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Figure 2 KCNE2 co-expression with Kv4.3 causes a positive shift of
voltage dependence of steady-state inactivation, A: Representative Kv4.3
and Kva.3 + KCNE2 current traces induced by S00-ms pulses (P1) from
=90 to +350 mV applicd from the holding potential =80 mV in 10-mV steps
followed by a second pulse (P2) to +40 mV. B: Sie
curves for Kv4.3 (open circles) and Kvdd = KC
channels.
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2 (closed circles)

recovery interval at =80 mV and then a sccond test pulse
to +50 mV (P2). Both the inactivation time constants and
the time constant for recovery from inactivation were de-
termined by fitting the data to a single exponential (Eq. 3):

1) (or P2/P1) = A + By, (— 7). (3)

where I(1) = current amplitude at time t, A and B =
constants, and T = inactivation time constant or time con-
stant for recovery from inactivation. For measurement of
recovery from inactivation, the plot of P2/P1 instead of 1(t)
was used.

All data were given as mean £ SEM. Statistical com-
parisons between two groups were analyzed using Student’s
unpaired (-test. Comparisons among multiple groups were
analyzed using analysis of variance followed by Dunnett
test. P <.05 was considered significant.

Results

Effects of KCNE2 on Kv4.3 currents and its gating
kinetics

WT KCNE2 initially was co-expressed with KCND3. the
gene encoding Kv4.3, the « subunit of the I, channel,'”'®
in CHO cells. Figure IA shows representative whole-cell
current traces recorded from cells transfected with KCND3
and co-transfected with (right) or without (left) KCNE2.

Cells expressing Kv4.3 channels alone showed rapidly ac-
tivating and inactivating currents. Co-expression of KCNE2
significantly reduced peak current densities as summarized
in the current-voltage relationship curve shown in Figure
IB and slowed both activation and inactivation kinetics
(Table 1). Figure 1C (left) shows mean time intervals from
the onset of the pulse to maximum current (time to peak),
whereas the right panel shows time constants of inactivation
(at +20 mV) obtained using Equation 3. Thus, co-transfec-
tion of KCNE2 significantly increased both the time to peak
and the time constant.

In contrast, KCNE2 did not affect the voltage dependence
of steady-state activation as assessed by plotting the normal-
ized conductance as a function of test potential (Figure 1D).
Fitting to the Boltzmann equation (Eq. 2) yielded half-maximal
activation potentials of —6.5 % 2.1 mV for Kv4.3 alone (open
circles) and -5.5 = 1.7 mV for Kv4.3 + KCNE2 channels
(filled circles, P = NS; Table 1), These findings are consistent
with those previously reported for studies using Xenopus oo-
cytes, CHO cells, and HEK293 cells.***!
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Figure 3 Effects of KCNE2 co-expression on recovery from inactivation
of Kvd.3 (A) and Kv4,3 + KChIP2b (B) currents. Recovery [rom inacti-
vation was assessed by a two-pulse protocol (A, inset): a 400-ms test pulse
o +50 mV (P1) followed by riable interval at =80 mV, then by a
second test pulse to +50 mV (P2). Data were fit lo a single exponential.
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KCNE2 co-expression also caused a positive shift (ap-
proximately +5 mV) of voltage dependence of steady-state
inactivation. Steady-state inactivation was assessed using a
double-step pulse method (Figure 2A, inset). Peak outward
currents recorded at various levels of prepulse (Figure 2A)
were normalized by that measured after a 500-ms prepulse
at -90 mV and are plotted as a function of prepulse test
potentials (Figure 2B). Half-inactivation potentials of
steady-state inactivation, determined by fitting data to the
Boltzmann equation (Eq. 2), were —46.0 = 1.3 mV for
Kv4.3 (open circles) and -40.8 = 1.7 mV for Kv4.3 +
KCNE?2 (filled circles, P <.01), consistent with the obser-
vation of Tseng’s group."”

A double-pulse protocol (Figure 3A, inset) was used to
test the effect of KCNE2 co-expression on the time
course for recovery from inactivation. Figure 3A shows
the time course of recovery of Kv4.3 alone (open circles)
and Kv4.3 + KCNE?2 (filled circles). Mean time constants
for recovery from inactivation were not significantly differ-
ent, indicating that co-transfection of KCNE2 did not affect
the time course of recovery from inactivation.

Effects of KCNE2 on Kv4.3 + KChIP2b current and
its gating kinetics

For human native cardiac I,,, KChIP2 has been shown to
serve as a principal 8 subunit.**"** Accordingly, in another
series of experiments, we examined the effect of WT and
mutant KCNE2 on Kv4.3 + KChIP2b current. Consistent
with previous reports, in the presence of KChIP2, Kv4.3
currents showed a significantly faster recovery from inacti-
vation (Figure 3B and Table 1).*?" Co-expression of WT

KCNE2 produced similar changes on Kv4.3 + KChIP2b
current as on Kv4.3 current (Table 1). Kv4.3 + KChIP2b
current recovery from inactivation was further accelerated:
average time constant was 89.2 = 6.5 ms for Kv4.3 +
KChIP2b alone (open circles) and 60.2 * 8.4 ms for
Kv4.3 + KChIP2b + KCNE?2 (filled circles, P <.05). In
16 of 21 cells transfected with KCNE2, we observed an
“overshoot” phenomenon, which is commonly seen during
recording of native I, in human ventricular myocytes.”

KCNE2 variants increase Kv4.3 + KChIP2b current
and alter its gating kinetics

The 57T variant was first identified in an asymptomatic
middle-aged woman with very mild QT prolongation.® In
addition to this variant, the authors reported another KCNE2
variant of the transmembrane segment (M54T) that was
associated with ventricular fibrillation during exercise in a
middle-aged woman. This patient appeared to show a wide
range of QTc interval (390-500 ms). Therefore, we tested
the functional effects of these two transmembrane KCNE?2
variants on Kv4.3 + KChIP2b currents.

The three panels of Figure 4A show three sets of current
traces elicited by depolarizing pulses from a holding potential
of —80 mV in cells co-transfected with WT (a), IS7T (b), or
MSA4T (c) KCNE2. Neither variant caused a significant shift of
half-maximal activation voltage: =74 * 1.4 mV (n = 8) for
co-expression of WT KCNE2, 6.1 = 1.5 mV (n = 8) for
I57T, and =6.6 = 1.6 mV (n = 8) for M54T. Both variants
significantly increased 1, density: 125.0 * 10.6 pA/pF in
WT KCNE2 (n = 21), 178.1 £ 12.1 pA/pF with IS7T (n =
9), and 184.3 * 27.9 pA/pF with M54T (n = 9, Figure 4C).
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Figure 5 Two KCNE2 variants slow inactivation kinetics and accelerate recovery from inactivation. A, a: Three enrrent traces obtained from Chinese hamster
ovary (CHO) cells transfected with wild-type (WT), 157T. and MS4T KCNE2 variant co-expressed with Kv4.3 and KChIP2b. Traces. which are normalized and
superimposed. show that the variants slow inactivition. A, b; Tine constants of decay ut =20 mV for WT and variunt KCNE2 (P <05 vs Kv4,3 + KChIP2b +
WT). Numbers in parcntheses indicate numbers of observations, B: Time constants of recovery from inactivation recorded using a double-pulse protocol (£ <.05
vs Kvd3 + KChIP2b + WT). Numbers in parentheses indicaie numbers of observations,

[igure SA shows the three traces depicted in Figure 4B
normalized to their peak current level. This representation
shows that the time course of inactivation of the two variant
currents is slowed. The current decay was fitted by Equation
3 and the time constants (at +20 mV) summarized in Figure
SA, panel b. Finally, Figure 5B shows that the time con-
stants of recovery of the two mutant channels from inacti-
vation were significantly reduced. Thus, compared to WT
KCNE2, recovery of reconstituted Kv4.3 + KChIP2b chan-
nels from inactivation was significantly accelerated with
both I57T and M54T mutants.

Discussion

Kvé4.3/KChIP2/MiRP1 complex can recapitulate
the native I,

In the present study, co-expression of WT KCNE2 produced
changes in kinetic properties (IFigures 1-3 and Table 1) that
led to close recapitulation of native cardiac I,,.”*’ Notably,
in addition to causing a positive shift of steady-state inac-
tivation (Figure 2), KCNE2 co-expression hastened the re-
covery of Kv4.3 + KChIP2b channels from inactivation
(Figure 3). These modifications rendered Kv4.3 + KChIP2b
channels more similar to native cardiac I,,, suggesting that
KCNE2 may be an important component of the native I,
channel complex. In contrast to a previous observation in
HEK293 cells,”" KCNE2 co-expression decreased the current

density of Kv4.3 and Kv4.3 + KChIP2b channel current in the
present study, which seems to be a more reasonable result as
the native I, density reportedly was smaller in isolated human
heart.”® KCNE2 co-expression has also been shown to reduce
the density of Kv7.1%° and HERG"” channels.

Similar to the result of Deschenes and Tomaselli,”' we
failed to observe an overshoot during recovery from inactiva-
tion when KCNE2 was co-expressed with Kv4.3 (Figure 3A),
which is in contrast to the report of another group.'* However,
co-expression of KCNE2 with Kv4.3 + KChIP2 channels
produced an overshoot (Figure 3B), consistent with the report
of Wettwer’s group.”> Wettwer et al also found that other
KCNE subunits either were ineffective or induced only a small
overshoot in CHO cells. Therefore, both MiRP1 and KChIP2
subunits are sufficient and necessary to recapitulate native I, in
the heart. Considering that the overshoot phenomenon has
been described only in human ventricular 1, channels of the
epicardial but not endocardial region,”® these results may fur-
ther implicate participation of MiRP1 and KChIP2 in the I,
channel complex in epicardium.

KCNE2 variants may alter the arrhythmogenic
substrate by modulating I,,

Heterologous expression in CHO cells was conducted to
examine the functional effects of IS7T and M54T variants
on Kv43 + KChIP2 channels. Both IS7T and MS54T
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KCNE2 variants significantly (1) increased peak transicnt
outward current density (Figure 4), (2) slowed the decay of
the reconstituted I, (Figure 5A), and (3) accelerated its
recovery from inactivation (Figure 5B). Both variants thus
caused an important gain of function in human I,,. These
sequence changes may play a role in modulating I, and
thereby predispose to some inherited fatal rhythm disorders.

Functional effects on I, induced by I57T and MS54T
resemble each other, increasing I, density and accelerating
its recovery from inactivation. The gain of function in I,
opposes the fast inward Na™ currents during phase 0 of the
action potential, leading to all or none repolarization at the
end of phase 1 and loss of the epicardial action potential
dome, thus promoting phase 2 reentry and fatal ventricular
arrhythmias.*’

Another KCNE2 variant (M54T) associated with fatal
arrhythmias was first identified in a woman who had a
history of ventricular fibrillation and varied QT intervals.® It
is possible that her arrhythmia was also related to a gain of
function in I, secondary to this variation in KCNE2. Inter-
estingly, the IS7T variant has been reported to produce a
loss of function of HERG or Kv7.1 channels, thereby pre-
disposing to long QT syndrome,** indicating that the same
KCNE?2 variant could cause two different cardiac rhythm
disorders, similar to long QT syndrome and Brugada syn-
drome caused by SCN5A mutations.' >
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Neurally Mediated Syncope as a Cause of Syncope in Patients
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Neurally Mediated Syncope in Brugada Syndrome. Introduction: Patients with type 1 Brugada 5
electrocardiogram (ECG) and an episode of syncope are diagnosed as symptomatic Brugada syndrome;
however, all episodes of syncope may not be due to ventricular tachyarrhythmia.

Methods and Results: Forty-six patients with type 1 Brugada ECG (all males, 51 £ 13 years, 29 spon-

17 Ic-drug induced), 20 healthy control j (all males, 35 + 11 years), and 15 patients with
d neurally mediated syncope (NMS 9 males, 54 + 22 years) underwent the head-up tilt (HUT)

test. During the HUT test, 12-lead ECGs were recorded in all patients, and the heart rate variability was
investigated in some patients. Sixteen (35%) of 46 patients with Brugada ECG, 2 (10%) of 20 control |
subjects, and 10 (67%) of 15 pati with susp d NMS sh d positive resp to the HUT test.
Although no significant differences were observed in HUT-positive rate among Brugada patients with doc-
umented VT (7/14; 50%), syncope (5/19; 26 %) and asymptomatic patients (4/13; 31%), the HUT-positive
rate was significantly higher in patients with documented VT (50%) and those with VT or no symptoms
(11/27,41%) compared to that in control subjects (10%) (P < 0.05). Augmentation of ST-segment amplitude
(>0.05mV) in leads V1-V3 was observed in 11 (69 %) of 16 HUT-positive patients with Brugada ECG during
vasovagal resp and was iated with ion of parasympathetic tone following sympathetic
withdrawal.

Conclusion: Thirty-five percent of patients with Brugada ECG showed vasovagal responses during the
HUT test, suggesting that some Brugada patients have impaired balance of autonomic nervous system,
which may relate to their syncopal episodes. (J Cardiovasc Electrophysiol, Vol. 21, pp. 186-192, February

2010)

autonomic nervous system, Brugada syndrome, head-up tilt test, syncope, sudden death

Introduction

Brugada syndrome is characterized by ST-segment ele-
vation in the right precordial leads V1 through V3 and an
episode of ventricular tachyarrhythmia (VT) in the absence
of structural heart disease.'™ In patients with Brugada syn-
drome, syncopal episodes are generally thought to be due to
VT, however, all episodes of syncope may not be owing to
VT events. Neurally mediated syncope (NMS) is 1 of the
causes of syncope in general population, and it refers to a re-
flex response that some triggering factors give risc to arterial
vasodilatation associated with relative or absolute bradycar-
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dia.* In gencral, the overall prognosis in patients with NMS
is quite favorable.* On the other hand, the precise cause of
syncope in patients with Brugada syndrome is difficult to
determine. Therefore, the therapeutic strategy for Brugada
patients with syncope is often problematic. The aim of this
study was to evaluate the possibility of NMS as a cause of
syncope in patients with Brugada clectrocardiogram (ECG).

Methods
Patients Population

The study population consisted of 46 consecutive patients
with type 1 Brugada ECG who were admitted to the National
Cardiovascular Center, Suita, Japan, between May 2004 and
March 2006 (all males, ages 26 to 77; mean 51 & 13 years,
29 spontaneous, 17 Ic-drug induced), 20 healthy control sub-
jects (all males, 35 £ 11 years), and 15 patients suspected
of NMS (9 males, 54 + 22 years). Ethical approval was ob-
tained from the Institutional Review Committee of our hospi-
tal, and all patients and control subjects gave their informed,
written consent before participation. The control subjects and
the patients with suspected NMS showed no structural heart
discases, normal physical examination results, and normal
12-lead ECGs, and received no drug treatment affecting the
sympathetic nervous system. Type 1 Brugada ECG was de-
fined as a coved type ST-segment elevation of > 0.2 mV at
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J point observed in more than 1 of the right precordial leads
(V1 to V3) in the presence or absence of a sodium channel
blocker.?

Head-Up Tilt Test

The HUT test was performed in the afternoon after 4 hours
of fasting in a quiet and comfortable room equipped for car-
diopulmonary resuscitation. All patients were allowed to lie
on an electrically controlled tilt table an intravenous line
containing 5% dextrose was inserted into 1 arm, and allowed
to rest in supine position for at least 10 minutes. A posi-
tive HUT test was defined by the development of syncope or
presyncope associated with relative bradycardia (>20% de-
crease in heart rate compared with baselinc) or hypotension
(systolic blood pressure <80 mmHg). Presyncope was de-
fined as the induction of symptoms of imminent syncope, and
syncope was defined as sudden transient loss of conscious-
ness. Positive response to the HUT test was classified into 3
types owing to hemodynamic status, such as vasodepressor
type (hypotension without significant bradycardia), cardioin-
hibitory type (bradycardia without associated hypotention),
and mixed type (hypotension followed by bradycardia).* At
first, we performed passive tilt (Control-Tilt) at an angle of 70
degrees for 30 minutes. When Control-Tilt was negative, sub-
lingual nitroglycerin (NTG) spray 0.3 mg was administered,
and the test was continued for 15 minutes (NTG-Tiit). The
endpoint of each tilt test was the time when patients showed
positive responses or the completion of HUT-protocol.

Parameters Measured During the Head-Up Tilt Test
Heart rate and blood pressure

Heart rate was monitored, and cuff blood pressure was
measured by electrosphygmomanometry with a microphone
placed over the brachial artery to detect Korotkoff sounds
cvery minute (STBP-780, Colin Electronics, Komaki, Japan)
in all patients during the HUT test.

ST-segment amplitude in the right precordial leads

Twelve-lead ECGs were recorded every 1 minute during
the HUT test, and the changes of ST-segment amplitude in
the right precordial leads (V1-V3) were analyzed (ML-6500,
Fukuda-denshi, Tokyo, Japan) in all patients during the HUT
test.

Heart rate variability

Six-lead ECGs from the Task Force Monitor (CNSys-
tem, Graz, Austria)®”’ were measured for beat-to-beat heart
rate and consecutive R-R intervals in 10 patients with Bru-
gada ECG (4 documented VT, 5 syncopal episode only, and
1 asymptomatic), 9 control subjects, and 5 patients with
suspected NMS. The heart rate variability (HRV) was in-
vestigated by a power spectral analysis delineating the low-
frequency component (LF; 0.04-0.15 Hz) and the high-
frequency component (HF; 0.15-0.40 Hz).* We analyzed the
normalized unit of the HF components (%) calculated au-
tomatically (HF/power spectral density-very low-frequency
component [0-0.04 Hz] x 100)®* and the LF/HF ratio. The
HF indicates the tone of the parasympathetic nervous system,
and the LF/HF ratio indicates the sympathovagal balance.

Statistical Analysis

Numerical values were expressed as means + SD un-
less otherwise indicated. Comparisons of parameters be-
tween 2 groups were made using the unpaired Student -
test. Comparisons of parameters among 3 groups were made
with a one-way analysis of variance (ANOVA), followed
by the Scheffe’s multiple-comparison test. Categorical vari-
ables were compared using a chi-square analysis using the
Yate's correction or Fisher exact test if necessary. An overall
chi-square test for a2 x n table was performed when compar-
isons involved >2 groups. A P-value < 0.05 was considered
significant.

Results
Clinical Characteristics

The clinical characteristics of 46 patients with Brugada
ECG and 15 patients with suspected NMS are shown in
Table 1. The patients with Brugada ECG were divided into
3 groups: (1) 14 patients with documented VT; (2) 19 pa-
tients with syncopal episodes only; and (3) 13 asymptomatic
patients. No significant differences were observed in age,
incidence of spontancous type 1 ECG, family history of sud-
den cardiac death (SCD), induced ventricular fibrillation dur-
ing electrophysiologic study (EPS), and SCNSA mutation.
Implantable cardioverter-defibrillator (ICD) was implanted
more frequently in patients with documented VT. The trig-
gers of VT and/or syncope are also shown in Table 1. Seventy-
nine percent of VT episodes occurred during sleep or at rest
in patients with documented VT (P < 0.0001 vs the patients
with syncopal episodes only and suspected NMS). On the
other hand, in patients with syncopal episodes only, 15%
of syncopal episodes occurred after urination, 21% during
standing, and 21% after drinking alcohol, which seemed to
be similar patterns in patients with suspected NMS. Based on
the clinical description of the syncopal events, 16 (84%) of
19 Brugada paticnts with syncopal episodes were suspected
to have NMS. Syncopal episodes seemed to be due to VT in
1 of the remaining 3 patients.

Positive Response to the Head-Up Tilt Test

Comparison of the positive responses to the HUT test be-
tween 46 patients with Brugada ECG and 20 control subjects
along with 15 patients with suspected NMS are shown in
Table 2. Sixteen (35%) of 46 patients with Brugada ECG
showed positive responses. Positive responses were devel-
oped in 1 (2%) of 46 patients during Control-Tilt and in
15 (33%) of 45 patients during NTG-Tilt, and the mixed
type was predominant (94%). In patients with Brugada ECG,
there were no significant differences in the incidence of pos-
itive responses among patients with documented VT (50%),
those with syncopal episodes only (26%), and asymptomatic
patients (31%). No significant differences were observed in
the type of positive responses between the 3 groups. The
mixed type was predominant (100%, 100%, and 75%, re-
spectively), and cardioinhibitory type was not observed in all
3 groups. Two (10%) of 20 control subjects and 10 (67%) of
15 patients with suspected NMS showed positive responses.
The HUT-positive rate was not significantly different be-
tween all 46 patients with Brugada ECG, 20 control subjects
and 15 subjects with suspected NMS (35% vs 10% vs 67%);



188  Journal of Cardiovascular Electrophysiology Vol. 21, No. 2, February 2010

TABLE 1
Clinical Characteristics of Patients with Brugada Electrocardiogram and Suspected NMS

Documented VT yncopal Episodes A i NMS
(n=14) only (n = 19) (n=13) (=15
Age (years) 5015 51+12 5214 54+£22
Spontaneous type | ECG 10(71) 9 (47) 10 (77) -
Family history of SCD 4(29) 4(21) 431 -
Induced VF during EPS 10712 (83) 15/18 (83) 811 (73) -
SCNSA mutation 17 e 0(0) -
ICD implantation 14 (100) 13 (68)" 7(54)° -
Triggers of syncope
During sleeping or at rest 11(79) 1(5)" - o
After urination 0 3(15) - 1(7)
Prolonged standing at attention 0 421 - 427
After drinking alcohol 0 4(21) - 6 (40)
After meal (7 0 - 0
After exertion 0 2011 - 2(13)
After sudden unexpected pain 0 2011 - 0
During driving 0 1(5) - 0
Others 2(14) 2(11) - 2(13)

Values are mean + SD for age, and expressed as frequency (%). P < 0.05 vs documented VT group. ECG =
illator; NMS = neurally mediated syncope; SCD = sudden cardiac death; VT = ventricular ld(,hyilﬂhylhll'llab,

study; ICD = imp
VF = ventricular fibrillation.

however, the HUT-positive rate was significantly higherin 14
patients with documented VT (50%) and 27 patients with VT
or no symptoms (41%) compared to that in control subjects
(10%) (P = 0.03, P = 0.04, respectively). The HUT-positive
rate in 19 Brugada patients with syncopal episodes (26%)
was significantly lower than that in 15 patients with suspected
NMS (P = 0.04), aithough the syncopal episodes in 84% of
the 19 patients were suspected to be duc to NMS. Positive
responses to the HUT test were more frequency observed
in 15 patients with suspected NMS compared to those in 20
control subjects (10/15 vs 2/20; P < 0.001).

Comparison of the clinical characteristics between 16
HUT-positive patients and 30 HUT-negative patients with
Brugada ECG were shown in Table 3. No significant differ-
ences were observed in cardiac events, such as documented
VT or syncope. Furthermore, there were no significant differ-
ences in the clinical characteristics, such as age, spontaneous
type 1 ECG, a family history of SCD, inducibility of ven-
tricular fibrillation during EPS, SCN5A mutation, and ICD
implantation.

EPS =

Response of Heart Rate and ST-Segment Amplitude

In patients with Brugada ECG, the heart rate was increased
by 12 + 9 beats/min during Control-Tilt, and by 24 + 14
beats/min during NTG-Tilt. As the heart rate was increased,
decrease of ST-segment amplitude of > 0.05 mV from base-
line in the right precordial leads was observed in 11 (24%) of
46 patients during Control-Tilt (—0.14 £ 0.08 mV), and in
19 of 45 (42%) patients during NTG-Tilt (—0.15 4+ 0.10 mV)
(Fig. 1C). However, augmentation of ST-segment amplitude
of > 0.05 mV in the right precordial leads was observed
just before and after positive responses to the HUT test in
11 (69%) of 16 HUT-positive patients (0.10 £ 0.06 mV)
(Figs. 1D and E). These significant ST-segment augmen-
tation was observed in | patient during Control-Tilt (docu-
mented VT), and 10 patients during NTG-Tilt (5 documented
VT, 2 syncopal episodes only, 3 asymptomatic), respectively.
On the other hand, augmentation of the ST-segment ampli-
tude of > 0.05 mV was 2 (7%) of 30 HUT-negative patients
during NTG-Tilt (I documented VT, 1 syncopal episodes
only). As a result, the average ST-segment augmentation was

TABLE 2
Responses to Head-Up Tilt Test in Patients with Brugada Electrocardiogram, Control Subjects, and Patients with Suspected NMS

Brugada ECG

Syncopal with VT or No Control Suspected
All Documented Episodes Asymptomatic Symptoms Subjects NMS
(n =46) VT (n=14) Only (n =19) (n=13) m=27) (n=20) (n=15)
Age (years) 51+13° 50+ 15* 51%12* 52+ 147 51 £ 147 35+11 54 £22*
Positive response 16 (35) 7(50)° 5(26)t 4(31) 11(41)" 2(10) 10 (67)*
Control-tilt 1/46 (2) 114(7) 0/19 (0) 0/13 (0) 1274 0/20 (0) 0/15 (0)
NTG-tilt 15/45 (33)t 6/13 (46) 5119 (26)t 4/13 (31) 1026 (38) 2/20 (10 10715 (67)
Type of positive response
Vasodepressive 1/16 (6) o0 0 174 (25) 1711 (9) 0 1/10(10)
Cardioinhibitory 0 0 0 0 0 0 0
Mixed 15/16 (94) 717 (100) 5/5 (100) 3/4(75) 10/11 (91) 3 (100) 9/10 (90)
Values are expressed as frequency (%). *P < 0.05 vs control subjects, P < 0.05 vs suspected NMS. ECG = di NMS = neurally mediated

syncope; NTG = nitroglycerin; VT = ventricular tachyarrhythmias.
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TABLE 3

Comparison of Clinical Characteristics Between Head-up Tilt-Positive
Patients and Head-up Tilt-Negative Patients

HUT-Positive ~ HUT-Negative
(n=16) (n=30) P-value

Age (years) 52+£13 50+ 14 0.58
Documented VT 7 (44) 7Q3) 0.15
Syncope only 531 14(47) 0.49
Asymptomatic 4(25) 9(30) 0.99
Spontancous type 1 ECG 11(69) 18 (60) 0.79
Family history of SCD 4(25) 8(27) 1.0

Induced VF during EPS 13/15 (87) 20126 (77) 0.72
SCNSA mutation 1(6) 3(10) 1.0

ICD implantation 14 (88) 24 (80) 0.82

Values are expressed as frequency (%). ECG = electrocardiogram;
EPS = clectrophysiological study; HUT = head-up tilt test; ICD = im-
lantabl i i SCD = sudden cardiac death; VT = ven-

£
tricular tachy VF =

significantly larger in 16 HUT-positive patients than in 30
HUT-negative patients at similar heart rate (0.06 £ 0.06
mV vs —0.04 £ 0.06 mV, P < 0.0001). No ventricular
arrhythmias were induced during the HUT test in any pa-
tients with Brugada ECG. The ST-segment augmentation
was not observed during the HUT test in any control subjects
(—0.02 £ 0.02 mV, P < 0.0001 vs 16 HUT-positive Brugada
patients) and patients with suspected NMS (—0.02 = 0.04
mV, P < 0.001 vs 16 HUT-positive Brugada patients; Fig. 2).

Heart Rate Variability and ST-segment Amplitude
Positive responses during NTG-Tilt were observed in 4
(40%) of 10 patients with Brugada ECG, in 1 (11%) of 9

control subjects, and in 4 (80%) of 5 patients with suspected
NMS in whom the HRV was monitored. The autonomic ac-

A Supine

B. Standing C. Early NTG-Tit
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tivities in a representative NTG-Tilt-positive patient with
Brugada ECG and those with suspected NMS are shown
in Figure 3A and B, respectively. Before positive responses
to the HUT test, sympathetic activity (LF/HF ratio) dramat-
ically increased; and then, sympathetic withdrawal occurred
immediately. Thercafter, parasympathetic nerve activity (the
normalized unit of the HF components) gradually increased.
The similar pattern of augmented parasympathetic nerve ac-
tivity following sympathetic withdrawal during positive re-
sponses to the HUT test was observed in all 9 HUT-positive
patients. The patterns of HRV were not different among the
HUT-positive patients with Brugada ECG, the HUT-positive
control subjects, and the HUT-positive patients with sus-
pected NMS. In 3 (75%) of 4 HUT-positive patients with
Brugada ECG, the LI/HF ratio decreased and the HF com-
ponent increased gradually toward the maximum ST-segment
elevation just before and after positive response for the HUT
test (Fig. 3A), but ST-segment was decreased in patients with
NMS (Fig. 3B).

Discussion

In this study, 35% of patients with Brugada ECG showed
vasovagal responses during the HUT test regardless of the
presence VT or syncope. The HUT test was also positive in
41% among only Brugada patients with documented VT or
no symptoms. During vasovagal response, ST-segment aug-
mentation in the right precordial leads (V1-V3) was observed
in 11 (69%) of 16 HUT-positive patients with Brugada ECG,
but no ventricular arrhythmias were induced in any HUT-
positive patients.

Neurally Mediated Syncope as a Cause of Syncope
in Brugada Syndrome

Several case reports have described patients exhibiting
clinical phenotype of both Brugada syndrome and NMS. -1

D. Syncope E. Supine
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Figure2. Response of the heart rate and ST-segment amplitude during the head-up tilt (HUT) iest in 16 HUT-positive patients with Brugada electrocardiogram
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Brugada ECG, ST-segment in lead V2 was augmented before and after positive responses to the HUT test (B), bui not in those with suspected NMS (D).

100 005
A 60 T LFMF
HF
804 — s7 004 ¢,
(40) i
&
- — 60 003 3
™ S
= I (30) =
£3 g
T2y Syncope o &
(20) §
20 0.01 %
(10 Figure 3. Autonomic responses during
o o head-up tilt (HUT) test. The autonomic
7 Bt activities in a representative nitroglyc-
0 § 10 15 s :
t Time Course (min) erin (NTG)-Tili-positive patient with type
- 1 Brugada electrocardiogram (ECG) (A)
NTG-Tik start 3 X 5
and those in a representative NTG-
B (1;;’) — LFMF 005 Tilt-positive patient with suspected NMS

(B). Before tilt-induced syncope, sym-
pathetic activity (LF/HF ratio) dramat-
ically increased; and then, sympathetic
withdrawal occurred immediately. There-
after, parasympathetic nerve activity (the
normalized unit of the HF components)
gradually increased. In the HUT-positive
patient with Brugada ECG, ST-segment
augmentation in lead V2 was observed
Jjust before and after positive responses,
and the LF/HF ratio decreased and the
HF component increased gradually to-
ward the maximum ST-segment elevation
(A). In contrast, in the HUT-positive pa-

(AW) apryiiduie Juawbas-1 §

1
NTG-Till start

Time Course (min)

tient with suspected NMS, ST-segment am-
plitude in lead V2 was decreased gradu-
ally afier positive responses (B),




Yokokawa et al.  Neurally Mediated Syncope in Brugada Syndrome 191

It is well known that the autonomic nervous system plays
an important role on the arrhythmogenesis of Brugada syn-
drome. Previous studies showed that the withdrawal of sym-
pathetic activity and the sudden rise in vagal activity was
an important triggering factor of ventricular fibrillation.!3"
Similarly, it has been presumed that parasympathetic tone
increase during NMS events in patients with Brugada ECG.
Recent basic study showed that SCNSA, a major responsible
gene in Brugada patients, is expressed not only in the my-
ocardial cells but also in intracardiac ganglia.'® Makita ef al.
also demonstrated a novel nonsense mutation in SCNSA gene
in a patient with Brugada syndrome who had been diagnosed
as NMS.!7 These results suggested that the abnormal regu-
lation or imbalance of autonomic nervous system may exist
regardless of the presence or absence of cardiac events in
patients with Brugada ECG.

ST-Segment Elevation in the Precordial Leads During the
HUT Test in Patients with Brugada ECG

In Brugada syndrome, spontaneous augmentation of ST-
segment elevation occurred along with an increase in vagal
activity, especially just before and after the occurrence of
ventricular fibrillation.'* The ST»scgment elevation is also
known to be modulated by exercise,'® pharmacological m-
terventions that interact with automatic nervous activities,'
or taking meals associated with glucose-induced insulin lev-
els.?’ In this study, ST-segment augmentation in the right
precordial leads was observed just beforc and after posi-
tive responses to the HUT test in two-thirds (69%) of the
HUT-positive patients with Brugada ECG but only in 7% of
the HUT-negative patients. In patients with Brugada ECG,
the preceding increase of sympathetic nerve activity during
the HUT test may cause augmentation of ICa-L, resulting in
attenuation of ST-segment elevation.' Subsequent augmen-
tation of parasympathetic nerve activity during the HUT test
may decrease of ICa-L, and increase Ito, thus augmenting
ST-segment amplitude.

Clinical Implication

The second consensus report suggested that symptomatic
patients displaying type 1 Brugada ECG (either spontancous
or after class I¢ drugs) who present with aborted sudden
dcath should undergo ICD implantation.® ICD implantation
is also recommended in patients with syncope. seizure, or
nocturnal agonal respiration, after noncardiac causes of these
symptoms have been carefully ruled out.” Needless to say, the
ECG recording during syncope is the only convincing way to
rule in or out VT during syncope, and only clinical judgment
can be used to guide diagnostic and therapeutic decisions.
However, in patients with Brugada syndrome, there is an
abnormal regulatory imbalance of the autonomic nervous
system that may be a common denominator to both syncope
and ventricular fibrillation.

Limitations

The control subjects were significantly younger than pa-
tients with Brugada ECG or those with suspected NMS. How-
ever, it is reported that the positive rate of NTG-Tilt in the
elderly was comparable to that scen in younger subjects.?!
Therefore, lower incidence of positive rate of the HUT test
in the control subjects than that in the other 2 groups was
not due to the relevant difference of age. The incidence of

spontancous type 1 ECG and the positive rate of the HUT
test are smaller in Brugada patients with syncope episodes
only than in those with documented VT or asymptomatic
patients; however, statistical significance was not observed
between the 3 groups.

Conclusions

Thirty-five percent of patients with Brugada ECG showed
vasovagal responses during the HUT test. The HUT test was
also positive in 41% among only Brugada patients with doc-
umented VT or no symptoms. During vasovagal response,
ST-segment augmentation in the right precordial leads was
observed in 69% of the HUT-positive Brugada patients, but
no ventricular arrhythmias were induced. These data suggest
that some Brugada patients have impaired balance of auto-
nomic nervous system, which may relate to their syncopal
episodes. Additional studies including a large number of sub-
jects are needed to validate our findings and possibly evaluate
the role of the HUT test in risk stratification of patients with
Brugada ECG.

References

Brugada P, Brugada J: Right bundle branch block, persistent ST seg-
ment elcvnlmn and sudden cardiac death: A distinct clinical and elec-
i report. J Am Coll Cardiol

‘)02;20:139]-1396
Wilde AA, Antzelevitch C, Borggrefe M, Brugada J, Brugada R, Bru-
gada P, Corrado D, Hauer RN, Kass RS, Nademanee K, Priori SG,
Towbin JA, Study Group on the Molecular Bam of Arrhythmias of
the E Society of Cardiology: Proposed ic criteria for
the Brugada syndrome: Consensus report. Circulation 2002;106:2514-
2519.
. Antzelevitch C. Brugada P, Borggrefe M, Brugada J, Brugada R,
Corrado D, Gussak 1, LeMarec H, Nademanee K, Perez Riera AR,
Shimizu W, Schulze-Bahr E, Tan H, Wilde A: Brugada syndrome:
Report of the second consensus conference: Endorsed by the Heart
Rhythm Society and the European Heart Rhythm Association. Circu-
lation 2005;111:659-670.

Brignole M, Alboni P, Benditt D, Bergfeldt L, Blanc JJ, Bloch Thomsen
PE, van Dijk JG, Fitzpatrick A, Hohnloser S, Janousek J, Kapoor W,
Kenny RA, Kulakowski P, Moya A, Raviele A, Sutton R, Theodorakis
G, W\:lmgw Task Force on Syncnpe European Society of Cardiology:
G on is and treatment) of syncope. Eur
Heart ] 2001;22:1256-1306.
Nowak L, Nowak FG, Janko S, Dorwarth U, Hoffmann E, Botzenhardt
F: Investigation of various types of neurocardiogenic response to head-
up tilting by extended hemodynamic and neurohumoral monitoring.
Pacing Clin Electrophysiol 2007;30:623-630.

Dalla PR, Kleinmann A, Zysk S, Bechtold S, Netz N: Head-up-tilt
testing in children: New perspectives using beat-1o-beat blood-pressure
monitoring. [mages Paediatr Cardiol 2005;22:1-7.
Boysen A, Lewin MA, Hecker W, Leichter HE, Uhlemann F: Auto-
nomic function testing in children and adolescents with diabetes melli
tus. Pediatr Diabetes 2007;8:261-264.
Yamasaki F, Sato T, Sugimoto K, Takata J, Chikamori T, Sasaki M,
i ffect of diltiazem on sympathelic hyperactivity in patients with
stic angina as assessed by spectral analysis of arterial pressure
and heart rate variability. Am J Cardiol 1998:81:137-140.
Pagani M, Lombardi F, Guzzetti S, Rimoldi O, Furlan R, Pizzinelli
P, Sandrone G, Malfatto G, Dell’Orto 8, Piccaluga E: Power spectral
analysis of heart rate and arterial pressure variabilities as a marker
of sympatho-vagal interaction in man and conscious dog. Circ Res
1986:59:178-193.
10. Mérquez MF, Rivera J, Hermosillo AG, Iturralde P, Colin L, Mora»
grega JL. Cérdenas M: Arrhythmic storm resp: to g in
a patient with Brugada syndrome and vasovagal syncope. Pacmg Clin
Electrophysiol 2005:28:870-873
Patruno N, Pontillo D, Anastasi R, Sunseri L, Giamundo L, Ruggeri
G: Brugada syndrome and neurally mediated susceptibility. Ital Heart
12005:6:761-764.

o

w

»

w

o

-

o

©




192 Journal of Cardi lar Electrophysiology Vol. 21. No. 2, February 2010

12. Sammnh N, lskus D Sakaguchl S, Lurie KG, Bcndm DG: Syn
cope in J Brugada
for an Jmplanmblc deﬁbn]lalol or an unresolved dilemma? Europace
2001;3:159-163.

. Wichter T, Matheja P, Eckardt L, Kies P, Schifers K, Schulze-Bah:

S

=)

Navl.5 sodium channe] in canine intracardiac ganglia. Heart Rhythm
2006:3:842-850.

. Makita N, Sumitomo N, Watanabe I, T\u|su1 H: Novel SCNSA mu-

tation (Q55X) iated with age-de P of Brugada

E, Haverkamp W, Borggrefc M, Schober O, Breithardt G, Schiifers
M: Cardiac in Brugada synd Gi
2002;105:702-706.

14. Kasanuki H, Ohnishi S, Ohtuka M, Matsuda N, Nirei T, Isogai R,
Shoda M, Toyoshima Y, Hosoda S: Idiopathic ventricular fibrillation
induced with vagal activity in patients without obvious heart discase.
Circulation 1997,95:2277-2285.

. Matsuo K, Kurita T, Inagaki M, Kakishita M, Aihara N, Shimizu
W, Taguchi A, Suyama K, Kamakum S Shimomura K: The
circadian pattern of the Pl
in patients with Brugada syndrome. Eur Heart J 1999;20:465-
470.

o

16. Scomik FS, Desai M, Brugada R, Guerchicoff A, Pollevick GD,
Antzelevitch C, Pérez GI: Functional expression of “cardiac-type”

*

©

=4

P as neurally medmled syncope. Heart Rhythm
2007;4:516-519.
Grimster A, Segal OR, Behr ER. Type ] Brugada electrocardio-
gram pattern during the recovery phase of exercise testing. Europace
2008;10:897-898.

Miyazaki T, Mitamura H Miyoshi S, Soejima K Aizawa Y, Ogawa
S A and y drug of ST segment
clevation in patients with Brugada syndrome. J Am Coll Cardiol
1996,27:1061-1070.

Nishizaki M, Sakurada H, Mizusawa Y, Niki S, Hayashi T, Tanaka Y,
Maeda S, Fujii H, Ashikaga T, Yamawake N, Isobe M, Hiraoka M.
Influence of meals on vanauons of ST segment elevation in patients
with Brugada JC: iol 2008:19:62-68.

. Tan MP, Parry SW: Vasovagal syncope in the older patient. J Am Coll

Cardiol 2008;51:599-606.




Structural Heterogeneity in the Ventricular Wall Plays a
Significant Role in the Initiation of Stretch-Induced
Arrhythmias in Perfused Rabbit Right Ventricular Tissues
and Whole Heart Preparations

Kinya Seo, Masashi Inagaki, Satoshi Nishimura, Ichiro Hidaka, Masaru Sugimachi,
Toshiaki Hisada, Seiryo Sugiura

Rationale: Mechanical stress is known to alter the electrophysiological properties of the myocardium and may
trigger fatal arrhythmias when an abnormal load is applied to the heart.

Objective: We tested the hypothesis that the structural heterogeneity of the ventricular wall modulates globally
applied stretches to create heterogeneous strain distributions that lead to the initiation of arrhythmias.

Methods and Results: We applied global stretches to arterially perfused rabbit right ventricular tissue preparations.
The distribution of strain (determined by marker tracking) and the transmembrane potential (measured by
optical mapping) were simultaneously recorded while accounting for motion artifacts. The 3D structure of the
preparations was also examined using a laser displacement meter. To examine whether such observations can be
translated to the physiological condition, we performed similar measurements in whole heart preparations while
applying volume pulses to the right ventricle. At the tissue level, larger stretches (=20%) caused synchronous
excitation of the entire preparation, whereas medium stretches (10% and 15%) induced focal excitation. We
found a significant correlation between the local strain and the local thickness, and the probability for focal
excitation was highest for medium stretches. In the whole heart preparations, we observed that such focal
excitations developed into reentrant arrhythmias.

Conclusions: Global stretches of intermediate strength, rather than intense stretches, created heterogeneous strain
(excitation) distributions in the ventricular wall, which can trigger fatal arrhythmias. (Circ Res. 2010;106:176-184.)

Key Words: stretch-induced arrhythmia m mechanoelectric feedback m optical mapping

Iterations to the mechanical state of the myocardium

affect its electrophysiological properties, a phenomenon
termed mechanoelectric feedback (MEF).!2 MEF is consid-
ered to play a significant role in the genesis of cardiac rhythm
disturbances in various disease states, such as myocardial
infarction and heart failure, in which myocardial tissues are
subjected to abnormal loading conditions.*-* This specul.

examined the effects of the phase, strength and speed of the
strike for the induction of arrhythmias.

To elucidate the mechanisms underlying MEF and related
arrhythmias, extensive studies have been carried out using
various preparations from various species, including rabbits,
lambs and dogs.!!-1 Stretch-activated channels (SACs) have
been ded as the most likely candidates for the primary

is supported by previous observations that in myocardial
infarction, ventricular ectopic excitations are initiated by
acute stretches of the border zone between the infarct and the
normal myocardium.6-8 A more definite causality is sus-
pected in the etiology of commotio cordis, where sudden
death occurs owing to a nonpenetrating chest wall impact in
the absence of injury to the ribs, sternum, and heart.*1 Using
anesthetized juvenile swine, Link et al'® found that ventric-
ular fibrillation can be produced by a baseball strike, and

transducers of mechanical stress.!4-16 Although such findings
at the molecular level can account for changes in the action
potential duration, amplitude, effective refractory period and
resting potential induced by mechanical interventions at the
cellular level, we still face a huge gap between these laboratory
findings and clinical arrhythmias observed at the organ level. In
this context, Franz et al'7 investigated the effects of increases in
ventricular volume and pressure on epicardial monophasic
action potentials in both isolated cross-circulated hearts and
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Figure 1. Alterations in the electric response in a cardiac tissue.
A, Ratiometric optical signals (AFs,/Fego) in response to 5%,
10%, and 30% stretches from left to right. Scale bar: 100 ms.
B, Spatiotemporal pattern of the depolarizations (typical optical
signals in each segment) in response to a 5% stretch. C, Rela-
tionship between the changes in the normalized optical signals
and the local strain under the excitation threshold (n=5). The
smooth curve through the data points was fitted with a nonlin-
ear regression model. D and E, Representative action potentials
and optical maps in response to 10% and 30% stretches,
respectively. The stretch starts at 0 ms. Scale bar: 4 mm.

in situ canine hearts to clearly demonstrate the manifestation
of MEF. However, these volume and/or pressure alterations
do not allow detailed evaluation of the changes in myocardial
stress or strain, which are believed to be the keys for
establishing a link between the macroscopic and microscopic
phenomena.

To elucidate how the cellular responses to stretches lead to
arrhythmias in the heart, we focused on the morphology of
tissue preparations and its role in the modulation of the
electric responses. We developed an experimental set-up in
which controlled uniaxial stretches were applied to crystalline
perfused rabbit ventricular walls while monitoring the local
strain. The use of optical transmembrane potential mapping
combined with a tissue tracking technique enabled us to
examine the relationship between local strain and excitation
of the myocardium. By applying acute stretches of varying
amplitudes, we demonstrate that global stretches applied to
the ventricular wall tissue can create strain dispersion in the
heterogeneous structure of the ventricular wall and that
mechanical insults of intermediate, rather than intense,
strength induce focal excitation, thus potentially triggering
fatal arrhythmias. Finally, using whole heart preparations, we
confirm that only medium stretches of the myocardium can
evoke spiral wave formation.

Methods
Japanese white rabbits weighing 2.4 to 2.9 kg were used. The
distribution of strain and the transmembrane potential were simul-
taneously recorded while applying an acute stretch to right ventricle
(RV) tissue preparations. The 3D structure of the preparations was
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also examined. Similar measurements were conducted in whole heart
preparations while applying acute volume pulses to the RV.

An expanded Methods section is available in the Online Data
at http://cir hajournals.org.

Results

Effect of the Stretch Amplitude on Excitation of
the Tissue

To elucidate the relationship between the electric response
and the stretch level, we measured the optical transmembrane
potential signals of stretched tissues. Figure 1 shows repre-
sentative transmembrane potential signals in response to
stretches of varying amplitudes. When a uniaxial stretch with
a small amplitude (5%) was applied, the myocardial tissue
was depolarized but an action potential did not develop
(Figure 1A, left). The distribution of these depolarizations
was heterogeneous and the amplitudes of these depolariza-
tions had a positive dependence on the local strains (n=5)
(Figure 1B and 1C). However, above a certain level of
amplitude (=10%), we observed focal excitation (develop-
ment of an action potential in less than 4 segments of 9
blocks) (Figure 1A, middle; Figure 1D). A larger stretch
(30%) only induced multiple occurrences of excitation in the
tissue (Figure 1E). Figure 2A shows the relationship between
the probability of tissue excitation (development of an action
potential in at least one locus within the tissue) and the
amplitude of the stretch applied (global strain). We found a
fairly abrupt transition in the tissue responses to a uniaxial
stretch (n=7). Specifically, excitation was rare when the
amplitude was small (5%), but its rate increased with
stretches in the medium range (10% and 15%) to reach 100%
(sure observation) in response to large stretches (20%, 25%
and 30%).

The use of a trapezoidal command with constant rates of
rise and fall necessarily made the entire duration of the stretch
longer for larger stretches, which may thus have led to
modulation of the responses of the myocardium through
different mechanisms. To exclude these possibilities, we
applied stretches of varying amplitudes while keeping the
entire duration constant at 50 ms. We found similar re-
sponses, thereby indicating that the amplitude rather than the
duration is the major determinant of stretch-induced activa-
tion of the myocardium (Online Figure V, A). We also
confirmed that stretches applied during the action potentials
could modulate their shapes, and sometimes found stretch-
activated depolarizations followed by premature ventricular
contractions (Online Figure V, B).

Relationship Between Stretch-Induced Excitation
and Epicardial Local Strain

We also evaluated the relevance between stretch-activated
excitation and epicardial local strain (n=7). To compare the
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Figure 2. Electric responses and strain distributions. A, Proba-
bility that an action potential develops in at least 1 region of the
whole tissue as a function of global stretch (n=7). The smooth
curve through the data points was fit with a logistic regression
model. B, Representative isochronal maps of a transmembrane
potential showing the point of initial depolarization (left) and dis-
tributions of local strain (right). Top and bottom show 10% and
20% stretch, respectively. Scale bar: 4 mm. C, Relationship
between the probability of stretch-induced excitation in the local
area and the strain in the corresponding area (n=7). The smooth
curve through the data points was fit with a logistic regression
model.

strain distribution with the isochronal electric responses, the
whole tissue area was divided into 9 blocks and the average
strain value in each block was shown in grayscale. The local
strain maps at each level of stretch with the corresponding
isochronal maps are shown in Figure 2B (right). Initial
excitation tended to take place at the locus of high strain (top:
right lower block with 14% strain; bottom: left lower block
with 14% strain; right upper 2 blocks with 23% and 24%
strains). The excitation probability was clearly found to be
more prominent for higher strains (Figure 2C), when the
probability of local excitation was plotted as a function of the
corresponding local strain (n=7).

Involvement of SACs in

Stretch-Induced Excitations

To examine the involvement of SACs in the genesis of
stretch-induced excitation, we repeated the experiments with
a 15% stretch in the presence of 10 wmol/L Gd**, a blocker
of nonspecific SACs. Gd** inhibited the stretch-induced
excitation by 71.4+18.4% compared with the control condi-
tion and its effect was reversed by washout of Gd** (Figure
3A; n=7; P<0.01, Gd(+) versus control condition and
washout). We also administered ryanodine to examine
whether stretch-induced Ca®* release from the sarcoplasmic
reticulum and the triggered activity are involved in the
activation process. When we applied 15% stretches, action
potentials developed similarly in both ryanodine-treated and
untreated (control condition) tissues (Figure 3B; n=3).

A
excitation probability

* *
1
0.75
0.5
0.25
0

CTRL  Gd(+) wash out

excitation probability
NS

CTRL  Ryanodine

Figure 3. Modulation of stretch-induced excitation by drugs. A,
Effect of Gd®* on the probability of stretch-induced excitation
after a 15% stretch (n=7). *P<0.05. CTRL indicates control
condition. B, Effect of ryanodine on the probability of stretch-
induced excitation after a 15% stretch (n=3).

Strain Distribution and Tissue Structure

Because we applied uniaxial stretches to the ventricular
tissue, the strain distribution on the epicardial surface was
most probably created by heterogeneity within the tissue
structure. To clarify the relationships between the strain
distribution and the tissue structure, we measured the thick-
ness distribution in each preparation using a laser displace-
ment meter (Figure 4A; n=7). We divided the tissue into 9
blocks and calculated the average thickness in each block to
facilitate comparisons with the strain data. Figure 4B shows a
comparison between the thickness and local strain distribu-
tions after a 10% stretch from a single experiment. We found
that the strain was high in regions where the tissue thickness
was thin. For further comparisons between the tissue structure
and the strain, we calculated the normalized thickness value
of each block (mean thickness value of each block relative to
the mean thickness value of all the blocks). Figure 4C
summarizes the relationships between the local strain and the
local thickness under different levels of stretch. Local strain
was negatively correlated with the local thickness, which
supported our hypothesis (10% stretch: n=7, r=-0.52,
P<0.0001; 20% stretch: n=7, r=—0.53, P<0.0001).

Heterogeneous Excitation in Accordance With the
Tissue Thickness and Stretch Level

We then plotted the relationship between the local wall
thickness and the probability of stretch-induced local excita-
tion for various levels of stretches (Figure 5A; n=7; closed
circles, 5% stretch; closed triangles, 15% stretch; open
circles, 30% stretch). When the applied stretch was small
(5%), there was hardly any excitation (low probabilities over
the entire range of thickness) because the local strain was
below the threshold. As the amplitude of the stretch in-
creased, the probability of excitation started to rise from the
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Figure 4. Thickness and local strain distributions of cardiac tis-
sue. A, Representative case of the wall thickness distribution
(laser-scanned data). Scale bar: 4 mm. B, Thickness distribution
(left) and strain distribution (right) in response to a global 10%
stretch in a representative experiment. C, Relationship between
the normalized wall thickness and local strain in response to
10% (left) and 20% (right) global stretches. Lines are linear
regression lines (10% stretch: n=7, r=—0.52, P<0.0001; 20%
stretch: n=7, r=-0.53, P<0.0001).

thin area (15%) and all areas were finally excited in response
to a large stretch (30%). We calculated the variability
(standard deviation) of the excitation probability over the
entire thickness range for each stretch amplitude, and these
data are plotted in Figure 5B (n=7). In regions of small (5%)
or large (30%) stretches, the variability was low (0.18 or
0.26) because the whole tissue was either unresponsive or
responsive to the stretch, respectively, whereas heteroge-
neous excitation was achieved in response to a stretch of
intermediate amplitude (0.50 on 15% stretch).

Stretch-Induced Focal Excitations Develop Into
Reentrant Arrhythmias in the Ventricle

To examine whether the findings at the tissue level are applica-
ble to more physiological situations, we applied volume pulses
to the RV in whole heart preparations and recorded the trans-
membrane potential responses. Figure 6A and 6B shows repre-
sentative optical signals in response to 2 different amplitudes of
volume pulses. When we applied a small volume pulse (0.5 mL),
virtually no response was observed. However, local excitation
(excitation from less than one-third of all the blocks) was
induced by a 1.0-mL volume pulse (Figure 6A), and a large
volume pulse (2.0 mL) elicited excitation from a larger area
simultaneously (global excitation) (Figure 6B). The correspond-
ing thickness distribution in the optically mapped region re-
vealed that the focal excitation originated from a thin region
(Figure 6C). As summarized in Figure 6D (n=6), focal excita-
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Figure 5. Relationship between the probability of focal excita-
tion and the stretch amplitude. A, Probabilities of stretch-
induced local excitation as a function of the relative wall thick-
ness for 5% (closed circles), 15% (closed triangles), and 30%
(open circles) stretches (n=7). The smooth curves through the
data points were fit with logistic regression models. Right, Dis-
tributions of the wall thicknesses, in which the segments where
the action potentials developed are depicted in gray for 30%
(top), 15% (middle), and 5% (bottom) stretches. B, From the
data shown in A, the variability of the probability for the devel-
opment of local excitation over the entire range of wall thick-
ness was plotted as a function of the global stretch (n=7). Het-
erogeneous excitation is induced by a stretch of intermediate
amplitude rather than a large stretch.

tion was only induced with pulses of intermediate volumes (1.0
and 1.5 mL). S 1 led that such focal
excitations tended to take place in regions where the wall
thickness was thinner (Figure 6E; n=6, P<<0.05), similar to the
case for the tissue preparations. All of these findings were in
accordance with the tissue experiments, thus confirming that
only global stretches of medium intensity can induce focal
excitation in the ventricular wall.

Focal excitation is a prerequisite for the initiation of reentrant
arrhythmias, but may not fulfill the conditions. Therefore, we
hypothesized that when the propagation of the focal excitations
induced by medium mechanical stimuli interacts with the pre-
ceding electric activations, it can develop to fatal reentrant
arrhythmias. To assess this hypothesis, we applied the volume
pulses to the RV for 50 ms at various coupling intervals (90 to
130 ms) with a preceding electric stimulus. Similar to the electric
“pinwheel experiment” protocol,'® this protocol involves the

imultaneous establist of a spatial gradient of mc y
stretch-induced excitability together with a spatial gradient of
refractoriness induced by the prior passage of an activation. As
shown in Figure 7A, a 1.5-mL volume pulse after a 110-ms
coupling interval initiated vortex-like reentrant waves pivoting
around phase singularities. As clearly shown in Figure 7B, a
large volume pulse (2.0 mL) never elicited arrhythmias, whereas
an intermediate volume pulse (1.5 mL) applied after a proper
coupling interval (110 ms) triggered reentrant arrhythmias (n=3,
66.7% probability).

Downloaded from circres.ahajournals.org at University of Tokyo on June 1, 2010



180 Circulation Research January 8, 2010

A

RV
volume pulse (ml)
.0

optical mapping

0.5 1 16 20 Figure 6. Alterations in the electric responses in a
rabbit1 | x e} ® o whole heart preparation. A and B, Representative
rabbit2| x [} Y ) optical maps of the responses of the RV to volume
rabbit3| x x o ) pulses of 1.0 mL (A) and 2.0 mL (B). The stretches

AF540/F680 rabbitd | x o o Y start at 0 ms. Scale bar: 4 mm. C, Corresponding
rabbits | x o o ° thickness distribution in the ventricle. RA indicates
rabbité| x o o ° right atrium; RV, right ventricle. D, Response pat-

E terns to stretches in 6 rabbit hearts. Crosses indi-
excitation probability cate no excitation; focal excitation, open circles;
04 * global excitation, closed circles. E, Excitation
' probability for each normalized thickness range in
03 the initiation of focal excitation (n=6). *P<0.05.
0.2
0.1
0
(mm) ~09 09~1 1~11 11~
thickness distribution ized thic!
Discussion excitation. We confirmed this hypothesis under more physiolog-

In the present study, we simultaneously measured the trans-
membrane potentials and local strains while applying uniaxial
stretches of varying amplitudes to rabbit RV wall tissue to
clarify the linkage of electric activity between cells and
organs. The use of optical transmembrane potential mapping
coupled with local strain measurements based on bead markers
enabled us to record the strain—electric response relationship of
myocardial tissue. In addition, structural measurements of the
preparations suggested that the complex architecture of the
ventricular wall could cause heterogeneous strain responses to
mechanical stimuli, thereby leading to the initiation of focal
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ical conditions by successfully inducing reentrant arrhythmias
using a volume pulse of medium amplitude.

Optical Mapping of the Transmembrane Potential

Owing to its high temporal and spatial resolutions, optical
recording of transmembrane potentials has been widely used,
but most studies have only dealt with immobile preparations
where the motion was inhibited mechanically and/or pharma-
cologically.!”-2! These stabilizations of the preparations were
conducted to prevent motion artifacts caused by changes in
the fluorescence intensity along the light path, and also

Figure 7. Initiation of spiral waves by volume
pulses. A, Representative phase maps of spiral
wave formation. The volume pulse was applied
at 110 ms after the electric stimulus. Scale bar:
4 mm. a through c represent the ratiometric
optical signals (AFs,o/Fego) for the correspond-
ing positions shown in the 0-ms optical map
(top left). The electric stimulus starts at 0 ms.
The ECG is shown at the bottom. Scale bar:
100 ms. *Phase singularity points. B, Excitation
probabilities in relation to the coupling intervals
and the intensities of the volume pulses (n=3).
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changes in the x-y position. In the present study, we tried to
account for the motion-induced contamination of optical
signals by using 2 methods to accurately evaluate the trans-
membrane potentials of the local myocardium while applying
a stretch to the whole tissue. First, the fluctuation of light
intensity was cancelled by ratiometry of the 2 emission bands
of the fluorescent indicators. Second, by using the affine
transformation based on motion tracking, we successfully
traced the tissue points, presumably a cluster of specific
myocytes, during a stretch and induced contraction, and
showed the sequential changes in the transmembrane poten-
tial in the reference position. As shown in Figure 1A, the local
action potential triggered by the stretch reconstructed with
these techniques is similar to that recorded by an electrode
with its clear zero phase characteristics. Compared with a
previous study of the local response of electric activity to a
linear acute stretch using a pair of electrodes in isolated frog
ventricular tissue at only 2 points,?? detailed maps of the
action potentials were obtained with the present technique.

Heterogeneity in the Tissue Structure for Bridging
Cellular Responses to Arrhythmias

Although the activity of ion channels was not directly
measured, the present results were consistent with previous
studies demonstrating the involvement of SACs in MEF.
Zeng et al?* recorded the stretch-dependent inward current,
which was blocked by Gd*" in rat cardiac myocytes. They
also observed that a 10% stretch induced an immediate
contraction of the myocytes. Although the threshold for
excitation varies among studies, similar observations were
made for rat (>20%),>* guinea pig (20% to 25%),?5 and frog
(15%)2° myocytes. In our probability curves of stretch-induced
excitation for both whole tissues and segments (Figure 2A and
2C), the transition from nonresponse to excitation took place
within a similar range of stretch amplitudes. Furthermore, the
response was inhibited by Gd** and recovered by washout of
the agent. Taken together, these results suggest that a uniaxial
stretch applied to the tissue induces strain in the myocytes,
which in turn triggers the activation of molecular mechanotrans-
ducers, most probably SACs.

The use of a tissue preparation provided us with a unique
opportunity to elucidate the relationships among electric
excitation, global strain and local strain on the epicardial
surface. Although a uniaxial global stretch was applied to the
preparation, excitation was usually only induced in a limited
area where the local strain was high. We speculate that such
heterogeneity in the strain distribution reflects the complex
structure of the ventricular wall, such that the excitation is
initiated in regions where the wall is thin. Whereas the
complex structure of the ventricles normally allows vigorous
contraction, different hemodynamic overloads in discased
states lead to abnormalities in the ventricular shape and
regional wall motion,?”® which may sometimes evoke focal
excitations.

We must consider the possibility that the presence of
damaged ends may have caused an abnormal strain near the
tissue supports to initiate the excitation from the edge region.
However, the locus of focal excitation always followed the
thickness distribution, such that the excitation was elicited in
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the center of a preparation that had a thin central region
(Online Figure VI, A). Furthermore, ter Keurs et al?® reported
that stretch-induced excitations from the damaged myocardi-
um occur through a calcium-related triggering mechanism,
and that Gd*" does not suppress these phenomena.

We also considered the relevance of a Ca>*-related mech-
anism to our experiments. Fujiwara et al*® showed that
triggered activities were subsequently evoked by a Ca®"
release from the sarcoplasmic reticulum through ryanodine
receptors. Furthermore, some previous studies reported that
an acute stretch can also trigger a Ca®* release from the
sarcoplasmic reticulum through ryanodine receptors.?'32 In
our experiments, however, the stretch-induced excitations
were still observed after administration of ryanodine. More-
over, changes in the extracellular calcium concentration did
not affect the stretch-induced excitability. These observations
indicate that the stretch-induced excitations in our experi-
ments were not linked to calcium-related membrane activa-
tions like the triggered activities. Wakayama et al** also
reported that excitation caused by MEFs can be the conse-
quence of a quick stretch release, which is related to stretch-
dependent binding and release of Ca®" to contractile proteins.
In our experiments, however, the excitations were initiated
during the rise or plateau of the stretches, and not during the
release of the stretches (Figure 1A, right). This discrepancy
may be caused by the fact that the excitation as a consequence
of a quick release in the previous report was only observed at
a high Ca®* concentration (5.2+0.73 mmol/L), whereas our
experiments were carried out with a lower Ca®>* concentra-
tion (1.8 mmol/L). These observations indicate that the
stretch-induced excitations observed in our study are not
related to the release of Ca>* to contractile proteins following
the stretch release.

Translation of data obtained with tissue preparations to the
intact heart requires consideration in terms of both the
magnitude and the nature of the deformation. A volume pulse
of 2.0 mL induced global excitation, the effect caused by a
20% stretch of the tissue. However, if we simply assume a
spherical ventricle, a 20% increase in its circumference would
lead to an almost 70% increase in its volume, which cannot be
accounted for by the 2.0-mL volume pulse in the rabbit RV.
We can speculate that the thinner RV free wall was prefer-
entially stretched whereas the thick ventricular septum re-
mained unchanged. In addition to the stretch applied to the
tissue preparations, volume expansion of the ventricle also
causes shear and compression of the wall. In fact, Isenberg et
al* revealed that stretch and compression activated different
ion currents in guinea pig ventricular myocytes. Furthermore,
Gopalan et al*s reported that transverse stretches have more
pronounced effects on mechanotransduction signaling path-
ways. This may be associated with the stretch sensitivity
regarding the spatial distributions of SACs and cytoskeletal
structures. Although currents and cytoskeletal structures were
not examined in the present study, such aspects should be
addressed in future studies.

Modulation of Transmembrane Potentials and
Conduction Velocity by the Stretches

Although we focused on the magnitude of the stretch in the
present study, care was taken to eliminate confounding
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factors. Fasciano and Tung?? revealed that the stretch speed
significantly affects the stretch-induced excitability. In this
context, we made the speed of the stretch constant in all the
experiments (Online Figure IV). We checked the influence of
the stretch duration in another set of experiments in which the
stretch duration was made constant at 50 ms. We confirmed
that these 2 types of protocols did not cause any significant
differences in the excitability induced by the stretch.

We also examined the effect of the stretch timing relative
to the action potentials. Similar to previous reports,!736
stretches applied in each phase (2, 3 and 4) of the action
potentials modulated the t brane p ials differ-
ently (Online Figure V, B).

We calculated the conduction velocity of the focal excita-
tions elicited by 10% stretches and compared it with that
elicited by an electric stimulus (Online Figure VI, B). In these
experiments, the spread of conduction between 2 recording
positions (crosses) was completed during the stretch plateau.
Although the number of observations was limited owing to
the technical difficulty, we confirmed that the conduction
velocities of the stretch-induced excitations in both the
horizontal and vertical directions tended to be slower (31.7%
and 38.7% decrease in vertical and horizontal direction,
respectively). In addition, we also examined the relationship
between the normalized dV/dt,,, (evaluated by the time
derivative of the ratiometric optical signal, dF/dt,,,,) of action
potential upstrokes and local strains. Normalized dV/dt,,,, of
the action potential upstroke was decreased in regions where
local strain was high (Online Figure VII). Although the
effects of stretches on the conduction velocity are still
controversial,’” conduction slowing has been reported in
previous studies.?!® Eijsbouts et al*® reported that the aniso-
tropic nature in the heterogeneous wall thickening may play
an important role in conduction disturbances attributable to
dilation. Geometric and structural changes during an acute
stretch should be some of the causes of this effect, and SACs
and the intracellular calcium dynamics may also be involved
in this phenomenon. In either case, such changes in the
propagation characteristics could also contribute to the devel-
opment of reentrant arrhythmias.

Clinical Implications

When a mechanical stimulus of moderate amplitude was
applied to the ventricular wall, local excitation was induced in
regions where the wall thickness was thin and, if other
facilitatory conditions were met, it was propagated to the
adjacent area to develop into fatal arrhythmias. We expect
that further increases in the intensity of the stimulus would
induce multiple excitations to exaggerate the electric hetero-
geneity, thereby increasing the possibility of arrhythmias.
However, if a very intense stimulus is applied, the whole
tissue can be synchronously excited, which considerably
decreases the possibility of arrhythmias (Figure 5B). Inter-
estingly, we can see a similar tendency in the relationship
between the ventricular fibrillation probability and the rise in
ventricular pressure produced by a baseball impact in an
experimental study on commotio cordis by Link et al,'® who
did not provide any mechanistic comments.

In this study, a volume pulse of 1.5 mL at a 110-ms
coupling interval after the last electric stimulus initiated a
reentrant arrhythmia. No reentrant arrhythmia, however, was
induced by 1.0-mL volume pulses that triggered focal exci-
tations when applied at 500-ms coupling intervals. These
findings probably arise from a dependence of the strength of
the mech | stimuli required to g focal activity on
the phase of the action potential at which it is applied. In
contrast to the protocol (a), in which the pulses were applied
to the fully relaxed ventricle after a long coupling interval
(500 ms), we confirmed that the myocardium in activated
states has higher thresholds for activation (Online Figure
VIII). Based on these observations, a 1.0-mL volume pulse
cannot initiate the excitation with coupling intervals from 90
to 130 ms, whereas a 1.5-mL volume pulse can initiate focal
excitations with coupling intervals of >100 ms. Although the
focal excitations were frequently initiated with coupling
intervals of >120 ms, the excitations did not develop into
reentrant arrhythmias because a unidirectional conduction
block cannot be formed at these timings. Owing to the
trapezoidal volume change and viscoelastic nature of the
tissue, the effect of the volume pulse was realized with some
delay. In fact, although we applied a volume pulse after a
110-ms coupling interval, excitation was initiated at around
130 ms corresponding to the late phase 2 of the action
potential. We speculate that these findings correspond to the
observation that ventricular fibrillations were triggered when
the chest wall impacts were applied during the vulnerable
portion of the T wave.®

Our present results suggest that the complex structure of
the ventricular wall functions to modulate a mechanical
impact and create a heterogeneous excitation distribution in
response to a stimulus of intermediate intensity, rather than an
intense stimulus, to initiate ventricular fibrillation in other-
wise healthy young subjects.

The structural complexity of the ventricular wall may also
contribute to the genesis of arrhythmias in old myocardial
infarctions. Regarding myocardial infarction, it is considered
that the conduction abnormality in the infarct area acts as the
substrate for arrhythmias,? but its trigger still remains un-
clear. Bogen et al* reported that a large mechanical load is
added to the border zone in regions where the wall thickness
is thin in systole. Moreover, Josephson*! revealed that ar-
rhythmias are often initiated from these borders. Calkins et al®
observed that ventricular dilation shortens the refractoriness
of the surviving myocardium in the infarct area rather than the
healthy myocardium. Taken together, the following scenario
is conceivable. In an old myocardial infarction, a systolic rise
in ventricular pressure can induce a large stretch in the
functional border zone, where the wall thickness is thin to
provoke an ectopic excitation, which may develop into fatal
reentrant arrhythmias promoted by the conduction abnormal-
ity in the infarct area.

In either case, the structural and/or functional heterogene-
ity of the myocardial tissue serves to create a heterogeneous
strain distribution, and establishes a MEF-mediated electro-
physiological dispersion in the tissue, which is known to be a
potent substrate for arrhythmias.
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Study Limitations

Although the use of flattened tissue preparations made it easy
to evaluate local strain, the results cannot be translated
directly to the clinical setting where volume/pressure loading
or external compression distorts the ventricular tissue in a
complex manner. Furthermore, although uniaxial stretches
may cause 3D strain within the tissue with reductions in the
width and thickness, these effects were not taken into con-
sideration. On the other hand, the intact heart preparations
pose a problem for potential mapping and the measurement of
strain. In either case, because the action potentials and strains
were recorded at the epicardial surface, we did not evaluate
the heterogeneity in the transmural structure from the epicar-
dium to the endocardium. Furthermore, as stated above, we
did not measure the ion currents in response to the stretches,
although they seemed to greatly promote our understanding
of stretch-induced arrhythmias in the intact heart. Finally, we
only used the RV in our experiments based on our assumption
that the RV is more vulnerable to mechanical stimuli because
of its weak elasticity, and stretch-induced arrhythmias could
also be evoked in the left ventricle.

In summary, a global stretch applied to the ventricular wall
tissue can create a heterogeneous strain distribution in the
heterogencous structure of the ventricular wall. Such hetero-
geneity in the strain distribution can lead to local excitation,
which in turn leads to fatal reentrant arrhythmias.
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