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sinoatrial node. We hypothesized that the medetomi-
dine-induced vagal activation might be impaired in
SHR compared to WKY. To test the hypothesis, we
applied a cardiac microdialysis technique to the rat
left ventricular free wall and compared the effects of
intravenous administration of medetomidine on myo-
cardial interstitial ACh levels in WKY and SHR. Fur-
thermore, to whether
control of ACh release is impaired in SHR, myocar-
dial interstitial ACh release in response to electrical
vagal stimulation was examined in WKY and SHR.

examine peripheral vagal

Materials and methods

Surgical preparation

Animal care was conducted in strict accordance with
the Guiding Principles for the Care and Use of Ani-
mals in the Field of Physiological Sciences, which has
been approved by the Physiological Society of Japan.
All protocols were reviewed and approved by the Ani-
mal Subject Committee of National Cerebral and Car-
diovascular Center.

Two main protocols were conducted in male WKY
(300400 g) and SHR (320-380 g) as described in
‘Protocols’ below. Each rat was anaesthetized with an
intraperitoneal injection (2 mL kg™') of a mixture of
urethane (250 mg mL™!) and o-chloralose (40 mg
mL™Y), and mechanically ventilated with oxygen-
enriched room air. Venous catheters were inserted
into bilateral external jugular veins. One venous cath-
eter was used for continuous infusion of a 20-fold
diluted solution of the above anaesthetic mixture
2-3mL kg 'h™') and Ringer’s  solution
(5-6 mL kg™' h™!), and the other for the injection of
test drugs. An arterial catheter was inserted into the
right common carotid artery to measure the arterial
pressure (AP) and HR. In Protocol 2, the vagi were
sectioned at the neck, and a pair of stainless steel wire
electrodes (Bioflex wire, AS633; Cooner Wire, Chats-
worth, CA, USA) was attached to the distal segment
of the sectioned nerve bilaterally for efferent vagal
nerve stimulation. The nerves and electrodes were
secured and insulated with silicone glue (Kwik-Sil;
World Precision Instruments, Sarasota, FL, USA). The
animal was then placed in a lateral position, and the
left third to fifth ribs were partially resected to expose
the heart. The pericardium was incised and a dialysis
probe was implanted into the lateral free wall of the
left ventricle as shown in Figure 1. Body temperature
of the animal was maintained at around 38 °C by a
heating pad and a lamp. At the end of the experiment,
a postmortem examination confirmed that the dialysis
membrane was not exposed into the left ventricular
cavity.
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Figure | Schematic diagram of dialysis probe implantation.
The transverse dialysis probe was implanted within the left
ventricular free wall.

Dialysis technique

Dialysate concentration of ACh was measured as an
index of myocardial interstitial ACh level. The materi-
als and properties of the dialysis probe have been
described previously (Akiyama ez al. 1994). Briefly, we
designed a straight, transverse dialysis probe consisting
of a dialysis fibre (length, 6 mm; outer diameter,
310 pm; inner diameter, 200 um; PAN-1200, 50 000-
Da molecular weight cut-off; Asahi Chemical, Osaka,
Japan) glued at both ends to polyethylene tubes
(length, 25 cm; outer diameter, 500 pm; inner diame-
ter, 200 um). The dialysis probe was perfused with
Ringer’s solution containing a cholinesterase inhibitor
eserine (100 umol L™'; Wako Pure Chemical, Osaka,
Japan). Dialysate sampling was started from 2 h after
probe implantation. In Protocol 1, the perfusion rate
was set at 1 uL min~'. Each sampling period was
20 min, which yielded a sample volume of 20 pL. A
time lag of 10 min was allowed between actual dialy-
sate sampling and collection of the sample into a tube,
taking into account the dead space between the dialysis
membrane and collecting tube. In Protocol 2 and in
the supplemental protocol, to reduce possible tachy-
phylaxis induced by constant vagal nerve stimulation,
the sampling period was halved to 10 min, while the
perfusion rate was doubled to 2 uL min~!. The time
lag between actual dialysate sampling and sample col-
lection was 5 min. The concentration of ACh in the
dialysate was measured using a high-performance
liquid chromatography system with electrochemical
detection (Eicom, Kyoto, Japan) adjusted to measure
low levels of ACh (Shimizu ez al. 2009, 2012; Kawada
et al. 2009, 2010).

Protocols

Protocol 1 (n =7 each for WKY and SHR): After
collecting a baseline dialysate sample for 20 min,
medetomidine (0.1 mg kg™'; Orion Pharma, Espoo,
Finland) was injected intravenously via the jugu-
lar vein. Medetomidine initially increases AP by
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vasoconstriction via its peripheral o;-adrenergic
effect, then decreases AP as time elapses by sympa-
thetic inhibition via its central oy-adrenergic effect
(Sinclair 2003). After allowing a 10-min stabilization
period after medetomidine administration, dialysate
was sampled for 20 min. Next, to avoid hypotension
induced by medetomidine, intravenous infusion of an
aq-adrenergic agonist phenylephrine (250 ug kg™ h™%
Kowa Pharmaceuticals, Nagoya, Japan) was started
simultaneous to injection of an additional dose of
medetomidine (0.1 mg kg™"). After allowing 10-min
stabilization, dialysate was sampled for 20 min.

Protocol 2 (n =6 for WKY and SHR each): This
protocol was performed under vagotomized condi-
tions. Before collecting a baseline dialysate sample,
bilateral vagi were stimulated (20 Hz, 5 V, 2-ms pulse
width) for 10 min twice with an intervening interval
of 10 min in order to establish stable stimulatory con-
ditions. A supramaximal amplitude was used in stimu-
lation, and increasing the amplitude beyond 5 V did
not induce further bradycardic response. Baseline dial-
ysate was then sampled for 10 min. Thereafter, the
vagi were stimulated for 10 min, and the correspond-
ing dialysate sample was collected for 10 min. Next,
vagal nerve stimulation was discontinued, and mede-
tomidine (0.1 mg kg™!) was injected intravenously via
the jugular vein. After 10-min stabilization, dialysate
was sampled for 10 min. Finally, the vagi were again
stimulated for 10 min, and the corresponding dialy-
sate sample was collected for 10 min.

Supplemental protocol (z = 5, WKY): To determine
the source of ACh measured by the cardiac microdial-
ysis, we implanted one or two dialysis probes into the
left ventricular free wall in vagotomized rats. Dialy-
sate samples were collected for 10 min before and
during bilateral vagal stimulation (20 Hz, 5V, 2-ms
pulse width) under control conditions. The perfusate
was then replaced with the one containing
1 mmol L™! of hexamethonium bromide (Wako Pure
Chemical) (Akiyama et al. 2004). After 30-min stabil-
ization, dialysate samples were collected before and
during bilateral vagal stimulation. Finally, hexametho-
nium  bromide  was  injected intravenously
(60 mg mL™%, bolus). After 10-min stabilization, dial-
ysate samples were collected before and during bilat-
eral vagal stimulation.

Statistical analysis

All data are presented as mean and SE. Data of mean
HR and AP during intravenous pharmacological inter-
ventions were measured after a 10-min stabilization
period. Data of mean HR and AP during vagal stimu-
lation were measured at 5 min of vagal stimulation.
In Protocol 1 and in the supplemental protocol,
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changes in dialysate ACh, HR and AP were analysed
using repeated-measures analysis of variance (aNovaA)
followed by Tukey’s test for all pairwise comparisons
(Glantz 2002). In Protocol 2, changes in dialysate
ACh, HR and AP were analysed using repeated-mea-
sures two-way ANOVA with vagal nerve stimulation as
one factor and medetomidine as the other. For ACh
data, because the variance of measured ACh levels
increased as the mean increased, statistical analyses
were performed after logarithmic conversion (Snede-
cor & Cochran 1989). The AP and HR data were
analysed without logarithmic conversion. Changes in
ACh and HR in response to vagal nerve stimulation
in WKY and SHR were compared by unpaired t-test.
In all statistical analyses, differences were considered
significant when P < 0.0S5.

Results

Figure 2 illustrates the results of Protocol 1. In the
WKY group, medetomidine alone significantly
increased myocardial interstitial ACh level from
24+0.6 to 42+13nmol L™ (P<0.05) and
decreased HR (P < 0.05) without significantly affect-
ing AP. Medetomidine combined with phenylephrine
significantly increased ACh to 5.8 + 2.0 nmol L™*
(P < 0.01) and decreased HR (P < 0.05) compared to
baseline levels, but did not change both parameters
compared to medetomidine alone. Medetomidine
combined with phenylephrine resulted in a significant
elevation in AP (P < 0.01). In the SHR group, mede-
tomidine alone did not affect ACh significantly (from
2.5+07 to 2.7+0.7nmol L7}, although it
decreased HR (P < 0.05). Medetomidine alone caused
significant hypotension (P < 0.01). Although mede-
tomidine combined with phenylephrine prevented
medetomidine-induced hypotension, it did not signifi-
cantly affect the ACh level (3.2 + 0.8 nmol L™%). HR
observed after administering medetomidine combined
with phenylephrine was not significantly different
from baseline.

Figure 3 illustrates the results of Protocol 2. Electri-
cal vagal nerve stimulation increased the ACh levels in
both WKY (from 1.0 £ 0.4 to 2.9 + 0.9 nmol L™
and SHR (from 0.9 0.2 to 2.2 + 0.4 nmol L)
under control conditions. In the WKY group, vagal
stimulation significantly increased ACh and decreased
HR but did not affect AP. Medetomidine significantly
decreased HR and AP but did not significantly change
ACh. No significant interaction effect was detected by
two-way ANOVA, indicating that medetomidine did not
affect the vagal nerve stimulation—induced ACh or HR
response. In the SHR group, vagal nerve stimulation
significantly increased ACh and decreased HR and AP.
Medetomidine significantly decreased HR and AP but
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did not significantly change ACh. No significant inter-
action effect was detected by two-way anNova, indicat-
ing that medetomidine did not affect the vagal nerve
stimulation—induced ACh, HR or AP response. Under
control conditions before medetomidine administra-
tion, the increase in ACh by vagal nerve stimulation
did not differ significantly between WKY and SHR
(AACh: 1.8 + 0.6 vs. 1.3 = 0.3 nmol L™%, P = 0.46).
The HR decrease induced by vagal nerve stimulation
tended to be greater in SHR than in WKY (AHR:
—51 %20 vs. ~101 = 12 beats min™", P = 0.06).

In the supplemental protocol (seven dialysis probes
from five WKY rats), electrical vagal stimulation
increased the myocardial interstitial ACh level from
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0.7+02 to 3.6+1.2nmol L™* (P <0.01) under
control conditions (Fig. 4, top). Electrical vagal stimu-
lation increased the myocardial interstitial ACh level
from 0.6 + 0.2 to 3.1 + 1.1 nmol L™* (P < 0.01) dur-
ing the local administration of hexamethonium
through the dialysis probe. There was no statistically
significant difference in the vagal stimulation-induced
ACh release between the control and local hexametho-
nium conditions. After the intravenous administration
of hexamethonium, electrical vagal stimulation did
not increase the myocardial interstitial ACh level
(0.8 £0.3 to 0.7+ 0.2 nmol L71). The intravenous
administration of hexamethonium reduced prestimula-
tion HR and abolished the vagal stimulation-induced
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bradycardia (Fig. 4, middle). The intravenous adminis-
tration of hexamethonium also reduced AP irrespec-
tive of vagal stimulation (Fig. 4, bottom).

Discussion

The present study demonstrated that intravenous
medetomidine increased left ventricular myocardial
interstitial ACh levels in WKY but not in SHR, indi-
cating that medetomidine-induced central vagal activa-
tion was impaired in SHR. Vagal nerve stimulation
increased the ACh levels in both WKY and SHR, sug-
gesting that the peripheral vagal control of ACh
release was preserved in SHR. The results of the sup-
plemental protocol indicated that the myocardial
interstitial ACh measured by cardiac microdialysis in
the rat left ventricle was mainly derived from the post-
ganglionic vagal nerve.

Effects of medetomidine on myocardial interstitial ACh
release

Medetomidine is a racemic mixture of dexmedetomi-
dine and levomedetomidine. Because levomedetomi-
dine has been shown to be physiologically inert
(Kuusela et al. 2000), the effects of medetomidine are
mostly attributable to those of dexmedetomidine. As
expected based on our previous study (Shimizu et al.

2012), medetomidine increased myocardial interstitial
ACh level significantly in the left ventricle in WKY
(Fig. 2). Because op-adrenergic receptors are densely
distributed in the dorsal motor nucleus of the vagus
and nucleus tractus solitarius (Robertson & Leslie
1985), ap-adrenergic agonists probably activate the
cardiac vagal nerve through the action on these brain-
stem areas. In addition, recent papers indicate that op-
adrenergic receptor activation inhibits GABAergic
neurotransmission in the nucleus ambiguus so as to
increase the activity of premotor cardioinhibitory
vagal neurones (Philbin ez al. 2010), and o;-adrenergic
receptor activation facilitates GABAergic and glyciner-
gic neurotransmission so as to reduce the activity of
cardioinhibitory vagal neurones (Boychuk ef al.
2011). In contrast to WKY, the same dose of mede-
tomidine did not affect the ACh level in SHR, suggest-
ing impairment of o-adrenergic stimulation-induced
central vagal activation in SHR. Although HR was
reduced by medetomidine in both WKY and SHR, no
significant change in ACh level and significant hypo-
tension observed after medetomidine injection in SHR
suggest that the bradycardia observed in SHR was pri-
marily because of sympathetic inhibition rather than
vagal activation.

Intravenous medetomidine had a greater hypoten-
sive effect in SHR than in WKY, indicating that
hypertension in SHR was dependent on sympathetic
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nerve activity. The reduction in peripheral vascular
resistance owing to sympathetic suppression may
account for the significant hypotension induced by
medetomidine in SHR. To exclude the possibility that
medetomidine-induced hypotension in SHR prevented
ACh release because of the deactivation of the arterial
baroreflex, AP was maintained by continuous infusion
of phenylephrine. The same dose of phenylephrine
resulted in comparable AP elevation in both groups
(WKY: AAP =47 +16 and SHR: AAP=352=
11 mmHg), consistent with a previous study (Jablons-
kis & Howe 1994). Despite the maintenance of AP
above 110 mmHg in SHR, medetomidine failed to
increase the ACh levels in these rats. The arterial
baroreflex function is known to reset to a higher input
pressure range in SHR (Nosaka & Wang 1972); there-
fore, the AP elevation may not have been sufficiently
high to evoke a significant baroreflex-mediated vagal
activation in SHR. While increasing the dose of phen-
ylephrine could further increase AP in SHR, there is a
concern of a possible confounding effect as follows. In
the superfused rat atrium, oy-adrenergic stimulation
has been shown to suppress ACh outflow in response
to K* exposure (McDonough et al. 1986). Such pre-
synaptic inhibition via the «j-adrenergic mechanism
might counteract the medetomidine-induced ACh
release when the dose of phenylephrine is increased.
Further studies are needed to determine whether a
lack of arterial baroreceptor input signal after mede-
tomidine injection can totally explain the loss of vagal
activation in SHR.

Effects of electrical vagal stimulation on myocardial
interstitial ACh release

In Protocol 2, which was conducted under vagotom-
ized conditions, medetomidine alone did not increase
myocardial interstitial ACh level in WKY, suggesting
that medetomidine increased the ACh level in Protocol
1 by centrally activating the cardiac vagal nerve and
not by directly exciting parasympathetic ganglia or
vagal nerve terminals. These results are supported by
a previous study from our laboratories, in which intra-
venous medetomidine did not affect the vagal nerve
stimulation-induced ACh release in rabbit right
atrium (Shimizu et al. 2012). Pretreatment with mede-
tomidine did not significantly modify the vagal nerve
stimulation—induced ACh release in WKY, which
agrees with previous experimental results using super-
fused rat atrium, in which «;-adrenergic but not o,-
adrenergic stimulation reduced the K*-evoked ACh
outflow (McDonough et al. 1986).

Electrical vagal nerve stimulation induced the myo-
cardial interstitial ACh release in SHR similar to that
in WKY (Fig. 3), suggesting that peripheral vagal con-
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trol of ACh release was preserved in SHR. Although
ex vivo HR response to vagal nerve stimulation is
attenuated in SHR compared to WKY in an isolated
atrial/right vagus preparation (Heaton et al. 2007),
in vivo HR response to vagal nerve stimulation is not
different between WKY and SHR or is enhanced in
SHR than in WKY depending on the age investigated
(Ferrari et al. 1992, Minami & Head 2000, Masuda
2000). In the present study, HR response to vagal
nerve stimulation tended to be enhanced in SHR, con-
sistent with previous in vivo investigations. Further-
more, because medetomidine did not significantly
modulate the vagal nerve stimulation-induced ACh
release in SHR, the lack of ACh response to medetom-
idine seen in Protocol 1 may be a centrally derived
defect. Loss of cardiac vagal preganglionic neurones
in adult SHR may be related to the impaired central
vagal activation by medetomidine (Corbett et al.
2007).

Vagal nerve stimulation had no significant effect on
AP in WKY. An increase in the stroke volume occurs
in the closed circulatory system and may compensate
for the decrease in the number of heartbeat to keep
cardiac output. The finding is consistent with a previ-
ous study showing that moderate vagal nerve stimula-
tion does not significantly affect the arterial
baroreflex-mediated AP regulation (Kawada et al.
2011). In contrast, vagal nerve stimulation decreased
AP significantly in SHR irrespective of the presence of
medetomidine. Because there may be no major inner-
vation of the vagal nerve over the peripheral vascula-
ture, the reduction in AP induced by vagal stimulation
observed in SHR is likely to be cardiac origin. For
instance, vagal nerve stimulation can reduce ventricu-
lar contractility in the presence of a sympathetic tone
(Nakayama et al. 2001). Because sympathetic nerve
activity is higher in SHR than in WKY (Tsunoda et al.
2000), vagal nerve stimulation could decrease AP by
reducing ventricular contractility before the adminis-
tration of medetomidine. On the other hand, because
medetomidine might have suppressed sympathetic
nerve activity, interaction between the vagal and
sympathetic systems cannot explain the vagal nerve
stimulation-induced hypotension in SHR after mede-
tomidine administration. There is a positive force—
frequency relationship (FFR) in large animals such as
dogs (Mitchell et al. 1963, Kambayashi et al. 1992).
In rabbits, vagal nerve stimulation decreases ventricu-
lar contractility mainly through its negative chrono-
tropic effect, that is, via a positive FFR (Matsuura
et al. 1997). In contrast, the FFR may be negative in
the physiological HR range (200-500 beats min™?) in
rats (Nalivaiko et al. 2010). Therefore, the FFR alone
might have operated to increase the ventricular contrac-
tility during bradycardia in rats. Further investigations
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are needed to identify the mechanisms involved in the
hypotensive effects of vagal nerve stimulation
observed in SHR.

Limitation

Several limitations to the present study need to be
addressed. First, to avoid the degradation of ACh, an
acetylcholinesterase inhibitor eserine was added to
the perfusate. Although myocardial interstitial ACh
levels measured by cardiac microdialysis have been
shown to reflect changes in the ACh kinetics induced
by pharmacological or pathological interventions
(Kawada et al. 2000, 2001), the results have to be
interpreted carefully. Second, because of the different
perfusion rates, the ACh levels obtained in Protocols
1 and 2 cannot be compared directly. For instance,
the lower baseline ACh levels in Protocol 2 com-
pared to Protocol 1 are not necessarily the results of
vagotomy. Third, we measured myocardial interstitial
ACh levels in the left ventricle and not in the right
atrium near the sinoatrial node. Although we
assumed that changes in ACh level account for the
alterations in HR induced by the vagal nerve,
changes in ACh level in the ventricle may not be
proportional to changes in the sinoatrial node.
Finally, the experiments were carried out on rats at
an age when hypertension in SHR is well established.
Further studies are required to determine whether the
abnormality of central vagal activation in SHR
occurs at an earlier age before hypertension is devel-

oping.

Conclusion

Alpha,-adrenergic stimulation induced the central
vagal activation in WKY, but this mechanism was
impaired in SHR. In addition to abnormal sympa-
thetic control, vagal control by the central nervous
system may be impaired in SHR. On the other hand,
peripheral vagal control of ACh release and HR
response may be preserved in SHR.
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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.

I. 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
a-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 O 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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stimulation. Input-output data pairs were resampled at 10 Hz,
and partitioned into 10 half-overlapping segments consisting
of 1024 data points each. In each segment, the linear trend was
subtracted and a Hanning window was applied. Frequency
spectra of the input [X(f)] and the output [Y(f)] were
obtained via the fast Fourier transform. The input power
[Sxx(f)1, output power [Sy(f)], and the cross spectra
between the input and output [Syx(f)] were calculated over
the 10 segments. Finally, the transfer function from vagal
stimulation to the heart rate response was calculated using the
following equation [6]:

Sy (f)

H(f)=
Sxx ()

To quantify the linear dependence of the heart rate
response to the vagal stimulation, the magnitude squared
coherence function was calculated using the following
equation:

Isyx ()|

Coh (f) = ————
Sxx (F)Syy ()

To help intuitive understanding of the system behavior, the
system step response was calculated from a time integral of
the system impulse response which was derived from the
inverse Fourier transform of the transfer function. Hereafter in
this paper, this step response is referred to as an
“nonparametric” step response.

In the original model (Model A) we used a first-order
low-pass filter with pure dead time as described below [1].

M,y(f)y= exp(-2nfLj)
1+—=
fe
where K is the steady-state gain, fc is the corner frequency (in
Hz), and L is the pure dead time (in s). j represents the
imaginary units. The step response corresponding to Model A
is as follows.

S,()=0 (t<L)

t—L

ISA(1)=K{I—exp(— H (L<t)

T

1
2nfe
Our newly proposed model (Model B) is a combination of

the first-order low-pass filter and a frequency-independent
gain term as follows.

T =

1-R
MB(f)=K} +R Iexp(—anLj)

where R (0<R<l) represents the fraction of the
frequency-independent gain relative to the steady-state gain.
Although other models could be possible, Model B is thought
to be most convenient because it provides the steady-state gain
by K as in Model A. When R > 0 Model B can be rewritten as:

exp(-2nfLj)

where fz = fc/R. Because R is defined as a value less than unity,
fris greater than fr.. The step response corresponding to Model
B is as follows.

Sp@)=0 (t< L)
t-L

T

[SB(t):K{l—(IwR)exp(— H (L<t)

The model parameters were estimated in both the
frequency domain and the time domain. In the time-domain
fitting, the sum of squared errors between the model step
response and the nonparametric step response was minimized
using a nonlinear iterative least square fitting. In the
frequency-domain fitting, the following error function was
employed.

2

E =

liog (& (£,)) - log (M (7)) =i 1
k k l_
1 k=1
fr = foxk

log( H<fk>J7[
M (fy) _]

N
k=
where f, is the fundamental frequency of the Fourier
transform, & is an index of the frequency, and fy is the k-th
frequency. N represents the frequency index up to which the
error was considered. In the present study, N was set at 120,
which corresponded to 1.17 Hz. H(f) and M(f), which are
both complex values, represent the experimental and model
transfer functions, respectively. The error function took the
logarithmic representation of the system dynamic
characteristics on the Bode plot into account. In this context,
there was no difference whether the natural or common
logarithm were used, as the task of fitting was to find a set of
parameters to minimize the error function.

After the model parameters were estimated, the dynamic
heart rate response to vagal stimulation was predicted from the
convolution of the command signal with the impulse response
derived from the model transfer function. The regression
analysis for the measured versus the predicted heart rate
response was performed using a data set that was obtained
externally to the segments used for the estimation of the
transfer function (i.e., external validation). The output signal
of 2048 points was predicted.

III. RESULTS AND DISCUSSION

Figure 1 illustrates a typical example of the transfer
function from vagal stimulation to the heart rate response
obtained in one animal (solid lines). In the gain plot, the
transfer gain decreased as the frequency increased above 0.02
Hz, suggesting low-pass characteristics of the heart rate
response to vagal stimulation. The transfer gain, however, did
not fall off smoothly beyond 0.3 Hz, creating a flatter portion
in the higher frequency range. In the phase plot, the phase was
close to —n radians at the lowest frequency, and delayed with
increasing frequency. These phase characteristics suggest that
the heart rate response to vagal stimulation should be negative
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Figure 1. Transfer function from vagal stimulation to the heart
rate response (solid lines) and model tranfer functions (circled
lines).

at steady state. The coherence was high up to 1 Hz, suggesting
that the heart rate response can mostly be described by linear
dynamics in the present experimental settings. Therefore, the
flatter portion observed in the gain plot is not likely the result
of a reduction in the accuracy of the transfer function
estimation in the higher frequency range.

The circles in the left panels of Figure 1 represent the
transfer function of Model A with its parameters determined
by the frequency-domain fitting. There was a significant
deviation between Model A and experimental transfer
functions such that the steady-state gain was estimated to be
lower in Model A compared with the experimental transfer
function. The corner frequency was estimated to be higher in
Model A than in the experimental transfer function. Therefore,
frequency-domain parameter determination does not work
well when a given model does not have the degree of freedom
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Figure 2. Step response of the heart rate response to vagal
stimulation (solid lines) and model step responses based on the
frequency-domain parameter determination (circles).
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Figure 3. Step response of the heart rate response to vagal
stimulation (solid lines) and model step responses based on the
time-domain parameter determination (circled lines).

to reproduce an experimental transfer function.

The circles in the right panels of Figure 1 indicate the
transfer function of Model B with its parameters determined
by the frequency-domain fitting. The model transfer function
reproduced the characteristics of the experimental transfer
function reasonably well in the frequency range from 0.01 to 1
Hz.

Figure 2 depicts the step responses corresponding to the
transfer functions shown in Figure 1. In the top panel, the step
response of Model A underestimated the steady-state response
relative to that of the nonparametric step response. The time
constant was estimated to be shorter, which is equivalent to
the higher corner frequency in the frequency domain. In the
bottom panel, the step response of Model B reproduced the
nonparametric step response well.

While Model A did not reproduce the experimental step
response well when parameters were determined in the
frequency domain, both models A and B were able to mimic
the nonparametric step response when parameters were
determined in the time domain (Figure 3). However, the lag
time was estimated to be negative in Model A, which is
physically unrealizable.

Figure 4 illustrates the transfer function from vagal
stimulation to the heart rate response (solid lines) and the
model transfer functions (circles) with their parameters
determined in the time domain to minimize the error between
the model and nonparametric step responses. While both
models A and B reproduced the experimental transfer function
up to 0.2 Hz, the model transfer functions deviated from the
experimental transfer function in the frequency range above
0.2 Hz. Therefore, even though the model step response
appeared to mimic the nonparametric step response, there can
be a significant deviation in the higher frequency range when
examined in the frequency domain. In the present case,
because the fraction of the frequency-independent gain
relative to the steady-state gain was approximately 0.2, the
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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 K+ chan-
nels (mK qrp) 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 4p blocker), or atractyloside (Atr; a mPTP opener).

Resulis 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 44.0+2.0%; p<0.001), and administration of either 5-
HD or Atr abolished the infarct size-limiting effect of H, gas
(42.042.2% with 5-HD and 45.14£2.7% with Atr; both
p<0.001 vs. Hp 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
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afforded by H, was not due to anti-oxidative actions or
effects on the NADH dehydrogenase pathway.
Conclusions Inhalation of H, gas reduces infarct size in
canine hearts via opening of mitochondrial K srp 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 spp channel - Mitochondrial
permeability transition pore

Entroduction

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 MI (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 pharmacological interven-
tion. However, strategies to limit reperfusion injory 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 Hmit
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 lmit infarct size in large animals and humans. Further-
more, the cellular mechanisms underlying Hy-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 (mKapp) 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 AMI. Ohsawa et al. [10]
demonstrated that H, has the potential to serve ag 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 47rp against ischemic injury, or may
directly activate mKarp followed by the inhibition of mPTP.
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Thus, we tested the hypothesis that H, gas may reduce
reperfusion injury and limit infarct size via the activation of
mK 4rp and the inhibition of mPTP.

Methods
Animal model and instrumentation

Fifty nine beagle dogs (Oriental Yeast Co., Lid, Tokyo, Japan)
weighing 9 to 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 H, 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 artery 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 TATYO 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

Adfter the randomization to either H, gas (#=18) or conirol
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
i.v.), or atractyloside (Atr, Sigma; 2.5 mg/kg 1.v.), for 5 min
before gas inhalation [H, gas with 5-HD (#=6) or Atr (n=06)
and control gas with 5-HD (n=6) or Atr (n=06)]. 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 mia 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 rigk and infarct area 6 h after the
onset of reperfusion as described previously [11]. These
parameters were evaluated by Evans blue and triphenyite-
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 [12]. 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 I mL of the microsphere
suspension (2—4x10° spheres) was injected into the left
atrium at 80 min after 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 Deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL)

The myocardial tissue samples were taken from the border
zone of dogs in the control, H,, control+5-HD, H,+5-HD,
control+Atr and HytAtr 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 fo visualize the cells.
TUNEL-positive cell nuclei and total cell nuclei stained
metylgreen were counted in 710 random high-power fields
(x200). The amount of TUNEL-positive cells was expressed
as a percentage of the total amount of cells (n=1,5G0).

Immunohistochemistry for either 8-OHAG 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, Hy+Aty, control+5-HD and control+Atr groups
(n=3 each). After 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-80H-dG (MOG-020P; Japan
Institute for the Control of Aging; 1:100) antibodies overnight
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 reom temperature.
The sections were then shortly counterstained with hematox-~
ylin and eosin to visualize the cells. Four slides were randomly
examined vsing a defined rectangular field area with magni-
fication (x40). The data were represented as the number of
8OH-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, I, Hy+35-HD, HytAtr,
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-1253; Cyclex Co., Ltd).

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
(V1) 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 jnner 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-HID, or Atr, altered systemic blood pressure or heart rate
during the experimental protocols (Table 1).

Inhalation of Hy gas just prior to reperfusion following
90 min of ischemia reduced infarct size pormalized by risk
area (20.6+2.8% vs. 44.0+2.0%; p<0.001) (Fig. 1). Intrigu-
ingly, the administration of either 5-HD or atractyloside (Atr)
blunted the H; gas induced limmiting effect on infarct size (42.0
+2.2% in 5-HD vs. 45.1+2.7% in Atr; p<0.001 and p<0.0061
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%1.5,35,0:1.3 and 35.7+14%
in the control group, the H, gas group, the H; gas with SHD
group, the H, gas with Afr 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 135 consecutive
beats was defined as lethal arthythmia in this study. The
incidence of lethal arrhythmia in the reperfusion period
tended to decrease by H, 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)
Contro! gas 1012 10342 1042 9842 10242 10143 1033 9943 100£2
Ho gas 105+4 9742 983 9643 100+2 10143 9942 10142 1034:1
H, gus + SHD 1052 105£2 1061 9543 98 +3 10143 1031 1020 10044
H, gas + Atr 9843 983 10243 981 10041 1011 1021 10242 10341
Control gas + SHD 10442 1012 10141 10242 10342 101£3 10342 9843 1004
Control gas + Atr 102+1 102+4 100£2 96::1 10342 100£3 10342 1042 1021
Heart rate (beats/min}
Control gas 1363 13842 1374:2 1322 1311 13543 13544 133+4 13344
H; gas 13943 13843 14044 13343 13444 1345 1344 13445 13234
H, gas + 5HD 13543 13043 12944 1293 12944 13043 12944 12944 13043
H, gas + Alr 1342 13544 130+4 12943 129£2 12943 {2942 12843 12943
Conirol gas + 5HD 13444 13543 13543 13542 129+£3 1315 13245 130x5 129435
Control gas + Atr 13742 137x2 13543 13642 13743 13544 135x2 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 myin affer the onset of reperfusion, respectively. There were no

significant changes of theses parameters among the six groups

_@_ Springer
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Fig. 1 Effect of H, Gas on Myocardial Infarct Size. Values are
expressed as mean + SEM (error bars). Representative photos follow-
ing both Evans Blue and triphenyltetrazolium chloride staining are
shown in the control gas (A), H, gas (B), H; gas with SHD (C), H,
gas with Atr (D), control gas with SHD (E), and the control gas with

of 8-OHdG positive cells and infarct size. We next investi-
gated myocardial NAD+ levels and observed a not signifi-
cant tendency towards increased NAD+ levels in the H,
group, suggesting that the inhibition of mPTP caused by
the opening of mK,rp may not be atiributable to oxygen-
derived free radicals produced through NADH dehydroge-
nase (Fig. 3).

Atr groups (F) respectively. G Myocardial infarct size quantification as
a percentage of the area at risk in groups tested. Inhalation of hydrogen
gas reduced infarct size. SHD and Afr abolished this cardioprotective
effect. *p<0.0001 vs. control group. SHD = 5-hydroxydecanoate;
Atr = atractyloside

Discussion

The present study provides a novel finding that inhalation of
H, gas mediates infarct size-limiting effects but not cellular
apoptosis-limiting effects in the canine heart large animal
model, and that H, gas-mediated cardioprotection is mainly
attributable to the opening of mK srp followed by inhibition

Q_\ Springer
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Fig.2 Risk Arca and Collateral a
Flow. Risk arca {(a) and 60
collateral blood {low (b}. There

were no differences in either 50

risk area or collateral blood
flow in all groups. Values are
expressed as mean £ SEM
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of mPTP, although we could not completely exclude the
involvements of H, gas-mediated anti-oxidant effects on
the present results.

[‘actors that affect infaret size during inhalation ot H, gas

The infarct size-limiting effect of H, gas may be attrib-
utable to changes in systemic hemodynamics and/or
collateral flow, because these two factors are critical in
determining infarct size. However, when H, gas was
inhaled, systemic blood pressure, heart rate, and collat-
eral flow were unchanged among the groups. Therefore,
H, gas-induced cardioprotection is not mediated by he-
modynamic or collateral flow changes secondary to the
inhalation of H, gas. Myocardial contractility is another
determinant of infarct size, since increases in myocardial
contractility may increase infarct size; indeed, beta
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Fig. 3 Plot of infarct size expressed as a percentage of the risk area
and regional collateral flow during ischemia. The abbreviations are
same as in Fig. | There are inverse relations between normalized
infarct area and collateral flow, and a significant difference (P<0.05)
is seen in the H, gas group compared with the control group
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blockers, which reduce myocardial contractility, reduce
infarct size. However, Hayashida et al. [5] and Sun et
al. [4] showed that either H, gas or H,-rich saline
provokes no changes in myocardial contractility as a
index of maximal dP/dt, suggesting that myocardial
contractility is not altered by H, gas, although we did
not measure myocardial contractility in the present
study.

We have shown that H, gas limits infarct size in large
animals, which may be translated to human use. In rats,
heart rate and maximal dP/dt are around 400/min, and
8,000 mmHg/sec, respectively [5]. However, in the anesthe-
tized dog, these parameters are around 130/min and
4,000 mmtg/sec, respectively [13, 14]). Therefore, the fact
that H, gas limits infarct size in rat hearts does not neces-
sarily indicate that this will be the case in large animals. We
found cardioprotective effects of I, gas in canine hearts,
indicating that potent cardioprotection by H, gas or H,-rich
saline may be the case for possible human use. However, in
our large animal model, apoptosis was not prevenied by H»
gas, which is different from results seen by Sun et al. [4]. We

Table 2 Incidence of lethal arrhythmia during ischemia and reperfu-
sion periods and number of dogs excluded for lethal arrhythmia

Groups I.cthal archythmia No. of excluded dogs

VI (eounts)  Collateral
blood flow
{ml/100 g/min)

Ischemia Reperfusion
period (counts) period {counts)

Control gas 0 23 1 3
1, pus 0 S 0 2
Iy gas + SHD 4] 29 | 3
H, gas + Atr ] 27 t 3
Control gas + SHD 0 28 2 2
Control gas + Alr ! 30 3 2

Incidence of lethal arrhythmia is shown in the included dogs of the
present study. Ho gas group tended to reduce incidence of lethal
arrhythmia, however, there were no significant differences among the
six groups. VI = ventricular {ibrillation; Abbreviations as in Table |
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Fig. 4 The number of 8-OHdG positive cells. Representative photos
assessed by 8-OHAG immunoreactivity. Staining was localized to
nuclei of myocardimm (brown) in the control gas {(A), H, gas (B), H;
gas with SHD (C), H, gas with Atr (D), control gas with SHD (E), and

did not determine the mechanisms underlying these differ-
ences. Since the mechanisms of myocardial necrosis and
apoptosis are different [15], our results do not discourage
the clinical use of H,.

the control gas with Atr groups (F) respectively. Scale bar=100 um. G
The quantification of 8-OHAG positive cells was expressed per field.
There were no significant differences among the six groups. Values are
expressed as mean + SEM (error bars)

On the other hand, we also observed the tendency that H,
gas mediates the inhibitory effect on reperfusion arrhyth-
mias suggesting that H, gas may primarily inhibit reperfu-
sion lethal arrhythmias, however, we canuot deny the
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Fig. § The myocardial NAD contents. There were no significant
differences of myocardial NAD contents among the six groups. Values
are expressed as mean = SEM (error bars)

possibility that this anti-arthythmic effect of H, gas is sec-
ondary to the infarct size-limiting effect.

Cellular mechanisms of H; gas-induced cardioprotection

H, gas is reported to scavenge the detrimental, hydroxyl-
radical and peroxynitrate reactive oxygen species without
affecting less potent oxygen derived-free radicals or hydro-
gen peroxide [10]. This may afford cardioprotection by
attenuating the end-products of ROS [5, 16-19]. However,
this does not necessarily mean that removal of detrimental
ROS is the sole mechanism by which H, gas induces car-
dioprotection. Indeed, we found no significant differences in
myocardial 8-OHdG immunoreactivity (Fig. 4) among the
six groups although there was a trend to lower §-OHdAG
positive cells, suggesting that the current dose of H, gas
may not provide anti-oxidant effects enough te potently
reduce infarct size. In turn, we observed the alterative
mechanism for H, gas to mediate cardioprotection, i.e., the
activation of mK,rp followed by the inhibition of mPTP
during repertusion following myocardial ischemia. It would
be difficult for chemicals or endogenous substances to phys-
ically reach mK srp upon reperfusion, and the most impor-
tant endogenous mediator of ischemic preconditioning,
adenosine, opens mK yrp via adenosine receptors, Gi pro-
teins, and PKC pathways [20-23]. However, H, gas easily
penetrates cells and reaches cellular substances and mito-
chondria [10], suggesting that Hy gas can reach and activate
mK srp Another possibility is that H, gas activates PKC
inside cells, and the activated PKC opens mKspp The
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activation of mKrp is reported to transmit signals that
inhibit mPTP [24-30], which causes potent cardioprotec-
tion. An additional finding was that no significant differ-
ences were shown in myocardial NAD+ contents although
there was a trend to increase in H; group. The effects of T,
gas to modulate either mKATP or mPTP are through a path-
way other than NADH dehydrogenase, although there are data
showing that the opening of mKATP increases ROS, which
modulates mPTP and mediates cardioprotection.

Although we do not understand the precise mechanisms
by which H, gas opens mKarp the evidence in the present
study suggests that F; gas stimulates intraceltular signaling
pathways of ischemic preconditioning or postconditioning
of cardioprotection [31]. Since H, gas is produced in vivo
[32], this mechanism may serve as a trigger or mediator of
ischemic preconditioning. In turn, it i8 hard for basic and
clinical researchers to translate the fruitful results of ische-
mic pre- or postconditioning to clinical outcomes. If H, gas-
induced cardioprotection breaks into the sequels of the
signal transduction of ischemic pre- or postconditioning,
H, gas is likely to be used in clinical situations. Indeed,
cyclosporine, which inhibits mPTP, has recently been shown
to mediate potent cardioprotection in patients with acute
myocardial infarction [9].

Translation to clinical medicine

Before considering the translation of the present resulis to
clinical settings, we need to consider several issues. First,
we used 1.3% H; gas in the present study. However, since
even 0.5% H, gas was shown to limit infarct size in previous
work [5], 1.3% or even 1% H, gas may be sufficient to
reduce infarct size in humans. Further, it may be a good idea
to use H, saline because several studies have shown the
cytoprotective effects of H, saline [4, 18, 33-38]. Second,
we sometimes use carperitide, nicorandil, or nitrate upon
reperfusion in patients with AMI as an adjunct therapy, and
these drugs might weaken the ability of H, gas to limit
infarct size. Carperitide and nitrate have been reported to
use pathways other than mKgp [39-41]; however, nicoran-
dil may share this pathway with H, gas. However, since
neither nicorandil nor H, gas fully opens mK orp channels in
vivo, the combination of these two chemicals may be addi-
tive or synergistic in limiting infarct size. Third, we ob-
served that inhalation of H, gas also tended to reduce the
incidence of lethal ventricular arthythmia such as ventricu-
lar tachycardia and Vf. Although we did not precisely in-
vestigate the cellular mechanisms whereby H, gas limited
the incidence of lethal arrhythmia, we assume that the open-
ing of mK arp and the inhibition of mPTP may be primarily
or secondarily involved (Tabie 2).

Although we need to overcome many issues to translate
the present findings, we are encouraged to further
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investigate this issue by the fact that we observed H, gas-
induced cardioprotection in large animals and the mecha-
nism is atfributable to the activation of mK e followed by
the inhibition of mPTP.
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