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FIGURE 4. Time course of transfer functions of the neural arc from CSP to RSNA (a), peripheral arc from RSNA to AP (b), total
barorefiex loop from CSP to AP (c), and cardiac baroreflex from CSP to HR (d) averaged across all animals (n = 8).

curve. In the equilibrium diagram, RSNA decreased
with increasing CSP in the neural arc, AP increased
with increasing RSNA in the peripheral arc, and the
intersection between the two arcs provided the APyp
(99.7 mmHg). In the cardiac baroreflex, HR decreased
with the increase in CSP.

Bezold-Jarisch Reflex

In the total loop and cardiac baroreflex, the gains at
various CSP changes during the BJR were identified
(n =8, Fig. 6 and Table 2). Averages of gain and
phase (Fig. 6d) were derived from the time series in
Figs. 6b and 6c. At middle CSP change of the total
loop, Goos was approximately halved under PBG
condition compared to Control (0.59 + 0.09 vs,
1.39 £ 0.15, p<0.01). Slope and lag time did not
differ significantly between the PBG and Control
conditions at all CSP changes. In the cardiac baroreflex
(Fig. 6e), G4 tended to modulate under PBG condition

at low and high CSP changes, but did not differ sig-
nificantly between the two conditions at middle CSP
changes. Slope differed significantly between the two
conditions at low CSP change whereas lag time did not
differ significantly at all CSP changes.

Cardiac Baroreflex

The ratio of the cardiac baroreflex to the total loop
in dynamic characteristics was studied (Fig. 7). For
CSP changes within 60-120 mmHg under Control
condition, the ratios were almost linear and increased
slightly with increase in frequency; in lower or higher
CSP changes, they were modulated especially around
0.2 Hz. For CSP changes under PBG condition,
overall the ratios were higher than those under Control
condition. For CSP changes within 80-120 mmHg
under PBG condition, the ratios were almost linear
and the slopes were greater than those of Control
condition; in lower or higher CSP changes, they
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increased within the 0.1-0.2 Hz range and decreased at
higher frequencies. The phase difference did not differ
among CSP changes under both Control and PBG
conditions.

Closed-Loop Baroreflex

Simulation was performed using a cardiac barore-
flex system from closed-loop AP input to HR output
(Fig. 8a). To test the proposed wavelet analysis, an

external disturbance to AP (AP, uise = +20 mmHg)
was added to the system, and HR responses under
carotid sinus open- and closed-loop AP responses were
calculated (Fig. 8b). The observed AP and HR
(APhange and HR pange) were modulated by closed-
loop regulation of AP. The CSP is identical with the
observed APpange. Gain and phase in the time series
(Fig. 8¢) and extracted (Fig. 8d) transfer functions
were accurately estimated under open and closed AP
responses.
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TABLE 1. Parameters of the transfer functions in the neural arc, rodphual arc, total loop, and cardiac baroreflex at various step
pressure inputs,

CSP (mmHg)
100-120

40-60 60-80 80-100 120-140 140-160

Neural arc
Gy 04 (a.u/mmHg)
Slope (dB/decade)
Lag time (s)
Peripheral arc
Go o« (mMmHg/a.u.)
Slope (dB/decade)
Lag time (s)
Total loop
Go o4 020 £ 005 0.85+0.16™ 1.28%0.12*~" 083 + 0.09"~%
Slope (dB/decade) ~-6.8+41 —-194+24 205+ 16" =207 £ 2.1*
Lag time (s) 303+£081 207012 1.62 £ 0.20 1.82 + 0.60
Cardiac baroreflex
Gooa (beats/minymmHg) 0.11 £ 002 0.37 £ 0.11
Slope (dB/decade) -23+21 -107+23
Lag time (s) 213+ 062 226+ 034

0.82 = 0<DG"::'
16.8 £ 3.1°
183z 071

1.18 = 0.20%%"°
110+18
0.45 £ 017"

054 £009 1252017 242+ 007"
179 £ 41 10019 7.7+20
263+058 078 £0.16"° 0.27 +0.18*

1.89 £ 0.13*'
58 3.1
0.48 £ 0.14*

0.92 £ 0.09'
-23.2 4+ 46
0.08 + 0.64

0.85 + 0.10'
~227 +£28
210 £ 0.69

142 £ 017 1.50+0.18
246 £33 -294+13
040 £ 0.79 1.29 £ 0.20

1.30 + 0.08
-282+ 0.8
1.35 + 0.20

1.13 £ 0.13
-266 + 28
1.35 £ 0.58

0.24 + 0.04"" 45"
—6.4 -+ 4.1
1.91 = 0.41

0.38 = 0.07™ ™
~11.8+£27
254 + 0.62

0.36 + 0.09°*"*
-63 + 314"
1.92 £ 0.86

0.55 + 0.12°+*
-11.8 £ 286
1.70 + 0.61

0.90 £ 0.18""  0.92 + 0.19**"
-15.9 + 2.8* -19.0 £+ 2.9*
217 + 0.62 1.51 = 0.16

Go o4, transfer gain at 0.04 Hz. Slope, average slope of transfer gain between 0.1 and 0.4 Hz.
P <0.01;*" vs. 40-60, "' vs. 80-80, ** vs. 80-100, and ** vs. 100~120 mmHg in CSP change; the same symbols of a single show p < 0.05.

DISCUSSION

We have shown that the analysis using wavelet
transform can identify the dynamic baroreflex prop-
erties at various pressure levels from the time-course
data under normal (Fig. 5) and pathophysiological
conditions (Fig. 6) with background noise. The results
of the proposed analysis applied in animal experiments
indicate the possibility of its use in the assessment of
human baroreflex (Figs. 7 and 8).

Time-Series Analysis for Dynamic Baroreflex

Under the background noise added to the response
model, the proposed analysis applied to step response
was able to detect the dynamic baroreflex characteris-
tics (Fig. 2). The standard spectral analysis under
stationary conditions has high reliability in the
baroreflex test, and uses longer data to cancel the
noise”** at various pressure inputs and lose the short-
term and important changes. In direct calculation of
the dynamic characteristics from the step input output
data, the traditional time series analysis might also
have a disadvantage under noise contamination, which
may cause poor S/N ratio in the impaired baroreflex
function of cardiac diseases.*’ The STFFT using time

" windows of a constant range for all frequencies was
actually unable to catch the dynamic property espe-
cially at higher frequencies under such condition
(Figs. | and 2d) because of the average one within the
whole time window. On the other hand, the modified

wavelet-based analysis with improved temporal
resolution at higher frequencies to reasonably catch the
localized changes in cardiovascular control** will be
effective for extracting the dynamic baroreflex char-
acteristics under nonstationary hemodynamics with a
low S/N ratio. Because the baroreflex test may
depend on the various S/N ratios depending on the
system input (e.g. amplitude) and/or the background
noises, further investigations will be required in this
regard.

Burgess er al.* showed that cross spectrum analysis
using wavelet transform characterized strong coupling
between sympathetic nerve traffic and AP at frequen-
cies of <0.1 Hz. Davrath er al.* reported that time-
varying power obtained from wavelet transform of the
spontaneous HR or AP fluctuation in humans are
remarkably modulated at approximately 0.1 Hz under
standing condition. Whereas the traditional wavelet
analysis could extract the localized characteristics of
time-series data in a nonstationary condition,**
application to dynamic system identification is difficult
because of the limitation in phase extraction. When the
same time window is set for the input and output data,
the actual information of phase and gain may be lost
or split, instead of high temporal resolution of wavelet
transform.* To apply wavelet analysis to the barore-
flex system identification, we expanded the basic
analysis by acquiring the transfer function from max-
imum input and output data. The proposed method
was able lo acquire the system identification of baro-
reflex because of the specific characteristics of wavelet
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TABLE 2. Parameters of the transfer functions for the total loop and cardiac baroreflex before and during PBG infusion.

Low CSP (4060 mmHg)

Middle CSP (80100 mmHg)

High CSP (120-140 mmHg)

Control PBG Control PBG Control PBG

Total loop

Gy ga 032£007 039 +009" 1392015 059 +£009""  035+004" 0.15+002"

Slope (dB/decade) -116+33 -80+42 -178+£21 -150+32 -85+ 25 74 £53"

Lag time (s) 2,90 £ 0.71 1.43 + 0.68 144 £022 221 +059 3.48 £ 0.61 274 +0.89
Cardiac baroreflex

Gy g4 (beats/min/mmHg) 014 £002 026+0.10 078 £021 075018 0.54 = 0.13 0.35 + 0.08

Slope (dB/decade) -18+£22 -125+29° -134+27 -116+21 -126+27 66 +40

Lag time (s) 299 £089 2914055 206 £030 228 +054 265+ 072 247 +0.77

Gy ga, transfer gain at 0.04 Hz. Slops, average slope of gain between 0,1 and 0.4 Hz. PBG, phenylbiguanide.
" p<0.01and* p <005 PBG vs. Control at the same CSP; "' p< 0.01 and ' P < 0.05, all conditions vs. CSPgo_yne of Control.
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FIGURE 7. The ratio in the transfer functions of the cardiac baroreflex (CSP-HR) to the total loop (CSP-AP) (n = B). The ratio of
dynamic gain (top) and the phase difference (bottom). Control (a) and PBG (b) conditions.

transform that can adjust the analysis window at every
frequency level and extract the localized data. When
the mother wavelet is appropriately used for any pur-
pose, the fields of the application of wavelet analysis
might be extended. We used the traditional and rea-
sonable Morlet function;'"*** however, the compar-
ison with other wavelet functions such as Mexican hat,
Haar, and Daubechies™ will be required in future
studies. In addition, the convolutions within the
transfer function of Eq. (3) may lose the temporal
information: however, because the wavelet transform
reflects the effect of reasonably changed time window,
the gain and phase updated every 0.2 s can continu-
ously express the representative property at the center
point of the time window during the time-course
change.

Physiological Perspective

The powers of the RSNA, AP, and HR responses to
CSP changes showed maximum values at CSPy g0
change (Fig. 3b), which was almost consistent with
APop (943 and 99.7 mmHg) from static analysis.
In contrast, the power responses at CSPyy 40 and
CSP4p-160 changes were lower than those at APop,
resulting from the nonlinear characteristics of the
baroreflex around threshold and saturation to AP in-
puts as indicated by the static analysis. The gain and
phase were revealed within the physiological range
including nonlinear points in normal rabbits (Figs. 4
and 5). Whereas the static analysis cannot show the
dynamic characteristics at higher frequencies (e.g.
>0.01 Hz'®), the proposed wavelet-based analysis




124 KASHIHARA ef al.

a b
(@) Cardiac baroreflex ®) s
HR change ]C:”
Gra s E
(CSP=AP) g
AProiss <l
Total loop o ! - * 4
= r
G g 0 (closed AP)
AP L \-»*
change E [ Hﬂm s A
c I (open AP)
I -20f
= " )
- time (s) 12
(c) 0.4 Open AP (d) Cardiac baroreflex
~ 01 Open AP Closed AP
L £
g : :
c
] - -
g 1
g E E lrue E
n © =3 ) 5
® I estimated -K'\‘
0.1 3
10 - N OE
— m ™ ’
i 3 001 Ll 500 i
§ [— . 102 8 g time =127 - Idg tima = 1.23
] T o
& 4 -
@ =
- ﬁ “4n A il liuid AR IT PN T
o

.‘ﬂ

time (s) 120

0.01 0.1 1 001 0.1 1

frequency (Hz) frequency (Hz)

FIGURE 8. (a) Block diagram of cardiac baroreflex under closed-loop AP response. AP, indicates the external disturbance to
AP. AP hange and HR show the actual changes of AP and HR. Gap and Gyp are transfer functions under open loop responses
in the total loop and cardiac barorefiex. (b) AP,,is, 0of +20 mmHg as input and AP change 88 output under the closed loop (top). HR
responses under the open- and closed-loop AP changes (bottom). (c) Time-series transfer functions of cardiac baroreflex under
open- and closed-loop AP changes. (d) Transfer functions of cardiac baroreflex estimated under the open (leff) and closed (righf)
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could derive them from the same step input protocol,
which may be able to reduce the number of experi-
ments and duration of data acquisition.

Clinical Implications for Cardiac Patients

The wavelet-based system identification indicated a
possibility to acquire pathophysiological understand-
ing under various responses with cardiac diseases. The
proposed analysis revealed that the dynamic charac-
teristics in the total loop and neural arc were signifi-
cantly attenuated at various pressure changes
containing nonlinear points under PBG condition
(Fig. 6 and Table 2), in addition to the previous

studies. ' The G0 at APop in Control (1.39 £+ 0.15)
was decreased to almost half during PBG condition
(0.59 £ 0.09); it was attenuated to 1/3-1/4 times as
small as that under PBG condition (0.39 & 0.09) at
low CSP4g 40 change, which may be induced by the
decrease of peripheral pump function in heart failure,
suggesting the risk of further bluntness of baroreflex
ability during the BJR.

In carotid-cardiac response, HR may be related to the
assessment of AP regulation by the product of HR,
stroke volume, and total peripheral resistance, rather
than RR interval.”® Because it may be difficult to
evaluate the baroreflex to regulate AP under the
carotid-sinus closed loop condition (i.e. CSP = AP), we
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explored the possibility to evaluate the barorefiex
dynamics from the HR response related to AP regula-
tion, considering the dissociation between animal and
human studies and applying the proposed method. The
transfer functions of the cardiac baroreflex were similar
to those of the total loop around the operating point
(Fig. 7a). On the other hand, the dynamic characteris-
tics in nonlinear CSP points and during the BJR were
greater than those around the operating pointin Control
condition (Fig. 7b), suggesting the effect of cardiac
sympathovagal activity, Next, to consider human bar-
oreflex assessment, the dynamic transfer function was
estimated by the closed-loop model response (Fig. 8).
resulting in the effective assessment. Even when the
system input is modulated by the nature of closed-loop
response, it would be crucial to be able to estimate the
dynamic baroreflex characteristics.

The spontaneous baroreflex method is commonly
used in clinical assessments.’” This method may have
some limitations because of the highly complex and
interconnected  cardiovascular  mechanisms  in
short-term AP regulation®”***? and the unclear system
input might induce the different pathophysiological
understandings.*” On the other hand, our focus was to
explore the possibility of the evaluation of the baro-
reflex to regulate AP against great external distur-
bances in patients with cardiovascular diseases and
unstable hemodynamics. To identify the system
dynamics of the carotid-sinus baroreflex for AP regu-
lation with sympathovagal activity,” this study
improved the standard analyses, particularly consid-
ering the pure time delay. Using the transfer function
corresponding to the independent step input fre-
quency, the proposed analysis was able to indicate
some novel aspects of the dynamic baroreflex proper-
ties during the BJR as mentioned above,

For clinical application, the other indexes (c.g. AP
to muscle SNA response'®) for AP regulation might be
tested. In addition, in the time-course data, there are
some effective methods such as complex demodulation
method'? based on the low pass filter, focusing on a
frequency band such as LF and HF: it has good tem-
poral resolution. However, the complex demodulation
method might concentrate on the information of
amplitude in a frequency band, not on each frequency
level within the band. This limitation makes it impos-
sible to perform the system identification in this study
to reproduce the response corresponding to a wide
frequency. Furthermore, the continuous estimation of
the dynamics might connect to an effective index of the
real-time control of hemodynamics such as an auto-
mated drug infusion system.'™"?

Because we kept the bilateral vagi intact, low pres-
sure baroreflexes from the cardiopulmonary region

might have interacted with the arterial baroreflex,
affecting estimation of carotid sinus baroreflex transfer
functions. After the vagotomy, the dynamics from
isolated aortic depressor nerve to AP responses was
almost preserved and AP remained unchanged despite
a HR decrease.”* Our previous data of dynamic
baroreflex properties with®® and without?' vagal nerves
were compared. The dynamic characteristics of the
total loop and cardiac baroreflex around the operating
point were similar, whereas the corner frequency was
slightly greater under intact vagal condition. Next, the
static gain may be increased during the rising pressure
protocol, compared with the falling one.* Hysteresis
induced by the rising and falling pressure protocols
may also modulate the dynamic baroreflex. However,
the vagal effect of the cardiovascular receptors on the
dynamics may not be large.”® Third, the phases at
lower or higher CSP changes in the transfer functions
varied with the observed frequency because of non-
linear characteristics in the neural arc and the input
power in the peripheral arc decreased by the neural arc.
Especially at high frequencies, the phases appear to be
modulated because of the step input showing low
power with the high frequency. Finally, the simple
models used for the simulations in this study have
some limitations, such as a lack of information of non-
parametric components or nonlinearity.>

CONCLUSIONS

The wavelet-based time-frequency analysis was
capable of identifying the dynamic baroreflex proper-
ties over wide frequencies at various pressure levels
both in normal and BJR conditions. Because the
dynamic baroreflex properties to physiological pressure
inputs as well as static characteristics can be simulta-
neously extracted from the short-term responses with
background noise, the proposed method is potentially
applicable to assess human dynamic baroreflex func-
tion under carotid-sinus closed-loop condition.

APPENDIX

Model Response of Arterial Barorefiex
We used the following model'® as the carotid sinus
open loop baroreflex for the simulation study (Figs. 1
and 2). The neural arc transfer function [Gy(/)] using a
first-order high-pass filter can be expressed as

Gulf) = —Kn (I -;-i r') exp(—2nfiLy)
fe
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where fand i represent the frequency (Hz) and imaginary
units, respectively; Ky is the neural arc gain; fc is the
frequency (Hz) for a derivative characteristic; Ly is lag
ume (s).

The peripheral arc transfer function [Gp(f)] using a
second-order low-pass filter can be expressed as

K
Ge(f) = 2 5 exp(—2nfiLp)
1+ 20 £i+ (7’;1)
where Kp, fn. (. and Lp represent the peripheral arc
gain, natural frequency (Hz), damping ratio, and lag
time (s), respectively.
The transfer function of the total barorefiex loop is
expressed as the product of the neural and peripheral
arc transfer functions.

Garlf) = Gu(/f) - Ge(/)

The gain and lag time of the total baroreflex loop is
expressed as K= Ky Kp and L =Ly + Lp. The
parameters of the model response were set at K = 1.0,
Je=0.12, Ly=055 fm=0071, {=137 and
Lp = 1.0 according to previous data,'*

Model of Baroreflex Under Closed-Loop AP Response

The baroreflex system under the closed-loop AP
input to HR response was modeled (Fig. 8a).

HRchungem = GHRm = Apclunsem

The pressure change [APpang(f)] to the exogenous
perturbation [AP,.i«(f)] is the sum of the feedback
signal and perturbation under closed-loop condition. )
Gygr is the transfer function under the carotid sinus
open loop in the cardiac baroreflex (CSP input and HR
output).

Apchang:m —~ GAP()“] i Aprh.nnmew 5 Aanum

Rearranging above equation with respect to APyuqg:(/)
yields

APnomm
| = Gar(f)

The time integral of the inverse Fourier transform of
AP hange(f) is the AP change to an exogenous step
perturbation, Gap is the transfer function under the
carotid sinus open loop for the total baroreflex. The
APchange and HRcpunge can be simply observed by
the monitoring system. The transfer function between
the HR and AP responses was excluded because of the
insignificant relationship as previously indicated *
The transfer functions, Gap and Gyg, Wwere
approximated using a first-order low-pass filter.

AP:hn.ng: m =

(I +_-;Ei)
The parameters of the transfer functions were set at
K = 1.03, fc = 0.018, and L = 1.34 for the total loop
(Fig. 8a, Gap); K = 0.51, fc = 0.049, and L = 1.14 for
the cardiac baroreflex (Gyr), according to previous
data,®®

G(f) = -exp(—2nfiL)
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Electroacupuncture (EA) is k to affect he s through modulation of efferent sympathetic nerve
activity {SNA), however, possible regional differences in the SNA response to EA remains to be examined. Based
on the discordance between arterial blood pressure and heart rate changes during EA, we hypothesized that
regional differences would occur among SNAs during EA. To test this hypothesis, we compared changes in
cardiac and renal SNAs in response to 1-min EA (10 Hz or 2 Hz) of a hind limb in adult cats anesthetized with
pentobarbital sodium. Renal SNA remained decreased for 1 min during EA (P<0.01 for both 10 Hz and 2 Hz). In
contrast, cardiac SNA tented to decrease only in the beginning of EA. It increased during the end of EA (P<0.05
for 2 Hz) and further increased after the end of EA (P<0.01 both for 10 Hz and 2 Hz). There was a quasi-linear
relationship between renal and cardiac SNAs with a slope of 0.69 (i.e., renal SNA was more suppressed than
cardiac SNA) during the last 10 s of EA. The discrepancy between the renal and cardiac SNAs persisted after
sinoaortic denervation and vagotomy. In conclusion, EA evokes differential patterns of SNA responses and
changes the relationship between cardiac and renal SNAs.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electroacupuncture stimulation has been used to modulate autonomic
nervous activity and cardiovascular function (Kimura and Sato, 1997; Lin
et al, 2001). Several studies have demonstrated that arterial blood
pressure (AP) is decreased by acupuncture-like stimulation in anesthe-
tized animals (Kline et al., 1978; Ku and Zou, 1993; Lee and Kim, 1994; Zhou
et al, 2005). The cardiovascular responses induced by acupuncture-like
stimulation are reflexes mediated via somatic afferent nerves and
autonomic efferent nerves (Sato et al., 1994, 2002). Although slow-onset,
long-lasting effects may be characteristics of acupuncture, rapid-onset,
short-lasting effects are also reported in some experimental conditions. In
anesthetized rats, Ohsawa et al. (1995) reported that acupuncture-like
stimulation of a hind limb decreased AP in association with a decrease in
renal sympathetic nerve activity (RSNA). Uchida et al. (2007) reported that
acupuncture-like stimulation of a hind limb induced decreases in cardiac
sympathetic nerve activity (CSNA) and heart rate (HR). On the other hand,
Kobayashi et al. (1998) reported that acupuncture stimulation produced
variable responses including tachycardia, bradycardia, or no responses. We
hypothesized that regional differences in sympathetic nerve activities
would account for the diverse HR response and more consistent hypo-
tensive response reported during EA. Although Sato et al. (1981) reported
that stimulation of group [Il muscle afferent fibers of a hind limb induces
either bradycardic or tachycardic response in anesthetized cats, they did

* Corresponding author. Tel.: +81 75 751 3195; fax: +81 75 751 3203.
E-mail address; hiromi@kuhp.kyoto-uac.|p (H Yamamoto).

1566-0702/§ - see front matter © 2008 Elsevier B.V. All nghts reserved
doi: 10,1016{j.autnew. 2008 .09 002

not measure efferent sympathetic nerve activities. To test the hypothesis
that EA would evoke regional differences among sympathetic efferent
nerve activities, we simultaneously recorded and directly compared CSNA
and RSNA during EA in anesthetized cats, The kidneys are important for a
long-term AP control via the maintenance of sodium and water balance
(DiBona, 2005). At the same time, because the kidneys receive appro-
ximately 20% of the cardiac output in resting humans (Rowell, 1974), we
thought changes in RSNA could contribute to the acute AP control. We first
examined changes in AP, HR, CSNA, and RSNA in response to 10-Hz or 2-Hz
EA of a hind limb. We then investigated possible roles of arterial baroreflex
and vagal nerve activities in the effects of EA using sinoaortic denervation
and vagotomy.

2. Methods
2.1, Surgical preparation

Animal care was provided in strict accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physiological
Sciences approved by the Physiological Society of Japan. All protocols were
approved by the Animal Subject Committee of National Cardiovascular
Center. Adult cats weighing 3.0 to 52 kg were anesthetized by an intra-
peritoneal injection of pentobarbital sodium (30-35 mg/kg) and venti-
lated mechanically via a tracheal tube with oxygen-supplied room air. The
depth of anesthesia was maintained with a continuous intravenous
infusion of pentobarbital sodium (1-2 mgkg "h™") through a cathe-
ter inserted into the right femoral vein. Vecuronium bromide (0.5-
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1.0 mg-kg™"-h™", Lv.) was given continuously to suppress muscular activity.
AP was measured using a catheter-tip manometer inserted from the right
femoral artery and advanced into the thoracic aorta. A pair of bipolar
stainless stee| wire electrodes (AS633, Cooner Wire, Chatsworth, CA) was
attached to a branch of the left renal nerve through a flank incision. The
nerve fibers peripheral to the electrodes were tightly ligated and crushed
to remove afferent signals from the kidney. The nerve fibers and the
electrodes were secured with silicone glue (Kwik-Sil, World Precision
Instruments, Sarasota, FL). Another pair of bipolar stainless steel wire
electrodes was attached to a branch of the left cardiac sympathetic nerve
arising from the left steilate ganglion through a resection of the left second
rib. The nerve fibers distal to the electrodes were sectioned to eliminate
afferent signals from the heart. The nerve fibers and the electrodes were
secured with silicone glue. Because the influence of the right cardiac
sympathetic nerve on sinus rhythm is greater than that of he left cardiac
sympathetic nerve (Yasunaga and Nosaka, 1979), we kept the right cardiac
sympathetic nerve intact to preserve the HR response to EA. One rationale
for recording left CSNA was that there was no significant laterality in left
and right CSNAs during sympathetic perturbation via the arterial
baroreflex (Kawada et al, 2003). The preamplified nerve activity signals
were band-pass-filtered between 150 and 1000 Hz and then rectified and
low-pass-filtered with a cut-off frequency of 30 Hz to quantify CSNA and
RSNA. For sinoaortic denervation and vagotomy, we sectioned all nerves
surrounding the common carotid arteries at the nedc The carotid sinus
nerves were crushed by tight ligatures of 3-0 silk suture around tissues
between the internal and external carotid arteries.

2.2, Electroacupuncture

In the supine position, both hind limbs were lifted to obtain a
better view of the lateral sides of the lower legs. An EA needle with a

10-Hz EA
“« —»

>

AP
(mmHg)
g2 3

diameter of 0.2 mm (CE0123, Seirin-Kasei, Japan) was inserted into a
point below the knee joint just lateral to the tibia to the depth of
approximately 10 mm. Another EA needle was inserted into the skin
behind the ankle as the ground. EA was applied to either the left or
right leg using an isolator connected to an electrical stimulator (SEN
7203, Nihon Kohden, Japan). The pulse width was set at 500 ps
and the stimulus frequency was set at either 10 or 2 Hz. The
stimulus current was set in the range from 2 to 5 mA (2.9z11 mA,
mean+5D) to produce an AP decrease of more than 5 mmHg at 10-Hz
stimulation.

2.3. Protocols

Protocol 1. To examine regional differences in sympathetic nerve
activities, we applied 10-Hz or 2-Hz EA for 1 min while measuring AP,
HR, CSNA, and RSNA. EA was applied to either the left or right hind
limb in random order. An interval of at least 5 min was allowed
between the EA trials.

Protocol 2. We applied 10-Hz electrical stimulation to a nonspecific
control point in the front of the right thigh to examine whether
changes in AP, HR, CSNA, and RSNA observed in Protocol 1 were
caused by nonspecific responses to the electrical stimulation.

Protocol 3. To examine possible roles of arterial baroreflex and vagal
nerve activities in the effects of EA, we performed sinoaortic
denervation and vagotomy. Approximately 20 min after the sinoaortic
denervation and vagotomy, changes in AP, HR, CSNA, and RSNA in
response to 10-Hz EA were examined.

Protocol 4. To confirm baroreflex-induced changes in sympa-
thetic nerve activity, changes in CSNA and RSNA in response to
an intravenous phenylephrine injection (5 pg/kg) were examined
before performing sinoaortic denervation and vagotomy. CSNA and
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Fig. 1. Time series of arterial pressure (AP), heart rate (HR), cardiac sympathetic nerve activity (CSNA) 2-s moving averaged CSNA (m-CSNA). renal sympathetic nerve activity (RSNA),
and 2-s moving averaged RSNA (m-RSNA) during 10-Hz electroacupuncture (EA) obtained from two different animals (see main text for details).
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Fig. 2. Changes in arterial pressure [AAP), changes in heart rate (AHR), percent values of cardiac sympathetic nerve activity (CSNA), and percent values of renal sympathetic nerve
activity (RSNA) during 10-Hz electroacupuncture (EA) (A} and 2-Hz EA (B) averaged for all trials. Values are the mean £ 5D, *P<0.05 and 1P=0.01 from the first data point during the

pre-EA baseline period.

RSNA were expected to be decreased by phenylephrine-induced
hypertension.

2.4, Data analysis

Data were digitized by a 16-bit analog-to-digital converter (Contec,
Japan) and stored at 200 Hz in a dedicated laboratory computer system.
Because the absolute voltage of nerve activity varied among animals
depending on the recording conditions, we normalized the nerve
activity by a 1-min averaged value during the baseline condition before
applying stimulation. The minimal inter-burst activity of the nerve
signal was treated as the zero level. To examine changes in AP, HR,
CSNA, and RSNA, we used 10-s averaged data. The data were analy-
zed using repeated-measures one-way analysis of variance (ANOVA)
followed by Dunnett's test (Glantz, 2002). The first data point of the
baseline condition was treated as the control. To analyze the corre-
lation between changes in AP and CSNA or RSNA, that between changes
in AP and changes in HR, and that between CSNA and RSNA, we per-
formed a linear regression analysis between the two variables (Glantz,
2002), To analyze the correlation between changes in HR and CSNA or
RSNA, we first fit the relationship to the following equation using a
nonlinear least square fitting (a downhill simplex method) (Nelder and
Mead, 1965).

y = slope = log,,(offser + x) + intercept

where x and y represent changes in HR and sympathetic nerve ac-
tivity, respectively. After determining the optimal offset value for x,
an ordinary linear regression analysis was performed between [logo
(offset+x)| and y to examine the significance of the slope. In all of the
regression analyses, the correlation was considered significant when
the slope was significantly different from zero. We used paired-t test

to examine the difference between the CSNA and RSNA during the
time period of maximum AP elevation induced by phenylephrine in
Protocol 4. To examine the difference in the initial HR response to 10-
Hz EA between Protocols 1 and 3, we used unpaired-t test because
the number of trials was different between Protocals 1 and 3. The
differences were considered significant at P<0.05.

3. Results

Typical recordings of 10-Hz EA obtained from two different cats are
shown in Fig. 1. Horizontal arrows above the top panels indicate the
period of EA. In one animal (Fig. 1A), AP was decreased by EA. HR
decreased initially but increased from approximately 20 s after the
onset of EA. As can be seen in the 2-s moving averaged signal {(m-
CSNA), CSNA exhibited changes similar to HR, i.e,, it decreased at the
onset of EA but gradually increased above the baseline level during the
later portion of 1-min EA. RSNA and its 2-s moving averaged signal
[m-RSNA) decreased at the onset of EA and gradually returned toward
the baseline level. In another animal (Fig. 1B), both AP and HR were
decreased by EA. Both CSNA and RSNA were also suppressed during
EA. but the magnitude of suppression was greater in RSNA than in
CSNA. Among the 5 animals, three showed the former type of AP and
HR responses and remaining two showed the latter type. The type of
AP and HR responses was consistent in each animal, i.e., the observed
difference depended on the animal rather than the trial.

Fig. 2A summarizes changes in AP, HR, CSNA. and RSNA in response to
10-Hz EA. We performed EA trials in the left and right hind limbs in each
animal and pooled data for 10 trials from 5 animals because there did not
appear to be significant laterality in the effects of EA. The thick line on
the abscissa in each panel indicates the period of EA. Baseline AP and HR
values were 10117 mmHg and 161 +24 beatsfmin, respectively. AP was
significantly decreased by EA and the decrease lasted over 1 min after
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Fig. 3. Scatter plots of data obtained from the last 10 s of 1-min electroacupuncture (EA), A: Percent values of cardiac sympathetic nerve activity (CSNA) and renal sympathetic nerve
activity (RSNA) plotted against changes in arterial pressure (AAP). Open and closed circles indicate CSNA and RSNA during 10-Hz EA. respectively. Open and closed squares indicate
CSNA and RSNA during 2-Hz EA, respectively. Dpen squares with asterisks indicate data points where CSMA increased during EA even when AP did not decrease significantly or even
increased. There was no significant relationship between changes in AP and CSNA (# =0,0025, P=0.84) or RSNA (F =0.0039, P=0.81). B: CSNA and RSNA plotted against changes in
heart rate (AHR). Positive curvilinear relationships were observed between AHR and CSNA |CSNA=83.0 logqe(11.5+ AHR)+ 26,7, =086, P<0.01] and between AHR and RSNA
[RSNA =46.6% logol 10.1 + AHR) +23.6, A =0.56, P<0.01]. C: Scatter plots of AHR versus AAP during 10-Hz EA (double circles) and 2-Hz EA {double squares). Except for the two data
points with asterisks, there was no app lationship b changes in AP and thase in HR (P =0.17, P=0.094 when the points with asterisk were included; r* =0.048, P=0.41
when the points with asterisk were excluded), D: Scatter plots of RSNA versus CSNA during 10-Hz EA (double circles) and 2-Hz EA (double squares). There was a quasi-linear

relationship between RSNA and CSNA (RSNA=0.69=CSNA-8.8, #=0.71, P<0.01). The dashed line indicates the line of identity.

the cessation of EA. HR was significantly decreased in the first 20 s of EA
but returned to the baseline level thereafter while EA continued. There
was large variance in the CSNA response to EA among animals, Only the
increase in CSNA after the cessation of EA was statistically significant. In
contrast, RSNA was significantly decreased by EA during the entire
period of EA.

Fig. 2B summarizes changes in AP, HR, CSNA, and RSNA in response
to 2-Hz EA. We pooled data for 8 trials from 4 animals (left and right
trials in each animal). Baseline AP and HR values were 98117 mmHg
and 15120 beats/min, respectively. AP was decreased by EA, but the
decrease was smaller and the duration of post-EA hypotension shorter
than those observed in 10-Hz EA. HR increased with large variance
during EA, and the increase was statistically significant after the
cessation of EA. CSNA increased during the last 30 s of EA and remained
increased for approximately 10 s after the cessation of EA. RSNA was
decreased by EA during the period of EA, but the decrease appeared to
be smaller than that observed with 10-Hz EA.

Fig. 3 illustrates scatter plots of data obtained during the last 10 sof EA
Because changes in AP nearly reached the steady state during the last 10 s
of EA (Fig. 2A and B), we focused on these data. Open and closed circles in
Fig. 3A and B indicates CSNA and RSNA data obtained from 10-Hz EA,
respectively. Open and closed squares indicate CSNA and RSNA data
obtained from 2-Hz EA, respectively. There was no apparent relation-
ship between changes in AP and CSNA (r*=0.0025, P=0.84) or RSNA
{(r*=0.0039, P=0.81) by a linear regression analysis (Fig. 3A). In contrast. a
positive curvilinear relationship was observed between changes in HR
and CSNA [CSNA=83.0xlogo(11.5+AHR)+ 26,7, r* =0.86, P<0.01] or RSNA

[RSNA=46.6x logyof 10.1 + AHR) +23.6, =056, P<0.01] (Fig. 3B). Double
circles and squares in Fig. 3C and D indicate data obtained from 10-Hz EA
and 2-Hz EA, respectively. In Fig. 3C, the two data points with asterisks
indicate that 2-Hz EA increased HR by approximately 20 beats/min when
changes in AP were close to zero or positive. However, except for the two
data points, there was no apparent relationship between changes in AP
and changes in HR (r*=0.17, P=0.094 when the points with asterisk were
included: *=0.048, P=0.41 when the points with asterisk were excluded).
As indicated by Fig 3A and B, the RSNA values were lower than the
corresponding CSNA data (Fig. 3D), though CSNA and RSNA were both
normalized to 100% during the baseline condition. A linear regression
analysis revealed a significant positive correlation between CSNA and
RSNA during the last 10 s of EA (RSNA=0.69x(SNA-838, r=0.71,P<0.01).

As shown in Fig. 4A, there were no significant changes in AP, HR,
CSNA, or RSNA during stimulation applied to a control point in the
front of the right thigh. Baseline AP and HR values were 92+ 15 mmHg
and 158+ 16 beats/min, respectively.

After sinoaortic denervation and vagotomy, baseline AP and HR
values were 120425 mmHg and 184119 beats/min, respectively, As
shown in Fig. 4B, 10-Hz EA decreased AP by approximately 30 mmHg.
AP returned gradually to the pre-EA value after the cessation of EA. HR
decreased slightly from 20 to 30 s and returned to the pre-EA baseline
value thereafter. CSNA decreased only at the onset of EA. After the
cessation of EA, CSNA exhibited a slight increase for approximately
20 s. RSNA decreased at the onset of EA. Although the magnitude of
RSNA decrease became smaller with time, RSNA remained decreased
during the period of EA.
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Fig. 4. Changes in arterial pressure (AAP), changes in heart rate (AHR), percent values of cardiac sympathetic nerve activity (CSNA), and percent values of renal sympathetic nerve
activity (RSNA) during electrical stimulation at a nonspecific control point (A) and 10-Hz electroacupuncrure (EA) after sinoaortic denervation (SAD) and vagotomy (B) averaged for all
trials. Values are the mean 5D, *P<0.05 and 1P<0,01 from the first data point during pre-EA baseline period.

Fig. 5A depicts changes in AP, HR, CSNA. and RSNA induced by
intravenous bolus injection of phenylephrine (5 pg/kg) The data were
obtained before sinoaortic denervation and vagotomy. Baseline AP and HR
values were 98+ 24 mmHg and 163 +30 beats/min, respectively. As expec-
ted, phenylephrine increased AP but decreased HR. Both CSNA and RSNA
were decreased by phenylephrine injection. The suppression of CSNA
persisted longer than that of RSNA. There was no significant correlation
between CSNA and RSNA during the baseline condition immediately
before the administration of phenylephrine (Fig. 5B, white circles, =032,
P=0.32). When CSNA and RSNA were compared during the time period of
phenylephrine-induced maximum AP elevation, there was no significant
correlation either (Fig. 5B, filled circles, =0.0003, P=0.98).

4. Discussion

We have demonstrated that CSNA and RSNA responded differen-
tially to EA applied to a hind limb in pentobarbital-anesthetized cats.
Although the CSNA and RSNA responses were discordant, we found
that CSNA and RSNA attained a new linear relationship during the last
10 s of EA (Fig. 3D), regardless of the stimulus frequency of EA.

4.1. Effects of EA on CSNA and RSNA

The neural mechanisms underlying hemodynamic responses to
acupuncture are not fully understood. Recently, Uchida et al. (2007)
demonstrated that manual acupuncture-like stimulation of a hind limb
decreased CSNA and HR in pentobarbital-anesthetized rats, Their results
complement the study by Ohsawa et al. (1995) showing that manual
acupuncture-like stimulation decreased RSNA and AP. Although these
results suggest that manual acupuncture-like stimulation causes sys-
temic sympathoinhibition, we noted that HR did not necessarily de-

crease even when EA produced hypotensive effects in pentobarbital-
anesthetized cats (Figs. 1A and 2A and B). Simultaneous recordings of
CSNA and RSNA in the present study clearly supported the hypothesis
that EA evoked regional differences among sympathetic nerve activities.
Fig. 1A is a typical case in which CSNA increased without an associa-
ted increase in RSNA during the later portion of EA. In Protocol 2, no
significant changes were observed (Fig. 4A), suggesting that hemody-
namic and sympathetic nerve activity responses observed in Protocol 1
were not nonspecific responses to electrical stimulation. This does not
mean, however, the point below the knee joint just lateral to the tibia
(corresponding to an ST36 acupoint in humans) is the only specific point
to produce cardiovascular responses. For instance, EA at the forelimb
(corresponding to a PC6 acupoint in humans) exerts the cardiovascular
effects in rats (Lujan et al., 2007).

Averaged data for 10-Hz EA (Fig. 2A) revealed a discrepancy between
the CSNA and RSNA responses to EA. Both sympathoinhibition and
sympathoexcitation appear to have occurred in CSNA during EA. We
suspected that strong electrical stimulation might have caused
nociceptive sympathoexcitatory responses in CSNA. However, reducing
the stimulus frequency from 10 to 2 Hz resulted in a more pronounced
excitatory response in CSNA during the later period of 1-min EA (Fig. 2B),
suggesting that the increase in CSNA during EA was not a nociceptive
response. Another factor that should be taken into account is effects of
anesthesia. Marsukawa et al. (Matsukawa et al., 1993 ) demonstrated that
sympathainhibition induced by acute intravenous pentobarbital admin-
istration was larger and lasted longer in the case of CSNA than in that of
RSNA in cats. The sympathoinhibitory response to EA may be easily
observed when the baseline sympathetic tone is high. Because baseline
sympathetic tone was probably lower in CSNA than in RSNA due to the
pentobarbital anesthesia, the sympathoinhibitory response in CSNA
might have been masked or hard to observe.
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Although we measured left CSNA near the ventral ansa of the left
stellate ganglion, there are several connections between the vagal and
sympathetic nerves to form the cardiopulmonary nerves (Armour and
Hopkins, 1984). Because we did not cut the vagi at the neck in Protocols 1
and 2, possibility of vagal contamination in the CSNA recording cannot
be ruled out. However, because phenylephrine-induced hypertension
that can increase vagal efferent activity (Kawada et al, 2001 ) attenuarted
CSNA to asimilar degree to RSNA during the time period of maximum AP
elevation (38.5+13.4% vs, 28.6+10.5%, P=0.32 by paired-t test, Fig. 5A),
the effect of vagal contamination might have been a limited one.

4.2. Mechanistic considerations
In the present experimental settings, CSNA and RSNA exhibited

decreasing responses to arterial baroreflex activation as demonstrated
in previous studies (Fig. 5) (Minisi et al., 1989; Ninomiya et al,, 1971),

(filled circles). There was no significant correlation between CSNA and RSNA. The dashed line indicates the line of identity.

confirming that what we measured as CSNA and RSNA represented
efferent sympathetic nerve activities. Because EA caused hypotension, it
could exert sympathoexcitatory effects through the arterial baroreflex in
Protocol 1. If the baroreflex-mediated sympathoexcitatory effect is
stronger for CSNA than for RSNA, this may account for the discrepancy
between the CSNA and RSNA responses. However, in some trials, CSNA
was increased even when AP did not decrease sizably or was even
increased (Fig. 3A, open squares with asterisks), suggesting that the
baroreflex-medicated sympathoexcitatory effect cannot explain the in-
crease in CSNA. Actually, the discrepancy between the CSNA and RSNA
responses to 10-Hz EA persisted after sinoaortic denervation and
vagotomy (Fig. 4B). Therefore, CSNA might have been activated in
the later period of EA via mechanisms other than baroreflexes. This
interpretation is in line with the conclusion by Sato et al. (1981) that
variable changes in HR in response to somatic afferent stimulation were
not an indirect consequence of preceding changes in blood pressure.
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Although electrical stimulation of groups | and Il muscle nerves of fore
and hind limbs was not effective in changing HR (McCloskey and Mitchell.
1972; Sato et al, 1981), additional stimulation of group lll nerves induced
either tachycardia or bradycardia in anesthetized cats (Khayutin et al,
1986; Sato et al, 1981), Further, additional stimulation of group IV muscle
nerves of a hind limb always produced tachycardia (Johansson, 1962;
Tibes, 1977), with an optimal frequency between 6 and 15 Hz (Sato et al.
1981). In the present study, activation of group IV muscle nerves unlikely
explain the tachycardiac response, since reducing the stimulus frequency
from 10 to 2 Hz did not attenuate the tachycardiac response, Although Sato
et al. (1981) concluded that whether group [l muscle afferent stimulation
induces tachycardia or bradycardia was difficult to predict, we found that
there was a quasi-linear relationship between RSNA and CSNA during the
last 10 s of 1-min EA, regardless of the stimulus frequency (Fig. 3D). When
the sympathoinhibition assessed by RSNA was strong enough, CSNA
decreased during EA. When the sympathoinhibition assessed by RSNA
was weak, CSNA increased.

4.3, Limitations

Several limitations need to be addressed. First, we performed
experiments under pentobarbital anesthesia. Our results might have
differed had we used different anesthesia or performed the experi-
ments in conscious animals. However, Sato et al. (1981) used chloralose
and urethane anesthesia and reported divergence of HR respon-
ses induced by group 1l muscle fiber afferent stimulation. Therefore,
the differences between CSNA and RSNA might not be explained by
type of anesthesia alone,

Second, we measured only CSNA and RSNA. Changes in AP did not
correlate with CSNA or RSNA (Fig. 3A), suggesting that the AP response
to EA was not explained by changes in CSNA or RSNA. The abdominal
vascular bed plays a significant role in the arterial blood pressure
control (Rowell, 1974). Further studies such as that recording splan-
chnic nerve activity are needed to elucidate the total picture of the
sympathetic mechanism for the AP response to EA.

Third, we did not perform vagotomy independently of sinoaortic
denervation. Accordingly, the contribution of vagal nerve activity to
the HR response was not identified. Comparing Figs. 2A and 48, the
initial drop in HR was much clearer before sinoaortic denervation and
vagotomy (P=0.025 during the first 10 s after EA initiation by unpaired-
t test) despite the similar profile of CSNA response to EA. Therefore, the
vagal nerve activity might have contributed to the initial drop in HR in
response to EA.

4.4. Conclusion

We demonstrated that EA evoked regional differences between
CSNA and RSNA in pentobarbital-anesthetized cats. The differences
persisted after sinoaortic denervation and vagotomy, suggesting the
baroreflex-mediated sympathoexcitatory mechanisms alone cannot
explain the discrepancy between CSNA and RSNA responses during EA.
Although the responses were discordant, there was a linear relation-
ship thar persisted between CSNA and RSNA during the last 10 s of 1-
min EA, suggesting that EA changes the relationship between CSNA
and RSNA.
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Abstract: Although muscarinic K' (Kc,) channels contribute to
a rapid heart rate (HR) response to vagal stimulation, whether
background sympathetic tone affects the HR control via the
K .c» channels remains to be elucidated. In seven anesthetized
rabbits with sinoaortic denervation and vagotomy, we estimated
the dynamic transfer function of the HR response by using ran-
dom binary vagal stimulation (0-10 Hz). Tertiapin, a selective
Ko channel blocker, decreased the dynamic gain (to 2.3 + 0.9
beats'min™"Hz "', from 4.6 + 1.1, P < 0.01, mean + SD) and the
corner frequency (to 0.05 £ 0.01 Hz, from 0.26 £ 0.04, P <0.01).
Under 5 Hz tonic cardiac sympathetic stimulation (CSS), tertia-
pin decreased the dynamic gain (to 3.6 + 1.0 beatsmin™-Hz™",

from 7.3 + 1.1, P < 0.01) and the corner frequency (to 0.06 + 0.02
Hz, from 0.23 £ 0.06, P < 0.01). Two-way analysis of variance
indicated significant interaction between the tertiapin and CSS
effects on the dynamic gain. In contrast, no significant interac-
tions were observed between the tertiapin and CSS effects on
the corner frequency and the lag time. In conclusion, although a
cyclic AMP-dependent mechanism has been well established,
an accentuated antagonism also occurred in the direct effect
of ACh via the K., channels. The rapidity of the HR response
obtained by the K., channel pathway was robust during the ac-
centuated antagonism.

Key words: systems analysis, transfer function, muscarinic receptor, sympathovagal interaction, accentuated antagonism, rabbit.

Vagal control of heart rate (HR) is mediated by ACh,
which activates M, muscarinic receptors and heterotri-
meric G, and/or G, proteins in cardiac myocytes [1]. The
actions of ACh are determined by the G, protein subunits.
The o subunits of the G, proteins inhibit adenylyl cyclase
and decrease HR by counteracting the sympathetic ef-
fects [2], whereas By subunits activate inwardly rectify-
ing muscarinic K' (K ,,) channels and decrease HR by
hyperpolarizing the maximum diastolic potential in the
sinus node cells [3-5]. Hereafter in the present paper, we
refer to the former action as the indirect action of ACh
and the latter action as the direct action of ACh. In a pre-
vious paper, we demonstrated that a selective K ., chan-
nel blocker tertiapin decreased and slowed the HR re-
sponse to dynamic vagal stimulation, suggesting that the
K ,c, channels contribute to a rapid HR response to vagal
stimulation [6]. However, whether background sympa-
thetic tone affects HR control via the K, channels re-
mains to be elucidated. Because pathophysiological con-
ditions such as chronic heart failure [7], hypertension [8].
and obesity [9] often display increased sympathetic nerve

activity, it would be important to quantify the effects of
background sympathetic tone on the HR response via the
K ., channels for a better understanding of the vagal HR
control in such disease states.

We made two hypotheses regarding sympathetic ef-
fects on vagal HR control via the K ,¢, channels. With
respect to the speed of HR regulation, the indirect action
of ACh relies on slower changes in intracellular cyclic
AMP levels [10, 11]. In contrast, the direct action of ACh
utilizes the faster membrane-delimited mechanisms of
K ., channels and is believed to be independent of sym-
pathetic control [12]. Accordingly, we first hypothesized
that background sympathetic tone would not affect the
rapidity of HR control provided by the K ., channel
pathway. With respect to the magnitude of HR regulation,
complex sympathovagal interactions can occur in auto-
nomic HR control. Levy [13] termed the phenomenon
that background sympathetic tone augmented vagal HR
control “an accentuated antagonism.” Kawada er al. [14]
demonstrated that sympathovagal interaction bidirec-
tionally increased the dynamic gain of HR control, even
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though the sympathetic and vagal systems affected mean
HR antagonistically. Therefore we then hypothesized that
background sympathetic tone would augment the mag-
nitude of the HR response to vagal stimulation via K .o,
channels.

To test the above-mentioned hypotheses, we examined
the dynamic and static transfer characteristics of the HR
response to vagal stimulation using a selective K ., chan-
nel blocker tertiapin and concomitant cardiac sympathet-
ic stimulation (CSS). Observation of significant interac-
tion between tertiapin and CSS effects might allow us to
deduce that background sympathetic tone influences the
direct action of ACh via K, channels.

MATERIALS AND METHODS

Surgical preparations. Animal care was consistent with
“Guiding Principles for the Care and Use of Animals in
the Field of Physiological Sciences” of the Physiological
Society of Japan. All protocols were reviewed and ap-
proved by the Animal Subjects Committee of the Nation-
al Cardiovascular Center, Seven Japanese white rabbits
(2.7-3.2 kg body wt) were anesthetized using a mixture
of urethane (250 mg/ml) and w-chloralose (40 mg/ml): an
initial bolus dose of 2 ml/kg and a maintenance dose of
0.5 ml'kg "“h™'. The rabbits were intubated and mechani-
cally ventilated with oxygen-enriched room air. Arterial
pressure (AP) was measured by a micromanometer (SPC-
330A, Millar Instruments, Houston, TX, USA) 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 introduced into the right femoral vein for continuous
anesthetic and drug administration. Sinoaortic denerva-
tion was performed bilaterally to minimize changes in
sympathetic efferent nerve activity via arterial barore-
flexes. The main branches of the cardiac postganglionic
sympathetic nerves were sectioned bilaterally through
a midline thoracotomy. A pair of bipolar platinum elec-
trodes was attached to the cardiac end of the sectioned
right inferior cardiac sympathetic postganglionic nerve
for tonic cardiac sympathetic nerve stimulation [15]. The
vagi were sectioned bilaterally at the neck. Another pair
of bipolar electrodes was attached to the cardiac end of
the sectioned right vagus for vagal stimulation. Immer-
sion of the stimulation electrodes and nerves in a mixture
of white petroleum jelly (Vaseline) and liquid paraffin
prevented the nerves from drying and also provided insu-
lation. Body temperature was maintained at 38°C with a
heating pad throughout the experiment.

Experimental protocols. The pulse duration of nerve
stimulation was set at 2 ms. The stimulation amplitude
of the right vagus was first adjusted in each animal to
yield an HR decrease of ~50 beats/min at 10 Hz constant
stimulation (1.6-6.0 V, 3.2 + 1.7 V, mean + SD) and fixed.

The stimulation amplitude of the right cardiac sympa-
thetic nerve was also adjusted in each animal to yield an
HR increase of ~50 beats/min at 5 Hz constant stimula-
tion (1.3-3.5V, 2.2+ 0.8 V) and fixed. Approximately 1 h
elapsed after the completion of surgical preparation until
stable hemodynamics were attained.

Dynamic protocol (n = 7). For an estimation of the dy-
namic transfer characteristics from vagal stimulation
to the HR response, the right vagus was stimulated by a
frequency-modulated pulse train for 10 min. The stimu-
lation frequency was switched every 500 ms at either 0
or 10 Hz according to 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 estimation decreased
as a result of the diminution of input power above this
frequency. The selected frequency range spanned the fre-
quency range of physiological interest sufficiently with
respect to the dynamic vagal control of HR in rabbits.

Static protocol (n = 5). For an estimation of the static
transfer characteristics between vagal stimulation and
HR response, stepwise vagal stimulation was performed.
Vagal stimulation frequency was increased to 20 Hz,
from 5, in 5 Hz increments. Each frequency step was
maintained for 60 s.

Pharmacological intervention. We used a selective K .,
channel blocker tertiapin (Peptide Institute, Inc., Osaka,
Japan) to block the direct action of ACh in vagal HR con-
trol. The dynamic and static characteristics of the heart
rate response to vagal stimulation were estimated with
and without CSS. After the tertiapin-free data were ob-
tained, a bolus dose (30 nmol/kg iv) of tertiapin was ad-
ministered. Fifteen min thereafter, the dynamic and static
characteristics were estimated again, with and without
CSS. The tertiapin-free data were obtained first in all ani-
mals because the long-lasting (=2 h) effects of tertiapin
did not permit the acquisition of tertiapin-free data after
the tertiapin administration. The order of dynamic and
static protocols and the order of CSS application were
randomly assigned in different animals. An intervening
interval of more than 5 min was allowed between the
dynamic and static protocols so that AP and HR returned
their prestimulation values.

Data analysis. A 12-bit analog-to-digital converter
was used to digitize the AP and HR recordings at 200
Hz, and the data were stored on the hard disk of a dedi-
cated laboratory computer system. The dynamic transfer
function from binary white-noise vagal stimulation to
the HR response was estimated as follows. Input-output
data pairs of the vagal stimulation frequency and HR
were resampled at 10 Hz: then data pairs were partitioned
into eight 50%-overlapping segments, each consisting of
1,024 data points. For each segment, the linear trend was
subtracted and a Hanning window applied. A fast Fourier
transform was then performed to obtain the frequency
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