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Abstract— Hypertension (HTN) affects over 1 billion people 

worldwide, with a significant number who are unable to control 

their blood pressure (BP) with conventional therapies. 

Recently, novel device-based therapies targeting the autonomic 

nervous system have been evaluated for treating HTN, 

including vagus nerve stimulation (VNS). Numerous studies 

have indicated the beneficial effects of chronic VNS in various 

models of HTN, however the acute effects of VNS on 

physiological responses have not been widely investigated.  To 

better understand the acute effects of VNS, this study evaluates 

cardiovascular and hemodynamic responses from conscious 

hypertensive rats implanted with VNS stimulators and 

physiological telemeters for simultaneous monitoring of BP and 

heart rate (HR) as therapy is applied. We demonstrated that 

there are no acute changes in mean BP, HR and contractility 

measures as a result of VNS stimulation. However, there were 

significant increases in both HR variability and BP variability 

during VNS, which returned to baseline levels immediately at 

the cessation of therapy. The small acute changes observed 

during intermittent VNS could be additive, leading to beneficial 

chronic changes in BP and HR control, and may help in 

furthering the understanding of beneficial effects demonstrated 

in chronic use of VNS therapy. 

 

I. INTRODUCTION 

Hypertension (HTN) prevalence has been rapidly growing, 

affecting more than 1 billion people worldwide in 2013 [1]. 

Common treatment approaches include antihypertensive 

drugs, diet, and exercise. Currently, the majority of 

hypertensive patients are treated with antihypertensive drugs 

to control blood pressure (BP), but many limitations exist 

including resistant HTN, inability to tolerate therapy, and 

non-compliance with the medication regime [2-4]. For these 

patients, new device-based therapies have been investigated, 

such as vagus nerve stimulation (VNS), which provide an 

alternative approach to control BP by targeting the imbalance 

in the autonomic nervous system seen in HTN.  

Several researchers have demonstrated the beneficial 

effects of chronic VNS therapy in treating HTN [5, 6]. There 

is evidence that stimulating the autonomic nervous system, 

specifically the parasympathetic branch, has the ability to 

rebalance autonomic activity which can be used for 

controlling BP and addressing adverse effects associated with 
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HTN [7]. Specifically, chronic VNS has been shown to 

attenuate the rise in BP as well as reduce endothelial 

dysfunction and aortic stiffening in hypertensive rats [5, 6]. 

In addition, direct beneficial cardiac effects have been 

demonstrated including altering electrophysiological 

properties and suppressing ventricular arrhythmias [5, 8-10].  

The acute effects of VNS have been investigated in many 

studies that quantified hemodynamic, autonomic, and 

inflammatory responses in various animal models. Recently, 

acute VNS was shown to have anti-inflammatory effects and 

result in a significant reduction in heart rate (HR) in rats with 

pulmonary arterial HTN [11]. In addition, VNS has been 

demonstrated to reduce BP acutely when targeting the aortic 

depressor nerve within the vagus nerve [12, 13]. However, 

the majority of studies were conducted with continuous VNS 

while the animal is under anesthesia. These experimental 

conditions raise two fundamental questions: (1) are the 

effects of VNS different when applied continuously versus 

intermittently, and (2) what are the effects of anesthesia and 

could the effects of VNS either be diminished or 

exaggerated? 

The aim of this study is to better understand the acute 

effects of low-level intermittent VNS in hypertensive rats 

through evaluation of cardiovascular and hemodynamic 

responses while the rat is conscious. Here, changes in mean 

and variability measures of BP and HR are quantified to 

better understand physiological changes induced by acute 

parasympathetic activation through VNS therapy. 

II. METHODS 

All experiments were approved by the University of 

Minnesota Animal Care and Use committee and were 

conducted in accordance with Institutional and NIH 

guidelines (NIH publication No. 85-23, revised 1996).  

A. Experimental Model 

HTN was induced in Dahl salt sensitive rats (n=6, 5 weeks 

old) using high salt 8% NaCl diet (S10001, Research Diets, 

Inc., New Brunswick, NK, USA), which was maintained for 

the entire duration of the study. After 5 weeks of high salt 

diet, the rats underwent surgery to implant physiological 

telemeters (HD-S11, Data Sciences Inc (DSI)) and vagal 

nerve stimulators (Model 103, Cyberonics Inc.) as described 

previously [5]. Briefly, the telemetry device was placed in the 

abdomen of the rat with a pressure catheter inserted into the 

left femoral artery for continuous BP monitoring and two 

leads were placed subdermally on the chest wall of the rat for 

continuous ECG monitoring. The VNS stimulator was placed 

under the skin on the back of the rat, and a lead connected to 
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the pulse generator was implanted through a midline incision 

on the neck. The bipolar cuff electrodes were then placed 

around the right cervical vagus nerve and carotid bundle. The 

rats were given at least one week to recover prior to the start 

of VNS therapy.  

B. Vagus Nerve Stimulation 

The low-level VNS was applied intermittently with a pulse 

frequency of 20 Hz, a pulse width of 500us, and with an 

“On” and “Off” time of 14 and 66 seconds respectively. Each 

stimulation period has a 2-second ramp up and ramp down 

intervals, which are counted in the “On” period of the 

stimulation resulting in a 22.5% duty cycle (see Figure 1, top 

panel).  The amplitude of the VNS stimulation was set 

individually for each rat to influence HR by no more than 

5%, resulting in current values of 0.25-0.75mA. Rats were 

individually housed and free to move about their cages while 

being continuously monitored for the remainder of the study.  

C. Data Analysis 

BP and ECG traces were collected at a sampling rate of 

500Hz. Four-hour data segments were acquired for day 

(10am-2pm) and night (10pm-2am) intervals for each rat at 

Week 6 (Day 1 of VNS therapy). Data was segmented into 

the following windows: “Pre”, “VNS On”, “Post 1”, and 

“Post 2” (Figure 1). “Pre” was defined as the 7-second 

segment prior to the VNS therapy. “VNS On” was defined as 

the 14 seconds during which VNS was applied, with the 

exclusion of the 2-second ramp up and ramp down intervals. 

“Post 1” and “Post 2” were defined as two consecutive 7-

second segments immediately after VNS stimulation. For 

each data segment, the following values were calculated: BP, 

BP variability (BPV), HR, HR variability (HRV), and the 

contractility, which was determined as the maximum slope of 

the derivative of the BP waveform (dP/dtmax). BPV was 

calculated as 

BPV = BP / BP, 

where BP and BP are the standard deviation and mean of the 
BP data, respectively, and BP was measured as the systolic 
BP peak value. HRV was calculated as 

HRV = HR / HR, 

whereHR and HR are the standard deviation and mean of 

the BP data, respectively. Due to the noisy nature of the 2-

lead ECG data, HR was derived using pulse interval 

calculated from the BP trace, as described in [14]. Data are 

presented as percent change relative to the “Pre” stimulation 

interval. All data analysis was performed using custom 

MATLAB code.  

D. Statistical Analysis 

One-way ANOVA was used to compare values at each 

segment (“Pre”, “VNS On”, “Post 1”, “Post 2”) with 

significance determined at P < 0.05. Post hoc analysis was 

performed with Tukey’s multiple comparison correction.  

III. RESULTS 

The custom MATLAB program was developed to analyze 

ECG and BP data traces for approximately 400 VNS 

episodes per rat (see Fig. 1). Day and night intervals were 

combined together to obtain average values for all measured 

parameters.  

A. Heart Rate Responses 

Mean HR derived from the BP waveform was calculated for 
each interval during Day 1 of VNS therapy and showed no 
significant changes before, during, and after VNS therapy 
(see Figure 2A). However, VNS significantly increased HRV 
during the “VNS On” interval when compared to the “Pre” 
interval. Nevertheless, the HRV decreased back to baseline 
levels immediately after VNS was turned off, so that both 
HRV during “Post 1” and “Post 2” have similar values as 
during “Pre” interval (see Fig. 2B). 

 

Figure 1.  An example of the data segmentation into “Pre”, “VNS On”, 

“Post 1” and “Post 2”  intervals for one episode of VNS in the rat. The top 
panel is the representative stimulation including the ramp up and ramp 

down periods. The middle panel shows the recorded ECG trace with VNS 

artifacts visible during the “VNS On” segment. The bottom panel shows the 

corresponding BP trace.  

 

Figure 2.  Acute HR (A) and HRV (B) responses during VNS therapy in 

hypertensive rats for  “Pre”, “VNS On”, “Post 1” and “Post 2” intervals. † 
indicates statistical significance between mean values between intervals. 



  

B. Blood Pressure Reponses 

Similarly, the mean BP response of the VNS rats show no 

significant changes before, during and after VNS therapy 

(see Fig 3A). However, there was a significant increase in 

BPV during “VNS On” period, which returned to “Pre” 

values immediate after VNS therapy is off (see Fig 3B). 

 
Figure 3.  Acute BP (A) and BPV (B) responses during  VNS therapy in 

hypertensive rats for  “Pre”, “VNS On”, “Post 1” and “Post 2” intervals. † 

indicates statistical significance between mean values between intervals. 

P
r e

V
N

S
 O

n

P
o
s t

 1

P
o
s t

 2

-1 .5

-1 .0

-0 .5

0 .0

0 .5

1 .0

1 .5

d
P

/d
t m

a
x

%
 C

h
a

n
g

e

 
Figure 4.  Acute contractility (dP/dtmax) response during VNS therapy in 

hypertensive rats for  “Pre”, “VNS On”, “Post 1” and “Post 2” intervals. 

C. Contractility 

Contractility was assessed by quantifying the maximum rate 

of change of the pressure waveform (dP/dtmax). With 

increased vagus activity, contractility is known to decreases, 

however during low-level VNS therapy in our study, no 

significant acute changes (less than 1% change) were 

observed in the intervals analyzed. Figure 4 shows no 

changes in dP/dtmax during any intervals surrounding episodes 

of VNS therapy.   

IV. DISCUSSION 

This paper evaluated the acute effects of low-level, 

intermittent VNS in conscious hypertensive rats. The major 

findings of this paper were the following: (1) no significant 

acute changes in HR, BP, and contractility were induced 

during the “VNS On” period, when compared to “Pre” and 

“Post” intervals, (2) however both HRV and BPV are 

significantly increased acutely during the “VNS On” period.  

A. The effect of VNS on mean cardiovascular and 

hemodynamic responses 

During VNS stimulation, there were no significant acute 
changes in HR in the hypertensive rats. Indeed, in this study 
we used low-level VNS therapy that intentionally does not 
drastically alter either HR or BP. This effect can be 
controlled through selection of the stimulation parameters. 
Specifically, varying amplitude has been shown to induce 
significantly different acute cardiovascular responses [15, 
16]. The stimulation settings and subsequent effects depends 
on the goal of the therapy. Here, VNS was initially titrated to 
cause no more than a 5% drop in HR during day time 
stimulation in order to provide low-level intermittent VNS 
therapy while reducing side effects. Therefore the short 
therapy duration in combination with the low-level 
stimulation likely led to no significant changes in mean HR 
during acute episodes of VNS therapy. 

VNS also did not cause any changes in BP. Previously, 
several studies have shown an acute decrease in BP due to 
selective VNS therapy in anesthetized rats, which was 
accompanied by a reduction in mean HR [12, 13]. This 
reduction was smaller when applying non-selective VNS 
using the same stimulation parameters [12]. Here, 
intermittent VNS stimulation is applied non-selectively at a 
low level with 22.5% duty cycle. Such a short therapy 
duration and low amplitude may not have time to elicit a 
significant change in the mean BP measures before 
stimulation is turned off. Also, in previous studies, the acute 
effects of VNS on BP and HR have been demonstrated in 
healthy rats [12, 13, 17], while here, we have evaluated the 
effect of acute VNS in hypertensive rats. HTN has been 
associated with an imbalance in the autonomic nervous 
system with increased sympathetic nerve activity and a 
decrease in parasympathetic nerve activity [18]. This 
imbalance in the autonomic nervous system could lead to a 
different response to acute stimulation, which may require 
higher amplitude or longer duration stimulation to elicit a 
response in this altered autonomic state. 

B. The effect of VNS on variability in cardiovascular and 

hemodynamic responses 

The results of the acute stimulation show a strong positive 
effect on HRV. HRV is a common prognostic indicator used 
in the clinic to evaluate the cardiac condition of patients. In 
disease states, such as HTN and heart failure, the overactive 
sympathetic nervous system reduces the autonomic control of 
cardiac function, decreasing HRV. Increases in HRV indicate 
better autonomic balance, through either a suppression of 
sympathetic activity or activation of parasympathetic activity, 
and can be indicative of therapeutic efficacy. The acute 
changes in HRV observed here could have an additive effect, 
contributing to the long term beneficial effects of VNS 
therapy.  



  

 In addition to changes in HRV, acute changes in BPV were 
also observed in the hypertensive rats. Traditionally in the 
clinic, increases in BPV are associated with increased 
cardiovascular risk [19]. However, the effect on BPV 
observed here has been shown before, with variability in BP 
occurring in response to HRV induced through vagal 
activation [20]. This response observed in this study, returns 
to baseline values at the cessation of therapy. 

C. The effect of VNS on contractility 

The results show no change in contractility during 

stimulation. It is commonly known that enhanced 

parasympathetic activity has a negative inotropic effect on 

the heart. This effect has been recently demonstrated using 

various VNS parameters applied for 30 seconds in 

anesthetized sheep [15].  There are several key differences 

however that can explain this difference observed in this 

study including the species, disease state, and duration of 

stimulation. Short VNS duration in our study may result in a 

smaller cumulative effect on the contractility of the heart in 

the conscious hypertensive rats. Increasing duration or 

amplitude of stimulation may result in a measurable change 

in contractility along with changes in other cardiac 

parameters including HR. 

D. Limitations 

There are several limitations for the current data analysis. 

First, only 4-hour day and night data segments were 

analyzed from each of the VNS-treated rats. Larger data 

segments may give more information about the acute 

changes and whether time of day and related autonomic 

balance affects the acute cardiovascular and hemodynamic 

response to VNS. Another limitation of this study is that the 

acute response was only quantified on Day 1 of VNS 

therapy. Future work will include analyzing the acute 

response to VNS over time to see if therapy possibly 

becomes less effective due to acclimation to stimulation or 

tissue ingrowth decreasing the magnitude of the stimulation 

seen by the vagus nerve. In addition, future studies will 

investigate the effects of various intermittent VNS 

parameters on the cardiovascular and hemodynamic 

responses. Finally, further evaluation of HRV using spectral 

analyses can provide indications of sympathetic and 

parasympathetic tone.  

V. CONCLUSION 

 Quantifying acute cardiovascular and hemodynamic 

changes due to VNS in conscious animals can help provide a 

better understanding of VNS therapy and physiological 

responses to acute parasympathetic activation. The small 

acute changes observed during intermittent VNS could be 

additive, leading to beneficial chronic changes in BP and HR 

control [5]. Evaluating the acute effects can help further the 

understanding of VNS in its application as a chronic therapy 

and assist in parameter selection and optimization for 

providing beneficial effects for treating HTN.  
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