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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 5
min of the 10-min feedback control. These two values were calculated based on the 2-s moving
averaged data of AP.

Statistical analysis

All data are presented as means and SE values. In Protocol 1, changes in AP were
examined by two-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 two-way repeated-measures ANOVA using the stimulus frequency as one factor
and the pulse width as the other factor, Differences were considered significant when P<0.05.

Results
Relationship Berween Stimulus Intensity and AP Response

Typical time series of Protocols 1 and 2 obtained from one animal are shown in Figures
2A and 2B, respectively. The pulse width was set in a random order. In Protocol |, 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 117.6+5.9 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 1 to 10 Hz but
it became smaller when the stimulus frequency exceeded 10 Hz. At the pulse width of | ms, the
stimulus frequency of 100 Hz even increased AP. The overall statistical analysis indicated that
the effect of stimulus frequency on the magnitude of AP decrease was significant whereas that of
pulse width was not. There was no significant interaction effect between the stimulus frequency
and the pulse width.

Dynamic Characteristics of AP Response to HES

Figure 3A depicts 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 30 min, 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 (0.0024 Hz). The phase delayed more with increasing the frequency of
modulation. The coherence value was approximately 0.7 in the frequency range below 0.06 Hz.
The 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
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where K is the steady-state gain. fy is the natural frequency. C is the damping ratio, and L is the
pure dead time. When we performed an iterative nonlinear least square fitting using a downhill
Simplex method. K, fy. £ and L were estimated as 10.2+1.6 mmHg/mA, 0.040+0.004 Hz,
1.80+0.24 and 1.38+0.13 s, respectively. A model transfer function shown in Figure 3C was
drawn using K, fy. £ and L of 10 mmHg/mA, 0.04 Hz. 2 and | s, respectively.

Development of Feedback Controller e

We used a classical feedback controller to adjust the stimulus intensity of HES.” ™ In
reference to Figure 4A, a HES command is determined based on a difference between measured
and target AP values. G( /) represents the transfer function of the controller with a proportional
gain (Kp) and an integral gain (X)). H( /) 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 transformed into the
stimulus current (in mA) by a factor of 1 (Fig. 4B, left) only when the HES command exceeded
unity. When the HES command was less than unity, the stimulus current was held at 1 mA and
the HES command was transformed into the stimulus frequency (in Hz) by a factor of 10 (Fig.
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 180 beats/min) with an amplitude of 15 mmHg
(corresponding 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 gradually and it took more than 3 min to reach
the target AP (Fig. 4C, left). When the integral gain was set at 0.005, AP decreased more
promptly and reached the target AP in less than one minute (Fig. 4C, center). When the integral
gain was set at (.01, the AP response occurred more rapidly but showed significant oscillations
before settling (Fig. 4C, right). Based on these simulation results, we set the proportional gain at
zero and the integral gain at 0.005 for the actual feedback-control experiment in Protocol 4.
Performance of feedback controller

Figure 5A demonstrates the AP regulation by HES obtained from 2 typical animals. The
proportional and integral gains of the controller were not altered among the animals (i.e., Kp = 0,

; = 0.005). The white line in the AP trace indicates 2-s moving averaged data. The target AP
was set at 20 mmHg below the AP value just before the application of HES. The feedback
controller was activated for 10 min. 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 5A,
the HES command was less than unity from 1 to 7 min 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 averaged 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 one minute (Figure 5B, bottom). The time required for the AP response
to reach 90% of the target AP decrease was 38+10 s. Thereafter, the error remained very small
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until the end of the 10-min regulation. The standard deviation of the steady-state error was
1.3£0.1 mmHg. Afier the end of the feedback regulation, the error signal gradually returned to
approximately 20 mmHg.

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 (Fig. 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 (Fig. 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 Feedback Controller

The stimulus current-AP response relationship showed a monotonous decreasing slope
(Fig. 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 | mA where the
AP response to EA became discontinuous. If the stimulus current happened to be feedback
controlled near the threshold current. AP showed significant oscillation around the target level
(Fig. 7, see Appendix B for details). To avoid such a problem related to the threshold current. we
set the minimum current to 1 mA (above the threshold current) and employed the stimulus
frequency as a secondary control variable (Fig. 4B).

The stimulus frequency-AP response relationship revealed a valley-shaped curve with the
nadir around 10 Hz (Fig. 2D). The result is similar to that obtained by stimulating hamstring
muscle afferent nerves.” From the viewpoint of controller design, the valley-shaped input-output
relationship is troublesome be(.auw 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 0 to 10 Hz (Fig. 4B, right). A
smular _strategy of selecting the monotonous input-output portion was employed in a previous
study.””

We quantified the dynamic AP response to HES using a transfer function analysis (Fig.
3B), and modeled it by a second-order low-pass filter with a pure dead time (Fig. 3C). Once the
transfer function is modeled, we can construct a numerical simulator for the feedback controller
design (Fig. 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 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 (Fig. 4C). Because the controller was designed via intensive simulations, AP
was actually controlled at the target level with a small variance (Fig. 5B, bottom panel). Note that
the current and frequency of HES were automatically adjusted and individualized via the
feedback mechanism (Fig. 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 characteristics of the arterial baroreflex system and
used them to design an artificial vasomotor center. The artificial vasomotor center was able to
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control AP by stlmulatmﬂ the celiac ganglia in anesthetized rats'™'' or the spinal cord in

anesthetized cats.'” The strength and rapldm of the neural effect on the cardiovascular system
compared with that of the humoral effect®”* make the neural interventions desirable for the rapid
and stable restoration of AP against acute disturbances such as those induced by postural
changes. Gotoh et al. demonstrated that a direct neural interface to the rostral ventrolateral
medulla also enab!ed rapid and stable restoration of AP during nitroprusside-induced h\polenbmn
in conscious rats.”” The bionic system to control AP has also been applied in human subjects."

Although the aforementioned bionic systems aimed to maintain AP against acute
hypotension by increasing sympathetic nerve activity,'”'**’ sympathoinhibition may also be
required for the treatment of cardiovascular diseases accompanying sympathetic overacl.mty
Baroreceptor activation is one of the potential sympathoinhibitory neural modulation.” In the
present study we only demonstrated a framework of short-term AP control by HES. With a
developmenl of proper implaming electrodes, however, we may be able to control AP chronically
using HES. Allhough carotid sinus baroreceptor stimulation has a potential to treat drug-resistant
h)perlensmn it could activate peripheral chemoreflex by stimulating carotid bodies. HES may
circumvent 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 may facilitate cardiac vagal activity.’ Becaua. chronic
intermittent vagal nerve stimulation increased the survival of chronic heart failure rats,” chronic
intermittent HES may be used as an alternative method of direct vagal nerve stimulation for the
treatment of chronic heart failure.

Limitations

First, we did not identify the mechanism of HES. Because sectioning of the ipsilateral
sciatic nerve abolished the AP response to HES (Fig. 6B), somatic afferent is involved in the
effect of HES. In a series of studies, Longhurst et al. demonstrated that electroacupuncture
activated group III and IV fibers in the median nerves and inhibited sympathetic outflow via
activation of p- and 8-opioid receptors in the rostral ventrolateral medulla.’'** Whether the
similar mechanism underlies in the rapid-onset and short-lasting effect of HES awaits further
studies.

Second, we used pentobarbital anesthesia. Although peripheral neurolransmnssnons of
norepinephrine and acetylcholine can be assessed under the same anesthesia,”** because
pentobarbital can suppress many neurotransmitters in the central nervous system. anesthesia
may compromise 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 effective 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 implantation.** *°

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, acupuncture-like HES would be an additional modality to exert quantitative
depressor effect on the cardiovascular system.
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Appendix A
Framework of Feedback Controller

Figure 4A is a simplified block diagram of the feedback controller system utilized in the
present study. The controller was based on a proportional-integral controller.™ " G( /') represents
the transfer function of the controller.
"]\’,F
2nfj
where Kp and K; denote proportional and integral gains, respectively. j represents 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

APypusured(F) = HUNVHES(f) + APyyyse (f) (A2)
where AP y,i5.( 1) 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 N APrarger ()~ APrteasurea (1)) (A3)

By eliminating HES( f ) from the equations A2 and A3, the overall controller
characteristics are described as

G H(S) I 3

1+G(f)H(f) APrage (1) * 7760 NHf) Albotse (/) (Ad)

The equation A4 indicates that if G( 1) is properly selected so that G( f)H( /) 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.

G(f)=—=Kp+

(Al)

"‘P’l.'nm:red ( f} =

Appendix B
Problem with 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 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 approximately 2.7 mA in the
beginning and then decreased to a value below | 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 (i.e., 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 (Fig. 4B).
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Experimental setup.

A: Typical recordings of
Protocol | showing the effects
of stimulus current and pulse
width on arterial pressure (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 10 Hz but
the depressor effect became
smaller when the stimulus
frequency exceeded 10 Hz
(P<0.05).
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A: Typical recordings of random hind-limb
electrical stimulation (HES) and arterial
pressure (AP) response. B: Transfer
function from HES to the AP response
averaged from 8 cats. Thick and thin lines
indicate mean and mean=SE values,
respectively. C: A model transfer function
of the second-order low-pass filter with a
lag time that mimics the transfer function

from HES to AP.

A: A simplified diagram of the feedback
controller utilized in the present study.
APrager: target arterial pressure (AP).
AP0t noise in AP in terms of the control
theory. APjpasurea: measured AP. G( f ).
transfer function of the controller. H( f ):
transfer function from hind-limb electrical
stimulation (HES) to the AP response. Kp:
proportional gain. K;: integral gain. f and j
denote the frequency and imaginary unit,
respectively (see Appendix A for details). B:
Functions that convert the HES command
into the stimulus current and the stimulus
frequency. C: Simulation results showing
the feedback control of AP by HES. At time
zero, the target AP was set at =20 mmHg. In
the simulation, a sinusoidal wave (3 Hz, 15
mmHg in amplitude) was added to mimic
the pulse pressure in AP. White lines
indicate the 2-s moving averaged data of the
simulated AP response.
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A: Results of 10-min feedback control of

~——""] | oarterial pressure (AP) by hind-limb

electrical stimulation (HES) obtained

from 2 cats. In each cat, the target AP

was set at 20 mmHg below the baseline

AP value. The current and frequency of
HES were automatically adjusted to keep

the AP at the target level. B: HES
command and the error signal between
the target AP and measured AP averaged
from 8 cats. The thick and thin lines
indicate mean=SE values, respectively.

A: Effects of electrical stimulation of the
triceps surae muscle (MS) in comparison to
hind-limb  electrical ~ stimulation  (HES).
Although muscle twitching was observed, there
was no change in arterial pressure (AP) during
MS. B: Effects of sectioning the ipsilateral
sciatic nerve on the HES-induced changes in
AP. After the severance of the ipsilateral
sciatic nerve, HES no longer produced
significant hypotension.

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.
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Abstract

An artificial nerve, in the broad sense, may be conceptualized as a
physical and logical interface system that reestablishes the information traffic
between the central nervous system and peripheral organs. Studies on artificial
nerves targeting the autonomic nervous system are in progress to explore new
treatment strategies for several cardiovascular diseases. First, we identified the
rule for decoding native sympathetic nerve activity into heart rate using a transfer
function analysis, and established a framework for a neurally regulated cardiac
pacemaker. Second, we designed a bionic baroreflex system to restore the
baroreflex buffering function using electrical stimulation of the celiac ganglion in
a rat model of orthostatic hypotension. Third, based on the hypothesis that
autonomic imbalance aggravates chronic heart failure, we implanted a neural
interface into the right vagal nerve and demonstrated that intermittent vagal
stimulation significantly improved the survival rate in rats with chronic heart
failure following myocardial infarction. Although several practical problems need
to be resolved, such as those relating to the development of electrodes feasible
for long-term nerve activity recording, studies on the artificial neural interfaces
with the autonomic nervous system have great possibilities in the field of
cardiovascular treatment. We expect further development of the artificial neural
interfaces as novel strategies to cope with cardiovascular diseases resistant to
conventional therapeutics.

Key words: autonomic nervous system, arterial pressure, orthostatic
hypotension, heart failure, transfer function
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Introduction

Peripheral nerves are the pathways that convey information from
peripheral organs to the central nervous system and commands from the central
nervous system to peripheral organs. Damages to the peripheral nerves caused
by injuries or diseases are disadvantageous to the living organs. In the narrow
sense, an artificial nerve would indicate a replacement of the nerve fiber or nerve
bundle with artificial materials capable of conducting nerve impulses. In the
broad sense, the artificial nerve may be conceptualized as a physical and logical
interface system that reestablishes the information traffic between the central
nervous system and peripheral organs. Studies on artificial eyes and ears aim to
restore sensory functions by building neural interfaces between artificial sensory
devices and sensory nerves, the brainstem or the sensory cortex." Studies on
functional electrical stimulation aim to restore motor functions via electrical
activation of lower motor neurons through stimulation of axons in peripheral
nerves or within the spinal cord.” Functional electrical stimulation may also be
applied directly to skeletal muscles.® In addition to these studies on artificial
nerves relating to the sensory and motor systems, studies targeting the
autonomic nervous system are in progress to explore new treatment strategies
for cardiovascular diseases.

The heart has automaticity, which allows it to continue beating even in
the absence of regulation by the autonomic nervous system. Loss of autonomic
nervous regulation does not instantly terminate the circulation. In this sense, the
significance of studies on the artificial nerves targeting the autonomic nervous
system to treat cardiovascular diseases may be somewhat elusive compared
with the studies related to the sensory and motor systems. However, the
disruption of the autonomic nervous regulation critically affects activities of daily
living. As an example, patients with severe orthostatic hypotension cannot
maintain arterial pressure to keep consciousness during sitting or standing
position and are forced to become bedridden. An artificial neural interface with
the autonomic nervous system is expected to be an effective countermeasure to
such diseased conditions. In this article, we will review our researches targeting
the autonomic nervous system to treat cardiovascular diseases.

Neurally requlated cardiac pacemaker
A regulatory system of living organs, such as the autonomic nervous
system, senses multiple physiological variables and controls the effector organs
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accordingly. The first requirement in the development of an artificial neural
interface system that can control effector organs is to decode native neural
impulses quantitatively and interpret the commands from the central nervous
system to the effector organs. In reference to the sympathetic heart rate control,
although sympathetic activation is known to increase heart rate, a qualitative
understanding of the input-output relationship is of little use in the development
of a neurally regulated cardiac pacemaker. To examine the input-output
relationship between these two variables, we measured left cardiac sympathetic
nerve activity and heart rate in anesthetized rabbits.” The cervical vagal nerves
were sectioned to avoid any vagal effects on heart rate. By imposing random
pressure variations on the isolated carotid sinuses, we perturbed sympathetic
nerve activity via the carotid sinus baroreflex. Plotting the instantaneous heart
rate versus sympathetic nerve activity did not reveal any apparent correlations
between the two signals (Fig. 1A). This is because the current heart rate is not
determined solely by current sympathetic nerve activity but also influenced by
the past history of sympathetic nerve activity.

In order to identify the dynamic input-output relationship between
sympathetic nerve activity and heart rate, including the effect of past history, we
employed a white noise analysis used in the engineering field (see Appendix for
details). The transfer function from sympathetic nerve activity to heart rate
approximated a low-pass filter (Fig. 1B). The response of heart rate became
smaller and more delayed as the frequency of input perturbation increased.
Berger et al. identified similar low-pass filter-like characteristics of sympathetic
heart rate control using random electrical stimulation of the cardiac sympathetic
nerve in anesthetized dogs.® When we calculated the impulse response via the
inverse Fourier transform of the transfer function (see Appendix for details), the
impulse response revealed a significant positive value for approximately 10 s.
This result indicates that sympathetic nerve activity at any given time influences
heart rate for approximately 10 s in rabbits (Fig. 1B). Once the impulse response
is obtained, we can predict the output signal (heart rate) from the convolution
integral between the input signal (sympathetic nerve activity) and the impulse
response. Heart rate predicted from the measured sympathetic nerve activity
demonstrated good agreement with the measured heart rate (Fig. 1C). Although
several practical problems need to be resolved, accurate prediction of the
instantaneous heart rate makes the framework using the transfer function
extremely attractive as a principle for designing a neurally regulated cardiac
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pacemaker.

Further comments on the transfer function analysis would help in-depth
understanding. In the above-mentioned study,” we calculated the transfer
function from left cardiac sympathetic nerve activity to heart rate. In reality, a
branch of the left cardiac sympathetic nerve was sectioned and the nerve activity
was recorded from the proximal end of the sectioned nerve. Therefore, the
sympathetic nerve from which activity was recorded could not affect heart rate at
the time of experiment. In addition, because the sinus node is predominantly
innervated by the right cardiac sympathetic nerve, changes in heart rate are
produced mainly by the right cardiac sympathetic nerve.? An implicit assumption
of the study was that left cardiac sympathetic nerve activity could be the proxy of
total sympathetic nerve activity that regulated heart rate. High coherence
between left cardiac sympathetic nerve activity and heart rate is in support of this
assumption (Fig. 1B). If the heart rate was regulated by a mechanism totally
independent of left cardiac sympathetic nerve activity, the coherence function
must have shown values close to zero. We verified our assumption by
simultaneously recording left and right cardiac sympathetic nerve activities.”
There was no apparent laterality of cardiac sympathetic nerve activities in
response to dynamic carotid sinus baroreflex perturbation. The laterality
observed in the sympathetic effects on the heart rate and ventricular contractility®
may be mainly attributable to the different distributions of left and right cardiac
sympathetic nerves within the heart.

Bionic baroreflex system

Multiple system atrophy (Shy-Drager syndrome) is caused by a disorder
of the autonomic nervous system. Shy-Drager patients suffer from severe
orthostatic hypotension because of the lack of a baroreflex buffering effect.
Although counter measures to orthostatic hypotension are used such as
administration of pressor agents and volume expansion, these treatments may
induce supine hypertension. Ideal treatment would increase arterial pressure
only when necessary, i.e., a position-dependent or more accurately a
pressure-dependent pressor effect is required. In Shy-Drager patients, plasma
noradrenaline levels are nearly normal in supine position and increase following
tyramine administration, indicating that peripheral postganglionic sympathetic
nerves are relatively spared but only weakly activated by postural changes."" If
we can encode the information necessary for arterial pressure regulation and
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deliver those signals to the postganglionic sympathetic system, orthostatic
hypotension may be prevented using artificial sympathetic neural interventions.

Because a single nerve fiber discharges according to an all-or-nothing
principle, it conveys information by frequency modulation. In contrast,
multiple-fiber recording of a nerve bundle exhibits both frequency and amplitude
modulations. This is because the amplitude of multiple-fiber recording is the
weighted sum of concurrently discharging nerve impulses in the nerve bundle.
Nerve fibers adjacent to the electrodes will contribute more to the amplitude
generation. The ultimate goal of an artificial neural interface would be to create a
respective interface with each nerve fiber in the bundle that could reproduce
both the frequency and amplitude modulations. It is unrealistic at present,
however, to establish such a complete interface, given the large number of nerve
fibers and the small size of the interface.

An alternative strategy for neural interventions is to create a single
neural interface to the whole nerve bundle and treat the system from nerve
bundle stimulation to the effector response as a peripheral effector system.
Using the electrical stimulation of the celiac ganglion, we explored the
development of an artificial vasomotor center to restore normal arterial
baroreflex function in rats with central baroreflex failure.'*'> We first identified
the dynamic characteristics of the carotid sinus baroreflex by imposing random
pressure perturbations on the isolated carotid sinuses. The transfer function
from baroreceptor pressure input to arterial pressure is defined as the native
baroreflex function [Hyaiwe(f)]. Next, we imposed random electrical stimulations
on the celiac ganglion and quantified the transfer function from electrical
stimulation to the arterial pressure response [Hsin_sp(f)]. Because the celiac
ganglion governs a large abdominal vascular bed, electrical stimulation of the
celiac ganglion effectively increased arterial pressure. The transfer function of
the controller [Hgionic(f)] was then determined in the frequency domain to fulfill the
following equation (Fig. 2A, see Appendix for details).

H pinie M s ir () = H g ()

In a typical experimental result (Fig. 2B), a head-up tilt did not decrease arterial
pressure substantially in the rat with normal baroreflex. In contrast, the same
head-up tilt caused significant hypotension in the rat with baroreflex failure.
Activation of the bionic baroreflex system was able to restore the baroreflex
buffering to a degree similar to that observed in the rat with normal baroreflex.

Note that native neural discharge of the celiac ganglion was not
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recorded to develop the bionic baroreflex system,'*'* whereas recording of the
native cardiac sympathetic nerve activity was essential for the development of a
neurally regulated cardiac pacemaker.” This distinction comes from the fact that
the artificial vasomotor center was designed to control the peripheral effector
system via electrical stimulation of the celiac ganglion to exert an arterial
pressure response. A variety of interventions capable of changing arterial
pressure can be treated as a peripheral effector of the bionic baroreflex system.
We identified the transfer function from epidural spinal cord stimulation to the
arterial pressure response and demonstrated that the bionic baroreflex system
using epidural spinal cord stimulation could prevent orthostatic hypotension in
anesthetized cats." Yamasaki et al. applied the bionic baroreflex system using
epidural spinal cord stimulation to prevent hypotension after sudden deflation of
the thigh tourniquet in knee joint surgery."® Gotoh et al. demonstrated that an
artificial neural interface with the vasomotor center (rostral ventrolateral medulla)
provided rapid and precise control of arterial pressure in conscious rats.'®

Bionic treatment against chronic heart failure

The autonomic nervous system plays an important role in maintaining
the circulation under normal physiological conditions. Sympathetic activation and
vagal withdrawal during exercise are beneficial to increase cardiac output in
response to increased oxygen demand. Native autonomic regulation, however,
does not always operate properly under diseased conditions. Heart failure
develops when the heart can no longer provide adequate cardiac output to meet
the oxygen demand. While sympathetic activation and vagal withdrawal help
compensate for the reduced cardiac performance initially, sympathetic
overactivity and vagal withdrawal eventually exacerbate the failing heart,
resulting in sympathovagal imbalance and the vicious circle of chronic heart
failure. Based on the pathological observation that sympathetic overactivity
worsens heart failure, beta-adrenergic blockers and angiotensin converting
enzyme inhibitors have been used as treatment. Although beta-blockers were
long considered to be contra-indicated in heart failure, these drugs were
ultimately demonstrated to improve outcome and are now established
treatments.'” Nevertheless, the therapeutic effect of sympathetic blockade is not
always sufficient.

We hypothesized that vagal activation would also help terminate the
vicious circle in chronic heart failure, and examined if vagal nerve stimulation
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could treat chronic heart failure.'® In halothane-anesthetized rats, the left
coronary artery was ligated to produce myocardial infarction. One week later, a
telemetry system to record arterial pressure and heart rate and a tele-stimulator
system to stimulate the right vagal nerve were implanted under anesthetized
conditions. Another week later (at 14 days after myocardial infarction), surviving
rats were divided into vagal stimulation and control groups. In the vagal
stimulation group, the right cervical vagal nerve was stimulated intermittently
(10-s stimulation per minute) for 6 weeks. The intensity of vagal stimulation was
adjusted to decrease heart rate by 20-30 beats/min. A 140-day follow-up
revealed that vagal stimulation significantly increased the survival rate (Fig. 3).
Although we did not directly treat the failing heart, the artificial neural interface to
the vagal nerve ameliorated heart failure, thereby improved the survival rate,

The mechanisms by which vagal stimulation ameliorates chronic heart
failure are not fully understood. Because vagal stimulation decreases heart rate,
myocardial oxygen consumption is reduced. Vagal stimulation can also reduce
ventricular contractility via the antagonism to the sympathetic effect, " which may
also help reduce myocardial oxygen demand. Vagal stimulation shows
anti-fibrillatory effect during ischemic insult in healed myocardial infarction in
conscious dogs.”® In acute myocardial ischemia, vagal stimulation reduces the
accumulation of noradrenaline in the myocardial interstitium of the ischemic
region.”’ Because catecholamines have cardiotoxicity,”> reducing myocardial
interstitial noradrenaline levels in the ischemic region may be cardioprotective.
Vagal stimulation also reduces the protein levels of endogenous active matrix
metalloproteinase-9 during ischemia-reperfusion injury,”> which may contribute
to the inhibition of ventricular remodeling. Because acetylcholine concentrations
in the ischemic myocardium are increased via a local releasing mechanism that
is independent of voltage dependent calcium channels,”*“® vagal stimulation can
only induce small additional increases in acetylcholine concentrations in the
ischemic region.”" Given the profound ameliorative effect of vagal stimulation in
chronic heart failure, '® the target of vagal effect may be the ischemic border zone,
rather than the ischemic zone itself. Also, the vagal afferent pathway may modify
the central nervous system to exert beneficial effects in chronic heart failure.
Development of a new experimental method, such as that using reversible vagal
blockade in conscious rats,*® would help separate the afferent and efferent
effects of vagal stimulation. Further studies are required to identify the
mechanisms of cardioprotection by vagal stimulation.
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Conclusion

In this review, we briefly summarized the studies of artificial neural
interfaces targeting the autonomic nervous system with the goal of treating
several cardiovascular diseases. In all of the studies discussed, creating a
logical and physical interface with the autonomic nervous system is the key to
effective cardiovascular treatment. In relation to the logical interface, we have
demonstrated that the application of the white noise analysis was useful to
decode and encode information for the autonomic nervous system. In relation to
the physical interface, electrodes truly capable of long-term recording have not
yet been realized. Although we examined the application of sieve-type nerve
regeneration electrodes for stimulating and recording the autonomic nerves,
further refinements are necessary for practical use. Studies of artificial neural
interfaces with the autonomic nervous system are intriguing and have immense
possibilities in the field of cardiovascular treatment. We expect further
development of artificial neural interfaces as novel strategies to manage
cardiovascular diseases that are resistant to conventional therapeutics.

Appendix A. Transfer function analysis

We resampled input-output data of sympathetic nerve activity and heart
rate at 10 Hz, and segmented them into 8 sets of 50%-overlapping bins of 1024
points each. For each segment, a linear trend was subtracted and a Hanning
window was applied. A fast Fourier transform was performed to obtain the
frequency spectra of the input and output. Ensemble averages of input power
spectra [Sxxdf)], output power spectra [Sy(f)], and the cross spectra between the
input and output [Syf)] were then calculated. The transfer function was
estimated from the following equation.”

H(f)=u)

S (f)

The coherence function between the input and output was calculated

from the following equation.”’
| Sy (NI

S (N)Sy ()

The coherence function ranges from zero to unity. Zero coherence
indicates total independence between the input and output. Unity coherence
indicates a perfect linear dependence of the output on the input.

(A1)

Coh(f)= (A2)
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Once the transfer function was identified, we could calculate the impulse
response of the system [h(7)] via inverse Fourier transform of the transfer
function. We then predicted the system response [y(f)] to an input signal [x(f)]
from the convolution integral between h(7) and x(f) according to the following
equation.

y(t)= JT h(7)x(t =7)dr (A3)

Although the above convolution integral predicts changes in the output
signal in response to changes in the input signal, it cannot usually predict the
direct current component or mean value of the output signal. In the case of the
sympathetic heart rate control, heart rate does not become zero in the absence
of sympathetic stimulation. In the prediction (Fig. 1C), we added the mean value
of the measured heart rate to the output signal of the convolution integral to
predict the absolute heart rate value.

Appendix B. Designing a bionic baroreflex system

The transfer function of the native baroreflex [Huaivs(f)] determined the
dynamic input-output relationship between baroreceptor pressure input [Ppu(f]
and arterial pressure [AP(f)] in the frequency domain.

AP(f) = H e () P () (B1)

Input M\

The transfer function from the stimulus command to arterial pressure [Hstim-»as(f]
determined the dynamic input-output relationship between the stimulus
command [Cs:im(f)] and arterial pressure in the frequency domain.

AP(f)=H gy 4p (/) Coym (f) (B2)
The transfer function of the bionic baroreflex [Hgionic(f)] determined the dynamic
input-output relationship between baroreceptor pressure input and stimulus
command in the frequency domain.

(—'.‘-'rm'ﬂ [J'-) = !_] Btonie (f-) ‘anlr.'ur (f] (83)

From equations B2 and B3, the arterial pressure regulation by the bionic
baroreflex can be described as follows.

;'-IP(J{) = ]!.\'mu—- AP [ f] ]-lﬂ'rmm ‘f} R’rr}'ﬂ'f (.f-’ (84)

Comparison of equations B1 and B4 determined that the bionic baroreflex
should fulfill the following equation to reproduce the native baroreflex function.



