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Biomarker Periodic Repolarization
Dynamics Indicates Enhanced Risk for
Arrhythmias and Sudden Cardiac Death in
Myocardial Infarction in Pigs
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BACKGROUND: Periodic repolarization dynamics (PRD) is an electrocardiographic biomarker that captures repolarization insta-
bility in the low frequency spectrum and is believed to estimate the sympathetic effect on the ventricular myocardium. High
PRD indicates an increased risk for postischemic sudden cardiac death (SCD). However, a direct link between PRD and proar-
rhythmogenic autonomic remodeling has not yet been shown.

METHODS AND RESULTS: We investigated autonomic remodeling in pigs with myocardial infarction (Ml)-related ischemic heart
failure induced by balloon occlusion of the left anterior descending artery (n=17) compared with pigs without MI (n=11).
Thirty days after MI, pigs demonstrated enhanced sympathetic innervation in the infarct area, border zone, and remote left
ventricle paralleled by altered expression of autonomic marker genes/proteins. PRD was enhanced 30 days after Ml compared
with baseline (pre-MI versus post-MI: 1.75+0.30 deg? versus 3.29+0.79 deg?, P<0.05) reflecting pronounced autonomic altera-
tions on the level of the ventricular myocardium. Pigs with Ml-related ventricular fibrillation and SCD had significantly higher
pre-MI PRD than pigs without tachyarrhythmias, suggesting a potential role for PRD as a predictive biomarker for ischemia-
related arrhythmias (no ventricular fibrillation versus ventricular fibrillation: 1.50+0.39 deg? versus 3.18+0.53 deg? [P<0.05]; no
SCD versus SCD: 1.67+0.32 deg? versus 3.91+0.63 deg? [P<0.01]).

CONCLUSIONS: We demonstrate that ischemic heart failure leads to significant proarrhythmogenic autonomic remodeling. The
concomitant elevation of PRD levels in pigs with ischemic heart failure and pigs with Ml-related ventricular fibrillation/SCD
suggests PRD as a biomarker for autonomic remodeling and as a potential predictive biomarker for ventricular arrhythmias/
survival in the context of MI.
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worldwide."? Patients with myocardial infarction MI, malignant tachyarrhythmias can appear months
(Ml) are at increased risk for cardiac arrhythmias later.*® Approximately 30% of all post-MI deaths are
and sudden cardiac death (SCD).2 Even though most  due to SCD.? In fact, most SCDs occur in the context

Isohemic heart disease affects 154 million patients arrhythmic events occur in the first 48hours after
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CLINICAL PERSPECTIVE

w

w

hat Is New?

For the first time, a promising clinical biomarker,
periodic repolarization dynamics (PRD), was
measured in a preclinical pig model together
with an assessment of cardiac autonomic re-
modeling and the risk for arrhythmias/sudden
cardiac death.

Sympathetic hyperinnervation and altered ex-
pression of neural markers resulting in regional
differences of sympathetic innervation were ac-
companied by elevated PRD levels in pigs with
ischemic heart failure.

Elevated baseline PRD identified pigs at in-
creased risk of developing ischemia-induced
ventricular fibrillation or sudden cardiac death.

hat Are the Clinical Implications?
We confirm PRD as a marker for autonomic re-
modeling in a close-to-human porcine model.
PRD may be a noninvasive predictor of ven-
tricular fibrillation/sudden cardiac death in the
context of ischemia and could therefore be a
diagnostic tool to optimize preventive strategies
in patients at risk.

TH tyrosine hydroxylase
TWA T-wave alternans

Nonstandard Abbreviations and Acronyms

BZ border zone
CTL control animals without

ischemic heart failure

DANISH Danish Study to Assess the
Efficacy of ICDs in Patients
With Non-ischemic Systolic
Heart Failure on Mortality

EU-CERT-ICD European Comparative
Effectiveness Research to
Assess the Use of Primary
Prophylactic Implantable
Cardioverter-Defibrillators

GAP43 growth associated protein 43

HR heart rate

HRV heart rate variability

IHF ischemic heart failure

LSG left stellate ganglion

NGF nerve growth factor

NGFR nerve growth factor receptor

PRD periodic repolarization
dynamics

SCD sudden cardiac death
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of ischemic heart disease and are mostly driven by
ventricular tachyarrhythmias, particularly ventricular
fibrillation (VF).”® Proarrhythmic mechanisms include
structural, electrical, immunological, and autonomic
remodeling processes, which evolve in response to
cardiac ischemia.®"® The autonomic nervous system
is especially closely connected to arrhythmogenesis:
sympathetic and parasympathetic innervation modu-
late electrical activity and conduction with disturbance
of this fragile balance facilitating arrhythmias."*~'” More
information about the cardiac autonomic nervous
system' and its role in VF'® can be found in 2 excel-
lent review articles by Shen, Rubart, and Zipes.'*'®
Imbalances between the sympathetic and parasym-
pathetic branch with overactivity in catecholaminergic
nerves (as has been demonstrated in ischemic heart
failure [IHF]'®) are known to facilitate malignant ventric-
ular arrhythmias.'>7:2021 Aytonomic alteration further
fortifies disease maintenance and progression.’? Both
increased sympathetic nerve activity and autonomic
remodeling of the cardiac nervous system are asso-
ciated with arrhythmias. For one, increased activity of
the stellate ganglion is seen immediately before the
onset of arrhythmias.?? In addition, sympathetic stim-
ulation in infarcted rabbits has been shown to desta-
bilize ventricular repolarization. This results in locally
enhanced transmural dispersion of repolarization in the
peri-infarct zone and may serve as a potential proar-
rhythmic mechanism.?® On the other hand, repolariza-
tion dispersion correlated with increased sympathetic
innervation in this model.?® Moreover, a link between in-
creased nerve density and the occurrence of ventricular
arrhythmias was demonstrated in hearts of transplant
recipients.’® Nerve growth factor (NGF) infusion into
the left stellate ganglion (LSG) in dogs after Ml induced
hyperinnervation and resulted in increased vulnerabil-
ity for VF and SCD, further indicating a proarrhythmic
role of autonomic remodeling.?* Periodic repolarization
dynamics (PRD) is a noninvasive ECG-based marker
that measures instability of cardiac repolarization in
the low frequency spectrum and has been suggested
as a biomarker to assess the sympathetic effect on
the left ventricular myocardium and inhomogeneity of
autonomic signaling.?® PRD seems to be a promising
marker due to strong evidence to predict mortality and
SCD in patients with ischemic and nonischemic car-
diomyopathy in large clinical studies.?5-2°

However, the specific link between PRD as a high-risk
marker and proarrhythmogenic autonomic remodeling
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on tissue level has not yet been revealed, because tissue
samples from patients are sparse. Likewise, the under-
lying (patho)physiologic mechanisms of proarrhythmic
autonomic remodeling are complex and still not fully un-
derstood. To address this, we investigated autonomic
remodeling on an immunohistological and molecular
level in a preclinical close-to-human pig model of IHF
in the context of PRD changes. Our goal was to study
autonomic remodeling on different levels and in different
regions of the left ventricle (LV; in relation to the ischemia
damage) and to experimentally validate PRD as a bio-
marker for proarrhythmic autonomic remodeling in the
heart and to test its potential value as a predictor for
SCD in a preclinical pig model.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Animal Model

Three- to 4-month-old German landrace pigs were
obtained from Landwirtschaftliche Forschungsstation
Thalhausen, Technical University of Munich, Kranzberg,
Germany; the Center for Innovative Medical Model,
Ludwig-Maximilian University (LMU), Oberschleissheim,
Germany; and Lehr- und Versuchsgut der LMU,
Oberschleissheim, Germany. All experiments were ap-
proved by Regierung von Oberbayern (ROB-55.2-2631.
Vet_02-10-130, ROB-55.2-2532.Vet_02-15-209, and
ROB-55.2-2532.Vet_02-18-69) and were conducted in
accordance with the Guide for the Care and Use of
Laboratory Animals at the Institute of Surgical Research
at the Walter-Brendel-Centre of Experimental Medicine,
Munich, Germany. Seventeen animals with IHF and 11
control animals without IHF (CTL) were included in our
analysis. Pigs were randomly assigned to 1 of the 2
groups. Before randomization, pigs were carefully in-
spected to assess potential exclusion criteria, which
were defined a priori (@any sign of anatomic malforma-
tion, chronic disease, infection, inflammatory disease).
Furthermore, pigs were excluded in case of pericardial
tamponade, hemorrhagic shock, acute pulmonary
edema, severe electrolyte imbalance, apathic behavior,
severe pain despite analgetic treatment, fever >41°C
despite antibiotic and antiphlogistic treatment, cyano-
sis, and weight loss >15%. Sample size calculation was
performed for the primary end point of PRD 30days
after infarction. A mean+SD value of 1.50+1.0 deg?
was assumed in CTL, because PRD varies in healthy
humans from 1.50 to 3.64 deg? among different stud-
ies and relatively low PRD values were expected due
to anesthesia.®%-2% A minimum increase of 75% was
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expected between CTL and pigs with IHF based on the
observed PRD in patients with infarction.?” Applying a
2-sample t test, a sample size of 11 pigs per group was
estimated to analyze the primary end point. Due to the
pigs’ mortality in the context of MI, 6 additional pigs
were instrumented.

IHF was induced as previously described in de-
tail.343% Briefly, Ml was percutaneously induced via bal-
loon occlusion of the left anterior descending coronary
artery (LAD) distal to the first diagonal branch for 90
minutes. The LAD was accessed by a standard cor-
onary catheter through a sheath inserted in the right
carotid artery. Correct location and balloon occlusion
were repeatedly confirmed by angiography. Before
induction of M, high-resolution (1000Hz) ECGs were
recorded in the Frank lead configuration. In addition,
levocardiography was performed. Thirty days postin-
farction, high-resolution ECG measurements as well as
levocardiography were repeated before heart removal
for histology and expression analyses. Experiments
were performed in total intravenous anesthesia, which
was maintained with fentanyl (0.05mg/kg) and propo-
fol (0.5mg/kg per min). Tissue from the infarct area,
border zone (BZ), and LV (remote to infarct area) was
processed separately to further assess autonomic re-
modeling. Control pigs were treated accordingly with-
out induction of MI.

Ejection Fraction

To measure the left ventricular ejection fraction (EF)
and to confirm the IHF phenotype, we performed levo-
cardiography in CTL and pigs with IHF in 2 different
angulations (30° left anterior-oblique) and (0° anterior—
posterior [AP]) at a paced heart rate (HR) of 130 beats
per minute (bpm) using a 6F or 7F pigtail catheter (n=5
CTL and n=7 pigs with IHF).

Periodic Repolarization Dynamics

PRD was measured in the beginning of the interven-
tion using high-resolution ECGs (Schiller medilog AR4
plus 1000Hz) in the Frank lead configuration (X, Y, and
Z leads) in pigs with IHF before and 30days after M,
as well as in CTL. ECG episodes with a duration of
15minutes were analyzed. ECGs were manually pre-
processed, and artifacts were excluded from analysis.
PRD was calculated according to previously published
technologies.?® Briefly, the spatiotemporal information
of each T wave was integrated into a single vector T.
The instantaneous degree of repolarization instability
was assessed by the angle dT° between 2 succes-
sive repolarization vectors and plotted over time show-
ing its typical oscillations in the low pseudofrequency
range (0.0286-0.1Hz). PRD was then calculated via
continuous wavelet transformation.?®
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Immunofluorescence Staining

After organ harvest, tissue samples were placed in
4% formalin for 24 hours, preserved in 70% ethanol,
and then embedded into paraffin. The paraffin blocks
were cut into 5-um thick slices. We performed immu-
nofluorescence staining for tyrosine hydroxylase (TH)
and GAP43 (growth associated protein 43). A citrate
buffer was used for antigen retrieval. For permeabiliza-
tion, the tissue was incubated with 0.5% Triton X-100
in PBS for 10minutes. To reduce autofluorescence
TrueBlack (Biotium) was administered for 30 seconds.
Blocking was performed with 10% goat serum in 1%
BSA in PBS for 90 minutes. The primary antibodies for
TH (Abcam, ab112, 1:500 diluted in blocking solution)
or GAP43 (GeneTex, GTX30199, 1:500 diluted in block-
ing solution) were incubated at 4°C overnight. On the
next day, the secondary antibody goat anti-rabbit IgG
Alexa Fluor 488 (Cell Signaling, 44125) diluted 1:500
(TH) or 1:1000 (GAP43) in 1% BSA in PBS was incu-
bated for 1 hour. To visualize the nuclei, sections were
stained with Hoechst 33342 (Thermo Fisher Scientific
Inc, diluted 1:1000 in PBS) for 10 minutes. Slides were
mounted with Dako Fluorescence Mounting Medium
(Agilent, S3023). For each sample, at least 2 slides
were stained. At least 5 images per slide were taken
on an epifluorescence microscope (DM6 B, Leica
Microsystems) with a 40x objective. Because pro-
nounced heterogeneity in nerve density after Ml has
been previously described,*® we selected areas with
the highest nerve density for imaging, as described
by other groups.'®¥-40 The number of nerve fibers
per field of view was counted using Imaged software.
Immunofluorescence staining was performed in the
LVs of 5 control animals and in the LV, BZ, and infarct
area of 6 animals with IHF.

Western Blot

Protein lysates were generated from the respective
heart regions of 5 animals per group by grinding 100
to 200mg of frozen tissue with a hammer, dispensing
it in Kranias buffer (30 mmol/L Tris pH 8.8, 5mmol/L
EDTA pH 8.0, 30mmol/L NaF, 3% SDS, 10% glycerol,
protease inhibitor [cOmplete Mini, Roche], and phos-
phatase inhibitor [PhosSTOP, Roche]) and homog-
enizing it with ultrasound. Protein concentrations were
measured using a BCA Protein Assay Kit (Thermo
Fisher Scientific). Equal amounts of protein (20, 30, or
40ug for TH, GAP43, and NGF antibody, respectively)
were loaded into a 12% polyacrylamide gel. After gel
electrophoresis proteins were transferred to a nitrocel-
lulose membrane, blocked with ROTI block (Carl Roth)
for 1hour and incubated with the primary antibodies
TH (1:500, Abcam, ab112), GAP43 (1:10.000, GeneTex,
GTX30199), or NGF (1:500, Abbexa, abx173738) over-
night at 4°C. After washing with TBST-0.1%, membranes
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Table. Primer Pairs Used for RT-qPCR

Gene Primer sequence

NGF F: GGGCCCAATAACGGCTTTTC
R: ACATTACGCTATGCACCTCAGT

NGFR F: TACATCGCCTTCAAGAGGTGGA

R: GTCCACAGAGATGCCACTGTC

F: TCGGAGTGAACGGATTTG
R: CCTGGAAGATGGTGATGG

GAPDH

F indicates forward primer; R, reverse primer; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; NGF, nerve growth factor; NGFR, nerve growth
factor receptor; and RT-gPCR, quantitative real-time polymerase chain
reaction.

were incubated with horseradish peroxidase—conju-
gated secondary antibodies (Abcam, ab97051, 1:5000
or ab131368, 1:2000) for 90 minutes. Proteins were
visualized with ECL Western blotting substrate (Thermo
Fisher Scientific). After stripping, the above-described
protocol was repeated with GAPDH (1:30.000, Abcam,
ab190304) for normalization. The integrated density of
bands was determined using Imaged software.

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from 7 animals per group
(from the same cardiac regions as described above)
using a mirVana miRNA Isolation Kit (Thermo Fisher
Scientific). The manufacturer’s protocol was followed
after 100mg of tissue was grinded with a hammer:
500 ng total RNA was reversely transcribed with
SuperScript IV Reverse Transcriptase (Thermo Fisher
Scientific). We used Sybr Green to perform quantita-
tive real-time polymerase chain reaction. Primer pairs
were designed with Primer-BLAST (National Institutes
of Health) (Table) or purchased by a commercial ven-
dor (GAP43: gSscCEDO009710, BioRad). The primer
specificity was confirmed by melting curve analy-
sis and gel electrophoresis. GAPDH was used as a
housekeeping gene. All samples were amplified in
duplicates. Relative gene expression was quantified
using the ACt-method. For TH, no working primer pair
could be designed.

Statistical Analysis

Data are presented as mean+SEM. GraphPad Prism
8 (GraphPad Software) was used for statistical analy-
sis. Shapiro—-Wilk-test was used to check for normality.
Differences between the 2 groups were calculated by
unpaired Student t test or Mann—-Whitney test accord-
ingly. PRD levels between 2 different time points in the
same group were compared by paired Student t test or
Wilcoxon test, respectively. To compare the incidence
of VF and SCD between the groups, Fisher exact test
was used. A P value <0.05 was considered statistically
significant. Data of immunofluorescence, Western blot,
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and polymerase chain reaction were normalized to the
respective control. Infarct areas, BZs, and LVs of the IHF
group were compared with LVs of the control group.

RESULTS

Reduced EF After Mi

The IHF phenotype was confirmed by angiography
30days after MI, demonstrating markedly reduced
left ventricular EF in IHF pigs compared with CTL (0°
anterior—posterior, EF, CTL versus IHF: 61.08+2.58%
versus 27.39+4.06%, P<0.001 [Figure 1A]; 30° left
anterior-oblique, EF, CTL versus IHF: 56.74+2.08% ver-
sus 32.16+4.94%, P<0.01 [Figure 1B]).

Increase in Sympathetic Nerve Fiber
Density After MI

To assess autonomic remodeling, we investigated
sympathetic nerve density. Here, immunofluorescence
staining revealed a significant increase in TH-positive
nerve fiber density in IHF pigs compared with CTL
(Figure 2). This increased nerve density of TH-positive
nerve fibers was seen in the remote LV, BZ, and in-
farct area (CTL LV versus IHF LV: 1.00+0.13 versus
1.65+0.10, P<0.01 [Figure 2A, 2B, and 2E]; CTL LV
versus IHF BZ: 1.00+0.13 versus 2.27+0.21, P<0.001
[Figure 2A, 2C, and 2E]; CTL LV versus IHF infarct area:
1.00+0.13 versus 2.22+0.31, P<0.01, [Figure 2A, 2D,
and 2E]). GAP43 was used as a marker for sprouting
nerve fibers.*42 The density of GAP43-positive sprout-
ing nerve fibers was significantly higher in the remote

PRD Indicates Risk for Arrhythmias/SCD in Pigs

LV, BZ, and infarct area in the IHF group compared
with the LV in the control group (CTL LV versus IHF
LV: 1.00+0.05 versus 1.50+0.08, P<0.001 [Figure 3A,
3B, and 3E]; CTL LV versus IHF BZ: 1.00+0.05 versus
1.60+0.06, P<0.001 [Figure 3A, 3C, and 3E]; CTL LV
versus IHF infarct area: 1.00+0.05 versus 1.49+0.19,
P<0.05 [Figure 3A, 3D, and 3E]).

Regional Upregulation of Neural Proteins
After Ml

Western blot analyses (Figure 4) showed no alteration in
TH protein expression in the remote LV compared with
control levels (CTL LV versus IHF LV: 1.00+0.05 versus
1.16+0.07, P=0.09) (Figure 4A). The BZ showed a trend
towards an increased TH protein expression without
reaching statistical significance (CTL LV versus IHF BZ:
1.00+£0.04 versus 1.66+0.31, P=0.06) (Figure 4A). TH
protein expression was significantly elevated in the in-
farct area (CTL LV versus IHF infarct area: 1.00+0.08
versus 4.10+0.68, P<0.01) (Figure 4A). GAP43 pro-
tein expression was similar to TH protein expression
with no change in the remote LV (CTL LV versus IHF
LV: 1.00+0.02 versus 1.00+0.02, P=0.93) (Figure 4B),
a nonsignificant trend in BZ (CTL LV versus IHF BZ:
1.00+£0.10 versus 1.99+0.44, P=0.06) (Figure 4B), and
a significantly higher expression in the infarct area (CTL
LV versus IHF infarct area: 1.00+0.11 versus 1.56+0.20,
P<0.05) (Figure 4B) compared with control LV. In addi-
tion, we found unchanged NGF protein levels in remote
LV (CTL LV versus IHF LV: 1.00+0.11 versus 1.03+0.04,
P=0.81) (Figure 4C), but the increase in NGF protein
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Figure 1. Ejection fraction (EF).

A, EF of control animals without ischemic heart failure (CTL) and animals with
ischemic heart failure (IHF) assessed by levocardiography in 0° anterior-posterior
(AP) angulation. B, EF of CTL and animals with IHF assessed by levocardiography
in 30° left anterior-oblique (LAO) angulation. Bar graphs represent mean+SEM
and circles represent data of individual pigs. Unpaired t test. **P<0.01; ***P<0.001.
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Figure 2. Sympathetic nerve density assessed by tyrosine hydroxylase (TH)
immunofluorescence staining.

A-D, Representative TH immunofluorescence images of the left ventricle (LV) of control animals
without ischemic heart failure (CTL) (A), the LV of animals with ischemic heart failure (IHF) (B), the
border zone (BZ) of animals with IHF (C), and the infarct area of animals with IHF (D). TH-positive
nerve fibers are shown in green and nuclei in blue. E, TH+ nerve density (fold change compared
with LV in control pigs). Bar graphs represent mean+SEM and circles represent data of individual
pigs. Unpaired t test and Mann-Whitney test. *P<0.05; **P<0.01; ***P<0.001.

expression reached significance in the BZ and infarct Dysregulation of Neural Gene Expression
area (CTLLV versus IHF BZ: 1.00+0.16 versus 210+0.39,  After Ml

P<OO5, CTL LV versus |HF infarct area: 1.00+0.07 ver- We studied gene expression (Figure 5) of GAP43, NGE
sus 3.69+0.43, P<0.001) (Figure 4C). and NGF receptor (NGFR). GAP43 was downregulated

J Am Heart Assoc. 2024;13:032405. DOI: 10.1161/JAHA.123.032405 6



%20z ‘6T 1nbny uo Aq Bio'sjeulnofeye//:dny wouy papeojumoq

Bauer et al

PRD Indicates Risk for Arrhythmias/SCD in Pigs

E GAP43
*
34 r "
*%k%*
:é.. g , *%k* o
w -
S & o o
o £
o _'6’ Ol
S o)
5514 S
Z < o)
0 1 | 1 1
Vé Qé @'1' 08?
NN &
(2
2
NS

Figure 3. Sprouting nerve density assessed by GAP43 (growth associated protein 43)
immunofluorescence staining.

A-D, Representative GAP43 immunofluoresecence images of the left ventricle (LV) of control
animals without ischemic heart failure (CTL) (A), the LV of animals with ischemic heart failure
(IHF) (B), the border zone (BZ) of animals with IHF (C), and the infarct area of animals with IHF (D).
GAP43-positive nerve fibers are shown in green and nuclei in blue. E, GAP43+ nerve density (fold
change compared with LV in control pigs). Bar graphs represent mean+SEM and circles represent

data of individual pigs. Unpaired t test. *P<0.05; **P<0.01; ***P<0.001.

in the remote LV after Ml compared with control ani-
mals (GAP43 CTL LV versus IHF LV: 1.00+0.31 versus
0.11£0.04, P<0.05 [Figure 5A)). In the BZ GAP43, mes-
senger RNA was unchanged and in the infarct area
GAP43 expression was increased nonsignificantly

J Am Heart Assoc. 2024;13:032405. DOI: 10.1161/JAHA.123.032405

compared with the LV in control pigs (GAP43 CTL LV
versus IHF BZ: 1.00+0.31 versus 0.94+0.36, P=0.90;
GAP43 CTL LV versus IHF infarct area: 1.00+0.31
versus 2.90+1.29, P=0.16 [Figure 5A]). NGF gene ex-
pression remained unchanged in the remote LV and
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Figure 4. Protein expression of tyrosine hydroxylase (TH), growth associated protein 43
(GAP43), and nerve growth factor (NGF).

A-C, Protein expression (fold change compared with the left ventricle [LV] in control pigs) of TH (A),
GAP43 (B), and NGF (C) with respective representative Western blot images of TH (A), GAP43 (B),
NGF (C), and corresponding GAPDH images. BZ indicates border zone; CTL, control animals without
ischemic heart failure; and IHF, animals with ischemic heart failure. Bar graphs represent mean+SEM
and circles represent data of individual pigs. Unpaired t test. *P<0.05; **P<0.01; ***P<0.001.
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Figure 5. Gene expression of GAP43 (growth associated protein 43), nerve growth

factor (NGF), and NGF receptor (NGFR).

A-C, Gene expression (fold change compared with the left ventricle [LV] in CTL pigs) of
GAP43 (A), NGF (B), and NGFR (C). Bar graphs represent mean+SEM, circles represent
data of individual pigs. BZ indicates border zone; CTL, control animals without ischemic
heart failure; IHF, animals with ischemic heart failure. Unpaired t test and Mann-Whitney

test. *P<0.05; **P<0.01.

in the BZ (NGF CTL LV versus IHF LV: 1.00+0.17 ver-
sus 0.69+0.12, P=0.17; NGF CTL LV versus IHF BZ:
1.00£0.17 versus 0.97+0.22, P=0.92 [Figure 5B]).
In the infarct area, a trend was seen towards an in-
crease of NGF messenger RNA compared with the
LV of control animals (NGF CTL LV versus IHF infarct
area: 1.00+0.17 versus 2.68+1.15, P=0.16 [Figure 5B]).
NGFR transcript abundance was decreased after Ml in
the remote LV and showed a trend towards upregula-
tion in the BZ (NGFR CTL LV versus IHF LV: 1.00+0.23
versus 0.42+0.07, P<0.05; NGFR CTL LV versus IHF
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BZ: 1.00+0.23 versus 3.86+1.33, P=0.06 [Figure 5C]).
In the infarct area, NGFR messenger RNA expres-
sion was significantly elevated, showing an almost 9-
fold increase compared with the LV of control animals
(NGFR CTL LV versus IHF infarct area: 1.00+0.23 ver-
sus 8.71+2.36, P<0.01 [Figure 5C)).

Increase in PRD After Ml

PRD in the IHF group 30days after Ml was significantly
higher than PRD in the control group (CTL versus
IHF: 1.52+0.31 deg? versus 3.29+0.79 deg?, P<0.05,
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Figure 6. Periodic repolarization dynamics (PRD) levels.

A, PRD levels in control animals without ischemic heart failure (CTL) and animals
with ischemic heart failure (IHF). Unpaired t test. *P<0.05. B, Individual PRD levels
before and 30days after myocardial infarction (Ml). Paired t test. *P<0.05.Bar
graphs represent mean+SEM and circles represent data of individual pigs.

unpaired t test [Figure 6A]). Likewise, individual PRD
was significantly elevated 30days after MI compared
with baseline PRD before MI (pre-Ml versus post-Ml:
1.75+0.30 deg?® versus 3.29+0.79 deg?, mean of dif-
ferences 1.55+0.63, P<0.05, paired t test [Figure 6B]).
Figure S1 shows the dT° signal for a pig before and
30days after Ml.

In the immunofluorescence staining, 3 pigs with high
PRD increase and 3 pigs with similar PRD when com-
paring pre-MI PRD and PRD 30days post-MI were
included. Thus, the selection of animals used for im-
munostaining was balanced in terms of post-MlI PRD
increase. When analyzing the 6 pigs used for immu-
nostaining separately, PRD increased by a mean of
158% or 1.60 deg? (pre-Ml versus post-Ml: 1.43+0.36
deg? versus 3.03+1.07 deg?, Wilcoxon test P=0.44).

Unchanged HR and HR Variability After Ml
HR did not differ significantly between the control and
IHF groups (CTL versus IHF: 87.73+5.62 bpm versus
96.64+4.65 bpm; P=0.24, unpaired t test). The post-Ml
PRD values of animals with post-MI HR in the lowest
and highest quartiles were not significantly different
(PRD low HR versus PRD high HR: 4.15+1.56 versus
2.83+0.81; P=0.49, unpaired t test). However, mean
PRD was slightly lower in pigs with higher HRs. HRV
parameters were assessed as described in Data S1.
The HRV time-domain parameters SD of NN interval
duration, square root of the mean of the sum of the
squares of differences between adjacent NN intervals,
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percent of NN interval differences >50 ms, and SEM,
as well as the frequency-domain parameters were un-
altered in pigs with IHF compared with control pigs
(Table S1).

Pre-MI PRD as a Marker for Elevated Risk
of VF and SCD in the Context of Ml

Eleven of 17 pigs that underwent Ml developed VF
(65%) (Figure 7A) and 7 of 17 died of SCD due to re-
fractory VF (41%) (Figure 7C). VF and SCD occurred
during LAD occlusion or shortly after the experiment
except for 1 pig, that died due to VF during the second
experiment 30days after MI. In contrast, none of the
control pigs showed VF. Correspondingly, the occur-
rence of VF and SCD was significantly higher in the
IHF group compared with the control group (VF CTL
versus IHF: 0/11 versus 11/17, P<0.001, Fisher exact
test [Figure 7A]; SCD CTL versus IHF: 0/11 versus 7/17,
P<0.05, Fisher exact test [Figure 7C]). To further evalu-
ate PRD as a biomarker indicating an increased risk
for arrhythmogenesis in Ml, we analyzed baseline PRD
in IHF pigs with/without VF or SCD separately. Pigs
with Ml-related VF showed a significantly elevated PRD
pre-MI compared with pigs that did not develop VF
(no VF [n=6] versus VF [n=11]: 1.50+0.39 deg? versus
3.18+0.53 deg?, P<0.05 [Figure 7B]). Furthermore, in
pigs that died due to SCD significantly elevated pre-MI
PRD levels were observed compared with pigs that sur-
vived MI (no SCD [n=10] versus SCD [n=7]: 1.67+0.32
deg? versus 3.91+0.63 deg?, P<0.01 [Figure 7D]).
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Figure 7. Periodic repolarization dynamics (PRD) levels
and susceptibility for ventricular fibrillation (VF) and sudden
cardiac death (SCD).

A, Incidence of VF due to myocardial infarction (Ml). B, PRD
levels before Ml for pigs depending on VF development due to
MI. C, Incidence of SCD due to MI. D, PRD levels before Ml for
pigs depending on SCD development due to MI. A+C, Numbers
in bars represent number of pigs in each group. Fisher exact test.
B+D, Bar graphs represent mean+SEM and circles represent
data of individual pigs. Unpaired t test. CTL indicates control
animals without ischemic heart failure; and IHF, animals with
ischemic heart failure. *P<0.05; **P<0.01; ***P<0.001.

DISCUSSION

In the present study, we aimed to validate PRD as a
marker for autonomic remodeling and to investigate its
potential value as a biomarker for arrhythmia risk in a
preclinical pig model of acute Ml-induced IHF.

We used a porcine ischemia—reperfusion model
due to various reasons. First, PRD was primarily es-
tablished as a high-risk marker for mortality and SCD
in patients following infarction.?>?¢ Second, ischemic
heart disease is the most common underlying cause
of SCD (=75% of all SCD cases).”*® Third, autonomic
remodeling is known to occur in IHF facilitating arrhyth-
mogenesis.?! Fourth, PRD has already been demon-
strated to be assessable in pigs.?® Fifth, porcine models
closely resemble the pathophysiology in humans due
to similarities in cardiovascular anatomy and elec-
trophysiology, which makes pigs suitable to study
arrhythmogenesis.*#45 There are only some minor
differences in the conduction system compared with
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humans, including more densely innervated atrioven-
tricular node, shorter His bundle and Purkinje fibers
reaching into transmural myocardium (whereas ending
subendocardial in humans) leading to fast electrical
coupling, higher HR, and increased excitability under
stress.*+46-48 Thus, our translational approach provides
a unigue opportunity to preclinically explore the value
of a noninvasive biomarker in predicting arrhythmias
and SCD and to broaden our knowledge on autonomic
remodeling processes. IHF was successfully induced,
as seen by the significantly reduced EF compared with
control pigs. This is in line with previous studies using
ischemia—reperfusion models®*4° and sets basis for
further research on underlying remodeling processes.
On gene, protein, and tissue levels, we demonstrated
pronounced changes resulting in increased regional
dispersion of autonomic innervation in IHF pigs. The
observed changes in TH- and GAP43-positive nerve
fibers highly suggest a sympathetic hyperinnervation in
the whole LV. TH is commonly used to stain sympa-
thetic nerve fibers due to its involvement in the produc-
tion of catecholamine neurotransmitters.®® GAP43 is
used as a marker for nerve sprouting and branching, as
it is expressed especially in neurites and growth cones
of developing and regenerating axons.*!4?

In parts, the literature is still discordant. Whereas
mainly hyperinnervation patterns were found after Ml, a
few studies have shown denervation patterns.!®:36:51-57
Our model clearly demonstrated a heterogenous hy-
perinnervation as underlined by both in vivo and molec-
ular biology methods. This is in line with various canine
studies showing enhanced sympathetic innervation
after MI.'%38 In an MI pig model, increased sympathetic
nerve density was observed in the BZ with no change
in the remote LV.5* Rabbits have also shown increased
nerve density 7 days after Ml in the BZ and remote LV.%°
However, other animal models demonstrated (an addi-
tional) denervation. For example, in rats, nerve density
was decreased in the infarct area and the LV apex sup-
plied by the LAD distal to the ligation, but also an in-
creased TH expression in areas proximal to the ligation
has been observed.®! Moreover, innervation changes
seem to be time dependent as demonstrated by scin-
tigraphy studies in dogs that showed an initial apical
denervation and a full reinnervation 14 weeks after MI.52
In patients with MI, no reinnervation was seen up to 3
months after infarction®® but could partially be detected
between 3 and 12 months after MI1.57

Interestingly, our immunofluorescence results
showed a clear increase in nerve density for TH- and
GAP43-positive nerves in IHF animals not only in the
infarct area but also in the BZ as well as in the re-
mote LV. This finding is supported by previous studies
showing that sympathetic hyperinnervation after Ml is
not limited to the infarct area. In a dog model, Ml leads
to an increase of neural markers in the infarct area,
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remote LV, and LSG.'® Even in both atria, sympathetic
nerve sprouting was seen in a canine model after
MI.%6 A rat model demonstrated regional changes in
sympathetic neurotransmission concomitant to the
observed changes in general cardiac nerve density
with increased sympathetic markers in stellate gan-
glia and heart areas proximal to the LAD ligation.5" A
forensic case-control study found that patient hearts
with old MI had significantly higher sympathetic in-
nervation especially in the BZ than hearts used as
controls from patients who died of other reasons,
highlighting the relationship between nerve sprouting
and SCD after MI.%

The mechanisms leading to autonomic changes are
still under investigation: Zhou et al showed that retro-
grade transport of NGF and GAP43 from the infarct
area to the LSG and consecutive increased LSG inner-
vation may trigger nerve sprouting in remote areas by
increased LSG activity.'® NGF might be the key player in
directing sympathetic hyperinnervation. This neurotro-
phin is known to positively regulate the growth of neur-
ites from sympathetic neurons®® and to stabilize GAP43
messenger RNA and thus decelerate its degradation.®®
Transgenic mice overexpressing NGF in the heart
showed cardiac hyperinnervation.t° Chen et al showed
that NGF infusion to the LSG leads to sympathetic hy-
perinnervation and subsequently to higher frequency
of ventricular arrhythmias.®' However, the increased
NGF in the BZ can also have beneficial effects. NGF si-
lencing by injection of NGF small interfering RNA in rats
with Ml showed decreases in NGF, TH, and GAP43 ex-
pression in the LV and BZ concomitant with decreased
vascular endothelial growth factor and arteriolar and
capillary densities in the BZ. This leads to an increased
infarction area and lower EF in the NGF-suppressed
group compared with Ml alone.?? The enhanced NGF
levels we detected might be a possible explanation for
sympathetic hyperinnervation as it might function as a
possible trigger stimulating formation of new sympa-
thetic fibers.

Expression of neural markers in Western blot and
gene expression analyses differed between compart-
ments. Western blots showed the highest increase of
neural protein expression in the infarct area, less in-
creased levels in the BZ, and levels comparable with
controls in the remote LV of IHF pigs. The expression
of genes associated with nerve growth were upregu-
lated in the infarct area, although without reaching sig-
nificance except for NGFR, probably due to comparably
high interindividual deviation. GAP43 and NGFR gene
expression was downregulated in the remote LV. We
speculate that this might be a sign of a counterregulation
to a possible previous upregulation. Thus, remodeling
signaling in the remote LV might already be advanced or
further proceeded, as seen by sympathetic hyperinner-
vation. Supporting our results, a peak in expression of
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neural markers was seen at 1week after Ml in a canine
model.'® We chose the time point of 30days after Ml to
investigate the long-term consequences of autonomic
remodeling. In addition, the risk of SCD is 10-fold higher
in the first month after survived acute Ml than after-
wards (1.2% in the first month compared with =1.2%
per subsequent year®). Patients with reduced EF are at
an increased risk for SCD of 2.3% in the first month.53
Clearly, additional studies investigating innervation be-
havior over the course of time after Ml might be interest-
ing. In addition, in contrast to the healthy myocardium
in the remote LV, which might show decreased gene
expression as a reaction to the existing sympathetic
hyperinnervation, the injured myocardium in the infarct
area may not be able to react adequately to the present
increase of nerve density. The discrepancy between im-
munofluorescence and Western blotting in the remote
left heart could be the result of inhomogeneous nerve
distribution that we noticed under the microscope.
Because we considered only areas with the highest
nerve density and excluded areas of denervation, our
staining represents local innervation patterns, whereas
our Western blots represent global protein expression.
We chose this approach because pronounced hetero-
geneity in nerve density after Ml has been previously
described'®3¢ and for better comparability with results
obtained by others.'9:37-40

The rate of VF and SCD in the context of Ml (65%
and 41%, respectively), mostly during or within minutes
after acute Ml (acute LAD occlusion), was comparatively
high in our pig cohort. Calculations of out-of-hospital-
mortality for patients with acute Ml vary between 9%
and 35%,%4-% adding to the 1.2% risk of SCD in the
first month and each following year after survived
MIL.8 The fact that VF and SCD occurred around LAD
occlusion in IHF pigs and in none of the control pigs
(especially not during the invasive diagnostic catheter
examination) suggested ischemia as the key trigger of
VF in our model.

To evaluate autonomic remodeling noninvasively,
we measured PRD, an ECG marker, which assesses
instability of cardiac repolarization in the low frequency
spectrum. PRD is associated with sympathetic activity
and dispersion of sympathetic activity on the level of
the ventricular myocardium.

The relationship between sympathetic activity and
oscillations in the low frequency spectrum of HRV has
been recognized for several decades.?”® For instance,
physiologic sympathetic activation increases the low
frequency spectrum of variability in muscle sympa-
thetic nerve discharges, HR, and systolic arterial pres-
sure.?9 Subsequent to HRV analysis, periodic changes
in repolarization indicating repolarization variability and
instability were investigated as this phase of the car-
diac cycle is highly modulated by sympathetic activity.
There are different techniques that allow quantification
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of repolarization variability. T-wave alternans (TWA) is
an early introduced method analyzing changes in T-
wave amplitude between following beats in an ABAB
pattern.”® A canine model of coronary occlusion de-
tected a possible relationship of TWA and sympathetic
activity, because TWA decreased after sympathetic
denervation and showed that it was temporally as-
sociated with the onset of VF in this study, indicating
its potential role in predicting arrhythmias.”! Increased
inducibility of ventricular arrhythmias and a reduced
rate of arrhythmia-free survival in patients with high
TWA support this assumption.”? Later T-wave oscilla-
tions in different frequency spectrums than the TWA
were investigated. In patients, mainly with ischemic
heart disease, TWA, and T-wave oscillations in 2 dif-
ferent frequency spectrums were increased before the
onset of ventricular arrhythmias.”® The predictive value
of TWA is limited among others due to its interdepen-
dence to HR and HRV.”>" None of these markers have
been included in the guidelines to assess the arrhyth-
mia risk in patients after MI. Instead, risk prediction for
ventricular arrhythmias and implantable cardioverter-
defibrillator recommendation is based on EF in current
guidelines.”>"®

Owing to the important role of the autonomic ner-
vous system in arrhythmogenesis and SCD, there are
several therapeutic options that target the autonomic
nervous system to prevent ventricular arrhythmias and
SCD. In addition to a pharmacologic -blockade, in-
vasive sympathetic cardiac denervation including left
or bilateral stellectomy and stellate ganglion block can
prevent further ventricular arrhythmias, though it is a
last resort due to its invasiveness and is thus scarcely
performed.””~"®

We found a significant increase of PRD levels
30days after MI, which parallels the elevation of sym-
pathetic nerve density and the nonuniformly changes
of neural protein and gene expression in the remote
LV, BZ, and infarct area. Therefore, PRD might not only
indicate increased sympathetic activity on a ventricu-
lar level but also sympathetic hyperinnervation and re-
modeling. PRD has been previously described to be
fairly independent of HR and HRV.?>8% PRD and HR
rise concordantly during low-intensity training, but PRD
does not change when HR is altered by atrial pacing,
indicating that PRD can be affected by sympathetic
activity but not by HR alone.g® We investigated HR and
HRV parameters, representing autonomic modulation
of the sinus node, but found no significant alteration
30days after Ml (Table S1). After MI, PRD values of
animals with HRs in the highest quartile were not sig-
nificantly different from those with HRs in the lowest
quartile. The even slightly lower PRD in pigs with higher
HRs indicates that the observed PRD increase after Ml
is not dependent on an increase in HR, but is rather
independent of HR.

J Am Heart Assoc. 2024;13:032405. DOI: 10.1161/JAHA.123.032405

PRD Indicates Risk for Arrhythmias/SCD in Pigs

There is substantial clinical evidence that an in-
creased PRD is a strong and independent marker of
cardiac mortality and SCD in patients after infarction
as well as in patients with ischemic and nonischemic
cardiomyopathy.?®2° In addition, the prospective
EU-CERT-ICD (European Comparative Effectiveness
Research to Assess the Use of Primary Prophylactic
Implantable Cardioverter-Defibrillators) study and a
post hoc analysis of DANISH (Danish Study to Assess
the Efficacy of ICDs in Patients With Non-ischemic
Systolic Heart Failure on Mortality) found an associa-
tion between PRD and the treatment effect of ICD im-
plantation in reducing mortality, suggesting that PRD
may be a valuable tool for personalized preventive
treatment decisions.?®2° Because in our pigs most ar-
rhythmias and SCDs occurred during or within minutes
after acute MI, we studied PRD pre-MI, which is nearly
impossible in humans. Interestingly, we found that PRD
measured before Ml was significantly associated with
an enhanced risk for arrhythmias and SCD. Animals
that developed VF or died of SCD in the context of
MI had significantly higher pre-MI PRD levels. These
results suggest a potential role for PRD as a predic-
tive biomarker indicating the risk for arrhythmias/
SCD in otherwise healthy pigs with initial MI. From a
clinical perspective, assessing PRD in patients with
an increased risk for but no history of Ml could be a
promising approach to identify patients at risk of SCD
and thus may then allow optimized primary prevention
strategies.

However, conclusions must be drawn with caution,
as it is a small experimental animal study. Further vali-
dation in large human cohorts is warranted to confirm
PRD as a predictive biomarker identifying patients at
risk for arrhythmias/SCD.

LIMITATIONS

The focus of this study was to investigate the relation-
ship of autonomic remodeling and PRD. Therefore,
other proarrhythmogenic remodeling processes such
as electrical and structural remodeling and how they
might affect PRD were not investigated. However, the
fact that PRD pre-Ml and PRD in the CTL group varied
widely, although all pigs showed similar EF (data for IHF
pigs pre-MI are not shown and data for CTL pigs are
shown in Figure 1), indicates that LV function does not
majorly affect PRD. Further information about structural
and electrical remodeling in IHF pigs are presented in
previous work of our group.®* Anesthesia might have
attenuated sympathetic activity and thus might influ-
ence PRD values because propofol is known to affect
autonomic regulation and lower sympathetic activ-
ity.338" Therefore, the overall level of PRD was relatively
low. However, all pigs were treated equally with 0.5
mg/kg propofol per minute. Furthermore, we focused
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specifically on the sympathetic branch of the auto-
nomic nervous system, because PRD is assumed to
be a marker for sympathetic activity on the ventricular
level.?® To get a full picture of the autonomic influence
on the heart, parasympathetic alterations should be
considered in future studies as well. Another limitation
of this study is that it is not possible to strictly discrimi-
nate between the influence of intrinsic cardiac auto-
nomic remodeling and the overall sympathetic activity
on PRD. In addition to sympathetic hyperinnervation,
the sympathetic tone might be increased by the car-
diac sympathetic afferent reflex (CSAR) in our model.
Humoral factors from the ischemic myocardium can
activate sympathetic afferent nerve fibers, which pass
the information on to central sites. In addition, mecha-
noreceptors stimulated by distension might activate
sympathetic afferent fibers. Subsequently, the effer-
ent sympathetic tone is increased, which might help
to sustain cardiac output in the short term."?82 Thus,
in the future, additional recordings of stellate ganglion
activity might be of interest. Alternatively, assessment
of skin nerve activity can give information about stel-
late ganglion activity and efferent sympathetic tone.®?
However, it seems that not the efferent cardiac tone but
rather autonomic remodeling is responsible for PRD
differences between groups, because HRV parame-
ters were unchanged after MI. Moreover, we have pre-
viously shown that there are no differences in IHF pigs
compared with controls in regard to atrioventricular
conduction (measured by atrioventricular Wenckebach
cycle length and atrioventricular effective refractory pe-
riod), which would have been affected by cardiac sym-
pathetic afferent reflex.®*

CONCLUSION

In this study, we demonstrated that IHF leads to pro-
nounced sympathetic hyperinnervation and changes
in expression of neural markers. Altered sympathetic
innervation patterns result in increased dispersion of
autonomic innervation and are paralleled by signifi-
cantly elevated PRD levels, which suggests PRD as
a biomarker for autonomic remodeling. Furthermore,
pigs with Ml-related VF and SCD show significantly el-
evated PRD levels even before MI, suggesting PRD as
a potential predictive biomarker for ventricular arrhyth-
mias and survival in the context of M.
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