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Effect of selective vagal nerve stimulation on blood
pressure, heart rate and respiratory rate in rats under
metoprolol medication

Mortimer Gierthmuehlen1 and Dennis TT Plachta1,2

Selective vagal nerve stimulation (sVNS) has been shown to reduce blood pressure without major side effects in rats. This

technology might be the key to non-medical antihypertensive treatment in patients with therapy-resistant hypertension.

β-blockers are the first-line therapy of hypertension and have in general a bradycardic effect. As VNS itself can also promote

bradycardia, it was the aim of this study to investigate the influence of the β1-selective blocker Metoprolol on the effect of sVNS

especially with respect to the heart rate. In 10 male Wistar rats, a polyimide multichannel-cuff electrode was placed around the

vagal nerve bundle to selectively stimulate the aortic depressor nerve fibers. The stimulation parameters were adapted to the

thresholds of individual animals and were in the following ranges: frequency 30–50 Hz, amplitude 0.3–1.8mA and pulse width

0.3–1.3ms. Blood pressure responses were detected with a microtip transducer in the carotid artery, and electrocardiography

was recorded with s.c. chest electrodes. After IV administration of Metoprolol (2 mg kg−1 body weight), the animals’ mean

arterial blood pressure (MAP) and heart rate (HR) decreased significantly. Although the selective electrical stimulation of the

baroreceptive fibers reduced MAP and HR, both effects were significantly alleviated by Metoprolol. As a side effect, the rate of

stimulation-induced apnea significantly increased after Metoprolol administration. sVNS can lower the MAP under Metoprolol

without causing severe bradycardia.
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INTRODUCTION

Arterial hypertension is a common disease with a prevalence of 30% 1

and is responsible for over 50% of cardio and cerebrovascular
accidents.2 Despite modern medical therapy, up to 30% of patients
with arterial hypertension, a condition in which mental stress and the
associated activation of the autonomic nervous system also have a
significant role,3 cannot be treated sufficiently4 and do not reach a
target blood pressure (BP) below 140mmHg. Knowledge of the
reason of true and pseudo-resistance is scarce.5 Among other
non-pharmaceutical treatments, the electrical activation of the arterial
baroreceptors at the carotid bifurcation has been investigated as a
potential antihypertensive therapy. A new pacing device has been
introduced to activate the baroreflex through bilateral carotid sinus
stimulation.6,7 This system, called Rheos, was able to continuously
reduce the arterial BP by up to 35mmHg over a 12-month period,
but yielded a periprocedural complication rate of ~ 20%.8

Arterial baroreceptors are also located in the aortic arch (Figure 1).
These baroreceptors send their information to the nucleus tractus
solitarii in the brainstem by means of specialized and dedicated fibers
of the vagal nerve.9 The electrical stimulation of these surgically

isolated fibers, called aortic depressor nerves (ADN), if present as a
separate strand outside the vagal nerve in rats, also reduces the BP
through activation of the baroreflex.10 As vagal nerve stimulation
(VNS) is already being used as a treatment for intractable epilepsy and
is associated with a very low complication rate,11,12 we have recently
proposed a technique of selective VNS (sVNS) with a multichannel
cuff electrode (MCE) to activate the baroreflex.13 In this approach, the
MCE is wrapped around the vagal nerve bundle, including the vagus,
the ADN, the laryngeal recurrent nerve, small supply vessels and some
connective and fat tissue. A signal detection algorithm, which is based
on coherent averaging, was used to locate the baroreceptive fibers
inside the vagal nerve bundle and identify the appropriate electrode
to selectively trigger the baroreflex. Recently, we were able to
demonstrate the reduction in arterial BP with minimal side effects
during sVNS in male Wistar rats with no medical treatment.14

Antihypertensive drugs have a benefitial effect on the cardiovascular
system well beyond the pure reduction of BP.15 In humans, β-blockers
are among the first-line treatment options for arterial hypertension,
and even if sVNS will become a treatment option of resistant
hypertension in future, β-blockers will probably be continued owing

1Department of Neurosurgery, University Medical Center Freiburg, Freiburg, Germany and 2Department of Microsystem Engineering (IMTEK), Laboratory for Biomedical
Microtechnology, Freiburg, Germany
Correspondence: Dr M Gierthmuehlen, Department of Neurosurgery, University Medical Center Freiburg, Breisacher Str. 64, Freiburg 79106, Germany.
E-mail: mortimer.gierthmuehlen@uniklinik-freiburg.de
Received 12 May 2015; revised 6 September 2015; accepted 13 September 2015; published online 19 November 2015

Hypertension Research (2016) 39, 79–87
& 2016 The Japanese Society of Hypertension All rights reserved 0916-9636/16
www.nature.com/hr

http://dx.doi.org/10.1038/hr.2015.122
mailto:mortimer.gierthmuehlen@uniklinik-freiburg.de
http://www.nature.com/hr


to their benefitial influence, for example, on cardiac efficacy. As both
treatment—β-blockers and sVNS—have the potential to promote
bradycardia, it is the aim of this study to investigate the influence of
the β1-selective agent Metoprolol on heart rate (HR), respiration rate
(RR), BP and MAP during sVNS.

METHODS
The study was approved by the Regierungspraesidium Freiburg,
Baden-Wuerttemberg and the Animal Committee of the University of Freiburg
(G13/44). The ‘Principles of laboratory animal care’ (NIH publication
no. 86-53 23, revised 1996) were followed for all experiments. The detailed
system setup and signal analysis was previously described.14,16

MCE and pressure transducer.
The MCE used in the experiments featured 24 working electrodes arranged in
8 tripoles around the cuff perimeter (45° spacing) and two large, ring-shaped
counter electrodes.17 The signals of all 24 channels (arranged in 8 tripoles) were
used to record the signals of the vagal nerve bundle. Two electrodes facing
outside were used as reference electrodes. The total length of the cuff was
10mm, the inner diameter was 0.8 mm and the distance between the cross-
sectional electrodes was 2mm. The electrode sites and interconnection lines
were sandwiched between two layers of polyimide (total thickness 11 μm). The
thin film metallization of 300 nm sputtered platinum was coated with 1000 nm
iridium oxide on the electrode sites. Three needle electrodes were placed
subcutaneously on the right and left chest and on the left foot for ECG
recording. We used a 1.5 French microtip transducer (Millar Instruments,
Houston, TX, USA) for invasive BP monitoring. The transducer was connected
to an in-house made amplifier and then put on the analog input of the data-
acquisition system. ECG and BP were recorded with the same settings on
separate input channels of the setup and RR was calculated from the cycles in
the MAP.

Surgical procedure
Ten male Wistar rats (body weight 380–420 g, mean 382 g) were anesthetized
with 2–4 vol% Isoflurane (Abbott, North Chicago, IL, USA) and received
Carprofene (Rimadyl, Pfizer, New York City, NY, USA—5mg kg− 1 body
weight s.c.) for analgesia. Anesthesia was maintained with 1–2 vol% Isoflurane
regulated by the RR. The rats were placed on a regulated, electrically isolated
heat pad (Harvard Apparatus, Holliston, MA, USA) and an IV catheter was
placed in the tail-vein. Saline solution was provided at 1ml/100 g body weight
per hour. Through a ventral neck incision, the left neurovascular sheath was
exposed and gently opened under a surgical microscope (VM900, Moeller-
Wedel GmbH, Wedel, Germany). The carotid artery was ligated distally and
temporarily interrupted proximally with an aneurysm-clip. Through a small
incision, a 1.5 French microtip transducer (Millar Instruments) was inserted

into the carotid artery and advanced until the Waynforth-position was
reached.18 The MCE was gently wrapped around the vagal nerve bundle and
connected to the data-acquisition system. The left side was used as this is
anatomically the vagal nerve that innervates the aortic baroreceptors and which
is used in almost all baroreflex experiments in the literature.

Data acquisition and localization of the baroreceptive fibers
The recording of neurograms and ECG was carried out with a PZ3 system
attached to an RZ2 module (both Tucker-Davis Technologies, Alachua, FL,
USA). The RZ2 was connected to a PC via a PCIe interface card. The PZ3
pre-amplifier recorded monopolar signals from each of the 24 electrodes and
the 2 reference electrodes with a sampling rate of 12 kHz. All input signals were
notch filtered (50Hz). The recorded and digitized signals were band-pass
filtered using Matlab (MathWorks, Natick, MA, USA; Butterworth 2nd order,
20–200 Hz). The whole surgery took place in an in-house made metal Faraday
cage made of copper wire connected to a common ground with all other
electrical devices. As previously described,16 the tripole contacts located near the
baroreceptive fibers of the ADN were identified through coherent averaging
during baseline recording for 20min, and those contacts were chosen for the
stimulation procedure described below.

sVNS and drug administration
Stimulation was done unilaterally with current controlled, charge-balanced
biphasic rectangular pulses, which were generated in the RZ2 module, and fed
into an in-house made 8-channel voltage-to-current-converter. The digital-
analog conversion rate was 24 kHz with a resolution of 16-bit. The center
electrode of the chosen tripole served as the cathode, and the two large
peripheral ring electrodes were the anodes. After localization of the tripole(s)
with BP-related activity, we proceeded with a low charge and short pulse width
(0.3 mA and 0.3ms at 40Hz) stimulation to test the responsiveness of the
stimulation site. In 8 out of 10 test animals, this level of stimulation already
resulted in a detectable BP decrease of at least 2%. We then continued with a
stimulation pattern, which was applied in all test animals (amplitudes from
0.3 to 1.8 mA, pulse widths of 0.3–1.3 ms, 0.1 increments) with repetition rates
of 30, 40 and 50Hz. In two test animals, we had to increase the stimulation
parameters to see a BP decrease and therefore started our stimulation pattern
from these higher values (0.6mA and 0.7 ms). In three animals, we conducted
additional stimulation below and beyond the borders of our fixed stimulation
pattern to validate the responsiveness of the stimulation at very high and
very low levels (durations of 0.1 and 0.2ms, as well as 1.4–1.8 ms). Each
combination of stimulation parameters was repeated three times in an arbitrary
order. All stimulations contained 100 pulses, which resulted in sweep durations
of 3.3 s for 30Hz, 2.5 s for 40Hz and 2 s for 50Hz. The intersweep intervall was
at least 10 s. Different stimulation parameters were separated by a break of at
least 20 s.
After finishing the initial recording and stimulation of the control data,

2mg kg− 1 body weight Metoprolol (Beloc, AstraZeneca, Wedel, Germany) was
intravenously administered over 5min. The rats were allowed to adapt to this
medication for another 5 min. For comparative reasons, the stimulation pattern
that was used before the application of Metoprolol was then repeated,
independent of whether we saw a BP decrease at a given parameter
combination. After the experiment and still under deep anesthesia the rats
we perfused with saline and paraformaldehyde and the vagal nerve was resected.

Statistics and data analysis
The stimulation-related BP reductions were normalized to the percent of the
original MAP. Because the pressure amplitude decreased with Metoprolol, this
step was necessary to keep the BP results of the pre- and post-Metoprolol
scenario comparable. The multivariate variables were pooled across all 10 test
animals. For statistical analysis, we built bins of stimulation parameters for the
stimulation amplitude and for the stimulation pulse width. These bins were
then tested for normality using the D’Agostini Omnibus normality test, as well
as the Shapiro–Wilk test. This procedure was performed independently for the
MAP-decrease pre- and post-Metoprolol and for HR. The Kruskal–Wallis test
and the Dunn’s test for multiple comparisons were chosen to compare the
different bins. The PQ-intervals were extracted from the ECG recording by

Figure 1 Basic concept of the closed loop of the baroreflex. The selective
vagal nerve stimulator overwrites the signals deriving from the aortic
baroreceptors and activates the baroreflex in order to lower the blood
pressure. A full color version of this figure is available at Hypertension
Research online.
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means of a in-house-written Matlab script. Some weaker ECG signals (n= 3)

were enhanced using Wiener Filter. The stimulation currents interrupted the

recording of the ECG signals. We therefore assessed the PQ-intervals of each

animal from four different time intervals (each at least 5 min), which did not

contain any stimulation. The intervals were (i) before stimulation and drug

administration, (ii) immediately after selective stimulation, (iii) during applica-

tion of Metoprolol and (iv) after stimulation under Metoprolol condition. The

PQ-intervals of these intervals were pooled, respectively, and compared using

the Kruskal–Wallis test and the Dunn’s Test for multiple comparisons.
All box plots of Figures 3 and 5 show the mean value, with the two inner

quartiles as the box frame. The whiskers present the minimum and maximum.

Significance level stars were used with the following convention: *P= 0.05–0.01,

**Po0.01–0.001, ***Po0.001–0.0001, ****Po0.0001.

RESULTS

Baselines readings for HR, RR, pulse amplitude and MAP before
and after administration of Metoprolol
On average (n= 10), it took 214.7 s (s.d.± 85.22 s) until the BP
reached a steady level after Metoprolol application (Figure 2). For the
comparison of control vs Metoprolol, we recorded the vital parameters
of all 10 animals at the beginning of the experiment (before
stimulation and application of Metoprolol) and after steady state

was established (before stimulation), for 10min. The results from
all 10 animals were pooled and tested for normality using the
Shapiro–Wilk test. After acceptance of normality we compared
the control and Metoprolol data for each vital parameter with a
two-tailed unpaired Welch t-test. (Figure 3). Metoprolol significantly
(P= 0.0002) reduced MAP from 101.3mmHg (±14.7mmHg, s.d.) to
72.7mmHg (±11.6mmHg, s.d.) and pressure amplitude changed
significantly (P= 0.006) from 19.7mmHg (±4.9 mmHg, s.d.) to
13.3mmHg (±4.0mmHg, s.d.). The HR was also significantly
(P= 0.003) influenced by Metoprolol and decreased from
369.9 b.p.m. (±49.66 b.p.m., s.d.) to 304.6 b.p.m. (±26.6 b.p.m., s.d.).
The RR was reduced from 0.88Hz (±0.08Hz, s.d.) to 0.8 Hz
(±0.085 Hz, s.d.), but this change was not significant (P= 0.0575).

Response of MAP to electrical stimulation before and after
administration of Metoprolol
Metoprolol reduced BP, HR and pressure amplitude significantly, but
selective stimulation still triggered a BP decrease at higher stimulation
intensities (Figure 4). Except for the lowest amplitude and stimulation
pulse width bins, the BP decrease of the control was significantly
higher than the BP decrease under Metoprolol (Figure 5, first row).

Figure 2 After the application of Metoprolol (arrow), the BP decreases until a steady state is reached (~200 s after injection). A full color version of this
figure is available at Hypertension Research online.

Figure 3 The effect of Metoprolol on respiration rate (RR), heart rate (HR), pulse amplitude (PA) and mean arterial blood pressure (MAP). The effects were
significant for MAP (P=0.0002), PA (P=0.006) and HR (P=0.003), but not significant on RR (P=0.0575). A full color version of this figure is available
at Hypertension Research online.
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The frequency had the smallest impact on the BP reduction,
without a significant difference within the control group and
Metoprolol-treated animals. However, on average in the control
animals, the strongest reduction was found at 40Hz, whereas in

Metoprolol-treated animals the strongest reduction was observed
at 50Hz.
The stimulation amplitude had a strong effect on the BP decrease in

both, the control and the Metoprolol-treated animals. With increasing

Figure 4 An example for the effect of sVNS on the BP before (upper row) und after (lower row) administration of Metoprolol (2mg kg−1 body weight).
Although HR and BP decreased, the stimulation still showed a BP-lowering effect. A full color version of this figure is available at Hypertension Research
online.

Figure 5 Effect of selective vagal nerve stimulation (sVNS) blood pressure (BP; mean arterial blood pressure (MAP) decrease in percentage, upper row), HR
(middle row) and occurrence of apnea (lower row) analyzed with respect to frequency (left column), amplitude (middle column) and pulse width (right
column). Surprisingly, under Metoprolol treatment, sVNS does not potentiate the bradycardic effect of the β-blocker, whereas the occurrence of apnea
increases significantly under Metoprolol treatment. Note, that on average, a 1% drop in BP is equivalent to a drop of 0.95mmHg (MAP) in the control and a
0.75mmHg drop (MAP) in the Metoprolol scenario. A full color version of this figure is available at Hypertension Research online.
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stimulation-amplitude ranges (first range: 0.3–0.5 mA, second range:
0.6–1mA, third range: 1.1–1.3mA, fourth range: 1.4–1.8mA, see
Figure 5 second column), the BP reduction increased as well, but
showed a saturation effect. In the control animals, each increase of the
stimulation range (for example, from range two to three) resulted in a
significantly bigger BP reduction. However, with each increase of
stimulation-amplitude range the P-levels of the Dunn's test statistics
became weaker (BP reduction at range one was significantly smaller
than in range two at Po0.001, BP reduction in range two was
significantly smaller than in range three at Po0.001, BP reduction in
range three was significantly smaller than in range four at Po0.05,
Dunn’s test). For the Metoprolol-treated animals, we also found a
constant increase in BP reduction with increasing amplitude, but the
saturation occurred earlier and the increase became non-significant
(range oneorange two significant at Po0.05, range twoorange three
non- significant, range 3orange 4 non-significant, Dunn’s test).
The pulse width also showed a strong yet less homogenous effect on

BP reduction. For the control group, the BP reduction significantly
increased, with a broader pulse width up to 0.5ms (BP reduction
in pulse width range 0.1–0.3msopulse width range 0.4–0.5 ms
significant at Po0.0001). Higher pulse widths did not result in
significantly higher BP decreases. The second smallest BP decrease
was found in the pulse width range four from 0.9 to 1.1 ms. The
correlation between pulse width and BP reduction was different in the
Metoprolol-treated animals. The BP reduction continuously increased
with broadened pulse width (with the exception of pulse width range
two at 0.4–0.5ms), but this increase did not always reach significant
levels (range 14range 2 non-significant, range 2orange 3 significant
with Po0.0001, range 3orange 4 non-significant, range 4orange 5
significant with Po0.001).

Response of HR to electrical stimulation before and after
administration of Metoprolol
Before Metoprolol administration, the stimulation-related reduction of
HR was influenced by the stimulation frequency, with the maximum
observed at 50Hz (Figure 5, middle row).
The stimulation amplitude had an even higher impact on the HR

reduction, (that is, the higher the amplitude, the stronger the
HR reduction), and to a much higher degree than that observed for
BP. However, the strongest as well as the most heterogeneous effect
on HR was triggered by the stimulation pulse width. Across all
stimulation parameters, the highest means for bradycardia were
released by stimulations with a pulse width between 0.6 and 0.8 ms.
Under Metoprolol, we did not see any significant bradycardia

independent from stimulation frequency, amplitude and pulse width.
The highest means in bradycardia across all stimulation parameters
were found at pulse widths between 1.2 and 1.8 ms.

Response of RR to electrical stimulation before and after
administration of Metoprolol
We assessed the occurrence of apnea at any stimulation. With the
given RR and the stimulation duration between 3.3 and 2 s, we did not
expect to see more than two respiratory dropouts. When comparing
the concurrencies of apnea of the control vs the Metoprolol group,
it becomes obvious that Metoprolol acts as a strong apnea promoter.
In the control stimulation, the highest apnea encounter (of 12%) was
observed in the amplitude stimulation range of 0.6–1mA. Apnea
occurrence never dropped below 15% at any stimulation condition
under Metoprolol, and the highest occurrence (40%) was found at
stimulation pulse width range of 1.2 to 1.8ms (Figure 5, lower row).
For the control group, the apnea distribution for frequency and
amplitude was rather heterogeneous, whereas the apnea risk seemed to
drop almost linearly with increasing pulse width.
In the Metoprolol group, the stimulation frequency did not have

any influence on RR. Interestingly, there was a slight trend for a higher
occurrence of apnea with increasing stimulation frequencies, even
though 50Hz stimulations were but 2 s in duration, whereas the 30Hz
stimulations involved 3.3 s duration for 100 pulses. The apnea rate
with changes in amplitudes resembled, but was the opposite of the
occurrence, of apnea found in the control group. Stimulation
amplitudes between 0.6 and 1ms appeared to be critical to the
baroreflex, and this was also the case under Metoprolol.

Response of PQ-intervals to electrical stimulation before and after
administration of Metoprolol
The selective stimulation under anesthesia had no significant effect on
the PQ-intervals. We found a small and insignificant drop from an
average of 50–48ms (see Table 1). The application of Metropolol
resulted in a highly significant increase of the PQ-time to an average of
59ms (Dunn's multiple test, A vs C, Po0.0001). After application of
Metoprolol, selective stimulation had a small but significant increase
in the PQ-intervals from 59ms to an average of 61ms (Dunn's
multiple test, C vs D, P= 0.05).
Finally, the occurrence of apnea showed a reciprocal behavior

within different pulse widths. Although the occurrence of apnea
decreased with increasing pulse width in the control scenario, it
significantly increased with broader pulse widths following the
administration of Metoprolol.
As the stimulation frequency was the least important factor for HR

and MAP compared with amplitude and pulse width, Figures 6 and 7
present the BP (Figure 6) and HR (Figure 7) reduction, respectively, in
a color-coded contour plot as a function of stimulation pulse width
and amplitude. In both figures, the left column shows the control
group. Unlike a typical i-t curve (intensity-duration curve), the effect
on BP was not continuously elevated with increasing stimulation
energy/time (Figure 6). Rather, there seemed to be several ‘hot spots’
where certain combinations of stimulation parameters reached the
highest effectiveness. As shown in the right column, after Metoprolol
administration, only a few combinations of amplitude (1.1–1.6 mA)
and pulse widths (1.1–1.2) had an effect on BP.
For HR reduction the contour plot for the control group illustrates

strong changes between the different stimulation frequencies
(Figure 7). At 30Hz, there did not seem to be any major hot spots
for bradycardia except for very high stimulation amplitudes combined
with rather short pulse widths. The scenario changed with increasing
stimulation frequency, which resulted in the appearance of two large
hot spots. Again, the pulse width resulted in the strongest effect at
rather low rates.

Table 1 PQ-intervals

(n=10)

Pre stimulus

(A)

Post stimulus

(B)

Metoprolol

(C)

Post stimulus

M (D)

Mean 50ms 48ms 59ms 61ms

s.d. 5ms 4ms 10.6ms 5.8ms

Normal

distribution

No No No No
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For the Metoprolol group, we had to change the scaling of the
bradycardia in percentage in Figure 7, because bradycardia was
significantly reduced by the β-antagonist. Regardless, the trend seems
to be the same; the higher the stimulation frequency, the higher is the
bradycardia rate.

DISCUSSION

The activation of the central baroreflex through electrical stimulation
of the arterial baroreceptors in the carotid sinus has already been
subject of research since the 1960s.19–21 Today it is consensus that the
baroreflex is not a linear system but influenced by several different

parameters,22 and that the type of stimulation (permanent vs pulsatile)
also has a role in baroreflex sensitivity.23 This direction of research was

abandoned in light of new upcoming antihypertensive drugs and the

technical limitations of the electrodes and batteries. In the early 2000s,

new goals in the antihypertensive therapy, which were formulated by

the WHO and aiming at achieving an arterial BP of below 140mmHg,

as well as the development of modern electrode technology shifted the

focus of research back to non-medical antihypertensive therapy

options.24 Modern carotid sinus stimulation can reduce the MAP by

30mmHg.8

Figure 6 Bivariate distribution of the BP decrease as a contour plot. BP reduction is presented in a color-coded contour plot as a function of pulse width and
amplitude. The plot gives the averaged results across all test animals. The first column illustrates the BP reduction for the three different stimulation
frequencies. Unlike a typical i-t curve (intensity-duration curve), the effect was not elevated with increasing stimulation energy/time. Rather, there seemed to
be ‘hot spots’, where certain combinations of stimulation parameters reached highest effectiveness. After the administration of Metoprolol, only a few
combinations of amplitude (1.1–1.6mA) and pulse widths (1.1–1.2) had an effect on BP. A full color version of this figure is available at Hypertension
Research online.
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We recently described a method of sVNS for activating the
baroreflex for the reduction of BP.14 As patients with therapy-
resistant hypertension treated with sVNS would, owing to their
health-related advantages beyond the pure reduction of BP, still keep
their basic antihypertensive therapy, it was the aim of this study
to investigate how the most commonly used β1-selective drug
Metoprolol interferes with sVNS in a rat model. It was of significant
interest whether the bradycardic effects of β-blockers and sVNS
superimpose and cause a severe bradycardia during stimulation.

Previous studies have demonstrated that the MAP of normotensive,
conscious rats is not significantly influenced by the administration of
the β1-selective hydrophilic agent Atenolol, whereas the HR showed
a significant decrease.25–27 Activation of the baroreflex through
bipolar stimulation of the dissected ADN before medication resulted
in a combination of BP reduction and reflex bradycardia. After
administration of Atenolol, the effect of ADN stimulation was
unaltered, whereas the reflex bradycardia was absent. The studies also
demonstrated that spontaneously hypertensive rats showed a much

Figure 7 Bivariate distribution of the HR reduction as a contour plot. HR reduction is presented in a color-coded contour plot as a function of pulse width
and amplitude. The plot gives the averaged results across all test animals. For the HR reduction, the contour plot for the control group illustrates strong
changes between the different stimulation frequencies. At 30Hz, there do not seem to be any major hot spots for bradycardia, except for very high
stimulation amplitudes at rather short pulse widths. The scenario changed with increasing stimulation frequency, which resulted in the appearance of two
large hot spots. Again, the pulse width had the strongest effects at rather low rates. A full color version of this figure is available at Hypertension Research
online.
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higher drop of MAP following both the administration of Atenolol and
stimulation of the ADN.28 This was explained by the idea that in SHR
rats the sympathetic tone is the strongest cause of the elevated MAP
and that its blockade with Atenolol results in a distinct drop in MAP.
Consistent with these results, our study in anesthetized rats showed

an amplitude-dependent drop of MAP during sVNS before the
administration of Metoprolol, with the pulse width being the second
strongest, yet most heterogenous parameter. As observed in Figure 6
and Figure 7, only certain combinations of amplitude, pulse width and
frequency showed the strongest effects on BP and HR. This result
indicates that the baroreflex is far more than a linearly working
throttle for adjusting BP and HR, but is also a multifactorial control
system that is sensitive to certain combinations of amplitude,
frequency and pulse width.
Following Metoprolol treatment, both HR and MAP showed a

significant decrease until a steady state was reached after several
minutes. Consecutive sVNS reduced both MAP and HR, but this was
significantly less pronounced then before the administration of
Metoprolol. In particular, the HR reduction was almost eliminated
by the application of Metoprolol. This observation might be explained
by the hypothesis that with a β-blocking agent all β-receptors are
already blocked so that the reflex bradycardia cannot be activated by
the decreased sympathetic tone of the baroreflex. In addition, Wang
et al.29 described β-receptors in the hypothalamic paraventricular
nucleus that might also be able to modulate the baroreflex.29 Further
studies on the influence of these receptors on the baroreflex in the
presence of different β-blocking agents might be interesting.
We also interpret the absence of a severe bradycardia during sVNS

and Metoprolol as a demonstration of the selectivity of sVNS, as no
efferent cardiac fibers were accidentally stimulated that would still
have caused a further reduction of HR in β-blocked rats. The results of
our study are consistent with the results of the aforementioned
publications, so we can conclude that sVNS by a cuff electrode
wrapped around the vagal nerve bundle stimulates the ADN with a
comparable selectivity as stimulation of the dissected ADN does.
The observation that Atenolol did not cause any influence on the

baseline MAP and the MAP during ADN stimulation is indeed
contrary to our results with Metoprolol. The only noticeable effect
of Atenolol was a decrease in baseline HR and a blunted baroreflex,
with a less-pronounced bradycardia during ADN stimulation. This
difference between our study and the previous work with Atenolol
might be caused by the fact that the aforementioned studies were
performed in conscious rats, whereas we worked with anesthetized
animals. Elevated sympathetic activity in the conscious animals might
have blurred the effect that we experienced in the unconscious rats.
Similar to our findings14 selective stimulation had hardly any effect

on the PQ-intervals. As expected, Metoprolol application significantly
elevated the PQ-interval. Under Metoprolol condition, selective vagal
stimulation increased the PQ-intervals by an average of 3.3%.
However, this finding just stretches into significance with a nivea of
P= 0.049. This observation again indicates that sVNS selectively
stimulated the ADN and that efferent stimulation of cardiac fibers
was obviously negligible during sVNS.
It has to be mentioned that with the described acute experimental

setting we are only able to investigate the acute cardiovascular onset
dynamic during sVNS, as we limited the number of pulses to 100. It is
essential to investigate sVNS also in a chronic setting in which the
stimulation parameters can be adjusted to reach a cardiovascular
steady state. Such a chronic setting will allow to investigate the long-
term influence of Metoprolol and other antihypertensive agents in a
balanced cardiovascular system. Our group will therefore continue

investigating sVNS in normotensive and hypertensive sheep in both
acute and chronic-conscious conditions.
We also noticed a significant increase in the incidence of apnea

during sVNS after the administration of Metoprolol. To our
knowledge, there is no published literature that has investigated the
spontaneous RR of rats under sVNS and β-blockade, and the existing
literature has only focused on rats under controlled ventilation.
In 1985, Langmeijer et al.30 found that overdosing β-blocking agents
resulted in lethal respiratory arrest and found this to owing to
impairments in the central respiration control.31 It is noticeable that
the effect of intravenously administered Propranolol, a very lipophilic
β-blocker,32 seemed to be the most prominent compared with other,
less lipophilic β-blockers in that study. Our observation of a massive
and highly significant increase in the occurrence of apnea owing to
sVNS after administration of Metoprolol suggests that both the
baroreflex and Metoprolol have a significant influence on central
respiratory control mechanisms. Saku et al.33 reported that apnea
appears during high-intensity afferent VNS. In contrast to our work,
they used only a stimulation frequency of 20Hz and a pulse width of
0.2 ms. In our study the occurrence of apnea did not correlate with the
intensity of the stimulation, but with their frequency and their pulse
width—and only after administration of Metoprolol. Further studies
should elucidate whether side effects like apnea could be avoided by
chosing the right combination of amplitude, pulse width and
frequency instead of stating that apnea only occurs within high
stimulation intensities.

CONCLUSION

sVNS can trigger the baroreflex in rats in an amplitude- and pulse
width-dependent manner. Metoprolol reduces HR and MAP and
blunts the effects of the baroreflex on both HR and MAP, and
therefore did not act as a promotor for severe bradycardia that
could have been expected if the baroreflex-induced withdrawel of
sympathetic activation and β-blockade superimposed. It can therefore
be assumed that sVNS could possibly used together with β-blockers
without an elevated risk of bradycardia in case sVNS becomes available
as an antihypertensive treatment option some day. Respiratory side
effects might be avoided by selecting the correct set of parameters
especially with respect to stimulation frequency and pulse width,
as these side effects might correlate less with stimulation amplitude
then expected.
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