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Resistant hypertension is defined as blood pressure that remains above goal in
spite of the concurrent use of three different types of antihypertensive agents. Development of new
treatment strategies for drug-resistant hypertension is needed. Baroreflex activation therapy (BAT),
which stimulates the arterial baroreflex system to reduce sympathetic nerve activity and arterial
pressure, is one of non-pharmacological treatmenmts. However, there are responders and non-responders to
BAT, and the further understanding of the mechanism of BAT is required to predict the outcome. We
explored how BAT decreased arterial pressure from a viewpoint of differences between unmyelinated and
myelinated baroreceptor fibers using a rat model of chronic hypertension.
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(Background)

Hypertension 1is the most common risk
factor for [life-threatening cardio-
vascular diseases. Resistant hypertension
is defined as blood pressure (BP) that
remains above goal 1in spite of the
concurrent use of three different types of
antihypertensive agents. Because commonly
used antihypertensive agents are not an
effective treatment against resistant
hypertension, other treatment strategies
such as those utilizing medical
engineering may need to be developed.
Baroreflex activation therapy (BAT) is a
recently revived device-dependent therapy
that uses electrical stimulation of
baroreceptors, the sensory afferents of
the arterial Dbaroreflex, to reduce
sympathetic nerve activity and BP. Recent
overseas clinical trials using electrical
stimulation of the carotid sinus
baroreflex have demonstrated effective
long-term lowering of BP for more than 3
years in patients with resistant
hypertension (Bakris et al. 2012). While
the proof of concept for BAT seems to have
been established, further investigation
is still required before it can be used in
standard clinical practice. Especially,
there are responders and non-responders to
BAT, which strongly indicates the lack of
neurophysiological knowledge about how
the electrical activation of the
baroreflex reduces sympathetic nerve
activity and BP.

An often-overlooked issue involved in
studies using electrical activation of the
baroreflex is the existence of two types
of baroreceptor afferents: myelinated
(A-fiber) and unmyelinated (C-fiber)
(Thoren et al. 1999). Although differences
in discharge patterns of these two types
of fibers have been well documented, as far
as we know, no information is available in
the literature as to the differences in the
central processing of A-fiber and C-fiber
neural pathways  during long-term
electrical stimulation in normotensive
and hypertensive animals. Our proposed
project will provide physiological
evidence relating to the mechanisms
responsible for sustained reduction in BP
observed during BAT.
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(Purpose)

This  research  will identify the
contribution of myelinated (A-fiber) and
unmyelinated (C-fiber) type baroreceptor
central pathways to the sustained
reduction in blood pressure from
baroreflex activation therapy (BAT) in rat
models of hypertension. A better
understanding of how A-fiber and C-fiber
baroreceptor central pathways function in
hypertension will enable better selection
of suitable candidates for this newly
revived device based therapy.

(Methods)

We used spontaneously hypertensive rats
(SHR) as a chronic model of hypertension.
As a normotensive control, we used either
Sprague-Dawley rats or Wistar-Kyoto (WKY)
rats. The animals were cared for in strict
accordance with the Guiding Principles for
the Care and Use of Animals in the Field
of Physiological Sciences, which has been
approved by the Physiological Society of
Japan. The experimental protocols were
reviewed and approved by the Animal
Subjects Committee at the National
Cerebral and Cardiovascular Center.

Animals were anesthetized with an
intraperitoneal injection of a mixture of
a-chloralose and urethane. A maintenance
dose of the anesthetics was given
intravenously. Arterial pressure (AP) was
measured from a catheter inserted into the
femoral vein. Sympathetic nerve activity
(SNA) was recorded from a postganglionic
branch of the splanchnic sympathetic nerve.
The nerve activity signal was amplified
with a bandpass filter between 150 and 1000
Hz, then full-wave rectified and low-pass
filtered at 30 Hz to quantify SNA.
Protocol 1. Effect of blockade of C-fiber
afferents on the open-loop static
characteristics of the arterial
baroreflex system.

We i1solated the right subclavian region
of the aortic baroreceptors in
Sprague-Dawley rats, and imposed a
staircase-wise pressure input between 60
to 180 mmHg, which covered the entire input
pressure range of the arterial baroreflex
system. The right aortic depressor nerve
was identified under a dissecting
microscope for later periaxonal




application of resiniferatoxin, which is
a potent agonist for transient receptor
potential  vanilloid-1  (TRPV1) ion
channels. Since C-fiber but not A-fiber
baroreceptors express TRPV1, application
of resiniferatoxin permanently
depolarizes the membrane potential,
leading to the conduction blockade of
C-fiber baroreceptors. Bilateral carotid
sinuses, the left aortic depressor nerve,
and bilateral vagal nerves were denervated.
After recording SNA and AP responses to
baroreceptor pressure inputs under
control conditions, we applied
resiniferatoxin periaxonally so that it
disrupted C-fiber baroreceptors alone.
Twenty-minutes later, the staircase-wise
input protocol was repeated to examine the
effects of the C-fiber blockade on the
aortic baroreflex function.

Protocol 2. Comparison of dynamic transfer
characteristics of A-fiber versus C-fiber
baroreceptors in SHR and WKY.

From our previous study (Turner et al.
2014), we found that stimulation of the
aortic depressor nerve with high-voltage
and low-frequency pulses mainly activated
C-fiber baroreceptors whereas stimulation
with low-voltage and high-frequency
pulses mainly activated A-fiber
baroreceptors in Sprague-Dawley rats. By
combining these stimulation settings with
a binary white noise input, we separately
identified dynamic characteristics of the
A-fiber  baroreceptors and C-fiber
baroreceptors. The former exhibited
significant derivative characteristics,
whereas the latter showed weak derivative
characteristics. These results indicate
that A-fiber baroreceptors contribute to
rapid AP regulation, whereas C-fiber
baroreceptors contribute to  more
sustained AP regulation.

Based on the above knowledge, we
compared dynamic transfer characteristics
of A-fiber versus C-fiber baroreceptors in
SHR and WKY. Bilateral vagal nerves,
carotid sinus nerves and aortic depressor
nerves were sectioned. The sectioned
central end of the left aortic depressor
nerve was stimulated by the two types of
binary white noise inputs. We calculated
transfer function from aortic depressor
nerve stimulation to SNA (the central arc),
that from SNA to AP (the peripheral arc),
and that from nerve stimulation to AP
(Stim-AP arc).
<Reference>
Turner MJ, Kawada T, Shimizu S, Sugimachi
M. Sustained reduction in blood pressure

from electrical activation of the
baroreflex is mediated by the central
pathway of unmyelinated baroreceptors.
Life Sci. 2014;106:40-49.

Protocol 3. Effects of baroreflex
activation therapy (BAT) on the arterial
baroreflex system.

Baroreflex activation therapy uses
stimulation of unilateral or bilateral
carotid sinus baroreceptor stimulation to
reduce AP. As the current BAT system does
not monitor dynamic changes in AP, it could
impede native AP regulation by the other
unstimulated baroreceptors including the
aortic baroreceptors. To examine whether
BAT impede the native AP regulation, we
isolated bilateral carotid sinuses and
imposed Gaussian white noise to identify
the dynamic characteristics of the carotid
sinus baroreflex with or without
electrical stimulation of the aortic
depressor nerve. In this context, the
aortic depressor nerve is used as a target
of BAT, and the carotid sinus baroreflexes
are supposed to be unstimulated native
baroreflexes. The protocol was performed
on both normotensive WKY rats and SHR.

(Results)
Result 1. Effect of blockade of C-fiber
afferents on the open-loop static
characteristics of the arterial
baroreflex system.

The input-output relationship between
baroreceptor input pressure and efferent
AP revealed an inverse sigmoid curve.
Periaxonal application of resiniferatoxin
resulted in a lower response range and
higher minimum AP, but it did not affect
the maximum slope of the sigmoidal
relationship. These results suggest that
A-fiber baroreceptors can regulate AP when
systemic AP is around the normal operating
range. In contrast, C-fiber baroreceptors
are critically important for AP reduction
when systemic AP is raised above the normal
operating range (list of published papers
#3).

Result 2. Comparison of dynamic transfer
characteristics of A-fiber versus C-fiber
baroreceptors in SHR and WKY..

In WKY, the central arc transfer
function relating to the A-fiber
baroreceptors showed strong derivative
characteristics, whereas that relating to
the C-fiber baroreceptors exhibited
non-derivative characteristics. In SHR,
the derivative characteristics are
pronounced for the A-fiber baroreceptors.
The derivative characteristics are also




pronounced for C-fiber baroreceptors but
with a reduction of dynamic gain in the
lower frequency range. Hence, the dynamic
characteristics of the A-fiber central
pathway are enhanced in the high frequency
range, and those of the C-fiber central
pathway are attenuated 1in the Ilow
frequency range. In other words,
differences in the dynamic baroreflex
characteristics of unmyelinated and
myelinated central pathways are less
evident in SHR, which may account for the
inability of SHR to reduce long-term AP via
C-fiber baroreceptors (list of published
papers #2).

Protocol 3. Effects of baroreflex
activation therapy (BAT) on the arterial
baroreflex system.

The dynamic characteristics of
baroreflex neural arc from pressure inputs
to carotid sinus baroreceptors to efferent
SNA revealed derivative characteristics.
These  characteristics were hardly
affected by application of BAT through the
aortic depressor nerve in WKY or SHR. Hence
BAT 1is unlikely to impede the dynamic AP
regulation afforded by the unstimulated
native arterial baroreflexes.
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