Accentuated Antagonism and Muscarinic Potassium Channels

spectra for vagal stimulation [N(£)] and HR [HR(/)] [16].
Over the cight segments, the power of the vagal stimula-
tion [Sy (], the power of the HR [S;x4z(/)], and the
cross-power between these two signals [Sy (/)] were
ensemble averaged. Lastly, the transfer function [H(/)]
from vagal stimulation to the HR response was estimated
as follows [17, 18].
[H{f}]= 5.\-‘#&'(-’{]
Sn.' \(f) (1)

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)= '_‘jj PRl
1425 _

fe 2)
where K represents the dynamic gain (or, to be more ac-
curate, the steady-state gain, in beats'min™"Hz™), fc 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(f)] was estimated as follows [17, 18].

,
|5.vmr(f]!-
[Coblf))l=—r—r

Sy (F) - Semun(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(f). The system step response
was then obtained from the time integral of the impulse
response. The length of the step response was 51.2 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 =

2-T- fe 4
In this definition, the time constant is related inversely 1o
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 4, 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 to 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 fune-
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 82.2+16.8 76.7 £20.1 90.5+13.8 81.81+16.6 0.022 0.641 0.546

During stimulation 80.2+ 184 76.6+214 81.8+148 75.9+19.0 0.144 0.962 0.709
HR, beats'min™

Before stimulation 2478+ 201 2479+308 31221156 307.4+20.9 0.521 <0.001 0.494

During stimulation 211.9+£17.5°" 22831234 2443+£33.3" 2481+307* 0.026 <0.001 0.308

Values are means + SD (n = 7). CSS, cardiac sympathetic stimulation; AP, arterial pressure; HR, heart rate. **P < 0.01 vs.
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 —[1 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 1 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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Fig. 2. A: Dynamic transfer function relat-
ing vagal stimulation to the HR responses
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
with tertiapin (30 nmol-kg™' iv). Top: gains:
middle: phase shifts; bottom: coherence
(Coh) functions. Tertiapin decreased trans-
fer gain and increased the phase shift with
increasing frequency. Cardiac sympathetic
stimulation increased transfer gain both
under control conditions and under condi-
tions of a Kz, channel blockade without
affecting the phase shift. B: Calculated step
response to 1 Hz tonic vagal stimulation

averaged from all animals (pooled data; n =
7) without (left) and with (right) CSS. Solid
lines, means; dashed lines, =SD. Thin line,
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control; thick line, K,c, channel blockade
with tertiapin (30 nmol-kg™" iv). The K.c,
channe! blockade decreased the maximum
step response and slowed the initial step

0
001

0.1

frequency (Hz)

1 response. CSS increased the maximum

step response both under control condi-
tions and under conditions of a K., chan-

nel blockade without affecting the initial
response (see Table 2).

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 4.58+1.26 2.21+0.97 7.73+115 3.28+092  <0.001 0.001 0.007

0.1 Hz 381£1.01 110+ 043 5.82+1.28 1.60+0.54 <0.001 0.007 0.015

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

1 Hz 1.08+0.27 0.08 +0.03 1.73+£0.61 016 +0.08 <0.001 0.019 0.044
Phase, rad

0.01 Hz 310+ 0.04 299+011 2.99+0.11 2.92+014 0.037 0.077 0.579

01 Hz 2.52+0,08 1,78+047 2.52+01 1.83+£0.25 <0.001 0.757 0.718

0.5 Hz 091+0.13 0.03+0.27 0.90+0.10 0.35+0.10 <0.001 0.011 0.056

1Hz -0.56+0.33 -081+021 -041:026 -0641018 0.014 0.159 0.905
Coherence

0.01 Hz 0.895+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

0.5 Hz 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 0.58+0.16 0.78 £0.15 0.79+0.12 0.017 0.312 0.011
Maxi 3

e e, —42£12  -18406  -74:08  -33:00 <0001 <0001 0005
Time constant, s 0.63+£0.09 3.34+£055 0.74 + {_113 3_1!_3_311) €[}_Dp} 09?3 _ESEU

Values are means £ SD (1 = 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 _H_R_.

CSS(-)
Control Tertiapin

Dynamic gain,
beats'min~""Hz"

Corner frequency,
Hz

Lag time,
s

46+1.1 2308

0.26 £ 0.04 0.05+0.01

0.38+0.04 0.45+0.04

_pumrl:al
73414
0.23+0.06

0.34+0.04

CSS(+)
Tertiapin

Comparison factors
Drug CSS Interaction

36+1.0 <0.001 <0.001 0.037

0.06£0.02 <0.001 0.439 01613

0.38+0.03 <0.001 0.002 0.2776

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 5
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., 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). Moreover, 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
K.z, 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-

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.
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be insignificant in terms of physiological HR control.

Effect of CSS on the gain of vagal HR control via
Kach 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

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: ci-adrenergic,
Bl-adrenergic, and B2-adrenergic receptors. Notably, the
pl-adrenergic receptor is coupled to downstream kinase,
protein kinase A (PKA). The B-adrenergic signaling
via PKA phosphorylation increases the activity of K¢,
channels [21, 22]. Taken together, f-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 .o, 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.

This study was supporied by Health and Labour Sciences Research
Grants H15-Physi-001, H18-Nano-Ippan-003, and H18-Iryo-lppan-023
from the Ministry of Health, Grants-in-Aid for Scientific Research
promoted by the Ministry of Education, Culture, Sports, Science and
Technology in Japan 18591992, 19700559, and by the Ground-based

Research Announcement for Space Utilization project promoted by the
Japan Space Forum. This study was also supported by an Industrial
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synaptic oz-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 az-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 @,-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
a;-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 az-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 1A
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 onc 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 a-adrenergic receptors in anesthetized rabbits.
Because the HR response is mainly mediated by the
postsynaptic B,-adrenergic receptors, the administration of
an a--adrenergic receptor antagonist does not eliminate the
HR response to sympathetic nerve stimulation. We also
examined the effects of pharmacologic augmentation of the
a-adrenergic receptors on the HR response to dynamic
sympathetic nerve stimulation. The results of the present
study indicated that the presynaptic az-adrenergic autoinhibition
is a limiter-like operation. In contrast, the pharmacologic
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Fig. 1. Sch of the p le operations of the presynaptic
inhibition in heart rate (HR) step mpunu to sympathetic nerve stimulation.
The solid and dashed lines indicate the HR step response with and without the
presynaptic inhibi pectively. A: the presynaptic inhibition the
steady-state mspomc without affecting the initial slope of the response (a
“limiter-like™ uperalmn) B: the presynaptic inhibition attenuates the stcady-
state ac d by a d mmcl.munlslopempmpomonm
the attenuation of the steady-state resp (an " -like™ op ).
R)Ipld cffoctor response is maintained in the former but not in the latter.
{ nerve stimulation rate.

&l |

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

METHODS
Surgical Preparations

Animal care was in accordance with “Guiding Principles for the
Care and Use of Animals in the Field of Physiological Sciences,”
approved by the Physiological Society of Japan. All protocols were
reviewed and approved by the Animal Subject Committee of the
National Cardiovascular Center. Japanese white rabbits, weighing
2.5-3.1 kg, were anesthetized by intravenous injection (2 ml/kg) of a
mixture of urethane (250 mg/ml) and c-chloralose (40 mg/ml) and
mechanically ventilated with oxygen-enriched room air. Tidal volume
was set at 35 ml and the rate was adjusted between 35 and 40
cycles/min to be sufficient for suppressing spontaneous respiration.
Supplemental doses of these anesthetics were administered by con-
tinuous intravenous infusion (1 mi+kg™'+h™') into the marginal ear
vein. Arterial pressure (AP) was monitored with a micromanometer
catheter (model, Millar Instruments, Houston, TX) inserted into the
right femoral artery. A catheter for drug administration was also
placed in the right femoral vein. Sinoaortic denervation was per-
formed bilaterally to minimize changes in systemic sympathetic
activity via the arterial baroreflexes. The vagi were also sectioned
bilaterally at the neck level to remove the vagal control on HR. The
right inferior cardiac sympathetic nerve was exposed through a mid-
line tharacotomy and sectioned. A pair of bipolar platinum electrodes
was then attached 1o the cardiac end of the sectioned sympathetic
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nerve for sumulation (12, 13, 22, 23). The stimulation electrodes and
nerve were secured with silicon glue (Kwik-Sil, World Precision
Instruments, Sarasota, FL), Instantaneous HR was measured from the
AP signal utilizing a cardiotachometer (Tachometer N4778, San-ei,
Tokyo, Japan). Body temperature was maintained at 38°C with a
heating pad throughout the expenment.

Experimental Procedures

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

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

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

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

As a supplemental protocol, we performed the transfer function
analysis using binary white noise signals of 0-1 Hz (Bing.,), 0-3 Hz
(Bing.3), and 0-5 Hz (Bino.s) in a random order (n = 5). At least a
15-min interval was allowed between the 20-min dynamic sympa-
thetic stimulation trials, The amplitude of sympathetic stimulation was
set so that 1-Hz tonic sympathetic stimulation produced a HR increase
of ~350 beats/min.

Medetomidine has higher affinity to as-adrenergic receptors over
a,-adrenergic receptors compared with clonidine (az/e; = 1,620:1
for medetomidine, 220:1 for clonidine) (28). However, a preliminary
experiment indicated that medetomidine was not as effective as
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clonidine to modulate the transfer function from dynamic sympathetic
stimulation to HR. Accordingly, we examined the effects of clonidine
or medetomidine on myocardial interstitial NE release in respoase (o
5-Hz tonic stimulation (2.5 V, 2-ms pulse width) of the right cardiac
sympathetic nerve in vagotomized rabbits. Two microdialysis probes
were implanted in the myocardium of the left ventricular free wall,
Ringer solution was perfused at 2 pl/min. After a 2-h equilibrium
period, we collected 5-min dialysate samples to measure the dialysate
NE concentration as an index of myocardial interstitial NE levels (14,
15). High-performance liquid chromatography with electrochemical
detection was used to quantify the NE concentration. After the
sympathetic stimulation was performed under the control condition,
clonidine or medetomidine was intravenously administered (1.5
mg-kg~"+h~'). Fifteen minutes later, the sympathetic stimulation was
performed under the drug admimstration condition. Then the drug
administration was ceased. Forty-five minutes later, the sympathetic
stimulation was performed under the recovery condition. We used
different rabbits for clonidine and medatomidine trials. We pooled six
dialysate data for statistical analysis,

Data Analysis

Data were digitized at 200 Hz utilizing a 12-bit analog-to-digital
converter and stored on the hard disk of a dedicated laboratory
computer system. Mean values for HR and AP during dynamic
sympathetic nerve stimulation were calculated by averaging the re-
spective data over the stimulation period.

The transfer function from dynamic sympathetic nerve stimulation
to HR response was estimated by the following procedures. Twenty
minutes of input data (stimulation command) and output data (HR)
were resampled at 8 Hz. The resampled data were segmented into
eight 50% overlapping bins consisting of 2,048 data points each. The
segment length was 256 s. For each segment, the linear trend was
subtracted, and a Hanning window was applied. Fast-Fourier trans-
form was then performed to obtain the frequency spectrum of nerve
stimulation rate [N(f)] and that of HR [HR(f)] (5). The power
spectral density of the nerve stimulation rate [Sn.n(f)], that of HR
[Sur.-ur( f)], as well as the cross-spectral density between these two
signals [Sy.ur(f)], were averaged over the eight segments. Finally,
the transfer function [H( f)] from sympathetic nerve stimulation rate
to HR response was calculated using the following equation (2, 21).

Sprm(Sf)

Snn(f)
Transfer function parameters were determined by fitting a second-
order, low-pass filter to the estimated transfer function, according to

previous studies (12, 13, 23). The second-order, low-pass filter with a
pure dead time [G( f)] is expressed as

H(f) =

(1

(2)

G(f)= %ECIP{—}H}'J‘L]
1 4+205j+ (f—;)
.‘rﬁ N

where K is a steady-state gain, fx is natural frequency (in Hz), [ is a
damping ratio, L is pure dead time (in s}, and j indicates an imaginary
unit. A schematic explanation for these transfer function parameters is
provided in the arpenpiX. To estimate the parameters, an iferative
nonlinear least squares fitting was performed to minimize the follow-
ing error function.

SIG(f) - HUF

error =~ ——— f=fxk (3

E!Hmf

where fo is the fundamental frequency of the discrete Fourier trans-
form, fo = 1/256 = 0.004 Hz, and k is a frequency index. The n
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represents the upper limit of the frequency index determined from the
range of sufficient input power in the sympathetic nerve stimulation;
n =40, fo ¥ n = 0.156 Hz.

To quantify the linear dependence of the HR response on the
sympathetic nerve stimulation, the magnitude-squared coherence
function [y?( f)] was calculated by the following equation (2, 21).

[Snam S
Sxenlf ) Smnm(f)

The coherence value ranges from zero to unity. The unity coher-
ence value indicates a perfect linear dependence between the input
and output signals, whereas zero coherence indicates a total indepen-
dence between the two signals.

To facilitate the inwitive understanding of the HR response to
dynamic sympathetic nerve stimulation, we calculated the step re-
sponse from the estimated transfer function, The step response was
obtained from the time integral of the system impulse response
derived from the inverse Fourier transform of the transfer function.
The steady-state response was calculated by averaging the step re-
sponse during the last 10 s of the 128-5 response. To characterize the
rising speed of the step response, the initial slope for the response was
calculated as follows. An analysis of linear regression with a slope and
an intercept was performed on the initial data points of the step
response while varying the number of data points from 2 to 1,024, The
maximum slope obtained was used as the initial slope of the response.
The linear regression was performed, including the portion of the dead
time. Although including the dead time reduced the maximum slope,
the effect was small because the number of data points that yielded the
maximum slope (—90 points) was much larger than that for the dead
time (<10 points). The step response of RRI was also calculated from
the corresponding transfer function from sympathetic nerve sumula-
tion to RRL

Yif) = (4)

Startistics

All data are presented as means * SE. In protocol 1, mean HR, AP,
and transfer function parameters were compared before and during
yohimbine administration by paired r-tests. In proracel 2, the data
were compared among control, lower dose, and higher dose clonidine
conditions using a repeated-measures ANOVA followed by Dunnett’s
test against the single control (8). In the supplemental protocol of the
transfer function analysis, the data were compared among Bing.i,
Bing.s, and Bine.s stimulus conditions using a repeated-measures
ANOVA followed by Tukey test for all pairwise comparisons. In the
supplemental protocol of the NE measurement, baseline NE levels
were compared before and during drug administration using a paired
t-test. The NE levels during sympathetic stimulation were compared
among control, drug administration, and recovery conditions using a
repeated-measures ANOVA followed by Dunnett’s test against the
control condition. In all of the statistical procedures, the difference
was considered significant at P < 0.05.

RESULTS

Figure 2A represents a typical recording obtained from
protocol 1. We stimulated the cardiac sympathetic nerve ac-
cording to a binary white noise signal and recorded HR
response under control condition and during yohimbine admin-
istration. The presynaptic a,-adrenergic negative feedback
mechanism functioned under the control condition but not
during yohimbine administration. HR changed dynamically in
response to the random sympathetic nerve stimulation under
both conditions. Yohimbine increased the magnitude of HR
variation. The augmentation of sympathetic effect was also
observed in the RRI response. Although yohimbine decreased
the mean level of HR in this animal, changes in mean HR
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bine ad ation (right) ot d in protocol 1,
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inhibition. The amplitude of HR variation and that
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animals in protocol 1. HR gain plots (rop), phase plots
(second), coherence functions (ya, third), and RRI
gain plots (bottom), Yohimbine increases the dy-
namic gain in the frequency range between 0.004 and
0.04 Hz but not in the higher frequency range. The
fine solid curve in the gain (righr) duplicates the mean
gain plot (lefr). C: step responses of HR (top) and RRI
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(botom) calculated from the comesponding transfer
functions. Yohimbine augments the steady-state re-
sponse without affecting the initial slope of the re-
sponse (fine oblique line). Bold, solid lines represent
the mean, whereas dotted lines indicate means = SE.

RRI Gain

Aiianie A1 3 s i AEERTIT] R RTITT]

0.01 0.1
frequency (Hz)

0.01 0.1
frequency (Hz)

varied among the animals and were not significantly different
between the control and yohimbine conditions.

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

Figure 2B illustrates the transfer functions averaged from the
six animals in prorocol |. In the HR gain plots, the gain value
was relatively constant <<0.01 Hz and decreased >=0.01 Hz,
indicating low-pass filter characteristics of the HR response to
sympathetic nerve stumulation. Yohimbine increased the HR
gain from 7.1 = 0.7 o 12.0 = 1.7 beats'min~'+Hz " at the
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lowest frequency of 0.004 Hz (P < 0.05). In contrast, yohim-
bine did not affect the HR gain value at 0.1 Hz (1.8 = 0.4 vs,
1.7 = 0.6 beats*min~"'+Hz™"). The solid fine curve in the right
panel duplicates the mean gain plot in the lefr panel as a
reference. In the phase plots, the phase value approached zero
radians at the lowest frequency and lagged with increasing
frequency under both conditions. In the coherence function
plots, the coherence was >0.8 in the frequency range from
0.01 to 0.08 Hz, suggesting that the HR response 1o sympa-
thetic merve stimulation in this frequency range can be ex-
plained reasonably well by linear dynamics for both condi-
tions. Changes in the RRI gain plots were similar to those in
the HR gain plots. Yohimbine increased the RRI gain from
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Table 1. Mean heart rate and arterial pressure before and
during random stimularion of the cardiac sympathetic nerve

Control Yohimbine
Heart rate, beats/min
Before 259+15 244+13
During 26415 254 =17
Mean artenial pressure, mmHg
Before 90=8 87=6
During 91=9 88=8

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

6.0 = 0.7to0 11.3 = 1.9 ms/Hz at the lowest frequency of 0,004
(P < 0.05) but not at 0.1 Hz (1.8 = 0.4 vs. 1.9 = 0.8 ms/Hz).
Given the inverse relationship between RRI and HR, the RRI
phase plots (not shown) quite resembled to the corresponding
HR phase plots except for the rotation by 7 radians.

Figure 2C represents the step responses of HR to sympa-
thetic nerve stimulation calculated from the transfer functions
shown in Fig. 2B. Yohimbine increased the steady-state re-
sponse significantly (Table 2). The initial slope of the response,
depicted by an oblique straight line, was not affected by
yohimbine (Table 2). In the RRI step response, yohimbine
augmented the steady-state response from —6.7 = 09 1w
—12.6 £ 2.1 ms (P < 0.05) without affecting the initial slope
(—0.71 = 0.18 vs. —0.90 = 0.23 ms/s).

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

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

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

Figure 3B illustrates the transfer functions averaged from the
five animals in protocol 2. Lower dose clonidine did not affect the
ransfer function significantly. In the HR gain plots, higher dose
clonidine decreased the gain from 66 * 09 w 27 = 05
beats-min~'-Hz ™! at the lowest frequency of 0.004 Hz (P <
0.05) and from 1.1 = 0.2 to 0.5 * 0.2 beats*min~'-Hz ! at the
frequency of 0.1 Hz (P < 0.0S). Higher dose clonidine did not
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affect the phase plot significantly. In the coherence function plots,
the coherence was >0.8 in control and lower dose clonidine
conditions and >0.7 in higher dose clonidine condition for the
frequency range from 0.01 to 0.08 Hz, suggesting that the HR
response to sympathetic nerve stimulation can be explained rea-
sonably well by linear dynamics in all three conditions. Although
relative change became smaller compared to the HR gain plots,
the attenuation of transfer gain was also observed in the RRI gain
plots. Higher-dose clonidine decreased the gain from 4.5 = 0.7 to
2.8 £ 0.5 ms/Hz at the lowest frequency of 0.004 Hz (P < 0.05)
and from 0.88 = 0.19 to 0.04 = 0.09 ms/Hz at the frequency of
0.1 Hz (P < 0.05).

Figure 3C represents the step responses of HR to sympathetic
nerve stimulation calculated from the transfer functions shown in
Fig. 3B. Lower dose clonidine did not affect either the steady-state
response or the initial slope of the step response. In contrast,
higher dose clonidine attenuated the steady-state response and
also reduced the initial slope of the response. In the RRI step
response, higher-dose clonidine attenuated the steady-state re-
sponse from —4.9 = 0.7 to —3.0 = 0.6 ms (P < 0.05) with a
significant reduction in the initial slope from —040 * 0.07 to
—0.23 = 0.05 ms/s (P < 0.05).

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

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

Table 2. Parameters of the transfer functions
and step responses

Control Yohimbine
K, beats min~'-Hz ™' 7311 12021+
Ss. Hz 0.081=0012 0.055 =0.008*
L 1644047 1.55+021
| 082022 1.03=0.19
Fitting error, % 5.6=1.5 36=1.1
S, beats/min 7208 12217+
a, beats min~"+s™! 093=x0.23 0942022
Sla, s 2114 144+19*

Values are means = SE. K, steady-state gain; fy, natural frequency; [,
damping coefficient; L, pure dead time; S, steady-state response; o, initial
slope; S/a, ratio of S to a. *P < 0.05 vs. control values.
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Table 5 summarizes the mean HR and AP obtained from the
supplemental protocol. There were no significant differences in
mean HR and AP before cardiac sympathetic nerve stimula-
tion. Mean HR was higher in Bing.3 and Bing.s than in Bing,,
condition. Mean AP did not differ among the three conditions.

Figure 4B illustrates the transfer function averaged from the
five animals in the supplemental protocol. The contour of HR
gain plots showed an approximately downward shift with

Table 3. Mean heart rate and arterial pressure before and
during random stimulation of the cardiac sympathetic nerve

Control Clonidine (L) Clonidine (H)
Heart rate, beats/min
Before ZT1x16 250=15 2322204
During 299=14 271214 246+17"
Mean artenal pressure, mmHg
Before 95+6 77=8 1139
During 96%6 79x9 115213

Values are means = SE. Data were obtained after vagal and cardiac
sympathetic nerves were cut. *P < 0.05 vs. control values by Dunnett’s test.
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increase in the stimulus rate of the binary white noise signal,
indicating that the augmentation of the HR variation seen in
Fig. 44 was not proportional to the increase in the stimulus
rate. No significant differences were noted in the phase plot.
The coherence values were slightly decreased in all frequencies
with increase in the stimulus rate of the binary white noise
signal, suggesting that the HR response became saturated and
the linearity between the stimulation and the HR response was

Table 4. Transfer function parameters and step responses

Control Clonidine (L) Clonidine (H)
K, beats min " '-Hz"™! 64=08 6.8=1.1 2.7x0.5%
M Hz 0.066=0.017 0.070=0.016 0.059+0.013
[4 1.56+0.37 1.72+0.23 1.55+0.20
Ls 0.56=0.17 1.24+020* 1.03=0.18
Fitting error, % 29%12 42+15 55+23
S, beats/min 63=08 68=1.0 2805
a, beats-min~"5"! 0.56x0.07 0.51=0.04 0.22=0.06*
Sla, s 11.2+0.7 13.1=1.3 13.8x1.2

Values are means = SE. *P < 0.05 vs. control values,
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slightly reduced in Bing.; and Bine.s compared with that in
Bing., condition. The contour of RRI gain plots also showed
approximately downward shift with increasing the stimulus
rate of the binary white noise signal.

Figure 4C represents the step response of HR to sympathetic
nerve stimulation calculated from the transfer functions shown
in Fig. 4B. The increase in the stimulus rate of the binary white
noise signal attenuated the steady-state response and also
reduced the initial slope of the response. In the RRI step

Table 5. Mean heart rate and arterial pressure before and

during random stimulation of the cardiac sympathetic nerve  Table 6. Transfer function parameters and step responses

Bing. Bina. Binos Bino.: Bino.s Bine s
Heart rate, beats/min K. beats*mm™"+Hz™' 362=49 200=1.1¢ 11.8=1.11
Before 268=6 269+7 266*5 Ju. Hz 0.098=0,009 0.079=0006" 0.078=0.006*
During 2=8 330 =9+ d1=11* Z 1.56=0.04 1.68=0.04" 1.68=0,05*
Mean arterial pressure, mmHg Ls 095=0.01 0.97=0.01 0.97+0.01
Before 8427 82x5 88=12 Fitting emror, % 48=1.1 32=08 3.5=05
During 94x7 947 959 5, beats/min 409=x5.1 221+1.6% 128=1.4¢%
a, beats-min " 'rs 7! 4.13+0.61 2.00x0.21% 120017+
Values are means = SE. Data were obtained after vagal and cardisc g4 o 90+05 11.3+0.8 10.8+0.8

sympathetic nerves were cul. Bing, Bings, and Bing.s: binary while noise
signals of 0-1, 0-3, and 0-5 Hz, respectively. *P < 0.01 vs. Bino, values by
Tukey test, There were no significant differences in parameters between Bins.» and
Bing.s.

Values are means = SE. 1P < 0.01 and *P < 0.05 vs. Bing., values by
Tukey test. There were no significant differences in parameters between Bing.s
and Bing.s
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response, the steady-stale response was attenuated from
—27.6+ 2810 —122+07(P<001)and —6.7 + 0.4 (P <
0.01) ms during Bing_s and Bing.s, respectively. The initial
slope was attenuated from —3.0 = 03 10 —1.1 = 0.1 (P <
0.01) and —0.65 = 0.06 (P < 0.01) ms/s during Bing.; and
Bing_s, respectively.

Parameters of the transfer functions and step responses
estimated in the supplemental protocol are summarized in
Table 6. The steady-state gain of the transfer function and
the steady-state response of the corresponding step response
decreased with increase in the stimulus rate of the binary white
noise sequence. Although the initial slope of the step response
significantly decreased with increase in the stimulus rate of
the binary white noise signal, the ratio of the steady-state
response to the initial slope was unchanged. The natural fre-
quency was lower and the damping coefficient was greater in
Bing.3 and Bing.s than Bino.; condition. The pure dead time of the
transfer function did not differ among the three conditions.

Figure 5 summarizes the results of the supplemental protocol of
NE measurement. Baseline levels of myocardial interstitial NE
did not differ before and during clonidine administration (Fig.
5A). Clonidine administration attenuated the sympathetic stimu-
lation-induced NE release to 75.8 = 5.4% of the control (P <
0.05) (Fig. 5B). Baseline NE levels did not differ before and
during medetomidine administration (Fig. 5C). Medetomidine did
not attenuate the sympathetic stimulation-induced NE release
significantly (92.0 £ 6.7% of the control, not significant) (Fig. 5D).

Stmulation Study

To explore possible mechanisms for the observed differences
between the presynaptic as-adrenergic autoinhibition and the
pharmacologic augmentation of the presynaptic inhibition via the

AJP-Heart Circ Physiol » VOL 295

o-adrenergic receptors, we performed a simulation on the nega-
tive feedback regulation of the HR response to the sympathetic
nerve stimulation. With reference to Fig. 64, Hew and Hen
represent the transfer functions of the forward path and the
feedback path, respectively. A step input signal represents the
sympathetic nerve stimulation. Both signals from presynaptic
ap-adrenergic autonhibition and pharmacologic augmentation of
the presynaptic inhibition attenuate the input signal via the same
oz-adrenergic receptors. Because the amount of neurotransmitter
release cannot become negative, a threshold operator (Th) is
added. The threshold operator is described mathematically as
follows.

Th(x) = x when x > 0, otherwise Th(x) =0

The output from the threshold operator or the amount of
neurotransmitter is then fed into Hgw to yield the output or
change in HR and is also fed into Hgg to yield the feedback
signal of presynaptic as-adrenergic autoinhibition. Since we
administered clonidine ~15 min before sympathetic nerve
stimulation, the effect of clonidine should have reached the
steady state at the time of sympathetic nerve stimulation.
Accordingly, we treated the pharmacologic augmentation of
the presynaptic inhibition as a constant input. The magnitude
of pharmacologic augmentation of the presynaptic inhibition
was set arbitrarily to 0.5 to mimic the results of higher dose
clonidine in protocol 2. The simulation was conducted using
Matlab Simulink (The Mathworks, Natick, MA).

Yohimbine administration corresponds to severing the feed-
back path, i.e., setting Hgg = 0 in the simulation. Under this
condition, the transfer function from the input to output be-
comes Hpw. Therefore, we modeled Hew using the second-
order, low-pass filter with pure dead time (Eg. 3) with the
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Fig. 6. Possible theoretical expl for the differential effects of presyn-

aptic az-adrenergic autoinhibition and pharmacologic augmentation of presyn-
apu: uradmmglc inhibition on the HR response to sympathetic nerve
lation model for the HR step response to a step input in

the sympuheuc nerve activity. pr transfer function of the forward path;
Hew, transfer function of the feedback path; Th, a threshold (see main
text for detanils). B: simulation results under conditions of no presynaptic
inhibition (dash-dot line; Hem = 0 and ph | -;-- g1 1 of pre-
synaptic inhibition = 0, corresy to the y i 1 con-
dition), functional presynaptic uradrenergj: aulom]ub-:lwn (solid ].me Hn -
Hyw and pharmacologic nl.lgmenlxhun of puyuq:uc m['ubltmn = D corre-
sponding to the cunlm! fition), and fi

plus ph il  of the pmynapw: m.luhmnn
(dotted line; Hiw = Hew md phlmwologtc g of p
inhibition = 0.5, corresponding to the higher-dose clonidine ccndmon) T‘bc
presynaptic az-adrenergic autoinhibition does not attenuate the initial slope of
the step response. In contrast, the ph ! ion of the presyn-
aptic inhibition attenuates the initial slope of the slcp response.

settings of fy = 0.055, { = 1.55, and L = 0.94 (Table 2,
yohinbine). The gain was set at unity for simplicity. With this
setting, we calculated the output response to the unil step
input without the presynaptic inhibition (Fig. 6B, dash-dot
line, corresponding to the yohimbine condition). The initial
slope of the response, calculated from the linear regression
analysis described in the method section, was (0.0763 arbi-
trary units (AU)/s. Next, we set Hgg = Hegw and performed
a simulation of the condition with the presynaptic o»-
adrenergic autoinhibition (Fig. 6B, solid line, corresponding
to the control condition). The presynaptic az-adrenergic
autoinhibition attenuates the steady-state response without
significantly affecting the initial slope of the response
(0.0695 AU/s). Finally, we set the pharmacologic augmen-
tation of the presynaptic inhibition to 0.5 on top of the
functioning Heg. The simulation result (Fig. 6B, dotted line,
corresponding to the higher dose clonidine condition) dem-
onstrates that pharmacologic augmentation of the presynap-
tic inhibition attenuates the steady-state response accompa-
nied by a reduction in the initial slope of the response
(0.0346 AU/s).

DISCUSSION

We compared the blockade and activation of the presynaptic
a-adrenergic receptors and found a difference between the

AJP-Heart Circ Physiol « VOL 295 «
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presynaptic as-adrenergic autoinhibition and the pharmaco-
logic augmentation of the presynaptic inhibition in terms of HR
response to sympathetic nerve stimulation. The presynaptic
oz-adrenergic autoinhibition showed a limiter-like operation
that restricts the steady-state response without affecting the
initial slope of the response. In contrast, the pharmacologic
augmentation of presynaptic inhibition showed an aitenuator-
like operation that reduces both the steady-state response and
the initial slope of the response.

Comparison of Blocking and Activating the Presynaptic
az-Adrenergic Receptors

Although the presynaptic s-adrenergic negative feedback
has been known to attenuate the NE release and HR response
to sympathetic nerve stimulation (9, 21, 26, 27, 29, 30, 31), the
dynamic nature of the negative feedback remained to be
elucidated. As shown in Fig. 2C, the blockade of «»-adrenergic
receptors by yohimbine increased the steady-state response
without significantly affecting the initial slope of the HR step
response (Table 2). That is to say, the presynaptic o;-adrener-
gic autoinhibition of the presynaptic inhibition attenuates the
steady-state response without sacrificing the rising speed of HR
response to sympathetic nerve stimulation under control con-
dition. These characteristics of the presynaptic «g-adrenergic
autoinhibition conform to the limiter-like operation shown in
Fig. 1A. In contrast, pharmacologic augmentation of the pre-
synaptic inhibition by higher dose clonidine reduced the
steady-state response accompanied by a decrease in the initial
slope of the HR step response (Fig. 3C). The ratio of the
steady-state response to the initial slope was not changed
significantly by higher dose clonidine (Table 4), suggesting
that attenuation of the initial slope was proportional to that of
the steady-state response. These characteristics of the pharma-
cologic augmentation of the presynaptic inhibition conform to
the attenuator-like operation shown in Fig. 1B, Rapid effector
response is one of the most important hallmarks of neural
regulation compared with humoral regulation. The findings of
the present study suggest that presynaptic az-adrenergic auto-
inhibition, but not pharmacologic augmentation of the presyn-
aptic a-adrenergic inhibition, prevents excess NE outflow at
the sympathetic nerve terminals without compromising the
rapidity of effector response. The simulation results suggest
that the initial slope of the response decreases when presynap-
tic inhibition occurs, independent of the negative feedback
mechanism (Fig. 68). On the other hand, the initial slope of the
response does not decrease significantly when the presynaptic
inhibition occurs through the negative feedback mechanism.

ay-Adrenergic receptors are classified as aaa-, agp-, and
aac-subtypes based on gene encodings (26). Furthermore, the
different ligand binding characteristics of the asa-subtype give
rise to the pharmacological subtype of @24 in humans, rabbits,
and pigs and that of app in rats, mice, and guinea pigs (26). The
a4 and azp may be considered as “orthologous™ az-receptors,
with only one being present in any given species (27). In the
sympathetic nerve, aaa- and axc-receptors operate as presyn-
aptic inhibitory autoreceptors, whereas czp-receptors are lo-
cated on postsynaptic cells to mediate the effects of catechol-
amine, such as vasoconstriction (26). In tissue slices from
mouse atria, aza-receptors inhibit NE release from sympathetic
nerves primarily at high-stimulation rates (1-2 Hz), whereas
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(ac-receptors can operate at very low stimulation rates (0.05-
0.1 Hz) (10). Because aa-receptors in the rabbit heart are
characterized as aa, changes in the transfer function from
sympathetic nerve stimulation to HR response observed in the
present study are most likely mediated by aza-receplors.

Clonidine administration (5 pg/kg bolus followed by 30
pg kg~ '-h~! iv) attenuated the sympathetic outflow from the
central nervous system in rabbits (35). However, lower dose
clonidine at 0.3 mg-kg~'-h " failed to significantly affect the
steady-state response or the initial slope of the HR step re-
sponse in the present study (Fig. 3B, Table 4), suggesting a
difference in clonidine sensitivity between the central and
peripheral sympathetic nervous systems. Another factor that
should be taken into account is the operating range of the HR
control (i.e., mean HR during dynamic sympathetic stimula-
tion). As an example, tonic vagal stimulation decreased mean
HR during dynamic sympathetic stimulation, which increased
the dynamic gain of sympathetic HR control via nonlinear
sigmoidal input-output nature between autonomic activities
and HR (12, 13). Therefore, the decrease in the mean HR
during lower dose clonidine, although it was statistically in-
significant (Table 3), should have an effect of increasing the
dynamic gain of the sympathetic HR control. Such an effect
might have counterbalanced the effect of reducing the dynamic
gain via presynaptic inhibition during the lower dose clonidine
administration. Although higher dose clonidine decreased
mean HR before and during sympathetic nerve stimulation,
mean AP did not decrease compared with lower dose clonidine
(Table 3). The discrepancy between the changes in mean HR
and AP may be due to direct vasoconstriction by higher dose
clonidine through a-adrenergic stimulation.

Transfer Function Analysis vs. Step Response Analysis

In a previous study, our laboratory performed a transfer
function analysis on the sympathetic HR control using a binary
white noise signal (12, 23). The transfer function is a frequency-
domain representation of the system dynamic characteristics
over a wide frequency range and is useful for understanding the
behavior of the system in response to a variety of input signals
(3, 7, 21). Notwithstanding the theoretical advantages of the
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transfer function, the frequency-domain representation may be
somewhat unfamiliar to most physiologists. Therefore, we
calculated the step responses corresponding to the transfer
functions. As can be seen in Figs. 2, B and C and 3, B and C,
changes in transfer function in the lower frequency range
reflect the steady-state response in the step response. Changes
in transfer function in the higher frequency reflect the initial
transient response in the step response. Because the step
response and the transfer function are mathematically inter-
changeable, both the transfer function and the step response
provide comparable information on the system dynamic char-
acteristics.

In a previous study, our laboratory has shown that increasing
mean stimulus rate of the Gaussian white noise decreased the
steady-state gain of the transfer function from sympathetic
nerve stimulation to HR without affecting the natural fre-
quency or damping coefficient significantly (23). Increasing
the stimulus rate of the binary white noise signal also caused an
approximately parallel downward shift in the gain plot (Fig.
4B). The transfer function parameters, however, showed a
decrease in the natural frequency and an increase in the
damping coefficient (Table 6). The higher natural frequency in
Bing.; than in Bing.s condition may account for the higher
natural frequency in protocol 1 (Bing.; was used for sympa-
thetic stimulation) than in protocol 2 (Bing.s was used for
sympathetic stimulation) observed under control conditions.
Notwithstanding the differences in the natural frequency and
the damping coefficient, the ratio of the step response to the
initial slope was not changed significantly by the difference in
the stimulus rate of the binary white noise signal. Therefore,
yohimbine-induced changes in the ratio of the step response to
the initial slope observed in protocol | (Table 1) cannot be
explained by changes in the magnitude of sympathetic effect
on HR.

Limitations

The present study has several limitations, First, we per-
formed the experiment under anesthetic conditions. However,
because we compared the effects of yohimbine and clonidine
on the sympathetic HR control under the same anesthetic
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condition, the interpretation of the observed changes in the
transfer function may be reasonable. Second, the simulation
model in Fig. 64 is not the only model that can be applied to
the observed results. Although the model is convenient to
explain many aspects of the observed results, other models
may also be applicable to the present observation. Third,
clonidine can affect HR through non-az-adrenergic mecha-
nisms. For instance, clonidine caused bradycardia in &zapc-
knockout mouse via direct inhibition of cardiac hyperpolariza-
tion-activated cyclic nucleotide-gated pacemaker channels
(16). While we tried to use medetomidine instead of clonidine,
medetomidine did not attenuate myocardial interstitial NE
release in response to sympathetic nerve stimulation signifi-
cantly, at least, at the same dose as clonidine (Fig. 5). Further
studies using other agonists might be required to confirm our
observations. Finally, we used a weak stimulus rate (0 to |
Hz) for the yohimbine protocol. Although we had examined
the effect of yohimbine using a strong stimulus rate (0-5
Hz) in a preliminary study, the steady-state gain of the
transfer function did not increase much (8.4 = 1.7 vs. 9.0 =
1.7 beats*min~—'+Hz ™!, n = 3). Under such strong stimulus
condition, the saturation of HR response might have masked
the effect of presynaptic inhibition. Therefore, the result of
protocol | should be carefully interpreted in view of the
existence of a stimulus rate-drug interaction effect.

Conclusions

The presynaptic az-adrenergic autoinhibition attenuates the
dynamic HR response to sympathetic nerve stimulation in the
low-frequency range (0.004-0.04 Hz) but not in the high-
frequency range (0.05-0.15 Hz). In the time domain, the
presynaptic cz-adrenergic autoinhibition attenuates the steady-
state response without affecting the slope of the response in the
HR step response (a limiter-like operation). In contrast, phar-
macologic augmentation of presynaptic a-adrenergic inhibi-
tion attenuates the dynamic HR response to sympathetic nerve
stimulation in a frequency-independent manner. In the time
domain, pharmacologic augmentation of the presynaptic inhi-
bition attenuates not only the steady-state response but also the
initial slope of the HR step response (an attenuator-like oper-
ation). Presynaptic az-adrenergic autoinhibition would be fa-
vorable for limiting excess NE outflow at the sympathetic
nerve terminals without compromising the rapidity of effector
response.

APPENDIX
Mathematical Modeling of the Sympathetic HR Response

To describe the estimated transfer function, we used a second-
order, low-pass filter with pure dead time (L), Figure 7A shows the
frequency response of a second-order, low-pass filter with L. Figure
7B shows the corresponding step response. The step response is
calculated for 1-Hz sympathetic nerve stimulation. The steady-state
gain (K) of the transfer function represents the value of transfer gain
as the frequency approaches zero. The K corresponds to the steady-
state response in the step-response representation. The natural fre-
quency (fw) determines the upper frequency limit of the low-pass
filter. For instance, if the fi; were 10 times higher, the frequency axis
in Fig. 7A would have to be scaled by a factor of 10, indicating that
the system could respond to 10-fold higher frequency input. The phase
plot in Fig. 7A indicates that, at the fi. the output is delayed by m/2
radians relative to the input, in the absence of the L. The maximum
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phase delay of the second-order, low-pass filter is = radians in the
absence of L. The L is needed to account for the phase difference
between the estimated transfer function and the second-order, low-
pass filter. In Fig. 7B, the L comesponds to the time difference
between the onset of the step input and the onset of the response. The
damping coefficient ({) characterizes the system response around the
fu. As an example, the gain plot shows a slight peak around fi when
{ = 0.5 (dotted line). Figure 78 shows that a { of .5 causes an initial
overshoot in response to a step change in the input. A system with [ <
1 is called underdamped. On the other hand, the gain plot shows more
gradual decrease around fix when { = 3 (fine solid line). Figure 78
shows that the system responds sluggishly when { = 3. A system with
{ > | is called overdamped. A system with { = 1 is called critically
damped (dash-dot line). The [ of the estimated transfer functions
ranged from 1.55 to 1.72 in the present study, indicating that the
sympathetic HR control system is overdamped. The solid line repre-
sents the second-order, low-pass filter with { = 1.64 and L = 0.82 that
is derived from the mean value obtained under control condition in
protocol 1.
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ARTICLE INFO ABSTRACT

Article history: Aims: To evaluate vagal stimulation-mediated myocardial protection against ischemia and reperfusion in in
Received 19 May 2008 vivo ischemic myocardium.

Accepted 23 July 2008 Main merhods Wc measured rnyocardla! interstitial myoglobin levels in the ischemic region using a cardiac
P micl tech in hetized and vagotomized cats. We occluded the left anterior descending coronary
.;Dfn,,m'mr_., occlusion artery (MDJ for 60 min and reperfused it for 80 min (VX group, n=6). The effects of bilateral vagal sumulation
Cardiac microdialysis 10V, 5 Hz, 1-ms pulse duration), inidated immediately after LAD occlusion, were examined (VS group, n=6). To
Cats examine the involvement of phosphatidylinositol 3-kinase (PI13K), vagal stimulanon was performed after

pretreatment with a PI3K inhibitor wortmannin (0.6 mgfkg, i.v.) (V5-W group, n =), To examine the contnibution
of bradycardia, vagal stimulation was performed with fixed-rate ventricular pacing (VS-P group, n=6).
Key findings: The average myoglobin level during the ischemic period was 11704 141 in VX (in ng/ml, mean+SE),
which was significantly attenuated in VS (466 87, P<0.05) and VS-W (6134124, P<0.05) but not in VS-P (953
203). Reperfusion increased the myogilobin level to 2500 4 544 in VX, whereas it was suppressed in VS (824 2213,
P=0.05) and V5-W (948 £315, P<0.05) but not in V5-P (17102253 ).
Significance: Vagal stimulation, initiated immediately after LAD occlusion, attenuated the myocardial injury.
Moreover, bradycardia, independent of PI3K pathway, plays a significant role in vagally induced cardioprotection
during acute myocardial ischemia.

© 2008 Elsevier Inc. All rights reserved.

Introduction In a previous study, we demonstrated that efferent vagal stimula-

tion nearly halved the increase in myocardial interstitial norepinephr-
An increase in parasympathetic tone can provide cardioprotection  ine levels in the ischemic region of the feline ventricle (Kawada et al.,
against acute myocardial ischemia and infarction via the direct effects of 2006). Whether vagal stimulation can reduce myocardial damage in
acetylcholine (ACh) on the ischemic myocardium and the indirecteffects  the ischemic region, however, has yet ta be directly examined. To test
mediated by altered hemodynamics. For the direct effects, administra-  the hypothesis that vagal stimulation reduces myocardial injury in the
tion of ACh prior to a coronary artery occlusion reduces the infarct size in ischemic region, we measured myocardial interstitial myoglobin
isolated, perfused rabbit heart (Qin et al., 2003). Phosphatidylinositol 3-  |evels during acute myocardial ischemia and reperfusion with or
kinase (PI3K) i1s thought to be an upstream enzyme in the signal  without efferent vagal stimulation in anesthetized cats. We examined
transduction pathway for the ACh-induced, ischemic preconditioning  possible involvement of the PI3K signaling pathway using vagal
mimetic effect (Qin et al,, 2003; Oldenburg et al., 2003). For the indirect  stimulation and pretreatment with a PI3K inhibitor wortmannin, We
effects, vagal stimulation reduces myocardial oxygen consumption due 3150 examined the contribution of bradycardia using vagal stimulation
o bradycardia (Sammel et al, 1983) and also decreases ventricular and fixed-rate ventricular pacing.
contractility via antagonism of the sympathetic effect (Nakayama et al,
2001}, Vagal stimulation can also dilate the coronary artery (Feigl, 1969; Materials and methods
Reid et al., 1985; Feliciano and Henning. 1998; Henning and Sawmiller,
2001), which may increase collateral flow into the ischemic region. Surgical preparation
* Corresponding author. Department of Cardiovascular Dynamics, National Cardio- . . : . ™~ : e
vascular E:nter Rgescarrh lnsL:::rte 5-7-1 Fujishirodal. Sul?: Osaka 565-8565, Japan. _Animal care was provided in strict accordance with the IC'“d_“_'TS
Tel- +81 6 6833 5012x2427: fax: +81 6 6835 5403, Principles for the Care and Use of Animals in the Field of Physiological
E-mal address: torukawa@res.ncve.gop (T. Kawada). Sciences approved by the Physiological Society of Japan. Adult cats

0024-3205/% - see front matter © 2008 Elsevier Inc. All nights reserved.
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weighing berween 2.3 and 4.2 kg were anesthetized with an
intraperitoneal injection of pentobarbital sodium (30-35 mg/kg) and
ventilated mechanically with room air mixed with oxygen. The depth
of anesthesia was maintained with a continuous intravenous infusion
of pentobarbital sodium (1-2 mg kg™ h™ ') through a catheter inserted
into the right femoral vein. Systemic arterial pressure (AP) was
monitored from a catheter inserted into the right femoral artery. The
heart rate (HR) was determined from an electrocardiogram using a
cardiotachometer. The esophageal temperature of the animal was
measured using a thermometer (CTM-303, TERUMO, Japan) and was
maintained at approximately 37 "C using a heated pad and a lamp.

Bilateral vagal nerves were exposed and sectioned through a
midline cervical incision, With the animal in the lateral position, the
left fifth and sixth ribs were resected to allow access to the heart. The
heart was suspended in a pericardial cradle. Using a fine guiding
needle, a dialysis probe was implanted into the anterolateral free wall
of the left ventricle perfused by the left anterior descending coronary
artery (LAD) (Akiyama et al, 1994). A 3-0 silk suture was passed
around the LAD just distal to the first diagonal branch for subsequent
coronary occlusion. For bilateral vagal stimulation, a pair of bipolar
platinum electrodes was attached to the cardiac end of each sectioned
vagal nerve. The nerves and electrodes were covered with warmed
mineral oil for insulation. Heparin sodium (100 U/kg) was adminis-
tered intravenously to prevent blood coagulation. At the end of the
experiment, the animals were killed with an overdose of intravenous
pentobarbital sodium. We confirmed that the semipermeable mem-
brane of the dialysis probe had been implanted within the left
ventricular myocardium.

Dialysis technique

The materials and properties of the transverse dialysis probe have
been previously described (Kitagawa et al., 2005). Briefly, both ends of a
dialysis fiber (length, 8 mm; outer diameter, 215 pm; inner diameter,
175 pm; pore size, 300 A; Evaflux type 5A. Kuraray Medical, Japan) were
glued to polyethylene tubes (length, 25 cm: outer diameter, 500 um:
inner diameter, 200 pm). The dialysis probe was perfused with Ringer's
solution at the rate of 5 pl/min using a microinfusion pump (CMA/100,
Carnegie Medicine). Dialysate sampling was initiated 2 h after
implanting the dialysis probe, at which point the concentration of
myoglobin in the dialysate had reached a steady state (Kitagawa et al.,
2005). The actual dialysate sampling peniod lagged behind a given
collection period by 2 min due to the dead space volume between
the dialysis membrane and the sample tube. The concentration
of myoglobin in the dialysate was measured immunochemically
(Cardiac Reader, Roche Diagnostics). The detection limit for myoglobin
was 30 ng/mL The sample was diluted in Ringer’s solution whenever
necessary and the concentration was corrected for the dilution factor.

Protocols

Protocol 1 (VX group, n=6)

As a control group, we measured changes in the myocardial interstitial
myoglobin levels of vagotomized cats subjected to 60 min of LAD
occlusion followed by 60 min of reperfusion. After collecting a 15-min
baseline dialysate sample, we occluded the LAD for 60 min and collected
four consecutive 15-min dialysate samples during the ischemic period.
We then released the occlusion and collected additional four consecutive
15-min dialysate samples during the 60-min reperfusion period.

Protocol 2 (VS group, n=6)

We examined the effects of bilateral vagal stimulation on the
release of myocardial interstitial myoglobin. To avoid the potential
preconditioning mimetic effects of ACh released in response to the
vagal stimulation (Kawada et al,, 2002; Przyklenk and Kloner, 1995),
we initiated bilateral vagal stimulation (5 Hz, 10 V, 1-ms pulse

duration) immediately after the LAD occlusion and continued it
throughout the 60-min ischemic period and the 60-min reperfusion
period. Dialysate samples were collected in the same manner
described for Protocol 1.

Protocol 3 (V5-W group, n=6)

Because PI3K is involved in the direct cardioprotective effects of
ACh (Qin et al, 2003; Oldenburg et al., 2003), we examined the
contribution of PI3K to the effects of vagal stimulation on ischemia-
induced myocardial injury. A PI3K inhibitor wortmannin was
administered (0.6 mg/kg Lv. bolus) 15 min before the onset of the
baseline dialysate sampling. After collecting the baseline dialysate
sample, LAD occlusion and reperfusion were each performed for
60 min. Bilateral vagal stimulation was started immediately after the
LAD occlusion and was continued until the end of the reperfusion
period, Dialysate samples were collected as described in Protocol 1.

Protocol 4 (VS-P group, n=6)

Because bradycardia is a major hemodynamic change induced by
vagal stimulation, we examined the contribution of bradycardia to the
effects of vagal stimulation on ischemia-induced myocardial injury.
After collecting the baseline dialysate sample, LAD occlusion and
reperfusion were each performed for 60 min. Bilateral vagal stimula-
tion and fixed-rate ventricular pacing (200 beats/min) were both
started immediately after the LAD occlusion and were continued
throughout the ischemic and reperfusion periods. Dialysate samples
were collected as described in Protocol 1.

Statistical analysis

All data are presented as the means and SE. To examine the effects
of coronary occlusion and reperfusion on the myocardial interstitial
myoglobin levels in each group, we compared the myoglobin levels
during the ischemic and reperfusion periods with the baseline level
(eight comparisons) and the myoglobin levels during the reperfusion
period with the myoglobin level during the last 15 min of ischemia
(four comparisons) using Holm's t test for 12 comparisons (Glantz,
2002). Briefly, after calculating P values for the 12 comparisons using
paired-t test, the P values were sorted based on their size. The smallest
P value was multiplied by 12 (the number of total comparisons), the
next smallest P value was multiplied by 11 (the number of total
comparisons minus 1), and so on. The Holm's test is less conservative
than the ordinary Bonferroni method. Because the myoglobin level
changed by more than an order of magnitude, comparisons were
made after a logarithmic conversion. Differences were considered
significant at P<0.05.

To compare myoglobin levels among the VX, VS, VS-W and VS-P
groups, we used one-way ANOVA (analysis of variance). When there
were significant differences among the groups, Dunnett’s test was
applied to examine the differences between the VS, VS-W, or VS-P
group and the VX group (Glantz, 2002). The myoglobin levels at
different time points as well as averaged myoglobin levels during the
ischemic period, reperfusion period, and total period throughout
ischemia and reperfusion were compared. Differences were consid-
ered significant at P<0.05.

HR and mean AP were measured immediately before the LAD
occlusion (denoted as time 0), at 15, 30, 45 and 60 min of ischemia and
at 15, 30, 45 and 60 min of reperfusion. The data for the HR and mean
AP were compared among the VX, VS, V5-W, and VS-P groups using
one-way ANOVA followed by Dunnett's test with the VX group value
as the control. Differences were considered significant at P<0.05.

Results

Changes in the myocardial interstitial myoglobin levels are
summarized in Fig. 1. In the VX group, the LAD occlusion significantly




