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Abstract— The dynamic characteristics of vagal heart rate
control can be approximated by a first-order low-pass filter with
pure dead time in rabbits. However, this model may not
necessarily be the best approximation of the vagal transfer
function of the heart rate control in rats, because a flatter
portion exists in the gain plot above approximately 0.3 Hz. We
developed a new model that includes a frequency-independent
gain term to reproduce the flatter portion of the gain plot seen in
the vagal transfer function in rats. The inclusion of the new term
increased the coefficient of determination in an external
validation of the linear regression relationship between
measured and predicted heart rate responses to vagal
stimulation, and made the slope of the regression line closer to
unity. The parameters of mathematical transfer functions were
determined in both the frequency and time domains. The
frequency-domain fitting provided a set of parameters that was
also able to reproduce the time-domain step response reasonably
well. In contrast, the time-domain fitting provided a set of
parameters that reproduced the frequency-domain transfer
function only up to 0.2 Hz. Determination of proper model
parameters was crucial for the development of a new model to
describe the dynamic heart rate response to vagal stimulation in
rats.

[. INTRODUCTION

Dynamic heart rate control is important to adjust cardiac
function to meet demands in daily activity. Both sympathetic
and vagal systems are involved in the control of heart rate. Our
previous study showed that dynamic characteristics of vagal
heart rate control could be approximated by a first-order
low-pass filter with pure dead time in rabbits [1]. However, a
first-order low-pass filter with pure dead time is not
necessarily the best approximation for the vagal transfer
function of heart rate control in rats, because the transfer gain
does not fall off smoothly above the corner frequency [2]. The
gain plot exhibits a flatter portion in the frequency-domain
around 0.3 Hz and above, which makes the transfer function
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deviate from a simple first-order low-pass filter with pure
dead time. To describe the flatter portion in the gain plot, we
propose a new model that includes a frequency-independent
gain term in addition to the terms describing the low-pass
nature of the dynamic heart rate control. The parameters of the
proposed model were determined by the frequency-domain
and time-domain methods.

II. METHODS

A. Animal Preparation

The study was performed on 6 anesthetized Sprague-
Dawley rats. Animals were cared for in strict accordance with
the Guiding Principles for the Care and Use of Animals in the
Field of Physiological Sciences, which has been approved by
the Physiological Society of Japan. All experimental protocols
were reviewed and approved by the Animal Subjects
Committee at National Cerebral and Cardiovascular Center.

The rats were anesthetized with an intraperitoneal
injection (2 ml/kg) of a mixture of urethane (250 mg/ml) and
o-chloralose (40 mg/ml), and ventilated mechanically with
oxygen-supplied room air. Supplemental anesthetic mixture
was administered continuously. Arterial pressure was
monitored through a catheter inserted into the right femoral
artery. Heart rate was measured from body surface
electrocardiogram using a cardiotachometer. In order to
minimize systemic changes in sympathetic nerve activity,
baroreceptor regions at bilateral carotid sinuses were isolated
from the systemic circulation, and the intracarotid sinus
pressure was maintained at 120 mmHg using a
servo-controlled piston pump [3], [4], [5]. The aortic
depressor nerves and vagi were sectioned bilaterally at the
neck. A pair of stainless steel wire electrodes (Bioflex wire,
AS633, Cooner Wire, CA, USA) was attached to the
sectioned distal end of the right vagus for electrical
stimulation.

To estimate dynamic characteristics of the vagal heart rate
control, the right vagus was stimulated for 15 min according to
a binary white noise signal. The command signal was assigned
to either 0 or 20 Hz every 0.5 s. As a result, the input power
spectrum was relatively constant up to 1 Hz.

B. Data Analysis

Experimental data were stored at 1000 Hz using a 16-bit
analog-to-digital converter. To avoid the possibility that the
initial transition from zero stimulation to the binary white
noise stimulation biasing the transfer function estimation, the
data were analyzed starting 2 min after the initiation of
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Figure 4. Transfer function from vagal stimulation to the heart
rate response (solid lines) and model tranfer functions based on
the time-domain parameter determination (circles).

majority of the step response could be described by the
parameters relating to the first-order low-pass filter.

Figure 5 illustrates the actually measured dynamic heart
rate response to vagal stimulation versus the heart rate
responses predicted by Model A (top panel) and Model B
(bottom panel). Close inspection of the figure indicates that
Model A was not able to reproduce sharp rises in the heart rate
response (marked with asterisks) in contrast with Model B.
The scatter plots of the measured versus the predicted heart
rate are shown in the right panels of Figure 5. The coefficient
of determination was higher for the prediction when using
Model B compared with Model A.

The regression analysis on data obtained from 6 rats shows
that the slope of the regression line was 0.81+0.05 for the
heart rate prediction by Model A, and was 0.94+0.03 for the
heart rate prediction by Model B. In all six animals, the
coefficient of determination was higher in the prediction by
Model B (ranged from 0.71 to 0.91) than in the prediction by
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Figure 5. Measured (solid lines) and model-predicted (gray
lines) of the heart rate response to vagal stimulation. The top
panels are the results ofmodel A and the bottom panels are the
results of model B. The coefficient of determination was higher
for the prediction by model B.

Model A (ranged 0.56 to 0.90). While the increment of the
number of model parameters itself should increase the
coefficient of determination, because the regression analysis
was performed on a data set that was not used for the
estimation of the transfer function (i.e., external validation), it
may be fair to say that Model B provided a better prediction of
the heart rate response compared with Model A.

There are several limitations to the present study. First, the
heart rate of the anesthetized rats was 300-400 beats/min
(5-6.7 Hz), which indicates that the Nyquist frequency may
be as low as 2.5 Hz for the heart rate data. The heart rate signal
cannot reproduce frequency components above this frequency.
Although we included a frequency-independent gain term to
explain the flatter portion in the gain plot observed in the
experimental transfer function, there is an inherent upper
frequency limit to the heart rate control, above which the
model is likely to deviate from the experimental transfer
function. Second, the frequency-independent gain term
suggests the presence of a rapid responding system parallel to
the low-pass system in the vagal heart rate control in rats.
While the inclusion of the frequency-independent gain term
improved the prediction of the dynamic heart rate response to
vagal stimulation, the mechanisms for the rapid responding
system are largely unknown. Further studies are required to
identify the mechanisms and the physiological significance for
the rapid responding system observed in rats but not in rabbits.
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Abstract

Purpose Inhalation of hydrogen (H,) gas has been shown to
limit infarct size following ischemia-reperfusion injury in rat
hearts. However, H, gas-induced cardioprotection has not
been tested in large animals and the precise cellular mech-
anism of protection has not been elucidated. We investigated
whether opening of mitochondrial ATP-sensitive KK+ chan-
nels (mKarp) and subsequent inhibition of mitochondrial
permeability transition pores (mPTP) mediates the infarct
size-limiting effect of H; gas in canine hearts.

Methods The left anterior descending coronary artery of beagle
dogs was occluded for 90 min followed by reperfusion for 6 h.
Either 1.3% H, or control gas was inhaled from 10 min prior to
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start of reperfusion until 1 h of reperfusion, in the presence or
absence of either 5-hydroxydecanoate (5-HD; a selective
mK 4rp blocker), or atractyloside (Atr; a mPTP opener).

Resuits Systemic hemodynamic parameters did not differ
among the groups. Nevertheless, H, gas inhalation reduced
infarct size normalized by risk area (20.6+2.8% vs. control
gas 44.04:2.0%; p<0.001), and administration of either 5-
HD or Atr abolished the infarct size-limiting effect of H, gas
(42.0+£2.2% with 5-HD and 45.1+2.7% with Atr; both
p<0.001 vs. Hy group). Neither Atr nor 5-HD affected
infarct size per se. Among all groups, NAD content and
the number of apoptotic and 8-OHdG positive cells was not
significantly different, indicating that the cardioprotection

Y. Shinozaki - H. Mori

Department of Physiological Science,

Tokai University Graduate School of Medicine,
Isehara, Japan

A. Shimouchi

Depariment of Cardiac Physiology,

Wational Cerebral and Cardiovascular Research Center,
Suita, Japan

M. Sano
Department of Cardiology, Keio University School of Medicine,
Tokyo, Japan

M. Sugimachi

Department of Cardiovascular Dynamics, Research Institute,
National Cerebral and Cardiovascular Center,

Suita, Japan

9] Springer



218

Cardiovasc Drugs Ther (2012) 26:217-226

afforded by H, was not due to anti-oxidative actions or
effects on the NADH dehydrogenase pathway.

Conclusions Inhalation of H, gas reduces infaret size in
canine hearts via opening of mitochondrial Krp channels
followed by inhibition of mPTP. H, gas may provide an
effective adjunct strategy in patients with acute myocardial
infarction receiving reperfusion therapy.

Key words Hydrogen gas - Reperfusion injury - Myocardial
infarction - Mitochondrial K syp channel - Mitochondrial
permeability transition pore

Introduction

Myocardial infarction (MI) is a leading cause of death world-
wide, and reduction of infarct size is an important therapeutic
goal for patients with acute M1 (AMI). The prognosis of AMI
has been improved dramatically due to the development of
both catheterization techniques and reperfusion therapy by
coronary mechanical methods or phannacological interven-
tion. However, strategies to limit reperfusion injury and thus
infarct size have not been well applied in clinical settings [1,
2]. We reported that carperitide limited infarct size in a large
scale clinical trial [3]; however, infarct size was reduced by
only 14.7%, and the discovery of other therapeutics to limit
infarct size may be clinically useful. Interestingly, hydrogen
(H) has been reported to provide therapeutic benefit for many
diseases related to oxidative stress, including cardiovascular
disease. There is some evidence that inhalation of H, gas
limits myocardial infarct size in rats [4, 5]. However, since
heart physiology differs significantly in small animals relative
to large animals and humans, it cannot be assumed that H,
would limit infarct size in large animals and humans. Further-
more, the cellular mechanisms underlying H,-mediated car-
dioprotection have not been clarified.

Recent accumulated evidence regarding cardioprotection
afforded by ischemic pre- or post-conditioning has culmi-
nated in the idea that opening of mitochondrial ATP-
sensitive K™ channels (mK p) followed by inhibition of
mitochondrial permeability transition pores (mPTP) plays a
central role in limiting infarct size [6-8]. Indeed, Piot et al.
[9] found that administration of the mPTP inhibitor, cyclo-
sporine, at the time of reperfusion limited the size of myo-
cardial infarction in patients with AML Ohsawa et al. [10]
demonstrated that H, has the potential to serve as an anti-
oxidant in preventive and therapeutic applications. Oxygen-
derived free radicals are generated inside and outside of
cells, and H» gas can eliminate hydoxyradical and peroxy-
nitrate because it can penetrate biomembranes and diffuse
into the cytosol, mitochondria, and nuclei. If this is the case,
H, gas may protect mK 4p against ischemic injury, or may
directly activate mK orp followed by the inhibition of mPTP.

@_ Springer

Thus, we tested the hypothesis that H, gas may reduce
reperfusion injury and limit infarct size via the activation of
mK yrp and the inhibition of mPTP.

Methods
Animal model and instrumentation

Fifty nine beagle dogs (Oriental Yeast Co., Ltd, Tokyo, Japan)
weighing 9 fo 10 kg were per-anesthetized with sodium pen-
tobarbital (25 mg/kg iv). All dogs were rapidly intubated and
anesthetized with analgesic anesthetics. The control or I, gas
tank was connected to the respirator 10 min before reperfu-
sion. After baseline hemodynamic assessment, thoracotomy
was performed, and the left anterior descending coronary
artery (LAD) was ligated just distal to the first diagonal
branch. The left carotid arlery was catheterized to monitor
both aortic blood pressure and heart rate. At the end of each
study, animals were euthanized with administration of a high
dose of sodium pentobarbital. All procedures were performed
in conformity with the Guide for the Care and Use of Labo-
ratory Animals (NIH publication no. 85-23, 1996 revision).

Composition of gas mixture

Gas tanks were obtained from TAIYO NIPPON SANSO
Corporation (Osaka, Japan). The control gas tanks were
composed of 70% N, and 30% O,. The H, gas tanks were
composed of 1.3% H,, 68.7% N, and 30% O,. The H; gas
concentration was set at 1.3% because higher concentrations
create the possibility of explosion. Previous studies showed
that 0.5%-4.0% H, limited infarct size in rat hearts in vivo,
at a flow rate of 1 L/min.

Experimental protocols

After the randomization to either H, gas (#=18) or control
gas (n=18), the LAD of the beagle was occluded for 90 min
followed by reperfusion for 6 h. Either H. gas or control gas
was inhaled (3.36 L/min) 10 min prior to reperfusion until
1 h of reperfusion. In addition, we intravenously adminis-
tered either 5-hydroxydecanoate (5-HD, Sigma; 10 mg/kg
1.v.), or atractyloside (Atr, Sigma; 2.5 mg/kg i.v.), for 5 min
before gas inhalation [H, gas with 5-HD (#=6) or Atr (n=6)
and control gas with 5-HD (#=6) or Atr (n=6)]. In all
groups, infarct size was assessed after 6 h of reperfusion.
We also investigated apoptosis in the myocardium adjacent
to the infarct area using TUNEL staining. In addition, we
counted the incidence of lethal arrhythmia, defined as more
than 15 consecutive premature ventricular contractions
{(VPC) or ventricular fibrillation (V) from 10 min before
reperfusion to 60 min after the onset of reperfusion.
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Measurement of infarct size and myocardial collateral blood
flow

We measured both area at risk and infarct area 6 h after the
onset of reperfusion as described previously [11]. These
parameters were evaluated by Evans blue and triphenylte-
trazolium chloride (TTC) staining, respectively. Infarct size
was calculated as [infarctarea/area atrisk] x 100{%).

Regional myocardial blood flow was determined by the
microsphere technique. Non-radioactive microspheres
(Sekisui Plastic Co., Ltd., Tokyo, Japan) are made of inert
plastic labeled with niobium (Nb) and bromine (Br) as
described in detail in previous study [I12]. Microspheres
were suspended in isotonic saline with 0.01% Tween80 to
prevent aggregation. The microspheres were ultrasonicated
for 5 min followed by 5 min of vortexing immediately
before injection. Approximately | mL of the microsphere
suspension (2—4x10% spheres) was injected into the left
atrium at 80 min afier the start of coronary occlusion.

The X-ray fluorescence of stable heavy elements was
measured by a wavelength dispersive spectrometer (PW
1480, PHILLIPS Co., Ltd.). The specifications of this X-
ray fluorescence spectrometer have been described previ-
ously [12]. In brief, when the microspheres are irradiated by
the primary X-ray beam, the electrons fall back to a lower
orbit and emit measurable energy. The energy level of the X-
ray fluorescence depends on the characteristics of each
element. Therefore, it was possible to quantify the X-ray
fluorescence of several differently labeled microspheres in
the mixture. Regional myocardial collateral blood flow was
calculated according to the following formula: time flow
= (tissue count) x (reference flow)/(reference count), and
was expressed in mL/g wet weight/min.

Terminal Deoxynucleotidy! transferase-mediated dUTP
nick-end labeling (TUNEL)

The myocardial tissue samples were taken from the border
zone of dogs in the control, T, control+5-HD, H,+5-HD,
control+Atr and Ha+Atr groups (n=3 each). The border
zone was chosen as the region within 4 mm from the infarct
zone. These were fixed in 10% buffered formalin, embedded
in paraffin, and serially sectioned in the frontal plane at 5-
um thickness. To assess myocardial apoptosis, analysis by
TUNEL method was performed according to the protocol
supplied with the in situ apoptosis detection kit, the Apop
Tag Peroxidase In Situ Apoptosis Detection Kit (S7100,
MILLIPORE). The sections were then shortly counter-
stained with hematoxylin and eosin to visualize the cells.
TUNEL-positive cell nuclei and total cell nuclei stained
metylgreen were counted in 7—10 random high-power fields
(%200). The amount of TUNEL-positive cells was expressed
as a percentage of the total amount of cells (#=1,500).

Immunohistochemistry for either 8-OHdAG or NAD+
of the Reperfused myocardium :

The myocardial tissue samples were taken from the border
zone between ischemic and non-ischemic areas in the control,
H,, Hy+5-HD, Ho+Atr, control+5-HD and confrol+Atr groups
(n=3 each). Afier 90 min of ischemia followed by 6 h of
reperfusion, hearts were excised and the myocardial tissue
samples were taken from the border zone. The border zone
was chosen as the region within 4 mm from the infarct zone.
These were fixed in 10% buffered formalin, embedded in
paraffin, and serially sectioned in the frontal plane at 5-um
thickness. The paraffin sections were deparaffinized in xylene,
rehydrated using various grades of ethanol, and pretreated
with 10 mM citric acid for 40 min at 95°C. For immunostain-
ing, sections stained with anti-8OH-dG (MOG-020P; Japan
Institute for the Control of Aging; 1:100) antibodies ovemight
at 4°C. Secondary antibodies conjugated Simple Stain Rat
(MAX-PO MULTI 414191, NICHIREI Bioscience inc. Ja-
pan; undiluted) were applied for 30 min at room temperature.
The sections were then shortly counterstained with hematox-
ylin and eosin to visualize the cells. Four slides were randomly
examined using a defined rectangular field area with magni-
fication (x40). The data were represented as the number of
80H-dG positive cells per field.

Since mPTP may be opened via oygen-drived free radi-
cals via the NADPH oxidase, we also investigated the
myocardial NAD+ contents as well. We used 18 dogs for
NAD assessment in the control, H,, H,+3-HD, H,+Atr,
control+5-HD and control+Atr groups (n=3 each). The
myocardial tissue in the border zone was quickly placed
into liquid nitrogen and stored at —80°C. For the measure-
ment of NAD+, 40 mg of border zone tissue was homoge-
nized. An equal amount of protein from the homogenized
tissue of each group was used for the NAD+/NADH Color-
imetric assay kit (Cat¥ CY-1233; Cyclex Co., Lid).

Exclusion criteria

To ensure that all animals used in the present study were
healthy and had been exposed to a similar extent of ische-
mia, the following standards were employed for the exclu-
sion of unsatisfactory dogs: (1) subendocardial collateral
blood flow greater than 15 mL/100 g/min; (2) heart rate
greater than 170 beats/min; and (3) more than two consec-
utive attempts required to terminate ventricular fibrillation
(V) using low-energy DC pulses applied directly to the
heart.

Statistical analysis

Statistical analysis was performed using two-way repeated
measures analysis of variance (ANOVA) when data were
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compared over the time course of the change between
groups. Analysis of covariance between regional collateral
flow in the inner half of the left ventricular wall and infarct
size was described previously [11]. Other data were com-
pared using one-way fractional analysis of variance. If
statistical significance was found for a group, time effect,
or group-by-time interaction, further comparisons were
made with paired ¢ tests between all possible pairs of
the five groups at individual time points. Results were
expressed as means £ SEM, with p<0.05 considered statis-
tically significant.

Results

Among the 59 dogs, 23 were excluded due to Vf or exces-
sive myocardial collateral blood flow (>15 mL/100 g/min).
The remaining 36 dogs completed the protocols satisfacto-
rily and were included in the data analysis. None of the
pharmacological interventions such as H, gas, control gas,
5-11D, or Atr, altered systemic blood pressure or heart rate
during the experimental protocols (Table 1).

Inhalation of H; gas just prior to reperfusion following
90 min of ischemia reduced infarct size normalized by risk
area (20.6+2.8% vs. 44.0+£2.0%; p<0.001) (Fig. 1). Intrigu-
ingly, the administration of either 5-I1D or atractyloside (Atr)
blunted the H, gas induced limiting effect on infarct size (42.0
+2.2% in 5-HD vs. 45.1£2.7% in Atr; p<0.001 and p<0.001
vs. H, gas group). Neither 5-HD nor atractyloside per se
affected infarct size. There were no differences in either risk

Table 1 Effect of H, gas on systemic hemodynamic parameters

area or collateral flow during the ischemic period among the
groups (Fig. 2). Figure 3 shows the regression plots of the area
at risk vs. collateral flow. Inhalation of H, gas mediated the
substantial cardioprotection irrespective of collateral flow,
which was again blunted by either 5-HD or atractyloside.

On the other hand, we observed apoptosis using TUNEL
staining in the myocardium in each group; there were no
differences in the extent of apoptosis in the groups (36.0+
1.8,26.5£6.9,33.0+1.4,35.6+1.5,35.0+1.3and 35.7:1.4%
in the control group, the H, gas group, the H, gas with SHD
group, the H, gas with Atr group, the control gas with SHD
group, and the control gas with Atr group, respectively).

We observed the incidence of lethal arrhythmia through-
out the experiments in all groups from 10 min before reper-
fusion to 60 min after the onset of reperfusion (Table 2). The
presence of either VI or VPC longer than 15 consecutive
beats was defined as lethal arrhythmia in this study. The
incidence of lethal arrhythmia in the reperfusion period
tended to decrease by I, gas although there were no signif-
icant differences. This tendency was blunted by either 5-HD
or Atr. These data indicate that H, gas may affect the
incidence of fatal ventricular arrhythmias during the reper-
fusion period, but it is unknown whether this effect is
attributable to a potential primary anti-arrhythmic effect of
H, gas or merely secondary to the infarct size-limiting
effects of H, gas.

The number of 8-OHAG (a biomarker of oxidative stress)
positive cells, tended to decrease in H, group relative to the
other groups, however there was no significant difference
(Fig. 4). We also observed no relation between the number

Groups Baseline Isc-60 Isc-90 Rep-60 Rep-120 Rep-180 Rep-240 Rep-300 Rep-240
Mean blood pressure (mmHg)

Control gas 10142 103+2 104+2 98+2 10242 101 £3 10343 9943 100£2
Ha gas 105+4 9742 98+3 96£3 1002 10143 9942 1012 10341
H; gas + SHD 10542 105+2 106+1 95+3 98+3 101£3 103+1 10220 1004
Ha pas + Atr 0843 98=3 1023 081 1001 1011 1021 10242 103£1
Control gas + SHD 1042 101£2 1011 102+2 103+2 101£3 103+2 9843 100+4
Control gas + Afr 102+1] 1024 100+£2 9641 10342 100+3 103+2 10442 102+1
Heart rate (beats/min)

Control gas 136+3 138+2 13742 13242 131+1 13543 135+4 133+4 133+4
Ha gas 1393 138+3 1404 1333 13414 134£5 1344 13445 13244
H, gas -+ 5HD 13543 1303 129+4 129+3 129+4 130+£3 12944 129:+4 130£3
H, gas + Atr 13442 1354 130+4 129+3 120+2 12943 12942 128+3 12943
Control gas + SHD 134+4 135+3 135+3 135+2 129+3 131£5 13245 13045 129+5
Control gas + Atr 13742 137+2 13543 136+2 1 3ED 135+4 135+2 13543 1362

Values are expressed as mean + SEM. Isc-60 and Isc-90 show 60 and 90 min after the onset of myocardial ischemia, respectively. Rep-60, Rep-120,
Rep-180, Rep-240, Rep-300 and Rep-360 show 60, 120, 180, 240, 300 and 360 min after the onset of reperfusion, respectively. There were no

significant changes of theses parameters among the six groups
SHD = 5-hydroxydecanoate; Atr = Atractyloside
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