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might attenuate vagal neurotransmission, contributing to the
aggravation of disease states.

Effects of ANG II on the transfer function from sympathetic
stimulation to HR. Although ANG II attenuated the dynamic gain
of the transfer function from sympathetic stimulation to HR
without affecting the natural frequency, damping ratio, or pure
delay, the attenuating effect was not definitive because the effect
was not significant on the steady-state response in the calculated
step response (Fig. 4 and Table 4). There are conflicting reports
about the effects of ANG II on sympathetic control of the heart.
Starke (33) reported that ANG II (1 ng/ml) potentiated NE release
in response to postganglionic sympathetic nerve stimulation in
isolated rabbit hearts, whereas no effect on spontaneous or tyra-
mine-induced NE output was observed. Farrell et al. (10) demon-
strated that administration of ANG II (100 p.M at 1 ml/min for 10
min; ~35-42 pg-kg™!) into right atrial ganglionated plexus
neurons via a branch of the right coronary artery caused the
release of catecholamine into the myocardial interstitial fluid of
anesthetized dogs, suggesting that ANG Il affects intrinsic cardiac
neurons. In that study, the effect of ANG II on the catecholamine
release induced by cardiac sympathetic nerve stimulation was not
investigated. On the other hand, Lameris et al. (19) demonstrated
that administration of ANG II (0.5 ng-kg™''min™* or 30
ng-kg~!-h™?) into the left anterior descending coronary artery of
anesthetized pigs did not yield spontaneous NE release or enhance
the NE release induced by cardiac sympathetic nerve stimulation.
Cardiac ganglia derived from different species can demonstrate
differences in phenotype for ANG II receptors, and this may
impact on the resultant neurohumoral interactions. Dendorfer
et al. (7) demonstrated that ANG II (0.3 to 1 mg/kg bolus)
increased renal sympathetic nerve activity during ganglionic
blockade in pithed rats, suggesting direct ganglionic excitation by
ANG II. In the present study, because we stimulated the postgan-
glionic cardiac sympathetic nerve, possible direct ganglionic ex-
citation by ANG II might not have affected the dynamic sympa-
thetic control of HR. In addition, postganglionic CSNA did not
change significantly in our experimental conditions (Tables 1 and 3),
indicating that the 10 pg-kg~'-h~! dose of intravenous ANG II
was:not high enough to produce. direct: ganglionic excitation.

In isolated rabbit hearts, Peach et al. (30) demonstrated that
ANG II (0.2 ng/ml) inhibited NE uptake. Starke (33) reported
a higher dose of ANG II (10 pg/ml) to inhibit NE uptake. In a
previous study from our laboratory, blockade of neuronal NE
uptake using: desipramine attenuated the dynamic gain, de-
creased the natural frequency, and increased the pure delay of
the transfer function from sympathetic stimulation to HR (28).
In the present study, however; neither the natural frequency nor
the pure delay was:changed by ANG:II, suggesting that NE
uptake Wwas not inhibited. In ‘an in'vivo study using canine
hearts, Lokhandwala et al. (22) demonstrated that ANG II (100
and 200 ng+kg~'-min~! or 6 and 12 pg-kg™ ' min~! iv) did
not affect the positive chronotropic effects of either postgan-
glionic cardiac sympathetic nerve stimulation or intravenous
NE infusion. In that study, ANG II enhanced the positive
chronotropic effects of sympathetic nerve stimulation but not
of intravenous NE infusion after blocking neuronal NE uptake
with desipramine. The authors’ interpretation of the results was
that ANG II facilitated NE release in response to sympathetic
nerve stimulation, whereas any effects of ANG II might be
masked in animals with functioning neuronal NE uptake mech-
anisms (22). To make matters more complex, Lameris et al. (19)
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did not observe enhanced NE release during cardiac sympathetic
stimulation in porcine hearts even after neuronal NE uptake was
blocked with desipramine. Thus it appears that differences in
species, ANG II doses, and experimental settings (in vivo vs.
isolated hearts, intravenous vs. intracoronary administration, with
or without the contribution of sympathetic ganglia) critically
affected the experimental results. Therefore, we believe that as-
sessing the relative effects of ANG II on the vagal and sympa-
thetic systems is important to understand the pathophysiological
roles of ANG II in the autonomic regulation of HR.

Limitations. Our results should be interpreted in the context
of various experimental limitations. First, we obtained data
from anesthetized animals. If the data had been obtained under
conscious conditions, the results might have been different.
Because we disabled the arterial baroreflexes and cut the
autonomic efferent pathways, however, the anesthetics should
not have markedly affected our results. Second, because we
stimulated the postganglionic cardiac sympathetic nerve, the
possible effects of ANG II on the sympathetic ganglia were not
assessed. Further studies that stimulate the preganglionic cardiac
sympathetic nerve with various doses of ANG II are required to
determine the effects of ANG II on the cardiac sympathetic
ganglionic transmission. Finally, ANG II may affect the auto-
nomic regulation of HR chronically. Further studies focused on
the effects of chronically elevated ANG II levels on the autonomic
regulation of HR are required to elucidate the pathophysiological
significance of elevated ANG II levels.

In conclusion, continuous intravenous administration of
ANG II at a dose that did not induce direct cardiac sympathetic
ganglionic excitation significantly attenuated the dynamic gain
of the transfer function from vagal stimulation to HR. The
attenuation of the transfer gain was observed uniformly in the
frequency range under study, suggesting that ANG II can
attenuate the HF component of HRV even when vagal outflow
from the central nervous system remains unchanged.-In addi-
tion, the same dose of ANG II did not markedly affect the
dynamic gain of the transfer function from postganglionic
sympathetic stimulation to HR. Although there remains a room
for arguments relating to the different site of stimulation
(preganglionic for vagal vs. postganglionic for sympathetic),
possible disproportional suppression of the dynamic vagal and
sympathetic regulation of HR Iikely results in a relative dom-
inance of sympathetic control in the presence of ANG II
Because many neurohumoral elements remodel or adapt during
the evolution of cardiac pathology (18), we cannot directly
extrapolate the results of acute neurohumoral interactions ob-
served in the present study to the chronic pathological situa-
tions. If we do so, however, the reduction of the HF component
of HRV in patients with cardiovascular diseases, such as
myocardial infarction and heart failure (34), may be partly
explained by the peripheral effects of ANG II'on the dynamic
autonomic regulation of HR.

APPENDIX A

Meaning of a step response calculated from a transfer function. We
calculated a step response from a transfer function relating to the
vagal or sympathetic HR control. The calculated step response is
useful for time-domain interpretation of the low-pass filter character-
istics described by the frequency-domain transfer function but does
not necessarily conform to an experimentally estimated step response
because of the following reasons. The transfer function identifies the
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linear input-output relationship of a given system around a mean input
signal (5 Hz for vagal and 2.5 Hz for sympathetic stimulation in the
present study). The step response is then calculated for a unit change
in the input signal. If we perform a kind of experiment where we
change the stimulation frequency from 4.5 to 5.5 Hz for the vagal
system and from 2 to 3 Hz for the sympathetic system, the resultant
step response is most likely close to the calculated step response. The
ordinary experimental step response is, however, estimated by a step
input in which the stimulation is completely turned off before the
stimulation starts. The calculated step response and the ordinary
experimental step response can conform only when the system is
purely linear. Whenever nonlinearities exist such as threshold and
saturation commonly observed in biological systems, the two step
responses disagree. Conversely, information gained by the ordinary
experimental step response has a limited ability to estimate the
dynamic HR response unless the system is purely linear.

Once vagal or sympathetic transfer function is identified, an im-
pulse response of the system is obtained by an inverse Fourier
transform of the transfer function. We can estimate the dynamic HR
response from a convolution of a input signal and the impulse
response. Figure 5 represents typical data of measured HR and
calculated HR based on the transfer function. Figure 54 is a contin-
uation of the time series obtained under the control condition depicted
in Fig. 1A. Figure 5B shows a scatter plot of measured HR versus
calculated HR during dynamic vagal stimulation. The solid line
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indicates a linear regression line (2 = 0.94). Figure 5C is a contin-
uation of the time series obtained under the control condition depicted
in Fig. 3A. Figure 5D shows the scatter plot of measured HR versus
calculated HR during dynamic sympathetic stimulation, The solid line
indicates a linear regression line. Although a slight convex nonlinearity is
noted between the measured HR and calculated HR, squared correlation
coefficient is high (r> = 0.89). These results indicate that the transfer
function can represent the dynamic HR response reasonably well.

APPENDIX B

Binary white noise versus Gaussian white noise. In a previous
study from our laboratory (29), we reported a corner frequency of
~0.1 Hz for a transfer function from vagal stimulation to HR, which
was distinctly different from the result of the present study. Possible
explanation for the discrepancy is the difference in the input variance
(or power) of vagal stimulation. In the previous study, we used a
Gaussian white noise (GWN) with a mean stimulation frequency of 5 Hz
and a SD of 2 Hz so that the input signal covered at most 98.8%
(means * 2.5 SD) of the Gaussian distribution when the actual stimula-
tion frequency was limited between 0 and 10 Hz. The variance of the
GWN signal is 4 Hz2. In contrast, the 0—10 Hz binary white noise used
in the present study has a variance of 25 Hz2 Hence, the binary white
noise has a merit of increasing the input variance over the GWN when the
stimulation frequency is limited between 0 and 10 Hz. Increasing the

y=0.98x + 54,2 =0.94
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Fig. 5. A: data showing vagal stimulation (Stim),
measured HR, and calculated HR based on' the
identified vagal transfer function of this animal.
Time axis indicates the minutes after the initiation
of random vagal stimulation (continuation of Fig.
1A). B: scatter plot between measured and calcu-
lated HR' values. A solid line indicates a liner
regression line. C: data showing sympathetic stim-
ulation (Stim), measured HR; and-calculated HR
based on the identified sympathetic transfer func-
tion of this animal. Time axis indicatés the min-
utes after the initiation of random sympathetic
stimulation (continuation of Fig. 3A). D: scatter
plot between measured and calculated HR values.
A solid line indicates a linear regression line.
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input variance is effective to increase the signal-to-noise ratio in the
output signal and to improve the estimation of the transfer function.

In an earlier study on the transfer function analysis, Berger et al. (3)
demonstrated that the roll-off of the vagal transfer function was gentle
(i.e., the corner frequency was high) at high mean stimulatory rates
and became more abrupt (i.e., the corner frequency was lower) with
lower mean stimulatory rates. Although they attributed the difference
in the roll-off characteristics to the difference in mean stimulatory
rates, because they set the variance of input signal at ~1/4 of the mean
stimulatory rates, which of the mean stimulatory rates or the input
variance contributed to the determination of corner frequency seems
inconclusive. Because there was no significant difference in the
corner frequency between the vagal transfer functions estimated by
GWNs of 5 + 2 Hz and 10 * 2 Hz (means * SD) in a previous
study from our laboratory (29), we speculate that the difference in
the input variance rather than the mean stimulation frequency
might have caused the different values of the corner frequency
between the previous and the present results. This speculation
requires further verification in future.
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Servo-Controlled Hind-Limb Electrical Stimulation
for Short-Term Arterial Pressure Control

Toru Kawada, MD; Shuji Shimizu, MD; Hiromi Yamamoto, MD*;
Toshiaki Shishido, MD; Atsunori Kamiya, MD; Tadayoshi Miyamoto, PhD**;
Kenji Sunagawa, MD'; Masaru Sugimachi, MD

Background: Autonomic neural intervention is a promising tool for modulating the circulatory system thereby
treating some cardiovascular diseases.

Methods and Results: In 8 pentobarbital-anesthetized cats, it was examined whether the arterial pressure (AP)
could be controlled by acupuncture-like hind-limb electrical stimulation (HES). With a 0.5-ms pulse width, HES
monotonically reduced AP as the stimulus current increased from I to SmA, suggesting that the stimulus current
could be a primary control variable. In contrast, the depressor effect of HES showed a nadir approximately 10Hz
in the frequency range between 1 and 100 Hz. Dynamic characteristics of the AP response to HES approximated
a second-order low-pass filter with dead time (gain: —10.2+1.6 mmHg/mA, natural frequency: 0.04010.004Hz,
damping ratio 1.8010.24, dead time: 1.3840.13 5, mean*SE). Based on these dynamic characteristics, a servo-
controlled HES system was developed. When a target AP value was set at 20 mmHg below the baseline AP, the
time required for the AP response to reach 90% of the target level was 38+10s. The steady-state error between
the measured and target AP values was 1.320.1 mmHg.

Conclusions: Autonomic neural intervention by acupuncture-like HES might provide an additional modality to

Circ J 2009; 73: 851-859

quantitatively control the circulatory system. (Circ J 2009; 73: 851-859)

Key Words: Proportional-integral controller; Transfer function

is often associated with cardiovascular diseases,
treating cardiovascular - diseases - by autonomic
neural interventions have attracted many researchers!-6
Recently, autonomic neural interventions using electronic
devices have again gained the focus of attention as a poten-
tial modality for treating cardiovascular diseases resistant
to conventional therapeutics. To name a few, chronic vagal
nerve: stimulation dramatically improves the: survival of
chronic heait failure after myocardial- infarction: in rats?
Chronic- baroreceptor -activation enhances the survival of
pacing-induced heart failure in dogs® A recent version of
a device-based' treatment of hypertension in human: is
reported? A framework of electrical neural intervention is
also effective to elevate arterial pressure (AP) against hypo-
tensive events!0-13
Aside from direct neural stimulation, electroacupuncture

Because abnormality in the autonomic nervous system
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can modify autonomic balance, thereby treating cardiovas-
cular diseases!*-16 Although one feature of the electroacu-
puncture might be its long-lasting effects, immediate car-
diovascular responses to acupuncture-like stimulation are
also observed in several experimental settings. For example,
a 60-s manual acupuncture-like stimulation of a hind limb
reduces renal or cardiac sympathetic nerve activity, causing
hypotension and bradycardia in anesthetized rats!?!8 We
have shown that electrical stimulation of a hind limb using
acupuncture needles immediately resets the arterial barore-
flex and reduces sympathetic nerve activity in anesthetized
rabbits!® Acupuncture-like hind-limb electrical stimulation
(HES) induces immediate hypotension with changes in the
relationship between cardiac and renal sympathetic nerve
activities in anesthetized cats20

Inthe present study, we hypothesized that AP could be
controlled by HES. Quantification of the dynamic input—
output relationship between a given stimulus and the AP
response is essential for artificially controlling: AP0-12
Accordingly, the first aim was to identify the dynamic input—
output relationship between HES and the AP response. The
second  aim was to develop a feedback controller system
that could reduce AP at a prescribed target level using HES.

Methods

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 Physiologi-
cal Society of Japan. All protocols were approved by the
Animal Subject Committee of the National Cardiovascular
Center. Eight adult cats weighing from 2.3 to 4.3kg were
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anesthetized by an intraperitoneal injection of pentobarbital
sodium (30-35mg/kg) and ventilated mechanically via a
tracheal tube with oxygen-supplied room air. The depth of
anesthesia was maintained with a continuous intravenous
infusion of pentobarbital sodium (1-2mg-kg-!-h-1) through
a catbeter inserted into the right femoral vein. Vecuronium
bromide (0.5-1.0mg-kg-!-h-!, iv) was given continuously
to suppress muscular activity. AP was measured using a
catheter-tip manometer inserted from the right femoral
artery and advanced into the thoracic aorta.

anesthetics

HES

In the supine position, both hind limbs were lifted to
obtain a better view of the lateral sides of the lower legs.
An acupuncture needle with a diameter of 0.2mm (CE0123,
Seirin-Kasei, Shimizu, Japan) was inserted into a point
below the knee joint just lateral to the tibia?0 A 23-gauge
needle was inserted into the skin behind the ankle as.the
ground: HES was applied. bilaterally via. 2 independent
isolators connected to an electrical stimulator (SEN. 7203,
Nihon Kohden, Tokyo, Japan) as shown in-Figure 1. The
pulse width was changed manually whereas the stimulus
frequency: and the stimulus: current: were: controlled by a
dedicated laboratory computer system. The electrical stimu-
lation was started after the hemodynamic effects of needle
insertion ‘had disappeared, and the acupuncture. needle
remained inserted during each protocol.

Protocols

Protocol 1 (n=8) To quantify the AP response to HES
as 4 function of stimulus current and pulse width, we fixed
the stimulus frequency at 10Hz and changed the stimulus
current stepwise from 0 to 5SmA in I-mA increments every
minute. The 6-min current test was repeated with an inter-
vening interval of 3-5 min using different pulse widths (0.1,
0.2, 0.5 and 1ms). The order of the pulse-width settings
was randomized across the animals.

Protocol 2 (n=8) To quantify the AP response to HES
as a function of stimulus frequency and pulse width, we
fixed the stimulus current at 3mA and changed the stimulus
frequency sequentially from 0 to 100Hz (0, 1, 2, 5, 10, 15,
20, 50 and 100Hz). Each stimulus frequency was maintained
for 1min. The 9-min frequency test was repeated with an

artificial ventilation 4—%1
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 needle

Figure 1. Experimental setup.

intervening interval of 3—5 min using different pulse widths
(0.1, 0.2, 0.5 and 1ms). The order of the pulse-width set-
tings was randomized across the animals.

Protocol 3 (n=8) To identify the dynamic input—output
relationship between HES and the AP response, we ran-
domly turned HES on and off every 2 s according to a binary
white noise sequence for 30 min. The HES setting (0.5-ms
pulse width, 10Hz, 3mA) was chosen to induce effective
hypotension based on the preliminary results obtained from
Protocols 1 and 2.

Protocol 4 (n=8) Based on the result of Protocol 3, we
designed a feedback controller that could automatically
adjust the stimulus frequency and the stimulus current for
HES. The pulse width was fixed at 0.5ms. To examine the
performance of the feedback controller, we set a target AP
value at 20mmHg below the baseline AP and activated the
feedback controller for 10min.

The following 2 supplemental protocols were performed
in 3 of the 8 cats: (1) we inserted 2 acupuncture needles into
the triceps surae muscle with a distance of approximately
2.5cm, and examined if changes in AP was associated with
direct muscle stimulation (0.5-ms pulse width, I0Hz, 3mA).
Both hind limbs were stimulated simultaneously.using 2
independent isolators; and (2) we exposed the sciatic nerve
after finishing Protocols 1 through 4, and examined if sec-
tioning the sciatic nerve abolished the hemodynamic effects
of HES. Unilateral HES was performed (0.5-ms pulse width,
10Hz, 3mA) before and after sectioning the ipsilateral sciatic
nerve.

Data Analysis

In Protocols 1 and 2, the AP value was obtained by
averaging the last 10-s data at each stimulus condition. In
Protocol 1, the effect of stimulus current was assessed by
changes in AP from the 0-mA stimulus condition for each
pulse width. In Protocol 2, the effect of stimulus frequency
was assessed by changes in AP from the 0-Hz stimulus con-
dition for each pulse width.

In Protocol 3, the transfer function from HES to AP was
estimated by means of an analysis for one-input, one-output
systems. Data were first resampled at 10Hz and segmented
into 8 sets of 50%-overlapping bins of 4,096 points each.
For each segment, a linear trend was subtracted and a

Circlation Journal Vol 73, May 2009
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Figure 2. (A) Typical recordings of Protocol 1 showing the effects of stimulus current and pulse width on arterial pres-
sure (AP). (B) Typical recordings of Protocol 2 showing the effects of stimulus frequency and pulse width on AP. The

white lines in the AP traces indicate 2-s moving averaged data.

(C) Changes in AP as a function of the stimulus current.

AP decreased monotonously as the stimulus current increased (P<0.05). (D) Changes in AP as a function of the stimulus
frequency. AP decreased more as the stimulus frequency increased from 1 to 10Hz but the depressor effect became

smaller when the stimulus frequency exceeded 10Hz (P<0.05).

Hanning window was"applied. Frequency spectra of the
input and output were obtained via fast Fourier transforma-
tion. Next, the ensemble averages of input power spectral
density [Sxx( f)], output power spectral density [Syy(f)],
and cross spectral density between the input and output
[Syx(.f)] were calculated over the 8 segments. Finally, the
transfer function from input to output [H( f)] was calculated
as:?l

= Su(f)

To quantify the linear dependence between the input and
output signals in the frequency domain, a magnitude-squared
coherence function [Coh( f)] was also calculated as:2!

_lsw(pl
Coh U)—W (2)
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In Protocol 4, the performance of the feedback controller
was evaluated by the time required for the AP response to
reach 90% of the target AP decrease and by the standard
deviation of the steady-state error between the target and
measured AP values during the last 5min of the 10-min
feedback control. These 2 values were calculated based on
the 2-s moving averaged data of AP.

Statistical Analysis

All data are presented as mean and SE values. In Pro-
tocol 1, changes in AP were examined by 2-way repeated-
measures analysis of variance (ANOVA) using the stimulus
current as one factor and the pulse width as the other factor??
In Protocol 2, changes in AP were examined by 2-way
repeated-measures ANOVA using the stimulus frequency
as one factor and the pulse width as the other factor. Differ-
ences were considered significant when P<0.05.
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Typical time series of Protocols 1 and 2 obtained from
one animal are shown in Figures 2A and B, respectively.
The pulse width was set in a random order. In Protocol I,
baseline AP obtained at the 0-mA stimulus condition was
118.4+5.4 mmHg across the animals. Changes in mean AP as
a function of stimulus current are summarized in Figure 2C.
The decrease in AP became greater as the stimulus current
increased. The overall statistical analysis indicated that
the effect of the stimulus current on the magnitude of AP
decrease was significant whereas that of pulse width was
not. There was no significant interaction effect between the
stimulus current and the pulse width.

In Protocol 2, baseline AP at the 0-Hz stimulus condition
was 117.615.9 mmHg across the animals. Changes in mean
AP: as a function of stimulus frequency are summarized
in Figure 2D. The decrease in AP became greater as the
stimulus frequency increased from | to 10Hz but it became
smaller when the stimulus frequency exceeded 10Hz. At
the pulse width of 1ms; the stimulus frequency of 100Hz
even increased AP. The overall statistical analysis indicated

Dynamic Characteristics of AP Response to HES

Figure 3A depicts a typical time series obtained from
Protocol 3. HES was turned on and off randomly, which
decreased the mean level of AP and also caused intermittent
AP variations. When HES was finally turned off at 30min,
AP began to increase toward the prestimulation value. A
long-lasting effect of HES was not observed in the present
protocol. The white line in the AP trace represents the 2-s
moving averaged data of AP.

The results of transfer function analysis are depicted in
Figure 3B. In the gain plot, the magnitude of AP response
relative to the HES input was plotted in the frequency
domain. The gain value became smaller as the frequency
increased, indicating the low-pass characteristics of the AP
response to HES. In the phase plot, AP showed an out-of-
phase relationship with HES at the lowest frequency
(0.0024Hz). The phase delayed more with increasing the
frequency of modulation. The coherence value was approx-
imately 0.7 in the frequency range below 0.06Hz. The
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coherence value became smaller in the frequency range
above 0.1 Hz but still retained a value of 0.5, indicating that
approximately half of the AP variation was explained by
the HES input.

The general feature of the dynamic characteristics of the
AP response to HES approximated what is known as a
second order low-pass filter with a pure dead time, which is
mathematically described as:

H()=—K __ exp(-2nfjL)
1+:z<:f—fNr j +(T{« j) ©)

where K is the steady-state gain, fw is the natural frequency,
¢ is the damping ratio, and L is the pure dead time. When we
performed an iterative non-linear least square fitting using a
downhill Simplex method, X, fi, ¢ and L were estimated as
10.2+1.6 mmHg/mA, 0.040+0.004 Hz, 1.80+0.24 and 1.38+
0.13s, respectively. A model transfer function shown in
Figure 3C was drawn using K, fiv, { and L of 10 mmHg/mA,
0.04Hz, 2 and 15, respectively.

Development of a Feedback Controller

We used a classical feedback controller to adjust the
stimulus intensity of HES23-25 In reference to Figure 4A; a
HES command is determined based on a difference between
measured and target AP values. G(f) represents the transfer
function of the controller with a proportional gain (Kp) and
an integral gain (K7). H(f) indicates the model transfer
function shown in Figure 3C. A detailed mathematical
description of the controller is supplied in Appendix A.

To circumvent a threshold phenomenon in the stimulus
current-AP- response relationship (see Appendix B for
details), the HES command (in an arbitrary unit) was trans-
formed into- the stimulus current (in'mA) by a factor of 1
(Figure 4B, Left) only when the HES command exceeded
unity. When the HES command was less than unity, the
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1
0

the 2-s moving averaged data of the simulated

time (min) AP response.

stimulus current was held at 1 mA and the HES command
was transformed into the stimulus frequency (in Hz) by a
factor of 10 (Figure 4B, Right). The stimulation was turned
off when the HES command became negative.

Several sets of simulations were conducted using the
model transfer function. The target AP was set at 20 mmHg
below the baseline AP. To mimic the pulse pressure in AP,
a 3-Hz sinusoidal wave: (corresponding to the HR of
180beats/min) with an amplitude of 15 mmHg (correspond-
ing to the pulse pressure of 30 mmHg) was added to the AP
signal. To avoid pulsatile variation in the HES command,
we set the proportional gain at zero. Under this condition,
when the integral gain was set at 0.001; AP decreased grad-
ually and it took more than 3min fo reach the target AP
(Figure 4C, Left). When the integral gain was set at 0.005,
AP decreased more promptly and reached the target AP in
less than 1 min (Figure 4C, Center). When the integral gain
was set at 0.01, the AP response occurred more rapidly but
showed significant oscillations before settling (Figure 4C,
Right). Based on these simulation results, we set the pro-
portional gain at zero and the integral gain at 0,005 for the
actual feedback-control experiment in Protocol 4.

Performance of the Feedback Controller

Figure SA demonstrates the AP regulation by HES
obtained from 2 typical animals. The proportional and inte-
gral gains of the controller were not altered among the
animals (ie, Kp=0, Kr=0.005). The white line in the AP
trace indicates 2-s moving averaged data. The target AP was
set at 20mmHg below the AP value just before the applica-
tion of HES. The feedback controller was activated for
10min, which' decreased AP at the target level. The HES
command was individualized via the feedback mechanism.
In the left panel of Figure 5A, the HES command gradually
increased throughout the 10-min regulation. In the right
panel of Figure SA, the HES command was less than unity
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from 1 to 7min of the 10-min regulation. In this time period,
the HES command altered the stimulus frequency rather
than the stimulus current.

Mean and mean SE values of the HES command aver-
aged from 8 animals are shown in the top panel of Figure

5B. There was a large variance in the HES command among
the animals, suggesting inter-individual differences in the
responsiveness to HES. The target AP was 102.5£5.6 mmHg
across the animals. The error signal between the target AP
and measured AP disappeared in less than 1 min (Figure 5B,
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Figure 7. Typical recordings showing failure of controlling the intensity of the hind-limb electrical stimulation during the
course of controller development. In this experimental run, only the stimulus current was controlled with a fixed stimulus
frequency at 10 Hz. The controller showed on—off type controller behavior once the arterial pressure (AP) approached the
target level. The horizontal dashed line indicates the target AP level.

Bottom). The time required for the AP response to reach
90% of the target AP decrease was 38+10s. Thereafter, the
error remained very small until the end of the 10-min regu-
lation. The standard deviation of the steady-state error was
1.31+0.1 mmHg. After the end of the feedback regulation, the
error signal gradually returned to approximately 20mmHg.

Figure 6 represents typical results of the supplemental
protocols. Electrical stimulation of the triceps surae muscle
(denoted as “MS”) did not change AP significantly in spite
of visible twitching of the stimulated muscle, suggesting
that the depressor response to HES was not the outcome of
the direct muscle stimulation (Figure 6A). Sectioning the
ipsilateral sciatic nerve abolished the depressor effect of
HES, suggesting that somatic afferent signals were delivered
through the sciatic nerve to the central nervous system
during HES (Figure 6B).

Discussion

We identified the dynamic input-output- relationship
between HES and the AP response. By using the model
transfer function from HES to AP, we were able to develop
a servo-controller that automatically adjusted the: HES
command to reduce AP at a prescribed target level.

Development of the Feedback Controller

The stimulus current-AP response relationship showed
a monotonous decreasing slope (Figure 2C). Because the
effect of the pulse width was statistically insignificant, we
chose the stimulus current as a primary control variable.
The problem with using the stimulus current for the control
variable was that a certain threshold current existed between
0 and 1 mA where the AP response to HES became discon-
tinuous. If the stimulus current happened to be feedback
controlled near the threshold current; AP showed significant
oscillation around the target level (Figure 7, see Appendix
B for details). To avoid such a problem related to the thresh-
old current, we set the minimum current {6 I mA (above the
threshold current) and used the stimulus frequency as a
secondary control variable (Figure 4B).

The stimulus frequency-AP response relationship revealed
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a valley-shaped curve with the nadir of approximately
10Hz (Figure 2D). The result is similar to that obtained by
stimulating hamstring muscle afferent nerves26 From the
viewpoint of controller design, the valley-shaped input—
output relationship is troublesome because the proportional-
integral controller only assumes a monotonous input—output
relationship?* To avoid the problem of the valley-shaped
input-output relationship, we limited the stimulus frequency
to the range from O to 10Hz (Figure 4B, Right). A similar
strategy of selecting the monotonous input—output portion
was used in a previous study!2

We quantified the dynamic: AP response to HES using a
transfer function analysis (Figure 3B), and modeled it by a
second-order low-pass filter with a pure dead time (Figure
3C). Once the transfer function is modeled, we could con-
struct a'numerical simulator for the feedback controller
design (Figure 4A). Because the optimization: of control
parameters usually requires a number of trials; even if the
initial values are selected via classical methods such as the
Ziegler-Nichols® method?? it is impractical to determine
optimal parameter values without using the simulator: The
simulation results indicated that the integral gain value of
0.005 would provide rapid and stable AP regulation (Figure
4C).-Because the controller was designed: via intensive
simulations, AP was actually controlled at the target level
with a small variance (Figure SB, Bottom). Note that the
current and frequency of HES were automatically adjusted
and individualized via the feedback mechanism (Figure
5A).

Bionic Strategies Using Neural Interfaces

A framework of treating cardiovascular diseases using
neural interfaces is intriguing because the autonomic nervous
system exerts powerful influences on the circulatory system.
In previous studies, we identified the dynamic characteris-
tics of the arterial baroreflex system and used them to design
an- artificial vasomotor center. The artificial vasomotor
center was able to conttol AP by stimulating the celiac
garglia in anesthetized rats!®1! or the spinal cord in anes-
thetized cats!? The strength and rapidity of the neural effect
on the cardiovascular system compared with that of the
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humoral effect?”.28 make the neural interventions desirable
for the rapid and stable restoration of AP against acute dis-
turbances such as those induced by postural changes. Gotoh
et al demonstrated that a direct neural interface to the rostral
ventrolateral medulla also enabled rapid and stable restora-
tion of AP during nitroprusside-induced hypotension in
conscious rats?® The bionic system to control AP has also
been applied in human subjects!3

Although the aforementioned bionic systems aimed to
maintain AP against acute hypotension by increasing sym-
pathetic nerve activityl0-13.29 sympathoinhibition might also
be required for the: treatment of cardiovascular diseases
accompanying sympathetic overactivity. Baroreceptor acti-
vation is one of the potential sympathoinhibitory neural
modulation3? In the present study we only demonstrated a
framework of short-term AP control by HES. With a devel-
opment of proper implanting electrodes, however, we might
be able to control AP chronically using HES. Although
carotid sinus baroreceptor stimulation has a potential to treat
drug-resistant hypertension? it could activate peripheral
chemoreflex by stimulating carotid bodies. HES might cir-
curnvent such unintentional chemoreflex activation. Another
clinical implication will be the treatment of chronic heart
failure. Although the vagal effect of HES was not evaluated
in the present study, acupuncture stimulation might facilitate
cardiac vagal activity3® Because chronic intermittent vagal
nerve stimulation increased the survival of chronic heart
failure rats] chronic intermittent HES might be used as an
alternative method of direct vagal nerve stimulation for the
treatment of chronic heart failure.

Study Limitations

First, we did not identify the mechanism of HES. Because
sectioning of the ipsilateral sciatic nerve abolished the AP
response to HES (Figure 6B), somatic afferent is involved
in the effect of HES. In a series of studies, Chao et al and Li
et al demonstrated that electroacupuncture activated group
Il and IV fibers in the median nerves and inhibited sympa-
thetic outflow via activation of u- and J-opioid receptors
in the rostral ventrolateral medulla3!32 Whether a similar
mechanism underlies in the rapid-onset and short-lasting
effect of HES awaits further studies.

Second, we used pentobarbital. anesthesia.. Although
peripheral neurotransmissions of norepinephrine and acetyl-
choline: can. be. assessed: under the same. anesthesia2833
because pentobarbital can suppress many neurotransmitters
in. the ‘central’ nervous - system3* anesthesia might. compro-
mise the HES effect, Further studies are required to establish
the utility-of HES in awake conditions.

Third, we set the proportional gain of the controller at zero
to avoid pulsatile changes in the HES command. However,
other approaches such as that using a low-passed signal of
measured AP as a controlled variable might also be effec-
tive to avoid the pulsatile variation in the HES command.

Finally, a development of implanting electrodes is the
prerequisite for chronic use of HES. Intramuscular electrodes
used in functional electrical stimulation might be used for
HES but further refinements are clearly needed regarding
the positioning of electrodes including the depth of implan-
tation33.36

In conclusion, we identified the dynamic characteristics of
the AP response to acupuncture-like HES and demonstrated
that a servo-controlled HES system was able to reduce AP at
a prescribed target level. Although further studies are required
to identify the mechanism of HES to reduce AP, acupunc-
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ture-like HES would be an additional modality to exert a
quantitative depressor effect on the cardiovascular system.
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Appendix A

Framework of the Feedback Controller

Figure 4A is a simplified block diagram of the feedback controller
system used in the present study. The controller was based on a propor-
tional-integral controller-25 G(f) represents the transfer function of the
controller.

= K,

G(f)“"KP"' 27Tfj (A])
where Kp and K7 denote proportional and integral gains, respectively. j rep-
resents the imaginary unit. Negative signs for the proportional and integral
gains compensate for the negative input—output relationship between HES
and the AP response. H(f) represents a model transfer function from HES
to AP determined from Protocol 3. The measured AP can be expressed as:

APyeanurea f)=H(fYHES(f)+APyine(f) (A2)

where APnoise(f) is the AP fluctuation such as that associated with changes
in animal conditions. The controller compares the measured AP with the
target AP, and adjusts the HES command to minimize the difference
between them according to the following equation:

HES(f)=G(f WAPtargei Y ~APsteasurea(f)] A3

By eliminating HES(f) from the equations A2 and A3, the overall con-
troller characteristics are described as:

- GWOH( !
APMMI"""‘I(f)_I'i-G(f)H(f) APTurxeA(f)+]+G(f)H(f) APNui:e(f) (A4)

The equation A4 indicates that if G(f) is properly selected so that
G(f)H(f) becomes by far greater than unity, the measured AP approaches
the target AP whereas the noise term is significantly attenuated over the
frequency range of interest.

Appendix B

Problem with the Threshold Current

We tried to adjust the intensity of HES by the stimulus current alone.
When the stimulus current happened to be feedback controlled near a
threshold current, however, the controller showed an on-off type controller
behavior around the target AP level, as shown in Figure 7. At time zero,
the controller was activated. The stimulus current increased to approxi-
mately 2.7mA in the beginning and then decreased to a value below 1 mA,
accompanying the AP reduction around a target level (a horizontal dashed
line). However, the stimulus current and AP did not stabilize. Because the
AP response was discontinuous at the threshold current (ie, the depressor
effect of HES was abruptly turned on and off), the controller could not
adjust the stimulus current in a continuous manner. To avoid this kind of
on~off type controller behavior, we introduced the stimulus frequency as
the secondary control variable (Figure 4B).
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Abstract Although an acute arterial pressure (AP) eleva-
tion induced by intravenous angiotensin II (ANG II) does not
inhibit sympathetic nerve activity (SNA) compared to an
equivalent AP elevation induced by phenylephrine, there are
conflicting reports as to how circulating ANG II affects the
baroreflex control of SNA. Because most studies have esti-
mated the baroreflex function under closed-loop conditions,
differences in the rate of input pressure change and the
magnitude of pulsatility may have biased the estimation
results. We examined the effects of intravenous ANG II
(10 pg kg~' h™") on the open-loop system characteristics of
the carotid sinus baroreflex in anesthetized and vagotomized
rats. Carotid sinus pressure (CSP) was raised from 60 to
180 mmHg in increments of 20 mmHg every minute, and
steady-state responses in systemic AP, splanchnic SNA and
heart rate (HR) were analyzed using a four-parameter
logistic function. ANG II significantly increased the mini-
mum values of AP (67.6 & 4.6 vs. 101.4 4= 10.9 mmHg,
P < 0.01), SNA (33.3 &+ 5.4 vs. 56.5 + 11.5%, P < 0.05)
and HR (391.1 &£ 13.7 vs. 4174 £ 11.5 beats/min,
P < 0.01). ANG II, however, did not attenuate the response
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range for AP (56.2 &+ 7.2 vs. 49.7 &+ 6.2 mmHg), SNA
(69.6 £ 5.7 vs. 789 £9.1%) or HR (41.7 £ 5.1 vs.
51.2 £ 3.8 beats/min). The maximum gain was not affected
for AP (1.57 £ 0.28 vs. 1.20 =+ 0.25), SNA (1.94 & 0.34 vs.
2.04 £ 0.42%/mmHg) or HR (1.11 £ 0.12vs. 1.28 £ 0.19
beats min~' mmHg™"). It is concluded that high levels of
circulating ANG II did not attenuate the response range of
open-loop carotid sinus baroreflex control for AP, SNA or
HR in anesthetized and vagotomized rats.

Keywords Systems analysis - Open-loop gain -
Equilibrium diagram - Carotid sinus baroreflex -
Rats

Introduction

The arterial baroreflex is an important negative feedback
system that stabilizes systemic arterial pressure (AP) dur-
ing daily activities. The sympathetic arterial baroreflex can
be divided into the neural and peripheral arc subsystems
[1]. The neural arc characterizes the input—output relation
between the baroreceptor pressure input and efferent
sympathetic nerve activity (SNA), whereas the peripheral
arc defines the input—output relation between SNA and AP.
These subsystems operate as a controller and a plant,
respectively, in the negative feedback loop. Although the
input signal to the neural arc is primarily the absolute input
pressure level, the rate of input pressure change [1-3] and
the magnitude of pulsatility [4-7] are also important input
signals that critically affect the baroreflex function. Many
investigators employ pharmacologic interventions, such as
intravenous phenylephrine and nitroprusside administra-
tion, to estimate baroreflex function under closed-loop
conditions. The rate of input pressure change and the
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magnitude of pulsatility, however, may vary within and
between studies, which could bias the estimation results. In
addition, experiments performed under baroreflex closed-
loop conditions do not usually permit an evaluation of the
baroreflex control of AP, because measured AP cannot be
separated into signals for the input pressure and output
pressure. An open-loop experiment with isolated barore-
ceptor regions is therefore required to evaluate the baro-
reflex function precisely.

Angiotensin II (ANG II) can affect the arterial barore-
flex by centrally increasing sympathetic outflow, stimu-
lating sympathetic ganglia and the adrenal medulla, and
facilitating neurotransmission at sympathetic nerve endings
[8]. Although an acute AP elevation induced by intrave-
nous ANG II does not inhibit SNA compared to an
equivalent AP elevation induced by phenylephrine, how
circulating ANG II affects the baroreflex control of SNA
varies among reports, i.e., intravenous ANG has been
shown to attenuate [9, 10] or not attenuate [11, 12] the
baroreflex control of SNA. Because it is related to the
pathologic sympathoexcitation observed in such cardio-
vascular diseases as chronic heart failure [13], analyzing
the effects of circulating ANG II on the baroreflex open-
loop system characteristics will deepen our understanding
of the pathologic roles of ANG II. In the present study, we
examined the effects of intravenous ANG 1II
(10 ug kg™ h™" or 167 ng kg~' min™") on the open-loop
system characteristics of the baroreflex neural and periph-
eral arcs in anesthetized rats. We hypothesized that ANG II
would increase the minimum SNA and attenuate the range
of SNA response because the maximum SNA may be
saturated. Contrary to our hypothesis, ANG II increased
both the minimum and maximum SNA, preserving the
range of SNA response controlled by the arterial
baroreflex.

Materials and methods

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. All experimental
protocols were reviewed and approved by the Animal
Subjects Committee at the National Cardiovascular Center.

Baroreflex open-loop experiment

Male Sprague-Dawley rats (n =8, 482 &+ 14 g body
weight, mean + SE) were anesthetized with an intraperi-
toneal injection (2 ml/kg) of a mixture of urethane
(250 mg/ml) and o-chloralose (40 mg/ml), and mechani-
cally ventilated with oxygen-enriched room air. A venous
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catheter was inserted into the right femoral vein, and a
tenfold dilution of the anesthetic mixture was administered
(2 ml kg~' h™') to maintain an appropriate level of anes-
thesia. An arterial catheter was inserted into the right
femoral artery to measure AP. A cardiotachometer was
used to measure heart rate (HR). Another venous catheter
was inserted into the left femoral vein to administer
Ringer’s solution with or without ANG IL.

We exposed a postganglionic branch of the splanchnic
nerve through a left flank incision and attached a pair of
stainless steel wire electrodes (Bioflex wire AS633, Cooner
Wire, CA) to record SNA. The nerve and electrodes were
covered with silicone glue (Kwik-Sil, World Precision
Instruments, Sarasota, FL) for insulation and fixation. To
quantify the nerve activity, the preamplified nerve signal
was band-pass filtered at 150-1,000 Hz, and then full-wave
rectified and low-pass filtered with a cutoff frequency of
30 Hz. Pancuronium bromide (0.4 mgkg™'h™") was
administered to prevent muscular activity from contami-
nating the SNA recording. At the end of the experiment, we
confirmed the disappearance of SNA after an intravenous
bolus injection of hexamethonium bromide (60 mg/kg) and
recorded the noise level.

The vagal and aortic depressor nerves were sectioned at
the neck to avoid reflexes from the cardiopulmonary region
and aortic arch. The bilateral carotid sinuses were isolated
from the systemic circulation according to previously
reported procedures [14, 15]. Briefly, a fine needle with a
7-0 polypropylene suture (PROLENE, Ethicon, GA, USA)
was passed through the tissue between the external and
internal carotid arteries, and the external carotid artery was
ligated close to the carotid bifurcation. The internal carotid
artery was embolized using two or three bearing balls
(0.8 mm in diameter, Tsubaki Nakashima, Nara, Japan),
which were injected from the common carotid artery. The
isolated carotid sinuses were filled with warmed Ringer’s
solution through catheters inserted via the common carotid
arteries. Carotid sinus pressure (CSP) was controlled using
a servo-controlled piston pump. Heparin sodium (100 U/
kg) was given intravenously to prevent blood coagulation.
Body temperature was maintained at approximately 38°C
with a heating pad.

Protocols

Sympathetic nerve activity and AP responses to CSP per-
turbations were monitored for at least 30 min after the
surgical preparation was completed. If these responses
became smaller within this period, the animal was dis-
carded from the study. Possible causes for deteriorations in
the responses include surgical damage to the carotid sinus
nerves and brain ischemia due to bilateral carotid
occlusion.
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The CSP was decreased to 60 mmHg for 4—6 min, and then
increased every minute from 60 to 180 mmHg using
20-mmHg increments. At least four step cycles were per-
formed under control conditions while Ringer’s solution was
continuously administered (6 ml kg™" h™"). After recording
the control data, the intravenous Ringer’s solution was
replaced with that containing ANG II (167 ng kg™" min™").
The dose of ANG II was chosen to induce a significant pressor
effect based on previous studies [16, 17]. At least three step
cycles were performed during ANG II administration.

Data analysis

Data were sampled at 200 Hz using a 16-bit analog-to-
digital converter and stored on the hard disk of a dedicated
laboratory computer system. To quantify the open-loop
static characteristics of the carotid sinus baroreflex, mean
values of SNA, AP and HR were calculated during the last
10 s at each CSP level. The effects of ANG II were
assessed during the third step cycle after ANG II admin-
istration began, at which point the hemodynamic responses
to ANG II appeared to reach steady state. Comparisons
were made against two control step cycles (control 1 and
control 2, see Fig. 1). In each animal, the SNA noise level
recorded after the administration of hexamethonium bro-
mide was set to zero. The SNA values obtained at a CSP
level of 60 mmHg during control 1 and control 2 were
averaged and defined as 100%.

The open-loop characteristics of the AP, SNA and HR
responses as functions of CSP were quantified by fitting a
four-parameter logistic function to the obtained data as
follows [18]:

1+ exp[P2(CSP — P3)

b § ] + P4.
where y represents AP, SNA or HR; P, is the response
range (the difference between the maximum and minimum
values of y); P, is a slope coefficient; P; is the midpoint in
CSP; P, is the minimum value of y. The maximum gain or
maximum slope of the sigmoidal curve was obtained from
P1P,/4.

The open-loop characteristics of the baroreflex periph-
eral arc (i.e., SNA-AP relation) were quantified using
linear regression analysis as follows:

AP =a x SNA + b.

where a and b represent the slope and intercept of the
regression line, respectively.

Statistical analysis

All parameters were compared among control 1, control 2
and ANG II conditions using repeated-measures analysis of

variance [19]. When there was a significant difference
among the three conditions, all pairwise comparisons were
performed using the Student-Neuman-Keuls test. Differ-
ences were considered significant at P < 0.05. All data are
expressed as mean and SE values.

Results

Typical experimental recordings are shown in Fig. 1. The
stepwise input from 60 to 180 mmHg was imposed
repeatedly on CSP. An increase in CSP decreased SNA.
m-SNA represents the 5-s moving-average signal of the
percentage of SNA. AP and HR were also decreased in
response to increases in CSP. After ANG II administration
was initiated, the levels of SNA, AP and HR all increased
compared to the levels before ANG II administration. The
responses in SNA, AP and HR to the CSP input appeared to
be preserved. Data obtained from the three boxes with
dashed lines (control 1, control 2 and ANG II) were used
for the statistical analysis.

The open-loop characteristics of the total baroreflex
revealed sigmoidal nonlinearity (Fig. 2a). No significant
differences were observed between the two control condi-
tions. ANG II significantly increased the minimum AP
without affecting the response range, slope coefficient or
midpoint in CSP (Table 1). The maximum gain of the total
baroreflex was unchanged. The open-loop characteristics of
the baroreflex control of HR also approximated sigmoidal
nonlinearity (Fig. 2b), and no significant differences were
observed between the two control conditions. ANG II
significantly increased the minimum HR without affecting
the response range, slope coefficient or midpoint in CSP
(Table 1). The maximum slope of the baroreflex control of
HR was unchanged.

The total baroreflex was decomposed into the neural
and peripheral arc subsystems. The open-loop charac-
teristics of the baroreflex neural arc revealed sigmoidal
nonlinearity (Fig. 3a). There were no significant differ-
ences between the two control conditions. ANG II sig-
nificantly increased the minimum SNA (Table 1).
Although the midpoint in CSP was lower in ANG II than
in control 1, the difference was not significant when
compared with control 2. ANG II did not affect the
response range, slope coefficient or the maximum slope
of the baroreflex control of SNA. The open-loop char-
acteristics of the baroreflex peripheral arc approximated
a straight line (Fig. 3b). There were no significant dif-
ferences between the two control conditions. ANG II
significantly increased the intercept of the regression line
(Table 1). AP at 100% SNA did not change significantly,
suggesting that the slope of the regression line could be
shallower under the ANG II condition. The slope of the
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Fig. 1 Typical recordings of carotid sinus pressure (CSP), splanchnic
sympathetic nerve activity (SNA), the 5-s moving-average signal of
the percentage of SNA (1n-SNA), systemic arterial pressure (AP) and
heart rate (HR). CSP was changed stepwise from 60 to 180 mmHg in
20-mmHg increments every minute. Angiotensin II (ANG II) was

regression line, however, was not statistically different
among the three conditions.

An equilibrium diagram or a balance diagram was
obtained by drawing the neural and peripheral arcs using
SNA as the common abscissa and CSP or AP as an ordinate
[20-22]. Figure 4 illustrates the equilibrium diagrams
under the control 2 (dashed line) and ANG II (solid line)
conditions, which were drawn based on the mean param-
eter values from the logistic function and regression line.
Open and filled circles represent the closed-loop operating
points under the control 2 and ANG II conditions,
respectively. Although AP at the closed-loop operating
point was significantly increased by the intravenous ANG
II, SNA at the closed-loop operating point was unchanged
(Table 1). If ANG II affected the peripheral arc alone, the
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administered intravenously while the CSP perturbation was contin-
ued. ANG 1I significantly increased SNA, AP and HR. Reflex
responses in SNA, AP and HR were not attenuated in the presence of
ANG 11. Dashed boxes indicate the step cycles used for the statistical
analysis

closed-operating point may have been located at the point
depicted by the open triangle. If ANG II affected the neural
arc alone, the closed-loop operating point may have been
located at the point depicted by the filled triangle.

Discussion

Effects of ANG II on open-loop baroreflex control
of SNA

Intravenous ANG II at 167 ng kg™' min™' shifted the
open-loop baroreflex control of splanchnic SNA toward
higher SNA values without attenuating the size of the
response range (Fig. 3a; Table 1). The maximum slope was
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Fig. 2 a Averaged input-output relation of the total baroreflex. AP
decreased in response to an increase in the CSP. ANG II increased
AP, while the range of the AP response was preserved. b Averaged

unaltered, which agreed with a previous study from our
laboratory in which intravenous ANG 1II at
100 ng kg~! min~" did not change the dynamic gain of the
neural arc in anesthetized rabbits [23]. In contrast, Sand-
erford and Bishop demonstrated that ANG II at 10 or
20 ng kg~! min~' significantly reduced the maximum
renal SNA and attenuated the range of baroreflex control of
renal SNA in conscious rabbits [9, 24]. On the other hand,
Tan et al. [12] demonstrated that intravenous ANG II at
400 ng kg~! min~! did not increase the levels of renal
SNA in anesthetized rats. The regional differences in SNA
may partly explain the conflicting results, because
Fukiyama [25] noted that ANG II infusion (3.5-9.5
ng kg~! min™") through the vertebral artery resulted in an
increase in splanchnic SNA, a transient increase followed
by a decrease in renal SNA, and no change in cardiac SNA
in anesthetized dogs.

Activation of the renin-angiotensin system contributes
to the pathologic sympathoexcitation observed in such
cardiovascular diseases as chronic heart failure. In
addition to the augmented cardiac sympathetic reflex,
impairment of the arterial baroreflex is thought to con-
tribute to sympathoexcitation [13]. The present results
indicate that ANG II may increase SNA, but it does not
attenuate baroreflex control of SNA such that the

input-output relation of the arterial baroreflex control of HR. HR
decreased in response to an increase in the CSP. ANG II increased the
HR, while the range of the HR response was preserved

magnitude of the SNA response to the input pressure
change is preserved (Fig. 3a). ANG II also did not
attenuate the gain of the total baroreflex estimated by the
magnitude of the AP response to the input pressure
change (Fig. 2a). Therefore, the observed weakening of
the baroreflex reported in patients with chronic heart
failure may not be readily explainable by an acute effect
of high circulating levels of ANG II.

Several studies have demonstrated that ANG
I-induced hypertension does not decrease SNA via the
arterial baroreflex compared to equivalent hypertension
induced by phenylephrine [10, 12, 26]. Although those
results seem to be consistent with the idea that ANG II
blunts the arterial baroreflex, the experimental protocol is
confusing, and the interpretation could be wrong as
follows. The intersection between the neural and
peripheral arcs in the baroreflex equilibrium diagram
conforms to the closed-loop operating point [21, 27, 28].
In the present study, ANG II significantly increased AP
without significant changes in SNA at the closed-loop
operating point (Fig. 4, open vs. filled circles; Table 1).
If we calculate the baroreflex control of SNA based on
ANG II-induced hypertension, therefore, we would
incorrectly conclude that the baroreflex does not control
SNA. If we observe the SNA response to changes in
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Table 1 Effects of intravenous

angiotensin II (ANG II) on the Control 1 Control 2 ANG I
parameters of logistic functions Total baroreflex, CSP-AP relation
and regression lines of the open-
loop baroreflex characteristics Py (mmHg) 562+72 563 £ 64 49.7+6.2
P, (mmHg™") 0.116 + 0.019 0.118 + 0.015 0.094 &+ 0.013
P; (mmHg) 129.2 £ 3.5 1245 +£ 2.8 125.7 £ 3.2
P, (mmHg) 67.6 £ 4.6 69.7 £ 5.8 101.4 & 10.9%%
Maximum gain 1.57 £ 0.28 1.58 + 0.22 1.20 £ 0.25
Baroreflex control of HR, CSP-HR relation
P, (beats/min) 417 £ 5.1 439 £ 6.2 512 £ 3.8
P, (mmHg™") 0.123 + 0.027 0.133 + 0.018 0.099 + 0.013
P; (mmHg) 131.8 £ 3.8 125.8 + 3.6 129.1 + 2.6
P, (beats/min) 391.1 £ 13.7 388.0 + 12.6 417.4 + 11.5%% 1
Maximum slope (beats min~' mmHg™") 1.11 £ 0.12 1.39 £ 0.23 1.28 £ 0.19
Neural arc, CSP-SNA relation
P, (%) 69.6 + 5.7 66.5 + 7.4 78.9 £ 9.1
P, (mmHg™") 0.110 £ 0.016 0.124 &+ 0.015 0.098 + 0.011
P53 (mmHg) 1332 £ 3.8 1273 + 3.1 126.0 + 3.4%
Py (%) 333+54 35.0 + 6.4 56.5 + 11.5%1
Maximum slope (%/mmHg) 1.94 + 034 2.02 £+ 0.33 2.04 £+ 0.42
Peripheral arc, SNA-AP relation
Dita are mean and.SE values Slope, a (mmHg/%) 0.85 + 0.09 0.86 + 0.06 0.66 £ 0.10
CSP Carotid sinus pressure, AP Intercept, b (mmHg) 37.8 +£52 369 £ 5.5 68.0 £ 10.6%* 11
arterial pressure, HR heart rate, AP at 100% SNA (mmHg) 122.7 £ 9.9 122.7 £ 7.0 134.4 + 49
SNA sympathetic nerve activity Operating point
* P <0.05 and :*P <001 AP (mmHg) 111.4 + 5.0 1103 £ 5.1 128.1 & 4.4t
sz 1, T (O 8l SNA (%) 90.6 + 7.4 85.8 & 2.1 94.3 4+ 59

P < 0.01 from control 2

CSP, however, the baroreflex should be able to control
SNA in the presence of ANG II (Fig. 3a). Lumbers et al.
[29] pointed out a problem regarding the use of ANG II-
induced hypertension as an input perturbation to evaluate
the baroreflex.

Effects of ANG II on the baroreflex peripheral arc

The open-loop system characteristics of the baroreflex
peripheral arc, assessed using the AP response as a function
of SNA, approximated a straight line under both control
and ANG IlI-treated conditions (Fig. 3b), suggesting that
the splanchnic SNA may represent changes in systemic
SNA that controlled the AP. ANG II significantly increased
the intercept of the regression line, reflecting its direct
vasoconstrictive effect (Table 1). Because the AP at 100%
SNA did not differ among the three conditions, the slope
could be shallower in the presence of ANG II. In other
words, ANG II appears to elevate the AP to a greater extent
for the lower SNA range. Although both the modulation of
sympathetic neurotransmission and direct vasoconstriction
contribute to the elevation of AP, the fact that ANG II
enhances the sympathetic neurotransmission more with a
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lower stimulation frequency [30, 31] may, in part, account
for the greater ANG II-induced increase in AP for the
lower SNA range.

Effects of ANG II on the open-loop sympathetic
baroreflex control of HR

The baroreflex control of HR showed changes similar to
those observed for SNA. Intravenous ANG II increased
both the minimum and maximum HR while not signifi-
cantly affecting the response range of HR or the maximum
slope of the response (Fig. 2b; Table 1). The midpoint in
CSP was not changed by ANG II. Therefore, the open-loop
baroreflex control of HR shifted upward to higher HR
values without a concomitant rightward shift to higher CSP
values in the present study. In contrast, previous studies
reported a rightward shift in the baroreflex control of HR
toward higher input pressure values during acute [11, 32]
and chronic [33] administration of ANG II in conscious
rabbits. Reid and Chou [32] indicated that the inhibition of
vagal tone to the heart played a significant role in resetting
the baroreflex control of HR in conscious rabbits. It is
likely that the rightward shift in the baroreflex control of
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Fig. 3 a Averaged input—output relation of the baroreflex neural arc
or the arterial baroreflex control of SNA. SNA decreased in response
to an increase in the CSP. ANG II increased SNA, while the range of
the SNA response was preserved. b Averaged input—output relation of

HR by ANG II was not observed in the present study
because the vagal nerves were sectioned.

Limitations

First, we performed the experiments in anesthetized ani-
mals, and comparisons with results obtained in conscious
animals should be made carefully. Circulating levels of
ANG II may vary under anesthesia, which could have
affected the present results. For instance, reported plasma
ANG II concentration in pithed rats is approximately
400 pg/ml [16], which exceeds the plasma ANG II con-
centration reported in rats with heart failure [34]. Second,
although the dose of ANG II used in the present study was
within or below those used in previous studies in rats [12,
16, 17], Brown et al. demonstrated that intravenous ANG II
at 20 and 270 ng kg~ min~"' increased the plasma ANG II
concentration from approximately 80 pg/ml to 140 and
2,000 pg/ml, respectively [35]. Based on those data, the
plasma ANG II concentration might have been increased
beyond a physiologically relevant range to approximately
1,200 pg/ml in the present study. Therefore, the observed
effect of ANG II on the arterial baroreflex should be
interpreted as pharmacologic. Effects of circulating ANG II

the baroreflex peripheral arc. AP increased in response to an increase
in SNA. ANG II increased the AP, an effect that was greater for lower
SNA

can be different when examined in different doses. Third,
there was large variation in HR values among the animals
(Fig. 2b). Increasing the number of animals would reduce
this variation. Nevertheless, data from the eight rats was
sufficient to perform statistical analyses and draw reason-
able conclusions. Fourth, we occluded the common carotid
arteries to isolate the carotid sinuses. Although the verte-
bral arteries were kept intact and the effects of ANG II
were examined using the same preparation, the possibility
cannot be ruled out that the carotid occlusion affected the
present results. Finally, we cut the vagal nerves to obtain
the open-loop condition for the carotid sinus baroreflex.
Further studies are needed to clarify the effects of ANG II
on the baroreflex control of the cardiovascular system
through the vagal system.

Conclusion

The present study indicates that high circulating levels of
ANG II significantly increased splanchnic SNA but did not
acutely attenuate the range of arterial baroreflex control of
SNA. The ranges of the total baroreflex response and the
baroreflex control of HR were also preserved during ANG
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Fig. 4 Equilibrium diagrams between the arterial baroreflex neural
and peripheral arcs. The dashed and solid curves represent the open-
loop characteristics of the baroreflex neural arc under the control and
ANG II-treated conditions, respectively. The dashed and solid lines
represent the open-loop characteristics of the baroreflex peripheral arc
under the control and ANG Il-treated conditions, respectively. The
open circle indicates the closed-loop operating point under the control
condition. ANG 1I causes an upward shift in the peripheral arc. If
ANG 11 does not affect the neural arc, the closed-loop operating point
would be at the point depicted by the open triangle. In this case, the
estimation of baroreflex control of SNA based on the closed-loop
operating points (the open circle and open triangle) approximates the
slope of the baroreflex neural arc (dashed curve). ANG II, however,
causes a rightward shift in the neural arc. Thus, the estimation of the
baroreflex control of SNA based on closed-loop operating points (the
open and filled circles) does not match the slope of the neural arc
under either the control (dashed curve) or ANG I-treated condition
(solid curve)

1I ‘administration. ANG II' does: modify the arterial baro-
reflex in that it increases SNA at a given baroreceptor
pressure level but does not appear to attenuate the range of
arterial baroreflex control of SNA; HR or AP.
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