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Abstract

Background—Neurocardiogenic syncope (NCS) is a common and sometimes debilitating 

disorder, with no consistently effective treatment. NCS is due to a combination of bradycardia and 

vasodilation leading to syncope. Although pacemaker devices have been tried in treating the 

bradycardic aspect of NCS, no device based therapy exists to treat the co-existent vasodilation that 

occurs. The renal sympathetic innervation has been the target of denervation to treat hypertension. 

We hypothesized that stimulation of the renal sympathetic nerves can increase blood pressure and 

counteract vasodilation in NCS.

Methods and Results—High frequency stimulation (800–900 pps, 10V, 30–200s) was 

performed using a quadripolar catheter in the renal vein of 7 dogs and 1 baboon. A significant 

increase in blood pressure [mean (SD) systolic BP 117(±28) vs 128(± 33), diastolic BP (75(± 19) 

vs 87(± 29) mm Hg] was noted during the stimulation which returned to baseline after cessation of 

stimulation. The mean increase in systolic and diastolic BP was 13.0 (±3.3) (p=0.006) and 10.2 

(±4.6) (p=0.08) respectively.

Conclusion—We report the first ever study of feasibility and safety of high frequency electrical 

stimulation of the renal sympathetic innervation to increase blood pressure in animal models. This 

has potential applications in the treatment of hypotensive states such as NCS.
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Introduction

Syncope accounts for 1% to 3% of emergency department visits, 6% of hospital admissions 

and $2.4 billion in health care expenditure annually in the USA.1, 2 Neurocardiogenic 

syncope (NCS), the most common cause of syncope, accounts for 20% of new cases of 

syncope and has a prevalence of 22% in the U.S. population.3 Current therapies including 

medications and cardiac pacemaker do not reliably prevent syncope in NCS. Two 

randomized double-blind controlled trials showed recurrence of neurocardiogenic syncope 

in 30% of patients despite cardiac pacing, similar to that observed in the placebo group.4, 5 

Thus, there is a need for effective therapies that will prevent recurrent NCS.

Transient autonomic dysfunction with increased vagal tone and decreased sympathetic 

output has been implicated in the pathogenesis of neurocardiogenic syncope.3 This results in 

transient bradycardia and peripheral vasodilation leading to hypotension and syncope. While 

cardiac pacing can effectively treat bradycardia, peripheral vasodilation persists and likely 

explains the failure of pacemaker therapy to consistently prevent symptoms. Thus an 

effective therapy should ameliorate both bradycardia and vasodilation.

The renal arteries are richly innervated by efferent and afferent sympathetic nerves that play 

an important role in the regulation of renal and cardiovascular function.6 Efferent renal 

sympathetic activity leads to release of renin, renal vasoconstriction and sodium retention, 

which in turn contribute to development of chronic hypertension.7–9 Activation of renal 

afferent fibers acutely results in widespread vascular sympathetic activation and peripheral 

vasoconstriction.10–12 Renal denervation using splanchnicectomy and more recently 

percutaneous catheter ablation in the renal artery has shown promise in reducing blood 

pressure.13, 14 Conversely, we hypothesized that stimulation of renal innervation may 

increase blood pressure10, 15 and is a potential treatment strategy for neurocardiogenic 

syncope. Furthermore, due to the close anatomical proximity of the renal artery and vein, 

stimulation of the renal nerves can potentially be performed from the renal vein. The aim of 

this investigation was to assess the effect of high frequency electrical stimulation of the 

renal nerves from the renal vein on blood pressure in the canine and baboon.

Methods

Seven mongrel dogs (weight 30–40 kg) and one baboon (weight 25–35 kg), were 

anesthetized with ketamine and diazepam for induction and isoflurane (1% to 3% 

continuous inhalation) for maintenance. Positive pressure ventilation was given through an 

endotracheal tube. Sheaths were placed percutaneously in the femoral artery and femoral 

vein. Electrocardiogram and femoral arterial blood pressure were continuously monitored. 

Angiogram of the renal arteries and veins was performed using a catheter placed in the 

descending aorta and inferior vena cava, respectively. A commercially available quadripolar 
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catheter (Blazer, Boston Scientific, 7 Fr, 4 mm tip, 2.5 mm electrode spacing) was placed in 

a unilateral renal vein. High frequency stimulation (HFS) (800–900 pps, 10V) was 

performed for 30–200s (median 60 s) using a Grass stimulator (Grass Technologies, 

Warwick, RI) (dose titration study was previously performed for optimization of 

stimulation). Each animal underwent multiple HFS trials; median 4 (range 1–9). The BP was 

allowed to return to baseline between each HFS trial. The BP response to HFS was 

documented. Heart rate immediately before and after each HFS trial was calculated using 

the mean of 10 consecutive QRS intervals on the surface ECG. The animal was euthanized 

by induction of ventricular fibrillation at the end of the study. Laparotomy was performed 

and pathological examination of the kidneys and renal vessels was performed.

Statistical methods

Continuous data is presented as mean (standard deviation) and categorical variables as N 

(%). The difference in peak SBP and DBP during HFS and that before HFS was computed 

and included as a response variable in a mixed effects model (PROC MIXED in SAS, 

version 9.3, Cary, NC) along with a random effect for subject. The mixed effects model was 

used to account for the within-subject correlation while testing for a significant change in 

pre vs. peak measures. By fitting subject as a random effect, a common correlation is 

defined among all data within a subject. The mixed model intercept was estimated and tested 

to be different from 0, which would indicate a significant difference between pre- and peak-

HFS measures. All analyses were performed using the SAS statistical software package 

(SAS Institute, Cary, NC). A significance level of α=0.05 was used for statistical testing.

Results

High frequency stimulation was performed in the renal vein on 34 occasions. The mean pre-

HFS and peak-HFS systolic blood pressure was 117 (±28) and 128 (±33) mm Hg 

respectively. The mean pre- and peak- diastolic blood pressure was 75 (±19) and 87 (±29) 

mm Hg. The systolic and diastolic blood pressure response during each trial of HFS is 

presented in Figure 1. The mean increase in systolic and diastolic BP was 13.0 (±3.3) 

(p=0.006) and 10.2 (±4.6) (p=0.08) respectively. The increase in blood pressure was noted 

to occur within a few seconds of onset of stimulation and was sustained throughout the 

duration of stimulation (Figure 2). The blood pressure returned to baseline within a few 

minutes of cessation of HFS. The mean heart rate before and after HFS was 107 (±53) and 

111 (±54) bpm respectively. Heart rate did not change significantly immediately after HFS 

[mean change 0.6 (±1.5), p=0.7].

Gross pathologic examination showed significant renal hilar, renal capsular, and 

retroperitoneal hemorrhage in one dog. This likely resulted from perforation of the renal 

vein during catheterization, although injury as a result of HFS could not be ruled out.

Discussion

We present the first description of the hemodynamic effects of high frequency stimulation in 

the renal vein of anesthetized canine and baboon. We noted a rapid and modest rise in 

systolic and diastolic blood pressure that was sustained during stimulation with cessation of 
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effect when stimulation was stopped. We propose that the potential mechanism of this 

hemodynamic response is stimulation of the renal sympathetic neurons at the renal hilum. 

This novel observation has potential applications in the treatment of hypotensive states 

associated with sympathetic withdrawal such as neurocardiogenic syncope.

Response to renal vein stimulation: Potential mechanism

Although the mechanism of the hemodynamic response to renal vein stimulation was not 

investigated in this preliminary study, the most likely mechanism is the stimulation of the 

renal sympathetic nerves. While elevation of blood pressure as a result of pain during HFS 

cannot be completely ruled out, it is unlikely since the animals were deeply anesthetized and 

signs of pain such as piloerection were not noted. Chinushi et al. reported an increase in 

blood pressure, serum norepinephrine and sympathetic indices of heart rate variability 

during renal artery stimulation using a quadripolar catheter in dogs.15 This effect was 

abolished following radiofrequency ablation. Stimulation from the renal vein at high output 

may also result in stimulation of the renal nerves due to close anatomical association of the 

vein, artery and neural components at the renal hilum.

Electrical stimulation of renal nerves in experimental animals has been shown to increase 

blood pressure. This effect may be mediated through renal afferent and/or efferent 

sympathetic fibers. Efferent sympathetic stimulation leads to decreased renal blood flow, 

renin release and sodium retention, leading to hypertension.9 Renal denervation has been 

shown to produce the opposite effects. Electrical stimulation of renal afferents produces a 

pressor response due to widespread activation of the sympathetic nervous system and 

norepinephrine mediated increase in vascular tone in several vascular beds including the 

mesentery and muscles.16–18 Further sustained afferent stimulation leads to a sustained 

increase in BP mediated by increased levels of vasopressin.17 In addition to these direct 

cardiovascular effects, afferent nerves also exert inhibitory reflex effects on the efferent 

input to the kidneys, the renorenal reflex, which lowers blood pressure.9, 19 Stimulation of 

the renal afferent sympathetic nerves in animals has been shown to predominantly exert a 

pressor response. In the absence of significant changes in heart rate, peripheral 

vasoconstriction is the most likely mechanism of the increase in BP seen in this study. Some 

animals, however, did not show a significant vasopressor response, although none had a 

decrease in blood pressure. This may be secondary to non-selective activation of afferent 

nerves that elicit inhibitory and excitatory effects with a variable net response.6, 9

Modulation of renal sympathetic innervation: Potential new applications

Evidence for the critical role of the renal sympathetic nerves in human hypertension comes 

from past studies of surgical sympathectomy and several recent trials of catheter based renal 

denervation for the treatment of resistant hypertension.14, 20–22 Renal denervation using 

radiofrequency ablation in the renal arteries reduced whole body norepinephrine spillover 

and muscle sympathetic nerve activity confirming the role of renal sympathetic nerves in 

elevating BP through central adrenergic effects.22 The recently concluded SIMPLICITY-

HTN 3 trial however did not show significant decline in BP with catheter ablation compared 

to a sham-operated group.23 While this has brought into question both the role of catheter 

based renal denervation in the treatment of hypertension and the methods used to achieve it, 
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the bulk of human and experimental evidence support an important role for renal 

sympathetic innervation in the regulation of blood pressure.

The findings of the current study show that sympathetic nerve stimulation increases blood 

pressure and that this can be safely and effectively performed from the renal vein. Potential 

applications include development of an implantable transvenous device in the renal vein to 

treat transient hypotensive states such as neurocardiogenic syncope, other reflex syncope, 

postural orthostatic tachycardia syndrome and postural hypotension related to autonomic 

neuropathy. It can be hypothesized that stimulation of renal nerves using an implantable 

electrode catheter in the renal vein in response to sudden bradycardia could be effective in 

preventing syncope by increasing peripheral sympathetic tone.

Limitations

While elevation of blood pressure as a result of pain during HFS cannot be completely ruled 

out, it is less likely since the animals were deeply anesthetized and signs of pain such as 

piloerection were not noted. The mechanism of blood pressure response to stimulation in the 

renal vein was not investigated and further mechanistic studies including the evaluation of 

cardiac hemodynamics, peripheral vascular resistance and peripheral autonomic nerve traffic 

during stimulation are required to confirm the proposed role of the renal sympathetic 

innervation.

Conclusions

We report for the first time, the feasibility, safety, and efficacy of stimulation of the renal 

vein as a means to activate the sympathetic nervous system to increase blood pressure in an 

acute setting. We hypothesize that transvenous stimulation of renal innervation can have 

potential application in the treatment of reflex syncopal states that have a significant 

vasodepressor component.
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Figure 1. High frequency stimulation of renal vein causes increases in systolic (A) and diastolic 
(B) blood pressure
Effect of separate trials of high frequency stimulation on blood pressure pre- and during 

stimulation are shown (n = 34). The mean pre-HFS and peak-HFS systolic blood pressure 

was 117 (±28) and 128 (±33) mm Hg respectively. The mean pre- and peak- diastolic blood 

pressure was 75 (±19) and 87 (±29) mm Hg.
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Figure 2. In vivo demonstration of acute increase in mean arterial blood pressure
During high-frequency stimulation from a quadripolar catheter tip in a unilateral renal vein, 

a dramatic increase in blood pressure was seen (baseline of 139/80 to 163/104). The mean 

arterial blood pressure is notably sustainable during stimulation.
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