ANGIOTENSIN II AND ACETYLCHOLINE

electrocardiogram using a cardiotachometer. Esophageal temperature
of the animal. measured using a thermometer (CTM-303; TERUMO),
was mamntained at ~37°C using a heating pad and a lamp. Both vagal
nerves were exposed and sectioned bilaterally through a mudline
cervical incision, With the animal in the lateral position, we resected
the left fifth and sixth ribs 1o approach the heart. After the incision of
the pencardium. the heart was suspended in a pencardial cradle.
Stainless steel wires were attached to the apex and the postenior wall
of the left ventricle to pace the heart. Using a fine guiding needle, we
implanted a dialysis probe transversely through the anterolateral free
wall of the left ventncle. Next, we attached a pair of bipolar platinum
electrodes to the cardiac end of each sectioned vagal nerve. The
nerves and electrodes were covered in warmed mineral oil for insu-
lation. We gave hepann sodium (100 U/kg) intravenously to prevent
blood coagulation. At the end of the experiment, postmortem exam-
ination confirmed that the semipermeable membrane of the dialysis
probe had been implanted in the left ventricular myocardium.

Dialysis Technigque

The matenals and properties of the dialysis probe have been
described previously (1), Briefly, we designed a transverse dialysis
probe in which a dialysis fiber of semipermeable membrane (13 mm
length, 310 pm outer diameter, 200 wm inner diameter; PAN-1200,
50,000 mol wt cutoff, Asahi Chemical) was attached at both ends to
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polyethylene tubes (25 cm length, 500 pm outer diameter, 200 pm
inner dinmeter). The dialysis probe was perfused at a rate of 2 pl/min
with Ringer solution contaiming the cholinesterase inhibitor physostig-
mine (100 uM). Experimental protocols were started 2 h after im-
planting the dialysis probe when the ACh concentration in the dialy-
sate reached a steady state. ACh concentrations in the dialysate were
measured by an HPLC system with electrochemical detection (Eicom,
Kyoto, Japan).

Figure | schematizes the three onginal protocols and two supple-
mental protocols utilized in the presem swdy. The hatched reclangle
indicates the baseline sampling, whereas the solid rectangles indicate
the sampling during the 10-min vagal sumulation perod (1 ms, 10V,
20 Hz) in each protocol. The sumulus was set supramaximal to most
casily delineate the possible effect of ANG Il on myocardial interst-
tial ACh release. In all of the vagal stimulation periods, we paced the
heart at 200 beats/min to avoid the difference in heart rate affecting
the vagal stmulation-induced ACh release (14). For baseline sam-
pling penods, we paced the heart at 200 beats/mun when spontaneous
heart rate was <200 beats/min.

Protocel 1 (n = 6). We examined the effects of intravenous
administration of ANG [1 on vagal stimulation-induced myocardial
ACh release. We collected a dialysate sample under baseline condi-
tions. We then stimulated the vagal nerve and paced the heant for 10
min and collected a dialysate sample duning the stimulation period
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Fig 1. Schematic representation of the protocols used in the present study. Afier implantation of the dialysis probe (2 h), we obtained a baseline dialysate sample
(hatched rectangles) for 10 min. Thereafter, we obtained 4 dialysate samples during vagal stimulation with fixed-rate pacing for 10 min (filled rectangles) at
intervening intervals of 15 min. In protocols 1 through 3, after obtaining 2 control trials (VS and VSa), we initiated intravenous administration of ANG 11 at
10 pg-kg™"+h~" and waited for 15 min 1o obtain a dialysate sample during vagal stimulation with fixed-rate pacing (A 10-VS), We then increased the dose of
ANG 1110 100 pg-kg~'+h" " and waited for an additional 15 min before obtaining a dialysate sample duning vagal stimulation with fixed-rate pacing (A100-VS)
In protocol 2, the ANG 11 receptor subtype | blocker losantan was administered by bolus injection (10 mg/kg) before obtaining a baseline dialysate sample and
also immediately before the beginning of each dose of ANG Il administration (v). In profoco! 3, we administered losartan (10 mM) through the dialysis probe
throughout the protocol. In protocol 4, we first collected a dialysate sample using perfusate free of physostigmine. We then replaced the perfusate with Ringer
solution containing physostigmine and collected dialysate samples of baseline and vagal sti on (VS), Approx Iy 15 min after the onset of iv ANG 11
administration at 10 pg-kg™'-h™', we collected dialysate samples of baseline (Al0-baseline) and vagal stimulation (A10-VS). In protocol 5. we collected
dialysate samples dunng a control vagal stimulation (VS) and during the 2 doses of iv ANG Il administration (A10-VS and A100-VS). The pressor effect of
ANG 1T was counteracted by simultaneous iv infusion of the L-type Ca®* channel blocker nifedipine
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(VS(). After an intervening interval of 15 min, we repeated the 10-min
vagal stimulation with fixed-rate pacing and collected another dialy
sate sample (VS2). Alter performing these two control tnals, we began
intravenous administration of ANG 11 at 10 pg-kg™'-h™'. Approxi-
mately 15 mun after the onset of the ANG Il adminstration, we
collected a dialysate sample (A10-VS) during 10-min vagal sumula
non with fixed-rate pacing. We then increased the dose of ANG IT at
100 pg-kg~'-h~'. Approximately 15 min after the onset of the
higher-dose ANG 11 administration, we collected a final dialysate
sample (A100-VS) during 10-min vagal stimulation with fixed-rate
pacing

Protocol 2 (n = 6). We examined whether the intravenous AT,
receptor antagonist losartan would block the effects of ANG I1 on the
vagal simulation-induced myocardial ACh release. We infused losar-
tan potassium intravenously at 10 mg/kg and waited for ~ 15 mun. We
then collected baseline, VS, and VS: samples with an inlervening
interval of 15 min, as described in protocol 1. Next, after an additional
bolus injection of losartan potassium at 10 mg/kg, we began intrave-
nous infusion of ANG II at 10 pg-kg '-h™'. After —15 min, we
obtained a dialysate sample of A10-VS. Finally, after another bolus
injection of losartan potassium at 10 mg/kg, we began intravenous
infusion of ANG 1l at 100 pg-kg™'+h™'. After an addituonal 15 min,
we obtained a dialysate sample of A100-VS.

Protocol 3 {n = 6). We examined whether local administration of
losartan would block the effects of ANG Il on the vagal stimulation-
induced myocardial ACh release. We perfused the dialysis probe with
Ringer solution containing 10 mM of losartan potassium. Taking into
account the distribution across the semipermeable membrane, we
administered losartan at a concentration =400 umes higher than that
for intravenous administration in protocol 2. Because local adminis-
trations of larger molecules such as w-conotoxin GVIA (molecular
weight 3037) and w-conotoxin MVIIC (mol wt 2,749) were able to
suppress vagal stimulation-induced ACh release in our previous study
(15), it would be reasonable to assume that losartan potassium (mol wt
461) should have spread in the vicinity of the dialysis fiber, from
which the dialysate was collected. Using the same procedures as
described in protocol 1, we obtained dialysate samples for baseline,
VS, V52, A10-VS, and A100-VS, A previous study indicated that
ACh measured by cardiac mucrodialysis in the left ventricle mainly
reflected ACh released from the postganglionic nerve terminals and
not from the parasympathetic ganglia (1 and see piscussion for
details)

Protocol 4 (n = 5). To examine the effects of ANG II on the
baseline ACh level, we performed an additional protocol where the
baseline ACh level was measured during intravenous infusion of
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Fig. 2 Changes in dialysate ACh concentrations obtained from protocol ]
Vagal stimulation significantly increased the ACh levels. There was no
significant difference in the ACh level between the 2 control tnals (VS and
VS;). The ACh level was significantly lower in A10-VS and A100-VS
compared with that measured in VS, and VS: There was no sigmficant
difference in the ACh level between AI0-VS and A100-VS. Values are
presented as mean and SE. *P < 0.01 by Tukey's 1est
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Fig. 3. Changes in dialysate ACh concentrations obtained from protocol 2
Vagal stimulation significantly increased the ACh levels. There was no
significant difference in the ACh level among the 4 dialysate samples during
vagal stimulation (VS:, VS2, A10-VS, and A100-VS). Values are presented as
means and SE. *P < 0.01 by Tukey's test

ANG 11 at 10 pg-kg~'-h~' (Al0-baseline). In this protocol, we also
obtained a dialysate sample using the perfusate without the cholines-
terase inhibitor physostigmine before the usual dialysate sampling
using the perfusate containing physostigmine.

Protocol 5 (n = 5). To avoid the pressor effect of ANG II, we
administered an L-type Ca®* channel blocker nifedipine (0.5-2.0
mg-kg~'-h~ ') simultaneously with ANG II and obtained dialysate
samples for VS, A10-VS, and A100-VS. In a previous study, intra-
venous administration of an L-type Ca®" channel blocker alone did
not affect the vagal stmulaton-induced myocardial ACh release
significantly (15).

Statistical Analysis

All data are presented as mean * SE values, In protocols | through
3, myocardial interstitial ACh levels were compared among baseline,
VS,, VS, A10-VS, and A100-VS samples using a repeated-measures
ANOVA (8). When there was a significant difference, Tukey's test for
all-pairwise comparisons was applied to identify the differences
between any two of the samples. Differences were considered signif-
icant at P < 0.05. The mean AP value in the last 1 mun of the 10-min
vagal stimulation period was treated as the AP value dunng vagal
stimulation. The AP data were compared using a repeated-measures
ANOVA among baseline, during the two control sumulations (VS
and VS,), and before and during vagal sumulation under the two
different doses of intravenous ANG Il administrations. When there
was a significant difference, Dunnett’s test for comparison against a
single control was applied to identify differences from the baseline
value. Differences were considered sigmficamt at P < 0.05. In
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Fig. 4 Changes in dialysate ACh concentrations cbtained from profocol 3

Vagal stimulation significantly increased the ACh levels There was no
significant difference in the ACh level between the 2 control tnals {VS and
VS:). The ACh level was significantly lower in AI0-VS and A100 Vs
compared with that measured in VS, and VS; There was no significant
difference in the ACh level between A10-VS and A100-VS. Values are
presented as means and SE. P < 0.05 and *P < 001 by Tukey's test
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Table 1.

Mean arterial pressure values before vagal stimulation and during the last | min of stimulation

Baseline V5 V5,

All AlD-VS AlD0 AlDOYS

102=11
102=17
102=13

9B=17
T1=16*
10017

91=17
69=16"
92=17

Prorocol |
Pretocol 2
Protocol 3

132=9¢
80=15
139=11*

105=19
BE=1T7*
12019

105=21
n2=18*
122x21

129=13%
86=19
147=11*

Data are means + SE obtained from baseline, two control tals (VS and VS3), before (A10) and dunng lMU VS) vagal simulation under 1v administration

of ANG 1l at 10 pg-kg™'-h~", and before (A100) and during (A100-VS) vagal

1

n under iv ad

ion of ANG [1 a1 100 pg-kg="*h~' The hean

was paced at 200 beats/min whenever vagal stimulation was applied. tP < 0.05 and *F < 0.01 from the rts.pcmvc baseline values by Dunnett’s test

protocol 4, the baseline ACh levels were compared before and during
the ANG I administration using a paired -test. The ACh levels during
vagal stimulation were also compared before and dunng ANG 11
administration using a paired r-test. In protocol 5, the ACh levels and
the mean AP values were compared among VS, A10-VS, and
A100-VS using a repeated-measures ANOVA followed by Tukey's
test.

RESULTS

In protecol 1, vagal stimulation significantly increased myo-
cardial interstitial ACh levels (Fig. 2). There was no significant
difference between two control trials with an intervening in-
terval of 15 min [VS;: 10.7 = 1.0 (SE) nM and VS;: 9.9 = 0.9

(SE) nM]. Intravenous administration of ANG II at 10
pg-kg™'-h™" significantly attenuated the vagal stimulation-
induced ACh release (A10-VS: 7.5 = 0.6 nM) to ~71% of
VS,. Although the intravenous administration of ANG II at
100 pg-kg~"+h~" also significantly attenuated the vagal stim-
ulation-induced ACh release (A100-VS: 7.3 = 09 nM)
to ~68% of VS, the ACh levels were not different from those
of A1D-VS.

In protocol 2, vagal stimulation significantly increased myo-
cardial interstitial ACh levels under control stimulations (VS,:
86 = 1.5 nM and VS:: 87 = 2.0 nM: Fig. 3). With a
pretreatment of intravenous losartan, intravenous ANG I was
unable to suppress the vagal stimulation-induced ACh release
(A10-VS: 8B4 = 1.7 nM and A100-VS: 7.1 = 14 nM).
Although the mean level of ACh tended to be lower in
A100-VS compared with VS, or VS, the differences were not
statistically significant.

In protocol 3, vagal stimulation significantly increased myo-
cardial interstitial ACh levels under control stimulations (VS,;:
8.0 = 0.8 nM and VS;: 7.9 = 0.8 nM: Fig. 4). Intravenous

(mV)

-
ACh

ACh

ANG I at either 10 pg-kg™'-h™' or 100 pg-kg™'-h~' sig-
nificantly suppressed the vagal stimulation-induced ACh re-
lease to ~72% (A10-VS: 5.8 = 1.0 nM) and 62% (A100-VS:
5.0 £ 0.7 nM of that seen in VS)), respectively.

In protocol 1, the AP values before the vagal stimulation
during the intravenous ANG Il administrations (A10 and
A100) were significantly higher than the baseline AP value
(Table 1). The AP values during vagal stimulation (VS,, VSa,
A10-VS, and A100-VS) were not different from the baseline
AP value. In protocol 2, the AP value before the first admin-
istration of losartan was 126 = 14 mmHg. The AP values
before the vagal stimulation during the intravenous ANG Il
administrations (A10 and A100) were not significantly differ-
ent from the baseline AP value. The AP values during vagal
stimulation (VS;, VS;, A10-VS, and A100-VS) were signifi-
cantly lower than the baseline AP value. In protocol 3, the AP
values before vagal stimulation during the intravenous ANG II
administrations (A10 and A100) were significantly higher than
the baseline AP value. The AP values during vagal stimulation
(VS), VS;, A10-VS, and A100-VS) did not differ statistically
from the baseline AP value.

Figure 5 illustrates typical chromatograms obtained from
one animal in protocol 4. The baseline ACh level was below
the limit of determination (0.5 nM) when the perfusate did not
contain physostigmine. Approximately | h after replacing the
perfusate with Ringer solution containing physostigmine, the
baseline ACh level was above the limit of determination. As
shown in Table 2, vagal stimulation significantly increased the
ACh level (VS). The intravenous administration of ANG I did
not affect the baseline ACh level (A10-basline) but signifi-
cantly attenuated the ACh level during vagal stimulation
(A10-VS).

Fig. 5. Typical chromatograms for the ACh measure-
ments obtained from protocol 4. ACh was less than the
limit uf dclermmatlun whcn perfusate did not con-
tain phy g (phy ine-free baseline), The
baseline ACh level was above the limit of determing-
tion when perfusate contained 100 uM physostigmine
(This perfusate was usually used for the ACh measure-
ments,) Vagal stimulation increased the ACh level (VS).
The administration of ANG I at 10 pg-kg ™' -h™" did not
affect baseline ACh level (A10-baseline) but significantly
ACh anenuated the vagal stimulauon-induced ACh release
(A10-VS). See Table 2 for pooled data of ACh levels.
NI, not detected.
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Table 2. Mean arterial pressure values and ACh concentrations obtained in protocol 4

Physostugrmne-free Baseline Baseline Vs AlD-Baseline AlD-VS
ACh, nM Not detected 1.6=04 106=24 1.7=0.5 7.8x2.)°
Mean anenal pressure, mmHg 111=1]1 109=12 10326 |48= 3" 118=6

Data are means = SE obtained from physostigmine-free baseline, baseline, control vagal

lation (VS), and baseline (A 10-baseline) and vagal stimulation

{A10-VS) under iv administration of ANG Il at 10 pg-kg™"-h™' There was no significant difference in the ACh level between baseline and A 10-baseline by
a paired-r-test. The ACh level was significantly lower in A10-VS than in VS by a paired-r-test. Mean anerial pressure was significantly higher in Al0-baseline
compared with the physostigmine-free baseline value by Dunneut’s tast. *P < 0.01

In protocol 5, the pressor effect of ANG 11 was counteracted
by the simultaneous intravenous infusion of nifedipine
(Table 3). Under this condition, the intravenous administration
of ANG II significantly attenuated the stimulation-induced
ACh level 1o —83% (A10-VS) and 72% (A100-VS) of that
seen in VS,

DISCUSSION

The present study demonstrated that intravenous ANG 11
significantly inhibited the vagal sumulation-induced myocar-
dial interstitial ACh release in the left ventricle in anesthetized
cats. Intravenous administration of losartan abolished the in-
hibitory effect of ANG II on the stimulation-induced ACh
release, suggesting that the inhibitory action of ANG 11 was
mediated by AT, receptors.

Inhibitory Effect of ANG Il on Myocardial Interstitial
ACh Release

Only a few reports have focused on the modulatory
effects of ANG 1l on the parasympathetic nervous system (3,
5, 25, 26). all of which have used the heart rate reduction in
response to vagal stimulation as a functional measurement
to assess the peripheral vagal function. Although ANG 11
has been shown to inhibit the ACh release in the rat
entorhinal cortex in vitro (4), the direct evidence for the
inhibitory effect of ANG Il on the ACh release in the
peripheral vagal neurotransmission in vivo has been lacking.
The present study demonstrated that intravenous ANG 11
inhibited the vagal nerve stimulation-induced ACh release
in the left ventricle in vivo (Fig. 2). As for the sympathetic
system in the heart, Lameris et al. (18) have previously
demonstrated that ANG II does not affect the sympathetic
nerve stimulation-induced norepinephrine release. The in-

Table 3. Mean arterial pressure values and ACh
concentrations obtained in protocol 5

Vs AlD-VS AlDDVS
ACh, nM 127=1.1 1062114 [ 23y
Mean anenal pressure, mmHg 834=122 684=63 704=95

Data are means = SE from a control vagal stimulation tral (VS), during
vagal stimulation under iv administration of ANG Il at 10 pg-kg™ '+h™'
{A10-VS) and dunng vagal simulation under 1v adminisiration of ANG 11
at 100 pg-kg™'*h~' (A100-VS). The heart was paced at 200 beats/min
during vagal stimulation. In this protocol, the pressor effect of ANG 11 was
counteracted by simultaneous 1v admimistration of the L-type Ca’* channel
blocker nifedipine (0.5-2 mg-kg='-h™'). tP < 0.05 and *P < 0.01 from
the VS group by Tukey's test. There was no significant difference between
A10-VS and A100-VS in the ACh level, There were no significant differ-
ences in mean anerial pressure among the three trials.

significant effect of ANG Il on the sympathetic neurotrans-
mission and the inhibitory effect of ANG II on the para-
sympathetic neurotransmission may provide the basis for a
study by Takata et al. (26) in which ACE inhibitor enhanced
cardiac vagal but not sympathetic neurotransmission.

An increased activity of the renin-angiotensin sysiem is
common in chronic heart failure and has been considered to
be a stimulus for aggravation of the disease. Inhibition of
the renin-angiotensin system by ACE inhibitors or by AT,
receptor blockers can prevent the ventricular remodeling
and improve the survival rate (16, 17), suggesting that
ANG 1II is indeed involved in the aggravation of hean
failure. ACh, on the other hand. can exert a cardioprotective
effect against myocardial ischemia in several experimental
settings (12, 24, 29). If ANG II inhibits the peripheral vagal
neurotransmission, blockade of ANG 1I would increase the
vagal effect on the heart. Actually, Du et al. (5) demon-
strated that losartan enhanced bradycardia induced by vagal
stimulation in rats with chronic myocardial infarction. In
that study, however, the ventricular effect of vagal stimu-
lation was not assessed. The results of the present study
indicate that ANG 11 inhibited the vagal neurotransmission
in the ventricle, Blockade of ANG 11 is therefore expected to
increase the vagal effect on the ventricular myocardium
when the vagal outflow from the central nervous system is
unchanged. Although no literatures appear to be available
as to the chronic effect of ACh on the prognosis of heart
failure, electrical vagal stimulation was able to improve the
survival rate of chronic heart failure in rats (19). In that
study, the magnitude of the vagal stimulation was such that
the heart rate decreased only by 20-30 beats/min in rats,
suggesting that a modest increase in vagal tone would be
sufficient to produce a cardioprotective effect. It is plausible
that blockade of ANG 11 yields beneficial effects on chronic
heart failure not only by antagonizing the sympathetic
effects but also by enhancing the vagal effects on the
ventricle.

Vagal stimulation was able o reduce the left ventricular
contractility as assessed by end-systolic elastance only when
sympathetic stimulation coexisted (20), suggesting that the
effect of vagal stimulation on ventricular contractility would be
secondary to sympathoinhibition. Accordingly, contribution of
the inhibitory effect of ANG 1l on the stimulation-induced ACh
release to the physiological regulation of ventricular contrac-
tility might be marginal. We think that the finding is important
as a peripheral mechanism of vagal withdrawal in heant dis-
eases accompanying the activation of the renin-angiotensin
system.
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Possible Site of the Inhibitory Action of ANG I
on ACh Release

In protocol 3, we examined whether local administration of
losartan was able to nullify the inhibitory effect of ANG Il on
the vagal stimulation-induced ACh release. The utility of local
administration of pharmacological agents through the dialysis
fiber has been confirmed previously. As an example, local
administration the Na™ channel inhibitor tetrodotoxin through
the dialysis fiber completely blocked the nerve stimulation-
induced ACh release (14). With respect 1o the source for ACh,
intravenous administration of the nicotinic antagonist hexame-
thonium bromide completely blocked the stimulation-induced
ACh release, whereas local administration of hexamethonium
bromide did not, suggesting the lack of parasympathetic gan-
glia in the vicinity of dialysis fiber (1). In support of our
interpretation, a neuroanatomic finding indicates that three
ganglia, away from the left anterior free wall targeted by the
dialysis probe, provide the major source of left ventricular
postganglionic innervation in cats (11). Therefore, the myocar-
dial interstitial ACh measured by cardiac microdialysis in the
left ventricle mainly reflects the ACh release from the post-
ganglionic vagal nerve terminals. The results of prorocol 3
indicate that losartan spread around the postganglionic vagal
nerve terminals failed to abolish the inhibitory effect of ANG
Il on the stimulation-induced ACh release. Because intrave-
nous administration of losartan was able to abolish the inhib-
itory effect of ANG Il on the stimulation-induced ACh release
(protocol 2), the site of this inhibitory action is likely at
parasympathetic ganglia rather than at postganglionic vagal
nerve terminals. The fact that AT, receptors are rich in para-
sympathetic ganglia (2) would support our interpretation.

ANG 11 has a direct vasoconstrictive effect on the coronary
artery (30). At the same time, however, the intravenous admin-
istration of ANG Il tended 10 increase mean AP during vagal
stimulation by — 15 mmHg in protocol I (Table 1). Although
it was statistically insignificant, if this increase in mean AP
increased cardiac oxygen demand, the coronary blood flow
might have been increased (27), resulting in an increased rate
of washout in the myocardial tissue. The possibility cannot be
ruled out that such a washout mechanism contributed to the
reduction of stimulation-induced ACh release during ANG 11
administration. However, the baseline ACh level was not
decreased by ANG Il in protocol 4, suggesting that the wash-
out rate did not increase significantly. In addition, even when
the pressor effect of ANG Il was counteracted by nifedipine,
ANG I1 was still able to inhibit the vagal stimulation-induced
ACHh release in protocel 5. Therefore, we think that the change
in washout rate was not a principal mechanism for the reduc-
tion of stimulation-induced ACh release by ANG IL

The mechanisms for the baseline ACh release under the
vagotomized condition were not identified in the present study.
In the motor nerve terminals, a so-called nonquantal release of
ACh is documented, which is independent of nerve activity (6).
Incorporation of the vesicular transport system in the mem-
brane of the nerve terminals during an exocytosis process is
considered to be responsible for the mechanism of nonquantal
ACh release. A similar mechanism might contribute to the
baseline ACh release in the vagal nerve terminals.

Several limitations need to be addressed. First, the dose of
ANG [l might have increased the plasma ANG Il concentration

H2521

beyond the physiological range. In this regard. the observed
effect might be rather pharmacological or pathological than
physiological. Nevertheless, because there are local synthesis
and degradation of ANG 11 in the heart (21, 28), the inhibition
of ACh release by ANG I1 could operate locally in the heart.
Second, whether ANG 11 inhibited the ACh release from the
preganglionic nerve terminals or it suppressed the excitability
of the postganglionic nerve fibers to ACh was not identified in
the present study. Third, the involvement of ANG Il receptor
subtype 2 (AT receptor) in the modulation of peripheral
parasympathetic neurotransmission was not examined in the
present study because intravenous losartan was able 1o abolish
the inhibitory effect of ANG II on the stimulation-induced ACh
release. However, if coactivation of AT, and AT; receptors is
required for the inhibitory effect of ANG II, blockade of AT:
receptors would also abolish the inhibitory effect. Forth, we
tested just one level of vagal stimulation. Whether the effect of
ANG 11 on the stimulation-induced ACh release depends on the
vagal stimulation intensity remains to be resolved.

In conclusion, intravenous ANG II reduced the vagal nerve
stimulation-induced ACh release in the left ventricle. Intrave-
nous losartan abolished the inhibitory effect of ANG II on the
stimulation-induced ACh release, suggesting that this inhibi-
tion was mediated by AT, receptors. Because local adminis-
tration of losartan via dialysis fiber was unable to nullify the
inhibitory effect of ANG II on the stimulation-induced ACh
release, the site of this inhibitory action is likely parasympa-
thetic ganglia. The present results imply that the beneficial
effects of ACE inhibitors and AT, receptor antagonists in the
treatment of heart diseases may include not only the suppres-
sion of sympathetic activity but also the enhancement of vagal
activity to the ventricle.
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Mizuno M, Kamiya A, Kawada T, Miyamoto T, Shimizu S,
Sugimachi M. Muscannic potassium channels augment dynamic and
static heart rate responses to vagal sumulaton. Am J Physiol Heart
Circ Physiol 293: H1564-H1570, 2007. First published May 25,
2007, doi:10.1 152/ajpheart.00368.2007.— Vagal control of heart rate
{HR} 15 mediated by direct and indirect actions of ACh. Direct action
of ACh activates the muscarinic K~ (Kacn) channels, whereas indi-
rect action inhibits adenylyl cyclase. The role of the K 4c, channels in
the overall picture of vagal HR control remains to be elucidated. We
examined the role of the Kiey channels in the transfer characteristics
of the HR response to vagal stimulation. In nine anesthetized sino-
aortic-denerved and vagotomized rabbits, the vagal nerve was stimu-
lated with a binary white-noise signal (0-10 Hz) for examination of
the dynamic characteristic and in a step-wise manner (5, 10, 15, and
20 Hz/min) for examination of the static characteristic. The dynamic
transfer function from vagal stimulation to HR approximated a first-
order, low-pass filter with a lag time. Tertiapin, a selective Kacn
channel blocker (30 nmol/kg 1v), significantly decreased the dynamic
gain from 5.0 = 1.2 10 2.0 = 0.6 (mean = SD) beats:min~'+Hz "'
(P < 0.01) and the comer frequency from 0.25 * 0.03 10 0.06 = 0.01
Hz (P < 0.01) without changing the lag time (0.37 = 0.04 vs. 0.39 =
0.05 s). Moreover, tertiapin significantly attenuated the vagal stimu-
lation-induced HR decrease by 46 = 21, 58 = 18, 65 = 15, and 68 =
1 1% at simulus frequencies of 5, 10, 15, and 20 Hz, respectively. We
conclude that K¢y channels contribute to a rapid HR change and to
a larger decrease in the steady-state HR in response to more potent
tonic vagal sumulation.

systems analysis; transfer function; muscannic receptor; rabbit

VAGAL CONTROL OF HEART RATE (HR) is mediated by a cascade
reaction to ACh release. ACh binds to Mz muscarinic receptors
and, consequently, decreases HR. However, the pathway is not
simple; two different pathways mediate the ACh-induced HR
decrease. The M, muscarinic receptors activate heterotrimeric
G; and/or G, proteins in cardiac myocytes (18): the action of
ACh 1s determined by the G; protein subunits. Via a direct
pathway, a G; protein By-subunit activates inwardly rectifying
muscarinic K™ (Ksen) channels in the sinoatrial node cells (11,
28, 35); Kach channels then exert a negative chronotropic
effect by hyperpolarizing the sinoatrial node cells. On the other
hand, via an indirect pathway, a G; protein a-subunit sup-
presses adenylyl cyclase (12, 32); the suppression of adenylyl
cyclase then decreases HR by inhibiting inward currents in the
sinoatrial node cells, which are activated by cAMP or cAMP-
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dependent protein kinase. However, functional roles of the
direct and indirect actions of ACh are not fully understood in
the overall picture of vagal control of HR.

As a function in the dual control of adenylyl cyclase by G
protein (12), the indirect action of ACh counteracts the G,
proteins activated by Bj-adrenergic sympathetic stimulation
and relies on slower changes in intracellular cAMP levels (8).
On the contrary, the direct action of ACh utilizes the faster
membrane-delimited mechanisms involving Kach channels (3)
and is believed to be independent of sympathetic control.
Given the rapidity of vagal HR control compared with sympa-
thetic control (2, 14, 31), we hypothesized that the direct action
of ACh via Kacp, channels contributes to the quickness of the
vagal HR control in vivo. To test this hypothesis, we used the
selective Kacn channel blocker tertiapin to examine the dy-
namic and static transfer characteristics of the HR response to
vagal stimulation (7, 10, 13, 15).

The pioneering work by Yamada (34) demonstrated that the
direct action of ACh via Kacn channels mediates —75% of the
steady-state negative chronotropic effects relative to the max-
imum carbachol-induced bradycardia in the isolated rabbit
heart (i.e., static HR response to vagal stimulation). However,
in this study, the role of Kacy channels in the dynamic HR
response to vagal stimulation was not analyzed quantitatively.
Because HR changes dynamically in response to daily activi-
ties, quantification of dynamic and static characteristics is
equally important. For instance, information on the dynamic
HR response is key to understanding the generation of HR
variability. Berger et al. (2) used transfer function analysis to
identify the dynamic characteristics of the HR response. Saul
et al, (29) demonstrated the utility of transfer function analysis
for insight into cardiovascular regulation. The present study
aims to expand our knowledge of the involvement of Kacn
channels in dynamic HR control by the vagal system.

MATERIALS AND METHODS

Surgical preparations. Ammal care was consistent with the “"Guid-
ing Principles for Care and Use of Animals in the Field of Physio-
logical Sciences,” of the Physiological Society of Japan. All protocols
were reviewed and approved by the Animal Subjects Committee of
the National Cardiovascular Center. Nine Japanese White rabbits
(2.5-3.2 kg body wt) were anesthetized by a mixture of urethane (250
mg/ml) and a-chloralose (40 mg/ml): imtiation with a bolus injection
of 2 mVkg and maintenance with continuous admuinistration at 0.5
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ml-kg™'-h™'. The rabbits were intubated and mechanically ventilated
with oxygen-enriched room air. Arterial pressure (AP) was measured
by a micromanometer (model SPC-330A, Millar Instruments, Hous-
1on, TX) inserted into the right femoral artery and advanced to the
thoracic aorta. HR was measured with a cardiotachometer (model
N4778, San-ei, Tokyo, Japan). A double-lumen catheter was intro-
duced into the right femoral vein for continuous anesthetic and drug
admunistration. Sinoaortic denervation was performed bilaterally to
minimize changes in the sympathetic efferent nerve activity via
arterial baroreflexes. Bilateral section of the cardiac postganglionic
sympathetic nerves minimized any possible interaction between the
vagus and sympathetic nerves. The vagi were sectioned bilaterally at
the neck. A pair of bipolar electrodes were attached to the cardiac end
of the sectioned right vagus for vagal stimulation. Immersion of the
stimulation electrodes and nerves in a mixture of white petroleum
jelly (Vaseline) and liquid paraffin prevented drying and provided
insulation. Body temperature was maintained at 38°C with a heating
pad throughout the experiment.

Experimental procedures. The pulse duration of nerve stimulation
was set at 2 ms. The sumulation amplitude of the right vagus was
adjusted to yield an HR decrease of —50 beats/min at a stimulation
frequency of 10 Hz. After this adjustment, the amplitude of vagal
stimulation was fixed at 1.8~6.0 V. Initiation of vagal nerve stimu-
lation over | h upon completion of surgical preparations allowed
stable hemodynamics. A preliminary examination indicated that the
response of HR to vagal stimulaton was stable for up 10 3 h in our
experimental settings (10 min of dynamic vagal stimulation at 50-min
intervals; data not shown).

Dynamic protocol. For estimation of the dynamic transfer charac-
tenstics from vagal stimulation to HR response, the right vagus was
stimulated by a frequency-modulated pulse train for 10 min. The
stimulation frequency was switched every 500 ms at 0 or 10 Hz
according 1o a binary white-noise signal. The power spectrum of the
stimulation signal was reasonably constant up to 1 Hz. The transfer
function was estimated up to 1 Hz, because the reliability of estima-
tion decreased as a result of the diminution of input power above this
frequency. The selected frequency range sufficiently spanned the
physiological range of interest with respect lo the dynamic vagal
control of HR.

Static protocol. For estimation of the static transfer characteristics
from vagal stimulation to HR response, step-wise vagal stimulation
was performed. Vagal sumulation frequency was increased from 5 1o
20 Hz in 5-Hz increments. Each frequency step was maintained
for 60 s

The dynamic and static ransfer functions from vagal stimulation to
HR response were estimated under control and Kacn channel block-
ade conditions. After the control data were recorded, a bolus injection
(30 nmol/kg 1v) of a selective Kacn channel blocker. tertiapin (Peptide
Institute, Osaka, Japan), was administered, and vagal sumulation
protocols were repeated 15 mun thereafter. The control data were
obtained first in all animals, because the long-lasting (=2 h) effects of
tertiapin (data not shown) did not permit the subsequent acquisition of
control data. A >35-mun interval between dynamic and step-wise
stimulation protocols confirmed that AP and HR returned to baseline
levels. Dynamic and step-wise vagal stimulation protocols were ran-
domly assigned under control and Kacp, channel blockade conditions.

B-Adrenergic blockade protocol. A supplemental expenment was
performed under B-adrenergic blockade (n = 3) eliminated any effect
of sympathetic activity. At ~10 min after a bolus injection of
propranolol (1 mg/kg 1v) (22), HR and AP reached a new steady state.
The dynamic and static transfer functions from vagal stimulation to
HR response were estimated before and after tertiapin treatment, both
under B-adrenergic blockade.

Data analysis. A 12-bit analog-to-digital converter was used 10
digiize data at 200 Hz, and data were stored on the hard disk of a
dedicated laboratory computer system. The dynamic transfer function
from binary white-noise vagal stimulation to HR response was esti-
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mated as follows. Input-output data pairs of the vagal sumulation
frequency and HR were resampled at 10 Hz; then data pairs were
partitioned into eight 50%-overlapping segments consisting of 1,024
data points each. For each segment, the linear trend was subtracted.
and a Hanning window was applied. A fast Fourier transform was then
performed to obtain the frequency speclra for vagal stimulation [N(f)]
and HR [HR()] (4). Over the eight segments, the power of vagal
stimulation [Sx.n(f)], the power of HR [Syg. ur(f)], and the cross
power between these two signals [Sy.ur(f)] were ensemble averaged.
Finally, the transfer function [H(f)] from vagal stimulation to the HR
response was determined as follows (1, 20)

Sx-nxlf)
Sunlf)

The transfer function from vagal sumulation to HR response
approximated a first-order, low-pass filter with a lag ume in previous

studies (14, 21-24); therefore, the estimated transfer function was
parametenzed as follows

H(f) = h

Hf) = et (2)
1+=j
7

where K represents the dynamic gain (or, more precisely, the steady-
state gain, in beats*min~'-Hz '), f denotes the comer [requency (in
Hz), L denotes the lag time (in ), and f and j represent frequency and
the imaginary unit, respectively. The negative sign in the numerator
indicates the negative HR response to vagal stimulation. The steady-
state gain indicates the asymptotic value of the relative amplitude of
the HR response to vagal nerve sumulation obtained in the frequency
of input modulation approaching zero. The corner frequency repre-
sents the frequency of input modulation at which gain decreases by 3
dB from the steady-state gain in the frequency domain and reflects the
readiness of the HR response for vagal stimulation in the time domain,
The dynamic gain, corner frequency, and lag time were estimated by
an iterative nonlinear least-squares regression. The phase shift of the
transfer function indicates, with respect to the input signal, a lag or
lead in the output signal normalized by its corresponding frequency of
input modulation.

To quantify the linear dependence of the HR response on vagal
stimulation, the magnitude-squared coherence function [Coh(f)] was
estimated as follows (1, 20)

[Sw.) I
c L A ——— i — e —— .i
oh{f) Su.nlf ) Sug-uelf) =

Coherence values range from zero 1o unity. Unity coherence indicates
perfect linear dependence between the input and output signals; in
contrast, zero coherence indicates total independence between the two
signals.

To facilitate the intuitive understanding of the system dynamic
characteristics, we calculated the system step response of HR to 1-Hz
nerve stimulation as follows. The system impulse response wis
derived from the inverse Fourier transform of H(f). The system step
response was then obtained from the time integral of the impulse
response. The length of the step response was 51.2 s. We calculated
the maximum step response by averaging the last 10 s of the step
response. The 90% rise time of the step response was determined as
the time required for the response to reach 90% of the maximum step
response. The time constant of the step response was calculated from
the corner frequency of the corresponding transfer function as follows

|
2-w-fe

ume constant = (4)

where the time constant is related inversely to the corner frequency
without influence of the lag time.
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The static transfer function from step-wise vagal stimulation 1o HR
was estmated by averaging the HR data during the final 10 s of the
60-s stumulation at each stimulation frequency

Statistical analysis. Values are means = SD. Student’s pared t-test
was used w test differences in fited parameters and calculated step
response between control and K acy channel blockade conditions. For
hemodynamic parameters, a two-way ANOVA, with drug and vagal
sumulation as the main effects, was used 10 determune sigmificant
differences. For percent reduction from the control conditions in each
parameter, one-way ANOVA was used to determine significant dif-
ferences. P < 0.05 was considered significant.

Kacw ACCELERATES AND ENHANCES VAGAL HR CONTROL

RESULTS

Dynamic characteristics. Figure 1A shows typical record-
ings and corresponding power spectra of vagal stimulation and
HR response under control and Kacy, channel blockade condi-
tions. Random vagal stimulation decreased HR intermittently
Tertiapin-mediated K scn, channel blockade attenuated the am-
plitude of the variation and the speed of the HR response to
vagal stimulation. In the power spectral plot, tertiapin de-
creased the HR power. The decrease in the HR power was

A Control Kach channel blockade
. 300 o ~ W
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Fig. 1. A: representative recordings of heant rate time (min)
(HR) obtained utilizing binary whité-noise vagal
stimulation (rop) and corresp g vagal stimul B
uon (VS, bottom). Traces were recorded before
(control, left) and after tentiapin infusion (30
nmolkg ) for muscannic K* (Kacn) channel
blockade (righr). Insets: power spectra of each
parameter. Tertiapin attenuated amplitude of HR
variation and speed of response of HR to vagal
stimulation. 8: dynamic transfer function relating =
vagal stimulation 10 HR responses averaged from L]
all amimals (pocled data, n = 9). Top: gains; }
middle: phase shifts; botrom: coherence (Coh) func- E e
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dicates frequency of mput modulation, rather than &
stimulation frequency. C: calculated step response Q
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animals (pooled data, n = 9). Solid lines, means; y
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Table 1. Effects of tertiapin infusion on AP and HR before
and during dynamic vagal stimulation

Conirol Teniapin
AP, mmHg
Before sumulation B24=205 T7.6+20.7
During stimulation 779200 T48=18.6
HR, beats/min
Before stimulation 247.3x247 248.1=327
During stimulation 2124223 2N 1=25.9

Values are means = SD (n = 9). Tertiapin was infused a1 30 nmol/kg iv. AP,
anerial pressure; HR, hean rate. Vagal stimulation significantly decreased HR
(P < 0.01), but no significant effect of drug (P = 0.28) or interaction (P =
0.32) was observed by 2-way ANOVA.

more potent in the higher (>0.1 Hz) than in the lower fre-
quency range.

Table | summarizes the mean values of AP and HR before
and during vagal simulation averaged from all animals. Dy-
namic vagal stimulation significantly decreased the mean HR
(P < 0.01), but not the mean AP. Tertiapin did not significantly
affect mean AP or HR before or during stimulation.

Figure 1B illustrates the dynamic transfer functions charac-
terizing the vagal HR response averaged from all animals
under control and tertiapin-mediated Kacy, channel blockade
conditions. Gain plots, phase plots, and coherence functions
are shown. Tertiapin attenuated the dynamic gain compared
with the control conditions; the extent of the attenuation was
greater in the higher frequency range: 63.0 = 11.6,74.4 = 8.3,
93.0 + 2.5, and 93.3 = 39% at 0.01. 0.1, 05, and 1 Hz,
respectively, as normalized to the control condition (P < 0.01
by ANOVA). The peak in the gain at 0.6 Hz observed during
tertiapin-mediated Kate channel blockade would be caused by
the artificial respiration (respiratory rate = 35-40 min™'),
because the low coherence value (—0.1) at 0.6 Hz indicates the
independence of the input and output signals. This peak was
masked by the large HR response 1o vagal stimulation under
the control condition. The phase approached = radians at the
lowest frequency and lagged with increasing frequency under
the control condition; tertiapin caused the phase difference
between the two conditions in the frequency range of 0.03-0.7
Hz. which disappeared at | Hz. The fitted parameters of the
transfer functions are summarized in Table 2. Tertiapin signif-
icantly decreased the dynamic gain and the corner frequency
without changing the lag time. Coherence was near unity in the
overall frequency range in the control condition, whereas a
decrease in the coherence function from unity was noted at
=>0.6 Hz with Kacy, channel blockade.

Figure 1C shows the calculated step response of HR 1o vagal
stimulation averaged from all animals in the control condition
and during Kacn channel blockade. Tertiapin slowed the tran-
sient response (time constants = 0.6 = 01027 =055, P <
0.01) and attenuated the HR response to vagal stimulation
(maximum step response = —4.5 = 12 10 —1.8 = 06
beats/min, P < 0.01) in the time domain. Furthermore, tertia-
pin significantly delayed the 90% rise time of the step re-
sponse, which was calculated as an index of system readiness
(1.6 = 0.5105.0 = 145, P <0.0l)

Static characteristics. Figure 24 shows typical recordings of
step-wise vagal stimulation and the HR response in the control
condition and during Kacn channel blockade. The step-wise
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vagal stimulation decreased HR in a step-wise manner. Ter-
tiapin attenuated the static reductions of HR from the
baseline HR.

Figure 2B summarizes changes in HR in response to step-
wise vagal stimulation. The step-wise vagal stimulation signif-
icantly decreased HR with increasing stimulus frequency under
both conditions. Tertiapin significantly attenuated the static
reductions of HR. The attenuation of HR reduction normalized
to control conditions increased with increasing stimulus fre-
quency: 45.8 = 21.3, 582 = 17.9, 64.7 = 14.6, and 68.0 =
114% at 5, 10, 15, and 20 Hz, respectively (P < 0.05 by
ANOVA).

[B-Adrenergic blockade protocol. In the supplemental proto-
col (n = 3) with B-adrenergic blockade, tertiapin decreased the
dynamic gain from 2.4 = 0.6 to 1.3 = 0.5 beats-min~'-Hz "'
and the corer frequency from 0.23 = 0.05 to 0.06 = 0.02 Hz
without changing the lag time (0.36 = 0.01 vs. 0.43 = 0.00s).
In terms of the static characteristics, tertiapin significantly
attenuated the vagal stimulation-induced HR decrease by 43 =
10, 50 = 8, 56 = 7, and 61 * 8% at stimulus frequencies of
5, 10, 15, and 20 Hz, respectively.

DISCUSSION

We have quantified the role of the Kacy channels by exam-
ining the transfer characteristics. The major findings in the
present study are that Kacy channel blockade with intravenous
tertiapin administration decreased the dynamic gain and corner
frequency without changing the lag time of the dynamic
transfer function from vagal stimulation to HR. These findings
support our hypothesis that direct action of ACh via Kaen
channels contributes to the guickness of the HR control in
response to electrical vagal stimulation.

Effect of tertiapin on dynamic transfer characteristics. Our
results indicate that Kacy, channels contribute to a rapid com-
ponent in vagal HR control. Tertiapin slowed the dynamic HR
response to vagal stimulation, since tertiapin attenuated the
gain of the transfer function significantly in the high frequency
range (Fig. 1B8). Moreover, the calculated step response clearly
demonstrated this point (Fig. 1C). Tertiapin prolonged the time
constant and 90% rise time of the step response by 2.1 and
3.4 s, respectively. Since quickness is a hallmark of the vagal
control of HR relative 10 sympathetic control, these results
highlight the importance of Kacn channels in the rapidity of
vagal HR control. Because tertiapin did not affect the lag time
(Table 2), the increase in the 90% rise time to the step response
due to tertiapin (—3.4 s) may primarily reflect the slowed
transient response.

Our results are consistent with and may panly explain the
earlier studies in which transgenic mice were used to investi-
gate the role of Kacn channels (8, 33). Using the G protein-

Table 2. Effects of tertiapin infusion on parameters of the
transfer function relating dynamic vagal stimulation to HR

Control Tertiapin
Dynamic gain, beats-min~'*Hz™' 50=12 2.0x06*
Comer frequency, Hz 0.25=0.03 0.06=001*
Lag time, s 0.37=0.04 0.39=0.05

Values are means = SD. Tertiapin was infused at 30 nmolkg iv. *F < 0.01
vs. cormesponding control
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Fig. 2. A: representative recordings of HR (rop) and corme-
sponding vagal stimulation (bottom) obtained utilizing a step-
wise stimulation. Traces were recorded before (control, lefi)
and after tertiapin infusion (30 nmol/kg iv) for Kacy channel
blockade (right). Kacy channel blockade atienuated amph
wde of HR vanation to tonic vagal stimulation. B: stanc
transfer funcuon relanng st=p-wise vagal stimulation to HR 0
responses averaged from all animals (pooled data, n = 9)
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gated inwardly rectifying potassium (GIRK) channel family
subunit GIRK4, which is a component of Kacy, channels (5.
16), Wickman et al. (33) indicated that the spectral power of
HR was lower at 1.5-5.0 Hz, which is predominantly vagally
mediated, but not at <04 Hz, in GIRK4-knockout than in
wild-type mice. Another study using transgenic mice with a
reduction in functional Bvy-subunits of the G; proteins also
showed impaired vagal HR control. such as reductions in
carbachol-induced bradycardia, HR variability, and baroreflex
sensitivity (8). In the present study, tertiapin significantly
attenuated the dynamic gain compared with the control condi-
tions in the frequency bands from 0.01 1o | Hz: the extent of
the decreases in dynamic gain was augmented with increasing
frequency of input modulation. This finding also supports the
notion that Kscy channels play a large part as a rapid compo-
nent of vagal control of HR. Furthermore, increased phase shift
due to tertiapin in the higher frequency range (0.03-0.7 Hz)
would support the interpretation that the K ach channel current
played an important role in the rapid HR response (o vagal
stimulation.
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Tertiapin-mediated changes in fitted parameters of the trans-
fer function from vagal stimulation to HR suggest that, at the
postjunctional effector sites, the Kacn channels play a key role
in determining the dynamic properties of transduction from
vagal nerve activity o HR. To quantitatively elucidate vagal
and sympathetic control of HR, our research group used a
transfer function analysis to examine the system characteris-
tics. First, the transfer function from dynamic vagal nerve
stimulation to HR approximated the characteristics of a first-
order, low-pass filter, whereas the transfer function from dy-
namic sympathetic nerve stimulation to HR approximated the
characteristics of a second-order, low-pass filter (14). Dynamic
gain of vagal stimulation to HR was increased by concomitant
sympathetic nerve stimulation (14) and pharmacologically in-
duced accumulation of cAMP at the postjunctional effector
sites (23) and decreased by high plasma norepinephrine (21).
These perturbations of the indirect acion of ACh did not affect
the quickness of vagal HR control; ie., neither corner fre-
quency nor lag time was altered. On the contrary, inhibition of
cholinesterase by neostigmine decreased the corner frequency
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and increased the lag time (24). Taken together, these resulis
might suggest that not only ACh kinetics at the neuroeffector
site, but also the Kacn channels at the postjunctional effector
sites, play a key role in determining the dynamic properties of
transduction from vagal nerve activity to HR.

Effect of rertiapin on the staric transfer characteristics.
Tertiapin attenuates the static reduction of HR in accord with
the attenuation of the gain of the dynamic transfer function at
the lowest frequency of input modulation. This suggests that
Kacn channels contribute to the static, as well as the rapid,
component of vagal HR control. The relative attenuation of HR
reduction increased with increasing stimulus frequency (Fig.
2B), suggesting that direct action of ACh in the static proper-
ties of transduction from vagus nerve activity to HR is aug-
mented by an increase in the amount of available ACh. Al-
though it is well established that the muscarinic response to
static vagal stimulation depends on the stimulation frequency
(26, 27), whether the contribution of the Kxcy channel pathway
to the total HR response depends on the stimulus frequency
remains unknown. The basal mean HR of GIRK-knockout
mice (33) and transgenic mice with a reduction of By-subunits
of the G, proteins (8) is the same as that of wild-type mice,
suggesting that Kacn channels are not involved in mean HR
control in the basal state. At low-to-moderate levels of vagal
activity, vagal control of HR is due to changes in cAMP-
modulated [, often referred to as “pacemaker” current (6).
Kacn channels might play an essential role in HR control at
high levels of vagal activity.

In the present study, tertiapin decreased the HR response 10
vagal stimulation by ~70% of the control condition at a
stimulus intensity of 20 Hz. This value is consistent with the
earlier study by Yamada (34). This consistency suggested that
Kacn channels contribute to ~70% of the maximum negative
chronotropic effects to pharmacologically and/or electronically
induced vagal stimulation. However, changes in HR induced
by tertiapin may have in turn affected the indirect action of
ACh in the present study. Therefore, the percentage of direct
vs. indirect action should be carefully interpreted.

Limitations. There are several limitations to this study. First,
we did not confirm the completeness of Kaey, channel block-
ade. Kitamura et al. (15) demonstrated that tertiapin potently
and selectively blocked the Kacy channel in cardiac myocytes
in a muscarinic receptor- and voltage-independent manner.
Furthermore, Drici et al. (7) showed that tertiapin blocked
Kacn channels with an 1Csy of ~30 nM with no significant
effect on major currents associated with the cardiac repolar-
ization process or atrioventricular conduction. On the basis of
these studies, Hashimoto et al. (10) demonstrated that tertiapin
(12 nmol/kg iv) significantly prolonged the atnial effective
refractory period during vagal stimulation in their in vivo
canine study. Therefore, we believe that the dose of tertiapin
(30 nmol/kg iv) used in the present study should be sufficient
to block Kaey channel current in vivo,

Second, data were obtained from anesthetized animals.
Since the anesthesia would affect the autonomic tone, the
results may not be directly applicable to conscious animals.
However, because we cut and stimulated the right cardiac
vagal nerve, changes in autonomic outflow associated with
ancsthesia might not have significantly affected the results.

Third, in the present study, we stimulated the vagal nerve
according to binary white noise and a step-wise pattern, which

H1569

was quite different from the pattern of physiological neuronal
discharge. However, although nonphysiological patterns of
stimulation could theoretically bias the system identification
results, because coherence was near unity over the frequency
range of interest, by virtue of their inherent linearity, the
system properties would not vary much with differing patterns
of stimulation.

In conclusion, Kach channel blockade with intravenous
tertiapin administration decreased the dynamic gain and corner
frequency without changing the lag time of the transfer func-
tion from vagal stimulation to HR. In the time domain, tertiapin
prolonged the time constant and 90% rise time of the step
response. Additionally, tertiapin decreased the static reductions
of HR from baseline HR to less than half of the control
response with increasing vagal stimulus frequency. These re-
sults suggest that Kaey, channels accelerate the dynamic HR
response to vagal stimulation and contribute more to the static
HR response for more potent tonic vagal stimulation in vivo.

Perspectives

To simply identify the role of Kacy channels in vagal HR
control, a previous study (34) and the present study completely
and/or partially excluded background sympathetic tone. How-
ever, In the physiological condition, sympathetic tone affects
vagal control of HR and vice versa [e.g., accentuated antago-
nism (17)]. Pathophysiological conditions such as chronic
heart failure (25), hypertension (19), and obesity (30) reveal
increased basal sympathetic nerve activity compared with the
normal condition. Tertiapin did not affect basal AP or HR
(Table 1), suggesting that tertiapin did not affect sympathetic
tone in the present experimental settings. Furthermore, under
f-adrenergic blockade (the supplemental protocol), tertiapin
decreased the dynamic gain and corner frequency, suggesting
that the effects of tertiapin cannot be explained by the back-
ground sympathetic tone. However, the experimental design of
the present study did not allow separate assessment of the
direct vs. the indirect action of ACh, because the indirect action
of ACh was not manipulated intentionally. Further investiga-
tion is needed to clarify the effects of sympathetic tone on the
contribution of K¢y, channels to negative chronotropic effects.
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Abstract—The assessment of arterial baroreflex function in
cardiovascular diseases requires quantitative evaluation of
dynamic and static baroreflex properties because of the
frequent modulation of baroreflex properties with unstable
hemodynamics. The purpose of this study was to identify the
dynamic baroreflex properties from transient changes of step
pressure inputs with background noise during a short-
duration baroreflex test in anesthetized rabbits with isolated
carotid sinuses, using a modified wavelet-based time-
frequency analysis. The proposed analysis was able to
identify the transfer function of baroreflex as well as static
properties from the transient input-output responses under
normal [gain at 0.04 Hz from carotid sinus pressure (CSP) to
arterial pressure (n = 8); 0.29 £ 0.03 at low (40-60 mmHg),
1.28 £ 0.12 at middle (80-100 mmHg), and 0.38 £ 0.07 at
high (120-140 mmHg) CSP changes] and pathophysiological
[gain in control vs. phenylbiguanide (n = 8); 0.32 & 0.07 vs.
0.39 + 0.09 at low, 1.39 & 0.15 vs. 0.59 £ 0.09 (p < 0.01) at
middle, and 0.35 & 0.04 vs. 0.15 £ 0.02 (p < 0.01) at high
CSP changes] conditions. Subsequently, we tested the pro-
posed wavelet-based method under closed-loop baroreflex
responses; the simulation study indicates that it may be
applicable to clinical situations for accurate assessment of
dynamic baroreflex function. In conclusion, the dynamic
baroreflex property to various pressure inputs could be
simultaneously extracted from the step responses with
background noise.

Keywords—Baroreceptor reflex, Sympathetic nerve acuvity,

Arterial pressure, Transfer function, Dynamic characteristics.

INTRODUCTION

Arterial baroreflex is a crucial negative feed-
back system because of the quick stabilization of
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arterial pressure (AP) against external pressure
disturbances.'**" The assessment of arterial baroreflex
function would require quantifying the dynamic as well
as static properties'**® because the baroreflex gain or
sensitivity is frequently modulated during cardiovas-
cular diseases.®**3% Because quick responses of auto-
nomic nerves and AP mainly through the brainstem’
might contain the unknown charactenistics changing
by the minute in acute cardiovascular discases,” the
short-term dynamic system identification might relate
to the novel finding under such nonstationary condi-
tion. Laboratory and spontaneous baroreflex meth-
ods®” are widely used in human and animal studies.
The laboratory method requires invasive pharmaco-
logical or mechanical pressure interventions, and it
may be suitable for estimation of the mechanism of AP
regulation through the sympathetic as well as vagal
baroreflex.”*® The spontaneous baroreflex method
aims to assess cardiovagal activity noninvasively using
systolic AP and heart rate variability.* These methods
have various merits under the baroreflex testing con-
ditions, but remain debatable because of complicated
mechanisms,?774043

In the laboratory method, the standard analysis of
sympathetic baroreflex has been performed mainly in
the time'*'® or frequency domain.'**?*** The time-
domain analysis has evaluated the stable or maximal
gain around the operating point, but may not char-
acterize the impaired dynamic baroreflex properties
accurately in cardiovascular patients with unstable
hemodynamics and background noise. In the fre-
quency domain, fast Fourier transform (FFT) analy-
sis’' has identified dynamic baroreflex properties under
such noisy condition, but requires longer data seg-
ments to cancel the background noise and to identify
the dynamic properties with low-frequency band,*®
indicating difficulties to extract short-term changes. In
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the spontaneous baroreflex method, the analytical time
window based on short-time FFT* (STFFT) has been
adjusted to evaluate the time-varying gain around the
operating point. However, this method may not be
suitable for the evaluation of short-term changes in
baroreflex properties for AP regulation through sym-
pathetic as well as vagal nerves, at multiple pressure
points with background noisc. A combination of time
and frequency analysis using wavelet transform may be
able to identify the dynamic baroreflex properties
efficiently regardless of background noise™* by virtue
of its high temporal resolution.** If dynamic and static
characteristics in cardiovascular patients with unstable
hemodynamics can be identified in a short-duration
barorefiex test, various pathophysiological character-
istics may be gained simultaneously.

The first purpose of this study was to examine
whether a proposed wavelet-based time-frequency
analysis was able to identify the dynamic as well as
static baroreflex properties in animals from transient
step pressure inputs with background noise during a
short-duration test. Next, the proposed analysis was
applied to identify unknown dynamic baroreflex
properties in nonlinear AP input ranges during the
Bezold-Jarisch reflex (BJR). We hypothesized that the
proposed analysis could evaluate the baroreflex trans-
fer properties from a short-term protocol, simulta-
neously at various pressure inputs under normal and
BJR conditions. Finally, we examined the possibility of
applying the new analysis to human studies to evaluate
the dynamic baroreflex for AP regulation through the
sympathovagal activity.

METHODS

Pathways of Baroreflex Functions

Under the carotid sinus open-loop condition, we
defined the total loop as the system from carotid sinus
pressure (CSP) input to AP output, which is divided
into the neural arc as the subsystem from CSP input to
renal sympathetic nerve activities (RSNA) output and
the peripheral arc as the subsystem from RSNA input
to AP output.'® The cardiac barorefiex was defined as
the system from CSP to heart rate (HR) response,
which may represent sympathovagal control of the
heart through the baroreflex.

Surgical Preparations

Animals were cared for in accordance with the
Guiding Principles for the Care and Use of Animals in
the Field of Physiological Sciences approved by the
Physiological Society of Japan. Japanese white

rabbits were anesthetized with an intravenous injection
(2 mL/kg) of a mixture of urethane (250 mg/mL)
and a-chloralose (40 mg/mL) followed by a contin-
uous administration (0.2-0.3 mL/kg/h, i.v.). The rab-
bits were artificially ventilated with oxygen-enriched
room air at 0.6 Hz. Raw wave of AP was measured
from the right femoral artery. using a high-fidelity
pressure transducer (Millar Instruments, Houston,
TX). A double-lumen catheter was placed into the
right femoral vein for drug administration. The aortic
depressor nerves identified by arterial pulse-synchro-
nous activities were sectioned, while bilateral vagi were
kept intact. Bilateral carotid sinuses were isolated from
the systemic circulation by ligating the external and
internal carotid arteries, and were filled with warm
physiological saline through catheters inserted into the
common carotid arteries. CSP was adjusted with a
servo-controlled piston pump controlled by a com-
puter system.

The left renal sympathetic nerve was exposed and a
pair of stainless steel wire electrodes (Bioflex wire
AS633, Cooner Wire) was attached. The nerve fibers
distal to the electrodes were crushed by tight ligature to
eliminate afferent signals from the kidney, and were
covered in silicone gel (Semicosil 932A/B, Wacker
Silicones). The preamplified nerve signal, band-pass
filtered at 150-1000 Hz, was full-wave rectified and
low-pass filtered at a cutoff frequency of 30 Hz (ie.
Op-amp RC integrator) to quanufy nerve activity.
Pancuronium bromide (0.3 mg/kg, i.v.) was adminis-
tered to prevent muscular activity. The body temper-
ature was kept at 38 °C.

Step Input Protocol

The carotid sinus baroreflex negative feedback loop
was closed by adjusting CSP to AP level for 20 min
after the surgical preparations (8 rabbits weighing 2.7-
3.0 kg). The feedback loop was then opened and CSP
was maintained at 40 mmHg for 4 min until the AP
response reached a steady state. CSP was then
increased from 40 to 160 mmHg in increments of
20 mmHg every minute (CSPys_s0, CSPso-s0, CSPs0-100
CSPyoo-120. CSP120-140, and CSP40-160 changes). The
single trial was repeated three times every rabbit. Data
were sampled at 200 Hz and were averaged every 40
points for analysis (i.e. pulsatile AP signals were aver-
aged every 0.2 s). HR (beats/min) was counted from the
pulse waves of raw AP signals, which are well known as
waves synchronized with ECG.** RSNA data of each
animal were presented in arbitrary units (a.u.), with
l-min averaged background noise taken as zero
level and 10-s averaged RSNA at CSP of 40 mmHg in
normal condition set as unity.
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Data Analysis
Identification of Dynamic Baroreflex

After the recorded data (three times) of CSP,
RSNA, AP and HR were averaged in each animal, the
signals were convoluted by complex Morlet wavelet,
\‘I(I‘fo}:-&s.-\"

-

exp (5};) - exp(2nfyit) (1)

“!U‘. qu} = ; 3

Ve

where the (6/7)~'" normalizes the wavelets to be
unity total energy, and the exp(—rz.-:df] is a Gaussian
shape with the central frequency f, at time t The
standard deviation (g,) of the time domain is inversely
proportional to the standard deviation (gj) of the fre-
quency domain [, = (2n5,)”']. A constant ratio, fo/os,
determines the effective number of oscillation cycles in
the wavelet. The fy/a, was determined'' as § with f;
ranging from 0.04 to 0.4 Hz” in increments of
0.01 Hz. Because the dynamic baroreflex function was
well characterized by the transfer function up to
around 0.4 Hz based on the corner frequency and
slope of gain change,'**? the upper frequency limit for
analysis was set at 0.4 Hz, considering also the limi-
tation of the step input (low power in high frequency
components) and the respiratory frequency of 0.6 Hz.
The wavelet duration (2¢,) 1s 39.8 s at 0.04 Hz and
3.98 s at 0.4 Hz, and the spectral band width (2a) is
0.016 Hz at 0.04 Hz and 0.16 Hz at 0.4 Hz.

The linear trend was subtracted only in animal
study, and the continuous wavelet transform of time
series u(f) was calculated as the convolution of a
complex wavelet [w(t, fo)] with the w(z):

a(t, fo) = w(t, fo) + u(t) (2)

The power P(t, fo) of the signal in a frequency band at
around f; is the squared norm of the wavelet trans-
form: P(, f3) = |ilt, fo)|*. The symbol (*) shows the
convolution in the time domain

To identify the dynamic baroreflex property from
time-sequential data, we define the transfer function
[H(t, fy)] from input to output using wavelet transform
as follows.

Pt_r“vfﬂ}

H410) = B teveans f0)

(3)
where

Pyx(fevents o) = Z(fevenrs Jo) * X% (Fevent, So)
Po(t, ﬂl} = 'E(fc\rtnt-. ﬂ'l) i )?El{f- ﬁll

P (leyents fo) 15 the auto-wavelet spectrum of the input
signal [x(r)] with central frequency f at a fixed time

levent When the power is maximum. The f.yeq shows the
sole value of the analysis time (r) at fy; the transfer
function shows the effect of the maximum input power
at leyeqe ON the output responses during analysis time, 7,
for every fo. Here, we used the fixed input value to
extract the dynamics strictly against the step input. The
cross-wavelet spectrum, P, (t, /o), which is an effective
way to detect large-amplitude time-localized events,*®
is the convolution of the wavelet transform values of
the input-output signals [X(fevens Sfo) and y2(t, fo)l.
¥ (levenn fo) and 7#(1, fp) is the complex conjugate of
X(levents fo) and (1, fo). The segment for wavelet
transform analysis was set at 30 s of the time of the
step input change and was moved to the next area of
the step input. The symbol (-) shows the product in the
frequency domain, which corresponds to the convo-
lution in the time domain.

To visualize the time-series transfer function dur-
ing the analysis time (1), the dynamic gain

(H(t, fo)] = \/Hre(t, /o)} + Him(t, fo)’, where Hg
(t, fo) and Hy(t, fo) are the real and imaginary parts of
H(t, fo)] and phase [rp{r.fg) = !an"'%ﬁ] of the
transient transfer function during analysis time were
calculated from Eq. (3).

Next, we constructed the bode plot using the max-
imum dynamic gains, which reflects the maximum
values of input and output powers. The phase of
Eq. (3) is based on the maximum P (fevent, fo) as the
auto-wavelet spectrum of the input signal without the
lag time of system response. To calculate the phase
of the bode plot, we estimated the lag time of the
system response as follows:

fv = Ipxymax — [Pxxmax, (41

where L is the mean value between 0.35 and 0.4 Hz of
fo. The data between 0.35 and 0.4 Hz (5 points) were
averaged because of the varied estimation. The analysis
time was set to 0-6 s and the phase unwrap process to
make it continuous across 2n phase discontinuities by
adding multiples of +2n was applied. fpymax is the
time at the maximum auto power specirum of the
input data; fpe, max 15 the time at the maximum cross
power spectrum of input-output data. Using the esti-
mated lag time (L) of the system response, the phase
[@(tmaxs fo)] Of the transient transfer function is shown
as follows:

-| H‘tm ('rm.u ' ﬁ))

ng(fmn.ﬂ'}} (5}

@(tmax. fo) = tan

where

H‘{‘mus- ﬁ]} - H(*nm.\f }'U] : CXP(—lnfqul
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Hy (tmax, fo) and  Hy (tmax, fo) are the real and
imaginary parts of H'(f,x, fo) with lag time, L. ;. 1S
the time when the dynamic gain is maximum.

Staric Characieristics

After the RSNA, AP, and HR during the last 10 s of
each CSP level were averaged using the data of the
step-input protocol, the static characteristics of total
baroreflex loop, neural arc, and cardiac baroreflex
control were examined by regression analysis for the
logistic function.*****” To quantify static characteris-
tics of the peripheral arc, linear regression analysis was
performed. The closed-loop operating point of the
baroreflex (APgp) was determined from the intersec-
tion point between the CSP-AP curve (total baroreflex
loop) and CSP-AP identity line. APop was also
determined from AP at the intersection point between
the CSP-RSNA curve (neural arc) and RSNA-AP line
(peripheral arc) in the equilibrium diagram.'®

Standard Analysis

The STFFT as a traditional time-frequency method
was applied to the step-input (20 mmHg) protocol,
using the model response between CSP and AP (see
Appendix). The time window was set to 12.8 s (64 data
points) and 51.2 s (256 points, which is close to that at
the lowest frequency in the used wavelet method).
After the application of the detrend and Hanning
window, power spectral densities of the CSP and AP
and the transfer gain of the cross-spectra were com-
puted every 200 ms. In the STFFT (256 points),
pseudo-random noises were added to the input (within
+0.1 mmHg) and output (£1 mmHg every 200 ms)
signals. The STFFT analysis was also compared with
the proposed wavelet analysis over frequencies under
the pseudo-random noise within =0.1 mmHg in the
input and +1 or +2 mmHg in output every 200 ms.

Experiment of Bezold-Jarisch Reflex

To elucidate the modified wavelet-based analysis in
the pathophysiological condition, the previous datasets
assessing static baroreflex during BJR'® were reana-
lyzed; the data at sampling rate of 200 Hz were aver-
aged every 40 points, In 8 anesthetized rabbits with
sectioned aortic depressor nerves, intact vagi, and
isolated carotid sinuses, CSP was increased stepwise
while AP and HR were recorded before and after
7-min administration of a serotonin (5-HT;) receptor
agonist, phenylbiguanide (PBG, 100 pg/kg/min, intra-
venous infusion): Control and PBG conditions. Vagal
afferent was confirmed as the main pathway of the
BIR induced by intravenous PBG infusion.*

Cardiac Barorefiex

The role of cardiac baroreflex (CSP to HR response)
was studied, focusing on the contribution of the car-
diac sympathovagal activity to dynamic baroreflex for
AP regulation. The ratio of the transfer functions
between cardiac baroreflex and total (CSP-AP) loop
was calculated under Control and PBG conditions,
using the results from the proposed analysis.

Statistical Analysis

All data are expressed as mean = SEM. The gain,
power, and frequency in the figures are shown in log
scales. The transfer functions in the neural and
peripheral arcs were normalized in each animal so that
the average gain in all stepwise changes of normal
condition became unity at 0.04 Hz, To test the differ-
ence among six stepwise changes or between the
Control and PBG conditions, we obtained the gain at
0.04 (Gggs), the average slope of the gains between 0.1
to 0.4 Hz (Slope), and the lag time in each animal.
One-way analysis of variance with multiple compan-
sons using Bonferroni correction” was applied to assess
the level differences. Differences were considered sta-
tistically significant at p < 0.05.

Simulation for Closed-Loop Baroreflex

The carotid sinus open-loop animal experiment
should be linked to human closed-loop baroreflex to
explore the possibility of applying the proposed anal-
ysis to clinical diagnosis. We performed a simulation
study, using the emulated cardiac barorefiex model
from observed AP input to observed HR output under
the closed-loop AP response (see Appendix) Lo test the
accuracy of the proposed wavelet-based analysis and
to acquire the transfer functions of the cardiac baro-
reflex for use in human laboratory test.

RESULTS

Test of Wavelet Analysis

The proposed wavelet-based analysis was tested
using the baroreflex model response between CSP and
AP under carotid sinus open-loop condition (see
Appendix). After the calculation of the wavelet power
spectrum for the input and the input-output cross
spectrum (Fig. 2a), the transfer function was acquired
(Fig. 2b), The gains reached the maximum immedi-
ately after the step input at 60 s and the phase changed
greatly when approaching the maximum gain. Bode
plots were extracted from the maximum points of
the time-course transfer function with and without
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FIGURE 1. Time-frequency method based on the short-time FFT for system identification using the simulated step-input protocol.
Time windows, 12.8 s (a) and 51.2 s (b). Power spectral densities of carotid sinus pressure (CSP) input (top) and arterial pressure
(AP) output (middle) and transter gain (bottom) in the absence (leff) or presence (right) of pseudo-random noises.

background noise (Fig. 2c). In the presence of pseudo-
random noise (within £0.01 mmHg in input and
=l mmHg in output changed every 200 ms), the
transfer function closely resembled the theoretical
values. Compared to the STFFT (Fig. 1), the proposed
wavelet method could accurately estimate the transfer
function over different frequencies, regardless of a
poor signal to noise (S/N) ratio at higher frequency,
because of the property of the step input power
(Fig. 2d).

Dynamic Baroreflex

The averaged RSNA, AP, and HR responses to the
step-input changes were decreased with the increments
in CSP from 40 to 160 mmHg every minute (n = 8,
Fig. 3a). In the averaged time series (n = 8, Fig. 3b),
the power spectrums at all step inputs were the same
values at each frequency level because of a constant

change of + 20 mmHg (greater in low frequency and
smaller in high frequency). The powers of RSNA, AP,
and HR change were higher at CSPgq_ 109 than other
CSP changes over all frequency ranges, and the mag-
nitudes were especially small at low or high CSP
changes.

The averaged (n = 8) time series of transfer func-
tions in the neural arc (a), peripheral arc (b), total loop
(c) and cardiac baroreflex (d) were calculated after
wavelet transform (Fig. 4). In the neural arc, gain
values in low [requencies were much less at CSP
changes away from the operating point. In the
peripheral arc, low pass characteristics in the gains
were observed at all CSP changes except the lowest
CS8SPyo e change reflecting spontaneous neural firing.
In the total baroreflex loop, the gains at CSP changes
within 60-120 mmHg were higher than those at other
CSP changes, indicating low-pass characteristics. In
the cardiac baroreflex, the gains were smaller at the
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FIGURE 2. (a) Schematic illustration of the time-course system identification using wavelet analysis. The model response of total
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absence or presence of pseudo-random noise. (d) Gains in the short-time FFT and proposed wavelet analyses over wide fre-
quencies (0.01-1 Hz) under the pseudo-random noise [+1 mmHg (leff) and =2 mmHg (righf)].
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FIGURE 3. Averaged time series (a, n = 8) and wavelet power (b, n = 8) of CSP, renal sympathetic nerve activities (RSNA), AP,

and heart rate (HR) during the static protocol. CSP was increased from 40 to 160 mmHg in 20 mmHg increments, resulting in

changes of RSNA, AP, and HR through the tid sinus bar

CSP4y 60 and CSPyy g0 changes than other CSP
changes.

Figure 5 and Table 1 show the average gain and
phase (n = 8) in the neural arc (a), peripheral arc (b),
total loop (¢), and cardiac baroreflex (d). In the neural
arc, Ggm [242 + 0.07 a.u.,-'mmHg) at the CSPM,.W;
change was the highest among all CSP changes, and
was almost four to five times higher than those at the
CSP_;Q 60 (0.54 £ 0.09, pP= 0.0]} and CSPMO 160
(0.62 + 0.06, p < 0.01) changes. Slopes increased sig-
nificantly at lower and higher CSP changes compared
with the CSPg_29 change. Lag time at CSPgq_ ;00 was
the shortest among all CSP changes. In the peripheral
arc, Slope and lag time did not differ significantly
among the CSP changes, whereas Ggqoq showed a
tendency to decrease slightly with increase of CSP.
In the total baroreflex, Ggoq at CSPgy 00 change
(1.28 + 0.12) was significantly higher compared to
other CSP changes. Slopes were significantly greater at
CSP changes within 60-120 mmHg than other CSP
changes. Lag time did not differ significantly among

CSP changes. In the cardiac baroreflex, Gy
(0.90 + 0.18 and 0.92 £+ 0.19 beats/min/mmHg) and
Slopes were significantly higher at CSPgq ;40 and
CSPjgo-120 changes than other CSP changes. There
were no significant differences in lag time among CSP
changes.

Static Barorefiex

The static characteristics of the total loop were
averaged (n = 8). Regression analysis was performed
for logistic functions. Response range, coefficient of
gain, midpoint of input axis, and minimum value of
output were 0.45, 0.11, 99.6, and 0.55 in the neural arc,
65.2, 0.07, 97.6, and 69.4 in the total loop, and 29.5,
0.11, 98.2, and 281.2 in the cardiac barorefiex. Linear
regression analysis was performed in the peripheral arc
(static gain = 0.0086 and offset pressure = 0.027). The
mntersection between the CSP-AP curve and the line of
identity corresponds to APop (94.3 mmHg) located in
the steepest portion (80-100 mmHg) of the sigmoid



