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Abstract
Baroreflex activation by electric stimulation of the carotid sinus (CS) effectively lowers blood pressure. However, the degree
to which differences between stimulation protocols impinge on cardiovascular outcomes has not been defined. To address
this, we examined the effects of short- and long-duration (SD and LD) CS stimulation on hemodynamic and vascular
function in spontaneously hypertensive rats (SHRs). We fit animals with miniature electrical stimulators coupled to
electrodes positioned around the left CS nerve that delivered intermittent 5/25 s ON/OFF (SD) or 20/20 s ON/OFF (LD)
square pulses (1 ms, 3 V, 30 Hz) continuously applied for 48 h in conscious animals. A sham-operated control group was
also studied. We measured mean arterial pressure (MAP), systolic blood pressure variability (SBPV), heart rate (HR), and
heart rate variability (HRV) for 60 min before stimulation, 24 h into the protocol, and 60 min after stimulation had stopped.
SD stimulation reversibly lowered MAP and HR during stimulation. LD stimulation evoked a decrease in MAP that was
sustained even after stimulation was stopped. Neither SD nor LD had any effect on SBPV or HRV when recorded after
stimulation, indicating no adaptation in autonomic activity. Both the contractile response to phenylephrine and the relaxation
response to acetylcholine were increased in mesenteric resistance vessels isolated from LD-stimulated rats only. In
conclusion, the ability of baroreflex activation to modulate hemodynamics and induce lasting vascular adaptation is critically
dependent on the electrical parameters and duration of CS stimulation.
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Introduction

Baroreflex activation therapy is a clinical tool designed to
stimulate the carotid sinus (CS) to restore sympathovagal
tone [1]. Multiple clinical trials have shown baroreflex
activation therapy to be effective in decreasing blood
pressure in treatment-resistant hypertensive patients [2–6]
and improving outcomes in patients with heart failure [7, 8].

While the feasibility of baroreflex activation therapy in
humans has been established, there may be considerable
opportunity to improve its efficacy. For example, there is
currently no set of standardized electrical stimulation
parameters, and the reported stimulus frequencies, ampli-
tudes, and durations have varied widely among human trials
[4, 5, 9, 10]. While all of these trials reported positive
outcomes, it is difficult to compare the efficacy of one sti-
mulation protocol with that of another. Therefore, there is a
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strong need to define the importance of the relationship
between the stimulation protocol and cardiovascular
outcomes.

Dysregulation of the autonomic nervous system is one of
the major underlying causes of hypertension in humans
[11]. Baroreflex activation simultaneously decreases sym-
pathetic activity and enhances parasympathetic activity,
which together reduce blood pressure by promoting vaso-
dilation and improve heart function by decreasing heart rate
(HR) and left ventricular remodeling [12]. Importantly,
continuous baroreflex activation produces a sustained
decrease in sympathetic activity, blood pressure, and HR
[13, 14]. The maintained depression of sympathetic activity
and its attendant decrease in circulating norepinephrine
contribute to the effects on blood pressure but do not fully
account for them [15, 16]. Therefore, sustained baroreflex
activation drives additional beneficial vascular adaptations
by mechanisms yet to be defined [17].

Dysfunctional autonomic control of cardiovascular
function is also present in spontaneously hypertensive rats
(SHRs) and is associated with neurochemical changes in the
central nervous system [18, 19], resulting in sympathetic
overactivity [18], increased norepinephrine, and diminished
baroreflex sensitivity, as observed in essential hypertensive
patients [20–23], as well as structural and functional
alterations in resistance vessel function contributing to the
hypertensive process [24, 25]. Endothelial dysfunction and
vascular remodeling are often associated with increased
treatment-resistant hypertension [26]. Moreover, vascular
dysfunction, comprising hypercontractility and decreased
endothelial function, is present in both conductance and
resistance arteries in experimental hypertension, as
observed in SHRs [27] and hypertensive patients [28–30].

Heart rate variability (HRV) is decreased in SHRs
compared with normotensive rats, indicating impaired
autonomic regulation of the heart [31, 32]. HRV and sys-
tolic blood pressure variability (SBPV) analyses are widely
used to assess autonomic nervous function [33, 34]. Spe-
cifically, the low-frequency (LF) and high-frequency (HF)
spectral components of HRV are used to indirectly study the
sympathetic and parasympathetic modulation of the auto-
nomic nervous system. HRV has emerged as a translational
practical and noninvasive tool to quantitatively investigate
cardiac autonomic dysregulation in humans [6, 35–37] and
experimental conditions such as hypertension [38].

The goals of the current study were to determine the
influence of baroreflex activation stimulation parameters on
cardiovascular function and adaptive changes to the resis-
tance vasculature in the SHR model. We hypothesized that
different stimulation protocols would differentially affect
metrics of cardiovascular function, namely, mean arterial
pressure (MAP), SBPV, HR, and HRV. Since treatment-
resistant hypertension is associated with endothelial

dysfunction and increased reactivity of the resistance
microvasculature [26, 29], we further hypothesized that
baroreflex activation would improve endothelial function
and decrease reactivity in resistance vessels.

Methods

Animals and surgical procedures

For all experiments, we used male 18- to 20-week-old
SHRs supplied by the Animal Facility of the University of
São Paulo, Campus of Ribeirão Preto. Animals were housed
under controlled temperature (22 °C) conditions with a 12 h
light/dark cycle and unrestricted access to tap water and
standard rat chow, as previously described [39, 40]. All
experimental procedures complied with the Principles of
Laboratory Animal Care (NIH publication no. 85Y23,
revised 1996) and were approved by the Committee on
Animal Research and Ethics of Ribeirão Preto Medical
School, University of São Paulo (Protocol No. 023/2013-1).

Rats were anesthetized by intraperitoneal administration
of ketamine (50 mg/kg) and xylazine (10 mg/kg). We then
surgically implanted the CS electrodes together with a
subcutaneous battery-operated pulse generator. A detailed
description of electrode placement is described elsewhere
[41]. Briefly, the CS was carefully isolated under a surgical
microscope (DFVasconcelos, São Paulo, Brazil), and a
bipolar stainless-steel electrode (0.008 inch bare, 0.011 inch
Teflon coated; A-M Systems, Sequim, WA, USA) was
placed around the left CS and CS nerve. Electrodes con-
sisted of 2-mm-long hooks separated by 2 mm and insulated
with silicone elastomer (Kwik-Sil; World Precision Instru-
ments, Sarasota, FL, USA). A miniaturized battery-operated
electrical pulse generator was connected to the electrodes
and implanted subcutaneously on the rat’s back. Finally, a
polyethylene catheter was placed into the left femoral artery
to record arterial pressure, as described previously [40]. As
previously described in many of our studies using electric
stimulation of the CS [41–44], 24 h is enough to restore
cardiovascular function and baroreflex control after the
ketamine–xylazine (KX) protocol [45–47]. Rats were
separated into a sham-operated control group (n= 9) and
two experimental groups, a short-duration (SD) stimulus
(n= 9) and a long-duration (LD) stimulus (n= 8) group.
Experimental procedures began 24 h after surgery.

Electrical stimulation of the CS

The baseline pulsatile arterial pressure (PAP) was recorded
for 1 h before starting the electrical stimulus protocol. The
electrical pulse generator was then remotely activated and
delivered square pulses (3 V, 1 ms, 30 Hz) intermittently for
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the next 48 h. We chose an intermittent stimulus because
continuous stimulation may disrupt the function of periph-
eral or central components of the baroreflex [48, 49]. One of
two stimulation protocols was then applied: an LD (20 s ON
and 20 s OFF) or an SD (5 s ON and 25 s OFF) protocol. A
second 1-h PAP recording was acquired 24 h into the sti-
mulation protocol and then again after stimulation was
stopped at the 48-h time point. A schematic representation
of the experimental procedure is shown in Fig. 1. All ani-
mals were carefully monitored for behavioral changes and
stress during electrical stimulation. Signs or markers of
distress [42, 43] (pain and electric shock signs) were
observed in two animals, stimulation was stopped, and the
animals were removed from the study. The experimental
procedures did not cause any noticeable change in body
weight or food and water intake. All experiments were
carried out in conscious, freely moving rats housed in
individual cages. Rats were taken to the recording room at
least 60 min before the beginning of the experiment, and a
quiet and noise-absent environment was maintained to
avoid any stress. Moreover, we weighed animals for the
anesthesia dosage, and no difference in body weight was
found among groups over the following days.

Arterial pressure and HR measurements

The arterial catheter was connected to a pressure transducer
(MLT0380/D, ADInstruments, Sydney, Australia), and the
PAP was continuously sampled (2 kHz) by an IBM PC
equipped with LabChart software. The MAP and HR were

automatically calculated from the PAP using LabChart, as
previously described [41, 43, 44].

HR and SBPV

The beat-to-beat time series of HR and systolic arterial
pressure (SAP) were derived from 30-min recording win-
dows of PAP using LabChart software’s blood pressure
module. Power spectral analysis was used to assess HR and
SAP variability in the frequency domain using CardioSeries
software (available at http://www.danielpenteado.com).
Values for HR and SAP were interpolated to 10 Hz (cubic
spline interpolation) and divided into half-overlapping
segments of 512 data points. A Hanning window was
then applied to each segment, and the spectra were calcu-
lated by fast Fourier transform (FFT) and separated at low
frequency (LF: 0.2–0.75 Hz) and high-frequency bins (HF:
0.75–3.0 Hz). Power spectra are shown in absolute
(mmHg2) and normalized units (n.u.), as previously
described [50–52]. In addition, HRV and SBPV in the time
domain and spontaneous baroreflex assessment by the
sequence method were also evaluated as previously
described (Table 1) [53, 54].

Vascular function

After euthanasia, we isolated third-order mesenteric arter-
ioles, mounted them in a small vessel wire myograph
(Danish Myo Tech, Model 620M, A/S, Århus, Denmark),
and set resting tension to 13.3 kPa. The arterioles were

Fig. 1 Experimental
methodology and carotid sinus
stimulation parameters in
spontaneously hypertensive rats.
A: Heart rate (HR) and pulsatile
arterial pressure (PAP) were
monitored in conscious rats for
1 h before initiating a carotid
sinus stimulation protocol (1°
recording). A 48-h stimulation
period was performed and a
1-h recording was aquired at
the 24th h (2º recording). An
additional 1 h of recording was
captured after stimulation was
stopped (3° recording). Animals
were then euthanized, and
mesenteric arteries were
collected for ex vivo analysis.
B: A schematic diagram (1 min)
depicting the short duration (5 s
ON and 25 s OFF) and long
duration (20 s ON and 20 s OFF)
square wave pulse (3 V, 1 ms,
30 Hz) CS stimulation protocols
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maintained in Krebs-Henseleit solution [KHS (in mmol/L)
NaCl 130, KCl 4.7, KH2PO4 1.18, MgSO4 1.17, NaHCO3

14.9, glucose 5.5, EDTA 0.03, CaCl2 1.6] at 37 °C and
gassed with a 95/5% O2/CO2 mix, and after a 30-min
equilibration period, we assessed viability by monitoring
the contractile response to high potassium (120 mmol/L).
Experiments were carried out on vessels with either intact or
mechanically denuded endothelium, the presence or
absence of which was assessed by testing the vasodilatory
response to acetylcholine (ACh, 10−5 mol/L) after pre-
contraction with phenylephrine (PE, 10−6 mol/L). Experi-
mental protocols involved precontraction with PE (10−6 to
3 × 10−6 mol/L) followed by either the cumulative addition
of ACh (10−10 to 3 × 10−5 mol/L) in endothelium-intact
vessels or the cumulative addition of sodium nitroprusside
(SNP, 10−12 to 10−5 mol/L) in endothelium-denuded ves-
sels, as well as the response to cumulative addition of PE
(10−10 to 3 × 10−5 mol/L) in vessels with and without
endothelium. Contractile responses were expressed as a
percentage of KCl-induced contraction and vasodilation
expressed as a percentage of relaxation relative to PE-
induced precontraction. Cumulative concentration-response
curves were fit using nonlinear regression, and the potency
of agonists was expressed as pEC50 (negative logarithm of
the EC50).

Analysis and statistics

Data are reported as the mean ± standard error of the mean
(SEM), and all statistical analyses were carried out in
GraphPad Prism 8 (GraphPad Software, San Diego, CA).
For the cardiovascular function measurements (MAP, HR,
HRV, and SBPV), differences between means were asses-
sed by repeated measures one-way ANOVA followed by
post-hoc Tukey analysis or Wilcoxon matched-pairs signed-
rank test. For myography data, differences between pEC50

values were assessed by ANOVA. For all experiments, p <
0.05 was considered significant.

Results

MAP and HR

We first assessed MAP and HR before, during, and after a
48-h application of either SD or LD CS stimulation (Fig. 1).
In control animals, there was no difference in either the
MAP or HR recorded at the same time intervals as the
experimental groups (Fig. 2). Both the stimulated SD and
LD showed significantly reduced MAP recorded during the
stimulation period (Fig. 2, upper panel) compared to mea-
surements recorded before stimulation (SD lowered MAP
from 158 ± 4 to 130 ± 5 mmHg and LD from 173 ± 6 to
140 ± 5 mmHg). When recorded after the CS stimulation
period had stopped, the MAP recovered to prestimulus
levels after SD stimulation (before 158 ± 4 mmHg and after
148 ± 4 mmHg) but remained reduced after LD stimulation
(before 173 ± 6 mmHg and after 150 ± 6 mmHg). In contrast
to MAP, HR was only significantly reduced in stimulated
SD, from 362 ± 11 bpm before CS stimulation to 328 ± 15
bpm during CS stimulation, and recovered to prestimulus
levels after cessation (Fig. 2, lower panel).

HRV and SBPV

We next assessed HRV and SBPV in the time and fre-
quency domains 1 h before and 48 h after SD or LD sti-
mulation, and in the control group. There was no significant
difference between before and after CS stimulation in
standard deviation (SDNN) of blood pressure or pulse
interval (PI) or in root mean square of successive differ-
ences (RMSSD) of PI (Table 1). Additionally, there was no

Table 1 Indices of heart
rate variability (HRV) and
systolic blood pressure
variability (SBPV) in
spontaneously hypertensive
rats before and after short-
duration (SD) or long-duration
(LD) carotid sinus stimulation

Control
(n = 9)

Stimulated
SD (n = 9)

Stimulated
LD (n = 8)

p Value

Before After Before After Before After

HRV

SDNN, ms 6.2 ± 1.0 6.1 ± 1.0 4.8 ± 0.5 5.2 ± 0.6 4.8 ± 0.4 5.7 ± 1.1 ns

RMSSD, ms 3.5 ± 0.5 3.1 ± 0.4 3.3 ± 0.6 3.6 ± 0.7 2.8 ± 0.3 3.2 ± 0.7 ns

SBPV

SDNN, mmHg 7.8 ± 0.6 7.9 ± 0.7 7.8 ± 0.5 7.3 ± 0.5 7.2 ± 0.6 7.8 ± 1.5 ns

Spontaneous baroreflex

BEI 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.3 ± 0.0 ns

Gain, ms.
mmHg−1

1.1 ± 0.2 1.2 ± 0.3 0.8 ± 0.2 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.2 ns

Time-domain analysis: standard deviation (SDNN) and root mean square of successive differences of
normal PI (RMSSD). Spontaneous baroreflex analysis: Baroreflex effectiveness index (BEI) and Gain
(ms. mmHg−1). Results are presented as mean ± standard error of mean (SEM). p-Value: not significant (ns)
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difference within the groups in either the LF and HF band
measurements of the PI (Fig. 3A, B). Similarly, the LF band
of the SBPV (Fig. 3C) was not significantly affected by
either CS stimulation protocol. Thus, the reduced blood
pressure seen after CS stimulation are unlikely to be caused
by irreversible modulation of autonomic function.

Mesenteric resistance arteriole function

While there was no difference in the maximum response to
PE, the sensitivity of PE-induced contraction was increased
after LD but not SD stimulation in both endothelium-intact
and denuded arterioles (Fig. 4A, B). In endothelium-intact
experiments, the mean ± SEM pEC50 for the LD group (5.7
± 0.1, n= 4) was significantly higher (p < 0.01, ANOVA)
than that of the control (5.4 ± 0.1, n= 7) and SD groups
(5.4 ± 0.1, n= 9). Similarly, for endothelium-denuded
arterioles, the pEC50 for the LD-stimulated group (5.9 ±
0.1, n= 7) was significantly higher (p < 0.01, ANOVA)
than that of the control (5.6 ± 0.1, n= 6) and SD groups
(5.2 ± 0.1, n= 6). We next evaluated relaxation induced by
ACh in vessels precontracted with PE in endothelium-intact
arterioles. Here, vessels from the LD group were more
sensitive to ACh (8.9 ± 0.1, n= 5) than vessels from the
control (8.3 ± 0.1, n= 7) or SD (8.4 ± 0.2, n= 5) groups (p
< 0.05, ANOVA). Finally, in endothelium-denuded arteries,
the degree of relaxation in response to the endothelium-
independent vasodilator SNP was not different among the
control, SD, and LD groups (Fig. 4D). Here, the mean ±
SEM pEC50 values were 9.0 ± 0.2 (n= 6) for the control,

8.6 ± 0.2 (n= 5) for SD, and 9.2 ± 0.2 (n= 6) for LD. These
data demonstrate that specific CS stimulation protocols, in
this case LD stimulation, have the potential to affect lasting
changes in vessel function.

Discussion

We hypothesized that different chronic CS stimulation
protocols would differentially affect MAP, SBPV, HR, and
HRV and further hypothesized that chronic CS stimulation
would induce adaptive changes in the autonomic nervous
system and resistance vasculature. By testing these
hypotheses, we found that (1) decreases in HR and MAP
measured during stimulation are dependent on CS stimu-
lation, (2) decreases in MAP but not HR can be sustained
for at least 1 h after stimulation is stopped, and (3) chronic
CS stimulation can induce adaptive changes to resistance
vasculature that are dependent on the CS stimulus protocol.

Chronic CS stimulation, defined as the delivery of con-
tinuous electrical pulses lasting longer than 1 h, robustly
decreases MAP and HR in both rat and dog models [13, 41–
43]. Human trials of the Rheos™ and Neo™ devices similarly
employed continuous stimulus pulses [55, 56]. The goal of the
current study was to determine the dependence of MAP and
HR on the pulse protocol by investigating the effects of
intermittent pulse trains of varying lengths (Fig. 1). We show
that both SD and LD pulse protocols produce comparable
changes in MAP when recorded during the stimulation period;
however, only SD stimulation is able to significantly depress

Fig. 2 Mean arterial pressure
(MAP) and heart rate (HR)
before, during, and after short-
or long-duration (SD or LD)
carotid sinus (CS) stimulation.
Upper and lower panels
depict MAP and HR summary
(mean ± SEM) and raw data
points recorded before (open
bars), during (gray bars), and
after (open bars) short- and long-
duration (SD, n= 9 and LD,
n= 8) CS stimulation protocols,
and in unstimulated sham-
operated controls (n= 9), *p <
0.05 (one-way ANOVA)
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HR (Fig. 2). These differences demonstrate, for the first time,
the influence of the parameters of CS stimulation on cardio-
vascular function. Such dependence might contribute to the
lack of consistency between previously reported CS stimula-
tion studies—although it should be emphasized that anato-
mical differences, electrode placement, pulse width, and
voltage might also play a role. Nevertheless, our data provide a
proof of principle that once electrodes are placed, the stimu-
lation parameters can be fine-tuned to achieve a desired
functional outcome.

Perhaps the most interesting and novel finding of the
current study is that MAP, but not HR, remains depressed
even after the cessation of LD but not SD stimulation

(Fig. 2). CS stimulation depresses MAP and HR by mod-
ulating autonomic function and can be observed during CS
stimulation by spectral analysis of AP and HR variability
[57, 58]. However, it is not known whether chronic sti-
mulation can induce a persistent change in autonomic
function. To address this, we examined SBPV and HRV
after the stimulation period had ended. Here, we found no
difference in SBPV or HRV before or after the stimulation
period (Fig. 3), indicating that the decrease in MAP
observed after stopping stimulation is unlikely to be due to
lasting modification of autonomic function. A limitation of
the current study is that we only tracked MAP and HR for 1
h following the stimulation period, so further study is

Fig. 3 Heart rate variability and systolic blood pressure variability before and after short- or long-duration (SD or LD) carotid sinus (CS)
stimulation. A: Summary (mean ± SEM) of low frequency (LF) of the heart rate spectra before (gray bars) and after (white bars) (CS) stimulation in
control, SD, and LD stimulation. B: Summary (mean ± SEM) and raw data points of high frequency (HF) spectra before (gray bars) and after (open
bars) control, SD, and LD stimulation. C: Summary (mean ± SEM) and raw data points of low frequency (LF) of the blood pressure spectra before
(gray bars) and after (open bars) control, SD, and LD stimulation. Control (n= 9), stimulated SD (n= 9), and LD (n= 8). No significant
differences among groups (Wilcoxon matched-pairs signed-rank test); n.u., normalized units
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needed to define the persistence of MAP adaptations.
Nevertheless, our findings support the justification for
developing more intelligent feedback systems that monitor
MAP and dynamically control the duration of stimulus and
rest periods, with the goal of reducing side effects and
prolonging device battery life [59].

We further explored the possibility that chronic CS sti-
mulation induces lasting adaptations by evaluating the
ex vivo function of resistance arterioles. Mesenteric vessels
isolated from rats treated with LD and not SD stimulation
protocols showed increased sensitivity to PE, which was not
dependent on the presence of endothelium (Fig. 4A, B).
Chronic CS stimulation produces a sustained decrease in
sympathetic output [10, 13, 14]. This might be expected to
promote an adaptive increase in vascular sensitivity to
adrenergic stimulation. Indeed, previous studies have
shown that adrenergic sensitivity is matched to sympathetic
output, and decreased sympathetic activity results in
increased sensitivity to adrenergic stimulation [60]. These
adaptations are also seen after sympathetic denervation,
where reduced sympathetic output leads to a compensatory
increase in the expression of α1-adrenergic receptors
[61, 62]. While our finding that CS stimulation promotes
PE-induced vasoconstriction is consistent with the

literature, it is counterintuitive since we would expect
vasoconstriction to increase MAP but not decrease it.
Interestingly, in vivo infusion of PE during CS stimulation
in dogs had no effect on MAP, suggesting the presence of
adaptations that oppose vasoconstriction [58].

In conclusion, we show that the cardiovascular effects
of chronic CS stimulation are intriguingly dependent on
electrical stimulation parameters. Importantly, the careful
selection of parameters not only determines changes in
HR evoked during CS stimulation but is critical for
driving lasting adaptations in the resistance vasculature.
These findings are significant because they provide a
rationale for improving baroreflex activation therapy in
humans.
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