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Fig. 1. A: Representative recordings of HR obtained utilizing binary white-noise vagal stimulation (top)
and the corresponding vagal stimulation (VS; bottom) without (left) and with (right) CSS. Thin line,
control; thick line, K.c, channel blockade with tertiapin (30 nmol-kg™ iv). B: Representative recordings
of HR obtained utilizing stepwise vagal stimulation (top) and the corresponding VS (bottom) without
(left) and with (right) CSS, which increased the basal HR and the amplitude of HR variation in both bi-
nary white-noise and stepwise vagal stimulations. A K¢, channel blockade attenuated the amplitude
of HR variation and the speed of the response of HR to vagal stimulation regardiess of CSS.

Table 1. Effects of tertiapin infusion and CSS on AP and HR before and during dynamic vagal stimulation.

CSS () CSS (4) Comparison factors
Control Tertiapin Control Tertiapin Drug CSS Interaction

AP, mmHg

Before stimulation 82.2+16.8 76.7 £201 90.5+13.8 81.8+16.6 0.022 0.641 0.546

During stimulation 80.2+18.4 76.6+21.4 81.8+14.8 75.9+19.0 0.144 0.962 0.709
HR, beats-min™'

Before stimulation 247.8 +201 2479+30.8 312.2+156 307.4+20.9 0.521 <0.001 0.494

During stimulation 211.9+17.5" 228.3+234 2443+33.3* 2481+307* 0.026 <0.001 0.308

Values are means = SD (n = 7). CSS, cardiac sympathetic stimulation; AP, arterial pressure; HR, heart rate. **P < 0.01 vs.
corresponding values before stimulation. Tertiapin was infused at 30 nmol/kg iv.

input signal and not the vagal stimulation frequency it-
self. Table 2 summarizes parameters of the transfer func-
tion at 0.01, 0.1, 0.5, and 1 Hz and also those of the step
response. Tertiapin attenuated the dynamic gain com-
pared with the control conditions regardless of CSS. The
phase approached —IT radians at the lowest frequency
and lagged with increasing frequency under the control
conditions. Tertiapin increased the phase delay in the

frequency range from 0.01 to 1 Hz. Coherence was near
unity in the overall frequency range under the control
conditions. A decrease in the coherence function from
unity was noted >0.6 Hz under the condition of the K¢,
channel blockade, which was reversed by CSS.

Figure 2B shows the calculated step response of HR to
vagal stimulation averaged for all animals under the con-
ditions of control (thin lines) and K ,, channel blockade
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CSS (1) CSS (+) Fig. 2. A: Dynamic transfer function relat-

A ing vagal stimulation to the HR responses
1 averaged from all animals (pooled data; n =

7) without (left) and with (right) CSS. Solid
lines, means; dashed lines, =SD. Thin line,
control; thick line, a K,¢, channel blockade
with tertiapin (30 nmol-kg™" iv). Top: gains;

¥ E = middle: phase shifts; bottom: coherence
EE L C | (Coh) functions. Tertiapin decreased trans-
® E B B i fer gain and increased the phase shift with
E 01l- & o ) increasing frequency. Cardiac sympathetic

stimulation increased transfer gain both
under control conditions and under condi-
tions of a K,¢, channel blockade without
i affecting the phase shift. B: Calculated step
0.01 v el response to 1 Hz tonic vagal stimulation
averaged from all animals (pooled data; n =
7) without (left) and with (right) CSS. Solid
lines, means; dashed lines, —SD. Thin line,
control; thick line, K., channel blockade
with tertiapin (30 nmol-kg™ iv). The K,g,
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Table 2. Effects of tertiapin infusion and CSS on parameters of the transfer function and step response.

CSS(-) CSS (+) Comparison factors
Control Tertiapin Control Tertiapin Drug CSS Interaction

Gain, beats'min~"-Hz™

0.01 Hz 4,58 +1.26 2.21+0.97 7173+1.15 3.28+0.92 <0.001 0.001 0.007

0.1Hz 3.81+£1.01 110+0.43 5.82+1.28 1.60+0.54 <0.001 0.007 0.015

0.5Hz 212+0.64 0.16 +£0.07 3.08+0.82 0.36 +0.17 <0.001 0.013 0.081

1Hz 1.09+0.27 0.08 £0.03 1.73+0.61 0.16+0.08 <0.001 0.019 0.044
Phase, rad

0.01 Hz 3.10+0.04 2.99+0.11 299+0.11 292+0.14 0.037 0.077 0.579

0.1Hz 2.52+0.08 1.78+ 017 2.52+0.11 1.83+0.25 <0.001 0.757 0.719

0.5Hz 0.91+013 0.03+0.27 0.90+0.10 0.35+0.10 <0.001 0.011 0.056

1Hz -056+0.33 -081+021 -041+026 -064+018 0.014 0.159 0.905
Coherence

0.01 Hz 0.95+0.05 0.87 £0.07 0.93+0.04 0.89+0.09 0.005 0.947 0.424

0.1 Hz 0.96+0.03 0.94 +0.04 0.97+£0.01 0.95+£0.02 0.004 0.440 0.835

0.5Hz 0.96+£0.02 0.83+0.08 0.91+0.08 0.93+0.04 0.026 0.259 0.006

1Hz 0.90+0.07 0.59+0.16 0.78+0.15 0.79+0.12 0.017 0.312 0.011
N S O —42412 1806 74109  -33:09 <0001 <0.001 0.005
Time constant, s 0.63+0.09 3.34£0.55 0.74+0.18 318+ 1.10 <0.001 0.913 0.560

Values are means + SD (n = 7). CSS, cardiac sympathetic stimulation. Tertiapin was infused at 30 nmol/kg iv.
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Fig. 3. A: Static HR responses relating stepwise
vagal stimulation averaged from all animals (pooled
data; n = 5) without (left) and with (right) CSS. A
Kscn channel blockade decreases the static HR re-
sponse, and the static reductions in the bradycardic
effect were greater at higher stimulation frequencies
in both conditions. B: Changes in HR responses
from baseline to vagal stimulation at 5 Hz (top left),
10 Hz (top right), 15 Hz (bottom left), and 20 Hz (bot-

20 tom right) averaged from all animals (pooled data; n
= 5). To aid an intuitive understanding, the tertiapin
condition was designated as D(-) in this panel be-
cause tertiapin blocked the direct action of ACh. S(+)
indicates the presence of CSS. Significant interac-

tion and a tendency towards significant interaction (P
= 0.051) were obtained at 5 and 10 Hz vagal stimu-
lation, respectively, but not at 15 and 20 Hz vagal
stimulation.
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be insignificant in terms of physiological HR control.

Effect of CSS on the gain of vagal HR control via
Kach channels

Because the direct action of ACh via K, is considered
to be independent of sympathetic control [12], an accentu-
ated antagonism is unlikely to occur in the direct action.
However, because the interbeat interval is determined by
the pacemaker potential of the sinus node cells, which in
turn depends on all of the potassium, sodium, and calci-
um currents, there could be interaction between the K ¢,
channel pathway and background sympathetic tone when
we observe the HR response. Changes in the sodium cur-
rent and/or calcium current induced by background sym-
pathetic tone would modify the effect of changes in the
potassium current through the K ,, channels.

Our results indicate that accentuated antagonism oc-
curred, affecting the direct action of ACh in the range of
mild vagal stimulation as follows. In the dynamic pro-
tocol that was carried out with a mean vagal stimulation
frequency of 5 Hz, significant positive interaction was
observed between the tertiapin and CSS effects, affecting
the dynamic gain as well as the calculated maximum step

response (Table 2), suggesting that the effect of the K ¢,
channel pathway was enhanced during CSS. The static
protocol also showed significant positive interaction at 5
Hz vagal stimulation (Fig. 3B). The augmentation of the
bradycardic response to vagal stimulation gained by the
direct action of ACh through the K, channels was en-
hanced under concomitant CSS.

The reason for the absence of a positive interaction be-
tween the tertiapin and CSS effects at 15 and 20 Hz vagal
stimulation is unclear (Fig. 3B). One possible explanation
is the curvilinearity of the HR response to vagal stimula-
tion. In the right panel of Fig. 3A, the tertiapin-free con-
trol data (open symbols), which correspond to S(+)D(+)
in Fig. 3B, showed the steepest slope at the 0—5 Hz vagal
stimulation step. The slope became shallower as the vagal
stimulation frequency increased, suggesting a saturation
phenomenon of HR reduction in response to vagal stimu-
lation. It is very likely that such curvilinearity masked
possible positive interaction between CSS and the direct
action of ACh in determining the HR reduction during
15 and 20 Hz vagal stimulation. Accentuated antagonism
in the direct action of ACh through K ¢, channels might
therefore operate under balanced conditions of sympa-
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In both protocols, rabbits were cared for in accordance
with the Guiding Principles for the Care and Use of Animals
in the Field of Physiological Sciences approved by the
Physiological Society of Japan. These animals were
anesthetized by a mixture of urethane (250 mg/ml) and
a-chloralose (40 mg/ml) with an initial dose of 2 ml/kg (iv)
and additional doses to maintain an appropriate level of
anesthesia. Rabbits were mechanically ventilated with
oxygen-enriched room air. Pancuronium bromide (0.1
mg/kg), a muscle relaxant was administered to prevent
contaminating muscular activities.

A catheter-tipped micromanometer was inserted into a
femoral artery to measure arterial blood pressure. After
thoracotomy, we identified a left cardiac sympathetic nerve
and the peripheral end was cut. Its efferent activity was
recorded by a pair of stainless steel wire electrodes attached
to the central end. We used silicone glue (Kwik-Sil, World
Precision Instruments, Sarasota, FL) to fix the electrode, to
provide insulation and to prevent the nerve from drying. We
band-pass filtered the electrical signal at 150-1000 Hz and
full-wave rectified, and low-pass filtered at a cutoff
frequency of 30 Hz to quantify nerve activity.

To open the negative feedback loop, we isolated both
carotid sinuses from the systemic circulation. We filled the
isolated carotid sinuses with warmed physiological saline for
longer preservation of baroreflex function. The blind-sac
carotid sinuses were connected to a servo-controlled piston
pump (model ET-126A, Labworks, Costa Mesa, CA) to
control the pressure imposed on baroreceptors. Although
being unphysiological and making baroreflex gain lower, it
was necessary to cut bilateral vagal nerves and bilateral aortic
depressor nerves to make baroreflex system fully open-loop
condition.

Signals such as arterial blood pressure (AP), integrated
sympathetic nerve activity (SNA), and carotid sinus pressure
(CSP) were simultaneously digitized by a 12-bit
analog-to-digital converter interfaced with a laboratory
computer, and were stored on a hard disk for offline analysis.
We used an arbitrary unit for nerve activity.
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SNA AP S
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Vasomotar Center
CSP % Baroreceptor SNA
v o B | — " pressue \//
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SNA L o
" Crrdiovatcular System J Neursl
¢ ‘(*2,85’ - " Peripheral
* N Baroreceptor
pressure G i Operating point
Peripheral Arc u |

AP

SNA
Fig. 1. Decoupling and recoupling of the arterial baroreflex system into
neural arc and peripheral arc. CSP, carotid sinus pressure; AP, arterial
blood pressure; SNA, sympathetic nerve activity.

B. Method to Identify Static Open-loop Characteristics of
Baroreflex System

We have opened (see above) the total negative feedback loop
of the arterial baroreflex system, and subdivided it into two
subsystems. The two subsystems include the “neural arc”
(which in turn includs baroreceptor and vasomotor center)
and the “peripheral arc” (which in turn includes various
sympathetic effectors). The neural arc corresponds to the
controller and the peripheral arc corresponds to the plant of
the baroreflex feedback system [2].

To quantify the static characteristics, we imposed stepwise
change in CSP from 40 mmHg to 160mmHg with an
increment of 20 mmHg. The particular CSP level was
maintained for 60 seconds and the steady-state CSP, SNA,
and AP were quantified by averaging the digitized values for
the last 10 seconds.

We have characterized the neural arc by the relationship
between CSP and SNA. We have characterized the peripheral
arc by the relationship between SNA and AP. By recoupling
these curves we can determine the operating point of the
baroreflex system under the closed-loop condition by the
intersection between the neural and peripheral arc curves.

C. Method to Identify Dynamic Open-loop Characteristics
of Baroreflex System

We identified the dynamic characteristics of baroreflex, with
or without electrical acupuncture. We imposed CSP changes
around the respective closed-loop operating point with the
amplitude of 20 mmHg according to a pseudorandom binary
sequence.

The wideband nature of white noise input allows
estimation of the wideband system dynamic properties. In
addition, we ensemble-averaged the input power and cross
power across multiple segments to reduce the statistical
variance [3, 4].
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Fig. 2. Method to identify dynamic characteristics of a system.
x(1), input signal; y(t), output signal; X(f) and Y(f), amplitude spectrum
of x(t) and y(t), respectively; XX(f) and YX(f), ensemble-averaged input
power spectrum and cross power (between input and output) spectrum,
respectively; H(f), transfer function; h(t), impulse response.
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We identified neural arc dynamic characteristics by
analyzing CSP as input and SNA as output. We also
identified peripheral arc dynamic characteristics by analyzing
SNA as input and AP as output. Total baroreflex dynamic
characteristics were obtained by analyzing CSP as input and
AP as output.

In reference to Fig. 2, both input [x(t)] and output [y(t)]
signals are divided into multiple segments. These data are
subjected to frequency analysis using a fast Fourier transform
(FFT) algorithm [X(f) and Y(f)]. The calculated input power
and cross power (between input and output signals) are
ensemble-averaged across segments to reduce variance
[XX(f) and YX(f)]. Finally the transfer function [H(f)] is
obtained by dividing the ensembled cross power by the
ensembled input power. The impulse response [h(t)] is
calculated by the inverse FFT of the transfer function.

D. Electrical Acupuncture

We have performed electrical acupuncture at Zusanli, i.e., the
one-fifth point (from the knee) with the use of a pair of
stainless steel wires (0.2 mm in diameter). The midpoint of
the knee-ankle distance of approximately 30-35 mm served
as the reference electrode. These needles were inserted to a
depth of 10 mm in the skin and underlying muscle (the tibialis
anterior muscle) [3].

The effects of Zusanli stimulation on baroreflex neural and
peripheral arc characteristics were studied with the
stimulation condition of 1 Hz, 5 mA, and 5Smsec. The
stimulation condition is based on preliminary experiments.
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Fig. 3. Effect of electrical acupuncture on neural arc (top left) and
peripheral arc (top right) static characteristics of arterial baroreflex,
superimposed neural and peripheral arc curves (bottom). CSP, carotid
sinus pressure; AP, arterial blood pressure; SNA, sympathetic nerve
activity; solid line, with electrical acupuncture; dashed line, without
electrical acupuncture, error bars, 1SD.

III. RESULTS

A.  Effects on Static Characteristic

The response range of SNA for the CSP change of 40-160
mmHg was obviously decreased with Zusanli stimulation
(neural arc, Fig. 3 top left). The peripheral arc does not seem
to change by Zusanli stimulation (Fig. 3 top right). These
changes resulted in the decreased AP and SNA at the
closed-loop operation point (Fig. 3 bottom).

B. Effects on Dynamic Characteristic

Fig. 4 exemplifies the time series of data obtained before and
during pseudorandom changes in CSP. We imposed changes
in CSP of £20 mmHg around the respective closed-loop
operating point.
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Fig. 4. An example of time series before and during changes in carotid
sinus pressure according to pseudorandom binary sequence, with (right)
and without (left) electrical acupuncture. CSP, carotid sinus pressure;
AP, arterial blood pressure; CSNA, cardiac sympathetic nerve activity.

Changes in dynamic characteristics of neural arc,
peripheral arc, and total loop by electrical acupuncture are
shown in Fig. 5. As shown in the figure, transfer functions
(dynamic characteristics) of neural arc, peripheral arc, and
total loop were superimposable.

Central

Peripheral Total

Gain

0.01 0.1 1 0.01 0.1 1 001 0.1 1

Fig. 5. Transfer functions (dynamic characteristics) of neural arc (left),
peripheral arc (middle), and total loop (right) of baroreflex, with (gray)
and without (black) electrical acupuncture. From top to bottom, gain,
phase, and squared magnitude of coherence are shown.
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Electroacupuncture (EA) is known to affect hemodynamics through modulation of efferent sympathetic nerve
activity (SNA), however, possible regional differences in the SNA response to EA remains to be examined. Based
on the discordance between arterial blood pressure and heart rate changes during EA, we hypothesized that
regional differences would occur among SNAs during EA. To test this hypothesis, we compared changes in
cardiac and renal SNAs in response to 1-min EA (10 Hz or 2 Hz) of a hind limb in adult cats anesthetized with

fﬁ:‘;:’;sb FOEI— pentobarbital sodium. Renal SNA remained decreased for 1 min during EA (P<0.01 for both 10 Hz and 2 Hz). In
Baroreflex contrast, cardiac SNA tented to decrease only in the beginning of EA. It increased during the end of EA (P<0.05
Arterial blood pressure for 2 Hz) and further increased after the end of EA (P<0.01 both for 10 Hz and 2 Hz). There was a quasi-linear
Heart rate relationship between renal and cardiac SNAs with a slope of 0.69 (i.e., renal SNA was more suppressed than

cardiac SNA) during the last 10 s of EA. The discrepancy between the renal and cardiac SNAs persisted after
sinoaortic denervation and vagotomy. In conclusion, EA evokes differential patterns of SNA responses and
changes the relationship between cardiac and renal SNAs.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electroacupuncture stimulation has been used to modulate autonomic
nervous activity and cardiovascular function (Kimura and Sato, 1997; Lin
et al, 2001). Several studies have demonstrated that arterial blood
pressure (AP) is decreased by acupuncture-like stimulation in anesthe-
tized animals (Kline et al., 1978; Ku and Zou, 1993; Lee and Kim, 1994; Zhou
et al., 2005). The cardiovascular responses induced by acupuncture-like
stimulation are reflexes mediated via somatic afferent nerves and
autonomic efferent nerves (Sato et al., 1994, 2002). Although slow-onset,
long-lasting effects may be characteristics of acupuncture, rapid-onset,
short-lasting effects are also reported in some experimental conditions. In
anesthetized rats, Ohsawa et al. (1995) reported that acupuncture-like
stimulation of a hind limb decreased AP in association with a decrease in
renal sympathetic nerve activity (RSNA). Uchida et al. (2007) reported that
acupuncture-like stimulation of a hind limb induced decreases in cardiac
sympathetic nerve activity (CSNA) and heart rate (HR). On the other hand,
Kobayashi et al. (1998) reported that acupuncture stimulation produced
variable responses including tachycardia, bradycardia, or no responses. We
hypothesized that regional differences in sympathetic nerve activities
would account for the diverse HR response and more consistent hypo-
tensive response reported during EA. Although Sato et al. (1981) reported
that stimulation of group Ill muscle afferent fibers of a hind limb induces
either bradycardic or tachycardic response in anesthetized cats, they did

* Corresponding author. Tel.: +81 75 751 3195; fax: +81 75 751 3203.
E-mail address: hiromi@kuhp.kyoto-u.ac,jp (H. Yamamoto).
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not measure efferent sympathetic nerve activities. To test the hypothesis
that EA would evoke regional differences among sympathetic efferent
nerve activities, we simultaneously recorded and directly compared CSNA
and RSNA during EA in anesthetized cats. The kidneys are important for a
long-term AP control via the maintenance of sodium and water balance
(DiBona, 2005). At the same time, because the kidneys receive appro-
ximately 20% of the cardiac output in resting humans (Rowell, 1974), we
thought changes in RSNA could contribute to the acute AP control. We first
examined changes in AP, HR, CSNA, and RSNA in response to 10-Hz or 2-Hz
EA of a hind limb. We then investigated possible roles of arterial baroreflex
and vagal nerve activities in the effects of EA using sinoaortic denervation
and vagotomy.

2. Methods
2.1. Surgical preparation

Animal care was provided in strict accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physiological
Sciences approved by the Physiological Society of Japan. All protocols were
approved by the Animal Subject Committee of National Cardiovascular
Center. Adult cats weighing 3.0 to 5.2 kg were anesthetized by an intra-
peritoneal injection of pentobarbital sodium (30-35 mg/kg) and venti-
lated mechanically via a tracheal tube with oxygen-supplied room air. The
depth of anesthesia was maintained with a continuous intravenous
infusion of pentobarbital sodium (1-2 mgkg “h™") through a cathe-
ter inserted into the right femoral vein. Vecuronium bromide (0.5-





