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Background: Numerous studies have shown that the cardiac autonomic nervous system (CANS) is involved in the occur-
rence and persistence of atrial fibrillation (AF). The CANS is commonly considered to consist of the extrinsic
and intrinsic autonomic nerves. The influence of exogenous and endogenous nerve stimulation plexus abla-
tion on pulmonary vein sleeves and atrial myocardium provides important information in understanding the
occurrence and persistence of AF. Vagosympathetic nerve stimulation and epicardial neural networks are im-
portant participants in atrial electrical remodelling (AER). Elucidation of the changes in the electrophysiologi-
cal indicators of the atrial and pulmonary veins caused by epicardial neural network ablation and autonomic
nerve stimulation may provide a theoretical basis for the clinical treatment of AF.

Material/Methods: Atotal of 13 beagle dogs were randomly divided into 2 groups: the control group (n=6), which was treated with
a simple rapid atrial pacing (RAP) for 6 h, and the experimental group (n=7), which was treated with RAP+vagus
nerve stimulation (VNS) for 6 h. Both groups were treated with epicardial ganglia plexus (GP) ablation after 6
h. We measured the monophasic action potential (MAP), various parts of the effective refractory period (ERP),
and AF induction rate before and after pacing or ablation.

Results: With the extension of the pacing time, the atrial MAP and ERP of the 2 groups shortened and returned to nor-
mal after ablation plexus. After GP ablation, the atrial AF-induced rate did not decrease significantly compared
with that of the pulmonary vein.

Conclusions: Vagus nerve threshold stimulation exacerbated the deterioration of electrical remodelling, whereas the epicar-
dial neural network ablation blocked or reversed the AER.
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Background

Atrial fibrillation (AF) is one of the major cardiovascular disor-
ders seriously affecting human health and quality of life. The
incidence of AF gradually increases along with the age of the
population. Understanding the pathogenesis of AF can help
provide more effective clinical treatment options [1]. Numerous
studies have shown that the cardiac autonomic nervous sys-
tem (CANS) is involved in the occurrence and persistence of
AF. CANS is commonly considered to consist of the extrinsic
and intrinsic autonomic nerves. The external cardiac autonom-
ic nervous system (ECANS) consists of the brain nuclei, vagus
nerve, paravertebral ganglia chain, and the postganglionic neu-
rons axons distributed next to the heart. The intrinsic cardi-
ac autonomic nervous system (ICANS) is composed of several
ganglia plexus and interconnected nerve or neurons [2-5]. The
influence of the exogenous and endogenous nerve stimulation
plexus ablation on pulmonary vein sleeves and atrial myocar-
dium provides important information needed to understand
the occurrence and persistence of AF [6-9]. However, detailed
studies on the occurrence and maintenance of AF are lacking.

Paroxysmal AF has been clinically proven to occur in a popu-
lation with normal cardiac anatomy structures and electrical
remodelling (AER). AER is the theoretical basis of “AF begets
AF” [10,11]. An experimental animal model was constructed
using AER to study the physiological changes in the electri-
cal remodelling indicators during atrial myocardium electrical
remodelling. The vagus nerve of the extrinsic autonomic ner-
vous system was stimulated to understand the effect of the
nerve on the atrial myocardium. The ERP of the various parts
of the pulmonary veins and electrophysiological index chang-
es the induction of AF during the AER period, which further
confirms the influence of the ECANS on the heart and demon-
strates the significance of the clinical treatment.

Material and methods

Animal preparation

A total of 13 healthy adult beagles, males and females, with
weight of 12.0+1.5 kg and age of 1 year to 2 years, were provid-
ed by the First Affiliated Hospital of Xinjiang Medical University
Animal Center. Approximately 30 mg/kg sodium pentobarbi-
tal was given for anaesthesia. All dogs were given a ventila-
tor in a room with air circulation that had positive pressure
and an insulation blanket to maintain the body temperature
at 36.5+1.5°C. We opened the chest at the fourth rib from the
left and right sides. Subsequently, a multi-electrode was sewn
over and below the pulmonary vein of the left and right sides,
the left and right atrium and the left atrial appendage and dex-
tra for MAP pacing and recording (Figure 1A, 1B). The canine
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vagus nerve on the right side of the neck was cut. The paral-
lel needles were then inserted to stimulate the vagus nerve
to produce effects. To avoid nerve drying, liquid paraffin infil-
tration was used. The connected ECG recording device, con-
necting leads, and basic vital signs, such as oxygen saturation
and arterial blood pressure, were monitored. This study was
carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The animal use protocol was re-
viewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of Xinjiang Medical University.

Canine acute AF model

The left atrial appendage (LAA) was sewn with electrodes with
pacing frequency of 1200 times/min and pacing voltage that was
2 times that of the pacing threshold (TH). The auricula dextra
and the left and right pulmonary vein sleeves were sewn with
electrodes for the pacing and recording of ERP. The stimulation
and recording of all the program aspects were measured using
the electrodes of the multi-conductive polygraph (Lead-7000
EP Control, Sichuan Jinjiang, China), which were connected to
the heart. The pacing was suspended when ERP was measured
by decreasing S152 (51-51=300 ms, 51:52=8:1, V=2xTH). The
AF-induced rate was stimulated using S1S1 for 30 s and was
stopped to observe whether AF could be maintained for 5 s or
more. A positive result was defined as a successful one-time
induction. Each site measurement was repeated 3 times. AF
was defined as having more than 5 s of irregular 500 beats/
min heart rate with an irregular atrioventricular conduction.

The anterior walls of the left and right atrium anterior were
sewn with a multi-electrode for MAP recording under different
conditions (Figure 2) and the multi-electrode was connected
to a conductive physiological cardiac multi-meter (Lead-7000
EP amp, Sichuan Jinjiang, China). MAP is the average of the
extracellular action potentials of a cell group and is an impor-
tant bridge that combines the physiological changes in car-
diac cell electrophysiology and clinical electrophysiology. The
use of MAP changes for reflecting the atrial myocardium elec-
trical remodelling process can provide important information
for clinical treatment. These changes also reflect early chang-
es in the electrophysiological properties of the atrial myocar-
dium [12]. A 90% repolarization of action potential duration
(APD90) based on MAP was used for data comparison

Electrical nerve stimulation

The left vagus sympathetic trunk is commonly used to treat non-
cardiovascular system disorders because it was thought to pro-
duce cardiovascular effects [13]. This research produced a ma-
jor stimulus to the right of the vagus nerve for cardiovascular
effects. A pair of Teflon-coated silver wires (0.1-mm diameter)
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Figure 1. (A-D) Experimental model diagram
of multi-electrode placed in the
heart surface. Yellow was for the
positioning plexus anatomy, red for
RAP, the pacing frequency of left
atrial was 1200 bpm; SVC=superior
vena cava; [VC=inferior vena cava;
RA=right atrium; RAA=right atrial
appendage; RSPV=right superior
pulmonary vein; RIPV= right inferior
pulmonary vein; ARGP=anterior right
ganglionated plexi; IRGP=inferior right
ganglionated plexi; LA=left atrium;
LAA=left atrial appendage; LSPV=left
superior pulmonary vein; LIPV=left
inferior pulmonary vein; LPA=left
pulmonary artery; SLGP=superior left
ganglionated plexi; ILGP=inferior left
ganglionated plexi; LOM=ligament of
Marshall.
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was inserted parallel to the sympathetic vagus trunk with a
pitch of 2 mm to 3 mm, ensuring that the silver-plated nee-
dle did not penetrate the neural stem. Vagal nerve stimulation
(VNS) was conducted by stimulating the vagus nerve stem with
a Grass stimulator (588X, Astro-Med Inc., Warwick, RI, USA) us-
ing high-frequency electrical stimulation (high-frequency stim-
ulation, HFS; 20 Hz, interval 0.1 ms, square wave) to delay the
VNS minimum voltage of the sinus rhythm (as defined by TH).
The voltage above that of the threshold was selected to cause
the sinus rate to decrease by 50% or to promote a second-degree
atrioventricular block. This voltage was regarded as the stimu-
lation voltage. The required voltage ranged from 2.0 Vto 3.5 V.

GP ablation

Handheld 2-way electrodes were used to provide pressure on
the plexus surface for stimulation until the occurrence of the
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vagus effect (HFS; 20 Hz, 0.5 V to 12 V and pulse width 1 ms
to 10 ms). The plexus positioning supported the following 5
main distribution areas of the plexus on the basis of a previ-
ous report (Figure 1C, 1D): (1) anterior right ganglionated plexi
(ARGP) located between the upper and lower pulmonary vein,
near the right pulmonary vein; (2) inferior right ganglionated
plexi (IRGP) located in the junction of the inferior vena cava
and atrium cordis; (3) superior left ganglionated plexi (SLGP)
located between the left upper pulmonary vein and left pul-
monary artery; (4) inferior left ganglionated plexi (ILGP) lo-
cated at the junction of the posterior wall of the left lower
pulmonary vein and left atrium; and (5) another part of the
plexus nerve located within the ligament of Marshall (LOM)
[14]. Radiofrequency ablation (RF) was conducted. Positioning
GP ablation was then performed (460 kHz, <32.5 W, HL-75F,
Sichuan Jinjiang, China). The presence of complete plexus ab-
lation (ARGP+IRGP+SLGP+ILGP+LOM) indicated that all positive
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Figure 3. ARGP plexus ablation. (A) Shows
surface tissue (yellow) after ARGP
ablation. All positive reactions
disappeared under strongest voltage
stimulation. (B) Shows GP plexus
degeneration after HE staining, —
indicates GP.
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age (12 V). GP tissue was extracted after the end of the HE stain-
ing experiment to verify the success of the ablation (Figure 3).

Experimental route

Group 1 (n=6): rapid left atrial appendage pacing (RAP) at
1200 times/min was administered for 6 h. Subsequently, GP
(ARGP+IRGP+SLGP+ILGP+LOM) ablation was performed.

Group 2 (n=7): RAP was combined with neck VNS for 6 h af-
ter performing GP (ARGP+IRGP+SLGP+ILGP+LOM) ablation.

The ERP and AF induction rate of RSPV, RIPV, RAA, LSPV, LIPV
and LAA in 2xTH based on ablation times of 1, 3 and 6 h, as
well as the MAP of RA and LA, were measured in both groups.
The base value of Group 1 did not undergo any interventions.
By comparison, the base value of Group 2 was taken from the
value of the stimulation of only the vagus nerve stem.

Statistical analysis

Measurement results are presented as meantstandard devi-
ation. The induction rate for APD90, ERP, and AF at each time
point was analyzed using ANOVA. The APD90 and ERP data
before and after ablation were compared using the t-test, and
the AF induction rates before and after ablation were compared
using the chi-square test. Statistical analysis was processed
using the SPSS17.0 statistical package. A value of P<0.05 was
considered statistically significant, and a value of P<0.01 in-
dicated a significant difference.
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Throughout the experiment, the blood pressure of the animals
remained stable without any sign of heart failure caused by
rapid pacing. The vagus nerve stem was kept moist without
discoloration and changes from the stimulating effect, there-
by confirming that the neural stem was uninjured.

Changes in the atrial MAP

The left and right atrial MAP tests showed that the MAP morphol-
ogy changes under different conditions (Figure 2). With the exten-
sion of the stimulus time, APD90 had varying degrees of shorten-
ing in both groups. The base values of Group 1 and Group 2 were
163.4+2.97 ms and 143.8+3.19 ms, respectively. APD90 began
to shorten 1 h after stimulation and was reduced to the lowest
value (RAP group 129.843.7 ms, RAP+VNS group 125.8+3.96 ms,
P<0.05) after 6 h. After performing GP ablation, the atrial APD90
recovered to its pre-stimulus levels (P<0.05). However, the APD90
of the left and right atria had the most obvious downward trend
upon stimulation of the walking nerve (Figure 4).

ERP changes of the pulmonary vein and the left and right
atrial appendage

The base ERP value of Group 2 was shorter than that of Group
1 (P<0.05). ERP in the different parts of the atria rapidly short-
ened within 1 h (P<0.05), which was followed by a decrease in
the shortening rate to the lowest value after 6 h (P<0.01). After
GP ablation, the ERP of the different parts of the atria were re-
stored to the levels measured prior to the intervention (Figure 5).

[ISI Journals Master List] [Index Medicus/MEDLINE]
[Chemical Abstracts/CAS]  [Index Copernicus]

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[EMBASE/Excerpta Medica]



ANIMAL STUDY

LuY.etal.:
Atrial myocardium electrical remodeling
© Med Sci Monit, 2015; 21: 82-89

- .
A B -I—g:gﬂpll Figure 5. (A—F) ERP trend chart of various parts.
RAA 1304 LAA P
130+
= 120+
§120- E
1101 ="
1004 100 4
T T T T T 90 T T T T T
Baseline 1h 3h  6h AfterRF Baseline 1h 3h  6h AfterRF
C D
4 RSPV LSPV
130 130
1 _
= 1101 = 110-
&5 &
100 - 100+
90 T T T T T 90 T T T T T
Baseline 1h 3h 6h  AfterRF Baseline 1h 3h  6h AfterRF
E F
RIPV LIPV
130 130
120 ’_\120
<110 =110
&5 &
100 100
90 T T T T T 90 T T T T T
Baseline 1h 3h 6h  AfterRF Baseline  1h 3h 6h  After RF
5 g Figure 6. (A-D) C i f the atrial
€ 0 A ORS00 B Y igure (' .) .om;.)arlsonso e atria
5 Group —@-RPV S Group —@-LSPV fibrillation induced rate.
_‘=f 80 —m-RIPY r=‘_G 80 —&-| [PV
€ 60 £ 60 3
2 £ 4
;“° Zg/'\ ol 2
Z 2 A O = Ze\—-.
Z0{m Z 0| m [
3 =] T T T T T
2 paselne 1h 3h  6h AfterRF £  Baseine 1h  3h  6h AfterRF
_ C o g D —o-LAA
= -@-RSPV =100 -o-LSPV
=100 Group I =RV S Group —=||py
£ & / E8 \
2o o S o] 5=
5 %0 ‘/:‘i./ o S m—" :
£ B =, ]
= 0 S
é T T T T T -§ I. T T T T
= Baseline 1h 3h 6h  After RF = Baseline 1h 3h 6h  After RF

Comparison of the left and right pulmonary vein and atria

and the right AF induction rate

The AF induction rate in the different parts increased signifi-
cantly with the extension of the intervention time. The induc-
tion rate of Group 2 at each time point was higher than that
of Group 1 (P<0.05). The AF induction rates in both groups
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reached their highest values at 6 h, with the left atrial ap-
pendage in group 2 reaching 100%. After GP ablation, the in-
duced rates by the pulmonary vein atrial stimulation of the 2
groups were significantly reduced (P<0.05), although the left
and right AF induction rate was lower after ablation. However,
the induced AF was still detectable (Figure 6).
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Discussion

Major findings

APD90, which appeared in the atrial MAP of both groups, was
shortened after GP ablation, but recovered to a level near that
of the pre-intervention level. The ERP base values of all parts in
Group 2 were shorter compared with that of Group 1 and were
gradually shortened with the extension of the stimulus time,
which was consistent with the MAP and ERP in both groups
after GP ablation restoration to that of the pre-intervention
level. The pacing of the AF was more easily induced by vagus
nerve stem stimulation than by simple pacing. The atrial-in-
duced AF rate after GP ablation decreased significantly com-
pared with that of the pulmonary vein, suggesting that exoge-
nous nerve stimulation increased atrial electrical remodelling.
In addition, this finding suggests that epicardial ablation of the
neural network can temporarily reverse the effects of nerve in-
put by electrical remodelling of AF; that is, interference with
the endogenous autonomic nerve could block the exogenous
autonomic nerves. However, the effects of eliminating the ex-
ogenous nerve on the induced rate after GP ablation were not
as significant as the effect of the pulmonary vein.

AF begets AF

Since the 20™ century, AF has been studied in various ani-
mal models developed for clinical research. Dogs have been
the most popular species for use in such models because the
hearts of dogs deliver an ion channel distribution and chan-
nel activity similar to those of humans, and the electrocardio-
gram and conduction time are also quite similar to those in
humans; therefore, dogs are considered the best species for
use in preclinical study of electrical activities of human hearts.
Morillo et al. successfully constructed a model for right atri-
al appendage pacing [15]. In another study, Wijffels proposed
the “AF begets AF” concept based on RAP [16,17]. A success-
ful model for a drug-induced damaged valve in surgery or an
induced AF by stimulating nerves should be based on the in-
fluence of AER on the atria. Nattel et al. further clarified that
the AER was mainly transient for the outward potassium cur-
rents, reducing L-type calcium current, cell ultrastructure ab-
normalities, and abnormal calcium handling [18]. This phe-
nomenon subsequently leads to physiological indexes, such
as shortened ERP, increased ERPD, and increased AF-induced
rate [19]. The AF model was successfully constructed in this
work, and changes in the electrophysiological parameter were
found to be in line with previous reports. The ERP of all parts
gradually shortened with the extension of time, and the AF-
induced rate significantly increased. We also confirmed that the
MAP change was significant and that the changes in MAP are
reversible, which proves that electrical remodelling is the ion
flow of each change involved in the action potential. Therefore,
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the action potentials, as well as the ERP and other indexes, ap-
peared to be abnormalities. The cycle of electrical remodelling
can explain why patients had frequent episodes of paroxys-
mal AF in clinical studies. Paroxysmal AF eventually translat-
ed into persistent or even permanent AF; thus, “AF begets AF”.

Vagus nerve stimulation and GP ablation

This study showed that activation of the CANS has an impor-
tant role in the induction and persistence of AF. Exogenous va-
gus nerve stimulation can shorten ERP, reduce atrial reentrant
length of the wave and is more prone to AF [20,21].

The comparison of data from RAP and RAP+VNS experiment
groups revealed the following results: (1) the two 2 initial base
values had significant differences; (2) atrial APD90 gradually
shortened with time under vagus-mediated condition; (3) short-
ening of all ERP parts was enhanced; and (4) the induced rate
of AF increased, but the electrophysiological indicators in var-
ious parts after GP ablation recovered to nearly the base val-
ues without vagal stimulation. Previous studies confirmed that
either RAP or VNS provided GP with high activity because of
the activation of endogenous neurons in to varying degrees.
Thus, GP was in a highly active state, resulting in atrial electri-
cal remodelling. Changes in the neural activity were actually
involved in malignant atrial remodelling. This finding suggest-
ed suggests that the neuronal activity affected the intracellu-
lar signal transduction pathways [22], participated in control
of the formation of ion flow involved in action potential, and
made clear changes in the MAP-, ERP-, and AF-induced rates.
This experiment further confirmed that the participation of VNS
initiated the electrical remodelling “overlay” phenomenon and
exacerbated the changes in the atrial electrophysiological indi-
cators. Moreover, the atrium and pulmonary vein matrix were
more to AF. Combined with the current portion of idiopathic
AF in clinical studies, patients exhibited arrhythmia, usually ac-
companied by sinus bradycardia, often when they are at rest
or at night. In addition, the patients were insensitive to anti-
arrhythmic drugs. This condition was considered as high vagal
tension. AF aggravated with time when no intervention was
administered and will most likely worsen and become persis-
tent AF. These patients were more suitable for treatment in-
volving the blocking of neurological effects, such as GP ablation.

This study confirmed that ICANS and ECANS are dependent on
each other and are mutually independent; each system can reg-
ulate the activity of another system via the afferent and effer-
ent nerves. ICANS mainly included GP and numerous indepen-
dent GP-constituted local atrial epicardial or neural networks.
However, GP is not only a relay station for nerve signals, but also
an integrated signalling or signalling regulation system that can
independently regulate the physiological function of the heart.
Therefore, GP is known as the “integration center” of neural
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networks [23-25]. Numerous studies have shown that stimulat-
ing the nerve plexus can lead to focal AF-induced electrical ac-
tivity (similar to the activity observed in clinical patients) in the
pulmonary vein or atrial junction [26]. The destruction ablation
of the GP network also showed that AF induction was signifi-
cantly reduced after GP ablation, confirming that the exogenous
neural input signal was achieved via GP, which is an important
gating system. The results are consistent with those of earlier
experiments. In addition, AF induction did not completely dis-
appear, especially in atrium, and no obvious pulmonary vein
was observed. However, whether the part of exogenous nerve
could control the atria by bypassing GP remains unclear. The
nerve input of pulmonary veins was blocked because of nerve
plexus ablation. However, the direct controlling effects of the
atrial myocardium on the endogenous nerve still need to be in-
vestigated. GP was close to the pulmonary vein, and the control
of GP was stronger than that of the atrium. Nevertheless, this
finding requires further experimental demonstration.

Overall, GP ablation significantly eliminated AF in the 2 groups.
This finding confirms that GP ablation plays a role in the rever-
sal and prevention of atrial electrical remodelling, regardless
of whether electrical remodelling was induced by rapid pac-
ing or by atrial exogenous vagus nerve stimulation because
of the undermining ICANS. Therefore, GP is actually involved
in various types of AF.

Clinical correlation

In clinical studies, patients with enhanced vagus nerve ten-
sion were prone to AF and needed maintenance to prevent AF
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recurrence or treatment termination. This approach may be
achieved by radiofrequency GP ablation.

Limitations

Sodium pentobarbital was the main anaesthesia drug used in
the experiment. This drug enhanced the sympathetic activi-
ty, inhibited the sympathomimetic effect of the vagus nerve,
and to some extent influenced the results. The experiments
were performed in anaesthetized dogs in normal resting state,
which lacks the assessment results possible in the environ-
mental state. Moreover, GP+LOM ablation did not guarantee
complete blocking of the effect of vagus nerve stimulation.
Our results suggest that there are other ways to directly con-
trol the atrial nerves. However, the method of bypassing GP
needs to be investigated. Therefore, a deceased vagus nerve
could not guarantee complete ablation. The experiments also
lacked data on nerve discharge. The mechanisms of the oc-
currence and persistence of AF involved in neural activities
could be better explained if the GP discharge was recorded.

Conclusions

Vagus nerve stimulation “overlay” deteriorated electrical re-
modelling, and “AF begets AF” was blocked because of epicar-
dial neural network ablation.
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