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Fig, 3. A: Effect of vagotomy after icv injection of 1 nmol of ghrelin on dialysate ACh
concentration (n==7). Values are mean- SE. Statistical comparison was performed
after logarithmic transformation. ** P<0.01 vs. baseline before injection by one-way
repeated measures analysis of variance followed by Dunnett’s test, B: Typical time
course of heart rate change. Heart rate gradually decreased after icv injection of ghrelin
and promptly returned to the baseline level after vagatomy.

demonstrated that icv injection of ghrelin stimulates pancreatic
secretion by activating efferent vagal nerves. Kobashi et al. (2009)
have shown that icv injection of ghrelin induces relaxation of the
proximal stomach through activation of efferent vagal nerves, Vagal
nerves also play an important role in the regulation of heart rate
under physiological conditions. Moreover, vagal stimulation has
cardioprotective effect against chronic heart failure (Li et al,, 2004;
Schwartz et al., 2008). However, the effect of icv injection of ghrelin
on cardiac vagal nerve activity has not been reported.

In the present study, icv injection of ghrelin decreased heart rate
without affecting mean arterial pressure, and simultaneously in-
creased dialysate ACh concentration without changing dialysate NE
concentration. The time course of heart rate changes parallels that of
dialysate ACh concentration changes throughout the experiment.
Furthermore, dialysate ACh concentration and heart rate recovered to
the baseline levels immediately after vagotomy. Thus, the decrease in
heart rate by central ghrelin could be due to cardiac vagal activation
and not cardiac sympathetic suppression. The present study demon-
strates that centrally administered ghrelin activates cardiac vagal
nerve and decreases heart rate. The maximal dialysate ACh concen-
tration following icv injection of ghrelin reached 8.8 1.2 nM. This
dialysate ACh concentration is almost equivalent to that induced by
electrical stimulation of the right cervical vagal nerve at 10-20Hz
(Shimizu et al,, 2009). Therefore, ghrelin may be one of the most
important mediators in the central nerve system, which activates
cardiac vagal nerve.
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Ghrelin receptors are present in the central nerve system. In a
¢-Fos expression study, Date et al. (2001) reported that central ghrelin
activated the NTS and dorsal motor nucleus of the vagus (DMNV).
Zigman et al. (2006) demonstrated the presence of GHS-R in all three
divisions of the dorsal vagal complex using in situ hybridization. The
GHS-Rs are also expressed in the hypothalamus including the ARC
(Guan et al, 1997). Central administration of ghrelin may activate
cardiac vagal nerve through direct action on central ghrelin receptors,
although it is difficult to determine the brain region in which ghrelin
acts from the present study.

There was a long time lag between icv injection of ghrelin and
activation of the cardiac vagal nerve. This may suggest that other
mediators are involved in ghrelin-induced activation of cardiac vagal
nerve. Intracerebroventricular injection of ghrelin evokes growth
hormone release (Date et al,, 2000), Resmini et al. (2006) reported
sympathovagal imbalance due to vagal hypertone in acromegalic
patients. Sato et al. (2003), however, suggested that the stimulatory
effect of ghrelin on pancreatic secretion may be induced independent
of its growth-hormone releasing effect, because a maximal increase in
growth hormone was observed 10~20 min after ghrelin injection but
a peak increase in pancreatic secretion was found 30-60 min after
injection. In the present study, the maximal decrease in heart rate
(23449 and 23349 bpm) and maximal increase in dialysate ACh
concentration (8.8 4 1.2 and 8.7 + 1.3 nM) were both observed during
60-100 min after icv ghrelin injection. Moreover, Bisi et al. (1999)
reported that intravenous administration of recombinant human
growth hormone increased circulating growth hormone levels but did



54 S. Shimizu et al. / Autonomic Neuroscience: Basic and Clinical 162 (2011) 6065

not affect heart rate or mean arterial pressure in humans. Therefore,
the stimulatory effect of ghrelin on the cardiac vagal nerve may be
independent of its growth hormone releasing effect.

Nakazato et al. (2001) reported that antibodies and antagonists
of neuropeptide ¥ and agouti-related protein abolished ghrelin-
enhanced feeding. Kamegai et al. (2001} reported that chronic icv
infusion of ghrelin increased both neuropeptide ¥ and agouti-related
protein mRNA levels in the ARC. Moreover, Kobashi et al. (2008)
showed that central neuropeptide Y induced proximal stomach
relaxation via Y1 receptors in the dorsal vagal complex of rats. Thus,
neuropeptide Y and agouti-related protein may be involved in the
stimulatory effect of ghrelin on cardiac vagal nerve. However, we
need further investigations to identify the mediators involved in the
ghrelin-induced cardiac vagal activation.

4.2. Ghrelin and cardiac sympathetic nerve activity

in the present study, icv injection of ghrelin did not change dialysate
NE concentration. This result indicates that centrally administered
ghrelin did not affect NE release into the SA node under the present
experimental conditions. Central ghrelin has been shown to inhibit
sympathetic nerve activity in conscious rabbits (Matswumura et al,
2002). The present study was performed under anesthetized conditions.
The difference in effect on sympathetic nerve activity may be related to
experimental conditions including anesthesia and artificial ventilation.
Schwenke et al. (2008) reported that subcutaneous administration of
ghrelin prevented the increase in cardiac sympathetic nerve activity in
the acute phase after myocardial infarction. Soeki et al. (2008) also
reported that sympathetic nerve activity was inhibited by subcutaneous
administration of ghrelin in rats with myocardial infarction, but not in
sham-operated rats. Ghrelin seems to have a stronger inhibitory effect
on the activated sympathetic nervous system than on the non-activated
systerr. The basal sympathetic tone under our experimental conditions
may not have been sufficiently high to reveal the sympathoinhibitory
effect of ghrelin.

The basal vagal tone could also affect the sympathoinhibitory
effect of ghrelin, Lin et al. (2004) reported that microinjection of
ghrelin into the NTS did not affect heart rate and reduced the response
of mean arterial pressure after intravenous administration of atropine
sulfate, Thus, the vagal nerve may play an important role in ghrelin-
induced sympathetic suppression. The sympathoinhibitory effect of
ghrelin may be partly dependent on prejunctional inhibition of NE
release via muscarinic receptors associated with vagal nerve activa-
tion. In Lin's study, however, depressor response of ghrelin appeared
even after atropine treatment, Thus, it is highly possible that centrally
administered ghrelin has a certain sympathoinhibitory effect, We
need further investigations about the sympathoinhibitory effect of
ghrelin.

4.3, Methodological considerations

First, ACh is degraded by ACh esterase immediately after its
release, To monitor ACh release in vivo, addition of an ACh esterase
inhibitor (eserine) into the perfusate is required. In our previous
study, dialysate ACh concentration correlated well with heart rate and
the frequency of cervical vagal nerve stimulation in the presence of
eserine (Shimizu et al,, 2009). Therefore, the increase in dialysate ACh
concentration by icv injection of ghrelin should reflect the activation
of cardiac vagal nerve even in the presence of eserine,

Second, the eserine can also affect NE release from sympathetic
nerve endings as follows. The eserine should spread around the
semipermeable membrane, thereby affecting the NE release in the
vicinity of the semipermeable membrane through the enhancement
of muscarinic receptor mediated prejunctional inhibition.

Third, to detect changes in dialysate NE and ACh concentration
sampled from the right atrium, cardiac microdialysis technique

requires 20-min sampling duration. The temporal resolution may be
still insufficient compared to acute changes in hemodynamics such as
that observed after vagotomy in Protocol 2. The improvement of
sensitivity of liquid chromatography will lead to higher temporal
resclution of this technique.

Fourth, in the present study, animals were in the supine position
during dialysate sampling because this experiment was performed at
open-chest condition for cardiac microdialysis. The supine position
may have delayed the diffusion of ghrelin and prolonged the time-lag
between the injection and vagal nerve activation. Thus, the position of
animals may affect the time course of hemodynamics.

4.4. Conclusion

Using cardiac microdialysis technique, we demonstrated that
centrally administered ghrelin was able to activate cardiac vagal
nerve, Central ghrelin may play an important role in vagal cardiovas-
cular control.
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We transfected naked HGF plasmid DNA into cultured cardiomyocytes using a sonoporation method consisting of ultrasound-
triggered bubble liposome destruction. We examined the effects on transfection efficiency of three concentrations of bubble
liposome (1 x 10°, 1 X 107, 1 X 10®/mL), three concentrations of HGF DNA (60, 120, 180 ug/mL), two insonification times (30,
60 sec), and three incubation times (15, 60, 120 min). We found that low concentrations of bubble liposome and low concentrations
of DNA provided the largest amount of the HGF protein expression by the sonoporated cardiomyocytes. Variation of insonification
and incubation times did not affect the amount of product. Following insonification, cardiomyocytes showed cellular injury, as
determined by a dye exclusion test. The extent of injury was most severe with the highest concentration of bubble liposome. In
conclusion, there are some trade-offs between gene transfection efficiency and cellular injury using ultrasound-triggered bubble
liposome destruction as a method for gene transfection.

1. Introduction reports have already examined this dose-effect relationship
and the safety of the procedure [3].

Transfection efficiency in sonoporation depends on
various conditions including type of microbubble, mode of

ultrasound, frequency of ultrasound, intensity of acoustic

Ultrasound-triggered bubble liposome destruction (sono-
poration) has been proposed as a safe nonviral means of
gene therapy that can target many different cells or tissues.

In the field of cardiovascular medicine, this method may
have significant potential for the introduction of therapeutic
genes directly into vascular cells or cardiomyocytes [1, 2].
Sonoporation can only be clinically effective if the dose-
effect relationship between the amount of bubble liposome
and transfection efficiency is first established. However, few

pressure, concentration of microbubble, dose of DNA,
duration of insonification, incubation time of cell with
DNA, repeat count of insonification, type of targeted cell,
and other physicochemical conditions like temperature and
carbon dioxide concentration, [3]. Greenleaf et al. reported
that ultrasound acoustic pressure, DNA concentration, and



repeat count of insonification correlated with transfection
rate [4]. Teupe et al. demonstrated that duration of insoni-
fication did not affect transfection rate [5]. Then, Chen et
al. showed that transfection rate reached plateau when DNA
concentration was increased [6].

Greenleaf et al. also showed that transfection rate peaked
and fell off according to the change in liposome concen-
tration [4]. They thought it might be derived from cellular
toxicity of large amount of liposome. Li et al. reported
that cell viability decreased along with the increase in
microbubble concentration [1]. Guo et al. demonstrated that
cell viability decreased with the increase in duration of
insonification [7]. Suzuki et al. and Li et al. showed that cell
viability decreased with the increase in ultrasound acoustic
pressure [8, 9].

On the basis of those previous findings, we planned to
examine the effects of amount of plasmid DNA, liposome
concentration, duration of insonification, repeat count of
insonification, and time of incubation with liposome, cell,
and DNA on transfection rate, which was measured by means
of HGF protein release into culture medium.

2. Materials and Methods

2.1. Cell Culture. Primary cultures of neonatal ventricular
myocytes were prepared as described previously [10]. Briefly,
apical halves of cardiac ventricles from 1-day-old Wistar
rats were separated, minced, and dispersed with 0.1% col-
lagenase type II (Worthington Biochemical Corp., Freehold,
NJ). Myocytes were segregated from nonmyocytes using a
discontinuous Percoll gradient (Sigma Chemical Co., Inc., St.
Louis, MO). After centrifugation, the upper layer consisted of
a mixed population of nonmyocyte cell types and the lower
layer consisted almost exclusively of cardiac myocytes. After
the myocytes had been incubated twice on uncoated 10-
cm culture dishes for 30 minutes to remove any remaining
nonmyocytes, the nonattached viable cells were plated on
gelatin-coated 24-well culture plates or 10-cm culture dishes
and then cultured in DMEM (Life Technologies, Grand
Island, NY) supplemented with 10% FCS (Life Technologies,
Grand Island, NY). After 24-hour incubation in DMEM
with FCS, the culture medium was changed to serum-free
DMEM, and all experiments were performed 24 hours later.
This purification procedure has well been established [11,
12], and >95% of the cells obtained by this method were
cardiomyocytes.

2.2. Plasmid DNA. Preparation of rat hepatocyte growth fac-
tor (HGF) expression plasmid DNA was described previously
[13]. Briefly, rat HGF c¢DNA cloned by polymerase chain
reaction was inserted into the unique Xho I site between
the cytomegalovirus immediate-early enhancer-chicken -
actin hybrid promoter and rabbit S-globin poly A site
of the pCAGGS expression plasmid [14]. The resulting
plasmid, pCAGGS-HGF, was grown in Escherichia coli
DH5« (Figure 1(a)). The plasmid was purified with a
QUIAGEN plasmid DNA kit and dissolved in TE buffer. The
purified plasmid DNA was stored at —20°C and diluted to
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the required concentration with distilled water immediately
before use.

2.3. Bubble Liposome. Liposome microbubble, SHU 5084,
consists of palmitic acid and galactose and provides
echogenic micron-sized air bubbles when suspended in
water. The diameter of bubbles ranges from 2 to 8 ym, and
97% are smaller than 6 um [15]. These air bubbles are
stabilized by palmitic acid, which forms a molecular film
that lowers the surface tension of the aqueous vehicle.
The SHU 508A bubbles are nontoxic, have a neutral pH,
are biodegradable, and are made from a physiologically
occurring substance. The physiochemical properties of SHU
508A bubbles are typical of a saccharide solution [15].

2.4. Experiment on Ultrasound Mode. Before performing
the experiments for dose-effect relationships using liposome
sonoporation, we needed to determine the most appropri-
ate ultrasound mode for the sonoporation procedure for
efficient transfection. We tested four modes of ultrasound:
pulsed wave Doppler, color flow Doppler, continuous wave
Doppler, and harmonic power Doppler, which are available
with standard echocardiographic machinery in a clinical lab-
oratory. We performed a simple transfection experiment at
the same acoustic pressure of 0.5 W/cm? for each ultrasound
mode, using a single condition with 60ug HGF plasmid
DNA, 1 x 107 particles/mL of SHU 508A liposome, 30 sec
insonification, 15 min of DNA incubation, and 3 repetitions
of insonification.

Rat neonatal cardiomyocytes were inoculated and grown
to confluence in DMEM+10% FCS. After confluence had
been reached in a 35 mm Petri dish, the medium was changed
to fresh defined serum-free medium. Plasmid DNA was
diluted with distilled water immediately before the transfec-
tion. Each experiment was performed on 20 dishes. Cells on
each dish were treated with ultrasound (Figure 1(b)). Pulsed
wave Doppler, color flow Doppler, and continuous wave
Doppler were insonified from PSK-25AT acoustic transducer
with Toshiba SSA-380A (Toshiba Medical Systems), and
harmonic power Doppler was insonified from S3 transducer
with Sonos 5500 (Phillips Medical Systems). The exper-
imental results are shown in Figure 2. Continuous-wave
Doppler ultrasound was the most efficacious and was used
for subsequent experiments.

2.5. Experiments for Dose-Effect Relations. The medium
in 35mm Petri dishes containing the cardiomyocytes
was changed to fresh defined serum-free medium from
DMEM+10% FCS. Rat HGF plasmid DNA was diluted with
distilled water, and a volume corresponding to 60, 120, or
180 pg was added to each of the 20 Petri dishes per DNA dose.
Cells on each dish were then treated with continuous-wave
Doppler ultrasound (frequency of 2.5MHz and acoustic
intensity of 0.5 W/cm? from a PSK-25AT acoustic transducer
with Toshiba SSA-380A Ultrasound system) with SHU 508A
liposome (1 x 107 particles/mL) for acoustic exposure time
of 30 or 60 seconds at room temperature (Figure 1(b)).
In a separate series of experiments, we tested four liposome
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Figure 1: (a) Structure of the expression plasmid pCAGGS-HGE. The expression cassette of pCAGGS-HGF contains chicken f-actin
promoter, rat HGF, and rabbit 3-globin poly A. (b) Experimental setup. The transducer was attached to the bottom of the dish.
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FiGure 2: Comparison of four modes of ultrasound for sono-
poration. Cells treated with continuous-wave Doppler ultrasound
yielded the largest amount of HGF protein indicating this to be the
most effective ultrasound mode. CFD: color flow Doppler; PWD:
pulsed wave Doppler; CWD: continuous wave Doppler; Harmonic:
harmonic power Doppler. *P < .05 versus DNA alone; **P < .05
versus CFD; ***P < .05 versus PWD; TP < .05 versus Harmonic.

concentrations (0, 1 x 105, 1 x 107 or 1 x 10® particles/mL),
three insonification repetitions (1 insonification only, 3 or 5
insonifications for 30 seconds), and three DNA incubation
times (15, 60 or 120 min). After the incubation, the culture
medium was changed to normal DMEM+10% FCS and

the cells were cultured for 72 hours. In a separate set
of experiments, we examined the effect of culture period
on the amount of DNA product that is HGF protein by
discontinuing culture at 24, 48, and 72 hours and measuring
the amount of rat HGF protein in the medium. The total
amount of protein content in the cultured cells was measured
and used to correct the HGF level in each dish. We measured
rat HGF protein using an EIA kit (Institute of Immunology
Co., Ltd., Tokyo, Japan) [13] and protein content of cultured
cells using a Modified Lowry Protein Assay Kit (Pierce
Biotechnology, Rockford).

2.6. Viability of Cultured Cells. To determine the safety
of sonoporation, in a separate experiment, cultured cells
were exposed to 0.1% trypan blue for 5min just after
ultrasound insonification. This allowed assessment of sar-
colemmal membrane damage and was performed for each
concentration of liposome, each insonification time, and
each number of repetitions of insonification. The number
of stained and unstained cells in the dishes was counted
and used to calculate the percentage of intact cells [16].
The degree of cellular injury caused by sonoporation was
determined by examining the insonified cells by scanning
electron microscopy (Hitachi S-4800). Immediately after
ultrasound insonification in the presence of liposome, the
cardiomyocytes were fixed with phosphate-buffered 2.5%
glutaraldehyde for 4 hours, followed by postfixation with 1%



osmium tetroxide for 1 hour, and then were conventionally
prepared for scanning electron microscopy.

2.7. Statistical Analysis. Data were expressed as the mean =
SEM. Comparisons of parameters from experimental groups
were performed with unpaired ¢ tests and resulting P-
values were corrected according to the Bonferroni method.
In analyses, P < .05 was considered to indicate statistical
significance.

3. Results

3.1. Effect of Culture Period on HGF Protein Production by
Sonoporated Cardiomyocytes. The concentration of HGF
protein in the culture medium increased as the culture period
after ultrasonic transfection was extended. The transfection
consisted of three 30-sec insonifications a 15-min incubation
with HGF DNA (60 g) and liposome (1 X 10 particle/mL)
(Figure 3(a)). After 72 hours of culture, HGF protein concen-
tration in the culture medium was measured and corrected
using the protein content of the cultured cells.

3.2. Effect of the Amount of Plasmid DNA on HGF Protein Pro-
duction by Sonoporated Cardiomyocytes. HGF protein con-
centration in the culture medium was 0.54 =0.049 ng/mL/mg
and was highest when 60 ug of DNA was administered with
a liposome concentration of 1 x 107 particles/mL, al5-min
incubation, and three 30-sec insonification. Although the
nominal mean values of HGF protein after transfection of
120 and 180 ug DNA were lower than those after transfection
of 60ug, the differences were not statistically significant
(Figure 3(b)).

3.3. Effect of Incubation Period with Plasmid DNA and Lipo-
some on HGF Protein Production by Sonoporated Cardiomy-
ocytes. HGF protein concentration in the culture medium
was 0.56 + 0.053ng/mL/mg and was highest when the
incubation time was 15 min with a liposome concentration
of 1 x 107 particlessmL, 60ug DNA, and three 30-sec
insonification. Although the mean values of HGF protein
after transfection for 60 and 120 min were lower than those
after 15 min incubation, the differences were not statistically
significant (Figure 3(c)).

3.4. Effect of Insonification Time on HGF Protein Production
by Sonoporated Cardiomyocytes. HGF protein concentration
in the culture medium was 0.59 + 0.052 ng/mL/mg and was
highest when the insonification period was 30 sec with 60 g
DNA, a liposome concentration of 1 x 107 particles/mL,
and 15-min incubation. There was no significant difference
in HGF production in cells insonified for 30 and 60 min
(Figure 3(d)).

3.5. Effect of Liposome Concentration on HGF Protein Produc-
tion by Sonoporated Cardiomyocytes. HGF protein concen-
tration in the culture medium was 0.53 = 0.053 ng/mL/mg
and was nominally highest when the liposome concentration
was 1 x 107 particlessmL and insonification consisted of

Journal of Drug Delivery

three 30-sec ultrasound exposures, though it was statistically
similar to that obtained with 1 x 10° particles/mL. At a higher
liposome concentration of 1 x 10® particles/mL, HGF protein
concentration decreased (Figure 3(e)).

3.6. Effect of Repetition of Insonification on HGF Protein Pro-
duction by Sonoporated Cardiomyocytes. HGF protein con-
centration in the culture medium was 0.54 = 0.053 ng/mL/
mg and was highest when three 30-sec insonifications were
given, with a liposome concentration of 1 x 107 particles/mL
and 60mg DNA. This protein production was statisti-
cally higher than in cells given one or five insonifications
(Figure 3(f)).

3.7. Effect of Insonification Time on Cell Viability. The per-
centage of dead cells was 14.7 = 0.9% and was higher in the
cells given five 30-sec insonifications at a liposome concen-
tration of 1 x 107 particles/mL (Figure 4(a)). There was no
statistical difference between 30- and 60-sec insonification.

3.8. Effect of Liposome Concentration on Cell Viability. The
percentage of dead cells increased with increasing concen-
trations of liposome (Figure 4(b)). The dead cell count was
24.8 + 2.9% and was highest when the liposome concentra-
tion was 1x 10® particles/mL and three 30-sec insonifications
were used.

3.9. Effect of Number of Insonification Repetitions on Cell Via-
bility. The percentage of dead cells increased as the number
of insonification repetitions increased (Figure 4(c)). The
dead cell count was 14.7 + 0.9% and was highest when
five repetitions of the insonification step were given, with
a liposome concentration of 1 x 107 particles/mL.

3.10. Scanning Electron Microscopy Observations of Sonopo-
rated Cardiomyocytes. No particular changes were evident
on the surfaces of untreated control cultured cardiomyocytes
when viewed with the scanning electron microscope at low
and high magnification (Figures 5(a) and 5(b)). After sono-
poration with a low concentration of liposome (Figure 5(c))
and with a high concentration of liposome (Figure 5(d)),
microdimples or pores were observed on the surfaces of the
cultured cardiomyocytes.

4., Discussion

Considerable efforts have been made to develop methods
that will allow effective and safe introduction of vectors into
cells for gene therapy. However, we still need a breakthrough
in the form of a novel vector that will transform cells at
high efficiency and with low risk of adverse effects. This is
especially true in cardiovascular medicine, where malignant
cellular transformation is rare [17]. One of the promising
candidates for safe and efficacious gene transfection is a
naked plasmid vector that has been modified to have high
affinity for cardiovascular tissues but which has no built-
in viral components [17, 18]. We have developed a method
for electroporation of a cytokine gene for treatment of
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(d)

FIGURE 5: (a) and (b) Scanning electron microscopic images of intact cell surfaces of cultured cardiomyocytes. Scale dots are indicated on
the images. (c) Image of a cell surface immediately after sonoporation using 1 X 10° particles/mL liposome. (d) Image of a cell surface

immediately after sonoporation using 1 x 10® particles/mL liposome.

cardiomyopathy [13]. However, using electric shock for
transfection is not clinically practical. For this reason, we are
pursuing the present sonoporation method as a protocol for
gene transfection.

The HGF protein used in the present study is found
in a wide variety of cell types and has multiple biological
properties, including mitogenic, motogenic, morphogenic
and antiapoptotic activities [19]. Several lines of evidence
indicate that this molecule has potential for therapeutic use
for treatment of heart failure, myocardial infarction, angina,
and hypertension [20-22]. HGF may also have enormous
therapeutic potential for hepatic and renal disorders, in
addition to cardiovascular diseases [23-26].

In the present study, we showed variations in amount of
HGF plasmid DNA, liposome concentration, the duration of
insonification, and incubation time of the cardiomyocytes
with liposome and DNA, and their dose relationships with
the final amount of HGF protein released from the cultured
neonatal cardiomyocytes. We found that specific amounts
of liposome and repetitions of insonification were needed
for effective protein production from cardiomyocytes. How-
ever, high concentrations of bubble liposome and large
numbers of repeat insonifications resulted in decreased cell
viability.

Plasma membrane sonoporation induced by ultrasound
and subsequent self-sealing has been reported in previous
investigations [27-29]. However, the exact mechanism by
which membrane sonoporation causes substance incorpora-
tion into the cell is not yet understood. Some investigators

speculate that the membrane poration results in both trans-
fection efficiency and cellular damage. In the present study,
scanning microscopy images revealed some microdimples
or pores on the cell surface after sonoporation, which did
not exist on the surface of control cardiomyocytes. The
numbers of dimples or pores tended to increase with higher
concentrations of liposome. Thus, we speculate that these
dimples or pores on the cell surface might be related to
transfection efficiency and might be evidence of cellular
injury by sonoporation. Previous studies of sonoporation of
vascular walls revealed that microbubble destruction would
cause rupture of microvessels and extravasation [30-33],
which would cancel out some benefits of sonoporation.
Thus, the poration and self-sealing mechanism needs to be
fully investigated and optimized.

A sonoporation technique targeting the cardiovascular
system has now been developed for gene transfection to
myocardium, limb skeletal muscle, and arteries [34-37].
For a variety of target tissues, a number of microbubbles,
including liposomes, and a range of ultrasound modes have
been developed. The optimal combination of the type of
microbubble, ultrasound mode, and target tissue still needs
to be resolved [38-40]. However, the principal types of
ultrasound used for sonoporation have included pulsed wave
Doppler or continuous wave Doppler with acoustic pressure
ranging 0.5-5 W/cm? [34-37]. In the present study, we found
that continuous wave Doppler at a standard frequency for
clinical use, that is, 2.5 MHz and the usual acoustic pressure
of 0.5 W/cm?, was most effective with our cardiomyocytes.
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The reason we used one of the standard ultrasound modes
with standard settings for clinical use is that we would like to
use our sonoporation system eventually in a clinical setting.

The present study has several limitations. To avoid the
complexity of numerous combinations of experimental con-
ditions, such as amount of DNA, concentration of liposome,
duration of insonification, repeat count of insonification,
length of incubation time, and culture period after gene
transfection, we only used several practical combinations for
an in vitro experiment for cultured cardiomyocytes. Thus, we
might have missed other multimodal aspects of dose-effect
relationships among these conditions.

5. Conclusion

HGF DNA was successfully transferred to cultured car-
diomyocytes using sonoporation with a defined liposome
concentration and a mode of insonification. A number of
trade-offs between transfection efficiency and cellular injury
have to be balanced to optimize this sonoporation method.
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Closed-loop spontaneous baroreflex transfer function is
inappropriate for system identification of neural arc but
partly accurate for peripheral arc: predictability analysis

Atsunori Kamiya, Toru Kawada, Shuji Shimizu and Masaru Sugimachi

Department of Cardiovascular Dynamics, National Cerebral and Cardiovascular Center Research Institute, Suita-city, Osaka 565-8565, Japan

Abstract Although the dynamic characteristics of the baroreflex system have been described by
baroreflex transfer functions obtained from open-loop analysis, the predictability of time-series
output dynamics from input signals, which should confirm the accuracy of system identification,
remains to be elucidated. Moreover, despite theoretical concerns over closed-loop system
identification, the accuracy and the predictability of the closed-loop spontaneous baroreflex
transfer function have not been evaluated compared with the open-loop transfer function.
Using urethane and «-chloralose anaesthetized, vagotomized and aortic-denervated rabbits
(n=10), we identified open-loop baroreflex transfer functions by recording renal sympathetic
nerve activity (SNA) while varying the vascularly isolated intracarotid sinus pressure (CSP)
according to a binary random (white-noise) sequence (operating pressure = 20 mmHg), and
using a simplified equation to calculate closed-loop-spontaneous baroreflex transfer function
while matching CSP with systemic arterial pressure (AP). Our results showed that the open-loop
baroreflex transfer functions for the neural and peripheral arcs predicted the time-series SNA
and AP outputs from measured CSP and SNA inputs, with r* of 0.8£0.1 and 0.8 0.1,
respectively. In contrast, the closed-loop-spontaneous baroreflex transfer function for the neural
arc was markedly different from the open-loop transfer function (enhanced gain increase and
a phase lead), and did not predict the time-series SNA dynamics (r%; 0.1 & 0.1). However, the
closed-loop-spontaneous baroreflex transfer function of the peripheral arc partially matched the
open-loop transfer function in gain and phase functions, and had limited but reasonable pre-
dictability of the time-series AP dynamics (%, 0.7 & 0.1). A numerical simulation suggested that
a noise predominantly in the neural arc under resting conditions might be a possible mechanism
responsible for our findings. Furthermore, the predictabilities of the neural arc transfer functions
obtained in open-loop and closed-loop conditions were validated by closed-loop pharmacological
(phenylephrine and nitroprusside infusions) pressure interventions. Time-series SNA responses
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to drug-induced AP changes predicted by the open-loop transfer function matched closely the
measured responses (1%,0.9 £ 0.1), whereas SNA responses predicted by closed-loop-spontaneous
transfer function deviated greatly and were the inverse of measured responses (r, —0.8 £0.2).
These results indicate that although the spontaneous baroreflex transfer function obtained by
closed-loop analysis has been believed to represent the neural arc function, it is inappropriate for
system identification of the neural arc but is essentially appropriate for the peripheral arc under
resting conditions, when compared with open-loop analysis.

(Resubmitted 2 December 2010; accepted after revision 7 February 2011; first published online 14 February 201 1)
Corresponding author A. Kamiya: Department of Cardiovascular Dynamics, National Cerebral and Cardiovascular
Center Research Institute, 5-7-1 Fujishirodai, Suita, Osaka 565-8565, Japan. Email: kamiya@ri.ncvc.go.jp

Abbreviations AP, arterial pressure; CSP, intra-carotid sinus pressure; rlinear correlation coefficient; RMS, root mean

square; SNA, sympathetic nerve activity.

Introduction

The arterial baroreflex plays a crucial role in circulatory
control by its dynamic system characteristics (Eckberg
& Sleight, 1992; Rowell, 1993). The baroreflex is
a closed-loop, negative feedback control system that
constantly senses arterial pressure (AP) by baroreceptors
and quickly regulates systemic AP physiologically to
attenuate perturbations in AP (Eckberg & Sleight, 1992;
Rowell, 1993). The total arc baroreflex system consists
of two subsystems: the neural and peripheral arcs
(Kamiya et al. 2005b, 20084, 2010; Kawada et al. 2010).
The neural arc subsystem represents central processing
from baroreceptor pressure to efferent sympathetic nerve
activity (SNA), whereas the peripheral arc subsystem
represents processing from SNA to systemic AP via
peripheral circulatory organs including heart, kidney and
blood vessels (Fig.1) (Ikeda et al. 1996; Kamiya et al.
2005b).

Transfer function analysis is a powerful tool to
determine the dynamic characteristics of biosystems. This
analysis has revealed the dynamic causality mainly in
‘open-loop’ biosystems, including cerebral autoregulation
(Zhang et al. 2002), renal vascular function (DiBona &
Sawin, 2003, 2004), heart rate control (Ikeda et al. 1995)
and cutaneous circulation (Kamiya et al. 2008b). We
have applied the transfer function analysis to characterize
the ‘closed-loop’ arterial baroreflex system, in which we
used the open-loop and white-noise pressure perturbation
techniques to overcome the difficulties of closed-loop
system identification (see Appendix A) (Ikeda er al.
1996; Kawada et al. 2002; Kamiya et al. 20050, 2008a).
We have reported that the neural arc transfer function
(H,) has derivative and high-cut filter characteristics
with a pure delay, indicating that more rapid change of
arterial pressure results in greater response of SNA to
pressure change (Kawada et al. 2002; Kamiya et al. 2005b),
whereas the peripheral arc transfer function (Hp) has
second-order low-pass filter characteristics with a pure
delay (see Appendix B) (Kawada e al. 2002; Kamiya et al.

2005b). However, at least two important issues remain to
be elucidated.

First, a hallmark of the transfer function, the
predictability of time-series output dynamics from input
signals (Tkeda et al. 1995; Kamiya et al. 2008b), has not
yet been investigated in the baroreflex system. Accurate
system identification of the transfer function yields good
predictability, whereas inappropriate system identification
results in poor predictability. In the present study, we tested
the first hypothesis that the open-loop baroreflex transfer
functions of the neural and peripheral arcs are capable of
predicting time-series SNA and AP output dynamics from
baroreceptor pressure and SNA inputs, respectively.

Second, identifying transfer functions is theoretically
difficult under closed-loop and spontaneous resting
baroreflex conditions. The reason is that unknown
noises in the neural and peripheral arcs would inter-
fere with the accuracy of system identification in
closed-loop-spontaneous conditions, in contrast to
open-loop transfer function identification where the
interfering effects of noises would be eliminated by
the open-loop and white-noise pressure perturbation
techniques (Ikeda et al. 1996; Kawada et al. 2002;
Kamiya et al. 2005b, 2008a) (see Appendix A). Although
earlier interesting studies have applied a simplified
(open-loop-like) calculation of transfer function to
closed-loop-spontaneous resting baroreflex condition
in humans (Cooke et al 1999, 2009; Ogoh et al
2009) and animals (Orea et al. 2007) without opening
the loop, whether the reported transfer functions are
actually capable of predicting time-series output dynamics
has not been verified. In addition, the accuracy and
limitation of closed-loop-spontaneous baroreflex trans-
fer functions remain unclear from the viewpoint of
comparing with open-loop transfer functions. In the
present study, we tested the second hypothesis that the
closed-loop-spontaneous baroreflex transfer function is
limited to predict baroreflex dynamics compared with the
open-loop transfer function.
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In the present study, by artificially controlling
intra-carotid sinus pressure (CSP) and recording
renal SNA and systemic AP, we identified the
open-loop baroreflex transfer functions by introducing
CSP perturbation according to a binary random
(white-noise) sequence. We also determined the
closed-loop-spontaneous baroreflex transfer functions by
matching CSP with systemic AP. We then compared
the characteristics and predictability of these transfer
functions. Our results confirmed good predictability
of the open-loop baroreflex transfer functions, and
unexpectedly indicated that the closed-loop-spontaneous
transfer function approximately matched the open-loop
transfer function for the peripheral arc but deviated
markedly from the open-loop transfer function for the
neural arc. Thus, the closed-loop-spontaneous baroreflex
transfer function is inappropriate for system identification
of the neural arc but is partially appropriate for the
peripheral arc under resting condition, compared with
the open-loop analysis. These findings may have great
impact, because the closed-loop-spontaneous baroreflex

A Neural arc
Baro- Central nervous
recepior w——i» system
pressure {vasomotor center)
Cardiovascular
AP organs
system

Peripheral arc

SNA
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transfer function has been believed to represent the neural
arc function (Orea et al. 2007; Cooke et al. 2009; Ogoh
et al. 2009).

Methods
Animal preparation

Animals were cared for in strict accordance with the
Guiding Principles for the Care and Use of Animals
in the Field of Physiological Science approved by
the Physiological Society of Japan and the National
Cerebral and Cardiovascular Center Research Institute,
and the ethical regulations and policies of The Journal
of Physiology (Drummond, 2009). Ten Japanese white
rabbits weighing 2.4-3.3 kg were initially anaesthetized
by intravenous injection (2mlkg™') of a mixture of
urethane (250 mgml™') and a-chloralose (40 mg mli™?).
Anaesthesia was maintained by continuously infusing the
anaesthetics at a rate of 0.33 mlkg™' h™! using a syringe
pump (CFV-3200, Nihon Kohden, Tokyo). The rabbits

B Open-loop condition

[ 5@ sha

C Closed-loop condition

NN
csP —»{F, | »:* —» SNA
2P 48 <
PN

Figure 1. Functional structure of arterial baroreflex system

A, theoretical considerations of the coupling of baroreflex neural and peripheral arcs. Although baroreflex is a
negative feedback control system that senses AP by baroreceptors and regulates AP, we opened the loop by
changing baroreceptor pressure independent of AP. By measuring SNA, we divided the baroreflex system into
the neural arc (from baroreceptor pressure input to efferent SNA via central nervous system) and the peripheral
arc (from SNA input to AP via cardiovascular organs system). B, block diagram of open-loop baroreflex system.
Because of vascular isolation of carotid-sinus regions, CSP is independent of systemic AP. Noise is introduced to
the neural and/or peripheral arcs. C, block diagram of closed-loop-spontaneous baroreflex system, where CSP
equals AP. Noise is introduced to the neural and/or peripheral arcs. Because of the closed-loop nature, changes in
AP (and thus, in CSP) control SNA via neural arc transfer function (Hy), which in turn modulate AP via peripheral
arc transfer function (Hp). CSP, carotid sinus pressure; SNA, sympathetic nerve activity; AP, arterial pressure; NN,
unknown noise in the neural arc; PN, unknown noise in the peripheral arc.
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were mechanically ventilated with oxygen-enriched room
air. Bilateral carotid sinuses were isolated vascularly
from the systemic circulation by ligating the internal
and external carotid arteries and other small branches
originating from the carotid sinus regions. The isolated
carotid sinuses were filled with warmed physiological
saline pre-equilibrated with atmospheric air, through
catheters inserted via the common carotid arteries. CSP
was controlled by a servo-controlled piston pump (model
ET-126A, Labworks; Costa Mesa, CA, USA). Bilateral vagal
and aortic depressor nerves were sectioned in the middle
of the neck region to eliminate reflexes from the cardio-
pulmonary region and the aortic arch. Systemic AP was
measured using a high-fidelity pressure transducer (Millar
Instruments; Houston, TX, USA) inserted retrograde
from the right common carotid artery below the isolated
carotid sinus region. A catheter was inserted into the right
femoral vein to infuse phenylephrine and nitroprusside.
Body temperature was maintained at around 38°C with a
heating pad.

The left renal sympathetic nerve was exposed
retroperitoneally. A pair of stainless steel wire electrodes
(Bioflex wire AS633, Cooner Wire) was attached to the
nerve to record renal SNA. The nerve fibres peripheral to
the electrodes were ligated tightly and crushed to eliminate
afferent signals. The nerve and electrodes were covered
with a mixture of silicone gel (Silicon Low Viscosity,
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KWIK-SIL, World Precision Instrument, Inc., FL, USA) to
insulate and immobilize the electrodes. The pre-amplified
SNA signal was band-pass filtered at 150-1000 Hz. These
nerve signals were full-wave rectified and low-pass filtered
with a cut-off frequency of 30 Hz to quantify the nerve
activity.

Protocols

After the surgical preparation, all animals (n=10)
were maintained supine. The overall scheme of the
experimental design is shown in Fig. 2. Protocols 1-4 were
conducted in randomized order at intervals of at least
5 min, while protocol 5 was done finally. In all protocols,
bilateral CSP was controlled by a servo-controlled piston
pump (Kawada et al. 2002). The SNA, CSP and AP were
recorded at a sampling rate of 200 Hz using a 12-bit
analog-to-digital converter. Data were stored on the hard
disk of a dedicated laboratory computer system.

Before these protocols, operating AP and SNA in
baroreflex closed-loop condition were determined. First,
CSP was matched with systemic AP to close the baroreflex
loop. After at least 5min of stabilization, the variables
were recorded for 10min, and the average AP over
10 min was defined as the operating AP under closed-loop
condition.

Baroreflex condition

Study type
System Protocol 1
identification
studies
(calculation of TF) Protocol 2
Protocol 3
Predictability
stu@es Protocol 4
(on independent
data sets)
Protocol 5

Figure 2. Experimental design

open-loop (Fig.3)

closed-loop spontaneous (Fig.4) ——

Comparison
(Fig. 5)

open-loop
(SNA prediction by neural arc TF, Fig.6)
(AP prediction by neural arc TF, Fig.7)

closed-loop spontaneous
(SNA prediction by neural arc TF, Fig.8)
(AP prediction by neural arc TF, Fig.9)

closed-loop
pharmacological pressure interventions
(SNA prediction by neural arc TF, Fig.10)

In system identification studies, open-loop (protocol 1, CSP was perturbed according to a binary random sequence)
and closed-loop-spontaneous (protocol 2, CSP was matched with systemic AP) baroreflex transfer functions
were identified from experimental data. In predictability studies, the predictive power of the above transfer
functions was tested using independent data (protocols 3, 4 and 5). Protocol 3 and 4 were open-loop and
closed-loop-spontaneous baroreflex conditions, respectively. Protocol 5 was pharmacological pressure intervention
by phenylephrine and nitroprusside infusions in closed-loop condition. TF, transfer function; CSP, carotid sinus
pressure; SNA, sympathetic nerve activity; AP, arterial pressure.
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System identification studies. Protocol 1 was performed
to identify the open-loop baroreflex transfer functions.
After at least 5 min of stabilization, CSP was randomly
assigned at 20 mmHg above or below the operating AP
every 500 ms according to a binary random (white-noise)
sequence, in which the input power spectrum of CSP
was reasonably flat up to 1 Hz (Kawada et al. 2002). The
variables were recorded for 10 min and stored for analysis.
Protocol 2 was performed to determine the
closed-loop-spontaneous baroreflex transfer functions by
a convenient method of applying the same calculation as
that used in the open-loop condition of protocol 1 (see
Appendix A). CSP was matched with systemic AP to close
the baroreflex loop. After at least 5 min of stabilization, the
variables were recorded for 10 min and stored for analysis.

Predictability studies. Protocols 3, 4 and 5 were
performed to investigate the predictability of baroreflex
transfer functions. In protocol 3 (open-loop), CSP was
randomly assigned at 20 mmHg above or below the
operating AP. The variables were recorded for 10 min and
stored for analysis.

In protocol 4 (closed-loop), CSP was matched with
systemic AP to close the baroreflex loop. After at least
5 min of stabilization, the variables were recorded for at
least 10 min and stored for analysis.

Protocol 5 was also performed to investigate the
predictability of baroreflex transfer functions during
sequential pharmacological pressure interventions in the
closed-loop condition. CSP was matched with systemic AP.
After at least 2 min of stabilization, phenylephrine hydro-
chloride (3 ugkg™) was bolus infused through a venous
catheter inserted into the right femoral vein, followed
1-2 min later by sodium nitroprusside (4 ugkg™") and
then 1-2 min later by the second phenylephrine hydro-
chloride infusion (4 ug kg™!). The variables were recorded
continuously for at least 10-11min and stored for
analysis.

Data analysis

SNA signal was normalized by the following steps. First,
0 arbitrary unit (a.u.) was assigned to the post-mortem
noise level. Second, 100 a.u. was assigned to the SNA
signals averaged over 10 min before protocols. Last, the
other SNA signals in protocols 1-5 were then normalized
to these values.

In protocol 1, we calculated the open-loop transfer (gain
and phase) and coherence functions from CSP input to
SNA in the neural arc (Hy.open) and from SNA to AP in
the peripheral arc (H-open). We re-sampled CSP and SNA
at 10 Hz and segmented them into 10 sets of 50% over-
lapping bins of 2!° data point each. The segment length
was 102.4 s, which yielded the lowest frequency bound of
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0.01 {0.0097) Hz. We subtracted a linear trend and applied
a Hanning window for each segment. We then performed
fast Fourier transform to obtain frequency spectra of input
(x) and output (y). The inputs are CSP and SNA, while the
outputs are SNA and AP in the neural and peripheral arc
subsystems, respectively. We ensemble averaged the input
power (Sxx(f)), output power (Syy(f)), and cross power
between input and output (Syx(f)) over the 10 segments.
Then, we calculated the transfer function (H(f)) from
input to output as follows:

Syx(f)
Sxx(f)

Although individual noise may be present in the neural
and peripheral arc subsystems, the effects of noise on
the calculations of transfer functions are eliminated by
open-loop operation and white-noise-like perturbation
of CSP (see Appendix A, Fig. 1A).

To quantify the linear dependence between input
and output in the frequency domain, we calculated
the magnitude-squared coherence function (Coh(f)) as
follows:

H(f) = (1)

|Syx(f)I?
Sxx(f )Syy(f )

The coherence values range from zero to unity. Unity
coherence indicates a perfect linear dependence between
input and output, whereas zero coherence indicates total
independence of these two signals. To quantify the errors
on individual gain and phase estimates, we calculated the
normalized random error (¢(f)) as follows:

_ [1=coh(f)
of) = \ 2naCoh(f) 3

where ny is the number of distinct subrecord, when the
error in gain factor estimate matches that in phase factor
estimate (Julius & Allan, 2000).

To quantify the transfer characteristics in the time
domain, step response was calculated by discrete from
convolution integral as follows:

Coh(f) = (2)

N
Y() =) h(r) X(t—1) (4)

=0

where h(7) is the impulse response obtained by inverse
fast Fourier transform of the transfer function (H(f)); N
is the total number of data elements; 7 is the convolution
parameter; ¢ is time in increments of 0.1s (or 10 Hz);
X(t)=0fort<0and X(¢) =1fort>0.

It should be noted that since protocol 2 was
a closed-loop and spontaneous baroreflex condition,
unknown noise, if present in the neural and peripheral
arc subsystems, would affect the accuracy of system
identification (see Appendix A, Fig. 1B). Based on earlier
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studies (Cooke et al. 1999, 2009; Ogoh et al. 2009),
we applied a simplified (open-loop-like) calculation
of transfer function to the closed-loop-spontaneous
resting baroreflex condition, and estimated the
closed-loop-spontaneous baroreflex transfer functions
from AP input to SNA in the neural arc (Hi. dosed-spon)
and from SNA to AP in the peripheral arc (Hp-dosed-spon)>
together with coherence functions and step responses (see
Appendix A).

In protocols 3 and 4, we calculated the predicted
time-series output dynamics (SNA and AP) from
measured input signals (CSP/AP and SNA in the neural
and peripheral arc, respectively), using eqn (4) and
impulse response obtained from the transfer functions
in protocols 1 and 2. The predicted output was
scatter-plotted, and compared with the actually measured
output by calculating the linear correlation coefficient (r)
and root mean square (RMS). The analysis was performed
using the data at arbitrarily selected 1 and 3 min in
protocols 3 and 4, respectively.

In protocol 5, similar to protocol 3 and 4, we calculated
the predicted time-series output dynamics of SNA from
measured pressure input signals (CSP/AP in the neural
arc) during pharmacological interventions. The predicted
SNA was scatter-plotted, and compared with the actual
SNA measurements by calculating  and RMS. The analysis
was performed using the data for 10-11 min. Since AP
was determined by interventions (phenylephrine and
nitroprusside infusions) and not by SNA, we did not
calculate the predicted AP dynamics from the measured
SNA signals.

Statistic analysis

All data are presented as means & SD. Paired ¢ test and
repeated measures analysis of variance with post hoc
multiple comparisons were used to compare variables as
appropriate. Differences were considered significant when
P < 0.05.

Results
Open-loop transfer function (protocol 2)

Figure 3 shows a typical example of the open-loop system
identification of baroreflex transfer functions in protocol
2. CSP was perturbed according to a binary random
(white-noise) sequence at 500 ms intervals (Fig. 34, green
line). When CSP was increased, SNA decreased, and vice
versa. In the frequency domain, the input power spectrum
of CSP was reasonably flat up to 1 Hz (Fig. 3B, green line).

The open-loop transfer function of the neural arc
from CSP input to SNA (Hy.open; Fig. 3C, left panels)
showed that the gain increased as the frequency of
CSP perturbation increased between 0.01 Hz and 0.4 Hz,
indicating dynamic high-pass characteristics. The phase
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approached —m at the lowest frequency, indicating a
negative SNA response to CSP changes, and lagged as the
frequency increased (Fig. 3C, left panels). The coherence
was over 0.8 between 0.03 to 0.4 Hz except at around
0.35 Hz (Fig. 3C, left panels). The step response (Fig. 3D,
left panel) of SNA in response to CSP consisted of an initial
decrease followed by partial recovery and then steady
state.

The open-loop transfer function of the peripheral arc
from SNA input to AP (Hp.open, Fig.3C, right panels)
showed that the gain decreased as the frequency increased,
indicating low-pass characteristics. The phase approached
zero at the lowest frequency, indicating a positive AP
response to SNA changes, and lagged as the frequency
increased. The coherence was over 0.8 between 0.01 to
0.3 Hz except at around 0.2 Hz (Fig. 3C, right panels).
The step response (Fig. 3D, right panel) of SNA to CSP
was a gradual increase to steady state.

The transfer function of baroreflex total arc from CSP
input to systemic AP identified in the open-loop condition
(Fig. 3E) showed that the gain decreased as the frequency
increased, indicating low-pass characteristics that were
milder than Hj_open. The phase approached —m at the
lowest frequency, indicating negative feedback system
characteristics of baroreflex (negative AP response to CSP
changes). The phase lagged as frequency increased. The
transfer function of total arc was almost consistent with
multiplication of tandemly arranged open-loop transfer
functions of neural (Hy-open) and peripheral (Hp.-open) arcs
(Fig. 1A and B), at the frequency where their coherence
functions were high.

Closed-loop-spontaneous transfer function
{protocol 3)

Figure4 shows a typical example of the closed-loop-
spontaneous transfer functions simplified, calculated in
protocol 3 by applying open-loop-like calculations to
closed-loop-spontaneous data. The data were obtained
from the same animal as in Fig. 3.

We closed the baroreflex loop by matching CSP with
systemic AP. The exact match of the two parameters was
demonstrated by autospectrum (Fig. 4B) and beat-to-beat
waveform (Fig. 4C), both showing overlapping of CSP
(green line) and systemic AP (black line). The exact match
was further confirmed by the transfer functions from CSP
to systemic AP (Fig.4D), which showed that the gain,
phase and coherence functions were maintained constant
at 1, zero and 1, respectively.

The closed-loop-spontaneous transfer function of the
neural arc (Hy.dosed-spon) from CSP (that equalled AP)
to SNA (Fig. 4E, left panels, black line) was markedly
different from the open-loop transfer function (Hy-open,
red line) with respect to gain, phase, coherence and
step response. The increase in gain versus frequency was
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steeper; the gain was thus higher and the coherence was
lower in Hy.closed-spon COMpared with H_gpen. The phase led
as frequency increased, while the step response oscillated
(Fig. 4F, left panel) in H;.cosed-spons Which were markedly
different from H.open-

In contrast to the neural arc, the closed-loop-
spontaneous transfer function for the peripheral arc
(Hp-closed-spon) from SNA to AP (Fig. 4E, right panels, black
line) approximated that of the open-loop transfer function
(Hp-opens red line). The gain (except at 0.02-0.05 Hz) and
phase were similar up to 0.3 Hz, although the coherence
was lower in H_dosed-spon than in Hy_open (common feature
for both neural and peripheral arcs). The step response
was similar to that of Hj.open except for a slower time
constant (Fig. 4F, right panel). Because of the closed-loop

A C Neural arc
(CSP to SNA)

Open-loop
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condition, the gain and phase functions of Hp_cosed-spon
were the inverse of those of H,_dosed-spon-

Since CSP exactly matched systemic AP in this
closed-loop-spontaneous baroreflex condition, the trans-
fer function of total arc baroreflex from CSP input to
systemic AP was calculated as all-pass filter without
modulating phase (Fig. 4D). This is greatly different from
the transfer function of the total arc identified from
open-loop experiments (Fig. 3E).

Comparison between open-loop and
closed-loop-spontaneous transfer functions

The closed-loop-spontaneous transfer functions (Fig. 54,
blue lines) (Hp-closed-spon a1d Hp.closed-spon) Obtained from

Total arc
(CSP to AP)

Peripheral arc E
(SNA to AP)
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Figure 3. Open-loop transfer function

A, typical representative data of one rabbit in protocol 2, showing time series of carotid sinus pressure (CSP),
sympathetic nerve activity (SNA) and systemic arterial pressure (AP) during CSP perturbation in open-loop baroreflex
condition. CSP is changed according to a binary random (white-noise) signal with a switching interval of 500 ms. B,
input power spectrum of CSP (green line) is reasonably flat up to 1 Hz. Autospectra of SNA (top line) and systemic
AP (bottom line) are also shown. The arrowhead indicates a peak of SNA autospectrum at 0.4 Hz. C, open-loop
transfer functions of the neural arc (Hn-open) from CSP input to SNA (left panels) and of the peripheral arc (Hp-open)
from SNA input to AP (right panels) identified in the same animal as in A. The gain (top), phase (second), coherence
(third) and normalized random error (Error, bottom) functions are shown. Units of gain are [a.u. mmHg~'] for the
neural arc and [mmHg a.u.~"] for the peripheral arc, respectively. D, step responses (Step res.) derived from the
transfer functions shown in C. The units are [a.u.] for the neural arc and [mmHg] for the peripheral arc, respectively.
E, open-loop transfer functions of the total arc (Hiotal-open) from CSP input to AP identified in the same animal as
in A. The gain (top), phase (second), coherence (third) and normalized random error (Error, bottom) functions are
shown. Unit of gain is [mmHg mmHg~"1. F, step response (Step res.) derived from the transfer function shown in

E. The unit is [mmHg]. a.u., arbitrary unit.
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all animals (n=10) in protocol 2 were compared with
the open-loop transfer functions (Fig.5A, red lines)
in protocol 1. The step response was also compared
between closed-loop-spontaneous (Fig. 5B, blue line) and
open-loop experiments (Fig. 5B, red line).

In the neural arc (Fig. 5A and B, left panels; Table 1),
closed-loop-spontaneous transfer functions (Hy.-dosed-spons
blue lines) were markedly different from open-loop trans-
fer functions (Hy.open, red lines), similar to the example
shown in Fig. 4E. The difference was characterized by an
enhanced increase of gain versus frequency (slope), a phase
lead and an oscillation of step response. In contrast, in
the peripheral arc (Fig. 5A and B, right panels; Table 2),
closed-loop-spontaneous transfer functions ( Hp.cosed-spon)
were similar to open-loop transfer functions (Hp.gpen) in
gain, phase and step response.
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The transfer function of the baroreflex total arc from
CSP input to systemic AP in the open-loop condition
was identified as having low-pass filter characteristics
with negative feedback in all animals. In contrast, the
total arc transfer function in the closed-loop-spontaneous
condition had all-pass filter characteristics without
modulating phase in all animals.

Predictability of open-loop and closed-loop-
spontaneous transfer function compared with data
measured in open-loop condition (protocol 3)

The ability of the neural arc transfer functions (determined
by protocols 1 and 2) to predict output dynamics
(SNA) from given input signals (CSP) in the open-loop

A c . Neural arc Peripheral arc
Closed-loop spontaneous %" {CSP=AP to SNA) (SNAto AP)
150 E Hn-ciosed-spon deosod-spon
o P S
w 110 o
°F 5
70 8 a
300
- 2
g =0 D
“E 100 @
CSP to AP @5
0 £E
150
<E 100 § 5
. =]
70 T T T 1 Q 0
0 10 20 30
time (s) = b
B IE 2} 2k
100 — 0 0
10 0.01 0.1 Hz1 0.%.1e 0.1 H‘E
! en uen z
. ‘27 TP | - frequency (Hz) 1 quency (Hz)
0.1 , e 4 0.5 ]
: QL 2 ' B
0.01 0.5}k & ok 0/‘-—
0.001 % =2} - 0.5k
0.0001 pltoium ppy =— ) e —
0.01 0.1 1 0.01 0.1 1 0246 810 0 102030405C
frequency (Hz) frequency (Hz) time (s) time (s)

Figure 4. Closed-loop-spontaneous transfer function

A, typical representative data of protocol 3, showing time series of CSP, SNA and systemic AP in
closed-loop-spontaneous baroreflex condition, where CSP is matched with systemic AP. The data were obtained
from the same animal as in Figure 3. B-D show exactness of good match between CSP and systemic AP. B, auto-
spectrum of CSP (green line) overlaps with that of AP (black line). Autospectrum of SNA (top line) is also shown.
The arrowhead indicates a peak in the SNA autospectrum at 0.4 Hz. C, beat-to-beat waveform of CSP (green line)
overlaps with that of AP (black line). D, the transfer functions from CSP to systemic AP. Gain (top), phase (middle)
and coherence (bottom) functions are shown. Unit of gain is [nmHg mmHg~"]. £, the closed-loop-spontaneous
transfer functions of the neural arc (Hp-ciosed-spon) from CSP (=AP) input to SNA (left panels) and of the peripheral
arc (Hp-closed-spon) from SNA input to AP (right panels) identified in the same animal as in A. The gain (top), phase
(second), coherence (third) and normalized random error (bottom) functions are shown. Units of gain are [a.u.
mmHg~"] for the neural arc and [mmHg a.u.~"] for the peripheral arc, respectively. F, step responses (Step res.)
derived from the transfer functions. The units are [a.u.] for the neural arc and [mmHg] for the peripheral arc,
respectively. a.u., arbitrary unit; CSP, carotid sinus pressure; SNA, sympathetic nerve activity; AP, arterial pressure;
Step res., step response. In £ and F, the open-loop transfer functions and derived step responses are included for

reference (red lines).
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Figure 5. Comparison between open-loop and
closed-loop-spontaneous transfer functions

Solid and dashed lines represent the mean and mean + SD,
respectively, obtained from all animals (n = 10). A, red lines are
open-loop transfer functions of the neural (Hn-open, left panels) and
peripheral arcs (Hp-open, right panels) identified in protocol 1. Blue
lines are closed-loop-spontaneous transfer functions (blue lines) of
the neural (Hn-closed-spon. 1€ft panels) and peripheral arcs
(Hp-closed-spon+ Tight panels) identified in protocol 2. The gain (top),
phase (second), coherence (third) and normalized random error
(bottom) functions are shown. Units of gain are [a.u. mmHg~'] for

the neural arc and [mmHg a.u.~'] for the peripheral arc, respectively.

The closed-loop-spontaneous baroreflex transfer function for the
neural arc is markedly different from the open-loop transfer
function, whereas that for the peripheral arc partially matches the
open-loop transfer function. B, step response (Step res.) calculated
from the open-loop (red lines) and closed-loop-spontaneous (blue
lines) transfer functions. The units are [a.u.] for the neural arc and
[mmHg] for the peripheral arc, respectively. a.u., arbitrary unit; CSP,
carotid sinus pressure; SNA, sympathetic nerve activity; AP, arterial
pressure; Step res., step response.
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Table 1. Transfer functions of the baroreflex neural arc (from CSP
to SNA) in open-loop and closed-loop-spontaneous conditions

Open-loop Closed-loop-spontaneous

TF (Hn—opem TF (Hn-closed—sponr
CSP to SNA) CSP [= AP] to SNA)
Gain (a.u. mmHg~")
0.01 Hz 1:2°--:0:2 18- 0:1%
0.1 Hz 20 £ 03 53 4 2.8*
0.3 Hz 2:6:11023 146 + 5.7*
Phase (rad)
0.01 Hz —-2.7 £ 0.2 -54 + 0.4*
0.1 Hz —3.0 £ 0.1 -3.1+04
0.3 Hz —-3.7 £ 0.1 —-2.6 £ 0.11*
Coherence
0.01 Hz 0.8 + 0.1 0.8 +0.2
0.1 Hz 0.9 £ 0.1 0.6 + 0.2*
0.3 Hz 09 + 0.1 0.4 + 0.3*
Slope (dB per decade)
0.01 Hzto 0.3 Hz 47 £ 04 12:1:4:6.1*
Step response
Initial response (a.u.) —-24 +0.2 Oscillating response

Steady-state level (a.u.) —1.2 £ 0.2

Values are mean+SD (n=10). *P <0.05 open-loop vs.
closed-loop-spontaneous conditions. TF, transfer function.

Table 2. Transfer functions of baroreflex peripheral arc (from SNA
to AP) in open-loop and closed-loop-spontaneous conditions

Open-loop Closed-loop-spontaneous
TF (HP'OPE"" TF (Hp-closed—spon:
SNA to AP) SNA to AP)
Gain (mmHg a.u.”")
0.01 Hz 0.7 £ 0.2 0.6 + 0.2
0.1 Hz 0:15£20:4 0.1 + 0.1
0.3 Hz 0.03 + 0.01 0.03 + 0.02
Phase (rad)
0.01 Hz —0.8 £ 0.2 —-09 £ 0.2
0.1 Hz -3.0+02 -3.0+02
0.3 Hz —4.2 + 0.1 —4.0 + 03
Coherence
0.01 Hz 0.9 £ 0.1 0.8 + 0.2
0.1 Hz 0.8+ 0.2 0.6 + 0.2*
0.3 Hz 0.9 £ 0.1 0.4 + 0.3*
Step response
Steady-state —-0.7 £ 0.2 —-0.6 + 0.2

level (mmHg)

Values are mean£SD (n=10). *P<0.05 open-loop vs.
closed-loop-spontaneous conditions. TF, transfer function.

condition was quantified by comparing with the actual
measurements of SNA response to CSP changes in protocol
3. Figure 6 shows a typical example obtained from the
same animal as in Figs1 and 2. CSP was randomly



