearts (< 10%), and very aggressive
programmed stimulation can produce non-specific VF. Therefore, to observe the effects of BIBO
3304 on VT inducibility above and beyond beta-blocker therapy, very large numbers of animals
would be required to obtain sufficient power to see an effect. Studies on the effects of BIBO 3304
in the setting of chronic myocardial infarction, where VT is more readily induced, could be used to

evaluate effects of BIBO 3304 on the incidence of ventricular arrhythmias.

CONCLUSIONS

This study demonstrates that high doses of beta-blockers cannot completely prevent the
electrophysiological effects of sympathetic activation. In-vivo NPY can act directly on the
ventricles and modulate cardiac APDs via a Y receptor-mediated mechanism. Cardiac
contractility was preserved with NPY1R antagonism. Adjuvant NPYY1R blockade may present a

promising therapeutic target in patients with refractory ventricular tachyarrhythmias.

METHODS

Ethical approval
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Yorkshire pigs (Sus scrofa; 3.6 £ 0.1 months old; N = 25) were used in the study. Pigs were
housed for a minimum of a week to allow for acclimatization at the UCLA animal housing facility
and subjected to a standard 12-h light-dark cycle. Care of the animals conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. The study protocol was
approved by the University of California, Los Angeles, Institutional Animal Care and Use Committee.
Experimental protocol
Three groups of animals were used for the following studies (Figure 1):

Group 1 (49.1 £ 1.0 kg; n = 5) These animals underwent sequential bilateral stellate ganglia
stimulations (BSS) to evaluate the effect of a range of stimulation frequencies on hemodynamic,
electrophysiological, and neurotransmitter/neuropeptide profiles in the porcine model, given lack of
previous data in this species. Stimulations were performed at 4 Hz, 10 Hz, and 20 Hz, with a 60 min
wait period in between stimulations.

Group 2 (52.2 £ 3.5 kg; n = 10) These animals underwent BSS at 4 Hz and 10 Hz (given
results of group 1) with and without 0.5 mg/kg of propranolol i.v. and a minimum of a 60 min wait
period between stimulations.

Group 3 (44.8 £ 1.4 kg; n = 10) These animals underwent BSS at 10 Hz and repeat 10 Hz
stimulations with propranolol 1.0 mg/kg i.v. and a combination of propranolol 1.0 mg/kg i.v. and
BIBO 3304 infusion. A minimum of 60 mins was allowed in between stimulations.

Experimental preparation

All animals were sedated with tiletamine-zolazepam (4-8 mg/kg, i.m.) and intubated.
General anesthesia was maintained with isoflurane (1-2%) and analgesia managed by intermittent
boluses of fentanyl (total 20 mcg/kg, i.v.) during surgical preparation. Following the completion of
surgical procedures, anesthesia was maintained by a-chloralose (50 mg/kg initial bolus,
subsequently 20-30 mg/kg/hr continuous infusion, i.v.). Hourly arterial blood gases were monitored,
and appropriate ventilator adjustments were made to maintain pH at 7.35-7.45. Rectal temperature

was assessed and adjusted to maintain body temperature at 35-38 °C. Bilateral femoral veins and
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arteries were accessed and used for continuous saline and drug infusion and blood sampling,
respectively. Right external jugular vein was used for insertion of a catheter into the coronary sinus
for blood sampling. Left carotid artery was used for catheter insertion into the left ventricle (LV) for
the assessment of left ventricular pressures and blood pressure measurements, respectively.
Twelve-lead surface ECG were obtained via a Prucka Cardiolab System and precordial leads were
placed on the dorsal aspect of the animal given sternotomy. Animals underwent median sternotomy
to expose the heart as well as bilateral stellate ganglia. Animals were euthanized by induction of
ventricular fibrillation under deep anesthesia. General anesthesia was maintained with isoflurane
during surgical preparation and transitioned to a-chloralose following completion of surgical
procedures.
Stellate ganglia stimulation

After median sternotomy, the right and left stellate ganglia were carefully isolated behind the
parietal pleura and bipolar platinum needle electrodes were placed in the ganglia for BSS as
previously described.®?° The electrodes were connected to a stimulator (Grass Stimulator Model
S88) and PSIU6 stimulation isolation units (Grass Technologies, Warwick, RI) for stimulation. The
stimulation current that led to a 10% increase in HR and/or LVSP was determined unilaterally at 4
Hz, 4 ms pulse width (square wave) for each animal and defined as the threshold current. BSS was
then performed at 2 times threshold according to one of three experimental protocols (Figure 1A).
A minimum of 60 min was allowed for electrophysiological and hemodynamic parameters and
neurotransmitter/peptide profiles to return to baseline in between stimulations.
Drug infusions

To evaluate whether beta-blocker therapy could prevent BSS-induced changes in
hemodynamic and electrophysiological parameters, effects of two high doses of i.v. propranolol
were evaluated: 0.5 mg/kg (average dose of 26.1 £ 1.7 mg per animal; n = 10) and 1.0 mg/kg
(average dose of 44.8 + 1.4 mg per animal; n = 10). Both doses of propranolol were given as a

bolus infusion over a 5 to 10 min period. Both of these doses are more than five and ten-fold above
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American College of Cardiology/American Heart Associated guideline recommend doses of 1 to 3
mg (0.01 mg/kg to 0.04 mg/kg) i.v. and up to 5 mg (0.07 mg/kg) i.v. for treatment of ventricular
arrhythmias in 70 kg adult patients,® respectively. Repeat BSS was performed 10 mins after
infusion of propranolol, to allow for stabilization of hemodynamic parameters. Propranolol 1.0 mg/kg
was evaluated in a different set of animals after data from animals that received 0.5 mg/kg of
propranolol showed significant residual sympathetic effects during BSS. Atropine sulfate 0.04 mg/kg
was used to prevent reflex bradycardia during BSS induced rises in blood pressure. The NPY Y3
receptor antagonist, BIBO 3304 (Tocris, Minneapolis, MN) was dissolved in DMSO and diluted in
saline to a final concentration of 660 mM (0.5 mg/mL) BIBO 3304 in 0.5% DMSO/saline. BIBO 3304
was administered at a dosage of 0.2 mg/kg followed by a 0.4 mg/kg/hr infusion (average dose 9.0
+ 0.3 mg bolus followed by 17.9 + 0.6 mg/hr infusion of BIBO 3304; n = 10) for 20 min before BSS
and for the duration of the stimulation. BIBO 3304 was administered to the same animals that had
received 1.0 mg/kg propranolol (Figure 1). All drugs were administered intravenously.
Hemodynamic assessment

A 5-Fr Millar pressure-conductance pressure catheter was placed in the left ventricle (LV)
for continuous measurements of LVP throughout the experiment. Raw signals were digitized and
recorded by CED Power1401 and subsequently analyzed using Spike2.
Cardiac electrophysiological recordings and analysis

A 56-electrode sock was placed over the ventricles to continuously record unipolar
epicardial electrograms connected to a Prucka CardioLab System (Prucka CardioLab System) and
band pass filtered at 0.05-500 Hz. Global ARIs, a surrogate of action potential duration, was
analyzed from these 56 unipolar electrograms using a customized software, iScaldyn (University of
Utah, Salt Lake City, UT) as previously described.*344 Activation time (AT) was measured as the
interval from onset to minimal dV/dt of the depolarization wave-front and repolarization time (RT)
from onset to maximal dV/dt of the repolarization wave-front, respectively. The difference between

RT and AT was calculated as ARI, which has been shown to reflect the local APD at the electrode
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site (ARl = RT-AT).*45 Polar maps and regional analyses reflect raw ARIs. Global ARIs were
adjusted for the differences in heart rate using the Fridericia formula, to correct for the effect of heart
rate on action potential duration, and corrected ARIs are reported in all figures.*¢4” Unadjusted ARIs
were used for regional analysis, as changes in various regions were compared at the same heart
rate, as shown in Supplemental Figure 1.

Measurement of sympathetic neurotransmitter/neuropeptide concentrations

CS and FA blood were collected at baseline and during BSS to measure plasma NE and
NPY concentrations. Blood was collected into K, EDTA blood collection tubes (BD Vacutainer,
Franklin Lakes, NJ) followed by immediate centrifugation at 1,500 rcf for 15 min. The plasma was
separated, snap frozen in liquid nitrogen, and stored at -80 °C until assay. NE and NPY were
measured by ELISA (BA E-6200, sensitivity 0.093 ng/mL, Rocky Mountain Diagnostics, Colorado
Springs, CO; EZHNPY-25K, sensitivity 2.0 pg/mL, EMD Millipore, Burlington, MA, respectively)
according to manufacturer’s instructions.

Evaluation of NPY Y3 receptor expression

Left ventricular tissue was collected after euthanasia from naive normal animals (n = 3) and
snap-frozen in liquid nitrogen for Western blot or immersion fixed in 4% paraformaldehyde for 24
hours for immunohistochemistry. These animals did not undergo any type of sympathetic
stimulation.

Snap frozen tissues were Dounce homogenized and lysed in 8M SDS-urea and total protein
concentrations were quantified by bicinchoninic acid assay. 20 ug of protein were loaded per lane
on 4-20% polyacrylamide gels (BioRad; 4561093) and proteins were transferred by Trans-Blot
Turbo (BioRad; 1704150) onto 0.2 um PVDF membranes. Membranes were blocked with 5% milk
in tris buffered-saline with 0.2% tween, incubated overnight with rabbit anti-NPY 1R (1:1000; Abcam;
ab91262) or rabbit anti-actin (1:2500; Sigma; A2066) followed by peroxidase anti-rabbit 1gG
(Jackson Immunoresearch; 711-035-152) for 1 hr at room temperature. Proteins were detected by

chemiluminescence with Clarity Western ECL Substrate (BioRad; 1706061) and imaged on
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ChemiDoc MP (BioRad; 17001402). Densitometry was performed using ImageJ (NIH) to compare
regional expression of NPY1R.

Fixed tissue was embedded in paraffin, sectioned (5 um), and rehydrated in two xylene
washes followed by here ethanol washes and water. Epitopes were unmasked by heat-induced
epitope retrieval in EDTA buffer pH 8.0 (Abcam; ab64216) at 90 °C. Slides were then blocked for 1
hr in 3% BSA-TBS-0.2% Triton X-100 with 5% donkey serum and incubated overnight at 4 °C with
rabbit anti-NPY1R (1:200; Alomone Labs; ANR-021) and mouse anti-NPY (1:500; Abcam;
ab112473) followed by 2 hr incubation at room temperature with Alexa Fluor 488 donkey anti-rabbit
IgG and Alexa Fluor 555 donkey anti-mouse 1gG (1:200; Invitrogen). Slides were then incubated
with wheat germ agglutinin conjugated to Alexa Fluor 633 (Thermo Fisher; W21404) for 30 mins at
room temperature and mounted with Antifade Mounting Medium with DAPI (Vector Laboratories;
H-1200). Negative controls were performed on serial sections processed in tandem by omission of
primary antibody. Slides were imaged on a Zeiss LSM 880 with Airyscan at X630 magnification and
processed with Zen 2 (Zeiss).

Statistical analysis

Data are reported as mean + SEM. Global ventricular ARIs were calculated as the mean ARI
across all 56 electrodes and corrected for heart rate using the Fridericia formula. After confirmation
of normality, paired Student’s t-test was used to compare parameters between baseline and BSS
during each condition and responses to BSS between different conditions within each animal.
Comparisons of changes in parameters between different frequencies (Protocol #1) were performed
using a one-way repeated measures ANOVA with the false discovery rate corrected for by the
Benjamini-Hochberg procedure. A P value < 0.05 was considered statistically significant. All

statistical analyses were performed with GraphPad Prism software (GraphPad Prism, v8).
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Supplemental Figure 5-1. Regional raw ARIs during BSS. There were no significant regional differences

in the change in ARI between RV anterior, lateral, posterior and LV anterior, lateral, posterior, apex and
base with (A) 4 Hz, (B) 10 Hz, or (C) 20 Hz of stimulation or with 10 Hz stimulation (D) without drug, (E)
with 1.0 mg/kg propranolol, or with (F) 1.0 mg/kg propranolol + BIBO3304. BL = baseline, BSS = bilateral
stellate ganglia stimulation; RV = right ventricle, LV = left ventricle. (A-C) n = 5 animals for all comparisons,
(D-F) n = 10 animals for all comparisons; comparisons of changes between different regions were

performed using one-way ANOVA.
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Supplemental Figure 5-2. Effects of BSS after 0.5 mg/kg propranolol. Both BSS at 4 Hz and 10 Hz
significantly increased (A) HR, (B) LVSP, and (C) dP/dtmax despite administration of 0.5 mg/kg propranolol.
BSS at 10 Hz caused significantly greater increases in LVSP and dP/dtmax vs. 4 Hz. BL = baseline. (D)

Representative polar maps depicting the effects of BSS at 4 Hz and 10 Hz on raw ARIs after 0.5 mg/kg
propranolol. (E) Both frequencies caused significant shortening in raw and corrected ARIs despite propranolol
with greater effects at 10 Hz vs. 4 Hz. BL = baseline, A = change from BL. n = 10 animals for all comparisons,

comparisons were performed using the two-sided paired Student’s t-test. P < 0.05 was considered significant.
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Supplemental Figure 5-3. Uncorrected/raw global ventricular ARIs. (A) Global ARI significantly

shortened at all frequencies of stimulation with significantly more shortening at 10 and 20 Hz than 4 Hz BSS.
(B) ARI shortening persisted at 4 and 10 Hz BSS despite treatment with 0.5 mg/kg propranolol with (C)
residual electrophysiological effects in the setting of 1.0 mg/kg propranolol with 10 Hz BSS. (D) However,
further administration of BIBO 3304 abrogated the electrophysiological effects of 10 Hz BSS. Comparisons

were performed using the two-sided paired Student’s t-test. P < 0.05 was considered significant.
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