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Rho-kinase is involved in the pathogenesis of hypertension and left ventricular remodelling after myocardial
infarction (MI). In an earlier study, we had demonstrated that Rho-kinase in the brainstem contributes to
hypertensive mechanisms via the sympathetic nervous system; however, it is not known whether Rho-
kinase in the brainstem also contributes to sympathetic nerve activation after MI.

Male Institute of Cancer Research mice (8-10 weeks old) were used for the study. Two days before coronary
i artery occlusion (MI group), the left Iventriculalr fungtim_'n \_n.ras estimateg by echn_)cardi_ography. Eolluwing this,
Sympathetic nervous system Y'.27632.(0‘5 mM, 02? pL,u"h)_, a specxﬁcl Rho-kinase inhibitor, or a vehicle was intracisternally infused in the
Brain mice using an osmotic mini-pump. Nine days after coronary artery occlusion, we evaluated the 24-hour
Rho urinary norepinephrine excretion (U-NE) as a marker of sympathetic nerve activity. Ten days after coronary
artery occlusion, we measured organ weight and evaluated Rho-kinase activity in the brainstem by
measuring the amount of phosphorylated ezrin/radixin/moesin proteins, one of the substrates of Rho-kinase.
The control group underwent a sham operation. Rho-kinase activity, U-NE, and lungs and liver weight were
significantly greater in the MI group compared with the control group. Left ventricular size increased and
percent fractional shortening decreased in the MI group compared with the control group. Y-27632
significantly decreased Rho-kinase activity and attenuated the increase in U-NE after MI.

These results demonstrate that Rho-kinase is activated in the brainstem after MI and that the activation of
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this pathway is involved in the resulting enhanced sympathetic drive.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Patients with heart failure present with a variety of physiologic
abnormalities, including high levels of sympathetic nerve activity
(Mark, 1995; Zucker et al., 1995; Middlekauff and Mark, 1998). The
sympathetic nervous system is activated early in the course of heart
failure (Francis et al., 1990), and sympathetic and humoral activation
precede the onset of clinically recognizable heart failure (Benedict
et al., 1996). Sympathetic nerve activation, which changes to adjust to
a reduction in cardiac function, also contributes to the adverse
outcomes of decompensated heart failure. In fact, accumulating
evidence indicates that [3-blockers are one of the most effective
drugs for the treatment of patients with chronic heart failure
(Waagstein et al., 1993; Bristow et al., 1994; Packer et al., 1996).
Furthermore, plasma norepinephrine levels increase and correlate
with mortality in patients with heart failure (Cohn et al., 1984; Rector
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et al.,, 1987). Based on these observations, it can be concluded that
activation of the sympathetic nervous system plays an important role
in the progression of heart failure; however, the detailed mechanisms
of this process are not clear. Therefore, studies of the pathophysiology
of heart failure have extensively focused on sympathetic nervous
system activation.

The brainstem has several cardiovascular centres, such as the
nucleus tractus solitarius (NTS), caudal ventrolateral medulla (CVLM),
and rostral ventrolateral medulla (RVLM; Dampney et al., 1994). In
recent articles, we had reported that activation of the Rho/Rho-kinase
pathway in the brainstem contributes to hypertensive mechanisms
and baroreflex dysfunction, in several hypertensive models, via the
sympathetic nervous system (Ito et al., 2003, 2004a,b, 2005a,b, 2006).
It is not known, however, whether this pathway is involved in the
enhanced sympathetic nervous system activity associated with heart
failure. Therefore, the aim of this study was to determine whether the
activation of the Rho/Rho-kinase pathway in the brainstem con-
tributes to enhanced sympathetic nerve activity in heart failure. For
this purpose, we evaluated Rho-kinase activity in the brainstem of
mice with heart failure (myocardial infarction [MI]) after left coronary
artery (LCA) occlusion. Furthermore, we examined the effects of an
intracisternal infusion of a Rho-kinase inhibitor on sympathetic nerve
activation in mice with heart failure.
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2. Materials and methods
2.1. Animals

The study was reviewed and approved by the Committee on Ethics
of Animal Experiments, Kyushu University Graduate School of Medical
Sciences, and was conducted according to the Guidelines for Animal
Experiments of Kyushu University. Male Institute of Cancer Research
(ICR) mice (8-10 weeks old; SLC, Fukuoka, Japan) were used.

2.2. Mouse heart failure model preparation

The mice underwent LCA occlusion to produce MI (MI group). The
surgical procedures are described in detail elsewhere (Michael et al.,
1995). Briefly, after sodium pentobarbital anaesthesia (25-40 mg/kg
intraperitoneally) and intubation with a polyethylene tube, the
animals were ventilated using a volume-cycled rodent respirator
with a 2-3 mL/cycle and at a respiratory rate of 120 breaths/min. After
thoracotomy, the LCA was ligated with a suture 3-4 mm from the tip of
the left auricle. The chest wall and skin were then closed with sutures.
A sham operation (without LCA occlusion) was similarly performed on
the control group (sham-operated group).

The resultant infarcts were evaluated using serial 5-um sections
stained with Masson's trichrome stain. Infarct length was measured
along the endocardial and epicardial surfaces from the LV sections.
Total LV circumference was calculated as the sum of endocardial and
epicardial segment lengths. Infarct size was calculated as the infract
circumference divided by the total circumference times 100.

2.3. Echocardiographic imaging

Just before and ten days after LCA occlusion, serial M-mode
echocardiographies were performed on all animals under light sodium
pentobarbital anaesthesia with spontaneous respiration. An echocardio-
graphy 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 level of the papillary
muscle. LV end-diastolic diameter (LVEDD), LV end-systolic diameter
(LVESD) and wall thickness were measured. Percent fractional shortening
(%FS) was calculated as follows: ¥FS=(LVEDD)-(LVESD)/(LVEDD)x 100.

2.4. Continuous intracisternal infusion with a Rho-kinase inhibitor

Two days before LCA occlusion, the mice were anaesthetized with
sodium pentobarbital (50 mg/kg intraperitoneally). An osmotic mini-
pump - filled with a vehicle (artificial cerebrospinal fluid containing
123 mM NaCl, 0.86 mM CaCl,, 3.0 mM KCl, 0.89 mM MgCl,, 25 mM
NaHCOs3, 0.5 mM NaH,P0,4 and 0.25 mM Na,HPO,4; pH 7.4) or with Y-
27632 dissolved in artificial cerebrospinal fluid - was subcutaneously
implanted in the dorsum of each of the mice and connected to a
polyethylene tube (PE-10). The osmotic mini-pump infusion rate was
0.25 pL/h and the pumps were calibrated to empty after 14 days. A
small hole was made in the atlantooccipital membrane, which covers
the dorsal surface of the medulla, and the tip of the tube was placed
intracisternally and fixed in place with tissue adhesive.

2.5. Measurement of blood pressure and heart rate

At day 10 after the interventions (LCA occlusion and sham
operation), the systolic blood pressure and heart rate were measured
using the tail-cuff method in an awake state.

2.6. Evaluation of Rho-kinase activity

At day 10 after the interventions (LCA occlusion and sham
operation), the animals were sacrificed using an overdose of sodium

pentobarbital 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 Na3;VO,4 (sodium orthovanadate) and 1 mmol/L
phenylmethylsulfonyl fluoride. The tissue lysate was centrifuged and
the supernatant collected. The protein concentration was determined
using a BCA (bicinchoninic acid) protein assay kit (Pierce Chemical Co.,
Rockford, IL). An aliquot part of 15 pg of protein from each sample was
separated on 10% sodium dodecyl sulfate-polyacrylamide gel. The
proteins were subsequently transferred onto polyvinylidene difluor-
ide (PVDF) membranes (Immobilon®-P membrane; Millipore, Bill-
erica, MA). Membranes were incubated with goat immunoglobin G
(IgG) monoclonal antibody to Rho-kinase (ROCK-2; 1:1000, Santa Cruz
Biotechnology, CA), with rabbit IgG polyclonal antibody to RhoA
(1:1000, Santa Cruz Biotechnology) or with rabbit anti-phosphory-
lated ERM family members - ezrin (Thr567), radixin (Thr564) and
moesin (Thr558) - which are target proteins of Rho-kinase (Matsui
et al, 1998). Membranes were then incubated with a horseradish
peroxidase-conjugated horse anti-goat or rabbit IgG antibody
(1:10,000). Rabbit IgG polyclonal antibody to (B-tubulin (1:5000,
Santa Cruz Biotechnology) for the brain tissues was used as an internal
control. Immunoreactivity was detected by enhanced chemilumines-
cence autoradiography (ECL™ Western blotting detection kit; Amer-
sham Pharmacia Biotech, Uppsala, Sweden), and the film was analyzed
using NIH Image.

2.7. Measurement of organ weight

When the mice were sacrificed, the liver and lungs were also
removed and weighed.

2.8. Measurement of urinary norepinephrine excretion

The 24-hour urinary norepinephrine (U-NE) excretion was
measured by high-performance liquid chromatography two days
before and nine days after LCA occlusion.

2.9, Statistics

All values are expressed as mean+S.E. An unpaired t-test was used
to compare values between the MI mice and sham-operated mice. A
paired t-test was used to compare the values before and after each
operation in the sham-operated mice and MI mice. A two-way ANOVA
was used to compare the LVEDD and %FS between the MI group
infused with the vehicle (MI+vehicle group) and the MI group infused
with Y-27632 (MI+Y-27632 group). Differences were considered to be
significant when P<0.05.

3. Results
3.1. Heart failure characteristics

Systolic blood pressure and heart rate did not significantly alter
after ML The weight of the liver and lungs significantly increased in

Table 1
Physiological parameters of each group

Sham (n=10) MI+vehicle (n=9) MI+Y-27632 (n=10)
Body weight (g) 433 4045 39+4
Lung (mg)/BW(g) 57401 7.2+0.2* 6.8+0.2*
Liver (mg)/BW(g) 6.8+0.7 8.8+04* 7.7103*
Heart (mg)/BW(g) 36401 40404 3.9+03
SBP (mm Hg) 124115 126+12 118+ 11
HR (bpm) 422433 442+28 398+30

Values are means+5.E; n, number of mice.
* P<0.05 versus sham group.
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Fig. 1. M-mode echocardiograms of the left ventricle in parasternal short-axis view obtained from the sham-operated group, the myocardial infarction group with the vehicle
(MI+vehicle) and the myocardial infarction group with Y-27632 (MI+Y-27632). LVEDd: left ventricular end-diastolic diameter; AW: anterior wall; PW: posterior wall.

the MI group compared with the sham-operated group (Table 1).
Infarct size did not differ between the MI+vehicle group and MI+Y-
27632 group (55+3% versus 55+2%). Echocardiographic evaluation
revealed that the LVEDD was larger and %FS was smaller in the MI
group than in the sham-operated group (Fig. 1, Table 2). Furthermore,
the 24-hour U-NE excretion was significantly higher in the MI group
compared with the sham-operated group (Fig. 2).

3.2. Effects of Rho-kinase inhibition in the brainstem on heart failure
characteristics

Intracisternal infusion of Rho-kinase inhibitor Y-27632 signifi-
cantly attenuated the increases in 24-hour U-NE excretion in the MI
group to levels similar to those of before the LCA occlusion, indicating
that intracisternal infusion of Y-27632 prevented the increase in
sympathetic nerve activation in the Ml group (Fig. 2). The echocardio-
graphic values and organ weights did not differ statistically between
the MI+Y-27632 group and MI+vehicle group (Tables 1 and 2).
Although systolic blood pressure and heart rate also did not
significantly differ between the MI+vehicle group and MI+Y-27632
group, heart rate tended to decrease in the MI+Y-27632 group
compared with the MI+vehicle group (p=0.1; Table 1).

In the sham-operated group (n=4), Y-27632 did not affect the
systolic blood pressure (125+11 mm Hg), heart rate (41420 bpm) or
U-NE excretion (Fig. 2).

3.3. RhoA and Rho-kinase protein expression and Rho-kinase activity in
brainstem

The levels of RhoA and Rho-kinase proteins did not change in any
group (Fig. 3). However, the levels of phosphorylated ezrinfradixin/
moesin (p-ERM) proteins, which indicate Rho-kinase activity, were
higher in the MI group compared with the sham-operated group

Table 2
Echocardiographic parameters of each group

Sham (n=10) Mi+vehicle (n=9) MI+Y¥-27632 (n=10)

LvDd (mm) 34103 41+0.1* 3.8+£0.5%
LVDs (mm) 21101 25£01* 2.2+04%
FS (%) 3942 WET* 18+1*

Value are meanszS.E; n, number of mice; LVEDD, left ventricular end-diastolic
dimension; LVESD, left ventricular end-systolic dimension; %FS, percent fractional
shortening.

* P<0.05 versus sham group.

(Fig. 3). Intracisternal infusion of Y-27632 significantly attenuated the
expression level of p-ERM proteins in the MI group to levels similar to
those of the sham-operated group (Fig. 3).

4. Discussion

The major finding in this study was that the Rho/Rho-kinase
pathway in the brainstem contributes to the activation of the
sympathetic nervous system in mice with heart failure after MI. U-
NE and Rho-kinase activity were increased in the brainstem of these
mice. Inhibition of Rho-kinase activity in the brainstem by intracis-
ternal infusion of Y-27632 significantly reduced U-NE. These findings
suggest that increased Rho-kinase activity in the brainstem con-
tributes to the sympathetic hyperactivation in mice with heart failure
after ML

In the mice, heart failure was produced by LCA occlusion. The
resulting LV dilatation and reduced LV systolic function were
confirmed by echocardiography. Also, U-NE, a marker of sympathetic
nerve activity, was significantly increased in the MI mice. Heart failure
is characterized by an enhanced sympathetic drive in experimental
animals as well as in patients (Mark, 1995; Zucker et al, 1995;
Middlekauff and Mark, 1998). In patients with heart failure, plasma
norepinephrine levels increase with the severity of heart failure.
Furthermore, in heart failure, the weight of the lungs and liver
increases due to congestion. In this study, we confirmed that the
weight of the lungs and liver significantly increased in the MI mice

g/24hour’
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* Bl AfterMI
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MI+aCSF MI +Y-27632 Sham + Y-27632
n=9) (n=10) (n=4)

Fig. 2. The 24-hour urinary norepinephrine (U-NE) excretion in each group (*P<0.05
versus before myocardial infarction [MI], #P<0.05 versus myocardial infarction group
with the vehicle [MI+vehicle]).
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Fig. 3. Left: Level of RhoA and Rho-kinase protein in the brainstem in each group. Right:
Level of phosphorylated ezrin/radixin/moesin (p-ERM) family, a target protein of Rho-
kinase, in the brainstem in each group (*P<0.05 versus sham-operated group, #P<0.05
versus myocardial infarction group with the vehicle [MI+vehicle]).

compared with the sham-operated mice. These results indicate that
the MI mice were in a heart failure state, validating the use of these
mice as a heart failure model.

In recent studies, we had demonstrated that the Rho/Rho-kinase
pathway in the brainstem is involved in blood pressure regulation and
baroreflex function via the sympathetic nervous system, and activa-
tion of this pathway contributes to the central hypertensive mechan-
isms of several hypertensive models (Ito et al.,, 2003, 2004a, 2005a,b,
2006). The Rho/Rho-kinase pathway is activated by angiotensin II
(Sagara et al., 2007; Funakoshi et al., 2001), and angiotensin Il may
have an important role in sympathetic nerve activation of heart failure
(Felder et al., 2001; Shigematsu et al., 2001; Zucker, 2006). Further, an
increase in angiotensin Il may be necessary for sustained sympathetic
hyperactivation in heart failure (Liu and Zucker, 1999). Inhibition of
angiotensin II typel receptors in the NTS reduces blood pressure,
heart rate, and sympathetic nerve activity in rats with chronic
inhibition of nitric oxide synthase (Eshima et al., 2000). Therefore,
we hypothesized that the Rho/Rho-kinase pathway in the brainstem
contributes to sympathetic nerve activation in mice with heart failure
after MI, and we evaluated the role of this pathway in the brainstem in
sympathetic hyperactivation.

The finding that the increase in U-NE in the MI mice was
significantly reduced by an intracisternal infusion of Y-27632 was
most important in this study, and this finding indicates that the Rho/
Rho-kinase pathway in the brainstem contributes to the increase in
sympathetic nerve activity after MI. We evaluated sympathetic nerve
activity by the U-NE, which may be dependent on renal function.
Although we did not assess this issue, the criterion of using U-NE for
the estimation of sympathetic nerve activity in heart failure models
has already been established (Sakai et al., 2005). Furthermore, the aim
of our study was to compare the effects of Rho-kinase inhibition on
the sympathetic nerve activity between the MI+Y-27632 group and
MI+vehicle group. Therefore, we measured the U-NE excretion as a
marker of sympathetic nerve activity.

The mechanisms of blood pressure regulation by Rho-kinase have
not been fully understood. Inhibition of Rho-kinase enhances
glutamate sensitivity in excitatory synapses, such as in the NTS (Ito
et al,, 2005a). Whether this mechanism contributed to the reduced
sympathetic nerve activity caused by Y-27632 in the MI mice remains
unknown. A study has reported that the Rho/Rho-kinase pathway
negatively regulates endothelial nitric oxide synthase (NOS) expres-

sion (Laufs and Liao, 1998). Also, nitric oxide in the brain inhibits
sympathetic nerve activity (Sakai et al., 2000; Kishi et al., 2001, 2002).
In fact, a recent study demonstrated that NOS expression in the
brainstem, especially in the NTS, is reduced in an MI mouse model of
heart failure, and up-regulation of NOS in the NTS attenuates the
enhanced sympathetic drive (Sakai et al., 2005). Therefore, attenua-
tion of the sympathetic drive by intracisternal infusion of Y-27632
might be by an effect of nitric oxide.

We evaluated the Rho-kinase activity using the p-ERM levels as
one of the markers. Other target proteins, such as adducin and cofilin,
might also have been phosphorylated by Rho-kinase, and the levels of
these proteins could have changed. In fact, in an earlier study, we had
demonstrated that phosphorylated adducin (p-adducin) levels also
increased in the brainstem of spontaneously hypertensive rats
compared with Wistar-Kyoto rats (Ito et al., 2003).

As seen from the results of earlier studies (Funakoshi et al., 2001;
Matsumoto et al., 2008), factors such as angiotensin Il and endothelin
also play a role in activating the Rho/Rho-kinase pathway. Also, in
previous studies, we had reported that central angiotension II
produced pressor responses by the activation of Rho-kinase in the
brainstem (Sagara et al., 2007), and that in the heart failure model, the
renin-angiotensin system (RAS) was activated in the brainstem
(Shigematsu et al., 2001). Therefore, RAS might be one of the
mechanisms for Rho-kinase stimulation in heart failure. However,
we have not addressed these issues in this study. Further research is
needed to confirm these hypotheses.

5. Study limitations

Intracisternal infusion of Y-27632 might affect many areas of the
brain, including the cardiovascular centre, and it is not possible to
identify specific areas affected by intracisternally infused drugs.
Intracisternal infusion of Y-27632 might also alter neuronal activity
in areas other than in the NTS, such as in the RVLM, due to the flow of
cerebrospinal fluid. Therefore, we examined Rho-kinase activity in the
whole brainstem for this study. As we had previously demonstrated
that Y-27632 has greater effects on blood pressure when injected into
the NTS rather than into the RVLM of rats (Ito et al, 2005b), we
speculate that intracisternal infusion of Y-27632 alters neuronal
activity mainly in the NTS. However, we could not confirm this
speculation because of the technical difficulties involved in using mice
as experimental animals.

In this study, we did not find an improvement in cardiac function
despite the attenuation of sympathetic nerve activation by the Rho-
kinase inhibitor. These results might be attributed to the brief
treatment and survey duration. In fact, LV dimensions tended to
decrease in the MI+Y-27632 group rather than in the MI+vehicle
group. Thus, if we had treated the MI group with Y-27632 for a much
longer period, it might have been possible to detect a significant
improvement in cardiac function. Therefore, further study is needed to
evaluate the long-term effects of Rho-kinase inhibition on improve-
ment of cardiac function or on survival.

6. Conclusion

After MI, the mice showed characteristics consistent with those of
heart failure. From the enhanced sympathetic nerve activity observed,
it can be concluded that this enhancement is mediated by Rho-kinase
in the brainstem. In addition, treatment with a Rho-kinase inhibitor
before LCA occlusion might have preventive effects on heart failure
deterioration.
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Fig. 1. Schematic representations of the possible operations of the presynaptic
inhibition in heart rate (HR) step response to sympathetic nerve stimulation.
The solid and dashed lines indicate the HR step response with and without the
presynaptic inhibition, respectively. A: the presynaptic inhibition attenuates the
steady-state response without affecting the initial slope of the response (a
“limiter-like” operation). B: the presynaptic inhibition attenuates the steady-
slate response accompanied by a decrease in the initial slope in proportion to
the attenuation of the steady-stale response (an “attenuator-like™ operation).
Rapid effector response is maintained in the former but not in the latter.
C: postulated nerve stimulation rate.

augmentation of presynaptic inhibition is an attenuator-like
operation. A possible theoretical explanation for the differ-
ence in dynamic characteristics between the presynaptic
a-adrenergic autoinhibition and the pharmacologic aug-
mentation of the presynaptic inhibition will be proposed.

METHODS
Surgical Preparations

Animal care was in accordance with “Guiding Principles for the
Care and Use of Animals in the Field of Physiological Sciences,”
approved by the Physiological Society of Japan. All protocols were
reviewed and approved by the Animal Subject Committee of the
National Cardiovascular Center. Japanese white rabbits, weighing
2.5-3.1 kg, were anesthetized by intravenous injection (2 ml/kg) of a
mixture of urethane (250 mg/ml) and «-chloralose (40 mg/ml) and
mechanically ventilated with oxygen-enriched room air. Tidal volume
was set at 35 ml and the rate was adjusted between 35 and 40
cycles/min to be sufficient for suppressing spontaneous respiration.
Supplemental doses of these anesthetics were administered by con-
tinuous intravenous infusion (1 ml-kg™'+h™") into the marginal ear
vein. Arterial pressure (AP) was monitored with a micromanometer
catheter (model, Millar Instruments, Houston, TX) inserted into the
right femoral artery. A catheter for drug administration was also
placed in the right femoral vein. Sinoaortic denervation was per-
formed bilaterally to minimize changes in systemic sympathetic
activity via the arterial baroreflexes. The vagi were also sectioned
bilaterally at the neck level to remove the vagal control on HR. The
right inferior cardiac sympathetic nerve was exposed through a mid-
line thoracotomy and sectioned. A pair of bipolar platinum electrodes
was then attached to the cardiac end of the sectioned sympathetic

PRESYNAPTIC INHIBITION AND SYMPATHETIC HEART RATE CONTROL

nerve for stimulation (12, 13, 22, 23). The stimulation electrodes and
nerve were secured with silicon glue (Kwik-Sil, World Precision
Instruments, Sarasota, FL). Instantaneous HR was measured from the
AP signal utilizing a cardiotachometer (Tachometer N4778, San-ei,
Tokyo, Japan). Body temperature was maintained at 38°C with a
heating pad throughout the experiment.

Experimental Procedures

FProtocols. To estimate the transfer function from the sympathetic
nerve stimulation to HR response, we employed a binary white noise
stimulation signal with a switching interval of 5 s. The power
spectrum of the sympathetic nerve stimulation rate was fairly constant
up to 0.1 Hz and decreased to ~1/10 at 0.15 Hz. The upper frequency
limit of the input power that covers the frequency range of physio-
logical interest was determined based on our laboratory’s previous
studies (12, 23) and also preliminary experimental runs. Different
sequences of binary white noise signals were used in different ani-
mals. Because HR is linearly related to cardiac output when stroke
volume is unchanged, we chose HR as an output signal to understand
sympathetic cardiovascular regulation. However, to rule out the pos-
sibility that the reciprocal relationship between R-R interval (RRI)
and HR confounded the analytical results, we also calculated the
transfer function using RRI as an output signal.

In protocol 1 (n = 6), to examine the dynamic nature of the
presynaptic as-adrenergic autoinhibition, we estimated the transfer
function from dynamic sympathetic nerve stimulation to HR response
from 20-min data obtained under control and a.-adrenergic blockade
conditions as follows. After recording the control data, an as-adren-
ergic antagonist yohimbine was administered intravenously with an
initial bolus injection of 1 mg/kg, followed by continuous infusion at
0.1 mg-kg~'-h~'. The yohimbine bolus was equivalent to 10 h of
infusion. The duration from the initiation of yohimbine administration
until HR and AP reached new steady-state levels was ~15 min (35).
We then repeated the 20-min dynamic sympathetic nerve stimulation
and recorded the HR response under the o-adrenergic blockade
condition.

In protocol 2 (n = 5), to examine the effects of pharmacologic
augmentation of the presynaptic as-adrenergic inhibition on the
sympathetic HR control, we estimated the transfer function from
dynamic sympathetic nerve stimulation to HR response before and
during the administration of an oas-adrenergic receptor agonist
clonidine. Clonidine was administered intravenously at 0.3 and 1.5
mg-kg~'-h~" in an increasing order. After 20-min baseline data
collection, we started lower dose clonidine administration and
waited for 15 min and then collected data for 20 min. Next, we
started higher dose clonidine administration and waited for 15 min
and then collected data for 20 min.

The stimulation rate of binary white noise was set at 0—1 Hz for
protocol 1, and 0-5 Hz for protocol 2. Because we expected that
blockade of the presynaptic «z-adrenergic inhibition would augment,
whereas activation of the inhibition would attenuate, the HR response,
we set a higher stimulation rate for protocel 2 than for protocol 1. The
pulse width of sympathetic stimulation was set at 2 ms, The amplitude
was set so that 5-Hz tonic sympathetic stimulation produced a HR
increase of ~50 beats/min.

As a supplemental protocol, we performed the transfer function
analysis using binary white noise signals of 0—1 Hz (Bing.,), 0-3 Hz
(Bing.3), and 0-5 Hz (Binp.s) in a random order (n = 5). At least a
15-min interval was allowed between the 20-min dynamic sympa-
thetic stimulation trials. The amplitude of sympathetic stimulation was
set so that 1-Hz tonic sympathetic stimulation produced a HR increase
of ~50 beats/min.

Medetomidine has higher affinity to «s-adrenergic receptors over
oj-adrenergic receptors compared with clonidine (ao/or, = 1,620:1
for medetomidine, 220:1 for clonidine) (28). However, a preliminary
experiment indicated that medetomidine was not as effective as
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varied among the animals and were not significantly different
between the control and yohimbine conditions.

Table 1 summarizes the mean HR and AP averaged from the
six animals. The as-adrenergic blockade by yohimbine did not
significantly affect the HR or AP before sympathetic nerve
stimulation. Yohimbine also did not affect HR or AP signifi-
cantly during the stimulation period.

Figure 2B illustrates the transfer functions averaged from the
six animals in prorocel 1. In the HR gain plots, the gain value
was relatively constant <0.01 Hz and decreased >=0.01 Hz,
indicating low-pass filter characteristics of the HR response to
sympathetic nerve stimulation. Yohimbine increased the HR
gain from 7.1 = 0.7 to 12.0 = 1.7 beats*min~'-Hz™" at the

lowest frequency of 0.004 Hz (P << 0.05). In contrast, yohim-
bine did not affect the HR gain value at 0.1 Hz (1.8 = 0.4 vs.
1.7 = 0.6 beats-min~'-Hz ™ "). The solid fine curve in the right
panel duplicates the mean gain plot in the left panel as a
reference. In the phase plots, the phase value approached zero
radians at the lowest frequency and lagged with increasing
frequency under both conditions. In the coherence function
plots, the coherence was >0.8 in the frequency range from
0.01 to 0.08 Hz, suggesting that the HR response to sympa-
thetic nerve stimulation in this frequency range can be ex-
plained reasonably well by linear dynamics for both condi-
tions. Changes in the RRI gain plots were similar to those in
the HR gain plots. Yohimbine increased the RRI gain from
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PRESYNAPTIC INHIBITION AND SYMPATHETIC HEART RATE CONTROL

Table 1. Mean heart rate and arterial pressure before and
during random stimulation of the cardiac sympathetic nerve

Control Yohimbine
Heart rate, beats/min
Before 259=15 244=13
During 264*=15 254x17
Mean arterial pressure, mmHg
Before 90£8 87+6
During 91+9 88=8

Values are means = SE. Data were obtained after vagal and cardiac
sympathetic nerves were cut. No statistically significant difference was de-
tected between control vs. yohimbine values by paired r-tests.

6.0 = 0.7 to 11.3 = 1.9 ms/Hz at the lowest frequency of 0.004
(P < 0.05) but not at 0.1 Hz (1.8 = 0.4 vs. 1.9 = 0.8 ms/Hz).
Given the inverse relationship between RRI and HR, the RRI
phase plots (not shown) quite resembled to the corresponding
HR phase plots except for the rotation by m radians.

Figure 2C represents the step responses of HR to sympa-
thetic nerve stimulation calculated from the transfer functions
shown in Fig. 2B. Yohimbine increased the steady-state re-
sponse significantly (Table 2). The initial slope of the response,
depicted by an oblique straight line, was not affected by
yohimbine (Table 2). In the RRI step response, yohimbine
augmented the steady-state response from —6.7 = 0.9 to
—12.6 = 2.1 ms (P < 0.05) without affecting the initial slope
(—0.71 = 0.18 vs. —0.90 = 0.23 ms/s).

Parameters of the transfer functions and step responses esti-
mated in protocol I are summarized in Table 2. The steady-state
gain was significantly greater and the natural frequency was
significantly lower in yohimbine condition compared with con-
trol. The damping coefficient and pure dead time did not differ
significantly between the control and yohimbine conditions.
Whereas the steady-state response was significantly increased by
yohimbine, the initial slope of the step response was not signifi-
cantly changed.

Figure 3A represents a typical recording of the sympa-
thetic nerve stimulation and HR response obtained from
protocol 2. The effects of op-adrenergic stimulation by
clonidine were tested at two doses. Lower dose clonidine
did not affect the magnitude of HR variation. Although
lower dose clonidine decreased the mean HR in this animal,
changes in the mean HR were not significantly different
among the animals (Table 3). Higher dose clonidine signif-
icantly attenuated the magnitude of HR variation and also
decreased mean HR. The attenuation of sympathetic effect
was also observed in the RRI response during the high-dose
clonidine administration.

Table 3 summarizes the mean HR and AP obtained from
protocol 2. Higher dose, but not lower dose, clonidine signifi-
cantly decreased the mean HR, both before and during cardiac
sympathetic nerve stimulation. Clonidine did not affect mean AP
significantly, before or during cardiac sympathetic nerve stimulation.

Figure 3B illustrates the transfer functions averaged from the
five animals in protocol 2. Lower dose clonidine did not affect the
transfer function significantly. In the HR gain plots, higher dose
clonidine decreased the gain from 6.6 = 09 to 2.7 = 0.5
beats*min~'*Hz™ " at the lowest frequency of 0.004 Hz (P <
0.05) and from 1.1 = 0.2 to 0.5 = 0.2 beats*min~'-Hz™' at the
frequency of 0.1 Hz (P < 0.05). Higher dose clonidine did not
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affect the phase plot significantly. In the coherence function plots,
the coherence was >0.8 in control and lower dose clonidine
conditions and >0.7 in higher dose clonidine condition for the
frequency range from 0.01 to 0.08 Hz, suggesting that the HR
response to sympathetic nerve stimulation can be explained rea-
sonably well by linear dynamics in all three conditions. Although
relative change became smaller compared to the HR gain plots,
the attenuation of transfer gain was also observed in the RRI gain
plots. Higher-dose clonidine decreased the gain from 4.5 = 0.7 to
2.8 £ 0.5 ms/Hz at the lowest frequency of 0.004 Hz (P < 0.05)
and from 0.88 = 0.19 to 0.04 = 0.09 ms/Hz at the frequency of
0.1 Hz (P < 0.05).

Figure 3C represents the step responses of HR to sympathetic
nerve stimulation calculated from the transfer functions shown in
Fig. 3B. Lower dose clonidine did not affect either the steady-state
response or the initial slope of the step response. In contrast,
higher dose clonidine attenuated the steady-state response and
also reduced the initial slope of the response. In the RRI step
response, higher-dose clonidine attenuated the steady-state re-
sponse from —4.9 = 0.7 to —3.0 = 0.6 ms (P < 0.05) with a
significant reduction in the initial slope from —0.40 = 0.07 to
—0.23 = 0.05 ms/s (P < 0.05).

Parameters of the transfer functions and step responses
estimated in protocol 2 are summarized in Table 4. The
steady-state gain of the transfer function and the steady-state
response of the corresponding step response were decreased by
higher dose but not by lower dose clonidine. The initial slope
of the step response was decreased by higher dose clonidine.
The ratio of the steady-state response to the initial slope was
unchanged. The natural frequency and the damping ratio of the
transfer function were not affected by clonidine. The pure dead
time of the transfer function was increased by lower dose, but
not by higher dose, clonidine.

Figure 4A represents a typical recording of the sympathetic
nerve stimulation and HR response obtained from the supple-
mental protocol. The binary white noise signals of the same
sequence but different stimulus rate were applied. Increasing
the stimulus rate augmented the magnitude of HR variation and
increased mean HR. The increase was not proportional to the
increase in the stimulus rate, however, because of the satura-
tion of HR response to sympathetic nerve stimulation. The
increase of RRI variation was not proportional to the increase
in the stimulus rate either, suggesting that the saturation effect
observed in the HR response was not an artifact of reciprocal
relationship between RRI and HR.

Table 2. Parameters of the transfer functions
and step responses

Control Yohimbine
K, beats-min~*-Hz™! TR3ELL 12022, 1%
fx, Hz 0.081+0.012 0.055%0.008*
¢ 1.64x047 1.55+0.21
Ly § 0.82x0.22 1.03£0.19
Fitting error, % 56%1.5 3.6x1.1
S, beats/min 7.2+0.8 12:241.7%
«, beats*min~'+s7! 0.93x0.23 0.94*0.22
Sla, s 9.1*x14 14.4+1.9%

Values are means = SE. K, steady-state gain; f, natural frequency; (,
damping coefficient; L, pure dead time; S, steady-state response; «, initial
slope; S/a, ratio of S to a. *P < 0.05 vs. control values.
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