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Chronic hypertension (HTN) affects more than 1 billion people worldwide, and
is associated with an increased risk of cardiovascular disease. Despite decades
of promising research, effective treatment of HTN remains challenging. This work
investigates vagus nerve stimulation (VNS) as a novel, device-based therapy for
HTN treatment, and specifically evaluates its effects on long-term survival and HTN-
associated adverse effects. HTN was induced in Dahl salt-sensitive rats using a
high-salt diet, and the rats were randomly divided into two groups: VNS (n = 9)
and Sham (n = 8), which were implanted with functional or non-functional VNS
stimulators, respectively. Acute and chronic effects of VNS therapy were evaluated
through continuous monitoring of blood pressure (BP) and ECG via telemetry devices.
Autonomic tone was quantified using heart rate (HR), HR variability (HRV) and baroreflex
sensitivity (BRS) analysis. Structural cardiac changes were quantified through gross
morphology and histology studies. VNS significantly improved the long-term survival of
hypertensive rats, increasing median event-free survival by 78% in comparison to Sham
rats. Acutely, VNS improved autonomic balance by significantly increasing HRV during
stimulation, which may lead to beneficial chronic effects of VNS therapy. Chronic VNS
therapy slowed the progression of HTN through an attenuation of SBP and by preserving
HRV. Finally, VNS significantly altered cardiac structure, increasing heart weight, but did
not alter the amount of fibrosis in the hypertensive hearts. These results suggest that
VNS has the potential to improve outcomes in subjects with severe HTN.

Keywords: vagus nerve stimulation, hypertension, survival, autonomic, heart, rat

INTRODUCTION

Hypertension (HTN) affects over one billion people worldwide and is the most prominent risk
factor for cardiovascular disease (Fields et al., 2004; NCD Risk Factor Collaboration [NCD-RisC],
2017). Cardiovascular complications due to HTN result in over nine million deaths annually
(World Health Organization [WHO], 2013). Left uncontrolled, high blood pressure (BP) can lead
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to cardiac remodeling, including left atrial dilation, left
ventricular hypertrophy, and impaired ventricular relaxation,
thus increasing the risk of heart failure (Lalande and Johnson,
2008). These changes make the heart more susceptible to cardiac
arrhythmias, and ultimately influence the morbidity, mortality,
and quality of life for patients with chronic HTN. The need to
control the rise in BP while also addressing the negative effects of
complex co-morbidities makes the clinical management of HTN
challenging.

Currently, the majority of hypertensive patients are treated
with antihypertensive drugs to control BP. However, many
limitations exist, including resistant HTN, inability to tolerate
therapy, and non-compliance with the medication regime
(Mancia et al., 2007; Egan et al., 2011). There is a need for novel
treatment options for hypertensive patients to control BP while
also addressing the adverse cardiac effects of HTN. One possible
target of new treatments is the altered sympatho-vagal balance,
which has been reported in hypertensive patients as a significant
contributor to disease progression (Guyenet, 2006; Mancia and
Grassi, 2014). Several new therapies for HTN primarily target
the overactive sympathetic nervous system with the goal of
restoring balance in the autonomic nervous system. For instance,
baroreflex activation therapy indirectly suppresses sympathetic
activity through activation of the arterial baroreceptor reflex,
and renal denervation is an organ-specific ablation approach
to inhibit sympathetic activity to the kidney. However, both
these therapies have had variable success in controlling BP in
hypertensive patients (Li et al., 2016).

Recently, we proposed to specifically target the
parasympathetic nervous system using vagus nerve stimulation
(VNS), and evaluated the efficacy of 4 weeks of VNS treatment
for HTN and HTN-induced heart disease in a rat model of HTN
(Annoni et al., 2015). Our study and others have demonstrated
the beneficial effects of chronic VNS in treating HTN, and its
associated improvement of endothelial function and cardiac
electrophysiological properties, leading to suppression of
ventricular arrhythmias (Xie et al., 2014; Huang et al., 2015;
Chapleau et al., 2016). Antiarrhythmic effects have also been
recently demonstrated by our lab in healthy hearts in the absence
of sympathetic overdrive (Lee et al., 2016). Further, acute VNS
therapy has also shown a beneficial effect on BP and heart rate
(HR) dynamics in hypertensive rats (Plachta et al., 2014, 2016;
Annoni and Tolkacheva, 2018). However, to date, there has been
limited research evaluating the long-term effects of VNS on BP
and associated cardiovascular complications in advanced-stage
HTN in rats.

The aim of this study is to investigate the effects of low-level,
intermittent chronic VNS therapy on the long-term survival of
hypertensive rats and to evaluate the impact of VNS therapy on
BP control, HR dynamics, and structural cardiac properties.

MATERIALS AND METHODS

All experiments conform to the Guidelines for the Care and
Use of Laboratory Animals (NIH publication No. 85–23, revised
1996) and the University of Minnesota guidelines for the care

and use of animals. See Supplementary Material for surgical
procedure details.

Experimental Design
Five week old male Dahl salt-sensitive rats (Charles River
Laboratories, Wilmington, MA, United States) were fed a high
salt (8% NaCl) diet to induce HTN, and this diet was maintained
for the duration of the study (see Figure 1A). Four weeks after
initiating the high salt diet, the hypertensive rats were implanted
with vagus nerve stimulators (Model 103, LivaNova USA, Inc.,
formerly Cyberonics, Inc., Houston, TX, United States) and
physiological telemetry devices (HD S11, DSI, Inc., St. Paul,
MN, United States) and randomly divided into two groups: VNS
(n = 9; functional VNS stimulators) and Sham (n = 9; non-
functional VNS stimulators). One Sham rat was excluded from
analysis due to the delayed recovery from surgery, resulting
in n = 8 for Sham. At Week 6 (Baseline), the low-level VNS
therapy was activated and applied for up to 8 weeks or until an
endpoint (death or severe HTN-related events such as a stroke
or hematoma) was reached. During VNS therapy, ECG and
BP recordings were simultaneously captured through the DSI
telemeters for both Sham and VNS rats. The event-free survival
rate was calculated with respect to the start of VNS therapy at
Week 6. All analyses were performed while blinded to treatment
designation. A summary of the data analyses used, the time points
selected, and the number of rats in each group can be found in
Supplementary Table S1.

Acute Effects of VNS Therapy
Acute window analysis was performed as described previously
(Annoni and Tolkacheva, 2018). Four-hour data segments were
acquired from Day4h (10am–2pm) and Night4h (10pm–2am)
intervals for each VNS rat at 3 and 6 weeks of VNS therapy,
Week 9 and Week 12, respectively. Data was segmented into
the following windows: “Pre,” “VNS On,” “Post 1,” and “Post 2”
as shown in Figure 2A. For each data segment the following
values were calculated: systolic blood pressure (SBP), blood
pressure variability (BPV), HR, HR variability (HRV), and the
contractility, which was determined as the maximum slope of the
derivative of the SBP waveform (dP/dtmax). HRV and BPV were
defined as the standard deviation divided by the mean HR and
BP values, respectively. The data consists of approximately 400
stimulation episodes per rat that are combined for this analysis.
The parameters were calculated for each individual episode of
VNS during these intervals and averaged together to reduce
variability in measures. Data are presented as percent change
with respect to the “Pre” interval values. All data analysis was
performed using custom MATLAB code.

Chronic Effects of VNS Therapy: Disease
Progression
Simultaneous ECG and BP data acquired from the DSI telemeters
were averaged over 12-h Day12h (7am–7pm) and Night12h (7pm–
7am) intervals, defined by the light-dark cycle of the room. BP
and HR measures, including SBP, diastolic blood pressure (DBP),

Frontiers in Physiology | www.frontiersin.org 2 January 2019 | Volume 10 | Article 25

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-10-00025 January 29, 2019 Time: 16:59 # 3

Annoni et al. VNS Improves Hypertensive Rat Survival

FIGURE 1 | (A) Experimental design. HTN was induced using a high salt diet (8% NaCl). At Week 4, the rats were implanted with vagal nerve stimulators and DSI
transmitters, and randomly divided into Sham (n = 8) and VNS (n = 9) groups. VNS therapy was turned on at Week 6 and continuous BP and ECG were recorded
until the end of the study. (B) Kaplan-Meier event-free survival curves for Sham and VNS rats are statistically different (P < 0.05). The dashed vertical line indicates
the start of VNS therapy at Week 6. The number of rats remaining in each group is included along the x-axis.

mean arterial pressure (MAP), pulse pressure (PP), HR, and HRV,
were calculated.

Baseline BP and HR parameters were quantified as the 3-day
average prior to the start of VNS therapy at Week 6. Individual
values for Day12h and Night12h intervals were compared to
Baseline data to determine the relative change in BP (1SBP),
HR (1HR), and HRV (1HRV) for each animal, as described
previously (Annoni et al., 2015). The longitudinal data for Sham
and VNS rats were individually fit with a linear regression to
quantify the disease progression, and the slopes of the linear fits
were averaged for Sham and VNS rats for comparison between
groups.

Circadian rhythm analysis was performed at Baseline and at
Week 9. A 24-h continuous segment of data was divided into
1-h intervals and fit with a cosinor function using the following
equation:

Y = MESOR+ Amplitude ∗ cos
(
Frequency ∗X + Acrophase

)
,

where X is the 1-h average HR or BP data from the Sham or
VNS rats, MESOR is the mean value of the cosinor function,
Amplitude is the difference between the peak value and the
MESOR, and Acrophase is the phase shift. The Frequency was set
to 0.2618 rad/h, corresponding to a 24-h period.
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FIGURE 2 | Acute cardiovascular and hemodynamic response of VNS rats (n = 6) at Week 9. (A) A representative example of VNS stimulation, BP and the BP
derivative (dP/dt) traces showing segmentation into “Pre,” “VNS On,” Post 1,” and “Post 2” intervals. Acute SBP (B), BPV (C), contractility (dP/dtmax) (D), HR (E),
and HRV (F) responses during VNS therapy in hypertensive rats for “Pre,” “VNS On,” “Post 1,” and “Post 2” intervals shown as percent change with respect to the
“Pre” interval. † Indicates statistical significance between intervals.

Baroreflex sensitivity (BRS) was quantified using a traditional
sequence method for Day4h and Night4h intervals to compare
autonomic tone in the hypertensive rats (Bertinieri et al., 1985).

Histology and Gross Morphology
After reaching an endpoint of the in vivo protocol, excluding
death, the hearts were extracted through a midline incision
and immediately submerged in cold cardioplegic solution. The
hearts were weighed and normalized to tibia length (HW/TL)
as a measure of hypertrophy and were then preserved in 10%

formalin solution for histology studies. Sham (n = 8) and VNS
(n = 6) hearts were embedded in paraffin, cut into 5 µm thick
cross-sectional slices, and stained with Masson’s Trichrome. The
stained heart slices were imaged using Nikon microscope (Model
ECLIPSE Ni-E, Nikon Corporation, Tokyo, Japan) system at 4×
magnification. NIS-Elements AR (version 4.51.01) software was
used to scan each slide and export the images for post-processing.

Cardiac measures, including left ventricle and right ventricle
free wall thickness, septum thickness and cross-section diameter,
were measured for both Sham and VNS rats. All thickness
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measures performed on the cardiac cross sections were
comprised of an average of ten measurements. Finally, cardiac
fibrosis was quantified using ImageJ software (developed by
Wayne Rasband, National Institutes of Health, United States)
to isolate the blue fibrotic regions of the cardiac slices. As the
time point of the heart extraction varied between rats, the gross
morphology and histology measures were plotted separately for
Sham and VNS rats with respect to survival times and fit with a
linear regression.

Statistics
BP and HR data are presented as mean ± SE. Cumulative event-
free survival is presented using Kaplan-Meier curves, and the
Log-Rank test was used to determine statistical significance. The
acute effects of VNS, measured as absolute values at different
time intervals, were compared using repeated measures one-
way ANOVA with Tukey’s multiple comparisons correction, with
an adjusted value P < 0.05 indicating statistical significance.
The linear regression slopes for the longitudinal BP and HR
measures were compared between Sham and VNS rats using one-
way ANOVA. The circadian rhythm parameters were compared
between Sham and VNS rats and Week 6 and Week 9 time points
using two-way ANOVA with Tukey’s multiple comparisons
correction. Finally, the structural effects were compared using
simple linear regressions to compare structural measures as
a function of survival for Sham and VNS rats. Statistical
significance was determined at P < 0.05.

RESULTS

Baseline Parameters
Baseline ECG (HR and HRV) and BP (MAP, SBP, DBP, and PP)
parameters show no significant differences between Sham and
VNS rats (see Supplementary Table S2). Specifically, Baseline
HR (Sham: 386± 5 bpm and VNS: 389± 5 bpm) and SBP (Sham:
192± 10 mmHg and VNS: 187± 8 mmHg) were similar between
groups and are consistent with previously published parameters
in hypertensive rats (Annoni et al., 2015).

Event-Free Survival Assessment
Figure 1B shows the cumulative event-free survival rates of the
Sham and VNS rats, with a significant improvement in survival of
VNS rats (P < 0.05). The median survival in VNS rats increased
from 9.1 (95% CI: 7.7 to 10.7) weeks for Sham rats to 12 (95%
CI: 10.3 to 13.6) weeks for VNS rats. In addition, 2/9 VNS rats
survived to the end of the study, whereas 0/8 Sham rats survived.
The relationship between various Baseline ECG (HR and HRV)
and BP (MAP, SBP, DBP, and PP) parameters and survival time
are shown in Supplementary Figure S1, demonstrating that none
of Baseline parameters significantly influenced the difference in
survival rates observed in Sham and VNS rats.

To better understand possible factors contributing to the
prolonged survival of VNS rats, we further evaluated the effects
of VNS therapy on (1) acute cardiovascular and hemodynamic
response, (2) chronic disease progression, (3) autonomic tone,
and (4) structural properties of the heart.

Impact of VNS Cycles on Acute
Cardiovascular and Hemodynamic
Response
At Week 9, we quantified the effect of acute VNS on the
cardiovascular and hemodynamic response by evaluating various
BP and ECG parameters during the “Pre,” “VNS On,” “Post 1,”
and “Post 2” intervals. Figure 2 shows the percent change in SBP,
BPV, contractility, HR and HRV with respect to the “Pre” interval
values. Both SBP and contractility slightly decrease during the
“VNS On” interval, which is significantly lower with respect
to the “Post 2” interval, where a slight overshoot from pre-
stimulation values was observed. In contrast, HRV and BPV were
significantly increased during “VNS On” with respect to both pre-
and post-stimulation values, and immediately returned to pre-
stimulation values after the cessation of therapy. However, HR
was not significantly affected by the low-level VNS therapy.

Similar acute analysis was performed for the VNS rats at Week
12 and is shown in Supplementary Figure S2. No significant
differences were observed in SBP, BPV, HR, or contractility values.
However, HRV was significantly increased during the “VNS On”
interval in comparison to the “Post 2” interval.

Impact of Chronic, Cyclic VNS on HTN
Progression
HTN progression in the Sham and VNS rats was quantified
by the relative change in SBP (1SBP) and HR (1HR) over
time with respect to Baseline values during the Day12h and
Night12h intervals. Figures 3A,B (left panels) shows that the
progressive increase of 1SBP due to HTN is attenuated in
the VNS rats compared to the Sham rats, as is suggested by
the growing separation in the 1SBP curves over time. Indeed,
the linear regression slopes in the Sham rats are significantly
larger when compared to VNS rats during both the Day12h
(Sham: 14.6 ± 2.0 mmHg/week; VNS: 9.2 ± 2.3 mmHg/week;
P < 0.05) and Night12h (Sham: 14.6 ± 1.7 mmHg/week; VNS:
8.8± 1.4 mmHg/week; P < 0.05) intervals.

The circadian rhythm was evaluated at Week 6 and Week
9 (Figures 3C,D, respectively). While similar circadian rhythm
characteristics were observed for both Sham and VNS rats at
Week 6, three weeks of VNS therapy resulted in a significantly
decreased average baseline (MESOR) value in VNS rats in
comparison to the Sham rats (see ∗ in Figure 3D), providing
further evidence of an attenuation in the rise in SBP due to VNS.

The effects of disease progression in the Sham and VNS rats
on other hemodynamic parameters (MAP, DBP, and PP) are
shown in Supplementary Figures S3–S5. VNS rats experienced
a significant attenuation in 1MAP during the Night12h but not
during the Day12h interval (Supplementary Figures S3A,B).
However, 1DBP and 1PP values did not show any significant
changes during either interval (Supplementary Figures S4,
S5A,B). In addition, circadian rhythm analysis for MAP, DBP,
and PP demonstrated similar cosinor characteristics in Sham
and VNS rats at Week 6. In contrast, at Week 9, the MESOR
values were significantly lower in VNS rats, providing further
evidence of the attenuation in progression of HTN due to VNS
therapy.
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FIGURE 3 | Relative changes in SBP (1SBP) as HTN progresses. 1SBP as a function of time and slopes of the linear regressions are shown for Sham and VNS rats
during the (A) Day12h and (B) Night12h intervals. Circadian rhythm of SBP for Sham and VNS rats are shown for Week 6 (C) and Week 9 (D). ∗ Indicates statistical
significance between Sham and VNS rats.

FIGURE 4 | Relative changes in HR (1HR) as HTN progresses. 1HR as a function of time and slopes of the linear regressions are shown for Sham and VNS rats
during the (A) Day12h interval and (B) Night12h intervals. Circadian rhythm analysis of HR for Sham and VNS rats are shown for Week 6 (C) and Week 9 (D).
∗ Indicates statistical significance between Sham and VNS rats.

Figures 4A,B (left panel) quantifies the relative change
in HR over time during the Day12h and Night12h intervals
in the Sham and VNS rats. The slopes of the 1HR linear
regression, although lower in VNS rats, were not significantly
different during either interval (Figures 4A,B, right panel).

Circadian rhythm of HR showed no difference between
Sham and VNS rats at Week 6 (Figure 4C), but after
3 weeks of VNS therapy, the MESOR value for Sham rats
was significantly higher compared to VNS rats (see ∗ in
Figure 4D).

Frontiers in Physiology | www.frontiersin.org 6 January 2019 | Volume 10 | Article 25

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-10-00025 January 29, 2019 Time: 16:59 # 7

Annoni et al. VNS Improves Hypertensive Rat Survival

FIGURE 5 | Relative changes in HRV (1HRV) as HTN progresses. 1HRV as a function of time and slopes of the linear regressions are shown for Sham and VNS rats
during the (A) Day12h interval and (B) Night12h intervals. BRS was quantified during the Day4h (C) and Night4h (D) intervals for Week 6 through Week 9. ∗ Indicates
statistical significance between Sham and VNS rats.

Impact of VNS on Autonomic Regulatory
Function
The effects of VNS on autonomic tone were evaluated through
HRV and BRS measures and are presented in Figure 5. The
relative change in HRV during Day12h and Night12h intervals are
shown for Sham and VNS rats in Figures 5A,B, respectively.
The results show that VNS significantly affects the dynamics of
HRV over time. Specifically, 1HRV was maintained or slightly
increased in VNS rats as opposed to the Sham rats, which
experienced negative 1HRV as HTN progressed. Indeed, the
slopes of the 1HRV linear regression were significantly decreased
over 3 weeks of therapy for Sham (Day12h:−1.5± 0.3%; Night12h:
−0.8 ± 0.3%) but not for VNS rats, where 1HRV remained
relatively stable over time (Day12h: 0.01 ± 0.3%; Night12h:
0.1 ± 0.2%). Finally, Figures 5C,D shows BRS values measured
weekly from Week 6 to Week 9, showing significantly increased
BRS values in VNS rats compared with Sham rats at Week 7
during both Day4h and Night4h and at Week 8 during the Night4h
interval. This acute increase in BRS for VNS rats was not present
at Week 9, where BRS values were similar between VNS and Sham
rats.

Impact of VNS on Structural Changes in
the Hypertensive Heart
The results of the gross morphology and histology studies
are shown in Figure 6 as a function of survival rate along
with the corresponding linear regression values from Sham
and VNS rats. Examples of stained cardiac cross-sections for
Sham and VNS rats are shown in Supplementary Figure
S6. Figure 6A shows the relationship of HW/TL over time,

which was significantly different between groups. Sham rats
had a decrease in HW/TL (−0.0027 ± 0.0019 g/cm/day) while
VNS rats exhibited an increase in HW/TL as a function
of survival time (0.0038 ± 0.0013 g/cm/day; P < 0.05). In
addition, HW/diameter (Figure 6B) showed a similar result
with Sham rats having a decrease in HW/diameter over time
(−0.0024 ± 0.0006 g/cm/day), while VNS rats showing an
increase over time (0.0001 ± 0.0006 g/cm/day; P < 0.05).
The raw data for the structural changes in Sham and VNS
hypertensive hearts are shown in Supplementary Table S5.
Although changes were observed in HW, individual thickness
measures of the RV and LV free wall as well as septum
showed no significant differences between treatment groups
(Figures 6D–F). In addition, no changes were seen in diameter
or body weight between Sham and VNS rats as a function
of survival (Supplementary Figure S6). Finally, chronic VNS
therapy resulted in no changes in the percent of fibrosis in the
cardiac cross-sections as seen in Figure 6C.

DISCUSSION

The major finding of this study was a significant improvement
in the long-term survival of hypertensive rats treated with
VNS therapy, with median event-free survival increasing by
78% for VNS rats in comparison to Sham rats. This study
further evaluated the effects of VNS on various cardiovascular,
hemodynamic, and structural cardiac properties that may
contribute to prolonged survival of VNS rats with respect to
Sham rats. Our results can be summarized as follows: (1) acute
VNS improved autonomic balance by significantly increasing
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FIGURE 6 | Gross morphology and histology studies for Sham (n = 8) and VNS (n = 6) hypertensive rats. The effects of VNS on cardiac structural properties –
(A) HW/TL, (B) HW/diameter, (C) percent fibrosis, (D) right ventricle (RV) and (E) left ventricle (LV) free wall thickness, and (F) septum thickness – as a function of
survival rate along with corresponding linear regression fits.

HRV during stimulation, which may lead to beneficial effects
observed in the chronic use of VNS therapy, (2) chronic VNS
slowed the progression of HTN through and an attenuation in the
rise of SBP, demonstrated in the linear regression analysis during
the day and night intervals and the baseline shift in circadian
rhythm, (3) chronic VNS preserved autonomic balance as HTN
progressed by maintaining elevated HRV and BRS measures in
the VNS rats compared to Sham rats, and (4) VNS significantly
altered cardiac structure increasing heart weight, but did not alter
the amount of fibrosis in the hypertensive hearts.

Acute Hemodynamic Response
Low-level VNS, here, is defined by the magnitude stimulation and
subsequent impact on heart rate. Previous research has looked
at various current amplitudes to classify VNS intensity with
high intensity causing a greater than 60% reduction in HR and
medium intensity stimulation causing a 40% or less reduction
in HR (Zhang et al., 2009). Here the initial titration for the
VNS rats was established to elicit no more than a 10% drop in
HR during the day time. As a result, there were no significant
changes in mean HR while VNS was on. However, this effect
can be controlled by altering stimulation parameters as shown
previously (Ojeda et al., 2016; Stauss, 2017).

The acute analysis at Week 9 revealed a significant decrease
in BP and contractility in response to VNS that returned to
pre-stimulation levels at the cessation of therapy. This effect is
likely mediated through activation of the aortic depressor nerve
which sends signals to the brain resulting in the activation of the
baroreflex and a decrease in BP (Plachta et al., 2014). This acute
BP reduction has been demonstrated previously where selective

and non-selective VNS therapy was applied in anesthetized rats
(Plachta et al., 2014, 2016).

VNS continued to show a strong acute effect on HRV
even after 3 weeks of therapy, increasing HRV as stimulation
was applied. In addition to changes in HRV, BPV was also
significantly increased, but to a lesser extent. This result has
been observed previously as BPV reflexively increases acutely
in response to vagal activation (Clement et al., 1984; Annoni
and Tolkacheva, 2018). The acute change in HRV is evident
of enhanced parasympathetic activity or decreased sympathetic
activity, which may provide an additive effect over time and
improve autonomic balance. This acute change in HRV was also
observed at Week 12, after 6 weeks of therapy, indicating that
low-level intermittent VNS was still influencing HR dynamics.

Chronic Disease Progression
VNS therapy has been demonstrated to have beneficial long-
term effects in HTN animal models. Our previous chronic
study demonstrated the impact of low-level intermittent VNS
on BP through a long-term effect resulting in a reduction in the
spontaneous rise in BP after 4 weeks of therapy in hypertensive
rats (Annoni et al., 2015). Here, a significant attenuation was
observed after just 3 weeks of VNS therapy. This attenuation in
rising SBP by Week 9 may play a role in the delay in the onset of
adverse events in hypertensive rats.

The characteristics of BP control in Sham and VNS rats were
further evaluated using cosinor analysis to compare circadian
rhythms in SBP and HR, which are mediated by cyclic variations
in autonomic activity (White, 2007). Although there was a
significant increase in the MESOR value for Sham in both
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HR and SBP, the amplitude and acrophase of the cosinor
parameters were not significantly different. In addition, this
abnormality in circadian rhythm is associated with an increased
risk of cardiovascular risk and target organ injury (White, 2000).
Through stimulation of the parasympathetic nervous system,
VNS may help maintain regular cyclic BP control.

Autonomic Regulatory Function
Heart rate variability is commonly used in clinical practice
as a prognostic indicator of cardiovascular conditions. In
the case of HTN and heart failure, autonomic dysfunction
results in decreased HRV. It is postulated that stimulation
of the parasympathetic nervous system, through right cervical
VNS, has the potential to rebalance the autonomic nervous
system by directly increasing parasympathetic activity and
reflexively reducing sympathetic activity. Indirect measures of
autonomic balance, such as HRV and BRS, have been assessed
in numerous studies showing a restoration of autonomic balance
and improved prognostic indications for the VNS-treated group
(Zhang et al., 2009; Saku et al., 2014). Here, we demonstrate
results consistent with those previously seen. VNS preserved
HRV values from Week 6 through Week 9, while Sham rats
experienced a large reduction in HRV during both the day and
night intervals. Our results also showed an acute increase in BRS
during Weeks 7 and 8, indicating improved BP and HR control
during this time. In HTN, chronic structural changes in the heart
and vasculature alter the function of the arterial baroreceptors
decreasing their sensitivity to fluctuations in BP, ultimately
decreasing BRS (Chapleau, 2012). Overall, the beneficial effects
on HRV and BRS in the VNS rats may be mediated through
balancing autonomic activation and altering structural changes
in vasculature, which may ultimately contribute to the prolonged
survival in VNS rats.

Structural Cardiac Effects
Our results demonstrate that VNS had a significant impact
on hypertrophy with increased heart weight as survival times
increased in hypertensive rats. In addition, opposite trends in
LV and RV free wall thicknesses were observed, with VNS
showing a reduction over time. However, there is no change in
the amount of fibrosis between Sham and VNS rats. Although,
without sufficient overlap of Sham and VNS data at early and
late time points in the survival curve, assessing the progression
of structural changes in the treated and untreated heart is
challenging. In addition, the increased survival of VNS rats
means these rats were older and exposed to high-salt diet for a
longer duration at the time the hearts were analyzed, which may
influence the results observed in this study.

VNS may be altering the progression of cardiac remodeling in
response to increasing BP levels. Previously, Dahl salt-sensitive
rats have been shown to advance to later stages of HTN rapidly
while on 8% NaCl with significant hypertrophy and LV dilation
as early as 11 and 15 weeks of age, respectively (Inoko et al.,
1994). With respect to our experimental design, those time points
correspond to Week 6 and Week 10. VNS therapy may delay or
alter the time course of hypertensive heart disease in these rats.
Another important factor to consider is the advanced-stage of

HTN in the rats in this study. Nguyen et al. (2016) demonstrated
that even in the early stages of HTN, the heart undergoes
structural and electrical remodeling. The rats in this study had
well established HTN at the beginning of VNS therapy and were
continued on a high salt diet for the remainder of the study.
Intervening in the earlier stages of HTN may provide restorative
or preventative structural cardiac effects. Further studies are
necessary to fully understand the effects of VNS therapy on
hypertensive heart disease in various stages of HTN.

Numerous other mechanisms of VNS therapy have been
evaluated in HTN and cardiovascular disease models which
could be contributing to the improved survival, attenuation
in the spontaneous rise in BP, and improved autonomic tone
observed in this study. Although the change in BP observed
in this study is small, the survival was significantly improved
in the VNS rats, which suggests other mechanisms may be
contributing. Additional mechanisms through which VNS has
been hypothesized to provide therapeutic effects include anti-
adrenergic effects, anti-inflammatory pathways, activation of
nitric oxide release in the heart, and inhibition of the renin-
angiotensin system. Suppressing central sympathetic outflow
through activation of vagal nerve afferent fibers can lead to a
reduction in sympathetic nervous system activity, resulting in
reductions in HR, vascular resistance, and arterial BP. Several
studies have demonstrated the ability of VNS to reduce systemic
inflammation through the activation of the cholinergic anti-
inflammatory pathway, reducing cytokine synthesis and the
inflammatory response (Tracey, 2007; Zhang et al., 2009).
Inflammation is associated with HTN, although the cause-and-
effect relationship still remains unclear. It is hypothesized that
inflammation can lead to endothelial dysfunction and increased
oxidative stress, which promote the development and progression
of HTN (Dinh et al., 2014). VNS has also been shown to directly
activate the nitric oxide pathway producing nitric oxide in
the ventricles, altering cardiac electrophysiology and decreasing
arrhythmia susceptibility (Brack et al., 2009). Another proposed
mechanism of VNS is inhibition of the renin-angiotensin system
through afferent vagal nerves, resulting in a reduction in renin in
the kidneys and marked reduction in plasma angiotensin II levels
(Mancia et al., 1975; Zhang et al., 2009).

The model used in the study progressed quickly toward
HTN and resulted in a large drop off with the Sham and
VNS rats. Previously, a similar model was used to evaluate the
effect of 4 weeks of VNS therapy in HTN rats (Annoni et al.,
2015). Surprisingly, all rats survived in that study, which might
be partially explained by slight difference in the stimulation
parameters, and partly attributed to the model variability. Despite
the severe stage of HTN, there is still a significant impact of
VNS on the progression of HTN in these rats. Further studies
in hypertensive rats could use a lower dose of salt, resulting
in a slower progression of HTN and a lower dropout rate. In
the slower developing models, VNS may have a similar, if not
stronger, impact on the disease and overall survival. Another
important factor of this study was the stimulation parameters
such as pulse width, frequency, amplitude, and duty cycle, which
can significantly influence the acute and chronic effects of VNS.
However, stimulation parameters have not been optimized for
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treating HTN and could be further evaluated to determine which
parameters result in beneficial changes in BP and HR.

Limitations
This study has several limitations. First, there were nine and eight
rats in the VNS and Sham groups, respectively, and they were in
advanced stages of HTN by Week 6 when therapy was initiated
for VNS rats. In our chronic analysis, one of the limitations is
that as the study advances, the rats with the highest BP reach end
points earlier, which may lead to underestimated group averages
of SBP. On average, the Sham rats reached an endpoint prior to
the VNS rats. For the acute analysis, one of the limitations is
the lack of direct measurements of the autonomic tone. Indeed,
the design of our study only allow for indirect assessment of
the autonomic tone via various measurements (HRV, BRS, and
BPV). Moreover, we had to rely on published literature to provide
interpretation of such indirect parameters. Another limitation
is the amount of analyses performed within the scope of this
study. Continuous data was collected from the HTN rats which
will require additional analyses of the BP and ECG waveforms
to further evaluate the effects of VNS therapy. Acute effects and
autonomic evaluation through BRS measures was limited to 4-h
data segments during day and night intervals. Future work will
include quantifying these parameters over larger data segments to
better understand the progression due to HTN as well as changes
due to variation in autonomic tone based on time of day. Further
studies need to be conducted to evaluate the effects of VNS
therapy in various stages of HTN to investigate the preventative
and restorative potential of VNS in controlling BP and addressing
adverse cardiovascular effects associated with HTN.

CONCLUSION

Overall, our results are consistent with previous studies
that show potential for VNS to provide therapy for HTN

and HTN-induced heart disease. This study shows a strong
beneficial effect of VNS therapy on long-term survival, BP
control, and autonomic tone. These results motivate additional
studies to investigate the mechanism of VNS in treating HTN
and determine optimal stimulation parameters for therapeutic
effects.
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