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Fig. 6. (A)Functional and anatomical diagram of native baroreflex (left) and bionic baroreflex (center). Pd: pressure perturbation; SAP: systemic arterial pressure;
H,,ative: Open-loop transfer function of native baroreflex; Hy;onic: Open-loop transfer function of total bionic baroreflex; Hga p . s : transfer function of designed
bionic baroreflex controller; Hsrn . sap: transfer function of native baroreflex plant. Changes in SAP in baroreflex failure, native baroreflex, and bionic baroreflex
after head-up tilt (right). Dash-dot lines: average response in baroreflex failure. (B) Hypotension after tourniquet release was prevented by bionic baroreflex system
using epidural spinal cord stimulation. Left: a representative patient; right: pooled data from 21 patients. STM: stimulation frequency; AP: arterial pressure; CVP:

central venous pressure, HR: heart rate. (Reproduced from [5], {6] (A) and {72] (B) with permission.)

Yanagiya et al. [71] constructed a bionic baroreflex system
using spinal cord stimulation via an epidural electrode catheter
in six cats. They [71] designed the controller to provide quick
and stable control only, rather than to mimic the biological con-
troller, The system ameliorated a drop in pressure from 37 £ 5
to 21+ 2 mmHg at 5's and 5911 to 8+ 4 mmHg at 30 s
(p < 0.05). Epidural spinal-cord stimulation was further clini-
cally applied by Yamasaki et al. [72] during surgery in a selected
group of patients (n = 12) undergoing knee surgery. Pres-
sure drop after tourniquet deflation was suppressed significantly
(p < 0.05) from 17 +3 to 9+ 2 mmHg at 10 s'and 252 to
14 2 mmHg at 50 s [Fig. 6(B)]. Various inputs other than direct
sympathetic stimulation may change blood pressure [67]-[70],
[731-[75]. Even noninvasive transcutaneous electrical stimula-
tion [76] was developed for suppressing hypotension in patients
with spinal-cord injury. In 12 patients, bionic feedback control
restored the pressure drop by 50% in 35 4 12 s and by 90% in
60+ 18 s.

VI. TREATMENT OF HEART FAILURE

A. Neurohormonal Activation Plays Major Roles in the
Pathogenesis of Heart Failure

Heart failure is a complex syndrome that can result from any
kind of cardiac diseases at their advanced stage, Mortality with
this syndrome is considerably high even with the development
of state-of-art treatments including artificial hearts, regenerative
medicine, and cardiac transplantation. Recently, implantable de-
vice-based treatment of heart failure has attracted physicians’
interest because of its enormous impact on survival. Available
devices include implantable cardiac defibrillator to terminate
fatal arrhythmia and cardiac resynchronization treatment device
to improve the synchronicity of left ventricular contraction and
hence cardiac performance. Device for bionic treatment of heart
failure is now under aggressive development to complement the
roles of these devices.
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Fig. 7. Forty-two-day right vagal stimulation attenuated increased LVEDP, decreased maximal rate of left ventricular pressure rise (LV +dP /dt,,4x), increased
normalized biventricular weight (left). SO-SS: sham-stimulated rats without failure (n = 9); CHF-SS: sham-stimulated rats with heart failure (n = 13); CHF-VS:
vagal-stimulated rats with heart failure (n = 11); (*) p < 0.05. Survival for 140 days of rats with (solid line, n = 22) or without (dashed line, n = 30) 42-day

vagal stimulation (right). (Reproduced from [78] with permission.)

Although the primary cause of heart failure is decreased
pump function, the adjunct neurohumoral activation is certainly
a major aggravating factor for disease progression and risk of
death. Clinical trials on drugs for heart failure have revealed
repeatedly that suppression of neurohumoral factors rather than
increasing cardiac contractility improves survival. Pharmaco-
logical activation of vagal tone (such as low-dose scopolamine)
[77] has been evaluated, but the effects on long-term survival
have not been shown. With this background, bionic device
therapy counteracting activated neurohumoral factors has been
developed.

B. Vagal Nerve Stimulation in Animal Studies

Li et al. [78] first demonstrated that direct electrical stimu-
lation of right vagal nerve (started after healing of extensive
myocardial infarction) was effective in delaying the progres-
sion of heart failure and drastically: improving survival in rats
with heart failure: The intensity of vagal stimulation was low
(decreasing heart rate by approximately 10%) enough to avoid
adverse effects. They showed that vagal stimulation (control,
n = 13; vagal stimulation, n =11} significantly decreased
left ventricular filling pressure from 24 4-4 to 17 4= 6 mmHg,
increased left ventricular +dp/dbimayx from 2987 4 192 to
4152 4+ 37 mmHg/s and decreased biventricular weight from
3.14+£0.2 to 2.8+ 0.3 g/kg body weight, although the size of
infarction was unchanged. Vagal nerve stimulation markedly
improved survival from: 50% to 82% (p- < 0.01) at 140 days
(Fig. 7). The same group also showed that vagal stimulation
suppressed arrhythmias [79] and decreased both: vasopressin
secretion and salt ingestion [80]. The latter indicates the pos-
sible contribution of central modification induced by afferent
nerve stimulation. Heart rate decreased progressively in six
weeks. Vagal nerve stimulation protected the heart against
acute ischemia, as well as reduced norepinephrine [81] and

myoglobin [82] (an index of myocardial injury) release. These
effects were attributed to its bradycardiac effect. Uemura et al.
[83] investigated the effect of vagal nerve stimulation (—15
to 240 min) on matrix metalloproteinase (MMP) activity in a
rabbit model of ischemia (60 min)-reperfusion (180 min) injury.
Vagal stimulation increased the expression of tissue inhibitor
of MMP-1 (TIMP-1) in cardiomyocytes and reduced active
MMP-9. These molecular mechanisms of vagal stimulation
might help prevent cardiac remodeling.

Some of the beneficial effects of vagal stimulation in heart
failure may involve anti-inflammatory pathways: A large body of
evidence [84]-[89] indicates that both afferent and efferent vagal
nerves form- anti-inflammatory pathways. The afferent vagal
nerve senses local inflammation and transmits the information to
the brain to suppress excessive inflammatory response in other
areas in which inflammation may be elicited by the diffusion of
various cytokines. In'addition to recruiting the hypothalamic-pi-
tuitary-adrenal axis to release corticoids, the efferent vagal
nerve is activated for faster anti-inflammatory response. The
efferent activity stimulates nicotinic receptors on macrophages
[84], and nicotinic alpha7 unit is essential for this regulation
[86]. Activation of nicotinic receptors inhibits the release of
pro-inflammatory cytokines such as TNF-alpha, IL-5, and IL-18
but does not inhibit the anti-inflammatory cytokine IL-10 [84].
Efferent vagal nerve. stimulation is shown to decrease liver
NF-kappa B, reduce plasma TNF-alpha, and revert hypotension
in hemorrhagic shock (besides septic shock) through nicotinic
receptors [89]. These findings indicate the involvement of in-
flammatory response in life-threatening cardiovascular disease
such as hemorrhagic shock and heart failure.

C. . Vagal Nerve Stimulation in Patients With Heart Failure

Recently, an implantable chronic vagal neurostimulator has
entered clinical trial [90]. In this small-sized trial, the stimu-
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lator (Cardiofit, BioControl) was implanted in 32 patients with
heart failure (NYHA 1I to III, ejection fraction < 35%). The
right vagal nerve was stimulated intermittently (4 mA, 21% on).
Heart rate decreased from 82 to 76 bpm; quality-of-life score
(Minnesota Living with Heart Failure Questionnaire) improved
from 48 to 32; 6-min walk increased from 410 to 471 m; and left
ventricular ejection fraction increased from 23% to 27% in six
months. The impact of vagal stimulation on the hard endpoint
in these patients remains to be seen.

D. Carotid Sinus Nerve Stimulation in Heart Failure

Zucker et al. [91] examined if carotid sinus nerve stimula-
tion (CVRX) improves the survival of dogs with pacing-induced
(250 bpm) heart failure. They continued tachypacing until the
endpoint (death or moribund state) was reached. Although the
progression of heart failure (indicated by left ventricular end-di-
astolic pressure, left ventricular +-dp/d 6,y mean arterial pres-
sure, heart rate, ejection fraction) was similar between dogs with
and without carotid sinus nerve stimulation, increases in nore-
pinephrine and angiotensin II were delayed in dogs with carotid
sinus nerve stimulation. Dogs with carotid sinus nerve stimula-
tion survived longer. How this observation translates to the clin-
ical impact of carotid sinus nerve stimulation in patients with
heart failure remains to be investigated.

VII. AUTOPILOT TREATMENT OF ACUTE DECOMPENSATED
HEART FAILURE

Although neurohumoral suppression is the mainstay of long-
term treatment for heart failure, a different strategy is required
when the hemodynamics are acutely exacerbated. In order to
save the lives of such patients, vital hemodynamic variables in-
cluding blood pressure, cardiac output, and left atrial pressure
have to be maintained within physiological ranges. Abnormality
in each of these variables should be corrected promptly. The
management of hemodynamic decompensation requires com-
plex control of infusions of multiple potent drugs. The advent
of automated feedback control of multiple drug infusions would
have a major impact on clinical medicine. Such: closed-loop
feedback treatment involves control engineering and electronic
controllers. This is also an important area of bionic cardiology.

A. Development of Integrative Cardiovascular Model

Various modalities of feedback control of hemodynamic
variables using drug infusion have been attempted [92], [93],
including those that:control two variables. These attempts
were only partially successful due to the complex interaction
between variables. Results of these investigations prompted
Uemura et al. [94], [97], [98] to take a different approach for
hemodynamic control. They first established methods to break
down each hemodynamic variable into fundamental physiolog-
ical properties of the cardiovascular system. This was achieved
by modeling the total cardiovascular system as the interaction
of three different components: left heart pump, right heart
pump, and total (systemic and pulmonary) vasculature [94],
[96]. The model is an extension of Guyton’s cardiovascular
model [95] but differs from Guyton’s model in several aspects:
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a third axis is incorporated to explicitly express left atrial
pressure; the left and right heart pump functions are defined
independently; and blood redistribution between systemic and
pulmonary vasculature is expressed on the same venous return
surface [Fig. 8(A)]. Using this model, Uemura et al. [94], [97]
succeeded in delineating fundamental determinants of hemo-
dynamics (left heart pump function, right heart pump function,
systemic vascular resistance, and total stressed blood volume)
from clinically measurable variables (blood pressure, cardiac
output, left atrial pressure, and right atrial pressure).

B. Bionic Treatment of Decompensated Heart Failure

Based on their new model, Uemura et al. [98] designed
a bionic controller that can simultaneously normalize blood
pressure, cardiac output, and left atrial pressure accurately,
quickly, and stably [Fig. 8(B)].. Their success is based on
the effective decoupling of the complex interaction between
variables, thereby allowing them to design three independent
feedback control loops: left heart pump function controlled by
an inotropic agent (dobutamine), systemic vascular resistance
controlled by a vasodilator (sodium nitroprusside), and total
stressed blood volume controlled by a volume expander and/or
a diuretic (dextran solution, furosemide). Using the controller
in 12 anesthetized dogs with severely decompensated heart
failure restored the pump function, vascular resistance, and
blood volume to normal levels in 30 min. As a result, blood
pressure was controlled within 4.4 £ 2.6 mmHg, cardiac output
within 5.4+ 2.4 ml/min/Kg, and left atrial pressure within
0.8+ 0.6 mmHg for another 30 min. The average amounts
of drug use was dobutamine 4.7 + 2.6 ug/min/kg, nitroprus-
side 4.2+ 1.8 p1g/min/kg, dextran infusion 2.4 + 1.9 mL/kg,
and furosemide 10 mg in one dog and 20 mg in another dog
[Fig. 8(C)]. Even using the classical proportional-integral
control for dobutamine and nitroprusside infusions and the
“if-then” rule control for dextran/furosemide, control of mul-
tiple hemodynamic variables was possible and of good quality.

C. Beyond Hemodynamic Stabilization

Uemura ef al. [99] attempted to further elaborate the treat-
ment of decompensated heart failure beyond hemodynamic sta-
bilization. They added myocardial oxygen consumption as an
additional target for electronic control. The heart is an organ
that consumes a large amount of oxygen and is highly vulner-
able to oxygen shortage. Hayashida et al. [100] have shown in
conscious dogs that the heart optimizes its metabolic efficiency
during exercise as well as at rest. Theoretically, the optimal
heart rate minimizes oxygen consumption for a given blood
pressure, cardiac output, and left atrial pressure [101]. Uemura
et al. [99] demonstrated in conscious dogs with acute decom-
pensated heart failure that the automated electronic system
of hemodynamic management allowed them to pharmaco-
logically lower heart rate and myocardial oxygen consump-
tion without compromising hemodynamics. The model-based
approach to simultaneous optimization of multiple variables
would help improve the outcome of patients with hemody-
namic decompensation.
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Fig. 8. (A) Extended Guyton’s model of the total cardiovascular system. A third axis explicitly expresses left atrial pressure (P, ), a cardiac output curve ex-
presses left and right heart pump function independently, and a venous return surface expresses blood distribution in vasculatures. P4 : right atrial pressure; CO:
cardiac output; COv : venous return (= cardiac output). (B) Block diagram of an autopilot system for simultaneous control of systemic arterial pressure (AP), CO,
and P 5 . Parameters with (*) indicate target values. From target variables, target values of left heart pump function (Sy,), stressed blood volume (V), and systemic
L vascular resistance (R) are determined. Si., V, and R of subjects are calculated from measured AP, CO, Py, and Pra . Proportional-integral (PI) controllers adjust
§ infusion rate of dobutamine (DOB) and sodium nitroprusside (SNP) to minimize the error in Sy, and R, respectively. If-then rules adjust infusion of 10% dextran
40 (DEX) or injection of furosemide (FUR) to minimize the error in V. (C) Automatic correction of acute decompensated heart failure. Errors in cardiovascular
properties (middle panels) (Si., R, V) rapidly approached to zero, resulting in cardiovascular variables (right panels) (AP, CO, Py, ) approaching respective target.
Left panels indicate infusion rate of DOB, SNP, and infused volume of DEX. (Reproduced from [98] with permission.)

VIII. FUTURE OF BIONIC MEDICINE technology to interface native regulatory systems with bionic

We foresee a promising future for bionic medicine. It appears, systems. The latest technology has made it possible to phys- .
however, that various factors may significantly influence the de-  ically interface electronic devices with cardiac tissues (pace-
velopment and promotion of bionic cardiology. The firstis the maker, ICD). Neural interface, however, leaves much room for
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improvement in terms of selectivity, stability, and durability. So-
phistication of physical as well as logical neural interface will
no doubt facilitate intricate body control. An advanced interface
that allows stimulation at lower electrical power by minimizing
current leakage and fully utilizing native excitation function will
reduce adverse effects. Appropriate methods for the selective
measurement and/or stimulation of subgroup of nerve fibers are
necessary to match the spatial resolution indicated by the physi-
ological/medical requirements. Autonomic function may be the
first controllable function in the clinical setting compared to
sensory or motor functions where intricate neural interface for
higher spatial and temporal resolution is mandatory.

The second is the development of implantable long-term
sensors. This factor would appear to be one of the basic needs,
but has been relatively ignored until recently, For years, mea-
surements have been limited to electrical signals. No durable
sensors for mechanical or chemical variables are available.
Once implanted, it is necessary to keep its accuracy even in
blood for a considerably long term without repeated recali-
brations. Therefore, the requirements of such sensors include
long-term durability, stability, anticoagulation nature, and no
need for recalibration.

The third is technology to support communication mecha-
nisms in the body. Since the operation of bionic system is based
on a closed feedback mechanism, various feedback loop compo-
nents including sensors, controllers, actuators and plant have to
communicate mutually. In the body, the neurohormonal mech-
anisms support this communication. In the bionic system, how-
ever, if some of these components are physically distant from
each other, artificial communication mechanisms are needed
for closed loop operation. We await the development of such
an artificial communication mechanism in the body. The com-
munication should simultaneous satisfy the short delay time
(for real-time operation and closed-loop feedback), the suffi-
cient bandwidth (depending on the application), the avoidance
from interference from other communications and noises (guar-
anteeing secure feedback operation), and the mission-critical se-
curity (for medical need).

The fourth is the mechanism to support the power of bionic
devices. This has been a significant problem, and will remain
a target for research. The battery life should be long enough
to be clinically meaningful. The size is preferable as small as
possible. This is because: the size of power supplies often de-
termines that of the implantable devices. The third and fourth
technology, if realized and combined, may obviate the use of
leads, the most fragile part of implantable devices,

The fifth is the development of integrative science for bio-
logical system. To design elaborate feedback regulation of the
cardiovascular system, in-depth knowledge of biological regu-
lation is essential: Moreover, as already discussed in the Intro-
duction; we have to go beyond the restoration of biological reg-
ulation to combat common diseases. Biological regulation has
to be translated into and expressed in the “language” of con-
trol engineering. The expression should include dynamic, mul-
tiple-input, interactive, nonlinear, and feedback natures of the
total system concerned. Besides these, we have to develop a
model incorporating the effect of modifying biological regula-
tion on the progression of common diseases. The development
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of such a model definitely requires biological research. Investi-
gations of integrative biological regulation mandate the knowl-
edge of both biology and engineering. It is our hope that many
biomedical engineers will participate in the exploration into the
development of bionic medicine.

The last factor is medical needs. Recent interest in device-
based therapy will uncover the potential of bionic medicine in
meeting the unmet needs. Of various cardiovascular diseases
presented in this paper, the need for the appropriate treatment
of chronic heart failure is most seriously unmet. Device-based
therapy including bionic medicine is expected to complement
existing treatment modalities to provide therapeutic benefits that
cannot be achieved by drugs alone, especially for the increasing
patients of chronic heart failure.

In conclusion, bionic medicine is the science to explore the
wealth of controllable body parts. Bionic cardiology has a long
history, through which we have accumulated much experience,
generated knowledge on biological regulation, and identified
unmet needs. These unique features together put us in a strong
position to promote the development of more sophisticated de-
vice-based therapy for otherwise untreatable diseases. Bionic
medicine will inspire more intricate applications in the twenty-
first century.
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Kamiya A, Kawada T, Shimizu S, Iwase S, Sugimachi M,
Mano T. Slow head-up tilt causes lower activation of muscle
sympathetic nerve activity: loading speed dependence of ortho-
static sympathetic activation in humans. Am J Physiol Heart Circ
Physiol 297: H53-H58, 2009. First published May 15, 2009;
doi:10.1152/ajpheart.00260.2009.—Many earlier human studies have
reported that increasing the tilt angle of head-up tilt (HUT) results in
greater muscle sympathetic nerve activity (MSNA) response, indicat-
ing the amplitude dependence of sympathetic activation in response to
orthostatic stress. However, little is known about whether and how the
inclining speed of HUT influences the MSNA response to HUT,
independent of the magnitude of HUT. Twelve healthy subjects
participated in passive 30° HUT tests at inclining speeds of 1°
(control), 0.1° (slow), and 0.0167° (very slow) per second. We
recorded MSNA (tibial nerve) by microneurography and assessed
nonstationary time-dependent changes of R-R interval variability
using a complex demodulation technique. MSNA averaged over every
10° tilt angle increased during inclination from 0° to 30°, with smaller
increases in the slow and very. slow. tests than in the control test.
Although a 3-min. MSNA. overshoot after reaching 30° HUT was
observed in the control test, no overshoot was detected in the slow and
very slow tests. In contrast with MSNA, increases in heart rate during
the inclination and after reaching 30° were similar in these tests,
probably because when compared with the control test, greater in-
creases in plasma epinephrine counteracted smaller autonomic re-
sponses in the very slow test. These results indicate that slower HUT
results in lower activation of MSNA, suggesting. that HUT-induced
sympathetic activation depends partially on the speed of inclination
during HUT in humans.

autonomic nervous system; baroreflex; heart rate variability; micro-
neurography

HUMANS HAVE BEEN SUBJECTED to ceaseless orthostatic stresses
since they first evolved and assume an orthostatic posture most
of their lives. Thus the maintenance of arterial pressure (AP)
under orthostatic stress against gravity-driven fluid shift is of
great importance. During standing, gravitational fluid shift
toward the lower part of the body (i.e., abdominal vascular bed,
lower limbs) would cause severe orthostatic hypotension if not
counteracted by compensatory: mechanisms. (27). Orthostatic
sympathetic activation mediated by arterial baroreflex has been
considered to be the major compensatory mechanism (2; 26,
27) since denervation: of baroreceptor: afferents  causes pro-
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found postural hypotension (30). Therefore, many earlier hu-
man studies have recorded muscle sympathetic nerve activity
(MSNA) by microneurographic technique and investigated
MSNA response to various orthostatic stresses such as head-up
tilt (HUT) and lower body negative pressure (LBNP) (1, 5, 24).
One of the important findings is that stronger orthostatic stress
results in greater MSNA response during incremental HUT (3,
13, 14, 28) and LBNP (17), indicating the amplitude depen-
dence of orthostatic MSNA activation. However, less attention
has been paid. to the effects of loading speed of orthostatic
stress on- orthostatic: sympathetic. activation. in humans. Al-
though earlier studies reported that rapid HUT causes dynamic
and transient hémodynamic response (33, 34, 36), they did not
investigate MSNA. Thus it remains unclear whether and how
the inclining speed of HUT affects HUT-induced activation of
MSNA (loading speed dependence of orthostatic MSNA acti-
vation), independent of the magnitude of HUT. This is an
important clinical issue because the speed of upright tilting of
each patient’s bed would influence his/her autonomic nervous
and hemodynamic conditions.

Orthostatic sympathetic activation is mainly mediated by
arterial baroreflex control of MSNA, which exhibits high-pass
filter dynamic transfer characteristics at least in anesthetized
animals such as rabbits (15) and rats (29), indicating that more
rapid change of AP results: in greater response of MSNA to
pressure change (15). Accordingly, we hypothesized that a
lower- speed of HUT results in-less MSNA ' activation in
humans. To test the hypothesis, we performed: passive 30°
HUT tests at three inclining speeds (1°, 0.1°, and 0.0167°/s) in
12 healthy volunteers. We compared the responses of MSNA
measured by microneurography and hemodynamics during
these tests.

METHODS
Subjects

The subjects were 12 healthy volunteers (10 males and 2 females)
with a mean age (*SE) of 24 = S5 yr, mean height of 164 * 11 cm,
and mean weight of 58 * 9 kg. They were carefully screened by
medical history, physical examination, complete blood count, blood
chemistry analyses, electrocardiogram, and psychological testing.
Candidates were excluded if they had evidence of cardiovascular or
other disease, smoked tobacco products, took medications, or were
obese (body mass index >30 kg/m?). None of the subjects had
experienced spontaneous syncope within the past 5 yr. All had a
sedentary lifestyle and were not athletes. All subjects gave informed
consent to participate in this study, which was approved by the
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Committee of Human Research, Research Institute of Environmental
Medicine at Nagoya University.

Measurements

MSNA was measured in our laboratory by the method reported
previously (22, 35). Briefly, a tungsten microelectrode (model 26-
05-1; Federick Haer and Company, Bowdoinham, ME) was inserted
percutaneously into the muscle nerve fascicles of the tibial nerve at
the right popliteal fossa without anesthesia. Nerve signals were fed
into a preamplifier (Kohno Instruments) with two active band-pass
filters set between 500 and 5,000 Hz and were monitored with a
loudspeaker. MSNA was identified according to the following dis-
charge characteristics (22, 35): I) pulse-synchronous and spontaneous
efferent discharges, 2) afferent activity evoked by tapping of calf
muscles but not in response to a gentle skin touch, and 3) enhanced
during phase II of the Valsalva maneuver.

AP was measured continuously using a finger photoplethysmo-
graph (Finapres, Model 2300; Ohmeda, Englewood, CO) at the heart
level. Systolic and diastolic AP was measured from the continuous
pressure wave, Mean AP was calculated by averaging the pressure
within a pulse wave. The finger pressure was confirmed to match
intermittent (every minute) brachial AP measured by an automated
sphygmomanometer (BP203MII; Nippon Colin, Komaki, Japan). In
addition, distance between brachial cuff sensor and carotid sinus was
measured in individuals, and AP at the height of carotid sinus level
was then calculated by subtracting hydrostatic fluid pressure at each
tilt angle from brachial AP: Electrocardiogram (chest lead II) and
thermistor respirogram were also recorded continuously: A 20-gauge
intravenous catheter was inserted into the antecubital vein in the left
forearm to obtain venous blood samples, for determination of plasma
concentrations of epinephrine, norepinephrine; and arginine vasopres-
sin. Thoracic impedance was measured using an impedance plethys-
mograph (AI-601G; Nihon.Koden) to estimate tilt-induced decreases
in thoracic fluid volume (12, 19).

Protocols

We instructed the subjects to refrain from eating for 3 h before the
experiments. The experimental room was air-conditioned at a temper-
ature of 26°C. Each subject was requested to remain supine on a tilt
table set at 0° horizontally. After the microneurographic MSNA ‘signal
was detected and an intravenous catheter was placed, three HUT tests
(control, slow, and very slow) were performed on each subject, The
three tests were conducted in a random order, with intervals of at least
20 min between tests.

In the control test, the subject remained supine (0°) and rested for
at least 20 min. Baseline blood sample was:then collected, and
baseline recordings of variables including MSNA were done for 10
min, Thereafter; the tilt table was inclined to 30° in a continuous
passive manner at a speed of 1°/s. Thus inclination to 30° required
30 's. After reaching 30°, the tilt table was fixed for 8 min. All
variables were monitored continuously. After that, a blood sample
was again collected.

The slow and very slow tests were performed similarly. to the
control test except the speed of inclining the tilt table. The tilt table
was continuously inclined to 30° at speeds of 0.1 and 0.0167°s in
the slow and very slow tests, respectively. Thus inclination to 30°
required 300 s in the slow test and 1,800 s in the very slow test.

These HUT tests were terminated by returning the tilt table to the
0° horizontal position when any of the following incidents was
observed: development of presyncope symptoms such as nausea,
sweating, yawning, gray out, and dizziness; and progressive reduction
in systolic blood pressure to <80 mmHg.

Data Analysis

Full-wave rectified MSNA signals were fed through a resistance-
capacitance low-pass filter at a time constant of 0.1 s to obtain the
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mean voltage neurogram. The signals were then resampled at 200 Hz
together with other cardiovascular variables. MSNA bursts were
identified, and their areas were calculated using a computer program
custom-built by our laboratory. MSNA was expressed as both the rate
of integrated activity per minute (burst rate) and the total activity by
integrating individual burst area per minute (total MSNA). Since the
burst area, and hence also the total MSNA, was dependent on
electrode position, they were expressed as arbitrary units (AU) nor-
malized by the individual’s baseline values at supine rest (0°) at the
first HUT test (the average of total MSNA per minute during the 10
min of supine rest was given 100 AU). The area of each burst during
the subsequent HUT tests was normalized to this value.

Time-dependent changes in amplitudes of low frequency (LF;
0.04-0.15 Hz) and high frequency (HF; 0.15-0.35 Hz) components
of R-R interval variability were assessed continuously by complex
demodulation using a custom-designed computer program (6, 8, 21).
The complex demodulation technique is a nonlinear time-domain
method of time series analysis suitable for the investigation of non-
stationary/unstable oscillations within an assigned frequency band (8,
21). This method provides instantaneous amplitudes and frequencies
of the LF and HF components as a function of time (8, 21). The
instantaneous amplitude of HF component of R-R interval variability
was used as the index of cardiac vagal nerve activity in this study.

Variables except blood data were averaged over every 10 min
during 0° supine rest in all HUT tests. The data were averaged over
every 10, 100, and 600 s during inclination of the tilt table from 0° to
30° in the control, slow, and very slow HUT tests, respectively, and
averaged over every 1 min after reaching 60° HUT position in all
HUT tests. In addition, the data were averaged over every 10° tilt
angle during the inclining period.

Statistical Analysis

Data are expressed as means * SE, Repeated-measure ANOVA
was used to compare variables among the speed of HUT tests (control,
slow, and very slow). When the main effect or interaction term was
found to be significant, post hoc comparisons were made using'the
Sheffe’s F procedure. A P value <0.05 was considered statistically
significant.

RESULTS

Figure 1 shows the typical MSNA data during the control,
slow, and very slow HUT tests in one subject." Although HUT
increased MSNA during inclination of the tilt table from 0° to
30° in all three tests, the increase was apparently greater in the
control test than in the slow and very slow tests (Fig. 1). Data
from all subjects showed that increases in MSNA averaged
over tilt angle (every 10° tilt) during inclination were greater in
the control test than in the slow and very slow tests (Fig. 2). In
the ‘control test; MSNA showed a transient overshoot of 3 min
after reaching 30° HUT and then declined gradually to the
steady-state level (Fig. 2). In' contrast, in the slow and very
slow tests, MSNA reached steady-state levels without over-
shoot (Fig. 2). The steady-state levels were similar among the
control, slow, and very slow tests.

Heart rate averaged over tilt angle (every 10° tilt) increased
during all HUT tests; with similar increases in all three tests
(Fig. 3): Instantaneous frequencies of LF and HF bands for R-R
interval variability were 0.09 and 0.25-0.28 Hz, respectively,
and were almost constant during all HUT tests: The LF am-
plitude of R-R interval variability did not change in any tests
(Fig. 3). Of note, although the HF amplitude of R-R interval
vatiability decreased during inclination of the tilt table from 0°
to 30°, the decrease averaged over tilt angle was smaller in the
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Fig. 1. Representative muscle sympathetic nerve activity
(MSNA,; integrated signals) data during control (fop), slow
(middle), and very slow (bottom) head-up tilt (HUT) tests in
1 subject. I (top), period of inclination of the tilt bed from
0° supine to 30° HUT posture at an inclining speed of 1°/s.
Inclining (niddle and bortom), period of inclination of the

tilt bed at speeds of 0.1 and 0.0167°/s, respectively. au,

Arbitrary units.
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very slow test than in the control and slow tests (Fig. 3).
Moreover, the HF amplitude. of R-R interval variability
reached steady-state levels after reaching 30° HUT, and the
level was higher in the very slow test than in the control and
slow tests (Fig. 3). Respiratory rate did not change in any tests
(Fig. 3).

Systolic AP at the height of brachial level did not change,
whereas diastolic AP at the level slightly increased during
HUT in the control, slow, and very slow tests. However, there
were no differences in both brachial systolic and diastolic APs
among the control; slow, and very slow tests (Fig. 4). When AP
at the height of carotid sinus level was predicted by subtracting
hydrostatic fluid pressure at each tilt angle from brachial AP,

O CONTROL
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o E 60n # # # #
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2E¢p 20 |
= e o
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S’ 0_
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% § i 400+ #
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4
(min)
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Fig. 2, MSNA burst rate and total activity during control (0), slow (A), and
very slow (@) HUT tests. The x-axis to the left of the vertical dotted line
indicates that data are averaged over every-10° tilt angle during inclination
from 0° supine to 30° HUT, and the x-axis to the right of the dotted line
indicates that data are averaged over every 1 min after reaching 30° HUT.
#P << 0.05 vs. slow and very slow tests; *P < 0.05 vs. 0° supine. Error bars
denote SE:

systolic and diastolic AP at the carotid sinus level decreased
during HUT similarly in the control, slow, and very slow tests
(Fig. 4). Thoracic impedance increased during all HUT tests,
and the changes averaged over tilt angle were almost identical
in all three tests (Fig. 4).

When compared with the 0° supine level, plasma epineph-
rine concentration increased at the end of HUT tests, with
greater increase in the very slow test (from 253 * 3.7 to
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Fig. 3. Heart rate, amplitude of low frequency (LF) and high frequency (HF)
component of R-R interval (RRI)’ variability, ‘and respiratory rate during
control (O), slow (A), and very slow (@) HUT tests. The x-axis to the left of the
vertical dotted line indicates that data are averaged over every 10° tilt angle
during inclination from 0° supine to 30° HUT, and the x-axis to the right of the
dotted line indicates that data are averaged over every 1 min after reaching 30°
HUT. #P < 0.05 vs. control and slow tests; *P < 0.05 vs. 0° supine posture.
Error bars denote SE.

AJP-Heart Circ Physiol « VOL 297 « JULY 2009 » www.ajpheart.org

010z ‘21 Aenuer uo Bio-ABojoisAyd-pesydle woy papeojumod




H56

O CONTROL
A SLOW
@® VERYSLOW
. 140+
Brachial level ;503 ggcd=—3-F=FF=F=f=22
systolic and |
diastolic AP 04—1=1 T —
(mmHg)
60 N
f 1
CS level 120-“"‘~=§=§hi g
systolic and 1004 %
diastolic AP f 1
(mmHg) T Nty
60
109 | * ,
Thoracic 1054
impedance
(%) 100+
95-
0 10 20 30
(e) { 1 1 H H 1 1 ] J
] 2 4
(min)
Iinclining Fix 30° HUT

Fig. 4. Systolic and diastolic arterial pressure (AP) measured at the height of
brachial level and predicted at the height of carotid sinus (CS) level, and
thoracic impedance (percentage of baselinie value at 0° supine) during control
(0), slow (a), and very slow (@) HUT tests. The x-axis to the left of the vertical
dotted line indicates that data are averaged over every 10° tilt angle during
inclination from 0° supine to 30° HUT, and the x-axis to the right of the dotted
line indicates that data are averaged over every 1 min after reaching 30° HUT.
*P < 0.05 vs. 0° supine posture. Error bars denote SE.

49.3 * 7.4 pg/ml) than in the control (from 25.8 * 4.0 to
35.1 % 5.3 pg/ml) and slow (from 24.3 * 3.5 to 36.0 + 5.0
pg/ml) tests. Plasma norepinephrine concentration increased at
the end of HUT tests similarly in the control (from 132.2 %=
104 to 180.2 = 11.4 pg/ml), slow (from 134.0 * 9.2 to
176.5 = 9.8 pg/ml), and very slow (from=134.2 * 10.7 to
179.4 * 9.4 pg/ml) tests. Plasma arginine vasopressin concen-
tration increased at the end of HUT tests similarly in the
control (from 3.6 * 0.4 to 3.9 * 0.4 pg/ml), slow (from 3.6 *
0.4 to 3.9 %= 0.4 pg/ml), and very slow (from 3.7 £ 0.4 to 4.0 =
0.4 pg/ml) tests.

DISCUSSION
Speed Dependence of Orthostatic MSNA Activation

Many earlier human studies have reported that HUT at a
larger tilt angle results in greater- MSNA response, indicating
the amplitude dependence of sympathetic activation in re-
sponse to orthostatic stress. However, little is known about
whether and how the inclining speed during HUT influences
MSNA response to HUT, independent of the magnitude of HUT.
Our major findings of the present study are that 7) MSNA averaged
over tilt angle increases during inclination of the tilt table from
0°to 30°; with: smaller increase in. the slow. (0.1°/s) and very
slow (0.0167°/s) tests than-in the'control: tests (1°/s) and
2) although a 3-min MSNA overshoot after reaching 30° HUT
was observed in the control test, no overshoot was found in the
slow and very slow tests. These results support our hypothesis
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that a lower speed of HUT results in less MSNA activation in
humans, indicating the loading speed dependence of orthostatic
MSNA activation. The speed-dependent sympathetic activa-
tion would contribute to prevent hypotension and maintain AP
during rapid postural change from supine to upright posture.

Possible Mechanisms for the Speed Dependence
of Orthostatic MSNA Activation

Since the HUT activates multiple physiological mecha-
nisms; it is difficult to strictly determine the primary input to
humans' during postural change from the supine to upright
postures. Therefore, we cannot conclude the true mechanisms
for the speed dependence of orthostatic MSNA activation
observed in this study. In this study, HUT decreased AP at the
height of carotid sinus level decreased and increased thoracic
impedance. We thus challenged to discuss possible relations of
arterial and cardiopulmonary baroreflexes with the speed de-
pendence of orthostatic MSNA activation.

Arterial baroreflex. Although arterial baroreflex is the major
mechanism that increases sympathetic nerve activity (SNA)
and maintains AP under orthostatic stress (2, 26, 27), it has
high-pass filter dynamic transfer characteristics from barore-
ceptor pressure input to SNA. The high-pass filter characteris-
tics have been investigated in detail by baroreflex open-loop
experiments in anesthetized animals such as rabbits (11, 15)
and rats (29). This indicates that more rapid change of AP
resulted in greater response of SNA to pressure change. In
addition, the high-pass filter characteristics might also be
observed in earlier human study (10), since MSNA increased/
decreased and turned to partially decrease/increase in response
to stepwise neck pressure/suction. Although transfer function
was not calculated in the study, the SNA response in humans
may be consistent with the MSNA response (initial drop and
partial recover) to stepwise increase in baroreceptor pressure in
anesthetized animals (15) and suggests that the arterial barore-
flex control of SNA in humans would also have the high-pass
filter characteristics.

One possible mechanism for the lower MSNA during incli-
nation in slower HUT tests is the high-pass filter characteristics
of the arterial baroreflex control of SNA. Since the decreases in
AP predicted at the height of carotid sinus level over tilt angle
were similar in the control, slow, and very slow HUT tests, we
assumed that the tilt-induced pressure perturbation was similar
in the three HUT tests except for the speed. However, the
high-pass filter characteristics of the arterial baroreflex control
of SNA (11,.15; 16) would cause greater response of SNA to
pressure change in the control HUT test that induced more
rapid decreases in AP than the slow and very slow HUT tests.
Of note, the dynamic transfer characteristics could not explain
a few minutes of overshoot of MSNA activation after reaching
30° HUT posture observed in the control HUT test. Other
mechanisms would be responsible for the overshoot of ortho-
static MSNA response in faster HUT test.

Cardiopulmonary baroreflex. In addition to arterial barore-
flex, cardiopulmonary barorefiex is known to mediate ortho-
static activation of SNA. In our results, at a tilt angle of 10°,
thoracic impedance increased similarly in' control, slow, and
very slow tests, indicating that the gravitational fluid- shift
directed toward the lower part of the body (such as the
abdominal vascular bed and lower limbs) may be similar in all
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three tests. In addition, MSNA increased at the tilt angle of 10°
similarly in control, slow, and very slow tests, but AP predicted
at the height of carotid sinus level did not change. These results
suggest that cardiopulmonary baroreflex was activated by 10°
HUT similarly in these tests and mediated similar magnitude of
orthostatic MSNA activation but did not induce speed-depen-
dent differentiation of MSNA. Therefore, it is possible that
cardiopulmonary baroreflex control of MSNA does not have
high-pass filter characteristics. However, since even small
HUT can activate not only cardiopulmonary but also arterial
baroreflexes similarly to low levels (i.e., —10 and —15 mmHg)
of lower body negative pressure (4), it is difficult to isolate
these baroreflexes and to conclude regarding the relation be-
tween cardiopulmonary baroreflex and the speed dependence
of orthostatic MSNA activation in HUT, In addition, it was
reported that cardiopulmonary and arterial baroreceptor affer-
ents interact in a sense of a nonadditive attenuation (25).
Other mechanisms. Mechanisms other than baroreflexes
might be responsible for the speed dependence of orthostatic
MSNA activation. The first possibility is the vestibulosympa-
thetic reflex, which may be involved in mediating pressor and
sympathetic responses to orthostatic stress in rats (23) and
humans (31). Since the reflex may be engaged differentially in
the control versus the slow and very slow HUT tests, it can
relate with the speed dependence of orthostatic MSNA activa-
tion observed in this study. The second possibility is the stroke
volume, which had a close correlation with MSNA in their
changes by orthostatic stress (20), although the neural pathway
connecting stroke volume to MSNA may. be unclear. Finally,
humoral substances can relate with smaller activation of
MSNA in the very slow HUT tests. In this study, increases in
plasma epinephrine, not norepinephrine and arginine vasopres-
sin, were greater in the very slow test than the control test.

Speed Independence of Orthostatic Tachycardia
in the Present Study

In contrast with MSNA, orthostatic tachycardia is indepen-
dent of inclining speed of HUT. The results may be consistent
with a early study (32) that addressed more rapid HUT (i.e.,
70° or 90° passive HUT in 3 s, and 70° passive HUT in 1.5 s)
and reported that speed of HUT did not affect on initial heart
rate responses to rapid HUT. It is difficult to understand the
mechanisms for the finding. If baroreflex control of cardiac
SNA is similar to that of MSNA as observed in rabbits (15), it
is expected that the very slow test mediates a smaller increase
in heart rate during inclination than the control test. This raises
a possibility that mechanisms other than sympathetic control
counteract the speed dependence of orthostatic sympathetic
activation and result in speed-independent orthostatic tachy-
cardia. Although we cannot measure cardiac vagal nerve ac-
tivity in humans, there is a well-known, hypothetical consid-
eration that the HF amplitude of R-R interval variability can
reflect respiratory modulation of cardiac vagal nerve activity
(7, 9). If so, our results suggest that the decrease in the index
of cardiac vagal nerve activity averaged over tilt angle during
inclination of HUT was smaller in the very slow HUT test than
in the control test (indicating the speed dependence of ortho-
static cardiac vagal suppression). Therefore, the speed inde-
pendence of orthostatic tachycardia in the present study cannot
be explained by autonomic neural controls. One possible ex-

planation is that greater increase in plasma epinephrine coun-
teracted the smaller response of sympathetic and, probably,
vagal nerve activities.

Limitations

This study has several limitations. First, we used a mild to
moderate HUT test (30°) in this study. Sequential HUT tests
were necessary for this study, but sequential HUT tests at
greater tilt angles (>60°) pose a problem in keeping constant
electrode positions for microneurography and maintaining the
quality of MSNA recording. Second, since we focused on the
effects of slow-speed HUT on orthostatic MSNA response, we
used inclining speeds of 1, 0.1, and 0.0167°/s in HUT tests.
Finally, the HF amplitude of R-R interval variability is a
limited measure of cardiac vagal control in the human (18),
although we used it as an index of cardiac vagal modulation in
the discussion.

In conclusion, although HUT at an inclining speed of 1°/s
causes high MSNA activation with an overshoot of a few
minutes, slower HUT (0.1 and 0.0167°/s) results in lower
MSNA activation. This indicates that that HUT-induced sym-
pathetic activation depends partially on the tilting speed in
humans.
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Kawada T, Mizuno M, Shimizu S, Uemura K, Kamiya A,
Sugimachi M. Angiotensin II disproportionally attenuates dynamic
vagal and sympathetic heart rate controls. Am J Physiol Heart Circ
Physiol 296: H1666-H1674, 2009. First published February 27, 2009;
doi:10.1152/ajpheart.01041.2008.—To better understand the patho-
physiological role of angiotensin II (ANG 1I) in the dynamic auto-
nomic regulation of heart rate (HR), we examined the effects of
intravenous administration of ANG II (10 pg-kg='h~") on the
transfer function from vagal or sympathetic nerve stimulation to HR
in anesthetized rabbits with sinoaortic denervation and vagotomy. In
the vagal stimulation group (n = 7), we stimulated the right vagal
nerve for 10 min using binary white noise (0-10 Hz). The transfer
function from vagal stimulation to HR approximated a first-order
low-pass filter with pure delay. ANG II attenuated the dynamic gain
from 7.6 0.9 to 5.8' % 0.9 beats*min"!*Hz ™! (means £ SD; P <
0.01) without affecting the corner frequency or pure delay. In the
sympathetic  stimulation group (n = 7), we stimulated the right
postganglionic cardiac sympathetic nerve for 20 min using binary
white noise (0—5 Hz). The transfer function from sympathetic stim-
ulation to HR approximated a second-order low-pass filter with pure
delay. ANG II slightly attenuated the dynamic gain from 10.8 * 2.6
to 10.2 *+ 3.1 beats*min~!-Hz™! (P = 0.049) without affecting the
natural frequency, damping ratio, or pure delay. The disproportional
suppression of the dynamic vagal and sympathetic regulation of HR
would result in a relative sympathetic predominance in the presence of
ANG 11 The reduced high-frequency component of HR variability in
patients with cardiovascular diseases, such as myocardial infarction
and heart failure, may be explained in part by the peripheral effects of
ANG II on the dynamic autonomic regulation of HR.

systems analysis; transfer function; heart rate variability; cardiac
sympathetic nerve activity; rabbit

AUTONOMIC NERVOUS ACTIVITY changes dynamically during daily
activity, and thus the dynamic heart rate (HR) regulation by the
autonomic nervous system' is physiologically important. The
high-frequency (HF) component of HR' variability (HRV)is
thought to reflect primarily vagal nerve activity, because the
vagal nerve can change the HR more quickly than the sympa-
thetic nerve (1, 3, 14, 34). This does not mean, however, that
the sympathetic system cannot affect the HF component. For
example, an increase in background sympathetic tone aug-
ments the HR response to vagal stimulation, an effect that has
been referred to as accentuated antagonism (20). In accordance
with accentuated antagonism, selective cardiac sympathetic
nerve stimulation augments the dynamic HR response to vagal
stimulation (14). On the other hand, high plasma concentration
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of norepinephrine (NE) with no direct activation of the cardiac
sympathetic nerve attenuates the dynamic HR response to
vagal stimulation via an a-adrenergic mechanism (24). These
results suggest that the sympathetic system can influence the
HF component via complex interactions with the vagal system.

During systemic sympathetic activation, the renin-angioten-
sin system is activated through stimulation of B;-adrenergic
receptors on juxtaglomerular granular cells (8, 12). In such
conditions as hypertension, myocardial ischemia, and heart
failure, the renin-angiotensin system and the sympathetic ner-
vous system are both activated (9, 35). Previous studies dem-
onstrated that acute intravenous or intracerebroventricular ad-
ministration (32) or chronic intravenous administration of
angiotensin II (ANG II) modified the baroreflex control of HR
in"rabbits (5), possibly via a decrease in vagal tone and an
increase in sympathetic tone to the heart. In the present study,
we focused on the peripheral effects of ANG II and examined
the effects of intravenous ANG II on the dynamic HR
response to vagal or postganglionic cardiac sympathetic
nerve stimulation. In a previous study from our laboratory
where anesthetized cats were used, intravenous ANG II (10
pgrkg=1+h™1) attenuated myocardial interstitial acetylcholine
(ACh) release in response to vagal nerve: stimulation: (17);
therefore, we hypothesized that intravenous ANGII at this
dose would attenuate the dynamic HR response to vagal nerve
stimulation, On the other hand, a previous study from our
laboratory where anesthetized rabbits were used demonstrated
that intravenous ANG II at a similar dose of 6 wg-kg~!-h™!
did not affect the peripheral arc transfer function estimated
between renal sympathetic nerve activity and arterial pressure
(AP) (13). Accordingly, we hypothesized that intravenous
administration of ANG II' would not modulate the dynamic
sympathetic control of HR: significantly. We focused on- the
relative effects of ANG II on the vagal and sympathetic HR
regulations because the balance between vagal and sympathetic
nerve activities would be a key to understanding the patho-
physiology of several cardiovascular diseases.

MATERIALS AND METHODS

Surgical preparations. Animal care was performed in accordance
with Guideline Principles for the Care and Use of Animals in the Field
of Physiological Sciences, which has been approved by the Physiolog-
ical Society of Japan. All experimental protocols were reviewed and
approved by the Animal Subjects Committee at the National Cardio-
vascular Center. Twenty-one Japanese white rabbits weighing 2.4-3.4
kg were anesthetized with- intravenous injections (2 ml/kg) of a
mixture of urethane (250 mg/ml) and a-chloralose (40 mg/ml) and
mechanically ventilated with oxygen-enriched room air.- A double-
lumen catheter was inserted into the right femoral vein, and a
supplemental dose of the anesthetics was given continuously (0.5-1.0
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ml-kg™!-h™!). AP was monitored using a micromanometer catheter
(Millar Instruments, Houston, TX) inserted into the right femoral
artery. HR was determined from the electrocardiogram using a car-
diotachometer. Sinoaortic denervation and vagotomy were performed
bilaterally to minimize reflex changes in efferent sympathetic nerve
activity. The left and right cardiac sympathetic nerves were exposed
using a midline thoracotomy and sectioned (16). In the vagal stimu-
lation group, a pair of bipolar stainless steel wire electrodes was
attached to the cardiac end of the sectioned right vagal nerve for
stimulation. A pair of stainless steel wire electrodes was attached to
the proximal end of the sectioned right cardiac sympathetic nerve for
recording efferent cardiac sympathetic nerve activity (CSNA). In the
sympathetic stimulation group, a pair of bipolar stainless steel wire
electrodes was attached to the cardiac end of the sectioned right
sympathetic nerve for stimulation. Efferent CSNA was recorded from
the proximal end of the sectioned left cardiac sympathetic nerve. The
preamplified nerve signal was band-pass filtered between 150 and
1,000 Hz. The signal was then full-wave rectified and low-pass
filtered with a cut-off frequency of 30 Hz to quantify the nerve
activity. Both the stimulation and recording electrodes were fixed to
the nerve by addition-curing silicone glue (Kwik-Sil; World Precision
Instruments, Sarasota, FL). We confirmed that the recorded CSNA
was mainly postganglionic by observing the disappearance of CSNA
following intravenous administration of hexamethonitim bromide (50
mg/kg) at the end of each experiment. The body ternperature of the
animal was maintained at 38°C with a heating pad throughout the
experiment.

Protocols. In the vagal stimulation group (n = 7), the stimulation
amplitude was adjusted (3—6 V) in each animal to yield a HR decrease
of ~50 beats/min at 5-Hz tonic stimulation with a pulse duration of 2
ms. To estimate the transfer function from vagal stimulation to HR, a
random vagal stimulus was applied for 10 min by altering the stimulus
command every 500 ms at either 0 or 10 Hz according toa binary
white noise signal. The input power spectral density was relatively
constant up to' 1 Hz, which covered the upper frequency range of
interest with respect to the vagal transfer function in rabbits (26).

In-the sympathetic stimulation: group (n-=7), the stimulation
amplitude was adjusted (1-3.V) in each animal to yield'a HR increase
of ~50 beats/min at 5-Hz tonic stimulation with a pulse duration of 2
ms. To estimate the transfer function from sympathetic stimulation to
HR, a random sympathetic stimulus was applied for: 20. min_ by
altering the stimulus command every 2 s at either 0 or 5 Hz according
to a binary white noise signal. The input power spectral density was
relatively constant up to 0.25 Hz, which covered the upper frequency
range of interest with respect to the sympathetic transfer function in
rabbits (15).

In both the vagal stimulation and sympathetic stimulation groups,
the dynamic. HR' response to- nerve- stimulation was: first recorded
under conditions of continuous intravenous infusion of physiological
saline solution (1 ml:kg=!-h~*"). After the control data were recorded,
nerve stimulation was stopped and ANG II was intravenously admin-
istered at 10 pg kg~ "*h~! (1 mi*kg~'+h~" of 10 jg/ml solution)
instead of the physiological saline solution. After 15 min, we repeated
the random stimulation of the vagal or sympathetic nerve while
continuing the intravenous injection of ANG.II. We used the same
binary white noise sequence for the control and ANG II conditions in
each animal and changed the sequence for different animals.

In a supplemental protocol (i = 7), we examined the time effect on
the: estimation of the-sympathetic transfer function. The. 20-min
random sympathetic stimulation was repeated twice with an interven-
ing interval of more than 20 min.

Data - analysis. Data were digitized at 200 Hz using: a- 16-bit
analog-to-digital converter and stored on the hard disk of a dedicated
laboratory. computer system.. Prestimulation values of HR, AP, and
CSNA were: calculated by averaging data obtained during the. 10 s
immediately before nerve stimulation. The mean HR and AP values.in
response to- nerve stimulation were. calculated: by averaging: data

H1667

obtained during the nerve stimulation period. The mean level of
CSNA during the nerve stimulation period was not evaluated because
contamination from stimulation artifacts could not be completely
eliminated.

The transfer function from nerve stimulation to the HR response
was estimated as follows. The input-output data pairs of nerve
stimulation and HR were resampled at 10 Hz. To avoid the initial
transition from no stimulation to random stimulation biased the
transfer function estimation, data were processed only from 2 min
after the initiation of random stimulation, In the vagal stimulation
group, the data were divided into eight segments of 1,024 data points
that half-overlapped with neighboring segments. In the sympathetic
stimulation group, the data were divided into eight segments of 2,048
data points that half-overlapped with neighboring segments. For each
segment, a linear trend was subtracted and a Hanning window was
applied. We then performed a fast Fourier transformation to obtain the
frequency spectra of the stimulation command [X(f)] and HR [HR(f)]
(4). We calculated ensemble averages of the power spectral densities
of the stimulation command [Sx.x(f)] and HR [Sur.ur(f)] and the
cross spectral density between the two signals [Sur.x(f)]. Finally, we
obtained the transfer function [H(f)] from the nerve stimulation to HR
response using the following equation (23):

— SHR-X(f)
Sx.x(f)

To quantify the linear dependence of the HR response to vagal or
sympathetic nerve stimulation, we estimated the magnitude-squared
coherence function [Coh(f)] using the following equation (23):

|SHR-X(f )[2
Sx-x(f) * Sur.-nr(f)

The coherence function ranges zero and unity and indicates a
frequency-domain measure of linear dependence between input and
output variables.

Because previous. studies found that the transfer function from
vagal stimulation to HR approximated a first-order low-pass filter with
pure. delay (14, 24), we determined the parameters of the vagal
transfer function using the following model:

H(f)

Coh(f) =

2L

Hvagus(f ) ==
1+=j

!

where K is dynamic gain (in beats-min~!-Hz™!), fc is the corner

frequency: (in Hz), and L is pure delay (in s). Variables f and j

represent frequency and an imaginary unit, respectively. The minus

sign in the right side of the equation corresponds to the negative HR

response to vagal stimulation.

Because previous studies suggested that the transfer function from
sympathetic stimulation to HR approximated a second-order low-pass
filter with pure delay (14, 28), we determined the parameters of the
sympathetic transfer function using the following model:

K
Hsymp(f) :———f—“_—f—__ie
1+2§—j+(7j)
fN N

where K is dynamic gain (in beats-min~"-Hz™"), fiv is the natural
frequency (in Hz), { is the damping ratio, and L is pure delay (in s).

Because deviation of the model transfer function [Hyoder()] from
the estimated. transfer function [H..(f)] would affect the transfer
function parameters, we assessed the goodness of fit using the fol-
lowing equation:

—2nfjL
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Goodness of Fit (%) = 100

N
leodcl(f) - I'Iest(f)‘2
x11-1> —
m=1 m=1

f=fhXm

where fo, m, and N represent the fundamental frequency of the Fourier
transformation, a frequency index, and the number of data points used
for the fitting, respectively. When Hyoder(f) is zero for all of the
frequencies, the goodness of fit is zero. When Hiodei(f) equals Heu(f)
for all of the frequencies, the goodness of fit is 100%.

To facilitate intuitive understanding of the dynamic characteristics
described by the transfer function (see Appendix A for details), we
calculated the step response from the corresponding transfer function
as follows. An impulse response of the system was calculated using
the inverse Fourier transformation of the estimated transfer function.
The step response was then obtained from the time integral of the
impulse response. The steady-state response was calculated by aver-
aging the last 10 s of data from the step response. The 80% rise time
for the sympathetic step response or the 80% fall time for the vagal
step response was estimated as the time at which the step response
reached 80% of the steady-state response.

Statistics. All data are presented as means and SD values. Mean
values of HR, AP, and CSNA as well as parameters of the transfer
functions and step responses were compared between the control and
ANG 1I conditions using paired r-tests, Differences were considered
significant when P < 0.05 (11).

N
He I
2 m

>
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RESULTS

Typical recordings of the vagal stimulation command, HR,
and AP obtained under control and ANG II conditions are
shown in Fig. 1A. The random vagal stimulation began at 60 s.
The HR decreased in response to the random vagal stimulation.
ANG I, which did not affect the prestimulation baseline HR,
attenuated the magnitude of the vagal stimulation-induced
variations in HR., ANG II increased the AP both before and
during the vagal stimulation. ANG II did not change the
prestimulation or poststimulation CSNA (Fig. 1B).

As shown in Table 1, ANG II did not affect the mean HR
before stimulation of the vagal nerve, whereas it significantly
increased the mean HR during the vagal stimulation period.

. ANG II attenuated the reduction in HR, which was calculated
as the difference between the prestimulation HR and the mean
HR observed during the vagal stimulation period. ANG II
significantly increased the mean AP both before and during the
vagal stimulation period. ANG II did not affect the mean level
of pre- or poststimulation CSNA significantly.

Figure 2A illustrates the averaged transfer functions from
vagal stimulation to HR obtained under the control and ANG
II conditions. In the gain plots, the transfer gain was relatively
constant for frequencies below 0.1 Hz and decreased as the
frequency increased above 0.1 Hz. ANG II decreased the
transfer gain for all of the investigated frequencies, resulting in

Control

N
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Table 1. Mean values for HR, AP, and CSNA obtained using
the vagal stimulation protocol

Control ANG II P Value
HR, beats/min
Prestimulation 278+21 281x31 0.60
During
stimulation 232+19 245+26% 0.046
Differencet —46+6 —37+10% 0.0017
AP, mmHg
Prestimulation 9123 127+17% 0.0057
During
stimulation 8524 118+19% 0.0055
Difference} ~6.3+9.2 -~9.2+8.6 0.34
CSNA, VvV
Prestimulation  1.210.38 (100%) 1.19+0.46 (98+15%) 0.82
Poststimulation  1.27+0.42 (105:8%) 1.20+0.55(98+27%) 0.59

Data are means * SD values; » = 7. HR, heart rate; AP, arterial pressure;
CSNA, cardiac sympathetic nerve activity. $The difference was calculated by
subtracting the prestimulation value from the value obtained during the vagal
stimulation period in each animal. *P < 0.05 and {P < 0.01 based on a paired
t-test. Exact P values are also shown.

a parallel downward shift in the gain plot. In the phase plots,
the phase approached —r radians at 0.01 Hz and the lag
became larger as the frequency increased. ANG II did not alter
the phase characteristics significantly. In the coherence plots,
the coherence value was close to unity in the frequency range
from 0.01 to 0.8 Hz. The sharp variation around 0.6 Hz
corresponds to the frequency of the artificial ventilation. Figure
2B depicts the HR step responses calculated from the corre-
sponding transfer functions. ANG II significantly attenuated
the steady-state response without affecting the response speed.

As shown in Table 2, ANG II significantly attenvated the
dynamic gain of the vagal transfer function to'76.1 * 8.5% of
the control value without affecting the corner frequency or pure
delay. The goodness of fit to the first-order low-pass filter did
not differ between the control and ANG II conditions. . In the
HR step response, ANG II significantly attenuated the steady-
state response without affecting the 80% fall time.

Typical recordings of the sympathetic stimulation command,
HR, and AP obtained under control and ANG II'conditions are
shown in Fig. 3A. The random sympathetic stimulation began
at- 60 s:-HR increased in response to random sympathetic
stimulation. ANG IIdid not affect the prestimulation baseline
HR. The magnitude of the HR variation:in response to sym-
pathetic stimulation did not change significantly. ANG II
increased the AP both before and during the sympathetic
stimulation. ANG II did not change the pre- or poststimulation
CSNA significantly (Fig. 3B).

As shown in Table 3, ANG II did not affect the mean HR
before or during the period of sympathetic stimulation. ANG II
did not affect the increase in HR, calculated as the difference
between: the prestimulation HR and the mean HR in response
to sympathetic stimulation. ANG 1I significantly increased the
mean AP both before and during the sympathetic stimulation
period. ANG II did not affect the mean level of pre- or
poststimulation CSNA significantly.

Figure 4A illustrates the averaged transfer functions from
sympathetic- stimulation to- HR obtained under control and
ANG II conditions. In the gain plots, the transfer gain de-
creased as the frequency increased. ANG II did not change the
transfer gain markedly. In the phase plots, the phase ap-
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Fig. 2. A: averaged transfer functions from vagal nerve stimulation to the HR
response obtained before and during intravenous administration of ANG IL
Gain plots (fop), phase plots (middle), and coherence plots (bottom) are shown.
ANG II caused a parallel downward shift in the gain plot. ANG II did not affect
the phase plot or coherence plot significantly. B: step responses of the HR to
a unit change in the vagal stimulation calculated from the corresponding
transfer functions. ANG II significantly attenuated the step response of the HR.
AHR, changes in heart rate. Solid lines indicate mean, and dashed lines
indicate mean.* SD.

proached zero radians at 0.01 Hz and increasingly lagged as the
frequency increased. ANG II did not affect the phase charac-
teristics significantly. The coherence value was above 0.9 for
the frequency range below 0.1 Hz and decreased in the fre-
quency range above 0.1 Hz. Figure 4B depicts the HR step
responses calculated from the corresponding transfer funictions.
ANG 1I did not affect the steady-state response or the response
speed.

Table 2. Effects of ANG II on the parameters of the transfer
function and the step response relating to the dynamic vagal
control of HR

Control ANGII P Value
Dynamic gain, beats*min~!-Hz"! 7.6+09 58+0.9*  0.00042
Comer frequency, Hz 039+0.12  0.36+0.10 0.12
Pure delay, s 048x0.04 047006 082
Goodness of fit, % 98.8+04 98.6+0.8 0.63
Steady-state response, beats/min ~74*x1.1 =5.6xL1* 0.0011
80% Fall time 1.31+031  1.33%037 0.0

Data are means * SD values; # = 7. *P < 0.01 based on a paired #-test.
Exact P values are also shown.
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As shown in Table 4," ANG II slightly attenuated the dy-
namic gain of the sympathetic transfer function.to 92,5 * 8.9%
of the value observed under control conditions. ANG II did not
affect the natural frequerncy, damping ratio; or pure delay. The
goodness of fit to the second-order low-pass filter did not differ
between: the control and ANG II conditions. In the HR step
response, ANG II did not affect the steady-state resporise or the

Table 3.  Mean values for HR, AP, and CSNA obtained using
the sympathetic stimulation protocol

Control ANG 1L P Value
HR, beats/min
Prestimulation 267x16 261+19 0.21
Daring
stimulation 317£26 311%23 0.063
Differencet 50x21 50+21 0.94
AP, mmHg
Prestimulation 74+6 106+15% 0.0011
During
stimulation 7846 110x17* 0.0023
Differencet 47+3.6 41x54 071
CSNA, pV

Prestimulation = 0.91+0.71 (100%) 0.98+0.78(99+19%) 0.22
Poststimulation: 0.93£0,72 (101:4%) - 1.02+0.81 (104+21%)  0.18

Data are means * SD values; n = 7 except for CSNA data where n = 5.
1The difference was calculated by subtracting the prestimulation value from
the value obtained during the sympathetic stimulation period in each animal.
*P < 0,01 based on a paired r-test. Exact P values are also shown.

80% rise time. As shown in Table 5, there were no significant
differences in the parameters of the sympathetic transfer func-
tion between repeated estimations with an intervening interval
of more than 20 min.

DISCUSSION

Intravenous administration of ANG I at 10 pg-kg~'-h™!
increased AP but did not affect mean HR or mean CSNA
during prestimulation baseline conditions (Tables 1 and 3),
suggesting that ANG II at this dose did not affect the residual
sympathetic tone to the heart significantly. ANG II signifi-
cantly. attenuated the dynamic gain of the transfer function
from vagal stimulation to HR, whereas it only slightly attenu-
ated that of the transfer function from sympathetic stimulation
to HR (Tables 2 and 4).

Effects of ANG II on the transfer function from vagal
stimulation fo HR. ANG 1I attenuiated the dynamic gain of the
transfer function from vagal stimulation to HR without affect-
ing the corner frequency or pure delay (Fig. 2 and Table 2).
Several interventions can affect the dynamic gain of the vagal
transfer function and significantly change the corner frequency.
For example, inhibition of cholinesterase, which interferes with
the rapid hydrolysis of ACh, augments the dynamic gain and
decreases the corner frequency (29). Moreover; blockade of
muscarinic K+ channels, which interferes with fast, mem-
brane-delimited signal transduction, has been shown to atten-
uate the dynamic gain and decrease the corner frequency (26).
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Fig. 4. A: averaged transfer functions from cardiac sympathetic nerve stimu-
lation to the HR response obtained before and during intravenous administra-
tion of ANG IL Gain plots (fop), phase plots (middle), and coherence plots
(bottom). are shown. B: step- responses of the HR to a unit change in the
sympathetic stimulation calculated using the transfer furictions: AHR, changes
in heart rate. Solid lines indicate mean, and dashed lines indicate mean * SD,

On the other hand, several other interventions have been shown
to alter the dynamic gain of the vagal transfer function without
changing the comer frequency. Concomitant cardiac sympa-
thetic nerve stimulation or increased intracellular cyclic AMP
levels augments the dynamic gain without affecting the corner
frequency. (14, 27), whereas B-adrenergic blockade or high
plasma NE attenuates the dynamic gain without affecting the
corner frequency (24, 25). Because «-adrenergic blockade
nullifies its effects, high plasma NE probably functions via

Table 4. Effects of intravenous ANG II administration on
the parameters of the transfer function and the step response
relating to the dynamic sympathetic control of HR

Control ANGII

10.8+2.6 10.2£3.1*
0.069£0.009  0.065x0.006

P Value

0.049
0.090

Dynamic gain, beats*min™!+Hz™!
Natural frequency, Hz

Damping ratio 1.53%0.25 1.48+0.21 0.26
Pure delay, s 051031 042+0.18 0.20
Goodress of fit; % 97.0+1.6 96.9%1.7 0.67
Steady-state response, beats/min 11.8%+2.8 11.1+34 0.052
80% Rise time, s 17.2+4.7 16.8:£4.5 0.62

Data are means £ SD; n'= 7. *P < 0.05 based on & paired rtest, Exact P
values are also shown.

H1671

Table 5. Time effects on the parameters of the transfer
function and the step response relating to the dynamic
sympathetic control of HR

Control 2 P Value

9.1+1.7 8.6x2.4 0.37
0.062+£0.014 0.065x0.017 0.10

Control 1

Dynamic gain, beats-min™'-Hz ™!
Natural frequency, Hz

Damping ratio 1.36+0.22 1.34+0.28 0.75
Pure delay, s 0.65+0.32 0.56+0.25 0.12
Goodness of fit, % 95.8+4.0 973+22 0.32
Steady-state response, beats/min 9.8+2.0 9.5+2.8 0.55
80% Rise time, s 15.7+34 14438 037

Data are means * SD; n = 7. Exact P values are shown.

o-adrenergic receptors on preganglionic and/or postganglionic
vagal nerve terminals to limit ACh release during vagal stim-
ulation (24). Our observation that ANG II attenuated the
dynamic gain without affecting the corner frequency or pure
delay is similar to the results observed with high plasma NE,
suggesting that ANG II limits ACh release during vagal stim-
ulation. Although estimated values of the corner frequency
ranged from 0.1 to 0.4 among studies, the difference may be
attributable to the difference in the input signal properties (see
Appendix B for details).

Although Andrews et al. (2) reported that ANG II (500
ng/kg, iv bolus) did not inhibit vagally induced bradycardia in
anesthetized ferrets, Potter (31) demonstrated that ANG I
(5-10 p.g, iv-bolus; body weight not shown) attenuated vagally
induced bradycardia in anesthetized dogs. The latter study also
showed that the addition of ANG II (2-5 p.g/25 ml) to an organ
bath attenuated vagally induced bradycardia in isolated guinea-
pig atria. In that study, ANG II did not attenuate ACh-induced
bradycardia, suggesting that the inhibition of bradycardia by
ANG H was due to an inhibition of ACh release: from vagal
nerve terminals (31). In"a previous-study, we confirmed: that
intravenous ANG II' (10 pg-kg™'-h™") attenuated myocardial
interstitial ACh release in response to vagal nerve stimulation
in anesthetized cats (17). The site of this inhibitory action was
thought to be parasympathetic ganglia rather than postgangli-
onic vagal nerve terminals, because losartan, an antagonist of
the ANG II receptor subtype 1 (AT, receptor), abolished the
inhibitory action of ANG II when it was administered intrave-
nously but not when it was. administered locally through a
dialysis fiber. ANG II may also function at the coronary
endothelium and produce a diverse range of paracrine effects
(6). Although the exact mechanisms remain to be elucidated,
intravenous ANG II inhibits ACh release and thereby attenu-
ates the dynamic gain of the vagal transfer function without
affecting the corner frequency or pure delay.

Although the observed attenuation of the dynamic HR re-
sponse to vagal stimulation by ANG 1II is relatively small, it
may have pathophysiological significance as follows. In a
previous study, our laboratory has shown that chronic. inter-
mittent vagal stimulation significantly improved the survival of
chronic heart failure rats after myocardial infarction (21). In
that study, the vagal stimulation intensity was such that it
reduced HR only by 20 to 30 beats/min (5-10%) in rats.
Therefore, change in the vagal effects on' the heart, even if
relatively small, could affect the evolution of heart failure.
Increased plasma or tissue levels of ANG II in heart failure
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