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Abstract 
Objective: The purpose of this study is to investigate the effects of renal sympathetic nerve stimu-
lation (RSN-S) and ablation (RSN-A) on atrial effective refractory period (ERP) and AF in normal 
canine heart. Atrial Fibrillation (AF) is a complex disease and one of the most frequent arrhyth-
mias, especially in elderly patients. Multiple mechanisms are involved including interaction be-
tween the autonomic nervous system (ANS), electrophysiological properties of the atria, and vul-
nerability for AF. Cardiac overload increases the incidence of AF. In lone AF the triggers are in the 
pulmonary veins. AF caused by underlying disease has different mechanism. Atrial fibrillation (AF) 
is associated with activity of renin-angiotensin-aldosterone system (RAAS). Reduction in renal 
noradrenaline spillover could be achieved after renal sympathetic denervation (RSD). Methods: 1) 
Establish of atrial fibrillation model; 2) Ventricular rate analysis of AF; 3) Statistical analysis. Re-
sults: 1) The establishment of atrial fibrillation model; 2) Inducibility and duration of AF; 3) The 
changes of AERP dispersion. Conclusion: Left RSN-S shortened left atrial ERP, increased ERP dis-
persion, but did not change right atrial ERP. Bilateral RSN-A produced significant prolongation in 
both atrial ERP, but did not affect ERP dispersion. The on time of RD effect is at 4 hrs after RD pro-
cedure and the RD effect on AF will last for 20 hrs after RD procedure. 
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1. Introduction 
Atrial fibrillation (AF) is one of the most frequent arrhythmias in adulthood, with its incidence increasing with 
age. The use of alcoholic beverages has been associated with AF—“holiday heart syndrome”. Atrial fibrillation 
is characterized by rapid and irregular activation of the atrium, and it is associated with increased morbidity and 
mortality.  

The kidney receives a dense innervation of sympathetic and sensory fibres and can be both a target of sympa-
thetic activity and a source of signals that drive sympathetic tone [1]. The renal sympathetic nerves have been 
identified as a major contributor to the complex pathophysiology of hypertension and atrial fibrillation in both 
experimental models and in humans. Patients with essential hypertension generally have increased efferent 
sympathetic drive to the kidneys, as evidenced by elevated rates of renal norepinephrine spillover, defined as the 
amount of transmitter that escapes neuronal uptake and local metabolism and thus “spills over” into the circula-
tion. Hypertension is also characterized by an increased rate of sympathetic-nerve firing, possibly modulated by 
afferent signaling from renal sensory nerves.  

The fundamental mechanisms underlying atrial fibrillation (AF) have long been debated, but electrical and 
structural remodelling are each important synergistic contributors to the AF substrate, and these changes further 
perpetuate the existence and maintenance of AF [2]-[4]. Much attention has been devoted in the past few years 
to assess the role of rennin-angiotensin-aldosterone system (RAAS) in AF [5]-[7]. Studies have shown that An-
giotensin II (Ang II) and Aldosterone might be involved in atrial structural and electrical remodelling in patients 
with AF [8] [9]. The inhibition of the RAAS might have a protective effect on remodeling [9]. Studies have 
demonstrated that the cross talk between the kidney and the heart includes the upregulated sympathetic nervous 
system, activation of the RAAS and vasopressin release. It has been shown that compromised hemodynamics 
during AF leads to an increase in catecholamines and sympathetic tone with parasympathetic withdrawal [10]. 
The activation of sympathetic nervous system is related to the effects of circulating renin released from the kid-
neys. Previous study, Nakashima et al. showed that the inhibition of endogenous Ang II prevented atrial effec-
tive refractory period (AERP) shortening during rapid atrial pacing [11]. 

2. Methods 
The protocol of study was approved by the Ethical Committee of the Xinjiang Medical University School of 
Medicine, and animal handling was carried out according to the Xinjiang Directive for Animal Research. All 
dogs were premedicated with pentobarbital sodium (30 mg/kg IV), intubated and ventilated with room air sup-
plemented with oxygen by a respirator (MAO01746, Harvard Apparatus Holliston, USA). Normal saline at 50 to 
100 ml/h was infused to replace spontaneous fluid losses.  

In 11 anesthetized dogs, Standard surface electrocardiographic leads (I, II, III, aVR, aVL and aVF) were con-
tinuously monitored, two multiple electrode catheters were placed & sutured at left and right ventricular free 
walls for recording. All the dogs were assigned into the RSN-S group (n = 5) and RSN-A group (n = 6). RSN-S 
(20 Hz, 2 ms) was delivered on the adventitia of left renal artery via an electrode at the voltage required to in-
crease 10% of the systolic blood pressure (SBP). RSN-A was performed at more than four sites in each renal ar-
tery where high-frequency electrical stimulation (20 Hz, 2 ms) increased the SBP & obviously induced AF. 
Complete ablation was considered when stimulation of each target site no longer produced increase of blood 
pressure & induction of AF. ERP was measured at baseline and during RSN-S or after RSN-A, respectively. 

2.1. Establish of Atrial Fibrillation Model 
The left cervical artery and right cervical vein were dissected. A 4-Fr. sheath was inserted into the left cervical 
artery for condinuously monitor systolic blood pressure (via a pressure transducer). A 5-Fr. multi-electrode ca-
theter was inserted into the right cervical vein and then advanced to the right atrial appendage for programmed 
stimulation and induction of AF. The AF induction rate,atrial effective refractory period (AERP), rate adapation 
of AERP, ventricular ejection fraction (EF), heart rate variability (HRV) were measured after pacing at 0 h, 4 h, 
8 h, 12 h, 24 h. AF was defined as irregular atrial rates > 500 beats/min and a duration > 5 seconds associated 
with irregular atrioventricular conduction. AF lasting > 30 minutes was considered sustained.  

We use WOV as a quantitative measure of AF inducibility. AF was defined as irregular atrial rates faster than 
500 beats per minuters associated with irregular AV conduction lasting > 5 sec. During ERP measurements, if 



I. P. Upadhyay et al. 
 

 
140 

AF was induced by decremental S1S2 interval at which AF was induced were determined. The difference be-
tween the two was designated as the WOV. The ΣWOV was counted as the sum of WOV acquired all, the time 
for determining the ERP and WOV after each group of pacing was less than 8 min in most cases. 

2.2. Ventricular Rate Analysis of AF 
Ventricular rate was determined by 20 continuous R-R intervals, and then to calculate the average ventricular 
rate, and measure every group average ventricular rate in AF separately. 

2.3. Statistical Analysis 
Qualitative data was expressed as a ratio and measurement data was expressed as mean with SD. ANOVA for 
repeated measurements was used for comparisons of ERP and ERP dispersion among different pacing hours. 
The chi-square test was used to compare the AF induction rate. Values of P < 0.05 were considered statistically 
significant. 

3. Results 
3.1. The Establishment of Atrial Fibrillation Model 
In RSN-S group, left RSN-S significantly shortened ERP in left atrium compared to baseline (BS) (P < 0.05 for 
all), but did not change ERP in right atrium (Figure 1(a)). Left RSN-S also increased atrial ERP dispersion 
compared to BS (P < 0.05) (Figure 1(b)). In RSN-A group, RSN-A signigicantly prolonged atrial ERP at all 
recording sites (P < 0.05 for all) (Figure 1(a)). However, RSN-A did not change ERP dispersion (Figure 1(b)). 

The definition to induce atrial fibrillation: more than 10 times fast (>350 - 600 times/min), irregular, variable 
morphological atrial beat. (Figure 1) 

3.2. Inducibility & Duration of AF 
When compared with RSN-A (as the figure shows in AF group), in RSN-S group HRA pacing significantly in-
creased the AF induction rate & AF duration from 8 hrs pacing to 24 hrs pacing, and the most AF induction rate 
was obtained at 24 hrs pacing; while no significant difference in AF induction rate was found in RSN-A (as the 
figure shows in control group) (Figure 2). 

3.3. The Changes of AERP Adaptation & Dispersion 
In RSN-S group, starting from 8 hrs of pacing the AERP decreased significantly and even more in 24 hrs of 
pacing. The adaptation of AERP reduced in RSN-S group compared with RSN-A group (Table 1). In the RSN-S 
group, the atrial ERP dispersion showed significant changes compared to the RSN-A at 8 h, 12 h, 16 h, 20 h, and 
24 h (Table 2). 

3.4. Atrium Diameter & Heart Functions Measurement 
The atrium diameter was increased from 12 to 24 hrs of pacing in RSN-S group, but without difference com-
pared with RSN-A group, (P > 0.05). EF decreased significantly from 12 hrs to 24 hrs compared with RSN-A (P 
< 0.05) (Table 3 and Table 4). 

4. Discussion 
This study demonstrated for the first time that episodes and duration of AF could be decreased by renal sympa-
thetic denervation during short-time rapid atrial pacing. Decreased inducibility of AF might have associated with 
decreased activity of RAAS. Initial study on total efferent vagal denervation via epicardial fat pad ablation indi-
cated that such a dedicated approach may prevent AF in dogs produced by atrial pacing [12]. Transvascular atri-
al parasympathetic nerve system modification by radiofrequency catheter ablation abolishes vagally mediated 
AF has been reported [13]. Recently, Tan et al. demonstrated that cryoablation of the superior cardiac branches 
of vagus nerve eliminated episodes of AF [14]. Rapid atrial pacing can facilitate the initiation and maintenance 
of AF with the prolonged time [15]. Previous studies have demonstrated that high-frequency pacing increases  
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(a) 

 
(b) 

Note: HRA: high right atrium; arrow means the stimulus signal. 

Figure 1. Electrocardiograms of surface atrial were simultaneously recorded. (a) Normal elec-
trocardiogram of rapid before pacing. (b) Atrial fibrillation induced by rapid pacing on HRA.   

 

 
Note: compared with control group, P < 0.05. 

Figure 2. Inducibility of two groups at different time.           
 
intracellular calcium levels in cardiac myocytes, and intracellular calcium overload is thought to contribute to 
this phenomenon [2] [16]. Calcium channel blockade prevents AERP shortening during rapid atrial pacing [17]. 
It has been shown that Ang II increases the intracellular calcium concentration significantly in atrial myocytes in 
rat heart [18]. Recently, Laszlo et al. demonstrated that selective mineralocorticoid receptor antagonist (eplere-
none) influenced ICa,L in the early tachycardia-induced atrial electrical remodelling [19]. 
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Table 1. AERP changes in two groups at different time (ms, x s± ).                                               

Group 
AERP150 AERP200 

RSN-A group RSN-S group RSN-A group RSN-S group 

0 h 75.33 ± 5.08 74.87 ± 2.84 77.70 ± 3.77 77.83 ± 1.30 

4 h 77.17 ± 4.52 71.15 ± 3.32 75.70 ± 4.66 73.63 ± 3.13 

8 h 76.83 ± 4.73 67.33 ± 4.97* 75.07 ± 5.81  69.72 ± 5.68* 

12 h 74.00 ± 2.74 62.16 ± 5.78* 78.50 ± 4.81 67.67 ± 4.84* 

16 h 78.67 ± 6.04 58.83 ± 6.20* 76.04 ± 4.64 61.13 ± 5.54* 

20 h 73.33 ± 6.37 55.83 ± 6.97* 77.27 ± 4.03 59.03 ± 6.23* 

24 h 72.83 ± 4.19 53.17 ± 5.61* 74.83 ± 4.16 57.51 ± 6.68* 

Note: AERP200, 150 indicate S1S2 cycle is 200 ms, 150 ms. note: *compare with control group, P < 0.05. 
 
Table 2. The result of ERP dispersion ( x s± , ms, n = 10).                                                       

Group 
(AERP200-AERP150)/50 

0 h 4 h 8 h 12 h 16 h 20 h 24 h 

RSN-A group 0.04 ± 0.02 0.04 ± 0.03 0.05 ± 0.03 0.05 ± 0.04 0.05 ± 0.04 0.06 ± 0.04 0.05 ± 0.04 

RSN-S group 0.04 ± 0.02 0.06 ± 0.02 0.07 ± 0.01* 0.08 ± 0.03* 0.09 ± 0.03* 0.11 ± 0.02* 0.15 ± 0.03* 

Note: *compare with control group, P < 0.05. 
 
Table 3. Left and right atrium diameter changes in mm, ( x s± ).                                                  

group 
LA RA 

RSN-A group RSN-S group RSN-A group RSN-S group 

0 h 9.07 ± 1.15 9.09 ± 2.76 7.43 ± 1.37 7.38 ± 2.23 

4 h 9.06 ± 1.08 9.46 ± 2.06 7.38 ± 1.07 7.62 ± 1.98 

8 h 9.10 ± 0.99 9.53 ± 3.06 7.12 ± 1.21 7.76 ± 2.07 

12 h 9.15 ± 1.18 10.02 ± 1.84 7.28 ± 1.30 7.98 ± 2.44 

16 h 9.08 ± 1.04 10.43 ± 3.30 7.35 ± 1.18 8.47 ± 1.93 

20 h 9.06 ± 1.00 10.88 ± 2.47 7.23 ± 1.84 8.85 ± 2.21 

24 h 9.15 ± 1.09 11.04 ± 2.98 7.16 ± 1.21 8.94 ± 1.77 

Note: *compared with control group, P < 0.05. 
 
Table 4. Heart function changes at different time (%, x s± ).                                                     

EF RSN-A group RSN-S group 

0 h 63.81 ± 5.42 64.03 ± 5.42 

4 h 62.89 ± 4.59 56.82 ± 7.53 

8 h 61.80 ± 4.56 53.65 ± 8.75 

12 h 61.42 ± 5.06 46.92 ± 6.84* 

16 h 60.37 ± 5.04 44.28 ± 6.27* 

20 h 59.89 ± 5.56 42.86 ± 7.31* 

24 h 57.17 ± 5.53 41.18 ± 6.97* 

Note: *compared with control group, P < 0.05. 

4.1. Renal Denervation in the Treatment of AF 
The kidney receives a dense innervation of sympathetic and sensory fibres and can be both a target of sympa-
thetic activity and a source of signals that drive sympathetic tone. It is well-known that renal sympathetic stimu-
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lation induces renin release; conversely, Ang II appears to have important actions in modulating sympathetic 
nerve activity. The RAAS is involved in myocardial fibrosis and increased Ang II production causes marked 
atrial dilation with focal fibrosis and AF [8] [20]. Under AF, development and persistent sympathetic nerve and 
RAAS are activated and each condition predisposes to the other. Our study showed that the average duration & 
induced episodes of AF were longer significantly in RSN-S dogs than in renal sympathetic denervation dogs, 
while RD can significantly decrease AF induced by RSN-S. The onset time of RD in the treatment of AF and the 
lasting time of the RD effect on AF inducibility are the most clinical concern. In our study, the effect of RD on 
inhibition of AF induced by RSN-S started from 4 hrs of pacing and lasted till to 24 hrs pacing. In our study, RD 
inhibited AF induced by RSN-S could be explained by reversing atrial electrical remodeling through reducing 
ERP shortening and dispersion, as well as by reversing atrial structure remodeling through reducing atrial di-
ameter and EF improvement.  

4.2. Catheter-Based Renal Denervation as a New Strategy for AF Management 
Despite a long history of medical exploration of AF, many aspects of the management of AF remain controver-
sial [21]. The long-term efficacy of currently available antiarrhythmic drugs for the prevention of AF recurrence 
is far from ideal because of limited efficacy and potential side effects, particularly proarrhythmia [22]. Since 
Haissaguerre et al. reported that triggers arising from the pulmonary veins are responsible for the majority of 
paroxysmal AF [23], catheter ablation of AF is now a realistic therapeutic option across a broad spectrum of pa-
tients—from patients with paroxysmal AF to those with long-lasting persistent AF [24]. Although the superiori-
ty of catheter ablation over antiarrhythmic drug therapy has been demonstrated in middle-aged patients with pa-
roxysmal AF, the role of the procedure in other patient subgroups such as those with long-standing persistent AF 
has not been well-defined [25] [26]. Currently, ganglionated plexi (GP) ablation has been employed for both 
paroxysmal and persistent AF, and GP ablation appears to be an efficacious method to improve pulmonary vein 
(PV) isolation in patients with AF [27] [28]. However, ablation-induced atrial or ventricular proarrhythmia has 
been reported and anatomic GP modification appears to carry a higher risk of iatrogenic left atrial tachycardias 
than PV isolation [29] [30]. Fat pad ablation did not achieve long-term suppression of AF induction in canine 
model [31] [32]. We demonstrated in the present study that inducibility of AF can be decreased by renal sympa-
thetic denervation during short-time rapid atrial pacing. The effectiveness and safety of catheter-based renal de-
nervation had been demonstrated in patients in recent years [33] [34].  

5. Summary 
Both cholinergic and adrenergic stimulation can promote the occurrence of AF, although adrenergic stimulation 
is much less effective than cholinergic stimulation. Interaction between adrenergic and cholinergic tone may 
play an important role in initiating and perpetuating AF. Simultaneous adrenergic stimulation has been shown to 
facilitate the induction of Ach-mediated AF. About 20% of the time atropine completely prevents catecholamine 
mediated AF, indicating an important role of cholinergic tone in these AF episodes. Catecholamine administra-
tion decreases the threshold of Ach concentration for AF induction and increased AF duration. In vivo, acute 
ANS stimulation shortens atrial and PV refractoriness, and significantly changes atrial conduction times, pro-
moting AF induction and prolonging the arrhythmia. This underscores the importance of acute variations in 
ANS tone and its interactions in the pathophysiology of AF. The autonomic nerve system, particularly the vagal 
component, plays an important role in AF. ANS activation can result in significant changes of atrial electrophy-
siology and facilitate the induction of AF by both reentry and triggered activity, probably through Ca-mediated 
mechanisms. Modification of cardiac ANS inputs might be effective in AF control. Clinical observations show 
that enhanced parasympathetic tone contributes to some cases of paroxysmal AF, which were clinically referred 
to vagal AF. The elctrophysiological mechanisms of vagal AF mainly comprise atrial APD/ERP shortening and 
increased dispersion of atrial refractoriness via activation of IKACh. Interactions between vagal and adrenergic 
tone may also play a role in AF. It has been reported that ablation of the renal sympathetic nerves result in a 
marked reduction in renal nor-epinephrine spillover with reduction of rennin production, aid natriuresis, an in-
crease in renal blood flow and sustained reduction in systemic blood pressure and effectively treat HTN.The ef-
fectiveness and safety of catheter-based renal denervation had been demonstrated in patients with refractory 
hypertension in recent years. We demonstrated in the present study that inducibility of AF can be decreased by 
renal sympathetic denervation during rapid atrial pacing. The present findings further support the assertion that 
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ablation of extracardiac nerves can be an effective alternative to ablation of intracardiac nerves by atrial ablation 
for the treatment of AF. The most important, we observed that the time course of RD effect on inhibition of AF, 
i.e. the on time of RD effect is at 4 hours after RD procedure, and the RD effect on AF reduction could last for 
20 hours after RD procedure. 
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