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a Cardiology group, Department of Cardiovascular Sciences, University of Leicester, UK 
b University Hospitals of Leicester NHS Trust, Leicester, UK 
c NIHR Leicester Cardiovascular Biomedical Research Unit, Leicester, UK   

A R T I C L E  I N F O   

Keywords: 
Autonomic 
Ganglia 
Ventricular fibrillation 
Restitution 
Heart failure 
Remodeling 

A B S T R A C T   

Aims: Heart failure is a clinical syndrome typified by abnormal autonomic tone, impaired ventricular function, 
and increased arrhythmic vulnerability. This study aims to examine electrophysiological, structural and neuronal 
remodeling following myocardial infarction in a rabbit heart failure model to establish its neuro-cardiac profile. 
Methods and results: Weight-matched adult male New Zealand White rabbits (3.2 ± 0.1 kg, n = 25) were ran-
domized to have coronary ligation surgeries (HF group, n = 13) or sham procedures (SHM group, n = 12). 
Transthoracic echocardiography was performed six weeks post-operatively. On week 8, dual-innervated Lan-
gendorff-perfused heart preparations were set up for terminal experiments. Seventeen hearts (HF group, n = 10) 
underwent ex-vivo cardiac MRI. Twenty-two hearts (HF group, n = 7) were examined histologically. Electrical 
remodeling and abnormal autonomic profile were evident in HF rabbits with exaggerated sympathetic and 
attenuated vagal effect on ventricular fibrillation threshold, ventricular refractoriness and restitution curves, in 
addition to increased spatial restitution dispersion. Histologically, there was significant neuronal enlargement at 
the heart hila and conus arteriosus in HF. Structural remodeling was characterized by quantifiable myocardial 
scarring, enlarged left ventricles, altered ventricular geometry and impaired contractility. 
Conclusion: In an infarct-induced rabbit heart failure model, extensive structural, neuronal and electrophysio-
logical remodeling in conjunction with abnormal autonomic profile provide substrates for ventricular 
arrhythmias.   

1. Introduction 

Abnormal autonomic tone characterized by sympathetic over- 
activation and parasympathetic attenuation modulates malignant 
arrhythmogenesis in heart failure with reduced ejection fraction. As 
phenotyping of heart failure becomes increasingly sophisticated encom-
passing heart failure with reduced or preserved ejection fraction, heart 
failure with reduced ejection fraction will simply be referred to as ‘heart 
failure’ (HF) in this study. Preclinical [1] and clinical [2] studies have 
demonstrated causal link between heart rate variability and baroreceptor 
reflex sensitivity with fatal ventricular arrhythmias, suggesting a tentative 
link between impaired neuro-cardiac control and arrhythmic propensity. 

The presence of a rich network of intrinsic cardiac nerves converging 
into distinct ganglia, has been established in humans and other 
mammalian species [3]. These ganglia are capable of functioning both 

independently of and in concert with higher neural centres, enabling the 
regulation of cardiac indices on a beat-to-beat basis [4]. In HF, 
anatomical and functional remodeling of these ganglionic plexi have 
been observed within this intrinsic cardiac nervous system (ICNS) [5]. 

In this study, we sought to establish a reproducible infarct-induced 
rabbit HF model that allows for histopathological, in vivo and ex vivo 
assessments of structural remodeling in addition to in vitro electro-
physiological characterization through isolated, Langendorff-perfused 
hearts with intact dual autonomic nerves. 

2. Methods 

2.1. Ethical statement 

All procedures conform to the UK Animals (Scientific Procedures) 
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Act 1985, Guide for the Care and Use of Laboratory Animals published by 
the US National Institutes of Health (NIH Publication No. 85-23, revised 
1985) and the European Union directive on the protection of animals for 
scientific research (2010/63/EU). Local ethics approval was obtained 
from the University of Leicester animal welfare review board (AWERB) 
under the Home Office Project License PPL70/8501. 

2.2. Rabbit myocardial infarction heart failure model (Cohort 1) 

Adult male New Zealand White rabbits in Cohort 1 (3.2 ± 0.1 kg, n =
25) were randomly assigned to two groups: a coronary-ligation group 
(HF, n = 13); and a sham group (SHM, n = 12)(Supplementary Fig. 1). 
Male rabbits were used to allow comparison of study findings of diseased 
model with historical normal-heart studies within our group. Addi-
tionally, the use of male rabbits circumvents the confounding effects of 
estrous cyclicity on homogeneity of study population, data spread and 
autonomic interventions [6]. Rabbits were premedicated (Medetomi-
dine Hydrochloride 0.2 mg/kg, Ketamine 10 mg/kg), Butorphanol 
Torbugesic, 0.05 mg/kg, intubated and ventilated using a Harvard small 
animal ventilator (tidal volume 30 ml, respiratory rate 55/min) and 
anaesthetized with 1–1.5 % isofluorane. Following left thoracotomy, 
circumflex artery was ligated midway between the atrio-ventricular 
groove and the apex resulting in apical discoloration consistent with a 
30–40 % left ventricular infarct. No coronary ligation was performed for 
the SHM group. Animals were left to recover for 8 weeks before being 
sacrificed. 

2.3. The innervated isolated heart preparation 

The innervated isolated Langendorff-perfused heart preparation has 
previously been described [8]. Briefly, adult male New Zealand White 
rabbits were premedicated with a subcutaneous injection containing a 
mixture of Medetomidine Hydrochloride (Sedator, 0.2 mg/kg), Keta-
mine (Narketan, 10 mg/kg) and Butorphanol Tartrate (Torbugesic, 0.05 
mg/kg). Once the animal was suitably sedated, surgery was performed 
to isolate rabbit heart with intact dual autonomic innervation as 
described in detail in previous studies. The animal was sacrificed with an 
overdose of intravenous pentobarbitone sodium (60 mg) and heparin 
(500 U). Of note, pentobarbitone sodium was chosen due to its inert 
effect on autonomic function not only in rabbits but other animal models 
[8–10]. A 3F polypropylene catheter (Portex, Kent, UK) was inserted 
through the left ventricular apex for Thebesian venous effluent drainage. 
Left ventricular pressure (LVP) was measured by a pressure transducer 
(MTL0380, AD Instruments, Chalgrove, UK) using a fluid-filled latex 
balloon inserted through the left atrium into the left ventricle (LV). The 
volume of the balloon was adjusted to give a 0 – 5 mmHg end-diastolic 
pressure reading. Perfusion pressure (PP) was monitored with a separate 
pressure transducer. 

2.4. Autonomic nerve stimulation 

The cervical vagus nerves were stimulated using a pair of custom- 
made bipolar silver electrodes (VNS) (Advent Research Materials, UK: 
0.5 mm diameter). Bilateral sympathetic nerve stimulation (SNS) was 
achieved by insertion of a quadripolar catheter into the spinal canal at 
the 12th thoracic vertebra to the level of stellate ganglia. Stimulation 
was delivered using 2-channel constant voltage square pulse stimula-
tors, (S88, Grass Instruments), one for VNS and one for SNS at 2 ms pulse 
width. Intercostal-muscle twitching was prevented with a neuromus-
cular blocking agent (decamethonium bromide [Sigma, UK, 5 μM]). 

Autonomic nerves were stimulated at varying strength (1-10 V) and 
heart rate (HR) response recorded. The stimulus strength that produced 
a heart rate equivalent to 80 % of the maximal response was used 
throughout. SNS was carried out at a frequency giving rise to an SNS- 
induced tachycardia of 230–250 bpm. VNS frequency was determined 
as the frequency resulting in a bradycardia of 60–70 bpm. The 

calibration protocol based on HR response was previously described, 
and allowed an unbiased comparison of ventricular electrophysiology 
between diseased and non-diseased Langendorff-perfused rabbit hearts 
in this study [8]. 

2.5. Cardiac electrical recording and pacing 

A pair of platinum electrodes (Grass Instruments, Slough, UK) were 
connected to the right atrial appendage for recording of atrial electro-
grams and a second pair to the right atrium and rib cage to record ECG. 
Electrodes were placed at the epicardial surface of basal and apical LV 
free wall for recording of monophasic action potential (MAP) using a 
DC-coupled high-input impedance differential amplifier. Optimal basal 
and apical locations for the electrode placements were determined by 
the quality of the MAP. In HF group, the non-scarring apex can be 
identified by the normal coloration of the apex to avoid the apical infarct 
area with poor/no signal quality for MAP acquisition. A bipolar pacing 
electrode was inserted into the right ventricular (RV) apex for ventric-
ular pacing. 

2.6. Measurement of ventricular electrophysiology 

Functional responses were recorded with a PowerLab800.s (ADIn-
struments Ltd., UK) and digitalised at 2 kHz using LabChart Pro software 
(ADInstruments Ltd., UK). HR was recorded at steady state at baseline 
and following autonomic stimulation. 

Ventricular fibrillation threshold (VFT) was measured with RV burst 
pacing (30 stimuli, 30 ms interval) after a 20-beat drivetrain at 240 ms, 
and was determined by progressively increasing the pacing current at 
0.5 mA steps with a 5-s rest period before each drive train. VFT was 
defined as the minimum current required to induce sustained VF. 

Standard restitution and ventricular refractoriness were determined 
by RV pacing using a 20-beat drive train (S1, 240 ms cycle length (CL)) 
followed by an S2 decrementing at 10 ms from 240 ms to 200 ms, and at 
5 ms from 200 ms to Effective Refractory Period (ERP); defined as the 
longest coupling interval that failed to capture the ventricles. Using a 
custom-written program [11], MAP duration was measured from the 
beginning of the signal to 90 % repolarization (MAPD90) as described 
previously (Supplementary Fig. 2) [10]. A best-fitted exponential curve 
was calculated (MAPD90 = MAPD90max [1-e-DI/Ƭ]) and fitted using 
Microcal Origin (v9.1, Origin, San Diego, CA, US) where Ƭ was the time 
constant. Analysis of the first derivative of this fitted curve yielded the 
maximum slope of action potential duration restitution (APDR) [12]. 

The degree of apico-basal APDR dispersion was calculated using the 
following formula:-. 

Apico− basalAPDRDispersion=[(ApicalAPDR− BasalAPDR)/BasalAPDR]

×100%  

2.7. Transthoracic echocardiography 

Six weeks following surgery, we performed transthoracic echocar-
diography (TTE) on sedated rabbits (Cohort 1: HF, n = 13; SHM, n = 12) 
at the left lateral position to measure both functional and quantitative 
parameters. 

2.8. Ex-vivo cardiac magnetic resonance imaging 

Post-experiment whole hearts (Cohort 1, n = 17; 10:HF, 7:SHM) were 
fixed overnight (4 % PFA,0.01 M PB, pH 7.4) before being placed into 
Fomblin-Y (Sigma Aldrich, UK). Cardiac magnetic resonance (CMR) 
scans were performed using a 9.4 T Agilent scanner (Agilent Technol-
ogies, Santa Clare, CA, USA). Radiofrequency transmission and recep-
tion were achieved with a 40 mm millipede transmit/receive RF coil. 
Hearts were located with fast gradient echo scan. 3D gradient echo 
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shimming of first and second order shims were performed, and quality 
was confirmed using point resolved spectroscopy (PRESS) of the water 
peak. 

Different MRI images were generated by variation of radiofrequency 
pulses applied and collected. T2-weighted images were acquired using a 
fast spin echo (FSE) sequence with Repetition Time(TR)/Time to Echo 
(TE) =3000/40 ms, 30 × 30mm field of view (256 × 256 matrix), 36 ×
1 mm coronal slices and 3 signal averages (scan duration = 9 mins 42 s). 
Whereby TR is the amount of time between successive pulse sequences 
applied to the same slice, and TE represents the time between the de-
livery of the radiofrequency pulse and the receipt of the echo signal. The 
resultant images were used to generate 2D slice montage representations 
of each heart (Fig. 1). For accurate quantification of scar volume, T1- 
weighted images were acquired using a 3-dimensional magnetization 
prepared rapid gradient-echo (MP-RAGE) sequence with TR/TE = 6.5/ 
3.3 ms, 40x30x30mm field of view (256 × 192 × 192 matrix) and 2 
signal averages (scan duration = 57 mins 39 s). Scar volume was 
calculated using manual region of interest (ROI) analysis in 3D Slicer 
(http://www.slicer.org). 

2.9. Histological analysis (Cohort 2) 

In Cohort 2, twenty-two animals were used for histological exami-
nation of ICNS (2.2–4.0 kg) (Supplementary Fig. 1). Animals were 
assigned to three groups: 1) control (CTL) where no surgery was per-
formed prior to terminal experiment (n = 11), 2) HF (n = 7) and 3) SHM 
(n = 4). Animals were premedicated as described previously and sacri-
ficed with an overdose of pentobarbitone sodium (Pentoject, 111 ml/kg, 
Animalcare Ltd., UK) containing heparin (1000 IU, Multiparin, UK). 
Following bilateral thoracotomy, hearts were perfused with ice-cold 
phosphate-buffered saline (PBS; 0.01 M, pH 7.4), pressure-inflated in 
situ, removed from the chest and prefixed then incubated in a hyal-
uronidase solution as detailed previously (24). 

2.10. Histological staining procedure 

Pre-fixed hearts were stained using a modified medium (4 h, 4 ◦C, 
pH 5.6) containing (in mM): Sodium Acetate 60.0, Acetylthiocholine 
Iodide 2.0, Sodium Citrate 15.0, CuSO4 3.0, K3Fe(CN)6 0.5, isoOMPA 

0.5, along with Triton-X 1 % and Hyaluronidase 0.5 mg/100 ml [13]. 
Following staining, whole hearts were post-fixed for long-term storage 
(Paraformaldehyde (PFA), 4 %). 

2.11. Whole-mount preparations 

Neural structures were visualised from flattened atrial tissue pre-
pared from pressure distended whole hearts [14].Whole hearts were 
illuminated by a fibre optic light guide system (KL1500 LCD, Schott UK) 
and imaged using a Leica M80 microscope (Leica Microsystems, Ger-
many) at magnifications between ×0.75–6. 

The walls of the atria and interatrial septum were separated from the 
ventricles along the atrioventricular groove and dissected into distinct 
regions:-  

1. The heart hilum  
2. The wall of the conus arteriosus(CA) and left ventricle (LV)  
3. The region ventral to the roots of the pulmonary veins(PVs)  
4. The root of the right cranial vein (RCV) 

Wholemount preparations were pinned flat and dehydrated through 
a series of graded ethanol solutions (70 %, 90 % and 100 %). Sections 
were immersed in xylene (Fisher, UK) (30 mins to 2 h) and mounted 
using Histomount mounting medium (National Diagnostics, UK) and 
covered with a coverslip for microscopic analysis. 

2.12. Microscopic examination and quantitative analysis 

Histologically stained neural structures were visualised and imaged 
using an upright microscope (Axioscope Imager.Z2, Carl Zeiss Ltd., UK). 
Images were captured using a digital camera (AxioCam, Carl Zeiss Ltd., 
UK). Overall topography was constructed offline and image examination 
and analysis was completed using ZEN software (Carl Zeiss Ltd., UK) and 
Image J 1.49v software. For counting and identifying, neuronal cell 
bodies and their areas were systematically scanned over the whole 
mount. The size of clearly visible neuronal somata was measured on 
digital images using Image J software and expressed as area. 

Fig. 1. Examples of ex-vivo T2-weighted 2D slice montage representations (top panels: base; bottom panels; apex) of rabbit heart eight weeks following coronary 
ligation (1A) with apical scarring (white stain) and wall thinning (loss of tissue)(n = 1 from group of 10 heart failure rabbits), versus eight weeks following sham 
procedure (1B) with no evidence of apical scarring (n = 1 from group of 7 sham rabbits). 
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2.13. Statistical analysis 

Data analysis was performed using Origin Lab software (v.2015; 
OriginLab, Northampton, MA, USA) and GraphPad Prism7 software (v7, 
GraphPad, CA, USA). Statistical comparisons were made using Student’s 
paired t-tests, 1- or 2-way ANOVA where appropriate, with Bonferroni 
post-hoc test. Data are verified to be normally distributed and presented 
as mean ± SEM; P ≤ 0.05 being considered significant. 

3. Results 

Prior to autonomic stimulation, baseline haemodynamics and heart 
rate (HR) were comparable between HF and SHM groups (Supplemen-
tary Table 1). 

3.1. Effect of autonomic stimulation on ventricular electrophysiology 

3.1.1. VFT 
At baseline, VFT in HF group was significantly lower than that in 

SHM group (HF: 2.5 ± 0.3 mA vs. SHM: 4.0 ± 0.3 mA; P < 0.05). Under 
SNS which increased HR of each group to ~250 bpm, VFT was lower 
(HF:0.6 ± 0.1 mA; SHM:1.9 ± 0.1 mA; P < 0.05). In contrast, VNS led to 
higher VFT in both HF (3.5 ± 0.4 mA) and SHM (6.8 ± 0.6 mA) with the 
effect of VNS on VFT attenuated in the HF group (Fig. 2A). Fig. 2B il-
lustrates relative change from the corresponding baseline VFTs in both 
HF and SHM groups. 

The stimulation frequency of both SNS and VNS in the HF and SHM 
groups were similar in these experiments. To attain a HR of ~250 bpm, 
the required frequencies of SNS were 8.7 ± 0.1 Hz (HF) and 7.8 ± 1.3 Hz 
(SHM) respectively. The frequencies of VNS required to achieve a HR of 
~60–70 bpm were 10.5 ± 1.4 Hz (HF) and 7.8 ± 0.7 Hz (SHM) 
respectively. 

3.1.2. APD Restitution 
APD Restitution (APDR) was assessed by measuring APD90 during 

an extrastimulus pacing protocol, and by measuring the steepest 
gradient of the restitution slope (∇) when APD90 was plotted against its 
preceding diastolic interval (DI). At baseline, the basal LV APDR slope 
was 2.18 ± 0.07 in HF group whilst basal APDR curve was flatter in SHM 
with maximum slope at 1.32 ± 0.06. In comparison to basal APDR, 

APDR at the non-scarring apex of the hearts (referred from here onwards 
as apical RT) was steeper in both groups (HF: 2.61 ± 0.08, P = 0.076; 
SHM: 1.51 ± 0.06, P = 0.037)(Fig. 3A). 

SNS steepened both basal and apical APDR curves. In HF group, basal 
and apical APDR slopes were higher at 3.90 ± 0.10 and 5.12 ± 0.09 
respectively. In SHM group, the increase in basal and apical APDR slopes 
was 2.10 ± 0.09 and 2.58 ± 0.08 correspondingly (Fig. 3A). 

VNS flattened both basal and apical APDR curves. Basal and apical 
APDR slopes in HF groups were 1.48 ± 0.07 and 1.70 ± 0.11. In SHM 
group, the VNS effect on both basal and apical APDR was significantly 
more prominent, resulting in lower APDR slope (base:0.61 ± 0.05; 
apex:0.65 ± 0.06) than those of HF group (Fig. 3A). 

Fig. 3B illustrates relative changes in APDR by SNS and VNS from the 
baseline APDRs. Fig. 3C illustrates typical examples of APDR curves in 
SHM and HF hearts at baseline, and during SNS and VNS. 

3.1.3. Apico-basal restitution dispersion 
In this study, apical APDR slopes were steeper than basal APDR in 

both HF (2.61 ± 0.08 vs. 2.18 ± 0.07, P ≤ 0.001) and SHM (1.51 ± 0.06 
vs. 1.32 ± 0.06, P = 0.037) groups. To assess the degree of apico-basal 
APDR dispersion, the following formula was used:- 

Apico− basalAPDRDispersion=[(ApicalAPDR− BasalAPDR)/BasalAPDR]

×100% 

In the absence of autonomic stimulation, apico-basal APDR disper-
sion was greater in HF group (23.7 ± 1.4 %) than that in SHM group 
(16.8 ± 1.0 %). SNS increased APDR dispersion with its effect 
augmented in the HF group (HF: 33.0 ± 2.5 % vs. SHM: 25.0 ± 1.8 %). 
The effect of VNS on dispersion was insignificant compared to baseline. 
Nonetheless, dispersion of apico-basal APDR remains greater in the HF 
group (HF: 21.0 ± 2.4 % vs. SHM: 12.4 ± 2.6 %)(Fig. 3D). 

3.1.4. Ventricular refractoriness 
At baseline, mean ventricular ERP was similar in both groups (HF: 

125.9 ± 4.8 ms vs. SHM: 128.8 ± 5.9 ms, P = 0.666). During SNS, ERP 
was shortened (HF: 97.7 ± 2.5 ms vs. SHM: 115.8 ± 3.9 ms, P = 0.007). 
Conversely, VNS produced ERP prolongation, increasing the ventricular 
ERP to 132.3 ± 4.1 ms (HF) and 150.8 ± 5.3 ms (SHM)(HF vs SHM, P =
0.006). 

Fig. 2. Comparison of ventricular fibrillation threshold (A) and relative changes from baseline (B) between heart failure (HF)(n = 13) and sham (SHM)(n = 12) 
groups at baseline (BL), during sympathetic (SNS) and vagal (VNS) stimulations with each condition replicated 3 times. Data analyzed as repeated measures 2-way 
ANOVA with Bonferroni post-hoc test and presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001. 
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SNS exerted a greater effect in ERP shortening in the HF group (HF: 
− 21.7 ± 2.3 % vs. SHM: − 9.3 ± 2.5 %, P < 0.05). Meanwhile, VNS 
resulted in ERP prolongation although this effect was attenuated in the 
HF group (HF: 5.4 ± 1.1 % vs. SHM: 17.9 ± 2.3 %, P < 0.05). 

3.2. Anatomy and morphology of the rabbit ICNS in heart failure 

3.2.1. Quantification of rabbit intrinsic cardiac ganglia in heart failure 
A breakdown of the distribution of intrinsic cardiac neurons within 

distinct regions of the rabbit heart is detailed in Supplementary Table 2. 
The number of neuronal somata is comparable between CTL and SHM 
groups (CTL: 1632 ± 216 vs. SHM: 1760 ± 133). In contrast, the average 
number of neuronal somata per heart was significantly lower in the HF 
group (HF:1159 ± 101, P < 0.0001). 

Overall, the average cell area (μm2) in control animals was 601 ± 45, 
with no significant regional variation. Conversely, in all HF hearts, there 
was significant neuronal enlargement (Fig. 4A and B, P < 0.0001). The 
degree of neuronal enlargement in the HF group was spatially diverse. 
The most significant difference in neuronal size was observed within the 
region of the heart hilum (HF: 1185 ± 31 μm2 vs CTL: 632 ± 60 μm2 vs 
SHM: 652 ± 50 μm2). In comparison, neuronal somata from the right 
atrial region of HF hearts showed no significant enlargement (HF: 752 
± 132 μm2 vs CTL: 567 ± 68 μm2 vs SHM: 496 ± 32 μm2 (Fig. 4B). 

3.2.2. Distribution of ICNS in the rabbit heart failure model 
In all hearts across CTL, SHM and HF groups, neuronal somata were 

distributed epicardially, primarily on the heart hilum and at the roots of 
the pulmonary veins. The majority of neurons were found on supra-
ventricular tissues, particularly on the venous part of the heart hilum. 
Intrinsic cardiac ganglia were also identified at the region of the CA at 
the root of the pulmonary trunk, termed ventricular neurons (Fig. 5). In 
all hearts, somata existed either grouped into ganglia (defined as ≥3 
neurons), as single cells or as pairs of cells (Fig. 5). In all groups 
examined, a large number of neuronal somata were distributed into two 
large clusters: the left and right neuronal clusters (LNC and RNC). In 
general, the RNC was located at the cranial aspect of the interatrial 
groove, at the anterior region of the root of the RCV and dorsal to the 

root of the right PV. The location of the LNC was more diverse in 
comparison but was commonly found dorsal to the roots of the left and 
middle PVs. 

There was no distinct difference in the overall spatial distribution of 
cardiac nerves, neurons and ganglia among all 3 groups. 

3.3. Cardiac remodeling 

3.3.1. In vivo TTE assessment 
TTE evaluations revealed a significant degree of LV systolic impair-

ment in the HF group as reflected by the lower ejection fraction (EF), as 
well as reduced fractional shortening and area change (FAC)(Supple-
mentary Table 3). Enlargement of cardiac chambers was evident in the 
HF group. Thinning of the interventricular septum was observed, ac-
counting for an eccentricity in the septum:posterior wall thickness ratio 
(Supplementary Table 3). 

3.4. Ex-vivo left ventricular scar quantification 

Ex-vivo CMR consistently demonstrated the absence of scar in the LV 
of the sham animals (n = 7) (Supplementary Table 4). In the HF group, 
8/10 hearts showed quantifiable LV scar (440.56 ± 95.87 mm3), sug-
gesting that coronary ligation reliably produced measurable myocardial 
scarring. 

4. Discussion 

The current study sets out to demonstrate pathological neurocardiac 
profile in a rabbit model of heart failure with reduced ejection fraction 
as a consequence of coronary ligation-induced myocardial infarction. 
Throughout this study, the term “heart failure” therefore implies heart 
failure with reduced ejection fraction. Electrophysiologic, neuronal and 
structural remodeling in HF models when compared to SHM and CTL 
animals are as follow:- 

1. Lower baseline VFT with evidence of exaggerated SNS and attenu-
ated VNS effect in ventricular excitability. 

A B

Fig. 3. A Comparison of basal and apical action potential duration-restitution (APDR) between heart failure (HF)(n = 13) and sham (SHM)(n = 12) groups at baseline 
(BL), during sympathetic (SNS) and vagal (VNS) stimulations with each condition replicated 3 times. Data analyzed as repeated measures 2-way ANOVA with 
Bonferroni post-hoc test and presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 
B Comparison of relative changes from baseline values in basal and apical action potential duration-restitution (APDR) between heart failure (HF)(n = 13) and sham 
(SHM)(n = 12) groups during sympathetic (SNS) and vagal (VNS) stimulations with each condition replicated 3 times. Data analyzed as repeated measures 2-way 
ANOVA with Bonferroni post-hoc test and presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 
C Typical examples of regional restitution (APDR) curves between a heart failure (HF) and sham (SHM) at baseline (3 Ci-ii), during SNS (iii-iv) and VNS (v-vi) with 
each condition replicated 3 times. APDR curves at base (left panel) and apex (right panel) of SHM and HF hearts were shown (n = 1 from group of 13 HF rabbits, and 
n = 1 from group of 12 SHM rabbits). 
D Comparison of relative apico-basal restitution (APDR) dispersion between heart failure (HF) (n = 13) and sham (SHM) (n = 12) groups. Data analyzed as repeated 
measures 2-way ANOVA with Bonferroni post-hoc test and presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001. 
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C

D

Fig. 3. (continued). 
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Fig. 4. A Macrographs illustrating the neuronal enlargement of somata seen in the heart failure group (4Ai and ii)(n = 7) when compared to the control (n = 11) 
group (4Aiii and iv). Micrograph highlighting the lack of neuronal enlargement in the right atrial region in the heart failure group (4Av). 
B MI induced morphological changes in neuronal somata within the rabbit ICNS. The average overall cell area was quantified and compared between hearts from CTL 
(green)(n = 11 (10777), SHM (blue)(n = 4 (3419) and HF (red)(n = 7 (3902)) (4Bi). The average cell area was increased significantly in all regions examined apart 
from the region of the right atrial ganglionated plexus (4Bii). Representations of the distribution of cell size are shown in Biii, with Biv indicating ganglionic sites and 
highlighting the right atrial region (red circle). n = number of animals (number of cells). Data are represented as mean ± SEM. Statistical analysis performed with 
repeated measures two-way ANOVA, with Bonferroni post-hoc test. ns = no significance, ***p < 0.001, ****p < 0.0001. Abbreviations: CA, conus arteriosus; RA, 
right atrial; vPV, ventral pulmonary veins; RCV – right cranial vena cava; LCV – left cranial vena cava; LPV/MPV/RPV – left, middle, right pulmonary vein; DRA/VRA 
– dorsal/ventral right atrium; VLA – ventral left atrium; RAu – right auricle. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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2. SNS-exaggeration of shortening in ventricular ERP. 
3. Steeper overall APDR with exaggerated SNS steepening and attenu-

ated VNS flattening effects on APDR.  
4. Increased apico-basal APDR dispersion in HF animals exaggerated by 

SNS.  
5. Significant neuronal enlargement in HF hearts.  
6. No significant difference in distribution of ICNS between HF, SHM 

and CTL hearts.  
7. LV enlargement, wall thinning, myocardial scarring with reduced LV 

systolic function and in HF animals. 

Uniquely, direct autonomic stimulation of isolated, Langendorff 
rabbit hearts circumvents the confounding effects of perturbed humoral 
responses and haemodynamic reflexes in other in vivo heart failure 
studies, allowing the dissection of neurocardiological influences on 
ventricular electrophysiology. Additionally, it represents a more physi-
ological set up compared to use of exogeneous pharmacological agents 
in other in vitro heart failure models to simulate sympathetic overdrive 
and parasympathetic attenuation. 

4.1. Autonomic modulation of ventricular electrophysiology in heart 
failure 

This study represents a novel attempt of profiling the effect of 
autonomic modulation on ventricular electrophysiologic properties in a 
rabbit heart failure model. Compared to shams, rabbits with heart fail-
ure demonstrated an increased arrhythmic susceptibility demonstrable 

by: 1) lower baseline VFT; 2) exaggerated SNS-induced shortening of 
ventricular ERP; 3) steeper baseline regional APDR; 4) greater apico- 
basal APDR dispersion. Underpinning these electrophysiologic remod-
eling was a deranged autonomic undertone in heart failure rabbits 
characterized by sympathetic overdrive and vagal attenuation. This is in 
contrast with the findings of another study in rabbit heart failure model 
investigating the link between transmural repolarization alternans and 
VF by optical mapping [15]. Although using identical rabbit heart fail-
ure model to assess for ventricular arrhythmic vulnerability, Myles et al. 
examined fundamentally different ventricular electrophysiologic prop-
erties without any autonomic manipulation. Myles et al. concluded that 
alternans in optical action potential amplitude, but not APD alternans, is 
associated with VF inducibility by rapid pacing. Discounting the absence 
of autonomic intervention in Myles’ study, several factors may account 
for the different findings between the current study and the aforemen-
tioned study. First, MAP was examined in this study as opposed to op-
tical APD. Second, the current study examined epicardial APD changes 
on whole-heart preparations as opposed to the wedge preparations used 
in the other study. Third, the use of mechanical uncoupler in optical 
mapping studies may influence electrophysiologic properties [16]. 
Autonomic modulation with SNS and VNS revealed that the pro- 
arrhythmic effects of SNS were exaggerated in HF whilst the vagal- 
induced anti-arrhythmic responses were attenuated. 

In contrast, vagal protective effect appears to be preserved in a 
porcine chronic MI model [17]. In particular, there was evidence of 
preserved acetylcholine levels and parasympathetic neuronal pathway 
in the infarct border zones with resultant decreasing ventricular 

Fig. 4. (continued). 
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excitability and heterogeneity of repolarization in these areas during 
VNS. Several explanations are plausible to explain differences in study 
findings compared to the current study. Aside from species difference in 
the heart failure models, the timing of the study following the initial MI 
may play a part with Vaseghi et al. performing the study 6–8 weeks after 
the MI whereas the current study examined the electrophysiologic 
response of the heart at least 8 weeks after MI. Of note, VNS protocol was 
different with Vaseghi et al. performing pulsed VNS (15 s on, 15 s off) as 
compared to steady-state VNS protocol used in this study. Interestingly 
in that study, scar borders were defined with conventional bipolar 
voltages of 0.5–1.5 mV and scars being 0.05–0.5 mV although MRI 
revealed areas of normal myocardium recording <0.5 mV, supporting 
the notion of variable (often lower) bipolar voltages in border zones 
[18]. This may confound the regional electrophysiologic effects of VNS 
observed in the border zones defined by conventional bipolar voltage 
definition. 

In this study, electrophysiologic remodeling in HF was assessed using 
single autonomic nerve stimulation. We have previously characterized 
the effects of sympatho-vagal interaction on ventricular electrophysi-
ology of normal hearts, demonstrating the lack of accentuated antago-
nism (and therefore prevailing sympathetic effect) at the ventricular 
level [10]. Instinctively, future studies should assess sympatho-vagal 
interaction in the in vitro HF model to mimic the complex sympatho- 

vagal interaction in real life HF population. Furthermore, the effect of 
downstream stimulation of intrinsic cardiac ganglia will shed further 
light on electrophysiologic remodeling in HF. 

4.2. Electrical restitution and spatial restitution dispersion in heart failure 

The restitution hypothesis proposed by Weiss et al. postulates that a 
steep slope of an APDR curve with a gradient of >1 promotes oscillations 
and wave breaks, ultimately facilitating the initiation of ventricular 
fibrillation in the myocardium [19]. This hypothesis was validated in 
biological models [12] as well as pharmacological studies [20,21]. 

In this study, baseline standard restitution slopes measured at the LV 
base were > 1 (i.e., 1.32 ± 0.06 SHM vs. 2.18 ± 0.07 HF). This is in line 
with restitution slope values in a normal unstimulated in vitro model of 
rabbit hearts [22]. Although Weiss et al. proposed a gradient of >1 with 
arrhythmic vulnerability, this hypothesis is borne out of a mathematical 
model. A more realistic and valid comparison of baseline APDR should 
be based on previous unstimulated normal rabbit hearts [22]. More 
importantly, in unstimulated hearts at baseline, HF group demonstrated 
a steeper restitution slope than SHM group. 

Furthermore, this study demonstrated regional heterogeneity in 
restitution slopes between the basal and apical regions of the LV 
epicardium in rabbits. In general, apical restitution slopes are steeper 

Fig. 5. Macrographs of the rabbit heart illustrating the location of the intrinsic cardiac nerve plexus. The boxed area on the rabbit heart in (a) is enlarged in (b). 
Images C and D demonstrate examples of right atrial ganglia. Black arrows indicate extrinsic nerves accessing the nerve plexus on the heart hilum in (a) and (b). 
White arrows indicate examples of intrinsic cardiac neurons with black arrowheads showing interconnecting commissural nerves. 
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than the restitution slopes at base in both groups. This is likely to be 
accountable by the RV apical pacing site in close proximity to the LV 
apex [23]. Nonetheless, the degree of dispersion overall remains greater 
in the HF group, suggesting increased spatial electrical heterogeneity 
(Fig. 3D). The steeper apical restitution persisted during SNS despite 
well-demonstrated greater SNS innervation basally in mammalian 
hearts [24,25]. This phenomenon is accountable by differential func-
tional innervation in the apical region. Heightened sensitivity to 
noradrenaline infusion attributable to increased adrenoreceptors in this 
region compensates for the relatively sparse sympathetic distribution 
[26]. This is further supported by our previous study demonstrating not 
only increased dispersion but also change in repolarization by SNS in 
isolated rabbit hearts [27].Indeed, bilateral VNS and SNS have respec-
tively been shown to reverse dispersion of repolarization from base to 
apex in that study. In contrast, crude directional APDR changes was 
absent in the current study. In a porcine infarct model, Dries et al. 
demonstrated a higher incidence of delayed after-depolarizations and 
beat-to-beat variability of repolarization in the peri-infarct zone but not 
the remote regions of the infarct heart during isoprenaline infusion [28]. 
We have not examined this phenomenon, but assessment of these pa-
rameters will provide further insight in the current model during 
intrinsic autonomic nerve stimulation in future studies. 

4.3. Autonomic modulation of electrical restitution and ventricular 
refractoriness in heart failure 

The effect of autonomic modulation on electrical restitution and 
ventricular refractoriness in normal hearts is well known [29]. Adren-
ergic stimulation by either direct SNS or adrenergic agonists, causes a 
downward shift in APDR curve in addition to steepening the restitution 
slope in both in vivo [30] and in vitro [22] animal studies as well as 
clinical studies [21]. In addition, the shorter APD during SNS is associ-
ated with ERP shortening in both in vivo [31] and in vitro studies [22]. 
All these studies validated the sympathetic effects observed in this study. 
In both SHM and HF groups, SNS resulted in steepening of both basal 
and apical restitution slopes in addition to shortening ventricular ERP. 
Notably, these sympathetic-driven effects on ventricular electrophysi-
ology are more evident in the HF group (Fig. 3A, B). Furthermore, there 
was an increased apico-basal restitution dispersion (Fig. 3D) with 
greater dispersion seen in the HF group, corroborating previous study 
demonstrating increased dispersion of repolarization in rabbit hearts 
during SNS [27], thereby producing an arrhythmogenic effect on a 
whole-heart level in addition to the well-described adrenergic effect on 
abnormal calcium handling in HF at a cellular level [32]. 

In contrast, VNS produced an upward shift of the APDR curve with 
associated flattening of the restitution slope. Additionally, ventricular 
ERP was prolonged by VNS in congruent with its effect on APD pro-
longation in in vivo [31] and in vitro studies [22]. In this study, similar 
phenomena were observed but in the HF group, the ERP was shorter and 
restitution slopes were steeper when compared to the shams, suggesting 
an attenuated vagal effect in HF. Spatial heterogeneity in apico-basal 
restitution kinetics was unaltered during vagal stimulation compared 
to baseline in both shams and HF groups. The effect of vagal stimulation 
on dispersion of repolarization has been debatable. Although one study 
demonstrated greater spatial dispersion of repolarization in the context 
of vagal bradycardia and APD prolongation [33], the findings in this 
study is in agreement with another study demonstrating unaltered 
magnitude of dispersion of repolarization in rabbit hearts [27]. 

4.4. Neural remodeling in heart failure 

This study is the first study to detail the gross neuroanatomy and 
morphological remodeling of the ICNS in the chronically infarcted 
rabbit heart, unlike previous studies where hypertrophy and remodeling 
was documented in isolated cardiac regions only [5,34,35]. This is also 
the first study to highlight reduced neuronal numbers within the ICNS in 

cardiac disease. The morphological pattern of the ICNS was concen-
trated within the heart hilum, in agreement with earlier investigations in 
mice, rabbits, dogs and sheep [36]. 

To date, current information regarding neuronal remodeling within 
the ICNS in response to MI is limited. The results indicate differentially 
targeted neuronal enlargement within the rabbit ICNS following MI. 
This data would appear to strengthen the conclusions of recent porcine 
studies that MI induces morphological changes in ganglia, the latter of 
which exert preferential influence over the infarcted ventricles [34]. 

Of particular interest is the reduction in cell number seen in HF. Such 
neuronal reduction may correlate with a decrease in cholinergic neurons 
within the ICNS following MI [34] and contribute to central vagal 
attenuation, with further characterization of the immunohistochemical 
profile of the rabbit atrial epicardial network following MI being needed 
to identify the complex mechanisms underlying remodeling and hyper-
trophy. The apparent lack of neuronal remodeling within the right atrial 
ganglionic plexus, a region dominant in the control of heart rate [37], is 
likely to be due to the fact that this ganglia preferentially exerts influence 
over the atria [38] and is therefore somewhat isolated and protected from 
neural supply to the site of injury. Future studies with bigger sample size 
and detailed neuronal phenotyping will provide validation of these find-
ings in addition to more intricate details on neuronal remodeling. 

Evidence shows that neural innervation of the ventricles originates 
from numerous ganglia located both 1) at the level of the ventricles and 
on the CA and 2) atrially, at the venous portion of the heart hilum and 
roots of the PVs [14,39]. Adaptations within such regions, accompanied 
by neurophenotypic alterations and changes in the functional capacity 
within the ICNS [34] therefore suggests an involvement of the ICNS in 
providing a certain level of protection against the central neuronal 
dysregulation during MI. 

4.5. Cardiac remodeling in heart failure 

TTE and CMR data in this study provides valuable insights in both 
regional and global ventricular function in the rabbit HF model 
following coronary ligation. The decreased septal thickness in compar-
ison to posterior wall thickness in the HF group provides relative evi-
dence of regional wall motion abnormality induced by apical infarct 
(Supplementary Table 3). Furthermore, the increased end-diastolic 
volume and endocardial area signifies increased LV radius, producing 
a change in ventricular geometry in which the heart assumes a more 
spherical shape [40]. 

Myocardial scarring, as demonstrated by CMR in this study, causes 
impairment of myocardial contractility, thereby leading to reduced 
stroke volume and EF on TTE. This relationship between myocardial 
scar on MRI and LV systolic function on TTE is in parallel with that in 
humans [41], providing valuable insights in establishing the structure- 
function relationship in current HF model. 

4.6. Limitations 

The current in vitro rabbit heart failure model with isolated auto-
nomic stimulation has several limitations. Given the in vitro set up, there 
is no central input and therefore the effect of afferent VNS was not 
examined. Although SNS was achieved through spinal cord stimulation, 
it should be acknowledged that this is not isolated SNS, the latter of 
which could be assessed by stellate ganglia stimulation in future studies 
[42]. Male rabbits were used in this study for consistency in data com-
parison with historical normal heart studies within the group. The use of 
female rabbits would allow for assessment of additional hormonal ef-
fects on autonomic modulation of ventricular electrophysiology, but this 
is beyond the scope of the current study. Although previous in vitro 
study from our group demonstrated increased propensity of alternans 
with dynamic pacing over a greater range of pacing cycle lengths during 
SNS [22], only standard restitution was assessed in this study with no 
dynamic pacing protocol to assess alternans response. 
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5. Conclusion 

In a rabbit HF model induced by MI following coronary ligation, 
extensive neuronal and structural remodeling occurs, leading to an 
adverse electrophysiological profile during autonomic modulation, 
thereby underpinning key mechanisms in driving dysautonomia- 
associated ventricular arrhythmias. Future autonomic studies could 
include optical mapping to investigate regional electrophysiologic het-
erogeneity but the limitations of the need for mechanical uncouplers 
which may exert direct electrophysiological effects on repolarisation 
and APD restitution [11,16] would need to be considered. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jmccpl.2023.100044. 
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