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101 =5 mm Hg in regular-Na aCSF; n=4 for each). In Sham
mice, high-Na aCSF ICV infusion had no significant effects
on cardiac function compared with regular-Na aCSF ICV
infusion (LVDD, 3.1£0.2 mm in high-Na aCSF versus
3.1+0.3 mm in regular-Na aCSF; %FS, 46=2% in high-Na
aCSF versus 48+3% in regular-Na aCSF; n=5 for each).

Effects of ENaC Blocker ICV Infusion on

Cardiac Function

In comparison with AB-H mice, ICV infusion of the ENaC
blocker benzamil (AB-HB mice) significantly decreased
U-NE and U-E excretion (Figure 4A). Cardiac function
(LVDD and %FS) significantly improved in AB-HB mice
compared with AB-H mice (Figure 4B). Relative heart weight
decreased in AB-HB mice compared with AB-H mice (Figure
4C). Arterial pressure was significantly higher and heart rate
was lower in AB-HB mice than in AB-H mice (Online Table
ID). ICV infusion of benzamil did not affect these measures in
AB-R mice, and ICV infusion of vehicle in AB-H mice also
did not significantly decrease U-NE and U-E excretion (data
not shown).

Rho-Kinase Activity and AT;R Expression in

the Brain

The amount of AT,R and the expression of p-moesin, a
substrate of Rho-kinase, in the brain stem and circumventric-
ular tissue were significantly higher in AB-4 mice than in
Sham-4 mice (Figure 5).

Effects of ICV Infusion of Rho-Kinase Inhibitor
and AT,R Blocker on Cardiac Function

In comparison with AB-H mice, ICV infusion of the Rho-
kinase inhibitor Y-27632 (AB-HY mice) or AT,R blocker
telmisartan (AB-HT mice) induced a significant decrease in
U-NE and U-E excretion (Figure 6A). In AB-HT mice, U-NE
and U-E decreased in a dose-related manner. Cardiac function
was also significantly improved in AB-HY mice or AB-HT
mice compared with AB-H mice (Figure 6B). Relative heart
weight was decreased in AB-HY mice or AB-HT mice
compared with AB-H mice (Figure 6C). Heart rate was
significantly decreased in AB-HY mice or AB-HT mice
compared with AB-H mice (Online Table II). Infusion of
vehicle (aCSF or DMSO) did not have these effects.

Figure 5. Left, Representative Western blots
demonstrating the expression of AT4R in the brain
(circumventricular tissues including hypothalamus
and brain stem tissues) of Sham-4 or AB-4. The
graph shows the means for the quantification of 4
separate experiments. Data are expressed as the
e relative ratio to B-tubulin expression (n=4 in each
- group). *P<0.05 vs Sham-4. Right, Representative
Western blot demonstrating the expression of
p-moesin, a substrate of Rho-kinase in the brain

(circumventricular tissues including hypothalamus
and brain stem tissues) of Sham-4 or AB-4. The

graph shows the means for the quantification of 3
separate experiments. Data are expressed as the

relative ratio to Sham-4, which was assigned a
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value of 1 (n=3 in each group). *P<<0.05 vs Sham.
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Serum Parameters

Serum Na concentration did not differ between groups (Sham-4,
151£2 mEqg/L; AB-4, 1511 mEg/L; AB-R, 150%1 mEqg/L;
AB-H, 152=1 mEg/L). Serum creatinine concentration, as a
marker of renal function, also did not differ between groups
(Sham-4, 0.110.01 mg/dL; AB-4, 0.09+0.01 mg/dL; AB-R,
0.12+0.01 mg/dL; AB-H, 0.11=0.01 mg/dL). Serum aldoste-
rone levels were not different between Sham-4 and AB-4 mice
and were significantly lower in AB-H mice than in AB-4 mice,
AB-R mice, and Sham-4 mice (Sham-4, 120=11 pg/dL; AB-4,
145428 pg/dL; AB-R, 163%17 pg/dL; AB-H, 546 pg/dL;
n=>6 to 7; P<<0.05).

Discussion

The major findings of the present study were that mice with
pressure overload produced by aortic banding acquired brain
Na sensitivity via the activation of brain ENaCs through
stimulation of the Rho/Rho-kinase pathway and RAS. Be-
cause of the acquired brain Na sensitivity, high salt intake led
to sympathetic activation, which led to the deterioration of
cardiac function. These findings are novel and suggest new
targets for studies of the prevention and treatment of cardiac
deterioration in patients with pressure overload, such as
hypertensive heart disease.

The most important finding of the present study was that
the mice with pressure overload acquired brain Na sensitivity
and a high-salt diet increased the sympathetic outflow before
cardiac dysfunction was detected. In AB-4 mice, only LVWT
tended to increase compared to the Sham-4 mice, but there
was no effect on cardiac function. Both a high-salt and
regular-salt diet for an additional 4 weeks, however, induced
cardiac dysfunction in AB mice compared with Sham mice.
Furthermore, AB mice on the high-salt diet exhibited signif-
icantly more severe cardiac dysfunction and greater activa-

4 mnoll

tion of the sympathetic system than AB mice on the regular-
salt diet. This high-salt induced enhanced sympathetic drive
was obvious before cardiac function was impaired. In Sham
mice, a high salt intake did not increase U-NE and U-E
excretion and had no effect on cardiac function. These results
strongly suggest that the mice with pressure overload ac-
quired the salt sensitivity before cardiac function began to
deteriorate and that a high salt intake augmented cardiac
dysfunction by inducing sympathetic activation.

To clarify the contribution of central mechanisms to the
acquisition of salt sensitivity in mice with pressure overload,
we examined the effects of high-Na in the CSF on sympa-
thetic activity and arterial pressure after ICV infusion of
high-Na or regular-Na aCSF. Compared with ICV infusion of
regular-Na aCSF, high-Na aCSF induced significant in-
creases in U-NE and U-E excretion in both groups of mice.
The increased U-NE excretion in AB mice, however, tended
to be greater than that in Sham mice (P=0.1), and the
increase in U-E excretion was significantly greater in AB
mice than in Sham mice. Furthermore, ICV infusion of
high-Na aCSF induced significantly greater increases in
arterial pressure and heart rate in AB-4 mice than in Sham-4
mice. To assess the specificity of the pressure response to a
high-Na ICV infusion, we examined the response to other
central stimuli, such as angiotensin II and carbachol. The
response to angiotensin II was greater in AB-4 mice than
Sham-4 mice. In contrast, the response to carbachol was not
different between groups. The effect of the angiotensin II ICV
infusion was supported by the findings that the extent of brain
AT,R was greater in AB-4 mice than Sham-4 mice, and the
effect of carbachol ICV infusion indicated the specific acti-
vation of the brain RAS and Na sensing system. Together
with the findings from the systemic salt loading, our findings
suggest that the acquisition of Na sensitivity in the brain of
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mice with pressure overload results from two different
mechanisms: (1) the enhancement of Na uptake into the brain
and (2) the increase in responsiveness to Na within the brain.

Another important finding of the present study was the
high-Na aCSF-induced activation of the sympathetic system,
which further deteriorates cardiac function in mice with
pressure overload. There are some reports that enhanced
sympathetic drive plays an important role in the progression
of heart failure.22! In the present study, in comparison with
ICV infusion of regular-Na aCSF, high-Na aCSF induced a
significant decline in cardiac function. To evaluate the
possibility that the increase in the afterload induced by
increased arterial pressure affected cardiac function, we
measured arterial pressure 2 weeks after ICV infusion of
high-Na aCSF and confirmed that arterial pressure did not
significantly increase compared with regular-Na ICV infu-
sion. These results suggest that high-Na aCSF-induced sym-
pathetic hyperactivation may lead to cardiac dysfunction in
mice with pressure overload and the deterioration of cardiac
function may not be attributable to the increase in the
afterload induced by the arterial pressure elevation. However,
high-salt loading caused further decreases in cardiac function
in AB mice, indicating that high-salt loading may induce
further decrease in cardiac function both by sympathetic
activation and an increase in arterial pressure in AB mice.

Arterial pressure in AB-4 mice was significantly higher
than that in Sham-4 mice; and arterial pressure in AB-H
1-week mice, which were loaded with a high-salt diet for 1
week, was further increased compared with that in AB-4
mice. Arterial pressure in AB-R mice and AB-H mice
decreased to levels similar or lower than that in Sham mice
within 8 weeks. This may relate to cardiac dysfunction. In
fact, the LVEDP in AB-H mice was significantly greater than
that in AB-R or Sham-R mice and the LV %FS in AB-H mice
was significantly smaller than that in AB-R or Sham-R mice.
To validate the arterial pressure measurements, we measured
arterial pressure and heart rate using a radio-telemetry system
with mice in the awake state. At day 28 after aortic banding
(AB-4 mice), arterial pressure was significantly higher than
that before aortic banding. Thereafter, in AB-H mice, arterial
pressure was significantly further increased at day 35 (1 week
after the starting high-salt diet), but the general health of the
mice deteriorated, likely because of severe lung congestion,
which was supported by the high lung/body weight ratio. In
AB-R mice, arterial pressure peaked at around day 40 and
then gradually decreased. Implantation of the telemetry cath-
eter in the carotid artery might further augment the pressure
overload and induce severe lung congestion in AB-H mice.
Therefore, we examined the arterial pressure under anesthesia
in acute experiments. The findings indicate that aortic band-
ing causes a pressure overload for LV and high-salt loading
superimposed on aortic banding further augments the pres-
sure overload.

To explore the mechanisms of the acquisition of brain Na
sensitivity, we examined the effects of an ENaC blocker,
benzamil. Brain ENaCs are involved in the high salt—induced
increase in central sympathetic outflow in salt-sensitive
hypertensive rats.!? In the present study, brain ENaC block-
ade by benzamil attenuated the high salt-induced activation

of the sympathetic nervous system and the deterioration of
cardiac function. Furthermore, we examined the brain Na
concentrations in each group. We were unable to measure Na
concentrations in the CSF in the present study, because in
mice it is difficult to obtain the volume of CSF required to
measure Na concentration. Therefore, we measured the Na
concentrations in the brain tissues and confirmed that AB-H
mice had higher Na concentrations than the other groups.
These findings support our hypothesis that the pressure
overload activates brain ENaCs and augments Na transport
from plasma to the CSF, resulting in sympathoexcitation.
However, we did not examine the effects of brain ENaCs on
Na transport directly and ENaCs have both epithelial and
neural components.!! Therefore, it is possible that the ben-
zamil may affect ENaCs on neural components and cause
sympathoinhibitory effects. The role of ENaCs on neural
components in sympathetic modulation remains unclear. A
similar dose of benzamil was used as specific ENaC blocker
in previous studies,* and the estimated benzamil concentra-
tion in the CSF in the present study was considered to be
specific for ENaCs (<100 nmol/L).2>-2+ Therefore, the dose
of benzamil used in the present study was adequate for use as
a specific ENaC blocker. Further studies are required to
measure ENaC activity directly. Although some studies have
demonstrated that salt intake induces sympathoexcitation via
central mechanisms'= and the effects of brain ENaCs on
cardiac function,* these previous studies used genetic models
of salt-sensitive hypertension or heart failure induced by
myocardial infarction, whereas we used the pressure overload
produced by aortic banding model in mice without a genetic
background of salt sensitivity.

Finally, we focused on Rho-kinase and angiotensin II as
the mechanisms involved in brain ENaC activation in the
mice with pressure overload, because ENaCs in kidney are
reported to be activated by Rho-kinase'? and angiotensin IL.!3
In addition, we recently reported that Rho-kinase'¢-25-27 and
angiotensin II?% in the brain contribute to cardiovascular
regulation via the sympathetic nervous system. In the present
study, we confirmed that compared to Sham-4 mice, the
brains of AB-4 mice had higher levels of AT,R and higher
Rho-kinase activity, and blockade of either AT|R or Rho-
kinase attenuates high salt-induced sympathetic activation
and cardiac dysfunction. These findings suggest that en-
hanced brain Na sensitivity results from the activation of
brain ENaCs via the Rho/Rho-kinase pathway and RAS in
mice with pressure overload. However, ENaCs may be
upstream of RAS in brain.?® In the present study, we did not
address this issue. Further studies are needed to clarify the
relationship between RAS and ENaCs in brain. It is possible
that renal blood flow is reduced in mice with suprarenal
abdominal aortic banding, resulting in renal dysfunction3®
concomitant with activation of the systemic RAS.3!' It is
unlikely that this occurred in the present study because we
confirmed that serum creatinine and aldosterone levels were
not significantly different between groups and the mean
arterial pressure in the AB-4 mice measured from the right
femoral artery was above 90 mm Hg, suggesting that the
aortic banding procedure did not significantly reduce renal
blood flow and impair renal function. Previous studies
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demonstrated that excess stimulation of cardiopulmonary and
arterial baroreceptors impair baroreflex function?233 and
RAS3? or Rho-kinase®? in the brain might contribute to the
impaired baroreflex function. In the present study, we dem-
onstrated that arterial pressure measured from the carotid
artery and LVEDP were significantly greater in AB-4 mice
than in Sham-4 mice. The excess stimulation of cardiopul-
monary and arterial baroreceptor may contribute to the
activation of the Rho/Rho-kinase pathway and RAS in the
brains of the mice with pressure overload, even before
high-salt loading.

In conclusion, the present findings strongly suggest that mice
with pressure overload acquire brain Na sensitivity because of
the activation of brain ENaCs via the Rho/Rho-kinase pathway
and RAS. The acquired brain Na sensitivity contributes to high
salt-induced sympathetic activation, leading to deteriorating
cardiac function in mice with pressure overload.
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Expanded Materials and Methods

Animals

The study was reviewed and approved by the Committee on Ethics of Animal Experiments,
Kyushu University Graduate School of Medical Sciences, and conducted according to the
Guidelines for Animal Experiments of Kyushu University. Male Institute of Cancer Research

(ICR) mice (10 weeks old; SLC, Fukuoka, Japan) were used.

Mouse LVH Model Preparation

The suprarenal abdominal aorta' was banded in mice (AB mice) under sodium pentobarbital
(25-40 mg/kg i.p.) anesthesia. The abdominal aorta was constricted at the suprarenal level with
5-0 silk sutures guided by a blunted 27-gauge needle, which was withdrawn as quickly as
possible. Sham-operated (Sham) mice served as controls. Four weeks later, AB and Sham mice
were each divided into 2 groups: 1) mice fed a high-salt (8'% NacCl) diet for 4 weeks (AB-H mice
and Sham-H mice) and 2) mice fed a regular-salt (0.3% NaCl) diet for 4 weeks (AB-R mice and

Sham-R mice; Figure 1; protocol-1).

Evaluation of Cardiac Function

Cardiac function was evaluated by echocardiography.>” Serial M-mode echocardiography was
performed on mice under light sodium pentobarbital anesthesia with spontaneous respiration. An
echocardiography system (SSD5000; Aloka, Tokyo, Japan) with a dynamically focused 7.5-MHz

linear array transducer was used. M-mode tracings were recorded from the short-axis view at the
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level of the papillary muscle. Left ventricle (LV) end-diastolic diameter (LVDD), LV
end-systolic diameter (LVSD), and LV wall thickness (LVWT) were measured. LVWT was
calculated as the average of the thickness of the interventricular septum and the posterior LV
wall. Percent fractional shortening (%FS) was calculated as follows: %FS = (LVDD) — (LVSD) /
(LVDD) x 100. Cardiac function was also evaluated by LV End-Diastolic Pressure (LVEDP).
LVEDP was measured with a conductance catheter (1.4 Fr; Miller Instruments®) inserted into the

right carotid artery and advanced across the aortic valve into the left ventricle.

Measurement of Arterial Pressure and Heart Rate

Under sodium pentobarbital anesthesia (25-40 mg/kg i.p.), mice were intubated using a
20-gauge soft catheter and ventilated with a tidal volume of 1.0-1.5 mL at 120 cycles/min with
the fraction of inspired oxygen equal to 0.21.%" A catheter was then inserted into the right carotid
artery to measure arterial pressure and heart rate. In another protocol, arterial pressure and heart
rate were measured in awake AB-H and AB-R mice using a radio-telemetry system (Data
Sciences International).” Under sodium pentobarbital anesthesia (25-40 mg/kg i.p.), the
telemetry catheter was implanted into the left carotid artery and the transducer unit was inserted
into a subcutaneous pouch along the abdomen. Each mouse was housed in an individual cage
after operation and unrestricted and free move in their cage. The case was placed over the
receiver panel connected to the computer for data acquisition. Arterial pressure and heart rate

were recorded continuously for 5 minutes and averaged.

Evaluation of Sympathetic Activity
Sympathetic activity was evaluated by measuring 24-h urinary norepinephrine (U-NE) and

urinary epinephrine (U-E) excretion using high-performance liquid chromatography.>*
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Evaluation of Na Sensitivity

U-NE and U-E after high salt intake was compared between Sham mice and AB mice. Four
weeks after AB (AB-4 mice) or sham operation (Sham-4 mice), mice were fed a high-salt (8%
NaCl) diet. Five days after starting the high-salt diet, 24-h U-NE and U-E excretion were
measured, and echocardiography was performed to confirm that cardiac function was preserved.
In addition, U-NE and U-E excretion in response to high-Na (0.2 mol/L) aCSF ICV infusion
(0.25 L/h for 14 days, using an osmotic minipump) were measured in Sham mice and AB mice.
Under anesthesia with sodium pentobarbital (25-40 mg/kg i.p.), mice were placed on a
stereotaxic frame. The skin overlying the midline of the skull was incised, and a small hole with
the following coordinates was bored using a dental drill: 0.3 mm posterior and 1 mm lateral
relative to the bregma, and 3 mm ventral to the skull surface.® An Alzet® brain infusion kit 3
(DURECT Corporation, CA) connected to an osmotic minipump (Alzet model 1004; DURECT)
was fixed to the skull surface with tissue adhesive. The pump was inserted subcutaneously on the
back. Mice with ICV infusion of regular-Na (0.145 mol/L) aCSF served as the controls (R-Na
ICV-mice; Figure 1; protocol-2). Before and 2 weeks after starting the ICV infusion, sympathetic
activity, cardiac function, arterial pressure, and heart rate were measured by the methods
described above.

The effects of high-Na (0.2 mol/L) aCSF ICV infusion on arterial pressure and heart rate
were also evaluated in Sham-4 mice and AB-4 mice in acute experiments. Arterial pressure and
heart rate were measured via a catheter in the right carotid artery under anesthesia. High-Na (0.2
mol/L) aCSF was infused ICV with a microsyringe pump (infusion rate: 1 L/min for 10 min)
and changes in arterial pressure and heart rate were measured. Furthermore, the effects of other

central stimuli, such as angiotensin II or carbachol ICV infusion on arterial pressure were
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examined. Angiotensin II (Sigma) (0.5 nmol/L, 1 L/min for 5 min) or carbachol (Sigma) (0.1
mmol/L, 1 L/min for 5 min) was infused. The dose of each chemical was also determined

according to the previous reports.”®

Measurement of Brain Na Concentration

Under anesthesia with an overdose of sodium pentobarbital, the mice were perfused with dH,O.
After adequate perfusion to remove blood, the brain circumventricular tissues and hypothalamus
were dissected out. The tissues (0.10 + 0.01 g) were homogenized in 200 L of dH,0,
centrifuged, and the supernatant was collected. The Na concentration in each sample was

measured.

Measurement of Organ Weight
After completion of the experiments, mice were killed with an overdose of sodium pentobarbital,

and the heart and lungs were removed and weighed.

Measurement of Serum Parameters

Within minutes after the mice were injected with an overdose of sodium pentobarbital, a blood
sample was collected from the right ventricle and rapidly centrifuged (6000 rpm for 10 min). The |
obtained serum sample was then stored at —20°C before measuring serum components. We
evaluated the aldosterone concentration by radioimmunoassay, Na concentration by electrode

methods, and creatinine by enzymatic methods.

Evaluation of the Effects of Na-Channel Blockade in the Brain

Benzamil (Sigma), a specific epithelial Na-channel (ENaC) blocker’ (1 mg/mL, dissolved in
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aCSF), was infused ICV in AB-H mice (AB-HB mice) and AB-R mice (AB-RB mice) using an
osmotic minipump (0.11 L/h for 4 weeks). Four weeks later, 24-h U-NE and U-E excretion,
arterial pressure, heart rate, and organ weight were measured, and echocardiography was
performed as described earlier. Mice with ICV infusion of only aCSF (vehicle) served as

controls (aCSF mice; Figure 1; protocol-1).

Evaluation of the Effects of Rho-Kinase and Angiotensin Type 1 Receptors (AT1R)
Blockade in the Brain

A specific Rho-kinase inhibitor, Y-276321° (Calbiochem, 5 mmol/L, dissolved in aCSF), or an
AT1R blocker, telmisartan (Sigma, 4 mmol/L, 20 mmol/L, dissolved in demethyl sulfoxide
[DMSO]) was infused ICV in ABH mice (AB-HY or AB-HT mice, respectively) using an
osmotic minipump (0.11 L/h for 4 weeks). Four weeks later, 24-h U-NE/U-E excretion, arterial
pressure, heart rate, and organ weight were measured; echocardiography was performed in

AB-HY mice and AB-HT mice as described earlier (Figure 1; protocol-1).

Evaluation of AT1R Expression and Rho-Kinase Activity

The animals were killed with an overdose of sodium pentobarbital, and circumventricular tissues
including the hypothalamus and brainstem tissues were obtained. The tissues were homogenized
in a lysing buffer containing 40 mmol/L HEPES (4-[2-hydroxyethyl]-1-piperazineethanesulfonic
acid), 1% Triton® X-100, 10% glycerol, 1 mmol/L Na3VOy4 (sodium orthovanadate), and 1
mmol/L phenylmethylsulfonyl fluoride. The tissue lysate was centrifuged and the supernatant
collected. Protein concentration was determined using a bicinchoninic acid protein assay kit
(Pierce Chemical Co., Rockford, IL). A 15- g aliquot of protein from each sample was separated

on a polyacrylamide gel with 10% sodium dodecyl sulfate. The proteins were subsequently
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transferred onto polyvinylidene difluoride membranes (Immobilon®-P membranes; Millipore,
Billerica, MA). Membranes were incubated with rabbit immunoglobulin G (IgG) monoclonal
antibody to angiotensin type-1 receptor (AT 1Rs, 1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA), with rabbit IgG polyclonal antibody to -tubulin (1:1000; Santa Cruz Biotechnology) and
with goat IgG polyclonal antibody to phosphorylated-moesin, a substrate of Rho-kinase'’
(p-moesin, 1:1000, Santa Cruz Biotechnology). Membranes were then incubated with
horseradish peroxidase-conjugated horse anti-rabbit or anti-goat IgG antibody (1:10,000).
B-Tubulin (1:5000; Santa Cruz Biotechnology) was used as an internal control for the brain
tissues. Immunoreactivity was detected by enhanced chemiluminescence autoradiography
(ECLTM Western blotting detection kit; Amersham Pharmacia Biotech, Uppsala, Sweden), and
the film was analyzed using the public domain software NIH Image (developed at the US

National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/).

Statistical Analysis

All values are expressed as mean + SE. Analysis of variance was used to compare U-NE and
U-E excretion, organ weight, LVDD, LVWT, %FS, and arterial pressure by telemetry system
between groups. An unpaired #-test was used to compare changes in arterial pressure and heart
rate after high-Na ICV infusion, and protein levels between Sham mice and AB mice.

Differences were considered to be significant when P < 0.05.
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Online Table I LVEDP for Each Group

Group LVEDP (mmHg)

Sham- 4 7.0+£0.8

Sham-R 9.6+0.2

AB-4 13.5£1.6*

AB-R 13.3+1.1

AB-H 186+0.8°

n=4 for each, *P<0.05 versus Sham-4, *P<0.05 versus Sham-R
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Online Table IT MAP and HR for Each Group
Group (Number) MAP (mmHg) HR (bpm)
Sham- 4  (8) 87 +2 388+ 9
Sham-R  (5) 88 +2 390+ 5
Sham-H  (5) 95+3 401+ 6
AB-4 (8) 107 £ 4 * 429 + 28 *
AB-R (3) 94 + 3 460 + 14"
AB-H (5) 80+5 497 +3 %"
AB-Hlw (5) 123+ 7 490 + 15 *
AB-HB (4 95+ 5 435+ 17°
AB-HY (%) 94 +3 372+15°%
AB-HT (4 88 + 1 402 +6°
AB-4 (FA) (6) 92 + 4

*P<(.05 versus Sham-4, #P<0.05 versus Sham-R, "P<0.05 versus AB-R

$P<0.05 versus AB-H

FA measured from femoral artery.
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Online Figure I
MAP and HR Measured by Telemetry System
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Online Figure I: Graphs showing mean arterial pressure (MAP) (upper panel) and heart rate (HR) (Iower
panel) measured by telemetry before and after aortic banding (arrow). Circles indicate the data from mice fed
a high salt diet and squares indicate the data from mice fed a regular salt diet. Please see details in the
Results section of the text.
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Servo-Controlled Hind-Limb Electrical Stimulation
for Short-Term Arterial Pressure Control

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

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

Methods and Results: In 8 pentobarbital-anesthetized cats, it was examined whether the arterial pressure (AP)
could be controlled by acupuncture-like hind-limb electrical stimulation (HES). With a 0.5-ms pulse width, HES
monotonically reduced AP as the stimulus current increased from 1 to SmA, suggesting that the stimulus current
could be a primary control variable. In contrast, the depressor effect of HES showed a nadir approximately 10Hz
in the frequency range between 1 and 100 Hz. Dynamic characteristics of the AP response to HES approximated
a second-order low-pass filter with dead time (gain: ~10.2+1.6 mmHg/mA, natural frequency: 0.04010.004 Hz,
damping ratio 1.80+0.24, dead time: 1.38+0.13 s, mean+SE). Based on these dynamic characteristics, a servo-
controlled HES system was developed. When a target AP value was set at 20 mmHg below the baseline AP, the
time required for the AP response to reach 90% of the target level was 38+10s. The steady-state error between
the measured and target AP values was 1.330.1 mmHg.

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

Circ J 2009; 73: 851-859

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

Key Words: Proportional-integral controller; Transfer function

is often associated with cardiovascular diseases,
treating cardiovascular diseases by autonomic
neural interventions have attracted many researchersi-6
Recently, autonomic neural interventions using electronic
devices have again gained the focus of attention as a poten-
tial modality for treating cardiovascular diseases resistant
to conventional therapeutics. To name a few, chronic vagal
nerve stimulation dramatically improves the survival of
chronic heart failure after myocardial infarction in rats?
Chronic baroreceptor activation enhances the survival of
pacing-induced heart failure in dogs? A recent version of
a device-based treatment of hypertension in human is
reported? A framework of electrical neural intervention is
also effective to elevate arterial pressure (AP) against hypo-
tensive eventsi0-13
Aside from direct neural stimulation, electroacupuncture

B ecause abnormality in the autonomic nervous system
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can modify autonomic balance, thereby treating cardiovas-
cular diseases!4-16 Although one feature of the electroacu-
puncture might be its long-lasting effects, immediate car-
diovascular responses to acupuncture-like stimulation are
also observed in several experimental settings. For example,
a 60-s manual acupuncture-like stimulation of a hind limb
reduces renal or cardiac sympathetic nerve activity, causing
hypotension and bradycardia in anesthetized ratsi?18 We
have shown that electrical stimulation of a hind limb using
acupuncture needles immediately resets the arterial barore-
flex and reduces sympathetic nerve activity in anesthetized
rabbits!® Acupuncture-like hind-limb electrical stimulation
(HES) induces immediate hypotension with changes in the
relationship between cardiac and renal sympathetic nerve
activities in anesthetized cats20

In the present study, we hypothesized that AP could be
controlled by HES. Quantification of the dynamic input-
output relationship between a given stimulus and the AP
response is essential for artificially controlling AP10-12
Accordingly, the first aim was to identify the dynamic input—
output relationship between HES and the AP response. The
second aim was to develop a feedback controller system
that could reduce AP at a prescribed target level using HES.

Methods

Surgical Preparation

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

anesthetics

HES

In the supine position, both hind limbs were lifted to
obtain a better view of the lateral sides of the lower legs.
An acupuncture needle with a diameter of 0.2 mm (CE0123,
Seirin-Kasei, Shimizu, Japan) was inserted into a point
below the knee joint just lateral to the tibia20 A 23-gauge
needle was inserted into the skin behind the ankle as the
ground. HES was applied bilaterally via 2 independent
isolators connected to an electrical stimulator (SEN 7203,
Nihon Kohden, Tokyo, Japan) as shown in Figure 1. The
pulse width was changed manually whereas the stimulus
frequency and the stimulus current were controlled by a
dedicated laboratory computer system. The electrical stimu-
lation was started after the hemodynamic effects of needle
insertion had disappeared, and the acupuncture needle
remained inserted during each protocol.

Protocols

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

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

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

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

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

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

Data Analysis

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

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

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

sure (AP). (B) Typical recordings of Protocol 2 showing the effects of stimulus frequency and pulse width on AP. The
white lines in the AP traces indicate 2-s moving averaged data. (C) Changes in AP as a function of the stimulus current.
AP decreased monotonously as the stimulus current increased (P<0.05). (D) Changes in AP as a function of the stimulus
frequency. AP decreased more as the stimulus frequency increased from 1 to 10Hz but the depressor effect became
smaller when the stimulus frequency exceeded 10Hz (P<0.05).

Hanning window was applied. Frequency spectra of the
input and output were obtained via fast Fourier transforma-
tion. Next, the ensemble averages of input power spectral
density [Sxx(f)], output power spectral density [Svy(f)],
and cross spectral density between the input and output
[S¥x(f)] were calculated over the 8 segments. Finally, the
transfer function from input to output [H( f)] was calculated
as:2!

H(p=224D 0

Sxx(f)

To quantify the linear dependence between the input and

output signals in the frequency domain, a magnitude-squared
coherence function [Coh(f)] was also calculated as:2!

ISr( )12

Sa(H Sy @

Coh(f)=
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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 Smin of the 10-min
feedback control. These 2 values were calculated based on
the 2-s moving averaged data of AP.

Statistical Analysis

All data are presented as mean and SE values. In Pro-
tocol 1, changes in AP were examined by 2-way repeated-
measures analysis of variance (ANOVA) using the stimulus
current as one factor and the pulse width as the other factor2?
In Protocol 2, changes in AP were examined by 2-way
repeated-measures ANOVA using the stimulus frequency
as one factor and the pulse width as the other factor. Differ-
ences were considered significant when P<0.05.
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Results that the effect of stimulus frequency on the magnitude of
AP decrease was significant whereas that of pulse width
Relationship Between Stimulus Intensity and AP was not. There was no significant interaction effect between
Response the stimulus frequency and the pulse width.

Typical time series of Protocols 1 and 2 obtained from
one animal are shown in Figures 2A and B, respectively.
The pulse width was set in a random order. In Protocol 1,
baseline AP obtained at the 0-mA stimulus condition was
118.4+5.4mmHg 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 10Hz. At
the pulse width of 1ms, the stimulus frequency of 100Hz
even increased AP. The overall statistical analysis indicated

Dynamic Characteristics of AP Response to HES

Figure 3A depicts a typical time series obtained from
Protocol 3. HES was turned on and off randomly, which
decreased the mean level of AP and also caused intermittent
AP variations. When HES was finally tured 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 approx-
imately 0.7 in the frequency range below 0.06Hz. The

Circulation Journal Vol.73, May 2009
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Figure4. (A) A simplified diagram of the
feedback controller utilized in the present study.
APTarger: target arterial pressure (AP); APnoise:
noise in AP in terms of the control theory;
APMeasured: measured AP; G( f): transfer func-
tion of the controller; H( f): transfer function
from hind-limb electrical stimulation (HES) to
the AP response; Kp: proportional gain; Kr:
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
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coherence value became smaller in the frequency range
above 0.1 Hz but still retained a value of 0.5, indicating that
approximately half of the AP variation was explained by
the HES input.

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

K .
H(f)=———F—— exp(-27fjL)
]+2C]T£j+ %j) )

where K is the steady-state gain, fv is the natural frequency,
¢ is the damping ratio, and L is the pure dead time. When we
performed an iterative non-linear least square fitting using a
downhill Simplex method, K, fv, { and L were estimated as
10.2£1.6 mmHg/mA, 0.040+0.004 Hz, 1.80+0.24 and 1.38+
0.13s, respectively. A model transfer function shown in
Figure 3C was drawn using K, f¥, ¢ and L of 10 mmHg/mA,
0.04Hz, 2 and 1s, respectively.

Development of a Feedback Controller

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

To circumvent a threshold phenomenon in the stimulus
current-AP response relationship (see Appendix B for
details), the HES command (in an arbitrary unit) was trans-
formed into the stimulus current (in mA) by a factor of 1
(Figure 4B, Left) only when the HES command exceeded
unity. When the HES command was less than unity, the
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stimulus current was held at 1 mA and the HES command
was transformed into the stimulus frequency (in Hz) by a
factor of 10 (Figure 4B, Right). The stimulation was turned
off when the HES command became negative.

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

Performance of the Feedback Controller

Figure SA demonstrates the AP regulation by HES
obtained from 2 typical animals. The proportional and inte-
gral gains of the controller were not altered among the
animals (ie, Kp=0, K1=0.005). The white line in the AP
trace indicates 2-s moving averaged data. The target AP was
set at 20mmHg below the AP value just before the applica-
tion of HES. The feedback controller was activated for
10min, which decreased AP at the target level. The HES
command was individualized via the feedback mechanism.
In the left panel of Figure 5A, the HES command gradually
increased throughout the 10-min regulation. In the right
panel of Figure 5A, the HES command was less than unity



