Sympathetic Heart Rate Control and Catecholamines

Table 1. Parameters obtained from Protocol 1.

NA, NA, NA o

HR, bpm

Before SNS 248 +20 250 £ 19 25120

During SNS 280 +24 289 + 22%* 288 + 22**
AP, mmHg

Before SNS 95.7+7.2 99.3 + 8.1 106.6 = 6.6*

During SNS 93.6+8.0 102.9 + 8.8* 106.0 £ 7.0**
Dynamic gain (K), bpm/Hz 76+1.2 75+1.1 8.1x1.1
Natural frequency (fy), Hz 0.080 £ 0.010 0.084 £ 0.010 0.083 £ 0.010
Damping ratio (¢) 1.16 £0.05 1.48 £ 0.03* 1.52+0.11*
Pure dead time (L), s 0.44 £0.08 0.55 £ 0.07 0.52 £ 0.06
Fitting error (err), % 1.6+£0.3 22+06 1.6+0.4

Values are means + SEM. **P < 0.01 and *P < 0.05 vs. the corresponding value obtained during NA, condmon HR: heartrate. AP:

arterial pressure. SNS: sympathetic nerve stimulation.
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Fig. 4. Plasma concentrations of Adr and NA obtained from
Protocol 2. The plasma Adr concentration was significantly
increased during the Adry, condition. The plasma NA concen-
tration was not changed significantly by Adr infusion. Adrg:
saline infusion; Adry and Adry,: adrenaline infusions at 1 and
10 pg-kg-1-h-1.

fects of NA infusion on mean HR during SNS were signif-
icant, the magnitude of the HR increase was small relative
to the interindividual variation of HR. Mean AP before
SNS was significantly elevated during NA,, condition,
but not during NA; condition compared to NA, condition.
Mean AP during SNS was increased significantly during
both NA; and NA, conditions compared to NA, condi-
tion.
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Fig. 5. A: Time series of one animal obtained from Protocol 2.
HR changed dynamically in response to SNS. B: Averaged
transfer functions from SNS to HR during Adrg, Adry, and
Adryg conditions obtained from Protocol 2 (n = 6). Adr infusion
did not affect the transfer function significantly. Solid and
dashed curves indicate mean and mean + SEM values, re-
spectively. -
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Table 2. Parameters obtained from Protocol 2.

Adrg Adr, Adrqg

HR, bpm

Before SNS 231 +12 232 £ 10 2287

During SNS 274 £ 13 275 £ 13 274 + 13
AP, mmHg

Before SNS 93.1+97 99.0 £ 8.3 113.7 £ 5.2*

During SNS 101.3 £ 8.0 103.8 + 8.4 116.6 + 4.6**
Dynamic gain (K), bpm/Hz 8.0x0.6 8408 82+1.0
Natural frequency (fy), Hz 0.070 £ 0.005 0.071 + 0.005 0.067 £ 0.006
Damping ratio (¢) 1.09 £ 0.20 1.32 + 0.11 1.39 £ 0.17
Pure dead time (L), s 0.55+£0.13 0.66 £ 0.09 0.63 + 0.15
Fitting error (err), % 25+05 1.8+03 23+06

Values are means * SEM. **P < 0.01 vs. the corresponding value obtained during Adry condition. HR: heart rate. AP: arterial pressure.

SNS: sympathetic nerve stimulation.

Effects of high plasma Adr on the dynamic
sympathetic neural regulation of HR

In Protocol 2, dynamic SNS for 15 min did not signifi-
cantly change the plasma Adr or NA concentration during
Adry condition (Fig. 4, Adr, vs. Adrg+SNS). The plasma
Adr concentration prior to dynamic SNS did not increase
significantly during Adr; condition, but increased to ap-
proximately 11 times higher during Adr;, condition com-
pared to Adry condition. The Adr infusion did not signifi-
cantly affect the plasma NA concentration.

Figure 5A illustrates the time series of SNS, HR, and
AP during Adrg, Adr;, and Adr;, conditions obtained from
one animal. HR changed randomly in response to the dy-
namic SNS. The Adr infusion did not significantly change
mean HR or the amplitude of HR variation among Adry,
Adry, and Adry, conditions. Mean AP increased during
Adro condition compared to the Adry condition.

Figure 5B shows averaged transfer functions from SNS
to HR during Adry, Adry, and Adr;, conditions obtained
from all of the six animals in Profocol 2. There seem to be
no effects of Adr infusion on the transfer functions. No
significant differences in dynamic gain, natural frequency,
damping ratio, and pure dead time were observed among
the three conditions (Table 2).

Mean HR did not differ significantly among Adry,
Adr,, and Adr;q conditions, both before and during SNS
(Table 2). Mean AP increased significantly during Adryg
condition, but not during Adr; condition compared with
Adr, condition, both before and during SNS.

Effects of intravenous isoproterenol on the
dynamic sympathetic neural regulation of HR
Figure 6A illustrates the time series of SNS, HR, and
AP during Isog, Iso;, and Iso,q conditions obtained from
one animal. HR changed randomly in response to the dy-
namic SNS under the Isoy condition. Although the dynam-
ic HR response to SNS was maintained under the Iso, con-
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dition, mean HR was significantly elevated, and no
apparent HR response was observed under the Isoj con-
dition.

Figure 6B shows averaged transfer functions from SNS
to HR during Isoq, Iso;, and Isojq conditions obtained
from all of the six animals in Profocol 3. The transfer
function showed a slight downward shift under the Iso;
condition compared to the Isoy condition. It was signifi-
cantly deformed and lost consistent characteristics across
the animals under the Iso;y condition, as evidenced by
large standard errors (dashed lines). The gain values
(Go.0073 and Gy 1) were significantly lower under the Isoyq
condition compared to the Isoy condition (Table 3).

Mean HR did not change significantly under the Iso;
condition, but increased significantly under the Iso;q con-
dition compared to that under the Isoy condition, both be-
fore and during SNS (Table 3). Mean AP before SNS was
significantly increased under the Iso; condition, but not
under the Iso;, condition compared to that under the Iso,
condition. Mean AP during SNS did not differ under the
Iso; condition, but decreased significantly under the Isoq
condition compared to that under the Isoy condition.

DISCUSSION

We have examined the effects of high plasma NA or Adr
on the transfer function from SNS to HR and found that
high plasma catecholamines within physiological limits
(approximately 10 times the resting levels) were ineffec-
tive to alter the sympathetic neural regulation of HR. Al-
though the baseline HR was higher than the resting HR re-
ported in conscious rabbits, the high baseline HR may be
partly due to vagotomy. Because dynamic SNS (average
stimulation frequency was 2.5 Hz) could increase mean
HR, on the average, by 32 bpm in Protocol I and by 43
bpm in Protocol 2 under control conditions (NA, and
Adry), the insignificant effects of high plasma catechola-
mines on HR cannot be explained by a simple saturation
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Table 3. Parameters obtained from Protocol 3.

Is0g Is0,4 1s04g

HR, bpm

Before SNS 244 +7 245£6 289 £ 8**

During SNS 278+ 11 280+ 10 293 £ 9**
AP, mmHg

Before SNS 80.2+£85 96.2 +4.9* 83.5+7.1

During SNS 90.9+74 93174 82.9+7.0**
Go go7a, bpm/iHz 59+1.0 47+08 1.0 04*
Gg 1, bpm/Hz 1.3+£0.3 09+0.2 0.2£0.2*

Values are means + SEM. **P < 0.01 and *P < 0.05 vs. the corresponding value obtained during Isog condition. HR: heart rate. AP:
arterial pressure. SNS: sympathetic nerve stimulation. Gg go7s: transfer gain value at 0.0078 Hz. Gy 4: transfer gain value at 0.1 Hz.
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Fig. 6. A: Time series of one animal obtained from Profocof 3.
Although HR changed dynamically in response to SNS under
Isog and [so4 conditions, mean HR elevated significantly, and
no apparent dynamic HR response was observed under the
Iso4o condition. B: Averaged transfer functions from SNS to
HR during Isoy, Iso4, and Iso4q conditions obtained from Pro-
tocol 3 (n = 6). The transfer gain reduced significantly and
varied among animals, as evidenced by the large SEM under
the Iso4q condition. Solid and dashed curves indicate mean
and mean + SEM values, respectively. 1sog: saline infusion;
Iso4 and Iso4q: isoproterenol infusions at 1 and 10 ug-kg-1-h-1.

phenomenon of the HR response to catecholamines or by
complete downregulation of B-adrenergic receptors under

the present experimental settings. Actually, we confirmed

that the same dose of intravenous administration of a [3-
adrenergic agonist isoproterenol increased mean HR sig-

nificantly and blunted the transfer function (Fig. 6, Isoqq
in Protocol 3). It is quite likely that NA released from the
sympathetic nerve terminals during SNS has much stron-
ger effects on HR in comparison with circulating cate-
cholamines.

Effects of high plasma NA on the sympathetic
neural regulation of HR

The plasma NA concentration increased approximately
15 times higher during NA;, condition than during NA,
condition. Nevertheless, mean HR before SNS did not
change significantly during NA 4 condition compared to
NA, condition (Table 1). In contrast, mean AP before
SNS increased significantly during NAq condition com-
pared to NA, condition (Table 1). Young et al. [14] also
reported an increase in AP and no changes in HR during
NA infusion at 0.2 pg-kg-1'min-1 (12 pg'kg-!-h-1) in con-
scious dogs, though the baroreflexes could have counter-
acted the potential increase of HR in their study. These re-
sults indicate that the vascular bed is more responsive to
plasma NA than the sinus node. A tighter synaptic cleft of
the neuroeffector junction of the cardiac muscle compared
to the vasculature, though it was reported in rat tissues
[15], might explain the differential sensitivity to plasma
NA between HR and AP.

Cardiac SNS significantly increased the mean HR
without increasing the plasma NA concentration (Fig. 2),
consistent with previous studies in anesthetized dogs [16]
and cats [17]. Although mean HR before SNS did not dif-
fer among NA,, NA, and NA,, conditions, mean HR dur-
ing SNS was significantly higher during NA; and NA,,
conditions compared to control (Table 1). These results
are in opposition to the hypothesis that high plasma NA
activates presynaptic a,-adrenergic receptors and attenu-
ates the HR response to SNS. One possible explanation
for the increased mean HR during SNS under conditions
of the NA infusion is as follows. NA released from the
sympathetic nerve terminals is removed from the synaptic
cleft by two catecholamine uptake mechanisms: a high-af-
finity, low-capacity neuronal uptake (uptake;) and a low-
affinity, high-capacity extraneuronal uptake (uptake,) [5,

The Journal of Physiological Sciences Vol. 56, No. 3, 2006 241



T. KAWADA et al.

18, 19]. The uptake; mechanism also contributes to plas-
ma clearance of NA [20]. High plasma NA might occupy
the uptake; process to some extent and slow the NA re-
moval from the synaptic cleft during SNS. As a result, the
positive chronotropic effects of SNS might be augmented.
Honda et al. [8] investigated the relationship between the
kinetics of plasma catecholamines and cardiac sympathet-
ic nerve activity during systemic hypotension induced by
vena cava occlusion. They showed that the cardiac uptake
of NA proportionally increased as the arterial NA concen-
tration increased and that there was a negative correlation
between the cardiac uptake of NA and the percent in-
crease in mean cardiac sympathetic nerve activity. The
negative correlation between the cardiac uptake of NA
and the percent increase in mean cardiac sympathetic
nerve activity might support the notion that NA of plasma
origin and that of neural origin share the uptake; process.
Although the within-individual change was statistically
significant, the magnitude of HR increase during SNS was
small compared to the interindividual variation of mean
HR. Therefore the augmentation of the positive chrono-
tropic effects by high plasma NA may be physiologically
msignificant:

In the transfer function parameters, the damping ratio
alone was significantly increased during NA; and NA,,
conditions compared with NA, condition (Table 1). As al-
ready discussed, high plasma NA might have interfered
with the uptake; process and consequently changed the
damping ratio of the transfer function [12]. The damping
ratio is an important determinant of the system behavior
of the second-order low-pass filter. Depending on the val-
ue of the damping ratio, the system behaves as under-
damped (0 < £ < 1), critically damped (£ = 1), or over-
damped (£ > 1) (see appendix B). In the present study,
however, the damping ratios changed only from 1.2 to 1.5;
thus the system should behave as over-damped under any
of the NA,, NA,, and NA,y conditions. Given that other
transfer function parameters including the dynamic gain,
natural frequency, and pure dead time did not change sig-
nificantly, high plasma NA has limited effects on the
transfer function from SNS to HR.

Effects of high plasma Adr on the sympathetic
neural regulation of HR

The plasma Adr concentration during Adr;, condition
increased to approximately 11 times that during Adr, con-
dition. Although high plasma Adr did not increase HR, it
did increase AP (Table 2). In contrast, Young ef al. [14] re-
ported that an administration of Adr at 0.2 pg-kg-1'min-1
(12 pg'kg-1'b-1) significantly increased both AP and HR
in conscious dogs. Since the plasma Adr concentration in
~ their study increased to a similar degree to the present re-
sult, the HR response to plasma Adr may differ between
rabbits and dogs. Other factors that potentially explain the
discrepancy are the vagotomy and anesthesia used in the

present study. On the other hand, the Adr administration
could have altered cardiac sympathetic neural outflow in
the study by Young ef al. [14].

In the present experimental conditions, high plasma
Adr did not increase mean HR during SNS compared to
Adr, condition and did not affect the transfer function
from SNS to HR either (Table 2). These results are in op-
position to the hypothesis that high plasma Adr activates
presynaptic p,-adrenergic receptors and augments the HR
response to SNS. Moreover, because Adr has lower affin-
ity to the uptake; process compared to NA [18, 19], high
plasma NA but not Adr affected the mean HR during SNS
and the damping ratio of the transfer function via the
mechanism of modulating the NA removal.

The present results are consistent with the study of
Boudreau et al. [21], in which a 10-min administration of
Adr (92 ng'kg-'min-! or 5.5 pg kg-1-h-1) did not increase
the NA release in response to cardiac SNS in anesthetized
dogs. However, Boudreau et al. [21] also demonstrated
that a 180-min administration of Adr did increase the NA
release in response to cardiac SNS, along with an in- -
creased Adr level in the cardiac tissue. Plasma Adr can be
taken up into the sympathetic nerve terminals and then
coreleased with NA [22]. When Adr is coreleased with
NA into the synaptic cleft, NA release may be facilitated
via the presynaptic f,-adrenergic mechanism because Adr
is a more potent agonist for By-adrenergic receptors than
NA [23]. Although the long-term effects of high plasma
Adr on the transfer function from SNS to HR was not ex-
amined in the present study, it is conceivable that high
plasma Adr does not affect the sympathetic neural regula-
tion of HR unless the Adr accumulation in the sympathet-
ic nerve terminals reaches a concentration that is high
enough.

Effects of intravenous isoproterenol on the
dynamic sympathetic neural regulation of HR

As expected, an intravenous administration of isoprot-
erenol at 10 pg-kg-1-h-1 increased mean HR significantly
both before and during SNS. The transfer gain of the HR
response to SNS was significantly decreased under the
Isoyq condition (Table 3). These results are similar to our
previous finding that an increase in mean stimulation fre-
quency of SNS increased mean HR and decreased the
transfer gain [12]. We have explained a bidirectional aug-
mentation of the dynamic HR response to autonomic
nerve stimulation by using a nonlinear sigmoidal relation-
ship between the autonomic tone and HR [3, 24]. In that
concept, the operating point of HR critically affects the
transfer gain of the HR response to sympathetic or vagal
nerve stimulation; i.e., deviation of the operating point

from the center of the sigmoidal relationship decreases the

tangential line of the sigmoid curve that relates to the
transfer gain. Such operating-point- dependence of the
transfer gain may explain, at least in part, the decrease in
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the transfer gain under the Iso;, condition.

Several limitations need to be addressed. First, we per-
formed the experiment in anesthetized rabbits. Because
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
sympathetic nerve, changes in autonomic outflow associ-
ated with anesthesia might not have significantly affected
the present results. Second, as already mentioned, species
differences in HR response to catecholamines may exist.
Whether high plasma catecholamines affect the dynamic
sympathetic neural regulation of HR in animal species
other than rabbits requires further investigations. Third,
the duration of catecholamine administration prior to SNS
was set at 15 min. Although this priming time was suffi-
cient for AP and HR to reach new steady states, the effects
of longer durations of high plasma catecholamines on the
dynamic sympathetic neural regulation of HR remain to
be investigated. And fourth, because we stimulated the
cardiac postganglionic sympathetic nerve, the possible ef-
fects of high plasma catecholamines on sympathetic gan-
glionic transmission were excluded.

In conclusion, although plasma NA or Adr were in-
creased to a level 10-15 times higher than the baseline
level by exogenous administration, such high plasma NA
or Adr did not significantly affect the dynamic sympathet-
ic neural regulation of HR in anesthetized rabbits. Al-
though humoral and neural factors are thought to regulate
the cardiovascular system in concert, the neural factor ap-
pears to be much stronger than the humoral factor as far as
the HR regulation is concerned.

APPENDIX A

Frequency modulation versus amplitude modulation in
nerve stimulation. Because the sinus node responds to NA
released from the sympathetic nerve terminals and be-
cause the NA kinetics at the neuroeffector junction pre-
dominantly determine the low-pass filter characteristics
of the HR response to SNS [12], whether the SNS is mod-
ulated by frequency or amplitude will not significantly af-
fect the transfer function from SNS to HR. Although the
frequency modulation and the amplitude modulation
would reveal different nonlinear input-output relation-
ships between the stimulation command signal and the
number of nerve fibers actually discharged, a transfer
function analysis using a white noise input can retrieve a
linear input-output relationship even in the presence of a
significant nonlinearity [11]. Although the SNS we used is
different from a physiological discharge of nerve fibers,
the HR response to physiological nerve discharge would
obey the same principle characterized by the transfer
function from SNS to HR. When we estimated the transfer
function from recorded sympathetic nerve activity to HR,
it also approximates to the second-order low-pass filter
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Fig. 7. A: Time series of SNS, HR, and AP using frequency
modulation (left) and amplitude modulation (right) as the input
signal. HR changed dynamically in response to both the fre-
quency modulation and amplitude modulation of SNS. B: Av-
eraged transfer functions obtained from 5§ animals using fre-
quency modulation (left) and amplitude modulation (right) as
the input signal. Although the absolute gain values are differ-
ent because of different units in inputs, the low-pass charac-
teristics are in common for both transfer functions.

with pure dead time [25].

We compared the transfer function from SNS to HR
identified by the frequency-modulation input and that by
the amplitude-modulation input in 5 anesthetized rabbits.
The left panel of Fig. 7A shows a typical time series of
SNS, HR, and AP obtained from the frequency-modula-
tion input with a constant amplitude of 3 V (2-ms pulse
width, 2-s switching interval). The right panel of Fig. 7A
shows the time series obtained from the amplitude-modu-
lation input with a constant frequency of 5 Hz (2-ms pulse
width, 2-s switching interval), Figure 7B summarizes the
averaged transfer function obtained by the frequency-
modulation input (left panel) and that by the amplitude-
modulation input (right panel). Although the units of gain
differ between the two, general low-pass characteristics
were in common. The coherence values associated with
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the nerve fibers do not discharge. Such a nonlinear pro-  ment for Space Utilization” promoted by the Japan Space Forum; and

cess of the amplitude-modulation input would contribute  ‘*Industrial Technology Research Grant Program in 03A47075" from the
to the lower coherence values New Energy and Industrial Technology Development Organization (NEDO)
’ of Japan.
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Kawada, Toru, Toji Yamazaki, Tsuyoshi Akiyama, Ka-
zunori Uemura, Atsunori Kamiya, Toshiaki Shishido, Hidezo
Mori, and Masaru Sugimachi. Effects of Ca®>* channel antago-
nists on nerve stimulation-induced and ischemia-induced myocar-
dial interstitial acetylcholine release in cats. Am J Physiol Heart
Circ Physiol 291: H2187-H2191, 2006. First published June 9,
2006; doi:10.1152/ajpheart.00175.2006.—Although an axoplasmic
Ca?™ increase is associated with an exocytotic acetylcholine (ACh)
release from the parasympathetic postganglionic nerve endings, the
role of voltage-dependent Ca** channels in ACh release in the
mammalian cardiac parasympathetic nerve is not clearly under-
stood. Using a cardiac microdialysis technique, we examined the
effects of Ca®?* channel antagonists on vagal nerve stimulation-
and ischemia-induced myocardial interstitial ACh releases in anes-
thetized cats. The vagal stimulation-induced ACh release [22.4 nM
(8D 10.6), n = 7] was significantly attenuated by local adminis-
tration of an N-type Ca?* channel antagonist w-conotoxin GVIA
(11.7 nM (SD 5.8), n = 7, P = 0.0054], or a P/Q-type Ca®*
channel antagonist w-conotoxin MVIIC [3.8 nM (SD 2.3),n = 6,
P = 0.0002] but not by local administration of an L-type Ca?*
channel antagonist verapamil [23.5 oM (SD 6.0), n = 5, P =
0.758]. The ischemia-induced myocardial interstitial ACh release
[15.0 nM (SD 8.3), n = 8] was not attenuated by local adminis-
tration of the L-, N-, or P/Q-type Ca?* channel antagonists, by
inhibition of Na*/Ca%?* exchange, or by blockade of inositol
1,4,5-trisphosphate [Ins(1,4,5)P3] receptor but was significantly
suppressed by local administration of gadolinium [2.8 nM (SD
2.6), n = 6, P = 0.0283]. In conclusion, stimulation-induced ACh
release from the cardiac postganglionic nerves depends on the N-
and P/Q-type Ca®* channels (with a dominance of P/Q-type) but
probably not on the L-type Ca?* channels in cats. In contrast,
ischemia-induced ACh release depends on nonselective cation
channels or cation-selective stretch activated channels but not on
L-, N-, or P/Q type Ca?* channels, Na*/Ca®* exchange, or
Ins(1,4,5)P5 receptor-mediated pathway.

cardiac microdialysis; w-conotoxin GVIA; w-conotoxin MVIIC; KB-
R7943; verapamil; vagal stimulation

ALTHOUGH N-TYpE Ca?* cHaNNELS play a dominant role in
norepinephrine release from sympathetic nerve endings (8, 33,
34), the type(s) of Ca®* channels controlling ACh release in
the mammalian parasympathetic system is not fully understood
and show diversity among reports. To name a few, in isolated
parasympathetic submandibular ganglia from the rat, neuro-
transmission is mediated by Ca?* channels that are resistant to
the L-, N-, P/Q-, and R- type Ca®* channel antagonists (29).
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When the negative inotropic response to field stimulation was
examined in the isolated guinea pig atria, Hong and Chang (8)
reported the importance of P/Q-type Ca* channels, whereas
Serone et al. (28) reported the importance of N-type Ca**
channels. Because field stimulation in the isolated preparations
could induce responses different from those in the in vivo
conditions, we aimed to examine the effects of Ca?* channel
antagonists on the vagal nerve stimulation-induced myocardial
interstitial ACh release in the in vivo feline heart.

Aside from the important role of the normal physiological
regulation of the heart, the vagal nerve can be a therapeutic target
for certain cardiovascular diseases (2, 3, 13, 22, 27). In previous
studies, we have shown that acute myocardial ischemia causes
myocardial interstitial ACh release in the ischemic region inde-
pendently of efferent vagal nerve activity (12, 14). The compar-
ison of the effects of Ca®** channel antagonists on the ACh
releases induced by vagal nerve stimulation and by acute myo-
cardial ischemia may deepen our understanding about the ische-
mia-induced myocardial interstitial ACh release.

A cardiac microdialysis technique offers detailed analyses of
in vivo myocardial interstitial ACh release (1, 15). Because the
local administration of pharmacological agents through a dial-
ysis probe can modulate ACh release without significantly
affecting systemic hemodynamics, a combination of cardiac
microdialysis with local pharmacological interventions is use-
ful for analyzing the mechanisms of ACh release in vivo. In the
present study, we examined the effects of Ca®* channel antag-
onists on nerve stimulation- and ischemia-induced ACh re-
leases in anesthetized cats. The results indicate that stimula-
tion-induced ACh release from the cardiac parasympathetic
postganglionic nerves depends on the N- and P/Q-type Ca®*
channels but probably not on the L-type Ca®" channels. In
contrast, ischemia-induced myocardial interstitial ACh release
is resistant to the inhibition of L-, N-, and P/Q-type Ca2*
channels. In addition, the ischemia-induced myocardial ACh
release is resistant to the inhibition of Na*/Ca?* exchanger
and the blockade of inositol 1,4,5-trisphosphate {Ins(1,4,5)P3]
receptor but is suppressed by gadolinium, suggesting that
nonselective cation channels or cation-selective stretch-acti-
vated channels are involved.

MATERIALS AND METHODS
Common Preparation

Animal care was provided in accordance with the Guiding Princi-
ples for the Care and Use of Animals in the Field of Physiological

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

H2187



H2188

Sciences approved by the Physiological Society of Japan. All proto-
cols were approved by the Animal Subjects Committee of the Na-
tional Cardiovascular Center. Adult cats weighing from 2.2 to 4.2 kg
were anesthetized via an intraperitoneal injection of pentobarbital
sodium (30-35 mg/kg) and ventilated mechanically with room air
mixed with oxygen. The depth of anesthesia was maintained with a
continuous intravenous infusion of pentobarbital sodium (1-2
mg-kg™!+h~?) through a catheter inserted from the right femoral
vein. Systemic arterial pressure was monitored from a catheter in-
serted from the right femoral artery. The vagi were sectioned bilater-
ally at the neck. The esophageal temperature of the animal, which was
measured by a thermometer (CTM-303, TERUMO, Japan), was
maintained at around 37°C using a heated pad and a lamp.

With the animal in the lateral position, the left fifth and sixth ribs
were resected to expose the heart. A dialysis probe was implanted
transversely, using a fine guiding needle, into the anterolateral free
wall of the left ventricle perfused by the left anterior descending
coronary artery (LAD). Heparin sodium (100 U/kg) was administered
intravenously to prevent blood coagulation. At the end of the exper-
iment, the experimental animals were killed with an overdose of
pentobarbital sodium. Postmortem examination confirmed that the
dialysis probe had been threaded in the middle layer of the left
ventricular myocardium. The thickness of the left ventricular free wall
was ~7-8 mm, and the semipermeable membrane of the dialysis
probe was positioned ~3-4 mm from the epicardial surface.

Dialysis Technique

The materials and properties of the dialysis probe have been
described previously (1). Briefly, we designed a transverse dialysis
probe. A dialysis fiber of semipermeable membrane (13 mm length,
310 pm OD, 200 pm ID; PAN-1200, 50,000 molecular weight cutoff,
Asahi Chemical, Japan) was glued at both ends to polyethylene tubes
(25 em length, 500 wm OD, 200 pm ID). The dialysis probe was
perfused at a rate of 2 pl/min with Ringer solution containing a
cholinesterase inhibitor eserine (physostigmine, 100 pM). Experi-
mental protocols were started 2 h after the dialysis probe was im-
planted when the ACh concentration in the dialysate reached a steady
state. The ACh concentration in the dialysate was measured by
high-performance liquid chromatography with electrochemical detec-
tion (Eicom, Kyoto, Japan).

Local administration of a pharmacological agent was carried out
through a dialysis probe. That is to say, we added the pharmacological
agent to the perfusate and allowed 1 h for a settling time. The
pharmacological agent should spread around the semipermeable
membrane, thereby affecting the neurotransmitter release in the vi-
cinity of the semipermeable membrane. Because the distribution
across the semipermeable membrane is required, based on previous
results (33, 34), we used the pharmacological agent at the concentra-
tion 10-100 times higher than that required for complete channel
blockade in experimental settings in vitro.

Specific Preparation and Protocols

Protocol 1. Bipolar platinum electrodes were attached bilaterally to
the cardiac ends of the sectioned vagi at the neck. The nerves and
electrodes were covered with warmed mineral oil for insulation. The
vagal nerves were stimulated for 15 min (20 Hz, 1 ms, 10 V). We
measured the stimulation-induced ACh release in the absence of Ca®*
channel blockade (control, n = 7) and examined the effects of an
L-type Ca®* channel antagonist verapamil (100 pM, n = 5), an
N-type Ca?* channel antagonist w-conotoxin GVIA (10 pM, n = 7),
a P/Q-type Ca®>* channel antagonist w-conotoxin MVIIC (10 pM,
n = 6), and combined administration of w-conotoxin GVIA and
w-conotoxin MVIIC (10 pM each, n = 6).

Protocol 2. Because a preliminary result from protocol I suggested
that local administration of verapamil was ineffective in suppressing
stimulation-induced ACh release, we examined the effects of the
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intravenous administration of verapamil (300 wg/kg, n = 6) on
stimulation-induced ACh release in vagotomized animals as a supple-
mental experiment.

Protocol 3. A 60-min LAD occlusion was performed by using a 3-0
silk suture passed around the LAD just distal to the first diagonal
branch. We measured the ACh levels during 45-60 min of ischemia
in the absence of Ca®* channel blockade (control, n = 8) and
examined the effects of verapamil (100 pM, n = 3), w-conotoxin
GVIA (10 uM, n = 5), and w-conotoxin MVIIC (10 pM, n = 5). A
previous result indicated that the ischemia-induced ACh release
reached the steady state during 45—60 min of ischemia (14). We also
examined the effects of three additional agents, a Na*/Ca?* exchange
inhibitor KB-R7943 (10 uM, n = 5) (9, 10), an Ins(1,4,5)P5 receptor
blocker xestospongin C (500 pM, n = 6) (25), and a nonselective
cation channel blocker or a cation-selective stretch activated channel
blocker gadolinium (1 mM) (5, 17), on the ischemia-induced ACh
release.

Statistical Analysis

All data are presented as mean (SD) values. In protocol I, we
compared stimulation-induced ACh release among the five groups
using one-way analysis of variance followed by the Student-Neuman-
Keuls test (6). In protocol 2, we used an unpaired- test (two-sided) to
examine the effect of intravenous verapamil administration on stim-
ulation-induced ACh release. In protocol 3, we compared ischemia-
induced ACh release among the seven groups using one-way analysis
of variance followed by the Dunnett’ test against the control. For all
analyses, differences were considered significant when P < 0.05.

RESULTS

In protocol 1, the ACh level during electrical vagal stimu-
lation was 22.4 nM (SD 10.6). Local administration of verap-
amil did not affect stimulation-induced ACh release (Fig. 1).
In contrast, local administration of w-conotoxin GVIA or
w-conotoxin MVIIC suppressed stimulation-induced ACh re-
lease. The extent of suppression was greater in the latter. The
ACh level was significantly lower in the simultaneous admin-
istration group (w-conotoxin GVIA + w-conotoxin MVIIC)
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Fig. 1. Effects of local administration of verapamil, w-conotoxin GVIA,
w-conotoxin MVIIC, or w-conotoxin GVIA plus w-conotoxin MVIIC on vagal
nerve stimulation-induced myocardial interstitial ACh release. Both w-cono-
toxin GVIA and w-conotoxin MVIIC, but not verapamil, suppressed stimula-
tion-induced ACh release. Data are mean (SD) values. *P < 0.01, TP < 0.05.
The exact P values are presented.
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than that in the w-conotoxin GVIA group but was not different
from the w-conotoxin MVIC group.

In protocol 2, the intravenous administration of verapamil
did not significantly change stimulation-induced ACh release
[21.7 nM (SD 12.8)] compared with the control group (P =
0.91).

In protocol 3, the ACh level in the ischemic region was 14.9
nM (SD 8.3) during 45-60 min of acute myocardial ischemia.
Inhibition of voltage-dependent Ca®* channels by local admin-
istration of verapamil, w-conotoxin GVIA, or w-conotoxin
MVIIC did not affect ischemia-induced ACh release (Fig. 2).
Inhibition of the reverse mode action of Na*/Ca®* exchange
by local administration of KB-R7943 appeared to have aug-
mented rather than suppressed ischemia-induced ACh release,
though there was no statistically significant difference from the
control. Blockade of the Ins(1,4,5)Ps receptor by local admin-
istration of xestospongin C did not affect the ischemia-induced
ACh release. In contrast, blockade of nonselective cation
channels or cation-selective stretch-activated channels by local
administration of gadolinium suppressed the ischemia-induced
ACh release.

DISCUSSION

Ca®* Channels Involved in Stimulation-Induced
ACHh Release

Although neurotransmitter release at mammalian sympa-
thetic neuroeffector junctions predominantly depends on Ca®*
influx through N-type Ca®* channels (23, 33, 34), the type(s)
of Ca®* channels involved in ACh release from cardiac para-
sympathetic neuroeffector junctions show diversity among
reports (8, 28). One possible factor hampering investigations
into parasympathetic postganglionic neurotransmitter release
in response to vagal nerve stimulation in vivo-is that the
parasympathetic ganglia are usually situated in the vicinity of
the effector organs, thereby making it difficult to separately
assess ACh release from preganglionic and postganglionic
nerves. In the previous study from our laboratory, intravenous
administration, but not local administration of a ganglionic
blocker, hexamethonium reduced vagal stimulation-induced
ACh release assessed by cardiac microdialysis (1). The negli-
gible effect of local hexamethonium administration on stimu-
lation-induced ACh release suggests the lack of parasympa-
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Fig. 2. Effects of local administration of verapamil, w-conotoxin GVIA,
w-conotoxin MVIIC, KB-R7943, xestospongin C, or gadolinium on acute
myocardial ischemia-induced myocardial interstitial ACh release in the ische-
mic region. Gadolinium alone suppressed the ischemia-induced ACh release.
Data are mean (SD) values. TP < 0.05. The exact P values are presented.
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thetic ganglia around the dialysis probe. In support of our
speculation, a recent neuroanatomical finding indicates that
three ganglia, away from the left anterior free wall targeted by
the dialysis probe, provide the major source for left ventricular
postganglionic innervation in cats: a cranioventricular gan-
glion, a left ventricular ganglion 2 (so designated), and an
interventriculo-septal ganglion (11). Therefore, ACh, as mea-
sured by cardiac microdialysis, is considered to predominantly
reflect ACh release from parasympathetic postganglionic
nerves.

Local (protocol 1) or intravenous (protocol 2) administration
of verapamil did not affect stimulation-induced ACh release. In
contrast, vagal stimulation-induced ACh release was reduced
in both the w-conotoxin GVIA and w-conotoxin MVIIC groups
but to a greater extent in the latter (Fig. 1). Therefore, both N-
and P/Q-type, but probably not L-type, Ca?* channels are
involved in stimulation-induced ACh release from the cardiac
parasympathetic postganglionic nerves in cats. The contribu-
tion of P/Q type Ca®* channels to ACh release might be greater
than that of N-type Ca?* channels. Hong and Chang (8)
reported that the negative inotropic response to field stimula-
tion depends predominantly on the P/Q-type Ca?* channels in
isolated guinea pig atria, whereas Serone et al. (28) reported
the predominance of N-type Ca®* channels. In those studies,
the field stimulation employed differed from ordinary activa-
tion of the postganglonic nerves by nerve discharge and, in
addition, ACh release was not directly measured. The present
study directly demonstrated the involvement of P/Q- and N-
type Ca®* channels in the stimulation-induced ACh release in
the cardiac parasympathetic postganglionic nerves. These re-
sults support the concept that multiple subtypes of the voltage-
gated Ca®* channel mediate transmitter release from the same
population of parasympathetic neurons (31).

Stimulation-induced ACh release was suppressed by ~50%
in the w-conotoxin GVIA group and by ~80% in the w-cono-
toxin MVIIC group. The algebraic summation of the extent of
suppression exceeded 100%. The phenomenon may be in part
due to the nonlinear dose-response relationship between Ca®*
influx and transmitter release (32). The supra-additive phenom-
enon may be also due to the affinity of w-conotoxin MVIIC to
N-type Ca®* channels (8, 26, 36). Combined local administra-
tion of w-conotoxin GVIA and w-conotoxin MVIIC almost
completely suppressed stimulation-induced ACh release to a
level similar to that achieved by the Na™ channel inhibitor
tetrodotoxin (15). Therefore, involvement of another untested
type of Ca?* channel(s) is unlikely in the stimulation-induced
ACh release from the cardiac parasympathetic postganglionic
nerves in cats.

Ca®* Channels and Ischemia-Induced ACh Release

In a previous study, we showed that acute myocardial
ischemia evokes myocardial interstitial ACh release in the
ischemic region via a local mechanism independent of efferent
vagal nerve activity (14). In that study, the inhibition of
intracellular Ca®** mobilization by local administration of
3,4,5-trimethoxybenzoic acid 8-(diethyl amino)-octyl ester
(TMB-8) suppressed ischemia-induced ACh release, suggest-
ing that an axoplasmic Ca?* elevation is essential for the
ischemia-induced ACh release. Because tissue K™ concentra-
tion increases in the ischemic region (7, 18), high K*-induced
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depolarization could activate voltage-dependent Ca®* channels
even in the absence of efferent vagal nerve activity. However,
ischemia-induced ACh release was not suppressed by local
administration of verapamil, w-conotoxin GVIA, or w-cono-
toxin MVIIC (Fig. 2). Therefore, Ca?* entry through the
voltage-dependent Ca®* channels is unlikely a mechanism for
the ischemia-induced myocardial interstitial ACh release.

Acute myocardial ischemia causes energy depletion in the
ischemic region, which impairs Na*-K*-ATPase activity. Is-
chemia also causes acidosis in the ischemic region, which
promotes Na*/H™ exchange. As a result, ischemia causes
intracellular Na* accumulation. The decrease in the Na™
gradient across the plasma membrane may then cause the
Nat/Ca?* exchanger to operate in the reverse mode, facilitat-
ing intracellular Ca** overload. KB-R7943 can inhibit the
reverse mode of Na*/Ca®"* exchange (9, 10) and its potential to
protect against ischemia-reperfusion injury has been reported
(21). In the present study, however, local administration of
KB-R7943 failed to suppress and rather increased ACh release
during ischemia as opposed to our expectation. It is plausible
that the inhibition of reverse mode of Na*/Ca?* may have
facilitated the accumulation of intracellular Na™ and induced
adverse effects that cancelled the possible beneficial effects
derived from the inhibition of Ca®* entry through the Na*/
Ca®* exchanger itself. In addition, KB-R7943 could inhibit the
forward mode of Na*/Ca®" exchange and reduce Ca®" efflux
(16), contributing to the intracellular Ca®>* accumulation and
ACh release. In the present study, we observed the effects of
KB-R7943 only during the ischemic period. However, accu-
mulation of intracellular Na™ through Na*/H™ exchange is
enhanced on reperfusion due to the washout of extracellular
H* (20). The inhibition of Na*/Ca?" exchange to suppress
Ca** overload might become more important during the reper-
fusion phase. For instance, the percent segment shortening of
the left ventricle was improved by KB-R7943 during reperfu-
sion but not during ischemia (35).

As already mentioned, the ischemia-induced ACh release
can be blocked by TMB-8 and thus the intracellular Ca®™*
mobilization is required for the ischemia-induced ACh release
(14). Besides the Ca** entries through voltage-dependent Ca*™
channels and via the reverse mode of Na*/Ca?* exchanger,
Ca®* may be mobilized from the endoplasmic reticulum via
pathological pathways. As an example, the mitochondrial per-
meability transition pore triggered in pathological conditions is
linked to cytochrome c¢ release. Cytochrome ¢ can bind to the
endoplasmic reticulum Ins(1,4,5)P; receptor, rendering the
channel insensitive to autoinhibition by high cytosolic Ca?™*
concentration and resulting in enhanced endoplasmic reticulum
Ca®" release (4, 30). In the present study, however, blockade
of Ins(1,4,5)P3 receptor by xestospongin C failed to suppress
the ischemia-induced ACh release. In contrast, local adminis-
tration of gadolinium significantly suppressed the ischemia-
induced ACh release. Therefore, nonselective cation channels
or cation-selective stretch-activated channels contribute to the
ischemia-induced ACh release. During myocardial ischemia,
the ischemic region can be subjected to paradoxical systolic
bulging. Such bulging likely opens stretch-activated channels
and causes myocardial interstitial ACh release, possibly lead-
ing to cardioprotection by ACh against ischemic injury (2).

Ca2* CHANNELS IN CARDIAC PARASYMPATHETIC NERVES

Limitations

First, the experiment was performed under anesthetic con-
ditions, which may have influenced basal autonomic activity.
However, because we sectioned the vagi at the neck, basal
autonomic activity may have had only a minor effect on ACh
release during the vagal stimulation and during acute myocar-
dial ischemia. Second, we added eserine to the perfusate to
inhibit immediate degradation of ACh (24), which may have
increased the ACh level in the synaptic cleft and activated
regulatory pathways such as autoinhibition of ACh release via
muscarinic receptors (24). However, the myocardial interstitial
ACh level measured under this condition could reflect changes
induced by Na* channel inhibitor, choline uptake inhibitor,
and vesicular ACh transport inhibitor as described in a previ-
ous study (15). Therefore, we think that the interpretation of
the present results is reasonable. Third, tissue and species
differences should be taken into account when extrapolating
the present findings, because significant heterogeneity in the
Ca®" channels involved in the mammalian parasympathetic
system may exist. Finally, we used verapamil to test the
involvement of L-type Ca®* channels in the ACh release.
There are three major types of L-type Ca?* channel antagonists
with different binding domains (verapamil, nifedipine, and
diltiazem) (19). Whether the effects on the ACh release are
common among the three types of L-type Ca** channel antag-
onists remains unanswered.

In conclusion, the N- and P/Q-type Ca®" channels (with the
P/Q-type dominant), but probably not the L-type Ca®>* chan-
nels, are involved in vagal stimulation-induced ACh release
from the cardiac parasympathetic postganglionic nerves in
cats. In contrast, myocardial interstitial ACh release in the
ischemic myocardium is resistant to the blockade of L-, N-, and
P/Q-type Ca?* channels. In addition, the ischemia-induced
myocardial ACh release is resistant to the inhibition of Na*/
Ca?t exchanger and the blockade of Ins(1,4,5)P3 receptor but
is suppressed by gadolinium, suggesting that nonselective
cation channels or cation-selective stretch-activated channels
are involved.
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We examined how repolarization and depolarization abnormalities contribute to the
development of extrasystoles and subsequent ventricular fibrillation (VF) in a model of the

Repolarization and depolarization abnormalities have been considered to be mechanisms of
the coved-type ST-segment elevation (Brugada-electrocardiogram [ECG]) and development

We used high-resolution (256 X 256) optical mapping techniques to study arterially perfused
canine right ventricular wedges (n = 20) in baseline and in the Brugada-ECG produced by
administration of terfenadine (5 pmol/l), pinacidil (2 pmol/l), and pilsicainide (5 umol/l).
We recorded spontaneous episodes of phase 2 re-entrant (P2R)-extrasystoles and subsequent
self-terminating polymorphic ventricular tachycardia (PVT) or VF under the Brugada-ECG
condition and analyzed the epicardial conduction velocity and action potential duration

Forty-one episodes of spontaneous P2R-extrasystoles in the Brugada-ECG were successfully
mapped in 9 of 10 preparations, and 33 of them were originated from the maximum gradient
of repolarization (GR_,,,c 176 * 54 ms/mm) area in the epicardium, leading to PVT (n =
12) or VF (n = 5). The epicardial GR,,, was not different between PVT and VF.
Wave-break during the first P2R-extrasystole produced multiple wavelets in all VF cases,
whereas no wave-break or wave-break followed by wave collision and termination occurred in
PVT cases. Moreover, conduction velocity restitution was shifted lower and APD restitution

Suita, Japan
OBJECTIVES
Brugada syndrome.
BACKGROUND
of VF in the Brugada syndrome.
METHODS
(APD) restitutions in each condition.
RESULTS
was more variable in VF cases than in PVT cases.
CONCLUSIONS

Steep repolarization gradient in the epicardium but not endocardium develops P2R-
extrasystoles in the Brugada-ECG condition, which might degenerate into VF by further
depolarization and repolarization abnormalities. (J Am Coll Cardiol 2006;47:2074~85)
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Brugada syndrome is characterized by ST-segment eleva-
tion in the right precordial leads (V; to V) of electrocar-
diography (ECG) and a high incidence of ventricular
fibrillation (VF) leading to sudden cardiac death (1-4).
However, not all of the patients with ST-segment elevation
have arrhythmic events (5,6), indicating that additional
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factors might contribute to development of VF. Previous
studies suggest that an accentuation of transient outward
potassium current (I, )-mediated phase 1 notch and loss of
action potential (AP) dome in some areas of the right
ventricular (RV) epicardium but not endocardium increases
transmural dispersion of repolarization (DR), which causes
the ST-segment elevation (7-11). The heterogeneous loss
of AP dome in the epicardium also increases epicardial DR,
and a propagation of AP dome from a site where AP dome
is restored to a site where it is lost might develop a local
re-excitation called a phase 2 re-entry (P2R), which triggers
a circus movement re-entry in the form of VF (8,9,12). It is
still unclear, however, to what extent the epicardial DR is
required for development of P2R and how phase 2 re-
entrant (P2R)-extrasystoles produce VF. Moreover, depo-
larization abnormality is thought to be one of the potent
arthythmic substrate in the Brugada syndrome (13-17), but
it is not fully understood how depolarization and repolar-
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Abbreviatons and Acronyms

AP = action potential

APD = action potential duration

APDq, = action potential duration measured
at 50% repolarization

BCL = basic cycle length

Brugada-ECG = coved-type ST-segment elevation

Delta-Epi interval = interval from the earliest to the

latest epicardial activation

DR = dispersion of repolarization

ECG = electrocardiogram/electrocardiography
GR,,.x = maximum gradient of repolarization
Iea = inward calcium current

Iicate = ATP-sensitive potassium current

Ine = sodium current

I, = transient outward potassium current
P2R = phase 2 re-entrant/entry

RV = right ventricle/ventricular

Sti-Epi interval interval from the stimulus to the
earliest epicardial activation
VF = ventricular fibrillation

VT = ventricular tachycardia

ization abnormalities interact and contribute to the devel-
opment and maintenance of VF in the Brugada syndrome.

To investigate the heterogeneities of cellular repolariza-
tion and depolarization and their potential role in the
development of re-entrant arrhythmias, we used a technique
of high-resolution optical mapping, which allowed us to
measure the electrical heterogeneity of APs on the epicardial
or endocardial surface (18). We demonstrated that a steep
repolarization gradient in the RV epicardium but not in the
endocardium plays a key role in initiating P2R. Moreover,
further depolarization and repolarization abnormalities de-
generate the P2R-induced spiral re-entry into multiple

wavelets forming VF in an experimental model of the

Brugada syndrome. '

METHODS

Canine RV wedge model of the Brugada syndrome. All
animal care procedures were in accordance with the position
of the American Heart Association research animal use
(November 11, 1984). The methods used for isolation,
perfusion, and recording of transmembrane activity from
the arterially perfused canine RV (anterior wall) is similar to
methods reported with canine wedge preparations (8,9).
Briefly, a transmural wedge with dimensions of approxi-
mately 2 X 1 X 0.7 ecm to 3 X 1.5 X 1 cm was dissected
from the free wall of the RV of male dogs (n = 20),
cannulated via the branch of right coronary artery, and
placed in a small tissue bath. These preparations were
arterially perfused between 40 and 60 mm Hg with Tyrode’s
solution (35 = 1°C). The inward calcium current (I,) and
sodium current (Iy,) block with terfenadine (5 pmol/l),
combined with augmentation of ATP-sensitive potassium
current (Ix_ap) with pinacidil (2 pmol/l), and I, block
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with pilsicainide (5 umol/l) were used to create an experi-
mental model of the Brugada syndrome (8-10,19).

After changing ECG to the coved-type ST-segment eleva-

tion mimicking the Brugada syndrome (Brugada-ECG) by
administration of these drugs, 1) we recorded the spontaneous
occurrence of closely coupled extrasystoles and subsequent
non-sustained polymorphic VT (terminated within 5 s) or VF
(sustained more than 5 s) during pacing from the endocardium
at basic cycle length (BCL) of 2,000 ms (n = 10), and 2) we
analyzed restitutions of the epicardial conduction velocity and
action potential variable with a single extra stimulus (52)
delivered after every 10th basic beat (S1) paced from the
epicardial surface at BCL of 1,000 ms (n = 10).
Transmembrane AP and ECG recording. A transmural
ECG was recorded with Ag-AgCl electrodes, which were
placed in the Tyrode’s solution bathing the preparation, 1.0
cm from the epicardial and endocardial surfaces (epicardial,
positive pole). The epicardial and endocardial APs were
simultaneously recorded from the epicardial and endocardial
surfaces with separate intracellular floating microelectrodes
(direct current resistance 10 to 20 M(); 2.7 mmol/] potas-
stum chloride) at positions approximating the transmural
axis of the ECG.
Optical AP recording. After staining with the voltage sen-
sitive dye, di-4-ANEPPS (5 pumol/l for 30 min), wedges were
stabilized against a flat imaging window. Excitation of the
dye’s fluorescence was achieved with 480 *= 15 nm light
through a bandpass filter (ANDV8247, Andover, Salem, New
Hampshire) from a bluish-green emission diode (E1L51-
3B0A4-02, Toyoda Gosei, Aichi, Japan). Fluoresced light
from the wedge was split by a dichrotic mirror and narrowed
down to the two frequency bands (approximately 540 or 690
nm) through a bandpass filter (ANDV8368 or ANDV7845,
respectively, Andover). Then, the dual-wavelength lights were
simultaneously focused onto 10-bit 256 X 256 element dual
complementary metal oxide serniconductor (C-MOS) censors
(Hamamatsu Photonics, Hamamatsu, Japan) with image in-
tensifiers (FASTCAM-Ultima, Photron, Tokyo, Japan) at a
500 frames/s (Fig. 1).

Both optical signals were digitized at 0.5 kHz, and other
amplified signals were digitized at 2 kHz with a 12-bit
analog-to-digital converter, stored on the hard disk of a
dedicated laboratory computer system, and analyzed with
the original software of our laboratory. Therefore, after
ratiometry of both signals to subtract a motion artifact, the
voltage of the optical signal recorded at each site was
automatically displayed in color (lowest, black; greatest, red)
and plotted in the 256 X 256 matrix as an isopotential map,
and transmembrane APs from 256 sites (16 X 16 units) on
the RV epicardial or endocardial surface were displayed in
control and in the Brugada-ECG condition with or without
arrhythmic events. Moreover, phase analysis was used to
display the pattern of wave propagation and wave-break
during ventricular tachyarrhythmias (20,21).

Data analysis. Optical action potential duration (APD)
was automatically measured at 50% repolarization (APD,),
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Figure 1. Schematic diagram showing the major components of high-resolution optical mapping of the epicardial (Epi) or endocardial (Endo) surface in
an arterially perfused canine right ventricular (RV) wedge preparation. CMOS = complementary metal oxide semiconductor.

and the distributions of epicardial and endocardial APDy,
were displayed as a repolarization counter map in baseline
(control condition) and after changing to the Brugada-ECG
with or without P2R-extrasystoles. The epicardial and
endocardial DR were calculated from the maximum differ-
ence of repolarization times (activation time + APD) in the
epicardial and endocardial surfaces, respectively. Transmu-
ral DR was calculated from the maximum difference be-
tween the epicardial and endocardial repolarization times

recorded from the floating microelectrodes. Moreover, the
maximum gradient of repolarization (GR,,, = maximum
Delta-APDgy/Delta-distance) in the epicardium and endo-
cardium were calculated in each condition. We also mea-
sured depolarization parameters such as the interval from
the stimulus to the earliest epicardial activation (Sti-Epi
interval) and the interval from the earliest to the latest
epicardial activation (Delta-Epi interval) during pacing
from the endocardium in control and in the Brugada-ECG

. mean CL duration
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4 W 243 34
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Figure 2. Representative episodes of polymorphic ventricular tachycardia or ventricular fibrillation (VF) in a canine wedge model of the Brugada
syndrome. All arrhythmias were spontaneously developed after the electrocardiogram with coved-type ST-segment elevation. Many of the

arthythmias (numbers 1 to 6) terminated within a few seconds, but the others (numbers 7 to 9) with a shorter cycle length (CL) degenerated into
VF, which continued more than 5 s.
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condition. Conduction velocity () was determined by linear
regression of the isochrone distance versus activation time.
Lines parallel and perpendicular to the fiber orientation were
defined as the direction of longitudinal (L) and transverse (7)
propagation, respectively. The optical data at edge of the
preparation, with apparent contraction artifact, and noise
level more than 20% of AP amplitude were excluded.
Statistical analysis. Statistical analysis of the data was
performed with a Student’s # test for paired data or analysis
of variance coupled with Scheffe’s test, as appropriate. Data
is expressed as mean = SD or mean = SEM. Significance
was defined as a value of p < 0.05.

RESULTS

Canine wedge model of the Brugada syndrome. Terfe-
nadine combined with pinacidil and pilsicainide produced
the Brugada-ECG in all preparations. There was no ar-
rhythmia in control conditions, whereas combination of the
drugs spontaneously developed a P2R-induced short-
coupled extrasystole and subsequent polymorphic VT or VF
in 9 of 10 preparations (Fig. 2). The QRS interval, QT
interval, and J-point level in the ECG were significantly
greater in the Brugada-ECG-than in the control condition,
but those parameters in the Brugada-ECG were not signif-
icantly different between beats with and without P2R-
extrasystoles (Table 1).

Aiba et al. 2077
Mechanisms of VF in Brugada Syndrome Model

Epicardial repolarization abnormality develops P2R-
extrasystoles. Figure 3 represents the epicardial and endo-
cardial APDs, contour map and optical APs in the control
and in the Brugada-ECG condition with or without P2R-
extrasystoles. In the control condition, the epicardial and
endocardial APs were almost homogeneous (Figs. 3A and
3D). In contrast, in the Brugada-ECG, the AP morphology
in the epicardium but not endocardium changed into
heterogeneous, owing to a combination of abbreviated
(loss-of-dome) and prolonged (restore-of-dome) APs, re-
sulting in increasing DR in the epicardium rather than in
the endocardium (Figs. 3B and 3E). Moreover, further
prolonged AP at some areas in the epicardium was closely
adjacent to the loss-of-dome APs (arrow), thus producing a
repolarization mismatch within a small area and developing
a P2R-extrasystole at the loss-of-dome site (Fig. 3C). The
APs in the endocardium, however, were less heterogeneous
than those in the epicardium even in the Brugada-ECG just
before P2R-extrasystoles (Fig. 3F).

The composite data of repolarization and depolarization
parameters in the control and in the Brugada-ECG condi-
tion with and without P2R-extrasystoles are shown in
Table 1. In the Brugada-ECG, the epicardial maximum
APDjs, was significantly prolonged, whereas the epicardial
minimum APDg, was significantly abbreviated compared
with those in the control condition, thus significantly
increasing the epicardial DR and GR,,,,. Moreover, the

Table.1. ECG, Repolarization, and Depolarization Parameters in Control and in the Brugada-
ECG Condition With or Without Phase 2 Re-Entrant Extrasystoles

Brugada-ECG
P2R-PVC ()

P2R-PVC (+)

Repolarization

Epicardium
Max APDg, (ms) 239+ 19
Min APDg, (ms) 192+ 16
Mean APDg, (ms) 214 *+ 18
DR (ms) 47 =11
GR,..x (ms/mm) 5*5

Endocardium
Max APDg, (ms) 269 =23
Min APDg, (ms) 214 = 28
Mean APDg, (ms) 244 % 27
DR (ms) 56 *13
GR,,.x (ms/mm) 84

Transmural

325 = 86* 480 = 92"t
100 % 32* 89 + 28"
200 = 62 244 = 681
228 = 78" 383 = 93*%
46 + 29" 176 * 54*F
269 £ 61 314 £ 77
171 £ 53 183 £ 55
219263 258 £ 70
98 = 44 123 * 41F
2013 26 = 10"

*

36

Values are mean = SD."p

< 0.05 versus control; tp < 0.05 versus coved-type ST-segment elevation (Brugada-ECG) condition
without P2R-PVC by analysis of variance with Scheffe’s test.

APDyg, = action potential duration at 50% repolarization; Delta-Epi = interval from the earliest to the latest epicardial
activation; DR = dispersion of repolarization; GR,,,, = maximum gradient of repolarization; Max = maximum; Min =
minimum; P2ZR-PVC = phase 2 re-entrant extrasystoles; St-Epi = interval from the stimulus to the epicardium.



2078 Aiba et al.

Mechanisms of VF in Brugada Syndrome Model

JACC Vol. 47, No. 10, 2006
May 16, 2006:2074-85

Figure 3. Representative action potential duration measured at 50% repolarization (APDs,) contour map on the right ventricular epicardium (Epi) and
endocardium (Endo) in control condition (A and D, respectively), in the ST-segment elevation (Brugada-ECG) without phase 2 re-entrant (P2R)
extrasystoles (B and E, respectively), and in the Brugada-ECG just before P2R extrasystoles (C and F, respectively) and representative optical action
potentials at each site (a to c). White arrow = initial site of P2R. DR = dispersion of repolarization; GR,,,., = maximum gradient of repolarization.

epicardial maximum APD;, was further prolonged in the
Brugada-ECG just before P2R-extrasystoles compared with
that without P2R~extrasystoles, thus remarkably increasing
the epicardial DR and GR_,,. The endocardial repolariza-
tion parameters, however, were not significantly changed
after the Brugada-ECG. Moreover, there was no significant
difference in the endocardial repolarization parameters be-
tween the Brugada-ECG with and without P2R-
extrasystoles. Owing to a different response of APD be-
tween the epicardium and endocardium, transmural DR was
significantly increased in the Brugada~ECG compared with
that in the control condition but was not significantly
different between the Brugada-ECG condition with and
without P2R-extrasystoles.
Regarding depolarization parameters, the Sti-Epi interval
was significantly increased in the Brugada-ECG compared
with in the control condition but was not different between
~ the condition with and without P2R-extrasystoles. The
Delta-Epi interval was not 51gn1ﬁcant1y different among the
three conditions.
Threshold to develop P2R-extrasystoles. A total of 41
episodes of spontaneous P2R-extrasystoles after the
Brugada-ECG were successfully mapped in 9 of 10 prepa-
rations, and 33 (80%) of them were originated from the

GR, .« area in the epicardium. As shown in Figure 4, the
epicardial GR,,, was significantly greater in the Brugada-
ECG than in control condition. The GR,, of 99 ms/mm
(dashed line) showed that P2R-extrasystoles were sponta-
neously developed in the Brugada-ECG. In contrast, the
endocardial GR_,, and transmural DR were greater in the
Brugada-ECG condition compared with the control con-
dition but were not different between the Brugada-ECG
condition with and without P2R-extrasystoles.

Figure 5A shows the epicardial isopotential map repre-
senting the distribution of loss-of-dome and restore-of-
dome area in the Brugada-ECG with (beat 2) or without
(beat 1) a P2R-extrasystole. Figures 5B and 5C show the
depolarization map during the P2R-extrasystole and optical
APs at each site on the epicardial surface. At the timing of
phase 2 (120 to 190 ms), the restore-of-dome area {orange-
red) was larger in the beat 2 than in the beat 1. Moreover,
the larger AP dome in the beat 2 moved from a restore-of-
dome site (site a and b) to a nearby loss-of-dome site (site
d), producing re-excitation at the loss-of-dome site and
propagating in a counterclockwise fashion around the re-
fractory region of the epicardium.

P2R-extrasystoles induce polymorphic VT or VF. The
epicardial P2R-extrasystoles produced 12 episodes of self-
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Figure 4. Scatter plots of the maximum gradient of repolarization (GR,,,) in the epicardial (Epi) and endocardial (Endo) surfaces (A) and transmural
dispersion of repolarization (DR) (B) in control and the ST-segment elevation (Brugada-ECG) condition with (closed circles) or without (open circles)
phase 2 re-entrant (P2R) extrasystoles. Values are mean * SD. *p < 0.05 versus control condition; tp < 0.05 versus Brugada-ECG condition without

P2R-extrasystole by analysis of variance with Scheffe’s test.

terminating (<5 s) polymorphic VT and S episodes of
sustained (=5 s) VF. The mechanism underlying the
difference between the polymorphic VT and VF is shown in
representative examples in Figures 6 and 7. The epicardial
GR,,,, aréa (arrow) developed P2R-extrasystole in both
cases (Figs. 6A and 7A); however, the epicardial depolar-
ization map paced from the endocardium at BCL of 2,000
ms shows a remarkable conduction delay in the episode of
VF (Fig. 7B) compared with that of polymorphic VT
(Fig. 6B). We compared the repolarization and depolariza-
tion parameters just before the P2R-induced polymorphic
VT and VF in Table 2. There was no significant.difference
in the repolarization parameters between the two groups;
however, the depolarization parameters such as QRS, Sti-
Epi, and Delta-Epi intervals were significantly longer in the
VF group than in the polymorphic VT group.

Figures 6C and 6D represent phase map and optical APs,
respectively, during the P2R-induced polymorphic VT, show-
ing that re-entry was initiated from the epicardial GR_,, area
and rotated mainly in the epicardium without wave-break. In
contrast, Figures 7C and 7D represent those during the
P2R-induced VF, showing that the development of initial
P2R was similar to that of polymorphic VT, but the first
P2R-wave was broken up into the multiple wavelets,
resulting in degenerating VT into VF. The phase singu-
larity points during the first P2R-wave almost coincided
with the sites of delayed conduction (Fig. 7B). In all VF
cases, the wave was broken up into multiple wandering
wavelets during the first P2R-induced extrasystole; how-
ever, in the polymorphic VT cases, only 3 of 12 (25%)
cases had a wave-break after the second beat, but soon

after the wave had been broken, the waves collided and
finally terminated.

Conduction and APD restitutions by S1-52 method. In
another 10 preparations, we analyzed the epicardial conduc-
tion velocity and APD restitutions to show the mechanisms
underlying the wave-break during the first re-entrant wave
in the VF cases. The epicardial longifudjnal and transverse
conduction velocities (6;, and 1) in the VF cases (n = 5)
were significantly slower than those in the polymorphic VT
cases (n = 5) under the Brugada-ECG condition, and the
conduction velocity restitution curve in the VF cases was
shifted lower in parallel (Fig. 8).

In contrast, the epicardial APD was abbreviated and
its restitution was flat in the polymorphic VT case under
the Brugada-ECG condition, owing to loss of AP dome
(Fig. 9B); however, in the VF case, shorter S1-S2 interval
(=300 ms) rather prolonged APD because of restoration
of AP dome. Moreover, this restoration was heteroge-
neous in the epicardial surface, increasing the epicardial
DR (Fig. 9C). This “inverse” APD restitution pattern
was observed in four of five VF cases but in only one of

five polymorphic VT cases under the Brugada-ECG
condition. :

DISCUSSION

Repolarization mismatch develops P2R-extrasystoles. All-
or-none repolarization of the ventricular AP and P2R is
considered to be one of the potential mechanism of the
ST-segment elevation and subsequent VF in the Brugada
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Optical Potential

Figure 5. Snapshots of a color optical isopotential movie on the epicardial surface for the continuous two beats with (Beat 2) and without (Beat 1) a phase
2 re-entrant extrasystole (P2R-extrasystole) in the Brugada-ECG condition (A). Depolarization map of a P2R-extrasystole (B) and optical action potentials
at each site (a to ) and transmural electrocardiogram (ECG) (C). Please see the Appendix for accompanying video.

syndrome (7-9,12); however, because of limitations of
conventional electrophysiological recording techniques, it
remains unknown to what extent the heterogeneity of
APs is required for developing P2R-extrasystoles in the
Brugada-ECG. In this study, we conducted a high-
resolution optical mapping in canine RV wedge prepara-
tion, which allowed a detailed measurement of cellular
repolarization and depolarization in the epicardial and
endocardial surfaces. First, we photographed the moment
that P2R-extrasystoles in the Brugada-ECG occurred
and produced re-entrant arrhythmias such as polymor-
phic VT or VF. A unique topographical distribution of
both loss-of-dome and restore-of-dome cells in the
epicardium but not endocardium might underlie a key
feature of the Brugada phenotype, including coved-type
ST-segment elevation and susceptibility to P2R-induced
ventricular tachyarrhythmias. It must be essential to
develop P2R-extrasystoles that further prolong the epi-
cardial AP results in loss~of-dome at some areas but not
at the closely adjacent area, making a steep repolarization
mismatch. These data are consistent with some clinical
reports that the QT interval is more prolonged in the
right precordial leads than in other leads during typical
coved-type Brugada-ECG (2,13,22) and that VF in the
Brugada syndrome was frequently induced by the specific

premature ventricular contractions originated from the
free wall of RV outflow tract (23,24).

Ionic backgrounds of Brugada-ECG and P2R-
extrasystoles. Previous experimental studies pharmaco-
logically created the Brugada-ECG by using various
drugs and/or conditions capable of causing an outward
shift in the current active at the end of phase 1 of RV
epicardium (e.g., increase in I, Ix atp, and/or Ix ach
and decrease in I, and Iy,) (4,7-10,19). Moreover, a
development of P2R on the basis of the ali-or-none
repolarization phenomenon might depend on a fine
balance of I, , Iy,, and I, We used block of I, and Iy,
(and other currents) with terfenadine (5 wmol/l), com-
bined with augmentation of Iy srp with pinacidil (2
pmol/l) and Iy, block with pilsicainide (5 umol/l); a
combination that is most likely to produce the Brugada-
ECG. The reason a loss-of-dome occurred in some areas
but not others in the epicardium is expected to be owing
to an intrinsic difference in I, (25). Miyoshi et al. (26)
investigated the mechanism of P2R by their mathemat-
ical model and suggested that P2R was developed from
a boundary area (0.8 cm) between loss-of-dome and
restore-of-dome where a fine balance between I, and
Ic, 1 was required and that I, must play an essential
role in the genesis of P2R. This mathematical model



