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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
time (s).

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

K
Ge(f) = ~— exp(-2nfiLy)

L+ 2 £i+ (£i)

where Kp, fiv, {, and Lp represent the peripheral arc
gain, natural frequency (Hz), damping ratio, and lag
time (s), respectively.

The transfer function of the total baroreflex loop is
expressed as the product of the neural and peripheral
arc transfer functions,

Gap(f) = Gu(f) - Ge(f)

The gain and lag time of the total baroreflex loop is
expressed as K= K- Kp and L= Ly + Lp. The
parameters of the model response were set at K = 1.0,
Jfe=0.12, Ly=035 fu=0071, {=1.37, and
Lp = 1.0 according to previous data.'®

Maodel of Barorefiex Under Closed-Loop AP Response

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

HRchnnseU} - GHRU] N APchlnu:m

The pressure change [AP.yang(f)] to the exogenous
perturbation [AP, (/)] is the sum of the feedback
signal and perturbation under closed-loop condition.'*
Gyp 1s the transfer function under the carotid sinus
open loop in the cardiac baroreflex (CSP input and HR
output).

Apchangew = GAPU') ! APdungem + Apnumc(n

Rearranging above equation with respect to AP ppge(/)
yields

APpoise (/)
1 - Gap()

The time integral of the inverse Fourier transform of
AP hange(f) 1s the AP change to an exogenous step
perturbation. Gap is the transfer function under the
carotid sinus open loop for the total baroreflex. The
APynge and HRipgpge 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, G.p and Gug, were
approximated using a first-order low-pass filter.

APch:nr: m -

=&
G(f) = w——+ exp(—2nfiL)
(1+£1)

l+;(L_:‘

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 (Gyg), according to previous
data.®®
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ARTICLE INFO ABSTRACT
Article history. Electroacupuncture (EA) is known to affect hemodynamics through modulation of efferent sympathetic nerve
Received 5 June 2008

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

Received in revised form 13 August 2008
Accepred 12 Seprember 2008

m;’; i pentobarbital sodium. Renal SNA remained decreased for 1 min during EA (P<0.01 for both 10 Hz and 2 Hz). In
Baroreflex contrast, cardiac SNA tented to decrease only in the beginning of EA. It increased during the end of EA (P<0.05
Arterial blood pressure for 2 Hz) and further increased after the end of EA (P<0.01 both for 10 Hz and 2 Hz). There was a guasi-linear
Heart rate relationship berween 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 nights 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 [ll muscle afferent fibers of a hind limb induces
either bradycardic or tachycardic response in anesthetized cats, they did

* Comesponding author. Tel.: #81 75 751 3185; fax- +81 75 751 3203.
E-mail address: hiromi@kuhp kyoto-vacjp (H. Yamamoto)

1566-0702/$ - see front matter © 2008 Elsevier B V. All rights reserved
doi:10.1016/] 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 5.2 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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1.0mgkg “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 steel 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 Preasion
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 stellate 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 commeon carotid arteries at the neck. The carotid sinus
nerves were crushed by tight ligatures of 3-0 silk suture around tissues
between the internal and external carotid arteries.

22, 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

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 (29+11 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 2-5 moving averaged RSNA (m-RSMA) 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 tP<0.01 from the first data point during the

pre-EA baseline period.

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

24, 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(0ffset + 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 v 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 Protocols 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, Le., 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 101 £17 mmHg and 161 £24 beats/min, 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
CSMA and RSNA during 2-Hz EA, respectively. Open squares with asterisks indicate data points where CSNA increased during EA aven when AP did not decrease significantly or even
increased. There was no significant relationship between changes in AP and CSNA (1 =0.0025, P=0.84) or RSNA (r* =0.0038, 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%logqo(11.5+AHR)+26.7, =086, P<0.01] and between AHR and RSNA
[RSNA =46.6 % logyo{ 10.1 + AHR) +23.6, ~ =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 apparent relationship between changes in AP and those in HR (=017, P=0.084 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, P =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 statstically 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 98 £ 17 mmHg
and 151 £20 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 105 of 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
(*=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=83.0xlogof 11.5+AHR) +26.7, * = 0.86, P<0.01] or RSNA

|RSNA=46,6<l0g0(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=0.69%(SNA-8.8, P =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 158116 beats/min, respectively.

After sinoaortic denervation and vagotomy, baseline AP and HR
values were 120£25 mmHg and 18419 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. 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, *=0.32,
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, 2=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 24 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. Matsukawa et al. (Matsukawa et al., 1993 ) demonstrated that
sympathoinhibition 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) attenuated
CSNA to a similar 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 rt_\e 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),

1y before the ad of ph
(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 [l muscle nerves of fore
and hind limbs was not effective in changing HR (McClaskey and Mitchell,
1972; Sato et al., 1981), additional stimulation of group [l 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 [V 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 lll 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 5 of 1-min EA, regardless of the stimulus frequency (Fig. 3D). When
the sympathainhibition 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 Ill muscle fiber afferent stimulation. Therefore,
the differences berween 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 4B, the
initial drop in HR was much clearer before sinoaortic denervation and
vagotomy (P=0.025 during the first 10 5 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 that persisted between CSNA and RSNA during the last 10 5 of 1-
min EA, suggesting that EA changes the relationship between CSNA
and RSNA.
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Abstract: Although muscarinic K™ (K., channels contribute to
a rapid heart rate (HR) response to vagal stimulation, whether
background sympathetic tone affects the HR control via the
Kacx 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
Kz 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
comer 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 beats'min™"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 cormer 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 ¢ subunits of the G, proteins inhibit adenylyl cyclase
and decrease HR by counteracting the sympathetic ef-
fects [2], whereas [y 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, 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 e, 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 et 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¢,
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 (CS8). 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 «-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 ~30 beats/min at 5 Hz constant stimula-
tion (1.5-3.5V, 2.2 +0.8 V) and fixed. Approximately 1 h
clapsed 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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spectra for vagal stimulation [N(f)] and HR [HR(/)] [16].
Over the eight segments, the power of the vagal stimula-
tion [Syx(/)], the power of the HR [, ()], and the
cross-power between these two signals [Sy 4.( /)] were
ensemble averaged. Lastly, the transfer function [H(f)]
from vagal stimulation to the HR response was estimated
as follows [17, 18].

A — S.'(H'ﬂ(f}
=5, 0

In previous studies [6, 14] the transfer function from
vagal stimulation to HR response approximated a first-
order, low-pass filter with a lag time; therefore the esti-
mated transfer function was parameterized using the fol-
lowing mathematical model.

H{f:l pb -K e—!"ﬂ{.

1+ » J )
where K represents the dynamic gain (or, to be more ac-
curate, the steady-state gain, in beats'min-Hz ™), f¢ de-
notes the corner frequency (in Hz), L denotes the lag time
(in s), and fand j represent frequency and imaginary unit,
respectively. The negative sign in the numerator indi-
cates the negative HR response to vagal stimulation. The
steady-state gain indicates the asymptotic value of the
relative amplitude of HR response to vagal nerve stimula-
tion when the frequency of input modulation approaches
zero. The corner frequency represents the frequency of
input modulation at which gain decreases by 3 dB from
the steady-state gain in the frequency domain. The cor-
ner frequency reflects the rapidity of the HR response
to vagal stimulation; the higher the corner frequency,
the faster the HR response. The dynamic gain, corner
frequency, and lag time were estimated by means of 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( /)] was estimated as follows [17, 18].

[Cﬂh(f)l = |SN Hﬁ(jﬂ

Syn(f) Sunue(f) (3)
Coherence values range from zero to unity. Unity coher-
ence indicates perfect linear dependence between the in-
put signals and output signals; in contrast, zero coherence
indicates total independence between the two.

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 was derived from the inverse
Fourier transform of H( /). The system step response
was then obtained from the time integral of the impulse
response. The length of the step response was 51.2 5. We
calculated the maximum step response by averaging the

last 10 s of the step response. The time constant of the
step response was calculated from the corner frequency
of the corresponding transfer function using the follow-
ing relationship.

Time constant =
i 21 fe )

In this definition, the time constant is related inversely to
the corner frequency without being influenced by the lag
time.

The static transfer function from stepwise vagal stim-
ulation to HR was estimated by averaging the HR data
during the final 10 s of the 60 s stimulation at each stimu-
lation step.

Statistical analysis. Values are mean + SD. A two-way
ANOVA, with drug and CSS as the main effects, was
used to test the differences among parameters. P < 0.05
was considered significant.

RESULTS

Figure 1A shows recordings typical of the dynamic proto-
col. The top panels show HR under conditions of control
(thin lines) and K o, channel blockade (thick lines), with-
out (left) and with (right) CSS. The bottom panels show
the binary white-noise signal used for vagal stimulation.
Random vagal stimulation decreased HR intermittently.
Tertiapin attenuated the HR variation in response o the
dynamic vagal stimulation. CSS increased the mean level
of HR and augmented HR variation in response to the dy-
namic vagal stimulation.

Figure 1B shows recordings typical of the static proto-
col. The top panels illustrate HR under conditions of con-
trol (thin lines) and K ,, channel blockade (thick lines),
without (left) and with (right) CSS. The bottom panels
depict the vagal stimulation frequency. The stepwise
vagal stimulation decreased HR in a stepwise manner.
Tertiapin attenuated the bradycardic response to vagal
stimulation regardless of CSS, which increased baseline
HR and contributed to augment the response.

Dynamic protocol

The mean values of AP and HR before and during
dynamic vagal stimulation are summarized in Table 1.
This stimulation did not affect AP under any of the con-
ditions, but it significantly decreased the mean HR except
under the conditions of K, channel blockade without
CSS, which increased the mean HR (P < 0.01), but not the
mean AP, both before and during vagal stimulation.

Figure 2A illustrates the dynamic transfer functions
characterizing the vagal HR control averaged for all
animals under conditions of control (thin lines) and K .,
channel blockade (thick lines), without (left) and with
(right) CSS. Gain plots, phase plots, and coherence func-
tions are shown. Note that the frequency axes of these
plots indicate the modulation frequency of the random
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Fig. 1. A: Representative recordings of HR obtained utilizing binary white-noise vagal stimulation (top)
and the corresponding vagal stimulation (VS; bottom) without (left) and with (right) CSS. Thin line, |
control: thick line, K., channel blockade with tertiapin (30 nmol-kg™ iv). B: Representative recordings
of HR obtained utilizing stepwise vagal stimulation (top) and the corresponding VS (bottom) without
(left) and with (right) CSS, which increased the basal HR and the amplitude of HR variation in both bi-
nary white-noise and stepwise vagal stimulations. A K., channel blockade attenuated the amplitude
of HR variation and the speed of the response of HR to vagal stimulation regardless of CSS.

Table 1. Effects of tertiapin infusion and CSS on AP and HR before and during dynamic vagal stimulation.

CSS (+) CSS (+) Comparison factors
Control Tertiapin Control Tertiapin Drug CSS Interaction

AP, mmHg

Before stimulation 8221168 76.7 £ 201 90.5+13.8 818+ 166 0.022 0.641 0.546

During stimulation 80.2+18.4 76.6+21.4 81.8+148 75.9+19.0 0.144 0.962 0.709
HR, beats:min™'

Before stimulation 2478+ 201 2479+30.8 312.2:1586 3074 +£209 0.521 <0.001  0.494

During stimulation 211,94 175" 2283+234 24434333 2481+307" 0026 <0.001 0.308

Values are means + SD (n = 7). CS$, cardiac sympathetic stimulation; AP, arterial pressure; HR, heart rate. "*P<0.01vs.
corresponding values before stimulation. Tertiapin was infused at 30 nmol/kg iv.

input signal and not the vagal stimulation frequency it-
self. Table 2 summarizes parameters of the transfer func-
tion at 0.01, 0.1, 0.5, and 1 Hz and also those of the step
response. Tertiapin attenuated the dynamic gain com-
pared with the control conditions regardless of CSS. The
phase approached —IT radians at the lowest frequency
and lagged with increasing frequency under the control
conditions. Tertiapin increased the phase delay in the

frequency range from 0.01 to | Hz, Coherence was near
unity in the overall frequency range under the control
conditions. A decrease in the coherence function from
unity was noted >0.6 Hz under the condition of the K ¢,
channel blockade, which was reversed by CSS.

Figure 2B shows the calculated step response of HR to
vagal stimulation averaged for all animals under the con-
ditions of control (thin lines) and K ,¢, channel blockade
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CSS (4) CSS (+) Fig. 2. A: Dynamic transfer function relat-
ing vagal stimulation to the HR responses

>

10 averaged from all animals (pooled data; n =
7) without (left) and with (right) CSS. Solid
lines, means; dashed lines, —SD, Thin line,
control; thick line, a K., channel blockade
= 4 { with tertiapin (30 nmol-kg™' iv). Top: gains;
¥ E B i middle: phase shifts; bottom: coherence
s F = ; (Coh) functions. Tertiapin decreased trans-
4] E E r i fer gain and increased the phase shift with
2 f \r_ increasing frequency. Cardiac sympathetic
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Table 2. Effects of tertiapin infusion and CSS on parameters of the transfer function and step response.

CSS () CSS(+) Comparison factors
Control Tertiapin Control Tertiapin Drug CSS Interaction

Gain, beats'min~""Hz™"

0.01 Hz 458+1.26 2.21+£0.97 77311145 3.28+0.92 <0.001 0.001 0.007

0.1 Hz 3.81+1.01 110+0.43 5.82+1.28 1.60+0.54  <0.001 0.007 0.015

0.5Hz 212+ 0.64 0.16 £ 0.07 3.08+0.82 0.36 £+ 0.17 <0.001 0.013 0.081

1Hz 1.09 £0.27 0.08+£0.03 173+ 0.61 016+£0.08  <0.001 0.019 0.044
Phase, rad

0.01 Hz 310+0.04 299+011 299+0M 292+014 0.037 0.077 0.579

0.1Hz 252+40.08 1.78 £ 017 2.52+011 1.83+0.25 <0.001 0.757 0.719

0.5 Hz 0.91+043 0.03+0.27 0.90+0.10 0.35+£0.10 <0.001 0.011 0.056

1Hz -056+033 -081+021 -041+026 -064+0.18 0.014 0.159 0.905
Coherence

0.01 Hz 0.95+0.05 0.87 £0.07 0.93+0.04 0.89+£0.09 0.005 0.947 0.424

0.1 Hz 0.96 £0.03 0.94 £0.04 0.97 +0.01 0.95:0.02 0.004 0.440 0.835

0.5Hz 0.96 + 0.02 0.83+0.08 0.91+0.08 0.93+0.04 0.026 0.259 0.006

1 Hz 0.90+0.07 0.59+0.16 0.78 £ 015 0.79+012 0.017 0.312 0.011
Mk O e —42£12  -18%06  -74£09  -33%09 <0001 <0001 0005
Time constant, s 0.63+0.09 3.34+0.55 0.74+0.18 3.18+1.10 <0.001 0.913 0.560

Values are means £ SD (n = 7). CSS, cardiac sympathetic stimulation. Tertiapin was infused at 30 nmol/kg iv.
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Table 3. Effects of tertiapin infusion and CSS on parameters of the transfer function relating dynamic vagal stimulation to HR.

CSS (=) CSS (+) Comparison factors
____ Control Tertiapin Control Tertiapin Drug CSS Interaction
D"S:;’gﬁﬁ:f?im_, 46+14 23:09 73+11 36+1.0 <0001 <0.001 0037
C‘m‘" frequency. 4264004  0.05:001 023+006  006+002 <0.001 0439 01613
"ag b 0384004  045:004 034004 038003 <0.001 0002 02776

Values are means + SD (n = 7). CSS, cardiac sympathetic stimulation; HR, heart rate. Tertiapin was infused at 30 nmol/kg iv.

(thick lines), without (left) and with (right) CSS. Tertia-
pin slowed the transient response and attenuated the HR
response to vagal stimulation in the time domain. CSS
did not affect the time constant, though it augmented the
maximum step response. A significant interaction was ob-
served between the tertiapin and CSS effects in the maxi-
mum step response, but not in the time constant (Table 2).

The fitted parameters of the transfer functions are
summarized in Table 3. Tertiapin significantly decreased
the dynamic gain and the corner frequency and sig-
nificantly increased the lag time. Conversely, CSS sig-
nificantly increased the dynamic gain and significantly
decreased the lag time. A significant interaction was
observed between the tertiapin and CSS effects only in
dynamic gain.

Static protocol

Figure 3A summarizes changes in HR in response to
stepwise vagal stimulation without (left) and with (right)
CSS, which increased basal HR obtained at 0 Hz vagal
stimulation by approximately 50 beats'min”'. Tertiapin
significantly attenuated the bradycardic response to vagal
stimulation regardless of CSS. The magnitude of attenu-
ation (i.e., the difference between the open and closed
symbols) became greater as the vagal stimulation fre-
quency increased.

Figure 3B demonstrates the HR reduction obtained
under four conditions at each frequency. To aid an intui-
tive understanding, the tertiapin condition is designated
as D(-) in this panel because tertiapin blocked the direct
action of ACh. S(+) indicates the presence of CSS. At §
Hz vagal stimulation frequency, the direct action alone
S(-)D(+) significantly augmented the HR reduction, as
depicted by the diagonal hatch. CSS alone S(+)D(-) also
significantly augmented the HR reduction, as depicted by
the vertical hatch. The augmentation of the HR reduction
obtained by S(+)D(+) exceeded the simple summation of
the diagonal hatch and vertical hatch, suggesting that the
effect of the direct action was enhanced by CSS (depicted
in the solid rectangle). The positive interaction waned at
10 Hz vagal stimulation and disappeared at 15 and 20 Hz
vagal stimulation. That is, the simple summation of the

diagonal hatch and vertical hatch largely explained the
augmentation of the HR reduction attained by S(+)D(+) at
15 and 20 Hz vagal stimulation.

DISCUSSION

We have examined the effect of background sympathetic
tone on the direct action of ACh through K, channels
by examining the dynamic and static transfer character-
istics. The major findings in the present study are that the
bradycardic response to vagal stimulation via the K¢,
channels was augmented by concomitant CSS, depending
on vagal stimulation frequency. The rapidity of vagal HR
control obtained by the K, channels, however, was not
affected by CSS. These findings support our hypotheses
and demonstrated, for the first time to our knowledge, the
existence of an accentuated antagonism in the direct ac-
tion of ACh through the K ., channels.

Effect of CSS on the rapidity of vagal HR control
via K,c, channels

Our results indicate that the rapidity of the vagal HR
control via the K ., channels was not affected by back-
ground sympathetic tone. In the transfer function, the
phase values were significantly more delayed by the K,
channel blockade in the frequency range from 0.01 to 1
Hz in agreement with our previous study [6]. In contrast,
CSS did not affect the phase characteristics, in which no
significant interaction was observed at each frequency
(Table 2). Morcover, the calculated step response clearly
demonstrated that tertiapin significantly prolonged the
time constant by >2 s, whereas CSS did not affect it (Fig.
2B and Table 2).

Changes in fitted parameters of the transfer function
from vagal stimulation to HR also support our first hypoth-
esis that CSS does not affect the rapidity of the vagal HR
control mediated by the K, channels. Tertiapin decreased
the corner frequency to a similar degree without or with
CSS, which did not affect the corner frequency. On the
other hand, tertiapin prolonged the lag time, whereas CSS
shortened it (Table 3). However, changes in the lag time
caused by tertiapin or CSS were less than 0.1 s and might
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Fig. 3. A: Static HR responses relating stepwise
vagal stimulation averaged from all animals (pooled
data; n = 5) without (left) and with (right) CSS. A
Kacy channel blockade decreases the static HR re-
sponse, and the static reductions in the bradycardic
effect were greater at higher stimulation frequencies
in both conditions. B: Changes in HR responses
from baseline to vagal stimulation at 5 Hz (top left),
10 Hz (top right), 15 Hz (bottom left), and 20 Hz (bot-
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be insignificant in terms of physiological HR control.

Effect of CSS on the gain of vagal HR control via
K., channels

Because the direct action of ACh via K .. is considered
to be independent of sympathetic control [12], an accentu-
ated antagonism is unlikely to occur in the direct action.
However, because the interbeat interval is determined by
the pacemaker potential of the sinus node cells, which in
turn depends on all of the potassium, sodium, and calci-
um currents, there could be interaction between the K ¢,
channel pathway and background sympathetic tone when
we observe the HR response. Changes in the sodium cur-
rent and/or calcium current induced by background sym-
pathetic tone would modify the effect of changes in the
potassium current through the K .-, channels.

Our results indicate that accentuated antagonism oc-
curred, affecting the direct action of ACh in the range of
mild vagal stimulation as follows. In the dynamic pro-
tocol that was carried out with a mean vagal stimulation
frequency of 5 Hz, significant positive interaction was
observed between the tertiapin and CSS effects, affecting
the dynamic gain as well as the calculated maximum step
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tom right) averaged from all animals (pooled data; n
= 5). To aid an intuitive understanding, the tertiapin
condition was designated as D(-) in this panel be-
cause tertiapin blocked the direct action of ACh. S(+)
indicates the presence of CSS. Significant interac-
tion and a tendency towards significant interaction (P
= 0.051) were obtained at 5 and 10 Hz vagal stimu-
lation, respectively, but not at 15 and 20 Hz vagal
stimulation.

response (Table 2), suggesting that the effect of the K,
channel pathway was enhanced during CSS. The static
protocol also showed significant positive interaction at 5
Hz vagal stimulation (Fig. 3B). The augmentation of the
bradycardic response to vagal stimulation gained by the
direct action of ACh through the K, channels was en-
hanced under concomitant CSS.

The reason for the absence of a positive interaction be-
tween the tertiapin and CSS effects at 15 and 20 Hz vagal
stimulation is unclear (Fig. 3B). One possible explanation
is the curvilinearity of the HR response to vagal stimula-
tion. In the right panel of Fig. 3A, the tertiapin-free con-
trol data (open symbols), which correspond to S(+)D(+)
in Fig. 3B, showed the steepest slope at the 0-5 Hz vagal
stimulation step. The slope became shallower as the vagal
stimulation frequency increased, suggesting a saturation
phenomenon of HR reduction in response to vagal stimu-
lation. It is very likely that such curvilinearity masked
possible positive interaction between CSS and the direct
action of ACh in determining the HR reduction during
15 and 20 Hz vagal stimulation. Accentuated antagonism
in the direct action of ACh through K ., channels might
therefore operate under balanced conditions of sympa-
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thetic and vagal nerve activities.

The existence of an accentuated antagonism in the di-
rect action of ACh through the K ., channels could be ex-
plained by macromolecular signaling complexes in which
G protein-gated inwardly rectifying potassium (GIRK)
channels are physically associated with signaling partner
regulated by different G protein-coupled receptors (GP-
CRs) [19, 20]. Cardiac sympathetic stimulation simulta-
neously activates several different GPCRs: ¢t-adrenergic,
pl-adrenergic, and f2-adrenergic receptors. Notably, the
pl-adrenergic receptor is coupled to downstream kinase,
protein kinase A (PKA). The B-adrenergic signaling
via PK A phosphorylation increases the activity of K ¢y
channels [21, 22], Taken together, B-adrenergic receptors
might augment the activity of K, channels via a PKA-
dependent mechanism.

Limitations

This study has several limitations. First, the data was
obtained from anesthetized animals. Since anesthesia
would affect the autonomic tone, the results may not be
directly applicable to conscious animals. However, be-
cause we cut and stimulated the right cardiac sympathetic
and vagal nerves, changes in autonomic outflow associ-
ated with anesthesia might not have significantly affected
the present results.

Second, we blocked the K, channels to examine the
effect of background sympathetic tone on the direct effect
of ACh through the K ., channels. On the other hand,
if we had blocked the indirect effect of ACh through the
cyclic AMP pathway, leaving the direct effect of ACh
intact, and then examined the effect of background sym-
pathetic tone on the HR response to vagal stimulation,
the results might have been excessively straightforward.
However, we could find no blocker for the indirect effect
of ACh alone that was suitable for in vivo study at pres-
ent. Further studies are required to directly examine the
effect of background sympathetic tone on the direct effect
of ACh through the K, channels.

In conclusion, concomitant CSS affected no parame-
ters of rapidity (i.e., the corner frequency in the frequency
domain and the time constant in the time domain) of vagal
HR control via K., channels. Moreover, HR reduction in
response to vagal stimulation via K ,, channels was aug-
mented by concomitant sympathetic stimulation at 5 Hz
vagal stimulation. These findings suggest that the rapidity
of response of the vagal HR control via K ., channels is
invariant with respect to background sympathetic tone,
and that the magnitude of vagal HR control via K, chan-
nels is affected by background sympathetic tone in vivo.
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synaptic oa-adrenergic receptors are known to exert feedback inhibi-
tion on norepinephrine release from the sympathetic nerve terminals.
To elucidate the dynamic characteristics of the inhibition, we
stimulated the right cardiac sympathetic nerve according to a
binary white noise signal while measuring heart rate (HR) in
anesthetized rabbits (n = 6). We estimated the transfer function
from cardiac sympathetic nerve stimulation to HR and the corre-
sponding step response of HR, with and without the blockade of
presynaptic inhibition by yohimbine (1 mg/kg followed by 0.1
mg-kg~'-h~! iv). We also examined the effect of the az-adrener-
gic receptor agonist clonidine (0.3 and 1.5 mg-kg™'-h™' iv) in
different rabbits (n = 5). Yohimbine increased the maximum step
response (from 7.2 = 0.8 to 12.2 = 1.7 beats/min, means * SE,
P < 0.05) without significantly affecting the initial slope (0.93 =
0.23 vs. 0.94 = 0.22 beats-min~'+s~'). Higher dose but not lower
dose clonidine significantly decreased the maximum step response
(from 6.3 = 0.8 t0 6.8 £ 1.0 and 2.8 £ 0,5 beats/min, P < 0.05)
and also reduced the initial slope (from 0.56 = 0.07 to 0.51 = 0.04
and 0.22 = 0.06 beats'min~'*s~', P < 0.05). Our findings
indicate that presynaptic as-adrenergic autoinhibition limits the
maximum response without significantly compromising the rapid-
ity of effector response. In contrast, pharmacologic augmentation
of the presynaptic inhibition not only attenuates the maximum
response but also results in a sluggish effector response.

systems analysis; transfer function; a-adrenergic blockade; rabbits

PRESYNAPTIC a,-ADRENERGIC receptors play an important role in
regulating neurotransmitter release in the central and periph-
eral nervous systems. The concept that neurotransmitter
release is modulated by presynaptic autoreceptors was pro-
posed in the 1970s (19, 20, 25, 31-33, 37, 38). Langer (18)
first demonstrated that an a-adrenergic antagonist phentol-
amine, at a concentration below that required to produce its
negative chronotropic effect, increases the magnitude of
heart rate (HR) response to sympathetic nerve stimulation.
Since then, a number of in vivo and in vitro studies have

been conducted to characterize the negative feedback regu-
lation of norepinephrine (NE) release via the presynaptic
as-adrenergic receptors located on the sympathetic nerve
terminals (1, 6, 9, 11, 17, 24, 26, 27a, 29, 30, 34, 35).
However, the dynamic nature of the presynaptic a;-adren-
ergic inhibition in sympathetic HR control remains to be
quantified. Because we focus on the effector response to
sympathetic nerve stimulation, the term “presynaptic” may
be interpreted as “prejunctional” throughout this paper to
describe more specifically the NE kinetics at the neuroef-
fector junction.

We first schematize our hypothesis on the possible modes of
operations of the presynaptic inhibition. With reference to Fig. 1,
the solid and dotted lines indicate the HR responses with and
without the presynaptic inhibition, respectively. Figure IA
represents a “limiter-like” operation of the presynaptic inhibi-
tion in which the steady-state response is attenuated, while the
initial slope of the response is unchanged. Figure 1B represents
an “attenuator-like™ operation in which the steady-state re-
sponse is attenuated, while the initial slope of the response is
also reduced in proportion to the attenuation of the steady-state
response. Since the rapid effector response is one of the
important hallmarks of neural regulation compared with hu-
moral regulation, determining which of the two operations
likely occurs would contribute to the physiological understand-
ing of the presynaptic inhibition. The words “limiter-like™ and
“attenuator-like” in this paper are used in the specific senses
described above.

To answer which of the two operations likely occurs in
the presynaptic inhibition, we examined the HR response
to dynamic sympathetic nerve stimulation, with or without
blocking the «;-adrenergic receptors in anesthetized rabbits.
Because the HR response is mainly mediated by the
postsynaptic Bj-adrenergic receptors, the administration of
an ap-adrenergic receptor antagonist does not eliminate the
HR response to sympathetic nerve stimulation. We also
examined the effects of pharmacologic augmentation of the
az-adrenergic receptors on the HR response to dynamic
sympathetic nerve stimulation. The results of the present
study indicated that the presynaptic «;-adrenergic autoinhibition
is a limiter-like operation. In contrast, the pharmacologic
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