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Key points

r Ventricular arrhythmias are a major complication after myocardial infarction (MI), associated
r
r

r

with sympathetic activation. The structurally heterogeneous peri-infarct zone is a known
substrate, but the functional role of the myocytes is less well known.
Recordings of monophasic action potentials in vivo reveal that the peri-infarct zone is a source
of delayed afterdepolarizations (DADs) and has a high beat-to-beat variability of repolarization
(BVR) during adrenergic stimulation (isoproterenol, ISO).
Myocytes isolated from the peri-infarct region have more DADs and spontaneous action
potentials, with spontaneous Ca2+ release, under ISO. These myocytes also have reduced
repolarization reserve and increased BVR. Other properties of post-MI remodelling are present
in both peri-infarct and remote myocytes.
These data highlight the importance of altered myocyte adrenergic responses in the peri-infarct
region as source and substrate of post-MI arrhythmias.

Abstract Ventricular arrhythmias are a major early complication after myocardial infarction
(MI). The heterogeneous peri-infarct zone forms a substrate for re-entry while arrhythmia
initiation is often associated with sympathetic activation. We studied the mechanisms triggering
these post-MI arrhythmias in vivo and their relation to regional myocyte remodelling. In pigs with
chronic MI (6 weeks), in vivo monophasic action potentials were simultaneously recorded in the
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peri-infarct and remote regions during adrenergic stimulation with isoproterenol (isoprenaline;
ISO). Sham animals served as controls. During infusion of ISO in vivo, the incidence of delayed
afterdepolarizations (DADs) and beat-to-beat variability of repolarization (BVR) was higher in
the peri-infarct than in the remote region. Myocytes isolated from the peri-infarct region, in
comparison to myocytes from the remote region, had more DADs, associated with spontaneous
Ca2+ release, and a higher incidence of spontaneous action potentials (APs) when exposed to ISO
(9.99 ± 4.2 vs. 0.16 ± 0.05 APs/min, p = 0.004); these were suppressed by CaMKII inhibition.
Peri-infarct myocytes also had reduced repolarization reserve and increased BVR (26 ± 10 ms vs.
9 ± 7 ms, P < 0.001), correlating with DAD activity. In contrast to these regional distinctions under
ISO, alterations in Ca2+ handling at baseline and myocyte hypertrophy were present throughout
the left ventricle (LV). Expression of some of the related genes was, however, different between the
regions. In conclusion, altered myocyte adrenergic responses in the peri-infarct but not the remote
region provide a source of triggered activity in vivo and of repolarization instability amplifying the
substrate for re-entry. These findings stimulate further exploration of region-specific therapies
targeting myocytes and autonomic modulation.
(Received 29 August 2019; accepted after revision 1 January 2020; first published online 3 January 2020)
Corresponding author K. R. Sipido: Division of Experimental Cardiology, Department of Cardiovascular Sciences KU
Leuven, Campus Gasthuisberg, Herestraat 49 box 911, B-3000 Leuven, Belgium. Email: karin.sipido@kuleuven.be

Introduction
Sudden cardiac death, attributable to ventricular
arrhythmia (ventricular fibrillation and tachycardia), is
a leading cause of death worldwide, and a common
complication after myocardial infarction (MI) (Hayashi
et al. 2015). The infarct and adjacent border zone,
consisting of strands of surviving myocytes interspersed
with fibrous tissue, create a structural substrate for
re-entry circuits, that are central to post-MI arrhythmias
(De Bakker et al. 1993; Ashikaga et al. 2007).
In addition to the structural substrate of the peri-infarct
region, inhomogeneity of repolarization in the surviving
myocardium could facilitate re-entry (Ciaccio et al.
2018). Experimental studies in small animal models have
identified action potential (AP) changes and reduced
repolarization reserve in myocytes isolated from the
non-infarcted tissue of the left ventricle (LV) (Wong
et al. 1982; Aimond et al. 1999). In mouse models,
information regarding differential remodelling in different
regions is scarce, though a recent study identified specific
transcriptional profiles (van Duijvenboden et al. 2019).
Data from large animal models support a role for
abnormal myocyte repolarization in the peri-infarct
region contributing to the functional re-entry substrate
(Lue & Boyden, 1992; Baba et al. 2005; Sasano et al. 2006;
Hegyi et al. 2018). However, direct evidence, in particular
in vivo, for a distinct arrhythmogenic repolarization
profile in this region, different from the overall post-MI
remodelling in the first weeks after MI, is limited.
In clinical practice, the vulnerable substrate is
identified through programmed stimulation using premature stimuli as the simulated arrhythmia triggers. With

this approach, the MI border zone is often found to
be the culprit site and is a common target for ablation
post-MI to prevent lethal arrhythmias (Verma et al. 2005;
Ashikaga et al. 2007; Cronin et al. 2019). More recently,
computational modelling using structural information
and simulated triggers could reproduce in vivo studies and
identify the vulnerable substrate for ablation (Prakosa et al.
2018).
Compared to the body of knowledge on the substrate for re-entry, much less is known about the cellular
mechanisms triggering in vivo post-MI arrhythmias. Premature ventricular complexes (PVC) are most commonly
the initiating event, as observed in recordings from intracardiac devices and monitoring studies (Saeed et al.
2000; Lerma et al. 2013). In vivo studies have localized
PVCs to the border zone (Marrouche et al. 2004), and
or correlated their site of origin to the critical exit site
of the re-entry circuit, marking these sites for ablation
(Bogun et al. 2008). A number of studies using isolated tissues have implicated spontaneous depolarizations
and automaticity from Purkinje fibres with abnormal
potentials (Xing & Martins, 2004; Bogun et al. 2006;
Hirose et al. 2008). Using isolated myocytes, other studies
have implicated triggered activity due to delayed afterdepolarizations (DADs) and Ca2+ handling abnormalities
in the border zone (Baba et al. 2005; Belevych et al. 2012;
Hegyi et al. 2018). However, the contribution of such
DADs to triggered activity in vivo is poorly documented
as it requires sophisticated experimentation using monophasic action potential recordings (Priori et al. 1988; De
Groot et al. 1995). In addition, there is paucity of evidence
of correlation between myocyte spontaneous activity and
the in vivo situation after MI.
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In vivo, sympathetic imbalance and increased
adrenergic drive are thought to underlie the PVCs
that initiate post-MI arrhythmias, and adrenergic
stimulation increases PVC incidence after MI (Rivas
et al. 2009). After MI, cardiac innervation undergoes
extensive remodelling with denervation in the scar and
partial denervation and nerve re-growth or sprouting
in the peri-infarct region (Cao et al. 2000; Rajendran
et al. 2016). Restoring sympathetic innervation reduced
post-MI arrhythmias in a recent experimental study
(Gardner et al. 2015). Sympathetic nerve stimulation or
hyperinnervation increases dispersion of repolarization
resulting in arrhythmias and sudden death (Cao et al.
2000; Ajijola et al. 2017). We have previously shown that
myocytes isolated from the area adjacent to MI have
Ca2+ -driven DADs during adrenergic stimulation (Dries
et al. 2018).
Therefore, it can be hypothesized that adrenergic
stimulation leads to triggering of arrhythmias in vivo and,
through increasing repolarization instability, contributes
to the functional substrate after MI (Liu et al. 2015).
This could remain confined to the peri-infarct region
where chronic changes in local innervation may contribute
to differential myocyte remodelling (Habecker et al.
2016; Pianca et al. 2019). In the present study, we
have set out to investigate the above hypotheses. We
study mechanisms underlying arrhythmia after MI, using
adrenergic stimulation as the initiating event rather
than programmed stimulation. We focus on triggers
for arrhythmias and the potential for a dynamic interplay between triggers and functional substrate. Using
monophasic action potential recordings, we first explore
in vivo the regional sources of afterdepolarizations and
repolarization instability and subsequently correlate these
findings with intrinsic myocyte remodelling in different
regions by studying the properties of isolated myocytes. Rather than noradrenaline, we use isoproterenol
both for myocytes and in vivo experiments, to exclude
α-receptor-mediated vascular effects with secondary
confounding reflex activity.
Methods
Ethical approval

The animal experimental protocols used in this study were
approved by the in-house ethical committee (Ethische
Commissie Dierproeven, KU Leuven), with permit
numbers P10139, P14176 and P16110. Animals were
housed and treated according to the Guide for the Care
and Use of Laboratory Animals (National Institute of
Health, USA), and the European Directive 2010/63/EU;
and complies with The Journal of Physiology ethical
checklist (Grundy, 2015). A standard 14 h light, 10 h dark
cycle, 22 ± 2°C temperature and 45–70% humidity was
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maintained. Standard chow (Optivo Pro 9041, AVEVE,
Belgium) and water were provided ad libitum except in
the days prior to and after experimental procedures when
animals were either fasted or fed twice a day with welfare
monitoring. All interventions were performed under full
anaesthesia.

Pig model of chronic myocardial infarction

The pig model of MI was as previously described (Galan
et al. 2016). In this model, a copper-coated stent is
implanted during a percutaneous procedure. This leads
to intima proliferation, severe stenosis and MI within
1 week. Twenty-seven young-adult domestic pigs (Sus
scrofa domesticus, breed: Piétrain) of both sexes (20–25 kg)
were included in the study, after a 6 week protocol. Animals
were randomized to either MI (N = 14) or Sham (N = 13)
groups before the stent implantation procedure on day 0.
Before coronary catherization and stent implantation,
animals received amiodarone (300 mg; 3 days
loading before intervention), aspirin (100 mg) and
clopidogrel (300 mg; 1 day before intervention), to
protect against arrhythmias and thromboembolisms
during the percutaneous intracoronary intervention.
Anaesthesia was induced by intramuscular injection
of tiletamine/zolazepam (4 mg kg−1 ) together
with xylazine (2.5 mg kg−1 ). Intravenous infusion
of propofol (10 mg kg−1 h−1 ) and remifentanil
(0.018–0.03 µg−1 kg h−1 ) was used for maintenance of
the anaesthesia. After oral tracheal intubation, animals
were mechanically ventilated with 1:1 oxygen/air. During
the intervention, animals received an intravenous bolus
of heparin (10000 IU) to prevent thromboembolism and
were continuously monitored for heart rate and rhythm
using 6-lead electrocardiogram (ECG).
For coronary catheterization and stent implantation,
the right carotid artery was dissected and cannulated
with an 8 Fr introducer sheath. An 8 Fr Judkins-left
coronary guiding catheter was positioned in the left main
coronary ostium under fluoroscopic guidance. Using a
2.5–2.75 mm angioplasty balloon, the copper-coated stent
was implanted in the left anterior descending coronary
artery immediately after the first diagonal branch. Sham
animals underwent the same surgical procedure, without
stent implantation.
After the intervention, additional analgesia
and antibiotics to prevent wound infection were
administered intramuscularly using buprenorphine
(0.01–0.05 mg kg−1 ) as necessary and enrofloxacin
(2.5 mg kg−1 ). Furthermore, antiplatelet medication and
analgesia were orally administered on a daily basis for
6 weeks (clopidogrel (75 mg) and aspirin (100 mg) daily).
Animals were monitored daily for general activity and
behaviour, food intake and possible wound infections.
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Table 1. Left ventricular function and remodelling after MI

Infarct size (% of LV mass)
End-diastolic volume (ml)
End-systolic volume (ml)
Ejection fraction (%)
Left ventricular mass (g)
Left ventricular systolic
pressure (mmHg)

MI (Npigs = 11)

Sham (Npigs = 9)

P value

±
±
±
±
±
±

0
132 ± 25.0
54 ± 11.0
58.7 ± 3.3
114 ± 21.3
110 ± 15.3

<0.0001
0.0059
<0.0001
<0.0001
0.459
0.636

9.5
172
101
41.5
107
114

3.5
31.5
22.9
5.3
22.0
25.0

As this model of MI has been previously characterized
(Galan et al. 2016), here subsets of MI (11 out of 14) and
Sham (9 out of 13) animals were used to demonstrate
consistency with the established model in a structural and
functional assessment using magnetic resonance imaging
(MRI) 6 weeks after stent implantation (3 tesla, Magnetom
PRISMA; Siemens, Erlangen, Germany). Before and
during MRI, anaesthesia was induced and maintained,
and animals were mechanically ventilated as described
above. During imaging, heart rate and rhythm were
continuously monitored using 3-lead ECG. Images were
acquired using a phased-array body coil wrapped over the
thorax to increase signal to noise ratio, with ECG gating.
Respiration of the animal was manually stopped to reduce
motion artefacts during imaging. Mechanical ventilation
was again continued as soon as the collection of images was
completed. All images were analysed with custom software
(RightVol; KU Leuven). Infarct size was determined by
late gadolinium enhancement, 12 min following a bolus
of Gd (gadoterate meglumine, 0.2 mmol kg−1 ). Table 1
summarizes the findings, confirming a mean infarct size
of 10% of LV mass, with dilatation of the LV and reduced
ejection fraction.
Thereafter, in the same sixth week, an in vivo electrophysiology study was performed.

In vivo electrophysiology study and MAP recordings

Prior to in vivo electrophysiological studies, anaesthesia
was induced using intramuscular injection of
tiletamine/zolazepam (4–8 mg kg−1 ) only, to prevent anti-arrhythmic effects induced by xylazine (Gonca,
2015). Maintenance of anaesthesia and mechanical
ventilation were performed as described above. The right
and left carotid arteries, femoral artery and the femoral
or jugular vein were cannulated. A bolus of heparin
(5 000–10 000 IU) was periodically administered for anticoagulation. Under fluoroscopic guidance, monophasic
action potential (MAP) catheters (MedFact GmbH,
Germany) were inserted into the LV and positioned in the
peri-infarct and non-infarcted remote region, guided by
fluoroscopy and coronary angiography and the absence

of a MAP signal in the infarct area (Fig. 1A). A 7 Fr
diagnostic electrophysiology catheter (Biosense Webster,
Belgium) was positioned in the right atrium for pacing.
Continuous 12-lead ECG and simultaneous MAPs in
both peri-infarct and remote regions were recorded
at 4 kHz using a Labsystem Pro EP recording system
(Boston Scientific, USA). To eliminate effects of heart rate
variations, animals were atrially paced at 120 beats min−1 ,
and recordings were performed at baseline pacing and
during pacing with infusion with isoproterenol (ISO;
1–2 µg min−1 ; Isuprel). This dose was chosen based on its
use clinically to facilitate arrhythmia testing (Heidbüchel
et al. 2003) and to provoke afterdepolarizations in
at-risk patients (Shimizu et al. 1991). Following the
experiments, animals received the same care as described
above.
At baseline, the following acceptance criteria for
MAP recordings was applied: amplitude of at least
10 mV, with an identifiable plateau, and a stable baseline (Franz, 1999). DADs were defined as an increase in
baseline potential exceeding 1 mV in amplitude. DAD
incidence and amplitude were analysed; DAD amplitude
was normalized to the amplitude of the precedent AP.
Beat-to-beat variability of repolarization (BVR), a marker
of repolarization instability, was calculated as short-term
variability of 90% of MAP duration (MAPD90 ) from 30
consecutive APs by:
√
(|MAPD90i+1 − MAPD90i |) / [n beats × 2]
(Thomsen et al. 2004);
Only paced beats were taken into account. During a 5-min
period after stabilization and ISO infusion, ventricular
extrasystoles or arrhythmias were quantified and reported
as events per minute. Arrhythmic events were also translated into a score, accumulating all events over the 5-min
recording.
Cell isolation

After 3–5 days recovery from the in vivo studies, animals
were euthanized. Anaesthesia was induced as described
above and maintained using intravenous administration
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of pentobarbital (2.5 mg kg−1 ), while mechanically
ventilating the animals. Thereafter, the thorax was quickly
opened, an overdose of pentobarbital (20 mg kg−1 ) was
given and the heart was taken out. Biopsies were taken for
molecular studies and hearts processed for cellular studies.
Single cardiomyocytes from the LV were enzymatically
isolated from the peri-infarct region and non-infarcted
remote region in MI pigs, and from matching regions
in Sham pigs (Nagaraju et al. 2017). The coronary
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artery perfusing these regions was cannulated and a
wedge of tissue excised and enzymatically digested on
a constant flow perfusion system at 37°C. The digested
tissue was minced and filtered, and the isolated myocytes resuspended in HEPES-buffered Tyrode solution
(in mmol l−1 : NaCl 137, KCl 5.4, MgCl2 0.5, CaCl2 1.8,
Na-HEPES 11.8, and glucose 10; pH 7.4). After isolation,
the cells were allowed to recover for 1 h before experiments
were commenced.

A
Pacing
catheter

Stent
Stenosis
LCX
LAD

Remote
MAP
catheter

Peri-infarct
MAP
catheter

10 mV

peri-infarct MAP

10 mV

500 ms

remote MAP

10 mV

infarct
500 ms

C

DAD incidence
MI

0.4

1.5

<0.001

#DAD/s

#DAD/s

0.002

1.0
0.5
0.0

1.0
0.5

Baseline
+ISO

0.031

Sham

0.043

0.3
0.2
0.1

Anterior Posterior
Baseline
+ISO

0.4
0.3
0.2
0.1
0.0

0.0

0.0
Peri-infarct Remote

MI
Relative amplitude

1.5

DAD amplitude

Sham

Relative amplitude

B

500 ms

Peri-infarct Remote

Anterior Posterior

Baseline
+ISO

Baseline
+ISO

Figure 1. In vivo adrenergic stimulation induces more and higher amplitude delayed afterdepolarizations (DADs) in the peri-infarct region
A, example of data acquisition in an MI pig with regional catheter positioning guided by coronary angiography
and absence of monophasic action potential (MAP) in the infarct. Top left: coronary angiography with stenosis
indicated by the arrow (LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery). Top
right: overlay of the coronary angiography and positioning of the MAP catheters in the peri-infarct and remote
regions and pacing catheter in the right atrium. Bottom: pre-procedural MRI illustrating the infarct, peri-infarct
and remote regions with corresponding examples of in vivo regional MAP recordings during ISO infusion (red
arrows illustrate DADs in the peri-infarct region). B and C, mean data for DAD incidence (B) and amplitude (C) in
MI (Npigs = 14) and Sham (Npigs = 10) animals. Repeated measures two-way ANOVA with Bonferroni post hoc
testing.
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Cell structure measurements

Cell size (length and width) was measured in randomly
selected cells from both regions of Sham and MI.
Sarcolemma, transverse and axial tubular structures
(TATS) were stained by incubating cells with Alexa
Fluor 594 conjugated to wheat germ agglutinin (WGA,
10 µg ml−1 ; ThermoFischer, W11262). Images were
collected in a Z-stack using a 40× objective, 1.3 NA oil
immersion, on a Zeiss LSM 510 confocal microscope and
quantified using Image J software (NIH, USA, v1.5, RRID:
SCR 003070). TATS signals within the cell margins were
identified against the background by thresholding. The
sarcolemmal membrane was subtracted from thresholded
images. Thresholded images were further processed to
skeletonize TATS signals. TATS density was quantified as
the number of signal-positive pixels over all pixels within
the cell margins.
Cellular electrophysiological and calcium recordings

Cells were studied in whole-cell patch clamp mode, using
either voltage- or current-clamp configuration (Axon
200B amplifier, Axon Instruments). Cells were constantly
superfused with HEPES-buffered Tyrode solution at
37°C and patch pipettes (2–3 M) (GB 200-8P, Science
Products) were filled with (in mmol l−1 ): potassium
aspartate 120, NaCl 10, KCl 20, K-HEPES 10, MgATP 5,
and K5 Fluo-4 0.05; pH 7.2. In voltage-clamp mode, cells
were stimulated for 2 min using 200 ms depolarizing steps
from −70 mV to +10 mV at 2 Hz stimulation frequency
and with recording for 15 s at −70 mV after stopping
stimulation. In current-clamp mode, cells were stimulated
with a suprathreshold depolarizing pulse of 2–5 nA, at
2 Hz and 1 Hz for 3–5 min in steady states. In both modes,
Ca2+ was simultaneously recorded. Ca2+ transients were
recorded on a photometry epifluorescence set-up, with
[Ca2+ ]i reported as the fluorescence normalized to baseline values, after background subtraction as F/F0 . In other
experiments, local Ca2+ events (Ca2+ waves, Ca2+ sparks)
and Ca2+ transients (used for kinetic measurements) were
recorded using confocal line-scanning along the long axis
of the cell in a central plane and avoiding the nucleus
(Zeiss LSM 510, 40× oil immersion objective; scanning at
650 Hz with a pixel size of 0.2–0.3 µm). Ca2+ waves were
recorded as previously described and quantified using a
custom-made analysis program (Dries et al. 2018). Ca2+
wave incidence was normalized to cell length and time
as number of waves 100 µm−1 s−1 . We defined coupled
(dyadic) and non-coupled (non-dyadic) release sites as
previously described (Dries et al. 2018). SR Ca2+ content
was measured by integrating the inward NCX current
(INCX ) during rapid caffeine superfusion (10 mmol l−1
for 8 s) after a conditioning train of 2 Hz stimulation. AP
duration was calculated at APD90 and BVR was calculated

J Physiol 598.14

as described above. All protocols were performed at baseline and presence of 10 nM ISO, a low concentration chosen
to detect increased sensitivity.
Quantitative real time PCR experiments

After harvesting the heart, peri-infarct and remote tissue
samples from MI and matched anterior and posterior
regions in Sham were snap-frozen in liquid nitrogen and
immediately stored at −80°C. Total RNA was extracted
from all frozen biopsies with an miRNeasy mini kit
according to the manufacturer’s instructions (Qiagen,
Hilden, Germany). A 500 ng sample of total RNA was used
for cDNA synthesis with SuperScript II Reverse Transcriptase (Thermo Fisher Scientific, Carlsbad, USA). The
final cDNA concentration was 1.25 ng µl−1 .
mRNA levels of genes encoding calcium handling
proteins, ion channels and adrenergic signalling
components were measured by real-time qRT-PCR using
gene specific primers (Table 2) and GoTaq qPCR
Master Mix (Promega, Madison, USA). Amplification
was performed using a CFX384 Real-Time PCR
Detection System. Results are presented as relative mRNA
abundance, with each sample normalized to the geometric
mean of RPL32 and TBP, which were used as reference
genes. The stability of these reference genes was first
established using geNORM (Vandesompele et al. 2002).
Western blot for protein expression

Snap frozen samples of regional myocardial tissue
were homogenized in a buffer containing (in mM):
imidazole 10, sucrose 300, dithiotreitol 1, sodium
metabisulfite 1, sodium fluoride 25, sodium ethylene
diaminetetraacetic acid (EDTA) 5, sodium pyrophosphate
5, phenylmethylsulfonyl fluoride 0.3, and a protease
inhibitor cocktail (‘Complete-Mini’ Roche Molecular
Biochemicals). Equal amounts of proteins were then
separated on a 4–12% Bis-Tri gradient gel (Invitrogen)
and transferred onto polyvinylidene difluoride membrane
(Millipore). The membrane was blocked with Odyssey
TBS blocking buffer. Blocked membranes were then
incubated with antibodies for CaMKII (1:1000 dilution,
SC-5392, Santa Cruz) and GAPDH (1:10,000 dilution,
G8795, Sigma) overnight at 4°C. Detection was performed
using IRDye secondary antibodies (1/15,000 dilution,
LI-COR) and blots were scanned using an infrared
imaging system (Odyssey CLx, LI-COR); in Fig. 10 the
full-length blots are shown. Band intensity was quantitated
using Image Studio software. The membrane was stripped
with antibody stripping solution (2504, Millipore) and
re-probed with the Phospho-CaM Kinase II pThr286
antibody (PA1-14076, Invitrogen). The detection was
performed again using IRDye secondary antibody. The
band intensity was analysed using Image Studio software.
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Table 2. PCR Primers
Gene product
Inward rectifier potassium channel
Delayed rectifier (rapid) potassium channel
Delayed rectifier (slow) potassium channel
Natriuretic peptide A
β1 -Adrenergic receptor
B2 -Adrenergic receptor
G protein-coupled receptor kinase 2

Gene name

Forward primers (5 -3 )

Reverse primers (5 -3 )

KCNJ2
KCNH2
KCNQ1
NPPA
β1 AR
β2 AR
GRK2

CCGCTACAGCATTGTCTCTT
TGGGCTTTGGCAATGTCTC
CTGGAAGTGCTTCGTCTACC
CTTCGGGGGTAGGATGGACA
CCAACCTCTTCATCATGTCC
CCAGACGGTCACCAACTACT
ATGCAGAAGTACCTGGAGGA

TGGACCTTACTCTTCCCGTT
AAGATGCTGGCGTACATGAG
GCGACATACTGCTCAATGGT
TCTTCAGTACCGGAAGCTGTTA
GCAGAAGAAGGAGCCGTACT
CCGAAAGTCCACATTTTCAT
ACAGAAGTCTCGGAAAAGCA

Experimental design and statistics

Data acquisition was performed by multiple investigators.
Investigators were blinded when doing analysis off-line by
creating coded data files. For quality control and to check
on consistency, sets of experiments were analysed by two
independent and blinded investigators.
All individual data points are shown in dot plots, with
each dot representing the data of an animal. In the case
of cellular studies with multiple cells per animal, the
dot plot is the mean value for this animal. Statistically,
data were compared using a nested design taking into
account the number of cells (n) and animals (N), with
Student’s t test or a two-way ANOVA with Bonferroni post
hoc testing; repeated measures was used when the same
samples were measured before and after ISO treatment.
A chi-squared test was used to compare proportions. In
one data set we examined correlations using regression
analysis, linear fitting and two-tailed t test. Data were
considered significantly different when the P value was
< 0.05, while the exact values have been inserted in the
graphs. Additional information on statistical testing may
be found online in the Statistical Summary Document.
Results
Increased incidence and amplitude of DADs in the
peri-infarct region in vivo

Figure 1A illustrates MAPs simultaneously recorded in the
MI peri-infarct and remote region during atrial pacing
at 2 Hz. At baseline, there was no difference in DAD
incidence or amplitude between regions in either Sham
or MI. However, during ISO infusion, there was both an
increased incidence and amplitude of DADs in the MI
peri-infarct region compared to baseline and to the MI
remote region (Fig. 1B and C). Infusion of ISO did not
alter the DAD incidence or amplitude in the corresponding
regions in Sham animals.
BVR is larger in the peri-infarct than remote region
in vivo

We also examined repolarization properties that could
facilitate arrhythmia by analysing AP duration and BVR

(Fig. 2A). During 2 Hz atrial pacing, the mean MAP
duration (MAPD) was not different between the MI
peri-infarct and remote regions and was also not different
compared to matched Sham regions at baseline and
during ISO (data not shown). There were no apparent
regional differences in BVR of MAPD in either MI or
Sham animals at baseline. During ISO infusion, BVR
increased significantly in both the peri-infarct and remote
regions but eventual BVR was significantly larger in the
peri-infarct region than in the remote region (Fig. 2B).

More PVCs and complex extrasystoles during ISO
in vivo

The peri-infarct increase in DADs and BVR during ISO
resulted in a higher arrhythmia potential in MI pigs, as
recorded in the ECG. Occasionally a local peri-infarct
DAD appeared to precede a PVC on the ECG (Fig. 3A),
though a causal relation could not be ascertained.
MI pigs had a higher incidence of PVCs per minute
compared to Sham animals (Fig. 3B). Additionally, more
couplets (two consecutive beats; p = 0.095), triplet PVCs
(three consecutive beats; p = 0.014) and non-sustained
ventricular tachycardia (VT) (p = 0.028) were observed
in MI pigs during ISO, compared to Sham animals, translating into a higher arrhythmia score after MI (Fig. 3C).

Cellular hypertrophy and altered Ca2+ handling in
peri-infarct and remote myocytes

We postulated that the regional arrhythmic potential in
the peri-infarct region was related to a more pronounced
cellular remodelling. To investigate this possibility, we isolated and compared the phenotypes and physiology of
cardiomyocytes from the different study regions (Fig. 4A).
In both MI peri-infarct and remote myocytes, cell width
and length were significantly increased and density of
the transverse and axial tubular structures (TATS) was
reduced compared to Sham myocytes (Fig. 4B). Baseline
Ca2+ transients from both MI peri-infarct and remote
myocytes were reduced in amplitude and rate of upstroke
compared to Sham myocytes (Fig. 4C), without differences
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in the SR Ca2+ content (data not shown). Concurrent
with reduced TATS density, the distribution of the time to
half-maximal Ca2+ release was shifted to the right, with
more delayed sites in MI myocytes (Fig. 5A). Sites defined
as non-coupled were more numerous in MI (Fig. 5B).
These data indicate that after MI, structural and
functional myocyte remodelling occurs throughout the
whole LV.

J Physiol 598.14

groups, but MI peri-infarct myocytes had a significantly
higher frequency of Ca2+ waves and depolarizing currents
compared to MI remote and Sham myocytes (Fig. 6A).
This translated into more DADs as well as spontaneous
APs in current clamp mode (Fig. 6B).
Inhibition of CaMKII signalling using autocamtide-2
related inhibitory peptide (AIP, 10 µM), a highly specific
CaMKII inhibitor, was able to lower the incidence of DADs
in MI peri-infarct myocytes (Fig. 6C).

Higher prevalence of Ca2+ waves, DADs and
spontaneous APs in peri-infarct myocytes in the
presence of ISO

Increased BVR in MI peri-infarct myocytes in the
presence of ISO

To relate myocyte function to the in vivo observations,
we assessed the arrhythmic potential of cells under
ISO. To this end, we applied a conditioning train of
square depolarizing pulses at 2 Hz and subsequently
measured spontaneous Ca2+ releases and corresponding
membrane currents. Spontaneous releases were seen in all

We further investigated cellular AP repolarization and
BVR under current-clamp conditions, to compare with
the in vivo observations during 2 Hz atrial pacing.
However, 48% of MI peri-infarct myocytes had impaired
frequency-dependent acceleration of repolarization and
did not follow 2 Hz pacing because of incomplete
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Figure 2. Adrenergic stimulation induces higher beat-to-beat variability of repolarization (BVR) in the
peri-infarct region in vivo
A, examples of BVR during ISO infusion in vivo: MAP recordings in MI peri-infarct and remote regions and matched
Sham anterior and posterior regions. B, mean data for regional BVR in MI (Npigs = 14) and Sham (Npigs = 13)
animals. Repeated measures two-way ANOVA with Bonferroni post hoc testing.
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Figure 4. Regional myocyte remodelling and Ca2+ handling after MI
A, photographs of an infarcted heart showing the peri-infarct and remote regions used for cell isolation. Scale bar,
1 cm; LV, left ventricle; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery. B, mean
data for cell size (MI: ncells = 178–192; Npigs = 14; Sham: ncells = 164–218; Npigs = 13) and TATS density (MI:
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example of confocal line scan recording of Ca2+ transient and corresponding plots in different regions for MI and
Sham myocytes. Bottom, mean data for Ca2+ transient amplitude and rate of upstroke in different regions for MI
(ncells = 24–27; Npigs = 7) and Sham (ncells = 17–18; Npigs = 6) myocytes. Two-way ANOVA with Bonferroni post
hoc testing.
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repolarization within 500 ms, compared to 20% in
MI remote myocytes (p = 0.002) and to 13% in the
corresponding Sham region (p < 0.0001). In order not
to exclude a large fraction of cells, the effects of ISO on
AP repolarization were studied during 1 Hz stimulation.
Under ISO, APD shortened to a greater extent in Sham
myocytes when compared to MI myocytes, resulting in
peri-infarct myocytes displaying a significantly longer
APD90 than Sham in the presence of ISO (351 ± 12 ms vs.
Sham: 223 ± 10 ms, p = 0.002).
Under ISO, BVR was increased significantly in the MI
peri-infarct myocytes compared to MI remote myocytes
and occasionally early afterdepolarizations (EAD) were
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observed (Fig. 7A). In Sham myocytes, BVR did not
increase significantly with ISO (Fig. 7B).
Taken together, these data indicate that the peri-infarct
myocytes have reduced repolarization reserve and a higher
degree of instability, further exacerbated under ISO, than
myocytes from the remote region, or from Sham.
Spontaneous Ca2+ waves and DADs contribute to BVR

We further examined the interplay between the occurrence
of spontaneous Ca2+ release, DADs and BVR. After a
Ca2+ wave and accompanying DAD, the Ca2+ transient
during the stimulated AP merged with the wave and was
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Figure 5. Delayed Ca2+ release in myocytes from both peri-infarct and remote regions
A, examples of confocal line scan images and distribution plots of the time to half-maximal Ca2+ release of the
Ca2+ transient (TF50 ) of Ca2+ release along line scans in MI (ncells = 26–27; Npigs = 7) and Sham (ncells = 17–18;
Npigs = 6) myocytes from peri-infarct/anterior and remote/posterior regions. B, left: example of a confocal line
scan image with the use of cut-off criteria for time to half-maximal Ca2+ release of the Ca2+ transient (TF50 ) to
identify coupled and non-coupled Ca2+ release sites. Right: mean data from coupled and non-coupled sites in
MI (ncells = 26–27; Npigs = 7) and Sham (ncells = 17–18; Npigs = 6) myocytes in different regions of the heart.
Two-way ANOVA with Bonferroni post hoc testing.
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Figure 6. More Ca2+ waves and DADs in peri-infarct myocytes under ISO
A, left: example and protocol under voltage clamp. Right: mean data for Ca2+ waves and NCX currents in different
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generally smaller. As illustrated in Fig. 8A, this stimulated
AP following a DAD with a Ca wave (marked with an
arrow) was longer than the preceding AP. Analysis of the
grouped data confirmed that in MI, higher DAD incidence,
associated with Ca2+ waves, correlated with higher BVR,
with the incidence of both DADs and BVR highest in
peri-infarct myocytes (Fig. 8B).
Molecular actors in adrenergic signalling show
regional differences in their expression

In tissue samples, we examined regional expression
levels of a panel of genes selected based on their relation
to the functional observations. Of the genes encoding
major K+ channels in pig heart (which lacks transient
A
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outward K+ channels), only KCNJ2, encoding the
channel for the inward rectifier current IK1 , was reduced
significantly in the peri-infarct region (Fig. 9A). The
expression of ADRB1, coding for β1 -adrenergic receptor
was significantly reduced in the MI peri-infarct region
compared to MI remote region (Fig. 9B). Expression of
NPPA, as a marker for hypertrophy, was larger in the
peri-infarct region than in the remote region (Fig. 9C).
We expanded the study of cellular adrenergic signalling
examining the expression of CaMKII and constitutive
phosphorylation in tissue biopsies but could not find any
differences (Fig. 10A). In a pilot experiment, we compared
the effect of β1 and of β2 block on Ca2+ transients and
sparks recorded in the presence of ISO, in isolated myocytes from the peri-infarct region and matching Sham
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Figure 7. Higher BVR in peri-infarct myocytes under ISO
A and B, left: examples of 30 steady state action potentials at baseline (black) and under ISO (red); middle: their
corresponding Poincaré plots of myocytes from the different regions for MI (A) and Sham (B) myocytes. Right:
mean data for cellular BVR in different regions for MI (ncells = 39–46; Npigs = 8) and Sham (ncells = 40–42;
Npigs = 8) myocytes. Repeated measures two-way ANOVA with Bonferroni post hoc testing.
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region (Fig. 10B). MI myocytes had a response to β2 block
and less to β1 block.
Discussion
The main findings of this study are that in vivo, under
adrenergic stimulation with ISO, the peri-infarct, but not

J Physiol 598.14

the remote, region is a source of triggered activity and of
repolarization instability creating a functional substrate
for re-entry. This is related to intrinsic myocyte properties.
While myocytes from both peri-infarct and remote regions
share features of remodelling, other properties are unique
to the peri-infarct region, in particular the adrenergic
response.
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Figure 8. Spontaneous Ca2+ release and DADs are associated with increased BVR in peri-infarct myocytes
A, examples illustrating spontaneous Ca2+ release DAD contributing to subsequent Ca2+ transient and action
potential duration (APD) changes. Red arrows indicate stimulated AP with merger Ca events and longer APD. B,
correlation between DADs and BVR in myocytes from the different regions of MI (ncells = 14–23; Npigs = 8) and
Sham (ncells = 6–8; Npigs = 6). Linear regression fitting and correlation analysis with two-tailed t test.
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DADs were mostly observed in the peri-infarct region, and
this observation correlated with unique properties of the
myocytes isolated from this region.
These data extend findings from previous studies by
Boyden and colleagues that identified Purkinje fibres as a
potential source of PVCs in the first days after MI. Isolated
Purkinje cells and tissues have abnormal calcium handling
and DADs (Hirose et al. 2008). Electrical remodelling of
Na+ channels can further facilitate arrhythmias in vivo
through altered conduction, with a potential role for
oxidized CaMKII (Christensen et al. 2009; Dun et al.
2013, 2018). Recently, Hegyi et al. (2018) studied isolated
myocytes from the post-MI pig heart, but without prior
matched in vivo recordings. They reported more DADs and
spontaneous APs in myocytes isolated from the MI border
zone compared to the remote zone without adrenergic
stimulation. We did not see such differences at baseline in

The peri-infarct region as source of triggered activity
and repolarization instability in vivo

Studies of ventricular arrhythmia using programmed
electrical stimulation identify vulnerable substrates and
sources of PVCs, but cannot distinguish whether the
latter result from triggered activity or (micro) re-entry.
Here we used MAP catheters to study local events and
thereby regional differences in repolarization and afterdepolarizations, and this in the absence of programmed
electrical stimulation. The MAP recording reflects
the myocyte transmembrane action potential, even if
reporting from groups of cells rather than a single cell.
Thereby it provides a view of myocyte behaviour in vivo,
and is a highly valuable tool to demonstrate the presence of
early and delayed afterdepolarizations in vivo, including in
clinical studies (Moore & Franz, 2007). In the pig post-MI,
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Figure 9. Post-MI differences in gene expression
A, reduced expression of KCNJ2 coding for the inward rectifier current, IK1 , in the MI peri-infarct region. B,
β-adrenergic receptor 1:2 stoichiometry shifted with reduced β 1 receptor transcription. C, increased transcription
of a hypertrophic marker gene, natriuretic peptide A (NPPA) in MI (Npigs = 5) and Sham (Npigs = 5). Two-way
ANOVA with Bonferroni post hoc testing.
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our model at 6 weeks post-MI. These authors studied an
end-stage heart failure model (6 months post-MI), where
potentially more extensive remodelling will shape regional
differences.
In vivo repolarization instability can provide a
functional re-entry substrate that adds to the well-known
MI structural substrate (De Bakker et al. 1993; Ashikaga
et al. 2007; Ciaccio et al. 2015). Computational studies
consider generalized myocyte remodelling with AP
prolongation and repolarization instability but do not
include a region-specific myocyte profile (Pashakhanloo
et al. 2018).
Here, using MAP recordings we find evidence
that post-MI adrenergic stimulation in vivo enhances
repolarization instability and facilitates arrhythmias
specifically in the peri-infarct region. These in vivo findings
correlate to increased BVR in isolated myocytes from
the peri-infarct region, only observed during adrenergic
stimulation. The co-incidence of both afterdepolarizations
and BVR allows for dual mechanisms of triggered activity,
focal as well as micro-reentry, as also proposed for
torsade de pointes (Dunnink et al. 2017) and suggested
by modelling studies (Liu et al. 2015).
Cellular mechanisms of repolarization instability and
afterdepolarizations

The vulnerability of the peri-infarct zone superimposes
on general myocyte remodelling. Hypertrophy and loss
of T-tubules are present throughout the surviving LV.
These findings are in line with the specific peri-infarct
changes in fibrosis, superimposed on general fibroblast
activation (Nagaraju et al. 2017) and consistent with the
recent study in the post-MI mouse heart, identifying
specific peri-infarct signalling (van Duijvenboden et al.
2019). Reduced Ca2+ transient amplitude and rise time at
baseline are seen in all regions, and could be due to the
loss of T-tubules as well as changes in protein expression
and regulation. The gene expression of the hypertrophy
marker NPPA was nevertheless higher in the peri-infarct
region, suggesting there may a different gene expression
programme.
The present study did not compile a functional
catalogue of individual currents in the myocytes but
agrees with Hegyi et al. (2018) that multiple currents
are likely to be involved in facilitating re-entry as well
as triggered activity, e.g. the reduction in KCNJ2 will
affect repolarization as well as facilitate delayed afterdepolarizations. The data further suggest interaction
between spontaneous release events, repolarization and
BVR, as previously proposed (Johnson et al. 2013).
Firstly, we noted a high correlation between cellular
DAD incidence and increased BVR. Secondly, after a
spontaneous Ca2+ release and DAD, the subsequent
global Ca2+ transient was reduced, often accompanied
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by APD prolongation. These findings are in line with
Ca2+ -dependent modulation of the L-type Ca2+ current
as a factor driving adrenergic-stimulated BVR (Johnson
et al. 2013; Antoons et al. 2015). Reduced inactivation
of the L-type Ca2+ current would in turn contribute to
cellular Ca2+ load. Whilst requiring further corroboration,
such a mechanism supports the notion that impaired Ca2+
handling during adrenergic signalling acts as a central
event contributing to both the trigger and the functional
substrate for arrhythmias after MI.
Convergence of trigger and substrate in the
peri-infarct region through altered adrenergic
response

Our data indicate that an altered adrenergic response
is likely to define the pro-arrhythmic nature of the
peri-infarct myocytes, with a convergence of triggered
activity and facilitation of re-entry. We used a low
dose of ISO to detect subtle differences in response
that could relate to changes in the signalling pathways.
At the molecular level, differences in the adrenergic
signalling cascade and/or structure could explain the
unique vulnerability of the peri-infarct myocytes. Data
on their expression at mRNA level suggest a local shift in
β1 -AR: β2 -AR stoichiometry and signalling. The different
response to β1 -AR block compared to β2 AR is consistent
with this notion. Reduced expression of β1 -AR and preserved β2 -AR expression has been observed in heart failure
(DeSantiago et al. 2008; Lang et al. 2015). This altered
expression results in different sensitivity and signalling,
where β2 -AR signalling becomes dominant in heart failure
(Pogwizd et al. 2001) and leads to arrhythmias mediated by
spontaneous Ca2+ release (DeSantiago et al. 2008). Recent
studies indicate a significant crosstalk between β-AR
signalling and CaMKII activation (Curran et al. 2007;
Dries et al. 2016; Shugg et al. 2018), presenting CaMKII
as a possible downstream mediator of detrimental β-AR
signalling after MI. In support of this, CaMKII inhibition
reduced DAD incidence and amplitude in peri-infarct
myocytes.
Differences in cellular β-AR signalling could also
be the result of local re-organization of receptors at
the surface and T-tubular membranes (Nikolaev et al.
2010). The changes in adrenergic signalling and responses
can themselves be consequent on the altered regional
innervation and its trophic influence on the myocytes
(Habecker et al. 2016; Pianca et al. 2019).
In vivo, differential nerve sprouting post MI contributes
to the arrhythmogenic nature of the border zone
(Gardner et al. 2015). Neuromodulation and reduction
of sympathetic inputs suppress arrhythmias after MI in
the pig model (Chui et al. 2017) and patients with intractable VT can benefit from bilateral stellectomy (Vaseghi
et al. 2017). Ischaemia, evoked by adrenergic stimulation,
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may superimpose on the vulnerable peri-infarct myocytes and enhance arrhythmic potential. The interactions of the local heterogeneous peri-infarct innervation
with varying amounts of circulating catecholamines and
other hormones may contribute to additional regional
heterogeneity and should be the subject of further
investigation.
Implications for arrhythmogenesis and therapy

The findings of the present study underscore the potential
benefit for targeting neuro-hormonal, and in particular
adrenergic, signalling to prevent arrhythmia and sudden
cardiac death after MI, as included in current guidelines
(Al-Khatib et al. 2018). Our findings additionally support
the caution against drugs that challenge an already limited
repolarization reserve. Given the residual high risk for
arrhythmia post MI, within the time window studied here,
novel pharmacological approaches are needed. Our study
identifies altered Ca2+ handling that can be prevented
by CaMKII inhibition, which has also been shown to be
beneficial in human cellular and tissue studies (Sossalla
et al. 2010; Dries et al. 2018), and advocates for its potential
in post-MI therapy.
Ablative strategies targeting the peri-infarct substrate
are effective at treating post-MI arrhythmia but also have
limitations (Baldinger et al. 2016). Our study highlights
the role of myocyte remodelling for both the triggers
and functional substrate of the arrhythmia. Therefore,
targeting the myocytes through local approaches such
as targeted gene therapy (Sasano et al. 2006) and
exosome targeting (Antes et al. 2018) may offer alternative,
non-destructive strategies to treat post-MI arrhythmia.
Limitations

The neurotransmitter of adrenergic activation in vivo
is noradrenaline, activating both α- and β-receptors in
heart and vasculature, with a contribution of circulating
adrenaline. Here we chose to use isoproterenol to focus
on the myocyte responses and to be able to use a
similar agent in vivo and in vitro. Although we could
use noradrenaline in isolated myocytes, when applied in
vivo, peripheral vascular effects and secondary adaptations
would confound the cardiac response to noradrenaline. In
myocytes, the β-receptor-mediated response has a major
role in the calcium changes, hence the choice for ISO as a
single agent in vivo and in vitro.
The current study aimed to record DADs using MAP
catheters and this approach did not allow us to definitively
correlate the ECG recorded PVC with its site of origin.
More comprehensive mapping needs to be included in
future studies.
Post-MI remodelling may affect transmural regions
differentially and was not investigated in the present study.
Cellular studies used the mid-myocardial layers, which
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constitutes the bulk of the cardiac mass but we did not
examine the transmural spectrum.
In the translation of single cell observations to whole
heart arrhythmias, factors such as cell coupling and the
source-sink mismatch play an important role and could
not be resolved in the present study. Additionally, we
did not address how multiple cell types contribute to
the electrophysiological phenotype, nor individual ionic
current remodelling; this needs to be explored in future
studies.
Conclusions

Altered myocyte adrenergic responses define the
peri-infarct zone as a prominent source of triggered
activity and of concomitant repolarization instability,
amplifying the potential for re-entry and contributing
to the substrate for arrhythmia. This is the result of
the unique properties of the peri-infarct myocytes. These
findings stimulate further exploration of local therapies
targeting myocytes and autonomic modulation.
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