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Blocking Na, 1.8 regulates atrial fibrillation s
inducibility and cardiac conduction after
myocardial infarction

Baozhen Qi'?", Zhonglei Xie'", Dongli Shen, Yu Song', Shaowen Liu*, Qibing Wang"", Jingmin Zhou'" and
Junbo Ge'

Abstract

Background The role of Na, 1.8 impacts in atrial fibrillation susceptibility after myocardial infarction remains only
partially understood. We studied the effect of blocking Na, 1.8 in the cardiac ganglionated plexi (GP) on the atrial
fibrillation inducibility and cardiac conduction in the myocardial infarction model.

Methods Eighteen male beagles were randomly enrolled. Left anterior descending coronary artery was ligated

to created myocardial infarction model. Four weeks after surgery, Na, 1.8 blocker A-803,467 (n=9) or DMSO (n=9,
control) was injected into the four cardiac major GPs. Sinus rate, ventricular rate during atrial fibrillation, PR interval,
atrial effective refractory period, atrial fibrillation duration and the cumulative window of atrial vulnerability were
measured before and 60 min after A-803,467 injection.

Results Administration of A-803,467 significantly increased sinus rate, shortened PR interval and increased ventricular
rate during atrial fibrillation compared to control. A-803,467 also significantly shortened atrial effective refractory
period, prolonged atrial fibrillation duration and increased the cumulative window of atrial vulnerability. A-803,467
suppressed the slowing of heart rate response to high-frequency electrical stimulation of the anterior right GP, which
was used as the surrogate marker for GP function. Double staining of ChAT and Na,, 1.8 demonstrated colocalization of
ChAT and Na, 1.8 in canine GPs.

Conclusions Blocking Na,1.8 in the cardiac GP may modulate atrial fibrillation inducibility and cardiac conduction
after myocardial infarction, and the underlying mechanism may be associated with the regulation of the neural
activity of the cardiac GP.

Keywords Atrial fibrillation, Cardiac conduction, Ischemia heart disease, Ganglionated plexi, Na,1.8

"Baozhen Qi, Zhonglei Xie and Dongli Shen contributed equally to 'Department of Cardiology, Zhongshan Hospital, Shanghai Institute
this work. of Cardiovascular Disease, National Clinical Research Center for
Interventional Medicine, Fudan University, Shanghai 200032, China
*Correspondence: ’Department of Cardiology, Zhongshan Hospital (Xiamen), Fudan
Qibing Wang University, 668 Jinhu Road, Xiamen 361015, China
wang.qibing@zs-hospital.sh 3Division of Cardiology, Department of Medicine, the Affiliated People’s
Jingmin Zhou Hospital of Jiangsu University, Zhenjiang 212002, Jiangsu, China
zhou jingmin@zs-hospital.sh.cn “Department of Cardiology, School of Medicine, Shanghai General

Hospital, Shanghai Jiao Tong University, Shanghai 200080, China

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12872-024-04261-8&domain=pdf&date_stamp=2024-10-28

Qi et al. BMC Cardiovascular Disorders (2024) 24:605

Background

Atrial fibrillation (AF) is the most frequently occurring
supraventricular tachycardia after myocardial infarction
(MI) with an incidence between 6 and 21%, which leads
to greater risk for heart failure-related hospitalization
and mortality [1, 2]. AF first recorded in the first 30 days
after MI is independently associated with higher risks
of death and ischemic stroke than those in patients with
no AF or previously known AF [3]. MI is accompanied
by pathological neural remodeling of the autonomic ner-
vous system [4]. The intrinsic cardiac autonomic nervous
system is a complex neural network formed by ganglion-
ated plexi (GP) concentrated within epicardial fat pads
and the interconnecting nerves, which has been impli-
cated in AF and cardiac conduction [5, 6].

SCN10A encodes the alpha subunit of Na,1.8. Na,1.8
is a tetrodotoxin-resistant sodium channel and mainly
expressed in dorsal root ganglia, which is known to play a
key role in pain perception [7]. Recently, Na,1.8 has been
identified in cardiac GP and cardiac nerve fibers [8—12].
Several genome-wide association studies have shown that
SCNI10A/Nay1.8 is associated with cardiac conduction
and AF in the general population and the human failing
heart, as well as a lower risk of ventricular fibrillation
after MI [12-16]. Although recent studies demonstrated
that Nay1.8 contributes to late Na* current generation
and AF susceptibility [16—19], the presence of Nay1.8 in
atrial cardiomyocytes and its contribution to AF is still
debated. Transcripts of SCN10A were not detected in
the left atrial appendage and right atrial appendage form
patients with permanent AF [20]. SCNIOA expression
is low in human right atrium tissue, with significantly
reduced SCN10A levels in chronic AF samples compared
to sinus rhythm [21]. Additionally, Casini et al. could
not detect any Na,1.8-based peak or late Na™ current in
left atrial appendage-cardiomyocytes from patients with
persistent AF [22], consistent with their previous stud-
ies in non-diseased human left atrial appendage-cardio-
myocytes, human-induced pluripotent stem cell-derived
cardiomyocytes, and murine ventricular cardiomyocytes
[9, 11]. Our research, along with that of others, has dem-
onstrated that Nay1.8 is specifically expressed in canine,
murine and human cardiac neurons [8-10, 15], suggest-
ing a role for the SCNI0A gene product in cardiac elec-
trophysiology through the modulation of action potential
firing in intracardiac neurons [9, 10, 15, 23]. However, the
mechanisms by which Nay1.8 influences cardiac electri-
cal function remain only partially understood. Notably,
to our knowledge, electrophysiological studies in the MI
model aimed at defining association of Na,1.8 and AF
susceptibility are limited. To address this issue, our study
aimed to investigate the effect of blocking Nay1.8 in the
cardiac GP using the blocker A-803,467 on the AF induc-
ibility and cardiac conduction in the MI model.

Page 2 of 11

Materials and methods

Experimental design and surgical protocol

The experimental protocol (Fig. la) was approved by
Zhongshan Hospital Institutional Animal Care and Use
Committee. Experiments were conducted on male bea-
gles weighing 15 to 20 kg. Animals were anaesthetized
with an intramuscular injection of ketamine (30 mg/kg)
and xylazine (2.2 mg/kg). Once tranquilized, the dogs
were intubated, mechanically ventilated, and anesthesia
was maintained by 1-2% isoflurane/O,. Normal saline
was infused at 100 ml/h to compensate for spontaneous
fluid losses. The dogs were placed on a heating pad to
maintain body temperature at 36.5%1 °C. Blood pressure
and standard surface ECG were continuously recorded
throughout the experiment. All efforts were made to
minimize suffering. At the end of the study, the animals
were euthanized with a lethal dose of pentobarbital
(100 mg/Kg, IV).

Following a median sternotomy, the heart was exposed
using a pericardial cradle. The left anterior descending
coronary artery (LAD) was permanent ligated with a 3.0
silk suture positioned approximately halfway from the
apex to induce MI. Successful ligation was confirmed by
the presence of a large homogeneous cyanosis with bulg-
ing and ST-segment changes in the surface ECG signal.

Four weeks after surgery, eighteen beagles were ran-
domly assigned to either a control group (#=9) and a
A-803,467 group (n=9). A-803,467 (TargetMol, T2024)
was dissolved in DMSO. DMSO (0.5mL at each GP,
control) or A-803,467 (1pmol/0.5mL at each GP) was
injected into four major GPs within four epicardial fat
pads (Fig. 1b): (1) superior left GP, located at the left
superior pulmonary vein-atrial junction; (2) anterior
right GP (ARGP), situated at the right superior pulmo-
nary vein-atrial junction; (3) inferior left GP, located at
the left inferior pulmonary vein-atrial junction; and (4)
inferior right GP, situated near the junction of the infe-
rior vena cava and both atria. A bipolar electrode probe
(AtriCure, West Chester, Ohio, USA) was connected to a
Grass S88 stimulator (Grass Technologies, Warwick, RI)
for high-frequency electrical stimulation (HFS, 20 Hz,
square waves, 0.lms duration) to localize the cardiac
GPs, and progressive slowing of sinus rate or atrioven-
tricular conduction was observed.

Electrophysiological study protocol

The electrophysiological study protocol was applied at
baseline and 60 min after drug injection. Multi-electrode
catheters (Capsure Epi, Medtronic, Minneapolis, MN,
USA) were sutured to the surface of the atrium and pul-
monary veins to perform pacing with twice the diastolic
pacing threshold. The ECG and intracardiac tracings
were recorded and amplified on a Bard Computerized
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Fig. 1 Schematic representation of the study protocol (a) and positions of cardiac ganglionated plexis (b). ARGP, anterior right ganglionated plexi; IRGP,
inferior right ganglionated plexi; SLGP, superior left ganglionated plexi; ILGP, inferior left ganglionated plexi; SVC, superior vena cava; RSPV, right superior
pulmonary vein; RIPV, right inferior pulmonary vein; IVC, inferior vena cava; RA, right atrium; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary

vein; LPA, left pulmonary artery; CS, coronary sinus; LA, left atrium

Electrophysiology system (CR Bard Inc., Bard, Billerica,
Massachusetts, USA).

Sinus rate (SR) was calculated using the average R-R
interval of 20 beats. PR interval was defined as the inter-
val from the onset of the P-wave to the end of the PR
segment. AF was defined as a rapid (>400 bpm) atrial
arrhythmia with irregular RR intervals lasting longer
than 1 s, which was induced by rapid atrial pacing (20 Hz,
400 impulses) at right and left atrial free walls. The aver-
age AF duration was recorded for each group. Ventricu-
lar rate (VR) was determined from the ventricular cycle
lengths over the last 20 beats during induced AF. Atrial
pacing was performed at a cycle length of 300ms (S;-S,),
and the effective refractory period (ERP) was started at
250ms and repeated with progressively shorter S;-S,
intervals until the capture failed (S;:S,=8:1). The ERP
was defined as the longest S;-S, interval that failed to
capture the atria or pulmonary veins. The window of
vulnerability (WOV) was defined as the longest S;-S,
minus the shortest S;-S, that induced AF. The cumulative

window of vulnerability (XWOV), defined as the sum of
the individual WOVs from right and left atria free walls,
was used to measure AF inducibility.

To verify whether the effects of A-803,467 were medi-
ated by modulating GP activity, we examined GP func-
tion at 30 min after DMSO or A-803,467 local injection
into the ARGP. Voltage-heat rate (HR) response curves
were constructed by applying HES (20 Hz, square waves,
0.1ms duration) to the ARGP with increasing voltages.
The change of HR response to ARGP stimulation at each
voltage level was used as a surrogate marker for GP func-
tion [24].

Immunofluorescence study

Cardiac GPs were fixed in 4% paraformaldehyde for
30 min. Tissue sections were incubated at 4 °C overnight
with primary antibody specific for mouse polyclonal anti-
Nav1l.8 (1:200, ab93616 Abcam, Cambridge, UK), and
rabbit polyclonal anti-choline acetyltransferase (ChAT,
1:200, ab181023, Abcam, Cambridge, UK). According
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to a different source of primary antibody, Alexa Fluor
488-conjugated secondary antibody was then added and
incubated at room temperature for 60 min. A Nikon laser
scanning confocal microscope (Eclipse Ni, Nikon, Japan)
was used to visualize stained samples.

Statistical analysis

Data are reported as meantSEM. Repeated measures
analysis of variance (ANOVA) was performed to compare
the mean of SR, VR, PR interval, ERP, AF duration and
XWOV between the two groups. Tukey’s method was
used to adjust for multiple comparisons for all pairwise
testing. Repeated measures ANOVA was also performed
to compare the slowing of HR with incremental stimula-
tion voltage between groups. GraphPad Prism software
version 6.0 (GraphPad Software, La Jolla, California) was
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used for statistical analysis. Statistical significance was
defined as P<0.05.

Results

Effect of A-803,467 on SR, PR interval and VR

Injection of A-803,467 into cardiac GPs significantly
increased SR compared to the control group after MI
(P<0.05, n=9, Fig. 2A). The PR interval was shortened
60 min after A-803,467 injection; whereas these changes
were not significant in the control group (P<0.05, n=9,
Fig. 2B). A-803,467 injection into cardiac GPs signifi-
cantly increased VR during AF compared to control after
MI (P<0.05, n=9, Fig. 2C). These results indicated that
blockade of Nay1.8 in GPs can modulate cardiac conduc-
tion in MI hearts.
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Fig. 2 Effect of A-803,467 on cardiac conduction and atrial fibrillation inducibility in the A-803,467 and control groups. A-803,467 in cardiac GP injection
significantly increased sinus rate (a), shortened PR interval (b) and increased ventricular rate during induced atrial fibrillation (c) compared to control after
myocardial infarction. (d) A-803,467 significantly increased atrial fibrillation duration compared to control. (e) A-803,467 significantly increased the WOV
compared to control. (f) Tracings were lead Il of surface ECG, left atrium electrogram and right atrium electrogram. After S1-S2 stimulation applied on the
right atrial free wall, atrial fibrillation was initiated. *P < 0.05 for A-803,467 versus control, N=9
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Effect of A-803,467 on AF inducibility

The ERPs at all pulmonary vein and atrial sites were sig-
nificantly shortened 60 min after A-803,467 injection,
whereas they remained relatively stable in the control
group after MI (P<0.05, n=9, Fig. 3). Correspondingly,
the mean AF duration in the A-803,467 group was longer
compared to control (P<0.05, n=9, Fig. 2D). Addition-
ally, A-803,467 injection into cardiac GPs significantly
increased the XWOV compared to the control group in
MI hearts (P<0.05, n=9, Fig. 2E and F). The results dem-
onstrated that blocking Nay 1.8 in GPs could influence AF
inducibility after MI.

Effect of A-803,467 on GP activity

HES to the ARGP with increasing voltage levels induced
a progressive slowing of HR in the control group, while
HR remained relatively unchanged after A-803,467 injec-
tion. The treatment group by voltage interaction was sig-
nificant, demonstrating that the trend in the HR change
with incremental stimulation voltage is significantly dif-
ferent between the two groups (P<0.001, n=9, Fig. 4).
The result demonstrated that A-803,467 could inhibit the
activity of the cardiac GP after MI.

NaV1.8 expression in cardiac GPs

Nay1.8 protein expression was observed in canine GPs
through immunohistochemistry staining (Fig. 5). Dou-
ble staining of ChAT and Nay1.8 not only confirmed the
presence of Nay1.8 proteins, but also demonstrated colo-
calization of ChAT and Nay1.8 in canine GPs.

Discussion

The present study showed that blockade of Nay1.8
increased VR during AF, shortened the PR interval,
decreased atrial ERP, and increased the ZWOV in the
MI heart. These effects may be mediated by inhibit-
ing GP activity, as evidenced by the attenuation of the
HR response to GP stimulation. The results suggest that
blocking Na, 1.8 could modulate the AF inducibility and
cardiac conduction after MI through the regulation of GP
activity.

At first glance, our finding may appear inconsistent
with a previous study by our team, which confirmed that
blockade of Na,1.8 suppresses the effects of vagus nerve
stimulation on PR interval, VR and AF inducibility [23];
However, it is not. Previous studies demonstrated that
variants of Nay1.8 are associated with the development of
AF and the Nay 1.8 selective inhibitor could decrease the
incidence of acute AF in structurally normal hearts [10,
25]. The enhancement of sympathetic activity and para-
sympathetic activity could both frequently increase the
onset of AF in patients with structurally normal hearts
[26]. Parasympathetic withdrawal and sympathetic over-
activity are known to accompany MI, enhancing the risk
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of atrial arrhythmias [27]. Parasympathetic effects gen-
erally counterbalance sympathetic effects and result in
beneficial electrophysiological effects following MI [4,
28, 29]. In animal and human studies, MI results in struc-
tural and phenotypic changes in GP characteristics, with
evidence for sympathetic activation and parasympathetic
withdrawal at the level of the GP [4, 30]. The cardiac GP
contains both parasympathetic and sympathetic neu-
rons, although most GP neurons have been found to be
parasympathetic [31]. Our results suggest that blocking
Nay1.8 in the GP could reduce parasympathetic activ-
ity, resulting in an imbalance of neural regulation in the
heart, thereby promoting the genesis of MI-induced AF
(Fig. 6).

Several independent loci of SCN10A have been shown
to increase PR and/or QRS intervals, suggesting a risk of
cardiac conduction abnormalities [32, 33]. Previous stud-
ies reported the effects of Na,1.8 on cardiac conduction
in structurally normal hearts [12—14]; however, our data
suggests that the blockade of Na,1.8 regulates cardiac
conduction after MI primarily through the regulating of
cardiac GP activity.

To localize the impact on the cardiac GP and reduce
its systemic effect on the myocardium, we adminis-
tered A-803,467 directly into the cardiac GP. We have
previously confirmed the presence of SCN10A/Na,1.8
in canine GPs but rarely expression in atria and ven-
tricles after acute MI [15]. Multiple investigations have
also indicated that Nay,1.8 is functionally present in car-
diac GP neurons but absent in cardiomyocytes [8—12].
A-803,467 significantly reduced action potential firing
frequency in GP neurons without affecting cardiomyo-
cyte resting membrane potential, action potential ampli-
tude, or action potential upstroke velocity [9, 11]. In the
present study, A-803,467 reversed the negative chrono-
tropic responses to HFS of the ARGP parasympathetic
neural elements, suggesting that blockade of Na,/1.8 using
A-803,467 could suppress GP activity during ML

This study used A-803,467 at a dose determined from
the literature [34, 35]. After systemic injection, A-803,467
had a 4.9 h plasma elimination half-life and lasted at
least 90 min in the SNL model [34]. A-803,467 injec-
tion into the neuronal receptive field reduced the evoked
discharges of WDR neurons, with the greatest effect
observed 35 min after injection [35]. Therefore, we report
A-803,467’s efficacy in canine GPs for a short period
(60 min).

The GP neurons synthesize a variety of neurotransmit-
ters. A previous study found that hyperactive sodium
conduction via Nay,1.8 leads to marked R-R variability
and sinus bradycardia upon pinching the skin at the back
of the neck, which could be abrogated by atropine infu-
sion [36]. The loss-of-function of Na,1.8 may decrease
the HR in response to atropine, and A-803,467 alleviated
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different trend in the heart rate change with increasing stimulation voltage between the two groups. (P for interaction < 0.001, N=9)

the HR response to atropine in wild-type mice [37]. Brack
et al. reported that nitric oxide can play an important
role in the anti-fibrillatory effect of vagus nerve stimula-
tion on the rabbit ventricle [38]. We presume that Na,1.8
may influence the release of neurotransmitters in cardiac
GPs, with acetylcholine or nitric oxide being potential
candidates.

Radiofrequency GP ablation has been demonstrated
to improve the short-term success rate of AF ablation;
however, it may not achieve long-term effects, and a high
AF recurrence rate has been observed after GP abla-
tion alone [39-41]. GP ablation not only significantly
decreased the ERP of the atrial and ventricular myocar-
dium but also increased the inducibility of atrial tachyar-
rhythmia [42]. Additionally, GP ablation increases the
risk of ventricular arrhythmias in the MI heart compared
to the normal heart, suggesting a protective role of car-
diac GP [43]. The present study showed that suppression
of GP activity may result in imbalanced modulation of
the heart, potentially promoting the genesis of AF after
MIL

In contrast to primary AF, where pulmonary vein iso-
lation is effective, there are no established therapies for
AF that complicates MI. This is partly due to the current
lack of understanding of the mechanisms underlying
increased AF susceptibility in this phase. Recent studies
may reveal Nay1.8 as a promising antiarrhythmic thera-
peutic target for clinical AF therapy [16—19]. However,
these studies did not attempt to investigate the effect
of Nay1.8 in intracardiac neurons, especially in the MI
model. Like pharmacological agents that block SCN5A,

such as flecainide, which were developed as antiarrhyth-
mics, but are proarrhythmic and increase mortality in
patients with structural heart disease. Pharmacological
inhibition of the Nay1.8 effects should be approached
with caution in patients with structural heart disease
such as ischemic heart disease.

There are several limitations to our study. Firstly,
the anesthesia was maintained with 1-2% isoflurane/
O,, which may have potential influence on GP activity.
a-chloralose has been used in many earlier studies and
seemed to have little effect on GP activity, but it is not
acceptable in many research facilities today. Secondly, we
did not record GP activity directly; however, we have pro-
vided evidence of altered GP activity that correlate well
with GP function based on prior studies [24]. Thirdly, our
data did not help to explain the increased incidence of AF
following MI. Fourthly, the data in the present study were
not sufficient to explain the signaling pathway mediating
the protective role of Nay,1.8. The exact underlying mech-
anism requires future studies.

In summary, we have demonstrated that blockade of
Nay 1.8 channels may modulate AF inducibility and car-
diac conduction after MI. The underlying mechanism
may be associated with the regulation of the neural activ-
ity of the cardiac GP. Pharmacological inhibition of the
Nay 1.8 effects should be approached with caution after
MI.
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Fig.5 Examples of ChAT/Na,1.8 double immunofluorescent staining in the cardiac ganglionated plexi after myocardial infarction. The slides show ChAT
immunoreactivity (red stain), Na, 1.8 immunoreactivity (green stain) and overlapped images of ChAT/Nay 1.8 (yellow) immunoreactivity. Calibration bars
in the slides are 25 um. ARGP, anterior right ganglionated plexi; IRGP, inferior right ganglionated plexi; SLGP, superior left ganglionated plexi; ILGP, inferior
left ganglionated plexi
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genesis of ischemia-induced atrial fibrillation
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