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2007; doi:10.1152/ajpheart.00368.2007.—Vagal control of heart rate
(HR) is mediated by direct and indirect actions of ACh. Direct action
of ACh activates the muscarinic K* (Kacn) channels, whereas indi-
rect action inhibits adenylyl cyclase. The role of the Kach channels in
the overall picture of vagal HR control remains to be elucidated. We
examined the role of the Kach channels in the transfer characteristics
of the HR response to vagal stimulation. In nine anesthetized sino-
aortic-denerved and vagotomized rabbits, the vagal nerve was stimu-
lated with a binary white-noise signal (0~10 Hz) for examination of
the dynamic characteristic and in a step-wise manner (5, 10, 15, and
20 Hz/min) for examination of the static characteristic. The dynamic
transfer function from vagal stimulation to HR approximated a first-
order, low-pass filter with a lag time. Tertiapin, a selective Kacn
channel blocker (30 nmol/kg iv), significantly decreased the dynamic
gain from 5.0 = 1.2 to 2.0 = 0.6 (mean * SD) beats-min~'-Hz™!
(P < 0.01) and the corner frequency from 0.25 * 0.03 to 0.06 + 0.01
Hz (P < 0.01) without changing the lag time (0.37 * 0.04 vs. 0.39 +
0.05 s). Moreover, tertiapin significantly attenuated the vagal stimu-
lation-induced HR decrease by 46 *= 21, 58 * 18, 65 * 15, and 68 *
11% at stimulus frequencies of 5, 10, 15, and 20 Hz, respectively. We
conclude that Kach channels contribute to a rapid HR change and to
a larger decrease in the steady-state HR in response to more potent
tonic vagal stimulation.
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VAGAL CONTROL OF HEART RATE (HR) is mediated by a cascade
reaction to ACh release. ACh binds to M, muscarinic receptors
and, consequently, decreases HR. However, the pathway is not
simple; two different pathways mediate the ACh-induced HR
decrease. The M, muscarinic receptors activate heterotrimeric
Gi and/or G, proteins in cardiac myocytes (18); the action of
ACh is determined by the G; protein subunits. Via a direct
pathway, a G; protein B+y-subunit activates inwardly rectifying
muscarinic K* (Kacn) channels in the sinoatrial node cells (11,
28, 35); Kacn channels then exert a negative chronotropic
effect by hyperpolarizing the sinoatrial node cells. On the other
hand, via an indirect pathway, a G; protein a-subunit sup-
presses adenylyl cyclase (12, 32); the suppression of adenylyl
cyclase then decreases HR by inhibiting inward currents in the
sinoatrial node cells, which are activated by cAMP or cAMP-
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dependent protein kinase. However, functional roles of the
direct and indirect actions of ACh are not fully understood in
the overall picture of vagal control of HR.

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

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

MATERIALS AND METHODS

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

Experimental procedures. The pulse duration of nerve stimulation
was set at 2 ms. The stimulation amplitude of the right vagus was
adjusted to yield an HR decrease of ~50 beats/min at a stimulation
frequency of 10 Hz. After this adjustment, the amplitude of vagal
stimulation was fixed at 1.8-6.0 V. Initiation of vagal nerve stimu-
lation over 1 h upon completion of surgical preparations allowed
stable hemodynamics. A preliminary examination indicated that the
response of HR to vagal stimulation was stable for up to 3 h in our
experimental settings (10 min of dynamic vagal stimulation at 50-min
intervals; data not shown).

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

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

The dynamic and static transfer functions from vagal stimulation to
HR response were estimated under control and Kacn channel block-
ade conditions. After the control data were recorded, a bolus injection
(30 nmol/kg iv) of a selective K ach channel'blocker, tertiapin (Peptide
Institute, Osaka, Japan), was administered, and vagal stimulation
protocols were repeated 15 min thereafter. The control data were
obtained first in all animals, because the long-lasting (>2 h) effects of
tertiapin (data not shown) did not permit the subsequent acquisition of
control data. A >5-min interval between dynamic and step-wise
stimulation protocols confirmed that AP and HR returned to baseline
levels. Dynamic and step-wise vagal stimulation protocols were ran-
domly assigned under control and Kacr channel blockade conditions.

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

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

Sn-ur(f)
Sw-n(f)

The transfer function from vagal stimulation to HR response
approximated a first-order, low-pass filter with a lag time in previous
studies (14, 21-24); therefore, the estimated transfer function was
parameterized as follows

H(f) = 0))

H(f) = —5_ oo )

L
fe
where K represents the dynamic gain (or, more precisely, the steady-
state gain, in beats-min~'-Hz™"), f. denotes the comer frequency (in
Hz), L denotes the lag time (in s), and f and j represent frequency and
the imaginary unit, respectively. The negative sign in the numerator
indicates the negative HR response to vagal stimulation. The steady-
state gain indicates the asymptotic value of the relative amplitude of
the HR response to vagal nerve stimulation obtained in the frequency
of input modulation approaching zero. The corner frequency repre-
sents the frequency of input modulation at which gain decreases by 3
dB from the steady-state gain in the frequency domain and reflects the
readiness of the HR response for vagal stimulation in the time domain.
The dynamic gain, corner frequency, and lag time were estimated by
an iterative nonlinear least-squares regression. The phase shift of the
transfer function indicates, with respect to the input signal, a lag or
lead in the output signal normalized by its corresponding frequency of
input modulation.
To quantify the linear dependence of the HR response on vagal
stimulation, the magnitude-squared coherence function [Coh(f)] was
estimated as follows (1, 20)

|SN~HR(f)|2
COh(f) B SN-N(f)'SHR~HR(f) )

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

To facilitate the intuitive understanding of the system dynamic
characteristics, we calculated the system step response of HR to 1-Hz
nerve stimulation as follows. The system impulse response 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 s. We calculated
the maximum step response by averaging the last 10 s of the step
response. The 90% rise time of the step response was determined as
the time required for the response to reach 90% of the maximum step
response. The time constant of the step response was calculated from
the comer frequency of the corresponding transfer function as follows

1
2-mw-fc

time constant =

)

where the time constant is related inversely to the corner frequency
without influence of the lag time.

« SEPTEMBER 2007 - www.ajpheart.org



H1566

The static transfer function from step-wise vagal stimulation to HR
was estimated by averaging the HR data during the final 10 s of the
60-s stimulation at each stimulation frequency.

Statistical analysis. Values are means = SD. Student’s paired -test
was used to test differences in fitted parameters and caiculated step
response between control and Kacn channel blockade conditions. For
hemodynamic parameters, a two-way ANOVA, with drug and vagal
stimulation as the main effects, was used to determine significant
differences. For percent reduction from the control conditions in each
parameter, one-way ANOVA was used to determine significant dif-
ferences. P < 0.05 was considered significant.
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Fig. 1. A: representative recordings of heart rate
(HR) obtained utilizing binary white-noise vagal
stimulation (top) and corresponding vagal stimula-
tion (VS, bottom). Traces were recorded before
(control, leff) and after tertiapin infusion (30
nmol/kg iv) for muscarinic K* (Kacn) channel
blockade (right). Insets: power spectra of each
parameter. Tertiapin attenuated amplitude of HR
variation and speed of response of HR to vagal
stimulation. B: dynamic transfer function relating
vagal stimulation to HR responses averaged from
all animals (pooled data, n = 9). Top: gains;
middle: phase shifts; bottom: coherence (Coh) func-
tions. Frequency on abscissa (gain and phase) in-
dicates frequency of input modulation, rather than
stimulation frequency. C: calculated step response
to 1-Hz tonic vagal stimulation averaged from all
animals (pooled data, n = 9). Solid lines, means;
dashed lines, SD. Thin line, control; thick line,
Kacn channel blockade with tertiapin (30 nmol/kg
iv). Tertiapin decreased transfer gain and increased
phase shift with increasing frequency, and tertiapin
decreased maximum step response and slowed ini-
tial step response.
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RESULTS

Dynamic characteristics. Figure 1A shows typical record-
ings and corresponding power spectra of vagal stimulation and
HR response under control and Kacr channel blockade condi-
tions. Random vagal stimulation decreased HR intermittently.
Tertiapin-mediated Kacp channel blockade attenuated the am-
plitude of the variation and the speed of the HR response to
vagal stimulation. In the power spectral plot, tertiapin de-
creased the HR power. The decrease in the HR power was
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Table 1. Effects of tertiapin infusion on AP and HR before
and during dynamic vagal stimulation

Control Tertiapin
AP, mmHg
Before stimulation 82.4+20.5 77.6%20.7
During stimulation 779200 74.8*18.6
HR, beats/min
Before stimulation 247.3x24.7 248.1+32.7
During stimulation 212.4x223 231.1%25.9

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

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

Table 1 summarizes the mean values of AP and HR before
and during vagal stimulation averaged from all animals. Dy-
namic vagal stimulation significantly decreased the mean HR
(P < 0.01), but not the mean AP. Tertiapin did not significantly
affect mean AP or HR before or during stimulation.

Figure 1B illustrates the dynamic transfer functions charac-
terizing the vagal HR response averaged from all animals
under control and tertiapin-mediated Kacn channel blockade
conditions. Gain plots, phase plots, and coherence functions
are shown. Tertiapin attenuated the dynamic gain compared
with the control conditions; the extent of the atienuation was
greater in-the higher frequency range: 63.0 = 11.6, 74.4 * 8.3,
93.0 * 2.5, and 93.3 * 3.9% at 0.01. 0.1, 0.5, and 1 Hz,
respectively, as normalized to the control condition (P < 0.01
by ANOVA). The peak in the gain at 0.6 Hz observed during
tertiapin-mediated Katp channel blockade would be caused by
the artificial respiration (respiratory rate = 35-40 min~'),
because the low coherence value (~0.1) at 0.6 Hz indicates the
independence of the input and output signals. This peak was
masked by the large HR response to vagal stimulation under
the control condition. The phase approached 7 radians at the
lowest frequency and lagged with increasing frequency under
the control condition; tertiapin caused the phase difference
between the two conditions in the frequency range of 0.03-0.7
Hz, which disappeared at 1 Hz. The fitted parameters of the
transfer functions are summarized in Table 2. Tertiapin signif-
icantly decreased the dynamic gain and the corner frequency
without changing the lag time. Coherence was near unity in the
overall frequency range in the contro} condition, whereas a
decrease in the coherence function from unity was noted at
>0.6 Hz with Kacp channel blockade.

Figure 1C shows the calculated step response of HR to vagal
stimulation averaged from all animals in the control condition
and during Kacn channel blockade. Tertiapin slowed the tran-
sient response (time constants = 0.6 + 0.1t02.7 = 0.5s, P <
0.01) and attenuated the HR response to vagal stimulation
(maximum step response = —45 £ 12t —1.8 * 06
beats/min, P < 0.01) in the time domain. Furthermore, tertia-
pin significantly delayed the 90% rise time of the step re-
sponse, which was calculated as an index of system readiness
(1.6 = 051050 * 145, P <0.01).

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

Figure 2B summarizes changes in HR in response to step-
wise vagal stimulation. The step-wise vagal stimulation signif-
icantly decreased HR with increasing stimulus frequency under
both conditions. Tertiapin significantly attenuated the static
reductions of HR. The attenuation of HR reduction normalized
to control conditions increased with increasing stimulus fre-
quency: 45.8 = 21.3, 582 = 17.9, 64.7 = 14.6, and 68.0 £
11.4% at 5, 10, 15, and 20 Hz, respectively (P < 0.05 by
ANOVA).

B-Adrenergic blockade protocol. In the supplemental proto-
col (n = 3) with B-adrenergic blockade, tertiapin decreased the
dynamic gain from 2.4 * 0.6t0 1.3 = 0.5 beats-min~'-Hz ™"
and the corner frequency from 0.23 = 0.05 to 0.06 = 0.02 Hz
without changing the lag time (0.36 = 0.01 vs. 0.43 = 0.00 s).
In terms of the static characteristics, tertiapin significantly
attenuated the vagal stimulation-induced HR decrease by 43 %
10, 50 = 8, 56 = 7, and 61 * 8% at stimulus frequencies of
5, 10, 15, and 20 Hz, respectively.

DISCUSSION

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

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

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

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

Contro! Teniapin
Dynamic gain, beats-min~'-Hz™} 5.0*1.2 2.0+0.6%
Comer frequency, Hz 0.25+0.03 0.06+0.01*
Lag time, s 0.37*0.04 0.39+0.05

Values are means * SD. Tertiapin was infused at 30 nmol/kg iv. *P < 0.01
vs. corresponding control.
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Fig. 2. A: representative recordings of HR (rop) and corre-
sponding vagal stimulation (bottom) obtained utilizing a step-
wise stimulation. Traces were recorded before (control, leff)
and after tertiapin infusion (30 nmol/kg iv) for Kacn channel B
blockade (right). Kacn channel blockade attenuated ampli-
tude of HR variation to tonic vagal stimulation. B: static
transfer function relating step-wise vagal stimulation to HR 0
responses averaged from all animals (pooled data, n = 9).
Basal HR was not different between control and K acn channel
blockade (see Table 1). Kach channel blockade decreases
static HR response, and static reductions in bradycardic effect -20
were greater at higher stimulation frequencies.
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gated inwardly rectifying potassium (GIRK) channel family
subunit GIRK4, which is a component of Kacn channels (5,
16), Wickman et al. (33) indicated that the spectral power of
HR was lower at 1.5-5.0 Hz, which is predominantly vagally
mediated, but not at <0.4 Hz, in GIRK4-knockout than in
wild-type mice. Another study using transgenic mice with a
reduction in functional By-subunits of the G; proteins also
showed impaired vagal HR control, such as reductions in
carbachol-induced bradycardia, HR variability, and baroreflex
sensitivity (8). In the present study, tertiapin significantly
attenuated the dynamic gain compared with the control condi-
tions in the frequency bands from 0.01 to 1 Hz; the extent of
the decreases in dynamic gain was augmented with increasing
frequency of input modulation. This finding also supports the
notion that Kach channels play a large part as a rapid compo-
nent of vagal control of HR. Furthermore, increased phase shift
due to tertiapin in the higher frequency range (0.03-0.7 Hz)
would support the interpretation that the Kacn channel current
played an important role in the rapid HR response to vagal
stimulation.
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Control Kach channel blockade
0 1 2 3 4 5 0 1 2 3 4 5
time (min) time (min)
frequency (Hz)
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1 drug: P<0.01
frequency: P < 0.01
interaction: P < 0.01 'L
7 D Control -|_
- Kacn channel blockade

Tertiapin-mediated changes in fitted parameters of the trans-
fer function from vagal stimulation to HR suggest that, at the
postjunctional effector sites, the Kacn channels play a key role
in determining the dynamic properties of transduction from
vagal nerve activity to HR. To quantitatively elucidate vagal
and sympathetic control of HR, our research group used a
transfer function analysis to examine the system characteris-
tics. First, the transfer function from dynamic vagal nerve
stimulation to HR approximated the characteristics of a first-
order, low-pass filter, ‘whereas the transfer function from dy-
namic sympathetic nerve stimulation to HR approximated the
characteristics of a second-order, low-pass filter (14). Dynamic
gain of vagal stimulation to HR was increased by concomitant
sympathetic nerve stimulation (14) and pharmacologically in-
duced accumulation of cAMP at the postjunctional effector
sites (23) and decreased by high plasma norepinephrine (21).
These perturbations of the indirect action of ACh-did not affect
the quickness of vagal HR control; i.e., neither corner fre-
quency nor lag time was altered. On the contrary, inhibition of
cholinesterase by neostigmine decreased the corner frequency

« SEPTEMBER 2007 - www.ajpheart.org



Kacn ACCELERATES AND ENHANCES VAGAL HR CONTROL

and increased the lag time (24). Taken together, these results
might suggest that not only ACh kinetics at the neuroeffector
site, but also the Kacn channels at the postjunctional effector
sites, play a key role in determining the dynamic properties of
transduction from vagal nerve activity to HR.

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

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

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

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

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

H1569
was quite different from the pattern of physiological neuronal
discharge. However, although nonphysiological patterns of
stimulation could theoretically bias the system identification
results, because coherence was near unity over the frequency
range of interest, by virtue of their inherent linearity, the
systern properties would not vary much with differing patterns
of stimulation.

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

Perspectives

To simply identify the role of Kach channels in vagal HR
control, a previous study (34) and the present study completely
and/or partially excluded background sympathetic tone. How-
ever, in the physiological condition, sympathetic tone affects
vagal control of HR and vice versa [e.g., accentuated antago-
nism (17)]. Pathophysiological conditions such as chronic
heart failure (25), hypertension (19), and obesity (30) reveal
increased basal sympathetic nerve activity compared with the
normal condition. Tertiapin did not affect basal AP or HR
(Table 1), suggesting that tertiapin did not affect sympathetic
tone in the present experimental settings. Furthermore, under
B-adrenergic blockade (the supplemental protocol), tertiapin
decreased the dynamic gain and comner frequency, suggesting
that the effects of tertiapin cannot be explained by the back-
ground sympathetic tone. However, the experimental design of
the present study did not allow separate assessment of the
direct vs. the indirect action of ACh, because the indirect action
of ACh was not manipulated intentionally. Further investiga-
tion is needed to clarify the effects of sympathetic tone on the
contribution of Kacn channels to negative chronotropic effects.
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Kawada T, Kitagawa H, Yamazaki T, Akiyama T, Kamiya A,
Uemura K, Mori H, Sugimachi M. Hypothermia reduces ischemia-
and stimulation-induced myocardial interstitial norepinephrine and
acetylcholine releases. J Appl Physiol 102: 622-627, 2007. First pub-
lished November 2, 2006; doi:10.1152/japplphysiol.00622.2006.—Al-
though hypothermia is one of the most powerful modulators that can
reduce ischemic injury, the effects of hypothermia on the function of
the cardiac autonomic nerves in vivo are not well understood. We
examined the effects of hypothermia on the myocardial interstitial
norepinephrine (NE) and ACh releases in response to acute myocar-
dial ischemia and to efferent sympathetic or vagal nerve stimulation in
anesthetized cats. We induced acute myocardial ischemia by coronary
artery occlusion. Compared with normothermia (n = 8), hypothermia
at 33°C (n = 6) suppressed the ischemia-induced NE release [63 nM
(SD 39) vs. 18 nM (SD 25), P < 0.01] and ACh release [11.6 nM (SD
7.6) vs. 2.4 nM (SD 1.3), P < 0.01] in the ischemic region. Under
hypothermia, the coronary occlusion increased the ACh level from
0.67 nM (SD 0.44) to 6.0 nM (SD 6.0) (P < 0.05) and decreased the
NE level from 0.63 nM (SD 0.19) to 0.40 nM (SD 0.25) (P < 0.05)
in the nonischemic region. Hypothermia attenuated the nerve stimu-
lation-induced NE release from 1.05 nM (SD 0.85) to 0.73 nM (SD
0.73) (P < 0.05, n = 6) and ACh release from 10.2 nM (SD 5.1) to
7.1 nM (8D 3.4) (P < 0.05, n = 5). In conclusion, hypothermia
attenuated the ischemia-induced NE and ACh releases in the ischemic
region. Moreover, hypothermia also attenuated the nerve stimulation-
induced NE and ACh releases. The Bezold-Jarisch refiex evoked by
the left anterior descending coronary artery occlusion, however, did
not appear to be affected under hypothermia.

vagal nerve; sympathetic nerve; cardiac microdialysis; cats

HYPOTHERMIA IS ONE OF THE most powerful modulators that can
reduce ischemic injury in the central nervous system, heart, and
other organs. The general consensus is that hypothermia in-
duces a hypometabolic state in tissues and balances energy
supply and demand (25). With respect to the myocardial
ischemia, the size of a myocardial infarction correlates with
temperature (6), and mild hypothermia can protect the myo-
cardium against acute ischemic injury (9). The effects of
hypothermia on the function of the cardiac autonomic nerves in
terms of neurotransmitter releases, however, are not fully
understood. Because autonomic neurotransmitters such as nor-
epinephrine (NE) and ACh directly impinge on the myocar-
dium, they would be implicated in the cardioprotection by
hypothermia.

Address for reprint requests and other correspondence: T. Kawada, Dept. of
Cardiovascular Dynamics, Advanced Medical Engineering Center, National
Cardiovascular Center Research Institute, 5-7-1 Fujishirodai, Suita, Osaka
565-8565, Japan (e-mail: torukawa@res.ncve.go.jp).
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In previous studies from our laboratory, Kitagawa et al. (16)
demonstrated that hypothermia attenuated the nonexocytotic
NE release induced pharmacologically by ouabain, tyramine,
or cyanide. Kitagawa et al. (15) also demonstrated that hypo-
thermia attenuated the exocytotic NE release in response to vena
cava occlusion or to local administration of high K*. The effects
of hypothermia on the ischemia-induced myocardial interstitial
NE release, however, were not examined in those studies. In
addition, the effects of hypothermia on the ischemia-induced
myocardial interstitial ACh release have never been examined.
Because both sympathetic and parasympathetic nerves control
the heart, simultaneous monitoring of the myocardial intersti-
tial releases of NE and ACh (14, 31) would help integrative
understanding of the autonomic nerve terminal function under
hypothermia in conjunction with acute myocardial ischemia.

In the present study, the effects of hypothermia on the
ischemia-induced and nerve stimulation-induced myocardial
interstitial neurotransmitter releases were examined. We im-
planted a dialysis probe into the left ventricular free wall of
anesthetized cats and measured dialysate NE and ACh levels as
indexes of neurotransmitter outputs from the cardiac sympa-
thetic and vagal nerve terminals, respectively. Based on our
laboratory’s previous results (15, 16), we hypothesized that
hypothermia would attenuate the neurotransmitter releases in
response to acute myocardial ischemia and to electrical nerve
stimulation.

MATERIALS AND METHODS
Surgical Preparation and Protocols

Animals were cared for in accordance with the Guiding Principles
for the Care and Use of Animals in the Field of Physiological
Sciences, approved by the Physiological Society of Japan. All proto-
cols were reviewed and approved by the Animal Subjects Committee
of National Cardiovascular Center. Adult cats were anesthetized via
an intraperitoneal injection of pentobarbital sodium (30-35 mg/kg)
and ventilated mechanically through an endotracheal tube with oxy-
gen-enriched room air. The level of anesthesia was maintained with a
continuous intravenous infusion of pentobarbital sodium (1-2
mg-kg ™ '+h~!) through a catheter inserted from the right femoral vein.
Mean arterial pressure (MAP) was measured using a pressure trans-
ducer connected to a catheter inserted from the right femoral artery.
Heart rate (HR) was determined from an electrocardiogram.

Protocol 1: acute myocardial ischemia. We examined the effects of
hypothermia on the ischemia-induced myocardial interstitial releases
of NE and ACh. The heart was exposed by partially removing the left
fifth and/or sixth rib. A dialysis probe was implanted transversely into

The costs of publication of this article were defrayed in part by the payment
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in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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the anterolateral free wall of the left ventricle perfused by the left
anterior descending coronary artery (LAD) to monitor myocardial
interstitial NE and ACh levels in the ischemic region during occlusion
of the LAD (13). Another dialysis probe was implanted transversely
into the posterior free wall of the left ventricle perfused by the left
circurnflex coronary artery to monitor myocardial interstitial NE and
ACh levels in a nonischemic region. Heparin sodium (100 U/kg) was
administered intravenously to prevent blood coagulation. Animals
were divided into a normothermic group (n = 8) and a hypothermic
group (n = 6). In the hypothermic group, surface cooling with ice
bags was performed until the esophageal temperature decreased to
33°C (15, 16). A stable hypothermic condition was obtained within
~2 h. In each group, we occluded the LAD for 60 min and examined
changes in the myocardial interstitial NE and ACh levels in the
ischemic region (i.e., the LAD region) and nonischemic region (i.e.,
the left circumflex coronary artery region). Fifteen-minute dialysate
samples were obtained during the preocclusion baseline condition and
during the periods of 0-15, 15-30, 30-45, and 45-60 min of the
LAD occlusion.

Protocol 2: sympathetic stimulation. We examined the effects of
hypothermia on the sympathetic nerve stimulation-induced myocar-
dial interstitial NE release (n = 6). A dialysis probe was implanted
transversely into the anterolateral free wall of the left ventricle. The
bilateral cardiac sympathetic nerves originating from the stellate
ganglia were exposed through a second intercostal space and sec-
tioned. The cardiac end of each sectioned nerve was placed on a
bipolar platinum electrode for sympathetic stimulation (5 Hz, 10 V,
1-ms pulse duration). The electrodes and nerves were covered with
mineral oil to provide insulation and prevent desiccation. A 4-min
dialysate sample was obtained during the sympathetic stimulation
under the normothermic condition. Thereafter, hypothermia was in-
troduced using the same cooling procedure as in protocol I, and a
second 4-min dialysate sample was obtained during the sympathetic
stimulation.

Protocol 3: vagal stimulation. We examined the effects of hypo-
thermia on the vagal nerve stimulation-induced ACh release (n = 5).
A dialysis probe was implanted transversely into the anterolateral free
wall of the left ventricle. The bilateral vagi were exposed through a
midline cervical incision and sectioned at the neck. The cardiac end of
each sectioned nerve was placed on a bipolar platinum electrode for
vagal stimulation (20 Hz, 10 V, 1-ms pulse duration). To prevent
severe bradycardia and cardiac arrest, which can be induced by the
vagal stimulation, the heart was paced at 200 beats/min using pacing
wires attached to the apex of the heart during the stimulation period.
A 4-min dialysate sample was obtained during the vagal stimulation
under the normothermic condition. Thereafter, hypothermia was in-
troduced using the same cooling procedure as in protocol I, and a
second 4-min dialysate sample was obtained during the vagal
stimulation.

Because of the relatively intense stimulation of the sympathetic or
vagal nerve, the stimulation period in protocols 2 and 3 was limited to
4 min to minimize gradual waning of the stimulation effects. At the
end of the experiment, the animals were killed by increasing the depth
of anesthesia with an overdose of pentobarbital sodium. We then
confirmed that the dialysis probes had been threaded in the middle
layer of the left ventricular myocardium.

Dialysis Technique

The dialysate NE and ACh concentrations were measured as
indexes of myocardial interstitial NE and ACh levels, respectively.
The materials and properties of the dialysis. probe have been described
previously (2, 3). Briefly, we designed a transverse dialysis probe. A
dialysis fiber (13-mm length, 310-pm outer diameter, 200-um inner
diameter; PAN-1200, 50,000 molecular weight cutoff; Asahi Chemical)
was connected at both ends to polyethylene tubes (25-cm length,
500-pm outer diameter, 200-pwm inner diameter). The dialysis probe

623

was perfused with Ringer solution containing a cholinesterase inhib-
itor eserine (107* M) at a rate of 2 pl/min. We started dialysate
sampling from 2 h after the implantation of the dialysis probe(s), when
the dialysate NE and ACh concentrations had reached steady states.
The actual dialysate sampling was delayed by 5 min from the
collection period to account for the dead space volume between the
semipermeable membrane and the sample tube. Each sample was
collected in a microtube containing 3 wl of HCI to prevent amine
oxidation. The dialysate ACh concentration was measured directly by
HPLC with electrochemical detection (Eicom). The in vitro recovery
rate of ACh was ~70%. With the use of a criterion of signal-to-noise
ratio of higher than three, the detection limit for ACh was 3 pg per
injection. The dialysate NE concentration was measured by another
HPL.C-electrochemical detection system after the removal of interfer-
ing compounds by an alumina procedure. The in vitro recovery rate of
NE was ~55%. With the use of a criterion of signal-to-noise ratio of
higher than three, the detection limit for NE was 200 fg per injection.

Statistical Analysis

All data are presented as means and SD values. For protocol 1, we
performed two-way repeated-measures ANOVA using hypothermia
as one factor and the dialysate sampling periods (the effects of
ischemia) as the other factor. For protocols 2 and 3, we compared
stimulation-induced releases of NE and ACh before and during
hypothermia using a paired t-test. For all of the statistics, the differ-
ence was considered significant when P < 0.05.

RESULTS

Figure 1A illustrates changes in myocardial interstitial NE
levels in the ischemic region during LAD occlusion obtained
from protocol 1. The inset shows the magnified ordinate for the

ischemia: p<0.01
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Fig. 1. A: ischemia-induced myocardial interstitial norepinephrine (NE) re-

‘lease in the ischemic region. Acute myocardial ischemia caused a progressive

increase in the level of myocardial interstitial NE. Hypothermia attenuated the
ischemia-induced NE release. Inset: magnified ordinate for the baseline and the
0- to 15-min period of ischemia. B: ischemia-induced myocardial interstitial
ACh release in the ischemic region. Acute myocardial ischemia increased the
myocardial interstiial ACh levels. Hypothermia attenuated the ischemia-
induced ACh release. Open bars: normothermia; solid bars: hypothermia.
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baseline and the O- to 15-min period of ischemia. In the
normothermic group (open bars), the LAD occlusion caused an
~94-fold increase in the NE level during the 45- to 60-min
interval. In the hypothermic group (solid bars), the LAD
occlusion caused an ~45-fold increase in the NE level during
the 45- to 60-min interval. Compared with normothermia,
hypothermia suppressed the baseline NE level to ~59% and
the NE level during the 45- to 60-min period to ~29%.
Statistical analysis indicated that the effects of both hypother-
mia and ischemia on the NE release were significant, and the
interaction between hypothermia and ischemia was also sig-
nificant.

Figure 1B illustrates changes in myocardial interstitial ACh
levels in the ischemic region during the LAD occlusion. In
both the normothermic (open bars) and hypothermic (solid
bars) groups, the LAD occlusion caused an approximately
eightfold increase in the ACh level during the 45- to 60-min
interval. Compared with normothermia, however, hypothermia
suppressed both the baseline ACh level and the ACh level
during the 45- to 60-min period of ischemia to ~20%. Statis-
tical analysis indicated that the effects of both hypothermia and
ischemia on the ACh release were significant, and the interac-
tion between hypothermia and ischemia was also significant.

Figure 24 illustrates changes in myocardial interstitial NE
levels in the nonischemic region during the LAD occlusion.
Note that scale of the ordinate is only one-hundredth of that in
Fig. 1A. The LAD occlusion decreased the NE level in the
normothermic group (open bars); the NE level during the 45-
to 60-min interval was ~59% of the baseline level. The LAD
occlusion also decreased the NE level in the hypothermic
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Fig. 2. A: changes in the myocardlal interstitial NE levels in the nonischemic
region. Acute myocardial ischemia decreased the level of myocardial intersti-
tial NE from the baseline level. Hypothermia increased the myocardial inter-
stitial NE levels in the nonischemic region. B: changes in the myocardial
interstitial ACh levels in the nonischemic region. Acute myocardial ischemia
increased the myocardial interstitial ACh level. Hypothermia did not attenuate
the increasing response of ACh to the left anterior descending coronary artery
occlusion. Open bars: normothermia; solid bars: hypothermia. NS, not signif-
icant.
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Table 1. Mean arterial pressure during acute myocardial
ischemia obtained in protocol 1

Baseline 5 min 15 min 30 min 45 min 60 min

Normothermia 108 (23) 102 (28) 101 (24) 101 (20) 102 (21) 102 (21)
Hypothermia 108 (11) 80(17) 87(10) 85(10) 86(10) 91(11)

Values are means (SD) (in mmHg) obtained during preocclusion baseline
period and 5-, 15-, 30-, 45-, and 60-min periods of coronary artery occlusion.
Ischemia: P < 0.01; hypothermia: not significant; interaction: P < 0.01.

group (solid bars); the NE level during the 45- to 60-min
interval was ~64% of the baseline level. Although the LAD
occlusion resulted in a decrease in the NE level under both
conditions, the NE level under hypothermia was nearly twice
that measured under normothermia. The statistical analysis
indicated that the effects of both hypothermia and ischemia on
the NE release were significant, whereas the interaction be-
tween hypothermia and ischemia was not significant.

Figure 2B illustrates changes in myocardial interstitial ACh
levels in the nonischemic region during the LAD occlusion.
The LAD occlusion caused an ~3.4-fold increase in the ACh
level during the 0- to 15-min interval in the normothermic
group (open bars). The LAD occlusion caused an approxi-
mately ninefold increase in the ACh level during the 0- to
15-min interval in the hypothermic group (solid bars). These
effects of ischemia on .the ACh release were statistically
significant. Although hypothermia seemed to attenuate the
baseline ACh level, the overall effects of hypothermia on the
ACh level were insignificant.

Tables 1 and 2 summarize the MAP and HR data, respec-
tively, obtained in protocol 1. Acute myocardial ischemia
significantly reduced MAP (P < 0.01) and HR (P < 0.01).
Hypothermia did not affect MAP but did decrease HR (P <
0.01). The interaction between ischemia and hypothermia was
significant for MAP but not for HR by the two-way repeated-
measures ANOVA.

For protocol 2, hypothermia significantly attenuated the
sympathetic stimulation-induced NE release to ~70% of the
level observed during normothermia (Fig. 34). Under normo-
thermia, the sympathetic stimulation increased MAP from 114
mmHg (SD 27) to 134 mmHg (SD 33) (P < 0.01) and HR
from 147 beats/min (SD 9) to 207 beats/min (SD 5) (P < 0.01).
Under hypothermia, the sympathetic stimulation increased
MAP from 117 mmHg (SD 11) to 136 mmHg (SD 22) (P <
0.05) and HR from 125 beats/min (SD 16) to 164 beats/min
(SD 10) (P < 0.01).

For protocol 3, hypothermia significantly attenuated the
vagal stimulation-induced ACh release to ~70% of the level
observed during normothermia (Fig. 3B). Hypothermia did not
change MAP [117 mmHg (SD 18) vs. 118 mmHg (SD 27)] but

Table 2. Heart rate during acute myocardial ischemia
obtained in protocol 1

Baseline 60 min

Normothermia 183 (26) 160 (18) 163 (16) 163 (18) 166(20) 165(21)
Hypothermia 146 (25) 116 (19) 113(19) 126(39) 112(20) 97(31)

5 min 15 min 30 min 45 min

Values are means (SD) (in beats/min) obtained during preocclusion baseline
period and 5-, 15-, 30-, 45-, and 60-min periods of coronary artery occlusion.
Ischemia: P < 0.01; hypothermia: P < 0.01; interaction: not significant.
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Fig. 3. A: efferent sympathetic nerve stimulation-induced release of myocar-
dial interstitial NE before and during hypothermia. tHypothermia significantly
attenuated the stimulation-induced NE release. B: efferent vagal nerve stimu-
lation-induced release of myocardial interstitial ACh before and during hypo-
thermia. tHypothermia significantly attenuated the stimulation-induced ACh
release.

did decrease HR from 202 beats/min (SD 24) to 179 beats/min
(SD 15) (P < 0.05) during the prestimulation, unpaced condition.
MAP during the stimulation was 105 mmHg (SD 19) under
normothermia and 93 mmHg (SD 33) under hypothermia.

DISCUSSION

A cardiac microdialysis is a powerful tool to estimate neu-
rotransmitter levels in the myocardial interstitium in vivo (2, 3,
14, 19, 20, 31). The present study demonstrated that hypother-
mia significantly attenuated the myocardial interstitial releases
of NE and ACh in the ischemic region during the LAD
occlusion. In contrast, the increasing response in the ACh level
from its baseline level and the decreasing response in the NE
level from its baseline level observed in the nonischemic
region were maintained under hypothermia. To our knowledge,
this is the first report showing the effects of hypothermia on the
myocardial interstitial releases of NE and ACh during acute
myocardial ischemia in vivo. In addition, the present study
showed that hypothermia significantly attenuated nerve stimu-
lation-induced myocardial interstitial NE and ACh releases in
vivo.

Effects of Hypothermia on Ischemia-induced NE and ACh
Releases in the Ischemic Region

Acute myocardial ischemia causes energy depletion, which
leads to myocardial interstitial NE release in the ischemic
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region (Fig. 1A). The NE release can be classified as exocytotic
or nonexocytotic (18, 24). Exocytotic release indicates NE
release from synaptic vesicles, which normally occurs in re-
sponse to nerve discharge and subsequent Ca®* influx through
voltage-dependent Ca®* channels. On the other hand, nonexo-
cytotic release indicates NE release from the axoplasm, such as
that mediated by a reverse transport through the NE trans-
porter. A neuronal uptake blocker, desipramine, can suppress
the ischemia-induced NE release (19, 24). Whereas exocytotic
release contributes to the ischemia-induced NE release in the
initial phase of ischemia (within ~20 min), carrier-mediated
nonexocytotic release becomes predominant as the ischemic
period is prolonged (1). Hypothermia significantly attenuated
the ischemia-induced NE release (Fig. 1A). The NE level
during the 45- to 60-min period of ischemia under hypothermia
was ~20% of that obtained under normothermia. The NE
uptake transporter is driven by the Na™ gradient across the cell
membrane (23). The loss of the Na* gradient due to ischemia
causes NE to be transported out of the cell by reversing the
action of the NE transporter. Hypothermia inhibits the action of
the NE transporter and also suppresses the intracellular Na*
accumulation (8), thereby reducing nonexocytotic NE release
during ischemia. The present results are in line with an in vitro
study that showed hypothermia suppressed nonexocytotic NE
release induced by deprivation of oxygen and glucose (30).
The present results are also consistent with a previous study
from our laboratory that showed hypothermia attenuated the
nonexocytotic NE release induced by ouabain, tyramine, or
cyanide (16).

Acute myocardial ischemia increases myocardial interstitial
ACh level in the ischemic region, as reported previously (Fig.
1B) (13). The level of ischemia-induced ACh release during
0- to 15-, 15- to 30-, 30- to 45-, or 45- to 60-min period of
ischemia is comparable to that evoked by 4-min electrical
stimulation of the bilateral vagi (Fig. 3B). Compared with the
normothermic condition, hypothermia significantly attenuated
the ischemia-induced myocardial interstitial release of ACh in
the ischemic region. Our laboratory’s previous study indicated
that intracellular Ca** mobilization is essential for the ischemia-
induced release of ACh (13). Hypothermia may have prevented
the Ca?* overload, thereby reducing the ischemia-induced
ACh release. Alternatively, hypothermia may reduce the extent
of the ischemic injury, which in turn suppressed the ischemia-
induced ACh release. Because ACh has protective effects on
the cardiomyocytes against ischemia (11), the suppression of
ischemia-induced ACh release during hypothermia itself may
be unfavorable for cardioprotection.

There is considerable controversy regarding the cardiopro-
tective effects of B-adrenergic blockade during severe ische-
mia, with studies demonstrating a reduction of infarct size (10,
17) or no effects (7, 27). The B-adrenergic blockade seems
effective to protect the heart only when the heart is reperfused
within a certain period after the coronary occlusion. The
B-adrenergic blockade would reduce the myocardial oxygen
consumption through the reduction of  HR and ventricular
contractility and delay the progression of ischemic injury.
Hence the infarct size might be reduced when the heart is
reperfused before the ischemic damage becomes irreversible.
The ischemia-induced NE release reached nearly 100 times the
baseline NE level under normothermia (Fig. 14), which by far
exceeded the NE level attained by electrical stimulation of the
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bilateral stellate ganglia (Fig. 3A). Because high NE levels
have cardiotoxic effects (22), ischemia-induced NE release
might aggravate the ischemic injury. However, catecholamine
depletion by a reserpine treatment fails to reduce the infarct
size (26, 29), throwing a doubt on the involvement of. cate-
cholamine toxicity in the progression of myocardial damage
during ischemia. It is, therefore, most likely that the hypothermia-
induced reductions in NE and ACh are the result of reduced
myocardial damage or a direct effect on nerve endings.

Van den Doel et al. (28) showed that hypothermia does not
abolish necrosis, but rather delays necrosis during sustained
ischemia, so that hypothermia protected against infarction
produced by a 30-min occlusion but not -against infarction
produced by a 60-min occlusion in the rat heart. At the same
time, they mentioned that hypothermia was able to reduce the
infarct size after a 60-min coronary occlusion in the dog,
possibly because of the significant collateral flow in the canine
hearts. Because the feline hearts are similar to the canine hearts
in that they have considerable collateral flow compared with
the rat hearts (21), hypothermia should have protected the
feline heart against the 60-min coronary occlusion in the
present study.

Effects of Hypothermia on the NE and ACh Releases in the
Nonischemic Region and on the Electrical Stimulation-
induced NE and ACh Releases

The NE and ACh levels in the nonischemic region may
reflect the sympathetic and parasympathetic drives to this
region. As an example, myocardial interstitial ACh levels
increase during activations of the arterial baroreflex and the
Bezold-Jarisch reflex (14). In the present study, acute myocar-
dial ischemia decreased the NE level from its baseline level,
whereas it increased the ACh level from its baseline level (Fig.
2). Ischemia also decreased MAP and HR (Tables 1 and 2),
suggesting that the Bezold-Jarisch reflex was induced by the
LAD occlusion under both normothermia and hypothermia.
Taking into account the fact that electrical stimulation-induced
ACh release was attenuated to ~70% (Fig. 3), similar ACh
levels during ischemia imply the enhancement of the parasym-
pathetic outflow via the Bezold-Jarisch reflex under hypother-
mia. These results are in line with the study by Zheng et al.
(32), where pulmonary chemoreflex-induced bradycardia was
maintained under hypothermia. Hypothermia increased the NE
level in the nonischemic region, suggesting that sympathetic
drive to this region also increased. Hypothermic stress is
known to cause sympathetic activation, accompanying in-
creases in MAP, HR, plasma NE, and epinephrine levels (4). In
the present study, because the effect of hypothermia on MAP
was insignificant (Table 1) and HR decreased under hypother-
mia (Table 2), the sympathetic activation observed in the
nonischemic region might have been regional and not sys-
temic.

Hypothermia attenuated the releases of NE and ACh in
response to respective nerve stimulation to ~70% of that
observed under normothermia (Fig. 3). The suppression of the
exocytotic NE release by hypothermia is consistent with a
previous study from our laboratory, where hypothermia atten-
uated the myocardial interstitial NE release in response to vena
cava occlusion or to a local high K* administration (15). The
suppression of NE release by hypothermia is consistent with an
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in vitro study by Kao and Westhead (12) in which catechol-
amine secretion from adrenal chromaffin cells induced by
elevated K* levels increased as the temperature increased from
4 10 37°C. On the other hand, because hypothermia inhibits the
neuronal NE uptake, the NE concentration at the synaptic cleft
is expected to be increased if the level of NE release remains
unchanged. Actually, Vizi (30) demonstrated that hypothermia
increased NE release in response to field stimulation in vitro. In
the present study, however, the suppression of NE release
might have canceled the potential accumulation of NE due to
NE uptake inhibition. The present study also demonstrated that
the ACh release was suppressed by hypothermia. In the rat
striatum, hypothermia decreases the extracellular ACh concen-
tration and increases the choline concentration (5). Hypother-
mia may inhibit a choline uptake transporter in the same
manner as it inhibits a NE uptake transporter. The inhibition of
the choline transporter by hypothermia may have hampered the
replenishment of the available pool of ACh and thereby con-
tributed to the suppression of the stimulation-induced ACh
release.

Limitations

In protocol 1, because we did not measure the infarct size in
the present study, the degree of myocardial protection by
hypothermia was undetermined. Whether the reduction of
ischemia-induced neurotransmitter release correlates with the
reduction of infact size requires further investigations. In
protocols 2 and 3, baseline NE and ACh levels were not
measured. The reduction of stimulation-induced NE and ACh
release by hypothermia might be partly due to the reduction of
baseline NE and ACh levels. However, because transection of the
stellate ganglia (31) or vagi (3) reduces the baseline NE and ACh
levels, changes in the baseline NE and ACh levels by hypothermia
in protocols 2 and 3 could not be as large as those observed under
innervated conditions in protocol I (Figs. 1 and 2).

In conclusion, hypothermia attenuated the ischemia-induced
releases of NE and ACh in the ischemic region to ~30 and
20% of those observed under normothermia, respectively.
Hypothermia also attenuated the nerve stimulation-induced
releases of NE and ACh to ~70% of those observed during
normothermia. In contrast, hypothermia did not affect the
decreasing response in the NE level and the increasing re-
sponse in the ACh level in the nonischemic region, suggesting
that the Bezold-Jarisch reflex evoked by the LAD occlusion
was maintained.
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